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Abstract  

Fasciolosis, a debilitating disease caused by flatworm parasites belonging to the 

genus Fasciola, is a prominent threat to global food security due to its widespread 

infection of agriculturally significant ruminants. Recent studies have identified a 

population of proliferative cells within Fasciola hepatica (Fasciola proliferative cells-

FPCs) that resemble neoblast-stem cells, both morphologically and behaviourally. 

These cells are the only proliferating cells in Fasciola hepatica and can be localised 

using thymidine analogue 5-Ethynyl-2´-deoxyuridine (EdU).  This thesis further 

characterises these neoblast-like stem cells, investigating their dynamics, supportive 

roles in growth and development and identifying putative regulatory effectors. This 

study reports increased juvenile growth, which correlated with increased proliferation 

of these stem-like cells, in juveniles maintained in chicken serum supplemented 

media (CS+). The comparison of FPCs between in vitro maintained and ex vivo 

maintained juveniles further supports the link between FPCs and juvenile 

development, with the larger, more developed ex vivo juveniles exhibiting significantly 

more proliferating cells. FPCs were found to be radiation sensitive enabling us to 

selectively deplete them and examine downstream effects. Using an RNA 

interference (RNAi) platform, the function of a key effector (fgfrA) was investigated 

and silenced juveniles exhibited a significant reduction in the number of EdU+ cells. 

The findings of this study highlight the stem-like characteristics of FPCs, their 

facilitative roles within fluke growth and indicate their importance to fundamental fluke 

biology. The disruption and dysregulation of this cell population may hold the key to 

developing novel control therapies.   
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1.1.   Platyhelminthes (flatworms) 

The phylum Platyhelminthes encompasses dorsoventrally flattened, bilaterally 

symmetrical worms, commonly referred to as flatworms.  Distinctive common features 

of these invertebrates include the lack of a coelom, presence of a blind gut and the 

lack of a specialized respiratory or circulatory system (Collins, 2017).  The absence 

of a specialized respiratory and circulatory system is compensated by their flattened 

body shape which aids in the diffusion of nutrients and oxygen to their tissues (Collins, 

2017).  

Recent phylogenetic studies support the sub-division of this phylum into two groups, 

Archoophora and Neoophora (Laumer & Giribet, 2014).  The Archoophora grouping 

consists of exclusively free-living worms which produce endolecithal eggs (egg yolk 

is contained inside the egg) while the Neoophora grouping is made up of worms which 

produce ectolecithal eggs (egg yolk is contained outside of the egg) and consists of 

both free-living and parasitic groups (Adell et al, 2015).  The parasitic flatworms are 

grouped under the monophyletic superorder Neodermata which includes the following 

orders: Trematoda, Monogenea and Cestoda (Adell et al., 2015).  Platyhelminths are 

typically hermaphroditic, some free-living species reproduce asexually and for some 

parasitic flatworms’ asexual multiplication is an essential part of their life-cycle (Adell 

et al., 2015).  The parasitic trematodes belonging to the genus Schistosoma are 

unique in that they are dioecious, with separate males and females (Desprέs & 

Maurice, 1995).  

 

Free-living flatworms 

Free-living flatworms (traditionally referred to as turbellarians or planarians) are 

typically marine or freshwater dwelling worms characterized by the presence of a 

ciliated epidermis which supports motility in water (Collins, 2017).  These worms have 

a primitive excretory system (protonephridia) and a simple epidermis but display 

neural complexity with distinct cephalization and a well-developed sensory system 

(Collins, 2017).  The planarian flatworms have been extensively studied, most notably 

in relation to their remarkable regenerative abilities (Brøndsted, 1969).  Consequently, 

these worms have been used as model organisms in studies pertaining to; stem cell 

regulation, tissue regeneration and homeostasis and longevity (Collins, 2017).  
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Parasitic flatworms 

The parasitic flatworms lack the ciliated epidermis of their free-living counterparts, 

instead this is replaced by a syncytial tegument which plays vital roles in evading the 

host immune system and acting as a conduit for feeding (Collins, 2017).  This cellular 

structure is likely the adaption which led to the evolution of a parasitic lifestyle, 

preforming vital regulatory roles at the host-parasite interface (Collins, 2017).  The 

parasitic flatworms are grouped under three clades: Monogenea, ectoparasites 

commonly found on fish and amphibians; Cestoda, endoparasites commonly known 

as tapeworms and Trematoda endoparasites, known commonly as flukes (Adell et al., 

2015).  The parasitic flatworms have complex life-cycles, for example the ubiquitous 

Trematodes display a complex life-cycle that requires both an intermediate host (for 

asexual reproduction) and a definitive host (for sexual reproduction) (Adell et al., 

2015).  

   

1.1.1.   Trematodes  

Trematoda can be further subdivided into two groups, Aspidogastrea, which do not 

asexually reproduce and Digenea. Parasites belonging to the latter have a more 

complicated lifecycle involving asexual reproduction and are widely studied due to the 

socioeconomic burden of disease they cause (Adell et al., 2015).  The trematode 

lifecycle relies on multiple hosts, the primary host is almost always molluscan 

(typically a snail) and the definitive host is a vertebrate, sometimes multiple 

intermediate hosts are required (Cribb et al., 2003).     

Digenean trematodes belonging to the genus Schistosoma (blood flukes) are the 

causative agents of schistosomiasis, a debilitating disease which is prevalent in 

developing countries (Gryseels et al., 2006).  These dioecious trematodes live inside 

the vertebrate host vasculature as adults, showing tremendous longevity, being able 

to survive in a human host for decades (Collins et al., 2013).    

Close relatives to the blood flukes are the liver flukes, belonging to the genus Fasciola. 

These parasites are responsible for fascioliasis/fasciolosis, a disease primarily 

affecting ruminants, but increased incidences of human infection have led to its 

designation as a neglected tropical disease (NTD) (Tolan, 2011).  As with the blood 

flukes Fasciola requires a molluscan intermediate host, within which asexual 

reproduction occurs, and a vertebrate definitive host, where maturation and sexual 

reproduction occurs (Andrews, 1999).   
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Liver fluke, so named due to the fact they reside and feed in the host liver, are 

hermaphrodites (Andrews,1999).  As with the blood flukes, Fasciola display 

impressive longevity within the hostile host environment, surviving inside the bile 

ducts of the host for many years (Durbin, 1952). 

 

1.2.   Liver Fluke  

The two most notable species of Fasciola are F. hepatica and F. gigantica.  F. 

hepatica is found more abundantly (but not exclusively) in temperate regions while F. 

gigantica is more prevalent in tropical regions (Asia, Africa), some regions have mixed 

populations, for example in subtropical regions such as Iran (Mas-Coma et al., 2009).  

 

1.2.1.   Lifecycle   

The lifecycle of Fasciola is complex, relying on two separate hosts and specific 

environmental conditions (Fig 1.1). The infected vertebrate host passes 

unembryonated eggs from their bile duct, to the duodenum and finally to the outside 

environment in their faeces.  These eggs are underdeveloped and are oval in shape, 

measuring approximately 130-145 µm in length (Andrews, 1999).  The 

underdeveloped eggs are then washed from the faeces by rain or are transported via 

adherence to animals.  These eggs can survive in faeces for several weeks, longer in 

the wet winter months (Rowcliffe & Ollerenshaw, 1960).  Egg development is 

influenced by temperature, pH and moisture, with a temperature of at least 10° being 

needed for embryonation (Ross & McKay, 1929).  Under these favourable conditions 

the eggs embryonate and develop but will only hatch under specific light and 

temperature conditions when the egg reaches water (Andrews, 1999).  From the egg, 

ciliated miricidia hatch, they are approximately 130 µm in length with dark eye spots 

and a ciliated outer surface that facilitates movement in water (Andrews, 1999).  Upon 

hatching the non-feeding larval miricidia move rapidly in the water seeking out a 

suitable intermediate snail host; those which fail to do so within 24 hours usually die 

(Cawdery et al., 1978).  The miricidium seeks out a snail host preferably belonging to 

the Lymnaea genus and penetrate the muscular foot region via mechanical boring 

(Smyth & Halton, 1983).  Once inside the snail parthenogenetic multiplication occurs, 

allowing for prolific clonal expansion such that a single miracidium can give rise to in 

excess of 600 free-swimming cercaria (Whitfield,1979).  

 



13 
 

 Once the miracidium penetrates the snail, it forms a young sporocyst, with migration 

via the snail lymph and blood vessels to the molluscs’ digestive glands where it grows 

and develops as a tightly packed ball of germinal cells which give rise to other balls 

of germinal cells (Andrews,1999).  From these develop the subsequent stage, the 

rediae, a more damaging and active stage which ultimately gives rise to the final stage 

found in the snail, the cercariae (Andrews, 1999).  The cercariae are tadpole like, 

consisting of a body and tail and processing an oral and ventral sucker that are 

diagnostic of  adult fluke, they exit the snail 4-6 weeks post infection  and using their 

ventral sucker,  attach to vegetation surrounding the water body forming a protective 

double layered cyst of tanned protein which protects the so-called metacercaria 

(Dixon, 1965; Andrews, 1999).  It is this life stage that is infective to the definitive 

vertebrate host which ingests the cysts when grazing on contaminated vegetation.  

Excystment is a complex process involving many intrinsic factors, activation is 

believed to occur in the host stomach/rumen and emergence from the cyst occurs in 

the small intestine (Andrews, 1999).  Once excysted the juveniles migrate to the liver 

of the host, browsing on tissue as they go.  The exact pathway taken by newly 

excysted juveniles is an area of debate although it is widely accepted that they burrow 

through the intestinal wall into the abdomen and then migrate to the liver (Susuki, 

1931; Boray, 1969).  After arriving in the host liver, they burrow through the tissue for 

several weeks causing extensive damage as they grow significantly (Andrews, 1999).  

Eventually they reach the bile ducts where they develop into the adult fluke and reside 

producing thousands of eggs per day, they can persist and survive here for years 

displaying impressive longevity within an attritional environment (Durbin, 1952).  

Uncovering the fundamental mechanisms which facilitate the developmental plasticity 

and longevity displayed by these obligate parasites throughout their life-cycle is key 

to undermining their success.  
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Fig 1.1.   Lifecycle of Fasciola hepatica.  

(Andrews, 1999).  

 

1.2.2.   Liver fluke infection (fasciolosis/fascioliasis)  

1.2.2.1   Impact and pathology  

Fasciola can infect a wide range of hosts globally such as; pigs, goats, horses, rabbits 

and deer, but it is predominantly known in Europe as a parasite of agricultural 

ruminants (cattle, goats and sheep).  Animal liver fluke infection and the associated 

disease (fasciolosis), costs the global farming industry approximately $3 billion per 

year due to loss of production, affecting milk yield and animal condition (FAO, 1994).  

Within Europe it is primarily Fasciola hepatica infection that is prevalent.  While 

humans are not a natural host for Fasciola the increasing incidence of human infection 

(termed fascioliasis) has led to it being designated as a NTD by the World Health 

Organisation, infecting up to 17 million people (Tolan, 2011). 
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The disease progression of fasciolosis can be divided into two stages, the initial stage 

known as the acute stage, is caused by the migration of the juveniles through the host 

liver.  Once in the liver the juveniles burrow through the liver parenchyma, feeding, 

developing and causing severe tissue damage during their migration to the bile ducts 

which takes several weeks to several months (Andrews, 1999).  

 The level of tissue damage and associated symptoms are dependent on parasite 

burden and although it differs between hosts damage is generally associated with; 

inflammation, abdominal haemorrhage, lesions, ascites, jaundice, loss of condition 

and in cases of heavy infection, sudden death (Brehm & Sangster, 1999).  It is this 

stage of the disease that is the most damaging and the hardest to diagnose.  The 

latter stage of the disease, known as the chronic stage, is caused by the adult fluke 

residing in the host bile ducts.  The adult causes an aggressive inflammatory 

response, resulting in the production of fibrous tissue and leading to biliary obstruction 

(Brehm & Sangster, 1999).  This stage is characterized by clinical signs such as; liver 

cirrhosis, jaundice, weight loss and anaemia which can also lead to oedema (bottle 

jaw) and is diagnosed via the presence of fluke eggs in the host faeces (Brehm & 

Sangster, 1999).  Whilst the disease pathology varies slightly between hosts, 

generally the smaller the host liver, the less resilient it will be to fluke infection (Brehm 

& Sangster, 1999).  The disease progression in cattle follows a similar path to that in 

sheep, however it takes a larger parasite burden for symptoms to occur, with young 

calves being more vulnerable than adults (Boray, 1969).  Due to the immune-

modulatory/suppressive activity of these parasites within their host, co-infection with 

other pathogens is common (Dalton et al., 2013).  

