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i. Abstract 

Fasciolosis is an increasing global concern to animal welfare, agricultural productivity, public 

health and food security. Environmental changes are contributing to Fasciola hepatica 

expansion, which are set to worsen by predicted climatic trends. Independent emergences of 

anthelmintic resistant parasite populations worldwide are also threatening the sustainability 

of the few available flukicides, whilst exacerbating the economic impacts of fasciolosis on 

food production. Inappropriate flukicide applications, particularly for triclabendazole (TCBZ) 

as the drug of choice, will only continue to increase the risk and incidences of treatment 

failure and spread of anthelmintic-resistant parasite populations, which is particularly 

devastating to TCBZ-mediated parasite control in the continuing absence of a commercial 

vaccine. With these current prognoses, tools for to identify anthelmintic efficacy require 

improvement to sustain flukicidal activities and effective infection management. 

Furthermore, the development of new biomarker candidates for future penside application 

will lead to an easy and useful test for the farmer, veterinarian and researcher in pursuing the 

goal of monitoring infection, drug efficacy and ultimately parasite elimination. 

In this thesis, a representative profile of adult stage F. hepatica procathepsin L zymogens 

is dissected. Proteomic and immunologic methods identified the presence of zymogens within 

in vitro cultured adult excretory/secretory products, and a new polyclonal antibody raised to 

a recombinant mutant procathepsin L1A antigen was utilised to identify prominent 

immunodominance of the inhibitor (pro-) peptides in intact native procathepsins. 

Additionally, key phenotypic and proteomic characteristics were identified between a mixed 

wild type population and compared with a new confirmed TCBZ-resistant liver fluke strain 

isolated in Kilmarnock (Scotland, United Kingdom), providing knowledge towards the study of 

proteins potentially involved in the TCBZ resistance phenotype. In addition, following on from 

previous findings, a panel of biomarkers associated with TCBZ-sulphoxide (TCBZ-SO) challenge 

were bioinformatically characterised, cloned and recombinantly expressed, where possible, 

for use in pilot diagnostic tests. Hereon, the potential diagnostic utility of several candidates 

was found, including the procathepsin L1A antigen and counterpart polyclonal antibodies. In 

summary, this thesis has elucidated new findings about cathepsin protease antigens and has 

made progress towards the analysis and production of several new biomarkers, which are of 

potential significant value for future F. hepatica control in livestock.  
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iii. Abbreviations 

1-DE 1-dimensional electrophoresis 
2-DE 2-dimensional electrophoresis 
3-D 3-dimensional 
γ-GT Gamma-glutamyl transferase 
μg Microgram 
μL Microlitre 
μm Micrometre 
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Ω Ohm·centimetres 
Axxx Absorbance (xxx nm) 
aa Amino acid 
Ab Antibody 
ABP Actin-binding protein 
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ACT Actin 
ADP Adenosine-5’-diphosphate 
Ag Antigen 
ANOVA Analysis of variance 
ATP Adenosine-5’-triphosphate 
B12 Cobalamin 
BCIP 5-bromo-4-chloro-3-indolyl phosphate 
BMA Beta-D-mannose 
bp Base pairs 
BSA Bovine serum albumin 
BZ Benzimidazole 
C-O Cut-off 
C-RT Coproantigen reduction test 
CA Calcium 
cDNA Complementary deoxyribonucleic acid 
Ce Caenorhabditis elegans 
CeACT-1 Caenorhabditis elegans actin-1 
CeCRT-1 Caenorhabditis elegans calreticulin-1 
CeDJR-1.1 Caenorhabditis elegans DJ-1 
CeENO-1 Caenorhabditis elegans enolase-1 
CFA Complete Freunds’ adjuvant 
CHAPS 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate 
CL Cathepsin L 
CL1 Cathepsin L1 
CLO Closantel 
cm Centimetre 
CNX Calnexin 
COB Co-methylcobalamin 
COWS Control of Worms Sustainably 
CRT Calreticulin 
Da Dalton 
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DALY Disability-adjusted life year 
DEPC Diethyl pyrocarbonate 
Dm Drosophila melanogaster 
DmDJ-1β Drosophila melanogaster DJ-1β 
DMEM Dulbecco’s modified eagle medium 
DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
DTT Dithiotreitol 
EASS Extracellular actin scavenger system 
Ec Equus callabus 
EcGEL Equus callabus gelsolin 
ECM Extracellular matrix 
EDTA Ethylenediaminetetraacetic acid 
EHA Egg hatch assay 
ELISA Enzyme-linked immunosorbent assay 
EM Electron microscopy 
ENO Enolase 
EQ Equilibration (buffer) 
ES Excretory/secretory (products) 
ESI-QUAD TOF Electrospray ionisation quadrupole time-of-flight 
EV Extracellular vesicle 
F-actin Filamentous actin 
FABP Fatty acid binding protein 
FDR False discovery rate 
FEC Faecal egg count 
FEC-RT Faecal egg count reduction test 
Fh∆CRT Fasciola hepatica mutant calreticulin 
Fh∆pCL1 Fasciola hepatica mutant procathepsin L1 
FhACT Fasciola hepatica actin 
FhCL1 Fasciola hepatica cathepsin L1 
FhCL2 Fasciola hepatica cathepsin L2 
FhCRT Fasciola hepatica calreticulin 
FhDJ-1 Fasciola hepatica DJ-1 
FhENO Fasciola hepatica enolase 
FhGAPDH Fasciola hepatica glyceraldehyde-3-phosphate dehydrogenase 
FhGEL Fasciola hepatica gelsolin 
FhpCL1 Fasciola hepatica procathepsin L1 
FhTPI Fasciola hepatica triose phosphate isomerase 
FT Flow-through 
FMN Flavin mononucleotide 
G-actin Globular actin 
GAL Beta-D-galactose 
GAPDH Glyceraldehyde-3-phosphate dehydrogenase 
GEL Gelsolin 
GLDH Glutamate dehydrogenase 
GLMM Generalised linear mixed model 
GST Glutathione-S-transferase 



 

9 
 

HCC Hybu Cig Cymru 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HIS Histidine 
Hs Homo sapiens 
HsACT-1 Homo sapiens actin-1 
HsCRT Homo sapiens calreticulin 
HsDJ-1 Homo sapiens DJ-1 
HsENO-1 Homo sapiens enolase-1 
HsENO-2 Homo sapiens enolase-2 
HsGAPDH Homo sapiens glyceraldehyde-3-phosphate dehydrogenase (hepatic) 
HsGAPDS Homo sapiens glyceraldehyde-3-phosphate dehydrogenase 

(spermatogonian) 
HsGEL Homo sapiens gelsolin 
HSP Heat shock protein 
HsPARK7 Homo sapiens Parkinsonism gene 7 
IAA Iodoacetamide 
IB Inclusion body 
ID Identity 
IFA Incomplete Freunds’ adjuvant 
Ig Immunoglobulin 
IgG Immunoglobulin G 
IMAC Immobilised metal ion affinity chromatography 
IPTG Isopropyl β-D-1-thiogalactopyranoside 
ITS2 Internal transcribed spacer 2 
K-Fh Kilmarnock Fasciola hepatica 
kDa Kilodalton 
L Lethal 
LAMP Loop-mediated isothermal amplification 
LB Luria Broth 
LC-MS/MS Liquid chromatography-tandem mass spectrometry 
M Molar 
MΩ Megohm·centimetres 
mA Milliamp 
MG Magnesium 
mg Milligram 
mL Millilitre 
MLG Multilocus genotype 
mM Millimolar 
MmCRT Mus musculus calreticulin 
Mr Relative molecular mass 
mRNA Messenger ribose nucleic acid 
MW Molecular weight 
MWCO Molecular weight cut-off 
MWU Mann Whitney U (test) 
NAD(P) Nicotinamide adenine dinucleotide (phosphate) 
NAG N-acetyl-D-glucosamine 
NBP Nicotinamide 8-bromo-adenine dinucleotide phosphate 
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NBD N6-benzyl-nicotinamide-adenine-dinucleotide 
NBT Nitro blue tetrazolium 
NCBI National Centre for Biotechnology Information 
NCM Nitrocellulose membrane 
NdeI Neisseria denitrificans I 
NDP Dihydro-nicotinamide-adenine-dinucleotide phosphate 
NEJ Newly-excysted juvenile 
ng Nanogram 
NGA N-acetyl-D-galactosamine 
nL Nanolitre 
nm Nanometre 
NotI Nocardia otitidis-caviarum I 
OcCRT Oryctolagus cuniculus 
OD Optical density 
ORF Open reading frame 
PAGE Polyacrylamide gel electrophoresis 
PBS Phosphate buffered saline 
PBS-T Phosphate buffered saline Tween® 20 
Pc Polyclonal 
PDB Protein database 
PCR Polymerase chain reaction 
PFA Paraformaldehyde 
pGEL Plasma gelsolin 
pI Isoelectric point 
PIM Percentage identity matrix 
pKa Acid dissociation constant 
PMSF Phenylmethylsulfonyl fluoride 
PT Post-treatment 
PVDF Polyvinyl difluoride 
rFh∆CRT Recombinant Fasciola hepatica mutant calreticulin 
rFhACT Recombinant Fasciola hepatica actin 
rFhCL1 Recombinant Fasciola hepatica cathepsin L1 
rFhCRT Recombinant Fasciola hepatica calreticulin 
rFhDJ-1 Recombinant Fasciola hepatica DJ-1 
rFhENO Recombinant Fasciola hepatica enolase 
rFhGAPDH Recombinant Fasciola hepatica glyceraldehyde-3-phosphate 

dehydrogenase 
rFhGEL Recombinant Fasciola hepatica gelsolin 
rFh∆pCL1 Recombinant Fasciola hepatica mutant procathepsin L 
rFhpCL1 Recombinant Fasciola hepatica procathepsin L 
RFX Rafoxanide 
RNA Ribonucleic acid 
ROS Reactive oxygen species 
RPM Revolutions per minute 
RT Reduction test 
SAM S-adenosylmethionine 
SEC Size exclusion chromatography 
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Sc Saccharomyces cerevisiae 
ScENO-1 Saccharomyces cerevisiae enolase-1 
SD Standard deviation 
SDS Sodium dodecyl sulfate 
SDS PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
Sj Schistosoma japonicum 
SL Sub-lethal 
Sm Schistosoma mansoni 
SmACT-1 Schistosoma mansoni actin-1 
SmENO Schistosoma mansoni enolase 
SmGADPH Schistosoma mansoni glyceraldehyde-3-phosphate dehydrogenase 
SmGEL Schistosoma mansoni gelsolin 
SNP Single nucleotide polymorphism 
TbbENO Trypanosoma brucei brucei enolase 
TBS Tris buffered saline 
TBS-T Tris buffered saline Tween® 20 
TCA Trichloroacetic acid 
TCBZ Triclabendazole 
TCBZ-S Triclabendazole-susceptible 
TCBZ-SO Triclabendazole sulfoxide 
TCBZ-SO2 Triclabendazole sulfone 
TCBZ-R Triclabendazole-resistant 
TEM Transmission electron microscopy 
Th(1/2) T helper cells type 1/2 
TPI Triose phosphate isomerase 
w/v Weight by volume 
WHO World Health Organisation 
wpi Week post-infection 
WT-Fh Wild type Fasciola hepatica 
UK United Kingdom 
UV Ultraviolet 
v/v Volume by volume 
X-gal 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 
ZN Zinc 
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1.1 Parasitism 

1.1.1 Classification 

Early observers of symbiotic relationships defined parasites as a collection of organisms that 

interact (De Bary, 1879). These highly diverse and loosely defined interspecific associations 

are now characterised by more informative phenotypes. To this end, mutual, commensal and 

parasitic distinctions have been proposed in order to better reflect the complex and varied 

dynamics of these biological relationships (Ewald, 1987; Leung and Poulin, 2008; Martin and 

Schwab, 2012). The Crofton classification remains the most favoured for parasitic interactions 

and was developed following quantitative assessments of these interspecific symbioses 

(Crofton, 1971). Crofton described four major principles to define a parasite having: 

1. Physiological dependence on its host; 

2. Population expansion and dispersal within the host population; 

3. The capability of killing hosts in high numbers; 

4. A higher fecundity than its host. 

Evolutionary studies have shown independent development of parasitism by free-

living organisms in phylogenetically-separate ancient taxa, and the subsequent convergence 

of lineages that share biological characteristics into strategically defined groups (Huyse et al., 

2005; Poulin, 2011; Poulin and Randhawa, 2015). Archaic and extant parasitic relationships 

are responsible for the evolution and continuing dynamic changes throughout biological 

domains. Indeed, the competitive nature and inevitable consequences of failure in a parasitic 

relationship necessitate an arms race between infecting and host species to adapt, often at 

the molecular level, to modulate infection dynamics for mutual survival (Poulin and 

Randhawa, 2015). This has led to a huge range of parasitic organisms that are currently 

responsible for global health, agricultural and economic problems. 

 

1.1.2 Helminths 

Helminths are a highly diverse group of multicellular invertebrate metazoans, which 

are distantly related to each other from a common ancestor and classified by their parasitic 

associations with their hosts (Castro, 1996; Gunn and Pitt, 2012a). There are many inter-

taxonomic differences between helminths, including major genetic and physiological factors 

between taxonomic groups, which give rise to diverse infection dynamics (GIGA Community 
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of Scientists, 2014; Moreau and Chauvin, 2010; Robinson and Dalton, 2009). Helminths are 

separated into acoelomate Platyhelminthes and pseudocoelomate Nematoda with respect to 

the absence of a digestive tract (Platyhelminth, Class: Cestoda), the presence of a blind-ended 

gut (Platyhelminth, Class: Trematoda) or a pseudo-digestive tract (Nematoda). Most 

helminths lay eggs to propagate; Platyhelminthes live either as hermaphrodites or are 

dioecious, whereas many Nematoda species are dioecious (Castro, 1996; Gunn and Pitt, 

2012a). These differences reflect the niches these helminths strive to acquire during 

parasitism, whereby some Platyhelminthes can reproduce via parthenogenic clonal expansion 

if necessary in an intermediate host, and also capture nutrients via their tegument, 

completely (cestodes) or partially alongside their blind-ended digestive tract (trematodes), 

from the environment of their definite host (Dalton et al., 2004; Halton, 1967, 1997). 

Multiple immune evasion mechanisms have been characterised in helminths, which 

have developed to avoid host defences against infection. This is the key strategy to successful 

parasitism as it that ensures sexual maturity for egg or live young reproduction, promotes 

unimpaired biological development, re-infection and transmission (Benesh et al., 2014; Poulin 

and Randhawa, 2015). Parasite control relies on the understanding of such factors influencing 

infection dynamics and transmission strategies, which are loosely classified by the promotion 

of population (R) or host (K) stability, investing to some degree towards future parasite 

populations or infection longevity, respectively (Poulin and Randhawa, 2015; Sorrell et al., 

2009). Different helminth species can be identified with characteristics of R- and K-strategists, 

whereby fecundity and embryonic development are coupled on a spectrum of possible ratios, 

giving rise to under or highly developed young with consequently varied infective abilities 

(Kohagne, 2013; Poulin and Randhawa, 2015). The Trematoda class of Platyhelminthes 

include the Digenean sub-class, a group of helminths which utilise a free-living stage and 

subsequently undergo expansive asexual reproduction in a molluscan host (Castro, 1996). 

Therefore, many parasitic digenetic trematodes are a great cause for concern due to the 

multiple biological and environmental parameters which impact parasite transmission ex vivo, 

leading to seasonal influxes of infection risk and disease incidence (Hotez et al., 2008; Huyse 

et al., 2005; Morand et al., 2006). 

 



 

21 
 

1.1.3 Parasites of major current global concern 

Multiple parasites are currently of global public health concern and economic impact 

due to the infections of human, livestock and companion animal populations, including by 

uni- and multi-cellular organisms of distinct and long-standing biological taxa (Araújo and 

Ferreira, 2000; Bouchet et al., 2003). Parasites of global medical and veterinary importance 

are noted for their gross impact on economic productivity by increasing disability-adjusted 

life years (DALYs), particularly by tropical human and zoonotic malarial (Sachs and Malaney, 

2002), schistosomal (King, 2010), trypanosomal (Fèvre et al., 2008; Lee et al., 2013) and filarial 

nematode (Coffeng et al., 2013; Ottesen, 2000) parasites. However, foodborne parasites and 

parasites of food production animals cause global economic deficits through their impact on 

agricultural productivity (Charlier et al., 2014a; Perry and Randolph, 1999), as well as 

increased DALYs through transmission to humans (Keiser, 2009; Roberts et al., 1994; 

Torgerson et al., 2015). 

Helminth parasites account for significant global economic impacts through their 

reductions in herd/flock growth rates, meat and milk yields, which is further hindered by the 

current limitations in integrated parasite management strategies (Charlier et al., 2014a; Perry 

and Randolph, 1999). Of the endemic helminth parasites of British livestock, Fasciola hepatica 

continues to be of major concern due to mortality risks to sheep and long-term underlying 

influences on cattle meat and milk productivity (Bennett and Ijpelaar, 2005; Boray, 1997; 

Howell et al., 2015). 

 

1.2 Fasciolidae (Trematoda: Digenea) 

 Fasciolidae is a family of digenean flatworms responsible for globally important 

zoonoses of humans and livestock (Castro, 1996; Lotfy et al., 2008; Mas-Coma et al., 2005). 

Of the liver-infecting species of major medical and veterinary importance, Fasciola hepatica, 

Fasciola gigantica and Fascioloides magna liver flukes cause similar diseases due to their 

mode of infestation and host liver infection (Malcicka, 2015; Mas-Coma et al., 2005). 

However, despite closely similar disease profiles these fluke species vary in their biology, 

global distribution and molluscan intermediate hosts (Lotfy et al., 2008). 

 Fasciolosis can refer to disease caused by any single or mixed species infection by 

Fasciolidae spp., depending on the geographic location and the intensity of livestock 
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agricultural activity, both of which aggravate transmission through the provision of definitive 

hosts on land appropriate for intermediate molluscan hosts and free-living parasites (Lotfy et 

al., 2008; Mas-Coma et al., 1999). Fasciola hepatica, the common liver fluke, is found 

worldwide as it is transmissible in temperate climates and has also been shown highly capable 

to adapt under environmental selection pressures expected from global warming (Figure 

1.2A) (Fox et al., 2011; Kenyon et al., 2009b; Mas-Coma et al., 1999; Short et al., 2017; van 

Dijk et al., 2010). Conversely, F. gigantica is larger as adults than respective F. hepatica flukes 

and occurs in tropical regions of the Middle East, Asia and Africa, with even more sporadic 

and focal prevalence patterns in areas with intensive agriculture (Figure 1.2B) (Lotfy et al., 

2008; Mas-Coma et al., 1999). The least common liver fluke is F. magna, also known as the 

giant liver fluke, which is native to North America but also found in Europe (Figure 1.2C) (Lotfy 

et al., 2008; Malcicka, 2015).  

 

Figure 1.2. Morphology and biogeography of the digenean Fasciolidae spp. of liver fluke parasites. (A) Fasciola 

hepatica (image acquired from Wellcome Images) has a global distribution with the highest prevalence in 

temperate climates (map adapted from Martins dos Santos, (2012)). (B) Fasciola gigantica (image acquired 

07/03/2018: www.medicine.cmu.ac.th/dept/parasite), but more common in tropical countries (image acquired 

30/06/2016: www.infectionlandscapes.org/2012/07/liver-flukes-part-2-fascioliasis). (C) Fascioloides magna has 

a limited distribution in areas of North America and Europe (images acquired from Malcicka (2015)). 

 

1.2.1 Fasciolidae biogeography and global parasitological importance 

 The biogeography of Fasciolidae spp. has revealed the relative geographic isolation of 

Fascioloides magna compared to the two Fasciola spp., whereby F. magna-infected wild 

fauna are reported in regions of North America, Canada and some western European 
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countries, but remain difficult to estimate and risk spreading disease into domesticated cattle 

herds (Bazsalovicsová et al., 2015; Lotfy et al., 2008; Malcicka, 2015). However, Fasciola 

hepatica and F. gigantica are both globally important zoonotic agents of what has long been 

classified as a neglected tropical disease, with the greatest threat to public health in regions 

of high endemicity including in South America, northern Africa, China, Korea and several 

western, northern and southern countries of Asia (Hotez et al., 2008; Lotfy et al., 2008; Mas-

Coma et al., 1999). Despite associations with inhabited temperate (F. hepatica) or tropical (F. 

gigantica) regions, contributions of climatic, environmental and biological factors eliciting 

Fasciola spp. transmission and overlap have also led to multiple putative intermediate 

identifications of unique morphology (Afshan et al., 2014; Ashrafi et al., 2015, 2006; Hussein 

and Khalifa, 2010; Periago et al., 2008, 2006; Valero et al., 2018). Thus, the importance of 

Fasciola parasites and the considerable threat they pose to animal and human health 

continues to grow (Mas-Coma et al., 2005, 1999; Mas-Coma and Bargues, 1997; Tolan, 2011). 

 

1.2.2 The life cycle of Fasciola hepatica 

 The lifecycle of Fasciola hepatica is complex (Figure 1.2.2). Maintaining the lifecycle 

outside of the definitive host is dependent on several climatic factors and the availability of 

intermediate host species (Castro, 1996; Gunn and Pitt, 2012b; Moazeni and Ahmadi, 2016). 

Following egg passage with vertebrate faeces, egg embryonation and miracidial development 

before hatching requires a temperature of no less than 10°C and will only occur in moist soil 

that is at or beyond its water retention capacity (Ollerenshaw, 1959; Ross and McKay, 1929). 

The consensus for minimum hatching temperature is also 10°C, as found by Ross and McKay 

(1929), though other studies have indicated the variability of hatching rates depending on 

variable temperature and light stimuli, including 6–8 weeks at 16°C or 2–3 weeks at 25°C 

(Jepps, 1933), and higher hatching rates below 20°C (Gold and Goldberg, 1976) and with light 

exposure (Gold and Goldberg, 1976; Shaw and Simms, 1930). Additional geographic factors 

thereby play an important role in certain regions, due to the effects of latitude and altitude 

on temperature, rainfall, evapotranspiration and solar radiation, which influence the 

environment accommodating eggs, larval stages and intermediate snail host populations 

(Mas-Coma et al., 2001; Morley and Lewis, 2015). Egg viability after considerable periods of 

refrigeration (4°C) has been recorded, including six months with partial development (Ross 
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and McKay, 1929) and two and a half years with no observed development (Krull, 1934), but 

still leading to viable parasite liberation and life cycle continuation. Though eggs do not 

develop over winter conditions (Thomas, 1883) and are desiccated after dry periods (Walton, 

1918), eggs can lie dormant and subsequently hatch when conditions become favourable, 

though hatch rates are reduced following temperature fluctuations (Claxton et al., 1999). 

 

Figure 1.2.2. The life cycle of Fasciola spp. of liver flukes. Image acquired from the Control of Worms Sustainably 

(COWS) Technical Manual (December, 2013). 

 

After hatching, ciliated miracidia must seek Lymnaeid mud snail hosts within 8–24 

hours, after which energy stores are depleted and free-living miracidia die (Shaw and Simms, 

1930). During snail invasion the miracidium creates a firm attachment, then contracts and 

relaxes its body, gradually shedding its ciliated epithelial cells as it mechanically bores through 

the host epithelial barriers (Wilson et al., 1971). The muscular movements are also thought 

to force chemical secretions from the apical gland and accessory gland cells of the miracidium, 

which further facilitates cytolysis and snail tissue dissolution (Wilson et al., 1971). Once fully 

penetrated into the snail, the miracidium is now surrounded by a new body wall within which 

it develops into the immature sporocyst stage by two and a half hours post-attachment 
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(Wilson et al., 1971). By 24 hours following snail infection, miracidial cells are reorganised to 

form an inactive sporocyst of germ cells, which is fully developed after one week post-

infection (wpi) (Rondelaud et al., 2009; Wilson et al., 1971). 

Following sporocyst maturation, the next parasite stage and first mother redia 

emerges within two wpi and goes on to produce daughter rediae after three wpi. Rediae, 

predominantly the first mother redia, contribute to clonal amplifications of many 100s of 

cercariae, the third larval stage, by eight wpi from monomiracidial snail infections (Rondelaud 

et al., 2009). Several generations of rediae are produced in the snail, though direct nutrient 

competition with the host (Kendall, 1949) and air and soil temperatures exceeding 20°C has 

shown to reduce redial production (Nice and Wilson, 1974; Smith and Wilson, 1980). Mature 

cercariae begin to emerge from snails as early as 4 wpi (Lee et al., 1995), with most shedding 

after six wpi, which only occurs in the presence of water and when temperatures exceed 9°C 

(Kendall and McCullough, 1951; Wilson and Draskau, 1976). Consequently to these 

requirements, cercarial production from rediae and their maturation can be disrupted due to 

adverse environmental and biotic conditions, especially if the most productive first mother 

redia dies (Rondelaud et al., 2009). However, the impact of snail starvation and abiotic 

fluctuations do not inhibit cercarial production but only act to reduce and delay it 

subsequently. As such, host starvation can briefly increase cercariae numbers (Wilson and 

Draskau, 1976) before significantly reducing the rates of cercarial production (Kendall and 

Ollerenshaw, 1963). Additionally, desiccation (Rondelaud, 1994) and temperatures reaching 

below 10°C (Claxton et al., 1999; Kendall and Ollerenshaw, 1963; Wilson and Draskau, 1976) 

can also decrease cercarial production within the snail compared to unstressed snails. Due to 

climatic influences on snail population dynamics, the highest snail abundance is associated 

with wet weather and mild temperatures, and the peak number of snails in the field, and 

thereby transmission potential, is therefore seasonal when these environmental conditions 

occur (Relf et al., 2011). However, snails that do not die from food shortages, environmental 

causes or due to the damaging ordeal of infection, particularly by larval migrations (Lee et al., 

1995; Pike and Erasmus, 1967; Thomas, 1883; Wilson and Draskau, 1976), go on to recover 

and can thus continue as hosts for the rest of their lives, leading to significant contamination 

potential. 

Once liberated from the snail host, cercariae use their muscular tail to swim towards 

suitable vegetation shortly after leaving the snail to encyst, typically preferring slightly 
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submerged surfaces, artificial surfaces or grass blades (Dreyfuss et al., 2004). Encystment 

occurs via mechanical processes of attachment, tail removal and swift cellular reorganisation 

(Pike and Erasmus, 1967). After approximately two hours, the cercaria is unrecognisable as a 

newly formed cyst with four distinct concentric layers, including a hardened granular shell 

that protects the metacercarial inner cyst (Dixon, 1965; Pike and Erasmus, 1967). Livestock 

pastures or silage and hay from arable land fertilised with infected animal slurry are high risk 

for encysted forms, though snails can assist in widening this distribution (Rapsch et al., 2008). 

Metacercarial infectivity reduces over time, though mild temperatures and moisture are ideal 

to sustain viability, whereby the longest period before viability falls below 10% is close to one 

year post-encystment (Valero and Mas-Coma, 2000), though this could potentially be even 

longer (Mas-Coma et al., 2018). Factors negatively impacting metacercariae viability and its 

duration include desiccation, high temperatures and sunlight (Boray, 1969; Boray and Enigk, 

1964; Hodasi, 1972), though cold temperatures can also accelerate viability reductions 

(Boray, 1969). Even within detrimental environments, up to 50% of overwintering 

metacercariae can remain infective (Ollerenshaw, 1971), and hay can remain as sources of 

infection following long-term storage of eight (Marek, 1927) or even 17 (Rajcevic, 1929) 

months, particularly if poorly stored in damp conditions (Enigk and Hildebrand, 1964). 

Additionally, a recent review has highlighted the unknown extent of ensilaged grass impacting 

metacercariae infectivity (John et al., 2019), though previous studies suggest viability is 

reduced following the high temperatures and fermentation conditions of this process (Enigk 

et al., 1964; Wikerhauser and Brglez, 1961). 

When ingested, metacercariae excyst at the mammalian host duodenum following 

biochemical cues that are experimentally reproducible, initiated by the high temperature 

(39°C), high carbon dioxide concentration and redox environment (Dawes and Hughes, 1970; 

Moazeni and Ahmadi, 2016; Wikerhauser, 1960). Newly-excysted juveniles (NEJ) pierce the 

intestinal wall and enter the abdominal cavity (Dawes, 1963), at which point their migration 

towards the bile duct may cross the liver parenchyma (Dawes, 1962a, 1962b, 1961) or directly 

invade the bile duct to avoid growth limitations of the former pathway (Moazeni and Ahmadi, 

2016). The growth rate and maximum fluke length depends on host species, but egg-laying 

determines classification of an adult in vivo or in vitro (Dawes, 1962a; McCusker et al., 2016); 

specific fluke characteristics at weekly time points post-infection are summarised in Table 

1.4.2.1. Adults inhabit the biliary system for the remainder of the host’s life, unless treated, 



 

27 
 

producing over 20,000 eggs per day that re-enter the gastrointestinal tract at the 

hepatopancreatic duct (ampulla of Vater), for subsequent release with faecal matter that 

restarts the lifecycle (Moazeni and Ahmadi, 2016; Walker et al., 2006). Since livestock are 

optimal hosts for perpetuating parasite populations, heavy burdens or undiagnosed 

infections leads to considerable pasture contamination. 

 

1.2.3 Transmission of Fasciola hepatica 

1.2.3.1 Ecological factors of pond snail distribution  

Common sites for snail habitation and consequential metacercarial encystment are 

those subject to temporary or prolonged poaching of pastures, including damage to the grass 

and underlying soil layers due to wet weather and livestock footfalls, during the summer and 

especially autumn periods, with conducive conditions dictated by soil quality, vegetation 

density, altitude and temperature (Kendall, 1970; Mas-Coma et al., 2009; Selemetas et al., 

2015). Snail abundance, health and activities, which are influenced by habitat availability, are 

also critical for parasite development and subsequent distribution (Caron et al., 2008; 

Novobilský et al., 2014; Rondelaud et al., 2013). As such, cysts are frequently found in grasses 

and aquaculture crops adjacent to natural pools and water courses, as well as artificial 

irrigation systems (Keiser and Utzinger, 2005; Mas-Coma et al., 2005; Roberts and Copeman, 

2006). This arrangement is ideal to seek a significant host range, particularly by grazing 

ruminants and humans consuming contaminated crops (Esteban et al., 2002; Mas-Coma et 

al., 2005, 1999). 

 

1.2.3.2 Lymnaeidae as intermediate hosts of Fasciola spp. 

Lymnaeidae phylogenetics are instrumental for the identification of important 

intermediate host species, which has been improved with species’ genetic identifiers on top 

of supporting geographic location and morphology evidence (Bargues et al., 2003; Correa et 

al., 2011, 2010). Consequently to incorrect snail identification, this has led to false estimations 

of species’ importance and their responsibility for the geographic spread of fasciolosis (Mas-

Coma, 2005; Mas-Coma et al., 2005; Rondelaud et al., 2014). Galba and Radix genera 

dominate as intermediate hosts for Fasciola hepatica and F. gigantica respectively, where 

primary snail species is greatly influenced by geographic cross-overs of snail and parasite 
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(Bargues et al., 2003; Sanabria et al., 2012). Although artificial conditions have led to parasite 

adaptation to non-primary snail species, there have been a number of reports where natural 

conditions have fostered unusual Lymnaeid-Fasciola interactions (Dreyfuss et al., 2012; Jones 

et al., 2015; Novobilský et al., 2013; Rondelaud et al., 2014). In light of explicit snail genetic 

identifiers, a further range of snail species have been identified with at least 25 and 9 frequent 

or accidental interactions with F. hepatica and F. gigantica respectively (Jones et al., 2015; 

Novobilský et al., 2013). As such, it is probable that there is a greater abundance of susceptible 

snail hosts than originally thought, which are providing a previously unprecedented 

contribution to disease expansion beyond any one snail species’ capacity (Boray, 1978; 

Kendall, 1970; Rapsch et al., 2008; Rondelaud et al., 2014). 

 

1.2.4 Fasciolosis epidemiology 

1.2.4.1 High-risk areas for Fasciola hepatica transmission 

Meteorological factors including temperatures, rainfall, altitude and vegetation 

coverage are together significant in influencing snail abundance as well as the viability of free-

living parasites (Fox et al., 2011; Mas-Coma et al., 2009). Prolonged wet, mild conditions in 

areas with widespread vegetation coverage and low altitudes are high-risk for epidemic 

outbreaks, and thus many geographic regions worldwide have existing or a reported increase 

in zoonotic disease incidence, including western Europe, northern Africa, Asia, Central and 

South America and parts of Oceania (Fürst et al., 2012; Mas-Coma et al., 2005; World Health 

Organization, 1995). Furthermore, the nature of Fasciola hepatica transmission exposes 

ruminant livestock as vulnerable disease reservoirs in focal populations, causing great 

concern to global veterinary and public health (Cabada and White, 2012; Mas-Coma et al., 

2005, 1999; Mas-Coma and Bargues, 1997; Selemetas et al., 2015; Skuce and Zadoks, 2013). 

Endemicity is further influenced by imports of infected animals and human cases, 

increased vegetation availability for metacercariae, and lapses in hygiene and sanitation; 

causing increasingly frequent parasite exposure to a younger demographic (Chand et al., 

2009; Esteban et al., 2002, 1999; Keiser and Utzinger, 2005; Mas-Coma et al., 1999). Although 

infections arise from ingesting contaminated vegetation, the general public has additional 

contact with NEJs, adults and eggs in infected meat. Moreover, there is especially high risk if 

parasites and viable eggs are absconded through suboptimal slaughterhouse hygiene 

standards and meat inspections (Nyindo and Lukambagire, 2015). There have been several 
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studies conducted in areas of Africa, Asia, Europe and Oceania that have measured rising 

numbers of liver fluke in abattoirs in recent years, indicating the ongoing prevalence and 

persisting threats of F. hepatica (Charlier et al., 2014b; MacGillivray et al., 2013; Skuce and 

Zadoks, 2013; Swai and Ulicky, 2009). Bringing together all risk factors, human populations 

generally display hypoendemic infection statuses with foci of increased incidence in farming 

communities. As such, human fasciolosis was previously estimated to infect 2.4 million people 

(Rim et al., 1994). However the risk of acquiring the disease has been increasing since the 

1970s (Mas-Coma and Bargues, 1997), and so more recent estimations for the global burden 

of fasciolosis is between 35–72 million with a further 180 million people at risk (Nyindo and 

Lukambagire, 2015). 

 

1.2.4.2 Impacts of Fasciola hepatica livestock infections on food security 

Economic losses as a result of fasciolosis in the agricultural industry amount to an 

estimated US$3 billion globally (Boray, 1997; FAO, 1994) and £40 million in the United 

Kingdom (UK) alone (Bennett and Ijpelaar, 2005). The damage of migrating juveniles in vivo 

causes direct economic losses through this acute disease stage in ovines, caprines and young 

bovine stock (Charlier et al., 2014b; Gunn and Pitt, 2012a; Taylor, 2012). However, 

considerably more economic potential is lost in chronic bovine infections, whereby indirect 

cumulative costs are accrued by the reduction of meat and milk productivity (Cawdery et al., 

1977; Kaplan, 2001; McIlroy et al., 1990; Morgan et al., 2013; Ross, 1970; Torgerson and 

Claxton, 1999). Specifically, livestock performance impacts resulting from fasciolosis have 

been reported for the last few decades by a large number studies from several countries 

(Table 1.2.4.2.). As determined from these reports, the most financial losses arise from bovine 

fasciolosis including chronic and subclinical infections, with many studies reporting significant 

quantifiable reductions in milk yield leading to major production losses, and multiple 

economic factors resulting from reduced fertility (Table 1.2.4.2.). Less costly are losses due to 

reduced weight gain leading to poor growth rates and losses in meat yield and carcass price. 

However, it has been demonstrated that repeated anthelmintic treatment can lead to a 

recovery in weight, lactation, peak milk production and pregnancy rates (Charlier et al., 2012; 

Loyacano et al., 2002). 
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Table 1.2.4.2. Quantitative and qualitative impacts of fasciolosis on livestock performance. 
Fasciolosis impacts Effect of flukicide application Reference 

Body weightǂ Meat yields Milk yields Fertility Body weightǂ Milk yields Fertility 

-8.9%  -10% 

Delayed puberty 
Increased inter-calving interval (+13 

days) 
Additional services (0.630–0.868; 

+38%) 
Increased service period (+13 days) 

Reduced birth weight 

   a 

-0.07 kg·herd-

1·day-1 
 -0.5 kg·cow-1·day-1 

Increased inter-calving interval (+20 
days) 

Additional service (+0.5) 
   b 

    +5.80%  +13% (pregnancy rate) c 

  -0.7 kg·cow-1·day-1 (-3%) 
Increased inter-calving interval 

(+4.7 days) 
   d 

 
-3.4 kg·herd-1 (-
0.702%, warm 
carcass weight) 

     e 

  

-1.5 kg·cow-1·day-1 (-5.15% 
herd level) 

-2.0 kg·cow-1·day-1 (-6.80%, 
animal level) 

    f 

     

Higher peak 
production 

+9% (lactation 
persistence) 

 g 

 
-0.5% (cold carcass 

weight) 
-0.3%, (carcass price) 

     h 

ǂ refers to growth rates 

a. Schweizer et al., 2005 (*average figures from original studies published: 1970–1996; see review for full list) 
b. Bennett et al., 1999 
c. Loyacano et al., 2002 
d. Charlier et al., 2007 
e. Charlier et al., 2009 
f. Mezo et al., 2011 
g. Charlier et al., 2012 
h. Sanchez-Vazquez and Lewis, 2013 
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The human population is predicted to exceed 9.8 billion by 2050 (United Nations, 

accessed 09/03/2018: UN population prospects 2017, www.bit.ly/33xFwmU). This will 

increase demands for food security and agricultural intensification, which will consequentially 

lead to the spread of zoonoses between livestock and human populations (Fitzpatrick, 2013; 

Foresight and Farming, 2011; Jones et al., 2013). Fasciola hepatica will consequently be one 

of many infectious disease agents to threaten the future of food security and safety (Jones et 

al., 2013). 

 

1.2.4.3 Climate change impacts on fasciolosis 

Predicting outbreaks of fasciolosis has been improved by the Ollerenshaw index, 

which uses meteorological data (1.2.4.1) to calculate disease risk in a given geographic 

location with accuracy (Ollerenshaw, 1966; Ollerenshaw and Rowlands, 1959). This is useful 

to assess the impacts of environmental trends such as climate change, which are expected to 

directly influence parasite incidence and disease prevalence patterns (Charlier et al., 2016; 

Fox et al., 2011; Mas-Coma et al., 2009; van Dijk et al., 2010). There is now a consensus that 

climate change will impact temperature and rainfall in temperate countries, leading to wetter, 

warmer and shorter winters, and warmer summers. Between 1961–2004 climatic changes 

were monitored in Scotland (Barnett et al., 2006), and average rainfall measures in spring, 

autumn and winter all increased, with close to 20% higher annual rainfall compared to 

previous years. In the same study, temperature records also demonstrated an incremental 

rise by 1°C in mean monthly temperatures, and one prediction saw a further 4°C increase 

expected by 2080 (Barnett et al., 2006). With these changes introduces further shifts to 

ecosystems through increased moisture, shortened frosts and prolonged herbage growing 

seasons in spring and autumn, all of which are contingent factors for snail and Fasciola 

hepatica survival (Kenyon et al., 2009b). Thus, climatic projections have translated to an 

augmentation in fasciolosis risk in endemic areas, with the increase in wet and mild conditions 

all year round expected to expand the geographic range and seasonality of outbreaks (Fox et 

al., 2011; Kenyon et al., 2009b; Mas-Coma et al., 2009; Morgan et al., 2013; Pritchard et al., 

2005; Rapsch et al., 2008; Selemetas and Waal, 2015; Silva et al., 2016; van Dijk et al., 2010). 

 

http://www.bit.ly/33xFwmU


 

32 
 

Figure 0. Predicted Fasciola hepatica infection prevalence in the Great Britain. (A) The mean prevalence of F. 

hepatica in 2006 was predicted using bulk milk tank enzyme-linked immunosorbent assay (ELISA) data and 

climatic datasets within the Ollerenshaw index from the preceding years 2001–2005 for England and Wales 

postcode areas (McCann et al., 2010) (scale: predicted percent positivity values), supported by (B) observational 

data from bulk milk tank ELISA data collected between November 2006 and January 2007 (Claridge et al., 2012) 

(scale: smoothed square-root-transformed percent positivity values). (C) The predicted risk of F. hepatica 

infection was calculated using climatic and environmental risk factors outlined in the Ollerenshaw index (Fox et 

al., 2011) (scale: little or no disease, dark green; occasional losses, light green; disease prevalent, orange; serious 

epidemic, red). Images acquired from authors as specified. 

 

Fasciola hepatica management under climate change influences will be challenging 

due to the increase in unfavourable conditions and continued agricultural intensification in 

high-risk areas, simultaneously promoting parasite transmission (Jones et al., 2013; Morgan 

et al., 2013; van Dijk et al., 2010). Bulk observational datasets for F. hepatica prevalence and 

projected meteorological data have been used to map past and future prevalence models in 



 

33 
 

the UK (Figure 1.2.4.3) (Claridge et al., 2012; Fox et al., 2011; McCann et al., 2010). The 

predicted climate changes and impacts on parasite incidence risk show fluctuations in certain 

areas over some time periods. However, these previous findings indicate a steady increase 

towards epidemic levels in Western areas in the coming decades, indicating the substantial 

growing threat of fasciolosis beyond its current and previous distribution. 

 

1.2.5 Biology of Fasciola hepatica infection 

1.2.5.1 Hepatic fasciolosis 

Fasciolosis disease dynamics are influenced by several factors associated with host and 

infective parasite, whereby the metacercarial dose and host species, size and health, including 

infection resistance, can impact the severity of infection and its overall symptomaticity (Aksoy 

et al., 2005; Boray, 1969; Boyce et al., 1987). Ovine and caprine ruminants may die as a result 

of Fasciola hepatica infection (Kistner and Koller, 1975), or could suffer severe acute and sub-

acute disease if infected with up to 1000 metacercariae owing to NEJ-associated damages, 

whereas a lower dose of 100 metacercariae instead leads to low-level chronic disease that is 

not necessarily accompanied by acute-like symptoms (Vercruysse et al., 2001). Conversely to 

smaller ruminants, bovines tolerate heavy infections and are thereby prone to subclinical 

chronic disease and long-term associated health problems (Vercruysse et al., 2001). 

The varied infection characteristics between ruminants are testament to the diverse 

innate host biological factors which influence parasite establishment (Boray, 1969; Boyce et 

al., 1987). Parasite numbers can also influence infections through the relative degree of 

crowding, whereby high numbers of infective parasites will negatively influence pre-patency 

length, reducing juvenile growth rates and subsequent egg output per adult (Valero et al., 

2006). This effect could be interpreted as a mechanism of controlling intra-host competition, 

thereby negatively regulating pathogen burden and preventing the host being overwhelmed 

(Roberts, 2000). Resultantly, there is a wide range of possible infection phenotypes by F. 

hepatica from asymptomaticity to mild, severe or fatal disease. 

 

1.2.6 Fasciolosis symptomaticity 

During the pre-patent infection, juveniles are very destructive through blood feeding 

and enzyme-assisted migration through abdominal and parenchymal tissues (Behm and 
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Sangster, 1999; Moazeni and Ahmadi, 2016). This physiological damage thus coincides with an 

increased risk of opportunistic infections (Behm and Sangster, 1999; Boray and Love, 2007; 

Moreau and Chauvin, 2010). In sufficient numbers, NEJs invariably cause some form of clinical 

disease, manifestations of which include mild or severe weight loss, lethargy, anaemia, 

haemorrhaging, jaundice and oedemas as direct and indirect results of tissue damage, blood 

loss and immunocompromisation (Behm and Sangster, 1999; Boray and Love, 2007; Chiodini 

et al., 2003). Fatalities are indicative of fasciolosis in sheep in particular (Behm and Sangster, 

1999), but on-farm diagnosis often requires support from environmental risk assessments and 

infection history before confirming the placement of other symptoms (MacGillivray et al., 

2013). 

Figure 1.2.6. Clinical and post-mortem signs of Fasciola hepatica infection in livestock. (A) Fibrotic liver tissues 

and biliary tract (sliced sections of infected liver) and (B) granulomas as a result of liver fluke infection. (C) Pale 

eyelids caused by anaemia in an infected sheep. (D) Bottle jaw caused by secondary bacterial infection in an 

infected calf. Images C–D acquired from Boray and Love, (2017). 
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The chronic infection phase onwards from 12 weeks post-infection (wpi) involves 

biliary infestation by mature flukes, leading to the fibrosis and granulomatosis of liver tissues 

(Figure 1.2.6A–B). Hereon also, disease pathologies arise from the long-term blood loss and 

immunological modulation by these mature stage parasites (Behm and Sangster, 1999; 

Moazeni and Ahmadi, 2016). Sufficient numbers can eventually lead to clinical signs, including 

diarrhoea, loss of condition, emaciation, susceptibility to metabolic and bacterial diseases and 

severe ventral and intermandibular oedemas (Figure 1.2.6C–D) (Behm and Sangster, 1999). 

Despite this, subclinical infections with adult fluke are associated with impacts on broad level 

herd performance, especially in beef and dairy farms, through the reduction in fertility and 

milk yields (Charlier et al., 2014b; Howell et al., 2015). 

 

1.2.7 Molecular components of pathogenesis: excretory/secretory (ES) products 

1.2.7.1 ES production 

Fasciola hepatica excretory/secretory (ES) products include a wide range of 

proteinaceous and vesicular components, the molecular phenotype of which responds to the 

external environment and stresses experienced by the fluke (Haçariz et al., 2015; Morphew et 

al., 2007, 2013; Young et al., 2010). ES proteomes also vary according to infection stage, 

whereby the abundance of virulence factors is measurably increased post-excystment, 

proposed to function towards host blood feeding, migration, or immune evasion (Cancela et 

al., 2010; Cuesta-Astroz et al., 2017; Cwiklinski et al., 2015c, 2015b; Robinson et al., 2009). 

The continuous uptake and digestion of host blood is followed by the frequent 

regurgitations of digest products with ES, which flukes expel from their blind-ended gut at 

approximately three hour intervals (Brady et al., 1999; Wilson et al., 2011). Further to fluke 

vomitus, the glycocalyx spontaneously changes at a high turnover rate, releasing tegumental 

protein and extracellular vesicle (EV) secretions into the ES mixture, whereby tegumental 

antigenic rejuvenation deflects direct immunological attacks (Dalton et al., 2004; Hamilton et 

al., 2009; Hanna, 1980; Wilson et al., 2011). Influxes of ES into the host liver extracellular 

matrix also causes physiological damage when parasite enzymes remain active and degrade 

host tissues (Dalton et al., 2003; Jefferies et al., 2001). The ES products and individual proteins 

have therefore drawn particular research interest to identify biomarkers of infection, in 
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addition to components of the immunogenic and drug metabolism phenotypes (Brophy et al., 

2012; Chemale et al., 2010; Halferty et al., 2008; Morphew et al., 2014; Toner et al., 2010a). 

 

1.2.7.2 Immunomodulation 

Tissue- and non-tissue-dwelling helminths modulate host immunity to promote 

longevity and infection chronicity, inducing Th1- or Th2-mediated immune phenotypes 

respectively (Dalton et al., 2013; Moreau and Chauvin, 2010; Mulcahy et al., 2005). As 

predominantly tissue-dwelling parasites, Fasciola hepatica uses excretory/secretory (ES) 

proteins and extracellular vesicles (EVs) with immunomodulatory functions to boost and 

modulate the Th2 host response and thus prevent a Th1 dynamic (Beckham et al., 2009; 

Carmona et al., 1993; Coakley et al., 2017; Dixit et al., 2008; Dowling et al., 2010; Haçariz et 

al., 2015; Montaner et al., 2014; Rodríguez et al., 2015). The exposure and molecular activities 

of ES products promote Th2 and regulatory immunity, which intensifies with increasing 

parasite numbers and sets up an optimal immunological environment to downregulate pro-

inflammatory Th1 immunity and promote Th2-driven tissue repair (Dalton et al., 2013; 

Mulcahy et al., 2005; Zafra et al., 2013a, 2013b). Consequently, fluke activities in the 

predominating Th2 environment lead to extensive tissue damage by fibrosis, calcifications and 

perforations (Berasaín et al., 1997a; Brady et al., 1999; Dalton et al., 2003; McGonigle et al., 

2008) and destabilise the protective immunity driven by immunoglobulins (Berasaín et al., 

2000; Smith et al., 1993a) and effector cells (Carmona et al., 1993; Escamilla et al., 2017; 

Hamilton et al., 2009; Vukman et al., 2013). Thus, liver fluke infection can acutely and 

cumulatively increase the risk of host immunological susceptibility to opportunistic Th1-

targeted pathogens, including bacteria (Boray, 1969; Boray and Love, 2007; Dixit et al., 2008). 

 

1.2.7.3 Virulence-associated factors 

Fasciola hepatica ES products contain a pathogenic mixture of virulence-associated 

proteins, including enzymes such as the well-characterised cathepsin proteases, glutathione 

transferases (GSTs) and fatty acid binding proteins (FABPs), that assist in host invasion, 

parasite nutrition and/or detoxifying effects to nullify host immune defences. Cathepsin 

proteases, divided into two major subgroups B and L, are coherently excreted by juvenile and 

adult flukes respectively (McVeigh et al., 2012) and responsible for much of the 
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aforementioned physiological disruption and immune-associated pathologies (1.2.7.1–

1.2.7.2) (Beckham et al., 2009; Collins et al., 2004; Cwiklinski et al., 2015b; Garcia-Campos et 

al., 2016; Morphew et al., 2011; Robinson et al., 2008b; Stack et al., 2007) via collagenolytic 

(Berasaín et al., 1997a; Corvo et al., 2009) and fibrinolytic (Dowd et al., 1995; Mebius et al., 

2018) mechanisms. Fatty acid binding proteins (FABP) are also associated with interference 

of the host immune system and associated tilt towards the Th2 response (Figueroa-Santiago 

and Espino, 2014; Smooker et al., 2001), acting beyond the important role of FABP to 

sequester host fatty acids (Morphew et al., 2016). Tissue invasion is further influenced by the 

glycosidase enzymes, including β-galactosidase, β-glucosidase and β-N-

acteylhexosaminidase, which cleave host glycans and glycoproteins and are thus particularly 

utilised by juveniles at the host duodenum where mucin glycoproteins are enriched (Irwin et 

al., 2004). Enolase is multifunctional in pathogenic entities, including in F. hepatica (Bernal et 

al., 2004; Morphew et al., 2014), cancer (Liu and Shih, 2007; Song et al., 2014) and other 

microorganisms, particularly unicellular, intracellular-invading pathogens (Figueiredo et al., 

2015; Funk et al., 2016; Ghosh and Jacobs-Lorena, 2011). Enolase is an essential component 

of glycolysis and gluconeogenesis but “moonlights” as a virulence factor via its host 

plasminogen-binding properties, permitting uninhibited plasmin-mediated tissue 

degradation (Bernal et al., 2004; Ponting et al., 1992). 

 

1.2.7.4 Parasite defence strategies: factors for detoxification and xenobiotic 

metabolism 

Beyond direct invasion strategies, Fasciola hepatica has retained xenobiotic 

detoxification capabilities including peroxiredoxin and thioredoxin antioxidants (Donnelly et 

al., 2005; McGonigle et al., 1998; Salazar-Calderon et al., 2000; Sekiya et al., 2006), FABPs 

(Esteves and Ehrlich, 2006; Figueroa-Santiago and Espino, 2014) and glutathione transferases 

(GST) (Brophy et al., 1995; Cervi et al., 1999; Chemale et al., 2006; Creaney et al., 1995; 

Fernández et al., 2015; LaCourse et al., 2012). Moreover, detoxification pathways are 

employed by many parasites to reduce their own internal physiological damages, for example 

via reactive oxygen species’ (ROS) assault on their membranes by host cytotoxic effector cells 

(Brophy et al., 2012, 1995; Callahan et al., 1988). The heat shock protein (HSP) family are a 

large group of highly conserved proteins which are ubiquitous in life, and associated with the 
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environmental stress response (Spiess et al., 1999). HSPs are also thought to be important 

immunomodulatory proteins of infectious microorganisms through proposed roles in 

immunogenicity and anti-inflammatory virulence, which it is thought to conduct in place of 

its chaperoning and housekeeping activities under stressful conditions (Bellmann et al., 1996; 

Bernal et al., 2006; Higón et al., 2008; Silva et al., 1998; Spiess et al., 1999; Srivastava, 2002). 

HSP70 is both spatially- and temporally-regulated in F. hepatica, with expression identified at 

the tegument (Morphew et al., 2013) and its abundance is measurably higher during acute as 

opposed to chronic infection (Smith et al., 2008), which supports its possible role in 

immunomodulation during early infection when acute inflammatory responses are aberrant. 

The characterisation of ES, tegument and cytosol-derived proteins as possible targets 

for vaccine, chemotherapy and diagnosis have only partially been conducted (Dalton et al., 

1996; Mendes et al., 2010; Morrison et al., 1996; Piacenza et al., 1999; Sexton et al., 1990; 

Wijffels et al., 1994). Cathepsin L (CL) proteases have taken the lead as targets for vaccines, 

short-term chemotherapy, and diagnostics for liver fluke (Carnevale et al., 2001; Golden et 

al., 2010; Mezo et al., 2007, 2004; Mulcahy and Dalton, 2001), and currently is the target for 

commercially released diagnostic test kits and other prominent test designs for F. hepatica 

(Bio-X Diagnostics, Belgium). Further investigations of the neglected targets might be of equal 

significance and, depending on their native properties and expression pattern, provide novel 

descriptive indicators of infection, virulence and drug resistance status (Chemale et al., 2010; 

Farahnak et al., 2012; Harmsen et al., 2004; Hodgkinson et al., 2013; Morphew et al., 2014; 

Stitt et al., 1995). 

 

1.3 Fasciolosis control strategies 

1.3.1 Helminthic vaccines 

1.3.1.1 Concepts and problems of helminth vaccine commercialisation 

Vaccination is generally termed ‘the Holy Grail’ for parasitic worm control, but the 

problematic protection rates observed in field trials has limited their commercial viability for 

agricultural application thus far, having led to only minimal or moderate protection (Dalton 

and Mulcahy, 2001; Hein and Harrison, 2005; Waller, 1999). In order to produce significant 

immunity, formulations of attenuated whole or partial organisms aim to utilise a complete 

antigenic mixture to induce natural immunity; whereas an isolate or mixture of immunogens 
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are conversely used to trigger target-specific immunity (Dalton and Mulcahy, 2001; Hein and 

Harrison, 2005; Smith and Zarlenga, 2006). Such vaccine designs are often limited by their 

subsequent incomplete protection, whereby partial or non-specific immunity drawn by 

unnatural parasite exposure may cause inadequate targeting or killing of future infecting 

parasites and thus lead to inconsistent trial results, which are further influenced in universal 

applicability by animal age, adjuvant compatibility, and the complexity of natural 

immunological events during infections (Dalton and Mulcahy, 2001; Hein and Harrison, 2005; 

Maqbool et al., 2016; Smith and Zarlenga, 2006). Parasite stage specificity is of additional 

importance to ensure the greatest protection. However, vaccine candidate progression 

requires advanced immunological understanding as well as clear clinical, therapeutic and 

economic benefits to encourage industry interest, including the reduction in anthelmintic 

administration (Hein and Harrison, 2005; Molina-Hernández et al., 2015; Smith and Zarlenga, 

2006). 

Select few helminth vaccines have reached commercialisation for use with livestock, 

but no commercial vaccines have been successful for Fasciola hepatica (Dalton and Mulcahy, 

2001). One of the earliest and notably successful commercial helminth vaccines was Dictol, 

which was developed in the 1960s using attenuated larvae for Dictyocaulus viviparous. The 

sub-unit vaccine Barbervax® was however a more recent and commercially successful 

product, effective against susceptible or drug-resistant Haemonchus contortus nematodes, 

which was trialled in Australia, Europe, Central and South America, and Africa, but only 

registered for use in Australia since late 2014 (Besier et al., 2013; Smith, 2014). Subsequent 

candidates for other nematodes of farmed and companion animals have since been 

developed with varied success (Hein and Harrison, 2005; Maqbool et al., 2016; Smith and 

Zarlenga, 2006), and particularly high protection has also been observed in vaccine trials for 

zoonotic cestodiases, including Echinococcus granulosus, and Taeniid spp. (Bethony et al., 

2011; Dalton and Mulcahy, 2001; Herd et al., 1975; Lightowlers et al., 2000; Pathak and Gaur, 

1990; Rickard and Williams, 1982; Smith and Zarlenga, 2006). Specifically, several notable 

recombinant candidates for echinococcosis and taeniasis have achieved above 92% 

protection (Bethony et al., 2011; Lightowlers et al., 2000), which is an outstanding feat in the 

midst of otherwise immunologically complex dynamics of helminthic infections that impede 

vaccination attempts (Hein and Harrison, 2005; Lightowlers et al., 2003). Thus, despite 
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extensive research studies, trials and success with other parasites however, trematodes 

continue to escape vaccine attempts (Knox et al., 2001; Taylor, 1980). 

 

1.3.1.2 Vaccine developments for fasciolosis 

Some nematodiases and cestodiases can be managed, in principle, by vaccines, either 

recombinant or native antigens, through their short-term prophylactic effects and thereby 

reducing the clinical impacts of infection on productivity. However, there has been limited 

success in developing a protective vaccine for fasciolosis (Hillyer, 2005; Molina-Hernández et 

al., 2015). For example, cathepsin L (CL) classes (Golden et al., 2010; Hillyer, 2005; Jayaraj et 

al., 2009; Tort et al., 1999; Wijffels et al., 1994; Zafra et al., 2013a) and glutathione 

transferases (GSTs) (LaCourse et al., 2012; Morrison et al., 1996; Sexton et al., 1990; Smooker 

et al., 1999; Zafra et al., 2013c, 2013b) have been major vaccine candidates in Fasciola 

hepatica because of their well understood importance in establishment of both NEJs and 

adult flukes (Beckham et al., 2009; Cancela et al., 2008; Corvo et al., 2009; Cwiklinski et al., 

2015b, 2015a; LaCourse et al., 2012; Line et al., 2019; Robinson et al., 2011; Zafra et al., 2013c, 

2013b). Unfortunately, previous vaccine trials with Fasciola hepatica GST, including native 

and recombinant forms, have reported varied protection rates, with non-significant reduction 

in worm burden in goats following recombinant GST (LaCourse et al., 2012; Zafra et al., 2013c, 

2013b) and reductions in worm number by 57% in sheep (Sexton et al., 1990) and 49-69% 

(adjuvant dependent) in cattle (Morrison et al., 1996) following native GST vaccination 

compared to unvaccinated control infections. CL proteases have also shown varied protection 

between 42.5-72.4% in cattle (Dalton et al., 1996; Golden et al., 2010) and 43.0-78.0% in 

sheep (Piacenza et al., 1999). These data were dependent on the formulation of different CL 

proteases and pairing with other parasite-specific proteins including the immunogenic adult-

associated leucine aminopeptidase (LAP) (Marcilla et al., 2008; Piacenza et al., 1999) and the 

juvenile-specific haemoglobin (Dalton et al., 1996). However, in one trial, the protection of 

sheep has been shown to improve in the absence of CL proteases, for example with LAP 

leading to 89% reduction in worm burden compared to unvaccinated controls (Piacenza et 

al., 1999), suggesting the difficulty of exploiting immunomodulatory proteins such as CL 

proteases as vaccines. In spite of this, where these studies found reduced pathology as a 
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result of vaccination, their application may not be sufficient for prophylaxis, but instead 

realistically only provide short-term chemotherapeutic options. 

Numerous other candidates with roles in virulence and immunity have been tested in 

livestock and disease models, including the use of protein antigens (Dalton et al., 2013; 

Hillyer, 2005; Jayaraj et al., 2009; LaCourse et al., 2012; Smith and Zarlenga, 2006; Zafra et al., 

2013b, 2013a, 2013c) or DNA (Espino et al., 2010; Kofta et al., 2000; Smooker et al., 2001, 

1999). These studies found moderate to complete protection against heavy worm burdens 

and reductions in liver damage through the stimulation of Th2 immunity and humoral 

immune memory without the negative effects of the localised immunomodulatory properties 

of F. hepatica ES products. Despite the lack of protection against infection, the reduced 

impacts of disease shown by previous fluke vaccine candidates has continued motivation of 

research into the molecular footprints of flukes for future vaccination progression, and the 

hitherto partial immunity and commonly inconsistent properties of vaccines have not 

discouraged endorsements for a fasciolosis vaccine (Hillyer, 2005; Molina-Hernández et al., 

2015). The immediate problem in the absence of a vaccine is emerging global drug resistance 

in F. hepatica (and other parasitic helminths) (Brennan et al., 2007; Fernández et al., 2015; 

Gaasenbeek et al., 2001; James et al., 2009; Kelley et al., 2016; Sanabria et al., 2013). At the 

time of writing this thesis, it can only be reported that a new target and vaccination strategy 

needs to be discovered to support fasciolosis disease control in the future (Dalton and 

Mulcahy, 2001; Golden et al., 2010; Hein and Harrison, 2005; Smith and Zarlenga, 2006). 

 

1.3.2 Chemotherapy and integrated management of fasciolosis 

It is unrealistic to control and prevent exposure to infectious Fasciola hepatica and 

other helminths through pasture and herd management alone (Morgan et al., 2013). 

However, the most successful approach would be the incorporation of pasture-based 

managements with strategic chemotherapy (Barger, 1999; Maqbool et al., 2016). Integrated 

parasite management can be difficult to implement in some regions due to the complexity of 

the liver fluke life cycle compared to gastrointestinal nematodes, requiring reduced grazing 

allowance, increased pasture rotation, reduced herd size and livestock mixing to help reduce 

exposure (Maqbool et al., 2016; Vercruysse and Claerebout, 2001; Waller, 1999). Additionally, 
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the involvement of intermediate snail hosts and their role in parasite propagation further 

complicates pasture-based control strategies. 

Focal wet areas and water-courses influence the distribution of free-living parasites 

and snail hosts, which is increasing the utility of geographic information systems to map 

epidemiological locations for suitable snail habitats in high-risk regions (Aleixo et al., 2015; 

Dutra et al., 2010; Hendrickx et al., 2004; McCann et al., 2010). Though challenging, further 

measures to interrupt transmission can use this information to target snail populations 

through improving water flow and drainage systems to avoid suitable habitat accumulation 

or through the application of molluscicides during high-risk periods (Maqbool et al., 

2016).However, additional avoidance of grazing in high risk areas is not always possible to 

attain.  

Natural antagonistic and facilitative relationships between trematode rediae has been 

observed (Hourdin et al., 1992), though presents difficulty in its application, and additionally 

relies on the artificial production and distribution of competing trematodes (Berg, 1973; 

Roberts and Suhardono, 1996). Determining snail infectivity has also been attempted in hopes 

of promoting infection-resistant snails and identifying potential susceptible hosts (Boray, 

1978; Gutiérrez et al., 2003; Rondelaud et al., 2015, 2014), though wider, negative ecosystem 

changes could coincide. However, more successful biological controls of Lymnaeid hosts using 

molluscicidal plants and extracts (Medina and Ritchie, 1980; Medina and Woodbury, 1979; 

Meléndez and Capriles, 2002; Sunita et al., 2013; Sunita and Singh, 2011), competing or 

predatory snails (Berg, 1973; Roberts and Suhardono, 1996; Rondelaud et al., 2002), 

predatory fly larvae (Lindsay et al., 2009; Mc Donnell et al., 2014; Rondelaud et al., 2002) and 

water birds have also been considered as favourable alternatives to chemical molluscicides, 

particularly in the short-term. Despite these approaches for fasciolosis and other snail-borne 

diseases, target snail exposure and specificity are ongoing concerns, whilst environmental 

application to the point of successful transmission interruption may be difficult to fully 

achieve. Consequently, these measures are commonly neither appropriate or cost-effective 

for many farmers, with further detrimental impacts to water sources and without the 

assurance of prophylaxis, which undermines their suitability for some areas affected by 

fasciolosis (Roberts and Copeman, 2006). 
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1.3.2.1 Flukicides for hepatic fasciolosis management 

Realistic fasciolosis management currently relies heavily on anthelmintic applications 

several times per year, rather than farm-level implementation of other less efficient control 

measures towards integrated parasite management discussed previously (Maqbool et al., 

2016; Morgan et al., 2013). Several benzimidazoles (BZs) are effective flukicides, especially 

albendazole (ABZ) and triclabendazole (TCBZ) for their respective efficacy against adults aged 

over 12 weeks (Johns and Dickeson, 1979) and all flukes aged over two weeks (Boray et al., 

1983; McKellar and Scott, 1990). TCBZ formulations were first created in the 1980s (Boray et 

al., 1983) to utilise its broad-spectrum activities in agricultural applications against parasitic 

Fasciolidae spp. (Fairweather, 2005). However, several effective alternative flukicides to 

benzene-imidazole BZs have since been developed, including halogenated salicylanilides such 

as closantel (CLO) and rafoxanide (RFX). These have alleviated some pressure of treatment 

options, especially for chronic bovine infections (Fairweather and Boray, 1999; Swan, 1999), 

and provide room to sustain efficacious treatment options for severe and acute infections in 

ovines and other less common livestock hosts (Ortiz et al., 2014). Resultantly, veterinary as 

well as medical fasciolosis cases are primarily treated with TCBZ and other BZ derivatives to 

utilise their consistent and broad activities, whereby TCBZ is effective against infections by 

Fasciola hepatica, F. gigantica (Santra et al., 1999; Sanyal and Gupta, 1996) and Fascioloides 

magna (Foreyt, 1989). With relatively low costs and few comparable substitutes, TCBZ has 

justifiably continued as the mainstay treatment alongside ABZ where appropriate (Boray et 

al., 1983), which is causing fears of emerging parasite drug resistance from unrelenting and 

intensive exposure (Fairweather and Boray, 1999). 

Multiple economically important parasitic helminths contribute to ongoing impacts on 

herd efficiency and productivity (Maqbool et al., 2016; Morgan et al., 2013). Strategic 

selection and staggered administration of anthelmintic formulations is therefore essential, 

especially since outbreaks of parasitic helminths often arise in similar spring and autumnal 

seasonal patterns and cause disease via concurrent and recurring infections (Barger, 1999; 

Maqbool et al., 2016). There is difficulty in maintaining single broad-spectrum anthelmintics 

due to the risks of encouraging resistance, though some BZs including ABZ and salicylanilides 

including CLO conserve known flukicidal, anti-nematodal and anti-cestodal activities 

(Fairweather and Boray, 1999; Swan, 1999). Mixed anthelmintic and antiparasitic 

formulations can avoid some problems by treating concurrent infections, either additively or 
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synergistically, sometimes with the added benefit of discouraging resistance when concerning 

different drug targets between species (Borgsteede et al., 2008; Fairweather, 2005; Martínez-

Valladares et al., 2014; Swan, 1999; Wolstenholme et al., 2006). 

 

1.3.2.2 Anthelmintic and flukicide sustainability 

Challenges of chemical-based management is the lack of sustainability, and there is a 

pressing need to reduce our dependence on anthelmintics but continue to alleviate parasite 

densities and subsequent pasture contamination to reduce disease prevalence, especially for 

Fasciola hepatica (Boray et al., 1983). Efficient and appropriate treatment timing, dosage and 

application is respectively required for maximal therapeutic potential, lethality without 

permitting resistance, and targeted treatment within herds (Maqbool et al., 2016; Morgan et 

al., 2013). Despite these measures however, problems in upholding drug shelf life is 

compromised by over-exposure of active helminth infections to anthelmintics, which is 

motivated by inappropriate applications in livestock suffering clinical disease. This risks the 

selection of drug resistant parasite populations and inspires the need for future strategies to 

conserve our most efficacious flukicides in lack of newer developments (Skuce and Zadoks, 

2013). However, there is also a valid argument towards sustaining drug efficacy and shelf life 

through the deliberate maintenance of drug-susceptible parasites, particularly nematodes, in 

refugia (Kenyon et al., 2009a; Le Jambre, 2006; Maqbool et al., 2016; Morgan et al., 2013; 

Waller, 1999). These factors indicate the current difficulties of fasciolosis management that 

still hinges on TCBZ since this drug’s first applications, being the most effective 

chemotherapeutic agent for successful management and sole drug that can ensure animal 

recovery from acute disease (Boray et al., 1983). 

 

1.4 Drug resistance emergence 

Drug-induced changes to liver flukes by TCBZ are measurable in both NEJ and adult 

Fasciola hepatica. Damages are observed at the fluke tegument (Halferty et al., 2009, 2008) 

and to adult reproduction through interruptions to spermatogenesis and egg viability (Alvarez 

et al., 2009; Hanna, 2015). These findings explain the efficacy of TCBZ during both the acute 

and chronic disease phases, which may be based on the higher turnover and cellular activities 

of areas involving microtubules and specifically β-tubulin, a proposed binding target of TCBZ 
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(Fairweather, 2005; Fairweather and Boray, 1999). Thus, owing to the importance of these 

structures in fluke survival, the incidence of resistance may be directly due to molecular 

changes to parasite microtubule components. In fact, this is supported by shared single 

nucleotide polymorphisms (SNPs) that have been demonstrated in tubulin gene sequences 

leading to amino acid substitutions at key BZ binding sites in BZ-resistant helminths (Brennan 

et al., 2007). Non-target protein level factors of liver fluke that are associated with TCBZ, 

including drug binding, diffusion and uptake, and these provide additional candidates for 

driving resistance mechanisms. Resistance via molecular alterations to existing drug 

chaperones are suspected to involve the GST phase II detoxification system (Fernández et al., 

2015) and the phase III P-glycoprotein transporter (Wilkinson et al., 2012), though the roles 

are still disputed between different parasite isolates (Kotze et al., 2014). For example, there 

is evidence to suggest the lack of phase III P-glycoprotein involvement in TCBZ resistance in 

Latin America (Solana et al., 2018) and Australia (Elliott and Spithill, 2014). Besides SNPs and 

amino acid modifications that parasites may acquire for resistance phenotypes, more intrepid 

changes resulting from transcriptomic and epigenetic variations between flukes of different 

drug efficacy responses may equally contribute (Cancela et al., 2010; Cwiklinski et al., 2015b, 

2015a; Kelley et al., 2016), as has been observed in other parasitic organisms (Berg et al., 

2013; Kotze et al., 2014). 

 

1.4.1.1 Tracking the spread of TCBZ resistance 

TCBZ resistance in Fasciola hepatica was first reported in Australian livestock in the 

1990s (Overend and Bowen, 1995). Since then there have been 30 isolated incidents of TCBZ 

resistance in livestock worldwide (Figure 1.4.1.1) (Kelley et al., 2016), emerging in existing 

endemic regions within the UK (Daniel et al., 2012; Gordon et al., 2012; Hanna et al., 2015; 

Kamaludeen et al., 2019; Mitchell et al., 1998, 2006), Europe (Alvarez-Sanchez et al., 2006; 

Moll et al., 2000; Mooney et al., 2009) and South America (Olaechea et al., 2011; Ortiz et al., 

2013). Initial attempts to manage TCBZ-resistant parasites exploited alternative treatment 

options with known efficacy even against TCBZ-resistant F. hepatica (Coles et al., 2000). This 

strategy was also constructive in testing the flukes’ fidelity to resistance in absence of TCBZ. 

However, in the tested European liver fluke populations the lack of TCBZ exposure did not 

cause relapse to susceptibility (Borgsteede et al., 2005), which reflects previous results of 
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resistant nematodes when tested with this approach (Waller, 1999). Consequently, TCBZ 

resistance characteristics may not be reversible once developed, and further evidence of this 

unrelenting problem has since been confirmed in Australian liver fluke field isolates, many 

years since the first emergence of TCBZ resistance (Brockwell et al., 2014). 

The necessity to control liver fluke outbreaks whilst suppressing the risks of flukicide 

resistance has led to the utilisation of multiple drugs with varied efficacy against parasite 

stages (Fairweather and Boray, 1999; Swan, 1999), as described above. Subsequently, this has 

resulted in different populations of drug-resistant liver fluke arising, including TCBZ but 

subsequently also towards ABZ (Mitchell et al., 2006) and CLO (Novobilský and Höglund, 

2015), two major options for liver fluke management. Thus, there are presently concerns for 

the potential expansion of multidrug-resistant F. hepatica. This is worsened due to recurring 

reports of drug-resistant populations, increasing annual disease incidence rates (Mitchell, 

2002), and added impacts of climate change that predict increased endemicity in the near 

future (Fox et al., 2011). 

Figure 1.4.1.1. Summary of European TCBZ resistance by 2016. Published reports of Fasciola hepatica isolates 

with confirmed TCBZ resistance in five countries, with the highest number of cases of drug resistance in livestock 

in the UK. Image acquired from Kelley et al. (2016). 

Abbreviations: GB, Great Britain; IRL, Ireland; NL, Netherlands; E, Spain; TR, Turkey. 
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1.4.2 Current options for fasciolosis diagnosis 

1.4.2.1 Diagnostic timescale for Fasciola hepatica 

Tools to detect helminth infection are essential for parasite control, especially in light 

of the major threat of anthelmintic resistance and the continued absence of effective vaccine 

or novel drug developments (Charlier et al., 2014b; Roeber et al., 2013). Sensitive and specific 

diagnosis at the herd-level is also important during integrated management practices, 

facilitating the identification of infected from uninfected individuals and treatment success 

(Sargison, 2012; Vercruysse and Claerebout, 2001). A range of highly sensitive and specific 

laboratory-based diagnostic tests have been developed for the detection of Fasciola hepatica, 

including commercial kits by Bio-X, IDEXX, Pourquier and Svanovir® and non-commercial 

equivalents (Carnevale et al., 2001; Charlier et al., 2008; Cornelissen et al., 1999; Flanagan et 

al., 2011a; Kuerpick et al., 2013; Mezo et al., 2007; Molloy et al., 2005; Salimi-Bejestani et al., 

2005), whereby coproantigen detection kits are capable of immunodiagnosis from 3–4 wpi 

due to juvenile and adult cathepsin antigen secretions (Corvo et al., 2009; Dixit et al., 2008; 

McGinty et al., 1993). However, during non-seasonal periods, clinical signs can remain 

unnoticed during subacute or chronic biliary infections and, if conducted during this time, test 

results further depend on parasite numbers and test timing post-infection or -treatment that 

negatively influences antigen circulation (Almazán et al., 2001; Espino and Finlay, 1994; 

Marcilla et al., 2008; Paz-Silva et al., 2003; Rodríguez-Pérez and Hillyer, 1995) and recovery 

from faeces (Gordon et al., 2012; Kajugu et al., 2015; Martínez-Sernández et al., 2016; Mezo 

et al., 2004; Ubeira et al., 2009). Infection stages including the relative fluke size and age, 

diagnostic method and TCBZ efficacy testing between 0–17 wpi (experimental and natural) 

with F. hepatica are summarised in Table 1.4.2.1. Though it has been possible to culture and 

maintain juveniles in vitro for 6 months to a nominal in vivo size of 7 mm (Table 1.4.2.1) 

(McCusker et al., 2016), the development of sexual organs and egg production still requires 

the conditions of in vivo culture for parasite maturation. Consequently, studies of 

experimental model and ruminant animal infections have been valuable in establishing the 

timeline of parasite development for indicators of flukes at different infection time points 

(Table 1.4.2.1), including the migrations and maturation of juveniles, and egg formation of 

adults. 
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Table 1.4.2.1. Timeline of experimental liver fluke infection dynamics, diagnosis and drug efficacy determination. Abbreviations: Ab, antibody; ELISA, enzyme-linked 

immunosorbent assay; γ-GT, gamma glutamyl transferase; GLDH, glutamate dehydrogenase; ITS2, internal transcribed spacer 2; PCR, polymerase chain reaction. 

Parasite stage Metacercariae 
Newly-

excysted 
juvenile 

Juveniles 
flukes 

Maturing flukes, including immature 
and mature forms 

Adult flukes 

Parasite length 
(mm), host-
dependent 

0.257 mm, hour 0-1, in 
vitroa; 0.14 x 0.15 mm, 

hour 2-3, mouseb,c 

0.17-0.51 
mm, day 1-7, 

mouseb,c 

2.19 
mm, day 

13, 
mouseb; 

1.00 
mm, day 

14, 
sheepf 

3.32 mm, 
day 21, 
mouseb; 

2.50 mm, 
day 21, 
sheepf 

4.40-5.12 mm, 
day 28, 

mouseb,d; 4.00 
mm, day 28, 

sheepf 

5.00-
10.60 

mm, day 
36-37, 

mouseb-e; 
4.80 mm, 

day 35, 
sheepf 

7.00-10.40 
mm, day 

43-45, 
moused,e; 
7.00 mm, 

day 42, 
sheepf 

7.50-13.00 
mm, day 

48-49, 
mousee; 
4.6 mm, 
day 49, 
sheepg 

10.00-13.10 
mm, day 

53-56, 
moused,e; 

9.50-13.50 
mm, day 49, 

sheepf,g 

12.2 mm, 
day 63, 
moused 

10.50-20.90 
mm, day 69-
71, moused,e; 

12.00 mm, 
day 70, 
sheepf 

n/a 

14.40 
mm, day 

81, 
moused; 

18.00 
mm, day 

84, 
sheepf 

n/a n/a 

16.00 
mm, day 

108, 
mousee; 
22.80-
25.90 

mm, day 
105, 

sheepf,g 

n/a 

14.00 
mm, day 
119-120, 
moused,e 

Parasite 
location in vivo 

Duodenum, alimentary 
canal 

Abdominal 
cavity; liver 
parenchyma 

Liver parenchyma; 
earliest recorded entry 
to bile duct in mice (day 

24)b 

Liver parenchyma; earliest recorded entry to 
bile duct in sheep (day 28)d 

Liver parenchyma; earliest recorded entry to 
bile duct in cattle (day 49)e 

Biliary system 

Week (day) 
post-infection 

0 
(0) 

1 
(7) 

2 
(14) 

3 
(21) 

4 
(28) 

5 
(35) 

6 
(42) 

7 
(49) 

8 
(56) 

9 
(63) 

10 
(70) 

11 
(77) 

12 
(84) 

13 
(91) 

14 
(98) 

15 
(105) 

16 
(112) 

17 
(119) 

Diagnostic tests 
currently 
available 

n/a n/a 

Stool, 
nested 

PCR, 
sheeph; 
stool, 
PCR, 

sheepi 

Stool, 
PCR, 

sheeph; 
serum Ab, 

ELISA, 
sheeph; 

serum Ab, 
ELISA, 

cattle[1]j 

Stool, ELISA, 
cattlek; serum 

Ab, ELISA, 
cattle[1,2]l[2]j 

Serum 
Ab, ELISA, 
cattle[3]l 

Stool, 
ELISA, day 

43, 
sheep[1]m; 

serum 
GLDH titre, 

sheepn 

Stool, 
ELISA, day 

47, 50, 
sheep[1], 

[2]o 

Serum γ-GT 
titre, 

sheepi; 
stool, ELISA, 

day 53, 
sheep[3]o; 
stool, FEC, 

day 59, 
sheep[1]o 

Stool, FEC, 
sheeph,[1]m; 
stool, ELISA, 
day 60[2]m, 
day 62[4]o, 

sheep 

Stool, FEC, 
sheepi,k,[3]o; 
serum γ-GT 
titre, sheepn 

Stool, 
FEC, day 
75[4]o, 

day 
77[2]m,o, 
sheep; 

serum Ab, 
cattle[3]j 

n/a n/a n/a n/a n/a n/a 

Triclabendazole 
efficacy tests 

currently 
available 

n/a n/a n/a n/a n/a n/a n/a n/a n/a 
Serum γ-GT 
and GLDH 

titres, sheepj 
n/a n/a n/a 

Stool, 
FEC-RT, 
day 91 
[2,4] 
day 

94[3], 
sheepo 

Stool, C-
RT[2]m,[2,4]o, 
day 101[3]o, 
FEC-RT[3]o, 

sheep 

n/a 

Post-
mortem-
RT, fluke 

recovery*, 
sheepk 

n/a 

A. (Hussein et al., 2010). 
B. (Dawes, 1962a). 
C. (Dawes, 1961). 
D. (Dawes, 1962b). 
E. (Lagrange and Gutmann, 1961). 
F. (Dow et al., 1968). 
G. (Kistner and Koller, 1975). 
H. (Martínez-Pérez et al., 2012), PCR: CoxI; Nested PCR: CoxI and rRNA; ELISA: Bio-X K201. 
I. (Robles-Pérez et al., 2013), PCR: ITS2. 
J. (Kuerpick et al., 2013), [1] Pourquier ELISA; [2] ES ELISA; [3] rFhCL1.  
K. (Gaasenbeek et al., 2001), post-mortem-RT: >95% fluke burden reduction*. 
L. (Cornelissen et al., 1999), [1] native ES-ELISA; [2] synthetic, mature CL1-peptide7-ELISA; [3] native CL1-ELISA.  
M. (Flanagan et al., 2011a), ELISA: Bio-X K201. [1] Sligo (TCBZ-R); [2] Cullompton (TCBZ-S).  
N. (Raadsma et al., 2007). 
O. (Flanagan et al., 2011b), ELISA: Bio-X K201. RT: >95% reduction test. [1] Oberon (suspected TCBZ-R); [2] Cullompton (TCBZ-S); [3] Fairhurst (TCBZ-S); [4] Leon (TCBZ-S). 
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Infection patency and adult fluke numbers determine measurable faecal egg counts 

(FEC), the most widely used test that benefits from high specificity (Cornelissen et al., 2001; 

El-Bahi et al., 1992; Gordon et al., 2012; Palmer et al., 2014; Valero et al., 2012), despite the 

timing differences observed between different host infections (Table 1.4.2.1). Due to the 

often intrahepatic biliary habitation of chronically infecting flukes, FECs are influenced by 

fluctuations of eggs that are transmitted to faeces leading to unrepresentative and 

inconsistent FEC data, and invasive alternatives for direct egg or antigen detection from the 

bile duct (Braun et al., 1995; El-Bahi et al., 1992). Coproantigen detection is consequently 

considered a more sensitive and specific faecal-based test that is applied as early as 4 wpi 

(Almazán et al., 2001; Brockwell et al., 2013; Gaasenbeek et al., 2001; Kajugu et al., 2015; 

Mezo et al., 2004; Valero et al., 2012). No antigenic determinants currently qualify as 

informants of parasite maturity or drug susceptibility, though FEC and coproantigen reduction 

testing (FEC-RT, C-RT) have been established as the primary method to monitor treatment 

success two weeks post-treatment (Daniel et al., 2012; Flanagan et al., 2011a, 2011b; Gordon 

et al., 2012). 

