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SUMMARY 
 

Over the past decade rumen fluke have emerged as a major parasite of livestock in 

Western Europe. Although recognised to cause clinical and sub-clinical disease in 

non-temperate regions, there have only been few studies into the potential economic 

losses associated with infections in temperate areas. Given a status as a newly 

emerging parasite, many aspects of the fundamental biology of potentially the most 

dominant temperate rumen fluke, Calicophoron daubneyi have yet to be researched in 

detail.  

In the current thesis, many characteristics of C. daubneyi basic biology have been 

uncovered using a combined proteomic and bioinformatics approach that have 

produced   an array of datasets that will aid future applied studies. The global soluble 

somatic and egg proteomes of C. daubneyi were successfully resolved utilising SDS-

PAGE combined with LC-MS/MS elucidating an array of protein families including 

fatty acid binding proteins (FABPs) and alpha crystallin containing small heat shock 

proteins (AC/sHSPs) with the potential to be used as biomarkers in infection 

diagnostics due to their immunogenicity. Extracellular vesicle (EV) isolation 

techniques previously utilised in parasitic flatworms were exploited facilitating the 

successful isolation of EVs from C. daubneyi ES products for the first time. 

Furthermore, proteomic investigation identified a multitude of proteins such as Sigma-

class GST and cathepsins L and B in EVs that have previously been described in 

immune evasion and successful establishment of helminth parasites allowing insights 

into the mechanisms of establishment utilised by C. daubneyi. Further investigation 

into isolated EVs highlighted their antimicrobial activity as well as mechanisms of EV 

release, all of which can potentially be utilised in the future treatment of infection. All 

proteomic profiles resolved contained numerous hypothetical and uncharacterised 

proteins that are likely specific to C. daubneyi and their further study could be key to 

understanding the mechanisms through which the parasite establishes successfully and 

elucidate treatment options. Currently, there are no licenced anthelmintic treatment 

options to C. daubneyi in the UK and with its prevalence increasing it is likely that 

alternative treatment options will be required in the near future in order to combat the 

likely economic impact of increased infections. With increasing prevalence, it is of 

great importance to understand the capacity and mechanisms of xenobiotic 

detoxification in C. daubneyi in order to allow the development of effective 

anthelmintics. Phase I and II detoxification enzymes, glutathione transferase (GST), 

sulfotransferase, monoamine oxidase and cytochrome P450 were identified in the C. 

daubneyi transcriptome, providing evidence of drug metabolism capacity that could 

support future resistance of an anthelmintic. However, Phase I and II protein presence 

was also investigated in the resolved proteomes, with only Phase II GSTs identified 

during in vitro culture highlighting their importance in C. daubneyi successful 

establishment and maintenance of infection.   

With its status as a rapid newly emerging parasite in the UK, it is likely that C. 

daubneyi will continue to increase in prevalence across the UK and Europe requiring 

a need for the development of treatment options with many aspects of C. daubneyi still 

requiring research in order to decrease the potential threat to livestock production that 

is likely to be observed. The results from this research have uncovered many aspects 

of C. daubneyi fundamental biology, including highlighting specific protein families 

of interest that may prove useful as diagnostic markers and potential vaccine and 

anthelmintic candidates. 
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1.1 PARAMPHISTOME EPIDEMIOLOGY  

  

1.1.1 Introduction  

Livestock infections with parasitic helminths are a major problem in agriculture 

worldwide, often representing the primary cause of productivity loss in the industry 

due to the implications of clinical and subclinical losses, as well as the costs associated 

with the implementation of control and treatment strategies (Ballweber, 2006; Donald, 

1994; Waller, 2003). Currently, there are only a few viable options for controlling 

parasitic helminths infecting livestock, including biological control and pasture 

management, with treatment using anthelmintic drugs remaining the primary method 

of management in the continued absence of vaccines (Mitreva et al., 2007).  

In regard to treatment of helminth infections, the British Veterinary Association 

(BVA) guidelines state: ‘Ensure full grazing management programmes and the use of 

regular faecal egg counts (FEC) to ensure treatment of only those animals that need 

it’ (Forbes, 2017). Minimisation of productivity losses can be achieved through early 

identification of infection and subsequent treatment, with strategic plans endeavouring 

to achieve avoidance of parasite exposure advantageous (Forbes, 2019). Many 

parasitic helminths have specific definitive hosts which can be monopolised in their 

control and treatment through mixed or co-grazing, however many parasites including 

fluke species have multiple potential mammalian hosts and so the variances in host 

responses can be exploited to ensure their successful management (Forbes, 2017). Due 

to the importance of livestock farming on the future of food security, it is of upmost 

importance to ensure there are effective mechanisms of management of parasitic 

helminth infections to ensure efficiency in farming and its sustainability (Charlier et 

al., 2015).  
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1.1.2 The Trematoda  

Parasitic helminths are of great veterinary, agricultural and medical importance as the 

family responsible for a wide selection of disease (Cuesta-Astroz et al., 2017). In 

agriculture, helminths are responsible for substantial losses with billions of dollars 

spent annually on treatment and control (Robinson & Dalton, 2009; Wang et al., 2009; 

Perry & Randolph, 1999). As a family, helminths are divided into two phyla, the 

Nematodes and Platyhelminths (Hotez et al, 2009). A majority of parasitic helminths 

belong to the roundworms (Phylum Nematoda) and the two classes within the 

Platyhelminthes, the flukes (Trematoda) and the tapeworms (Cestoda) (Franchini et 

al., 2015), with the World Health Organisation (WHO) detailing 8 out of the 17 

defined neglected tropical diseases to be caused by helminth parasites. The trematoda 

as a class is divided into two defined subclasses, the Aspidogastrea and the Digenea. 

The Aspidogastrea represents the smaller of the two (~80 species) with low economic 

importance with infections primarily affecting molluscs and vertebrates, whilst the 

Digenea is a significantly larger subclass (~18,000 species) with a vast number of 

genera and a diverse range of host species (Olsen et al., 2003; Konstadinova & Pérez-

del-Olmo, 2019). The taxonomy of the Digenea has been complex to define due to 

issues in identifying relationships and methods of diagnosis, with morphology of all 

Digenean trematodes found to be visually analogous with dorsoventrally flattened leaf 

shaped bodies ranging from several millimetres up to 8cm in length (Figure 1.1). 

Historically over 2500 genera had been categorised into the digenea, however recent 

molecular studies have only confirmed 148 families comprised of 1577 genera 

(Toledo & Fried, 2017).  
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Figure 1.1: Generic organography of an adult digenic trematode (Toledo & Fried, 2017). 
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1.1.3 Paramphistomes 

Tissue and blood trematodes can be detrimental to livestock producers due to their 

contribution to morbidity and mortality as well as associated sub-clinical disease 

leading to loss of economic returns. Thus, the trematodes contains species found in 

the liver, gastro-intestinal tract or blood vessels of their hosts (Rojo-Vázquez et al., 

2012), with tissue trematode parasites found to reside in the GI tract largely 

understudied due to the prevalence, distribution and morbidity associated with liver 

and lung flukes (Sen-Hai & Mott, 1994). Specifically, the trematode parasites within 

the family paramphistomidiae collectively make up the group known as 

paramphistomes - more commonly referred to as the rumen or stomach flukes. 

Ruminant infections with paramphistomes have been observed worldwide and 

represent the predominant parasite found in both the rumen and reticulum of sheep, 

goats, cattle and water buffalo (Anuracpreeda et al., 2008). Paramphistomes can be 

divided into numerous genera including Paramphistomum, Calicophoron, 

Cotylophoron and Balanorchis, all of which have been identified as infecting cattle in 

a diverse range of geographical locations (Tandon et al., 2014). As a clade, 

paramphistomes encompass over 20 species, however it has been noted that 

Calicophoron daubneyi (C. daubneyi) is the only species to infect livestock in Western 

Europe (Soulsby, 1965; Jones et al., 2015). Despite their worldwide prevalence, some 

fundamental information about paramphistomes is still unknown, including many 

aspects of their fundamental biology, methods of diagnosis and potential treatment 

and control options (Huson et al., 2017).  

1.1.4 Paramphistomosis  

Paramphistomosis is the clinical disease caused by infection with trematodes 

belonging to the paramphistomidae family and is generally the result of a largely 
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neglected, high burden infections (Anuracpreeda et al., 2008; Rojo-Vázquez et al., 

2012). Paramphistomosis is responsible for drastic economic losses in a range of 

tropical and sub-tropical regions, however it has now been found to affect ruminants 

worldwide (Rojo-Vázquez et al., 2012; Diaz et al., 2006). In recent years Great Britain 

and Ireland have seen substantial increases in the number of paramphistome eggs in 

cattle faeces leading to increased interest into the research of the parasites responsible 

for the infections (Foster et al., 2008, Murphy et al., 2008). Clinical symptoms 

including morbidity of infection has been attributed to sexually immature worms in 

their migratory stage rather than adult fluke in their definitive position within the host 

and can be potentially fatal in sheep and cattle (Horak, 1971; Forbes, 2018). Clinical 

symptoms present following excystment and migration of immature fluke to the 

duodenum mucosa where they develop and subsequently penetrate the mucosal lining 

causing significant damage to the tissue with high burdens leading to propagation of 

acute inflammation and pathology (Millar et al., 2012; Mason et al., 2012; Tilling, 

2013). In extremely high numbers, immature fluke can cause fatality through 

widespread damage of intestinal tissue leading to haemorrhaging particularly in 

juvenile animals (Mason et al., 2012). Interestingly fatalities have only been identified 

in calves yet have been identified in sheep of all ages (Millar et al., 2012; Forbes, 

2018). Adult fluke have not been found to cause mortality, however, ruminal papillae 

atrophy and rumen wall ulceration at the site of attachment has been observed, which 

have been associated with decreased milk yields and growth rate (Foster et al., 2008; 

Fuertes et al., 2015). Paramphistomes have been found to mature and migrate rapidly 

in cattle, when compared to other hosts, as well as living and producing eggs for a 

longer period of time (Horak, 1971). Clinical paramphistomosis has mainly been 
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observed between September and December which is similar to many clinical 

trematode infections, including Fasciolosis (Alzieu & Dorchies, 2007).  

 

1.1.5 Calicophoron daubneyi  

Calicophoron daubneyi (C. daubneyi) is a gastric trematode with particular pathology 

in young ruminants. It was first classified by Eduardo (1983) after revision of the 

genus Calicophoron following its initial characterisation as Paramphistomum 

daubneyi by Dinnik (1962) (Diaz et al., 2006).  C. daubneyi was first confirmed as 

being present in the UK in 2012 (Gordon et al., 2012), with prevalence now found to 

be high with abattoir studies reporting 29% of cattle in the UK to be infected 

(Saringson et al., 2016). Adult C. daubneyi have been shown to induce an 

inflammatory response in the rumen and reticulum in which they reside (Fuertes et al., 

2015), whilst juvenile stages of paramphistomidae are known to cause pathology and 

even fatality in large numbers due to the inflammatory immune response incited by 

their attachment to the small intestine wall (Singh et al., 1984). This attachment can 

also result in damage to the mucosal membrane leading to ineffective digestion and 

absorbance through the intestinal wall, causing enteritis, diarrhoea, anaemia and 

weight loss (Spence et al., 1996). The main effect on adult ruminants is a decrease in 

food conversion resulting in weight loss and decrease in milk production causing large 

economic losses (Rangel-Ruiz et al., 2003). Early reports of rumen fluke in the UK 

were based solely on morphological identification, identifying Paramphistomum cervi 

as the main species affecting British livestock (Pillers, 1922). However, recent 

molecular studies have all identified C. daubneyi as the species infecting UK livestock 

(Gordon et al., 2013; Huson et al., 2015).  
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1.1.6 Morphology 

Paramphistome infections are identified based on their morphology, carried out 

through their size, shape and presence of anterior and posterior suckers. Immature 

paramphistomes are less than 1 mm in length and reside in the small intestine of the 

host, with their presence observed as little as 9 days following exposure. Small adult 

fluke appear bright red in colour around 2-3 mm in length, whilst adult 

paramphistomes are typically 0.5-1.0 cm long and found to be firmly attached to the 

rumen wall by their acetabulum with their surface covered in papillae (Figure 1.2) 

(Huson et al., 2017; Eduardo, 1983). Paramphistome eggs are colourless with an 

approximate length of 130-180 µm (Taylor, 2007). Eggs of both C. daubneyi and 

closely related trematode F. hepatica are morphologically similar, with C. daubneyi 

eggs appearing clear whilst F. hepatica are yellow (Foster et al., 2008). 
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Figure 1.2: SEM images of C. daubneyi from Dinnik, 1962. a. Whole worm, ventral view 

(scale 500 µm) b. Genital pore (scale 100 µm). c. Anterior end (scale 100 µm). d. Anterior 

end (scale 100 µm). e. Acetabular region (200 µm). Images remastered from Eduardo (1983). 
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1.1.7 Emerging livestock parasite 

Increasing parasitism of livestock worldwide has been attributed to two main factors 

– development of anthelmintic resistance and demand for organic farming (Waller, 

2003). Although long regarded as only common in non-temperate regions, cases of 

paramphistomosis have been reported to be increasing in temperate zones across South 

America and Europe, including the UK and Ireland (Sanabria & Romero, 2008; 

Malrait et al., 2015; Jones et al., 2017; Martinez-Ibeas et al., 2016). Whilst trematode 

infections such as fasciolosis are well documented and known for its vast economic 

loss to the farming industry, it is reported that the economic impact of 

paramphistomosis are largely underestimated (Mage et al., 2002). 

 

Paramphistome infections have been identified in ruminant livestock in the UK for 

over a century, with studies morphologically identifying the species to be 

Paramphistomum cervi (P. cervi) infecting both sheep and cattle (Sey, 1980; Piller, 

1922). Historically rumen fluke infections were only reported occasionally in the UK 

and Ireland, with many early studies reporting low prevalence rates (Kelly, 1948; 

Willmott, 1950). Studies over the past 20 years have shown an increase in cases of 

infection across Europe with levels of 16-77% recorded on farms (Table 1.1). 

However, it is difficult to make comparisons between studies due to differences in 

livestock species and methods through which sampling took place. It is also difficult 

to determine the species of rumen fluke during collection due to their morphological 

appearance of both themselves and the eggs they produce (Choudhary et al., 2015). 

Eggs produced by the parasite have only been identified in faecal samples within the 

UK since the mid-2000s, affirming its status as a newly emerging parasite of domestic 

livestock with infections now commonplace across the UK and Ireland (Sargison et 
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al., 2019). Despite its importance and possible future detrimental effects on the 

livestock industry its basic biology and interaction with the host are still poorly 

understood and studied (Huson et al., 2018). 

 

Increased incidence of rumen fluke infections across Western Europe have been 

attributed to the single paramphistome species – C. daubneyi, with prevalence 

continuing to increase to date (Toolan et al., 2015). The reasons behind initial 

emergence and increasing prevalence of C. daubneyi infections in the UK are still 

poorly understood despite their possible impact on production loss due to their 

documented causation of clinical disease in subtropical regions (Sargison et al., 2019; 

Rangel-Ruiz., 2003). Emergence of C. daubneyi and subsequent spread of infection 

could be attributed to many factors including the change in climate conditions 

permitting optimal environments for completion of the life cycle as well as increased 

availability of G. trunculata as its intermediate host due to regular F. hepatica 

treatment (Jones et al., 2017; Skuce et al., 2013).  
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Table 1.1 Prevalence of Rumen Fluke parasites in European countries (Jones, PhD Thesis, 

2017). 
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1.1.8 Life cycle 

Digenean lifecycles are complex, developing through a number of stages in the 

external environment before entering their intermediate and definitive host (Figure 

1.1). Paramphistomes have a heteroxenous life cycle with fresh water snails acting as 

their intermediate hosts (Malrait et al., 2015). C. daubneyi and F. hepatica have 

similar life cycles with analogous periods of infection risk due to their shared 

intermediate host, G. trunculata (Dreyfuss, 2015), with the possibility of this 

molluscan intermediate host being dually infected (Augot et al., 1996). 

Paramphistomes have a two-host life cycle involving an intermediate aquatic 

molluscan host and a definitive vertebrate host.  

 

Successful establishment and maturation within the definitive host leads to the 

production of eggs that are secreted in the faeces where they hatch before finding an 

appropriate intermediate host to continue the cycle (Zintl et al., 2014). Within the 

intermediate host, paramphistome miracidium go through three lifecycle stages as 

sporocysts, rediae and cercaria. Following maturation as cercariae, they are released 

onto vegetation where they encyst to metacercariae where under favourable conditions 

they can remain dormant for long periods until they are ingested by their definitive 

hosts (Huson et al., 2017; Sanabria & Romeo, 2008). Upon ingestions, metacercaria 

encyst in the duodenum of the small intestine where they are thought to plug attach 

allowing them to feed and develop prior to migration along the intestinal tract through 

the duodenum, abomasum and omasum until they reach the rumen and attach to the 

rumen wall where they mature into adults (Sanabria & Romero, 2008; Zintl et al., 

2014). Upon maturation the fluke produces eggs that are then released in the faeces 

allowing the lifecycle to continue.  
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1.1.9 Diagnosis of infection 

There is currently no validated diagnostic method through which clinical cases of 

paramphistomosis caused by intestinal residing juveniles can be identified, with 

infection often only noted following post-mortem examination (Huson et al., 2017). 

The current method of identifying adult paramphistome infections is through faecal 

egg counting (FEC), utilising either flotation or sedimentation of eggs (Gordon et al., 

2012). However, there are many limitations to FEC, one of which is the similarities in 

eggs between C. daubneyi and F. hepatica that may lead to false positives in the 

diagnosis of infection (Gordon et al., 2013; Rojo-Vázquez et al., 2012). False 

diagnosis can lead to downstream complications due to treatments for F. hepatica 

(excluding oxyclozanide) remaining ineffective against paramphistome spp. (Rolfe & 

Boray, 1987), leading to eggs remaining in faeces that can lead to unwarranted further 

treatment that will be cost ineffective to livestock farmers. FEC also has drawback in 

the time it takes for the parasite to establish and begin releasing eggs from the host, 

this is also the period in which the infection has the potential to cause mortality in the 

host without being able to be detected. A further method of diagnosis is through use 

of ELISA utilising proteins specific to paramphistome species, however, currently 

used ELISAs have been acknowledged as having cross-reactivity with closely related 

trematode species such as F. hepatica (Díaz et al., 2006). Increased prevalence of 

rumen fluke infections have been identified using two main methods of identifying 

infections, FEC and examination of the animals at slaughter, with the latter also allows 

identification of juvenile fluke residing in the intestine which are known to cause the 

pathology of infection responsible for paramphistomiasis as a clinical disease (Mason 

et al., 2012; Millar et al., 2012). 
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1.1.10 Treatment and control 

Oxyclozanide (a salicylanilide) is widely recognised as the most effective anthelmintic 

in the treatment of paramphistomosis demonstrating high efficacy in many studies 

with the ability to treat both immature and mature parasites (Malrait et al., 2015). 

Despite its effectiveness against paramphistomosis, oxyclozanide remains unlicensed 

for use against rumen fluke in many countries (Rolfe & Boray, 1987; Sanabria et al., 

2014; Sanabria & Romero, 2008). Several treatment options such as febantel, 

niclosamide, resorantel, terenol and hexachlorophene have shown efficacy against 

paramphistomes, however these treatment options are also unlicensed for use in 

treatment of livestock (Rolfe & Boray, 1987; Rolfe & Boray, 1988) and so currently 

the main farm measure in rumen fluke control is the avoidance of grazing in 

intermediate host G. trunculata habitats. Grazing management has proven difficult 

due to variability depending upon farm layout, but once potential habitats have been 

successfully identified can be achieved through drainage, fencing and selective 

grazing (Forbes, 2017). However, changes in the climate also effect helminth control 

strategies, with high risk infection periods less predictable and the need for currently 

implemented strategies to be revised (Dijk et al., 2010).  

 

Many trematode species have developed resistance following inappropriate use of 

anthelmintics, thus, due to the increasing prevalence of C. daubneyi in the Western 

Europe new targets for drug compounds could be essential in the near future. 

Treatment and preventative methods for paramphistomosis is currently carried out 

through the use of a single anthelmintic – oxyclozanide, however this is not licensed 

for use against paramphistome infections in many countries (Arias et al., 2013; Rolfe 

& Boray, 1988; Pinto et al., 2019). The lack of a diagnostic test and suitable licensed 
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treatment options means research is greatly needed in order to treat paramphistomes 

in the future, with only a few anthelmintics available development of new treatment 

compounds is of significant importance (Pinto et al., 2019). In order for suitable 

treatment options to be developed the gaps in knowledge of the parasites basic 

fundamental biology need to be explored and through the use of combined proteomic 

and transcriptomic techniques explored allowing development of diagnostic tests and 

subsequent treatment options (Huson et al., 2017; Robinson et al., 2009).  
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1.2 XENOBIOTIC DETOXIFICATION 

1.2.1 Introduction 

Helminths are capable of developing resistance to anthelmintics through a variety of 

mechanisms including the mutation of target genes, overexpression of efflux transport 

pumps and the overexpression of drug metabolising enzymatic systems (Alvarez et 

al., 2005). Anthelmintic resistance has long been a worldwide issue in parasitic 

helminth species of veterinary importance (Wolstenholme et al., 2004). As stated 

above xenobiotic metabolizing enzymes (XMEs) from parasitic helminths have the 

potential to support the development of resistance (Cvilink et al., 2008) and thus their 

identification in C. daubneyi could identify a route for drug resistance in the future 

and facilitate the need for new treatment strategies. Identification of anthelmintic 

resistance in a large number of livestock parasites has highlighted the need to develop 

methods of both chemical and non-chemical control which is now being addressed 

though investigation of the underlying mechanisms leading to resistance development 

(Kaplan, 2004; Laing et al., 2013). It is clear that resistance to anthelmintics is a major 

threat to the global ruminant livestock industry (Waller, 1999). The continued inability 

to link mutations found in the anthelmintic protein target in the laboratory with field 

studies has renewed interest in other routes of resistance, such as anthelmintic 

metabolism (Vokral et al., 2013), with some parasitic helminth studies correlating 

increased activity or levels of XMEs with resistance (Brennan et al., 2007; Cvlink et 

al., 2008). Prior to the accessibility of genomics in developing anthelmintics, targets 

were identified through molecular studies of genes hypothesised to be involved in 

parasite virulence (Brindley et al., 2009). With readily available genomic studies, the 

fundamental biology of helminth parasites is now being resolved, this combined with 
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studies into RNAi in helminths it is thought it will allow new drug development and 

vaccines (Hotez et al., 2008; Berriman et al., 2007) 

 

Understanding xenobiotic detoxification is crucial in understanding the methods 

through which metabolism of xenobiotics takes place. Most xenobiotics that enter an 

organism are metabolised enzymatically allowing their deconstruction to polar 

metabolites that can be easily excreted by the organism (Cvilink et al., 2009). 

Metabolism of these xenobiotics takes place in three distinct phases, Phase I, Phase II 

and Phase III (Barrett, 1997) (Table 1.2). Members of Phase I and II are actively 

involved in detoxification, whilst members of phase III are involved in the active 

transport of substances. The majority of research into xenobiotic detoxification has 

been carried out in mammals, whilst helminths are still largely unstudied. Although 

increased number of members of the Phase I flavin containing monooxygenases 

(FMOs) and Phase II drug metabolism soluble glutathione transferases (GSTs) have 

been detected in resistant isolates of Fasciola hepatica (Scarcella et al., 2012). 

Development of an understanding of helminth detoxification could assist in the 

development of new treatment compounds (Brophy et al., 2012). 
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Table 1.2: Phases I and II detoxification enzymes utilised in the biotransformation of 

xenobiotics (Parkinson, 1996). 
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1.2.2 Phase I detoxification 

Oxidation, hydrolysis, or reduction of drugs are the main components of Phase I 

detoxification. Cytochrome P450 (CYP) has been described as the essential enzyme 

in phase I of detoxification, with thousands of isoforms identified in research across 

different organisms with each classified into families and sub families based on their 

sequence homology. Flavin containing monooxygenases (FMOs) are also important 

in phase I detoxification with a main role in oxidation of substrates with nucleophilic 

nitrogen or sulphur atoms, whilst this family is a lot smaller and less researched than 

the CYPs it is still important in the biotransformation of xenobiotics (Cvilink et al., 

2009; Krueger & Williams, 2005). Monoamine oxidases (MAO) represent another 

important phase I detoxification enzyme capable deamination of amine containing 

xenobiotics (Lang & Kalgutar, 2003). FMOs, CYPs and MAOs represent the three 

phase I detoxification enzymes analysed in this study.  

 

1.2.3 Cytochromes P450 (CYP) 

Cytochrome P450s (CYP) are a superfamily of enzymes that have been described in 

almost all living organisms (Nelson et al., 1993), representing a widespread family of 

mono-oxygenases involved in drug biotransformation (Ortiz de Montellano, 2005). 

Studies of CYPs in helminths have been neglected due to the intensive study of the 

Phase II GSTs, however the role of CYPs is now becoming clearer with several studies 

identifying helminths with active CYPs (Brophy et al., 2012; Alvinerie et al., 2001; 

Matouskova et al., 2016), with helminth genomics predicting hundreds of potential 

Phase I hydrolases and reductases to be present (Dieterich et al., 2008). The model 

nematode C. elegans has had its CYPs extensively studied, unveiling an upregulation 

with treatment of xenobiotics (Kulas et al., 2008).  Due to its role as a main Phase I 

component in vertebrates also identified to have roles in house-keeping cellular 
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metabolism (Brophy et al., 2012). CYPs are known to have peroxidase or reductase 

activity as well as in metabolism of endogenous compounds (Skalova et al., 2010). 

The families of CYP have been found to have a range of roles with CYP1, 2 and 3 

involvement in drug metabolism and further families having house-keeping roles 

(Omari & Murry, 2007). Nelson et al, 2009, compared the number of CYP450 genes 

in a range of organisms including studied helminths and are detailed in Table 1.3. 

 

 

Table 1.3: Number of CYP genes in studied helminth species, adapted from initial publication 

by Nelson et al., 2009. 

 

Organism Number of CYPs 

Schistosoma mansoni 1 

Schistosoma japonicum 1 

Schistosoma haematobium 1 

Opisthorchis felinus 1 

 

 

It has been suggested that parasitic flatworms may only have a single CYP gene 

possibly representing a simplification of detoxification and adaptation to survival 

(Berriman et al., 2009; Pakharukova et al., 2012). CYPs have been noted as a possible 

target for development of new therapeutic agents against trematodiases due to their 

widespread presence (Mordvinov et al., 2017).  

 

1.2.4 Flavin-containing mono-oxygenase (FMO) 

FMOs represent an ancient conserved family that has been identified in almost all 

phyla researched (Petalcorin et al., 2005). As a family FMOs are considerably smaller 

than the CYPs, with their mechanism of action still poorly understood (Cvilink et al., 

2009). Regardless of the information available about the super family, FMOs have 

previously been identified as the key detoxification mechanism in F. hepatica, 
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facilitating the development of resistance to triclabendazole (Alvarez et al., 2005), and 

are known to be involved in the oxidation of a range of xenobiotic compounds acting 

as important mediators of biotransformation (Krueger & Williams, 2005). Studies 

show FMOs to be different from other monooxygenases as its active oxygenating 

species is able to oxidize any nucleophile in contact with the active site (Petalcorin et 

al., 2005).  

 

1.2.5 Monoamine oxidase (MAO) 

In contrast to CYPs which have over 200 primary sequences identified, there are two 

known MAO isozymes, MAO-A and MAO-B, differing in their substrates and 

sensitivity to inhibitory compounds (Shih et al., 1998; Benedetti, 2001). Research into 

MAOs has been largely overlooked due to the research carried out on CYPs, however 

its importance and contribution to detoxification is well known (Benedetti, 2001). 

Monoamine oxidases have previously been reported in several of the platyhelminthes 

such as Hymenolepis diminta (Ribeiro & Webb, 1984). 

 

1.2.6 Phase II detoxification 

Phase II of detoxification mainly involves enzyme families capable of catalysing 

conjugation reactions often sequential to the initial oxidation, reduction or hydrolysis 

by the phase I enzymes (Iyanagi, 2007). The three most studied of the phase II 

enzymes are the glutathione transferases (GSTs), UDP-glucuronosyltransferases 

(UGTs) and sulfotransferases (SULTs) and so will be the specific protein families 

considered in this study.  

