
Development of the filarial nematode 

Cercopithifilaria johnstoni as a Model 

System for Onchocerciasis

Kirsty McCann 

BAnVetBioSc (Hons) 

A thesis submitted in total fulfilment  

of the requirements for the degree of 

Doctor of Philosophy 

College of Science, Health and Engineering 

School of Life Sciences 

Department of Physiology, Anatomy and Microbiology 

La Trobe University 

Victoria, Australia 

August 2020 



ii 
 

Table of Contents 

Table of Contents ................................................................................................ii 

List of Figures .....................................................................................................xi 

List of Tables .....................................................................................................xv 

List of Supplementary Material ..................................................................... xviii 

List of Abbreviations ...................................................................................... xxiii 

List of Bioinformatics Programs .................................................................. xxvii 

Abstract ......................................................................................................... xxixx 

Statement of authorship .............................................................................. xxxiii 

Acknowledgements ...................................................................................... xxxiii 

Publications .................................................................................................. xxxiii 

 

Chapter One .........................................................................................................1 

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

1.1 Helminths .....................................................................................................1 

1.2 Filarial nematodes ........................................................................................4 

1.3 Onchocerciasis .............................................................................................5 

1.4 Established drugs used for the treatment of onchocerciasis ......................12 

1.4.1 Ivermectin ............................................................................................12 

1.4.2 Diethylcarbamazine ..............................................................................17 

1.4.3 Doxycycline ..........................................................................................17 

1.4.4 Moxidectin ............................................................................................18 

1.5 The Mazzotti reaction .................................................................................21 

1.6 Onchocerciasis treatment programs using ivermectin ................................22 

1.7 Challenges to controlling onchocerciasis....................................................23 

1.7.1 Co-endemicity of onchocerciasis and loiasis ........................................24 

1.7.2 Ivermectin resistance ...........................................................................25 

1.7.3 Political conflict and civil war ................................................................26 



iii 
 

1.7.4 Geographical and population coverage ................................................26 

1.7.5 Non-compliance ...................................................................................27 

1.8 Requirement for animal models to study onchocerciasis immunopathology 

and develop new drugs ....................................................................................28 

1.9 Animal model requirements ........................................................................29 

1.10 Current animal models .............................................................................30 

1.10.1 Onchocerca ochengi model................................................................30 

1.10.2 Mouse model......................................................................................31 

1.10.3 Chimpanzee model ............................................................................32 

1.10.4 Acanthocheilonema viteae rodent model ...........................................33 

1.10.5 Loa loa mouse model .........................................................................33 

1.10.6 Litomosoides sigmodontis rodent model ............................................34 

1.11 Key limitations to current models ..............................................................38 

1.12 Cercopithifilaria johnstoni (Dipetalonema johnstoni) as a model organism 

for onchocerciasis ............................................................................................39 

1.12.1 Cercopithifilaria johnstoni life cycle ....................................................42 

1.12.2 Pathology in the natural host, Rattus fuscipes ...................................44 

1.12.3 Vectors for Cercopithifilaria johnstoni animal model...........................44 

1.12.4 Pathology in the laboratory host, Rattus norvegicus ..........................48 

1.13 Ticks: vectors of pathogens and parasites ...............................................49 

1.13.1 Hard tick life cycles ............................................................................50 

1.13.2 Tick survival strategies .......................................................................51 

1.13.3 Challenges for using ixodid ticks to transmit Cercopithifilaria johnstoni

 ......................................................................................................................53 

1.13.4 Characterising tick species for an animal model ................................55 

1.14 Direct comparison of Onchocerca volvulus and Cercopithifilaria johnstoni

 .........................................................................................................................56 

1.14.1 Parasite life cycles .............................................................................56 

1.14.2 Vectors ...............................................................................................57 



iv 
 

1.15 Genome assemblies and comparative genomics .....................................58 

1.15.1 Genomes: a resource for identifying drug or vaccine candidates or 

antigens recognised by sera .........................................................................58 

1.16 Onchocerciasis immunopathology and antigen based assays/targets .....62 

1.16.1 Ov-16 assay .......................................................................................63 

1.16.2 Ov-39 protein .....................................................................................64 

1.17 Limitation of in silico studies .....................................................................65 

1.18 Rationale for this body of work .................................................................67 

1.19 Thesis aims ..............................................................................................69 

 

Chapter Two .......................................................................................................70 

Comparison of evolutionary relationships between Cercopithifilaria 

johnstoni and filarial nematodes using the mitochondrial genome..............70 

2.1 Introduction.................................................................................................70 

2.1.1 Aims .....................................................................................................73 

2.2 Materials and Methods ...............................................................................74 

2.2.1 Sequence accession numbers .............................................................74 

2.2.2 Sample collection .................................................................................74 

2.2.3 DNA extraction, library preparation and sequencing ............................75 

2.2.4 Genome assembly ...............................................................................75 

2.2.5 Mitochondrial genome assembly ..........................................................76 

2.2.6 Genome annotation ..............................................................................76 

2.2.7 Whole mitochondrial phylogeny ...........................................................77 

2.2.8 12S COI gene phylogeny of Cercopithifilaria........................................79 

2.3 Results .......................................................................................................82 

2.3.1 Assembly of the mitochondrial genome ...............................................82 

2.3.2 Mitochondrial genome phylogeny.........................................................88 

2.3.3 Concatenated gene phylogeny.............................................................93 

2.4 Discussion ..................................................................................................96 



v 
 

2.4.1 Mitochondrial genome ..........................................................................96 

2.4.2 Mitochondrial genome phylogeny.........................................................97 

2.4.3 Exploring host species of filarial nematodes ........................................99 

2.4.4 Phylogeny of the genus Cercopithifilaria ............................................ 104 

2.5 Conclusion................................................................................................ 108 

 

Chapter Three .................................................................................................. 109 

Assembly of the Cercopithifilaria johnstoni nuclear genome and prediction 

of orthologous relationships with closely related filarial nematodes ......... 109 

3.1 Introduction............................................................................................... 109 

3.1.1 Aims ................................................................................................... 113 

3.2 Materials and Methods ............................................................................. 114 

3.2.1 Nuclear genome assembly ................................................................. 114 

3.2.2 Masking repeats ................................................................................. 114 

3.2.3 Whole genome completeness ............................................................ 114 

3.2.4 Comparison of Cercopithifilaria johnstoni scaffold content with 

Onchocerca volvulus and Brugia malayi genome content ........................... 115 

3.2.5 Scaffold GC content and coverage analysis between Cercopithifilaria 

johnstoni and Onchocerca volvulus............................................................. 116 

3.2.6 Protein-coding gene prediction........................................................... 116 

3.2.7 Assessment of predicted protein-coding gene completeness ............ 117 

3.2.8 Prediction of shared orthologues using OrthoFinder2 ........................ 118 

3.2.9 Orthogroups and single-copy orthologue UpSet plots ........................ 119 

3.3 Results ..................................................................................................... 120 

3.3.1 Genome assembly: Cercopithifilaria johnstoni ................................... 120 

3.3.2 Whole genome completeness of Cercopithifilaria johnstoni compared to 

filarial nematodes ........................................................................................ 122 

3.3.3 Analysis of genome repeats of filarial nematodes .............................. 125 



vi 
 

3.3.4 Comparative genomics analyses: Cercopithifilaria johnstoni shares 

homology to Onchocerca volvulus .............................................................. 128 

3.3.5 Cercopithifilaria johnstoni sequences are possibly X-linked ............... 134 

3.3.6 Genome annotation methods of the Cercopithifilaria johnstoni scaffolds

 .................................................................................................................... 136 

3.3.6.1 Different gene prediction methods change the BUSCO 

completeness results when using protein-coding genes…………………136 

3.3.6.2 Different gene predictio methods result in different OrthoFinder2 

predictions……………………………………………………………………..138 

3.3.7 OrthoFinder2 predicts orthologous relationships with closely related 

nematodes .................................................................................................. 144 

3.3.8 Consistent filarial phylogenetic relationships ...................................... 144 

3.3.9 Orthogroup and single-copy orthologue relationships ........................ 146 

3.4 Discussion ................................................................................................ 153 

3.4.1 Genome assembly and completeness of Cercopithifilaria johnstoni 

scaffolds ...................................................................................................... 153 

3.4.2 Comparing genome similarity of filarial nematodes ............................ 154 

3.4.3 Repeat regions and repeat masking in Cercopithifilaria johnstoni 

scaffolds ...................................................................................................... 158 

3.4.4 Comparison of the effects of three different gene annotation methods 

for gene prediction of Cercopithifilaria johnstoni scaffolds using BUSCO and 

OrthoFinder2 ............................................................................................... 162 

3.4.5 Predicting orthologous genes between Cercopithifilaria johnstoni and 

Onchocerca volvulus ................................................................................... 165 

3.5 Conclusions .............................................................................................. 168 

 

Chapter Four .................................................................................................... 169 

Evolution and sequence conservation of immunogenic orthologous 

proteins between Cercopithifilaria johnstoni and Onchocerca volvulus ... 169 

4.1 Introduction............................................................................................... 169 



vii 
 

4.1.1 Aims ................................................................................................... 175 

4.2 Materials and Methods ............................................................................. 176 

4.2.1 Curation of protein sequences representing immunologically relevant 

targets ......................................................................................................... 176 

4.2.2 Data extraction and sequence alignment ........................................... 177 

4.2.3 BLAST Onchocerca volvulus and Cercopithifilaria johnstoni protein 

sequences to predict putative functions ...................................................... 177 

4.2.4 Exonerate analysis ............................................................................. 178 

4.2.5 Detection of diversifying or purifying selection ................................... 178 

4.2.6 Epitope and motif search ................................................................... 179 

4.2.7 BLAST Cercopithifilaria johnstoni proteins that matched to the epitope 

and three immunodominant Onchocerca volvulus motifs to identify putative 

functions ...................................................................................................... 180 

4.2.8 InterProScan analysis on Cercopithifilaria johnstoni proteins containing 

the Onchocerca volvulus immunodominant motifs and epitope .................. 180 

4.3 Results ..................................................................................................... 181 

4.3.1 Onchocerca volvulus immunogenic proteins and Cercopithifilaria 

johnstoni orthologues predicted putative functions ..................................... 181 

4.3.2 Evidence of evolutionary selection on Cercopithifilaria johnstoni and 

Onchocerca volvulus orthologues of proteins with a putative immunogenic 

function ....................................................................................................... 192 

4.3.3 Presence of immunodominant motifs and epitopes in Cercopithifilaria 

johnstoni protein-coding genes ................................................................... 194 

4.4 Discussion ................................................................................................ 215 

4.4.1 Cercopithifilaria johnstoni and Onchocerca volvulus share orthologues 

of known Onchocerca volvulus immunogenic proteins with putative functions 

associated with host immune response ...................................................... 215 

4.4.2 Evolutionary selection identified in Cercopithifilaria johnstoni and 

Onchocerca volvulus orthologous compared to other closely related filarial 

nematodes .................................................................................................. 219 



viii 
 

4.4.3 Immunogenic motifs and epitopes in filarial nematodes could be a 

potential avenue for drug targets providing evidence of immunoreactivity .. 222 

4.5 Future outlook .......................................................................................... 225 

4.6 Conclusions .............................................................................................. 229 

 

Chapter Five ..................................................................................................... 230 

Cryptic species diversity in ticks that transmit disease in Australia .......... 230 

Preface ........................................................................................................... 230 

Abstract .......................................................................................................... 232 

1. Introduction................................................................................................. 232 

2. Materials and methods ............................................................................... 233 

2.1. Sample collection ................................................................................ 233 

2.2. Purifying tick DNA ................................................................................. 233 

2.3. PCR of mitochondrial and nuclear amplicons ................................... 233 

2.4. Sequencing  of amplicons .................................................................... 233 

2.5. Sequencing analysis ............................................................................ 233 

2.6. Haplotype analysis ............................................................................... 233 

3. Results ....................................................................................................... 234 

3.1. Phylogenetic analysis .......................................................................... 234 

3.2. Haplotype analysis............................................................................... 235 

4. Discussion ................................................................................................ 235 

4.1. Genetic differentiation among Australian ixodid ticks ........................... 235 

4.2 Differences in species diversity between sampling locations ............ 236 

5. Conclusions ............................................................................................. 237 

Conflicts of interest ...................................................................................... 237 

Declaration of interests ............................................................................... 237 

Acknowledgements ..................................................................................... 237 

References .................................................................................................... 237 



ix 
 

Chapter Six ....................................................................................................... 239 

Progress and prospects towards establishing the Cercopithifilaria johnstoni 

life cycle using Rattus fuscipes and ticks (Ixodes spp) as hosts in the 

laboratory ......................................................................................................... 239 

Preface ........................................................................................................... 239 

6.1 Introduction............................................................................................... 240 

6.2 Methods.................................................................................................... 243 

6.2.1 Tick collection process at Kioloa and Mogo ....................................... 243 

 6.2.1.1 Tick collection directly from the ground……………………………243 

 6.2.1.2 Tick collection directly from rats………………………………..…..243 

 6.2.1.3 Precence of Cercopithifilaria johnstoni…………………………….244 

6.2.2 Housing chambers for live ticks at La Trobe University ...................... 244 

6.2.3 Tick attachment procedure in the laboratory (La Trobe University) .... 245 

6.2.4 Animal Ethics Approval and Wildlife Permits ...................................... 247 

6.3 Results ..................................................................................................... 248 

6.3.1 Samples collected .............................................................................. 248 

6.3.2 Tick attachments ................................................................................ 248 

6.4 Discussion ................................................................................................ 255 

6.4.1 Collection of ticks for life cycle maintenance ...................................... 255 

 6.4.1.1 Numbers of unfed questing ticks…………………………………...255 

 6.4.1.2 Numbers of engorged ticks…………………………………………257 

6.4.2 Feasibility of maintaining ticks in the laboratory ................................. 257 

6.4.3 Attachment of immature wild-caught ticks to infected bush rats ......... 260 

6.4.4 Determining the duration of an infection using captive, naturally infected 

wild-caught bush rats .................................................................................. 261 

6.4.5 Future directions for the Cercopithifilaria johnstoni-rodent animal model

 .................................................................................................................... 262 

 6.4.5.1 Tick dissection and subcutaneous injection into rat……………...262 



x 
 

6.4.5.2 Possible future experiment using the paralysis tick, Ixoodes 

holocyclus for vector of Cercopithifilaria johnstoni in a small animal model 

system…………………………………………………………………………263 

6.4.5.3 Future identification of Cercopithifilaria johnstoni presence in ticks 

and rodents using PCR………………………………………………………265 

 6.4.5.4 Tick morphological identification………………………...…………265 

6.5 Conclusions .............................................................................................. 266 

 

Chapter Seven ................................................................................................. 268 

General Discussion ......................................................................................... 268 

7.1 Phylogenetic relationships of filarial nematodes ....................................... 269 

7.2 In silico analysis of the Cercopithifilaria johnstoni genome ....................... 273 

7.3 Drivers of disease immunopathology: Evolutionary selection and 

immunogenic proteins .................................................................................... 277 

7.4 Developing a small animal model for onchocerciasis ............................... 281 

7.5 Conclusions and future directions ............................................................ 288 

 

Appendices ...................................................................................................... 290 

Appendix 1: Chapter Two Supplementary Material ...................................... 290 

Appendix 2: Chapter Three Supplementary Material.................................... 296 

Appendix 3: Chapter Four Supplementary Material ..................................... 317 

Appendix 4: Chapter Five Supplementary Material ...................................... 331 

Appendix 5: Chapter Six Supplementary Material ........................................ 337 

References ....................................................................................................... 342 



xi 
 

List of Figures 

Chapter One 

Figure 1.1: Phylogeny of Nematoda based on the IQ-TREE maximum likelihood 

analysis (Smythe et al., 2019). Classification bar represents known taxonomic 

diversity of different taxa within Neamtoda. Habitat describes the lifestyle for each 

analysed species. Newly generated transcriptomes are marked with an asterisk 

(Smythe et al., 2019). …………………..……………………………………………....3 

Figure 1.2: Onchocercid clades from concatenated datasets of 12S rDNA, cox1, 

rbp1, hsp70, myoHC, 18S rDNA, and 28S rDNA sequences (Lefoulon et al., 

2015)………………………………………………………………………………………6 

Figure 1.3: Onchocerca volvulus life cycle adapted from Centers for Disease 

Control and Prevention (2015)…………………………………………………………9 

Figure 1.4: Simulium damnosum life cycle adapted from Service 

(2012)……......11 

Figure 1.5: Pre-treatment Onchocerca volvulus microfilarial load over time after a 

single, standard dose of ivermectin (150 μg/kg) (Basáñez et al., 2008)……...….16 

Figure 1.6: a) Number of Rattus fuscipes trapped at Mogo State Forest every 

month over three years (1985, 1986, and 1987). b) Figure representing mean 

numbers of larval and nymphal Ixodes spp. (predominantly Ixodes trichosuri) 

harvested from bush rats (n above) naturally infected with Cercopithifilaria 

johnstoni at Mogo State Forest, April 1985 to July 1987 (Spratt and Haycock, 

1988)…………….……………………………………………………………………....41 

Figure 1.7: The life cycle of Cercopithifilaria johnstoni, transmitted by ixodid ticks 

to the Australian bush rats, Rattus fuscipes……………………………………........43 

Figure 1.8: Evidence of Cercopithifilaria johnstoni in Rattus fuscipes and Rattus 

norvegicus (Spratt and Haycock, 1988)………………………..……………………45 

Figure 1.9: Cercopithifilaria johnstoni in subcutaneous aponeuroses of dorsum of 

rats (Vuong et al., 1993)………………………………………………………..……..46 

Figure 1.10: Cercopithifilaria johnstoni in Rattus fuscipes above the red line and 

in Rattus norvegicus below the red line (modified from Vuong et al., 1993).……47 



xii 
 

Figure 1.11: The general life cycle of Ixodes ticks, adapted from Wall and 

Shearer (1997)………………………………………………………………………....52 

 

Chapter Two 

Figure 2.1: Comparison of a) Cercopithifilaria johnstoni annotated mitochondrial 

genome and, b) Onchocerca volvulus annotated mitochondrial genome………..84 

Figure 2.2: Genome Ribbon alignment of the whole mitochondrial genomes 

Onchocerca volvulus as the reference sequence and a query of Cercopithifilaria 

johnstoni whole mitochondrial genome to illustrate conservation of mitochondrial 

genomes…………………………………………………………………………...……85 

Figure 2.3: Mauve alignment of the whole mitochondrial genomes of 20 filarial 

nematodes showing consistent and conserved gene order and content…….…..86 

Figure 2.4: Whole mitochondrial genome phylogeny of filarial nematodes using 

maximum likelihood/Bayesian inference…………………………………………….89 

Figure 2.5: Three different subsampled datasets of the whole mitochondrial 

genome phylogeny of filarial nematodes using maximum likelihood/Bayesian 

inference………………………………………………………………………….……..90 

Figure 2.6: Concatenated 12S-COI phylogeny of filarial nematodes to position 

the Cercopithifilaria genus using maximum likelihood/Bayesian inference……...94 

 

Chapter Three 

Figure 3.1: Comparative genomic analysis of Brugia malayi chromosomes 

against Onchocerca volvulus chromosomes showing two chromosome 

rearrangements…………………………………………………………………….…129 

Figure 3.2: Comparative genomic analysis of Cercopithifilaria johnstoni scaffolds 

synteny against two filarial nematodes: a) Onchocerca volvulus chromosomes. b) 

Brugia malayi chromosomes………………………………………...………………131 

Figure 3.3: Genome ribbon representation of a) Cercopithifilaria johnstoni longest 

scaffold (NODE_1_length_588165) aligned to Onchocerca volvulus chromosome 



xiii 
 

OM3 and b) Cercopithifilaria johnstoni longest scaffold (NODE_1_length_588165) 

aligned to Brugia malayi CHR1…………………………………………………...…133 

Figure 3.4: GC content vs coverage plot of the draft Cercopithifilaria johnstoni 

genome scaffolds with a Onchocerca volvulus chromosome projection overlayed 

onto the Cercopithifilaria johnstoni data based on nucleotide similarity………..135 

Figure 3.5: Single-copy orthologue maximum likelihood phylogeny with bootstrap 

support for all the nematodes that were analysed in the OrthoFinder2 

analysis………………………………………………………………………………...145 

Figure 3.6: UpSet plot representing the single-copy orthologue orthogroup 

relationships across the 12 filarial nematodes…………………………………….148 

Figure 3.7: UpSet plot representing all the orthogroup relationships with one or 

more genes in each group across the 12 filarial nematodes…………………….150 

Figure 3.8: UpSet plot representing the complete single-copy and multi-gene 

orthogroup relationships across Cercopithifilaria johnstoni and Onchocerca 

volvulus………………………………………………………………………………..152 

 

Chapter Five: Publication from IJP: Parasites and Wildlife 

Fig. 1. Satellite maps of (a) Australia (b) Kioloa and (c) Mogo state forest sample 

collection sites with coordinates, latitude on the y axis and longitude on the x axis. 

(a) Yellow: NSW general location of sites (b) orange: Kioloa ANU campus, yellow: 

Kioloa dunes (c) blue: Mogo State Forest (Kahle and Wickham, 2013)………..234 

Fig. 2. Maximum likelihood estimate based on three markers of ticks collected at 

Kioloa and Mogo State Forest, NSW, Australia. Blue: Mogo State Forest (rats), 

yellow: Kioloa (flagging), red: identified voucher specimens…………………….235 

Fig. 3. TCS haplotype network based on 3 markers sequenced from ticks 

collected from Kioloa and Mogo State Forest in NSW, Australia. Samples are 

coloured based on their collection site, Mogo State Forest (blue) or, Kioloa 

(yellow). Voucher specimens are coloured red……………………………………236 

 

 



xiv 
 

Chapter Seven 

Figure 7.1: Summary of the Omics data that is available for filarial parasites 

obtained from Grote et al. (2017)………………………………………………..….276 

Figure 7.2. General schematic of the membrane feeding apparatus (Bonnet and 

Liu, 2012)………………………………………………………………………………286 

  



xv 
 

List of Tables 

Chapter One 

Table 1.1: Summary of the current drugs approved for treating onchocerciasis in 

humans. The table describes the drug, drug class, the stage the drugs target (i.e., 

microfilaricidal or macrofilaricidal), problems or side effects and lastly whether the 

drug could be successfully used for treatment…………………………………...…20 

Table 1.2: Summary of animal models previously used to study onchocerciasis 

highlighting the advantages and disadvantages of each model system…………36 

 

Chapter Two 

Table 2.1: Cercopithifilaria johnstoni mitochondrial genome annotation using 

MITOS with a total genome length of 13,716 bp………………………………..….83 

Table 2.2: Comparison (pairwise % identity) among nucleotides sequences of the 

filarial nematodes represented in the whole mitochondrial genome mauve 

alignment…………………………………………………………………………….….87 

Table 2.3: Summary of the known location of microfilariae and adult worms in 

filarial 

nematodes……………………………………………………………………………101 

 

Chapter Three 

Table 3.1: Genome statistics of Cercopithifilaria johnstoni with all the filarial 

nematodes that have genome statistics available to compare variables such as 

assembly length, the longest sequence length (bp), N50 length, N90 length, 

GC%, number of Ns and the number of gaps within the assembly………...…...121 

Table 3.2: Comparison of the genome completeness statistics of all filarial 

nematodes with CEGMA (248 sequences)………………………………………..123 

Table 3.3: Comparison of the genome completeness statistics of all filarial 

nematodes with BUSCO (982 groups)……………………………………………..124 



xvi 
 

Table 3.4: Comparison of the RepeatModeler repeat statistics of Cercopithifilaria 

johnstoni and closely related filarial nematodes………………………………..…127 

Table 3.5: Comparison of the BUSCO completeness across the Cercopithifilaria 

johnstoni proteomes of three different gene prediction methods, a) Augustus 

gene prediction, b) BRAKER gene prediction ab initio, and c) BRAKER gene 

prediction using Acanthocheilonema viteae training model…………………..….137 

Table 3.6: Comparison of the OrthoFinder2 one-to-one orthologues using the 

Cercopithifilaria johnstoni proteomes of three different gene prediction methods, 

a) Augustus gene prediction………..…………………………………….…………140 

Table 3.6: Comparison of the OrthoFinder2 one-to-one orthologues using the 

Cercopithifilaria johnstoni proteomes of three different gene prediction methods, 

b) BRAKER gene prediction ab initio and c) BRAKER using Acanthocheilonema 

viteae for gene training…………………………………….....................................141 

Table 3.7: Summary of the OrthoFinder2 analyses using the Cercopithifilaria 

johnstoni proteomes of three different gene prediction methods, a) Augustus 

gene prediction, b) ab initio BRAKER gene prediction and c) BRAKER 

Acanthocheilonema viteae training…………………………………………………142 

Table 3.8: The average length of the C. johnstoni Augustus predicted protein-

coding genes compared with the average protein length of the 12 filarial 

nematode 

proteomes……………………………………………………………………………..143 

 

Chapter Four 

Table 4.1: The 30 Onchocerca volvulus immunogenic proteins and 

corresponding Cercopithifilaria johnstoni orthologues are described revealing 

their top BLAST results to the NCBI database…………………..………………..185 

Table 4.2: PAML dN/dS ratios for Cercopithifilaria johnstoni and Onchocerca 

volvulus compared to the phylogenetic tree for the 30 orthologous genes….…193 

Table 4.3: The Cercopithifilaria johnstoni proteins examined for the presence of 

the Onchocerca volvulus motif DGxDK from Lagatie et al. (2017)………...……196 



xvii 
 

Table 4.4: The Cercopithifilaria johnstoni proteins examined for the presence of 

the Onchocerca volvulus motif PxxTQE from Lagatie et al. (2017)………...…..200 

Table 4.5: The Cercopithifilaria johnstoni proteins examined for the presence of 

the Onchocerca volvulus motif QxSNxD from Lagatie et al. (2017)…….…..…..204 

Table 4.6: Identification of three immunodominant motifs (PxxTQE, DGxDK, 

QxSNxD) in filarial nematodes (Lagatie et al., 2017)…………………………..…210 

Table 4.7: The Cercopithifilaria johnstoni proteins examined for the presence of 

the Onchocerca volvulus epitope QQQQQQQQR from Lagatie et al. (2018)....212 

Table 4.8: Identifying the poly-glutamine stretch in the N-terminal region of 

Onchocerca volvulus protein (OVOC9988) 9-mer QQQQQQQQR in filarial 

nematodes………………………………………………………………………….…214 

 

Chapter Six 

Table 6.1: Rat weights and Cercopithifilaria johnstoni microfilariae counts at two 

different time points: March 2016 and April 2016…………………………………249 

Table 6.2: Summary of the first tick attachment experiment for 2016……….…252 

Table 6.3: Summary of the second tick attachment experiment for 2016……...253 

Table 6.4: Summary of the third tick attachment experiment for 2016……...….254 

  



xviii 
 

List of Supplementary Material 

Supplementary Tables 

Chapter Two 

Supplementary Table 2.1: Recommended Partition Finder substitution models 

for the complete dataset (coding regions and intergenic regions) within the 

Cercopithifilaria johnstoni mitochondrial genome. All filarial nematodes, including 

outgroups, are used in this mitochondrial genome dataset………………………290 

Supplementary Table 2.2: Recommended Partition Finder substitution models 

for all filarial nematodes and outgroups using only the coding regions within the 

mitochondrial genome, excluding the intergenic regions…………………………291 

Supplementary Table 2.3: Recommended Partition Finder substitution models 

for the complete dataset of coding regions and intergenic regions within the 

mitochondrial genome, excluding outgroups from the analysis………………….292 

Supplementary Table 2.4: Recommended Partition Finder substitution models 

for filarial nematodes of the coding regions within the mitochondrial genome, 

excluding the outgroups and the intergenic regions………………………………293 

Supplementary Table 2.5: Cercopithifilaria spp. NCBI accession numbers for 

COI and 12S concatenated gene phylogeny………………………………………294 

Supplementary Table 2.6: Table adapted from McNulty et al. (2012), consisting 

of published mitochondrial genomes of the filarial nematodes with their accession 

numbers, genome length, AT-rich region length, and base content (%). The 

Cercopithifilaria johnstoni draft genome is added to compare genome content 

against other published mitochondrial genomes. ……………………………...…295 

 

Chapter Three 

Supplementary Table 3.1: Missing BUSCO gene IDs from the genome 

completeness analysis for 12 filarial nematodes ………………………….......…296 

Supplementary Table 3.2: Complete RepeatModeler statistics including total 

repeats, number of base pairs (bp) and percentage (%).………………………..315 

 



xix 
 

Chapter Four 

Supplementary Table 4.1: List of 17/49 Onchocerca volvulus immunogenic 

relevant proteins used to identify and extract from the OrthoFinder2 analysis any 

possible orthologues in Cercopithifilaria johnstoni for further analyses. Protein 

obtained from Norice-Tra et al. (2017)………………………………………….….317 

Supplementary Table 4.2: List of 33/49 Onchocerca volvulus serodiagnostic 

relevant proteins used to identify and extract from the OrthoFinder2 analysis any 

possible orthologues in Cercopithifilaria johnstoni for further analyses. Proteins 

obtained from McNulty et al. (2015)………………………………………………..318 

Supplementary Table 4.3: The blast results of the 30 Cercopithifilaria johnstoni 

orthologues of Onchocerca volvulus immunogenic proteins are described 

revealing their top BLAST results to the NCBI database, % identity, protein 

alignment length, e-value, bit score……………………………………………..….319 

Supplementary Table 4.4: The Cercopithifilaria johnstoni proteins examined for 

the presence of the Onchocerca volvulus motif DGxDK from Lagatie et al. (2017). 

The Cercopithifilaria johnstoni protein secondary BLAST hit and putative function 

is reported with % identity, e-value and bits (bit score)………….…………….....322 

Supplementary Table 4.5: The Cercopithifilaria johnstoni proteins examined for 

the presence of the Onchocerca volvulus motif PxxTQE from Lagatie et al. 

(2017). The Cercopithifilaria johnstoni protein secondary BLAST hit and putative 

function is reported with % identity, e-value and bits (bit score).……..……...….325 

Supplementary Table 4.6: The Cercopithifilaria johnstoni proteins examined for 

the presence of the Onchocerca volvulus motif QxSNxD from Lagatie et al. 

(2017). The Cercopithifilaria johnstoni protein secondary BLAST hit and putative 

function is reported with % identity, e-value and bits (bit score).……..……..…..327 

Supplementary Table 4.7: The Cercopithifilaria johnstoni proteins examined for 

the presence of the Onchocerca volvulus epitope QQQQQQQQR from Lagatie et 

al. (2018). The Cercopithifilaria johnstoni protein secondary BLAST hit and 

putative function is reported with % identity, e-value and bits (bit score)…..…..330 

 

 



xx 
 

Chapter Six 

Supplementary Table 6.1: Summary of tick collections from flagging field trips 

2015. …………………………………………………………………………………..339 

Supplementary Table 6.2: Summary of tick collections from flagging field trips 

2016. …………………………………………………………………………………..340 

 

Supplementary Figures 

Chapter Five: Publication from IJP: Parasites and Wildlife 

Fig. 4. Maximum likelihood estimate based on the amplicon 12S of ticks collected 

at Kioloa and Mogo State Forest, NSW, Australia. Blue = Mogo State Forest (rats), 

yellow = Kioloa (flagging), red = identified voucher specimens………………….…331 

Fig. 5. TCS haplotype network based on the amplicon 12S sequenced from ticks 

collected from Kioloa and Mogo State Forest in NSW, Australia. Samples are 

coloured coded based on their collection site, Mogo State Forest (blue) or, Kioloa 

(yellow). Voucher specimens are coloured red……………………………………332 

Fig. 6. Maximum likelihood estimate based on the amplicon 16S of ticks collected 

at Kioloa and Mogo State Forest, NSW, Australia. Blue = Mogo State Forest 

(rats), yellow = Kioloa (flagging), red = identified voucher specimens………….333 

Fig. 7. TCS haplotype network based on the amplicon 16S sequenced from ticks 

collected from Kioloa and Mogo State Forest in NSW, Australia. Samples are 

coloured coded based on their collection site, Mogo State Forest (blue) or, Kioloa 

(yellow). Voucher specimens are coloured red……………………………………334 

Fig. 8. Maximum likelihood estimate based on the amplicon ITS2 of ticks 

collected at Kioloa and Mogo State Forest, NSW, Australia. Blue = Mogo State 

Forest (rats), yellow = Kioloa (flagging), red = identified voucher specimens……..335 

Fig. 9. TCS haplotype network based on the amplicon ITS2 sequenced from ticks 

collected from Kioloa and Mogo State Forest in NSW, Australia. Samples are 

coloured coded based on their collection site, Mogo State Forest (blue) or, Kioloa 

(yellow). Voucher specimens are coloured red…………………………………....336 

 



xxi 
 

Chapter Six 

Supplementary Figure 6.1: (a) White fabric flag used for flagging in the field. (b) 

Tick collected from the flag and placed in falcon tube………………………..……337 

Supplementary Figure 6.2: (a) Closed tube with small hole used for bush rat tick 

attachment. (b) Rat housing in tub with tray used throughout the tick attachment 

experiments. …………………………………………………………………..………338 

Supplementary Figure 6.3: (a) Identification of adult female and adult male 

Ixodes holocyclus ticks. Lighter coloured middle legs differentiate the species from 

other ticks. The larger tick is the female. (b) Adult male and female Ixodes 

holocyclus ticks in scintillation tube before mating. …………………………….....341 

 

  



xxii 
 

List of Abbreviations 

 

Ab initio  Latin for “from the beginning”  

AEC Animal Ethics Committee 

APOC African Programme for Onchocerciasis Control 

ATP Adenosine triphosphate 

AUS Australia 

BLAST Basic Local Alignment Search Tool 

bp Base pair(s) 

BUSCO Benchmarking Universal Single-Copy Orthologues 

CDC Centre for Disease Control 

CDS Coding sequence 

CEGMA Core Eukaryotic Genes Mapping Approach 

cm Centimetre 

Dipetalonema johnstoni 

/ Cj 
Cercopithifilaria johnstoni 

CO2 Carbon dioxide 

COI Cytochrome c Oxidase subunit I 

CYT Cytochrome 

DALYs Disability-adjusted life years 

DEC Diethylcarbamazine 

DRC Democratic Republic of Congo 

DNA Deoxyribonucleic acid 

dN nonsynonymous 

dS synonymous 

ELISA Enzyme-linked immunosorbent assay 

ESPEN Expanded Special Project for Elimination of NTDs 

G50 Number of genes in the orthogroup that 50% of 

genes are in orthogroups of that size or larger 

GFF3 General Feature Format 

GST Glutathione S Transferase 

h hour(s) 

HPC High Performance Computing 



xxiii 
 

hsp heat shock protein family 

IFN-y Interferon gamma 

IgE Immunoglobulin E 

IgG Immunoglobulin G 

iL3 Infective larvae stage 

IL-4/5 Interleukin 

in silico Pseudo-Latin for “in silicon”, i.e., performed on 

computer 

ITS Internal Transcribed Spacer 

kg kilogram 

Kbp kilo base pair(s) 

Kmer Sub-sequences of length k 

L1 First larval stage 

L2 Second larval stage 

L3 Third larval stage 

L4 Fourth larval stage 

LF Lymphatic filariasis 

LINEs Long Interspersed Nuclear Element(s) 

LTR Long Terminal Repeats 

m metre 

MAFFT Multiple Sequence Alignment program 

Mb Mega base 

MDA Mass Drug Administration 

mf Microfilaria/e 

ml Millilitre 

mm Millimetre 

MSA Multiple Sequence Alignment 

mtDNA Mitochondrial DNA 

mtDNA Mitochondrial Deoxyribonucleic acid 

myoHC myosin Heavy Chain 

N50 Length for which the collection of all contigs of that 

length or longer contains at least 50% of the sum of 

the lengths of all contigs  



xxiv 
 

N90 Length for which the collection of all contigs of that 

length or longer contains at least 90% of the sum of 

the lengths of all contigs 

NCBI National Center for Biotechnology Information 

NAD/ND Dehydrogenase subunit 

ng Nanogram 

NGS Next generation sequencing 

NTD Neglected Tropical Disease 

NSW New South Wales 

O50 Smallest number of orthogroups that 50% of genes 

are in orthogroups of that size or larger. 

OCP Onchocerciasis Control Programme 

Ov Onchocerca volvulus 

PAML Phylogenetic Analysis by Maximum Likelihood 

PIT Passive integrated transponder  

PCR Polymerase chain reaction 

PDB Protein Data Bank 

PE Paired end 

pM Pico molar 

PVC Polyvinyl chloride 

RAxML Randomised Accelerated Maximum Likelihood 

RBP Retinol Binding Protein 

rDNA Ribosomal DNA 

rpm Revolutions per minute 

RNA Ribonucleic acid 

rRNA Ribosomal RNA 

RNA-Seq RNA sequencing data 

s Second(s) 

Satellites tandemly repeated sequences 

sensu lato  Latin meaning “in broad sense” 

SINEs Short Interspersed Nuclear Element(s) 

spp species 

TGF-β Transforming Growth Factor beta 

Th CD4+ helper T cells 

tRNA Transfer Ribonucleic acid 



xxv 
 

μl Micro litre 

μM Micro molar 

US United States 

VIC Victoria 

W Watt(s) 

WHO World Health Organisation 

  



xxvi 
 

List of Bioinformatics Programs 

Program Function (publication or GitHub link) 

Assembly stats v1.0.1 Statistics on genome assembly 

 (https://github.com/sanger-pathogens/assembly-

stats) 

Augustus v3.0.2 Gene prediction 

 (Stanke et al., 2008) 

bedtools suite v2.26.0 Intersect, merge, count etc. files 

 (Quinlan and Hall, 2010) 

BLAST v2.6.0 Basic Local Alignment Search Tool 

 NCBI 

BRAKER v2.1.4 Gene prediction 

 (Hoff et al., 2018) 

BUSCO v4.0 Benchmarking Universal Single-Copy 

Orthologues 

 (Simão et al., 2015) 

Bwa v0.7.16a Burrows-Wheeler Aligner 

 (Li and Durbin, 2009) 

CEGMA v2.4.010312 Core Eukaryotic Genes Mapping Approach 

 (Parra et al., 2007) 

Circos v0.67_5 Package for visualizing data and information 

 (Krzywinski et al., 2009) 

ClustalW v2.0.10 Multiple Sequence Alignment 

 (Larkin et al., 2007) 

Exonerate v2.2.0 A generic tool for pairwise sequence comparison 

 (Slater and Birney, 2005) 

FastQC Quality control checks on raw sequence data 

 (http://www.bioinformatics.babraham.ac.uk/project

s/fastqc/) 

Gblocks v0.91b Selection of conserved blocks from multiple 

alignments 

 (Talavera and Castresana, 2007) 

Genome Ribbon Visualising complex genome alignments and 

structural variation 



xxvii 
 

 (https://github.com/MariaNattestad/Ribbon) 

InterProScan v5.24.63.0 A resource that provides functional analysis of 

protein sequences by classifying them into 

families and predicting the presence of domains 

and important sites 

 (Jones et al., 2014) 

Mesquite v3.04 A modular system for evolutionary analysis 

 (Maddison and Maddison, 2008) 

MITOS Mitochondrial genome annotator 

 (Bernt et al., 2013) 

MrBayes v3.2.5 Bayesian inference and model choice 

 (Ronquist et al., 2012) 

OrthoFinder v2.2.7 Orthology prediction 

 (Emms and Kelly, 2015, 2019) 

PAML (GUI) Phylogenetic Analysis by Maximum Likelihood 

 (Xu and Yang, 2013; Yang, 2007) 

PartitionFinder v1.1.1 Select best-fit partitioning schemes and models of 

molecular evolution for phylogenetic analyses 

 (Lanfear et al., 2012) 

progressiveMauve 

v20150213 

Genome alignment 

(Darling et al., 2010) 

 

PROmer v3.0.7 Rapid alignment of very large DNA and amino 

acid sequences 

 (Kurtz et al., 2004) 

RAxML v 8.0.19 Randomized Acelerated Maximum Likelihood 

 (Stamatakis, 2006, 2014) 

RepeatMasker 4.0.5 Screens DNA sequences for interspersed repeats 

and low complexity DNA sequences 

 (Smit, 2015) 

RepeatModeler v1.0.11 De novo transposable element (TE) family 

identification and modeling package 

 (Saha et al., 2008) 



xxviii 
 

SPAdes v3.10.1 Genome assembler 

 (Nurk et al., 2013) 

Trimmomatic v0.32 A flexible read trimming tool for Illumina NGS data 

 (Bolger et al., 2014) 

Velvet v1.2.10 Genome assembler 

 (Zerbino, 2010) 

Velvet-optimiser v2.2.5 Multi-threaded Perl script for automatically 

optimising Kmer for Velvet 

 (Zerbino and Birney, 2008) 

  



xxix 
 

Abstract 

Onchocerciasis is a neglected tropical disease in sub-Saharan Africa, caused by 

the parasitic filarial nematode Onchocerca volvulus. Host immune responses to 

the presence of dead or dying microfilariae in the skin and eyes drive the 

pathology associated with onchocerciasis, which is not well understood. An 

animal model that recapitulates the immunopathology could promote the 

improvement of current treatments for onchocerciasis, helping to develop new 

strategies to improve control of the parasite. Rodent infection with 

Cercopithifilaria johnstoni, a filarial nematode with skin and eye dwelling 

microfilariae, provokes similar skin and eye inflammatory pathology to 

O. volvulus-infected individuals, and therefore, has been proposed as an 

immunologically relevant model of the human disease. The aim of this thesis was 

to develop and characterise the genetic resources for C. johnstoni in the context 

of developing a resource to better understand onchocerciasis caused by 

O. volvulus. While some genetic resources are available for other closely-related 

filarial nematodes, none exist for C. johnstoni. First, a draft genome and 

mitochondrial genome were constructed for C. johnstoni and compared with 

O. volvulus and other filarial nematodes to confirm genetic similarity and to 

position C. johnstoni in the filarial nematode phylogeny. Second, the similarity in 

immunopathology between these two related parasites raises the question of 

whether similar antigens are responsible for the similarities in immune responses 

directed against the two species. To address this, an in silico approach to 

determine the suitability of C. johnstoni in a small animal model reveals 

orthologous genes between C. johnstoni and O. volvulus from known 

experimentally derived O. volvulus immunogenic proteins. Evidence of conserved 

protein structure and functions and evidence of diversifying and purifying 

selection on various orthologous genes could indicate the potential for these 

genes to be essential to the parasites or be involved in disease pathology. 

Finally, the vector species of C. johnstoni, the Ixodes ticks, were characterised 

which showed that ticks have cryptic species diversity complexes. This work is 

the first genome characterisation of C. johnstoni and genomic comparison with 

O. volvulus in the context of developing a model parasite to study onchocerciasis. 
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Chapter One  

General Introduction 

 

 The focus of the following literature review is to provide foundation of 

knowledge on filarial nematodes and filarial disease and identify the gaps in the 

current body of literature. The thesis aims to address the question of developing a 

small animal model using a closely related filarial species that is amenable to 

research and further understand a complex, neglected disease.  

 

1.1 Helminths 

Helminths are incredibly diverse and are responsible for significant disease 

and mortality in numerous hosts (Grencis, 2015). Consequently, helminths have 

been a significant focus of human and veterinary research. They are a group of 

parasites that is highly successful at challenging the hosts’ immune system. 

Helminth infections result in years of chronic inflammatory disorders causing 

consistent, ongoing, or delayed-onset pathology to their human or animal host 

(Budke et al., 2005; Bethony et al., 2006). For instance, parasitic nematodes such 

as Haemonchus contortus, a gastrointestinal parasite of ruminants, have had a 

significant and detrimental impact on the health and economic productivity in 

livestock worldwide (Qamar et al., 2011; Selemon, 2018). Currently, control of 

several helminths relies heavily on large-scale administration of anthelmintic 

drugs, including ivermectin from the macrocyclic lactone class (Omura and 

Crump, 2004; Geary and Moreno, 2012).  

There are two major phyla of helminths. First are the nematodes that 

include soil-transmitted helminths and the filarial worms, and second are the 

platyhelminths that include flukes and tapeworms (Hotez et al., 2008). The focus 

of this thesis is within the Phylum Nematoda, which constitutes a diverse group of 

nematodes inhabiting a broad range of environments (Blaxter and Bird, 1997; 

Blaxter and Koutsovoulos, 2015). The classification of nematodes has changed 

frequently because of various phylogenetic approaches. The current view of 

nematodes is illustrated in Figure 1.1 (Smythe et al., 2019). Parasitism has 

evolved independently at least 15 times, based on molecular phylogenetic 
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analysis, to give rise to several groups of animal and plant parasites interspersed 

with their non-parasitic relatives (Blaxter and Koutsovoulos, 2015). Within 

Nematoda, parasitism as arisen independently to different groups of nematodes 

at different times throughout history, thus complicating the phylogenetic 

relationships. The current view of Phylum Nematoda consists of 15 

classifications, all of which have both non-parasitic and parasitic species (Figure 

1.1) (Smythe et al., 2019). 
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Figure 1.1: Phylogeny of Nematoda based on the IQ-TREE maximum likelihood 

analysis (Smythe et al., 2019). Classification bar represents known taxonomic 

diversity of different taxa within Neamtoda. Habitat describes the lifestyle for each 

analysed species. Newly generated transcriptomes are marked with an asterisk 

(Smythe et al., 2019). The figure has been amended to outline the filarial 

nematodes within the Spirurina classification. 

 

Filarial 

nematodes 
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1.2 Filarial nematodes  

One of the 15 classifications within the Phylum Nematoda of particular 

focus for this thesis is Spirurina (Figure 1.1). Within this classification there are a 

group of filarial nematodes that are parasites of either vertebrates or 

invertebrates that commonly impact animal and human health (Stoltzfus et al., 

2017). The remainder of this thesis will focus on filarial nematode relationships 

within Spirurina and filarial genomics. Filarial nematodes include 

Acanthocheilonema viteae, Brugia malayi, Brugia pahangi, Brugia timori, 

Dirofilaria immitis, Dirofilaria repens, Dirofilaria hongkonensis, Loa loa, 

Litomosoides sigmodontis, Onchocerca flexuosa, Onchocerca gibsoni, 

Onchocerca cervipedes, Onchocerca lienalis, Onchocerca ochengi, Onchocerca 

volvulus and Wuchereria bancrofti. Filarial nematodes have specialised biology 

which improves their ability to parasitise their hosts (Blaxter and Bird, 1997; Bain, 

2002). They can increase their developmental speed and reproduce earlier in 

response to environmental factors. They have a range of intermediate hosts, 

including haematophagous arthropods, which are needed for life stage 

maturation and parasitic development (Blaxter and Bird, 1997). Intermediate 

hosts act as vectors for transmission of filarial parasites to their hosts (Bain, 

2002).  

Filarial diseases affect humans and animals worldwide at varying 

severities and are of significant concern in developing countries (Bandi et al., 

1998; Blaxter et al., 2012). More than 150 million people throughout tropical or 

subtropical countries are infected with filarial parasites (Fischer et al., 2011; Grote 

et al., 2017), however, infected numbers are subjected to change year-by-year. 

Large human populations in developing countries are affected by a range of 

filarial diseases (Barry et al., 2016). The primary filarial nematodes responsible 

for infecting human hosts include W. bancrofti, L. loa, and O. volvulus, together 

infecting millions of people (Taylor et al., 2014). For example, more than 10 

million people are affected with loiasis caused by L. loa infection (Klei and Rajan, 

2002; Desjardins et al., 2013a; Whittaker et al., 2018), and greater than 120 

million people are infected with lymphatic filariasis caused by W. bancrofti (Taylor 

et al., 2010; Grote et al., 2017). 

The World Health Organisation (WHO) characterises these three major 

filarial diseases, loiasis, lymphatic filariasis and onchocerciasis as Neglected 
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Tropical Diseases (NTDs). Typically, neglected diseases are situated in the 

tropics in the poverty-stricken areas, rural areas and the most deprived 

communities of the world’s population (Rodrigues and Ersching, 2015). NTDs 

have been neglected by research, as a result of minimal funding, corrupt 

governments, because the diseases are endemic in areas or countries that are 

difficult to access, or because the chronic nature of the NTDs have led to a lack 

of prioritisation (Klei and Rajan, 2002). Anthelmintic drugs are often used to treat 

filarial disease but have not been successful at eliminating the parasite. In some 

cases, they do not effectively kill the adult parasites, which increases treatment 

complexity, i.e., in onchocerciasis (Osei-Atweneboana et al., 2012; Doyle et al., 

2017).  

A particularly interesting group of filarial nematodes within the clade III 

Spirurida is the Onchocercidae genera that encompass O. volvulus, L. loa and 

W. bancrofti. Onchocercidae genera can be divided into three strongly supported 

clades ONC3 to ONC5 based on concatenated datasets including 12S rDNA, 

cox1, rbp1, hsp70, myoHC, 18S rDNA, and 28S rDNA (Figure 1.2) (Lefoulon et 

al., 2015). ONC3 consists of Dirofilaria, Loxodontofilaria and Onchocerca. ONC4 

is composed of Dipetalonema, Acanthocheilonema, Monanema, Cercopithifilaria 

and Litomosoides. Lastly, ONC5 is composed of Loa, Wuchereria and 

Mansonella (Figure 1.2). These three clades (e.g., ONC3, ONC4, ONC5) have 

life cycles that involve an L3 infective stage (iL3) and transmission by arthropod 

vectors.  

 

1.3 Onchocerciasis 

Onchocerciasis, more commonly known as ‘river blindness’, is an ocular 

and dermatological disease, primarily affecting individuals in sub-Saharan West 

Africa and Central Africa (Taylor et al., 2010; Cheke and Garms, 2013). 

Dermatitis and blindness typically characterise the disease (Pearlman and Hall, 

2000). The filarial parasitic nematode causing onchocerciasis is, O. volvulus, and 

is transmitted by the black fly, Simulium damnosum (Tang et al., 1996; Adler et 

al., 2010; Taylor et al., 2010; Cheke and Garms, 2013). The term river blindness 

originates from the location at which the Simulium vector breeds, i.e., near fast-

flowing rivers and streams. Humans living adjacent to rivers of fast-flowing water  
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Figure 1.2: Onchocercid clades from concatenated datasets of 12S rDNA, coxI, 

rbp1, hsp70, myoHC, 18S rDNA, and 28S rDNA sequences (Lefoulon et al., 

2015). 
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and in endemic areas have a higher disease burden than those living in 

non-endemic areas with fewer Simulium flies (Taylor et al., 2010).  

Onchocerciasis is a human NTD posing significant public health and 

economic interest. Approximately 217.5 million people are present in areas 

known to be endemic for onchocerciasis and therefore at risk to contract the 

disease (World Health Organisation, 2019). 

The economic and social impact of onchocerciasis has been estimated at 

598,270 disability-adjusted life years (DALYs) (Wolstenholme et al., 2016). 

Surveillance of onchocerciasis in the 1970s in Africa demonstrated the 

socioeconomic implications were highly problematic. There were only a small 

proportion of abled people to work in these communities; thus, food shortages 

occurred, and overall economic losses led to entrenched poverty (Amazigo et al., 

2006). The WHO has implemented programs intending to eliminate the disease, 

such as the Onchocerciasis Control Program (OCP) and the African Programme 

to Eliminate Onchocerciasis (APOC) (discussed in section 1.6). 

The presence of O. volvulus does not directly cause symptoms of 

onchocerciasis, but instead, is caused by the hosts’ immune responses to the 

death of the parasites (Ottesen, 1985). Symptoms include (1) mild itching from 

the microfilariae residing in the subcutaneous layers of tissue, (2) the appearance 

of leopard skin caused by the depigmentation of the skin as a result of prolonged 

localised immune responses, (3) thickening and deep scarring of the skin from 

the same chronic localised inflammation and, (4) visual impairment leading to 

blindness as a result of the immune responses to the presence of dead 

microfilariae in the cornea (Connor et al., 1970; Omura and Crump, 2004; Allen et 

al., 2008; Feasey et al., 2009; Cheke and Garms, 2013). The movement of 

microfilariae throughout the host is responsible for these disease symptoms 

(Debrah et al., 2015). The important aspect of onchocerciasis is how the 

microfilariae cause immunopathology by triggering the host immune response to 

the dying parasites. The immunopathology is not well understood and currently 

there are no animal models to safely study how the dying microfilariae trigger 

these symptoms and responses. The immunopathology of infection (to be 

discussed throughout this thesis) is the major feature of onchocerciasis and why 

it is important to develop an animal model with similar immunopathology. 
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The life cycle of O. volvulus begins when a female Simulium fly bites and 

feeds on the blood of a human (Figure 1.3). The blackfly ingests the microfilariae. 

The microfilariae then penetrate the midgut and migrates to the thoracic muscles 

where they develop into their first juvenile stage (L1). The L1’s then mature into 

the second juvenile stage (L2) followed by maturity into the infective L3 larval 

stage (iL3). The iL3’s migrates to the proboscis and are found in the saliva. Once 

the fly bites another human the iL3’s move through the bite wound into the 

subcutaneous tissue where they mature into adult worms in nodules (Connor et 

al., 1970; Omura and Crump, 2004). The adult male and female worms produce 

unsheathed microfilariae (L1). The microfilariae migrate around the subcutaneous 

tissue causing skin lesions and depigmentation (Centers for Disease Control and 

Prevention, 2015). Should another Simulium fly come and bite an infected human 

and ingest the microfilariae, the life cycle will continue (Omura and Crump, 2004). 

The adult worms can live anywhere from 10 to 15 years, and microfilariae can live 

for nine to 18 months (Basáñez et al., 1994; Omura and Crump, 2004; Coffeng et 

al. 2013). Female worms can vary from 33 to 50 cm in length, males from 19 to 

42 cm, while the microfilariae only reach 220 to 360 µm in length (Centers for 

Disease Control and Prevention, 2015). 
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Figure 1.3: Onchocerca volvulus life cycle adapted from Centers for Disease 

Control and Prevention (2015). 
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The general life cycle of S. damnosum (Figure 1.4) begins when a female 

fly deposits approximately 200 to 800 eggs on vegetation located just below the 

water’s surface (Butler and Hogsette, 1998). Larvae then emerge from the eggs 

and mature through six consecutive stages before reaching the pupal stage, 

where the cocoon shaped pupae are attached to vegetation (Figure 1.4). Adults 

then emerge from the pupal case and float to the water’s surface after a period of 

two to three weeks (Butler and Hogsette, 1998). Simulium species are attracted 

to bite humans through olfactory senses and heat (Butler and Hogsette, 1998). 

Once a Simulium fly bites an infected human, they ingest O. volvulus (Taylor et 

al., 2010; Chandy et al., 2011; Cheke and Garms, 2013) allowing continuous 

transmission from person to person spreading the infection throughout 

communities (Connor et al., 1970). Simulium species also feed on animals and 

thus Simulium could be exposed to a variety of different parasites humans would 

not typically contain (Adler et al., 2010). Consistent with other filarial nematodes, 

O. volvulus requires an intermediate host stage such as S. damnosum to develop 

through the parasitic life stages.  

The O. volvulus nematode contains a widespread bacterial endosymbiont, 

Wolbachia (Bandi et al., 1998; Brattig, 2004; Comandatore et al., 2015). 

Wolbachia is an obligate mutualistic endosymbiont that is transmitted 

transovarially (Tamarozzi et al., 2011; Pigeault et al., 2014). The O. volvulus 

parasite and Wolbachia have a symbiotic relationship indicating that Wolbachia 

may increase the fitness of the parasite, which is a challenge in itself to 

understand. The genus of Wolbachia is polyphyletic and has been a controversial 

and complex group for taxonomy (Bandi et al., 1998; Casiraghi et al., 2004; 

Comandatore et al., 2015). It has been suggested that Wolbachia molecules 

interact with the host’s innate immune system and are responsible for 

inflammatory reactions seen in O. volvulus-infected individuals (Bandi et al., 

1998; Tamarozzi et al., 2011). Wolbachia has become a focus for further drug 

developments as it is understood to play an essential part in filarial nematode 

reproduction (Bandi et al., 1998). There is a potential for Wolbachia to be the 

driving force behind the immune responses seen in onchocerciasis, but more 

analyses are required to confirm this hypothesis by identifying what is driving the 

immunopathology. Wolbachia has been identified in a range of filarial nematodes 

and arthropods and is currently being studied extensively to understand what role 

the endosymbiont plays in the individual host. The following thesis is not focused  
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Figure 1.4: Simulium damnosum life cycle adapted from Service (2012). 
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on exploring Wolbachia, however, it is acknowledged to be an important 

component of onchocerciasis research which raises questions that alternate 

projects should aim to address. 

The lack of understanding of the hosts’ responses to the presence and 

death of microfilariae complicates all future treatment development and 

programmes. There are challenges associated with finding effective 

macrofilaricidal and microfilaricidal drugs to treat a sizeable, infected population. 

Understanding the human immune responses to the parasite is critical for not 

only diagnosis but a successful treatment regime (Ottesen, 1984; Grote et al., 

2017; Tyagi et al., 2019b). O. volvulus is an obligate human parasite, and its life 

cycle is unable to be maintained alive outside a host species (Grote et al., 2017), 

making the study of this parasite in the laboratory more challenging. Thus, the 

development of appropriate treatment methods becomes a significant challenge. 

A system where we can observe the parasite in the laboratory would significantly 

increase our knowledge of O. volvulus as well as filarial nematodes in general 

(Grote et al., 2017).  

 

1.4 Established drugs used for the treatment of onchocerciasis 

There are several anthelmintic (e.g., diethylcarbamazine) and antibiotic 

(e.g. tetracycline) drugs trialled for the treatment of onchocerciasis. One 

successful group of anthelmintic drugs is the macrocyclic lactone filaricidal drugs 

(ivermectin and moxidectin). Macrocyclic lactones are a significant group of 

anthelmintics and are currently the most effective drugs of choice available with 

exceptional potency (Campbell, 1981; Wolstenholme and Rogers, 2005). These 

anthelmintics are currently the most important and commonly used control 

measures for parasite control across both livestock and human infections 

(Lespine et al., 2008). Every filaricide has advantages and disadvantages that 

need to be considered to determine whether the drug will be successful or 

unsuccessful in treating the disease. 

 

1.4.1 Ivermectin  

Ivermectin has been the predominant drug of choice for many years since 

its registration for human use in 1987 as Mectizan (Thylefors, 2008; Cupp et al., 
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2011; Coffeng et al., 2013; Turner et al., 2013). Ivermectin was first used for 

treatment in some regions of Africa in 1988 and has since established the 

appropriate standards of cost, efficacy, and safety for Mass Drug Administration 

(MDA) treatment of onchocerciasis (Thylefors, 2008; Diawara et al., 2009). A 

dose of 150 µg/kg effectively kills microfilariae in the skin from four to six months 

after treatment (Table 1.1) (Awadzi et al., 1985). It can kill up to 99% of the 

microfilariae in a single treatment highlighting ivermectin’s efficacy (World Health 

Organisation, 2010). Treatment is required for up to 15 years or possibly longer to 

remove the parasites from the body (Awadzi et al., 2004; Turner et al., 2013; 

Hess et al., 2014; Turner et al., 2014).  

Ivermectin is a successful microfilaricidal drug but is not a successful 

macrofilaricidal drug as the adult parasites remain mostly unaffected (Diawara et 

al., 2009; Turner et al., 2013; Turner et al., 2014; Turner et al., 2015b). For a 

period after treatment, the adult worms are affected reproductively, but fertility 

returns (Eng and Prichard, 2005; Gyapong et al., 2005; Bourguinat et al., 2006). 

Nevertheless, elimination of onchocerciasis in areas of Africa using ivermectin 

treatment is feasible (Diawara et al., 2009). In some areas of Africa, 

onchocerciasis has been successfully eliminated using ivermectin treatment. The 

programmes that initiated drug treatment have since closed reducing targeted 

onchocerciasis treatment regimens throughout Africa thus onchocerciasis is still a 

concern throughout Africa. 

Ivermectin treatment has usage limitations. It is not suitable for pregnant 

women, children under the age of five years old or individuals with central 

nervous system diseases or hypersensitivities (Fox, 2006). Ivermectin elicits 

slight adverse effects on patients when the microfilariae die in the skin (Keiser et 

al., 2002). Symptoms such as light-headedness, fever or worst-case postural 

hypotension (Gyapong et al., 2005). Despite these disadvantages, ivermectin has 

been a safe and excellent drug choice for onchocerciasis treatment.  

Ivermectin’s mechanism of action possibly involves the opening of 

glutamate-gated chloride ion channels of nematode neurons impairing their 

normal function (Wolstenholme and Rogers, 2005), however this has not been 

proven at the molecular level in O. volvulus or in filarial nematodes. The biological 

effect of ivermectin on O. volvulus in not clear and has not been explored. In 

B. malayi, ivermectin was found to inhibit protein release from the excretory-
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secretory apparatus (Moreno et al., 2010). Ivermectin causes a rapid microfilarial 

clearance which could be due to the parasite not being able to secrete proteins 

that avoid exposure to the host’s immune system (Moreno et al., 2010). In 

another B. malayi study, it was observed that there was a high level of expression 

of glutamate-gated chloride channels in the reproductive tissues (Li et al., 2014). 

The high expression of glutamate-gated chloride channels could explain the lack 

of microfilariae following ivermectin treatment (Li et al., 2014). Although these 

experiments have used B. malayi, it could be presumed that a similar response 

occurs within O. volvulus parasites treated with ivermectin. 

Figure 1.5 summarises the effect of a single, standard dose of ivermectin 

on the O. volvulus microfilariae from several studies (Basáñez et al., 2008). The 

y-axis shows ‘Percentage of pre-treatment GM microfilarial load’ with the x-axis 

displaying time in months. The figure taken from Basáñez et al., (2008) explores 

results from 15 publications focussing on ivermectin treatment of O. volvulus with 

various sample sizes. The coloured dots represent different datasets from the list 

of 15 publications. Consistently, ivermectin treatment results in an initial, drastic 

reduction of microfilarial loads by approximately 98% in the first week of 

treatment (Figure 1.5). Microfilarial repopulation of the skin then begins to occur 

slowly from about three months remaining below 20% of their initial microfilarial 

load for around ten months after the single ivermectin dose. Without another 

treatment of ivermectin, the microfilarial load continues to increase 12 months 

after the individuals were treated (Figure 1.5) (Basáñez et al., 2008). Patients 

with onchocerciasis would require ivermectin treatment biannually or quarterly to 

eliminate any possibility of new parasite transmission (Collins et al., 1992; Cupp 

and Cupp, 2005). It has been suggested that by increasing the number of 

ivermectin treatments could increase the infertility effects on adult female 

O. volvulus, which then reduces the production of more microfilariae (Duke, 2004; 

Cupp and Cupp, 2005). After frequent treatments, it could be possible to break 

the transmission cycle for O. volvulus within 10 to 14 years (Taylor et al., 2014). 

Breaking the transmission cycle would require regular MDA and continuous 

monitoring of individuals’ disease burdens. Aiming to break the transmission 

cycle appears to be an efficient method of controlling onchocerciasis that does 

not rely on understanding the complex immunopathology associated with disease 

symptoms. It also means that treatment does not need to be macrofilaricidal but 

instead targeting the crucial life stages involved in disease transmission to 



15 
 

interrupt the cycle. The process will take years to successfully interrupt 

transmission and reduce disease burdens leading toward elimination. Alternative 

plans will need to be devised to achieve elimination. Elimination is to reduce 

transmission of the parasite below a designated level where the parasite persists 

with low level transmission in the community but is low enough that infection rates 

will not increase. The success of ivermectin treatment is dictated by the 

epidemiological context, i.e., soley using ivermectin in areas of hyper-endemicity 

will not successfully remove O. volvulus (Stolk et al., 2015). The infection levels 

and transmission rate in these areas are too high for ivermectin alone, to be 

successful (Stolk et al., 2015). Mathematical modelling has shown that a 

macrofilaricidal drug will have a significant impact on treating disease in these 

areas. Using a macrofilaricidal drug with a stronger microfilaricidal drug than 

ivermectin, also shows a significant treatment impact (Basáñez et al., 2016). 

Thus the question of how to discover new drugs, either macrofilaricidal or more 

sensitive microfilaricidal targets, remains. An animal model will allow further 

discovery of successful drugs that follow this mathematically modelling and can 

target these hyper-endemic regions.  
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Figure 1.5: Onchocerca volvulus microfilarial load over time after a single, 

standard dose of ivermectin (150 μg/kg) (Basáñez et al., 2008). 
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Other possible drugs have been explored to determine whether they also 

meet the appropriate cost, efficacy, and safety standards for MDA treatment of 

onchocerciasis. 

 

1.4.2 Diethylcarbamazine 

Diethylcarbamazine (DEC) has been used since 1940 and is an effective 

drug for rapidly eradicating microfilariae from the host (Table 1.1). 

Diethylcarbamazine cannot kill adult worms, thus is a microfilaricidal drug 

(Ottesen, 1984; Stingl et al., 1984). It is absorbed rapidly after oral administration, 

but the mechanism of action against the filariae is unknown (Gyapong et al., 

2005). Diethylcarbamazine is an affordable drug proven to be effective at killing 

the microfilariae and has been used extensively to treat lymphatic filariasis 

patients (Ottesen, 1984; Stingl et al., 1984). However, diethylcarbamazine is an 

unsafe alternative because although it meets the critical standards of cost and 

efficacy, it does not meet the safety requirements for MDA treatment of 

onchocerciasis. 

Symptoms of diethylcarbamazine administration without O. volvulus 

microfilariae in the body consist of drowsiness, headache, nausea, and vomiting 

(Dreyer et al., 1994). Symptoms of diethylcarbamazine for those who have an 

O. volvulus microfilariae burden consist of dizziness, headache, fever, muscle 

pain and blood in the urine (Dreyer et al., 1994). Increased inflammation has 

been observed in those patients who had additional ocular lesions (Stingl et al., 

1984). In some cases, these adverse side-effects have caused death if the 

patient had a high microfilarial burden (Stingl et al., 1984). Accordingly, 

diethylcarbamazine should be used with caution and not be used regularly for 

treatments of onchocerciasis because of the severe adverse effects of the 

Mazzotti reaction (discussed further in section 1.5) (Stingl et al., 1984). 

Diethylcarbamazine will, therefore, never be used as a solution to treat 

onchocerciasis but could be useful for other diseases or purposes. 

 

1.4.3 Doxycycline 

A macrofilaricidal or chemotherapeutic method with long-term sterilising 

effects would be an ideal outcome for the treatment of onchocerciasis (Table 1.1) 
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(Debrah et al., 2015). Doxycycline has been proven to target the adult O. volvulus 

worms and is considered a successful macrofilaricidal drug that has also been 

able to deplete Wolbachia, the bacterial endosymbiont of O. volvulus (Taylor et 

al., 2014; Walker et al., 2015). Various community-based trials have concluded 

that doxycycline would be a successful drug for MDA and is ideal to use for 

treatment in L. loa co-infected areas (Tamarozzi et al., 2012; Debrah et al., 2015). 

Doxycycline is known to target the bacterial endosymbiont, Wolbachia, which has 

been proven by using the chemotherapy treatment on patients infected with 

L. loa. The chemotherapy treatment does not negatively affect loiasis patients 

because Wolbachia is absent from L. loa nematodes (Wanji et al., 2009; Turner 

et al., 2010; Debrah et al., 2015). Overall parasite burdens have been drastically 

reduced in many doxycycline trials (Hoerauf et al., 2003; Hoerauf et al., 2008; 

Tamarozzi et al., 2012; Debrah et al., 2015; Specht et al., 2018; Taylor et al., 

2019).  

Further research is required to obtain MDA approval of doxycycline for 

endemic African regions with onchocerciasis. Doxycycline is not safe for pregnant 

women or children under the age of nine (Hoerauf, 2008; Tamarozzi et al., 2012). 

There needs to be further research conducted on how to include these groups in 

treatment. The earlier drug trials have also not identified the drug uptake into 

O. volvulus nodules in humans. The drug must be able to access the parasites 

deep in the subcutaneous skin within these nodules. Although this has been 

successful in rodent models, trials are needed in humans to understand the 

process (Taylor et al., 2019). Finally, there is not a clear correlation between drug 

dose and the duration at which the dose is to be provided to the infected 

individuals, a relationship that needs to be ascertained before confirming the 

success of doxycycline treatment for onchocerciasis (Taylor et al., 2019). 

Doxycycline is potentially a safe alternative to ivermectin except for children and 

pregnant women; however, it has practicality issues due to the long duration of 

treatment that could result in compliance issues and therapeutic coverage (Wanji 

et al., 2009). 

 

1.4.4 Moxidectin 

Moxidectin is a promising microfilarial drug for the control and elimination 

of onchocerciasis (Table 1.1) (Turner et al., 2015a). The skin microfilarial loads 
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are reduced at a faster rate than what has been observed with ivermectin and 

appear to be reduced for longer, successfully halting transmission between yearly 

treatments (Awadzi et al., 2014; Turner et al., 2015a). As moxidectin can kill more 

microfilariae than ivermectin in one dosage, it could have the same problem with 

co-infected L. loa patients producing adverse reactions associated with the 

sudden death of parasites (Turner et al., 2015a). It had also been recorded that 

moxidectin, similar to ivermectin, also results in mild adverse reactions in 

onchocerciasis patients such as pruritus, rash and increased pulse rate (Awadzi 

et al., 2014). Moxidectin appears to be an excellent alternative drug to use for 

onchocerciasis because drug trials have revealed moxidectin is likely to be more 

effective than ivermectin and can suppress reproduction longer than ivermectin. 

The current limitation of moxidectin is that the drug is a microfilaricidal drug, 

although further drug testing could reveal its success with targeting the adult 

worms. The use of moxidectin with a successful macrofilaricidal drug would 

greatly improve the treatment of onchocerciasis.  
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Table 1.1: Summary of the current drugs approved for treating onchocerciasis in humans. The table describes the drug, drug class, the 

stage the drugs target (i.e., microfilaricidal or macrofilaricidal), problems or side effects and lastly whether the drug could be successfully 

used for treatment. 

 

Drug Class Target Problems/Side effects Success 

Ivermectin Anthelmintics – 

macrocyclic lactone 

(avermectins) 

Microfilaricidal - Cannot give to pregnant women and children under the age 

of 5 

- Slow – 10 to 15 years to remove the parasites 

- Not macrofilaricidal 

Successful 

Diethylcarbamazine Anthelmintics Microfilaricidal - Not macrofilaricidal 

- Elicits the Mazzotti reaction 

- Death 

Unsuccessful 

Doxycycline Tetracycline 

antibiotics 

Macrofilaricidal - Cannot give to pregnant women and children under the age 

of 9 

- Long treatment duration 

Successful 

Moxidectin Anthelmintics – 

macrocyclic lactone 

(milbemycin) 

Microfilaricidal - Not a known macrofilaricide 

- Kills high volume of microfilariae at once – be careful of host 

immune reactions 

Successful 
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1.5 The Mazzotti reaction 

The most important component concerning the treatment of 

onchocerciasis was first observed in 1948 and identified as the ‘Mazzotti reaction’ 

(Mazzotti, 1948). The Mazzotti reaction is characterised by symptoms of fever, 

tachycardia, hypotension and inflammation of lymph nodes as observed in 

humans after treatment for onchocerciasis. Inflammation in the patients' eyes was 

observed in individuals with ocular infections (Francis et al., 1985; Keiser et al., 

2002). Previously, it was unconfirmed whether the Mazzotti reactions were a 

result of the diethylcarbamazine dosage or a host immune response to the death 

of parasites (Ottesen, 1985; Dreyer et al., 1994). It had been hypothesised that 

the reactions correlated with infection intensity (Francis et al., 1985). Research 

confirmed that the host immunological responses trigger adverse reactions which 

are caused by the sudden and extensive release of parasite associated 

molecules from dead microfilariae by diethylcarbamazine (Dreyer et al., 1994; 

Bandi et al., 2001; Gyapong et al., 2005; Fox, 2006).  

The Mazzotti reaction is the main reason and context for this PhD. The 

immunopathology associated with dying microfilariae makes it difficult to 

determine successful drugs to treat onchocerciasis. While there are many good 

microfilaricidal drugs, they are used with risk in patients with a higher microfilarial 

burden. The higher the infection burden, the more likely the infected individual will 

experience severe side effects from the rapid death of a high parasite burden. 

Diethylcarbamazine elicits a severe Mazzotti reaction in onchocerciasis infected 

patients, although the other drugs can also elicit mild symptoms. The Mazzotti 

reaction presents multiple risks and complications for future drug development. 