There are no commercial diagnostic kits to define the larval infection stage of F. 

hepatica, although infection-associated host markers are also utilised to monitor infection 

presence and progress. Host plasma enzymes are a sensitive reflection of infection stage as 

the flukes begin to migrate through tissues and cause damage to the liver (glutamate 

dehydrogenase, GLDH) from 6 wpi and bile ducts (gamma glutamyl transferase, γ-GGT) from 

8 wpi (Dalton et al., 1996; Golden et al., 2010; Raadsma et al., 2007). Similarly to the nature 

of circulating and copro-antigens being a direct reflection of fluke presence, DNA-based 

diagnoses can be developed as molecular targets are elucidated, and are detectable from host 

samples after only 2 wpi by PCR (verses F. hepatica internal transcribed spacer 2, ITS2; Robles-

Pérez et al., 2013), nested PCR (verses F. hepatica CoxI and rRNA; Martínez-Pérez et al., 2012) 

or loop-mediated isothermal amplification (LAMP) (Ai et al., 2010a, 2010b; Cabada and White, 

2012). Despite the reputably high specificity and sensitivity of immunologic tests that detect 

infection after 3 wpi (Table 1.4.2.1), indirect methods of anti-F. hepatica serum detection is 

limited by the interference of previous fluke exposure that has been successfully treated 

(Brockwell et al., 2013; El Bahy et al., 1994; Reichel et al., 2005). Despite the complexity of 

ELISA kits, peptide, recombinant protein, ES, Bio-X K 201 (anti-CL monoclonal antibody-based) 

and Pourqier (F2 antigen-based), remain major tools for field and research diagnoses 
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(Brockwell et al., 2013; Cornelissen et al., 2001, 1999; Kuerpick et al., 2013, 2012; Novobilský 

et al., 2012; Palmer et al., 2014). However, progression to improve current methods via the 

diagnosis of infection stage and anthelmintic efficacy are priorities for a new line of candidate 

tests that are required to adapt to the current threats of climate change impacts and flukicide 

resistance. 

 

1.4.2.2 Current utilisation of fasciolosis diagnostics 

DNA-based molecular diagnostics such as PCR can identify, distinguish and quantify the 

prevalence of Fasciola spp.-specific DNA sequences with very high specificity and sensitivity 

from only two wpi (Ai et al., 2010a, 2010b; Martínez-Pérez et al., 2012; Robles-Pérez et al., 

2013; Rokni et al., 2010; Shahzad et al., 2012). LAMP is an especially important step forward 

towards the development of field-based tests, due to its thermal stability and point-of-care 

medical applications for a wide range of diseases (Ai et al., 2010b; Mori and Notomi, 2009; 

Ndao, 2009). However, though LAMP can maintain PCR-level sensitivity and specificity, crude 

DNA extraction for sample preparation remains difficult and prevents routine application of 

LAMP for penside, non-laboratory-based diagnoses of F. hepatica and other livestock 

helminths (Deng et al., 2019; Mugambi et al., 2015). Despite the improvement to diagnostic 

timing brought through immunologic and molecular advancements, the reliability, specificity 

and moderate sensitivity of FEC means it maintains a primary position in fasciolosis 

diagnostics. However, there continues to be a gap in the liver fluke market to introduce a 

simplistic and field-appropriate molecular or serological test to inform farmers and 

veterinarians of infections for subsequent treatment selection, and these tests have long 

been developed for other neglected parasitic diseases (Ashton et al., 2011; Campbell and 

Landry, 2013; Nabity et al., 2012; Ndao, 2009; Tsang et al., 1989). To this end, desirable 

features for enhanced application within current fasciolosis control regimes would be a field- 

appropriate platform that can discriminate parasite stage, virulence or drug response for 

appropriate interventions. 

Currently, commercial laboratory-based tests, as well as non-commercial 

‘academically’ produced kits of similar design, remain disadvantaged for application in 

fasciolosis control. Specifically, as an ELISA format, they require expertise, are lengthy, 

expensive to conduct and unable to quantify infection relative to fluke burden, and the 
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interpretation of results remains unavoidably complicated, especially with the consideration 

of kit-specific drawbacks of variable sensitivity and/or specificity (Charlier et al., 2014b; 

Palmer et al., 2014). However, some molecular-based tests can be condensed into less 

complex and/or economically-demanding formats, such as LAMP (Ai et al., 2010b), dot ELISAs 

(Arjmand et al., 2014; Meshgi et al., 2018; Shaheen et al., 1989), lateral flow tests (Martínez-

Sernández et al., 2011; Walsh et al., 2018) and agglutination tests (Intapan et al., 2004; 

Levieux et al., 1992). Thus, as indicated above, there is a window of technical and commercial 

opportunity to develop penside tests for fasciolosis (Martínez-Sernández et al., 2011; 

Shaheen et al., 1989; Walsh et al., 2018). 

 

1.4.2.3 Evaluating flukicide efficacy 

Academic literature continues to report that the trends in fasciolosis management 

indicate current interventions will not be realistic or efficacious for long-term and cost-

effective control. In reality, with the absence of a vaccine and new anthelmintics, slowing the 

rate of drug resistance to current drugs remains a cornerstone to attempting to sustain 

control of helminth parasites (Maqbool et al., 2016; Molina-Hernández et al., 2015; Waller, 

1999). Unfortunately, the current options to measure drug efficacy are simply adaptations of 

existing diagnostic methods, which record numeric (FEC) or relative (antigen ELISA) 

quantitative reductions in parasite factors before and after treatments in order to establish 

the present treatment efficacy and advise future treatment plans (Fairweather, 2011c; 

Flanagan et al., 2011b, 2011a; Hanna et al., 2015; Jones et al., 2013; Novobilský et al., 2012; 

Sargison, 2012). Though the measurement of host damage or parasite abundance are 

additionally useful to assess treatment efficacy against disease, the rising rates of reported 

drug resistance reduce the usefulness of these reduction tests, since they instigate 

chemotherapeutic exposure in order to demonstrate efficacy statuses. Furthermore, 

problems remain in the classification of ‘true’ drug resistance or treatment failure, influenced 

by the parasite or incorrect drug administration, respectively (Fairweather, 2011b, 2011c). 

This knowledge also supports the growing requirement to develop more reliable and bespoke 

diagnostics for monitoring treatment success. 
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1.5 PhD proposal 

New functional genomics investigations continue to identify molecules of the 

immunomodulatory and drug-associated subproteomes of Fasciola hepatica that are of 

potential interest for prospective molecular studies, diagnostics and vaccine developments 

(Cwiklinski et al., 2015a; Cwiklinski et al., 2018; Jefferies et al., 2001; Morphew et al., 2007; 

Robinson et al., 2009). For example, the discovery of TCBZ susceptibility- and survival-

associated biomarkers (Morphew et al., 2014) identified diagnostically-significant candidates 

that warranted immediate further investigation. Immunologic tests have been at the 

forefront of fasciolosis diagnostics due to the expanding profile of the fluke’s somatic and ES 

proteomes offering new biomarker candidates (Dalton et al., 2013; Montaner et al., 2014; 

Morphew et al., 2013; Vukman et al., 2013). The ‘omics technologies have also delivered new 

vaccine candidates via reverse vaccinology strategies (Molina-Hernández et al., 2015). Thus, 

expanding the options available in fasciolosis control strategies via new polyomics approaches 

will hopefully improve farm management of liver fluke. 

This thesis aims to investigate a panel of molecular candidates towards the 

development of a novel diagnostic approach to monitor F. hepatica infection and drug 

susceptibility. Thus, the thesis structure following this introduction includes a common 

methodology section (Chapter 2: General Materials and Methods) and collective discussion 

(Chapter 7: General Discussion) and conclusion (Chapter 8: Final Conclusions and 

Recommendations), which are separated by four experimental chapters with specific 

objectives, each exploring molecular targets of putative diagnostic interest: 

1. Chapter 3: Identifying and characterising immunogenic subcomponents of cathepsin 

L zymogens; 

2. Chapter 4: Delineating phenotypic and proteomic differences between representative 

wild type F. hepatica parasites and a TCBZ-resistant isolate strain via in vitro 

anthelmintic challenges; 

3. Chapter 5: Discovering the biology underpinning TCBZ-SO-associated F. hepatica 

protein biomarker candidates via a bioinformatic pipeline in order to support 

decisions on recombinant expression and purification; 

4. Chapter 6: Designing and validating novel diagnostic tools from selected candidates 

via the production of recombinant and synthetic antigens and polyclonal antibodies.  
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2 Chapter 2: General materials and methods 
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2.1 Introduction to Chapter 2: General materials and methods 

In order to avoid duplication and prevent repetition for the passing reader, the following 

methodology (2 Chapter 2: General materials and methods) was compiled to comprise all 

techniques that were utilised within two or more of the experimental chapters, whether wet- 

or dry-lab in description. However, further methods that were not commonly used and 

specific to individual experimental chapters can be found in the relevant methodology 

sections of each chapter: sections 3.3; 4.3; 4.3; 6.3. 

 

2.2 Fasciola hepatica in vitro culture 

2.2.1 Fluke collection and incubation for ES antigen production 

The methodology for maintaining liver fluke in vitro culture was adapted from 

Morphew et al. (2014). Briefly, live adult Fasciola hepatica were collected at a local abattoir 

on a normal working day of the production line from freshly slaughtered sheep livers with 

natural infections. Flukes were washed in 1X PBS (pH 7.4, Sigma-Aldrich, UK) at 37°C, which 

was refreshed every 15 minutes for 1 hour. Adults were grouped into DMEM (pH 7.4, Gibco™) 

supplemented with HEPES [15 mM], glucose [61 mM], calcium acetate [2.2 mM], magnesium 

sulphate [2.7 mM], serotonin [1 μM] and gentamycin [5 μg·μL-1] at 37°C. Flukes were cultured 

for 4 h (including transport to proteomics laboratory) to establish a biological baseline and 

for adjustment to in vitro culture conditions. Next, the flukes were transferred to fresh media 

for a further 4 h or other specified culture period with 10 size-matched replicates and 3 mL 

per fluke. 

 

2.2.2 Treatment for induction of death-associated ES products 

Following the primary culture incubation, a selection of fluke replicate groups were 

terminated in ethanol with 1% (w/v) ethyl 4-aminobenzoate based on the procedure 

described by Morphew et al. (2007). Flukes were submerged for up to 15 seconds then 

subsequently washed in 1X PBS and transferred to fresh DMEM medium for a third incubation 

for 5 h. 
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2.2.3 Fluke and ES sample storage 

 Flukes were removed from cultures and individually stored for subsequent proteomic 

analysis by immediate snap-freezing in liquid nitrogen or immediate fixing for electron 

microscopic analysis. Media containing ES products was stored at -80°C until required. 

 

2.3 Protein handling and preparation 

2.3.1 Somatic protein preparation 

Flukes were thawed on ice and ground using 1 g tissue per mL in ice cold 

homogenisation buffer (1 M potassium phosphate (pH 7.4), 1% Triton-X, EDTA-free protease 

inhibitor cocktail) and centrifuged at 21,000 x g for 30 minutes to separate lipids and insoluble 

protein from solubilised proteins. 

 

2.3.2 ES product preparation 

Crude ES was spun at up to 300 x g at 4°C for 10 minutes followed by 700 x g at 4°C 30 

minutes to remove eggs, fluke tissue and liver particulates.  

 

2.3.3 Protein precipitation 

To remove in vitro liquid culture supplements and biomolecules from ES fractions and 

to remove unwanted salts or organic compounds, proteins were precipitated by 1:1 mixing 

with 20% (w/v) trichloroacetic acid (TCA; Fisher Sci, UK) in ice cold 100% (v/v) acetone (Fisher 

Sci, UK) and incubating for an hour at -20°C. Samples were repeatedly subjected to 

centrifugation at 21,000 x g for 20 minutes and washing in fresh ice cold 100% (v/v) acetone. 

Samples were stored directly at -20°C or resuspended in distilled water (18.2 MΩ) or suitable 

buffer for downstream applications. 

Clarified media were precipitated using the TCA-acetone method as follows. Briefly, 

proteins were precipitated by 1:1 mixing with ice cold 20% (w/v) TCA in acetone for an hour 

at -20°C and with centrifugation at 21,000 x g for 20 minutes at 4°C, with two further ice-cold 

acetone washes. Protein pellets were stored at -20°C until required. 

For 2-DE analyses, precipitated proteins were resuspended in protein buffer A (8 M 

urea, 2% w/v CHAPS, 33 mM dithiotreitol (DTT), and 0.5% v/v carrier ampholytes (Biolyte 3-

10, Bio-Rad, UK)). 
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2.3.4 Protein sample concentration analysis 

Protein concentration was calculated using the Bradford assay, using BSA as a 

standard, as previously described (Bradford, 1976) at A595 using a Varian Cary 50 Bio UV-V 

Spectrophotometer (Agilent Technologies, UK). For small sample volumes and/or where 

sample purity was also of interest, protein samples were analysed at A280 against the 

equivalent resuspension buffer using a NanoDrop® ND-1000. Protein samples were stored at 

-20 or -80°C until required. 

 

2.4 Proteomic analyses 

2.4.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

 1-D SDS-PAGE 

Protein samples were mixed thoroughly in buffer B ([4X] 277.8 mM tris-HCl, pH 6.8: 

44.4% (v/v) glycerol: 4% (w/v) SDS; 0.02% bromophenol blue). β-mercaptoethanol [1:10 

dilution] or DTT [50 mM] were added to buffers prior to use and samples were denatured at 

95°C for 10 minutes in order to disrupt disulphide bridges. Polyacrylamide (30% 

acrylamide/bis 29:1 solution, Bio-Rad) gels made in-house using the Bio-Rad Mini-PROTEAN® 

Tetra hand cast system with short 7 cm front and back plates with integrated 0.75 mm or 1.0 

mm spacers for use with 10- or 15-well combs (Bio-Rad, UK). Electrophoresis was conducted 

at ambient temperature using the Protean Mini Tetra System (Bio-Rad, UK) in [1X] TGS buffer 

and proteins were separated at 75 V through the stacking gel (4.5% acrylamide; 0.5 M tris, pH 

6.8; 0.4% (w/v) SDS), followed by 150 V through the resolving gel (12.5% acrylamide; 1.5 M 

tris, pH 8.5; 0.4% (w/v) SDS) as required. Gels were fixed (10% (v/v) acetic acid; 40% (v/v) 

ethanol) and stained with Coomassie blue (PhastGel Blue R, Amersham Biosciences, UK) with 

10% (v/v) acetic acid and 30% (v/v) methanol or Coomassie blue solution (QC Colloidal 

Coomassie, Bio-Rad) then destained in 1% (v/v) acetic acid as required. 

SDS-PAGE gels were imaged using a GS-800 densitometer (Bio-Rad, UK) or a Typhoon 

FLA9500 (GE Health Life Sciences, UK) and images were prepared using Quantity One 1-D 

Analysis Software V.4.6.9 (Bio-Rad, UK) or ImageQuant TL V.8.1 (GE Health Life Sciences, UK) 

where required. For low concentration proteins, polyacrylamide gels were stained with silver 

nitrate (0.1% solution, Fisher Scientific, UK), then destained and reimaged as described. 
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 2-D SDS-PAGE 

7 cm linear pH 3-10 IPG strips (Bio-Rad, UK) were rehydrated overnight at ambient 

temperature with proteins resuspended in 125 µL of rehydration buffer containing 25 µg of 

the protein sample. Hydrated strips were isoelectrically focussed at 10,000-11,000 Vh using a 

Protean Mini IEF Cell (Bio-Rad, UK) to separate protein samples in the first dimension then 

equilibrated in 2-DE equilibration buffer (50 mM tris-HCl; 6 M urea; 30% (w/v) glycerol; 2% 

(w/v) SDS) with DTT [10 mg·mL-1] for 15 minutes then IAA [25 mg·mL-1] for a further 15 

minutes. 7 cm polyacrylamide gels were prepared as described (2.4.1) and prepared strips 

were fixed in molten overlay agarose (0.5% (w/v) agarose; 0.125 M tris (pH 6.8); [100 mg·mL-

1] bromophenol blue) and electrophoresed, stained and imaged as described (2.4.1.1). 

 

2.4.2 Western hybridisation 

 Primary antibodies 

Polyclonal (Pc) antibodies (Ab) were raised to a recombinant procathepsin L Leu12Pro 

mutant (rFh∆pCL1) in two laboratory rabbits (Lampire Biological Laboratories, USA). 

Immunisations with approximately 0.3 mg antigen (Ag) mixed with an equal volume of 

complete or incomplete Freunds’ adjuvant (CFA/IFA) were given at day one (Ag-CFA), 21 (Ag-

IFA) and 42 (Ag-IFA), with the first two via the popliteal lymph node following Evan’s blue 

introduction, and the final booster by intradermal injection. Blood samples were harvested 

at day zero (pre-immunisation bleed) and after 30 (test bleed) and 50 (production bleed) days, 

followed by a final collection after 61 days (terminal bleed). All blood samples were then 

prepared for separation and isolation of whole sera. 

Whole sheep sera were isolated from blood collected at weekly intervals from 

experimental infections with TCBZ-susceptible (TCBZ-S) or -resistant (TCBZ-R) F. hepatica 

isolates as specified per protocol (Ridgeway Research Ltd., UK). Pooled sera for the 

comparison of serum responses between 0–17 weeks post infection (wpi) and following 

clinically-administered TCBZ treatment (10 mg·kg-1) at week 12 were pooled from three sheep 

individually infected with one of three TCBZ-S strains: Aberystwyth; Italian; Miskin (TCBZ-S, 

excluding week 17: Italian and Miskin); or TCBZ-R strains: Kilmarnock; Penrith; Stornoway. 
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 Secondary antibodies 

Anti-rabbit (A3687, produced in goat), -sheep (A5187, produced in donkey) and -

bovine (A0705, produced in rabbit) raised against whole IgG molecules conjugated to alkaline 

phosphatase were used according to the manufacturer’s instructions (Sigma-Aldrich, UK), 

detailed below in full. 

 

 General protocol for immunoblotting (western hybridisation) 

Nitrocellulose membrane (NCM) with 0.45 μm pores was used for all western 

hybridisations (Amersham Biosciences, UK) unless otherwise stated. NCMs were first wetted 

with distilled water (UV-sterilised; 18.2 MΩ) and then membrane, gel blot papers and Scotch-

Brite pads were allowed to equilibrate in Bjerrum buffer (25 mM (w/v) tris, pH 8.3; 192 mM 

(w/v) glycine; 20% (v/v) methanol). 

SDS-PAGE-separated proteins were transferred onto NCM at 40 V for two hours or at 

20 V for 16 hours using a Trans-blot Cell (Bio-Rad, UK). Protein transfer was confirmed by 

temporary staining with Amido Black (0.1% (w/v) Amido Black; 10% (v/v) acetic acid; 25% (v/v) 

isopropanol) for up to 1 min and washing with 10% (v/v) acetic acid and 25% (v/v) isopropanol 

for imaging (Figure 2.4.2.3). Staining was removed via washes with TBS-T (TBS: 100 mM tris, 

pH 7.5; 154 mM sodium chloride; TBS-T: TBS; 1% (v/v) Tween® 20) and membranes were 

blocked for at least 16 h at 4°C in TBS-T with 5% (w/v) skimmed milk powder. 

 

Figure 2.4.2.3. Transfer confirmation via NCM 

Amido Black staining. NCMs were submerged in 

0.1% (w/v) Amido Black to confirm protein transfer 

from SDS-PAGE gels. An exemplar NCM transfer of 

recombinant purified F. hepatica triose phosphate 

isomerase (rFhTPI, AGJ83762.1; GenBank v204: 

www.ncbi.nlm.nih.gov/protein/AGJ83762.1) is 

shown. Abbreviations: MW, Amersham Low 

Molecular Weight SDS Calibration Kit (Mr). 

 

Blocked membranes were washed in fresh TBS-T and subsequently incubated with 

primary antibody at a precalculated dilution in TBS-T with 1% (w/v) skimmed milk powder for 

1 h. Membranes were washed with TBS to remove unbound antibodies and subsequently 

http://www.ncbi.nlm.nih.gov/protein/AGJ83762.1
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incubated with secondary antibodies with an alkaline phosphatase (ALP) conjugate diluted to 

1:30,000 in TBS-T as recommended (Sigma-Aldrich, UK). Antigen-antibody binding was 

confirmed by membrane development in 5-bromo-4-chloro-3-indolyl-phosphate (BCIP; 

Sigma-Aldrich, UK) and nitro blue tetrazolium (NBT; Thermo Scientific, UK) dissolved in 

working ALP substrate buffer solution (100 mM tris-HCl, pH 9.5; 100 mM NaCl; 5 mM MgCl2) 

as required until reactions were stopped with distilled water (UV-sterilised; 18.2 MΩ). 

Where required, all antibodies were stripped from membranes by incubating NCM in 

stripping solution (200 mM glycine; 3.5 mM SDS; 1% Tween® 20; pH 2.2) for a maximum of 10 

minutes. The stripping solution was then removed from membranes in two TBS washes 

followed by two TBS-T washes for 5 minutes each before resuming the original protocol. 

 

2.4.3 Liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

1-DE gel slices and 2-DE gel spots were aseptically excised and individually prepared 

for liquid chromatography and tandem mass spectrometry. Firstly, 1-DE and 2-DE gel pieces 

were destained (25 mM (w/v) ammonium bicarbonate; 50% (v/v) acetonitrile; both Fisher 

Scientific, UK) and dehydrated (100% (v/v) acetonitrile). 1-DE samples were additionally 

resuspended in denaturating washes with DTT [10 mM] and iodoacetamide (IAA) [55 mM] 

and re-dehydrated. Proteins were digested overnight with sequencing grade modified trypsin 

[10 ng·μL-1] (Promega, UK) in 50 mM (w/v) ammonium bicarbonate, washed in ultrapure 

water and resuspended in 50% (v/v) acetronitrile with 5% formic acid (v/v) before drying and 

final resuspension in 0.1% formic acid (v/v). 

Tryptically-digested peptides (1–10 µL injection volume) were analysed following 

separation using an electrospray ionization quadrupole time-of-flight machine (ESI-QUAD-

TOF, Agilent 6550 iFunnel Q-TOF, Agilent Technologies, UK) coupled to a HPLC Prot-ID Chip 

(Agilent Technologies, UK), with all parameters set as detailed by Davis et al. (2019). 

Where required, peptide samples (10 µL injection volume) were separated using an 

Orbitrap Fusion Tribrid mass spectrometer (referred to hereon as an electrospray ionisation 

(ESI) -TRAP; Thermo Scientific, UK) coupled to an UltiMate 3000 liquid chromatography tower 

(Dionex, Thermo Scientific, UK) and Zorbax Eclipse Plus reverse phase C18 column maintained 

at 30°C (2.1 mm x 50 mm, particle size 1.8 µm; Agilent Technologies, UK). Mobile phases for 

gradient elution were maintained at a flow rate of 0.1 mL/min, using ultra-pure water (18.2 
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MΩ) with 0.1% formic acid (mass spectrometry grade; Fluka, UK) (eluent 1), and 95:5 

acetonitrile (Optima, Fisher Scientific, UK): ultrapure water with 0.1% formic acid (eluent 2). 

The initial condition was 3% eluent 2 with a linear increase to 40% over 9 minutes, increasing 

to 100% eluent 2 in a further 2 minutes then held for 1 minute at 100% eluent 1 before 

equilibration at initial conditions for a further 1.5 minutes. Ions were generated using a 

heated ESI (H-ESI) source with a voltage of 3500 in positive mode, sheath gas at 25°C, aux gas 

at 5°C, a vaporiser temperature of 75°C and an ion transfer temperature of 275°C. Standard 

peptide analysis parameters were used comprising a data dependent MS2 experiment, 

whereby parent ions were detected in profile mode in the 375–1500 m/z range in the Orbitrap 

at a resolution of 120,000 and a maximum injection time of 50 milliseconds in positive mode. 

MS2 data were then collected in data-dependent mode including charge states of 2–7, and 

dynamic exclusion of masses for 20 seconds after initial selection for MS2. Ions were formed 

by fragmentation by collision induced dissociation with a collision energy of 35%, and 

resulting ions were detected in the ion trap in centroid mode. 

Data files were submitted to MASCOT (www.matrixscience.com) against the relevant 

genome and/or proteome databases as specified per sample in each experimental chapter: 

including the National Center for Biotechnology Information NR database (GenBank v204, 

Benson et al., 2015: www.ncbi.nlm.nih.gov) or an additional preliminary search against the 

WormBaseParaSite F. hepatica genome drafts (WBPS, parasite.wormbase.org: PRJEB6687 

WBPS v10, 2014; PRJNA179522 WBPS v10–14, 2014–2018). Search parameters were selected 

as follows for trypsin digestion with up to one missed cleavage, peptide charges of 2.0–4.0+, 

±1.2 Da peptide tolerance (monoisotopic, 13C = 0), ±0.6 Da MS/MS tolerance, and permitting 

modifications including carbamidomethyl groups (fixed) and oxidation (variable). Options 

were selected where required and specified per sample for greater inclusion of potential hits 

(error tolerance) or to assess the reliability of resultant hits (decoy). 

  

http://www.matrixscience.com/
http://www.ncbi.nlm.nih.gov/
http://www.parasite.wormbase.org/
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3 Chapter 3: Investigating the procathepsin L subproteomes of in vitro 

cultured live and dead Fasciola hepatica parasites 
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3.1 Abstract 

Of the proteomic components of Fasciola hepatica ES products, cathepsin L (CL) 

proteases of multiple proteomic classifications (clades 1–5) have become leading molecular 

biochemical and diagnostic targets, drawing in great and unparalleled research interest. In 

contrast, CL zymogens comprising the inactive protease region intact with N-terminal signal 

and inhibitor peptides (prepro-CL), or following signal cleavage (pro-CL), have demonstrable 

antigenic potential but are understudied precursors to the well-known enzyme. To explore 

this knowledge-gap, immunogenicity of prepro- and pro-CL zymogens was investigated to 

assess their potential utility for the diagnosis of F. hepatica infection. 

Following in vitro culture of adult F. hepatica, native CL zymogens were recovered from 

SDS-PAGE-separated excretory/secretory (ES) products. This discovery also demonstrated an 

association between CL zymogen abundance and fluke viability and fitness, further indicating 

the stringent regulation of these zymogens, which may also act to reduce pre-/pro-CL antigen 

exposure in the ES products of this parasite. Subsequently, three recombinantly-produced 

pro-CL1 zymogens (rFhpCL1) were bioinformatically dissected to determine antigenic 

properties, including predicted pan-CL family clade epitopes. Upon identification of multiple 

antigenic regions and peptides of interest, anti-rFhpCL1 polyclonal antibodies were produced 

and CL zymogen specificity was then shown. Furthermore, immunogenicity was demonstrably 

conserved between rFhpCL1 zymogens and multiple native CL zymogen clades, and there was 

no observable reactivity toward respective enzyme derivatives. 

Consequently to the findings of this chapter, new information has been determined 

concerning the antigenicity of zymogen-specific epitopes. In addition, new tools with 

preliminary evidence of diagnostic utility have been produced and are ready for pilot testing 

with experimentally-infected samples toward novel diagnostics of fasciolosis. 

 

3.2 Introduction 

3.2.1 Molecular profiles of Fasciola hepatica cathepsin-like proteases 

Fasciola hepatica-derived cysteine proteinases belong to a large superfamily of 

ubiquitous papain-like enzymes (McGrath, 1999; Stack et al., 2007; Turk et al., 2012), and 

were first identified as nutrition-enhancing enzymes with cathepsin-like activity, resembling 

mammalian cathepsin C (Halton, 1967) and CL proteases (Dalton et al., 2003, 2004; Dalton 
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and Heffernan, 1989; Dowd et al., 1994; Robinson et al., 2008a; Smith et al., 1993b). CL 

proteases have since been confirmed as a major contributor to cathepsin-like enzyme activity 

of adult F. hepatica secretions (Dowd et al., 1994; Smith et al., 1993b).  

Many helminths of medical and veterinary importance express cysteine proteases, 

utilised as virulence enhancers including towards invasion of the host and parasite nutrition 

(Caffrey et al., 2018; Robinson et al., 2008a). However, amongst parasitic helminths, F. 

hepatica has the largest family of cathepsin L cysteine proteases, with 17 different CL 

members in 5 clades, as well as three isotypes of juvenile-specific cathepsin B (CB) proteases 

(Cwiklinski et al., 2015b; Robinson et al., 2008b; Wilson et al., 1998). CL1, 2 and 5 clades are 

secreted by adults and CB, CL3 and CL4 clades are secreted by juveniles (Meemon and 

Sobhon, 2015; Wilson et al., 1998). This developmental regulation facilitates the timely 

secretion into appropriate host environments of enzymes possessing particular substrate 

specificities that are ranging, but overlapping in nature (Caffrey et al., 2018; Meemon and 

Sobhon, 2015; Robinson et al., 2008a). CL and CB proteases are consequently temporally-

regulated and with specialist roles during in vivo infection, where CB is essential for juvenile 

tissue penetration (McGonigle et al., 2008; Meemon and Sobhon, 2015), CL1 can cleave TLR3 

(Donnelly et al., 2010), CL1 and CL2 proteases can cleave host IgG (Berasaín et al., 2000; 

Carmona et al., 1993; Smith et al., 1993a), CL1–3, particularly CL2 and CL3, can degrade 

collagen (Berasaín et al., 1997b; Corvo et al., 2013; Robinson et al., 2011), whilst CL1, CL2 

(Berasaín et al., 1997b) and CL5 (Norbury et al., 2011) have demonstrated further digestive 

capabilities of host laminin and fibrin. Juvenile liver fluke secrete CL3, CL4 and CB in order to 

actively assist abdominal tissue penetration before initialising hepatic invasion and immune 

evasion via CL1–5 secretions, interrupting important signal transduction and cytotoxic cell 

stimulation (Caffrey et al., 2018; Carmona et al., 1993; Dalton et al., 2003; McGonigle et al., 

2008; Robinson et al., 2008a; Smith et al., 1993a). Furthermore, as a prominent component 

of the adult and juvenile F. hepatica secretomes (excretory/secretory (ES) products), changes 

to the abundance of cathepsin proteases relative to each other and to other proteinaceous 

components have been informative of parasite age, and stressors in the immediate 

environment including host immune pressures, flukicide exposure and fluke death (Chemale 

et al., 2010; Morphew et al., 2007, 2014). Thus, this orchestrated stage-specificity and 

overlapping cathepsin protease release consequently allows F. hepatica the freedom to best 

link these enzymes according to the host environments, potentially driving the parasite’s 
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ability to infect a range of vertebrate hosts (Moreau and Chauvin, 2010; Robinson et al., 

2008a; Vercruysse and Claerebout, 2001). 

 

3.2.2 Activation and functional secretion of Fasciola hepatica cathepsin proteases 

All mammalian cysteine proteases localise to the lysosome, where the organelle’s low 

luminal pH triggers autocatalysis (McGrath, 1999; Turk et al., 2001). Nascent proteases are 

first guided by the short-length signal “pre” peptide that is subsequently cleaved at pre-

determined signal peptidase cleavage sites (site 1-Ala-Xaa-Ala-site 2) (Perlman and Halvorson, 

1983) in the endosomal system. The pro-form is then guided further by an inhibitor “pro” 

peptide, which assists further post-translational processing and regulates enzyme activation 

(Beckham et al., 2006; Coulombe et al., 1996; Dalton et al., 2004; Lowther et al., 2009; 

McGrath, 1999; Roche et al., 1999; Turk et al., 2012, 2001). In parasitic helminths F. hepatica 

is an exemplar of cathepsin molecular processing (Figure 3.2.2), whereby preprocathepsin 

cysteine protease zymogens are packaged into specialised lysosome-like secretory vesicles at 

the gastrodermis ready for export into the gut (Collins et al., 2004; Smith et al., 1993b). 

Vesicles of inactive proteolytic enzymes are then delivered into the acidic gastrointestinal (GI) 

lumen (Collins et al., 2004), leading to autocatalytic activation via inhibitor (pro-) peptide 

removal, which is also replicable in vitro (Dalton et al., 2004; Lowther et al., 2009; Stack et al., 

2007). Once active, the mature cathepsin proteases optimally digests host haemoglobin (Hb) 

and albumin for gastrodermal peptide absorption within the small acidic pH range 

representative of the GI lumen, including FhCL1 at pH ≤4.5 (Lowther et al., 2009) and FhCL5 

at ≤5.5 (Norbury et al., 2011), though FhCL1 and FhCL2 have been shown to exhibit stable 

activity in wide-ranging pH conditions for prolonged periods (pH 4.0–8.5, 37°C, ≤24 hours) 

(Dowd et al., 2000). Since F. hepatica has a blind-ended gut, the contents are regurgitated at 

regular intervals of approximately 3 hours, expelling digesta alongside cysteine proteases into 

the external environment at the parasite-host interface (Brady et al., 1999; Collins et al., 

2004). Thus, host Hb and degraded tissue are presumably digested internally at the coinciding 

peak of cysteine protease activity and abundance (Brady et al., 1999; Collins et al., 2004), 

likely facilitated by the low pH dissociating the Hb tetramer and catalysed by coinciding 

erythrocyte-derived glutathione (Lowther et al., 2009). Following vomitus expulsion and 

consequential enzyme influx at physiologically-relevant pH, cysteine protease activities 
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become an external biochemical tool for the parasite, being subsequently utilised for host 

interstitial tissue digestion and immune evasion (Berasaín et al., 2000, 1997b; Brady et al., 

1999; Dalton et al., 2003; Lowther et al., 2009). 

 

Figure 3.2.2 Diagrammatic representation of Fasciola hepatica cathepsin activation and secretion in situ. 

Cathepsin proteins are comprised of (A) Z, zymogen preprocathepsin (including signal and inhibitor peptides), 

procathepsin (including inhibitor peptide) and M, mature cathepsin protease regions. (B–C) Protease activation 

occurs via a multi-tiered process, involving intracellular and extracellular transport leading to the cleavage of 

the signal peptide, procathepsin transport into the fluke gut lumen and pH-induced inhibitor peptide cleavage, 

and expulsion of mature cathepsin proteases with excretory/secretory (ES) products. Graphic adapted from 

Collins et al. (2004). 

Abbreviations: N, nucleus; ER, endoplasmic reticulum; G, golgi apparatus; GE, gut epithelium; GL, gut lumen; SV, 

secretory vesicles.  
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3.2.3 Diagnostic roles of Fasciola hepatica cathepsin L subunits 

The commercial MM3-based BIO K201 and K211 Bio-X ELISA laboratory-based kits have 

improved fasciolosis diagnostics via CL protease-based contributions (Mezo et al., 2007, 

2004). Since their release, these serum and coproantigen kits have been assessed for 

supporting the monitoring of parasite drug sensitivity and treatment success (Charlier et al., 

2008; Flanagan et al., 2011a). However, the application of these tests remains problematic 

with respect to determining low burden or asymptomatic infections, with serum titres being 

a potential source of confusion between seasons and post-treatment, and with further 

modifications required to improve test accuracy, including between different host species 

(Almazán et al., 2001; Charlier et al., 2008; Novobilský et al., 2012; Palmer et al., 2014). The 

MM3 antibodies (mouse splenic monoclonal IgG) were originally produced following the 

isolation of a 13–25 kDa antigen fraction of F. hepatica ES products (Mezo et al., 2004). This 

ES subproteome of Fasciola hepatica is mainly constituted by cathepsin L proteases (Jefferies 

et al., 2001; Morphew et al., 2007) and MM3 immunoreactivity has also confirmed 

predominant recognition of native CL1- and CL2-specific epitopes (Muiño et al., 2011), as well 

as the detection of recombinant refolded CL1 (Martínez-Sernández et al., 2011). There is 

however no evidence to suggest MM3 can bind to non-mature pre- or procathepsin regions, 

and antigen conformation has demonstrated it can significantly influence the recognition and 

lack thereof by MM3 and other antibodies raised against folded (native) or unfolded (linear) 

CL antigens (Muiño et al., 2011). 

The antigenic propensity of CL zymogens, specifically the signal and inhibitor 

sequences, are yet to be considered as diagnostic candidates for F. hepatica, especially due to 

the abundance and established immunoreactivity of CL protease epitopes with host serum 

and MM3. However, studies have noted signal sequences in general to be multifaceted both 

prior to and after cleavage from the parent protein, with prospective and growing applications 

in diagnostics, vaccines and molecular biology techniques (Kovjazin et al., 2011; Martoglio and 

Dobberstein, 1998; Owji et al., 2018). Certain constituent residues of signal peptides have 

been observed to facilitate and directly stimulate immunogenicity, including compositions 

with hydrophobic amino acids (Cys, Leu, Val) (Kolaskar and Tongaonkar, 1990; Martoglio and 

Dobberstein, 1998) and unconventional D-amino acids (van Regenmortel and Muller, 1998). 

Indeed, it has been found in some cases that signal sequences contain the highest frequency 



 

67 
 

of immunogenic epitopes of a given antigen (Kovjazin et al., 2011) and may have an 

unprecedented contribution to overall antigenicity (El Hage et al., 2008), including as a decoy 

epitope (Thaa et al., 2013). Furthermore, the innate properties and function can further assist 

in major histocompatibility complex I presentation through the guidance of signal peptide-

fused antigen for intracellular translocation (Hombach et al., 1995; Sojikul et al., 2003). The 

generation of peptide-length sequences for in vitro diagnostics and vaccines for fasciolosis 

have demonstrated the capacity of serum recognition (Cornelissen et al., 1999; Intapan et al., 

2005; Meshgi et al., 2018) and protection (Garza-Cuartero et al., 2018), respectively, though 

this is influenced by epitope predictions and in situ availability. The propeptide has also 

demonstrated immunodominance in CL zymogen-mediated protection (inhibitor–protease) 

(Harmsen et al., 2004), though the diagnostic utility of the CL signal- and inhibitor-specific 

peptides, either cleaved or from intact CL zymogens (signal–inhibitor–protease) are yet to be 

investigated. Thus, cathepsin zymogens and specifically signal and inhibitor peptides pose as 

potentially valuable diagnostic candidates. 

 

3.2.4 Chapter 3 aims 

Cathepsins have long been a major target of fasciolosis diagnostics and vaccine 

strategies owing to the overabundance of mature cathepsin proteases in Fasciola hepatica 

excretory/secretory (ES) products, their dominating contribution to ES proteolytic activity and 

the subproteomic changes following TCBZ exposure (Carnevale et al., 2001; Dalton et al., 

2013; Mezo et al., 2004; Molina-Hernández et al., 2015; Morphew et al., 2014; Toet et al., 

2014). The substantial biochemical stability of F. hepatica cathepsin L (CL) cysteine proteases 

compared to mammalian orthologues has promoted their durability as molecular therapy and 

diagnostic candidates (Cordova et al., 2001; Dowd et al., 2000; Norbury et al., 2011). 

However, the relative abundances and antigenicity of CL zymogens are understudied in 

comparison to its activated forms (Carnevale et al., 2001; Reszka et al., 2005), likely due to 

the lower levels of prepro- and procathepsins which precluded further reductionist 

biochemical focus onto these immature zymogens (Collins et al., 2004). Consequently, there 

is a distinct knowledge gap concerning the immunogenicity and diagnostic capabilities of F. 

hepatica CL zymogens, prompting a detailed analysis of the subproteomic profiles of secreted 

cathepsin zymogens. Thus, the specific objectives of this chapter were to: 
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1) Determine and identify the proteomic profile and changing abundance of prepro- and 

procathepsin L zymogens in the ES products of in vitro-cultured live untreated and dead 

(by non-specific flukicide) adult flukes; 

2) Confirm, via gel-based proteomics and mass spectrometry, the precise accession and 

sequence identities of three recombinant procathepsin L zymogens for prospective in 

silico and in vitro antigenicity studies; 

3) Using the sequences of the three aforementioned recombinant pro-CL1 and native ES 

products-derived procathepsin L zymogens: 

a) Identify representative antigenic peptides based on conserved immunogenic 

sequences, confirmed using in vitro tandem mass spectrometry liquid 

chromatography and bioinformatics predictions, and; 

b) With the above findings, investigate the contribution of antigenic epitopes of 

procathepsin L zymogens using anti-rFh∆pCL1 polyclonal antibodies, and determine 

their abundance in F. hepatica ES products. 
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3.3 Materials and methods 

3.3.1 Native procathepsin L zymogens 

Adult F. hepatica were cultured as described in the General materials and methods 

(2.1), whereby size-matched flukes were selected for direct in vitro culture or termination in 

ethyl 4-aminobenzoate (1% (w/v) in ethanol) prior to in vitro culture. Whole 

excretory/secretory products were prepared using TCA precipitation and analysed using SDS 

PAGE and liquid chromatography tandem mass spectrometry (LC-MS/MS) as previously 

described (2.3–2.4; 2.4.3), with searches conducted against the GenBank database (v204). 

 

3.3.2 Recombinant procathepsin L zymogens 

Two procathepsin L1 proteins were recombinantly expressed (Pichia pastoris GSII5 

yeast cells), purified and provided as gifts by Professor Dalton (Queen’s University, Belfast), 

including a wild type (rFhpCL1WT) and a C-terminal pro-segment Leu-Pro mutant (rFh∆pCL1: 

Leu12Pro at pro-peptide C-terminus, at position 95 within the complete protein sequence in 

situ) (Stack et al., 2008) designed to prevent autocatalytic pro-peptide cleavage (Roche et al., 

1999). A second procathepsin L recombinantly expressed (Escherichia coli M15 [pREP4] 

bacterial cells) under denaturing conditions, purified and refolded (rFhpCL1), was kindly 

provided by Doctor Martínez-Sernández (Universidad de Santiago de Compostela, Spain) 

(Muiño et al., 2011). 

 

 rFhpCL1WT activation 

rFhpCL1WT was activated as described by Collins et al. (2004) and Stack et al. (2008), 

using activation buffer (0.1 M sodium citrate, pH 5.0; 2 mM DTT; 2.5 mM EDTA) and incubating 

at 37°C for 0, 30, 60, 90 and 120 minutes. Reactions were stopped at each time point using 

ice prior to preparation for SDS PAGE. 

 

3.3.3 Procathepsin L-based peptide design 

LC-MS/MS-identified protein sequences from whole ES and recombinant procathepsin 

L hits were aligned using Clustal O (Madeira et al., 2019: www.ebi.ac.uk/tools/msa/clustalo) 

and analysed by Molecular Evolutionary Genetics Analysis version 7 (MEGA v7, Kumar et al., 

2016) using 1000-replicate bootstrapped, neighbour-joining phylogenetic trees, with level 1 

http://www.ebi.ac.uk/tools/msa/clustalo
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gamma distribution and Poisson corrections. Sequence alignments for the comparison of 

residue conservation between multiple sequences were produced using the ExPASy BoxShade 

tool (v3.21; K. Hofmann and M. Baron, Swiss Institute of Bioinformatics: embnet.vital-

it.ch/software/BOX_form.html). Further assessments of residue conservation were 

conducted using the Scorecons Server under default settings (Thornton Group, European 

Bioinformatics Institute: www.ebi.ac.uk/thornton-srv/databases/cgi-

bin/valdar/scorecons_server.pl) to identify and evaluate residue diversity of a given sequence 

alignment. Peptide properties, including secondary structures, were assessed using ExPASy 

(Gasteiger et al., 2003: www.expasy.org) and JPred4 (Drozdetskiy et al., 2015: 

www.compbio.dundee.ac.uk/jpred) prediction tools. Antibody and B cell epitopes of 

individual sequences were predicted using the Kolaskar and Tongaonkar method (Kolaskar 

and Tongaonkar, 1990) with tools by the Immunomedicine Group (Universidad Complutense 

Madrid: imed.med.ucm.es/Tools/antigenic.pl). 3-D structural overlay assessments for the 

comparison of predicted native antigen epitope and peptide exposure were conducted using 

the Vector Alignment Search Tool (VAST; Charette et al., 2006; Gibrat et al., 1996: 

www.ncbi.nlm.nih.gov/Structure/VAST/vastsearch.html) and “see in 3D” version 4.3.1 (Cn3D 

v4.3.1; Wang et al., 2000). Paired sequence alignments were converted to pdb files for this 

purpose using the iPBA webserver (Gelly et al., 2011; Dynamics of Structures and Interactions 

of Biological Macromolecules Group, Université Paris: www.dsimb.inserm.fr/dsimb_tools). 

 

3.3.4 Anti-procathepsin L1 polyclonal antibodies 

Polyclonal antibodies (PAb) were raised to rFh∆pCL1 in two laboratory rabbits 

(Lampire Biological Laboratories, USA) and used in western hybridisation as previously 

described (2.4.2). 

 

  

https://embnet.vital-it.ch/software/BOX_form.html
https://embnet.vital-it.ch/software/BOX_form.html
https://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/valdar/scorecons_server.pl
https://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/valdar/scorecons_server.pl
http://www.expasy.org/
http://www.compbio.dundee.ac.uk/jpred/
http://imed.med.ucm.es/Tools/antigenic.pl
https://www.ncbi.nlm.nih.gov/Structure/VAST/vastsearch.html
http://www.dsimb.inserm.fr/dsimb_tools
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3.4 Results 

3.4.1 Comparison of live and dead in vitro-cultured Fasciola hepatica ES CL 

zymogens 

Whole ES products were isolated from in vitro cultured live and dead (ethyl 4-

aminobenzoate-terminated) adult flukes in order to identify and compare the CL zymogen 

subproteome of live- and dead-cultured Fasciola hepatica. Three biological replicates 

(General materials and methods: 2.1) were pooled for analysis by duplicate 2-D SDS PAGE 

(Figure 3.4.1; for replicate sample gel images see Supplementary materials: Figure S1). 

Representative proteomes indicated differing abundances of several protein spots, in-

keeping with previous findings (Morphew et al., 2007), including the change in abundance of 

proteins corresponding to previously-identified fatty acid binding protein and enolase 

isoforms. 2-DE demonstrated different abundances of these proteins between the live and 

dead groups, which could be associated with pro-active regulation by live flukes (Figure 

3.4.1A) verses passive, unregulated release by dead flukes (Figure 3.4.1B). 

Further to previous protein identifications in adult ES products (Morphew et al., 2007; 

Morphew et al., 2011), proteins comprising the 2-DE gel region pertaining to CL zymogens, 

i.e. within the 30–38 kDa and 5.2–7.8 pI (Figure 3.4.1, boxed), were investigated by direct 

excision and LC-MS/MS analysis via ESI-QUAD-TOF and ESI-TRAP, and searched against the 

GenBank database (v204; Table 3.4.1). Four and eight protein hits were consistent between 

duplicate gel sections for live and dead adult fluke ES products using each method, 

respectively, whereby three and four CL hits were respectively identified (Table 3.4.1). 

Interestingly, both samples also contained proteins identified as Nicotiana tabacum actin 

(Q05214.1, www.ncbi.nlm.nih.gov/protein/Q05214.1; 90.16% amino acid sequence ID with 

cytoplasmic F. hepatica actin (THD22051.1: www.ncbi.nlm.nih.gov/protein/THD22051.1)) or 

Opisthorchis viverrini actin-like proteins (XP_009173845.1: 

www.ncbi.nlm.nih.gov/protein/XP_009173845.1; XP_009173846.1: 

www.ncbi.nlm.nih.gov/protein/XP_009173846.1; XP_009178086.1: 

www.ncbi.nlm.nih.gov/protein/XP_009178086.1; 99.73%, 99.73% and 100% amino acid 

sequence ID with cytoplasmic F. hepatica actin (THD22051.1), respectively). Furthermore, 

only the dead sample contained F. hepatica enolase (CAK47550.1: 

www.ncbi.nlm.nih.gov/protein/CAK47550.1), which is contrary to previous discoveries of this 

https://www.ncbi.nlm.nih.gov/protein/Q05214.1
http://www.ncbi.nlm.nih.gov/protein/THD22051.1
https://www.ncbi.nlm.nih.gov/protein/XP_009173845.1
https://www.ncbi.nlm.nih.gov/protein/XP_009173846.1
https://www.ncbi.nlm.nih.gov/protein/XP_009178086.1
https://www.ncbi.nlm.nih.gov/protein/CAK47550.1
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glycolytic enzyme in non-terminated live (Morphew et al., 2007) or TCBZ-SO-treated 

(Chemale et al., 2010; Morphew et al., 2014) adult flukes. Overall the dead sample had a more 

diverse protein population within the analysed region, as well as indicating the majority of 

proteins present as CL zymogens (Table 3.4.1: emPAI scores). In addition and as based on the 

present sequence coverage information (Table 3.4.1: average percentage coverage; collective 

residue coverage), CL zymogen residues specific to the pro-peptide were detected in both live 

and dead samples (Table 3.4.1: residues 16–105 of 326; 1–59 of 280; 1–18 of 239). 

Furthermore and according to previous classification of cathepsin clades (Morphew et al., 

2011), zymogens identified in the dead sample were members of the CL1 (CL1A, AAP49831.1: 

www.ncbi.nlm.nih.gov/protein/AAP49831.1), CL2 (ABQ95351.1: 

www.ncbi.nlm.nih.gov/protein/ABQ95351.1) and CL5 (AAF76330.1: 

www.ncbi.nlm.nih.gov/protein/AAF76330.1) clades and not just CL1 (CL1A, AAB41670.2: 

www.ncbi.nlm.nih.gov/protein/AAB41670.2; CL1D, ACJ12893.1: 

www.ncbi.nlm.nih.gov/protein/ACJ12893.1) as in the live sample. These findings of small 

clade diversity in the live sample is in-keeping with the CL1 clade as the previously most 

abundant, based on mature cathepsin proteases detected from in vitro-cultured adult F. 

hepatica ES products (Morphew et al., 2011), but also provide evidence for changes to this 

phenotype upon fluke death (Morphew et al., 2007). 

 

  

https://www.ncbi.nlm.nih.gov/protein/AAP49831.1
https://www.ncbi.nlm.nih.gov/protein/ABQ95351.1
https://www.ncbi.nlm.nih.gov/protein/AAF76330.1
https://www.ncbi.nlm.nih.gov/protein/AAB41670.2
http://www.ncbi.nlm.nih.gov/protein/ACJ12893.1
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Figure 3.4.1. Representative 2-D SDS PAGE of excretory/secretory (ES) products from in vitro cultured live and 

dead adult Fasciola hepatica, and pre-selection of CL zymogens for identification within live and dead 

subproteomes. 25 μg ES products of live untreated (A) and dead (ethyl 4-aminobenzoate-treated) (B) liver flukes 

were separated by 2-DE (7 cm IEF 3–10; 12.5% SDS PAGE). The boxed area covering the region of 30–38 kDa and 

5.2–7.8 pI and representing the area expected to consist of CL zymogens (including prepro- and procathepsins), 

were investigated via excision and LC-MS/MS (Table 3.4.1). 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr). 
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Table 3.4.1. LC-MS/MS identification of 2-DE-separated Fasciola hepatica CL zymogen subproteomes. The presence and identity CL zymogens in 2-DE-separated (Figure 

3.4.1) whole ES from untreated live and ethyl 4-aminobenzoate-terminated dead adult flukes was investigated by LC-MS/MS. CL protein hits are shown following 

identification against the GenBank database (v204) using an in-house MASCOT (Matrix Science) server, with consistent hits between duplicate trypsin-digested 2-DE gel 

sections analysed by ESI-QUAD-TOF or ESI-TRAP, and calculated average values for MASCOT scores, alongside unique (non-duplicate) peptide matches, percentage 

coverage of peptides over the hit sequence, detected residues, and relative abundance calculated according to Exponentially Modified Protein Abundance Index (emPAI) 

values. Reported are significant hits identified with a score of 67 or greater (P < 0.05), including protein family groupings in bold. Superscripts refer to consistent proteins 

identified as top hits from samples analysed by ESI-QUAD-TOF (a) or ESI-TRAP (b). 

ID MS/MS ion search Highest scoring GenBank hit 

GenBank hit MASCOT 

score (Av) 

Peptides 

matched 

(non-

duplicate) 

Sequence coverage Exponentially 

modified protein 

abundance index 

(emPAI) 

Protein (length, aa) Organism Accession E-value 

Average 

percentage 

coverage 

(%) 

Collective residue coverage (aa) 

Live 

gi|116488416a 

 

gi|157862759b 

 

gi|461465 

 

gi|211909240b 

116.5±58.5 

 

101.0±54.0 

 

99.5±7.5 

 

67.5±20.5 

4.0±0.0 

 

2.0±0.0 

 

7.0±0.0 

 

3.0±0.0 

19.5±1.5 

 

11.5±0.5 

 

30.0±4.0 

 

14.5±1.5 

57–81, 91–106, 116–124, 186–205, 

231–253, 289–298, 308–324 

12–35, 70–78, 140–152, 185–207 

 

- 

 

58–81, 116–124, 186–198, 231–

253, 289–298, 308–324 

0.365±0.155 

 

0.280±0.070 

 

0.245±0.165 

 

0.200±0.010 

Secreted cathepsin L 1 

(1–326) 

Cathepsin L, partial 

(1–280) 

Actin 

 

Cathepsin L1D (1–326) 

F. hepatica 

 

F. gigantica 

 

Nicotiana 

tabacum 

F. hepatica 

AAB41670.2 

 

ABV90502.1 

 

Q05214.1 

 

ACJ12893.1 

0.0 

 

0.0 

 

0.0 

 

0.0 

Dead 

gi|31558997 

gi|41152540 

 

gi|148575301 

 

gi|190350155 

 

459.5±261.5 

384.5±286.5 

 

237.0±152.0 

 

153.5±62.5 

 

10.5±0.5 

8.0±1.0 

 

10.5±0.5 

 

10.5±0.5 

 

52.5±6.5 

52.5±6.5 

 

51.0±2.0 

 

33.0±7.0 

 

42–81, 84–147, 186–205, 215–298 

4–60, 99–118, 128–166, 202–211, 

221–237  

50–81, 84–97, 106–115, 151–209, 

215–302, 308–324 

- 

 

2.360±1.830 

3.930±3.510 

 

1.020±0.840 

 

0.335±0.025 

 

Cathepsin L (1–326) 

Cathepsin L protein 

(1–239) 

Secreted cathepsin L2 

(1–326) 

Enolase 

F. hepatica 

F. hepatica 

 

F. hepatica 

 

F. hepatica 

AAP49831.1 

AAR99519.1 

 

ABQ95351.1 

 

CAK47550.1 

 

0.0 

9E-180 

 

0.0 

 

0.0 

 

https://www.ncbi.nlm.nih.gov/protein/AAB41670.2?report=genbank&log$=prottop&blast_rank=1&RID=RRMGR6XF015
https://www.ncbi.nlm.nih.gov/protein/ABV90502.1
https://www.ncbi.nlm.nih.gov/protein/Q05214.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12893.1
https://www.ncbi.nlm.nih.gov/protein/AAP49831.1
https://www.ncbi.nlm.nih.gov/protein/AAR99519.1
https://www.ncbi.nlm.nih.gov/protein/ABQ95351.1
https://www.ncbi.nlm.nih.gov/protein/CAK47550.1
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gi|684403575 

 

gi|684403578 

 

gi|684415044 

 

gi|8547325 

135.5±37.5 

 

135.5±37.5 

 

135.5±37.5 

 

126.0±70 

14.0±1.0 

 

14.0±1.0 

 

7.5±0.5 

 

10.5±0.5 

51.5±7.5 

 

46.0±7.0 

 

54.0±11.0 

 

33.5±0.5 

- 

 

- 

 

- 

 

42–81, 84–102, 116–124, 151–165, 

186–198, 206–214, 254–266, 289–

302 

0.440±0.020 

 

0.440±0.020 

 

0.440±0.020 

 

0.475±0.295 

Hypothetical protein 

T265_09499 

Hypothetical protein 

T265_09500 

Hypothetical protein 

T265_09500 

Cathepsin L (1–326) 

Opisthorchis 

viverrini 

 

O. viverrini 

 

O. viverrini 

F. hepatica 

XP_009173845.1 

 

XP_009173846.1 

 

XP_009178086.1 

 

AAF76330.1 

0.0 

 

0.0 

 

3E-128 

 

0.0 

https://www.ncbi.nlm.nih.gov/protein/XP_009173845.1
https://www.ncbi.nlm.nih.gov/protein/XP_009173846.1
https://www.ncbi.nlm.nih.gov/protein/XP_009178086.1
https://www.ncbi.nlm.nih.gov/protein/AAF76330.1
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3.4.2 In vitro investigations of recombinant procathepsin L1 proteins 

Three recombinant procathepsin L (signal–inhibitor–mature) zymogens were 

characterised in vitro. Following confirmation of protein identity and sequence, sequence 

conservation and antigenicity was compared with native-derived equivalents using in silico 

bioinformatic phylogenetic tools and predictions, followed by in vitro immunological 

methods. 
 

 Recombinant mutant procathepsin L1 (rFh∆pCL1) 

A recombinant Eukaryote-expressed inactive mutant (Leu-Pro C-terminal prosegment 

substitution; L95P in situ) procathepsin L (rFh∆pCL1) (Stack et al., 2007) was kindly gifted by 

Professor Dalton (Queen’s College Belfast, UK). 1-D 12.5% SDS PAGE indicated rFh∆pCL1 

resolved at approximately 37 kDa (Figure 3.4.2.1A), which was the predicted size of the 

complete procathepsin L zymogen, including signal and inhibitor peptides (36.90 kDa). A 

second band of relatively lower abundance was also observed at approximately 70–80 kDa, 

which may be a homodimer since this is the expected molecular weight (73.80 kDa) (Figure 

3.4.2.1A). 

 

Figure 3.4.2.1. 1-DE and LC-MS/MS analysis of a recombinant mutant Fasciola hepatica procathepsin L1 

(rFh∆pCL1). (A) 2 μg rFh∆pCL1 was analysed by 12.5% SDS PAGE. The 37 kDa fragment (boxed) was prepared 

and submitted in duplicate for LC-MS-MS analysis, confirming two consistent hits for procathepsin L1 chain A 

(2O6X_A: www.ncbi.nlm.nih.gov/protein/2O6X_A) and cathepsin L-like proteinase (ADP09371.1: 

www.ncbi.nlm.nih.gov/protein/ADP09371.1). Sequences were analysed (B), confirming rFh∆pCL1 sequence 

coverage (highlighted) of the pro-peptide (16–105 aa) and protease (106–326 aa) regions. The pro-peptide C-

terminal mutant residue is shown (*: Leu12Pro (Stack et al., 2007); L95P in situ), however LC-MS/MS did not 

detect this amino acid substitution. 

https://www.ncbi.nlm.nih.gov/protein/2O6X_A
https://www.ncbi.nlm.nih.gov/protein/ADP09371.1
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The 37 kDa fragment of rFh∆pCL1 was prepared for duplicate analysis by LC-MS/MS 

to confirm protein identification (Figure 3.4.2.1A, boxed; Table 3.4.2). Data indicated two 

high-scoring and consistent Fasciola hepatica protein results for rFh∆pCL1, including the 

highest scoring hit: procathepsin L1 chain A (2O6X_A: 

www.ncbi.nlm.nih.gov/protein/2O6X_A; Stack et al., 2008); and cathepsin L-like proteinase 

(ADP09371.1: www.ncbi.nlm.nih.gov/protein/ADP09371.1) (Table 3.4.2). The protein 

sequence coverage by peptides of rFh∆pCL1 is shown (Figure 3.4.2.1B), indicating the 

abundant presence of peptides matching to the pro-peptide and protease regions of 2O6X_A 

(73.0% average sequence coverage) and ADP09371.1 (39.0% average sequence coverage). A 

sequence alignment between these two sequences was conducted (not shown), identifying 

10 residue differences within the protease region (2O6X_A vs ADP09371.1: Gly116Cys; 

Gln166Glu; Thr182Arg; Phe202Tyr; Arg237Ser; Ser238Gly; Arg250Gly; Val251Leu; Val288Ala; 

Pro304Leu) and confirming the absence of the signal peptide sequence (1–15 aa) from 

2O6X_A (Figure 3.4.2.1B). To obtain a single sequence match for rFh∆pCL1, the closest 

GenBank (v204) sequence pertaining to 2O6X_A and ADP09371.1 was investigated by 

submitting protein sequences to BLAST, which identified a secreted cathepsin L1 

(AAB41670.2) with 99.0% and 97.0% identity, respectively (data not shown). The cathepsin L 

clade identity of AAB41670.2 was investigated using the summary report by Morphew et al. 

(2011), indicating rFh∆pCL1 putatively belongs within the cathepsin L1A clade. 

 

 Recombinant wild type procathepsin L1 (rFhpCL1WT) 

The non-mutant wild type Eukaryote-expressed recombinant of the procathepsin L1 

(rFhpCL1WT) was kindly gifted by Professor Dalton (Queen’s University Belfast, UK). rFhpCL1WT 

was incubated in activation buffer (3.3.2.1) and time-course samples were analysed as 

described by (Stack et al., 2008). 1-D 12.5% SDS PAGE indicated increased procathepsin L 

autocatalysis and generation of the mature enzyme and other lower molecular weight 

derivatives (Figure 3.4.3A). The procathepsin L zymogen predicted for the complete protein 

sequence (36.90 kDa) and a second distinct zymogen of approximately 35 kDa was observed 

(Figure 3.4.2.2A), which may indicate signal peptide removal (predicted: 34.75 kDa). Both 

zymogen fragments were most abundant in the PBS (no activation buffer, no 37°C incubation) 

and 0-minute (resuspended in activation buffer, no 37°C incubation) samples, decreasing in 

concentration after 30 minutes incubation with increasing concentrations of zymogen 

https://www.ncbi.nlm.nih.gov/protein/2O6X_A
https://www.ncbi.nlm.nih.gov/protein/ADP09371.1
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intermediates (30-34 kDa), enzyme (24.25 kDa) and fragmentation derivatives (<24 kDa) 

(Figure 3.4.2.2A). 

 

 

Figure 3.4.2.2. In vitro activation, 1-DE and LC-MS/MS analysis of wild type recombinant procathepsin L1 

(rFhpCL1WT). 5 μg protein was loaded per lane following the induced autocatalysis of rFhpCL1WT and analysed by 

12.5% SDS PAGE (A). The protein’s exposure to activation buffer demonstrate increased protein processing into 

intermediate and fragment products (0 m, resuspended in activation buffer) compared to negative rFhpCL1WT 

(PBS only). Incubation at 37°C led to increasing concentrations proteins of lower molecular weight (30-120 m). 

The two largest fragments of approximately 35 and 37 kDa (boxed) were prepared and submitted in duplicate 

for LC-MS-MS analysis, confirming one consistent top hit for secreted cathepsin L1 (AAB41670.2: 

www.ncbi.nlm.nih.gov/protein/AAB41670.2). Sequences were analysed (A) and highlighted residues indicate 

positively matched peptides following LC-MS/MS analysis of rFhpCL1 proteins resolved at 37 kDa and 35 kDa, 

whereby yellow indicates both sample matches and green indicates only 35 kDa matches. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr); SP, signal peptide; PP, pro-

peptide. 

 

https://www.ncbi.nlm.nih.gov/protein/AAB41670.2
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The 37 and 35 kDa fragments of rFhpCL1WT were prepared for duplicate analysis by LC-

MS/MS (Figure 3.4.2.2A, boxed; Table 3.4.2). Data indicated the cathepsin L-like proteinase 

(AAB41670.2) was the highest scoring and consistent F. hepatica protein result for rFhpCL1WT 

(Table 3.4.2). The protein sequence coverage by peptides of rFhpCL1WT is shown (Figure 

3.4.2.2B), indicating the abundant presence of peptides matching to the pro-peptide and 

protease regions (39% average sequence coverage). Thus, rFhpCL1WT was putatively assigned 

to the cathepsin L1A clade as for rFh∆pCL1 due to the greatest sequence similarity to 

AAB41670.2 (Morphew et al., 2011). 

 

 Recombinant procathepsin L1 (rFhpCL1) 

The recombinant Prokaryote-expressed procathepsin L1 (rFhpCL1) was kindly gifted by 

Doctor Martínez-Sernández (Universidad de Santiago de Compostela, Spain). This 

recombinant protein was purified under denaturing conditions and refolded to regain its 

native conformation. However, the rFhpCL1 product appeared to fragment upon denaturing 

conditions for SDS PAGE and, contrary to induced maturation of rFhpCL1WT, may 

autonomously undergo autocatalytic processing and/or degradation. Specifically, 1-DE 

indicated the abundance of six fragments, including the mature enzyme and subunits of lower 

molecular weight, with those of the highest abundance resolving at approximately 25 kDa 

(assumed to be rFhCL1, 24.25 kDa) and 14≤18 kDa, respectively (Figure 3.4.2.3A). The intact 

zymogen (rFhpCL1), an intermediate and a further fragment were also present in lower 

abundance, resolving at approximately 36.61 kDa (fragment sample 1), 32 kDa (fragment 

sample 2) and 18 kDa (fragment 4), respectively (Figure 3.4.2.3A). 

All six resolved fragments of rFhpCL1 at approximately 37, 32, 28, 24, 18 and 14 kDa 

were prepared for duplicate analysis by LC-MS/MS (Figure 3.4.2.3A, boxed, samples 1–6; 

Table 3.4.2). Data indicated the cathepsin L protein CatL1-MM3p, partial (CCA61803.1: 

www.ncbi.nlm.nih.gov/protein/CCA61803.1) was the highest scoring and consistent F. 

hepatica protein result for rFhpCL1 (Table 3.4.2), followed by the cathepsin L-like proteinase 

(ADP09371.1) in samples 3 and 6, and the cathepsin L (BAB86959.1: 

www.ncbi.nlm.nih.gov/protein/BAB86959.1) in sample 6. The protein sequence coverage by 

peptides of each rFhpCL1 fraction is shown (Figure 3.4.2.3B), indicating the abundant 

presence of peptides matching to the pro-peptide (16–105 aa) and protease (106–326 aa) 

https://www.ncbi.nlm.nih.gov/protein/CCA61803.1
https://www.ncbi.nlm.nih.gov/protein/BAB86959.1
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regions of CCA61803.1 (44.8% average sequence coverage, all fragment samples) and 

ADP09371.1 (42.2% average sequence coverage, fragment samples 3 and 6), and the protease 

region of BAB86959.1 (28.0% average sequence coverage, fragment sample 6). Since 

CCA61803.1 and ADP09371.1 FhCL1 isoforms are absent from the report by Morphew et al. 

(2011), the closest GenBank (v204) CL sequence was identified (AAR99518.1: 

www.ncbi.nlm.nih.gov/protein/AAR99518.1) with 96% and 95% sequence identity, 

respectively (data not shown). Consequently rFhpCL1 was putatively assigned to the CL1A 

clade as identified in this study (Morphew et al., 2011). 

https://www.ncbi.nlm.nih.gov/protein/AAR99518.1
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Figure 3.4.2.3. 1-DE and LC-MS/MS analysis of a recombinant procathepsin L1 (rFhpCL1). (A) 20 μg rFhpCL1 in PBS was analysed by 12.5% SDS PAGE. Six protein fragments 

(numbered: 1–6) between 10-37 kDa were prepared and submitted for duplicate LC-MS-MS analysis (Table 3.4.2), confirming one consistent hit for cathepsin protein CatL1-

MM3p, partial (CCA61803.1: www.ncbi.nlm.nih.gov/protein/CCA61803.1) across all fragment sizes, cathepsin L-like proteinase (ADP09371.1: 

www.ncbi.nlm.nih.gov/protein/ADP09371.1) across fragments 3 and 6 only, and cathepsin L (BAB86959.1: www.ncbi.nlm.nih.gov/protein/BAB86959.1) in fragment 6 only. 

Sequences were analysed (Bi-iii) and highlighted residues indicate positively matched peptides following LC-MS/MS analysis, whereby sequences highlighted in yellow 

indicates matches by all samples. Further highlight colours indicate matching by one or more samples. CatL1-MM3p (Bi) had variable coverage depending on fragment 

samples, highlighted in green (fragments 1, 5 and 6), turquoise (fragments 2, 3, 4, 5 and 6), light grey (fragment 4), dark grey (fragment 3) and black (fragments 3 and 6). 

Cathepsin L-like proteinase (Bii) had some coverage variation, highlighted in turquoise (fragment 3) and green (fragment 6). 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr). 

https://www.ncbi.nlm.nih.gov/protein/CCA61803.1
https://www.ncbi.nlm.nih.gov/protein/ADP09371.1
https://www.ncbi.nlm.nih.gov/protein/BAB86959.1
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Table 3.4.2. LC-MS/MS identification of 1-DE-separated recombinant Fasciola hepatica procathepsin L proteins. The recombinant mutant (rFh∆pCL1) and wild type (rFhpCL1WT) 

procathepsin L (Belfast) and a second recombinant procathepsin L (Spain) were analysed by duplicate 12.5% SDS PAGE and bands of interest were selected for investigation 

using LC-MS/MS. Proteins were identified against the GenBank database (v204) using an in-house MASCOT (Matrix Science) server, including reliable error tolerance and 

reporting significant hits consistent between duplicates with an average score of 67 or greater (P < 0.05). Top hits are shown, and hits based on peptide samesets, subsets and 

intersections are shown in the Supplementary materials: Table S1. 

Recombinant 

procathepsin L 

sample 

Approximate 

molecular weight 

(sample number) 

MS/MS ion search Highest scoring GenBank hit 

GenBank hit MASCOT score 

(Av) 

Peptides 

matched (non-

duplicate) 

Sequence 

coverage (%) 

Protein Organism Accession E-value 

rFh∆pCL1 37 gi|163310848 

gi|310751866 

1677.0±1078.0 

441.5±281.5 

71.5±37.5 

30.5±17.5 

73.0±10.0 

39.0±8.0 

Chain A, Crystal Structure Of Procathepsin L1 

Cathepsin L-like proteinase 

F. hepatica 

F. hepatica 

2O6X_A 

ADP09371.1 

0.0 

0.0 

rFhpCL1WT 37 gi|116488416 132.5±56.5 17.0±4.0 38.5±1.5 Secreted cathepsin L 1 F. hepatica AAB41670.2 0.0 

35 gi|116488416 117.0±51.0 13.5±3.5 41.0±4.0 Secreted cathepsin L 1 F. hepatica AAB41670.2 0.0 

rFhpCL1 37 (1) gi|379991182 87.0±13.0 10.5±3.5 30.0±4.0 Cathepsin protein CatL1-MM3p, partial F. hepatica CCA61803.1 0.0 

32 (2) gi|379991182 101.0±29.0 14.0±4.0 36.5±7.5 Cathepsin protein CatL1-MM3p, partial F. hepatica CCA61803.1 0.0 

28 (3) gi|379991182 

gi|310751866 

479.0±21.0 

245.0±20.0 

40.5±0.5 

24.0±1.0 

62.5±0.5 

42.5±0.5 

Cathepsin protein CatL1-MM3p, partial 

Cathepsin L-like proteinase 

F. hepatica 

F. hepatica 

CCA61803.1 

ADP09371.1 

0.0 

0.0 

24 (4) gi|379991182 148.0±24.0 18.5±4.5 45.0±1.0 Cathepsin protein CatL1-MM3p, partial F. hepatica CCA61803.1 0.0 

18 (5) gi|379991182 270.5±32.5 20.5±1.5 44.0±0.0 Cathepsin protein CatL1-MM3p, partial F. hepatica CCA61803.1 0.0 

≤14 (6) gi|379991182 

gi|310751866 

gi|19909509 

462.0±16.0 

203.0±35.0 

123.5±18.5 

40.5±3.5 

27.0±0.0 

16.0±2.0 

51.0±0.0 

42.0±0.0 

28.0±0.0 

Cathepsin protein CatL1-MM3p, partial 

Cathepsin L-like proteinase 

Cathepsin L 

F. hepatica 

F. hepatica 

F. gigantica 

CCA61803.1 

ADP09371.1 

BAB86959.1 

0.0 

0.0 

0.0 

https://www.ncbi.nlm.nih.gov/protein/2O6X_A?report=genbank&log$=prottop&blast_rank=1&RID=RRMH9U0W014
https://www.ncbi.nlm.nih.gov/protein/ADP09371.1?report=genbank&log$=prottop&blast_rank=1&RID=RRRFXJ3Z014
https://www.ncbi.nlm.nih.gov/protein/AAB41670.2?report=genbank&log$=prottop&blast_rank=1&RID=RRMGR6XF015
https://www.ncbi.nlm.nih.gov/protein/AAB41670.2?report=genbank&log$=prottop&blast_rank=1&RID=RRMGR6XF015
https://www.ncbi.nlm.nih.gov/protein/CCA61803.1?report=genbank&log$=prottop&blast_rank=1&RID=RRMCCHAV014
https://www.ncbi.nlm.nih.gov/protein/CCA61803.1?report=genbank&log$=prottop&blast_rank=1&RID=RRMCCHAV014
https://www.ncbi.nlm.nih.gov/protein/CCA61803.1?report=genbank&log$=prottop&blast_rank=1&RID=RRMCCHAV014
https://www.ncbi.nlm.nih.gov/protein/ADP09371.1?report=genbank&log$=prottop&blast_rank=1&RID=RRRFXJ3Z014
https://www.ncbi.nlm.nih.gov/protein/CCA61803.1?report=genbank&log$=prottop&blast_rank=1&RID=RRMCCHAV014
https://www.ncbi.nlm.nih.gov/protein/CCA61803.1?report=genbank&log$=prottop&blast_rank=1&RID=RRMCCHAV014
https://www.ncbi.nlm.nih.gov/protein/CCA61803.1?report=genbank&log$=prottop&blast_rank=1&RID=RRMCCHAV014
https://www.ncbi.nlm.nih.gov/protein/ADP09371.1?report=genbank&log$=prottop&blast_rank=1&RID=RRRFXJ3Z014
https://www.ncbi.nlm.nih.gov/protein/BAB86959.1
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3.4.3 In silico and in vitro determination of CL zymogen antigenicity 

 Fasciola hepatica CL zymogen B cell epitope predictions and in vivo findings 

Short-length peptides were designed for prospective synthesis and diagnostic testing 

using in silico antigenic predictions for CL zymogens, including proteins previously identified 

in native and recombinant fractions (3.4.1–3.4.2). Sequences were selected if complete, i.e. 

including signal peptide–inhibitor peptide–mature protease sequences (1–326), with the 

exception of the model partial procathepsin L1 sequence, 2O6X_A which is missing the signal 

peptide (1–16 N-terminal residues). 

CL zymogen epitopes were assessed, finding similar antigen epitope predictions 

between the nine sequences tested. On average there were 12.56 antigenic peptide 

determinants per sequence, with the fewest (n = 11) present in 2O6X_A (CL1A, NB: signal 

sequence absent) and ABQ95351.1 (CL2), and the most (n = 14) present in ACJ12893.1 (CL1D) 

and AAF76330.1 (CL5) (for all prediction plots and antigenic determinant sequences see 

Supplementary materials: Figure S2). An exemplar of these data are shown for the cathepsin 

L proteinase (ADP09371.1, CL1A) (Figure 3.4.3.1), whereby 13 peptides (7–28-mer) presented 

scores exceeding the overall protein antigenic propensity, and the highest-scoring antigenic 

determinants in particular were present within all regions including the N-terminal (4–15), 

mid-sequence (152–163) and C-terminal (208–235; 283–289; 311–321) (Figure 3.4.3.1). Thus, 

antigenic predictions suggested all three CL protein domains contain peptide sequences with 

potential antigenic propensity, including candidate sequences with highly conserved 

sequences (Supplementary materials: Figure S2). 

In order to select a short-list of peptides for further study, in silico immunogenicity 

predictions, and experimental data from in vivo serum testing were used (Table 3.4.3.1). 

Peptide candidates from analogous in silico epitope predictions are shown as based on 

heterologous cathepsin L sequences, including a purified native CL1 protease sequence, 

collated by Cornelissen et al. (1999) alongside current antigenic sequence determinants for 

ADP09371.1 (Table 3.4.3.1). 19 peptide candidates in total are presented in accordance with 

their sequence position, whereby eight additional peptides were identified by Cornelissen et 

al. (1999) (Table 3.4.3.1). Included are heterogeneous sequences from different sequence 

sources, such as peptides 2, 3, 4, 7 and 8, as well as lengthened homo- and hetero-geneous 

versions of antigenic sequences predicted for ADP09371.1 and other aforementioned 
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cathepsins, including peptides 1 (partially overlapped by peptide 2), 9 and 10 (fully and 

partially overlapped by peptide 8, respectively) (Table 3.4.3.1). 

 

Figure 3.4.3.1. Antigenic peptide predictions for Fasciola hepatica cathepsin L proteinase (ADP09371.1). 13 

antigenic determinants were predicted in the selected CL amino acid sequence, ranging between residues 1–

321 of between 7- and 28-mer in residue length. Antigenicity plots for other F. hepatica cathepsin L sequences 

identified in native and recombinant samples are available in the Supplementary materials: Figure S2 (Appendix). 

