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Abstract

Fasciola spp have significant impacts on human and animal health worldwide 

and are estimated to cost the agri-food industry billions of US$ every year. The 

treatment of fascioliasis/fasciolosis relies heavily on Triclabendazole (TCBZ), 

the only flukicide active against immature and mature stages of the liver fluke. 

Widespread reports of drug resistance coupled with increasing infection 

forecasts (due to climate change and the intensification of farming), highlight 

the requirement for a better understanding of drug resistance mechanisms and 

for novel control methods. This study integrates newly developed investigatory 

platforms, including bioinformatic analysis of a new Fasciola hepatica genomic 

resource and the application of RNA interference (RNAi) methodology, to 

investigate diverse aspects of liver fluke biology. In particular, new data on the 

diversity and expression of liver fluke ABC transporters has revealed previously 

unrecognised diversity/complexity of this protein superfamily and suggest a 

considerable expansion of subfamilies associated with multi-drug resistance 

(MDR). ABC transporter family members, specifically FHMDR2 and FhMRPl, 

were found to be responsive to TCBZ/TCBZ-metabolite exposure suggesting 

that they may play a role in the worms response to drug treatment. Further, 

RNAi interrogation of FhMDR2/FhMRPl roles in resistant fluke isolates 

demonstrate that silencing these ABC transporters increases drug sensitivity, 

which is consistent with reduced drug efflux and supports their hypothesized 

role in drug resistance. Additionally, an in vitro assay was developed to 

exemplify differential phenotypic responses to TCBZ in newly excysted 

juveniles (NEJs) from clonal populations of TCBZ-resistant and -susceptible 

fluke. Further work utilised RNAi to probe the potential of liver fluke 

calmodulins (CaMs) as new control targets. These efforts identified a reduced- 

growth phenotype in NEJs associated with CaM-specific RNAi that matched the 

phenotypes induced by exposure to calmodulin inhibitors, validating the 

specificity of both the RNAi and the inhibitory drugs. Immunocytochemical 

localisation data also suggested CaMs are expressed throughout the 

parenchyma in NEJs and are potentially located in myocytons. These data 

support the candidature of calmodulins as novel drug targets and further 

validate the use of RNAi as a tool for functional genomics in liver fluke.
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Chapter 1

General introduction



1.1 Helminthiasis

Helminth parasites impose a severe detrimental impact on both human and 

animal health globally with substantial costs to the economy. Human helminth 

diseases such as schistosomiasis, soil-transmitted helminthiasis (STH), 

lymphatic filariasis, onchocerciasis and food-borne trematodiases are 

considered some of the most important neglected tropical diseases (NTDs) 

(Hotez etal, 2007; Hotez etai, 2008). These infections cause significant illness 

and disability but have a relatively low mortality rate compared to 'the big 

three' [HIV/AIDS, tuberculosis (TB) and malaria]. The most significant impact 

of helminthiasis is morbidity, which is more difficult to define/measure. 

Disability adjusted life years (DALYs) has become an accepted measure of the 

morbidity of disease, although the estimates vary greatly depending on the 

source and are reported to be between 4.9 and 39 million for STH and ~4.5 

million for schistosomiasis (Hotez etai, 2008). Aside from direct pathogenesis, 

helminthiases have been shown to have "comorbidity" effects where infections 

overlap and the symptoms of malaria, HIV/AlDs and TB can be accentuated 

(Hotez etai, 2006).

Helminth infections of animals, both domestic and wildlife, have severe impacts 

on animal health, welfare and the economy. With global food security ranking 

highly on the agenda and the ensuing intensification of farming, it has never 

been more pertinent to acknowledge losses in productivity and threats to food 

security due to helminth infections (Fitzpatrick, 2013). Helminth diseases can 

equate to losses in several ways including: reduced productivity, reduced 

efficiency of feed conversion, reduced reproductive vigour, the 

withdrawal/rejection/condemnation of animal parts from the food supply 

system and the cost of animal treatment. Fitzpatrick (2013) noted several 

helminths among the most important pathogens of livestock: firstly, in terms of 

reduced productivity; gastro-intestinal nematodes, liver fluke and Haemonchus 

species, and secondly, in terms of food security; Taenia solium and liver fluke. 

Financial losses of individual diseases have been described and are often 

misinterpreted, but it is generally accepted that they are responsible for losses 

in the region of billions of dollars (Perry and Randolph, 1999). It is important to
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note that many of these pathogens are transmissible to humans and are a 

serious risk to human health. The majority (60%) of emerging infectious 

diseases are zoonotic with factors such as human population density and 

growth acting as drivers for risk (Jones et al, 2008). This coupled with the 

growing world population, an increased demand for animal products, increasing 

agricultural intensification, global movements of these products and climate 

change means few barriers exist for the spread of such pathogens.

1.1.1 The flatworms

The phylum Platyhelminthes comprises of both free-living and parasitic forms; 

the Turbellaria represent the predominantly free-living portion of the phylum, 

whist the Cestoda, Trematoda and Monogenea are exclusively parasitic. These 

invertebrates are characterised by a bilaterally symmetrical dorsoventrally 

flattened body plan. They are acoelomate, usually hermaphroditic and lack any 

specialised respiratory organs; through-gut or anus. Despite being considered 

relatively primitive organisms, the Platyhelminthes display cephalisation 

characterised by an anterior concentration of nerve cells and sensory organs, 

well-developed gut/uptake systems for maximal absorption of nutrients, and 

specialised life strategies. The importance of this phylum can be seen through 

several foci of research, one for fundamental purposes such as cell development, 

tissue regeneration and stem cell biology and, the other on platyhelminth 

pathogens with direct veterinary and/or medical impact.

The monogeneans are predominantly endo- or ecto- parasites of marine 

animals with the majority parasitising fish. They have a simple lifecycle but 

possess an elaborate and highly specialised adhesive organ, known as a haptor, 

to retain host attachment in turbulent aquatic environments. The cestodes are 

endo-parasites of vertebrates and are unique within the phylum as they lack a 

gut. Their lifecycle is more complicated than the monogeneans in that they 

require an intermediate host. The trematodes are endo- and ecto parasites with 

a syncytial tegument, a relatively well-developed alimentary canal and 

distinctive muscular suckers. The trematodes display a complex lifecycle with 

multiple hosts and an alternation between sexual and asexual reproduction.
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The two most important groups of flatworm parasites are: 1) those that affect 

humans, and 2) those that impact on livestock welfare and productivity. The 

most important flatworm-parasites affecting humans are the blood fluke 

Schistosoma sp which cause Schistosomiasis. Schistosomiasis affects an 

estimated 207 million worldwide (with a further 779 million at risk of infection) 

and is the second biggest cause of morbidity worldwide by a parasite disease 

(Caffrey, 2007). Other clinically important fluke species are those causing food- 

borne trematodiasis which affect ~56 million people worldwide and include: 

Clonorchis sinensis (the oriental liver fluke), Paragonimus westermani (the lung 

fluke), Fasciola hepatica and Opisthorchis sp (liver flukes) (Fiirst et al., 2012). 

Additionally, Fasciola sp liver fluke are major pathogens of livestock with a 

global distribution and inducing significant financial loss as a result of reduced 

meat production, milk yield and fertility, the condemnation of livers, longer 

finishing times and infections have been shown to attenuate the diagnosis of 

some co-infections such as bovine tuberculosis (Claridge etal., 2012).

There are several important cestode parasites that are responsible for NTDs; 

cysticercosis and echinococcosis. Taenia sp have been recognised as causing 

severe disease in humans with both T. saginata (bovine) and T. solium (porcine) 

being zoonotic. While Taeniasis (adult infection of the intestine) is usually 

asymptomatic, the larval stage of T. solium, the cystercerci, can directly infect 

humans and cause the disease cysticercosis. The larva can invade and develop 

in multiple tissues including the brain (neurocysticercosis) and the central 

nervous system and is often lethal (Yanagida et al., 2012). Echninococcosis 

affects over three million people worldwide and is caused by the larval stages 

of, predominantly, Echinococcus granulosus and Echinococcus multilocularis 

(Yang et al., 2012a). Other important cestodes parasites include 

Diphyllopbothrium sp (broad fish tapeworms), Hymenolepis sp and Dipylidium sp 

(Raether and Hanel, 2003).

Although monogenean parasites are no direct threat to humans, they often have 

devastating effects on wild and, particularly, captive fish populations.
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Important species include: Benedenia seriolae, Gyrodactylus sp, Neobenedenia sp, 

Herteraxine heterocerca and Zeuxapta seiolae (Scholz, 1999).

1.1.2 Focus on trematodes

The class Tremtoda, more commonly known as the flukes, are a hugely 

significant group in terms of veterinary and human medicine. They differ from 

other Platyhelminthes in that they possess two distinct ‘sucker’ structures; one 

oral sucker situated anteriorly around the mouth, and one additional sucker 

(acetabulum) for attachment and movement, and situated ventrally or 

posteriorly. Although the flukes do possess a tegument for the absorption and 

excretion of small organic solutes, they also exhibit the oral intake of food and a 

muscular pharynx, which leads into the alimentary canal and excretory pores to 

aid the removal of waste materials.

The trematodes are divided into two main sub-classes: the Aspidobothrea and 

the Digenea. The aspidobotrea, also known as the aspidogastrea or 

aspidocotylea, mostly parasitise fish and marine animals and will not be 

discussed. With ~24,000 species, the sub-class Digenea forms the bulk of the 

trematodes and houses the most important fluke parasites. Larval stages 

asexually multiply through the exploitation of one or two intermediate hosts, 

the first of which is molluscan. Adult digenea exclusively parasitise vertebrates. 

The adults are predominantly hermaphroditic (with the exception of the 

dioecious schistosomes) and possess both male (testes, vasa efferentia, vas 

deferens, seminal vesicle, ejaculatory duct and cirrus) and female (ovary, 

oviduct, seminal receptacle, vitelline glands, ootype and Mehils’ gland) 

reproductive structures. Adult worms propagate via sexual reproduction that 

occurs internally.

Digeneans are able to uptake nutrients via the tegument or mouth. The 

digestive tract of the digenea consists of the oral opening (sucker) followed by a 

muscular pharynx and a short oesophagus leading to branching blind caecal 

sacs. The gut often takes up much of the worm body and as there is no anus,
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waste must be egested via the mouth, passed across the tegument or released 
from excretory pores.

Parasitic platyhelminths all have an outermost covering in common. The 
tegument forms the basis of the host-parasite interface and is considered a site 
with "considerable biochemical, physiological and immunological interplay” 
(Smyth and Halton, 1983; Halton, 2004). Examinations of the tegument have 
revealed it is organised into two layers: an external (host facing) layer is an 
anucleate syncytium connected to an internal cell body layer by protoplasmic 
tubules (Threadgold, 1963). The subtegumental musculature of flatworms is 
organised into three distinct fibre arrangements: an outer circular layer, an 
intermediate diagonal layer, and an inner longitudinal layer, organised like a 
lattice for movement and body shape integrity (Mair et al, 1998).

1.2 Fasciola hepatica

Fasciolosis (liver rot) accounts for a large proportion of the NTD/food-borne 
trematodiasis. It results from the infection of a vertebrate host with parasites 
from the genus Fasciola. The predominant causative species of liver fluke are F. 

hepatica and F. gigantica, which display different global distributions often 
dictated by the presence of the appropriate intermediate host species (Walker 
et al., 2008). While F. gigantica is restricted to Asia and Africa, F. hepatica 

displays a worldwide distribution and is responsible for Fasciolosis in the UK 
and Ireland.

1.2.1 Lifecycle and morphology

F. hepatica displays a complex lifecycle and is shown in Figure 1.1 The adult 
stage of the parasite resides in the bile ducts of the liver of their definitive host 
(commonly sheep or cattle). The worm sheds >25,000 eggs per day which are 
passed in the host faeces onto the pasture. F. hepatica eggs undergo 
embryonation outside of the host at a rate determined by temperature and 
moisture. In wet conditions, ciliated pyriform larvae hatch from the eggs and 
actively seek the intermediate host; molluscan members of the Lymnaea, 

Pseudosuccinea, Galba and Stagnicola genera (Rognlie etal., 1994; Shubkin etal.,
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1992). Galba [Lymnaea] truncatula is considered the principal intermediate 

host in Europe but Radix sp have also been employed in Ireland (Relf et al., 

2009; Mas-Coma et al., 2009). Once the host has been located, penetration 

stimulates the transformation of the miracidia to a mother sporocyst that can 

migrate through the host tissue to the digestive gland. Germinal cells within the 

sporocyst give rise to daughter rediae that burst from the sporocyst. The rediae 

gives rise to the final larval stage, the cercariae, which are shed from the snails 

in the presence of water. Cercariae are tadpole-like, possess both an oral and 

ventral sucker and leave the snail 4-7 weeks post infection. They swim freely in 

water and become encysted on vegetation ready for ingestion by the definitive 

host. This is the infective stage and is called the metacercaria. Clonal expansion 

within the intermediate host results in an extensive contamination of pastures 

with the infective stage. Excystment is triggered in the host stomach with the 

newly excysted juvenile (NEJ) emerging in the duodenum and burrowing 

through the intestinal wall, into the peritoneal cavity 2 hours post ingestion 

(Andrews, 1999). Approximately 6 days post excystment the migrating juvenile 

may locate the liver and continue to burrow through liver parenchyma causing 

significant damage and growing. By week 7, the fluke will reach the bile duct 

where they complete development to reproductive adults and initiate the cycle 

again.

F. hepatica displays a wide host range with infections being detected in rats, 

mice, hares, deer and domestic animals which are assumed to act as reservoirs. 

Despite the liver being the ideal target organ, ectopic infections have been 

detected in multiple organs/tissue types including the colon, skin, eye and brain 

(Makay et al., 2007; Yi-zhu and Zhi-bang, 2010; Zhou et al., 2008).

1.2.2 Pathogenesis and clinical symptoms
Pathogenicity occurs in two phases: firstly the parenchymal stage that involves 

the migration of the juvenile through the liver, and secondly the biliary stage 

where the fluke has taken residency and matured within the biliary ducts. The 

pre-hepatic migration can result in inflammation but has not been associated 

with any clinical disease, and ectopic infections i.e. where the fluke target
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tissues/organs other than the liver, have been noted to cause lesions with 
serious pathology only in larger infections (Behm and Sangster, 1999).

- - ------ « /-tuviiia hi iA - Diagnostic Stage passed m (ec«s biliary ducts

Figure 1.1 The lifecycle of F. hepatica. (Taken from CDC, 2013)

In animals, the severity of the disease is correlated with the level of infection 
and the host species (Behm and Sangster, 1999). Clinical presentation can be 
divided into three main categories: acute, subacute and chronic.

Acute infections result from the simultaneous migration of thousands of 
immature fluke through the liver parenchyma (Dow et al, 1967). This can be 
further sub-divided into two types based on the volume of the migration; type- 
1: >5000 fluke and type-2: ~1000 fluke. In sheep and calves, the migrations in 
both type -1 and -2 cause extensive damage to liver tissue and often results in 
sudden death due to abdominal haemorrhage and anaemia (Behm and Sangster, 
1999). In the case of a type-2 infection, animals may briefly show a loss of 
condition, pallor and ascites before death. Despite the lethal effect of acute 
infections in smaller animals, death is rarely seen in adult cattle but it has been
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noted to cause severe losses in production e.g. milk yield in dairy cattle 

(Charlier et al, 2007).

Sub-acute infections are generally acquired over time with animals consuming 

large numbers of metacercariae over a matter of weeks. This can result in the 

presence of multiple lifecycle stages and can also have lethal effects in the 

animal. Animals may display reduced grazing, weight loss, anaemia, lethargy, 

dyspnoea and abdominal pain. Sub-acute infections have implications in poor 

reproductive performance (Sargison, 2008).

Chronic fasciolosis results from low-level infection and is characterised by the 

presence of blood feeding adult flukes and the shedding of eggs. This may be 

asymptomatic for a period of time with the eventual development of ascites, 

submandibular oedema and weight loss. Affected animals may become 

emaciated again impacting on animal productivity. Aside from the direct 

pathogenesis, primarily liver damage and anaemia, fasciolosis can leave the host 

open to secondary infections such as Clostridium novyi (Black's disease) and 

reduce the livers’ ability to deal with toxic stress (Behm and Sangster, 1999). 

The negative correlation between Fasciolosis and bovine TB detection also 

presents a serious issue with the disease (Claridge et al., 2012).

1.2.3 Epidemiology and diagnosis
The Ollerenshaw index was traditionally used to predict seasonal outbreaks of 

Fasciolosis with acute infections occurring predominantly in July-December, 

sub-acute infections October-January, and chronic infections January-April 

(Ollerenshaw and Smith, 1959; SCOPS, 2012). Recent predictions have factored 

in the effects of climate change and found fasciolosis to be an increasing risk 

with a more constant presence (Fox et al., 2011).

Although Fasciola sp present a well-documented veterinary malady, human 

fascioliasis is a serious problem in its own right. Fascioliasis is estimated to 

affect between 2.4 and 17 million people and has been designated a NTD by the 

WHO (Rim et al., 1994; Hopkins, 1992; WHO, 2009). It has been diagnosed in 51
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countries across Europe, the Americas, Asia, Africa and Oceania and has been 

deemed to have the greatest distribution of the vector-borne diseases (Mas- 

Coma etal., 1999a). Infections in humans proceeds through four main phases: 

1) the incubation phase occurs from the ingestion of infective metacercariae to 

the first symptoms, 2) the acute phase where the juvenile flukes burrow to the 

bile ducts and often leads to an allergic response, fever, abdominal pain and 

disturbances, enlargement of the liver and/or spleen, ascites and anaemia, 3) 

the latent phase is asymptomatic and can last from months to years, and 4) the 

chronic phase that occurs over a long period of time whereby inflammation due 

to adult worms leads to fibrosis, thickening and obstruction of the bile ducts, 

anaemia, biliary colic, abdominal pain, nausea, enlargement of the liver and 

spleen and jaundice (Mas-Coma et al, 1999b). The diagnosis of liver fluke 

infection usually consists of coprological examination of stool samples and 

immunological tests such as ELISA or dot blot. Coprological tests will only 

diagnose infections after 8 weeks and immunological tests from 2 weeks 

meaning the acute phase of infection is not detected.

1.2.4 Control off. hepatica

Current control of Fasciola spp relies heavily on chemical therapeutics. This 

poses a serious problem considering the emergence of resistance to key drugs 

and the notable absence of an effective alternative control method. Strategies 

for integrated control aim to prevent the accumulation of infective larvae on 

pastures and to keep animals from these highly contaminated areas (Brunsdon, 

1980). These strategies include safe-pasture rotation, monitoring of faecal egg 

counts (FECs) and alternating chemical groups in a bid to extend drug life span 

(McCoy et al., 2003). Other strategies aim to manage the molluscan 

intermediate host and in turn reduce the numbers of infective metacercariae 

through disrupting their habitat via drainage or the direct application of 

molluscicides. While draining wet grasslands is not always a feasible option, the 

use of molluscicides has been deemed detrimental to the environment and 

restrictions are now in place with regards to their application. This further 

increases the reliance on chemical intervention.
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Despite these efforts to control infection, the major method of control is 

chemical intervention and the treatment of infected animals with a group of 

anthelmintics known as fasciolicides (also referred to as flukicides). These 

drugs fall into five chemical groups that demonstrate activity at different stages 

of infection (see Table 1.1).

Table 1.1 Drugs used to treat Fasciola infection [adapted from Fairweather and 
Boray, 1999)]

Effective fluke age

Chemical group Drug (weeks p.i.)

Halogenated phenols Bithionol >12

Nitroxynil 8-10

Hexachlorophene 12

Niclofolan >12

Salicylanides Closantel 6-8

Brotianide 12(nrc)

Oxyclozanide 12-14

Rafoxanide 6-12

Benzimidazoles Albendazole >12

Triclabendazole 1

Mebendazole

Sulphonamides Clorsulon 8

Phenoxyalkanes Diamphenethide 1 day >6

nrc: not recommended in cattle

The majority of these compounds are most effective from week 12 post 

infection; this is ideal for chronic infections but does not prevent the damage 

caused during the migration phase. Chemical prophylaxis and treatment of very 

young fluke infections can be found in the form of diamphenethide, but activity 

diminishes as the worm matures. The drug of choice is Triclabendazole (TCBZ), 

the only option that is effective against both mature and immature forms of the 

worm. Although the mode of action for the drug groups has been elucidated in
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other systems, the specific target(s] in fluke is (are) still much debated 

(Fairweather and Boray, 1999).

1.3 Triclabendazole

1.3.1 Mode of Action

TCBZ has been the drug of choice for the treatment of Fasciola infection since 

the 1980’s. It belongs to a group of drugs called the benzimidazoles of which 

several derivatives are used for the control of various helminth infections. TCBZ 

is distinguished within this group by the absence of the carbamate moiety, the 

presence of a chlorinated benzene ring, and its unique predominantly Fasciola 

specific action (Robinson etai, 2004). Other benzimidazole drugs are known to 

bind beta-tubulin and disrupt the microtubule function in nematodes (Lacey, 

1988; Brennan etai, 2007). TCBZ has been shown to have effects on processes 

such as metabolism and protein synthesis although morphological studies and 

drug family activity data support its action as a microtubule-formation inhibitor 

(Brennan et al., 2007). Although a substantial body of evidence supports this 

idea, crucial differences between the mechanisms of resistance of other 

benzimidazoles means the precise mode of action remains to be elucidated. 

Additionally, no difference in tubulin protein levels were detected during 

proteomic analysis of the TCBZ-metabolite response (Chemale et al., 2010). 

Indeed, the numerous reported effects of TCBZ on the worm suggest multiple 

actions (Brennan etai, 2007).

1.3.2 Metabolism

TCBZ is oxidised to the sulphoxide and sulphone metabolites: TCBZ.SO 

(triclabendazole sulphoxide) and TCBZ.SO2 (triclabendazole sulphone) (see 

Figure 1.2). This process occurs relatively quickly with peak levels in host blood 

at 18 hours (TCBZ.SO) and 36 hours (TCBZ.SO2) (Hennessy et al., 1987). 