Human fascioliasis was typically of secondary concern to the veterinary disease, but 

due to increasing prevalence (in part due to Fasciola spp. tremendous host plasticity 

and adaptability) it is now recognised as a highly pathogenic zoonotic disease of 

significance to human health (Mas-Coma, Bargues & Valero, 2014).  The disease 

pathogenesis is not as well studied in humans, but typical symptoms include 

epigastric pain, upper abdominal pain and malaise, other symptoms such as fever, 

arthralgia and eosinophilia are associated with the acute form of the disease (Sabb et 

al., 2004). The pathogenesis of the disease, as in animals, is caused primarily by the 

juvenile fluke and the host inflammatory response, causing extensive tissue damage.  
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1.2.2.2.   Transmission and epidemiology  

Transmission is the same in animals as it is in humans, with the initial infection 

resulting from the ingestion of encysted metacercaria via contaminated drinking water 

or vegetation (typically watercress in human transmission).  The Fasciola lifecycle is 

dependent upon an intermediate host, a freshwater snail species from the family 

Lymnaeidae (Mas-comma & Bargues, 1997). Therefore, environmental and 

geographical factors affecting the snail population dynamics, such as temperature, 

humidity, rainfall and latitude play a role in disease outbreak and parasite prevalence 

(Mas-Coma, Bargues & Valero, 2009).  In temperate regions where F. hepatica is the 

primary species, transmission rates are slowed in winter (due to low temperatures), 

they are also affected by rainfall as the snail hosts often live in shallow collections of 

water, creating a seasonality to disease transmission (Mas-Coma, Bargues & Valero, 

2009).  In areas where F. gigantica is the primary source of disease (tropical areas), 

this seasonality is less frequently observed owing to consistently warm climates and 

their preferred snail host (from genus Radix) inhabiting deeper pools of water which 

are less susceptible to drying up, than those inhabited by the intermediate host of F. 

hepatica (Mas-Coma, 2004).  However, it is due to the diffused and limited distribution 

of their snail host that F. gigantica has a smaller range while F. hepatica is found in 

every continent except Antarctica (Mas-Coma, 2004).  Definitive vertebrate hosts also 

play a role in disease transmission, acting as disease reservoirs, if the parasitic 

burden of the often unmonitored wildlife (deer, boar, rabbits) is high, then constant 

contamination of the environment with eggs will occur, permitting greater disease 

transmission (Haydon et al., 2002).  The aptitude of a pathogen to infect a wide range 

of hosts has been outlined as an important risk factor in monitoring disease 

emergence in humans and domestic animals (Cleaveland, Laurenson &Taylor, 2001).  

Cases of human fascioliasis are mostly reported in highly endemic areas, especially 

in rural areas where animal infection is high, such as Andean countries (Bolivia, Peru) 

(Mas-Coma, 2004).  In the Andes fluke have developed adaptions favourable to 

transmission such as longer cercarial shedding periods and greater cercarial 

production per snail (Mas-Comma, Funatsu & Bargues, 2001).  In these endemic hot 

spots, the disease is most common in school aged children (Mas-Coma, Bargues & 

Valero, 2005). 
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1.2.2.3.   Diagnosis and treatment 

Diagnosis of fasciolosis in animals relies on parasitological and immunological 

techniques. Traditionally the most common diagnosis method was testing for the 

presence of eggs in faecal samples, the limiting factor being that early or low 

infections could not be detected, even heavy infections could be missed due to the 

sporadic nature of egg passing (Mas-Coma & Bargues, 1999).  This method is also 

problematic when assessing infection post treatment due to egg retention after the 

infection is cleared (Flanagan et al., 2011).  Immunological techniques such as 

enzyme-linked immunosorbent assay (ELISA assays) can also be utilized, often to 

detect heightened host IgG levels in the serum, a typical indication of Fasciola 

hepatica infection (Salimi-Bejestani et al., 2005).  This can be particularly useful when 

monitoring a dairy herd as the host IgG can be detected in the animal’s milk, allowing 

for bulk detection in the herd, while this is cost effective IgG levels remain high for 

several months post infection, failing to distinguish between past and present infection 

(Beesley et al., 2018).  Many farmers who suspect infection can request a necropsy 

post slaughter at the abattoir to establish the presence of fluke in the liver or bile ducts 

(Mazeri et al., 2016). 

Human diagnosis relies on parasitological and/or immunological techniques, the 

suitability of each depends upon the disease presentation and is often affected by 

both the epidemiological disease pattern and infrastructure of the area (Mas-Coma, 

Bargues & Valero, 2014).  Considering that human infection is more prevalent in 

developing countries, particularly in rural areas, diagnostic test cost and availability 

must be considered.   In these situations, the examination of stool samples for parasite 

eggs is often preferred as this is an inexpensive and accessible method comparted to 

immunological tests (Mas-Coma, Bargues & Valero, 2014).  While this is an easy and 

cost-effective approach there are several issues with relying on this method.  The 

main issue being that eggs are only produced during the chronic stage of the disease, 

once adults have matured in the bile ducts (2-4 months post infection), meaning that 

patients presenting in the acute migratory stage of infection would remain 

undiagnosed, for this reason a negative stool sample does not rule out fascioliasis 

(Mas-Coma & Bargues,1997).  Faecal egg counts in humans are also problematic 

due to egg output dynamics of the parasite within this unnatural host being unknown.  

For example, in the biliary stages within humans it has been noted that many fluke do 

not properly mature and exhibit low egg shedding (Mas-Coma & Bargues,1997; Mas-

Coma, Bargues & Valero, 2014).   
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There are methods which can improve upon diagnosis in cases of low egg output, 

such as the use of certain medicinal agents (cholagogues) which cause contractions 

of the gall bladder allowing for increased egg visibility in stool samples (Mas-Coma, 

Bargues & Valero, 2014).  The alternative to these parasitological tests are 

immunological assays of stool or serum aiming to identify if parasite antigens or anti-

parasite antibodies are present.  Serological immunodetection allows an earlier 

diagnosis (2-7 weeks post infection) which is important for those in the acute stage of 

infection, however it does not distinguish between past and present infections (Mas-

Coma, Bargues & Valero, 2014).  Most commonly immunodetection is preformed via 

an enzyme-linked immunosorbent assay (ELISA) or immunoblotting technique 

designed to test for the presence of excretory/secretory (E/S) antigens, such as 

cathepsin L, a cysteine protease secreted by Fasciola spp. (O’Neill et al., 1998).  

Typically, these laboratory tests would be conducted in conjunction with 

radiological/ultrasonic imaging to assess damage/lesions to the liver, gall bladder or 

bile ducts, however this can be technically challenging (Preza et al., 2019).  In regions 

where F. hepatica, F. gigantica and hybrids of the two occur together, a difficulty 

arises in that the serological tests do not differentiate between the closely related 

species such that molecular tests and morphological phenotyping are needed, these 

are more time consuming and invasive approaches (Mas-Coma, Bargues & Valero, 

2014).  When diagnosing fluke infections, the epidemiology of the region and disease 

prevalence should be considered.  In hypo-endemic areas where infection levels are 

low it is more appropriate to use a combination of the above methods, in hyper-

endemic areas where infection is high, and resources are often limited, the 

parasitological methods are preferred (Mas-Coma, Bargues & Valero, 2014).  

Treatment of both animal and human infections relies on a chemotherapeutic 

approach. The current drug of choice is triclabendazole (TCBZ), a benzimidazole 

derivative and the sole drug which has efficacy against both the adult and the 

immature fluke (Boray et al., 1983).  The exact mechanism of action of the drug is 

unknown, but several possibilities have been considered, including the inhibition of 

microtubule formation, protein synthesis and oxidative phosphorylation (Lacey, 1988; 

Fairweather & Boray, 1999).  Other flukicides are available including albendazole 

(another benzimidazole, closantel and clorsulon, however none are effective against 

the juvenile fluke, only becoming useful 6-14 weeks post infection (Kelley et al., 2016).  

In human cases, TCBZ is administered as a single dose table (approximately10 

mg/kg), in cases of heavy burdens or reoccurrence, a higher dose (20 mg/kg) is given 

in two doses (Apt, Aquilera & Vega, 1995).  
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 In the case of animals, TCBZ is also administered orally at approximately 10-12 

mg/kg, to ensure drug efficacy animals must be weighed and dosed accordingly 

(Fairweather & Boray, 1999).  Issues with TCBZ use can arise in the case of dairy 

farms, as the drug persists in the animal’s milk such that withhold times are used 

resulting in restrictions as to when it is acceptable to dose (National Office for Animal 

Health, 2017).  A Faecal egg count reduction test (FECRT) conducted post treatment 

can give an indication of drug efficacy (Daniel et al., 2012).  Commonly farmers are 

advised to use a combination of drugs (synergistic effect) or to adapt rotation 

schedules, rather than relying solely on TCBZ, this is to preserve the efficacy of 

current anthelmintics and combat the growing issue of drug resistance (Fairweather 

& Boray, 1999).  

 

1.3.   Liver fluke control and current issues 

1.3.1.   Control strategies   

Chemical control with anthelminthic drugs is the principal management for fasciolosis 

(Torgerson & Claxton, 1999).  To reduce the number of treatments required and 

preserve drug efficacy proper dosing and administration protocols must be adhered 

to (Crilly et al., 2015).  For farmers, choosing when to treat and how often is an 

important factor, this will vary depending on disease epidemiology and local climatic 

factors (Torgerson & Claxton, 1999).  Regular testing (such as faecal egg counts) can 

give an idea as to the parasite intensity within the flocks/herd and should be 

considered when deciding on a treatment regime.  More susceptible animals such as 

sheep generally require more treatments than cattle (Torgerson & Claxton, 1999).   

Alternative control strategies may dilute the on-farm parasite burden which can 

subsequently reduce the number of chemical treatments required (Barger, 1997). 

Many factors influence parasite prevalence at the farm level such as; irrigation, 

temperature, rainfall, pasture management and livestock practices, alternative 

controls can alleviate some of these issues (Bennema et al., 2011; Crilly et al., 2015; 

Selemetas et al., 2015).  When choosing an integrated control strategy climate, cost 

and local animal husbandry practices must be considered, with the key aim at a farm 

level being to reduce parasite build up in the environment (Torgerson & Claxton, 

1999).   Although expensive land management, such as improved drainage and 

irrigation can help reduce the suitable habitat of the snail host, thereby inhibiting 

transmission, (Boray, 1969).  Another approach is to adjust livestock 

husbandry/management, quarantining new animals or instigating a rotational 

grazing/pasture management schedule where possible (Barger, 1997). 
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   In areas where human fascioliasis is a prominent threat, surveys on the population 

and local wildlife, and targeted drug administration plays an important role in parasite 

control (Mas-Coma, Bargues & Valero, 2014).  With anthelmintic resistance becoming 

an ever-increasing threat it is important that integrated management practises be 

utilized, synergistically combining chemical and environmental controls to preserve 

drug efficacy (Torgerson & Claxton, 1999; Kelley et al., 2016).   

 

1.3.2.   Drug resistance   

As TCBZ is the drug of choice when treating fluke infections, most data on flukicide 

resistance relates to TCBZ.  The overreliance and inappropriate use of TCBZ, 

especially in sheep, has resulted in TCBZ-resistance (TCBZ-R) within the liver fluke 

population (Kelley et al., 2016).  TCBZ was first introduced in the 1980s (with >98% 

efficacy) and since the first report of resistance in Australia in 1995 there have been 

20 peer reviewed cases of resistance on sheep farms in Europe alone, many more 

anecdotally (Fairweather & Boray, 1999; Beesley et al., 2018).  As well as 

monotherapeutic use, improper dosing, lack of efficacy testing and a lack of 

understanding regarding fluke biology by farmers is largely to blame (Overend & 

Bowen, 1995; Fairweather, 2011).  Reports of TCBZ-R have been recorded in; 

Australia, Netherlands, Spain, South America and the U.K, among others (Moll et al., 

2000; Álvarez-Sánchez et al., 2006; Olaechea et al., 2011; Brockwell et l., 2014; 

Hanna et al., 2015).  The situation in Australia has been so dire it threatens the 

profitability of the sheep farming industry (Besier & Love, 2003).  Several cases of 

TCBZ-R infections in humans have been reported, highlighting this as an emerging 

zoonotic issue (Winkelhagenm et al., 2012; Gil et al., 2014).   

A lack of precise and accessible diagnostic field tests for resistance makes it difficult 

to detect as it emerges. The most commonly deployed method is the previously 

discussed FECRT and if drug efficacy is shown to be <95%, 21-days post TCBZ 

treatment then it is classified as TCBZ-R (Wood et al., 1995).  Another method to 

measure resistance is the coproantigen reduction test (CRT), based on the 

coproantigen ELISA test, which quantifies the amount of specific F. hepatica antigens 

in faecal matter (Flanagan et al., 2011).  The development of more precise molecular 

tests is hindered because the exact mechanisms of TCBZ function and resistance are 

unknown.  
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While the mechanism of resistance remains unclear, it has been proposed that varied 

uptake of the drug by resistant and susceptible strains of fluke, owing to 

metabolic/efflux differences between the two strains plays an important role (Kerboeuf 

et al., 2003).  Currently it is unknown if drug resistance in fluke has single or multiple 

origins with many studies now focusing on the fluke genome to find answers.   