 

Of the sequences tested by Cornelissen et al. (1999, 2001) demonstrating 

immunogenicity in vivo, two of interest were peptides 7 and 8 (Table 3.4.3.1), which due to 

13 overlapping residues mid-sequence had only 7-mer unique sequences up- and down-

stream, respectively. Furthermore, in silico predictions also indicated residues within this 

region (Cys103–Cys129) with antigenic propensity, providing the basis for the primary peptide 

candidate of the procathepsin L protease region in the first instance. Thus, without in vivo 

immunogenicity evidence to support the predicted antigenic propensity of signal- and 

inhibitor-derived peptides, candidates were selected based on predictions alongside 

sequence conservation (Table 3.4.3.1; for a detailed comparative sequence alignment with 

antigenic peptide predictions see Supplementary materials: Figure S2). Owing to the inherent 

signal peptide length, the peptide Met1–Gly15≤Leu20 was chosen, since all full-length 

sequences tested here demonstrated high conservation of this region (>70%, Figure S2). 
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Conversely, and due to the length of the inhibitor peptide and limitations of the current study 

for one target peptide per region, 15-mer sequences within the Trp21–Asn40 region and 

predicting several antigenic residues (peptides 2–4, Table 3.4.3.1) were further studied. 

Therefore, with respect to the above considerations and to also accommodate prospective 

syntheses, peptide frames were shifted and final peptide sequences were established: Lys6–

Lys20 (N’-LAVLTVGVLGSNDDL-C’); Arg26–Arg40 (N’-RMYNKEYNGADDQHR-C’), and Arg115–Cys129 

(N’-RESGYVTEVKDQGNC-C’). 
 

 

Table 3.4.3.1. Antigenic peptide determinants of procathepsin L sequences based on in silico prediction 

tools and in vivo testing. Peptides with predicted antigenicity by B cell epitope recognition are shown for a 

representative cathepsin L proteinase sequence (ADP09371.1)1,2,3 and based on previous predictions and in 

vivo findings for a cathepsin L1A sequence4,5 (Cornelissen et al., 2001, 1999). Bolded sequences indicate 

significant immunoreactivity of peptides by infected calf sera (Cornelissen et al., 1999) and early field 

diagnosis (Cornelissen et al., 2001). 

Peptide CL protein aa region1,2,4 (mer) Predicted antigenic sequence3; tested in vivo4,5 

1 4–15 (12)A,2 FILAVLTVGVLG3 

2 
13–32 (20)A-B,2 

15–33 (20)A-B,4 

LGSNDDLWHQWKRMYNKEYN· 

CGSNDDLWHQWKRMYNKEYN4 

3 
14–33 (20)A-B,2 

18–34 (20)B,4 

GSNDDLWHQWKRMYNKEYNG· 

CSNDVSHWEWKRMYNKEYNG4 

4 
24-42 (19)B,2 

25-42 (19)B,4 

WKRMYNKEYNGADDQHRRN· 

CKRMYNKGYNGADDQHRRN4 

5 58–69 (12)B,2 HDLGLVTYTLGL3 

6 91–101 (11)B,2 ASDILSHGVPY3 

7 

103–122 (20)B-C,2 

103–122 (20)B-C,4 

104–122 (20)B-C,4 

ANNRAVPDKIDWRESGYVTE· 

CNNRAVPDKIDWRESGYVTE4 

CNNRDVPASIDWREYGYVTE4 

8 110–129 (20)C,2,4 
DKIDWRESGYVTEVKDQGNC4,5 

ASIDWREYGYVTEVKDQGNC4 

9 116–122 (7)C,2 ESGYVTE3 

10 128–134 (7)C,2 NCGSCWA3 

11 152–163 (12)C,2 SISFSEQQLVDC3 

12 180–186 (7)C,2 AYEYLKQ3 

13 193–202 (10)C,2 SSYPYRAVEG3 

14 208–235 (28)C,2 KQLGVAKVTGYYTVHSGSEVELKNLVGA3 

15 237–245 (8)C,2 GPAAVAVDV3 

16 253–276 (24)C,2 SGGIYQSQTCSPLGLNHAVLAVGY3 

17 283–289 (7)C,2 DYWIVKN3 

18 296–311 (16)C,2,4 GERGYIRMARNRGNMC4 

19 311–321 (10)C,2 CGIASLASLLM3 

1 Signal peptide: 1–15 (A); Inhibitor peptide: 16–107 (B); Protease: 108–TER (C). 

2 Based on ADP09371.1 as protein with least phylogenetic distance from CL clades measured (Figure 3.4.3.2). 

3 Immunomedicine Group antigenicity tool (Kolaskar and Tongaonkar, 1990; Universidad Complutense de Madrid: 

imed.med.ucm.es/Tools/antigenic). 

4 As reported for heterologous sequences of CL(1) (Cornelissen et al., 1999); 

5 Cornelissen et al., (2001). 

http://imed.med.ucm.es/Tools/antigenic.pl
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 In silico sequence conservation and mapping of CL zymogen antigenic epitopes 

Amino acid conservation between 15-mer peptides in nine procathepsin Ls proteins 

were analysed by in silico sequence phylogeny (Figure 3.4.3.2.1). Findings indicated high 

sequence conservation of designed peptides (Figure 3.4.3.2.1A; 66.67–100% ID, Figure 

3.4.3.2.1B; 0.42044 units of evolutionary distance, Figure 3.4.3.2.1C), which was reflected by 

whole sequence percentage identities (75<97% ID, data not shown) and the known clustering 

of CL clades (Morphew et al., 2011). Residue conservation scores for each peptide were also 

calculated using the Scorecons Server (Thornton Group, European Bioinformatics Institute: 

www.ebi.ac.uk/thornton-srv/databases/cgi-bin/valdar/scorecons_server.pl), that identified 

residues within the prospective positions had low diversity scores of 39.90% (6–20, excluding 

2O6X_A), 35.10% (26–40) and 43.30% (115–129), a positive indicator of high residue 

conservation (Scorecons data summarised in supplementary materials: Table S2). Biochemical 

properties of designed peptides were predicted using Jpred4 (Jnet: Drozdetskiy et al., 2015) 

based on constituent residues (Table 3.4.3.2). Molecular, structural and functional 

characteristics identified in the signal peptide agree with the known signal peptide insolubility 

(Collins et al., 2004), based on solvent inaccessibility, and further suggest in situ exposure and 

solubility of the majority of pro- and mature peptide residues, supporting their suitability for 

prospective synthesis and testing. 

3-D structural predictions were compared using Cn3D overlays of procathepsin L1A 

structures to identify in situ positioning and potential exposure of candidate peptide epitopes 

(Figure 3.4.3.2.2). Structures of 2O6X_A, AAB41670.2, ADP09371.1, and CCA61803.1 were 

analysed by pairwise overlay 3-D structural alignments (Figure 3.4.3.2.2A–F), illustrating the 

high fidelity of tertiary structures, with the exception of the 2O6X_A His81–Pro93 loop, which 

consistently adopted an isomeric fold (Figure 3.4.3.2.2A–B,D*) despite 100% CL1A sequence 

identity at this and up-/down-stream flanking sequences (Figure 3.4.3.2.1). The only other 

discrepancy was shown at the N-terminal (Met1–Ser16) between AAB41670.2, ADP09371.1 

and CCA61803.1 (Figure 3.4.3.2.2C,E–F,H–I**), whereby the orientation of a loosely-coiled 

helix was angled at varying degrees towards the main protein structure. A relatively extreme 

change was found in all pairs containing AAB41670.2, caused by an additional intra-helical 

loop at the C-terminus and the consequential perpendicular positioning of N-terminal 

residues in closer proximity to the 24-mer Asp37–Asp60 α-helix (Figure 3.4.3.2.2A,C,E), which 

is likely influenced by the Ile5Val residue substitution in this sequence (Figure 3.4.3.2.1A).  

https://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/valdar/scorecons_server.pl
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Figure 3.4.3.2.1. Investigation of immunogenic peptide conservation and phylogenetic analysis of procathepsin Ls identified from native and recombinant proteins. 

Procathepsin L sequences identified from native Fasciola hepatica ES products (3.4.1) and recombinant procathepsin L1 proteins (3.4.2) were aligned (A) to assess the 

conservation of sequences at putative immunogenic peptides at three protein regions (6–20; 26–40; 115–129). (B) No peptide was fully conserved between all sequences, 

with average conservation of 91.29–91.67%, though the signal peptide had the highest average percentage conservation and all CL1A sequences were the most conserved, 

with between 86.67-100.00% identity between all peptide designs. Putative candidate immunogenic peptide sequences for signal (Lys6–Lys20), inhibitor (Arg26–Arg40), and 

protease (Arg115–Cys129) peptide designs had a minimum of 66.67%, 80.00% and 66.67% conservation, respectively, though all CL1A sequences shared 100.00% identity 

between signal and protease peptide designs, and >90% sequence identity in the inhibitor peptide design. (C) A neighbour-joining phylogenetic tree was produced, which 

demonstrated a high degree of sequence clustering due to sequence similarities (total tree distance = 0.42044), notably for proteins belonging to the CL1 clade and with 

closest distances between CL1A sequences. 

Table 3.4.3.2. Predicted biochemical and biophysical properties of procathepsin L-derived peptides. Candidate peptide sequences were analysed using the Jpred4 (Jnet) 

server (Drozdetskiy et al., 2015), with sequence-based structural predictions by Jnetpred and Jnet hidden Markov models* and differential predictions for solvent 

accessibility during prospective residue interactions. Secondary structure predictions denoted are for residues forming an alpha helix (α), beta sheet (β) or undetermined 

structure (–); solvent accessibility (+) or inaccessibility (–); and confidence scores of X out of 10. 

Properties Signal peptide Inhibitor peptide Protease 

Mass (Av. g·mol-1) 1485.679 1896.995 1684.782 

Amino acid sequence L A V L T V G V L G S N D D L R M Y N K E Y N G D D D Q H R R E S G Y V T E V K D Q G N C 

Secondary structure* α α α β β β β β__ _ _ _ _ _ _ α α α _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ β β β β β _ _ _ _ _ 

Solvent accessibility + + _ _ _ _ _ _ _ _ + + + + + + + _ + + + _ + + + + + + + + + + + + _ _ _ + _ + + + + + + 

Confidence score (X/10) 8 7 5 3 2 6 8 7 5 4 8 9 9 9 9 5 4 0 4 6 7 7 7 7 7 7 7 8 8 9 7 7 7 7 3 5 8 8 8 5 3 7 8 9 9 
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Figure 3.4.3.2.2. 3-D structural exploration and comparison of the exposure and accessibility of procathepsin L-derived peptide candidates in situ. Pairs of procathepsin 

L1A sequences were prepared for 3-D structural overlays using Cn3D v.4.3.1, comparing predicted structures of 2O6X_A, AAB41670.2, ADP09371.1, and CCA61803.1: (A) 

2O6X_A vs AAB41670.2; (B) 2O6X_A vs CCA61803.1; (C) AAB41670.2 vs CCA61803.1; (D) 2O6X_A vs ADP09371.1; (E) AAB41670.2 vs ADP09371.1; (F) ADP09371.1 vs 

CCA61803.1. Positioning of peptide candidates were confirmed at peripheral epitopes, represented by 3-D overlays with 2O6X_A vs AAB41670.2 (G), AAB41670.2 vs 

ADP09371.1 (H), and ADP09371.1 vs CCA61803.1 (I). Asterisks indicate non-overlapping 3-D structures found in 2O6X_A (*) and AAB41670.2, ADP09371.1, and CCA61803.1 

(**).
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 Testing the specificity of polyclonal anti-rFh∆pCL1 

Antigenic epitope conservation of recombinant and native CL zymogens was tested 

using anti-rFh∆pCL1 polyclonal antibodies (anti-rFh∆pCL1 IgG), which were raised in two 

laboratory rabbits (Lampire Biological Laboratories, USA). Optimum anti-rFh∆pCL1 titres for 

immunological (western hybridisation) assays were determined by probing the pre- and post-

immunisation sera of each rabbit (1:500‒1:30,000-diluted) against 1 μg rFh∆pCL1 antigen 

separated by 12.5% SDS PAGE and transferred onto NCM (Figure 3.4.3.3A–B). 

 

Figure 3.4.3.3. Anti-rFh∆pCL1 optimisation using western hybridisation against recombinant mutant Fasciola 

hepatica procathepsin L1 (rFh∆pCL1). 1 μg rFh∆pCL1 was probed with (*) pre- and (**) post-immunisation 

serum from two rabbits (A-B) at dilutions between 1:500 and 1:8,000 (A–Bi) and 1:8,000 and 1:30,000 (A–Bii). 

Antibody-antigen binding was detected using alkaline phosphatase-conjugated anti-rabbit IgG raised in goat. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr). 

 

Western hybridisation indicated anti-rFh∆pCL1 antibodies were present post-

immunisation, not pre-immunisation, and were highly reactive to the intact 37 kDa antigen 
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as well as other bands separating at approximately 75 kDa, 35 kDa, 15 kDa and ≤14 kDa (Figure 

3.4.3.3, annotated with appropriate sizes of zymogen, dimers and putative fragments). 

Intriguingly, these additional bands are not visible in Coomassie-stained acrylamide gel 

separation of rFh∆pCL1 (Figure 3.4.2.1) or following transfer to NCM and Amido black staining 

(data not shown), suggesting low abundance but sustained immunogenicity of these proteins 

and the high sensitivity of anti-rFh∆pCL1 PAbs. 

Anti-rFh∆pCL1 dilutions between 1:500 and 1:8,000 with 6 minutes in AP substrate 

solution contributed to blot over-development (Figure 3.4.3.3A–Bi). However, this was 

improved following further dilutions between 1:8,000 and 1:30,000 with 10 minutes’ 

incubation in AP substrate solution (Figure 3.4.3.3A–Bii). The optimal dilution was determined 

to be at and beyond 1:30,000, i.e. the lowest dilution to be tested and maintain highly 

sensitive detection of the 37 kDa zymogen and other proteins of lower abundance. 

 

 Anti-rFh∆pCL1 immunoreactivity and specificity within the FhCL1A clade 

3.4.3.4.1 Recombinant FhpCL1 antigens 

The experimentally formed protein fractions following autocatalytic conversion of 

rFhpCL1WT (3.4.2.2) and rFhpCL1 (3.4.2.3) were investigated for anti-rFh∆pCL1 recognition by 

1-DE and western hybridisation (Figure 3.4.3.4.1). Antibodies bound almost exclusively to the 

rFhpCL1WT fractions containing the zymogen-specific pro-peptide (pp) and signal peptide (sp) 

if present, and also to a minor extent to intermediary and protease proteins (Figure 

3.4.3.4.1A). Conversely, a greater proportion of rFhpCL1 protein fragments of ranging 

molecular weights were demonstrated to possess anti-rFh∆pCL1 epitopes based on several 

western hybridisations (Figure 3.4.3.4.1B). At the lowest overall protein concentration 

loaded, the most antigenic components of the rFhpCL1 sample were demonstrated to be 

proenzyme (pCL), intermediates (I), and peptide-sized fractions (pp±sp) (Figure 3.4.3.4.1B), 

similarly to rFhpCL1WT (see: Figure 3.4.3.4.1A, 0 m) and rFh∆pCL1 (see: Figure 3.4.3.4.1A-Bii, 

1:30,000). However, immunoreactivity by potential protease-sized bands (CL1) and additional 

proteins resulting from possible fragmentation (F) was also shown (Figure 3.4.3.4.1B), 

suggesting that suspected immunogenic zymogen peptides are present in the 

immunoreactive fragments, or that more epitopes of rFhpCL1 are exposed and/or antigenic 

than in rFh(∆)pCL1A(WT). 
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Figure 3.4.3.4.1. Anti-rFh∆pCL1 recognition within the FhCL1A clade using western hybridisation. (A) 0.5 μg 

recombinant mutant Fasciola hepatica procathepsin L1 (rFh∆pCL1, +, positive control: 2O6X/ADP09371.1) and 

2 μg of protein from each fraction of rFhpCL1 activation (AAB41670.2; 3.4.2.2) was probed with anti-rFh∆pCL1 

serum diluted to 1:15,000, identifying predominant immunoreactivity at bands corresponding to the proenzyme 

(pCL), which was replaced by low molecular weight peptide-sized fragments upon zymogen activation (pp±sp), 

with minor and decreasing reactivity at intermediate (I) and suspected protease (CL) bands over the time course. 

(B) 0.05 μg rFh∆pCL1 (+) and 10, 5 and 2 μg rFhpCL1 (3.4.2.3) was probed with anti-rFh∆pCL1 serum diluted to 

1:10,000, identifying antibody recognition of several bands in the protein fraction, predominantly corresponding 

to the proenzyme (pCL), intermediates (I) and peptide-sized fragments (pp±sp). 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr). 

 

3.4.3.4.2 Native adult FhCL zymogens and proteases 

Representative ES products from in vitro cultured live and dead (ethyl 4-

aminobenzoate-terminated) adult flukes (3.4.1) were probed with anti-rFh∆pCL1 to 

determine the abundance and immunoreactivity of native cathepsin L zymogens and 

proteases (Figure 3.4.3.4.2). Western hybridisation of 2-DE-separated ES demonstrated 

antibody recognition of an array of cathepsin zymogens secreted by live flukes (Figure 

3.4.3.4.2A), with an increase in both immunoreactive isoforms and protein spot abundance 

by dead flukes (Figure 3.4.3.4.2B). Minor immunoreactivity of protein spots of possible 

cathepsin proteases was also demonstrable at the 1:5,000 antibody dilution, which was 

reflected in relative reactivity between live and dead samples (Figure 3.4.3.4.2). Together with 

LC-MS/MS analyses of proteomic samples within the zymogen region (see: Figure 3.4.1, 

boxed; Figure 3.4.3.4.2, pCL), anti-rFh∆pCL1 recognition shown here can be putatively 

concluded to resolve from antibody binding to multiple procathepsin L isoforms, including 

those of the CL1A clade but possibly also other CL clades. 
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Figure 3.4.3.4.2. Anti-rFh∆pCL1 recognition of native Fasciola hepatica cathepsin zymogens and proteases 

using western hybridisation. 25 μg 2-DE-separated excretory/secretory (ES) products isolated from in vitro 

cultured live (A) and dead (B) (ethyl 4-aminobenzoate-terminated) adult F. hepatica were probed with anti-

rFh∆pCL1 diluted to 1:5,000. Data suggest highest immunoreactivity in protein spots separating at the same 

position as CL proenzymes (pCL) and minor antigenicity of potential proteases (CL) in these native samples. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr). 
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3.5 Discussion 

This chapter has explored the cathepsin L (CL) zymogen subproteomes of Fasciola 

hepatica. Specifically, both prepro- and procathepsins were recovered for the first time from 

native ES products (Chapter 3; 3.2.4: objective 1). CL zymogen antigenicity was also 

investigated via a combined in silico and in vitro methodology pipeline that formally identified 

native and recombinant procathepsin (FhpCL) zymogens (Chapter 3; 3.2.4: objectives 1 and 

2), which provided sequences for the predictions of in silico antigenic epitope sequences 

(Chapter 3; 3.2.4: objective 3a). In addition, project-raised anti-rFh∆pCL1 polyclonal 

antibodies were utilised to detect native and recombinant FhpCL zymogens and thus 

determine the conservation of putative immunogenic epitopes (Chapter 3; 3.2.4: objective 

3a). The present strategy thus uncovered the immunodominance of the signal peptide of 

preprocathepsin zymogens and their presence in ES products. An increase in zymogen 

abundance and cathepsin clade representation within in vitro-cultured dead compared to live 

parasites was also indicated. Furthermore, predicted immunogenicity is in-keeping with 

previous findings (Cornelissen et al., 2001, 1999) but identified the signal peptide as a major 

epitope of antigenic interest, which also demonstrated immunodominance over other 

zymogen epitopes and immunoreactivity with anti-preprocathepsin L IgG. 

CL proteases are the most dominant component of the ES products of juvenile and 

adult flukes (Dalton et al., 2003; Jefferies et al., 2001; Morphew et al., 2007), likely owing to 

their multifaceted roles for Hb digestion, pathogenesis and immune evasion (Berasaín et al., 

2000; Cancela et al., 2008; Corvo et al., 2009; Dalton et al., 2013, 2003; Figueroa-Santiago and 

Espino, 2017; Lowther et al., 2009; McGonigle et al., 2008; Meemon and Sobhon, 2015; 

Robinson et al., 2011; Tort et al., 1999). CL zymogen recovery in adult F. hepatica ES products 

has not previously been described, though LC-MS/MS has been proven here to be sufficiently 

sensitive for their detection in whole 2-DE-separated ES protein, and find evidence for their 

differential abundance between live and dead flukes (3.4.1). There is further evidence 

supporting the sustained abundance of different cathepsin classes and CL clades in F. hepatica 

ES products between adults and juveniles (Cancela et al., 2008; Garcia-Campos et al., 2016; 

McGonigle et al., 2008; Morphew et al., 2011; Robinson et al., 2009; Wilson et al., 1998), as 

well as dead (Morphew et al., 2007) and TCBZ-treated adults (Faridi et al., 2014; Morphew et 

al., 2007). Changes to zymogen abundance are yet to be determined within juveniles or 
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following flukicide exposure, though the comparison of ES from live and dead in vitro-cultured 

adult flukes provides insight into the biological regulation of this important protein in this 

parasite. With increased prepro- and procathepsin abundance in dead fluke ES, this confirms 

the termination of normal actively-regulated aspects of excretory/secretory processing, since 

preprocathepsin zymogens are sequestered within gastrodermal vesicles and pro-peptide- 

and pH-mediated protease regulation is maintained and accompanied by nominally three-

hourly vomitus expulsion (Berasaín et al., 1997b; Collins et al., 2004; Dalton et al., 2003; Smith 

et al., 1993b). Consequently, the reduction or elimination of ES release due to the termination 

of actively-regulated digesta expulsion in dead flukes may be the direct cause for increased 

CL zymogen abundance, resulting from the passive egress of gut contents post-obit (Morphew 

et al., 2007). Thus, one could interpret intact zymogen CL abundance as a potential indicator 

of fluke viability and fitness, whereby live-associated activities of ES regulation reduces the 

opportunity for zymogen appearance, which is supplanted by passive release in equivalent 

dead parasites. 

Surprisingly, prepro- and procathepsin zymogens have received little attention despite 

extensive genome-, transcriptome- and proteome-based analyses that have characterised 

many molecular candidates from F. hepatica of diagnostic, anthelmintic and vaccine interest 

(Cancela et al., 2008, 2010; Cwiklinski et al., 2015b; Hodgkinson et al., 2013). Moreover, 

mature protease counterparts have conversely been promoted to the frontline of fasciolosis 

diagnostics and vaccines (Martínez-Sernández et al., 2016; Mezo et al., 2004). Consequently, 

there is limited understanding of the immunogenic potential of the inhibitor (Cornelissen et 

al., 1999; Harmsen et al., 2004) and signal regions of F. hepatica cathepsins until this thesis. 

Using newly synthesised polyclonal IgG classes raised against an intact preprocathepsin L 

((anti-)rFh∆pCL1), the immunodominance of the zymogen CL epitopes has been confirmed. 

The antigenicity of signal and inhibitor components is likely responsible for this observed 

reactivity, since intermediates resolving within 32–38 kDa by 1-D and 2-D SDS PAGE 

contributed most of this activity (Figures 3.4.3.4.1–3.4.3.4.2). Furthermore, mature proteases 

did not elicit analogous recognition to zymogen peptide-associated fractions, including by 

native or recombinant wild type proteases. However, recognition was provoked by a second 

recombinant protease derivative at the highest concentrations tested (Figure 3.4.3.4.1B), 

possibly due to an overabundance of protein leading to non-specific antibody-antigen 

binding, or else an increased proportion of denatured protein carryover from previous steps 
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of purification, thereby exposing an adequate abundance of additional antigenic regions in 

this unfolded state. Nevertheless, zymogen-specific antigenic sequences appeared highly 

conserved, both bioinformatically (3.4.3.2; Figure S2) and in vitro (3.4.3.2–3.4.3.4), though 

separation, recovery and/or immunoreactivity of the cleaved native signal peptide could not 

be identified, which would have helped in elucidating its antigenic contribution. 

Interestingly, there have been no prior reports identifying the presence or 

immunogenicity of intact CL zymogens in in vitro F. hepatica ES products. However, it has 

previously been shown that CL1- and CL3-derived synthetic propeptides are capable of 

eliciting immunoprotection (Harmsen et al., 2004), which also presents synthesis as an 

effective approach to study pre- and pro-CL peptides and raise peptide-specific monoclonal 

antibodies. Despite the present findings, the F. hepatica ES anti-rFh∆pCL1 recognition profile 

does not limit immunorecognition to signal-, inhibitor- or mature-specific CL zymogen 

peptides, and so may also involve transient conformational epitopes when the prepro- and 

pro-enzymes adopt these molecular weights. Indeed propeptide-specific epitopes may 

contribute to preproCL immunogenicity, whereby conformational changes to this peptide are 

inducible upon low pH exposure that functions to contribute to autocatalytic activation 

(Collins et al., 2004; Jerala et al., 2002; Ménard et al., 1998; Rozman et al., 1999; Vernet et 

al., 1995). Until legitimate identification of signal- or inhibitor-specific antigenicities can be 

differentiated, it could be hypothesised that the release of the cleaved peptides may be 

tactically- and temporally-released as antigenic decoys for immune evasion, as has been 

suggested for the former peptide class in other disease models (El Hage et al., 2008; Kovjazin 

et al., 2011; Thaa et al., 2013). In contrast to this theoretical endpoint, the apparent absence 

of anti-signal peptide antibody recognition in current in vitro profiles potentially provides 

further avenues of study, i.e. to investigate the in situ molecular characteristics and fate(s) of 

CL zymogen signal peptides. Thus, this chapter has provided new insight into the lesser-known 

antigenic properties of signal and inhibitor peptides, which demonstrate extensive zymogen-

specific immunoreactivity in situ, including against several CL clades.  

 

3.6 Conclusions 

Fasciola hepatica cathepsin proteases have provided a wide scope for research 

prospects, with extensive evidence supporting their utility as diagnostic, vaccine and drug 
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targets. Recently, CL proteases have been identified as potential indicators of fluke fitness 

phenotype (Morphew et al., 2014). The potential of zymogen CLs within these molecular 

fields has not been fully realised, though this work has resolved the presence of CL zymogens 

in ES products, and potential host exposure in vivo. CL zymogens have also demonstrated 

their indication as phenotypic determinants of fluke viability, based on the increase in 

abundance following fluke death in vitro. Natural host immunity against cathepsins is 

predominantly associated with the mature protease region, which has thus precluded any 

anticipated involvement of the prepro- peptide regions, and has been shown to possess 

significant, conserved antigenic properties. The diagnostic utility of short-length antigenic 

peptides with predicted and established reactivity with F. hepatica-infected host serum has 

shown success for CL-based designs (Cornelissen et al., 2001; Meshgi et al., 2018), and though 

demonstrably immunogenic, CL signal-based peptide design is a novel enterprise. Overall 

therefore, the findings presented here have exemplified the value of CL zymogens as a 

diagnostic tool, which are an asset that has been previously overlooked. 
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4 Chapter 4: In vitro phenotypic and proteomic assessments of wild 

type Fasciola hepatica and a newly isolated TCBZ-resistant field 

strain following TCBZ exposure  
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4.1 Abstract 

At present, the mechanisms of action of triclabendazole (TCBZ; TCBZ-sulfoxide/sulfone 

(SO/SO2)) and TCBZ resistance in Fasciola hepatica are unknown, though microscopic and 

molecular approaches have previously helped to distinguish differences between TCBZ-

susceptible (TCBZ-S) and TCBZ-resistant (TCBZ-R) phenotypes. However, such findings are 

typically derived via exposure with the potent TCBZ-SO drug rather than both parent (TCBZ) 

and derivatives (TCBZ-SO/-SO2), despite the bioavailability and flukicide activity of all 

components post-TCBZ treatment. In order to investigate macroscopic and molecular 

biomarkers associated with anthelmintic challenge, work here set out to explore the impacts 

of non-specific flukicide and representative TCBZ treatment. 

Flukes used for this study were in vitro-cultured adults of mixed field strains with 

unknown TCBZ-susceptibility from the UK (wild type, WT-Fh), and a confirmed TCBZ-R isolate 

originating from infections in Kilmarnock, Scotland (K-Fh). Macroscopic changes following 

non-specific flukicide in the WT-Fh group were documented, indicating severe damage to the 

tegument infrastructure and impacting the secreted extracellular vesicle (EV) profile. When 

comparing WT-Fh and K-Fh following sub-lethal TCBZ, TCBZ-SO and TCBZ-SO2 treatment, 

collective data indicated anthelmintic challenge led to specific stark differences in viability 

scores between fluke groups, as well as differences between the collective TCBZ-exposed 

excretory/secretory proteomes. 

As per the findings of this chapter, microscopic and proteomic indicators of fluke 

viability were identified, offering new targets of potentially significant diagnostic importance 

and value in the determination of flukicide efficacy and susceptibility status.  

 

4.2 Introduction 

In order to introduce and provide a comprehensive overview of triclabendazole (TCBZ) 

for this chapter: primary sections will first outline the pharmacodynamics and flukicide 

mechanisms behind its preferred application (4.2.1); with progression into more detailed 

mechanisms of drug action and resistance pathways (4.2.2); host and parasite TCBZ 

metabolism (4.2.3); a current overview of TCBZ-susceptible and -resistant (TCBZ-S/-R) strains 

recovered from livestock (4.2.4); and putative diagnostic roles of extracellular vesicles (EVs) 

in TCBZ-S/-R phenotypes (4.2.5). 



 

100 
 

4.2.1 Triclabendazole (TCBZ): the flukicide of choice 

Anthelmintic activities by TCBZ and its two activated sulphoxidised (-SO) and 

sulphonated (-SO2) metabolites have been well-documented since the first in vivo 

assessments (Boray et al., 1983). In vitro-cultured adult Fasciola hepatica become 

immobilised after 30 hours of exposure to a lethal dose of TCBZ [100 μg·mL-1] and after 18 

hours with a lethal dose of TCBZ-SO [100 μg·mL-1], suggesting the sulphoxised metabolite has 

almost double the flukicidal potency of its parent drug (Fairweather et al., 1984). Comparisons 

between sub-lethal doses [15 μg·mL-1] of TCBZ and its metabolites for 24 hours has further 

revealed the negative effects of drug exposure, leading to ultrastructural damages at the 

tegument and gastrodermis tissues, with increasing severity caused by TCBZ<TCBZ-SO<TCBZ-

SO2 (Halferty et al., 2009). Similar disruptions have been reported ex vivo (Toner et al., 2010b) 

and have also been observed in the closely-related species, F. gigantica, from 48 hours after 

in vivo TCBZ treatment (Shareef et al., 2014), suggesting anthelmintic molecular mechanisms 

are similar across Fasciola spp. Interestingly, there is no evidence for direct ovicidal activity, 

based on in vitro egg exposure to any one TCBZ or metabolite compounds in either TCBZ-

susceptible (TCBZ-S) or TCBZ-resistant (TCBZ-R) F. hepatica strains (Alvarez et al., 2009). 

However, in vivo TCBZ treatment leads to disruptions to reproductive tissues, vitellogenesis 

and spermatogenesis (Hanna et al., 2010; Savage et al., 2014; Stitt et al., 1991; Stitt and 

Fairweather, 1996; Toner et al., 2011b), impaired egg production after two days post-

treatment (PT) (Toner et al., 2011a) and a complete inhibition in egg production after 24 hours 

PT (Hanna et al., 2012). 

 

4.2.2 Molecular mechanisms of TCBZ activity and resistance 

The molecular mechanisms leading to these pathologies are not fully understood, but 

similarly to albendazole (ABZ) and its sulphoxide (ABZ-SO) and sulphone (ABZ-SO2) derivative 

(Fetterer, 1986), TCBZ and its more active TCBZ-SO metabolite are thought to interact with 

microtubules, and specifically β-tubulin (Bennett and Köhler, 1987; Fetterer, 1986; 

McConville et al., 2006; Robinson et al., 2002), subsequently interrupting correct spindle 

formation in TCBZ-S flukes, whereby similar effects are induced by tubulin inhibitors (Stitt et 

al., 1991; Stitt and Fairweather, 1993a, 1993b, 1992). Disruptions to this structurally-integral 

protein could be critical in triggering apoptosis in the mitotically- and meiotically-dividing cells 
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in these tissues following exposure to these anthelmintics (Hanna et al., 2013). This is 

supported by instances of resistance to benzimidazoles (BZ), a group of compounds from 

which ABZ and TCBZ are derived, which are due to parasite tubulin mutations at certain amino 

acid residues that prevent normal BZ antagonism (Brennan et al., 2007; Kwa et al., 1994). 

Fasciola hepatica adults have been identified with diverse tubulin proteins, with five alpha- 

and six beta-tubulin isotypes (Ryan et al., 2008), which may differ in TCBZ-binding capacity 

and consequently have the potential to contribute to resistance via key point mutations. 

However, it has been shown that TCBZ-R is not solely dependent on tubulin mutations, as ABZ 

is equally effective against TCBZ-R as it is in TCBZ-S strains (Mottier et al., 2006b). 

Furthermore, these authors demonstrated recovery of susceptibility in TCBZ-R F. hepatica 

following co-ivermectin anthelmintic exposure, which is known to target nematode p-

glycoprotein ATP-binding cassette drug transporters (Xu et al., 1998) and thus the F. hepatica 

p-glycoprotein has previously been identified a molecular candidate of potential interest for 

TCBZ-R isolates (Ceballos et al., 2010; Mottier et al., 2006b; Wilkinson et al., 2012). This 

putative involvement of drug efflux mechanisms is supported by ultrastructural comparisons 

between TCBZ-R and TCBZ-S isolates, whereby TCBZ exposure causes minimal tissue 

disruption in resistant flukes (Hanna et al., 2010), which is reversible by P-glycoprotein 

inhibition (Savage et al., 2014). Thus, TCBZ-treated TCBZ-R isolates demonstrate treatment is 

ineffectual in disrupting egg production and hatching compared to TCBZ-S isolates, providing 

another technical indicator of TCBZ susceptibility (Arafa et al., 2015; Fairweather et al., 2012; 

Hanna et al., 2015). 

 

4.2.3 TCBZ metabolism: insights from in vivo and in vitro studies 

At the penside, anthelmintic regimens are adjusted for an intraruminal dose at 10 

mg·kg-1 (Boray et al., 1983; Smeal and Hall, 1983), which leads to the rapid generation of the 

sulphoxide and sulphone derivatives (Mottier et al., 2004b) that peak in plasma circulation 

from approximately 18 (TCBZ-SO) and 36 (TCBZ-SO2) hours PT (Hennessy et al., 1987). TCBZ 

bioconversion occurs in hepatocyte microsomes, leading to high levels of recovery from liver 

tissues, bile and fluke tissues ex vivo (Moreno et al., 2014), locations which are ideal for liver 

and bile stage parasite exposure. The conjugation of metabolites to plasma proteins further 

prolongs their pharmacological availability, whereby of an intraruminal TCBZ dose, 35.8% 
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becomes plasma-conjugated metabolites (TCBZ-SO majority) compared to only 9.7% 

becoming freely available in bile (Hennessy et al., 1987). Fluke uptake of TCBZ/-SO/-SO2 

occurs via trans-tegumental molecular mechanisms thought to involve diffusion (Mottier et 

al., 2004a). Oral uptake is important for fluke nutrition via blood ingestion (Halton, 1997). 

However, TCBZ/-SO/-SO2 ingestion has been found nonessential for anthelmintic 

mechanisms, based on the limited differences observed between the gut tissues of treated 

flukes with ligatured or non-ligatured suckers (Toner et al., 2010c, 2009). Additionally, 

histological damages following TCBZ exposure at the tegument syncytium is severe in 

comparison at the gastrodermis (Toner et al., 2010b), supporting the long-standing 

hypothesis of tegumental microtubule-directed anthelmintic activities (Fairweather, 2009, 

2005; Stitt and Fairweather, 1993a, 1993b), especially in light of the reduction to such 

damages in TCBZ-resistant fluke (Robinson et al., 2002). Furthermore, passive trans-

tegumental diffusion inevitably leads to tegumental and muscle damages despite sucker 

ligation (Toner et al., 2010c, 2009) and can also continue after fluke death (Mottier et al., 

2006a). Following TCBZ treatment in vivo, TCBZ and both sulphoxide and sulphone 

metabolites are all recoverable from fluke tissues ex vivo (Moreno et al., 2014; Mottier et al., 

2004b, 2004a). In addition to direct TCBZ and metabolite uptake, flukes can also metabolise 

TCBZ, as the sulphoxidised derivative has also been traced in fluke tissues after one hour post-

exposure of the parent drug (Mottier et al., 2004b). This suggests in vivo TCBZ treatment may 

lead to the exposure and uptake of all three bioactive drugs by flukes, which can lead to 

flukicidal mechanisms both directly and indirectly following TCBZ bioconversion after drug 

exposure. 

 

4.2.4 Fasciola hepatica isolates of defined TCBZ susceptibility and resistance 

Fluke isolates of defined TCBZ susceptibility and resistance continue to be the paradigm 

for comparative phenotypic studies, particularly the well-studied Cullompton and Sligo 

isolates, respectively (Coles and Stafford, 2001; Fairweather, 2011c; Flanagan et al., 2011b). 

More TCBZ-R strains have also been verified via in vivo faecal egg count and coproantigen 

reduction tests (FECRT, CRT) and in comparison to TCBZ-S strains to confirm their statuses for 

further study, including TCBZ-S Fairhurst, Sunny Corner and Leon isolates, and TCBZ-R Oberon 

and Dutch isolates (Fairweather, 2011c; Flanagan et al., 2011b; Gaasenbeek et al., 2001). 
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There have been more recent resistance outbreaks and isolations of these strains in the UK 

(Ridgeway Research Ltd., personal communication), though there has been no further 

investigations of established TCBZ-R isolates beyond preliminary identifications of drug 

efficacy (Fairweather, 2011c). In order to fully understand resistance emergence, we must 

therefore take steps to identify and distinguish the molecular phenotypes of TCBZ-S and TCBZ-

R flukes through genomic, transcriptomic and proteomic study (Hodgkinson et al., 2013; Kotze 

et al., 2014; Morphew et al., 2014). Furthermore, we must consider comparisons of isolated 

strains with a representative and mixed population sample from geographically separated 

origins (wild type: natural infections with presumed TCBZ-S or -R response status), in order to 

nullify the bias of genetically restricted, in vitro-maintained strains of confirmed drug 

response status. 

 

4.2.5 Roles of Fasciola hepatica extracellular vesicles (EV) during infection and TCBZ 

exposure 

Extracellular vesicle (EV) is an umbrella term for the wide array of vesicular bodies that 

originate from endosomal and plasma membranes. Functions were once thought to 

selectively remove cellular protein, lipid and RNA species, but have since been identified as 

the important carriage of cargo into the extracellular compartment for intercellular 

communication (Raposo and Stoorvogel, 2013; van Niel et al., 2018). Fasciola hepatica is one 

of many helminths and pathogens of medical and veterinary importance whose EVs are 

thought to communicate in this way towards pathogenesis in the host (Coakley et al., 2015; 

Cwiklinski et al., 2015c). EV release has been identified at gut and tegumental tissues of F. 

hepatica and in other helminths, via characteristic mechanisms of budding and blebbing from 

vesicular networks (Coakley et al., 2017; Cwiklinski et al., 2015c; Marcilla et al., 2012; 

Montaner et al., 2014; Twu and Johnson, 2014). The qualitative characteristics of EVs are of 

additional note, particularly in parasite-host reactions and the response to host and 

chemotherapeutic pressures, since EVs are a reflection of the genetic or proteomic footprint 

and the biological status of the parent cells (Akers et al., 2013). EVs may therefore echo the 

molecular activities at the F. hepatica gut and/or tegument at any given time, whether 

actively secreting biomarkers and virulence factors towards immune or drug evasion, or 

during flukicide success where vesiculation of apoptotic bodies are a by-product of apoptotic 
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cell death (Akers et al., 2013). The production of EVs occurs through a variety of bioactive 

pathways (van Niel et al., 2018), suggesting the respectively high and low abundances of 

apoptotic bodies and EVs offer a biological indication of cell viability during programmed 

death. Furthermore, cellular energy conservation under stressful conditions has been 

described in some instances to promote exosome degradation (Papandreou and 

Tavernarakis, 2017), arguing that quantitative changes in EV release and recovery could 

indicate parent cell viability. Together with proteinaceous species of the F. hepatica 

excretory/secretory (ES) products (Jefferies et al., 2001; Morphew et al., 2007, 2014), EVs 

contribute to the prolific and ranging ES profile of this trematode, providing communicative, 

immunomodulatory and metabolic molecular arms during parasite-host interactions 

(Cameron et al., 2017; Cwiklinski et al., 2015c; Hamilton et al., 2009; Marcilla et al., 2012). 

However, there are preliminary signs that environmental stresses, including anthelmintic 

exposure, can influence the abundance and complexity of EV populations (Davis, 2019, 

personal communication), supporting the potential role of EVs or their contents as a 

measurable marker of the outcome of anthelmintic challenge. 

 

4.2.6 Chapter 4 aims 

Previous in vitro studies investigating anthelmintic responses in liver fluke have 

revealed the molecular dynamics and phenotypes but based on separate treatments by TCBZ 

or its two major metabolites, with particular focus on the effects of the sulphoxidised form 

(Chemale et al., 2010; Morphew et al., 2014; Robinson et al., 2002; Stitt et al., 1995). Such 

attention to TCBZ-SO in particular is possibly founded on the more abundant and potent 

tendencies of this metabolite in vivo. However, this disconnected or reductionist approach 

does not measure the overall complexity of the fluke response in the host environment to all 

bioactive compounds. Following anthelmintic administration, flukes are known to uptake all 

three anthelmintic forms (Mottier et al., 2004b) and changes in the levels of metabolite 

recovery from flukes are highly reflective of host circulating plasma-conjugate levels, which 

peak by 24 hours PT (Moreno et al., 2014). Thus, it must be presumed that the actual in vivo 

molecular profiles are inclusive of all drug exposures and resultant phenotypes, and thus 

studying the molecular dynamics of all compounds together, albeit in vitro, is highly relevant 

and reflective of the response to TCBZ dosing of animals. As described above, the involvement 
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of newly described EVs as indicators of fluke viability, in terms of anthelmintic susceptibility, 

is also of current interest. Consequently, this chapter aimed to: 

1) Identify and compare differences in EV release between live control and dead (via non-

specific flukicide) flukes; 

2) Measure the biological phenotypes of natural wild type flukes and a newly identified 

TCBZ-R (Kilmarnock) isolate based on in vitro fluke fitness/viability using an in vitro 

evaluation score system and statistical tests; 

3) Identify and compare differences between the molecular phenotypes of EV-depleted ES 

proteomes from drug-exposed (TCBZ, TCBZ-SO and TCBZ-SO2) in vitro cultures between 

the wild type mixed strain and the TCBZ-R Kilmarnock isolate via gel-based proteomics 

and mass spectrometry.  
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4.3 Materials and methods 

4.3.1 Liver fluke culturing 

4.3.1.1 Wild type Fasciola hepatica (WT-Fh) isolates 

Live adult Fasciola hepatica from natural infections were collected at a local abattoir 

as described in the General materials and methods (2.2.1). Flukes were removed from the 

livers from multiple flocks delivered to a local abattoir from nationwide provenances, and 

thus the mixed field strains (wild type mixed TCBZ-susceptibility: WT-Fh) were expected to 

have mixed drug susceptibility status that is representative of wild type flukes with an 

assumed exposure to anthelmintics and undetermined TCBZ susceptibility status. 

Ten flukes from live WT-Fh fluke culture were terminated using ethyl 4-

aminobenzoate (1% (w/v) in ethanol) in order to assess the contribution of EVs to the 

molecular phenotype of flukes under flukicide exposure. These flukes were briefly submerged 

and subsequently washed with PBS and incubated in fresh supplemented DMEM for the 

collection of dead-associated ES products, as described in the General materials and methods 

(2.2.2). ES products from both live and dead cultures of ten flukes were subsequently 

prepared for EV isolation (4.3.1.4) before preparation for transmission electron microscopy 

(TEM) (4.3.2.1). For TEM analysis of tegument sections for the comparison between live and 

dead fluke phenotypes, five WT-Fh were used after collection from in vitro culture and 

following either PBS washing only (live group) or ethyl 4-aminobenzoate (1% (w/v) in ethanol) 

exposure and PBS washing (dead group). Flukes were subsequently prepared for TEM 

according to the method described in section 4.3.2.2. 

 

4.3.1.2 TCBZ-resistant Kilmarnock Fasciola hepatica (K-Fh) isolates 

Flukes of known TCBZ resistance status were identified and isolated from a sheep flock 

in Kilmarnock, Scotland by staff at Ridgeway Research Ltd. 

(www.ridgewayresearch.co.uk/parasite-catalogue/Fasciola-hepatica) following TCBZ 

treatment failure and subsequent recovery of adults and viable eggs at slaughter. Infections 

with this Kilmarnock isolate (TCBZ-R: K-Fh) were maintained in two experimental sheep 

infections, with TCBZ administration of veterinary practitioner-recommended dosing at 12 

weeks post-infection (wpi) and termination at 16 wpi for live adult K-Fh Fasciola hepatica 

collection. 

http://www.ridgewayresearch.co.uk/parasite-catalogue/fasciola-hepatica/
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4.3.1.3 TCBZ-associated ES product collection: in vitro maintenance 

Methodology for in vitro Fasciola hepatica maintenance and TCBZ-associated F. 

hepatica ES product collection was revised from Morphew et al. (2014). Briefly, initial F. 

hepatica collection, washing and culturing was conducted as described in the General 

materials and methods (2.2.1), including separate cultures for WT-Fh (4.3.1.1) and K-Fh 

(4.3.1.2) strains. Thereafter, three replicates of 10 adult (sized matched) F. hepatica were 

taken from the baseline culture media and placed into fresh culture media supplemented 

with either TCBZ (Sigma-Aldrich, UK), TCBZ-SO (Sigma-Aldrich, UK) or TCBZ-SO2 (Sigma-

Aldrich, UK) at 15 μg·mL-1 (sub-lethal dose) in DMSO (final concentration 0.1% (v/v)). For 

control samples, DMSO (final concentration 0.1% (v/v)) only was added to F. hepatica 

cultures. All cultures were then incubated at 37 °C for 5 hours. 

The viability scores of each replicate fluke group were based on relative motility 

observations (Table 4.3.1.3), adapted from the scoring system developed by Doctor Neil 

Mackintosh (2011) and adapted from Chang and Flores (2015). All individuals were measured 

and scored to ensure flukes in all treatment groups and in each strain were evenly matched 

in physiological status, with a score of at least 4 after collection from livers (0 h) and at least 

3 after pre-incubation washing (0–1 h) and before drug exposures (5–10 h). After 10 hours’ in 

vitro culture, flukes were removed from culture media and immediately snap frozen in liquid 

nitrogen. Culture media and F. hepatica were stored at -80°C until required. 

 

 

Table 4.3.1.3. Fasciola hepatica viability scoring system and their descriptors, based on the viability assay 

developed in IBERS by Doctor Neil Mackintosh (2011) and adapted from Chang and Flores (2015). Viability 

scores were defined according to relative motility observations scored between 0–5.  

Viability Score Description 

5 High motility 

4 Mobile, with <2 second pauses 

3 Mobile, with >2 second pauses 

2 Minimal motility, long pauses 

1 Immobile 

0 A second score of 1 
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4.3.1.4 Extracellular vesicle (EV) separation 

EVs were isolated from the ES-enriched WT-Fh strain culture media as follows 

according to the recommendation and method by Davis et al. (2019). EVs were concentrated 

from clarified culture samples (2.3.2; 4.3.1.3–4.3.1.4) using 30 kDa MWCO Amicon Ultra-15 

Centrifugal Filter Units (Merck Millipore, UK) as instructed by the manufacturer. Briefly, 

samples were applied and centrifuged at 4000 x g for 20 minutes at 4°C or until approximately 

300-500 µl of sample was retained, containing the EVs and the >30 kDa ES proteomic fraction. 

Filtration flow through, containing the <30 kDa ES proteomic fraction was stored at -80°C until 

required. The >30 kDa sample was depleted of EVs by passing through qEVoriginal size-

exclusion chromatography (SEC) columns (IZON science, UK) according to the manufacturer’s 

protocol with minor adaptations as follows for the collection of EVs. Briefly, the column was 

rinsed with 10 mL of filtered (0.22 μm, Star Labs, UK) 1X PBS (Sigma-Aldrich, UK), and then 

the sample of ≤500 µL was added and allowed to drain, followed by 2 mL washes of PBS as 

recommended. The first 2.5 ml of flow through immediately after sample application was 

discarded, and the next 2.5 ml of flow through, containing EVs, was collected and stored at -

80°C. When required for the collection of all vesicles for subsequent analyses, the entire 5 mL 

of sample flow through following sample application was collected. Following EV separation, 

the column was washed with PBS, then the next 10 mL of flow through, containing proteins, 

was collected to be combined with the respective <30 kDa ES sample fraction for subsequent 

preparation for 2-DE proteomics. 

 

4.3.2 Transmission electron microscopy (TEM) 

4.3.2.1 Preparation of WT-Fh extracellular (EV) samples 

Extracellular vesicle (EV) samples purified by SEC, including first and second SEC EV 

fraction collections (EV1-EV2), from live and dead fluke cultures were further concentrated 

using 3 kDa MWCO Amicon Ultra-0.5 Centrifugal Filter Units (Merck Millipore, UK) as 

instructed by the manufacturer. Briefly, samples were applied and centrifuged at 14000 x g 

for 30 minutes at 4°C or until approximately 50 µl was retained, then PBS (0.22 μm-filtered) 

was added for sample collection in 150 μL then 50 μL volumes to ensure maximal EV recovery 

in an approximate volume of 250 μL from filter tubes using centrifugations at 1000 x g for 2 

minutes. Samples were stored at -80°C until required. 
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EVs were prepared for transmission electron microscopy (TEM) visualization as 

previously described (Davis et al., 2019) and briefly summarised as follows. Thawed EV 

samples were fixed onto formvar-carbon coated EM grids using 2% (w/v) paraformaldehyde 

(PFA) in PBS (0.22 μm-filtered), placing the grid onto 10 μL of EV-PFA solution on Parafilm® 

and incubating grids (Formvar-carbon coat facing down onto droplet) at room temperature 

(approximately 20–25°C) for 20 minutes. Grids were then washed using PBS for one minute 

then fixed with 1% glutaraldehyde in PBS at room temperature for five minutes before 

washing eight times at room temperature for two minutes each with distilled water (UV-

sterilised; 15 MΩ). Grids were then probed with uranyl-oxalate 4% (w/v, 0.22 μm-filtered) to 

provide contrast to EV material using 50 μL/grid at room temperature for five minutes and 

embedded using 50 μL/grid with 2% (w/v) methyl cellulose and uranyl acetate (w/v, pH 4, 

0.22 μm-filtered) in distilled water at room temperature for up to 10 minutes on ice before 

removing the liquid and air-drying the grids. Prepared grids were stored with the Formvar-

carbon face-up in a dry place until required. EM grids were analysed with help by Mr John 

Tomes using a JEOL JEM1010 transmission electron microscope (JEOL Ltd, Japan) and images 

were taken using a Kodak Megaplus (Figure 4.3.2.1). 

 

 

 

 

Figure 4.3.2.1. Low magnification transmission 

electron microscopy (TEM) of prepared Formvar-

carbon-coated EM grids. Light-coloured grids with thin 

methyl cellulose were selected for optimal contrast of 

extracellular vesicles (EVs). 

 

 

 

4.3.2.2 Preparation of whole fluke samples 

Five size-matched flukes were taken directly from in vitro culture, representing the 

biological baseline, and a further five flukes of the treatment group were taken and then 

individually terminated prior to transmission electron microscopy (TEM) analysis using ethyl 

4-aminobenzoate (1% (w/v) in ethanol) as described (4.3.1.1). 
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TEM images of live and dead flukes were subsequently prepared by Mr Alan Cookson 

at the Aberystwyth University Advanced Microscopy and Bio-imaging laboratory as follows 

based on the protocol described by Evans et al. (2012). Intact adult flukes of approximately 2 

cm in length when fully extended were selected and individually fixed using 2.5% 

glutaraldehyde in sodium cacodylate buffer (0.1 M sodium cacodylate (Agar Scientific, UK), 

pH 7.2) at 4°C overnight. Samples were then washed twice in wash buffer and then placed in 

1% osmium tetroxide (Agar Scientific, UK) solution dissolved in sodium cacodylate buffer for 

at least one hour, before washing twice in fresh sodium cacodylate buffer. Samples were 

drained and placed in an ultra-pure water bath and then dehydrated in an aqueous ethanol 

series (30%, 50%, 70%, 95% & 100%) for at least an hour in each mixture. Specimens were 

embedded in resin by infiltration, using mixtures of 2:1, 1:1 and 1:2 of ethanol and LR White 

(hard grade) resin (London Resin Company Ltd, 

UK) before being transferred to suitable gelatine 

or polyethylene moulds and polymerised at 60°C 

overnight. 1–2µm thick sections were taken to 

assess the correct orientation of the samples and 

subsequently dried onto plain glass slides and 

viewed after staining with Azur II and Methylene 

Blue (both Sigma-Aldrich, UK) for 2 minutes. A 

suitable area was chosen for TEM examination, 

specifically lateral tegument sections on the 

periphery of prepared specimens (Figure 4.3.2.2*). Ultra-thin 60-80 nm sections were cut on 

a Reichert-Jung Ultracut E Ultramicrotome with a Diatome Ultra 45° diamond knife and 

collected on Gilder GS2X0.5 3.05 mm diameter nickel slot grids (Gilder Grids, UK) float-coated 

with Butvar B98 polymer (Agar Scientific, UK) films. All TEM sections were double stained with 

uranyl acetate (Agar Scientific, UK) and Reynold's lead citrate (TAAB Laboratories Equipment 

Ltd, UK) and observed using a JEOL JEM1010 transmission electron microscope (JEOL Ltd, 

Japan) at 80 kV. The resulting images were photographed using Carestream 4489 electron 

microscope film (Agar Scientific, UK) developed in Kodak D-19 developer for 4 min at 20 °C, 

fixed, washed and dried according to the manufacturer's instructions. The resulting negatives 

were scanned with an Epson Perfection V800 film scanner and converted to positive images. 

 

Figure 4.3.2.2. Light micrograph of whole 

adult Fasciola hepatica. Tissues selected for 

transmission electron microscopy (TEM) 

analyses are indicated (*). Image by Mr Alan 

Cookson. 
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4.3.3 Sample preparation and 2-DE proteomics 

Excretory/secretory (ES) products depleted of extracellular vesicles (EVs) were 

recombined by mixing the <30 kDa MWCO Amicon flow through samples with the >30 kDa 

qEVoriginal-filtered protein fractions. Pooled samples were precipitated and resuspended in 

buffer A and quantified in readiness for 2-DE (General materials and methods: 2.3.3–2.3.4). 

2-DE was conducted as previously described in the General materials and methods 

(2.4.1.2) with adjustments for the 17 cm IPG strips and 20 cm2 SDS PAGE gels as follows. 17 

cm linear pH 3-10 IPG strips (Bio-Rad, UK) were passively rehydrated overnight at ambient 

temperature with EV-depleted ES resuspended in 300 µL of buffer A, whereby the entire 

protein products available (40≤100 µg) from each treatment group (WT-Fh, K-Fh; DMSO 

control, TCBZ, TCBZ-SO, TCBZ-SO2) were used per gel conducted in duplicate. All IPG strips 

were isoelectrically focussed overnight for 60,000–70,000 V-h using the Protean IEF Cell (Bio-

Rad, UK) to separate protein samples in the first dimension. IPG strips were then equilibrated 

in buffer B with DTT [10 μg·mL-1] for 15 minutes then buffer B with IAA [25 μg·mL-1] for a 

further 15 minutes. Proteins were separated in the second dimension on the Protean II system 

(Bio-Rad, UK) using 12.5% polyacrylamide gels (General materials and methods: 2.4.1). 

Electrophoresis conditions were fixed at 20 mA and 30 mA per gel through the stacking and 

resolving gels, respectively. Gels were fixed, stained, destained and imaged using a GS-800 

calibrated densitometer (Bio-Rad, UK) (General materials and methods: 2.4.1). 

 

4.3.4 In silico protein spot mapping 

Images of 2-DE gels were analysed using Progenesis PG220 v.2006, including duplicate 

gels of three biological replicates per treatment (TCBZ, TCBZ-SO, TCBZ-SO2) for wild type 

mixed (WT-Fh) and TCBZ-R Kilmarnock (K-Fh) liver fluke isolates. Analysis was performed 

using manual spot selection, non-spot background subtraction and manual matching 

between gels of each group. Normalised spot volumes were calculated using the Progenesis 

‘total spot volume multiplied by total area’ method and were used to analyse the relative 

protein abundance change between comparisons of up and/or down regulation of spots, 

similarly to previous studies (Chemale et al., 2010; Morphew et al., 2014), with significance 

set to ±1-fold change. 
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4.3.5 Statistical analyses 

Viability score data were analysed using generalised linear mixed modelling (GLMM) 

to assess the effect of treatments, strains and time points on viability score outcomes, using 

R studio V1.1.463 (R Studio Inc.). The analysis included data from the latter two time points 

(3–4), after treatment had been administered. Viability score data across all time points were 

also analysed using non-parametric tests in SPSS® v.24 (IBM®). 

Statistical evaluations of protein abundance were conducted using SPSS® v.24. Firstly, 

an independent samples T test was used to test for evidence of a difference between WT-Fh 

and K-Fh, based on the logarithmically-transformed protein concentration. Subsequently to 

test for evidence of a difference within fluke groups, the Kruskal Wallace test was used, 

analysing protein concentration by treatment in each group, WT-Fh and K-Fh. Lastly, to 

identify differences in protein spot abundances between WT-Fh and K-Fh, normalised protein 

spot volume data computed by Progenesis (4.3.4) were used to test the effect of strain on 

protein abundance, which was determined using an analysis of variance (ANOVA, significance 

threshold set to 0.05).  
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4.4 Results 

4.4.1 Transmission electron microscopy (TEM) investigation of extracellular vesicle 

(EV) abundance between live and dead wild type Fasciola hepatica 

excretory/secretory (ES) products 

Changes to the extracellular vesicle (EV) population of adult wild type Fasciola 

hepatica were investigated using transmission electron microscopy (TEM). 

Excretory/secretory (ES) products of 10 in vitro cultured flukes (live) and 10 flukes exposed to 

ethyl 4-aminobenzoate (dead) were separated using qEV original SEC columns in order to 

remove proteinaceous ES products whilst isolating and concentrating EVs. Two SEC fractions 

(EV1-2: first and second 2.5 mL SEC fraction) from each fluke treatment group were collected 

separately to compare the abundance of predominantly larger (EV1, Ø>500 nm: apoptotic 

bodies) or smaller (EV2, Ø<500 nm: exosomes and microvesicles) EVs fractionated in each 

sample. Both groups demonstrated the presence of vesicular bodies, though the live EV1–2 

samples had a higher abundance of microvesicles compared to dead EV1-2 samples (Figure 

4.4.1A–D). Both live and dead EV1 fractions demonstrated the presence of large vesicles with 

apoptotic body-like characteristics, of approximately ~1000 nm Ø and containing varied 

contents including some discernible internal exosome-like vesicles (Figure 4.4.1Ai, Ci) and 

possible organelle derivatives (Figure 4.4.1Cii). The presence of small-size vesicles in EV1 

samples was also consistent between samples (Figure 4.4.1A, C), indicating that small vesicles 

were incompletely separated by the qEV original SEC columns, or were otherwise associated 

by previous or sustained contact with/internalisation by larger vesicles that allowed them to 

pass into the first fraction. There was a very high abundance of small-sized vesicles ranging 

below 500 nm in the live EV2 sample (Figure 4.4.1B), including from possibly different origins 

due to their variably stained appearance, indicating changes to EV surface or contents. 

Conversely, the dead EV2 sample contained fewer EV-like vesicles overall (Figure 4.4.1D), 

which were also predominantly of similar appearance in the context of internal and external 

staining, with multiple which were highly characteristic of exosomes (dark, <100 nm), and 

others similar in appearance to larger-sized microvesicles (light and dark, 50<500* nm, 

dictated by SEC fractionation). For further images of EVs observed within these samples, see 

Supplementary materials: Figures S3–S4.  
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Figure 4.4.1. Transmission electron microscopy (TEM) visualisation of in vitro-cultured live and dead adult wild 

type Fasciola hepatica excretory/secretory (ES) product-derived extracellular vesicles (EVs) isolated using size-

exclusion chromatography. EVs derived from 10 adult F. hepatica from natural infections were analysed by TEM 

following in vitro culture (A-B) or following exposure to ethyl 4-aminobenzoate (C-D). EVs were purified via 

qEVoriginal SEC columns, including the collection of large-sized vesicles (first fraction, EV1: i) and small-sized 

vesicles (second fraction, EV2: ii) as described (4.3.1.4–4.3.2.1). NB: (Di–ii) background staining artefact leading 

to speckled appearance, not to be mistaken for EVs/exosomes. 



 

115 
 

4.4.2 Transmission electron microscopy (TEM) visualisation of the live and dead 

wild type Fasciola hepatica tegument 

Changes to the tegumental syncytium of adult Fasciola hepatica were investigated 

using TEM. Five flukes each from in vitro culture (live) and five flukes exposed to ethyl 4-

aminobenzoate and washed in PBS (dead) were selected and prepared for TEM imaging 

(Figure 4.4.2). Ultrastructural differences at the tegument of flukes in the live fluke group 

demonstrated evidence of a highly-organised network of syncytial tissues, including 

processes of vacuolation for EV export and direct EV membrane budding, leading to the 

production and completed release of microvesicles (<500 nm) and exosomes (<100 nm) into 

the external media (Figure 4.4.2A–C). 

 

Figure 4.4.2. Representative transmission electron microscopy (TEM) visualisation of the Fasciola hepatica 

tegument after in vitro culture (A–C) and after exposure to ethyl 4-aminobenzoate (D–F). Ten size-matched 

adult F. hepatica were analysed by TEM following in vitro culture: five flukes were directly selected (live) (A–C) 

and five were selected following exposure to ethyl 4-aminobenzoate (dead) (D–F). Tegument disruption, 

including loss of syncytial network structure, and the loss of tegumental extracellular vesicle (EV) production 

were observable in the dead group. 
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Conversely to findings in live flukes, the dead fluke group indicated disruption of 

untreated characteristics, with partial or complete dissociation of the strict syncytial networks 

and a major reduction or ceased capacity for EV secretion, leading to possible passive release 

of small membrane and fractions and pre-formed exosome-like vesicles (Figure 4.4.2D–F). 

Thus, based on differential ultrastructural tegument (Figure 4.4.2) and purified EV (Figure 

4.4.1) characteristics between live and dead fluke groups, the tegumental infrastructure and 

EV population are potential indicators of F. hepatica viability, since the treatment led to 

extensive changes to the tegumental capacity for EV release (Figure 4.4.2; for further images 

see Supplementary materials: Figures S5–S6) and consequential reduction in EV abundance 

from ES products. 

 

4.4.3 In vitro viability assay of triclabendazole/-sulphoxide/-sulphone (TCBZ/-SO/-

SO2)-treated wild type (WT-Fh) and Kilmarnock (TCBZ-R, K-Fh) Fasciola 

hepatica 

All WT-Fh and K-Fh flukes were assessed for biological viability and physiological 

integrity at the end of each time point using the viability scoring system (Table 4.3.1.3). Fluke 

scores were all 5.0 at the start of the experiment and not influenced by PBS (0–1 h) but 

declined following DMEM acclimatisation culturing (1–5 h) before drug treatment, reducing 

the average viability from 5.0 to 3.0 for wild type and 3.5 for Kilmarnock strains (Figure 4.4.3). 

After the drug treatments (5–10 h) Kilmarnock flukes (K-Fh) scored an average of 4.0 (TCBZ-

SO) or 4.5 (DMSO; TCBZ; TCBZ-SO2), whereas abattoir (WT-Fh) flukes scored an average of 2.0 

for all treatments. 

Generalised linear mixed modelling (GLMM) was conducted to investigate the effect 

of treatment, strain and time point (3 and 4) (fixed effects) on viability score. There was no 

evidence for a difference in viability scores between all treatment groups and the control (all 

P>0.1). However, there was evidence of a difference in fluke viability scores between strains 

(P < 0.00001) and time points (P < 0.00001, Figure 4.4.3**). The Mann Whitney U test was 

used to assess the difference in viability score between all time points within strains, 

conducted pairwise, finding there to be significant differences between every time point, 

excluding the first two (P < 0.001, Figure 4.4.3*). 
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Figure 4.4.3. Graphic representation for the average viability scores of wild type (WT-Fh) and Kilmarnock (K-

Fh) Fasciola hepatica taken at all experimental timepoints. Viability scores (0–5) were taken for triplicates of 

ten flukes in each treatment (DMSO; TCBZ; TCBZ-SO; TCBZ-SO2) and strain (wild type, WT-Fh; Kilmarnock, K-Fh). 

Error bars represent standard deviation across the three replicates of ten flukes per treatment. Asterisks indicate 

evidence for a difference in the viability score outcome calculated by generalised linear mixed modelling (GLMM) 

to be associated with strain between post-DMEM acclimatisation and post-drug exposure (**P < 0.00001, 

GLMM: ···); and calculated by a Mann Whitney U (MWU) test to be associated with the time points indicated (*P 

< 0.001, MWU: —). 

 

4.4.4 In vitro proteomics 

Whole excretory/secretory (ES) products pooled from triplicate treatment groups per 

strain (WT-Fh and K-Fh) were prepared for in vitro proteomics as described, using SEC to 

remove EVs and TCA purification to concentrate non-EV-associated proteins. Resuspended ES 

samples were analysed by the Bradford assay to calculate concentrations (µg/µL) and whole 

protein content (µg protein/replicate sample) (Figure 4.4.4.1). 

Independent samples parametric and non-parametric tests were conducted to 

investigate the effect of strains and treatments on protein concentrations following the 

addition of equal buffer A to each identically prepared sample. There was no evidence for a 

difference in protein concentration between strains based on an independent samples T Test 

using logarithmically transformed concentration values (all P>0.1). Protein concentrations 

P < 0.001 Mann Whitney U Test P < 0.00001 Generalised Linear Mixed Modelling * ** 
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within each strain and between all treatments was subsequently investigated using the non-

parametric Kruskal-Wallis test, finding no difference in protein concentration between 

treatments in the wild type (WT-Fh) strain. However there was evidence of a difference in 

protein concentration between treatment groups, including the untreated control group, in 

the Kilmarnock (K-Fh) strain (P = 0.012, Figure 4.4.4.1*). 

 

Figure 4.4.4.1. Comparison of non-EV protein ES production between anthelmintic-treated and untreated 

control wild type (WT-Fh) and Kilmarnock (K-Fh) Fasciola hepatica. Triplicate EV-depleted ES products were 

pooled from three replicate samples in each treatment group (untreated control; TCBZ; TCBZ-SO; TCBZ-SO2) and 

analysed using the Bradford assay to determine whole protein content. Asterisks indicate evidence for a 

significant difference in protein concentration (n=3 readings) between the K-Fh treatment groups, including the 

untreated control group, calculated using the Kruskal-Wallis test (* P = 0.012). 

 

All available protein material pooled from triplicate EV-depleted ES samples for each 

treatment (40–100 µg) was analysed by duplicate 2-DE and protein spots were mapped using 

Progenesis PG220 v.2006 (Figure 4.4.4.2; for all individual gel images, see Supplementary 

materials: Figures S7–S8). All protein spots in all gels were identified by manual spot selection 

and normalised spot volumes were calculated for all spots that were matched between all 

gels of each strain including all treatments (WT-Fh: Figure 4.4.4.2A; K-Fh: Figure 4.4.4.2B). The 

resultant gels are hereon referred to as reference gels. 

 

 

* 
P = 0.012 Kruskal Wallis Test 
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Figure 4.4.4.2. Representative 2-DE analysis of EV-depleted ES products from TCBZ, TCBZ-SO and TCBZ-SO2 

anthelmintic-challenged WT-Fh (undetermined TCBZ susceptibility) and K-Fh (TCBZ-R) Fasciola hepatica. Total 

EV-depleted ES protein material was pooled from triplicate in vitro cultures supplemented with sub-lethal [15 

μg·mL-1] TCBZ, TCBZ-SO or TCBZ-SO2 for duplicate 2-DE analysis (40–85 μg/gel: 17 cm linear IEF 3–10; SDS PAGE). 

Representative reference gels are shown for WT-Fh (A) and K-Fh (B), whereby 41 and 44 spots present and 

matched following collation between duplicates (one gel per treatment group shown, i–iii) and across all 

treatments (excluding DMSO control), respectively. 
Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr). 

 

Using Progenesis, an ANOVA was conducted to compare the effect of strain on protein 

abundance, specifically testing for differences between normalised spot volumes present and 

matched between strain-specific reference gels (produced by collating spots present in all 

treatment-specific gels per strain). There was evidence of a difference in the abundance of 31 

protein spots (±1.3≤-fold change) between WT-Fh and K-Fh strains, for which seven were 

considered significant (P < 0.05) (Figure 4.4.4.3A; Table 4.4.4). 23 protein spots were 

additionally unmatched between strain-specific reference gels, including 10 in WT-Fh (Figure 

4.4.4.3B) and 13 in K-Fh (Figure 4.4.4.3C), suggesting these are produced in greater 
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abundance and/or irrespective of TCBZ/-SO/-SO2-specificity in the respective strains following 

anthelmintic exposure. 

 

Figure 4.4.4.3. Analysis of proteomic profiles and protein abundances between TCBZ, TCBZ-SO and TCBZ-SO2-

challenged WT-Fh (undetermined TCBZ susceptibility) and K-Fh (TCBZ-R) Fasciola hepatica strains. (A) 

Significant differences in the abundance of seven proteins (P < 0.05; ±1-fold, range: 1.35–2.46-fold) were 

calculated between WT-Fh and K-Fh strains based on normalised spot volumes of strain-specific reference gels, 

which were collated from gel spots present and matched between all treatment-specific gels per strain (sub-

lethal [15 μg·mL-1] TCBZ, TCBZ-SO, TCBZ-SO2). Green- and yellow-coloured spots respectively indicate ≥1-fold 

higher or lower abundance of specific proteins in WT-Fh compared to K-Fh. A further 23 protein spots were also 

unmatched between strain-specific reference gels, with (B) 10 identified from all WT-Fh gels and (C) 13 identified 

from all K-Fh gels. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr). 

 

Duplicate 2-DE-separated proteins spots of interest were analysed by LC-MS/MS (ESI-

TRAP), including from gels of TCBZ-, TCBZ-SO- or TCBZ-SO2-exposed flukes from the WT-Fh- 

or K-Fh-specific strains where relevant, with selection dictated by protein abundance to 

facilitate LC-MS/MS detection as follows. Replicate spots numbered 1–7 were acquired from 

a gel of each strain (replicate 1: WT-Fh; replicate 2: K-Fh), spots 8–17 were acquired from WT-

Fh gels, and spots 18–30 were acquired from K-Fh gels, as summarised in Table 4.4.4 (left 
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column: A, WT-Fh TCBZ; B, K-Fh, TCBZ; C, WT-Fh TCBZ-SO; D, K-Fh TCBZ-SO; E, WT-Fh TCBZ-

SO2; F, K-Fh TCBZ-SO2). LC-MS/MS-identified protein hits were calculated between both 

replicates and selected when exceeding the MASCOT significance threshold score (≥66, P < 

0.05) (Table 4.4.4). 

10 spots were unidentified by LC-MS/MS using the data inclusion criteria (Table 4.4.4: 

5, 9, 11, 12, 17, 18, 24, 26, 30), caused either by low protein abundance, low peptide recovery, 

or sequences being unmatched against those present in the GenBank (v204) database. 

However, data from individual replicate submissions notwithstanding the threshold score 

permitted hypothetical dissection for putative identification. Though the overall score was 

sub-threshold, spot nine was consistently identified as for spot eight (cathepsin L/L1), 

suggesting modifications and/or isoform separation (Figure 4.4.4.3B). Neither spot 11 nor 12 

had consistent replicate identification, though each had above-threshold hits including serpin, 

and gelsolin and actin, respectively. Similarly, spots 17 and 18 were identified in one replicate 

as a thioredoxin-glutathione reductase and serpin, respectively, and spot 24 was consistently 

identified as a superoxide dismutase across both LC-MS/MS replicates, though below the 

threshold score. Interestingly, spot 5 replicates identified different proteins, including enolase 

(replicate 1: WT-Fh TCBZ-SO2) or cathepsin L (replicate 2: K-Fh TCBZ-SO2), presenting possibly 

uneven 2-DE separation, prominence of an enolase isoform in WT-Fh or CL zymogens in K-Fh. 

However, based on the physical evidence from 2-DE, the putative CL zymogen identity of spot 

5 fits closer to the expectant molecular weight for this protein. 

LC-MS/MS data indicated highly similar protein profiles between the two strains 

across all treatments, including enolase (spots 7, 16, 27, 28), gelsolin (spots 14, 21) and CLs 

(spots 1, 2, 3, 4, 6, 8, 10, 20) with specific identifications of clades CL1 (spots 2, 3, 4, 6, 8, 25, 

29) and CL2 (spots 1, 10, 20). Predicted molecular weights and isoelectric points for protein 

hits matched to those calculated by Progenesis, supporting these identities, though referral 

to 2-DE molecular weight separation suggested dubiety of 14, 16 and 21 spots being intact 

protein forms of the matched hits (Figure 4.4.4.3B–C). Strain distinctions were also present, 

including actin (spot 13) and a cathepsin B (CB)-like protein (spot 15) in WT-Fh, and FABP type 

15 (spot 22) and 2 (spot 23) in K-Fh (Figure 4.4.4.3; Table 4.4.4), suggesting these proteins are 

most consistently abundant within each strain following TCBZ, TCBZ-SO and TCBZ-SO2 

exposure.  
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Table 4.4.4. Proteomic characterisation and liquid chromatography tandem mass spectrometric identification of protein hits of interest from 2-DE-separated ES protein (non-EV) products 

of drug-treated wild type (WT-Fh) and Kilmarnock (K-Fh) Fasciola hepatica and untreated controls. Protein spots of interest and their biochemical properties including molecular weight 

and isoelectric point were identified using Progenesis, including significant changes in abundance determined by ANOVA (Figure 4.4.4.2). In-gel isolated proteins were identified by LC-MS/MS 

by ESI-TRAP analysis of duplicate trypsin-digested protein spots against the GenBank database (v204) using an in-house MASCOT (Matrix Science) server, reporting significant hits identified 

with an average score of 66 or greater (P < 0.05). Replicate and gel IDs refer to the replicate number (n=2) and the origin of each protein spot: A, WT-Fh TCBZ; B, K-Fh TCBZ; C, WT-Fh TCBZ-

SO; D, K-Fh TCBZ-SO; E, WT-Fh TCBZ-SO2; F, K-Fh TCBZ-SO2. 