Hydroxylation of TCBZ and its metabolites also occurs in the liver and is 

predominantly found in the bile in the conjugated form (Hennessy et al., 1987). 

TCBZ can be metabolised by both the host liver and the fluke itself (Mottier et 

al., 2004a). There is debate over which metabolite is the most active but it is 

generally accepted that TCBZ and TCBZ.SO are active and TCBZ.S02is relatively
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inactive. Uptake by the fluke can be via the oral route or trans-tegumental 

diffusion (Bennett and Kohler, 1987). It has been suggested that the high 

affinity plasma protein binding of TCBZ aids oral entry into the fluke via its 

blood consumption (Moreno etal., 2014).

Triclabendazole Triclabendazole sulphoxide Triclabendazole sulphone
(TCBZ) (TCBZ.SO) (TCBZ.SOz)

Figure 1.2 Schematic of Triclabendazole metabolism.

1.4 Mechanisms of drug resistance
Drug resistance is a heritable feature and occurs when a portion of a pathogenic 

population are no longer affected by a drug or require a greater concentration 

to have efficacy (Prichard et al, 1980). The repeated employment of a 

chemotherapeutic to control a disease state inevitably leads to reduced 

sensitivity or efficacy of said chemical. This has been the case with regards to 

the treatment of bacteria, viruses, cancerous cells, arthropods, parasitic 

protozoa and parasitic helminths. Due to the intensification of farming, there is 

no equally effective alternative to chemical intervention for the treatment of 

livestock parasite diseases. This imposes risks both financially and in terms of 

animal welfare and highlights the need to understand mechanisms of resistance 

to help prolong drug lifespan in the absence of an alternative control. Drug 

resistance can occur in several ways depending on the pathogen system. In the 

case of anthelmintic resistance; alterations in the target molecule, drug 

metabolism and uptake/efflux are the most common mechanisms involved 

(Ouellette, 2001). When resistance to a compound or chemical group arises, it 

is likely caused by a random event and is continuously selected for through drug 

treatments (Wolstenholme etal., 2004). Drug resistance in parasite populations 

affecting both animals and humans presents a serious problem with resistance 

to all of the major families of anthelmintics having been reported (Sangster and 

Gill, 1999; Epe and Kaminsky, 2013). The use of a relatively newer drug with
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broad-spectrum activity, amino-acetonitrile derivative Monepantel, has 

demonstrated how quickly resistance can generate to new compounds (<2 year 

period) (Scotteta/., 2013).

1.4.1 Resistance to Triclabendazole

Reliance on a single compound for the treatment of Fasciola spp is problematic 

as reports of resistance in animal infections emerge around the globe: Australia 

(Overend and Bowen, 1995), Spain (Alvarez-Sanchez et al., 2006), The 

Netherlands (Moll et al., 2000; Gaasenbeek et al., 2001), Peru (Ortiz et al., 2013), 

UK (Mitchell et al., 1998; Thomas et al., 2000) and Ireland (Anon, 1998). 

Resistance to TCBZ in human infections has also been documented 

(Winkelhagen et al., 2012). These reports have led to a great interest in the 

mechanism of resistance with the aim of prolonging the life-span of this drug. 

Resistance to benzimidazoles in other helminth species has been attributed to 

specific mutations associated with beta-tubulin isotypes 1 and 2 (discussed 

later) - to date there is no evidence to show that this is the case for TCBZ- 

resistant fluke (Brennan et al., 2007).

1.4.2 Change in molecular target

Benzimidazole (BZ) resistance is one of the best-characterised mechanisms of 

drug resistance in anthelmintics and involves the alteration in the specific target 

molecule for drug action. The action of BZ prevents the polymerisation of 

tubulin to form mature microtubules. It is accepted that resistance to BZ results 

from the mutation of beta-tubulin genes and prevent/reduce drug binding 

(Wolstenholme et al., 2004). Several polymorphisms have been attributed to 

this state of resistance. The best known is the beta-tubulin isotype 1 codon 200 

Phenylalanine-Tyrosine polymorphism (Kwa etal., 1994). Several beta-tubulin 

polymorphisms have been implicated in BZ resistance in a variety of nematode 

species summarised in Table 1.2.

TCBZ differs from other BZs in its narrow spectrum of activity, its mechanism of 

action, and resistance. Fluke resistance to TCBZ has not yet been associated 

with mutations in beta-tubulin (Robinson et al., 2002). Five isotypes of beta-
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tubulin have been identified in F. hepatica all of which contain: phenyalanine at 

position 167, glutamic acid at 198 and, three of the isotypes have tyrosine, two 

have phenylalanine and one has leucine at position 200 (Ryan et ai, 2008). 

There was no disparity in amino acid at these positions between resistant and 

susceptible isolates (Ryan et al, 2008). Morphological studies had previously 

indicated that microtubules were more affected by TCBZ treatment in 

susceptible isolates compared to resistant isolates (Robinson etal., 2002). This 

led to the hypothesis that structural differences at other positions or other 

targets may account for TCBZ binding (Ryan et al., 2008).

Table 1.2 Tubulin mutations associated with BZ resistance in some nematodes 
[adapted from (Aguayo-Ortiz etal., 2013)]

Species Amino acid polymorphism

Haemonchus contortus F167Y

Q198A

F200Y

Teladorsagia circumcincta F167Y

F200Y

Trichuhs trichiura F200Y

Trichostrongylus axel F200Y

Trichostrongylus colubriformis F200Y

Wuchereria bancrofti F200Y

1.4.3 Drug/xenobiotic metabolism
It has been suggested that the metabolism of xenobiotics contribute to drug 

resistance phenotypes in helminths. This detoxification occurs in three phases: 

phase I involves oxidation, reduction or hydrolysis of drugs in a bid to make the 

entity more hydrophilic; phase II involves the conjugation of the drug with 

glutathione, amino acids or sulphates to create a polar molecule; and, phase III
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is the active transport of phase I and/or II metabolites across the plasma 

membrane via proteins such as ABC transporters (Cvilink et ah, 2009).

1.4.3.1 Phase I

F. hepatica can metabolise TCBZ and albendazole (ABZ) to their sulphoxide 

metabolites (Solana etai, 2001; Mottier et a/., 2004a) and TCBZ.SO to TCBZ.SO2 

(Robinson etai, 2004). Cytochrome P-450 (CYP) enzymes represent the major 

phase I oxidative route in most organisms: vertebrates, bacteria, plants, but not 

in helminths (Cvilink etai, 2009). Difficulties in detecting CYP function and/or 

protein in helminth parasites, has been attributed to either technical problems, 

very low level expression, or a mechanism that replaces CYP function (Brophy 

et ai, 2012). That being said, in F. hepatica, CYP inhibitor piperonyl butoxide 

(PB) was shown to hinder the formation of TCBZ.SO from the parent compound 

(Alvarez et ai, 2005) and increased drug susceptibility in vitro (Devine et ai, 

2010). In vivo, CYP inhibitor ketoconazole was co-administered with TCBZ and 

caused an increased severity in drug action on fluke (Devine et ai, 2012). The 

flavin-monooxygenase (FMO) system is a less well characterised for its role in 

phase I drug metabolism. Alvarez et ai, (2005) showed methimazole, an FMO 

inhibitor, was a more potent inhibitor of TCBZ sulphoxidation than PB 

suggesting it plays a greater role in the metabolism of TCBZ in F. hepatica. 

TCBZ- susceptible (Cullompton) isolate displayed increasing protein levels of 

aldehyde dehydrogenase in response to TCBZ.SO but this was not considered 

significant (Chemale et ai, 2010). Recently, another phase I enzyme, 

carboxylesterase has demonstrated an induced activity in response to TCBZ.SO 

exposure indicating a potential role in anthelmintic resistance (Scarcella, et ai, 

2012a; Scarcella etai., 2013).

1.4.3.2 Phase II

Phase II involves the addition of a charged species to the xenobiotic thus 

reducing activity. A phase II detoxification enzyme responsible for acetylation 

has been purified from F. hepatica extracts and has demonstrated activity 

(Aisien and Walter, 1992). Phase II research in F. hepatica, and many other 

helminths, has focussed largely on glutathione transferases (GSTs), the enzymes
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responsible for the conjugation of the tri-peptide glutathione (GSH; Y-du-Cys- 

Gly) which forms a polar metabolite that cannot diffuse across membranes 

(Cvilink et al., 2009; Brophy et al, 2012). GSTs account for 4% soluble protein 

in adult F. hepatica and have housekeeping and transport roles, thus requiring 

focussed investigation for functions in detoxification (Chemale et al., 2006). F. 

hepatica and F. gigantica possess multiple GSTs orthologous (~14 isoforms in F. 

hepatica and ~8 isoforms in F. gigantica to date) to mu, sigma, omega and zeta 

sub families (Chemale etal., 2006; Morphew eta/., 2012). There is currently no 

evidence that GSTs conjugate TCBZ although a recombinant mu-family GST 

(26b) has been shown to bind TCBZ.SO in physiologically relevant 

concentrations (Chemale etal., 2010). Note that cytosolic FhGST does interact 

with fluke active bithionol (Brophy et al., 1990). Resistant (Sligo) F. hepatica 

isolates have been shown to display higher GST activity than susceptible 

isolates (Scarcella, etal., 2012b). GST and carbonyl reductase (another phase II 

enzyme) have also shown increased activity ex vivo in response to animal 

treatment with TCBZ (Scarcella etal., 2013). Several GSTs have been localised 

to the parenchyma and intestinal lamella of juveniles and to parenchymal cells 

and sub-tegumental regions in adults (Creaney et al., 1995). Additionally, 

recombinant GSTs have been considered as a vaccine with in vivo trials offering 

varied results. The emphasis on helminth GSTs, resulting from the lack of 

adequate sequence data, may have averted research away from other phase II 

metabolism components (Brophy eta/., 2012).

1.4.3.3 Phase III

Phase III detoxification involves further processing of phase I and II metabolites 

and/or excretion or sequestration. Fatty acid binding protein (FABP) may play 

a role in the sequestration of TCBZ-metabolites as it has been shown to bind 

TCBZ.SO and is up-regulated in resistant fluke exposed to drug (Chemale etal., 

2010). The ATP binding cassette (ABC) transporters have been the focus of 

phase III drug resistance mechanisms in helminth biology and have been 

implicated in drug resistance in nematodes; H. contortus, T. circumcinta, 

Onchocerca volvulus, Dirofilaria immitis and, trematodes; Schistosoma mansoni 

and F. hepatica (Lespine et al., 2012). ABC transporters are conserved across
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archaea, eubacteria and eukarya. They have a variety of physiological roles 

such as the transport of biological entities such as lipids, fatty acids, cholesterol, 

bile peptides etc., and in antigen presentation, translational control and 

inflammatory responses. Humans possess ~50 ABC transporters divided into 7 

subfamilies (A-G), 14 of which are associated with specific disease states and 15 

that can function in drug efflux (Sharom, 2008). Specifically, Pgp (permeability 

glycoprotein), MRP (multidrug resistance proteins) and BCRP (breast cancer 

resistance protein) are the most popular multidrug resistance (MDR) proteins 

and have been annotated due to their promiscuous ligand binding affinities. 

These transporters are made up of four core domains: two transmembrane 

domains (TMD) that form the ligand binding site and, two nucleotide binding 

domains (NBD) that bind and hydrolyse ATP (Linton, 2007). These domains are 

organised like a repeated module of TMB bound to NBD i.e. TMD-NBD-TMD- 

NBD. Some transporters exist as full-length polypeptides but some are present 

as half transporters and dimerise to create a functional unit. Characteristic 

motifs in this superfamily include Walker A (or P-loop) and Walker B motifs 

essential for ATP hydrolysis, and the ABC signature sequence for ATP hydrolysis 

and efflux. The catalytic cycle or ATP-switch mechanism of these transporters 

proceeds in four steps: 1) ATP free (open NBD dimer) transporters have high 

affinity for ligand binding to the TMD and produce a conformational change in 

the NBD, thus increasing ATP binding affinity, 2) ATP binding induces a closed- 

NBD dimer and causes a conformational change in the TMD allowing ligand 

translocation, 3) hydrolysis of ATP releases the closed-NBD dimer and, 4) ADP 

and phosphate release complete the transport cycle and return to their initial 

state ready for ligand binding (Linton, 2007).

Approximately 20 ABC transporter genes have been identified in 5. mansoni and 

Schistosoma japonicum (Greenberg, 2013); only one has been published in F. 

hepatica (Reed et al., 1998). Representative ABC transporters have been 

identified in cursory scans of the E. multilocularis and Schmidtea meditteranea 

genomes (Greenberg, 2013). Mother et al., (2006) suggested a role for Pgp in 

TCBZ-resistance in F. hepatica. The reduced accumulation of TCBZ and TCBZ.SO 

in resistant fluke was reversed when treated with the ABC inhibitor, ivermectin
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(IVM; Mottier et ai, 2006). However, this enhanced drug accumulation via co

administration of IVM and TCBZ did not translate to increased TCBZ efficacy in 

sheep infections (Ceballos et ai, 2010). Interestingly, a field isolate that 

demonstrates ABZ resistance does not also present TCBZ resistance (Sanabria 

etal, 2013). Importantly, TCBZ and TCBZ.SO have been found to be less toxic to 

cell lines over-expressing recombinant Pgp (Dupuy et ai, 2010). TCBZ exposure 

has also been shown to increase the levels of two ABC transporters in F. 

gigantica (Kumkate etal., 2008).

1.5 New tools and resources to improve flatworm parasite control 
1.5.1 Genomics and transcriptomics
Parasitic nematode research has largely been driven by the availability of the 

established model system C. elegans and the plethora of resources alongside 

including; sequenced and assembled genomes and transcriptomes, and 

established platforms for genetic manipulation. Sequence data for both free- 

living and parasitic flatworms have improved recently with the publication of 

eight complete genomes including: the cestodes E. granulosus, E. multilocularis, 

Hymenolepis microstoma, Taenia solium (Tsai et ai, 2013); the trematodes 5. 

mansoni (Berriman etal., 2009; Protasio etal., 2012), S. haematobium (Young et 

ai, 2012), S. japonicum (Zhou et ai, 2009); and, the planarian S. mediterranea 

(Robb etal., 2008). Genomes of other species are underway but there is still a 

requirement to further improve the quality of assembly and many of the 

transcriptomes remain incomplete (Swain etal., 2011). That being said, these 

sequence resources are precious and highlight limitations in applied genetics 

techniques for flatworm parasites. While S. mansoni have been shown 

amenable to transgenic methods for reporter expression [reviewed (Kalinna 

and Brindley, 2007)], no firm protocol has been established and the 

development of these tools have been deemed to be "at an exploratory phase" 

(Yang et ai, 2010). Despite significant progress since the initial transgenic 

experimentation, the schistosome community are still waiting for 

breakthroughs for stable transformation and silencing strategies (Beckmann 

and Grevelding, 2012). Other limitations include the inability to maintain the
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entire lifecycle in vitro, the absence of established cell lines and limitations in 

existing life cycle stage maintenance techniques (Ye etai, 2013).

1.5.2 RNA interference (RNAi) in parasitic flatworms
RNAi was first discovered in C. elegans in 1998 (Fire et al.,) and has since been 

demonstrated in many diverse species. The utility of heterologous model 

systems to inform on gene function has been discussed but present limitations, 

such as the inability to study genetic aspects involved in the maintenance of a 

parasitic lifestyle, impede progress (Britton and Murray, 2006). In many 

disciplines RNAi is being developed as a therapy and has reached clinical trials 

in for the treatment of: cancer (multiple forms), viruses (such as Ebola and 

Respiratory Syncytial virus) and other diseases such as macular degeneration 

and hypercholesterolemia (Abbasi et al., 2013; Kubowicz et al., 2013; Kaiser et 

al., 2010) but its role as a standalone tool for functional interrogation of specific 

genes is very powerful. Furthermore, RNAi can act as a drug-target validation 

tool whereby a loss-of-function phenotype compromises survival, fecundity, or 

lifecycle progression of the worm. For example, the silencing of cathepsin L in 

NEJs of F. hepatica are associated with the inability of the NEJ to penetrate rat 

gut sacs; the initial point in a damaging migratory path (McGonigle etai, 2008). 

Although RNAi has opened a window for the analysis of specific genes, there are 

still technical difficulties regarding experimental design and for the accurate 

quantification and subsequent assessment of biological effect (Dalzell et al., 

2012).

The first adaptions of RNAi to parasitic flatworms occurred in 5. mansoni and 

were published in 2003 (Boyle et al., 2003; Skelly et al., 2003). Table 1.3 

provides a summary of RNAi studies in parasitic flatworms to date. Aside from 

the schistosomes, RNAi has been reported in just four other parasitic flatworm 

species to date: the trematode: F. hepatica, cestodes: E. multilocularis and 

Moniezia expansa, and the monogenean: Neobenedenia girellae.
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1.5.3 RNAi mechanism

The mechanism of RNAi is based on a two-step model as proposed by Agrawal 

et al., (2003). Firstly, the initiation step involves the recognition of the dsRNA 

by an enzyme complex with Dicer at its core. The Dicer complex typically 

consists of dimerised RNase Ill-like dsRNA-specific endonuclease domains, 

dsRNA binding domains, helicase domains, and RNA-dependent RNA 

polymerase (Wilson and Doudna, 2013). A gene for Dicer RNAse has been 

described in S. mansoni (Krautz-Peterson and Skelly, 2008a). DsRNA is 

processed into small interfering RNAs (siRNA) of approximately 21-25 

nucleotides in length (Hannon, 2002; Wilson and Doudna, 2013). SiRNAs are 

double stranded RNA duplexes with characteristic two nucleotide overhangs at 

each 3’ end and a phosphate group at each 5’ terminus (Elbashir et al., 2001; 

Wilson and Doudna, 2013). The second 'effector’ step involves the loading of 

the siRNA duplexes onto the RISC complex (RNA-induced-silencing-complex) 

which has the enzyme Argonaut at its core. RISC selects and binds the guide 

strand, unwinds the siRNA, and discards the passenger strand based on the 

relative 5’ thermostability - the strand with the least thermostable 5’ end 

typically serves as the guide strand. Nucleotides 2-6 of the guide strand act as 

the ‘seed’ sequence and initiate target mRNA binding (Hannon, 2002; Wilson 

and Doudna, 2013). The unwinding of the siRNA has been noted as a key step in 

the transition of RISC zymogen to an active enzyme (Hannon, 2002). RISC 

possesses an argonate protein (AGO), also known as ‘Sheer’, which can act as a 

nuclease that cleaves mRNA in the region of complementary (Pratt and MacRae, 

2009). Alternatively, in the case of siRNA-mRNA mismatches, AGOs can act as a 

physical block for ribosomes and repress translation before or after the process 

is initiated (Wilson and Doudna, 2013; Siomi and Siomi, 2009). Parasitic 

flatworms appear to possess the Ago-like subfamily of AGO proteins i.e. they do 

not appear to possess germline-expressed Piwi-like AGOs that are present in 

free living counterparts (Batista and Marques, 2011; Zheng, 2013). mRNA is 

thus deadenylated or specifically-cleaved, recognized as abnormal, and 

destroyed (see Figure 1.3). A systemic RNAi defective (SID) protein, responsible 

for the uptake and spreading of dsRNA in C. elegans, has been identified in S. 

mansoni and S. japonicum (Krautz-Peterson et al., 2010a). Schistosomes also
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possess Drosha orthologues, and 12 other miRNA-pathway proteins, required 
for processing endogenous miRNAs (microRNAs) associated with gene 
regulation (Gomes et ai, 2009). MiRNAs have been identified in numerous 
flatworm parasites including flukes: Fasciola spp (Xu et ai, 2012), Schistosoma 

spp (Huang et ai, 2009; Simoes et ai, 2011), C. sinesis (Xu et ai, 2010), and 
cestodes: E. granulosus (Cucher etai, 2011) and Taenia spp (Ai etai, 2012; Wu 
et ai, 2013). The miRNA pathway itself has been suggested as a potential drug 
target (Britton etai, 2014).

dsRNA

siRNA
duplex

RISC
component
assembly

RISC
sense 
anti-sense 
target mRNA

ADP

Activated
RISC

bind target 
mRNA

I cleavage of 
target mRNA

Figure 1.3 Schematic of the RNAi mechanism
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The importance of RNAi as a tool for the investigation of "intervention targets” 

has been highlighted by Sripa et al, (2011] and allow for the genetic 

manipulation of neglected species where this has previously been un 

achievable. The rapidly expanding genomic and expressed sequenced tag (EST) 

resources for parasitic flatworms should indeed provide more opportunity to 

exploit RNAi technologies for target interrogation and for therapeutic 

consideration and it has been suggested that the RNAi platform developed in F. 

hepatica juveniles may reveal the importance of TCBZ responding proteins 

(Chemale etal., 2010]. The integration of multiple new platforms is exemplified 

in the genetic and molecular investigation of oxamniquine resistance in S. 

mansoni (Valentim et al., 2013]. Classical genetic crosses of drug 

resistant/sensitive isolates in combination with linkage mapping and 

bioinformatics were used to identify candidate loci. Biochemical 

complementation and RNAi was employed to allocate a single quantitative trait 

locus in the 5. mansoni genome (Valentim et al., 2013]. Further, an in silico 

workflow employing well developed model system databases and the S. 

mansoni proteome yielded 35 possible genes (with deleterious effects in other 

systems] for experimental validation as drug targets (Caffrey et al., 2009], The 

development of these resources and techniques will aid future studies into basic 

parasitic helminth biology, host-parasite and vector-parasite interactions, 

evolutionary aspects and intervention targets (Brindley eto/., 2009).

Previously, the focus for anthelmintic research was split into four main 

categories: 1) the development of better diagnostic tests; 2) the understanding 

of drug mechanisms of action and resistance; 3) the expansion of electronic 

platforms and human expertise; and, 4) to understand more basic parasite 

biology (Wolstenholme et al., 2004). A decade on, these research priorities 

remain. With genome and transcriptome sequence resources for flatworms 

expanding rapidly, and most species appearing to be highly amenable to RNAi, 

the stage is set for functional genomics methods to drive 'rationale' approaches 

to control target discovery in flatworm parasites. With the utility of the current 

frontline drugs under threat, there is a pressing need to exploit these new data
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and tools to improve our knowledge of flatworm parasite biology, to better 

understand drug resistance and to drive next generation drug/vaccine 

developments for parasite control.