1.2.7 Glutathione Transferase (GST) 

As a superfamily the GST enzymes are a ubiquitous family of proteins consisting of 

transferases, peroxidases isomerases and thioltransferases, with a main function in 
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detoxification (Umasuthan et al., 2012; Yang et al., 2019). GST are primarily involved 

in phase II detoxification through their mechanism of action catalysing the conjugation 

of glutathione to the electrophilic centre of a substrate leading the production of 

soluble detoxified peptide derivatives that can be the secreted by the enzymes involved 

in phase III of detoxification (Frova, 2006; Scarcella et al., 2012). GSTs have been 

described in many parasites and have been identified as essential for helminth survival 

through there mechanisms of detoxification against xenobiotic compounds and 

involvement in immunomodulation (Torres-Rivera & Landa, 2008), with previous 

investigations describing the absence of CYP detoxification mechanisms (Precious & 

Barrett, 1989), GSTs have been extensively studied in many species. Mammalian 

GSTs can be further divided into three families, (1) cytosolic, (2) microsomal, (3) 

plasmid-encoded bacterial fosfomycin resistant GSTs (Frova, 2006). Classes of GST 

are assembled based on N-terminal amino acid sequences and are divided into 13 

groups, alpha, beta, kappa, mu, theta, zeta, epsilon, sigma, omega, pi, tau, phi, delta. 

Research has identified the importance of GSTs in the development and establishment 

of chronic infection of helminths with their role in detoxification and ligand binding 

(Barrett, 2001).  

 

1.2.8 UDP-glucuronosyltransferase (UGT) 

UDP-glucuronosyltransferases (UGTs) are actively involved in phase II of 

detoxification conjugating xenobiotics and leading to their degradation to metabolites, 

through their ability to add UDP-glucuronic acid to xenobiotics. This addition 

enhances solubility and in turn eliminates the xenobiotic (Buckley & Klaassen, 2009). 

UGTs represent a vital detoxification super family in the phase II biotransformation 

enzymes (Buckley & Klaassen, 2009). Phase II detoxification enzymes in particular 

have been identified in playing a role in development of resistance in helminths, with 
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particular focus on the role of UGTs in this development (Vokral et al., 2013). Many 

anthelmintics such as benzimidazole have been shown to be detoxified through 

glycosylation, with glyosidation increased in resistant helminth strains, leading to 

further interest in UGTs role in development of resistance (Laing et al., 2010). Recent 

developments in genome sequencing have elucidated the UGT multigene superfamily 

in gastrointestinal parasites of ruminant livestock (Matouskova et al., 2018), allowing 

their comprehensive study using bioinformatic techniques. 

 

1.2.9 Sulfotransferase (SULT) 

Another mechanism through which xenobiotics can become detoxified is through 

sulfotransferases ability to carry out sulfuryl transfer in which a sulfo group is donated 

from 5’-phosphoadenosine-3’-phosphosulfate (PAPS) to the hydroxyl group of a 

substrate (Gamage et al., 2005) and was first described by Baumann, 1876. 

Conjugation of sulphate to these molecules can lead to inactivation of the compound 

or result in increasing solubility allowing its excretion (Falany, 1997). In humans, two 

main classes of SULTs have been identified and compared with UGT’s, little is known 

about the mechanisms through which SULTs metabolise their substrates, which may 

be due to SULT being a secondary metabolic pathway of phase II detoxification 

(Gamage et al., 2005). 

 

 

1.2.10 Phase III detoxification 

The final stage in xenobiotic detoxification is via transporters with ability to transport 

toxic compounds across membranes, generally known as phase III of detoxification 

(Cvilink et al., 2009). There are two main types of transporter involved in phase III 

detoxification - transporters involving import of xenobiotics and transporters 
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involving export of them and metabolites produced during detoxification (Cvilink et 

al., 2009), with ABC transporters known to play an important role through 

hydrolysation of ATP releasing energy allowing the active transportation of 

compounds derived from phase I and II detoxification (Laing et al., 2013). Notably, 

ABC transporters are regulated through exposure with specific inducers in line with 

observed expression of phase I and phase II enzymes emphasising their importance in 

protection from xenobiotic compounds (Xu et al., 2005). It is important to also note 

that further metabolism may take place prior to excretion (Barrett, 2011).  
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1.3 EXTRACELLULAR VESICLES 

 

1.3.1 Introduction 

 

Extracellular vesicles (EVs) are a heterogenous population of membrane bound 

vesicles enclosed within lipid bilayers released by almost all cell types (Willms et al., 

2018). First identified in platelet-free sera (Chargaff & West, 1946), early studies 

identified them as a mechanism of removal for unwanted cellular materials and by-

products of metabolic pathways, however research has now been identified as key 

components in intercellular communications (Thébaud & Stewart, 2012). Despite their 

initial characterisation, EVs have now been found capable of mediating signals and 

immune responses through their ability to store bioactive molecules such as proteins, 

lipids and nucleic acids as cargo  (Marcilla et al., 2014; Twu & Johnson, 2014; Raposo 

et al., 1996; Valadi et al., 2007; Subra et al., 2010; Torre-Escudero & Robinson, 

2017). The mechanisms of communication via EVs is still not fully understood, 

however several potential mechanisms of action have been suggested. It is 

hypothesised that membrane bound surface receptors allow targeted delivery to 

recipient cells, with identification of a range of transmembrane proteins with soluble 

components contained internally, allowing their content to make changes to the 

recipient cells physiological state (Yanez-Mo et al., 2015; Thery et al., 2009). 

 

Research into EVs in parasitic organisms has recently gained significant attention, 

with studies showing parasite derived EV activity on the host immune response (Buck 

et al., 2014), including pathogenicity directed towards host cells (Chaiyadet et al., 

2015). EVs have been identified as novel mediators of communication, once released 

they can be absorbed by recipient cells where they deliver their cargo molecules and 

are able to regulate a range of biological processes, through release of internalised 
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biological components (Valadi et al., 2007; Veerman et al., 2019). Parasites evolution 

within their hosts has led to the development of cross-species communication, with 

recent reports detailing the possible role of EVs in facilitating communication, not 

only parasite-parasite but also parasite-host (Coakley et al., 2017) with numerous 

parasite studies detail their release by trematodes (Table 1.4). EVs have been 

identified in the ES products of many helminth species, believed to transfer parasite 

factors to the hosts cells (Buck et al., 2014), with experimental evidence of their ability 

to modulate gene expression due to their containment of small non-coding RNAs and 

proteins. 
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1.3.1 Characterisation, morphology and isolation 

Although the study of EVs has grown substantially, studies remain hampered due to 

the multitude of methods utilised for isolation and characterisation. Therefore, a 

standard, efficient and reproducible method of isolation is key to allowing studies to 

be comparable in the future (Furi et al., 2017). Environmental conditions, and cellular 

source are hypothesised to be responsible for the size, content and membrane 

composition of EVs released, with the three currently defined subpopulations – 

apoptotic bodies, microvesicles and exosomes, predominantly characterised through 

their mechanisms of biogenesis. Microvesicles are described as shed from the plasma 

membrane (100-800 nm), apoptotic bodies are shed through cells undergoing 

programmed cell death (200 nm-5 µm) and exosomes which are released from the 

endosomal pathway (10-150 nm) (Lasser et al., 2018) (Table 1.5). 

 

EVs are comprised of mixed populations, however studies are now beginning to show 

differences in EV composition through modifications of culture conditions in vitro, 

allowing stimulation of different host environments/physiological states 

(Kuchaezewska, 2013). EV morphology is also subject to alteration through isolation 

method with analysis of unprocessed samples identifying 11 variations of membrane 

vesicles with only 59% observed to be true to the originally thought spherical single 

membrane bound type (Hoog & Lotvall, 2015). Identification of isolated populations 

is currently carried out mainly through the use of transmission electron microscopy 

(TEM). However, characterisation can also be carried out through western blotting 

and size particle tracking (Gardiner et al., 2016). 
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Table 1.5: Characterisation of exosomes, microvesicles and apoptotic bodies. Adapted from 

Mathivanan et al., (2010). 

 
 Exosomes Microvesicles Apoptotic bodies 

Diameter (nm) 30-100 nm 50-1,000 nm 100-5,000 nm 
Flotation density (rate 

zonal centrifugation) 1.10-1.21 g/mL - 1.16-1.28 g/mL 

Morphology Cup-shaped Various shapes Heterogeneous 

Lipid composition low phosphatidylserine exposure, cholesterol, 

ceramide, contains lipid rafts, sphingomyelin 
High phosphatidylserine 

exposure, cholesterol 
High phosphatidylserine 

exposure 

Protein markers 
ALG-2 interacting protein 1 protein, Tumour 

susceptibility gene 101, Heat shock cognate 

70, CD63, CD81, CD9 

Selectins, integrins, CD40, 
metalloproteinases Histones 

Site of origin MVBs Plasma membrane - 

Mode of extracellular 

release Constitutive and regulated Regulated Regulated 

Mechanism of 

discharge Exocytosis of MVBs Budding from plasma 

membrane 
Release from blebs of cells 

undergoing apoptosis 

Composition Proteins, DNA, miRNA, mRNA Proteins, miRNA, mRNA 
Proteins, DNA, miRNA, 

mRNA 

 

 

Comprehensive research has been carried out on the protein composition of EVs 

detailing the contents of individual sub-populations from an assortment of cell lines 

(Beckler et al., 2016; Gonzalez-Begne et al., 2009). However, due to the multitude of 

isolation techniques utilised, culture conditions and cell line origins it is difficult to 

standardise the protein composition of each sub-type. Instead, there are a variety of 

proteins found to be common dependent upon the mechanism of release (Abels & 

Breakfield, 2016). ExoCarta is a database of EV studies containing proteomic and 

transcriptomic data resolved on different populations of EVs from a variety of 

organisms, each protein resolved is ranked allowing identification of proteins found 

to be consistent across all studies allowing a means of characterising EVs through 

proteins present representing reliable protein markers (Figure 1.4).
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Differential centrifugation (DC) is currently the most utilised method of EV isolation, 

however, there are many mechanisms that can be utilised in their isolation that can be 

divided into five distinct categories – differential centrifugation, density gradient 

separation, polymer-based precipitation, immunoselection and microfluidic isolation 

(Greening et al., 2017; Gardiner et al., 2016). All isolation methods can be utilised 

individually or in combination allowing EVs to be purified from an array of biological 

samples (Furi et al., 2017). Differences in both size and sedimentation properties 

allows isolation of subpopulations by differential centrifugation (Cvjetkovic et al., 

2014), which remains the gold standard in EV isolation. Spin force utilised in allowing 

isolation of subpopulations is shown in Table 1.6. However, despite the size-related 

subpopulations of EVs the definitive boundaries of subgroups and purity of samples 

still remain unclear (Guerreiro et al., 2018). 

 

 
Table 1.6: Differential centrifugation (DC) spin speed required for purification of EV 

subpopulations (Crescitelli et al., 2013). 

 

 

Subpopulation Spin force × g 

Apoptotic bodies 2000-10,000 × g 

Microvesicles 10,000-20,000 × g 

Exosomes >100,000 × g 

 

 

1.3.2 EV Biogenesis  

Formation of specific EV sub-populations takes place through various mechanisms, 

exosomes (Section 1.3.3) through the formation and subsequent release of mutli-

vesicular bodies and microvesicles (Section 1.3.4) through direct budding of the 

membrane (Figure 1.5) (Raposo & Stoorvogel, 2013). 
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1.3.3 Exosomes  

Exosome formation starts with the inward budding of the late endosomal membrane 

creating multivesicular bodies (MVBs) that contain numerous intraluminal vesicle 

(ILVs), these vesicles are subsequently released as exosomes following fusion of the 

MVB with the plasma membrane (Torro-Escudero et al., 2016). This process is driven 

by the endosomal sorting complex required for transport (ESCRT) machinery (Torro-

Escudero et al., 2016). This machinery can be divided into 4 groups, ESCRT-0, -I, -II 

and -III. ESCRT -0, -I and -II are responsible for the migration of ubiquinated proteins 

towards the endosome whilst ESCRT -III is involved in invagination of the membrane 

forming the ILV (Schorey et al., 2014). Finally, AAA-ATPase VPS4 is required for 

ESCRT disassembly allowing completion of invagination (Hasegawa et al., 2011). 

However, there have also been a number of ESCRT-independent pathways described 

in the mechanism of exosome biogenesis. It is proposed there are 4 possible 

mechanisms leading to exosome formation as described by Colombo et al. (i) The 

ESCRT pathway, (ii) the lipid pathway, (iii) the tetraspanin pathway and (iv) a hybrid 

method comprised of mechanisms from (i), (ii) and (iii), with the final fusion of the 

MVBs required for release of ILVs regulated through a selection of small GTPases 

(Chen et al., 2001; Savina et al., 2004). 

 

1.3.4 Multivesicular bodies  

In contrast, MVs are the result of direct budding of the plasma membrane initiated 

through external stimuli changing Ca2+ levels and membrane remodelling (Hugel et 

al., 2005; Muralidharan-Chari et al., 2009). Scramblase is activated by the changes in 

Ca2+ leading to phosphatidylserine translocation to the outer membrane, causing 

asymmetry thought to cause curvature of the membrane and rearrangement of the 

cytoskeleton by calpain (Fox et al., 1990). Studies also suggest the involvement of 
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GTPases such as ADP-ribosylation factor-6 (ARF6), activating proteases in response 

to extracellular signal-related kinase (ERK) (Muralidharan-Chan et al., 2009). 

Abscission of the membrane is not fully understood; however, hypothesis suggest 

involvement of VPS4 as in the ESCRT pathway (Booth et al., 2006).  

 

1.3.5 Interaction with recipient cells 

EVs have been shown to travel significant distances through diffusion allowing entry 

to biological fluids (Kucharzewska & Belting, 2012). Several methods of EV-

associated cargo release have been described including membrane rupture leading to 

release of internalised cargo (Taraboletti et al., 2006), interaction with plasma 

membrane receptors and fusion with the plasma membrane/endocytosis allowing 

direct interaction with signalling machinery (Svensson et al., 2011). Exosomes and 

MVs are both used as means of communication for host-parasite interaction and both 

represent energy driven processes. However, exosomes appear to be constitutively 

released whilst MV release is initiated by external stimuli (Angelot et al., 2009). Three 

main mechanisms of EV interaction with recipient cells leading to activation of 

signalling have been described, the first described through the interaction with 

membrane bound proteins interacting with target cells in a juxtracrine fashion leading 

to activation of the target cell, the second involving the cleavage of membrane proteins 

by proteases producing ligands capable of interacting with target cell receptors and 

the final describing fusion of the EV with the target cell leading to the transfer of all 

EV proteins and RNA into the recipient cell (Mathivanan et al., 2010) (Figure 1.6).  
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Figure 1.6: Potential mechanisms of EV interaction with recipient cells. A – Membrane 

proteins interact with target cell receptors activating signalling in a juxtracrine fashion. B – 

Membrane proteins are cleaved by proteases and act as soluble ligands binding to surface 

receptors leading to activation of signalling, C – EVs fuse with target cells releasing their 

internalised cargo into the recipient cell allowing activation of signalling in the recipient cell 

through release of mRNA, miRNA and proteins (Mathivanan et al., 2010). 
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1.3.6 EVs as anti-parasite therapy  

Development of anthelmintic targets prior to improvements in omics technologies was 

carried out through molecular investigations of genes involved in parasite virulence 

(Brindley et al., 2009). Developments in these technologies has led to the resolution 

of numerous parasitic helminths genomes, assisting developments in understanding of 

the parasite’s biology and allowing the elucidation of novel drug targets and potential 

vaccine candidates (Brindley et al., 2009; Cuesta-Astroz et al., 2017). The overuse of 

antiparasitic treatments has added to growing concerns of drug resistance and a need 

for further investigation into novel treatment options (Clay et al., 2014), with EVs 

recently identified as potential targets for therapeutics (Lasser et al., 2018). Parasite 

devised EVs have demonstrated modulatory effects on host immune systems as well 

as pathological effect on host cells (Buck et al., 2014; Wang et al., 2015). Depending 

on the cellular source of EV release, they have been found capable of immune 

stimulation/activation which could be exploited in the future development of 

treatments and vaccinations through disruption of host communication (Eichenberger 

et al., 2018). Proteins involved in EV biogenesis pathways are now well documented 

and allow elucidation of key regulators of their formation in parasites through 

transcript and genome analysis. EV biogenesis proteins could be a key in the future of 

parasite control as inhibition of their release could prevent the parasites’ successful 

establishment (Torre-Escudero et al., 2016). Physiological and pathological 

conditions are influenced by EVs through their mechanisms of bioactive particle 

delivery making them important mediators of communication and an interesting area 

of research as potential therapeutic targets as well as in the delivery of therapeutic 

agents (Wiklander et al., 2019).  
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1.4 THESIS AIMS AND OBJECTIVES 

 

Given the current absence of information available on its fundamental biology and the 

rapid development of resistance to treatment options in many helminth species, the 

focus of this thesis will be the study of the neglected trematode parasite Calicophoron 

daubneyi which is quickly emerging as a common parasite of ruminants in Western 

Europe. 

 

The specific aims of this project are to: 

 

• Resolve the soluble somatic and egg proteome of C. daubneyi allowing 

identification of enriched protein families and potential diagnostic markers and 

vaccine candidates.  

• Isolate EVs from C. daubneyi ES products and perform proteomic profiling in 

order to identify proteins potentially involved in modulation of the immune 

response, and successful establishment within the host.  

• Investigate the specific EV surface proteins and their potential interaction in 

successful parasite establishment within the host.  

• Mine the C. daubneyi transcriptome to elucidate protein families involved in 

anthelmintic detoxification, utilising characterised detoxification proteins 

from closely related helminth species.  

• Investigate the specific detoxification protein families expressed in the soluble 

somatic, egg and EV proteomes of C. daubneyi allowing elucidation of 

potential drug targets.  
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2.1 Parasite collection and in vitro maintenance 

Rumen Fluke parasites were collected from cattle found to be naturally infected at a 

local Welsh abattoir (Randall Parker Foods, Llanidloes, UK). Rumen fluke samples 

were collected between 2015 and 2017, with 3 samples from each infected rumen 

randomly selected to undergo species identification. These samples were 

acknowledged as representative of all parasites collected. Prior to culture each batch 

of 40 parasites were placed in phosphate buffered saline (PBS) at a consistent 

temperature of 39oC facilitating removal of host contamination. Parasites were stored 

in 1 ml of PBS per fluke upon return to the laboratory and the PBS retained allowing 

collection of eggs. A further 15-minute wash in PBS was carried out prior to addition 

of 1 ml per fluke of DME culture media (DMEM) supplemented with 15 mM HEPES, 

61 mM glucose, 2.2 mM calcium acetate, 2.7 mM magnesium sulphate, 1 µM 

serotonin and gentamycin (5 µg/ml) and incubated for 6 hours at 39oC. Following 

culture, parasites were removed from media and ‘snap-frozen’ in liquid nitrogen with 

both parasites and culture media subsequently stored at -80oC for further analysis.  

 

2.2 Identification of C. daubneyi eggs 

All eggs used in experimentation were collected fresh from the PBS washes carried 

out on parasites prior to culture. PBS washes were retained and washed through a 

series of 300 μm, 150 μm, and 45 μm mesh sieves, allowing removal of debris and 

isolation of eggs. Eggs were collected on the 45 μm sieve and washed with ddH2O 

into a measuring cylinder and left for 10 minutes to sediment. The resulting 

supernatant was aspirated and repeated 3 times allowing further removal of debris. 

Resulting samples were submitted to light microscopy to confirm them as C. daubneyi 

eggs and undeveloped before storing for further processing (Kajugu et al., 2015) 
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(Figure 2.1). Eggs deemed to be at the correct stage were kept in the dark at 4oC in 

order to ensure they were not embryonated before processing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Comparative analysis of C. daubneyi (Cd) and Fasciola hepatica (Fh) eggs. 

(u) – undeveloped, (e) – embryonated and (h) – hatched (Chryssafidis et al., 2015). 

 

2.3 Adult C. daubneyi soluble somatic preparation  

Samples stored at -80oC were defrosted on ice and homogenised in batches of 10 in a 

homogenisation buffer containing 20 mM potassium phosphate (pH 7.4), 0.1% v/v 

Triton-X 100 and a mini cOmplete protease inhibitor tablet (Roche, U.K.). 

Homogenisation was achieved utilising a glass homogeniser contained within an 

icebox. Soluble samples were obtained though homogenate centrifugation at 100,000 

× g for 45 minutes at 4oC in a mini ultra-centrifuge (S55-S rotor, Sorval MX120 

centrifuge, Thermo scientific). The resulting supernatant was retained, and the fat 

layer and pellet discarded. Soluble samples were then precipitated out using TCA and 

acetone (Section 2.6) before being re-solubilised in a desired buffer as detailed by 

Morphew et al. (2014).  
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2.4 Egg preparation 

Isolated eggs were submitted to initial centrifugation at 2,000 × g at 4oC allowing eggs 

to be pelleted and the supernatant removed. Eggs were resolubilised following the 

method of Moxon et al. (2010), in homogenisation buffer (20 mM potassium 

phosphate pH 7.4, 0.2% v/v Triton-X 100 and cOmplete mini EDTA-free protease 

inhibitor (Roche, U.K). Eggs were placed in a mortar and pestle cooled through the 

addition of liquid nitrogen and homogenised. Debris was removed from the sample 

through centrifugation at 14,000 × g at 4oC for 1 minute and the supernatant 

containing the soluble protein extract retained and stored at -20oC for future analysis.  

2.5 Extracellular Vesicle collection – Differential Centrifugation (DC) 

Following C. daubneyi culture media was retained and EVs purified from the ESP 

contained following the method of Marcilla et al. (2012). Culture media was initially 

centrifuged at 300 × g for 10 minutes at 4oC and then at 700 × g for 30 minutes at 4oC 

allowing removal of large host contaminants and debris. The supernatant was 

subsequently submitted to ultracentrifugation at 100,000 × g for 80 minutes at 4oC 

(Optima L-100 XP ultracentrifuge (Beckman Coulter, U.K.)) and the ES supernatant 

removed. The remaining pellet was washed in 5 ml of PBS and agitated until 

suspended. The sample was again submitted to ultracentrifugation for 80 minutes at 

4oC and the supernatant discarded. The resulting pellet was re-suspended in 200 µl of 

PBS and stored at -80oC for future experimentation.  

2.6 TCA Precipitation 

Trichloroacetic acid (TCA) protein precipitation was carried out following the 

protocol described by Link & Labaer (2011). Sample was added to ice-cold 20% TCA 

w/v in acetone at a 1:1 ratio, mixed and stored at -20oC for one hour. Following 

incubation, samples were centrifuged at 21,000 × g at 4oC for 15 minutes allowing 

precipitated protein to be pelted. The resulting supernatant was discarded, and the 
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pellet washed twice in 200 µl of ice-cold acetone followed by centrifugation at 21,000 

× g for 15 minutes. The final protein pellets were left to dry at -20oC and resuspended 

in Buffer Z (8 M urea, 2% w/v CHAPS, 33 mM DTT, 0.5% v/v ampholytes). 

2.7 Bradford protein estimation 

Purified cytosolic and egg fractions were quantified using the method of Bradford 

(1976). Bradford reagent (Sigma, U.K) was used following the manufacturer’s 

instructions. In brief, 1 ml of Bradford reagent, 28.3 µl of ddH2O and 5 µl of sample 

were added to a cuvette, mixed and analysed on a Cary 50 Bio UV-visible 

spectrophotometer (Varian, U.K.) at a wavelength of 595 nm. The 5 µl of sample was 

substituted with an equal volume of buffer as a control blank in order to counteract the 

possible interaction of buffer with Bradford reagent. Concentrations of Bovine Serum 

Albumin (BSA) were utilised in the calibration of the assay creating a standard curve 

with a range of 0.2-1.6 mg/ml 

2.8 Preparation of SDS page gels 

A Mini Protean III kit (Bio-rad, U.K) was used in the casting of 7 cm × 7 cm, 12.5% 

polyacrylamide gels, with glass plates assembled following the manufacturer’s 

instructions. Resolving gel was prepared by combining the components listed in 

(Table 2.1) and pipetted into the gel cast with a layer of water-saturated isobutanol 

added before allowing to set for 30 minutes. Once set the isobutanol was removed, the 

gel was washed with ddH2O and dried with filter paper. Stacking solution was then 

added to the top of the stacking gel and left to set before being rinsed again with ddH2O 

(Table 2.1). For 1D gels, a comb was added and left to set for a further 30 minutes. 

For 2D gels, a layer of water-saturated isobutanol was again added before being left 

to set.  
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Table 2.1: Components and volumes to create stacking and resolving gel for casting 

12.5% 1D and 2D polyacrylamide gels (each creates two gels).  

 

Components Stacking gel  Resolving gel 

Acrylamide 4210 µl 375 µl 

Gel buffer 2500 µl 625 µl 

ddH2O 3340 µl 1500 µl 

Ammonium persulphate 37.5 µl 12.5 µl 

TEMED 10 µl 3.75 µl 

 

 

 

2.9 1-Dimensional SDS-PAGE  

Once set the well-comb was removed from the stacking layer and the gels assembled 

into the Mini-Protean III tank with the inner and outer chambers were filled with Tris-

glycine SDS (TGS) buffer (Bio-Rad, U.K.). Sample concentrations were quantified 

using the method of Bradford (Bradford, 1976). Appropriate volumes of sample 

equating to 10 µg of protein were diluted in 2× loading buffer and denatured at 95oC 

for 5 minutes before loading into wells. Low molecular weight marker (Amersham 

Bioscience) was diluted according to the manufacturer’s instructions and 1µl added to 

each of the end wells. Gels were run for 30 minutes at 70 V before increasing to 150 

V until the dye front reached the bottom of the gel at which point separation was 

deemed complete.  

2.10 Gel Visualisation – Coomassie staining 

Following run completion, gels were removed from casts and sensitised in a fixative 

solution (40% methanol, 10% acetic acid and 50% ddH2O) with gentle agitation for 

one hour. Coomassie stock solution was prepared with 0.1% Coomassie Brilliant Blue 

G250, 2% w/v ortho-phosphoric acid and 10% (w/v) ammonium sulphate. Stock 

solution was diluted (20% v/v methanol and 80% w/v stock solution) in order to create 
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a working solution that was applied to each gel. Gels were washed twice in ddH2O 

following their removal from fixative and submerged in 40 ml of Coomassie working 

solution overnight. Following staining, gels were de-stained in 1% acetic acid 

removing background colouration leaving protein spots visible. Following staining 

gels were imaged using a GS-800 calibrated densitometer (Bio-Rad, UK) set to 300 

dpi at 63.5-micron resolution and processed using Quantity One Version 4.6 (Bio-

Rad, U.K.). Gels were stored in 2 ml of 1% acetic acid in heat-sealed bags prior to 

down-stream mass spectrometry analysis.  

2.11 Mass Spectrometry – Trypsin Digestion 

Following staining and imaging, band were manually excised from protein gels and 

placed into individual eppendorfs and prepared for trypsin digestion and mass 

spectrometry as described by Morphew et al., 2011. Coomassie stained gel bands were 

excised and destained in 50 mM ammonium bicarbonate (AMBIC) (pH 8.0) and 50% 

v/v acetonitrile (ACN) for 15 minutes at 37oC. This de-staining was repeated until blue 

colouration was completely removed. Following destaining bands were dehydrated in 

100% ACN for 15 minutes at 37oC and subsequently dried at 50oC with their lids open. 

Gel pieces were then rehydrated with 50 mM AMBIC containing 10 mM DTT and 

incubated at 80oC for 30 minutes, supernatants were removed and 50 mM AMBIC 

containing 55 mM IAA added and incubated at room temperature for 20 minutes in 

the dark. The supernatants were again removed and two washes with 50% v/v 50 mM 

AMBIC and 50% v/v ACN each incubated for 15 minutes at room temperature. Gel 

pieces were then dehydrated in 100% ACN for 15 minutes and again dried at 50oC 

with the lids open. Gel pieces were rehydrated using 50 mM AMBIC containing 10 

ng/µl Promega grade trypsin and incubated over night at 37oC.  
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Following incubation samples were briefly centrifuged and 20-50 µl ddH2O added to 

each sample and agitated at room temperature for 10 minutes. The resulting 

supernatants were removed and stored and 50% v/v ACN, 5% v/v formic acid and 

45% ultrapure milliQ water added to the gel pieces, and subject to shaking for 1 hour 

at room temperature. Supernatants were again removed and added to the previously 

removed sample. These supernatants were subject to drying in a speed vacuum and 

the resulting pellet stored at -20oC. Pellets were defrosted and resuspended in 20 µl of 

0.1% formic acid prior to mass spectrometry analysis.  