As the reaction correlates with infection intensity, it will be pivotal to assess the 

rate of parasite death with other drugs to ensure the rapid death of parasites does 

not elicit this response. The observation of the Mazzotti reaction in treated 

infected patients raises the need for an appropriate animal model to test new 

drugs and treatments before commencing human trials thereby minimising the 

risk of these undesirable side effects. An animal model is very appealing because 

it allows safe drug testing enabling a drug to be developed that does not trigger 

the immunopathology associated from the rapid death of the microfilariae. Future 

control of onchocerciasis would be more successful if more was known about the 

complex immunopathology associated with treating O. volvulus-infected patients.  
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1.6 Onchocerciasis treatment programs using ivermectin 

In 1974, the WHO developed the Onchocerciasis Control Programme 

(OCP) in West Africa to target onchocerciasis infected individuals (Boatin, 2008; 

Colebunders et al., 2016). The programme’s goal was to eliminate onchocerciasis 

within the targeted regions of Africa. Mass insecticide spraying was conducted to 

control the vectors (Boatin, 2008), which consisted of helicopters conducting 

weekly spraying over the Simulium breeding sites (Remme, 2004). Larvicide 

treatment with vector control was considered expensive and costly for long term 

control of onchocerciasis (Diawara et al., 2009; Noma et al., 2014). The OCP 

closed in 2002. 

The African Programme for Onchocerciasis Control (APOC) launched in 

1995 to eliminate onchocerciasis as a public health problem throughout Africa. At 

this stage, Africa accounted for over 80% of the global disease burden 

(Gebrezgabiher et al., 2019). The primary focus of APOC was to identify areas of 

endemicity of onchocerciasis with high transmission areas, and flag these areas 

for MDA treatment (Hopkins, 2017). APOC targeted the flagged areas with the 

annual treatment of ivermectin. APOC recommended 65% ivermectin therapeutic 

coverage to treat onchocerciasis, but for elimination to be achieved more than 

80% therapeutic coverage across the 100% geographical range would be 

required (Colebunders et al., 2016). These treatment efforts covered over 

190,000 communities in hard-to-reach areas, effectively controlling 

onchocerciasis (Coffeng et al., 2013; Turner et al., 2014). Between 1995 and 

2010, APOC’s expenditure was US$370 million (Coffeng et al., 2013). Due to the 

successful treatment outcomes, WHO considered this to be cost-effective and 

overall an excellent programme.  

APOC was replaced with the Expanded Special Project for Elimination of 

NTDs (ESPEN). One of the main targets of ESPEN was onchocerciasis 

elimination in Africa (Hopkins, 2017; Colebunders et al., 2018a). Focus on 

controlling the disease shifted towards aiming for elimination. The definition of 

onchocerciasis elimination is “the reduction of infection and transmission to the 

extent that interventions can be stopped, but post-intervention surveillance is still 

necessary” (World Health Organisation, 2010). To reach this goal of 

onchocerciasis elimination, WHO identified three phases of guidelines in which 

need to be followed and completed to achieve elimination:  
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• Phase one is MDA intervention using ivermectin. Phase one consists of 

80% therapeutic coverage for 12-15 years a point at which parasite 

transmission ceases. Vector control throughout Africa will aim to support 

the MDA efforts in hope to stop transmission of parasites from the vectors 

(World Health Organisation, 2016).  

• Phase two involves post-treatment surveillance for any new emerging 

infections that last three to five years. Phase two uses the O-150 PCR test 

to confirm whether there is an interruption of O. volvulus transmission in 

black flies. The aim was to have less than one infected black fly within 

2000 flies, at this point Ov-16 serology test confirmed whether there had 

been an interruption of parasite transmission in children (further discussion 

on Ov-16 in section 1.16.1). If there has also been an interruption of 

O. volvulus transmission in areas of Africa and vector elimination is 

successful, this is the stage where phase three begins (World Health 

Organisation, 2016).  

• Phase three involved post-elimination surveillance in detecting any 

reintroductions of onchocerciasis that may occur within Africa. Phase three 

will be the phase that confirms if there has been a successful and 

permanent interruption or better yet, the elimination of onchocerciasis in 

regions of Africa (World Health Organisation, 2016).  

Elimination could be achievable for onchocerciasis if guidelines and treatment 

plans are followed rigorously. Onchocerciasis has been close to elimination in 

endemic areas of Africa and should be possible to eliminate the disease from 

areas of Africa where endemicity is low (Diawara et al., 2009; Tekle et al., 2012; 

World Health Organisation, 2016).  

 

1.7 Challenges to controlling onchocerciasis 

There are some significant challenges associated with controlling 

onchocerciasis, consequently complicating the elimination of onchocerciasis 

throughout Africa. Some of which include co-endemicity of onchocerciasis and 

loiasis, ivermectin resistance, political conflict and civil war, geographical and 

population coverage and financial challenges. Complete control of onchocerciasis 

would require overcoming these challenges, and while that has been possible for 
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some aspects, there is still a long road ahead before onchocerciasis will be 

eliminated from Africa.  

 

1.7.1 Co-endemicity of onchocerciasis and loiasis 

A considerable concern for the treatment of onchocerciasis is the co-

existence of O. volvulus and L. loa in the same endemic areas of Africa. Loiasis is 

a filarial disease caused by a related filarial nematode L. loa (Zoure et al., 2011; 

Desjardins et al., 2013a). There is a high prevalence of loiasis in the West and 

East of Africa. L. loa causes chronic infections characterised by angioedema and 

ocular manifestations (Desjardins et al., 2013a; Gebrezgabiher et al., 2019). 

Onchocerciasis patients co-infected with loiasis with considerably high 

L. loa microfilaraemia are at significant risk of an adverse neurological reaction as 

well as potential fatality when treated for either disease (Gardon et al., 1997; 

Boussinesq, 2006; Taylor et al., 2014; Debrah et al., 2015). These reactions have 

led to a lack of treatment in co-endemic areas because the standard ivermectin 

treatment was not suitable for MDA (Gardon et al., 1997; Colebunders et al., 

2018b; Gebrezgabiher et al., 2019).  

There have been efforts to overcome the significant risk of adverse 

reactions because of the treatment of co-endemic individuals. One possible 

solution is to use a combination of drugs within these areas of co-endemicity 

(Turner et al., 2010). A six-week course of doxycycline has proven to reduce the 

microfilarial load of L. loa and O. volvulus. In individuals with low to moderate 

microfilarial intensities, this method is often very successful and can be 

implemented to aid in treating both onchocerciasis and loiasis (Turner et al., 

2010). It has not been established whether individuals with a high L. loa intensity 

will still be at risk of significant adverse reactions when treated with drug 

combinations. An independent solution has been to use a diagnostic tool, 

LoaScope, to quantify L. loa in peripheral blood to confirm those individuals that 

are high risk for adverse effects (Kamgno et al., 2017). The process enabled 

community-wide ivermectin distribution in areas that previously could not be 

treated as a result of being co-endemic with L. loa (Kamgno et al., 2017).  

 



25 
 

1.7.2 Ivermectin resistance 

Reliance on any single drug for disease treatment increases the risk of 

emerging resistance (Turner et al., 2013). Ivermectin has been used for 

onchocerciasis control for decades, continuing to be a highly effective 

microfilaricidal drug when used biannually (Cupp and Cupp, 2005; Frempong et 

al., 2016). Despite the success of ivermectin as a microfilaricidal drug, evidence 

of resistance is emerging with reports of inadequate parasite response to the 

treatment. Adult females are remaining unaffected after treatment of ivermectin 

instead of showing reproductive sterility which is confirming the fears of 

resistance (Osei-Atweneboana et al., 2011; Taylor et al., 2014). These 

observations indicate the potential emergence of ivermectin resistance.  

The term ‘sub-optimal responders’ is used to describe a spectrum of 

resistant O. volvulus parasites. The spectrum consists of moderate responders to 

treatment, poor responders and very poor responders to treatment. Conversely, 

“good responders’ are parasites that will respond to treatment. Typically, sub-

optimal responders are prevalent in parasite populations that are starting to 

develop resistant O. volvulus parasites (Osei-Atweneboana et al., 2011; Osei-

Atweneboana et al., 2012; Frempong et al., 2016; Doyle et al., 2017). The 

evolution of drug-resistant parasites is not surprising considering ivermectin has 

been the predominant drug used for human treatment for decades (Awadzi et al., 

2004; Osei-Atweneboana et al., 2007). Osei-Atweneboana et al. (2007) 

determined that there are resistant adult parasite populations that are not 

responding to ivermectin as they initially responded on the first administration of 

treatment. If adult parasites can repopulate the skin with microfilariae after each 

treatment, then the parasite transmission will continue. The recrudescence of the 

disease could occur with ivermectin-resistance parasites (Osei-Atweneboana et 

al., 2007). A genome-wide analysis of O. volvulus revealed that sub-optimal 

responses to ivermectin are determined by selective sweeps of pre-existing 

quantitative trait loci (Doyle et al., 2017). The sub-optimal response phenomenon 

could negatively impact the overall aim of onchocerciasis elimination. Ivermectin 

will remain the primary drug of choice to eliminate onchocerciasis in Africa unless 

new drugs are developed to compete with ivermectin usage. There is a 

requirement for alternative drugs such as macrofilaricidal drugs to be developed 

and trialled. The aim would be to either permanently sterilise adult female worms 
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or kill the adult worms stopping the production of microfilariae and therefore the 

immunopathology (Grote et al., 2017).  

 

1.7.3 Political conflict and civil war 

Numerous countries throughout Africa have been afflicted by various 

political conflicts and civil war impeding the administration of treatment to 

onchocerciasis infected individuals. For example, the Democratic Republic of 

Congo (DRC) between 1996 and 1997 was devastated by political unrest and 

then had two wars between 1998 and 2003 (Makenga et al., 2015). There was no 

possibility of reaching the DRC for the treatment of onchocerciasis under these 

circumstances. All political conflicts and wars have drastic consequences on 

treatments available for the communities affected. These communities thus need 

to be treated when conflicts subside or cease. Communities within DRC have 

been treated since 2003 successfully with ivermectin post political unrest or war 

conflicts, although more control efforts are required to eliminate the disease from 

the DRC (Makenga et al., 2015). 

Conflict interrupts treatment programs and weakens overall political 

support, leading to the potential of new cases every year (Hopkins, 2017). The 

socio-political and conflict challenges throughout Africa have been previously 

reported as significant reasons for impeding control of onchocerciasis (Amazigo, 

2008; Makenga et al., 2015). The consistent political instability, however, will be a 

continuing constraint for onchocerciasis elimination and future successful MDA 

programmes throughout Africa (Mackenzie et al., 2012). Communities in 

countries such as the DRC, Cote d’Ivoire, Sierra Leone and Sudan have been 

challenging to treat and are likely to remain challenging regions to target 

onchocerciasis in the future (Mackenzie et al., 2012; Gebrezgabiher et al., 2019). 

 

1.7.4 Geographical and population coverage 

Controlling onchocerciasis has required the geographic distribution of 

onchocerciasis and endemic communities to be defined. Any area of Africa that 

had a prevalence of onchocerciasis infection greater than 20% is considered high 

risk and therefore requires continuous ivermectin treatment (Hopkins, 2017; 

Gebrezgabiher et al., 2019). The concern now lies in areas that did not have 
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greater than 20% infections and were not the targets for ivermectin treatment 

within previous treatment programmes. These areas may be responsible for the 

consistent transmission of disease or re-transmission of disease (Gebrezgabiher 

et al., 2019).  

Human population and vector migration have also significantly complicated 

the treatment of onchocerciasis throughout Africa (Gustavsen et al., 2016). 

Programs aimed at the elimination of onchocerciasis can often oversee borders 

of countries with shared transmission zones (Gustavsen et al., 2016). Infected 

people migrating back and forth from country to country can pose challenges for 

treatment as they can spread the infection to disease-free areas. Alternatively, 

uninfected individuals travelling to endemic regions can, therefore, contract the 

disease (Gebrezgabiher et al., 2019). The Simulium black fly vectors can 

seasonally migrate from one country to another and would be able to continue 

transmission in areas that were thought to have eliminated onchocerciasis. The 

black flies could be a factor that reintroduces onchocerciasis into disease-free 

zones (Koala et al., 2017). These uncontrolled migration events complicate the 

control and treatment of onchocerciasis (Gebrezgabiher et al., 2019) 

 

1.7.5 Non-compliance 

Compliance is a critical issue that directly impacts the success of the 

elimination of onchocerciasis in Africa. Individuals throughout Africa need to be 

willing to consume the provided medication for onchocerciasis treatment. 

Evidence that members in communities refused to take the drugs in the MDA 

programmes raises concern on how to administer effective treatment methods to 

obtain elimination (Bockarie et al., 2013). Many individuals wanted to avoid any 

possible side effects of ivermectin treatment. Some were of the belief that the 

companies administering the treatment were not doing their job correctly. Lastly, 

some of those individuals that have had treatment previously did not want to 

continue further treatment (Bockarie et al., 2013; Gebrezgabiher et al., 2019). 

Reports highlight that over 10% of the African population are individuals of non-

compliance, which could be enough of a reservoir for re-infection of the disease 

(Wanji et al., 2015).  
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1.8 Requirement for animal models to study onchocerciasis 

immunopathology and develop new drugs  

Previous treatment of onchocerciasis has been successful at targeting the 

microfilariae and reducing nematode burdens throughout African communities 

despite having not reached elimination. Importantly, it is not the parasite itself 

which causes severe reactions or death but rather the immunopathological 

response from the host as a result of the dead O. volvulus microfilariae that leads 

to adverse responses of drug treatments (Ottesen, 1985). The immune response 

needs to be understood to identify an appropriate treatment method for 

onchocerciasis. 

There are several critical limitations associated with effectively treating 

onchocerciasis that is made more challenging without the availability of an animal 

model. There is now the requirement to develop new novel drugs for effective 

treatment or alternative treatment methods to continue the elimination trajectory 

(Kaplan and Vidyashankar, 2012; Tyagi et al., 2019b).  

The following delineates caveats in onchocerciasis research in which an 

animal model may assist in resolving: 

a) The driving force behind the immunopathology associated with the death 

of the O. volvulus microfilariae is still poorly understood.  

b) There are no appropriate drugs without problematic side effects suitable 

for targeting the adult worms and thus macrofilaricidal.  

c) Lastly, and most importantly, there are no immunocompetent small animal 

models available to study the complicated host immune responses to 

novel drug treatments and thus the death of the microfilariae that are 

responsible for characteristic symptoms (Bennuru et al., 2017).  

 

There could be particular O. volvulus antigens when presented to the host’s 

immune system that are responsible for causing the immunopathology. However, 

several of these studies are conducted in silico because, to explore this concept, 

a suitable animal model is required and that is currently unavailable (McNulty et 

al., 2015; Cotton et al., 2016; Bennuru et al., 2017; Norice-Tra et al., 2017; 

Bennuru et al., 2018; Bennuru et al., 2019). The development of an animal model 

that is capable of recapitulating the immune responses of onchocerciasis would 
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allow researchers to conduct comparative studies to further understand this 

immunopathology and develop new drugs to eliminate the disease.  

There have been various attempts at finding an appropriate animal model. 

However, none of the models (described in section 1.10) recapitulate the 

immunopathology observed in onchocerciasis patients and thus are unable to 

understand onchocerciasis further and improve current treatment.  

 

1.9 Animal model requirements 

The requirements for a successful animal model are as follows: 

1. Convenient laboratory host, 

2. Preferably natural host, 

3. The life cycle can be maintained, and, 

4. Recapitulate the most important disease features. 

There are many essential facets of developing animal models. One of the most 

important is to choose the species of laboratory animal that is best suited for a 

particular purpose. Ideally, a convenient laboratory host would be a small host, 

easily maintained in the laboratory and relatively inexpensive. Depending on the 

purpose of the animal model, the chosen host should enable exploration of the 

immunology associated with onchocerciasis disease symptoms. This includes the 

death of the microfilariae which complicates treatment of individuals and is 

currently not understood. Another use for the small animal model is for drug 

development. There are currently no macrofilaricidal drugs available for treating 

patients with onchocerciasis. Therefore, an animal model that can explore other 

potential drugs for treatment while avoiding adverse reactions caused by the 

death of the microfilariae would be invaluable. A host or model system that has 

known information about drug metabolism would fast track the development of 

macrofilaricidal drugs.  

The second requirement would be to use a natural host if possible. A 

natural host is one where the parasite is found commonly and is suitable for the 

parasite to complete its developmental stages. However, an unnatural host is one 

that the parasite does not usually parasitise (hosts discussed in 1.12.1). 
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Thirdly, the life cycle needs to be maintained. Life cycle maintenance 

requires not only the nematode life cycle to be maintained in a host and the 

corresponding vector, but also requires the vector life cycle to be maintained in 

laboratory conditions. The life cycle is arguably one of the most important steps 

because if the life cycles cannot be maintained, then it is not a recapitulated life 

cycle of onchocerciasis disease. Maintenance of the vector and parasite life 

cycles in the laboratory means that laboratory experiments are not limited to 

immunoreactivity experiments or parasite drug development and control but also 

could be expanded to vector control and host responsiveness. Every aspect of 

the disease life cycle can be explored thoroughly to determine the best and most 

appropriate method to control onchocerciasis. 

Finally, the most important disease features of onchocerciasis, i.e., 

microfilariae in the eye, blindness and skin lesions, need to be recapitulated in 

the animal model system. If the characteristic features of the disease are not 

recapitulated, then the disease in the small animal model is not comparable to the 

human disease and treatments, and thus, strategies for disease control are 

limited.  

 

1.10 Current animal models 

There have been several attempts to find an appropriate animal model to 

improve the understanding of an O. volvulus infection and to explore drug 

effectiveness, reactions and therefore, success targeting the parasite. 

 

1.10.1 Onchocerca ochengi model 

The sister filarial species O. ochengi has been explored in its natural host, 

cattle (Trees et al., 1992; Trees, 1992). Cattle are permissive to the infection of 

O. ochengi (Table 1.2). The adults reside in nodules similarly to O. volvulus in 

humans, and the microfilariae migrate through the skin (Trees et al., 1992; Trees 

et al., 2000). Infected cattle do not display pathology consistent with the 

pathology observed in O. volvulus-infected humans. There are no ocular lesions 

or dermatitis in cattle associated with the presence of O. ochengi (Trees et al., 

1992; Trees et al., 2000).  
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The O. ochengi cattle model has many benefits for understanding 

onchocerciasis but equally has as many disadvantages. One of the benefits 

includes drug testing. The model has been used to test numerous drugs, 

including ivermectin and moxidectin. Both drugs have demonstrated successful 

clearing of the microfilariae from the host. Another study identified oxytetracycline 

as a potential macrofilaricidal with long term treatment of the parasites (Trees et 

al., 2000). Another benefit of the cattle model is the use of natural infection in 

endemic areas. The model can explore host-parasite relationships and determine 

the effectiveness of the vaccines. Once the animals are vaccinated and continue 

to live in endemic areas, vaccine success is challenged and this would enable a 

clear assessment as to whether the vaccine is working as efficiently as is 

required (Trees et al., 2000).  

Conversely, the O. ochengi cattle model is not suitable to focus on the 

disease. It has not been possible to replicate the Mazzotti reaction, even when 

using diethylcarbamazine, which is known to have adverse effects with and 

without parasite infection in humans (Dreyer et al., 1994; Trees et al., 2000). The 

O. ochengi cattle model is intensive and expensive to run and conduct 

experiments. Lastly, and most importantly, the immunopathology associated with 

onchocerciasis is not replicated within the model. The cattle do not show any 

signs of dermatitis, ocular lesions or lesions in the skin (Trees et al., 2000). 

Consequently, it is not possible to accurately assess the hosts’ immune response 

to the death of the parasites. The pathology observed in O. volvulus-infected 

individuals, i.e., skin and eye lesions, blindness, is a result of the host immune 

system responding to the dying parasites. Without any observable pathology in 

cattle, the host immune responses are not comparable to thoroughly understand 

onchocerciasis. The O. ochengi cattle model is not suitable for understanding 

immunopathology or developing new macrofilaricidal drugs to treat currently 

infected humans.  

 

1.10.2 Mouse model 

A study conducted by Chakravarti et al. (1993) developed a murine model 

for sclerosing keratitis (Table 1.2). They successfully injected antigens from O. 

volvulus intrastromally into mice resulting in inflammatory responses, tissue 

scarring and cellular patterns histopathologically similar to those seen in 
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onchocerciasis patients. The murine model was successful at eliciting a similar 

response as seen in humans but could not recapitulate the main characteristic 

disease feature, i.e., blindness. Without microfilariae in the cornea, this model 

does not present an accurate recapitulation of onchocerciasis symptoms. An 

additional disadvantage of using mice is that they are not permissive to infection 

and thus is not ideal for drug development.  

 

1.10.3 Chimpanzee model 

A study conducted by Eberhard et al. (1995) used chimpanzees as a 

model for onchocerciasis because they are more closely related to humans than 

any alternative host (Table 1.2). Accordingly, they are more likely to give an 

accurate representation of immune responses that are observed in humans. 

Studies have shown that chimpanzees are permissive for infection of O. volvulus 

(Duke et al., 1980; Prince et al., 1992; Eberhard et al., 1995). They were 

inoculated with the L3 infective stage (iL3) of O. volvulus and became infected for 

downstream experiments. The chimpanzees exhibited similar symptoms to those 

observed in O. volvulus-infected humans including nodules where the adult male 

and female worms resided (Duke, 1980; Morris et al., 2013). In some studies, 

there was evidence that the chimpanzees also developed microfiladermia 

indicating a similarity in symptoms with the human disease. 

Unfortunately, not all chimpanzees developed microfiladermia which 

indicated that there are differences in infection susceptibility between individual 

chimpanzees (Prince et al., 1992; Eberhard et al., 1995). None of the 

chimpanzees experienced eye lesions which is the major characteristic symptom 

in human onchocerciasis (Duke, 1980; Morris et al., 2013).  

Johnson et al. (1991) elucidated that chimpanzees develop immune 

responses to defend themselves against the microfilariae, therefore killing them. 

This explains why some chimpanzees develop microfiladermia and other do not. 

It was therefore concluded that despite chimpanzees being a close relative of 

humans, the ability of the chimpanzee's immune system to kill the microfilariae 

early in infection, means this model system would not be appropriate to study 

onchocerciasis further. In addition, using chimpanzees as a model to study 
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disease is unethical, thus the chimpanzee model will never be considered for 

further experiments. 

 

1.10.4 Acanthocheilonema viteae rodent model 

A. viteae is a filarial nematode of mainly rodent species with natural hosts 

such as gerbils and jirds (Table 1.2) (Johnson et al., 1974; Morris et al., 2013). 

Animal models with A. viteae have been used to explore the protective immunity 

to O. volvulus (Abraham et al., 2002). The most common experimental hosts 

include the jird, Meriones unguiculatus (Eisenbeiss et al., 1991; Lucius and 

Textor, 1995) or Meriones libycus (Harnett et al., 1989) with soft ticks 

Ornithodoros moubata (Morris et al., 2013). Typically, the adult A. viteae 

parasites reside in the subcutaneous skin and the microfilariae are present in the 

blood (Haque et al., 1978; Morris et al., 2013). Jirds are permissive to infection 

and develop microfilaremia for over 18 months which makes this model 

successful for vaccine studies (Beaver et al., 1974). There is no obvious 

pathology in the natural host, jirds, other than the potential for extremely high 

microfilaremia levels with several mating parasite pairs resulting in potential death 

of the host (Beaver et al., 1974). There have been no reports of microfilariae 

migrating to the cornea in jirds and therefore is not recapitulating the same 

disease features of onchocerciasis. 

Infection trialled in hamsters has resulted in transient microfilaremia with 

symptoms such as hepatitis, glomerulonephritis and cellular infiltrates of the lung 

(Simpson and Neilson, 1976). Infection with A. viteae in hamsters results in weak 

associated immunity against the L3 larvae, which will not be an appropriate 

model to study possible treatments for onchocerciasis. 

Importantly, A. viteae animal models do not recapitulate the same 

immunopathology that is seen in O. volvulus-infected humans and therefore is 

only suitable to be used for small studies associated with vaccines if the 

A. viteae, jird model is used in the future.  

 

1.10.5 Loa loa mouse model 

The development of a successful L. loa mouse model for loiasis in co-

infected patients with onchocerciasis was developed which can be used in 
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developing therapeutic or diagnostic drugs against the disease (Pionnier et al., 

2019). The L. loa iL3 parasites were extracted from wild-caught Chrysops silacea 

(tabanid flies) to be later subcutaneously implanted into mice (Table 1.2). Mice 

were treated orally with ivermectin or with flubendazole and injected with 

ivermectin. They were then CO2 euthanised to obtain results identifying up-

regulation of inflammatory markers associated with Th-2 immune responses post-

ivermectin treatment (Pionnier et al., 2019). The L. loa model is suitable to be 

used as a control model to counter-screen candidate onchocerciasis treatments 

ensuring there are no ivermectin-associated adverse effects that are problematic 

for MDA treatment throughout the population (Pionnier et al., 2019). 

 

1.10.6 Litomosoides sigmodontis rodent model 

L. sigmodontis is a filarial nematode of rodents. The natural host of 

L. sigmodontis is the cotton rat, Sigmodon hispidus (Table 1.2) (Morris et al., 

2013). This animal model has been extensively used to investigate immune 

systems and pathways observed by the human filarial infections (Hübner et al., 

2009; Frohberger et al., 2019). As L. sigmodontis contains the bacterial 

endosymbiont, Wolbachia, several of these studies have focused actively on 

Wolbachia depletion (Specht et al., 2018; Hübner et al., 2019b; Taylor et al., 

2019). Macrofilaricidal drugs are being considered and slowly developed, which 

potentially could be used in O. volvulus-infected individuals successfully 

eliminating the adult worms (Hübner et al., 2019a).  

There have been three rodent hosts used to explore infection of 

L. sigmodontis including albino rats, the cotton rat and jirds. The pathology in the 

each of hosts resulting from L. sigmodontis infection is similar. In albino rats, the 

microfilariae are present in the blood with the adults, residing in the pleural 

cavities. Pathology includes pathological changes in the lungs and decreased 

function of the liver and spleen (Mukhopadhyay and Ghosh, 1988). The 

microfilariae and adults are also present in the blood and pleural cavities in the 

natural host, cotton rats. Cotton rats display lymphadenopathy, papillary nodules, 

oedema, alveolar thickening and myocarditis pathology (Wharton, 1947). Lastly, 

the same pathology observed in cotton rats is displayed in jirds with increased 

severity (Wharton, 1947). Very high microfilariae infections will result in the death 

of the jirds in approximately three days.  



35 
 

These three L. sigmodontis animal models have been successful for 

different reasons. Albino rats, cotton rats and jirds are all permissive for infection 

and have all resulted in moderate to high microfilarial burdens. Albino rats could 

be excellent models to study filarial latency as a latent infection mediated by a 

different mechanism from other models was observed. It could be that protection 

against microfilaremia is a result of local immune responses rather than 

antibodies (Bagai and Subrahmanyam, 1968). There have been substantial levels 

of protection after vaccination demonstrated in the hosts, especially in jirds, and 

have observable effects of immunomodulation on parasite survival which may be 

vital in understanding helminth infections.  

Unfortunately, these animal models are not appropriate models of human 

disease. In cotton rats, with high infection levels, the dying microfilaraemia 

congregates in the lungs, which could lead to more severe symptoms if a 

vaccination to kill the worms were used. In all hosts, the L. sigmodontis 

microfilaraemia do not migrate to the cornea. Thus, the eye pathology 

characteristic of onchocerciasis is not recapitulated in the L. sigmodontis models. 

The same symptoms in O. volvulus-infected individuals, including skin lesions, 

nodules, inflammatory and blindness, are also not recapitulated in the 

L. sigmodontis models. Therefore, these models would not be successful in 

understanding the disease immunopathology of onchocerciasis, although they 

may be useful to develop a novel drug.  
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Table 1.2: Summary of animal models previously used to study onchocerciasis highlighting the advantages and disadvantages of each 

model system. 

Model Advantages Disadvantages 

O. ochengi 

model 

- O. ochengi is a sister species to O. volvulus this genetically closely 

related. 

- Adult O. volvulus reside in nodules 

- Suitable for drug testing 

- Exploring host-parasite relationships 

- The cattle model is intensive and expensive. 

- No skin pathology. 

- No ocular pathology. 

- Cannot study the host’s immune response to the death of the 

parasites. 

Mouse model - Demonstrates sclerosing keratitis 

- Inflammatory responses and tissue scaring 

- Successfully can inject O. volvulus antigens intrastromally 

- Appropriately sized model for experiments 

- There were no microfilariae in the eye therefore could not recapitulate 

blindness 

- Not permissive to infection 

- Not ideal for drug development 

Chimpanzee 

model 

- They are a close relative of humans  

- Permissive to infection 

- Pathology similar to onchocerciasis 

- Adults reside in nodules 

- Some chimpanzees developed microfiladermia 

- Large animal and not ethical for experiments 

- Not all chimpanzees developed microfiladermia 

- No evidence of eye lesions 

- Chimpanzees could develop host immune responses to kill the 

microfilariae 

A. viteae model 

(hamsters) 

- Small model system 

- Explore protective immunity to O. volvulus 

- Evidence of parasites in the subcutaneous skin 

- Microfilariae present in the blood 

- Weak associated immunity against the L3 larvae 

- Do not show comparable pathology to onchocerciasis patients 
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A. viteae model 

(jirds) 

- Small model system 

- Permissive to infection 

- Develop microfilaremia for over 18 months 

- No obvious pathology similar to onchocerciasis 

- Extremely high microfilaremia levels putting host at risk of dying 

L. loa model - Small model system 

- Can explore co-infections of L. loa and O. volvulus 

- Appropriate as a control model to counter-screen candidate 

onchocerciasis treatment 

- Not suitable for developing microfilaricidal or macrofilaricidal drugs 

L. sigmodontis 

model (albino 

rats) 

- Small model system 

- Microfilariae are present in the blood with the adults, residing in the 

pleural cavities 

- Permissive to infection 

- Pathological changes in the lungs and decreased function of the liver 

and spleen 

- No evidence of microfilaria in the cornea 

- Skin lesions, nodules, inflammatory and blindness, are not 

recapitulated 

L. sigmodontis 

model (cotton 

rat) 

- Small model system 

- Microfilariae and adults are also present in the blood and pleural 

cavities 

- Permissive to infection 

- Lymphadenopathy, papillary nodules, oedema, alveolar thickening 

and myocarditis pathology 

- Dying microfilaria congregates in the lungs 

- No evidence of microfilaria in the cornea 

- Skin lesions, nodules, inflammatory and blindness, are not 

recapitulated 

L. sigmodontis 

model (jirds) 

- Small model system 

- Microfilariae and adults are also present in the blood and pleural 

cavities 

- Lymphadenopathy, papillary nodules, oedema, alveolar thickening 

and myocarditis pathology with very high intensity and severity 

- No evidence of microfilaria in the cornea 

- Skin lesions, nodules, inflammatory and blindness, are not 

recapitulated 
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1.11 Key limitations to current models 

None of the animal models was successful at recapitulating all the 

important features observed in O. volvulus-infected individuals. It is currently not 

possible to answer different hypotheses using the same animal model. For 

example, an animal model that is used to test drug efficacy will be suitable for 

observing the success of a new drug by eradicating the parasite. However, it may 

not be suitable for assessing the disease features, i.e., blindness and skin 

lesions, because the animal model does not display these features observed in 

humans and therefore the model cannot confirm whether the drug will treat these 

symptoms or elicit adverse reactions.  

Animal models have proven to be a vital component of disease research 

enabling the current controls of onchocerciasis and other filarial diseases whose 

parasites are unable to survive outside of a host (Grote et al., 2017). Although the 

discussed animal models have significantly improved our knowledge of treating 

onchocerciasis and understanding the filarial disease, it is disadvantageous to 

use the current small animal models for understanding the disease pathology 

because none of the models truly recapitulate the immunopathology seen in 

O. volvulus-infected patients. If reactions, including the Mazzotti reaction, cannot 

be replicated, then accurate drug responses are challenging to achieve. 

Research using these models has been beneficial in improving our understanding 

of alternative methods of treatment of onchocerciasis and potential development 

of vaccines. However, it would be more beneficial to have a small animal model, 

similar to the ones previously developed, that could accurately recapitulate the 

immunopathology in Onchocerca-infected patients and present similar antigens to 

the host immune systems that could be involved in disease pathology. Equally, 

the lessons learnt in the existing animal models could be adapted to an 

immunopathology-focused model to gain a comprehensive understanding of 

onchocerciasis.  

Several of these previously discussed animal models have explored 

vaccine candidates. It cannot be ruled out that an additional animal model that 

shares immunopathological parallels could be suitable for developing vaccines. 

However, vaccine development is outside of the scope for this PhD and is not an 

important consideration for the work that has been done to establish this animal 
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model for onchocerciasis. Vaccine development could be an interesting extension 

of this PhD but is not relevant for the remaining experiments. 

 

1.12 Cercopithifilaria johnstoni (Dipetalonema johnstoni) as a model 

organism for onchocerciasis 

Dipetalonema johnstoni was first described in the 1950s in Isoodon 

obesulus (Southern brown bandicoot) in Australia (Mackerras, 1954). In the 

1960s, D. johnstoni was further identified in other Australian hosts and more 

specifically characterised morphologically compared to other related filarial 

species identified in Australian marsupials (Mackerras, 1962). A study conducted 

by Spratt and Varughese (1975) intended to improve the taxonomy of Filarioidea 

by morphologically differentiating between all the filarial nematodes that had been 

identified in Australian hosts. Several of these earlier descriptions and illustrations 

were of varying quality and potentially is the reason why the taxonomy of this 

group is so controversial. Spratt and Varughese (1975) illustrated morphological 

differences of D. johnstoni compared to other Dipetalonema species; hence D. 

johnstoni was later renamed as Cercopithifilaria johnstoni because 

morphologically is more similar to the genus Cercopithifilaria (Mackerras, 1954, 

1962; Spratt and Varughese, 1975). In all host species, C. johnstoni appeared to 

be one of the only nematodes, especially in marsupials, to be present throughout 

the subcutaneous skin (Spratt and Varughese, 1975). Upon histologic 

examination of the rodents skin infected with C. johnstoni microfilariae revealed 

similar characteristics comparable to lesions present in human onchocerciasis 

(Vuong et al., 1985). Thus the idea came to be that C. johnstoni may be 

appropriate to study onchocerciasis. Spratt and Haycock (1988) then used Ixodes 

trichosuri to transmit C. johnstoni to a laboratory rat, Rattus norvegicus, 

determining the life cycle of the parasite and then exploring whether C. johnstoni 

demonstrated similar pathology compared with other Onchocercidae members. 

Their investigations have led to confirming that C. johnstoni has the potential to 

be used in an informative and inexpensive small animal model to study 

onchocerciasis.  

A field study conducted from April 1985 to July 1987 that captured Rattus 

fuscipes (Australian bush rat) from Mogo State Forest observed relatively 

consistent infection of C. johnstoni in R. fuscipes (Figure 1.6a). It is presumed 
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that the prepatent period from C. johnstoni transmission is 90 days from their 

experimental studies (Figure 1.6a) (Spratt and Haycock, 1988; Vuong et al., 

1993). At the same time of observing C. johnstoni microfilariae, the number of 

larvae and nymphs were recorded from the captured rodents (Figure 1.6b). It was 

these observations that provided the evidence that ixodid ticks could be 

transmitting C. johnstoni to the various Australian hosts.  
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a) 

b) 

Figure 1.6: a) Number of Rattus fuscipes trapped at Mogo State Forest every 

month over three years (1985, 1986, and 1987). Dotted section of bar graph 

indicates number of rats with Cercopithifilaria johnstoni microfilariae in the skin. 

Black section of bars represents rodents with no microfilariae that changed to 

positive. b) Figure representing mean numbers of larval and nymphal Ixodes spp. 

(predominantly Ixodes trichosuri) harvested from bush rats (n above) naturally 

infected with Cercopithifilaria johnstoni at Mogo State Forest, April 1985 to July 

1987 (Spratt and Haycock, 1988). 
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1.12.1 Cercopithifilaria johnstoni life cycle 

The life cycle of C. johnstoni is similar to the life cycle stages of 

O. volvulus, due to being transmitted between definitive hosts by an intermediate 

vector species (Figure 1.7). Ticks are responsible for the transmission of 

C. johnstoni to a range of hosts (Spratt and Varughese, 1975; Spratt and 

Haycock, 1988). The tick will bite and feed on the small rodent injecting the 

infective (iL3) stage of C. johnstoni into the subcutaneous skin of the rodent. The 

infective C. johnstoni worm will develop into the fourth stage larvae (L4) and then 

into adults who also reside in the subcutaneous skin. The adults will produce 

microfilariae (L1) which will move around in the skin and elicit pathological 

symptoms. Another tick will bite and feed on the rodent and ingest the 

microfilariae for C. johnstoni to develop into the L2 and iL3 stages for the cycle to 

continue (Figure 1.7) (Spratt and Varughese, 1975; Spratt and Haycock, 1988). 

There are several host species that C. johnstoni has been identified to 

parasitise, however it is not known whether all of these species are natural hosts. 

The described species consist of R. fuscipes (Australian bush rat), I. obesulus 

(Southern brown bandicoot), Perameles nasuta (long-nosed bandicoot), Isoodon 

macrourus (Northern brown bandicoot), Rattus lutreolus (Australian swamp rat), 

Sarcophilus harrisii (Tasmanian devil), Uromys caudimaculatus (giant white-tailed 

rat), Petauroides volans (greater glider) and Ornithorhynchus anatinus (platypus) 

(Spratt and Varughese, 1975). 

Continuing the discussion of a convenient laboratory host for a small 

animal model in section 1.9, a likely natural host of C. johnstoni is R. fuscipes, 

which would be a more appealing host species for developing an animal model 

over the more commonly used hosts in animal models, rabbits or gerbils. A 

natural host guarantees C. johnstoni can survive and maintain its life cycle within 

this host and also simplifies the model system. The natural host of C. johnstoni 

has not been confirmed, but it is assumed to be species within the genus Rattus 

including R. fuscipes. If it is confirmed that the parasites identified in each of the 

recorded hosts were correctly identified as C. johnstoni, then there is the 

possibility that R. norvegicus is also a natural host of C. johnstoni, despite not 

being recorded in the wild. Nevertheless, if R. norvegicus is not a natural host of 

C. johnstoni, R. norvegicus could still be used as an appropriate small animal for 

the C. johnstoni animal model. As R. norvegicus is used as a laboratory rodent 
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Figure 1.7: The life cycle of Cercopithifilaria johnstoni, transmitted by ixodid 

ticks to the Australian bush rat, Rattus fuscipes. 
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for many studies, there are abundant resources available to understand host 

immunology. The experiments using R. norvegicus demonstrate identical biology 

compared with R. fuscipes when infected with C. johnstoni (Spratt and Haycock, 

1988; Vuong et al., 1993). 

 

1.12.2 Pathology in the natural host, Rattus fuscipes 

The natural host of C. johnstoni is presumed to be R. fuscipes and has 

been shown to exhibit similar pathology to the immunopathology displayed in 

humans caused by O. volvulus. Initial observations of C. johnstoni in R. fuscipes 

suggest that the rats are consistently positive for infection with C. johnstoni 

throughout the year, which was determined using skin snips (Figure 1.6a).  

Spratt and Haycock (1988) then examined the captured rodents more 

closely in laboratory experiments and had shown the microfilariae migrating 

through the extravascular connective tissue of the skin in R. fuscipes (Figure 

1.8b, 1.8c). They also observed eosinophils and mastocytes surrounding the site 

of microfilariae in the skin (Figure 1.8d). Inflammatory granulomas were identified, 

indicating parasite presence, and adult nematodes were surrounded by acute and 

sub-acute inflammatory lesions (Figure 1.9a, 1.9b) (Vuong et al., 1993). 

Inflammatory, fibrotic tissue was observed surrounding a dying female 

C. johnstoni worm (Figure 1.9c). Further observation led to seeing acute, sub-

acute inflammatory lesions and then chronic lesions and fibrosis in the pinna of 

R. fuscipes (Figure 1.9e). Microfilariae were also observed in the eyelids, cornea 

and limbus and frequently spread to the peripheries in R. fuscipes (Figure 1.10b, 

1.10c) (Vuong et al., 1993). 

 

 

1.12.3 Vectors for Cercopithifilaria johnstoni animal model 

The vector assumed to be competent at transmitting C. johnstoni was 

I. trichosuri from the hard tick family (Spratt and Haycock, 1988). Similar to many 

tick species, I. trichosuri requires full engorgement before developing into an 

adult (Spratt and Haycock, 1988). Studies conducted by Spratt and Haycock 

(1988) revealed that transmission of C. johnstoni to R. fuscipes occurred in 

December, January, February, March, June and August (Figure 1.6a) which 
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  b)    a)  

  c)    d)  

Figure 1.8: Evidence of Cercopithifilaria johnstoni in Rattus fuscipes and Rattus 

norvegicus (Spratt and Haycock, 1988). a) Attachment of adult female lxodes 

trichosuri infected with Cercopithifilaria johnstoni to the neck of Rattus 

norvegicus, b) microfilariae (arrow) in lymphatic capillary in aural skin of Rattus 

fuscipes, c) microfilariae (arrows) in extravascular connective tissue of aural skin 

of Rattus fuscipes, d) microfilaria (arrow) surrounded by eosinophils and 

mastocytes in aural skin of Rattus fuscipes. 

 



46 
 

a) b) c) 

d) e) 

Figure 1.9: Cercopithifilaria johnstoni in subcutaneous aponeuroses of dorsum 

of rats (Vuong et al., 1993). a) Male in cavity in Rattus fuscipes, b) sub-acute 

inflammatory lesions in Rattus fuscipes, c) dying female surrounded by 

inflammatory and fibrotic tissue in Rattus fuscipes, d) in Rattus norvegicus a 

Cercopithifilaria johnstoni male surrounded by acute and sub-acute 

inflammatory reactions, e) acute and sub-acute inflammatory reactions in 

Rattus fuscipes with chronic lesions and fibrosis in the pinna. 
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 c) a) b) 

 e) 

 d)  f)  g) 

Figure 1.10: Cercopithifilaria johnstoni in Rattus fuscipes above the red line 

and in Rattus norvegicus below the red line (modified from Vuong et al., 

1993). a) Microfilaria inflammatory reaction, b) cornea microfilaria without 

inflammatory reactions, c) microfilariae in eyelid with inflammation, d) sub-

acute lesions in the corneal limbus, e) absence of melanin pigment, 

inflammatory lesions of iris and (f) choroid, g) nodular fibrosis of iris. 
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corresponded very closely to the high peaks of larval and nymphal numbers of 

ticks (Figure 1.6b). The predominant species of tick observed throughout these 

observations was I. trichosuri hence appears to be a likely vector of parasite 

transmission.  

Currently, it is not known whether I. trichosuri is the most competent 

species for transmission or if other Ixodes species would be more suitable (Spratt 

and Haycock, 1988; Vuong et al., 1993). For example, Ixodes ricinus is not 

suitable for Cercopithifilaria bainae development, whereas Rhipicephalus 

sanguineus is a competent vector for C. bainae and parasite development 

(Ramos et al., 2014). As there is evidence of more competent vectors than others 

for parasite development, the question is raised whether I. trichosuri would be the 

only competent vector for C. johnstoni and how could this affect transmission in 

the small animal model. 

 

1.12.4 Pathology in the laboratory host, Rattus norvegicus 

The observations of C. johnstoni microfilariae in the skin and eye of 

R. fuscipes led to the extraction of the iL3 stage of C. johnstoni from tick 

dissections to inoculate the nematode into R. norvegicus subcutaneously. The 

ticks carrying C. johnstoni were also permitted to feed directly on R. norvegicus, 

allowing the iL3 stage of C. johnstoni to infect the laboratory rat (Figure 1.8a) 

(Spratt and Haycock, 1988). The results from both techniques were consistent, 

confirming that C. johnstoni could infect R. norvegicus. The dermal microfilariae 

live in the lymphatic vessels where they can move to the perivascular connective 

tissue inducing inflammatory responses. The adults were located in the 

subcutaneous tissue of the skin (Spratt and Haycock, 1988; Vuong et al., 1993; 

Uni et al., 2013) and when they died caused an inflammatory response with 

lesions on the skin and eye (Figure 1.9d, 1.9e) (Vuong et al., 1993). Finally, 

ocular lesions were observed in R. norvegicus (Figure 1.10e, 1.10f, 1.10g) 

(Vuong et al., 1993).  

The similar physiological symptoms that are seen in onchocerciasis 

patients are also apparent in R. norvegicus and R. fuscipes. The pathology is 

caused by the microfilariae (L1’s) (Spratt and Haycock, 1988) moving through the 

skin with more severe symptoms caused by the death of the microfilariae or adult 
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worms (Vuong et al., 1993). Ocular lesions are a characteristic of onchocerciasis 

in humans. Observing ocular lesions in R. norvegicus was a significant discovery, 

indicating R. norvegicus could be the successful small animal model able to 

recapitulate essential disease characteristics.  

C. johnstoni could be maintained in the laboratory in naturally infected 

hosts such as R. fuscipes or experimentally infected R. norvegicus (Vuong et al., 

1993). C. johnstoni is parasitic and cannot be cultured outside of a host similar to 

other parasitic nematodes (Grote et al., 2017). If a complete animal model life 

cycle were to be developed, a significant hurdle is the maintenance of vector 

species. Ticks are a complex species that are difficult to maintain in the 

laboratory and complicated to distinguish between closely related species within 

a genus.  

 

1.13 Ticks: vectors of pathogens and parasites 

Ticks are vectors for transmitting a wide variety of pathogens and 

parasites to livestock and humans (McCoy et al., 2013). Ticks greatly surpass 

other arthropods with the volume of pathogens they carry, thus reinforcing the 

importance of tick research (Brossard and Wikel, 2004; Bonnet and Liu, 2012). 

Ticks are known worldwide to transmit rickettsial diseases to humans (Grattan-

Smith et al., 1997; Storer et al., 2003) and transmit diseases from animals to 

humans (Caporale et al., 1995; Brossard and Wikel, 2004). They are obligate 

hematophagous ectoparasites divided into two categories, hard and soft ticks 

(Anderson, 2001; Bonnet and Liu, 2012). Hard and soft ticks have been a 

significant focus of research with high medical importance and interest (Klompen 

et al., 1996; Storer et al., 2003; Anderson et al., 2004; Bonnet and Liu, 2012; 

Zhang and Zhang, 2014). For this thesis, hard ticks will remain the predominant 

focus as they encompass the ticks responsible for C. johnstoni transmission.  

Ixodidae is a family consisting of hard ticks (Anderson, 2001). Ixodidae 

consists of approximately 900 species (Barker and Walker, 2014). There are 250 

species in the Prostriata group and 464 species in the Metastriata in which the 

genus Ixodes is situated (Anderson et al., 2004; Barker and Murrell, 2004). 

Ixodes are arguably the most crucial group of ticks to study due to the parasites 

they transmit to innumerable hosts (Lv et al., 2014a). For example, Ixodes 
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scapularis is potentially one of the most studied species of tick in the Northern 

Hemisphere due to its ability to transmit Lyme disease to humans (LoGiudice et 

al., 2003; Kocan et al., 2015; Gulia-Nuss et al., 2016).  

 

1.13.1 Hard tick life cycles 

The typical Ixodes life cycle (Figure 1.11) has four stages, egg, larva, 

nymph, and adult (Anderson, 2001; Barker and Walker, 2014). They feed as 

larvae, moult to nymphs, feed on another host, and then moult to adults. The 

adult females must feed a third time after mating before they can lay eggs 

(Bonnet and Liu, 2012). Males feed twice with moults following each feeding and 

do not feed as adults (Barker and Walker, 2014). Females can lay 2,500-3,000 

eggs with an egg survival rate of 0.08% (Doube, 1979; Grattan-Smith et al., 1997; 

Masina and Broady, 1999). Only mated females can rapidly engorge due to an 

uncharacterised physiological control mechanism (Sojka et al., 2016) and can 

ingest 100 times their body weight (Sauer et al., 1995). Generally, tick feeding is 

a slow process with the complete time frame varying depending on the species 

(Grandjean and Aeschlimann, 1972; Sojka et al., 2013). Nearly all species of 

Ixodes have a two or three-host life stage, which in turn results in a quickly 

spreading disease. One and two-host ticks moult while on the host, three-host 

ticks drop off the host to moult (Jongejan and Uilenberg, 2004). Their small size 

and broad host range allow ease of transportation to numerous locations (Lv et 

al., 2014b).  

Different species of ixodid ticks undergo either a one-host, two-host, or 

three-host life cycle (Barker and Walker, 2014; Guglielmone et al., 2014). In a 

one-host life cycle, the tick remains on the same host for larval, nymphal, and 

adult stages, only dropping off the host when it is an engorged female to lay eggs 

(Barker and Walker, 2014). The cattle tick, Rhipicephalus microplus, is an 

example of a tick undergoing a one-host life cycle (Barker and Walker, 2014). 

The two-host life cycle spans over two years where the larval stage attaches to 

the first host, feeds, and moults to the nymphal stage on that first host. The 

nymph drops off the host moulting into an adult, which then feeds on the second 

host until the engorged female drops off to lay her eggs (Barker and Walker, 

2014). The genus Hyalomma are usually two-host tick species (Guglielmone et 

al., 2014). Finally, the three-host life cycle, as generally described above, 
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involves the larval, nymphal, and adult stages feeding on a host and then 

dropping off after each life stage to moult into the next life stage. Adults can mate 

on and off the host depending on the species, but most Ixodes species mate off 

the host on the vegetation (Needham and Teel, 1991; Barker and Walker, 2014). 

 

1.13.2 Tick survival strategies 

Blood feeding is an essential physiological process for survival and growth 

and evolved more than 20 times independently in Arthropoda (Mans and Neitz, 

2004; Sojka et al., 2013). Ticks are the most ancient terrestrial arachnids evolving 

blood-feeding capabilities (Mans and Neitz, 2004; Bellgard et al., 2012). The 

host’s blood is a source of energy and nutrients, which is called hematophagy 

(Sojka et al., 2016). The tick midgut is responsible for digestion of a blood meal 

(Grattan-Smith et al., 1997). The most important organs in their body are the 

salivary glands, an evolutionary adaptation for specialised feeding (Grattan-Smith 

et al., 1997). These salivary glands are essential to the biological success of ticks 

and are involved in pathogen transmission (Sauer et al., 1995). 

The questing behaviour of ticks is consistent across Ixodes. Generally, 

ixodid ticks are attracted by physical and chemical stimuli such as carbon dioxide, 

heat and odours (Wall and Shearer, 1997; Bonnet and Liu, 2012). When 

recognised, ticks crawl to the top of a blade of grass when sensing the presence 

of a potential host. Optimal hosts vary depending on the age and species of tick. 

Larvae and nymphs are more likely to feed on smaller mammals, i.e., rodents, 

while adult females are more likely to feed on larger mammals, i.e., kangaroos 

(Bonnet and Liu, 2012). 

Depending on the species of tick, the complete life cycle can be 

longstanding taking one to three years to develop from eggs to adults (Grattan-

Smith et al., 1997). There are also some considerable differences in tick survival 

strategies that depend on the species and life cycle. In the Northern Hemisphere, 

the life cycle is often longer because of the harsh winters requiring ticks to include 

a period of cold-induced diapause which is observed in species including 

I. scapularis, the vector responsible for Lyme disease (Kocan et al., 2015; Beati 



52 
 

Figure 1.11: The general life cycle of Ixodes ticks, adapted from Wall and 

Shearer (1997). 
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and Klompen, 2019). The tick attaches to a host varies depending on its species 

and life stage. In the Southern Hemisphere, Australian ixodid ticks become more 

active once the humidity level increases to a satisfactory level, primarily a relative 

humidity of 85% (Oorebeek and Kleindorfer, 2008). Ticks rely on high humidity as 

desiccation is the leading cause of death, and they will typically only quest when 

humidity is high (Oorebeek and Kleindorfer, 2008). 

Generally, larvae attach for three to four days, nymphs attach for four to 

seven days, (Grattan-Smith et al., 1997) and adult females attach approximately 

eight to 24 days. Ixodid ticks spend 94-97% of their life off the host waiting for a 

potential host (Klompen et al., 1996). Few Ixodes species require mating to occur 

on the host. For example, I. scapularis mates on the host and successfully has 

been able to live its life cycle in laboratory conditions (Kocan et al., 2015). 

Interestingly, ticks survive longer than any other arthropod without food or 

water (Needham and Teel, 1991). Characteristically, it is the off-host period which 

is an essential stage for Ixodes because it is entirely a survival strategy. Not all 

ticks will survive the periods between attachments to the host. Aforementioned, 

ticks in Australia rely heavily on high humidity, rainfall and low temperatures for 

survival (Needham and Teel, 1991; Oorebeek and Kleindorfer, 2008). 

Temperature significantly affects the rate of growth for ticks (Chilton, 1992) and 

consequently, the prevalence of ticks fluctuates depending on the season. 

 

1.13.3 Challenges for using ixodid ticks to transmit Cercopithifilaria 

johnstoni  

In the context of developing an animal model of C. johnstoni with Ixodes as 

the vector for parasite transmission, the number of pathogens and toxins ticks 

carry can be a problem. Some species do not transmit viral or bacterial agents 

alone, but their bites result in paralysis or hyper-susceptibility (Grattan-Smith et 

al., 1997). In Australia, priority for extensive research is the paralysis ticks, Ixodes 

holocyclus and Ixodes cornuatus. It is difficult to distinguish between these two 

paralysis species despite having a different geographical range (Jackson et al., 

2000). I. holocyclus alone is a very economically important tick and is endemic to 

Australia (Jackson et al., 2000; Song et al., 2011) generally living on the East 

coast of Australia (Spratt and Haycock, 1988; Stone et al., 1989; Grattan-Smith et 
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al., 1997). I. cornuatus predominately inhabits Tasmania and Southern Australia 

(Jackson et al., 2000). 

Host preferences for I. holocyclus have not been well defined (Jackson et 

al., 2007). I. holocyclus is known to cause fatalities in small mammals but it is 

currently unknown whether the paralysis tick prefers small or large hosts (Kaire, 

1966; Grattan-Smith et al., 1997; Storer et al., 2003). A study conducted by 

Binnington and Stone (1981) demonstrated that mice die after the paralysis ticks 

fed on them for more than 96 hours. The neurotoxin comes from the salivary 

glands in I. holocyclus (Grattan-Smith et al., 1997; Storer et al., 2003). The 

symptoms associated with the toxin injected by I. holocyclus are loss of appetite, 

incoordination of hind limbs, decrease of body temperature and then a fatal coma 

(Dodd, 1921; Stone et al., 1989; Masina and Broady, 1999). These symptoms 

occur approximately three to five days after attachment, allowing time for the tick 

to feed and fully engorge (Kaire, 1966; Binnington and Stone, 1981; Grattan-

Smith et al., 1997). In humans, an intense allergic reaction such as a rash can 

occur when bitten by multiple I. holocyclus larvae (Grattan-Smith et al., 1997). 

Children that are bitten by a paralysis tick are more likely to exhibit symptoms 

from the toxin consisting of, drowsiness, tiredness, slurred speech, and paralysis 

in legs, inability to drink and if left untreated, death (Grattan-Smith et al., 1997). 

However, animals indigenous to the country appear to be immune to the paralysis 

tick (Dodd, 1921; Doube, 1979) and small mammals appear to be resistant to the 

immature stages of paralysis ticks. In contrast, some small birds and even cases 

of bandicoots are shown to be affected and die from paralysis (Doube, 1979). 

The paralysis ticks are common in areas where Spratt and Haycock (1988) 

found C. johnstoni-infected rodents. For the successful development of a small 

animal model with C. johnstoni, it is necessary to develop an appropriate 

laboratory colony or source of the most efficient tick species to transmit 

C. johnstoni to its host. Due to the paralysing nature of the paralysis ticks, it 

would be preferable to avoid transmission of C. johnstoni with I. holocyclus to 

avoid the potential toxin effects on immunocompromised small mammals. The 

I. holocyclus toxin will affect small rodents, especially species such as 

R. norvegicus and would obscure the observation of disease symptoms due to 

the paralysis symptoms deeming the animal model unsuccessful. It is therefore 

essential to identify the appropriate tick species for transmission of C. johnstoni.  
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1.13.4 Characterising tick species for an animal model 

Identification of tick species is an essential aspect of developing the animal 

model. Ticks have a small body size of one to three millimetres when they are not 

engorged and vary depending on the life stage of the tick. As they are small in 

general, it is difficult to morphologically differentiate between species without 

dissection (Guglielmone et al., 2014). Studies have developed morphological 

characteristics which enable the identification of some adult tick species (Roberts, 

1970; Barker and Walker, 2014). Morphological identification of Metastriate ticks 

is possible at the adult stage with these characteristics, but the younger life 

stages are much more challenging (Anderson et al., 2004). Species-level 

morphological identification of ixodid ticks is difficult at the larval and nymph life 

stages due to a lack of easily identified, taxonomically informative morphological 

characteristics (Anderson et al., 2004; Lv et al., 2014a).  

Morphological characterisation has subdivided the genus Ixodes into 15 

sub-genera but the monophyly of many of the sub-genera are challenged (Clifford 

et al., 1973; Nava et al., 2009). Commonly, many molecular studies have been 

challenging the original morphological classification of ixodid ticks (Nava et al., 

2009). Other studies suggest Ixodes is polyphyletic and Australian species are 

positioned separately within the phylogeny (Klompen and Oliver, 1993; Klompen 

et al., 2007). Typically, the morphological and molecular characterisation of ticks 

has been conducted independently and are usually a topic of debate for what are 

the correct phylogenetic relationships. The incongruence between molecular and 

morphological characterisation is partly a result of minimal sequence data of 

identified ticks. Currently, there are approximately seven of 243 Ixodes species 

that have complete mitochondrial genomes (Burnard and Shao, 2019). 

I holocyclus has one sequence available and now Ixodes tasmani has a genome 

available. Phylogenetic relationship predictions are drastically improved by using 

complete mitochondrial genome sequences and further improved using complete 

nuclear genomes as this includes more information on genetic variation and 

results in highly supported phylogenetic trees. As a result of minimal whole 

mitochondrial genomes for ticks, taxonomic relationships are typically predicted 

using mitochondrial or nuclear genes (Norris et al., 1999) or those species 

without appropriate genetic information are excluded from analyses. Many 
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intraspecies relationships throughout Ixodes are unresolved (Shaw et al., 2002; 

Song et al., 2011; Burnard and Shao, 2019  

The incongruence between morphological and molecular species 

identification is also a result of two Ixodes ticks morphologically appearing 

identical but having different genetic sequences (Andrews et al., 1992). It is these 

complications that make tick phylogenetics a problematic component of research 

and will be a significant hurdle in the development of an animal model using ticks 

to transmit C. johnstoni to rodents. Accurate discrimination and identification of 

tick species could be the basis of controlling tick-borne diseases (Lv et al., 2014b) 

and also enable them to be used confidently as vectors of parasitic models such 

as the C. johnstoni animal model.  

 

1.14 Direct comparison of Onchocerca volvulus and Cercopithifilaria 

johnstoni 

1.14.1 Parasite life cycles 

The life cycles of C. johnstoni and O. volvulus are similar (Figure 1.3, 1.7). 

Transmission of C. johnstoni and O. volvulus rely on the vectors, ticks and black 

flies, respectively, to develop and mature into the infective L3 stage. The iL3 

stage of O. volvulus penetrates the human host (Figure 1.3) equivalent to the iL3 

stage of C. johnstoni (Figure 1.7). The iL3 matures into the L4 stage and then into 

adults. The adults produce microfilariae in which migrate throughout the 

subcutaneous tissue (Figure 1.3, 1.7). A Simulium fly will bite a human and ingest 

an O. volvulus microfilaria (Figure 1.3) and an ixodid tick with bite a rodent 

ingesting the C. johnstoni microfilariae (Figure 1.7) for the parasites to mature to 

the L2 and iL3 stages within the vectors. The vectors will bite their respective 

hosts, and the life cycle continues. 

The main difference between C. johnstoni and O. volvulus within their 

respective hosts is that Onchocerca adults reside in nodules in the human’s 

bodies. In contrast, Cercopithifilaria adults reside in the subcutaneous tissues. 

There is no evidence to suggest the difference in the presence of nodules in O. 

volvulus-infected humans and absence of nodules in the C. johnstoni-infected 

rodents is pivotal in understanding onchocerciasis. There is a possibility that the 

adult worms in nodules within the human host could be more protected and thus 
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macrofilaricidal drug development would need to ensure the adult worms could 

still be targeted through the nodule. Although this is only speculation and 

considering C. johnstoni recapitulates every other symptom O. volvulus cause, C. 

johnstoni is still the most convincing candidate to pursue further for animal model 

development. The clear similarity of C. johnstoni and O. volvulus parasitic life 

cycles makes C. johnstoni an appealing parasite to explore (Spratt and Haycock, 

1988). The life cycle can be replicated to mimic the life cycle of O. volvulus, but 

more importantly, C. johnstoni recapitulates the characteristic immunopathology 

and disease features of O. volvulus.  

 

1.14.2 Vectors 

An added complication to the development of an animal model for 

onchocerciasis is the vector species responsible for transmitting the parasite. As 

well as maintaining the parasite life cycle in an appropriate and convenient host, 

the vector life cycle also needs to be maintained. The C. johnstoni animal model 

requires ixodid ticks to transmit the parasite to small mammals. Simulium and 

Ixodes are complicated groups of intermediate vectors containing cryptic species.  

Vector species are a primary component of studying disease as they are 

responsible for transmitting parasites to various hosts (Jongejan and Uilenberg, 

2004; Guglielmone et al., 2014). Simuliidae is comprehensively studied as they 

are blood-feeding insects that play a considerable role in onchocerciasis, 

significantly impacting the medical, economic and veterinary industries (Connor et 

al., 1970). However, it has been complicated to differentiate between sibling 

species known as the S. damnosum Complex (Connor et al., 1970). The 

S. damnosum Complex was named in the 1950s because studies indicated 

S. damnosum sensu lato consisted of numerous complex sibling species (Le 

Berre et al., 1979; Walsh et al., 1979; Krueger and Hennings, 2006) with 

increased divergence (Rivera and Currie, 2009). The most widely distributed 

member of the complex is S. damnosum (Ibeh et al., 2006), hence S. damnosum 

sensu lato. There are approximately 65 morphologically distinct species and 

sibling species in the S. damnosum Complex (Rivera and Currie, 2009).  

Similarly, ixodid ticks also form a cryptic species complex. There has been 

a prolonged controversy between morphological characterisation and molecular 
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characterisation of tick species (Nava et al., 2009; Barker and Walker, 2014). 

Several ixodid ticks are morphologically identical but molecularly appear to be a 

different species, thus complicating taxonomy (Barker and Walker, 2014).  

 

1.15 Genome assemblies and comparative genomics  

The improvement of next-generation sequencing technology combined 

with advances in computational biology and bioinformatics has drastically 

improved and accelerated the process of understanding parasite biology and 

disease (Stoltzfus et al., 2017; Bennuru et al., 2018; Tyagi et al., 2019b). 

Helminth genomes range between approximately 10,000 and 20,000 protein-

coding genes per genome, specifically filarial nematodes ranging between 

approximately 8,000 and 15,000 protein-coding genes (Bennuru et al., 2018). 

Approximately half of these predicted genes are functionally unknown. They are 

most likely going to be parasite-specific, making them difficult to identify and 

explore (Palevich et al., 2018). Many of these protein-coding genes are 

characterised as hypothetical proteins. 

Comparative genomics can offer a short-cut for animal model development 

for several diseases by identifying antigens or proteins that could be useful in 

targeting the parasites. Bioinformatics is a tool that can assist in exploring 

genomic data to identify putative antigens, identifying their structures and 

potential functions, which could be useful in future control and treatment of 

diseases. Consequently, the analysis of genome assemblies in silico is a 

fundamental component of onchocerciasis research because of the absence of 

an immunocompetent animal model to test identified targets for novel treatments.  

 

1.15.1 Genomes: a resource for identifying drug or vaccine candidates or 

antigens recognised by sera 

High-quality reference genomes provide a platform to investigate the 

underlying biological processes by describing the transcriptomics, proteomics, 

metabolomics and other specialised 'omic' technologies (Bennuru et al., 2016; 

Bennuru et al., 2018; Tyagi et al., 2019a). Bioinformatics tools can then aid easy 

and rapid identification of drug, vaccine or serodiagnostic candidates that could 

be used in the context of disease treatment (Bennuru et al., 2016). An omics-
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driven knowledge-based identification of drug targets is a powerful approach to 

identify targets essential for organisms' survival (Coghlan et al., 2019; Tyagi et 

al., 2019a). Specifically, for filarial nematodes, omics approaches are essential 

for understanding the evolution of the Phylum Nematoda (Mitreva et al., 2011). 

Transcriptomic and proteomic data have been used as a resource for exploring 

and understanding biological pathways that are critical for the development of the 

parasite. Previous studies in O. volvulus have concentrated on biological 

pathways required in the vector and human hosts, host-parasite interactions and 

for identifying novel targets for various interventions (Bennuru et al., 2016). These 

new multi-omics approaches may be the best way to evaluate the most 

appropriate drug targets. There have been two protein groups identified that 

could be appropriate for drug development including conserved nematode-

specific proteins and proteins sharing homology but are sufficiently diverged from 

those in the host (Tyagi et al., 2019b). Conserved nematode-proteins are very 

important to understand the biology of parasites and also parasitism but can also 

be rather difficult to study because there are many functional unknowns about 

these proteins. The conserved nematode-protein group could be an excellent 

target for developing novel drug targets. 

Draft genomes of B. malayi, W. bancrofti, O. volvulus and L. loa have been 

valuable resources for nematode genomics (Ghedin et al., 2007; Desjardins et 

al., 2013a; Cotton et al., 2016). Genomes provide genomic information that was 

not previously available. Once the genomic information is assembled into genes, 

it can be further used to identify proteins that are possibly antigenic, based on a 

set of criteria. The proteome from draft genomes can then be connected with 

immunological data that identifies the host’s immune response to antigens. 

Finally, it is possibly to construct a list of antigens that elicit an immune response 

that may be useful in understanding the immunopathology of a disease. The L. 

loa genome enabled comparative proteomic analyses of urine and sera from 

infected patients to identify novel antigens that can be used to detect infected 

individuals (Tallon et al., 2014). Without the genome to be used as a resource, 

identifying appropriate antigens that can distinguish between infected and 

uninfected individuals would be more complicated (Bennuru et al., 2018).  

Bioinformatics has emerged as an excellent tool for analysing datasets in 

various fields, thus promoting in silico approaches to research (Sharma et al., 
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2013). The filarial genomes have been used in silico to identify novel targets that 

could be examined and studied to understand diseases such as onchocerciasis 

and lymphatic filariasis. These targets could then be used to design anti-filarial 

drugs or macrofilaricidal drugs used to treat diseases (Sharma et al., 2013). The 

multiple MDA treatment programmes that have targeted onchocerciasis with 

ivermectin have instigated the need to identify more effective treatment options 

such as a macrofilaricidal drug (Bennuru et al., 2018).  

Comparative genomics of filarial parasites provides a dataset of potential 

targets that could be used to understand or treat disease. Comparing various 

genomes and their inferred pathways identifies evolutionarily conserved features 

or features that are divergent between organisms which can be beneficial in 

understanding novel organisms or those that already cause disease (Bennuru et 

al., 2018; Bennuru et al., 2019). Through comparative genomic studies, several 

genes, proteins or critical pathways have been identified and can be further 

exploited to develop improved diagnostic and therapeutic tools. Identifying genes 

and proteins in novel organisms such as C. johnstoni would be essential to 

understand the parasite in more detail. Moreover, the identification of proteins 

could lead to understanding how C. johnstoni can elicit similar immunopathology 

in a different host species comparative to O. volvulus. In silico studies are an 

excellent first approach to understand initial genomic information about a parasite 

before devoting resources and funding to physical experiments. 

There are several publications using similar in silico methods to identify 

immunogenic O. volvulus proteins that could be used to (a) explain the host 

immune responses to the death of the parasites, or (b) develop possible drug or 

vaccine targets for onchocerciasis treatment. Two publications have used 

moderate to high throughput approaches to refine the list of identified O. volvulus 

proteins to a small list of highly immunogenic proteins. The first approach by 

Norice-Tra et al. (2017), focused on a multilocus immunophenotyping serological 

method of testing peptides to characterise various O. volvulus populations from 

O. volvulus-infected patients (Norice-Tra et al., 2017). They derived pairs of 15-

mer peptides from the sera of patients from 16 known immunogenic O. volvulus 

proteins and discovered significant immunoreactivity (Norice-Tra et al., 2017). 

The second approach focused on multi-omics (genomics, transcriptomics, 

proteomics and immunomics), to find immunodiagnostic antigens for 
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serodiagnosis of onchocerciasis (McNulty et al., 2015). A group of 241 

immunoreactive proteins were identified initially and then further refined through a 

rigorous bioinformatics pipeline to a list of 33 O. volvulus-specific candidate 

antigens that were seen to be consistently expressed throughout the life stages. 

Several of the 33 antigens are potential serodiagnostic candidates and are 

consistently identified in other studies suggesting the list of O. volvulus 

candidates are important. The multi-omics study has been one of the more 

carefully structured studies conducted on identifying immunodiagnostic antigens 

because they have developed stringent criteria for identifying O. volvulus-specific 

antigens.  

Different research groups have taken a different approach to explore the 

O. volvulus proteome. Instead of focusing on whole proteins, the targets are 

immunogenic peptides within each protein identified using peptide microarrays 

(Lagatie et al., 2017; Lagatie et al., 2018). These studies screened serum 

samples of Onchocerca microfilaridermic patients to identify peptide targets that 

could be used for the development of immunodiagnostic tests (Lagatie et al., 

2017). The microarray experiments resulted in 1,110 immunoreactive peptides 

with 249 of these being immunodominant and three highly overrepresented with 

motifs of PxxTQE, DGxDK, QxSNxD (Lagatie et al., 2017). IgG1, IgG3, IgE and 

IgM are all dominating the immune response against each of the motifs. Identified 

peptides could be used to develop immunodiagnostic applications based on the 

peptide serology from O. volvulus-infected patients (Lagatie et al., 2017). The 

advantages of working with peptides over whole proteins are that synthetic 

peptides do not rely on biological material thus making them an appealing 

approach for developing tests such as the Ov-16 test (Lagatie et al., 2017). Full 

proteins are more reliant on complex biological material often complicating 

experiments. Minimal samples of the biological material required would then 

impact experiments and slow the diagnostic test development.  

A follow-up study investigated whether chosen vaccine candidates contain 

peptide fragments that are recognised by antibodies in O. volvulus-infected 

individuals (Lagatie et al., 2018). It was discovered that the poly-glutamine stretch 

in the N-terminal region of RAL-2 (OVOC9988) is a 9-mer peptide and a possible 

serological marker that should be explored further (Lagatie et al., 2018). Multiple 

vaccine candidates successfully contained immunodominant linear epitopes, but 
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the 9-mer peptide was highlighted as a more interesting peptide to explore 

because it was found explicitly in O. volvulus and not in other filarial nematodes 

(Lagatie et al., 2018). 

Collectively these studies provide a comprehensive list of O. volvulus 

proteins that show immunogenic properties which could lead to a more thorough 

understanding of onchocerciasis. Onchocerciasis has very complex 

immunopathology which is poorly understood. If an organism were to be used to 

study O. volvulus in an animal model such as C. johnstoni, it would be important 

to identify possible orthologues of known immunogenic O. volvulus proteins or 

peptides throughout the proteome. If C. johnstoni contains similar immunogenic 

proteins, then it would be possible to explore alternate drug candidates or host 

immune responses in the C. johnstoni-rodent animal model that are comparable 

to the O. volvulus human infection. 

