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Abstract  I 

Abstract 

Development of a pen-side diagnostic test for liver fluke infections in cattle and 

sheep 

Fasciola hepatica is a common trematode parasite of cattle and sheep worldwide. 

Undiagnosed infections can lead to significant production losses in ruminant livestock, 

or in worst cases, sudden death from extensive damage to the liver. Over recent 

years, prevalence of fluke has increased within the UK. This in turn has led to an 

increased reliance on flukicide drugs for control. Resistant fluke populations have now 

been reported in many areas. 

Diagnostic tests are crucial for control of disease. Current diagnostics include faecal 

egg counts, antibody ELISAs using serum or milk and copro-antigen ELISAs. These 

tests each have their own limitations, but for all, samples must be sent to laboratories 

for testing, adding time and costs to the diagnosis. A pen-side diagnostic test would 

be invaluable for farmers, allowing them to diagnose infections on farm and target 

individual treatments, avoiding the use of herd blanket treatments which can 

contribute to spread of resistance. In this thesis, we aim to produce a prototype pen-

side diagnostic test. 

In Chapter 2, we produced a recombinant CL1 (rCL1) in the yeast Pichia pastoris 

intended for use in the pen-side test. Using Western blotting we showed that host 

antibodies from experimentally infected cattle and sheep specifically recognised fluke 

cathepsin enzymes, L1 (CL1) and L2.  

In Chapter 3, we compared the rCL1 antigen against native fluke excretory-secretory 

(ES) products for its ability to detect host antibodies by ELISA in naturally and 

experimentally infected cattle and sheep. Serum antibodies from experimentally 

infected animals showed strong recognition of rCL1, whilst recognition by naturally 

infected animals was inconsistent. This was confirmed by peptide array. 



Abstract  II 

In Chapter 4, we investigated the possibility that the poor antibody recognition by 

naturally infected animals could be due to variation in the rCL1 protein sequence 

compared to native CL1. We sequenced the CL1 gene from seven parasites and 

showed that there was variation within the CL1 gene which translated to differences 

in the amino acid sequence. This variation did not explain the poor host antibody 

recognition of our rCL1 by naturally infected animals as these changes were outside 

of the immunogenic areas identified in Chapter 3. The observed variation also did not 

result in any conformational changes to the rCL1 as determined by modelling the 3D 

structure of the protein.  

In Chapter 5 we used 2D Western blotting to show that host antibodies from naturally 

infected animals recognised multiple antigens within fluke ES products, and these 

antigens were identified through mass spectrometry. The results suggested that 

further considerations would be needed for preparation of the pen-side test before it 

could be made a commercial test. 

Overall, these results suggest there are differences in the host antibody response to 

fluke ES products between naturally and experimentally infected cattle and sheep. 

Whilst there is still much validation needed before the pen-side test can be made 

commercially available, this test has the potential for diagnosis of fluke infections on 

farm.
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Chapter 1 – General Introduction 

1.1 General Introduction 

Fasciola hepatica (the liver fluke) is a common trematode parasite with a global 

distribution. It is found in regions with a temperate climate, however it has also been 

reported in the high altitude areas of sub-tropical countries such as South America, 

Africa and Asia (Mas-Coma et al. 2005). F. hepatica is one of the causative agents of 

the disease fasciolosis, and can infect a range of host species, including ruminant 

animals, pigs, rabbits, horses, goats, and humans. The World Health Organisation 

(WHO) estimates that at least 2.4 million people are currently infected by F. hepatica 

and F. gigantica, in more than 70 countries. Heavy infections can result in severe 

morbidity in both human and animal hosts through severe damage to the liver. 

In the UK, F. hepatica is a major pathogen of livestock and a significant cause of 

economic loss in cattle and sheep farming. Bennett & Ijpelaar (2005) estimated that 

infections with fluke cost the UK farming economy £23 million each year through liver 

condemnations and production losses. In 2015, approximately 16% of cattle livers 

and 4.5% of sheep livers were rejected at slaughter in the UK due to infections with 

fluke (Ford and Hadley, 2015).  

Negative associations have been widely reported between production parameters 

and exposure to F. hepatica in dairy herds. Infections with fluke have resulted in 

decreases in milk yield between 0.7-1.5kg per cow per day in European dairy herds 

(Charlier et al. 2007; Mezo et al. 2011; Charlier et al. 2012; Köstenberger et al. 2017). 

The highest reported decrease was by Howell et al. (2015) who found that infections 

with fluke in high yielding UK dairy herds reduced total herd milk yield by 15%, which 

equated to a reduction in annual yield of 1042kg per cow (Howell et al. 2015). Other 

studies have also found negative associations in milk quality with reductions in milk 

protein and fat content (Charlier et al. 2007; Köstenberger et al. 2017), whereas other 
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studies have not (Mezo et al. 2011; Charlier et al. 2012; Howell et al. 2015). Charlier 

et al. (2007) also reported an significant increase in calving interval due to fluke 

infections, however this was not a significant finding in other studies (Mezo et al. 2011; 

Charlier et al. 2012; Howell et al. 2015). 

For UK beef cattle, a study by Mazeri et al. (2017) found that animals with fluke 

infections took an average of an extra ten days to reach a target slaughter weight of 

345kg, compared to those without infection. Those with high liver fibrosis scores took 

between 34-93 days longer to finish than those without signs of fasciolosis (Mazeri et 

al. 2017).  

In sheep farming, it is estimated that fluke infections lead to increased costs of £3-5 

per ewe (AHDB, 2012), depending on the levels of the infections. Sargison & Scott 

(2011) estimated on one farm that liver fluke infections cost £8.73 per ewe in 2009.  

Seroprevalence studies have estimated between 76-77.5% of UK dairy herds are 

exposed to fluke infections (Howell et al. 2015; McCann et al. 2010a). This is similar 

to estimates in Ireland (78%) (Selemetas et al. 2015), but much higher than estimates 

for other European countries such as Switzerland (16%) (Schweizer et al. 2005), 

Austria (45-61.3%) (Köstenberger et al. 2017), and Germany (23.6%) (Kuerpick et al. 

2013a). A study by Vercruysse & Claerebout (2001) suggested a herd prevalence of 

25% was enough to cause significant economic production losses. The high 

seroprevelance in UK dairy herds is therefore a significant concern to the UK farming 

industry. 

With prevalence of fluke predicted to rise in the UK and across Europe (Fox et al. 

2011; Caminade et al. 2015) and increased pressure on food security due to a 

growing population, this is an issue not just for the UK, but for many countries 

worldwide. Accurate diagnostic techniques are crucial in identifying diseases, not only 
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to minimise the impact these diseases have on UK farming, but also to improve the 

health and welfare of farmed animals. 

1.1.1 Life cycle of F. hepatica 

The life cycle of the liver fluke is complex, involving environmental stages, a snail 

intermediate host and a definitive host. In the UK, the aquatic mud snail, Galba 

truncatula is the main intermediate host, however, other snail hosts have also been 

reported in the UK such as Radix spp, and Succineidae spp. (Mas-Coma et al. 2005; 

Relf et al. 2009; Jones et al. 2015). The life cycle begins with an infected host passing 

eggs onto pasture within its faeces.  

Temperature is one of the critical factors in the development of all life stages within 

the environment (Boray, 1969; Smith and Grenfell, 1983; Ginetsinkaya, 1988). 

Warmer temperatures allow faster egg development on pasture. Under experimental 

conditions, a constant temperature of 26oC allow eggs to hatch within 12 days (Boray, 

1969). In natural conditions however, temperatures fluctuate and at average summer 

temperatures of 15oC (between 10-25oC) egg hatching time is approximately 21 days 

(Boray, 1969). However, temperature can also have a negative effect on egg 

embryonation (Rowcliffe and Ollerenshaw, 1960). Below 10oC and above 37oC egg 

development stops (Rowcliffe and Ollerenshaw, 1960). Other factors such as 

moisture content, pH, oxygen tension and presence of faecal material also have 

significant effects on egg viability and development (Rowcliffe and Ollerenshaw, 

1960). 

Once fully developed, eggs hatch to a highly motile miracidium, following stimulation 

by light and moisture (Wilson, 1968; Smith and Grenfell, 1983). Miracidia are only 

able to survive for approximately 24 hours and therefore need to find a snail host 

quickly (Smith and Grenfell, 1983). Environmental factors such as temperature, 

moisture and pH again can have negative effects on miracidia survival time (Smith 
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and Grenfell, 1983). Once the miracidium locates a host, it penetrates the snail 

surface and enters the body tissue (Graczyk and Fried, 1999). It then begins a period 

of development within the snail, undergoing several stages of metamorphosis to a 

sporocyst, a redia and finally, a cercaria, which is shed from the snail (Andrews, 

1999). At each of these stages, a clonal expansion occurs so that a single miracidium 

can produce many cercariae. The highest recorded number was approximately 4000 

metacercariae released from one snail infected with three miracidia (Lee et al. 1995; 

Andrews, 1999). Again, the development within the snail is strongly linked to 

environmental factors. Temperatures below 10oC inhibit miracidia development within 

the snail, whereas optimum temperatures of approximately 20oC allow cercariae to 

be produced within four weeks of infection (Boray, 1969; Lee et al.1995). 

One of the major stimuli for the emergence of the cercariae from the snail is the 

presence of water (Kendall and McCullough, 1951). Water is vital to the cercariae 

survival to avoid desiccation (Ginetsinkaya, 1988). Once shed from the snail, the 

motile cercariae swim to the water surface, attracted by the light (Ginetsinkaya, 1988) 

to settle on vegetation and encyst. Maximum cercariae survival time is short, 

estimated at 25 hours, however this can be significantly affected by the amount of 

cercariae glycogen reserves, temperature, presence of water and oxygen 

(Ginetsinkaya, 1988). During encystment, the cercariae shed their tails and form 

metacercariae cysts, which are the infectious stage for the definitive host (Graczyk 

and Fried, 1999). 

Unlike the other environmental stages of F. hepatica, metacercariae are long lived. 

They possess a thick outer wall consisting of four main layers containing tannin 

proteins, mucoproteins, mucopolysaccharides and keratinized proteins (Dixon, 1965). 

This provides protection from the environment and also later, during passage through 

the host’s digestive system (Dixon, 1965). This outer wall also enables the 

metacercariae to survive freezing conditions (below -10oC) and therefore they are 



5 
Chapter 1 

able to overwinter on pasture (although viability may be reduced) to infect animals in 

the spring (Boray, 1969). At temperatures above 10oC, metacercariae are able to 

survive more than 130 days, but increasing temperatures increases the risk of 

desiccation and therefore humidity is also an important environmental factor (Boray, 

1969; Andrews, 1999). If conditions are optimal, there are reports of metacercariae 

surviving more than a year (Andrews, 1999). 

Cattle and sheep become infected through the ingestion of metacercariae whilst 

grazing. The cysts pass through to the small intestine of the definitive host where they 

excyst. Excystment occurs in two stages, the first of which is stimulated by high 

concentrations of carbon dioxide, reducing conditions, and a temperature of 

approximately 39oC (Dixon, 1966). The second phase, is triggered by the presence 

of bile, which stimulates the emergence of the juvenile parasite from the 

metacercariae (Dixon, 1966). The whole process takes approximately 1-2 hours 

(Dixon, 1966).  

The newly emerged juvenile (NEJ) fluke pass through the wall of the intestine and 

migrate to the liver through the abdominal cavity (Dawes, 1961; Dawes, 1963b; 

Burden et al. 1983). In mice, NEJs reach the liver and penetrate the liver capsule 

approximately 48-72 hours post infection (Sukhdeo et al. 1987), whereas in sheep it 

is estimated to be approximately 90 hours (Sinclair, 1967). The NEJs spend a period 

of time migrating through the liver tissue, secreting enzymes to allow digestion of the 

hepatic tissue (Dawes, 1963a; Wilson et al. 1998). It is this migration which causes 

the most damage to the liver. The final destination is the bile ducts, where fluke can 

be found by approximately 7-8 weeks post infection (wpi) (Boray et al. 1969).  

Adult fluke are hermaphrodites, therefore can reproduce by either self or cross 

fertilisation. Eggs produced are passed out into the host intestine through the bile 

duct, and are detectable in the faeces by approximately 10 wpi (Boray, 1969; Happich 
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and Boray, 1969). It is estimated that on average a single fluke can produce 22,500 

eggs per day (Happich and Boray, 1969). Adult fluke can remain within the host for 

several years. There are reports of adult fluke being recovered 11 years post infection 

from an experimentally infected sheep (Ross, 1967). Cattle on the other hand appear 

more resistant to infection and shorter infections have been reported (Ross, 1967).  

1.1.2 Clinical signs of infection in the definitive host 

Fasciolosis can occur in three forms, depending on the number of metacercariae 

consumed and the speed at which they are ingested over time. The most severe form, 

acute fasciolosis, is caused by the ingestion of large numbers of cysts over a short 

period of time. This results in large numbers of juvenile fluke migrating simultaneously 

through the liver, creating significant damage to the liver, and can quickly kill the host 

(Roberts, 1968). In experimental infections, more than 1000 juvenile fluke were 

recovered from a sheep which died from acute infection (Boray, 1969). Clinical signs 

usually include: severe anaemia, weight loss, weakness, pale mucus membranes, 

and abdominal pain with enlarged livers on palpitation (Taylor et al. 2016). As this 

disease is caused by juvenile fluke, eggs are not detectable in faeces (Taylor et al. 

2016). Animals may die before the fluke mature, and therefore due to its rapid onset, 

death generally occurs before a definitive diagnosis (Taylor et al. 2016). Cases of 

acute fasciolosis are more commonly reported in sheep and rarely seen in cattle in 

the UK, possibly due to the larger liver size. This disease can have devastating effects 

for the farmer, and a significant proportion of the flock can be lost in a matter of days 

with little warning. 

Sub-acute fasciolosis occurs when large numbers of metacercariae are ingested over 

a longer time period. Clinical signs are similar, but less severe than in acute disease 

due to the longer period over which infection occurs, and adult fluke can be found in 

the bile ducts (Taylor et al. 2016). Infection can therefore be diagnosed through 
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presence of eggs in the faeces (Boray, 1969). Onset of disease is also not as sudden 

and therefore animals can recover if treated quickly. 

Chronic fasciolosis is the most common form of the disease and occurs following 

ingestion of small numbers of metacercariae over a long period of time. This trickle 

type infection does not cause the same extent of liver damage as acute infection, as 

the liver has time to recover from the smaller number of migrating NEJs. Clinical signs 

associated with chronic infections are anaemia, lowered appetite, loss of condition, 

pale mucus membranes and submandibular oedema (bottle jaw) (Taylor et al. 2016). 

Typically, infections are sub-clinical and are associated with reduced productivity.  

1.1.3 Epidemiology of disease 

As there are several environmental factors affecting the development of the parasite 

on pasture and within the intermediate host, it therefore follows that climate is 

important in the epidemiology of F. hepatica. Rainfall and temperature are important 

for parasite development in the environment. In the UK, the period between May-

October provides ideal conditions for fluke development on pasture, when 

temperatures are consistently above 10oC (Ollerenshaw and Rowlands, 1959).   

Infection in snails can either be classed as ‘summer infection’ or ‘winter infection’ 

depending on the time of year infection of the snail occurs. Snails which are infected 

during early summer (‘summer infection’) release of cercariae during late summer and 

early autumn. Summer infection is influenced by environmental factors that occur that 

year.  

If snails are infected during late summer, the drop in temperature during the autumn 

will halt the development of the parasite in the snail during the snail’s hibernation 

period. Development resumes as the temperature rises the following spring, and 

cercariae are released to contaminate pastures in May and June (Ollerenshaw and 
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Rowlands, 1959). Incidence of ‘winter infection’ of snails is therefore influenced by the 

environmental conditions the previous year and over winter.  

The number of metacercariae on pasture is related to the environmental conditions 

occurring during the developmental stages. If conditions are favourable, large 

numbers of cercariae can be shed from the snail population over a short period of 

time, leading to increased risk of acute fasciolosis. In years where conditions are less 

favourable, development occurs at a slower rate and therefore smaller numbers of 

cercariae will be shed onto pasture over a longer period and result in chronic 

fasciolosis.  

As parasite development can only occur with the presence of the snail intermediate 

host, this also determines incidence of disease. G. truncatula is an amphibious mud 

snail, and can be found in habitats on poorly drained pasture (Ollerenshaw, 1971). 

These pastures are often described as ‘flukey’ as they provide the ideal setting for the 

propagation of the fluke life cycle. Recently, new environmental schemes have 

encouraged the formation of wetlands on farms to provide breeding sites for migrating 

birds and for habitats of rare flora (Pritchard et al. 2005). This is effectively also 

providing more permanent habitats for the snail, increasing the risk of fluke on farm 

(Pritchard et al. 2005). 

1.1.4 Disease forecasting 

Due to this close relationship of incidence of disease to climate, models have been 

developed to predict the incidence of fluke for each year based on rainfall and 

temperature. By far the most widely used model in the UK was developed by 

Ollerenshaw & Rowlands (1959). An updated version of this model is used by the 

National Animal Disease Information Service (NADIS) to provide farmers with short-

term risk forecasts for fasciolosis (Fox et al. 2011). A more recent study has used 

Geographic Information Systems (GIS) to develop more accurate spatial risk models 
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to explain the spatial distribution of fluke infection in regions of the UK (McCann et al. 

2010b).  

Climate change is predicted to have a large effect on the prevalence and incidence of 

fasciolosis in the future (Fox et al. 2011; Caminade et al. 2015; Kenyon et al. 2009a).  

As temperatures and rainfall rise, this extends the period of time during which the 

fluke life cycle can occur, and also grazing season of livestock, therefore increasing 

the period of risk of infections (Bennema et al. 2011; Kenyon et al. 2009a). 

Seroprevelance studies have shown an increase presence of antibodies against fluke 

in dairy herds in England from 48% in 2003 to 77.5% in 2012 (Salimi-Bejestani et al. 

2005b; Howell et al. 2015). Data from the Animal and Plant Health Agency (APHA) 

has shown an increase in prevalence of F. hepatica in the UK over the last 20 years. 

In 2015, liver fluke accounted for approximately 1.6% of the total diagnostic 

submissions to the APHA (VIDA Report 2015), which was the same as in 2014. 

1.1.5 Treatment and control 

Control strategies for fluke can be approached in two ways. Firstly, through the 

administration of anthelmintic drugs to the definitive host, or through pasture 

management, involving minimising risk of pasture contamination. 

1.1.5.1 Current anthelmintic treatments 

The use of anthelmintic drugs is the most common method used for control of F. 

hepatica, however, only a small number of drugs are licensed for use in the UK. These 

drugs fall into four main chemical groupings and include: albendazole, mebendazole 

(benzimidazoles), triclabendazole (TCBZ) (modified benzimidazole), closantel,  

oxyclozanide (salicynilides), clorsulon (sulphonamides) and nitroxynil (halogenated 

phenols) (NOAH, 2017). Each of these groups have different modes of action for 

killing the parasite, such as uncoupling of oxidative phosphorylation, disruption of the 
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reproductive system, disruption of microtubule processes and inhibition of glycolysis 

(Fairweather and Boray, 1999).  

For each of these drugs, there are strict licensing laws governing their use in the UK, 

particularly for dairy cattle. Albendazole and oxyclozanide are the only two drugs 

licensed for use in lactating dairy cattle, however they require milk withdrawal periods 

of 60 and 72 hours respectively (NOAH, 2017). TCBZ can also be used, however it is 

only licensed for use during the drying off period, and must be given at least 48 days 

before calving (NOAH, 2017). Milk must also be discarded for at least 48 hours after 

calving (NOAH, 2017). All available drugs are licensed in meat producing animals, 

however meat withdrawal periods apply and can vary between 14-143 days 

depending on the product used (NOAH, 2017). Therefore, careful planning of 

treatment before slaughter must be considered. 

Introduced in the early 1980s, TCBZ has a unique property of being able to kill the 

parasite from two weeks of age in cattle and two days in sheep and therefore the only 

drug which is effective at treating acute fasciolosis (Boray et al. 1983; Smeal and Hall, 

1983; Wolff et al. 1983; NOAH, 2017). This is much earlier than other flukicides which 

act against fluke from 6-10 weeks of age (Fairweather and Boray, 1999). TCBZ is also 

highly specific to Fasciola spp. unlike other benzimidazoles (Fairweather and Boray, 

1999). TCBZ has a unusual structure, containing a chlorinated benzene ring, 

distinguishing it from other benzimidazoles (Fairweather and Boray, 1999).  

Benzimidazoles act through the binding to and depolymerisation of fluke microtubule 

proteins (Lacey, 1988). TCBZ appears to have a different mechanism. Whilst 

morphological changes consistent with a microtubule mode of action were observed 

in the tissue ultrastructure of F. hepatica following exposure to TCBZ or its active 

metabolites; TCBZ resistant flukes do not carry the same genetic mutation implicated 

in resistance to other benzimidazoles, suggesting this is not the main mechanism by 
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which it acts (Kelley et al. 2016). The exact mode of action for TCBZ has still yet to 

be elucidated (Kelley et al. 2016).  

Regular and strategic treatments of flukicide drugs have been shown to adequately 

control fluke populations on farm. In strategic treatment schemes, flukicides with 

activity against the juvenile stages are used at strategic times of year, to kill fluke 

before they can mature and contaminate pastures with eggs, thus disrupting the life 

cycle and suppressing fluke population. Strategic dosing of whole flocks or herds with 

TCBZ can reduce fluke egg output onto pasture (Whitelaw and Fawcett, 1981; Boray 

et al. 1985; Fawcett, 1990; Taylor et al. 1994; Parr and Gray, 2000). However total 

eradication was not achieved in these studies, possibly due to wildlife reservoirs and 

presence of snails harbouring infection on pasture. 

1.1.5.2 Resistance to flukicide drugs 

The reliance on TCBZ to treat fluke infections has led to the development of resistance 

in fluke populations worldwide. Resistance to TCBZ has been reported in Australia 

(Overend and Bowen, 1995; Brockwell et al. 2014; Elliott et al. 2015), Scotland 

(Sargison and Scott, 2011), Ireland (Hanna et al. 2015), the UK (Daniel et al. 2012; 

Gordon et al. 2012a), Netherlands (Moll et al. 2000), Peru (Ortiz et al. 2013) and Spain 

(Álvarez-Sánchez et al. 2006). Resistance to other drugs including albendazole and 

closantel, has also been reported Spain, Argentina and Sweden (Novobilský & 

Höglund 2015a; Sanabria et al. 2013; Alvarez-Sánchez et al. 2006). 

As no new flukicide drugs have been developed for many years, development of 

resistance is a major concern to UK farming. However, proving drug resistance is 

difficult. It has been suggested that some of the reported resistance on farm is 

anecdotal and could be due to incorrect dosing instead of treatment failure (Beesley 

et al. 2017a; Fairweather, 2011). Faecal egg count reduction tests (FECRT), which 

have been validated for use in individual animal or as a composite test of up to 10 
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animals are commonly used to determine efficacy of TCBZ treatment (Fairweather, 

2011; Daniel et al. 2012). A reduction in egg output of >95% at 14 days post treatment 

is used as an indicator of successful drug treatment (Fairweather, 2011). However, 

eggs can become sequestered in the gall bladder, resulting in false positives, even 

after fluke have been successfully removed (Fairweather, 2011). Not only this, faecal 

egg counts can lack sensitivity (see Section 1.1.10.2). Copro-antigen ELISA tests can 

also be used to detect drug efficacy (Flanagan et al. 2011a) (see Section 1.1.10.5). 

Results of FECRT and copro-antigen reduction tests must therefore be followed up 

with further validation such as dose and slaughter trials to confirm resistance on farm 

(Gordon et al. 2012a; Daniel et al. 2012; Coles et al. 2006). The use of more accurate 

molecular techniques for the diagnosis of resistance are hampered due to the 

unknown mode of action of TCBZ, and the lack of genetic markers for TCBZ 

resistance (Hodgkinson et al. 2013; Coles et al. 2006; Beesley et al. 2017a). With the 

publication of the draft fluke genome (Cwiklinski et al. 2015), the genetic basis of the 

of TCBZ resistance is being elucidated, which may lead to more accurate diagnosis 

of resistance (Hodgkinson et al. 2013; Beesley et al. 2017a). 

1.1.5.3 Sustainable use of anthelmintics 

Industry lead schemes such as Control of Worms Sustainably (COWS) and 

Sustainable Control of Parasites (SCOPS) have been set up to provide advice for 

cattle (COWS, 2017) and sheep (SCOPS, 2017) farmers on the sustainable use of 

anthelmintics on farm. These schemes describe a set of principles, such as: 

identifying areas of risk on farm (‘flukey areas’), treating appropriately with the correct 

drug and the correct dose, reducing pasture contamination through quarantine and 

monitoring of infection within the herd or flock through regular diagnostics (COWS, 

2017; SCOPS, 2017).  
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Another method to preserve the efficacy of current anthelmintic drugs is through 

targeted selective treatment (TST) schemes. TSTs are commonly used in nematode 

infections (Kenyon et al. 2009b), however not used to control fluke prevalence (Olah 

et al. 2015). Targeted treatment asks for selective use of anthelmintic by only treating 

those animals which are contributing most to pasture contamination or those that 

would benefit most from a treatment, due to for example poor productivity or welfare 

(Kenyon et al. 2009b), rather than treating the whole herd or flock. This method of 

drug use allows a proportion of susceptible parasites to remain in the population, 

therefore slowing the propagation of resistance fluke populations at the farm level. 

However, as F. hepatica is a highly pathogenic parasite, care must be taken that TSTs 

do not expose the animal, particularly sheep, to acute infections (Olah et al. 2015). 

1.1.5.4 Other methods of control  

Control of fluke populations is ideally achieved through a combination of flukicide 

treatments and pasture management. Pastures with suitable habitats for the snail 

intermediate host obviously provide the most risk of infection to grazing animals. 

Improved drainage to remove snail habitats or fencing off of wet areas can help 

prevent livestock grazing in infected areas (Armour, 1975). However, agri-

environmental schemes for the improvement of wetland habitats for the breeding of 

native wild birds also provides new habitats for the snails, therefore potentially 

increasing fluke prevalence on farm (Pritchard et al. 2005). Molluscides, such as 

niclosamide, sodium pentachlorphenate and N-tritylporphine have been used in the 

past as a way of successfully controlling snail populations in the hope of reducing 

metacercariae burden on pasture (Crossland et al. 1969; Urquhart et al. 1970; 

Crossland, 1976; Graczyk and Fried, 1999; Torgerson and Claxton, 1999). However, 

these chemicals have to be reapplied several times due to the snails’ high biotic 

potential, and are highly toxic in aquatic ecosystems, and therefore not used in the 

UK (Graczyk and Fried, 1999; Torgerson and Claxton, 1999).  
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1.1.6 Pathology of fluke infection in the host 

Much of the pathology associated with F. hepatica infection is caused by the migration 

of the juvenile fluke. The initial passing of the NEJ through the intestinal wall does not 

appear to cause significant pathology. Instead, much of the inflammation and cellular 

response is induced during the migration of the NEJ through the abdominal cavity and 

especially the liver parenchyma (van Milligen et al. 1998). It is only during heavy 

infestations, that haemorrhages in the intestine epithelium can be found (Dawes, 

1963b).  

There have been numerous studies to reporting the gross and histopathology of 

infection in mice (Dawes, 1961; Dawes, 1963a; Dawes, 1963b), rats (Thorpe, 1965; 

Burden et al. 1983), rabbits (Urquhart, 1956), cattle (Ross, 1966; Ross, 1967; Dow et 

al. 1967; Rahko, 1969), sheep (Ross, 1967; Dow et al. 1968; Rushton and Murray, 

1977), and pigs (Ross, 1967).  

Upon the NEJs reaching the liver, small haemorrhagic spots are visible on the surface 

caused by NEJs penetrating the liver capsule (Urquhart, 1956; Thorpe, 1965; Dow et 

al 1967; Dow et al. 1968). Most of the damage is localised to the central and left 

(ventral) lobe of the liver which lies closest to the small intestine (Dow et al. 1968; 

Rahko, 1969). Within two weeks, these tracks are enlarged and become fibrous, and 

show as white, raised scars on the surface of the liver which extend into the liver 

parenchyma (Urquhart, 1956; Thorpe, 1965).  

Infiltration of inflammatory cells within vacated tracks can be detected shortly after 

tissue penetration. The predominant cell types are initially eosinophils, followed later 

by macrophages and neutrophils to form granulomas with necrotic centres (Urquhart, 

1956; Dow et al. 1968; Zafra et al. 2013; Alvarez Rojas et al. 2015). Juvenile fluke 

appear to remain ahead of the immune response, mainly surrounded by large 
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numbers of necrotic cells rather than specific immune cells (Dawes, 1963a; Meeusen 

et al. 1995).  

Once the adult fluke have become established in the bile ducts, the inflammatory 

response in the parenchyma becomes localised to the tissue surrounding the bile duct 

(Escamilla et al. 2016). Repair of the migratory tracks occurs quickly, replaced with 

fibrous tissue (Dawes, 1963a). Meanwhile, the main bile ducts expand to 

accommodate adult fluke and show thickening due to irritation by the spines on the 

fluke cuticle (Urquhart, 1956; Thorpe, 1965; Dow et al. 1968; Meeusen et al. 1995). 

Calcification of the bile duct walls can be seen at approximately 23 wpi (Dow et al. 

1967).  

1.1.7 Feeding behaviour of the fluke 

Although there was initial controversy over the feeding behaviour of adult fluke, 

several studies showed that adult fluke are primarily blood feeders (Stephenson, 

1947; Sukhdeo et al. 1988). By snap freezing the bile ducts of infected rabbits, 

Sukhdeo et al. (1988) showed that the adult fluke feed by attaching to the bile duct 

wall using the ventral sucker and then penetrating the bile duct wall using the oral 

sucker. This creates haemorrhagic ulcers on the bile duct wall, which allow the fluke 

to feed (Sukhdeo et al. 1988) and most likely contributes to the hyperplasia and 

surrounding inflammation of the bile duct walls.  

The digestive system of the adult fluke consists of a branched blind ending gut, which 

is made up of a single type of cell that is both secretory and absorptive in function 

(Robinson and Threadgold, 1975). These cells are able to switch between the two 

opposing functions in discontinuous cyclic transformations allowing the constant 

secretion of secretory granules into the gut lumen and uptake of nutrients (Robinson 

and Threadgold, 1975). This is very different to the NEJs, whose digestive system 

contains mostly secretory cells and not many absorptive cells (Threadgold and 
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Bennett, 1973). Presumably this is due to the large amount of digestive enzymes 

needed for excystment and the break-down of host tissue during the migration to the 

liver (Threadgold and Bennett, 1973). It does suggest however that NEJs do not 

absorb many nutrients on their migration to the liver, but upon reaching the liver and 

as the gut develops, the juvenile fluke are able to feed largely on hepatic cells and 

blood (Dawes, 1963a). Juvenile fluke which remain in the abdominal cavity show 

stunted growth (Dawes, 1963a), therefore the available nutrients in this area must be 

limited.  

Like NEJs, the gut contents of adult fluke have strong protease activity (Howell, 1973). 

Proteases are secreted into the gut lumen within secretory vesicles produced by 

gastrodermis cells (Halton 1967; Smith et al. 1993a; Collins et al. 2004). These 

proteases are able to break down various proteins such as collagen, haemoglobin 

and immunoglobulin (Halton, 1967; Fairweather et al. 1999) which are then absorbed 

through the microvilli structure of the gut cells (Halton, 1967; Robinson and 

Threadgold, 1975). Waste products, such as haemoglobin are then regurgitated 

through the mouth and the resultant product is often referred to as 

Excretory/Secretory (ES) products (Halton, 1967; Fairweather et al. 1999). Up to 73% 

of the total protein content of ES products are secreted proteases, however other 

proteins such as haem related proteins, proteinase inhibitors and transport and 

storage proteins have also been found (Di Maggio et al. 2016).  

1.1.8 Cathepsin proteases 

1.1.8.1 Cathepsin L  

Cathepsin L (CL) proteases account for approximately 45% of total secreted 

proteases in adult fluke ES products, and approximately 0.5-1.0µg is secreted per 

adult parasite per hour (Collins et al. 2004; Di Maggio et al. 2016). A total of 17 CL 

genes have been identified in the fluke genome, which represent five distinct clades, 
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each with a different substrate specificity (Cwiklinski et al. 2015). These clades show 

differential expression across the fluke life stages, with clades one, two and five 

expressed in greater levels by the adult fluke and clades three and four expressed by 

the NEJs (Robinson et al. 2009; Cwiklinski et al. 2015). This switch to the adult clades 

is gradual, and begins over the first 24 hours following excystment, and is complete 

by 21 days post excystment (Robinson et al. 2009; Cwiklinski et al. 2015). This 

change in protease expression is most likely to aid in the digestion of the different 

substrates encountered by the fluke during its excystment and migration to the liver 

(Cwiklinski et al. 2015). 

Cathepsin L1 (CL1) is the largest clade of the CL proteins, containing six genes, and 

the clade which is most abundant in ES products (Robinson et al. 2009; Cwiklinski et 

al. 2015). This protein has been shown to play a key part in the pathogenicity of the 

fluke, being able to cleave haemoglobin proteins in the blood meal (Lowther et al. 

2009), and degrade host extracellular proteins such as type III and IV collagens, 

fibronectin, laminin (Berasaín et al. 1997). CL1 has also been shown to have activity 

against fibrin and fibrinogen, acting as an anti-coagulant, therefore aiding in blood 

feeding (Mebius et al. 2018). 

F. hepatica CL proteins have been shown to be active over a range of pH (5.0-9.0), 

and are also stable at temperatures of 37oC, unlike human cathepsin proteins, which 

loose activity quickly at 37oC (Dowd et al. 2000). The gut lumen of F. hepatica is 

thought to be slightly acidic (approximately pH 5.5) (Halton, 1967; Lowther et al. 

2009). This acidic environment has been shown to be important for the activation of 

the CL1 protein. F. hepatica CL1 molecules are produced as inactive zymogens and 

upon secretion in to the acidic gut lumen, the inhibitory pro-peptide of the protein is 

cleaved to reveal the active mature form of the enzyme (Roche et al. 1999; Collins et 

al. 2004; Stack et al. 2007; Lowther et al. 2009). This auto-activation occurs much 

quicker at lower pH (Stack et al. 2007). Lowther et al. (2009) also showed that 
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haemoglobin proteins are digested much more efficiently at lower pH by F. hepatica 

CL1, partly due to the degradation of the haemoglobin molecule, making it susceptible 

to proteolysis by the CL1 enzyme.  

Cathepsin L2 (CL2), is the second most abundantly expressed CL protease in adult 

fluke ES products (Robinson et al. 2009). Berasaín et al. (1997) found that both CL1 

and CL2 were unable to cleave type I collagen at pH 5.5; whereas Stack et al. (2008) 

showed that both enzymes were able to partially cleave type I collagen at low pH, but 

at the neutral pH encountered in host tissues, only CL2 was able to completely cleave 

type I collagen molecules within the helical structure. This unusual ability to cleave 

this protein is due differences in the S2 pocket of the CL2 active site compared to CL1 

(Stack et al. 2008). CL2 is able to accept a proline residue at the substrate specific 

P2 position (Dowd et al. 1994; Stack et al. 2008; Robinson et al. 2011). This suggests 

that the main role of CL2 is to aid migration and tissue penetration rather than 

digestion (Stack et al. 2008).  

Cathepsin L5 (CL5), the last cathepsin to be differently expressed by the adult fluke, 

and is the least abundantly expressed adult cathepsin protein (Robinson et al. 2009). 

Whilst CL5 is similar in sequence to CL2, it shows poor ability to cleave substrates 

containing a proline in the P2 subsite due to a change in residue at the S2 subsite 

from leucine to tyrosine (Smooker et al. 2000).  

Cathepsin L3 and L4 (CL3 and CL4 respectively) are more readily expressed by the 

NEJ fluke (Cancela et al. 2008; Robinson et al. 2009; Cwiklinski et al. 2015). CL3 and 

CL4 are thought to be key in the excystment of the NEJ from the metacercariae 

(Cancela et al. 2008). CL3 is believed to be the oldest member of the CL family, with 

the other CL proteins arising due to gene duplication (Stack et al. 2011). It shows 

good activity in cleaving collagen proteins due to possessing a tryptophan at the 

entrance to the S2 subsite, therefore showing similar activity to the CL2 protein 
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(Cancela et al. 2008; Robinson et al. 2011; Corvo et al. 2013). CL proteins expressed 

by NEJs are also able to prevent the attachment of eosinophils to the NEJ cuticle, 

suggesting a potential immune evasion mechanism (Carmona et al. 1993). CL3 is 

also synthesised as a proenzyme, like the other CL proteins, however maturation of 

the protein appeared to be inefficient and therefore CL3 could be dependent on other 

protease enzymes for complete maturation (Harmsen et al. 2004). Expression of CL4 

by NEJs is low, therefore detection of CL4 in NEJ ES products is difficult (Cancela et 

al. 2008).  

1.1.8.2 Cathepsin B  

Cathepsin B (CB) proteases are the second class of cathepsin enzymes found in fluke 

ES products. Unlike CL proteins, there is one clade with seven associated genes 

(Cwiklinski et al. 2015). NEJs show very strong expression of CB1, CB2 and CB3 

genes shortly after excystment, and similar to the CL proteins, there is a gradual 

switch to an alternative set of CB proteins preferentially expressed by the adult fluke 

(Cancela et al. 2008; Cwiklinski et al. 2015). Adult CB proteins are expressed in much 

smaller concentrations compared to CL proteins, only accounting for 26% of the total 

proteases expression (Robinson et al. 2009; Cwiklinski et al. 2015; Di Maggio et al. 

2016). Due to this differential expression, there has been some interest in the juvenile 

fluke expressed CB proteins as potential vaccine candidates to block the invasive 

movement of the juvenile fluke (Molina-Hernández et al. 2015). 

CB proteases are also expressed as pro-enzymes in the fluke gut cells, and there is 

some evidence that the maturation of the enzyme is autocatalytic (Tkalcevic et al. 

1995; Creaney et al. 1996; Cancela et al. 2008; Beckham et al. 2009). It is thought 

that NEJ CB proteases are involved in the excystment and invasion of the intestinal 

wall by the NEJ, rather than migration and feeding due to their differential expression 

and the under developed absorptive function of the NEJ gut (Wilson et al. 1998; 
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Cancela et al. 2008). However, the exact roles of these proteins are still unclear. A 

study by Beckham et al. (2009) showed that a recombinant version of CB1 had 

preferences for substrates with an isoleucine residue at the P2 position, unlike most 

mammalian CB proteins. Not only this, stability studies showed that a recombinant 

CB1 protein was stable over a wide range of pH, similar to CL proteins, therefore 

suggesting that it is able to have activity in the neutral environment of the host tissues 

and a potential role in tissue migration, but this has not been confirmed (Beckham et 

al. 2009). 