2.12 Mass Spectrometry – Electrospray ionisation quadrupole time-of-flight 

mass spectrometry (ESI-QUAD-TOF) 

 

Trypsin digested samples were analysed using a liquid chromatography tandem mass 

spectrometer (Agilent 6550 iFunnel Q-Tof) combined with a HPLC-Chip (1200 series, 

Agilent Technologies, U.K.). Each sample was injected into an enrichment column 

within the system at a flow rate of 2.5 µl/min using an automated micro sampler with 

an injection volume of 2 µl in the resuspension buffer 0.1% v/v formic acid and 

allowed to separate at 300 nl/min. Enrichment and separation were carried out on a 

polaris chip (G4240-62030, Agilent Technologies, U.K). A system of solvents was 

utilised over the process, solvent A (milliQ water containing 0.1% formic acid) and 

solvent B (90% v/v acetonitrile containing 0.1% v/v formic acid). Chromatography 

was achieved using a pieve linear-gradient of 3-8% solvent B over 6 seconds, 8-35% 

solvent B over 15 minutes, 35-90% solvent B over five minutes and finally 90% 

solvent B for two minutes.  

2.13 Tandem Mass Spectrometry ion searches 

Following mass spectrometry, the files containing the peak spectra data were loaded 

onto Agilent Qualitative analysis software (Agilent technologies LDA UK Limited, 
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UK). Each file had compounds found by molecular feature and were saved to MGF. 

Mascot (www.matrixofscience.com) was used for analysis by carrying out an MS/MS 

ion search, settings were set for the enzyme trypsin – allowing 2 missed cleavages, 

with a fixed modification of carbamidomethyl (C) and a variable modification of 

oxidation (M) with a peptide charge of 2+, 3+ and 4+. Each sample was then searched 

against an in-house database composed of a transcript for C. daubneyi. Each of the 

contigs returned were then searched within an in-house copy of the transcript and the 

nucleotide sequence recorded. All of the contigs were then translated using ExPasy 

(www.expasy.com) and the sequences submitted to Blast p. The results returned were 

recorded including the organism from which the protein matched, as there is currently 

no published data for C. daubneyi.  

http://www.matrixofscience.com/
http://www.expasy.com/
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3.1 INTRODUCTION 

 

Proteomic analysis is now a widely utilised functional genomic tool for discovery in 

many aspects of fundamental and applied biology including parasitology research 

(Wastling et al., 2012). The term ‘proteomics’ was first coined by Wilkins et al., 1994 

and described as “The study of the full set of proteins encoded by a genome”. 

Proteomic profiles are dynamic, with their profile dependent upon the environmental 

and physiological conditions at the time of analysis, with the proteins actively 

translated dictating the organism’s biological phenotype (Barrett et al., 2000). The 

proteome of an organism is controlled largely by differential regulation of gene 

expression (as studied by transcriptomic tools) and post-translation modifications 

(Reamtong, 2013). An organism’s genome consists of all the possible proteomes 

regardless of the current proteome defined by the proteins actively synthesised at the 

time of collection. Developments in proteomics have made it an invaluable tool in 

molecular and cellular biology allowing the comprehensive study of complex samples 

(Aebersold & Mann, 2003). 

 

Proteomic investigations allow not only identification of proteins and their abundance, 

but also in-depth analysis into their modifications with 2DE gel-based proteomic 

studies allowing resolution of up to 2000 proteins and subsequent mass spectrometry 

delivering assignment of functionality through analysis of produced spectra (Figure 

3.1) (Barrett, 2009). Recent advances in transcriptome and genome studies represent 

an invaluable addition to proteomic studies allowing investigation into fundamental 

biology including potential drug and vaccine candidates (Sotillo et al., 2016). These 

advances have been utilised in the study of many helminth parasites providing insights 
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into host-parasite interactions and immunopathology during infection (Sotillo et al., 

2019; Selkirk et al., 2018; Liu et al., 2007). 

 

 

 

 

Figure 3.1: Cells or tissue are prepared into a sample containing a mixture of all the proteins 

present. Proteins are visualised on a polyacrylamide gel before excision and digestion into 

their peptide constituents. Peptides are loaded into the mass spectrometer and ionised. Ionised 

peptides are then sprayed and hit the ‘mass analyser’ at different points leading to the 

production of spectra comparing relative abundance to m/z value. This data can then be used 

in order to deduce the sequences from which the peptides originated and also allow 

identification of the proteins from which they originated (Emmanuel et al., 2012) 
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3.1.1 Proteomics in understanding establishment of parasitic helminths 

 

Helminths definitive residency within their host’s immunologically-exposed 

environments has led to development of immune evasion mechanisms and novel 

parasite-host communication strategies (Johnston et al., 2009; Hewitson et al., 2009). 

Modulation of the host immune response has been attributed to parasite-derived 

immunomodulatory molecules, with proteins found to play a vital role (McNeilly et 

al., 2014). Developments in ‘omics’ technologies have allowed the investigation of 

helminth parasites at a molecular level, with combined transcriptomic and proteomic 

studies enabling elucidation of mechanisms of host-interaction, immune system 

evasion, metabolism as well as identifying prospective drug targets (Tsai et al., 2019; 

Loukas et al., 2011). Proteomics, in particular, has been utilised as a powerful tool 

allowing resolution of helminth fundamental biology, mode of infection and pathology 

which are of great importance in understanding their ability to mimic/manipulate the 

host immune system (McKay, 2009; Mutapi, 2012).  

 

As the agents responsible for the determination of an organism’s biological phenotype, 

proteomic studies of helminth species have become increasingly important as they 

represent the target for many anthelmintic drugs as well as potential markers in the 

diagnosis of infection (Ndao, 2009; Barrett et al., 2000). Proteomic studies of 

helminths have traditionally taken two approaches, the first focusing on global protein 

analysis of specific tissues and the second focused on the investigation of single 

proteins and their interactions with other proteins (Barrett, 2009). Proteomics is an 

essential tool in the development of new drug and vaccine targets as it allows 

identification of post-translational modifications that are not able to be identified 

through genomic and transcriptomic studies (Barrett et al., 2005). As 
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chemotherapeutic options are currently the only effective treatment option given the 

observed significant development in resistance to these drugs, proteomic studies have 

become pivotal in the discovery and development of future treatment options (Taylor, 

2013). Extensive research has been carried out on helminth Excretory/Secretory (ES) 

proteins in the search for potential diagnostic markers and drug targets due to their 

plethora of immunomodulatory molecules (Dalton et al., 2003). Specific protein 

families such as fatty acid binding proteins (FABPs), cathepsins and glutathione 

transferases (GSTs) have been identified as potential drug targets in numerous 

helminth species due to their confirmed immunomodulatory action with studies in 

Schistosoma mansoni highlighting GSTs as promising drug targets in pre-clinical 

trials (Santini-Olivera et al., 2016; Riveau et al., 2012). 

 

The understudied eggs of many helminth parasites could represent a future avenue of 

research in immunodiagnostics and drug design (Moxon et al., 2008; 2010).  Previous 

studies into egg proteins have provided important information on immune modulation 

and pathology in helminth species (Cass et al., 2007), with studies of S. mansoni 

showing eggs to have a direct role in observed pathology associated with infection 

(DeMarco et al., 2009). Studies have identified multiple egg proteins as potential 

diagnostic markers of infections, with studies of F. hepatica identifying members of 

the superfamily alpha-crystallin containing small heat shock proteins (AC/sHSP) to 

be promising as a diagnostic (Moxon et al., 2010). Helminth eggs play a vital role in 

the diagnosis of helminth infections with faecal egg counts (FEC) the long-standing 

‘gold-standard’ of diagnosis and are currently utilised in the identification of infection 

with C. daubneyi (Malrait et al., 2015). FEC is a time-consuming method and is 

difficult in practice due to the similarity in egg morphology between trematode 
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species, namely F. hepatica (Foster et al., 2008). These similarities alongside 

increased prevalence of C. daubneyi infections and co-infections with F. hepatica is 

likely to lead to misdiagnosis of infection through false positives and subsequent 

treatment failure, in turn, contributing to the rise of anthelmintic resistance (Rojo-

Vazquez et al., 2012; Gordon et al., 2013; Mason et al., 2012). Due to the problematic 

nature of FEC in identifying paramphistome infections a number of serological and 

molecular methods have been developed for helminth infection diagnosis (Sirisinha et 

al., 1991; Wongratanacheewin et al., 2002), with specific research on coproantigen 

detection methods following acknowledgement of priority by the WHO disease 

reference group on helminths (McCarthy et al., 2012). Preliminary studies into the use 

of coproantigen ELISAs (cELISA) as a means of diagnosis appear to accurately 

distinguish between rumen and liver fluke in co-infected hosts, thus allowing 

administration of correct treatment options and have been found to be more sensitive 

than traditional FEC methods (Teimoori et al., 2016; Gordon et al., 2013). The overlap 

and co-infecting nature of these two parasites are problematic in livestock and so this 

is the first in-depth proteomic study into C. daubneyi eggs and a starting point for 

potential differentiation of the two through investigation into possible biomarkers 

unique to C. daubneyi.  

 

Thus, as described above, the unique power of proteomics in investigating the 

fundamental biology of organisms at the protein level can be exploited in parasite 

studies allowing discovery of markers of infections and potential drug and vaccine 

candidates. Thus, this chapter will attempt to resolve the proteomic profile of C. 

daubneyi soluble somatic and egg fractions. As with many previous studies a gel-

based proteomic approach was first utilised to visualise their proteomic profile. 
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Moreover, due to the importance of transcriptomics in elucidating functional biology 

of parasites a combined approach has been used herein the investigation C. daubneyi.  

 

3.1.2 CHAPTER AIMS 

Therefore, the specific aims of this chapter are to: 

 

• Visualise the egg and adult soluble somatic proteomic profiles of C. daubneyi. 

• Identify the most abundant soluble somatic and egg proteins in adult C. 

daubneyi through interrogation of the resolved transcriptome database. 

• Interrogate the resolved proteomic profiles for protein families of interest 

allowing insight into C. daubneyi fundamental biology and mechanisms 

utilised in immune evasion and successful establishment of infection. 
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3.2 METHODS 

 

Unless stated otherwise, all methods were carried out as stated in Chapter 2. All 

solutions were made up using ddH2O and molecular grade reagents.  

 

3.2.1 Species Identification – DNA extraction, PCR and visualisation 

Genomic DNA was extracted from fluke randomly selected following parasite 

maintenance using a Qiagen DNeasy Blood and Tissue kit (Qiagen, Germany). All 

extractions were subject to species-specific PCR utilizing primers designed by 

Martinez-Ibeas et al (2013), amplifying the 885 bp region of the COX1 mtDNA gene 

of C. daubneyi thus allowing direct species identification. The cocktail undergoing 

PCR contained 0.5 µl DNA template, 12.5 µl MyTaq Red Taq polymerase mixture 

(Bioline, UK), 10 µl of nuclease-free water and 1 µl of both forward and reverse 

primers (from 10 µMol stocks), Cd CO1F (forward) 5’-

TGGAGAGTTTGGCGTCTTTT-3’, and Cd CO1R (reverse) 5’-

CCATCTTCCACCTCATCTGG-3’ respectively. Amplification was carried out in a 

polymerase chain reaction (PCR) machine (Techne TC-4000 thermal cycler, Bibby 

Scientific, UK) and was achieved through a 95oC initial denaturation for 5 minutes 

followed by 35 cycles of 95oC for 30 seconds, 65oC for 30 seconds, 72oC for 30 

seconds and a final extension cycle of 10 minutes at 72oC. 2 µl of each product was 

loaded onto a 1% agarose TAE gel, and visualised using GelRed (Biotium, Hayward, 

USA). Identification of a single correctly sized product indicative of successful 

amplification was deemed a positive identification of C. daubneyi.  
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3.3 RESULTS 

3.3.1 Collection and positive identification of C. daubneyi  

Parasites were successfully collected from both infected dairy and beef cattle in a local 

Welsh abattoir, with infection confirmed through morphology and residency within 

the host. Infected animals were usually found to have a high fluke burden (1000+) and 

rumen atrophy and papillae were observed in all infected animals. In total, 11 sample 

collections were carried out between November 2015 and March 2018 from a total of 

23 infected bovine rumens. Random selection was utilised and samples from each 

collection were submitted to speciation through PCR with C. daubneyi specific CO1 

primers. All parasites collected and subsequently utilised in these experiments were 

positively identified as C. daubneyi (Figure 3.2). Prior to culture parasites were 

washed three times in phosphate buffered saline (PBS) to remove host contaminants 

and each wash retained allowing collection of eggs. Microscopic investigation was 

carried out in order to identify the presence of unembryonated eggs before separation 

using a series of filters. Following positive identification of eggs in wash material, the 

eggs were stored allowing their use in future experiments. 

 

Figure 3.2: 1% TAE agarose gel of PCR products from DNA extracted and amplified with C. 

daubneyi specific CO1 primers. Positive amplification was taken as a positive ID for C. 

daubneyi. 
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3.3.2 Visualisation of egg and somatic soluble proteome 

Homogenised adult somatic and egg samples produced consistent and reproducible 

2D profiles when run on 12.5% polyacrylamide gels. Due to the large number of 

protein spots identified on each of the replicate gels and the complexity of cutting such 

a large number of spots accurately these gels were not utilised in resolution of the 

proteome. Instead, 1D profiles of the samples were run in triplicate and each cut into 

a series of 11 ‘bands’ in order to be processed and subject to tandem mass 

spectrometry ensuring inclusion of all proteins present (Figure 3.3). 

 

 

 

 

Figure 3.3: Representative 1D 7cm protein profile of adult C. daubneyi soluble somatic and 

egg fractions. 10 μg of sample was loaded for each lane and separated by 12.5% SDS-PAGE, 

the gel was then Coomassie Blue stained for visualisation before mass spectrometry (n=3). 

Representative division of lane into bands for LC-MS/MS preparation. 
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3.3.3 Resolution of C. daubneyi egg soluble proteome 

Thus, in order to obtain the global soluble proteomic profile of C. daubneyi eggs via 

1D each lane was divided into 11 bands consistent across each replicate (Figure 3.3). 

Each band was excised and subjected to tryptic digest followed by LC-MS/MS 

(Section 2.11 – 2.13). Returned spectra were subsequently searched against an in-

house transcriptome allowing identification of proteins present within each defined 

band. Data from each of the 11 bands were then combined to create a single replicate 

of the whole proteome. Protein hits returned were ranked through the number of 

unique peptides associated with each protein hit and those below the significance 

threshold (>47) excluded from the results. Only hits replicable across all three 

replicates were included in the final compilation of proteins identified and duplicates 

sequences within replicates removed.  

 

In total the C. daubneyi egg proteome returned a total of 307 proteins that were found 

to be consistent across replicates. When looking at each replicate individually, 

replicate 1 identified a total of 626 proteins, replicate 2 identified 544 proteins and 

replicate 3 identified 578 proteins. However, for each of these replicates proteins 

below the significance threshold represented 116, 110 and 128 sequences respectively. 

Each sequence identified was subjected to translation and subsequent BlastP analysis 

on the NCBIr database in order to assign their protein ID. Blast description, organism 

and accession numbers for the top 50 most abundant proteins are outlined in Table 

3.1. All of the top 50 proteins were assigned to closely related helminth species with 

no hypothetical or uncharacterised proteins identified (Figure 3.4). 
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Figure 3.5: Level 3 gene ontology categories for each protein identification in C. daubneyi 

eggs. Protein sequences were assigned into 3 functional groups - 

A) Molecular Feature B) Biological process and C) Cellular component. Gene ontology 

categories were assigned using Blast2Go (n=3). 
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3.3.4 Characterisation of a C. daubneyi AC/sHSP 

Representatives of the AC/sHSP superfamily were identified in helminth species and 

retrieved from the NCBIr database. Closely related F. hepatica (FhHSP35) and S. 

mansoni (Sm-p40) AC/sHSP sequences were utilised in mining of the C. daubneyi 

transcriptome allowing identification of homologous sequences (Moxon et al., 2010). 

Local blast analysis against the in-house transcriptome resolved 16 sequences 

homologous to FhHSP35 and 14 sequences homologous to Sm-p40. The top 3 results 

(based on E-value) from both represented three isoforms of a single protein - TR21269 

(c0_g1_i1, c0_g1_i2 and c0_g1_i3) (Table 3.2 and Table 3.3).  

 

Retrieved sequences were subject to BLAST and Pfam analysis confirming their 

characterisation as AC/sHSP’s with top blast results matched to experimentally 

validated sequences and domains specific to the superfamily. Resolved sequences 

were searched in the resolved egg proteome identifying 3 to be present, 

TR21269|c0_g1_i1, TR20145|c0_g1_i1 and TR22236|c1_g1_i1. The sequence with 

the most significant sequence similarity was subject to ClustalW alignment with seven 

representative helminth AC/sHSP sequences identifying multiple conserved regions 

as well as areas of physiochemical similarity (Figure 3.6) further confirming the 

identification of members of the superfamily AC/sHSP in C. daubneyi.  
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Table 3.2: C. daubneyi transcripts identified to have significant similarity to Schistosoma Sm-

p40. In total 16 homologous sequences were identified and their presence in the resolved egg 

proteome noted. Alternate shading shows different isoforms identified. 

Sequences with significant 

alignment 
Score (bits) E value 

Identity in 

Proteome 

TR21269|c0_g1_i2 268 5.00E-72  
TR21269|c0_g1_i1 268 8.00E-72 Yes 

TR21269|c0_g1_i3 267 1.00E-71   
TR21269|c0_g1_i4 95 9.00E-20  
TR18775|c0_g1_i1 241 6.00E-64  
TR18775|c0_g1_i2 139 4.00E-33  
TR18141|c0_g1_i4 58 2.00E-08  
TR18141|c0_g1_i3 55 8.00E-08  
TR18141|c0_g1_i2 54 2.00E-07  

TR15958|c0_g2_i1 84 2.00E-16  
TR15958|c1_g1_i1 121 9.00E-28  
TR21716|c0_g1_i1 229 3.00E-60  
TR20145|c0_g1_i1 224 8.00E-59 Yes 

TR22236|c1_g1_i1 218 7.00E-57 Yes 

TR22236|c1_g2_i1 76 4.00E-14  
TR19516|c0_g1_i1 111 1.00E-24   

Table 3.3: C. daubneyi transcripts identified to have significant similarity to Fasciola 

FhHSP35. In total 14 homologous sequences were identified and their presence in the 

resolved egg proteome noted. Alternate shading shows different isoforms identified. 

 

Sequences with significant 

alignment 

Score 

(bits) 
E value 

Identity in 

Proteome 

TR21269|c0_g1_i2 229 3.00E-60   

TR21269|c0_g1_i1 228 8.00E-60 Yes 

TR21269|c0_g1_i3 225 5.00E-59   

TR21269|c0_g1_i4 92 5.00E-19   

TR18775|c0_g1_i1 216 2.00E-56  
TR18775|c0_g1_i2 120 2.00E-27  
TR15958|c1_g1_i1 92 7.00E-19   

TR15958|c0_g2_i1 72 9.00E-13   

TR22236|c1_g2_i1 79 4.00E-15  
TR22236|c1_g1_i1 198 7.00E-51 Yes 

TR20145|c0_g1_i1 209 3.00E-54 Yes 

TR21716|c0_g1_i1 178 7.00E-45  
TR19516|c0_g1_i1 99 5.00E-21   

TR18141|c0_g1_i4 52 6.00E-07   
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Cd-HSP35a      1 MAEEK---GGRVIPIIPDPRTLEQRKKDMVHNLEKKHGGKAGEKKKSQAPMRSHSVDWDD 

Fh-HSP35a      1 M----------------------------------------------------------- 

Sm-P40         1 MSGGKQH-NAVSIPVNREQRSFEKQRRDLLTGLEHG--GGAHR-GNSIAP---YTEDWPS 

Pw-sHSP        1 ------------------------------------------------------------ 

SJCHGC09637    1 MLKNQHHQKSVVIPINQESKTFEQHRREMLTGLQHRHKGRKRP-KLSNTT---HIDTWSD 

Ts-sHSP        1 MS----------IFPTRDNRDLSSRRRSLIDWE-F-------P-QM--------ALVPLD 

TSP36          1 MS----------IFPTRDSRDLSSRRRSLIDWE-F-------P-QM--------ALVPLD 

Em-HSP20       1 L-----------IFPVRDDRDLWSRRRSLLDWE-F-------P-QM--------ALMPFD 

 

 

Cd-HSP35a     58 EVKRWIDDTHKLWADDMNRMNNGMLWLVPCDEYDLDPMQMFSPLGMFGPGGDIPSILNKM 

Fh-HSP35a      2 ---------DKMWSHEWHQVWRNMFSLVPKDKSDMEPSSTF---GVFGSTEYVPSILSHM 

Sm-P40        54 TVDNWIDSSWKRWDDDMRRLRRGMFALLPLDTFSI------------GILENPFALMHQM 

Pw-sHSP        1 -----------MWNAEMRRMRSELFPLVPVDLFDHGLHDL------LAPYGDVPSILDRM 

SJCHGC09637   57 VIDNWVDSSWRSWDDEMHRLRRGMFALLPLDTFGQ-----------ISSIPDPFDLMHRM 

Ts-sHSP       34 QVFDWAERSRQSLHDDIMNVHRNLFSLEPFTAM--------------------------- 

TSP36         34 QVFDWAERSRQSLHDDIVNMHRNLFSLEPFTAM--------------------------- 

Em-HSP20      33 QVFNWVERSRQSLHDDVTNMHRNLLSLEPFSAM--------------------------- 

 

 

Cd-HSP35a    118 DRQMQALSQMVT-------DQPVISGVFGTLAPQ------ESTH--PLDFLKDIYELDED 

Fh-HSP35a     50 EHQMQVLRQNMEQLIPN--YRPELMEKFGRGYSD-EMIPFGGLGNTQLDYLKDAYEPGDD 

Sm-P40       102 DRQIQDIRERMG-----------------SLD-------VPSTG-SVNDFLKDAYEVGED 

Pw-sHSP       44 DRQMEAMRRHMESVMDTSVRQPMLGGDVGSHKPECALVPHGICG--PLDYLKDAYEPGED 

SJCHGC09637  106 EGEIEEIRNRIG-----------------MSK-------VPGVG-ALTDFLKDAYEVGED 

Ts-sHSP       67 DNAFESVMKEMSAIQPRE-FHP-------ELE-------YTQPG--ELDFLKDAYEVGKD 

TSP36         67 DNAFESVMKEMSAIQPRE-FHP-------ELE-------YTQPG--ELDFLKDAYEVGKD 

Em-HSP20      66 DNAFNSVMQELSAIQPRE-FHP-------ELE-------YTQPG--ELDFLKDAYEVGKD 

 

 

Cd-HSP35a    163 GKVHFKVRFNAQGYRPEDIQVSASQNRLTVHAKKCSETESSKSSSEFCRTIYLPPTVDVD 

Fh-HSP35a    107 GHLRFKLRFDLRGYSPEDVHVEADKNRLTVHAKRTDKKDGTSRMCEYCRTVYLPDKVDDE 

Sm-P40       137 GKVHFKVRFDAQGFAPQDINVTSSENRVTVHAKKETTTDGRKCSREFCRMVQLPKSIDDS 

Pw-sHSP      102 GRVHFKVRFNVEGYGPEDIQVNTSEHGLTVHAKKSVKDEKGTRMREFFRTIYLPPSVDKD 

SJCHGC09637  141 GKLYFKVHFDAKGFAPDNIKVNSTENRLVVHAKKVSESDSSTQSREFCRMIELPRTIDHN 

Ts-sHSP      110 GRLHFKVYFNVKNFKAEEITIKADKNKLVVRAQRSVACGDAAMSESVGRSIPLPPSVDRN 

TSP36        110 GRLHFKVYFNVKNFKAEEITIKADKNKLVVRAQKSVACGDAAMSESVGRSIPLPPSVDRN 

Em-HSP20     109 GKLHFKVYFNAKNFKPEEITIKTDKNKLIVRAQRSVTRGDASMSESVGRSIPLPPSVDRN 

 

 

Cd-HSP35a    223 KFQCHLTNDGILMVEAPVKDPNYQALTFDKERQLGVRPSSAPPISPPP-NQKAIVLKPTG 

Fh-HSP35a    167 KCTAHLSKDGILSVEAPVKQAEVAPIKYGRDHQMGIQPKPSTENST-------IKP--IG 

Sm-P40       197 QLKCRMTDDGVLMLEAPVKVDQNQSLTLNESGQVAVRPKSDNQIKAVP-ASQALVA--KG 

Pw-sHSP      162 HFQANMTEDGILTLEAPVTTKLHNAITFTRDHQLALKPLSEAEVKQRESTEHALALKPIG 

SJCHGC09637  201 QLKCRLTEDGVLMLEAPVKAPDYESITFTDNRQLGIHPKSANQIQSIP-SSKILAL--KG 

Ts-sHSP      170 HIQATITSDDVLVIEAPVNEPNYKAIKLNPEKGLAIQPSEVQERQ--------LAV--TN 

TSP36        170 HIQATITTDDVLVIEAPVNEPNYKAIKLSPEKGLAIQPSEVQERQ--------LAV--KN 

Em-HSP20     169 HIQATLTSDDVLMVEAPVDAPNYKAIKLTPEKGLAIQPTEAQERQ--------LAV--TN 

 

 

Cd-HSP35a    282 KYGATVVQD-G-NQKRFHVEFPVEAGFDPNNMCVRVESNQIVVSGKHEVTEGSGAN--KC 

Fh-HSP35a    218 KTGLTILED-G----RIHLEVPVDAGFKSEDLQVGVANNCVVVSGKHKVEEDIGAK-EKT 

Sm-P40       254 VHGLSYVDD-GSGGKRLHVEVAVDPVYKPEDLFVNVDSNRVVVSGRHHKQKSDQHG--RS 

Pw-sHSP      222 TVGPTVIKDEATGGEKLHVEVPIEPEFTADDLCVRMDANRVIVSGQKKYVDETASS--KS 

SJCHGC09637  258 VSGPTILDD-GANGKRLHLEVPVDPVYKPEDLCVNVDSNRVVVSGKIHKTDSSHSNKRST 

Ts-sHSP      220 KEGLEVVTA-EDGSKKMHLELKVDPHFAAKDVKVWAKGNKVYVHGVTGKEEKTENA--SH 

TSP36        220 KEGLEIVTA-EDGSKKIHLELKVDPHFAPKDVKVWAKGNKVYVHGVTGKEEKTENA--SH 

Em-HSP20     219 KEGLEIVTA-DDGSKKMHLELKVDPHFAPKDVKVWAKGNKVYVHGVTGKEEKTEKA--SH 

 

 

Cd-HSP35a    338 VTSREFTRKYAVPETVDPLSVHAQLFNNVMVVEAPMIHPKS--K 

Fh-HSP35a    272 WHVNEFRRSYPVPHFVDPLSLTAELIDHTVIVEGPTVTKS---P 

Sm-P40       311 SSFAEFSQSYAIPETVDPLSVSAQVVGNTLVLEAPLEKQHAITH 

Pw-sHSP      280 AHVKEFTRSYEIPETVDTFSVNSQLHGNTLLVEAPLLHTSKS-K 

SJCHGC09637  317 SSYAEFTHSYEIPETVDPLLVAAQLFDNRLVLEAPLVTRHTVSH 

Ts-sHSP      277 SEHREFYKAFVTPEVIDASKTQAEIVDGLMVVEAPLFK------ 

TSP36        277 SEHREFYKAFVTPEVVDASKTQAEIVDGLMVVEAPLFK------ 

Em-HSP20     276 SEHREFYKAFVTPEVVDASKTQAEMVNGHMVVEAPLFK------ 

 

Figure 3.6: Multiple sequence alignment of C. daubneyi sequence TR21269|c0_g1_i1 (Cd-HSP35) 

and orthologues expressed by S. mansoni (Sm-P40 accession P12812), S. japonicum (SJCHGC09637 

accession AAW25328), P. westermani (Pw-sHSP accession AAK35217), Taenia solium (Ts-sHSP 

accession CAD36617), T. saginata (TSP36 accession Q7YZT0), and Echinococcus multilocularis (Em-

HSP20 accession CAD12371). Conserved amino acids across all sequences are highlighted in black 

and amino acids of physiochemical similarity are highlighted in grey. 
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3.3.5 Resolution of C. daubneyi soluble somatic proteome 

As with the resolution of the C. daubneyi egg proteome, the soluble somatic proteome 

was resolved using 1D SDS-PAGE prior to LC-MS/MS analysis. In total the C. 

daubneyi soluble somatic proteome returned a total of 658 sequences consistent across 

all 3 replicates above the significance threshold of 47. The sequences consistent across 

replicates were again sorted by the number of unique peptides allowing resolution of 

the most abundant proteins. Sequences returned were subject to translation followed 

by BlastP analysis the top 50 of which are outlined in Table 3.4.  