 

1.16 Onchocerciasis immunopathology and antigen based assays/targets  

One area of onchocerciasis research that has not been well defined is 

understanding the immunopathology. It is clear on the pathology that is caused 

by an O. volvulus infection, however the antigens that could play a role in the 

host’s immune response are unknown and understudied. It is known that there 

are antigens that have been shown, through immunoblotting, proteomic and 

immune assay experiments, to elicit strong antibody responses and therefore 

shown to drive an immunogenic response. Unfortunately, this is the only level of 

understanding about onchocerciasis immunopathology relating to antigenic 

determinants. Thus draft genomes are very useful in this context because the 

genomes can be used to compare across closely related species to look for 

orthologues of proteins that appear immunogenic, i.e., McNulty et al., (2015), 

Norice-Tra et al., (2017), and Bennuru et al., (2018, 2019). It is this research that 

can lead to appropriate immunology experiments to identify the antigens eliciting 

an immune response. An animal model that shares similar immunopathology with 

O. volvulus-infected individuals will enable these investigations and improve the 

understanding of antigenic recognition and immunopathology. 

Other fields of research have focussed on the development of assays to 

identify onchocerciasis infection or surveillance of disease transmission 
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throughout and after treatment programmes, including APOC. There is an 

abundant body of literature targeting different antigens to explore different 

measures of assessing infection, but only two will be briefly described here. Ov-

16 is used to identify O. volvulus infection and infection surveillance while OV-39 

has been explored to determine the cause of the immunopathology associated 

with O. volvulus. The two targets have provided further evidence to understand 

the symptoms associated with the disease. 

 

1.16.1 Ov-16 assay 

The Ov-16 assay has been successful in identifying onchocerciasis 

infection. It uses the recombinant antigen Ov-16 to measure immunoglobulin G4 

(IgG4) antibody prevalence in patients (Lipner et al., 2006; Higazi et al., 2013). 

The Ov-16 design was to be used for field diagnosis and to eventually assess 

whether there has been a successful interruption of O. volvulus transmission 

throughout affected communities (Higazi et al., 2013; Vlaminck et al., 2015; 

Unnasch et al., 2018). The most successful aspect of the Ov-16 ELISA is that the 

antigen is present in all life stages of O. volvulus and thus can identify infection at 

any stage (Unnasch et al., 2018). It has been excellent for monitoring young 

children that are born in areas that are towards the end of elimination 

programmes. The test assists identification of whether the programmes have 

worked and whether the children have any antibodies indicating whether 

transmission has been interrupted (Lipner et al., 2006). Despite Ov-16 ELISA 

being successful, not all patients with onchocerciasis will develop antibodies 

against Ov-16, and therefore there is an error associated with the test (Lipner et 

al., 2006; Unnasch et al., 2018). There is a lack of research on this test in various 

endemic settings. The Ov-16 test may not be the most successful approach for 

epidemiological surveillance, and thus alternative methods would need to be 

developed (Lagatie et al., 2017). The need for new techniques for surveillance of 

onchocerciasis and the need for new treatments as a result of potential 

resistance occurring in endemic communities had facilitated the vast amount of 

studies pursuing diagnostic targets to eliminate or at a minimum monitor the 

current treatment of onchocerciasis in Africa.  
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1.16.2 Ov-39 protein 

Immunologic cross-reactivity between host and parasite antigens has been 

explored in O. volvulus research which may be playing an important role in 

immunological disease. It was found that the O. volvulus antigen Ov-39 is cross-

reactive with the human retinal antigen hr44 that induces ocular inflammation in 

rats after immunisation. It was confirmed in naïve rats, the CD4+ cell lines 

specific to Ov-39 induce ocular inflammation (McKechnie et al., 2002). Ov-39 and 

hr44 are not homologous antigens; however, reactivity using monoclonal 

antibodies and T-cell lines have demonstrated antibody and T-cell cross-

reactivity. The cross-reactivity of the O. volvulus antigen Ov-39 with the human 

hr44 is of particular interest because ocular inflammation and pathology is the 

principal characteristic of onchocerciasis (McKechnie et al., 2002). The 

identification of these types of antigens may improve the understanding of 

onchocerciasis immunopathology and improve diagnostic tools to target the 

antigens driving the pathology.  
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1.17 Limitation of in silico studies 

Despite the abundant source of omics data available to study parasite-host 

relationships of parasitic nematodes, there is still so much that is unknown and 

needs to be explored to understand these relationships. There are several 

limitations of in silico projects that are important to acknowledge in the current 

thesis. There are three major steps involved in in silico studies: genome 

assembly, discovery of genes and improving gene prediction. The genome can 

be assembled using short-read, long-read or a combination of sequencing data. 

However, using only short-read data means it is highly unlikely the genome can 

be assembled to large scaffolds or into chromosomes. Using only long-read data 

to assemble the genome could lead to misassembled regions due to the 

sequencing chemistry. Whereas using a combination of short and long-read data 

allows the short reads to be mapped onto the long reads and assembled into 

chromosomes as several of the best genomes have been assembled. 

Nevertheless, as long as the assembled genome contains the majority of the 

genome, regardless of how fragmented, it can still be very informative to use in 

comparative analyses.  

One major limitation of in silico studies is the discovery of unknown genes 

using bioinformatics. Once a genome is assembled it is important to annotate the 

genome identifying gene regions. A current hurdle in gene discovery is that it is 

only possible to use previously discovered genes to predict the new genes in 

another species (Stoltzfus et al., 2017). Typically, unknown genes are labelled as 

uncharacterised or hypothetical genes. Unless the genes share homology to 

known and characterised gene, it is unlikely to be identified thus missing 

potentially valuable information about the parasites’ biology (Grote et al., 2017; 

Stoltzfus et al., 2017). One method to identify genes of a new parasite it to use a 

closely related species to train the gene prediction. The limitation with these 

methods is that the gene prediction is only going to be as successful as the gene 

information provided to the bioinformatics tool, i.e., fragmented, missing genes 

will result in the prediction of fragmented or missing genes in the novel species. 

Discovering genes using bioinformatics is and essential step in annotating 

the genome. It is then important to validate these genes to improve the gene 

prediction. Validating the gene prediction requires abundant fresh parasite 

material to obtain RNA-Seq data. The RNA-Seq data can then be assembled to 
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validate the bioinformatics gene predictions thus confirming a gene set for a 

particular parasite. 

Parasitic nematodes have unique biology in which is highly likely to be 

regulated by the species-specific or novel genes that are so difficult to 

characterise (Stoltzfus et al., 2017). In an ideal situation, the species-specific, 

potentially novel genes are the genes to focus data analyses efforts to learn more 

about the novel biology of filarial parasites. Unfortunately, this is not always 

possible. The following thesis encompasses these similar limitations. The putative 

C. johnstoni protein-coding genes are used to explore orthology with known 

O. volvulus proteins and little focus directly on "novel" C. johnstoni proteins. 

Conducting such analyses would require complete genome, proteome and 

transcriptome assemblies to be more confident in gene and functional 

annotations. Further, C. johnstoni projects should focus on the complete 

C. johnstoni proteome to determine how similar or different the protein-coding 

genes are to further understand filarial disease control.  
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1.18 Rationale for this body of work 

There is a high-quality genome assembly of O. volvulus that has been 

used for many genomic studies to further understand the filarial parasite in the 

context of disease (Cotton et al., 2016). The O. volvulus genome is one of the 

best-curated genomes available for a non-model organism consisting of RNA-

Sequencing (RNA-Seq) transcriptomic data, proteomic data and genomic data to 

inform and guide gene predictions and protein-coding regions accurately (Cotton 

et al., 2016). The genome has been assembled to chromosomal level, including 

the sex chromosome. The abundance of genomic information for O. volvulus 

allows for future analyses in identifying potential drug targets and candidates for 

experimental validation to eliminate onchocerciasis. The improvement of the 

O. volvulus genome has drastically fast-tracked onchocerciasis research and has 

allowed for many comparative studies providing a much better understanding of 

the disease. The absence of an animal model to provide the various O. volvulus 

life stages, imposes major impediment to immunological studies (Lucius et al., 

1988).  

C. johnstoni could be a filarial nematode to use in a small animal model to 

study onchocerciasis. The parasite has demonstrated similar immunopathology in 

rats that O. volvulus causes in humans. Most importantly, original research has 

identified ocular lesions caused by microfilariae that other small animal models, 

i.e., A. viteae in jirds and L. sigmodontis in hamsters, have not been able to 

recapitulate (Spratt and Haycock, 1988; Vuong et al., 1993). It is unclear, 

however, whether the similar immunopathology is a result of specific parasite 

antigenic proteins, parasite presence, host immune system or another driving 

force of disease features.  

Currently, there are no genomic resources available for C. johnstoni. 

Typically, the absence of genetic information for parasites is a consequence of 

complex life cycles and not having relevant animal models to study disease in 

vivo (Tyagi et al., 2019b). Ideally, obtaining comparable genomic data would 

enable the comparison of C. johnstoni and O. volvulus. It could then be 

determined whether C. johnstoni is genetically and immunologically similar 

enough to O. volvulus to justify the use of C. johnstoni in a small animal model to 

troubleshoot novel disease treatments for onchocerciasis.  
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There is no suitable animal or immunologically relevant model to study 

onchocerciasis. Without a suitable model, drug development is more complicated 

and are not able to test potential treatments that may be more suitable for 

disease elimination. There are no successful macrofilaricidal drugs that can be 

used to target the adult worms of O. volvulus. The absence of a suitable animal 

model makes basic biology even more challenging to understand.  

The use of genomics will aid in understanding C. johnstoni and enable 

direct comparison with O. volvulus and other filarial nematodes to identify 

potential orthologous targets that may be involved in onchocerciasis 

immunopathology. Comparative genomics thus provides an avenue for model 

development. 
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1.19 Thesis aims 

The overall aim of this PhD is to determine the suitability of C. johnstoni as a 

model organism used in a small animal model for onchocerciasis, and is explored 

through the following sub-aims: 

1. To place C. johnstoni phylogenetically by determining its relationship with 

other filarial nematodes. 

a. To assemble the mitochondrial genome, compare with other filarial 

species and position within the filarial nematode clade (Chapter 

Two).  

b. To assemble the nuclear genome, compare genome completeness, 

content and synteny with other filarial nematodes (Chapter Three). 

2. To catalogue characterised immunogenic proteins in the O. volvulus 

genome and determine if they are conserved in C. johnstoni. 

a. To identify one-to-one orthologues, comparing protein structure and 

putative function to see if there is an immunological similarity 

between O. volvulus and C. johnstoni (Chapter Four). 

b. To explore any diversifying or purifying selection acting on 

orthologous putative immunogenic genes (Chapter Four). 

3. Characterise the vector species of C. johnstoni and establish a life cycle in 

the laboratory. 

a. To examine the species diversity of ixodid ticks collected on 

vegetation at two field sites in NSW to identify a suitable vector for 

C. johnstoni transmission in a laboratory model (Chapter Five). 

b. To conduct tick attachment experiments and observe how the ticks 

will feed and transmit the parasite to the rodent host (Chapter Six).  

The thesis will aim to demonstrate the ability to use closely related filarial 

nematodes to understand O. volvulus, the filarial nematode responsible for 

onchocerciasis. Comparative genomics will be used to identify key features or 

antigens that may be involved in onchocerciasis disease immunopathology. The 

following thesis will explore a possible animal model that could significantly 

improve the current knowledge of onchocerciasis facilitating the development of 

more appropriate drugs for treating the disease. 
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Chapter Two  

Comparison of evolutionary relationships between 

Cercopithifilaria johnstoni and filarial nematodes 

using the mitochondrial genome 

 

2.1 Introduction 

The mitochondrion is an organelle present in the majority of eukaryotes 

and contains its own closed circular DNA genome. This mitochondrial genome is 

typically inherited maternally in animals (Avise et al., 1987). The mitochondrial 

DNA (mtDNA) of many animals, including nematodes, evolves at a much faster 

rate than single-copy nuclear DNA (Brown et al., 1979; Avise et al., 1987), a trait 

that may be advantageous when differentiating between closely related taxa 

(Brown et al., 1979; Vawter and Brown, 1986). There is a core mitochondrial 

genome that consists primarily of the genes encoding components of the electron 

transfer chain. Several organism’s mitochondrial genomes encode 13 protein 

genes which include ATP8 a subunit of the electron transfer chain (Feagin, 2000). 

All filarioid mitochondrial genomes encode two ribosomal RNA genes, 22 transfer 

RNA genes, and 12 protein-coding genes (Ramesh et al., 2012). Trichinella 

spiralis is an exception and has retained the ATP8 gene (Hu and Gasser, 2006). 

There are a lot of genes that are also present or absent in different taxa but these 

group of 12-13 genes are generally throughout to be conserved amongst all taxa.  

Typically, CO1 (cytochrome c oxidase subunit 1) or 12S sequencing of 

mitochondrial DNA has been used to characterise nematodes and then position 

them in the phylogenetic tree (Casiraghi et al., 2004; Bain et al., 2008; Ferri et al., 

2009). Gene sequencing has many advantages, especially for novel species, 

because it requires less genetic material. It is fast and efficient and can quickly 

differentiate between species. Single locus sequencing also allows comparison of 

species for which whole genomes are not available. The disadvantage for 

sequencing only the CO1 or 12S mitochondrial genes is that there is missing 

information that could be valuable for interpreting evolutionary relationships of 

species (Duchêne et al., 2011). The understanding of parasites has been 

improved through the development and construction of mitochondrial genomes as 
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by using complete mitochondrial genome data; it is possible to get a more reliable 

estimate of phylogeny. Sequencing the genomes of more species allows for more 

accurate phylogenetic analyses, leading to more detailed comparative studies of 

evolutionary history. There are still gaps in our knowledge of genomics for the 

Phylum Nematoda and thus it is important to continue to sequence, assemble 

and study the genomes of filarial nematodes. Two major gaps are taxonomic 

sampling and phylogenetic analyses based on a small number of markers. 

Aforementioned, sequencing the genomes of more species will correct the 

historical taxonomic sampling bias that focused primarily on a few groups of 

parasites and a small number of closely related free-living species. The 1000 

genomes project consortium has made considerable progress in sequencing the 

genomes of 959 new species that sample the phylum Nematoda more broadly 

(Kumar et al., 2012). Initiatives such as these will vastly improve phylogenetic 

analyses with an abundance of molecular information. The second problematic 

gap in genomics is the use of a small number of markers. Phylogenetic analyses 

using a couple of mitochondrial markers are likely to be significantly less 

informative than whole mitochondrial or nuclear genomes. An important reason 

not to rely on mitochondrial genes alone is that the mitochondrion behaves as a 

single linkage group i.e., effectively a single gene, due to the uniparental 

inheritance and absence of recombination. Thus, although it accumulates 

mutations faster than the nuclear genome it is often less variable than the nuclear 

genome, where variation is generated by more processes than just mutation. It is 

important to have a combination of genetic markers to infer phylogenetic 

relationships. Not every species has a whole genome sequenced, thus there are 

still several species that do not have informative nuclear genetic sequence, 

hence this a considerable gap in research. 

Mitochondrial genomes are resources for studying phylogenetic 

relationships and the evolutionary history of parasites. It is assumed in 

nematodes that mitochondrial genomes are maternally inherited and may not be 

subjected to genetic recombination resulting in conserved gene arrangement 

even across deep evolutionary history (Wolstenholme, 1992; Keddie et al., 1998). 

Nucleotide substitutions occur at much higher rates in the animal mitochondrial 

genome than in the nuclear genome and have highly variable non-coding regions 

that are presumably evolving neutrally (Avise et al., 1987; Wolstenholme, 1992; 

Keddie et al., 1998; Li et al., 2018). These differences in the mitochondria 
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between nematode species enable determination of evolutionary relationships 

(Osawa et al., 1992; Wolstenholme, 1992; Le et al., 2000) and thus the complex 

life histories and transmission of filarial nematodes could be better understood by 

using comparative genomics. Mitochondrial genomes have been sequenced and 

assembled for B. malayi (filarial nematode of humans causing lymphatic filariasis, 

the only filarial nematode able to be maintained in jirds, a non-human, permissive 

host; (Ghedin et al., 2007)), O. volvulus (which causes onchocerciasis in humans; 

(Keddie et al., 1998)), O. ochengi (which infects cattle; (Jaleta et al., 2018)), 

O. flexuosa (which infects deer; (McNulty et al., 2012)), D. immitis (transmitted by 

mosquitos and causes heartworm disease in canines; (Hu et al., 2003)), L. loa 

(causes loiasis in humans; (McNulty et al., 2012)), A. viteae (a model organism in 

jirds to study human filariasis (McNulty et al., 2012)) and W. bancrofti (causes 

lymphatic filariasis in humans; (McNulty et al., 2012)).  

The highly conserved nature of filarial mitochondrial genomes can provide 

valuable phylogenetic comparative information between species (Hu and Gasser, 

2006; Duchêne et al., 2011; Li et al., 2018). As there are no genetic resources 

available for C. johnstoni and no information regarding the relationships of 

C. johnstoni with other nematodes, the assembly of a genome is imperative to 

position C. johnstoni in the phylogeny and identify close evolutionary 

relationships. The mitochondrial genome of C. johnstoni will be the first genomic 

resource generated to position C. johnstoni with the other close nematode 

relatives.  
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2.1.1 Aims 

In this chapter, C. johnstoni is phylogenetically positioned to determine 

evolutionary relationships with other filarial nematodes. To achieve this, I aimed 

to: 

1) Assemble the mitochondrial genome from sequencing data of one adult 

female worm to compare gene order and content. 

2) To compare C. johnstoni with other filarial species and position within the 

filarial nematode clade.  

3) To use available gene data to position C. johnstoni phylogenetically with 

other Cercopithifilaria species. 

4) To determine whether the location of the microfilariae in the host, i.e., 

subcutaneous skin, is a phylogenetic characteristic possibly resulting in 

disease pathology. 
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2.2 Materials and Methods 

2.2.1 Sequence accession numbers  

The NCBI accession numbers of the species used in the whole 

mitochondrial genomes analysis were: A. viteae (HQ186249.1), B. malayi 

(NC_004298.1), B. pahangi (AP017680.1), B. timori (AP017686.1), Chandlerella 

quiscali (NC_014486.1), D. immitis (AJ537512.1), D. repens (KX265047.1), 

D. hongkonensis (NC_031365.1), L. sigmodontis (AP017689.1), L. loa 

(HQ186250.1), O. flexuosa (HQ214004.1), O. volvulus (NC_001861.1), 

O. ochengi (KX181290.2), and W. bancrofti (HQ184469.1), and outgroups 

Thelazia callipaeda (KY908320.1 ), Setaria digitata (GU138699.1), Spirocerca 

lupi (KC305876.1), Gongylonema pulchrum (AP017685.1) and Heliconema 

longissimum (NC_016127.1).  

The NCBI accession numbers of the Cercopithifilaria species analysed in 

the COI-12S phylogeny were: Cercopithifilaria rugosicauda (COI - KC610813; 

12S - KC610808), Cercopithifilaria bainae (COI - KF270686; 12S - KX156956), 

Cercopithifilaria grassi (COI - JQ837810; 12S - JQ837812), Cercopithifilaria 

roussilhoni (COI - AM749264; 12S - AM779798), Cercopithifilaria japonica (COI - 

AB771722; 12S - AM779794), Cercopithifilaria tumidivervicata (COI - AB178853; 

12S - AM779790), Cercopithifilaria minuta (COI - AB178847; 12S - AM779786), 

Cercopithifilaria bulboidea (COI - AB178839; 12S - AM779780), Cercopithifilaria 

longa (COI - AB178845; 12S - AM779784) and C. johnstoni.  

 

2.2.2 Sample collection 

Bush rats were collected from Mogo State Forest (-35.7689484, 

150.1027441; New South Wales, Australia) using baited Elliot traps set under 

logs and in covered areas (permits: AEC 13-23, NSW – Scientific Licence 5L 

101280, VIC – Scientific Permit 10007169). Collected rats were housed with food, 

water, and shelter before being screened for the presence of dermal microfilariae 

by taking a small ear biopsy that was subsequently placed in 0.9% physiological 

saline to observe microfilariae migration out of the tissue.  
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2.2.3 DNA extraction, library preparation and sequencing  

A single adult female worm (approximately 7 cm in length) was cut into 

approximately 1 cm length pieces using a sterile scalpel blade before being 

placed in a lysis solution (lysis buffer and proteinase K solution) for 18 h. 

Genomic DNA from the worm lysate was extracted using an ISOLATE II Genomic 

DNA Kit (Bioline, Australia) following the manufacturer’s instructions, except for 

the following modification: the sample was eluted from the extraction column in 

50 µl of extraction buffer, which was passed back through the extraction column a 

second time to concentrate the DNA before further analysis.  

Genomic DNA (2X 500 ng in 50 µl) was sheared prior to library preparation 

using a Covaris S220 Focused-ultrasonicator with the following settings optimised 

for generating fragments approximately 400-600 bp: Peak incidence power = 175 

W; Duty factor = 5%; cycles per burst = 200; treatment time = 55 s.  

A DNA library was prepared from 500 ng starting DNA using a NEBNext 

Ultra Library Prep Kit for Illumina following the manufacturer’s instructions. The 

resulting library was run on a 2% agarose gel, from which a gel cut was made to 

extract the 500-700 bp fragment fraction, which was subsequently purified using 

a Promega Gel and PCR clean-up kit (Promega, Australia).  

The library was diluted to 15 pM and spiked with 1% PhiX control DNA 

(Illumina) before being sequenced on an Illumina MiSeq using Illumina V3 2x301 

bp PE sequencing chemistry. In total, 24,374,948 reads (91.16% of total) passed 

filter and were used for further analysis. 

 

2.2.4 Genome assembly 

Raw sequencing reads were first visualised for quality and inherent bias 

using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and 

were adapter and quality trimmed using Trimmomatic version 0.32 (Bolger et al., 

2014) (CROP:150 SLIDINGWINDOW:10:20 MINLEN:100). Post trimming, 

22,065,411 PE reads were retained for assembly. 
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2.2.5 Mitochondrial genome assembly 

The trimmed reads were mapped using bwa version 0.7.16a (Li and 

Durbin, 2009) to a multi-fasta file of the mitochondrial genomes of O. volvulus, 

A. viteae, B. malayi, D. immitis, L. sigmodontis, L. loa, O. ochengi, and W. 

bancrofti. All reads that mapped to any related filarial nematode were then used 

for assembly. A relaxed stringency was used to ensure all possible reads were 

obtained for genome assembly. A de novo assembly was then conducted using 

Velvet version 1.2.10 (Zerbino, 2010) using default parameters. Velvet-optimiser 

version 2.2.5 (Zerbino and Birney, 2008) identified a kmer of 99 was optimal for 

the Velvet assembly.  

Velvet was not able to join all the resulting contigs together but instead 

provided seven separate overlapping contigs. There were two methods used to 

improve the assembly of the mitochondrial genome. Firstly, iterative mapping was 

performed to appropriately join the seven contigs from the Velvet assembly. The 

process consisted of mapping the raw C. johnstoni reads onto the seven contigs 

to add overlapping sequence to the end of each contig. The process was 

conducted repeatedly to grow the contig sequences until there was sequence 

overlap between the contigs. If two independently assembled contigs overlap 

following iterative read mapping, i.e., share sequences at their ends, then these 

contigs were joined at the overlapping region. The combination of iterative 

mapping and end joining where contigs overlap eventually produced a single 

circular assembly of a candidate mitochondrial genome. The second method 

consisted of a homology directed scaffolding approach whether the iteratively 

mapped C. johnstoni sequence was mapped to the multi-fasta file of filarial 

nematode mitochondrial genomes to confirm gene order. Lastly, the C. johnstoni 

raw reads were then aligned for the final time to the final reference of the 

C. johnstoni mitochondrial genome to ensure assembly contiguity. These 

analyses produced a 13,716 bp mitochondrial genome. 

 

2.2.6 Genome annotation 

The mtDNA genome sequence was initially annotated using MITOS (Bernt 

et al., 2013) using the invertebrate translation table. The C. johnstoni annotation 

was improved manually by comparing the GFF3 annotation files from L. loa, 

D. immitis, A. viteae, B. malayi, O. ochengi, O. volvulus, W. bancrofti and 
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observing the multi-sequence alignment as a guide to see concordance using 

Mesquite version 3.04 (Maddison and Maddison, 2008) to observe the alignment. 

 

2.2.7 Whole mitochondrial phylogeny 

Whole mitochondrial genomes of A. viteae, B. malayi, B. pahangi, 

B. timori, Chandlerella quiscali, D. immitis, D. repens, D. hongkonensis, 

L. sigmodontis, L. loa, O. flexuosa, O. volvulus, O. ochengi, and W. bancrofti, and 

outgroups Thelazia callipaeda, Setaria digitata, Spirocerca lupi, and 

Gongylonema pulchrum were aligned to the assembled C. johnstoni genome. 

Heliconema longissimum was also included in the whole genome alignments but 

due to poor alignment was removed from the whole mitochondrial genome 

phylogenies.  

The first analysis included visualisation of the aligned genomes, which was 

conducted by using the nucleotide sequences from each nematode aligned in 

Mesquite version 3.04 (Maddison and Maddison, 2008) and visualised in 

progressiveMauve version 20150213 (Darling et al., 2010). The 

progressiveMauve analysis was produced using the following command: 

“./progressiveMauve –collinear –output”. Secondly, the mitochondrial genomes 

were realigned using ClustalW version 2.0.10 (Larkin et al., 2007), and 

phylogenies were estimated using maximum likelihood as implemented in the 

program RAxML for high-performance computing version 8.0.19 (Stamatakis, 

2006, 2014). The best model for each partition was assessed using 

PartitionFinder version 1.1.1 (Lanfear et al., 2012) on the complete aligned 

genome. The Maximum Likelihood and Bayesian analyses were conducted under 

three substitution models as defined by PartitionFinder so that each codon 

position could be explicitly analysed. Ten character sets were run with 20 million 

generations under the GTRIGAMMA model (Supplementary Table 2.1), one was 

run with 20 million generations under the HKYGAMMA model (Supplementary 

Table 2.1) and five with 20 million generations under the GTRGAMMA model 

(Supplementary Table 2.1). The Maximum Likelihood analysis was run using the 

best of 20 replicates under the above models of sequence evolution and 1,000 

long bootstrap replicates to estimate support for bipartitions. Posterior 

probabilities for nodes were estimated with MrBayes version 3.2.5 (Ronquist et 

al., 2012), using two runs with four chains each and sampling every 1,000 
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generations. Convergence between the two runs and stationarity were assessed 

using Tracer version 1.6 (Rambaut et al., 2014).  

To confirm that the phylogenetic relationships inferred were not 

susceptible to long-branch attraction (e.g., is when rapidly evolving lineages 

appear to be closely related, regardless of their true evolutionary relationships), 

the data were subsampled in three different ways. Long-branch attraction 

typically occurs due to the assumptions that all lineages evolve at the same rate 

which is not always true (Felsenstein, 1987). Long branches contain several 

substitutions and are typically distantly related lineages compared to the shorter 

branches in the tree. When lineages evolve rapidly and over a short period of 

evolutionary time, there is a higher probability two lineages evolve the same 

nucleotides at the same site independently of one another. The higher chance is 

a result of only having four nucleotides and 20 amino acids for rapidly evolving 

sites to change to, thus it is common for many of these changes to identify 

erroneous similarities to one another and assume they have evolved once in the 

common ancestor (Felsenstein, 1987; Bergsten, 2005). It is more likely that two 

lineages with many substitutions evolved independently of one another. The 

erroneous similarities therefore result in overriding the true phylogenetic signal 

producing strongly supported but incorrect phylogenies (Felsenstein, 1987; 

Bergsten, 2005). Maximum likelihood and Bayesian methods are known to 

improve the phylogeny because these methods are less prone to long-branch 

attraction hence were used in this study (Bergsten, 2005). The only changes in 

the analysis parameters for these subsamples were the models estimated by 

PartitionFinder. All other parameters remained the same. For all the Bayesian 

analyses, a conservative burn-in fraction of 25% was used. 

The first subsample consisted of only the coding regions of the 

mitochondrial genomes and retained the outgroups in the analysis. The Bayesian 

analysis was conducted under two substitution models as defined by 

PartitionFinder. Six character sets were conducted with 20 million generations 

under the GTRIGAMMA model (Supplementary Table 2.2), and four were 

conducted with 20 million generations under the GTRGAMMA model 

(Supplementary Table 2.2). 

The second subsample analysed the coding regions and intergenic 

regions of the mitochondrial genomes but excluded outgroups from the analysis. 
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The Bayesian analysis was conducted under three substitution models as defined 

by PartitionFinder. Nine character sets were run with 20 million generations under 

the GTRIGAMMA model (Supplementary Table 2.3), two was run with 20 million 

generations under the HKYGAMMA model (Supplementary Table 2.3) and five 

with 20 million generations under the GTRGAMMA model (Supplementary Table 

2.3). 

The last subsample consisted of only the coding regions of the 

mitochondrial genomes and also excluded outgroups from the analysis. The 

Bayesian analysis was conducted under three substitution models as defined by 

PartitionFinder. Six character sets were conducted with 20 million generations 

under the GTRIGAMMA model (Supplementary Table 2.4), two were conducted 

with 20 million generations under the HKYGAMMA model (Supplementary Table 

2.4), and two were conducted with 20 million generations under the GTRGAMMA 

model (Supplementary Table 2.4). 

The resulting trees were visualised in R version 3.5.3 (R Core Team, 

2017) using the following packages: ggplot2 version 3.2.0 (Kahle and Wickham, 

2013), ggimage version 0.2.1, ggtree version 1.12.7 (Yu et al., 2017), pegas 

version 0.11 (Paradis et al., 2017), phytools version 0.6-60 (Revell, 2012), and 

phylopic images (http://phylopic.org/) for the silhouettes. Silhouettes are colour 

coded by the host animal: human (green), cat (orange-pink), bird (blue), rodent 

(brown), cow (grey), bandicoot (light pink), platypus (light grey), possum (red), 

Tasmanian devil (aqua), deer (purple), dog (orange), and ram (cyan). 

Support values were represented on the branches indicating bootstrap 

support followed by Bayesian posterior probabilities (98/100).  

 

2.2.8 12S COI gene phylogeny of Cercopithifilaria 

Phylogenetic comparison of Cercopithifilaria species was performed using 

concatenated 12S and COI sequences. The Cercopithifilaria species analysed 

were Cercopithifilaria rugosicauda, Cercopithifilaria bainae, Cercopithifilaria 

grassi, Cercopithifilaria roussilhoni, Cercopithifilaria japonica, Cercopithifilaria 

tumidivervicata, Cercopithifilaria minuta, Cercopithifilaria bulboidea, 

Cercopithifilaria longa and C. johnstoni. Three Cercopithifilaria species were 
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excluded from the analysis because they were missing 12S sequences: 

Cercopithifilaria shohoi, Cercopithifilaria multicauda and Cercopithifilaria crassa.  

The filarial nematode 12S and COI sequences were extracted from the 

whole mitochondrial genome phylogeny. The following nematodes were used as 

outgroups for the Cercopithifilaria phylogeny, A. viteae, B. malayi, B. pahangi, 

B. timori, C. quiscali, D. immitis, D. repens, D. hongkongensis, L. sigmodontis, 

L. loa, O. flexuosa, O. volvulus, O. ochengi, W. bancrofti, T. callipaeda, 

S. digitata, S. lupi, and G. pulchrum.  

The nucleotide sequences of 12S and COI were first concatenated to 

combine sequence data to result in one sequence per species. The concatenated 

sequences were then aligned using ClustalW version 2.0.10 (Larkin et al., 2007) 

within Mesquite version 3.04 (Maddison and Maddison, 2008). Gblocks version 

0.91b (Talavera and Castresana, 2007) was used to remove ambiguously aligned 

blocks and thus remove misaligned regions between the 12S and COI genes. 

Phylogenies were estimated using maximum likelihood as implemented in the 

program RAxML for high-performance computing version 8.0.19 (Stamatakis, 

2006, 2014) using the best of 20 replicates under the GTRCAT model of 

sequence evolution and 1,000 long bootstrap replicates to estimate support for 

bipartitions. The best model was assessed again using PartitionFinder version 

1.1.1 (Lanfear et al., 2012), and posterior probabilities for nodes were estimated 

with MrBayes version 3.2.5 (Ronquist et al., 2012), using two runs with four 

chains each and sampling every 1,000 generations. Convergence between the 

two runs and stationarity were assessed using Tracer version 1.6 (Rambaut et 

al., 2014). The Bayesian analysis for the concatenated 12S-COI tree was 

conducted under one substitution model as defined by PartitionFinder. Both gene 

12S and gene COI were conducted with 20 million generations under the 

GTRIGAMMA model.  

Support values were represented on the branches indicating bootstrap 

support followed by Bayesian posterior probabilities (98/100).  

The resulting tree was visualised in R version 3.5.3 (R Core Team, 2017) 

using the following packages: ggplot2 version 3.2.0 (Kahle and Wickham, 2013), 

ggimage version 0.2.1, ggtree version 1.12.7 (Yu et al., 2017), pegas version 

0.11 (Paradis et al., 2017), phytools version 0.6-60 (Revell, 2012), and phylopic 
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images (http://phylopic.org/) for the silhouettes. Silhouettes are colour coded by 

the host animal and are the same colours used for the whole mitochondrial 

genome phylogeny. Additional silhouettes added for the Cercopithifilaria genus 

are coloured: bear (black) and Japanese serrow (lime green). 
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2.3 Results 

2.3.1 Assembly of the mitochondrial genome 

The assembly of the complete sequence of the mitochondrial genome of 

C. johnstoni has a total length of 13,716 bp. The length of the complete 

C. johnstoni genome is slightly shorter than O. volvulus, A. viteae, and O. ochengi 

(Supplementary Table 2.5). The MITOS annotation of the mitochondrial genome 

can be found in Table 2.1. The C. johnstoni mitochondrial genome contains 12 

protein-coding genes (ATP6, COX1, COX2, COX3, CYTB, ND1, ND2, ND3, ND4, 

ND4L, ND5, and ND6) and 23 transfer RNA genes, small subunit ribosomal RNA 

genes and large subunit ribosomal RNA genes (Table 2.1).  

A comparison of the C. johnstoni mitochondrial genome to the published 

mitochondrial genome of O. volvulus (13,747 bp; Accession NC_001861.1) 

identifies the degree of similarity of genome content and gene order (Figure 2.1). 

The C. johnstoni mitochondrial genome is predominately AT-rich at 76% with a 

GC content of 24%, which is consistent with O. volvulus (73.3% AT, 26.7% GC) 

and with other filarial nematodes (Supplementary Table 2.5). Similarly, the gene 

content and order of C. johnstoni are conserved compared with O. volvulus 

(Figure 2.1). The mitochondrial genome of C. johnstoni is highly conserved with 

O. volvulus consisting of five blocks of similarity between either species (Figure 

2.2). The regions that do not show strong conservation indicate a divergence 

between O. volvulus and the C. johnstoni mitochondrial genome sequence.  

The pairwise nucleotide percentage (%) identities have been recorded 

corresponding to the Mauve alignment (Figure 2.3) of all the filarial nematode 

mitochondrial genomes (Table 2.2). Nucleotide similarity of C. johnstoni with all 

filarial nematodes ranges between 68% and 79% and is least similar to 

T. callipaeda with 68.9% similarity, which is one of the outgroup species and 

therefore more divergent and an expected result (Table 2.2). The highest 

nucleotide similarity of C. johnstoni is with L. loa at 78.9%. The highest nucleotide 

similarity between filarial nematodes is between O. volvulus and O. ochengi at 

96%. The C. johnstoni and O. volvulus mtDNA genomes share nucleotide 

similarity of 77.8% (Table 2.2).  

While the coding regions of the mitochondrial genome alignment are 

aligned well accounting for the moderate to high nucleotide pairwise percentage  
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Table 2.1: Cercopithifilaria johnstoni mitochondrial genome annotation using 

MITOS with a total genome length of 13,716 bp. 

 

Gene Type Start End Start codon Length (bp) Length (aa) 

trnE tRNA 2 59  58  

trnS1 tRNA 67 118  52  

ND2 CDS 119 880 ATG 762 254 

trnT tRNA 972 1027  56  

ND4 CDS 1028 2308 TTG 1281 427 

COX1 CDS 2310 3902 ATT 1593 531 

trnW tRNA 3906 3958  53  

ND6 CDS 3999 4427 ATT 429 143 

trnR tRNA 4450 4503  54  

CYTB CDS 4569 5615 ATG 1047 349 

trnL tRNA 5656 5710  55  

COX3 CDS 5711 6487 ATT 777 259 

trnA tRNA 6908 6964  57  

trnL tRNA 6967 7019  53  

trnN tRNA 7029 7091  63  

trnM tRNA 7090 7145  56  

trnK tRNA 7146 7202  57  

ND4L CDS 7212 7442 ATT 231 77 

rrnS rRNA 7444 8116  673  

trnY tRNA 8117 8171  55  

ND1 CDS 8178 9026 TTG 849 283 

trnF tRNA 9032 9085  54  

ATP6 CDS 9106 9687 TTG 582 194 

trnI tRNA 9693 9748  56  

trnG tRNA 9720 9777  58  

COX2 CDS 9857 10471 ATT 615 205 

trnH tRNA 10482 10536  55  

rrnL rRNA 10934 11442  509  

ND3 CDS 11443 11820 TTA 378 126 

trnC tRNA 11828 11884  57  

trnS2 tRNA 11885 11938  54  

trnP tRNA 11940 11997  58  

trnD tRNA 12002 12059  58  

trnV tRNA 12060 12115  56  

ND5 CDS 12124 13716 GTT 1593 531 
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a) 

b) 

Figure 2.1: Comparison of a) Cercopithifilaria johnstoni annotated mitochondrial genome and, b) Onchocerca volvulus annotated 

mitochondrial genome shows the conserved gene content and order of these filarial nematodes. Yellow illustrating the coding regions 

(CDS), grey illustrating the non-coding regions, pink illustrating the tRNA regions. Blue arrow is an O. volvulus sequence feature. The 

green and blue lines illustrating the AT (76%) and GC (24%) content respectively for Cercopithifilaria johnstoni and AT (73.3%) and GC 

(26.7%) content respectively for Onchocerca volvulus. 
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Figure 2.2: Genome Ribbon alignment of the whole mitochondrial genomes 

Onchocerca volvulus as the reference sequence and a query of Cercopithifilaria 

johnstoni whole mitochondrial genome to illustrate conservation of mitochondrial 

genomes. 
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Figure 2.3: Mauve alignment of the whole mitochondrial genomes of 20 

filarial nematodes (Acanthocheilonema viteae, Brugia malayi, Brugia pahangi, 

Brugia timori, Cercopithifilaria johnstoni, Chandlerella quiscali, Dirofilaria 

immitis, Dirofilaria repens, Dirofilaria hongkongensis, Litomosoides 

sigmodontis, Loa loa, Onchocerca flexuosa, Onchocerca ochengi, 

Onchocerca volvulus, Wuchereria bancrofti, Gongylonema pulchrum, 

Heliconema longissimum, Setaria digitata, Spirocerca lupi and Thelazia 

callipaeda) showing consistent and conserved gene order and content. 

Vertical black lines represent same genera. The mauve alignment is a visual 

representation identifying sequence that is similar to other sequences. The 

coloured blocks represent regions of similarity, i.e.,, there are considerable 

nucleotide similarities between each species within the same colour group.  
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Table 2.2: Comparison (pairwise % identity) among nucleotides sequences of the filarial nematodes represented in the whole 

mitochondrial genome mauve alignment. Av (Acanthocheilonema viteae), Bm (Brugia malayi), Bp (Brugia pahangi), Bt (Brugia timori), Cj 

(Cercopithifilaria johnstoni), Cqui (Chandlerella quiscali), Di (Dirofilaria immitis), Dr (Dirofilaria repens), Dh (Dirofilaria hongkongensis), Ls 

(Litomosoides sigmodontis), Ll (Loa loa). Of (Onchocerca flexuosa), Oo (Onchocerca ochengi), Ov (Onchocerca volvulus), Wb 

(Wuchereria bancrofti), Gp (Gongylonema pulchrum), Sd (Setaria digitata), Sl (Spirocerca lupi) and Tc (Thelazia callipaeda). 

Species Av Bm Bp Bt Cj Cqui Di Dr Dh Ls Ll Of Oo Ov Wb Gp Sd Sl Tc 

Av - 80.4 79.5 79.9 78.3 76 79.5 80.6 80.4 76.8 81.2 81.5 81.3 81.2 80.1 71.9 78.9 72.2 70.6 

Bm  - 89.9 91.2 77.7 76.2 80.1 81.6 81.4 76.1 82.6 82.3 81.6 81.4 87.3 72.5 78.8 82.3 70.9 

Bp   - 89.5 77.6 75.5 79.7 81.1 81 75.5 81.9 81.5 80.8 80.6 86.5 72.2 78.3 71.8 70.4 

Bt    - 78 76.3 80.1 81.6 81.5 76.2 82.9 82 81.2 81.2 87.7 72.9 78.8 72.7 71.3 

Cj     - 74.8 77.1 78.7 78.8 74.8 78.9 78.2 77.9 77.8 78.1 70.6 76.1 70.3 68.9 

Cqui      - 75.8 77.4 77.2 73.1 77.6 76.8 76.5 76.4 76.3 69.9 76 69.6 69 

Di       - 85.9 85.5 77.3 81.7 82.9 82.6 82.5 80.4 72.9 80.2 73.2 71.4 

Dr        - 93.6 78.2 83.3 84.7 84.5 84.4 82.2 74.5 81.6 74 72.4 

Dh         - 78.1 83.1 84.2 83.8 83.5 82.2 74.1 81.3 73.7 72.2 

Ls          - 77.6 77.3 77.1 77.1 76.6 69.9 75.7 70.1 68.8 

Ll           - 84.3 83.4 83.2 83.5 73.7 80.7 73.4 72 

Of            - 88.2 87.9 82.7 73.6 80.8 73.6 72 

Oo             - 96 82.3 73.2 80.9 73.7 71.6 

Ov              - 82 73.2 80.8 73.7 71.5 

Wb               - 72.8 79.3 73.1 71.4 

Gp                - 73.7 74 70 

Sd                 - 74 72 

Sl                  - 69.9 

Tc                                     - 
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identities, the non-coding (intergenic) regions are not well aligned and are quite 

divergent. The comparison between O. volvulus and C. johnstoni genomes 

highlights regions of potential divergence showing gaps where the alignment is 

not as successful (Figure 2.2). 

 

2.3.2 Mitochondrial genome phylogeny 

The phylogeny constructed using whole mitochondrial genomes (Figure 

2.4) is supported strongly by Bayesian posterior probabilities and bootstrap 

proportions. The phylogeny positions C. johnstoni in a strongly supported clade 

shared with L. sigmodontis and A. viteae, with a bootstrap value and Bayesian 

posterior probability of 100. Within this clade, C. johnstoni could be more closely 

related to A. viteae or L. sigmodontis (bootstrap/Bayesian posterior probability 

support of only 50/62).  

Subsamples of the dataset using three separate analyses were analysed 

to be confident that the nematode relationships in this analysis were concordant 

and not susceptible to long-branch attraction. The coding-only regions, including 

outgroups dataset (Figure 2.5a), has identical filarial nematode relationships and 

remains the same as the complete dataset (Figure 2.4). Bayesian posterior 

probabilities and bootstrap proportions remain the same as Figure 2.4.  

When subsampling coding regions and intergenic regions, excluding 

outgroups (Figure 2.5b), the relationships of the filarial nematodes remain the 

same as the previous two datasets (Figure 2.4, 2.5a), the Bayesian posterior 

probabilities and bootstrap proportions remain the same across most of the 

clades. The only discrepancy between phylogenies is the Bayesian posterior 

probability between C. johnstoni and A. viteae relationship decreasing to 47 

rather than 50, which is not significant.  

The final subsample consists of coding-only regions and excluded 

outgroups (Figure 2.5c). The phylogenetic relationships are again consistent with 

the other three analyses (Figure 2.4, 2.5a, 2.5b) with slight variation in Bayesian 

posterior probabilities and bootstrap proportions. The exercise has identified the  
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Figure 2.4: Maximum likelihood phylogeny of the whole mitochondrial 

genome of filarial nematodes using maximum likelihood/Bayesian inference. 

Host species for each filarial nematode is represented as colour coded 

silhouettes adjacent to the species names. Dataset consists of coding and 

intergenic regions of the mitochondrial genome with outgroups. (*) indicates 

the parasites that cause pathology. Scale 0.9 substitution per site. 
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Figure 2.5: Maximum likelihood trees of the three different subsampled datasets 

of the whole mitochondrial genome phylogeny of filarial nematodes using 

maximum likelihood/Bayesian inference. Host species for each filarial nematode 

is represented as colour-coded silhouettes adjacent to the species names. (a) 

Only coding regions of the mitochondrial genome with outgroups. (b) Coding and 

intergenic regions of the mitochondrial genome, excluding outgroups. (c) Only 

coding regions of the mitochondrial genome excluding outgroups. Scale 

substitutions per site. 
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best combination of sequence sets for the phylogeny based on the data available. 

Optimisation of datasets can maximise the phylogenetic signal in datasets 

consistent with the filarial nematode whole mitochondrial genome dataset. 

The four different datasets used in the mitochondrial genome analysis are 

congruent with one another and support the relationships of these nematodes as 

presented in previous literature (McNulty et al., 2012; Lefoulon et al., 2015). As all 

the subsampled phylogenies illustrate the same phylogenetic relationships with 

very close Bayesian probabilities and bootstrap proportions, Figure 2.4 will be 

referred to for the remainder of this chapter as it contains the whole mitochondrial 

genome of the filarial nematodes. 

Coloured silhouettes of the host species known to be infected by each 

parasitic filarial nematode were mapped onto the phylogeny (Figure 2.4). The 

parasites that are known to cause pathological symptoms in their hosts are 

illustrated by the asterisk (*). The host species were mapped onto the phylogeny 

to identify whether the filarial nematodes of a phylogenetic clade were infecting 

the same host species, i.e., all species of Dirofilaria infecting humans. 

Unsurprisingly, there was not a clear relationship between parasitic nematode 

and infected host consistent with the literature identifying a lack of relationship 

between parasite and host phylogenies (Hasegawa, 1999; Fenn et al., 2006; 

Larose and Schwander, 2016). The phylogeny instead implies this lack of 

congruence between parasite relationships and the evolutionary relationships of 

their hosts is driven largely by host switching of the parasites between 

phylogenetically unrelated hosts (Paterson and Gray, 1997; Page, 2003). It would 

seem likely that host switching is prevalent amongst filarial parasites because in 

general their intermediate hosts are haematophagous arthropods with low host 

specificity (Fenn et al., 2006). It has been reported that C. johnstoni is present in 

rodents, bandicoots, platypus, gliders, and Tasmanian devils (Spratt and 

Varughese, 1975; Spratt and Haycock, 1988; Viggers and Spratt, 1995), although 

remains unknown whether these are all-natural hosts or reservoir hosts and 

whether there has been any host switching events. Several of the other filarial 

species only infect one or two hosts.  

Without further analyses, there is no conclusion that can be formulated 

from the mapped host species on the phylogenetic tree. Nematodes causing 

pathology in their hosts are dispersed throughout the phylogeny and are not 



93 
 

grouped in a clade or sharing similar phylogenetic relationships and thus may not 

be a phylogenetic character.  

 

2.3.3 Concatenated gene phylogeny 

The concatenated 12S-COI gene phylogeny has an overall low 

bootstrap/Bayesian posterior probability support across the phylogeny (Figure 

2.6). The filarial species form a monophyletic Cercopithifilaria clade which is 

poorly to moderately supported that contains all Cercopithifilaria, including 

C. johnstoni (Figure 2.6). Within the Cercopithifilaria clade, C. johnstoni is more 

distantly related than the others and has overall clade support of 17/64, which is 

very low. Nevertheless, the refined alignment removing regions that do not align 

with Gblocks has shown the Cercopithifilaria genus to be monophyletic and 

closely related compared to the other filarial nematodes throughout this study. 

Prior to the Gblocks analysis the alignment consisted of 874 positions (bp). After 

the Gblocks analysis the alignment was reduced to 681 positions (bp) in eight 

selected blocks. A total of 77% of the alignment aligned and 23% was removed 

after the Gblocks analysis.  
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Figure 2.6: Maximum likelihood tree of the concatenated 12S-COI data of filarial 

nematodes to position the Cercopithifilaria genus using maximum 

likelihood/Bayesian inference. Host species for each filarial nematode is 

represented as colour coded silhouettes. Scale 0.05 substitutions per site. 
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There is very low to moderate support throughout the majority of sub-

clades with a few exceptions. W. bancrofti, B. timori, B. malayi, and B. pahangi 

are strongly supported in their clade with bootstrap support of 95 and posterior 

probability of 99 (95/99) (Figure 2.6), consistent with the whole genome 

phylogeny (Figure 2.4). The genus Onchocerca and Dirofilaria are both 

monophyletic and are sister taxa with moderate support (79/99, 94/99), but 

consistent with other analyses (Figure 2.4). Within the Cercopithifilaria clade, a 

strongly supported relationship is present between C. longa and C. bulboidea and 

between C. minuta and C. tumidicervicata with 100/100 and 99/100 respectively.  

Overall, the concatenated 12S-COI gene tree is consistent with previous 

research and with the whole genome phylogenies estimated here. The phylogeny 

constructed with 12S-COI sequences generally less well supported than those 

constructed using whole mitochondrial genomes. 

The host silhouettes of the Cercopithifilaria species also does not reveal 

anything interesting about phylogenetic relationships and position within the 12S-

COI gene tree. The filarial parasites do not appear to group together in a clade 

based on the host they parasitise, i.e., rodent, or human clades. Further data is 

required to confirm these relationships has the tree is poorly supported, however 

it appears there is a possible geographical correlation amongst the 

Cercopithifilaria genus. The European and African Cercopithifilaria species are 

monophyletic with one another, the Asian species are monophyletic to one 

another and C. johnstoni is positioned on its own separate from the other groups. 
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2.4 Discussion 

The analyses of mitochondrial genomes have been a valuable resource for 

comparative genomics and population genetics in parasitic nematodes (Ramesh 

et al., 2012; Small et al., 2016). Filarial nematode mitochondrial genomes are 

much shorter in length compared to their nuclear genomes and are between 13-

14 kbp (Blaxter et al., 1998; Yatawara et al., 2010; McNulty et al., 2012). The 

small genome size makes them a great first genomic resource for the initial 

phylogenetic placement of an understudied species. C. johnstoni may be an 

appropriate organism to be used in a small animal model to study onchocerciasis, 

but nothing is known about the genomics of C. johnstoni. It, therefore, was an 

essential first step to construct the mitochondrial genome and position C. 

johnstoni in the nematode phylogeny determining potential evolutionary 

relationships with O. volvulus and other filarial nematodes understanding more 

about C. johnstoni genomics (Figure 2.1). 

 

2.4.1 Mitochondrial genome 

Filarial nematode mitochondrial DNA encodes ribosomal RNAs, transfer 

RNAs and proteins that are only used by the mitochondrion (Ramesh et al., 2012; 

Li et al., 2018). Consistently across all published filarial nematodes, the 

mitochondrial genome contains 12 protein-coding genes (Yatawara et al., 2010) 

and two ribosomal genes (Unnasch and Williams, 2000). Protein coding and 

ribosomal genes consist of NADH dehydrogenase 1, 2, 3, 4L, 5 and 6, 

cytochrome c oxidase subunit I, II and III, cytochrome b, mitochondrially encoded 

ATP synthase membrane subunit 6, ribosomal ribonucleic acid S, and ribosomal 

ribonucleic acid L (Unnasch and Williams, 2000; Yatawara et al., 2010).  

The mitochondrial genome of C. johnstoni was assembled from whole-

genome sequence data and is consistent with other filarial nematodes in length, 

gene content, and AT-richness (Figure 2.1, 2.3). Several studies have confirmed 

the conserved gene order and content of the mitochondrial genome within the 

filarial nematodes, and now C. johnstoni is another filarial species that share the 

conserved genome structure (Osawa et al., 1992; Wolstenholme, 1992; Le et al., 

2000). The mitochondrial genomes of C. johnstoni and O. volvulus are almost 

identical in genome content and order (Figure 2.1). The AT and GC content vary 
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slightly between the two species but mostly remains consistent (Figure 2.1a, 

2.1b).  

The C. johnstoni assembly was aligned to other published filarial 

nematode mitochondrial genomes (Figure 2.3) using progressiveMauve version 

20150213 (Darling et al., 2010) to explore if there were any differences in 

genome content and organisation; however, the analyses revealed that it was 

conserved. Mauve’s algorithm aligns the genomes using anchors and what 

Mauve does differently to other aligners is to allow rearrangements of the 

genome if these are present using a modified global alignment algorithm (Darling 

et al., 2010). Mauve uses coloured collinear blocks to identify regions of 

sequence similarity in the output illustration of genome alignment (Darling et al., 

2010). Each colour represents that region of sequence similarity, for example, the 

green region of the genomes share similarity but cannot be directly connected to 

the blue region most likely as a result of intergenic regions or less similarity of 

genome content (Figure 2.3). Comparing O. volvulus and C. johnstoni directly to 

observed genome similarity, resulted in conservation of five sequence blocks 

(Figure 2.2) which is partially consistent to the mauve alignment that consists of 

five different blocks of colour (Figure 2.3). The GenomeRibbon similarity indicates 

four regions between the five sequence blocks of similarity that are intergenic 

regions in which do not align successfully (Shabalina and Spiridonov, 2004; Deng 

et al., 2006).  

The Mauve alignment successfully aligned the mitochondrial genomes of 

the closely related filarial species showing genome conservation, however, to 

determine how closely related the species were in the alignment, a pairwise 

nucleotide analysis was used (Table 2.2). The pairwise nucleotide identities were 

moderate to high, indicating that there were regions such as the intergenic 

regions of the alignment that did not align well between the filarial nematodes 

most likely a result of rapid divergence. Thus the pairwise nucleotide identities 

are not very high (Shabalina and Spiridonov, 2004; Deng et al., 2006). 

 

2.4.2 Mitochondrial genome phylogeny 

Four different datasets were analysed to determine the whole 

mitochondrial genome phylogeny and to ensure that the phylogenetic 
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relationships were not susceptible to long-branch attraction (Figure 2.5). These 

were (1) whole mitochondrial genomes (Figure 2.4), (2) coding-only regions with 

filarial outgroups (Figure 2.5a), (3) intergenic regions and coding regions 

excluding outgroups (Figure 2.5b), and lastly, (4) coding-only regions excluding 

outgroups (Figure 2.5c). These analyses were conducted to ensure that the 

phylogenetic relationships represented are an accurate representation of the 

data. Intergenic regions are known to be highly variable non-coding DNA that is 

usually not highly conserved between species as they appear to be involved in 

controlling RNA and DNA synthesis (Shabalina and Spiridonov, 2004; Deng et 

al., 2006). Commonly, intergenic regions are excluded from phylogenies as they 

do not align well when comparing different species. Analysing these four separate 

datasets excluding and including intergenic regions has confirmed that for this 

particular filarial nematode dataset, the intergenic regions do not change or 

negatively affect the phylogenetic relationships of the species. The four analyses 

conclude the same phylogenetic relationships and therefore, Figure 2.4, which is 

the result of analysing the complete mitochondrial genome data, is referred to in 

all subsequent discussions.  

Bayesian posterior probabilities and bootstrap proportions strongly support 

most of the filarial relationships presented (Figure 2.4). The mitochondrial 

genome phylogeny positioned C. johnstoni in a clade with A. viteae and 

L. sigmodontis with robust support (Figure 2.4); however, there is low support for 

relationships within this clade. The inclusion of more complete, whole 

mitochondrial genome datasets from other filarial nematodes and other 

Acanthocheilonema, Cercopithifilaria and Litomosoides species would improve 

the support in the clade of A. viteae, C. johnstoni and L. sigmodontis. It could 

potentially highlight a more accurate representation of phylogenetic relationships 

(Sanderson et al., 2010). Despite not having strong support within the clade, the 

relationships of the three species are consistent with the literature (Mitreva et al., 

2005; McNulty et al., 2012; Lefoulon et al., 2015). The inclusion of more complete 

mitochondrial genome datasets would expand the phylogeny and could 

potentially reveal more strongly supported relationships. Another possibility is that 

the relationship remains unchanged as a result of more data (Zwickl and Hillis, 

2002; Hedtke et al., 2006). Alternatively, the sequencing of more genes, i.e., 

nuclear genome, from each of these species in the analysis could also improve 

supported relationships (Sanderson et al., 2003; Rokas and Carroll, 2005).  
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2.4.3 Exploring host species of filarial nematodes 

Understanding nematode-host relationships have been very challenging 

because of the lack of information available. The current section aims to explore 

possible avenues for future research that would be beneficial to understand 

filarial nematode relationships in more detail.  

The mitochondrial genome phylogeny illustrates the host species for every 

filarial parasite used throughout the analyses (Figure 2.4). Visually mapping the 

host silhouettes onto the phylogeny does not reveal any clear associations 

between the infected host species and parasite phylogenetic relationships. For 

example, Dirofilaria species do not solely infect dogs within the clade. Some 

species of Dirofilaria infect humans or cats. Secondly, the genus of 

Cercopithifilaria infects a range of different host species that does not show a 

clear relationship between parasite species and infected host species (Figure 

2.4). An avenue that has not been explored is whether the location of 

microfilariae in the host’s body is a phylogenetically informative character. It could 

be further hypothesised that filarial nematodes whose microfilariae occupy the 

same biological compartment, i.e., reside in the skin, are more likely to be related 

than those that occupy different biological compartments. To explore this idea, 

the location of microfilariae in the hosts body have been summarised in Table 

2.3. In Onchocercidae the microfilariae are found either in circulating blood or in 

the skin. The phylogeny contains a highly supported clade made up of clade of 

Onchocerca species and one of Dirofilaria species consistent with previous 

literature (Mitreva et al., 2005; McNulty et al., 2012; Lefoulon et al., 2015; 

Coghlan et al., 2019). Onchocerca volvulus are skin dwelling parasites (Cotton et 

al., 2016) and D. immitis adults are found in the cardiac arteries while the 

microfilariae are found in the blood (Table 2.3) (Mircean et al., 2017). D. repens 

adults are found in the subcutaneous tissue similarly to C. johnstoni, while the 

microfilariae are found in the blood similarly to D. immitis (Table 2.3) (Mircean et 

al., 2017). Previous research has indicated C. johnstoni is also a skin dwelling 

parasite (Spratt and Haycock, 1988; Vuong et al., 1993), A. viteae has been 

reported to be present in the skin (Eisenbeiss et al., 1991) and L. sigmodontis is 

present in peripheral blood (Table 2.3) (Hübner et al., 2009). Thus the location of 

the microfilariae or adult worms in each species is not a phylogenetically 

informative character and could potentially be an evolutionarily labile trait that has 

changed multiple times in the clade. One would expect to observe all the filarial 
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nematodes that reside in the skin grouping in a separate clade compared to the 

parasites in the blood if microfilariae location was a phylogenetically informative 

character. Therefore, the phylogeny cannot explain the evolution behind the 

different location of microfilariae between species. Microfilariae location in the 

host’s body does not appear to be a phylogenetic characteristic. 
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Table 2.3: Summary of the known location of microfilariae and adult worms in filarial nematodes. 

 

Parasite Location of microfilariae Location of adults Hosts 

C. johnstoni Skin Subcutaneous tissue Rodents  
Bandicoots 
Possums 
Tasmanian devils 
Platypus 

O. volvulus Skin Nodules Humans 

D. immitis Blood Cardiac arteries Dogs 

D. repens Blood Subcutaneous tissue Dogs 
Cats 

A. viteae Skin Subcutaneous tissue Rodents 

L. sigmodontis Skin Pleural/peritoneal cavities Rodents 
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A second question to explore while observing the relationships in the 

phylogeny is whether the parasites causing host pathology can be predicted 

using filarial relationships. The position of the filarial nematodes within the clade 

III phylogeny also does not represent whether the parasite can cause 

pathological symptoms within its host. The asterisk highlights those filarial 

species known to elicit pathology (Figure 2.4) and is scattered throughout the 

phylogeny; thus, the phylogenetic position of the nematode does not indicate 

pathology. Again, if the phylogenetic relationships could indicate pathology, then 

all the species observed to cause host pathology would be positioned within 

closely related clades. The pathology associated with D. immitis is related to the 

adults blocking coronary arteries and it is neither immunological nor is it related to 

the microfilariae migration or death (Hu et al., 2003; Capelli et al., 2018). This is 

significantly different from the pathology associated with C. johnstoni and 

O. volvulus. The pathology observed in hosts infected with C. johnstoni or 

O. volvulus is immunological and is a result of the dead microfilariae with no 

issues or influence from the adult worms. The driving force behind shared 

immunopathological characteristics of C. johnstoni and O. volvulus may be a 

result of the location of where the microfilariae are found in their hosts. In other 

Cercopithifilaria species, the microfilariae are known to cause edematous 

changes or intestinal dermatitis in dogs and are also found in the subcutaneous 

skin (Otranto et al., 2012; Otranto et al., 2013; Ramos et al., 2014), supporting 

this hypothesis that possibly the microfilariae in the subcutaneous skin is the 

driving force behind immunopathology. Alternatively, it could be a result of how 

the hosts’ immune system is affected by the death of the microfilariae and not 

have anything to do with their evolutionary relationship, a hypothesis that requires 

further investigation. 

The phylogeny can also be used to examine the evolution of filarial 

nematodes and to ask questions about their different host species. Host species 

of filarial nematodes are represented as silhouettes on the phylogenetic tree 

(Figure 2.4). The Onchocerca clade consists of filarial nematodes predominately 

of ungulates and includes other species that do not have genomes available and 

thus are not represented in Figure 2.4 (such as O. gibsoni, O. cervipedes and 

O. lienalis (Anderson, 2001)). O. volvulus appears to have gone through a host 

switching event and begun parasitising humans rather than cattle (Unnasch and 

Williams, 2000; Krueger et al., 2007) despite O. volvulus and O. ochengi are 
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vectored by the same blackfly (Doyle et al., 2016). O. ochengi does not have any 

veterinary significance causing disease or economic loss (Allen et al., 2008; 

Makepeace and Tanya, 2016) unlike the immunopathology elicited by O. 

volvulus.  

C. johnstoni has been identified in several different host species, 

completely atypical of nematodes. This is an intriguing aspect of C. johnstoni 

biology that is not currently understood raising the question of whether 

C. johnstoni is more permissive for host switching, to be present in so many host 

species. Other Cercopithifilaria species in the Northern Hemisphere, such as 

C. bainae and C. grassi, infect dogs, while C. rugosicauda and C. longa infect 

deer (Figure 2.6) (Uni et al., 2002; Otranto et al., 2013; Ramos et al., 2013). 

C. johnstoni is a geographically distinct parasite from the other Cercopithifilaria 

species. Native rodents arrived in Australia relatively recently in evolutionary 

terms whereas marsupials and monotremes evolved within Australia. If 

C. johnstoni was previously established in small ground-dwelling marsupials such 

as bandicoots in Australia, then an evolutionarily recent switch into placental 

mammal bush rats could be a possibility. It is also likely that C. johnstoni infection 

in rats is an evolutionarily recent host-switching event that possibly increased 

pathological symptoms.  

Several species of ticks attach to all of these small mammals transmitting 

a range of different parasites (Bonnet and Liu, 2012; McCoy et al., 2013). It could 

be possible that by having multi-host ticks that feed for several days on each host 

might be a predisposing factor. Considering O. volvulus and O. ochengi share 

Simulium vectors that triggered the Onchocerca host switch, this hypothesis 

should be explored further. The primary importance for the parasite would be the 

ability for the parasite to survive within the new host species after the switch. It is 

unknown what species are natural reservoirs of C. johnstoni. The exact number 

of recorded hosts exhibiting severe immunopathology, as reported in Vuong et al. 

(1993) is also not well documented. There is the potential that the pathology of 

C. johnstoni is, because of a recent host switch, similar to that hypothesised in 

O. volvulus as host switching is known to trigger disease emergence (Laetsch et 

al., 2012; Susoy and Herrmann, 2014; Suh et al., 2016). Despite the number of 

recorded host species infected with C. johnstoni, there have not been detailed 

morphological descriptions of each parasite, nor have there been any genetic 
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analyses conducted on each species. Therefore there is a potential for the 

presence of cryptic species, which would be morphologically similar but would not 

be interbreeding. One approach to identify cryptic species would be to sequence 

the DNA of each parasite found in the recorded hosts and use phylogenetics to 

determine whether they are genetically distinct enough to be species or whether 

they are very similar and can be considered all C. johnstoni. Ixodes transmit 

C. johnstoni to various small mammals such as gliders, Tasmanian devils, 

bandicoots and rodents (Spratt and Varughese, 1975; Spratt and Haycock, 1988; 

Vuong et al., 1993; Viggers and Spratt, 1995). It appears that C. johnstoni is now 

the only Cercopithifilaria species with an assembled mitochondrial genome. 

Assembled whole mitochondrial and nuclear genomes of the other 

Cercopithifilaria species could be a necessary first step into understanding the 

relationships of the Cercopithifilaria genus.  

 

2.4.4 Phylogeny of the genus Cercopithifilaria 

C. johnstoni has been placed in the overall filarial phylogeny using analysis 

of whole mitochondrial genomes. The question now arises about C. johnstoni‘s 

relationship with other Cercopithifilaria species, and whether the genus of 

Cercopithifilaria is truly monophyletic.  

There are approximately 11 Cercopithifilaria species known to date, and 

nine of which have been included in the gene tree analysis to position 

C. johnstoni that had both 12S and COI genes available. These genes were 

chosen for analysis, as they were the only data accessible. The genes were 

concatenated to improve the resolution of the phylogeny. Any Cercopithifilaria 

species that did not have data for both genes were excluded (Sanderson et al., 

2003; Sanderson et al., 2010). There is a chance that this exclusion of some 

species could affect the phylogenetic relationship support in each clade as has 

been reported in other organisms and analyses (Sanderson et al., 2003; 

Sanderson et al., 2010; Som, 2014). It was required to use Gblocks to eliminate 

poorly aligned positions and divergent regions of the DNA sequences to see a 

clear representation of the filarial relationships (Talavera and Castresana, 2007). 

Gblocks successfully removed un-alignable regions to improve the overall 

alignment used for the analyses. There is confidence in the final phylogenetic 
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analysis as there was sufficient number of sites in the alignment for COI and 12S 

genes to give a reasonably accurate phylogenetic tree.  

The 12S and COI genes for all filarial species did not produce a well-

resolved phylogeny (Figure 2.6). The relationships of the filarial nematodes are 

consistent with the whole mitochondrial genome (Figure 2.4), and published 

literature (McNulty et al., 2012; Lefoulon et al., 2016), however, the support for 

the majority of filarial relationships is low. A feature of the 12S-COI phylogeny is 

that Cercopithifilaria is a monophyletic genus as C. johnstoni is positioned with 

the other Cercopithifilaria species. Nevertheless, these relationships have poor 

support, and C. johnstoni appears to have a longer branch length indicating 

C. johnstoni could be more distantly related than the other Cercopithifilaria 

species (Figure 2.6). It could be explained by the overall poor support of the tree 

and could be improved with the inclusion of more genomic information for each 

species, i.e., whole genome. The 12S and COI sequences cannot correctly 

position all the outgroup relationships, i.e., S. digitata. The outgroups for these 

analyses were chosen because they are outside of the Onchocercidae, 

S. digitata, G. pulchrum, T. callipaeda and S. lupi. However, in this analysis, 

S. digitata is positioned with A. viteae with poor support of 40/80 instead of the 

outgroup species (Figure 2.6). The Dirofilaria and Onchocerca clades have been 

consistently closely related, although within the 12S-COI tree has very poor 

support. The Brugia-Wuchereria clade is the only clade with very high support 

illustrating similar confidence as seen in the whole mitochondrial phylogeny 

(Figure 2.6). 

The Cercopithifilaria genus clade is poorly supported (bootstrap and 

Bayesian posterior probability of 17/64) (Figure 2.6). Some relationships such as 

C. minuta and C. tumidercervicata are strongly supported together consistent with 

the literature (Otranto et al., 2013), whereas C. grassi and C. japonica should be 

grouped within the same sub-clade but are not and also have weak support 

(Otranto et al., 2013). In the 12S-COI phylogeny, C. grassi is in the same clade 

with C. roussilhoni and C. bainae contrary to previous literature when C. bainae is 

positioned in a different clade within the overall Cercopithifilaria phylogeny 

(Otranto et al., 2013). A possible explanation for the slight variation in filarial 

relationships and overall poor phylogeny support between the whole 

mitochondrial tree and the 12S-COI tree is that the gene tree has fewer genes 
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represented and therefore has less informative sites to construct a phylogeny 

resulting in reduced resolution and overall lower confidence in the predicted 

relationships (Wiens, 1998). The 12S and COI genes must not be variant enough 

to position all these nematodes accurately. Datasets that are concatenated with 

several genes are more likely to result in stronger relationships and improved 

support (Sanderson et al., 2003; Sanderson et al., 2010), hence why the 

mitochondrial genome is so strongly supported (Figure 2.4).  

The relationships between the remaining nematodes in the 12S-COI tree 

are consistent with the literature and other analyses. Lefoulon et al. (2015) also 

used partitioned concatenated datasets of 12S and COI, but also used 

sequences from the nuclear genome: rbp1, hsp70, myoHC, and 18S and 28S 

sequences. Their analysis could position C. bainae and C. rugosicauda within in 

the same overall clade as A. viteae and L. sigmodontis as monophyletic because 

this published phylogeny was based on additional information to resolve and 

generate more robustly supported relationships. There are no nuclear genes that 

are available for every Cercopithifilaria species using in the 12S-COI phylogeny, 

thus it is not possible to concatenate the genes to improve the alignment.  

The support for the 12S-COI tree was very low. The data was further 

explored to determine whether removing the outgroups would improve support 

and resolution of the Cercopithifilaria clade. Reducing the outgroups or removing 

the outgroups did not affect the topology of the tree, nor did it improve the support 

for the relationships significantly. Thus the conclusion remains that 12S-COI 

phylogeny did not have enough informative sites to result in strongly supported 

phylogenetic relationships. 

As the whole mitochondrial genome phylogeny is strongly consistent with 

published literature, it can be concluded that the 12S-COI phylogeny lacks 

sufficient information to make conclusive statements about phylogenetic 

relationships, including whether the current definition of the genus 

Cercopithifilaria is truly monophyletic. More sequence data could change where 

C. johnstoni is positioned concerning the genus clade or could result in a more 

highly supported monophyletic Cercopithifilaria clade. The apparent divergence of 

C. johnstoni from the other Cercopithifilaria species could be explained by 

geography. C. bainae, C. rugosicauda and C. grassi all originated in Europe 

(Otranto et al., 2012), C. roussilhoni originated in Africa (Bain et al., 1986) and 
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C. japonica, C. longa, C. bulboidea, C. tumidicervicata originated in Japan (Uni et 

al., 2002). C. johnstoni is the first Cercopithifilaria species in Australia and 

therefore this analysis may represent these vast geographic differences. The 

addition of genes to the COI-12S phylogeny will improve the Cercopithifilaria 

clade relationships. It is likely by adding more genomic data that the species 

originating from the same location will group together with high nodal support. 

The addition of other C. johnstoni sequences from other reported hosts would 

enhance the credibility of the Cercopithifilaria phylogeny and illustrate clearly 

where the Australian species are positioned compared to the European, African 

and Asian species. 
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2.5 Conclusion 

In this chapter, the mitochondrial genome of C. johnstoni, a parasitic filarial 

nematode of Australian bush rats, has been successfully constructed and 

annotated which has not been sequenced before. The C. johnstoni mitochondrial 

genome has consistent gene content and order compared to O. volvulus and 

other published filarial nematode mitochondrial genomes. The whole 

mitochondrial genome and 12S-COI gene tree with added Cercopithifilaria 

species is consistent with previously published filarial nematode phylogenies. An 

abundance of genomic information drastically improves the predicted 

phylogenetic relationships as seen when comparing the 12S-COI gene tree and 

the whole mitochondrial genome phylogeny. The relationship between 

C. johnstoni and other Cercopithifilaria species will have to be confirmed with the 

addition of more genomic information.  

Comparing the C. johnstoni mitochondrial genome with published filarial 

nematode genomes has been the first step in understanding the evolutionary 

relationships of this parasite and confirms the overall position with filarial 

nematodes. C. johnstoni does not have a very close relationship with O. volvulus, 

but as a result, this raises questions about why C. johnstoni elicits such a similar 

immunopathology that is observed in O. volvulus-infected humans. 
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Chapter Three  

Assembly of the Cercopithifilaria johnstoni 

nuclear genome and prediction of orthologous 

relationships with closely related filarial 

nematodes 

 

3.1 Introduction 

A key criterion to developing the C. johnstoni-rodent animal model of 

onchocerciasis is the ability to recapitulate the most important disease 

characteristics so that the molecular mechanisms driving these features can be 

understood (features discussed in detail in the general introduction (Chapter 

One)). O. volvulus and C. johnstoni are obligate filarial parasites that cannot be 

maintained outside of their hosts. It is therefore difficult to culture and study these 

parasites to identify features that are driving the immunopathology without an 

animal model. However, one approach to begin to address this question is to 

compare the genome composition using comparative genome approaches to 

identify relevant genes that may be involved in infection, immune response, or 

drug response that can be compared with O. volvulus.  