The perception of TCBZ-R by farmers also poses a risk, it has been shown via surveys 

in Northern Ireland that many farmers have moved away from TCBZ use, instead 

favouring other drugs such as closantel; this is particularly worrying with the first case 

of closantel resistance being reported in Sweden (Novobilsky & Hoglund, 2015).  The 

question now becomes, how widespread is closantel resistance and how sustainable 

are the current chemical controls, an important factor going forward is to ensure that 

scientific research is transcribed into a practical format for farmers.  

 

1.3.3.   Lack of Fasciola Vaccine 

Studies have shown that Fasciola spp. infections illicit an immune response from the 

host which is effective at killing the invasive parasite and granting protection, providing 

a promising basis for vaccine design (Rickard & Howell, 1982).  To be commercially 

viable, vaccines need to provide protection to both young and old animal livestock for 

at least an entire grazing season (Turner et al., 2016).   

Approaches to a fluke vaccine thus far have focused on the use of 

irradiated/attenuated parasites or extracts, defined purified antigens or a 

recombinant/cocktail approach, with varied success (Toet et al., 2014, Beesley et al., 

2018).  The use of irradiated metacercariae in vaccines proved successful in cattle, 

however no resistance or protection was seen in sheep (Spithill et al., 1999).  Other 

studies have examined the viability of many purified Fasciola antigens such as fatty 

acid binding protein (FABP), cathepsin L (Cat L) and glutathione S transferase (GST) 

(Spithill et al., 1999).  The exploitation of these antigens has yielded mixed success 

such that the use of FABP in a vaccine conferred 55% protection in cattle, the use of 

Cat L1 gave 42-69% protection in cattle, 34% in sheep and the use of GST led to a 

57% reduction in parasites in sheep.  Whilst promising data have been published, 

there is still no vaccine which meets the standard for commercial use, for livestock or 

humans (Yap & Smooker, 2016).   

Vaccines based on single molecules are likely to have limited success such that 

recent work has focused on a combinational approach focusing on varied cocktails, 

for example, recombinant leucine aminopeptidase (LAP) with alum adjuvant, which 

reduced the parasite burden in sheep by 86% (Maggioli et al., 2011).   
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When designing a suitable fluke vaccine, it is important to understand the host 

immune response and the immunomodulatory/evasive tactics that fluke use to subvert 

the host immune response.   F. hepatica  infections illicit a mixed Th1 and Th2 

response in cattle, sheep and goats, characterised by high IgG1 and IgG2 levels 

(Mulcahy, Joyce & Dalton, 1999).   

A Th1 response is an antibody (Ab) independent reaction which kills pathogens in a 

non-specific manner by activating macrophages and promoting phagocytosis, this 

response is often damaging to host cells in the surrounding area (Mulcahy, Joyce & 

Dalton, 1999).  A Th2 mediated response is a specific Ab dependent reaction, 

selectively activating mast cells and eosinophils, promoting targeted pathogen death 

through degranulation with toxic compounds released from immune cells (Mulcahy, 

Joyce & Dalton, 1999).  There are several ways that F. hepatica  evades the host 

immune system, averting detection and subsequently preventing any immune 

responses being successful.  An important tool for evasion is the parasite tegument, 

the surface glycocalyx of the tegument changes its composition at various life stages, 

supporting antigenic inconsistency and its continual turnover/shedding makes it 

difficult for immune cells to detect and attach to it (Mulcahy, Joyce & Dalton, 1999).  

Fasciola spp. are also known to produce immunomodulatory secretions which 

suppress the host immune response, such as cysteine proteases which cleave the 

host immunoglobulins preventing Ab mediated interactions between host effector 

cells and the parasitic larvae (Dalton et al., 2013).  The complexities of these host-

parasite interactions make vaccine design a complex challenge.  

Along with the issue of parasite antigenic plasticity there are several logistical barriers 

to vaccine design, the cost of running trails in ruminants being one.  This has led to 

the use of rodents in many studies, however it is difficult to replicate the protection 

levels observed in these models in livestock (Beesley et al., 2018).  The development 

of a commercially viable vaccine would provide some security against the increasing 

issue of drug resistant fluke.  It is important to note that a liver fluke vaccine would not 

need to be 100% effective as a significant increase in herd immunity or a reduction in 

parasite transmission/egg viability would be adequate to increase livestock production 

(Beesley et al., 2018).   
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1.3.4.  Climate change  

Climate change is expected to influence many helminth parasite diseases, altering 

their transmission cycles, host distributions and epidemiology (Blum & Hotez, 2018).  

The development rates of the free-living stages of F. hepatica and their snail hosts 

are temperature dependent, requiring a range of 10-25oC (Rapsch et al., 2008).  

Sufficient rainfall and moisture are also required to provide a suitable habitat for the 

snail and the motile stages of the parasite (miracidium, cercariae), with temperature 

and rainfall playing a determinant role in the transmission efficiency of this parasite 

(de Waal et al., 2007).   

It is due to these factors that we see seasonal outbreaks of fasciolosis in temperate 

regions, with summer and winter being key infection times (Fox et al., 2011).  In 

temperate regions summer infections occur because of snails being infected in late 

spring resulting in disease levels peaking in late autumn/winter, while winter infections 

occur when eggs are excreted in unfavourable colder conditions (late autumn, early 

winter) and lie dormant (development ceases) until favourable conditions occur in 

early spring, leading to disease outbreaks in July-October (Fox et al., 2011).   

The intergovernmental panel on climate change (IPPC) released a report in 2007 

stating that climate warming in temperate regions would lead to increased 

temperatures in spring and winter months and that there would be a trend of increased 

precipitation in already wet regions (IPPC, 2007).  Their 5th report released in 2014 

supported these continued trends, stating that the global mean surface temperature 

will increase, more so over land masses and that in many mid-latitude regions 

meaning precipitation will increase, as will extreme precipitation occurrences (IPPC, 

2014).  These factors will play significant roles in the spread and transmission of many 

parasitic diseases, including fasciolosis/fascioliasis (Blum & Hotez, 2018).   

Short-term forecasting models, which use disease prevalence data along with climate 

data, can help predict disease outbreaks at local and regional levels, the first model 

to do so in the UK was the Ollerenshaw index (Fox et al., 2011).  Since then there 

have been many studies utilizing similar methods/models to predict fluke outbreaks.  

The study by Fox et al. (2011) predicts that rising temperatures and precipitation 

levels in the UK will lead to increased disease outbreaks in western regions, with 

serious epidemics being normalized in Wales by 2050.  This is in part due to an 

expected increase in overwintering larvae and eggs owing to increasing seasonal 

temperatures, allowing extended development periods of the parasite and its snail 

host (Fox et al., 2011).  
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 It has been predicted that increased temperatures could lead to increased metabolic 

activity of the snail host which could allow for increased cercarial production, thereby 

enhancing parasite transmission (Mas-Coma et al., 2009).  The outlook in Europe 

(particularly in the north-west and central regions) states that while transmission risk 

is likely to decrease in the warmest summer months, it is likely to increase in milder 

seasons (Spring, Autumn) due to increasing temperatures, potentially extending the 

fluke transmission period by up to four months (Caminade et al., 2015).  

As with all models, predictions are uncertain and fail to encompass all mitigating 

factors, such as how climate change will affect animal reservoirs and land/farming 

practices, which in turn will affect fluke epidemiology (Caminade et al., 2015).  In 

concert with increasing drug resistance, climate change threatens global fluke control 

making novel control methods an imperative. 

 

1.4.  General morphology of the liver fluke Fasciola hepatica 

Here the major anatomical structures and systems of the common liver fluke F. 

hepatica will be considered. 

 

1.4.1.  The nervous system 

The nervous system of Fasciola hepatica (F. hepatica) (Fig 1.2) can be divided into a 

central nervous system (CNS) and a peripheral nervous system (PNS), together these 

components modulate a vast range of complex behaviours in response to external 

sensory inputs (McVeigh & Maule, 2017).   

The CNS of F. hepatica is comprised of a pair of cerebral ganglia situated on either 

side of the pharynx and connected by a nerve ring which encircles the pharynx and 

oesophagus (Fairweather, Threadgold & Hanna, 1999).  From these ganglia three 

pairs of nerves arise running anteriorly to the oral sucker and three pairs of nerve 

cords run posteriorly along the body (Fairweather, Threadgold & Hanna, 1999).  The 

three main nerve cords which run posteriorly are called the dorsal, ventral and lateral 

nerve cords, of which the ventral longitudinal nerve cord is the most well developed 

and the longest (Fairweather, Threadgold & Hanna, 1999).  The PNS consists of a 

network of cell bodies and nerve fibres situated beneath the tegument, associated 

with the sub tegumental musculature and both suckers (Fairweather, Threadgold & 

Hanna, 1999).  
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The F. hepatica nervous system possess a neurochemical complexity while being 

structurally simple (Fairweather, Threadgold & Hanna, 1999).  Many classical 

neurotransmitters have been identified in F. hepatica with serotonin and dopamine 

being shown to have a stimulatory effect on motility while noradrenaline displays an 

inhibitory effect (Fairweather, Threadgold & Hanna, 1999).  Neuropeptides are also 

present and play vital signalling roles such as the FMRFamide-like peptides (FLPs) 

or neuropeptide F/neuropeptide Y (NPF/NPY) peptides (McVeigh & Maule, 2017).   

Considering the implications that muscular excitation/inhibition has upon many 

essential behaviours such as feeding, reproduction and motility it is not surprising that 

the above-mentioned neurotransmitters have been studied extensively with the aim 

of identifying new drug targets.  

 

Fig 1.2.   The nervous system of F. hepatica.  

(Fasciola: Digestive System and Excretory System, Phylum Platyhelminthes. Image 

downloaded from http://www.notesonzoology.com/phylum-platyhelminthes/fasciola-

digestive-system-and-excretory-system-phylum-platyhelminthes/5877 in August 

2019) 
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1.4.2.  The digestive system 

To survive and successfully parasitise liver fluke must procure nutrients from the host 

environment.  It does so through the uptake/absorption of host nutrients across both 

its tegument and the intestinal epithelium (Thompson & Geary, 1995).  The fully 

developed fluke gut is divided into two sections, the foregut comprised of the; mouth, 

pharynx and oesophagus and the paired intestinal caeca (Fig 1.3) (Fairweather, 

Threadgold & Hanna, 1999).   

Fluke have a blind gut meaning that ingestion and egestion occur via the same 

opening, the mouth (Fairweather, Threadgold & Hanna, 1999). The paired intestinal 

caeca have highly branched projections termed the lateral diverticula and the entire 

caeca has an epithelium lining made up of a continuous single layer of cells that 

despite belonging to the same cell type have variant cell states which alter their fine 

structures (Robinson & Threadgold, 1975).  The structural variations observed in 

these cells reflect the variations of their functional states as they undergo a cyclical 

transformation between facilitating absorption and secretion, both functions along with 

digestion occur simultaneously in the diverticula (Robinson & Threadgold, 1975).  

Secretory cells are identified by the presence of numerous secretory vesicles, large 

numbers of mitochondria and abundant Golgi complexes, while absorptive cells have 

largely inactive Golgi complexes, numerous long apical lamellae and associated 

exocytosed secretory granules (Robinson & Threadgold, 1975).  A third functionally 

distinct cell has also been described which displays characteristics of both absorptive 

and secretory cells, its main role appears to be the movement of material back and 

forth within the caecal lumen (Robinson & Threadgold, 1975).  Digestion is mainly 

extracellular taking place in the caecal lumen, but it is completed intracellularly via 

diffusion and enzymatic breakdown facilitated by a range of protease enzymes 

(Fairweather, Threadgold & Hanna, 1999).   

Throughout its life the parasites diet changes, the free-living stages survive off 

endogenous resources while the immature migratory larval stages feed on abdominal 

viscera.  However, the gut cells are mostly secretory in nature and as they don’t grow 

significantly until they reach the liver and bile ducts it is an indication that feeding isn’t 

a priority to these early stage larvae (Dawes, 1963).  Upon entry to the liver and bile 

ducts it is thought that fluke feed on hepatic cells and blood respectively, these 

changes in diet throughout the lifecycle are reflected in the gut morphology, 

development and their enzymatic arsenal (Fairweather, Threadgold & Hanna, 1999).   
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 Fig 1.3.   The digestive system of F. hepatica.  