 

Interestingly, the soluble somatic proteome returned a high number of proteins that 

did not return any matches when subject to blast analysis as well as returning a high 

number of hypothetical and uncharacterized proteins. These proteins could represent 

those unique to C. daubneyi that are utilized in the successful establishment of 

infection. In total these proteins accounted for 32% of the top 50 most abundant 

proteins in the C. daubneyi soluble somatic proteome including the three most 

abundant proteins, TR25975|c0_g1, TR26102|c0_g1 and TR25969|c0_g1, with 

subsequent Pfam and Interpro analysis identifying no conserved domains that could 

elucidate their function.  

 

Proteins resolved in the C. daubneyi soluble somatic proteome were subsequently 

analysed for their species distribution (Figure 3.7) and GO classifications (Figure 

3.8), allowing elucidation of the species to which they shared significant sequence 

similarity and assignment of their function.  
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Figure 3.8: Level 3 gene ontology categories for each protein identification in C. daubneyi 

eggs. Protein sequences were assigned into 3 functional groups  

A) Molecular Feature B) Biological process and C) Cellular component. Gene ontology 

groups were assigned using Blast2Go (n=3). 
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3.4 DISCUSSION 

Despite their animal welfare and economic importance, veterinary helminth parasites 

remain largely understudied due to their complexity (Hotez, 2009), however, 

developments in -omic technologies are now allowing their study at a molecular level 

allowing elucidation of their basic biology, infection establishment and potential 

pathological effects (Loukas et al., 2011; Mutapi, 2012). Studies suggest that proteins 

represent some of the key molecules responsible for immune modulation, and 

utilisation of the newly published transcriptome allowed for the first time, a 

comprehensive proteomic analysis of C. daubneyi adult worms and eggs allowing 

insight into the parasite’s life cycle, mechanisms of immune evasion and successful 

establishment within the host (Huson et al., 2017; Johnston et al., 2009). 

 

Currently C. daubneyi represents the only rumen fluke species found to infect 

ruminant livestock in the UK with studies suggesting it may be the only species found 

in Western Europe (Malrait et al., 2015). In this study naturally infected cattle were 

utilised for fluke collection due to increased prevalence of notable infection when 

compared with sheep (Toolan et al., 2015). Although C. daubneyi is suggested as the 

only species in Western Europe, a single study has suggested mixed paramphistome 

infections in Ireland, whilst many studies failed to note the species of paramphistome 

being utilised (Martinez-Ibeaz et al., 2016; Pavan et al., 2014). It is important to note 

that increased prevalence of C. daubneyi in Western Europe has not been officially 

confirmed and could be due to increased awareness of the parasite leading to greater 

reporting of infection. The high level of livestock movement worldwide poses a threat 

to biosecurity and increases the risk of introduction of new paramphistome species to 

the U.K, with studies hypothesising that livestock movement lead originally to the 
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introduction of C. daubneyi to the UK (Perry et al., 2011; Zintl et al., 2014). Due to 

the potential risk of new species introduction it was important to resolve the specific 

species of paramphistome at each collection, and so the samples collected were subject 

to PCR speciation using species specific CO1 primers leading to positive identification 

of all samples used in this study as C. daubneyi. 

 

When looking at the soluble somatic and egg proteome of C. daubneyi, a large number 

of proteins identified were assigned to closely related helminths and numerous 

invertebrate species. Analysis of ‘top-hit’ species distribution identified the proteins 

resolved in the egg proteome to belong to a total of 21 species. The top five species 

returned accounted for 282 out of the 308 proteins identified and were from closely 

related parasitic flatworm species - Opisthorchis viverrini, Clonorchis sinensis, 

Fasciola hepatica, Schistosoma japonicum and Schistosoma mansoni.  Species 

distribution from the soluble somatic proteome resolved hits from 55 species of which 

the top 5 were accounted for by Opisthorchis viverrini, Clonorchis sinensis, Fasciola 

hepatica, Schistosoma japonicum and Schistosoma mansoni representing 86.2% of the 

sequences identified. Notably, a large portion of the proteins identified were 

uncharacterised/hypothetical, a high percentage of which were observed in the soluble 

somatic fraction. Proteins may return as hypothetical/uncharacterised as they were 

either previously discovered in other species with no experimental information to 

elucidate their functionality or they could be unique to C. daubneyi. The high number 

of these proteins observed is likely due to the lack of research/resolved genomes in 

many helminths due to their status as low veterinary importance. The difference in 

levels of uncharacterised proteins between the egg and soluble somatic fractions is 
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possibly due to the adult worm requiring specific proteins allowing its establishment 

within the host that differ to those of helminths that reside in different tissues. 

 

1.4.1 Proteome analysis 

Egg proteins are of particular importance in many trematode species, including 

schistosomes where research has concluded its pathology is due to the recognition of 

antigens present on the eggs surface leading to propagation of an acute inflammatory 

response (Pearce & MacDonald, 2002). Response to these egg antigens not only 

contributes to pathology but also accommodates egg migration through intestine 

facilitating an essential role in the maintenance of the life cycle (Doenhoff, 1997). Due 

to specific egg proteins playing a crucial role in the success of schistosome life cycle, 

C. daubneyi egg proteome has here been resolved. Previous investigations of the S. 

mansoni and F. hepatica egg proteomes identified a total of 188 proteins and 208 

proteins respectively (Cass et al., 2007; Moxon et al., 2010), whilst this study 

elucidated a profile of 308 proteins for C. daubneyi (n=3). 

 

In total, the sequences identified in the egg proteome were assigned to Gene Ontology 

(GO) classes for molecular function 703 times. Many sequences were assigned to 

more than one category due to their homology with more than one protein family and 

identification of multiple conserved domains. Analysis of molecular function showed 

69.2% of proteins to exhibit binding activity, accounted for by 12 binding categories 

including – heterocyclic (GO:1901363), organic cyclic (GO:0097159), ion 

(GO:0043167), small molecule (GO:0036094), carbohydrate (GO:0097367) and 

protein (GO:0005515). Further investigation into molecular function revealed 22.8% 

of the sequences to exhibit catalytic activity with hydrolase activity (GO:0016787), 
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oxidoreductase activity (GO:0016491) and transferase activity (GO:0016740) 

particularly enriched. For biological process, a total of 1336 matches to GO categories 

were identified, again with many sequences being assigned to more than one 

functional group. Physiological processes accounted for 75.1% of the assigned GO 

categories, with 53% attributed to organic (GO:0071704), cellular (GO:0044237), 

primary (GO:0044238), nitrogen (GO:0006807), biosynthetic (GO:0009058) and 

single organism (GO:0044710) metabolic processes. Lastly, sequences were assigned 

to 969 cellular components GO categories of which 54.7% were attributed to 

intracellular parts and organelles with a large portion of the hits accounted for by 

cytoplasmic organelles (GO:0043226) and protein complexes (GO:0043234). 

Interestingly, extracellular organelle, exosome and vesicle GO classifications were 

also assigned to numerous sequences which are further investigated in Chapter 4. 

 

Investigation of the protein sequences returned from BlastP analysis highlighted the 

egg proteome contains a high number of hits to ferritin, two of which appeared in the 

top 50 most abundant proteins (TR15860|c0_g1 and TR16120|c0_g1). An abundance 

of ferritin has previously been described in helminth proteomic profiles with 

sequences found to be homologous with that of vertebrates and invertebrates as well 

as phylogenetic analyses demonstrating common ancestry between ferritin identified 

in many helminth species. Studies have described a strong reactivity of ferritin to F. 

hepatica sera suggesting its potential use as a diagnostic marker for fasciolosis which 

could also be utilised in the diagnosis of paramphistomosis (Caban-Hernandez et al., 

2011). Whilst high levels of ferritin have been described in many helminths, ferritin 

has not previously been noted in studies of S. mansoni, however this is likely due to 

the similarities between F. hepatica and C. daubneyi life-cycles and shared 
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intermediate host, whilst S. mansoni’s life cycle is vastly different with egg 

development occurring within the definitive host rather than in an external 

environment (Curwen et al., 2004; Cass et al., 2007).   

 

Heat shock proteins were also found to be highly represented and have previously 

been described in the protection of helminths such as S. mansoni acting as a means of 

protection during the molluscan stage of their life-cycle (Wu et al., 2009). Of 

particular interest was the identification of sequences homologous with the alpha-

crystallin containing small heat shock protein previously identified in both F. hepatica 

and S. mansoni (FhHSP35 and Sm-p40), through local blast analysis (Moxon et al., 

2010). In total, 16 sequences were identified to have significant similarity (e < 0) with 

AC/sHSP’s corresponding to 8 proteins following removal of isoforms. These 

sequences were searched against the resolved egg proteome and a total of 3 proteins 

were identified to be present. The top hit with the most significant sequence similarity 

(TR21269|c0_g1_i1) was utilised in an alignment with 7 resolved ACs/HSP proteins 

from helminth species showing significant similarity allowing characterisation of this 

sequence as a member of the ACs/HSP superfamily, representing the first 

identification of this superfamily in any rumen fluke species. Previous identification 

of FhHSP35 in F. hepatica was postulated as a potential diagnostic marker as the 

first helminth to identified to contain a representative of this superfamily. However, 

the identification of HSP35 in C. daubneyi could discredit its use as a potential 

biomarker in F. hepatica due to the rise in co-infections identified in the UK, 

utilisation of this protein could lead to false positives when identifying fluke 

infections. Identification of sHSP’s in C. daubneyi is of particular note due to their 

function as molecular chaperones and in development of protection following 
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exposure to stress stimuli such as cold, oxidation and heavy metals, allowing 

hypothesis that sHSP could be responsible for successful establishment of large C. 

daubneyi burdens in the traditionally harsh rumen environment (Li et al., 2009; 

Caspers et al., 1995).  

 

In total the proteins identified in the soluble somatic proteome were assigned to 36 

GO categories associated with molecular function. Similar to the egg profile, binding 

activity was described in 71% of the sequences identified. In total 16 GO terms 

associated with binding were resolved with the top 5 identical to that of the egg profile. 

The 4 terms associated with the global somatic proteome that did not appear in the egg 

were, oxygen binding (GO:0019825), carbohydrate binding (GO:0030246), modified 

amino acid binding (GO:0072341) and metal cluster binding (GO:0051540). 

However, these only accounted for 0.6% of the total sequences resolved. In 

comparison 23.1% somatic GO terms were associated with catalytic activity across 15 

GO identifiers, whilst the egg proteome only consisted of 13. The top proteins 

enriched in this experiment were the same as the egg profile however, three GO terms 

were unique to the egg proteome and five to the somatic. Biological processe analysis 

revealed a total of 2359 GO associations across 121 GO terms. Of these 67.3% of the 

sequences hit were associated with physiological processes, 46.1% of these accounted 

for by the top six GO terms which were the same as those identified in the egg 

proteome. For cellular components a total of 1617 sequences were identified. 

 

Nutrient requirements of paramphistomes have not yet been subject to in-depth study, 

however the high abundance of FABPs identified in the proteomic profile of many 

species adult worms are hypothesised to help in the utilisation of the volatile fatty 
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acids that are created as a by-product from microbial fermentation. This would allow 

their utilisation as a source of nutrition by the parasites (Belanche et al., 2012; Sripa 

et al., 2017). As a variety of trematodes are known to not be able to synthesise fatty 

acid complements, the niche of the rumen is ideal in that the parasite may be able to 

utilise fatty acids within the rumen and use FABPs in order to transport host fatty acids 

for lipid oxidation (Ginger & Fairbairn, 1966). This combined with its presence in all 

lifecycle stages of helminth species such as O. viverrini and S. mansoni could indicate 

its vital role in energy production essential for growth, development and reproduction, 

with fatty acids encompassing all requirements for successful egg production and 

development (Huang et al., 2012; Sripa et al., 2017). Helminths are unable to synthesis 

a range of lipids including fatty acids and so these molecules need to be obtained from 

their respective host environment (McManus & Bryant, 1986), therefore fatty acids 

binding proteins could be a vital component in infection maintenance by supporting 

the capture and transport of FABPs (Esteves et al., 1997).  As FABPs play a critical 

role in helminth survival through fatty acid oxidation they could be utilised as potential 

targets for new anthelmintic drugs and vaccines (Sripa et al., 2017). Its 

immunogenicity may also allow its use as a mechanism to identify infection with 

specific parasites (Lee & Yong, 2004; Pankao et al., 2006). FABPs may play a crucial 

role in anthelmintic activity though movement of the compound to the site in which it 

can exert its effect successfully (Chuang et al., 2008), with studies showing damage 

to the parasites tegument following utilisation of FABP derived vaccines leading to 

effective activation of the host immune response (Figeuroa-Santiago & Espino, 2014; 

Sirisriro et al., 2002). In contrast, the abundance of FABPs could reduce the effective 

concentration of anthelmintics through passive binding and localisation of 

anthelmintics in specific sites (Saghir et al., 2001). FABPs have been identified as a 
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potential vaccine candidate for schistosomiasis and fascioliasis, with the specific 

protein of interest Sm-14 currently under pre-clinical trial (Tendler et al., 2015; Ramos 

et al., 2009). FABPs represent ideal vaccine candidate due to their ability to affect the 

membrane integrity of the tegument and in turn protein binding therefore impairing 

the parasites mechanisms of detoxification (Timanova-Atanasova et al., 2004) whilst 

also reducing fecundity and pathological effects of infections (Hillyer, 2005).  

 

Consequently, the identification of FABPs in the soluble somatic C. daubneyi 

proteome profile allows further research into their potential use in diagnostics and in 

the development of vaccine candidates.  

 

Previous studies into many helminth species have identified an abundance of 

cathepsins in their proteomic profiles. Cathepsins have important roles in virulence 

with major roles in initial entry into the host, migration through host tissue as well as 

immunomodulatory effects leading to suppression of the host immune response 

allowing successful establishment (Robinson et al., 2008). Cathepsins in F. hepatica 

and F. gigantica have been found to be regulated developmentally allowing successful 

migration through host tissues as well as involvement in nutrient digestions (Cancela 

et al., 2008; Meemon et al., 2004; Grote et al., 2018). Interestingly, cathepsins were 

not identified in either proteomic profiles, absence in these fractions could be due to 

the final residency of C. daubneyi requiring migration through the intestine and not 

via walls/tissues like other helminth species such as F. hepatica and so requiring 

different proteins in order to successfully migrate through the host as well as 

differences in feeding requirements leading to their absence/low abundance in these 

profiles.  
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Across both the adult and egg proteomes antioxidant proteins were found to be highly 

represented, allowing speculation that these proteins are not only involved in fluke 

protection from the immune response, but also in protection of the egg whilst in a free-

living environment from oxidative stress, and the xenobiotics they maybe exposed to 

(Moxon et al., 2010). Proteases are abundant in the adult proteome of F. hepatica as 

has been found in this study (Morphew, 2007; Robinson et al., 2009). However, in-

line with previous helminth studies proteases are not abundant in the eggs of C. 

daubneyi (Moxon et al., 2010). Both elucidated profiles revealed hits to 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which has previously been 

identified in helminths such as S. mansoni and H. contortus and is actively involved 

in the binding to complement-C3 and so providing protection to the worms through 

inhibition of complement activity (Sahoo et al., 2013; Bergmann et al., 2004). 

GAPDH has been related to resistance in schistosome infections and so has been 

highlighted as a potential vaccine candidate (Waine et al., 1993; Wang et al., 2013). 

Both profiles also revealed the presence of disulphide isomerase, which have been 

identified in many helminth species which have been found to have a significant role 

in parasite-host interactions (Cao et al., 2014). 
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3.5 SUMMARY AND FURTHER RESEARCH 

 

The research carried out in this chapter has successfully resolved both the soluble 

somatic and egg proteome of adult C. daubneyi. Specific protein families of 

importance have been identified in each of the fractions including FABPs from the 

soluble somatic and AC/sHSPs from the egg that have the potential to be utilised as 

biomarkers in diagnosis of infection, as well as possible vaccine candidates and targets 

for treatment options. Further comparative work with previously resolved flatworm 

proteomes will facilitate the identification of novel protein families and the multitude 

of hypothetical and uncharacterised proteins identified can be subject to further 

investigation, allowing a comprehensive understanding of the fundamental biology of 

C. daubneyi and potential unique mechanisms of establishment. 
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4.1 INTRODUCTION 

 

Helminths are a significantly untapped source of biological molecules which have the 

possibility to be targets for both diagnostics and treatment of infection. Helminths 

have complex life cycles with their establishment dependent upon manipulation of 

intra- host environments (Coakley et al., 2016). Extensive research has been carried 

out on their surface proteins and excretory-secretory (ES) products (Hotez et al., 2008; 

Toledo et al., 2011), but limited  studies have shown a stand-alone parasite derived 

ES substance active in parasite host interactions, such as Sigma-class GSTs and 

cathepsin L (Dowling et al., 2010) and so it is likely molecules involved in 

communication are packaged prior to release (Hewitson et al., 2009). Recent 

discovery of helminth derived EVs identifies a new avenue of research into parasite 

establishment and communication and study of these EVs could elucidate key 

components involved in development of long-term infections and the mechanisms 

utilised in modulating the immune response. 

 

4.1.1 Helminth EVs 

Helminths are capable of establishing long-term infections through for example their 

ability to manipulate the host’s immune system leading to favourable conditions for 

their survival and development, namely though ensuring an anti-inflammatory 

environment (Maizels et al., 2004; Coakley et al., 2016). Only in recent years has the 

importance of EVs been noted as carriers of cargo for immuno-modulation, with 

helminth EVs first reported in the ES products of two trematode species, Echinostoma 

caproni and Fasciola hepatica (Marcilla et al., 2012) and the mouse nematode 

Heligmosomoides polygyrus (Buck et al., 2014).  
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Recent studies have identified the release of EVs by a variety of parasitic organisms, 

however little is known about the mechanism underpinning EV activity with respect 

to immuno-modulation or the role their proposed modulation plays in establishing 

infection (Coakley et al., 2017). Importantly, evidence suggests EVs are the main 

mechanism of protein exportation in helminths, also containing as cargo mimic host 

protein pools dependent upon specific parasite species (Marcilla et al., 2012). Thus, 

with the limited knowledge to date EVs released by several helminth parasites have 

been found to deliver bioactive molecules to host cells where they modulate host gene 

expression and supress cytokine formation (Buck et al., 2014), with findings that cargo 

packaged is developmentally regulated leading to the hypothesis that this regulation 

allows parasite migration within the definitive host as well as a mechanism of response 

to the hosts immune response (Cwiklinski et al., 2015). 

 

Many parasitic helminths have previously had their Excretory/Secretory (ES) products 

extensively studied, however the work on these secretomes was hampered by limited 

transcriptomic datasets, lack of genome sequencing and lack of intelligence on EVs 

resulting in previous proteomic investigations representing ‘total secretomes’ which 

can now be further divided into ES products and EVs (Cwiklinski et al., 2015). EVs 

have now been identified in both the insoluble fraction and the tegument of parasites 

(Marcilla et al., 2012), with several studies showing helminths ability to modulate host 

innate immune cells through successful transfer of bioactive molecules to their targets 

(Buck et al., 2014; Wang et al., 2015). Further to their role in modulation, parasite 

derived EVs have been shown to be a key component in the establishment and 

maintenance of infections, with nematode EVs shown to supress the TH2 immune 
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response as well as containing miRNAs capable of supressing cytokine production 

(Cwiklinski et al., 2015; Buck et al., 2014). 

Investigations into EVs are now widely carried out due to their recognised role in 

inter-cellular communication through their ability to transfer proteins, lipids, mRNA, 

microRNA and non-coding RNA to their targets (Figure 4.1) (Andaloussi et al., 2013; 

Record., 2014). However, a key limitation in proteomic studies of helminths (and their 

EVs) is the lack of genomic data available, therefore transcriptomic data sets and 

subsequent BLAST analysis need to be utilised in order to identify protein function 

(Garg et al., 2013). Recent developments in omic techniques have allowed 

identification of immunomodulatory proteins packaged inside EVs, however further 

investigation into EV production and interaction could identify new methods of 

parasite control (Torre-Escudero & Robinson, 2017), with these developments in 

proteomics investigations already allowing identification of potential vaccine 

candidates (Sotillo et al., 2016).  

 

Figure 4.1:  Extracellular vesicle composition. Generic layout of an extracellular vesicle and 

their membrane components including internalised compounds (Veerman et al., 2019). 
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4.1.2 EV Proteomics 

Proteomic investigation into trematode EVs remains problematic due to the absence 

of sequenced genomes, however, transcriptomic datasets can be utilised to interpret 

results. Transcriptomics combined with advances in quantitative proteomics has 

allowed elucidation of potential biomarkers and their subsequent validation as vaccine 

candidates (Fujita et al., 2017). Combined with developments in LC-MS/MS and 

incorporation of iTRAQ technology, high-throughput proteomics can now be 

implemented in the proteomic study of EVs. 

 

Both packaged protein cargo and membrane associated proteins have been utilized as 

markers allowing positive characterisation of EVs populations. These proteins also 

allow identification of cellular location, origin and mechanism of biogenesis, with 

dedicated online databases cataloguing these components, such as ExoCarta (Simpson 

et al., 2012). Generally, EVs have been found to be highly abundant in cytoskeletal, 

cytosolic, membrane and heat shock proteins, however proteomic profiles can be 

variable dependent upon the mechanism of vesicles isolation as well as method of 

characterisation making it difficult to carry out comparative work between studies 

(Yanez-Mo et al., 2015; Mekonnen et al., 2018).  

 

Subgroups of EVs may contain different contents dependent upon stimulation of 

biogenesis as well as the composition of multivesicular bodies (MVBs) within 

releasing cells resulting in differences in contents packaged (Aatonen et al., 2014), 

with differences in composition in vitro dependent upon the conditions in which 

parasites are cultured (Kucharzewska & Belting, 2013). Due to differences in 

composition between subpopulations, there is no single marker that can be utilized in 

order to universally characterise EVs; reasons for the difference in protein 
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composition remain unknown (Yanez-Mo et al., 2015; Matheiu et al., 2019). These 

unknowns mean there is currently no mechanism of purifying a guaranteed pure sub-

population and so caution needs to be taken when analysing EVs proteomic data 

(Veerman et al., 2019). 

 

Mass spectrometry of EVs has drastically improved understanding of their cargo by 

elucidating both mechanisms of biogenesis and physiological function (Choi et al., 

2013). Early studies into EVs utilised separation through gel electrophoresis followed 

by targeted MS, however now high throughput LC-MS/MS is carried out combined 

with initial separation of EVs from samples. Developments in proteomics has found 

that proteins packaged within EVs are not linked to the abundance of proteins within 

the releasing cell but instead controlled through protein sorting mechanisms during 

EV biogenesis (Choi et al., 2013).  

 

4.1.3 Antimicrobial effects of EVs 

Helminth parasites have long been known to have immunomodulatory effects on their 

hosts through their ability to excrete a range of bioactive molecules known to exert 

their immunomodulatory effect on defined targets (Eberle et al., 2015). Helminths 

share a niche with an array of bacterial species due to their localisation in the 

gastrointestinal tract, and so modify the microbiota of the host leading to modification 

of the host immune response (Brosschot & Reynolds, 2018). Early studies into 

membrane vesicles (MVs) from bacteria showed their potential antimicrobial activity 

with studies identifying their ability to deliver toxins to recipient cells (Mashburn-

Warren & Whiteley, 2006; Li et al., 1996).  
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Recent studies of model helminth species which also inhabit a microbial environment 

have identified the presence of antimicrobial peptides (AMPs) in ES products 

hypothesised to be released in order to allow development and regulation of a 

conditionally desirable microbiota (Midha et al., 2018). As well as identification of 

AMPs in ES products, treatment of the helminth parasite A. suum with a range of both 

gram-positive and gram-negative bacteria was found to induced transcription of 

AMPs, suggesting that the synthesis of defence molecules could be constitutive (Pillai 

et al., 2005). Studies have also identified the presence of AMPs in EVs, including 

several parasites actively stimulating AMP containing EVs from their hosts (Hu et al., 

2013; Wang et al., 2015). Fungal released EVs have also been investigated and found 

to induce antimicrobial effects in recipient host cells though stimulation of 

antimicrobial compound synthesis (Oliveira et al., 2010). 

 

Exosomes have been acknowledged as innate immune effectors with roles in defence. 

However, their effects are dependent upon structural integrity and the conditions in 

which biogenesis takes place (Hiemstra et al., 2014). Studies have identified the 

antimicrobial peptides in exosomes released from certain cell types, with their 

interactions leading to restriction of bacterial growth (Timar et al., 2012). As well as 

the AMP released by helminth parasites, host proteins secreted by the gut have also 

been shown to alter the gut microbiota through delivery of AMPs (Hu et al., 2013; 

Smythies & Smythies, 2014). There have been numerous studies into the adaptation 

of the immune response by helminth ES products, however no studies to date have 

specifically targeted EVs in the study of immuno-regulation and their effect on 

microbial populations. Research into the interaction of helminth species and their 

effect on the host microbiota remain vastly unexplored (Midha et al., 2018). 
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Although it is well understood that helminths have immunomodulatory activity, it is 

still unknown if this mechanism of evasion requires interaction with the microbiota 

and if the alteration of physiology, permeability and secretions in helminths has a 

direct effect on microbial species present and their spatial organisation (Zaiss & 

Harris, 2016). Currently, there are many studies into the effect of ES products on the 

gut microbiota and subsequent evasion of immune response, however there are no 

studies explicitly identifying EVs as a method through which the microbiota is 

regulated. We hypothesise that rumen fluke EVs contain antimicrobial peptides that 

contribute to modification of rumen microbiota, allowing the establishment of 

infection. 
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4.1.4 CHAPTER AIMS 

 

This experimental chapter is the first in-depth proteomic and transcriptomic study into 

C. daubneyi extracellular vesicles and their potential effects on bacterial populations.  

 

Therefore, the aims of this chapter are: 

 

• Identification of extracellular vesicles in C. daubneyi excretory-secretory (ES) 

products. 

• Proteomic characterisation of C. daubneyi EVs released during in vitro culture 

and subsequent assignment of resolved proteins functionality.  

• Proteomic characterisation of membrane associate EV proteins.  

• Analysis of EVs antimicrobial properties and their effect on microbial 

populations. 

• Bioinformatic investigation of C. daubneyi transcriptome allowing 

identification of EV biogenesis proteins and elucidation of the mechanisms 

behind EV formation and release.  
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4.2 METHODS 

 

Unless stated otherwise, all methods were carried out as stated in Chapter 2. All 

solutions were made up using ddH2O and molecular grade reagents.  

 

4.2.1  Size exclusion chromatography (SEC) purification 

As described by Davis et al. (2019), EVs with maintained functionality were purified 

utilising size exclusion chromatography (SEC). Following parasite maintenance, 

DMEM media was centrifuged at 300 × g for 10 minutes at 4°C, supernatants were 

removed and centrifuged at 700 × g for 30 minutes at 4°C removing large debris. The 

resulting media was concentrated in 30 kDa MCWO Amicon Ultra-15 centrifuge 

filters (Millipore, U.K.) through centrifugation at 4000 × g for 20 minutes at 4°C until 

~500 µl of sample remained. Concentrated samples were passed over a qEV Size 

Exclusion Chromatography column (IZON) according to the manufacturer’s 

instructions. Briefly, columns were equilibrated with 10 ml of 0.2 µm syringe filtered 

PBS. Sample was then passed over the column with the addition of PBS following 

filter penetration. The first 2.5 ml was stored as flow through and the following 1.5 ml 

was collected as the EV sample. Sample was stored at -80°C for downstream analysis.  

 

4.2.2  Particle size/concentration quantification 

Isolated EVs were placed in a nanopore (NP200, Izon Science) within a qNano particle 

analyser (IZON Science). Samples were analysed following calibration and measured 

at 47 mm nanopore stretch at 100 nA under 7 mbar pressure. Particles were detected 

through short pulses of current before subsequent analysis with qNano particulate 

analysis software (Izon, version 3.2).  
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4.2.3 Transmission Electron Microscopy (TEM) – Grid preparation and imaging 

EVs were fixed to formvar/carbon coated copper grids (agar scientific) through 

addition of 10 µl of sample to each grid on ice for 45 minutes. Grids were then 

transferred onto the meniscus of 4% w/v uranyl acetate for 5 minutes. Grids were 

transferred into a storage container for at least 24 hours before imaging and stored at 

room temperature. Analysis of previously prepared grids was carried out on a Joel 

1010 transmission electron microscope at 80 kV. Images were taken digitally, and 

further size analysis used to distinguish extracellular vesicles within the samples (30-

100 µm).  