1.6 Research aims

General Aim

To utilise the variety of newly adapted/available technologies, including 

sequence data sets and molecular tools such as RNAi, to investigate several key 

elements of F. hepatica biology. Here, a reverse genetics approach will be 

utilised to interrogate novel drug targets and to probe mechanisms that may 

contribute to drug resistance in liver fluke.

Specific aims:

1. Query newly available F. hepatica genome data sets for members of the 

ABC super family, assemble putative transporters, and assess expression 

in specific life cycle stages.

2. Characterise the F. hepatica NEJ response to TCBZ and it’s metabolites by 

investigating selected detoxification protein responses to drug exposure 

and probe the impact of their silencing on drug susceptibility.

3. Investigate the drug target candidature of calmodulin-like proteins in 

juvenile F. hepatica using bioimaging and gene silencing methods.
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Chapter 2

Preliminary identification of ABC 

transporters expressed in Fasciola 

hepatica newly excysted juveniles
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2.1 Abstract

The ATP binding cassette (ABC) transporters represent a superfamily of diverse 

proteins involved in normal cellular processes including the removal of 

substances from the cytosol. To date, only one ABC transporter has been 

characterised from Fasciola hepatica. Recent efforts to sequence and assemble 

the F. hepatica genome have provided the opportunity to investigate this class 

of proteins. This chapter describes a homology-based bioinformatics survey of 

the current genomic data-set, assembled putative ABC transporter proteins and 

presents data for a PCR-based gene expression study in newly excysted 

juveniles (NSJs). Here we demonstrate that F. hepatica possesses numerous 

ABC transporters orthologues, many of which are expressed in the NEJ stage of 

the lifecycle. These data have a broader impact for the understanding of 

parasite biology and, potentially, the understanding of drug susceptibility.
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2.2. Introduction

The ATP binding cassette (ABC) transporters are a group of predominantly 

membrane-bound, energy dependent, pumps utilised in eurkaryotes, 

prokaryotes and viruses. Despite the import/export roles of ABC transporters 

in prokaryotes, eukaryotic ABC transporters function solely as exporters 

(although some organelles possess this ancestral dual function) (Saurin et al., 

1999). They play essential roles in normal cellular physiology including the 

transport of endogenous species and xenobiotics (see Table 1.1). It is important 

to note that transporters belonging to subfamilies ABCE and ABCF have non

transport roles such as DNA repair, translation, and gene regulation.

Table 2.1 Summary of functions performed by ABC transporter subfamily 
members [adapted from (Linton and Holland, 2011; Muller, 2006) ]

Subfamily Functions

ABCA Cholesterol and phospholipid efflux

Xenobiotic and bile salt efflux, peptide transport, biliary phosphatidylcholine
ABCB secretion, antigen presentation, mitochondrial function, iron, sulphur, heme

transport

ABCC

Xenobiotic efflux (drugs and some other hydrophobic compounds in the presence

of glutathione), organic anionic conjugates, Ch channel, K+ channel regulation,

prostaglandin, cyclic nucleotides, nucleoside monophosphate analogs, small

peptides, insulin release

ABCD
Roles in peroxisomes- transport of fatty acids, fatty acyl-CoA, may play role in

peroxisome biogenesis

ABCE
RNase L inhibitor- inhibits protein synthesis in a viral interferon pathway,

translational control, ribosome assembly, ribosome recycling

ABCF
Lack transmembrane domains, enhancement of protein synthesis and

inflammation pathway

ABCG Cholesterol, drug, uric acid and sterol efflux

The full functional form of an ABC transporter consists of four modules 

including: two trans-membrane domains (TMDs) responsible for the passage of 

substrates, and two nucleotide binding domains (NBD) that harness the energy 

for this translocation by hydrolysing ATP. ABC transporters can exist as full
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(TMD-NBD-TMD-NDB) or half-transporters (TMD-NBD), which require a 

partner half-transporter to form a fully functional homo- or hetero- dimeric 

protein. The ABCE subfamily is unique amongst the ABC transporters as it does 

not contain TMDs (NBDs are fused together) and does not function in transport. 

The NBDs of this protein family display three characteristic motifs: the Walker A 

followed by a Walker B motif (both found in many ATPases) and a defining ABC- 

signature motif located upstream from the Walker B site (Sauvage etal., 2009).

Humans possess >50 ABC transporters that have been classed into seven sub

families (ABCA-ABCG) based on phylogenetic analysis (Dean etal., 2001). Aside 

from the normal physiological roles, interest in this transporter superfamily is 

largely due to roles in disease. Many members are directly involved in disease 

states and 15 have been implicated in drug resistance (Sharom, 2008). In 

humans, three groups of ABC transporters are commonly associated with multi

drug resistance (MDR): 1) Permeability glycoprotein (Pgp)/MDR/subfamily- 

ABCB, 2) multidrug resistance associated protein (MRP)/subfamily-ABCC, and 

breast cancer resistance protein (BCRP)/subfamily-ABCG.

MDR traits associated with these transporters were originally characterised in 

mammalian tumour cells lines that displayed cross-resistance to other 

structurally unrelated compounds. The mechanism of resistance involves the 

efflux of the compound from the cell thus lowering the active concentration 

inside the cell. This can occur by alterations in transporter expression or 

mutations in its sequence. ABC transporters have since been recognised as a 

major reason for failures in chemotherapeutic interventions in human disease 

states (most notably cancer) and in veterinary medicine. For example, their 

involvement in drug resistance has been noted in many parasitic species 

including protozoa (Sauvage et al., 2009) and helminths (Lespine etal, 2012). 

The Schistosoma mansoni genome (Berriman et al., 2009) was predicted to 

encode 25 ABC transporters (Kasinathan and Greenberg, 2012). Orthologues of 

important drug-resistance related members were present in the 5. mansoni 

genome alongside those with basic physiological functions i.e. not previously 

implicated in a drug resistance phenotype; several 5. mansoni ABC transporters
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have been characterised experimentally (Bosch et al., 1994; Kasinathan et al., 

2010a; Kasinathan and Greenberg, 2012). In contrast, a single ABC transporter 
sequence has been partially characterised from Fasciola hepatica to date (Reed 
et al., 1998). The expression of four ABC transporters has been demonstrated in 
F. gigantica although no sequence data are available (Kumkate et al, 2008). 
This study aims to screen a draft of the F. hepatica genome for potential ABC 
transporters, assemble the putative proteins and assess them for expression in 
the NEJ (newly excysted juvenile) stage of the worm.
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2.3 Methods and materials

2.3.1 Bioinformatic analysis
The protein sequences of 5. mansoni ABC transporters (see Table 1) were used 

to query an independent F. hepatica draft genome (supplied courtesy of Dr ] 

Hodgkinson and Dr Steve Patterson, University of Liverpool) using the tBLASTn 

tool on BioEdit (Hall, 1999). All resultant high-scoring segment pairs (HSPs), 

with a bitscore >100 and an expect value <0.01, were used to query the 

translated nucleotide (tBLASTn) NCBI database restricted to 5. mansoni 

(Altschul et al., 1990). Corresponding BLAST hits matching 5. mansoni ABC 

transporters were manually assembled according to that scaffold. Assembled 

sequences were screened for Walker A (GxxGxGK(S/T) where x = any amino 

acid), Walker B (hhhhDE where h = a hydrophobic amino acid) and the ABC 

signature sequence (LSGGQ). Assemblies were used to confirm identity and 

facilitate classification by reciprocal BLAST analyses. BLASTp (NCBI conserved 

domain database), TMpred

(http://www.ch.embnet.org/software/TMPRED_form.html) and InterProScan 

(http://www.ebi.ac.uk/Tools/pfa/iprscan/) were employed to detect putative 

transmembrane regions, nucleotide binding domains and overall protein 

topology. Clustal omega was employed to test amino acid identity, assemblies 

residing on the same scaffold with >95% identity were excluded from further 

analysis. Assemblies were used as queries for tBLASTn analysis of an EST 

dataset (http://bioinfosecond.vet.unimelb.edu.au/wblast2.html) to assess 

expression, but insufficient continuous reads meant these data were not 

presented. Nucleotide sequences were obtained for primer design using 

‘Artemis Genome Browser’ to scan individual scaffolds translated into six 

reading frames (Rutherford etal., 2000). Large-scale primer design for HSP, N- 

terminal, and C-terminal confirming sets, was carried out on PrimerSPlus 

(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/) set 

with the following parameters: amplicon size 180-210 bp and melting 

temperature 59-61°C (see Figure 2.1).
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HSP

HSP confirmer

IM-terminus confirmer

C-terminus confirmer

Figure 2.1 Theoretical representation of primer placement on ABC transporter 
assembly. Red indicates primers within HSP, blue indicates N-terminus sense primer, 
green indicates C- terminus antisense primer.

Table 2.2 ABC transporters found in Schistosoma mansoni genome [taken 
from(Kasinathan and Greenberg, 2012)].

S. mansoni accession number
ABCA* Smp_176450
ABCA3 Smp_165800
ABCA4 Smp_056290
ABCB1 (Pgp, SMDR2) L26287, Smp_035720, Smp_055780
ABCB1 (other Pgp) Smp_089200

Smp.110180
Smp_137080
Smp_170820

ABCB6 Smp_134890
ABCB7 Smp_087930
ABCB8 (SMDR1) L26286, Smp_063000
ABCC1 (SmMRPl) GU967672, Smp_171740
ABCC1 (other MRP1) Smp_129820

Smp_189630
ABCC4 Smp_083750

Smp_167610
ABCC10 (MRP7) Smp.147250
ABCE1 Smp_124460
ABCF1 Smp_166040
ABCF2 Smp_040540
ABCF3 Smp_049490
ABCG1 Smp_181150
ABCG2 (BCRP) Smp_126450

Smp_137890
ABCG4 Smp 094330
*Cannot discern subfamily

2.3.2 Real-time quantitative PCR to assess HSP expression
Poly-adenylated mRNA was extracted from 200 NEJs as outlined in the 

manufacturer’s instructions (Dynabeads® mRNA direct Kit, Life Technologies) 

and used to synthesise cDNA (High Capacity RNA-to-cDNA kit, Life 

Technologies) post DNase treatment (Turbo DNA-free™, Life Technologies). 

qRT-PCRs were carried out on Rotor-Gene Q real-time PCR cycler (Qiagen). 

Gene specific primers for the assemblies (HSPs) and the housekeeping gene
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(FhGAPDH) glyceraldehyde 3-phosphate dehydrogenase) (see Table 2.3) were 

used to final concentrations of 0.8 pM in an 8 pi PCR reaction (FastStart SYBR 

Green Master, Roche). Cycling parameters included 95 °C 10 s, 60 °C 15 s, 72 °C 

30 s for 40 cycles, and triplicate technical PCR replicates were carried out 

alongside the corresponding no template controls. A dissociation curve was 

generated at the end of the PCR cycle to assess amplification specificity.

2.2.3 PCR to assess assembly
cDNA generated as above and PCRs were carried out using oligonucleotide 

primers to assess the assemblies were designed to regions 5' and 3’ of the HSP 

region. Primer combinations included (5’-confirmer F x HSP R) and (3’- 

confirmer x HSP F) (see Table 2.3 and were used to a final concentration of 1 pM 

in a 10 pi PCR reaction (FastStart SYBR Green Master, Roche). Cycling 

parameters included 95°C 30 s, 60°C 30 s, 72°C 2 m for 40 cycles alongside the 

corresponding no template controls. PCR products were visualised on 1.5% 

agarose gel containing 0.005% ethidium bromide to verify presence and size.
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2.4 Results

Reciprocal BLAST searches of the F. hepatica genome revealed many scaffold 

regions with homology to the putative S. mansoni ABC transporters 

(summarised in Table 2.1). In total, 29 distinct scaffolds coded for the 42 

putative ABC transporters.

HSP segments were often NBDs (which are highly conserved) and were used to 

designate which S. mansoni transporter should guide putative protein assembly. 

In the case of assemblies generated from the same scaffold, exon usage was 

queried to establish if assemblies represented alternative isoforms and this is 

indicated in assembly nomenclature. Table 2.4 summarises characteristics of 

the putative proteins including predicted: length, topology, TM helices and ABC 

transporter motifs.

One of the most notable differences between the gene families of 5. mansoni and 

F. hepatica is the considerable expansion in the Pgp orthologues: four 

transporters are predicted in addition to one confirmed (five total) in 5. mansoni 

while in F. hepatica up to 25 putative proteins were predicted from 16 distinct 

scaffolds. Orthologues of common drug resistance associated proteins: MRP 

(ABCC) and BCRP (ABCG) were also present.

To confirm the expression of each putative transporter, qRT-PCR of the HSP was 

carried out. The majority (36 out of 42) of the putative protein HSPs were 

expressed. Segments overlapping both upstream and downstream of the HSPs 

were subject to PCR analysis and while the expression of some was confirmed, 

none were of the correct predicted size, i.e. could not confirm the correct 

assembly of proteins.
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2.5 Discussion

This study reports the bioinformatic and the expression survey of the ABC 

transporter superfamily in F. hepatica. In the blood fluke, S. mansoni, the 

sequences of three ABC transporters have been experimentally characterised: 

SMDR1, SMDR2 and SmMRPl (Bosch etal., 1994; Kasinathan etal., 2010b) and 

in the wake of genome publication, 25 5. mansoni ABC transporters have been 

predicted (Kasinathan and Greenberg, 2012).

Drafts of the F. hepatica genome are accessible but the unanticipated size 

coupled with the labour involved in genome-data assembly and formal gene 

annotation mean a final version is pending. Concurrently, the predicted-protein 

sets are, as yet, inadequate. Gene-finding software is available e.g. GenScan and 

GenMark, and has been adapted for the annotation of many organisms including 

humans, insects, worms and fungi (Burge and Karlin, 1997; Lomsadze et al, 

2005) but differences in codon usage and splice signals can vary greatly in 

different organisms meaning that the software may not perform optimally on 

novel genomes (Korf, 2004). Despite this, the F. hepatica genomic data sets are 

invaluable and provide the means for novel gene discovery, particularly when 

genetic information from a related species can be used as a reference, i.e. 5. 

mansoni.

In lieu of formal gene prediction, an empirical/homology-based method was 

employed to detect putative orthologues of ABC transporters in the F. hepatica 

genome. This method is formed on the basis that protein sequences and 

functional domains are better conserved than the nucleotide sequence and that 

local similarity is indicative of function, i.e. evidence-based gene discovery. A 

set of 5. mansoni predicted protein queries (Kasinathan and Greenberg, 2012) 

resulted in an array of possible coding DNA sequences. Resulting BLAST 

segment pairs provided regions of similarity between the query and candidate 

matches and allowed for the manual assemblage of transporter proteins. The 

high degree of similarity to a known protein strongly suggests that the region of 

the genome in question codes for the corresponding protein. This method of
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building preliminary gene models has previously been used to aid the 

investigation of protein superfamilies’ in other flatworms S. mansoni and 

Schmidtea mediterranea (Zamanian etai, 2011).

Table 2.5 Predicted Fasciola hepatic ABC transporter proteins summary

Subfamily No. Scaffolds involved
No. Predicted proteins
(Inclusive of isoforms)

No. Expressed

ABCA 4 5 4

ABCB 16 25 21

ABCC 3 4 4

ABCD 0 0 0

ABCE 1 1 1

ABCF 2 3 3

ABCG 3 4 3

Total 29 42 36

Up to 42 putative liver fluke ABC transporters from across six subfamilies of 

ABC transporter were identified. No members of subfamily ABCD were 

identified. The length of the putative proteins ranged from 139 to 1715 amino 

acids. Some assemblies may represent parts of a single true protein and their 

presence on different scaffolds simply reflects the unfinished state of the 

genome (see Table 2.5). All assemblies were manually screened for Walker A, 

Walker B and the ABC signature motif. The majority of putative proteins 

displayed at least one of the motifs with 30 proteins displaying all three. 

Although some motifs did diverge from the established consensus sequence, 

this is not irregular and has been observed previously (Kay et al., 2012). Four 

assemblies (A3, B7, BIO and B11.2) were the exception in that no motifs could 

be identified. Analysis of protein hydrophobicity by TMpred and InterProScan 

predicted between 0 and 13 transmembrane helices (TMH) with only five 

proteins lacking any TMH. Eleven assemblies contained a repeated block of a 

TMD followed by an NBD, i.e. full transporters, and eight assemblies pertained 

to the half transporters. Initial alignments and phylogenetic analysis (data not 

shown) of the putative proteins resulted in poor clustering of the sequences. 

Subfamily assignment was predominantly guided by reciprocal BLAST and
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BLASTp analysis against the NCBI non-redundant protein database. This 

method has previously been used to survey unfinished genomic datasets for 

specific genes of interest (Dalzell et al., 2011).

There are 12 instances where sequentially distinct putative ABC transporter 

genes were linked to the same scaffold as indicated in the nomenclature. This 

has been observed elsewhere and can represent several situations; separate 

functional genes, the presence of pseudogenes, or sequencing discrepancies 

(Kay et al., 2012). Any putative proteins displaying >95% sequence identity 

(with another assembly) at the amino acid level were excluded from the results. 

An independent EST data set was queried with the sequence assemblies but due 

to small 'contig' size, with the exception of a few, expression could not be 

established. Sequences lacking TMDs, i.e. NBDs only, were identified and 

assigned to the subfamilies ABCE and ABCF which have non-transport related 

roles. Additionally, the typical half-transporter, reverse topology, i.e. NBD-TMD, 

was observed in the ABCG sub family and, despite the incomplete nature of the 

EST dataset, a full length BCRP could be assembled.

The absence of subfamily ABCD has been noted and may reflect the biology of F. 

hepatica. Traditionally, ABCD transporters are involved in the export of fatty 

acids. Liver fluke are unable to synthesis lipid species de novo and have to 

acquire them from the host species (Tielens, 1999). It is therefore proposed 

that the loss of ABCD correlates with the reduced need to export fatty acid 

species due to their requirement for host-derived lipid and their inability to 

synthesise lipids endogenously. Conversely, there is a considerable expansion 

of ABCB family transporters. The ABCB subfamily was the most complex group 

identified with 25 putative members. Five members displayed the full 

transporter topology and an additional five displayed half transporter topology 

i.e. require dimerization with a corresponding half transporter for a full 

functional protein. ABCB transporters have been implicated in many roles 

including; drug resistance, peptide transport and iron homeostasis in the 

mitochondria (Dean etai, 2001) such that the marked expansion of this family
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could reflect on the importance of some or all of these functions in juvenile 

fluke.

In addition to this bioinformatics analysis, PCR was employed to assess the 

expression of the putative transporters in NEJ-stage worms (see Table 2.5). 

This was executed via two methods and demonstrated: firstly, the majority (36) 

of the highly conserved segments are expressed, and secondly, that overlapping 

segments both upstream and downstream to the HSP were expressed. Many of 

the amplicons from the assembly confirming PCRs were not of predicted size, 

which may have resulted from poor gene predictions including the erroneous 

ordering of exons according to S. mansoni. A key consideration here is the 

utility of the BLAST tool, which provides information on the arrangement of the 

exons embedded in the scaffold but does not identify precise exon-intron 

boundaries or ascertain complete organisation of the gene (Gotoh, 2008). 

Indeed, the techniques employed facilitated the identification of conserved ABC 

transporter protein sequences but do not facilitate the identification of novel 

proteins. As with all other proteins labelled as ‘putative’ or hypothetical’, in 

depth proteomics is required before they can be annotated accurately.

This chapter demonstrates that the F. hepatica genome possesses an array of 

orthologous ABC transporters. Not only are the sequences for these proteins 

present but also the majority are expressed in the NEJ stage. Among these, 

many will play crucial roles in normal worm biology. Importantly, orthologues 

of transporters potentially involved in drug susceptibility are expressed.
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Chapter 3

The effects of Triclabendazole and 
Triclabendazole-metabolites on 
Fasciola hepatica newly excysted 
juveniles in vitro:

a detoxification story
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3.1 Abstract

The treatment of liver fluke infection relies heavily on Triclabendazole (TCBZ). 

TCBZ represents the only flukicide active against both mature and immature 

stages of Fasciola hepatica. Reports of drug resistance highlight the 

requirement for a better understanding of resistance mechanisms. This study 

aims to investigate the response of newly excysted juveniles (NEJs) to TCBZ and 

use this information to assess the involvement of selected putative multidrug 

resistance proteins from the ABC transporter superfamily (MDR/MRP] and 

detoxification-associated glutathione s-transferases (GST) in the susceptibility 

of F. hepatica to TCBZ and its metabolites. Here we report: 1) a differential 

response to TCBZ and its metabolites in fluke isolates with distinct drug- 

susceptibility status; 2) a concentration-dependent up-regulation of FhMRPl in 

F. hepatica NEJs exposed to TCBZ and its therapeutically active sulphoxide 

metabolite (TCBZ.SO); and, 3) the successful triggering of transcript knockdown 

of both FhMRPl, FhMDR2, and FhoGST using RNA interference (RNAi) 

methodologies coupled with drug-response assays.
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3. 2 Introduction

Introduced in the 1980’s, Triclabendaole (TCBZ) rapidly gained status as the 

drug of choice for the treatment of Fasciola hepatica due to its efficacy against 

both early and late stages of infection (Boray et al, 1983). It is generally 

accepted that TCBZ flukicidal activity commences from one week old through to 

adult fluke (SCOPS, 2012), although initial studies showed a higher dose of TCBZ 

is required for efficacy when administered one day post infection (Boray et al., 

1983). Activity against the immature stage is important as this represents the 

most damaging migratory phase of infection.

Upon administration, TCBZ is rapidly removed from the circulatory system and 

metabolised by the host liver and the intestine (Hennessy et al., 1987; Virkel et 

al., 2006) and by the fluke itself (Mottier et al., 2004b; Robinson et al., 2004). 