1.1.8.3 Other proteins within ES products 

Proteomic studies have identified other proteins such as legumains, serinoproteases, 

and metalloproteases within NEJ and adult fluke ES products (Robinson et al. 2009; 

Di Maggio et al. 2016). Antioxidant proteins such as fatty acid binding proteins 

(FABP), peroxiredoxins and glutathione s-transferase (GST) proteins have also been 

identified (Robinson et al. 2009).  

1.1.9 Host immune response to infection 

1.1.9.1 General Immunology 

1.1.9.1.1 Innate Immune Response 

The innate immune response is the first line of defence against invading pathogens. 

Sentinel cells, such as macrophages and dendritic cells, constantly monitor the host 

environment for potential invasions. They recognise conserved pathogen epitopes, or 

pathogen-associated molecular patterns (PAMPS) through specific pathogen 

recognition receptors (PRR)s (Mogensen, 2009). Upon activation of these PRRs, a 

cascade of pro-inflammatory responses is triggered. Sentinel cells release pro-

inflammatory cytokines such as tumour necrosis factor (TNF)-α, interleukin (IL) 1 and 

IL-6, which in turn stimulates the migration of large numbers of immune cells to the 
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site of infection. They also trigger the vasodilation of local capillary beds to increase 

blood flow to the area and allowing easy access of innate cells. These cells include 

leucocytes such as neutrophils, eosinophils, and macrophages. They act through 

non-specific responses such as phagocytosis and the release of cytotoxic intracellular 

granules (Day & Schultz, 2014a; Shamri et al. 2011). The complement cascade is 

also activated alongside these responses, to provide another non-cellular response 

to infection (Basset et al. 2003). 

1.1.9.1.2 Adaptive Immune Response 

The innate response occurs quickly; however, it is not always effective. The adaptive 

immune response is much more potent for neutralising invading pathogens through 

activation of B and T lymphocytes. Sentinel cells act as the bridge between the innate 

and adaptive immune responses, operating as antigen presenting cells (APC)s. The 

pathogen is taken up by the APCs and digested following fusion with endosome and 

lysosomes that contain anti-microbial peptides, lytic enzymes and proteases (Basset 

et al. 2003). The APCs then migrate to the draining lymph node where the inactive 

lymphocytes reside. The pathogen peptides are displayed on the APC surface 

membrane within the major histocompatibility complex (MHC)-II molecule. CD3+CD4+ 

T helper (Th) lymphocytes display a variable region within their T cell receptor, 

associated with the CD3+ complex that allows each cell to recognise specific antigens 

displayed within the MHC II of APCs. Once a Th cell is found which recognises the 

specific peptide in the MHC II, it activates and triggers a clonal expansion of the cell 

to produce effector T cells, which form the active immune response. Some of the 

clonal cells will also become memory T cells which remain in circulation and can 

become activated in the event of a second infection by the same pathogen, allowing 

a faster response. 



22 
Chapter 1 

In 1986, Mosmann et al, discovered that Th cells could be divided into two distinct 

sub-groups, each initiating different types of immune response. Th1 cells produce IL-

2 and interferon (IFN)-γ to stimulate cytotoxic CD8+ T cells in a cell mediated response 

and expression of IgG2 from B cells (Mosmann et al. 1986). This cell mediated 

response involves the cytotoxic destruction of the intracellular pathogens through the 

release of molecules such as perforin, which damages the cell membrane and allows 

entry of granzymes, activating apoptosis of the target cell. The apoptotic bodies of the 

dying cell can be phagocytosed by cells such as macrophages. CD8+ T cells also 

release TNF–α which activates apoptosis through the extrinsic pathway. Th1 

responses induce the activation of macrophages by the classical pathway (Gordon, 

2003). 

Th2 cells secrete an array of different cytokines such as IL-4, IL-5 and IL-10, which 

stimulate B cells in production of antibodies including IgG1, IgA, and IgE and lead to 

the alternative activation of macrophages (Mosmann et al. 1986; Gordon, 2003). 

Antibodies aid in the neutralisation of the pathogen by binding to the pathogen surface 

and inducing antibody-dependant cell-mediated cytotoxicity (ADCC). Antibody bound 

to the pathogen can be recognised through the Fc receptor of macrophages, 

neutrophils and eosinophils which are then stimulated to phagocytose the pathogen. 

ADCC also stimulates the complement fixation to allow innate response killing of the 

pathogen.   

Th1 and Th2 responses are mutually antagonistic and therefore, one response will 

inhibit the other until one response predominates. IFN-γ produced by Th1 cells inhibits 

the function of Th2 cells, and IL-4 expressed by Th2 cells will suppress the action of 

Th1 cells (Day and Schultz, 2014b).  

The two divisions of the adaptive immune response consist of the cell mediated 

response, governed by the cytotoxic CD8+ T cells, or the antibody mediated response 
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generated by B lymphocytes. Which response predominates depends on the initial 

antigen stimulation and the predominating Th cell response. The Th2 responses 

stimulated as a result of a parasitic helminth infection steer the adaptive response to 

an antibody mediated response. 

Like T and Th cells, B cells display many antigen binding receptors on their surface 

(B cell receptor (BCR)). The antigenic binding site of these receptors contains a 

variable region which is generated at random through gene splicing, enabling BCRs 

to recognise a wide range of antigens (Tizard, 2008a). Each B cell displays BCRs with 

identical variable regions, therefore a B cell will recognise just one antigen (Tizard, 

2008a) 

Unlike T cell receptors which can only bind to antigens whilst bound to the MHC 

molecule, BCRs can also bind to antigens when released from the cell. Antibodies are 

soluble forms of BCRs and can bind to antigenic molecules in solution. They therefore 

can recognise native or conformational epitopes present on the intact antigen rather 

than just the linear or processed epitopes presented within the MHC II molecule of 

APCs, giving BCRs the ability to recognise a greater repertoire of antigens than T 

cells (Tizard, 2008a) 

However, antigen binding to the BCR alone is not sufficient to cause full activation of 

the B cell. Complete activation requires co-stimulation by Th cells, which themselves 

have been activated by the antigen through APCs. B cells can also act as APCs to Th 

cells through presentation of antigen in their MHC II complex (Tizard, 2008a). The 

secretion of Th2 cytokines (IL-4, IL-5, IL-6 and IL-13) are needed for full activation. 

In most mammals, a resting B cell will display both IgM and IgD type BCRs on its 

surface (Tizard, 2008a). When a B cell becomes activated, the expression of IgM, 

MHC II molecules and receptors for cytokines IL-4, IL-5, IL-6, TGF-β and TNF-α 

increase on its surface (Tizard, 2008a). The cell will also enlarge and begin to divide 
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rapidly. The daughter cells develop large endoplasmic reticulum’s and begin to 

secrete large quantities of antibodies. Initially the class of immunoglobin produced is 

IgM, however after a few days, this switches to either IgG, IgA or IgE but the specificity 

of the antibody remains unchanged (Tizard, 2008a). IgG is smaller than IgM pentamer 

and therefore can move from the blood stream more easily, enabling it to move to 

sites within tissues (Tizard, 2008b). Class switching is controlled by IFN-γ, IL-4 and 

TGF-β, produced by either Th1 or Th2 cells respectively, depending on the type of 

response required. 

After class switching, the daughter B cells produced from the division of parent B cell 

begin to differentiate to two types of cells. Plasma cells are responsible for the 

production of large concentrations of antibodies, secreting approximately 10,000 

molecules of immunoglobulin per second (Tizard, 2008a). Other daughter cells 

differentiate to memory cells. These cells remain in the lymphoid tissue and act a 

reserve, and following subsequent exposure to the antigen, allow a much faster IgG 

antibody response to the antigen.  

Once activated plasma cells will form germinal centres within the lymphoid tissue 

(Stavnezer and Schrader, 2015) and become the main site of cell proliferation and 

immunoglobulin production. During this rapid B cell proliferation, the genes coding for 

the variable region of the BCR mutate at a rate of about one mutation per division 

(Tizard, 2008a). These somatic mutations generate large numbers of B cells whose 

receptors are differ slightly to that of the parent cell. These cells will also clonally 

expand, and after 10-20 days they migrate to the periphery of the germinal centre 

where they encounter dendritic cells displaying the antigen in their MHC II complex 

(Tizard, 2008a). Because of the somatic mutations, some BCRs will bind to the 

antigen with greater affinity than the parent BCR. These cells then become the main 

antibody producing cell population, substituting the original parent cell population. 
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Mutations which result in a BCR with weaker affinity are removed from the population 

by stimulated apoptosis.  

The ability of an antibody to recognise an antigen is determined by the shape of its 

binding site, which in turn is determined by the folding of its peptide chains. This all 

depends on the original amino acid sequence. When an antigen and its antibody 

combine, they interact through the chemical groups on the antigens surface and the 

complementary regions on the antibody. The binding of an antigen to antibody is 

through noncovalent bonds (Tizard, 2008c), which are only able to act over short 

molecular distances. Other weaker forces such as van der Waals and hydrogen bonds 

are also involved. Each bond itself forms a relatively weak connection, but together, 

the bonds are very strong. Therefore, the strongest binding occurs when the shape of 

the antigen and antibody conform to each other. Antigens can bind to antibodies when 

they fit less than perfectly but the strength of the binding is decreased. This is an 

important consideration when development an immunodiagnostic assay such as an 

ELISA, as antibody/antigen affinity can have a significant effect on test performance. 

Antibody/antigen conformational match is also important as this can affect test 

specificity. 

1.1.9.2 Host response to F. hepatica infection  

Early studies conducted with large doses of metacercariae to simulate acute 

infections suggested that cattle were able to acquire resistance to any secondary 

infection because of the extensive fibrosis of the liver tissue resulting in inhibition of 

the juvenile migration in secondary infections (Boray, 1967; Boray, 1969; Ross, 1967). 

Sheep did not show the same response and remained highly susceptible to infection 

at any time (Chauvin et al. 1995). These studies however were performed using 

experimental infections with large doses of metacercariae. Clery et al. (1996) showed 

that using a trickle infection with smaller numbers of metacercariae, which is more 
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similar to a natural infection, that chronically infected cattle could still acquire new 

infections suggesting that cattle do not develop resistance to repeated infection. 

The innate immune response to F. hepatica infection involves the infiltration of large 

numbers of macrophages, neutrophils and eosinophils within the peritoneal cavity and 

liver parenchyma, associated with the migration of the juvenile fluke. (Urquhart, 1956; 

Dow et al. 1968; Zafra et al. 2013; Alvarez Rojas et al. 2015). However, the fluke 

appear to avoid this innate response by keeping ahead of the infiltrating cells (See 

Section 1.1.6). 

Cattle and sheep remain susceptible to reinfection and harbour infections for several 

months, as they are not able to develop a protective adaptive immune response (Clery 

et al. 1996; Chauvin et al. 1995). During very early infection, it appears that there is a 

mixed Th1/Th2 response but as infection progresses, Th2 predominates (Flynn et al. 

2010). Ruiz-Campillo et al. (2017) showed by qPCR, that during very early infection 

(before 18 days), genes for Th1 associated cytokines, IL-12 and IL-23, could be 

detected together with Th2 associated cytokines such as IL-10 and IL-4. Th2 

associated genes are then upregulated as the infection continues (O’Neill et al. 2000; 

Alvarez Rojas et al. 2015; Fu et al. 2016). It has been suggested that this skew 

towards Th2 responses begins once the parasite has penetrated the liver parenchyma 

(Ruiz-Campillo et al. 2017). This is consistent with findings by earlier studies. In 

chronically infected cattle (3 months post infection), Brown et al. (1994) showed that 

the CD3+CD4+ Th cells isolated from blood expressed only Th2 cytokines, and Th cells 

expressing Th1 type cytokines were not detected. This skew towards Th2 responses 

is associated with an increase in expression of IL-4 and suppression of IFN-γ (O’Neill 

et al. 2000; Flynn and Mulcahy, 2008). In cattle, there are three main IgG isotypes, 

IgG1, IgG2a and IgG2b (Butler 1983; Mulcahy et al. 1999). The predominant isotype 

expressed by ruminants chronically infected with F. hepatica is IgG1, associated with 

Th2 type responses (Clery et al. 1996; Mulcahy et al. 1998; Mulcahy et al. 1999).  
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F. hepatica is able to modulate the host immune response towards a Th2 response, 

and it has been suggested that this increases its longevity in the host. This modulatory 

effect is very strong. In a study by Brady et al. (1999a) involving co-infection of 

Bordetella pertussis, and liver fluke in mice, there was strong suppression of the Th1 

response typically triggered by bacterial infections and a polarization of the immune 

response towards a non-protective Th2 response. This effect resulted in a reduction 

in host resistance to bacterial challenge (Brady et al. 1999a). This modulatory effect 

has also been noted in other co-infections, for instance with Mycobacterium bovis 

(Flynn et al. 2007) and has been recently shown to have affect the diagnosis of TB in 

cattle (Claridge et al. 2012).    

F. hepatica is able to evade components of the immune response that are generated 

during infection. CL and CB proteins have been identified as key to this immune 

evasion. Goose (1978) suggested that F. hepatica ES products were able to prevent 

the adhesion of rat eosinophils to the tegument surface of NEJs. Fluke cathepsins are 

able to cleave host IgG molecules (Chapman & Mitchell 1982; Berasain et al. 2000; 

Wilson et al. 1998; Smith et al. 1993b) and therefore prevent the ADCC response by 

preventing binding of eosinophils (Carmona et al. 1993). CL1 also appears to be able 

to modulate the maturation of dendritic cells, to supress pro-inflammatory responses 

(Dowling et al. 2010) and induce apoptosis of immune cells (Guasconi et al. 2012; 

Serradell et al. 2007). Glycans expressed within the ES products or on the fluke 

surface have similarly been implicated in the modulation of dendritic cell maturation 

(Rodríguez et al. 2015).  

The glycocalyx coat of the liver fluke is also important in this immune evasion. The 

glycocalyx is a secreted layer of glycoproteins which covers the tegumental surface 

of the fluke (Fairweather et al. 1999). This coat is rapidly shed, preventing the binding 

of antibodies and the attachment of immune cells to the surface of the parasite (Duffus 

and Franks, 1980). 
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1.1.9.3 Vaccine trials  

With no new anthelmintic drugs effective against fluke developed in recent years, and 

the growing threat of resistance, there is an ever-increasing need for a vaccine. Many 

vaccine trials have been attempted in the past with varying degrees of success. 

Early vaccine trials were conducted using irradiated metacercariae (Creaney et al. 

1995). Initial results proved promising as these vaccines showed good reduction of 

fluke burden in cattle, however, were later proved not to be effective in sheep 

(Creaney et al. 1995).  

Th1 responses have been shown to be protective against other parasitic infections 

such as Schistosoma (Scott et al. 1989). A strong Th1 response is detected in 

Indonesian thin-tailed sheep which are resistant F. gigantica infections (Pleasance et 

al. 2011). Vaccine trials have therefore focused on trying to induce these responses. 

Mulcahy et al (1998) showed in a vaccine trial with CL2 and F. hepatica haemoglobin 

protein given in Freunds complete/incomplete adjuvant that high levels of IgG2a could 

be induced and vaccinated animals had lower fluke burdens. 

Since then, trials have been conducted using specific antigens, particularly those 

found in the ES products. The first antigen which showed potential as a vaccine 

candidate were the FABPs, identified due to their cross reactivity with host antibodies 

against Schistosoma mansoni proteins (Hillyer et al. 1987; Rodríguez-Pérez et al. 

1992). Vaccine trials using these antigens were found to reduce fluke burden by 55% 

in calves (Hillyer et al. 1987). FABPs are a large family of proteins with many isoforms 

(Morphew et al. 2016). Subsequent vaccine trials using these proteins have failed to 

reproduce those levels of protection reported by Hillyer et al. (1987) (Toet et al. 2014). 

GST was the next antigen to be considered for vaccine trials as mice resistant to 

Schistosoma spp. showed strong host antibody recognition to these proteins (Spithill 
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et al. 1999). GSTs are enzymes involved in cellular detoxification and highly 

expressed in the tegument of F. hepatica (Wijffels et al. 1992), and also commonly 

found in F. hepatica ES products (Di Maggio et al. 2016; Jefferies et al. 2001; La 

Course et al. 2012; Morphew et al. 2007; Robinson et al. 2009). It is believed that this 

protein is released from the tegument surface via non-classical blebbing or shedding 

of the tegument (Robinson et al. 2009; La Course et al. 2012), and therefore enters 

the ES products during in vitro culture. A number of isoforms of GST proteins have 

been identified in homogenised fluke samples (Chemale et al. 2010). Sexton et al. 

(1990a) used purified GST to produce a 57% reduction in fluke burden in sheep, 

however other studies were unable to repeat this (Hillyer et al. 1992a; Buffoni et al. 

2010; Howell et al. 1988).  

By far the most promising vaccine candidates are the cathepsin proteins. They are 

strongly recognised by the host immune response in infected hosts (Dalton & 

Heffernan 1989; Smith et al. 1993a; Dowd et al. 1994). Many vaccine trials have been 

conducted using CL1, alone or with other antigens, however none have yet shown 

results that would prove viable for a commercial vaccine (Toet et al. 2014). Dalton et 

al. (1996) showed a mean 57.3% reduction in fluke burden in animals vaccinated with 

purified CL1 proteins. Piacenza et al. (1998), however were only able to show a 34% 

reduction in fluke burden following vaccination with CL1, although egg output was 

reduced by 70%. When used in combination with CL2, fluke burdens were reduced 

by 60% compared to controls (Piacenza et al. 1998). Later trials with a recombinant 

CL1 managed to achieve reduction in fluke burden by up to 49%, however these 

results were not significant compared to controls (Golden et al. 2010).  

A more recent vaccine trial was conducted by Maggioli et al. (2016) using a 

recombinant version of a novel thioredoxin glutathione reduction protease. Whilst this 

protein showed promising protection in trials in rabbits (Maggioli et al. 2011), it failed 

to confer protection in cattle (Maggioli et al. 2016). 
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Other studies have shown other protein targets within the tegument proteome which 

could also be used as vaccine candidates (Wilson et al. 2011). Garcia-Campos et al. 

(2016) and Ravidà et al. (2016) have shown that the predominant glycoproteins in F. 

hepatica tegument are oligomannosylated oligosaccaharides, which could also 

provide immunogenic targets for host antibodies. Further research into these 

interactions could provide alternative vaccine candidates, and also influence the 

design of recombinant antigens. 

1.1.10 Diagnosis of infection 

Accurate diagnostic techniques are crucial in the control of a disease. Diagnostic tests 

can be used to establish the presence or absence of a disease through the detection 

of specific markers. An ideal diagnostic test is one with a sensitivity and specificity of 

100%, and therefore able to accurately discriminate between diseased and non-

diseased patients (Shapiro, 1999). However, these gold standard tests are rare. 

Instead, most diagnostic tests fail to reach perfect sensitivity and specificity, and there 

is a trade-off between the optimal sensitivity and specificity of a test at a designated 

cut off point (Greiner et al. 2000; Zou et al. 2007). Hence, these imperfect tests can 

give false results. Depending on the significance of disease, this can have serious 

consequences (Greiner et al. 2000). Interpretation of a diagnostic test must therefore 

always be performed with the limitations of the test in mind. 

Currently, there are several methods available for the diagnosis of infection with F. 

hepatica. None of these tests have perfect sensitivity and specificity, therefore none 

are considered a true gold standard for infection and each have their own limitations.  

1.1.10.1 Abattoir findings 

Finding of fluke at slaughter is the most definitive way of diagnosing of infection with 

F. hepatica. Whilst this may be useful in detecting infection within the herd or flock, it 
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is not ideal in diagnosing current infection in live animals. Inspection of livers at 

slaughter is estimated to have an approximate sensitivity of only 63.2-68% although 

its specificity is very high (89-100%) (Rapsch et al. 2006; Mazeri et al. 2016). Due to 

this low sensitivity, meat inspection at slaughter cannot be used as a gold standard. 

Full liver necropsy has a very high sensitivity (99%), but is not carried out in 

commercial slaughter houses as this method is time consuming (Mazeri et al. 2016). 

1.1.10.2 Faecal Egg Count 

Faecal egg counts (FEC) are the traditional method of diagnosing infection in the host. 

Presence of eggs in faeces is indicative of current infection in the absence of any 

treatment. The most common technique for FEC is sedimentation, whereby faeces 

from an infected host are passed through various size sieves to remove particulate 

material. The denser eggs are then separated from finer particulate faecal matter 

through several rounds of sedimentation, and eggs are observed microscopically. 

Whilst this method is simple to perform, it is time consuming and can be labour 

intensive depending on the volume of faeces and number of faecal samples tested.  

Sedimentation techniques are considered highly specific if eggs are correctly 

identified, however sensitivity is low particularly in cattle. Sensitivities between 30-

70% have been reported depending on the study (Charlier et al. 2014). Sensitivity can 

be increased to 92% by increasing the volume of faeces analysed from 10g to 30g 

(Rapsch et al. 2006) or increasing the number of samples collected from an individual 

animal (Honer, 1965a), however this increases time needed for sample processing. 

Composite faecal egg counts can be used to detect infection a group of animals 

(Graham-Brown, 2016). A commercially available sedimentation kit (Flukefinder® 

Richard Dixon, ID, US) is available. 

Less commonly used methods are the flotation techniques (e.g.McMasters) (Boray, 

1969; Gonzalez-Lanza et al. 1989; Conceição et al. 2002), or a combination of 



32 
Chapter 1 

sedimentation and flotation (Charlier et al. 2008). Charlier et al. (2008) reported 

sensitivity of 81-76% using a sedimentation-flotation technique depending on volume 

of faeces used and the time of year sampling took place. FLOTAC is a commercially 

available kit which can be used to detect eggs by flotation method (Cringoli et al. 

2010), and has been used to diagnose human and animal infections with a high 

sensitivity (92.6%) (Duthaler et al. 2010; Rinaldi et al. 2012). Due to fluke eggs being 

more dense compared to nematode eggs, solutions with higher specific gravity, such 

as zinc sulphate, are required in order to make eggs float, however these solutions 

can also lead to distortion of eggs (Rinaldi et al. 2012; Ballweber et al. 2014). 

One of the major limitations of the FEC they are not able to detect pre-patent 

infections. This test is therefore not useful in detecting cases of acute fasciolosis. 

There is also poor correlation between egg output and fluke burden, therefore this test 

cannot be used to estimate intensity of infection (Happich and Boray, 1969), 

particularly as larger burdens have been shown to have a negative effect on egg-

producing capacities of fluke (Happich and Boray, 1969; Valero et al. 2006). Age of 

infection can also have a negative effect on FEC (Honer, 1965b) and fluke may even 

stop producing eggs all together in chronic infections (300 days post infection) (Valero 

et al. 2011) 

Variations in egg output have also been observed depending on the time of year, with 

samples from naturally infected animals collected in autumn/winter months showing 

the highest number of eggs due to the maturation of fluke picked up during summer 

grazing (Bouvry and Rau, 1986; Gonzalez-Lanza et al. 1989; Valero et al. 2002; 

Mazeri et al. 2016). There is also significant individual variation between animals, 

influenced by the number of defecations performed by the animal each day (Honer, 

1965c) and if multiple samples are collected from the same individual at different times 

of the day (Boray, 1969; Valero et al. 2002). 
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1.1.10.3 Immunodiagnosis 

Detection of host antibodies against fluke is another commonly used diagnostic 

method. This is normally done using Enzyme-linked Immunosorbent Assay (ELISA), 

but Western blotting has been used as a research method. 

1.1.10.3.1 Western blotting  

Western blotting is a useful research tool for identifying specific proteins recognised 

by the host immune response. Lehner & Sewell (1980) showed that fluke ES products 

contained useful diagnostic targets compared to other fluke derived antigens. This 

was confirmed by Sandeman & Howell (1981) who showed that ES products collected 

from juvenile and adult fluke were strongly recognised by host antibodies in the serum 

of infected sheep by gel antibody precipitation. Irving & Howell (1982) identified 

predominant bands at 23, 24 and 26kDa in the ES products of juvenile fluke which 

were specifically recognised by host antibodies from sheep vaccinated with ES 

products from juvenile fluke. Other studies have since also identified strong antibody 

responses from mice, cattle, sheep, horses, pigs and humans, to proteins within a 

molecular weight range of 25-30kDa (Santiago et al. 1986; Rivera Marrero et al. 1988; 

Santiago & Hillyer 1988; Coles & Rubano 1988; Hillyer et al. 1992b; Smith et al. 

1993a; Chauvin et al. 1995; Dalton et al. 1996; Sampaio Silva et al. 1996; Gorman et 

al. 1997; Cordova et al. 1997; Cordova 1999; Ortiz et al. 2000; Bossaert et al. 2000; 

Buffoni et al. 2012). These proteins were later identified by Dalton & Heffernan (1989) 

as thiol proteases and then as the CL proteases (Smith et al. 1993a; Dowd et al. 

1994).  

Other studies have identified other immunogenic proteins within ES products 

including the 26kDa GST, a group of FABP (14-16 and 127-133kDa) (Hillyer, 2005), 

leucine aminopeptidases (35-120kDa) (Marcilla et al. 2008) and other unidentified 
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antigens at 12, 15, 32, 41, 51, 56, 69, 156 and 160kda (Chauvin et al. 1995; van 

Milligen et al. 2000; Novobilský et al. 2007).  

1.1.10.3.2 ELISA 

ELISAs are commonly for diagnosis of infection with liver fluke due to their ease and 

the ability to test large numbers of samples simultaneously.  Most ELISAs have been 

optimised to detect of host antibodies in serum using whole ES products. While there 

are many ES products based ELISAs reported in the literature, few have been 

evaluated for use in the field. Those that have describe sensitivities of between 86.1-

100% and specificities between 70-99.3% (Cornelissen et al. 1999; Salimi-Bejestani 

et al. 2005a; Kuerpick, et al. 2013b; Gottstein et al. 2014). However, the use of native 

antigens in commercial diagnostic tests are not ideal as they rely on a regular supply 

of fluke infected livers from the abattoir. Not only this, there is likely batch to batch 

variation between preparations of ES products, leading to inconsistencies in the 

quality and amount of antigens present in the batch (Alvarez Rojas et al. 2014). To 

overcome this, some studies have used purified antigens from the ES products 

instead, particularly CL1 due to its abundance and its high immunogenicity. These 

have also have reported high sensitivity (89-100%) and specificity (94.6-100%) (Rokni 

et al. 2002; Cornelissen et al. 1999; Levieux et al. 1992b; Levieux & Levieux 1994; 

Cordova 1999; Espinoza et al. 2007). Mezo et al. (2007) developed a capture antibody 

ELISA based on the MM3 monoclonal antibody. The MM3 antibody was raised 

against immunogenic fractions of adult fluke ES products (Mezo et al. 2003) and 

recognises a conformational epitope on CL1/CL2 proteins (Mezo et al. 2004), 

therefore this ELISA specifically detects host antibodies directed against these two 

antigens (Mezo et al. 2007). CL1 was also one of the first fluke proteins to be 

expressed as a recombinant protein (Roche et al. 1997), therefore allowing 

reproducible batches to be generated. Other recombinant proteins from ES products 
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have also been produced and evaluated as diagnostic antigens in ELISA tests (Table 

1.1.).  

Production of recombinant proteins can be difficult, time consuming and expensive. 

Synthetic peptides are easier and cheaper to produce. Several studies have 

investigated the use peptides, particularly from CL1 as potential vaccine candidates 

(Villa-Mancera et al. 2008; Villa-Mancera et al. 2011; Villa-Mancera et al. 2012; Villa-

Mancera et al. 2014; Hernández-Guzmán et al. 2016; Rojas-Caraballo et al. 2017; 

Garza-Cuartero et al. 2018), however only one study has evaluated these synthetic 

peptides for diagnosis of infection. Cornelissen et al. (1999) produced a total of seven 

peptides from the CL1 protein and found that one peptide located near the N-terminal 

end of the mature protein was very strongly recognised by host antibodies from 

infected animals. However, when compared to the rCL1 protein, this peptide showed 

a higher frequency of false negative results in calves with chronic infections over 35 

weeks old, indicating that the full rCL1 protein was the most reliable diagnostic antigen 

(Cornelissen et al. 2001) (Table 1.1).  

Fluke specific antibodies can first be detected at 2-4 wpi by ELISA (Salimi-Bejestani 

et al. 2005a) and the antibody response then remains detectable in animals in 

naturally exposed to infection (Ortiz et al. 2000). This gives the ELISA a significant 

advantage over FEC as infection can be detected much earlier, providing a diagnosis 

within the pre-patent period. However, antibodies against fluke can still be detected 

as much as six months post successful treatment, and therefore these tests can only 

confirm exposure to infection and not current infection (Castro et al. 2000; Levieux, et 

al 1992a; Ibarra et al. 1998). 

 



36 
Chapter 1 

Some studies have reported an association between the level of antibody production 

and parasite burden (Clery et al. 1996; Mulcahy et al. 1998; Salimi-Bejestani et al. 

2008), however others have reported no correlation at all between fluke burden, FEC 

and the ELISA (Reichel, 2002). ELISAs are a still a useful tool to detect the presence 

of infection, especially during first season grazing animals which have not been 

previously exposed to infection.  

ELISAs have also been modified to detect anti-fluke antibodies in milk (Molloy et al. 

2005; Salimi-Bejestani et al. 2007; Mezo et al. 2010). These milk based ELISAs are 

usually used to monitor infection in dairy cattle as milk samples are much less invasive 

to collect than serum. Bulk milk tank ELISAs are commonly used to measure 

Recombinant 
antigen 

Host Sensitivity/Specificity Reference 

CL1 
Cattle 
Sheep 

100%/98.5% 
99.1%/96.5% 

(Cornelissen et al. 2001) 

CL1 Cattle 20-100%/88.6% (Kuerpick et al. 2013b) 

CL1 Human 23%/95% (Gottstein et al. 2014) 

CL1 
mutant Cys>Gly26 

Horses 42.1%/95.6% (Quigley et al. 2016) 

CL1 
mutant Cys>Gly26 

Human 99.9%/99.9% 
(Gonzales Santana et al. 

2013a) 

ProCathepsin L1 Human 100%/100% (Carnevale et al. 2001) 

Synthetic peptides 
based on CL1 

Cattle 98.9%/99.8% (Cornelissen et al. 1999) 

MM3 antibody 
(produced against 

fractionated ES 
products, 
containing 

cathepsin proteins) 

Sheep 
Cattle 

100%/100% 
99.2%/100% 

(Mezo et al. 2007; Mezo et 
al. 2010) 

Saposin-like-2 Human 100%/95.6% 
(Figueroa-Santiago et al. 

2011) 

Saposin-like-2 
(SAP-2) 

Human 87%/99% (Gottstein et al. 2014) 

Truncated SAP-2  Human 100%/98% (Mirzadeh et al. 2017) 

FhrAPS 
Sheep 
Cattle 
Horses 

67.7%/86% 
86%/88% 
83%/86% 

(Arias et al. 2007; Arias et 
al. 2010; Arias et al. 2012) 

Table 1.1 A summary of ELISAs reported in the literature which are based on recombinant 

antigens that have been evaluated from panels of serum from infected animals for diagnosis 

of liver fluke infections 
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prevalence of F. hepatica at the herd level to allow herd monitoring (Conceição et al. 

2004; Pritchard et al. 2005; McCann et al. 2010; Bennema et al. 2011; Kuerpick et al. 

2013a; Howell et al. 2015; Novobilský et al. 2015b). 

Several ELISAs are commercially available, either based on purified ES products or 

on recombinant versions of CL1. These have been evaluated for use in the field with 

either milk or serum samples. The IDEXX ELISA (previously Pourquier ELISA) is 

based on the f2 antigen, a fractionated portion of whole ES products containing the 

CL proteins (Levieux 1992b;  Reichel 2002; Reichel et al. 2005; Kuerpick al. 2013b); 

the SVANOVIR ELISA (Boehringer Ingelheim Svanova, Sweden), is based on whole 

ES product. The MM3-Sero ELISA is a capture ELISA based on the MM3 monoclonal 

antibody (available at BioX Diagnostics ELISA) (Mezo et al. 2007; Mezo et al. 2010).  

Recently, Karanikola et al. (2015) developed a multiplex diagnostic test, based on the 

Luminex bead system. This test was able to specifically detect host antibodies against 

fluke in serum samples collected from animals with multiple parasite infections 

(Karanikola et al. 2015), however it has only been used for research purposes at 

present. 

1.1.10.4 Detection of circulating fluke antigens by ELISA 

To overcome the limitation of antibody tests that may detect historic infections, some 

studies attempted to detect circulating fluke antigens in the serum of infected animals 

by sandwich ELISA. Detection of circulating antigens had previously been shown to 

be possible in infections with Schistosoma spp. (Madwar et al. 1988). Initially, a 

number of studies reported successful detection of circulating F. hepatica antigens 

(Espino et al. 1990; Rodriguez-Perez and Hillyer, 1995). However, these antigens 

where not detectable after 4 wpi (Espino et al. 1997). Later, Sánchez-Andrade et al. 

(2000) described the detection of antibodies against fluke in 85.1% of animals, 

however, only 37.3% of animals had circulating antigens during chronic infections. It 
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is likely that circulating fluke antigen forms immune complexes with host antibodies 

that are rapidly cleared, reducing the sensitivity of the test (Langley and Hillyer, 1989; 

Espino et al. 1997; Anuracpreeda et al. 2009).  

1.1.10.5 Copro-antigen ELISA 

The copro-antigen ELISA detects fluke antigens in the faeces of infected animals. 

Faecal samples are much less invasive to collect compared to blood, and therefore 

quicker and cheaper to obtain. In 1994, Espino & Finlay (1994) used a monoclonal 

antibody raised against whole ES products (Espino et al. 1990) to successfully detect 

F. hepatica ES products in the faeces of infected patients. This test was developed in 

a sandwich ELISA format, making it possible to screen large numbers of patients at 

once; it also gave comparable sensitivity to the serum antibody ELISAs (92.8% 

sensitivity) (Espino & Finlay 1994). Exact specificity was not reported, however this 

test showed good discrimination between patients infected with other parasitic 

species (Espino and Finlay, 1994). Copro-antigens could be detected at 3-4 wpi and 

concentration of the copro-antigen was found to be related to egg output and fluke 

burden (Espino et al. 1997; Duménigo et al. 1999; Almazán et al. 2001). 

In 2004, Mezo et al. (2004) reported the development of a copro-antigen ELISA using 

the MM3 monoclonal antibody. This test was highly sensitive (100%) and specific 

(100%) and able to detect copro-antigens concentrations at 0.3ng/ml in sheep and 

0.6ng/ml in cattle faecal samples spiked with ES products (Mezo et al. 2004). In 

natural infections, burdens of 1-2 fluke were detected in cattle and sheep (Mezo et al. 

2004). This test is now commercially available (Bio-X Diagnostics, K 201, Rochefort, 

Belgium).  

The initial sensitivity reported by Mezo et al. (2004) has not been reproducible in the 

field.  Many studies have used the Bio-X Copro-Antigen ELISA to monitor efficacy of 

flukicide drugs in place of the FECRT. The copro-antigen ELISA confirmed successful 
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treatment with TCBZ through a reduction in copro-antigens in faeces at 14 days post 

treatment (Gordon et al. 2012b; Flanagan et al. 2011a; Novobilský et al. 2012; 

Brockwell et al. 2013) and also accurately indicated resistance to TCBZ (Flanagan et 

al. 2011b; Elliott et al. 2015). However, during these studies a number of false positive 

samples were also detected when using the cut-off suggested by the manufacturer 

(Novobilský et al. 2012; Gordon et al. 2012b; Flanagan et al. 2011b). This was 

attributed to disintegration of flukes following treatment (Gordon et al. 2012b) and 

fluctuations in the release of antigen from the fluke (Brockwell et al. 2013). False 

negative results were also reported, as this test failed to detect some animals 

harbouring low level infections (Brockwell et al. 2013; Gordon et al. 2012b; Novobilský 

et al. 2012; Kajugu et al. 2015). Valero et al. (2009) reported no correlation between 

fluke burden and copro-antigen levels, which could explain the poor detection at low 

levels of infection. One study also reported first appearance of copro-antigens was 

found to be approximately 7-9 wpi, similar to the FEC (Flanagan et al. 2011b). 

Sensitivity was improved by adjusting the cut-off point (Brockwell et al. 2013; Palmer 

et al. 2014; Mazeri et al. 2016) and increasing copro-antigen extraction from 1 hour 

to overnight (Brockwell et al. 2013), however this still gave sensitivities and 

specificities below those reported by Mezo et al (2004) of 80-100% (Palmer et al. 

2014; Mazeri et al. 2016). Recently, a more sensitive copro-antigen ELISA has been 

marketed, but has yet to be validated in the field (Martínez-Sernández et al. 2016). 

1.1.10.6 PCR and other technology 

Recently, there have been several PCR techniques developed for the differentiation 

of Fasciola spp. and to improve diagnosis. Most of these PCRs have been used to 

amplify F. hepatica DNA from the snail intermediate host, therefore allowing indication 

of risk of infection on pasture (Cucher et al. 2006; Novobilský et al. 2013; Alba et al. 

2015). Others have developed PCRs to detect fluke DNA in the faeces of infected 

animals as early as 2-3 wpi (Martinez-Perez et al. 2012).  Ai et al. (2010) established 



40 
Chapter 1 

a loop-mediated isothermal amplification assay (LAMP), which was highly sensitive 

and could be performed much faster than conventional PCR (45 minutes). This 

technique has been used to diagnose fluke infection in experimentally and naturally 

infected sheep and naturally infected cattle (Arifin et al. 2016; Martínez-Valladares 

and Rojo-Vázquez, 2016). 

1.1.10.7 Limitations of current diagnostic tests for Liver fluke 

The most widely used commercial diagnostic tests are the FEC, copro-antigen ELISA 

and antibody detection ELISAs. However, these tests are only available for use in the 

laboratory and therefore samples have to be sent in for testing. This can add 

significant time and cost to the diagnosis, due to call-out charges from veterinarians 

for collection of samples, and farmers potentially waiting several days for results. In 

cases of acute fasciolosis, this can have serious consequences. Not only this, in dairy 

cattle, the long withdrawal periods for flukicide drugs make timing of treatment critical. 

With the potential economic impact from production losses if animals are not treated, 

and the time and cost involved in obtaining results, farmers therefore tend to treat the 

whole herd or flock regardless of diagnostic status. This increases the use of 

anthelmintics on farm, therefore increasing the selection pressure in fluke populations 

and ultimately contributing to resistance.  