 

4.2.4 Trypsin Shave of EVs 

SEC purified EVs were first aliquoted into their respective volumes containing 200 

µg of protein, and either diluted to 250 µl total volume or placed in a 30 kDa MWCO 

Amicon filter and centrifuged following the manufacturers guidelines until only 250 

µl remained. In brief, sample was added to the filter and placed within a collection 

tube, samples were centrifuged at 14, 000 × g for 10 minutes at 4°C. This was repeated 

until 250 µl remained. Samples were aspirated before removal into an Eppendorf. 

Trypsin (sequencing grade modified trypsin, Roche, U.K) was dilute to 100 µg/ml and 

added to the EVs at a final concentration of 50 µg/ml. Samples were incubated for 5 

minutes at 37°C followed by centrifugation for 1 hour at 100,000 × g at 4°C (S55-S 

rotor, Sorval MX120 centrifuge, Thermo Scientific). The resulting supernatant was 

aliquot into 20 µl fractions and stored at -20°C prior to gel free mass spectrometry 

analysis. Samples were injected at 1 µl per sample and analysed accordingly (Section 

2.12). 
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4.2.6 Microbial culture  

In total 10 microbial species were tested for the effects of C. daubneyi EVs on them 

(Table 4.1). In brief, each species was grown in broth overnight and 1 ml of each 

aliquot and added to 50 µg/ml of EVs. Interaction was allowed overnight before 

subsequent plating. Each species was also subject to a control with no addition of EVs. 

Each control and strain were then dilute 1:1000, 1:10000 and 1:100000 and plated to 

grow over night before subsequent colony counting after 24 hours. 

 

 

 

 

Table 4.1: Microbial organisms used in this study. 

Species Strain Order Identifier 

Escherichia coli Negative Enterobacteriales ATCC 25922 

Klebsiella pneumoniae Negative Enterobacteriales ATCC 700603 

Proteus mirabilis  Negative Enterobacteriales NCTC 10975 

Pseudomonas aeruginosa Negative Pseudomonadales ATCC 27853 

Staphylococcus aureus Positive Bacillales ATCC 29213 

Staphylococcus epidermidis Positive Bacillales NCTC 11047 

Staphylococcus saprophyticus Positive Bacillales Wild strain 

Enterococcus faecalis Positive Lactobacillales ATCC 29212 

Bacillus subtilis Positive Bacillales ATCC 6633 

Candida albicans Positive Saccharomycetales NCTC 3255 
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4.2.5 Bioinformatic interrogation of biogenesis proteins – sequence retrieval 

pipeline  

In brief, literature was searched in order to identify proteins involved in EV biogenesis 

in both closely related helminths and humans through searching of the GenBank 

database (http://www.ncbi.nlm.nih.gov/). In this experiment sequences involved in the 

ESCRT-dependent and ESCRT-independent pathway were identified as well as 

proteins involved in subsequent abscission. In total a database of 89 proteins was  

assembled and submitted to local blast analysis following the method of  (Altschul et 

al., 1990) in order to identify putative homologs of biogenesis proteins in the C. 

daubneyi transcriptome. BLAST searches were all carried out using BioEdit (Hall, 

1999) with a cut off value of E-20 set for each search and only results over this value 

included as positive identification.  

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/
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4.3 RESULTS 

 

4.3.1 TEM identification of EVs in C. daubneyi ES products 

Presence of extracellular vesicles in both differential centrifugation (DC) and SEC 

isolated samples was confirmed by identification of membrane bound vesicle ~30-100 

nm in size through transmission electron microscopy (TEM) (Nowacki et al., 2015). 

Random sample selection from each collection was utilised to ensure EV presence 

across samples. TEM imaging identified that the EVs present had diverse 

morphologies with ruptured vesicles only identified in DC purified samples. A large 

number of aggregated vesicles were also identified in the DC samples whilst no 

aggregation was observed in the samples isolated through SEC (Figure 4.2). Despite 

0.2 µm filtering background contamination of non-EV products was still present. 

Comparison with published literature allowed morphological identification of a mix 

of both microvesicle and exosome subpopulations. 

 

 

Figure 4.2: Developed TEM micrographs identifying extracellular vesicles secreted by C. 

daubneyi through DC and SEC isolation. (A) DC purified samples showing aggregation of 

vesicles (outlined) (B) SEC purified samples showing no aggregation.  
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4.3.2 Visualisation of C. daubenyi EV proteome  

Following positive identification of DC EVs, samples were lysed to allow 

quantification and a concentration gradient of 5, 10, 15, 20 and 25 µg was run on a 

12.5% polyacrylamide gel determining the optimum concentration for resolution of 

EVs proteins. 25 µg of EV protein was determined as the optimum quantity with 

optimal visibility following staining and so this was carried forward for further protein 

analysis. In total 3 samples of C. daubneyi EVs (n=3) were run out on a 12.5%, 1-

Dimensional polyacrylamide gel (Figure 4.3). A low molecular weight marker 

(Biorad, UK) was used in order to deduce the weights of the protein bands resolved 

and the resulting gel was stained using coomassie brilliant blue.  

 

 

 

       Figure 4.3: 1D 12.5% polyacrylamide gel of C. daubneyi EV protein (n=3). 
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4.3.3 Mass spectrometry of C. daubneyi EVs 

Each of the 3 replicate lanes shown in Figure 4.3 were divided into 11 bands and 

subject to trypsin digestion prior to LC-MS/MS analysis. Following MS analysis 

results from each of the 11 samples for each lane for each replicate were combined to 

elucidate the complete EV proteome. Transcript hits identified in each replicate were 

sorted and only those with a score over the significance threshold of 49 were included 

as positive hits. In total 378 proteins consistent across all three replicates were 

identified. Each of these transcript identifiers were searched in the transcriptome and 

their sequences translated (http://expasy.com) in order to find the relevant open 

reading frame (ORF). Protein sequences were then submitted to BLASTp analysis 

(https://www.ncbi.nlm.nih.gov) allowing identification of homologous sequences in 

the NCBI database. The protein ID, species ID and accession number for each of these 

hits were recorded. All results were quantified by the number of unique peptides 

returned from LC-MS/MS and sorted to elucidate the top 100 protein hits Table 4.2. 

 

The most abundant proteins identified in the EV proteome were ATPase family protein 

(TR26097|c0_g1), beta tubulin (TR18968|c0_g1 and TR17099|c2_g1) and unknown 

protein - TR21569|c0_g5. A selection of common EV markers were also identified 

within the top 100 proteins through comparison with the ExoCarta database 

(http://exocarta.org), including glyceraldehyde-3-phosphate dehydrogenase, actin, 14-

3-3, annexin A7 and alpha/beta tubulins confirming characterisation as EVs. Several 

proteins were identified numerous times within biological replicates, these repeated 

hits are likely due to post-translational modifications (PMTs) which are common in 

eukaryotes (Beltrao et al., 2013). Due to the absence of a genome, the top BLAST hits 

species were investigated. Species results for all proteins resolved were then collated 

in order to allow visualisation number of hits to each species. 

http://expasy.com/
https://www.ncbi.nlm.nih.gov/
http://exocarta.org/
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Unsurprisingly, 8 out of the top 10 species to which proteins were assigned were all 

closely related trematode species (Figure 4.4) including Opisthorchis viverrini, 

Clonorchis sinensis, Fasciola hepatica and several Schistosoma spp. accounting for 

79.8% of the proteins identified. Although 79.8% of hits were assigned to 8 closely 

related trematode species, the remaining 20.2% encompassed a further 50 non-

trematode species. 



                 Chapter 4: Characterisation of Extracellular vesicles from C. daubneyi 

 102 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T
a
b

le
 4

.2
: 

T
o

p
 1

0
0

 p
ro

te
in

s 
re

so
lv

ed
 i

n
 C

. 
d
a
u
b
n
ey

i 
ex

tr
ac

el
lu

la
r 

v
es

ic
le

s 
fo

ll
o
w

in
g
 b

la
st

 a
n
al

y
si

s 
o
f 

tr
an

sc
ri

p
t 

id
en

ti
fi

er
s.

 P
ro

te
in

s 
w

er
e 

ra
n

k
ed

 b
as

ed
 

o
n
 t

h
e 

n
u
m

b
er

 o
f 

u
n

iq
u
e 

p
ep

ti
d
es

 h
it

 d
u
ri

n
g
 t

an
d
em

 M
S

M
S

 a
n
d
 b

la
st

 i
d
en

ti
fi

er
s 

ch
o
se

n
 b

as
ed

 o
ff

 o
n

 E
-v

al
u

e.
 



                 Chapter 4: Characterisation of Extracellular vesicles from C. daubneyi 

 103 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T
a
b

le
 4

.2
: 

co
n

ti
n

u
ed

.  



                 Chapter 4: Characterisation of Extracellular vesicles from C. daubneyi 

 104 

 

T
a
b

le
 4

.2
: 

co
n

ti
n

u
ed

.  



                 Chapter 4: Characterisation of Extracellular vesicles from C. daubneyi 

 105 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T
a
b

le
 4

.2
: 

co
n

ti
n

u
ed

.  



                 Chapter 4: Characterisation of Extracellular vesicles from C. daubneyi 

 106 

 

F
ig

u
re

 4
.4

: 
T

o
p

 1
0

 s
p

ec
ie

s 
id

en
ti

fi
ed

 i
n
 B

la
st

 a
n
al

y
si

s 
o
f 

C
. 

d
a
u
b
n
ey

i 
E

V
s 

an
d
 t

h
e 

n
u
m

b
er

 o
f 

th
e 

p
ro

te
in

s 
to

 w
h

ic
h

 t
h

ey
 w

er
e 

as
si

g
n

ed
. 

‘O
th

er
’ 

in
cl

u
d
es

 a
ll

 o
th

er
 s

p
ec

ie
s 

th
at

 w
er

e 
id

en
ti

fi
ed

 o
u
ts

id
e 

o
f 

th
e 

to
p
 1

0
. 

 



                 Chapter 4: Characterisation of Extracellular vesicles from C. daubneyi 

 107 

4.3.4 Characterisation of C. daubenyi EV proteome 

All 378 sequences resolved in the EV proteome were further characterised by their 

functionality through use of the Pfam and Interpro databases and sorted into 9 distinct 

categories: Cytoskeleton, Proteases, Enzymes, Chaperones, Metabolism, 

Transporters, Carrier, Exosome Biogenesis and Others as previously described by 

(Cwiklinski et al., 2015) (Figure 4.5). Interestingly the category with the greatest 

number of sequences assigned was ‘other’ encompassing all sequences with no blast 

result or a blast result to a hypothetical or unassigned protein accounting for 34% of 

the sequences, followed by cytoskeletal proteins accounting for 24% of proteins. The 

category representing the fewest number of proteins was carriers only accounting for 

1% of the proteome.   

 

Each protein sequence identified in the whole proteome of DC EVs were then 

submitted to GeneOntology analysis (http://geneontology.com), identifying a large 

number of biological process, molecular function and cellular component categories 

to which the proteins could be assigned, the top 20 of which are detailed in Figure 

4.7. For Molecular function the most frequent category to which proteins were 

assigned was ion binding, for Biological process they were primary metabolic process 

and organic substrate biological process and for cellular components intercellular had 

the top number of proteins. Biological processes returned the greatest number of 

categories, whilst cellular components had the least, with sequences categorised into 

more than one functional category. Unsurprisingly GO categories for extracellular 

space, plasma membrane, organelle membrane and membrane protein complex were 

within the top 20 results and are the main functional categories to which EV proteins 

are assigned.

http://geneontology.com/
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Figure 4.7: Top 20 level 3 gene ontology descriptions of C. daubneyi EV proteins isolated 

through SEC. Classified by Molecular function (A) Biological processes (B) and Cellular 

component (C) functional categories.  
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4.3.5 Surface proteins of C. daubneyi EVs 

Following resolution of an EV proteomic profile, the proteins present on the external 

surface of EVs were investigated through trypsin cleavage from the membrane. Mass 

spectrometry run time was also investigated in order to optimise the run length 

required to identify the greatest number of proteins when utilising a gel free MS 

approach, the results of the trypsin shave and run time optimisation are outlined in 

Table 4.3. Each sample was submitted to a 5-minute trypsin shave and run on the mass 

spectrometer for 30, 45 and 70 minutes in order to optimise run time for optimum 

protein hits returned. 70 minutes was shown to include all of the hits from the 30- and 

45-minute run and so is the dataset carried forward for analysis. Transcript IDs 

identified through MSMS were translated before being submitted to BlastP 

investigation allowing identification of the protein IDs. 

 

4.3.6 Antimicrobial potential of C. daubneyi EVs 

Following identification of surface proteins, EVs isolated through SEC were utilised 

in investigating their effect on microbial populations. 10 microbial organisms (Table 

4.1) were treated with 250 μg of EVs before serial dilution of 1:1000, 1:10000 and 

1:100000 and allowed to incubate for 1 hour before being spread onto agar plates 

overnight allowing population growth. Controls for each dilution without the addition 

of EVs were also carried out allowing calculation of percentage change following 

treatment (Table 4.4). Results of 1:100000 dilution was subsequently excluded from 

the results due to little/no microbial growth. 8 out of 10 of the species treated showed 

reduction in microbial population, with Pseudomonas aeruginosa and Bacillus subtilis 

showing the greatest reduction decreasing by 87.6% and 87.9% respectively. 
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Table 4.3: Putative proteins identified in SEC purified EVs 5-minute trypsin shave for run 

times of 30-, 45- and 70-minutes (n = 3). Including transcript identifiers and blast description. 

Top blast hit was chosen based on lowest E-value and transcripts were ordered by number of 

unique peptides. (x – indicates identification). 

Transcript ID Blast ID 

30-minute 

runtime 

45-minute 

runtime 

70-minute 

runtime 

TR19715|c0_g1_i1 moesin ezrin radixin x x x 

TR18070|c0_g1_i1 

acid sphingomyelinase-like 

phosphodiesterase 3a x x x 

TR20146|c0_g1_i2 - x  x 

TR9358|c0_g1_i1 Actin-7 x x x 

TR17099|c2_g1_i1 Tubulin beta chain x x x 

TR18542|c0_g1_i1 Tubulin beta chain x x x 

TR22003|c1_g6_i1 Tubulin beta-2C chain x x x 

TR22003|c1_g4_i3 Tubulin beta chain  x x 

TR23322|c0_g3_i1 Tubulin beta-2C chain x x x 

TR22003|c1_g2_i1 Beta tubulin   x 

TR22003|c0_g1_i1 Tubulin beta chain   x 

TR21569|c0_g5_i1 - x x x 

TR21569|c0_g5_i2 - x x x 

TR25036|c3_g1_i12 Cathepsin E-  x x 

TR25036|c3_g1_i14 Lysosomal aspartic protease  x x 

TR3846|c0_g1_i1 cathepsin D x x x 

TR6048|c0_g1_i1 aspartic ase oryzasin-1-like x x x 

TR25036|c3_g1_i1 cathepsin E-A-like x x x 

TR25036|c5_g1_i1 renin x x x 

TR25036|c0_g1_i1 lysosomal aspartic protease x  x 

TR25036|c3_g1_i2 cathepsin D x x x 

TR25036|c3_g1_i8 lysosomal aspartic protease x x x 

TR55450|c0_g1_i1 - x x x 

TR16856|c0_g1_i1 DM9 domain-containing x x x 

TR18939|c0_g1_i1 - x x x 

TR17640|c0_g1_i1 - x x x 

TR20530|c0_g1_i1 heat shock 90 x x x 

TR21065|c0_g1_i1 Heat shock 75 mitochondrial   x 

TR24356|c0_g1_i3 

programmes cell death 6-

interacting   x 

TR15792|c0_g1_i1 

Golgi-associated plant 

pathogenesis-related 1 x x x 

TR23254|c0_g1_i1 leucyl aminopeptidase x x x 

TR17173|c0_g1_i1 

leishmanolysin-like 

peptidase x x x 

TR19239|c0_g1_i1 - x x x 

TR12225|c0_g1_i1 

Erythrocyte band 7 integral 

membrane x x x 
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Table 4.3: continued.     

TR16040|c0_g1_i1 

Lysosomal Pro-X 

carboxypeptidase precursor x x x 

TR18162|c0_g1_i1 liver basic fatty acid binding x x x 

TR26002|c2_g1_i1 cytoplasmin type 5 x x x 

TR33621|c0_g1_i1 -  x x 

TR29071|c0_g1_i1 actin, partial x x x 

TR4440|c0_g1_i1 - x x x 

TR23598|c0_g2_i1 adenylate kinase 9 x x x 

TR17877|c2_g2_i1 tubulin alpha-1A chain-like x x x 

TR19159|c0_g1_i1 tubulin alpha-1A chain x x x 

TR18958|c0_g1_i1 tubulin alpha-1A chain-like  x x 

TR12612|c0_g1_i1 alpha tubulin  x x 

TR21082|c0_g1_i1 Tubulin GTPase domain x x x 

TR17328|c0_g1_i1 

Na(+) H(+) exchange 

regulatory cofactor NHE-

RF1  x x 

TR20466|c0_g1_i1 

Leucine-rich repeat-

containing 23 x x x 

TR9216|c0_g1_i1 

tyrosine 3-monooxygenase 

tryptophan 5-

monooxygenase x x x 

TR16536|c0_g1_i1 14-3-3 beta alpha-1  x x 

TR17046|c0_g1_i1 14-3-3 epsilon   x 

TR20794|c0_g1_i1 phosphoglycerate kinase 1 x x x 

TR23598|c0_g1_i1 adenylate kinase 9-like x x x 

TR20586|c0_g1_i2 

regulator of microtubular 

dynamics 1-like   x 

TR13665|c0_g1_i1 calcyphosin isoform X5  x x 

TR19675|c0_g1_i1 radixin isoform X1 x x x 

TR20928|c0_g1_i1 Cathepsin B   x 

TR11284|c0_g1_i1 Histone H4 x x x 

TR16097|c0_g1_i1 

chloride intracellular 

channel x x x 

TR16168|c0_g1_i1 actin depolymerizing factor  x x 

TR15827|c0_g1_i1 Lysosomal protective x x x 

TR17138|c0_g1_i1 fatty acid binding brain x x x 

TR17367|c0_g1_i1 enolase  x x 

TR19538|c0_g1_i1 Charged multivesicular body  x x 

TR22854|c0_g1_i4 aquaporin-1 x  x 

TR15761|c0_g1_i1 lysosomal alpha-glucosidase x  x 

TR20893|c0_g1_i1 

methylthioadenosine 

phosphorylase x x x 

TR12782|c0_g1_i1 8 kDa calcium-binding x x x 

TR36972|c0_g1_i1 histone H4-like   x 
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Table 4.3: continued.     

TR18466|c1_g2_i1 Globin-3  x x 

TR20091|c0_g1_i1 glucose transport x  x 

TR17869|c0_g1_i1 Phospholipase D3 x x x 

TR15896|c0_g1_i1 calmodium 6   x 

TR17164|c0_g1_i1 

glyceraldehyde 3-phosphate 

dehydrogenase  x x 

TR17741|c0_g1_i1 heat shock 70  x x 

TR22803|c1_g1_i2 annexin A11   x 

TR3136|c0_g1_i1 - x  x 

TR20643|c0_g1_i1 Annexin A7 x  x 

TR17762|c0_g1_i2 lysosomal acid phosphatase x  x 

TR16407|c0_g1_i2 

cathepsin D (lysosomal 

aspartyl protease)   x 

TR22152|c0_g1_i1 

Hypothetical protein 

CLF_104825  x x 

TR16514|c0_g1_i1 -   x 

TR23279|c0_g1_i1 tubulin alpha testis-specific  x x 

TR18133|c0_g1_i3 CD63 antigen   x 
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4.3.7 C. daubneyi EV biogenesis 

Following proteomic profiling of C. daubneyi EVs and investigation of their effect on 

bacterial species, the mechanisms through which their biogenesis takes place were 

investigated. Literature was mined in order to resolve a comprehensive list of proteins 

identified to have roles in EV biogenesis in the closely related trematode F. hepatica. 

These proteins were compared with literature in order to confirm their role in either 

the ESCRT-dependant or the ESCRT-independent biogenesis pathways. Proteins with 

confirmed involvement were selected and their sequences in well studied helminth 

species/human models were obtained from the UniProt database. These sequences 

were submitted to a local BLAST search against the in-house C. daubneyi 

transcriptome on Bioedit with and E-value of <E-10. 

 

In total 89 proteins were identified as having roles in EV biogenesis for both exosome 

and microvesicle formation, accounting for all currently known pathways through 

which they can be formed and released. Searched revealed positive identification of 

homologs for all 89 biogenesis proteins in the transcriptome (Table 4.5). Sequences 

with homology to more than one transcript were selected based on lowest E-value.  
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Table 4.5: Putative homologs of the EV biogenesis pathways in C. daubneyi. Proteins identified in 

literature were added to the biogenesis work in F. hepatica carried out by Cwiklinski et al. 2015. 

Proteins resolved from literature were subject to tBLASTn analysis against the C. daubneyi 

transcriptome identifying homologous sequences.  

Protein name 
Uniprot  

accession 

C. daubneyi 

identifier 
E Value 

ESCRT dependent pathway 

components 
      

ESCRT-0       

HGS H2KVA9 TR23550|c0_g2_i1    1E-81 

STAMBP H2KPP3  TR23444|c2_g4_i1 2E-98 

STAM  G7Y9K6  TR24856|c0_g1_i1  1E-155 

ESCRT-I       

TSG101 H2KP02  TR22183|c0_g1_i1  1E-66 

VPS28 Q5DGV7  TR16594|c0_g1_i1 3E-91 

VPS37 G7YTY4  TR14785|c0_g1_i1 7E-15 

MVB12a H2KR27  TR18657|c0_g1_i1 1E-30 

ESCRT-II       

VPS22/SNF8 G7Y7B2  TR17286|c0_g1_i1  1E-97 

VPS25 G7YNR9  TR17008|c0_g1_i1 2E-78 

VPS36 H2KUN0  TR23092|c0_g1_i1  1E-106 

ESCRT-III       

CHMP2A G7YBN0  TR18914|c0_g1_i1 4E-86 

CHMP2B G7YMJ9  TR24533|c0_g1_i1 1E-91 

CHMP6 H2KSF3  TR18646|c0_g1_i1  2E-61 

CHMP3 H2KVS7  TR17350|c0_g1_i1  4E-73 

CHMP4 H2KVP6  TR22699|c0_g1_i2 1E-66 

CHMP5 G7YQI3  TR17234|c0_g1_i1  1E-91 

CHMP1a Q9HD42  TR19538|c0_g1_i1  3E-51 

CHMP1b Q7LBR1  TR17070|c0_g1_i1    2E-61 

IST1 G7YUN3  TR19036|c0_g1_i1 1E-87 

Vps4-Vta1 complex       

VPS4  H2KR36  TR20248|c0_g1_i1    1E-171 

VTA1 G7YED6  TR21759|c0_g1_i1  3E-66 

Bro1/ALIX       

ALIX H2KNH6  TR24356|c0_g1_i3  0 

BRO1 domain-containing protein H2KNG3 TR19613|c1_g1_i1  1E-139 

Related compounds       

Syndecan G7YEG1  TR23157|c0_g1_i1  1E-105 

Syntenin 1 G7Y6Z7  TR20161|c0_g1_i2 4E-33 

SIMPLE Q99732 TR13101|c0_g1_i2 3E-24 

        

ESCRT independent   

pathway components 
      

Ceramide and lipids       

    

http://www.uniprot.org/uniprot/H2KVA9
http://www.uniprot.org/uniprot/H2KPP3
http://www.uniprot.org/uniprot/G7Y9K6
http://www.uniprot.org/uniprot/H2KP02
http://www.uniprot.org/uniprot/Q5DGV7
http://www.uniprot.org/uniprot/G7YTY4
http://www.uniprot.org/uniprot/H2KR27
http://www.uniprot.org/uniprot/G7Y7B2
http://www.uniprot.org/uniprot/G7YNR9
http://www.uniprot.org/uniprot/H2KUN0
http://www.uniprot.org/uniprot/G7YBN0
http://www.uniprot.org/uniprot/G7YMJ9
http://www.uniprot.org/uniprot/H2KSF3
http://www.uniprot.org/uniprot/H2KVS7
http://www.uniprot.org/uniprot/H2KVP6
http://www.uniprot.org/uniprot/G7YQI3
http://www.uniprot.org/uniprot/Q9HD42
http://www.uniprot.org/uniprot/Q7LBR1
http://www.uniprot.org/uniprot/G7YUN3
http://www.uniprot.org/uniprot/H2KR36
http://www.uniprot.org/uniprot/G7YED6
http://www.uniprot.org/uniprot/H2KNH6
http://www.uniprot.org/uniprot/G7YEG1
http://www.uniprot.org/uniprot/G7Y6Z7
http://www.uniprot.org/uniprot/Q99732


 Chapter 4: Characterisation of Extracellular vesicles from C. daubneyi 

 

 117 

    

Lipolytic enzymes       

SMPD2, Neutral sphingomyelinase O60906 TR24280|c0_g1_i1   1E-37 

Acid sphingomyelinase H2KTZ7  TR18070|c0_g1_i1 1E-113 

SMS2, Sphingomyelin synthase 2 H2KQF2  TR18200|c0_g1_i1  1E-127 

SphK2, Sphingosine kinase 2 C1LJ82  TR18195|c0_g1_i2  7E-74 

PLD, Phospholipase D G7YNY2  TR25538|c0_g1_i8 0 

PLA2, Phospholipase A2 G7YM87  TR24224|c0_g1_i1 1E-175 

Phospholipase B-like 2 C1LID9  TR24469|c1_g4_i4 1E-169 

Signal transduction       

Flotillin 1 C1LLP3  TR23159|c0_g1_i3  1E-122 

Flotillin 2 C7TZR5 TR23768|c0_g1_i1  0 

DKG G7YB49  TR25575|c0_g1_i1 0 

Lipids Transport       

ABCA1 G7YFR4  TR24860|c0_g1_i1 0 

ABCA3 H2KVB6  TR24860|c0_g1_i1    1E-91 

ABCB1 P08183 TR24728|c1_g1_i1 0 

MDR1/P-gp G4VIC6 TR25282|c0_g1_i1  0 

Oligosaccharidyl-lipid flippase family H2KUI4  TR23100|c2_g1_i2 1E-176 

Flippase G7YEB4 TR25392|c0_g1_i1 0 

Phospholipase scramblase 2 G7YAS3  TR17446|c0_g1_i11 7E-61 

Phospholipase scramblase 3 G7YL60  TR22260|c0_g1_i2  2E-35 

Oxysterol binding protein G7YVH1  TR24801|c1_g1_i4 0 

Niemann-Pick C1 protein G7YQQ4  TR22508|c0_g1_i1  0 

Niemann-Pick C2 protein G7YJT4  TR14799|c0_g1_i1 4E-29 

Tetraspanins       

CD63 antigen G7YRI5      

Tetraspanin CD63-receptor H2KVE5 TR21067|c0_g1_i2 4E-38 

CD9 antigen G7YQ13  TR20704|c0_g1_i2 4E-93 

Tetraspanin 1 G7Y810  TR22166|c0_g1_i1 5E-64 

CD81 G7YAH0  TR19451|c0_g1_i1 1E-101 

Tspan8 P19075 TR17421|c0_g1_i1 6E-30 

CD37 P11049 TR21580|c0_g1_i1  2E-15 

CD82 P27701 TR19451|c0_g1_i1  2E-23 

CD151 P48509 TR21262|c0_g1_i1  1E-26 

        