Proteomics (Progenesis) LC-MS/MS Ions search 

Spot 

number 

(Replicate 

and gel ID) 

All rows: 

Phenotype 

Rows 1–8: 

X-fold change 

Significance 

Molecular 

weight 

(kDa) 

Isoelectric 

point (pI) 

GenBank hit MASCOT score 

(Av) 

Peptides 

matched 

(non-

duplicated) 

Sequence 

coverage 

(%) 

Protein Organism Accession E-

value 

1 

(1E, 2B) 

WT-Fh < K-Fh 

2.33-fold 

P = 0.040 

25.018 5.062 gi|157862755 

gi|452260 

gi|20136379 

gi|452254 

546.0±472.0 

463.5±201.5 

177.0±109.0 

76.5±20.5 

6.0±1.0 

8.5±0.5 

8.0±2.0 

4.0±0.0 

41.0±12.0 

57.0±2.0 

40.0±13.0 

24.0±0.0 

Secreted cathepsin L2 

Cathepsin L-like proteinase 

Cathepsin L, partial 

Cathepsin L-like proteinase 

F. gigantica 

F. hepatica 

F. hepatica 

F. hepatica 

ABV90500.1 

CAA80447.1 

AAM11647.1 

CAA80444.1 

0.0 

4E-123 

0.0 

4E-123 

2 

(1E, 2F) 

WT-Fh > K-Fh 

2.04-fold 

P = 0.042 

24.845 5.273 gi|41152540 

gi|41152538 

gi|20136379 

gi|116488416 

gi|310751866 

gi|452254 

gi|10798511 

gi|211909240 

gi|211909242 

gi|157862755 

1012.0±208.0 

982.5±300.5 

895.0±219.0 

460.5±66.5 

315.0±49.0 

222.5±127.5 

272.5±61.5 

187.5±11.5 

187.5±11.5 

91.5±16.5 

38.5±2.5 

44.0±3.0 

31.5±0.5 

40.5±1.5 

27.5±0.5 

9.0±3.0 

37.0±4.0 

29.0±3.0 

29.0±3.0 

10.5±1.5 

73.5±0.5 

64.5±0.5 

58.0±0.0 

57.0±0.0 

44.0±0.0 

51.5±13.5 

66.5±0.5 

54.5±5.5 

54.5±5.5 

24.5±7.5 

Cathepsin L protein 

Cathepsin L protein 

Cathepsin L, partial 

Secreted cathepsin L 1 

Cathepsin L-like proteinase 

Cathepsin L-like protease 

Cathepsin L1 

Cathepsin L1D 

Cathepsin L1D 

Cathepsin L, partial 

F. hepatica 

F. hepatica 

F. hepatica 

F. hepatica 

F. hepatica 

F. hepatica 

F. hepatica 

F. hepatica 

F. hepatica 

F. gigantica 

AAR99519.1 

AAR99518.1 

AAM11647.1 

AAB41670.2 

ADP09371.1 

CAA80444.1 

CAC12806.1 

ACJ12893.1 

ACJ12894.1 

ABV90500.1 

9E-180 

0.0 

0.0 

0.0 

0.0 

4E-123 

0.0 

0.0 

0.0 

0.0 

3 

(1E, 2F) 

WT-Fh < K-Fh 

1.42-fold 

23.954 5.739 gi|41152540 

gi|116488416 

2269.0±4.0 

1496.5±41.5 

44.0±3.0 

42.5±2.5 

81.0±7.0 

57.0±0.0 

Cathepsin L protein 

Secreted cathepsin L 1 

F. hepatica 

F. hepatica 

AAR99519.1 

AAB41670.2 

9E-180 

0.0 

https://www.ncbi.nlm.nih.gov/protein/ABV90500.1
https://www.ncbi.nlm.nih.gov/protein/CAA80447.1
https://www.ncbi.nlm.nih.gov/protein/AAM11647.1
https://www.ncbi.nlm.nih.gov/protein/CAA80444.1
https://www.ncbi.nlm.nih.gov/protein/AAR99519.1
https://www.ncbi.nlm.nih.gov/protein/AAR99518.1
https://www.ncbi.nlm.nih.gov/protein/AAM11647.1
https://www.ncbi.nlm.nih.gov/protein/AAB41670.2?report=genbank&log$=prottop&blast_rank=1&RID=RRMGR6XF015
https://www.ncbi.nlm.nih.gov/protein/ADP09371.1?report=genbank&log$=prottop&blast_rank=1&RID=RRRFXJ3Z014
https://www.ncbi.nlm.nih.gov/protein/CAA80444.1
https://www.ncbi.nlm.nih.gov/protein/CAC12806.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12893.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12894.1
https://www.ncbi.nlm.nih.gov/protein/ABV90500.1
https://www.ncbi.nlm.nih.gov/protein/AAR99519.1
https://www.ncbi.nlm.nih.gov/protein/AAB41670.2?report=genbank&log$=prottop&blast_rank=1&RID=RRMGR6XF015
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P = 0.002 gi|41152538 

gi|211909240 

gi|211909242 

gi|157862759 

gi|10798511 

gi|19909509 

gi|108735858 

1284.5±12.5 

1152.5±15.5 

1152.5±15.5 

1079.5±3.5 

690.0±47.0 

224.5±18.5 

78.0±3.0 

41.5±2.5 

44.0±1.0 

44.0±1.0 

32.5±0.5 

42.0±1.0 

20.0±1.0 

11.0±0.0 

64.5±0.5 

63.5±0.5 

63.5±0.5 

48.5±1.5 

62.5±0.5 

28.0±0.0 

39.0±0.0 

Cathepsin L protein 

Cathepsin L1D 

Cathepsin L1D 

Cathepsin L, partial 

Cathepsin L-like protease 

Cathepsin L-like protease 

Cathepsin L-like protease 

F. hepatica 

F. hepatica 

F. hepatica 

F. gigantica 

F. hepatica 

F. gigantica 

F. hepatica 

AAR99518.1 

ACJ12893.1 

ACJ12894.1 

ABV90502.1 

CAC12806.1 

BAB86959.1 

ABG00260.1 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

5E-167 

4 

(1A, 2F) 

WT-Fh < K-Fh 

1.35-fold 

P = 0.018 

25.548 5.998 gi|211909240 

gi|211909242 

gi|41152540 

gi|116488416 

gi|10798511 

925.5±469.5 

925.5±469.5 

553.0±17.0 

351.0±20.0 

247.0±40.0 

38.5±4.5 

38.5±4.5 

35.5±2.5 

31.0±4.0 

31.5±1.5 

60.0±1.0 

60.0±1.0 

69.0±0.0 

51.0±6.0 

60.0±0.0 

Cathepsin L1D 

Cathepsin L1D 

Cathepsin L protein 

Secreted cathepsin L 1 

Cathepsin L1 

F. hepatica 

F. hepatica 

F. hepatica 

F. hepatica 

F. hepatica 

ACJ12893.1 

ACJ12894.1 

AAR99519.1 

AAB41670.2 

CAC12806.1 

0.0 

0.0 

9E-180 

0.0 

0.0 

5 

(1E, 2F) 

WT-Fh < K-Fh 

2.46-fold 

P = 0.015 

40.698 6.571 - - - - - - - - 

6 

(1E, 2F) 

WT-Fh > K-Fh 

1.42-fold 

P = 0.026 

23.820 6.816 gi|211909240 

gi|211909242 

gi|41152540 

gi|310751866 

gi|166235906 

gi|255683591 

gi|259090533 

727.0±207.0 

727.0±207.0 

191.0±13.0 

184.0±13.0 

88.0±1.0 

88.0±1.0 

88.0±1.0 

38.0±1.0 

38.0±1.0 

31.5±2.5 

20.0±0.0 

8.0±1.0 

8.0±1.0 

8.0±1.0 

61.0±0.0 

61.0±0.0 

69.0±0.0 

37.0±4.0 

28.0±0.0 

28.0±0.0 

29.5±1.5 

Cathepsin L1D 

Cathepsin L1D 

Cathepsin L protein 

Cathepsin L-like proteinase 

Thioredoxin peroxidase 

Thioredoxin peroxidase 1 

Peroxiredoxin 

F. hepatica 

F. hepatica 

F. hepatica 

F. hepatica 

F. gigantica 

F. gigantica 

F. gigantica 

ACJ12893.1 

ACJ12894.1 

AAR99519.1 

ADP09371.1 

ABY85785.1 

ACU27401.1 

ACV91889.1 

0.0 

0.0 

9E-180 

0.0 

2E-163 

2E-163 

1E-141 

7 

(1C, 2F) 

WT-Fh > K-Fh 

1.73-fold 

P = 0.002 

50.848 6.975 gi|190350155 411±283 37.0±23.0 52.5±22.5 Enolase F. hepatica CAK47550.1 0.0 

8 

(1E, 2E) 

WT-Fh 27.519 4.516 gi|10798511 

gi|148284737 

109.0±32.0 

93.0±22.0 

10.5±0.5 

3.0±1.0 

12.0±4.0 

31.5±1.5 

Cathepsin L1 

Cathepsin L 

F. hepatica 

F. hepatica 

CAC12806.1 

ABN50361.2 

0.0 

0.0 

9 

(1A, 2A) 

WT-Fh 24.015 4.605 - - - - - - - - 

10 WT-Fh 23.956 4.723 gi|452258 271.0±143.0 19.5±1.5 42.0±0.0 Cathepsin L-like protease F. hepatica CAA80446.1 0.0 

https://www.ncbi.nlm.nih.gov/protein/AAR99518.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12893.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12894.1
https://www.ncbi.nlm.nih.gov/protein/ABV90502.1
https://www.ncbi.nlm.nih.gov/protein/CAC12806.1
https://www.ncbi.nlm.nih.gov/protein/BAB86959.1
https://www.ncbi.nlm.nih.gov/protein/ABG00260.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12893.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12894.1
https://www.ncbi.nlm.nih.gov/protein/AAR99519.1
https://www.ncbi.nlm.nih.gov/protein/AAB41670.2?report=genbank&log$=prottop&blast_rank=1&RID=RRMGR6XF015
https://www.ncbi.nlm.nih.gov/protein/CAC12806.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12893.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12894.1
https://www.ncbi.nlm.nih.gov/protein/AAR99519.1
https://www.ncbi.nlm.nih.gov/protein/ADP09371.1?report=genbank&log$=prottop&blast_rank=1&RID=RRRFXJ3Z014
https://www.ncbi.nlm.nih.gov/protein/ABY85785.1
https://www.ncbi.nlm.nih.gov/protein/ACU27401.1
https://www.ncbi.nlm.nih.gov/protein/ACV91889.1
https://www.ncbi.nlm.nih.gov/protein/CAK47550.1
https://www.ncbi.nlm.nih.gov/protein/CAC12806.1
https://www.ncbi.nlm.nih.gov/protein/ABN50361.2
https://www.ncbi.nlm.nih.gov/protein/CAA80446.1
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(1A, 2A) gi|148575301 

gi|148283737 

271.0±143.0 

107.5±31.5 

19.5±1.5 

9.0±1.0 

42.0±0.0 

30.0±0.0 

Secreted cathepsin L2 

Cathepsin L 

F. hepatica 

F. hepatica 

ABQ95351.1 

ABN50361.2 

0.0 

0.0 

11 

(1C, 2C) 

WT-Fh 55.229 4.767 - - - - - - - - 

12 

(1E, 2E) 

WT-Fh 45.567 5.663 - - - - - - - - 

13 

(1E, 2E) 

WT-Fh 45.611 5.779 gi|226467798 

gi|461465 

94.0±16.0 

89.5±11.5 

16.0±1.0 

10.5±4.5 

32.5±1.5 

15.0±1.0 

Actin 5C 

RecName: Full-Actin 

S. japonicum 

Nicotiana 

tabacum 

CAX69775.1 

Q05214.1 

0.0 

0.0 

14 

(1E, 2E) 

WT-Fh 18.951 5.868 gi|353231888 83.5±4.5 1.0±0.0 3.0±0.0 Putative gelsolin, partial S. mansoni XP_018651848.1 0.0 

15 

(1E, 2E) 

WT-Fh 26.887 6.384 gi|452268 102.5±12.5 3.0±0.0 33.0±0.0 Cathepsin B-like protease F. hepatica CAA80451.1 3E-66 

16 

(1E, 2E) 

WT-Fh 40.657 6.791 gi|190350155 363.5±28.5 39.0±2.0 58.0±9.0 Enolase F. hepatica CAK47550.1 0.0 

17 

(1E, 2E) 

WT-Fh 73.815 6.952 - - - - - - - - 

18 

(1B, 2F) 

K-Fh 41.214 4.943 - - - - - - - - 

19 

(1B, 2F) 

K-Fh 113.844 4.932 - - - - - - - - 

20 

(1B, 2F) 

K-Fh 24.695 5.193 gi|41152538 

gi|8547325 

gi|20136379 

gi|148283737 

gi|452254 

gi|108735840 

gi|157862755 

343.5±70.5 

357.5±22.5 

294.5±63.5 

176.0±87.0 

154±46.0 

124.0±10.0 

91.0±18.0 

31.5±4.5 

30.5±3.5 

21.5±5.5 

39.0±28.0 

10.0±2.0 

14.0±2.0 

12.5±0.5 

64.5±0.5 

47.0±6.0 

58.0±0.0 

36.0±2.0 

58.0±7.0 

35.0±4.0 

27.0±0.0 

Cathepsin L protein 

Cathepsin L 

Cathepsin L, partial 

Cathepsin L 

Cathepsin L-like protease 

Cathepsin L2 

Cathepsin L, partial 

F. hepatica 

F. hepatica 

F. hepatica 

F. hepatica 

F. hepatica 

F. hepatica 

F. gigantica 

AAR99518.1 

AAF76330.1 

AAM11647.1 

ABN50361.2 

CAA80444.1 

ABG00259.1 

ABV90502.1 

0.0 

0.0 

0.0 

0.0 

4E-123 

7E-167 

0.0 

21 

(1F, 2F) 

K-Fh 18.858 5.317 gi|353231888 67.5±5.5 1.0±0.0 3.0±0.0 Putative gelsolin, partial S. mansoni XP_018651848.1 0.0 

https://www.ncbi.nlm.nih.gov/protein/ABQ95351.1
https://www.ncbi.nlm.nih.gov/protein/ABN50361.2
https://www.ncbi.nlm.nih.gov/protein/CAX69775.1
https://www.ncbi.nlm.nih.gov/protein/Q05214.1
https://www.ncbi.nlm.nih.gov/protein/XP_018651848.1
https://www.ncbi.nlm.nih.gov/protein/CAA80451.1
https://www.ncbi.nlm.nih.gov/protein/CAK47550.1
https://www.ncbi.nlm.nih.gov/protein/AAR99518.1
https://www.ncbi.nlm.nih.gov/protein/AAF76330.1
https://www.ncbi.nlm.nih.gov/protein/AAM11647.1
https://www.ncbi.nlm.nih.gov/protein/ABN50361.2
https://www.ncbi.nlm.nih.gov/protein/CAA80444.1
https://www.ncbi.nlm.nih.gov/protein/ABG00259.1
https://www.ncbi.nlm.nih.gov/protein/ABV90502.1
https://www.ncbi.nlm.nih.gov/protein/XP_018651848.1
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22 

(1F, 2F) 

K-Fh 18.542 5.917 gi|47115698 234.5±43.5 23.5±1.5 73.0±3.0 RecName: Full=Fatty acid-binding 

protein Fh15 

F. hepatica Q7M4G0.3 2E-76 

23 

(1F, 2F) 

K-Fh 18.529 6.074 gi|124012088 

 

gi|47115698 

669.0±58.0 

 

99.5±17.5 

29.0±1.0 

 

8.0±2.0 

87.5±3.5 

 

55.5±14.5 

 

RecName: Full=Fatty acid-binding 

protein type 2 

RecName: Full=Fatty acid-binding 

protein Fh15 

F. hepatica 

 

F. hepatica 

Q7M4G1.2 

 

Q7M4G0.3 

6E-72 

 

2E-76 

24 

(1F, 2F) 

K-Fh 19.025 6.640 - - - - - - - - 

25 

(1F, 2F) 

K-Fh 23.479 6.623 gi|211909240 

gi|211909242 

gi|166235906 

gi|255683591 

gi|259090533 

203.5±80.5 

203.5±80.5 

82.5±12.5 

82.5±12.5 

82.5±12.5 

24.5±2.5 

24.5±2.5 

5.0±0.0 

5.0±0.0 

5.0±0.0 

40.0±0.0 

40.0±0.0 

27.5±0.5 

24.5±0.5 

24.5±0.5 

Cathepsin L1D 

Cathepsin L1D 

Thioredoxin peroxidase 

Thioredoxin peroxidase 1 

Peroxiredoxin 

F. hepatica 

F. hepatica 

F. gigantica 

F. gigantica 

F. gigantica 

ACJ12893.1 

ACJ12894.1 

ABY85785.1 

ACU27401.1 

ACV91889.1 

0.0 

0.0 

2E-163 

2E-163 

1E-141 

26 

(1B, 2F) 

K-Fh 72.422 6.583 - - - - - - - - 

27 

(1F, 2F) 

K-Fh 48.334 6.751 gi|190350155 107.0±4.0 15.5±4.5 36.5±11.5 Enolase F. hepatica CAK47550.1 0.0 

28 

(1F, 2F) 

K-Fh 48.187 6.971 gi|190350155 270.0±73.0 25.5±7.5 48.5±8.5 Enolase F. hepatica CAK47550.1 0.0 

29 

(1F, 2F) 

K-Fh 23.744 7.257 gi|211909240 

gi|211909242 

185.5±26.5 

185.5±26.5 

16.0±1.0 

16.0±1.0 

35.0±1.0 

35.0±1.0 

Cathepsin L1D 

Cathepsin L1D 

F. hepatica 

F. hepatica 

ACJ12893.1 

ACJ12894.1 

0.0 

0.0 

30 

(1F, 2F) 

K-Fh 41.256 7.442 - - - - - - - - 

https://www.ncbi.nlm.nih.gov/protein/Q7M4G0.3
https://www.ncbi.nlm.nih.gov/protein/Q7M4G1.2
https://www.ncbi.nlm.nih.gov/protein/Q7M4G0.3
https://www.ncbi.nlm.nih.gov/protein/ACJ12893.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12894.1
https://www.ncbi.nlm.nih.gov/protein/ABY85785.1
https://www.ncbi.nlm.nih.gov/protein/ACU27401.1
https://www.ncbi.nlm.nih.gov/protein/ACV91889.1
https://www.ncbi.nlm.nih.gov/protein/CAK47550.1
https://www.ncbi.nlm.nih.gov/protein/CAK47550.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12893.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12894.1
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4.5 Discussion 

4.5.1 Routes in the establishment of TCBZ resistance 

There have been multiple experimentally confirmed TCBZ resistance cases globally, 

including in the UK (Kelley et al., 2016; Mitchell et al., 1998; Moll et al., 2000) since the first 

report of TCBZ resistance in the mid-1990s (Overend and Bowen, 1995). Environmental and 

genetic factors contribute to these incidences, since the potential for liver fluke spread is 

positively influenced by global and domestic livestock imports, which can genetically diversify 

fluke infrapopulations (Beesley et al., 2017; Vilas et al., 2012; Walker et al., 2011, 2007). 

Additionally, with suboptimal anthelmintic applications leading to prolonged exposure and 

sub-lethal TCBZ dosing, this can consequently pressure flukes to adopt recessive homozygous 

virulence traits, attained via high rates of gene flow and maintained by potential 

parthenogenesis events and clonal amplification during transmission (Beesley et al., 2017; 

Hodgkinson et al., 2013). Thus, geographic separation may cause isolated strains to become 

more genetically diverse from one another and lead to the employ of one or more molecular 

mechanisms towards the TCBZ-R phenotype. Subsequently, comparative genetic and 

proteomic assessments would be highly informative to elucidate the molecular differences 

between TCBZ-susceptible and TCBZ-resistant fluke that may lead to the identification of 

resistance-conferring markers. In this thesis, an experimentally identified TCBZ-R strain (K-Fh: 

Ridgeway Research Ltd., provenance in Kilmarnock, UK) of known TCBZ exposure and 

resistance status was studied alongside flukes acquired from natural infection and considered 

to be a group of wild type (WT-Fh: Randall Parker Foods, provenance untraced from 

nationwide suppliers, UK) flukes with unknown previous TCBZ exposure. 

 

4.5.2 Molecular determinants of viability and TCBZ exposure 

The macroscopic assessment of fluke viability was here used as a broad indicator of in 

vitro fitness and drug-induced deterioration (Figure 4.4.3). Excretory/secretory (ES) profiles, 

including proteomic and molecular fractions, have previously provided further specific 

molecular differences between live and dead flukes (3.4.1; Morphew et al., 2007), as well as 

TCBZ-SO-specific proteomic changes between wild type and known TCBZ-S/-R strains (4.4.4; 

Chemale et al., 2010; Morphew et al., 2014). Fasciola hepatica extracellular vesicles (EVs) 

have since been well-characterised in the context of parasite-host molecular signalling 
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pathways (Cwiklinski et al., 2015c; Davis et al., 2019). However, the purification and 

identification of large EV populations, especially apoptotic bodies, has only now been 

explored to compare differences in their abundance between live and dead flukes (Figure 

4.4.1). As a major producer of EVs, the infrastructure and subsequent secretion capabilities 

from the tegument was of interest and found to be drastically reduced upon non-specific fluke 

death (Figure 4.4.2). Such histological and functional disruption corresponded with previous 

findings relating to trans-tegumental anthelmintic uptake (Toner et al., 2010c, 2009), 

suggesting the current procedure could accelerate the negative influences of TCBZ, TCBZ-SO 

and TCBZ-SO2. By their very nature as a mechanistic biproduct of programmed cell death 

(Montaner et al., 2014), apoptotic body recovery from liver fluke ES products may be 

indicators of early tegumental damage and ongoing gastrointestinal shedding and 

restructuring, which could complement other molecular phenotypes of fluke fitness and 

death in vitro. Thus, the present TEM analyses present distinctions in the tegumental tissues 

and EV populations between live and dead flukes. Furthermore, the findings support the 

hypothesis that outer surfaces likely succumb first to the influence of xenobiotics, which may 

lead to an immediate halt in tegument produced EVs and augmented gastrodermal apoptotic 

body release. 

Under the assumption of TCBZ-induced ultrastructural damages as previously reported 

(Toner et al., 2010c, 2009), viability assessments were used here for identification of 

macroscopic and outward indicators of fluke fitness (Figure 4.4.3). Using MWU tests between 

each treatment and time point per strain, there was evidence to suggest that the K-Fh TCBZ-

R isolate had enhanced overall fitness under in vitro culture conditions (P < 0.001). A GLMM 

further confirmed significant evidence for a difference between the strains following 

anthelmintic challenge (P < 0.00001). These outcomes suggest flukes of the WT-Fh group had 

reduced in vitro stamina compared to those of the K-Fh strain, particularly upon all drug 

exposures, though fitness could not directly be associated with TCBZ-R traits. 

 

4.5.3 Dissecting TCBZ-associated proteomic profiles between WT-Fh and K-Fh 

flukes 

In order to identify molecular targets specifically associated with anthelmintic 

exposure, whether efficacy determinants or biomarkers, the two strains of Fasciola hepatica 
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were studied here to elucidate proteomic changes as a consequence of TCBZ exposure. 

Additionally, the influence of all drug forms was investigated (TCBZ, TCBZ-SO and TCBZ-SO2) 

as an in vivo representation of concurrent anthelmintic exposure. 2-DE analyses revealed 

thirty protein spots had differential abundances between WT-Fh and K-Fh strains across all 

treatments (sub-lethal [15 µg·mL-1]: TCBZ, TCBZ-SO, TCBZ-SO2). Specifically, seven proteins 

demonstrated a significant (P < 0.05) change in abundance between strains (spots 1–7), and 

a further 10 (spots 8–17) and 13 (spots 18–30) proteins were identified as unique to the WT-

Fh and K-Fh groups consistently abundant across all anthelmintic challenges, respectively. 

When considering the assumptions of the differential TCBZ susceptibilities of each 

strain, protein profiles indicated no substantial differences in the overall molecular 

phenotype (Table 4.4.4; Figure 4.4.4.3; WT-Fh spots 8–17 and K-Fh spots 18–30), but rather 

demonstrated strain-associated changes in the abundance of proteins and specific protein 

spots (including putative isoforms) that were consistent between both strains across all drug 

exposures (Table 4.4.4; Figure 4.4.4.3; spots 1–7). Enolase has previously been identified to 

increase in abundance upon anthelmintic challenge in TCBZ-S F. hepatica ES and cytosolic 

fractions (Table 4.4.4; Figure 4.4.4.3; Chemale et al., 2010; Morphew et al., 2014), supporting 

the hypothesis of TCBZ-induced stimulation of metabolic enzyme activity. Conversely, a range 

of protein spots identified as CL proteases were found to change in abundance in the ES 

proteome following TCBZ-SO exposure (Table 4.4.4; Figure 4.4.4.3; Morphew et al., 2014), but 

no difference was found between cytosolic extracts of TCBZ-S and TCBZ-R flukes (Chemale et 

al., 2010). Here, despite identifications of enolase and CLs with changing abundance, enolase, 

CLs and further spots were also identified with apparent strain specificity, including gelsolin 

and thioredoxin peroxidase, suggesting possible isoforms or post-translational protein 

modifications causing these different allocations. 

Actin 5C (spot 13) and cathepsin B (CB, spot 15) were exclusively matched to the WT-

Fh group, and FABP 15 (spot 22 and 23) and FABP Fh2 (spot 23) were identified only in K-Fh-

specific profiles, suggesting strain-specific differences following sub-lethal anthelmintic 

challenge, similarly to previous findings (Chemale et al., 2010; Morphew et al., 2014). Actin 

localises within the tegumental bodies, spines and musculature of the tegument and 

gastrodermis of fluke (Stitt et al., 1992b) and so changes to its cytosolic abundance (Chemale 

et al., 2010) and secretion patterns (Morphew et al., 2014) have formerly been associated 

with TCBZ-SO-induced changes to muscular and presumably also generalised cytoskeletal 
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dynamics. Possible disruption of actin filaments through TCBZ-interactions with their tubulin 

partners (Stitt et al., 1991; Stitt and Fairweather, 1996) could account for such cellular and 

histological dissociation, which also fits with the assumed TCBZ-S status of the WT-Fh group. 

Conversely, the identification of a CB-like was a surprising discovery (Cancela et al., 2008; 

Wilson et al., 1998), a clade which has not previously been identified in adult F. hepatica ES 

products and moreover expressed by juveniles up to 5 weeks post-excystment (Beckham et 

al., 2009; Cancela et al., 2008; Law et al., 2003; Wilson et al., 1998). However, the short 

sequence coverage of LC-MS/MS-identifiable peptides against the partial CB-like protein 

sequence (106 amino acids) suggests this may be a loose classification, supported by the 

coinciding but low MASCOT-scoring CL hits calculated in replicate two only (data not shown). 

Furthermore, cathepsin peptide recovery at this 2-DE-separated protein spot is suggestive of 

low-level zymogen/intermediate protein release, possibly related to TCBZ-induced 

gastrodermal degradation (Figure 4.4.4.3; Table 4.4.4). The discovery of two distinct FABPs is 

in-keeping with previous postulations of their multifaceted roles in Fasciola spp. (Chemale et 

al., 2010; Morphew et al., 2016; Pankao et al., 2006) whereby nutrient acquisition and/or 

xenobiotic metabolism could also be enacted to support K-Fh flukes following TCBZ/-SX 

exposure. The discoveries of this chapter have provided yet more evidence of the dynamic 

changes to the molecular secretome, as well as new TCBZ- and TCBZ efficacy-associated 

targets of future interest and investigation. 

 

4.6 Conclusions 

Through the study of TCBZ-R and mixed-susceptibility parasites, this chapter has 

identified distinct molecular biological phenotypes pertaining to fluke fitness and 

anthelmintic susceptibility. Rudimentary differences were demonstrable between live and 

dead extracellular vesicle (EV) profiles (Chapter 4; 4.2.6: objective 1), from which further 

investigation found evidence of severe histological deterioration at the tegument leading to 

reduced capacity for EV production at this surface. Comparisons of TCBZ-challenged fluke 

found macroscopic viability scores of a TCBZ-R Fasciola hepatica strain were significantly 

higher compared to a naturally acquired TCBZ-S/-R group, both during normal pressures of in 

vitro culture and following sub-lethal TCBZ/-SO/-SO2 [15 µg·mL-1] challenge (Chapter 4; 4.2.6: 

objective 2). Finally, proteomic differences were broadly apparent between the two 
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anthelmintic-treated strains, that upon LC-MS/MS identification confirmed several targets of 

interest related to TCBZ exposure and efficacy status (Chapter 4; 4.2.6: objective 3), some of 

which supports previous findings (Chemale et al., 2010; Morphew et al., 2014). Consequently, 

the experimental exploration of live, dead and a drug-resistant strain of F. hepatica has led to 

the elucidation of several molecular differences that may provide useful information and 

biomarkers of anthelmintic exposure, efficacy status and fitness. 
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5 Chapter 5: Investigating TCBZ-SO-associated diagnostic biomarkers 

of the Fasciola hepatica proteome 
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4.1 Abstract 

As it stands, triclabendazole-resistant (TCBZ-R) populations of Fasciola hepatica are 

independently emerging worldwide and reportedly distinguished in resistance mechanisms. 

In ongoing efforts to identify biomarker fingerprints of TCBZ-susceptible (TCBZ-S) and TCBZ-R 

molecular phenotypes, several candidates of interest have been identified with potentially 

significant diagnostic utility in defining treatment efficacy status. To this end, seven proteins 

of interest were bioinformatically dissected and prepared for in vitro recombinant expression 

for prospective diagnostic testing. 

Following previous identifications of F. hepatica biomarkers related to in vitro TCBZ, 

TCBZ-SO and TCBZ-SO2 challenge, proteins candidates selected for study in this chapter were: 

actin (FhACT), calreticulin (FhCRT), enolase (FhENO), DJ-1 deglycase (FhDJ-1), gelsolin (FhGEL), 

glyceraldehyde-3-phosphate dehydrogenase (FhGAPDH), and triose phosphate isomerase 

(FhTPI). A range of dry lab techniques were employed to bioinformatically predict and assess 

the biochemical properties of all targets, providing an informative background prior to wet 

lab methods. Subsequently, in vitro recombinant protein expression and purification was 

attempted, which was successfully executed for FhCRT, FhGEL and FhTPI, enabling more 

detailed proteomic evaluation. 

Subsequently to the methodology pipeline developed in this chapter, seven F. hepatica 

biomarkers associated with TCBZ anthelmintic exposure were comprehensively examined in 

silico, and blueprints for their in vitro production have been established. FhCRT, FhGEL and 

FhTPI demonstrated the greatest ease of production and could be purified with high yields. 

Thus, these three candidates were suitable for subsequent detailed proteomics in addition to 

prospective further testing within the remit of this thesis. 

 

4.2 Introduction 

4.2.1 Current understanding of Fasciola hepatica TCBZ resistance 

An understanding of parasite population dynamics is increasingly recognised as a 

prerequisite for assessing the threat of drug resistance (Beesley et al., 2017; Gilleard and 

Beech, 2007; Huyse et al., 2005; Silvestre and Humbert, 2002; Vilas et al., 2012; Walker et al., 

2011, 2007). To this end, Fasciola hepatica genotypes are naturally aggregated due to 

miracidial clonal expansion and their geographic restriction (Beesley et al., 2015; Vilas et al., 
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2012). The subsequent population dynamic can lead to high frequencies of adult self-

fertilisation or more rarely parthenogenic events (by gynogenic/aspermic individuals) in 

definitive hosts (Fletcher et al., 2004), and consequently also the maintenance of recessive 

drug resistance traits (Beesley et al., 2017, 2015; Hodgkinson et al., 2013; Vilas et al., 2012). 

Thus, F. hepatica infrapopulations can maintain high genetic diversity despite common gene 

flow restrictions and potential genotype aggregation during transmission (Beesley et al., 

2017; Hodgkinson et al., 2013; Vilas et al., 2012). However, global and domestic movements 

and management practices of ruminants by humans are also highly attributable to the high 

level of gene flow and genetic diversity, whereby both clonal and multilocus genotypes (MLG) 

are well represented in geographically separated locations (Beesley et al., 2017; Robles-Pérez 

et al., 2015; Vilas et al., 2012; Walker et al., 2011, 2007). 

In the absence of fully understanding the mechanisms of how parasitic worms become 

resistant to drugs, anthelmintic resistance can simply be quantitatively estimated by tracking 

drug-induced downstream changes, either at the molecular level via parasite protein turnover 

or at the morphological level by egg count reductions (Coles et al., 2006; Gilleard, 2013; 

Walker et al., 2011). For example, mechanisms exploited by F. hepatica to become TCBZ 

resistant remain undefined since the mode of action or metabolic route of TCBZ in liver fluke 

are still unknown (Hodgkinson et al., 2013; Kelley et al., 2016). Moreover, many routes 

towards anthelmintic resistance mechanisms within parasitic helminths have been proposed 

(Matouskova et al., 2016; Ubeda et al., 2008; Wilkinson et al., 2012; Wolstenholme et al., 

2006). Examples include, single nucleotide polymorphisms (SNPs) leading to altered 

specificities of drug targets and transporters, and transcriptional upregulation of xenobiotic-

metabolising enzymes and efflux transporters to enhance drug removal via coupled 

transportation or uncoupled excretion, respectively (Brophy et al., 2012; James et al., 2009; 

Matouskova et al., 2016; Wolstenholme et al., 2006). 

Thus, the high genetic diversity of flukes at the animal, farm and regional level 

combined with high gene flow rates increases the potential for horizontal transfer of 

resistance alleles (Beesley et al., 2017; Vilas et al., 2012; Walker et al., 2011, 2007), and thus 

the chance of resistance-associated alleles passing several generations, and more so if 

improved fitness is also associated with this phenotype (Walker et al., 2006). Consequently 

to uncover multifactorial resistant phenotypes, genome-wide and global proteomic 

approaches are suited in identifying more drug- and mechanism-specific markers of 
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resistance than searching via reductionist biology approaches for orthologous drug targets in 

other species (Cwiklinski et al., 2015a; Gilleard, 2013; Hodgkinson et al., 2013; Morphew et 

al., 2014). 

 

4.2.2 Biomarkers of TCBZ exposure and resistance 

The specific molecular mechanisms of the novel benzimidazole (BZ) TCBZ remain to 

be fully uncovered. The other BZ anthelmintics are widely known to bind and inhibit a range 

of helminth tubulins, thus similarly to colchicine and tubulozole as broad-acting tubulin 

inhibitors (Fetterer, 1986; Stitt and Fairweather, 1993a). In contrast, TCBZ does interact with 

tubulin, however, only Fasciolidae tubulins (Bennett and Köhler, 1987). TCBZ-Fasciolidae 

tubulin interactions subsequently lead to interruptions or discontinuations of microtubule-

driven processes, and so particularly effect tissues dividing with a high turnover (Fetterer, 

1986; Lacey, 1988; Stitt et al., 1992a; Stitt and Fairweather, 1996, 1993b, 1993a). To this end, 

disruptions to cell division of critically important vitelline and spermatogonial cells are also 

directly responsible for the subsequent halt in egg production and impacts on egg viability 

(Alvarez et al., 2009; Stitt and Fairweather, 1996, 1992). In addition, TCBZ-induced tegumental 

damage reduces the capacity for cell repair following regular activities of stress-induced 

blebbing, sloughing and vesicle secretion (Halferty et al., 2009, 2008; Stitt et al., 1995; Stitt 

and Fairweather, 1993b, 1993a; Toner et al., 2010a). These TCBZ-associated cellular 

physiology impacts are well-documented in TCBZ susceptible flukes, requiring in vivo 

recommended doses plus a significant period of in vitro exposure to TCBZ flukicide 

(Vercruysse and Claerebout, 2001; Wolstenholme et al., 2006). In infected ruminants, 

quantitative reductions (>95%) of measurable fluke cathepsin L-based protein turnover is the 

current best and only molecular laboratory indicator available to measure anthelmintic 

resistance (Daniel et al., 2012; Flanagan et al., 2011a, 2011b; Novobilský et al., 2012). There 

are as yet no definitive molecular assays to measure TCBZ treatment failure as opposed to 

resistance failure. Therefore, a knowledge gap remains in our understanding of TCBZ-

associated molecular biomarkers of Fasciola hepatica, as well as the role of such biomarkers 

during anthelmintic metabolism and/or evasion that may yet have an effective role in parasite 

management through effective drug efficacy diagnoses. 
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4.2.3 Chapter 5 aims 

Genomic and transcriptomic approaches are efficient and high throughput in 

identifying molecular determinants and markers of interest, including anthelmintic- and 

resistance-associated biomarkers (Hodgkinson et al., 2013; Kotze et al., 2014; Nahum et al., 

2012). Conversely, proteomics using standardised in vitro formats can discover and measure 

functionally relevant protein candidates that are potentially important in parasite-host 

interactions, immune evasion and/or anthelmintic exposure (Brophy et al., 2012; Morphew 

et al., 2007, 2013, 2014; Robinson et al., 2009). To this end, seven previously discovered TCBZ-

associated protein biomarkers were characterised in this thesis. These biomarkers were 

identified through respective changes in their abundances following proteomic screening of 

Fasciola hepatica in vitro ES products in direct response to TCBZ-SO metabolite challenge at 

the terminating lethal (L) concentration [50 μg·mL-1] or the non-terminating sub-lethal (SL) 

concentration [15 μg·mL-1] of this flukicide (Morphew et al., 2014). In brief, protein allocation 

as biomarkers of sub-lethal TCBZ survival (resulting in detrimental effects only) or as lethal 

TCBZ termination (resulting in flukicide) was dependent on their presence and regulation 

during SL and L in vitro TCBZ-SO challenge (Morphew et al., 2014). L-associated biomarkers 

were categorised as markers of drug-terminating susceptible flukes, including actin (FhACT), 

deglycase DJ-1 (FhDJ-1), gelsolin (FhGEL), and triose phosphate isomerase (FhTPI). 

Conversely, proteins with demonstrably active regulation post-treatment, whether with 

temporal, down- or up-regulated expression and especially SL association, were deemed as 

non-terminating fluke biomarkers, including calreticulin (FhCRT), enolase (FhENO) and 

glyceraldehyde-3-phosphate dehydrogenase (FhGAPDH). Therefore, the specific objectives of 

this chapter were to: 

1) Utilise bioinformatic approaches to evaluate the Morphew et al. biomarkers for roles in 

cellular, physiological and TCBZ-SO anthelmintic interaction; 

2) Generate and clone genetic constructs of target candidates for recombinant expression, 

purification and integrity confirmation via mass spectrometry. 
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4.3 Methods 

4.3.1 Cloning Fasciola hepatica biomarkers 

4.3.1.1 In silico methods 

4.3.1.1.1 Target sequence selection, acquisition and analysis 

TCBZ-SO response biomarkers were selected for study following their proposal by 

Morphew et al. (2014). Protein hits of Fasciola hepatica and other organisms were accessed 

using the National Center for Biotechnology Information (GenBank v204 (Benson et al., 2015): 

www.ncbi.nlm.nih.gov) identifiers provided by Morphew et al. (2014) and aligned using 

BLASTP to the highest scoring F. hepatica gene sequences delivered by the Liverpool 

University genome project (PRJEB6687, WBPS v10, 2014). However, where no polymerase 

chain reaction (PCR) amplicons were observed, other sequence sources were used when 

successful, including UniProt and SwissProt (GenBank v204), and the Washington University 

genome project (PRJNA179522, WBPS v10–14, 2014–2018)). Consequently, target sequences 

are representative of F. hepatica wild type acquired from the cDNA of parasites from natural 

infections in UK sheep flocks collected from freshly slaughtered livers (Randall Parker Foods 

Ltd., Wales). 

 

4.3.1.1.2 Bioinformatic predictions 

DNA and amino acid sequences were analysed following PCR amplification, cloning 

and sequencing (4.3.1.2) using BioEdit (v7.0.5.3) (Hall, 1999). Subsequently, representative 

sequences were used as templates for genetic and proteomic assessments to reflect wild type 

isotypes. Consequences of any residue substitutions were predicted using PROVEAN Protein 

(Choi, 2012; Choi et al., 2012: provean.jcvi.org) and MutPred2 (Li et al., 2009: 

mutpred2.mutdb.org) tools. 

Protein characteristics including domains, localisation, and structural, functional and 

antigenic epitopes, were predicted using ExPASy tools (Gasteiger et al., 2003: 

www.expasy.org), CBS (DTU health tech bioinformatics, formerly the Center for Biological 

Sequence Analysis: www.cbs.dtu.dk/biotools), InterPro (Jones et al., 2014: 

www.ebi.ac.uk/interpro), CATH/Gene3D (CATH-Plus v4.2, Dawson et al., 2017: 

www.cathdb.info), SUPERFAMILY (v1.75, Gough et al., 2001: supfam.org), PROSITE (Sigrist et 

al., 2013: prosite.expasy.org), Motif Scan (Pagni et al., 2007: myhits.isb-sib.ch/cgi-

http://www.ncbi.nlm.nih.gov/
http://provean.jcvi.org/index.php
http://mutpred2.mutdb.org/index.html
http://www.expasy.org/
http://www.cbs.dtu.dk/biotools
http://www.ebi.ac.uk/interpro
file:///C:/Users/clare/AppData/Roaming/Microsoft/Word/www.cathdb.info
http://supfam.org/
http://prosite.expasy.org/
http://myhits.isb-sib.ch/cgi-bin/motif_scan
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bin/motif_scan), SignalP (Nielsen, 2017: www.cbs.dtu.dk/services/SignalP), and the 

Immunomedicine Group (Kolaskar and Tongaonkar, 1990; Universidad Complutense Madrid: 

imed.med.ucm.es/Tools/antigenic.pl). Hypothetical multi-dimensional structures were 

modelled to homologous templates, with the confidence of each sequence match scored as 

a percentage (0–100%), using Phyre2 (Kelley et al., 2015: www.sbg.bio.ic.ac.uk/phyre2) and 

SWISS-MODEL (Arnold et al., 2006; Benkert et al., 2011; Guex et al., 2009: 

swissmodel.expasy.org), and ligand binding properties were predicted using 3DLigandSite 

(Wass, Kelley and Sternberg, 2010: www.sbg.bio.ic.ac.uk/3dligandsite). 

For phylogenetic analyses, sequences were processed using the Molecular 

Evolutionary Genetics Analysis (MEGA, v7; Kumar et al., 2016). Alignments were used to 

generate 1000-replicate bootstrapped, neighbour-joining phylogenetic trees with level 1 

gamma distribution and Poisson corrections (Felsenstein, 1985; Kumar et al., 2016; Saitou and 

Nei, 1987; Zuckerkandl and Pauling, 1965). The percentage of replicate trees in which taxa 

clustered within the bootstrap test were labelled at each branch, and units of the evolutionary 

distance were presented as the number of amino acid substitutions per site. 

 

4.3.1.1.3 PCR primer designs 

Primers (Eurofins, Germany; Sigma-Aldrich, UK) were designed for full-length gene 

amplification or truncated to avoid downstream in vitro bacterial host cell toxicity and 

unfavourable proteomic properties (Table 4.3.1.1.3). Melting temperatures and 

complementarity were pre-determined using Primer3 (Kõressaar et al., 2018; Koressaar and 

Remm, 2007; Untergasser et al., 2012: primer3.ut.ee) and the Multiple Primer Analyzer 

(Breslauer et al., 1986: Thermofisher Scientific bit.ly/2RAzEHt). 

 

Table 4.3.1.1.3. Primer designs for F. hepatica gene amplification. Full-length and truncated gene sequences 

were targeted as specified, including start and stop codons (bolded) for initial cloning. Restriction enzyme-

binding sequences for NdeI and NotI (underlined) were added in addition (NdeI: 5’-CATATG-3’) and in place 

of (NotI 5’-GCGGCCGC-3’) the start and stop codons, respectively, for subsequent subcloning progression. 

Target name and source Cloning Subcloning 

Actin 
BN1106_s101B000531.mRNA-1, PRJEB6687, 

WormBaseParaSite 

For 5’-ATGGCTGAAGAGGACGTTGC-3’ 
Rev 5’-CTAGAAGCATTTGCGATGAA-3’ 

For 5’-CATATGGCTGAAGAGGACGTTGCT-3’ 
Rev 5’-GCGGCCGCGAAGCATTTGCGATGAAC-3’ 

Calreticulin 
BN1106_s2673B000071.mRNA-1, PRJEB6687, 

WormBaseParaSite 

For 5’-ATGGTTGGTACGTGGTACTTC-3’ 
Rev 5’-TTACAACTCCTCATGATCGGC-3’ 

For 5’-CATATGGTTGGTACGTGGTACTTC-3’ 
Rev 5’-GCGGCCGCGCCGATCATGAGGAGTTG-3’ 

http://myhits.isb-sib.ch/cgi-bin/motif_scan
http://www.cbs.dtu.dk/services/SignalP
http://imed.med.ucm.es/Tools/antigenic.pl
http://www.sbg.bio.ic.ac.uk/phyre2
https://swissmodel.expasy.org/
http://www.sbg.bio.ic.ac.uk/3dligandsite
http://primer3.ut.ee/
https://bit.ly/2RAzEHt
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Truncated Calreticulin 
BN1106_s2673B000071.mRNA-1, PRJEB6687, 

WormBaseParaSite 

For 5’-CATATGGAAGTTTACTTGGAAGAAAA-3’ 
Rev 5’-GCGGCCGCGCCGATCATGAGGAGTTG-3’ 

DJ-1 Deglycase 
BN1106_s1971B000297.mRNA-1, PRJEB6687, 

WormBaseParaSite 

For 5’-ATGGCAGTGTCAGCACTT-3’ 
Rev 5’-TCAACGAACAAGCATTTT-3’ 

For 5’-CATATGGCAGTGTCAGCACTT-3’ 
Rev 5’-GCGGCCGCACGAACAAGCATTTT-3’ 

Enolase 
U10297.1, GenBank 

For 5’-ATGGCAATAAAAGCGATC-3’ 
Rev 5’-TTATGGTCGGCGGAAGTTCT-3’ 

For 5’-CATATGGCAATAAAAGCGATCCA-3’ 
Rev 5’-GCGGCCGCTGGTCGGCGGAAGTT-3’ 

Gelsolin 
D915_01476, PRJNA179522, WormBaseParaSite 

For 5’-ATGGCTGGTCTGACGAA-3’ 
Rev 5’-TTAGTCCCAAATTTTCTCCATC-3’ 

For 5’-CATATGGCTGGTCTGACGAAGC-3’ 
Rev 5’-GCGGCCGCGTCCCAAATTTTCTCCAT-3’ 

Glyceraldehyde-3-phosphate dehydrogenase 
KF700239.1, GenBank 

For 5’-ATGTCCAAACCCAAAGTG-3’ 
5’-TCACAAATGGTCAATAGTAT-3’ 

For 5’-CATATGTCCAAACCCAAAGTG-3’ 
Rev 5’-GCGGCCGCCAAATGGTCAATAGTAT-3’ 

 

4.3.1.2 In vitro genetic recombination 

4.3.1.2.1 PCR conditions 

50-250 ng cDNA template was used for PCR amplification and adjusted as required. 

For colony PCRs, 5 μL of bacterial colony samples resuspended in 10 µL nuclease-free DEPC-

treated water (Ambion, Invitrogen, UK) was used per reaction, and the remainder was used 

for subculturing (4.3.1.2.4). PCRs were conducted using MyTaq™ Red for diagnostic reactions 

and MyFi™ for high fidelity, according to the manufacturer’s instructions (Bioline, UK). All 

PCRs were conducted using a Techne TC-4000 thermocycler (Bibby Scientific, UK) and 

conditions were designed per target (Table 4.3.1.2.1), with adjustments to annealing 

temperatures and extension time as required. DNA concentration and purification quality was 

determined using a NanoDrop® ND-1000 (Thermo Scientific, UK). 

 

Table 4.3.1.2.1. PCR experimental design for F. hepatica gene amplification. Reaction conditions for DNA 

target amplification was setup according to each gene cloning or subcloning primer pair, with the only 

adjustments to the annealing temperature (a) or extension time (b) to suit primer-target binding and 

amplicon sequence extension, respectively. 

Stage Time Temperature Process 

1 1 min 95°C Initial denaturation (including bacterial colony lysis) 

2 

30 sec 95°C Denaturation 

35 cycles 30 sec 49–65°C a Annealing 

30–45 sec b 72°C Extension 

3 5–7 mins b 72°C Final extension 

A. Annealing temperatures were calculated according to the melting temperatures of any primer pairs used concurrently. 

B. Extension times were adjusted per target, with 30 s per 500 bp and 5 s per additional 500 bp. 

 

4.3.1.2.2 DNA gel electrophoresis 

1% agarose (molecular biology grade, Melford, UK) gels were hand cast, using tris-

acetate buffered EDTA (TAE) (Thermo Scientific, UK) and with GelRed™ (Biotium, UK) or Sybr™ 

Safe (Invitrogen™, UK) intercalating agents. Where required, DNA loading buffer (Bioline, UK) 

was used prior to sample loading and HyperLadder™ 1kb (Bioline, UK) or FastLadder (NEB, 
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UK) molecular markers were used as recommended by the manufacturers. Gels were 

electrophoresed in TAE at 50–125 V as dictated by target sizes, whereby PCR products of 1.0-

1.5 kilobase pairs (kbp) were typically conducted at 110 V for 5–10 minutes followed by 100 

V for 45–60 minutes and larger fragments of 3.0+ kbp at 100 V for 10–20 minutes and 50–75 

V for 60–75 minutes. 

Electrophoresed DNA gels were imaged using the U:Genius3 (Syngene) or Typhoon™ 

FLA 9500 (GE Healthcare, UK) systems. Where required, fragments of interest were aseptically 

extracted and purified using the ISOLATE II PCR and Gel Kit (Bioline, UK) as per the 

manufacturer’s instructions with only minor adjustments to increase the post-ethanol 

centrifugation to three minutes and eluting (with re-eluting) using nuclease-free DEPC-

treated water. Where required, DNA samples were further purified and concentrated using 

the MSB® Spin PCRapace kit (Thistle Scientific, UK). 

 

4.3.1.2.3 Biomarker gene-pGEM-T® Easy ligations 

MyFi™ PCR amplicons with 3’ adenine overhangs were ligated into the linear cloning 

vector, pGEM-T® Easy (Promega, UK), as directed or with approximately 3:1 insert:vector 

quantities (specifically calculated as described below: 4.3.1.2.6.2; Figure 4.3.1.2.6.2). 

Ligations were conducted overnight at 4°C using T4 ligase as recommended (Promega, UK; 

Thermo Scientific, UK). 

 

4.3.1.2.4 Biochemical Escherichia coli transformation 

Chemically-competent bronze efficiency α-select Escherichia coli (Bioline, UK) were 

transformed with 1–5 ng cloning vector DNAs in 1–3 μL suspension per 25 μL cells or 2.5–5 μL 

suspension per 50 μL cells using the heat-shocking method as advised alongside the positive 

control plasmid pUC19 (Bioline, UK). Specifically, cells were incubated with pre-chilled DNA 

samples on ice for 30 minutes before heating for 15–30 s at 42°C and incubation on ice for a 

further 2 minutes. Cells were grown at 37°C for 1–1.5 hours in 450 or 900 μL SOC medium 

(Sigma-Aldrich, UK) for 25 or 50 μL starting cell volumes, respectively. 50–150 μL cells were 

then grown on LB agar plates (Melford, UK) pre-treated with ampicillin [100 μg·mL-1], IPTG [1 

mM] (both Thermo Scientific, UK) and X-gal [100 mg·mL-1] (Melford, UK) for plasmid selection 

and screening. Plate cultures were incubated at 37°C overnight (14–18 hours) or room 
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temperature for up to 72 h and stored at 4°C for longer term as required (<3 months). 

Subcultures were setup using picked colonies or following colony PCR (4.3.1.2.1) in ampicillin-

treated [100 μg·mL-1] LB Broth (Miller, UK; Sigma-Aldrich, UK; Thermo Scientific, UK) overnight 

at 37°C and 180–200 rpm. 

Plasmid DNA was extracted using the ISOLATE II Plasmid Mini Kit (Bioline, UK) with 

protocol modifications as follows. 1.5 mL liquid media fractions were pelleted and treated 

individually with 20% of the recommended buffer volumes before combining and continuing 

as recommended until elution in nuclease-free DEPC-treated water. 

 

4.3.1.2.5 Bacterial transformant storage 

Liquid cultures were stored at 4°C for short periods (<1 week) or prepared for long-term 

storage as glycerol stocks by mixing equal volumes of cell cultures with autoclaved 50% 

glycerol (Thermo Scientific, UK) in distilled water (UV-sterilised; 15 MΩ) in cryostable tubes. 

Subcultures of glycerol stocks were setup taking a scrape of cryostocks into fresh LB broth 

with appropriate antibiotic supplementation. 

 

4.3.1.2.6 Generation of biomarker expression vectors 

4.3.1.2.6.1 Restriction endonuclease digestions 

Cloned target sequences were isolated from pGEM-T® Easy via double restriction 

digestions using NdeI (CA/TATG) and NotI (GC/GGCCGC) endonucleases followed by gel 

excision (4.3.1.2.2). Reaction volumes of 10 μL (diagnostic) or 20 μL (subcloning) were used 

with a minimum of 1 Weiss unit (U) each of NdeI and NotI per 100 ng DNA and with buffer D 

or buffer O as per the manufacturers’ guidelines (Thermo Scientific, UK; Promega, UK). 

Reactions were incubated at 37°C for 2–4 hours and deactivated at 65°C for 20 minutes. For 

diagnostic digestions, 250 ng–1 μg plasmid DNA was used, whereas subcloning used 1–3 μg 

insert (X-pGEM®-T Easy) and parent expression vector (pET-23a(+)/-28b(+) (Merck, UK)). 

 

4.3.1.2.6.2 Biomarker gene-expression vector subcloning 

Ligations were attempted as previously described (4.3.1.2.3) within the range of 1:1–

10:1 insert:vector ratios in accordance with the standardised ligation reaction equation 

(Figure 4.3.1.2.6.2). 10–100 ng gel-purified NdeI-NotI-linearised Novagen® pET-23a(+)/-
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28b(+) vectors (Merck, UK) were ligated with gel-purified NdeI-NotI-digested insert DNA for 

cloning in E. coli as before (4.3.1.2.3–4.3.1.2.4), except without IPTG and X-gal and with 50 

μg·mL-1 kanamycin (Sigma-Alrich, UK) antibiotic selection for pET-28b(+)-based construct 

transformants. 

 

Insert X [ng] =  
Y ng [vector] ×  X kilobase pairs [insert]

 Y kilobase pairs [vector]
 ×

insert

vector
 [ratio] 

Figure 4.3.1.2.6.2. Equation for the calculation of optimal insert-vector ligation conditions in subcloning. 

 

4.3.1.2.7 Recombinant DNA sequence confirmation 

Constructs were confirmed via PCR (4.3.1.2.1), restriction endonuclease digestions 

(4.3.1.2.6.1) and Sanger DNA sequencing (n≥3) using M13 (pGEM®-T Easy: M13-forward 5’-

GTAAAACGACGGCCAG-3’, M13-reverse 5’-CAGGAAACAGCTATGAC-3’) or T7 (pET: T7-forward 

5’-TAATACGACTCACTATAGGG-3’, T7-reverse 5’-CCGCTGAGCAATAACTAGC-3’) universal 

primers. The FhTPI-pET-46 Ek/LIC construct was generated by Zinsser et al. (2013b) and kindly 

provided by Professor David Timson (Queen’s University Belfast, UK), and thus only DNA 

sequencing confirmation was performed. DNA sequencing results were analysed and aligned 

to in silico genome-derived sequences using the BioEdit Sequence Alignment Editor (Hall, 

1999). Confirmed constructs, including correct sequence and vector landmarks (Table 

4.3.1.2.7) were subsequently selected for recombinant expression. 

 

Table 4.3.1.2.7. Insert-expression vector construct characteristics. 

Target name Insert Expression vector HIS tag location (terminus) 

Actin FhACT pET-28b(+) C 

Calreticulin FhCRT pET-23a(+) C 

Truncated calreticulin Fh∆CRT pET-28b(+) C 

Deglycase DJ-1 FhDJ-1 pET-28b(+) C 

Enolase FhENO pET-28b(+) C 

Gelsolin FhGEL pET-28b(+) C 

Glyceraldehyde-3-phosphate dehydrogenase FhGAPDH pET-28b(+) C 

Triose phosphate isomerase FhTPI pET-46Ek/LIC N 

 

4.3.1.2.8 Expression cell lines 

Chemically-competent BL21(DE3) (Bioline, UK), One Shot® BL21(DE3) Star™ (Thermo 

Scientific, UK) or BL21(DE3)pLysS (Promega, UK) cells were transformed with prepared 

constructs according to the manufacturers’ guidelines with adjustments as follows. Briefly, 5–

10 ng or 2.5–5 ng DNA per 50 μL or 25 μL cell volume, respectively, was used and 
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transformants were cultured with appropriate antibiotic supplementation as previously 

described (4.3.1.2.4–4.3.1.2.6). 

 

4.3.2 Recombinant expression 

4.3.2.1 Setup of pET-BL21 expression systems 

For expression, BL21(DE3) transformants were diluted into fresh antibiotic-

supplemented LB Broth and grown at 37°C with 140–180 rpm. Cultures were induced with 

IPTG upon reaching mid-log phase (A600 = 0.6–1.0), which was measured by a Varian Cary 50 

Bio UV-V Spectrophotometer (Agilent Technologies, UK) or a NanoDrop® ND-1000 (Thermo 

Scientific, UK), and temperatures were adjusted as specified (Table 4.3.2.1). Aliquots taken 

hourly until upto 4 hours post-induction and the remainding culture at the end of incubation 

were subsequently prepared for protein isolation (4.3.3). 

 

Table 4.3.2.1. Expression conditions for Fasciola hepatica target biomarkers. Pilot conditions included a 

range of IPTG induction concentrations and where necessary, several temperatures were tested. Further 

conditions were attempted for troubleshooting, and optimal recommended parameters are shown in bold. 

The outcome of purification of recombinant proteins (4.3.4), where conducted, is also shown. 

Target name Construct Cell line 

Pilot conditions 
Conditions of troubleshooting attempts and 

optimised recommendations 
Recombinant 

protein 
purification 

outcome 
Culture 
dilution 

IPTG 
[mM] 

Temperature 
(°C) 

Duration 
(hours) 

Culture 
dilution 

IPTG 
[mM) 

Temperature 
(°C) 

Duration 
(hours) 

Actin 
FhACT-pET-

28b(+) 
BL21(DE3)pLysS 1:70 

0.05 
0.1 
0.5 
1.0 

37 5 - - - - Attempted 

Calreticulin 
FhCRT-pET-

23a(+) 
BL21(DE3) 1:40 

0.0 
0.6 
1.0 

28, 32 5 1:40 1.0 

18 16 

Attempted 28 5 

37 5 

Truncated 
calreticulin 

Fh∆CRT-
pET-28b(+) 

BL21(DE3)pLysS 1:40 
0.1 
0.5 

37 5 1:40 0.5 37 3–5 Successful 

Deglycase DJ-1 
FhDJ-1-

pET-28b(+) 
BL21(DE3)pLysS 1:70 

0.05 
0.1 
0.5 
1.0 

18 24 1:40 0.05 37 5 
Attempted, 

partial 
success 

Enolase 
FhENO-

pET-28b(+) 
BL21(DE3)pLysS 1:40 

0.1 
0.5 

37  1:40 0.1 37 5 Attempted 

Gelsolin 
FhGEL-pET-

28b(+) 
BL21(DE3)pLysS 1:40 

0.0 
0.5 
1.0 

37 5 1:40 0.5 37 5 Successful 

Glyceraldehyde-
3-phosphate 

dehydrogenase 

FhGAPDH-
pET-28b(+) 

BL21(DE3)pLysS 1:40 

0.05 
0.1 
0.5 
1.0 

30 5 1:40 0.1 18 24 Attempted 

Triose phosphate 
isomerase 

FhTPI-pET-
46 Ek/LIC 

One Shot® 
BL21(DE3) Star™ 

1:40 
0.0 
1.0 
2.0 

37 3 1:40 1.0 37 5 Successful 
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4.3.3 Recombinant protein processing 

4.3.3.1 Protein isolation 

Cells were pelleted at 10,000 x g for 10 minutes at 4°C and resuspended in lysis buffer 

(0.1 M sodium phosphate, pH 7.4; 0.4 M sodium chloride; 5 mM magnesium chloride). 

Resuspensions were stored at -80°C until needed or directly lysed by subjecting cells to three 

cycles of freeze-thawing in liquid nitrogen and a water bath heated to 42°C, followed by three 

cycles of 15 s sonication and 15 s wet ice incubations. 

Lysate and inclusion body (IB) fractions were separated by centrifugation at 11,000 x g 

for 10 minutes at 4°C and soluble sample filtration through 0.22 μm polyethersulfone 

membranes (Merck Millipore, Germany). IB-expressed target proteins were instead subjected 

to centrifugation at 21,000 x g and pellets were washed by resuspending in fresh lysis buffer 

and collected following re-centrifugation at 11,000 x g. Samples were stored at -80°C for long-

term or -20°C for short-term periods until required. For analysis by SDS PAGE, samples were 

directly taken, including for IBs where 5 μL volume of insoluble IB fractions were loaded per 

lane after mixing pellets in 20 μL distilled water (UV-sterilised; 18.2 MΩ). 

 

4.3.3.2 IB protein extraction and solubilisation 

For rFhCRT and rFhGAPDH IBs, protein extraction and solubilisation was based on the 

protocol by Allahyari et al. (2015). Briefly, IB pellets separated from the soluble fraction 

(4.3.3.1) were washed in pre-chilled IB lysis buffer (30 mM tris-Cl, pH 8.0; 300 mM sodium 

chloride; 1 mM PMSF (for FhGAPDH only); 1 mM EDTA) followed by pre-chilled IB lysis buffer 

containing 1.0% Triton X-100 (v/v) and 1 M urea (w/v) (Thermo Scientific, UK), with 

centrifugation after each step for 20 minutes at 4°C at 8,800 x g for rFhCRT and 4,000 x g for 

rFhGAPDH. Pellets were then solubilised in IB denaturation buffer (30 mM tris-Cl, pH 9.0; 500 

mM sodium chloride; 1 mM PMSF; 8 M urea; 1 mM DTT; 5 mM imidazole) at room 

temperature for 2 hours followed by centrifugation as before to isolate the supernatant 

containing solublised IB proteins. All wash steps and fractions were collected and stored as 

before (4.3.3.1). 
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4.3.4 Recombinant protein purification 

4.3.4.1 Immobilised metal ion affinity chromatography (IMAC) 

Filter-sterilised soluble lysates containing polyhistidine-tagged recombinant proteins 

were purified using immobilised metal ion affinity chromatography (IMAC) in accordance with 

manufacturers’ guidelines unless otherwise specified where required. Columns were loaded 

with HIS-Select Nickel and Cobalt (Sigma-Alrich, UK) or Nickel-Nitrilotriacetic acid (Ni-NTA) 

cartridges (Web Scientific, UK) were used alongside the ÄKTAprime plus v2.01 liquid 

chromatography system (GE Healthcare Life Sciences, UK) and analysed with PrimeView™ 

v1.00. 

Sodium phosphate buffers were prepared for all IMAC procedures, adjusted to pH 6.0 

for rFhCRT/rFh∆CRT or pH 8.0 for all other targets (6.8% di-hydrogen monosodium 

phosphate; 93.2% disodium monophosphate (Thermo Scientific, UK)) with sodium chloride 

(0.3 M (Thermo Scientific, UK)) and imidazole (Acros Organics, UK) for equilibration (EQ, 20 

mM), wash (10 mM) or elution (50–500 mM) buffers. Elution buffers were applied stepwise 

with increasing imidazole concentrations and a denaturation buffer (EQ with 8 M (w/v) urea 

(Thermo Scientific, UK)) was used following all IMAC elutions. 

 

4.3.4.2 Standardisation of polyhistidine-tagged recombinant protein purification 

IMAC procedures were conducted as described (4.3.4.1) at 4°C or ambient (18–21°C) 

temperatures and resins were prepared by washing with at least 10 bed volumes of distilled 

water (UV-sterilised; 18.2 MΩ) followed by 5-10 bed volumes of EQ buffer at 5 mL per minute. 

Samples were acclimatised to the operating temperature and supplemented with imidazole 

to a final concentration of 10 mM and approximately 100 mg target protein per 1 mL resin 

was applied and re-applied at a flow rate of 1–2 mL per minute for one–two hours or up to a 

maximum of four hours as recommended by the manufacturers. Wash buffer was 

subsequently applied at a flow rate of 5–10 mL per minute until optical density (A280) readings 

of the flow-through was equal to or less than that of the wash buffer. 1–10 mL elution buffer 

was then applied with increasing imidazole concentration, followed by a final purge using 

sodium phosphate buffer with 8 M urea and 50 mM imidazole. All flow-through and elution 

samples containing protein fractions were collected and stored on ice prior to 4°C storage 

overnight or -20°C storage for longer than 24 hours prior to further processing. 
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4.3.4.3 IMAC under denaturing conditions and on-column refolding 

IB-isolated recombinant denatured proteins (4.3.3.2) were purified using IMAC under 

denaturing conditions (8 M urea) followed by on-column refolding and protein elution under 

native conditions, based on the protocol by Barbosa et al. (2006) with minor adjustments as 

follows. All buffers were made and used as previously described (4.3.4.1–4.3.4.2), except with 

the addition of 0, 4, or 8 M urea (w/v) and 1 mM DTT (w/v) in EQ buffers used in decreasing 

order of urea concentration to enable protein refolding prior to protocol continuation under 

native conditions as before. 

 

4.3.4.4 Concentration and buffer exchange of IMAC eluents 

4.3.4.4.1 Filtration 

Amicon® Ultra 10K or 30K-Centrifugal Filters (Merck, UK) were used in the first 

instance to concentrate IMAC-purified recombinant samples according to the molecular mass 

each protein target. Centrifugal filters were used as recommended by manufacturer as 

follows. All steps were conducted at 4°C excluding the optional sodium hydroxide wash, and 

following centrifugation distilled water (18.2 MΩ) was used to wash/resuspend samples, 

which were collected and stored at -20°C for short-term or -80°C for long-term periods until 

required. 

 

4.3.4.4.2 Centrifugal vacuum 

For samples resuspended in water and with low protein concentration sample 

volumes were reduced and concentration increased as required using a HETO Holton MAXI 

dry plus centrifugal vacuum, operated between 30–40°C and at 1,700 RPM. 

 

4.3.5 Proteomic analyses and identification 

4.3.5.1 SDS PAGE and mass spectrometry 

Protein concentrations were determined (2.3.4) and 1-D (1-DE) and 2-D (2-DE) SDS 

PAGE was conducted (2.4.1) as previously described. 1-DE- and 2-DE-separated proteins were 

prepared for liquid chromatography tandem mass spectrometry (LC-MS/MS) using an ESI-

QUAD TOF system as described in the General materials and methods (2.4.3) with further 

specifications. Hits were identified against the Fasciola hepatica genome (PRJEB6687, WBPS 
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v10) using an in-house MASCOT (Matrix Science) server and further identified against 

GenBank (v204). Where required, a decoy search was performed to report the false discovery 

rate of reverse protein sequences above identity or homology thresholds. 

 

4.3.5.2 Western hybridisation 

SDS PAGE-separated proteins were directly transferred to nitrocellulose membrane 

(NCM) and analysed as previously described (2.4.2). 

 

4.3.5.2.1 HisProbe™-HRP 

HisProbe™ (Thermo Scientific, UK) was diluted to 1:5,000 in TBS with 1% (w/v) milk 

and 1% (v/v) Tween® 20 and incubated at room temperature for an hour, after which 

membranes were washed with TBS twice for 15 minutes each and directly detected using the 

chemiluminescent peroxidase substrate-3 working solution (Sigma-Aldrich, UK) as 

recommended by the manufacturer. Blots were imaged using a UVP BioSpectrum Imaging 

System (UVP, USA) with 5 minutes’ exposure. 

 

4.3.5.2.2 Anti-HIS-AP 

A second unconjugated anti-histidine tag antibody produced in rabbit (SAB1306082, 

Sigma-Aldrich, UK) was used for subsequent western hybridisations between 1:1,000–1:2,000 

as previously described (4.3.5.2.1). Membranes were subsequently incubated with secondary 

goat anti-rabbit-alkaline phosphatase conjugate (A3687, Sigma-Alrich, UK) diluted to 1:30,000 

in TBS for an hour at room temperature, then washed with fresh TBS prior to detection using 

the nitro-blue tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl-phosphate 4-toluidine 

(NBT/BCIP) system as required (100 mM tris, pH 9.5; 100 mM sodium chloride; 5 mM 

magnesium chloride; 0.4 mM NBT (Thermo Scientific, UK); 0.45 mM BCIP salt (Melford, UK)) 

and imaging using a GS-800 Calibrated Imaging Densitometer (Bio-Rad, UK).  
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4.4 Results 

4.4.1 In silico analyses 

4.4.1.1 Sequence selection for TCBZ-SO-associated biomarkers 

Molecular candidates for measuring TCBZ efficacy in Fasciola hepatica were selected 

from a previous study by Morphew et al. (2014), that identified target proteins in SL TCBZ-SO-

associated survival or L TCBZ-SO-associated termination phenotypes. In this thesis, seven of 

these shortlisted candidates were selected for characterisation and recombinant expression 

for prospective assessments of diagnostic potential, including actin (ACT), calreticulin (CRT), 

deglycase DJ-1 (DJ-1), enolase (ENO), gelsolin (GEL), glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), and triose phosphate isomerase (TPI). Specific protein hits 

presented by Morphew et al. (2014), where present, were searched against GenBank or 

WormBase ParaSite databases as described (2.4.3) to identify the highest scoring F. hepatica 

orthologues, and successful PCRs finalised hit selections (Table 4.4.1.1). 

 

Table 4.4.1.1. Biomarkers of interest identified by Morphew et al., (2014) and pre-selected as diagnostic 

candidates for Fasciola hepatica. 

Biomarker 
Drug 

response 
phenotype 

Top hit 
accession 
(Genbank) 

F. hepatica orthologue selected 
(identifier) 

Percentage 
identity to 

original hit (E 
value) 

Sequence 
length 

(bp)/(aa) 

Actin Termination XP_002575979 BN1106_s101B000531.mRNA-1 96.8% (0.0) 1131 / 376 

Calreticulin Survival Unassigned BN1106_s2673B000071.mRNA-1 n/a 1269 / 422 

DJ-1 Termination AAW26651 BN1106_s1971B000297.mRNA-1 63.2% (9.4E-73) 552 / 183 

Enolase Survival AAA57450 AAA57450.1 n/a 1449 / 431 

Gelsolin Termination XP_002572334 D915_01476 62.6% (1.4E-44) 1095 / 364 

Glyceraldehyde-3-
phosphate 

dehydrogenase 
Survival AAG23287 AIE44418.1 75.5% (2.0E-107) 1017 / 338 

Triose phosphate 
isomerase 

Termination ABS19444 AGJ83762.1 68.0% (1.0E-117) 1014 / 253 

 

4.4.1.2 Actin (FhACT) 

4.4.1.2.1 FhACT family association and structural assessments 

FhACT (PRJEB6687, WBPS v10: BN1106_s101B000531.mRNA-1; scaffold 101: 37,533–

38,663; one exon) was predicted with actin protein family association using WormBase 

ParaSite with cross-referencing from InterPro. FhACT was matched to the actin superfamily 

(IPR004000) by PANTHER (1–376), Pfam (4–376), and SMART (6–376). Actin signatures were 

also identified by PRINTS (27–36, 50–61, 62–84, 116–121, 141–160, 237–253), predicting 
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conservation of FhACT with the 1ATN model DNASE I complex. Further family-specific actin 

and actin-like protein domains and signatures were matched by Gene3D (9–138, 139–180, 

274–339, 340–372: actin-related protein; 181–273: actin chain A, domain 4), Superfamily (5–

154, 147–376: actin-like ATPase domain), and PROSITE (54–64, 357–365: actin, conserved 

domain IPR004001; 105–117: actin/actin-like, conserved domain IPR020902). NCBI also 

assigned nucleotide binding capabilities to N-terminal (9–182) FhACT residues, based on 

sequence conservation with nucleotide binding domains of sugar kinase, heat shock protein 

70 and actin superfamilies (12D, 13N, 14G, 15S, 17M, 19K, 138Q, 155D, 156S, 157G, 158D). 

Further FhACT actin-related protein functions were identified through gene ontology 

(GO) terms, including involvement in the cell cycle (GO:0007049), endocytosis (GO:0006897), 

exocytosis (GO:0006887), intracellular protein transport (GO:0006886), actin cytoskeleton 

organization (GO:0030036) and leukocyte migration (GO:0050900) biological processes. 

Localisation into cellular components was also predicted, including the molecular function as 

a structural constituent of cytoskeleton (GO:0005200), as well as direct associations with 

intracellular (GO:0005622), adherens junction (GO:0005912), bicellular tight junction 

(GO:0005923) and focal adhesion (GO:0005925) cellular pathways. 

The hypothetical 3-D structure of FhACT was produced using Phyre2 (Figure 

4.4.1.2.1A) as based on a multi-template analysis against the two highest scoring model 

templates, which aligned 96% of FhACT residues (3–373) with 100% confidence (Figure 

4.4.1.2.1B). These models were Oryctolagus cuniculus skeletal muscle actin (92% ID; 1O1F, 

PDB: www.rcsb.org/structure/1O1F) and Komagataella phaffii actin-1 (84% ID; 4PL7, PDB: 

www.rcsb.org/structure/4PL7), whereas the third highest-scoring model was the Sus scrofa 

actin-related motor protein dynactin (54% ID; 5AFU, www.rcsb.org/structure/5AFU).  

FhACT consists of 10 arrays of alpha-helices interrupted by eight short-length beta-

pleated sheets, including two larger sheets at the N-terminus and mid-N terminal regions 

(Figure 4.4.1.2.1A). Phyre2 structural modelling predicted the tertiary structure of FhACT to 

be highly similar to other Eukaryotic actin monomers (Dominguez and Holmes, 2011; Pollard, 

2016; Sheterline et al., 1999), with a highly-folded, flat structure comprised of four 

subdomains with inter-domain grooves, a central cleft, and both amino and carboxyl termini 

folded into subdomain one (Figure 4.4.1.2.1A). Major loops are formed with structural and 

functional significance, including the β-hairpin (H-, Asp11–Cys17), sensor (S-, Pro70–Asp78), and 

https://www.rcsb.org/structure/1O1F
https://www.rcsb.org/structure/4PL7
https://www.rcsb.org/structure/5AFU
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DNase I-binding (D-, Arg39–Asp51) loops (Dominguez and Holmes, 2011; Graceffa and 

Dominguez, 2003; Kudryashov et al., 2010). 

 

Figure 4.4.1.2.1. 3-D prediction and model templates for FhACT using Phyre2. The 3-D protein structure was 

predicted for FhACT, showing four (1–4) major subdomains in its tertiary structure (A). This prediction was based 

on FhACT sequence modelling with the two highest-scoring templates of three high scoring models shown (B), 

including two muscle-associated actins (PDB: 1O1F, 4PL7) and one dynactin (PDB: 5AFU) model templates. 

  

As documented in model actins, FhACT demonstrates a major central cleft between 

subdomains 3 and 4 (pointed end) and a larger target-binding groove between subdomains 1 

and 3 (barbed end) (Figure 4.4.1.2.1A), the angular positioning of which is critical for filament 

extension (Dominguez and Holmes, 2011; Pollard, 2016). This quaternary structure also 

involves interactions of multiple exposed residues, at the domain and inter-domain level 

(Dominguez, 2004; Dominguez and Holmes, 2011; Pollard, 2016). Notably the domain 1 

hydrophobic pocket, the 1–3 inter-domain hydrophobic cleft residues (HsACT-1; P60709, 

UniProt, www.uniprot.org/uniprot/P60709; Tyr143, Ala144, Gly146, Thr148, Gly168, Ile341, Ile345-

Leu346, Thr351, Met355) and outlying residues of domain 3 (Met283, Ile287, Asp288; Pro322, Met325) 

and 4 (Pro243–Gly245) are important for longitudinal polymer stability (Dominguez and Holmes, 

2011), as well as key sites for actin-binding proteins (Dominguez, 2004). 

 

4.4.1.2.2 FhACT sequence conservation and functionality 

Sequence, structural and functional conservation of FhACT with model proteins was 

investigated through phylogenetic analysis against Schistosoma mansoni, Caenorhabditis 

elegans, Homo sapiens and Oryctolagus cuniculus ACTs (Figure 4.4.1.2.2.1). Data here support 

https://www.uniprot.org/uniprot/P60709
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extensive literature and phylogenetic analyses suggesting high ACT sequence conservation 

(Dominguez and Holmes, 2011; Pollard, 2016), particularly between the trematode genera 

examples tested here (Figure 4.4.1.2.2.1B: 91.76–99.20; B–C: FhACT-SmACT-1/putative 

≥96.81–97.07%, 0.028–0.0034 units of evolutionary distance). FhACT demonstrates only 

minor residue variation at the N-terminal compared with mammalian and nematode ACTs 

(Figure 4.4.1.2.2.1A). Residues of functional and structural importance (Dominguez, 2004; 

Dominguez and Holmes, 2011; Graceffa and Dominguez, 2003), including those important for 

polymerisation (Kudryashov et al., 2010; Mundia et al., 2012), were also conserved (Figure 

4.4.1.2.2.1A). 

Conserved active sites and ligand binding activities of FhACT were investigated using 

3DLigandSite based on the final model calculated by Phyre2, with 96% residues modelled at 

>90% confidence (Figure 4.4.1.2.2.2). 21 residues between Gly14 and Trp357 of FhACT were 

predicted to have ligand binding properties with significant structural alignment scores 

(42.9≤43.0 average MAMMOTH score). Heterogens included calcium and magnesium metal 

ions, and adenosine-5’-diphosphate (ADP) and adenosine-5’-triphosphate (ATP) non-metallic 

ligands (Figure 4.4.1.2.2.2). These findings are in-keeping with previous evidence for these 

divalent cations binding to G-actin for monomer activation and F-actin for filament elongation 

(Cooper et al., 1983) by stimulating ATP and ADP binding for filament polymerisation and 

depolymerisation, respectively (Dominguez and Holmes, 2011; Pollard, 2016). 

It has been found that the filamentous state of actin enhances its ATPase activity and 

the exposure of each monomer’s target-binding cleft, permitting interactions between 

longitudinal filaments and multiple actin-binding proteins through the conformational 

changes induced by ATP hydrolysis (Dominguez, 2004; Dominguez and Holmes, 2011; Pollard, 

2016). Furthermore, Cooper et al., (1983) demonstrated the kinetic differences between 

cation concentration for actin treadmilling, whereby the polymerisation rate is faster in the 

presence of magnesium compared to calcium, which could explain the respective binding 

availabilities of five or 19 metal ions by FhACT (Figure 4.4.1.2.2.2). 
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Figure 4.4.1.2.2.1. Phylogenetic analysis of Fasciola hepatica (FhACT), model and related parasite ACTs. The 

selected F. hepatica isotype FhACT (BN1106_s101B000531.mRNA-1) was aligned with actin-1, actin-2 and 

putative actin proteins from S. mansoni (SmACT-1: Smp_046600, P53470, www.uniprot.org/uniprot/P53470; S. 

mansoni putative actin: Smp_183710, G4VLW1, www.uniprot.org/uniprot/G4VLW1), C. elegans (CeACT-1: 

T04C12.6, P0DM41, www.uniprot.org/uniprot/P0DM41; CeACT-2: T04C12.5, P10984, 

www.uniprot.org/uniprot/P10984), H. sapiens (HsACT-1: 3LUE, P60709, www.uniprot.org/uniprot/P60709) and 

O. cuniculus (OcACTA1: 1O1F, P68135, www.uniprot.org/uniprot/P68135). (A) The sequence alignment 

demonstrated very high sequence conservation, with the greatest variation only at the first 6 N-terminal 

residues. Highlighted residues indicate amino acids of importance, including for actin-associated molecular 

functions (highlighted in turquoise) and inter-domain (highlighted in yellow) and longitudinal filament 

(highlighted in green) interactions. Approximate subdomain allocation is indicated (1, red; 2, blue; 3, pink; 4, 

black) based on residues described in literature (Dominguez and Holmes, 2011), or inferred from 3-D model 

interpretation shown as “-“. (B) Percentage identities indicated highest sequence similarity between ACT 

isoforms of S. mansoni and C. elegans (both 99.20%), followed by CeACT2 and HsACT-1 (97.87%), FhACT and 

SmACT-1, and CeACT-1 and HsACT-1 (both 97.07%). All sequences except OcACTA1 shared above 95.48% 

sequence similarity with FhACT. (C) The phylogenetic tree reflected these close relationships, highlighting the 

https://www.uniprot.org/uniprot/P53470
https://www.uniprot.org/uniprot/G4VLW1
https://www.uniprot.org/uniprot/P0DM41
https://www.uniprot.org/uniprot/P10984
https://www.uniprot.org/uniprot/P60709
http://www.uniprot.org/uniprot/P68135
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phylogenetic distance of OcACTA1. ClustalO and MEGA7 were used to produce the alignment and phylogenetic 

tree, respectively. 

 

Figure 4.4.1.2.2.2. 3-D predictions of FhACT-ligand binding using 3DLigandSite. The complete FhACT protein 

expression sequence was used to predict FhACT-ligand interfaces based on sequence similarity to known 

protein-ligand interactions. Two different residue clusters of ligand binding residues were predicted (A–B), 

calculated by the ‘matching molecular models obtained from theory’ approach (MAMMOTH; Ortiz, Strauss and 

Olmea, 2002). Both metallic (calcium, pale green; magnesium, lime green) and non-metallic (stick models) 

ligands were predicted at multiple residues, including magnesium (n = 5) (A), calcium (n = 19) (A–B), adenosine-

5’-diphosphate (ADP, n = 1) (A) and adenosine-5’-triphosphate (ATP, n = 24) (A) mediated by 21 different 

residues in the protein between Gly14-Lys337 (A); and Trp357 (B). 

 

4.4.1.3 Calreticulin (FhCRT) 

4.4.1.3.1 FhCRT family association and structural assessments 

FhCRT (PRJEB6687, WBPS v10: BN1106_s2673B000071.mRNA-1; scaffold 2673: 

17,986–19,605; four exons) was predicted with calreticulin- and calnexin-associated family 

association using WormBase ParaSite with cross-referencing from InterPro. FhCRT was 

matched to the calreticulin/calnexin family (IPR001580) by PANTHER (7–387), Pfam (24–331) 

and PRINTS (99–117, 125–141, 214–227, 241–263, 279–298, 312–332) and to calreticulin 

family (IPR009196) by PIRSF (1–409). Family-specific domains were further predicted to a 

concanavalin A-like lectin/glucanase domain (IPR013320) and a calreticulin/calnexin-

associated P domain (IPR009033) by Gene3D (N: 13–256; C: 278–299, respectively) and 

Superfamily (N:17–218; C: 200–314, respectively). C terminal coiled-coils (Ncoils: 352–409) 

were also predicted. SignalP identified residues 1–44 with signalling association (Y-score), but 
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a significant cleavage score (C-score) at residue 19 and high signalling score (S-score) 1-21 

residues (Figure 4.4.1.3.1). 

 

 

 

Figure 4.4.1.3.1.1. Protein signalling prediction of 

FhCRT using SignalP. Residues 1–44 had a 

signalling peptide score (Y-score), however the 

only significant scores predicting a cleavage site 

was at residue 19, with a signalling peptide likely 

between residues 1–19 in FhCRT. 

 

 

 

Further FhCRT calreticulin-related protein functions were identified, including 

calreticulin/calnexin conserved sites (IPR018123) matched by PROSITE (97–112, 129–137). 