The metabolism of TCBZ occurs by oxidation to form its sulphoxide (TCBZ.SO) 

and sulphone (TCBZ.SOz) metabolites. Although the documented potency of the 

TCBZ metabolites against fluke varies, it is generally accepted that TCBZ and 

TCBZ.SO are the most active with TCBZ.SO2 having relatively lower activity, and 

that flukicidal activity is due to the additive effects of the metabolites (Halferty 

etai, 2009). The mode of action of TCBZ has yet to be definitively molecularly 

characterised although some immunocytochemical data indicate an action that 

is typical of benzimidazole (BZ) anthelmintics, i.e. the disruption of microtubule 

polymerization (Robinson et al., 2002).

The effects of TCBZ/TCBZ-metabolites on the morphology of both adult and 

juvenile fluke are well documented (Stitt and Fairweather, 1992; Stitt and 

Fairweather, 1993; Stitt and Fairweather, 1994; Walker et al., 2004; Halferty et 

al., 2008; Halferty et al., 2009; Toner et al., 2009; Toner et al., 2010). Fluke 

exposure to drug causes profound external and internal effects. The external 

effects include swelling, blebbing, spine loss and tegumental sloughing; the 

internal effects include swelling and a reduction in number of mitochondria, 

breakdown and separation of muscle, and general disruption of tissues 

(Halferty etai, 2009). Importantly, greater morphological disruption has been
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observed in susceptible (Fairhurst) compared to resistant (Oberon) fluke 

isolates (Walker et al, 2004). The time course of TCBZ activity against fluke- 

infections in vivo ranges from two days (with no severe effects on fluke 

observed) to four days (where there is death or severe damage to all flukes 

present), i.e. drug treatment induces relatively slow, progressive impacts on 

fluke (Halferty et al., 2008).

Despite this drug being highly effective at treating/reducing fluke infection, 

cases of drug resistance have emerged around the globe, triggering much 

interest in the associated drug-resistance mechanisms. Since resistance to 

distinct BZs in nematodes has not been confined to beta-tubulin 

polymorphisms, alternative mechanisms have been the subject of much debate 

(Robinson et al., 2002; Blackball et al., 2008). Alternative models have 

acknowledged a likely multifaceted basis to TCBZ resistance and have 

implicated alterations in drug uptake and metabolism in reducing the TCBZ- 

susceptibility in fluke (Fairweather, 2005; Brennan et al., 2007). Moreover, 

increased sulphoxidative metabolism of TCBZ has been reported in resistant 

(Sligo isolate) fluke, with significantly lower concentrations of TCBZ and 

TCBZ.SO being detected in the Sligo isolate compared to a susceptible 

(Cullompton) isolate treated with drug ex vivo (Alvarez et al., 2005). This has 

led to the hypothesis that a mechanism of enhanced drug efflux, potentially by 

an ATP-binding cassette (ABC) transporter, contributes to TCBZ resistance in F. 

hepatica (Mottier et al., 2004b).

A subset of the ABC transporters has been linked to increased drug efflux and 

thus lower drug efficacy in some blood fluke species (Kasinathan and 

Greenberg, 2012; Greenberg, 2013). The praziquantel (PZQ)-insensitive 

juvenile stage of Schistosoma mansoni has been shown to differentially regulate 

4/5 ABC transporters in response to PZQ exposure (Hines-Kay et al., 2012). 

Specifically, drug efflux pumps SmMRPl (multidrug resistance-associated 

protein) and SMDR2 (multidrug resistance) display elevated expression in the 

juvenile stage and in single sex infections which display reduced PZQ sensitivity 

(Kasinathan et al., 2010b). This correlates with significantly higher levels of
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SMDR2 transcripts and protein in an Egyptian isolate with reduced PZQ- 

susceptibility, when compared to susceptible controls (Messerli et al., 2009). 

SMDR2 transcript expression and corresponding protein levels are increased in 

the presence of sub-lethal doses of PZQ (Messerli et al., 2009). Importantly, 

TCBZ and TCBZ.SO have been shown to interact with murine P-glycoprotein 

(Pgp) in vitro and the expression of Pgp decreases the cytotoxic effects of these 

compounds (Dupuy et al., 2010). Studies in the tropical species Fasciola 

gigantica demonstrate up-regulated protein levels of ABC transporters FgMRPl 

and FgBSEP (bile salt exclusion protein) in fluke exposed to TCBZ (Kumkate et 

al., 2008). MRP1 was localised along the tegumental cell layer, MDR1 was found 

in the epithelial lining of the digestive tract, and BCRP (breast cancer resistance 

protein) and BSEP (bile salt exclusion protein) displayed a dispersed 

distribution in F. gigantica (Kumkate et al., 2008). In schistosomes, SmMRPl 

was localised in different locations in male and female worms: testes, seminal 

vesicles and gut epithelial layer in males and excretory pore and sub- 

tegumental regions in females (Kasinathan et al., 2010b).

A holistic approach to drug induced changes in F. hepatica considered the 

(soluble) proteomic level response, of resistant (Sligo) and susceptible 

(Cullompton) isolates, to TCBZ (Chemale et al., 2010). A spectrum of protein 

responses were observed with: 1) some remaining unchanged, e.g. tubulin; 2) 

some increasing levels, e.g. fructose 1,6- bisphosphate (FBPase), glyceraldehyde 

3-P dehydrogenase (GAPDH), actin, and glutathione s-transferase (GST) 26b; 

and, 3) some decreasing levels, e.g. GST1 (Chemale et al., 2010). It has been 

suggested that GST enzymes represent the major phase II detoxification 

pathway in parasitic helminths and that overexpression of F. hepatica GSTs may 

occur to deal with phase I metabolism of TCBZ.SO (Scarcella et al., 2012b). 

Additionally, TCBZ resistant (Sligo) liver fluke have shown elevated GST activity 

in comparison to susceptible (Cullompton) parasites (Scarcella etai, 2012b).

While efforts have focussed on drug-induced changes in adult and immature F. 

hepatica following TCBZ treatments, little is known about actions on the NEJ 

stage. The aims of this study are firstly, to investigate the effects of TCBZ and its
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metabolites on NEJ F. hepatica in vitro. Fluke isolates with a distinct drug 

susceptibility status are investigated for qualitative phenotypic differences and 

quantitative fluctuations in expression levels of selected detoxification proteins. 

Secondly, this study will exploit reverse genetics approaches (RNA interference 

[RNAi]) to detect alterations in drug susceptibility upon the reduction of specific 

detoxification gene products.
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3.3 Methods and materials

3.3.1 Parasites and maintenance
F. hepatica metacercariae with the outer-wall removed were acquired from 

Baldwin Aquatics Inc (Monmouth, Oregon, USA) [designated the wild type (wt) 

with unknown drug resistance status] and stored at 4°C until use. The TCBZ 

resistant/susceptible isolates were obtained courtesy of Dr Jane Hodgkinson, 

University of Liverpool, and their status was confirmed as follows. The 

susceptible isolate was obtained from Shrewsbury, Ridgeway Research Ltd and 

a clonal line was created by one miracidal infection of one snail. Susceptibility 

status was confirmed by infecting two sheep and once infection had reached 

patency, treating one with and the other without TCBZ at the recommended 

dose. Sheep treated with TCBZ were found to have no infection and eggs from 

the untreated sheep were used to continue the clonal line. Resistant isolates 

were obtained from cases identified by the Animal Health and Veterinary 

Laboratories Agency (AHVLA) and eggs recovered post mortem from sheep or 

sheep faecal samples that had recently been treated with TCBZ were used to 

initiate the clonal lines (isolate B and C represent distinct sites where TCBZ 

resistance arose). Resistance status was established as for the susceptible line 

by infecting two sheep and treating one with TCBZ and the other without. Ten 

days post treatment both animals were examined post mortem and had similar 

levels of fluke present. Eggs from the fluke surviving the TCBZ pressure were 

used to continue the resistant lines. All isolates are maintained in the 

laboratory by passage through snails and then through sheep. Metacercariae 

used were from the first passage through sheep since the isolate had been 

generated. To remove the outer wall of the resistant/susceptible strains, 

metacercariae were incubated in 0.5% sodium hypochlorite with constant 

pipetting at room temperature for 20-30 m. Once the outer wall was removed, 

metacercariae were washed in distilled water a minimum of four times and 

stored at 4°C until excystment. Excystment of metacercariae (irrespective of 

source or TCBZ susceptibility status) was achieved by incubation in 0.6% 

sodium bicarbonate, 0.45% sodium chloride, 0.4% sodium tauroglycocholate, 

0.025M hydrochloric acid, 0.4% L-cysteine, in 37°C for up to 3 h. After 

approximately 80 m, NEJs were transferred to pre-warmed RPMI 1640 medium,
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no phenol red (Life Technologies) and maintained at 37°C for a maximum of 2 h 

before use. The NEJs were then used immediately for further studies or 

maintained in RPM1 1640 supplemented with antibiotic/antimycotic (lOOU/ml 

penicillin, lOOpg/ml streptomycin and 25pg/ml amphotericin B, Life 

Technologies), +/- 20% (V/V) foetal bovine serum (FBS) at 37°C in 5% CO2.

3.3.2 Identification of MRP1 and MDR2 in F. hepatica

The Gasser Lab F. hepatica and F. gigantica transcriptome 

(http://bioinfosecond.vet.unimelb.edu.au/wblast2.html) (only resource 

available at the initiation of this experiment) was queried using tBLASTn 

analysis for the translated sequences of SmMRPl and SMDR2 (GenBank 

accession GU967672.1 and L26287.1, respectively). Returned hits were 

assessed for score (>500) and E value (<e-20), translated and used to query the 

translated nucleotide (tBLASTn) NCBI database. Top hits were judged on the 

quality of pairwise alignments, total score, query coverage, E value and amino 

acid identity, on a case-by-case basis before designating homology. Translated 

sequences were aligned with putative orthologues and analysed for signature 

sequences and motifs (see Chapter 2 for details) (Goujon etal., 2010; Sievers et 

a/., 2011).

3.3.3 Localisation of MRP1 in F. hepatica NEJs

NEJs were anaesthetized by incubating in 5M MgClz for <1 m and then fixed in 

4% paraformaldehyde (PEA) in 0.1M phosphate buffered saline (PBS) [5M NaCl, 

0.025M NahhPCMhhO, 0.075M Na2HP04:pH 7.4] for 4 h at 4°C. Samples were 

then washed three times in 1M NaCl in PBST, 0.2% TWEEN-20, and incubated in 

anti-MRPl(MRPm5) primary antiserum [ABCAM AB24102; raised in mouse 

against recombinant human-MRPl with previous positive staining in F. 

gigantica (Kumkate etal., 2008)] at 1:25, 1:100 and 1:200 [diluted in antibody 

diluent (AbD; 0.1M PBS, 0.1% [v/v] TritonX-100, 0.1% [w/v] bovine serum 

albumin, 0.1% [w/v] NaNs)] for two days. Worms were re-washed three times 

and incubated in secondary antibody (fluorescein isothiocyanate (F1TC)- 

labelled rabbit anti-mouse immunoglobin) at 1:1000 (in AbD) overnight. 

Worms were rewashed three times and were incubated in phalloidin-
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tetramethylrhodamine isothiocyanate (TRITC) (200 ng/ml in AbD) for 4 h to 

stain muscle. Animals were washed three times and mounted using 

PBS:glycerol (1:9) containing 2.5% (w/v) 1,4 diazbicyclo-2,2,2 octane (Sigma). 

The confocal scanning laser microscope (Leica AOBS SP2) was used to visualise 

the stained specimens and Leica TCS NT confocal software was employed to 

capture the images.

3.3.4 Western blotting to assess protein abundance
The presence of FhMRPl protein was assessed in F. hepatica NEJ and adult 

tissue. Protein was extracted from homogenised tissue (50 NEJs and 1 adult 

fluke per replicate) in 50 pi RIPA (radioimmunoprecipitation assay) buffer 

(Sigma-Aldrich) in the presence of protease inhibitors (Protease inhibitor 

cocktail, Roche) and phosphatase inhibitors (Phosphatase inhibitor cocktail 2, 

Sigma-Aldrich). The sample lysate was sonicated (3 x 20 s) and incubated on ice 

for 1 h. BCA protein assay (Thermo Scientific) was used to normalise sample 

protein concentrations in adult samples. 50 pi of Novex Tricine SDS (sodium 

dodecyl sulphate) buffer was added containing 10 mM final concentration TCEP 

(tr/s(2-carboxyethyl)phosphine). The sample was denatured at 95°C for 6 m. 

25 pi of sample was loaded into a pre-cast, 10-20%, 1.0 mm tricine-gel (Life 

Technologies) alongside 10 pi SeeBlue Plus2 Prestained Standard (Life 

Technologies). The Xcell Surelock Mini-Cell apparatus (Life Technologies) was 

employed for SDS-PAGE (SDS- polyacrylamide gel electrophoresis) in a tricine 

running buffer at 135 V for 1 h. The proteins were transferred to a 

nitrocellulose membrane in the Xcell Mini-Cell apparatus (Life technologies) for 

2 h at 35 V prior to a 30 m blocking step at room temperature in blocking buffer 

(TEST [Tris buffered saline tablets, 0.05% TWEEN, both Sigma Aldrich] 

containing 5% dry milk). The membrane was cut horizontally and probed at 

4°C overnight with antisera in blocking buffer. The top half (high molecular 

weight proteins) was probed with mouse anti-MRPl (1:100). The bottom half 

(low molecular weight proteins) was probed with rabbit anti-actin (1:400) 

(Sigma Aldrich) as a loading control. The membranes were washed 5 times for 

5 m in TEST prior to probing with secondary antibody. Membrane parts were 

incubated in alkaline phosphatase conjugate anti-rabbit produced in goat
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(Sigma Aldrich) or anti-mouse produced in goat (1:1000) in blocking buffer for 

2 h at room temperature. The membrane was then washed 5 times for 5 m in 

TBST before development in NBT/BC1P (nitro blue tetrazolium chloride/5- 

bromo-4-chloro-3-indolyl-phosphate, toluidine-salt) dissolved in distilled HzO. 

Development was monitored until completion. Membranes were washed in 

distilled H2O, dried and scanned.

3.3.5 Drug exposure
Triclabendazole (TCBZ), Triclabendazole sulphoxide (TCBZ.SO), 

Triclabendazole sulphone (TCBZ.SO2) and Levamisole (LEV) were employed in 

the drug exposure assays. Each drug was dissolved in 100% dimethylsulfoxide 

(DMSO) and added to maintenance media such that final DMSO concentration 

was 0.1%. Three administrations were set up all involving an 18 h exposure 

period: 1) 3 pM of TCBZ/TCBZ-metabolite, vehicle (DMSO)-only control and 

untreated control for in vitro phenotype assays. This was followed by a wash 

out step and maintenance for a further 4 d; 2) 1, 3, 10 and 30 pM of TCBZ/TCBZ- 

metabolite, levamisole (LEV), plus controls (as above) to assay transcriptional 

response to drug, and; 3) 3 pM TCBZ/TCBZ-metabolite exposure of resistant 

and susceptible isolates for transcriptional response to drug. NEJs were 

photographed and filmed using Leica MZ 12.5 stereomicroscope and Unibrain 

digital camera (Fire-i) and corresponding software. Images were subject to 

measurements of length and area using Image) (Schneider eta/., 2012) at 18 h 

and 4 d for set up 1. NEJs were snap frozen and processed for mRNA at 18 h in 

set up 2 and 3.

3.3.6 Silencing F. hepatica detoxification genes using RNAi
Poly adenylated mRNA was extracted from NEJs (Dynabeads® mRNA direct Kit, 

Life Technologies) and used to synthesise cDNA (High Capacity RNA-to-cDNA 

kit, Life Technologies) post DNase treatment (Turbo DNA-free™, Ambion). 

FhMRPl (207bp), FhMDR2 (201bp) and FhoGST (223bp) PCR fragments were 

generated using gene-specific primers flanked by T7 RNA polymerase promoter 

sequences such that T7 labelled DNA templates were generated with sense and 

anti-sense polarities (see Table 3.1). Templates were purified (ChargeSwitch®
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PCR Clean-Up Kit, Life Technologies), assessed on agarose gel, and sequence 

verified. Non-target control (neomycin phosphotransferase) dsRNA T7 labelled 

DNA templates were generated from the cloning vector pEGFP-NI (Clontech 

Laboratories Inc.). Sense and anti-sense T7 labelled PCR fragments were 

purified and entered into RiboMAX Express RNAi System (Promega) converting 

sense and anti-sense T7 labelled DNA templates to single stranded RNA (ssRNA) 

according to the manufacturer's specifications. Complementary ssRNAs were 

mixed and incubated at 70°C for 10 m followed by 20 m incubation at room 

temperature to facilitate annealing. Annealing reactions were incubated with 

RNase (supplied in kit) for 30 m at 37°C and subsequently precipitated in 

isopropanol in the presence of 10% (v/v) ammonium acetate (5 M NH4C2H3O2; 

100 mM C10H16N2O8). ssRNA and dsRNA (1:100) were visualised on 1% 

agarose gel containing 0.005% ethidium bromide to verify size and integrity. 

The concentration of each dsRNA construct was determined using a NanoDrop 

ND1000-A spectrophotometer at 260 nm and purity was judged using 260/230 

nm and 260/280 nm values. NEJs were soaked in a 100 ng/pl (dsRNA) for 4 h 

in RPMI supplemented with antibiotic/antimycotic at 37°C in 5% CO2. After this 

4 h incubation, dsRNA was removed and NEJs were maintained as above for up 

to 21 d. Experimental set up with resistant isolate C was supplemented with 

20% foetal bovine calf serum (FBS) after the 4 h trigger step and removed and 

washed out prior to drug exposure. Throughout treatments, worms were 

observed using light microscopy, and any phenotypic characteristics recorded. 

Post RNAi drug exposures (18 h) involved: 1) 7, 7.5 and 8 pM TCBZ.SO at 12 d 

post trigger, and 2) 4.5, 5.5 and 6.5 pM at 21 d post RNAi. Parasites were 

assayed for viability firstly by visual observation and secondly by employing an 

MTT assay whereby NEJs were washed four times in warm PBS and exposed to 

12 mM MTT in PBS 37°C for 30 m and scored according to purple (alive) and 

brown/unstained (dead). The assays were blind counted by a second party.

3.3.7 Real-time quantitative PCR to assess transcript abundance
Transcript abundance was assessed in NEJs during maintenance at 18 h post 

drug exposure and at 3, 12 and 21 d post RNAi. Poly-adenylated mRNA was 

extracted from treatment groups (20 NEJs per replicate) as outlined in the
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manufacturer’s instructions (Dynabeads® mRNA direct Kit, Life Technologies] 

and used to synthesise cDNA (High Capacity RNA-to-cDNA kit, Life 

Technologies) post DNase treatment (Turbo DNA-free™, Life Technologies). 

qRT-PCRs were carried out on Rotor-Gene Q real-time PCR cycler (Qiagen). To 

select an appropriate housekeeping gene for the experimental conditions of the 

drug exposure assays, a panel of five candidate housekeeping genes [GAPDH 

[Glyceraldehyde 3-phosphate dehydrogenase], LAP [Leucine aminopeptidase], 

CatL [Cathepsin L], CatB [Cathepsin B], and PAL [Peptidylglycine alpha- 

amidating monooxygenase]) were assayed using qRT-PCR in untreated and 

drug treated groups (see Table 3.2). Cycle threshold (Ct: cycle number where 

fluorescence level exceeds background level) data were entered into the 

BestKeeper© Excel© spreadsheet and ranked using descriptive statistics 

(variance) and pair-wise correlation analysis to determine suitability as a stable 

housekeeping gene (Pfaffl et al., 2004). FhCatL was selected. Note; FhGAPDH 

has been pre validated as a suitable reference gene for RNAi experiments in F. 

hepatica NEJs. Gene specific primers for qRT-FhMRPl, qRT-FhMDR2, qRT- 

FhoGST, qRT-FhpGST and either qRT-FhCatL (housekeeping gene for drug 

exposures) or, qRT-FhGAPDFI (housekeeping gene for RNAi) (see Table 3.2) 

were used. A final concentration 1.25 pM was used for all reference genes, 1.5 

pM was used for GST primers, and 0.4 pM for ABC transporters in an 8 pi PCR 

reaction (FastStart SYBR Green Master, Roche). Cycling parameters included 

95°C 10 s, 60°C 15 s, 72°C 40 s for 40 cycles and triplicate technical PCR 

replicates were carried out alongside the corresponding no template controls. A 

dissociation curve was carried out at the end of the PCR cycle to assess 

amplification specificity.

3.3.8 Data analysis

For qPCR analysis, the efficiency of each amplicon was calculated using PCR 

miner (Zhao et al., 2005) and used for relative quantification of target 

transcripts to reference genes (Pfaffl, 2001). Transcript abundance is presented 

in % abundance where 100% is unaffected expression. Data are presented as a 

mean value of >3 experiments (istandard error) and differences between 

groups were assessed using GraphPad Prism 6 with p values <0.05 considered
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statistically significant. The Komogorov-Smirnov test was employed to test 

normality of the data. Data with a normal distribution was tested using 

parametric ANOVA with Tukey multiple comparison or Dunnett’s post-test with 

control treated groups designated as the comparator; data that did not have a 

normal distribution were tested using the Kruskal-Wallis test with Dunns 

multiple comparisons.