Until recently, comparative studies of filarial parasites have been 

hampered by the relative scarcity of genome sequences (Mitreva et al., 2011). 

However, since the introduction of high-throughput sequencing technologies in 

the early 2000s, more nematodes are being sequenced, and the genome 

assemblies are of high quality (Stoltzfus et al., 2017; Coghlan et al., 2019; Tyagi 

et al., 2019b). Currently, there are 134 genomes available on WormBase Parasite 

from the Phylum Nematoda with variations of genome completeness, quality and 

size. These genomes can all be used for a range of computational studies. 

Nematode genomes can vary in size from Parastrongyloides trichosuri at ~42 Mb 

(Hunt et al., 2016), O. volvulus ~96 Mb (Cotton et al., 2016), B. malayi ~90 Mb 

(Ghedin et al., 2004), Caenorhabditis elegans ~100 Mb (Stein et al., 2003), to a 

larger nematode genome such as H. contortus ~283 Mb (Doyle et al., 2020). 

There are now many filarial species that have been sequenced for comparative 
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genomic studies and are part of the 134 Nematoda genomes available on 

WormBase Parasite. The available filarial genomes include D. immitis (Godel et 

al., 2012), B. malayi (Ghedin et al., 2007), B. pahangi and B. timori (Coghlan et 

al., 2019), O. volvulus (Cotton et al., 2016), O. ochengi (Coghlan et al., 2019), 

L. loa (Desjardins et al., 2013b; Tallon et al., 2014) and W. bancrofti (Small et al., 

2016). These filarial parasites have life cycles that are difficult to maintain or 

replicate in the laboratory, and therefore comparative genomics can be useful to 

understand parasite biology and explore host-parasite relationships (Tallon et al., 

2014; Grote et al., 2017).  

The O. volvulus genome was the first high-quality filarial nematode 

genome with nearly complete chromosome assembly, including the sex 

chromosome (97 Mb nuclear (Cotton et al., 2016), 13,747 bp mitochondrial 

(Keddie et al., 1998; Unnasch and Williams, 2000)). The O. volvulus genome 

comprises three autosomes and a pair of sex chromosomes. The assembly 

consists of four large scaffolds totalling 94% of the genome. Sequence data from 

female and male worms were used to assemble the chromosomes and identified 

that OM2 is the X chromosome (Cotton et al., 2016). There have been 12,143 

protein-coding genes predicted guided by RNA-Seq data from eight stages of the 

O. volvulus life cycle. Approximately 91% of these genes had orthologues in other 

nematode species, and approximately 9% identified as species-specific (Cotton 

et al., 2016). Importantly, the construction of the O. volvulus genome now 

enables functional analyses of the predicted genes finding that 44% of the 

protein-coding genes had no predicted function (Cotton et al., 2016). Parasites 

are known to have unique biology, and therefore this finding is consistent that 

many of these genes have not been defined thus far with a known function 

(Stoltzfus et al., 2017). The high-quality O. volvulus genome has enabled 

exploration and discovery of many gene duplication events such as the G-protein-

coupled receptor (GPCR) expansion and has facilitated metabolic reconstruction 

at genome-scale to identify and understand the metabolic pathways essential in 

parasitism (Bennuru et al., 2017; Shey et al., 2018). The construction of the 

genome for O. volvulus has now provided a resource to explore parasitism and 

host-parasite relationships in silico to work towards identifying potential targets for 

experimental testing and validation for diagnosis or treatment of onchocerciasis 

(Cotton et al., 2016; Grote et al., 2017; Lustigman et al., 2017).  
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Whole genomes have been an excellent resource for a range of biological 

and theoretical hypothesis throughout nematode research. There are now several 

resources available to develop and annotate nematode genomes from the vast 

majority of nematodes that have already been sequenced (Blaxter and 

Koutsovoulos, 2015; Coghlan et al., 2019). WormBase ParaSite is the primary 

resource for nematode and flatworm genomics (Howe et al., 2017). WormBase 

ParaSite aims to provide both integration and presentation of the sequenced 

helminth genomes and transcriptomes for researchers to become engaged with 

parasite worm genomics (Howe et al., 2017). The data available include genome 

sequence, annotation, protein sequence, and gene orthology (Howe et al., 2017). 

Comparative genomics is not possible without a genome assembly. 

Genome assembly refers to the process of joining nucleotide sequences in the 

correct order for a particular organism (Foxman, 2012; Choudhuri, 2014). 

Typically, de novo or comparative assembly approaches are used to assemble a 

genome (Foxman, 2012; Choudhuri, 2014). Comparative assembly uses the 

sequence of a closely related organism as a guide for genome assembly and 

annotation or a previous draft genome assembly of the same species. The 

sequences are then mapped onto the reference genome for improving the 

genome assembly (Pop et al., 2004). De novo assembly is required when it is the 

first assembly of that species and is not similar to organisms previously 

sequenced. The process involves assembling the genome as complete as 

possible and then annotate with the available data (Baker, 2012). The general 

steps of a genome assembly include sequencing, sequence quality checks, 

trimming adapters and poor quality reads, assemble sequences taking into 

consideration the variety of different thresholds that can be set that determine 

whether a given run of sequence or entire read will be included, and then using 

parameters to determine how the assembly proceeds. The last step of the 

genome assembly is annotation. There are several criteria that are important 

when assessing the quality of a genome such as read length, N50, number of 

gaps, ability to fill these gaps, longest sequence, number of contigs and scaffolds, 

the number of mis-assemblies, and BUSCO and CEGMA statistics. Thus, the 

quality of genomes varies between species because it is highly dependent upon 

the sequencing data available (Baker, 2012). For example, draft genomes 

generally have improved quality statistics with a combination of short and long 

read DNA sequencing data compared to draft genomes with only short read DNA 
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sequencing or poor sequencing data. Long read sequences greatly improve the 

genome assembly, although short-read DNA sequencing can still provide 

valuable information for comparative analyses. One last criterion of genome 

quality is gene prediction. Furthermore, gene prediction is of higher quality when 

RNA-Seq data are available to verify the gene predictions. The abundance of 

genome assemblies have now enabled closely and distantly related species to be 

compared to explore genome repeat regions (Whitton et al., 2004), gene 

discovery (Mitreva et al., 2005; Nutman et al., 2016), parasitism, possible drug 

targets for disease (Foster et al., 2005; Godel et al., 2012; Bennuru et al., 2017; 

Bennuru et al., 2018), phylogenetic relationships (Mitreva et al., 2005; McNulty et 

al., 2012; Coghlan et al., 2019), the discovery of bacterial endosymbionts (Bandi 

et al., 1998; Casiraghi et al., 2001; Bennuru et al., 2011) and more. Thus, 

genome assembly is one of the most important steps in exploring a new or 

understudied species. 

In Chapter Two, there was a description of the first genomic 

characterisation of C. johnstoni using mitochondrial DNA; however, there are 

currently no nuclear genome resources available for C. johnstoni to compare with 

other filarial nematodes. A genome assembly and annotation for C. johnstoni will 

provide a valuable resource for understanding the relationships between 

C. johnstoni and O. volvulus, including other closely related filarial nematodes. 

The availability of the C. johnstoni genome would facilitate in silico comparisons 

between C. johnstoni and O. volvulus, which would guide laboratory experiments 

should the analyses support C. johnstoni as an appropriate organism for a small 

animal model to study onchocerciasis. Specifically, a genome could be the 

beginning in comparing protein-coding genes, identifying orthologues between 

closely related species providing potential protein targets that may be responsible 

for driving the immunopathology of the disease. The in silico analyses could 

identify a new pathway in discovering novel gene targets for diagnostic assays or 

treatments for onchocerciasis. A C. johnstoni genome would be the first step to 

provide a fundamental genetic resource that can be used to compare against 

O. volvulus and predict orthologous genes that may have a role in the disease 

immune responses.  
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3.1.1 Aims 

In Chapter Three, the draft genome of C. johnstoni was compared with 

closely related filarial nematodes to study genome statistics, phylogenetic 

relationships and genomic content. The C. johnstoni genome content is explored 

by studying the following aims: 

1) Assemble and annotate the nuclear genome of C. johnstoni. 

2) Estimate and compare genome completeness with other published 

related filarial nematodes to determine the quality of C. johnstoni 

genome assembly. 

3) Compare the genome content and genetic similarity with 

O. volvulus. 

4) Identify orthologous protein-coding genes between the C. johnstoni, 

O. volvulus and other filarial nematode proteomes. 
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3.2 Materials and Methods 

Chapter Three utilises the same Next-Generation Sequencing data as for 

the mitochondrial genome assembly described in Chapter Two: Materials and 

Methods, “Sample collection” and “DNA extraction library preparation and 

sequencing” for details on sequencing and quality control methods.  

 

3.2.1 Nuclear genome assembly 

De novo genome assembly was conducted using all quality trimmed reads 

using SPAdes version 3.10.1 (Nurk et al., 2013). Default parameters were used. 

Comparative genome assembly statistics were generated for C. johnstoni and for 

the other filarial nematodes to be used for comparison with assembly stats 

version 1.0.1 (https://github.com/sanger-pathogens/assembly-stats). The 

mitochondrial genome assembled in Chapter Two was used to identify and 

remove assembled scaffolds from the mitochondrial genome. 

 

3.2.2 Masking repeats 

Repeats were masked by RepeatModeler version 1.0.11 (Saha et al., 

2008) and RepeatMasker version 4.0.5 (Smit, 2015) on the C. johnstoni genome 

scaffolds file from SPAdes using default parameters. The same analysis was 

conducted on the other filarial nematodes used for comparison throughout this 

thesis: A. viteae, B. malayi, B. pahangi, B. timori, D. immitis, L. sigmodontis, 

L. loa, O. flexuosa, O. ochengi, O. volvulus and W. bancrofti. Genome versions 

for the nematodes used in the RepeatModeler analysis were A. viteae 

(PRJEB1697.WBPS13), B. malayi (PRJNA10729.WBPS13), B. pahangi 

(PRJEB497.WBPS13), B. timori (PRJEB4663.WBPS13), D. immitis 

(PRJEB1797.WBPS13), L. sigmodontis (PRJEB3075.WBPS13), L. loa 

(PRJNA246086.WBPS13), O. flexuosa (PRJEB512.WBPS13), O. ochengi 

(PRJEB1204.WBPS13), O. volvulus (PRJEB513.WBPS14) and W. bancrofti 

(PRJEB536.WBPS13). 

 

3.2.3 Whole genome completeness 

Genome completeness was estimated using CEGMA (Core Eukaryotic 

Genes Mapping Approach) version 2.4.010312 (Parra et al., 2007) and BUSCO 
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(Benchmarking Universal Single-Copy Orthologues) version 4 (Simão et al., 

2015). CEGMA was conducted with genome default parameters. BUSCO 

analyses were conducted with default parameters and lineage set to 

nematode_odb9 and mode set to “genome” using “Caenorhabditis” as a training 

species for gene identification.  

CEGMA and BUSCO similarly attempt to estimate what proportion of a 

core set of conserved genes can be found in an assembly as a proxy for genome 

completeness when experimental data is not available. CEGMA uses Markov 

models to improve estimates of gene structures and searches for orthologues of 

core proteins to determine exon-intron structures (Parra et al., 2007). Its average 

accuracy has been estimated at around 98% at the nucleotide level and 90% at 

the internal exon-level when compared to 6 model genomes (Parra et al., 2007). 

BUSCO uses hidden Markov models and calculates complete, duplicated, 

fragmented, and missing metrics within one of the six phylogenetic sets available 

to describe the genome (Simão et al., 2015). BUSCO can run much faster than 

CEGMA and has a higher resolution of genome content (Simão et al., 2015). 

BUSCO is an updated program for the prediction of genes present in the 

genome. BUSCO and CEGMA were collectively used to compare results. 

 

3.2.4 Comparison of Cercopithifilaria johnstoni scaffold content with 

Onchocerca volvulus and Brugia malayi genome content  

Genome alignment of C. johnstoni RepeatMasked scaffolds and 

O. volvulus chromosomes was conducted using the PROmer package version 

3.07 of MUMmer (Kurtz et al., 2004). A separate PROmer analysis was 

conducted using C. johnstoni RepeatMasked scaffolds and B. malayi. Synteny 

between the genomes was visualised in two separate plots using Circos version 

0.67_5 (Krzywinski et al., 2009).  

Circos plots illustrate networks representing different analyses of large 

datasets and have entirely changed the way comparative genomics has been 

presented (Krzywinski et al., 2009). Circos plots do not analyse or produce 

datasets. A “story” is depicted by layering important information onto the Circos 

plot (Krzywinski et al., 2009); however, too much data can cause the plot to look 

crowded, messy or unclear (Krzywinski et al., 2009). Since the C. johnstoni 
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assembly consists of assembled large scaffolds and many small contigs, 

comparing C. johnstoni’s genome to more than one species at a time using a 

Circos plot creates an uninterpretable visual representation. Thus, the species 

comparisons to O. volvulus and B. malayi were separated. 

Genome Ribbon (Nattestad et al., 2016) was used to explore the 

conservation of the whole nuclear genome between C. johnstoni and O. volvulus. 

The longest scaffold from C. johnstoni genome assembly was extracted from the 

PROmer analysis and input into Genome Ribbon where it illustrated where on the 

O. volvulus chromosomes the C. johnstoni scaffold aligns.  

 

3.2.5 Scaffold GC content and coverage analysis between Cercopithifilaria 

johnstoni and Onchocerca volvulus 

The coverage (read depth) and GC content of the C. johnstoni genome 

sequencing data were calculated. Trimmed reads of C. johnstoni were mapped to 

the de novo C. johnstoni genome scaffolds using bwa version 0.7.16a (Li and 

Durbin, 2009). Coverage was calculated using bedtools version 2.26.0 (Quinlan 

and Hall, 2010) using default parameters across 10kb windows. The GC content 

was calculated using bedtools nuc (Quinlan and Hall, 2010). The outputs from 

coverage and GC content analyses were then combined to construct a scatterplot 

diagram comparing GC content and coverage using the R package ggplot2 

version 3.2.1 (Wickham, 2016; Wickham et al., 2016). The dataset was filtered to 

illustrate only the contigs with a sequence length greater than 10,000. 

The PROmer analysis between C. johnstoni and O. volvulus were used to 

assign the C. johnstoni reads to O. volvulus chromosomes. The GC content vs 

coverage scatterplot was then coloured based on the homology between the 

C. johnstoni reads and O. volvulus chromosomes. The C. johnstoni reads that 

shared homology to OM1, OM2 (X chromosome), OM3, OM4 and OM5 were 

therefore coloured to represent these relationships. 

 

3.2.6 Protein-coding gene prediction 

Gene prediction of the C. johnstoni scaffolds was compared and 

conducted using three separate methods to confirm the most appropriate gene 

prediction. Initially, the scaffolds were input into the Augustus pipeline version 
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3.0.2 (Stanke et al., 2008) using default parameters and trained using the 

C. elegans dataset. These C. johnstoni scaffold repeats were unmasked. Second, 

the gene prediction of C. johnstoni scaffolds was conducted using BRAKER 

version 2.1.4 (Hoff, 2018) with ab initio default parameters. These C. johnstoni 

scaffold repeats were unmasked. The final gene prediction of the masked repeats 

C. johnstoni scaffolds was conducted using BRAKER version 2.1.4 (Hoff, 2018). 

The protein-coding gene set from a closely related species, A. viteae (Chapter 

Two), was used in the BRAKER pipeline to improve gene prediction accuracy. 

GenomeThreader version 1.7.1 was used in the BRAKER pipeline for producing 

complete gene structures by aligning the proteins to the genome (Hoff et al., 

2019). Augustus-master training (Stanke et al., 2008) was used in the BRAKER 

pipeline based on spliced alignment information from the closely related species 

protein input file.  

 

3.2.7 Assessment of predicted protein-coding gene completeness 

The completeness of the protein-coding gene lists after gene prediction 

was assessed to determine the suitability of the proteins for the purpose of 

searching for orthologues of the proteins that consistently elicit strong serum 

antibody responses in people infected with O. volvulus (Chapter Four). 

Genome completeness was estimated using BUSCO (Benchmarking 

Universal Single-Copy Orthologues) version 4 (Simão et al., 2015). The BUSCO 

analysis was conducted using default parameters and lineage set to 

nematode_odb9. The mode was set to “protein” which is a mode used for 

annotated gene sets. The protein parameter uses HMMER a program designed 

to search for homologous sequences in biological sequence databases. 

There are four main categories used to interpret BUSCO results: Complete 

and single-copy, Complete and duplicated, Fragmented and Missing BUSCOs. 

There is also a category, ‘Complete’ which combines the single-copy and 

duplicated results. Complete refers to a full-length orthologue being identified 

based on the expected length of the BUSCO alignment. Fragmented refers to 

partial lengths of orthologues being identified which is less than the expected 

length of the BUSCO alignment. Missing refers to BUSCO being unable to 
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identify any significant alignments and thus missing from the list (Simão et al., 

2015).  

 

3.2.8 Prediction of shared orthologues using OrthoFinder2 

The prediction of orthologous genes was conducted using OrthoFinder 

version 2.2.7 (Emms and Kelly, 2015, 2019). Protein sequence from A. viteae, 

B. malayi, B. pahangi, B. timori, D. immitis, L. sigmodontis, L. loa, O. flexuosa, 

O. ochengi, O. volvulus and, W. bancrofti, were used for the OrthoFinder2 

analysis. The predicted C. johnstoni proteins from the Augustus, ab initio 

BRAKER and BRAKER with A. viteae training analyses were separately utilised 

in three OrthoFinder2 analyses for comparison of the datasets. 

The Augustus predicted protein-coding list was chosen for downstream 

analyses as it was the best gene prediction method according to BUSCO and 

CEGMA. Aforementioned, the Augustus predicted proteins was utilised in the 

OrthoFinder2 analysis. The orthogroups were identified using OrthoFinder2 using 

default parameters. The sequences were extracted from the analyses using –M 

msa, –os parameters.  

A phylogenetic tree was then created from the 1,447 single copy 

orthologues predicted by OrthoFinder from the protein sequences predicted by 

Augustus. The phylogenetic tree illustrated the overall phylogenetic relationships 

of the included nematodes. The alignments of these orthogroups were for each 

species were concatenated using the catfasta2phylml.pl script 

(https://github.com/nylander/catfasta2phyml). Alignments were visualised in 

Mesquite version 3.04 (Maddison and Maddison, 2008) and the sequences were 

trimmed manually. A maximum likelihood phylogeny was estimated using RAxML 

using the best 20 replicates under the PROTGAMMALGF model of sequence 

evolution, and 1000 bootstrap replicates to estimate support for bipartitions. 

The OrthoFinder2 algorithm produces orthogroups that contain 

orthologous genes for which the root of the tree is the gene derived common 

ancestor (Emms and Kelly, 2019). Within these orthogroups there can be four 

different orthologue relationships occurring between the species: 

1) Genes can have a one-to-one orthologous relationship where there is 

only one gene per species.  
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2) Genes can be many-to-many whereby there have been multiple gene 

duplication events in both species after speciation, and therefore there are 

numerous orthologues for each species.  

3) Genes can be many-to-one with multiple orthologous genes from the 

derived state to one gene in the ancestral state.  

4) Lastly, genes can be one-to-many indicating that one gene from the 

derived state is orthologous to many genes of the ancestral state (Emms 

and Kelly, 2019).  

 

3.2.9 Orthogroups and single-copy orthologue UpSet plots 

The Orthogroups.GeneCount.csv file generated from the OrthoFinder2 

analysis was used to generate the UpSet plots to represent orthologous 

relationships between the 12 filarial species. There were two analyses involved in 

representing the orthologue data. First, the one-to-one orthologues were 

extracted from Orthogroups.GeneCount.csv. Only data where the number of 

genes is 0 or 1, i.e., absent or in single-copy, were extracted to generate the 

single-copy orthologous UpSet plot. The second dataset focused more on the 

orthogroups shared between filarial nematodes. Any orthogroup that had a gene 

number of 1 or greater than 1 was extracted for that analysis.  

The figures were generated using UpSetR version 1.4.0 (Conway et al., 

2017) specifying nsets = 12 representing the 12 filarial species and nintersects = 

70. The nintersects parameter needed to be restricted because showing all the 

intersects between the 12 filarial nematodes would have resulted in an 

uninterpretable figure. 
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3.3 Results 

3.3.1 Genome assembly: Cercopithifilaria johnstoni 

The genome assembly statistics for all the filarial nematodes are 

represented in Table 3.1. The SPAdes genome assembly of C. johnstoni results 

in large scaffolds and many small contigs. The complete genome assembly 

combining the scaffolds and contigs consists of a total length of 79,062,707 bp 

and an N50 of 88,758 bp. The longest sequence of an assembled scaffold has 

588,165 bp. There are 57,700 Ns and 299 gaps throughout the scaffold assembly 

of C. johnstoni (Table 3.1).  

The C. johnstoni genome assembly has been evaluated by comparing 

assembly length, longest sequence, N50, N90, GC content, number of Ns and 

number of gaps. The C. johnstoni genome is smaller than the O. volvulus 

genome assembly length of 96,427,137 bp and an N50 of 25,485,961 bp. The 

longest sequence in the C. johnstoni assembly is much smaller than the 

O. volvulus of 28,345,163 bp (Table 3.1). GC content is consistent across all the 

filarial nematode whole genomes. The largest N50 value across the nematodes 

are from the two complete chromosomal assembled genomes of B. malayi and 

O. volvulus (Table 3.1). The draft C. johnstoni assembly has a moderately high 

N50 length while the draft genomes assemblies of A. viteae, B. pahangi, B. timori, 

L. sigmodontis, O. ochengi, O. flexuosa and W. bancrofti have much lower N50s 

ranging from 2,943 bp to 65,666 bp (Table 3.1).  

There is no evidence of a complete Wolbachia genome present within the 

C. johnstoni scaffolds. As there was no large segments or indication of a 

Wolbachia genome from mapping readings to the scaffolds, Wolbachia 

exploration in C. johnstoni was not taken further. Wolbachia is also not a focus of 

this thesis, but could be explored in more detail for future analyses. 
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Table 3.1: Genome statistics of Cercopithifilaria johnstoni with all the filarial nematodes that have genome statistics available to compare 

variables such as assembly length, the longest sequence length (bp), N50 length, N90 length, GC%, number of Ns and the number of 

gaps within the assembly.  

 

 Species Assembly length Longest sequence N50 length N90 length GC % Ns Gaps 

C. johnstoni 79,062,707 588,165 88,758 15,919 29.6 57,700 299 

A. viteae 77,350,906 172,453 25,808 5,125 29.9 175,459 3,735 

B. malayi 88,235,797 24,943,668 14,214,749 13,467,244 28.5 277,365 8 

B. pahangi 90,545,113 1,059,003 65,666 1,776 28 1,264,446 1,926 

B. timori 64,930,714 45,194 4,919 1,041 30.2 751,488 16,893 

D. immitis 88,309,529 1,085,577 71,281 1,636 28 3,430,609 13,431 

L. loa 96,405,338 1,570,872 180,288 13,467 30.8 0 0 

L. sigmodontis 64,813,410 402,953 45,863 10,481 34.1 999,760 13,720 

O. volvulus 96,427,137 28,345,163 25,485,961 2,816,604 29.2 3,074,367 581 

O. ochengi 91,660,559 230,458 16,199 1,633 29.8 382,758 9,025 

O. flexuosa 86,175,476 55,543 2,943 749 29.4 1,532,536 8,443 

W. bancrofti 76,991,470 144,416 9,917 2,372 28.8 69,948 3,280 
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3.3.2 Whole genome completeness of Cercopithifilaria johnstoni compared 

to filarial nematodes 

CEGMA and BUSCO are used to assess the completeness of the 

C. johnstoni genome assembly. Each program assesses the presence of 

complete or fragmented highly conserved genes (a total of 248 for CEGMA & 982 

for BUSCO Nematoda datasets) that are expected to be present within a 

complete nematode genome assembly. The C. johnstoni assembly contains 

93.50% complete (232/248 sequences; 1.16 average orthologous sequences) 

and 97.45% partial (242/248 sequences; 1.24 average orthologous sequences) 

CEGMA genes. In total, 242 out of 248 CEGMA genes are predicted in the 

C. johnstoni genome, which is equivalent to the O. volvulus, B. malayi, and L. loa 

published genome assemblies (Table 3.2). The remaining six CEGMA genes 

missing from the assembly corresponding to KOG IDs KOG0622, KOG0933, 

KOG1468, KOG2303, KOG2531, and KOG2770 are also missing from the other 

filarial nematode genomes, suggesting that these six genes may be missing from 

at least these filarial species used in the CEGMA analysis. 

The C. johnstoni and O. volvulus genomes have the highest CEGMA 

prediction of 242 genes out of 248, O. volvulus with only five additional complete 

genes predicted (Table 3.2). CEGMA predicts 240 genes out of a possible 248 

and predicts complete genes ranging between 230 and 235 for A. viteae, 

B. malayi, D. immitis, L. loa and L. sigmodontis (Table 3.2). The genomes that 

have the least number of predicted genes are B. timori and O. flexuosa (Table 

3.2). The remaining nematodes B. pahangi, O. ochengi and W. bancrofti all have 

relatively good CEGMA gene predictions but are missing some genes (Table 

3.2).  

Approximately 94.09% (924 of 982) of the BUSCO genes are identified in 

the C. johnstoni genome assembly, comprised of 917 (93.40%) complete, seven 

(0.70%) complete and duplicated, 43 (4.40%) fragmented & 15 (1.50%) missing 

genes (Table 3.3). Although 15 of the BUSCO sequences are missing from the 

assembly, it is similar to BUSCO scores from several filarial genomes (Table 3.3). 

The missing genes are not the same across the 12 filarial nematodes, however 

several of the missing genes are missing in at least one other species. A list of 

the missing genes for each filarial species can be found in Supplementary Table 

3.1. 
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Table 3.2: Comparison of the genome completeness statistics of all filarial 

nematodes with CEGMA (248 sequences). 

 

Species 
Complete 

(total) 

Complete 

(%) 

Complete 

(average 

orthologous 

sequences per 

CEG) 

Partial 

(total) 

Partial 

(%) 

Partial 

(average 

orthologous 

sequence per 

CEG) 

C. johnstoni 232 93.55 1.16 242 97.45 1.24 

A. viteae 230 92.74 1.42 240 96.77 1.60 

B. malayi 233 93.95 1.18 240 96.77 1.26 

B. pahangi 225 90.73 1.24 236 95.16 1.39 

B. timori 149 60.08 1.97 195 78.63 2.18 

D. immitis 235 94.76 1.14 240 96.77 1.29 

L. loa 235 94.76 1.14 240 96.77 1.23 

L. sigmodontis 232 93.55 1.30 240 93.77 1.41 

O. volvulus 237 95.56 1.08 242 97.58 1.18 

O. ochengi 212 85.48 1.42 233 93.95 1.62 

O. flexuosa 132 53.23 1.95 194 78.23 2.18 

W. bancrofti 180 72.58 1.68 207 83.47 1.86 
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Table 3.3: Comparison of the genome completeness statistics of all filarial 

nematodes with BUSCO (982 groups). C (%) – Complete (%), CS (%) – 

Complete and single copy (%), D (%) – Complete and duplicated (%), F (%) – 

Fragmented (%), M (%) – Missing (%).  

 

Species 
C 

(total) 
C (%) 

CS 

(total) 
CS (%) 

D 

(total) 

D 

(%) 

F 

(total) 
F (%) 

M 

(total) 
M (%) 

C. johnstoni 942 95.9 917 93.4 7 0.7 43 4.4 15 1.5 

A. viteae 889 90.5 872 88.8 17 1.7 69 7.0 24 2.5 

B. malayi 951 96.8 940 95.7 11 1.1 18 1.8 13 1.4 

B. pahangi 881 89.7 874 89.0 7 0.7 65 6.6 36 3.7 

B. timori  523 53.3 519 52.9 4 0.4 207 21.1 252 25.6 

D. immitis 902 91.8 881 89.7 21 2.1 44 4.5 36 3.7 

L. loa 958 97.5 945 96.2 13 1.3 20 2.0 4 0.5 

L. sigmodontis 900 91.6 881 89.7 19 1.9 54 5.5 28 2.9 

O. volvulus 958 97.6 955 97.3 3 0.3 17 1.7 7 0.7 

O. ochengi  841 85.6 836 85.1 5 0.5 93 9.5 48 4.9 

O. flexuosa 465 47.3 463 47.1 2 0.2 213 21.7 304 31.0 

W. bancrofti 736 74.9 732 74.2 4 0.4 113 11.5 133 13.6 
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BUSCO has identified that B. timori and O. flexuosa genomes have the 

highest number of missing genes consistent with the CEGMA analysis. Three-

hundred and five genes are missing from O. flexuosa and 253 genes missing 

from B. timori. The gene prediction for the O. volvulus genome is the highest 

quality of 97.60% with 1.70% fragmented and 0.70% missing. The L. loa genome 

follows with 97.50% complete predicted genes, 2.00% fragmented and 0.50% 

missing. Then B. malayi with 96.80% complete predicted genes, 1.80% 

fragmented and 1.40% missing. Lastly, C. johnstoni has 94.10% complete 

predicted genes, 4.40% fragmented with 1.50% missing (Table 3.3). The 

C. johnstoni scaffolds have comparable genome completeness statistics to the 

highly curated filarial nematode genomes, i.e., O. volvulus and B. malayi genome 

assemblies.  

 

3.3.3 Analysis of genome repeats of filarial nematodes 

RepeatModeler and RepeatMasker identify the number of repeats within 

the assembled C. johnstoni scaffolds. RepeatModeler has identified the 

categories of repeats estimated in the C. johnstoni genome. The total 

interspersed repeats consist of long interspersed nuclear elements (LINEs), short 

interspersed nuclear elements (SINEs), DNA transposons (DNA), long terminal 

repeats (LTR), and unclassified. Other repeats of small RNA, satellites, simple 

repeats and low complexity repeats are also determined by RepeatModeler 

(Table 3.4, Supplementary Table 3.2).  

The C. johnstoni scaffolds consist of a total of 2.41% interspersed repeats 

and 3.82% of satellites, simple and low complexity repeats. These repeats make 

up the total repeats masked (bases masked) of 4,925,102 bp (6.23%) within the 

C. johnstoni scaffolds (Table 3.4, Supplementary Table 3.2). The bases masked 

has increased from 56,933 bp Ns to 4,925,102 bp Ns after RepeatMasker. 

The A. viteae genome compared to the C. johnstoni scaffolds consists of 

less interspersed repeats of 1.22% and less simple and low complexity repeats 

with 2.74%. These repeats make up the total repeats masked of 3,054,604 bp 

(3.96%) within the A. viteae genome which has ~2.00% less masked repeats 

compared to C. johnstoni (Table 3.4, Supplementary Table 3.2). 
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The L. sigmodontis genome consists of a total of 0.44% interspersed 

repeats and of 2.38% simple and low complexity repeats which is again lower 

than the masked repeats in the C. johnstoni scaffolds. These repeats make up 

the total of repeats masked of 1,826,171 bp (2.82%) within the L. sigmodontis 

genome significantly less than the 6.23% for the C. johnstoni scaffold assembly 

(Table 3.4, Supplementary Table 3.2). 

The O. volvulus genome consists of an increased number of interspersed 

repeats with 6.57% than the C. johnstoni scaffolds, and slightly fewer satellites, 

simple and low complexity repeats with 3.69% and the addition of small RNA 

repeats. These repeats make up the total of the repeats masked of 9,890,502 bp 

(10.26%) within the O. volvulus genome significantly higher than C. johnstoni 

(Table 3.4, Supplementary Table 3.2). 

Consistent with the O. volvulus genome, the O. ochengi genome consists 

of a total of 6.75% interspersed repeats and of 3.54% of small RNA, satellites, 

simple and low complexity repeats which is greater than the repeats for the 

C. johnstoni scaffolds. These repeats make up the total of repeats masked of 

9,358,768 bp (10.21%) within the O. ochengi genome, which is higher than the 

masked repeats in the C. johnstoni scaffolds (Table 3.4). A summary of all the 

filarial nematode repeat masked percentages can be found in Table 3.4 and the 

complete data including number of base pairs in Supplementary Table 3.2. 

The C. johnstoni, A. viteae and L. sigmodontis genomes have not 

identified any small RNA repeats. There are no satellites reported in the A. viteae 

and L. sigmodontis genomes and only 0.01% identified in the C. johnstoni 

genome. In contrast, the O. volvulus and O. ochengi genome have small RNA, 

satellites, simple and low complexity repeats making up a higher percentage of 

repeats than the other filarial genomes.  

The highest number of masked repeats across these nematodes is within 

the L. loa genome at 13,119,135 bp (13.61%), followed by B. malayi with 

10,494,094 bp (11.80%) (Table 3.4). 
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Table 3.4: Comparison of the RepeatModeler repeat statistics of Cercopithifilaria johnstoni and closely related filarial nematodes. Total 

percentages (%) of interspersed repeats consisting of LINEs (long interspersed nuclear elements), SINEs (short interspersed nuclear 

elements), DNA (DNA Transposons), LTR (long terminal repeat) and unclassified repeats. Small RNA, satellites, simple repeats and low 

complexity repeats are also represented in the table. The percentage of masked repeat bases in each filarial genome are represented as 

“bases masked”.  

 

Species 
bases 

masked 
SINEs LINEs LTR DNA Unclassified 

Total 
interspersed 

repeats 

Small 
RNA 

Satellites 
Simple 
repeats 

Low 
complexity 

C. johnstoni 6.23 0.00 0.15 0.00 0.07 2.20 2.41 0.00 0.01 3.11 0.70 

A. viteae 3.96 0.00 0.01 0.44 0.18 0.59 1.22 0.00 0.00 2.08 0.66 

B. malayi 11.80 0.00 0.43 1.26 0.26 4.12 6.07 0.12 0.26 4.28 1.20 

B. pahangi 7.88 0.03 0.37 0.46 0.28 1.04 2.18 0.03 0.01 4.37 1.33 

B. timori 5.02 0.00 0.26 0.44 0.16 0.59 1.44 0.01 0.06 2.77 0.75 

D. immitis 6.10 0.02 0.19 0.58 0.10 1.33 2.22 0.08 0.06 2.94 0.83 

L. loa 13.61 0.04 0.92 2.56 0.93 3.84 8.29 0.15 0.28 4.14 0.81 

L. sigmodontis 2.82 0.00 0.03 0.16 0.09 0.17 0.44 0.00 0.00 1.91 0.47 

O. flexuosa 8.06 0.00 0.06 1.47 0.06 3.87 5.47 0.04 0.02 2.02 0.53 

O. ochengi 10.21 0.06 0.99 1.12 0.30 4.26 6.75 0.11 0.20 2.51 0.72 

O. volvulus 10.26 0.00 0.10 1.29 0.17 5.02 6.57 0.08 0.09 2.73 0.79 

W. bancrofti 6.96 0.06 0.08 0.86 0.19 0.48 1.68 0.00 0.08 4.12 1.09 
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3.3.4 Comparative genomics analyses: Cercopithifilaria johnstoni shares 

homology to Onchocerca volvulus 

Before analysing the synteny between C. johnstoni and O. volvulus or 

B. malayi, a Circos plot was created to compare the chromosome conservation, 

gene content and order between O. volvulus and B. malayi to then determine how 

these chromosomes relate when compared to C. johnstoni. The O. volvulus and 

B. malayi genomes are assembled into chromosomes while the C. johnstoni 

genome assembly is fragmented. The Circos plots highlight the different 

conservation of gene content and order between the three species. When 

discussing synteny between O. volvulus and B. malayi (Figure 3.1), it is possible 

to discuss synteny at a macrosyntenic level as there are tens of thousands of 

genes that share conservation between each species. The following analysis of 

synteny between C. johnstoni, O. volvulus and B. malayi (Figure 3.2) are looking 

at how many scaffolds share conservation with genes in the highly assembled 

filarial genomes. However, the Circos plot is unable to resolve clear 

microsyntenic relationships and thus required the GenomeRibbon analysis to 

take a closer look at one scaffold of C. johnstoni compared to the O. volvulus and 

B. malayi chromosomes (Figure 3.3). The Circos plot represents sequence 

similarity above 80% and a minimum sequence length of 1,000 bp for C. 

johnstoni scaffolds hence macrosyteny cannot be considered in this analysis.  

The O. volvulus genome has a 3A+XY chromosome karyotype, three 

autosomes with X and Y chromosomes, compared to B. malayi with a 4A+XY 

karyotype, four autosomes with X and Y chromosomes (Foster et al., 2020). The 

Circos plot represents each B. malayi chromosome (yellow bars) aligning the 

chromosomes of the O. volvulus reference genome (Figure 3.1). A chromosome 

rearrangement can be observed when comparing the X chromosomes. OM2 the 

X chromosome of O. volvulus is split across half of the CHRX and CHR4 of B. 

malayi (Figure 3.1). Most importantly, the Circos plots illustrate significant blocks 

of colour representing chromosomes that share gene content conservation, i.e., 

OM4 is strongly conserved with CHR2 (Figure 3.1). The Y chromosomes are not 

labelled or present on the Circos plot because they are poorly defined.  

The synteny analysis between C. johnstoni and O. volvulus chromosomes 

reveals large segments of C. johnstoni’s fragmented assembly linking with the 

three autosomes and one X chromosome in the O. volvulus genome (Figure  
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Figure 3.1: Comparative genomic analysis of Brugia malayi chromosomes 

against Onchocerca volvulus chromosomes in a Circos plot showing 

PROmer sequence similarity. Coloured lines and blocks represent the 

PROmer link hits with similarity to the Onchocerca volvulus chromosomes. 

Onchocerca volvulus X chromosome is OM2 X and Brugia malayi X 

chromosome is CHRX. Onchocerca volvulus OM1a/OM1b are two scaffolds 

derived from the largest autosome. The Y chromosomes for Onchocerca 

volvulus and Brugia malayi are not represented as they are poorly defined.  
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3.2a). The synteny analysis between C. johnstoni and B. malayi similarly reveals 

there are large segments of C. johnstoni’s fragmented assembly linking to the B. 

malayi chromosomes (Figure 3.2b). The links represent PROmer hits of similarity 

between the two genomes and are coloured according to O. volvulus 

chromosome location. The relationship between C. johnstoni and O. volvulus 

genomes likely represent groups of scaffolds belonging to the same chromosome 

in C. johnstoni; however, this requires further confirmation because it is likely that 

C. johnstoni will have an extra chromosome relative to O. volvulus and instead 

have the same number of chromosomes as A. viteae (karyotype 5A+X0). There 

is evidence that karyotype is an evolutionarily labile character (Post, 2005). The 

karyotype for C. johnstoni had not been assessed and cannot be predicted from 

consideration of other filaria thus will require further analyses to confirm how 

many chromosomes C. johnstoni will contain. The synteny analysis is a 

representation of the entire O. volvulus and B. malayi genomes corresponding to 

the complete predicted yet fragmented assembly of C. johnstoni scaffolds. There 

are conserved orthologous segments throughout the plot between B. malayi and 

O. volvulus. However, it was challenging to see within these plots how conserved 

the genome regions are compared to one another. Thus, it is not possible to infer 

microsynteny or macrosynteny from the current Circos plot. The Circos plot is 

unable to resolve relationships between a fragmented assembly and a 

chromosome assembly and therefore it is necessary to look at a section of the 

genome, i.e., largest assembled scaffold, using GenomeRibbon to explore 

microsyntenic relationships (Figure 3.3). 

The longest scaffold (588,165 bp) of C. johnstoni is extracted from the 

PROmer analysis and input into GenomeRibbon to observe whether there are 

regions of the genome taking shape with an ordered genome content, to explore 

the synteny and orthology between C. johnstoni and O. volvulus. GenomeRibbon 

then allows observation of the genome similarity more closely rather than the 

Circos large scale comparative plot.  

The longest complete scaffold of C. johnstoni aligns with the O. volvulus 

autosome OM3 but does not share complete homology and conservation with 

O. volvulus (Figure 3.3a). The figure illustrates multiple links of similarity between 

OM3 and the C. johnstoni scaffold but appears that the start of OM3 aligns with 

C. johnstoni’s second half of the scaffold. As this pattern shows the scaffold  
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a) 

b) 

Figure 3.2: Comparative genomic analysis of Cercopithifilaria johnstoni 

scaffolds synteny against two filarial nematodes: a) O. volvulus 

chromosomes. Coloured lines represent the PROmer link hits with similarity 

to Onchocerca volvulus chromosomes. Cotton et al. (2016) identified OM2 as 

X chromosome. b) Brugia malayi chromosomes. Coloured lines represent the 

PROmer link hits with similarity to Brugia malayi chromosomes. The Y 

chromosomes are not represented as they are poorly defined. 
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mapping to two distinct locations it is likely a chromosomal translocation (Figure 

3.3a). The complete length of the C. johnstoni longest scaffold links to the 

O. volvulus autosome OM3. However, the complete length of the C. johnstoni 

longest scaffold does not align to the B. malayi CHR1. Instead, there are gaps 

throughout the C. johnstoni sequence that are not present in the B. malayi CHR1 

(Figure 3.3b). There are sections of the C. johnstoni scaffold that do not link to 

the B. malayi chromosome. The regions that do align are highly fragmented and 

not aligned in solid sections (Figure 3.3b). The sequence conservation between 

C. johnstoni and B. malayi can be best described by the hourglass shape, 

indicating that the sequence is inverted in C. johnstoni.  

B. malayi, and C. johnstoni share 64.9% of the PROmer links above 70% 

sequence similarity, while O. volvulus and C. johnstoni share 61.4% of the 

PROmer links above 70% sequence similarity.  
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a) 

b) 

Figure 3.3: Genome ribbon representation of a) Cercopithifilaria johnstoni 

longest scaffold (NODE_1_length_588165) aligned to Onchocerca volvulus 

chromosome OM3 and b) Cercopithifilaria johnstoni longest scaffold 

(NODE_1_length_588165) aligned to Brugia malayi CHR1. The top line 

indicates the reference chromosome. The red indicates the region of 

Cercopithifilaria johnstoni scaffold that is aligned. Each line positions which 

part of the scaffold is aligning to which region of the chromosome. The bottom 

line indicates the Cercopithifilaria johnstoni scaffold query sequence.  
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3.3.5 Cercopithifilaria johnstoni sequences are possibly X-linked 

The C. johnstoni X chromosome-linked sequences can be further identified 

based on GC and coverage differences and are consistent with O. volvulus X-

linked chromosomes (Figure 3.4). A GC content and coverage scatterplot has 

been generated to illustrate the similarity in X-linked chromosomes between 

C. johnstoni and O. volvulus (Figure 3.4). The C. johnstoni scaffolds that match to 

O. volvulus scaffolds and chromosomes identified by PROmer are projected onto 

this figure representing C. johnstoni GC and coverage values based on similarity 

to the C. johnstoni sequence. The scatterplot is coloured based on O. volvulus 

chromosomes that share homology with the C. johnstoni scaffolds. There are two 

main groups of sequences represented in the scatterplot. There is one large 

group and one smaller group of sequences that differ in GC content and 

coverage following a linear relationship of low GC content with low read depth 

coverage to high GC content and high read depth coverage (Figure 3.4). When 

the C. johnstoni sequences are coloured by O. volvulus chromosome ID, the 

smaller group that differ in GC content and coverage are almost exclusively OM2 

X, which suggests these C. johnstoni sequences might also be X-linked. 
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Figure 3.4: GC content vs coverage plot of the draft Cercopithifilaria johnstoni 

genome scaffolds with an Onchocerca volvulus chromosome projection 

overlayed onto the Cercopithifilaria johnstoni data based on nucleotide 

similarity. OM2 is the X chromosome for Onchocerca volvulus.  
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3.3.6 Genome annotation methods of the Cercopithifilaria johnstoni 

scaffolds 

Three different gene prediction methods are compared to assess the most 

suitable gene prediction of the C. johnstoni scaffolds for this study, i) Augustus 

gene prediction, ii) ab initio BRAKER gene prediction and iii) BRAKER gene 

prediction using A. viteae for gene training.  

Augustus predicts 10,458 genes from the C. johnstoni scaffolds sequence, 

BRAKER ab initio predicts 8,978 genes and BRAKER using A. viteae for gene 

training predicts 8,234 genes.  

 

3.3.6.1 Different gene prediction methods change the BUSCO completeness 

results when using protein-coding genes 

The three gene prediction datasets are assessed using BUSCO to 

determine the completeness of the predicted protein-coding genes (Table 3.5). 

Comparing the BUSCO datasets can highlight whether a gene prediction method 

has predicted more, or fewer genes based on the conserved orthologues. In this 

case, BUSCO uses the protein input parameter rather than the whole genome 

parameter because the datasets only include protein-coding genes. The 

database used for BUSCO was Nematode_obd9. The Augustus gene prediction 

method results in the highest number of complete BUSCOs with 893 (90.9%) out 

of a possible 982 BUSCO groups. The ab initio BRAKER gene prediction method 

follows with 878 (89.4%) complete BUSCO groups and the BRAKER gene 

prediction using A. viteae for gene training results in 753 (76.7%) BUSCO 

complete groups (Table 3.5). Thus, the Augustus gene prediction method trained 

using the default C. elegans dataset is the best gene prediction method according 

to these genome completeness results determined by the highest number of 

genes predicted. 
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Table 3.5: Comparison of the BUSCO completeness across the Cercopithifilaria 

johnstoni proteomes of three different gene prediction methods, a) Augustus 

gene prediction, b) BRAKER gene prediction ab initio, and c) BRAKER gene 

prediction using Acanthocheilonema viteae training model.  

 

    
Complete 
BUSCOs 

(C) 

Complete 
and 

single-
copy 

BUSCOs 
(S) 

Complete 
and 

duplicated 
BUSCOs 

(D) 

Fragmented 
BUSCOs (F) 

Missing 
BUSCOs 

(M) 

AUGUSTUS 

TOTAL 893 885 8 65 24 

(%) 90.9 90.1 0.8 6.6 2.5 

BRAKER AB 
INITIO 

TOTAL 878 868 10 73 31 

(%) 89.4 88.4 1.0 7.4 3.2 

BRAKER AV 
TRAINING 

TOTAL 753 742 11 142 87 

(%) 76.7 75.6 1.1 14.5 8.8 
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3.3.6.2 Different gene prediction methods result in different OrthoFinder2 

predictions 

The gene prediction of C. johnstoni has been conducted using three 

individual methods resulting in a slightly different number of predicted genes. To 

be confident that the correct gene prediction method is used, OrthoFinder2 uses 

the three different protein files for comparison. These are (1) Augustus gene 

prediction protein list, (2) BRAKER ab initio gene prediction list and (3) BRAKER 

using A. viteae for gene training (Table 3.6). The OrthoFinder2 analyses predict 

7,052 one-to-one orthologues between C. johnstoni and O. volvulus, using the 

protein list predicted from solely the Augustus analysis (Table 3.6a). 

OrthoFinder2 predicts 6,137 one-to-one orthologues between C. johnstoni and 

O. volvulus, using the protein list predicted from the ab initio BRAKER analysis 

(Figure 3.6b). Lastly, OrthoFinder2 predicts 5,803 one-to-one orthologues 

between C. johnstoni and O. volvulus, using the BRAKER analysis using a 

closely related nematode, A. viteae, for gene training (Figure 3.6c). 

When comparing the overall OrthoFinder2 statistics, the Augustus gene 

prediction uses 155,539 genes, 140,340 genes within orthogroups, 42 species-

specific orthogroups and 1,447 single copy orthogroups (Table 3.7a). The ab 

initio BRAKER gene prediction uses 154,059 genes in the OrthoFinder2 analysis 

with 139,065 genes within orthogroups, 38 species-specific orthogroups and 

1,319 single copy orthogroups (Table 3.7b). The final gene prediction method 

using A. viteae for gene training in BRAKER uses 153,317 genes, 138,765 within 

orthogroups, 42 species-specific orthogroups and 1,233 single-copy orthogroups 

(Table 3.7c). The Augustus gene prediction method results in the highest number 

of genes than the ab initio method and lastly, the A. viteae gene training method 

results in the lowest number of genes.  

The Augustus gene prediction method has performed the best in both the 

BUSCO analyses and the OrthoFinder analyses. Augustus predicted the highest 

number of complete genes according to BUSCO (Table 3.5) and predicted the 

highest number of one-to-one orthologues according to OrthoFinder (Table 3.6), 

thus the Augustus protein-coding list is chosen for downstream analyses. The 

purpose of comparing the different gene prediction methods was to identify the 

most suitable protein list for orthologue discovery of proteins that consistently 

elicit strong serum antibody responses in people infected with O. volvulus. 
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Furthermore, the Augustus gene prediction method resulted in the best protein 

list for identifying orthologues between C. johnstoni and O. volvulus. 

The Augustus annotation of the C. johnstoni protein-coding genes has 

10,458 predicted protein-coding genes, which is less than the other closely 

related nematodes, although may increase once the genome is further improved. 

It does appear that C. johnstoni has a smaller genome than many filarial 

nematodes but again, requires improvement of the genome to confirm this 

conclusion. The O. volvulus genome has 12,225 genes, and B. malayi has 

14,013 genes. The A. viteae and L. sigmodontis genomes are generally smaller 

than the other nematodes and C. johnstoni with 10,397 and 10,246 genes 

respectively.  

The average length of the Augustus predicted C. johnstoni protein-coding 

genes is 434.42 bp compared to the average length of 412.676 bp for the O. 

volvulus protein-coding genes (Table 3.8). The average length for A. viteae 

proteins is 441.207 while the average length of L. sigmodontis proteins is 440.036 

bp (Table 3.8). The average length of the predicted C. johnstoni proteins are 

consistent with previously predicted filarial nematode proteins. The two filarial 

nematode genomes with the shortest average protein length are B. timori and O. 

flexuosa with 232.425 bp and 243.903 bp respectively (Table 3.8). 
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Table 3.6: Comparison of the OrthoFinder2 one-to-one orthologues using the 

Cercopithifilaria johnstoni proteomes of three different gene prediction methods, 

a) Augustus gene prediction, b) BRAKER gene prediction ab initio and c) 

BRAKER using Acanthocheilonema viteae for gene training.  

Av (Acanthocheilonema viteae), Bm (Brugia malayi), Bp (Brugia pahangi), Bt 

(Brugia timori), Cj (Cercopithifilaria johnstoni), Di (Dirofilaria immitis), Ll (Loa loa), 

Ls (Litomosoides sigmodontis), Of (Onchocerca flexuosa), Oo, (Onchocerca 

ochengi), Ov (Onchocerca volvulus), Wb (Wuchereria bancrofti).  

 

a) 

 Av Bm Bp Bt Cj Di Ll Ls Of Oo Ov Wb 

Av 0 5557 6798 6130 7052 6830 6980 6752 6092 6889 6859 6767 

Bm 5557 0 6763 6087 5714 5878 5764 5843 5068 5790 6163 6155 

Bp 6798 6763 0 7732 6843 7020 6804 6889 6637 7324 7154 8048 

Bt 6130 6087 7732 0 6011 6312 6207 5815 7100 6821 6295 8036 

Cj 7052 5714 6843 6011 0 6848 7144 7063 5886 6944 7052 6726 

Di 6830 5878 7020 6312 6848 0 6942 7030 6537 7377 7423 6952 

Ls 6980 5764 6804 6207 7144 6942 0 6963 6072 6969 7021 6736 

Ll 6752 5843 6889 5815 7063 7030 6963 0 5622 6896 7336 6660 

Of 6092 5068 6637 7100 5886 6537 6072 5622 0 7823 6848 6886 

Oo 6889 5790 7324 6821 6944 7377 6969 6896 7823 0 8660 7297 

Ov 6859 6163 7154 6295 7052 7423 7021 7336 6848 8660 0 6900 

Wb 6767 6155 8048 8036 6726 6952 6736 6660 6886 7297 6900 0 
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b) 

 Av Bm Bp Bt Cj Di Ll Ls Of Oo Ov Wb 

Av 0 5463 6641 6092 6318 6812 6995 6737 6204 6955 6816 6710 

Bm 5463 0 6772 6147 4926 5768 5687 5883 4945 5662 5972 6185 

Bp 6641 6772 0 7779 5803 6873 6672 6928 6529 7185 6975 8145 

Bt 6092 6147 7779 0 5202 6255 6141 6113 7066 6765 6183 8126 

Cj 6318 4926 5803 5202 0 6030 6272 6122 5245 6026 6137 5760 

Di 6812 5768 6873 6255 6030 0 6955 7008 6660 7506 7471 6843 

Ls 6995 5687 6672 6141 6272 6955 0 6907 6147 6931 6952 6600 

Ll 6737 5883 6928 6113 6122 7008 6907 0 5948 6966 7116 6806 

Of 6204 4945 6529 7066 5245 6660 6147 5948 0 7886 6921 6775 

Oo 6955 5662 7185 6765 6026 7506 6931 6966 7886 0 8709 7237 

Ov 6816 5972 6975 6183 6137 7471 6952 7116 6921 8709 0 6768 

Wb 6710 6185 8145 8126 5760 6843 6600 6806 6775 7237 6768 0 

 

c) 

 Av Bm Bp Bt Cj Di Ll Ls Of Oo Ov Wb 

Av 0 5550 6866 6262 6134 6770 6762 6976 6096 6796 6687 6870 

Bm 5550 0 6802 6198 4613 5907 5886 5728 5107 5790 6016 6214 

Bp 6866 6802 0 7820 5692 7016 7032 6850 6760 7320 6981 8195 

Bt 6262 6198 7820 0 5296 6205 6255 6337 7138 6673 6027 8179 

Cj 6134 4613 5692 5296 0 5825 6038 6114 5353 5914 5803 5720 

Di 6770 5907 7016 6205 5825 0 7024 6915 6471 7379 7429 6941 

Ls 6762 5886 7032 6255 6038 7024 0 6910 5948 6915 6982 6922 

Ll 6976 5728 6850 6337 6114 6915 6910 0 6038 6875 6893 6799 

Of 6096 5107 6760 7138 5353 6471 5948 6038 0 7789 6758 6958 

Oo 6796 5790 7320 6673 5914 7379 6915 6875 7789 0 8653 7296 

Ov 6687 6016 6981 6027 5803 7429 6982 6893 6758 8653 0 6740 

Wb 6870 6214 8195 8179 5720 6941 6922 6799 6958 7296 6740 0 
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Table 3.7: The proteomes of all 12 filarial nematodes (listed in the previous table, 

Table 3.6) have been included in the OrthoFinder2 analyses to compare the three 

different gene prediction methods using to predict Cercopithifilaria johnstoni 

protein-coding genes, a) Augustus gene prediction, b) ab initio BRAKER gene 

prediction and c) BRAKER Acanthocheilonema viteae training. 

 a) AUGUSTUS 
b) ab initio 

BRAKER 

c) BRAKER AV 

TRAINING 

Number of genes 155,539 154,059 153,317 

Number of genes in orthogroups 140,340 139,065 138,765 

Number of unassigned genes 15,199 14,994 14,552 

Percentage of genes in orthogroups 90.2 90.3 90.5 

Percentage of unassigned genes 9.8 9.7 9.5 

Number of orthogroups 13,043 12,931 12,887 

Number of species-specific 

orthogroups 
42 38 42 

Number of genes in species-specific 

orthogroups 
284 214 219 

Percentage of genes in species-

specific orthogroups 
0.2 0.1 0.1 

Mean orthogroup size 10.8 10.8 10.8 

Median orthogroup size 12 12 12 

G50 (assigned genes) 13 13 13 

G50 (all genes) 13 13 13 

O50 (assigned genes) 3,747 3,690 3,697 

O50 (all genes) 4,332 4,267 4,257 

Number of orthogroups with all 

species present 
5,372 5,045 4,996 

Number of single-copy orthogroups 1,447 1,319 1,233 
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Table 3.8: The average length of the C. johnstoni Augustus predicted protein-

coding genes compared with the average protein length of the 12 filarial 

nematode proteomes. 

 

Nematodes Average protein length (bp) 

C. johnstoni 434.42 

A. viteae 441.207 

B. malayi 478.708 

B. pahangi 343.235 

B. timori 243.903 

D. immitis 378.059 

L. loa 409.402 

L. sigmodontis 440.036 

O. flexuosa 232.425 

O. ochengi 359.469 

O. volvulus 412.676 

W. bancrofti 331.107 
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3.3.7 OrthoFinder2 predicts orthologous relationships with closely related 

nematodes 

The OrthoFinder2 analysis depicts a total of 153,317 genes across the 12 

species in the analysis (Table 3.7c). Out of these 153,317, only 14,552 are 

unassigned to any of the 12,887 orthogroups (Table 3.7c). The number of 

orthogroups with all 12 nematodes present consist of 4,996 (Table 3.7c) and 

1,233 orthogroups contain only single-copy genes (Table 3.7c).  

A total of 6,465 C. johnstoni orthologues are identified between O. volvulus 

and C. johnstoni that includes one-to-one, one-to-many, many-to-one and many-

to-many orthologous relationships. Table 3.6c highlights the number of nematode 

genes that share one-to-one orthologues between each species. Across the 

entire genome, C. johnstoni shares 5,803 one-to-one orthologues with 

O. volvulus (Table 3.6c). The highest number of one-to-one orthologues with 

C. johnstoni is with A. viteae with a total of 6,134 orthologues (Table 3.6c), 

closely followed by L. sigmodontis with 6,114 orthologues. The least number of 

orthologues is 4,613 between C. johnstoni and B. malayi (Table 3.6c). 

 

3.3.8 Consistent filarial phylogenetic relationships 

The 1,447 single-copy protein-coding genes (Figure 3.5) are consistent 

with the filarial nematode mitochondrial genome (Chapter Two) but provides 

greater resolution than the mitochondrial trees. The phylogeny illustrates C. 

johnstoni is in a clade with A. viteae and L. sigmodontis (Figure 3.5). The 

Onchocerca clade, consistent with published literature (Blaxter and Koutsovoulos, 

2015; Cotton et al., 2016; Coghlan et al., 2019), is monophyletic with D. immitis 

(Figure 3.5). The three Brugia species, W. bancrofti, and L. loa form the third 

clade, again consistent with previous results (Chapters Two, Three). The single-

copy orthologue phylogeny has strong bootstrap support, supporting the filarial 

nematode relationships (Figure 3.5).  
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Figure 3.5: Single-copy orthologue maximum likelihood phylogeny with Bayesian 

and bootstrap support for all the nematodes that were analysed in the 

OrthoFinder2 analysis. Scale 0.3 substitutions per site. 
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3.3.9 Orthogroup and single-copy orthologue relationships 

One thousand four hundred forty-seven orthogroups contain single-copy 

genes for all 12 filarial nematodes in the analysis (Figure 3.6). Three hundred 

forty-one orthogroups are containing single-copy orthologues for only O. volvulus 

and O. ochengi but not for any of the remaining filarial nematodes (Figure 3.6). 

There are 14 orthogroups shared between C. johnstoni and L. loa with single-

copy orthologues excluding other nematodes, and 28 orthogroups shared 

between C. johnstoni and O. flexuosa (Figure 3.6).  

The UpSet plot represents 70 possible relationships of the hundreds of 

other possible relationships. The figure would become uninterpretable if all 

relationships were illustrated and thus only the highest frequency (intersection 

size) relationships are illustrated. The plot illustrates from 11 shared orthogroups 

to 1,447 shared orthogroups. There are relatively few one-to-one orthogroups 

that are present in all species except C. johnstoni. There is no relationship 

illustrated in the plot between C. johnstoni and O. volvulus because they share 

only two orthogroups with single-copy orthologues excluding all the other 

nematodes. Four orthogroups contain only single-copy genes between A. viteae 

and C. johnstoni. Two orthogroups are shared between C. johnstoni and L. 

sigmodontis and also between C. johnstoni and D. immitis. Finally, only one 

orthogroup containing single-copy genes is shared between C. johnstoni and O. 

ochengi and between C. johnstoni and W. bancrofti. 

The second UpSet plot illustrates 5,372 orthogroups where all the filarial 

nematodes contain at least one gene assigned to that orthogroup (Figure 3.7). 

Similar to the single-copy UpSet plot, the majority of orthogroups are present 

across all 12 nematodes with only 148 orthogroups where all the filarial 

nematodes excluding C. johnstoni contain at least one gene assigned to that 

orthogroup (Figure 3.7). There are 352 orthogroups with at least one gene in the 

orthogroup shared only between O. volvulus and O. ochengi (Figure 3.7). Similar 

to the single-copy UpSet plot, not all the relationships can be illustrated. Only an 

intersection size of 20 and above are illustrated in the UpSet plot. There are 

consistently two orthogroups shared between C. johnstoni and O. volvulus that 

contain at least one gene that excludes all other filarial nematodes. Five 

orthogroups are contacting at least one genes shared between only A. viteae and 

C. johnstoni.  
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An important relationship to illustrate is between C. johnstoni and 

O. volvulus. A total of 7,557 orthogroups are shared between C. johnstoni and 

O. volvulus containing all one-to-one, one-to-many, many-to-one and many-to-

many orthologous relationships (Figure 3.8). The final UpSet plot illustrates a total 

of 1,778orthogroups that O. volvulus does not share with C. johnstoni. There are 

682 orthogroups that C. johnstoni does not share with O. volvulus. Thus the 

majority of the orthogroups in O. volvulus and C. johnstoni sets are shared 

between one another (Figure 3.8). 
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Figure 3.6: UpSet plot representing the single-copy orthologue orthogroup 

relationships across the 12 filarial nematodes. Bars represent the total number of 

orthogroups for that relationship, thus intersection size. Black dots represent the 

species that has a single-copy gene in those orthogroups. The lines joining the 

dots represent the relationships of those orthogroups. The set size bar represents 

the number of orthogroups is represented in the figure for each species. Only 

intersections over 11 are depicted.  
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Figure 3.7: UpSet plot representing all the orthogroup relationships with one or 

more genes in each group across the 12 filarial nematodes. Bars represent the 

total number of orthogroups for that relationship, thus intersection size. Black dots 

represent the species that have at least one gene in those orthogroups. The lines 

joining the dots represent the relationships of those orthogroups. The set size bar 

represents the number of orthogroups is represented in the figure for each 

species. Only intersections over 20 are depicted.  
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Figure 3.8: UpSet plot representing the complete single-copy and multi-gene 

orthogroup relationships across Cercopithifilaria johnstoni and Onchocerca 

volvulus. Bars represent the total number of orthogroups for that relationship, 

thus intersection size. Black dots represent the species that share orthogroups. 

The lines joining the dots represent the relationships of those orthogroups. The 

set size bar represents the number of orthogroups is represented in the figure for 

each species.  
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3.4 Discussion 

3.4.1 Genome assembly and completeness of Cercopithifilaria johnstoni 

scaffolds 

The C. johnstoni genome has been assembled into scaffolds using short-

read sequencing data from one adult female worm and compared with published 

filarial nematodes. The assembly of the C. johnstoni genome has a total length of 

79,062,707 bp, which is the eighth largest genome assembly length compared 

with the other 11 nematodes analysed (Table 3.1). The largest assembly lengths 

are from O. volvulus, L. loa and O. ochengi. The GC content of the C. johnstoni 

genome is very consistent with the closely related filarial nematode genomes 

previously assembled (Table 3.1). Among the 12 genomes compared in this 

chapter, C. johnstoni was ranked the fourth highest genome assembly based on 

the N50 statistics (Table 3.1). The lowest three N50 scores are assigned to W. 

bancrofti, B. timori and O. flexuosa. They also have the shortest sequence length 

in the assembly. The best three genomes out of the 12 genomes analysed are L. 

loa, B. malayi and O. volvulus in ascending order. B. malayi and O. volvulus are 

assembled in chromosomes. These genomes have been extensively and 

manually curated with multiple sequence technologies and an abundance of 

parasite material. Thus, they have large, joined sequences, i.e., N50 above 

150,000 bp or in the context of O. volvulus an N50 above 25,000,000 bp, of 

excellent quality. None of the other filarial nematodes have been assembled to 

such high quality; hence the C. johnstoni genome assembly is of good quality 

being the fourth highest filarial genome available (Table 3.1). N50 is not the only 

determinant to assess genome quality. The C. johnstoni genome performed well 

compared to other nematodes in the N90 statistics. The C. johnstoni genome was 

again the fourth highest filarial genome. The BUSCO and CEGMA analyses also 

revealed that the C. johnstoni genome performed well compared the other filarial 

nematodes. BUSCO and CEGMA analyses are excellent criteria to assess the 

quality of the genome. The purpose of assembling the C. johnstoni genome was 

to determine the suitability of the assembly for the purpose of gene prediction and 

search for orthologues of the proteins that consistently elicit strong serum 

antibody responses in people infected with O. volvulus (Chapter Four). Thus 

identifying using BUSCO whether all the genes are present in the genome is one 

of the most important criteria to assess the quality of the C. johnstoni genome. 

The genome completeness analyses confirm that the assembly of the 



154 
 

C. johnstoni scaffolds contains over 90% of the expected genome based on 

conserved orthologues (Tables 3.2, 3.3). Consistently, the C. johnstoni scaffolds 

are the fourth most complete genome assemblies among the 12 other filarial 

nematodes including A. viteae, O. volvulus, B. malayi, B. pahangi, B. timori, 

D. immitis, L. sigmodontis, L. loa, O. ochengi, O. flexuosa and W. bancrofti 

consistent with the N50 score. The top three BUSCO results are B. malayi, L. loa 

and O. volvulus, in ascending order. The C. johnstoni assembly has a higher 

proportion of identified conserved genes using either CEGMA or BUSCO than the 

WormBase Parasite published versions of A. viteae, B. pahangi, B. timori, 

O. flexuosa, O. ochengi, and W. bancrofti. The success rate of C. johnstoni 

genome completeness prediction is noteworthy because the C. johnstoni 

scaffolds are assembled using only short-read Illumina MiSeq sequences. 

A strongly positive feature of this project is that the C. johnstoni genome 

has been assembled from a single female worm. As the primary aim was to 

characterise the C. johnstoni genome, using one adult worm makes genome 

assembly easier compared to genome assemblies of pooled data. Having 

genomic data from one worm makes it possible to differentiate variants of a single 

gene and assembly variant reads into a single contig instead of reads that are 

divergent because they are derived from paralogous members of a gene family 

thus assembled into separate contigs. 

 

3.4.2 Comparing genome similarity of filarial nematodes 

A Circos plot represents the syntenic regions i.e., conservation of gene 

order between O. volvulus and B. malayi. The comparison between O. volvulus 

and B. malayi illustrates the chromosomal conservation that is observed between 

these filarial species setting the context before comparing a highly fragmented C. 

johnstoni genome assembly with these species (Figure 3.1). The synteny 

conservation between C. johnstoni and two other filarial nematodes with 

chromosome-level assemblies, O. volvulus and B. malayi, are represented by 

another two Circos plots (Figure 3.2). The plots show solid conservation of 

chromosome gene content and order between B. malayi, and O. volvulus (Figure 

3.1). Both filarial nematodes have X and Y chromosomes different from other 

filarial nematodes that do not have a Y chromosome (Post, 2005). However, the 
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Y chromosomes are not illustrated in the Circos plots because they are poorly 

defined.  

In both comparative figures, the O. volvulus and B. malayi chromosomes 

are well represented by scaffolds in the fragmented C. johnstoni assembly 

(Figure 3.2). The segment conservation could indicate that these scaffold regions 

of the C. johnstoni genome are part of a single chromosome, although long-read 

sequencing data would be required to join the current C. johnstoni scaffolds into 

chromosomes accurately. The Circos plots reveal many lines indicating 

microsynteny between C. johnstoni and the filarial nematodes, even though there 

are not solid blocks of colour within these plots (Figure 3.2). Thus, there is an 

abundance of microsynteny observed with no evidence of macrosynteny. The 

Circos plot is also unable to illustrate what kind of microsynteny is present 

because the C. johnstoni scaffolds are highly fragmented and compared against 

complete chromosomes. Macrosyteny in this analysis refers to conservation of 

gene order over a minimum sequence length of 30,000 bp with a sequence 

identity above 80%. As a result, it was concluded that the Circos plots are not 

able to infer microsyntenic or macrosyntenic relationships between a fragmented 

C. johnstoni genome and chromosome assembled filarial genomes. Furthermore, 

GenomeRibbon using the longest C. johnstoni scaffold was explored to reveal the 

microsyntenic relationships present (Figure 3.3). The N50 of C. johnstoni, 

although being the fourth-highest N50 compared to all the filarial nematodes, is 

still much lower than the N50 for O. volvulus and B. malayi (Table 3.1) which 

could limit the usefulness of these Circos plots. The figure also indicates there is 

a requirement for long-read data to align the scaffolds for the genome assembly 

more accurately (Figure 3.3). There is synteny between the C. johnstoni genome 

and other filarial nematodes, however the C. johnstoni genome is very 

fragmented, either as a result of the genome short-read assembly or species 

divergence. It is important to discuss that the microsyntenic relationships 

observed in Figure 3.2a and Figure 3.2b illustrate regions of sequence 

conservation. Synteny in this context describes sequences with a minimum hit 

length of 1,000 bp within the C. johnstoni scaffolds that align with regions of the 

O. volvulus and B. malayi chromosomes. It is so not possible to observe 

macrosyntenic relationships with the current C. johnstoni genome assembly. 
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The similarity using the longest C. johnstoni scaffold reveals that the 

C. johnstoni genome shares genomic similarity with a chromosome from both 

B. malayi and O. volvulus but does not share perfect homology, i.e., large 

similarity blocks (macrosynteny) representing genomic similarity (Figure 3.3). 

Therefore, there are sections of the C. johnstoni scaffold that differ in genomic 

content compared with O. volvulus and B. malayi. It is expected that C. johnstoni 

is more divergent than O. volvulus and B. malayi as phylogenetically C. johnstoni 

is more distantly related to these two species (Figure 3.5).  

The Circos plot was unable to illustrate clear macrosyntenic or 

microsyntenic relationships because the C. johnstoni genome is highly 

fragmented. Each line represented a minimum sequence identity of 80% and a 

minimum hit length of 1,000. Future analyses to improve the current Circos plot 

between C. johnstoni and O. volvulus could explore various parameters such as 

increasing the minimum hit length to 10,000. The Circos plot would then only be 

able to display similarity hits of 10,000 or more which could improve the 

visualisation of gene structure within the plot. The Circos plot will still not be the 

most appropriate figure to display macrosyntenic relationships even if the 

stringency is increased because the C. johnstoni genome is highly fragmented. 

An alternative approach to infer synteny would be to identify the location of all the 

C. johnstoni single copy genes and use these for an accurate representation. 

Single-copy genes are advantageous because there is no addition of paralogous 

relationships to weaken synteny. A future direction would be to explore these 

single-copy sites to take a deeper look into inferring synteny between C. johnstoni 

and related nematodes. 

Synteny and sequence similarity is not the only two methods that can be 

explored to determine genome similarity with O. volvulus. A GC-coverage 

analysis can visualise whether there is any similarity between filarial 

chromosomes based on the GC content of the genome. From the C. johnstoni 

data available, the genome cannot be assembled into chromosomes, but it may 

be possible to observe which C. johnstoni scaffolds may be linked in a 

chromosome assembly based on their GC and coverage relationships. The GC 

content and coverage plot illustrate a linear relationship between C. johnstoni GC 

content and C. johnstoni scaffold read coverage. The C. johnstoni data in the 

GC/coverage plot has been coloured by similarity to the O. volvulus 
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chromosomes. The bottom group predominately shares similarity with the 

O. volvulus chromosome OM2, which is the X chromosome (Figure 3.4). Thus the 

C. johnstoni scaffolds and contigs within this bottom group of sequences are 

likely sex-linked as it appears the sex chromosome has a distinct GC content 

compared to the other chromosomes and sequences (Figure 3.4). These 

C. johnstoni scaffolds that have grouped are likely to be part of the same X 

chromosome. The GC content and coverage plot have clearly illustrated that it is 

possible to discriminate the X chromosome based on C. johnstoni GC content 

and sequence homology with O. volvulus, which is a remarkable result. With the 

inclusion of more data, it would be possible to assemble the C. johnstoni genome 

into chromosomes and determine whether these scaffolds overlapping with OM2 

are assembled into a sex chromosome for C. johnstoni.  