1.1.11 Point of care tests 

Rapid, on-farm tests are therefore needed to aid in sustainable use of anthelmintic 

drugs in the absence of an available vaccine. Currently the LAMP assay shows the 

most promise as an on-farm test, as its protocol is short and simple to perform, 

however extraction of DNA prior to testing has prevented these tests being rolled out 

as on farm tests (Melville et al. 2014).  
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Point-of-care (POC) tests are diagnostic tests that can be carried out at the patient’s 

side. These tests tend to be cheap, fast and simple to use, and require little, if any 

technology to use, making them ideal in low resource settings. The WHO ASSURED 

(affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free and 

deliverable to end users) criteria (Wu and Zaman, 2012) provides an ideal framework 

to evaluate POC tests. A POC diagnostic test for F. hepatica would be invaluable to 

farmers in detecting infected animals quickly on farm, and could in future allow the 

application of TSTs, therefore allowing more sustainable use of flukicide drugs.  

1.1.12 Thesis aims 

There is no pen-side test for the diagnosis of F. hepatica in livestock. The aim of this 

thesis is to:  

I. Identify a test antigen which could be used to detect host anti-fluke antibodies 

and produce a recombinant version of this antigen (Chapter 2) 

II. Show that this recombinant antigen is recognised by host anti-fluke antibodies 

from infected animals (Chapter 3) 

III. Develop a prototype test for detection of fluke infection. 

In addition, we present data that describes the variation in CL1 at the gene and amino 

acid level (Chapter 4) and identify other immunogenic targets within F. hepatica ES 

products (Chapter 5).
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Chapter 2 – Production of a recombinant cathepsin L1 for the diagnosis of Liver 

fluke infections in cattle and sheep 

2.1 Introduction 

Current diagnostic techniques include FEC, immunodiagnostic ELISAs using serum 

or bulk milk (Alvarez Rojas et al. 2014) or the copro-antigen ELISA (Mezo et al. 2004). 

Antibody detection methods typically use immunogenic fluke ES products and hold 

an advantage over FEC by being able to detect infection earlier at approximately 2-

4wpi (Alvarez Rojas et al. 2015; Salimi-Bejestani et al. 2005a). Cathepsins are the 

most abundant class of proteases found within ES products (Robinson et al. 2009; Di 

Maggio et al. 2016) and are the dominant target of the host immune response (Dalton 

& Heffernan 1989; Smith et al. 1993a), therefore, ELISAs using purified cathepsins 

have also been developed (O’Neill et al. 1998). However purification of these proteins 

from whole ES products is time consuming and often leads to poor yields (Smith et 

al. 1993a). Moreover, native ES products harvested from F. hepatica relies on 

dependable sources of infected animals. Therefore, use of purified native cathepsin 

is not ideal in a commercial diagnostic test. A recombinant protein that can be 

produced on an industrial scale is an advantage. 

There are several well characterised systems available to produce recombinant 

proteins, however the choice of system is vital in obtaining desired yields and correctly 

folded proteins. 

Escherichia coli was the first host cell used to express recombinant proteins, and is 

still widely used today (Brondyk, 2009). E. coli cells are readily manipulated, 

inexpensive to culture and have a short doubling time, allowing quick and easy 

expression of large yields of recombinant protein (Sezonov et al. 2007; Khow and 

Suntrarachun, 2012). In recent years, new cloning technology and numerous strains 

and plasmids have been developed to make production of recombinant proteins in E. 
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coli more straightforward (Rosano and Ceccarelli, 2014). Transformation with 

recombinant plasmids can take as little as five minutes (Pope and Kent, 1996). 

Expression of eukaryotic proteins in bacteria however, can be difficult. Prokaryotic 

organisms are unable to process the disulphide bonds present within most eukaryotic 

proteins. Advances in genome manipulation have led to the development of a new E. 

coli strain, FA113, commercially known as Origami (Novagen), which is able to 

process disulphide bonds (Bessette et al. 1999; Berkmen, 2012). This strain is 

deficient in the enzyme thioredoxin reductase which allows two other thioredoxin 

enzymes, Trx1 and Trx2, to remain in an oxidised state and accumulate in the cell, 

catalysing the formation of disulphide bonds of proteins within the cell cytoplasm 

(Bessette et al. 1999). This system, however, still requires significant time and 

optimisation to ensure correct protein folding and therefore eukaryotic systems are 

still the most appropriate systems to for expressing eukaryotic proteins.  

Several eukaryotic systems have been made commercially available for the 

expression of recombinant proteins, such as baculovirus/insect cells, mammalian cell 

lines, transgenic plants, parasites and yeast (Brondyk, 2009; Khan et al. 2017). Yeast 

cells are the most commonly used eukaryotic expression system due to their ease of 

handling, rapid growth and a better understanding of their genomes (Khan et al. 

2017). There are a number of species which have been used to successfully produce 

recombinant proteins such as Hansenula polymorpha, Kluyveromyces lactis, 

Yarrowia lipolytica, Pichia methanolica, Pichia stipites, Zygosaccharomyces rouxii, 

Zygosaccharomyces baili, Candida boidinii and Schwanniomyces occidentalis (Porro 

et al. 2005). To date, the most commonly used are Saccharomyces cerevisiae and 

Pichia pastoris (Porro et al. 2005). 

S. cerevisiae (the baker’s yeast), is a non-methylotrophic yeast, (Fernández et al. 

2016), preferring to ferment sugars and other carbon sources (Cregg, 2007). 

However, the fermentation of these energy sources greatly reduces the ability of S. 
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cerevisiae to form high density cell cultures due to the toxic build of ethanol within 

cultures (Cregg, 2007) which limits the yield of recombinant protein.  

Methylotrophic yeasts such as P. pastoris however, are able to metabolize methanol 

as an energy source (Fernández et al. 2016). This reduces the ethanol concentration 

within culture, and therefore allows cells to grow at much higher densities, giving 

higher yields of recombinant proteins (Cregg, 2007). Methanol metabolism requires a 

novel pathway involving the enzyme, alcohol oxidase (AOX), which oxidises methanol 

to form formaldehyde and hydrogen peroxide (Cereghino and Cregg, 2000). This 

pathway is under very tight regulation by a promoter gene (AOX1), and is only 

activated in the presence of methanol (Cereghino and Cregg, 2000). The AOX1 gene 

has been successfully employed to drive the expression of many recombinant 

proteins (Cereghino and Cregg, 2000). This, along with easy genomic manipulation, 

higher protein yields, and the use of the S. cerevisiae α-mating factor gene for 

extracellular secretion of recombinant proteins, has led to P. pastoris being adopted 

as an alternative eukaryotic expression system to S. cerevisiae (Cereghino and 

Cregg, 2000; Boettner et al. 2002). 

The production of recombinant proteins, particularly CL1, as diagnostics antigens for 

F. hepatica has already been described by a number of groups  (O’Neill et al. 1999; 

Arias et al. 2006; Espino et al. 2001; Cornelissen et al. 2001; Gottstein et al. 2014; 

Kuerpick et al. 2013b; Figueroa-Santiago et al. 2011; Gonzales Santana et al. 2013). 

The first functional recombinant CL1 (rCL1) was successfully expressed in S. 

cerevisiae by Roche et al. (1997). Since then CL1 has also been expressed in P. 

pastoris, making use of its ability to produce much higher yields of recombinant protein 

(Dalton et al. 2003). In this chapter, we aim to identify the immunogenic proteins in 

adult F. hepatica ES products and produce a recombinant version of a protein (CL1) 

in P. pastoris. We evaluate its immunogenicity by Western blotting for its use in a 
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diagnostic for detection host anti-fluke antibodies in serum samples of infected 

animals. 

2.2 Materials and Methods 

2.2.1 Preparation of F. hepatica Excretory-Secretory products 

Two batches of ES products were used in this thesis. One was archived from a 

previous study (Batch 1) and the second was prepared for use in this thesis (Batch 

2). Sheep livers which showed evidence of fluke infection were collected from a local 

abattoir within two hours of slaughter and transported back to the laboratory for 

dissection. Gall bladders were carefully removed, and contents emptied to collect any 

adult fluke which had been washed down from the bile ducts. Bile ducts were then 

incised, and any adult fluke removed using forceps and placed immediately into pre-

warmed sterile PBS (Cell-culture grade, Sigma Aldrich, UK). Fluke were washed 

extensively in sterile PBS before placed being in pairs into 1ml of sterile pre-warmed 

Roswell Park Memorial Institute (RPMI) media (Sigma Aldrich, UK) containing 1% 

Penicillin/Streptomycin in 12 well sterile tissue culture plates for two hours at 37oC to 

purge caecal contents.  

Following this, fluke were washed again in sterile warmed PBS and any dead or 

damaged fluke were discarded. The fluke were then placed in groups of 15 in 25cm2 

Corning tissue culture flasks (Appleton Woods, UK) with 5ml of RPMI media (1% 

Penicillin/Streptomycin) and incubated overnight at 37oC. The following morning, any 

flasks containing dead fluke or ‘dirty’ media (due to bile or blood regurgitation), were 

discarded. Media from flasks containing live fluke was pooled and centrifuged at 

600xg for 20 mins at 4oC to remove eggs and debris. Supernatant was collected and 

passed through a 0.2µM syringe filter (Appleton Woods, UK) and frozen in 1ml 

aliquots at -80oC. One aliquot was checked immediately via SDS-PAGE for protein 

composition (see Section 2.2.2.1 and 2.2.2.2). Protein concentration was calculated 
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at 206µg/ml for Batch 1 and 214µg/ml for Batch 2 by Bradford Assay using the 

microplate protocol. A checkerboard ELISA was used to compare Batch 1 and Batch 

2 and obtain the optimal coating dilution and to check for any background binding. 

Aliquots of whole ES products were kept at -80oC and defrosted when needed, and 

then stored at 4oC for up to one week. 

2.2.2 SDS PAGE and Western Blotting  

2.2.2.1 SDS PAGE 

Approximately 100µg/ml of ES products was mixed with equal volume of 2x Laemmeli 

buffer (Sigma Aldrich, UK) (Laemmli, 1970) and denatured at 100oC for 10 minutes. 

Electrophoresis was carried out on pre-prepared 12% resolving SDS PAGE gels 

(Appendix A1, Table 1), using the Mini-PROTEAN® Tetra System (BioRad, UK), and 

run at 200V, 400mA for approximately 45 minutes. A prestained protein standard 

broad range (11-190kDa) protein ladder (BioLabs New England, UK) was used to 

estimate protein molecular weights. 

2.2.2.2 Coomassie staining 

Gels were rinsed in water and heated gently by microwaving on low power for one 

minute whilst immersed in water to remove residual running buffer and SDS and 

rinsed again in water. This was repeated twice and then gels immersed in PageBlue 

Protein Staining Solution (ThermoScientific, UK) and heated again, before being left 

for 10 minutes on a rocking table. The gel was then destained in water until the protein 

bands were clearly visible. 

2.2.2.3 Western blotting 

Following SDS PAGE, proteins were transferred onto activated Immobilon-P 

Membrane, Polyvinylidene fluoride (PVDF) membrane, 0.45 µm (Sigma Aldrich, UK). 

The transfer was run for one hour at 80v and 400ma in tris-glycine transfer buffer 
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(Appendix A1, Table 1). The membrane was then placed in Blocking buffer containing 

4% skimmed milk powder (Appendix A1, Table 1) for one hour at room temperature 

on a rocking table.  

The membrane was washed in PBS Tween (PBST) (Appendix A1, Table 1) for 2x 10 

minutes and the final wash extended to 30 minutes on a rocking table at room 

temperature. Following this, the membrane was cut into strips and each strip placed 

in a separate well of a western tray. Each membrane strip was incubated with archived 

serum samples collected weekly from experimentally infected sheep (blotted against 

ES products Batch 1) or experimentally infected cattle (blotted against ES products 

Batch 2) (Table 2.2.1) at an optimized dilution of 1:200 in Blocking buffer, overnight 

at 4oC with constant agitation.  

The membrane strips were washed as above in PBST. Serum antibody detection was 

performed using Horse Radish Peroxidase (HRP)-anti-bovine IgG (ILA2 monoclonal 

antibody produced and conjugated at The University of Liverpool) or monoclonal anti-

goat/sheep IgG-peroxidase antibody (Clone GT-34, Sigma Aldrich, UK) diluted 

1:5000 in Blocking buffer for two hours at room temperature with constant agitation. 

Membrane strips were then washed again as previously, and antibody visualised 

using SIGMAFASTTM 3,3’-Diaminobenzidene (DAB) tablets (Sigma Aldrich, UK). 

 



 
 

 
 

 

 

 

 

 

 

 

 Weeks Post Infection 

Serum 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

Cow 123 0   1 5 11 15 32 24  28 29 25 27 22 25 39 46 

Cow 124 0   8 18 23 16 35 32  22 26 23 29 25 20 29 26 

Cow 125 0 0 0 3 11 17 29 15 24  34 29 25  12 20 26 27 

Cow 126 0 0  9 25 32 31 39 38  49 44 45 39 39 43 47 49 

Sheep 16 0 0 2 7 25 38 50 53 80 92 87 95 89 89 83 75 90  

Sheep 282 1 1 54 73 84 86 87 98 90 95 116 104 95 97 86 97 109  

Sheep 283 0 0 6 13 21 33 52 46 79 70 66 60 56 43 55 46 96  

Sheep 284 2 1 95 105 105 115 106 107 86 101 98 105 97 102 96 103 104  

Table 2.2.1 Percent Positivity values (as determined in Chapter 3 by ES ELISA) for serum samples collected weekly from experimentally infected cattle 

and sheep used in Western blotting 
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2.2.3 Isolation of CL1 gene  

Following the identification of our test antigen (CL1), the following methods describe 

the cloning and expression of rCL1 antigen in P. pastoris (Figure 2.2.1). 

2.2.3.1 RNA extraction from adult F. hepatica 

RNA was extracted from a single fluke using the TRI-Reagent method. The fluke had 

been collected from an infected sheep liver at an abattoir located in central England, 

for a previous study and subsequently stored at -80oC. The fluke was homogenised 

in 1ml TRI-Reagent solution (Invitrogen, UK) and then centrifuged at 12,000xg for five 

minutes at 4oC to remove tissue debris. The supernatant was retained and allowed to 

stand at room temperature for five minutes before the addition of 200µl of molecular 

grade chloroform (Sigma Aldrich, UK). The tube shaken vigorously by hand for 15 

seconds and left to stand at room temperature for a further 15 minutes. To separate 

out the RNA, the solution was centrifuged as above to resolve the solution into three 

layers. The top RNA layer was carefully removed and 500µl isopropanol (Sigma 

Aldrich, UK) was added to precipitate RNA. This was allowed to stand for 10 minutes 

at room temperature, and then centrifuged as before. The supernatant was discarded, 

and the RNA pellet washed in 1ml of 75% ethanol before centrifugation at 7500xg for 

five minutes at 4oC. The supernatant was removed and the RNA pellet air dried for 15 

minutes at room temperature before being resuspended in 100µl of RNA free water 

(Ambion) by incubation at 55oC for 10 minutes. The sample was stored at -80oC until 

needed. RNA concentration was quantified using Ribogreen (Life Technologies, UK), 

and the appropriate volume required to give 1µg RNA was calculated for cDNA 

conversion using the Qiagen QuantiTect Reverse Transcription Kit (Qiagen, UK) by 

manufacturers protocols.  
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Figure 2.2.1 A schematic flow chart to describe the approach used for the cloning 

and expression of rCL1 protein in P. pastoris 
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2.2.3.2 Design of primers for amplification of CL1 gene 

Primers were designed against the CL1 cDNA sequence U6228 (NCBI GenBank)  

(Roche et al. 1997) using Clone Manager Suite 7 (Version 7.04, 2002). The primers 

were designed (Table 2.2.2) for use in the end point vector (the yeast vector, pPinkα-

HC). The start codon in the CL1 gene was removed to allow expression of the yeast 

signal sequence (α-mating factor taken from S. cerevisiae) for extracellular secretion 

of the CL1 protein. The forward primer therefore complemented the first 18 base pairs 

after the CL1 start codon. A short tag region for the pENTR vector, a clamp region 

and a StuI restriction site were included on the 3’ end of the primer. The clamp region 

and pENTR tag would be removed by the restriction digest prior to insertion into the 

pPinkα-HC vector. 

The reverse primer was designed to include a complementary 18 base pair region to 

the 5’ end of the CL1 sequence (Table 2.2.2). The reverse primer also included a 

His6-Tag region, as cleavage events are known to occur to the N-terminal end of CL1 

to form the active mature protein. This was followed by a stop codon. The reverse 

primer also included a restriction enzyme site (KpnI) and a short clamp region. The 

final intended insert was then checked within Clone Manager Suite 7 to ensure the 

CL1 gene could be inserted correctly and in the correct orientation within the pPinkα-

HC plasmid.  

 

Table 2.2.2 Design of primers (Eurofins, MWG operon) used in PCR to amplify the 
CL1 gene from cDNA extracted from a single adult fluke 
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2.2.3.3 PCR of CL1 gene from fluke cDNA 

PCR reactions were carried out in a 25µl reaction volume, containing 12.5µl of 

Phusion Green Hot Start II High-Fidelity PCR Master Mix (ThermoFisher Scientific, 

UK). Primers were added to give a final concentration of 0.5µM, along with 1µl of 

cDNA (~1µg). The cycling conditions included an initial activation step for 30 seconds 

at 98oC, followed by 35 cycles of 98oC for 10 seconds, 65.1oC for 30 seconds, 72oC 

for 45 seconds and a final extension for 10 minutes at 72oC. 

The expected 1008 base pair (bp) product was visualised by gel electrophoresis. The 

product was sequenced by Source Biosciences, UK to confirm correct amplification 

of the CL1 gene. A BLAST search showed 97% homology to the reference gene 

(U62288). All future sequencing reactions were also conducted by Source 

Biosciences, UK. 

2.2.4 Cloning of CL1 and propagation in E. coli  

The CL1 gene was first cloned into an E. coli vector (pENTR) (Appendix A2, Figure 

A2.1) for easy propagation of the gene (Figure 2.2.1). Following this, the CL1 gene 

was ligated into the yeast vector, and propagated in E. coli before transformation into 

yeast cells (Figure 2.2.1).  

2.2.4.1 Cloning into pENTR vector  

The CL1 gene was inserted into the pENTR vector by blunt end cloning. Fresh CL1 

PCR product was first passed through a QIAquick PCR clean up column (Qiagen, 

UK) and then mixed with the vector in a 4:1 ratio respectively, together with 1µl salt 

solution and sterile water to give a final volume of 6µl. The reaction was incubated at 

room temperature for five minutes and then placed onto ice and used immediately for 

transformation. 
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2.2.4.2 Transformation into TOP10 E. coli with CL1-pENTR vector 

One vial of E.coli One Shot® TOP10 chemically competent cells (Invitrogen, UK) was 

transformed according to manufacturer’s recommendations (Invitrogen, 2012), except 

that 5µl of cloning reaction was added to cells. A volume of 100µl of transformation 

reaction was spread onto pre-warmed Luria Broth (LB) agar plates with 50μg/ml 

kanamycin (Sigma Aldrich, UK) (Appendix A1, Table 2). Plates were incubated 

overnight at 37oC to allow the formation of distinct colonies. 

2.2.4.3 Colony PCR of E. coli transformed with CL1-pENTR 

The pENTR vector contains a kanamycin resistance gene, to allow selection of 

transformed colonies. At least 10 colonies (numbered 1-10) were randomly selected 

for colony PCR to confirm CL1 gene insertion. A 25µl reaction volume as follows: 

12.5µl BioMix Red Master mix (Bioline, UK), 1µl CL1 reverse primer, 1µl M13 forward 

plasmid specific primer and 11.5µl distilled water. A small amount of each selected 

colony was inoculated into the PCR mix. Cells were not lysed prior to the PCR, but 

the denaturing step was increased to 10 minutes at 96oC to disrupt cells. This was 

followed by 35 cycles of 96oC for 15 seconds, 52oC for 15 seconds, 72oC for two 

minutes and a final extension step of 72oC for seven minutes. Positive colonies were 

those which gave bands of 1,1311bp by agarose gel electrophoresis. These were 

then used to inoculate 5ml LB broth containing 50µg/ml kanamycin and left to grow 

overnight in a shaking incubator at 37oC, 200rpm.  

2.2.4.4 Purification of plasmids from culture of positive clones and restriction digest of 

plasmids 

Following overnight growth, 4ml of culture was removed and centrifuged at high speed 

for 10 minutes to pellet the cells. Plasmids were then isolated from cells using the 

QIAprep spin miniprep plasmid kit (Qiagen, UK), following manufacturer’s protocols.  
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Plasmid were restriction digested with the enzyme FastDigest EcoRI (Invitrogen, UK), 

following manufacturer’s protocols. Positive plasmids were identified by a band at 

3,580bp by gel electrophoresis.  

2.2.4.5 Preparation of glycerol stocks of E. coli colonies positive for CL1-pENTR  

Positive colonies (Colonies 4-9) which gave the correct band sizes by PCR and 

restriction digest were chosen to make culture stocks. A volume of 500μl of leftover 

culture broth was mixed with to 500μl of sterile glycerol and then stored at -80oC. 

2.2.4.6 Sequencing of positive CL1-pENTR colonies 

Plasmid DNA taken from six colonies positive for the CL1-pENTR vector were 

sequenced to confirm presence of CL1 gene. Sequences were then aligned to the 

reference CL1 (U6228) using DNA baser (v4.20.0.36). The clone with the greatest 

sequence identity (98%) (CL1-pENTR-Colony 4(C4)) to the reference sequence was 

selected.  

2.2.4.7 Cloning CL1 gene into pPinkα-HC yeast vector 

The CL1 gene was amplified out of the CL1-pENTR-C4 plasmid by PCR using the 

CL1 specific primers (Table 2.2.2). A total of three 50μl PCR reactions were set up as 

follows: 25μl Phusion Green Hot Start II High-Fidelity PCR Master Mix, primer 

concentration of 0.6μM, 15μl distilled water and 2.5μl purified CL1-pENTR-C4. The 

PCR conditions were the same as in Section 2.2.3.3. PCR product was visualised by 

gel electrophoresis to confirm the correct product size (1008bp). 

Samples were passed through the QIAquick PCR purification Kit (Qiagen, UK), and 

checked by gel electrophoresis to confirm presence of bands. The cleaned CL1 PCR 

product and the pPinkα-HC vector (Appendix A2, Figure A2.1) were digested with the 

restriction enzyme StuI (Invitrogen, UK). The reaction was incubated for three hours 

at 37oC and again passed through a QIAquick PCR clean up column, and bands 
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confirmed by gel electrophoresis. The CL1 gene and the pPinkα-HC vector were cut 

with a second restriction enzyme, FastDigest KpnI (Invitrogen, UK). The reaction was 

incubated for 10 minutes at 37oC and passed through a QIAquick PCR clean up 

column and bands visualised by gel electrophoresis for a final time. 

The restricted CL1 and pPinkα-HC vector were ligated overnight at room temperature 

with T4 DNA ligase (Invitrogen, UK). The reaction was set up according to the 

manufacturer’s protocols, and the restricted vector product diluted 1:2 in elution buffer 

before being added to the ligation reaction as recommended.  

The ligation reaction was then used for transformation of E. coli TOP10 as in Section 

2.2.4.1. pPinkα-HC plasmid contains an ampicillin resistance gene; therefore, 

transformation reactions were plated onto LB agar plates containing ampicillin to 

select for transformants. Positive colonies (CL1-pPinkα-HC) (n = 6) were identified by 

colony PCR (Section 2.2.3.3) using the yeast plasmid specific forward primer (AOX1), 

and reverse primer (CYC1) (Invitrogen, UK) to give a band size of 1500bp. Purified 

plasmids were digested with EcoRI (Section 2.2.4.4) and colonies which gave the 

correct band size of 8,908bp were chosen to make glycerol stocks (Section 2.2.4.5). 

Purified plasmids were sequenced using the yeast primers and sequence data 

compared to the reference sequence, U62288 and the CL1-pENTR-C4 sequence 

using DNA baser software. Nucleotide sequence identity to the reference sequence 

was confirmed at 98%. The sequence was translated to its protein sequence using 

the software, Artemis (Rutherford et al. 2000) which was used to BLAST search within 

the NCBI GenBank database to confirm matches for F. hepatica CL1 proteins. The 

plasmid purified from Colony 25 (CL1-pPinkα-HC-C25) was chosen to continue to 

yeast transformations.  

Base pair changes between the CL1-pPinkα-HC-C25 gene sequence and the 

reference gene sequence (U62288) were mapped and any subsequent synonymous 

and non-synonymous amino acid changes as determined using Artemis, were 
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annotated in Clone Manager Suite 7 software. Residues identified as important for 

CL1 activity (Irving et al. 2003; Cwiklinski et al. 2015) were also annotated for 

reference. The rCL1 protein sequence was also aligned with other CL1 protein 

sequences present in GenBank database by ClustalW Omega (Sievers et al. 2011).  

2.2.5 Transformation of P. pastoris with CL1-pPinkα-HC-C25 

The following methods describe the transformation of the CL1-pPinkα-HC-C25 

plasmid into P. pastoris (Figure 2.2.1). 

2.2.5.1 Preparation of glycerol stocks of P. pastoris 

Glycerol stocks of untransformed P. pastoris (Strain 2, Invitrogen, UK) cells were 

prepared as described in the PichiaPink Expression Manual (Invitrogen, 2004). 

2.2.5.2 Electroporation of P. pastoris cells with CL1-pPinkα-HC-C25 plasmid 

Purified CL1-pPinkα-HC-C25 was first linearized through restriction digest with XagNI 

(EcoNI) (Invitrogen, UK) overnight at 37oC. The reaction was passed through the 

QIAquick PCR clean up kit and stored at -20oC until needed. 

P. pastoris cells were made electrocompetent using the protocol described within the 

PichiaPink Expression Manual (Invitrogen, 2004). Cells were immediately used for 

electroporation, and transformed using manufacturer’s protocols, with modifications. 

A volume of 80µl of electrocompetent P. pastoris cells were mixed with 5µl of 

linearized CL1-pPinkα-HC-C25 and transferred to an ice cold 0.1cm electroporation 

cuvette (Geneflow, UK) and incubated for 5 minutes on ice. The cells were pulsed 

using the Thermo EC electroporator at 1800V and 1ml of ice cold Yeast-Extract, 

Peptone, Dextrose, Sorbitol (YPDS) media (Appendix A1, Table 2) was added 

immediately. Cells were incubated at 30oC without shaking to recover for 

approximately four hours and spread onto Pichia Adenine Dropout (PAD) agar plates 

(Appendix A1, Table 2). Plates were incubated at 30oC for at least seven days to allow 
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the appearance of distinct colonies. The PAD agar selects for P. pastoris colonies 

containing high copy numbers of plasmids. Colonies with high copy numbers of CL1-

pPinkα-HC-C25 were picked and restreaked onto to fresh PAD plates and grown for 

at least 5 days at 30oC to confirm the positive phenotype.  

A total of 22 colonies were confirmed for CL1-Pinkα-HC-C25 using colony PCR. A 

sample of the colony was picked and boiled for five minutes in 10µl of water and 5µl 

was used in two PCR reactions; a) using the yeast vector primers (AOX1 and CYC1) 

(Section 2.2.4.7) and b) with CL1 primers (Section 2.2.3.3). The extension time was 

increased to one minute and 30 seconds to account for the larger product size with 

the yeast vector primers. Those colonies which were confirmed positive in both PCRs 

were streaked onto a replica agar plate and stored at 4oC, and glycerol stocks made 

for those positive for rCL1 expression. 

2.2.6 Confirmation of rCL1 expression from CL1-pPinkα-HC-C25 positive yeast 

colonies 

The following methods describe the optimisation of rCL1 expression from transformed 

P. pastoris cells (Figure 2.2.1) 

2.2.6.1 Optimisation of protein production via time course expression 

Transformed P. pastoris were inoculated into 10ml of Buffered Glycerol Complex 

Medium (BGMY) (pH 8.0) (Appendix A1, Table 2) and cultured as described in the 

PichiaPink Expression Manual (Invitrogen 2004), with the following modifications. 

Rather than growing P. pastoris at the recommended pH 6.0 (Invitrogen, 2004), the 

culture medium was buffered to pH 8.0 as per Collins et al. (2004), in order to inhibit 

the formation of the active 25kDa form of CL1. Cells were harvested by centrifugation 

at 1,500xg for five minutes at room temperature and the supernatant removed. Cells 

were resuspended in 1ml Buffered Methanol Complex Medium (BMMY) (pH 8.0) 

(Appendix A1, Table 2) to induce protein expression.  
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To determine the optimum time for protein expression after induction, 100µl of the 

yeast cell culture was removed every 24 hours for four days and replaced with 100µl 

of 40% methanol to ensure consistent methanol concentration within the yeast 

culture. The cells were pelleted by centrifugation at 1,500xg for five minutes and the 

supernatant stored at -80oC before analysis for protein expression by coomassie 

staining and Western blotting (Section 2.2.2.1-3). 

2.2.6.2 Large scale expression of rCL1 from yeast cultures 

Large scale expression of rCL1 was performed using protocols in the PichiaPink 

Expression manual (Invitrogen, 2004) with modifications. A single fresh yeast colony 

was used to inoculate 25ml of BGMY media in a 250ml autoclaved baffled flask and 

incubated for 24 hours at 30oC at 300 rpm until the culture had reached an OD600 of 

2-6. 

This culture was used to inoculate 1L of BGMY media (pH 8.0), which was split into 

2x 2L autoclaved baffled flasks so that each culture volume was approximately 500ml. 

This incubated for at least 24 hours at 30oC, 300rpm until the culture reached an OD600 

of 2-6. Cells were harvested by centrifugation at 1,500xg for five minutes and the cells 

resuspended in BMMY (pH 8.0) media to give a total culture volume of 200ml in a 1L 

autoclaved baffled flask.  

Cells were cultured for four days at an optimised temperature of 23.5oC, 300rpm. 

Every 24 hours, 100% methanol was added to the culture to maintain an optimised 

final methanol concentration within the culture of 1%. At the end of the 4-day period, 

the cells were harvested again by centrifugation at 1,500xg for five minutes and the 

supernatant collected. To further optimise growth and expression of rCL1, a set of 

cultures was also grown and expressed in BGMY and BMMY media buffered at pH 

6.0 to compare results. 
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The supernatant was concentrated using Amicon Ultra 15ml (Molecular Weight Cut-

off (MWCO) 10kDa) centrifugal filters at 40,000xg for 10 minutes to an approximate 

final volume of 60-80ml. If not used immediately, the supernatant was stored at 4oC. 

2.2.6.3 Coomassie stain and Western blot analysis of supernatant from yeast culture 

For gel analysis, 500µl of the expression culture supernatant was concentrated again 

using Amicon Ultra 0.5ml (MWCO 10kDa) centrifugal filters at 14,000xg for 10 minutes 

and proteins bands compared against a sample of uninduced culture supernatant by 

coomassie stained SDS PAGE (12%) (Sections 2.2.2.2). In order to confirm rCL1 

expression, Western blotting (Section 2.2.2.3) was performed using a serum sample 

from an experimentally infected sheep (Sheep 284, 10 wpi). The His6-Tag of the rCL1 

was detected using a mouse monoclonal anti-polyHistidine antibody produced (Sigma 

Aldrich, UK) at a 1:500 dilution in Blocking buffer and a peroxidase labelled goat anti-

mouse IgG at a 1:5,000 dilution in Blocking buffer. Membranes were incubated with 

1-2ml 3,3’,5,5’-Tetramethylbenzidine (TMB) liquid substrate (Sigma Aldrich, UK) for 

15 minutes in the dark to visualise bands. 

2.2.6.4 Purification of rCL1 on agarose columns 

rCL1 protein was purified using agarose bead columns. Briefly, 10x Binding buffer 

(Appendix A1, Table 3) was added to the yeast culture supernatant so that the final 

volume gave a 1:10 dilution of 10x Binding Buffer. A 25ml aliquot of this solution was 

then mixed with 2ml Ni-NTA agarose beads (Qiagen, UK) and mixed on a rocking 

table for at least one hour. 

The bead solution was applied to a BioRad Chromatography column (BioRad, UK) 

and the remaining yeast supernatant in Binding Buffer added and flow through 

collected at each step. The agarose beads were washed with 25ml of Wash Buffer 

(Appendix A1, Table 3). The rCL1 protein was eluted from the agarose beads with 

2.5ml of Elution buffer (Appendix A1, Table 3). The elution step was repeated a further 
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four times to give five elution fractions. Samples from each stage of purification 

(supernatant flow through, wash step and the five elution fractions) were analysed by 

SDS PAGE followed by coomassie staining (Section 2.2.2.2) 

2.2.6.5 Dialysis of rCL1 into PBS buffer and quantification of rCL1 protein 

The elution fraction that contained the rCL1 was dialysed into PBS using a 3ml Slide-

A-Lyzer dialysis cassette (MWCO 7 kDa), following manufacturer’s protocols, or by 

buffer exchange using an Amicon Ultra 4ml (MWCO 10kDa) centrifugal filters. 

Samples was checked by SDS PAGE and coomassie staining. Protein concentration 

was determined by Bradford Assay (Thermo Scientific, UK) using the microplate 

protocol. Protein was then aliquoted and stored at -20oC until needed. 

2.3 Results 

2.3.1 Identification of immunogenic proteins within native F. hepatica ES products 

Whole ES products (Batches 1 and 2) analysed by SDS PAGE showed that two 

prominent protein bands could be detected at approximately 26-24kDa (Figure 2.3.1). 

The optimum concentration for clearest resolution of protein bands was 100µg/ml for 

both ES products batches and was used for future Western blotting. Western blotting 

using serum from experimentally infected cattle (Figure 2.3.2) and experimentally 

infected sheep (Figure 2.3.3) revealed that host antibody response was specifically 

directed against the two proteins at 24-26kDa. 

 

 

 

 



 
 

61 
Chapter 2 

 

Figure 2.3.2 Western blot using fluke ES products (Batch 2) probed with serum taken 

from four experimentally infected cattle (A) 123, (B) 124, (C) 125, (D) 126 over a 17-week 

infection.  

 

D 

A 

C 

B 

Figure 2.3.1 Coomassie stained SDS PAGE gel of F. hepatica ES products from Batch 1 

and Batch 2. For both batches, proteins were run at an optimum concentration of 100µg/ml.  
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For experimentally infected cattle, the earliest detectable host antibody response 

against the dominant bands at 26-24kDa was between 5-7wpi, compared to four wpi 

in sheep (Figure 2.3.3). Experimentally infected cattle serum showed antibody 

recognition to three bands at 26-24kDa rather than just two protein bands (Figures 

2.3.2). This is possibly due to degraded proteins in ES products Batch 2. There is also 

some recognition of proteins at approximately 11kDa which was not seen in Western 

blots using sheep serum (Figure 2.3.3). 

The 24-26kDa proteins bands matched the immunogenic F. hepatica proteins 

previously identified as CL1 and CL2. As CL1 has previously been used as a 

diagnostic target and recombinant versions have already been expressed, this was 

chosen to use as the antigen. 

A B 

C D 

Figure 2.3.3 Western blot of adult fluke ES products (Batch 1) probed with serum taken from 

four experimentally infected sheep (A) 16, (B) 282, (C) 283, (D) 284, over the course of a 16-

week infection. Sheep were treated with triclabendazole at 14 weeks infection, resulting in a 

decrease in antibody response visible at 16 weeks post infection.  
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2.3.2 Cloning of CL1 gene and propagation in E. coli  

CL1 gene specific primers (Table 2.2.2) successfully amplified a gene product at the 

estimated size (1008bp) from adult fluke cDNA (Figure 2.3.4). Sequencing of the PCR 

product and a BLAST search confirmed this product was a F. hepatica CL1 DNA 

sequences. 

Following cloning into the pENTR vector, CL1-pENTR transformants were identified 

as positive by PCR (six colonies named CL1-pENTR (C4-9)) for the CL1 insert (Figure 

2.3.5). These were confirmed by restriction digest of purified plasmid with EcoR1 and 

subsequent BLAST search. One plasmid, CL1-pENTR-C4 was chosen to continue 

with cloning. Comparison of the CL1 gene sequence from CL1-pENTR-C4 revealed 

sequence polymorphisms compared to the reference sequence (U62288).  

 

 

Figure 2.3.4 PCR amplification of CL1 gene at 1008bp from cDNA extracted from adult 

fluke. 

 

bp 

Figure 2.3.5 Colony PCR from E. coli TOP10 colonies (n = 10) showing successful 

transformation of pENTR plasmid containing the CL1 gene by a product size of 

approximately 1,131bp.  
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2.3.3 Cloning of CL1 gene into P. pastoris vector, pPinkα-HC 

The CL1 gene was amplified from the CL1-pENTR-C4 by PCR to create a large 

concentration of CL1 gene product and subsequently digested with the restriction 

enzymes StuI and KpnI, making use of the restriction enzyme sites placed into the 

PCR product by the primers (Table 2.2.2) (Figures 2.3.6A and B). The pPinkα-HC 

vector was also prepared by restriction digest (Figures 2.3.6A and B). E. coli colonies 

transformed with ligation reaction were identified as positive for pPink-HC-CL1 insert 

by PCR by an 1008bp increase in band size compared to an empty Pichia vector 

control (Figure 2.3.7).  Three out of the five colonies (21, 25 and 31) which produced 

expected band size of 1500bp (Figure 2.3.7) were confirmed as positive by restriction 

digest. 

 

2.3.4 Comparison of rCL1 sequence with reference sequence 

Plasmid from colony 25 (CL1-pPinkα-HC-C25) was chosen for transformation into P. 

pastoris cells, therefore only this sequence is shown from this section onwards. 

Alignment of the sequencing result from the CL1-pPinkα-HC- C25 plasmid against the 

reference sequence (U62288) revealed a total of 17 nucleotide substitutions which 

A B 

Figure 2.3.6 CL1 PCR product and pPinkα-HC yeast vector digested with StuI enzyme. 

(A) and then digested with KpnI (B)  
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resulted in nine synonymous and eight non-synonymous amino acid changes (Figure 

2.3.8). 

 

 

ClustalW Omega alignment of the translated CL1 protein sequence from the CL1-

pPinkα-HC-C25 plasmid against other CL1 protein sequences within NCBI GenBank 

database showed our rCL1 protein had good alignment with the other sequences 

(Figure 2.3.9). The rCL1 protein had 98% sequence similarity with the translated 

protein from the reference sequence (AAB41670) (Figure 2.3.9). It also showed that 

the rCL1 protein sequence produced in this study had an additional 10 amino acids 

at the start of the signal sequence compared to other published sequences. 

Figure 2.3.7 Colony PCR from E. coli TOP10 colonies transformed with pPinkHC-α - CL1 

identified by using AOX1 forward and CYC1 reverse primers of pPinkHC-α plasmid 

resulting in a PCR product of approximately 1500 bp. 