Table 3.1 Oligonucleotide sequences used in the generation of dsRNA T7 templates

Gene name
EMBL

databank
accession
number

Forward primer Reverse primer 
(3’-5’)

Size of 
amplicon 

(bp)
FhMRPl caacatcaatggaaccgta

gcc
gccaccagaaggttgata
ccc

207

FHMDR2 ccgtatttgcattgggagc cgtctgtttgaatttgcg
gg

201

FhoGST DQ974116.1 aattcgccttctgctcact
tgc

gtaatactcttcgtctgt
ttcacc

223

Neomycin
phosphotransferase

U55762 ggtggagaggctattcggc
t

ccttcccggttcagtgac
aa

223

The T7 promoter (5’ TAA TAG GAG TCA CTA TAG GG 3'] flanked the primers at the 5’ end

Table 3.2 Oligonucleotide sequences used for quantitative real-time PCR

Gene
name

EMBL
databank
accession
number

Forward primer 
(S'-S1)

Reverse primer 
(3’-5)

Size of 
amplicon 

(bp)
FhMRPl cccgaagatgaaccagtgttg ttgatacccttgtctccgatc

tc
cgaaaattgagcgcgaaga

338

FhMDR2 cttatcttggaggacttcttct
acg

301

FhoGST DQ974116 aattcgccttctgctcacttgc tcttcacactcaccaatgata
eg

255

FhpGST
[multi-
gene

family)

M77682.1
M93434.1
M77680.1
M77681.1
M77679.1

ggataagcatggaatgcttggt tcgtaaaccataaagtccaca
tgg 293

FhLAP AY 644459 ggtagtgaactgtcaattgttc
eg

ggcagatagagtgcatggtac
g

272

FhPAL aaacgtgaactcggaccaat ttgcaaaaatgattaccgtct
g

248

FhCatB U58000 atgagtgaccgcgtgtgtattc agtacgtgcaacaactgagtg
gat

85

FhCatL
FhGAPDH

U62288
AY005475

ggagtgcttggctcgaatga
ggctgtgggcaaagtcattc

tgatcgtcagccccattgta
agatccacgacggaaacatca

80
90

68



3.4 Results

3.4.1 Identification of putative MRP1 and MDR2 in F. hepatica
Queries to the Gasser Lab transcriptome using 5. manson/sequences showed an 

orthologue of SmMRPl was located on contig3233 (FhMRPl). The putative 

FhMRPl resides on a contig of 1845 bp, translates to a 613 aa string and was 

truncated to a 514 aa reading frame that displayed 62% identity to the SmMRPl 

(GU967672] predicted protein (see Figure 3.1); the trimmed 99 aa are likely a 

part of this protein (BLASTp analysis) but may have been assembled incorrectly 

on the contig. Alignments with predicted proteins (see Chapter 2) indicate 

FhMRPl is located on scaffold 23741 and had highest identity (81%) with 

assembly Cl. An orthologue of FhMRPl was located in the F. gigantica 

transcriptome on contigl9299 and possessed 97% and 83% amino acid identity 

to FhMRPl and SmMRPl respectively.

A putative orthologue of SMDR2 was located on contigl473 in the 

transcriptome (Gasser Lab). This contig had previously been incorporated in a 

predicted ABC transporter that identifies with SMDR2 (Wilkinson et al, 2012). 

The sequence is 2937 bp and translates to a 979 aa string. Reciprocal tBLASTn 

on the translated NCBI Schistosoma spp data set, indicate this sequence is an 

orthologue of SMDR2 and displays 51% amino acid identity. Alignments with 

predicted proteins in (see Chapter 2) showed highest aa identity (98%) with 

assembly B9.1 (an orthologue of Smp_089200 (other Pgp) with 56% identity to 

the F. hepatica sequence). Truncated alignments reveal ABC motif residues of 

F/jMDR2 are identical to 5MDR2 whereas Smp_089200 Walker A motif 

(GxxGxGK(S/T) differs by 1 aa (see Figure 3.2). Thus, contigl473 will be 

tentatively annotated FhMDR2 until further sequence data are available to 

allocate the appropriate nomenclature corresponding to it's schistosome 

counterpart. Other assembly’s orthologous to SMDR2 (Bl, B2 and B11.2) were 

not available at the initiation of this work (see Chapter 2). The FhMDR2 

sequence showed 43% identity with the ABC transporter identified (Reed eta!., 

1998). An orthologue of FhMDR2 was located in the F. gigantica transcriptome
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FhMRPl
SfflMRPl

------------------------------- TYL-------ARLCLHGFDTSDAMRRGVVAPAIFSSGKYF-------WA
LYDILVFVNPLLLKLLLNFLQNIQSEPIWHGYLYAIAIFIDTTVQSL-ILQSYFHIVFKL

• * • •• ★★

35
659

FhMRPl
SmMRPl

CTQYERPXTCAVYRKSLRLSNKARRESTTGQIMNLISSDAQHFVQLMPFLHIIWSGPFQI
GMNIKTAITAAVYRKSLRLSNKARYQSTTGQIMNLMSSDAQQFVQLMPFINILWSGPFQI

• . ★ •kieic-k-k'k'kic-kic-kic-k'k *•*★★★'*'★*

95
719

FhMRPl
SmMRPl

WAIVLLWNELGPSVFAGVCVLLLLLPLNVITARISKSFQEKMFETADSRIKMISEILGG 
TIAMILLWRELGPSVLAGVGVLLLLLPVNVLIARRSKVFQEKKSSCADSRIKFINELMNG 

• *★★★**•*★* **★★★*★•*★. ** *★ ★*** ★**★**.■*• *

155
779

FhMRPl
SmMRPl

IRVIKLYAWEPSFIKEVTRLRTQEIHYLRSFTFCQAISFLWTCAPFLVAITSFXVYVSIS
IRVLKLYAWEPSFMKEIGLIRDKEVKYLRRFTYFQSLSFLWHCTPFFVAISSFGVYILTS

215
839

FhMRPl
SmMRPl

NENILDAQKAFVSLALFNILRFPLFMFPSIASSLVQTFVSVRRINLFLRHTELNANSFSR
NKNILDAQKAFVSLSLFNILRFPLFMFPMIISNLAQCYVSIGRLTKFLAHTELDMESYSK 
★ .*★★*★**■★***★•*★*★***★★**★* * * ★ * . ★ ★ • ★* ★★★★.

275
899

FhMRPl
SmMRPl

ENTPGIAAVIECGVFGWDPEDEPVLKNISIQFPEGQLTSVMGTVGSGKS3LLHALLGDME 
EDTPGIAAVVERGVFGWDPDEEPTLTNISIQFPEGQLTTIMgSVGSGKSSLLHALLGDME

335
959

FhMRPl
SmMRPl

LFSGRVNINGTVAYVPQEPWIFNATLRDNILFSHPYDPVRYEQVISACGLQPDLLILPQG
NFNGRVNVKGTVAYVPQQPWIFNATLRDNILFHHSYEPIKYQHVLHACNLIPDLEILPNG 
★ ★ ★.*. .*• ★ ★★★ ★•*:*'•*

395
1019

FhMRPl
SmMRPl

dlteigdkgin|lvakkqrvslaracyadadI[yllddplsavdahvglhllehvlsrttg
dmteigdkgin|sggqkqrvslaracyadad|/ylldd?lsavdphvglhllkyvlsrstg

455
1079

FhMRPl
SmMRPl

LLASKNMYPDNSQLEGFTVFRSRGSAHQWPV-KRAWYLSSVVTVPHQSSLRYFWXL—RH 
LLASKTCILTTHSPKALPFSDRIGLMSDGQIIELGNYRQ—LIHSHTSRLSAFLITAIRA

.. * ... ★ . *
512
1137

FhMRPl
SmMRPl

GE-------------------------------------------------------------------------------------------------------------

ESEVQSNSSKERVDCSPENLKKEFLEPNSILSLESSQASEHHHGSPSETLSIDNHDVGLS
514
1197

Figure 3.1. Pairwise alignment of F/iMRPl and SmMRPl. Alignment shows the 
FfrMRPl contigl473 partial sequence and truncated (according to alignment) 
full length SmMRPl. Grey boxes highlight Walker A, ABC signature and Walker 
B motifs respectively.
*, consensus, aa with strongly similar properties, ., aa with weakly similar 
properties (according to Gonnet PAM 250 matrices).
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Smp_089200 TIHLSAQSLGRTATLVLGTKAAGSAAKCILEILDRKPLISTNIGIVPHEKFKGKISFKNV 826
FhMDR2 VMNMSAQTLGRLASVAPDSRKAEQSSRSIFATIDRIPQIQTDEGLIPDCEFKGKVTFKNV 737
SMDR2 TFSMCSQALGRITAFTTKTKEAEEAMGRIFTVIDRKPSIETNQGDQPKEKFNGLIEFKHV 1013

. • •*•*■** •• •• * . *. •★★***. * -At • * • ★ • ★**

Smp_089200
FhMDR2
SMDR2

DFKYSAQTERRVLKNFSHTVKPGQTVALVGPSGCGKSTL 
YFRYPTRREARILKNFSHTVEPNQTVALVGQSGCGKSTL 
NFRYPTRPETKVLNNFTYRIQPGSKIAL'

.LQLVLRFYDPLYHGSDNGVFF 

.LQLVQRFYDPSNHGEDSGVYF 
FF1QSGCGKSTLIQLLQRFYDPTDHGLHNGIE

886
797
1073

Smp_089200
F7jMDR2
SMDR2

DDINIRNIAPSWVRKQIGLVSQEPTLFDLTIRENIAYGDNSREVTMEEIIEAARAANIHD
DEWNLRDLAPSWIRKQIGVVSQEPNLLDMTLRENIAYGDNTREVSTDEIIEAARQANAHD
DGINLRQLAPYWIRRQIGIVSQEPILFNISLRDNIAYGDNSRIVSMDEIIEAAKLANIHD 
* *.★••** •*■.*.**★.*★*•*■* *••••.*•*******•* *• .***★**• *★ **

946
857
1133

Smp_089200 FITTLPEQYETKVGQRGSKLSGGQKQRIAIARALVRKPV^LVLDEATSALDNESERIVQE
FhMDR2 FISALPDGYETLAGAXGSQLSGGQKQRIAIARALIRKPKtLLLDEATSALDNESERIVQE
smdr2 filslpnayetlagqdgshlsggqe;qriaiaraiirkpt|lli,ldeatsaldnenqrlvqk

** .**• *★* * **•*****★******★*• .*** **.★*★******■*:*

1006
917
1193

Smp_08 9200 ALDAAMGSRTSLVVAHRLSTIVNADLWVLRDGCKIESGPPAALLAKKGAFYALHHMEN- 10 65
FhMDR2 ALDAATGSRTSIVVAHRLTTVERSDLIWLDSGRKIEYGPPAALMETKGAFYALHCVEQP 97 7
SMDR2 ALDDAMVTRTSIIIAHRLNTIEKVDYIIVLSNGRIIEYGKLNELIHRKGEFFNLYKLDNT 1253

Figure 3.2. Multiple sequence alignment of F/?MDR2, 5MDR2 and Smp_089200. 
Alignment has been truncated to region containing signature motifs. Grey boxes 
highlight Walker A, ABC signature and Walker B motifs respectively.
*, consensus, aa with strongly similar properties, ., aa with weakly similar 
properties (according to Gonnet PAM 250 matrices).
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on contig7226 and possessed 97% and 49% amino acid identity to FHMDR2 and 

SMDR2 respectively.

3.4.2 MRP1 protein detection efforts in F. hepatica NEJs and adult stages

Despite several attempts to localise MRP1 in F. hepatica NEJs, no specific 

immunoreactivity (IR) was detected. Specific staining patterns were observed 

for all controls performed alongside, including: NPF792, F/?CaM2 and FhCaM3 

(see Chapter 4). Similarly, no specific bands were detected on western blots in 

either NEJ or adult protein preparations alongside actin as a positive control.

3.4.3 Impacts of TCBZ and its metabolites on NEJs in vitro

NEJs were exposed to TCBZ and its metabolites TCBS.SO and TCBZ.SO2, 

alongside untreated and control (DMSO) treated worms in vitro. Photographs 

and videos were taken at 18 h post exposure upon which the treatments were 

washed out and maintained in RPMI only for 4 d. Visual comparisons revealed a 

differential isolate-specific response to drug metabolites in terms of worm 

movement, morphology and viability. Specifically, the TCBZ.SO treatment had a 

reduced impact on wt and resistant isolate (B and C) NEJs at 18 h post drug 

exposure. This was characterised by moving worms with normal morphology 

compared to the susceptible isolate where movement was reduced to a "twitch" 

and body shape took a round/pear-shape appearance (see Figure 3.3 and videos

3.1) . This effect was exacerbated at 4 d post drug exposure where TCBZ.SO 

treated susceptible NEJs were no longer viable and the body was flaccid and 

disintegrating. Resistant isolates treated with TCBZ.SO at 4 d, although not 

healthy, retained body shape and some movement (see Figure 3.4 and videos

3.2) . All isolates treated with TCBZ took a round body shape at 18 h and 

displayed minimal movement (see Figure 3.3 and videos 3.1). Several resistant 

isolate C NEJs regained body shape and movement by 4 d post drug exposure 

(see Figure 3.4 and videos 3.2). Susceptible isolate, resistant isolate B and wt 

appeared flaccid, bloated and disintegrating, but small movements in the oral 

sucker of wt were observed (see Figure 3.4 and videos 3.2). Untreated, control 

treated and TCBZ.SO2 treated NEJs retained normal motility, morphology and 

viability for the duration of the assay.
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Figure 3.3. Stereo microscopy of F. hepatica NEJs, with different resistance 
status, exposed to TCBZ and its metabolites at 18 h. NEJs exposed to TCBZ were 
immotile with a spherical body shape and granular appearance. NEJs exposed 
to TCBZ.SO remained motile with the exception of the drug-susceptible isolate, 
which took a spherical shape and displayed twitch movements. Untreated, 
control treated and TCBZ.SO2 exposed NEJs retained normal shape and 
movement. Resistant isolates B and C represent independent field samples.
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Figure 3.4. Stereo microscopy of F. hepatica NEJs, with different resistance 
status, exposed to TCBZ and its metabolites at 4 d. NEJs exposed to TCBZ were 
dead and dissolved [susceptible and resistant (B) isolate] but some had 
elongated shape and twitch movements [wt and resistance isolate (C]J. 
Susceptible and wt isolate exposed to TCBZ.SO were either dead or displayed 
minimal twitch movements. Resistant isolates B and C displayed normal cycle 
of movement. Untreated, control treated and TCBZ.SO2 exposed NEJs retained 
normal shape and movement. Resistant isolates B and C represent independent 
field samples.
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3.4.4 Transcript abundance of FhMRPl and FhMDRZ in F. hepatica NEJs in 

response to TCBZ and its metabolites

NE]s were maintained in vitro for 18 h in the presence of TCBZ, TCBZ.SO, 
TCBZ.SO2 or LEV. Quantitative real-time PCR was performed on worms and 
compared to respective transcript levels in control treatment groups, i.e. DMSO 
treated. FhMRPl displayed a concentration-dependent significant increase in 
transcript abundance to TCBZ and TCBZ.SO (see Figure 3.5). For TCBZ 
exposures, FhMRPl showed a maximal increase in transcript abundance of 
4076% for 1 pM drug exposure and 2716% for 3 pM drug exposure. Despite an 
apparent increase in transcript abundance at higher concentrations assayed, 
these values were not statistically significant. For TCBZ.SO exposures, a more 
potent response was observed with an increase in FhMRPl of 5780% for the 3 
pM metabolite exposure. No significant difference was observed in FhMRPl 

transcript levels in TCBZ.SO2 exposures or in the LEV treated control treatment. 
FhMDRZ did not show any significant alterations in transcript abundance for 
any of the drug/drug metabolite exposures. The designated housekeeping gene 
FhCatL remained unchanged under the drug-exposure experimental conditions, 
validating its selection. Validation of reference genes is crucial and the work 
here highlighted the unsuitability of glyceraldehyde-3-P dehydrogenase 
(GAPDH) and leucyl aminopeptidase (LAP) as potential housekeeping 
candidates for TCBZ/TCBZ-metabolite exposures. This correlates with 
proteomic data that show GAPDH and LAP increase in response to TCBZ 
whereas no significant changes in cathepsin proteases were observed (Chemale 
etai, 2010).

3.4.5 Transcript abundance of FhoGST and FhpGST in F. hepatica NEJs in 

response to TCBZ.SO

NEJs were maintained in vitro for 18 h in the presence of TCBZ.SO. Quantitative 
real-time PCR was performed on worms and compared to respective transcript 
levels in control treatment groups, i.e. DMSO treated. FhoGST (single gene) 
displayed a significant increase of 118% in transcript abundance to TCBZ.SO 
compared to control treated (see Figure 3.6). A significant down regulation of
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Figure 3.6. Effects of TCBZ.SO on the transcript abundance of single gene, 
oGST, and multi-gene family, ^GST, in F. hepatica NEJs. A significant up 
regulation of 118.0% of FhoGST transcript occurred in response to 3 pM 
TCBZ.SO compared to the vehicle only control. Alternatively, significant 
reductions in FhpGST of 88.9% and 96.9% were observed at 10 pM and 30 pM, 
respectively. (n>8). *, P<0.05, **, P<0.01, ***, P<0.001.
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Fh/iGST (gene family) transcript was observed in NEJs exposed to 10 and 30 pM 

drug metabolite.

3.4.6 Transcript abundance of FhMRPl and FHMDR2 in F. hepatica NEJ 
isolates with distinct resistant status

3.4.6.1 Comparative baseline expression of FhMRPl and FHMDR2

F. hepatica isolates with a designated resistance status were obtained and 

compared for baseline/normal transcript abundance of FhMRPl and FhMDR2. 

Resistant isolate B and C displayed elevated levels of FhMDR2 and FhMRPl 

respectively, which was not considered statistically significant relative to the 

susceptible isolate (see Figure 3.7). The susceptible isolate and wt displayed 

similar levels of both FhMRPl and FhMDR2 that did not differ significantly from 

normal/unchanged expression as determined by the Pfaffl equation using the 

susceptible isolate as a normaliser (see Figure 3.7).

3.4.6.2 Comparative expression of FhMRPl and FhMDR2 in response to 
TCBZ and its metabolites
F. hepatica isolates with a designated resistance status were maintained in vitro 

for 18 h in the presence of 3 pM TCBZ, TCBZ.SO or TCBZ.SO2. Quantitative real

time PCR was performed and used to compare the respective transcript levels in 

experimental and control treatment groups, i.e. DMSO treated. Isolate B 

displayed an upregulation of FhMRPl and FhMDR2 in response to TCBZ but this 

was not statistically significant and no significant difference was observed 

between drug treated and control treated parasites in any other treatments for 

all of the isolates involved (see Figure 3.8).

3.4.7 FhMRPl and FhMDR2 long-dsRNA triggers specifically knock-down 
respective transcripts
A simple soaking method was employed to trigger an RNAi response in FhNEJs. 

Worms exposed to dsRNA constructs were maintained and assayed at 3, 12 and 

21 d post trigger induction. Experiments targeted either a single gene or 

employed a cocktail of dsRNAs targeting both FhMRPl and FhMDRZ.
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Figure 3.7. Baseline expression of FhMRPI and FhMDR2 in control groups of F. 
hepatica NE) isolates each with a designated resistance status. The dashed line 
represents 100% transcript abundance i.e. normal/unchanged expression 
levels. No significant difference was detected between isolates (n>3). *, P<0.05, 
**, P<0.01,***, P<0.001.
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Figure 3.8. Effects of TCBZ, TCBZ.SO, TCBZ.SOz on the transcript abundance of 
FhMRPI and FHMDR2 in isolates of F. hepatica NEJs. Each isolate has a 
designated drug resistance status. Resistant isolate B displayed a notable up 
regulation of both FhMRPI and FhMDR2 in response to TCBZ but there was no 
significant difference in transcript abundance compared to vehicle only controls 
(n>3). Resistant isolate C and the susceptible isolate also showed no significant 
difference in transcript abundance post drug administration. *, P<0.05, **, 
P<0.01,***, P<0.001.
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Worms were assessed for transcript abundance using quantitative real-time 

PCR with FhGAPDH as a pre-validated housekeeping gene. Firstly, we show that 

both FhMRPl and FhMDR2 are amenable to RNAi with significant reductions of 

transcript in single target experiments at a 3 d time point of 87% and 85%, 

respectively (see Figure 3.9A and B). A significant up-regulation in transcript 

abundance was observed for FhMRPl in response to drug/drug metabolite, 

shifting the focus for further single target experiments to this gene. The KD of 

FhMRPl transcripts was maintained at significant levels for up to 21 d, although 

there did appear to be some recovery of transcript abundance by the latest time 

point assayed (see Figure 3.10A). Transcript KD of FhMRPl was achieved in 

single-target and dual-target RNAi experiments (see Figure 3.10B] with no 

effects to FhMDR2 in dsRNA-FhMRPl treated worms. There was no significant 

reduction in transcript level in untreated and non-target-dsRNA control treated 

parasites.

3.4.8 Post RNAi TCBZ.SO susceptibility assay in wt F. hepatica NEJs

To test whether a reduction in FhMRPl or FhMRPl/FhMDR2 affected the 

parasites susceptibility to TCBZ.SO, worms were exposed to pre-optimised 

concentrations of drug-metabolite for 18 h and assayed for viability. Single or 

double target dsRNA, non-target (neomycin phosphostransferase) dsRNA, 

control-target dsRNA (FhCatL) and zero-dsRNA treated parasites were washed 

and visually assessed for phenotype before exposing to MTT. Parasites were re

washed and counted for viability: a dark purple tinge indicated worms were 

viable and unstained (dark brown) worms indicated parasites were not viable. 

In assays 12 d post RNAi trigger induction, no differences in viability (drug 

susceptibility) were observed in either single target or double target 

experiments (n>4) (see Figure 3.11A and B, respectively). Assays were also 

carried out 21 days post dsRNA-FhMRPl exposure, but no differences in 

viability were observed post drug metabolite exposure (n>4) (see Figure 3.11C). 

FhMDR2 was omitted from 21 day assays as initial focus was on the TCBZ 

responsive gene FhMRPl.
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Figure 3.9. Effects of double stranded (ds)RNA (single target) treatments on F. 
hepatica NEJs FhMRPl and FhMDR2 transcript abundance 3 days post RNAi 
trigger exposure. FhMRPl (A), FhMDR2(B) are amenable to RNAi with a 
significant KD of 86.7% and 84.6% reduction in transcript levels for single 
target experiments (n>5). *, P<0.05, **, P<0.01, ***, P<0.001.