Filarial nematodes have either X0 or XY sex determination. Filarial 

nematodes A. viteae, L. sigmodontis, and L. loa, similar to C. elegans, have a 

chromosome complement of 5A+X0, (Post, 2005; McLaren, 2009) while 

D. immitis is 4A+X0 (Taylor, 1960). Both the O. volvulus and O. gibsoni have XY 

sex determination, with chromosome complement of 3A+XY (Post, 2005; Choi et 

al., 2016; Cotton et al., 2016; Foster et al., 2020), while O. ochengi, B. pahangi, 

B. malayi, and W. bancrofti are 4A+XY. It is difficult to predict what sex 

determination system or chromosome complement C. johnstoni would likely have 

compared to the other closely related nematodes with the current data available. 

As C. johnstoni is so closely related phylogenetically to A. viteae and 

L. sigmodontis, it could be assumed that C. johnstoni would follow an X0 system. 

Although, C. johnstoni does exhibit significant conservation with both the 

B. malayi and O. volvulus X chromosome in the synteny analysis (Figures 3.2, 

3.3, 3.4). However, from the current dataset, it is impossible to tell whether 

C. johnstoni has a Y chromosome, similar to O. volvulus and B. malayi, or 

whether the Y chromosome is absent. Karyotypes are evolutionarily labile in 

filarial nematodes; for example, while O. volvulus is phylogenetically more closely 

related to O. ochengi, it shares the same karyotype as O. gibsoni because of two 

independent fusion events (Post, 2005). Karyotyping would be helpful to resolve 

the chromosome complement and sex determination of C. johnstoni identifying 

whether C. johnstoni follows the X0 system as a result of phylogenetic 

relationships with A. viteae or whether C. johnstoni also has a Y chromosome 

and therefore follows the XY system. As the A. viteae genome is not assembled 
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into chromosomes, further assembly is required to compare the chromosomal 

structure between C. johnstoni and A. viteae.  

The introduction of long-read sequencing technology such as PacBio could 

be used in combination with the Illumina sequencing data to increase confidence 

in chromosome-level assembly and improve the C. johnstoni genome as has 

been mentioned throughout this discussion (English et al., 2012; Koren and 

Phillippy, 2015; Tyson et al., 2018). With both karyotype information and 

sequencing, the chromosomes could be assembled. However, for this research 

project, chromosomal assembly is not required, and the genome completeness 

estimates indicate the C. johnstoni genome has been successfully assembled for 

the desired comparative analyses to follow within this thesis. It would be an 

excellent project to follow this study to assemble the C. johnstoni genome is to a 

high-quality genome assembly equivalent to O. volvulus and B. malayi genome 

assemblies. 

 

3.4.3 Repeat regions and repeat masking in Cercopithifilaria johnstoni 

scaffolds 

There are two general types of repeats: local repeats (tandem, inverted, or 

simple sequence repeats) and dispersed repeats throughout the genome (Lovett, 

2001; Shapiro and Von Sternberg, 2005). Genome scaffolds are analysed using 

RepeatMasker to screen the sequence for any interspersed repeats or low 

complexity DNA sequence, which can affect downstream analyses (Table 3.4) 

(Smit, 2015). RepeatMasker is designed to search for these repeats and provide 

annotation and output with a modified sequence masking the repeats with Ns 

(Tarailo‐Graovac and Chen, 2009; Smit, 2015). The number of Ns present before 

RepeatMasking was 56,933 bp (Table 3.1) in the C. johnstoni scaffolds and after 

increased to 4,925,102 bp after repeat masking (Table 3.4). The number of Ns 

was introduced after RepeatMasking which is typical of draft genomes. The 

number of Ns is consistent with the 6.23% of bases masked.  

It is common when sequencing a short-read Illumina library for there to be 

an increased number of Ns. Short-read sequences use algorithms such as the de 

Brugjin graphs which overlap consensus sequences (Dominguez et al., 2018). It 

is unlikely that a short-read library will be assembled into large scaffolds or 
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chromosomes. Generally, short reads are assembled into contigs of various sizes 

which could be further assembled into scaffolds. As a result of producing many 

contigs, there are gaps present between contigs. Thus, Ns are introduced into the 

assembly filling the gaps between the assembled contigs (Dominguez et al., 

2018). The addition of long-read sequences allows the short reads to be mapped 

onto the long reads to close the gaps between the sequence (English et al., 2012; 

Salmela et al., 2014). The combination of short and long-read data removes 

ambiguity and mis-assemblies which is common in short-read Illumina 

sequencing and fills in the gaps between the contigs and scaffolds developing 

super-scaffolds (Salmela et al., 2014).  

A significant feature of repeats throughout genomes is the evolution of 

SINEs, LINEs and LTRs. Retrotransposons are widely distributed repeat 

elements in genomes that have been known to play a role in genome structure 

and function (Ganko et al., 2001; Szitenberg et al., 2016). Identifying LTR 

retrotransposons and comparing with different species provide the opportunity to 

study the evolutionary history of organisms such as filarial nematodes (Ganko et 

al., 2001). It is not possible to study and compare the evolutionary history of C. 

johnstoni LTR retrotransposons because the genome is highly fragmented and is 

likely to not have all the repeat regions correctly identified from short-read 

sequences. However, a future research direction for C. johnstoni would be to 

identify confidently the LTRs, SINEs and LINEs and compare with other filarial 

nematodes to identify the phylogenetic relationships of the LTR, SINE, LINE 

families (Szitenberg et al., 2016) to learn more about C. johnstoni evolutionary 

history.  

The genome sizes of filarial nematodes vary (Table 3.1) in large part 

because of differences in proportions of repetitive DNA (Leroy et al., 2003; 

Coghlan, 2005). For example, the repeat regions across the closely related filarial 

nematodes used within this study were compared with genome size. Repeat 

contents range from 2.82% (L. sigmodontis) to 13.61% (L. loa) (Table 3.4) which 

corresponds to genome size assembly length with the smallest genome of L. 

sigmodontis (64,813,410 bp) and the second-largest genome of L. loa 

(96,405,338 bp) (Table 3.1). The O. volvulus genome is the largest assembled 

filarial genome (96,427,137 bp) and has the third-highest repeat content of 

10.26% (Table 3.4). Repeats are typical of eukaryote genomes, generally 



160 
 

distributed randomly throughout the genome, but are more commonly found in 

intergenic regions (The C. elegans Sequencing Consortium, 1998). Genome size 

variation is thus primarily due to the non-coding elements.  

There is a correlation between the qualities of the genome assembly with 

the repeat content concluding estimates of repeat content may be higher in 

better-assembled genomes. As discussed previously, quality refers to a range of 

features including the sequence length, N50, number of gaps and mis-

assemblies, and size of assembled contigs and scaffolds. The best assembled 

filarial genome is O. volvulus with an N50 of 25,485,961, followed by B. malayi 

(14,214,749), and L. loa (180,288) (Table 3.1). The genomes with the highest 

repeat content are L. loa (13.61%), followed by B. malayi (11.8%) and O. volvulus 

(10.26%) (Table 3.4). These three nematodes are studied extensively and have 

rather excellent genome assemblies which may account for the high repeat 

content as a result of more genomic information. O. volvulus, L. loa and B. malayi 

all have short and long read data that have allowed for accurate annotation of the 

repeats throughout the genomes. 

The C. johnstoni genome has 6.23% repeat content consistent with the 

D. immitis and B. pahangi genomes that range from 6.1% to 7.88% masked 

repeats (Table 3.4). These C. johnstoni repeats were introduced into the 

assembly after the RepeatMasker analysis. There is more likely to be missing 

repeat information in more fragmented genomes, i.e., C. johnstoni genome than 

there is in the O. volvulus genome that has been assembled into chromosomes 

using abundant parasite material and sequence technologies.  

It is possible to estimate the repeat content based on the contiguity of the 

genome assembly. In the case of the C. johnstoni assembly, the genome was 

assembled using a short-read Illumina library sequenced from one adult female 

filarial nematode. It is likely that the regions between the assembled contigs and 

scaffolds do not have enough genomic information to assemble accurately 

without mis-assembly. Repeat regions also influence the genome assembly 

because if the reads are not long enough to provide unique sequences flanking 

the repeats, then the assembly tools may not be able to accurately distinguish 

between the repeats (Dominguez et al., 2018), leading to mis-assembly or 

incorrect repeat estimation. It is also well known that tandem repeat regions are 

difficult to assemble, therefore, it is likely tandem repeat regions will be missing 
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from the C. johnstoni genome. In the current C. johnstoni genome assembly, 

these tandem repeat regions have not been well assembled. The C. johnstoni 

genome is highly fragmented as a result of using only short-read sequences and 

thus the assembly tools may have been unable to distinguish between the 

repeats (Dominguez et al., 2018). Improving the current C. johnstoni repeat 

annotation will require long reads to enable complete repeats to be identified. The 

O. volvulus genome is a great example of short tandem repeats known as the O-

150 repeat region (Lagatie et al., 2016). Due to the combination of short-read and 

long-read sequencing of O. volvulus parasites, the O-150 region has been 

improved and now the genomic sequence collapses into a small number of loci 

that represents diversity of the family, although the complete O-150 regions is still 

difficult to completely assemble. The O-150 region has been an interesting target 

to explore genetic diversity of the various O. volvulus parasites from different 

locations and to identify infections (Toe et al., 1998; Higazi et al., 2001; Lagatie et 

al., 2016). Repeat content within parasitic genomes is important to identify to 

further understand parasite diversity. Future analyses of C. johnstoni should 

include long reads to accurately identified tandem repeat regions that may be 

useful for C. johnstoni identification, i.e., identify C. johnstoni infection in rodents. 

The C. johnstoni genome has been assembled to good quality according 

to the N50 statistics, the size of assembled contigs and scaffolds, assembly 

length and repeat content. Considering the C. johnstoni draft genome has been 

assembled using short-read Illumina reads from one adult female worm, the 

genome has been assembled to a very good standard. However, there are areas 

where the C. johnstoni genome could use improvement such as the number of 

gaps, number of Ns and repeats, and lastly, longest scaffold size. As the 

C. johnstoni genome was only assembled using short-read data, it is not possible 

to improve the assembly quality of these features. Hence, long reads will increase 

the N50, reduce the number of gaps and mis-assemblies, increase the longest 

scaffold and predict repeat regions with confidence.  
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3.4.4 Comparison of the effects of three different gene annotation methods 

for gene prediction of Cercopithifilaria johnstoni scaffolds using BUSCO 

and OrthoFinder2 

The increase in genome sequencing for a range of organisms has resulted 

in the improvement of bioinformatics programs that predict and annotate genes 

(Li et al., 2003; Gabaldón et al., 2009; Nichio et al., 2017; Glover et al., 2019). 

Many of the gene prediction programs rely on high-quality data to be provided for 

analyses. Typically researchers cannot obtain these datasets, and therefore the 

prediction programs are unable to provide the most accurate predictions as the 

information required is absent (Nichio et al., 2017). The genome annotation of 

C. johnstoni is assessed using three different annotation algorithms to determine 

the best and most accurate method to predict the novel genes of C. johnstoni. 

Augustus is the first gene prediction method used without the addition of other 

genomic information. BRAKER was developed to combine prediction programs to 

improve annotation accuracy (Hoff et al., 2019). BRAKER is a pipeline that has 

been generated to predict protein-coding genes in eukaryotic genomes such as 

C. johnstoni (Hoff et al., 2019). The pipeline uses GeneMark-ES/ET and 

AUGUSTUS to predict genes and uses statistical models with many different 

parameters to ensure the gene prediction is species-specific (Hoff et al., 2019). 

Thus, BRAKER is used for the following two comparative methods as it gives the 

option to predict protein-coding genes using the ab initio parameter, using RNA-

Seq data, or using proteomes from other species as hints for protein prediction 

(Hoff et al., 2019). For these analyses, the ab initio and closely related species 

proteome parameters are used to compare against Augustus, as there is no 

RNA-Seq data for C. johnstoni. 

BUSCO uses the output of protein-coding genes from the three gene 

prediction methods to determine which methods provide the most accurate and 

complete gene prediction (Table 3.5). Interestingly, Augustus produced the 

highest number of predicted genes according to BUSCO (Table 3.5) and the 

highest number of predicted one-to-one orthologues (Tables 3.6, 3.7). It is likely 

that the Augustus prediction method predicted more genes than the two BRAKER 

methods because it used C. elegans for gene training (a distantly related 

nematode). The BRAKER with A. viteae training prediction method produced the 

least number of protein-coding genes and had the highest number of incomplete 

genes according to BUSCO (Table 3.5). There are several reasons that could 
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explain the differences in number of genes predicted and number of partial genes 

predicted. Firstly, the A. viteae proteome (10,397 genes) is much smaller than the 

C. elegans proteome (~19,800 genes) and thus there is less information training 

the C. johnstoni annotation. Secondly, C. elegans is a divergent nematode from 

the filarial nematodes and therefore it is likely that there are gene deletions that 

have occurred as the filarial nematodes have evolved which could explain why 

there are a reduced number of genes. Thirdly, the A. viteae genome is highly 

fragmented and is not assembled to the high quality of the O. volvulus genome 

into chromosomes. The fragmented nature of the A. viteae genome has likely 

impacted the prediction of complete genes in the C. johnstoni scaffolds. The 

A. viteae protein-coding sequence set is likely to contain some poor-quality 

sequences or incomplete genes which means the number of robustly mapped 

protein-coding sequences is limited. The total number of A. viteae orthologues 

that can be used by BRAKER may, therefore, be less than 100% thus the 

proportion of predicted genes for C. johnstoni is less than possibly would be 

expected. A. viteae was chosen for gene prediction over other nematodes such 

as O. volvulus because A. viteae is more closely related to C. johnstoni and 

therefore should improve genome annotation (Yandell and Ence 2012; Hoff et al., 

2019). Even though A. viteae may appear the most appropriate genome to use 

for gene training because it is a closely related species to C. johnstoni (Figure 

3.5), there could be missing information from the A. viteae genome that results in 

missing gene predictions for C. johnstoni. 

The ab initio BRAKER and A. viteae trained BRAKER methods were 

explored because Augustus typically is not used alone for gene prediction 

because it is deemed less reliable than gene prediction pipelines such as 

BRAKER (Hoff et al., 2019) or MAKER (Holt and Yandell, 2011). Several genome 

publications predicting genes for novel genomes rely on more than one gene 

prediction method, i.e., BRAKER using geneMark (Ter-Hovhannisyan et al., 

2008) and Augustus (Stanke et al., 2008), or MAKER (Holt and Yandell, 2011) 

using geneMark, Augustus and SNAP (Korf, 2004). The reliance on multiple gene 

prediction programs in these pipelines has been shown to improve the quality of 

the genes predicted for further downstream analyses (Korf, 2004; Hoff et al., 

2019). Including more genomic information for the gene predictions programs to 

use will normally improve the accuracy of the gene prediction (Hoff et al., 2019). 

Ab initio prediction methods are complicated without the inclusion of proteome or 
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RNA-Seq data to train the dataset and thus would not be a reliable method to 

choose (Dominguez et al., 2018; Salzberg 2019). Moreover, additional 

information improves the completeness of genes and mis-assemblies. It was 

therefore presumed that using a phylogenetically closely related filarial nematode 

such as A. viteae (Figure 2.4, 3.5) to predict protein-coding genes for C. johnstoni 

should, in principle, robustly and accurately predict C. johnstoni genes (Yandell 

and Ence 2012; Hoff et al., 2019). However, in this analysis, the A. viteae 

BRAKER gene prediction performed poorly, and Augustus predicted the highest 

number of genes and orthologues using BUSCO and OrthoFinder respectively 

(Figure 3.5, 3.6, 3.7). The results from BUSCO and OrthoFinder2 directly 

correspond to the number of genes predicted by the three prediction methods.  

The gene prediction method that was chosen for further downstream 

analyses was the Augustus gene prediction as it performed the best gene 

predictions based on BUSCO and OrthoFinder2 analyses (Table 3.5, 3.6, 3.7). 

The average length of the Augustus predicted C. johnstoni proteins is consistent 

with the other filarial nematodes (Table 3.8). The average length of C. johnstoni 

proteins are longer than O. volvulus and shorter than A. viteae (Table 3.8). The 

average protein length is consistent with highly studied nematodes such as B. 

malayi and L. loa thus it can be presumed Augustus successfully predicted 

complete and near-complete protein-coding genes for C. johnstoni.  

The C. johnstoni genome has been assembled using only genomic DNA 

from one adult female worm and contains over 90% of the genome content 

according to BUSCO. There is no doubt after conducting this comparative study 

between gene prediction methods that there is the requirement for more 

C. johnstoni data, i.e., RNA-Seq data, protein data and long-read sequence 

technology data (PacBio), to improve the genome assembly (English et al., 2012; 

Salmela et al., 2014; Dominguez et al., 2018; Salzberg 2019). With the 

improvement of the genome assembly, the same gene prediction method could 

provide a higher prediction accuracy and an increased number of predicted 

genes because there is an increase of C. johnstoni genomic information to 

provide abundant gene predictions. The most important step required to improve 

the confidence of the C. johnstoni gene prediction in future assemblies is to 

include long reads to assemble larger contigs/scaffolds and RNA-Seq data to 

confirm the gene predictions (Salzberg 2019). 
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3.4.5 Predicting orthologous genes between Cercopithifilaria johnstoni and 

Onchocerca volvulus 

Now that the appropriate genomic resources are available for C. johnstoni, 

it is possible to identify and compare orthologous proteins and explore the 

similarity of the C. johnstoni genome and related filarial nematodes. Appropriate 

genetic resources are useful to determine the suitability of C. johnstoni as an 

organism in a small animal model to study onchocerciasis by understanding the 

biology of obligate parasites. In the previous chapter, the mitochondrial genome 

of C. johnstoni is described, and the phylogenetic relationships with filarial 

nematodes are defined (Chapter Two). The current chapter describes the 

C. johnstoni nuclear genome and predicts protein-coding genes to use in further 

analyses, including the search for orthologous relationships.  

New computing resources enable in silico computational identification of 

orthologues between C. johnstoni and O. volvulus. Chapter Three uses 

OrthoFinder2 to predict orthologues between C. johnstoni predicted protein-

coding genes and the proteomes of closely related filarial nematodes. Accurate 

resolution of species orthologue and paralogue relationships is an essential 

aspect of comparative genomics and evolutionary studies (Gabaldón et al., 2009; 

Trachana et al., 2011; Glover et al., 2019). Understanding how genes are derived 

from closely and distantly related species could provide information on the 

function and gene annotation for new species (Kuzniar et al., 2008; Linard et al., 

2011; Glover et al., 2019). 

The 7,557 orthologues shared between C. johnstoni and O. volvulus 

consist of one-to-one, one-to-many and many-to-many relationships (Figure 3.8) 

(Emms and Kelly, 2019). The one-to-one orthologues are true orthologues as 

they share only one gene from each species, whereas many-to-many 

relationships are paralogous sharing multiple genes from each species within the 

gene family as a result of gene expansions. Of the 7,557 C. johnstoni 

orthologues, 7,052 orthologues share a one-to-one relationship with O. volvulus, 

which is just under half of the O. volvulus genes available for orthology prediction 

(Table 3.6c). Out of a total 20,459 genes between O. volvulus and C. johnstoni, 

68.93% of total genes are one-to-one orthologues. Two species have the highest 

orthologous gene predictions, A. viteae and L. sigmodontis (Table 3.6c). Once 

more, this result is not surprising as A. viteae and L. sigmodontis have repeatedly 
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shown similar phylogenetic relationships with a range of different datasets. It 

could be presumed that A. viteae, L. sigmodontis and C. johnstoni are all sharing 

numerous genes and gene families and thus share many orthologous 

relationships. The per cent orthology between C. johnstoni and A. viteae is 

75.70% out of a combined 18,631 genes which is unsurprising as A. viteae was 

used for the gene training to predict C. johnstoni genes.  

To place the orthologue prediction in more context, O. volvulus and 

O. ochengi share 8,653 one-to-one orthologues (Table 3.6c). The O. volvulus 

genome has 12,225 genes, and O. ochengi has 12,816 genes, although only 

8,653 genes share a one-to-one relationship. They share a very close 

phylogenetic relationship, commonly referred to as “sister species” consistently is 

positioned in the same clade (Blaxter and Koutsovoulos, 2015; Coghlan et al., 

2019). With such a close relationship of species sharing the same genus, it would 

be expected they would share countless orthologous relationships. 

Understandably 8,653 is only the number of one-to-one relationships, not 

including gene family expansions and other paralogous relationships. Hence the 

8,653 one-to-one genes or 69.11% of a total 25,041 possible genes from 

O. volvulus and O. ochengi can be concluded as a reasonably high orthologous 

result.  

One thousand two hundred thirty-three orthogroups are containing single-

copy orthologous genes shared among the 12 filarial nematode protein-coding 

genes (Figure 3.6). The few one-to-one orthogroups and other multi-gene 

orthogroups, i.e., one-to-many, many-to-one, many-to-many, that are present in 

all species except C. johnstoni (Figure 3.6) suggest that most of the widely 

shared one-to-one orthologues amongst the 12 species are also shared in C. 

johnstoni, approximately greater than 80% (Figure 3.6). The same can be 

observed for the multi-gene orthogroups in Figure 3.7. There are only 148 multi-

gene orthogroups that exclude C. johnstoni (Figure 3.7) which suggests and 

confirms that C. johnstoni shares the majority of orthogroups with other filarial 

nematodes. Across both analyses, there is consistently only two orthogroups that 

contain unique orthologous relationships between C. johnstoni and O. volvulus, 

excluding other filarial nematodes which is a very significant relationship to 

explore in the context of this PhD.  
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When all the orthologous relationships are included in the analysis, i.e., 

one-to-one, one-to-many, many-to-one, many-to-many, there are 7,557 

orthogroups shared between C. johnstoni and O. volvulus (Figure 3.8). These 

7,557 orthogroups include the 7,052 one-to-one orthologues shared between 

C. johnstoni and O. volvulus (Table 3.6c). There is now a defined set of shared 

orthologues between O. volvulus and C. johnstoni from which can be explored in 

more detail to understand the filarial relationships and also to explore the 

possibility of C. johnstoni being used in an animal model to study onchocerciasis. 

The following chapter will use this data to identify whether C. johnstoni could 

have orthologues of O. volvulus proteins that are strongly immunogenic in 

humans.  

All the available proteomes of closely related filarial nematodes species 

are included in orthologue identification and species-tree estimation of 

OrthoFinder2. The single-copy orthologue tree, based on 1,447 orthogroups of 

one-to-one relationships (Figure 3.5), of all 12 nematodes show strongly 

supported phylogenetic relationships consistent with published literature (Blaxter 

and Koutsovoulos, 2015; Lefoulon et al., 2015; Cotton et al., 2016; Shey et al., 

2018; Coghlan et al., 2019), mitochondrial genomes (Chapter Two), and nuclear 

genome alignments. B. malayi, and W. bancrofti are positioned in the same clade 

consistent with previous phylogenies (Blaxter and Koutsovoulos, 2015; Lefoulon 

et al., 2015). The relationship between C. johnstoni and O. volvulus also appears 

consistent with the mitochondrial genome phylogeny (Chapter Two). The 

phylogeny illustrates that C. johnstoni is more closely related to the Brugia-

Wuchereria clade than to the Onchocerca clade and thus O. volvulus (Figure 

3.5).  

The position of C. johnstoni among the filarial nematode clade has now 

been established using mitochondrial genes, nuclear genome genes, and single-

copy genes and is consistently positioning C. johnstoni with A. viteae and 

L. sigmodontis (Figure 3.5). The use of more genomic information has resulted in 

more strongly supported and confident predictions of the phylogenetic 

relationships within the clade III filarial nematodes. 
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3.5 Conclusions 

The nuclear genome of C. johnstoni was assembled into scaffolds using 

MiSeq short-read sequencing data from one female adult worm. The assembly 

length and genome statistics are consistent with most of the other sequenced 

filarial nematodes and are better than several of the assembled filarial nematode 

genomes. The assembly of C. johnstoni nuclear data results in 95% of the entire 

genome present according to CEGMA and BUSCO analyses, representing a 

better genome assembly than most of the other filarial nematodes currently 

available. Synteny comparisons show C. johnstoni scaffolds are similar to both 

O. volvulus and B. malayi chromosomes. Additional sequencing of C. johnstoni 

life stages and using long-read sequencing technology could improve the 

genome assembly to chromosome level to be directly comparable with 

O. volvulus. The filarial nematodes share 1,447 single-copy orthologous genes 

and produce a single-copy phylogenetic tree supporting previously published 

phylogenies (Chapter Two) (Blaxter and Koutsovoulos, 2015; Lefoulon et al., 

2015).  

For the first time, the genome sequence of C. johnstoni is assembled into 

large scaffolds and smaller contigs annotated and compared with O. volvulus and 

other filarial nematodes. A comparative analysis of the relationship between 

A. viteae, B. malayi, B. pahangi, B. timori, C. johnstoni, D. immitis, L. loa, 

L. sigmodontis, O. flexuosa, O. ochengi, O. volvulus, and W. bancrofti across 

mitochondrial and nuclear genomes has shown consistent phylogenetic 

relationships and several shared orthologous genes. The following chapter will 

utilise the orthologous data identified here to specifically compare orthologous 

genes relevant to immunopathology between C. johnstoni and O. volvulus, to 

explore whether similarities in proteins could be driving the observed similarities 

in disease immunopathology.  
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Chapter Four  

Evolution and sequence conservation of 

immunogenic orthologous proteins between 

Cercopithifilaria johnstoni and Onchocerca 

volvulus  

 

4.1 Introduction 

Onchocerciasis has complex immunopathology (Kawabata et al., 1984; 

Petralanda and Piessens, 1994), characterised by disfiguring skin lesions, mild 

itching, chronic inflammation of the skin and blindness caused by the presence of 

dead O. volvulus microfilariae in the skin and cornea (Connor et al., 1970; Brady 

et al., 2006; Allen et al., 2008; Control and Prevention, 2013). C. johnstoni elicits 

similar immunopathology in rats which have been observed from locating dermal 

microfilariae living in the lymphatic vessels and moving to the perivascular 

connective tissue inducing inflammatory responses (Spratt and Haycock, 1988; 

Vuong et al., 1993). These responses were identified by observing eosinophils 

and mastocytes surrounding the site of dead microfilariae in the rodent skin, 

similar to O. volvulus microfilariae in humans (Spratt and Haycock, 1988; Vuong 

et al., 1993). Inflammatory, fibrotic tissue was observed surrounding a dead C. 

johnstoni female worm as well as chronic lesions and fibrosis in the rats' ears 

(Spratt and Haycock, 1988; Vuong et al., 1993). C. johnstoni microfilariae were 

observed in the eyelids, cornea and corneal limbus and frequently spread to the 

peripheries in R. fuscipes and R. norvegicus. Finally, ocular lesions were 

observed in both host species (Spratt and Haycock, 1988; Vuong et al., 1993). 

Thus, C. johnstoni and O. volvulus microfilariae behave similarly in their 

respective hosts and elicit very similar immunopathology. The C. johnstoni adult 

worms can be located in the subcutaneous tissue of the skin where they are 

surrounded by acute and sub-acute inflammatory lesions (Spratt and Haycock, 

1988; Vuong et al., 1993). However, the location of adult worms is dissimilar in O. 

volvulus-infected humans where the adult worms reside in nodules (Connor et al., 

1970; Omura and Crump, 2004). The characteristic feature of onchocerciasis is 
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blindness resulting from the microfilariae in the eyes thus the observation of 

lesions in the cornea in rodents was an exciting discovery (Brady et al., 2006; 

Control and Prevention, 2013). Identifying how C. johnstoni and O. volvulus elicit 

these similar symptoms would be a necessary step in understanding 

onchocerciasis and immunopathology. 

The immunopathology associated with O. volvulus has been explored for 

decades aiming to understand the immunological responses in humans 

(McKechnie et al., 1993; Abraham et al., 2002; McKechnie et al., 2002; Abraham 

et al., 2004; Shey et al., 2018). The investigation into understanding these 

immunological responses is still ongoing and has not yet been solved. CD4+ 

helper T cells (Th) play a critical role in coordinating cellular and antibody 

responses to antigens. Th1 and Th2 cells are characterised by their contrasting 

cytokine profiles, primarily IFN-γ (Th1) or IL-4 and IL-5 (Th2) (Romagnani, 1997; 

Kerepesi et al., 2005). T regulatory-1 cells can suppress Th1 or Th2 responses 

by secreting IL-10 or TGF-β (Groux, 2003) and have been cloned from the 

nodules of patients with chronic onchocerciasis (Satoguina et al., 2002). Other 

studies have focused on putatively immune individuals; individuals that appear to 

produce antigen-specific Th1 type responses that may provide immunity to 

O. volvulus (Elson et al., 1995; Soboslay et al., 1997). Further studies discovered 

that immunity is associated with the development of a Th2 response to larval and 

adult antigens with partial production of a Th1 response and thus likely to be a 

mixed Th1/Th2 response (Turaga et al., 2000; Cooper et al., 2001). Finally, mice 

studies have revealed that a Toll-like receptor 4 (TLR4) is required for Th2-

dependent responses in mice and that there is a TLR4-dependent larval killing 

mechanism that is poorly understood and requires further research to thoroughly 

explain the immune mechanisms at play (Kerepesi et al., 2005). These studies 

highlight the uncertainty around protective immunity in humans to O. volvulus.  

One major hypothesis that is being explored throughout onchocerciasis 

research is that Wolbachia the bacterial endosymbiont in O. volvulus is driving 

the immunopathology observed in humans (Bandi et al., 1998; Tamarozzi et al., 

2011). It appears that Wolbachia plays an essential part in nematode 

reproduction and thus could be an excellent target to halt the production of 

microfilariae (Bandi et al., 1998). Doxycycline has been recorded to target and 

deplete Wolbachia within the O. volvulus adults and successfully reducing 
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parasite burden (Taylor et al., 2014; Walker et al., 2015). Thus it has been 

presumed that if the Wolbachia can be depleted, then it will be possible to control 

O. volvulus infection. Interestingly, Wolbachia appears to be absent from the 

C. johnstoni genome. Several small contigs share homology to regions of the 

Wolbachia genome indicating that there are remnants of Wolbachia but do not 

appear to have an intact genome as seen in O. volvulus. Thus is likely not to 

have a parasite-endosymbiont symbiotic relationship. There have been several 

studies that have discovered Wolbachia sequences within filarial genomes which 

resemble nuwts (nuclear Wolbachia transfers) (McNulty et al., 2010). Two 

hypotheses that explore 1) the presence of nuwts in the absence of an intact 

Wolbachia genome due to ancestral absence (Bain et al., 2008; Ferri et al., 2011; 

Lefoulon et al., 2012), and 2) Wolbachia have been lost throughout evolution 

(Casiraghi et al., 2004; McNulty et al., 2010; Koutsovoulos et al., 2014) have 

been proposed. Wolbachia is absent and only contains nuwts in the closely 

related A. viteae genome and in O. flexuosa (McNulty et al., 2010; McNulty et al., 

2012) although is present in the L. sigmodontis genome (Specht et al., 2018; 

Hübner et al., 2019b). These studies confirm that not all filaral nematodes contain 

a Wolbachia genome and it is possible for Wolbachia to have been lost. The 

exact mechanism driving the immunopathology of onchocerciasis is not known; 

however, there is evidence to show that both Wolbachia and individual molecules 

may play a role in the immunopathology. Understanding what is driving the 

similar immunopathology that is independent of Wolbachia would have 

implications for understanding onchocerciasis. An immunologically relevant 

model could assist in understanding the mechanisms involved in the 

immunopathology. As Wolbachia is absent in C. johnstoni, molecules known to 

be immunoreactive in O. volvulus are being explored in C. johnstoni throughout 

Chapter Four to determine if there is any similarity between the species. 

There has been an abundant number of possible candidate antigens 

identified that could be used for detecting O. volvulus infections (Lustigman et al., 

2002; McNulty et al., 2015; Bennuru et al., 2016; Norice-Tra et al., 2017; Bennuru 

et al., 2019). Thus far, several of the O. volvulus proteins that have shown 

immunogenic expression in their hosts, are hypothetical proteins with 

uncharacterised functions. However, numerous O. volvulus proteins have been 

predicted to be involved in signal transduction processes of adult female worms, 

moulting or metamorphosis and parasite development (Bennuru et al., 2016; 
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Bennuru et al., 2019). A couple of examples of the types of proteins studied 

consist of G-protein coupled receptors (GPCR) that are commonly conserved in 

closely related filarial nematodes. Fructose 1,6 bisphosphate aldolase (Ov-fba-1) 

has been another target identified from immunologic screening to be expressed 

by larval stages of O. volvulus and could potentially be a valuable candidate for 

treating O. volvulus infection (McCarthy et al., 2002). 

A typical problem highlighted in various O. volvulus studies that are 

exploring potential antigens or proteins for targeting treatment of onchocerciasis, 

is that there is no experimental animal model suitable for maintaining the 

O. volvulus life cycle in the laboratory (Grote et al., 2017). Proteins are commonly 

studied in mice models which do not accurately recapitulate onchocerciasis 

disease features. Mice models may be useful for exploring drug mechanisms but 

are not relevant to explore the characteristic disease immunopathology. 

Identifying the most promising protein targets to develop further treatments for 

eliminating onchocerciasis, is often limited to using an in silico-based approach, 

and filtering targets based on defined criteria because there is not a suitable 

animal model available.  

There are two examples of moderate to high-throughput studies to identify 

immunogenic proteins that are of particular interest. The first approach by Norice-

Tra et al. (2017), focused on peptide profiling using multi-locus 

immunophenotyping based on a serologically based method derived in 

Toxoplasma gondii from Kong et al. (2003). The serological based 

immunophenotyping approach was used to investigate O. volvulus population 

diversity from O. volvulus-infected patient sera (Norice-Tra et al., 2017). 

Nonsynonymous single-nucleotide polymorphisms (SNPs) were identified in 16 

major immunogenic O. volvulus proteins: Ov-CHI-1/Ov-CHI-2, Ov16, Ov-FAR-1, 

Ov-CPI-1, Ov-B20, Ov-ASP-1, Ov-TMY-1, OvSOD1, OvGST1, Ov-CAL-1, 

M3/M4, Ov-RAL-1, Ov-RAL-2, Ov-ALT-1, Ov-FBA-1, and Ov-B8. The 

immunoreactivity of O. volvulus-infected patient sera was assessed against these 

SNP containing peptides. Four proteins were rich in SNPs, including Ov-CHI-

1/Ov-CHI-2, Ov-ASP-1, and Ov-ALT-1. Eight SNP-containing peptides showed 

significant immunoreactivity, including OVOC1192, OVOC9988, OVOC9225, 

OVOC7453, OVOC11517, OVOC3177, OVOC7911 and OVOC12628 (Norice-

Tra et al., 2017). The results from this study demonstrated the success of using 
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patterns of host immunoreactivity to O. volvulus antigenic peptides to 

characterise population biology of O. volvulus that was previously inaccessible 

due to a lack of parasite material (Norice-Tra et al., 2017). As O. volvulus-infected 

sera exhibited high immunoreactivity against these proteins, the proteins may be 

not only useful for exploring O. volvulus population biology but also elucidate 

features associated to onchocerciasis (Norice-Tra et al., 2017). An 

immunophenotyping approach is a non-invasive approach that has the potential 

to inform vaccine development or monitor the success of MDA treatment 

throughout communities. As these proteins are known to show high 

immunoreactivity in sera of O. volvulus-infected humans, it would be valuable to 

determine if these proteins had orthologues in C. johnstoni that could be further 

explored in a rodent animal model. 

The second approach focused on multi-omics (genomics, transcriptomics, 

proteomics and immunomics), to find immunodiagnostic antigens for 

serodiagnosis of onchocerciasis using mass spectrometry proteomic identification 

(McNulty et al., 2015). Adult worms were extracted from nodules of O. volvulus-

infected individuals. A group of 241 immunoreactive proteins were identified. 

McNulty et al., (2015) were aiming to find a list of O. volvulus-specific proteins 

that were consistently expressed serodiagnostic antigens thus the 181 proteins 

that shared greater than 70% amino acid identity and greater than 70% total 

protein length with other species were excluded. This left 60 protein candidates, 

51 of which were expressed in 8 female worms from the RNA-Seq data and 33 

were shown to have consistently high expression among all the worms. Thus, the 

33 proteins were the final list of proteins because they were O. volvulus-specific 

candidate antigens that were seen to be consistently expressed. Two commonly 

researched proteins Ov-16 and Ov-33 failed their priority pipeline because they 

did not meet their criteria, sharing too much identity with other nematodes. The 

multi-omics study has been one of the more carefully structured studies 

conducted on identifying immunodiagnostic antigens because they have 

developed stringent criteria for identifying O. volvulus-specific antigens that are 

not going to lead to cross-reactivity problems with other filarial nematodes. The 

33 serodiagnostic candidates can now be validated further studying candidate 

antigens’ reactivity with antibodies in serum samples from O. volvulus-infected 

patients. It would be valuable to identify whether C. johnstoni has any shared 

orthologues to any of these 33 O. volvulus-specific candidates that may lead to 
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identifying whether C. johnstoni would be suitable to study onchocerciasis or 

whether these candidates are not species-specific enough to use for 

onchocerciasis treatment. 

A separate approach identified immunodominant motifs and a 9-mer 

peptide in O. volvulus with the intention of developing serodiagnostics candidates 

from the immunodominant motifs (Lagatie et al., 2017, 2018). Three highly 

immunodominant motifs were PxxTQE, DGxDK and QxSNxD (Lagatie et al., 

2017). The poly-glutamine stretch in the N-terminal region of O. volvulus protein, 

Ov-RAL-2 identified as a 9-mer peptide (QQQQQQQQR) could be used as a 

serological marker for O. volvulus. The poly-glutamine stretch appears absent 

from all other closely related helminths and is a highly immunoreactive peptide 

making it an attractive target to explore further for identifying onchocerciasis 

using serodiagnostic (Lagatie et al., 2018). 

One possible in silico approach to compare C. johnstoni and O. volvulus 

eliciting similar immunopathology in two very different hosts, i.e., rats and 

humans respectively, is to identify orthologues of known immunogenic proteins. 

The identification of orthologues would be the first step in understanding the 

similar immunopathology observed. Importantly, an immunogenic protein is one 

that provokes an immune response while the downstream consequence of that 

response is generally unknown in most hosts. In principle, there could be no 

effect, presence of immunopathology or a protective response, i.e., prevents 

infection or causes expulsion of an existing infection. The similarity in 

immunopathology between O. volvulus and C. johnstoni could be a result of 

shared orthologues that contain antigens that are presented in the same 

immunological context, i.e., skin and eye in rodents and humans from C. 

johnstoni and O. volvulus respectively; the hosts are likely to produce similar 

immune responses. Therefore, part of the immune response observed in C. 

johnstoni-infected rats could be driven by C. johnstoni orthologues of O. volvulus 

antigens. I would, therefore, predict if the O. volvulus proteins that are 

immunogenic in humans are structurally conserved in C. johnstoni, then there will 

be a similar response in rats infected with C. johnstoni. 
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4.1.1 Aims 

The aim is to obtain a list of C. johnstoni proteins that appear to be 

involved in the immune response of the host that may aid to explain the similar 

immunopathology observed in C. johnstoni-infected rodents and O. volvulus-

infected humans in downstream experiments. To do so, I will: 

1) Identify C. johnstoni one-to-one orthologues of 49 O. volvulus candidate 

proteins that have been identified in onchocerciasis research as 

immunologically relevant. 

2) Explore the orthologues sequence similarity and putative protein functions 

using BLAST to compare C. johnstoni and O. volvulus. 

3) To determine whether the C. johnstoni and O. volvulus orthologues are 

under diversifying, purifying or neutral selection. 

4) Identify immunodominant motifs of significance and a serological 9-mer 

peptide marker for O. volvulus within the C. johnstoni scaffolds and explore 

putative functions using BLAST of those C. johnstoni genes that contain 

the motifs or peptide. 
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4.2 Materials and Methods 

Chapter Four utilises the same genome assembly and orthologue 

analyses conducted in Chapter Three: Materials and Methods, “Nuclear genome 

assembly” and “Prediction of orthologues”. 

 

4.2.1 Curation of protein sequences representing immunologically relevant 

targets 

Immunogenic relevant target proteins of O. volvulus were selected from 

Norice-Tra et al. (2017) and McNulty et al. (2015). The Norice-Tra et al. (2017) 

study took a serological based immunophenotyping approach using serum from 

Ov-infected patients to explore 17 previously identified Ov-specific immunogenic 

proteins reviewed in Lustigman et al. (2002). Lustigman et al. (2002) had 

reviewed the previous and current literature at the time of potentially 

immunogenic proteins that could be used as vaccine candidates. All of these 

proteins were chosen to compare with the C. johnstoni predicted protein list.  

Serodiagnostic candidates of O. volvulus were selected from McNulty et al. 

(2015). This study aimed to use a multi-omics approach to identify novel 

immunodiagnostic Ov-antigens that could be used for future serodiagnostic tests 

and assist elimination programs. The identification of O. volvulus proteins was 

conducted by mass spectrometry from extracted O. volvulus worms from nodules. 

An experimental pipeline allowed an initial identification of 241 immunogenic 

proteins to be filtered to 60 O. volvulus specific proteins, 51 consistent 

expressions in adult female worms, 41 high expressions and 33 of those with low 

variability (McNulty et al., 2015). The 33 highly expressed with low variability 

serodiagnostic candidates of O. volvulus were chosen to compare against 

C. johnstoni predicted proteins. 

There were only two proteins (OVOC9988 and OVOC7453) that 

overlapped in the Norice-Tra et al. (2017) and McNulty et al. (2015) publications. 

One protein in particular that has been highlighted in O. volvulus literature was 

not included in either study, OVOC1952 but due to the importance of the protein 

in onchocerciasis research, it was also investigated. OVOC1952 has been 

referred to as Ov-28CRP (an antigenic protein recognised by host sera in an 

immunological study) and as Ov-GM2AP (a functional annotation based on 
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conservation of structural domains). For the remainder of this chapter, this protein 

will be referred to as the WormBase Parasite protein ID, OVOC1952.  

The final protein list consisted of 16 from Norice-Tra et al. (2017) 

(duplicate sequences removed), 32 from McNulty et al. (2015) (duplicate 

sequences removed) and OVOC1952 equalling to 49 protein sequences 

(Supplementary Table 4.1 and 4.2). The data associated with the 49 protein 

sequences was extracted from the OrthoFinder2 results described in Chapter 

Three.  

 

4.2.2 Data extraction and sequence alignment  

The 49 targeted proteins from Norice-Tra et al. (2017) and McNulty et al. 

(2015) were placed in a multi-fasta file that was then used to identify the relevant 

OrthoFinder2 results which were extracted and exported into a file with only the 

target O. volvulus immunogenic protein orthogroups (Supplementary Table 4.1 

and 4.2).  

The sequences for each orthogroup were aligned separately (align 

sequences of orthogroup to other sequences in the same orthogroup) using 

ClustalW version 2.0.10 (Larkin et al., 2007). Alignments were trimmed manually 

using Mesquite version 3.04 (Maddison and Maddison, 2008). Only regions of the 

alignment that overlapped were used for the analyses and thus a comparable 

study.  

 

4.2.3 BLAST Onchocerca volvulus and Cercopithifilaria johnstoni protein 

sequences to predict putative functions 

The C. johnstoni proteins orthologous to the 30 O. volvulus immunogenic 

proteins were combined in a multi-fasta file for a BLAST analysis. The 

C. johnstoni and O. volvulus proteins were used as the query in a BLASTP 

analysis as implemented in NCBI BLAST version 2.6.0 and searched against the 

NR database, with the results reported in tabular format and an e-value threshold 

of 1e-05. The top match of the C. johnstoni and O. volvulus gene were then 

reported in a table for comparison.  
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4.2.4 Exonerate analysis 

The O. volvulus genes that had missing C. johnstoni orthologues were 

searched for against the C. johnstoni scaffolds using exonerate version 2.2.0 

using default parameters (Slater and Birney, 2005). The complete C. johnstoni 

masked scaffolds was input as the query file, and the list of missing O. volvulus 

proteins was input as the target to determine whether the O. volvulus genes could 

be present within the C. johnstoni scaffolds but had not been predicted as C. 

johnstoni protein-coding genes.  

 

4.2.5 Detection of diversifying or purifying selection 

The shared orthogroups between C. johnstoni and O. volvulus 

immunogenic proteins were used in the PAML analysis. The filarial nematodes 

within each orthogroup consist of the same 12 filarial nematodes studied 

throughout this thesis, C. johnstoni, O. volvulus, A. viteae, B. malayi, B. pahangi, 

B. timori, D. immitis, L. loa, L. sigmodontis, O. ochengi, O. flexuosa, and 

W. bancrofti. Orthogroup protein alignments of the filarial nematodes present in 

each orthogroup and their corresponding phylogenies were extracted from the 

OrthoFinder2 analysis and analysed using PAML to identify selection among the 

protein-coding genes (Phylogenetic Analysis by Maximum Likelihood) (Yang, 

1997, 2000). The protein sequence alignments were back-translated into codon 

alignments in Mesquite version 3.04 (Maddison and Maddison, 2008) and aligned 

to the genomic sequences to avoid degeneracy. Once confirmed they were 

realigned using ClustalW version 2.0.10 (Larkin et al., 2007). The codon 

alignments were individually inputted into the GUI version of CodeML in the 

PAML package (Xu and Yang, 2013; Yang, 2007) each using the following 

parameters: seqtype = 1:codons and typical codon model = branch model. 

Default parameters were used for the two-branch type model. To determine 

selection on the O. volvulus and C. johnstoni branches compared to the other 

filarial nematodes within each orthogroup using PAML, every orthogroup tree file 

was manually amended to include a ‘1’ before the tree matrix, and a ‘#1’ is placed 

after the O. volvulus and C. johnstoni branch. The same manual editing process 

was conducted on all of the 30 orthogroups containing an orthologous 

relationship between C. johnstoni and O. volvulus.  
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PAML estimates synonymous and nonsynonymous substitution rates and 

detects positive selection using the codon substitution model of Goldman and 

Yang (1994). Strength of selection on protein-coding genes can be measured by 

the nonsynonymous to synonymous rate ratio, ω = dN/dS, with ω < 1, ω = 1 and 

ω > 1 indicating purifying, neutral and diversifying selection, respectively 

(Anisimova et al., 2001; Gharib and Robinson-Rechavi, 2013). The ω ratio is 

commonly calculated as the average over sites (Anisimova et al., 2001). 

However, codon-based models that account for the variation of ω among sites 

may be more sensitive in detecting persistent diversifying selection (Yang, 2000; 

Anisimova et al., 2001; Yang and Dos Reis, 2010). To estimate ω among genes 

from closely related species such as these filarial nematode orthogroups, 

maximum likelihood models of codon substitutions are used to determine whether 

there are higher nonsynonymous (dN) or synonymous (dS) at particular codon 

sites or branch sites (Anisimova et al., 2001; Yang, 2007; Yang and Dos Reis, 

2010; Gharib and Robinson-Rechavi, 2013). Diversifying positive selection on the 

protein-coding genes is the selection for change in the amino acids that is faster 

than expected under a neutral model. Thus, a higher nonsynonymous substitution 

rate (ω > 1) is evidence of adaptive molecular evolution in that gene (Anisimova 

et al., 2001; Yang, 2007; Yang and Dos Reis, 2010).  

 

4.2.6 Epitope and motif search 

The three immunogenic motifs, PxxTQE, DGxDK and QxSNxD (Lagatie et 

al., 2017) were text searched using the following command “grep –color=auto 

<MOTIF> cercopithifilaria_johnstoni_protein.fasta” within all the predicted genes 

of the C. johnstoni genome where <MOTIF> was “P..TQE”, “DG.DK”, “Q.SN.D”. 

These same motifs were also searched using the same command in the 

proteomes of A. viteae, B. timori, B. pahangi, D. immitis, L. loa, L. sigmodontis, 

O. flexuosa and O. ochengi. 

The 9-mer peptide, QQQQQQQQR, from RAL-2 (OVOC9988) (Lagatie et 

al., 2018) was searched for in all the predicted proteins of C. johnstoni. The same 

epitope was text searched using the following command “grep –color=auto 

“QQQQQQQQR” cercopithifilaria_johnstoni_protein.fasta” within the proteomes of 

A. viteae, B. timori, B. pahangi, D. immitis, L. loa, L. sigmodontis, O. flexuosa and 

O. ochengi that were downloaded from WormBase Parasite. 
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4.2.7 BLAST Cercopithifilaria johnstoni proteins that matched to the epitope 

and three immunodominant Onchocerca volvulus motifs to identify putative 

functions 

The C. johnstoni proteins containing the motifs or epitope were combined 

in a multi-fasta file for a BLAST analysis. The C. johnstoni proteins were used as 

the query in a BLASTP analysis as implemented in NCBI BLAST version 2.6.0 

and searched against the NR database, with the results reported in tabular format 

and an e-value threshold of 1e-05. The top match of the C. johnstoni genes was 

then reported in a table for comparison. The second top BLAST match was 

reported in tabular format to identify possible putative functions to explore the 

type of proteins in these lists further.  

 

4.2.8 InterProScan analysis on Cercopithifilaria johnstoni proteins 

containing the Onchocerca volvulus immunodominant motifs and epitope 

The C. johnstoni genes containing either an immunodominant motif or 

9mer epitope were input into an InterProScan analysis to identify the GO (Gene 

Ontology) terms associated with identifying putative gene function. The protein 

sequences were combined in a multi-fasta file and run using InterProScan 

version 5.24.63.0 (Jones et al., 2014) specifying –goterms –formats GFF3 and –

applications Pfam.  
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4.3 Results 

The predicted protein-coding genes of C. johnstoni and proteomes of 

closely related filarial nematodes were analysed using OrthoFinder2 to identify 

potential orthologues in Chapter Three. A total of 7,557 orthogroups were 

identified that shared orthologous relationships between C. johnstoni and 

O. volvulus, i.e., one-to-one, one-to-many, many-to-one, and many-to-many. A 

total of 7,025 one-to-one orthologues between C. johnstoni and O. volvulus were 

identified throughout their genomes (Chapter Three Figure 3.8). A combined list 

of O. volvulus proteins with previously characterised immunogenic profiles was 

used to search for putative immunogenic proteins in C. johnstoni, and filter the 

7,557orthologous orthogroups identified (McNulty et al., 2015; Norice-Tra et al., 

2017). The immunogenic list of 49 O. volvulus proteins was used to filter the 

OrthoFinder2 results for further comparative analyses. OrthoFinder2 identified 30 

of the 49 genes sharing orthologous proteins in C. johnstoni. Exonerate was run 

to see whether the remaining 19 O. volvulus immunogenic proteins that no one-

to-one C. johnstoni orthologue could be identified were present in any of the other 

C. johnstoni protein-coding genes. The exonerate analysis reveals all 19 proteins 

share amino acid homology; however, have very short sequence hits. The 19 

O. volvulus genes are OVOC1192, OVOC1213, OVOC4612, OVOC5718, 

OVOC6327, OVOC7430, OVOC7453, OVOC9325, OVOC9475, OVOC9748, 

OVOC10638, OVOC11218, OVOC11487, OVOC11951, OVOC12448, 

OVOC12569, OVOC12628, OVOC12769, and OVOC12871 (Supplementary 

Table 4.1 and 4.2). It is likely that that the gene annotation program did not 

predict all of the C. johnstoni genes correctly and thus OrthoFinder2 could not 

predict all the orthologues and paralogues thus the above missing genes could 

only be identified by searching the C. johnstoni scaffolds rather than the protein-

coding genes.  

 

4.3.1 Onchocerca volvulus immunogenic proteins and Cercopithifilaria 

johnstoni orthologues predicted putative functions 

The C. johnstoni and O. volvulus orthologous proteins were explored by 

performing BLAST to determine putative function according to hits in the NCBI 

database. Several of the known O. volvulus immunogenic proteins have been 

previously researched and thus have various annotations on WormBase Parasite 
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and the NCBI database. Thirteen of the 30 C. johnstoni proteins match to the 

same or highly similar O. volvulus BLAST result with good e-values and bit 

scores (Table 4.1, Supplementary Table 4.3). These 13 genes include 

OVOC2486, OVOC3203, OVOC7314, OVOC7381, OVOC7786, OVOC7911, 

OVOC8600, OVOC8754, OVOC9575, OVOC9592, OVOC9752, OVOC9990, and 

OVOC10103. Previous O. volvulus studies have confirmed 15 of the 30 proteins 

are excretory/secretory proteins or are found in the hypodermis of the host and 

thus can be inferred that the C. johnstoni orthologues are similarly either 

excretory/secretory proteins or located in the hypodermis. The remaining 15 

proteins are located within the cells either in the nucleus, endoplasmic reticulum, 

cytoskeleton, transmembrane or are generally intracellular proteins that are yet to 

be characterised (Table 4.1). 

A summary of where or when the genes are expressed in O. volvulus can 

be useful to infer when they may be expressed in C. johnstoni. Several of the 30 

O. volvulus immunogenic proteins appear to be expressed in all the life stages of 

the parasite. Others are specific to either the adult stage or the infective larval 

stage (iL3) (Table 4.1). As an immune response is observed when the O. volvulus 

microfilariae die in the host skin, it could be presumed that the antigen must be 

present in the microfilariae for such a response to occur. The location of where 

these genes are expressed could be useful for identifying the antigens driving the 

observed immunopathology in O. volvulus-infected patients. As many of these 

proteins are excretory/secretory proteins, it is plausible to assume they are 

available to be recognised by the hosts’ immune response more commonly than 

those hidden in the cell. 

Several of the proteins top BLAST matches are to another closely related 

nematode as expected but not to a known structure or function that has been 

previously characterised for these studied O. volvulus proteins. For example, 

OVOC1952 top result is to a W. bancrofti hypothetical protein, and WormBase 

Parasite identifies OVOC1952 as an orthologue of C34E7.4 (C. elegans) while in 

previous publications has also been identified as a putative ganglioside GM2 

activator protein (Ov-GM2AP) (Table 4.1) (Njume et al., 2019). Another example 

is OVOC5823 top BLAST result matching to a LisH motif of W. bancrofti, but 

WormBase Parasite identified this as an orthologue of C. elegans unc-60 (Table 

4.1). Nematode proteins that are recognised by the host’s immune system are 
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largely understudied, thus there is likely to be variations of protein 

characterisation. There are still O. volvulus genes that have not been 

characterised, and thus functions that are not recorded on NCBI and WormBase 

Parasite consequently making interpretation of these proteins difficult.  

OVOC10995 is the only protein whose C. johnstoni orthologue 

(Cjn_gene9844) does not have a BLAST result (Table 4.1). Cjn_gene9844 has 

an amino acid length of 114 bp, which is a short sequence and appears that 

BLAST is unable to match to the NR database with reliable e-value and bit scores 

(Supplementary Table 4.3). Other C. johnstoni query sequences are 

approximately this length but conversely shared enough similarity and matched to 

a BLAST result (Supplementary Table 4.3). As several of the other C. johnstoni 

proteins appear to have a similar putative function to the O. volvulus 

immunogenic proteins, it could be reasonable to infer Cjn_gene9844 would have 

a similar function as OVOC10995, succinate semi aldehyde dehydrogenase 

(Table 4.1, Supplementary Table 4.3). 

Commonly the C. johnstoni top BLAST result matches to very closely 

related nematodes which are very promising for these gene candidates and the 

quality of the predicted proteins (Table 4.1, Supplementary Table 4.3). Norice-Tra 

et al. (2017) and McNulty et al. (2015) identified the host’s immune system 

recognises this set of O. volvulus proteins. The BLAST results are consistently 

matching to proteins that appear to be recognised in some way by the host’s 

immune system (Table 4.1, Supplementary Table 4.3). Some of these proteins 

include calponin OV9M, ganglioside GM2 activator (Ov-GM2AP), ShK domains, 

adenylyl cyclase-associated protein (CAP), glutathione S-transferase (GST), 

reticulon-like proteins, fructose-bisphosphate aldolase, calreticulin, Sh2 domain, 

TTR-52, superoxide dismutase, and Ov33 immunodominant antigen (Table 4.1, 

Supplementary Table 4.3).  

The percentage (%) similarity of amino acid sequence between 

C. johnstoni and O. volvulus is represented in Table 4.1, revealing substantial 

differences across the 30 orthologues. OVOC860, OVOC5823, OVOC9984, 

OVOC9225, OVOC8985, OVOC8754 have amino acid similarities above 80%, 

while OVOC1897, OVOC1952, OVOC2486, OVOC9990, OVOC10995, 

OVOC11847 and OVOC12769 have amino acid similarities below 50% (Table 

4.1). 
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All the genes share a one-to-one orthologous relationship except for 

OVOC1952 and OVOC7314 who share a many-to-one and one-to-many 

orthologous relationship, respectively with their C. johnstoni orthologues. 
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Table 4.1: The 30 Onchocerca volvulus immunogenic proteins and corresponding Cercopithifilaria johnstoni orthologues are described 

revealing their top BLAST results to the NCBI database, % identity, protein alignment length, e-value, bit score, location of expression in 

the cell (derived from Onchocerca volvulus experimentation), is the protein secreted and the % amino acid alignment similarity. Lastly, the 

orthology relationships between Cercopithifilaria johnstoni and Onchocerca volvulus are described.  

 

Query (C. 

johnstoni) 

Query (O. 

volvulus) 

subject (blast 

NCBI) 

description 

(NCBI) 

OVOC putative 

function (WBP) 
% identity 

alignmen

t length 

e-

value 

bit 

score 

Location in cell, 

surface, 

secreted? 

When 

expressed 

Orthology 

(1-to-1, 1-

to-many 

etc.) 

Cjn_gene4340 OVOC860 P37801.2 

Calponin 

homolog 

OV9M 

Calponin 

homolog OV9M 
99.72 357 0 741 

longitudinal 

muscles below 

the hypodermis 

all life 

stages 
1-to-1 

Cjn_gene7687 OVOC1897 CRZ21860.1 
BMA-EAT-20 

[B. malayi] 
EAT-20 46.687 649 

2.04E-

158 
488 hypodermis adult, L3 1-to-1 

 

Cjn_gene5098 
OVOC1952 EJW86002.1 

hypothetical 

protein 

WUBG_0308

7 [W. 

bancrofti] 

A0A2K6VRV9 - 

uncharacterised 

protein (C. 

elegans 

orthologue 

C34E7.4) 

72.973 259 
1.33E-

140 
403 

excretory/ 

secretory 

all life 

stages 
many-to-1 
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Cjn_gene7514 OVOC2486 EJD74931.1 

hypothetical 

protein 

LOAG_1782

6 [L. loa] 

A0A2K6VUT6 - 

uncharacterised 

protein OR ShK 

domain 

58.497 306 
9.64E-

94 
295 intracellular 

all life 

stages 
1-to-1 

Cjn_gene6823 OVOC3177 EFO26240.2 

hypothetical 

protein 

LOAG_0223

8 [L. loa] 

A0A044SS43 - 

PHD-type (ZINC 

finger) domain-

containing 

protein 

79.15 1271 0 1868 

nucleus, 

secretory 

vesicles 

L3 1-to-1 

Cjn_gene380 OVOC3203 
XP_00189188

8.1 

CAP protein 

[B. malayi] 

Adenylyl 

cyclase-

associated 

protein  

71.494 1091 0 1509 
excretory/secreto

ry 

all life 

stages 
1-to-1 

Cjn_gene6492 OVOC5419 EJW87928.1 

3-

hydroxyacyl-

CoA 

dehydrogena

se [W. 

bancrofti] 

A0A044TS06 - 

uncharacterised 

protein (C. 

elegans 

orthologue ard-

1) 

94.841 252 
1.05E-

176 
494 hypodermis 

all life 

stages 
1-to-1 

Cjn_gene5271 OVOC5823 EJW78284.1 

hypothetical 

protein 

WUBG_1080

5 

(CTLH/CRA 

C-terminal to 

LisH motif 

domain) [W. 

bancrofti] 

A0A044TYD3 - 

uncharacterised 

protein (C. 

elegans 

orthologue unc-

60) 

94.894 235 
2.53E-

153 
434 intracellular 

all life 

stages 
1-to-1 
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Cjn_gene5847 OVOC7314 AAG44695.1 

glutathione 

S-

transferase 

Ia [O. 

volvulus] 

Glutathione S-

transferase 
100 250 0 514 

outer surface of 

hypodermis 

all life 

stages 
1-to-many 

Cjn_gene413 OVOC7381 VDK80440.1 

unnamed 

protein 

product [O. 

ochengi] 

Reticulon-like 

protein 
82.308 130 

3.25E-

66 
213 

Endoplasmic 

reticulum 

all life 

stages 
1-to-1 

Cjn_gene8088 OVOC7786 AAD38403.1 

fructose 1,6 

bisphosphate 

aldolase [O 

volvulus] 

Fructose-

bisphosphate 

aldolase 

100 363 0 756 

body wall 

muscle/reproduct

ive tract adult 

females 

L3 1-to-1 

Cjn_gene8269 OVOC7911 P11012.2 

Calreticulin 

(RAL1 

antigen) 

A0A044UWC0 - 

uncharacterised 

protein (C. 

elegans 

orthologue crt-1 

- calreticulin) 

99.408 338 0 681 
Endoplasmic 

reticulum lumen 
larval 1-to-1 

Cjn_gene2996 OVOC8600 
XP_00314311

7.1 

SH2 domain-

containing 

protein [L. 

loa] 

SH2 domain-

containing 

protein 

70.43 186 
9.32E-

86 
261 cytoskeleton  1-to-1 

Cjn_gene_11 OVOC8754 Q25619.1 

Fatty-acid 

and retinol-

binding 

protein 1 

(Ov20) 

Fatty-acid and 

retinol-binding 

protein 1 

100 173 
5.40E-

121 
347 membrane  1-to-1 
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Cjn_gene5764 OVOC8985 CDQ04841.1 

BMA-CYN-

16 [B. 

malayi] 

PPIase 

cyclophilin-type 

domain-

containing 

protein (C. 

elegans 

orthologues tpi-

1) 

85.281 462 0 719 cytoplasm 
all life 

stages 
1-to-1 

Cjn_gene3138 OVOC9225 CRZ22798.1 

Bm5820, 

partial [B. 

malayi] 

A0A044V9G2 - 

uncharacterised 

protein 

90.82 512 0 931 

cuticle, 

hypodermis, 

excretory/ 

secretory 

adult 1-to-1 

Cjn_gene5845 OVOC9575 AAB69625.2 

activation-

associated 

secreted 

protein-1 [O. 

volvulus] 

Activation-

associated 

secreted 

protein-1 

96.216 185 
7.11E-

131 
374 

Granules of GE, 

excretory/secreto

ry 

L3 stage 1-to-1 

Cjn_gene8368 OVOC9592 EJD73678.1 

hypothetical 

protein 

LOAG_1891

0 (TTR-52)  

[L. loa] 

A0A044VD77 - 

uncharacterised 

protein (TTR-

52) 

71.014 138 
9.20E-

57 
182 

extracellular 

domain, 

excretory/ 

secretory 

L3, mf 1-to-1 

Cjn_gene1728 OVOC9752 AAC77922.1 

peroxidoxin-

2 [O. 

ochengi] 

A0A044VFS3 - 

uncharacterised 

protein (C. 

elegans 

orthologue prdx-

2) 

95.652 184 
2.61E-

128 
367 

excretory/ 

secretory 

all life 

stages 
1-to-1 



189 
 

Cjn_gene5663 OVOC9984 CAA31690.1 

immunodomi

nant antigen, 

partial [O. 

volvulus] 

Immunodomina

nt antigen 

Ov33-3 

100 132 
3.22E-

92 
275 

extracellular 

region or 

secreted 

L3 1-to-1 

Cjn_gene3696 OVOC9988 ACB70199.1 

rainforest 

immunodomi

nant 

hypodermal 

antigen [O. 

ochengi] 

OV-17 antigen 99.39 164 
4.19E-

114 
328 

hypodermal layer 

(excretory/ 

secretory) 

all life 

stages 
1-to-1 

Cjn_gene3697 OVOC9990 AAB53809.1 

RAL-2 

homolog, 

partial [A. 

viteae] 

DUF148 

domain-

containing 

protein 

50.806 124 
1.18E-

36 
130 

hypodermal, 

excretory/ 

secretory 

adult, L3 1-to-1 

Cjn_gene3855 
OVOC1006

7 
EYC07471.1 

hypothetical 

protein 

Y032_0070g

452 

[Ancylostom

a 

ceylanicum] 

A0A044QKJ7 - 

uncharacterised 

protein (c. 

elegans 

orthologue unc-

52) 

49.981 2593 0 2380 

extracellular 

region or 

secreted, 

basement 

membrane 

all life 

stages 
1-to-1 

Cjn_gene2748 
OVOC1010

3 
KHN78795.1 

Neprilysin-2 

[T. canis] 

A0A044QL85 - 

uncharacterised 

protein (C. 

elegans 

orthologue nep-

11) 

72.48 625 0 985 transmembrane 
all life 

stages 
1-to-1 
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Cjn_gene9844 
OVOC1099

5 

XP_00189856

3.1 

hypothetical 

protein 

Bm1_35580 

[B. malayi] 

A0A2K6VGV2 - 

uncharacterised 

protein OR 

ALDH5A1 - 

succinate-

semialdehyde 

dehydrogenase 

37.615 109 
2.41E-

06 
52 

pharyngeal 

muscle cell 
adult, L3 1-to-1 

Cjn_gene6611 
OVOC1151

7 
P24706.1 

Superoxide 

dismutase 

[Cu-Zn] 

Superoxide 

dismutase [Cu-

Zn]  

100 151 
9.05E-

105 
304 cytoplasm  1-to-1 

Cjn_gene235 
OVOC1184

7 
CRZ23009.1 

Bm8924 

(Chondroitin 

proteoglycan 

4) [B. malayi] 

A0A044RF89 - 

uncharacterised 

protein OR 

RNA-binding 

protein Nova 

45.626 423 
1.80E-

92 
293 neurons 

all life 

stages 
1-to-1 

Cjn_gene4402 
OVOC1240

0 
EJW76014.1 

hypothetical 

protein 

WUBG_1307

6, partial [W. 

bancrofti] 

A0A044RNX4 - 

uncharacterised 

protein (C. 

elegans 

orthologue 

C08E8.2 - 

adipocyte 

plasma 

membrane 

associated 

protein) 

67.273 110 
1.14E-

47 
158 

endoplasmic 

reticulum 
adult, L3 1-to-1 
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Cjn_gene1041

1 
OVOC1244

9 
CDQ06623.1 

Bm8327 [B. 

malayi] 

A0A044RPP5 - 

uncharacterised 

protein 

64.865 74 
1.98E-

31 
119 transmembrane 

adult 

female 
1-to-1 

Cjn_gene5503 
OVOC1276

9 
AAD27587.1 

SLAP-1 

protein [O. 

volvulus] 

Larval 18 kDa 

protein; Ov64; 

SLAP-1 protein 

93.443 122 
9.20E-

75 
226 

granules of GE, 

cuticle 
L3 1-to-1 
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4.3.2 Evidence of evolutionary selection on Cercopithifilaria johnstoni and 

Onchocerca volvulus orthologues of proteins with a putative immunogenic 

function 

PAML is used to assess the measure of strength and mode of selection 

acting on the protein-coding genes. dN/dS is a measure of the ratio of 

nonsynonymous to synonymous nucleotide substitutions in an alignment of 

coding nucleotide sequences, and that dN/dS ratios greater than one indicate 

diversifying selection. In contrast, dN/dS ratios less than one indicate purifying 

selection. dN/dS ratios approximately equal to one suggest they are evolving 

neutrally. The aim is to identify protein-coding sequences that show diversifying 

or purifying selection in both C. johnstoni and O. volvulus genes compared to the 

other filarial species within each orthogroup including A. viteae, B. malayi, 

B. pahangi, B. timori, D. immitis, L. loa, L. sigmodontis, O. flexuosa, O. ochengi 

and W. bancrofti.  

Among the 30 proteins, diversifying selection (dN/dS > 1) is detected in 16 

of the 30 orthologues, with two orthologues demonstrating strong diversifying 

selection (dN/dS) > 2), OVOC860 and OVOC10103 (Table 4.2). Purifying 

selection (dN/dS < 1) is detected in the remaining 13 orthologues, with evidence 

for strong purifying selection (dN/dS < 0.6) in five orthologous proteins, 

OVOC12769, OVOC7381, OVOC8600, OVOC9984 and OVOC9988 (Table 4.2).  
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Table 4.2: PAML dN/dS ratios for Cercopithifilaria johnstoni and Onchocerca 

volvulus compared to the phylogenetic tree for the 30 orthologous genes. The 

number of nonsynonymous sites (N) and synonymous sites (S). 

 

O. volvulus ID C. johnstoni ID  N dN S dS dN/dS  

OVOC860 Cjn_gene4340 822.4 2.280 284.6 0.873 2.612 

OVOC10103 Cjn_gene2748 1495.3 2.020 520.7 0.907 2.228 

OVOC8985 Cjn_gene5764 1028.4 1.550 381.6 0.816 1.899 

OVOC7786 Cjn_gene8088 968.5 1.730 339.5 0.983 1.760 

OVOC12400 Cjn_gene4402 234.3 2.035 95.7 1.351 1.506 

OVOC9592 Cjn_gene8368 332.1 1.739 117.9 1.175 1.480 

OVOC11517 Cjn_gene6611 351.8 1.607 122.2 1.179 1.417 

OVOC1952 Cjn_gene5098 500.8 2.039 177.0 1.494 1.365 

OVOC1897 Cjn_gene7687 1454.8 1.819 537.2 1.363 1.334 

OVOC11847 Cjn_gene235 1074.7 1.834 377.3 1.402 1.308 

OVOC5419 Cjn_gene6492 574.1 1.491 196.9 1.148 1.299 

OVOC7911 Cjn_gene8269 818.2 1.712 297.8 1.404 1.219 

OVOC2486 Cjn_gene7514 1447.5 2.050 496.5 1.764 1.162 

OVOC8754 Cjn_gene_11 384.6 1.141 134.4 1.004 1.136 

OVOC9990 Cjn_gene3697 483.0 2.450 162.0 2.288 1.071 

OVOC10995 Cjn_gene9844 264.9 2.210 89.1 2.157 1.025 

OVOC3203 Cjn_gene380 2452.9 1.342 886.1 1.323 1.014 

OVOC3177 Cjn_gene6823 2992.9 1.518 1075.1 1.541 0.985 

OVOC10067 Cjn_gene3855 6042 1.572 2112 1.610 0.976 

OVOC7314 Cjn_gene5847 489.3 1.819 170.7 1.919 0.948 

OVOC9575 Cjn_gene5845 411.5 2.160 146.5 2.501 0.864 

OVOC9752 Cjn_gene1728 509.1 1.245 171.9 1.453 0.857 

OVOC12449 Cjn_gene10411 167.3 1.473 57.7 1.755 0.839 

OVOC5823 Cjn_gene5271 533.1 0.874 180.9 1.042 0.839 

OVOC9225 Cjn_gene3138 1215.1 1.548 419.9 1.928 0.803 

OVOC9988 Cjn_gene3696 371.6 1.987 126.4 3.277 0.606 

OVOC8600 Cjn_gene2996 721.2 1.989 241.8 3.491 0.570 

OVOC7381 Cjn_gene413 271.1 1.080 100.9 2.006 0.538 

OVOC9984 Cjn_gene5663 290.6 0.747 105.4 1.451 0.515 

OVOC12769 Cjn_gene5503 302.3 1.621 99.7 4.849 0.334 
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4.3.3 Presence of immunodominant motifs and epitopes in Cercopithifilaria 

johnstoni protein-coding genes 

The C. johnstoni proteome is examined for the presence of three 

immunodominant motifs (PxxTQE, DGxDK, QxSNxD) that have been identified 

across the O. volvulus proteome. These O. volvulus proteins containing the 

motifs could lead to novel candidates for diagnostic development (Lagatie et al., 

2017). The three motifs have now been identified in C. johnstoni. They are 

present in various C. johnstoni protein-coding genes, DGxDK in 27 genes (Table 

4.3), PxxTQE in 14 genes (Table 4.4) and QxSNxD are present in 34 genes 

throughout the predicted C. johnstoni protein-coding genes (Table 4.5).  