 

 



 
 

 
 

 

Figure 2.3.8 An annotated diagram of the DNA sequence of CL1-pPinkα-HC-C25. Text highlighted with colour show important sites within the protein as 

modified from Cwiklinski et al (2015) and Irving et al (2003); orange is signal sequence; light blue is pro-domain and highlighted is the mature protein. Pink 

is for the residues which make up the active site (AS), light green for the residues which are responsible for binding the substrate in the S2 subsite. (S2) 

and dark green for residues within the S2 subsite that confer specificity (S2-S) of substrate binding. The sequence was compared back to the reference 

sequence published by Roche et al (1997) (U26688) and a total of 17 single nucleotide polymorphisms were identified, nine of which resulted in 

synonymous amino acid changes (yellow) when compared to U26688 and eight non-synonymous amino acid changes (red). His6-Tag is highlighted by 

the red box.  
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2.3.5 Cloning of transformed CL1-pPinkα-HC into P. pastoris 

 

Following transformation of P. pastoris with CL1-pPinkα-HC-C25 plasmid, distinct, 

white yeast colonies could be seen on the agar plate and were confirmed for presence 

of plasmid and CL1 DNA by PCR (Figure 2.3.10). 

Figure 2.3.9 ClustalW Omega Alignment of rCL1 amino acid sequence against the top 

five CL1 protein sequences by BLAST search within the NCBI Genbank database. 

Sequence identity to the rCL1 sequence is shown in brackets. Amino acids responsible 

for forming the active site (AS), the S2 subsite (S2) and residues responsible for substrate 

specificity (S2-S) are annotated. The 17 single nucleotide polymorphisms are highlighted 

on the rCL1 protein sequence (nine synonymous amino acid changes (blue) and eight 

non-synonymous amino changes (red) compared to the translated U26688 sequence 

(AAB42670).  
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2.3.6 rCL1 expression from transformed P. pastoris colonies 

Small scale culture of P. pastoris colonies positive for the CL1-pPinkα-HC-C25, 

revealed, that after four days’ culture in 10ml or 1ml BMMY media, no CL1 expression 

could be detected by SDS PAGE. Two colonies (colony 4 and 18) were chosen for 

large scale cultures.  After four days, protein bands at approximately 37kDa could be 

detected by SDS PAGE following concentration of culture supernatant from methanol 

induced cultures, which was not in uninduced cultures (Figure 2.3.11). This was also 

confirmed by Western blotting using serum taken from an experimentally infected 

sheep at 10wpi (Figure 2.3.12A) and an anti-His6-Tag antibody (Figure 2.3.12B). 

Figure 2.3.10 An example of a colony PCR of three successfully transformed P. pastoris 

colonies (Colonies 2, 4, 6), using the AOX1 and CYC1 yeast primers. CL1 gene was also 

confirmed as present from colonies by PCR using the CL1 primers (Table 2.2.2) showing 

the 1008bp product. 

Figure 2.3.11 rCL1 can be detected in the supernatant from large scale cultures of 

transformed P. pastoris colonies 4 and 18 when compared to uninduced cultures (glycerol 

growth). Following concentration, bands could be seen in both colony 4 and 18 culture 

supernatants at approximately 37kDa (pre-pro form of CL1), but were not detectable in the 

glycerol growth phase. Following 2x concentration, a band at 37kDa was clearer (as 

highlighted by arrow). No protein could be detected in the flow through from the centrifugal 

filters.  
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Recombinant protein was successfully purified from colony 4 and 18 cultures using 

Ni-NTA columns (Figure 2.3.13). Protein yield was approximately 18.3µg/ml for colony 

18 and 22.2µg/ml for colony 4 (Table 2.3.1). Colony 4 was chosen to use for future 

cultures as it produced marginally more rCL1 protein. 

 

2.3.7 Optimisation of rCL1 expression from P. pastoris cultures 

Table 2.3.1 summarises optimisation trials and protein yields from all P. pastoris 

cultures. During optimisation of expression, stronger rCL1 expression could be 

detected in yeast cultures when higher methanol concentrations (1%) were used and 

a lowered culture temperature (23.5oC) (Figure 2.3.14B) (Table 2.3.1). Due to low 

yields, rCL1 aliquots were then pooled and concentrated via centrifugal filtration and 

resulted in a yield of 61µg/ml for pooled batches 1-5. However, significant precipitation 

occurred during pooling of other rCL1 batches resulting in loss of protein (Table 2.3.1). 

In an attempt to improve yields, cultures of P. pastoris were maintained at pH 6.0 as 

suggested in the PichiaPink Expression Manual, however this either resulted in 

Figure 2.3.12 Western blot of supernatant collected from large scale methanol induced 

cultures of colonies 4 and 18 (A) serum taken from an experimentally infected sheep (Sheep 

284, 10 wpi) and (B) anti-His6-Tag antibody, when compared to uninduced cultures and 

native ES products. Bands could be detected in sample 1 (colony supernatant concentrated 

1x) for colony 4 and 18 in (A) indicating recognition of rCL1 by host anti-fluke antibodies in 

both cultures. Further concentration of an 500µl aliquot of the supernatant (sample 2), 

allowed the His6-Tag to be detected also. No antibody binding could be detected in 

uninduced cultures (sample 3). 
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precipitation of protein during purification or no expression at all, therefore cultures 

were maintained at pH 8.0. Culture at pH 8.0 did not completely inhibit activation of 

rCL1 to the 25kDa form within yeast cultures, indicating that pH was dropping, either 

during culture or purification (Figures 2.3.11-14). 

Figure 2.3.13 rCL1 was successfully purified from colony 4 culture supernatant using 

Ni-NTA agarose beads following induction by methanol and cultured at 30oC for 4 days.  

 
B 

C 

Figure 2.3.14 SDS PAGE of (A) supernatants from large scale expressions of colony 4 before 

and after induction by methanol (1%) at 23.5oC. Induced culture samples are shown as 2x 

concentrated on gel. (B) rCL1 successfully purified from supernatant. (C) rCL1 following buffer 

exchange into PBS.  

A 
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rCL1 Batch number Culture number 
Yield µg/ml 

(following dialysis/ 
buffer exchange) 

Conditions used 

 

1 (colony 4) 22.2 
30oC, 

0.5% methanol 

2 (colony 18) 18.3 
30oC, 

0.5% methanol 

 Colony 4 was used for all expressions onwards 

Batch 1* 

1 22.5 
30oC, 

0.5% methanol 

2 
(contaminated) 

15.4 
30oC, 

0.5% methanol 

Batch 2* 

1 17.7 
30oC, 

0.5% methanol 

2 17.4 
30oC, 

0.5% methanol 

Batch 3* 

1 No expression 
30oC, 

0.5% methanol 

2 
(contaminated) 

15.0 
30oC, 

0.5% methanol 

Batch 4* 

1 24.2 
23.5oC, 

1% methanol 

2 23.6 
23.5oC, 

1% methanol 

Batch 5* 
 

1 & 2 
 

~23.04 
23.5oC, 

1% methanol 

Subsequent batches were frozen in elution buffer and then defrosted to be pooled 
and buffer exchanged into PBS  

Batch 6 

1 

23.9 

23.5oC, 
1% methanol 

2 
23.5oC, 

1% methanol 

Batch 7 1 & 2 

13.04# 

(pooled batches) 

23.5oC, 
1% methanol 

Batch 8 
1 & 2 

(expression over 
3 days) 

23.5oC, 
1% methanol 

Batch 9 
(pooled with batch 

12) 

1 & 2 
(Culture 1 had 
contamination) 

 
23.5oC, 

1% methanol 

Batch 10 
(pooled with batch 

11) 

1 
 

Protein precipitated 
following purification 

23.5oC, 
1% methanol, pH 6.0 

2 11.5# 23.5oC, 
1% methanol 

Batch 11 1 No expression 

(used method in 
Collins et al. (2004)) 

30oC, 
1% methanol, pH 6.0 

Batch 12 
(pooled with batch 

9) 

1 

19.51# 

23.5oC, 
1% methanol 

 
2 

(contaminated) 

Table 2.3.1 Summary of conditions used and subsequent protein yields in P. pastoris 
cultures during optimisation of rCL1 expression.  
*Batches 1-5 were pooled later by buffer exchange to yield 61µg/ml rCL1 
# protein precipitated during buffer exchange 
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2.3.8 rCL1 was recognised by antibodies in serum of infected animals 

If used in a diagnostic test, the rCL1 must be recognised by antibodies from fluke 

infected animals. rCL1 was recognised by host antibodies from an experimentally 

infected sheep in both the 32kDa and 25kDa enzyme forms (Figure 2.3.15A). Over 

the course of a 16-week infection a similar pattern of recognition is observed 

compared to native ES products (Figure 2.3.3), although the intensity of the bands 

was weaker. Serum antibodies from naturally infected cattle also recognise the rCL1 

protein (Figure 2.3.15B). 

2.4 Discussion 

2.4.1 CL1 is the immunodominant antigen within native ES products 

Western blotting showed that a 26-24kDa antigen in F. hepatica ES products was the 

main target of the host immune response recognised by experimentally infected 

animals. This antibody response was detected at 4wpi in experimentally infected 

sheep and at 5-7 weeks in experimentally infected cattle. The cattle samples used 

were archived in 1997 and therefore may have degraded during storage. This could 

have contributed to some samples not producing signals on the Western blot and also 

contributed to the weaker signal.  

Figure 2.3.15 Western blot of (A) rCL1 probed with serum taken from an experimentally 

infected sheep (Sheep 284) (B) rCL1 probed with pooled serum taken from naturally 

infected cattle and a negative control serum. 

 

A B 
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The 24-26kDa antigens have been previously identified as the F. hepatica cysteine 

proteases, CL1 and CL2 (Irving & Howell 1982; Dalton & Heffernan 1989; Smith et al 

1993a; Roche et al. 1997; Cordova et al. 1997; O’Neill et al. 1998). Recombinant CL1 

has previously been shown to be suitable for the sero-diagnosis of F. hepatica 

infections (O’Neill et al. 1998; Cornelissen et al. 1999). 

Western blotting also showed some antibody recognition by experimentally infected 

cattle to low molecular weight proteins in ES products Batch 2. Morphew et al. (2016) 

have used 2D electrophoresis to investigate the family of FABP (14-15kDa) 

recognised by the host antibodies from infected animals. No bands, however, were 

detected at 14-15kDa with experimental sheep serum, therefore it is possible that the 

low molecular weight protein bands present on the Western blot of the experimentally 

infected cattle serum could be due to binding from degraded protein products. These 

low molecular weight bands also gave a weaker signal on the Western blot compared 

to bands at 26-24kDa. 

2.4.2 Successful expression of rCL1 from P. pastoris 

A recombinant F. hepatica CL1 was produced using the yeast P. pastoris expression 

system, achieving yields of up to 24µg/ml per culture. The recombinant protein was 

recognised by antibodies produced by naturally and experimentally infected cattle and 

sheep, proving its potential for use as a diagnostic antigen.  

The yields reported here are higher compared to other studies who used the yeast, 

S. cerevisiae. Roche et al (1997) successfully managed to produce the first functional 

F. hepatica rCL1 using S. cerevisiae and reported yields of 0.5mg/L. However more 

recently, yields of 100µg/L of rCL1 have been reported using the S. cerevisiae 

expression system (Dalton et al. 2003). Other studies that describe expression of 

alternative F. hepatica cathepsins in S. cerevisiae report yields of 66.6-100µg/L for 

rCL2 (Dowd et al. 1997). Corvo et al. (2009) also produced a recombinant F. hepatica 
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CL3 and achieved yields of a 0.8-1mg/L in the methylotrophic yeast Hansenula 

polymorpha. However, the most successful was reported by Dalton et al. (2003), 

producing 800mg/L rCL1 from P. pastoris cultures. 

There are several potential reasons why other groups, using the same expression 

system, have been able to achieve higher yields in P. pastoris than that reported here. 

Firstly, the expression of recombinant proteins in shake-flask cultures are typically 

lower than that of fermentation systems (Cregg et al. 2000; Čiplys et al. 2015). 

Fermentation systems allow for much higher cell densities within cultures, which is 

especially important for obtaining higher concentrations of secreted recombinant 

proteins (Cregg et al. 2000). A fermentation system also allows more control over the 

culture environment to maintain the high oxygen metabolism required by yeast during 

methanol metabolism (Cregg et al. 2000). Unfortunately, due to space constraints in 

the laboratory it was not possible to use a fermentation system in this study. 

Many of the published protocols for recombinant protein production from P. pastoris 

are based on the PichiaPink Expression Manual, which suggests maintaining a 

methanol concentration of 0.5% within cultures. Boettner et al. (2002) however 

showed that they were able to achieve higher yields of protein by using an increased 

concentration of methanol. Following induction, a methanol feed of 1% (v/v) twice a 

day led to a recombinant protein yield 2.5 times higher than maintaining methanol at 

0.5% (v/v) (Boettner et al. 2002). Collins et al. (2004) also used a methanol 

concentration in culture of 1% (v/v) within shake-flask cultures. However, methanol 

concentrations of 4% (v/v) or above can lead to a negative effect on cell growth, due 

limitations of a carbon source or the toxic effects of methanol build-up within culture 

(Guarna et al. 1997; Boettner et al. 2002). By increasing the addition of methanol daily 

to 1% (v/v) to cultures of CL1 transformed yeast cells, we increased rCL1 yields by 

approximately 10µg/ml. 
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The PichiaPink Expression Manual also recommends maintaining P. pastoris cultures 

at a constant temperature of 28-30oC following induction. Li et al. (2001), however, 

successfully increased the yields in a P. pastoris system by maintaining cells at 

23.5oC. E. coli cultures expressed at lower temperatures also achieve increased 

protein expression as protein misfolding and aggregation is reduced, allowing 

successful secretion of higher concentrations of protein into culture (Li et al. 2001). 

Culturing at a lower temperature can also aid in increasing the viability of cells, which 

in turn decreases the concentration of proteases released from dead cells (Li et al. 

2001). This helps prevent the degradation of recombinant protein within culture (Li et 

al. 2001; Shi et al. 2003; Čiplys et al. 2015). By culturing CL1 transformed yeast cells 

at lower temperature we found an increased concentration of rCL1 in culture 

supernatant and an increase in the 32kDa pro-enzyme form of the rCL1 by coomassie 

staining of purified protein. As rCL1 is a protease itself, the lower culture temperature 

would have also inhibited the activity of any activated rCL1. 

It is possible that the clone selected for expression was naturally a low-yielding clone. 

Of the 20 transformants we screened, none produced detectable rCL1 expression 

during small scale expression trials. Only during large scale expression of colonies 

could rCL1 be detected, and this was only once culture supernatant had been 

concentrated. Western blotting showed that rCL1 was not being sequestered within 

the cell due to mis-folding, therefore indicating that yields obtained were just the 

natural expression of rCL1 by this clone (data not shown). In a study by Noseda et al. 

(2016), 120 transformed P. pastoris clones were screened for production of a 

recombinant bovine chymosin B, and only 15 (12.5%) were shown to be high yielding. 

These clones produced four times as much recombinant protein than low yielding 

clones (Noseda et al. 2016). The insertion of the transformed pPink-HC-α vector 

within the yeast genome is entirely random, and this can have a significant effect on 

the yield of expressed protein, which is not possible to assess by PCR. It is possible 
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that had we screened a higher number of clones we could have identified a higher 

yielding clone. 

CL1 is produced as a proenzyme in secretory vesicles in the gastrodermal cells within 

the gut of the parasite (Collins et al. 2004). The proenzyme is inactive and the pro-

peptide acts as strong inhibitor of the mature enzyme (Roche et al. 1999). Once 

secreted into the acidic lumen (~pH 5.5) of the gut, the pro-region of the enzyme is 

cleaved to reveal the mature 25kDa enzyme, which is able to cleave other proCL1 

molecules to the active form (Collins et al. 2004). Collins et al. (2004) produced a 

mutant proCL1 (Cys26 active site residue was replaced with a Gly26) which was unable 

to mature to the active form itself. Upon addition of mature wild-type CL1, the mature 

form of the mutant could be detected by SDS-PAGE (Collins et al. 2004).  

This auto activation occurs much quicker at lower pH (Stack et al. 2007). Collins et al. 

(2004) also showed that transformed P. pastoris maintained at pH 8.0, produced 

significantly more 37kDa pre-proenzyme compared to culture at pH 6.0, the standard 

culture pH suggested in the PichiaPink Expression Manual (Invitrogen, 2004), with no 

adverse effect on cell viability. Based on this evidence, we cultured our transformed 

P. pastoris cells at pH 8.0 to encourage the formation of the pre-proenzyme, however 

we were unable to detect the presence of the 37kDa pre-pro enzyme in yeast culture 

supernatant. Instead, we saw activation of the enzyme, by the presence of the 32kDa 

proenzyme and 25kDa mature enzyme following purification indicating a drop in pH 

below 8.0 during culture or purification. This was also noted by Stack et al. (2007), 

who therefore included the addition of 0.1M NaOH every 3 hours to maintain the 

desired pH, which was not tried in this study. However, these results do indicate 

correct conformation of the active site of the rCL1 protein as it was able to 

autoactivate. 

Despite the low yield, it was possible to show that the rCL1 was recognised by host 

antibodies from naturally and experimentally infected cattle and sheep by Western 
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blot. The intensity of the bands in the Western blots using rCL1 was lower compared 

to the native ES products, possibly due the lower protein concentration of the rCL1 

antigen.  

The low yield of protein suggests that it is unlikely that this system would be viable on 

a commercial scale. Nevertheless, these results show the successful production of a 

F. hepatica rCL1 in the yeast P. pastoris which is recognised by host antibodies of 

infected animals.  
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Chapter 3 – Evaluation of rCL1 antigen for the diagnosis of F. hepatica infection 

and identification of immunogenic peptides within rCL1 protein 

3.1 Introduction 

Sustainable use of anthelmintics is vital in enabling long term control of disease, 

particularly in the absence of a suitable vaccine. TSTs are one method for the 

sustainable usage, involving targeted treatment of animals which are contributing 

most to pasture contamination or those animals whose productivity or welfare have 

been affected by infection (Kenyon et al. 2009a). This avoids the use of blanket herd 

treatments, therefore reducing the selection pressure on parasite populations. TSTs 

have been shown to be effective for control of nematode infections (Kenyon et al. 

2009a), but are not commonly used for control of fluke (Olah et al. 2015). For these 

programmes, accurate diagnosis of infection is key. This allows the farmer or 

veterinarian to make an informed decision about the treatment of an infected animal.  

Several tests are currently described in the literature for the diagnosis of F. hepatica 

infection including; FEC, antibody detection ELISAs, detection of circulating antigens, 

copro-antigen ELISA tests, and detection of parasite DNA from faeces by PCR 

(Alvarez Rojas et al. 2014). Antibody detection ELISAs are one of the most widely 

used methods to detect fluke infection (Alvarez Rojas et al. 2014). They hold 

advantages compared to the FEC as antibodies against fluke can be detected at 

approximately 2-4wpi, before the appearance of eggs in the faeces at 8-10wpi (Salimi-

Bejestani et al. 2005a; Boray 1969). ELISA based methods can also be used to 

screen large numbers of samples simultaneously, and have good sensitivity and 

specificity depending on the host species being tested and antigen used, making them 

ideal for diagnosis of infection (Alvarez Rojas et al. 2014). 

To detect host antibodies, an antigen is required which is recognised by the 

antibodies. Fluke ES products and in particular the cathepsins, are highly 
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immunogenic, and therefore they have become the antigen of choice in many ELISA 

tests (Lehner & Sewell 1980; Sandeman & Howell 1981; Dalton & Heffernan 1989; 

Smith et al. 1993a; Dowd et al. 1994; Alvarez Rojas et al. 2014). However, due to the 

possibility of batch variation between preparations of new ES products, other studies 

have used purified antigens from ES products as a way of improving consistency 

(Alvarez Rojas et al. 2014). Whole ES products and purified antigens are not ideal for 

a commercial test however, as they rely on the collection of parasites from abattoirs 

which is unreliable. For purified native antigens, the necessary purification techniques 

can also be time consuming, expensive, and protein yields are low (Wijffels et al. 

1994; Smith et al. 1993; Dowd et al. 1994).  

For this reason, recombinant CL1 proteins have been produced. Recombinant 

versions of CL1 have been shown to be a suitable alternative to native antigens in 

diagnostic tests (O’Neill et al. 1999; Kuerpick et al. 2013b; Gottstein et al. 2014).  

In Chapter 2 we described the production of recombinant fluke CL1 antigen in yeast, 

which was recognised by antibodies from experimentally and naturally infected sheep 

and cattle by Western blotting. However, the reducing conditions used in Western 

blotting can remove some conformational epitopes. It was important to establish that 

the rCL1 performed equally well in an ELISA. In this chapter, we compare native ES 

products and the rCL1 antigen for their ability to detect anti-fluke antibodies in the 

serum of naturally and experimentally infected animals by ELISA test. A CL1 peptide 

micro-array was used to identify the immunogenic epitopes within the rCL1 protein.  
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3.2 Materials and Methods 

3.2.1 Serum samples 

Archived serum samples collected from naturally and experimentally infected cattle 

and sheep were used to test host antibody recognition of the rCL1 by ELISA. Naturally 

infected cattle samples were collected for unrelated projects from farms with history 

of fluke, under Veterinary Ethics Committee approval. Samples from experimentally 

infected animals were collected under Home Office licence. Naturally infected sheep 

samples were collected for use in this study under Veterinary Ethics approval (see 

Section 3.2.1.1) from six (A-F) farms. Farm A, C, and D all had previous history of 

fluke infections. Sheep on Farm C were treated with TCBZ six months prior to 

sampling and then moved to grazing with lower fluke risk. Sheep on Farm D were 

treated with TCBZ four weeks prior to sampling. Farm E was a farm thought to be at 

risk of fluke by its veterinarian but had not been previously tested for fluke. Sheep 

from Farm F had not been treated for fluke in the six months prior to sampling. Lastly, 

Farm B was thought to be free of fluke. Details of collection of each set of serum 

samples are included in Table 3.2.1 

Due to the small quantities of rCL1 antigen available, a subset of serum samples was 

tested in the rCL1 ELISA. For experimentally infected animals where weekly samples 

were available, samples were chosen from before (week 0), early (4 wpi), and late (9 

wpi for sheep or 11 wpi for cattle) infection. 

For naturally infected sheep and cows, only serum samples which had PP values over 

the pre-determined positive cut-off value by ES ELISA (Salimi-Bejestani et al. 2005; 

Appendix B1) were tested in the rCL1 ELISA. For naturally infected calves, time points 

included before turnout (Month 0) and at six months after turnout (or the closest time 

point if not available), as calves had been shown to have sero-converted by this time 

point (Graham-Brown, 2016). 
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Control samples for the ELISAs were as follows: positive control cattle samples were 

made from a pool of known positive serum samples from naturally infected animals. 

Negative control cattle serum was collected from a cow kept indoors at the University 

farm known to be free from F. hepatica. Positive sheep control serum was made from 

a pool of experimentally infected sheep serum with chronic infections confirmed 

through FEC. The negative control sheep serum sample was taken from a sheep from 

a farm free from F. hepatica and kept indoors since birth. 

3.2.1.1 Ethics statement for naturally infected sheep samples 

 Serum and faecal from naturally infected sheep were collected for use in this study 

under ethical approval granted by University of Liverpool, Veterinary Ethics 

Committee (VREC493). Personal details of all participants were removed before 

samples were sent so that the author was not aware of farm location or the owner of 

the animals.  
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Test group Details of serum 

Experimentally Infected Sheep 

N=12 
Sheep were infected with approximately 
200 metacercariae at 0wpi and serum was 
collected weekly. Six sheep were treated 
with TBCZ at 14 wpi, and all were 
euthanized at 16 wpi. Fluke burden at time 
of slaughter is shown in Table 3.3.1. 

Experimentally infected Cattle 

N=4 
Cattle were infected with 1000 
metacercariae. Serum samples collected 
weekly for 14 weeks after infection. Fluke 
burden data was not available. 

Naturally infected Sheep 

N = 115 
Serum samples from six commercial farms 
(A-F). For sheep from farms A-E, 
composite FEC were performed. For Farm 
F, individual FEC were performed. All 
farms, except for Farm B, had a history of 
fluke or were thought to be at risk of fluke. 

Naturally infected Calves 

N=19 
Serum samples collected from calves over 
the course of their first-year grazing 
season. Calves were turned out to graze in 
April/May and housed between 
October/November. Serum samples were 
collected monthly. Faecal samples were 
collected from each calf at the October time 
point together with matching serum 
samples. Ten out of the 19 were positive by 
FEC.  

Naturally infected Cows (Farm 1) 

N = 6 
Serum samples collected from adult cattle. 
FEC were also available for all individuals 
(Table 3.3.3) 

Naturally infected Cows (Farm 2) 

N = 13 
Serum samples collected from adult dairy 
cattle in the month prior to drying off. 
Individual FEC were also available for each 
cow (Table 3.3.3) 

Table 3.2.1 Details of serum samples used in Chapter 3. All samples were tested by 

ES ELISA prior to testing with rCL1. 
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3.2.2 ELISA 

All serum samples were tested first by ES ELISA and then tested by rCL1 ELISA. A 

checkerboard ELISA was used to determine optimum antigen coating concentration 

and conjugate dilution for each assay. The antigen coating concentration and 

conjugate dilution was different for each ELISA (Table 3.2.2).  

 

Antigen was diluted in coating buffer (0.1M carbonate buffer pH 9.6) (Appendix B2, 

Table 1) to the pre-determined concentration (Table 3.2.2) for each assay and used 

to coat 96 well Immulon 2HB plates (Thermo Fisher, UK) at 100µl/well. Plates were 

left to stand for one hour at room temperature before being placed at 4oC overnight.  

Plates were washed with PBST (Tween20 concentration at 0.05%) pH 7.2 (Appendix 

B2, Table 1) by two short washes, followed by one long wash (five minutes). This 

three-part wash step was repeated once, and the plate tapped dry to remove residual 

liquid. Plates were incubated with 200µl Blocking buffer (2% skimmed milk (Marvel) 

in PBST) (Appendix B2, Table 1) for one hour at 37oC. Plates were washed as before 

and serum diluted in Blocking buffer at 1:400 for sheep serum and 1:800 for cattle 

serum was added to the plate in duplicates. Week nine experimentally infected sheep 

serum was diluted 1:2000 to ensure OD450 was within range for the plate reader for 

rCL1 ELISA. Control samples (see Section 3.2.1) were diluted as per samples and 

Serum Antigen 
Antigen coating 

concentration (µg/ml) 
Conjugate dilutions 

Experimentally infected 
sheep 

ES 0.5 1:160,000 

rCL1 0.1 1:40,000 

Naturally infected sheep 
ES 0.5 1:160,000 

rCL1 0.5 1:40,000 

Experimentally infected 
cattle 

ES 0.5 1:20,000 

rCL1 0.5 1:10,000 

Naturally infected cattle 
ES 0.5 1:20,000 

rCL1 0.5 1:10,000 

Table 3.2.2. Optimum coating and conjugate dilutions for ES and rCL1 ELISAs as 

determined by checkerboard ELISAs 
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added in quadruplicate at 100µl per well. Plates were incubated again at 37oC for one 

hour. 

Following this, plates were washed as before. Conjugate antibody (mouse anti- 

bovine IgG1/IgG2 conjugated to HRP (University of Liverpool), and mouse anti 

sheep/goat IgG conjugated to peroxidase (Sigma Aldrich, UK)) was diluted in Blocking 

buffer to the concentrations shown in Table 3.2.2 and added at 100µl per well. Plates 

were incubated for one hour at 37oC, washed as before, and 100µl aqueous TMB 

Substrate (Uptima Interchim, France) added. Plates incubated for 20 minutes in the 

dark and the reaction stopped by adding 0.5M HCl. Plates were read at OD450 (Tecan 

Infinite F50, Magellan Software, v7.0). Results were given as a mean of optical density 

between duplicates and then expressed as a percentage of the positive control 

(Percent Positivity (PP)) using the following formula: 

Percent Positivity (PP) = Mean OD of test sample      x100                                   
                                     Mean OD of Positive Control 
 
 
3.2.3 Peptide Arrays 

Peptide arrays were performed by JPT Peptide Technologies (Berlin, Germany). rCL1 

protein sequence (see Section 2.3.4), was divided into 82 peptides of 15 amino acids 

in length across the full sequence, so that each peptide overlapped by 12 residues to 

the previous peptide. The synthetic peptides were covalently immobilised on glass 

slides via a hydrophilic linker molecule to avoid steric hindrance. Each serum was 

tested against one block, with each block containing three sub arrays (Figure 3.2.1), 

ensuring three technical replicates of each array per serum sample. There was a total 

of 18 blocks per slide (15 serum samples and three for testing against secondary and 

tertiary antibodies). 
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Serum samples from experimentally and naturally and infected animals were tested. 

For experimentally infected animals, sera that had been tested in the rCL1 ELISA 

were selected (see Section 3.2.1). For samples from naturally infected animals, sera 

showed variable recognition to the rCL1 antigen. Therefore, for peptide arrays, sera 

with a range of PP values (high, medium or low) on the rCL1 ELISA were chosen. 

Serum samples were diluted 1:200 in Blocking buffer (Appendix B2, Table 2), applied 

individually to each array block and slides incubated for one hour at 30oC. Slides were 

washed with washing buffer (Appendix B2, Table 2) and then incubated with the 

secondary antibody for one hour at 30oC. For cattle samples, an unconjugated 

monoclonal anti-bovine IgG produced in mouse (clone BG-18, Sigma Aldrich, UK)) 

was diluted 1:1000 in Blocking buffer. For sheep samples, unconjugated monoclonal 

mouse anti sheep/goat IgG (Sigma Aldrich, UK), was used at a dilution of 1:5000. 

Finally, slides were washed as before, and then incubated with a tertiary fluorescent 

Figure 3.2.1 Example of array block containing three subarrays. Each spot in the sub-array 

represents an individual peptide. Full length protein controls are printed in separate control 

row. Image was adapted from JPT Peptide Microarray Report.  

Sub Array 1 

Sub Array 2 

Sub Array 3 

Control spots 
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conjugated antibody (anti-mouse IgG (H&L) DyLight 650, Thermo Scientific), at a 

concentration of 0.1µg/ml. On each array, control protein spots were included for 

secondary and tertiary antibodies. Control protein spots of ES antigen and rCL1 were 

included for each array block.  

Slides were washed a final time and dried before antibody binding was visualised by 

Axon GenePix Scanner 4300A, a high-resolution laser scanner at 635nm, to obtain 

fluorescence intensity profiles. Resulting images were quantified and the mean pixel 

value from the three subarrays calculated for each peptide using GenePix, a spot 

recognition software and data used to generate heatmaps in R studio (Version 

1.0.143). 

3.2.4 3D model of CL1 

A 3D model of the rCL1 protein was generated using SWISS-MODEL (Arnold et al. 

2006). There is only one structure of pro-cathepsin L1, published by Stack et al. 

(2008) available within the SWISS MODEL database. This was used to create a 

model of the rCL1 protein. The 3D structure was annotated to include the 

immunogenic peptides identified by peptide arrays using Deep View/Swiss-Pdb 

Viewer (Version 4.1.0) (Guex et al. 2009). 

3.3 Results 

3.3.1 Experimentally infected sheep 

3.3.1.1. ES ELISA  

Sera from experimentally infected sheep showed an increase in PP value over the 

course of a 14-week infection by ES ELISA (Figure 3.3.1A). Before infection, all 12 

sheep had PP values of less than one. By week four all sheep had PP values of over 

14. The mean PP value for all sheep was highest at 9wpi (93 PP) and remained 

consistently high until the end of the infection period. Number of fluke collected at post 
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mortem are included in Table 3.3.1 for reference. All sheep were FEC positive by 

11wpi. 

 

 

 

 

 

 

 

 

3.3.1.2 rCL1 ELISA  

All experimentally infected sheep sera had a mean PP of less than one by rCL1 ELISA 

at 0wpi (Figure 3.3.1B). At 4wpi, the mean PP value for all 12 sheep was 39 PP. At 

9wpi, at a serum dilution of 1:400, the OD450 values were above 4.00 and could not 

be accurately read by the plate reader. The serum was retested at a dilution of 1:2000 

and the mean PP value was 123 PP (Figure 3.3.1B). 

3.3.1.3 ES vs rCL1 ELISA  

Comparison of mean PP results for experimentally infected sheep serum by ES and 

rCL1 ELISA showed poor correlation at both 4wpi (R2 = 0.0999) (Figure 3.3.1C) and 

9wpi (R2 = 0.2553) time points (Figure 3.3.1D).  

 

 

Sheep 
Fluke Burden at 

post mortem 

16 129 

282 Treated 

283 Treated 

284 145 

285 Treated 

286 Treated 

287 122 

288 136 

287 Treated 

290 78 

299 Treated 

300 150 

Table 3.3.1 Total fluke burden at post mortem for experimentally infected sheep. Six 

sheep were treated with TCBZ at 14wpi. 
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3.3.2 Naturally infected sheep 

Serum samples from naturally infected sheep had lower mean PP values by rCL1 

ELISA compared to the ES ELISA. (Figure 3.3.2A). There was also poor correlation 

between PP values of each individual sheep in the two assays with an R2 value of 

0.1459 (Figure 3.3.2B). All sheep were FEC negative by composite FEC from Farms 

A-E. Five sheep were FEC positive from Farm F by individual FEC, of which four were 

tested on the rCL1 ELISA. These are highlighted in Figure 3.3.2, and individual data 

is shown in Table 3.3.2 for reference. 

Figure 3.3.1 Comparisons of PP value by ES ELISA and rCL1 ELISA for serum from 

experimentally infected sheep (n = 12). A) Mean PP values by ES ELISA for 

experimentally infected sheep over the course of a 14-week infection. One standard 

deviation around the mean is shown by the error bars. A cut-off of 14 PP was used to 

determine when sheep were considered positive (Appendix B1). B) Comparison of mean 

PP values for serum tested against ES and rCL1 ELISAs at 0wpi, 4wpi and 9wpi. Week 

9 samples were diluted 1:2000 (red box) rather than 1:400 for other serum samples. 

Scatter plots show the correlation of PP values for each of the 12 sheep from ES and 

rCL1 ELISAs using sera collected at C) 4wpi and D) 9wpi. 
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3.3.3 Experimentally infected Cattle 

3.3.3.1 ES ELISA 

PP values for experimentally infected cattle serum samples increased over the course 

of the 14-week infection in the ES ELISA (Figure 3.3.3A). All serum samples were 

negative between 0-3wpi using a diagnostic cut off of 15PP determined by Salimi-

Bejestani et al. (2005a). All four cattle were positive by week seven, with a mean PP 

of 30. All cattle were FEC positive by 11wpi. No data was available for fluke burden 

at post mortem. 

3.3.3.2 rCL1 ELISA  

PP values increased over the course of infection by rCL1 ELISA (Figure 3.3.3B). At 

0wpi, the mean PP value for all four cattle was 0.3PP, which had increased to an 

Sheep ES ELISA PP rCL1 ELISA PP FEC 

9 9  Not tested + 

20 20 7 + 

146 18 5 + 

161 4 12 + 

162 76 24 + 

Figure 3.3.2 Comparisons of PP value by ES and rCL1 ELISA for naturally infected sheep 

(n = 115). A) Comparison of mean PP values from ES and rCL1 ELISAs for serum 

collected from naturally infected sheep B) Scatterplot to show the correlation of PP values 

from ES and rCL1 ELISAs for individual serum samples. Those sheep which were FEC 

positive are shown in red (and in Table 3.3.2). 

Table 3.3.2 PP values for ES and rCL1 ELISA for FEC positive sheep from Farm F. Data 

points for these individuals are highlight on Figure 3.3.2B for reference 
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average PP of 11 by 4wpi. As with experimentally infected sheep, cattle serum from 

mature infection (week 11) had higher PP results (average of 105PP) in the rCL1 

ELISA compared to the ES ELISA (Figure 3.3.3B). Serum dilution was the same 

(1:800) for all samples.  

3.3.3.3 ES vs rCL1 ELISA  

Correlation between mean PP results for individual cows from ES and rCL1 ELISA 

was moderately good for serum samples taken at 4wpi (R2 = 0.3808) (Figure 3.3.3C) 

and 11wpi (R2 = 0.584) (Figure 3.3.3D). 

 

 

Figure 3.3.3 Comparisons of PP value by ES and rCL1 ELISA for serum from 

experimentally infected cattle (n = 4). A) Mean PP values for sera collected from 

experimentally infected cattle tested by ES ELISA over a 14-week infection. Error bars 

show standard deviation +/- around the mean. A diagnostic cut-off of 15PP as determined 

by Salimi-Bejestani et. al (2005a) is shown as by the horizontal line to indicate when 

animals became positive. B) Comparison of mean PP values for serum samples collected 

from 0wpi, 4wpi and 9wpi by ES and rCL1 ELISA. Scatterplots show the correlation of PP 

values from ES and rCL1 ELISAs at C) 4wpi and D) 9wpi. 
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3.3.4 Naturally infected Cattle 

3.3.4.1 Naturally infected calves  

PP values for serum collected from calves increased over the course of their first-year 

grazing season (March-October) by ES ELISA (Figure 3.3.5A). All calves were 

positive by ELISA by the 5th sampling point in August and remained positive until 

housed (October). Ten calves were FEC positive at the October time point (Figure 

3.3.4C) 

Samples collected at time point six (September) had lower PP values by rCL1 ELISA 

compared to the ES ELISA; except for one outlier (calf 2689) which had a PP value 

of 140 on the rCL1 ELISA test (Figure 3.3.5B). 

There was poor correlation between PP values obtained with the rCL1 and ES ELISAs 

(Figure 3.3.4C) at the September time point (R2 = 0.1173). If results for Calf 2689 

were excluded, R2 decreased to 0.0196. 

3.3.4.2 Adult Cattle samples – Farm 1 

Sera from six adult cattle were tested on the ES and rCL1 ELISAs. PP values were 

lower for rCL1 ELISA than by ES ELISA (Figure 3.3.5A). There was poor correlation 

between the PP values obtained in the two assays (R2 = 0.1805) (Figure 3.3.5B). Four 

cows (757, 803, 852 and 915) had high PP values on the rCL1 ELISA, whereas the 

remaining two cows (826 and 757) had very low PP values by rCL1 ELISA compared 

to their ES ELISA PP value. Four cows (757, 787, 803, and 915) were positive by 

FEC (Table 3.3.3). 

3.3.4.3 Adult Cattle samples – Farm 2 

Sera collected from 13 cows from Farm 2 had lower PP values by rCL1 ELISA than 

by ES ELISA (Figure 3.3.5C) Comparison of ES ELISA and rCL1 ELISA results 

showed a strong correlation between results for the two assays (R2 = 0.7875) (Figure 
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3.3.5D). Seven cows were positive by FEC (1311, 3284, 3344, 4222, 5090, 5717, and 

7386) (Table 3.3.3). 