82



A
I I Day 3

B

100-

I I FhMRPI 
I I FhMDR2

Figure 3.10. Effects of double stranded (ds)RNA on F. hepatica NEJs FhMRPI 
and FhMDR2 transcript abundance. (A) A time course of FhMRPI RNAi 
demonstrates a significant suppression of transcript abundance is maintained 3, 
12 and 21 d post RNAi trigger with KD of 77.0%, 77.6%, and 34.7%, 
respectively. (B) FhMRPI transcripts are specifically supressed in 12 d single 
target treatments. FhMRPI and FhMDR2 are amenable to double target RNAi 
with a significant KD of 84.5% and 78.6% reduction in transcript levels (n>6). *, 
P<0.05, **, P<0.01, ***, P<0.001.
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Figure 3.11. Drug-susceptibility assays post ABC transporter RNAi in wild-type 
isolates, 12 and 21 days after RNAi induction. F. hepatica NEJs were exposed to 
TCBZ.SO for 18 h at 12 d post RNAi induction and were assayed for viability. 
Single target (A) and double target (B) experiments showed no difference in 
viability between treatment groups at TCBZ.SO concentrations assayed (n>4). 
This assay was repeated on single target RNAi worms maintained for 21 d (C) 
and demonstrated no difference in viability between treatment groups at 
TCBZ.SO concentrations assayed (n>4). *, P<0.05, **, P<0.01, ***, P<0.001.
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3.4.9 FhaGST RNAi and drug sensitivity assay

Worms were exposed to dsRNA constructs targeting FhoGSTand maintained for 

21 d. A significant reduction in transcript levels was achieved of 97% (see 

Figure 3.12A). Drug susceptibility assays were carried out (as described above) 

and revealed no significant difference in viability between control and treated 

worms for any of the concentrations assayed (see Figure 3.12B).

3.4.10 Post RNAi TCBZ.SO susceptibility assay in resistant isolate F. 

hepatica NEJs

Resistant isolates B and C were assayed (as above) to investigate if FhMRPl and 

FhMDR2 play a role or contribute to the resistance status. During this 

treatment, worm maintenance conditions were modified to RPMI 20% FBS 

(discussed later in Chapter 4). It was crucial to wash serum out as TCBZ binds 

strongly to albumin. Isolate C parasites treated with dsRNA-FhMRPl/FhMDR2 

did show a significant reduction in viability, with 29% less worms surviving an 

8 pM TCBZ.SO exposure compared to control treated worms (see Figure 3.13). 

The length and area of worms were recorded but no significant differences in 

growth were observed between treatment groups (data not shown). The 

viability of RNAi worms were visually monitored until death and no significant 

differences were observed between treatment groups (data not shown). 

Significant numbers of NEJs were not viable in isolate B untreated groups and 

there was no significant difference in viability between control treated and 

dsRNA-FhMRPl/FhMDR2 treatments (data not shown).
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Figure 3.12. Effects of double stranded (ds)RNA treatments on F. hepatica NEJs 
response to TCBZ-SO. Transcript abundance 21 d post RNAi trigger exposure in 
the absence (-) of serum was significant with a KD of 97.0% (n=4). Drug- 
susceptibility assays 21 d post RNAi induction revealed no alterations to NEJ 
viability following drug exposure (n>5). *, P<0.05, **, P<0.01, ***, P<0.001.
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Figure 3.13. Drug-susceptibility assays 12 d post ABC transporter RNAi on F. 
hepatica drug resistant isolate C. NEJs exposed to dsRNA-FhMRPl/FhMDR2 
were subsequently treated with TCBZ.SO and displayed a significant decrease in 
viability of 28.7% compared to control treated NEJs (n=3). *, P<0.05, **, P<0.01, 
***, P<0.001.
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3.5 Discussion

This study reports the in vitro effects of TCBZ and its metabolites on F. hepatica 

NEJs. Orthologues of ABC transporters SmMRPl and SMDR2, have been located 

in the F. hepatica transcriptome and monitored for transcriptional response to 

drug treatments alongside selected GST detoxification genes. Although a partial 

SIV1DR2 (Pgp) orthologue was previously identified in immature F. hepatica 

(Reed et ai, 1998) and variations in Pgp allele (excluding contigl473) 

frequency demonstrated between susceptible and resistant populations 

(Wilkinson et al., 2012), functional analyses have not been performed in any F. 

hepatica stage. Reports of TCBZ resistance have highlighted the need to 

understand the mechanism(s) of resistance to determine if there is potential to 

increase drug life span. Additionally, relatively little is known about liver fluke 

ABC transporters from a biological standpoint compared to the plethora of data 

in other organisms including multiple protozoan and helminth parasites. The 

link between specific ABC transporters and reductions in drug efficacy is well 

established in disease states such as cancer and has also been associated with 

anthelmintic resistance in the nematodes and the platyhelminths (Lespine etal., 

2012). Here, the in vitro response to TCBZ is monitored and a reverse genetics 

approach is utilised to interrogate the potential involvement of selected 

detoxification genes in drug susceptibility in F. hepatica NEJs/juveniles.

Previous studies have localised MRP1 adjacent to the tegumental cell layer of F. 

gigantica (Kumkate etal., 2008) and 5. mansoni (Kasinathan etal., 2010b). For 

the purpose of this study, the antibody used for positive MRP1 staining in F. 

gigantica was employed for immunolocalisation and confocal microscopy. No 

positive specific staining was observed for MRP1 in NEJs alongside positive 

controls. This could have occurred due to differences in life cycle stage (NEJ vs. 

adult), methodology (whole mount vs. sections), or divergence of the proteins 

between species. The first two seem unlikely in that the target protein is 

expressed in both life stages and F. hepatica NEJs and adults are highly 

amenable to immunocytochemical methods. Unfortunately, no sequence data 

were provided for F. gigantica MRP1 to ascertain if the latter possibility is the
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case. A sequence for FgMRPl does appear in the F. gigantica transcriptome 

(contigl9299) but does provide suitable coverage to inform on divergence in 

epitope sequence. Concurrently, no bands were detected on western blots for 

MRP1 in either NEJ or adult F. hepatica protein samples.

Prior to investigating the role of selected detox genes in a drug response, it was 

crucial to demonstrate that TCBZ is active against NEJs. Four isolates of F. 

hepatica were exposed to TCBZ, TCBZ.SO or TCBZ.SOz in vitro revealing 

differential responses to TCBZ.SO depending on resistance status, i.e. wt 

(unknown resistance status) and resistant worms were able to survive 

metabolite exposure unlike the drug susceptible isolate. A similar response was 

observed in adult F. hepatica where TCBZ-susceptible (Cullompton) displayed 

reduced motility compared to resistant (Sligo) worms in response to TCBZ.SO 

(Chemale etai, 2010). This finding could potentially be developed as an in vitro 

diagnostic tool for drug resistance in laboratory-maintained lifecycles. 

Interestingly, resistant isolate C also recovered from TCBZ treatments by day 4. 

According to the phenotypes observed, the TCBZ metabolites should be ranked 

TCBZ > TCBZ.SO > TCBZ.SO2 in terms of potency against F. hepatica NEJs. 

TCBZ.SO2 treated parasites retained a normal phenotype in contrast to the 

untreated and control treated groups, i.e. they were motile with regular 

morphology, indicating that TCBZ.SO2 is the least active metabolite against NEJs 

in vitro, as previously suggested in the literature (Mestorino etal., 2008).

Transcriptome analysis, using previously determined SmMRPl and SMDR2 

translated sequences, revealed orthologues of these in F. hepatica. Therefore, 

although FhMRPl and FhMDR2 genes are expressed in F. hepatica, due to the 

preliminary state of the transcriptome, no contigs equating to the full length 

coding sequences are present. FhMRPl and FhMDR2 have been shown to 

possess a 62% and 51% sequence identity with their 5. mansoni counterparts.

A transcriptional response to TCBZ and its metabolites (at comparable in vivo 

plasma concentrations) was observed for selected detoxification genes. Note 

that due to the drug resistant and susceptible isolates becoming available
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towards the end of the project, and with limited availability, the majority of the 

experimental work was carried out on the wt parasites of unknown resistance 

status. FhMRPl displayed a significant and concentration dependent increase in 

transcript abundance in response to both TCBZ and TCBZ.SO compared to 

vehicle treated controls. Responses ranged from 7 to 41 fold in TCBZ 

treatments and 12 to 58 fold in TCBZ.SO treatments and represent a more 

potent response than that observed in 5. mansoni where an >5 fold increase in 

SmMRPl mRNA was observed (Kasinathan et al., 2010b). No significant 

difference in FhMRPl was detected in TCBZ.SO2 and LEV control treated worms. 

On the other hand, no significant differences were observed for FhMDR2 

transcript abundance in any of the treatment groups. Hines-Kay et al., (2012) 

used a microarray approach to show that the expression of several ABCs change 

in response to PZQ treatment in schistosomes. The transcript abundance of 

FhoGST (single gene) and Fh^iGST (multi-gene family) were also found to alter 

significantly in response to TCBZ.SO exposure. FhoGST was significantly 

increased whereas a significant decrease was observed for FhoGST at the higher 

concentrations assayed. This corroborates with previous proteomic data that 

showed a decrease in GST-26b and GST-1 proteins, both mu family members, in 

response to higher doses of TCBZ (Chemale et al., 2010). These data support a 

role for Phase 2 detoxification proteins in liver fluke responses to drug 

treatment and suggest different roles for distinct GST families.

Previously, SMDR2 has been shown to have an elevated expression level in an S. 

mansoni isolate with reduced PZQ susceptibility (Messerli et al., 2009). Access 

to clonal parasite isolates with a confirmed resistance status allowed for the 

comparison of baseline FhMRPl/FhMDR2 transcript levels between susceptible 

and resistant strains. A small increase in FhMDR2 and FhMRPl was observed in 

resistant isolates B and C, respectively, although this was not statistically 

significant. Further, we tested the hypothesis that the overexpression of these 

transcripts might be induced in resistant compared to susceptible worms, i.e. a 

reduction in drug susceptibility is a plastic response. The transcript abundance 

of FhMRPl and FhMDR2 were markedly upregulated in response to TCBZ in 

resistant isolate B. This was not statistically significant due to the variability in
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response and small sample size due to the restricted availability of these 

isolates.

The pharmacological disruption, and silencing, of SMDR2 and SmMRPl in 5. 

mansoni reduced fecundity (reduction in egg numbers), although no alterations 

in drug susceptibility were identified (Kasinathan et ai, 2011). Latterly, it was 

disclosed that multiple ABC transporters needed to be targeted simultaneously 

to induce an altered PZQ response phenotype (personnel communication, Prof 

R Greenberg, University of Pennsylvania, February 2014). RNAi was employed 

to silence FhMRPl, FhMDR2 and FhoGST and assess the impact on worm 

viability and ability to survive TCBZ.SO exposure. The FhMRPl and FhoGST 

were the focal targets due to their upregulation in response to TCBZ.SO 

exposure. All target transcripts were significantly suppressed in worms 

exposed to dsRNAs targeting either a one gene [FhMRPl or FhoGST*) or multiple 

genes [FhMRPl and FhMDR2). A significant KD of FhoGST protein has been 

detected by day 12 following RNAi induction (personal communication, Dr P 

McVeigh, Queen’s University Belfast). This informed the selection of a time 

point for phenotype analysis in the experiments undertaken in this study. 

Silencing of FhMRPl, singly or in conjunction with FhMDR2, or FhoGST had no 

significant effect on wt worms ability to survive TCBZ.SO exposures. To 

investigate the potential role of FhMRPl/FhMDR2 in drug susceptibility in a 

field isolate with confirmed TCBZ resistance, a modified RNAi set up was 

employed (rationale discussed in Chapter 4). RNAi-worms from resistant 

isolates (B and C) were maintained in (+) serum to day 12 after which the 

parasites were exposed to TCBZ.SO. Significantly more (28.7%) worms 

survived the drug pressure at the higher concentration assayed in control 

treated groups compared to groups with silenced FhMRPl/FhMDR2. These data 

indicate that FhMRP/FhMDR2 could play a role in drug efflux in F. hepatica. Due 

to the restricted tissue availability, these experiments were carried out in 

triplicate and could not be repeated within the timeframe available. Further 

investigations are needed to confirm the involvement of these Pgps in TCBZ- 

resistance.
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This chapter demonstrates for the first time that TCBZ/TCBZ-metabolites are 
active against the invasive NEJ life stage of F. hepatica in vitro. An upregulation 
of FhMRPl and FhoGST in response to drug treatments suggest their 
involvement in diminishing response to drug, as was the case for a drug 
resistant field isolate. Preliminary RNAi data indicate that TCBZ susceptibility 
can be selectively increased in drug-resistant liver fluke isolates by silencing 
selected ABC transporters. These data support a role for ABC transporters in 
anthelmintic resistance in liver fluke.
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Chapter 4

Functional assessment of 
calmodulin-like proteins in Fasciola 
hepatica newly excysted juveniles
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4.1 Abstract

Deficiencies associated with the available flukicides highlight the need to 

identify and validate novel drug-targets in Fasciola species parasites. 

Calmodulins are small calcium-sensing proteins with ubiquitous expression in 

all eukaryotic organisms. They act by transducing fluctuations of intracellular 

calcium levels into cell signalling events and are involved in mediating 

processes such as the phosphorylation status of protein kinases, gene 

transcription and calcium transport. In the blood fluke Schistosoma mansoni, 

calmodulins have been implicated in egg hatching, miracidial transformation 

and larval development. Previously, calmodulins have been identified amongst 

liver fluke excretory-secretory products and three calmodulin-like proteins 

have been biochemically characterised in adult Fasciola hepatica. This chapter 

aims to investigate the drug target candidature of FfrCaMl, F/iCaM2 and F/iCaM3 

through analyses of their expression and function using reverse genetics 

coupled with behavioural phenotype assays in newly excysted juveniles (NEJs]. 

Results reveal that: (i) FhCaMs are expressed in NEJs (F/iCaM2 and F/?CaM3 

localise to myocyton-like cells and processes); (ii) FhCaMs are amenable to 

RNAi (dsRNA directed against FhCaMl, FhCaM2 and FhCaM3 triggered 

transcript knockdown of 68%, 94% and 97%, respectively). Comparable effects 

were observed using an siRNA trigger which has not previously featured in the 

literature; (iii) FhCaM-RNAi results in protein knockdown in NEJs maintained in 

vitro for up to three weeks and is enhanced by the supplementation of 

maintenance media; (iv) FhCaM-RNAi reveals a growth defect phenotype. 

These data suggest that F/?CaM is important for normal growth in juvenile fluke 

and could have drug target appeal.
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4.2 Introduction

Calcium ions (Ca2+) are ubiquitous messenger molecules with an array of roles 

in physiological and metabolic pathways. External stimuli or signals often lead 

to variations in intracellular Ca2+ levels that regulate processes such as 

transcriptional control, neurotransmitter release and muscle function (Bootman 

et al, 2001). The range of responses that can result from Ca2+ signalling are a 

direct result of the temporal and spatial organisation of the signal (Berridge et 

al., 2003). In many cases, particularly longer acting responses, effector proteins 

cannot bind Ca2+ directly and require an intermediate Ca2+ sensing protein in 

order to initiate a biological response.

Calmodulin (CaM) is one of the most well studied Ca2+ sensing proteins in 

mammals that not only functions as a monomer, but also can act as a subunit in 

multimeric proteins (Saimi and Rung, 2002). CaM is a small cytosolic protein of 

approximately 17kDa that exhibits a dumbbell-like shape. It possesses two 

globular domains, each with the ability to bind two Ca2+ (four binding sides per 

CaM), connected by a flexible linker region. Cytosolic Ca2+ levels remain low 

(~100 nM compared to mM extracellular levels) in resting cells such that small 

increases in free Ca2+ can trigger a response (Clapham, 2007). When Ca2+ levels 

rise in the cytosol, CaM binds the ions resulting in a conformational change. 

This aids the Ca2+/CaM complex interaction and subsequent modulation of 

target proteins (O’Day, 2003). Cooperative binding properties of CaM mean that 

small increases in cytosolic Ca2+ can be translated into relatively large changes 

in active CaM that can act in a variety of ways such as: relieving autoinhibition, 

recruiting proteins and active site remodelling (Hoeflich and Ikura, 2002). 

Roles of activated CaM include: microtubule assembly and disassembly, 

allosteric activation of Ca2+ ATPases (plasma membrane pumps that transport 

Ca2+ out of the cell against electrochemical gradient), modulating cAMP 

phosphodiesterases; nitric oxide synthase, and a variety of proteins kinases 

including ones that regulate various transcription factors (O’Day, 2003).
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The interference of Ca2+ regulation has been utilised for therapeutic means in 

many disease states. In parasites, Ca2+ disruption has been implicated in the 

mode of action of Praziquantel for the control of Schistosoma mansoni and other 

cestode infections (Day et al, 1992). As CaMs play such fundamental roles in 

Ca2+signalling, they have been targeted for therapy in hypertensive, psychotic, 

cancer and multidrug-resistance disease states (Mayur et al, 2006). The 

versatility of mammaliam CaM has encouraged investigations in many 

organisms including model systems Drosophila melanogaster and 

Caenorhabditis elegans, and revealed developmental implications for CaM 

mutants (Nelson etal., 1997; Karabinos etal, 2003). Despite this interest, CaMs 

in flatworms are still quite poorly understood. CaM-like proteins have been 

identified in several important fluke infections. Two CaMs have been identified 

and characterised from 5. mansoni (Taft and Yoshino, 2011) and show high 

sequence identity (>98 %) to CaMs from other organisms. RNAi was employed 

in this study to suppress CaM transcripts revealing a reduced length of the 

larval stage while CaM antagonists were shown to inhibit miracidial 

transformation in a concentration dependent manner (Taft and Yoshino, 2011). 

The interruption of developmental stages, such as impacting miracidial 

transformation and egg hatching, has previously been linked to CaM dependent 

processes in S. mansoni (Kawamoto etal., 1989; Katsumata etal., 1989). A CaM- 

like protein has been identified in Schistosoma japonicum although it is 

divergent from the classical sequence and structure (Hu et al., 2008). 

Importantly, three CaM-like proteins have been identified and characterised 

biochemically in Fasciola hepatica (Russell etal., 2007; Russell etal., 2012). The 

first, FhCaMl, displays high identity to mammalian CaM with only two amino 

acids differing. F/?CaM2 and F/?CaM3 are more divergent, displaying less 

sequence similarity and distinct biochemical and ion binding properties. This 

has led to the hypothesis that they are involved in different pathways or 

perform roles distinct from that of F/iCaMl in the organism. 

Immunolocalisation failed to detect FhCaMl but localised F/?CaM2 and FhCaMS 

to reproductive tissue. This study aims to investigate the biological function of 

FhCaMl, FhCaM2 and F/?CaM3 in the newly excysted juvenile (NEJ) stage of F. 

hepatica. Specific antagonists of CaM were employed to assess the involvement
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of CaMs in NEJ movement and growth. Molecular approaches explored the 
expression of these genes during in vitro maintenance of the NEJs and RNAi was 
used to investigate the relationship between individual CaMs and growth.
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4.3 Methods and materials

4.3.1 Parasites and maintenance
F. hepatica metacercariae acquired from Baldwin Aquatics Inc. (Monmouth, 

Oregon, USA) were used for the purpose of this study. Excystment of 

metacercariae was achieved as before (see section 3.3.1). The NEJs were then 

used immediately for further studies or maintained in RPMI 1640 

supplemented with antibiotic/antimycotic (lOOU/ml penicillin, lOOpg/ml 

streptomycin and 25pg/ml amphotericin B, Life technologies), +/- 20% (V/V) 

foetal bovine serum (FBS) at 37°C in 5% COz.

4.3.2 Genomic organisation of CaM encoding genes
A draft genome (supplied courtesy of Dr J Hodgskinson and Dr Steve Patterson, 

University of Liverpool) was queried using tBLASTn analysis for the translated 

sequences of FhCaMl, FhCaMZ, and FhCaMS. Returned hits were assessed for 

score and E value and manually assembled to decipher exon organisation. 

Contigs were aligned with the corresponding query sequence to ensure identity.

4.3.3 Localisation of CaM in F. hepatica NEJs
NEJs were anaesthetized, fixed, prepared for immunostaining and subsequent 

analysis as before (see section 3.3.3). Primary antisera included anti-CaM 

antiserum (raised in rabbit against recombinant human-CaM), F/jCaM2 and 

FhCaxnd [see (Russell etal, 2012)], at 1:200 [diluted in antibody diluent (AbD; 

0.1M PBS, 0.1% [V/V] TritonX-100, 0.1% [W/V] bovine serum albumin, 0.1% 

[W/V] NaNs)] for two days. The secondary antibody used was a fluorescein 

isothiocyanate (FITC)-labelled goat anti-rabbit immunoglobin at 1:1000 (in 

AbD) overnight.

4.3.4 CaM antagonists
Two known CaM antagonists, Trifluoperazine (TFP) and W7-hydrochloride, 

were employed to test the involvement of CaM in NEJ motility and growth. Each 

inhibitor was dissolved in 100% dimethylsulfoxide (DMSO) and added to 

maintenance media such that final DMSO concentration was 0.1%. Two 

administrations were set up: 1) short term antagonist exposure (-) FBS; 18 h at
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final concentrations 10, 5, 2 and 0.5 |iM, vector (DMSO) only control and 

untreated control, and 2) long term exposure [+) FBS; up to 7 days in constant 

presence of TFP with final concentrations at 5, 1, 0.5, 0.1, 0.05 pM plus controls 

as outlined above. NEJs were assayed at 18 h for motility (numbers moving) in 

set up 1, and 7 days for motility and growth in set up 2. Images were captured 

using Leica MZ 12.5 stereomicroscope and Unibrain digital camera (Fire-i) and 

corresponding software. Images were subject to measurements of length and 

area using ImageJ (Schneider et al, 2012). The method developed for the 

purpose of this study included: calibrating images to scale, processing to binary, 

filtering for particles, and selected for automated measurements of area and 

major axis (length).