The C. johnstoni genes that contain the immunodominant motifs are 

analysed using BLAST to determine possible putative function. Several of the top 

BLAST results match to NCBI proteins of very closely related filarial nematodes 

mostly A. viteae and L. sigmodontis (Table 4.3, 4.4, 4.5). As these nematodes do 

not have high-quality genome assemblies and gene annotations, many genes are 

uncharacterised and appear as unnamed proteins without derived functions. The 

second top BLAST result is then reported to determine the kind of protein the 

C. johnstoni gene could be that contains these immunodominant motifs 

(Supplementary Table 4.4, 4.5, 4.6). Cjn_gene1838 and Cjn_gene9587 did not 

share homology to any result on NCBI (Table 4.3). Cjn_gene7018 did not share 

homology to a result on NCBI (Table 3.4). Lastly, Cjn_gene10102 did not share 

homology to a NCBI result (Table 3.5). 

None of the proteins identified with the presence of one of the three 

immunodominant motifs appears to have any functions in the regulation of the 

host’s immune response. Several C. johnstoni genes appear to be involved in 

biological function and structural function of the proteins but not specifically 

functions known to control or be important towards the effects on the host 

immune system (Table 4.3, 4.4, 4.5). Several of the C. johnstoni genes containing 

an O. volvulus immunodominant motif GO terms included DNA or RNA binding, 

myosin complex, protein binding, metabolic processes and signalling pathways 

(Table 4.3, 4.4, 4.5). 

Twenty-four genes with the presence of the DGxDK motif did not match to 

a GO term result or an InterPro result from the InterProScan analysis (Table 4.3). 

Nine genes with the presence of the PxxTQE motif did not match to a GO term 
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result or an InterPro result (Table 4.4). Finally, 29 genes with the presence of the 

QxSNxD motif did not match to a GO term result or an InterPro result (Table 4.5). 

The search continued into the filarial nematode proteomes that have not 

been previously explored in the original publications. PxxTQE is present in 12 

A. viteae genes, nine B. pahangi genes, nine B. timori genes, 23 D. immitis 

genes, 28 L. loa genes, 21 L. sigmodontis genes, 16 O. ochengi genes and nine 

O. flexuosa genes. DGxDK is present in 28 A. viteae genes, 34 B. pahangi 

genes, 24 B. timori genes, 36 D. immitis genes, 41 L. loa genes, 36 

L. sigmodontis genes, 27 O. ochengi genes and 20 O. flexuosa genes. Lastly, 

QxSNxD is present in 43 A. viteae genes, 44 B. pahangi genes, 30 B. timori 

genes, 35 D. immitis genes, 30 L. loa genes, 28 L. sigmodontis genes, 37 

O. ochengi genes and 31 O. flexuosa genes (Table 4.6).  
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Table 4.3: The Cercopithifilaria johnstoni proteins examined for the presence of the Onchocerca volvulus motif DGxDK from Lagatie et al. 

(2017). The Cercopithifilaria johnstoni protein top BLAST hit and putative function is reported with % identity, e-value and bits (bit score). 

The secondary BLAST hit is also reported as several of the BLAST hits are similar to uncharacterised proteins. 

 

C. johnstoni 

protein 

Ov Motif 

(DGxDK) 
Top Blast Hit Description (NCBI) 

% 

identity 
e-value bits 

GO term or 

InterPro 
Description 

Cjn_gene113 DGIDK VDO29516.1 
unnamed protein product 

[Brugia timori] 
95 2.06E-62 209 

IPR027791 

IPR029044 

Galactosyltransferase, C-terminal 

Nucleotide-diphospho-sugar 

transferases 
Cjn_gene298 DGDDK XP_003135790.1 

hypothetical protein 

LOAG_00202 [Loa loa] 
66 5.4E-29 119   

Cjn_gene723 DGGDK VBB27786.1 
unnamed protein product 

[Acanthocheilonema viteae] 
71.569 6.37E-35 137   

Cjn_gene896 DGWDK VBB29410.1 
unnamed protein product 

[Acanthocheilonema viteae] 
77.5 7.95E-22 95.9   

Cjn_gene1838 DGSDK No significant result found 

Cjn_gene2051 DGSDK VBB28280.1 
unnamed protein product 

[Acanthocheilonema viteae] 
66.316 2.87E-38 141 

IPR002486 

GO:0042302 

Nematode cuticle collagen, N-terminal 

Structural constituent of cuticle  



197 
 

Cjn_gene2143 DGSDK VDO26168.1 
unnamed protein product 

[Onchocerca flexuosa] 
80.412 3.17E-49 161   

Cjn_gene2749 DGFDK VDO83353.1 
unnamed protein product 

[Onchocerca flexuosa] 
75.789 6.67E-44 148   

Cjn_gene3213 DGKDK CDP97362.1 
BMA-MLT-8, isoform c [Brugia 

malayi] 
96.774 8.17E-36 126   

Cjn_gene3906 DGTDK VBB29280.1 
unnamed protein product 

[Acanthocheilonema viteae] 
87.368 3.47E-47 169 

IPR011059 

GO:0016810 

Metal-dependent hydrolase, 

composite domain superfamily 

Hydrolase activity, acting on carbon-

nitrogen (but not peptide) bonds  

Cjn_gene3910 DGRDK OZC10549.1 
MOZ/SAS family protein 

[Onchocerca flexuosa] 
95 2.39E-57 201   

Cjn_gene3959 DGLDK VDK82394.1 
unnamed protein product 

[Litomosoides sigmodontis] 
76.667 2.19E-21 94.7   

Cjn_gene4253 DGEDK VDK68607.1 
unnamed protein product 

[Litomosoides sigmodontis] 
88 5.47E-50 176   

Cjn_gene5140 DGSDK VDO51626.1 
unnamed protein product 

[Onchocerca flexuosa] 
62 0.000000108 58.5   

Cjn_gene5421 DGGDK VBB27562.1 
unnamed protein product 

[Acanthocheilonema viteae] 
76.25 2.31E-32 122   

Cjn_gene5897 DGVDK VBB26915.1 
unnamed protein product 

[Acanthocheilonema viteae] 
81 3.9E-47 171   
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Cjn_gene5916 DGTDK VBB30828.1 
unnamed protein product 

[Acanthocheilonema viteae] 
59 4.17E-24 105   

Cjn_gene6634 DGLDK XP_001902097.1 
hypothetical protein Bm1_53145 

[Brugia malayi] 
79 5E-49 161   

Cjn_gene6658 DGSDK EJW87161.1 
DNA topoisomerase 2 

[Wuchereria bancrofti] 
99 4.13E-60 208 

IPR002205 

IPR013760 

GO:0003918 
GO:0005524 
GO:0003677 

DNA topoisomerase, type IIA, subunit 

A/C-terminal 

DNA topoisomerase, type IIA-like 

domain superfamily 

DNA topoisomerase type II (double 

strand cut, ATP-hydrolyzing) activity  

ATP binding  

DNA binding 

Cjn_gene6700 DGSDK OZC08743.1 
hypothetical protein 

X798_04291 [Onchocerca 

flexuosa] 

79 1.15E-49 179   

Cjn_gene7127 DGQDK VBB28779.1 
unnamed protein product 

[Acanthocheilonema viteae] 
69.307 3.47E-30 123   

Cjn_gene7304 DGNDK VBB30664.1 
unnamed protein product 

[Acanthocheilonema viteae] 
74 1.08E-39 150   

Cjn_gene7413 DGDDK VDK78052.1 
unnamed protein product 

[Litomosoides sigmodontis] 
84 1.96E-28 117   
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Cjn_gene7553 DGIDK EJW73100.1 

hypothetical protein 

WUBG_15993 [Wuchereria 

bancrofti] 

95 1.71E-62 196 

IPR001609 

IPR027417 

IPR036961 

GO:0003774 
GO:0005524 

 

Myosin head, motor domain 

P-loop containing nucleoside 

triphosphate hydrolase 

Kinesin motor domain superfamily 

motor activity 

ATP binding  

Cjn_gene7626 DGLDK VDO41167.1 
unnamed protein product 

[Brugia timori] 
89 4.52E-59 187   

Cjn_gene8139 DGWDK VBB34511.1 
unnamed protein product 

[Acanthocheilonema viteae] 
96 9.46E-61 202 SSF57603 FnI-like domain 

Cjn_gene8417 DGNDK XP_001896085.1 
hypothetical protein Bm1_23140 

[Brugia malayi] 
82.353 1.21E-49 171   

Cjn_gene9043 DGEDK VBB29800.1 
unnamed protein product 

[Acanthocheilonema viteae] 
74.747 2.54E-40 149 IPR016181 Acyl-CoA N-acyltransferase 

Cjn_gene9091 DGFDK VBB29500.1 
unnamed protein product 

[Acanthocheilonema viteae] 
91.803 2.11E-32 122   

Cjn_gene9587 DGGDK no significant result found 

Cjn_gene9909 DGGDK EJW83096.1 
hypothetical protein 

WUBG_05992 [Wuchereria 

bancrofti] 

56.897 0.001 46.6   
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Table 4.4: The Cercopithifilaria johnstoni proteins examined for the presence of the Onchocerca volvulus motif PxxTQE from Lagatie et al. 

(2017). The Cercopithifilaria johnstoni protein top BLAST hit and putative function is reported with % identity, e-value and bits (bit score). 

The secondary BLAST hit is also reported as several of the BLAST hits are similar to uncharacterised proteins. 

 

C. johnstoni 

protein 

Ov Motif 

(PxxTQE) 
Top Blast Hit Description (NCBI) 

% 

identity 

e-

value 
bits 

GO term or 

InterPro 
Description 

Cjn_gene1496 PPETQE VIO92450.1 

F-box domain containing protein 

[Brugia malayi] 

 

98 
1.56E-

64 
207 IPR039719 F-box only protein 28 

Cjn_gene2474 PQTTQE VDN89017.1 
unnamed protein product [Brugia 

pahangi] 
65.517 

7.54E-

16 
82   

Cjn_gene2824 PIDTQE VDK87984.1 
unnamed protein product 

[Onchocerca ochengi] 
91 

2.18E-

59 
189 

IPR039796 

IPR002744 

IPR034904 

GO:0106035 

MIP18 family 

MIP18 family-like 

Fe-S cluster assembly domain 

superfamily 

Protein maturation by [4Fe-4S] cluster 

transfer 

Cjn_gene3131 PIITQE EJW79843.1 
hypothetical protein WUBG_09247 

[Wuchereria bancrofti] 
85 

1.25E-

55 
188 

IPR003961 

IPR036116 

IPR013783 

GO:0005515 

Fibronectin type III 

Fibronectin type III superfamily 

Immunoglobulin-like fold 

Protein binding 
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Cjn_gene5166 PAVTQE VBB34862.1 
unnamed protein product 

[Acanthocheilonema viteae] 
85 

2.83E-

56 
182 

IPR015212 

IPR036305 

GO:0005085 

GO:0005737 

Regulator of G protein signalling-like 

domain 

RGS domain superfamily 

Guanyl-nucleotide exchange factor 

activity 

Cytoplasm  

Cjn_gene6484 PDETQE EJW75397.1 
hypothetical protein WUBG_13695 

[Wuchereria bancrofti] 
83.333 

6.84E-

11 
60.1   

Cjn_gene6592 PTSTQE EJW87958.1 
hypothetical protein WUBG_01133 

[Wuchereria bancrofti] 
95 

2.69E-

60 
192 

IPR027640 

IPR001752 

IPR027417 

GO:0007018 

GO:0005524 

Kinesin-like protein 

Kinesin motor domain 

P-loop containing nucleoside 

triphosphate hydrolase 

Microtubule-based movement 

ATP binding 

Cjn_gene6623 PQVTQE VDO47880.1 
unnamed protein product [Brugia 

timori] 
97 

1.35E-

63 
206 

IPR006140 

IPR036291 

GO:0055114 

GO:0051287 

D-isomer specific 2-hydroxyacid 

dehydrogenase, NAD-binding domain 

NAD(P)-binding domain superfamily 

Oxidation-reduction process 

NAD binding 

Cjn_gene6756 PQYTQE VIO94858.1 
Uncharacterized protein 

BM_BM6058 [Brugia malayi] 
80.769 

3.57E-

42 
154   

Cjn_gene6854 PYTTQE VBB30928.1 
unnamed protein product 

[Acanthocheilonema viteae] 
62.264 

1.86E-

12 
67.8   
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Cjn_gene6926 PKITQE VIO96872.1 
conserved hypothetical protein 

[Brugia malayi] 
94.898 

1.64E-

61 
200   

Cjn_gene7018 PSVTQE No significant result 

Cjn_gene7205 PKHTQE VBB26933.1 
unnamed protein product 

[Acanthocheilonema viteae] 
73 

2.32E-

35 
138   

Cjn_gene8203 PSSTQE VDK78150.1 
unnamed protein product 

[Litomosoides sigmodontis] 
75 

1.14E-

39 
150   

Cjn_gene8783 PIVTQE XP_020304849.1 
hypothetical protein LOAG_18712 

[Loa loa] 
76.19 

1.26E-

37 
143   

Cjn_gene8792 PEMTQE VBB30575.1 
unnamed protein product 

[Acanthocheilonema viteae] 
81 

3.19E-

53 
174 

IPR010326 

GO:0006887 

GO:0000145 

Exocyst complex component 

EXPC3/Sec6 

Exocytosis 

exocyst 

Cjn_gene9173 PDSTQE VBB34141.1 
unnamed protein product 

[Acanthocheilonema viteae] 
93 

1.9E-

63 
202 

IPR003094 

GO:0006003 

GO:0005524 

GO:0003824 

 

Fructose-2,6-bisphosphatase 

Fructose 2,6-bisphosphate metabolic 

process 

ATP binding 

Catalytic activity 

 

Cjn_gene9345 PESTQE EJW76844.1 
dynactin subunit 5 [Wuchereria 

bancrofti] 
95.181 

2.82E-

50 
166 

IPR011004 

IPR001451 

Trimeric LpxA-like superfamily 

Hexapeptide repeat 
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Cjn_gene9881 PVRTQE VDK84305.1 
unnamed protein product 

[Litomosoides sigmodontis] 
37.255 

5.06E-

23 
101 

IPR000668 

IPR008765 

GO:0006508 

GO:0008234 

Peptidase C1A, papain C-terminal 

Papain-like cysteine peptidase 

superfamily 

Proteolysis 

Cysteine-type peptidase activity 
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Table 4.5: The Cercopithifilaria johnstoni proteins examined for the presence of the Onchocerca volvulus motif QxSNxD from Lagatie et 

al. (2017). The Cercopithifilaria johnstoni protein top BLAST hit and putative function is reported with % identity, e-value and bits (bit 

score). The secondary BLAST hit is also reported as several of the BLAST hits are similar to uncharacterised proteins. 

 

C. johnstoni 

protein 

Ov Motif 

(QxSNxD) 
Top Blast Hit Description (NCBI) 

% 

identity 

e-

value 
bits 

GO term or 

InterPro 
Description 

Cjn_gene236 QLSNLD VDM15452.1 
unnamed protein product 

[Wuchereria bancrofti] 
90 

1.88E-

59 
192 

IPR036595 

GO:0005576 

Alpha-macroglobulin, receptor-binding 

domain superfamily 

Extracellular region 

Cjn_gene566 QVSNID VBB34262.1 
unnamed protein product 

[Acanthocheilonema viteae] 
88.889 

6.54E-

56 
189 IPR023578 

Ras guanine nucleotide exchange factor 

domain superfamily 

Cjn_gene740 QTSNID VDO08428.1 
unnamed protein product [Brugia 

timori] 
91.919 

3.8E-

61 
194   

Cjn_gene1272 QTSNFD VBB32416.1 
unnamed protein product 

[Acanthocheilonema viteae] 
88.889 

3.16E-

29 
114   

Cjn_gene1872 QQSNRD VDM12400.1 
unnamed protein product 

[Wuchereria bancrofti] 
91.837 

4.31E-

55 
185   

Cjn_gene2060 QVSNYD VBB31776.1 
unnamed protein product 

[Acanthocheilonema viteae] 
75 

4.79E-

42 
154   

Cjn_gene2092 QCSNLD CTP81868.1 BMA-CLIP-1 [Brugia malayi] 81.905 
1.45E-

46 
162   

Cjn_gene2177 QSSNSD VDK88972.1 
unnamed protein product 

[Litomosoides sigmodontis] 
52.885 

7.98E-

19 
90.9   
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Cjn_gene2237 QSSNID VBB27890.1 
unnamed protein product 

[Acanthocheilonema viteae] 
96.703 

1.25E-

53 
181   

Cjn_gene2285 QLSNID XP_020305302.1 
hypothetical protein LOAG_18297 

[Loa loa] 
55.882 

1.27E-

21 
99   

Cjn_gene2338 QDSNED VBB25552.1 
unnamed protein product 

[Acanthocheilonema viteae] 
73.016 

3.86E-

14 
75.9   

Cjn_gene2504 QRSNDD VDM14604.1 
unnamed protein product 

[Wuchereria bancrofti] 
79.798 

1.08E-

42 
147   

Cjn_gene2830 QRSNLD VDO80627.1 
unnamed protein product 

[Onchocerca flexuosa] 
84.043 

1.14E-

49 
164   

Cjn_gene3336 QNSNND VIO94179.1 
Uncharacterized protein 

BM_BM2531 [Brugia malayi] 
87.755 

6.78E-

47 
171   

Cjn_gene3426 QHSNED VBB25233.1 
unnamed protein product 

[Acanthocheilonema viteae] 
84 

5.45E-

51 
179 

IPR002018 

IPR029058 

Carboxylesterase, type B 

Alpha/Beta hydrolase fold 

Cjn_gene3912 QQSNDD VDM94223.1 
unnamed protein product 

[Onchocerca ochengi] 
83 

6.37E-

56 
179   

Cjn_gene4366 QSNWD VDM92573.1 
unnamed protein product 

[Litomosoides sigmodontis] 
83.784 

1.98E-

51 
183   

Cjn_gene4382 QSSNKD XP_020303021.1 
hypothetical protein LOAG_04731 

[Loa loa] 
93 

4.7E-

55 
194   

Cjn_gene4529 QISNID XP_001900642.1 

von Willebrand factor type A 

domain containing protein [Brugia 

malayi] 

89 
1.85E-

58 
193 

IPR002035 

IPR036465 

Von Willebrand factor, type A 

Von Willebrand factor A-like domain 

superfamily 
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Cjn_gene4783 QMSNED OZC09104.1 
hypothetical protein X798_03851 

[Onchocerca flexuosa] 
98 

7.16E-

62 
213 

IPR011603 

IPR005475 

IPR029061 

GO:0003099 

GO:0055114 

GO:0030976 

2-oxoglutarate dehydrogenase E1 

component 

Transketolase-like pyrimidine-binding 

domain 

Thiamin diphosphate-binding fold 

Tricarboxylic acid cycle 

Oxidation-reduction process 

Thiamine pyrophosphate binding 

Cjn_gene4935 QISNED VDO22403.1 
unnamed protein product [Brugia 

timori] 
87 

5.97E-

48 
160 IPR014851 BCS1, N-terminal 

Cjn_gene5157 QKSNKD VDM23186.1 
unnamed protein product 

[Wuchereria bancrofti] 
89 

3.28E-

57 
190 

IPR001619 

IPR027482 

IPR036045 

GO:0016192 

Sec1-like protein 

Sec1-like, domain 2 

Sec1-like superfamily 

Vesicle-mediated transport 

Cjn_gene5767 QASNSD CDP93228.1 Bm9216 [Brugia malayi] 64.835 
2.72E-

31 
119   

Cjn_gene5823 QPSNTD EJW77691.1 
hypothetical protein WUBG_11401 

[Wuchereria bancrofti] 
77.027 

1.03E-

28 
109   

Cjn_gene6256 QLSNVD VBB27931.1 
unnamed protein product 

[Acanthocheilonema viteae] 
78 

2.66E-

47 
167 

IRP036971 

GO:0007165 

3’5’-cyclic nucleotide 

phosphodiesterase, catalytic domain 

superfamily 

Signal transduction 
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Cjn_gene6471 QNSNQD VBB28331.1 
unnamed protein product 

[Acanthocheilonema viteae] 
82.178 

9.25E-

40 
145   

Cjn_gene6608 QYSNND VBB31882.1 
unnamed protein product 

[Acanthocheilonema viteae] 
79 

3.64E-

47 
166   

Cjn_gene6761 QLSNED VBB31958.1 
unnamed protein product 

[Acanthocheilonema viteae] 
89.744 

3.63E-

14 
74.7   

Cjn_gene7385 QFSNDD VBB28338.1 
unnamed protein product 

[Acanthocheilonema viteae] 
95 

1.28E-

60 
206 

IPR001930 

IPR034015 

IPR027268 

GO:0006508 

GO:0008237 

GO:0008270 

Peptidase M1, alanine 

aminopeptidase/leukotriene A4 

hydrolase 

Aminopeptidase, leukotriene A4 

hydrolase-like 

Peptidase M4/1, CTD superfamily 

Proteolysis 

Metallopeptidase activity 

Zinc ion binding 

Cjn_gene7401 QDSNVD VBB31503.1 
unnamed protein product 

[Acanthocheilonema viteae] 
95 

6.22E-

56 
183 

IPR042237 

IPR002833 

IPR023476 

GO:0004045 

Putative peptidyl-tRNA hydrolase 

PTRHD1 

Peptidyl-tRNA hydrolase, PTH2 

Peptidyl-tRNA hydrolase II domain 

superfamily 

Aminoacyl-tRNA hydrolase activity 

Cjn_gene7670 QISNQD VBB29893.1 
unnamed protein product 

[Acanthocheilonema viteae] 
43 

6.49E-

11 
68.6   
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Cjn_gene7777 QISNSD VDK74113.1 
unnamed protein product 

[Onchocerca ochengi] 
78 

2.52E-

48 
169   

Cjn_gene7945 QLSNDD VDM07855.1 
unnamed protein product 

[Wuchereria bancrofti] 
48.507 

1.61E-

27 
115   

Cjn_gene8122 QRSNND VDK68243.1 
unnamed protein product 

[Onchocerca ochengi] 
82.828 

7.33E-

51 
172 

IPR000571 

GO:0046872 

Zinc finger, CCCH-type 

Metal ion binding  

Cjn_gene8203 QISNTD VDM12534.1 
unnamed protein product 

[Wuchereria bancrofti] 
82.243 

1.79E-

47 
167   

Cjn_gene8213 QISNND VDK65350.1 
unnamed protein product 

[Onchocerca ochengi] 
92 

4.73E-

55 
188 

IPR027059 

IPR028565 

IPR036168 

GO:0006890 

GO:0030126 

Coatomer delta subunit 

Mu homology domain 

AP-2 complex subunit mu, C-terminal 

superfamily 

Retrograde vesicle-mediated transport, 

Golgi to endoplasmic reticulum 

COPI vesicle coat 

Cjn_gene8516 QTSNID EJW80653.1 
phosphate transporter [Wuchereria 

bancrofti] 
89.899 

5.18E-

59 
190 

IPR001204 

GO:0006817 

GO:0005315 

GO:0016020 

Phosphate transporter 

Phosphate ion transport 

Inorganic phosphate transmembrane 

transporter activity 

membrane 

Cjn_gene8580 QQSNHD VBB33965.1 
unnamed protein product 

[Acanthocheilonema viteae] 
78 

5.28E-

41 
151   
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Cjn_gene8849 QRSND VBB31387.1 
unnamed protein product 

[Acanthocheilonema viteae] 
73.276 

6.99E-

46 
168   

Cjn_gene8879 QSSNYD VBB28303.1 
unnamed protein product 

[Acanthocheilonema viteae] 
76.699 

2.71E-

31 
123   

Cjn_gene8897 QESNDD VDM94342.1 
unnamed protein product 

[Onchocerca ochengi] 
81 

1.86E-

46 
162   

Cjn_gene9527 QNSNKD VBB34526.1 
unnamed protein product 

[Acanthocheilonema viteae] 
90 

4.02E-

41 
146   

Cjn_gene10102 QKSNDD No significant results 

IPR000380 

GO:0006265 

GO:0003677 

GO:0003916 

DNA tropoisomerase, type IA 

DNA topological change 

DNA binding 

DNA topoisomerase activity 
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Table 4.6: Number of genes containing immunodominant motifs (PxxTQE, 

DGxDK, QxSNxD) in filarial nematodes (Lagatie et al., 2017). 

 

 PxxTQE DGxDK QxSNxD 

A. viteae 12 28 43 

B. pahangi 9 34 44 

B. timori 9 24 30 

D. immitis 23 26 35 

L. loa 28 41 30 

L. sigmodontis 21 36 28 

O. flexuosa 9 20 31 

O. ochengi 16 27 37 
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Thus, the presence of the 9-mer peptide is explored within the C. johnstoni 

genome and other filarial species not previously explored. The 9-mer peptide is 

present in 12 C. johnstoni predicted genes in the genome (Table 4.7). The C. 

johnstoni genes g6148.t1 and g6887.t1 have two instances of the 9-mer peptide 

present in the gene.  

The C. johnstoni genes were analysed using BLAST to reveal the top and 

secondary BLAST result to infer putative functions for this group of genes 

containing the 9-mer peptide. All of the top BLAST results (Table 4.7) and 

secondary BLAST results (Supplementary Table 4.7) match to NCBI proteins of 

very closely related filarial nematodes mostly A. viteae and L. sigmodontis, but 

W. bancrofti and L. loa are also very common results. Similarly, to the motif 

BLAST results, the majority of the genes share homology to unnamed protein 

products because these set of nematode genes are not characterised with 

putative or known functions.  

The C. johnstoni genes containing the poly-glutamine stretch 9-mer 

peptide do not have distinct immunogenic properties associated with the host’s 

immune response. Only one of the C. johnstoni proteins matched to an InterPro 

result, Cjn_gene5989 (Table 4.7). The remaining C. johnstoni proteins containing 

the 9mer did not have a GO term or InterPro results (Table 4.7).  

The search for the 9-mer, QQQQQQQQR peptide in the other filarial 

nematodes results in A. viteae containing the 9-mer in nine genes, three B. timori 

genes, 15 B. pahangi genes, nine D. immitis genes, 29 L. loa genes, 10 

L. sigmodontis genes, seven O. ochengi genes, and is present in two O. flexuosa 

genes (Table 4.8). 

The three O. volvulus motifs and the poly-glutamine stretch 9-mer peptide 

are not present in any of the 30 C. johnstoni genes that OrthoFinder2 predicted 

as an orthologue of the O. volvulus immunogenic proteins. 
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Table 4.7: The Cercopithifilaria johnstoni proteins examined for the presence of the Onchocerca volvulus epitope QQQQQQQQR from 

Lagatie et al. (2018). The Cercopithifilaria johnstoni protein top BLAST hit and putative function is reported with % identity, e-value and 

bits (bit score). The secondary BLAST hit is also reported as several of the BLAST hits are similar to uncharacterised proteins. 

 

C. johnstoni 

protein 

Top Blast 

Hit 
Description (NCBI) 

% 

identity 
e-value bits 

GO term or 

InterPro 
Description 

Cjn_gene194 VBB34096.1 
unnamed protein product [Acanthocheilonema 

viteae] 
61.818 1.27E-11 70.1   

Cjn_gene2327 VBB32108.1 
unnamed protein product [Acanthocheilonema 

viteae] 
60.825 1.17E-20 96.3   

Cjn_gene2766 VDK87033.1 
unnamed protein product [Onchocerca 

ochengi] 
63.265 1.3E-19 90.9   

Cjn_gene2772 VBB32708.1 
unnamed protein product [Acanthocheilonema 

viteae] 
61 4.87E-20 94.4   

Cjn_gene5035 VDK79452.1 
unnamed protein product [Litomosoides 

sigmodontis] 
60 0.00000447 52   

Cjn_gene5350 CDP96346.1 Bm9981, isoform b [Brugia malayi] 70.33 8.01E-34 133   

Cjn_gene5989 VBB35186.1 
unnamed protein product [Acanthocheilonema 

viteae] 
94.915 4.83E-34 124 

IPR000859 

IPR035914 
CUB domain 
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Spermahesin, CUB domain 

superfamily 

Cjn_gene6920 VDM92520.1 
unnamed protein product [Onchocerca 

ochengi] 
73 5.44E-13 74.3   

Cjn_gene7343 EJW80037.1 
hypothetical protein WUBG_09053 

[Wuchereria bancrofti] 
54.082 2.69E-21 95.5   

Cjn_gene7486 No significant result No significant result 

Cjn_gene8464 EJW82009.1 
hypothetical protein WUBG_07080 

[Wuchereria bancrofti] 
78.481 3.21E-33 125   

Cjn_gene8597 No significant result No significant result 
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Table 4.8: Identifying the poly-glutamine stretch in the N-terminal region of 

Onchocerca volvulus protein (OVOC9988) 9-mer QQQQQQQQR in filarial 

nematodes. 

 

Species 9-mer 

A. viteae 9 

B. pahangi 15 

B. timori 3 

D. immitis 9 

L. loa 29 

L. sigmodontis 10 

O. flexuosa 2 

O. ochengi 7 
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4.4 Discussion 

The filarial nematode C. johnstoni can cause immunopathology in rats 

similar to that in which O. volvulus elicits in human onchocerciasis (Vuong et al., 

1993). It could be hypothesised that if there are antigens present that have 

identical or near-identical structures presented in the same immunological 

context, i.e., skin and eye in rodents and humans from C. johnstoni and 

O. volvulus respectively, then the hosts are likely to produce similar immune 

responses. Therefore, part of the immune response observed in C. johnstoni-

infected rats could be driven by C. johnstoni orthologues of O. volvulus antigens.  

The chapter aimed to identify C. johnstoni orthologous proteins of 

O. volvulus immunogenic antigens. The long-term goal is to reduce the long list of 

known O. volvulus immunogenic proteins to a concentrated short-list of 

candidates. The concentrated list could then be explored in the C. johnstoni 

animal model to aid onchocerciasis research in understanding the 

immunopathology at play in O. volvulus-infected individuals. As C. johnstoni has 

not been studied previously, bioinformatics analyses are heavily reliant on 

previously identified O. volvulus proteins. The proteins from Norice-Tra et al. 

(2017) and McNulty et al. (2015) were chosen to be the focus of Chapter Four as 

these proteins have been very commonly explored in previous literature and have 

been the focus of multiple reviews, thus were an excellent starting point to identify 

whether there are any C. johnstoni orthologues.  

 

4.4.1 Cercopithifilaria johnstoni and Onchocerca volvulus share 

orthologues of known Onchocerca volvulus immunogenic proteins with 

putative functions associated with host immune response 

There were 30 of the 49 chosen O. volvulus immunogenic proteins from 

Norice-Tra et al. (2017) and McNulty et al. (2015) that shared an orthologous 

relationship with C. johnstoni (Table 4.1, Supplementary Table 4.3) leaving 19 

proteins unaccounted for in the C. johnstoni protein-coding list. Exonerate was 

used to explore these 19 proteins and identify whether they are absent from the 

C. johnstoni genome or do not share enough sequence similarity to be 

considered an orthologue of O. volvulus genes. The 19 O. volvulus immunogenic 

proteins do not have one-to-one orthologues with C. johnstoni but were identified 

using exonerate. It appears that these 19 O. volvulus genes share some 
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sequence homology with C. johnstoni but appear to have more divergent 

sequences that cannot be identified as orthologues by OrthoFinder2 for further 

analysis. These genes would not have passed the rigorous criteria set by the 

OrthoFinder2 algorithm and simply do share orthologues for these particular 

genes (Emms and Kelly, 2019).  

C. johnstoni and O. volvulus are more divergent species than O. volvulus 

and sister species O. ochengi. Thus, it is plausible to assume that there are 

multiple genes throughout the C. johnstoni genome that are divergent as a result 

of differences in gene content between the two species. There are likely to be 

other immunogenic proteins in C. johnstoni that have not been identified 

throughout this study that do not share orthologues in O. volvulus purely because 

they are different species. Alternatively, these 19 genes could be misassembled 

or misaligned in the C. johnstoni genome. Three gene prediction methods were 

used in Chapter Three to determine the most appropriate gene prediction method 

for the C. johnstoni genome. The Augustus protein prediction method was chosen 

because it performed the best according to BUSCO and OrthoFinder2 analyses 

predicting the highest number of genes (Chapter Three). A significant conclusion 

from Chapter Three was more C. johnstoni data; specifically, RNA-Seq data is 

required to confirm the predicted protein-coding genes, which was beyond the 

scope of this project. It will be necessary to revisit the 19 poorly aligned O. 

volvulus immunogenic genes when it is possible to include RNA-Seq data and 

determine whether the proteins are divergent from C. johnstoni or whether they 

were misaligned and misassembled as a result of the gene prediction method 

used. The addition of RNA-Seq data and improvement in the prediction of 

protein-coding genes could improve the overall prediction of the 19 genes that 

appear to be divergent from C. johnstoni. Further exploration of these genes is 

required.  

The proteins matching to putative functions involved in the host immune 

response are of particular interest for this study because they could be initial 

targets to experimentally explore whether the similarity in antigens between 

C. johnstoni and O. volvulus is driving the similar immunopathology. Without 

further research, it is not possible to identify which of the candidates are more 

important targets over the others and thus the 30 candidates (Table 4.1) are a 

good starting point to explore in the physical C. johnstoni animal model. There 
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are a few criteria that could be considered to refine the list of 30 genes. Firstly, 

the C. johnstoni proteins that have high sequence similarity compared to the 

O. volvulus proteins that could be involved in the host’s immune responses could 

be an ideal starting list to use in experiments to observe protein expression levels 

in the C. johnstoni-rodent animal model. The C. johnstoni proteins with confident 

one-to-one orthology to O. volvulus immunogenic proteins that displayed high 

percentage identity and low e-value probabilities that occurred by change These 

alignments sharing similarity to the query sequence could be suitable candidates 

to explore first before trialling other protein candidates experimentally. It would be 

worth isolating and purifying the C. johnstoni proteins to characterise their 

function determining whether they are true orthologues of the O. volvulus proteins 

or have the same putative function as bioinformatically identified throughout this 

thesis. Finally, comparing immunoreactivity profiles of the O. volvulus and 

C. johnstoni orthologues would be highly beneficial to identify whether these 

proteins react similarly.  

Several of the immunogenic proteins have been studied in onchocerciasis, 

for example, OVOC7314 is characterised as a glutathione S-transferase structure 

which has been proposed to act as an immune modulator mostly because it is an 

extracellular enzyme on the outer surface of the hypodermis (Perbandt et al., 

2008). OVOC7314 is known to have highly antigenic sites and Prostaglandin D 

Synthases (PGDS) activity which could indicate that parasite-derived eicosanoids 

influence host inflammatory and immune cells (Hirai et al., 2001). Another 

example is OVOC7911 matching to a RAL-1 antigen, calreticulin. Calreticulin is 

known to be part of the MHC 1 peptide loading complex more specifically in the 

transient multi-subunit membrane complex in the endoplasmic reticulum that is 

essential for establishing a hierarchical immune response (Blees et al., 2017). 

OVOC7786 is a fructose-1, 6-bisphosphate aldolase and has been demonstrated 

as a target for initiating protective immunity to onchocerciasis (McCarthy et al., 

2002). It has also been explored as a good target for controlling infections caused 

by pathogens or parasites (Prasad et al., 2013). Peroxifoxin-2 is a protein 

structure that provides antioxidant protection and acts as a signalling molecule or 

chaperone and has been studied to some extent in O. volvulus (OVOC9752). 

OVOC11847 or Ov-39 has been identified as an antigenically cross-reactive 

protein with the human retinal antigen hr44 and has been found to induce ocular 

inflammation in naive rats, which leads to the hypothesis that autoimmune 
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reactivity could play a role in ocular lesion development in onchocerciasis 

(McKechnie et al., 1993; McKechnie et al., 2002). Lastly, OVOC2486 match to a 

ShK domain which is a selective inhibitor of voltage-gated potassium channels 

(Chhabra et al., 2014). As potassium channels have been widely regarded as a 

therapeutic target for immunomodulation in autoimmune diseases, the inhibiting 

nature of ShK-like immunomodulatory peptide could explain the protective effects 

of parasitic worms in autoimmune diseases (Chhabra et al., 2014; Chang et al., 

2018). The C. johnstoni orthologues of these O. volvulus proteins encodes very 

similar protein structures from NCBI (Supplementary Table 4.3) and thus could be 

expressed in the rodent model in a similar way to how these studied O. volvulus 

proteins have been expressed. These O. volvulus targets could be involved in the 

unique immunopathology observed in O. volvulus-infected individuals. If the 

C. johnstoni orthologues of these O. volvulus immunogenic proteins prove to be 

immunogenic in the future rodent model experiments, then this evidence could 

lead to explain what is driving the immunopathology and thus disease. 

Alternatively, future experiments reveal the host immune system responds 

differently to these C. johnstoni orthologues compared to the proteins of O. 

volvulus and thus concludes the proteins themselves are not driving the similar 

immunopathology observed in rats and humans.  

Despite the list of proteins explored throughout Chapter Four that were 

known O. volvulus immunogenic proteins, there were still a few matches are to 

DUFs (Domain of Unknown Function) and proteins more commonly involved in 

protein structure or binding, i.e., adenylyl cyclase-associated proteins (CAP), 

calponin and 3-hydroxy acyl-CoA dehydrogenase. DUFs are known to be 

common throughout filarial nematode genomes because of the vast number of 

uncharacterised genes. Without an abundance of genomic and proteomic data, it 

is often difficult to characterise all identified genes within filarial genomes. It would 

be worth exploring the DUFs and structural proteins in future laboratory 

experiments to characterise and confirm their functions and roles the proteins 

play within the parasite or in host-parasite relationships. An interesting question 

to explore could be to determine whether these structural proteins and DUFs are 

essential to the survival or fitness of O. volvulus and then whether the 

orthologues in C. johnstoni are also essential to C. johnstoni.  
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The bioinformatics approach has now provided a list of known O. volvulus 

immunogenic targets and their corresponding C. johnstoni orthologues with 

putative functions. 

 

4.4.2 Evolutionary selection identified in Cercopithifilaria johnstoni and 

Onchocerca volvulus orthologous compared to other closely related filarial 

nematodes 

Identifying selection pressures on genes of C. johnstoni, O. volvulus, and 

other filarial nematodes could identify evolutionary responses to the hosts’ 

immune systems. A preliminary analysis has been conducted to identify whether 

the 30 orthologues between C. johnstoni and O. volvulus immunogenic proteins 

are under selective pressure. Proteins that are involved with the immunogenic 

response of onchocerciasis should be accessible to the hosts’ immune system. 

The immunogenic proteins in O. volvulus elicit strong antibody responses in 

infected people. There could be immunogenic traits that are benefiting 

C. johnstoni and O. volvulus that are not observed in other nematodes but are 

examined here. If a host immune response can damage the parasite, i.e., is 

protective to the host, then it will exert a selection pressure to which the parasite 

may then respond. One response, the immunological “arms race” is that the 

pathogen or parasite varies the antigenic character of the protein that is targeted 

(Kosiol and Anisimova, 2019). 

Orthogroups OVOC860 and OVOC10103 appear to have strong 

diversifying selection observed in both C. johnstoni and O. volvulus genes 

compared to the remaining filarial nematodes (Table 4.2). A site will only be 

considered under positive (diversifying) selection if the nonsynonymous rate, 

averaged over all of the lineages in the phylogeny, is higher than the synonymous 

rate (Yang, 2000). OVOC860 is known as Ov9M a calponin homolog and 

CJg3607.t1 shared homology to B. malayi UNC87 isoform b which is also part of 

the calponin family (Table 4.1). As calponin is likely to be involved in muscle 

contraction, it could be inferred that these proteins are more important structurally 

than they are involved in the host immune response. Both OVOC10103 and 

CJg2309.t1 are part of the Neprilysin metallopeptidase family (Table 4.1). 

Neprilysin is known to be an amyloid- β degrading enzyme in C. elegans (Hafez 

et al., 2011). The neprilysin function in O. volvulus and now C. johnstoni has not 
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been explored in detail to determine its effect on the host response. Indubitably, 

further analyses and confirmation of the current preliminary results are required to 

be confident about the genes undergoing diversifying selection. 

Numerous orthogroups appear to have close to neutral or weak 

diversifying selection which is to be expected for the vast number of genes. 

Interestingly, the genes used throughout this study are known to be O. volvulus 

immunogenic proteins, thus exhibiting strong immune responses, yet many of the 

similar genes do not show strong diversifying or purifying selection. Neutral 

selection of these genes indicates that any variation is most likely due to random 

genetic drift of mutant alleles that are selectively neutral, i.e., do not affect the 

phenotype of the nematode and are not acted on by natural selection (Kimura 

and Crow, 1969; Yang, 2000). If this were true, then it could imply the putative 

immunogenic proteins occur as a result of random genetic drift and are not 

selected for throughout evolution (Kimura and Crow, 1969).  

Purifying negative selection reduces the nonsynonymous substitution rate 

of protein-coding genes by selecting against change in amino acids (Siltberg and 

Liberles, 2002), which is common in many genes of nematodes for most of their 

evolutionary history. Orthogroups OVOC7381, OVOC8600, OVOC9984, 

OVOC9988 and OVOC12769 showed strong purifying selection on the 

C. johnstoni and O. volvulus genes (Table 4.2). The purifying selection indicates 

probable importance of these genes in both species and that the presence or 

absence of these genes’ functions is likely to affect a worm’s ability to survive to 

reproductive age; hence why many of the genes are under purifying selection. 

Several of these genes, with strong purifying selection, share homology to 

proteins which have previously shown to be immunogenic. For example, 

OVOC9984 and CJg4068.t1 match to Ov33 and Av33 immunodominant antigens, 

OVOC9988 and CJg3087.t1 match to Ov17 immunodominant antigen and 

DUF148, a possible B. malayi antigen, respectively which is an expected result 

as the O. volvulus proteins are known to be immunogenic. OVOC12769 is a 

SLAP1 (Src-like adapter) protein that negatively regulates T-cell receptor 

signalling and CJg6767.t1 shared homology to Av18 chromadorea abundant 

larval transcript protein (Table 4.1, Supplementary Table 4.3). The exceptions are 

OVOC7391 and CJg342.t1 that match to the reticulon protein family and 

OVOC8600 and CJg2910.t1 sharing homology to SH2 domain which are both 
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structurally conserved protein domains (Table 4.1, Supplementary Table 4.3). 

The proteins with putative structural functions may be equally as important to the 

parasites as the proteins with immunogenic functions.  

These preliminary analyses have highlighted some key areas to explore 

further to understand how vital these putative immunogenic proteins are likely to 

be and what affect these proteins have that are undergoing diversifying or 

purifying selection. As this is the first, preliminary analysis using predicted 

C. johnstoni protein-coding genes; they should be cautiously interpreted because 

it is not known if they are robust predictions without more data to improve the 

accuracy of the C. johnstoni genome and thus gene prediction. The purpose of 

looking at diversifying and purifying selection was to explore if any of the 

O. volvulus and C. johnstoni orthologues were under selection compared to the 

other filarial nematodes within the orthogroups.  

The protein-coding genes used in the selection analysis have been 

predicted from a first draft of the C. johnstoni genome assembled from genome 

data of one adult female worm. The genome will still require additional 

transcriptomic and proteomic information to improve gene prediction accuracy 

and thus improve the evolutionary selection analyses. Additional analyses could 

improve the confidence of detection of selection on these genes once the 

C. johnstoni genome annotation has been improved. The first analysis worth 

conducting with a larger C. johnstoni dataset could include running positive and 

neutral models of evolution on these putative immunogenic orthologues and 

determine statistical significance. The neutral theory of evolution states that most 

genetic variation observed in natural populations is due to the accumulation of 

neutral mutations that do not affect the phenotype or fitness of the organism 

(Brooker 2012). Once one adopts the hypothesis that sequence variation is 

neutral as the null hypothesis then it is possible to test whether the observed 

variation conforms to this expectation. If the selection is larger or smaller than the 

neutral expectation, then this will confidently predict diversifying or purifying 

selection, respectively. Conducting the analysis on a larger dataset than the 30 

orthologues will provide more information on the selection acting upon these 

genes. It could reveal diversifying or purifying selection is more common on 

genes characterised as immunogenic over uncharacterised genes, or it could 

identify other proteins that have not been previously studied that are under very 
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strong diversifying or purifying selection that could be informative to understand 

disease immunopathology.  

A genome-wide scan of diversifying and purifying selection could identify 

which regions of the filarial nematode genomes, specifically in O. volvulus and 

C. johnstoni, where new mutations are beneficial (Kosiol and Anisimova, 2019). 

Equally, it would identify regions of the genome that are not selectively conserved 

and thus rapidly evolving. The analysis could give a more accurate and detailed 

prediction of the selection in particular regions of the genome. 

 

4.4.3 Immunogenic motifs and epitopes in filarial nematodes could be a 

potential avenue for drug targets providing evidence of immunoreactivity 

Another avenue to identify immunologically relevant proteins is to identify 

the immunodominant motifs characterised in O. volvulus and identify these in 

C. johnstoni proteins. It may not be specific proteins that are involved in the 

disease immunopathology but rather particular motifs that elicit the host 

responses. The Lagatie et al. (2017, 2018) publications aimed to identify possible 

serodiagnostic candidates from motifs that were immunodominant. Thus a first 

step to identify whether C. johnstoni is a suitable model organism to study 

onchocerciasis is to determine whether C. johnstoni proteins contain any of the 

known O. volvulus immunodominant motifs. All three motifs, PxxTQE, DGxDK 

and QxSNxD, are present throughout the C. johnstoni proteome in various genes 

(Table 4.3, 4.4, 4.5). Knowing that C. johnstoni contains the same motifs, 

experiments can be conducted to determine whether these motifs are also 

immunodominant as was observed in the O. volvulus experiments (Lagatie et al. 

2017).  

The unknown C. johnstoni genes that contain the immunodominant motifs 

were analysed using BLAST and InterproScan to determine whether there was 

homology to immunogenic functions. Unfortunately, none of the C. johnstoni 

genes containing the immunodominant motif or 9-mer epitope has BLAST results, 

GO terms, or InterPro results matching to known filarial proteins involved in 

immune responses (Table 4.3, 4.4, 4.5, 4.7). Thus, the only way to know whether 

these genes are good candidates to explore immune responses is to determine 
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whether they are immunogenic, and if they are, proceed to further experiments in 

the possible C. johnstoni animal model.  

The immunodominant motifs that were identified in other organisms in the 

peptide microarray experiments including B. malayi, W. bancrofti, L. loa, Homo 

sapiens, Wolbachia, Plasmodium falciparum, Ascaris lumbricoides, Trichuris 

trichura, Ancylostoma duodenale, Necator americanus and Toxocara canis 

(Lagatie et al., 2017) are expanded by including the filarial species used 

throughout this thesis. The three motifs PxxTQE, DGxDK and QxSNxD, are 

present in multiple genes of A. viteae, B. timori, B. pahangi, D. immitis, L. loa, 

L. sigmodontis, O. ochengi and O. flexuosa (Table 4.6). It is not surprising that 

the motifs are present in several filarial nematodes as they could be conserved 

throughout the species. It is currently unknown whether these motifs are 

immunodominant in all species of filarial nematodes or just in O. volvulus and 

thus would be an excellent question to answer using experimental evidence. 

A follow-up study investigated whether chosen vaccine candidates contain 

peptide fragments that are recognised by antibodies in Ov-infected individuals 

and if recognised, whether these immunodominant epitopes could be attractive 

serodiagnostic candidates (Lagatie et al., 2018). The conclusions led to 

identifying that the poly-glutamine stretch 9-mer peptide from RAL-2 (OVOC9988) 

is a serological marker that should be explored further (Lagatie et al., 2018). 

Multiple vaccine candidates successfully contained immunodominant linear 

epitopes, but the 9-mer peptide was highlighted as a more interesting peptide to 

explore (Lagatie et al., 2018). The list of C. johnstoni protein-coding genes was 

searched to identify the presence of the 9-mer throughout its proteome. The 9-

mer, QQQQQQQQR, is present multiple times throughout the C. johnstoni 

proteome and in a couple of cases is found twice in the same gene (Table 4.7). 

Interestingly, the OVOC9988 protein contains the 9-mer (QQQQQQQQR), but 

the C. johnstoni orthologue of OVOC9988 does not. 

The results from the BLAST and InterProScan analyses reveal the 

C. johnstoni genes containing the 9-mer epitope are predominately protein 

binding genes or DNA binding genes (Table 4.7). It is not clear from these 

analyses and the predicted putative functions that any of the C. johnstoni genes 

are directly involved in immune responses. However, future analyses into the 

C. johnstoni proteins to identify their function could reveal immunogenic 
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properties that are currently not observed, which could highlight the importance of 

exploring these genes for onchocerciasis research. The 9-mer is also found 

several times in all the other filarial nematodes, suggesting that it may be 

something conserved throughout filarial nematodes (Table 4.8).  

The peptide and motifs have been targeted for research as they could be 

useful for onchocerciasis surveillance or treatment (Lagatie et al., 2017; Lagatie 

et al., 2018). Now that it is confirmed that C. johnstoni also contains the same 

motifs and 9-mer peptide, further exploration within the C. johnstoni animal model 

could assist in identifying the appropriate use for these targets. The first step 

would be to determine whether these genes play any role in the immune 

response. The motifs and epitopes can then be a target for developing either 

serodiagnostic tests or vaccines in the C. johnstoni small animal model studying 

onchocerciasis. As both Lagatie et al. (2017) and Lagatie et al. (2018) 

publications are targeting immunodominant epitopes, there is still a long road 

ahead to determine the exact use for these immunodominant epitopes. Identifying 

how immunodominant they could be in O. volvulus-infected individuals could be 

the first step in understanding their purpose in onchocerciasis research (Lagatie 

et al., 2018).  
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4.5 Future outlook 

In this chapter, I hypothesised that the similarities in immunopathology 

between O. volvulus and C. johnstoni are due to shared orthologues containing 

antigens that the host responds to in a similar immunological context, i.e., skin 

and eye in rodents and humans from C. johnstoni and O. volvulus respectively. 

Thus the hosts are likely to produce similar immune responses. Therefore, part of 

the immune response observed in C. johnstoni-infected rats could be driven by 

C. johnstoni orthologues of O. volvulus antigens. However, there is an alternate 

hypothesis that can be explored in future projects that could explain the similarity 

in immunopathology. The alternate hypothesis states that the host immune 

response is species-specific, and therefore protein conservation does not drive 

the immunological response. This hypothesis is contextual and means that 

although the same immunopathology can be presented in the different species, 

i.e., humans and rodents, they are a response to different antigenic proteins. The 

immune system of a rat is different from the human immune system, and it is, 

therefore, plausible to assume that responses to different antigens could 

generate a similar immunopathology caused by rats and humans. As Wolbachia 

is present in O. volvulus and not in C. johnstoni, it is worth exploring what other 

mechanisms may be at play that is driving similar immunopathology. Future 

research into C. johnstoni should continue exploring molecules and antigens that 

could play a role in immunopathology because it may lead to identifying that the 

molecules in O. volvulus are more important to focus on rather than the 

Wolbachia hypothesis.  

Currently, it is not clear what is driving the immunopathology in 

Onchocerca-infected individuals. The two parasites share orthologues throughout 

their proteomes, but this study does not answer alone whether protein 

conservation or species immune systems drive the immunopathology. Thus, it will 

be essential to follow up on the work conducted throughout this thesis with 

experimental evidence to acquire more information about the immunopathology. 

Chapter Four has identified conserved orthologues in C. johnstoni of proteins 

shown to be immunoreactive in O. volvulus. It is not yet known whether this list of 

identified orthologues are also immunoreactive in the C. johnstoni-rodent model 

and thus to test this the following experiments would be required. These 

orthologues will be tested by measuring antibody responses in rats against each 

of these 30 targets. Then, the same validated antigens that stimulate similar 
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serum antibody responses will be used in the physical small rodent model (to be 

discussed in Chapter Six) to investigate whether these antigens or antibodies 

produced in response to the antigens are playing any role in the disease 

immunopathology. The final phase involves correlating the ability to stimulate 

antibodies with a role in immunopathology which has not currently been 

conducted for onchocerciasis. It may be more straightforward using a rodent 

animal model which in turn will further explain the complicated immunopathology 

observed in O. volvulus-infected patients. 

It will be essential to obtain C. johnstoni samples from the rats to explore 

these hypotheses. Collecting the microfilariae, adult worms and then sera 

samples from infected and uninfected rodents will allow comparable studies with 

the O. volvulus research. Two general experiment pipelines should be considered 

to study C. johnstoni further. First, is to use the sera taken from infected and 

uninfected rats with C. johnstoni DNA and generate synthetic peptides from the 

list of known C. johnstoni orthologues of O. volvulus immunoreactive proteins. An 

ELISA would then be used to test the immunoreactivity against the C. johnstoni 

peptides. The data obtained from this experiment would then be directly 

comparable to the Norice-Tra et al. (2017) as it would be possible to compare the 

OD values for C. johnstoni and O. volvulus immunoreactive orthologues and 

determine whether they are responding similarly or differently. Ideally, it would be 

expected to see similar immunoreactivity between orthologous proteins if they are 

responsible for similar immunopathology. The second experiment that would be 

highly advantageous to conduct improving C. johnstoni research is High-

performance Liquid Chromatography with High-resolution Tandem Mass 

Spectrometry. For this experiment, the transcriptomic data and proteomic data 

from C. johnstoni worms would be generated to compare with the O. volvulus 

data directly. The C. johnstoni worm lysates from infected and uninfected rats 

would be used in a total IgG ELISA and immunoprecipitation experiment to 

identify immunogenic C. johnstoni proteins. These targets are then run on High-

performance Liquid Chromatography with High-resolution Tandem Mass 

Spectrometry and then the targets will be filtered based on quality. The 

experiment will then obtain a list of immunogenic C. johnstoni proteins which can 

be directly compared to the immunogenic list of O. volvulus proteins. The 

C. johnstoni orthologues of immunogenic O. volvulus proteins should be within 

the generated immunogenic C. johnstoni list and possibly more candidates that 
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could not have been identified in silico. The study will lead to specific C. johnstoni 

proteins that do not share orthologues with any other filarial nematode which 

would be worth exploring to understand more about C. johnstoni. Finally, this 

analysis will enable a clear comparison of O. volvulus and C. johnstoni 

immunogenic expression profiles and determine how similar the orthologues 

proteins are or how differently they behave in the different hosts. Consequently, 

these experiments will be able to determine whether the similar immunopathology 

observed in rats and humans caused by C. johnstoni and O. volvulus respectively 

are driven because of similar proteins being presented to the host or because the 

immune response is species-specific.  

As onchocerciasis is a filarial disease in humans, research into the 

parasite biology and various treatments are often complicated to study within the 

human host. Hence why the development of an animal model is so appealing 

because it would then be possible to explore several different avenues of 

research concerning onchocerciasis that have not been explored previously. If an 

animal model were available it could be used to explore the host-parasite 

relationship within the host, immune evasion by the parasite, alternate drug 

targets, the possibility of vaccine targets, it would enable new drug screening 

opportunities and lastly, enable exploration into the exact drivers of 

immunopathology that are currently not understood. These concepts are typically 

challenging to study in humans and thus have not been prosperous areas of 

research.  

An interesting concept to explore is the host-parasite relationship within 

the host. Previous literature focused on the estimation of adult worms within 

nodules and estimation of microfilarial loads using skin snips in the human host 

(Duke, 1993). As much of this research is using estimates, an animal model 

system that would allow accurate recording of adult worms and microfilariae 

would add to this body of research and create a more accurate depiction of the 

relationships occurring within the host.  

Vaccine development has encountered significant experimental limitations 

as a result of O. volvulus-infected humans and no model organisms. Vaccine 

experiments have been conducted in a range of possible animal models. A 

missing link has been the immune responses of these hosts are unlikely to reflect 

those of significance in a naturally evolved host-parasite relationship (Abraham et 
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al., 2002). Several studies have highlighted the potential of researching the host-

parasite relationship to investigate mechanisms of parasite modulation of host 

response and protective immunity (Greene et al., 1985; Ward et al., 1988; Lüder 

et al., 1993). Typically, onchocerciasis research has focussed on drug targets, 

and vaccine development, specifically OVOC9988 but have been limited by the 

unsuitable animal models available for testing (summarised in Chapter One). If 

the C. johnstoni animal model were successful, targets such as OVOC9988 and 

the C. johnstoni orthologue could be more accurately tested for possible vaccine 

development. 

There have been other proteins explored in onchocerciasis research that 

were not a focus of Norice-Tra et al. (2017) and McNulty et al. (2015) or the focus 

of Chapter Four. These studies had similar goals of identifying antigenic targets 

that could be involved in an assay for detection, vaccine or treatment of 

onchocerciasis. Thirty-one proteins from the Bennuru et al. (2016) and Bennuru 

et al. (2019) and Ov58PCR (OVOC5284) (Shey et al., 2018) have not been 

explored throughout this thesis. Future bioinformatics projects could explore 

these lists of proteins that also appear to be interesting targets and identify 

orthologues in C. johnstoni. A project that combined this bioinformatics 

exploration with immunoreactivity experiments in the C. johnstoni-rodent model 

would be more beneficial to determine which protein orthologues exhibit similar 

immunoreactivity profiles compared with the studied O. volvulus proteins.  

Finally, further exploration would be required in O. volvulus and now in 

C. johnstoni to determine the usability of the identified immunodominant motifs 

and epitope for the potential development of serodiagnostic resources in the 

C. johnstoni-rodent model. There may be a possibility that the identification of the 

immunodominant motifs identified in O. volvulus in uncharacterised C. johnstoni 

proteins would identify other putative immunogenic molecules. The C. johnstoni-

rodent animal model would be required to test the identified C. johnstoni genes 

containing the motif. In the previous studies, sera were collected from infected 

humans in various locations to explore immunoreactivity (Lagatie et al., 2017). 

The successful infection of an animal model would allow the animal sera to be 

tested to determine the reactivity of the associated motifs. The study could 

provide valuable targets that could be used to assist in treating onchocerciasis 

but is beyond the scope of this thesis.  
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4.6 Conclusions 

Chapter Four has inferred 30 orthologues across filarial nematodes of 

important O. volvulus immunogenic and serodiagnostic proteins that have 

putative immunogenic functions. Amongst these orthologues, two genes are 

undergoing diversifying selection and five genes that are undergoing purifying 

selection. The orthologues investigated are from a list of known O. volvulus 

immunogenic proteins for which C. johnstoni orthologues exist, and thus as 

expected, these orthologues share similar putative functions.  

The completion of this in silico exploration has identified C. johnstoni 

proteins that are orthologous of O. volvulus immunogenic proteins. The 

immunogenicity of the C. johnstoni orthologues can now be tested in the physical 

animal model to determine if structural conservation is predictive of 

immunogenicity. 
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Chapter Five  

Cryptic species diversity in ticks that transmit 

disease in Australia 

 

Preface 

An essential component of developing a small animal model for 

onchocerciasis is to identify the most competent vector for C. johnstoni 

transmission to a small animal model system. A significant hurdle that arose 

during the troubleshooting of the laboratory animal model was the identification of 

the tick species that were collected either off bush rats or from flagging the 

environment (Chapter Six). The following chapter focuses on the complex biology 

of ticks and tick phylogenetics and where standard molecular characterisation 

techniques may not be suitable for identifying closely related species (Chapter 

Five). Vectors transmit the parasite and thus are an important part of the model 

system. There is a need for accurate identification of tick species as there are 

some species, i.e., I. holocyclus, which would likely kill the small animal in the 

model system by injecting a toxin making it possibly an unsuitable vector species 

for C. johnstoni transmission.  

There are several ixodid ticks that are morphologically similar (Barker et 

al., 2014); thus, phylogenies using morphological characterisation is often not 

taxonomically informative. Molecular characterisation typically provides a greater 

level of taxonomic resolution. Markers that have been commonly used to 

discriminate between Ixodes species consist of mitochondrial genes 16S, 12S, 

COI (Cruickshank, 2002; Lv et al., 2014a; Lv et al., 2014b) and nuclear genes 

ITS1, ITS2, 18S rDNA, 5.8S rDNA and 28S rDNA (Cruickshank, 2002). The 

following study uses some of the most common and successful markers 

previously reported, 16S, 12S and COI, to explore the ticks collected from Kioloa 

and Mogo State Forest. The following chapter aimed to use molecular techniques 

to speciate the ticks, understand tick diversity in the field, and learn what species 

of tick are likely to be transmitting C. johnstoni to small hosts as a result of their 

prevalence in the environment and on bush rats (Chapter Five). 
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Chapter Six  

Progress and prospects towards establishing the 

Cercopithifilaria johnstoni life cycle using Rattus 

fuscipes and ticks (Ixodes spp) as hosts in the 

laboratory 

 

Preface 

Thus far, genomic resources have been assembled for C. johnstoni to 

resolve the phylogenetic relationship and genomic synteny with O. volvulus, the 

parasitic filarial nematode responsible for onchocerciasis (Chapter Two, Three). 

In chapters Two, Three and Four, these genomic resources of C. johnstoni has 

been used to compare with related filarial nematodes, specifically with O. volvulus 

in determining the suitability of using C. johnstoni in a small animal model system. 

Previously, Spratt and Haycock (1988) observed immunopathology, provoked by 

C. johnstoni in rats that is comparable to the human disease, onchocerciasis. 

Thus C. johnstoni is worth studying in the context of an animal model for 

onchocerciasis. The first phase of developing a physical animal model was to 

identify the tick species that are likely to transmit C. johnstoni to the rat host 

(Chapter Five). Chapter Five began to explore the diversity of ixodid ticks 

collected on C. johnstoni-infected rats and ticks collected on vegetation. Ticks 

appear to be morphologically similar but genetically distinct, identifying a potential 

cryptic species diversity. Thus, the standard molecular amplicons, i.e., COI, 12S 

and 16S, are essential for discriminating between species in the genus. In 

general, further improvement of ixodid tick taxonomy is required to improve the 

confidence of phylogeny. A comprehensive study assaying ticks for C. johnstoni 

presence is necessary to affirm the most competent C. johnstoni vector which 

has not been identified throughout this project. The following chapter explores a 

small project beginning to address the tick attachment to rodent processes. 

Finally, recommendations for future animal model development are proposed to 

emphasise the suitability of the C. johnstoni animal model for onchocerciasis. 



 

240 
 

6.1 Introduction 

The fundamental problem in studying filarial diseases is the challenge of 

studying obligate parasites such as O. volvulus because as with all parasitic 

nematodes, they cannot be maintained outside their hosts (Grote et al., 2017). 

Both O. volvulus and C. johnstoni are parasites in which require a host to survive, 

which in turn enables further study into their effects on their respective hosts. 

Therefore, the development of additional methods to study their biology is 

required, such as a laboratory-based animal model or more specifically using 

C. johnstoni in a rodent model. To successfully develop the C. johnstoni-rodent 

model it is critical to establish a parasite life cycle, and this involves also 

establishing an intermediate host life cycle, as well as infection of the definitive 

host, the rat.  

A laboratory model for onchocerciasis should have the following key 

features, as discussed in detail in the general introduction (Chapter One):  

1) a convenient animal host able to be easily maintained in the laboratory 

2) the laboratory host should be the natural host,  

3) maintenance of the intermediate host/vector life cycle in the laboratory, 

and most importantly,  

4) recapitulation of critical disease features, i.e., microfilarial-induced 

immunopathology in the skin and eye. 

Chapter Six focuses predominately on feature (2) and (3) to explore the feasibility 

of developing the C. johnstoni-rodent animal model. The chapter leads to specific 

recommendations about what is required for the model to be feasible discussing 

the most important future directions learnt from these preliminary experiments. 

The life cycle of C. johnstoni begins with the tick biting and feeding on the 

small rodent injecting the infective (iL3) stage of C. johnstoni into the 

subcutaneous skin of the rodent. The infective C. johnstoni worm will develop into 

the fourth stage larvae (L4) and into adults who also reside in the subcutaneous 

skin. The adults will produce microfilariae (L1) which elicit the pathological 

symptoms. Another tick will bite and feed on the rodent ingesting the microfilariae 

for C. johnstoni to develop into the L2 and iL3 stages and the cycle will continue 

(Figure 1.7) (Spratt and Varughese, 1975; Spratt and Haycock, 1988). Currently, 
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it is unknown how long it takes for the microfilariae to mature into their infective 

L3 stage within the tick intermediate host. 

The Ixodes life cycle (Figure 1.11) has four stages—egg, larva, nymph and 

adult—taking approximately 12 months to complete (Anderson et al., 2004; 

Bonnet and Liu, 2012). The length of time required for a single generation is a 

challenge for animal model development. An additional complicating factor is that 

ticks require a relative humidity of 85% and a temperature of approximately 25⁰C 

to be highly active (Spratt and Haycock, 1988; Ghosh and Azhahianambi, 2007; 

Troughton and Levin, 2007). However, the high humidity increases the risk of 

mould and therefore requires constant maintenance of tick housing. Finally, ticks 

must feed on a suitable host in order to develop into the next life stage, and it is, 

therefore, essential for a blood meal to be provided in the laboratory, either with 

live animals or artificial feeding methods (Konnai et al., 2008; Krull et al., 2017). 

Maintaining the ticks' life cycle in the laboratory is fundamental for 

understanding the ticks' developmental cycle and for providing tick numbers for 

future research. The genus Ixodes has many species that are medically important 

causing harm to both animals and humans and thus are a significant group to 

study (Clifford et al., 1973; Parola et al., 2013). A source of laboratory-reared 

ticks will facilitate advancements to understand the tick biology, exploring its role 

as a vector and studying the pathogens or toxins transmitted to several hosts 

(Donnelly and Peirce, 1975; Konnai et al., 2008; Kocan et al., 2015). The access 

to laboratory-reared ticks also provides vectors for parasite transmission to 

replicate the life cycle in animal models. There are many valuable purposes for 

successfully maintaining the life cycle of ticks in the laboratory. 

Several laboratories have proven tick-rearing to be successful and useful for 

their intended purposes. For example, Kocan et al. (2015) successfully 

maintained I. scapularis, a tick transmitting Borrelia burgdorferi, the causative 

agent of Lyme disease in the laboratory for future research into vaccines. Konnai 

et al. (2008) successfully established a laboratory colony of Ixodes persulcatus to 

explore tick biology and pathogen transmission. Lastly, Donnelly and Peirce 

(1975) have successful reared Ixodes ricinus for several years to explore the 

transmission of Babesia divergens. These few examples highlight that it is 

worthwhile and possible to rear Ixodes ticks for a range of different purposes. A 

critical observation of these studies is that different laboratory-reared tick species 
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have different optimal life cycle requirements. A rearing method used for Northern 

hemisphere ixodid ticks may not be appropriate for Southern hemisphere ticks 

and consequently require specific optimisation based on the ixodid tick used for 

the laboratory colony. 

Nevertheless, there can be significant hurdles in maintaining a vector life cycle 

in the laboratory which will be discussed in detail throughout this chapter. One 

major limitation of maintaining ticks in laboratory is the time required for ticks to 

moult into their next life stage after a blood meal. These ticks are required to be 

maintained and kept alive for the duration of moulting before they can be 

reattached to a host. Furthermore, a method is described by Spratt and Haycock, 

(1988), that was developed to have more control of a C. johnstoni infection by 

dissecting the ticks to obtain iL3 life stage and subcutaneously injecting the 

parasite into the host. There is the potential for this method to provide a more 

efficient method to guarantee C. johnstoni infection. Identifying a suitable method 

to guarantee infection in a host would reduce the limitations already associated 

with maintaining ticks in the laboratory.  

The following chapter is a series of incomplete preliminary experiments to test 

the feasibility of (a) maintaining the tick life cycle in the laboratory, (b) attaching 

immature wild-caught ticks to infected bush rats to generate infective ticks after a 

single moult rather than attempting to maintain the complete vector life cycle, and 

(c) determining the duration of an infection using captive, naturally infected wild-

caught bush rats. 
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6.2 Methods 

There is evidence of C. johnstoni infection in bush rats at Mogo State 

Forest and therefore was a suitable field site to collect samples for future model 

development. The experiments took place in two locations, Kioloa ANU campus 

(NSW) and La Trobe University (VIC). Typically, field trips were conducted over a 

week, and thus any ticks or rats collected would need to be housed at the ANU 

field campus laboratory. At the end of each field trip, tick material was transported 

back to La Trobe University using the tubes described in section 6.2.1.1 in order 

to continue troubleshooting tick attachments on the rodents we had obtained that 

were now being housed at La Trobe University.  

 

6.2.1 Tick collection process at Kioloa and Mogo 

6.2.1.1 Tick collection directly from the ground 

Un-engorged (i.e., unfed and questing) ticks were collected on pasture and 

in clearings at or close to the bush/pasture margins at two locations on the 

Australian National University Coastal Campus, Kioloa, New South Wales, 

Australia, by flagging in February, April and June 2015, and in October and 

November 2016 (map of locations presented in Chapter Five, Fig. 1). The 

process of flagging consisted of dragging an approximately 1 x 1.5 m piece of 

white fabric along the ground (Supplementary Figure 6.1a). The dark-coloured 

ticks caught up on the fabric were visually contrasting and were picked off with 

tweezers and placed into temporary tubes. Falcon tubes (15 ml) were placed at a 

45-degree angle and filled with a mixture of plaster of Paris (50 g), Milli-Q water 

(30 ml) and activated charcoal (2 g) being a modification of the plaster and water 

ratios from Konnai et al. (2008). The lids had pierced holes for air ventilation that 

were not large enough for a tick to escape (Supplementary Figure 6.1b). 

 

6.2.1.2 Tick collection directly from rats 

Native Australian bush rats, R. fuscipes, were captured at two sites in the 

Mogo State Forest, New South Wales using small Elliot traps baited with a paste 

of approximately equal proportions of rolled oats and peanut butter. The traps 

were spaced at roughly 10 m intervals in trap lines approximately 200 m in length, 

with four parallel lines approximately 10 m apart (i.e., a grid of approximately 200 

x 40 m with 80 traps). Permits for trapping were AEC 13-23, NSW – Scientific 
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Licence 5L 101280 and VIC – Scientific Permit 10007169. The traps were open 

overnight, then cleared within three to four hours of sunrise. The rats were 

transported in the traps to the laboratory at the Australian National University 

Coastal Campus, Kioloa where they were transferred to a calico bag, scanned for 

the presence of a passive integrated transponder (PIT) and weighed. Those rats 

without a PIT when scanned were fitted with a tag inserted subcutaneously 

between the shoulder blades. Rats were housed individually in a wire bottom 

cage with food and water ad libatum. Each cage contained a short length of PVC 

pipe in which the rats could hide. A catchment tray under each cage allowed the 

recovery of engorged ticks that had dropped from the rats overnight (Spratt and 

Haycock, 1988).  

The following day, any engorged ticks that had dropped off the rats into the 

collection trays were recovered, counted, assessed for developmental stage 

(larva, nymph, adult) and placed into new tubes containing charcoal, plaster of 

Paris mixture. The rats were released to the site of capture after three nights of 

housing. 

 

6.2.1.3 Presence of Cercopithifilaria johnstoni 

Rats were tested for infection with C. johnstoni by placing a skin biopsy 

snip taken bilaterally from the margin of each ear using a 2 mm diameter skin 

biopsy punch in 0.9% physiological saline and left to sit for one hour to facilitate 

the migration of microfilariae out of the snip (Spratt and Haycock, 1988; Vuong et 

al., 1993). The ear snip was then teased with tweezers to allow the microfilariae 

to escape the subcutaneous layer of skin and was poured into a petri dish to 

observe under a microscope. Only alive, twitching microfilariae were counted 

because dead microfilariae are challenging to identify if at all possible.  

 

6.2.2 Housing chambers for live ticks at La Trobe University 

To house ticks in the laboratory, two different sized vials were used to 

house different numbers of ticks. Glass scintillation vials of 20 ml with a diameter 

of 27 mm or glass scintillation vials of 7 ml with a diameter of 17 mm were 

prepared. The scintillation vials were placed at a 45-degree angle and filled with a 

mixture of plaster, as previously mentioned (section 6.2.1.1). The activated 
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charcoal was added to avoid the tubes acquiring mould. The lids of the 

scintillation tubes had a hole cut out that was then covered with stainless steel 

mesh (0.154 mm x 0.10 mm) to prevent ticks from escaping but still allow 

constant airflow. Plastic containers (particularly polypropylene) were not used due 

to the increase tick mortality that results. 