Calreticulin-associated GO-terms were also identified, including calcium ion (GO:0005509), 

protein (GO:0005515) and unfolded protein (GO:0051082) binding functions, protein folding 

(GO:0006457) biological processes, and involvement in the endoplasmic reticulum 

(GO:0005783) cellular pathway. 

The hypothetical 3-D structure of FhCRT was produced using Phyre2 (Figure 

4.4.1.3.1.2A) as based on a multi-template analysis against the two highest scoring model 

templates, which aligned 83% of FhCRT residues (15-366) with 100% confidence (Figure 

4.4.1.3.1.2B). These models were the Canis lupus calnexin luminal domain (40% ID; 1JHN, 

PDB: www.rcsb.org/pdb/structure/1JHN) and the Mus musculus calreticulin lectin and arm 

domain (51% ID; 3RG0, PDB: www.rcsb.org/pdb/structure/3RG0). Further matched model 

templates included the M. musculus lectin domain (50% ID; 3O0V, PDB: 

www.rcsb.org/pdb/structure/3O0V), and the Entamoeba histolytica (43% ID; 5HCA, PDB: 

www.rcsb.org/structure/5HCA) and Trypanosoma cruzi (41% ID; 5HCF, PDB: 

www.rcsb.org/structure/5HCF) calreticulin globular domains, indicating similarity with CRTs 

of tissue-invading parasites that have identified putative immunomodulatory functions and 

pathogenesis association (Aguillón et al., 2000, 1995; Ferreira et al., 2005; González et al., 

2011; Ribeiro et al., 2009; Vaithilingam et al., 2012; Ximénez et al., 2014). 

http://www.rcsb.org/pdb/structure/1jhn
http://www.rcsb.org/pdb/structure/3rg0
http://www.rcsb.org/pdb/structure/3O0V
https://www.rcsb.org/structure/5HCA
https://www.rcsb.org/structure/5HCF
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Figure 4.4.1.3.1.2. 3-D prediction and model templates for FhCRT using Phyre2. The 3-D protein structure was 

predicted for FhCRT (A), showing two arrays of anti-parallel beta-pleated sheets and two long alpha helices 

forming a putative lectin domain interrupted by a putative arm domain. This prediction was based on FhCRT 

sequence modelling with the two highest-scoring templates of five high scoring models shown (B), including a 

calnexin luminal domain from Canis lupus (PDB: 1JHN) and a calreticulin from Mus musculus for MmCRT lectin 

domain (PDB: 3RG0). 

 

Based on the 3-D model predictions (FhCRT, Figure 4.4.1.3.1.2A) and X-ray 

crystallography of the model bearing the closest resemblance (MmCRT, 3RG0 (Pocanschi et 

al., 2011)), the Phyre2 Investigator further confirmed many structural characteristics were 

highly conserved. The secondary structure of FhCRT consists of two interfacing arrays of nine- 

and six-mer anti-parallel beta-pleated sheets, including at N- (lectin N-domain), mid and C- 

(C-domain) terminal residues, interrupted by a mid-region 104 residue-long C-shaped loop or 

“arm” (P-domain) containing two short-length anti-parallel beta motifs at the centre (Figure 

4.4.1.3.1.2A). Adjacent lectin and arm domains are associated with CRT functionality, forming 

a carbohydrate binding pocket, which appears to be highly conserved (Guo et al., 2003) and 

also demonstrable in the predicted 3-D model of FhCRT. At the C-terminal, four sequential 

alpha-helices of 1, 2.5, 4 and 8 turns are also present (Figure 4.4.1.3.1.2A), and N-terminal 

residues of FhCRT were the only extracellular portion predicted, consistent with SignalP 

calculations (Figure 4.4.1.3.1.1) in addition to 15 residues (12–27) of a predicted insoluble 
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transmembrane helix, and PSORTII also confirmed these findings as well as hypothetical 

cellular localisations, predicting a cleavage site between residues 18-19 (von Heijne’s method) 

and localisation to the cytoplasm (55.5% probability; Reinhardt’s method for 

cytoplasmic/nuclear discrimination) and extracellular matrix (ECM) (44.4% probability; k-

Nearest Neighbour prediction, k = 9/23). 

 

4.4.1.3.2 FhCRT sequence conservation and functionality 

Sequence, structural and functional conservation of FhCRT with other model proteins 

was investigated through phylogenetic analysis against Schisotoma mansoni, Caenorhabditis 

elegans, Homo sapiens, Mus musculus and Oryctolagus cuniculus CRTs (Figure 4.4.1.3.2.1). 

Data indicated moderate sequence conservation with the highest residue variations at N- and 

C-terminals between the trio of helminth and mammalian CRTs (Figure 4.4.1.3.2.1A), 

notwithstanding demonstrable conservation of important CRT-specific structural motifs. 

Mutagenesis studies of mouse and rabbit CRT have identified further functionally and 

structurally important residues, including two cysteines in the lectin domain which form a 

crucial disulfide bond, as well as tyrosine, methionine, aspartate and tryptophan residues 

involved in CRT-glycan interactions, and protein binding and folding at the ER (Guo et al., 

2003; Martin et al., 2006; Kozlov, et al., 2010). These residues are shown (Figure 4.4.1.3.2.1A) 

and were here found to be conserved in FhCRT alongside all other aligned sequences, 

supporting their importance in CRT-associated roles for cell homeostasis. The percentage ID 

matrix and phylogenetic tree also support the overall evolutionary distances between the 

helminth and mammalian sequence but highlight the closeness of human and rabbit CRT 

(Figure 4.4.1.3.2.1B–C). 
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Figure 4.4.1.3.2.1. Phylogenetic analysis of Fasciola hepatica (FhCRT), model and related parasite CRTs. The 

selected F. hepatica isotype FhCRT (BN1106_s276B000071.mRNA-1) was aligned with CRT and CNX models, 

including S. mansoni (SmCRT: Sm_030370.1), C. elegans (CeCRT-1: Y38A10A.5, P27798, 

www.uniprot.org/uniprot/P27798), H. sapiens (HsCRT globular domain: 3POS, 3POW, P27797, 

www.uniprot.org/uniprot/P27797), M. musculus (MmCRT lectin and arm domains: 3RG0, P14211, 

www.uniprot.org/uniprot/P14211; MmCRT lectin domain: 3O0V, P14211, www.uniprot.org/uniprot/P14211) 

and O. cuniculus (OcCRT: CALR, P15253, www.uniprot.org/uniprot/P15253). (A) The sequence alignment 

demonstrated low sequence conservation between all CRTs excluding murine and leporine sequences, with the 

highest variation within approximately 40 N- and C-terminal residues. Highlighted regions indicate amino acids 

of functional (highlighted in yellow), and structural and functional (highlighted in turquoise) importance, as well 

as calreticulin N (1–169 aa), P (170–284 aa) and C (285-400 aa) domains based on literature for HsCRT and 

MmCRT (Michalak et al., 1999). (B) Percentage identities indicated low sequence similarity, except for murine-

leporine (93.05–93.75%), with mammalian ACTs (62.69–63.71%) being followed by FhCRT-SmCRT (57.91%), 

followed by trematode CRTs with CeCRT (Fh-Ce: 52.04%; Sm-Ce: 51.60%). (C) The phylogenetic tree reflected 

https://www.uniprot.org/uniprot/P27798
https://www.uniprot.org/uniprot/P27797
https://www.uniprot.org/uniprot/P14211
https://www.uniprot.org/uniprot/P14211
https://www.uniprot.org/uniprot/P15253
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the closeness of these relationships, highlighting phylogenetic distances of mammalian and helminth sequences. 

ClustalO and MEGA7 were used to produce the alignment and phylogenetic tree, respectively. 

 

Table 4.4.1.3.2. Predicted FhCRT ligand binding. FhCRT-ligand interfaces were predicted based on sequence 

similarity to known protein-ligand interactions using 3DLigandSite. 11 different clusters were based on 

structural alignments between FhCRT and similar residue-ligand interactions, with significant scores 

calculated by the MAMMOTH approach (Ortiz, Strauss and Olmea, 2002). Both metallic and non-metallic 

ligands were predicted at 11 hypothetical clusters of single and/or multiple amino acids, mediated by 17 

different residues in the protein (aa 40–308). Abbreviations: BMA, beta-D-mannose; Ca, calcium; GAL, beta-

D-galactose; NAG, N-acetyl-D-glucosamine; NGA, N-acetyl-D-galactosamine. 

MAMMOTH Score (averaged) Interacting residues Ligand (n) 

13.3 Leu307-Lys308 Ca2+ (1) 

12.6 Gly123 Ca2+ (2) 

12.6 Ser125 Ca2+ (2) 

12.5 Met130, Leu155 BMA (1); GAL (16); NAG (13); NGA (1) 

12.5 Leu306-Leu307 Ca2+ (1) 

12.5 Asn328, Phe345 Ca2+ (1) 

12.0 Gly123 Ca2+ (1) 

12.0 Ser125 Ca2+ (1) 

11.9 Ser139, Lys141, Asp164- Asp165 GAL (1) 

11.8 Leu306-Lys308 Ca2+ (1) 

11.4 His40, Lys42, His122-Ser125 GAL (1) 

 

Conserved active sites and ligand binding activities of FhCRT were investigated using 

3DLigandSite based on the final model calculated by Phyre2, with 81% of residues modelled 

at >90% confidence (Table 4.4.1.3.2; Figure 4.4.1.3.2.2). 17 residues of FhCRT between 40–

308 aa were predicted with ligand binding properties, producing significant structural 

alignment scores (11.4≤13.3 average MAMMOTH score, Table 4.4.1.3.2), and the top three 

scoring clusters are shown (Figure 4.4.1.3.2.2). Metallic ligands included calcium and non-

metallic heterogens included beta-D-mannose (BMA), beta-D-galactose (GAL), N-acetyl-D-

glucosamine (NAG) and N-acetyl-D-galactosamine (NGA) monosaccharides. Eight FhCRT-

ligand clusters were predicted to bind calcium alone, with one, two or three residues binding 

to one or two ions, whereby residue number did not reflect the number of ligands bound, 

suggesting low binding affinity. Interestingly, only one residue (Gly123) was predicted with 

both metallic and non-metallic ligand-binding properties, which supports the separation of 

glycan and calcium binding activities (Kozlov, et al., 2010). Three clusters were predicted with 

non-metallic binding properties to monosaccharides common to glycoproteins, including NAG 

which is responsible for common O-linked N-glycosylation of nucleocytoplasmic glycoproteins 

(Hart et al., 2007; Zachara et al., 2004). CRTs are known to recognize monoglucosylated 
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Glc1Man9GlcNAc2 glycan moieties, and these predicted activities are in-keeping with 

calcium-dependent binding to N-oligosaccharide glycosylated proteins that are ER-associated 

post-translational modifications (Kannicht and Fuchs, 2008; Spiro, 1970; Vassilakos et al., 

1998). These putative findings for FhCRT suggest capacity for binding glycan motifs and 

glycoproteins and protein chaperoning functions. 

 

Figure 4.4.1.3.2.2. 3-D predictions of FhCRT-ligand binding using 3DLigandSite. FhCRT-ligand interactions were 

predicted based on sequence similarity to known protein-ligand interactions. The three highest scoring ligand-

binding clusters were calculated by the MAMMOTH approach (Ortiz, Strauss and Olmea, 2002). Three 

representative clusters with MAMMOTH scores of 13.3 (A), 12.5 (B) and 11.9 (C) of the 11 predicted for FhCRT 

are shown. 

 

4.4.1.3.3 Truncated calreticulin (Fh∆CRT) 

The N-terminal signal peptide of FhCRT responsible for the predicted transmembrane 

region and loss of recombinant target overexpression was removed by truncation as 

described (4.3.1.1.3; 4.4.2.4). The new truncated FhCRT (Fh∆CRT) sequence was confirmed to 

have no signal peptide using SignalP (data not shown). 

 

4.4.1.4 DJ-1 deglycase (FhDJ-1) 

4.4.1.4.1 FhDJ-1 family association and structural assessments 

FhDJ-1 (PRJEB6687, WBPS v10: BN1106_s1971B000297.mRNA-1; scaffold: 1971: 

311,148–311,699; one exon) was predicted with DJ-1-associated functional and structural 

domains using WormBase ParaSite with cross-referencing from InterPro. FhDJ-1 was matched 

to the class I glutamine amidotransferase-like superfamily (IPR029062) by Gene3D (1–183), 

Superfamily (5–182) and NCBI with a conserved cysteine residue (5–167, 104C), and the 
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protein/nucleic acid deglycase DJ-1 family (IPR006287) by TIGRFAM (5–178). Further family-

specific DJ-1 and Pfpl domains (IPR002818) were matched by Pfam (4–165). PANTHER 

identified FhDJ-1 to an unnamed protein family (PTHR43444) containing many DJ-1 proteins 

including model organism orthologues, and with multiple DJ-1-associated GO-terms as 

follows. FhDJ-1-associated GO-terms included transcription coregulatory molecular function 

(GO:0003712), biosynthesis (GO:0009058), cellular processing (GO:0009987), nitrogenous 

compound metabolism (GO:0006807), RNA polymerase II transcription regulation 

(GO:0006357) and stress response biological pathways (GO:0006950). Prediction within 

cellular pathways were also predicted, including cytosolic (GO:0005829), mitochondrial 

(GO:0005739) and nuclear (GO:0005634) localisations. 

To investigate any signal peptide, SignalP was used to identify a hypothetical signal 

sequence and cleavage site (data not shown). Residues 1–37 were predicted with signalling 

association (Y-score), 19-LYS with a cleavage score (C-score) of >0.3 and the preceding 

residues 1–18 with small signalling scores (S-score). However, no scores were significant, 

suggesting FhDJ-1 does not have a transmembrane domain or signalling peptide. 

 

Figure 4.4.1.4.1. 3-D prediction and model templates for FhDJ-1 using Phyre2. The 3-D protein structure was 

predicted for FhDJ-1, showing an array of beta-pleated sheets sandwiched by three sets of short-length alpha 

helices (A). This prediction was based on FhDJ-1 sequence modelling with the two highest-scoring templates 

shown (B), including DJ-1 proteins from D. melanogaster (PDB: 4E08) and Homo sapiens (PDB: 1P5F). 

 

Structural properties and conserved epitopes were predicted for FhDJ-1 using Phyre2. 

The hypothetical 3-D structure of FhDJ-1 was produced as based on a multi-template analysis 

with the two highest scoring model templates for DJ-1, 4E08 (PDB: 

www.rcsb.org/structure/4E08) and 1P5F (PDB: www.rcsb.org/structure/1P5F; i.e. HsDJ-

1/HsPARK7), which aligned 94% of FhDJ-1 residues (1–183) with 100% confidence (Figure 

http://www.rcsb.org/structure/4E08
http://www.rcsb.org/structure/1P5F
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4.4.1.4.1). The secondary structure of FhDJ-1 consists of eleven strands in a parallel beta-

pleated sheet which are sandwiched by eight short-length alpha-helices (Figure 4.4.1.4.1A), 

which is the same αβ ratio of HsDJ-1 (Honbou et al., 2003). 

The tertiary structure of FhDJ-1 is compact due to the arrangement of alpha helices 

closely flanking the beta sheets, with the additional C-terminal alpha helix folded towards a 

substrate cleft between two flanking anti-parallel alpha helices (Figure 4.4.1.4.1A). FhDJ-1 

also demonstrates the formation of a Rossmann-like fold due to the alpha-beta-alpha motif 

arrangement, which is described in monomeric HsDJ-1 (Honbou et al., 2003). The predicted 

peripheral C- and N-terminal alpha helices and N-terminal beta sheets of FhDJ-1 is also shared 

with HsDJ-1, which are involved in the natural homodimerization of this protein (Honbou et 

al., 2003; Tao and Tong, 2003; Wilson et al., 2003), as well as high molecular weight complexes 

(Baulac et al., 2004), suggesting FhDJ-1 may have the potential to form asymmetric dimeric 

and further polymeric quaternary structures. 

 

4.4.1.4.2 FhDJ-1 sequence conservation and functionality 

To identify DJ-1 sequence conservation, sequences from Schistosoma mansoni, S. 

japonicum, Caenorhabditis elegans, Homo sapiens, and Drosophila melanogaster were 

aligned with FhDJ-1 and a phylogenetic tree was produced (Figure 4.4.1.4.2.1). Data indicated 

low conservation between all sequences, but HsPARK7 and FhDJ-1 demonstrated the greatest 

divergence based on protein sequence percentage identities and phylogenetic assessments 

(Figure 4.4.1.4.2.1B–C). The sequence alignment also indicated FhDJ-1 possessed residues 

that were otherwise partially conserved between sequences of Schistosoma spp. and the 

other three models (Figure 4.4.1.4.2.1A). Furthermore, greatest diversity between all 

sequences was demonstrable at the N–mid, mid-sequence and C-terminal regions of these 

proteins, together suggesting little conservation at non-essential residues that may also be 

species-specific. 
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Figure 4.4.1.4.2.1. Phylogenetic analysis of Fasciola hepatica (FhDJ-1), model and related parasite DJ-1s. The 

selected F. hepatica isotype FhDJ-1 (BN1106_s1971B000297.mRNA-1) was aligned with DJ-1 and DJ-1-like 

proteins of S. mansoni (Sm family C56 non-peptidase homologue: Smp082030.1, G4VDR4, 

www.uniprot.org/uniprot/G4VDR4), S. japonicum (Sj hypothetical protein: SJCHGC05973, Q5DC05, 

www.uniprot.org/uniprot/Q5DC05) C. elegans (CeDJR-1.1: B0432.2, P90994, 

www.uniprot.org/uniprot/P90994), H. sapiens (HsDJ-1/HsPARK7: 1P5F, Q99497, 

www.uniprot.org/uniprot/Q99497) and D. melanogaster (DmDJ-1β: 4E08, Q9VA37, 

www.uniprot.org/uniprot/Q9VA37). (A) The sequence alignment demonstrated moderate–low sequence 

conservation, with a small proportion of conserved residues and the highest sequence variation between mid-

sequence and C-terminal residues. Highlighted residues indicate amino acids of importance, including for 

oligomerization (highlighted in yellow), oxidative stress sensing (highlighted in turquoise), and a proposed 

catalytic triad (highlighted in green) as described HsDJ-1 and involving two residues (Honbou et al., 2003; Tao 

and Tong, 2003; Wilson et al., 2003). (B) The percentage identity matrix indicated high sequence similarity 

between Schistosoma spp. (85.87%) and all trematode (62.84–85.87%) sequences, whereas low similarity was 

observed between trematode and non-trematode DJ-1s (40.44–55.43%). (C) The phylogenetic tree reflected 

these phylogenetic distances, with units of evolutionary distance particularly highlighting the relative closeness 

of trematode DJ-1s. ClustalO and MEGA7 were used to produce the alignment and phylogenetic tree, 

respectively. 

 

Several residues of functional and structural importance are shown (Figure 

4.4.1.4.2.1A), whereby missense mutations of these amino acids in HsDJ-1/HsPARK7 can 

negatively influence biochemical stability and oligomerization, disrupting the normal 

oxidative stress response (Junn et al., 2009; Park et al., 2005; Taira et al., 2004; Takahashi-

https://www.uniprot.org/uniprot/G4VDR4
https://www.uniprot.org/uniprot/Q5DC05
https://www.uniprot.org/uniprot/P90994
http://www.uniprot.org/uniprot/Q99497
https://www.uniprot.org/uniprot/Q9VA37
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Niki et al., 2004) and contributing to human Parkinsonism (Baulac et al., 2004; Bonifati et al., 

2003; Honbou et al., 2003; Olzmann et al., 2004; Wilson et al., 2003). A putative catalytic triad 

is also shown, based on HsDJ-1 crystallography, whereby two residues of a DJ-1 monomer 

interact with a Glu residue-contributing protease (Honbou et al., 2003; Tao and Tong, 2003; 

Wilson et al., 2003). Folding of the DJ-1 polymer is also fitting with the control of enzymatic 

activities proposed at this catalytic triad, with conformational changes facilitating 

concealment or exposure of these residues with an inwardly-folded C-terminal helix of HsDJ-

12 (Honbou et al., 2003). When considering possible residue losses through evolutionary 

divergence and discrepancies upon realignment here, residues of importance in HsDJ-1 

appear to be fully conserved in FhDJ-1 (Figure 4.4.1.4.2.1A), including those that have the 

potential to cause loss of human enzyme function (Bonifati et al., 2003). No helminth DJ-1s 

have been characterised despite known glutathione interactions (Lee et al., 2012; Zhou and 

Freed, 2005), the ligand of the GST protein family that is well-described in F. hepatica 

xenobiotic metabolism (Chemale et al., 2006). Thus, conservation of these critical residues 

supports the probable stability of FhDJ-1 for oligomerization and functionality under oxidative 

conditions, in-keeping with previous structural modelling. 

Conserved active sites and ligand binding activities of FhDJ-1 were investigated using 

3DLigandSite based on the final model calculated by Phyre2, with 94% residues modelled at 

>90% confidence (Figure 4.4.1.4.2.2). 37 residues between Glu11 and Ala160 of FhDJ-1 were 

predicted to have ligand binding properties with significant structural alignment scores 

(11.2≤20.9 average MAMMOTH score). Heterogens included calcium, magnesium and zinc 

metal ions, and cobalamin, co-methylcobalamin and flavin mononucleotides, which were 

identified in five different putative clusters by 47 residues between Leu9-Arg183 (Figure 

4.4.1.4.2.2). Cluster one predicted the interaction of 37 protein residues (Glu11–Ala18, Thr20–

Val21, Lys44–Val49, Ile69–Gly76, Ala101–Ile103, Ala105, Tyr124, Phe127, Lys130, Ser150, Gly152–Pro153, 

Ala156 and Phe159–Ala160) with calcium, magnesium and zinc ions, as well as cobalamin (B12), 

co-methylcobalamin (COB) and flavin mononucleotide (FMN) ligands (Figure 4.4.1.4.2.2A). 

Clusters two, three and four were interactions with metallic heterogens, including 

calcium and magnesium binding by Gly12–Thr13 and Gly72 (Figure 4.4.1.4.2.2B), Leu9 (Figure 

4.4.1.4.2.2C) and Gly72–Leu74, Ser77, Cys104–Ala105 (Figure 4.4.1.4.2.2D), respectively. A fifth 

cluster predicted binding to a flavin mononucleotide by eight residues including Pro153–

Gly154, Met157, Ala177, Met180-Arg183 (Figure 4.4.1.4.2.2E). The range of ligands predicted 
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for FhDJ-1 may reflect the multifunctional roles of DJ-1 nucleotide and protein deglycases 

associated with the oxidative stress response including autophagy and mitophagy (Björkblom 

et al., 2014; Meulener et al., 2005; Pantcheva et al., 2014; Taira et al., 2004; Thomas et al., 

2011; Zhou and Freed, 2005; Zhu et al., 2016). Zinc (Tashiro et al., 2014), copper (Björkblom 

et al., 2013; Girotto et al., 2014) and mercury (Björkblom et al., 2013) metal binding activity 

of DJ-1 has been elucidated as important in contributing to protection against cellular metal-

induced cytotoxicity. Direct evidence is yet to confirm the mechanisms of these protective 

roles by DJ-1, or the binding of other metal ions (Ivanisenko et al., 2004), including calcium or 

magnesium. 

 

Figure 4.4.1.4.2.2. 3-D predictions of FhDJ-1-ligand binding using 3DLigandSite. The complete FhDJ-1 protein 

expression sequence was used to predict FhDJ-1-ligand interfaces based on sequence similarity to known 

protein-ligand interactions. Five different residue clusters of ligand binding residues were predicted (A-E), 

calculated by the MAMMOTH approach (Ortiz, Strauss and Olmea, 2002). Cluster 1 (A) predicted the 

involvement of 37 protein residues between Glu11 and Ala160 binding to six heterogens, including metal calcium 

(neon green), magnesium (lime green) and zinc (metallic purple) ions and non-metallic cobalamin, co-

methylcobalamin and flavin mononucleotide (stick models) ligands. Alternative protein-ligand cluster 

predictions demonstrated further binding sites for calcium, magnesium and zinc metal ions (B–D) and flavin 

mononucleotide (E) by FhDJ-1 between residues Pro153–Gly154, Ala177 and Met180–Arg183. 
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4.4.1.5 Enolase (FhENO) 

4.4.1.5.1 FhENO family association and structural assessments 

FhENO (AAA57450.1: www.ncbi.nlm.nih.gov/protein/AAA57450.1) was matched to 

BN1106_s3227B000227.mRNA-1 (PRJEB6687, WBPS v10) on the WormBase ParaSite server 

with >99.5% residue identity (28-403). FhENO (PRJEB6687, WBPS v10, 

BN1106_s3227B000227.mRNA-1; scaffold: 3227: 262676–267431; four exons) was predicted 

with enolase-like protein family association using WormBase ParaSite with cross-referencing 

from InterPro. FhENO was matched to the enolase family (IPR000941) by HAMAP (1–427), 

PANTHER (1–432), CDD (5–416), TIGRFAM (3–428), PRINTS (35–49, 106–122, 163–176, 317–

328, 340–354, 369–386), PIRSF (1–430) and SFLD (3–417). The enolase-like (IPR034390), 

enolase-like N-terminal (IPR029017) and enolase-like C-terminal (IPR036849) superfamilies 

were also matched by SFLD (1–423), Gene3D (1–126), and Gene3D (127–431) and Superfamily 

(142–429), respectively. Specific predictions for enolase-related structural domains were also 

identified, including an enolase N-terminal domain (IPR020811) by SMART and Pfam (3–133), 

and an enolase C-terminal TIM barrel domain (IPR020810) by SMART (141–431) and Pfam 

(142–430). The N- and C-terminal regions are highly conserved between many multifunctional 

bidomain enzymes in enolase-like superfamilies, with a capping N-terminal domain and TIM-

barrel domain being characteristic (Gerlt et al., 2005). FhENO had a further functional 

prediction within its C-terminal domain for a conserved site (IPR020809) by PROSITE (340–

353), which is also a highly conserved region of many enolase-like proteins (Brändén, 1991; 

Gerlt et al., 2005) and which contains the metal ion-binding site that is an important driver of 

substrate binding and catalytic events (Brewer, 1981; Schreier and Höcker, 2010). 

Cross-referencing between InterPro and PANTHER identified several key enolase-

associated GO terms predicted for FhENO as follows. Association with the glycolytic 

(GO:0006096) biological pathway and the cellular phosphopyruvate hydratase complex 

(GO:0000015) was predicted, as well as molecular functions including metal binding 

(GO:0046872), lyase activity (GO:0016829) and phosphopyruvate hydratase activity 

(GO:0004634). Though no cellular localisation was predicted, enolases are one of the most 

abundant proteins of the cytosol (Díaz-Ramos et al., 2012), and the multimeric 

phosphopyruvate hydratase complexes consist of two or eight enolases that are found in the 

cytosolic portion of cells. Furthermore, enolases have been found in the ECM, including F. 

https://www.ncbi.nlm.nih.gov/protein/AAA57450.1
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hepatica (Bernal et al., 2004; Figueiredo et al., 2015; Ghosh and Jacobs-Lorena, 2011; Liu and 

Shih, 2007). 

Structural properties and conserved epitopes were predicted for FhENO using Phyre2. 

The hypothetical 3-D structure of FhENO was produced as based on a multi-template analysis 

using five of the highest scoring model templates, with 1L8P (PDB: 

www.rcsb.org/structure/1L8P), 3OTR (PDB: www.rcsb.org/structure/3OTR), 2AKM (PDB: 

www.rcsb.org/structure/2AKM), 2PTW (PDB: www.rcsb.org/structure/2PTW) and 3QTP 

(PDB: www.rcsb.org/structure/3QTP) having the highest scores and aligning 98% of FhENO 

residues (1–432) with 100% confidence (Figure 4.4.1.5.1). The secondary and tertiary 

structures of FhENO demonstrated a bidomain polypeptide structure. The N-terminal region 

stems from an anti-parallel beta-pleated sheet, three alpha helices, and a further short-length 

alpha helix that leads into the eight-component ring of beta-pleated sheets in the C-terminal 

region. 

 

Figure 4.4.1.5.1. 3-D prediction and model templates for FhENO using Phyre2. The 3-D protein structure was 

predicted for FhENO (A), revealing the N-terminal of an anti-parallel beta-pleated sheet and four alpha helices 

leading to the C-terminal region of a TIM-barrel like domain of beta-pleated sheets encapsulated by alpha 

helices. This prediction was based on FhENO sequence modelling with five of the six highest-scoring templates 

shown (B), including several enolase models (PDB: IL8P, 3OTR, 2AKM, 2PTW, 3QTP). 

 

http://www.rcsb.org/structure/1L8P
http://www.rcsb.org/structure/3OTR
http://www.rcsb.org/structure/2AKM
http://www.rcsb.org/structure/2PTW
http://www.rcsb.org/structure/3QTP


 

166 
 

The FhENO N-terminal configuration of [α4β3] was akin to other alpha-ENOs (Ji et al., 

2016), and the C-terminus is formed of a beta-barrel surrounded by a single layer of eight 

alpha helices, forming a classic (αβ)8 TIM-barrel structure (Figure 4.4.1.5.1A). However, the C-

terminus of others in the ENO superfamily have a highly conserved but modified TIM-barrel 

consisting of (αβ)7β, which is an unequal balance of beta sheets to alpha helices (Gerlt et al., 

2005). Nevertheless, the close alignment of FhENO with the five ENO models (av. 65.8% ID) 

likely reflects the high structural and functional conservation within this superfamily, and 

specifically FhENO similarity with ENOs of Homo sapiens (2AKM), Saccharomyces cerevisiae 

(1L8P), Entamoeba histolytica (3QTP), Trypanosoma brucei brucei (2PTW), and Toxoplasma 

gondii (3OTR). 

The model enzymes, which includes ENOs from three protozoan parasite species, have 

all been characterised within the ENZYME commission classification system as enolase (EC 

4.2.1.11, ExPASy), with some further assigned as an ENO-1 (alpha: 1L8P, 3QTP, 3OTR) and 

ENO-2 (gamma: 2AKM). Though TbbENO (2PTW) is not defined, putative sequence alignments 

with other proteins have suggested closest resemblance of this enzyme with other alpha 

enolases (data collected from UniProt: www.uniprot.org/uniprot/Q38BV6). Together the 

findings presented provide evidence to suggest that FhENO is an alpha, ENO-1, isoform, based 

on structural similarities and through extended and predicted metalloenzyme and glycolytic 

characteristics (Gerlt et al., 2005; Ji et al., 2016; Livesay and La, 2005; Poyner et al., 2002). 

 

4.4.1.5.2 FhENO sequence conservation and functionality 

To identify ENO sequence conservation, ENO-1 and/or ENO-2 sequences from 

Schistosoma mansoni, Caenorhabditis elegans, Homo sapiens, and Saccharomyces cerevisiae 

were aligned with FhENO and a phylogenetic tree was produced (Figure 4.4.1.5.2.1). Data 

indicated moderately high sequence conservation between all enolases, with many large 

sections of residues throughout the protein that were either completely- or partially 

conserved (Figure 4.4.1.5.2.1A). The greatest residue variation between most sequences was 

demonstrable at 15 residues at the N–mid region (positions 71-96), 26 residues at the mid–N 

region (positions 267-289) and eight residues at the C-terminus (positions 422–437). 

https://www.uniprot.org/uniprot/Q38BV6
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Figure 4.4.1.5.2.1. Phylogenetic analysis of Fasciola hepatica (FhENO), model and related parasite ENOs. The 

selected F. hepatica isotype FhENO (AAA57450.1) was aligned with enolase isotypes of S. mansoni (SmENO: 

SM_24110.1, Q27877, www.uniprot.org/uniprot/Q27877), C. elegans (CeENO-1: T21B10.2a.3, Q27527, 

www.uniprot.org/uniprot/Q27527), H. sapiens (HsENO-2: 2AKM, P09104, www.uniprot.org/uniprot/P09104; 

HsENO-1: 3B97, P06733, www.uniprot.org/uniprot/P06733) and S. cerevisiae (ScENO-1: 1L8P, P00924, 

www.uniprot.org/uniprot/P00924). (A) The sequence alignment demonstrated high sequence conservation 

across multiple regions of the protein sequence, with the highest variation at N–mid (71–96), mid–C (267–289) 

and C-terminal (422–437) residues. Highlighted residues indicate amino acids of functional importance, 

including charged residues (highlighted in yellow) and loop-associated residues for substrate interaction 

(highlighted in green). (B) Percentage identities indicated high sequence similarity between human ENO isotypes 

(83.41%) and trematode ENOs (79.12%), with moderate similarity between all other sequences (62.67–75.29%). 

(C) The phylogenetic tree reflected this closeness, highlighting the greatest phylogenetic distance of ScENO from 

all other sequences. ClustalO and MEGA7 were used to produce the alignment and phylogenetic tree, 

respectively. 

http://www.uniprot.org/uniprot/Q27877
https://www.uniprot.org/uniprot/Q27527
https://www.uniprot.org/uniprot/P09104
https://www.uniprot.org/uniprot/P06733
https://www.uniprot.org/uniprot/P00924
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Despite predicted structural similarity between ScENO-1 (PDB: 1L8P, 65% ID, Figure 

4.4.1.5.1) and FhENO, this pair demonstrated the most distant phylogenetic relationship 

compared with the other proteins, whereby CeENO-1, FhENO, HsENO-2, SmENO and HsENO-

1 are ordered by decreasing similarity to ScENO-1 (Figure 4.4.1.5.2.1B: 62.67–67.28%; C: 

0.465–0.707 units of evolutionary distance). Conversely, when excluding ScENO-1 and not 

comparing HsENO-1 vs. HsENO-2, sequence identities ranged between 71.13–79.12% (Figure 

4.4.1.5.2.1B) and phylogenetically between 0.255–0.367 units of evolutionary distance 

(Figure 4.4.1.5.2.1B–C), with FhENO most closely related to SmENO followed by HsENO-2, 

CeENO-1 and Hs-ENO-1. 

Several residues of functional importance are also shown (Figure 4.4.1.5.2.1A), 

including charged amino acids at exposed positions that interact with water and/or metal ions 

(Brewer et al., 1998, 1997; Poyner et al., 2002, 1996) as well as loops involved in substrate 

interactions in ScENO (Sangadala et al., 1995). As these residues are all conserved, except for 

substitutions within the proposed loops of ScENO-1 at G161N which were demonstrable in all 

proteins and V43I-H44Y in HsENO-1/-2, this supports the probable conservation of these 

functions, including in FhENO. 

  

Figure 4.4.1.5.2.2. 3-D predictions of FhENO-ligand binding using 3DLigandSite. The complete FhENO protein 

expression sequence was used to predict FhENO-ligand interfaces based on sequence similarity to known 

protein-ligand interactions. Three different residue clusters of ligand binding residues were predicted (A–C), 

calculated by the MAMMOTH approach (Ortiz, Strauss and Olmea, 2002). All three clusters predicted the 

involvement of seven protein residues between Ala27 and Lys394 binding to metallic heterogens, including calcium 

(neon green), magnesium (lime green) and zinc (metallic purple) ions. 
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Conserved active sites and ligand binding activities of FhENO were investigated using 

3DLigandSite based on the final model calculated by Phyre2, with 98% residues modelled at 

>90% confidence (Figure 4.4.1.5.2.2). Seven residues between Ala27 and Lys394 of FhENO were 

predicted to have ligand binding properties with significant structural alignment scores 

(47.5≤48.6 average MAMMOTH score). Heterogens included calcium, magnesium and zinc 

metal ions, which were identified in three different putative clusters (Figure 4.4.1.5.2.2). 

Cluster one was the only prediction with the binding of all three metallic heterogens, with 25 

ligands overall across four residues (Ala244, Glu293, Asp318, Lys394), including 17 magnesium 

ions, seven zinc ions, and one calcium ion (Figure 4.4.1.5.2.2A). Cluster two involved three 

residues (Asp318, Asp319, Lys343) and 11 magnesium and five zinc ions (Figure 4.4.1.5.2.2B), and 

cluster three involved only Ala27 with three zinc ions (Figure 4.4.1.5.2.2C). These data for 

FhENO thereby tie in with the renowned ENO properties and those of other TIM-barrel 

metalloenzymes as divalent cation-binding proteins (Livesay and La, 2005), important for 

inducing catalysis and stabilising the enzyme intermediate (Gerlt et al., 2005; Gerlt and 

Raushel, 2003; Qin et al., 2006; Rakus et al., 2008). 

 

4.4.1.6 Gelsolin (FhGEL) 

4.4.1.6.1 FhGEL family association and structural assessments 

FhGEL (WBPS v10–14, PRJNA179522: D915_01476; contig 221: 111379–132789; nine 

exons) was predicted with gelsolin-associated functional and structural domains using 

WormBase ParaSite with cross-referencing from InterPro. FhGEL was matched to the ADF-

H/Gelsolin-like domain superfamily (IPR029006) by Gene3D (33–158, 159–265, 266–364) and 

the actin depolymerizing protein superfamily (SSF55753: supfam.org/SUPERFAMILY/cgi-

bin/scop.cgi?ipid=SSF55753) by Superfamily (47–364). FhGEL was also matched to the 

Villin/Gelsolin family (IPR007122) by PANTHER (1–361), SMART (48–355), and PRINTS (67–83, 

92–110, 179–199, 296–318, 325–344). A further family-specific gelsolin-like domain 

(IPR007123) was also matched by Pfam (58–138, 180–246). 

FhGEL was predicted to possess actin binding (GO:0003779) and actin filament binding 

(GO:0051015) molecular functions, but no other biological or cellular associations were found 

from the bioinformatic affiliations described, though many are described for Homo sapiens 

gelsolin (HsGEL: 3FFK, www.rcsb.org/structure/3FFK; 3FFN, www.rcsb.org/structure/3FFN; 

http://supfam.org/SUPERFAMILY/cgi-bin/scop.cgi?ipid=SSF55753
http://supfam.org/SUPERFAMILY/cgi-bin/scop.cgi?ipid=SSF55753
https://www.rcsb.org/structure/3FFK
https://www.rcsb.org/structure/3FFN
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P06396, www.uniprot.org/uniprot/P06396). To provide this putative information for FhGEL, 

PSORTII was used, predicting subcellular compartmental localisation is highly likely to be in 

the cytoplasm (56.5% probability, k-Nearest Neighbour prediction, k = 9/23; 89% probability, 

Reinhardt’s method for cytoplasmic/nuclear discrimination) followed by the cytoskeleton 

(21.7% probability, k-Nearest Neighbour prediction, k = 9/23), indicating predominant 

cytoplasmic abundance but having possible involvement with cytoskeletal components. 

Structural properties and conserved epitopes were predicted for FhGEL using Phyre2. 

The hypothetical 3-D structure of FhGEL was produced as based on a multi-template analysis 

with the six highest scoring protein model templates, 3FFK (PDB: 

www.rcsb.org/structure/3FFK), 1J72 (PDB: www.rcsb.org/structure/1J72), 1D0N (PDB: 

www.rcsb.org/structure/1D0N), 3FFN (PDB: www.rcsb.org/structure/3FFN), 1RGI (PDB: 

www.rcsb.org/structure/1RGI) and 5A1K (PDB: www.rcsb.org/structure/5A1K) which aligned 

88% of FhGEL residues (35–331) with 100% confidence (Figure 4.4.1.6.1). The secondary 

structure of FhGEL consists of two large beta-pleated sheets forming 6- and 8-mer units, and 

ten alpha-helices of varying length (1–5 turns) (Figure 4.4.1.6.1A). 

Nominally and according to the model mammalian plasma GEL, the tertiary structure 

consists of six 15 kDa tightly-folded homologous domains (S1-6/G1-6) (Way et al., 1990), 

whereby regional separation has been described as position-dependent, with residues 39–

133, 137–247, 271–364, 419–511, 516–618, and 640–731 defining G1–6, respectively 

(Burtnick et al., 1997; Silacci et al., 2004; Way et al., 1989; Way and Weeds, 1988). As shown 

in human (PDB: 3FFN, 3FFK) and equine (PDB: 1D0N, 1RGI) plasma GELs (Burtnick et al., 2004, 

1997; Nag et al., 2009) and a human adserverin (PDB: 5A1K) model (Chumnarnsilpa et al., 

2015), the compact structure undergoes conformational changes following activation by 

calcium ion binding. However, since full-length mammalian GEL-like proteins are also highly 

homologous and possess several tandem repeats (Way and Weeds, 1988), this suggests that 

FhGEL is a gelsolin-like protein fragment or half-gelsolin. This is supported by observations 

from in silico predictions matching FhGEL residues to gelsolin-associated domains, as well as 

partial protein models (PDB: 3FFK, 1RGI and 5A1K; Figure 4.4.1.6.1B), and mass spectrometric 

identification of natively-derived gelsolin-like protein (Morphew et al., 2014) and 

recombinant FhGEL (Figure 4.4.2.7.2.3; Table 4.4.2.7.2). Thus, FhGEL resembles a partial GEL 

segment including three intact domains, G1–3 or G4–6, which are described as the two major 

organised regions to have developed following multiplication events of an original (G0) 

https://www.uniprot.org/uniprot/P06396
http://www.rcsb.org/structure/3FFK
http://www.rcsb.org/structure/1J72
http://www.rcsb.org/structure/1D0N
https://www.rcsb.org/structure/3FFN
https://www.rcsb.org/structure/1RGI
https://www.rcsb.org/structure/5A1K
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ancestral gene sequence (Burtnick et al., 1997; Choe et al., 2002; Silacci et al., 2004; Way and 

Weeds, 1988). 

 

Figure 4.4.1.6.1. 3-D prediction and model templates for FhGEL using Phyre2. The 3-D protein structure was 

predicted for FhGEL (A), demonstrating two beta-pleated sheets and five short-length alpha helices. This 

prediction was based on FhGEL sequence modelling with the six highest-scoring templates shown (B), including 

model gelsolins (PDB: 3FFK, 1D0N, 3FFN, 1RGI) and gelsolin-associated proteins (PDB: 1J72 and 5A1K). 

 

4.4.1.6.2 FhGEL sequence conservation and functionality 

To identify FhGEL domains and GEL sequence conservation, sequences from 

Schistosoma mansoni, Caenorhabditis elegans, Homo sapiens and Equus callabus were 

aligned with FhGEL and a phylogenetic tree was produced (Figure 4.4.1.6.2.1). Data indicated 

FhGEL resembles G1–3 rather than G4–6 domains, based on sequence matching to the 

defined categorisation of HsGEL homologous repeats (see colour scheme, Figure 

4.4.1.6.2.1A). As such, putative G1–3 domains of FhGEL can be allocated as: 19–114, 119–228, 

253–335. 
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Figure 4.4.1.6.2.1. Phylogenetic analysis of Fasciola hepatica (FhGEL), model and related parasite GELs. The 

selected F. hepatica isotype FhGEL (D915_01476) was aligned with gelsolins of S. mansoni (SmGEL: 

XP_002572344/Smp008660, G4VIJ1, www.uniprot.org/uniprot/G4VIJ1), C. elegans (CeGEL: Q21253, 

www.uniprot.org/uniprot/Q21253), H. sapiens (HsGEL: 3FFN, 3FFK, P06396, www.uniprot.org/uniprot/P06396), 

and E. callabus (EcGEL: 1D0N, 1RGI, Q28372, www.uniprot.org/uniprot/Q28372). (A) The sequence alignment 

revealed FhGEL and SmGEL both matched to the N-terminal half of the model gelsolin sequences, indicating 

their resemblance to G1–3 domains (G1, green; G2, blue; G3, red; G4–6 not shown). Residues of interest are 

shown based on HsGEL residues associated with Finnish hereditary amyloidosis (when mutated, highlighted in 

yellow). (B) Percentage identities and (C) the phylogenetic tree following this alignment reflect the highly 

conserved sequences of the human and equine proteins (94.66%), with moderate similarity between trematode 

GELs (62.36%), and the greatest evolutionary distance between these two pairs (30.92–33.54%) and CeGEL 

(31.71–37.90%). ClustalO and MEGA7 were used to produce the alignment and phylogenetic tree, respectively. 

  

https://www.uniprot.org/uniprot/G4VIJ1
https://www.uniprot.org/uniprot/Q21253
https://www.uniprot.org/uniprot/P06396
https://www.uniprot.org/uniprot/Q28372
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Conservation of a widely known functionally important residue was also 

demonstrated, based on identifications in human familial amyloidosis (Finnish type) 

(highlighted residues, Figure 4.4.1.6.2.1A). Mutation in HsGEL of an aspartate (D214, domain 

two, Figure 4.4.1.6.2.1A) has shown to cause loss of function, due to calcium binding at this 

residue that triggers conformational changes during GEL-ACT interactions (Kazmirski et al., 

2002; Levy et al., 1990). Further mutagenesis studies have identified glutamate substitution 

(E236, domain 2, Figure 4.4.1.6.2.1A) also replicates these results (Huff et al., 2003), 

supporting the possibility of equal significance if substitutes occur at other calcium-binding 

sites, especially those related to conformation-regulated activities. 

Percentage identities reflected the highest conservation between human and equine 

GELs (94.66%), and the closest sequence homology of FhGEL was understandably with SmGEL 

(62.36%) (Figure 4.4.1.6.2.1B), which was confirmed by phylogenetic analysis (Figure 

4.4.1.6.2.1C), demonstrating the greatest evolutionary distance between FhGEL and the 

mammalian models conversely to the closeness of trematode and mammalian GEL pairs. 

Conserved active sites and ligand binding activities of FhGEL were investigated using 

3DLigandSite based on the final model calculated by Phyre2, with 88% residues modelled at 

>90% confidence (Figure 4.4.1.6.2.2; Table 4.4.1.6.2). 12 residues between Ala12 and Ala366 of 

FhGEL were predicted to have ligand binding properties with significant structural alignment 

scores (17.1≤37.2 average MAMMOTH score). Heterogens included calcium ion(s) and ATP, 

which were identified in 10 different putative clusters (Table 4.4.1.6.2), two of which are 

shown (Figure 4.4.1.6.2.2). One cluster was predicted with an ATP (Figure 4.4.1.6.2.2A) but 

the majority of clusters (9/10) indicated calcium as the sole ligand irrespective of residue 

numbers, with five interactions involving one metal ion, and the other four having 15, six, five 

or four calcium ions per cluster (Table 4.4.1.6.2). 

Consequently to its calcium-mediated regulation, calcium binding sites were expected 

in all present domains (Choe et al., 2002; Nag et al., 2009), and which were predicted in FhGEL 

by 3D Ligand at two and four residues in the putative G1 and G2 domains, respectively (Table 

4.4.1.6.2). These data tie in with the known GEL and ACT-binding protein characteristics, 

whereby functionality is regulated by calcium abundance, and is often co-regulated with 

phosphatidylinositol (Janmey and Stossel, 1987). GEL activation mechanisms via calcium 

binding has been identified to disrupt the compact protein structure through the interruption 

of G2 and G6 interactions, thereby releasing the C-terminal “latch helix” and allowing each 
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half-GEL to unravel the sterically hidden active sites for ACTs (Burtnick et al., 1997; Choe et 

al., 2002; Lin et al., 2000; Nag et al., 2009; Robinson et al., 1999; Silacci et al., 2004). Calcium 

concentration and binding are thus directly related to GEL activation, with higher ion 

abundance increasing functionality (Lin et al., 2000; Nag et al., 2009). 

 

Table 4.4.1.6.2. Predicted FhGEL ligand binding using 3DLigandSite. FhGEL-ligand interfaces were predicted 

based on sequence similarity to known protein-ligand interactions. 10 different clusters were based on 

structural alignments between FhGEL and similar residue-ligand interactions, with significant scores 

calculated by the MAMMOTH approach (Ortiz, Strauss and Olmea, 2002). Both metallic and non-metallic 

ligands were predicted at 10 hypothetical clusters of single and/or multiple amino acids, mediated by 12 

different residues in the protein (aa 12–366). Abbreviations: ATP, adenosine triphosphate; Ca, calcium. 

MAMMOTH Score (averaged) Interacting residues Ligand (n) 

37.2 Glu217 Ca2+ (1) 

21.9 Gly74, Asp75 Ca2+ (4) 

21.8 Val174 Ca2+ (5) 

21.1 Asp75, Tyr152 Ca2+ (1) 

21.1 Val174 Ca2+ (1) 

21.1 Asp75 Ca2+ (1) 

19.2 Asp117 Ca2+ (1) 

19.2 Trp12, Glu360, Ala365-366 ATP (1) 

17.3 Asp117, Asp122, Leu351 Ca2+ (6) 

17.1 Asp75 Ca2+ (15) 

 

Figure 4.4.1.6.2.2. 3-D predictions of FhGEL-ligand binding using 3DLigandSite. The complete FhGEL protein 

expression sequence was used to predict FhGEL-ligand interfaces based on sequence similarity to known 

protein-ligand interactions. Ten different residue clusters of ligand binding residues were predicted, with two 

shown including an ATP molecule (A) and a calcium metal ion (neon green) (B), calculated by the MAMMOTH 

approach (Ortiz, Strauss and Olmea, 2002). 
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ACT-GEL interactions have further identified dual dynamics of cation coordination, 

whereby type one involves a calcium ion shared between each GEL and ACT counterpart 

(Choe et al., 2002; Chumnarnsilpa et al., 2015), and type two has GEL-dominated cation 

possession (Choe et al., 2002; Chumnarnsilpa et al., 2015; McLaughlin et al., 1993; Robinson 

et al., 1999). This activation is essential for ACT severing and capping functions during 

cytoskeletal remodelling (Babich and Burkhardt, 2013; Forscher, 1989; Linder and Thors, 

1992; Silacci et al., 2004), cytoplasmic stability (Laine et al., 1998; Yin and Stossel, 1979) and 

scavenging of circulating plasma ACT (Lee and Galbraith, 1992; Lind et al., 1986; Yin et al., 

1981). Consequently, mutations in key calcium-binding sites (e.g. G2, Figure 4.4.1.6.2.1A) are 

linked to partial activation and human disease (Kazmirski et al., 2002; Levy et al., 1990). 

Interestingly, the G2 D214 residue previously located as a critical calcium-binding site in 

HsGEL (Figure 4.4.1.6.2.2A) was not predicted to have a significant MAMMOTH score in 

FhGEL, though three different residues were, including in non-domain regions. Thus, FhGEL 

likely contains ACT-binding residues and GEL-associated functional capabilities, but based on 

unmatched calcium ion-binding residue predictions, the putative domain allocation via HsGEL 

categorisation may not be accurate for less conserved orthologues. 

 

4.4.1.7 Glyceraldehyde-3-phosphate dehydrogenase (FhGAPDH) 

4.4.1.7.1 FhGAPDH family association and structural assessments 

FhGAPDH (AIE44418: www.ncbi.nlm.nih.gov/protein/AIE44418) was previously 

successfully cloned by Zinsser et al. (2014), and was matched with 100.0% residue identity 

(1–338) to BN1106_s3550B000215.mRNA-1 (PRJEB6687, WBPS v10; scaffold 3550: 122261–

123707; three exons) and D915_10915 (PRJNA179522, WBPS v10–14: contig 3012: 87472–

88568; three exons) WormBase ParaSite sequences. FhGAPDH was predicted with GAPDH-

associated functional and structural domains using WormBase ParaSite with cross-

referencing from InterPro. FhGAPDH was matched to the NAD(P)-binding domain superfamily 

(IPR036291) by Superfamily (5–174), the glyceraldehyde/erythrose phosphate 

dehydrogenase family (IPR020831) by PIRSF (2–336), PANTHER (5–336) and PRINTS (112–125, 

147–165, 174–190, 231–248, 271–286), and the glyceraldehyde-3-phosphate dehydrogenase 

type I family (www.ebi.ac.uk/interpro/entry/IPR006424) by TIGRFAM (5–327). Further 

superfamily identifications were predicted by Gene3D for an NAD(P)-binding Rossmann-like 

http://www.ncbi.nlm.nih.gov/protein/AIE44418
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domain (5–151, 316–329; CATH-Plus: 3.40.50.720) and a dihydrodipicolinate reductase 

domain 2 (152–315; Cath-Plus: 3.30.360.10) and by Superfamily for a GAPDH-like C-terminal 

domain (152–315; SSF55347, supfam.org/SUPERFAMILY/cgi-bin/scop.cgi?ipid=SSF55347). 

Further family-specific domains were also predicted, including a GAPDH NAD(P) binding 

domain (IPR020828) by SMART (4–153) and Pfam (5–104) and a GAPDH catalytic domain 

(IPR020829) by Pfam (158–315). 

Further functional characteristics were also predicted, including a GAPDH catalytic site 

(IPR020830) by PROSITE (PS00071: 151–158), as well as many GAPDH-associated GO-terms 

from direct associations as follows. FhGAPDH was predicted with oxydoreductase activity 

(GO:0016620; GO:0016491) and frequently associated NADP (GO:0050661) and NAD 

(GO:0051287) binding, which are directly related to GAPDH type I and NAD(P)-binding 

activities and protein domains. GAPDH-associated biological processes were also predicted, 

including a GAPDH metabolic process (GO:0019682), an oxidation-reduction process 

(GO:0055114), glucose metabolic process (GO:0006006), a glycolytic process (GO:0006096) 

and a gluconeogenesis process (GO:0006094), which are associated with many glycose 

metabolic pathways. Further GAPDH-associated GO-terms for molecular functions, biological 

processes and cellular components were found from the bioinformatic affiliations described 

(PIRSF000149: Protein Information Resource, pir.georgetown.edu/cgi-

bin/ipcSF?id=PIRSF000149). These included the aforementioned GO-terms directly 

associated with FhGAPDH, but also indicate the abundance of GAPDH-like proteins in most 

eukaryotic subcellular compartments (Mazzola and Sirover, 2003; Tristan et al., 2011). To 

confirm this information for FhGAPDH, PSORTII was used, predicting subcellular 

compartmental localisation is highly likely to be in the cytoplasm (65.2% probability, k-

Nearest Neighbour prediction, k = 9/23; 94.1% probability, Reinhardt’s method for 

cytoplasmic/nuclear discrimination) followed by nuclear localization (21.7% probability) and 

mitochondrial (13.0% probability) localizations (k-Nearest Neighbour prediction, k = 9/23), 

indicating predominant cytoplasmic abundance. 

Structural properties and conserved epitopes were predicted for FhGAPDH using 

Phyre2. The hypothetical 3-D structure of FhGAPDH was produced as based on a multi-

template analysis with the six highest scoring protein model templates: 3H9E, 1S7C, 3CIE, 

3STH, 1IHX and 2B4R (PDB: 3H9E, www.rcsb.org/structure/3H9E; 1S7C, 

www.rcsb.org/structure/1S7C; 3CIE [1VSV], www.rcsb.org/structure/1VSV; 3STH, 

http://supfam.org/SUPERFAMILY/cgi-bin/scop.cgi?ipid=SSF55347
https://pir.georgetown.edu/cgi-bin/ipcSF?id=PIRSF000149
https://pir.georgetown.edu/cgi-bin/ipcSF?id=PIRSF000149
http://www.rcsb.org/structure/3H9E
https://www.rcsb.org/structure/1S7C
https://www.rcsb.org/structure/1VSV
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www.rcsb.org/structure/3STH; 1IHX, www.rcsb.org/structure/1IHX; and 2B4R, 

www.rcsb.org/structure/2B4R) which aligned 88% of FhGAPDH residues (1–328) with 100% 

confidence (Figure 4.4.1.7.1). The secondary structure of FhGAPDH consists of 11 individual 

alpha helices of varying lengths (1–4.5 turns) and two beta pleated sheets, including an N-

terminal sheet consisting of seven parallel and one anti-parallel short-length strands 

interrupted by six alpha helices (Figure 4.4.1.7.1A). The region towards the C-terminal also 

predicted a large beta-sheet, consisting of five long parallel strands as well as three shorter 

anti-parallel strands, whereby two of these were serial strands interrupted by a small loop of 

residues (Figure 4.4.1.7.1A). 

 

Figure 4.4.1.7.1. 3-D prediction and model templates for FhGAPDH using Phyre2. The 3-D protein structure 

was predicted for FhGAPDH (A), demonstrating the monomeric structure contains two beta-pleated sheets and 

11 alpha helices. This prediction was based on FhGAPDH sequence modelling with the six highest-scoring 

templates shown (B), including GAPDH structures from a variety of mammalian and parasitic organisms 3H9E, 

1S7C, 3CIE (1VSV), 3STH, 1IHX and 2B4R. 

 

The tertiary structure of FhGAPDH shares similarities with other GAPDHs in having two 

main domains (Figure 4.4.1.7.1; Chaikuad et al., 2011; Jenkins and Tanner, 2006; Zinsser et 

al., 2014). The N-terminal has a typical Rossmann fold, characterised by an eight-stranded 

beta-sheet interrupted by alpha helices on both sides. The C-terminal 3-D structure is also 

https://www.rcsb.org/structure/3STH
https://www.rcsb.org/structure/1IHX
https://www.rcsb.org/structure/2B4R
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similar to model GAPDH C-domains (Chaikuad et al., 2011), with the typically five-stranded 

beta-sheet exposed at the protein’s periphery and alpha helices formed between beta strands 

positioned at the inner face. Sequence and structural conservation together indicate 

FhGAPDH is likely to capable of adopting 3-D and 4-D structures as described in models (e.g. 

HsGAPDS: Chaikuad et al., 2011), and thus perform proposed GAPDH-associated molecular 

roles. 

 

4.4.1.7.2 FhGAPDH sequence conservation and functionality 

To identify GAPDH sequence conservation, sequences from Schistosoma mansoni, 

Caenorhabditis elegans, and Homo sapiens (testis- and liver- specific) were aligned to 

FhGAPDH and a phylogenetic tree was produced (Figure 4.4.1.7.2.1). The greatest sequence 

variation was at N-terminal and N–mid residues, at which HsGAPDS had a unique N-terminal 

peptide sequence (positions 1–72) and within which all other sequences contained multiple 

residue substitutions (positions 127–170), including five additional residues in CeGAPDH 

(positions 143–147) (Figure 4.4.1.7.2.1A). 

Several functionally-important residues were conserved between the GAPDH 

sequences (Figure 4.4.1.7.2.1A), including the C-domain active site sequence and other 

residues of functional importance as identified in HsGAPDH/S and OcGAPDH (Chaikuad et al., 

2011; Ismail and Park, 2005; Nakajima et al., 2009, 2007). Complete conservation indicated 

the importance of this sequence, especially at a cysteine residue involved in oligomerization 

via disulfide bond formation (Nakajima et al., 2009, 2007) and interactions with 

glyceraldehyde-3-phosphate and NAD, as well as this cysteine and the consecutive histidine 

contributing to GAPDH catalysis (Chaikuad et al., 2011; Ismail and Park, 2005; Talfournier et 

al., 1999). Further residues associated with inter-protein and substrate interactions in 

HsGAPDH, including those contributing to electrostatic availability for oligomerization 

(Chaikuad et al., 2011; Ismail and Park, 2005), were also highly conserved (Figure 

4.4.1.7.2.1A). 
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Figure 4.4.1.7.2.1. Phylogenetic analysis of Fasciola hepatica (FhGAPDH), model and related parasite GAPDHs. 

The selected F. hepatica isotype FhGAPDH (AIE4418.1) was aligned with GAPDHs of S. mansoni (SmGAPDH: 

Smp056970.2, P20287, www.uniprot.org/uniprot/P20287), C. elegans (CeGAPDH: P20287, 

www.uniprot.org/uniprot/P20287), and H. sapiens (HsGAPDS (testis-specific): 3H9E, O14556, 

www.uniprot.org/uniprot/O14556; HsGAPDH (liver-specific): 1ZNQ, P04406, 

www.uniprot.org/uniprot/P04406). (A) The sequence alignment demonstrated 100% sequence conservation at 

the GAPDH C-domain active site (highlighted in yellow: ASCTTNCL, PS00071, 

https://prosite.expasy.org/PS00071), and further substrate-binding and structurally-relevant residues, as 

identified in HsGAPDHS (highlighted in green), HsGAPDH (highlighted in pink) or both (highlighted in turquoise) 

(Chaikuad et al., 2011; Ismail and Park, 2005; Nakajima et al., 2009, 2007). (B) The percentage identity matrix 

revealed the highest sequence identity between the trematode species (76.63%), the lowest between F. 

hepatica and H. sapiens sequences (67.76–70.75%), and with CeGAPDH sharing the greatest similarity with 

HsGAPDH (74.04%) over the trematode GAPDHs (71.34–71.94%). (C) The phylogenetic tree reflected this 

closeness and confirmed the known low HsGAPDH-HsGAPDS conservation. ClustalO and MEGA7 were used to 

produce the alignment and phylogenetic tree, respectively. 

 

https://www.uniprot.org/uniprot/P20287
https://www.uniprot.org/uniprot/P20287
https://www.uniprot.org/uniprot/O14556
https://www.uniprot.org/uniprot/P04406
https://prosite.expasy.org/PS00071
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Partially- and non-conserved sequences may influence structural and functional 

residues observed in HsGAPDH/S models, whereby HsGAPDS-specific Tyr173 and Asp311 are 

proposed to improve relative hydrogen bond formation with NAD+ and negatively influence 

proximate catalytic residues by changing the pKa and protonation state, respectively 

(Chaikuad et al., 2011). Based on the sequence alignment, data indicated the trematode 

GAPDHs shared the greatest sequence identity (76.63%) but FhGAPDH and HsGAPDS were 

the most distantly related (67.76%) (Figure 4.4.1.7.2.1B). These findings were mirrored by 

phylogenetic assessments with 0.3–0.45 units of evolutionary distance between FhGAPDH 

and SmGAPDH or HsGAPDS, respectively, though a distance of 0.47 units was calculated 

between HsGAPDS and HsGAPDH (Figure 4.4.1.7.2.1C), highlighting the consequence of non-

essential sequence conservation due to spermatogenic specificity (Chaikuad et al., 2011). 

Conserved active sites and ligand binding activities of FhGAPDH were investigated 

using 3DLigandSite based on the final model calculated by Phyre2, with 97% residues 

modelled at >90% confidence (Figure 4.4.1.7.2.2). 24 residues between Asn9 and Tyr321 were 

predicted to have ligand binding properties with significant structural alignment scores (40.3 

average MAMMOTH score). Heterogens included NBD (N6-benzyl-nicotinamide-adenine-

dinucleotide, NBD), NDP (NADPH dihydro-nicotinamide-adenine-dinucleotide phosphate, 

NDP) and NAD (nicotinamide-adenine-dinucleotide, NAD) dinucleotide cofactors, which were 

identified in two different putative clusters. One cluster was predicted with one NBD, four 

NDP and 20 NAD dinucleotides interacting with 24 residues including Asn9–Ile14, Asn34–Phe37, 

Glu79–Arg80, Ser98–Gly100, Phe102, Asn122–Ser123, Cys153, Ala184, Asn317–Glu318, and Tyr321 (Figure 

4.4.1.7.2.2A). Another cluster was predicted with one NBD, two NDP and five NAD 

dinucleotides interacting with one mid-region residue, Pro192 (Figure 4.4.1.7.2.2B). 

 The N-terminal Rossmann-like fold is typical of GAPDH, and is also an important region 

of nucleotide and cofactor binding (Baker et al., 2014; Chaikuad et al., 2011; Ismail and Park, 

2005). Furthermore, of the residues predicted with substrate-binding properties located in 

the highly-conserved C-domain active site region 151-ASCTTNC-158 (Prosite: PS00071), Cys153 

interacted with multiple NAD molecules (Figure 4.4.1.7.2.2A), consistent with other GAPDH 

enzymes (Chaikuad et al., 2011; Ismail and Park, 2005; Nakajima et al., 2007). 

 



 

181 
 

Figure 4.4.1.7.2.2. 3-D predictions of FhGAPDH-ligand binding. The complete FhGAPDH protein expression 

sequence was used to predict FhGAPDH-ligand interfaces based on sequence similarity to known protein-ligand 

interactions using 3DLigandSite. Two different clusters of ligand binding residues were predicted (A–B), 

calculated by the MAMMOTH approach (Ortiz, Strauss and Olmea, 2002). Both clusters predicted the 

involvement of 24 residues between Asn9 and Tyr321 binding to non-metallic dinucleotide heterogens, including 

NBP, NDP and NAD, with 25 ligands bound by 24 residues (Asn9–Tyr321) including Cys-153 in the putative active 

site (circled: Ala152–Leu158) (A) and eight ligands bound by one residue (Pro192) (B). 

 

4.4.1.8 Triose phosphate isomerase (FhTPI) 

4.4.1.8.1 FhTPI family association and structural assessments 

The protein sequence for FhTPI (AGJ83762.1: 

www.ncbi.nlm.nih.gov/protein/AGJ83762.1) that was successfully cloned from F. hepatica 

cDNA (Zinsser et al., 2013b) was matched to BN1106_s3213B000041.mRNA-1 (PRJEB6687, 

WBPS v10: scaffold 3213: 12,485–22,821, six exons) using the BLAST function on the 

WormBase ParaSite server with 99.6% residue identity (1–253). FhTPI was predicted with TPI-

associated functional and structural domains using WormBase ParaSite with cross-

referencing from InterPro. FhTPI was matched to TPI (IPR035990) and aldolase-type TIM 

barrel (IPR013785) superfamilies by Superfamily (3–250) and Gene3D (1-252), respectively. 

The protein sequence was also matched to the TPI protein family (IPR000652) by PANTHER 

(1–251), PROSITE (6–250), CDD (7–249), Pfam (8–248) and TIGRfam (8–243), with further 

https://www.ncbi.nlm.nih.gov/protein/AGJ83762
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identification as a member of the TPI bacterial/eukaryotic family (IPR022896) by HAMAP (5–

250). 

Further functional characteristics were also predicted, including a TPI active site 

(IPR020861) by PROSITE (PS00171: 167–177), TPI family signature (PS51440) and profile 

(PS51440) associations, as well as many TPI-associated GO-terms from direct associations as 

follows. FhTPI was predicted with TPI (GO:0004807), isomerase (GO:0016853) and catalytic 

(GO:0003824) activities of molecular function. Further associated biological processes were 

biosynthesis (GO:0009058), catabolism (GO:0009056), cellular processivity (GO:0009987), 

gluconeogenesis (GO:0006094) and glycolysis (GO:0006096). Cellular localisation was also 

indicated through GO-terms for both the cytoplasm (GO:0005737) and cytosol (GO:0005829). 

Structural properties and conserved epitopes were predicted for FhTPI using Phyre2. 

The hypothetical 3-D structure of FhTPI was produced as based on a multi-template analysis 

with the six highest scoring protein model templates: 1SW3, 1MO0, 1R2R, 4OHQ, 5EYW and 

3TH6 (PDB: 1SW3, www.rcsb.org/structure/1SW3; 1MO0, www.rcsb.org/structure/1MO0; 

1R2R, www.rcsb.org/structure/1R2R; 4OHQ, www.rcsb.org/structure/4OHQ; 5EYW, 

www.rcsb.org/structure/5EYW; and 3TH6, www.rcsb.org/structure/3TH6), which aligned 

>97% of FhTPI residues (7–253) with 100% confidence (Figure 4.4.1.8.1). The secondary 

structure of FhTPI consists of eight parallel beta-pleated sheets (6- and 8-mers) and 14 alpha-

helices of varying length (1–5 turns) (Figure 4.4.1.8.1A). TPIs are alternatively abbreviated as 

TIMs, and responsible for coining the “TIM barrel” fold, upon which a superfamily of proteins 

and enzymes are now described with the aforementioned structural properties (Borchert et 

al., 1993a; Brändén, 1991; Livesay and La, 2005; Wierenga, 2001). 

The tertiary structure of FhTPI forms a classical canonical beta-barrel, characteristic of 

TIM barrel proteins, with beta motifs positioned in a ring and eight alpha motifs encircling 

them and re-joining the C- and N-termini (Figure 4.4.1.8.1A). Eight non-integrated loops 

between the alternating alpha and beta motifs are deliberately placed for exposure and 

contain functionally- and structurally-relevant residues (Borchert et al., 1993a; Norledge et 

al., 2001; Schliebs et al., 1996). TIM barrel proteins form homodimeric quaternary structures 

in vivo and in vitro (Borchert et al., 1993a; Norledge et al., 2001). The dimerization of TPIs is 

mediated by interactions between loops 1 and 4 and 3 of each monomer subunit, involving 

van der Waal and hydrogen bonds between key residues Lys13, Glu97 and Thr75, respectively 

from each loop (Jogl et al., 2003; Schliebs et al., 1997, 1996). In FhTPI, these residues are 

https://www.rcsb.org/structure/1SW3
https://www.rcsb.org/structure/1MO0
https://www.rcsb.org/structure/1R2R
https://www.rcsb.org/structure/4OHQ
https://www.rcsb.org/structure/5EYW
https://www.rcsb.org/structure/3TH6
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conserved but incremented by one or more positions than described (Figure 4.4.1.8.1A). 

Furthermore, dimerization is not a prerequisite of functionality (Daar et al., 1986; Ralser et 

al., 2006), however structural and mutational analyses have shown mutations cause dimer 

instability, thus demonstrating dimerization conveys improved thermal stability and catalytic 

potential compared to monomeric forms (Benítez-Cardoza et al., 2001; Celotto et al., 2006; 

Daar et al., 1986; Ralser et al., 2006; Seigle et al., 2008), including FhTPI (Zinsser et al., 2013b). 

 

Figure 4.4.1.8.1. 3-D prediction and model templates for FhTPI using Phyre2. The 3-D protein structure was 

predicted for FhTPI (A), demonstrating the monomeric structure contains eight beta-pleated sheets and 14 alpha 

helices, forming a beta-barrel structure with the structure folding in a circular arrangement leading to N- and C-

terminal proximity and interaction. This prediction was based on FhTPI sequence modelling with the six highest-

scoring templates shown (B), including TPI structures from a variety of metazoan and plant model organisms 

1SW3, 1MO0, 1R2R, 4OHQ, 5EYW and 3TH6. 
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4.4.1.8.2 FhTPI sequence conservation and functionality 

To identify TPI sequence conservation, sequences from Schistosoma mansoni, 

Caenorhabditis elegans, Homo sapiens and Oryctolagus cuniculus were aligned to FhTPI and 

a phylogenetic tree was produced (Figure 4.4.1.8.2.1). The sequence alignment indicated 

partial conservation between all protein sequences (Figure 4.4.1.8.2.1A–B), but interestingly 

CeTPI was the most divergent sequence, whilst trematode and mammalian sequences 

branched in closely-related pairs (Figure 4.4.1.8.2.1B–C). Importantly, residues of prospective 

functionality for dimerization and catalysis, including flanking residues to the PROSITE-

predicted active site (FhTPI: 167–177, Glu169), were fully conserved (Figure 4.4.1.8.2.1A). 

Conserved active sites and ligand binding activities of FhTPI were investigated using 

3DLigandSite based on the final model calculated by Phyre2, with 94% residues modelled at 

>90% confidence (Figure 4.4.1.8.2.2). Eight residues between Asn18 and Leu248 were predicted 

to have ligand binding properties with significant structural alignment scores (17.3–19.5 

average MAMMOTH score). Heterogens included 19 magnesium (MG) and five zinc (ZN) metal 

ions, two sulphur-iron complexes (SF4 and FES) and one S-adenosylmethionine (SAM), which 

were identified in three different putative clusters (Figure 4.4.1.8.2.2). One cluster was 

predicted with 19 magnesium and four zinc ions, one SF4 sulphur-iron complex, and one SAM 

interacting with Asn26 located on the first beta strand (Figure 4.4.1.8.2.2A). The second cluster 

was predicted with one FES sulphur-iron complex interacting with six residues including Phe22, 

Leu55, Trp105, Ile107, Val139 and Leu248 on different beta strands inside the beta-barrel structure 

(Figure 4.4.1.8.2.2B). The third cluster predicted the interaction of a zinc ion with Asn18 on 

loop one, close to the central barrel (Figure 4.4.1.8.2.2C). TPI functionality in the absence of 

metal ions or cofactors has been described from in vitro assessments (Daar et al., 1986), 

including FhTPI (Zinsser et al., 2013b) and other parasite TPIs (Jiménez et al., 2000; Landa et 

al., 1997; Zinsser et al., 2013a), suggesting TPI, in at least these organisms, is not dependent 

on metal ion binding for its glycolytic ligands, dihydroxyacetone phosphate and glyceralde-3-

phosphate. 
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Figure 4.4.1.8.2.1. Phylogenetic analysis of Fasciola hepatica (FhTPI), model and related parasite TPIs. The 

selected F. hepatica isotype FhTPI (AGJ83762.1) was aligned with TPIs of S. mansoni (Smp003990.1: G4V6B9, 

www.uniprot.org/uniprot/G4V6B9), C. elegans (1MO0, Q10657, www.uniprot.org/uniprot/Q10657), H. sapiens 

(2JK2, P60174, www.uniprot.org/uniprot/P60174) and O. cuniculus (1R2R, P00939, 

www.uniprot.org/uniprot/P00939). (A) The sequence alignment demonstrated low sequence conservation 

between the protein sequences, with the highest variation at the N–mid-terminal 43 residues. Highlighted 

residues indicate amino acids of importance for dimerization (highlighted in yellow), catalysis (highlighted in 

turquoise) or both (highlighted in green), and the highly conserved active site region (PS00171, 

www.expasy.ch/prosite/PS00171, highlighted in red). (B) The percentage identity matrix further confirmed low 

sequence similarity, excluding HsTPI-OcTPI (98.39%), with the highest percentage identity between mammalian 

and liver fluke (68.15–68.67%) sequences, and lowest with CeTPI and all other sequences (57.49–64.16%). (C) 

The phylogenetic tree reflected this closeness, highlighting the phylogenetic distance of CeTPI from the other 

sequences. ClustalO and MEGA7 were used to produce the alignment and phylogenetic tree, respectively. 

https://www.uniprot.org/uniprot/G4V6B9
https://www.uniprot.org/uniprot/Q10657
https://www.uniprot.org/uniprot/P60174
https://www.uniprot.org/uniprot/P00939
http://www.expasy.ch/prosite/PS00171
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Figure 4.4.1.8.2.2. 3-D predictions of FhTPI-ligand binding using 3DLigandSite. The complete FhTPI protein 

expression sequence was used to predict FhTPI-ligand interfaces based on sequence similarity to known protein-

ligand interactions. Three different residue clusters of ligand binding residues were predicted (A–C), calculated 

by the MAMMOTH approach (Ortiz, Strauss and Olmea, 2002). All three clusters predicted the involvement of 

seven protein residues between Asn18 and Leu248 binding to metallic heterogens including sulphur-iron 

complexes (SF4 and FES, orange) magnesium (lime green) and zinc (metallic purple) ions, as well as a non-

metallic ligand, S-adenosylmethionine (SAM, mustard yellow). 

 

4.4.1.9 Functional consequences of bioinformatic predictions 

The hypothesis was that functional characterisation of the seven candidate 

biomarkers would increase our understanding of their molecular roles, both in general and in 

the context of the biological response to TCBZ in adult F. hepatica, to develop a portfolio for 

diagnostic development. The key bioinformatic and research literature findings of the 

molecular characteristics and biochemical activities of the seven candidates were 

summarised (Table 4.4.1.9). 

Extracellular ES patterns leading to exposure at the ECM and host-parasite interface, 

was different per protein and reflective of their intrinsic molecular functions and localisations. 

Exposure and detection of each in F. hepatica ES products following fluke death was only 

previously noted for actin (Morphew et al., 2007), whereas live in vitro culture has previously 

identified the presence of enolase (Chemale et al., 2010; Morphew et al., 2007) and GAPDH 

(Chemale et al., 2010). The observations of extracellular glycolytic enzymes also adds to the 

growing reports indicating the possibility of hidden, moonlighting, functions of potential 

pathogenesis facilitation, which is of increasing research interest (Gómez-Arreaza et al., 2014; 

Ucker et al., 2012). SL [15 μg·mL-1] and L [50 μg·mL-1] doses of TCBZ-SO led to the appearance 

of all biomarkers as previously reported (Morphew et al., 2014) (4.4.1.1), which were only 
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excreted following anthelmintic exposure. These findings, alongside known biochemical and 

functional properties, may indicate abnormal extracellular functionalities deliberately 

initiated to assist xenobiotic metabolism and/or evasion, or as a by-product of drug-induced 

apoptotic events, in-keeping with the fluke’s TCBZ-resistant or -susceptible phenotype, 

respectively (Chemale et al., 2010; Morphew et al., 2014). 

 

Table 4.4.1.9. Summative molecular, functional and putative characteristics for Fasciola hepatica 

biomarkers of potential diagnosis interest. Bioinformatically-predicted and previously reported observations 

of molecular features are shown for F. hepatica ACT, CRT, DJ-1, ENO, GEL, GAPDH and TPI candidates. 

Subcellular localisations and functionalities were based on summative cellular-, biological- and molecular-

associated GO-terms. Known extracellular secretion patterns, including in F. hepatica and other parasites, are 

also shown. 

Biomarker 
Accession (WormBase 
ParaSite1; GenBank2) 

Predicted properties 

Extracellular 
extretion/ 
secretion 

Molecular 
weight 
(kDa) 

pI Charge 

Subcellular 
localisation 
(*highest 

scoring PSORTII 
prediction) 

Functionality 

Actin 
BN1106_s101B000531.mRNA-

11 
41.646 5.28 -7.0 

Cytoskeleton, 
Adherens 
junctions, 

Bicellular tight 
junctions, 

Focal 
adhesions 

Cell cycle, 
Endo/exo-

cytosis, 
Cytoskeletal 
organisation, 
Cell migration 

Confirmed in F. 
hepatica ESa**, 

b**, c*,**,*** 

Calreticulin 
BN1106_s2673B000071.mRNA-

11 
48.965 4.42 -32.0 

Endoplasmic 
reticulum, 
Cytoplasm, 

ECM 

Calcium binding, 
Protein binding, 
Protein folding, 

Confirmed in F. 
hepatica 

ESb**,*** / T. 
cruzid 

DJ-1 
BN1106_s1971B000297.mRNA-

11 
19.322 7.80 +3.0 

Cytosol, 
Nucleus, 

Mitochondrion 

Transcription 
coregulation, 
Biosynthesis, 

Metabolism (N), 
RNA Pol II 
regulation, 

Stress response 

Confirmed in F. 
hepatica ESb*** 

Enolase AAA57450.12 46.275 6.28 -2.0 Cytosol 
Glycolysis, 

Gluconeogenesis 

Confirmed in F. 
hepatica ESa*, 

b*,**,***, 

c*,**,*** / 
ECMe  

Gelsolin D915_014761 41.496 6.03 -3.0 
Cytoplasm* 

Cytoskeleton 
Actin binding 

Confirmed in F. 
hepatica ESb*** 

Glyceraldehyde-
3-phosphate 

dehydrogenase 
AIE44418.12 36.934 7.10 0.0 

Cytoplasm* 
Nucleus 

Mitochondrion 
Glycolysis 

Confirmed in in 
F. hepatica 

ESb**, c*,**,*** 
/ Myxobacteria 

extracellular 
vesicle cargof 

Triose 
phosphate 
isomerase 

AGJ83762.12 27.783 8.10 +2.0 
Cytoplasm, 

Cytosol 
Glycolysis 

Confirmed in F. 
hepatica ESb*** 

a Morphew et al., 2007: in vitro cultured live flukes* / dead flukes**. 
b Morphew et al., 2014: in vitro cultured live flukes* / supplemented with TCBZ-SO [15 ug·mL-1]** / [50 ug·mL-1]***. 
c Chemale et al., 2010: in vitro cultured live flukes* / supplemented with TCBZ-SO [15 ug·mL-1]** / [50 ug·mL-1]***. 
d Ferreira et al., 2004a. 
e Bernal et al., 2004. 
f Evans et al., 2012. 
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4.4.2 Genetic recombination, expression and purification of Faciola hepatica 

biomarkers 

4.4.2.1 Expression vector preparation 

pET vectors were digested with NdeI and NotI restriction enzymes as described 

(4.3.1.2.6.1), removing 74 (pET-23a(+)) (Figure 4.4.2.1A–B) or 73 (pET-28b(+)) (Figure 

4.4.2.1C–D) residues of the multiple cloning sites and creating sticky ends for subsequent 

subcloning.  