 (Fasciola: Digestive System and Excretory System, Phylum Platyhelminthes. Image 

downloaded from http://www.notesonzoology.com/phylum-platyhelminthes/fasciola-

digestive-system-and-excretory-system-phylum-platyhelminthes/5877 in August 

2019) 

 

 

1.4.3.  The reproductive system 

F. hepatica is a hermaphroditic parasite, its ability to self-fertilize facilitated by the 

presence of both male and female reproductive systems (Fig 1.4) (Fairweather, 

Threadgold & Hanna, 1999).  The mature male system consists of two branched 

testes located in the middle of the body, where spermatogenesis occurs, with vas 

deferens running from each testis and joining to form a seminal vesicle which is where 

mature spermatozoa are stored (Fairweather, Threadgold & Hanna, 1999).   

http://www.notesonzoology.com/phylum-platyhelminthes/fasciola-digestive-system-and-excretory-system-phylum-platyhelminthes/5877%20in%20August%202019
http://www.notesonzoology.com/phylum-platyhelminthes/fasciola-digestive-system-and-excretory-system-phylum-platyhelminthes/5877%20in%20August%202019
http://www.notesonzoology.com/phylum-platyhelminthes/fasciola-digestive-system-and-excretory-system-phylum-platyhelminthes/5877%20in%20August%202019


28 
 

The seminal vesicle leads to an ejaculatory duct, a small duct that runs through the 

cirrus sac, leading to the protrusable cirrus which opens to the external environment 

as a genital pore above the ventral sucker (Fairweather, Threadgold & Hanna, 1999).   

The fully developed female system is made up of a single dendritic ovary situated 

anterior to the testes, a short oviduct and extensive vitelline glands which are 

comprised of numerous follicles along the lateral margins of the fluke (Fairweather, 

Threadgold & Hanna, 1999).  The left and right vitelline glands, which produce 

material essential to egg formation, meet to form the vitelline reservoir, from here a 

short duct joins to the oviduct giving rise to the ovovitelline duct which then leads to 

the ootype, the site of egg formation (Fairweather, Threadgold & Hanna, 1999).  The 

ootype passes into the uterus, the site of fertilisation, which then leads to the genital 

pore where eggs can be deposited into the external surroundings (Fairweather, 

Threadgold & Hanna, 1999).  The ootype is surrounded by Mehlis gland cells which 

are secretory in nature (Fairweather, Threadgold & Hanna, 1999).   

Fluke are highly fecund, a single fluke in a sheep host can produce 25,000 eggs a 

day, this trait plays a vital role in their transmission efficacy (Happich & Boray, 1969).  

While self-fertilization is possible it is generally considered that cross-fertilization is 

the preferred reproductive strategy when there are numerous fluke present, thus 

preserving genetic heterogenicity (Hanna et al., 2008).    
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Fig 1.4.   The reproductive system of F. hepatica. 

(Fasciola: Digestive System and Excretory System, Phylum Platyhelminthes. Image 

downloaded from http://www.notesonzoology.com/phylum-platyhelminthes/fasciola-

digestive-system-and-excretory-system-phylum-platyhelminthes/5877 in August 

2019)  

 

1.4.4.  The tegument  

The metabolically active, specialized outer layer of the parasite, known as the 

tegument, is a defining characteristic of flatworm parasites (Fig 1.5) (Fairweather, 

Threadgold & Hanna, 1999).  The tegument is at the forefront of host-parasite 

interactions facilitating nutrient uptake, osmoregulation and protecting the parasite 

from the attritional host environment, playing an active role in evasion of the host 

immune system (Smyth & Halton, 1983).  The outer most layer of the fluke is covered 

in densely packed spines which point posteriorly, these spines help adhere the adult 

parasite within the bile ducts and play a role in feeding, enabling the parasite to 

puncture host cells and tissues (Bennett, 1975a).   

http://www.notesonzoology.com/phylum-platyhelminthes/fasciola-digestive-system-and-excretory-system-phylum-platyhelminthes/5877%20in%20August%202019
http://www.notesonzoology.com/phylum-platyhelminthes/fasciola-digestive-system-and-excretory-system-phylum-platyhelminthes/5877%20in%20August%202019
http://www.notesonzoology.com/phylum-platyhelminthes/fasciola-digestive-system-and-excretory-system-phylum-platyhelminthes/5877%20in%20August%202019
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The outer layer of the tegument termed the glycocalyx, can be split into two parts, the 

thick fibrous outer layer that is comprised mostly of glycoproteins and the inner layer 

which is bound to the highly invaginated apical membrane (Fairweather, Threadgold 

& Hanna, 1999).  Beneath this is a syncytial layer of cytoplasm which connects to 

nucleated cell bodies and secretory bodies via cytoplasmic connections (Fairweather, 

Threadgold & Hanna, 1999).  This layer contains mitochondria, Golgi apparatus, 

tegumental cells and their associated secretory bodies (Fairweather, Threadgold & 

Hanna, 1999).  The cell bodies lie beneath the fibrous basal lamina and the muscle 

layers, these cells were classified as T0, T1 or T2 cells by Bennett and Threadgold 

(1975).  T0 cells produce T0 secretory bodies which are incorporated into the 

glycocalyx, these cells are only found in early stage juveniles (before they reach the 

liver).  Upon entry to the liver these T0 cells transform into T1 cell bodies that secrete 

T1 bodies.  Also present in mature fluke but appearing after T1 cells are T2 cells which 

secrete T2 bodies, their purpose is not clearly defined (Smyth and Halton, 1983).  

A distinctive adaptive feature of the tegument is its role in evading the host immune 

system, this is achieved by a repeated sloughing/replacement of its glycocalyx 

consequently removing any immune complexes or cells which have tried to adhere to 

it, preventing a Th1/Th2 immune response from the host (Hanna, 1980a).  This outer 

layer is in constant contact with the abrasive host environment and the need to 

continually replace these cells suggests the presence of a robust mechanism for 

cellular turnover.  In the closely related blood fluke Schistosoma mansoni it has been 

suggested that this rapid cellular turnover is driven by somatic stem cells (Collins et 

al., 2016).   
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Fig 1.5.   Fasciola tegument structure.  

(Fairweather, Threadgold & Hanna, 1999). 

 

1.5.  Stem cells 

Stem cells are characterized by their unique ability to self-renew creating an identical 

copy of itself, while also having the ability to produce daughter cells, as the source of 

all new differentiated cells they are essential to embryonic development, growth and 

tissue regeneration (Fig 1.6) (Li & Xie, 2005).  There are several types of stem cells 

including embryonic stem cells (ESCs) that are derived from the inner cell mass of 

blastocysts and give rise to any of the three germ line layers.  ESCs are less restricted 

than adult stem cells in terms of cell potency (Chambers & Smith 2004).  Adult stem 

cells can be split into two types, germ-line stem cells (GSC) which facilitate 

reproduction and somatic stem cells (SSC) which support organogenesis, tissue 

homeostasis and cellular turnover in somatic tissues (Li & Xie, 2005).  
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 A delicate balance between self-renewal and differentiation within the stem cell 

population/niche is necessary to maintain a healthy stem cell population while 

simultaneously sustaining tissue homeostasis and regeneration (Li & Xie, 2005).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.6.   Stem cell properties; self-renewal and differentiation.  

 

Stem cells vary in their developmental potential, referred to as cell potency.  Totipotent 

stem cells such as zygotes can give rise to all cell types and consequently can 

generate an entire organism (Jaenisch & Young, 2008).  Pluripotent stem cells like 

the ESCs can generate all cell types except those belonging to the extraembryonic 

trophoblast linage (Jaenisch & Young, 2008).  Multipotent stem cells can give rise to 

all cell types within a specfic linage, for example hematopoietic stem cells are 

restricted to differentiate into any type of blood cell (Jaenisch & Young, 2008).  Lastly 

the most restricted type of potency is unipotent stem cells such as spermatogonial 

stem cells which can only form sperm (Jaenisch & Young, 2008).  As a stem cells 

undergoes differentiation discrete changes occur which determine the cells fate, this 

is regulated by epigenetic mechanisms (DNA methylation) which silence pluripotency 

genes and activate developmental genes (Meissner, 2010; Roobrouck, Vanuytsel, & 

Verfaillie, 2011).   
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For instance, Oct-3/4 (a key gene in the maintenance of pluripotency) is repressed 

due to an increase in histone H3 methylation on Lys 9 which is followed by local 

heterochromatinization and de novo methylation at the promoter, these epigenetic 

changes are vital in preventing re-expression of OCT-3/4 (Feldman et al. 2006).  

 The differentiating cells fate is not permanent, it can be reversed under specific 

conditions by which the restricted cell can return to a toti/pluripotent stem state in a 

process termed dedifferentiation (Roobrouck, Vanuytsel & Verfaillie, 2011).  Self-

renewal and differentiation can occur simultaneously due to a process called 

asymmetric division (Fig 1.7) in which a stem cell proliferates to create a daughter cell 

that is an identical replica of itself, which retains its stem cell status and another 

daughter cell that is differentiated and destined to a specific linage (Knoblich, 2008).  

 

 

Fig 1.7.   Mechanisms of stem cell self-renewal and differentiation.  

   

 

Stem cells have generated a lot of interest in medical fields because of their potential 

as regenerative therapeutics to treat degenerative diseases and injuries (Kimelman, 

2007).  They hold significance when studying developmental biology or regeneration 

and may facilitate countless fundamental processes in a wide range of organisms. 
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1.5.1.  Planarian stem cells 

Planarian stem cells termed neoblasts, are undifferentiated cells with a large nucleus 

and scant cytoplasm often with cytoplasmic projections, that are found in the 

parenchyma of free-living flatworms, making up 20-35% of the total cell population 

(Baguñà, 2015).  These cells are the only mitotic cells present in the worms, shown 

through bromodeoxyuridine (BrdU) staining which labels proliferating cells, and are 

studied primarily in these organisms due to their key role in regeneration (Ladurner, 

Reiger & Baguñà, 2000).  Like stem cells found in other animals neoblasts can self-

renew and have been shown to differentiate into all somatic cell types (Ladurner, 

Reiger & Baguñà, 2000).  Neoblasts are sensitive to radiation treatment and can be 

depleted using x-ray radiation, this trait is exploited experimentally to help 

characterize these cells and their functions (Wolff & Dubois, 1948).    

Their roles in regeneration and tissue homeostasis have been extensively studied, 

while the exact mechanisms of regeneration are unclear it has been experimentally 

shown that neoblast depleted animals lose the ability to regenerate (Ogawa et 

al.,2002).  In response to wounding neoblast proliferation is spatially localized near 

the wound site, facilitating the replacement of missing tissue, damaged and aged cells 

are also replaced in this manner (Aboukhatwa & Aboobaker, 2015).  Another 

interesting trait in planarians is their ability to grow and de-grow (shrink) in response 

to environmental conditions, after feeding the level of mitosis occurring increases 

three to four-fold compared to basal rates (Baguñà, 1976a).  This connection between 

the proliferative activity of the neoblasts and worm size was well characterized by 

Lange (1967) who found that larger worms had more numerous, but less densely 

packed, neoblasts than smaller worms, this correlative relationship between neoblast 

numbers and worm size suggests they play a role in worm growth.   

Experiments conducted in Schmidtea mediterranea illustrated that neoblasts are 

capable of migration, albeit in a slow and progressive manner, traveling on average 

40 µm a day, this rate is doubled in irradiated worms (Salo & Baguñà, 1985a).  

Hayashi et al. (2006) utilised fluorescence-activated cell sorting (FACS) to isolate all 

planarian cells into distinct populations designated X1, X2 and XIS with the latter 

being the only radiation insensitive group.  Cells belonging to the X1 population were 

described as mostly classical neoblasts with some differentiating cells while X2 cells 

were found to contain both classical neoblasts and smaller stem cells with 

comparatively well-developed heterochromatin; the insensitive XIS cells were 

hypothesised to be the differentiated somatic cells (Hayashi et al., 2010).  
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 In attempts to further characterise the stem cell population van Wolfswinkel, Wagner 

& Reddien (2014) used single-cell transcriptional profiling to compare gene 

expression fingerprints of X1 cells during homeostasis and regeneration and found 

two distinct subsets of neoblasts.  They termed them zeta (ζ) and sigma neoblasts (σ), 

describing sigma neoblasts as having a broad linage capacity, being involved in the 

wound response and capable of giving rise to the more restricted zeta neoblasts which 

are not needed in regeneration, showing that the neoblast population is heterogenous 

(van Wolfswinkel, Wagner & Reddien, 2014).  It had long been debated as to whether 

the neoblast population contained pluripotent stem cells and this was finally shown to 

be the case when Wagner et al. (2011) transplanted a single neoblast into a lethally 

irradiated animal which resulted in the animal recovering, repopulating its depleted 

stem population and regaining regenerative abilities.  This is in contrast to mammalian 

stem cells which do not have pluripotent stem cells within their somatic cell population, 

it is only embryonic stem cells which display that broad a level of cell potency 

(Jaenisch & Young, 2008).   Another important tool when characterising a cell 

population is the use of molecular markers, in this case many of those used are 

related to cell potency or the cell cycle and are homologous to many markers/effector 

genes found in other invertebrates and higher animals, including PIWI, vasa, nanos 

and tudor genes (Reddien et al., 2005).  A common approach to identifying potential 

neoblast markers is to compare the expression profile of control animals against 

irradiated ones (Aboukhatwa & Aboobaker, 2015).  Despite being studied for more 

than fifty years there are still a lot of unanswered questions about neoblasts such as 

their evolutionary origins, their exact roles in regeneration, mechanisms controlling 

proliferation and how neoblast linages are regulated.  With recent advancements in 

functional genomics and single cell analysis, the field of stem cell biology will gather 

momentum as new tools for studies on cell biology progress.  