All tick containers were initially stored in an incubator at 25⁰C and 80% 

relative humidity as per Spratt and Haycock (1988) and others (Burgdorfer, 1984; 

Ghosh and Azhahianambi, 2007; Troughton and Levin, 2007). The incubator in 

use stopped functioning approximately halfway through the collection, at which 

point all tick containers were transferred to a constant environment room at 20⁰C 

and 65% relative humidity. 

In the laboratory, every bush rat was regularly weighed by transferring 

them from their enclosures to a clear Perspex tube which had previously been 

weighed, as part of the regular program to monitor their health. The tube was 

then placed on the scales and recorded the weight in grams. The clear Perspex 

tube additionally allowed viewing of each rat to check for any visible signs of 

physical illness or distress.  

The bush rats that were microfilariae positive by skin biopsy at the time of 

capture were transported to LTU and were housed for a total of three years from 

capture to the end of experiments for subsequent tick attachment experiments. 

 

6.2.3 Tick attachment procedure in the laboratory (La Trobe University) 

A critical part of using an animal model to study a disease such as 

onchocerciasis is to be able to recapitulate the characteristic disease features. 

The recapitulation of these features requires transmission of the parasite to the 

hosts in laboratory conditions hence the C. johnstoni-rodent animal model. Tick 

attachment is a crucial component of this animal model because the ticks are 

responsible for allowing C. johnstoni to mature into the iL3 stage and are equally 

responsible for transmitting the iL3 stage to the rat for infection. It is vital to get 

the tick attachment process right to ensure the success of the C. johnstoni animal 

model. 

It was important for the tick attachment procedure to obtain the larvae and 

nymph life stages of the ticks. The larvae and nymphs can ingest the microfilariae 
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from the bush rats whereas the adult females only feed on rats for a blood meal 

after mating to engorge and produce eggs (Figure 1.11). Thus, adults were not 

attached to the bush rats during the attachment procedures.  

Two independent procedures were tested for tick attachment to the 

maintained wild-caught captive rats. The first method involved anaesthesia with 

halothane performed under veterinary supervision using a rat-adapted delivery 

system that was used to sedate the bush rats performed under AEC 13–23. A 

small metal ring was glued to the back of the bush rats where ticks were placed, 

confining the tick to attach in that area and this was then covered so the ticks 

could not escape.  

A second method was developed that removed the risk of anaesthesia and 

potential discomfort from the glued metal ring and reduced rat handling. Rats 

were placed in a small PVC tube with caps at either end of the tube and a 3-5 

mm hole in the side of the tube (Supplementary Figure 6.2a). The rats naturally 

move into the tube when it is placed in the rat enclosure as it is a dark space, and 

thus they were easily confined. The ticks were placed on the back of the rats' 

necks through the small hole in the tube, allowing natural attachment. Rats were 

confined in this tube for 40 minutes to allow the ticks time to attach. 

Rats with attached ticks, from both methods, were placed in wire-floor 

cages with food and water for five to seven days until the ticks dropped off 

(Supplementary Figure 6.2b). On the bottom tray, a thick layer of Vaseline was 

smeared around the edge to capture any ticks that tried to escape. The Vaseline 

was observed daily to ensure there were no apparent gaps for ticks to crawl 

through and escape.  

The total number of ticks placed on each rat was determined by (1) the 

number of ticks that were collected from the flagging field trips, (2) the number of 

ticks that survived transportation and storage and (3) whether rats were infected 

with C. johnstoni or were naïve rodents.  

The rats used for tick attachment experiments were either wild-caught 

captive bush rats and had patent infections by skin biopsy or were accidental 

naïve captive-bred juvenile bush rats, which were not a result of a deliberate 

breeding program. The final method chosen for the tick attachment results was 

the second method where the rats were placed in a PVC tube. 
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6.2.4 Animal Ethics Approval and Wildlife Permits  

The trapping of the bush rats and the subsequent holding of captured rats for 

three days post-trapping to allow the collection of engorged ticks were all tasks 

performed with the appropriate regulatory permits. The maintenance and 

anaesthesia of captured bush rats for subsequent tick attachment experiments 

were also performed with appropriate AEC permit approval. 

• La Trobe University animal ethics approval AEC 13–23 

• New South Wales – Scientific License 5 L 101280  

• Victorian – Scientific Permit 10007169. 
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6.3 Results 

6.3.1 Samples collected 

Large numbers of unfed, questing ticks were collected from two sites, 

Mogo State Forest and Kioloa ANU campus in NSW, Australia in 2015 

(Supplementary Table 6.1) and 2016 (Supplementary Table 6.2). Across both 

field sites, larvae were the most collected life stage, and adults were rarely 

collected either from rats or from flagging on pasture. Thousands of larvae, ~700 

nymphs and ~150 adults were collected in total (Supplementary Table 6.1, 6.2).  

Engorged ticks were only collected from rats caught at Mogo State Forest 

in February and April of 2015 (Supplementary Table 6.1). Most of the engorged 

ticks collected were at the larval stage. A total of 343 engorged larvae were 

collected, and a total of 68 engorged nymphs were collected (Supplementary 

Table 6.1). No engorged adults were acquired from the captured bush rats.  

The collected ticks were maintained in the laboratory to allow engorged 

ticks to moult for re-attachment to pass on C. johnstoni iL3s. The exact number of 

ticks that survived through their first moulting stage was not recorded, but 

approximately half of the ticks moulted. Nymphs had better success, in general, 

at surviving to re-attachment than larvae.  

 

6.3.2 Tick attachments 

A summary of the wild-caught infected bush rats and the naïve captive-

bred bush rat is recorded in Table 6.1. The rats were identified by either male (M) 

or female (F) and a corresponding number identifier (Table 6.1). All the rats were 

weighed at two different time points, March and August in 2016. Ear snips were 

taken from the wild-caught rats to observe their patent infections (Table 6.1). The 

bush rats ranged from low (<10 microfilariae) to high (>200 microfilariae) patent 

infections. A wild-caught male bush rat (M13) had the highest microfilarial burden 

out of all the wild-caught bush rats (Table 6.1). Most of the bush rats maintained 

their C. johnstoni infection over the six months except for wild-caught bush rat 

M2, which had a low patent infection in March and had no microfilariae observed 

from a skin biopsy in August (Table 6.1).  
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Table 6.1: Rat weights and Cercopithifilaria johnstoni microfilariae counts at two different time points: March 2016 and April 2016. The table 

contains information on tub number of where each rat was housed, the rat numbers, animal house codes for each bush rats, recorded 

weights, whether the rats were ear snipped and the microfilarial burden.  

 

   Sample date: March 2016 Re-sample date: August 2016 

Bush rat 
# 

Wild 
caught/captive 

bred 
Tub # Weight (kg) 

Ear Snip 
(Y/N) 

Mf burden (total from 
bilateral 2mm diameter 

ear punch biopsy) 
Weight (kg) 

Ear Snip 
(Y/N) 

Mf burden (total from 
bilateral 2mm diameter 

ear punch biopsy) 

M13 Wild-caught 1 0.253 Y High >200 0.381 Y Medium >80 

F14 Wild-caught 2 0.177 Y Low <10 0.249 Y Low <10 

M20 Captive-bred 3 0.28 N - 0.419 N - 

M21 Captive-bred 4 0.152 N - 0.348 N - 

F8 Wild-caught 5 0.279 Y Low <10 0.281 Y Low <10 

M4 Wild-caught 6 0.112 Y Medium  >80 0.227 Y Medium >80 

F16 Captive-bred 8 0.201 N - 0.346 N - 

F17 Captive-bred 8 0.218 N - 0.333 N - 

F18 Captive-bred 8 Not weighed N - 0.32 N - 

F19 Captive-bred 8 0.203 N - 0.329 N - 

M2 Wild-caught 9 0.152 Y Low <10 0.278 Y None 

M10 Wild-caught 11 0.277 Y Low <10 0.391 Y Low <10 

M18 Wild-caught 12 0.324 N - 0.357 N - 
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In 2016, three independent experiments of tick attachments to bush rats 

occurred (Tables 6.2, 6.3, 6.4). In the first attachment experiment (Table 6.2), 30 

tick larvae and 16 tick nymphs that were collected from flagging in Kioloa were 

equally divided between four rats. Importantly the tick attachment process could 

not be observed directly through the Perspex tube method. A total of four 

engorged nymphs and one engorged larva dropped off the host (Table 6.2). 

Three nymphs dropped off one female rat F8 (LIT5265– wild-caught) on days 

four, five and six after attachment. One nymph dropped off the other female rat 

F14 (LIT6301 – wild-caught) six days after attachment. One slightly engorged 

larva had dropped from a male rat number M20 (LIT7116 – captive-bred) on the 

third day of the experiment; however, the larva was dead. Another engorged larva 

dropped from the same male host M20 (LIT7116 – captive-bred) on the fourth 

day after attachment (Table 6.2). 

The second attachment experiment used two rats with 30 nymphs divided 

between them (Table 6.3). The ticks used in this attachment experiment 

consisted of a combination of nymphs collected from flagging Kioloa and Mogo 

State Forest. Only one engorged nymph was collected from one single rat F14 

(LIT6301 – wild-caught) five days after attachment. The remaining ticks were not 

accounted for and presumed to have been consumed by the bush rat or were 

able to crawl undetected through the Vaseline escaping the enclosures. 

The third attachment experiment used two rats and 30 nymphs equally 

divided between each rat (Table 6.4). Again, these ticks were a combination of 

the flagged nymphs collected from Kioloa and Mogo Stage Forest. Attachment 

three was the most successful attachment experiment, resulting in a total 

collection of six engorged nymphs. Four engorged nymphs dropped off the male 

host M18 (LIT6515 – captive-bred) four days after attachment, and one dropped 

five days after attachment. One engorged nymph dropped off the female host F14 

(LTI6301 – wild-caught) four days after attachment (Table 6.4). 

Overall, the attachment rates of the ticks to the bush rats was low. Many of 

the ticks were unaccounted for throughout the attachment processes. At least 

three ticks would not attach, and over 20 ticks disappeared during the 

experiment. The experiments confirmed that ticks could be attached to bush rats 

for engorgement in the laboratory; however, the attachment rates drastically need 
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to improve for the successful development of an animal model to improve the 

chance of infection. 
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Table 6.2: Summary of the first tick attachment experiment for 2016. Four Australian bush rats with a Cercopithifilaria johnstoni infection 

were used with 15 larvae on the two male rats and eight nymphs each on the female rats. Observations record whether there were any 

changes in the movement of ticks and when the ticks dropped off their hosts. The ‘Returned’ observation referred to when the rats were 

returned to their enclosures. 

 

  

Attachment 

Date/no. ticks 

attached 

Observations 

Bush rat 14.4.2016 15.4.2016 16.4.2016 17.4.2016 18.4.2016 19.4.2016 20.4.2016 21.4.2016 22.4.2016 TOTAL 

Tub #4 male 

M21 

LIT7116(2)  

15 Larvae 
No 

Activity 

No 

Activity 
No Activity No Activity No Activity Returned   0 

Tub #3 male 

M20 

LIT7116(2)  

15  Larvae 
No 

Activity 

No 

Activity 

1 larva found 

dead in 

Vaseline tried to 

escape 

1 engorged 

Larva 

dropped 

No Activity Returned   1 larva 

Tub #5 female 

F8 LIT5265 

3765455 

8 Nymphs 
No 

Activity 

No 

Activity 
No Activity 

1 engorged 

Nymph 

dropped 

1 engorged 

Nymph 

dropped 

1 engorged 

Nymph 

dropped 

No 

Activity 
Returned 

3 

nymphs 

Tub #2 female 

F14  LIT6301 

3769088 

8 Nymphs 
No 

Activity 

No 

Activity 
No Activity No Activity No Activity 

1 engorged 

Nymph 

dropped 

No 

Activity 
Returned 

1 

nymph 
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Table 6.3: Summary of the second tick attachment experiment for 2016. Two Australian bush rats with a Cercopithifilaria johnstoni infection 

were used with 15 nymphs on the two female rats. Observations record whether there were any changes in the movement of ticks and when 

the ticks dropped off their hosts. ‘Returned’ refers to when the rats were returned to their enclosures. 

 

  
Attachment Date/no. 

ticks attached 
Observations 

Bush rat 19.5.2016 20.5.2016 21.5.2016 22.5.2016 23.5.2016 24.5.2016 25.5.2016 26.5.2016  TOTAL 

Tub #5 female F8 

LIT5265 3765455 
15 Nymphs 

No Activity 

Unattached ticks 

dropped off 

No 

Activity 

No 

Activity 

No 

Activity 
No Activity 

No 

Activity 
Returned 0 

Tub #2 female F14  

LIT6301 3769088 
15 Nymphs No Activity 

No 

Activity 

No 

Activity 

No 

Activity 

1 engorged 

Nymph 

dropped 

No 

Activity 
Returned 

1 

nymph 
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Table 6.4: Summary of the third tick attachment experiment for 2016. Two Australian bush rats with a Cercopithifilaria johnstoni infection 

were used with 15 nymphs on the two rats. Observations record whether there were any changes in the movement of ticks and when the 

ticks dropped off their hosts. ‘Returned’ refers to when the rats were returned to their enclosures. 

 

  

Attachment 

Date/no. ticks 

attached 

Observations 

Bush rat 1.12.2016 2.12.2016 3.12.2016 4.12.2016 5.12.2016 6.12.2016 7.12.2016 8.12.2016 9.12.2016 TOTAL 

Tub #12 male 

M18 LIT6515 
15 Nymphs 

No 

Activity 

No 

Activity 

No 

Activity 

4 engorged 

Nymphs 

dropped 

1 engorged 

Nymph 

dropped 

No 

Activity 

No 

Activity 
Returned 

5 

nymphs 

Tub #2 female 

F14  LIT6301 

3769088 

15 Nymphs 
No 

Activity 

No 

Activity 

No 

Activity 

1 engorged 

Nymph 

dropped 

No Activity 
No 

Activity 

No 

Activity 
Returned 

1 

nymph 
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6.4 Discussion 

Obligate parasites, i.e., O. volvulus and C. johnstoni cannot be maintained 

outside of their hosts (Grote et al., 2017) impeding research into the biology of 

O. volvulus and understanding what is driving the immunopathology observed in 

O. volvulus-infected humans. The aim was to explore a possible animal model 

system using the related filarial nematode C. johnstoni in rodents as C. johnstoni 

has proven to elicit similar immunopathology comparable to that observed in 

O. volvulus-infected patients (Spratt and Haycock 1988). A successful animal 

model requires either an established parasite life cycle and vector host life cycle, 

or a suitable method to obtain infective larvae to infect a host. Chapter Six 

consisted of a series of incomplete preliminary experiments to test the feasibility 

of (a) maintaining the tick life cycle in the laboratory, (b) attaching immature wild-

caught ticks to infected bush rats to generate infective ticks after a single moult 

rather than attempting to maintain the complete vector life cycle, and (c) 

determining the duration of an infection using captive, naturally infected wild-

caught bush rats. 

There were two groups of ticks independently collected for attachment 

procedures in the animal house and used to explore the possibility of maintaining 

the tick life cycle in the laboratory discussed below, (section 6.4.1.1) numbers of 

unfed questing ticks collected by flagging and (section 6.4.1.2) numbers of 

engorged ticks collected from captured C. johnstoni-infected bush rats. An 

important term used throughout the discussion is "questing ticks". The term 

questing refers to a behaviour exhibited by hard ticks, Ixodida, as a method of 

increasing the possibility to interact with a suitable host. The behaviour involves 

climbing up blades of grass or vegetation waiting with their front legs 

outstretching making themselves available for attachment on anything or anyone 

that brushes past them (Murdoch and Spratt, 2006; Tomkins et al., 2014).  

 

6.4.1 Collection of ticks for life cycle maintenance 

6.4.1.1 Numbers of unfed questing ticks 

Flagging the vegetation at Kioloa and Mogo State Forest proved to be a 

successful method for collecting questing ticks for future rat attachments. 

Hundreds of ticks were collected from the environment at multiple life stages, with 

the ticks being predominately larvae and nymphs (Supplementary Table 6.1, 6.2). 
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The flagging sites consisted of tall and grazed grass, small bushes and short 

grass around the base of trees. Observationally, confined areas with bushes and 

trees had an increased number of ticks, perhaps because small mammals are 

more commonly present in these covered areas and thus an ideal place for ticks 

to be questing for an appropriate host. 

While the flagging of ticks was successful, it is often time consuming to 

collect many ticks. Alternate methods of collecting ticks from the environment 

have now been considered for future collection of ticks. Tick traps have been 

known to be successful at trapping questing ticks. For example, one commonly 

used trap is the CO2-baited trap (Falco and Fish, 1991, 1992; van Duijvendijk et 

al., 2017). As Ixodes are attracted by physical and chemical stimuli released by 

hosts, such as carbon dioxide, heat and odours (Wall and Shearer, 1997; Bonnet 

and Liu, 2012; van Duijvendijk et al., 2017), ticks are attracted to the CO2 gas 

emitted by dry ice and then get caught in a Styrofoam reservoir by a simple 

method involving tape (Falco and Fish, 1991, 1992). Alternatively, a pheromone 

trap has been developed as described in Anish et al. (2017). The trap is simple to 

construct, consisting of an acrylic sheet with double-sided sticky tape. Filter paper 

discs soaked with 5 µl of pheromone nanogold solution were used to attract 

questing ticks (Anish et al., 2017). The simplicity of these methods makes the 

chemical stimuli traps appealing to trial in future tick collection field trips. 

The advantage of using baited tick traps rather than flagging is that it 

enhances the collection of questing ticks and reduces risk to the researcher by 

minimising physical exposure to probable tick bites. For example, to flag 

vegetation for questing ticks, the researcher must walk through the same 

vegetation, thus being a risk for the questing ticks to attach to their clothing and 

then skin. However, baited tick traps do not require the researcher to have as 

much contact with the environment where the ticks a possibly questing and 

therefore lessens the risk.  

Nevertheless, these approaches would require additional verification to 

guarantee that ticks stuck to tape could be removed without injury so they could 

be later attached to rats for C. johnstoni transmission. These trap methods also 

require more equipment and thus are not as simple to conduct compared to 

flagging. As the current flagging method was successful for the intended 

purposes and is reliable to collect appropriate numbers of ticks, flagging should 
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still be a simple and effective method to be considered for obtaining ticks for the 

small animal model. 

 

6.4.1.2 Numbers of engorged ticks 

Wild bush rats that were caught from Mogo State Forest had several ticks 

attached. While many rats had less than fifty engorged ticks drop off within the 

three-night housing period, several bush rats had greater than a hundred 

engorged ticks drop off over the same period. The rats were released after three 

nights, and therefore there may have been additional ticks that had not yet 

dropped. Larvae generally take three days to drop after initial attachment, but 

nymphs can range from four to seven days after initial attachment to drop off their 

host (Grattan-Smith et al., 1997). The life stages of ticks attached to the bush rats 

at the time of collection would have been entirely dependent on when the ticks 

attached to their host and whether there had been enough time for them to feed, 

engorge and drop.  

 

The numbers of ticks collected were discussed from the two groups, unfed 

questing ticks and engorged ticks. The survival of the two groups collected for 

attachment in the laboratory was then independently explored, discussed below, 

(section 6.4.2) feasibility of maintaining ticks in the laboratory.  

 

6.4.2 Feasibility of maintaining ticks in the laboratory 

The unfed questing ticks collected from the environment at Kioloa and 

Mogo State Forest were collected to troubleshoot the tick attachment process. 

The ticks collected at Kioloa were unlikely to be infective with C. johnstoni iL3s 

because there have been no reports of C. johnstoni infection in bush rats 

detected throughout the Kioloa area, and thus any ticks collected there are 

unlikely to carry C. johnstoni. C. johnstoni has not been previously reported 

anywhere in Kioloa. However, it was not possible to determine if the nymphs had 

previously fed on a naturally infective bush rat because there is currently no 

assay developed for live ticks. The larvae collected were uninfected as they 

would not have previously fed on a host.  
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The advantage to collecting unfed questing ticks over the engorged ticks is 

that the unfed questing ticks can be collected and attached to infected rats to 

ingest and obtain an initial C. johnstoni microfilariae burden that they did not 

previously contain. As questing ticks were only used for troubleshooting the 

attachment process, initially they did not require the long-term maintenance 

through moulting and their life stages. From the moment the engorged ticks drop 

from wild-caught naturally infected bush rats, the ticks need to be maintained 

through their moulting before they can be used as a source of C. johnstoni-

infective larvae. Unfed ticks can be attached to naturally infected bush rats 

immediately as they have been acquired from the environment questing for a host 

to feed. Once the unfed questing ticks are attached to a host and feed, the newly 

engorged ticks were then maintained through moulting and thus treated like the 

engorged ticks acquired from the wild-caught naturally infected bush rats. 

The engorged ticks were obtained from naturally infected bush rats and 

thus are more likely to have a C. johnstoni infection with parasites that are 

maturing to the iL3 infective stage than the ticks collected on vegetation. These 

ticks would require maintenance through their moulting stage for future 

attachment to an uninfected laboratory rat host. A significant difficulty with the 

development of an animal model lies with the intensive maintenance for ticks to 

survive through moulting stages. The ticks throughout these experiments proved 

to be highly sensitive to changes in relative humidity and temperature which is 

supported by several tick species relying heavily on 85-100% relative humidity for 

their survival (Burgdorfer, 1984; Ghosh and Azhahianambi, 2007; Troughton and 

Levin, 2007), and drastic variations in temperature significantly affect tick growth 

rate (Chilton, 1992).  

A significant challenge for the development and maintenance of a tick 

colony is that the life cycle is relatively long, taking up to a year from larvae to 

adults. I. scapularis in the Northern hemisphere has a two-year life cycle as a 

result of a period of diapause during the winter as the harsh freezing temperature 

of winter results is desiccation (Kocan et al., 2015). A critical goal in the United 

States has been to study and understand how to control I. scapularis on account 

of the increasing medical importance I. scapularis has transmitting Lyme disease 

to humans (Burgdorfer et al., 1982; Spielman et al., 1985; Piesman, 2002; Gulia-

Nuss et al., 2016). The use of a tick colony will enable a vast number of studies to 
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focus on understanding I. scapularis biology, pathogen transmission and 

development of a vaccine for Lyme disease (Piesman, 2002; Kocan et al., 2015). 

A laboratory in the US has successfully reduced the total rearing time of I. 

scapularis to 7.5 months instead of two years (Kocan et al., 2015). The reduction 

of the life cycle timeframe for I. scapularis could indicate that with optimal 

conditions, the life cycles of all Ixodes species, even in Australia, could be 

reduced when optimised in the laboratory. If a tick species such as I. trichosuri or 

I. holocyclus could be reared in the laboratory and life decreased from one year, 

then the maintenance of a tick colony may provide a valuable resource to pursue.  

There are a range of experiments and techniques that could be trialled for 

future experiments if it is required that ticks be maintained in the laboratory. 

Some laboratories have successfully developed tick colonies (Troughton and 

Levin, 2007; Konnai et al., 2008), using artificial feeding methods such as skin 

membranes mimicking a host, as these are more easily controlled. An advantage 

of using artificial feeding methods with membranes is the reduction in the 

requirement for animal numbers and maintaining the hosts in the laboratory, 

reducing overall costs. However, they are very tedious to set-up, clean and 

maintain (Soares et al., 2005; Bonnet et al., 2006; Krull et al., 2017).  

As an alternative to artificial feeding methods, rabbits are a more common 

host for tick colonies (Burgdorfer, 1984; Ghosh and Azhahianambi, 2007) and 

similarly guinea pigs (Jones et al., 1988). These could be an option to maintain 

the colony before tick attachment to R. norvegicus for C. johnstoni transmission. 

The use of rabbits or guinea pigs significantly increases the expense of the 

animal model. Ideally, it is important to find a balance between affordability and a 

successful model to attach ticks and study disease. 

However, due to the results from these preliminary experiments collecting 

and maintaining the ticks in the laboratory maintenance of the tick life cycle was 

discontinued. There are several caveats in maintaining the life cycle and it is not 

necessary for studying the host immune responses of parasite infection. Thus, 

maintaining the tick life cycle is not feasible in the context of developing an animal 

model for onchocerciasis research. A more important feature of the animal model 

is obtaining the infective stage of C. johnstoni. Appropriate attachment methods 

would need to be devised to allow C. johnstoni to be transmitted from the bush 

rats. 
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6.4.3 Attachment of immature wild-caught ticks to infected bush rats  

Tick attachment is an essential step to determine whether the C. johnstoni-

rodent animal model is feasible. Two methods were explored to determine a 

suitable method of attaching ticks. The first method required anaesthesia of the 

bush rats and uncomfortable rings glued to the back of the bush rats’ neck, thus 

would not be a feasible long-term method of attaching ticks for an animal model. 

The second method proved to be ethically acceptable, provided minimal 

discomfort to the bush rats and allowed a more natural tick attachment process to 

occur. However, the efficiency of tick attachment was very low (Tables 6.2, 6.3, 

6.4). Developing a highly efficient and successful tick attachment method is 

challenging to develop.  

Findings from the Kocan et al., (2015) I. scapularis experiments revealed 

the ticks attached better to hosts when the laboratory rearing cycle coincided with 

their cycle in nature. However, the exact attachment efficiency of I. scapularis is 

unknown. Throughout the experiments, Kocan et al., (2015) infested their hosts 

with a high number of ticks because of the high mortality rate for the ticks. The 

efficiency of tick attachment to Australian bush rats using the ethically acceptable 

attachment method has also not been resolved. The preliminary experiments 

conducted proved we would require a large number of ticks and large number of 

rats to ensure a good attachment rate and useful number of infected rats. For 

example, if the ticks attached to the bush rats, 10 infected rats per three months 

would be acceptable to maintain C. johnstoni parasites providing the ticks 

attached and transmitted the parasite. Based on the results from the preliminary 

tick attachment experiments, 20-30 larvae would be required per rat or 10-20 

nymphs per rat to get a couple of ticks feeding on the bush rat. Thus requiring 

approximately 250 larvae or 150 nymphs every three months to successful obtain 

infective rats. However, these numbers would only be acceptable providing that 

the ticks already had ingested C. johnstoni and allowed C. johnstoni to develop 

into iL3. If the ticks needed to be fed on an infected rat to infest C. johnstoni, 

engorge and then moult into the proceeding life stage, the numbers of ticks would 

need to be increased by at least three-fold. Improving the current Australian tick 

attachment rate may require following similar studies such as Kocan et al., (2015) 

by including light and dark photoperiods that could aid in replicating a more 

accurate, natural environment for the ticks to moult and feed. 
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While it would be desirable to have captive-bred ticks and produce a tick 

colony for constant supply of ticks for attachment to bush rats, it is not essential. 

These experiments have identified technical challenges that would need to be 

overcome that was beyond the scope of this PhD project. Developing a tick life 

cycle is very time consuming and sensitive to a range of factors thus the initial 

experimental approach of maintaining the entire life cycle in the laboratory was 

not successful and not further pursued in this project. The most important 

requirement for the C. johnstoni-rodent animal model is to obtain infective larvae. 

There are a range of different experiments that can be conducted to obtain the 

infective larvae that do not rely on the maintenance of a tick colony or even re-

attachment of a tick to a bush rat eliminating the challenges observed throughout 

these experiments, discussed in section 6.4.5. 

 

6.4.4 Determining the duration of an infection using captive, naturally 

infected wild-caught bush rats 

Naturally infected wild-caught bush rats from Mogo State Forest were 

transferred to the La Trobe University animal house and progressively monitored 

by conducting ear biopsies every three to six months to observe C. johnstoni 

infection (Table 6.1). The bush rats successfully maintained a C. johnstoni 

infection over the three years since they were captured from Mogo State Forest. 

The consistent infection over three years implies that a C. johnstoni infection 

could be lifelong in bush rats which is an important conclusion if the C. johnstoni-

rodent animal model was to be pursued. A lifelong C. johnstoni infection in bush 

rats allows for a range of various experiments to observe infection over time 

identifying symptoms and studying the host immune responses to infection and 

treatment. Retaining C. johnstoni infection also mimics the long infection period of 

O. volvulus where an individual can be infected with the adult O. volvulus worms 

for 15 years (Basáñez et al., 1994; Omura and Crump, 2004; Coffeng et al., 

2013). The C. johnstoni infection lasts for the majority the hosts lifespan of less 

than 3 years and appears to have a longer infection than several of the current 

animal models using A. viteae or L. sigmodontis (Beaver et al., 1974; Hubner et 

al., 2009). 
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The three year duration of C. johnstoni infection in Australian bush rats is 

an important finding for future development of the C. johnstoni-rodent model that 

will be useful for future experiments. 

 

6.4.5 Future directions for the Cercopithifilaria johnstoni-rodent animal 

model 

6.4.5.1 Tick dissection and subcutaneous injection into rat 

An alternate method for improving C. johnstoni transmission was 

conducted in the experiments of Spratt and Haycock (1988). The I. trichosuri ticks 

were dissected to recover the infective larvae C. johnstoni stage iL3 and then 

injected the iL3s subcutaneously into R. norvegicus to obtain experimentally 

infected rats (Spratt and Haycock, 1988; Vuong et al., 1993). An obstacle for the 

injection method is knowing the time required for C. johnstoni microfilariae to 

reach maturity to iL3s. Currently, it is not reported nor known how long it takes for 

C. johnstoni to mature to the iL3 stage within an ixodid tick. It has been assumed 

that the development of C. johnstoni from microfilariae to iL3 occurs when the tick 

has dropped off the host during the tick moulting stage (Spratt and Haycock, 

1988). There is an increased possibility that maturity to iL3 occurs sooner than 

the duration of tick moulting. Therefore, this method will reduce the need to 

maintain the tick life cycle in the laboratory for future experiments (Spratt and 

Haycock, 1988). A simple experiment that can be conducted in the future to 

determine the optimal time for dissection would be to obtain engorged ticks that 

fed on C. johnstoni-infected rodents and dissect the salivary glands and midguts 

of the ticks to extract C. johnstoni. Each group of ticks will be at varying time 

points, i.e., five days after dropping off the host, ten days, 20 days and so on. The 

results from this experiment should reveal the optimal point at which C. johnstoni 

is an iL3 and ready for dissection to be then injected into a new host for infection.  

Spratt and Haycock (1988) presumed that there is a 90-day pre-patent 

period of C. johnstoni transmission; however, they had not identified the exact 

time point that C. johnstoni matures into the iL3 and can be dissected. Ideally, it 

would not take as long for C. johnstoni microfilariae to mature to the iL3 stage 

compared to the time it takes for the ticks to moult to their next life stage, thus 

drastically reducing the time required for tick life cycle maintenance and therefore 

removing many of the procedures requiring troubleshooting. In previous 
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experiments, C. johnstoni was dissected from the moulted ticks and therefore 

indicating that the ticks are still required to mature through their moulting phase 

before C. johnstoni could be used to infect rats (Spratt and Haycock, 1988). The 

same method could be trialled in future experiments or troubleshooting could be 

done to identify at what stage of the tick’s engorgement, C. johnstoni mature into 

the iL3. 

 

6.4.5.2 Possible future experiment using the paralysis tick, Ixodes 

holocyclus for vector of Cercopithifilaria johnstoni in a small animal model 

system 

I. holocyclus, the paralysis tick, is a widespread species on the East coast 

of Australia that causes paralysis in small mammals (discussed in detail in 

Chapter One; (Jackson et al., 1998; Jackson et al., 2000; Jackson et al., 2002; 

Graves et al., 2016). The nymph or adult stages of I. holocyclus must not be fed 

on laboratory rats because the toxin will paralyse them. The sensitivity of 

laboratory rats to the larval stages of I. holocyclus has not been quantified. 

Accurate identification of ticks before the attachment to a host or the use of 

artificial membranes for feeding ticks during development would collectively 

reduce the risk to small laboratory animals.  

That said whether I. holocyclus nymph and adult stages cause deleterious 

effects to bush rats has not yet been investigated. There is a marked difference in 

species present on rats at Mogo State Forest compared with species present on 

vegetation at Kioloa (Chapter Five), with very few I. holocyclus found on bush rats 

in Mogo compared to a large number of all I. holocyclus life stages found on the 

vegetation at Kioloa. There was evidence of I. holocyclus adults and larvae from 

flagging around the same locations at Mogo State Forest, where the bush rats 

were collected (Chapter Five). The lack of I. holocyclus implies that the bush rats 

could be relatively insensitive to I. holocyclus tick toxins representing some 

immunity rather than a fatality. Bush rats may not be appealing hosts for 

I. holocyclus ticks to feed. As I. holocyclus causes severe reactions in small 

mammals and children, it would be a useful project to quantify whether bush rats 

do have immunity to the toxin or whether there is just varying number of tick 

species in these different areas. 
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As all vectors competent to transmit C. johnstoni have not been identified, 

it may be possible that I. holocyclus can equally transmit C. johnstoni to hosts. 

From various field trips, I. holocyclus appears the most accessible species from 

flagging the vegetation on the East coast of Australia. They are also the most 

easily identifiable species compared to other ticks in Ixodes. Thus, it may be 

possible to devise experiments using field-collected I. holocyclus ticks without 

harming the bush rats or laboratory rats. Such experiments would be designed to 

explore parasite transmission competency and host immune system responses. 

We know more about the biology of I. holocyclus than other ixodid species 

because the paralysis tick is responsible for paralysing small mammals and 

children and thus has been a focus of research (Kaire, 1966; Stone et al., 1983; 

Stone et al., 1989; Song et al., 2011; Graves et al., 2016). It may be worth 

pursuing I. holocyclus to use for transmission of C. johnstoni to bush rats 

because of how much is already known about this vector species. The 

experiment would not be appropriate to use on laboratory rats that are naïve to 

the toxin. Ideally, if it is possible to improve the identification process of ixodid 

ticks and use I. trichosuri or other species that do not inject a toxin would be the 

preferred option moving forward. The following system could be implemented for 

any Ixodes tick that is identified and proves to be the most successful at 

transmitting C. johnstoni to a host. For explanation purposes, I. holocyclus will be 

used to elucidate the system.  

A membrane feeding system developed to maintain the life cycle of 

I. holocyclus (or other competent Ixodes) in the lab would make it possible to feed 

larvae on C. johnstoni-infected laboratory rats, then dissect the tick’s post-

engorgement to obtain C. johnstoni iL3s. The iL3s would then be injected 

subcutaneously into naïve laboratory rats, a method which was discussed in 

section 6.4.5.1. 

Feeding membranes would be maintained with 85% relative humidity and 

constant temperature of 25ºC to facilitate growing and feeding of the ticks. Based 

on the various tick flagging field trips conducted for this work, large numbers of 

I. holocyclus are not only easy to locate in Kioloa, but adults are easy to identify 

due to their lighter coloured second and third leg (Supplementary Figure 6.3a). 

The male and female I. holocyclus adult ticks were straightforwardly identified 

and observed them mating in their tick tubes in the laboratory, resulting in 
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thousands of eggs (Supplementary Figure 6.3). Thus, occasional 

supplementation of the tick colony via flagging high I. holocyclus prevalent areas 

would be possible. Feeding membranes would be used for unfed adult females 

until they lay their eggs, excluding the time required to produce larval ticks and 

C. johnstoni iL3s. Membranes would be a more efficient method to maximise 

C. johnstoni transmission. 

 

6.4.5.3 Future identification of Cercopithifilaria johnstoni presence in ticks 

and rodents using PCR 

There are likely several tick species that ingest and transmit C. johnstoni in 

the wild (see Chapter Five for analysis of cryptic diversity). Currently, not all those 

tick species are compatible for developing a laboratory life cycle, as some tick 

species will be lethal to the rat hosts, i.e., I. holocyclus (possible option 

discussion in 6.4.5.2). The most competent vector species for C. johnstoni 

transmission is currently unknown and thus is an important future direction if tick 

attachment is a requirement for the C. johnstoni-rodent model. 

A robust assay that could detect the presence or absence of C. johnstoni 

in engorged ticks while simultaneously identifying the species of the tick would be 

beneficial to this research. It is the most important next stage of the C. johnstoni 

animal model to develop a PCR for C. johnstoni detection in engorged ticks. The 

results of such a test would identify the most common species of tick present on 

the rats and identify the presence of C. johnstoni in the ticks thus exploring 

C. johnstoni genetic diversity.  

 

6.4.5.4 Tick morphological identification 

Currently, morphological identification is slow and requires significant 

taxonomic knowledge (Chapter Five). Alternatively, to developing a PCR to 

simultaneously identify C. johnstoni presence and tick species, another option 

would be to collect ticks and identify them using both morphological 

characteristics and DNA barcoding to then dissect each tick thus identifying those 

with parasites such as, C. johnstoni. 
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A sensitive molecular assay would vastly improve the process of 

identifying the most appropriate vector to transmit C. johnstoni, as this could be 

high throughput, allowing rapid screening of abundant ticks. An example of a 

molecular assay could involve the collection of tick faeces during the post-

engorgement period to detect filarial DNA from the microfilariae that did not 

mature to the iL3 stage, similar to work done in mosquitoes for lymphatic filariasis 

(Pilotte et al., 2016).  

 

6.5 Conclusions 

Chapter Six has explored three important features of developing a 

successful C. johnstoni-rodent animal model (a) maintaining the tick life cycle in 

the laboratory, (b) attaching immature wild-caught ticks to infected bush rats to 

generate infective ticks after a single moult rather than attempting to maintain the 

complete vector life cycle, and (c) determining the duration of an infection using 

captive, naturally infected wild-caught bush rats. 

It is very challenging to maintain the tick life cycle in the laboratory and 

there were several technical challenges that need to be overcome before 

maintenance of the life cycle will be feasible which was beyond the scope of this 

PhD project. Captive-bred ticks may appear desirable but have been deemed 

unnecessary as the major goal for the success of the C. johnstoni-rodent model is 

to obtain infective larvae. There are alternate methods to obtain infective larvae 

that do not require an intensive approach such as maintaining the tick life cycle. 

Methods such as the tick dissection and iL3 subcutaneous injection into rodents 

should be considered for future development of the C. johnstoni-rodent model 

system. 

The ethically acceptable alternative tick attachment method to bush rats 

proved to be challenging to develop. The method had limitations and the 

attachment rate was not efficient. Further troubleshooting of this method is 

required to allow the ticks to obtain a blood meal to engorge. 

Lastly, wild-caught bush rats maintained a C. johnstoni infection for three 

years post-capture indicating that the infection is lifelong in bush rats. A very 

important finding from this series of incomplete experiments. Future work into 
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developing the C. johnstoni-rodent model can ensure that once the rodents have 

a C. johnstoni infection, they are likely to maintain these infections for a long time.  

There is further research required before we have a successful laboratory 

model for studying onchocerciasis immunopathology. However, the experimental 

work presented here suggests that future C. johnstoni animal model trials may be 

feasible given a stable funding source that would allow for enough equipment, 

space, and staffing. 
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Chapter Seven  

General Discussion 

 

The overall objective was to explore the possibility and suitability of 

C. johnstoni, a filarial nematode of rats, to be used in a small animal model to 

study onchocerciasis, a disease caused by the filarial nematode O. volvulus. 

Spratt and Haycock (1988) identified C. johnstoni in Australian bush rats and 

other small mammals, demonstrating that it can elicit similar immunopathology in 

bush rats and laboratory rats that transpires in Onchocerca-infected individuals. 

The ability of C. johnstoni to recapitulate the characteristic disease symptoms, 

i.e., lesions and microfilariae and lesions in the cornea, are the critical features of 

this proposed animal model system. The recapitulation of corneal lesions infers 

C. johnstoni is a parasite of interest to use in an animal model investigating 

onchocerciasis (Vuong et al., 1993). 

The first logical step was to establish genomic resources by assembling 

the mitochondrial (Chapter Two) and nuclear (Chapter Three) genomes and 

position C. johnstoni in phylogenetic context with other closely related filarial 

nematode species (Chapter Two, Three). Then, the assembled draft genome was 

used to explore genomic similarity and synteny (Chapter Three) and as a 

resource for orthologue discovery (Chapter Four). Potential antigenic proteins 

that may be important in disease immunopathology experimentally derived from 

O. volvulus was investigated (Chapter Four). Several studies have explored 

antigens that appear to be involved in the immune responses of O. volvulus-

infected humans (Lustigman et al., 2002; McNulty et al., 2015; Bennuru et al., 

2016; Bennuru et al., 2017; Norice-Tra et al., 2017; Bennuru et al., 2019). The C. 

johnstoni orthologues of strongly immunogenic O. volvulus proteins are now a 

logical foundation to begin the investigation of the parallels between C. johnstoni 

and rat, and O. volvulus and human, immunology. C. johnstoni appears to be a 

comparable nematode that could be a successful candidate to study 

onchocerciasis. Thus, the following step is to identify the logistics of establishing 

a small animal model. The next step is to define the tick species that is the 

primary vector of C. johnstoni. The data presented in Chapter Five, which show 

that the diversity of ticks present in the study sites is higher than current 
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taxonomy suggests that identification of the species that transmit C. johnstoni 

may be more complex than initially thought. The study revealed a group of cryptic 

species (Chapter Five) that has highlighted a knowledge gap in the development 

of a C. johnstoni-rodent animal model. It will be vital to ascertain the most efficient 

vector responsible for the transmission of C. johnstoni to the rats to replicate 

parasite transmission. Finally, the prospects of establishing the C. johnstoni 

transmission cycle in the laboratory were considered identifying how the animal 

model system would function and what would be required to study the 

immunopathology successfully (Chapter Six).  

 

7.1 Phylogenetic relationships of filarial nematodes 

An initial aim was to position C. johnstoni in the clade III filarial nematode 

phylogeny to determine the phylogenetic relationship with O. volvulus and other 

closely related nematodes. The mitochondrial and the nuclear C. johnstoni 

genomes revealed the same phylogenetic relationships with the other closely 

related filarial nematodes (Chapter Two, Three) and was consistent with previous 

publications (McNulty et al., 2012; Blaxter and Koutsovoulos, 2015; Lefoulon et 

al., 2015). It was apparent with the inclusion of additional genomic data, i.e., 

adding whole-genome nuclear data, improved the maximum likelihood bootstrap 

support and Bayesian posterior probabilities. Consistently, the phylogenies 

positioned C. johnstoni with A. viteae, and L. sigmodontis in a highly supported 

clade, thus indicating close relationships with one another compared with the 

other nematodes (Chapter Two, Three).  

Despite excellent resolution and support within the mitochondrial and 

nuclear phylogenies, there are still uncertainties concerning the phylogenetic 

relationships of the Cercopithifilaria clade using 12S and COI amplicons. A 

secondary aim was to identify whether C. johnstoni was closely related to other 

Cercopithifilaria species. There were only 12S and COI gene data available for 

the species in the Cercopithifilaria genus restricting the phylogenetic analysis. 

There have not been whole genomes assembled for Cercopithifilaria species 

other than C. johnstoni. The Cercopithifilaria clade was very poorly supported 

using 12S and COI genes (Chapter Two). Within the clade, there were a few 

highly supported relationships but mostly poor support across all other species 

and low support for the outgroups in this tree, such as A. viteae, L. sigmodontis 
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and other related filarial nematodes. The uncertain low support for the 

Cercopithifilaria clade and variation in filarial relationships raises concerns about 

the credibility of the 12S-COI phylogeny. For example, the 12S-COI phylogeny 

positioned A. viteae and S. digitata together with poor support. Conversely in the 

whole mitochondrial phylogeny, A. viteae and L. sigmodontis were positioned 

together with high support while S. digitata was positioned as an outgroup outside 

of Onchocercidae thus distantly related.  

There is the possibility that with the addition of more genomic information, 

there could be variation in the current 12S-COI filarial relationships, including the 

relationships within the Cercopithifilaria clade. The phylogeny positions 

C. johnstoni more distantly related to the other Cercopithifilaria species within the 

same clade, i.e., long-branch length, which could be expected as C. johnstoni is 

geographically more divergent than the others (Chapter Two). As evolutionary 

relationships of C. johnstoni to other Cercopithifilaria species was not a focus of 

Chapter Two, future analyses should focus on these evolutionary relationships of 

Cercopithifilaria species to verify how closely related C. johnstoni is to 

Cercopithifilaria species in the Northern Hemisphere. The separation between 

Northern and Southern Hemisphere Cercopithifilaria populations could suggest 

that C. johnstoni has undergone host switches at some point in their evolutionary 

history.  

A host switch is defined by a parasite jumping from one host species to 

another (Webster et al., 2016). To identify the potential of C. johnstoni host 

switching throughout its history could be explored through a study of genetic 

variation between various populations of C. johnstoni within a host and between 

hosts. Previous parasite surveys in Australian mammals have identified 

C. johnstoni infection in bandicoots, Tasmanian devils, gliders, and different 

species of rodents (Mackerras, 1962; Spratt and Varughese, 1975). A desirable 

investigation would involve determining whether the C. johnstoni species 

described in the recorded hosts demonstrate genetic variation or are categorised 

as the same species. It could be expected to see an Australian clade of cryptic 

Cercopithifilaria species from different Australian hosts that are separate from the 

Cercopithifilaria species identified in Europe and Asia. A study of genetic variation 

between Cercopithifilaria isolated from different hosts would be invaluable to 

understand this species in a broader context to determine if they are likely to be 
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members of the same species or separate cryptic species. Providing the species 

are all C. johnstoni, we could explore the possibility of specific sub-populations 

associated with different hosts, alternatively whether there is a single panmictic 

population with transmission occurring freely amongst all hosts. 

Host switching is of interest as a result of the other filarial species 

evolutionary history. The Onchocerca clade’s origin dates back to the Miocene 

radiation resulting in new hosts such as cervids and bovids (Bain, 2002). Since 

this event, Onchocerca species have undergone many sympatric speciations 

through host switching (Bain, 2002; Krueger et al., 2007; Sréter and Széll, 2008). 

Other host switches consist of Onchocerca dewittei to boar, Onchocerca 

ramachandrini in the warthog, Onchocerca fasciata in camel, and onchocercosis 

has been reported in dogs (Sréter and Széll, 2008). Host switching events 

influence parasite evolution by leading to reproductive isolation between those 

parasites from the old host and those in the new host (Mackenstedt et al., 2015; 

Webster et al., 2016). In parasitic nematodes, it is prevalent and has been known 

to trigger the emergence of disease with increased severity in pathology and 

symptoms (Laetsch et al., 2012; Susoy and Herrmann, 2014; Suh et al., 2016; 

Webster et al., 2016). The ability of filarial nematodes to host switch into 

divergent host species, i.e., bovine to human, raises many questions to be 

explored. It may be possible to identify the driving force behind the host switches 

of parasitic nematodes, leading to the understanding of evolutionary benefits of 

switching to a new host. Currently, with the information known about C. johnstoni, 

all that can be concluded is that C. johnstoni infects several host species, which 

is very atypical of helminths. Ultimately, this raises the question of whether 

C. johnstoni is more permissive for host switching or whether C. johnstoni is not 

just one species and requires further morphological characterisation supported 

with genetic characterisation. Providing C. johnstoni is a recent host switch, this 

could explain the increased severity in the immunopathology in rodents 

comparable to that observed in O. volvulus-infected humans. 

Host silhouette figures were placed on the phylogenies in Chapter Two to 

explore whether there were any relationships between the filarial nematodes and 

their host species. There were no conclusive results concerning the hosts species 

relationships of nematodes. However, it could be interesting to investigate the 

location of where the microfilariae are established in the host’s body to 
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understand evolutionary history. The location of the microfilariae could be an 

evolutionarily labile trait that has changed multiple times throughout evolutionary 

history within the filariae. In Onchocercidae, the microfilariae are found in 

circulating blood or the skin while the adults are located within nodules (Cotton et 

al., 2016). L. loa adults are subcutaneous parasites and migrate through the 

eyes, hence the “eye worm” while the microfilariae are in the circulation 

(Desjardins et al., 2013). D. immitis adults are found in the cardiac arteries, while 

the microfilariae are found in the blood (Hu et al., 2003). However adult D. repens 

reside in the subcutaneous skin and the microfilariae reside in the circulation, 

commonly infecting dogs and humans (Capelli et al., 2018). The microfilariae of 

A. viteae have been reported in the skin (Eisenbeiss et al., 1991), and L. 

sigmodontis microfilariae are present in peripheral blood (Hübner et al., 2009). 

C. johnstoni is known to be a skin dwelling parasite where the microfilariae and 

adult worms are present in the subcutaneous skin of their host (Spratt and 

Haycock, 1988; Vuong et al., 1993). It appears that the adult worms residing in 

subcutaneous skin are common in filarial nematodes; however, the location of the 

microfilariae for C. johnstoni is unusual compared to the well-known filarial 

nematodes. The microfilariae of other Cercopithifilaria species from the Northern 

Hemisphere have also been reported in the subcutaneous skin in dogs causing 

epidermal and sub-epidermal edematous changes or perivascular intestinal 

dermatitis (Otranto et al., 2012; Otranto et al., 2013; Ramos et al., 2014). The 

location of microfilariae in the skin of their hosts could perhaps be a characteristic 

of all Cercopithifilaria species. It would be interesting to explore the different 

filarial nematodes microfilariae location in the host to determine whether this 

could have any impact on parasite pathogenicity or the immune response of the 

host. The understanding of microfilarial location could lead to another avenue to 

target for treatment or control of filarial diseases. 

In conclusion, a genetic variation study identifying potential variation in 

C. johnstoni, confirming host switching events and then exploring whether the 

location of microfilariae could be an evolutionarily labile trait, could together begin 

to answer the question about how C. johnstoni can elicit similar immunopathology 

in rodents that O. volvulus can elicit in humans. All that is understood about 

C. johnstoni is a few publications from 1970 to 2000 (Spratt and Varughese, 

1975; Spratt and Haycock, 1988; Vuong et al., 1993) and now the contents of this 

thesis. Further exploration into the evolutionary context of C. johnstoni could 
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eventually shed light into the similar manifestation of immunopathology between 

C. johnstoni and O. volvulus.  

 

7.2 In silico analysis of the Cercopithifilaria johnstoni genome 

C. johnstoni did not have a genome assembly, transcriptomic or proteomic 

data. Hence no genetic resources were available for genetic comparison with 

O. volvulus in which has extensive genomic resources available (Cotton et al., 

2016). Consequently, the genome of C. johnstoni was assembled so it could be 

used to explore and compare the filarial parasites in silico determining the overall 

genome similarity and relationships (Chapter Two, Three). One adult female 

C. johnstoni worm was sequenced with short-read sequence technology which 

enabled the assembly of a mitochondrial and nuclear genome. According to 

BUSCO and CEGMA analyses, C. johnstoni contains 95% of nematode genome 

content based on conserved orthologues and thus could be used for downstream 

analyses as a large proportion of the genome content is present. The genome 

consists of large scaffolds and small contigs but is unable to be assembled to the 

chromosomal level. Compared to the other 11 filarial nematodes, C. johnstoni is 

the fourth-best genome assembly according to BUSCO and CEGMA statistics, 

indicating a reasonably high genome assembly quality. However, with only short-

read genomic sequence data, there will be vital information missing from the 

C. johnstoni genome compared to the higher quality genome assemblies of 

O. volvulus and B. malayi.  

The aim of this PhD was to characterise the C. johnstoni genome in 

comparison with other filaria, with a focus on immunogenic proteins. However, 

characterisation of genetic variation within the species was outside the scope of 

the project. As the aim was to characterise the genome, the highlight of this 

project is that the C. johnstoni genome has been assembled from a single female 

worm. Ideally, the sequencing would be of a single worm to minimise 

heterozygosity and aid assembly using short reads because there will be fewer 

variable sites. The project allowed for genome comparison with O. volvulus and 

other filarial nematodes as the first genomic research for C. johnstoni. A possible 

extension of this project could be to explore C. johnstoni population genetics and 

genetic variation within the species. Such a project would involve further 

sequencing of other C. johnstoni parasites to explore possible genetic 
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differences. Currently, population genetic data has only been generated for 

O. volvulus and is missing from the remaining filarial nematode literature. Thus, 

this PhD was designed to focus on exploring C. johnstoni’s genome because 

there were abundance genomic resources available for comparison. Future 

research could aim to produce population genetic data for the other filarial 

nematodes to investigate genetic variation within each species aiming to further 

understand the filarial nematode clade.  

Improvement of the C. johnstoni genome assembly would improve the 

overall confidence in all downstream analyses. Highly annotated and robust 

genome assemblies provide extensive information on the parasites that are used 

in comparative genomics (Stoltzfus et al., 2017; Coghlan et al., 2019; Tyagi et al., 

2019b). Draft genomes can be limited in their application. The C. johnstoni 

genome requires the addition of RNA-Seq data and proteomic data to improve 

the direct comparison with O. volvulus. As a result of only having genomic data 

from one adult female worm, it is acknowledged that the data presented within 

the thesis is a predicted in silico approach requiring experimental confirmation. 

Nevertheless, this work has framed the overall context and provided a convincing 

case that C. johnstoni is an appropriate organism to study onchocerciasis 

immunology in the rodent model. 

There is genomic and proteomic information for every life stage of 

O. volvulus (Figure 7.1) (Cotton et al., 2016; Grote et al., 2017). It would be 

beneficial to obtain transcriptomic data of C. johnstoni larval stages (L1, L2, iL3), 

and the adult male and female stage to then directly compare the different stages 

with O. volvulus to continue C. johnstoni research. Extracting any DNA and RNA 

for all C. johnstoni life stages was unfeasible within the scope of this PhD thesis 

as a result of limited parasite material. However, it would be one of the next steps 

into exploring C. johnstoni further and using C. johnstoni to study onchocerciasis 

immunopathology. It is clear from the summarised table of omics data available 

for filarial parasites from Grote et al. (2017) (Figure 7.1) that there is more work to 

be done to obtain transcriptome data on all stages of the filarial nematodes such 

as W. bancrofti and O. ochengi and also assemble the proteomic data for various 

life stages of the filarial nematodes.  

Striking observations from the synteny analysis of C. johnstoni and 

O. volvulus revealed that there is abundant microsynteny conservation 
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throughout the scaffolds of C. johnstoni and chromosomes of O. volvulus and no 

evidence of macrosynteny (Chapter Three). It appeared that the longest scaffold 

of C. johnstoni was predominately aligning to OM3 illustrating microsyntentic 

relationships indicating sequence conservation and possible gene order 

arrangement. The longest scaffold of C. johnstoni illustrates partial sequence 

homology with B. malayi and O. volvulus but implies there is gene divergence as 

C. johnstoni is more distantly related phylogenetically. Further exploration in 

C. johnstoni’s chromosomal arrangement could reveal whether C. johnstoni has 

four autosomes, and an X and Y chromosome (4A+XY) similar to B. malayi, three 

autosomes and an X and Y chromosome (3A+XY) similar to O. volvulus or 

follows the arrangement of its closely related nematode A. viteae with four 

autosomes and X0 chromosomes (4A+X0) (Post, 2005). The 4A+X0 system may 

be more likely to be C. johnstoni’s chromosomal arrangement. The following 

steps for the C. johnstoni draft genome will be to assemble the genome with long-

read data. Then, a hybrid assembly will be required to correct the errors 

associated with long-read assemblies (Chen et al., 2020). The hybrid assembly 

will use a combination of short-read Illumina data and long-read data, either 

PacBio of MinION providing a confident assembly of larger scaffolds that can be 

assembled into chromosomes (English et al., 2012; Salmela et al., 2014; Chen et 

al., 2020). 

The development of genetic resources for C. johnstoni has enabled close 

comparison between C. johnstoni and other filarial nematodes previously studied. 

The assembly of the mitochondrial and nuclear genome allowed C. johnstoni to 

be positioned in the nematode clade (clade III) with strong support (Chapter Two, 

Three). The genome of C. johnstoni has enabled direct comparison with 

O. volvulus to show genetic conservation and led to identifying thousands of 

shared orthologues across the filarial nematode orthologue investigation (Chapter 

Three). The orthologue investigation led to the prediction of 30 one-to-one 

orthologues from a list of known O. volvulus immunogenic targets. A total of 

7,557 orthogroups were identified between the whole O. volvulus and 

C. johnstoni proteomes including the 30 orthologues from the immunogenic 

protein list. The completion of Chapters Two, Three and Four concluded 

C. johnstoni is a closely related nematode of the other filarial nematodes with 

orthologues of known O. volvulus immunogenic proteins that could be essential in  
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Figure 7.1: Summary of the Omics data that is available for filarial parasites 

obtained from Grote et al. (2017). 
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the immunopathology evoked by C. johnstoni and O. volvulus in rodents and 

humans, respectively. 

 

 

7.3 Drivers of disease immunopathology: Evolutionary selection and 

immunogenic proteins 

The orthologous relationships investigated in Chapter Four between 

C. johnstoni and O. volvulus may be predictive of broader orthology across all or 

most filaria. Prospective analyses should aim to confirm these orthologous 

relationships between C. johnstoni and O. volvulus and subsequently the other 

filarial nematodes within the clade. A preliminary evolutionary selection analysis 

established some of the C. johnstoni and O. volvulus orthologues are undergoing 

diversifying and purifying selection. The preliminary selection analysis identifies a 

new avenue for comparative research between C. johnstoni and O. volvulus, 

which can be extended to comparing C. johnstoni and O. ochengi or C. johnstoni 

and B. malayi depending on the pressing questions. A worthwhile exercise could 

be to identify whether the orthologues of these genes show evidence of similar 

selection in species in which microfilariae are not in the skin or are transmitted by 

other vectors providing additional information to verify whether the immunogenic 

orthologues play a role in the immunopathology.  

Possible future directions of the preliminary diversifying and purifying 

selection analyses conducted in Chapter Four could involve identifying selection 

on all predicted genes across the C. johnstoni genome. The whole-genome study 

could then ascertain whether novel genes are undergoing strong diversifying or 

purifying selection are immunogenic targets or are genes that could play a role in 

immune responses to the presence of microfilariae to explain the similarity in 

immunopathology between rodents and humans infected with C. johnstoni and 

O. volvulus, respectively. Conducting these analyses across all of the genes 

predicted for C. johnstoni could identify a list of new, noteworthy C. johnstoni 

immunogenic targets that could then be investigated in O. volvulus to identify 

orthologues. The orthologues of the newly identified C. johnstoni immunogenic 

targets could provide novel O. volvulus candidates that could be new targets for 

drugs to expedite treatment of the disease, thus onchocerciasis elimination.  
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Another avenue that could be explored is the identification of gene 

expansion events within C. johnstoni. Several studies have identified selection 

that has driven the evolution of parasitism (Baskaran et al., 2017; Coghlan et al., 

2019). Understanding the evolution of parasitism can lead to an explanation into 

how some species of a genus parasitise their hosts and others do not (Hunt et al., 

2016; Coghlan et al., 2019). The investigation into gene family expansion events 

could identify particular genes families that are also expanded in other parasites, 

i.e., O. volvulus, that are involved in the evolution of parasitism (Coghlan et al., 

2019).  

Following the completion of this thesis, the utmost important question that 

remains unanswered is identifying what is driving the similar immunopathology in 

rodents and humans caused by C. johnstoni and O. volvulus, respectively. Thus 

far, it has not been discovered how two different parasites may be causing similar 

symptoms and immunopathology in two divergent hosts. There are two possible 

hypotheses to contemplate that could elucidate the apparent similarity in 

immunopathology, an idea which has been explored throughout Chapter Four. (1) 

The conserved orthologues between O. volvulus and C. johnstoni could indicate 

the similarity in the skin, and eye pathology between rats and humans infected 

with C. johnstoni or O. volvulus respectively is in part driven by the conserved 

proteins. (2) The host immune response is species-specific, and therefore protein 

conservation does not drive the immunological response. The same 

immunopathology can be present in different species, i.e., humans and rodents, 

but they have different antigenic protein properties. Rat’s immune systems are 

very different to human immune systems and therefore would be plausible to 

assume they respond differently to the way the human’s immune system 

responds.  

Assuming that the first hypothesis is the explanation for what is driving the 

similar immunopathology between rats and humans infected with C. johnstoni or 

O. volvulus respectively, then the O. volvulus immunogenic proteins could be in 

part, the drivers of immunopathology. Ultimately, this research is focusing on the 

presentation of structurally conserved antigens in the same physiological context 

in two different host-parasite interactions. As discussed in Chapter Four, the first 

phase in answering the hypothesis is to test whether there is any gene 

conservation between C. johnstoni and O. volvulus in silico. With a suitable draft 
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genome, this first phase has now been achieved, and a list of 30 putative 

C. johnstoni orthologues of O. volvulus immunogenic proteins was discovered 

(Chapter Four). The list of putative orthologues can now be used as a foundation 

to determine whether they display immunoreactivity when presented to the rodent 

immune system consistent with what is currently observed when they are 

presented to the human immune system. In silico analyses alone are not 

satisfactory to confirm whether the rodent immune system will respond similarly 

to these same set of antigens that the human immune system responds. 

Therefore, immunology experiments within the host are necessary; hence the 

driver of disease immunopathology has not been determined thus far. Ultimately 

understanding the similarity in disease immunopathology will confirm 

C. johnstoni’s suitability as a model for onchocerciasis but will also shed light on 

alternative methods to treat the human disease. 

A significant complication of the conditional hypotheses is the limitation of 

the available information on the antigens that initiate immunopathology in 

O. volvulus-infected humans. However, the antigens that drive humoral antibody 

responses are known, and thus antibody responses measured in human serum 

should reflect the antigens that initiate the immunopathology. It is advantageous 

to determine whether rat and human immune systems recognise the same 

antigens, and consequently, C. johnstoni immunoreactivity may be predictive of 

O. volvulus immunoreactivity. Therefore, testing the hypothesis of rat and human 

conservation of antibody response to the conserved antigenic structure is the 

future aim of the C. johnstoni animal model. It would be possible to explore this 

concept by observing infected rat sera to identify what the host recognises. Rat 

sera infected with C. johnstoni has currently not been explored and therefore 

would provide some support for the idea that investigating skin and eye immuno-

mechanisms in C. johnstoni-infected rats may be informative for O. volvulus-

infection in humans.  

The second phase is thus to follow up on this idea and measure antibody 

responses in rats against these structures identified in phase one. The complete 

life cycle animal model would not be required, but C. johnstoni-infection in rats 

would be needed to directly compare whether the C. johnstoni antigens stimulate 

similar serum antibody responses that are known for these antigens in 

O. volvulus. It would be possible to take the 30 orthologous proteins of known 
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O. volvulus immunogenic proteins and determine the immunoreactivity of the 

proteins in C. johnstoni-infected rodents. A potential experiment that could inquire 

about whether the C. johnstoni orthologues or antigens elicit similar and strong 

antibody responses in the rodent model as is observed in O. volvulus orthologues 

expressed from human sera would be beneficial. Aforementioned, the only 

indicators of immunoreactivity available are antigens recognised by serum 

antibodies thus this phase determines whether rat and human immune systems 

identify the same antigens providing the appropriate information to determine 

whether the rat immunological responses to microfilaricidal drugs may be 

predictive of likely human responses, i.e., drug safety and suitability. 

Alternatively, with fresh C. johnstoni samples at different life stages, the 

transcriptomes can be assembled for gene expression analyses similarly to 

McNulty et al. (2015). These newly assembled transcriptomes can be used for 

evidence-based gene prediction training to provide confident prediction of 

C. johnstoni genes. Worms dissected from the rat could be used in the process of 

immunoaffinity purifications and immunoprecipitation of total IgG. Then analyse 

the fraction using Western blot and those with the highest reactivity undergo 

peptide purification for high-performance liquid chromatography and high-

resolution mass spectrometry to directly compare to those proteins explored in 

O. volvulus worms (McNulty et al., 2015). The process could then confirm 

whether the orthologues predicted in Chapter Four are also expressed in rodents 

after conducting the same experiments as conducted for O. volvulus. The list of 

possible O. volvulus serodiagnostic antigens could then be directly compared 

with that of C. johnstoni concluding whether, the orthologous proteins identified in 

silico are potential candidates for future experimentation. Some proteins may be 

more useful combined with other proteins for diagnosis of a disease or disease 

treatment which could be determined by exploring onchocerciasis through the 

C. johnstoni model if there is an appropriate overlapping list of target antigens. 

Ultimately, these experiments rely heavily on new C. johnstoni samples. 

Providing that the future immunology experiments reveal that C. johnstoni elicits 

similar immunopathology that O. volvulus elicits in humans as a result of the 

similar orthologous protein structures and antigenic profiles, then this would be an 

excellent small animal model to formulate alternate treatment methods for 

onchocerciasis. These alternative treatment methods could then be used in 
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combination with a MDA programme using a macrofilaricidal drug treatment in 

African communities.  

The third and final phase is to use the established C. johnstoni animal 

model to investigate whether these validated antigens from phase two and even 

antibodies that are produced in response to the antigens, could play a role in 

immunopathology. At this stage, specific disease pathology, i.e., skin pathology, 

can also be explored and observed with various antigenic structures to determine 

whether any may be driving the response. Currently, antigens that drive the 

physical pathology are not known in O. volvulus. Thus need to be determined to 

further explore the specific pathological symptoms in the C. johnstoni-rodent 

model and identify whether C. johnstoni would have any orthologues to those 

antigens that are responsible for the specific immunopathology. Onchocerciasis 

research is typically complicated because O. volvulus cannot be maintained 

outside of the host in a laboratory (Grote et al., 2017) and disease 

immunopathology is different for different individuals. An animal model, for 

instance, the proposed C. johnstoni-rodent model, has the likelihood of exploring 

the ability of structures to stimulate antibodies with a role in immunopathology 

more easily than attempting to explore this concept in humans. 

Currently, there are no small animal models that can recapitulate the 

important disease characteristics, i.e., cornea lesions of onchocerciasis. 

Elimination of the disease is dependent on the interruption of O. volvulus 

transmission, usually using ivermectin, a microfilaricidal drug (World Health 

Organisation, 2016). There is a possibility due to the similarities observed in silico 

that C. johnstoni is a suitable parasite to study onchocerciasis. The C. johnstoni-

rodent model could be used to develop macrofilaricidal drugs which will vastly 

and rapidly improve disease treatment. A small animal model also has the 

capacity of accelerating onchocerciasis research and potential macrofilaricidal 

treatments. Nevertheless, there is further validation required before C. johnstoni 

can be considered the most suitable comparative model for onchocerciasis.  

 

7.4 Developing a small animal model for onchocerciasis 

A set of criteria was established and discussed in detail in Chapter One 

that is important for developing a successful animal model. These comprise, (1) a 
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convenient laboratory host, (2) preferably natural host, (3) the life cycle can be 

maintained and, (4) recapitulate the most important disease features. The first 

two criteria have been previously identified in various publications (Spratt and 

Haycock, 1988; Vuong et al., 1993) and explored in Chapter Six. Spratt and 

Haycock (1988) morphologically characterised C. johnstoni in R. fuscipes and 

were also able to infect R. norvegicus using the iL3 stage of the parasite. Chapter 

Six explored the idea of developing the physical animal model and confirmed that 

R. fuscipes was infected with C. johnstoni through various ear snips and 

microfilarial count data.  

It has been confirmed that R. fuscipes and R. norvegicus can both be 

infected with C. johnstoni through subcutaneous injection (Spratt and Haycock, 

1988; Vuong et al., 1993). The focus on this thesis was not to develop the 

complete animal model as this was well beyond the scope of a three-to-four-year 

PhD. However, the focus was to explore various aspects of the C. johnstoni 

biology and troubleshoot these aspects, providing a rationale for accelerating the 

development of the C. johnstoni small animal model. Two particular methods 

could be used to develop the C. johnstoni animal model, each with various 

advantages and disadvantages. First, the complete vector and parasite life cycles 

could be maintained in the laboratory to replicate the entire cycle of infection from 

the uptake of iL3, bite of the host injecting iL3 parasite to the host and finally the 

recapitulation of the disease immunopathology. Alternatively, instead of 

maintaining the vector and parasite life cycles in the laboratory, the parasite iL3 

stage could be dissected out of the vector once reaching maturity, which reduces 

the delay for the vector to moult and placed into the host to replicate the parasite 

life cycle. 

The first requirement for the success of the C. johnstoni animal model is to 

determine the most competent tick vector that transmits C. johnstoni. Previous 

literature has indicated the I. trichosuri is a competent vector for C. johnstoni 

transmission (Spratt and Haycock, 1988; Vuong et al., 1993). However, there is 

no published evidence or further investigation into how successful the vector is at 

transmitting C. johnstoni. Chapter Five, therefore, explored the potential of using 

the standard 16S, 12S and COI molecular markers to initially identify the species 

by removing one back leg of the tick and extracting its DNA as these markers had 

been identified as useful tick species identification (Lv et al., 2014a; Lv et al., 
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2014b). The back leg was chosen to avoid impacting on the ticks’ ability to attach 

to a host and thus be able to develop an assay that could identify C. johnstoni 

presence or absence. The analysis of the ticks collected in Mogo State Forest 

and Kioloa, NSW revealed a lot of cryptic species diversity within the genus 

Ixodes (Chapter Five). Consequently, markers chosen are not sufficient to 

differentiate between tick species.  

There are two important steps involved in identifying the most competent 

tick species to transmit C. johnstoni, (1) identify a quick and easy molecular 

method to identify the tick species collected. The disadvantage of this method is 

that at least one leg would need to be taken to extract DNA, and there is the 

potential that the removal of the leg is enough to reduce tick attachment success. 

There is no evidence suggesting that removal of a back leg would impede 

attachment and thus this is something that should be experimentally tested. (2) 

The ticks attached to bush rats would need to be screened to determine the 

volume of C. johnstoni microfilariae in each species. There may be multiple ixodid 

ticks that can transmit C. johnstoni, but some may have a lower prevalence than 

others. Ideally, the tick that takes up the maximum number of microfilariae would 

be more appropriate for transmission. These ticks would then need to be 

attached to naïve rodents to monitor how successful the transmission process of 

C. johnstoni is to a host. Future research is, thus, required to determine the most 

competent vector of C. johnstoni. 

Maintaining the life cycle of ixodid ticks was discussed in Chapter Six. The 

primary focus is to determine an appropriate tick attachment method because 

then the appropriate vector could be fed on the host using this method to 

maintain its life cycle. Initially, the attachment method consisted of using 

anaesthesia with halothane using a rat-adapted delivery system under veterinary 

supervision. A small ring was attached to the rat, where the ticks were enclosed 

for attachment. It was decided that a new method would be trialled that did not 

require excessive rat handling, and that avoided the use of anaesthesia. The 

method (described in Chapter Six) enabled the ticks to attach wherever they 

preferred, rather than being restricted within the ring. It was less stressful for the 

rodents because no handling or anaesthesia was required, and they were 

enclosed in a dark tube, thereby feeling safe and secured.  
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A tick colony, with the most competent vector, could reduce the time 

associated with travel and fieldwork. It would also increase the ticks accessible 

for tick attachments. The tick colony could provide numbers of different life stages 

of ticks rather than only being subjected to larval stages or nymph stages from 

flagging particular times of the year. A tick colony will improve tick attachments 

and will enable more frequent attachments to increase C. johnstoni microfilarial 

burdens and thus increase infection. However, the establishment and 

maintenance of the tick colony pose many challenges. Briefly recapping the 

general ixodid life cycle discussed in Chapter One, the life cycle comprises four 

stages egg, larva, nymph, and adult (Anderson, 2001; Barker and Walker, 2014). 

Generally, tick feeding is a slow process with the full-time frame varying 

depending on the species between one to three years (Grandjean and 

Aeschlimann, 1972; Sojka et al., 2013). Larvae attach for three to four days, 

nymphs attach for four to seven days (Grattan-Smith et al., 1997), and adult 

females attach approximately eight to 24 days consistent with what was observed 

during the tick attachments experiments in Chapter Six. The general timeframe of 

the ticks’ life cycle is a huge challenge for developing the animal model and is a 

substantial hurdle to overcome.  

A Centralised Tick Rearing Facility at Oklahoma State University has 

successfully devised methods for large-scale production of I. scapularis, the 

primary vector of Lyme disease (Kocan et al., 2015). They have perfected and 

reduced I. scapularis life cycle from two years to a rearing time of 7.5 months in 

the laboratory, although still highlights the time-consuming nature of tick colonies. 

The success of the reducing I. scapularis life cycle to 7.5 months provides 

confidence that it would be possible to reduce the I. trichosuri life cycle to a 

similar timeframe. Australian ticks do not have the same diapause or hibernating 

stage that ticks in harsh winter environments add to their life cycle duration. 

However, with an efficient laboratory process, it could be possible to reduce the 

life cycle duration for animal model purposes. 