 

 

 

 

 

 

Figure 3.3.4 Comparisons of PP value by ES and rCL1 ELISA for naturally infected calves 

(n = 19) A) Mean PP values for sera collected monthly from naturally infected calves over 

their first-year grazing (March-October) as tested by ES ELISA. Diagnostic cut-off of 15PP 

(Salimi-Bejestani et al (2005a)) was used to determine when calves became sero-positive 

as shown by horizontal line. (B) Comparison of PP values of serum collected from March 

(before turn-out) and September (end of grazing season) as tested by ES and rCL1 

ELISA. C) Scatterplot to show the correlation of PP values from ES and rCL1 ELISA for 

sera collected in September. The ten calves which became FEC positive at the October 

time point as shown by red dots 
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Figure 3.3.5 Comparisons of PP value by ES and rCL1 ELISA for naturally infected adult 

cattle. A) Comparison of mean PP values from ES and rCL1 ELISA for sera collected 

from adult cattle from Farm 1 (n = 6). B) Scatterplot showing the correlation of PP values 

from ES and rCL1 ELISA (Farm 1, n = 6), FEC positive cattle are shown by the red dots. 

C) Comparison of mean PP values from ES and rCL1 ELISA for sera collected from adult 

cattle from Farm 2 (n = 13). D) Scatterplot to show the correlation of PP values from ES 

and rCL1 ELISA for adult cattle (Farm 2, n = 13)), FEC positive cattle are represented by 

red dots.  
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3.3.5 Peptide arrays 

To investigate the differences in recognition observed between the ES and rCL1 

antigens by ELISA, sera from both naturally and experimentally infected animals were 

tested across three peptide arrays to identify the immunogenic epitopes within the 

rCL1 protein. The intensity of colour on the array was used as a measure of intensity 

of antibody binding to a peptide. No antibody binding is indicated by no colouring, and 

a gradient colouration of white to red was used to show increasing intensity of signal. 

3.3.5.1 Experimentally infected animals 

Serum samples from early (week four) and late infection (week nine for sheep serum 

and week 11 for cattle) were used for peptide arrays. Serum samples from week zero 

Farm Sample (Cow ID) ES ELISA PP rCL1 ELISA PP FEC 

1 

757 121 103 + 

787 100 24 + 

803 97 66 + 

826 96 11 - 

852 100 92 - 

915 88 75 + 

2 

1311 48 12 + 

1998 12 2 - 

2961 92 49 - 

3284 105 68 + 

3344 36 3 + 

3410 20 4 - 

3466 1 1 - 

4222 17 6 + 

5090 88 31 + 

5321 126 58 - 

5391 7 1 - 

5717 73 4 + 

7386 32 8 + 

Table 3.3.3 FEC results for naturally infected adult cattle tested by ES and rCL1 ELISA 
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were not included as samples had PP values of less than one for both rCL1 and ES 

ELISAs. Peptide array for experimentally infected animals are shown in Figure 3.3.6. 

3.3.5.1.1 Sheep 

The array shows that host antibody recognition of the rCL1 protein is in four main (1, 

2, 3, 4) areas (Figure 3.3.6). For better comparison, these areas have also been 

highlighted on the other two arrays for naturally infected animals (Figure 3.3.9 and 

3.3.10), starting from the N terminal end of the protein sequence.  

Peptide arrays confirmed the results of the rCL1 ELISA for experimentally infected 

sheep. At 4wpi, all samples showed weak to moderate binding to rCL1 peptides (as 

shown by the yellow through to orange colour gradient on the array) (Figure 3.3.6). 

This correlated well with the PP values from the rCL1 ELISA for sheep (Table 3.3.4). 

For week nine serum samples, peptide arrays showed strong antibody recognition to 

rCL1 peptides within the four regions, as indicated by the red colouration. This again 

correlated with the rCL1 ELISA PP values for these serum samples (Table 3.3.4). 

 

 

 

 

 

From the four regions recognised by sheep serum antibodies, four linear peptide 

epitopes could be identified by mapping of the overlapping peptides (Figure 3.3.7). In 

region 1 (peptides 29-33), the common peptide sequence was WRESGYVTE (Figure 

Serum WPI PP (ES) PP (rCL1) 
Peptide 
Region 

Sheep 282 
4 84 28 1, 3 

9 95 120 1, 2, 3, 4 

Sheep 283 
4 21 47 None 

9 70 97 1, 2, 3, 4 

Sheep 290 
4 33 59 1 

9 93 242 1, 2, 4 

Sheep 299 
4 70 59 1, 3 

9 118 118 1, 2, 3, 4 

Table 3.3.4 Summary of serum used for peptide array from experimentally infected sheep 
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3.3.7A). This sequence is immediately after the cleavage point between the pro-

domain and the mature protein (See Chapter 2, Figure 2.3.11). 

Region 2 contains peptides 37-42. Serum antibodies from week nine samples showed 

recognition to overlapping peptides 37-39, and 41-42, but not to peptide 40 (Figure 

3.3.6). As serum antibodies recognised the overlapping peptides before and after 

peptide 40, this suggested that the epitope was also within peptide 40. Therefore, the 

epitope identified from region 2 was MKNERTSISFSEQ (Figure 3.3.7B). 

In region 3 (peptides 46-49) (Figure 3.3.6), the immunogenic epitope was identified 

as five-amino acid string of QYLKQ. (Figure 3.3.7C). For region 4 (peptides 52-56) 

(Figure 3.3.6), the common peptide sequence recognised by serum antibodies was 

YNKQLGVAK (Figure 3.3.7D). 

There was no evidence of antibody recognition to the signal sequence of the protein. 

However, one peptide (peptide 16 - IQEHNLFHDLGLVTY (Figure 3.3.6)) in the pro-

domain was very strongly recognised by all week nine sheep serum samples. As this 

is the only peptide in the pro-domain that showed any antibody recognition, it would 

suggest that it was this 15-mer peptide sequence which was specifically recognised. 

However, as there was no recognition of any neighbouring peptides, it was not 

possible to determine an epitope. Some serum samples also showed recognition to 

individual peptides in other regions of the protein. However, as these were only from 

one sample and to single peptides, no common sequences were identified. 

 

 



 
 

 
 

Figure 3.3.6 Peptide array for serum from experimentally infected sheep (Sheep 282, 283, 290 and 299) (n = 4) at four and nine wpi, and experimentally 
infected cattle (Cow 123, 124 and 126) (n = 3) at four and 11wpi.  rCL1 protein sequence is divided in peptides of 15 amino acids in length, which overlap 
across the whole of the protein sequence. Sheep and cattle sera were run on separate arrays (as indicated by the horizontal black line). Control anti-sheep 
and anti-bovine arrays were included as shown for individual array. Intensity of colour is used to show amount of host antibody recognition, white meaning no 
antibody binding, through to red which shows strong binding. Regions 1, 2, 3 and 4 showed the strongest antibody recognition, and are highlighted. Control 
protein spots of whole ES products, rCL1 and the tertiary antibody (anti-mouse IgG) are as shown for each serum sample. For sheep peptide array, no data is 
available for ES antigen and rCL1 protein spots. 
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3.3.5.1.2 Cattle 

Individual ELISA results for serum from experimentally infected cattle used for peptide 

array is shown in Table 3.3.5. Cattle serum (Figure 3.3.6), showed weaker recognition 

of rCL1 peptides compared to experimentally infected sheep sera, as shown by lower 

intensity of colouration on the array. Nevertheless, serum antibodies from cattle 

showed recognition to peptides in two out of the four regions on the array recognised 

by experimentally infected sheep. Again, the serum collected from late infection (week 

11) had the strongest antibody recognition on the array.  

Figure 3.3.7 Mapping of overlapping peptides recognised by host antibodies from 

experimentally infected sheep serum in region 1 (peptides 29-33) (A), 2 (peptides 37-42) 

(B), 3 (peptides 46-49) (C) and 4 (peptides 52-56) (D). Common amino acid residues 

within each region are highlighted in red to identify the epitope 
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Serum collected from Cow 124 (11wpi) (Table 3.3.5) showed moderate antibody 

recognition in region 1 (Figure 3.3.6).This was the only serum sample to show 

recognition to peptides in this region. Out of the five peptides in this region, the highest 

intensity host antibody recognition was to three peptides (peptides 29-31). This gave 

a truncated peptide of WRESG (Figure 3.3.8A) compared to that recognised by 

experimentally infected sheep serum. 

The strongest signal was in region 3 from cows 124 and 125 at 11wpi. Serum 

antibodies showed strong recognition to peptides 47-49. Mapping of these peptides 

resulted in common peptide sequence of YLKQ (Figure 3.3.8B), a truncated version 

of the region 3 peptide recognised by experimentally infected sheep serum 

antibodies. 

No antibody recognition was detected in regions 2 or 4 for experimentally infected 

cattle serum. Cow 123 showed very poor recognition of any of the rCL1 peptides, 

even at 11wpi. This is in contrast to the PP results obtained on the rCL1 ELISA at 

week 11 (Table 3.3.5). 

Only one serum sample, (Cow 125 11wpi) showed recognition of peptides in other 

areas of the rCL1 protein (Figure 3.3.6). This serum sample showed strong 

recognition to peptide 82. No other peptides were recognised by experimentally cattle 

serum samples from rCL1 protein sequence.  

Serum WPI PP (ES) PP (rCL1) 
Peptide 
Region 

Cow 123 
4 5 8 None 

11 27 87 None 

Cow 124 
4 18 10 None 

11 26 86 1, 3 

Cow 126 
4 25 16 None 

11 44 129 3 

Table 3.3.5 Summary of serum from experimentally infected cattle used for peptide array 
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3.3.5.2 Naturally infected animals  

As shown from ELISA results, serum antibodies from naturally infected animals had 

variable recognition or the rCL1 antigen. Some sera had lower PP values by rCL1 

compared to ES ELISA, whilst other samples had the opposite response. Therefore, 

for peptide arrays, samples were selected which had a range of responses to the rCL1 

antigen to elucidate the differences in host antibody recognition to the rCL1. 

3.3.5.2.1 Sheep 

Peptide array using serum from naturally infected sheep is shown on Figure 3.3.9. 

Serum samples were selected from four farms (A, B, D and F). ELISA results and 

FEC for individual serum included on array is shown in Table 3.3.6. 

The results of the peptide array were consistent with results of rCL1 ELISA. All sera 

had poor recognition of the rCL1 control protein spot and to the rCL1 peptides. One 

individual sample (Sheep D.11) showed strong recognition to peptide 72, however as 

this was the only peptide recognised, no epitope could be identified. All serum 

samples had strong recognition of the control ES products protein spot, consistent 

with their PP values by ES ELISA.  

Figure 3.3.8 Mapping of overlapping peptides recognised by sera from experimentally 

infected cattle from regions 1 (peptides 29-33) (A) and 3 (peptides 46-49) (B). Common 

peptides which were strongly recognised by host antibodies in serum are highlighted in 

red  



 
 

101 
Chapter 3 

 

 

 

 

 

 

 

The positive sheep ELISA control serum also showed poor recognition for any of the 

rCL1 peptides and to the rCL1 protein control spot (Figure 3.3.9), which is contrast to 

the OD450 values obtained in rCL1 ELISA. Strong antibody recognition was detected 

towards the ES product control spot for this serum sample. The negative sheep ELISA 

control serum however, showed strong recognition to one peptide in region 2 (peptide 

39 (Figure 3.3.9). This could be a false positive reaction as this sample also had poor 

recognition of the rCL1 control spot.  

3.3.5.2.2 Cattle 

ELISA results for serum used for peptide array are included in Table 3.3.7 and peptide 

array is shown in Figure 3.3.10. Serum samples were split across two arrays; 

therefore, two control anti-bovine IgG lanes are included on Figure 3.3.10, one for 

each array. 

Sera from naturally infected calves taken at the September time point, showed weak 

recognition of peptides (Figure 3.3.10). Calf 2689, which had the very high PP value 

of 140 by rCL1 ELISA, showed no recognition of rCL1 peptides or the control rCL1 

spot. One individual (Calf 2685) showed moderately strong recognition of two 

peptides in region 3 (peptides 48-49).  

Sheep PP (ES) PP (rCL1) FEC Peptide Region 

A.8 56 18 - None 

A.10 52 38 - None 

A.13 90 48 - None 

B.19 29 9 - None 

D.4 97 24 - None 

D.11 60 23 - None 

D.15 62 20 - None 

D.17 87 4 - None 

F.20 20 7 + None 

F.161 4 12 + None 

F.162 76 24 + None 

ELISA Positive Control - - N/A None 

ELISA Negative Control - - N/A None 

Table 3.3.6 Summary of serum from naturally infected sheep used for peptide arrays 
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Serum from naturally infected adult cattle also showed no or weak recognition of the 

rCL1 peptides by peptide array (Figures 3.3.10). Only one individual (Cow 3284) 

showed moderately strong recognition of three peptides (47-49) in region 3. This was 

similar to experimentally infected cattle indicating that this serum sample recognised 

the same epitope as these individuals (Figure 3.3.8B). Cattle 5321, 757 and 803 

showed moderate to weak recognition of the immunogenic peptide in region 3. 

No antibody recognition to any of the rCL1 peptides was seen in cattle ELISA control 

samples. All serum samples included on the second peptide array also showed 

relatively weak recognition of the control ES protein spot. 

 
Serum PP (ES) PP (rCL1) FEC Peptide Region 

Calf 2613 85 31 - None 

Calf 2632 51 7 - None 

Calf 2664 69 18 - 1 

Calf 2685 48 33 - 1, 2, 3  

Calf 2691 70 15 - None 

Calf 2720 66 7 - 1 

Cow 1311 48 12 + None 

Cow 3284 105 68 + 3 

Cow 3410 20 4 - None 

Calf 2667 35 16 - None 

Calf 2687 91 13 - None 

Calf 2689 90 140 - None 

Cow 5090 88 31 + None 

Cow 7386 32 8 + None 

Cow 5321 26 58 - 3 

Cow 757 121 103 + 3 

Cow 787 100 23 + None 

Cow 803 97 66 + 3 

Cow 826 96 11 - None 

Cow 852 100 92 - None 

Cow 915 88 75 + None 

High Positive ELISA control - - N/A None 

Mid-Positive ELISA Control - - N/A None 

Negative ELISA control - - N/A None 

Table 3.3.7 Summary of serum from naturally infected cattle used for peptide arrays 



 
 

 
 

 

Figure 3.3.9 Peptide array for serum collected from naturally infected sheep from farms A, B, D and F (n = 11). rCL1 protein sequence is divided 
in peptides of 15 amino acids in length, which overlap across the whole of the protein sequence. Intensity of colour is used to show amount of 
host antibody recognition, white meaning no antibody binding, through to red which shows strong binding. Regions 1, 2, 3 and 4 which showed 
the strongest antibody recognition in Figure 3.3.6, and are highlighted for easy comparison. Control spots of whole ES products, rCL1 and the 
tertiary antibody, Anti-Mouse IgG are as shown for each antibody. 
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Figure 3.3.10 Peptide array for serum collected from naturally infected calves at the September time point (Calf 2613, 2632, 2664, 2685, 2691, 2720, 2667, 2689) (n 
= 8) and adult cattle from farms 1 (Cow 757, 787, 803, 826, 852, 915) (n = 6) and 2 (Cow 1311, 3284, 3410, 5090, 7386, 5321) (n = 6). As the maximum number of 
serum per array was 15, sera was split across two arrays (as indicated by black horizontal line). Control anti-bovine IgG spots per array are included as shown. rCL1 
protein sequence is divided in peptides of 15 amino acids in length, which overlap across the whole of the protein sequence. Intensity of colour is used to show amount 
of host antibody recognition, white being no antibody binding, through to red which shows strong binding. Regions 1, 2, 3 and 4 showed the strongest antibody 
recognition, and are highlighted for easy comparison. Control spots of whole ES products, rCL1 and the tertiary antibody, Anti-Mouse IgG are as shown for each 
antibody. For the first bovine peptide array, no data is available for ES antigen and rCL1 protein spots 

1
0
4

 
C

h
a
p
te

r 3
 



 
 

105 
Chapter 3 

3.3.6 3D Model of Protein 

A 3D model of the rCL1 protein was annotated in DeepView/Swiss-Pdb software to 

show the positions of the four epitopes identified using sera from fluke infected sheep 

and cattle (Figure 3.3.11).  

As there was very little recognition of rCL1 peptides by serum antibodies of naturally 

infected animal, figures were annotated with epitopes recognised from experimentally 

infected animals. Figure 3.3.11B shows a different view of the model showing more 

clearly the position of the peptides on the protein. The figures show that the four 

peptide epitopes are located away from the active site of the protein (shown in green). 

Figure 3.3.11C shows pro-CL1 protein in order to show the position of peptide 16 in 

the pro-domain, recognised by antibodies in experimentally infected sheep serum. 

This orientation of the protein structure is the same as for Figure 3.3.11B. 

 

 

 

Figure 3.3.11 A 3D model of rCL1 protein generated by SWISS MODEL. Models were 
annotated in DeepView to show positions of active site and S2 subsite residues (green) 
and immunogenic epitopes identified by peptide array (red). (A) and (B) show mature CL1 
in different views to allow clearer visualisation of active site and immunogenic epitopes. 
(C) is pro-CL1 to show the position of peptide 16 (view is the same as in (B)). 
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3.4 Discussion 

3.4.1 Naturally and experimentally infected animals showed differences in host 

antibody recognition to rCL1 protein 

Previous studies have shown that rCL1 antigen is a suitable alternative to native ES 

products for immunodiagnosis of fluke infections (O’Neill et al. 1999; Kuerpick et al. 

2013b; Gottstein et al. 2014). In this study, we found that rCL1 was able to detect host 

antibodies against fluke in experimentally infected animals but could not consistently 

detect antibodies in naturally infected animals. Host antibodies from experimentally 

infected animals showed very strong recognition of the rCL1 antigen by 9-11wpi. 

However, antibodies from naturally infected animals showed very weak recognition of 

the rCL1 antigen. These results were confirmed by peptide arrays.  

This difference in host antibody recognition between naturally and experimentally 

infected animals to a recombinant fluke antigen has not been previously reported. 

Earlier studies have found good correlations between rCL1 and native ES products 

for the detection of host antibodies by ELISA in both naturally and experimentally 

infected cattle and sheep (Cornelissen et al. 2001; Kuerpick et al. 2013b). O’Neill et 

al. (1999) also found good correlation for the detection of human infections by ELISA 

between purified native CL1 proteins and a rCL1 protein produced by Roche et al. 

(1997). Recombinant proteins other than rCL1 have also been used to successfully 

detect host antibodies in human and animal infections (Arias et al. 2007; Arias et al. 

2010; Figueroa-Santiago et al. 2011; Arias et al. 2012; Gottstein et al. 2014; Mirzadeh 

et al. 2017).  

The strongest antibody response against the rCL1 protein was detected from serum 

collected from experimental sheep at 9wpi and cattle at 11wpi. There are five clades 

within the CL family. CL1, CL2 and CL5 are predominantly expressed by adult fluke, 

whereas CL3 and CL4 are principally expressed by NEJs (Robinson et al. 2009; 
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Cwiklinski et al. 2015). During the first 24 hours following excystment, NEJs begin to 

show a gradual switch in the levels of gene expression from the CL3 and CL4 clades 

to the adult expressed proteins, which is completed by 3wpi (Cwiklinski et al. 2015). 

Of the clades expressed by the adult fluke, CL1 is most abundant in adult ES products 

(Robinson et al. 2009; Cwiklinski et al. 2015). Studies have shown that host antibodies 

specifically directed against CL1 protein can first be detected at 4-8 wpi, but not during 

very early (2 wpi) infection (Kuerpick et al. 2013b; Hoyle et al. 2003). Using our rCL1, 

we were able to detect host antibodies against fluke at 4 wpi in experimentally infected 

animals. However, only a small panel of serum samples were tested by the rCL1 

ELISA, hence it is possible that infection could be detected earlier if earlier time points 

had been used. 

Mature infections in naturally infected animals can only be confirmed once eggs are 

present in the faeces, which are first detectable at approximately 8-10wpi (Boray, 

1969). However, FEC generally have poor sensitivity (30-70%) (Charlier et al. 2014), 

and therefore it is possible that infection can be missed using this method. On the 

other hand, the ES ELISA is able to detect host antibody response against fluke at 

approximately 2-4wpi (Salimi-Bejestani et al. 2005a), and therefore able to detect the 

presence of juvenile fluke. The naturally infected cattle were from farms which had a 

history of fluke infection, and infection was confirmed as present in herds through FEC 

of individuals. For the naturally infected sheep, all farms (except for Farm B), either 

had a history of fluke on farm (Farms A, C, D and F), or were grazed in areas thought 

to be at risk of fluke (Farm E). Only sheep from Farm F were FEC positive at the time 

of sampling. The ES ELISA was used to demonstrate infection in both cattle and 

sheep naturally exposed to infection. The cattle ES ELISA has been confirmed as 

specific for fluke infection and shown not to cross react with host antibodies from 

animals mono-infected with other common parasitic infections (Salimi-Bejestani et al. 

2005a). However, test specificity has not been determined for the sheep ES ELISA 
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which may account for the discrepancy between the ES and rCL1 ELISAs for sheep 

samples. It is possible that sheep did not have current fluke infection, especially as 

some were treated prior to sampling (Farm C and D). 

It is not clear why there was a difference in host antibody recognition of the rCL1 

antigen in naturally infected animals. Potentially this is due to the longevity of the 

infection and these animals may have been repeatedly exposed to infection. 

Experimentally infected animals are usually infected with a single dose of 

metacercariae, and then housed in controlled conditions for a short period of time. 

The fluke would all mature to adults at around the same time. In contrast, natural 

infections are acquired slowly in a trickle-like infection, as animals would be 

continually picking up small numbers of metacercariae time during grazing. Burdens 

may be lower, depending on the number of metacercariae on pasture that year. 

Cornelissen et al. (2001) found that their rCL1 antigen could detect infection in 

experimentally infected animals, although ELISA values were decreased in animals 

given lower infectious doses. In calves turned out to graze on infected pastures, 

infection was first detected using rCL1 ELISA at 20 weeks post exposure, and all 

animals were positive by 40 weeks post exposure (Cornelissen et al. 2001). The 

experimental animals used in this study were infected with comparable doses of 

metacercariae as used in other studies (sheep were infected with 200 metacercariae, 

and cattle, 1000). For naturally infected animals, it was not possible to determine the 

exact time point of first infection, nor the number of fluke they were infected with at 

the time of sampling. 

It is also possible that the poor host antibody recognition to rCL1 was due to the 

protein being dissimilar to the native CL1 antigen. If the protein did not have the 

appropriate tertiary structure, conformational B cell epitopes may be lost. Differences 

in protein structure and peptide sequence between the recombinant protein and the 

native antigen could result in differences in epitope recognition. Whilst there was 
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some recognition by individuals to the rCL1 antigen by ELISA, there was poor 

recognition of the rCL1 peptides by array. This indicates that naturally infected 

animals could be recognising conformational epitopes on the CL1 antigen. In 

separating out the protein into peptides on an array, protein structure and 

conformational epitopes are lost, therefore peptide arrays tend to predict linear 

epitopes (Reineke and Sabat, 2009). However, the majority of B cell epitopes are 

conformational (Van Regenmortel and Pellequer, 1994; Van Regenmortel, 2009), with 

key binding regions only being brought together once the protein is fully folded 

(Reineke and Sabat, 2009). Even though the complete epitope will create a high 

affinity interaction, individual binding regions have weak affinities which must be 

distinguished from non-specific interactions towards linear peptides (Reineke and 

Sabat, 2009). If using polyclonal antibodies it can also be difficult to determine if the 

binding sites represent linear or conformational epitopes of separate antibodies 

(Reineke and Sabat, 2009). Techniques such as NMR, X-ray crystallisation, phage 

display or using bacterial cell surface display of folded domains can be used to map 

conformational epitopes (Volk and Rockberg, 2018), however these methods are 

expensive or involve considerable optimisation. 

 Without the crystal structure of the rCL1 antigen, it is difficult to confirm that it has the 

correct 3D structure. However, by SDS PAGE we showed our rCL1 protein was able 

to self-activate through the formation of the 25kDa mature protein, indicating it had 

correct active site conformation. The DNA used for the cloning of the CL1 gene was 

extracted from a fluke collected from a naturally infected animal slaughtered in an 

abattoir in Central England. Whilst there is high gene flow and diversity within the UK 

fluke population (Beesley et al. 2017b), cathepsin genes are not thought to have high 

levels of polymorphism (Cwiklinski et al. 2015), therefore our rCL1 is likely to be 

similar to the native antigen. 
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One other way in which a recombinant protein would be different to the native protein 

is its glycosylation. Glycans are important in protein stability and folding and can also 

influence protein antigenicity (Geldhof et al. 2007; Jayaprakash and Surolia, 2017). 

They can also be epitopes themselves (Geldhof et al. 2007). Yeast glycosylation 

profiles of proteins are different to that of mammalian cells (Brondyk, 2009; Khan et 

al. 2017). Yeast expression systems tend to add N-glycans with high mannose 

residues (Khan et al. 2017). P. pastoris N-glycans however, typically contain 8-17 

mannose sugars, similar to mammalian glycosylation (Buckholz and Gleeson, 1991; 

Brondyk, 2009). F. hepatica cathepsins were initially thought not to contain potential 

N-glycosylation sites (Tort et al. 1999; Brady et al. 1999b; Cornelissen et al. 1999; 

Harmsen et al. 2004). Recently, Garcia-Campos et al. (2016) were the first to show 

that in fact, CL3 and CB3 proteins are N-glycosylated, and they carry unusual 

paucimannosidic Man2GlcNAc2 glycans. We chose to use P. pastoris as our 

expression system as previous studies had produced functional rCL1 proteins (Collins 

et al. 2004) which were recognised by antibodies from experimentally infected cattle 

in ELISA tests (Kuerpick et al. 2013b).  

3.4.2 Experimentally infected animals recognised four linear epitopes on the rCL1 

antigen 

Peptide arrays confirmed the results obtained by ELISA and showed that whilst 

experimentally infected animals had very strong host antibody recognition of rCL1 

peptides, recognition by naturally infected animals was very poor. The arrays showed 

that antibody recognition of experimentally infected sheep was directed to four 

putative linear peptide epitopes (amino acids (aa) 124-132 WRESGYVT, aa156-168 

MKNERTSISFSEQ, aa192-196 QYLKQ, and aa216-224 YNKQLGVAK). 

Experimentally infected cattle meanwhile recognised truncated versions of two out of 

these four epitopes (aa124-128 WRESG and aa193-196 YLKQ), however this could 

potentially be due to the long storage of these samples (since 1997) resulting in a 



 
 

111 
Chapter 3 

decrease of viable antibodies. The peptides recognised by host antibodies from 

experimentally infected animals were located away from the active site of the rCL1 

protein, revealed by mapping them onto a 3D model of the protein. Native CL1 protein 

has been shown to be able to cleave host IgG molecules (Chapman & Mitchell 1982; 

Smith et al. 1993b; Berasain et al. 2000). Therefore, any host antibodies recognising 

the active site region of the protein could be cleaved and would not detectable within 

serum samples. 

A number of previous studies have investigated the use of synthetic peptides to either 

improve detection of host antibodies (Cornelissen et al. 1999; Cornelissen 2001) or 

in the hope of identifying new vaccine candidates (Harmsen et al. 2004; Villa-Mancera 

et al. 2008; Villa-Mancera et al. 2011; Villa-Mancera et al. 2012; Villa-Mancera et al. 

2014; Rojas-Caraballo et al. 2014; Hernández-Guzmán et al. 2016; Garza-Cuartero 

et al. 2018). The majority of these studies have used peptides from the CL proteins 

(Cornelissen et al. 1999; Villa-Mancera et al. 2008; Villa-Mancera et al. 2011; Villa-

Mancera et al. 2012; Villa-Mancera et al. 2014; Garza-Cuartero et al. 2018). The 

peptides identified in our study were in similar regions of the rCL1 amino acid 

sequence but were not the same as the peptides identified in these previous studies. 

Cornelissen et al. (1999) identified an immunodominant 20-mer peptide 

(DKIDWRESGYVTEVKDQGNC - peptide seven). This peptide contains the common 

peptide sequence identified in region 1 (aa124-132 WRESGYVT). Whilst the peptide 

identified by Cornelissen et al. (1999) initially showed very high sensitivity for the 

detection of host antibodies from the serum of experimentally infected calves, 

however sensitivity decreased later in infection (Cornelissen et al. 1999; Cornelissen 

et al. 2001).  

A recent vaccine study by Garza-Cuartero et al. (2018) identified several 

immunogenic peptides in CL1. The peptides recognised in during late infection in the 

first vaccine trial correspond to the peptides recognised in region 2 (aa156-168 
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MKNERTSISFSEQ) and 3 (aa192-196 QYLKQ) from our peptide arrays (Garza-

Cuartero et al. 2018). The immunogenic peptide in region 4 (aa216-224 YNKQLGAK) 

overlapped with (but was not exactly the same as) other peptides recognised by 

vaccinated and control animals in trial one (Garza-Cuartero et al. 2018) and 

mimotopes which were partially protective in vaccine trials in sheep and goats (Villa-

Mancera et al. 2008; Villa-Mancera et al. 2014).  

One peptide in the pro-domain (peptide 16 - aa61-76 IQEHNLFHDLGLVTY) was 

recognised by antibodies from experimentally infected sheep. This was the only 

peptide to show any binding of host antibodies in the pro-domain of the protein and 

was not recognised by experimentally infected cattle or naturally infected animals. 

This did not match an immunogenic peptide in the pro-domain previously identified in 

CL1 and CL3 proteins (Harmsen et al. 2004; Garza-Cuartero et al. 2018). 

3.4.3 Conclusions 

The results in this chapter have shown clear differences in the host antibody 

recognition to our rCL1 protein between naturally and experimentally infected 

animals, which was confirmed by ELISA and peptide array. Potentially these 

differences in host antibody response to fluke infection could be due to differences in 

exposure to fluke infection or due to recognition of conformational epitopes on the 

rCL1 antigen, which we were unable to determine by peptide array.  

Experimentally infected animals recognised four immunogenic peptides (aa124-132 

WRESGYVT, aa156-168.MKNERTSISFSEQ, aa192-196 QYLKQ, aa216-224 

YNKQLGVAK), however naturally infected animals showed weak or no recognition to 

any peptides. As naturally infected animals showed very poor and variable recognition 

of the rCL1 antigen, this suggests that whole rCL1 or a synthetic rCL1 peptide would 

be unsuitable for the diagnosis of fluke infection on farm.  
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Chapter 4 – Mapping of the nucleotide and protein variation in F. hepatica CL1 

4.1 Introduction 

Previous studies have found that host antibodies from animals experimentally infected 

with F. hepatica show strong recognition to cathepsin proteins (Coles and Rubano, 

1988; Rivera Marrero et al. 1988; Chauvin et al. 1995; Bossaert et al. 2000; Buffoni 

et al. 2012). This has led to CL1 being adopted as the antigen of choice for many fluke 

diagnostic tests. Recombinant versions have also been produced which have been 

used to successfully diagnose fluke infections and these recombinant forms are a 

good alternative to native antigens in diagnostic tests (O’Neill et al. 1999; Kuerpick et 

al. 2013b). However, in Chapter 3, we showed that host antibodies from naturally 

infected animals showed poor recognition of our rCL1 protein. 

One reason for the difference in host antibody recognition of our rCL1 antigen by 

naturally infected animals, could be due to differences in linear peptide epitopes or in 

the conformation of the recombinant antigen compared to the native form. It is 

possible that naturally infected animals are recognising conformational epitopes on 

the CL1 antigen, resulting in the poor recognition of rCL1 peptides by array. We have 

evidence that our rCL1 has the correct active site conformation as it showed evidence 

of self-activation by SDS PAGE, however confirmation of the full protein structure 

would need to be determined by protein crystallisation.  

F. hepatica in the UK have been shown to be diploid (Beesley et al. 2015). It is feasible 

therefore that individuals could carry more than one allelic variant of the CL1 gene, 

one inherited from each parent fluke, however at present this has not been shown 

before. In Chapter 2, during cloning and sequencing of the CL1 gene we showed 

evidence for the presence of allelic variation in the CL1 gene within an individual fluke. 

Allelic variation in the CL1 gene could lead to differences in the amino acid sequence 
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of the protein. This could also result in changes to amino acid sequence or in protein 

conformation and therefore loss of epitopes.  

Similarly, multiple copies of the CL1 gene within the fluke genome could result in 

different isoforms of CL1 protein. At present the draft fluke genome, sequenced from 

five isolates from across the UK, identified a potential six CL1 genes (Cwiklinski et al. 

2015). Whilst the CL1 gene was not identified as one of the genes with the highest 

levels of nucleotide diversity, there was polymorphism amongst the isolates 

(Cwiklinski et al. 2015). Other studies have identified a number of cathepsin-like 

genes from pooled DNA extracted from multiple parasites. Grams et al. (2001) 

identified a total of 10 cathepsin-like genes from several F. gigantica isolates by 

Southern blot. This is twice the number of cathepsin L protein clades, indicating 

multiple sequences per clade. 

CL1 proteins resolve into separate protein spots by 2D electrophoresis (Robinson et 

al. 2008; Morphew et al. 2011). Phylogenetic analysis of CL1 gene sequences within 

NCBI GenBank (10 sequences at time of study), revealed that the CL1 clade showed 

expansion and divergence and could be separated into three sub-clades CL1A, CL1B 

and CL1C (Robinson et al. 2008). At present, it is difficult to determine if these 

sequences are due to allelic variation or distinct isoforms, and it is unlikely to be 

confirmed until the fluke genome has been fully annotated. 

Presently, whilst there have been many studies showing the potential for allelic 

variation of the F. hepatica CL1 gene within the population, there has been no study 

which shows variation within individual fluke. Native ES products are usually produced 

from the culture of a number of adult fluke, either individually or in groups, and then 

pooled to produce a concentrated source. The fluke population has been shown to be 

highly heterogeneous, (Beesley et al. 2017b), therefore, a preparation of native 

antigen likely contains a number of allelic CL1 proteins. It is not known if specific 

isoforms of CL1 protein are more readily recognised by host antibodies in infected 
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animals. Chunchob et al. (2010) showed that different isoforms of the FABPs were 

recognised at different stages of infection (early or late infection) in F. gigantica 

infected rabbits. If host antibodies from infected animals do not recognise one CL1 

isoform, they are likely to recognise other CL1 proteins within native ES products, and 

therefore still detected by immunodiagnostic tests. 

However, in the production of a recombinant antigen, only one CL1 allelic variant is 

represented, reducing the antigen variation and removing potential epitopes. This 

potential variability would need to be considered in the design of a diagnostic test that 

is based on a recombinant antigen. Not only this, CL1 has been one of the most 

studied vaccine candidates for liver fluke, and any antigenic variation could give 

variability in the efficacy of a vaccine  

In this chapter, we aim to map the variation in the CL1 gene from individual fluke. We 

will then use this data to determine if this could lead to amino acid differences within 

the CL1 protein, which could influence to the presentation and conformation of 

immunogenic epitopes, impacting on its diagnostic potential. This could be one 

possible explanation for the poor recognition of our rCL1 protein by naturally infected 

animals seen in Chapter 3. 

4.2 Materials and Methods 

Details of the experimental design for this Chapter are shown in Figure 4.2.1 

4.2.1 RNA extraction from adult F. hepatica 

RNA was extracted from seven adult fluke using the Tri-Reagent method as described 

in Section 2.2.3.1. These flukes were collected by a previous study and stored at -

80oC. Details for the origin of each fluke are listed in Table 4.2.1. Extracted RNA was 

aliquoted and stored at -80oC until needed. RNA concentration was estimated using 
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a NanodropTM 2000 Spectrophotometer (ThermoFisher, UK) prior to cDNA 

conversion. 

 

 

 

 

 

4.2.2 Whole cDNA conversion of extracted fluke RNA 

Conversion to cDNA was performed using the SuperScript III Reverse Transcriptase 

Kit (Invitrogen, UK) modified from manufacturers protocols (Newbrook, 2017). Briefly, 

1µl of oligo(dT)20 (50µM) was added to 1µl 10mM dNTP mix, together with a maximum 

of 1µg of extracted RNA, as calculated from Nanodrop results. The total volume was 

made up to 13µl with sterile distilled water and heated at 65oC for five minutes. This 

was followed immediately by a five-minute incubation on ice. 

The contents were briefly centrifuged and 4µl of First Strand Buffer, 1µl of 0.1M DTT, 

1µl RNaseOUT Recombinant RNase Inhibitor and 1µl of SuperScriptTM III Reverse 

Transcriptase added and mixed gently. The reaction was incubated at 50oC for one 

hour and then inactivated by incubation at 70oC for 15 minutes. 

4.2.3 PCR of CL1 gene 

PCR for the CL1 gene was carried out as described in Section 2.2.3.3 using total 

cDNA as template with the following alterations: a) CL1 primers (Eurofins MWG 

Operon) described in Table 2.2.1 were re-designed to remove the restriction enzyme  

Fluke ID Host 
Country of 

Origin 
Abattoir Location 

C53_1 Sheep England Central England 

C62_Ex4 Sheep England Central England 

C99_1 Sheep Scotland Central England 

C99_2 Sheep Scotland Central England 

D11_5 Cattle Wales Wales 

D11_6 Cattle Wales Wales 

D11_7 Cattle Wales Wales 

Table 4.2.1 Details of the archived fluke used for RNA extractions. 
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Figure 4.2.1 A schematic of the experimental design used to map the allelic variation within the 

CL1 gene  
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sites and His6-Tag sites, leaving only the CL1 sequence and b), the annealing 

temperatures was adjusted to 71.4oC to account for the change in primer sequence. 

All other conditions remained the same as previously described in Section 2.2.3.3. 

Samples were passed through a PCR clean up column (Qiagen, UK) before sending 

for sequencing by Eurofins, UK, in both the forward and reverse directions using the 

CL1 (non-His6-Tag) primers. 

4.2.4 Mapping of variation within CL1 PCR sequences 

Returned sequence data from the forward and reverse sequences of each individual 

fluke sample were aligned against the reference sequence published by Roche et al. 

(1997) (GenBank Accession number: U62288) using the software, DNA baser 

(v4.20.0) as previously described in Section 2.2.4.6. This programme also allows easy 

comparison of chromatogram data to identify positions with more than one potential 

allele. Poor quality sequence data at ends of the sequence reads was automatically 

trimmed by software. Any single nucleotide differences within forward and reverse 

reads from individual sequences compared to the reference sequence (recognised as 

mismatches by DNA baser) were identified. Areas of poor sequence confidence due 

to presence of two alleles (shown as double peaks on sequence chromatograms) 

were also identified. 