Cargo sorting       

Protein sorting       

HSP 70 B1NI98  TR17741|c0_g1_i1 0 

HSP90 P07900 TR20530|c0_g1_i1    0 

14-3-3 protein   H2KNZ3 TR17046|c0_g1_i1  1E-116 

14-3-3 protein B/a-1 Q5FX78 TR9216|c0_g1_i1 1E-93 

RNA sorting       

hnRNPA2B1 H2KT13  TR18213|c0_g1_i1 1E-158 

Annexin B2 C3VEV0  TR18168|c0_g1_i1 1E-104 

Major vault protein G4V9U9 TR20947|c0_g2_i1 0 

http://www.uniprot.org/uniprot/O60906
http://www.uniprot.org/uniprot/H2KQF2
http://www.uniprot.org/uniprot/C1LJ82
http://www.uniprot.org/uniprot/G7YNY2
http://www.uniprot.org/uniprot/G7YM87
http://www.uniprot.org/uniprot/C1LLP3
http://www.uniprot.org/uniprot/C7TZR5
http://www.uniprot.org/uniprot/G7YB49
http://www.uniprot.org/uniprot/G7YFR4
http://www.uniprot.org/uniprot/P08183
http://www.uniprot.org/uniprot/H2KUI4
http://www.uniprot.org/uniprot/G7YAS3
http://www.uniprot.org/uniprot/G7YL60
http://www.uniprot.org/uniprot/G7YVH1
http://www.uniprot.org/uniprot/G7YRI5
http://www.uniprot.org/uniprot/H2KVE5
http://www.uniprot.org/uniprot/G7YQ13
http://www.uniprot.org/uniprot/G7Y810
http://www.uniprot.org/uniprot/G7YAH0
http://www.uniprot.org/uniprot/P11049
http://www.uniprot.org/uniprot/B1NI98
http://www.uniprot.org/uniprot/P07900
http://www.uniprot.org/uniprot/H2KNZ3
http://www.uniprot.org/uniprot/H2KT13
http://www.uniprot.org/uniprot/C3VEV0
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Lipid sorting       

Leukotriene-A4 hydrolase P09960  TR23286|c0_g1_i1  1E-132 

Prostaglandin E synthase 3 G7YDD8  TR18874|c0_g3_i1   1E-43 

        

Membrane trafficking and   

cytoskeleton regulation 
      

Small GTPases       

RAB27A H2KNW4  TR23571|c0_g5_i1 1E-123 

RAB35 G7Y8S9  TR21595|c0_g1_i2  3E-89 

RAB-11 C1L612  TR16663|c0_g1_i1 8E-78 

RAB-8A Q86ET1  TR18583|c0_g1_i1 7E-80 

Ras-related protein Ral-A G7YCE6 TR17790|c0_g1_i1 3E-57 

ARF6 P62330 TR21274|c0_g1_i1 6E-79 

Ras-like GTP-binding protein Rho1 S4PGT9 TR19491|c0_g1_i1  1E-91 

TBC domain family member 20 H2KNS4 TR21689|c0_g1_i1  0 

SNAREs       

Syntaxin G7YP44  TR23441|c1_g2_i1  1E-42 

Synaptobrevin homolog YKT6 H2KTY8  TR19416|c0_g1_i1  1E-84 

Synaptotagmin H2KPI2  TR23597|c0_g1_i1 8E-91 

Synaptosomal-associated protein H2KRN3 TR19698|c0_g1_i1 5E-86 

VAMP7 G7YB99  TR20542|c0_g1_i1 1E-48 

Proton pumps       

V-type H+-transporting ATPase 

subunit A 
H2KPW7 TR21854|c0_g1_i1   0 

V-ATPase VHA5 G5EEK9 TR20462|c0_g1_i3 1E-175 

H+-transporting ATPase H2KTS1 TR20462|c0_g1_i1  0 

ATPase H+ transporting, lysosomal 

accessory protein 1 
C1LMZ1  TR18290|c0_g1_i1 7E-39 

Vacuolar H+ ATPase C1LDA3 TR16991|c0_g1_i1  1E-158 

        

Cytoskeleton regulation, adhesion, 

 membrane fusion and repair 
      

Calpain P27730 TR24050|c0_g1_i2 0 

Gelsolin C1LDA7  TR21445|c0_g1_i2  1E-132 

Myosin light chain kinase H2KUH9  TR25975|c0_g1_i1  4E-65 

ERK H2KSY3  TR23314|c1_g1_i1 1E-166 

Annexin B22 C4QH88 TR20643|c0_g1_i1 1E-122 

Annexin  G7Y5I1 TR20349|c0_g1_i1 1E-139 

Annexin H2KP46 TR22803|c1_g1_i1 1E-138 

Thrombospondin H2KTG5  TR23932|c0_g1_i1 1E-154 

Vesicle-fusing ATPase G7Y509 TR25314|c0_g1_i1 1E-45 

Myoferlin G7YHB9  TR25557|c0_g3_i2 1E-179 

Otoferlin G7YR21  TR25557|c0_g3_i3 1E-68 

 

 

 

http://www.uniprot.org/uniprot/G7YDD8
http://www.uniprot.org/uniprot/H2KNW4
http://www.uniprot.org/uniprot/G7Y8S9
http://www.uniprot.org/uniprot/C1L612
http://www.uniprot.org/uniprot/Q86ET1
http://www.uniprot.org/uniprot/P62330
http://www.uniprot.org/uniprot/G7YP44
http://www.uniprot.org/uniprot/H2KTY8
http://www.uniprot.org/uniprot/H2KRN3
http://www.uniprot.org/uniprot/G7YB99
http://www.uniprot.org/uniprot/H2KPW7
http://www.uniprot.org/uniprot/G5EEK9
http://www.uniprot.org/uniprot/P27730
http://www.uniprot.org/uniprot/C1LDA7
http://www.uniprot.org/uniprot/H2KUH9
http://www.uniprot.org/uniprot/H2KSY3
http://www.uniprot.org/uniprot/C4QH88
http://www.uniprot.org/uniprot/H2KTG5
http://www.uniprot.org/uniprot/G7Y509
http://www.uniprot.org/uniprot/G7YHB9
http://www.uniprot.org/uniprot/G7YR21
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4.4 DISCUSSION 

 

This chapter aimed to positively identify and characterise EVs in C. daubneyi 

excretory-secretory (ES) products. Upon positive identification, the mechanisms 

behind their release as well as their surface protein interactions with bacterial 

populations were also investigated. 

 

Identification of EVs in C. daubneyi ES products 

Extracellular vesicles were successfully isolated from C. daubneyi ES products 

through both differential centrifugation (DC) and size exclusion chromatography 

(SEC). The fractions isolated using both techniques were confirmed to contain EV 

populations through transmission electron microscopy (TEM) - identifying membrane 

bound vesicles varying from 30-200 µm in size. TEM imaging also identified 

contamination of samples (debris) regardless of a 0.2 µm filtration step for bacterial 

removal. Due to the absence of ruptured EVs during TEM analysis these samples were 

deemed viable for downstream analysis. 

 

DC is one of the most widely used EV isolation techniques accounting for 81% of 

purifications in published studies (Gardiner et al., 2016). Despite its widespread use, 

isolation through DC can be problematic due to the high level of aggregation observed 

leading to mixed populations of EVs with varying phenotypes and morphologies 

(Linares et al., 2015). Aggregation was observed in the EVs isolated through DC in 

this study, but not in the samples collected through SEC. Asides from aggregation 

there were no notable morphological differences between purification techniques with 

both fractions containing an array of both smaller and larger vesicles. TEM analysis 

has been found to overestimate level of aggregation due to the retention of larger 

particles whilst smaller particles are able to pass through the grid (Linares et al., 2015). 
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Due to the presence of aggregation, SEC purified samples were utilised in the trypsin 

shave and antimicrobial activity studies due to their improved functionality, with DC 

known to have an impact on surface signalling molecules affecting their ability to 

activate and subsequently be up taken by recipient cells that could affect the reliability 

of their use in experimentation (Mol et al., 2017), whilst SEC has been found to retain 

EVs in a functional state (Davis et al., 2019). 

 

Proteomic investigation of C. daubneyi EVs 

Utilisation of the recently reported adult C. daubneyi transcriptome (Huson et al., 

2018) allowed a comprehensive proteomic characterisation of the adult helminth's 

membrane bound vesicle secretions, leading to identification of 378 proteins 

consistent across three biological replicates. Comparison with a resolved eukaryote 

EV proteome identified a number of proteins in common including, tetraspanins 

(TR20913|c0_g1_i1, TR22166|c0_g1_i1, TR22094|c0_g1_i1 and 

TR22869|c0_g1_i12), Heat shock proteins (TR17741|c0_g1_i1 and 

TR20530|c0_g1_i1), Annexins (TR22803|c1_g1_i2, TR20643|c0_g1_i1 and 

TR17648|c0_g1_i1), as well as EV associated cytoskeletal proteins such as Actin 

(TR9358|c0_g1_i1, TR17779|c0_g1_i1 and TR28482|c0_g1_i1) and Ezrin 

(TR19715|c0_g1_i1) as well as proteins involved in metabolic processes such as 

enolase (TR17367|c0_g1_i1, TR24268|c0_g1_i1, TR24268|c0_g2_i1 and 

TR19628|c0_g2_i1), Peroxidases (TR17193|c0_g1_i1 and TR12513|c0_g1_i1) and 

pyruvate kinases (TR21788|c0_g1_i1) (Choi et al., 2013; Nowacki et al., 2015). The 

consistency in proteins with confirmed EV proteomes further supports the 

identification of the membrane bound vesicles by TEM imaging as EVs, suggesting 

the C. daubneyi secretome is more complex than previously thought (Huson et al., 

2017). 
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Protein cargo packaged into EV prior to their release is dependent upon cellular source 

and release cell associated activity (Simons & Raposo, 2009). Consistent with closely 

related trematode F. hepatica, rumen fluke EVs returned a large quantity of proteases 

and peptidases including Xaa-pro peptidase, cathepsins and metalloproteases that have 

not been identified in the EVs of several trematode species such as E. caproni, S. 

mansoni and D. dendriticum. Differences in protein cargo packaged between species 

could be due to their residency within the definitive host but could also be attributed 

to lifecycle stage at time of release (Nowacki et al., 2015). In order to further 

investigate the variability in proteins packaged and their roles in establishment a key 

area of research could be into the hypothetical and ‘no-blast’ results returned. In total, 

14.2% of the proteins identified represented these undefined proteins and their further 

investigation could allow insight into infection, migration and successful 

establishment of infection as well as possible drug and vaccine targets (Dalton et al., 

2003). 

 

Exosomes and microvesicles produced by F. hepatica have been estimated to contain 

12.2% of total protein secreted, although this is a relatively low percentage EVs 

contain a range of immunomodulatory proteins that would have a great effect on the 

host immune response (Cwiklinski et al., 2015). F. hepatica secretions have been 

found to contain a plethora of molecules found to be internalised by host cells involved 

in immunomodulation leading to a TH2-mediated environment that is favourable for 

parasite establishment (Dalton et al., 2003). Consistent with studies of F. hepatica, the 

C. daubneyi EV proteome contained fatty-acid binding proteins, glutathione 

transferases and cathepsin B known to promote the TH2 response through their 

immunomodulatory activity (Dowling et al., 2010; Robinson et al., 2011; Donnelly et 
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al., 2010). Damage-associated molecular-pattern molecules (DAMPS) are released 

into the extracellular environment following damage or death of host cells and have 

also have the ability to adapt the redox in the extracellular region to mimic that of the 

internal environment leading to idealistic conditions for pathology (Rubartelli & 

Lotze, 2007). Homologs to several of these DAMP molecules were found within the 

proteome including heat shock proteins (HSPs) and annexins. DAMP homologs in 

helminth species can manipulate the immune response from the host that could 

regulate the host environment preventing the inciting of an unfavourable immune 

response (Robinson et al., 2010). Also identified in this proteome were three members 

of the GST superfamily, which are investigated further in Chapter 5. 

 

Species ID for each of the top 100 blast results was carried out identifying the top 10 

species to which the EV proteome protein sequences matched. Unsurprisingly, out of 

the top 10 species returned from blast, 8 of them were closely related helminth species 

accounting for 80.1% of blast results. The 378 sequences identified belonged to a total 

of 58 species, however many of them only appeared once throughout the proteome 

analysis with low E-values and percentage coverage. When considering all blast 

results returned a total of 761 species were identified to which sequences shared 

homology with the transcripts identified during MS analysis, with many proteins 

showing homology to more than one helminth species as well as with unrelated 

species.  

 

Each of the top 100 EV proteins quantified by unique peptides were categorised by 

their molecular function, 10 categories were devised in order to sort the proteins as 

previously described by Cwiklinski et al., 2015. The greatest number of proteins 

accounting for 34% of the top 100 proteins fell into the ‘Other’ category. This is likely 
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due to the number of uncharacterised and hypothetical proteins returned from the 

BLAST search as well as the lack of genomic data currently available for C. daubneyi. 

Due to the nature of transcriptomic data any proteins unique to this parasite will not 

be identified and those with homology to other helminths with little genomic data will 

have been returned as uncharacterised or hypothetical. The greatest number following 

this was cytoskeletal proteins accounting for 24% of the total top 100, followed by 

proteases at 14%. As with previous trematode studies, the presence of uncharacterised 

proteins allows the hypothesis that they could be novel sequences with potential roles 

in parasite pathogenesis. Identification of uncharacterised proteins that have no 

homology to known sequences provides an assortment of possible research avenues 

into potential future control and interventions of infection (Mulvenna et al., 2010). 

 

Gene Ontology (GO) allows classification and study of enriched terms in three defined 

groups – Molecular function, Biological process and Cellular components on a 

hierarchal basis, allowing identification of functional relationships between proteins 

present in the EVs (Zeeberg et al., 2003; Kim et al., 2013). Gene Ontology has recently 

been investigated in relation to EV communications due to identification of their 

increasing importance (Gézsi et al., 2019). Due to the importance of EVs becoming 

more apparent with increased levels of research, cellular component ontology has now 

been extended to include metadata including that of EVs allowing their annotations to 

be included in the databases (The Gene Ontology Consortium; Cheung et al., 2016). 

GO analysis was utilised to categorise the proteins identified in the EV proteome by 

functionality. GO terms involved with the plasma membrane were enriched as would 

be expected due to mechanisms of vesicle biogenesis. Each protein sequence resolved 

was subject to Gene Ontology analysis, with many of the proteins classified into more 
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than one gene ontology classification. GO terms associated with EV biogenesis 

(GO:0140112, GO:0097734 and GO:0016050) all had protein sequences assigned to 

them – suggesting the presence of biogenesis proteins packaged within the vesicles 

themselves.  

 

EV trypsin shave and microbial interactions 

Following resolution of the total proteome the surface exposed proteins of EVs in C. 

daubneyi were investigated. Numerous helminth parasites have been found to secrete 

EVs capable of modulation of host immune cells through internalisation 

(Eichenberger et al., 2018). Packaging of proteins and RNAs that are advantageous as 

effector molecules protects them from degradation that would take place if they were 

secreted directly into the extracellular space and so allows them to be effectively 

delivered to sites distant from their release point (Torre-Escudero et al., 2019). 

Recipient host cells uptake mechanisms are not well understood with debate over the 

possibility of it being a mediated or passive process. The lack of knowledge could be 

due to the variation in proteins expressed on the surface of EVs that the host cells 

encounter, with studies showing internalisation being influenced by surface proteins 

and their post translational modifications (PTMs), leading to increased interest in their 

research (Mulcahy et al., 2014). Generally, EV cargo proteins have been well 

characterised with many markers known to be used as identifiers of EV (such as the 

ExoCarta database), little research has been carried out on the molecules that are 

present on the surface of EVs (de la Torro et al., 2018). It is likely that surface proteins 

directly interact with host cell receptors and so their investigation could identify 

possible targets for preventing EV-host cell interactions and so preventing delivery of 

immunomodulatory molecules.  
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Trypsin shaving of the surface of C. daubneyi  EVs returned a total of 86 proteins with 

the results of both the EV shave and whole EV preparations returning a variety of 

well-known exosomal markers such as heat shock protein 70 and members of the 

tetraspanin family as defined by the Exocarta database (http://www.exocarta.com). 

Several membrane channels and transporters were identified including ATPase, V-

type H+- transporting ATPase, phospholipase and glucose transporters. As with the 

cargo proteins, there were numerous unclassified proteins resolved in this 

investigation that could be key components in EV adhesion to target cells and 

subsequent internalisation and delivery of immunomodulatory material. Membrane 

associated proteins such as Annexins and tegumental proteins were also identified. 

 

Following resolution of the proteins present on the surface of EVs, their potential 

antimicrobial properties were investigated on a range of bacterial species. Both 

helminths and bacterial species within the gut have been identified as having strong 

immunomodulatory effects on the mammalian host, with a variety of studies showing 

helminths effect on the microbiota and the microbiotas effect on helminth successful 

establishment (Reynolds et al., 2015). Previous studies in helminth species have 

shown alterations to bacterial populations within the gut microbiota, with infection 

leading to regulation of bacterial species (Su et al., 2017). Regulation of bacterial 

species is important in helminth infection due to the ability of certain species to elicit 

the host immune response favourable for helminth establishment and survival 

(Reynolds et al., 2015). 

 

The study into EVs effect on bacterial organisms encompassed ten bacterial species 

including two model organisms, one gram positive, B. subtilis and one-gram negative, 

http://www.exocarta.com/
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E. coli. EVs showed antimicrobial activity against eight out of the ten organisms to 

which they were treated. Both model organisms in this study showed a reduction in 

colony growth following treatment allowing hypothesis that C. daubneyi EVs released 

into the rumen regulate the natural gut microbiota, making it more favourable for their 

survival allowing successful establishment of infection. Helminth infections have 

previously been identified as capable of affecting the microbiota structure leading to 

modifications in abundance of microbial populations as well as impacting directly on 

various KEGG pathways (Li et al., 2016). Whilst changes to the gut microbiota in the 

presence of helminth infection has been noted the effects on structure and function 

remain unstudied (Li et al., 2016). It is not fully understood how helminth infections 

modulate the mucosal immune response; however, it is hypothesised this could be 

achieved through alteration of the microbiota allowing favourable conditions in which 

proinflammatory cytokines are supressed preventing chronic inflammation and 

allowing successful long-term infection (Weinstock & Elliot, 2009; Walk et al., 2010). 

Their ability to enhance populations capable of eliciting their desired TH2 immune 

response could be the mechanism through which establishment and evasion of the 

hosts immune system is achieved (Cattadori et al., 2016). 

 

Identification of C. daubneyi ability to alter the microbiome and so the host immune 

response could be beneficial in the potential development of immunotherapies that are 

being investigated in the control of inflammatory diseases (Mishra et al., 2014). A full 

antimicrobial analysis of all EV proteins characterised would be beneficial as EVs are 

known to bind to targets in order to become internalised and release their contents and 

so these may also be influencing the EVs themselves as well as elucidating 
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mechanisms through which EVs released by C. daubneyi manipulate the host 

microbiota leading to conditions favourable for long term establishment. 

 

Transcriptomic analysis of EV Biogenesis pathways 

Following positive identification and characterisation of EVs, the biogenesis 

mechanisms through which they are formed and released was investigated. A total of 

89 protein sequences representing both the ESCRT-dependent (ESCRT-0, -I, -II and 

-III) and ESCRT-independent pathways (via tetraspanins or various lipid-related 

enzymes) were identified in literature and subject to local Blast analysis against the 

in-house transcriptome to identify their presence in C. daubneyi and elucidate the 

mechanisms utilised in their EV formation. As well as proteins involved in these 

pathways, further proteins such as AAA-ATPase VPS4 involved in the abscission of 

ILV’s into the MVB lumen were also investigated. All 95 of the key biogenesis 

regulator sequences submitted to local blast returned homologs in the C. daubneyi 

transcriptome whilst F. hepatica identified 7 sequences with no homology to any 

sequences in the genome (Cwiklinski et al., 2015). Based on these results it’s apparent 

that EV biogenesis in adult fluke occurs via both the ESCRT-dependent and ESCRT-

independent pathways. Here we have identified that C. daubneyi synthesises all the 

relevant protein components required for exosome and microvesicle biogenesis via all 

known pathways currently detailed in literature (Niel et al., 2018). These results are 

in keeping with many studies detailing that biogenesis of microvesicles and exosomes 

can happen simultaneously with the ratio of each produced controlled by cell type and 

its status (resting/stimulated) leading to their production (Shen et al., 2011; Trajkovic 

et al., 2008; Cocucci et al., 2009).  
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Identification of these biogenesis proteins in turn identifies possible targets for 

inhibitory compounds that could facilitate parasite control. Prevention of EV 

formation could inhibit delivery of immunomodulatory molecules that mediate the 

immune response leading to long term infections unable to be established successfully 

(Torre-Escurado et al., 2016; Coakley et al., 2017). Targeting of several of the key 

regulators of biogenesis including sphingomyelinase, ALIX and GTPases through 

either RNA interference or inhibitory chemicals has been tested in mammalian cells 

and showed a significant decrease in EV release. Prevention of release using these 

mechanisms has been noted as an effective mechanism in cancer studies and so could 

be a key approach to parasite control in the future (Andaloussi et al., 2013). As EVs 

also play a crucial role in parasite migration, inhibition of their formation in the 

juvenile parasite may lead to them not reaching the rumen in which they would 

normally develop into adult fluke and produce eggs preventing the life cycle from 

continuing (Cwiklinski et al., 2015). Development of a technique that allows selective 

inhibition of biogenesis pathways could also allow delivery of immunomodulatory 

molecules to host tissue with the potential to lead to removal of the infection through 

the host’s immune response that is normally suppressed (Torro-Escuardo et al., 2016). 
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4.5 SUMMARY AND FUTURE RESEARCH 

 

This investigation confirmed the presence EVs in C. daubneyi ES products (Huson et 

al., 2018). EVs have recently gained a large amount of attention in helminths through 

their ability to be selectively packaged allowing delivery of specific bioactive 

molecules to target cells. The recent publication of the adult C. daubneyi transcriptome 

as well as developments in omics technologies allowed an in-depth analysis of their 

EV protein composition as well as investigation into their interaction with bacterial 

populations and their mechanisms of release. Elucidation of their internalised and 

surface proteins as well as their biogenesis highlight many further areas of research 

into potential treatment and vaccination options, with EVs highlighted as a potential 

mechanism through which the immune response can be tuned in order to supress 

helminths immunomodulatory action (Zakeri et al., 2018). 
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INVESTIGATION INTO THE DETOXIFICATION CAPACITY 

OF CALICOPHORON DAUBNEYI 
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5.1 INTRODUCTION 

 

5.1.1 Detoxification enzymes in helminths 

Helminths have developed an array of mechanisms allowing their protection against 

the effects of anthelmintics which in turn facilitate the development of resistance to 

these compounds that is now recognised as a worldwide problem (Cvilink et al., 2009). 

To date a number of mechanisms involved in the development of drug resistance have 

been identified in helminth species, however there are thought to be many more 

currently undiscovered (Cvilink et al., 2009). A key mechanism leading to 

development of drug-resistance in helminths is the action of xenobiotic detoxification, 

with repeated exploitation of xenobiotic metabolising enzymes (XMEs) following 

contact with anthelminthics leading to induction of biotransformation enzymes and 

transporters as a means of defence which in turn facilitates development of resistance 

to these compounds (Cvilink et al., 2008; Kerboeuf et al., 2003).  

 

Anthelmintic resistance has been attributed to target site changes and drug-efflux 

pathway alterations, with the use of reduction, hydrolysis and conjugation described 

for many years acknowledging the role of enzymes and transporters in protecting the 

organism of the negative effects of xenobiotics (Kerboeuf et al., 2003; Sangster, 1996; 

Munir & Barrett, 1985). XMEs have been studied in a multitude of helminth species, 

however, due to its status as a newly emerging parasite in Western Europe, there have 

currently been no studies into the potential detoxification mechanisms that could be 

utilised by C. daubneyi, likely due to no documented reports of resistance due to no 

licensed treatment options. With drug resistance in parasitic helminths increasing it is 

important to understand species specific detoxification mechanisms in order allow 
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effective pharmacotherapy in the future (Cvilink et al., 2008). Developments in 

resistance also highlight the importance of investigating novel biological pathways 

and alternative treatment options in order to combat helminth infections in the future 

(Geary et al., 2004; Munguía et al., 2015). This chapter will focus on investigating the 

phase I and phase II xenobiotic detoxification pathways utilised by C. daubneyi 

(Figure 5.1). 
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5.1.2 Developments in transcriptomics  

Transcriptomes are defined as the collection of genes actively transcribed in 

organisms, tissues or cells at the time of sequencing (Oliveira, 2007). In recent years, 

transcriptomics has seen significant developments in both affordability and 

accessibility due to expansion in high-throughput sequencing platforms such as 

microarray technology (Li et al., 2014). In particular, RNAseq transcriptome profiling 

utilizing next generation sequencing (NGS) has become a cost-efficient alternative to 

the previously used method of whole genome sequencing (Morozova et al., 2009). 

Advances in these technologies has allowed the further study of non-model organisms 

including neglected parasite species for which de novo assembly was not previously 

viable (McGettigan, 2013; Choudhary et al., 2015). Transcriptomics combined with 

downstream bioinformatic analysis allows in-depth mining of produced data sets and 

has significantly contributed to currently available data on many helminth species 

(Young et al., 2010a). 

 

 

5.1.3 Helminth transcriptomics 

Genome research of parasitic helminths was first developed through the assembly and 

subsequent analysis of Expressed Sequence Tags (ESTs) by Fanco et al. (1995) with 

the first parasitic helminth genome sequenced in 2007 (Ghedin et al., 2007). Despite 

developmets in transcriptomics, EST databases remain the largest source of helminth 

transcript data avaliable (Garg & Ranganathan, 2012), and have proved invaluable in 

drug target identification due to the difficulties in producing adequate concentrations 

of homogeneous material from parasites that would be required for effective genomic 

sequencing (Doyle et al., 2010). The first transcriptomics investigation into a 

neglected helminth parasite was carried out by Young et al. (2010b) utilizing NGS 
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followed by bioinformatic interrogation. Such datasets act as a foundation for further 

developments in functional genomics allowing the molecular study of metabolic 

pathways as well as parasite development and reproduction (Young et al., 2010a). To 

date, only a few parasitic flatworms have fully annotated genomes including 

Schistosoma mansoni, Schistosoma japonicum, Clonorchis sinensis and Fasciola 

hepatica (Zhou et al., 2009; Berriman et al., 2009; Wang et al., 2011; Cwiklinski et 

al., 2015) all of which are of either great health impact or economic importance. 

Despite the lack of genomic data for many species, expressed sequence tag (EST) and 

transcriptomic analysis have contributed greatly to the field of parasitology through 

production of high throughput and functionally relevant nucleotide sequences 

allowing in-depth analysis of many helminths host-parasite relationships, 

establishment and immune evasion through referencing of proteomic data obtained 

through gel electrophoresis and subsequent LC-MS/MS (Hewitson et al., 2008; 

Anderson et al., 2015; Robledo et al., 2014; Zhou et al., 2016).  

 

This method has proven effective in identifying and classifying a large proportion of 

proteins present in the absence of a resolved genome, allowing comparative studies 

between both species and life cycle stages of these organisms (Robinson et al., 2007; 

Robinson et al., 2009; Robinson & Connolly, 2005). When combined with 

proteomics, the use of sequence alignments and phylogenetics have been utilised in 

the analysis of specific protein families contributing greatly to understanding of host-

parasite interactions, with its use in helminths elucidating potential virulence genes 

associated with establishment of infection (Robinson et al., 2008; Hacariz et al., 

2015). Developments in these technologies have allowed in depth research into 

neglected parasites with un-sequenced genomes allowing research into potential drug 
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targets for treatment of infection as well as allowing putative identification of 

diagnostic targets (Doolan et al., 2014; Zhao et al., 2015).  

 

Quantitative and qualitative transcriptomics have been shown to identify important 

biological aspects of organisms allowing insight into gene expression levels which 

could allow discovery of novel drug targets/vaccine candidates at different life cycle 

stages (Ojopi et al., 2007). Due to current gaps in research in the modes of action of 

many drugs and the vast increase in drug resistance observed following helminths 

treatment with anthelmintics means transcriptomic studies allowing derivation of 

parasite specific metabolic pathways and methods of host interaction which can be 

manipulated in order to develop possible vaccine and drug targets are an ideal tool for 

future parasitological investigations (Fitzpatrick et al., 2005; Gobert & Jones, 2008).  

 

As there are currently only several C. daubneyi ESTs available, each sequence from 

the in-house transcriptome hit will need to be subjected to manual blast analysis and 

characterised through comparison to helminth sequences with annotated data-sets. In 

this study, bioinformatic interrogation has allowed comprehensive analysis of the C. 

daubneyi transcriptome for detoxification families allowing elucidation of the 

mechanisms behind xenobiotic detoxification, and methods though which C. daubneyi 

could become resistant to anthelmintics in the future. To date there has been no 

investigation into any rumen fluke species detoxification pathways. This study 

accounts for the first in depth transcriptomic study of C. daubneyi identifying its major 

Phase I and Phase II detoxification pathways. 
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5.1.4 CHAPTER AIMS 

 

• Mining of the in-house C. daubneyi transcriptome with model organism 

detoxification sequences to retrieve all sequences with significant similarity to 

these families. 