 

1.5.2.  Parasite stem cells 

In recent years studies have reported the presence of stem cells, resembling 

planarian neoblasts, within parasitic flatworms such as Schistosoma mansoni and 

Echinococcus multilocularis (Collins et al. 2013; Koziol et al. 2014).  Collins et al. 

(2013) found that the stem cells in S. mansoni, a blood fluke with similarities to F. 

hepatica, resembled planarian neoblasts morphologically and displayed the ability to 

both self-renew and to migrate and differentiate into intestinal cells.  Additionally, it 

has been suggested that tegumental turnover/cell renewal, which is vital to the 

parasite’s survival within the host, is a stem cell driven process in S. mansoni (Collins 

et al. 2016).   
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Wang et al. (2013) further characterized these cells in larval schistosomes, using a 

functional genomics approach which identified two distinct germinal cell linages that 

differ in their expression of the nanos orthologue, some being termed as nanos+ while 

others are nanos-.   

Wang et al. (2013) described these germ line cells as being like somatic stem cells 

identified in the adult parasite.  The stem cells in S. mansoni have also be shown to 

proliferate in response to mechanical injury, further likening them to the planarian 

neoblasts (Collins & Collins, 2016).  Homologues to many planarian stem cell 

markers/regulators have been found in S. mansoni such as p53, a sox-family 

transcription factor, fibroblast growth factor receptors, and argonaute, which were 

significantly down-regulated in irradiated parasites along with a nanos orthologue 

(Collins et al. 2013).  Collins et al. (2013) illustrated that RNA interference (RNAi) of 

the neoblast regulator fibroblast growth factor receptor (FGFR), led to a reduction in 

proliferation and down-regulation of cell cycle transcripts, indicating that the loss of 

FGFR leads to a loss of neoblasts.   

In 2014, Koziol et al. reported a population of proliferative germinative cells in the 

larval vesicles of E multilocularis, which were morphologically homogeneous but 

molecularly heterogenous, expressing many genes that are associated with planarian 

neoblasts.  Exposing these cells to the proliferation inhibitor hydroxyurea led to their 

depletion and it was shown that recovery of the cell population was possible, 

indicating self-renewal potential (Koziol et al. 2014).  

Most recently a neoblast-like population of cells were reported in F. hepatica, termed 

here as Fasciola proliferative cells (FPCs) (McCusker et al. 2016).  Fasciola 

proliferative cells were found to be the only mitotic cells present, sharing 

morphological traits to other flatworm stem cells as well as migratory behaviour 

indicative of neoblasts (McCusker et al. 2016).  These stem-like cells were shown to 

support growth in infective stage juveniles as treatments with hydroxyurea led to a 

reduction in proliferation which correlated to a reduction in growth (Mccusker et al. 

2016).  This was further supported by the fact that growing juveniles maintained in 

chicken serum supplemented media displayed higher levels of proliferation than non-

growing worms maintained in basal media (McCusker et al. 2016). Further 

characterisation of these neoblast-like cells is needed and could lead to a better 

understanding of fundamental fluke biology and aid in the development of novel 

flukicides.  
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1.6.  Project aims 

1.6.1.  General aim 

This project sets out to characterise and interrogate these stem-cell like FPCs and 

their regulators.  The underpinning hypothesis is that these cells are in fact somatic 

stem cells which fulfil similar roles as those reported in the related blood fluke, S. 

mansoni.  If these cells do fulfil this role, then they could be highly valuable as a source 

for new control targets for next generation flukicides.  If they do play an integral role 

in parasite growth, development and virulence, then their dysregulation will be a 

powerful anti-parasite strategy, compromising their ability to fend off the host immune 

system and the impacts of other flukicides.  Through a more comprehensive 

understanding of these cells it may be possible to identify new ways to disrupt normal 

parasite growth and development. Such understanding may also aid in the continued 

efforts to further enhance in vitro parasite culture methods. 

 

1.6.2   Specific aims; 

• Determine if FPCs share traits with stem cells found in other flatworms 

(heterogeneity, radiation sensitivity, ability to self-renew) 

• Determine if there is a correlative relationship between animal size and the 

number of proliferative cells as seen in planarians 

• Conduct temporal localisation experiments on proliferating cells to assess how 

neoblast number changes as the juveniles age 

• Uncover which genes play a role in FPCs regulation 

• Test if FPCs can be disrupted using RNAi of key stem cell effectors 
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2.1.   Abstract 

During migration through the host Fasciola hepatica juveniles undergo significant 

growth and development, essential to the establishment of infection and progression 

towards adulthood/patency.  Within the attritional host environment, the juvenile is 

likely to incur tissue damage, making an efficient mechanism of cell/tissue 

repair/replacement necessary.  Neoblast-like stem cells, designated Fasciola 

proliferative cells (FPCs), have been reported within F. hepatica and are believed to 

support growth, development and repair/replacement processes.  

The dynamics of the FPCs, were probed by monitoring cell proliferation using staining 

methods for DNA synthesis and confocal microscopy.  Temporal localisation 

experiments revealed that growing juveniles, maintained in serum-supplemented 

media, displayed significantly greater levels of cell proliferation than non-growing 

juveniles.  At day 2 the growing juveniles had on average more than twice as many 

proliferative cells as non-growing juveniles; by day 7 they had over 15x more 

proliferative cells, supporting the hypothesis that FPCs play an important role in 

facilitating fluke growth/development.  It was also found that juvenile area more 

closely correlated with proliferation kinetics than juvenile age.  As early as day 2, cell 

proliferation in growing juveniles clustered along the periphery of the worm (likely 

associated with the tegument) and along the mid-line, particularly adjacent to the 

ventral sucker.  Even by day 9 in non-growing worms, this trend was not evident.  The 

FPCs were shown to comprise a heterogeneous cell population, with distinct temporal 

morphological differences observed between the areas of nuclei in the proliferating 

cells of 3-day old juveniles and those of 10-day old juveniles, with the former being 2x 

larger; this difference was not evident in the nuclei of non-proliferating cells in the two 

age-groups. These data highlight the importance of FPCs to juvenile 

growth/development and reveal that they share similarities to other flatworm stem 

cells. 
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2.2.  Introduction 

The complex lifecycle of parasite Fasciola hepatica involves two distinct hosts each 

necessary for variant developmental stages of the liver fluke (Andrews, 1999).  The 

intermediate snail host is where prolific asexual multiplication of the larval stages 

occurs while the vertebrate host is required for the growth and maturation of the 

juvenile towards adulthood and reproductive maturity (Andrews, 1999).  The 

developmental plasticity required for such a lifecycle is reflected in the various body 

plans of larval fluke and likely involves robust mechanisms of tissue remodelling and 

cellular proliferation.  An important facet of the endo-parasitic lifestyle is the ability of 

the fluke to live within the hostile host environment under near constant threat from 

the host immune defences.  While Fasciola has immuno-evasive mechanisms, such 

as high turnover/replacement of its tegumental surface cells to avoid host immune 

detection (Hanna, 1980), it is reasonable to assume the parasite will still incur tissue 

damage, particularly as adult fluke can persist within a ruminant host for several years 

(Durbin, 1952).  The longevity displayed by fluke within an attritional environment will 

likely require regular cell/tissue repair and replacement and an efficient mechanism 

to facilitate this homeostasis, these processes along with growth and development 

are facilitated by stem cells in various other flatworms (Reuter & Kreshchenko, 2004; 

Salo, 2006; Forsthoefel & Newmark, 2009; Collins et al., 2016).     

A population of proliferative neoblast-like stem cells, termed here as Fasciola 

proliferative cells (FPCs), have been reported in Fasciola hepatica which share many 

traits with stem cells characterised in other flatworms (neoblasts).  This Thesis aims 

to better characterise these cells and discern their roles within fluke growth and 

development.  This Chapter focuses on the temporal localisation of FPCs, reporting 

their numbers and distribution in both growing and non-growing juveniles, examining 

the effects variant media have upon their proliferation temporally and determining if 

worm size or age plays a key role in the proliferation activity or size of this cell 

population.  In this chapter we also examine morphological variations observed in this 

cell population as juveniles age.  
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Within the definitive mammalian host the fluke undergoes many developmental 

changes, and although not as dramatic as those seen in the intermediate snail host, 

many new tissues develop within the juvenile stages including those involved in 

feeding and reproduction and there is dramatic growth (Fairweather, Threadgold & 

Hanna, 1999).  The tegument is one such tissue that continues to develop as the 

juvenile fluke migrates through the mammalian host.  As the juvenile matures it grows 

more tegumental spines which increase in number eight-fold during the first three 

weeks post infection and elongate as the fluke matures (Fairweather, Threadgold & 

Hanna, 1999).  The tegument is an important site of host-parasite interplay forming 

the first layer of defence from the host environment and immune cells (Fairweather, 

Threadgold & Hanna, 1999).  Degranulation of host eosinophils creates pits in the 

tegument leading to erosion, once this layer is breached neutrophils can enter and 

attach to internal tissues making death likely (Davies & Goose, 1981; Burden et al., 

1983).  As a stress response to prevent this, liver fluke will shed and continually 

replace their glycocalyx as they migrate through the host, therefore tissue 

homeostasis and cellular turnover is an important mechanism for the parasite’s 

survival (Hanna, 1980).  Once in the mammalian host the juvenile begins to actively 

feed, unlike the larval stages found in the snail, for this it must develop a branched 

gut (Fairweather, Threadgold & Hanna, 1999).  In newly excysted juveniles (NEJs) 

the gut caeca are short but begin to elongate on day 1 following excystment, by day 

3 lateral diverticula develop but it is not until entry to the liver that the gut cells take 

on the morphology of the adult cells (Fairweather, Threadgold & Hanna, 1999).  The 

juvenile’s reproductive system must also develop and mature within the secondary 

host with the genital development not reaching full maturity until approximately 37 

days post infection (PI) (Fairweather, Threadgold & Hanna, 1999).   

Studies conducted by Dawes (1962) tracked the development of F. hepatica through 

a mouse host commenting on the remarkable growth of the parasite as it migrates 

and develops.  On day 1 following excystment, NEJs remain similar to metacercariae, 

they are more elongated, the intestinal caeca are slightly distended and the posterior 

end of the genital rudiment (which will give rise to the cirrus pouch, part of the uterus 

and the gonads) has formed a U-shaped condensation of embryonic cells, at this 

stage the juvenile is approximately 0.12-0.24 mm in length (Dawes, 1962).  By day 

eight PI the juveniles have doubled in length, the genital rudiment is enlarged with two 

distinct testes present and the ovary rudiment has a lateral outgrowth (Dawes, 1962).  

At 21 days P.I the testes are approaching the follicular stage; the ovaries are larger 

and more branched, and the digestive caeca are displaying median outgrowths 

(Dawes, 1962).  
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 At day 22 PI when the juveniles are about to enter, or have just entered the bile ducts, 

their lateral regions have filled with vitelline follicles which are not yet mature.  At this 

stage all the tissues are present and only need to enlarge and mature; full maturation 

of the adult form is not observed until 37 days PI when eggs are present in utero 

(Dawes, 1962).  At 24-32 days PI the juveniles have increased significantly in length 

to 5.6-6.7 mm, growing ~27-47x their original size as an NEJ (Dawes, 1962).  This 

remarkable growth is commented on by Dawes (1962) who states that the small 

anterior cone of the mature fluke represents nearly the entire body of the 

metacercaria, meaning that the remainder of the body develops from the posterior 

half of the metacercariae, displaying differential growth (Dawes, 1962).  Dawes (1962) 

also noted that juveniles which reached the liver later (after day 4) were smaller in 

size than those who entered at Day 3, this was thought to be because significant 

feeding occurs upon entry to the liver.  These smaller worms were not able to catch 

up in size to the juveniles which entered the liver early and were described as having 

a size handicap, although the smaller worms were not always less well developed 

(Dawes, 1962).  The movement between diverse environments as it grows and 

develops means that F. hepatica must alter diverse aspects of its biology such as 

behaviour, diet, and morphology.  This developmental plasticity is achieved primarily 

through temporal changes in gene expression, but the basic developmental 

mechanisms, effectors and cellular pathways that underpin liver fluke development 

remain unknown.   