A single cDNA sequence complied from forward and reverse sequencing reactions, 

was generated using BioEdit (v 7.0.5.3) (Hall, 1999) for each fluke sequence. BioEdit 

was allowed to choose which base to use in positions which had two potential alleles. 

All sequences were subsequently aligned against the reference sequence and the 

rCL1 gene for comparison using ClustalW Omega (Sievers et al. 2011). The positions 

which showed SNPs or presence of two alleles identified from the search in DNA 

baser were mapped onto the sequences to compare the differences between each 

fluke sequence. 
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The single cDNA sequence generated by BioEdit was then translated to the protein 

sequence in Artemis as described Section 2.2.4.7. SNPs identified at the gene level 

were located and Artemis was used to check if these subsequently translated to an 

amino acid change at the protein level. The immunogenic CL1 epitopes identified in 

Chapter 3 were also mapped onto protein sequences to determine if any non-

synonymous changes were located within these peptides. Finally, all protein 

sequences were aligned using ClustalW Omega to identify differences in amino acids 

between each fluke sequence, the translated reference sequence (GenBank Protein 

Accession number: AAB41670), and our rCL1 amino acid sequence. Annotations for 

active site residues, (Section 2.2.4.7) were also included on the protein sequences 

for reference. Our rCL1 protein contains an extra 10 amino acids at the very start of 

the signal sequence compared to the reference sequence, therefore the numbering 

of the amino acids was based on our rCL1 sequence to allow easier comparison. 

4.2.5 Cloning of CL1 gene into pGEM-T Vector and propagation in E. coli 

To confirm if the identified SNPs were real and related to individual CL1 alleles, CL1 

gene PCR products from each fluke were cloned into pGEM-T vectors (Appendix C1) 

(Promega, UK), and transformed into E. coli. Each E. coli colony generated would 

contain a single copy of each CL1 allele from individual fluke, allowing easy 

identification of each sequence. 

4.2.5.1 Ligation of CL1 gene into pGEM-T Vector 

Cleaned CL1 PCR products generated using cDNA template from each adult fluke 

were cloned into pGEM-T vector using manufacturer’s protocol. pGEM-T vectors use 

blunt ended cloning, hence why primers were redesigned in Section 4.2.3. The ratio 

of vector to PCR product used was 1:3, to increase the chances of ligation with PCR 

product. In order to facilitate ligation, the reaction was incubated overnight at 4oC. 
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4.2.5.2 Transformation into DH5α E. coli 

Following ligation, the reaction was diluted five-fold in TRIS-EDTA buffer (10mM 

TRIS-HCl (pH 7.5), 1mM EDTA) as recommended by manufacturers. A volume of 5µl 

was then used to transform Library Efficient DH5α E. coli (Promega, UK), using the 

protocol published by manufacturers.  

Following this, 300µl of reaction was spread onto pre-prepared LB Agar plates 

(100µg/ml ampicillin, 100µl of 100mM IPTG, 20µl of 50mg/ml X-Gal) (Appendix C2) 

and incubated overnight at 37oC to allow the formation of distinct colonies. 

4.2.5.3 PCR of positive colonies 

pGEM-T vectors utilise the blue/white screening system. Positive colonies were 

identified by their white phenotype on indicator plates, due to disruption of the β-

galactosidase gene on the pGEM plasmid. This prevents the metabolism of the X-gal 

substrate added to the plate. If the β-galactosidase gene is functional due to no foreign 

DNA insert, the X-gal is hydrolysed, resulting in an insoluble blue pigment, thus 

identifying the colonies as negative for the recombinant DNA. 

White colonies were then screened by colony PCR using the T7 forward primer 

specific to the pGEM-T vector and the CL1 gene (no His6-Tag) reverse primer. PCR 

conditions for colony PCR were the same as described in Section 2.2.4.3, however 

annealing temperature was altered to 59.8oC to account for the new primers. Positive 

colonies were identified by the presence of a predicted band size of 1,054bp on 1.5% 

agarose gels. 

Positive colonies were cultured overnight as described previously in Section 2.2.4.3, 

and plasmids purified using the QIAprep Spin Miniprep Plasmid kit (Qiagen, UK) and 

presence confirmed using 1.5% agarose gels.  
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4.2.5.4 Restriction digest of positive colonies 

Purified plasmids were digested by restriction enzyme to confirm the presence of the 

CL1 gene insert. A FastDigest ScaI (ThermoScientific, UK) was used, which cut once 

within the plasmid (Appendix C1). Restriction reaction was performed as per 

manufacturer’s recommendations, and restricted plasmids were visualised on a 1.5% 

agarose gel to confirm band sizes. Plasmids positive for the CL1 gene insert resolved 

at ~4000bp by agarose gel and negative plasmids resolved at ~3000bp, following 

restriction digest. Colonies which gave plasmids of the correct restriction digest profile 

were used to create glycerol stocks as described previously in Section 2.2.4.5.  

4.2.6 Sequencing of CL1 gene from pGEM-T vectors 

Positive plasmids generated from the cloning of two representative fluke (D11_6 and 

D11_7) were sent for sequencing using the vector specific primers, T7 (forward 

primer) and SP6 (reverse primer). This allowed for full length sequencing across the 

multiple cloning site of the plasmid and therefore gave full sequence coverage of the 

CL1 insert. The sequence data was used to determine if SNPs identified from the 

initial sequencing could be identified within the single copy alleles cloned into the 

plasmids. 

Sequence data from cloned CL1 alleles were aligned to the reference sequence using 

DNA baser software. Sequences were again searched to identify base pair 

differences as before and the positions of these compared to that of SNPs identified 

from initial PCR sequencing. Protein sequences were generated as before, and any 

amino acid substitutions compared to the reference sequence identified. cDNA and 

protein sequences were aligned using ClustalW Omega and the resultant map 

annotated as previously described.  
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 4.2.7 3D model annotations 

The 3D model of the rCL1 protein generated in Section 3.2.4, was annotated using 

the DeepView/Swiss Pdb viewer as described previously (Section 3.2.4) to show the 

location of SNPs within the 3D structure of the protein. Non-synonymous amino acid 

changes were coded red, whereas synonymous residue changes were coded yellow 

as used in Chapter 2, Figure 2.3.8-9. 

 

4.3 Results 

4.3.1 Variation in the nucleotide sequence of the CL1 gene 

Sequencing of the CL1 PCR product from each individual fluke revealed 

polymorphisms when compared to the reference gene. At the nucleotide level, none 

of the sequences showed complete identity to the reference gene (97-99%), nor were 

the individual CL1 sequences obtained completely identical, showing 98-99% identity 

to each other.  

The variation in the sequences was not random and was mapped to 31 positions 

within the CL1 gene. The variation was due to SNPs in the individual fluke PCR 

sequences compared to the reference gene (U62288), and either as a result of a 

single base pair change (n = 6) or due to the presence of more than one potential 

nucleotide at the location (n = 25) (Table 4.3.1). The presence of more than one allele 

was identified by the presence of two nucleotide peaks on the sequence 

chromatogram using DNA baser Each of the positions were numbered, starting from 

the 3’ end of the gene to allow easy comparison between sequences (Table 4.3.1 and 

Figure 4.3.1). No one sequence contained all of the SNPs (Table 4.3.1 and Figure 

4.3.1).  



 
 

123 
Chapter 4 

The position at which SNPs were identified, the nucleotide substitution and amino 

acid substitution is shown (Table 4.3.1). All the SNPs (compared to the reference 

gene) identified in our sequences had been previously identified in other published 

sequences. 

To confirm the presence of the SNPs and identify if they related to different 

genes/alleles, the CL1 genes was cloned into the pGEM-T vector. Sequencing of 

clones generated from the PCR products of two representative individuals (D11_6 

and D11_7) confirmed a total of 25 of the SNPs as true allelic variants within the CL1 

gene (Summary in Appendix C4).   
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Position  
Base in 

Reference 
Sequence 

SNP Present in Fluke sample 
Amino acid 

change 

1 A C C62_Ex4 Thr20 to Pro 

2 A 

G 
 
 

G/A 

C53_1, C62_Ex4, C99_1, C99_2, 
D11_6 

 
D11_5, D11_7 

None 

3 A G All None 

4 C C/T D11_6, C51_1 None 

5 C C/A 
C99_1, C53_1, D11_7 

(D11_6, A peak very small) 
Ala43 to Asp 

6 A A/G D11_5, D11_7 Gln48 to Arg 

7 A G C62_Ex4, C99_2 Lys56 to Glu 

8 T C/T All None 

9 A G/A 
C53_1, C99_1, C99_2, D11_5, 

D11_6 
Lys121 to Glu 

10 C 

C/T 
 

 T 

C53_1, D11_7 
 

C62_Ex4, C99_1, C99_2, D11_5, 
D11_6 

None 

11 C C/T All None 

12 C C/G All Arg175 to Gly 

13 G G/A All Gly183 to Ser 

14 A G/A C53_1, C99_1, D11_6  Lys218 to Glu 

15 T A All Phe228 to Tyr 

16 T C/T All None 

17 G G/T C53_1, C99_1, D11_6 Ala245 to Ser 

18 T C All None 

19 G G/T All Arg263 to Ser 

20 A G/A All Ser264 to Gly 

21 C 

G/C 
 
 

A 

C53_1, C62_Ex4, C99_2, D11_5, 
D11_6, D11_7 

 
C99_1 

Arg276 to Gly 
 
 

Arg276 to Ser 

22 G G/T 
C53_1, C62_Ex4, C99_2, D11_5, 

D11_6, D11_7 
Val277 to Leu 

23 C 

C/T 
 
 

T 

D11_5, D11_7 
 

C99_2, C99_1, D11_6, C53_1, 
C62_Ex4 

None 

24 T C/T C53_1, D11_6, D11_7 None 

25 G A/G D11_5 Gly290 to Asp 

26 T 

C 
 

 
C/T 

C53_1, C62_Ex 4, C99_1, 
C99_2, D11_6 

 
D11_5 

Leu303 to Ser 

27 C   
Ser304 to Tyr 

28 G   

29 A 
Possible 

PCR error 
C62_Ex4  

30 T C/T 
C53_1, C99_1, D11_5, D11_6, 

D11_7 
Val314 to Ala 

31 C C/T C99_1, C99_2, D11_6 None 

Table 4.3.1 A summary of SNPs, compared to a reference sequence (U62288), 

identified in sequencing of CL1 gene from PCR reactions at specified position. Any 

changes to amino acid residues as a result of a SNP are also shown. 
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Figure 4.3.1 Map of positions within the CL1 gene which showed SNPs compared to the 

reference sequence (U62288) in all CL1 sequences. Positions which showed base pair 

differences to the reference sequence are numbered and highlighted. 
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Of the 25 SNPs that were found to contain two alleles at the identified positions (Table 

4.3.1), 22 were detected in the cloned sequences (Figure 4.3.1), consistent with 

sequencing of the PCR products and the diploid nature of the fluke. 

Four positions (4, 6, 9, and 25) which showed two alleles based on sequencing of 

PCR reactions, only showed evidence of one allele within clonal sequences. The 

allele found within the clonal sequences was the same as the reference sequence at 

these positions (Figure 4.3.1). At position 4, the second allele was only found present 

in the gene for rCL1 protein. (Figure 4.3.1). It was therefore not possible to confirm 

the SNPs at these positions.  

Of the six positions which only contained one allele (but a different nucleotide base to 

the reference sequence) in all PCR reactions, three were confirmed by sequencing of 

the clonal sequence (3, 15 and 18) (Figure 4.3.1). The change in base was the same 

in every individual sequence from the PCR reactions and in all of the clones. 

For positions 7 and 26, although only one allele was represented in PCR reactions for 

D11_6 and D11_7, two alleles were identified at these positions within the clonal 

sequences (Figure 4.3.1). Other PCR reactions contained the second allele. For 

position 10, PCR reaction for D11_7 were positive for two alleles whilst D11_6 was 

not. D11_6 clonal sequences confirmed the presence of two alleles (Figure 4.3.1).  

At the last two positions (1 and 29), these were only identified in one sequence 

(C62_Ex4) during sequencing of the PCR products. The SNPs at these positions were 

therefore not confirmed within the cloned sequences. 

Four additional positions which showed SNP differences compared to the reference 

sequence were only identified in the clonal sequences. Positions 32 and 33 showed 

SNPs within one clonal sequence (D11_6_9) (Figure 4.3.1). The final two positions, 

34 and 35 were identified within the coding region for the signal sequence of the 
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protein. As this sequence is at the start of the 3’ end of the gene, it would have not 

been possible to detect these SNPs from sequencing of the PCR products. 

4.3.1.1 The 5’ end of the CL1 gene shows a high level of nucleotide variation 

Three polymorphisms (positions 26-28) formed part of an area of high nucleotide 

variability at the 5’ end of the gene. This made alignment of the PCR sequences 

difficult. Clonal sequences confirmed that this variability was due to a base change 

from a thymine to a cytosine at position 26, followed by two base pair substitutions 

compared to the reference sequence at positions 27 and 28 (Figure 4.3.1). 

Sequences either had all three of these base pair substitutions or were identical to 

the reference sequence. This suggests that these positions together form one allele. 

4.3.2 Comparison of the CL1 gene sequences from individual fluke 

Sequencing of cloned sequences generated from two individual adult fluke; D11_6 

and D11_7, revealed that individual fluke contained more than one CL1 gene copy in 

their genome. Sequencing five clones of D11_6 gave three distinct sequences (Figure 

4.3.1). All clonal sequences had a sequence identity of between 96-98% compared 

to the reference sequence. DNA sequences from clones D11_6_2 and D11_6_8 

(D11_6_2/8) were identical to each other, as were D11_6_5 and D11_6_6 

(D11_6_5/6). These two sequences differed by three SNPs (positions 5, 7, 10). The 

fifth clone, D11_6_9 was distinct, showing 19 and 21 SNPs when compared to 

D11_6_5/6, and D11_6_2/8 respectively. D11_6_9 shared same base pair as 

D11_6_5/6 at positions 5 and 10, however at position 7 it was identical to the other 

variant (D11_6_2/8). The remaining SNPs were distinct within the D11_6_9 sequence 

but were consistent with SNPs in the CL1 gene identified by direct PCR sequencing.  

Of the five D11_7 clones sequenced four different CL1 sequences were detected. All 

sequences again showed high levels of identity to the reference gene (96-99%). 

Clones D11_7_2 and D11_7_4 (D11_7_2/4) were identical at the nucleotide level, 
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however D11_7_1, D11_7_5 and D11_6 were all distinct sequences (Figure 4.3.1). 

D11_7_1 and D11_7_2/4 sequences were the most similar, differing at positions 26, 

27 and 28 only (Figure 4.3.1). D11_5 differed to the D11_7_2/4 sequences at four 

positions (5, 11, 12 and 24), but showed greater variation to D11_7_1, with seven 

SNPs (5, 11, 12, 24, 26, 27 and 28) (Figure 4.3.1). D11_7_6 was the most distinct out 

of all the sequences, showing 15 SNPs compared to sequences D11_7_2/4, 17 

differences to D11_7_1 and 11 differences to D11_7_5 (Figure 4.3.1). 

4.3.3 Comparison of the CL1 protein sequences translated from CL1 PCR sequences 

Of the 31 SNPs identified within the CL1 gene, 12 had the potential to result in non-

synonymous amino acid substitutions when compared to the translated protein 

sequence from the reference gene (Protein accession number AAB416870) (Table 

4.3.1 and Figure 4.3.2). One SNP which produced a non-synonymous change in 

C62_Ex4 (position 1) was likely due to PCR error. The remaining 18 SNPs were 

synonymous (Figure 4.3.2). As expected the CL1 translated protein sequences 

showed strong similarity to the reference translated protein sequence (AAB41670) of 

between 96-99% (Table 4.3.2). 

4.3.2.1 Potential amino acid substitutions affecting the active site of the CL1  

Only two SNPs (positions 21 and 22) which were confirmed by clonal sequences, had 

the potential to result in non-synonymous amino acid substitutions in residues within 

the CL1 active site (Table 4.3.1) (Figure 4.3.2). Nucleotides 21 and 22 encode for 

residues 276 and 277 respectively, which form part of the S2 subsite. For residue 276, 

the arginine present in the reference sequence was substituted to either a glycine or 

a serine, depending on the base change. For residue 277, the valine present in the 

reference sequence was substituted for a leucine residue. The alleles identified at 

these residue sites have been identified in published sequences (see Figure 2.3.11). 
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4.3.2.2 Amino acid substitutions in the C-terminal region of the CL1 protein 

Nucleotide polymorphism at positions 26-28 resulted in variation in the protein 

sequences at amino acid residues 303 and 304 respectively (Figure 4.3.2). Position 

26 resulted in the substitution of a leucine residue (residue 303) to a serine, whilst 

position 27 and 28 polymorphisms both affect residue 304 and cause the substitution 

of a serine to a tyrosine. Overall this resulted in the deletion of a leucine at residue 

303, but then the immediate addition of a tyrosine. These changes were also present 

in published sequences (see Figure 2.3.11). 

4.3.2.3 Residue changes to immunogenic peptide regions due to SNPs 

Only one identified SNP had the potential to result in a non-synonymous amino acid 

change within an immunogenic epitope sequence identified in Chapter 3. The 

nucleotide at position 14 was within the codon for the first lysine residue (K) within the 

epitope from region 4 (YNKQGVAK) of the peptide arrays (Figures 3.3.6 and 7). Two 

alleles were identified at this position during sequencing of PCR and resulted in a 

change from a lysine residue to a glutamic acid in the D11_6_9 clonal sequence 

(Figure 4.3.2).

Fluke ID  Protein sequence similarity to reference sequence 

C53_1 98% 

C62_Ex4 96% 

C99_1 97% 

C99_2 96% 

D11_5 98% 

D11_6 97% 

D11_7 99% 

D11_6_2/8 96% 

D11_6_5/6 96% 

D11_6_9 98% 

D11_7_2/4 97% 

D11_7_1 96% 

D11_7_5 98% 

D11_7_6 99% 

Table 4.3.2. Comparison of protein sequence homology to the translated reference 

sequence (AAB41670) for all translated CL1 sequences 
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4.3.5 Position of amino acid substitutions by 3D model of CL1 protein 

The position of the SNPs identified in D11_6 and D11_7 were mapped onto the 3D 

protein model created in DeepView (Figure 4.3.3). None of the amino acid changes 

resulted in a substantial conformational change when amino acids were substituted 

within the DeepView software. 

 

 

Figure 4.3.2 Map of CL1 protein sequences translated from CL1 PCR products and clonal 

sequences compared to the translated reference sequence (AAB41670) and the rCL1 

protein sequence. Residues which are different to the reference sequence are highlighted 

and numbered according to the SNP position which fall within the codon for the residue. 

Immunogenic peptides identified in Chapter 3 are also highlighted and numbered 

according to their numbering given by JPT. Active site residues are also annotated as 

given by Cwiklinski et al. (2015) and Irving et al. (2003). 
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4.4 Discussion  

4.4.1 There is variation in the F. hepatica CL1 gene within the UK fluke population 

We have shown the F. hepatica CL1 gene shows variation, not just between fluke, 

but also within an individual fluke. This variation at the gene level also led to variation 

at the protein level. This could have implications not just for the use of an rCL1 antigen 

as a diagnostic target, but also for its use of as a potential vaccine candidate. 

PCR can introduce sequence errors. Taq polymerases, commonly used for PCR have 

an fidelity rate of approximately 1-20x10-5 (McInerney et al. 2014). Using the 

ThermoScientific PCR fidelity calculator, this means that a PCR of the CL1 gene using 

the Taq polymerase could introduce at least 1 bp error into 86% of sequences. 

Phusion polymerases have a much lower error rate (4x10-7, 50x better than Taq), 

Figure 4.3.3 3D model of pro-CL1 protein (Stack et al 2008), annotated using the 

DeepView/SWISS MODEL software to show position of amino residues which were non-

synonymous (red) or synonymous (yellow) changes compared to the reference sequence 

in D11_6 (A and C) and D11_7 (B and D) clones. C and D show D11_6 and D11_7 proteins 

rotated 180o. Active site residues are coded green. 

 

Figure 4.3.3 3D model of pro-CL1 protein (Stack et al 2008), annotated using the 

DeepView/SWISS MODEL software to show position of amino residues which were non-

synonymous (red) or synonymous (yellow) changes compared to the reference sequence 

in D11_6 (A and C) and D11_7 (B and D) clones. C and D show D11_6 and D11_7 proteins 

rotated 180o. Active site residues are coded green. 
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making them much more applicable to cloning reactions (McInerney et al. 2014). The 

ThermoScientific PCR fidelity calculator gives the error rate for Phusion polymerases 

at 1bp error in 1.7% of CL1 sequences. As we used a Phusion polymerase (Phusion 

Green Hot Start II High Fidelity PCR Master Mix, ThermoScientific, UK) to amplify the 

CL1 gene from fluke cDNA, we can therefore be confident that a high percentage of 

the variation we discovered within the CL1 gene is real. Not only this, PCR error would 

show as random nucleotide changes at different nucleotide positions within the gene. 

Most of the SNPs identified were in more than one sequence, and in the same position 

within the CL1 nucleotide sequence, adding further evidence that the variation we 

identified is real. Only two SNPs were judged to be PCR error, (loci 1 and 29), both of 

these are near the ends of the sequence reads, which are prone to sequencing error. 

The SNPs were confirmed as true alleles by sequencing of individual CL1 genes 

cloned into plasmids. As the same SNPs were identified at the same position in clonal 

sequences, this suggests that these SNPs are true polymorphisms within the F. 

hepatica CL1 gene, and not due to PCR error or novel cathepsin L clades. Fluke in 

the UK are diploid organisms and can reproduce sexually (Beesley et al. 2015), 

therefore individuals could inherit different alleles of the CL1 gene from the parent 

fluke. Many of the SNPs were also identified in the rCL1 sequence during cloning into 

the yeast vector pPinkα–HC.   

Some of the SNPs identified in this study were consistent with SNPs reported in other 

published gene sequences. This suggests that these alleles are widespread 

throughout the fluke population. Any non-synonymous amino acid changes resulting 

from SNPs also matched to other published sequences, again providing evidence that 

these alleles are true polymorphisms within the CL1 gene. During the analysis of the 

first draft fluke genome, Cwiklinski et al. (2015) found that the CL1 gene was variable, 

however it was not amongst the top 1% of the most variable F. hepatica genes.  
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The presence of multiple copies/alleles of the CL1 gene within F. hepatica populations 

has been identified previously. Six CL1 genes were identified from several individuals 

during the publication of the draft fluke genome (Cwiklinski et al. 2015). Grams et al. 

(2001) identified up to 10 cathepsin L genes from cDNA extracted from adult F. 

gigantica.  

This variation in cathepsin L genes is not confined to CL1. It appears that all fluke 

cathepsin L proteins exhibit variability. Irving et al. (2003) used the 23 F. hepatica 

cathepsin L genes deposited in the GenBank database to produce phylogenetic trees 

of these genes and determine the evolutionary history of the fluke cathepsin L family. 

Of the 23 cathepsin genes, 17 were for F. hepatica, and several had been isolated 

from the same F. hepatica isolate. This indicates that there are multiple alleles for 

each cathepsin clade within the fluke population. The presence of multiple CL1 alleles 

could impact protein sequence and thus epitope recognition. 

4.4.2 Individual fluke have multiple alleles for CL1 in their DNA 

In previous studies, cDNA or protein sequences were pooled from several individuals 

(Grams et al. 2001; Cwiklinski et al. 2015; Irving et al. 2003). This is the first study 

which has looked at the variation of the CL1 gene within an individual fluke. From the 

sequencing of individual CL1 genes from clones produced from cDNA from one fluke, 

we found evidence of up to four CL1 alleles within an individual. Being diploid, fluke 

are expected to have at least two copies of each gene (Beesley et al. 2015). The 

alleles we identified differed by only a few bases and resulted in proteins which 

differed by a maximum of eight amino acids.  

Other studies have identified the presence of CL1 protein isoforms within adult fluke 

ES products. Typically, during 2D electrophoresis of adult ES products, cathepsin L 

proteins separate out into several distinct spots with the same molecular weight, but 

a range of pI values (Jefferies et al. 2001; Morphew et al. 2007; Robinson et al. 2008; 
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Morphew et al. 2011), indicating the presence of multiple isoforms. By phylogenetic 

analysis of the sequences published within GenBank, these can be separated into 

three distinct sub-clades, CL1A, CL1B and CL1C (Robinson et al. 2008). Recently, 

Morphew et al. (2011), identified a fourth cathepsin L isoform (CL1D), which resulted 

in one amino acid change compared to published sequences. CL1A and CL1B contain 

exclusively F. hepatica CL1 sequences, whereas CL1C contains only F. gigantica 

suggesting that the expansion of the sub-clades occurred after the divergence of the 

two species from their common ancestor (Robinson et al. 2008). CL1A is the most 

abundantly expressed sub-clade of the CL1 proteins, accounting for approximately 

35.3% of the total cathepsin expressed protein in adult fluke ES products (Robinson 

et al. 2008).  

The CL1A and CL1B sub-clades can be distinguished by specific peptide sequences, 

specific residues in their active sites and also by their pI numbers as determined by 

Robinson et al. (2008). Using these criteria, our seven protein sequences, translated 

from individual fluke PCR sequences matched to the CL1 specific peptide, 

VTGYYTVHSGSEVELK (Robinson et al. 2008). Whilst classifying the sub-clade of 

the CL1 proteins, all proteins contained the CL1A sequence (FGLETESSYPY), 

indicating all our proteins were this sub-clade. The theoretical pI (pIs of 5.3-5.8) of 

each protein (ExPASY Compute pI/MW tool (Gasteiger et al. 2005)), again indicated 

all proteins were CL1A sequences (Robinson et al. 2008). Our rCL1 protein also 

matched the CL1A criteria. However, Robinson et al. (2008) also found that CL1A and 

CL1B proteins differed at residue 157 (276 by rCL1 numbering – nucleotide position 

22 in DNA sequences), which makes up part of the S2 subsite conferring substrate 

specificity. CL1A sequences contained a valine residue at this position, whilst CL1B 

sequences contain a leucine (Robinson et al. 2008). This difference in residue could 

indicate difference in substrate specificity between CL1A and CL1B proteins. Three 

sequences (D11_5, C99_2 and C62_Ex4) and also the rCL1 protein, contained the 
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CL1B residue at this position, even though their pI values and peptide specific 

sequences suggested they were CL1A proteins. As these proteins appear to be 

intermediate forms between CL1A and CL1B subclades, they provide evidence for 

the divergence and expansion of the CL1 clade. Without more information about the 

fluke genome it is difficult to know if we were only able to detect CL1A genes due to 

increased mRNA expression of this sub-clade or due to multiple gene copies of this 

gene. 

The presence of different protein isoforms and the variation with the CL1 clade has 

been suggested to represent a selection pressure exerted by the host immune 

response (Morphew et al. 2011). Cathepsin L proteins are one of the main targets of 

the host immune response (Dalton & Heffernan 1989; Smith et al. 1993a), and 

therefore variation in the CL1 proteins would aid in minimising the possibility of a 

single antibody clone in preventing the action of the CL1 protein (Irving et al. 2003). 

Not only this, F. hepatica infects a number of host species and encounters various 

substrates during its life time. An increased repertoire of cathepsin L enzymes would 

therefore be an advantage to allow the fluke to establish itself within the host.  

Using a molecular clock, it has been shown that the cathepsin L clades have arisen 

by gene duplication, rather than as a result of alternatively spliced variants and 

subsequent divergence (Irving et al. 2003; Robinson et al. 2008). There is potential 

that these duplications have resulted in multiple CL1 genes present in the fluke 

genome and could explain why we were able to detect multiple CL1 genes within an 

individual fluke genome. With improved assembly and annotation of the fluke 

genome, this will be confirmed in the future.  

4.4.3 Variation in the CL1 protein could result in variable epitopes 

Variability within the CL1 protein could result in the alteration of potential linear 

epitopes or alter the conformation of the protein, removing any conformational 
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epitopes. Potentially, this could explain the variability in host response reported in CL1 

vaccine trials (Toet et al. 2014), and the poor recognition by naturally infected animals 

of the rCL1 in Chapter 3. We have shown there is variation within the CL1 gene which 

translated to differences at the amino acid level. The amino acid sequence of our rCL1 

fit within this variation, suggesting that its amino acid sequence was not substantially 

different to the CL1 antigens expressed by the fluke population.  

Only one of the SNPs identified (Position 14) caused an amino acid change within 

one of the linear epitopes (Region 4 – aaYNKQLGVAK) identified in Chapter 3. This 

amino acid change was only identified in one clonal sequence and was due to the 

potential for two alleles for this position. The amino acid sequence for our rCL1 protein 

was identical to the reference sequence within each of the immunogenic epitopes, 

and therefore none of the SNPs identified in this study were likely to have affected 

host antibody recognition of linear epitopes on our rCL1. 

As discussed in Chapter 3, it is possible naturally infected animals were recognising 

conformational epitopes on the rCL1 protein. The non-synonymous mutations 

resulting from the identified SNPs could have resulted in changes to the overall protein 

structure. Using the DeepView software, we mapped the position of the SNPs 

confirmed from the clonal sequencing onto models of the D11_6 and D11_7 proteins 

and asked the software to mutate the amino acid sequence at these residues. None 

of the SNPs resulted in any substantial conformation changes. This is likely due to 

the high conservation of the cysteine residues within the sequence data, conserving 

the disulphide bonds within the protein. However, as there is only one published 3D 

structure of fluke CL1 protein (Stack et al. 2008), more information on the structure of 

the CL1 proteins, particularly potential structural differences between the sub-clades, 

would be required to confirm this result. 
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4.4.4 Conclusions 

We have shown there is potential for variation in the CL1 gene and amino acid 

sequence within an individual fluke and that individual fluke may also possess multiple 

copies of the CL1 gene in their genome. Whilst, this variability did not account for the 

poor host antibody recognition of our rCL1 antigen by naturally infected animals, it did 

reveal the potential for amino acid differences within one of the peptide epitopes 

identified in Chapter 3. The presence of multiple CL1 gene sequences and variation 

of CL1 genes within an individual fluke is of interest to future studies considering the 

use of a singular CL1 antigen as a diagnostic target and as a potential vaccine 

candidate.  
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Chapter 5 – Identification of proteins in F. hepatica ES products and analysis of 

their immunogenicity in naturally infected cattle and sheep 

5.1 Introduction 

F. hepatica is common parasite of cattle and sheep and an important cause of 

production losses in UK farming. ES products has been used for many years in the 

serodiagnosis of F. hepatica infections in both humans and animals. The dominant 

target antigen recognised by host antibodies has been shown to be the cathepsin 

proteins, CL1 and CL2 (Dalton & Heffernan 1989; Smith et al. 1993a; Dowd et al. 

1994). The majority of studies have used serum from experimentally infected animals 

to identify these immunodominant antigens, and there are few studies which have 

confirmed this response using serum from naturally infected animals or humans.  

Antibodies from naturally infected animals showed poor recognition of our rCL1 

antigen. This was in contrast to the results reported by Cornelissen et al. (2001), who 

showed that calves turned out onto infected pasture developed a strong antibody 

response to an rCL1 antigen produced in S. cerevisiae. A different rCL1 was also 

successfully used to diagnose human fasciolosis (O’Neill et al. 1999). We have 

speculated that the poor recognition of our rCL1 by naturally infected animals may be 

due to differences in B cell epitopes on native CL1 antigens compared to our rCL1 

protein. However, another possibility is that naturally infected animals are recognising 

other proteins within the ES products.  

Previous studies have described the use of mass spectrometry to identify proteins 

within fluke ES products (Jefferies et al. 2001; Morphew et al. 2007; Robinson et al. 

2009; Di Maggio et al. 2016). These studies showed that whilst CL proteins are the 

most abundant proteins in ES products, other proteins are also present. These include 

CB proteases, GSTs, thioredoxin peroxidase and FABPs (Jefferies et al. 2001; 

Morphew et al. 2007; Robinson et al. 2009; Di Maggio et al. 2016). Recombinant or 
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purified versions of GST and FABP, have previously been used in the 

immunodiagnosis of fluke infections as an alternative to CL proteins (Espino et al. 

2001; Hillyer et al. 1992a).  

Currently, there are no studies which have definitively identified the dominant targets 

in native fluke ES products recognised by naturally infected animals. Natural 

infections may be long term, chronic infections often resulting from repeated 

exposure, unlike experimental infections, which normally involve a single dose of 

metacercariae and animals are euthanized after a short period of time. Therefore, it 

is not known if the antibody repertoire in naturally infected cattle and sheep is similar 

to that in experimentally infected animals. This could potentially influence the choice 

of antigens to include in a diagnostic test. In this chapter, we aim to identify the protein 

targets in adult fluke ES products recognised by host antibodies from naturally 

infected animals.  

5.2 Materials and Methods 

5.2.1 SDS PAGE of ES products and Western Blotting using serum from naturally 

infected animals 

1D SDS-PAGE and Western blotting was performed according to protocol optimised 

in Section 2.2.2.1 and 2.2.2.3. For Western blotting, a subset of archived serum from 

naturally infected adult cattle (farms 1 and 2), calves and sheep (farms A, B, C, D and 

F), previously described in Chapter 3 (Table 3.2.1). Serum PP values as determined 

by ES ELISA are shown in Table 5.3.1, along with any other available diagnostic 

results which are relevant if available (PP by rCL1 ELISA, fluke FEC, and nematode 

FEC). Serum from naturally infected calves were tested against ES products Batch 1, 

whilst serum from naturally infected adult cattle and sheep were tested against ES 

products Batch 2. 
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5.2.2 2-Dimensional SDS PAGE and Western Blot 

5.2.2.1 Trichloroacetic acid (TCA) Precipitation 

Aliquots of 150µg of ES products Batch 2 were precipitated in an equal volume of 

30% TCA in acetone at -20oC overnight. Samples were centrifuged at 16,200xg for 

10 minutes at 4oC and the pellet re-suspended in 100µl ice cold acetone. This was 

repeated, and samples centrifuged for a final time and pellets re-suspended in 60µl 

Lysis buffer (Appendix D1). Samples were vortexed well and incubated for one hour 

at room temperature to dissolve the pellet. 

5.2.2.2 Rehydration of IPG strips 

An Immobiline DryStrip IPG box (Amersham Biosciences) was levelled using a spirit 

gauge to ensure even loading of protein onto IPG strips. TCA precipitated ES products 

were loaded into wells following the addition of 85µl of rehydration buffer (Appendix 

D1) and 12.5µl of pH 3-10 non-linear IPG buffer (GE Healthcare, UK) to give a final 

concentration of 0.5%. Non-linear 7cm Immobiline DryStrips pH 3-10 (GE Healthcare, 

UK) were overlaid onto samples, covered with Immobiline DryStrip Cover Fluid (GE 

Healthcare, UK), and left to passively rehydrate overnight at room temperature.  

5.2.2.3 Separation of proteins in the first dimension by IEF of ES products 

IEF of ES products was performed using the Ettan IPGphor II system (Amersham 

Biosciences). Rehydrated IPG strips was placed gel side up and centered in lanes on 

the IPGphor Manifold, so that the aniodic (+) end of the IPG strip was orientated in 

the correct direction and against the appropriate mark for the strip length. Paper wicks 

(GE Healthcare, UK) were briefly hydrated in double distilled water and placed at 

either end of the strip so that they overlapped with the end of gel. The whole plate 

was then covered in DryStrip Cover fluid and the electrodes placed on top of the paper 

wicks. Strips were focused at 50µA per strip at 300V for 2.5 hours (step and hold 

voltage mode), 1000V for 30 minutes (gradient voltage mode), 5000V for 1.5 hours 
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(gradient) and 5000V for 1.5 hours (step). The number of volt hours achieved at the 

end of the focusing was noted. 

5.2.2.4. Equilibration of IPG Strips for SDS-PAGE 

IPG strips were equilibrated for 15 minutes in 5mls of equilibration buffer containing 

dithiothreitol (DTT) (VWR International, UK) (Appendix D1), followed by a second 

equilibration in equilibration buffer containing iodoacetamide (Sigma Aldrich, UK) 

(Appendix D1).  

5.2.2.5 Separation of proteins in the second dimension by SDS PAGE 

The plastic backing of the IPG strips were rinsed in double distilled water and blotted 

dry. Strips were then carefully placed on top of pre-prepared 12% resolving SDS 

PAGE gels (Appendix A1) with no stacking gel, so that the strip sat flush with the top 

of the gel. Protein ladder (NEB, UK) was spotted onto piece of filter paper and this 

was placed at the anodic end of the strip. Cooled agarose sealing solution (Appendix 

D1) was overlaid on top of the resolving gel to seal IPG strips in place. SDS-PAGE 

was run as previously described in Section 2.2.2.1. 

5.2.3 Coomassie staining and Western blotting of 2D protein gels 

Gels were stained by coomassie blue following the protocol in Section 2.2.2.2, 

however the gel used for Mass Spectrometry analysis was not microwaved, and 

instead washed well in distilled water and stained overnight at room temperature. The 

gel was then destained in distilled water and stored in 2% acetic acid prior to spot 

excision for in-gel trypsin digest. 

Western blotting was performed as described in Section 2.2.2.3. Serum from a 

naturally infected cow (Cow 787, Farm 1, ES ELISA PP 100, FEC positive – Table 

5.3.1) was used for Western blot. Antibody dilutions were altered to 1:100 for serum 

and 1:2,500 for the secondary conjugate. 
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5.2.4 Mass spectrometry analysis of protein spots 

5.2.4.1 In-gel trypsin digest of protein spots 

Immunogenic protein spots were identified by cross referencing the Western blot with 

the coomassie stained gel. The coomassie stained gel, which had been stored in 2% 

acetic acid was washed in distilled water and individual protein spots were carefully 

excised with a glass Pasteur pipette. Excised spots were then destained in 50mM 

ammonium bicarbonate and an equal volume of 50% acetonitrile at 37oC for 10 

minutes. If the gel had not fully destained the process was repeated, and incubation 

increased to 15 minutes until the stain had cleared. The excised spots were then 

reduced with 10mM DTT for 10 minutes at 60oC followed by alkylation with 55mM 

iodoacetamide at room temperature for 30 minutes in the dark. 

Pellets were washed in 50mM ammonium bicarbonate and dehydrated in 100% 

acetonitrile and incubated for 15 minutes at 37oC until the gel had turned white. The 

solvent was removed, and the residual volume left to evaporate at 37oC for 

approximately 10 minutes. Gel plugs were digested with 0.01µg/µl proteomic grade 

trypsin (Sigma Aldrich, UK) in 50mM ammonium bicarbonate overnight at 37oC. The 

reaction was stopped with 2µl of 2.6M formic acid, and peptides were extracted from 

gel bands using three successive 15-minute incubations with 50% (v/v) acetonitrile, 

0.1% (v/v) Trifluoracetic acid (TFA). Samples were dried using a centrifugal 

evaporator (Eppendorf Concentrator Plus) and resuspended in 5% (v/v) acetonitrile, 

0.1% (v/v) TFA. 