Figure 4.4.2.1. Circular maps and linearisation of pET-23a(+) and pET-28b(+). Circular pET-23a(+) (3666 bp, A) 

and pET-28b(+) (5368 bp, C) were NdeI-NotI-linearised to remove 74 and 73 bp of the multiple cloning sites, 

respectively (pET-23a(+): 3592 bp, A; pET-28b(+): 5295 bp, C). Restriction endonuclease reactions for vector 

linearisation were analysed by 1% agarose gel electrophoresis (pET-23a(+), B; pET-28b(+), D) for direct excision 

and subsequent ligation of complementary NdeI-NotI-digested insert DNAs. 

bp 

bp 
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Abbreviations: (B) Lane 1, Bioline HyperLadder™ 1kb (bp); lane 2, 250 ng undigested circular pET-23a(+) including 

supercoiled DNAs; lane 3, 250 ng NdeI-NotI-linearised pET-23a(+); (D) Lane 1, Bioline HyperLadder™ 1kb (bp); 

lane 2, 100 ng undigested circular pET-28b(+); lane 3, 500 ng NdeI-NotI-linearised pET-28b(+). 

 

4.4.2.2 Actin (FhACT) 

4.4.2.2.1 Cloning and subcloning 

FhACT was PCR-amplified (for primer sequences, see Table 4.3.1.1.3), sequenced 

(>99.6% ID, Figure 4.4.2.2.1.1A), and electrophoresed (Figure 4.4.2.2.1.1B) for gel excision 

and direct ligation with pGEM®-T Easy and cloning in α-select E. coli. 

5’ flanking restriction enzyme binding sites were introduced via PCR using FhACT-

pGEM®-T Easy as the PCR template (for primer sequences, see Table 4.3.1.1.3) and cloned 

using pGEM®-T Easy as before. NdeI-NotI-digested FhACT (Figure 4.4.2.2.1.2A) was then 

inserted into NdeI-NotI-linearised pET-28b(+) (Figure 4.4.2.1C–D) and confirmed using 

diagnostic restriction digestion and PCRs (Figure 4.4.2.2.1.2B–C). Positive transformant 

BL21(DE3)pLysS cell lines were also confirmed via PCR (Figure 4.4.2.2.1.2D) and Sanger 

Sequencing of FhACT-pET-28b(+) was used to identify the correct DNA and protein sequence 

for expression (>99.5% ID, Figure 4.4.2.2.1.2E). 

 

Figure 4.4.2.2.1.1. PCR amplicon target and product for FhACT. FhACT was targeted for PCR amplification, 

whereby oligomers were designed to amplify the gene including start and stop codons. Four SNPs were 

identified by Sanger DNA sequencing (underlined residues) (A) and a single amplicon was demonstrated by 1% 

agarose gel electrophoresis (B), testing four starting concentrations of F. hepatica cDNA. 

Abbreviations: MW, NEB Fast DNA Ladder (bp); neg, negative; pos, positive (cDNA: FhDJ-1, 552 bp). 
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Upon in silico translation, two amino acid substitutions were identified (G2A, D3E), 

which PROVEAN identified as synonymous and non-deleterious (Table 4.4.2.2.1), and which 

is supported by the biochemical properties of these amino acids. The replacement of glycine 

with alanine is expected to be a synonymous change, as both are very small amino acids, 

though this leads to the loss of the glycine’s unique hydrogen side chain (Betts and Russell, 

2007). Furthermore, aspartate substituted by glutamate would cause little downstream 

consequence, as both are polar, charged, and thus have the potential for ionic bond formation 

(Betts and Russell, 2007). Thus, FhACT sequence identity differences can be assumed to be of 

no biochemical consequence. 

 

Figure 4.4.2.2.1.2. Subcloning and DNA diagnostics of FhACT-pET-28b(+). The subcloning sequence for FhACT 

was isolated from FhACT-pGEM®-T Easy via NdeI and NotI double digestion (A) for insertion into NdeI-NotI-

linearised pET-28b(+). FhACT-pET-28b(+) constructs were tested via diagnostic digestion (NdeI and NotI) (B) and 

PCRs (C) using FhACT subcloning and T7 primers. (D) Positive BL21(DE3)pLysS cell lines were identified via colony 

PCR using FhACT subcloning primers and (E) DNA sequencing identified four SNPs in the FhACT-pET-28b(+) 

expression sequence, leading to two amino acid substitutions upon translation (compiled using BioEdit). 

Abbreviations: MW, Bioline HyperLadder™ 1kb (bp); neg, negative; pos, positive (cDNA: FhACT). 
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Table 4.4.2.2.1. PROVEAN Prediction for protein sequence analysis of FhACT. Sequence variants (Gly2-Ala2, 

Asp3-Glu3) were predicted with scores above the default threshold, which indicate these changes are neutral 

effects. 

Variant PROVEAN score Prediction (default threshold ≤ -2.5) 

G2A 0.570 Neutral 

D3E -0.335 Neutral 

 
 

4.4.2.2.2 Expression 

Actins (ACTs) have previously been isolated from different expression systems under 

diverse conditions to obtain the highest target concentration (Cevallos et al., 2011; Tamura 

et al., 2011, 2006; Valenta et al., 1993; Verkhusha et al., 2003), with the majority of cases 

purifying a soluble recombinant. rFhACT was predicted to be 43.01 kDa with an isoelectric 

point of 5.60 and an overall charge of -13.0, and SDS PAGE analysis of soluble expression 

fractions (Figure 4.4.2.2.2.1) demonstrated optimal target overexpression (~45kDa) in soluble 

fractions after 0.1 mM IPTG and three hours at 37°C. 

IMAC purification was trialled using HIS-Select Nickel (Figure 4.4.2.2.2.2A) and Cobalt 

(Figure 4.4.2.2.2.2B) resins, but SDS PAGE analysis demonstrated inefficient isolation, 

suggesting low target concentration or incomplete metal ion-target protein binding. 

Unexpectedly, despite 0.22 µm filtration the rFhACT soluble lysate rapidly formed of a 

filamentous, IB-like substance triggered upon sample oscillation at 160 rpm during sample 

acclimatisation to both ambient and cold temperatures. This assumed filamentous product 

was solubilised as for IBs (4.3.3.2) and analysed by SDS PAGE, revealing two major proteins 

close to 50 kDa in molecular mass (Figure 4.4.2.2.2.2C), suggesting possible protein-bound or 

free actin monomer presence. 

In order to identify suspected rFhACT in samples, bands of interest were analysed by 

LC-MS/MS following in-gel isolation (Table 4.4.2.2.2), including consistent fragments of 48 

and 52 kDa (Figures 4.4.2.2.2.1–4.4.2.2.2.2, boxed). Data files were searched against the draft 

genome for F. hepatica (PRJEB6687, WBPS v10) using MASCOT, which did not identify actin 

or actin-related proteins in the samples (P < 0.05), but a ranging number of hits with low 

scores over the threshold value (MASCOT score range: 31≤65) and false discovery rates were 

all above 50% (Table 4.4.2.2.2). These findings are suggestive of a mixed protein group at the 

selected molecular weight bands, which is also likely to be composed of non-recombinant 

bacterial protein products. 
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Figure 4.4.2.2.2.1. Pilot expression of rFhACT. 5 µg FhACT-pET-28b(+) BL21(DE3)pLysS recombinant expression 

lysate was analysed by SDS PAGE following 0.05 mM (A), 0.1 mM (B), 0.5 mM (C) and 1.0 mM (D) IPTG from 0–

5 hours post-induction at 37°C. 

Abbreviations: MW, Precision Plus Protein™ All Blue Standards (Mr); 0–5 h, hours post-induction. 

 

 

4.4.2.2.2.2. Trial IMAC purifications of rFhACT. rFhACT isolation was tested using 

HIS-Select Nickel (A) and Cobalt (B) resins, demonstrating poor target purification 

from recombinant expression lysate. The filamentous-like protein was also analysed 

(C), revealing a major fraction (50 kDa). 

Abbreviations: MW, Precision Plus Protein™ All Blue Standards (Mr); raw, raw 

bacterial lysate; FT, flow-through; 10-500 [mM], imidazole concentration. 
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Table 4.4.2.2.2. LC-MS/MS identification of 1-DE-separated rFhACT. rFhACT protein bands/spots of interest were identified by LC-MS/MS against the F. hepatica genome 

(PRJEB6687, WBPS v10) and GenBank (v204), reporting significant hits identified with a score of 31 or greater (P < 0.05). 

Figure Sample MS/MS ion search Highest scoring GenBank hit 

Fh genome hit MASCOT 
score 

False 
discovery 
rate (%) 

Peptides 
matched 
(non-
duplicate) 

Sequence 
coverage 
(%) 

Protein Organism Accession E-value 

4.4.2.2.2.1A 1 h BN1106_s420B000182.mRNA-1 
BN1106_s6296B000045.mRNA-1 
BN1106_s6988B000037.mRNA-1 
BN1106_s2953B000132.mRNA-1 
BN1106_s3837B000090.mRNA-1 
BN1106_s201B000462.mRNA-1 
BN1106_s3608B000123.mRNA-1 
BN1106_s781B000234.mRNA-1 

37 
36 
34 
33 
33 
33 
32 
31 

96.55 3 
1 
6 
3 
1 
1 
1 
1 

4.0 
7.0 
6.0 
2.0 
1.0 
5.0 
2.0 
9.0 

Hypothetical protein T265_06170 
- 
E3 UFM1-protein ligase 1 
Hypothetical protein T265_11305 
Hypothetical protein T265_15334 
Ras family protein 
Hypothetical protein D915_01498 
Coiled-coil domain-containing protein 
91-like 

Opisthorchis viverrini 
- 
Clonorchis sinensis 
Opisthorchis viverrini 
Opisthorchis viverrini 
Fasciola hepatica 
Fasciola hepatica 
Centruroides sculpturatus 

XP_009169635.1 
- 
GAA47659.1 
XP_009176193.1 
XP_009175898.1 
PIS91693.1 
PIS90904.1 
XP_023209433.1 

0.0 
- 
0.0 
0.0 
9E-160 
3E-106 
3E-136 
0.21 

2 h BN1106_s201B000462.mRNA-1 
BN1106_s2953B000132.mRNA-1 
BN1106_s1783B000133.mRNA-1 
BN1106_s3608B000123.mRNA-1 

44 
38 
36 
31 

123.53 1 
3 
5 
3 

5.0 
3.0 
2.0 
7.0 

Ras family protein 
Hypothetical protein T265_11305 
Hypothetical protein D915_11289 
Hypothetical protein D915_01498 

Fasciola hepatica 
Opisthorchis viverrini 
Fasciola hepatica 
Fasciola hepatica 

PIS91693.1 
XP_009176193.1 
PIS81784.1 
PIS90904.1 

3E-106 
0.0 
0.0 
3E-136 

4.4.2.2.2.2A W BN1106_s201B000462.mRNA-1 42 150.00 1 5.0 Ras family protein Fasciola hepatica PIS91693.1 3E-106 

4.4.2.2.2.2B 1 BN1106_s1578B000131.mRNA-1 
BN1106_s292B000423.mRNA-1 
BN1106_s6296B000045.mRNA-1 

37 
37 
36 

66.67 1 
7 
1 

4.0 
7.0 
7.0 

Hypothetical protein D915_09827 
Leucyl-tRNA synthetase 
- 

Fasciola hepatica 
Clonorchis sinensis 
- 

PIS83146.1 
GAA47219.1 
- 

2E-31 
0.0 
- 

2 BN1106_s201B000462.mRNA-1 
BN1106_s1303B000673.mRNA-1 

57 
40 

178.57 2 
1 

11.0 
2.0 

Ras family protein 
Hypothetical protein D915_0065 

Fasciola hepatica 
Fasciola hepatica 

PIS91693.1 
PIS91679.1 

3E-106 
0.0 

4.4.2.2.2.2C 1 BN1106_s1161B000188.mRNA-1 
BN1106_s201B000462.mRNA-1 
BN1106_s1658B000131.mRNA-1 
 
BN1106_s503B000223.mRNA-1 
BN1106_s4332B000087.mRNA-1 
BN1106_s81B000700.mRNA-2 
BN1106_s115B000507.mRNA-1 
BN1106_s3945B000134.mRNA-1 
BN1106_s3672B000198.mRNA-1 
BN1106_s3173B000376.mRNA-1 
BN1106_s1735B000362.mRNA-1 
BN1106_s307B000267.mRNA-1 
BN1106_s2507B000141.mRNA-11 

51 
44 
44 
 
39 
38 
37 
34 
33 
32 
32 
32 
31 
31 

79.59 3 
3 
9 
 
3 
5 
1 
3 
3 
7 
5 
4 
2 
1 

2.0 
10.0 
12.0 
 
9.0 
11.0 
38.0 
3.0 
9.0 
15.0 
8.0 
2.0 
5.0 
40.0 

Hypothetical protein X801_07610 
Ras family protein 
Eukaryotic DNA topoisomerase I, DNA 
binding protein 
Adenosine deaminase 
ATP synthase F1, alpha subunit 
5-hydroxytryptamine receptor 7 
Hypothetical protein X801_03687 
Dihydroorotate dehydrogenase 
Ubiquitinyl hydrolase 1 
Putative alpha-glucosidase 
Transporter, major facilitator family 
protein 
Hypothetical protein T265_15195 

Opisthorchis viverrini 
Fasciola hepatica 
Fasciola hepatica 
 
Schistosoma japonicum 
Opisthorchis viverrini 
Clonorchis sinensis 
Opisthorchis viverrini 
Clonorchis sinensis 
Fasciola hepatica 
Schistosoma mansoni 
Fasciola hepatica 
Opisthorchis viverrini 
Clostridiales bacterium CHKCI006 

OON16577.1 
PIS91693.1 
PIS80443.1 
 
ABB89025.1 
OON18049.1 
GAA50114.1 
OON20431.1 
GAA49187.1 
PIS84765.1 
XP_018647944.1 
PIS88667.1 
XP_009175262.1 
WP_089702623.1 

4E-138 
3E-106 
0.0 
 
8E-98 
0.0 
3E-09 
2E-89 
1E-104 
6E-120 
0.0 
0.0 
2E-169 
8.7 

https://www.ncbi.nlm.nih.gov/protein/XP_009169635.1
https://www.ncbi.nlm.nih.gov/protein/GAA47659.1
https://www.ncbi.nlm.nih.gov/protein/XP_009176193.1
https://www.ncbi.nlm.nih.gov/protein/XP_009175898.1
https://www.ncbi.nlm.nih.gov/protein/PIS91693.1
https://www.ncbi.nlm.nih.gov/protein/PIS90904.1
https://www.ncbi.nlm.nih.gov/protein/XP_023209433.1
https://www.ncbi.nlm.nih.gov/protein/PIS91693.1
https://www.ncbi.nlm.nih.gov/protein/XP_009176193.1
https://www.ncbi.nlm.nih.gov/protein/PIS81784.1
https://www.ncbi.nlm.nih.gov/protein/PIS90904.1
https://www.ncbi.nlm.nih.gov/protein/PIS91693.1
https://www.ncbi.nlm.nih.gov/protein/PIS83146.1
https://www.ncbi.nlm.nih.gov/protein/GAA47219.1
https://www.ncbi.nlm.nih.gov/protein/PIS91693.1
https://www.ncbi.nlm.nih.gov/protein/PIS91679.1
https://www.ncbi.nlm.nih.gov/protein/OON16577.1
https://www.ncbi.nlm.nih.gov/protein/PIS91693.1
https://www.ncbi.nlm.nih.gov/protein/PIS80443.1
https://www.ncbi.nlm.nih.gov/protein/ABB89025.1
https://www.ncbi.nlm.nih.gov/protein/OON18049.1
https://www.ncbi.nlm.nih.gov/protein/GAA50114.1
https://www.ncbi.nlm.nih.gov/protein/OON20431.1
https://www.ncbi.nlm.nih.gov/protein/GAA49187.1
https://www.ncbi.nlm.nih.gov/protein/PIS84765.1
https://www.ncbi.nlm.nih.gov/protein/XP_018647944.1
https://www.ncbi.nlm.nih.gov/protein/PIS88667.1
https://www.ncbi.nlm.nih.gov/protein/XP_009175262.1
https://www.ncbi.nlm.nih.gov/protein/WP_089702623.1
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Two consistent hits were present across 85% and 42% of the samples (Table 4.4.2.2.2), including a F. hepatica protein with a predicted 

Ras-type small GTPase signature (FhRasGAP BN1106_s201B000462.mRNA-1; PIS91693.1: www.ncbi.nlm.nih.gov/protein/PIS91693.1), and an O. 

viverrini protein with a ribonuclease III (DICER; RNAseIII) domain and dsRNA binding motif (T265_11305, XP_009176193.1: 

www.ncbi.nlm.nih.gov/protein/XP_009176193.1). Of these hits, actin association is known for Rho-related GTPases that function in cytoskeletal 

actin regulation and Ras-type GTPases that are involved in cytoskeletal remodelling (Hall, 1994; Peränen et al., 1996; Wennerberg et al., 2005). 

To identify the sequence similarity between rFhACT and FhRasGAP or OvT265_11305, protein sequence alignments were conducted and 

identified 22.67% and 22.19% ID, respectively, indicating possible co-contamination of non-rFhACT proteins. 

Based on the findings from these pilot studies for rFhACT, in order to proceed further with this target, overexpression must be optimised 

for adequate concentrations for further purification and molecular investigation. 

 

  

BN1106_s880B000146.mRNA-1 31 6 8.0 DNA primase 
Hypothetical protein T265_06677 

Opisthorchis viverrini XP_009170266.1 0.0 

2 BN1106_s201B000462.mRNA-1 
BN1106_s3608B000123.mRNA-1 
BN1106_s3374B000082.mRNA-1 
BN1106_s3516B000081.mRNA-1 
BN1106_s2953B000132.mRNA-1 
BN1106_s2769B000329.mRNA-1 
BN1106_s2991B000132.mRNA-1 
BN1106_s2507B000141.mRNA-11 

65 
46 
39 
39 
33 
32 
32 
31 

100.00 1 
3 
10 
10 
4 
18 
4 
1 

5.0 
8.0 
8.0 
4.0 
5.0 
14.0 
5.0 
40.0 

Ras family protein 
Hypothetical protein D915_01498 
Hypothetical protein D915_11690 
Hypothetical protein D915_13627 
Hypothetical protein T265_11305 
Hypothetical protein T265_11878 
Hypothetical protein D915_13412 
DNA primase 

Fasciola hepatica 
Fasciola hepatica 
Fasciola hepatica 
Fasciola hepatica 
Opisthorchis viverrini 
Opisthorchis viverrini 
Fasciola hepatica 
Clostridiales bacterium CHKCI006 

PIS91693.1 
PIS90904.1 
PIS81408.1 
PIS79583.1 
XP_009176193.1 
XP_009176947.1 
PIS79791.1 
WP_089702623.1 

3E-106 
3E-136 
0.0 
0.0 
0.0 
0.0 
0.0 
8.7 

https://www.ncbi.nlm.nih.gov/protein/PIS91693.1
https://www.ncbi.nlm.nih.gov/protein/XP_009176193.1
https://www.ncbi.nlm.nih.gov/protein/XP_009170266.1
https://www.ncbi.nlm.nih.gov/protein/PIS91693.1
https://www.ncbi.nlm.nih.gov/protein/PIS90904.1
https://www.ncbi.nlm.nih.gov/protein/PIS81408.1
https://www.ncbi.nlm.nih.gov/protein/PIS79583.1
https://www.ncbi.nlm.nih.gov/protein/XP_009176193.1
https://www.ncbi.nlm.nih.gov/protein/XP_009176947.1
https://www.ncbi.nlm.nih.gov/protein/PIS79791.1
https://www.ncbi.nlm.nih.gov/protein/WP_089702623.1
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4.4.2.3 Calreticulin (FhCRT) 

4.4.2.3.1 Cloning and subcloning 

FhCRT was PCR-amplified (for primer sequences, see Table 4.3.1.1.3), sequenced 

(>99.1% ID, Figure 4.4.2.3.1.1A), and electrophoresed (Figure 4.4.2.3.1.1A) for gel excision 

and direct ligation with pGEM®-T Easy and cloning in α-select E. coli. 

 

Figure 4.4.2.3.1.1. PCR target and amplicon for FhCRT. FhCRT was targeted for PCR amplification, whereby 

oligomers were designed to amplify the gene including start and stop codons. 11 SNPs were identified by Sanger 

DNA sequencing (underlined residues) (Α), and a single amplicon was demonstrated by 1% agarose gel 

electrophoresis (B). 

Abbreviations: MW, NEB Fast DNA Ladder (bp); neg, negative. 

 

5’ flanking restriction enzyme binding sites were introduced via PCR using FhCRT-

pGEM®-T Easy as the PCR template (for primer sequences, see Table 4.3.1.1.3) and cloned 

using pGEM®-T Easy as before. NdeI-NotI-digested FhCRT was then inserted into NdeI-NotI-

linearised pET-23a(+) (Figure 4.4.2.1A–B) and confirmed using diagnostic restriction digestion 

(Figure 4.4.2.3.1.2A). Positive transformant BL21(DE3) cell lines were also confirmed via PCR 

(Figure 4.4.2.3.1.2B) and Sanger Sequencing of FhCRT-pET-23a(+) was used to identify to 

identify the correct DNA and protein sequence for expression (>99.3% ID, Figure 4.4.2.3.1.2C). 
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Figure 4.4.2.3.1.2. Subcloning and DNA diagnostics of FhCRT-pET-23a(+). The subcloning sequence for FhCRT 

was isolated from FhCRT-pGEM®-T Easy via NdeI and NotI double digestion for insertion into NdeI-NotI-

linearised pET-23a(+). FhCRT-pET-23a(+) constructs were tested via diagnostic digestion (NdeI and NotI) (A). (B) 

Positive BL21(DE3) cell lines were identified via colony PCR using FhCRT subcloning primers and (C) DNA 

sequencing identified three SNPs in the FhCRT-pET-28b(+) expression sequence, leading to three amino acid 

substitutions upon translation (compiled using BioEdit). 

Abbreviations: MW, Bioline HyperLadder™ 1kb (bp); neg, negative. 

 

Upon in silico translation, three amino acid substitutions were identified (D333N, 

E384G, T415S) and PROVEAN identified two as synonymous and non-deleterious and one as 

non-synonymous and deleterious (Table 4.4.2.3.1). These findings differ from the 

assumptions that can be made based on the biochemical properties of these amino acids 

(Betts and Russell, 2007). The non-deleterious effect of Thr415 to Ser415 is however supported 

by intrinsic amino acid properties, as these are identical in molecular structure and only differ 

by a methyl group replacing a hydrogen group (Betts and Russell, 2007). Similar is expected 

for asparagine-aspartate interchanges, as both have similar molecular weight and 

functionality in polypeptides, though asparagine causes a loss of a negative charge (Betts and 

Russell, 2007). The substitution of glutamic acid would conversely be expected to cause a non-
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synonymous deleterious effect, being disparate in structure and functionality due to the 

halved molecular weight and added negative charge that glycine provides (Betts and Russell, 

2007). Overall the sequence identity differences of FhCRT at the gene and protein level from 

the original sequence source may have some consequential structure- or function-related 

changes of unknown importance. However, as this protein sequence originated from natural 

cDNA, the possibility of isolated protein residue substitutions having negative impacts on 

protein function would be a considerable evolutionary disadvantage, and therefore not fully 

explained or confirmed by in silico predictions. 

 
Table 4.4.2.3.1. PROVEAN Prediction for protein sequence analysis of FhCRT. Sequence variants (Asp333–

Asn333, Glu384–Gly384, Thr415–Ser415) were predicted with scores above and below the default threshold, which 

indicate these changes had mixed effects. 

Variant PROVEAN score Prediction (default threshold ≤ -2.5) 

D333N -3.423 Deleterious 

E384G -1.814 Neutral 

T415S 0.379 Neutral 
 

4.4.2.3.2 Expression 

Previously, recombinant calreticulins (CRTs) in similar bacterial expression systems 

have been expressed at low temperatures including 28°C and 32°C (Mendlovic et al., 2004; 

Rokeach et al., 1991; Wang et al., 2012), and so these conditions were the basis for this pilot 

expression. rFhCRT was predicted to be 50.24 kDa with an isoelectric point of 4.79 and an 

overall charge of -37.0, including the signal peptide, and SDS PAGE analysis (Figure 4.4.2.3.2.1) 

demonstrated target protein overexpression under all conditions in soluble fractions, but 

particularly after 0.6 mM IPTG and five hours at 28°C.  

IMAC purification was trialled using HIS-Select Nickel resin (Figure 4.4.2.3.2.2), but SDS 

PAGE and western hybridisation with HisProbe™-HRP revealed low target protein abundance 

and protein elution at low imidazole concentration, respectively. 
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Figure 4.4.2.3.2.1. Pilot expression of rFhCRT. Final concentrations of 0, 0.6 mM and 1.0 mM IPTG and growth temperatures of 28°C and 32°C were trialled for the expression 

of rFhCRT, and both lysate (A) and IB (B) fractions from 0–5 hours post-induction were analysed. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr); 0–5 h, hours post-induction; IPTG [0.0, 0.6, 1.0 mM]; growth temperature, 28°C and 32°C. 
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Figure 4.4.2.3.2.2. IMAC purification of rFhCRT. rFhCRT isolation from recombinant expression lysate was tested 

using HIS-Select Cobalt resin. Fractions were analysed by SDS PAGE (A) demonstrating consistent co-elutents at 

approximately 27 and 31 kDa, and western blotting with HisProbe™-HRP (B) indicated premature target elution. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr); raw, raw bacterial lysate; FT, 

flow-through; 10–500 [mM], imidazole concentration. 

Figure 4.4.2.3.2.3. Trial solubilisation of rFhCRT and LC-MS/MS identification. Fractions from IB protein 

solubilisation were analysed by 12.5% SDS PAGE, indicating protein composition changes between IB, washes 

and solubilised fractions. Intense protein bands at approximate molecular weights of interest for FhCRT were 

investigated by LC-MS/MS and searched against the Fasciola hepatica genome (PRJEB6687, WBPS v10) on an in-

house MASCOT server (only hits above threshold 31 score shown). 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr); IB, inclusion bodies; W, washes; 

Sol, solubilised IB supernatant. 

 

Since pilot expression conditions were disproportionately conducive towards IB 

production, this further reduced the soluble fraction proportion containing rFhCRT (following 

presumed signal peptide cleavage). Thus, further expression trials were conducted at 37°C for 

five hours and 18°C for 16 hours following IPTG induction, but lysate ratios remained 

unfavourable and yielded poor target concentration from soluble lysates (data not shown). 

Thus, to test rFhCRT presence in IBs, samples were denatured as described (4.3.3.2) and 
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analysed by SDS PAGE and LC-MS/MS (Figure 4.4.2.3.2.3), revealing no CRT-like protein 

presence and suggesting rFhCRT is not processed into IBs. 

To allow for optimal rFhCRT overexpression and purification, subcloning was repeated 

to remove the signal peptide (4.4.2.4). 

 

4.4.2.4 Truncation of calreticulin (Fh∆CRT) 

4.4.2.4.1 Subcloning 

Following the findings of the previous section (4.4.2.3) and to remove the signal 

peptide, FhCRT truncation was performed via PCR using FhCRT-pGEM®-T Easy as a template 

(for primer sequences, see Table 4.3.1.1.3), sequenced (Figure 4.4.2.4.1.1A), and 

electrophoresed (Figure 4.4.2.4.1.1B) for gel excision and direct ligation with pGEM®-T Easy 

and cloning using α-select E. coli as before. NdeI-NotI-digested Fh∆CRT (Figure 4.4.2.4.1.2A) 

was then inserted into NdeI-NotI-linearised pET-28b(+) (Figure 4.4.2.1C–D) and confirmed 

using diagnostic restriction digestion and PCRs (Figure 4.4.2.4.1.2B–C). Positive transformant 

BL21(DE3)pLysS cell lines were also confirmed via PCR (Figure 4.4.2.4.1.2D) and Sanger 

Sequencing of Fh∆CRT-pET-28b(+) was used to identify the correct DNA and protein sequence 

for expression (>99.2% ID, Figure 4.4.2.4.1.2E). 

 

Figure 4.4.2.4.1.1. PCR target and amplicon for truncated Fh∆CRT. A new 5’ oligonucleotide with the NdeI 

subcloning restriction enzyme site was added via PCR using FhCRT-pGEM®-T Easy as a template (Α), designed to 

remove the first 66 base pairs of the FhCRT gene sequence (signal peptide-associated amino acids (1–21 aa)) for 

direct subcloning. A single amplicon of expected molecular weight was demonstrated by 1% agarose gel 

electrophoresis (B). 

Abbreviations: MW, Bioline HyperLadder™ 1kb (bp); neg, negative. 
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Figure 4.4.2.4.1.2. Subcloning and DNA diagnostics of Fh∆CRT-pET-28b(+). The subcloning sequence for Fh∆CRT 

was isolated from Fh∆CRT-pGEM®-T Easy via NdeI and NotI double digestion (A) for insertion into NdeI-NotI-

linearised pET-28b(+). Fh∆CRT-pET-28b(+) constructs were tested via diagnostic digestion (NdeI and NotI) (B) 

and PCRs (C) using Fh∆CRT subcloning and T7 primers. (D) Positive One Shot® BL21(DE3) Star™ cell lines were 

identified via colony PCR using FhΔCRT subcloning primers and (E) DNA sequencing identified three SNPs in the 

Fh∆CRT-pET-28b(+) expression sequence, leading to three amino acid substitutions upon translation (compiled 

using BioEdit). 

Abbreviations: MW, Bioline HyperLadder™ 1kb (bp); neg, negative; pos, positive (cDNA: Fh∆CRT). 

 

Upon in silico translation, three residue substitutions were identified as before 

(4.4.2.3.1) except in truncation-adjusted positions (D316N, E367G, T398S) but with changed 

PROVEAN scores (Table 4.4.2.4.1), possibly due to the subtle differences in residue position 

and in situ exposure. However, further predictions with the MutPred2 tool (Li et al., 2009) 

identified altered molecular mechanisms due to the D316N substitution (P = 0.01≤0.05), 

affecting a predicted ELM motif for a small ubiquitin-like modifier (SUMO) interaction site 

that commonly share an aspartate residue (ELME000333, the Eukaryotic Linear Motif 

resource, Gouw et al., 2018: http://elm.eu.org/elms/LIG_SUMO_SIM_par_1.html). This 

http://elm.eu.org/elms/LIG_SUMO_SIM_par_1.html
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leading to a gain of allosteric (0.25 probability) and catalytic (0.13 probability) properties and 

loss of relative solvent accessibility (0.23 probability) likely reflect the difference in the amino 

acids’ biochemical properties, including charge (D, -1.0 to N, 0.0) and R group (D, hydroxyl to 

N, amine group; ∆Mr: -0.98 g·mol-1). Regarding solvent accessibility, interestingly both amino 

acids are nominally peripherally associated, involved in salt-bridge formation, and similarly 

involved in functional and binding properties (Betts and Russell, 2007). Thus, these 

predictions suggest the putative changes could have functional consequences but are difficult 

to underpin using in silico tools. 

 

 

4.4.2.4.2 Expression 

rFh∆CRT was predicted to be 48.27 kDa with an isoelectric point of 4.77 and an overall 

charge of -38.0, and SDS-PAGE (Figure 4.4.2.4.2.1) demonstrated optimal target protein 

overexpression (~50 kDa) in soluble fractions after 0.5 mM IPTG and five hours at 37°C. IMAC 

purification was trialled using HIS-Select Cobalt resin under low pH conditions (pH 6.0), 

demonstrating contaminant co-elution with rFh∆CRT (Figure 4.4.2.4.2.2A), suggesting 

suboptimal conditions. All post-IMAC flow-through fractions were therefore pooled for 

attempted re-purification with HIS-Select Cobalt using solutions buffered to pH 8.0, but 

sustained co-contaminations (Figure 4.4.2.4.2.2B). Isolated rFh∆CRT protein in the flow-

through and wash fractions demonstrated dimorphic CRT isoforms, which has been observed 

in Trypanosoma cruzi calreticulin (Aguillón et al., 2000), and so were analysed by LC-MS/MS, 

confirming both as F. hepatica calreticulin (PRJEB6687, WBPS v10: 

BN1106_s2673B000071.mRNA-1, Table 4.4.2.4.2). Based on the purity observed, the flow-

through fraction was used for further analyses. 

 

Table 4.4.2.4.1. PROVEAN Prediction for protein sequence analysis of Fh∆CRT. Sequence variants were the 

same as previously described (Asp316–Asn316, Glu367–Gly367, Thr398–Ser398) were predicted with scores above 

and below the default threshold, which indicate these changes had mixed effects. 

Variant PROVEAN score Prediction (default threshold ≤ -2.5) 

D316N -3.381 Deleterious 

E367G -2.100 Neutral 

T398S 0.291 Neutral 
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Figure 4.4.2.4.2.1. Pilot expression of rFh∆CRT. 5 μg Fh∆CRT-pET-28b(+) BL21(DE3)pLysS recombinant 

expression lysate containing rFh∆CRT was analysed by SDS PAGE following 0.1 mM (Α) and 0.5 mM (B) IPTG from 

0–5 hours post-induction at 37°C. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr); 0–5 h, hours post-induction. 

 

Figure 4.4.2.4.2.2. IMAC purification of rFh∆CRT. rFh∆CRT was isolated from recombinant expression lysate 

using HIS-Select Cobalt resin over two operations. A trial protocol (pH 6.0) was conducted (A), but due to 

suboptimal target elution a second trial was subsequently conducted (pH 8) (B) using the pilot purification 

fractions, leading to high target concentration in flow-through and 10 mM wash fractions identified by LC-

MS/MS (Table 4.4.2.4.2). 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr); raw, raw bacterial lysate; FT, 

flow-through; 10–500 [mM], imidazole concentration. 

 

Purified rFhΔCRT was analysed by 1-D and 2-D SDS PAGE (Figure 4.4.2.4.2.3A–B) and 

resolved at approximately 50 kDa with two putative isomers separating between 5.25 and 

5.50 which were analysed by LC-MS/MS (Table 4.4.2.4.2). MASCOT identified both protein 

isomers as calreticulin (PRJEB6687, WBPS v10: BN1106_s2673B000071.mRNA-1) that scored 

against the FhCRT GenBank hit (PRJNA179522: WBPS v10–14, GenBank v204; PIS80991.1: 

www.ncbi.nlm.nih.gov/protein/PIS80991.1; Table 4.4.2.4.2), which is currently the only 

http://www.ncbi.nlm.nih.gov/protein/PIS80991.1
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annotated sequence for F. hepatica calreticulin on this database. A sequence alignment of 

the cloned sequence and the two available sequences from draft genomes (Figure 

4.4.2.4.2.4A) indicated all sequences closely match (85.36–99.01%). The cloned truncated 

calreticulin differed from BN1106_s2673B000071.mRNA-1 by only three residues, excluding 

the signal peptide, that were identified by Sanger sequencing previously (Figures 4.4.2.3.1.2 

and 4.4.2.4.1.2), but both sequences differed further from PIS80991.1, which had an insertion 

of 35 residues (132–157) as well as 51 amino acid variants from the other sequences. 

 

Figure 4.4.2.4.2.3. 1-D and 2-D SDS PAGE separation of purified rFhΔCRT. rFh∆CRT was resolved at 

approximately 50 kDa by 1-DE (1.5 µg) (A), whereas 2-DE (5 μg) (B) identified isomer separation between 5.25 

and 5.50 pH (7 cm IEF 3–10; 12.5% SDS PAGE). LC-MS/MS identified both 2-DE separated isomers as calreticulin 

(BN1106_s2673B000071.mRNA-1; GenBank: PIS80991.1, Table 4.4.2.4.2). 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr). 
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All peptide residues matched by LC-MS/MS analysis of FhΔCRT are also highlighted (Figure 4.4.2.4.2.4A). Predicted peptide data 

demonstrated putative post-translational modifications, indicating oxidation at Met130, Met224 and Met256 residues. Peptide fragmentation data 

for the highest scoring protein submission (i.e. 2-DE spot 1) were interpreted to investigate the previously-identified aspartate-asparagine 

(FhΔCRT: D316N) substitution (Figure 4.4.2.4.2.4B). This however could not be conducted for the glycine-glutamate (FhΔCRT: E367G) or 

threonine-serine (FhΔCRT: T398S) substitutions, as these regions were not identified by LC-MS/MS, likely due to the low concentration of short-

length peptides in this region containing a high density of lysine residues at which the trypsin protease cleaves. Fragmentation data for the 

peptide Asp292-Arg322 (n = 31) indicate the D316N residue was the highest scoring peptide, whereby the majority present (46.77%) had an 

asparagine residue. These data suggest the cDNA used for this cloning encodes an FhCRT containing this residue substitution (FhCRT: D333N; 

Fh∆CRT: D316N), which is also distinct from previously identified sequences. 

Based on the findings from these pilot studies for rFh∆CRT, this recombinant has been optimally overexpressed and purified at adequate 

concentrations for further investigation of biochemical and diagnostic investigation. 

Table 4.4.2.4.2. LC-MS/MS identification of 1-DE- and 2-DE-separated rFh∆CRT. rFh∆CRT protein bands/spots of interest were identified by LC-MS/MS against the F. 

hepatica genome (PRJEB6687, WBPS v10) and GenBank (v204), reporting significant hits identified with a score of 37 or greater (P < 0.01). 

Figure 
reference 

Sample MS/MS ion search Highest scoring GenBank hit 

Fh genome hit MASCOT 
score 

Peptides 
matched (non-
duplicate) 

Sequence 
coverage (%) 

Protein Organism Accession E-value 

4.4.2.4.2.2B 1-DE 1 

BN1106_s2673B000071.mRNA-1 

551 51 52.0 

Calreticulin family protein Fasciola hepatica PIS80991.1 0.0 
1-DE 2 586 57 45.0 

4.4.2.4.2.3B 2-DE 1 1842 150 71.0 

2-DE 2 850 65 68.0 
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Figure 4.4.2.4.2.4. Comparison of the calreticulin amino acids sequences cloned in this study (FhΔCRT) and 

two genome sources (dotted lines). (A) Based on DNA sequencing, three amino acids were different in the 

cloned calreticulin sequence (cDNA: FhΔCRT) from a draft genome expression sequence (PRJEB6687, WBPS v10: 

BN1106_s2673B000071.mRNA-1) and the GenBank hit identified from LC-MS/MS (PRJNA179522, WBPS v10–14, 

PIS80991.1: www.ncbi.nlm.nih.gov/protein/PIS80991.1). Highlighted residues represent all peptides matched 

by LC-MS/MS analysis of rFhΔCRT and the alignment was produced using the ClustalO tool in BioEdit. (B) LC-

MS/MS peptide fragmentation data for the FhΔCRT peptide including the SNP at Asn-316 (alignment position: 

333) indicated this residue had a high scoring modification with a dominant neutral loss, suggesting an 

asparagine (N) in place of aspartate (D). 

 

4.4.2.5 DJ-1 deglycase (FhDJ-1) 

4.4.2.5.1 Cloning and subcloning 

FhDJ-1 was PCR-amplified (for primer sequences, see Table 4.3.1.1.3) sequenced 

(>99.6% ID, Figure 4.4.2.5.1.1A), and electrophoresed (Figure 4.4.2.5.1.1B) for gel excision 

and direct ligation with pGEM®-T Easy and cloning in α-select E. coli. 

5’ flanking restriction enzyme binding sites were introduced via PCR using FhDJ-1-

pGEM®-T Easy as the PCR template (for primer sequences, see Table 4.3.1.1.3) and cloned 

using pGEM®-T Easy as before. NdeI-NotI-digested FhDJ-1 (Figure 4.4.2.5.1.2A) was then 

inserted into NdeI-NotI-linearised pET-28b(+) (Figure 4.4.2.1C–D) and confirmed using 

diagnostic restriction digestion and PCRs (Figure 4.4.2.5.1.2C–D). Positive transformant 

https://www.ncbi.nlm.nih.gov/protein/PIS80991.1


 

207 
 

BL21(DE3)pLysS cell lines were also confirmed via PCR (Figure 4.4.2.5.1.2D) and Sanger 

Sequencing of FhDJ-1-pET-28b(+) was used to identify the correct DNA and protein sequence 

for expression (>98.9% ID, Figure 4.4.2.5.1.2E). 

 

Figure 4.4.2.5.1.1. PCR target and amplicon for FhDJ-1. FhDJ-1 was targeted for PCR amplification, including 

start and stop codons. Two SNPs were identified by Sanger DNA sequencing (underlined) (Α), and a single 

amplicon was demonstrated by 1% agarose gel electrophoresis (B). 

Abbreviations: MW, Bioline HyperLadder™ 1kb (bp); neg, negative. 

 

Figure 4.4.2.5.1.2. Subcloning and DNA diagnostics of FhDJ-1-pET-28b(+). The subcloning sequence for FhDJ-1 

was isolated from FhDJ-1-pGEM®-T Easy via NdeI and NotI double digestion (A) for insertion into NdeI-NotI-

linearised pET-28b(+). FhDJ-1-pET-28b(+) constructs were tested via diagnostic digestion (NdeI and NotI) (B) and 

PCRs (C) using FhDJ-1 subcloning and T7 primers. (D) Positive BL21(DE3)pLysS cell lines were identified via colony 

PCR using FhDJ-1 subcloning primers and (E) DNA sequencing identified two SNPs in the FhDJ-1-pET-28b(+) 

expression sequence, leading to two amino acid substitutions upon translation (compiled using BioEdit). 

Abbreviations: MW, Bioline HyperLadder™ 1kb (bp); neg, negative; pos, positive (cDNA: FhDJ-1). 
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Upon in silico translation, two residue substitutions were identified (V32A, N96Y), 

which PROVEAN identified as non-synonymous and synonymous, respectively (Table 

4.4.2.5.1). This is supported by the biochemical properties of these amino acids, particularly 

because both substitutes involve significant changes to amino acid moieties. Specifically, 

alanine’s small side chain reduces its polarity compared to valine, and asparagine is non-

aromatic conversely to tyrosine, which loses the phenol moiety functionality (Betts and 

Russell, 2007). It can therefore be inferred from these findings that the residue substitutions 

could contribute to changes in the structure and/or function of FhDJ-1. 

 
Table 4.4.2.5.1. PROVEAN Prediction for protein sequence analysis of FhDJ-1. Sequence variants (Val32–

Ala32, Asn96–Tyr96) were predicted with scores below and above the default threshold, which indicate these 

changes had mixed but mildly deleterious effects. 

Variant PROVEAN score Prediction (default threshold ≤ -2.5) 

V32A -3.450 Deleterious 

N96Y -2.367 Neutral 

 

4.4.2.5.2 Expression 

Previous studies for the recombinant expression of DJ-1 have used low temperatures, 

including rDmDJ-1β (PDB: 4E08; Lin, Prahlad and Wilson, 2012) and rHsDJ-1 (PDB: 1P5F; Tao 

and Tong, 2003) FhDJ-1-associated models (4.4.1.4), and so these conditions were the basis 

for this pilot expression. Based on previous literature and bioinformatic analyses, DJ-1 

dimerisation was also expected (Honbou et al., 2003; Tao and Tong, 2003). rFhDJ-1 was 

predicted to be 20.60 kDa with an isoelectric point of 7.15 and an overall neutral charge, and 

SDS-PAGE (Figure 4.4.2.5.2.1) demonstrated potential bands corresponding to the expected 

molecular weights of monomer (~20 kDa) and dimer (~40 kDa) target protein overexpression 

in both soluble and insoluble fractions after 0.05, 0.1, 0.5 and 1.0 mM IPTG and 24 hours at 

18°C. As for rFhCRT, these primary expression conditions were disproportionately conducive 

for insoluble IB formation and so a subsequent expression trial would be recommended for 

upto 5 hours at 37°C as shown for rHsDJ-1 (Zhou et al., 2006). 

IMAC purification was trialled using HIS-Select® Nickel (Figure 4.4.2.5.2.2), whereby 

elution samples indicated several histidine-rich proteins, including targets of approximately 

15, 26 and 28 kDa, the last of which continued into subsequent elution fractions. The second 

250 mM fraction, although including co-eluting contaminants, was used for further 

preliminary analysis and molecular characterisation. 
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Figure 4.4.2.5.2.1. Pilot expression of rFhDJ-1. 5 μg FhDJ-1-pET-28b(+) BL21(DE3)pLysS recombinant expression 

lysate (A) and IB (B) fractions following 0.05, 0.1, 0.5 and 1.0 mM IPTG at 0 (uninduced) and 24 (induced) hours 

post-induction at 18°C were analysed by SDS PAGE. The specific molecular weight ranges between 30.0–66.0 

and 14.4–30.0 kDa are shown for expected rFhDJ-12 dimers and rFhDJ-1 monomers, respectively. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr); 0.05–1.0, IPTG [mM]. 

 

 

Figure 4.4.2.5.2.2. Trial IMAC purification of rFhDJ-

1. rFhDJ-1 purification from recombinant expression 

lysate was attempted using HIS-Select Nickel resin 

and analysed by SDS PAGE, indicating a resultant 

~25–27 kDa fraction consistent in elutions. 

Abbreviations: MW, Amersham Low Molecular 

Weight SDS Calibration Kit (Mr); raw, raw bacterial 

lysate; FT, flow-through; 10–500 [mM], imidazole; 

urea, 8 M wash. 

 

 

Semi-purified rFhDJ-1 was analysed by 1-D and 2-D SDS PAGE (Figure 4.4.2.5.2.3A–B) 

and 1-DE indicated three major visible bands at approximately 15, 26 and 28 kDa, where the 

larger two separated between 4.90 and 6.10 pI and the smallest separated between 8.3 and 

8.8 pI based on 2-DE (Figure 4.4.2.5.2.3A–B). LC-MS/MS was used to identify all protein 

bands/spots (Table 4.4.2.5.2), which together indicated that all proteins were partially 
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identified as FhDJ-1 (PRJEB6687, WBPS v10: BN1106_s1971B000297.mRNA-1; PRJNA179522, 

WBPS v10–14, PIS82126.1: www.ncbi.nlm.nih.gov/protein/PIS82126.1; P < 0.025, 10.00-

180.00% FDR). 

 

Figure 4.4.2.5.2.3. 1-D and 2-D SDS PAGE separation of purified rFhDJ-1. rFhDJ-1 was analysed by 1-DE (A), 

showing three bands of potential interest at approximately 15, 26 and 28 kDa, whereas 2-DE (B) revealed all 

three proteins separate at two isoelectric point ranges between 4.90 and 6.10, and 8.30 and 8.80 (7 cm IEF 3–

10; 12.5% SDS PAGE). LC-MS/MS identified 1-DE and 2-DE separated proteins, including FhDJ-1 (MASCOT Score 

= 35-86: BN1106_s1971B000297.mRNA-1, PRJEB6687, WBPS v10–14/PRJNA179522, PIS80991.1, GenBank 

v204). LC-MS/MS results are detailed in Table 4.4.2.5.2. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr). 

 

The 28 kDa fraction across both gel samples were identified as FhDJ-1, whereas 

identifications of the 26 kDa protein was only from the 1-DE sample and the 15 kDa protein(s) 

from the 2-DE sample (Table 4.4.2.5.2). Of additional note is that all peptides matched were 

only from the C-terminal half of the protein sequence (Ile121–Lys170) that is also lysine-rich 

(Lys, K, contributing 10.8% of residues: 91–183). This biochemical composition may have 

condemned over-digestion of protein samples by the trypsin protease for this LC-MS/MS 

preparation, producing fewer measurable peptides owing to the high frequency of this 

enzyme’s target. This C-terminal fragment is also predicted to be 10.10 kDa with a pI of 9.20, 

which could be suggested as the possible low molecular weight fragment that may be a 

fragment of FhDJ-1. The low MASCOT scores possibly reflect the low concentrations of FhDJ-

1 in the target mixture, but the absence of any N-terminal specific peptide identifications 

across all samples, regardless of apparent molecular weight, is intriguing, and suggests 

possible protein modification and/or degradation. 

https://www.ncbi.nlm.nih.gov/protein/PIS82126.1
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Based on these preliminary findings, rFhDJ-1 requires further optimisation to its overexpression and purification, in addition to molecular 

characterisation to assess possible explanations for the observations in this pilot study. 

Table 4.4.2.5.2. LC-MS/MS identification of 1-DE- and 2-DE-separated rFhDJ-1. rFhDJ-1 protein bands/spots of interest were identified by LC-MS/MS against the F. hepatica genome 

(PRJEB6687, WBPS v10) and GenBank, reporting significant hits identified with a score of 34 or greater (P < 0.025) for 1-DE samples or 32 or greater (P < 0.05) for 2-DE samples. 

*Sequence length < 25, searched against Fasciola hepatica (taxid: 6192). 

Figure Sample MS/MS ion search Highest scoring GenBank hit 

Fh genome hit MASCO
T score 

False 
discovery 
rate (%) 

Peptides 
matched 
(non-
duplicate) 

Sequence 
coverage 
(%) 

Protein Organism Accession E-value 

4.4.2.5.2.3A 1 BN1106_s1971B000297.mRNA-1 86 10.00 8 33.0 DJ-1 family protein Fasciola hepatica PIS82126.1 6E-125 

2 BN1106_s1635B000167.mRNA-1 
BN1106_s2649B000149.mRNA-1* 
BN1106_s1971B000297.mRNA-1 

45 
40 
35 

28.57 1 
1 
3 

0.0 
42.0 
12.0 

Hypothetical protein D915_09188 
Hypothetical protein D915_01531 
DJ-1 family protein 

Fasciola hepatica 
Fasciola hepatica 
Fasciola hepatica 

PIS83734.1 
PIS90868.1 
PIS82126.1 

4E-159 
0.47 
6E-125 

3 BN1106_s810B000523.mRNA-1 
BN1106_s3433B000184.mRNA-1 

47 
39 

180.00 6 
1 

0.0 
6.0 

Hypothetical protein T265_11101 
Hypothetical protein D915_14875 

Opisthorchis viverrini 
Fasciola hepatica 

XP_009175928.1 
PIS78466.1 

3E-172 
4E-69 

4.4.2.5.2.3B 1 BN1106_s1635B000167.mRNA-1 
BN1106_s788B000258.mRNA-1 

40 
35 

100.00 1 
4 

0.0 
2.0 

Hypothetical protein D915_09188 
KH domain protein 

Fasciola hepatica 
Fasciola hepatica 

PIS83734.1 
PIS83332.1 

4E-159 
0.0 

2 BN1106_s788B000258.mRNA-1 36 125.00 3 1.0 KH domain protein Fasciola hepatica PIS83332.1 0.0 

3 BN1106_s107B000176.mRNA-1 
BN1106_s788B000258.mRNA-1 
BN1106_s3714B000093.mRNA-10 
BN1106_s1635B000167.mRNA-1 

46 
43 
36 
34 

33.33 7 
7 
2 
1 

3.0 
2.0 
52.0 
0.0 

Centrosomal protein of 290 kDa 
KH domain protein 
Cytochrome C Oxidase subunit II 
Hypothetical protein D915_09188 

Schistosoma haematobium 
Fasciola hepatica 
Actinobacteria bacterium 
Fasciola hepatica 

XP_012791862.1 

PIS83332.1 
PZN47944.1 
PIS83734.1 

0.0 
0.0 
0.24 
4E-159 

4 BN1106_s3714B000093.mRNA-10 
BN1106_s1635B000167.mRNA-1 
BN1106_s2124B000374.mRNA-1 
 
BN1106_s1971B000297.mRNA-1 

40 
38 
35 
 
35 

114.29 1 
2 
4 
 
3 

52.0 
2.0 
1.0 
 
12.0 

Cytochrome C Oxidase subunit II 
Hypothetical protein D915_09188 
TPR repeat-containing protein 
C10ORF93 
DJ-1 family protein 

Actinobacteria bacterium 
Fasciola hepatica 
Clonorchis sinensis 
 
Fasciola hepatica 

PZN47944.1 
PIS83734.1 
GAA51949.1 
 
PIS82126.1 

0.24 
4E-159 
0.0 
 
6E-125 

5 BN1106_s1971B000297.mRNA-1 
BN1106_s3433B000184.mRNA-1 

70 
36 

28.57 3 
1 

15.0 
6.0 

DJ-1 family protein 
Hypothetical protein D915_14875 

Fasciola hepatica 
Fasciola hepatica 

PIS82126.1 
PIS78466.1 

6E-125 
4E-69 

6 BN1106_s1971B000297.mRNA-1 
BN1106_s3433B000184.mRNA-1 
BN1106_s3780B000122.mRNA-1 

75 
34 
33 

28.57 4 
1 
2 

16.0 
6.0 
4.0 

DJ-1 family protein 
Hypothetical protein D915_14875 
Hypothetical protein D915_14358 

Fasciola hepatica 
Fasciola hepatica 
Fasciola hepatica 

PIS82126.1 
PIS78466.1 
PIS78914.1 

6E-125 
4E-69 
1E-128 

https://www.ncbi.nlm.nih.gov/protein/PIS82126.1
https://www.ncbi.nlm.nih.gov/protein/PIS83734.1
https://www.ncbi.nlm.nih.gov/protein/PIS90868.1
https://www.ncbi.nlm.nih.gov/protein/PIS82126.1
https://www.ncbi.nlm.nih.gov/protein/XP_009175928.1
https://www.ncbi.nlm.nih.gov/protein/PIS78466.1
https://www.ncbi.nlm.nih.gov/protein/PIS83734.1
https://www.ncbi.nlm.nih.gov/protein/PIS83332.1
https://www.ncbi.nlm.nih.gov/protein/PIS83332.1
https://www.ncbi.nlm.nih.gov/protein/XP_012791862.1
https://www.ncbi.nlm.nih.gov/protein/PIS83332.1
https://www.ncbi.nlm.nih.gov/protein/PZN47944.1
https://www.ncbi.nlm.nih.gov/protein/PIS83734.1
https://www.ncbi.nlm.nih.gov/protein/PZN47944.1
https://www.ncbi.nlm.nih.gov/protein/PIS83734.1
https://www.ncbi.nlm.nih.gov/protein/GAA51949.1
https://www.ncbi.nlm.nih.gov/protein/PIS82126.1
https://www.ncbi.nlm.nih.gov/protein/PIS82126.1
https://www.ncbi.nlm.nih.gov/protein/PIS78466.1
https://www.ncbi.nlm.nih.gov/protein/PIS82126.1
https://www.ncbi.nlm.nih.gov/protein/PIS78466.1
https://www.ncbi.nlm.nih.gov/protein/PIS78914.1


 

212 
 

4.4.2.6 Enolase (FhENO) 

4.4.2.6.1 Cloning and subcloning 

FhENO was PCR-amplified (for primer sequences, see Table 4.3.1.1.3), sequenced 

(>99.5% ID, Figure 4.4.2.6.1.1A), and electrophoresed (Figure 4.4.2.6.1.1B) for gel excision 

and direct ligation with pGEM®-T Easy and cloning in α-select E. coli. 

5’ flanking restriction enzyme binding sites were introduced via PCR using FhENO-

pGEM®-T Easy as the PCR template (for primer sequences, see Table 4.3.1.1.3) and cloned 

using pGEM®-T Easy as before. NdeI-NotI-digested FhENO (Figure 4.4.2.6.1.2A) was then 

inserted into NdeI-NotI-linearised pET-28b(+) (Figure 4.4.2.1C–D) and confirmed using 

diagnostic restriction digestion and PCRs (Figure 4.4.2.6.1.2B–C). Positive transformant 

BL21(DE3)pLysS cell lines were also confirmed via PCR (Figure 4.4.2.6.1.2D) and Sanger 

Sequencing of FhENO-pET-28b(+) was used to confirm the correct DNA and protein sequence 

for expression (>99.5% ID, Figure 4.4.2.6.1.2E). 

 

Figure 4.4.2.6.1.1. PCR target and amplicon for FhENO. FhENO was targeted for PCR amplification, whereby 

oligomers were designed to amplify the gene including the start and stop codons. Six SNPs were identified by 

Sanger DNA sequencing (underlined residues), and a further three previously ambiguous nucleotides were 

confirmed (bolded residues) (Α). A single amplicon was demonstrated by 1% agarose gel electrophoresis (B), 

testing six annealing temperatures for optimal primer binding conditions. 

Abbreviations: MW, NEB Fast DNA Ladder (bp); neg, negative; pos, positive (cDNA: FhCRT); 49.0–57.8°C, 

annealing temperature. 
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Figure 4.4.2.6.1.2. Subcloning and DNA diagnostics of FhENO-pET-28b(+). The subcloning sequence for FhENO 

was isolated from FhENO-pGEM®-T Easy via NdeI and NotI double digestion (A) for insertion into NdeI-NotI-

linearised pET-28b(+). FhENO-pET-28b(+) constructs were tested via diagnostic digestion (NdeI and NotI) (B) and 

PCRs (C) using FhENO subcloning and T7 primers. (D) Positive One Shot® BL21(DE3) Star™ cell lines were 

identified via colony PCR using FhENO subcloning primers and (E) DNA sequencing identified five SNPs in the 

FhENO-pET-28b(+) expression sequence, leading to two amino acid substitutions upon translation, excluding the 

previously ambiguous residues (AAA57450.1, GenBank v204: X-Arg32, X-Val117, X-Lys240) (compiled using BioEdit). 

Abbreviations: MW, Bioline HyperLadder™ 1kb (bp); neg, negative; pos, positive (cDNA: FhENO). 

 

Upon in silico translation, two amino acid substitutions were identified (N67D, T272A) 

which PROVEAN identified as deleterious and synonymous, respectively (Table 4.4.2.6.1). The 

replacement of asparagine with aspartate would be expected to be synonymous based on the 

closely comparable molecular weights and structures (Betts and Russell, 2007), yet could be 

significant due to the exchange of a carboxamide with a deprotonated α-carboxylic acid 

group, thus adding in a negative charge at this residue. Conversely to this substitution, an 

alanine replacement of threonine could be expected to have direct deleterious influence due 

to the loss of threonine’s polarity and involvement in protein post-translational modifications 

that alanine cannot replace (Betts and Russell, 2007). Thus, it is difficult to draw a single 
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conclusion from these findings, and there may be little consequence of these residue 

substitutions in terms of FhENO protein structure and function. 

 
Table 4.4.2.6.1. PROVEAN Prediction for protein sequence analysis of FhENO. Sequence variants (Asn67–

Asp32, Thr272–Ala272) were predicted with scores above and below the default threshold, which indicate these 

changes had mixed effects. 

Variant PROVEAN score Prediction (default threshold ≤ -2.5) 

N67D -4.204 Deleterious 

T272A -1.885 Neutral 

 

4.4.2.6.2 Expression 

Pilot expression conditions were based on previously recombinant ENOs expressed 

from Echinococcus granulosus (Lorenzatto et al., 2012), Taenia multiceps (Li et al., 2015), and 

Plasmodium falciparum (Pal-Bhowmick et al., 2004). rFhENO was predicted to be 47.53 kDa 

with an isoelectric point of 6.43 and an overall charge of -3.0, and SDS PAGE (Figure 

4.4.2.6.2.1) demonstrated optimal target protein overexpression (~50 kDa) in soluble 

fractions after 0.1 mM IPTG and four hours at 37°C.  

IMAC purification was trialled using HIS-Select® Nickel (Figure 4.4.2.6.2.2). There was 

no suggestion of protein binding or elution, however a prominent band in the IMAC flow-

through which was also the only band present in any of the elution samples (Figure 

4.4.2.6.2.2A–B). 

LC-MS/MS of protein bands of interest (boxed, Figure 4.4.2.6.2.2) was conducted to 

investigate the identity of these proteins. Direct searching against the F. hepatica genome 

(PRJEB6687, WBPS v10) identified no significant hits shared between both samples, with only 

one hit (Figure 4.4.2.6.2.2, boxed) exceeding significance (BN1106_s1429B000126.mRNA-1, 

P < 0.05, 66.67% FDR) which was scored highest on GenBank (v204, taxid: 6192) as a 

hypothetical protein D915_10841 (PIS82212.1: www.ncbi.nlm.nih.gov/protein/PIS82212.1, E 

= 1.1). These findings were also found following direct searching against the GenBank 

database (P < 0.001, 0.00% FDR). 

http://www.ncbi.nlm.nih.gov/protein/PIS82212.1
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Figure 4.4.2.6.2.1. Pilot recombinant expression of rFhENO. 5 µg FhENO-pET-28b(+) One Shot® BL21(DE3) Star™ 

recombinant expression lysate was analysed by SDS PAGE following 0.1 mM (Α) and 0.5 mM (B) IPTG from 0–5 

hours post-induction at 37°C. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr); 0–5 h, hours post-induction. 

 

Figure 4.4.2.6.2.2. Trial IMAC purification of rFhENO. rFhENO isolation was tested using HIS-Select Cobalt resin, 

demonstrating poor target purification from recombinant expression lysate and a protein of interest resolving 

at approximately 66.0 kDa in both FT and 250 mM imidazole fractions. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr); raw, raw bacterial lysate; FT, 

flow-through; 10–500 [mM], imidazole; urea, 8 M urea wash. 

 

Based on the findings from these pilot studies for rFhENO, in order to proceed further 

with this target, overexpression must be optimised for adequate concentrations for further 

purification and molecular investigation. 
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4.4.2.7 Gelsolin (FhGEL) 

4.4.2.7.1 Cloning and subcloning 

FhGEL was PCR-amplified (for primer sequences, see Table 4.3.1.1.3), sequenced 

(>99.6% ID, Figure 4.4.2.7.1.1A), and electrophoresed (Figure 4.4.2.7.1.1B) for gel excision 

and direct ligation with pGEM®-T Easy and cloning in α-select E. coli. 

5’ flanking restriction enzyme binding sites were introduced via PCR using FhGEL-

pGEM®-T Easy as the PCR template (for primer sequences, see Table 4.3.1.1.3) and cloned 

using pGEM®-T Easy as before. NdeI-NotI-digested FhGEL (Figure 4.4.2.7.1.2A) was then 

inserted into NdeI-NotI-linearised pET-28b(+) (Figure 4.4.2.1C–D) and confirmed using 

diagnostic restriction digestion and PCRs (Figure 4.4.2.7.1.2B–C). Positive transformant 

BL21(DE3)pLysS cell lines were also confirmed via PCR (Figure 4.4.2.7.1.2D) and Sanger 

Sequencing of FhGEL-pET-28b(+) was used to confirm the correct DNA and protein sequence 

for expression (>99.4% ID, Figure 4.4.2.7.1.2E). 

 

Figure 4.4.2.7.1.1. PCR target and amplicon for FhGEL. FhGEL was targeted for PCR amplification, whereby 

oligomers were designed to amplify the gene including start and stop codons. Four SNPs were identified by 

Sanger DNA sequencing (underlined residues) (Α), and a single amplicon was demonstrated by 1% agarose gel  

electrophoresis (B), testing six annealing temperatures for optimal primer binding conditions. 

Abbreviations: MW, NEB Fast DNA Ladder (bp); neg, negative; pos, positive (cDNA: FhCRT); 49.7–59.1°C, 

annealing temperature. 
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Figure 4.4.2.7.1.2. Subcloning and DNA diagnostics of FhGEL-pET-28b(+). The subcloning sequence for FhGEL 

was isolated from FhGEL-pGEM®-T Easy via NdeI and NotI double digestion (A) for insertion into NdeI-NotI-

linearised pET-28b(+). FhGEL-pET-28b(+) constructs were tested via diagnostic digestion (NdeI and NotI) (B) and 

PCRs (C) using FhGEL subcloning and T7 primers. (D) Positive One Shot® BL21(DE3) Star™ cell lines were identified 

via colony PCR using FhGEL subcloning primers and (E) DNA sequencing identified two SNPs in the FhGEL-pET-

28b(+) expression sequence, leading to two amino acid substitutions upon translation (compiled using BioEdit). 

Abbreviations: MW, NEB Fast DNA Ladder and Bioline HyperLadder™ 1kb (bp); neg, negative. 

 

Upon in silico translation, two amino acid substitutions were identified (T15A, S351L), 

which PROVEAN identified to be synonymous and non-deleterious, respectively (Table 

4.4.2.7.1) and which was supported by the MutPred2 tool (Li et al., 2009). These replacements 

are similar in that a polar amino acid is substituted by a non-polar one, however threonine-

alanine could be described as more synonymous due to their comparable hydrophobicity, 

molecular weights and structural propensity (Betts and Russell, 2007). However, a serine-

leucine substitution is more concerning due to the loss of a small polar residue and addition 

of a larger, hydrophobic replacement with an aliphatic branch, which may have the potential 

to influence protein structure or folding (Betts and Russell, 2007). Thus, it is difficult to draw 

a single conclusion from these findings as to the in situ consequence of these residue 

substitutions for FhGEL protein structure and/or function. 
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Table 4.4.2.7.1. PROVEAN Prediction for protein sequence analysis of FhGEL. Sequence variants (Thr15–Ala15, 

Ser351–Lys351) were predicted with scores above the default threshold, which indicate these changes are 

neutral effects. 

Variant PROVEAN score Prediction (default threshold ≤ -2.5) 

T15A -1.117 Neutral 

S351L -0.471 Neutral 

 

4.4.2.7.2 Expression 

rFhGEL was expressed from BL21(DE3)pLysS cell lines using 0.5-1.0 mM IPTG and 

soluble fractions were analysed by 12.5% 1-D SDS-PAGE (Figure 4.4.2.7.2.1A–C). The in silico 

polyhistidine-tagged protein was predicted to be 42.77 kDa with an isoelectric point of 5.99 

and an overall charge of -9.0. 

 

Figure 4.4.2.7.2.1. Pilot recombinant expression of rFhGEL. 5 µg FhGEL-pET-28b(+) One Shot® BL21(DE3) Star™ 

recombinant expression lysate was analysed by SDS PAGE following 0 mM (A), 0.5 mM (B) and 1.0 mM (C) IPTG 

from 0–5 hours post-induction at 37°C. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr); 0–5, hours post-induction. 

 

Both partial and whole gelsolin proteins have been recombinantly expressed and 

synthetically produced for only H. sapiens and M. musculus models. However, many more 

studies have been based on native plasma gelsolin due to its native molecular characteristics 

(Allen, 1997; Lin et al., 2000; Lück et al., 1995; Nag et al., 2009; Pope et al., 1991; Wen et al., 

1996), multifaceted nature and in vivo applications in pathology (Christofidou-Solomidou et 

al., 2002; Cunningham et al., 1991; Koya et al., 2000; Rothenbach, 2003; Way et al., 1990; 

Zhang et al., 2017). Parasite-specific gelsolins also remain uncharacterised, but the severin 

protein of the gelsolin-like protein superfamily (InterPro: IPR036180) from Clonorchis sinensis 

has been studied (Chen et al., 2013), and the recombinant overexpression conditions for 

rCsSev as well as the partial rHsGel (Zhang et al., 2017) were the basis of expression conditions 

for this work. Based on the pilot experiment, the optimal induction of rFhGEL was following 
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0.5 mM IPTG after growth at 37°C for five hours (Figure 4.4.2.7.2.1B). These conditions were 

used for all subsequent overexpression for rFhGEL. 

rFhGEL was purified using HIS-Select Cobalt (Sigma) and analysed by 12.5% SDS PAGE 

(Figure 4.4.2.7.2.2), with 50, 250, and 500 mM eluents indicating the greatest purity of the 

target protein, which were pooled. 

 

Figure 4.4.2.7.2.2. IMAC purification of recombinant rFhGEL. rFhGEL was isolated from recombinant expression 

lysate using HIS-Select Cobalt resin, showing efficient isolation of the target protein in imidazole elutions. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr); raw, raw bacterial lysate; FT, 

flow-through; 10–500 [mM], imidazole concentration. 

 

1-D SDS PAGE demonstrated rFhGEL resolves in two bands at approximately 45–47 

kDa (Figure 4.4.2.7.2.3A), and isoelectric separation in 2-D SDS PAGE (linear IPG IEF strip, Bio-

Rad) indicated with two major isomers of 5.93 at 47.0 kDa and 5.63 at 45.0 kDa (Figure 

4.4.2.7.2.3B). LC-MS/MS data were analysed by MASCOT, which identified both protein 

isomers as gelsolin except matching peptides from two genes when isolated from the 1-DE 

(PRJEB6687, WBPS v10: BN1106_s2349B000191.mRNA-1) or 2-DE (PRJEB6687, WBPS v10: 

BN1106_s2349B000188.mRNA-1) SDS PAGE-separated samples (Table 4.4.2.7.2). These hits 

were matched to two F. hepatica gelsolin repeat proteins in GenBank (PRJNA179522, WBPS 

v10–14/GenBank v204, PIS90920.1: www.ncbi.nlm.nih.gov/protein/PIS90920.1; and 

PIS80791.1: www.ncbi.nlm.nih.gov/protein/PIS80791.1, respectively), however the majority 

of other MASCOT hits with significant scores (P < 0.01) were interestingly identified as actin 

(Table 4.4.2.7.2). Based on the MASCOT data for gelsolin hits alongside gel electrophoresis 

images (Figures 4.4.2.7.2.2–3) the purified protein fraction indicates high purity, however 

may be dimorphic and comprised of two distinct isomers with varied amino acid sequences. 

https://www.ncbi.nlm.nih.gov/protein/PIS90920.1
http://www.ncbi.nlm.nih.gov/protein/PIS80791.1
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Figure 4.4.2.7.2.3. 1-D and 2-D SDS PAGE separation of purified rFhGEL. 1 µg rFhGEL was resolved in two 

isoforms between approximately 45–47 kDa by 1-DE (A), which 2-DE (B) revealed to separate at two isoelectric 

points between 5.5 and 6.0 pH (7 cm IEF 3–10; 12.5% SDS PAGE). LC-MS/MS identified both 1-DE bands and 2-

DE separated isomer spots as gelsolin (MASCOT Score = 64–268: BN1106_s2349B000-188/-191.mRNA-1 (WBPS 

v10); PIS90920.1/PIS80791.1 (www.ncbi.nlm.nih.gov/protein/PIS90920.1 

/www.ncbi.nlm.nih.gov/protein/PIS80791.1; PRJNA179522, WBPS v10–14/GenBank v204)). LC-MS/MS results 

are detailed in Table 4.4.2.7.2. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr). 

 

To investigate the MASCOT findings of two major sequence hits for rFhGEL, a 

sequence alignment was performed (Figure 4.4.2.7.2.4) to assess differences between the 

cloned sequence, the original sequence template (D915_01476, PRJNA179522, WBPS v10–

14/GenBank v204), the two MASCOT sequences (PRJEB6687, WBPS v10: 

BN1106_s2349B000191.mRNA-1, BN1106_s2349B000188.mRNA-1) and their highest scoring 

GenBank hits (PRJNA179522, WBPS v10–14/GenBank v204: PIS90920.1 and PIS80791.1, 

respectively). These data reflected the matching between PRJEB6687 genome and GenBank 

hits identified following MASCOT analysis (Table 4.4.2.7.2), though both 

BN1106_2349B000191.mRNA-1 and PIS80791.1 had additional inserts towards the C-

terminal of the sequences compared to their respective match (Figure 4.4.2.7.2.4). The 

alignment and sequence identity matrix indicated the FhGEL expression sequence bears 

closest resemblance to PIS90920.1 and secondly to BN1106_s2349B000191.mRNA-1 (92.03–

99.45%). Furthermore, the PIS80791.1 and BN1106_s2349B000188.mRNA-1 pair shared 146 

non-conserved residues in the other three sequences, suggesting possible divergence events 

between these sequences. 

https://www.ncbi.nlm.nih.gov/protein/PIS90920.1
http://www.ncbi.nlm.nih.gov/protein/PIS80791.1
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Table 4.4.2.7.2. LC-MS/MS identification of 1-DE- and 2-DE-separated rFhGEL. rFhGEL protein bands/spots of interest were identified by LC-MS/MS against the Fasciola 

hepatica genome (PRJEB6687) and GenBank, reporting significant hits identified with a score of 38 or greater (P < 0.01). 

Figure 
reference 

Sample MS/MS ion search Highest scoring GenBank hit 

Fh genome hit MASCOT 
score 

False 
discovery 
rate (%) 

Peptides 
matched 
(non-
duplicate) 

Sequence 
coverage 
(%) 

Protein Organism Accession E-value 

4.4.2.7.2.3A 1-DE 1 BN1106_s2349B000191.mRNA-1 
BN1106_s420B000182.mRNA-1 

64 
42 

0.00 8 
1 

18.0 
1.0 

Gelsolin repeat protein 
Hypothetical protein T265_06170 

Fasciola. hepatica 
Opisthorchis viverrini 

PIS90920.1 
XP_009169635.1 

0.0 
0.0 

4.4.2.7.2.3A 1-DE 2 BN1106_s2349B000191.mRNA-1 161 0.00 11 19.0 Gelsolin repeat protein Fasciola. hepatica PIS90920.1 0.0 

4.4.2.7.2.3B 2-DE 1 BN1106_s2907B000133.mRNA-1 
 
BN1106_s101B000531.mRNA-1 
BN1106_s1379B000106.mRNA-1 
BN1106_s1251B000300.mRNA-1 
BN1106_s455B000331.mRNA-1 
BN1106_s1379B000109.mRNA-1 
BN1106_s2349B000188.mRNA-1 

141 
 
107 
107 
107 
107 
107 
81 

0.00 11 
 
10 
10 
10 
10 
10 
5 

26.0 
 
28.0 
28.0 
25.0 
25.0 
24.0 
20.0 

Hypothetical protein T265_00572 
[actin family] 
Actin 
Putative actin 
Actin 
Actin 
Actin 
Gelsolin repeat protein 

Opisthorchis viverrini 
 
Fasciola hepatica 
Schistosoma mansoni 
Fasciola hepatica 
Fasciola hepatica 
Fasciola hepatica 
Fasciola hepatica 

XP_009162640.1  
 
PIS82094.1 
XP_018655546.1 
PIS85022.1 
PIS86458.1 
PIS85022.1 
PIS80791.1 

0.0 
 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

4.4.2.7.2.3B 2-DE 2 BN1106_s2349B000188.mRNA-1 
BN1106_s1110B000010.mRNA-1 
BN1106_s1251B000300.mRNA-1 
BN1106_s455B000331.mRNA-1 
BN1106_s1379B000109.mRNA-1 
BN1106_s101B000531.mRNA-1 
BN1106_s328B000212.mRNA-1 
BN1106_s2907B000134.mRNA-1 
BN1106_s2907B000132.mRNA-1 
BN1106_s3541B000067.mRNA-1 
BN1106_s2907B000133.mRNA-1 
 
BN1106_s3001B000132.mRNA-1 
BN1106_s3001B000132.mRNA-2 
BN1106_s3001B000132.mRNA-5 

268 
66 
66 
66 
66 
66 
66 
66 
66 
66 
49 
 
45 
45 
45 

0.00 14 
4 
4 
4 
4 
4 
4 
4 
4 
4 
3 
 
1 
1 
1 

39.0 
16.0 
11.0 
11.0 
10.0 
9.0 
7.0 
6.0 
6.0 
4.0 
7.0 
 
6.0 
6.0 
6.0 

Gelsolin repeat protein 
Actin 
Actin 
Actin 
Actin 
Actin 
Actin-2 
Actin 
Predicted actin 
Actin 
Hypothetical protein T265_00572 
[actin family] 
Hypothetical protein D915_06492 
CUB domain protein 
Hypothetical protein D915_06492 

Fasciola hepatica 
Fasciola hepatica 
Fasciola hepatica 
Fasciola hepatica 
Fasciola hepatica 
Fasciola hepatica 
Schistosoma japonicum 
Larimichthys crocea 
Crassostrea gigas 
Fasciola hepatica 
Opisthorchis viverrini 
 
Fasciola hepatica 
Fasciola hepatica 
Fasciola hepatica 

PIS80791.1 
PIS88900.1 
PIS85022.1 
PIS86458.1 
PIS85022.1 
PIS82094.1 
CAX83035.1 
KKF15719.1 
XP_011437202.1 
PIS81958.1 
XP_009162640.1  
 
PIS86247.1 
PIS86248.1 
PIS86247.1 

0.0 
3E-180 
0.0 
0.0 
0.0 
0.0 
1E-149 
0.0 
0.0 
0.0 
0.0 
 

2E-69 
6E-93 
0.041 

https://www.ncbi.nlm.nih.gov/protein/PIS90920.1
https://www.ncbi.nlm.nih.gov/protein/XP_009169635.1
https://www.ncbi.nlm.nih.gov/protein/PIS90920.1
https://www.ncbi.nlm.nih.gov/protein/XP_009162640.1
https://www.ncbi.nlm.nih.gov/protein/PIS82094.1
https://www.ncbi.nlm.nih.gov/protein/XP_018655546.1
https://www.ncbi.nlm.nih.gov/protein/PIS85022.1
https://www.ncbi.nlm.nih.gov/protein/PIS86458.1
https://www.ncbi.nlm.nih.gov/protein/PIS85022.1
https://www.ncbi.nlm.nih.gov/protein/PIS80791.1
https://www.ncbi.nlm.nih.gov/protein/PIS80791.1
https://www.ncbi.nlm.nih.gov/protein/PIS88900.1
https://www.ncbi.nlm.nih.gov/protein/PIS85022.1
https://www.ncbi.nlm.nih.gov/protein/PIS86458.1
https://www.ncbi.nlm.nih.gov/protein/PIS85022.1
https://www.ncbi.nlm.nih.gov/protein/PIS82094.1
https://www.ncbi.nlm.nih.gov/protein/CAX83035.1
https://www.ncbi.nlm.nih.gov/protein/KKF15719.1
https://www.ncbi.nlm.nih.gov/protein/XP_011437202.1
https://www.ncbi.nlm.nih.gov/protein/PIS81958.1
https://www.ncbi.nlm.nih.gov/protein/XP_009162640.1
https://www.ncbi.nlm.nih.gov/protein/PIS86247.1
https://www.ncbi.nlm.nih.gov/protein/PIS86248.1
https://www.ncbi.nlm.nih.gov/protein/PIS86247.1
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Figure 4.4.2.7.2.4. Comparison of the gelsolin amino acids sequences cloned in this study (FhGEL) with other 

Fasciola hepatica gelsolin-associated proteins (dotted lines). Based on DNA sequencing, two amino acids were 

different in the cloned gelsolin sequence (cDNA: FhGEL) from draft genomes including the original DNA template 

(D915_01476, PRJNA179522, WBPS v10–14), two LC-MS/MS hits (BN1106_s2349B000191.mRNA-1; 

BN1106_s2349B000188.mRNA-1, PRJEB6687, WBPS v10) and their respective GenBank hits (PRJNA179522: 

PIS90920.1: www.ncbi.nlm.nih.gov/protein/PIS90920.1; PIS80791.1: 

www.ncbi.nlm.nih.gov/protein/PIS80791.1). Highlighted residues represent all peptides matched by LC-MS/MS 

analysis of rFhGEL, including peptides from the two disparate LC-MS/MS hits. The alignment was produced using 

the ClustalO tool in BioEdit. 