4.3.5 Silencing FhCaMs using RNAi
For details of cDNA synthesis see section 3.3.6. FhCaMl (450bp), FhCaM2 

(441bp) and FhCaM3 (441bp) gene fragments were amplified using gene 

specific primers (see Table 4.1), purified (ChargeSwitch® PCR Clean-Up Kit, Life 

Technologies), assessed on agarose gel and sequence verified using nested 

primer sets. All dsRNA T7 construct templates were amplified using verified, 

purified DNA templates. FhCaMl (190bp), FhCaM2 (221bp) and FhCaM3 

(210bp) PCR fragments were generated using gene-specific primers flanked by 

T7 RNA polymerase promoter sequences such that T7 labelled DNA templates 

were generated with sense and anti-sense polarities (see Table 4.2). Non-target 

control (neomycin phosphotransferase) dsRNA T7 labelled DNA templates were 

generated from the cloning vector pEGFP-NI (Clontech Laboratories Inc.). For 

details of dsRNA generation see section 3.3.6. SiRNAs were synthesised by 

Integrated DNA technologies (see Table 4.3). The concentration of each 

dsRNA/siRNA construct was determined using a NanoDrop ND1000-A 

spectrophotometer at 260nm and purity was judged using 260/230nm and 

260/280nm values. NEJs were soaked in a 100 ng/pl (dsRNA), or 50 ng/pl 

(siRNA), for 4 h in RPMI supplemented with antibiotic/antimycotic at 37°C in 

5% COz. After this 4 h incubation, dsRNA was removed and NEJs were 

maintained as above for up to 21 days. Throughout treatments, worms were
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observed using light microscopy, images for measurements were taken as 

above, and any phenotypic characteristics recorded.

Table 4.1 Oligonucleotide sequences used for amplification of full CaM coding sequence

Gene
name

EMBL
databank
accession
number

Forward primer 
(5'-3)

Reverse primer 
(3-5’}

Size of 
amplicon 

(bp)

FhCaMl AM412546 atggctgatcaactcacagaaga tcattttgcagtcatcattttcac 450
FhCaMZ AM412547 ggtgcaccatctctcacaag ttgcgcagaagagtcaagaa 441
FhCaMS JQ792169 atggctgactttgatatggatca ctacaggtattcgtatgcaaattcc 441

Table 4.2 Oligonucleotide sequences used in the generation of dsRNA T7 templates

Gene name EMBL
databank
accession
number

Forward primer 
(5-3’)

Reverse primer (3'-
5)

Size of 
amplicon 

(bp)

FhCaMl AM412546 cagaagagcagatcgcagaa aattcggggaaatcaatggt 190
FhCaMZ AM412547 agatgccacggaactgaaag aaatgtacccgtcgccatta 221
FhCaMS JQ792169 atgacgctgtacgacaccaa agtggtgggcacaacgatac 210

Neomycin
phosphotransferase

U55762 ggtggagaggctattcggct ccttcccggttcagtgacaa 223

The T7 promoter (5’ TAA TAG GAG TCA CTA TAG GG 3’) flanked the primers at the 5’ end

Table 4.3 Oligonucleotide sequences used for the generation

Target siRNA 1 siRNA 2 Size
ibp)

S: augacugucccaagcuccuucguggua 27 
A: ccacgaaggagcuugggacagucat
S: gagauaaauucagggaaauuuaugguu 27 
A: ccauaaauuucccugaauuuauctc
S: cagaaauccaucuccauucuuaucgau 27 
A: gauaagaauggagauggauuuctg

FhCaMl S: acggaaugcuucucgaauuuccuccuc
A: ggaggaaauucgagaagcauuccgt 

FhCaMZ uauguaagacugaucucaauucuuccg
A: gaagaauugagaucagucuuacata

FhCaMS S: ucccugucacuaacccuccucuuuguu 
A: caaagaggaggguuagugacaggga

Scrambled
control

S: aggaaggagagaaagagagggaacacu 
A: cuuccucucuuucucucccuuguga 27

4.3.6 Real-time quantitative PCR to assess transcript abundance
Transcript abundance was assessed in NEJs during maintenance at 0-, 1-, 3-, 5- 

and 7- days. For RNAi experiments, transcript abundance was assessed at 3-, 

14- and 21- days post dsRNA exposure. Poly-adenylated mRNA was extracted 

from treatment groups (20 NEJs per replicate) as outlined in the manufacturer’s 

instructions (Dynabeads® mRNA direct Kit, Life Technologies) and used to 

synthesise cDNA (High Capacity RNA-to-cDNA kit, Life Technologies) post 

DNase treatment (Turbo DNA-free™, Life Technologies). qRT-PCRs were 

carried out on Rotor-Gene Q real-time PCR cycler (Qiagen). Gene specific
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primers for qRT-FhCaMl, qRT-FhCaM2, qRT-FhCaM3 and qRT-FhGAPDFI 

(housekeeping gene) (see Table 4.4) were used to a final concentration 1.25 pM 

respectively in an 8 pi PCR reaction (FastStart SYBR Green Master, Roche). 

Cycling parameters included 95°C 10 s, 60°C 15 s, 72°C 30 s for 40 cycles, and 

triplicate technical PCR replicates were carried out alongside corresponding no 

template controls. A dissociation curve was generated at the end of the PCR 

cycle to assess amplification specificity.

Table 4.4 Oligonucleotide sequences used for quantitative real-time PCR

Gene name EMBL
databank
accession
number

Forward primer 
(5-3)

Reverse primer 
(3-5)

Size of 
amplicon 

(bp)

FhCaMl AM412546 tggtaacgggaccattgatt ttatcgaacacacggaatgc 108
FhCaM2 AM412547 atcgcggcaatcttgataat ttgcgcagaagagtcaagaa 106
FhCaMS JQ792169 agcttcggaactgcacaaat cgttgtcaccatctttgtcg 101

FhGAPDH AY005475 ggctgtgggcaaagtcattc agatccacgacggaaacatca 90

4.3.7 Western blotting to assess protein abundance

Protein abundance was assessed post-RNAi +/- serum at day -7, -14 and -21. 

Protein was extracted from tissue matched (50 NEJs) homogenised treatment 

groups in 50 pi RIPA (radioimmunoprecipitation assay) buffer (Sigma-Aldrich) 

in the presence of protease inhibitors (Proetase inhibitor cocktail, Roche) and 

phosphatase inhibitors (Phosphatase inhibitor cocktail 2, Sigma-Aldrich). For 

details on western blot conditions see section 3.3.4. The membrane was cut 

horizontally and probed at 4°C overnight with antisera in blocking buffer. The 

top half (high molecular weight proteins) was probed with rabbit anti-actin 

(1:400) (Sigma Aldrich) as a loading control. The bottom half (low molecular 

weight proteins) was probed with rabbit anti-FhCaMl (1:1000), rabbit anti- 

FhCaM2 (1:1000) or rabbit anti-FhCaM3 (1:1000). The membranes were 

washed 5 times for 5 m in TBST prior to probing with secondary antibody. 

Membrane parts were incubated in alkaline phosphatase conjugate anti-rabbit 

produced in goat (Sigma Aldrich) (1:1000) in blocking buffer for 2 h at room 

temperature. The membrane was then washed 5 times for 5 m in TBST before 

development in NBT/BCIP (nitro blue tetrazolium chloride/5-bromo-4-chloro- 

3-indolyl-phosphate, toluidine-salt) dissolved in distilled HzO. Development
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was monitored until completion. Membranes were washed in distilled H2O, 

dried and scanned.

4.3.8 Data analysis

For qPCR analysis, the efficiency of each amplicon was calculated using PCR 

miner (Zhao et ai, 2005) and used for relative quantification of target 

transcripts to reference genes (Pfaffl, 2001). Transcript abundance is presented 

in % abundance where 100% is unaffected expression. Data are presented as a 

mean value of >3 experiments (±standard error) and differences between 

groups were assessed using Pad Prism 6 with p values <0.05 considered 

statistically significant. The Komogorov-Smirnov test was employed to test 

normality of the data. Data with a normal distribution was tested using 

parametric ANOVA with Tukey multiple comparison or Dunnett's post-test with 

control treated groups designated as the comparator; data that did not have a 

normal distribution was tested using Kruskal-Wallis test with Dunns multiple 

comparisons.
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4.4 Results

4.4.1 Genomic organisation
Analysis of hits collected from querying the genomic dataset with pre-confirmed 

FhCaMl, F/)CaM2 and FhCaMS sequences revealed: firstly, FhCaMl exists as 

paralogues in 2 copies, and secondly, one full length (scaffoldl9554) and one 

that comes in 3 exons (scaffold240). FhCaMZ has only one copy where 2 exons 

were located (scaffold36125) and the 3’ end could not be located. FhCaMS also 

has one copy existing as 3 exons (scaffolds 198). No other significantly similar 

CaMs were identified.

4.4.2 Expression and localisation

4.4.2.1 Transcript abundance of calmodulin-like proteins in F. hepatica 
NEJs
NEJs were maintained in vitro under two conditions: 1) RPMI media- NEJs 

survive in a steady state with no growth or development, and, 2) RPMI +20% 

FBS- NEJs grow in size and gut development can be observed. Quantitative real

time PCR was performed on worms maintained for 1-, 3-, 5- and 7-days, and 

compared to respective transcript levels at 0-day. FhCaMl, FhCaM2 and 

FhCaM3 displayed a significant decrease of transcript abundance, irrespective of 

maintenance conditions, and no recovery of the transcript levels were observed 

within the time allotted (see Figure 4.1). FhCaMl progressively and 

significantly diminishes over the time assayed.

4.4.2.2 Immunocytochemistry (ICC) localisation of calmodulin-like 
proteins in F. hepatica NEJs
FhCaM2 and FhCaMS immunoreactivity (IR) was detected in the myocytons of F. 

hepatica NEJs (see Figure 4.2 and 4.3). No specific FhCaMl-IR was detected. 

FhCaM2 and FhCaMS displayed similar diffuse staining patterns with IR present 

in cell bodies forming the bulk of the parenchyma. Filamentous muscle was 

stained with Phalloidin and aided in the delineation of CaM-IR cells lying below
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Figure 4.1. Relative transcript abundance of FhCaMI (A), FhCaMZ (B), and 
FhCaMS (C], during in vitro maintenance of F. hepatica NEJs +/- serum over 7 
days. Columns represent mean transcript abundance ± SEM, detected by real
time qPCR using FhGAPDH as a reference gene. Values presented are calculated 
relative to day -0 NEJs for n=5 replicates. *, P<0.05, **, P<0.01, ***, P<0.001, 
****, P<0.0001.
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Figure 4.2. Confocal immunofluorescence microscopy of F. hepatica NEJs. 
Calmodulin 2 (F/iCaM2) positive staining appears in green and muscle fibres 
appear red. (A) FV?CaM2 staining was present throughout the body of the NEJ. 
FhCaMZ positive cells were situated just beneath and adjacent to the sub- 
tegumental muscle layer. (B) FhCaMZ staining of individual cell bodies was 
apparent. (C) In the midsections of the NE], FhCaMZ staining appears around 
the periphery as the gut occupies much of the mid-body at this stage. CB: cell 
bodies, P: processes.
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Figure 4.3. Confocal immunofluorescence microscopy of F. hepatica NEJs. 
Camodulin 3 (F/?CaM3) positive staining appears in green and muscle fibres 
appear red. (A-D) Dorsal to ventral sections revealed F/?CaM3 staining was 
present throughout the body of the NEJ showing a similar distribution to 
F/?CaM2. (E-F] F/?CaM3 positive cells were located beneath and adjacent to the 
sub-tegumental muscle layer. Similar staining patterns were observed for both 
FftCaMZ and F/?CalV13. CB: cell bodies, P: processes
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and adjacent to the muscle layer and packed around the gut (Figure 4.2A and 

4.3A-D]. Individual cell staining is evident throughout the NEJs (Figure 4.2B 

and 3E-F)(characterised by dark unstained nuclei) and distinct processes from 

the stained cells can be seen extending towards muscle fibres/the muscle layer 

(Figure 4.2C). No specific IR was observed in NEJs with the primary antiserum 

omitted.

4.4.3 Functional analysis of F. hepatica calmodulin-like proteins

4.4.3.1 Calmodulin antagonist effects F/iNEJ growth and motility
CaM antagonists; trifluoperazine hydrochloride (TFP-HC1) and W7- 

hydrochloride, both elicited a concentration-dependent increase in 

motility/movement in F/jNEJs. This effect was observed after an 18 h exposure 

to each antagonist and was scored on a moving or not-moving basis. The lowest 

concentration (0.5 pM) of TFP assayed caused a significant increase (29 ± 8%) 

in motility (numbers moving) compared to controls; and the highest 

concentration (10 pM) was lethal within this time frame (see Figure 4.4A). The 

lowest concentrations (0.5 pM and 2 pM) of W7 tested did not significantly 

increase movement and no lethality was noted at the highest concentration 

assayed (10 pM) (see Figure 4.4B). TFP was employed to indicate CaM function 

in worms maintained over an increased time period. FhNEJs were assayed over 

7 days in the presence of TFP and those treated with 0.5 and 1 pM were 

significantly reduced in size (area) compared with controls with a mean 

difference of 8425 ± 1457 pm2 and 9925 ± 1404 pm2 respectively. The highest 

concentration tested (5 pM) was lethal at this time point (see Figure 4.4C).

4.4.3.2 FhCaMl, FhCaM2, FhCaM3 siRNA and long-dsRNA triggers target- 
specific transcript knock-down
A simple soaking method way employed to trigger CaM-RNAi in F/iNEJs. This 

involved exposing worms to dsRNA/siRNA constructs for a period of four hours 

before removing the dsRNAs and maintaining the worms in 0.5 ml RPMI +/- 

20% FBS. Experiments targeted either a single CaM or employed a cocktail of 

dsRNAs targeting all three CaMs.
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Figure 4.4. Httects ot calmodulin [CaMJ antagonists on motility (A & B] and 
growth (C) of F. hepatica NEJs in vitro. After an 18-hour exposure, TFP (A) 
significantly increased the numbers of worms moving by 29.4 ±7.9% at 0.5 pM 
up to a 56.9 ±7.9% at 5 pM with 10 pM being lethal (data not shown). (B) W7 
also induced an increase in NE] movement with significant increases observed 
at 5 pM and 10 pM. Long-term effects of TFP on NEJs were monitored for 7 days 
and revealed a reduction in growth (C). NEJs under constant exposure to 0.5 pM 
or 1 pM TFP were reduced in size 6499±1354 pm2 and 7999±1354 pm2, 
respectively. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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Worms were assessed for the transcript abundance of the three CaMs using 

quantitative real-time PCR. Significant and specific comparable reductions of 

transcript were observed for single target and cocktail experiments at days -3 

and -14 (+/-) serum whereby dsRNA-FhCaMl, dsRUA-FhCaM2 and dsRNA- 

FhCaM3 triggered transcript knockdown of 68%, 94% and 97%, respectively 

relative to baseline (see Figure 4.5A-C). Transcript KD was achieved at later 

time points assayed using cocktails of all three dsRNAs (dsRNA-FhCaMl,2,3) 

including days -7, -14 (+/-) serum (see Figure 4.6A&B) and, -21 (-) serum (see 

Figure 4.7). There was no significant reduction in transcript level in zero- 

dsRNA and non-target-dsRNA control treated parasites and none of the single 

target experiments significantly affected the other CaM transcript levels. 

Transcript KD achieved by siRNAs was not significantly different from that 

achieved by long dsRNA (see Figure 4.5).

4.4.3.3 Protein knock-down enhanced by stimulating growth
To test whether stimulating parasite growth/development, and subsequently 

protein turn-over, affected the RNAi response at the protein level, protein 

extracts of FhCaMl, 2, 3 dsRNA, non-target dsRNA (neomycin

phosphostransferase) dsRNA and zero-dsRNA treated parasites were prepared 

for immunoblotting. Tissue-normalised quantities of protein were separated 

using tricine SDS-PAGE and transferred to a nitrocellulose membrane. The 

membrane was then probed with rabbit anti-actin antiserum (loading control) 

and rabbit anti-FhCaMZ and F/?CaM3 (no positive visualisation of F/?CaMl could 

be obtained). In RPM1 (-) serum experiments, no protein knock-down was 

detected by day 7 (n=3) (see Figure 4.8A). At day 14, target protein levels 

appear marginally reduced (n=3) (see Figure 4.8B) and by day 21 F/iCaM2 and 

F/jCaM3 are no longer apparent (n=l) (see Figure 4.8C). In the case of parasites 

maintained in RPMI (+) serum, protein KD can be visualised as early as day 7 

(n=3) (see Figure 4.9A) and this is further enhanced by day 14 (n=3) (see Figure 

4.9B). Worms maintained in serum did not survive to day 21 and this time 

point could not be assayed in these conditions.
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Figure 4.5. Effects of double stranded (ds]RNA (single target and cocktail) and 
short interfering (si)RNA treatments on F. hepatica NE] transcript abundance 3 
days post RNAi trigger exposure in the absence (-) of serum. FhCaMI (A), 
FhCaMZ (B) and FhCaM3 (C) are amenable to RNAi with a significant KD of 
67.8%, 94.1% and 97.3% reduction in transcript levels for single target 
experiments. In siRNA and cocktail experiments, where NEJs were exposed to 
dsRNA targeting all 3 CaMs, a similar level of KD was observed by day 3. *, 
P<0.05, **, P<0.01, ***, P<0.001.
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A

Figure 4.6. RNA interference (RNAi) effects on transcript abundance in F. 
hepatica NEJs maintained in RPMI (+) serum for 7 days (A) and 14 days (B) after 
a 4 hour exposure to the RNAi-trigger. Transcript suppression of F/]CaMl, 
F/?CaM2 and F/jCaMS was achieved under these conditions and maintained at 
significantly reduced levels. *, P<0.05, **, P<0.01, ***, P<0.001.
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Figure 4.7. RNAi induced suppression of target transcripts was maintained 
until 21 days post RNAi trigger in cocktail experiments (-) serum. Target 
transcripts abundance is reduced significantly (F/jCaMl 56.9%**, FhCaMZ 
98.5%*** and F/iCaMS 95.6%***) compared to baseline expression. *, P<0.05, 
**, P<0.01, ***, P<0.001.
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Figure 4.8. RNA interference effects on protein abundance in F. hepatica NEJs 
maintained in RPMI (-) serum for 7 days (A), 14 days (B) and 21 days (C). Signal 
for target proteins did not appear to be affected by day 7 (n=3). Suppression of 
Ff?CaM2 and FhCaMS protein was evident by day 14 (n=3) under these 
conditions and signal was almost gone by day 21 (n=l) for groups treated with 
dsRNA-F/jCaM 1,2,3 compared to untreated and dsRNA control treatments.
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A Day 7 untreated dsRNA-control dsRNA-f/iCaM 1,2,3
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Figure 4.9. RNA interference effects on protein abundance in F. hepatica newly 
excysted juveniles maintained RPMI (+) serum for 7 days (A) and 14 days (B). 
Suppression of FftCaMZ and F/?CaM3 protein was evident by day 7 under these 
conditions and signal was further reduced for target proteins by day 14 in 
dsRNA-FhCaM treated groups compared to controls (n=3).
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4.4.3.4 Knockdown of F/iCaMs stunts growth

FhNEJs maintained in RPMI media supplemented with serum will grow and 

develop gut branching over time (Davies and Smyth, 1978). A reduction in size 

of dsRNA-FhCaMl, 2, 3 was observed, by eye, compared to untreated and 

dsRNA-control treated NEJs (see Figure 4.10A). The mean size (length and 

area) of three treatment groups (dsRNA-F/?CaMl, 2, 3, non-target dsRNA and 

zero-dsRNA) were compared at day 5, 7 and 14. A significant reduction in size 

was observed by day 5. By day 7 this reached *** significant levels and this 

effect was maintained until day 14 (see Figure 4.10B). This phenotype was not 

observed in serum free media were growth was not stimulated (see Figure 

4.IOC). Additionally, treatment groups were assayed for the death and motility 

phenotypes induced by the short-term antagonist experiments. There was no 

difference observed between treatment groups in (+/-) serum media at any of 

the time points assayed (data not shown).
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Figure 4.10. RNA interference (RNAi) effects on phenotype of F. hepatica NEJs 
maintained in RPMI (+) serum. At day 14 post RNAi trigger there was an 
apparent reduction in size when observed by eye (A). Worms were subject to 
measurements of area and length at different time points and NEJs treated with 
dsRNA-FhCaM, in both single target and cocktail experiments, displayed a 
significant reduction in growth by day 7 (B) (n=3J. This was evident for area 
and length and was only revealed by the addition of growth stimulating serum 
to the media as seen in (C).

116



4.5 Discussion

This study reports the expression analysis and functional characterisation of 

three CaM-like proteins in F. hepatica NEJs. Although binding properties and 

protein dynamics have been characterised in adult fluke (Russell et al, 2007; 

Russell etal, 2012), in vivo functional analyses have not been performed in any 

F. hepatica life stage. Since liver fluke pathology is induced by both the 

migrating juvenile stage and the bile duct-dwelling adult stage, effective therapy 

requires a drug/drugs which compromise the biology of both life stages. 

Clearly, understanding CaM function in worm biology would help validate the 

potential of these proteins as control targets. Added interest is provided by the 

fact that calcium signalling and regulation plays a key role in neuromuscular 

function, a well-established target for front-line anthelmintics. Indeed, the 

disruption of calcium regulation by praziquantel has been exploited for the 

control of schistosomiasis, a disease caused by a related flatworm parasite. 

Here, the adoption of a reverse genetics approach to the interrogation of FftCaM 

biology in NEJs aimed to validate their control target potential.

Genomic analysis, using previously determined FhCaM translated sequences, 

revealed two copies of FhCaMl and single copies of FhCaM2 and FhCaM3. This 

indicates that distinct genes code for the CaM proteins. Due to the preliminary 

state of the genome, there is no indication of the proximity of each of the genes. 

S. mansoni have also been shown to possess two distinct CaM genes, despite the 

high degree of sequence identity between the two (>99%) (Taft and Yoshino, 

2011).

The three F hepatica CaMs displayed a reduction in transcript abundance 

during maintenance in vitro and remained at levels <50% compared to those 

observed at day-0. The abundance of FhCaMl progressively diminishes over 

time in worms maintained in serum-supplemented media. This is not the case 

with worms maintained in serum-free media and could imply protein turn over, 

i.e. increased translation of transcripts present in serum supplemented media. 