5.2.4.2 NanoLC MS ESI MS/MS analysis 

Mass spectrometry, protein identification using the Wormbase 2015 database and 

Exponentially Modified Protein Abundance Index (emPAI) calculation using Mascot 

software were performed by Dr Stuart Armstrong (Technology Directorate, University 
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of Liverpool). BLAST searches, UniProt Calculations and Signal IP results and data 

interpretation were performed by the author. 

Peptides were analysed by on-line Nanoflow Liquid Chromatography using the 

Ultimate 3000 nano system (Dionex/Thermo Fisher Scientific). Samples were first 

loaded onto a trap column (Acclaim PepMap 100, 2cm x 75µm inner diameter, C18, 

3µm, 100 Å) at a flow rate of 5µl min-1 with an aqueous solution containing 0.1% (v/v) 

TFA and 2% (v/v) acetonitrile. After three minutes, the trap column was set in-line an 

analytical column (Easy-Spray PepMap® RSLC 50cm x 75µm inner diameter, C18, 

2µm, 100 Å) fused to a silica nano-electrospray emitte (Dionex). The column was kept 

at a constant 35oC and the LC system coupled to a Q-Exactive mass spectrometer 

(Thermo Scientific, UK). Chromatography was performed with a buffer system 

consisting of 0.1% formic acid (formic acid) and peptides separated by a linear 

gradient of 3.8-50% buffer B (80% acetonitrile in 0.1% formic acid) over 30 minutes 

at a flow rate of 300nl/min. 

The Q-Exactive was kept in data-dependent mode with survey scans obtained at 

70,000 at m/z 200. The top 10 most abundant isotope patterns with charge state +2 - 

+5 from the survey scan were selected from an isolation window of 2.0Th and 

fragmented by higher energy collisional dissociation with normalized collision 

energies of 30. Maximum ion injection times for the survey scan were set at 250ms 

and 100ms MS/MS scans, with an ion target value for 1E6 for survey scans and 1E4 

for MS/MS. The resolution for MS/MS events was 17,000. Repetitive sequencing of 

peptides was minimized by dynamic exclusion of sequenced peptides for 20 seconds. 

5.2.4.3 Protein Identification and Quantification 

Thermo RAW files were imported into PEAKS Studio 7 software (Bioinformatics 

Solutions Inc., Canada) (Ma et al. 2003) and peaks identified by the software using 

default settings. Tandem mass spectrometry data was searched against translated 
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Open Reading Frame’s (ORF’s) from F. hepatica (PRJEB6687.WBPS8, Wormbase 

2015), a bespoke cathepsin database (20130227, Cwiklinski et al. (2015) plus Bos 

taurus (UniProt Ref August 2016) as background (combined 57,692 sequences; 

19,114,923 residues). The search parameters were set at 10ppm for precursor mass 

tolerance and 0.01Da for fragment mass tolerance. Two missed tryptic cleavages 

were permitted, with carbamidomethylation (cysteine) set as a fixed modification and 

oxidation (methionine) set as a variable modification. Only proteins which scored 

above 20 (-10lgP) and more than two peptides per protein were considered 

significant. False discovery rates (FDR) were set at 1%.  

Raw files were also converted to mgf files using Proteowizard (version 3) (Chambers 

et al. 2012) and processed with Mascot (Version 2.3.02, Matrix Science) search 

engine. Tandem MS data was then searched against translated ORFs using the 

above parameters. Mascot search results were further validated using the Percolator 

learning algorithm within Mascot. The Mascot decoy database function was used, and 

FDR again set at 1% with individual percolator ion scores of more than 13 indicated 

identity or extensive homology (p<0.05). Estimates of relative protein quantification 

within each spot was performed in Mascot to give emPAI scores. emPAI score is a 

modified version of PAI score and allows estimation of protein abundance within mass 

spectrometric results (Ishihama et al. 2005). 

Any transcripts not matched to the bespoke cathepsin database were manually 

BLAST searched against NCBI GenBank database, using the protein sequence given 

by mass spectrometry analysis and the top result based on E value, was assigned to 

the spot. To aid in confirmation of protein identification, the results with the highest 

emPAI score were also searched within InterPro (Finn et al. 2017) to reveal any 

protein domains. SignalP server (Version 4.1) (Petersen et al. 2011) with sensitivity 

set to Signal 3.0 settings to give stricter results, was also used to identify the presence 

of a signal sequence to confirm if the protein was expected to be in ES products. 
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Sequences were submitted to the ExPASY Compute pI/MW tool (Gasteiger et al. 

2005) to calculate theoretical pI and molecular weight of the protein. The theoretical 

pI and molecular weight was compared to the position of the spot within the gel and 

provided further confirmation of protein identification from the spot. 

5.3 Results 

5.3.1 Antibody response of naturally infected animals to ES products by 1D Western 

blotting 

Sera collected from adult cattle, calves and sheep naturally exposed to F. hepatica, 

was used to probe ES products by 1D Western (Figure 5.3.1). The serum from the 

eight adult dairy cattle had high PP values (88-121) by ES ELISA, and five were FEC 

positive (Table 5.3.1). Six cows had antibodies which showed recognition to bands at 

25kDa, recognised by experimentally infected and previously identified as CL1 and 

CL2 proteins, however there was also showed recognition to other protein bands, 

including those above 190kDa, at approximately 58, 46kDa, between 32-25kDa and 

at 11kDa or less (Figure 5.3.1A).  

Serum samples collected from calves at pre-turn out (March), mid-season (July) and 

then at housing (September/October) were used for blots. No bands were observed 

on Western blots for serum collected at pre-turn out (Figure 5.3.1B-C). For mid-

season samples, a similar Western blot profile to adult cattle was observed, however 

no recognition of the 25kDa CL1/CL2 bands was detected. Additional bands between 

22-11kDa were also detected. At housing (October), all calves were positive by ES 

ELISA, and three out of the four calves were FEC positive (Table 5.3.1), and these 

samples showed strong recognition to bands at 25kDa (Figure 5.3.1B). The third 

sample from Calf 2666 was taken in September rather than October and was FEC 

negative when sampled (Table 5.3.1). No bands were observed at 25kDa for this 

animal (Figure 5.3.1C). 
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Serum from 16 naturally exposed sheep were used for Western blotting. Faecal 

samples from sheep from Farms A-D were tested by composite FEC and each 

composite was negative for F. hepatica eggs (Table 5.3.1). None of the serum 

samples showed any recognition of CL1/CL2 protein bands (Figure 5.3.1D). For 

sheep from Farms A and D, serum antibodies showed strong recognition of multiple 

proteins, particularly between 32-46kDa (Figure 5.3.1D). For sheep from Farms B and 

C however, host antibodies showed very little recognition towards any ES proteins 

(Figure 5.3.1D). 

Five out of the eight sheep from Farm F were positive by FEC, but only one (sheep 

F.162) had a high PP value (76) by ES ELISA. This serum sample showed a similar 

profile to some adult cattle samples by Western blot and strong weak binding to 

CL1/CL2 protein bands (Figure 5.3.1E). One other sheep (F.20) which had a lower 

PP value (20) showed a similar pattern of recognition to sheep F.162, however the 

signal was not as strong. Sheep F.146 (PP 18), meanwhile showed very faint 

recognition of the CL1/CL2 bands, but no other bands were detectable. The remaining 

five sheep had low PP values (4-9) by ES ELISA (Table 5.3.1). Serum samples from 

these five sheep showed no recognition to ES proteins or weak recognition of various 

protein bands between 58-32kDa or at 32kDa (Figure 5.3.1E).  
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Serum Farm 
PP 

(ES ELISA) 
PP 

(rCL1 ELISA) 
Fluke 
FEC 

Nematode 
FEC (EPG) 

Rumen 
Fluke 

Cow 852 1 100 92 - Not tested Not tested 

Cow 757 1 121 103 + Not tested Not tested 

Cow 803 1 97 66 + Not tested Not tested 

Cow 826 1 96 11 - Not tested Not tested 

Cow 787 1 100 24 + Not tested Not tested 

Cow 915 1 88 75 + Not tested Not tested 

Cow 2961 2 92 49 - 1 Not tested 

Cow 3284 2 105 68 + 0 Not tested 

Calf 2613 (Mar)  5 0 - 0 - 

Calf 2613 (Jul)  61 Not tested - 0 - 

Calf 2613 (Oct)  94 Not tested + 0 - 

Calf 2632 (Mar)  0 1 - 0 - 

Calf 2632 (Jul)  7 Not tested - 50 - 

Calf 2632 (Oct)  70 Not tested + 0 + 

Calf 2666 (Mar)  0 1 - 0 - 

Calf 2666 (Jul)  22 Not tested - 0 - 

Calf 2666 (Sept)  99 Not tested - 0 - 

Calf 2687 (Mar)  0 1 - 0 - 

Calf 2687 (Jul)  91 Not tested - 0 - 

Calf 2687 (Oct)  67 Not tested + 0 - 

Sheep A.7 A 87 7 - Not tested - 

Sheep A.13 A 90 48 - Not tested - 

Sheep A.15 A 68 15 - Not tested - 

Sheep B.8 B 3 Not tested - Not tested - 

Sheep B.19 B 29 9 - Not tested - 

Sheep C.1 C 18 6 - Not tested - 

Sheep D.1 D 84 2 - Not tested - 

Sheep D.17 D 87 4 - Not tested - 

Sheep F.146 F 18 5 + 0 - 

Sheep F.20 F 20 7 + Not tested - 

Sheep F.162 F 76 24 + 90 + 

Sheep F.9 F 9 Not tested + 30 - 

Sheep F.161 F 4 12 + 30 + 

Sheep F.82 F 9 27 - 435 + 

Sheep F.2 F 4 1 - 45 - 

Sheep F.5 F 9 2 - 345 - 

Table 5.3.1 Serum samples from naturally infected animals used for Western blotting. 

Results for ES ELISA, rCL1 ELISA, liver fluke, nematode (eggs per gram (EPG)) and 

rumen fluke FEC are included if available. 
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A 

B 

D E 

C 

Figure 5.3.1 Western blotting of ES products probed with serum taken from naturally 
infected; adult cattle from farms 1 and 2 (A), naturally infected calves - Calves 2613 & 2632 
- (B), and Calves 2666 & 2687 – (C) at pre-turn out (March), mid-grazing season (July), and 
at housing (September/October), sheep from four farms (A, B, C, D) (D) and sheep from 
farm F (E).  
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5.3.2. 2D Western blotting using ES products 

ES products (Batch 2) was separated using 2D SDS PAGE and probed with serum 

from a naturally infected cow. The cow (787, Farm 1) had a PP value of 100 and was 

FEC positive. Serum antibodies showed strong recognition to a string of protein spots 

at 25kDa (1-4 and 6), between 46-32kDa (5) and 58-46kDa (7-9) (Figure 5.3.2A and 

B). Other protein spots, including a string of spots at approximately 100kDa with low 

pI values, were also recognised, however there was no visible corresponding protein 

spots on the coomassie stained gel (Figure 5.3.2A and B). Spots were also visible at 

approximately 46-58kDa and an approximate pI of three, however again no protein 

spots were visible in the coomassie stained gel (Figure 5.3.2A and B). 

  

5.3.3 Identification of protein spots using mass spectrometry 

The 14 spots associated with the most intense antibody binding in 2D Western blot 

were excised from the protein gel and analysed by mass spectrometry. The string of 

spots at 25kDa (Spots 1-4 and 6, Figure 5.3.2 B) resolved as a doublet band on the 

coomassie stained gel, and therefore each pair was excised as separate spots.  For 

A B 

Figure 5.3.2 Identification of immunogenic proteins with ES products by 2D electrophoresis 

(A) Western blot of 2D separated ES products probed using serum from a naturally infected 

cow (787, Farm 1) to identify immunogenic protein spots (B) the corresponding coomassie 

stained gel annotated with immunogenic spots identified on the Western blot. Each spot is 

numbered and corresponds to samples used in Mass Spectrometry analysis. 
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each pair those spots which resolved at higher molecular weights were denoted as 

‘A’ and spots with the lower molecular weight were denoted as ‘B’. 

All 14 spots showed significant matches with two or more peptides from more than 

one protein. Three spots each had significant peptide matches for 17 proteins. 

Therefore, emPAI scores were calculated for each spot. Matches were then ranked 

by their emPAI score and those results that gave the highest emPAI score for the spot 

were used as the most likely result for the spot. Summary of top protein identifications 

for each spot is shown in Table 5.3.2, and individual results for each spot are shown 

in Appendix D2.  

5.3.3.1 Protein spots 1-5 

The top results from spots 1-5 were significant for F. hepatica cathepsin proteins for 

clades 1 (Spots 4A & B), 2 (Spots 1 & 3A) and 5 (Spot 3B). Although the top result for 

Spot 3A was a CL2 protein, the emPAI score was very similar to the second result 

(9.87 and 9.68 respectively) of CL5. Given that the result for Spot 3B was also CL5, 

it is likely that Spot 3A is also CL5 and not CL2. Most of the results for these spots 

were identified through the bespoke cathepsin database, and their position in the gel 

matched the theoretical pI and molecular weight, once the pro-domain and signal 

sequence had been removed following annotations used by Cwiklinski et al. (2015) 

for CL1 protein.  

Spot 5 resolved at 32kDa within the SDS PAGE gel, but at the same pI at Spots 4A 

and B (Figure 5.3.2B). The top results for this spot matched to the CL1 clade. This 

suggested that Spot 5 was pro-CL1 and had not been cleaved to the active form. The 

ExPASY pI and mass calculation results for the top results correlated well with the 

position of the spot within the gel once the signal sequence had been removed. 

5.3.3.2 Protein spot 6 

Spot 6A and B resolved at 25kDa, but at a higher pI value than the cathepsin proteins.  
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The results for this protein gave significant matches for glutathione transferase (S 

class) in both spots. The theoretical molecular weight and pI value calculated for these 

proteins matches with the position of the spot in the gel.  

5.3.3.3 Protein spots 7-9 

Spots 7, 8 and 9 resolved at molecular weights of approximately 46-58kDa (Figure 

5.3.3B). These spots were highly immunogenic as shown by strong staining on the 

Western blot (Figure 5.3.2A). However, in the corresponding area on the coomassie 

stained SDS PAGE gel only weak spots were visible, indicating their low abundance 

within the ES products (Figure 5.3.2B). 

Using a NCBI BLAST search, the top hits for all three spots were identical and 

matched to dihydrolipoamide dehydrogenase (DLD) of Clonorchis sinensis (the 

Chinese liver fluke). However, the calculated theoretical pI and molecular weight did 

not correspond well to the position of any spots (7, 8, 9) within the gel.  It is possible 

that these proteins are F. hepatica orthologues of an C. sinensis protein, which could 

account for the discrepancy in spot position compared to the calculated theoretical 

values. No F. hepatica proteins appeared in the top results during BLAST searching 

using default search settings. The emPAI scores for Spot 7 and 8 (19.88) were similar 

to those calculated for other protein spots. However, for Spot 9 the emPAI score was 

very high (346.95), indicating high abundance for this protein within this spot. Taking 

into account the protein score and protein coverage values for the top results of the 

three spots as well, there is strong evidence that this identification is correct. If NCBI 

BLAST search was restricted to F. hepatica results only, the top BLAST result was 

thioredoxin-glutathione reductase (TGR) (Accession number: CAM96615.1, E-value: 

2e-23, query cover: 93%, identity: 31%), however BLAST results were not as robust as 

the DLD protein, therefore spot identities could not be confidently reassigned to 

thioredoxin-glutathione reductase. 



 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Spot 
Accession 

number 
Description Species 

Significant 
peptides 

matched (total) 

Sequence 
coverage (%) 

Secreted Protein 
by Signal IP? 

Theoretical pI and 
Mass Calculation 

(ExPasy) 

emPAI 
score 

1A ABQ95351.1 Cathepsin L2 F. hepatica 12(15) 49.8 Yes 4.59 / 24627.18 5.97 

1B ABQ95351.1 Cathepsin L2 F. hepatica 16(18) 55.8 Yes 4.59 / 24627.18 26.92 

2A FhCL5 Cathepsin L5 F. hepatica 19(24) 59.8 Yes 4.75 / 24468.22 52.1 

2B FhCL5 Cathepsin L5 F. hepatica 18(23) 60.1 Yes 4.75 / 24468.22 56.98 

3A FhCL2.3 Cathepsin L2 F. hepatica 10(10) 63 No 5.12 / 24555.38 9.87 

3B FhCL5 Cathepsin L5 F. hepatica 13(20) 55.2 Yes 4.75 / 24468.22 10.62 

4A FhCL1A.2 Cathepsin L1A F. hepatica 15(17) 54.6 Yes 5.77 / 24210.17 35.01 

4B FhCL1A.3 Cathepsin L1A F. hepatica 19(21) 55.8 Yes 4.98 / 24104.89 77.6 

5 FhCL1A.2 Cathepsin L1A F. hepatica 16(17) 49.7 Yes 6.08 / 35203.32 197.38 

6A P56598.2 
Glutathione S-

transferase 
F. hepatica 33(41) 74.85 No 6.61 / 25729.55 74.85 

6B P56598.2 
Glutathione S-

transferase 
F. hepatica 32(41) 65.11 No 6.61 / 25729.55 65.11 

7 GAA38608.2 
Dihydrolipoamide 
dehydrogenase 

C. sinensis 17(19) 56.5 No 5.93 / 29121.49 19.88 

8 GAA38608.2 
Dihydrolipoamide 
dehydrogenase 

C. sinensis 15(18) 53.4 No 5.93 / 29121.49 19.88 

9 GAA38608.2 
Dihydrolipoamide 
dehydrogenase 

C. sinensis 28(33) 82.2 No 5.93 / 29121.49 346.95 

Table 5.3.2 Top putative protein identifications for each spot based as ranked by emPAI scores. Proteins identified through bespoke cathepsin 

database (Cwiklinski et al (2015)) have accession numbers based on FhCL. Proteins matched to transcripts in the Wormbase database 

(PRJEB6687.WBPS8) were BLAST searched and accession numbers were matched to proteins in NCBI database. Further results for each protein 

spot is included in Appendix D2. 
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None of the proteins in Spots 6A-9 were predicted to have signal peptides by SignalP 

4.0 server (Table 5.3.2). This could indicate an alternative secretion pathway for these 

proteins. 

5.4 Discussion 

5.4.1 Naturally infected animals recognise multiple proteins within F. hepatica ES 

products 

Previous studies have identified (and shown in Chapter 2) that the immunodominant 

targets within F. hepatica ES products are the CL1 and CL2 proteases (Santiago & 

Hillyer 1986; Rivera Marrero et al. 1988; Santiago & Hillyer 1988; Coles & Rubano 

1988; Sexton et al. 1990b; Smith et al. 1993a; Chauvin et al. 1995; Dalton et al. 1996; 

Bossaert et al. 2000; Morphew et al. 2007; Buffoni et al. 2012). The majority of these 

studies have used serum from experimentally infected animals to identify these host 

antibody targets, and few have used serum from naturally infected animals to confirm 

this recognition. Western blotting using serum collected from naturally infected cattle 

and sheep showed that host antibodies recognised multiple protein targets within ES 

products, at approximately 58, 46, between 32-25, 11kDa and above 190kDa. Some 

individuals also had poor host antibody recognition of the CL1 and CL2 proteins at 

25kDa in contrast to the strong recognition by experimentally infected animals. 

Further investigation by 2D Western blotting confirmed this result. This difference in 

host antibody recognition of fluke ES products between naturally and experimentally 

infected animals has not been reported previously. 

Only two other studies have reported the host antibody recognition of fluke ES 

products by naturally infected animals using Western blotting. Gorman et al. (1997) 

used Western blotting to identify protein antigens recognised by host antibodies of 

naturally infected pigs and horses in fluke ES products. All test serum from infected 

pigs and horses recognised proteins between 25-30kDa, however some individuals 
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also recognised protein bands at 40-42, 35-39 and 14-17kDa (Gorman et al. 1997). 

This was similar to protein bands recognised at 46, between 32-25 and 11kDa by the 

serum from naturally infected cattle and sheep used in this study. 

A second study by Ortiz et al. (2000), used Western blotting to measure the specificity 

of host antibody response to fluke ES products using serum collected monthly over 

two years from naturally infected calves, heifers and adult cattle from Cajamarca, 

Peru. Again, as found in Gorman et al. (1997), naturally infected cattle recognised 

antigens in addition to the cathepsin proteins (Ortiz et al. 2000). All three groups of 

cattle tested recognised a group of antigens between 60-66kDa at all time points, 

however only adult cattle (after first parturition) recognised antigens at approximately 

28 and 25kDa at all time points (Ortiz et al. 2000). There was no recognition of the 

28kDa bands by serum from calves or heifers (Ortiz et al. 2000). In a follow-on study 

by Oblitas (1997), Western blotting of further serum samples collected from adult dairy 

cattle from the same region in Peru found that only 83% of individuals recognised the 

antigens at 28kDa. This was similar to the results found in this study, as chronically 

infected animals showed variable recognition of protein bands.  

Six out of the eight naturally infected adult cattle, and three out of the four calves at 

the October time point showed some host antibody recognition of the 25kDa antigen. 

This correlated with the variable recognition of the rCL1 antigen by ELISA, we 

observed in Chapter 3. Naturally infected calves at the October timepoint showed very 

strong recognition of the CL1/CL2 protein bands. However, this timepoint was not 

tested by rCL1 ELISA, therefore we do not know if these samples would have shown 

stronger recognition of the rCL1 antigen compared to the serum from the September 

timepoint. Serum from Calf 2666 at the September timepoint showed no recognition 

of the CL1/CL2 protein bands, correlating with rCL1 ELISA results. 

Naturally infected sheep from Farms A-D, which showed no recognition of the 

CL1/CL2 on the Western blot, had low PP values by rCL1 ELISA. Western blotting 
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using titration of both serum and ES products did not improve the recognition of the 

CL1/CL2 bands, indicating that this poor binding was not due to an affect known as 

‘ghost banding’ (data not shown). For sheep from Farm F, only one animal (Sheep 

F.162), had a high PP by ES ELISA (76), however its PP value by rCL1 ELISA was 

24. This serum sample showed had some recognition of the CL1/CL2 protein bands 

by Western blotting, but also recognised other higher molecular weight bands. Two 

other sheep from this farm (F.146 and F.20) also showed recognition of the CL1/CL2, 

however the bands were much fainter, in correlation with their lower PP values (18-

20). In Chapter 3, we speculated that naturally infected animals are recognising 

conformational epitopes on the rCL1 antigen, resulting in poor recognition of the rCL1 

peptides by array. The reducing conditions in the Western blotting removes the tertiary 

structure of the protein, therefore potentially removing some conformational epitopes. 

This could explain why some serum antibodies showed weak recognition of the rCL1 

by ELISA, by no recognition of the CL1/CL2 protein bands by Western blotting.  

It is not clear why there is a difference between the host antibody recognition of fluke 

ES products between naturally and experimentally infected animals. As discussed in 

Chapter 3, natural infections may be acquired gradually, with animals picking up small 

numbers of metacercariae during the early grazing period. Not only this, 

metacercariae burden on pasture is seasonal, and therefore exposure can vary during 

the year. Therefore, animals would be exposed to small numbers of fluke at time, over 

a longer time period, and likely be infected for longer compared to experimentally 

infected animals. This could potentially lead to a more complex antibody response to 

fluke proteins. First season grazing calves showed a similar response to ES products 

as adult cattle and sheep, but also showed strong recognition to CL1/CL2 proteins 

bands, similar to experimentally infected animals, at the point of housing (October) 

when animals had become FEC positive. Adult cattle samples from Farm 1, had 
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stronger recognition of the CL1/CL2 protein bands than adult cattle from Farm 2, were 

also collected during late autumn/winter (November). 

 If the farm has a history of fluke infections, it is also likely that adult animals are also 

exposed year on year. It is possible that over repeated exposure, the 

immunodominance of CL1 is lost. Naturally infected animals would also likely be 

exposed to a range of other pathogens. Salimi-Bejestani et al. (2005a) found no cross 

reactivity of host antibodies with fluke ES products from calves’ mono-infected with 

Nematodirus helvantianus, Dictyocalulus viviparous, and Ostertagia ostertagi in the 

evaluation of an antibody detection ELISA, suggesting the ES ELISA is specific to F. 

hepatica, but sera from Calicophoron daubneyi infected cattle or sheep has not be 

tested to date  

5.4.2 Identification of protein targets recognised by naturally infected animals 

2D Western blotting confirmed the results of the 1D Western blotting and showed that 

serum antibodies from a naturally infected cow recognised multiple targets within ES 

products. Mass spectrometry was used to identify some of the immunogenic antigens 

recognised by naturally infected animals. Three major proteins (CL1, CL2, CL5, GST 

and DLD) were identified from 14 protein spots. 

Cathepsin L proteins are the major protein class within ES products (Robinson et al. 

2009; Di Maggio et al. 2016). They have also been identified as the dominant antigen 

recognised by the host antibody response (Dalton & Heffernan 1989; Smith et al. 

1993a; Dowd et al. 1994) Three clades out of the five cathepsin L proteins are 

preferentially expressed by adult fluke, CL1, CL2 and CL5 (Robinson et al. 2009; 

Cwiklinski et al. 2015). Separation of fluke ES products by 2D electrophoresis 

revealed a distinct string of protein spots at approximately 25kDa, corresponding to 

the different CL protein clades, which separate at a range of isoelectric points 

(Jefferies et al. 2001; Morphew et al. 2007; Robinson et al. 2008). Nine of our selected 
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protein spots (1-5) were identified as CL proteins expressed by adult fluke. The 

position of these proteins matched those identified by Robinson et al. (2008). 

Spots 6A and B were identified as GST, a principal phase II detoxification enzyme in 

helminths (Precious and Barrett, 1989; Brophy et al. 1990) which has previously been 

shown to be immunogenic in rats by Western blot using purified GST from F. hepatica  

lysates (Howell et al. 1988). GSTs are commonly found within the ES products, but 

are thought not to be secreted via the same pathway as CL proteins (Jefferies et al. 

2001; Morphew et al. 2007; Robinson et al. 2009; La Course et al. 2012; Di Maggio 

et al. 2016). GST are widely expressed in the fluke parenchymal cells (Wijffels et al. 

1992). It is thought that GSTs are released from the tegumental surface of the fluke 

via blebbing or shedding of the tegument, therefore entering the ES products during 

in vitro culture (Robinson et al. 2009; La Course et al. 2012). GSTs are approximately 

26kDa in size (Howell et al. 1988), and resolve at the same molecular weight as CL 

proteins by SDS PAGE. GST proteins are a large and complex family and a number 

of classes and isoforms of GST have been described (Pearson, 2005; Chemale et al. 

2006). Only sigma-class GSTs were identified in the top protein hits in our study, 

however, if other protein spots had been analysed, further GST classes could have 

been identified. Whilst GSTs were initially thought to be useful vaccine candidates 

due to their cross reactivity with Schistosoma spp. proteins, GST proteins are not 

widely used as diagnostic antigens as the host antibody recognition appears to be 

weak, particularly in experimentally infected cattle (Howell et al. 1988; Hillyer et al. 

1992b; Moreau et al. 1998).  

The top hits for Spots 7, 8, 9 were to the enzyme, DLD of C. sinensis. DLD is a 

mitochondrial enzyme and part of the three enzyme group which forms the pyruvate 

dehydrogenase complex (de Kok et al. 1998; Morphew et al. 2013), an important 

enzyme in the Krebs cycle (Tielens, 1994). This enzyme complex has not been well 

characterised in F. hepatica and there is no NCBI GenBank entry for DLD for F. 
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hepatica. It is likely that the protein found is an orthologue for the F. hepatica protein. 

This enzyme however has been reported in proteomic examination of the fluke 

tegument or somatic antigen (Di Maggio et al. 2016; Morphew et al. 2013). Potentially, 

this protein could have been released together with GST proteins during blebbing or 

shedding of the fluke tegument during preparation of the ES products. 

DLD resolved into three distinct spots on the gel, indicating three potential isoforms. 

As there are no reports of isoforms for DLD, and this enzyme is likely to be highly 

conserved due to its important role in energy metabolism, these differences could be 

due to post-translational modifications or other enzymes in the pyruvate 

dehydrogenase complex. Spot 9 is the most concentrated of the three spots with the 

highest emPAI score (346. 95), suggesting that this spot is most likely to be the true 

resolution of the protein.  

As DLD was matched to a F. hepatica protein by the transcripts in the Wormbase 

database 2015, it is possible that the poor match to theoretical molecular weight and 

pI values by ExPASY Calculator (pI 5.93 and 29kDa), is due to the transcript for F. 

hepatica DLD in the fluke genome database is incomplete. Zheng et al. (2011) 

reported finding DLD at a pI of 6.73 and 53kDa in C. sinensis ES products, which is a 

better fit for the position of the spots in the gel.  

NCBI BLAST searches limited to F. hepatica resulted in matches for TGR 

(CAM96615.1). TGR is another redox regulation enzyme, showing properties of both 

glutaredoxin (GRX) and thioredoxin reductase, important in redox dependant 

pathways and for detoxifying reactive oxygen species (Sun et al. 2001). DLD and TGR 

share a transmembrane domain and could explain the match with the BLAST results 

(Morphew et al. 2013). 

However, as these proteins are both of relatively low abundance in fluke ES products, 

neither have been considered before as diagnostic candidates. 
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5.4.3 Limitations of this study 

Only one serum sample from a naturally cow was used to identify immunogenic 

proteins within fluke ES products. Further 2D Western blotting and mass spectrometry 

would be needed to confirm that these proteins are consistently recognised by all 

naturally infected animals. 

The mass spectrometry results for all 14 spots analysed identified significant matches 

to more than one protein. Therefore emPAI scores were calculated for each protein 

hit in each spot to provide evidence for spot identification. Morphew et al. (2016) and 

Chemale et al. (2006) also reported proteins co-resolving in spots during their studies. 

More work is required to confirm the identity of the immunogenic spots, for example, 

using a narrower range of IPG strips and a longer run time than 30 minutes by mass 

spectrometry could allow more differentiation between peptides.  

5.4.4 Conclusions 

The results in this chapter show that the host antibody response of naturally infected 

animals to fluke ES products is complex and that multiple protein targets are 

recognised. They suggest that diagnostic test based on a single antigen would not be 

sufficiently sensitive to detect infection in animals with low or chronic infections. 
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Chapter 7 – General Discussion 

7.1 General Discussion 

Diagnostic tests are crucial in controlling disease. However, it is rare for a diagnostic 

test to be 100% sensitive and specific. Currently, the FEC or presence of fluke at 

slaughter are considered the most definitive methods for diagnosis of fluke infection, 

however, the low sensitivity of both tests (Charlier et al. 2014; Rapsch et al. 2006) 

does not make them true gold standards. Of the tests available for fluke, diagnosis 

requires laboratory equipment and training, adding significant time and cost for 

farmers. Due to these difficulties and the concern over potential production losses, 

morbidity and mortality due to fasciolosis, farmers tend to treat regardless of 

diagnosis. A POC test for diagnosis of fluke would allow farmers to diagnose 

infections themselves quickly on farm and make informed decisions and move away 

from the traditional herd or flock blanket drug treatments to targeted treatments. This 

would reduce the use of flukicides on farm, ultimately slowing the spread of drug 

resistance. 

7.1.1 Expression of an rCL1 antigen in P. pastoris 

Antibody detection ELISAs are well validated in the literature for the diagnosis of 

infection (Alvarez Rojas et al. 2014), and therefore an antibody detection test should 

be ideal for a pen-side test. In order to detect infection, we first needed an antigen 

that was recognised by host antibodies. In Chapter 2, we showed through Western 

blotting, that CL1 and CL2 are the dominant targets of the host antibody response in 

experimentally infected animals. This has already been shown in a number of 

previous studies (O’Neill et al. 1998; Cornelissen et al. 1999; Rokni et al. 2002; O’Neill 

et al. 1999; Cornelissen et al. 2001; Kuerpick et al. 2013b; Gottstein et al. 2014; 

Quigley et al. 2016; Gonzales Santana et al. 2013; Carnevale et al. 2001).  
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We successfully expressed an F. hepatica rCL1 protein in the yeast, P. pastoris. P. 

pastoris has previously been used to express a functional version of fluke CL1 protein 

(Collins et al. 2004; Stack et al. 2007; Stack et al. 2008). We wanted to produce a 

functional protein, as close to the native antigen as possible and therefore retain any 

important epitopes. The yields we achieved of rCL1 from yeast culture were lower 

than reported by others (Dalton et al. 2003). It is possible that the clone selected for 

expression was low yielding.  

We did not confirm cathepsin activity through the use of fluorometric substrate assays 

as performed by Collins et al. (2004), Stack et al. (2008) and Stack et al. (2007), but 

the protein showed evidence of being able to self-activate to the mature 25kDa form, 

indicating that it had the correct active site conformation (Collins et al. 2004). 

7.1.2 There are differences in the host antibody response to fluke ES products in 

naturally and experimentally infected animals 

We next evaluated our rCL1 antigen for its diagnostic potential by ELISA (Chapter 3). 

Several other studies have shown that rCL1 is a suitable alternative to native antigens 

for the diagnosis of fluke infection (O’Neill et al. 1999; Kuerpick et al. 2013b). 

However, the majority of studies have used serum from experimentally infected 

animals to show that CL1 is the dominant target of the host antibody response, and 

there are few studies that have used serum from naturally infected animals. In 

Chapters 3 and 5 we showed that the host antibody response of naturally infected 

animals is qualitatively different to experimentally infected animals. 

Similar to previous studies, serum from experimentally infected animals showed 

strong recognition of the rCL1 by ELISA. This response was confirmed by peptide 

array, and we were able to identify four linear peptides which were recognised by host 

antibodies. This strong recognition of the rCL1 antigen by ELISA was strongest from 

serum collected from animals late in infection. This result was the same in both 
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experimentally infected cattle and sheep, which were infected with different isolates 

of fluke. These animals were infected with similar numbers of metacercariae to those 

used in other studies that utilized serum from experimentally infected animals to 

evaluate the response to an rCL1 antigen (Cornelissen et al. 2001; Kuerpick et al. 

2013b). Therefore, the differences observed in this study are unlikely to be due to 

higher infectious doses or the isolate of fluke used. Potentially, this difference in 

recognition by experimentally infected animals was due to differences in our rCL1 

antigen compared to the native antigen. In Chapter 4 we showed that these 

differences were not due to amino acid changes in the immunogenic epitopes 

identified by peptide array. Comparison of different rCL1 antigens tested with our 

panel of serum or our rCL1 against other serum samples would be useful. 

We were able to detect antibodies from experimentally infected animals by 4wpi. 

However, as the yield of rCL1 was low, we were limited in the number of serum 

samples we could test with the rCL1 antigen. It is possible that we would have been 

able to detect infection earlier than 4wpi if we had tested these samples. Other studies 

have reported detecting host antibodies against rCL1 at 4-8wpi (Kuerpick et al. 2013b; 

Hoyle et al. 2003).  

Naturally infected animals showed poor recognition of the rCL1 by ELISA, which was 

confirmed by peptide array. Serum antibodies from naturally infected animals also 

showed variable recognition of the CL1/CL2 protein bands by Western blotting 

(Chapter 5). The cattle sampled in this study were confirmed as infected using the ES 

ELISA, which has been validated for diagnostic use by Salimi-Bejestani et al. (2005a) 

and however not all were FEC positive. Presence of eggs in faeces is one of the most 

definitive markers of infection, however FEC have low sensitivities (30-70%) (Charlier 

et al. 2014), particularly in cattle. Sera used was from cattle on farms with a history of 

exposure to fluke, either from positive FEC or a positive bulk milk tank result, however 

it is possible that individual cattle were not infected at the time of sampling due to host 
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antibodies remaining for several months following treatment (Castro et al. 2000; 

Levieux et al. 1992a; Ibarra et al. 1998) 

For naturally infected sheep, confirmation of infection was more difficult. Although six 

of the farms had a history of fluke infections, or were thought to be at risk of fluke, 

sheep from five of these farms were negative by composite FEC, possibly due to 

recent flukicide treatments. The sheep ES ELISA has also not been fully validated as 

a diagnostic test. Testing of field samples from animals with known infection (either 

confirmed from abattoir findings or FEC) would be needed in order to confirm the 

diagnostic sensitivity. Specificity would also need to be determined against serum 

from animals’ mono-infected with other common parasitic species. We have recently 

tested this ELISA with serum from sheep mono-infected with Teladorsagia 

circumcincta which gave low PP results (data not shown).  

Neither the sheep or cattle ELISA, have been evaluated for cross reactivity to 

infections with C. daubneyi. In a recent study by Mazeri et al. (2016), 18 out of 53 

serum samples collected from cattle positive for rumen fluke (but not F. hepatica) at 

slaughter, tested positive by the same cattle ELISA used in this study, which was 

developed by Salimi-Bejestani et al. (2005a). Whilst it is also possible that these cattle 

had had previous exposure to F. hepatica, this finding indicates the possibility for 

cross-reactivity of host antibodies against rumen fluke infections by ES ELISA, which 

could have implications for diagnosis and control of F. hepatica in the future (Mazeri 

et al. 2016). With reports of rumen fluke becoming more prevalent within the UK 

(Huson et al. 2017), both the cattle and sheep antibody ELISA used in this study would 

need to be evaluated to confirm specificity to F. hepatica infections against C. 

daubneyi.  

Naturally infected animals showed no recognition of the linear peptides recognised by 

experimentally infected animals by peptide array. Peptide arrays only allow the 
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identification of linear peptide epitopes. As the structure of the protein is taken away, 

any conformational epitopes are lost. Antibody binding to epitopes is at its strongest 

when the shape of the epitope conforms to the antibody binding site. Linear peptides 

will not bind as strongly to antibodies which are specific to conformational epitopes, 

therefore producing weaker signals by peptide array. The majority of B cell epitopes 

are conformational (Van Regenmortel, 2009), and these results suggest that naturally 

infected animals are preferentially recognising conformational epitopes instead of 

linear epitopes.  

It is likely that experimentally infected animals are also recognising these 

conformational epitopes as well, or that the linear peptides identified by peptide array 

form part of some conformational epitopes as they lie close together on the 3D 

structure of the rCL1. However, without performing protein crystallisation for antigen-

antibody complexes we are not able to confirm this finding, and this was outside the 

scope of this thesis. Protein crystallisation would also confirm that the rCL1 has the 

correct 3D structure. Even though we have evidence that the active site of the rCL1 

is functional, we cannot be sure that the rest of the protein conformation is similar to 

the native antigen. In Chapter 4, we showed that whilst there is variation at the amino 

acid level, our rCL1 protein sequence fit within this variation, suggesting it was not 

different enough to the native antigen sequence to explain the poor host antibody 

recognition of the linear rCL1 peptides. 