• In silico translation of mined sequences in order to carry out functional analysis 

utilising BLAST and Pfam searches will allow characterisation of each 

sequence and identification of functional domains. 

• Alignment of Phase II detoxification GST sequences and subsequent 

phylogenetic analysis with representative sequences of each class from model 

organisms allowing classification of proteins identified. 

• Experimental identification of GSTs present in soluble somatic, egg and EV 

soluble proteomes. 

• Mining of Chapter 3 and Chapter 4’s resolved proteomes to identify 

detoxification families actively translated in C. daubenyi. 
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5.2 METHODS 

 

Unless stated otherwise, all methods were carried out as stated in Chapter 2. All 

solutions were made up using ddH2O and molecular grade reagents.  

 

5.2.1 Bioinformatic analysis – retrieval of known detoxification sequences 

Sequences encoding known detoxification proteins were obtained from the GenBank 

database (http://www.ncbi.nlm.nih.gov/) from both model organisms and genome 

sequenced helminths. The in-house C. daubneyi transcriptome was uploaded to 

Bioedit and a local blast (tBLASTn) analysis utilised allowing the retrieval of 

sequences with significant similarity (<E-10) to the representative sequences. Retrieved 

sequences were translated using ExPasy (http://web.expasy.org//translate/), and the 

appropriate reading frame mined for its respective protein sequence. Protein sequences 

were subject to NCBI Blast (BlastP) analysis allowing identification of top hits and 

classification. Following protein classification sequences were subject to Pfam and 

Interpro searches in order to elucidate conserved functional domains from 

characterised detoxification families. 

 

Following confirmation of proteins as members of known detoxification families, 

sequences retrieved from the transcriptome and representative sequences were 

uploaded to BioEdit and subjected to ClustalW allowing alignment of sequences and 

identification of conserved regions. ClustalW alignment allowed sequences to be 

phylogenetically analysed. Phylogenetic neighbour-joining bootstrap trees were 

produced in MEGA v7.0 allowing visualisation of relationships and homology with 

known classes.  

 

http://www.ncbi.nlm.nih.gov/
http://web.expasy.org/translate/
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The C. daubneyi transcript was analysed for the presence of proteins from 6 

detoxification super families: glutathione transferases (GSTs), cytochrome P450 

(CYPs), sulfotransferases (SULTs), flavin-containing monooxygenases (FMOs), 

monoamine oxygenases (MAOs), and UDP-glucurosyltransferase (UDPs). The 

retrieval and subsequent analysis pipeline utilised is outlined in Figure 5.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.2: Sequence retrieval and subsequent analysis pipeline for detoxification family 

protein sequences within the C. daubneyi transcript. 
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5.2.2 GST Purification 

GSTs were purified from whole rumen fluke tissue, egg and EV fractions through 

glutathione (GSH)-affinity chromatography following the method described by 

Simons & Vander Jagt, 1977, with all reagents kept on ice during purification. GSH-

agarose (Sigma, U.K) was swelled according to the manufacturer’s instructions using 

ddH2O before being placed in 1.0 x 5 cm, 4 ml Econo-columns (Bio-Rad, U.K), and 

allowed to settle resulting in a total bed volume of 1 ml. Lactose was removed from 

the GSH-agarose through an initial wash with ddH2O before equilibration with 20 mM 

potassium phosphate buffer, pH 7.0, 50 mM NaCl for 20 bed volumes at 1 ml/min. 

Following equilibration samples were added to the column and allowed to flow 

through by gravity flow, sample was collected and repeated 6 times allowing 

maximum recovery of GST protein. Flow through was retained and stored. The 

column was then washed with 20 bed volumes of equilibration buffer allowing 

removal of non-specifically bound proteins. Bound proteins were then eluted using 5 

ml of elution buffer (5mM reduced GSH in 50 mM Tris-HCl, pH 8.0). Elutant was 

retained and concentrated using Amicon Ultra-4 20 kDa centrifugal filters (Millipore, 

U.K). Elutants were centrifuged at 3000 rpm for 30 minutes at 4oC and subject to 3 

washes in ddH2O to remove GSH contaminants from samples. The sample was 

centrifuged until it reached a volume of 250 µl and submitted to Bradford 

quantification (Section 2.7) prior to storage at -20oC for downstream analysis. All 

washes and flow through were also retained for analysis.  

 

 

5.2.3 GST Specific Activity Assay 

Enzymatic activity was determined pre- and post- purification using the method of 

Habig et al. (1974), through measurement of absorbance change via the process of 

Glutathione (GSH) conjugation with model substrate CDNB. Briefly, protein samples 
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were analysed at 25oC at 340 nm using 1 mM 1-chloro-2, 4-dinitrobenzene (CDNB) 

over a 3-minute period, with a second substrate of 100 mM potassium phosphate pH 

6.5, containing 1 mM reduced glutathione using a Cary 50 Bio UV-visible 

spectrophotometer. 

 

All assays were carried out in triplicate and used to calculate the specific activity of 

each sample expressed as min-1mg-1 through the method of Barrett, 1997 using the 

equation:  

∆𝑂𝐷

𝜀 𝑥 𝑡
 𝑥 𝑉 𝑥 𝐿

1

𝑝𝑟
 𝑥 

1

𝑠
 𝑥 10𝑛 

ΔOD = change in absorbance over time, t = time (in minutes), ε = extinction coefficient,  

V = total assay volume (ml), L = path length of the cuvette (cm), pr = protein concentration 

(mg/mL), s = volume of enzyme extract (ml). n = is dependent on the extinction coefficient 

(ε) If ε is in cm2.M-1, then n = 9, If ε is in M-1.cm-1, then n = 6, If ε is in mM-1.cm-1, then 

n = 3 (Barrett, 1997).  

 

5.2.4 2D Gel electrophoresis 

Proteins in this chapter were separated by 2D gel electrophoresis on 2-Dimensional 

sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE).  

 

5.2.4.1 GST sample preparation  

Protein concentration were determined through Bradford protein estimation. Specific 

protein concentrations were then selected, and samples concentrated/diluted to ensure 

they were in the correct volume (following manufacturers protocol). Samples were 

then added to 100 µl 1.2 x Buffer Z (9.6 M Urea, 2.4% 3-[(3-Cholamidopropyl) 
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dimethylammonio]-1-propanesulfonate (CHAPS), 39.6 mM DTT, 0.6% ampholytes 

pH 3-10, 0.01% bromophenol blue).  

 

5.2.4.2 2-Dimensional SDS-PAGE  

Each sample was loaded onto a 7 cm linear pi 3-10, immobilised pH gradient (IPG) 

strip (Bio-Rad, U.K) in the lane of a rehydration case and flooded with paraffin oil 

before being left to rehydrate at room temperature overnight. Following rehydration 

strips were transferred into an IPG focussing tray with excess paraffin oil removed. 

Wicks were placed at either end on the strips containing 5 µl of ddH2O and again 

flooded with paraffin oil. Focussing cases were placed in an Ettan IPGphor system 

(Amersham Biosciences, U.K) and allowed to undergo isoelectric focussing and 

allowed to reach 10,000 – 11,000 Volt hours (Vh).  

 

 

Following focussing, strips were equilibrated in equilibration buffer (50mM Tris-HCl 

pH 8.8. 6 M Urea, 30% glycerol (v/v) and 2% SDS (w/v)). An initial equilibration for 

15 minutes contained 10 mg/ml DTT (Melford, UK), followed by a second 

equilibration for 15 minutes containing 25 mg/ml IAA (Sigma, UK), both at room 

temperature. Gels were prepared the same as for 1D electrophoresis (Section 2.9), 

without the addition of a well comb allowing a smooth surface for addition of the IPG 

strip. To insert the strip 0.5 % w/v agarose in 12.5 mM Tris pH 8.8 was added to the 

stacking layer and the strip inserted. Wicks were loaded with 3 µl of marker and 

inserted at each end of the IPG stip. Gels were loaded into the electrophoresis tanks 

and run as in Section 2.9.  
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5.2.5 2D gel analysis 

Following staining, gels were imaging on a GS-800 calibrated densitometer using 

Quantity One Version 4.6 at 300 d.p.i. (Bio-Rad, UK) gels were stored in 3-4 ml of 

1% acetic acid at 4oC prior to mass spectrometry analysis. Images were uploaded to 

Progenesis PG220 v. 2006 (Nonlinear dynamics Ltd.) for analysis. Gels backgrounds 

were subtracted using mode of non-spot and spots automatically outlined prior to 

manual editing. All spots present were outlined and those for contaminants removed. 

An average gel for each experiment was created by combining the spots of replicate 

gels (n = 3) and spot volumes normalised, and their respective spot volumes calculated 

using total spot volume multiplied by total area allowing identification of most 

abundant spots across each replicate. Average gels presented spots consistent across 

each replicate as well as those that were only identified on one or two gels. All gel 

images were then matched through the use of gel warping allowing identification of 

up/down regulation of proteins between replicates. Each spot was then numbered 

according to their volumes allowing accurate mass spectrometry preparation. 
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5.3 RESULTS 

5.3.1  tBLASTn discovery of detoxification families 

In total six detoxification families were analysed for their presence in the C. daubneyi 

transcriptome, three representatives of Phase I detoxification families (CYPs, FMOs 

and MAO’s) and 3 representatives of phase II detoxification families (UGTs, SULTs 

and GSTs) all of which have been previously characterised in helminth species.  

Proteins annotated as one of these six families were retrieved from the NCBI and 

Wormbase databases and for families with multiple classes/sub families, 

representatives of each were obtained. Each of the protein sequences retrieved were 

utilised as queries and subjected to tBLASTn searches against the in-house C. 

daubneyi transcriptome. Transcript sequences with significant similarity (<E-10) to 

sequences queried were retrieved and subject to further characterisation. The number 

of transcript hits retrieved for each detoxification family are outlined in Table 5.1.  

Table 5.1: Number of transcripts identified in the C. daubneyi transcriptome of potential 

detoxification proteins. In total the transcriptome was mined with model sequences from six 

detoxification families. Three representative families of Phase I (cytochrome P450s, Flavin-

containing monooxygenases and Monoamine oxidases) shaded in grey and three 

representatives from Phase II (Glutathione transferases, Sulfotransferases and UDP-

glucurosyltranseferases). Number of transcript hits represents the number of sequences 

confirmed to be representatives of these families.  

Detoxification Enzyme No. of hits in C. 

daubneyi transcript 

No. of hits in 

F.hepatica genome 

Cytochrome p450 (CYP) 1 1 

Flavin-containing Monooxygenase 

(FMO) 

0 0 

Monoamine Oxygenase (MAO) 3 3 

Glutathione Transferase (GST) 47 10 

UDP-glucurosyltranseferase (UGT) 0 0 

Sulfotransferase (SULT) 17 2 
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Of particular interest is the absence of the phase I FMOs and the phase II UGTs, each 

of which returned no hits to the sequences searched in the transcriptome. No sequences 

submitted to local blast against the transcript returned any hits even below the 

significance value of <E-10 and due to their absence, there was no further investigation 

into these families.  

 

5.3.2  Cytochrome P450  

In total 4 characterised helminth CYP sequences belonging to helminth species were 

identified in the NCBI database and their sequences subjected to local blast against 

the in-house transcriptome. All 4 sequences identified homologs in C. daubneyi and 

were subsequently subjected to Blast, Pfam and Interpro searches to allowing 

characterisation and identification of conserved family specific domains (Table 5.2). 

Each of the returned sequences were found to contain either the CYP specific domain 

(PF00067) or the oxidoreductase NAD-binding domain (PF00175), as did each of the 

resolved helminth CYP sequences utilised in this investigation. Interpro searches of 

each protein identified the CYP superfamily domain IPR036396 as well as the CYP 

conserved site IPR017972. In total only one definitive CYP was identified in the C. 

daubneyi transcriptome (TR23398|c0_g2_i1) and following its characterisation its 

homology to the validated CYPs of helminths was investigated. Interestingly, the other 

two sequences returning significant similarity to characterised CYPs contained 

interpro domains for oxidoreductase NAD-binding domains (TR22687|c0_g1_i4 and 

TR23372|c0_g1_i1), suggesting they are involved in the mechanism through which 

CYPs work rather than representing CYPs themselves.  
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5.3.3 Monoamine oxidase  

In total 5 sequences were identified to have significant similarity to model MAOs in 

the C. daubneyi transcriptome through tBLASTn analysis. These 5 sequences 

accounted for 3 proteins, TR24932, TR22272 and TR16773. Retrieved sequences 

were searched on Pfam identifying domains relating to MAO activity (PF01593), of 

the five sequences, four were identified to contain domains specific to MAO activity 

(Table 5.3).  

 

 

5.3.4 Sulfotransferases  

In total 17 sequences with significant similarity to known model/helminth SULTs 

were identified through tBLASTn analysis of the transcriptome. Following isoform 

removal, a total of 11 proteins representing SULTs were identified. Pfam analysis 

identified these sequences to contain one of three sulfotransferase domains, PF17784, 

PF13469 and PF00685 (Table 5.4). Out of the 17 sequences three were found to have 

top blast results to characterised SULTs with significant similarity (<E-20), however 

did not return any results to sulfotransferase domains during Pfam analysis. Of the 

three sequences that did not identify any domains during Pfam analysis, two were 

isoforms of which other isoforms of the same protein were identified and did hit SULT 

domains. TR15065|c0_g1_i1 represents the only proteins with a top SULT blast result 

with no domain present.  
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5.3.5 Glutathione transferases 

Predicted GST sequences were mined from the C. daubneyi transcriptome by 

tBLASTn analysis with 11 representative helminth GST sequences as described by 

Morphew et al., 2012, as well as GST sequences retrieved from the NCBI database 

from model organisms, with those with significant similarity (<E-10) recorded for 

further analysis. These nucleotide sequences were translated into their respective 

amino acid sequences for structural analysis. A Pfam search was carried out allowing 

identification of conserved domains and characterisation as GSTs as well as division 

into their respective classes. Two domains allowed the characterization as GST’s, one 

being the C-terminal domain and the second an N-terminal domain. In total 

bioinformatic interrogation of the transcriptome identified a total of 47 sequences to 

which there was significant sequence similarity (Table 5.5), all of which were 

positively identified as containing both the N-terminal and C-terminal domains. 

 

 

The sequences identified were then subject to ClustalW alignment prior to 

phylogenetic analysis allowing further elucidation of class (Figure 5.3). Following 

phylogenetic analysis of the resolved sequences alone, 36 model GST sequences 

including representatives of several characterised helminth GST classes were obtained 

from the NCBI database and combined with the resolved GST sequences and subject 

to further phylogenetic analysis allowing the grouping of each class allowing 

visualisation of the class to which each of the newly identified GST sequences 

belonged (Figure 5.4). 
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Figure 5.3: Phylogenetic analysis of GST sequences resolved from the C. daubneyi transcript. 

Constructed using a circular neighbour-joining tree following amino acid alignment on Mega 

7.0 with 1000 bootstraps and a Poisson correction. Putatively annotated by class through Pfam 

and Blast analysis. 
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Figure 5.4: Phylogenetic analysis of C. daubneyi transcript GST superfamily, including 

representative characterised members of 6 known classes – Omega, Zeta, Alpha, Pi, Mu and 

Sigma. Constructed using a circular neighbour-joining tree following amino acid alignment 

on Mega 7.0 with 1000 bootstraps and a Poisson correction. Sequences accessions from model 

organisms on NCBI and Transcript identifiers from transcripts resolved at Aberystwyth 

University. Putatively annotated through Blast, Pfam and phylogeny. 
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Figure 5.4: continued. Phylogenetic analysis of C. daubneyi transcript GST superfamily, 

including representative characterised members of classes – Omega, Zeta, Alpha, Pi, Mu and 

Sigma. Constructed using a circular neighbour-joining tree following amino acid alignment 

on Mega 7.0 with 1000 bootstraps and a Poisson correction. Sequences accessions from model 

organisms on NCBI and Transcript identifiers from transcripts resolved at Aberystwyth 

University. Putatively annotated through Blast, Pfam and phylogeny. 
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Following BLAST analysis identifying 47 GST sequences in the C. daubneyi 

transcriptome and subsequent phylogenetic analysis allowing resolution of the class 

to which each belonged, multiple isoforms were removed, and each remaining protein 

classified into one of the four GST classes. In total 12 proteins were putatively 

classified as Sigma-like, 2 as Mu, 1 as Zeta and 2 as Omega (Table 5.6). 

 

 

 

 

 

 

 
Table 5.6: Putative classification of GST protein families identified in the C. daubneyi 

transcriptome into their respective classes following NCBI, Pfam and phylogenetic analysis.  

 

 

Putative GST classifications 

Sigma-like Mu Zeta  Omega 

TR15503 TR17112 TR21463 TR20139 

TR16211 TR15955 
 

TR20132 

TR16613 
   

TR16917 
   

TR17879 
   

TR20023 
   

TR21041 
   

TR21279 
   

TR21421 
   

TR22477 
   

TR22711 
   

TR47379       
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5.3.5 SDS-PAGE Proteomic Somatic GST 

Following bioinformatic interrogation of the transcriptome leading to identification of 

numerous GST proteins, experimental work was carried out in order to identify GSTs 

present in the soluble somatic proteome of adult worms. Following sample preparation 

and resolution on a polyacrylamide gel (Figure 5.5a), gels were analysed using 

Progenesis software (n=3) (Figure 5.5b) and each protein present cut and submitted 

to trypsin digestion prior to LC-MS/MS analysis. In total 31 protein spots were found 

to be consistent across all three replicates of which 28 proteins were positively 

identified as GSTs through Blast analysis. All GSTs identified belonged to either 

sigma-like or mu classes and were interrogated using Pfam analysis. Following 

removal of isoforms, a total of 7 proteins were identified. 

 

 

 

 

 

Table 5.7: Total and specific GST activity pre- and post-purification for C. daubneyi 

soluble somatic fraction using CDNB substrate (n = 3). Protein concentrations were 

determined using the method of Bradford allowing calculation of protein recovery 

rate.  

 

 

Sample 

Total 

activity 

(nmol/min) 

Total 

protein 

(mg) 

Specific Activity (mean  

S.D) (nmol/min/mg) 

Somatic (Pre-

purification) 13161.46 9.1 1367.04± 112.10 

 

Somatic (Post-

purification) 2488.02 0.21 2764.47±226.70 
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Figure 5.5 (A): Visualization of GST proteins of Calicophoron daubneyi adult worms using 

two-dimensional gel electrophoresis (2-DE): 15 µg of protein was resolved on non-linear IPG 

strips separate by charge and in the second dimension by molecular weight on 12.5%, 7cm 

polyacrylamide gels (n=3). 

 

 

 
Figure 5.5 (B): Comparative gel analysis following resolution of soluble somatic GST 

polyacrylamide gels using progenesis software. Each highlighted protein was found to be 

replicable across all three gels and subsequently subject to LC-MS/MS (n=3). 
 

 

 

 

 

 



 Chapter 5: Investigation into the detoxification capacity of C. daubneyi 

 162 

  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T
a
b

le
 5

.8
: 

P
ro

te
in

s 
id

en
ti

fi
ed

 f
o
ll

o
w

in
g

 g
 2

D
 S

D
S

-P
A

G
E

 o
f 

G
S

H
-p

u
ri

fi
ed

 s
o
lu

b
le

 s
o
m

at
ic

 G
S

T
 (

n
=

3
).

 E
ac

h
 s

eq
u
en

ce
 r

et
u
rn

ed
 w

as
 s

u
b
je

ct
 t

o
 B

la
st

 a
n
d
 

P
fa

m
 a

n
al

y
si

s.
 O

n
ly

 s
eq

u
en

ce
s 

ab
o

v
e 

th
e 

si
g
n
if

ic
an

ce
 v

al
u
e 

o
f 

4
7
 w

er
e 

re
co

rd
ed

.  



 Chapter 5: Investigation into the detoxification capacity of C. daubneyi 

 163 

T
a
b

le
 5

.8
: 

co
n
ti

n
u
ed

. 



 Chapter 5: Investigation into the detoxification capacity of C. daubneyi 

 164 

5.3.6 Identification of detoxification proteins in the soluble somatic, egg and EV 

proteomes 

Each of the proteomic profiles detailed in Chapter 3 and Chapter 4 accounting for 

soluble somatic, egg and EV proteins were analysed for the presence of detoxification 

proteins. Across all three profiles no sequences accounting for MAO, SULTs or CYPs 

were identified. However, GSTs were identified in all three. In total the somatic 

proteome identified 19 sequences, the egg proteome 5 and the EV proteome 3 (Table 

5.9). The sequences were visualised (Figure 5.6), identifying two GST proteins 

consistent across each of the 3 proteomes, TR16211|c0_g1_i1 and TR17112|c0_g1_i1. 

Interestingly, the egg proteome identified 2 unique contigs both isoforms of a single 

protein - TR21041. Whilst the somatic profile returned hits not found in the egg or EV 

profile, it was also the only proteome to return hits that were not Sigma-like or Mu 

class identifying 3 hits to Omega class GSTs - TR20132|c0_g1_i1, TR20139|c0_g1_i5 

and TR20139|c0_g1_i2 as well as the Zeta class GST - TR21463|c0_g1_i4. 
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Table 5.9: Interrogation of the resolved somatic, egg and EV proteome (Chapter 3 & 4) to 

identify presence of putative GST proteins. Colour coded by class, Sigma-like (black), Mu 

(red), Zeta (blue), Omega (green). 

 

  Contigs identified   

Egg Somatic EV 

TR16211|c0_g1_i1 TR16211|c0_g1_i1 TR21279|c0_g5_i1 

TR21041|c2_g1_i2 TR17879|c0_g1_i1 TR17112|c0_g1_i1 

TR21041|c2_g1_i3 TR17879|c0_g1_i2 TR16211|c0_g1_i1 

TR17112|c0_g1_i1 TR22477|c0_g2_i3  
TR15955|c0_g1_i1 TR22711|c1_g1_i1  

 TR21279|c0_g5_i2  

 TR21279|c0_g3_i6  

 TR21279|c0_g3_i5  

 TR21279|c0_g3_i7  

 TR21279|c0_g3_i8  

 TR21279|c0_g5_i1  

 TR21279|c0_g3_i4  

 TR21279|c0_g5_i2  

 TR17112|c0_g1_i1  

 TR15955|c0_g1_i1  

 TR21463|c0_g1_i4  

 TR20139|c0_g1_i2  

 TR20139|c0_g1_i5  

  TR20132|c0_g1_i1   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Venn diagram representing the quantity of putative GST proteins identified 

through LC-MS/MS of C. daubneyi soluble somatic, egg and EV protein profiles (n=3).   
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5.4 DISCUSSION 

 

Currently there are few vaccine options available for parasitic helminth infections of 

livestock and so chemotherapeutic options (anthelmintics) remain the main treatment 

strategy utilised in both the control of symptoms and elimination of infection (James 

et al., 2009). Thus, due to the limited treatment options, anthelmintics have been 

intensively used for intensive livestock production worldwide which has led to the 

development of resistance to all those licenced for use (Wolstenholme et al., 2004). 

Owing to the lack of development of new treatment options, understanding the 

mechanisms through which helminths develop resistance is crucial, allowing the 

adaptation of current treatments to prevent resistance and surveillance of its 

development whilst also allowing the elucidation of novel treatment targets (James et 

al., 2009).  

 

It is well recognised that drug resistance in parasites can be facilitated by the mode of 

action of XMEs, and bioinformatic studies have allowed progress in understanding 

their metabolism in different species whilst elucidating potential resistance 

mechanisms and novel targets for treatment (Matoušková et al., 2016; Lv et al., 2016). 

Due to its status as a newly emerging disease, it is imperative that potential resistance 

to anthelmintics in C. daubneyi is investigated, especially with the speed at which 

anthelmintic resistance has previously been observed to different treatment options 

(Figure 5.7). Due to oxyclozanide, albeit off-license in the UK, currently remaining 

the only viable treatment option, the mechanisms through which rumen fluke may 

develop resistance and the development of alternative treatments is key.
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5.4.1 Detoxification families  

Recent publication of an adult C. daubneyi transcriptome allowed a comprehensive 

analysis of phase I and II detoxification families (XMEs) in this newly emerging 

parasite. An array of work has been carried out on closely related helminth species 

identifying many detoxification mechanisms allowing further understanding of the 

development of anthelmintic resistance (Stuart, PhD Thesis). Of the six detoxification 

families analysed two did not return any homologs in the transcriptome, these were 

the phase I flavin-containing monooxygenases (FMOs) and the phase II UDP-

glucuronosyltransferases (UGTs). Absence of FMOs in C. daubneyi is interesting due 

to their identification in a transcriptomic study of closely related helminth species, F. 

hepatica (Alvarez et al., 2005), however they have never been identified in genome 

level studies, and have been noted as absent in an array of parasitic flatworm studies 

(Pakharukova et al., 2015) whilst UGTs have only been identified in nematode species 

such as C. elegans and Haemonchus contortus (Laing et al., 2010; Vokrál et al., 2013). 

However, the absence of these two detoxification families does not necessarily mean 

these detoxification pathways are not utilised by C. daubneyi, instead these pathways 

could be utilising a novel form of these proteins not homologous to those searched 

against the transcriptome, could be left redundant by expansion of other phase I and 

II detoxification families and so not be required in the biotransformation of 

xenobiotics or may not be expressed at the time of transcriptomic sequencing as they 

may be induced through treatment with a xenobiotic leading to their absence in this 

study. Bioinformatic interrogation of the resolved somatic, egg and EV proteomes 

(Chapter 3 & Chapter 4) returned no hits to CYPs, MAOs or UGTs, however GSTs 

were found to be highly represented.  
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5.4.2 Bioinformatic investigation of phase I detoxification families 

Cytochrome P450s (CYPs) 

CYPs as a family have been found to be responsible for the detoxification of numerous 

drugs currently in use across species (Ortiz & De Voss, 2002). There are a large 

number of isoforms within the family with over 200 primary sequences characterised 

(Benedetti, 2001), however currently only 10 of these isoforms have been identified 

as playing a role in xenobiotic detoxification (Guengerich, 2005). Early studies 

hypothesised the absence of CYPs detoxification reactions in parasitic helminths 

(Precious & Barrett, 1989), however their presence has now been acknowledged in 

many adult helminths with an expansion of the family identified in free-living species 

assumed to be due to the toxins the parasites are subject to from the external 

environment. Recent studies have confirmed CYPs to be an active detoxification 

mechanism in the closely related trematode F. hepatica as well as elucidating its role 

in the development of its resistance to anthelmintics (Lamenza et al., 2012). Helminth 

species including Schistosoma japonicum, Schistosoma mansoni, Schistosoma 

haematobium and Opisthorchis felinus have all been identified as only containing a 

single CYP gene (Nelson et al., 2009). It is thought this reduction in CYPs could 

represent a simplification in evolutionarily detoxification and a possible reduced 

requirement for detoxification mechanisms or development of other mechanisms 

leaving these near redundant (Pakharukova et al., 2012). It has also been hypothesised 

that the presence of a reduced number of CYPs in several species could indicate a 

house-keeping role for this gene, with S. mansoni single CYP predicted to have a 

crucial role in egg development and in H. contortus a major role in larval stages (Ziniel 

et al., 2015; Laing et al., 2015). 
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Bioinformatic interrogation of the C. daubneyi transcript identified the presence of 

CYPs in C. daubneyi for the first time. Similar to previous studies in parasitic 

helminths, this study positively identified a single CYP in the transcriptome with CYP 

Pfam and interpro domains confirming its characterisation (Nelson et al., 2009). The 

absence of CYPs in the soluble somatic, egg and EV proteomes is likely due to a 

housekeeping role in development rather than detoxification and thus left redundant 

in the adult fluke and so further investigation into CYPs in juvenile C. daubneyi could 

be of interest.  

 

Monoamine Oxidases (MAOs) 

Research into the involvement of MAOs in xenobiotic detoxification has been largely 

neglected, mainly due to interest in the research of the Phase I CYPs (Benedetti & 

Tipton, 1998) as well as MAOs important roles in physiology and behaviour (Sabol et 

al., 1998). MAOs are able to metabolize amine-containing drugs, however their 

activity only accounts for the metabolism of 1% of currently marketed drugs compared 

to the CYPs that account for ~95%. Despite their minimal research MAOs have been 

identified as a family of enzymes able to catalyse the biotransformation of xenobiotics 

leading to their excretion from the host (Foti et al., 2016). As a family there has only 

been two MAOs characterised, MAO-A and MAO-B each of which have been 

identified as having vastly different substrate specificity (Youdim et al., 2006). 