While in vivo development has been characterised in several mammalian hosts, in 

vitro culture has suffered significant limitations such as the lack of development 

towards adulthood, poor survival rates and the limited development of reproductive 

structures.  Significant empirical studies on fluke culture media composition were 

conducted by Smith & Clegg (1981) or Davies & Smyth (1978), both reporting 

conflicting preferences for media supplementation with either human sera or chicken 

serum, respectively.  Notably, neither observed fluke survival past 14 weeks in vitro.  

More recent breakthroughs have been achieved by McCusker et al. (2016), reporting 

increased survival (65% at 6 months), growth and development of juveniles 

maintained in 50% basal media (RPMI) supplemented with 50% chicken serum (CS).  

This in vitro platform permitted fluke survival beyond 6 months with rapid and 

significant growth being observed along with developmental changes towards an 

adult phenotype, beyond what was previously achievable (McCusker et al., 2016).  
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In these growing juveniles the development of reproductive structures such as uterine 

tubing, an extended uterus and ootype was observed along with ultrastructural 

changes to the tegument, indicative of the progression to adulthood (McCusker et al. 

2016).  Further, increased gut complexity (secondary branching) was witnessed along 

with evidence for tertiary branching of the gut (McCusker et al., 2016).   

This maturation towards an adult phenotype was supported by an excretory/secretory 

(E/S) protein profile which was most like that of an immature adult fluke (McCusker et 

al., 2016).  This enhanced in vitro platform has made many of the experiments in this 

thesis possible, allowing fluke researchers to further probe the developmental biology 

and newly discovered neoblast-like proliferative cells in actively growing juveniles, 

without the reliance on costly, time-consuming and more challenging in vivo studies. 

The free-living planarians have the most well characterized stem cells (neoblasts) of 

the flatworms, studied primarily in relation to their fascinating regenerative abilities 

(Ladurner, Reiger & Baguñà, 2000).  Neoblasts are described as round to ovoid cells 

with a large nucleolus and scant cytoplasm which have the ability to self-renew.  

Planarian neoblasts are found throughout the parenchyma of the animal and are the 

only mitotic cells present (Baguñà, 2012).  Neoblasts are toti/pluripotent stem cells 

that have been shown to regulate and facilitate many vital processes within 

planarians; forming the basis of their regenerative capacities, asexual reproduction 

which involves morphogenesis and fission and their ability to grow and de-grow/shrink 

in response to nutrient availability (Baguñà, 1976a;  Ladurner, Reiger & Baguñà, 

2000; Reuter, Kreshchenko, 2004; Baguñà, 2012).  Planarian neoblasts have been 

shown to be a heterogenous population comprising morphologically similar, but 

molecularly distinct, sub populations of cells (Baguñà, 2012; van Wolfswinkel, Wagner 

& Reddien, 2014).   

When a planarian is injured/wounded a blastema forms at the site of damage.  A 

blastema is comprised of two cell populations, the outer layer is derived from the 

epidermis around the wound surface, the inner layer is made up of neoblasts that 

proliferate and differentiate into cells that make up the lost tissues (Newmark & 

Sánchez Alvarado, 2001).  As neoblasts are the only mitotic cells present they 

represent the sole source of replacement cells and tissues in the organism.  In 

planarians that have had their stem cell population ablated via ionizing radiation, the 

ability to repair and regenerate is lost, and they are termed lethally irradiated (Wagner, 

Wang and Reddien, 2011).  
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 Wagner, Wang and Reddien (2011) utilized this method of neoblast ablation via 

irradiation to probe the cell potency of the neoblast population, by transplanting single 

neoblasts into lethally irradiated animals they demonstrated that the restoration of 

regenerative abilities was possible, indicating that at least some neoblasts within the 

population are pluripotent (Wagner, Wang and Reddien, 2011).   

Planarian growth is regulated to environmental conditions with the availability of 

nutrients determining growth rate, the worms grow when food is plenty and can de-

grow/shrink in periods of starvation, further displaying their morphological plasticity 

(Baguñà, 1976a; Newmark & Sánchez Alvarado, 2001).  This is regulated by variant 

rates and ratios of cell replacement (to grow) or cell loss (de-grow), since neoblasts 

are the only source of cell replacement this process is governed by these stem cells 

which form the cellular basis of growth (Newmark & Sánchez Alvarado, 2001).  Lange 

(1967) found that larger worms displayed increased numbers of neoblasts compared 

to smaller worms, further supporting their links to growth.   

Collins et al. (2013) reported the presence of stem cells in S. mansoni, a blood fluke 

and close relation to F. hepatica, which resembled planarian neoblasts 

morphologically.  These proliferative cells displayed the ability to self-renew and to 

differentiate into intestinal cells (Collins et al., 2013).  Additionally, these neoblast-like 

stem cells where shown to drive tegumental turnover/cell renewal, which is vital to the 

parasite’s survival within the host (Collins et al., 2016).  The stem cells in S. mansoni 

have also been shown to proliferate in response to mechanical injury, further likening 

them to the planarian neoblasts (Collins & Collins, 2016).  In 2014 Koziol et al. 

reported a population of similar proliferative germinative cells in the larval vesicles of 

the cestode E. multilocularis, these cells were morphologically homogeneous but 

molecularly heterogenous.  Exposing these cells to the proliferation inhibitor 

hydroxyurea led to their depletion, however it was shown that recovery of the cell 

population post depletion was possible, indicating self-renewal potential (Koziol et al., 

2014).   

McCusker et al. (2016) reported the presence of proliferative cells in Fasciola 

hepatica, found to be the only mitotic cells present in the juvenile, which shared 

morphological and behavioural traits similar to neoblasts and other flatworm stem 

cells.  Experiments utilizing the ability of hydroxyurea (HU) to inhibit cell proliferation 

exhibited that these mitotic cells support fluke growth, as a reduction in proliferation 

led to a reduction in growth (McCusker et al., 2016).   
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By comparing non-growing juveniles maintained in RPMI to growing juveniles 

maintained in CS supplemented media this study demonstrated that CS stimulates 

increased proliferation of these neoblast-like cells and suggests that this in turn 

provides the cellular basis of growth and development of the juvenile fluke (McCusker 

et al., 2016).    

Owing to the morphological and developmental plasticity observed within the fluke 

lifecycle and considering the underlying necessity of morphogenesis and cell/tissue 

replacement/turnover, it is reasonable to conclude that Fasciola spp. like other 

flatworms, have a stem cell population which drives and regulates these processes.  

FPCs are the only mitotic cells present in fluke and due to their similarities to other 

flatworm neoblasts, it appears that these cells are in fact stem cells which drive growth 

and development within this parasite.   

 

Chapter aims; 

• Characterise temporal localisation of FPCs in juveniles 

• Examine the proposed role of FPCs in fluke growth 

• Outline the effects of variant medias on cell proliferation 
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2.3.  Methods 

2.3.1.   Parasite excystment and maintenance/culture 

This chapter used one F. hepatica isolate throughout, the Italian strain (Ridgeway 

aquatics).  Juvenile excystment was adapted from the protocol described by McVeigh 

et al. (2014).  Outer cyst walls were removed by 3-minute incubation in a solution of 

10% sodium hypochlorite followed by several washes in distilled water.  

Metacercariae were then excysted by incubation in 0.6% sodium bicarbonate, 0.45% 

sodium chloride, 0.4% sodium tauroglycocholate, 0.025 M HCl, for up to 3 h at 37°C.  

The collection of excysted juveniles occurred at 10–15 min intervals starting from 1-

hour into the incubation in excystment media.  NEJs were transferred to RPMI 1640 

(Life Technologies), before being transferred to 1.5 ml microcentrifuge tubes 

(Eppendorf) for long-term maintenance, in 250 µl of RPMI 1640 (non-growing worms) 

or 250 µl of RPMI 1640 supplemented with 50% chicken serum (growing worms).  

Juveniles were kept in a humidified, 37°C incubator with a 5% CO2 atmosphere and 

media was changed 2x a week using aseptic technique throughout culture.   

 

2.3.2.  Labelling proliferative nuclei with 5-ethynyl-2-deoxyuridine (EdU) 

Visualisation of Fasciola proliferative cells was achieved by labelling nuclei 

undergoing DNA-synthesis with 5-ethynyl-2-deoxyuridine (EdU; ThermoFisher 

Scientific) as described by McCusker et al. (2016).  EdU was used at a final 

concentration of 500 µM (prepared from 20 mM stock in PBS) in culture media and 

juveniles were incubated for 24 hours.  Longer EdU incubation periods were decided 

against due to the observation that juveniles incubated in EdU for extended periods 

(7 days) displayed significantly less EdU+ nuclei than juveniles of the same age 

incubated for only 24 hours.  This may be due to undetermined detrimental effects 

that extended exposure to EdU could have upon the organism’s health (Diermeier-

Daucher, 2009).  Worms were fixed in 4% paraformaldehyde in PBS for 4-hours at 

RT; juveniles older than 7-days were flat fixed between glass cover slips submerged 

in fixative prior to this.  Juvenile age as stated in results reflects the worm age at time 

of fixation.  EdU incubated, fixed juveniles were processed for detection using the 

Click-iT EdU Alexa Fluor 488 imaging kit, as per kit instructions (ThermoFisher 

Scientific).  Background labelling of all nuclear DNA was achieved using Hoechst 

3342 or 4′,6-diamidino-2-phenylindole (DAPI).  Samples for analysis were mounted 

on glass slides in Vectasheild (Vector Laboratories) and viewed on Leica TCS SP5 or 

SP8 confocal microscopes. 
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2.3.3.  Confocal imaging 

EdU labelled juveniles were imaged on a Leica SP5 or SP8 confocal scanning laser 

microscope as maximally projected z-stacks generated from 12-15 optical sections 

gathered from the juvenile ventral to dorsal surface.  EdU+ nuclei were quantified 

using a cell counter plug-in for ImageJ. 

 

2.3.4.  Juvenile growth measurements 

Juvenile growth was measured using images captured on a Leica MZ125 microscope 

with attached Unibrain fire-I digital camera.  Measurements of juvenile surface area 

from these images were acquired using ImageJ software (http://imagej. nih.gov/ij/) 

measurement functions (manually drawing around the worm), calibrated to a 1 mm 

scale.  The same ImageJ software was utilized to measure EdU+ nuclei area from 

confocal images. 

 

2.3.5.   Statistical analysis and graph generation 

All graphs and statistical tests were conducted using GraphPad Prism 7 for Windows 

(GraphPad software, La Jolla, California, USA; www.graphpad.com).  Sample 

variances were tested using either F-test or Brown-Forsythe test, if sample variances 

were equal parametric tests were employed (t test or ANOVA), if they were not equal 

non-parametric tests were used (Mann-Whitney).  Post hoc tests (Dunnets multiple 

comparisons) were used to compare means/medians of multiple groups.  
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2.4.  Results 

2.4.1.  Fasciola proliferative cells facilitate juvenile growth and development 

To further examine the previously hypothesised role FPCs play in the growth and 

development of liver fluke (McCusker et al., 2016), temporal localisation experiments 

were conducted in juveniles maintained in basal or growth-promoting media in vitro.  

Juveniles were maintained in growth-promoting chicken serum supplemented RPMI 

(CS+) or in basal, non-supplemented RPMI (CS-) which does not support significant 

growth (McCusker et al., 2016).  Juveniles were incubated for 24 hours in EdU, to 

allow labelling of proliferating nuclei (EdU+), prior to fixation at selected timepoints, to 

determine the temporal dynamics and kinetics of cell proliferation/mitosis in juvenile 

fluke.  Fig. 2.1E shows that growing juveniles (CS+) had significantly more EdU+ 

nuclei at all timepoints, compared to the non-growing (CS-) juveniles (unpaired t-test, 

p value <0.0001, n=30).  The rapid accumulation of EdU+ nuclei in growing worms 

was evident (see Figs 1B and 1C), with a significant increase in Edu+ nuclei notable 

in 7-day old juveniles (One-way ANOVA with Dunnett’s multiple comparison test; p 

value <0.0001, n=30, Fig 1C).  On average, 9-day old CS+ juveniles had ~10x more 

EdU+ nuclei than 2-day old CS+ juveniles (9-day old, 303±15 EdU+ nuclei, n=30; 2-

day old, 29±1 EdU+ nuclei, n=30; Fig. 2.1C).  A general distribution pattern of 

proliferating cells emerged from as early as day 3 in some CS+ juveniles, with EdU+ 

nuclei clustering around the oral sucker, lateral margins, and anterior-posterior mid-

line of the juvenile (Fig. 2.1B).  Contrastingly, no discernible pattern was seen in the 

sparsely distributed EdU+ nuclei of the non-growing CS- juveniles at any of the 

experimental timepoints, although there was a notable absence of proliferative nuclei 

in the anterior region (Fig. 2.1A).  The CS- juveniles could only be studied up to 9-

days old, as beyond this their health deteriorated and EdU labelling was lacking; up 

until this time point no significant increase in EdU+ nuclei was observed in CS- 

maintained fluke (2-day old, 13±1 EdU+ nuclei, n=30; 9-day old, 22±1 EdU+ nuclei, 

n=30; Fig. 2.1D).  Growing juveniles (CS+) had ~2x more EdU+ nuclei at 2-days old 

and ~15x more at 7-days old, than non-growing juveniles (CS-) (Fig. 2.1E).  The 

correlation between juvenile growth and FPCs supports the hypothesis that these 

cells facilitate fluke growth, consistent with previous work (McCusker et al., 2016).  