FhCaM2 transcripts displayed the greatest reduction in abundance, dropping to
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<10% of its original levels at day-3 and -5 but displayed a low level recovery by 

day-7. FhCaMS levels remained relatively stationary after the initial drop in 

transcript level. It is known that the three FhCaMs possess different ion binding 

properties and they have been suggested to have different roles. Western blot 

analysis does reveal that FhCaM-2 and -3 are constitutively expressed until day- 

21. This would indicate CaM importance in responding to calcium fluctuations 

during normal cellular function in the juvenile stage of the worm.

Immunolocalisation and confocal microscopy demonstrated an association 

between FhCaM expression and muscle. Previous studies have localised 

F/iCaM2 to tegumental spines and FhCaMS to eggs in adult F hepatica (Russell 

et al., 2012). In this study, we demonstrate that F/?CaM2 and FhCaM3 have 

similar distributions to each other in myocytons throughout the body of NEJs; 

myocytons are the non-contractile portion of muscle cells that are located some 

distance away from the contractile myofibril [see (Pax et al., 1996)]. The 

confocal microscopy images taken through the body of the worm reveal that 

these cells occupy a major park of the parenchyma lying beneath the sub- 

tegumental muscle layers. Processes can be visualised extending from CaM- 

stained cells, contacting/connecting to individual muscle fibres. No positive 

specific staining was observed for FhCaMl in NEJs. The widespread nature of 

the staining likely indicates the important and numerous roles this 

constitutively expressed protein plays in fluke biology. As F/?CaM2 and FhCaMS 

are located in the same tissues, it is difficult to attribute a specific role and 

further investigatory avenues should be explored.

Disrupting CaM function is commonly linked with hindered movement/motility, 

particularly in ciliated or flagellated organisms/cells (Ashizawa et al., 1994). 

Antipsychotic agents, and known CaM antagonists, Trifluoperazine (TFP) and 

W-7 were employed to probe FhCaM function in NEJs (Bar-Sagi and Prives, 

1983). Structural studies have shown TFP binds CaM resulting in a 

conformational change meaning it can no longer interact with target proteins 

(Vandonselaar et al., 1994). Previously, CaM inhibitors have been shown to 

partially block transformation in 5. mansoni miracidia (Taft and Yoshino, 2011)
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and inhibit egg hatching (Katsumata et ai, 1989). Taking this into account, it 

was hypothesised that these inhibitors would have an inhibitory effect on NEJ 

development / growth. A relatively short overnight exposure to the CaM 

inhibitors resulted in an unpredicted phenotype; low concentrations increased 

the numbers of fluke moving whereas high concentrations hindered motility 

and were lethal. Interestingly, both TFP and W-7 increase spontaneous muscle 

contractions in the filariiad Acanthocheilonema vitae (Minardi et ai, 1995). 

These observations could simply reflect pharmacological differences between 

mammals and early-diverging invertebrates. However, the data did highlight a 

potential motility impact associated with F/?CaM function in F. hepatica. We 

further probed this effect by exposing the NEJs to lower concentrations over a 

longer period of time. Under these conditions, no obvious motility defects were 

detected, but a differential growth rate was observed for those treated with TFP 

compared to vehicle-only and untreated controls, i.e. NEJs were smaller when 

treated with the CaM antagonist. This could imply that FhCaM function is 

involved with growth / development. As there are three distinct FhCaMs with 

proposed differential functionality, it was appropriate to further probe their 

functions using a more specific approach.

Although methodologies are being developed for functional genomics in 

parasitic flatworms, there are still limitations. For the purpose of this study 

RNAi was employed to specifically target and reduce the transcripts for F. 

hepatica CaMs and to assess the impact this had on worm viability, morphology 

and movement. Cell-morphology and motility defects (failure to assemble 

paraflagellar rod) due to CaM RNAi have been observed in other parasites such 

as trypanosomes (Ginger et ai, 2013). F/jNEJs treated with dsRNA-F/?CaM 

displayed a specific reduction in target transcript, protein levels and a 

simultaneous reduction in size. This size phenotype corroborates observations 

of CaM silencing in the sporocyst stage S. mansoni (Taft and Yoshino, 2011), and 

in the free-living nematode C. elegans (Karabinos et ai, 2003). While a size 

phenotype has been associated with several other RNAi targets in larval stage 5. 

mansoni, this has never been reported in F. hepatica (Mourao et ai, 2009a; 

Correnti et ai, 2005). Previously, it has been described that supplementing
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juvenile fluke maintenance media with serum allows worms to grow and the gut 

to develop (Davies and Smyth, 1978). As this was required to reveal differential 

growth/size between the target treated and the control-treated worms, it could 

be hypothesised that: 1) FhCaMs are directly involved in a growth pathway and 

/ or 2) FhCaMs are important housekeeping proteins required for normal 

cellular function.

Aside from revealing a specific phenotype, another interesting aspect of the 

work involved the dynamics of the RNAi response with regards to worm 

maintenance in vitro (McVeigh et al, in press). Transcript abundance was 

significantly reduced when worms were exposed to dsRNAs targeting either a 

single CaM or multiple CaMs. Importantly, this was also true when worms were 

exposed to siRNA triggers and constitutes a novel observation of RNAi dynamics 

in F. hepatica. Prior to probing for a phenotype, the time frame of protein KD 

had to be determined. As FhCaMl antibody did not show any specific staining, 

anti-F/?CaM2 and anti-FhCaMS were used to inform on a time point to assay for 

phenotype. Under the original maintenance conditions (RPMI (-) serum), there 

was no difference between RNAi treatments in protein levels at day 7 post RNAi 

induction. A qualitative reduction of F/?CaM2 and F/?CaM3 proteins can be 

observed by day 14 and is enhanced by day 21 in worms treated with dsRNA- 

FhCaMl, 2, 3 compared to untreated and dsRNA-control treated groups. The 

disparity in protein knockdown observed between maintenance strategies was 

ascribed to supplementing the media with serum where worms with serum 

displayed protein KD 7 days earlier than worms maintained in zero serum 

media, i.e. F/]CaM2 and FhCaM3 protein levels were reduced in target treated 

groups compared to controls at day 7, the earliest time-point assayed. This 

protein KD was maintained to day 14; it was not examined at later time-points 

due to inconsistencies in worm viability after longer-term maintenance in the 

presence of serum (personal communication, Paul McCusker, Queen’s 

University Belfast, 2013). The increased level of protein KD in worms 

maintained (+) serum could indicate that increased growth of the worms aids 

protein turnover.
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This chapter demonstrates that CaMs are expressed widely in the invasive 

juvenile life stage of F. hepatica and that they are important for the normal 

growth of NEJs. F/iCaMs localise to the myocytons and have been implicated in 

both motility and growth through the use of specific antagonists and RNAi. 

Further studies would be required to decipher differences in the roles of 

F/iCaMl, F/?CaM2 and F/?CaM3. The role of F/iCaMs in growth supports their 

consideration as control targets in liver fluke.
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Chapter 5

Conclusions and future work
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5. General discussion
Fasciolosis, more commonly known as liver rot, is caused by the infection of a 

vertebrate host by a parasite from the Fasciola genus. Predominantly F. 

hepatica, alongside its tropical counterpart F. gigantica, is the causative species. 

Fasciolosis forms a significant portion of the NTD ‘food-borne trematodiasis’, 

and is estimated to affect 17 million people worldwide (Hopkins, 1992). 

Further, liver fluke are a major pathogen of livestock causing an estimated loss 

of US$2 billion per annum due to reduced productivity, liver condemnation, 

animal loss, and the cost of anthelmintics (Spithill et al, 1999). Varied 

approaches have been employed to help control F. hepatica including pasture 

management and intermediate host control but are only feasible as short term 

measures (McCoy etal., 2003). Additionally, no effective vaccines are currently 

available such that control relies heavily on chemotherapeutic intervention with 

a single drug, Triclabendazole (TCBZ); TCBZ is the only control option available 

for the effective treatment of both late and early stages of liver fluke infection 

(Boray et al., 1983). Reports of TCBZ resistance have been reported globally 

and highlight the unsustainability of the current approach and the need to 

better understand resistance mechanisms and find alternative drug targets for 

next generation flukicides.

TCBZ is a benzimidazole drug that differs from others in the chemical group due 

to its Fasciola-specific activity. The mode of action for most benzimidazole 

drugs is defined as a disruption of beta-tubulin polymerization and the 

associated failure of microtubule formation (Kohler, 2001). While there is 

evidence to suggest a similar mode of action for TCBZ, disparity between the 

mode of action and mechanism(s) of resistance have encouraged the 

exploration of alternate hypotheses. Specific mutations: F200Y, Q198A, and 

F167Y, in the beta-tubulin amino acid sequence have conferred resistance to 

benzimidazole drugs in several nematode species (Aguayo-Ortiz et al., 2013). 

These residues are typically brought together and form a cluster during tubulin 

folding (Downing, 2000). It is proposed that the mutations allow the formation 

of hydrogen bonds and close off the BZ binding pocket and prevent the 

formation of microtubules (Brennan et al., 2007). No equivalent mutation in
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Fasciola beta-tubulin sequences has been detected in TCBZ-resistant fluke 

isolates (Robinson et ah, 2002; Ryan et al, 2008). Alternative hypotheses for 

TCBZ resistance include altered drug uptake and metabolism (Brennan et al., 

2007). Importantly, it has been acknowledged that there are potentially 

multiple mechanisms at play when it comes to TCBZ resistance in fluke 

(Brennan etal., 2007).

The ABC transporters are a superfamily of energy-dependent pumps that are 

utilised by both eukaryotes and prokaryotes. While many have roles in normal 

cellular physiology such as the transport of endogenous entities, DNA-repair, 

gene and translation regulation, multiple family members have also been 

implicated in the transport of xenobiotics and they have been specifically linked 

to multi-drug resistance (MDR). MDR was characterised in multiple mammalian 

tumour cell lines where resistance to one drug resulted in resistance to other 

structurally unrelated compounds (Kartner etal., 1983). A full ABC transporter 

consists of two transmembrane domains (TMD) that are the site for 

translocation, and two nucleotide-binding domains (NBD) that hydrolyse ATP to 

power the movement. It was suggested that efflux pumps, such as Pgps (a sub

group of ABC transporters), play a role in reducing the amount of TCBZ/TCBZ- 

metabolites accumulating in fluke (Mottier et al., 2004b). Differences in 

putative-Pgp allelic frequencies have been observed between resistant and 

sensitive isolates (Wilkinson etal., 2012). The partial sequence of only one ABC 

transporter has been characterised from F. hepatica to date (Reed etal., 1998), 

but immunoreactivity to four different ABC transporters (MDR1, MRP1, BSEP 

and BCRP) has been demonstrated in F. gigantica (Kumkate et al., 2008). 

Bioinformatic analysis of a draft F. hepatica genome revealed 29 scaffolds with 

regions coding for putative ABC transporters. A total of 42 putative ABC 

transporter proteins were assembled with representative homologues in six of 

the seven subfamilies (A, B, C, E, F and G). No proteins corresponding to 

members of the subfamily D were found in the current draft genome. Members 

of subfamily D have been implicated in fatty acid export and it is hypothesised 

that the loss of these transporters in F. hepatica may result from a reduced 

requirement for fatty acid export due to their inability to synthesise de novo. On
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the other hand, protein homologues of ABC transporters commonly associated 

with MDR were well represented, namely MDR/Pgp (subfamily B), MRP 

(subfamily C) and BCRP (subfamily G). Specifically, subfamily B was the most 

substantial group with 25 protein models coded across 16 distinct scaffolds. 

Role and substrate promiscuity could explain the expansion of this subfamily. 

Real-time quantitative PCR was employed to assay the expression of these 

transporters and revealed 36 out of 42 were expressed in the newly excysted 

juvenile stage. These data suggest that the ABC transporter superfamily is well 

represented in the F. hepatica genome and that multiple transporters are 

expressed in the migratory stage of the worm. Understanding the biology of 

these proteins may be important in efforts to improve the efficacy of 

anthelmintic treatments (as has been the focus in cancer research for the 

improved efficacy of chemotherapy) or as parasite control targets themselves 

for the interruption of normal physiological processes. This thesis reports a 

dramatic expansion of our understanding of ABC transporters in liver fluke; at 

least 36 distinct ABCs were found to be represented within the draft genome of 

F. hepatica and the vast majority of these were found to be expressed in early 

juvenile stage worms. The broader implications of these observations are that 

liver fluke have highly divergent efflux systems with the potential to expel 

diverse xenobiotics, including anthelmintics.

The Jane Hodgkinson laboratory at the University of Liverpool generated clonal 

populations of TCBZ-resistant and TCBZ-susceptible F. hepatica which they 

made available to us. A differential phenotypic response in vitro was observed 

in resistant isolate worms when treated with TCBZ.SO. These data suggest that 

drug resistance may arise from reduced TCBZ.SO availability/action. This could 

occur by differences in metabolism i.e. an increased rate of conversion of 

TCBZ.SO to TCBZ.SO2, or increased drug efflux from the worm via drug pumps 

such as the ABC transporters. ABC transporters have been implicated in 

anthelmintic resistance in both nematode and platyhelminth species (Lespine et 

al, 2012). Several Schistosome ABC transporters have been shown to 

differentially regulate in response to treatment with the drug of choice 

Praziquantel (PZQ) (Hines-Kay etal, 2012). Specifically, the expression of two
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ABC transporters; SmMRPl and SMDR2, are increased in life cycle stages and 

isolates with reduced drug susceptibility and have been highlighted for their 

potential roles in reduced PZQ susceptibility in Schistosoma spp (Kasinathan et 

al, 2010b; Kasinathan and Greenberg, 2012; Greenberg, 2013). Studies in F. 

gigantica show the protein levels of two ABC transporters are increased after 

TCBZ exposure (Kumkate etal, 2008).

In F. hepatica, a transcriptional response to TCBZ and its metabolites was 

observed. Orthologues of schistosome ABC transporters (mentioned above), 

FhMRPl and FhMDR2, were selected and it was found that FhMRPl was 

significantly unregulated in response to TCBZ and TCBZ.SO in a concentration 

dependent manner. TCBZ.SO2 and non-fluke specific levamisole had no effect on 

either of the ABC transporters expression. It may have been expected that all 

drugs would have the same effect i.e. all drugs would increase the expression of 

both FhMRPl and FhMDR2, as ABC transporters are known for their substrate 

promiscuity. Saying that, MRP1 is known for its exclusion of endo- and 

xenobiotics including glutathione conjugates (Munoz et al., 2007; Cole and 

Deeley, 2006). Speculatively, TCBZ and TCBZ.SO could be conjugated for 

detoxification while TCBZ.SO2 is not due to its inactivity. This would explain 

why upregulation of FhMRPl occurs for the two most active metabolites. 

Additionally, FhoGST is upregulated in the presence of TCBZ.SO indicating that it 

may play a role in detoxification.

Considering the FhMRPl upregulation response in the context of the divergent 

ABC complement identified through the bioinformatics efforts reported here, it 

would also be reasonable to hypothesise that multiple different ABCs play 

significant roles in drug efflux and that others could have been upregulated in 

response to TCBZ-SO and levamisole. Clearly, a detailed analysis of the 

expression patterns of all of the F. hepatica ABCs during drug exposure would 

facilitate a better understanding of the complexities involved with drug efflux 

mechanisms in fluke.
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It should be emphasized that TCBZ efflux is unlikely to be the sole cause of 

resistance, biotransformation and/or metabolism are also hypothesized to play 

major roles (Chemale et al, 2010]. Indeed, it has been suggested that a 

prevailing simplistic view on anthelmintic resistance has assumed singular 

changes in drug target receptors when many alternate non-target mechanisms 

will contribute to a particular resistance phenotype (Beech etai, 2011]. To test 

the involvement/contribution of FhMRPl, FhMDR2 and FhoGST in drug 

susceptibility, RNAi was employed to silence these genes and assess the impact 

of knockdown on the response to drug exposure. The three genes were 

amenable to RNAi and yielded significantly reduced transcript abundance such 

that RNAi-worms were subsequently exposed to TCBZ.SO at threshold 

concentrations. In wild-type worms with an unknown resistance status, the 

silencing of FhMRPl and FHMDR2 (singly or in combination] and FhoGST did not 

alter NEJ viability when exposed to drug. However, in worms with a clinically 

proven TCBZ-resistance, silencing of FhMRPl and FhMDR2 in combination did 

reduce worm survival following drug exposure by 28.7% i.e. resistant worms 

were more susceptible to drug following combinatorial RNAi of two endogenous 

ABCs. These data suggest that FhMRPl and FhMDR2 are involved in TCBZ.SO 

susceptibility and by reducing/removing their putative drug efflux activity, 

TCBZ.SO sensitivity is increased as it accumulates more. It would be worth 

investigating the comparative levels of TCBZ.SO in RNAi and wild-type worms to 

see if this hypothesis holds firm. The expression of these drug pumps did not 

vary significantly between resistant and susceptible isolates although sample 

size was limited. Further work could be carried out to assess the expression of 

multiple ABC transporters identified between resistant and susceptible isolates 

and across different lifecycle stages.

The requirement to silence multiple ABC transporters to increase drug 

susceptibility has been demonstrated in schistosomes (personnel 

communication, Prof R Greenberg, University of Pennsylvania, February 2014], 

This could also be the case for F. hepatica ABC transporters and also for GSTs. 

In C. elegans, silencing of individual GSTs resulted in a potentially compensatory 

upregulation of other GSTs at the protein level (Lacourse et al., 2008], This may
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also be the case in F. hepatica where the effects on drug susceptibility from 

silencing a single GST may be masked by the upregulation of other 

compensatory GST proteins. Experiments using proteomics to map [as 

(Lacourse et ai, 2008)] the response of F. hepatica GSTs when silenced would 

reveal if this is the case. Another consideration involves the increase in FhoGST 

expression post TCBZ.SO exposure and how that affects the protein levels when 

the transcript has been silenced. Additionally, a more sensitive assay to detect 

worm viability between treatments involves the isothermal microcalorimeter 

platform developed by Dr ] Reiser’s group (Reiser et ai, 2013). This platform 

measures small fluctuations in the heat generated from physiological processes 

and would provide more refined information on the exact time course of drug- 

induced death and the impact of RNAi on that.

Resistance to TCBZ highlights the need to identify and validate novel drug- 

targets. Moreover, basic functional information about fluke biology is required 

if new targets are to be validated effectively. The calmodulins (CaM) are 

ubiquitously expressed messenger proteins that are involved in a multitude of 

cellular signalling events. Three CaMs have been identified in F. hepatica: 

F/iCaMl, which is highly similar to human CaM, and F/]CaM2 and F/iCaM3, which 

are more divergent. In F. hepatica NEJs, FhCaMl, FhCaM2 and FhCaM3, are 

expressed in NEJs, although the levels diminish over time when maintained in 

vitro. Localisation efforts revealed that F/iCaM2 and F/jCaM3 were both present 

in myocytons distributed throughout the body of the NEJ, lying adjacent to the 

muscle layer. The chemical disruption of FfrCaM via antipsychotic agents (and 

established CaM inhibitors) trifluoperazine (TFP) and W7 resulted in a short

term increase in motility and a long-term stunted growth in NEJs. The 

interruption of CaM function has previously been shown to hinder development 

in S. mansoni sporocysts and indicated an expected phenotype when F/?CaMs 

were specifically targeted. The silencing of FhCaMl, FhCaM2 and FhCaM3, 

individually or in combination, resulted in a reduction in growth and matched 

the inhibitor studies. It was discovered that the supplementation of in vitro 

maintenance media not only encouraged growth and development of the NEJs 

into a 'juvenile' form, but the effects of RNAi at the protein level were intensified
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i.e. reduction of protein was observed earlier; day 7 compared to day 14 in 

worms maintained without serum. The impacts were two fold: firstly, it 

revealed the phenotypic effect of silencing F/?CaMs and, secondly, it reduced the 

time required to achieve knockdown that could be translated to a phenotypic 

output. This finding is vitally important in the dynamics of RNAi studies where 

silencing-induced phenotypes may be missed due to inadequate maintenance 

conditions and the inappropriate timing of bioassays. This study demonstrated 

the importance of F/iCaMs in the motility, growth and development of the 

pathogenic migratory stage of F. hepatica. An in vivo analysis of fluke with 

silenced CaMs could further interrogate specific roles in worm biology and aid 

their consideration as drug targets for the control of liver fluke infections. 

Indeed, future efforts should capitalize on the unusually slow/long RNAi 

dynamics in fluke to investigate control targets under in vivo conditions. For 

example, the silencing of selected calmodulins or ABCs could be triggered in 

NEJs and these could then be used to infect host animals by oral gavage or 

intraperitoneal injection. The subsequent progression of parasitemia could be 

assessed to determine target function and value as a control target.

Overall, this thesis has used bioinformatics and RNAi methods to investigate 

diverse aspects of liver fluke biology. In particular, new data on the diversity 

and expression of liver fluke ABC transporters has revealed previously 

unrecognised diversity/complexity in these protein families. Some family 

members were found to be responsive to flukicide pressure suggesting that they 

may play a role in the normal worm response to drug treatment. Further, RNAi 

interrogation of their role in resistant fluke isolates supported this link by 

showing that the silencing of selective ABC transporters increased drug 

sensitivity - consistent with reduced drug efflux associated with silencing. 

Further work used RNAi to probe the potential of liver fluke calmodulins as new 

control targets. These efforts identified target-specific RNAi phenotypes that 

matched the phenotypes induced by exposure to calmodulin inhibitors, 

validating the specificity of both the RNAi and the inhibitory drugs. These data 

support calmodulin candidature as drug targets and further validate the use of 

RNAi as a tool for functional genomics in fluke. Finally, the work reported here
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reveals that the serum-induced growth of juvenile fluke speeds up silencing 

processes and may help researchers refine their approaches to post-RNAi 

phenotype analyses in the face of the unusually slow/long RNAi-dynamics 

displayed by liver fluke.
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