Despite their low activity in drug metabolism, developments have been made in the 

design of drugs that mitigate the effects of MAOs in order to exclude their mechanisms 

as a means of elimination (Jhee et al., 2001). Interrogation of the transcriptome 

identified 5 transcripts homologous to characterised MAO sequences accounting for 

3 proteins all containing the amino oxidase Pfam domain (PF01593). Identification of 



                     Chapter 5: Investigation into the detoxification capacity of C. daubneyi 

 

 171 

these proteins allows their future characterisation and allowing their inclusion when 

considering development of potential therapeutics in the future.  

 

5.4.3 Bioinformatic investigation of phase II detoxification families 

Sulfotransferases (SULTs) 

Local blast analysis of all known helminth SULTs as well as representatives of each 

known class in humans returned a total of 17 sequences in the C. daubneyi 

transcriptome (Table 5.4). The 17 hits returned accounted for 11 proteins following 

removal of isoforms. Each of the sequences were pulled from the transcript and 

investigated using Pfam analysis. Across the sequences four Pfam identifiers were 

resolved, Sulfotransferase 1 (PF00685), Sulfotransferase 2 (PF03567), 

Sulfotransferase 3 (PF13469) and Sulfotransferase 4 (PF17784).  

 

The full mechanism of SULTs activity during detoxification is still not fully resolved, 

however it is proposed to function though neutrophilic attack of the sulphur hydroxyl 

group on 5’-phosphoadenosine-3’-phosphosufate (PAPS) resulting in its transfer to 

the substrate (Taylor et al., 2017). Previous research into helminth species indicated 

their inability to carry out sulphate activation and predicted the absence of 

sulfotransferase activity (Raines & Barrett, 1988). Despite the predicted lack of 

sulfotransferase activity in helminths, research into S. mansoni identified a 

sulfotransferase gene as the activating enzyme of one of the main treatment options 

oxamniquine (OXA), with this sulfotransferase activity leading to resistance. 

Resistance to OXA through sulfotransferase activity was proved through 

crystallography of its interaction with OXA showing its ability to transfer sulphate 

groups from PAPS to OXA (Valentim et al., 2013; Pica-Mattoccia et al., 2006), as 

well as confirmation of OXA resistance following RNAi knock down of characterised 
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Schistosome SULT Smp_089320 (Valentim et al., 2013). This study into 

sulfotransferase resistance in S. mansoni was the first to elucidate a mechanism of an 

anthelmintic resistance development and allows insight for the future development of 

drug compounds to treat further helminth infections with the sulfotransferase genes 

(Cioli et al., 2014) in turn allowing the development and further research into 

helminths in which sulfotransferase genes have been positively identified. This is the 

first report of SULTs in C. daubneyi, and due to its identified role in development of 

resistance could prove useful in the future design of drug compounds to treat C. 

daubneyi infections. 

 

Glutathione Transferases (GSTs) 

As a superfamily soluble GSTs are a group of antioxidant proteins with many roles in 

peroxidase, isomerase and thiol transferase activity and are divided into classes based 

on their structures and specificities (Bae et al., 2016). They have been identified in all 

studied helminth species and are the main area of focus for a majority of detoxification 

studies (Brophy & Barrett, 1990; Brophy et al., 2012). Helminth GSTs are presumed 

to be of great importance with studies showing their presence in an array of trematode 

species including C. sinensis and Fasciola species with investigations showing they 

account for ~4% of the adult soluble protein fraction of closely related trematode F. 

hepatica in which they are also hypothesised to be involved in development of 

anthelmintic resistance (Chemale et al., 2010; Morphew et al., 2012; Bae et al., 2013; 

Fernández et al., 2015). In F. hepatica four classes of GST have been resolved – 

Omega (ω), Mu (μ), Sigma (σ) and Zeta (ζ) (Chemale et al., 2006; Morphew et al., 

2012). In particular, Sigma class GSTs have gained a lot attention due to their 

structural properties (Jowsey et al., 2001; Kanaoka et al., 2000), elucidating their 
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potential to modulate the host immune response (Sommer et al., 2003; Line et al., 

2019).  

In this study, all of the GST proteins with homology to representative helminth GSTs 

from defined classes were identified in the transcriptome and subsequently analysed 

through phylogenetics allowing their classification. In total, 47 GST sequences were 

found to be homologous to those searched, and isoform removal distinguished 17 GST 

proteins to be present. Phylogenetic analysis identified 33 of the sequences to be 

Sigma-like, 2 Mu, 1 Zeta and 2 Omega GSTs to be present. The expansion of sigma-

like class GSTs observed in C. daubneyi has also been identified in helminths 

previously, studies of O. viverrini and C. sinensis also observed an increased number 

of Sigma/Sigma-like GSTs present. This expansion has been attributed to the 

parasite’s migration through the host in order to reach its definitive residency and 

sigma class GSTs involvement in parasite migration. Sigma and Mu class GSTs from 

F. hepatica have been researched as a means of serodiagnostics, although it showed 

high sensitivity it was poor in distinguishing true positive and negative reactions 

(Aguayo et al., 2018). 

Omega GSTs have been identified previously in trematodes that reside within the gut 

of their definitive host, with Omega class GSTs in C. elegans found to have a main 

role in fighting the oxidative stresses from its gut residency (Burmeister et al., 2008). 

Omega class GSTs are of particular interest due to their differences in enzymatic 

properties when compared to other classes such as its GSH-dependent thioltransferase 

activity and have a proposed role in drug resistance (Board et al., 2000). Omega class 

GSTs have been identified in several helminth including S. mansoni, Fasciola and O. 

volvulus (Morphew et al., 2012; Girardini et al., 2002; Liebau et al., 2008), where it 
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has been identified as acting in the response to oxidative stress (Burmeister et al., 

2008) as well as being prevalent in accordance with maturation of the reproductive 

system (Kim et al., 2019). Identification of the Omega class GST could be beneficial 

in future treatment of C. daubneyi as in other helminth species such as C. sinensis 

Omega class GSTs have been found to play a specific role in the protection of the 

reproductive system and so could represent an ideal target in halting the parasites 

lifecycle and preventing reproduction (Kim et al., 2019). Whilst most helminth species 

have only been found to have a single ortholog of GST-omega, C. daubneyi has two 

which was previously thought to be unique to C. sinensis (Kim et al., 2019). Omega 

class GSTs have been identified as reliable serodiagnostic targets of both C. sinensis 

and O. viverrini infections with weak cross-reactivity to other helminth species (Kim 

et al., 2019). Whilst Sigma and Mu class GSTs did not show sera specificity that would 

allow them to be a means of diagnostic (Kim et al., 2019). Observation of two GST-

Omega orthologous in C. daubneyi could be a potential route of future investigation 

into paramphistome infection. 

 

5.4.4 Proteomic identification of GSTs 

All proteins identified within the somatic purified GST sample were resolved in the 

previous mining of the C. daubneyi transcriptome with known GST sequences. 

Multiple Mu and Sigma class sequences were resolved, however there were no hits to 

the Zeta and Omega classes previously identified in the transcriptome. 2D-SDS 

proteomic profiling identified purified proteins to have a molecular weight of 23-28 

kDa conducive with investigation of subunits molecular weight (Torres-Rivera & 

Landa, 2008). 
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Excretory proteins released by helminths are thought to play a fundamental role in 

development and immune regulation during infection (Gomez et al., 2015) with their 

specific expression regulated by environment (Tjalsma et al., 2000). Due to the 

importance of the secretome (including EVs) and increasing interest into their protein 

composition in many helminth parasites the presence of GSTs both contained within 

and on the surface of EVs was investigated. EVs have been found to be a small 

proportion of the secretome, only accounting for 12% of the proteins released in F. 

hepatica (Cwiklinski et al., 2015). Previous helminth research has shown the 

packaging of Sigma GST into EVs and their involvement in activation of M2 

macrophages facilitating helminth defence (Bae et al., 2016). GSTs have also been 

identified in the ES products of helminths and were found to be the second most 

abundant protein identified in the total ES proteome of C. sinensis (Bae et al., 2013). 

ES and membrane GSTs are hypothesised to be involved in as effector molecules 

against the high level of oxidative molecules they come in direct contact with within 

the host (Bae et al., 2016). GST abundance in ES leads to interest in possible GSTs 

secreted in membrane bound vesicles. Experimental GST purification of lysed C. 

daubneyi EVs did not return a significant concentration of protein in order to resolve 

them on a polyacrylamide gel and submit them to mass spectrometry as were carried 

out for the somatic fractions. Instead, the egg and EV proteomes resolved (Chapter 3 

+ 4) was analysed for presence of GSTs in both the whole proteome as well as the 

membrane shave. Interrogation of the whole EV proteome identified 2 GST proteins, 

TR21729 and TR17112 as well as isoforms of the Sigma class GST TR21279 

identified in the EV trypsin shave. Many model organisms such as E. coli and a variety 

of parasitic species who have has their EV proteomes detailed have not identified the 

GST presence (Marcilla et al., 2012). Interestingly, Sigma class GST identified in EVs 
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had no predicted transmembrane domains, yet they were positively identified in the 

trypsin shave of membrane bound proteins. The identification of GST on the 

membrane of EVs is likely due to GSTs suspected protection role through 

neutralisation of possible membrane damage from the host immune response through 

peroxidation (Gobert & Jones, 2008). GSTs presence in C. daubneyi EVs could also 

be of particular importance due to EVs ability to be internalised by host cells and 

previous trematode studies identifying sigma-class GSTs ability to activate M2 

macrophages and so modulate the immune response of the host (Bae et al., 2016). 

 

5.5 SUMMARY AND FURTHER RESEARCH 

 

Utilisation of an ‘in silico’ approach allowed prediction of the detoxification enzymes 

present in C. daubneyi. Bioinformatic investigation successfully identified the 

presence of two phase I detoxification enzymes, CYPs and MAOs, and two, phase II 

detoxification enzymes, SULTs and GSTs. Surprisingly there was no evidence of 

FMOs or UGTs in the transcriptome despite their identification in numerous helminth 

species.  Due to lack of genomic data available, this is the first investigation into the 

potential detoxification capacity of C. daubneyi, and discovery allows support for 

future anthelmintic developments, through understanding of the parasites ability to 

detoxify anthelmintic candidates. However, it is important to remember that these 

potential detoxification families will need to be experimentally validated through 

functional analysis to confirm their roles in xenobiotic detoxification. 
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6.1 INTRODUCTION 

 

The work in this thesis was underpinned by the recent completion of an in-house 

transcriptome of adult C. daubneyi (Huson et al., 2018). This study set out with the 

aim of uncovering key aspects of the fundamental biology of C. daubneyi with an 

over-arching goal to determine the mechanisms through which establishment of 

infection is successful, including potential mechanisms of immune evasion and 

mechanisms through which the parasite is able to detoxify anthelmintic compounds 

which currently remain unknown.  The key motivation for elucidating the fundamental 

biology of C. daubneyi is its status as a newly emerging parasite of ruminant livestock 

in the UK and Europe, as evident by the large increase in prevalence observed over 

the last two decades (Foster et al., 2008; Jones et al., 2016). Specifically, the rapid 

emergence of this parasite throughout the UK has been attributed to movement of 

livestock and climate change (Jones et al., 2017; Skuce et al., 2013). However, due to 

the current limited treatment options it is imperative that the basic biology of C. 

daubneyi is further understood to allow the development of future diagnostics and 

therapies. For example, under current circumstances, with no licenced anthelmintics 

for treatment and prevalence continuing to rise, developing a detailed understanding 

of the host-parasite relationship is key in the discovery of anthelmintic candidates 

whilst minimising the development of resistance. Currently, limited information is 

available on temperate rumen fluke and the investigations in this thesis have 

endeavoured to uncover several aspects of its basic biology that will contribute greatly 

to future studies.  
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6.2 ADDRESSING THE THESIS AIMS 

 

6.2.1 Characterisation of C. daubneyi adult soluble somatic and egg proteomes 

C. daubneyi has recently been acknowledged as the predominant species of rumen 

fluke in the UK (Jones et al., 2017). However, reports detailing infections of mixed 

paramphistome species requires the identity of natural infection samples collected, and 

subsequently utilised in experimentation, to be conclusively confirmed prior to their 

use (Martinez-Ibeas et al., 2016). Experimental investigation has thus confirmed 

recent reports of C. daubneyi to be the predominant species in the U.K with all samples 

collected during the current thesis positively identified as C. daubneyi. 

Paramphistome infections in tropical and sub-tropical regions have been found to 

cause significant production losses (Ozdal et al., 2010). However, due to its relatively 

recent introduction into Western Europe, the potential economic impact of C. 

daubneyi in temperate regions is yet to be subject to investigation highlighting the 

need to gain an understanding of its fundamental biology (Huson et al., 2017). Chapter 

3 successfully addressed the thesis aim of resolving the proteome of C. daubneyi 

soluble somatic and egg fractions with both successfully processed allowing their 

resolution through SDS-PAGE and subsequent LC-MS/MS analysis. A multitude of 

sequences were resolved from peak spectra data allowing identification of proteins 

and their function through association with resolved helminths transcripts and 

annotated genomes. Expansions of specific protein families such as FABPs were 

acknowledged similarly to studies of many parasitic helminths in which they are 

currently under experimental validation as vaccine candidates such as fascioliasis and 

schistosomiasis (Tendler et al., 2015; Ramos et al., 2009) and therefore could also be 

of interest as potential vaccine candidates to paramphistomosis. Identification of an 
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extended FABP family is consistent with other helminth species such as F. hepatica, 

where they have been found to promote the TH2 immune response due to their noted 

immunomodulatory activity allowing successful establishment within the definitive 

host (Dowling et al., 2010; Robinson et al., 2011). Of particular importance was the 

resolution of sequences homologous to AC/sHSP’s within the transcriptome with 

numerous sequences also found to be present in the eggs proteomic profile showing 

significant sequence similarity to AC/sHSP’s from multiple helminth species (Moxon 

et al., 2010). AC/sHSP’s have been shown to have high immunogenicity and their 

presence in C. daubneyi eggs suggests the parasites eggs have a role in the host-

parasite relationship and interactions with possible roles in successful transmission of 

infection, as they have been previously described to in several helminth spp. including 

schistosomes (Moxon et al., 2010; Maizels & McSorley, 2016). An abundance of 

AC/sHSP’s highlights a potential mechanism through which C. daubneyi infections 

successfully establish within the rumen as they provide protection from the harsh 

environment allowing successful maturation (Li et al., 2009; Caspers et al., 1995).  

A further key finding from the proteomic datasets produced is the absence of members 

of the cathepsin superfamily. Cathepsins have been identified in many helminth 

species and noted as a key protein involved in successful entry, migration and 

regulation of the host immune response leading to successful establishment (Cancela 

et al., 2008; Meemon et al., 2004; Grote et al., 2018). Their absence in these datasets 

suggest C. daubneyi does not utilise the traditional proteins for successful 

establishment and further investigation into the high number of unidentified and 

hypothetical proteins could uncover a multitude of proteins unique to C. daubneyi 

establishment. 
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The data sets elucidated in this chapter can be exploited in future work allowing not 

only comparative work with further helminth species but also investigation into 

potential vaccine candidates and markers of infection that may be required if rumen 

flukes increasing prevalence continues and clinical symptoms are observed in the 

future. Another potential area of future research of C. daubenyi could be investigation 

of glycosylated proteins, with pathways of glycosylation representing a potential sites 

of inhibition that could lead to reduced virulence and thus survival within the 

definitive host, however this area of research in parasitic helminths remains hindered 

due to the current poor understanding of the mechanisms through which protein 

glycosylation takes place (McVeigh et al., 2018). Vaccine development has often been 

inhibited by low efficacy and has been attributed to difficulties in replicating a range 

of post-translational modification such as glycosylation during production of 

recombinant proteins (Toet et al., 2014).  

It is important to remember that a potential limitation of the proteomic profiling is the 

stress placed upon the parasite during ex-host culture that may lead to alteration in the 

proteomic profiles (Morphew et al., 2007). Due to the nature of these samples and 

their in vitro nature, the in vivo profile that would be observed is likely to be different. 

The extent of these potential variations was attempted to be limited by minimising in 

vitro culture periods (Huson, PhD thesis), however, potential ex vivo stress could not 

be completely omitted. A further limitation of this study is mass spectrometry for 

sequence identification, with proteins of particularly low abundance likely overlooked 

(Lubec & Afjehi, 2007). Low abundance proteins are of particular importance as they 

still may have important roles in cellular processes and so further work in resolving 

and assigning functionalities to these proteins allowing deeper biological insight into 

the parasite’s mechanisms of establishment and immune evasion (Lee et al., 2019; 
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Dalton et al., 2003). In the future these limitations could be minimised through use of 

fractionation of the global samples prior to mass spectrometry, separating the parasite 

tegument from the internal components, a technique that has previously been used in 

the investigation of F. hepatica showing an increase in number of proteins identified 

when compared to the soluble somatic fraction alone (Haçariz et al., 2012). A further 

method of increasing the number of peptides resolved could be the use of anion and 

cation mixed bed ion exchange, which has been shown to increase peptide recovery 

and in turn increase the number of peptide hits returned follow LC-MS/MS analysis 

(Motoyama et al., 2007).  

6.2.2 Isolation and proteomic characterisation of C. daubneyi EVs 

Investigation of adult C. daubneyi ES products confirmed the presence of EVs 

secreted during in vitro culture (Huson et al., 2018). EVs were successfully purified 

utilising both DC and SEC methodologies, with TEM and proteomics combined with 

LC-MS/MS confirming their presence and allowing characterisation of exosome and 

microvesicle sub-populations through both investigation of size and also identification 

of exosomal and microvesicle markers utilising the ExoCarta database (Keerthikumar 

et al., 2016). SEC purification methods produced an EV yield of higher purity with no 

observed instances of aggregation as with those from the DC method. With a lack of 

aggregation observed in the SEC purified samples and potential benefits for functional 

helminth EV analysis (Davis et al., 2019), SEC EVs were utilised in the downstream 

functional analysis of C. daubneyi EVs and their specific effects on microbial 

populations and for EV surface protein shaves. However, DC EV samples were 

utilised in the proteomic profiling in line with a number of alternative helminth EV 

studies (Marcilla et al., 2012; Zhu et al., 2016). At present all proteomic investigations 

of helminth EV populations have utilised DC as a purification method, with the 
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exception of one (Davis et al., 2019), and thus the use of EVs purified through DC 

allowed direct comparison of results to previous studies (Cwiklinski et al., 2015; 

Nowacki et al., 2015; Tzelos et al., 2016). Whilst these two methodologies were 

utilised in this thesis, there are further purification techniques such as density gradient 

centrifugation, sucrose cushion centrifugation and immuno-affinity isolation that 

could also be tested in order to identify the best method for purification of C. daubneyi 

EVs generating the highest yield whilst maintaining functionality (Davis et al., 2019). 

In order to fully investigate the functionality of EVs isolated using each purification 

method, EVs could be subject to treatment with host cells and then their proteomic 

profiles analysed against the host transcriptomes for each method as has been carried 

out for EVs from O. viverrini and Typanosoma cruzi (Chaiyadet et al., 2015).  

Chapter 4 successfully addressed a thesis aim through the resolution of the C. daubneyi 

EV proteome, elucidating a dataset that can be probed in order to identify key proteins 

that interact with host cells allowing successful immunomodulation of the host 

immune response. In addition, trypsin shaving of SEC purified EVs and their 

subsequent analysis using mass spectrometry elucidated the key surface proteins that 

could be utilised as potential biomarkers in the diagnosis of infections as well as those 

potentially involved in interaction with host cells allowing their successful uptake 

allowing them to exert their effects (Mathivanan et al., 2010; Robbins & Morelli, 

2014). EV surface proteins, especially those with demonstrated immunogenicity could 

be further investigated in the development of a diagnostic test allowing the diagnosis 

of paramphistomosis (Kip et al., 2015). Further investigation would have to be carried 

out in order to identify the specific protein(s) of interest recognised in the blood of 

infected hosts and thus, not in uninfected animals, as well ensuring the animals being 

investigated had no other helminth infections that could be affecting the EVs or their 
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surface proteins in order to confirm their suitability as a diagnostic. Another important 

factor in utilising EV surface proteins as diagnostics for infection is the potential half-

life of EVs within their host (Kip et al., 2015). EV half-lives have been subject to 

investigation in humans yet are still to be examined in helminth infections.  

C. daubneyi EVs were here shown to have antimicrobial effects with a reduction in 

microbial population growth in eight out of the ten species to which they were treated 

signifying the potential presence of antimicrobial peptides contained either within or 

on the surface of the EVs or a more generalised killing mechanism. Due to C. daubneyi 

residency within its final host the potential of microbial population alteration could be 

a key to understanding its mechanisms of survival as well as its negative effects on the 

host observed including weight loss and reduced milk yield (Fitzpatrick, 2013; Leung 

et al., 2018). A further experiment investigating the effects of C. daubneyi derived 

EVs on specific ruminant microbial populations could elucidate the mechanisms 

through which establishment is successful with many bacterial species also capable of 

modulating the host immune response (Cattadori et al., 2016).  

When looking at potential biomarkers, the absence of cathepsins in both the soluble 

somatic and egg fractions was of particular interest following their identification in 

numerous helminth species and their characterised roles in parasite migration and 

activity in the suppression of the host immune response (Robinson et al., 2008). 

However, this absence in the proteomic data is likely due to low level abundance as 

cathepsins have previously been described in C. daubneyi ES products (Huson, PhD 

Thesis) and here an abundance of cathepsins were also observed both within EVs 

themselves, as well as on the EV surface membrane, suggesting C. daubneyi EVs role 

in the successful establishment of infection through direct interaction with host cells 
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or tissues. It is also important to note that although parasitic helminth EVs have been 

shown to interact with recipient host cells, the mechanisms through which they interact 

with recipient host cells is still not resolved (Wang et al., 2015; Zhu et al., 2016).  

6.2.3 Bioinformatic interrogation of C. daubneyi transcriptome for detoxification 

families 

Advances in many aspects of molecular biology now allow the identification and 

characterisation of protein families and here has allowed the resolution of those 

potentially involved in detoxification in adult C. daubneyi. Previous studies into 

helminth detoxification ability have been hampered by lack of sequence data available. 

However, developments in these technologies now allows for a comprehensive 

analysis of helminth parasites through genomic and transcriptomic datasets becoming 

readily available to aid analysis. Production of these datasets allows identification of 

protein families involved in xenobiotic detoxification (Brophy et al. 2012).  

The resolution of a C. daubneyi transcriptome allows an improved understanding of 

its fundamental biology as it contains thousands of genes that can be linked to global 

proteomic analyses allowing resolution of their proteomic profiles and subsequent 

characterisation. Transcriptomes have now been produced for a variety of helminth 

parasites allowing discovery experiments to be carried out elucidating key aspects of 

their functional biology (Choudhary et al., 2015; Santos et al., 2016; Young et al., 

2011; Haçariz et al., 2012). With no anthelmintic compounds currently licensed for 

use against C. daubneyi in the U.K and oxyclozanide remaining the recommended 

treatment option which is currently only available through off license prescription 

(Arias et al., 2013; Rolfe & Boray, 1987) it is imperative that the fundamental biology 

of the parasite is resolved allowing identification of detoxification pathways present 
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within the parasite that can be considered in the development of new compounds in 

the future allowing the development of resistance to the compounds to be minimised. 

Utilising a bioinformatics pipeline, this thesis investigated the presence of six known 

protein superfamilies involved in xenobiotic detoxification in the C. daubneyi 

transcriptome. The major Phase I detoxification families, cytochrome P450 (CYP), 

monoamine oxidase (MAO) and flavin-containing monooxygenase (FMO) were 

investigated with positive identification of sequences homologous to those of 

members of the CYP and MAO superfamilies identified. The major Phase II 

detoxification families glutathione transferase (GST), sulfotransferase (SULT) and 

UDP-Glycosyltransferase (UGTs), were also investigated identifying sequences 

homologous to GSTs and SULTs within the transcriptome. Interestingly, the only 

detoxification proteins identified through mining of the transcriptome to be identified 

in the resolved proteomes of the soluble somatic, egg and EV fractions were GSTs. 

However, this does not conclusively confirm the other detoxification families’ 

absence, instead they may not appear in the proteomic analysis due to low expression 

levels as well as possibly requiring stimulation in order to be synthesised, with CYPs 

yet to be biochemically identified in any parasitic helminths (Precious & Barrett, 1989; 

Barrett, 1998). Many helminth studies have also noted an expansion of the GST 

superfamily (Huson et al., 2018; Matouskova et al., 2016). Of particular interest was 

the identification of Sigma class GST in EVs, which have only been previously 

described in the EVs released by human cancer cells, and a single helminth parasite - 

F. hepatica, where it has been suggested to have a predominant role in 

immunomodulation (Skog et al., 2008; Cwiklinski et al., 2015).  
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It is important to remember that the detoxification families identified in this study 

would need to be functionally validated through RNAi experimentation in order to 

confirm their role in detoxification of xenobiotic compounds. RNAi has been 

previously shown as a successful mechanism of suppression of specific proteins in 

parasitic helminths, allowing either their reduction or complete exclusion (Rindali et 

al., 2008; McGonigle et al., 2008), thus validating protein function as well as 

permitting testing of potential treatment compounds. However, RNAi investigations 

are still under ongoing development in helminths. To date there have been no 

experiments involving RNAi in rumen fluke and so methods would need to be 

developed and optimised prior to experimentation, however, as many helminth 

protocols have been optimised there are many methods that could be examined such 

as soaking or electroporation as utilised in F. hepatica (Rinaldi et al., 2008). These 

developments of RNAi are vital in the further expansion of our understanding of the 

fundamental biology of C. daubneyi, especially in the validation of therapeutic targets. 

A further area of research could be in the recent developments of CRISPR/Cas9 

genome editing. Despite their complexity, studies have shown the ability to carry out 

genome editing on two parasitic flatworms, S. mansoni and O. viverrini (Arusan et al., 

2019; Ittiprasert et al., 2019). Whilst RNAi allows the reduction in transcription of 

specific proteins it does not allow increased expression of specific groups and editing 

of their genomic DNA as in CRISPR. The potential of developing genetically 

modified parasites would allow elucidation of their mechanisms of establishment as 

well as potential mechanisms of control (McVeigh & Maule, 2019) that would be of 

great use in the study of C. daubneyi with its increasing prevalence and fractured 

understanding of its fundamental biology.  
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The aforementioned study of glycosylation could also be relevant when considering 

RNAi studies in C. daubneyi. Glycan inhibition has been suggested as a mechanism 

through which newly excysted juveniles (NEJs) migrate along the digestive tract in 

helminth species such as F. hepatica, representing an important role in the successful 

establishment of infection (Garcia-Campos et al., 2017). It is important to note than in 

order for such experimentation to take place an in vitro C. daubneyi life-cycle would 

have to first be optimised of which attempts have so far been unsuccessful (Jones, PhD 

Thesis). With understanding of glycosylation’s involvement in host-pathogen 

interactions could potentially lead to the development of treatment options.  
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6.3 SUMMARY 

 

The research carried out throughout this thesis has addressed all of the aims set out. 

Paramphistomosis represents a significant cause of morbidity and mortality in 

livestock in tropical and sub-tropical regions (Sanabria & Romero, 2008). With C. 

daubneyi infections now recognised as widespread across the U.K and with APH 

veterinary investigations surveillance data (APH VIDA) suggesting an increased 

prevalence in recent years (Jones et al., 2015, 2016) it is important to resolve aspects 

of the parasite’s fundamental biology of which the current knowledge remains 

fractured due to paramphistomosis in Europe long regarded as clinically insignificant 

(Sargison et al., 2016). This work represents the first proteomic investigation into C. 

daubneyi soluble somatic, egg and EV fractions that may prove useful in both 

comparative work with other helminth species as well as identifying potential vaccine 

candidates and diagnostic markers of infection that are likely to be needed in the 

future. EVs were purified for the first time from ES products and their antimicrobial 

properties confirmed. EV biogenesis pathways were also investigated at a transcript 

level and the presence of proteins capable of immune modulation within EVs 

highlights their biogenesis methods as a potential target for treating infection through 

inhibiting their successful establishment within the host. Transcript level studies also 

identified a range of detoxification families present in C. daubneyi that can be included 

in the future design of anthelmintic compounds should they be required. All data sets 

produced here can be utilised in future studies, with the combining of omic techniques 

allowing further understanding of these newly emerging parasites fundamental 

biology. 
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