Poor recognition of the CL1 proteins by naturally infected animals could also be due 

to clonal anergy. Clonal anergy is a form of antigen tolerance when the immune 

system stops responding to a specific antigen. This is usually in the context of self-

antigens and is a mechanism by which the immune system avoids autoimmunity. Both 

B and T cells can be made anergic. Very high doses of antigen can lead to a specific 

type of clonal anergy called immune paralysis (Tizard, 2008d). The high doses of 

antigen may bypass APCs and reach the T or B cell receptor directly and without any 
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further signals from the APC, the lymphocytes remain unreactive. Usually, self-

reactive B cells must also bind a critical threshold of self-antigen to be made tolerant. 

This results in selective silencing of the high-affinity B cells. 

The duration of tolerance can depend of the persistence of an antigen and on the 

ability of the bone marrow to generate new T or B cells. When an antigen is 

metabolized, tolerance fades. If, however, the antigen persists such as with self-

antigens, then tolerance will persist as newly formed antigen-sensitive cells will be 

killed as soon as their receptors bind antigen. T cells can be made tolerant quickly 

(within 24 hours) and remain in this state for 100 days or more, B cells develop 

tolerance within 10 days and return to their normal state within 50 days (Tizard, 

2008d). 

If an animal is repeatedly exposed to an antigen during chronic infection, recurrent 

infections or through a large infectious dose during a heavy acute infection this could 

induce clonal anergy. This could explain the poor recognition of CL1 by naturally 

infected animals.  

7.1.3 F. hepatica CL1 shows variation at the nucleotide and amino acid level and 

individuals have multiple CL1 sequences in their genome 

In Chapter 4 we investigated if the poor recognition of our rCL1 protein was due to 

sequence differences to native CL1, resulting in the loss of immunogenic epitopes. 

By testing a small number of fluke, we identified variation in the CL1 at the nucleotide 

(compared to the reference gene, U62288) and amino acid level between individual 

fluke. This variation could impact CL1’s use as a vaccine candidate or as a diagnostic 

antigen. X-ray crystallography or NMR could be used to confirm if these mutations 

could result in changes to protein confirmation. 

We were also able to show that individual fluke had multiple alleles for CL1 in their 

genome, which had not been reported previously. Having multiple CL1 genes within 
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the fluke genome, could again impact on the diagnostic potential of a CL1 antigen. If 

a sequence was selected to produce a recombinant antigen which does not represent 

the most common CL1 allele within the fluke population, this could affect host antibody 

recognition of this antigen. 

Only a small number of fluke were analysed in this study. Sequencing of additional 

fluke samples would provide validation of this work in the absence of a finalised fluke 

genome sequence.  

7.1.4 Naturally infected animals recognised multiple protein targets within fluke ES 

products 

In Chapter 5, we investigated the host antibody response of naturally infected animals 

against ES products. Western blotting showed that antibodies from naturally infected 

animals recognised multiple protein targets within ES products. During natural 

infections, it is likely that animals are repeatedly exposed to infection, which could 

influence host antibody responses. 

This suggests that the use of a single antigen such as rCL1 may not be suitable for 

diagnosis of infection in naturally infected animals. The 2D Western blots were 

performed using a serum sample from only one a naturally infected cow and use of a 

serum sample from another individual could result in different results. It is likely that 

batches of ES products will also vary, which could influence the population of 

immunogenic proteins present. Further 2D Western blotting using multiple serum 

samples from other naturally infected animals, including sheep, against multiple 

batches of ES products followed by mass spectrometry, would confirm if our findings 

are representative of natural infections. If there are several immunodominant antigens 

consistently recognised by naturally infected animals, these proteins could be 

incorporated into a diagnostic test. 
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It appears that with naturally infected animals which are repeatedly exposed to 

infection, the specific immunodominance of the CL1 is lost and other antigens are 

also recognised. Some animals showed poor recognition of the CL1 protein bands, 

corresponding with the poor rCL1 ELISA results seen in Chapter 3. APCs can 

influence which antigens are presented to the lymphocytes during the development 

of the immune response and force the immune response to be directed against 

specific dominant antigens (Ma et al. 1999). The tertiary structure of the antigen and 

the processing of the antigen within the APC can influence the hierarchy of the 

epitopes displayed to lymphocytes within the MHC-II complex (Ma et al. 1999). This 

can influence which antigens become immunodominant and result in differences in 

antibody responses in individual animals or between species to specific antigens. 

7.1.6 Conclusions 

During our study we identified differences in the host antibody response of naturally 

and experimentally infected animals during fluke infection. This could impact the use 

of rCL1 as a diagnostic target and may not be suitable for use in a commercial 

diagnostic test. Whilst there is still further validation needed before our pen-side test 

would be ready for a commercial market, this test would a useful aid for farmers to 

diagnose and control fluke infections themselves on farm without the need for large 

blanket herd treatments. Ultimately this would reduce the use of flukicide drugs on 

farm and slow the development of resistance.  
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Table 1 

12% Acrylamide Gels 12% Resolving gel: 
4ml 30% Acrylamide Solution (Severn 
Biotech, UK) 
2.5ml 1.5M TRIS-HCl 8.8 
50µl 10% Sodium dodecyl sulphate (SDS) 
(Sigma Aldrich UK) 
3.4ml dH2O 
75µl 10% Ammonium persulphate (APS) 
(Sigma Aldrich, UK) 
7.5µl Tetramethylethylenediamine (TEMED) 
(Bio-Rad, UK) 
 
4% Stacking gel: 
650µl 30% Acrylamide Solution 
1.25ml 1M TRIS-HCl pH6.8 
50µl 10% SDS 
3.0ml dH2O 
25µl 10% APS 
5µl TEMED 
 
If not used immediately, gels were stored 
within glass plates wrapped in paper towels 
and soaked in distilled water and left at 4oC 
until use. 

1.5M TRIS-HCl pH8.8 To make 100ml: 
Dissolve 18.15g TRIZMA base in 100ml 
dH2O and pH with HCl. 

1M TRIS-HCl pH6.8 To make 100ml: 
Dissolve 6.05g TRIZMA base in 100ml dH2O 
and pH with HCl. 

10% Sodium dodecyl sulphate (SDS) To make 100ml: 
Dissolve 10g SDS in 80ml dH2O and allow to 
dissolve before making final volume upto 
100ml. 

10% Ammonium persulphate (APS) To make 10ml: 
Dissolve 1g APS in 10ml dH2O. Dissolve into 
1ml aliquots and freeze until use. Store at 
4oC. 

5x Running Buffer To make 1 L: 
15.1g TRIZMA base 
94g Glycine  
50ml 10% SDS 
And make upto 1L with dH2O. 
Diluted to 1x Working concentration to run 
gels 

Transfer Buffer (TRIS-Glycine Buffer) To make 1L: 
Dissolve 3g TRIZMA base and 14.4g Glycine 
in 600ml dH2O and 150ml Methanol, before 
making the final solution upto 1L. 

10x PBS To make 1L:  
80g Sodium chloride 
2g Potassium chloride  
11.5g Disodium Phosphate  
2g Monopotassium phosphate 
Dissolve in 900ml of dH2O and pH to 7.2 and 
make final volume to 1L. 
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PBS Tween (0.05%)  To make 1L: 
Dilute 100ml 10xPBS in 900ml dH2O and add 
500µl Tween 20.  

Blocking buffer (4% skimmed milk) To make 100ml: 
Dissolve 4g Marvel in in 100ml 1xPBS. 

 

Table 2 

Luria broth (LB) Miller’s agar plates and LB 
broth 
 

To make LB medium and agar plates, 25g/L 
of LB broth Miller’s (10g/l tryptone, 10g/l 
yeast extract and 5g/l sodium chloride) 
(Sigma Aldrich, UK) was added to distilled 
water. For agar plates, 15g/L of agar powder 
(Sigma Aldrich, UK) was also added. The 
mixture was then autoclaved for 20 minutes 
on a liquid cycle (121oC, 15 psi) and allowed 
to cool before ampicillin (Sigma Aldrich, UK) 
was added to give a final concentration of 
100µg/ml. Agar plates were then poured and 
left to harden before being stored at 4oC until 
use. LB broth was stored at room 
temperature until use. 

20% Dextrose solution  
 
 

To prepare 1L of 20% Dextrose, the 
contents of 1 pouch of Dextrose powder 
(PichiaPinkTM Media Kit (Invitrogen, UK) was 
dissolved in 1000ml distilled water. This was 
then filter sterilised at 0.45µM before being 
stored at room temperature. 

Pichia Adenine Dropout (PAD) agar plates 
 

To prepare 1 L of PAD agar, the contents of 
1 pouch of PAD agar powder included in the 
PichiaPinkTM Media Kit (Invitrogen, UK) was 
dissolved in 900ml of distilled water and 
autoclaved on a liquid cycle. The agar mix 
was then allowed to cool before the addition 
of 100ml of 20% Dextrose before poured into 
petri dishes and allowed to set. The PAD 
agar plates were then stored at 4oC until 
needed. 

Yeast extract-Peptone-Dextrose-Sorbitol 
(YPDS) media  

To prepare 200ml of YPDS media, 1 pouch 
of YPDS powder (PichiaPinkTM Media Kit 
Invitrogen, UK) was dissolved in 180ml of 
distilled water before being autoclaved on a 
liquid cycle. After being allowed to cool, 20ml 
of sterile 20% Dextrose was added.  

Buffered Glycerol-complex medium 
(BGMY) or Buffered Methanol-complex 
Medium (BMMY). 
 

To prepare 1L of BGMY or BMMY, 10g of 
yeast extract and 20g peptone was 
dissolved in 700ml distilled water. This was 
then autoclaved on a liquid cycle and 
allowed to cool before the addition of 100ml 
1M potassium phosphate buffer pH 8.0, 
100ml 10x Yeast Nitrogen Base (YNB) and 
20ml 500x Biotin. For BGMY, 100ml of 10x 
Glycerol was then added, however for 
BMMY 100ml of 5% Methanol was added 
instead 

10x Yeast Nitrogen Base (YNB) To make 500ml 10x Yeast Nitrogen Base: 
Dissolve 1 pouch of Yeast Nitrogen Base 
(Invitrogen, UK) in 500ml of distilled water. 
Filter to sterilise and store at 4oC. 
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500x Biotin (0.02% v/v) To make 100ml of 0.02% Biotin: 
Dissolve 30mg biotin (Sigma Aldrich, UK) in 
100ml of distilled water. Filter to sterilise and 
store at 4oC. 

10x Glycerol (10% v/v) To make 200ml of 10x glycerol: 
Mix 20ml glycerol in 180ml of distilled water. 
Autoclave on a liquid cycle to sterilise and 
store at room temperature. 

1M Dipotassium phosphate solution To make 200ml of dipotassium phosphate 
solution: 
Dissolve 34.84g of dipotassium phosphate 
in 200ml of distilled water. Store at room 
temperature. 

1M Monopotassium phosphate solution To make 1L of monopotassium phosphate 
solution: 
Dissolve 136.1g of monopotassium 
phosphate in 1L of distilled water. Store at 
room temperature. 

1M potassium phosphate buffer pH8.0 To make 1L of potassium phosphate buffer: 
Combine 132ml of 1M Dipotassium solution 
with 868ml of 1M Monopotassium solution 
and correct to pH8.0 using potassium 
hydroxide. 
Sterilize by autoclaving on a liquid cycle and 
store at room temperature. 

 

Table 3 

1 M sodium monophosphate To make 500ml of 1M sodium phosphate 
solution: 
Dissolve 60g of sodium phosphate solution 
in 400ml of distilled water. 
pH to 8.0 or 7.0 using sodium hydroxide 
depending on pH needed and autoclave to 
sterilise. 

5M sodium chloride To make 200ml of 5M sodium chloride: 
Dissolve 58.44g of sodium chloride in 200ml 
of distilled water. Autoclave to sterilise. 

4M Imidazole To make 100ml of 4M imidazole: 
Dissolve 27.33g of imidazole in 80ml of 
water. Once completely dissolved, make 
volume up to 100ml. Autoclave to sterilise. 

10x Binding Buffer pH 8.0 To make 1L of 10x Binding Buffer: 
Add 500ml of 1M sodium monophosphate 
pH 8.0 with 66.67ml of 5M sodium chloride 
and 25ml 4M imidazole. Make up to 1L with 
distilled water. 
Final concentrations: 500mM sodium 
monophosphate pH 8.0, 3M sodium chloride 
and 100mM imidazole. 

Wash Buffer pH 8.0 To make 100ml Wash Buffer: 
Dilute 10ml of 10x Binding buffer pH 8.0 in 
90ml distilled water (total volume 100ml) and 
add 250µl of 4M imidazole.  
Final concentrations: 50mM sodium 
monophosphate pH 8.0, 300mM sodium 
chloride and 20mM imidazole. 

Elution Buffer pH 7.0 To make 100ml Elution Buffer: 



 
 

196 
Appendix A1 

Add 5ml of 1M sodium monophosphate pH 
7.0 to 10ml 5M sodium chloride and 6.25ml 
4M imidazole and make up to 100ml using 
distilled water. 
Final concentrations: 50mM sodium 
monophosphate pH 7.0, 300mM sodium 
chloride and 250mM imidazole. 
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Figure A1.1 – Map of pENTR entry vector for Escherichia coli TOP10 cells 

(Invitrogen, 2012) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.2 – Map of pPinkα-HC vector for Pichia Pastoris strain 2 cells 

(Invitrogen, 2004) 
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Validation of Sheep ELISA 

Archived sera collected weekly from experimentally infected sheep were used to 

validate a sheep ES ELISA method for use in this thesis. This ELISA was conducted 

using the method described in Chapter 3 3.2 Materials and Methods. ROC analysis 

and statistical interpretation was conducted by Dr Alison Howell. 

Only sheep which had positive fluke burdens at post-mortem were included for 

validation (75 individuals). All sheep were tested by ELISA and FEC to test for fluke 

before experimental infection, and serum samples from this time point (day 0) were 

used as known negative samples (n=48). All serum samples collected after infection 

were used as known positive samples (n=428). Samples were collected between one 

and 18wpi. Sheep were housed indoors and fed with concentrates and hay and not 

allowed access to grazing. 

Data was analysed in R Studio (version 1.0.143) and the optimum diagnostic cut-off 

value for PP was determined by ROC analysis to give the highest sensitivity and 

specificity at a given threshold.  

Results 

Figure B1.1 shows the frequency distribution of ELISA values for serum samples for 

known negative (pink) and known positive samples (blue). As shown in the graph, 

negative samples clustered towards low PP values on the left-hand side of the graph, 

whilst positive samples showed PP values from zero to over 100. Some samples 

collected at week one post infection gave low PP values between 0.05-1.3 and 

therefore clustered with negative samples as shown in Figure B1.1. ROC analysis 

showed and optimum diagnostic sensitivity and specificity of 90% and 100% 

respectively at a cut off of 14 PP (Figure B1.2).  As there were no samples available 

from sheep experimentally infected with other parasitic species, we were not able to 
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check for cross-reactivity of antibodies at this cut-off, and this would need to be 

performed for full validation of the ELISA.  

Most sheep did not mount a detectable antibody response until two wpi, sensitivity 

and specificity were calculated using the cut-off of at 14 PP excluding serum samples 

from week one and using serum samples from week two onwards as known positives, 

the ES ELISA had correctly identified positive samples with a sensitivity of 95% and 

a specificity of 100%. 

Figure B1.3 shows the average PP values for a group of sheep (n=6) (ASF1) which 

shows the increase in PP value over time. This group of sheep was not used in the 

ELISA methods in Chapter 3. Two sheep were positive by week 2 using the cut-off 

calculated by ROC analysis and the remaining 4 sheep were positive by week 3 post 

infection. 

Figure B1.1 Frequency distribution of ELISA values for serum samples from 

experimentally infected sheep. Positive (blue) samples are those infected with F. hepatica 

from one wpi. Negative (pink) samples are samples collected before infection. Purple lines 

show tentative cut-offs of 5, 10 and 20 PP respectively. 
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Figure B1.2 A ROC curve to show relationship for sensitivity and specificity for the ES 

ELISA derived by testing samples from experimentally infected sheep. The green area 

indicates the 95% confidence intervals for given sensitivity and specificity values. 

Figure B1.3 Antibody responses of six experimentally infected sheep from serum collected 

weekly over the course of a 12-week infection and tested by ES ELISA. Each point 

represents the mean PP for each week and standard deviations are shown. 
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Table 1 - ELISA buffers 

PBS (5x Stock) To make 2.5L: 
90g NaCl 
7.4g Na2HPO4 (anhydrous) 
2.15g KH2PO4 (anhydrous) 
Dissolve in 2.5L of dH2O 

PBS-Tween (PBST) 
 

To make 2L: 
Dilute 400ml 5x PBS stock in 1600ml 
dH2O. Add 1ml of Tween20 

Blocking Buffer (2% Marvel) To make 100ml: 
Dissolve 2g Marvel in 100ml PBST. 

Coating Buffer (0.1M Carbonate buffer, pH 9.6) To make 100ml: 
0.159g Na2CO3 (anhydrous) 
0.292g NaHCO3 (anhydrous) 
pH to 9.6 in 100ml water 

 

Table 2 – Peptide array buffers 

Washing buffer 50mM TBS-buffer 0.1% Tween20(JPT), pH 
7.2 

Blocking buffer Pierce International, Superblock TBS T20 
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Appendix C2 

LB Miller’s agar plates (100mg/ml 
ampicillin, 0.5mM IPTG and 80µg/ml X-gal) 
 

LB agar plates containing 100mg/ml 
ampicillin were prepared as described in 
Appendix A1, Table 2. 
Just prior to use, 100µl of 100mM IPTG and 
20µl of 50mg/ml X-gal, were spread onto 
the surface of the plate and moved around 
the plate until dried. Plates were then 
incubated at 37oC for at least 30 minutes to 
allow substrates to be absorbed before use. 

0.1M IPTG To make 1ml: 
Dissolve 0.024g in 1ml of distilled water 
and filter sterilised (0.2µm) before use and 
stored at 4oC 

100mg/ml X-gal To make 2ml: 
Dissolve 100mg of X-gal (5-bromo-4-
chloro-3-indolyl-β-D-galactoside) in 2ml of 
N,N’-dimethyl-formamide.  
Solution was covered in aluminium foil to 
protect from light and stored at -20oC. 

 

Figure C1 Map of pGEM-T vector used during cloning (Promega Technical Manual 2015) 



 
 

203 
Appendix C3 

Appendix C3 – Examples of double peaks identified from sequence 

chromatograms of CL1 genes amplified by PCR from fluke cDNA at loci 6 (A), loci 

9 (B) and loci 11 and 12 (C) 
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SNPs identified by PCR and confirmed in 

clonal sequences  

 
  

Clonal 
sequences 

SNPs with two 
potential nucleotides 

SNPs with only 
one nucleotide 

SNPs not confirmed by 
clonal sequences 

SNPs where clones show 
two alleles not present in 

PCR products* 

SNPs not identified in 
PCR products 

D11_6 
8, 11, 12, 13, 14, 16, 
17, 19, 20, 21, 22, 24, 

27, 28, 30, 31 
2, 3,15,18, 23 1, 4, 6, 9, 25, 29 5, 7,10, 26,  32, 33, 34, 35 

D11_7 
2, 5, 8, 11, 12, 13, 16, 
19, 20, 21, 22, 23, 24, 

27, 28, 30, 31 
3, 15, 18 

1, 4, 6, 7, 9, 25, 10, 14, 
17, 29 

26 34, 35 

Appendix C4. Comparison of the loci which contained SNPs compared to the reference sequence (U62288) identified from the D11_6 

and D11_7 cDNA sequence and the loci which showed allele differences within clonal DNA sequences. 

 

Appendix D4. Comparison of the loci which contained SNPs compared to the reference sequence (U62288) identified from the D11_6 

and D11_7 cDNA sequence and the loci which showed allele differences within clonal DNA sequences. 

*SNPs may have been found in other PCR products 
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Appendix D1 

Appendix D1 

Lysis Buffer 
(8M Urea, 4% CHAPS, 40mM TRIS base) 

To prepare 40ml: 
Add 18.2g Urea, 1.6g CHAPS and 0.194g 
TRIS to 40ml of ddH2O. 
1ml aliquots were prepared and stored at -
20oC until needed. 

Rehydration stock solution without IPG 
buffer 
(8M Urea, 2% CHAPS, bromophenol blue) 

To prepare 25ml: 
Add 12g Urea, 0.8g CHAPS to 25ml of 
ddH2O followed by a few grains of 
bromophenol blue. 
Aliquots of 2.5ml were stored at -20oC until 
needed.  
7mg Dithiotherol (DTT) and 12.5µl of IPG 
buffer per 2.5ml aliquot was added just prior 
to use. 

SDS Equilibration Buffer 
(50mM TRIS-Cl, pH 8.8, 6M Urea, 30% 
glycerol, 2% SDS, bromophenol blue) 

To prepare 200ml: 
Add 6.7ml of 1.5M TRIS-Cl (Appendix A1, 
Table 1), 72.07g Urea, 69ml glycerol, 4.0g 
SDS to 200ml of ddH2O and a few grains of 
bromophenol blue. 
40ml aliquots were stored at -20oC and 
defrosted when needed. 
100mg of DTT was added to 10mls of 
defrosted equilibration buffer for first 
equilibration and 250mg iocacetamide was 
added to another 10mls of equilibration for 
the second phase. 

SDS Electrophoresis buffer  
(25mM TRIS, 192mM glycine, 0.1% SDS) 

To make 500ml: 
Add 1.51g TRIS, 7.2g Glycine and 0.5g SDS 
to 500ml of ddH2O. Stored at room 
temperature. 

Agarose sealing solution To make 100ml: 
Add 0.5g NA or M Agarose to 100ml of SDS 
Electrophoresis buffer with a few grains of 
bromophenol blue. 
All ingredients were gently warmed in the 
microwave to dissolve agarose and then 
stored as 2ml aliquots at room temperature. 
Before use, aliquots were melted gently by 
microwave and allowed to cool before used 
to seal IPG strips on SDS PAGE gels. 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Spot 1A                                                                                                                                                                                   Total proteins found: 6 
Wormbase/ 
Cathepsin 
database 
accession 

number 

Protein 
Sequences 
Identified 

Significant 
Protein 

Sequences 

Protein 
Coverage 

emPAI 
Score 

NCBI 
Accession 
number & 

Description 

BLAST E 
Value & 
Identity 

InterPro Domain 
Matches 

Signal 
IP 

results 

ExPasy pI 
and Mass 

Calculation 

BN1106_s809
8B000020.m

RNA-1 
15 12 49.8 5.97 

ABQ95351.1 
F. hepatica 
Secreted 

Cathepsin L2 

2.00E-144 
100% 

Cathepsin propeptide 
inhibitor domain (I29), 

Peptidase C1A, 
papain C-terminal 

Yes 
 

4.59 / 
24627.18 

FhCL5 7 6 28.5 0.97   

Cathepsin propeptide 
inhibitor domain (I29), 

Peptidase C1A, 
papain C-terminal 

Yes 
4.75 / 

24468.22 

FhCL1A.1 5 4 24.8 0.56   

Cathepsin propeptide 
inhibitor domain (I29), 

Peptidase C1A, 
papain C-terminal 

No 
5.27 / 

24196.99 

Appendix D2 Further details for the top three protein identifications for each of the protein spots in Chapter 5 
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Spot 1B                                                                                                                                                                                         Total proteins found: 9 
Wormbase/ 
Cathepsin 
database 
accession 

number 

Protein 
Sequences 
Identified 

Significant 
Protein 

Sequences 

Protein 
Coverage 

emPAI 
Score 

NCBI 
Accession 
number & 

Description 

BLAST E 
Value & 
Identity 

InterPro Domain 
Matches 

Signal 
IP 

results 

ExPasy pI 
and Mass 

Calculation 

BN1106_s8098
B000020.mRNA

-1 
18 16 55.8 26.92 

ABQ95351.1 
F. hepatica 
secreted 

Cathepsin L2 

2.00E-144 
100% 

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

Yes 
4.59 / 

24627.18 

FhCL2.3 13 11 62.6 16.96   
Peptidase C1A, 

papain C-terminal 
No 

5.12 / 
24555.38 

FhCL5 14 11 51.5 4.91   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

Yes 
4.75 / 

24468.22 

Spot 2A                                                                                                                                                                                       Total proteins found: 8 
Wormbase/ 
Cathepsin 
database 
accession 

number 

Protein 
Sequences 
Identified 

Significant 
Protein 

Sequences 

Protein 
Coverage 

emPAI 
Score 

NCBI 
Accession 
number & 

Description 

BLAST E 
Value & 
Identity 

InterPro Domain 
Matches 

Signal 
IP 

results 

ExPasy pI 
and Mass 

Calculation 

FhCL5 24 19 59.8 52.1   

Cathepsin propeptide 
inhibitor domain (I29), 

Peptidase C1A, 
papain C-terminal 

Yes 
4.75 / 

24468.22 

FhCL2.3 15 14 72.6 16.96   
Peptidase C1A, 

papain C-terminal 
No 

5.12 / 
24555.38 

BN1106_s8098
B000020.mRNA

-1 
21 18 61.3 11.15 

ABQ95351.1 
F. hepatica 
secreted 

Cathepsin L2 

 
2.00E-144 

100% 

Cathepsin propeptide 
inhibitor domain (I29), 

Peptidase C1A, 
papain C-terminal 

Yes 
4.59 / 

24627.18 

2
0
7

 
A

p
p

e
n
d

ix
 D

2
 



 
 

 

 

Spot 2B                                                                                                                                                                                         Total proteins found:9 
Wormbase/ 
Cathepsin 
database 
accession 

number 

Protein 
Sequences 
Identified 

Significant 
Protein 

Sequences 

Protein 
Coverage 

emPAI 
Score 

NCBI 
Accession 
number & 

Description 

BLAST E 
Value & 
Identity 

InterPro Domain 
Matches 

Signal 
IP 

results 

ExPasy pI 
and Mass 

Calculation 

FhCL5 23 18 60.1 56.98   

Cathepsin propeptide 
inhibitor domain (I29), 

Peptidase C1A, 
papain C-terminal 

Yes 
4.75 / 

24468.22 

FhCL2.3 10 8 62.6 55.8   
Peptidase C1A, 

papain C-terminal 
No 

5.12 / 
24555.38 

BN1106_s6354
B000017.mRNA

-1 
9 8 43.2 4.66 

AAF76330.1 
F. hepatica 
Cathepsin L 

2.00E-84 
97% 

Cathepsin propeptide 
inhibitor domain (I29), 

Peptidase C1A, 
papain C-terminal 

Yes 
4.75 / 

24468.22 
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Spot 3A                                                                                                                                                                                       Total proteins found: 8 
Wormbase/ 
Cathepsin 
database 
accession 

number 

Protein 
Sequences 
Identified 

Significant 
Protein 

Sequences 

Protein 
Coverage 

emPAI 
Score 

NCBI 
Accession 
number & 

Description 

BLAST E 
Value & 
Identity 

InterPro Domain 
Matches 

Signal 
IP 

results 

ExPasy pI 
and Mass 

Calculation 

FhCL2.3 10 10 63 9.87   
Peptidase C1A, 

papain C-terminal 
No 

5.12 / 
24555.38 

FhCL5 22 15 58.9 9.68   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

Yes 
4.75 / 

24468.22 

FhCL1A.1 17 14 61.7 3.98   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

No 
5.27 / 

24196.99 
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Spot 3B                                                                                                                                                                                    Total proteins found:12 
Wormbase/ 
Cathepsin 
database 
accession 

number 

Protein 
Sequences 
Identified 

Significant 
Protein 

Sequences 

Protein 
Coverage 

emPAI 
Score 

NCBI 
Accession 
number & 

Description 

BLAST 
E Value 

& 
Identity 

InterPro Domain 
Matches 

Signal 
IP 

results 

ExPasy pI 
and Mass 

Calculation 

FhCL5 20 13 55.2 10.62   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

Yes 
4.75 / 

24468.22 

FhCL1A.3 16 15 54.6 8.25   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

Yes 
4.98 / 

24104.89 

BN1106_s46
36B000039.

mRNA-1 
15 14 45.6 4.71 

AAF76330.1 
F. hepatica 
Cathepsin L 

0 
80% 

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

Yes 
4.75 / 

24468.22 
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Spot 4A                                                                                                                                                                                       Total proteins found: 16 
Wormbase/ 
Cathepsin 
database 
accession 

number 

Protein 
Sequences 
Identified 

Significant 
Protein 

Sequences 

Protein 
Coverage 

 

emPAI 
Score 

NCBI 
Accession 
number& 

Description 

BLAST 
E Value 

& 
Identity 

InterPro Domain 
Matches 

Signal 
IP 

results 

ExPasy pI and 
Mass 

Calculation 

FhCL1A.2 17 15 54.6 35.01   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

Yes 
5.77 / 

24210.17 

FhCL1A.3 17 14 59.5 32.4   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

Yes 
4.98 / 

24104.89 

FhCL1B 12 11 48.6 13.54   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

No 
5.14 / 

24177.04 

FhCL1A.1 16 15 54.3 10.12   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

No 
5.27 / 

24196.99 

2
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2
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 Spot 4B                                                                                                                                                                                 Total proteins found: 14 
Wormbase/ 
Cathepsin 
database 
accession 

number 

Protein 
Sequences 
Identified 

Significant 
Protein 

Sequences 

Protein 
Coverage 

emPAI 
Score 

NCBI 
Accession 
number & 

Description 

BLAST 
E Value 

& 
Identity 

InterPro Domain 
Matches 

Signal 
IP 

results 

ExPasy pI and 
Mass 

Calculation 

FhCL1A.3 21 19 55.8 77.6   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

Yes 
4.98 / 

24104.89 

FhCL1A.2 20 18 61.7 76.6   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

Yes 
5.77 / 

24210.17 

FhCL1A.1 21 19 63 31.45   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

No 
5.27 / 

24196.99 

FhCL1B 18 14 69.5 23.83   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

No 
5.14 / 

24177.04 

FhCL2.3 9 7 46.1 19.36   
Peptidase C1A, 

papain C-terminal 
No 

5.12 / 
24555.38 

FhCL1A.4 13 11 47.9 15.98   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

Yes 
5.66 / 

24002.83 2
1
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Spot 5                                                                                                                                                                                     Total proteins found: 17 
Wormbase/ 
Cathepsin 
database 
accession 

number 

Protein 
Sequences 
Identified 

Significant 
Protein 

Sequences 

Protein 
Coverage 

emPAI 
Score 

NCBI 
Accession 
number & 

Description 

BLAST 
E Value 

& 
Identity 

InterPro Domain 
Matches 

Signal 
IP 

results 

ExPasy pI and 
Mass 

Calculation 

FhCL1A.2 17 16 49.7 197.38   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

Yes 
6.08 / 

35203.32 

FhCL1A.3 17 17 65.3 183.94   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

Yes 
5.24 / 

35130.00 

FhCL1B 18 18 66.2 85.59   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

No 
5.34 / 

35196.19 

FhCL1A.1 15 14 61.7 41.41   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

No 
5.79 / 

35190.15 

FhCL1A.4 14 13 57.4 35.77   

Cathepsin 
propeptide inhibitor 

domain (I29), 
Peptidase C1A, 

papain C-terminal 

Yes 
6.00 / 

35018.02 
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Spot 6A                                                                                                                                                                                 Total proteins found: 17 
Wormbase/ 
Cathepsin 
database 
accession 

number 

Protein 
Sequences 
Identified 

Significant 
Protein 

Sequences 

Protein 
Coverage 

emPAI 
Score 

NCBI Accession 
number & 

Description 

BLAST 
E Value 

& 
Identity 

InterPro Domain 
Matches 

Signal 
IP 

results 

ExPasy pI 
and Mass 

Calculation 

BN1106_s359
5B000059.mR

NA-1 
41 33 45.3 74.85 

P56598.2 
F. hepatica 

Glutathione S-
transferase 

1.00E-
86 

96% 

Glutathione S-
transferase, C 
terminal-like 

No 
6.61 / 

25729.55 

BN1106_s783
0B000018.mR

NA-1 
30 20 63.1 19.59 

AAA29140.1 
F. hepatica 

mu-Glutathione 
transferase 

2.00E-
147 
99% 

Glutathione S-
transferase, C 
terminal-like 

No 
6.27 / 

24651.43 

BN1106_s321
3B000041.mR

NA-1 
20 14 80.2 12.05 

AGJ83762.1 
F. hepatica 

Triose phosphate 
isomerase 

0 
99% 

Aldolase-type TIM 
barrel (protein 

family - 
triosephosphate 

isomerase 

No 
8.07 / 

27782.75 
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Spot 6B                                                                                                                                                                                  Total proteins found: 17 
Wormbase/Cat

hepsin 
database 
accession 

number 

Protein 
Sequences 
Identified 

Significant 
Protein 

Sequences 

Protein 
Coverage 

emPAI 
Score 

NCBI Accession 
number & 

Description 

BLAST 
E Value 

& 
Identity 

InterPro Domain 
Matches 

Signal 
IP 

results 

ExPasy pI 
and Mass 

Calculation 

BN1106_s359
5B000059.mR

NA-1 
41 32 45.3 65.11 

P56598.2 
F. hepatica 

Glutathione S-
transferase 

1.00E-
86 

96% 

Glutathione S-
transferase, C 
terminal-like 

No 
6.61 / 

25729.55 

BN1106_s783
0B000018.mR

NA-1 
30 23 62.2 21.34 

AAA29140.1 
F. hepatica 

mu-Glutathione 
transferase 

2.00E-
147 
99% 

Glutathione S-
transferase, C 
terminal-like 

No 
6.27 / 

24651.43 

BN1106_s321
3B000041.mR

NA-1 
13 11 36.4 .42 

AAA29140.1 
F. hepatica 

mu-Glutathione 
transferase 

3.00E-
102 
68% 

Glutathione S-
transferase, C 
terminal-like 

No 
6.27 / 

24651.43 

2
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6
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1 If search was refined to F. hepatica only then the first hit is for thioredoxin-glutathione reductase (CAM96615.1) 

 

    

Spot 7                                                                                                                                                                                        Total proteins found: 7 
Wormbase/ 
Cathepsin 
database 
accession 

number 

Protein 
Sequences 
Identified 

Significant 
Protein 

Sequences 

Protein 
Coverage 

emPAI 
Score 

NCBI Accession 
number & 

Description 

BLAST E 
Value & 
Identity 

InterPro 
Domain 
Matches 

Signal 
IP 

results 

ExPasy pI 
and Mass 

Calculation 

BN1106_s815
7B000032.mR

NA-1 
19 17 56.5 19.88 

GAA38608.21 

C. sinensis 
dihydrolipoamide 
dehydrogenase 

4.00E-151 
81% 

FAD/NAD(P)-
binding 
domain, 

FAD/NAD-
linked 

reductase, 
dimerization 

domain 

No 
5.93 / 

29121.49 

BN1106_s359
5B000059.mR

NA-1 
15 12 30.9 2.44 

P56598.2 
F. hepatica 

Glutathione S 
transferase 

1.00E-86 
96% 

Glutathione S-
transferase, C-

terminal-like 
No 

6.61 / 
25729.55 

BN1106_s322
7B000227.mR

NA-1 
16 13 41.2 1.2 

CAK47550.1 
F. hepatica 

Enolase 

0 
100% 

Enolase N-
terminal 

domain-like 
(Enolase C-

terminal 
domain-like 

No 
6.56 / 

46280.05 
 

2
1
7
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1 If search was refined to F. hepatica only then the first hit is for thioredoxin-glutathione reductase (CAM96615.1) 

Spot 8                                                                                                                                                                                     Total proteins found: 16 
Wormbase/ 
Cathepsin 
database 
accession 

number 

Protein 
Sequences 
Identified 

Significant 
Protein 

Sequences 

Protein 
Coverage 

emPAI 
Score 

NCBI Accession 
number & 

Description 

BLAST E 
Value & 
Identity 

InterPro 
Domain 
Matches 

Signal 
IP 

results 

ExPasy pI 
and Mass 

Calculation 

BN1106_s815
7B000032.mR

NA-1 
18 15 53.4 19.88 

GAA38608.21 

C. sinensis 
dihydrolipoamide 
dehydrogenase 

4.00E-151 
81% 

 

FAD/NAD(P)-
binding domain, 
FAD/NAD-linked 

reductase, 
dimerization 

domain 

No 
5.93 / 

29121.49 

BN1106_s359
5B000059.mR

NA-1 
11 10 29.9 1.13 

P56598.2 
F. hepatica 

Glutathione S 
transferase 

1.00E-86 
96% 

Glutathione S-
transferase, C-

terminal-like 
No 

6.61 / 
25729.55 

BN1106_s771
B000469.mRN

A-1 
22 15 29.2 1.04 

GAA52140.1 
C. sinensis alpha-

aminoadipic 
semialdehyde 

synthase 

0 
62% 

Alanine 
dehydrogenase/

pyridine 
nucleotide 

transhydrogena
se, N-terminal, 
NAD(H) & (P)-

binding domain, 
Saccharopine 

dehydrogenase, 
C-terminal 

No 
6.79 / 

105010.34 
 

2
1
8
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1 If search was refined to F. hepatica only then the first hit is for thioredoxin-glutathione reductase (CAM96615.1) 

 

Spot 9                                                                                                                                                                                Total proteins found: 10 
Wormbase/ 
Cathepsin 
database 
accession 

number 

Protein 
Sequences 
Identified 

Significant 
Protein 

Sequences 

Protein 
Coverage 

emPAI 
Score 

NCBI Accession 
number & 

Description 

BLAST E 
Value & 
Identity 

InterPro 
Domain 
Matches 

Signal 
IP 

results 

ExPasy pI 
and Mass 

Calculation 

BN1106_s815
7B000032.mR

NA-1 
33 28 82.2 346.95 

GAA38608.21 

C. sinensis 
dihydrolipoamide 
dehydrogenase 

4.00E-151 
81% 

FAD/NAD(P)-
binding domain, 
FAD/NAD-linked 

reductase, 
dimerization 

domain 

No 
5.93 / 

29121.49 

BN1106_s617
B000567.mRN

A-1 
4 3 33.8 0.79 

AAV59016.1 
F. hepatica 

leucyl 
aminopeptidase 

4.00E-94 
100% 

Peptidase M17, 
leucyl 

aminopeptidase, 
C-terminal 

No 
6.95 / 

56394.69 

BN1106_s437
0B000168.mR

NA-1 
4 4 20.1 0.75 

AAA29139.1 
F. hepatica mu-

glutathione 
transferase, 

partial 

3.00E-102 
68% 

Thioredoxin-like 
fold (Glutathione 
S-transferase, 
N-terminal), 

Glutathione S-
transferase, C-

terminal-like 

No 
5.88 / 

24380.11 
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