Due to the supportive impact CS supplemented media has upon FPCs, all subsequent 

in vitro experiments were conducted in this media unless stated otherwise.   
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Fig. 2.1.   The temporal dynamics of cell proliferation in juvenile liver fluke change 
significantly under growth-promoting conditions.  

Florescent confocal z-stack images displaying 5-ethynyl-2-deoxyuridine (EdU) incorporation 
into the DNA of actively proliferating cells.  Green fluorescence denotes EdU+ nuclei and 
magenta fluorescence denotes Hoechst 3342 labelling of all nuclear DNA.  A) EdU+ nuclei in 
juveniles maintained in RPMI (CS-).  B) EdU+ nuclei in juveniles maintained in RPMI 
supplemented with 50% chicken serum (CS+).  C) Temporal dynamics of EdU+ nuclei labelling 
in growing (CS+) juveniles.  D) Temporal dynamics of EdU+ nuclei labelling in non-growing 
(CS-) juveniles.  E) Comparison of the mean Edu+ nuclei counts for both growing and non-
growing juveniles.  A, B) Scale bars, 50 µm.  C, D), each data-point represents an Edu+ nuclei 
count from an individual worm.  Graphs show mean +/- SEM (appears in red).  Statistical 
significance was determined using a One-Way ANOVA with Dunnets multiple comparisons 
(C, D) or an unpaired t-test (E).  **** p<0.0001; n=30.  
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Under CS+ growth-promoting conditions in vitro, liver fluke juveniles increase in size 

over time, facilitating investigation of the relationship between cell proliferation, fluke 

age and fluke size.  These studies allowed us to determine if FPCs dynamics were 

temporally defined and closely correlated to fluke age, or whether FPCs activity was 

correlated more closely to worm size (Fig. 2.2).  Fig. 2.2 illustrates that cell 

proliferation is more closely correlated to worm area (linear regression between 

juvenile EdU count and surface area, R square value=0.549, p=0.0001, while the R 

squared value between juvenile age and EdU count was only 0.2102, n=30 for each 

timepoint).  At early timepoints (2, 3, 4 day old), juveniles display much less variation 

in both worm area and EdU+ nuclei count than juveniles at later timepoints (7, 8, 9, 

14, 22, 28 days old) (Fig. 2.2).  The data support the hypothesis that the number of 

actively proliferating cells is linked more closely to juvenile area than juvenile age.  

These observations underscore the key role played by FPCs in juvenile growth, most 

likely through the contribution of lineage defined and differentiated cells to the growing 

fluke. 

 

Fig. 2.2.   Juvenile liver fluke cell proliferation correlates with worm area.   

Juvenile fluke were maintained in RPMI supplemented with 50% chicken serum (CS+) prior to 
24-hour labelling of cell proliferation with EdU and imaging using a confocal scanning laser 
microscope.  Numbers of EdU+ nuclei were determined at varying worm ages along with the 
corresponding worm areas using ImageJ software.  The data are shown as a scatter graph 
with juvenile age depicted as per colour key. A Linear regression was calculated for juvenile 
area versus EdU count giving an R square value of 0.5488 the R square value for juvenile age 
versus EdU count is 0.2102 (n=30) 
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2.4.2.  Juvenile liver fluke proliferative cells display temporal changes in 

morphology as the parasite grows  

Flatworm stem cells have been shown to be a heterogenous cell population consisting 

of distinct subpopulations.  When localising FPCs it was noted that in early stage 

juveniles EdU+ nuclei appeared larger and more spherical than they did in older 

juveniles (Fig. 2.3A, B).  To validate this observation of morphological differences, 

EdU+ nuclei area was measured in 3-day old juveniles and compared to that observed 

in 10-day old juveniles (Fig. 2.3C).  Nuclei area was measured using imageJ software 

with 30 nuclei measured from each juvenile from within the juvenile anterior, ventral 

sucker and posterior regions.  To ensure that any significant differences noted were 

specific to proliferative nuclei (EdU+), this was repeated for non-proliferative cell 

nuclei (4′,6-diamidino-2-phenylindole, DAPI+), ensuring that double labelled (Edu+ 

DAPI+) cells were not included amongst the non-proliferative cell group (EdU- 

DAPI+).  It was found that EdU+ nuclei were significantly larger, almost 2x as large 

on average, in 3-day old juveniles as they were in 10-day old juveniles (Mann-Whitney 

test, p<0.0001, 3-day fluke EdU+ nuclei area, 50±0.736 mm2, n=18; 10-day fluke 

EdU+ nuclei area, 28±0.328 mm2, n=18; Fig. 2.3C).  These differences were not 

observed in non-proliferative cell nuclei (i.e. Edu- DAPI+) which were smaller than 

Edu+ cell nuclei at both time points.  Despite lacking the dramatic temporal changes 

in morphology displayed by the Edu+ proliferative cell nuclei during the first week, the 

non-proliferative cells did show a significant increase in nuclear size between day 3 

and day 10 post-excystment (Mann-Whitney test, p<0.0001, 3-day fluke DAPI nuclei 

area, 15±0.348 mm2, n=18; 10-day fluke DAPI nuclei area, 17±0.345 mm2, n=18; Fig. 

2.3C).  These data indicate that FPCs comprise a heterogenous cell population that 

includes cells that show temporal changes in morphology. 
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Fig. 2.3.  Temporal changes in the sizes of proliferative and non-proliferative cell 
nuclei during the early stages of liver fluke juvenile development in vitro.  

Juvenile liver fluke maintained in RPMI supplemented with 50% chicken serum for 3 A) or 10 
B) days post excystment and imaged using confocal scanning laser microscopy to generate z 
stacks post EdU incorporation.  The areas of the EdU+ nuclei were calculated using ImageJ; 
for each worm 30 EdU+ nuclei were measured (from the anterior, mid-section and posterior 
region).  This was repeated for DAPI+ only labelled nuclei to ensure the trend seen in the 
proliferative nuclei was not one mirrored by all cells as the juvenile grows.  The resultant data 
(C) reveal a profound decrease in the area of proliferative cell nuclei by day 10, whereas there 
is a small but significant increase in the area of nuclei in non-proliferative cells over the same 
timeframe.  Graph shows mean +/-SEM (appears red).  Statistical significance was determined 
using a Mann-Whitney test, **** p<0.0001, n=18.  Scale bars, 50 µm.   
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2.5.  Discussion 

The aims of this chapter were to examine the temporal localisation of FPCs, 

determining their number and general distribution across various timepoints in both 

growing and non-growing juveniles.  Localisation of FPCs was achieved using 5-

ethynyl-2´-deoxyuridine (EdU) a thymidine analogue which is incorporated into the 

DNA of dividing cells (cells in the s-phase of the cell cycle).  The development of an 

improved in vitro culture platform by McCusker et al. (2016) led to the discovery that 

basal media supplemented with chicken serum (RPMI+50% CS) not only supported 

increased fluke survival, but also juvenile development and rapid fluke growth, with 

CS supplemented juveniles achieving 2x as much growth during week one as un-

supplemented juveniles maintained in RPMI.  To interrogate the links between FPCs 

and juvenile growth/development the use of both growth promoting and basal media 

were used comparatively, maintaining a population of juveniles that were actively 

growing and developing and one that was comparatively static, displaying no 

significant growth.  Temporal localisation of FPCs in these two groups, growing and 

non-growing worms, was conducted via EdU staining at various timepoints as the 

juveniles aged and EdU+ cells were quantified allowing assessments of the 

proliferation kinetics, not only between the variant groups but at various ages, giving 

a temporal view of FPC accumulation.  The findings of this study further support the 

hypothesis of McCusker et al. (2016), that FPCs facilitate parasite growth and 

development at the cellular level.  Growing juveniles (CS+) displayed increased 

cellular proliferation, exhibiting more EdU+ nuclei at any given time point when 

compared to the non-growing (CS-) juveniles (Fig 2.1).  Growing juveniles rapidly 

accumulated increasing numbers of mitotic FPCs as they grew and developed, 

between day 2 and day 7 they had increased on average from ~28±1.48 to 278±21.37 

EdU+ cells (Fig 2.1c).  The largest consecutive increase in mitotic cells was noted 

between day 4 and day 7 when EdU+ cells increased on average from ~60±4.75 to 

278±21.37 proliferative cells (Fig 2.1c).  While it can be problematic to compare in 

vitro development and progression to that displayed within a host, it is worth noting 

that it is at around day 3/4 post excystment that juveniles enter the liver and enlarge 

significantly when in a mouse host, perhaps this is due to a developmental trigger 

which could explain the burst in proliferation observed between 4 & 7 day old juveniles 

(Dawes 1962).  The non-growing un-supplemented juveniles were only monitored up 

to 9 days post excystment, after this point juvenile health was deemed insufficient to 

undergo meaningful EdU incubation (Fig 2.1d).   
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Across these timepoints non-growing juveniles did not display a significant increase 

in mitotic FPCs, e.g. from day 2 to day 9 post excystment there was an increase of 9 

EdU+ nuclei per worm on average such that no significant increase in proliferation 

was noted (Fig 2.1d).   

These data support the hypothesis that FPCs play a facilitative role in juvenile growth, 

most probably by increasing the total cell count of the parasite through their 

proliferation; it is only in actively growing juveniles that we see a significant increase 

in their abundance.  The general distribution of FPCs in growing juveniles within this 

study correlated to that reported in Fasciola previously, with marked clustering of 

EdU+ nuclei observed along the anterior-posterior mid line, adjacent to the ventral 

sucker and in the lateral margins of the juvenile; no such distribution pattern was 

evident in the non-growing juveniles whose EdU+ nuclei were sparse and appeared 

to be randomly distributed (Fig 2.1a,b) (McCusker et al., 2016).  The distribution 

pattern seen in growing juvenile fluke is similar to the spatial pattern of stem cells 

recorded in the closely related blood fluke S. mansoni, in which EdU+ nuclei clustering 

around the parasite gut, body wall and adjacent to the ventral sucker was noted 

(Collins et al., 2013).  

In contrast, McCusker et al. (2016) reported an average of 83 EdU+ nuclei in 7-day 

old CS+ juveniles, while this study reported on average 278 EdU+ nuclei in 7-day old 

growing juveniles.  This discrepancy could be explained by the variation in staining 

protocol as McCusker et al. (2016) used an EdU incubation period of 7 days, whilst 

here 24 hours was used.  Extended exposure to EdU has been shown to effect cell 

viability in cancer cells causing them to arrest and even causing necrotic cell death in 

some specific cell lines, while the long-term effects of this thymidine analogue upon 

parasite cells remains unknown it may explain the decreased number of EdU+ nuclei 

recorded by McCusker et al. (2016) as compared to those recorded in this study 

(Diermeier-Daucher, 2009).   

Growth and development have been shown in other flatworms to be largely regulated 

by stem cells/neoblasts.  Harshani Peiris et al. (2012) reported that a Target of 

Rapamycin (TOR) mediated pathway is essential to maintaining the balance between 

cell division and cell death in planaria.  TOR is a crucial stem cell regulator/effector 

and is expressed on the majority of neoblasts such that TOR inhibition restricts 

neoblast proliferation which in turn results in a reduction of growth (Harshani Peiris et 

al., 2012).   
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An interesting feature of planarian flatworms is their ability to not only grow, but to 

degrow, in response to nutrient limitation, this development plasticity requires a 

mechanism to coordinate and balance cell division, death and differentiation.  

Degrowth is due to a reduction in cell number via cell death, it has been shown that 

during starvation the normal basal mitotic rate of neoblasts is maintained, however 

the number of stem cell progeny being produced decreases (González-Estévez et al., 

2012a).   

The hypothesis is that in times of starvation the neoblast population preferentially self-

renews, maintaining its stem population, while decreasing the number of differentiated 

cells being produced, meaning that the animal is replacing dead cells at a lesser rate 

than it is losing them, culminating in a reduction in the total number of cells (González-

Estévez et al., 2012a). To determine which factor plays a more significant role in 

determining the population size/proliferation kinetics of FPCs, juvenile size or age, 

worm area was plotted against EdU+ nuclei number with juvenile age shown as a 

colour key (Fig 2.2).  It was found that juvenile area correlates more closely to EdU+ 

cell count than juvenile age (see Fig 2.2), further supporting the role of FPCs as 

facilitators of growth via cellular proliferation.  This is also true in planarian flatworms 

as Lange (1967) demonstrated that as an animal’s length increases, so does its 

neoblast number.    