 

All peptide residues matched by LC-MS/MS analysis of FhGEL are also highlighted 

(Figure 4.4.2.7.2.4). Interestingly, several matched peptides overlapped between both 

sequences. Peptide fragmentation data were interpreted to investigate the previously 

identified threonine-alanine (FhGEL: T15A) and serine-leucine (FhGEL: S351L) substitutions 

(Figure 4.4.2.7.2.2E), as these were within the LC-MS/MS-identified regions. These data also 

demonstrated putative post-translational modifications, indicating oxidation at Met33 of 

BN1106_s2349B000188.mRNA-1. Fragmentation data for both Asp14-Arg28 (positions as in 

Figure 4.4.2.7.2.4, n = 15) and Tyr370–394 (positions as in Figure 4.4.2.7.2.4, n = 25) peptides, 

https://www.ncbi.nlm.nih.gov/protein/PIS90920.1
https://www.ncbi.nlm.nih.gov/protein/PIS90920.1
https://www.ncbi.nlm.nih.gov/protein/PIS80791.1
http://www.ncbi.nlm.nih.gov/protein/PIS80791.1
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as highlighted, were the highest scoring for each sequence, suggesting no residue 

substitutions. Furthermore, based on the matches to contradicting peptides throughout both 

protein sequences, it could be suggested that FhGEL has two isoforms of distinct sequences, 

one of which may have been predominantly identified during cloning. 

Based on the findings from these pilot studies for rFhGEL, this recombinant has been 

optimally overexpressed and purified at adequate concentrations for further investigation of 

biochemical and diagnostic investigation. 

 

4.4.2.8 Glyceraldehyde-3-phosphate dehydrogenase (FhGAPDH) 

4.4.2.8.1 Cloning and subcloning 

FhGAPDH was PCR-amplified (for primer sequences, see Table 4.3.1.1.3), sequenced 

(>99.5% ID, Figure 4.4.2.8.1.1A), and electrophoresed (Figure 4.4.2.8.1.1B) for gel excision 

and direct ligation with pGEM®-T Easy and cloning in α-select E. coli. 

 

Figure 4.4.2.8.1.1. PCR target and amplicon for FhGAPDH. FhGAPDH was targeted for PCR amplification, 

whereby oligomers were designed to amplify the gene including the start and stop codons. Two SNPs were 

identified by Sanger DNA sequencing (underlined residues) (Α), and a single amplicon was demonstrated by 1% 

agarose gel (B) electrophoresis following nested PCR to account for low product yields following a single round. 

Abbreviations: MW, NEB Fast DNA Ladder (bp); neg, negative (primers and water); pos, positive (cDNA: FhDJ-1, 

552 bp). 

 

5’ flanking restriction enzyme binding sites were introduced via PCR using FhGAPDH- 

pGEM®-T Easy as the PCR template (for primer sequences, see Table 4.3.1.1.3) and cloned 

using pGEM®-T Easy as before. NdeI-NotI-digested FhGAPDH (Figure 4.4.2.8.1.2A) was then 

inserted into NdeI-NotI-linearised pET-28b(+) at a ratio of 3:1 (insert:vector) and confirmed 
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using diagnostic restriction digestion and PCRs (Figure 4.4.2.8.1.2B–C). Positive transformant 

BL21(DE3)pLysS cell lines were also confirmed via PCR (Figure 4.4.2.8.1.2D) and Sanger 

Sequencing of FhGAPDH-pET-28b(+) was used to identity the correct DNA and protein 

sequence for expression (99.7% ID, Figure 4.4.2.8.1.2E). 

 

Figure 4.4.2.8.1.2. Subcloning and DNA diagnostics of FhGAPDH-pET-28b(+). The subcloning sequence for 

FhGAPDH was isolated from FhGAPDH-pGEM®-T Easy via NdeI and NotI double digestion (A) for insertion into 

NdeI-NotI-linearised pET-28b(+). FhGAPDH-pET-28b(+) constructs were tested via diagnostic digestion (NdeI and 

NotI) (B) and PCRs (C) using FhGAPDH subcloning and T7 primers. (D) Positive BL21(DE3)pLysS cell lines were 

identified via direct colony PCR using FhGAPDH subcloning primers and (E) DNA sequencing identified five SNPs 

in the FhGAPDH-pET-28b(+) expression sequence, leading to one amino acid substitutions upon translation 

(compiled using BioEdit). 

Abbreviations: MW, Bioline HyperLadder™ 1kb (bp); neg, negative (primers and water); pos, positive (cDNA: 

FhGAPDH). 

 

Upon in silico translation, an amino acid substitution was identified (I122N), which 

PROVEAN identified as deleterious, a consequence supported by the amino acids’ 

characteristics (Table 4.4.2.8.1). As isoleucine is a hydrophobic, aliphatic amino acid, it adopts 

an internal position in situ, and thus substitution with a polar and peripheral protein residue, 

asparagine, may lead to a structural and/or functional difference (Betts and Russell, 2007). 
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Table 4.4.2.8.1. PROVEAN Prediction for protein sequence analysis of FhGAPDH. A single sequence variant 

(Asn67–Asp32, Thr272–Ala272) was predicted with scores below the default threshold, which indicate this change 

had deleterious effects. 

Variant PROVEAN score Prediction (default threshold ≤ -2.5) 

I122N -5.797 Deleterious 
 

4.4.2.8.2 Expression 

rFhGAPDH was expressed from BL21(DE3)pLysS cell lines using 0.05-1.0 mM IPTG and 

both soluble and insoluble fractions were analysed by 12.5% 1-D SDS-PAGE (Figure 

4.4.2.8.2.1A–D). The polyhistidine-tagged protein was predicted to be 38.21 kDa with an 

isoelectric point of 7.05 and an overall charge of -1.0. Expression conditions were mirrored 

on a previous study of rFhGAPDH (Zinsser et al., 2014), whereby a low temperature was used 

to assist protein target sequestration into the bacterial IBs, which has been observed for other 

recombinantly-expressed GAPDH from a variety of organisms (Barbosa et al., 2006; Hannaert 

et al., 1995; Liu et al., 2005; Silva et al., 2011), despite this protein’s solubility (Gschaedler et 

al., 1994). 

Following induction, cells were incubated at 30°C for five hours and protein extracts 

were separated for individual analyses by SDS PAGE (Figure 4.4.2.8.2.1Ai–Dii). Target 

overexpression was most demonstrable at 0.1 and 0.5 mM IPTG, with protein bands of 

interest resolving between 35–40 kDa in the solubilised IB fraction (Figure 4.4.2.8.2.1). Based 

on the previous study of rFhGAPDH and other recombinant GAPDH orthologues, subsequent 

expression was conducted following 0.05/0.1 mM IPTG induction for 24 hours but at a growth 

temperature of 18°C to increase the time and conducive conditions for IB production. 

IBs from rFhGAPDH recombinant expression included a band of interest upon 

resolution in 12.5% SDS PAGE (~37kDa, Figure 4.4.2.8.2.1A–Dii). LC-MS/MS did not identify 

FhGAPDH in raw sample bands, but in order to obtain a higher concentration of the target, 

IBs were prepared for purification under denaturing conditions and on-column refolding as 

described (4.3.3.2; 4.3.4.3). A pilot experiment was initially attempted using HIS-Select Nickel 

(Sigma-Aldrich, UK), however concentrations of wash and elution fractions were too low to 

be calculated, which was reflected by SDS PAGE analysis (data not shown). 
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Figure 4.4.2.8.2.1. Pilot recombinant expression of rFhGAPDH. 5 µg FhGAPDH-pET-28b(+) BL21(DE3)pLysS recombinant expression lysate (i) and IB (ii) fractions were 

analysed by SDS PAGE following 0.05 mM (Α), 0.1 mM (B), 0.5 mM (C) and 1.0 mM (D) IPTG from 0–5 hours post-induction at 30°C.  

Abbreviations: MW, Novex® Sharp Pre-Stained Protein Standard (Mr); 0–5 h, hours post-induction.
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Figure 4.4.2.8.2.2. Trial IMAC purification of rFhGAPDH. rFhGAPDH isolation was tested using Ni-NTA on an 

ÄKTA Prime system with solubilised IB fractions, including on-column refolding (4.3.4.3). Samples were analysed 

by SDS PAGE (A–C) and UV readings for protein concentration were analysed using PrimeView™ (v1.00) (D). 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr); S-IB, solubilised IBs; FT, flow-

through; W1-4, washes; E1-12, elutions; D1-4, denaturation washes. 

 

A larger-scale purification was also trialled using Nickel-NTA (ABT, Web Scientific, UK) 

with an ÄKTA Prime system (GE Healthcare) (Figure 4.4.2.8.2.2D), and rFhGAPDH IB lysate 

IMAC fractions were analysed using 12.5% SDS PAGE (Figure 4.4.2.8.2.2A–C). As in the trial 

purification, data indicated low protein concentration in all fractions, including refolding 

washes (W1–4: 8>0 M urea), imidazole elutions [E1–7: 250 mM; E8–12: 500 mM] and final 

denaturation washes (Figure 4.4.2.8.2.2D: 1–4; 8 M urea 1 mM DTT) to ensure column-protein 

release. However, the UV plot indicated protein passage through the HisTrap NiNTA column 

following injections: 1, protein sample loading; 2, column washed under high denaturant 

concentration (8M urea); 3, column washed under low denaturant concentration (4 M urea); 

4, column washed under non-denaturing conditions; 5, elutions with 250–500 mM imidazole 

in binding buffer; and 6, column washed in denaturing elution buffer (Figure 4.4.2.8.2.2D). 

This suggests low levels of rFhGAPDH in the overall protein content and an inability to purify 

this target with this method. 

In order to identify suspected rFhGAPDH in samples, bands of interest were analysed 

by LC-MS/MS following in-gel isolation (Figure 4.4.2.8.2.1, boxed). Data files were searched 
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against the draft genome for F. hepatica (PRJEB6687) using MASCOT, which did not identify 

GAPDH proteins in the samples (P < 0.05). Three hits were over the threshold score (MASCOT 

score range: 31≤43) and false discovery rates were above 50% (data not shown), suggesting 

insignificant FhGAPDH abundance. 

Based on the findings from these pilot studies for rFhGAPDH, in order to proceed 

further with this target, overexpression must be optimised. Specifically, identifying the 

optimal expression temperature of induced cultures will be valuable to obtain adequate 

target protein concentrations for subsequent purification and molecular investigation. 

 

4.4.2.9 Triose phosphate isomerase (FhTPI) 

The plasmid FhTPI-pET-46 Ek/LIC was a gift from Professor David Timson (Brighton 

University, UK, (Zinsser et al., 2013b)). DNA sequencing was used to confirm 100% sequence 

identity of the gene sequence to the in silico GenBank sequence (v204, KC164346.1; 

AGJ83762.1: www.ncbi.nlm.nih.gov/protein/AGJ83762.1) and the in-frame expression and N-

terminal polyhistidine tag sequences (Figure 4.4.2.9). 

 

Figure 4.4.2.9. Confirmation of the FhTPI-pET-46Ek/LIC expression sequence. DNA sequencing was used to 

identify 100% amino acid sequence identity (compiled using BioEdit). 

 

4.4.2.9.1 Expression 

rFhTPI was expressed from One Shot® BL21(DE3) Star™ cells using 0.5–2.0 mM IPTG 

and soluble fractions were analysed by 12.5% 1-D SDS PAGE (Figure 4.4.2.9.1.1A–C). The in 

silico polyhistidine-tagged protein was predicted to be 29.50 kDa with an isoelectric point of 

6.89 and an overall charge of -1.0. Induction and overexpression conditions were mirrored on 

the previous production of rFhTPI (Zinsser et al., 2013b), inducing expression and growing 

cultures at 37°C for up to three hours. Recombinant protein overexpression in the soluble 

https://www.ncbi.nlm.nih.gov/protein/AGJ83762.1
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lysate was demonstrable at all IPTG concentrations, whereby the protein monomer of 

approximately 30 kDa and dimer of approximately 60 kDa could be visualised by 1-DE (Figure 

4.4.2.9.1.1). For subsequent recombinant overexpression, these conditions were maintained, 

with 0.5 mM IPTG for induction. 

 

Figure 4.4.2.9.1.1. Pilot recombinant expression of rFhTPI. 5 µg FhTPI-pET-46Ek/LIC One Shot® BL21(DE3) 

recombinant expression lysate was analysed by SDS PAGE following 0.5 mM (Α), 1.0 mM (B) and 2.0 mM (C) IPTG 

from 0–3 hours post-induction at 37°C. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr); 0/3, hours post-induction. 

 

Figure 4.4.2.9.1.2. IMAC purification of rFhTPI. rFhTPI was 

isolated from recombinant expression lysate using HIS-

Select Cobalt, showing efficient isolation of the target 

protein in imidazole elutions. 

Abbreviations: MW, Amersham Low Molecular Weight SDS 

Calibration Kit (Mr); raw, raw bacterial lysate; FT, flow-

through; 10–500 [mM], imidazole concentration. 

 

rFhTPI was purified using HIS-Select Nickel (Sigma) and analysed by 12.5% SDS PAGE 

(Figure 4.4.2.9.1.2). All elution samples above 100 mM imidazole were analysed by LC-MS/MS 

following in-gel isolation, whereby the two bands of interest per lane were selected (30, 60 

kDa). MASCOT identified all bands as FhTPI (GenBank v204, AGJ83762.1: 

www.ncbi.nlm.nih.gov/protein/AGJ83762.1) with significant scores (P < 0.01) (Table 

4.4.2.9.1). Based on these findings, samples between 150-500 mM imidazole, with the 

https://www.ncbi.nlm.nih.gov/protein/AGJ83762.1
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greatest indication of target purity by 1-DE and LC-MS/MS, were pooled and re-analysed by 

1-D and 2-D SDS PAGE (Figure 4.4.2.9.1.3) with significant (P < 0.01) MASCOT scores (Table 

4.4.2.9.1). 2-DE indicated rFhTPI separates into six isomers with distinct isoelectric points 

between 7.0–7.6 pI and ranging between 29–31.0 kDa, but no dimers were observed (Figure 

4.4.2.9.1.3B). 

 

Figure 4.4.2.9.1.3. 1-D and 2-D SDS PAGE of purified rFhTPI. 1 µg rFhTPI was resolved at approximately 31 kDa 

by 1-DE (A), whereas 2-DE (B) identified six isomers separate within the region of 7.00–7.60 pH (7 cm IEF 3–10; 

12.5% SDS PAGE). LC-MS/MS identified all 2-DE separated isomers as triose phosphate isomerase (MASCOT 

Score = 211–1216: BN1106_s3213B000041.mRNA-1, PRJEB6687, WBPS v10; AGJ83762.1: 

www.ncbi.nlm.nih.gov/protein/AGJ83762.1, GenBank v204)). LC-MS/MS results of the 2-DE analysis are detailed 

in Table 4.4.2.9.1. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr). 

 

All peptide residues matched by LC-MS/MS analysis of FhTPI are also highlighted 

(Figure 4.4.2.9.1.4). Monomer and dimer 1-DE bands and all 2-DE spots were identified by LC-

MS/MS with significant (P < 0.01) MASCOT scores matching to FhTPI (PRJEB6687: 

BN1106_s3213B000041.mRNA-1; GenBank: AGJ83762.1) (Table 4.4.2.9.1), whereby 

AGJ83762.1 and BN1106_s3213B000041.mRNA-1 share 99.6% sequence similarity due to one 

residue substitution (T211I) (Figure 4.4.2.9.1.4). Peptide fragmentation data also provided no 

evidence for amino acid substitutions from the established sequence (AGJ83762.1) but 

indicated putative post-translational oxidation modifications at Met15 and Met83 residues. 

Based on the findings from these pilot studies for rFhTPI, this recombinant has been optimally 

overexpressed and purified at adequate concentrations for further investigation of 

biochemical and diagnostic investigation. 

https://www.ncbi.nlm.nih.gov/protein/AGJ83762.1
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Figure 4.4.2.9.1.4. Comparison of the triose phosphate isomerase amino acids sequence cloned in this study 

(FhTPI) and two genome sources (dotted lines). The cloned TPI sequence (excluding the polyhistidine tag) is 

100% identical to the GenBank source (AGJ83762.1: www.ncbi.nlm.nih.gov/protein/AGJ83762.1, GenBank 

v204), but has one residue difference with the Fasciola hepatica PRJEB6687 genome sequence 

(BN1106_s3213B000041.mRNA-1, WBPS v10). All highlighted residues were identified by LC-MS/MS, matching 

to the GenBank or genome hits, whereby the non-synonymous residue (T211I, position 225) was matched to the 

expected threonine amino acid as in the sequenced rFhTPI. The alignment was produced using the ClustalO tool 

in BioEdit. 

https://www.ncbi.nlm.nih.gov/protein/AGJ83762.1
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Table 4.4.2.9.1. LC-MS/MS identification of 1-DE- and 2-DE-separated rFhTPI. rFhTPI protein bands/spots of interest were identified by LC-MS/MS against the F. hepatica 

genome (PRJEB6687, WBPS v10) and GenBank, reporting significant hits identified with a score of 38 or greater (P < 0.01) and average scores of duplicate samples 

(italicised). 

Figure 
reference 

Lane/ 
spot 
identity 

Band size 
(approximate, 
kDa) 

MS/MS ion search Highest scoring GenBank hit 

Fh genome hit MASCOT score 
False 
discovery 
rate (%) 

Peptides 
matched 
(non-
duplicate) 

Sequence 
coverage 
(%) 

Protein Organism Accession E-value 

4.4.2.9.1.2 

100 
30.0 

BN1106_s3213B000041.mRNA-1 

6256 0.27 34 70.0 

Triose 
phosphate 
isomerase 

Fasciola 
hepatica 

AGJ83762.1 0.0 

60.0 213 0.00 12 50.0 

150 
30.0 4317 0.00 45 78.0 

60.0 231 7.69 11 50.0 

500.1 
30.0 2602 0.00 42 76.0 

60.0 127 0.00 11 50.0 

500.2 
30.0 1077 1.61 29 71.0 

60.0 70 0.00 9 39.0 

4.4.2.9.1.3A rFhTPI 
30.0 1626.5±111.5 0.00 39.5±1.5 74.0±1.0 

60.0 68±16 0.00 7±1 27±3 

4.4.2.9.1.3B 

1 

30.0 

790 0.00 20 66.0 

2 437 0.00 19 57.0 

3 405 0.00 19 46.0 

4 203 0.00 15 50.0 

5 148 0.00 9 31.0 

6 151 0.00 8 30.0 
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4.5 Discussion 

In this thesis, seven Fasciola hepatica biomarker candidates previously identified 

through a novel proteomic approach (Morphew et al., 2014) were selected for systematic 

bioinformatic assessments (Chapter 5; 4.2.3: objective 1; 4.4.1.2–4.4.1.8) and recombinant 

expression (Chapter 5; 4.2.3: objective 2; 4.4.2.2–4.4.2.9; summarised in Table 4.3.2.1). Since 

TCBZ flukicidal mechanisms and resistance are not fully understood (Brennan et al., 2007; 

Kelley et al., 2016; Stitt et al., 1995), putative roles of each biomarker during these 

phenotypes is speculative, but improved with predictive tools and bioinformatics (Arnold et 

al., 2006; Frédéric et al., 2009; Kelley et al., 2015; Li et al., 2009; McArthur and Wright, 2015). 

To this end, this chapter was able to identify moderate to high sequence and structural 

conservation in the seven F. hepatica biomarker candidates upon comparison with model and 

related parasite equivalents, in-keeping with the proteins’ family and superfamily 

characteristics following evolutionary divergences. Pathogenic and functionally relevant 

epitopes and residues were also identified for all protein targets, providing evidence for 

potential in situ roles towards fluke cellular and physiological homeostasis and/or virulence 

during host infection. Consequently, a provision of background knowledge for these antigens 

has been collated in this chapter to complement further antigenicity, biochemical, cellular 

biological and further research topics. As yet, of the biomarker candidates for monitoring 

TCBZ-SO treatment success, only F. hepatica glyceraldehyde-3-phosphate dehydrogenase 

(FhGAPDH) and triose phosphate isomerase (FhTPI) have been recombinantly expressed for 

in vitro metabolic investigation (Zinsser et al., 2014, 2013b) and only enolase (FhENO) has 

been natively isolated for the identification of non-glycolytic virulence association (Bernal et 

al., 2004). Thus, following the successful cloning of F. hepatica actin (FhACT), DJ-1 deglycase 

(FhDJ-1), FhENO and FhGAPDH, and the optimised recombinant protein expression and 

purification of calreticulin (FhCRT), gelsolin (FhGEL), and FhTPI, this thesis has provided a 

thorough molecular background and methodology to produce a panel of F. hepatica 

biomarkers for prospective further study and liver fluke diagnostic developments.  

In-keeping with the TCBZ survival molecular phenotype (Morphew et al., 2014), CRT, 

ENO and GAPDH have been widely indicated as virulence factors beyond normal functions by 

pathogenic organisms and during disease (Barbosa et al., 2006; Bergmann et al., 2004; Díaz-

Ramos et al., 2012; Funk et al., 2016; Gómez-Arreaza et al., 2014; Holoshitz et al., 2010; 
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Jaouannet et al., 2013; Liu and Shih, 2007; Obeid et al., 2007a; Ucker et al., 2012). Equally, 

biomarkers descriptive of flukicide success appear to reflect fundamental biological roles, 

including ACT- and GEL-mediated structural stability and cellular proliferation (Dominguez, 

2004; Dominguez and Holmes, 2011; Stitt et al., 1992b), DJ-1-mediated protection against 

oxidative apoptosis (Junn et al., 2009; Taira et al., 2004; Takahashi-Niki et al., 2004), and 

glycolytic TPI activity (Schliebs et al., 1996; Seigle et al., 2008; Zinsser et al., 2013b). 

 

4.5.1 FhCRT: a putative biomarker of TCBZ-SO survival 

CRT has demonstrated diverse roles beyond housekeeping (Dedhar, 1994; Johnson et 

al., 2001; Michalak et al., 1999), including CRT-drug interactions (Butler et al., 1992; Horibe 

et al., 2004; Ikehata et al., 2008; Karasawa et al., 2011), immunogenicity (Obeid et al., 2007b, 

2007a), and CRT-mediated complement and perforin regulation (Eggleton et al., 1994; Fraser 

et al., 2000; Kishore et al., 1997). Indeed, several protozoal and haematophagous parasite 

CRTs also have demonstrable virulence-associated activities, including putative anti-

angiogenesis (Cabezón et al., 2008; Molina et al., 2005), immunodominance (Pritchard et al., 

1999), immunogenicity (Mutapi et al., 2011) and immune evasion (Ferreira et al., 2004a; 

Jaworski et al., 1995; Sanchez Ferreira et al., 2002; Suchitra and Joshi, 2005), and complement 

interaction (Kasper et al., 2001; Kim et al., 2015) and inhibition (Ferreira et al., 2004b, 2004a; 

Jaworski et al., 1995; Sanchez Ferreira et al., 2002; Schroeder et al., 2009; Weinberger et al., 

2017). There is also growing evidence for CRT involvement during cancer, including immune 

evasion upon CRT downregulation (Peng et al., 2010), as well as drug resistance and 

metastasis through CRT upregulation, resulting from augmented calcium regulation (Baguley, 

2010; Panaretakis et al., 2008) and misfolded protein restoration (Matsukuma et al., 2016; Ri 

et al., 2010; Zhou et al., 2016). Thus, CRT is considered a resistance biomarker in some cancers 

(Chou et al., 2015; D’Aguanno et al., 2011; Paulitschke et al., 2013) and so may re-enact this 

and other virulence roles in trematodes, since CRT upregulation has also been measured post-

anthelmintic treatment in both F. hepatica (Morphew et al., 2014) and S. mansoni (Mutapi et 

al., 2005). Important to consider however is residual native activities, anchoring its 

extracellular isolation as an indicator of ER stress (Kopecka et al., 2011; Park et al., 2001) and 

subsequent cellular protection (Bedard et al., 2004; Pinto et al., 2008). Consequently 
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therefore, FhCRT may reproduce several of these diverse functionalities and will require 

consideration for the context of its detection. 

 

4.5.2 FhGEL, FhTPI and related targets: putative biomarkers of TCBZ-SO challenge 

As a member of the actin-binding protein superfamily and a key ACT regulator 

(Dominguez, 2004; Kwiatkowski, 1999; McGough et al., 2003; McLaughlin et al., 1993; Sun et 

al., 1999; Way et al., 1990), GEL predominantly localises to the cytoplasm (Yin and Stossel, 

1979) but can be found circulating as plasma GEL (pGEL) in vertebrates (Yin et al., 1984, 1981). 

Consequently and following pathology-associated cellular disruption and motility, pGEL can 

scavenge liberated extracellular ACT (Lee et al., 2009; Lee and Galbraith, 1992; Peddada et 

al., 2012) and thus acts as a prognostic marker, with increased pGEL in patients’ circulation 

during recovery (DiNubile, 2008; Kim et al., 2004; Kwiatkowski, 1999; Lee et al., 2007; 

Peddada et al., 2012; Piktel et al., 2018). Due to this association with cellular repair through 

ACT homeostasis, circulating pGEL has been measured during numerable pathologies 

including traumas (Bayir et al., 2014; Genre et al., 2014; Guo et al., 2011; Huang et al., 2011; 

Lee et al., 2006; Mounzer et al., 1999), cancers (He et al., 2014; Kwiatkowski, 1999; Shieh et 

al., 1999; Winston et al., 2001; Yang et al., 2006, 2004), and infections including eosinophilic 

fasciolosis (Straub et al., 2011), Teladorsagia cirumcincta infection (Goldfinch et al., 2008), 

and chagasic cardiomyopathy (Wen and Garg, 2012). Furthermore, this has led to the 

proposition of therapeutic applications as GEL has also been found to promote cell 

homeostasis and thereby inhibit apoptosis (Antequera et al., 2009; Koya et al., 2000).  

As has been described for CRT, the context of GEL recovery and its originator is equally 

key to determining diagnostic utility, since it has also been found to promote protozoal 

invasion (Wen and Garg, 2012; Zhou et al., 2011) and even ablation of apoptotic protection 

by aberrant activities of caspase-3-cleaved GEL subunits (Elmore, 2007; Kothakota et al., 

1997; Oikonomou et al., 2009). No helminthic GELs have been investigated until now, though 

GEL has been identified within ES products of pathogenic juveniles of F. hepatica, Schistosoma 

bovis, Echinococcus granulosus and Mesocestoides corti (Camargo de Lima et al., 2018; De la 

Torre-Escudero et al., 2011; Hernández-González et al., 2010; Teichmann et al., 2015), adult 

F. hepatica EV membranes (Cwiklinski et al., 2015c; Davis et al., 2019), and adult F. hepatica 

ES and S. mansoni tegumental products during anthelmintic challenge (Linder and Thors, 
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1992; Morphew et al., 2014). Since SmGEL-mediated ACT depolymerisation is triggered at 

tegumental spines by praziquantel application (Linder and Thors, 1992), this may most closely 

resemble FhGEL activities following lethal TCBZ-SO challenge in TCBZ-susceptible flukes 

(Morphew et al., 2014), especially since FhGEL shares 62.36% sequence conservation with 

SmGEL (Figure 4.4.1.6.2.1). Furthermore, when considering the molecular size of in vitro-

recovered FhGEL (~43 kDa) resembles pro-apoptotic caspase-3-cleaved GEL (~45 kDa), this 

additionally supports the hypothesis of FhGEL as an indicator of TCBZ-SO-induced stress via 

ACT-binding, cellular repair and apoptosis interaction. 

The prospect of glycolytic enzyme candidature for molecular diagnosis, treatment and 

vaccination regimens has set a trend towards their characterisation and testing (Bergquist, 

1998; Crowther et al., 2010; Harn et al., 1992, 1985; Harris et al., 2014; J Timson, 2016; 

Joubert et al., 2001; Kushawaha et al., 2012; Reynolds et al., 1994; Shoemaker et al., 1992; 

Ucker et al., 2012). TPI is one such contender, since it is a ubiquitous and fundamental cell 

component, responsible for catalysing the interconversion of dihyroxyacetone phosphate and 

glyceraldehyde-3-phosphate during glycolysis (Knowles, 1991). As bioinformatic (4.4.1.8) and 

in vitro (4.4.2.9.1) data have also shown for FhTPI, TPI forms a highly stable dimer (TPI2) 

(Lambeir et al., 2000; Sun et al., 1993; Waley, 1973; Zinsser et al., 2013b, 2013a) in which it 

predominantly operates (Waley, 1973; Zabori et al., 1980). There is evidence to suggest that 

interface mutations not only disrupts this (Borchert et al., 1993b; Daar et al., 1986; Maithal 

et al., 2002; Ralser et al., 2006) but also contributes to the formation of an inactive, tightly-

folded monomer (Morgan et al., 2000; Zabori et al., 1980), suggesting homodimer formation 

is conducive to functionality, a characteristic which rFhTPI shows high propensity (Zinsser et 

al., 2013b), including in the absence of appropriate cross-linkers in recombinant expression 

lysate (Figure 4.4.2.9.1.1). 

Incidences of atypical TPI presence, including as a result of drug exposure (Morphew et 

al., 2014), non-communicable and infectious diseases, has opened a window for determining 

its putative involvement or biomarker potential during such pathologies and cellular stress. 

Specifically, cases of neurodegeneration have found increased neuron destruction leads to 

the aberrant release of glycolytic enzymes (Kolln et al., 2006; Lovato et al., 2008), and 

subsequently autoantibodies to these proteins (Menon et al., 2011) due to the high glucose 

metabolism of these cells. Similar dissemination of host TPI in fungi-infected plant tissues has 

also been observed (González-Fernández and Jorrín-Novo, 2012), but unicellular parasite and 
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bacterial species present exceptions to this pathology and cell death phenotype, 

demonstrating surface-expressed TPI can assist in host cell invasion (Fletcher et al., 2001; 

Furuya and Ikeda, 2011, 2009; Karkowska-Kuleta et al., 2011; Miranda-Ozuna et al., 2016). 

However, many more reports of invasion by uni- and multi-cellular infectious organisms 

support virulence functions of ENO and GAPDH, including via host fibronectin and 

plasminogen binding plasminogen (Barbosa et al., 2006; Bergmann et al., 2004; Bernal et al., 

2004; Pancholi and Chhatwal, 2003). In helminths, TPI has been identified in the tegument 

(Harn et al., 1985) and ES profiles (Hewitson et al., 2008; Moreno and Geary, 2008; Sotillo et 

al., 2010; Zheng et al., 2011) at several life cycle stages, including F. hepatica adult ES 

(González-Miguel et al., 2019) and tegument (Morphew et al., 2013) proteomes. However, 

potential roles of TPI in helminth virulence has not yet been determined, though extracellular 

Brugia malayi TPI has been identified as an essential promoter towards in vitro microfilariae 

production (Hewitson et al., 2014). Interestingly, there is evidence for TPI, ENO and GAPDH 

glycolytic enzyme release during the early stages of apoptotic cell death (Ucker et al., 2012), 

whereas the change in abundances of these proteins in F. hepatica ES products was 

dependent on in vitro anthelmintic dose (Morphew et al., 2014), with TPI being a lethal-

associated biomarker and ENO and GAPDH overexpressed under SL (non-lethal) challenge. 

Thus, with this and the known and expectant virulence associations of these enzymes, FhTPI 

release is highly suggestive of TCBZ-susceptibility, whereas FhENO and FhGAPDH are likely to 

represent virulence factors for parasite survival. 

 

4.6 Conclusions 

More previously neglected proteins are becoming linked with bespoke roles in disease 

and pathogenesis through in vitro studies and, by extension, sequence matching with 

bioinformatics (Li et al., 2009; McArthur and Wright, 2015). Thus, bioinformatic analyses are 

an early step in the functional pipeline for therapy and diagnostics. However, as shown in this 

chapter, the down-stream production of molecular tools for hypothesis confirmation was 

highly influenced by bacterial expression dynamics and/or the protein’s biochemical 

properties (Chambers and Swalley, 2009). In particular this was evident for actin (FhACT), DJ-

1 deglycase (FhFJ-1), enolase (FhENO) and glyceraldehyde-3-phosphate dehydrogenase 

(FhGAPDH), the recombinant expression of which was not adequately optimised during this 
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study, precursory to in vitro molecular characterisation. Thus, this chapter has involved 

extensive bioinformatically analysed seven targets of interest (Chapter 5; 4.2.3: objective 1), 

which were identified with changed abundance in the excretory/secretory (ES) proteomes of 

TCBZ-SO-treated verses untreated flukes: FhACT, FhCRT, FhDJ-1, FhENO, FhGEL, FhGADPH, 

and FhTPI. Furthermore, this chapter has also created blueprints for the production of these 

seven targets (Chapter 5; 4.2.3: objective 2), with success in the efficient purification of three 

of these proteins for preliminary study during the scope of this work: FhCRT, FhGEL and FhTPI; 

and providing antigen material for immediate further study in this thesis (Chapter 6). 

Additionally, new and in-depth information has been obtained through bioinformatic and in 

vitro proteomics of recombinant candidates, and potential roles of targets have been 

discussed in the context of drug-terminating or non-terminating fluke phenotypes, providing 

a basis for further study and research progression. 
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6 Chapter 6: Determining the diagnostic potential of new Fasciola 

hepatica molecular biomarkers of TCBZ efficacy 
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6.1 Abstract 

Diagnostics play an integral part in liver fluke control strategies, including tactics for 

monitoring anthelmintic resistance and treatment success. Accordingly, Fasciola hepatica 

cathepsin L (FhCL) proteases remain the leading diagnostic candidate, due to their 

overabundance in the dynamic juvenile and adult excretory/secretory (ES) proteomes, and 

their use in parasite detection via blood and faeces. However, multiple molecular candidates 

of interest have been identified from the work of this thesis and previous underpinning 

studies, including targets associated with TCBZ efficacy status. Thus, a novel direction to 

determine drug efficacy and TCBZ-susceptibility profiles is investigated in this chapter. 

A panel of molecular tools were used in pilot diagnostic testing, including recombinant 

F. hepatica procathepsin L1 (rFhpCL1), calreticulin (rFhCRT), gelsolin (rFhGEL), and triose 

phosphate isomerase (rFhTPI) biomarkers and synthetic FhCL1-derived peptides. 

Additionally, serological samples were prepared for testing, including polyclonal anti-rFhpCL1 

antibodies, and sera pooled from three sheep experimentally-infected with TCBZ-susceptible 

(TCBZ-S) or TCBZ-resistant (TCBZ-R) F. hepatica strains. Thus, using a variety of immunologic 

platforms, including enzyme-linked immunosorbent assay (ELISA), dot blot and western blot 

approaches, the diagnostic utility of the antigen candidates and polyclonal antibodies was 

assessed. Resultantly, this identified promising capabilities of anti-FhpCL1 leading to sensitive 

diagnoses of infection and TCBZ success via faecal antigen capture. 

Consequently to the outcomes of this chapter, a strong foundation has been established 

toward the exploration of new diagnostic targets for liver fluke infection and drug efficacy 

determination. Through the testing of candidates with putative immunogenic properties or 

reported TCBZ efficacy association, further progression from this pilot work could also seek 

to address anthelmintic preservation and develop tools for the profiling of TCBZ-S and TCBZ-

R flukes. 

 

6.2 Introduction 

6.2.1 Diagnostic test pipeline 

Diagnosis is the classification of disease and non-clinical cases based on the identification 

of pathological symptoms or signs, including those directly or indirectly resultant from the 

causative agent or pathogen (Altman and Bland, 1994a; Begg, 1987). The accuracy of a 
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diagnostic test is determined by the correct identification and differentiation between true 

positive and false negative cases (sensitivity) and true negative and false positive cases 

(specificity) (Altman and Bland, 1994a; Ferrante di Ruffano et al., 2012; Ransohoff and 

Feinstein, 1978). These efficacy evaluations can be cause for bias in terms of diagnosis 

allocation, whereby results on a spectrum of clinical circumstances instead become adopted 

into a binary system of “rule in or out” positive or negative diagnoses, and thus may falsely 

overestimate tests’ sensitivities and specificities in the study population (Begg, 1987; Lord et 

al., 2006; Ransohoff and Feinstein, 1978; Whiting et al., 2008). Despite such limitations, 

primary studies continue to utilise sensitivity and specificity values as the optimal quantitative 

evaluation of a test’s potential to correctly diagnosis positive and negative cases (predictive 

values), which also takes into account the disease prevalence in the study population (Altman 

and Bland, 1994b, 1994c; Whiting et al., 2008). Thus, confirmation of these calculations 

continue to dictate a test’s potential therapeutic application(s) in disease control (Ferrante di 

Ruffano et al., 2012). 

 

6.2.2 Current methods for fasciolosis diagnosis and anthelmintic resistance 

The diagnosis of Fasiola hepatica infection, like for other parasites, is not often reliant 

on the outcome of one technique, but is often conducted with complementary 

parasitological, molecular and/or immunological methods (Charlier et al., 2014b, 2009, 2008; 

El Bahy et al., 1994; Flanagan et al., 2011b; Mezo et al., 2004; Roeber et al., 2013; Valero et 

al., 2009). Coprological examination has been the oldest standing method for parasitological 

identification of helminth infection (Teuscher, 1965). However, the application of coprology 

via faecal egg counting (FEC) is imperfect for trematode infections at low infection intensities, 

including fasciolosis, due to the delay of their recovery from 8-13 weeks post-infection (wpi) 

and the fluctuations of their release and smooth passage into faeces on their way from the 

host biliary system (Moazeni and Ahmadi, 2016). Thus, in the absence of a gold standard test 

for fasciolosis, concurrent applications of the available tests are necessary for definitive 

identification and confirmation of parasite presence, infecting species, activity and drug 

susceptibility status, wherever each diagnosis might be required (Brockwell et al., 2014, 2013; 

George et al., 2017; Gordon et al., 2012; Novobilský et al., 2016). 
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In recent years, assessing the efficacy of anthelmintic treatment has been of equal if 

not greater concern compared to simply monitoring F. hepatica infection levels, and this shift 

in diagnostic emphasis is driven by increasing global incidences of resistance to TCBZ (Kelley 

et al., 2016), the only compound targeting pathogenic juvenile fluke, coupled with the 

continued absence of a commercial vaccine. Thus far, treatment efficacy testing has consisted 

of the strategic application of parasitological or immunological diagnostics. The aim to 

confirm resistance quantitatively is accomplished by measuring eggs or coproantigens, i.e. 

where <95% reductions after anthelmintic treatment indicates resistance (Brockwell et al., 

2014; Coles et al., 2006; Daniel et al., 2012; Flanagan et al., 2011b, 2011a; Gordon et al., 2012; 

Kajugu et al., 2015; Novobilský et al., 2012; Olaechea et al., 2011; Ortiz et al., 2013; Sargison, 

2012). Reduction tests (RT) for F. hepatica have been standardised for field application 

(Brockwell et al., 2014; Flanagan et al., 2011a, 2011b; Gordon et al., 2012; Novobilský et al., 

2012) and include both the FEC-RT and the coproantigen-RT (C-RT), as directly-detectable 

indicators of parasite activity and viability post-treatment (PT). 

However, in contrast to the ease of application of FEC-RT in supporting the diagnosis 

of nematode anthelmintic efficacy (Coles et al., 2006, 1992), the application of FEC-RT for 

fasciolosis flukicide susceptibility is problematic with well-known limitations. The 

aforementioned irregularity of egg discovery and their interruption is a normal occurrence 

during infection, which PT can continue and be delayed due to the probable entrapment of 

eggs in the gall bladder, consequently impeding the true diagnosis of treatment failure and 

true resistance (Fairweather, 2011b; Sargison, 2012). Measuring the ovicidal activity using an 

egg hatch assay (EHA) eliminates egg timeline problems and subsequently EHA has been 

confirmed as a reliable alternative to FEC-RT for resistance identification in experimental 

isolate and natural infections (Alvarez et al., 2009; Arafa et al., 2015; Canevari et al., 2014; 

Fairweather et al., 2012; Robles-Pérez et al., 2014). The application of serological diagnoses 

for measuring treatment efficacy or anthelmintic resistance is limited by immunological 

memory lingering and silencing the impact of any quantitative changes to antigen abundance 

PT (Brockwell et al., 2013). Thus, flukicide efficacy testing via RT and EHA satisfy requirements 

for measuring clinical level resistance in a specialised laboratory but are not suitable for more 

rapid treatment strategy responses, as would be the paradigm in point-of-care settings 

(Martínez-Sernández et al., 2011; Ndao, 2009) in avoiding uninformed or inappropriate 

anthelmintic use (Vercruysse and Claerebout, 2001). 
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6.2.3 Molecular components of fasciolosis diagnostics 

A multitude of tegumental-, leaked cytosolic- and excretory/secretory product (ES)-

derived molecular biomarkers of Fasciola hepatica have been investigated as potential 

diagnostic candidates over the last several decades, due to their over-abundance, 

immunogenicity and/or association with anti-flukicidal metabolism (Dalton et al., 2003; 

Dalton and Heffernan, 1989; Jefferies et al., 2001; Levieux et al., 1992; McGinty et al., 1993; 

Morphew et al., 2013, 2014). Prominent among them have been cathepsin L (CL) proteases 

of the adult ES proteome, which were first identified as an obvious target due to their over-

abundance and impacts on host immunity and establishment (Dalton et al., 2003). Thus, 

exploiting their extracellular abundance for undertaking immunomodulatory and nutritional 

roles, immunogenic CL proteases from F. hepatica have been shown to be key diagnostic 

candidates, in both laboratory and field studies (Cornelissen et al., 2001, 1999). 

Subsequently, the progression of fasciolosis diagnosis has led to repositioning of CL 

protease peptides as the target for detection by a monoclonal antibody (MM3) for an ELISA 

test (Mezo et al., 2004), which has become a commercial faecal diagnostic platform for 

infections of livestock (Brockwell et al., 2013; Gordon et al., 2012; Kajugu et al., 2015; Mezo 

et al., 2007; Molloy et al., 2005) and humans (Martínez-Sernández et al., 2016, 2011; Ubeira 

et al., 2009; Valero et al., 2012). However, other ES proteomic changes following TCBZ 

exposure could offer new molecular candidates for TCBZ resistance tracking as well as 

descriptive strain-specific biomarkers. Indeed, anthelmintic-induced protein profile 

differences have been confirmed following TCBZ exposure in in vitro-cultured wild type F. 

hepatica (including parasites of an assumed mixture of TCBZ susceptibility status and 

exposure) (4.4.4; Morphew et al., 2014) and a TCBZ-resistant (TCBZ-R) isolate strain of known 

TCBZ treatment history (treatment at 12 wpi; summarised in Chapter 4). The influence of 

TCBZ-associated biomarkers, including seven new recombinant candidates broadened in 

Chapter 5, on the impact of immunogenicity following potential antigen exposures is also yet 

to be understood or investigated for F. hepatica. 
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6.2.4 Chapter 6 aims 

So far, bar tests based on total in vitro-derived ES products (Arjmand et al., 2014; Salimi-

Bejestani et al., 2005), the selection and validation of defined diagnostic biomarkers for 

detecting Fasciola hepatica infection has led to the standardisation and wide-spread 

utilisation of tools based on only the most prominent fluke-derived protein of the host-

parasite interactome, i.e. the CL proteases (Cornelissen et al., 2001, 1999; Dalton et al., 2003; 

Flanagan et al., 2011a; Meshgi et al., 2018; Mezo et al., 2004). However, multiple observations 

have demonstrated numerous antigen options beyond CL proteases in F. hepatica. For 

example, proteomic changes that are descriptive of fluke viability and drug exposure have 

been identified in live and dead flukes (3.4.1; 4.4.1; 4.4.2; Morphew et al., 2007) and following 

TCBZ exposure, observed from wild type fluke with mixed TCBZ-susceptibility and treatment 

history (4.4.4; Morphew et al., 2014), TCBZ-susceptible (TCBZ-S) fluke isolates (Chemale et al., 

2010) and TCBZ-R fluke isolates (4.4.4; Chemale et al., 2010). Thus, in order to investigate 

novel antigens of diagnostic potential, identified through these experimental observations, 

the specific objectives of this chapter were: 

1) To determine in vivo native antigen exposure based on serum recognition of recombinant 

and synthetic diagnostic candidates during experimental infection with TCBZ-S and TCBZ-

R using indirect ELISA; 

2) To assess, using a pilot faecal antigen capture ELISA platform, the ability of the anti-

procathepsin L polyclonal antibody (anti-rFh∆pCL1 IgG) to detect F. hepatica infection and 

differences between TCBZ-S- or TCBZ-R-specific fluke infections; 

3) To test for and identify, if present, antigen and anti-rFh∆pCL1 IgG specificity or cross-

reactivity using serum and faecal livestock samples infected with other common UK-

endemic parasites. 

 

  



 

245 
 

6.3 Materials and methods 

6.3.1 Animal samples 

 Sample collection and origin 

Faecal and serum samples were provided by Ridgeway Research Ltd UK from sheep 

experimentally infected with fluke (Fasciola hepatica; Calicophoron daubneyi) or nematode 

(Haemonchus contortus; Ostertagia circumcincta; Cooperia oncophora) parasites. All faecal 

and serum samples were stored at ≤-20°C until required. 

 

 Faecal sample preparation 

Crude faeces (freshly collected and subsequently stored at 4°C short-term and -20°C 

long-term) were homogenised by inversion and vortexing in distilled water (UV-sterilised; 15 

MΩ) at a ratio of 1:3 and 1:1 for sheep and cattle, respectively (water:faeces). Resuspended 

samples were subsequently centrifuged between 1,000-5,000 x g for 10 minutes at 4°C as 

needed in order to pellet large particulates. Supernatants were collected and stored at -20°C 

until required. 

 

6.3.2 Antigen preparations 

 Fasciola hepatica excretory/secretory (ES) products 

Fasciola hepatica ES products were prepared as described in the General materials 

and methods (2.3.2–2.3.3), whereby samples were pooled from six replicates of ten flukes 

acquired from natural infections at a local slaughterhouse. 

 

 Recombinant antigens 

A recombinant Fasciola hepatica Leu12Pro mutant procathepsin L (rFh∆pCL1) was 

kindly gifted by Professor Dalton (Queen’s College Belfast, UK) (Roche et al., 1999) and 

analysed in Chapter 3 (3.4.2.1; 3.4.3.4.1). Recombinantly expressed and IMAC-purified F. 

hepatica calreticulin (rFh∆CRT), gelsolin (rFhGEL) and triose phosphate isomerase (rFhTPI) 

were produced as described in Chapter 5 (4.4.2.4; 4.4.2.7; 4.4.2.9). 
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 Peptide synthesis 

Three candidate peptide sequences (15-mer) from the signal peptide, inhibitor 

peptide and protease regions were selected based on sequence conservation, antigenicity 

(threshold for significant immunogenicity: peptide score > whole protein score), and with 

guidance from previous immunogenicity evidence, where present (Cornelissen et al., 2001, 

1999) (Chapter 3: 3.3.3). Designed peptides were synthesised at >70% purity by Peptide 

Synthetics (Peptide Protein Research Ltd, UK). Lyophilised peptides were resolubilised with 

dimethyl sulfoxide (DMSO) (75% v/v) in distilled water (UV-sterilised; 18.2 MΩ) due to the 

intrinsic insolubility of peptide residues. Resolubilised peptides were stored at -80°C for long-

term or -20°C for short-term storage until required. 

 

6.3.3 Antibody preparations 

 Anti-rFh∆pCL1 purification 

Polyclonal antibodies (PcAb) were raised to rFh∆pCL1 as previously described (2.4.2.1; 

3.3.4). IgG PcAbs were individually purified from whole sera isolated pre-exposure and after 

exposure to rFh∆pCL1 using protein A affinity chromatography (PAAC) as per the 

manufacturer’s guidelines (ABT, Web Scientific). Briefly, 100 μL protein A-coated beads were 

rinsed and equilibrated with binding buffer (25 mM sodium phosphate, pH 7.0) before 

applying 400 μL (≥2.5 mg protein by Bradford assay) pre- or post-antigen exposure sera 

diluted at a ratio of 1:1 in binding buffer for 45-60 minutes. The flow-through was then 

collected and the resin was washed with 4 mL binding buffer until the run-off A280 was the 

same as the binding buffer, before eluting IgG with elution buffer (glycine 100 mM, pH 3.0) 

and neutralisation of the sample with the recommended volume of neutralisation buffer (1 

M tris, pH 9.0). Samples were kept at -20°C until required. 

Purified IgG samples from protein A chromatography were concentrated using 

Amicon® Ultra 3K Centrifugal Filters (Merck, UK) according to the manufacturer’s protocol. 

Protein A-purified elution samples were filtered at 4°C using centrifugation at 14,000 x g for 

30 minutes, which was repeated following recovery in 0.05% sodium azide (w/v) in PBS (0.1 

M, pH 7.4) in the final volume of approximately 100 μL, which was stored at 4°C (short-term) 

or -20°C (long-term). 
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 Antibody biotinylation 

Anti-rFh∆pCL1 IgG was labelled with biotin using the Lightning Link® rapid 

biotinylation kit (Innova Biosciences, UK) according to the manufacturer’s instructions. 

Briefly, 20 μg purified IgG antibody was mixed with LL Rapid Modifier reagent (1 μL per 10 μL 

antibody solution) and added to the vial containing biotin. The vial was incubated at room 

temperature (approximately 20°C) for at least 2 hours or overnight (14 hours) before stopping 

the reaction with LL Rapid Quencher reagent (1 μL per 10 μL antibody solution). Biotinylated 

antibodies were then stored at 4°C until required. 

 

6.3.4 ELISA procedures 

 General ELISA protocol 

All ELISA procedures were conducted as follows unless otherwise specified. Antigen 

(Ag) and antibody coating procedures were conducted by diluting samples at the required 

concentration in 0.1 M sodium carbonate (NaHCO3-Na2HCO3 pH 9.5, coating buffer) onto 

Immulon 4HBX plates (Thermo Scientific, UK) and incubating overnight at 4°C. Wells were 

then blocked with 200 μL 2% bovine albumin (SRE00036, Sigma-Aldrich, UK) in PBS (pH 7.4; 

P4417, Sigma-Aldrich, UK) with 0.05% Tween-20® (2% BSA-PBS-T) for 1 hour at 37°C. For Ag 

or detection antibody incubations, solutions were prepared using 1% BSA-PBS-T for 100 μL 

per well, and secondary antibody or additional reagents, e.g. avidin-peroxidase (A3151, 

Sigma-Aldrich, UK), were prepared using PBS-T for 100 μL/well. All Ag and antibody steps were 

incubated for 1 hour at 37°C, and avidin peroxidase was incubated for 30 minutes at 37°C. 

Washing steps were included before and after all steps described, using 200 μL/well PBS-T 

five times (one minute each) with PBS-T. For reactions using the alkaline phosphatase (AP) 

system, including AP-conjugated antibodies (A3687, A5187, Sigma-Aldrich, UK), antibodies 

were diluted to 1:30,000 and 100 μL/well pNPP substrate solution (P7998, Sigma-Aldrich, UK) 

was incubated at room temperature for up to 30 minutes. AP-PNPP reactions were stopped 

by the addition of 25 μL/well 3 M (N) NaOH for absorbance (optical density, OD) readings at 

405 nm. For reactions using avidin peroxidase, 100 μL/well 1-Step™ Ultra TMB-ELISA (TMB 

substrate) solution (34028, Thermo Scientific, UK) was incubated in the dark at room 

temperature for up to 30 minutes and stopped by the addition of 100 μL/well 2 M H2SO4 for 

OD readings at 450 nm. 
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 ES Ag-ELISA for procedure optimisation 

Immulon 4HBX plates were coated overnight with Fasciola hepatica ES diluted within 

the range of 0.05–2 μg·mL-1 in coating buffer. After blocking, wells were incubated with 

experimental infection sera pooled from four uninfected or F. hepatica-infected (12 weeks 

post-infection, wpi) sheep and diluted within the range of 1:250-1:1,000. Antibodies were 

detected using appropriate secondary antibodies as described (6.3.4.1). 

 

 Ag-ELISA for biomarker antigenicity testing: rFh∆pCL1, rFh∆CRT, rFhGEL, rFhTPI 

Recombinant antigens, including rFh∆pCL1, rFh∆CRT, rFhGEL and rFhTPI, were directly 

coated within the range of 15.625 ng·mL-1–1 μg·mL-1. Control sera pooled from four 

uninfected or Fasciola hepatica-infected (12 weeks post-infection, wpi) sheep were diluted in 

the first instance to 1:750 to test Ag immunogenicity by the host of an established infection. 

Experimental sera used for testing were pooled from three pairs of sheep infected with F. 

hepatica of known TCBZ susceptibility (Aberystwyth; Italy; Miskin) or resistance (Kilmarnock; 

Penrith; Stornoway) (Ridgeway Research Ltd.), between 0-17 wpi (including TCBZ treatment 

at 12 wpi). Pooled sera were diluted within the range of 1:100–1:750 and incubated for 1–1.5 

hours at 37°C as stated per assay. 

 

 Sandwich ELISA for antigen capture: anti-rFh∆pCL1 (IgG) 

6.3.4.4.1 Anti-rFh∆pCL1 IgG sandwich ELISA protocol optimisation 

In order to calculate the optimal concentrations of sandwich ELISA components, 

including antigen (rFh∆pCL1), and coating (anti-rFh∆pCL1 IgG) and detection (anti-rFh∆pCL1 

IgG-Biotin) antibodies, two preliminary ELISAs were conducted. Initially, the coating antibody 

and antigen dilutions were tested, with the coating antibody at 5, 10 and 20 µg·mL-1, rFh∆pCL1 

Ag within the range of 31.25 ng·mL-1–2 μg·mL-1, 1:10,000 detection antibody, 1:500 avidin-

peroxidase and TMB substrate incubation for 7 minutes. A second ELISA was conducted to 

refine antibody dilutions further, testing by serial dilutions the coating antibody within the 

range of 78.125 ng·mL-1–5 μg·mL-1 and the detection antibody within the range of 1:320,000–

1:10,000 with 10 ng·mL-1 rFh∆pCL1, 1:10,000 avidin-peroxidase and TMB substrate incubation 

for 30 minutes before stopping and absorbance measurements. 
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6.3.4.4.2 Faecal antigen capture 

The above method for the anti-rFh∆pCL1 IgG sandwich ELISA was further optimised 

for faecal antigen capture as follows. Firstly, plates were coated with 100 μL/well of polyclonal 

anti-rFh∆pCL1 IgG or polyclonal IgG from a non-immunised rabbit diluted to 5 µg·mL-1. 

Following blocking and wash steps, 100 μL/well of faecal sample pooled from six uninfected 

sheep (prepared as previously described: 6.3.1.2) and containing rFh∆pCL1 diluted within the 

range of 31.25 ng·mL-1–1 μg·mL-1 were added in duplicate. Six dilutions of biotinylated anti-

rFh∆pCL1 IgG (1:4,000, 1:8,000, 1:12,000, 1:15,000, 1:20,000, 1:25,000) were used to 

determine the optimal detection antibody conditions, followed by 1:10,000 avidin-peroxidase 

incubation for 30 minutes and TMB substrate incubation for 4.5 minutes before stopping and 

absorbance measurements. OD measurements were calculated by subtracting OD values of 

wells coated with non-immunised rabbit IgG from OD values of wells coated with anti-

rFh∆pCL1 rabbit IgG. 

 Based on the optimisation for faecal antigen capture, 1:25,000 was the dilution used 

for the biotinylated anti-rFh∆pCL1 rabbit IgG detection antibody for experimentally infected 

sheep faecal samples, and with TMB substrate incubation for 5 minutes before stopping and 

absorbance measurements. 
 

 CL-derived peptide ELISA 

6.3.4.5.1 Peptide antigenicity testing: anti-rFh∆pCL1 IgG sandwich ELISA 

The antigenicity of three synthetic peptides derived from the signal, inhibitor and 

mature regions of FhCL (Chapter 3: 3.4.3) was tested using the aforementioned anti-rFh∆pCL1 

IgG sandwich ELISA described (6.3.4.4.1). Peptides were diluted within the range of 312.5 

ng·mL-1–10 μg·mL-1 following 100 μL/well coating with 5 ug·mL-1 anti-rFh∆pCL1 IgG and 

detection using 1:20,000 anti-rFh∆pCL1 IgG-Biotin, 1:10,000-diluted avidin-peroxidase and 

TMB substrate incubation for 25 minutes before stopping and absorbance measurements. 
 

6.3.4.5.2 Peptide antigenicity testing: anti-rFh∆pCL1 IgG-Biotin direct ELISA 

A direct ELISA approach for testing peptide-anti-rFh∆pCL1 IgG binding was also 

conducted as follows. Plates were coated with peptides diluted within the range of 625 ng·mL-

1–40 μg·mL-1 and, following blocking and washing steps, were directly detected with 

biotinylated anti-rFh∆pCL1 IgG diluted to 1:5,000, 1:10,000-diluted avidin-peroxidase and 

TMB substrate incubation for 25 minutes before stopping and absorbance measurements. 
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6.3.4.5.3 Peptide immunogenicity testing: experimental infection sera 

The direct peptide ELISA was adapted for use with Fasciola hepatica-infected sheep 

serum as follows. Initially, peptide coating concentrations were tested within the range of 

390.625 ng·mL-1–100 μg·mL-1 and detected with 1:200-diluted serum from uninfected sheep 

or sheep infected with F. hepatica after 12 wpi. Based on this pilot assay setup, peptides were 

subsequently coated at 100 μg·mL-1 and detected with F. hepatica-infected (TCBZ-S or TCBZ-

R strain-specific) 1:100-diluted sheep serum taken at 0, 2, 4, 8, 12 and 17 wpi. 

 

 Statistical analyses 

For the evaluation of assays with uninfected and infected animal samples, cut-off 

values were calculated as previously described (Martínez-Sernández et al., 2016) as 1 

standard deviation above the mean sample OD value of the negative control (irrelevant 

antigen/uninfected sample), which were calculated per assay. 

 

6.3.5 SDS PAGE and western hybridisation 

0.25–2.0 µg recombinant Ag was prepared for SDS PAGE and western blotting as 

previously described (General materials and methods: 2.4.1–2.4.2), whereby proteins were 

probed with serum from experimental infections (6.3.4.3) diluted to 1:1000 and detected 

with AP-conjugated anti-sheep IgG. Anti-HIS antibody raised in rabbit was used at 1:300–

1:1000 as the positive control and detected using AP-conjugated anti-rabbit IgG. 

 

6.3.6 Dot blot 

Nitrocellulose membrane (NCM) was washed with distilled water (UV-sterilised; 18.2 

MΩ) and equilibrated in Bjerrum buffer, dried then allowed to acclimatise to room 

temperature. 2–5 μL samples were applied and allowed to absorb onto the membrane. NCM 

blots with samples applied were allowed to dry at room temperature and thereon treated as 

in the western blotting procedure (General materials and methods: 2.4.2), including 

confirmation of antigen binding using Amido Black staining (0.1% (w/v) amido black; 10% (v/v) 

acetic acid; 25% (v/v) isopropanol). 
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6.4 Results 

6.4.1 Ag-ELISA optimisation 

The conditions for optimal serum dilutions for the Ag-ELISA were calculated based on 

the optimisation assay described above (6.3.4.2) and briefly summarised as follows. Two 

duplicates were conducted on different occasions, whereby positive (Fasciola hepatica-

infected sheep) and negative (uninfected sheep) serum IgG levels were detected against F. 

hepatica ES products (0.05–2 μg·mL-1) and irrelevant Ag (0.05% BSA). All positive sera had 

average OD scores above the cut-off for this assay (1SD above the 1:250-diluted negative 

serum), and 1.0 μg·mL-1 Ag led to the greatest difference in OD above the cut-off and negative 

sera OD scores (including SDs) (for OD analysis see Supplementary materials: Figure S9). All 

sera positively correlated with increasing positive control Ag concentration, though 

quadruplicate data for the positive sera diluted to 1:750 were less variable than the 1:1000 

dilution at 1.0 μg·mL-1 (SD of ODav = 0.03456). 

 

6.4.2 Antigenicity testing of rFh∆pCL1, rFh∆CRT, rFhGEL and rFhTPI 

 Ag-ELISA optimisation 

For preliminarily assessments of antigen immunogenicity during Fasciola hepatica 

infections, rFh∆pCL1, rFh∆CRT, rFhGEL and rFhTPI recombinant antigens were coated onto 

4HBX plates within the range of 15.625 ng·mL-1–1 μg·mL-1 and probed with known negative 

and positive sera diluted to 1:750 (Figure 6.4.2.1). rFh∆pCL1 demonstrated positive OD scores 

above 0.25 μg·mL-1, whereas the other Ags tested demonstrated no OD scores exceeding the 

cut-off (C-O) for this assay (Figure 6.4.2.1, C-O: 0.123864). 
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Figure 6.4.2.1. Ag-ELISA for Fasciola hepatica infection serum testing against four recombinant F. hepatica 

antigens. Average duplicate OD measures (adjusted by the subtraction of negative BSA control Ag OD) are 

presented for recombinant Ags, rFh∆pcCL1, rFh∆CRT, rFhGEL and rFhTPI, diluted within the range of 15.625 

ng·mL-1–1 μg·mL-1. Ags were probed with positive (+, TCBZ-S F. hepatica-infected at 12 wpi) or negative (-, 

uninfected) sheep serum diluted to 1:750 and detected with anti-sheep IgG secondary antibody and AP 

detection. Positive OD values were considered when exceeding the cut-off (C-O), shown as one standard 

deviation above the negative Ag (BSA) OD score (solid line: 0.123864). 

 

 Ag-ELISA for the investigation of serum responses to TCBZ-S and TCBZ-R F. 

hepatica 

ELISAs with experimental sera were subsequently conducted to determine and 

compare Ag immunogenicity and exposure in vivo during Fasciola hepatica infection with 

three TCBZ-S or TCBZ-R F. hepatica strains, including before (0–12 wpi) and after (13–17 wpi) 

clinical TCBZ exposure. 

rFh∆pCL1 was coated at 0.5 μg·mL-1 and probed with experimental TCBZ-S and TCBZ-

R sera diluted to 1:750 (Figure 6.4.2.2.1), demonstrating positive OD scores after 4 and 5 wpi 

with TCBZ-R and TCBZ-S strains, respectively. Thereon TCBZ-R-specific IgG demonstrated 
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increasing immunoreactivity to rFh∆pCL1, whereas TCBZ-S-specific IgG OD scores plateaued 

at 8 wpi, and falling steadily thereon (Figure 6.4.2.2.1). 

 

Figure 6.4.2.2.1. rFh∆pCL1 Ag-ELISA for the comparison of serum immunogenicity during infection with TCBZ-

S or TCBZ-R Fasciola hepatica strains. Average duplicate OD measures from two ELISA plates (adjusted by the 

subtraction of negative BSA control Ag OD) are presented for rFh∆pCL1 [0.5 μg·mL-1] after detection with 

representative (n = 3 sheep/parasite strain) serum diluted to 1:750 from 0-17 weeks post infection (wpi) with 

TCBZ-S (dashed line) or TCBZ-R (solid line), and following clinical administration of TCBZ at 12 wpi. Positive OD 

values were considered when exceeding the cut-off (C-O), shown as one standard deviation above the negative 

Ag (BSA) OD score for each sera (dot line, TCBZ-S: 0.0901; dot-dash line, TCBZ-R: 0.0815). Error bars are one 

standard deviation more and less than average ODs and the shaded line indicates the recommended timepoint 

at 12 wpi for TCBZ administration in infected animals. 
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Figure 6.4.2.2.2. Pilot Ag-ELISA for comparative immunogenicity by Fasciola hepatica-infected sera. Average 

duplicate OD measures (adjusted by the subtraction of negative BSA control Ag OD) are presented for (A) 

rFh∆CRT [0.5 μg·mL-1] (B) rFhGEL [1.0 μg·mL-1] and (C) rFhTPI [0.5 μg·mL-1] after detection with representative 

(n = 3 sheep/parasite strain) serum from 0-17 weeks post infection (wpi) with TCBZ-S (dashed line) or TCBZ-R 

(solid line) strains, and following clinical administration of TCBZ at 12 wpi. Sera were diluted to 1:750 and 

incubated for 1 hour (A) or 1:500 for 1.5 hours (B-C), respectively. Positive OD values were considered when 

exceeding the cut-off of one standard deviation above the negative Ag (BSA) OD score for each sera (not shown: 

(A) 0.07941 (TCBZ-S), 0.078828 (TCBZ-R); (B) 0.094414 (TCBZ-S), 0.081414 (TCBZ-R); (C) 0.081621 (TCBZ-S), 

0.073621 (TCBZ-R)). Error bars are one standard deviation more and less than average ODs. 



 

255 
 

Figure 6.4.2.2.3. Second round of Ag-ELISAs with three recombinant candidates for the comparison of serum 

immunogenicity during infection with TCBZ-S or TCBZ-R Fasciola hepatica strains. Average duplicate OD 

measures (adjusted by the subtraction of negative BSA control Ag OD) are presented for (A) rFh∆CRT [1.0 μg·mL-

1] (B) rFhGEL [2.0 μg·mL-1] and (C) rFhTPI [1.0 μg·mL-1] after detection with representative (n = 3 sheep/parasite 

strain) serum from 0-17 weeks post infection (wpi) with TCBZ-S (dashed line) or TCBZ-R (solid line) strains, and 

following clinical administration of TCBZ at 12 wpi. Sera were diluted to 1:250 and incubated for 1.5 hours (A) or 

1:200 for 1 hour (B-C), respectively. Positive OD values were considered when exceeding the cut-off (C-O), shown 

as one standard deviation above the negative Ag (BSA) OD score (dot line (TCBZ-S): (A) 0.091414, (B) 0.101450, 

(C) 0.107485; dot-dash line (TCBZ-R): (A) 0.089414, (B) 0.091864, (C) 0.092414). Error bars are one standard 

deviation more and less than average ODs. 
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Since the preliminary ELISA did not indicate positive OD scores for rFh∆CRT, rFhGEL 

and rFhTPI, several assay conditions were tested for use with TCBZ-S- and TCBZ-R-specific F. 

hepatica infection sera. Firstly, rFh∆CRT [0.5 ng·mL-1], rFhGEL [1.0 ng·mL-1] and rFhTPI [0.5 

ng·mL-1] were coated and probed with serum diluted to 1:750 (rFh∆CRT) for 1 hour or 1:500 

(rFhGEL; rFhTPI) for 1.5 hours (Figure 6.4.2.2.2). Since no OD scores exceeded the positive C-

O per assay (rFh∆CRT: 0.07941; rFhGEL: 0.094414; rFhTPI: 0.081621), antigen coating 

concentrations were increased, and serum dilutions were decreased as follows. rFh∆CRT [1.0 

ng·mL-1], rFhGEL [2.0 ng·mL-1] and rFhTPI [1.0 ng·mL-1] were coated and probed with serum 

diluted to 1:250 (rFh∆CRT) for 1.5 hours or 1:200 (rFhGEL; rFhTPI) for 1 hour (Figure 6.4.2.2.3). 

Assay adjustments led to an increase in overall OD scores for rFh∆CRT and FhTPI, particularly 

for anti-rFh∆CRT-specific IgG after 5 wpi (Figure 6.4.2.2.3). However, data indicated no 

positive OD scores above the cut-off for each antigen (rFh∆CRT, 0.091414; rFhGEL, 0.10145; 

rFhTPI, 0.107485) despite assay modifications. 

 

 Western hybridisation trials 

Western hybridisations were utilised as an alternative format to the ELISAs to 

determine serum immunogenicity to three of the aforementioned candidate antigens by 

increasing protein availability for antibody binding. Following confirmation of optimal antigen 

transfers to NCM (Figure 6.4.2.3.1), rFh∆CRT (0.5 μg/lane), rFhGEL (2.0 μg/lane) and rFhTPI 

(0.25 μg/lane) were probed with experimental TCBZ-S and TCBZ-R sera diluted to 1:1500 

(Figure 6.4.2.3.2; for duplicate western hybridisation images see Supplementary materials 

Figure S10). Blots indicated different immunoreactivity between candidates with the sera 

tested as follows. TCBZ-R-specific sera demonstrated rFh∆CRT recognition after 6 wpi that 

appeared to be maintained until 10 wpi (Figure 6.4.2.3.2Aii), conversely to TCBZ-S-specific 

sera which indicated no antibody-rFh∆CRT binding (Figure 6.4.2.3.2Ai). TCBZ-S-specific sera 

indicated non-specific immunoreactivity with rFhGEL due to positivity between 0–3 wpi, with 

more intensity at the dimer-specific bands, and a faintly positive monomer band at 8 wpi 

(Figure 6.4.2.3.2Bi). Conversely to these findings, TCBZ-R-specific sera indicated 

immunoreactivity with rFhGEL from 6 wpi, which was maintained until 15 wpi (Figure 

6.4.2.3.2Bii). rFhTPI indicated limited immunoreactivity with both sets of sera, with faint 

positive bands after TCBZ-S-specific sera between 7–8 wpi, and after TCBZ-R-specific sera 
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from 6 wpi, with positivity which was similarly faint and maintained until approximately 15 

wpi. These data together suggest the varied natural abundance and exposure of these Ag 

candidates during infections, which is further influenced by TCBZ susceptibility status of the 

infecting Fasciola hepatica. 

 

Figure 6.4.2.3.1. SDS PAGE separation of purified recombinant Fasciola hepatica diagnostic candidates and 

confirmation of their transfer to nitrocellulose membrane. (A) 2 μg rFh∆CRT (BN1106_s2673B000071.1) (B) 2 

μg rFhGEL (D915_01476) (C) and 1 μg rFhTPI (AGJ83762.1) separated by 12.5% SDS PAGE and Coomassie-

stained. (Di) 0.5 μg (rFh∆CRT), 0.5 μg (rFhGEL) and 0.25 μg (rFhTPI) were transferred to nitrocellulose membrane 

(0.45 μm pores) and stained with Amido Black, but a further range (2-5 μg) of total purified rFhGEL protein were 

used to determine the optimum concentration for western blotting, due to the formation of a dimer and 

consequential reduction of monomer protein abundance. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr). 

 

To quantitatively assess the positivity for each band at each time-point (wpi), band 

intensity data were calculated using ImageQuant TL (GE Life Sciences, UK), which were 

summarised from duplicate western hybridisations (Table 6.4.2.3). Positivity was first 

apparent from 1 wpi for rFh∆CRT and rFhGEL2 against TCBZ-S- and TCBZ-R-infected sera, 

respectively. Interestingly, all Ag were positive by TCBZ-S and negative by TCBZ-R sera at 12 

wpi. rFhGEL demonstrated long-lasting immunoreactivity beginning after 2 wpi in the TCBZ-S 

sera compared to TCBZ-R serum positivity at only 3 wpi, and compared to rFhGEL2 that 

demonstrated partial consensus with rFhGEL positivity in TCBZ-S sera with further positive 

scores at 1, 5, 10, 11, and 16 wpi. rFhTPI demonstrated the least immunogenicity in TCBZ-S 

sera at only 11-12 wpi, whereas rFh∆CRT and rFhTPI were only positive for six (3, 6, 7, 14, 15, 

17 wpi) and seven (7, 9, 10, 13, 15, 16, 17 wpi) weeks in total in TCBZ-R sera, respectively. 
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Figure 6.4.2.3.2. Western hybridisation analysis of IgG immunoreactivity against recombinant candidates 

using experimentally infected sheep with Fasciola hepatica drug-susceptible and -resistant isolates. rFh∆CRT 

(0.25 μg/lane) (A), rFhGEL (2.0 μg/lane) (B) and rFhTPI (0.25 μg/lane) (C) were probed with whole sheep sera 

diluted to 1:1,500 and pooled from three animals experimentally infected with TCBZ-susceptible (i) or TCBZ-

resistant (ii) F. hepatica isolates. Lane numbers refer to week post-infection (0–17), with clinical TCBZ dose 

administration at week 12(*). Images of duplicates of the above western hybridisations are shown in the 

supplementary materials. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr). 
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Together, data from western hybridisations indicate the possibility of in vivo native 

FhCRT, FhGEL and FhTPI exposure, with FhCRT and FhGEL immunogenicity indicated from as 

early as 1-2 wpi until 17 wpi in TCBZ-S F. hepatica infections. However, FhCRT and FhTPI 

exposure appeared limited in both TCBZ-S- and TCBZ-R-specific infections due to the transient 

natures of positive immunoreactivity for these Ags. 

 

6.4.3 Sandwich ELISA for antigen capture using anti-rFh∆pCL1 (IgG) 

 Anti-rFh∆pCL1 IgG purification 

In order to prepare polyclonal sera for sandwich and direct ELISA assays, 

immunologically relevant antibodies (IgG) were purified from pre- and post-immunisation 

(rFh∆pCL1) rabbit sera using protein A affinity chromatography (PAAC). Whole polyclonal sera 

(Figure 6.4.3.1: lane 1), PAAC flow-through (Figure 6.4.3.1: lane 2), PAAC elutions before and 

after additional filtration purification (Figure 6.4.3.1A: lanes 3–4) or PAAC elution fractions 

Table 6.4.2.3. Quantitative representation of duplicate western Hybridisations for antigen immunogenicity 

testing. Data from duplicate western hybridisations were analysed and band areas of interest were 

interpreted and quantified using ImageQuant TL (GE Life Sciences, UK). Band intensities and serum positivity 

for each wpi were calculated by subtracting 0 wpi values from each wpi value for each treatment replicate. 

Data were collated and outcomes were defined, whereby values which were positive in both replicates were 

considered positive, +; and values which were negative or negative and positive in both replicates were 

considered negative, -. The asterisk (*) indicates data from one replicate western hybridisation only. 

Ag vs. TCBZ-S/TCBZ-R F. hepatica 

(n = 3 parasite strains, n = 3 sheep) 
wpi / positivity (-/+) 

TCBZ-S 

Biomarker 

Approximate 

molecular 

weight (kDa) 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

rFh∆CRT 54.9 - + - - - - - - - + - - + - - + - - 

rFhGEL 
110.4 - - - - + - - + + - + + + + + + - +* 

47.0 - - + - + + + + + + + + + + + + - +* 

rFhTPI 29.7 - - - - - - - - - - - + + - - - - - 

TCBZ-R 

Biomarker 

Approximate 

molecular 

weight (kDa) 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

rFh∆CRT 54.9 - - - + - - - + + - - - - - + + - + 

rFhGEL 
110.4 - + - + - + - - - - + + - - - - + -* 

47.0 - - - + - - - - - - - - - - - - - -* 

rFhTPI 29.7 - - - - - - - + - + + - - + - + + + 
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one and two (Figure 6.4.3.1B: lanes 3–4) were analysed by SDS PAGE (i) and western 

hybridisation (ii). IgG purification was demonstrable in elution fractions, and IgG identification 

was inferred from the immunoreactivity against goat anti-rabbit IgG (raised against whole 

molecule) and the established approximate molecular weight of rabbit IgG at 50 kDa and 25 

kDa for crystallisable and antigen-binding fragments, respectively. 

 

Figure 6.4.3.1. Confirmation of IgG purification from anti-rFh∆pCL1 polyclonal sera. IgG was purified from 

whole rabbit polyclonal sera following immunisation with rFh∆pCL1 (terminal bleed, A) and pre-immunisation 

(pre-bleed, B) using Protein A-coated beads (ABT, Web Scientific). (Ai, Bi) SDS PAGE separation and (Aii, Bii) anti-

rabbit IgG western hybridisation identified the purification of approximately 25 and 50 kDa bands from whole 

sera (1 μg, 1), which was lower in abundance in the protein A flow-through (1 μg, 2) and increased in abundance 

in the elution fractions (A = 2.5 μg, 3-4; B = 1 μg, 3-4). Western hybridisation used 1:30,000-diluted AP-

conjugated goat anti-rabbit IgG (raised against whole molecule), the developing time for membranes was 

shortened from 2.5 minutes for post-immunisation (A) to 1 minute for pre-immunisation (B) samples, reducing 

to the appearance of immunoreactivity of only monomer crystallisable fragments in the latter (grey arrow). 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr). 
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 Optimisation of anti-rFh∆pCL1 IgG sandwich ELISA 

The optimal range of Ag, coating IgG and detection IgG concentrations for the anti-

rFh∆pCL1 IgG sandwich ELISA was determined as follows using two assays to vary each 

component. Initially, plates were coated with 5.0–20.0 μg·mL-1 polyclonal IgG followed by 

31.25 ng·mL-1–2.0 μg·mL-1 rFh∆pCL1 Ag and biotinylated anti-rFh∆pCL1 IgG detection 

antibody diluted to 1:10,000 (Figure 6.4.3.2.1). OD data were calculated by subtracting OD 

values of irrelevant Ag (BSA) from OD of rFh∆pCL1 samples, which indicated all IgG coating 

concentrations led to similar positive absorbances (OD >1.50) to the lowest Ag concentration 

tested. Only two OD values could be identified as outliers, where no antibody coat was 

applied at Ag concentrations of 62.5 and 125.0 ng·mL-1, suggesting these were minor 

anomalies (Figure 6.4.3.2.1). 

 

Figure 6.4.3.2.1. Optimisation part one of the anti-rFh∆pCL1 IgG sandwich ELISA. OD measures (450 nm) are 

shown for the reactivity of 1:10,000-diluted biotinylated anti-rFh∆pCL1 IgG against rFh∆pCL1 diluted within the 

range of 31.25 ng·mL-1–2.0 μg·mL-1 after Ag capture by anti-rFh∆pCL1 IgG coating within the range of 5.0–20.0 

μg·mL-1. 

 

Based on the outcome of the initial assay, a second sandwich ELISA was conducted by 

coating plates with polyclonal IgG 78.125 ng·mL-1–5.0 μg·mL-1, followed by 31.25 ng·mL-1 

rFh∆pCL1 Ag and probing with biotinylated anti-rFh∆pCL1 IgG detection antibody diluted 

within the range of 1:10,000–1:320,000 (Figure 6.4.3.2.2). Data demonstrated unprecedented 
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sensitivity of the biotinylated anti-rFh∆pCL1 IgG against rFh∆pCL1 and anti-rFh∆pCL1 IgG 

(coating concentration: 5 μg·mL-1) at all dilutions tested, including 1:320,000 (Figure 

6.4.3.2.2). Following data collection from subsequent assays, the variation of absorbance 

observed in these data for the negative control (BSA) were assigned to the deterioration of 

an avidin-peroxidase working stock solution rather than detection, TMB or stop solutions. 

 

Figure 6.4.3.2.2. Optimisation part two of the anti-rFh∆pCL1 IgG sandwich ELISA. OD measures (450 nm) are 

shown for the immunoreactivity of biotinylated anti-rFh∆pCL1 IgG against 31.25 ng·mL-1 rFh∆pCL1 captured by 

anti-rFh∆pCL1 IgG diluted within the range of 78.125 ng·mL-1–5.0 μg·mL-1. 

 

 Faecal antigen capture with anti-rFh∆pCL1 IgG sandwich ELISA 

6.4.3.3.1 Protocol optimisation 

The anti-rFh∆pCL1 IgG sandwich ELISA was optimised for faecal antigen capture using 

duplicate negative faecal samples (pooled from six uninfected sheep) containing rFh∆pCL1 

diluted within the range of 31.25 ng·mL-1–1 μg·mL-1 and detected with anti-rFh∆pCL1 IgG 

diluted to 1:4,000, 1:8,000, 1:12,000, 1:15,000, 1:20,000 or 1:25,000 (Figure 6.4.3.3.1). All Ag 

and detection antibody dilutions led to similar positive OD scores, indicating the high 

sensitivity of the biotinylated anti-rFh∆pCL1 IgG to detect the target Ag in faeces. 
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Figure 6.4.3.3.1. Optimisation of anti-rFh∆pCL1 IgG sandwich ELISA for faecal antigen capture. Average 

duplicate OD measures (adjusted by the subtraction of OD values of non-immunised rabbit IgG coat from 

positive rabbit anti-rFh∆pCL1 IgG coat) are shown following the dilution of rFh∆pCL1 Ag in uninfected sheep 

faeces within the range of 31.25 ng·mL-1–1.0 μg·mL-1 and detection with biotinylated anti-rFh∆pCL1 IgG diluted 

to 1:4,000, 1:8,000 and 1:12,000 on one day, and 1:15,000, 1:20,000 and 1:25,000 on a different day. Error bars 

are one standard deviation more and less than average ODs. 