Another important aspect and a significant time-consuming challenge of 

developing a thriving tick colony is tick feeding. Blood feeding is an essential 

physiological process for survival and growth of ticks (Mans and Neitz, 2004; 

Sojka et al., 2013). The host’s blood is a source of energy and nutrients and 

therefore is an essential requirement to maintain a tick life cycle in the laboratory 
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(Sojka et al., 2016). Ticks require a blood meal to continue through the multiple 

life stages, and various laboratories have relied on different blood sources to 

sustain their ticks. Rabbits are often used for tick attachments as their ears are a 

perfect source for various tick species to feed (Bonnet and Liu, 2012). Rabbits 

are often rather expensive and, therefore, may not be the most optimal feeding 

source (Bonnet and Liu, 2012).  

There have been various laboratories targeting artificial feeding methods 

within tick colonies. These methods reduce the number of animals required for 

maintaining the tick colony and, therefore, may be more useful. Overall, in vitro 

feeding techniques for mass rearing arthropods are more convenient, have higher 

productivity, and reduce expenditure over in vivo methods. Capillary feeding has 

been a standard method of tick feeding (Soares et al., 2005; Bonnet and Liu, 

2012; Gonsioroski et al., 2012). Capillary feeding is promising as there is control 

over the amount of blood ingested by the ticks and more control over the overall 

feeding (Bonnet and Liu, 2012). The limitations with capillary feeding are that it is 

very labour intensive and technically challenging, but if successfully developed 

may only require a few individual females for feeding, mating, and thus the 

production of larvae (Bonnet and Liu, 2012).  

More recently and possibly more promising, an artificial feeding assay 

method for tick feeding has been generated using silicon membranes to mimic 

the skin of a host (Waladde et al., 1991; Montes et al., 2002; Krull et al., 2017). 

One particular method used borosilicate glass tubes with silicon membranes. The 

membranes were thinner for larvae and nymphs and were thicker for adults 

mimicking the type of hosts they would be feeding on in nature. Bovine blood was 

used in the glass tubes for the ticks to feed on from the tick chamber (Figure 7.2) 

(Bonnet and Liu, 2012). The ticks can move freely around the tick chamber and 

choose when to attach and feed on the blood through the silicon membrane 

(Figure 7.2). Such a method could be trialled in future experiments to maintain 

ticks carrying C. johnstoni. 

All of the challenges discussed concerning the maintenance of the tick life 

cycle for the small animal model to study onchocerciasis are laborious. In 

developing a tick colony successfully, there is a range of factors that require to be 

accomplished before it is possible. Tick feeding will be costly, maintaining the tick 

habitats will be time-consuming and potentially costly, and overall, the process  
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Figure 7.2. General schematic of the membrane feeding apparatus (Bonnet and 

Liu, 2012). 
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could be considered inconvenient. It is, therefore, necessary to consider an 

alternative method that would still result in the recapitulation of the C. johnstoni 

infection, but without the added complication of maintaining the ticks in the 

laboratory. A tick colony may not be the most suitable nor appropriate method to 

develop an animal model to study onchocerciasis. 

Determining when the microfilariae mature into iL3s in their vectors, thus 

ready for transmission is an alternative method for the development of the animal 

model. Currently, the time of maturation for C. johnstoni L1 to iL3 is unknown. 

The time required for C. johnstoni microfilariae to develop to infective, mature iL3 

may be significantly shorter than the several weeks required for the tick to moult 

and be ready to feed again. If this is confirmed, then the high mortality of fed ticks 

during the long period between feeding and moulting would be shortened 

considerably and, additionally, the losses incurred when ticks fail to attach to the 

host are also avoided because larvae are injected directly to the host immediately 

following dissection from the tick. Consequently, if the time required for the 

ingested microfilariae to mature were known, unfed (questing) ticks collected from 

the environment could be placed on an infected rodent to feed. The tick would 

then be dissected once C. johnstoni has matured to the iL3 stage to recover the 

iL3 stage for infection of naïve rodents by injecting the iL3 stage subcutaneously, 

consistent with the procedures conducted in Spratt and Haycock (1988). The 

proposed method has the potential to be more routinely successful, as discussed 

in Chapter Six. The dissection process would thus eliminate the need for 

maintaining a tick colony in the laboratory and therefore reduce the overall 

maintenance of the animal model.  

Despite how time-consuming collecting ticks from field trips can be, it may 

be the more appropriate method. The dissection method takes away many other 

unknowns that are not directly important for onchocerciasis research, i.e., 

maintenance of tick life cycles. The subcutaneous injection would mean complete 

control of the animal model, knowing exactly how many iL3s are transmitted to a 

naïve rodent. It would require expertise on dissection of the ticks and injection of 

the iL3 and then consistent maintenance of the infected rodents in the laboratory 

rather than on a tick colony. There is the potential for this method to be more 

valuable in the long term and mean there is more time to focus on what is driving 

the immunopathology of the disease. The dissection method to obtain iL3s should 
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be considered in future studies developing the C. johnstoni-rodent model to study 

onchocerciasis. 

 

7.5 Conclusions and future directions 

In conclusion, C. johnstoni, a filarial nematode of Australian bush rats, has 

been sequenced and the genome assembled to provide appropriate genetic 

resources for C. johnstoni to facilitate genetic comparison with other related 

filarial nematodes. The phylogenetic relationships have been established that 

C. johnstoni appears closely related to A. viteae and L. sigmodontis. Orthology 

analyses concluded that C. johnstoni and O. volvulus share putative orthologues 

of protein-coding genes throughout their genomes. Known immunogenic proteins 

identified from Onchocerca-infected human sera were used to determine whether 

any of the orthologues of C. johnstoni could have similar potential immunogenic 

properties to the O. volvulus proteins. Thirty orthologues of strongly immunogenic 

O. volvulus proteins were found between C. johnstoni and O. volvulus. A number 

of these orthologues could be proteins that should be explored in future 

immunoreactivity experiments to determine whether they are part of the disease 

immunopathology.  

Finally, just as differentiating between members of species complexes for 

Simulium blackflies have proven difficult, so too is the differentiation between 

what appears to be a species complex of Australian ixodid ticks. Additional work 

is required to identify and categorise tick species to fully understand the 

relationships of these species to develop a tick colony for the development of a 

small animal model for onchocerciasis. A small animal model comprised of 

C. johnstoni, ixodid vectors and rodents has been proposed as a potential animal 

model to study onchocerciasis. The analyses conducted throughout the thesis 

highlight the similarity between C. johnstoni and O. volvulus genetically, and the 

protein similarity of putative immunogenic targets for onchocerciasis. In future, 

immunoreactivity experiments can be conducted to provide further evidence 

within the small animal model system to identify precisely why O. volvulus and 

C. johnstoni can elicit similar immunopathology in different hosts. If these 

experiments lead to the findings that similar protein structures presented to the 

host are driving the immunopathological disease features, then the C. johnstoni 
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small animal model will be vital to understand parasite biology in diseases such 

as onchocerciasis. 

The work described throughout this thesis provides an entry point to a 

different avenue of onchocerciasis research. For example, C. johnstoni proteins 

have a very similar structure and function to O. volvulus proteins. These proteins 

could have something to do with what is driving immunopathology-related 

disease symptoms. Prospective work targeting C. johnstoni could lead to 

understanding the host immune response to the death of the microfilariae in the 

host. Ultimately, if the causation of the disease immunopathology could be 

identified, then treatment methods could be designed specifically to target the 

immunopathology leading towards elimination of onchocerciasis throughout 

Africa. 
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Appendices 

Appendix 1: Chapter Two Supplementary Material  

Supplementary Table 2.1: Recommended Partition Finder substitution models 

for the complete dataset (coding regions and intergenic regions) within the 

Cercopithifilaria johnstoni mitochondrial genome. All filarial nematodes, including 

outgroups, are used in this mitochondrial genome dataset. 

 

Character set Substitution Model Region of mtDNA 

1 GTRGAMMA ATP6_pos1, Intergenic1 

2 GTRIGAMMA Intergenic5, ND3_pos1, ND6_pos1 

3 GTRGAMMA ND3_pos2, ND6_pos2 

4 GTRGAMMA COX2_pos3, COX3_pos3, ND6_pos3 

5 GTRGAMMA Intergenic2, Intergenic9 

6 GTRIGAMMA 
COX3_pos1, CYTB_pos1, ND1_pos1, ND4_pos1, 

ND5_pos1 

7 GTRIGAMMA 
COX3_pos2, CYTB_pos2, ND1_pos2, ND4_pos2, 

ND5_pos2  

8 GTRGAMMA ATP6_pos3, COX1_pos3, CYTB_pos3 

9 GTRGAMMA Intergenic3 

10 GTRIGAMMA Intergeneic11, Intergeneic4 

11 GTRIGAMMA ND1_pos3, ND3_pos3, ND4_pos3, ND5_pos3 

12 GTRIGAMMA COX1_pos1, COX2_pos1, COX2_pos2 

13 GTRIGAMMA COX1_pos2 

14 GTRIGAMMA Intergenic6, Intergenic7, Intergenic8 

15 GTRIGAMMA ATP6_pos2, ND5_pos2 

16 GTRIGAMMA Intergenic10 
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Supplementary Table 2.2: Recommended Partition Finder substitution models 

for all filarial nematodes and outgroups using only the coding regions within the 

mitochondrial genome, excluding the intergenic regions. 

 

Character set Substitution Model Region of mtDNA 

1 GTRIGAMMA ND3_pos1, ND6_pos1   

2 GTRGAMMA ND3_pos2, ND6_pos2  

3 GTRGAMMA COX2_pos3, COX3_pos3, ND6_pos3  

4 GTRIGAMMA 
ATP6_pos1, COX3_pos1, CTYB_pos1, 

ND1_pos1, ND4_pos1, ND5_pos1  

5 GTRIGAMMA 
COX2_pos2, COX3_pos2, CTYB_pos2, 

ND1_pos2, ND4_pos2  

6 GTRGAMMA COX1_pos3, CTYB_pos3  

7 GTRGAMMA 
ATP6_pos3, ND1_pos3, ND3_pos3, ND4_pos3, 

ND5_pos3  

8 GTRIGAMMA COX1_pos1, COX2_pos1  

9 GTRIGAMMA COX1_pos2  

10 GTRIGAMMA ATP6_pos2, ND5_pos2  
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Supplementary Table 2.3: Recommended Partition Finder substitution models 

for the complete dataset of coding regions and intergenic regions within the 

mitochondrial genome, excluding outgroups from the analysis. 

 

Character set Substitution Model Region of mtDNA 

1 GTRIGAMMA ATP6_pos1, Intergenic1, ND1_pos1  

2 HKYGAMMA ND3_pos1, ND6_pos1  

3 GTRGAMMA ND3_pos2, ND6_pos2  

4 GTRIGAMMA 
ATP6_pos3, COX1_pos3, COX3_pos3, 

CYTB_pos3, ND6_pos3  

5 GTRGAMMA Intergenic2, Intergenic5   

6 GTRIGAMMA COX3_pos1, CYTB_pos1, Intergenic10  

7 GTRIGAMMA 
COX2_pos2, COX3_pos2, CYTB_pos2, ND1_pos2, 

ND4_pos2  

8 GTRIGAMMA 
Intergenic3, Intergenic6, Intergenic7, Intergenic8, 

Intergenic9  

9 GTRIGAMMA Intergeneic4   

10 GTRGAMMA ND4_pos1, ND5_pos1   

11 GTRGAMMA ND1_pos3, ND3_pos3, ND4_pos3, ND5_pos3  

12 GTRIGAMMA COX1_pos1, COX2_pos1   

13 GTRIGAMMA COX1_pos2   

14 GTRIGAMMA ATP6_pos2, ND5_pos2   

15 HKYGAMMA COX2_pos3   

16 GTRGAMMA Intergeneic11   
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Supplementary Table 2.4: Recommended Partition Finder substitution models 

for filarial nematodes of the coding regions within the mitochondrial genome, 

excluding the outgroups and the intergenic regions.   

 

Character set Substitution Model Region of mtDNA 

1 HKYGAMMA ND3_pos1, ND6_pos1  

2 GTRGAMMA ND3_pos2, ND6_pos2  

3 GTRIGAMMA 
ATP6_pos3, COX1_pos3, COX3_pos3, 

CTYB_pos3, ND6_pos3  

4 GTRIGAMMA 
ATP6_pos1, COX3_pos1, CTYB_pos1, 

ND1_pos1  

5 GTRIGAMMA 
ATP6_pos2, COX2_pos2, COX3_pos2, 

CTYB_pos2, ND1_pos2, ND4_pos2, ND5_pos2  

6 GTRGAMMA ND4_pos1, ND5_pos1  

7 GTRIGAMMA ND1_pos3, ND3_pos3, ND4_pos3, ND5_pos3  

8 GTRIGAMMA COX1_pos1, COX2_pos1  

9 GTRIGAMMA COX1_pos2  

10 HKYGAMMA COX2_pos3  

 

  



 

294 
 

Supplementary Table 2.5: Cercopithifilaria spp. NCBI accession numbers for 

COI and 12S concatenated gene phylogeny. 

 

Species  COI 12S 

Cercopithifilaria rugosicauda KC610813 KC610808 

Cercopithifilaria bainae KF270686 KX156956 

Cercopithifilaria grassi JQ837810 JQ837812 

Cercopithifilaria roussilhoni AM749264 AM779798 

Cercopithifilaria japonica AB771722 AM779794 

Cercopithifilaria tumidivervicata AB178853 AM779790 

Cercopithifilaria minuta AB178847 AM779786 

Cercopithifilaria bulboidea AB178839 AM779780 

Cercopithifilaria longa AB178845 AM779784 
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Supplementary Table 2.6: Table adapted from McNulty et al. (2012), consisting of published mitochondrial genomes of the filarial 

nematodes with their accession numbers, genome length, AT-rich region length, and base content (%). The Cercopithifilaria johnstoni 

draft genome is added to compare genome content against other published mitochondrial genomes.  

 

Species B. malayi D. immitis O. volvulus O. ochengi O. flexuosa W. bancrofti L. loa A. viteae C. johnstoni 

Subfamily Onchocercidae Dirofilariinae Onchocercidae Onchocercidae Onchocercidae Onchocercidae Dirofilariinae Onchocercidae Onchocercidae 

Accession 

Number 
NC_004298 NC_005305 NC_001861 KX181290 HQ214004 HQ184469 HQ186250 HQ186249 draft 

Length 

(bp) 
13,657 13,814 13,747 13,744 13,672 13,636 13,590 13,724 13, 716 

length of 

AT-rich 

region (bp) 

283 362 312 318 284 256 288 421 419 

A% 21.6 19.3 19.3 18.9 20.3 20.5 20.8 19.6 23.7 

T% 53.9 54.9 54 54.2 53.9 54.1 54.8 54 52.3 

G% 16.8 19.3 19.8 20 18.6 18 17.7 19.3 16.7 

C% 7.7 6.5 6.9 6.8 7.2 7.4 6.7 7.2 7.3 

AT% 75.5 74.2 73.3 73.2 74.2 74.6 75.6 73.5 76 
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Appendix 2: Chapter Three Supplementary Material 

 

Supplementary Table 3.1: Missing BUSCO gene IDs from the genome completeness analysis for 12 filarial nematodes including 

Cercopithifilaria johnstoni, Acanthocheilonema viteae, Brugia malayi, Brugia pahangi, Brugia timori, Dirofilaria immitis, Loa loa, 

Litomosoides sigmodontis, Onchocerca flexuosa, Onchocerca ochengi, Onchocerca volvulus and Wuchereria bancrofti. 

 

C. 
johnstoni 

A. viteae B. malayi B. pahangi B. timori D. immitis L. loa 
L. 

sigmodonti
s 

O. volvulus  O. ochengi O. flexuosa 
W. 

bancrofti 

EOG091H
0029 

EOG091H
0092 

EOG091H
00OG 

EOG091H
0027 

EOG091H
0002 

EOG091H
004L 

EOG091H
08LW 

EOG091H
00DB 

EOG091H
01GK 

EOG091H
006B 

EOG091H
0026 

EOG091H
0002 

EOG091H
02AZ 

EOG091H
00JN 

EOG091H
01GK 

EOG091H
0034 

EOG091H
0016 

EOG091H
007E 

EOG091H
091T 

EOG091H
00MS 

EOG091H
0286 

EOG091H
006J 

EOG091H
0027 

EOG091H
0025 

EOG091H
02S6 

EOG091H
0131 

EOG091H
025R 

EOG091H
0037 

EOG091H
0025 

EOG091H
00OH 

EOG091H
0999 

EOG091H
00VK 

EOG091H
05MH 

EOG091H
00E0 

EOG091H
0029 

EOG091H
0029 

EOG091H
039S 

EOG091H
013G 

EOG091H
0286 

EOG091H
003H 

EOG091H
0026 

EOG091H
00OW 

EOG091H
0BO8 

EOG091H
016V 

EOG091H
07XH 

EOG091H
00EC 

EOG091H
0034 

EOG091H
003X 

EOG091H
03VV 

EOG091H
01EU 

EOG091H
02O4 

EOG091H
007E 

EOG091H
0027 

EOG091H
00YA 

 EOG091H
01AG 

EOG091H
07Y2 

EOG091H
00JR 

EOG091H
003H 

EOG091H
004B 

EOG091H
03WV 

EOG091H
021P 

EOG091H
03PX 

EOG091H
00JR 

EOG091H
0029 

EOG091H
00YF 

 EOG091H
01K3 

EOG091H
08HY 

EOG091H
00ME 

EOG091H
003N 

EOG091H
004P 

EOG091H
048H 

EOG091H
023L 

EOG091H
044G 

EOG091H
00N1 

EOG091H
0034 

EOG091H
0125 

 EOG091H
02B8 

EOG091H
0982 

EOG091H
00N1 

EOG091H
003X 

EOG091H
006B 

EOG091H
04D3 

EOG091H
025R 

EOG091H
0464 

EOG091H
00OG 

EOG091H
003H 

EOG091H
014U 

 EOG091H
02KG 

 EOG091H
00VG 

EOG091H
004P 

EOG091H
007E 

EOG091H
05WA 

EOG091H
02AZ 

EOG091H
06B0 

EOG091H
00Q9 

EOG091H
003N 

EOG091H
01EU 

 EOG091H
02S6 

 EOG091H
00WC 

EOG091H
005M 

EOG091H
008D 
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EOG091H
06B0 

EOG091H
02GU 

EOG091H
07Y2 

EOG091H
00SU 

EOG091H
004U 

EOG091H
01EY 

 EOG091H
02V3 

 EOG091H
00ZE 

EOG091H
0061 

EOG091H
00C4 

EOG091H
06OZ 

EOG091H
03BE 

EOG091H
08UA 

EOG091H
00ZH 

EOG091H
0061 

EOG091H
01JA 

 EOG091H
034Q 

 EOG091H
00ZS 

EOG091H
006B 

EOG091H
00EC 

EOG091H
07UA 

EOG091H
03FE 

EOG091H
0AJN 

EOG091H
0121 

EOG091H
006B 

EOG091H
01PY 

 EOG091H
039S 

 EOG091H
016I 

EOG091H
006J 

EOG091H
00ER 

EOG091H
07XH 

EOG091H
03SV 

EOG091H
0BO8 

EOG091H
01FZ 

EOG091H
006J 

EOG091H
0302 

 EOG091H
03I3 

 EOG091H
01CI 

EOG091H
007E 

EOG091H
00I6 

EOG091H
08UA 

EOG091H
048H 

 EOG091H
01IT 

EOG091H
006P 

EOG091H
039S 

 EOG091H
03UP 

 EOG091H
01GK 

EOG091H
007U 

EOG091H
00IN 

EOG091H
0BO8 

EOG091H
0499 

 EOG091H
01MN 

EOG091H
007C 

EOG091H
03D7 

 EOG091H
048H 

 EOG091H
01LC 

EOG091H
0081 

EOG091H
00IO 

 EOG091H
057W 

 EOG091H
021P 

EOG091H
007E 

EOG091H
03IE 

 EOG091H
04L1 

 EOG091H
01X1 

EOG091H
008D 

EOG091H
00JN 

 EOG091H
06B0 

 EOG091H
02B3 

EOG091H
007U 

EOG091H
03LM 

 EOG091H
04TX 

 EOG091H
023Q 

EOG091H
008P 

EOG091H
00JR 

 EOG091H
06OZ 

 EOG091H
02DM 

EOG091H
008D 

EOG091H
040W 

 EOG091H
050D 

 EOG091H
028C 

EOG091H
008Q 

EOG091H
00KI 

 EOG091H
074D 

 EOG091H
02J5 

EOG091H
008U 

EOG091H
048H 

 EOG091H
058F 

 EOG091H
028Y 

EOG091H
0092 

EOG091H
00M0 

 EOG091H
07Z3 

 EOG091H
02NI 

EOG091H
0090 

EOG091H
04C4 

 EOG091H
05KP 

 EOG091H
02D7 

EOG091H
00AU 

EOG091H
00N1 

 EOG091H
091T 

 EOG091H
02US 

EOG091H
00C4 

EOG091H
04D3 

 EOG091H
06B0 

 EOG091H
02JZ 

EOG091H
00C4 

EOG091H
00NH 

 EOG091H
0AB9 

 EOG091H
03JG 

EOG091H
00DB 

EOG091H
04QD 

 EOG091H
06OZ 

 EOG091H
02KT 

EOG091H
00CS 

EOG091H
00NK 

 EOG091H
0AJN 

 EOG091H
03Q1 

EOG091H
00EC 

EOG091H
05HW 

 EOG091H
06XM 

 EOG091H
02NM 

EOG091H
00ER 

EOG091H
00PN 

 EOG091H
0BO8 

 EOG091H
04L1 

EOG091H
00EN 

EOG091H
05Q3 

 EOG091H
07XH 

 EOG091H
0395 

EOG091H
00FN 

EOG091H
00PT 

   EOG091H
04XZ 

EOG091H
00ER 

EOG091H
0641 

 EOG091H
09QA 

 EOG091H
03YO 

EOG091H
00G5 

EOG091H
00T6 

   EOG091H
04Y6 

EOG091H
00FN 

EOG091H
06B0 

 EOG091H
0A01 

 EOG091H
03YU 

EOG091H
00HI 

EOG091H
00U7 
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   EOG091H
050X 

EOG091H
00GI 

EOG091H
06OZ 

 EOG091H
0B5N 

 EOG091H
04L1 

EOG091H
00HN 

EOG091H
00YA 

   EOG091H
05HQ 

EOG091H
00HI 

EOG091H
06SS 

 EOG091H
0BO8 

 EOG091H
04Q2 

EOG091H
00IN 

EOG091H
00ZE 

   EOG091H
05HW 

EOG091H
00IN 

EOG091H
0717 

   EOG091H
04YN 

EOG091H
00JR 

EOG091H
00ZH 

   EOG091H
05PM 

EOG091H
00IO 

EOG091H
072K 

   EOG091H
04ZK 

EOG091H
00JS 

EOG091H
011J 

   EOG091H
06B0 

EOG091H
00JN 

EOG091H
074D 

   EOG091H
05C4 

EOG091H
00K1 

EOG091H
013T 

   EOG091H
06E3 

EOG091H
00JR 

EOG091H
07N1 

   EOG091H
05II 

EOG091H
00KI 

EOG091H
016T 

   EOG091H
07A3 

EOG091H
00K8 

EOG091H
08AH 

   EOG091H
05Q3 

EOG091H
00L2 

EOG091H
016V 

   EOG091H
08H7 

EOG091H
00M0 

EOG091H
08LW 

   EOG091H
064T 

EOG091H
00L8 

EOG091H
017K 

   EOG091H
0999 

EOG091H
00MA 

EOG091H
09G2 

   EOG091H
06GG 

EOG091H
00LE 

EOG091H
018G 

   EOG091H
0AUJ 

EOG091H
00MS 

EOG091H
0AIZ 

   EOG091H
06NT 

EOG091H
00MA 

EOG091H
01IT 

    EOG091H
00N1 

    EOG091H
0717 

EOG091H
00ME 

EOG091H
01IX 

    EOG091H
00O1 

    EOG091H
072K 

EOG091H
00MS 

EOG091H
01KU 

    EOG091H
00OG 

    EOG091H
075U 

EOG091H
00N0 

EOG091H
01LC 

    EOG091H
00P3 

    EOG091H
077O 

EOG091H
00N1 

EOG091H
01MU 

    EOG091H
00PT 

    EOG091H
0792 

EOG091H
00NH 

EOG091H
01OS 

    EOG091H
00Q9 

    EOG091H
07A3 

EOG091H
00O1 

EOG091H
01Q0 

    EOG091H
00S9 

    EOG091H
07DW 

EOG091H
00OW 

EOG091H
01S2 
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    EOG091H
00SU 

    EOG091H
07YW 

EOG091H
00OX 

EOG091H
01T6 

    EOG091H
00T6 

    EOG091H
07Z3 

EOG091H
00P3 

EOG091H
01TQ 

    EOG091H
00U7 

    EOG091H
086R 

EOG091H
00PU 

EOG091H
01WO 

    EOG091H
00VG 

    EOG091H
08J3 

EOG091H
00RF 

EOG091H
0236 

    EOG091H
00VK 

    EOG091H
0BO8 

EOG091H
00SJ 

EOG091H
024K 

    EOG091H
00WC 

     EOG091H
00SU 

EOG091H
026T 

    EOG091H
00ZH 

     EOG091H
00T3 

EOG091H
027A 

    EOG091H
0107 

     EOG091H
00T7 

EOG091H
0286 

    EOG091H
0116 

     EOG091H
00TG 

EOG091H
028G 

    EOG091H
0125 

     EOG091H
00UC 

EOG091H
029S 

    EOG091H
012M 

     EOG091H
00VG 

EOG091H
02AB 

    EOG091H
013B 

     EOG091H
00VP 

EOG091H
02C1 

    EOG091H
013G 

     EOG091H
00VY 

EOG091H
02FR 

    EOG091H
013T 

     EOG091H
00WC 

EOG091H
02KG 

    EOG091H
014S 

     EOG091H
00WE 

EOG091H
02N4 

    EOG091H
014U 

     EOG091H
00WJ 

EOG091H
02O4 

    EOG091H
016I 

     EOG091H
00WM 

EOG091H
02XU 
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    EOG091H
016T 

     EOG091H
00XH 

EOG091H
032B 

    EOG091H
016V 

     EOG091H
00YA 

EOG091H
034Q 

    EOG091H
018G 

     EOG091H
00YF 

EOG091H
0357 

    EOG091H
018I 

     EOG091H
00YH 

EOG091H
0387 

    EOG091H
0190 

     EOG091H
00YM 

EOG091H
03A1 

    EOG091H
01B8 

     EOG091H
00YU 

EOG091H
03AV 

    EOG091H
01BG 

     EOG091H
00ZE 

EOG091H
03B5 

    EOG091H
01CG 

     EOG091H
00ZH 

EOG091H
03DA 

    EOG091H
01CW 

     EOG091H
00ZS 

EOG091H
03LM 

    EOG091H
01EA 

     EOG091H
0107 

EOG091H
03PX 

    EOG091H
01EN 

     EOG091H
0116 

EOG091H
03W9 

    EOG091H
01EU 

     EOG091H
0121 

EOG091H
03WJ 

    EOG091H
01FB 

     EOG091H
012M 

EOG091H
03WS 

    EOG091H
01FZ 

     EOG091H
0131 

EOG091H
03Y3 

    EOG091H
01GK 

     EOG091H
013B 

EOG091H
03YU 

    EOG091H
01IT 

     EOG091H
013G 

EOG091H
03ZH 

    EOG091H
01IX 

     EOG091H
014E 

EOG091H
041T 
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    EOG091H
01JA 

     EOG091H
014Q 

EOG091H
044T 

    EOG091H
01JV 

     EOG091H
014S 

EOG091H
045E 

    EOG091H
01LC 

     EOG091H
014U 

EOG091H
04B8 

    EOG091H
01LE 

     EOG091H
015E 

EOG091H
04C4 

    EOG091H
01MN 

     EOG091H
015X 

EOG091H
04CB 

    EOG091H
01MU 

     EOG091H
016F 

EOG091H
04GH 

    EOG091H
01N6 

     EOG091H
016J 

EOG091H
04L1 

    EOG091H
01OQ 

     EOG091H
019D 

EOG091H
04XZ 

    EOG091H
01OS 

     EOG091H
01AG 

EOG091H
0526 

    EOG091H
01PS 

     EOG091H
01B8 

EOG091H
056U 

    EOG091H
01Q0 

     EOG091H
01C0 

EOG091H
05FT 

    EOG091H
01SI 

     EOG091H
01CI 

EOG091H
05JJ 

    EOG091H
01VC 

     EOG091H
01CQ 

EOG091H
05M3 

    EOG091H
01WD 

     EOG091H
01DX 

EOG091H
05TP 

    EOG091H
01WO 

     EOG091H
01EA 

EOG091H
05ZX 

    EOG091H
01WT 

     EOG091H
01EK 

EOG091H
0625 

    EOG091H
01X3 

     EOG091H
01EN 

EOG091H
06B0 
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    EOG091H
01YM 

     EOG091H
01EU 

EOG091H
06EG 

    EOG091H
01Z5 

     EOG091H
01FB 

EOG091H
06GG 

    EOG091H
020A 

     EOG091H
01FZ 

EOG091H
06IK 

    EOG091H
0219 

     EOG091H
01GK 

EOG091H
06K6 

    EOG091H
021P 

     EOG091H
01H5 

EOG091H
06MW 

    EOG091H
024K 

     EOG091H
01IT 

EOG091H
06O1 

    EOG091H
024T 

     EOG091H
01IX 

EOG091H
06RV 

    EOG091H
025I 

     EOG091H
01JQ 

EOG091H
06W9 

    EOG091H
025R 

     EOG091H
01KU 

EOG091H
06WU 

    EOG091H
025U 

     EOG091H
01KW 

EOG091H
072K 

    EOG091H
026S 

     EOG091H
01L2 

EOG091H
073T 

    EOG091H
028T 

     EOG091H
01MU 

EOG091H
0759 

    EOG091H
02AB 

     EOG091H
01MY 

EOG091H
07DQ 

    EOG091H
02AK 

     EOG091H
01N6 

EOG091H
07K5 

    EOG091H
02AZ 

     EOG091H
01OC 

EOG091H
07RS 

    EOG091H
02B3 

     EOG091H
01OP 

EOG091H
07VA 

    EOG091H
02D7 

     EOG091H
01OS 

EOG091H
07Y2 
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    EOG091H
02F5 

     EOG091H
01PS 

EOG091H
080L 

    EOG091H
02FN 

     EOG091H
01SH 

EOG091H
083D 

    EOG091H
02G0 

     EOG091H
01SR 

EOG091H
08HY 

    EOG091H
02GV 

     EOG091H
01V3 

EOG091H
08LW 

    EOG091H
02HW 

     EOG091H
01WT 

EOG091H
08RU 

    EOG091H
02J5 

     EOG091H
01Y6 

EOG091H
08XO 

    EOG091H
02N2 

     EOG091H
01YN 

EOG091H
08YC 

    EOG091H
02NI 

     EOG091H
01Z5 

EOG091H
090O 

    EOG091H
02O4 

     EOG091H
01ZX 

EOG091H
094E 

    EOG091H
02QY 

     EOG091H
021P 

EOG091H
0982 

    EOG091H
02S8 

     EOG091H
0234 

EOG091H
098B 

    EOG091H
02SL 

     EOG091H
023L 

EOG091H
09DN 

    EOG091H
02TB 

     EOG091H
023Q 

EOG091H
09EO 

    EOG091H
02TJ 

     EOG091H
024D 

EOG091H
09OH 

    EOG091H
02US 

     EOG091H
024T 

EOG091H
09S6 

    EOG091H
02X0 

     EOG091H
025R 

EOG091H
09UD 

    EOG091H
02YS 

     EOG091H
027A 

EOG091H
09YU 
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    EOG091H
034Q 

     EOG091H
027V 

EOG091H
0A24 

    EOG091H
034R 

     EOG091H
028C 

EOG091H
0A7P 

    EOG091H
0352 

     EOG091H
028T 

EOG091H
0AEC 

    EOG091H
0395 

     EOG091H
028Y 

EOG091H
0B69 

    EOG091H
03AL 

     EOG091H
02AB 

EOG091H
0BO8 

    EOG091H
03B5 

     EOG091H
02AK 

 

    EOG091H
03CU 

     EOG091H
02AZ 

 

    EOG091H
03D7 

     EOG091H
02B8 

 

    EOG091H
03DJ 

     EOG091H
02CZ 

 

    EOG091H
03PC 

     EOG091H
02D7 

 

    EOG091H
03PX 

     EOG091H
02DM 

 

    EOG091H
03S6 

     EOG091H
02FN 

 

    EOG091H
03TK 

     EOG091H
02FZ 

 

    EOG091H
03UR 

     EOG091H
02GQ 

 

    EOG091H
03W9 

     EOG091H
02GU 

 

    EOG091H
03WD 

     EOG091H
02HW 

 

    EOG091H
03WJ 

     EOG091H
02JU 
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    EOG091H
03WO 

     EOG091H
02JZ 

 

    EOG091H
03WX 

     EOG091H
02K1 

 

    EOG091H
03XL 

     EOG091H
02KG 

 

    EOG091H
03Y3 

     EOG091H
02N2 

 

    EOG091H
03YO 

     EOG091H
02NI 

 

    EOG091H
040W 

     EOG091H
02OZ 

 

    EOG091H
045Z 

     EOG091H
02QD 

 

    EOG091H
0460 

     EOG091H
02T9 

 

    EOG091H
04AC 

     EOG091H
02US 

 

    EOG091H
04F1 

     EOG091H
02X0 

 

    EOG091H
04GH 

     EOG091H
02XP 

 

    EOG091H
04L1 

     EOG091H
02XU 

 

    EOG091H
04MS 

     EOG091H
02YS 

 

    EOG091H
04P2 

     EOG091H
0338 

 

    EOG091H
04PD 

     EOG091H
033A 

 

    EOG091H
04Q2 

     EOG091H
034Q 

 

    EOG091H
04RZ 

     EOG091H
034R 
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    EOG091H
04WQ 

     EOG091H
0387 

 

    EOG091H
04XH 

     EOG091H
038Z 

 

    EOG091H
04Y6 

     EOG091H
0395 

 

    EOG091H
050D 

     EOG091H
03AV 

 

    EOG091H
051E 

     EOG091H
03B2 

 

    EOG091H
053G 

     EOG091H
03B5 

 

    EOG091H
057P 

     EOG091H
03BE 

 

    EOG091H
0596 

     EOG091H
03CT 

 

    EOG091H
059F 

     EOG091H
03CU 

 

    EOG091H
05C4 

     EOG091H
03D7 

 

    EOG091H
05FT 

     EOG091H
03FE 

 

    EOG091H
05FV 

     EOG091H
03FF 

 

    EOG091H
05I8 

     EOG091H
03J4 

 

    EOG091H
05IK 

     EOG091H
03JP 

 

    EOG091H
05JJ 

     EOG091H
03KF 

 

    EOG091H
05KP 

     EOG091H
03KM 

 

    EOG091H
05KS 

     EOG091H
03LO 
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    EOG091H
05M3 

     EOG091H
03LV 

 

    EOG091H
05P6 

     EOG091H
03NW 

 

    EOG091H
05PJ 

     EOG091H
03OC 

 

    EOG091H
05Q3 

     EOG091H
03PU 

 

    EOG091H
05UV 

     EOG091H
03QK 

 

    EOG091H
05WB 

     EOG091H
03S6 

 

    EOG091H
05XE 

     EOG091H
03TW 

 

    EOG091H
05ZX 

     EOG091H
03UM 

 

    EOG091H
0625 

     EOG091H
03UR 

 

    EOG091H
0654 

     EOG091H
03VV 

 

    EOG091H
065E 

     EOG091H
03WD 

 

    EOG091H
0695 

     EOG091H
03XH 

 

    EOG091H
06B0 

     EOG091H
03XL 

 

    EOG091H
06GG 

     EOG091H
03Y3 

 

    EOG091H
06IK 

     EOG091H
03Y6 

 

    EOG091H
06K6 

     EOG091H
03YU 

 

    EOG091H
06MW 

     EOG091H
041T 
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    EOG091H
06O1 

     EOG091H
044G 

 

    EOG091H
06RT 

     EOG091H
048H 

 

    EOG091H
06SD 

     EOG091H
0499 

 

    EOG091H
06W9 

     EOG091H
04CY 

 

    EOG091H
06XQ 

     EOG091H
04CZ 

 

    EOG091H
070B 

     EOG091H
04FI 

 

    EOG091H
0717 

     EOG091H
04L1 

 

    EOG091H
072K 

     EOG091H
04MS 

 

    EOG091H
074D 

     EOG091H
04P8 

 

    EOG091H
0759 

     EOG091H
04Q2 

 

    EOG091H
075U 

     EOG091H
04Q6 

 

    EOG091H
079E 

     EOG091H
04T9 

 

    EOG091H
07A3 

     EOG091H
04TX 

 

    EOG091H
07BC 

     EOG091H
04XH 

 

    EOG091H
07D4 

     EOG091H
04XZ 

 

    EOG091H
07DH 

     EOG091H
04Y6 

 

    EOG091H
07DQ 

     EOG091H
050X 
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    EOG091H
07DW 

     EOG091H
054R 

 

    EOG091H
07EX 

     EOG091H
0556 

 

    EOG091H
07FE 

     EOG091H
055R 

 

    EOG091H
07K5 

     EOG091H
057H 

 

    EOG091H
07LU 

     EOG091H
057P 

 

    EOG091H
07RS 

     EOG091H
057W 

 

    EOG091H
07VO 

     EOG091H
058F 

 

    EOG091H
07XV 

     EOG091H
05CW 

 

    EOG091H
07XW 

     EOG091H
05HY 

 

    EOG091H
07YC 

     EOG091H
05I4 

 

    EOG091H
07Z3 

     EOG091H
05I8 

 

    EOG091H
080L 

     EOG091H
05II 

 

    EOG091H
081R 

     EOG091H
05KP 

 

    EOG091H
082Z 

     EOG091H
05Q3 

 

    EOG091H
083D 

     EOG091H
05Q7 

 

    EOG091H
0857 

     EOG091H
05RZ 

 

    EOG091H
08H7 

     EOG091H
05SN 
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    EOG091H
08LX 

     EOG091H
05UG 

 

    EOG091H
08SY 

     EOG091H
05VK 

 

    EOG091H
08X9 

     EOG091H
05WA 

 

    EOG091H
08XO 

     EOG091H
05WB 

 

    EOG091H
091T 

     EOG091H
05ZX 

 

    EOG091H
092P 

     EOG091H
0641 

 

    EOG091H
098G 

     EOG091H
065E 

 

    EOG091H
0999 

     EOG091H
065N 

 

    EOG091H
09AA 

     EOG091H
0695 

 

    EOG091H
09D9 

     EOG091H
06E8 

 

    EOG091H
09DN 

     EOG091H
06EG 

 

    EOG091H
09G2 

     EOG091H
06F0 

 

    EOG091H
09QA 

     EOG091H
06GG 

 

    EOG091H
09S6 

     EOG091H
06I5 

 

    EOG091H
0A24 

     EOG091H
06IL 

 

    EOG091H
0A3K 

     EOG091H
06JZ 

 

    EOG091H
0A8G 

     EOG091H
06MW 
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    EOG091H
0AEC 

     EOG091H
06N7 

 

    EOG091H
0AJN 

     EOG091H
06NY 

 

    EOG091H
0AO9 

     EOG091H
06RT 

 

    EOG091H
0B5Y 

     EOG091H
06RV 

 

    EOG091H
0BO8 

     EOG091H
06SD 

 

          EOG091H
06SS 

 

          EOG091H
06TA 

 

          EOG091H
06Y7 

 

          EOG091H
070S 

 

          EOG091H
0717 

 

          EOG091H
072K 

 

          EOG091H
0730 

 

          EOG091H
077O 

 

          EOG091H
079E 

 

          EOG091H
07B0 

 

          EOG091H
07DH 

 

          EOG091H
07FE 
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          EOG091H
07FF 

 

          EOG091H
07GQ 

 

          EOG091H
07GY 

 

          EOG091H
07IQ 

 

          EOG091H
07LN 

 

          EOG091H
07N1 

 

          EOG091H
07PS 

 

          EOG091H
07UA 

 

          EOG091H
07VO 

 

          EOG091H
07XI 

 

          EOG091H
07Y2 

 

          EOG091H
07YC 

 

          EOG091H
07YW 

 

          EOG091H
07Z3 

 

          EOG091H
0809 

 

          EOG091H
083D 

 

          EOG091H
085T 
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          EOG091H
08AH 

 

          EOG091H
08FP 

 

          EOG091H
08JL 

 

          EOG091H
08LX 

 

          EOG091H
08NA 

 

          EOG091H
08SZ 

 

          EOG091H
0905 

 

          EOG091H
0944 

 

          EOG091H
094D 

 

          EOG091H
0999 

 

          EOG091H
09AA 

 

          EOG091H
09CM 

 

          EOG091H
09GT 

 

          EOG091H
09QA 

 

          EOG091H
09VW 

 

          EOG091H
0A01 

 

          EOG091H
0A6R 
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          EOG091H
0AIZ 

 

          EOG091H
0AO9 

 

          EOG091H
0ATF 

 

          EOG091H
0AUJ 

 

          EOG091H
0AZL 

 

          EOG091H
0BO8 
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Supplementary Table 3.2: Complete RepeatModeler statistics including total repeats, number of base pairs (bp) and percentage (%). 

Comparison of the RepeatModeler repeat statistics of Cercopithifilaria johnstoni and closely related filarial nematodes. Total interspersed 

repeats consisting of LINEs (long interspersed nuclear elements), SINEs (short interspersed nuclear elements), DNA (DNA Transposons), 

LTR (long terminal repeat) and unclassified repeats. Small RNA, satellites, simple repeats and low complexity repeats are also 

represented in the table. The total number of repeat bases that are masked in each filarial genome are represented as “bases masked”.  

 

Species    
bases 

masked 
SINEs LINEs LTR DNA 

Unclassifi
ed 

Total 
interspers

ed 
repeats 

Small 
RNA 

Satellites 
Simple 
repeats 

Low 
complexity 

C. johnstoni 

total   0 686 21 208 6,490   0 56 45,684 10,273 

bp 4,925,102 0 116,370 2,658 52,432 1,736,807 1,908,267 0 7,635 2,460,891 552,231 

% 6.23 0 0.15 0 0.07 2.20 2.41 0 0.01 3.11 0.70 

A. viteae 

total   0 90 1,092 1,025 2,496   0 0 35743 10,319 

bp 3,054,604 0 7,622 337,591 142,746 456,263 944,222 0 0 1,605,806 508,053 

% 3.96 0 0.01 0.44 0.18 0.59 1.22 0 0 2.08 0.66 

B. malayi 

total   0 2,260 2,190 1,451 7,848   133 273 82,066 20,253 

bp 10,494,094 0 377,063 1,111,004 230,694 3,633,504 5,352,265 102,358 229,297 3,773,821 1,062,708 

% 11.80 0 0.43 1.26 0.26 4.12 6.07 0.12 0.26 4.28 1.20 

B. pahangi 

total   275 1,488 1,621 1,557 3,858   275 25 87,205 22,854 

bp 7,137,323 29,746 330,629 416,527 253,235 941,008 1,971,145 29,746 8,350 3,957,105 1,208,521 

% 7.88 0.03 0.37 0.46 0.28 1.04 2.18 0.03 0.01 4.37 1.33 

B. timori total   19 934 902 889 2,029   23 172 40,358 9,597 
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bp 3,258,849 1,087 165,685 287,371 102,345 380,322 936,810 6,061 37,258 1,798,223 484,636 

% 5.02 0 0.26 0.44 0.16 0.59 1.44 0.01 0.06 2.77 0.75 

D. immitis 

total   161 1,214 1,676 786 5,173   580 140 57,238 14,076 

bp 5,384,130 18,102 170,736 510,370 91,896 1,170,680 1,961,784 69,480 49,560 2,597,281 730,439 

% 6.10 0.02 0.19 0.58 0.10 1.33 2.22 0.08 0.06 2.94 0.83 

L. loa 

total   313 3,346 3,490 2,466 9,877   515 534 69,432 14,752 

bp 13,119,135 34,584 891,633 2,464,609 897,489 3,701,868 7,990,183 142,585 272,022 3,990,601 777,463 

% 13.61 0.04 0.92 2.56 0.93 3.84 8.29 0.15 0.28 4.14 0.81 

L. 
sigmodontis 

total   0 172 758 294 481   0 0 29,613 6,268 

bp 1,826,171 0 16,301 103,532 56,084 111,687 287,604 0 0 1,237,223 304,394 

% 2.82 0 0.03 0.16 0.09 0.17 0.44 0 0 1.91 0.47 

O. flexuosa 

total   0 311 2,235 388 11,087   156 7 32,863 7,310 

bp 5,462,806 0 42,778 993,103 43,477 2,624,467 3,703,825 28,300 13,913 1,367,309 356,808 

% 8.06 0 0.06 1.47 0.06 3.87 5.47 0.04 0.02 2.02 0.53 

O. ochengi 

total   605 5,068 3,431 1,608 19,291   826 481 56,033 13,246 

bp 9,358,768 55,877 909,838 1,030,261 279,309 3,908,401 6,183,686 98,835 179,815 2,299,491 656,436 

% 10.21 0.06 0.99 1.12 0.30 4.26 6.75 0.11 0.20 2.51 0.72 

O. volvulus 

total   0 487 3009 863 20,693   364 66 63,138 15,242 

bp 9,890,502 0 94,663 1,242,579 166,760 4,835,858 6,339,860 77,364 90,909 2,636,212 763,968 

% 10.26 0 0.1 1.29 0.17 5.02 6.57 0.08 0.09 2.73 0.79 

W. bancrofti 

total   242 198 3,388 1321 1,983   0 38 65,719 18,907 

bp 6,286,979 58,229 75,735 774,597 174,057 434,518 1,517,136 0 74,525 3,723,278 983,501 

% 6.96 0.06 0.08 0.86 0.19 0.48 1.68 0 0.08 4.12 1.09 
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Appendix 3: Chapter Four Supplementary Material 

 

Supplementary Table 4.1: List of 17/49 Onchocerca volvulus immunogenic 

relevant proteins used to identify and extract from the OrthoFinder2 analysis any 

possible orthologues in Cercopithifilaria johnstoni for further analyses. Protein 

obtained from Norice-Tra et al. (2017). 

 

Immuno|proteins - Norice-Tra 

WBGene00248326|OVOC11517 

WBGene00239986|OVOC3177 

WBGene00245563|OVOC8754 

WBGene00238001|OVOC1192 

WBGene00244123|OVOC7314 

WBGene00246034|OVOC9225 

WBGene00249378|OVOC12569 

WBGene00244262|OVOC7453 

WBGene00246384|OVOC9575 

WBGene00249437|OVOC12628 

WBGene00244595|OVOC7786 

WBGene00246793|OVOC9984 

WBGene00249578|OVOC12769 

WBGene00244720|OVOC7911 

WBGene00246797|OVOC9988 

WBGene00249680|OVOC12871 

WBGene00237669|OVOC860 
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Supplementary Table 4.2: List of 31/48 Onchocerca volvulus serodiagnostic 

relevant proteins used to identify and extract from the OrthoFinder2 analysis any 

possible orthologues in Cercopithifilaria johnstoni for further analyses. Proteins 

obtained from McNulty et al. (2015). 

 

Serodiagnostic - McNulty 

WBGene00249257|OVOC12448 WBGene00243136|OVOC6327 

WBGene00246876|OVOC10067 WBGene00246799|OVOC9990 

WBGene00249258|OVOC12449 WBGene00238022|OVOC1213 

WBGene00245794|OVOC8985 WBGene00244190|OVOC7381 

WBGene00246912|OVOC10103 WBGene00249209|OVOC12400 

WBGene00238706|OVOC1897 WBGene00244239|OVOC7430 

WBGene00246134|OVOC9325 WBGene00248296|OVOC11487 

WBGene00247447|OVOC10638 WBGene00242228|OVOC5419 

WBGene00239295|OVOC2486 WBGene00246557|OVOC9748 

WBGene00246193|OVOC9384 WBGene00248656|OVOC11847 

WBGene00247791|OVOC10982 WBGene00242632|OVOC5823 

WBGene00240012|OVOC3203 WBGene00248760|OVOC11951 

WBGene00246284|OVOC9475 WBGene00246561|OVOC9752 

WBGene00247804|OVOC10995  

WBGene00241421|OVOC4612  

WBGene00246401|OVOC9592  

WBGene00248027|OVOC11218  

WBGene00242527|OVOC5718  
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Supplementary Table 4.3: The blast results of the 30 Cercopithifilaria johnstoni orthologues of Onchocerca volvulus immunogenic 

proteins are described revealing their top BLAST results to the NCBI database, % identity, protein alignment length, e-value, and bit score. 

 

Query (C. johnstoni) 
Subject (blast 

NCBI) 
Description (NCBI) % identity Alignment length e-value bit score 

Cjn_gene4340 CDQ02499.1 
BMA-UNC-87, isoform b, 

partial [B. malayi] 
96.359 357 0 714 

Cjn_gene7687 EJW79500.1 

hypothetical protein 

WUBG_09591, partial [W. 

bancrofti] 

56.394 477 5.35E-145 434 

Cjn_gene5098 CRZ22766.1 Bm2577 [B. malayi] 71.429 189 1.59E-94 286 

Cjn_gene7514 EJD74931.1 
hypothetical protein 

LOAG_17826 [L. loa] 
51.049 286 1.67E-64 221 

Cjn_gene6823 CRZ22233.1 Bm8325, isoform a [B. malayi] 82.945 815 0 1300 

Cjn_gene3855 XP_001891888.1 CAP protein [B. malayi] 70.78 1102 0 1454 

Cjn_gene6492 EJW87928.1 
3-hydroxyacyl-CoA 

dehydrogenase [W. bancrofti] 
95.635 252 7.25E-176 492 

Cjn_gene5271 
EJW78284.1 

 

hypothetical protein 

WUBG_10805 (CTLH/CRA C-

terminal to LisH motif domain) 

[W. bancrofti] 

94.538 238 1.12E-156 442 
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Cjn_gene5847 VBB26289.1 

unnamed protein product 

(GST_N_Sigma_like) [A. 

viteae] 

78.218 202 1.26E-114 334 

Cjn_gene413 EJW85966.1 
reticulon family protein [W. 

bancrofti] 
83.898 118 3.03E-66 209 

Cjn_gene8088 EJD76644.1 
fructose-bisphosphate 

aldolase [L. loa] 
98.072 363 0 745 

Cjn_gene8269 CAA04877.1 
RAL-1 protein, partial [L. 

sigmodontis] 
95.266 338 0 639 

Cjn_gene2996 XP_003143117.1 
SH2 domain-containing 

protein [L. loa] 
74.317 183 5.59E-88 267 

Cjn_gene11 Q25619.1 
Fatty-acid and retinol-binding 

protein 1 (Ov20) 
77.326 172 1.52E-92 275 

Cjn_gene5764 CDQ04841.1 BMA-CYN-16 [B. malayi] 84.483 464 0 721 

Cjn_gene3138 CRZ22798.1 Bm5820, partial [B. malayi] 85.77 513 0 892 

Cjn_gene5845 AAD16985.1 
vespid allergen antigen 

homolog [W. bancrofti] 
77.717 184 4.33E-105 309 

Cjn_gene8368 EFO14456.2 

hypothetical protein 

LOAG_14063 (TTR-52) [L. 

loa] 

80.272 147 1.20E-79 240 

Cjn_gene1728 AAC77922.1 peroxidoxin-2 [O. ochengi] 93.671 158 1.23E-106 312 
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Cjn_gene5663 EFO26115.2 
filarial antigen Av33 (Ascaris 

pepsin inhibitor-3) [L. loa] 
71.97 132 3.13E-52 173 

Cjn_gene3697 XP_001900036.1 B. malayi antigen (DUF148) 48.052 154 7.70E-43 147 

Cjn_gene3697 XP_001900036.1 B. malayi antigen (DUF148) 48.361 122 5.59E-33 121 

Cjn_gene3855 NP_001254445.1 
Basement membrane 

proteoglycan [C. elegans] 
53.753 2398 0 2528 

Cjn_gene2748 KHN78795.1 Neprilysin-2 [T. canis] 69.397 464 0 691 

Cj_gene9844 No significant similarity found 

Cjn_gene6611 AAR06638.1 
superoxide dismutase [B. 

malayi] 
94.839 155 8.76E-103 299 

Cjn_gene235 EFO24522.2 

hypothetical protein 

LOAG_03960 (Chondroitin 

proteoglycan 4) [L. loa] 

48.38 432 1.45E-112 347 

Cjn_gene4402 EJD74824.1 

hypothetical protein 

LOAG_17909 (Strictosidine 

synthase) [L. loa] 

85.333 75 1.18E-37 136 

Cjn_gene10411 CAB41740.1 
secretory protein (LS110p) [L. 

sigmodontis] 
78.462 65 2.81E-30 118 

Cjn_gene5503 AAB03902.2 
Av18 (Chromadorea ALT) [A. 

viteae] 
66.942 121 2.70E-43 147 
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Supplementary Table 4.4: The Cercopithifilaria johnstoni proteins examined for the presence of the Onchocerca volvulus motif DGxDK 

from Lagatie et al. (2017). The Cercopithifilaria johnstoni protein secondary BLAST hit and putative function is reported with % identity, e-

value and bits (bit score).  

 

C. johnstoni protein Ov Motif (DGxDK) Secondary blast hit Description (NCBI) % identity e-value bits 

Cjn_gene113 DGIDK EJW80766.1 glycosyltransferase [Wuchereria bancrofti] 71.538 6.78E-57 190 

Cjn_gene298 DGDDK VDK74290.1 unnamed protein product [Litomosoides sigmodontis] 65 7.38E-29 119 

Cjn_gene723 DGGDK VDM12151.1 unnamed protein product [Wuchereria bancrofti] 59.615 1.02E-26 109 

Cjn_gene896 DGWDK XP_001893036.1 SMC family, C-terminal domain containing protein [Brugia malayi] 58.14 1.22E-19 92.8 

Cjn_gene1838 DGSDK No secondary hit 

Cjn_gene2051 DGSDK VDM09492.1 unnamed protein product [Wuchereria bancrofti] 63 2.33E-36 136 

Cjn_gene2143 DGSDK OZC10718.1 tryptophan 2,3-dioxygenase [Onchocerca flexuosa] 81.818 6.8E-49 169 

Cjn_gene2749 DGFDK VDN86410.1 unnamed protein product [Brugia pahangi] 73.958 1.07E-41 145 

Cjn_gene3213 DGKDK VDK87698.1 unnamed protein product [Litomosoides sigmodontis] 98.387 6.18E-35 128 

Cjn_gene3906 DGTDK VDM11717.1 unnamed protein product [Wuchereria bancrofti] 82.979 2.85E-44 160 

Cjn_gene3910 DGRDK VDP15708.1 unnamed protein product [Onchocerca flexuosa] 95 3.71E-57 200 

Cjn_gene3959 DGLDK XP_003145750.1 hypothetical protein LOAG_10175 [Loa loa] 81.667 1.2E-20 93.2 
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Cjn_gene4253 DGEDK VBB31589.1 unnamed protein product [Acanthocheilonema viteae] 71.795 2.59E-44 157 

Cjn_gene5140 DGSDK VIO86469.1 uncharacterized protein BM_BM6243 [Brugia malayi] 72 0.002 47 

Cjn_gene5421 DGGDK VDK86246.1 unnamed protein product [Litomosoides sigmodontis] 55 1.21E-16 82.4 

Cjn_gene5897 DGVDK VDM15008.1 unnamed protein product [Wuchereria bancrofti] 78 9.35E-47 162 

Cjn_gene5916 DGTDK XP_003139927.1 ATPase [Loa loa] 56 3.56E-21 97.8 

Cjn_gene6634 DGLDK VDK82384.1 unnamed protein product [Onchocerca ochengi] 77 3.26E-46 160 

Cjn_gene6658 DGSDK XP_003140785.1 hypothetical protein LOAG_05201 [Loa loa] 97 4.74E-60 205 

Cjn_gene6700 DGSDK OZC08743.1 unnamed protein product [Onchocerca flexuosa] 40.678 0.0000011 56.6 

Cjn_gene7127 DGQDK VDO17115.1 unnamed protein product [Brugia timori] 65.686 6.98E-28 112 

Cjn_gene7304 DGNDK EJW86862.1 6-phosphofructokinase [Wuchereria bancrofti] 65.979 1.1E-30 124 

Cjn_gene7413 DGDDK VBB25469.1 unnamed protein product [Acanthocheilonema viteae] 91.765 6.95E-28 115 

Cjn_gene7553 DGIDK XP_003150765.1 hypothetical protein LOAG_15226 [Loa loa] 95 3.08E-61 195 

Cjn_gene7626 DGLDK VBB31551.1 unnamed protein product [Acanthocheilonema viteae] 95 1.34E-58 204 

Cjn_gene8139 DGWDK XP_001891970.1 von Willebrand factor type C domain containing protein [Brugia malayi] 93 6.24E-59 195 

Cjn_gene8417 DGNDK VDK89321.1 unnamed protein product [Onchocerca ochengi] 78.641 1.13E-48 172 

Cjn_gene9043 DGEDK VDK83117.1 unnamed protein product [Litomosoides sigmodontis] 76.471 2.05E-37 133 
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Cjn_gene9091 DGFDK VDK74958.1 unnamed protein product [Litomosoides sigmodontis] 80.328 1.56E-25 110 

Cjn_gene9587 DGGDK No secondary hit 

Cjn_gene9909 DGGDK VDM11045.1 unnamed protein product [Wuchereria bancrofti] 35.664 0.004 45.4 
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Supplementary Table 4.5: The Cercopithifilaria johnstoni proteins examined for the presence of the Onchocerca volvulus motif PxxTQE 

from Lagatie et al. (2017). The Cercopithifilaria johnstoni protein secondary BLAST hit and putative function is reported with % identity, e-

value and bits (bit score).  

 

C. johnstoni protein Ov Motif (PxxTQE) Secondary blast hit Description (NCBI) % identity e-value bits 

Cjn_gene1496 PPETQE XP_001900927.1 F-box domain containing protein [Brugia malayi] 98 1.96E-64 207 

Cjn_gene2474 PQTTQE XP_001900215.1 hypothetical protein Bm1_43765 [Brugia malayi] 63.793 1.56E-15 79.7 

Cjn_gene2824 PIDTQE XP_003141024.1 hypothetical protein LOAG_05439 [Loa loa] 90 5.99E-59 187 

Cjn_gene3131 PIITQE VDM14062.1 unnamed protein product [Wuchereria bancrofti] 85 1.91E-55 187 

Cjn_gene5166 PAVTQE VIO86094.1 RhoGEF domain containing protein [Brugia malayi] 85.149 3.5E-50 180 

Cjn_gene6484 PDETQE VDK74832.1 unnamed protein product [Litomosoides sigmodontis] 90 7.81E-11 63.5 

Cjn_gene6592 PTSTQE VDN91657.1 unnamed protein product [Brugia pahangi] 94.175 5.37E-58 202 

Cjn_gene6623 PQVTQE XP_003141132.1 hypothetical protein LOAG_05547 [Loa loa] 96 1.83E-63 215 

Cjn_gene6756 PQYTQE XP_020304992.1 hypothetical protein LOAG_18579 [Loa loa] 76.531 4.54E-37 138 

Cjn_gene6854 PYTTQE VDO52301.1 unnamed protein product [Onchocerca flexuosa] 56.364 5.78E-10 61.2 

Cjn_gene6926 PKITQE CDQ02899.2 Bm6200, isoform b [Brugia malayi] 94.898 1.98E-61 200 

Cjn_gene7018 PSVTQE No secondary hit 
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Cjn_gene7205 PKHTQE XP_020307076.1 hypothetical protein, variant [Loa loa] 69 9.75E-33 130 

Cjn_gene8203 PSSTQE XP_020305195.1 hypothetical protein LOAG_18392 [Loa loa] 70 9.51E-39 147 

Cjn_gene8783 PIVTQE VDK62047.1 unnamed protein product [Onchocerca ochengi] 73.469 8.57E-16 82.4 

Cjn_gene8792 PEMTQE VDK89497.1 unnamed protein product [Litomosoides sigmodontis] 75 2.62E-49 165 

Cjn_gene9173 PDSTQE VIO95376.1 uncharacterized protein BM_BM1563 [Brugia malayi] 92 7.34E-61 201 

Cjn_gene9345 PESTQE VDN92441.1 unnamed protein product [Brugia pahangi] 96.386 8.43E-50 164 

Cjn_gene9881 PVRTQE XP_001892705.1 Papain family cysteine protease containing protein [Brugia malayi] 35.948 7.44E-23 98.6 
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Supplementary Table 4.6: The Cercopithifilaria johnstoni proteins examined for the presence of the Onchocerca volvulus motif QxSNxD 

from Lagatie et al. (2017). The Cercopithifilaria johnstoni protein secondary BLAST hit and putative function is reported with % identity, e-

value and bits (bit score).  

 

C. johnstoni protein Ov Motif (QxSNxD) Secondary blast hit Description (NCBI) % identity e-value bits 

Cjn_gene236 QLSNLD VBB29465.1 unnamed protein product [Acanthocheilonema viteae] 94 2.82E-59 206 

Cjn_gene566 QVSNID VDM91510.1 unnamed protein product [Litomosoides sigmodontis] 78.378 6.6E-53 181 

Cjn_gene740 QSSNTD XP_003136757.1 hypothetical protein LOAG_01169 [Loa loa] 94 2.65E-57 201 

Cjn_gene1272 QTSNFD VDO38379.1 unnamed protein product [Brugia timori] 88.889 3.46E-29 110 

Cjn_gene1872 QQSNRD VDN94265.1 unnamed protein product [Brugia pahangi] 93.684 3.78E-52 185 

Cjn_gene2060 QVSNYD XP_020306002.1 hypothetical protein LOAG_17679 [Loa loa] 73 1.96E-39 147 

Cjn_gene2092 QCSNLD VDN82747.1 unnamed protein product [Brugia pahangi] 90.909 1.3E-45 158 

Cjn_gene2177 QSSNSD VDK81681.1 unnamed protein product [Onchocerca ochengi] 54.455 1.23E-17 87.4 

Cjn_gene2237 QSSNID VDK61671.1 unnamed protein product [Onchocerca ochengi] 95.604 4.21E-53 179 

Cjn_gene2285 QLSNID VBB27065.1 unnamed protein product [Acanthocheilonema viteae] 56 3.4E-14 77.8 

Cjn_gene2338 QDSNED No secondary hit 
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Cjn_gene2504 QRSNDD EJW82344.1 hypothetical protein WUBG_06743 [Wuchereria bancrofti] 79.798 1.96E-42 147 

Cjn_gene2830 QRSNLD VDK73675.1 unnamed protein product [Litomosoides sigmodontis] 85.106 8.87E-48 169 

Cjn_gene3336 QNSNND VIO94178.1 Uncharacterized protein BM_BM2531 [Brugia malayi] 87.755 6.83E-47 171 

Cjn_gene3426 QHSNED VDK89519.1 unnamed protein product [Onchocerca ochengi] 82 1.96E-48 171 

Cjn_gene3912 QQSNDD XP_003148455.1   hypothetical protein LOAG_12895 [Loa loa] 85 2.22E-55 181 

Cjn_gene4366 QSNWD VBB32097.1   unnamed protein product [Acanthocheilonema viteae] 89 1.11E-49 179 

Cjn_gene4382 QSSNKD VBB26355.1 unnamed protein product [Acanthocheilonema viteae] 92 4.65E-54 191 

Cjn_gene4529 QISNID VDO27644.1 unnamed protein product [Brugia timori] 89 7.07E-58 194 

Cjn_gene4783 QMSNED VDK84344.1 unnamed protein product [Litomosoides sigmodontis] 97 1.19E-61 212 

Cjn_gene4935 QISNED EJW82782.1 mitochondrial chaperone BCS1 [Wuchereria bancrofti] 90 1.4E-46 164 

Cjn_gene5157 QKSNKD XP_020305667.1 vacuolar protein sorting-associated protein 45 [Loa loa] 92 3.48E-57 194 

Cjn_gene5767 QASNSD VDO23327.1 unnamed protein product [Brugia timori] 64.835 2.81E-31 119 

Cjn_gene5823 QPSNTD VDO13125.1 unnamed protein product [Brugia timori] 75.676 2.17E-28 108 

Cjn_gene6256 QLSNVD VDM08285.1 unnamed protein product [Wuchereria bancrofti] 75 1.72E-46 166 

Cjn_gene6471 QNSNQD VDK70153.1 unnamed protein product [Litomosoides sigmodontis] 78.218 2.63E-33 129 

Cjn_gene6608 QYSNND VBB31882.1 BMA-ABU-10 [Brugia malayi] 40.698 0.000019 52.8 
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Cjn_gene6761 QLSNED CRZ26398.1 Bm4129 [Brugia malayi] 87.179 9.08E-14 73.6 

Cjn_gene7385 QFSNDD VDK82515.1 unnamed protein product [Litomosoides sigmodontis] 88 1.6E-55 191 

Cjn_gene7401 QDSNVD VDK82534.1   unnamed protein product [Onchocerca ochengi] 94 6.42E-56 178 

Cjn_gene7670 QISNQD VDN87187.1 unnamed protein product [Brugia pahangi] 51.724 0.000000964 53.5 

Cjn_gene7777 QISNSD VDK84566.1 unnamed protein product [Litomosoides sigmodontis] 79 1.7E-45 161 

Cjn_gene7945 QLSNDD CTP81083.1 BMA-TAG-343, isoform a [Brugia malayi] 48.507 4.18E-27 114 

Cjn_gene8122 QRSNND VDP18010.1 unnamed protein product [Onchocerca flexuosa] 82.828 3.51E-47 169 

Cjn_gene8203 QISNTD XP_001896789.1 CG18437-PA [Brugia malayi] 88.235 3.04E-47 170 

Cjn_gene8213 QISNND XP_020302306.1 ARCN1 protein [Loa loa] 91 1.5E-54 187 

Cjn_gene8516 QTSNID VDO17479.1 unnamed protein product [Brugia timori] 88.889 7.14E-58 187 

Cjn_gene8580 QQSNHD XP_020306733.1 CBR-IFT-81 protein [Loa loa] 74 7.38E-40 148 

Cjn_gene8849 QRSND VDN95123.1 unnamed protein product [Brugia pahangi] 67.227 2.05E-40 152 

Cjn_gene8879 QSSNYD OZC08150.1 GRIP domain protein [Onchocerca flexuosa] 65.714 7.17E-29 117 

Cjn_gene8897 QESNDD EJW79009.1 hypothetical protein WUBG_10081 [Wuchereria bancrofti] 79 5.65E-46 159 

Cjn_gene9527 QNSNKD XP_001896789.1 ecotropic viral integration site [Loa loa] 77.528 7.93E-33 129 

Cjn_gene10102 QKSNDD No secondary hit 
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Table 4.7: The Cercopithifilaria johnstoni proteins examined for the presence of the Onchocerca volvulus epitope QQQQQQQQR from 

Lagatie et al. (2018). The Cercopithifilaria johnstoni protein secondary BLAST hit and putative function is reported with % identity, e-value 

and bits (bit score).  

 

C. johnstoni protein Secondary blast hit Description (NCBI) % identity e-value bits 

Cjn_gene194 VDM12548.1 unnamed protein product [Wuchereria bancrofti] 70.909 2.82E-10 66.2 

Cjn_gene2327 VDK84942.1 unnamed protein product [Onchocerca ochengi] 56.701 5.98E-17 83.6 

Cjn_gene2766 VDN93536.1 unnamed protein product [Brugia pahangi] 57.843 6.06E-10 65.1 

Cjn_gene2772 VDK73698.1 unnamed protein product [Onchocerca ochengi] 56 1.01E-17 87.8 

Cjn_gene5035 No secondary hit 

Cjn_gene5350 XP_001901916.1 Tudor domain containing protein [Brugia malayi] 70.33 1.01E-33 133 

Cjn_gene5989 VDN93709.1 unnamed protein product [Brugia pahangi] 70.588 1.27E-30 123 

Cjn_gene6920 OZC10437.1 hypothetical protein X798_02480 [Onchocerca flexuosa] 63 3.5E-11 69.3 

Cjn_gene7343 VDM06821.1 unnamed protein product [Wuchereria bancrofti] 53.061 1.87E-20 95.5 

Cjn_gene7486 No secondary hit 

Cjn_gene8464 CDP93819.1 Bm9402 [Brugia malayi] 75 6.48E-33 122 

Cjn_gene8597 No secondary hit 
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Appendix 4: Chapter Five Supplementary Material 
 

 

 

Fig 4. Maximum likelihood estimate based on the amplicon 12S of ticks collected 

at Kioloa and Mogo State Forest, NSW, Australia. Blue = Mogo State Forest (rats), 

yellow = Kioloa (flagging), red = identified voucher specimens. 
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Fig. 5. TCS haplotype network based on the amplicon 12S sequenced from ticks 

collected from Kioloa and Mogo State Forest in NSW, Australia. Samples are 

coloured coded based on their collection site, Mogo State Forest (blue) or, Kioloa 

(yellow). Voucher specimens are coloured red. 
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Fig. 6. Maximum likelihood estimate based on the amplicon 16S of ticks collected 

at Kioloa and Mogo State Forest, NSW, Australia. Blue = Mogo State Forest 

(rats), yellow = Kioloa (flagging), red = identified voucher specimens. 
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Fig. 7. TCS haplotype network based on the amplicon 16S sequenced from ticks 

collected from Kioloa and Mogo State Forest in NSW, Australia. Samples are 

coloured coded based on their collection site, Mogo State Forest (blue) or, Kioloa 

(yellow). Voucher specimens are coloured red.   
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Fig. 8. Maximum likelihood estimate based on the amplicon ITS2 of ticks 

collected at Kioloa and Mogo State Forest, NSW, Australia. Blue = Mogo State 

Forest (rats), yellow = Kioloa (flagging), red = identified voucher specimens. 
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Fig. 9. TCS haplotype network based on the amplicon ITS2 sequenced from ticks 

collected from Kioloa and Mogo State Forest in NSW, Australia. Samples are 

coloured coded based on their collection site, Mogo State Forest (blue) or, Kioloa 

(yellow). Voucher specimens are coloured red. 
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a) 

b) 

Supplementary Figure 6.1: (a) White fabric flag used for flagging in the field. 

(b) Tick collected from the flag and placed in falcon tube. Photos by Kirsty 

McCann. 

Appendix 5: Chapter Six Supplementary Material 
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a) 

b) 

Supplementary Figure 6.2: (a) Closed tube with small hole used for bush rat 

tick attachment. (b) Rat housing in tub with tray used throughout the tick 

attachment experiments. Photos by Kirsty McCann. 
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Supplementary Table 6.1: Summary of tick collections from flagging field trips 

2015. 

 

Location 
Sub-

locations 

Sampling 

type 

Month of 

collection 

Life stage and number of ticks 

Larvae Nymphs Adults 

Mogo 

a-b transect 

Rat collection 
February 68 20 0 

April 135 3 0 

Flagging - 0 0 0 

c-d transect 

Rat collection 
February 75 33 0 

April 65 12 0 

Flagging - 0 0 0 

Kioloa 

Dunes 

Rat collection - 0 0 0 

Flagging 
April 98 13 1 

June 22 0 0 

ANU campus 

Rat collection - 0 0 0 

Flagging 

April 453 9 0 

June 60 12 1 
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Supplementary Table 6.2: Summary of tick collections from flagging field trips 

2016. 

 

Flagging Field Trip #1 

Start date 15.3.16 End Date 18.3.16 

Site Kioloa Mogo   

Life stage Nymph Larvae Adults 

Approx. number collected >200 >300 ~10 

Flagging Field Trip #2 

Start date 31.10.16 End Date 3.11.16 

Site Kioloa  Mogo 

Life stage Nymphs Adults 
Adults Paralysis 

ticks 

Approx. number collected >100 40 6 

Flagging Field Trip #3  

Start date 27.11.16 End Date 29.11.16 

Site Kioloa    

Life stage Adults Nymphs   

Approx. number collected >150 >200   
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a) 

b) 

Supplementary Figure 6.3: (a) Identification of adult female and adult 

male Ixodes holocyclus ticks. Lighter coloured middle legs differentiate the 

species from other ticks. The larger tick is the female. (b) Adult male and 

female Ixodes holocyclus ticks in scintillation tube before mating. Photos by 

Kirsty McCann. 
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