 

6.4.3.3.2 Faecal antigen capture: experimental Fasciola hepatica infections 

 Based on the optimisation of the anti-rFh∆pCL1 IgG sandwich ELISA for faecal antigen 

capture, duplicate wells were incubated with faecal samples from F. hepatica-infected sheep 

were detected using biotinylated anti-rFh∆pCL1 IgG diluted to 1:25,000 (Figure 6.4.3.3.2). 

Samples were pooled between two sheep infected with isolated strains of known TCBZ 

susceptibility, including TCBZ-S (Aberystwyth, Italian) or TCBZ-R (Kilmarnock, Stornoway) 

strains, for each week between 0–17 wpi and including TCBZ administration at 12 wpi. OD 

measurements were averaged between two duplicate measurements conducted on two 

occasions, calculated by the subtraction of OD values of wells coated with non-immunised 

rabbit IgG from OD values of wells coated with anti-rFh∆pCL1 rabbit IgG and averaged 

between ELISA plates. Average ODs demonstrated positive values appearing from 4 wpi in the 

faeces of sheep infected TCBZ-S, climbing until 12 wpi until TCBZ administration induced a 

significant drop in OD leading to negative scores by 15 wpi, which was calculated as a 97.36% 

reduction in OD between 12 and 13 wpi. Conversely, TCBZ-R-infected samples were not 
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positive until 8 wpi, whereupon OD scores increased sharply until 11 wpi at which point they 

plateaued with a small increase between 15–16 wpi and decreased slightly at 17 wpi. 

 

Figure 6.4.3.3.2. Validation of the anti-rFh∆pCL1 IgG sandwich ELISA for faecal antigen capture and 

identification of treatment success. Average duplicate OD measures from two ELISA plates (adjusted by the 

subtraction of OD values of non-immunised rabbit IgG coat from rabbit anti-rFh∆pCL1 IgG coat) are shown for 

sheep faecal samples pooled from two sheep infected with Fasciola hepatica of known TCBZ-susceptibility 

between 0-17 wpi, including TCBZ-S: Aberystwyth or Italian strains, or TCBZ-R: Kilmarnock or Stornoway strains. 

The calculated cut-off (C-O) for this assay was one SD above the highest average OD value measured for 

uninfected sheep samples (dot line: -0.04329). Error bars are one standard deviation more and less than average 

ODs and the shaded line indicates the recommended timepoint at 12 wpi for TCBZ administration in infected 

animals. 

 

6.4.4 Anti-/rFh∆pCL1 (IgG): specificity testing against UK-endemic livestock rumen 

fluke and gastrointestinal nematodes 

Potential cross-reactivity of serum from animals infected with non-F. hepatica 

helminth parasites were investigated using dot blots for rFh∆CRT, rFhGEL, rFhTPI, rFh∆pCL1 

and three synthetic 15-mer peptides designed from FhpCL1 regions (signal peptide, inhibitor 

peptide, mature protease) (Figure 6.4.4). Serum samples were pooled from two sheep or 
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cattle infected with UK-endemic livestock helminths, including Calicophoron daubneyi (n = 2 

sheep, 0 and 16 wpi), Haemonchus contortus (n = 2 sheep, 0 and 6 wpi), Ostertagia 

circumcincta (n = 2 sheep, 0 and 6 wpi) and Cooperia oncophora (n = 2 cattle, 0 and 3 wpi). 

Immunoreactivity was demonstrable against rFhGEL and rFhTPI in sheep, including at 0 wpi, 

though less intense than at 6 wpi. rFhTPI also indicated positive antibody recognition 0 wpi 

more intensely than at 16 (C. daubneyi) or 3 (C. oncophora) wpi in cattle, with rFhGEL also 

positive to a lesser extent at these post-infection dates. rFh∆CRT (positive dot confirmed but 

faded in image), rFh∆pCL1 and the synthetic peptides did not indicate positivity in the non-

fluke infections. These preliminary findings indicate the possibility of cross-reactivity of FhGEL 

and FhTPI with other parasite and/or host-exposed antigen equivalents, which bears future 

investigation to ascertain the extent of potential overlapping recognition of these candidates. 

The utility of the other targets as diagnostic candidates is however supported by these results. 

The specificity of anti-rFh∆pCL1 IgG was also tested against faecal samples of livestock 

hosts infected with either C. daubneyi (n = 2 cattle, 12 wpi), H. contortus (n = 2 sheep, 6 wpi) 

or O. circumcincta (n = 2 sheep, 6 wpi) using the anti-rFh∆pCL1 IgG sandwich ELISA. Average 

duplicate OD values were measured from two ELISA plates conducted on separate occasions. 

High background levels were consistent in all wells coated with irrelevant IgG (pre-

immunisation), and so in order to ensure these were not influencing the outcomes, ODs were 

recalculated by subtracting the lowest OD available for sheep or cattle from test sample ODs 

from the wells coated with anti-rFh∆pCL1 IgG. Despite adjustments to OD calculations, data 

indicated no OD values exceeding the cut-off for negative sheep (OD = -0.04329) or cattle (OD 

= -0.03188) samples so were considered negative (data not shown), suggesting no appearance 

of cross-reactivity of anti-rFh∆pCL1 IgG with coproantigen secretions recovered from 

livestock infections with C. daubneyi, H. contortus or O. circumcincta. 
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Figure 6.4.4. Dot blot analysis of IgG immunoreactivity of helminth-infected livestock serum against 

recombinant and synthetic Fasciola hepatica antigens. (A) rFh∆CRT (0.25 μg/dot), rFhGEL (2 μg/dot) and rFhTPI 

(0.25 μg/dot) were probed with whole serum diluted to 1:100. (B) rFh∆pCL1 (0.01 μg/dot) and FhpCL1-based 

synthetic peptides (10 μg/dot), including (*) pre- (signal peptide), pro- (inhibitor) and mature- (protease) -

specific sequences, were probed with whole serum diluted to 1:100 (cattle-specific), 1:700 (sheep-specific), or 

1:5,000 (rabbit-specific). IgG binding was detected using anti-cattle or anti-sheep IgG at 1:30,000 and the 

NBT/BCIP substrate system until precipitant appearance in the positive control. Abbreviations: +, positive 

control; –, negative control; D, day post-infection. 

 

6.4.5 CL-derived peptide ELISAs 

 Sandwich CL peptide ELISA with anti-rFh∆pCL1 IgG 

The anti-rFh∆pCL1 IgG sandwich ELISA was used to test the antibody recognition of 

three synthetic peptides designed for three regions (signal, inhibitor, mature) of a 

representative preprocathepsin L sequence of Fasciola hepatica. Plates were coated with 5 

μg·mL-1 anti-rFh∆pCL1 IgG and peptides were diluted within the range of 312.5 ng·mL-1–10 

μg·mL-1 and detected with biotinylated anti-rFh∆pCL1 IgG diluted to 1:10,000 (Figure 6.4.5.1). 

No ODs were considered positive, indicating either a lack of antibody-peptide recognition or 
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a possible consumption of the available epitopes by the coated antibodies preventing 

detection antibody binding. 

 

Figure 6.4.5.1. Trial sandwich ELISA for testing polyclonal anti-rFh∆pCL1 IgG recognition of pre- pro- and 

mature-specific FhpCL1-derived peptides. Average duplicate OD measures from two ELISA plates (adjusted by 

the subtraction of negative BSA control Ag OD) are shown for peptides diluted within the range of 31.25 ng·mL-

1–10 μg·mL-1 following capture with 5 μg·mL-1 anti-rFh∆pCL1 IgG coat and detection with biotinylated anti-

rFh∆pCL1 IgG diluted to 1:10,000. The positive control shown for this assay (+) was rFh∆pCL1 diluted to 10 ng·mL-

1 and positive OD values were considered when exceeding the cut-off (C-O), shown as one standard deviation 

above the negative Ag (BSA) OD score (dot line: 0.14027). Error bars are one standard deviation more and less 

than average ODs. 

 

 Direct peptide ELISA using biotinylated anti-rFh∆pCL1 IgG 

In order to further test peptide-anti-rFh∆pCL1 IgG binding and avoid potential 

competition at epitope binding sites, peptides were directly coated onto plates within the 

range of 625 ng·mL-1–40 μg·mL-1 and detected with biotinylated anti-rFh∆pCL1 IgG diluted to 

1:5,000 (Figure 6.4.5.2). Similarly to the sandwich ELISAs, this revealed no positive OD scores, 

indicating a lack of recognition of anti-rFh∆pCL1 IgG against these synthetic CL-derived 

peptides. 
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Figure 6.4.5.2. Trial direct ELISA for testing anti-rFh∆pCL1 IgG recognition of pre- pro- and mature-specific 

FhpCL1-derived peptides. Average duplicate OD measures (adjusted by the subtraction of negative BSA control 

Ag OD) are shown for peptides diluted within the range of 62.5 ng·mL-1–40 μg·mL-1 following detection with 

biotinylated anti-rFh∆pCL1 IgG diluted to 1:5,000. Positive OD values were considered when exceeding the cut-

off (C-O), shown as one standard deviation above the negative Ag (BSA) OD score (dot line: 0.096521). Error bars 

are one standard deviation more and less than average ODs. 

 

 Peptide immunogenicity testing: F. hepatica-infected sheep sera responses 

The exposure and immunogenicity of CL-derived peptide epitopes during natural 

Fasciola hepatica infection was investigated based on the above direct ELISA design using F. 

hepatica-infected sheep serum. To test for optimal coating concentrations, peptides were 

initially coated within the range of 390.625 ng·mL-1–100 μg·mL-1 and detected with 1:200-

diluted serum from uninfected sheep or sheep infected with F. hepatica at 12 wpi (Figure 

6.4.5.3.1). No OD values were considered positive, which was suggestive of a lack of sufficient 

antibody titre leading to significant Ag-binding or alternatively suggests no recognition of 

these sera against the CL-derived synthetic peptides. 
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Figure 6.4.5.3.1. ELISA for the investigation of pre- pro- and mature-specific FhpCL1-derived peptide epitope 

exposure during Fasciola hepatica infection. Average duplicate OD measures (adjusted by the subtraction of 

negative BSA control Ag OD) are shown for peptides diluted within the range of 390.625 ng·mL-1–100 μg·mL-1 

following detection with F. hepatica-infected or non-infected (-) sheep serum diluted to 1:200. Positive OD 

values were considered when exceeding the cut-off (C-O), calculated as one standard deviation above the 

negative Ag (BSA) OD score (not shown: 0.072414). Error bars are one standard deviation more and less than 

average ODs. 

 

To investigate and compare the serum recognition of CL-derived peptides between 

TCBZ-S and TCBZ-R F. hepatica and during the course of infection, the direct peptide ELISA 

was conducted as in the previous assay except with minor modifications as follows. To allow 

for maximal binding and detection, if present, peptides were coated at 100 μg·mL-1 and 

detected with 1:100-diluted serum from sheep infected with TCBZ-S (Aberystwyth, Miskin, 

Italian) or TCBZ-R (Kilmarnock, Penrith, Stornoway) F. hepatica strains (Figure 6.4.5.3.2). Sera 

were collected over the course of infection, including from 0, 2, 4, 8, 12 and 17 wpi, with TCBZ 

administration at 12 wpi. The mature region-specific peptide indicated positive scores at 12 

and 17 wpi with TCBZ-R F. hepatica, indicating the exposure of this epitope during TCBZ-R 

fluke infection in sufficient quantities to be detectable with this assay. No other OD values 

were considered positive, which together with previous data may suggest that TCBZ-S-specific 

sera have a lower abundance of anti-CL IgG or alternatively indicates that the pre- and pro-

specific epitopes of these synthetic peptides are not reflective of natural preprocathepsin L 

epitope exposures leading to positive recognition. 
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Figure 6.4.5.3.2. ELISA for the investigation and comparison of pre- pro- and mature-specific FhpCL1-derived 

peptide epitope exposure during infections with TCBZ-S or TCBZ-R Fasciola hepatica strains. Average duplicate 

OD measures (adjusted by the subtraction of negative BSA control Ag OD) are shown for peptides diluted 100 

μg·mL-1 and detected with representative serum (n = 3 sheep/parasite strain) from 0, 2, 4, 8, 12 and 17 wpi with 

TCBZ-S (dashed line) or TCBZ-R (solid line) F. hepatica strains, and following clinical administration of TCBZ at 12 

wpi. Sera were diluted to 1:100 and incubated for 1 hour. Positive OD values were considered when exceeding 

the cut-off (C-O), shown for TCBZ-R sera as one standard deviation above the negative Ag (BSA) OD score (not 

shown (TCBZ-S): 0.458225; dot line (TCBZ-R): 0.09545). Error bars are one standard deviation more and less than 

average ODs. 
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6.5 Discussion 

The aim of this chapter was to examine the diagnostic potential of a panel of candidate 

Fasciola hepatica antigens, which were identified through a novel approach incorporating 

proteomic (4.4.4; Chemale et al., 2010; Morphew et al., 2014) and immunologic (3.4.3) 

methods. The immunogenicity and natural exposure during F. hepatica infection of FhCRT, 

FhGEL, FhTPI, FhpCL1 (including the preprocathepsin L signal peptide) and a synthetic peptide 

designed from the FhpCL1 signal peptide had not previously been explored (Chapter 6; 6.2.4: 

objective 1). Current work has confirmed for the first time the in vivo antigenicity and 

detectability of the zymogen-specific epitopes of FhpCL1, further to in silico predictions and 

in vitro work in Chapter 3 (3.4.3). Furthermore, FhpCL1 coproantigen presence in F. hepatica-

infected host faeces could be verified using newly produced polyclonal IgG antibodies raised 

to rFh∆pCL1 (Chapter 6; 6.2.4: objective 2) and checked for cross-reactivity with other 

common UK livestock infections (Chapter 6; 6.2.4: objective 3), confirming the utility of this 

antigen for the F. hepatica infection serodiagnosis and anti-FhpCL1 PcAbs as a new tool for 

monitoring TCBZ efficacy. 

The abundance and consequential host immune exposure to F. hepatica antigens 

during infection is a favourable characteristic of diagnostic candidates, which explains the 

development of CL proteases from antigens of biological interest into the basis of now 

commercialised laboratory kits with widespread use (Cornelissen et al., 1999; Dalton et al., 

2003; Mezo et al., 2004). However, the changing phenotype of the ES proteome observed 

from in vitro cultures following fluke death or flukicide exposure has since elucidated a range 

of further potential targets (3.4.1; 4.4.4; Chemale et al., 2010; Morphew et al., 2014, 2007). 

The lower abundance of such antigens, including FhpCL1 zymogens (3.4.1–3.4.3.4.2), actin, 

CRT, DJ-1, enolase, GEL, glyceradehyde-3-phosphate dehydrogenase and TPI (4.4.2.2–4.4.2.9; 

Morphew et al., 2014), may indicate conservative or uncharacterised external roles of these 

proteins, whilst also offering unexplored immunogenic epitopes (Avilán et al., 2011; Bernal et 

al., 2004; Chemale et al., 2010; Ghosh and Jacobs-Lorena, 2011; Gómez-Arreaza et al., 2014; 

Liu and Shih, 2007; Morphew et al., 2014; Ucker et al., 2012). 

The natural immunogenicity of the intact rFh∆pCL1 zymogen was shown to be 

demonstrably extensive (Figure 6.4.2.2.1), whilst the antigenicity of the previously 

unexplored FhpCL1 signal peptide has also been recognised from coproantigen recovery and 
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extended to the positive identification of successful TCBZ treatment (Figure 6.4.3.3.2). The 

thesis was unable to confirm serodiagnosis potential for rFh∆CRT, rFhGEL and rFhTPI AgELISAs 

in the presence of antigen-specific IgG abundance from F. hepatica-infected hosts, including 

experimental infections with TCBZ-S- or TCBZ-R-specific F. hepatica isolates (Figures 6.4.2.2.2-

6.4.2.2.3). However, the western hybridisation format for these assays indicated differential 

antigen-antibody interactions, which presented differential positivity over the course of 

infection with each representative TCBZ-S and -R parasites (Figure 6.4.2.3.2; Table 6.4.2.3). 

All immunologic formats for testing the immunogenicity of FhpCL1-based synthetic peptides, 

including dot blotting (Figure 6.4.4), AgELISAs using direct (Figure 6.4.5.2) and indirect 

(Figures 6.4.5.3.1–6.4.5.3.2) antibody detection, and via the anti-rFh∆pCL1 IgG sandwich 

ELISAs (Figure 6.4.3.3.2), failed to confirm recognition of peptide epitopes by F. hepatica-

infected host or anti-rFh∆pCL1 IgG. The absence of evidence for anti-rFh∆pCL1 IgG-peptide 

interactions, more so than that for host-infected IgG-peptide binding, suggests the potential 

loss of native protein epitopes adopted by the peptide sequences in situ, particularly the 

signal and inhibitor peptides towards which the anti-rFh∆pCL1 IgG has shown greatest 

immunoreactivity (detailed in Chapter 3: 3.4.3.1–3.4.3.2). However, the current findings 

support the dominance of internal roles for FhCRT, FhGEL and FhTPI compared to Fh(p)CL1, 

previously presumed from their relatively low abundance in the ES proteome (Morphew et 

al., 2007, 2014) and based on the unreadable IgG specificity in the current AgELISAs. 

Consequently to these more limited exposures to the host immune system, antigen-specific 

serum antibody titres may be too low or undetectable for quantitative serodiagnoses. 

Moreover, this does not preclude the potential diagnostic value or vaccine candidature of 

these antigens, since the intrinsic internal localisation and homeostatic functions are an asset 

for strategies seeking to exploit such properties (Molina-Hernández et al., 2015), such as the 

H. contortus subunit vaccine “Barbervax” utilising native gut-based proteins (Besier et al., 

2013; Smith, 2014). Thus, the full diagnostic potential of endogenous FhCRT, FhGEL and FhTPI 

is yet to be determined, and is deserving of further study with the recombinant tools 

developed in this thesis. 
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6.6 Conclusions 

This exploration of pre-selected candidates in this thesis is a further step towards the 

development and understanding of molecular components of the Fasciola hepatica proteome 

and parasite-host interactome, and thus their potential as diagnostic targets. The provision 

of more descriptive standpoints is a growing necessity during the assessment of F. hepatica 

infection stage, intensity or anthelmintic susceptibility, especially in the face of growing UK 

endemicity that is becoming exacerbated by increasing incidences of TCBZ resistance (Kelley 

et al., 2016; Overend and Bowen, 1995) and climate-driven parasite expansion (Fox et al., 

2011; Short et al., 2017). The identification and study of key proteomic differences between 

live and dead, TCBZ-S and TCBZ-R, and untreated and TCBZ-exposed F. hepatica have enabled 

the progression of antigens as targets of preliminary studies conducted here, which has 

revealed the unexpected potential of FhpCL1 zymogens as immunogenic descriptors of fluke 

fitness and viability, in a role that has previously remained unexploited. Furthermore, the 

information gathered for recombinant FhCRT, FhGEL and FhTPI confirm previous findings of 

the either low native protein abundances and/or relatively low natural immunogenicity and 

this likely reflected the poor serodiagnosis using recombinant forms. However, the progress 

here opens a window of possibility for investigating native forms of these candidates, as well 

as other as-yet uncharacterised endogenous proteins for pilot and eventually penside 

diagnostics, as well as vaccine approaches. 
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7 General discussion 

This thesis has uncovered new dynamic aspects of the Fasciola hepatica excretory/secretory 

(ES) proteome (Chapter 1; 1.5: objective 2; Chapter 4), whereby changes to the active 

secretome were shown to be influenced by factors including fluke viability (categorised by 

live or dead treatment groups) (Figure 4.4.2), parasite strain (defined by natural in vivo 

triclabendazole (TCBZ) susceptibility or resistance) (Figure 4.4.3) and in vitro anthelmintic 

(TCBZ/-sulfoxide (-SO)/-sulfone (-SO2)) exposures (Figures 4.4.4.1–4.4.4.3, Table 4.4.4). 

Cathepsin proteases have repeatedly emerged as the most consistent and overabundant 

factors secreted by juvenile and adult parasites during in vivo infection, ex vivo culture and in 

vitro anthelmintic exposure (Chemale et al., 2010; Hernández-González et al., 2010; Jefferies 

et al., 2001; Morphew et al., 2007, 2011, 2014; Robinson et al., 2008b, 2009; Stack et al., 

2008). As such, cathepsin L proteases (CLs) are the most studied group of F. hepatica antigens 

and remain key candidates of interest (Dalton et al., 2013, 2003; Morphew et al., 2011; 

Mulcahy and Dalton, 2001; Toet et al., 2014), with a principal focus towards commercial 

diagnostics (Carnevale et al., 2001; Cornelissen et al., 2001, 1999; Kuerpick et al., 2013; 

Martínez-Sernández et al., 2011; Mezo et al., 2004; O’Neill et al., 1999; Wilson et al., 1998) 

and vaccine trial efforts (Dalton et al., 1996; Golden et al., 2010; Piacenza et al., 1999; Wijffels 

et al., 1994; Zafra et al., 2013a). However, the work conducted in this thesis has realised many 

more potential diagnostic candidates, vaccine opportunities and drawbacks provided by a 

dynamic ES proteome (Chapter 1; 1.5: objectives 1, 2 and 4; Chapters 3, 4 and 6). In addition, 

this thesis has bioinformatically characterised and provided a basis to produce a panel of new 

liver fluke targets (Chapter 1; 1.5: objective 3; Chapter 5) for future investigations. 

 

7.1 Procathepsin zymogens as diagnostic candidates for Fasciola hepatica 

infection 

The thesis presents for the first time procathepsin L (pCL) zymogens as a group of 

abundant (Chapter 3: Figure 3.4.1, Table 3.4.1) and highly immunogenic biomarkers (Chapter 

3: Figures 3.4.3.4.1–3.4.3.4.2, Figure S2), that also differentiate between live and dead adult 

liver fluke. Using a new indirect ELISA format, investigations further revealed pCL1-specific 

serum IgG were detectable from Fasciola hepatica-infected sheep from 4 weeks post-

infection (wpi) for TCBZ-R isolates or 5 wpi for TCBZ-S isolates (Chapter 6: Figure 6.4.2.2.1). In 
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addition, new pCL-specific anti-recombinant mutant pCL1 (rFh∆pCL1) polyclonal (Pc) 

antibodies present a prospective tool for ex vivo infection detection, including the positive 

identification of multiple clades of FhpCLs present in adult ES products based on western 

hybridisations (Chapter 3: Figure 3.4.3.4.2). To this end, anti-rFh∆pCL1 IgG has further 

demonstrated the potential ability to sensitively detect infection via coproantigen capture 

from faecal samples of F. hepatica-infected sheep from 6 wpi for TCBZ-S isolates or 8 wpi for 

TCBZ-R isolates using a new preliminary sandwich ELISA format (Chapter 6: Figure 6.4.3.3.2), 

as well as providing specificity towards F. hepatica over other common livestock helminth 

parasites via dot ELISAs (Chapter 6: Figure 6.4.4). Furthermore, this sandwich ELISA test 

platform using anti-rFh∆pCL1 Pc IgG could possibly be developed to detect and differentiate 

between active F. hepatica infection, TCBZ failure against TCBZ-R parasites and successful 

TCBZ treatment. Specifically, a measurable (97.36%) reduction in coproantigen signal was 

detected after one week post-treatment (PT) in TCBZ-S-infected faecal samples which was 

followed by a complete reduction (100%) by three weeks PT. Thus, this thesis work has 

provided a robust starting position for further commercial exploitation of the diagnostic 

capabilities of FhpCLs and, furthermore, has highlighted for the first time the efficacy of ELISAs 

using the rFh∆pCL1 antigen and respective anti-rFh∆pCL1 Pc IgG for the detection of livestock 

F. hepatica infection. 

 

7.2 Ultrastructural and proteomic differences of wild type and TCBZ-R Fasciola 

hepatica upon flukicide and anthelmintic challenge 

Inspired by previously successful in vitro studies coupling histological and proteomic 

changes following anthelmintic challenge (Chemale et al., 2010; Morphew et al., 2014; 

Robinson et al., 2002; Stitt et al., 1995), a similar approach was utilised in this thesis. 

Specifically, the contrast in EV production and tegument infrastructure was determined 

between live (in vitro cultured) and dead (in vitro cultured and terminated in ethyl 4-

aminobenzoate (1% (w/v) in ethanol) wild type (WT-Fh) adult flukes, and the macroscopic 

viability and molecular ES profiles were assessed and compared between WT-Fh flukes of 

mixed TCBZ susceptibility and a TCBZ-R strain (Kilmarnock, K-Fh). As such, this has identified 

key histological and ES pCL subproteomic changes in the outcome of non-specific flukicide 

(induced by ethyl 4-aminobenzoate) in adult wild type flukes (mixed TCBZ susceptibility, WT-
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Fh) compared to untreated control WT-Fh flukes (Chapter 4: 4.4.1–4.4.2). Additionally, when 

comparing WT-Fh flukes with K-Fh, a newly isolated TCBZ-R strain, biological and proteomic 

differences were also observed following TCBZ/-SO/-SO2 anthelmintic exposure (sub-lethal 

(SL) dose: [15 µg·mL-1]) (Chapter 4: 4.4.3–4.4.4). Specifically, extracellular vesicle (EV) profiles 

were demonstrably different between live or dead flukes, including a higher frequency of 

larger-sized apoptotic body-like vesicles in the latter group. This finding supports previous 

studies demonstrating disruptions to the tegument syncytial organisation following 

anthelmintic exposure (Scarcella et al., 2016; Toner et al., 2010b). The comparison of in vitro 

viability scores between WT-Fh and K-Fh flukes demonstrated evidence (P < 0.00001) for a 

difference following anthelmintic challenge (Chapter 4: Figure 4.4.3), suggesting improved 

fitness of the TCBZ-R K-Fh group. Proteomic assays further delineated ES product changes 

highlighting differences in the anthelmintic efficacy status of the naturally-acquired flukes 

compared to a newly confirmed TCBZ-R isolate i.e. discovering CL, enolase (ENO) and gelsolin 

(GEL) among seven 2DE-separated proteins that were differentially abundant (P < 0.05), with 

actin (ACT) and cathepsin B (CB) among 10 WT-Fh strain-specific TCBZ-response proteins and 

fatty acid binding proteins 15 (FhFABP I) and 2 (FhFABP II) among 13 K-Fh strain-specific TCBZ-

response proteins. These new datasets were both in-keeping (ACT, CL) and novel (ENO, GEL, 

CB, FABP 5/Fh2) with respect to previous findings for ES changes following TCBZ-SO challenge 

(Morphew et al., 2014), overall supporting the multifaceted nature and potential utility of 

these proteins. 

 

7.3 Novel diagnostic candidates of TCBZ response-associated proteomic 

phenotypes 

Previously-identified (Morphew et al., 2014) antigens of diagnostic interest were also 

assessed by multiple bioinformatics tools in this thesis (Chapter 5: 4.4.1), in order to develop 

a working understanding of their putative roles in the adult Fasciola hepatica TCBZ-SO-

associated secretome phenotypes. Thus, multiple sequence similarities of F. hepatica ACT, 

calreticulin (CRT), deglycase DJ-1 (DJ-1), ENO, GEL, glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) and triose phosphate isomerase (TPI) proteins were identified 

within known family and superfamily models and/or parasitic orthologues, assigning 

structural motifs, functional domains and ligand-binding attributes. Furthermore, annotation 

permitted the prediction of molecular roles involved in fluke biology (Table 4.4.1.9), from 
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which activities during F. hepatica infection development and treatment can now be 

considered. 

Interestingly, of the TCBZ-SO-associated survival (CRT, ENO, GAPDH) and termination 

(ACT, DJ-1, GEL, TPI) proteomic phenotypes of F. hepatica, there is no commonality between 

the inherent roles of these biomarkers, except in the case of the three glycolytic enzymes 

(ENO, GAPDH, TPI). Despite this direct link of the latter candidates, it can be presumed that 

following TCBZ-SO exposure their glycolytic activities may end, since TCBZ-SO dose-

dependent and temporally-specific abundances associate them with TCBZ-SO survival (ENO, 

GAPDH) or termination (TPI) proteomic signatures (Morphew et al., 2014). However, there 

have been several isolated observations for all three enzymes that fit virulence- and/or 

pathogenesis-associated excretion patterns, including via instances of host cell invasion and 

protein-binding (Avilán et al., 2011; Barbosa et al., 2006; Bergmann et al., 2004; Bernal et al., 

2004; Díaz-Ramos et al., 2012; Fletcher et al., 2001; Furuya and Ikeda, 2011, 2009; Gómez-

Arreaza et al., 2014; Karkowska-Kuleta et al., 2011; Miranda-Ozuna et al., 2016; Pancholi and 

Chhatwal, 2003). Conversely to these findings, glycolytic enzyme externalisation has also been 

observed in apoptotic cell membranes and vesicular exports (Ucker et al., 2012) and GAPDH 

has been linked to nuclear localisation for DNA repairs during oxidative stress and apoptosis 

regulation (Dastoor and Dreyer, 2001; Shashidharan et al., 1999), presenting possible 

perfunctory purposes of extracellular exposure and non-glycolytic functions during cell 

stress/death. However, prospective pathogenesis-associated TPI functions may not be 

synonymous for F. hepatica since present observations have only been from single-celled 

bacterial and parasitic organisms, with the exception of Schistosoma mansoni (Shoemaker et 

al., 1992), indicating the importance of the context of antigen discovery. 

The TCBZ susceptibility-associated phenotype biomarkers of F. hepatica share inter-

group characteristics through their localisation to intracellular compartments (ACT, DJ-1, GEL, 

TPI). Additionally, in line with aforementioned assumed housekeeping and metabolism-

associated proteins (Ucker et al., 2012), the release of these factors may be directly associated 

with fluke death as an artefact or systematic process of apoptosis. However, conflicting 

observations for FhGEL beyond anthelmintic-specific responses (Linder and Thors, 1992; 

Markoski et al., 2006; Morphew et al., 2014) find GEL secretion within helminth juvenile ES 

products (Camargo de Lima et al., 2018; De la Torre-Escudero et al., 2011; Hernández-

González et al., 2010; Teichmann et al., 2015) and the host circulation during general illness, 
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non-communicable diseases and helminthiases (Goldfinch et al., 2008; Kwiatkowski, 1999; 

Mounzer et al., 1999; Straub et al., 2011; Wen and Garg, 2012). Consequently, it can be 

inferred that GEL may be involved in internal actin binding, with externalisation upon 

apoptotic processes, with an extension of functionality to suppress aberrant activities of 

apoptosis-induced actin circulation. 

The bioinformatic data synthesised here have widened the scope for speculation over 

the prospective functionalities and consequences of antigen exposures, which is 

complemented in this thesis by wet-laboratory experiments on recombinant protein targets. 

The developments towards recombinant tools also take us a step forward in the provision of 

options for the descriptive diagnosis of liver fluke infection, including the possible definition 

between parasite TCBZ susceptibility status and/or viability.  



 

280 
 

Final conclusions and recommendations 

It has been well established by others within the field that the future applicability and 

efficacy of anthelmintics are problematic. Emergent findings of parasite persistence PT in 

natural field-based infections are testament to the challenges of upholding anthelmintics’ 

efficacies for decades at a time. However, outlooks for fasciolosis control strategies are 

improved by the discovery of more molecular-based profiles coupled to sensitive detection 

methods. In this capacity, novel directions to identify Fasiola hepatica infection and 

understand parasite fitness could respectively support efforts of monitoring for population 

mapping and identification of TCBZ treatment efficacy. This thesis has critically examined 

multiple diagnostic candidates of interest that fit these criteria, leading to the production and 

pilot testing of several novel molecular tools. 

Based on the findings of this thesis, it is recommended that the identification of F. 

hepatica anthelmintic susceptibility needs more in-depth assessment in order to determine 

the molecular signatures of infecting parasites. Specifically, it has been shown here that 

several parasite genetic and environmental factors are capable of causing subtle changes to 

the composition of the F. hepatica ES proteome, including fluke fitness, viability (live or dead), 

TCBZ efficacy status and TCBZ exposure. Therefore, interpretation of antigen-specific 

diagnoses will require additional understanding to verify the true nature of in situ biomarker 

release. In final conclusion, this thesis has made progress towards the critical analysis, 

production and putative diagnostic testing of several new biomarkers, which will be of value 

for future informative approaches for the detection of F. hepatica infection, TCBZ exposure 

and TCBZ efficacy. 
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Chapter 3 supplementary materials 

 

Figure S1. 2-D SDS PAGE of whole excretory/secretory (ES) proteomic profiles of alive and dead in vitro 

cultured Fasciola hepatica. Replicate ES protein extracted from pooled (A) live and (B) dead (ethyl 4-

aminobenzoate-treated) in vitro cultures were analysed by 2-D SDS PAGE and subsequently selected for 

duplicate analyses by LC-MS/MS. 

Abbreviations: MW, Amersham Low Molecular Weight SDS Calibration Kit (Mr). 
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Table S1. LC-MS/MS identification of 1-DE-separated recombinant Fasciola hepatica procathepsin L proteins. LC-MS/MS identification of rFh∆pCL1, rFhpCL1WT, and rFhpCL1 

were analysed by duplicate 12.5% SDS PAGE and bands of interest were selected for investigation using LC-MS/MS. All protein hits listed were identified against the GenBank 

database using an in-house MASCOT (Matrix Science) server, including reliable error tolerance and reporting significant hits consistent between duplicates with an average score 

of 67 or greater (P < 0.05). Top hits are bolded (summarised in shortened version of this table: Table 3.4.2) and further hits are shown where matching with peptide samesets, 

subsets and intersections, whereby the numbers of peptides matched were calculated from those of the original hits. The asterisk (*) indicates a protein hit identified across both 

replicates for rFhpCL1 sample 5, but absent from all other samples including the negative controls, where 144 peptide samesets, subsets and intersections were associated but 

excluded from this summary (data not shown). 

rFhpCL1 Approximate 
molecular 
weight 
(sample 
number) 

GenBank hit MASCOT score 
(Av) 

Peptides matched 
(non-duplicate) 

Sequence 
coverage (%) 

Protein Organism Accession E-value 

rFh∆pCL1 37 gi|163310848 
gi|116488416 
gi|31558997 
gi|377823949 
gi|20136379 
gi|157862759 
gi|74765984 
gi|7271889 
gi|4574304 
gi|379991182 
gi|13774082 
gi|41152538 
gi|21263041 
gi|211909242 
gi|10798511 
gi|211909240 
gi|545734 
gi|310751866 
gi|7271895 
gi|7271891 
gi|107921814 
gi|195729975 
gi|167427529 
gi|38045864 
gi|146147376 
gi|50403821 
gi|41152540 
gi|108735840 
gi|19909509 

1677.0±1078.0 
1582.0±1076.0 
1419.0±1059.0 
1309.0±899.0 
1233.5±862.5 
1056.5±898.5 
864.5±453.5 
805.5±490.5 
801.0±491.0 
618.5±300.5 
612.0±297.0 
612.0±297.0 
612.0±297.0 
501.5±290.5 
497.5±294.5 
497.5±294.5 
493.0±192.0 
441.5±281.5 
383.5±187.5 
364.0±295.0 
355.5±298.5 
355.5±298.5 
355.5±298.5 
355.5±298.5 
302.0±1.0 
301.5±2.5 
297.5±1.5 
193.0±2.0 
154.0±1.0 

71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
30.5±17.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 
71.5±37.5 

73.0±10.0 
62.0±9.0 
40.0±5.0 
34.0±0.0 
44.5±2.5 
23.0±3.0 
44.0±6.0 
30.5±3.5 
30.5±3.5 
35.0±4.0 
34.5±2.5 
37.0±5.0 
27.0±0.0 
24.5±3.5 
23.5±1.5 
24.5±3.5 
21.0±5.0 
39.0±8.0 
20.0±9.0 
16.5±1.5 
10.5±0.5 
8.5±1.5 
7.5±0.5 
7.0±0.0 
25.5±5.5 
24.5±4.5 
38.0±5.0 
22.0±0.0 
21.5±4.5 

Chain A, Crystal Structure Of Procathepsin L1 
Secreted cathepsin L 1 
Cathepsin L 
Cathepsin L1 
Cathepsin L, partial 
Cathepsin L, partial 
Cathepsin L-like proteinase 
Cathepsin L 
Cathepsin 
Cathepsin protein CatL1-MM3p, partial 
Cathepsin L-like 
Cathepsin L protein 
Cathepsin L2 
Cathepsin L1D 
Cathepsin L1 
Cathepsin L1D 
Cysteine protease 
Cathepsin L-like proteinase 
Cathepsin L, partial 
Cathepsin L 
Cathepsin L4 
Cathepsin L1 
Cathepsin L4, partial 
Cathepsin L 
Cathepsin 
Cathepsin L1 proteinase 
Cathepsin L protein 
Cathepsin L2 
Cathepsin L 

F. hepatica 
F. hepatica 
F. hepatica 
F. gigantica 
F. hepatica 
F. gigantica 
F. hepatica 
F. gigantica 
F. gigantica 
F. hepatica 
F. hepatica 
F. hepatica 
F. gigantica 
F. hepatica 
F. hepatica 
F. hepatica 
Fasciola sp. 
F. hepatica 
F. gigantica 
F. gigantica 
F. hepatica 
F. magna 
F. hepatica 
F. gigantica 
F. gigantica 
F. hepatica 
F. hepatica 
F. hepatica 
F. gigantica 

2O6X_A 
AAB41670.2 
AAP49831.1 
AFB77219.1 
AAM11647.1 
ABV90502.1 
Q24940.1 
AAF44675.1 
AAD23996.1 
CCA61803.1 
AAK38169.1 
AAR99518.1 
AAM44832.1 
ACJ12894.1 
CAC12806.1 
ACJ12893.1 
AAB30089.1 
ADP09371.1 
AAF44678.1 
AAF44676.1 
ABF85682.1 
ACG50798.1 
ABZ80401.1 
AAR08900.1 
ABQ01982.1 
AAT76664.1 
AAR99519.1 
ABG00259.1 
BAB86959.1 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
1E-164 
0.0 
2E-172 
0.0 
0.0 
0.0 
0.0 
0.0 
9E-180 
7E-167 
0.0 

https://www.ncbi.nlm.nih.gov/protein/2O6X_A?report=genbank&log$=prottop&blast_rank=1&RID=RRMH9U0W014
https://www.ncbi.nlm.nih.gov/protein/AAB41670.2?report=genbank&log$=prottop&blast_rank=1&RID=RRMGR6XF015
https://www.ncbi.nlm.nih.gov/protein/AAP49831.1
https://www.ncbi.nlm.nih.gov/protein/AFB77219.1
https://www.ncbi.nlm.nih.gov/protein/AAM11647.1
https://www.ncbi.nlm.nih.gov/protein/ABV90502.1
https://www.ncbi.nlm.nih.gov/protein/Q24940.1?report=genbank&log$=prottop&blast_rank=1&RID=RRMG2FU7015
https://www.ncbi.nlm.nih.gov/protein/AAF44675.1
https://www.ncbi.nlm.nih.gov/protein/AAD23996.1
https://www.ncbi.nlm.nih.gov/protein/CCA61803.1?report=genbank&log$=prottop&blast_rank=1&RID=RRMCCHAV014
https://www.ncbi.nlm.nih.gov/protein/AAK38169.1
https://www.ncbi.nlm.nih.gov/protein/AAR99518.1
https://www.ncbi.nlm.nih.gov/protein/AAM44832.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12894.1
https://www.ncbi.nlm.nih.gov/protein/CAC12806.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12893.1
https://www.ncbi.nlm.nih.gov/protein/AAB30089.1
https://www.ncbi.nlm.nih.gov/protein/ADP09371.1?report=genbank&log$=prottop&blast_rank=1&RID=RRRFXJ3Z014
https://www.ncbi.nlm.nih.gov/protein/AAF44678.1
https://www.ncbi.nlm.nih.gov/protein/AAF44676.1
https://www.ncbi.nlm.nih.gov/protein/ABF85682.1
https://www.ncbi.nlm.nih.gov/protein/ACG50798.1
https://www.ncbi.nlm.nih.gov/protein/ABZ80401.1
https://www.ncbi.nlm.nih.gov/protein/AAR08900.1
https://www.ncbi.nlm.nih.gov/protein/ABQ01982.1
https://www.ncbi.nlm.nih.gov/protein/AAT76664.1?report=genbank&log$=prottop&blast_rank=1&RID=YXF08BAT01R
https://www.ncbi.nlm.nih.gov/protein/AAR99519.1
https://www.ncbi.nlm.nih.gov/protein/ABG00259.1
https://www.ncbi.nlm.nih.gov/protein/BAB86959.1
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gi|452266 
gi|8547325 

154.0±1.0 
90.5±21.5 

71.5±37.5 
19.5±14.5 

23.0±11.0 
8.0±6.0 

Cathepsin L-like protease 
Cathepsin L 

F. hepatica 
F. hepatica 

CAA80450.1 
AAF76330.1 

8E-124 
0.0 

rFhpCL1WT 37 gi|116488416 
gi|163310848 
gi|74765984 
gi|4574304 
gi|545734 
gi|7271889 
gi|31558997 
gi|7271895 
gi|379991182 
gi|20136379 
gi|13774082 
gi|41152538 
gi|41152540 
gi|50403821 
gi|21263041 
gi|146147376 
gi|377823949 

132.5±56.5 
132.5±56.5 
130.5±54.5 
107.0±42.0 
107.0±42.0 
107.0±42.0 
102.0±26.0 
96.5±35.5 
83.0±39.0 
79.0±22.0 
77.0±33.0 
77.0±33.0 
77.0±33.0 
77.0±33.0 
77.0±33.0 
77.0±33.0 
77.0±33.0 

17.0±4.0 
17.0±4.0 
17.0±4.0 
17.0±4.0 
17.0±4.0 
17.0±4.0 
17.0±4.0 
17.0±4.0 
17.0±4.0 
17.0±4.0 
17.0±4.0 
17.0±4.0 
17.0±4.0 
17.0±4.0 
17.0±4.0 
17.0±4.0 
17.0±4.0 

38.5±1.5 
40.5±1.5 
33.0±4.0 
20.0±0.0 
21.5±1.5 
21.5±1.5 
23.5±1.5 
19.0 ±2.0 
22.5±3.5 
22.0±4.0 
22.0±4.0 
20.5±3.5 
26.5±3.5 
19.5±2.5 
15.0±1.0 
15.0±1.0 
15.0±1.0 

Secreted cathepsin L 1 
Chain A, Crystal Structure Of Procathepsin L1 
Cathepsin L-like proteinase 
Cathepsin 
Cysteine protease 
Cathepsin L 
Cathepsin L 
Cathepsin L, partial 
Cathepsin protein CatL1-MM3p, partial 
Cathepsin L, partial 
Cathepsin L-like 
Cathepsin L protein 
Cathepsin L protein 
Cathepsin L1 proteinase 
Cathepsin L2 
Cathepsin 
Cathepsin L1 

F. hepatica 
F. hepatica 
F. hepatica 
F. gigantica 
Fasciola sp. 
F. gigantica 
F. hepatica 
F. gigantica 
F. hepatica 
F. hepatica 
F. hepatica 
F. hepatica 
F. hepatica 
F. hepatica 
F. gigantica 
F. gigantica 
F. gigantica 

AAB41670.2 
2O6X_A 
Q24940.1 
AAD23996.1 
AAB30089.1 
AAF44675.1 
AAP49831.1 
AAF44678.1 
CCA61803.1 
AAM11647.1 
AAK38169.1 
AAR99518.1 
AAR99519.1 
AAT76664.1 
AAM44832.1 
ABQ01982.1 
AFB77219.1 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
1E-164 
0.0 
0.0 
0.0 
0.0 
9E-180 
0.0 
0.0 
0.0 
0.0 

rFhpCL1WT 35 gi|116488416 
gi|163310848 
gi|74765984 
gi|4574304 
gi|545734 
gi|7271889 
gi|31558997 
gi|20136379 
gi|7271895 

117.0±51.0 
117.0±51.0 
116.5±51.5 
104.0±45.0 
104.0±45.0 
104.0±45.0 
94.5±29.5 
86.0±33.0 
79.0±20.0 

13.5±3.5 
13.5±3.5 
13.5±3.5 
13.5±3.5 
13.5±3.5 
13.5±3.5 
13.5±3.5 
13.5±3.5 
13.5±3.5 

41.0±4.0 
43.0±4.0 
35.5±6.5 
21.5±3.5 
21.5±1.5 
24.0±4.0 
26.0±4.0 
24.5±6.5 
21.0±3.0 

Secreted cathepsin L 1 
Chain A, Crystal Structure Of Procathepsin L1 
Cathepsin L-like proteinase 
Cathepsin 
Cysteine protease 
Cathepsin L 
Cathepsin L 
Cathepsin L, partial 
Cathepsin L, partial 

F. hepatica 
F. hepatica 
F. hepatica 
F. gigantica 
Fasciola sp. 
F. gigantica 
F. hepatica 
F. hepatica 
F. gigantica 

AAB41670.2 
2O6X_A 
Q24940.1 
AAD23996.1 
AAB30089.1 
AAF44675.1 
AAP49831.1 
AAM11647.1 
AAF44678.1 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
1E-164 

rFhpCL1 37 (1) gi|379991182 
gi|74765984 
gi|116488416 
gi|163310848 
gi|13774082 
gi|41152538 
gi|7271889 
gi|21263041 
gi|377823949 
gi|4574304 
gi|10798511 
gi|211909240 
gi|211909242 
gi|146147376 
gi|41152540 
gi|50403821 
gi|545734 

87.0±13.0 
87.0±13.0 
87.0±13.0 
87.0±13.0 
86.5±12.5 
86.5±12.5 
86.5±12.5 
86.5±12.5 
86.5±12.5 
86.5±12.5 
85.5±13.5 
85.5±13.5 
85.5±13.5 
70.5±3.5 
70.5±3.5 
70.5±3.5 
70.5±3.5 

10.5±3.5 
10.5±3.5 
10.5±3.5 
10.5±3.5 
10.5±3.5 
10.5±3.5 
10.5±3.5 
10.5±3.5 
10.5±3.5 
10.5±3.5 
10.5±3.5 
10.5±3.5 
10.5±3.5 
10.5±3.5 
10.5±3.5 
10.5±3.5 
10.5±3.5 

30.0±4.0 
27.0±4.0 
24.0±4.0 
22.5±3.5 
22.5±3.5 
22.5±3.5 
18.0±4.0 
18.0±4.0 
18.0±4.0 
15.0±4.0 
14.0±4.0 
9.0±4.0 
9.0±4.0 
14.0±0.0 
22.0±0.0 
16.0±0.0 
18.0±4.0 

Cathepsin protein CatL1-MM3p, partial 
Cathepsin L-like proteinase 
Cathepsin L-like 
Chain A, Crystal Structure Of Procathepsin L1 
Secreted cathepsin L 1 
Cathepsin L protein 
Cathepsin L 
Cathepsin L2 
Cathepsin L1 
Cathepsin 
Cathepsin L1 
Cathepsin L1D 
Cathepsin L1D 
Cathepsin 
Cathepsin L protein 
Cathepsin L1 proteinase 
Cysteine protease 

F. hepatica 
F. hepatica 
F. hepatica 
F. hepatica 
F. hepatica 
F. hepatica 
F. gigantica 
F. gigantica 
F. gigantica 
F. gigantica 
F. hepatica 
F. hepatica 
F. hepatica 
F. gigantica 
F. hepatica 
F. hepatica 
Fasciola sp. 

CCA61803.1 
Q24940.1 
AAK38169.1 
2O6X_A 
AAB41670.2 
AAR99518.1 
AAF44675.1 
AAM44832.1 
AFB77219.1 
AAD23996.1 
CAC12806.1 
ACJ12893.1 
ACJ12894.1 
ABQ01982.1 
AAR99519.1 
AAT76664.1 
AAB30089.1 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
9E-180 
0.0 
0.0 

https://www.ncbi.nlm.nih.gov/protein/CAA80450.1
https://www.ncbi.nlm.nih.gov/protein/AAF76330.1
https://www.ncbi.nlm.nih.gov/protein/AAB41670.2?report=genbank&log$=prottop&blast_rank=1&RID=RRMGR6XF015
https://www.ncbi.nlm.nih.gov/protein/2O6X_A?report=genbank&log$=prottop&blast_rank=1&RID=RRMH9U0W014
https://www.ncbi.nlm.nih.gov/protein/Q24940.1?report=genbank&log$=prottop&blast_rank=1&RID=RRMG2FU7015
https://www.ncbi.nlm.nih.gov/protein/AAD23996.1
https://www.ncbi.nlm.nih.gov/protein/AAB30089.1
https://www.ncbi.nlm.nih.gov/protein/AAF44675.1
https://www.ncbi.nlm.nih.gov/protein/AAP49831.1
https://www.ncbi.nlm.nih.gov/protein/AAF44678.1
https://www.ncbi.nlm.nih.gov/protein/CCA61803.1?report=genbank&log$=prottop&blast_rank=1&RID=RRMCCHAV014
https://www.ncbi.nlm.nih.gov/protein/AAM11647.1
https://www.ncbi.nlm.nih.gov/protein/AAK38169.1
https://www.ncbi.nlm.nih.gov/protein/AAR99518.1
https://www.ncbi.nlm.nih.gov/protein/AAR99519.1
https://www.ncbi.nlm.nih.gov/protein/AAT76664.1?report=genbank&log$=prottop&blast_rank=1&RID=YXF08BAT01R
https://www.ncbi.nlm.nih.gov/protein/AAM44832.1
https://www.ncbi.nlm.nih.gov/protein/ABQ01982.1
https://www.ncbi.nlm.nih.gov/protein/AFB77219.1
https://www.ncbi.nlm.nih.gov/protein/AAB41670.2?report=genbank&log$=prottop&blast_rank=1&RID=RRMGR6XF015
https://www.ncbi.nlm.nih.gov/protein/2O6X_A
https://www.ncbi.nlm.nih.gov/protein/Q24940.1?report=genbank&log$=prottop&blast_rank=1&RID=RRMG2FU7015
https://www.ncbi.nlm.nih.gov/protein/AAD23996.1
https://www.ncbi.nlm.nih.gov/protein/AAB30089.1
https://www.ncbi.nlm.nih.gov/protein/AAF44675.1
https://www.ncbi.nlm.nih.gov/protein/AAP49831.1
https://www.ncbi.nlm.nih.gov/protein/AAM11647.1
https://www.ncbi.nlm.nih.gov/protein/AAF44678.1
https://www.ncbi.nlm.nih.gov/protein/CCA61803.1?report=genbank&log$=prottop&blast_rank=1&RID=RRMCCHAV014
https://www.ncbi.nlm.nih.gov/protein/Q24940.1?report=genbank&log$=prottop&blast_rank=1&RID=RRMG2FU7015
https://www.ncbi.nlm.nih.gov/protein/AAK38169.1
https://www.ncbi.nlm.nih.gov/protein/2O6X_A
https://www.ncbi.nlm.nih.gov/protein/AAB41670.2
https://www.ncbi.nlm.nih.gov/protein/AAR99518.1
https://www.ncbi.nlm.nih.gov/protein/AAF44675.1
https://www.ncbi.nlm.nih.gov/protein/AAM44832.1
https://www.ncbi.nlm.nih.gov/protein/AFB77219.1
https://www.ncbi.nlm.nih.gov/protein/AAD23996.1
https://www.ncbi.nlm.nih.gov/protein/CAC12806.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12893.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12894.1
https://www.ncbi.nlm.nih.gov/protein/ABQ01982.1
https://www.ncbi.nlm.nih.gov/protein/AAR99519.1
https://www.ncbi.nlm.nih.gov/protein/AAT76664.1?report=genbank&log$=prottop&blast_rank=1&RID=YXF08BAT01R
https://www.ncbi.nlm.nih.gov/protein/AAB30089.1
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gi|20136379 
gi|31558997 

68.0±15.0 
67.0±14.0 

10.5±3.5 
10.5±3.5 

26.5±4.5 
12.0±4.0 

Cathepsin L, partial 
Cathepsin L 

F. hepatica 
F. hepatica 

AAM11647.1 
AAP49831.1 

0.0 
0.0 

rFhpCL1 32 (2) gi|379991182 
gi|74765984 
gi|116488416 
gi|163310848 
gi|41152540 
gi|50403821 
gi|41152538 
gi|13774082 
gi|4574304 
gi|545734 
gi|7271889 
gi|21263041 
gi|146147376 
gi|377823949 
gi|108735840 
gi|211909240 
gi|211909242 
gi|10798511 
gi|310751866 
gi|7271895 
gi|20136379 

101.0±29.0 
101.0±29.0 
97.0±32.0 
97.0±32.0 
95.5±23.5 
95.5±23.5 
95.0±23.0 
95.0±23.0 
91.5±26.5 
91.0±26.0 
91.0±26.0 
91.0±26.0 
91.0±26.0 
91.0±26.0 
81.0±31.0 
81.0±31.0 
81.0±31.0 
80.0±25.0 
79.5±25.5 
77.0±27.0 
70.5±6.5 

14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 
14.0±4.0 

36.5±7.5 
33.5±7.5 
28.5±7.5 
26.0±4.0 
30.0±5.0 
19.0±0.0 
28.5±7.5 
30.0±8.0 
21.0±7.0 
19.5±3.5 
23.5±7.5 
23.5±7.5 
19.5±3.5 
23.5±7.5 
7.0±0.0 
14.5±7.5 
14.5±7.5 
20.5±7.5 
27.0±7.0 
16.5±5.5 
32.5±7.5 

Cathepsin protein CatL1-MM3p, partial 
Cathepsin L-like proteinase 
Secreted cathepsin L 1 
Chain A, Crystal Structure Of Procathepsin L1 
Cathepsin L protein 
Cathepsin L1 proteinase 
Cathepsin L protein 
Cathepsin L-like 
Cathepsin 
Cysteine protease 
Cathepsin L 
Cathepsin L2 
Cathepsin 
Cathepsin L1 
Cathepsin L2 
Cathepsin L1D 
Cathepsin L1D 
Cathepsin L1 
Cathepsin L-like proteinase 
Cathepsin L, partial 
Cathepsin L, partial 

F. hepatica 
F. hepatica F. 
hepatica 
F. hepatica 
F. hepatica 
F. hepatica 
F. hepatica 
F. hepatica 
F. gigantica 
Fasciola sp. 
F. gigantica 
F. gigantica 
F. gigantica 
F. gigantica 
F. hepatica 
F. hepatica 
F. hepatica 
F. hepatica 
F. hepatica 
F. gigantica 
F. hepatica 

CCA61803.1 
Q24940.1 
AAB41670.2 
2O6X_A 
AAR99519.1 
AAT76664.1 
AAR99518.1 
AAK38169.1 
AAD23996.1 
AAB30089.1 
AAF44675.1 
AAM44832.1 
ABQ01982.1 
AFB77219.1 
ABG00259.1 
ACJ12893.1 
ACJ12894.1 
CAC12806.1 
ADP09371.1 
AAF44678.1 
AAM11647.1 

0.0 
0.0 
0.0 
0.0 
9E-180 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
7E-167 
0.0 
0.0 
0.0 
0.0 
1E-164 
0.0 

rFhpCL1 24 (3) gi|379991182 
gi|74765984 
gi|13774082 
gi|41152538 
gi|116488416 
gi|21263041 
gi|7271889 
gi|377823949 
gi|4574304 
gi|163310848 
gi|41152540 
gi|50403821 
gi|10798511 
gi|146147376 
gi|545734 
gi|211909240 
gi|211909242 
gi|7271895 
gi|310751866 
gi|20136379 
gi|108735840 
gi|31558997 
gi|452266 

479.0±21.0 
462.0±10.0 
457.5±7.5 
457.5±7.5 
435.0±9.0 
430.5±6.5 
430.5±6.5 
430.5±6.5 
430.5±6.5 
426.0±5.0 
401.5±0.5 
391.0±2.0 
378.0±2.0 
376.0±0.0 
376.0±0.0 
353.5±3.5 
353.5±3.5 
300.5±9.5 
245.0±20.0 
241.5±37.5 
292.5±14.5 
189.5±19.5 
149.0±12.0 

40.5±0.5 
40.5±0.5 
40.5±0.5 
40.5±0.5 
40.5±0.5 
40.5±0.5 
40.5±0.5 
40.5±0.5 
40.5±0.5 
40.5±0.5 
40.5±0.5 
40.5±0.5 
34.0±16.0 
40.5±0.5 
40.5±0.5 
40.5±0.5 
40.5±0.5 
40.5±0.5 
24.0±1.0 
40.5±0.5 
40.5±0.5 
40.5±0.5 
40.5±0.5 

62.5±0.5 
58.5±1.5 
52.5±0.5 
53.5±0.5 
43.0±1.0 
40.5±0.5 
41.0±1.0 
40.5±0.5 
51.5±1.5 
40.5±3.5 
63.0±1.0 
25.0±0.0 
39.5±0.5 
27.0±1.0 
33.5±1.5 
33.0±0.0 
33.0±0.0 
47.5±0.5 
42.5±0.5 
52.5±0.5 
7.5±0.5 
43.0±1.0 
25.5±4.5 

Cathepsin protein CatL1-MM3p, partial 
Cathepsin L-like proteinase 
Cathepsin L-like 
Cathepsin L protein 
Secreted cathepsin L 1 
Cathepsin L2 
Cathepsin L 
Cathepsin L1 
Cathepsin 
Chain A, Crystal Structure Of Procathepsin L1 
Cathepsin L protein 
Cathepsin L1 proteinase 
Cathepsin L1 
Cathepsin 
Cysteine protease 
Cathepsin L1D 
Cathepsin L1D 
Cathepsin L, partial 
Cathepsin L-like proteinase 
Cathepsin L, partial 
Cathepsin L2 
Cathepsin L 
Cathepsin L-like protease 

F. hepatica 
F. hepatica 
F. hepatica 
F. hepatica 
F. hepatica 
F. gigantica 
F. gigantica 
F. gigantica 
F. gigantica 
F. hepatica 
F. hepatica 
F. hepatica 
F. hepatica 
F. gigantica 
Fasciola sp. 
F. hepatica 
F. hepatica 
F. gigantica 
F. hepatica 
F. hepatica 
F. hepatica 
F. hepatica 
F. hepatica 

CCA61803.1 
Q24940.1 
AAK38169.1 
AAR99518.1 
AAB41670.2 
AAM44832.1 
AAF44675.1 
AFB77219.1 
AAD23996.1 
2O6X_A 
AAR99519.1 
AAT76664.1 
CAC12806.1 
ABQ01982.1 
AAB30089.1 
ACJ12893.1 
ACJ12894.1 
AAF44678.1 
ADP09371.1 
AAM11647.1 
ABG00259.1 
AAP49831.1 
CAA80450.1 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
9E-180 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
1E-164 
0.0 
0.0 
7E-167 
0.0 
8E-124 

https://www.ncbi.nlm.nih.gov/protein/AAM11647.1
https://www.ncbi.nlm.nih.gov/protein/AAP49831.1
https://www.ncbi.nlm.nih.gov/protein/CCA61803.1?report=genbank&log$=prottop&blast_rank=1&RID=RRMCCHAV014
https://www.ncbi.nlm.nih.gov/protein/Q24940.1?report=genbank&log$=prottop&blast_rank=1&RID=RRMG2FU7015
https://www.ncbi.nlm.nih.gov/protein/AAB41670.2
https://www.ncbi.nlm.nih.gov/protein/2O6X_A?report=genbank&log$=prottop&blast_rank=1&RID=RRMH9U0W014
https://www.ncbi.nlm.nih.gov/protein/AAR99519.1
https://www.ncbi.nlm.nih.gov/protein/AAT76664.1?report=genbank&log$=prottop&blast_rank=1&RID=YXF08BAT01R
https://www.ncbi.nlm.nih.gov/protein/AAR99518.1
https://www.ncbi.nlm.nih.gov/protein/AAK38169.1
https://www.ncbi.nlm.nih.gov/protein/AAD23996.1
https://www.ncbi.nlm.nih.gov/protein/AAB30089.1
https://www.ncbi.nlm.nih.gov/protein/AAF44675.1
https://www.ncbi.nlm.nih.gov/protein/AAM44832.1
https://www.ncbi.nlm.nih.gov/protein/ABQ01982.1
https://www.ncbi.nlm.nih.gov/protein/AFB77219.1
https://www.ncbi.nlm.nih.gov/protein/ABG00259.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12893.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12894.1
https://www.ncbi.nlm.nih.gov/protein/CAC12806.1
https://www.ncbi.nlm.nih.gov/protein/ADP09371.1?report=genbank&log$=prottop&blast_rank=1&RID=RRRFXJ3Z014
https://www.ncbi.nlm.nih.gov/protein/AAF44678.1
https://www.ncbi.nlm.nih.gov/protein/AAM11647.1
https://www.ncbi.nlm.nih.gov/protein/CCA61803.1?report=genbank&log$=prottop&blast_rank=1&RID=RRMCCHAV014
https://www.ncbi.nlm.nih.gov/protein/Q24940.1
https://www.ncbi.nlm.nih.gov/protein/AAK38169.1
https://www.ncbi.nlm.nih.gov/protein/AAR99518.1
https://www.ncbi.nlm.nih.gov/protein/AAB41670.2
https://www.ncbi.nlm.nih.gov/protein/AAM44832.1
https://www.ncbi.nlm.nih.gov/protein/AAF44675.1
https://www.ncbi.nlm.nih.gov/protein/AFB77219.1
https://www.ncbi.nlm.nih.gov/protein/AAD23996.1
https://www.ncbi.nlm.nih.gov/protein/2O6X_A?report=genbank&log$=prottop&blast_rank=1&RID=RRMH9U0W014
https://www.ncbi.nlm.nih.gov/protein/AAR99519.1
https://www.ncbi.nlm.nih.gov/protein/AAT76664.1?report=genbank&log$=prottop&blast_rank=1&RID=YXF08BAT01R
https://www.ncbi.nlm.nih.gov/protein/CAC12806.1
https://www.ncbi.nlm.nih.gov/protein/ABQ01982.1
https://www.ncbi.nlm.nih.gov/protein/AAB30089.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12893.1
https://www.ncbi.nlm.nih.gov/protein/ACJ12894.1
https://www.ncbi.nlm.nih.gov/protein/AAF44678.1
https://www.ncbi.nlm.nih.gov/protein/ADP09371.1?report=genbank&log$=prottop&blast_rank=1&RID=RRRFXJ3Z014
https://www.ncbi.nlm.nih.gov/protein/AAM11647.1
https://www.ncbi.nlm.nih.gov/protein/ABG00259.1
https://www.ncbi.nlm.nih.gov/protein/AAP49831.1
https://www.ncbi.nlm.nih.gov/protein/CAA80450.1
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gi|19909509 
gi|157862759 
gi|7271891 
gi|107921814 
gi|167427529 
gi|195729975 
gi|38045864 

129.5±14.5 
108.0±12.0 
100.5±9.5 
98.5±7.5 
98.5±7.5 
98.5±7.5 
98.5±7.5 

29.5±10.5 
40.5±0.5 
40.5±0.5 
40.5±0.5 
40.5±0.5 
40.5±0.5 
40.5±0.5 

31.0±1.0 
46.5±0.5 
10.0±0.0 
10.0±0.0 
7.0±0.0 
7.0±0.0 
7.0±0.0 

Cathepsin L 
Cathepsin L, partial 
Cathepsin L 
Cathepsin L4 
Cathepsin L4, partial 
Cathepsin L1 
Cathepsin L 

F. gigantica 
F. gigantica 
F. gigantica 
F. hepatica 
F. hepatica 
F. magna 
F. gigantica 

BAB86959.1 
ABV90502.1 
AAF44676.1 
ABF85682.1 
ABZ80401.1 
ACG50798.1 
AAR08900.1 

0.0 
0.0 
0.0 
2E-172 
0.0 
0.0 
0.0 

rFhpCL1 22 (4) gi|379991182 
gi|163310848 
gi|74765984 
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Figure S2. Antigenicity profile predictions for Fasciola hepatica procathepsin L proteins. CL sequences of 

interest identified from recombinant and native studies described were analysed for putative B cell epitopes (A), 

showing antigenic peptides of interest which scored above each protein’s overall average antigenicity score. (B) 

Antigenic determinants of each sequence are highlighted, with broadly similar peptides across all CL protein 

sequences analysed and minor deviations at antigenic residue substitutions.  
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ADP09371.1  MRLFILAVLTVGVLGSNDDLWHQWKRMYNKEYNGADDQHRRNIWEKNVKHIQEHNLRHDLGLVTYTLGLNQFTDMTFEEFKAKYLTEMSRASDILSHGVP 

2O6X        ----------------NDDLWHQWKRMYNKEYNGADDQHRRNIWEKNVKHIQEHNLRHDLGLVTYTLGLNQFTDMTFEEFKAKYLTEMSRASDILSHGVP 

AAB41670.2  MRLFVLAVLTVGVLGSNDDLWHQWKRMYNKEYNGADDQHRRNIWEKNVKHIQEHNLRHDLGLVTYTLGLNQFTDMTFEEFKAKYLTEMSRASDILSHGVP 

CCA61803.1  MRLFILAVLTVGVLGSNDDLWHQWKRMYNKEYNGDDDQHRRNIWEKNVKHIQEHNLRHDLGLVTYTLGLNQFTDMTFEEFKAKYLTEMSRASDILSHGVP 

AAA29136.1  MRLFILAVLTVGVLGSNDDLWHQWKRMYNKEYNGADDQHRRNIWEKNVKHIQEHNLRHDLGLVTYTLGLNQFTDMTFEEFKAKYLTEMSRASDILSHGVP 

AAP49831.1  MWFFVLAVLTVGVLGSNDDLWHQWKRMYNNEYNGADDQHRRNIWEENVKHIQEHNLRHDLGLVTYTLGLNQFTDMTFEEFKAKYLTEMSRASDILSHGVP 

ACJ12893.1  MRFFILAVLTVGVLGSNDDLWHQWKRMYNKEYNGADDEHRRNIWEENVKHIQEHNLRHDLGLVTYTLGLNQFTDMTFEEFKAKYLTEIPRASDILSHGIP 

ABQ95351.1  MRCFVLAVLTVGVFASNDDLWHQWKRIYNKEYNGADDEHRRNIWGKNVKHIQEHNLRHDLGLVTYKLGLNQFTDLTFEEFKAKYLIEIPRSSELLSRGIP 

AAF76330.1  MRLVILTLLIVGVFASNDDLWHQWKRIYNKEYNGADDDHRRNIWEQNVKHIQEHNLRHDLGLVTYKLGLNQFTDMTFEEFKAKYLTEMPRASELLSHGIP 

                    110       120       130       140       150       160       170       180       190       200  

            ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ADP09371.1  YEANNRAVPDKIDWRESGYVTEVKDQGNCGSCWAFSTTGTMEGQYMKNERTSISFSEQQLVDCSRPWGNNGCGGGLMENAYEYLKQFGLETESSYPYRAV 

2O6X        YEANNRAVPDKIDWRESGYVTEVKDQGNCGSGWAFSTTGTMEGQYMKNERTSISFSEQQLVDCSRPWGNNGCGGGLMENAYQYLKQFGLETESSYPYTAV 

AAB41670.2  YEANNRAVPDKIDWRESGYVTEVKDQGNCGSCWAFSTTGTMEGQYMKNERTSISFSEQQLVDCSRPWGNNGCGGGLMENAYQYLKQFGLETESSYPYTAV 

CCA61803.1  YEANNRAVPDKIDWRESGYVTEVKDQGNCGSCWAFSTTGTMEGQYMKNERTSISFSEQQLVDCSGPWGNNGCSGGLMENAYQYLKQFGLETESSYPYTAV 

AAA29136.1  YEANNRAVPDKIDWRESGYVTEVKDQGNCGSCWAFSTTGTMEGQYMKNERTSISFSEQQLVDCSGPWGNNGCSGGLMENAYQYLKQFGLETESSYPYTAV 

AAP49831.1  YETNNRAVPDKIDWRESGYVTEVKDQGNCGSCWAFSTTGTMEGQYMKNERTSISFSEQQLVDCSGPWGNNGCSGGLMENAYQYLKQFGLETESSYPYTAV 

ACJ12893.1  YEASNRAVPDKIDWRESGYVTGVKDQGNCGSCWAFSTTGTMEGQYMKNERTSISFSEQQLVDCSGPWGNNGCGGGLMENAYEYLKQFGLETESSYPYRAV 

ABQ95351.1  YKANKLAVPESIDWRDYYYVTEVKDQGQCGSCWAFSTTGAVEGQFRKNERASASFSEQQLVDCTRDFGNYGCGGGYMENAYEYLKHNGLETESYYPYQAV 

AAF76330.1  YKANKRAVPDRIDWRESGYVTEVKDQGGCGSCWAFSTTGAMEGQYMKNQRTSISFSEQQLVDCSRDFGNYGCNGGLMENAYEYLKRFGLETESSYPYRAV 

                    210       220       230       240       250       260       270       280       290       300  

            ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ADP09371.1  EGQCRYNKQLGVAKVTGYYTVHSGSEVELKNLVGAEGPAAVAVDVESDFMMYSGGIYQSQTCSPLGLNHAVLAVGYGTQGGTDYWIVKNSWGLSWGERGY 

2O6X        EGQCRYNKQLGVAKVTGFYTVHSGSEVELKNLVGAEGPAAVAVDVESDFMMYRSGIYQSQTCSPLRVNHAVLAVGYGTQGGTDYWIVKNSWGLSWGERGY 

AAB41670.2  EGQCRYNKQLGVAKVTGFYTVHSGSEVELKNLVGAEGPAAVAVDVESDFMMYRSGIYQSQTCSPLRVNHAVLAVGYGTQGGTDYWIVKNSWGLSWGERGY 

CCA61803.1  EGQCRYNKQLGVAKVTGYYTVHSGSEVELKNLVGAEGPAAVAVDVESDFMMYSGGIYQSQTCSPLGLNHAVLAVGYGTQGGTDYWIVKNSWGSYWGERGY 

AAA29136.1  EGQCRYNKQLGVAKVTGYYTVHSGSEVELKNLVGARRPAAVAVDVESDFMMYRSGIYQSQTCSPLRVNHAVLAVGYGTQGGTDYWIVKNSWGTYWGERGY 

AAP49831.1  EGQCRYNKQLGVAKVTGYYTVPSGSEVELKNLVGAEGPAAVAVDVESDFMMYRSGIYQSQTCSPLRVNHAVLAVGYGTQGGTDYWIVKNSWGLSWGERGY 

ACJ12893.1  EGQCRYNRQLGVAKVTGYYTLHSGNEAGLKSLVGSEGPAAVAVDVESDFMMYRSGIYQSQTCSPLGLNHAVLAVGYGTQGGTDYWIVKNSWGLSWGERGY 

ABQ95351.1  EGPCQYDGRLAYAKVTGYYTVHSGDEIELKNLVGTEGPAAVALDADSDFMMYQSGIYQSQTCLPDRLTHAVLAVGYGSQDGTDYWIVKNSWGTWWGEDGY 

AAF76330.1  EGQCRYNEQLGVAKVTGYYTVHSGDEVELQNLVGAEGPAAVALDVESDFMMYRSGIYQSQTCSPDRLNHGVLAVGYGIQDGTDYWIVKNSWGTWWGEDGY 

                    310       320        

            ....|....|....|....|....|. 

ADP09371.1  IRMARNRGNMCGIASLASLLMVARFP   CL1A 

2O6X        IRMVRNRGNMCGIASLASLPMVARFP   CL1A 

AAB41670.2  IRMVRNRGNMCGIASLASLPMVARFP   CL1A 

CCA61803.1  IRMARNRGNMCGIASLASLPMVARFP   CL1A 

AAA29136.1  IRMARNRGNMCGIASLASLPMVARFP   CL1A 

AAP49831.1  IRMARNRGNMCGIASLASLPIGTISV  CL1A 

ACJ12893.1  IRMARNRGNMCGIASLASLPMVARFP  CL1D 

ABQ95351.1  IRFARNRGNMCGIASLASVPMVARFP   CL2 

AAF76330.1  IRMVRKRGNMCGIASLASVPMVAQFP   CL5 

 

A 
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Table S2. Residue conservation scores based on multiple sequence alignments of procathepsin L candidate 

peptides. Sequences for candidate peptides (6–20, signal–inhibitor; 26–40, inhibitor; 115–129, mature 

protease) from nine procathepsin Ls were aligned and residue conservation was analysed using the Scorecons 

Server (Thornton Group, European Bioinformatics Institute: www.ebi.ac.uk/thornton-srv/databases/cgi-

bin/valdar/scorecons_server.pl). Ten residues were identical within the signal–inhibitor- and mature 

protease-derived peptides, and 11 were identical within the inhibitor-derived peptide (residue conservation 

score: 1.000). Average residue conservation scores were 0.889, 0.934 and 0.878 for signal–inhibitor-, 

inhibitor- and mature protease-derived peptides, respectively, leading to low diversity scores of 39.90% 

(*excluding 2O6X_A for residues 6-16), 35.10% (26–40) and 43.30% (115–129). 

Peptide position 
Sequence source (GenBank v204) 

(ADP09371.1, 2O6X_A, AAB41670.2, CCA61803.1, AAA29136.1, 
AAP49831.1, ACJ12893.1, ABQ95351.1, AAF76330.1) 

Residue 
conservation score 

(0–1) 

Overall diversity 
score (0–100%) 

Signal–inhibitor 
6–20↓ 

L–LLLLLLL  1.000* 

39.90* 

A–AAATAAA  0.692* 

V–VVVLVVV  0.692* 

L–LLLLLLL  1.000* 

T–TTTITTT  0.653* 

V–VVVVVVV  1.000* 

G–GGGGGGG  1.000* 

V–VVVVVVV  1.000* 

L–LLLFLFL  0.669* 

G–GGGAGAG  0.628* 

S–SSSSSSS  1.000* 

NNNNNNNNN 1.000 

DDDDDDDDD 1.000 

DDDDDDDDD 1.000 

LLLLLLLLL 1.000 

Inhibitor 
26–40↓ 

RRRRRRRRR 1.000 

35.10 

MMMMMMMII 0.772 

YYYYYYYYY 1.000 

NNNNNNNNN 1.000 

KKKKKNKKK 0.831 

EEEEEEEEE 1.000 

YYYYYYYYY 1.000 

NNNNNNNNN 1.000 

GGGGGGGGG 1.000 

AAADAAAAA 0.774 

DDDDDDDDD 1.000 

DDDDDDDDD 1.000 

QQQQQQQED 0.637 

HHHHHHHHH 1.000 

RRRRRRRRR 1.000 

Mature Protease 
115–129↓ 

RRRRRRRRR 1.000 

43.30 

EEEEEEEDE 0.774 

SSSSSSSYS 0.585 

GGGGGGGYG 0.472 

YYYYYYYYY 1.000 

VVVVVVVVV 1.000 

TTTTTTTTT 1.000 

EEEEEEGEE 0.833 

VVVVVVVVV 1.000 

KKKKKKKKK 1.000 

DDDDDDDDD 1.000 

QQQQQQQQQ 1.000 

GGGGGGGGG 1.000 

NNNNNNNQG 0.507 

CCCCCCCCC 1.000 

https://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/valdar/scorecons_server.pl
https://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/valdar/scorecons_server.pl
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Chapter 4 supplementary materials 

 

Figure S3. Transmission electron microscopy (TEM) visualisation of SEC-derived extracellular vesicles (EVs) 

from excretory/secretory (ES) products of Fasciola hepatica after in vitro culture (live fluke group). EVs derived 

from 10 adult F. hepatica ES products were analysed by TEM following in vitro culture. qEV original fractionation 

of large-sized (EV1) EVs (Ai-ii) and small-sized (EV2) EVs (Bi-ii) was confirmed. 
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Figure S4. Transmission electron microscopy (TEM) visualisation of SEC-derived extracellular vesicles (EVs) 

from excretory/secretory (ES) products of Fasciola hepatica after ethyl 4-aminobenzoate exposure (dead fluke 

group). EVs derived from 10 adult F. hepatica from natural infections were analysed by TEM following exposure 

to ethyl 4-aminobenzoate. qEV original fractionation of large-sized (EV1) EVs (Ai-ii) and small-sized (EV2) EVs (Bi-

ii) was confirmed. 
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Figure S5. Transmission electron microscopy (TEM) visualisation of Fasciola hepatica tegument after in vitro 

culture (untreated control group). Five size-matched adult F. hepatica from natural infections were analysed by 

TEM following in vitro culture. Scale bar: 500 nm. 
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Figure S6. Transmission electron microscopy (TEM) visualisation of Fasciola hepatica tegument after in vitro 

culture (ethyl 4-aminobenzoate-treated group). Five size-matched adult F. hepatica from natural infections 

were analysed by TEM following in vitro culture and exposure (<1 minute) to ethyl 4-aminobenzoate. Scale bar: 

500 nm. 
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Figure S7. 2-D SDS PAGE of whole extracellular vesicle (EV)-depleted excretory/secretory proteomic profiles 

of drug-treated (sub-lethal dose [15 μg·mL-1]: TCBZ, TCBZ-SO, TCBZ-SO2) wild type Fasciola hepatica (WT-Fh, 

mixed TCBZ susceptibility). All protein material (≤100 µg, EV-depleted by SEC) acquired from 90 flukes per 

treatment were analysed by duplicate 2-D SDS PAGE: (A) DMSO, (B) TCBZ, (C) TCBZ-SO and (D) TCBZ-SO2. 
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Figure S8. 2-D SDS PAGE of whole extracellular vesicle (EV)-depleted excretory/secretory proteomic profiles 

of drug-treated (sub-lethal dose [15 μg·mL-1]: TCBZ, TCBZ-SO, TCBZ-SO2) Kilmarnock Fasciola hepatica (K-Fh, 

TCBZ-resistant). All protein material (≤100 µg, EV-depleted by SEC) acquired from 90 flukes per treatment were 

analysed by duplicate 2-D SDS PAGE: (A) DMSO, (B) TCBZ, (C) TCBZ-SO and (D) TCBZ-SO2.  
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Chapter 6 supplementary materials 

 

Figure S9. Representative Ag-ELISA absorbances (OD 405 nm) of non-infected and positive ovine infection sera 

against F. hepatica ES products for the determination of optimal ES AgELISA conditions. Average OD measures 

are shown for two duplicate tests conducted on different days and adjusted by the subtraction of negative BSA 

control Ag OD per serum dilution. Whole ES products within the range of 0.05–2 μg·mL-1 were probed with 

pooled negative (-) and positive (+) sera (1:250–1:1000). Positive OD values were considered when exceeding 

the cut-off (C-O), shown as one standard deviation above the highest OD value observed at each Ag 

concentration using negative serum (solid line (1:250): 0.19701–2.09909). 
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Figure S10. Replicate western hybridisation analysis of IgG immunoreactivity against recombinant candidates 

using experimentally infected sheep with Fasciola hepatica drug-susceptible and -resistant isolates. rFh∆CRT 

(0.5 μg/well) (A), rFhGEL (0.5 μg/well) (B) and rFhTPI (0.25 μg/well) (C) were probed with whole sheep sera 

diluted to 1:1,500 and pooled from three animals experimentally infected with TCBZ-susceptible (i) or TCBZ-

resistant (ii) F. hepatica isolates. Lane numbers refer to week post-infection (0–17), with clinical TCBZ dose 

administration at week 12(*). Due to the immunoreactivity at 0 wpi (B–C), conditions for antibody detection 

were adjusted to reduce non-specific antibody binding for the replicate western hybridisation (Figure 6.4.2.3.2). 