As with other flatworms these proliferative neoblast-like stem cells are the only mitotic 

cells in Fasciola, therefore they are most likely the only source of new cells and tissue, 

making it likely that they play vital roles in growth and development, supporting the 

maintenance and growth of tissues at a cellular level.  Neoblast-like stem cells in S. 

mansoni have been shown to differentiate into intestinal epithelium and body wall 

(tegument); by utilizing a pulse chase method with EdU staining Collins et al. (2013) 

showed that at day 0 of the chase period neither gut nor body wall tissue displayed 

any EdU+ nuclei, yet by day 7 both tissues displayed EdU+ nuclei which had migrated 

to this area and differentiated, adding new cells to these tissues.   

Neoblasts, as with most stem cell populations have been shown to be heterogenous, 

made up of distinct sub-groups of cells.  The previously mentioned experiments 

conducted by Wagner et al. (2011) whereby single neoblasts were transplanted into 

lethally irradiated planarians demonstrated that some, but not all, neoblasts are truly 

pluripotent while some are more restricted in their differentiation capacities.  Most 

probably the neoblast population is comprised of true stem cells, differentiating cells 

and progenitor cells.  
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 It has also been shown that differentiated tissue markers are expressed in post 

mitotic neoblast progeny and in some sub-populations of cycling neoblasts, further 

supporting their classification as a heterogenous population encompassing some less 

potent linage restricted cells (Aboukhatwa & Aboobaker, 2015). Schurmann et al. 

(1998) revealed four morphologically distinct subgroups of cells within the neoblast 

population based upon morphometric parameter differences.   

When examining the temporal localisation images of FPCs it was noted that in very 

early stage juveniles (3 and 4 days post excystment) the EdU+ nuclei appeared as 

large and spherical while the proliferating nuclei in older juveniles (7 days post 

excystment) appeared smaller and more ovoid.  To quantify this experimentally 

juveniles were grown in vitro in CS+ media for either 2 or 9 days, incubated in EdU 

overnight and fixed on days 3 or 10 post excystment.  Measurements of the area of 

EdU+ nuclei were taken using Image J software as well as measurements of non-

proliferating DAPI stained nuclei (Fig 2.3).  The results showed that on average the 

proliferative nuclei in 3-day old juveniles were almost twice as large as the proliferative 

nuclei measured in 10-day old juveniles, indicating temporal changes in these cells or 

this population as the fluke grows and matures (Fig 2.3c).  This trend was not mirrored 

in non-proliferative cells which increase in nuclei area as the fluke matures (Fig 2.3c).  

These data further suggest that like other flatworm stem cells, FPCs are a 

heterogenous population comprised of cells which vary in the size of their nuclei.  It is 

possible that the very early stage juveniles possess a sub-population of proliferative 

cells which dominate during early development, such as the more pluripotent stem 

cells that give rise to the less potent sub-populations, which at these early time points 

are more numerous in order to establish a stem cell population.  In the more mature 

juveniles, the more prevalent proliferative cells with larger nuclei could be linage 

restricted multipotent stem cells, which are about to undergo differentiation to aid in 

the synthesize and maintenance of worm tissues.  Van Wolfswinkel, Wagner & 

Reddien (2013) conducted an extensive study in planarians examining the expression 

profiles of single neoblasts and found that there were two broad categories of 

neoblasts which they designated as zeta and sigma neoblasts.  Zeta neoblasts are 

characterised in part by their expression of a zinc finger protein (Zfp-1) while sigma 

neoblasts are distinguished by their expression of specific Sox transcription factors 

(soxP-1, soxP-2).  Van Wolfswinkel, Wagner & Reddien (2013) hypothesised that the 

sigma neoblasts display higher cell potency and give rise to the zeta neoblasts.  

Similar findings were made in the blood fluke S. mansoni after single cell 

transcriptional profiling which revealed the presence of four transcriptionally distinct 

sup-populations within its stem cell population (Wang et al., 2018).   



68 
 

The findings of this study highlight the neoblast-like stem cell characteristics of FPCs, 

their key roles within fluke growth and indicate their importance to fundamental fluke 

biology. The disruption and dysregulation of this cell population may hold one key to 

developing novel and sustainable control therapies.  To achieve this, further 

characterisation of these cells and their regulatory mechanisms is clearly warranted.  
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3.1.   Abstract 

Neoblast-like stem cells are key to growth, development and cell/tissue 

repair/replacement in flatworms, and additionally to regeneration in many planarians.  

In parasites these cells are believed to support prolonged survival within an attritional 

host environment.  Neoblast-like stem cells have been identified in juvenile Fasciola 

hepatica and designated Fasciola Proliferative Cells (FPCs).  This chapter begins to 

explore cellular processes of FPCs and the downstream effects of perturbations to 

their normal cell biology.   

A typical characteristic of stem cells is that they can self-renew multiple times rather 

than being developmentally restricted to differentiate.  Sequential pulse-chase 

staining utilizing thymidine analogues EdU and BrdU (5-bromo-2'-deoxyuridine) 

revealed that FPCs display the stem-cell like characteristic of self-renewal.  Many 

labelled FPCs were observed in paired doublets, displaying asymmetric BrdU 

incorporation (one nucleolus of the pair being EdU+, BrdU+ while the other was EdU+, 

BrdU-).  The data suggest that progeny proliferative capacity is asymmetric, producing 

one daughter cell that is a replica of the original cell and one that is different, a stem-

like characteristic.  

FPCs displayed the typical flatworm stem cell feature of being sensitive to ionizing 

radiation, allowing for their selective ablation.  Irradiation doses of 100-200 Gy were 

found to effectively block cell proliferation.  FPCs displayed the remarkable ability to 

recover their ability to proliferate and support growth/development following X-ray 

ablation.  For example, one-month following exposure to 200 Gy, juvenile fluke cell 

proliferation levels almost matched those of non-irradiated worms.  Despite their 

ability to recover from high doses of irradiation, juveniles treated with 150-200 Gy 

were significantly smaller one-month post irradiation than control (mock-irradiated) 

juveniles, demonstrating the central role FPCs play in liver fluke growth.  Juveniles 

exposed to 100 Gy did not display a significant reduction in growth one-month post 

treatment, suggesting that treatment with doses lower than 150 Gy may not be 

sufficient to dysregulate FPC-driven biology in juvenile fluke within this timeframe.  

Differences in the proliferation dynamics of FPCs were identified in 3-week old 

juveniles maintained in vitro compared to those maintained in vivo.  22-day old ex vivo 

juveniles were ~15x larger than their in vitro counterparts and displayed ~60x more 

proliferating cells. It is clear from the data in this chapter that FPC proliferation is 

closely linked to juvenile parasite growth.  FPC ablation disrupts juvenile fluke 

growth/development whereas maintenance inside a host mammal enhances FPC 

proliferation and improves growth rates accordingly. 
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3.2.  Introduction 

Stem cells have been shown to perform fundamental roles in tissue biology.  Indeed, 

somatic stem cells maintain adult tissues by producing progeny which differentiate 

into new tissues, replacing old/damaged cells (Morrison & Spradling, 2008).  To 

facilitate this tissue homeostasis whilst maintaining the stem population, a balance 

between self-renewal, which results in the production of identical daughter stem cells, 

and differentiation, which results in the production of fate determined progeny, must 

be maintained (Li & Xie, 2005).  If there is too much self-renewal issues such as cell 

overgrowth and malignant transformations can occur, if there is too little self-renewal 

then the stem population dwindles, consequently as does the production of 

differentiating cells leading to tissue and organ death (Orford & Scadden, 2008).  To 

proliferate, for either self-renewal or differentiation purposes, the stem cell must 

undergo the cell cycle.  The cell cycle can be split into four phases, during G1 cellular 

components (except chromosomes) are duplicated, during the Synthesis-phase the 

chromosomes duplicate, at G2 the cell checks for chromosome errors and makes 

repairs and during the mitotic phase nuclear division and cytokinesis occurs resulting 

in the production of daughter cells (See Fig 3.1) (Orford & Scadden, 2008).  G1 and 

G2 act as checkpoints, for the cell to transverse the G1 stage and enter the cycle the 

cell must be stimulated by mitogenic signals, e.g. soluble growth factors (Orford & 

Scadden, 2008).  There is also a G0 stage known as quiescence, a dormant resting 

state in which somatic stem cells spend most of their time (Orford & Scadden, 2008).   

Self-renewal and differentiation requires regulation and coordination of the cell-cycle 

progression and of cell fate determinants (Orford & Scadden, 2008).  There are 

various intrinsic signalling pathways/mechanisms which control stem cell potency and 

self-renewal, for example HoxB4 (a member of the Antp homeobox family) and Bmi 

(a member of the polycomb family) are required for self-renewal of mammalian 

hematopoietic stem cells (Li & Xie, 2005).  These genetic systems are subject to 

environmental regulation and together the intrinsic and extrinsic stimuli regulate stem 

cell proliferation and differentiation (Li & Xie, 2005).   
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Fig. 3.1.   The cell cycle 

Cell proliferation occurs through a series of stages that are collectively termed the cell cycle.  

This process has been divided into four phases, the G1 and G2 checkpoint phases which 

precede the synthesis (S-phase) and mitotic phases respectfully. There is also a dormant state 

by which cells can leave the cycle, known as G0.  This cell cycle progression is highly 

regulated.  

 

These complex signalling cascades are most well studied in mammalian systems, for 

example Ying et al. (2008) investigated the mechanisms governing self-renewal in the 

embryonic stem cells of mice in culture.  Their data showed that differentiation of these 

stem cells involves an auto inductive stimulation of a protein kinase pathway, 

facilitated by fibroblast growth factor-4 (FGF-4) and its inhibition led to robust long-

term proliferation of the stem cells via the suppression of differentiation (Ying et al., 

2008).  The findings of this study indicate that embryonic stem cells are intrinsically 

self-maintaining if inductive differentiation stimuli are blocked (Ying et al., 2008). 
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In all the characterised stem cell niches of invertebrates (excepting C. elegans), stem 

cell divisions are commonly asymmetric in nature such that one identical daughter cell 

that retains its potent stem properties is produced and will remain in the stem cell 

niche, while another non-identical daughter cell, that is committed to exit the niche 

and differentiate is produced (Knoblich, 2008).  The simultaneous production of both 

a pluripotent stem cell and a restricted progenitor daughter cell is achieved via the 

segregation of cell fate determinants into the latter cell during the cell cycle (Knoblich, 

2008).  While the asymmetric division of stem cells has typically been studied in 

invertebrates, namely Drosophila, it has also been observed in progenitor stem cells 

in the mammalian brain (Knoblich, 2008).  A study conducted in the parasitic blood 

fluke S. mansoni highlighted that their neoblast-like proliferative cells are also capable 

of self-renewing multiple times, the results suggest that some of these divisions are 

asymmetric in nature (Collins et al., 2013).  Collins et al. (2013) performed sequential 

pulses with thymidine analogues EdU and BrdU and found that 41% of the cells that 

were initially EdU+ were also BrdU+ 72-hours post the initial pulse, indicating that 

these cells had undergone multiple proliferative cycles within the timeframe.   

The in vitro culture platform designed by McCusker et al. (2016) using RPMI with 

chicken serum supplementation has enabled F. hepatica to be maintained in the 

laboratory for extended time periods and has facilitated greater parasite growth and 

development via increased stimulation of FPCs.  This growth platform has made many 

of the experiments in this study possible, as previously mentioned parasites 

maintained in un-supplemented media display no significant growth and low levels of 

FPC activity, making it difficult to investigate their proliferation kinetics.  While the 

improved laboratory culture conditions enhance cell proliferation, how this artificial 

environment compares to parasite cell proliferation within a mammalian host was 

unknown.  Juveniles developing within a mammalian host will be exposed to diverse 

tissues, host factors including hormones and cytokines which may act as 

developmental triggers for the parasite. 

 Hormonal cross communication between the host and parasites Echinococcus 

multilocularis and S. mansoni have already been shown to play an important role in 

infection (Brehm & Spiliotis, 2008).  Hemer et al. (2014) found that human insulin 

stimulates metacestode formation, generated from stem cells in the tapeworm E. 

multilocularis, with similar findings also reported in the planarian Schmidtea 

mediterranea where disrupted insulin signalling resulted in degrowth of the animals 

(Miller & Newmark, 2012).  
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To investigate the affect these differential environments would have on FPCs this 

chapter compares parasites maintained in vitro to those cultured within a rat host and 

identifies differences in the proliferation dynamics of FPCs between the two 

environments.  Considering the array of host hormones and cytokines absent from 

the in vitro platform it is not surprising that the ex vivo juveniles displayed distinct cell 

proliferation dynamics. These data indicate that while chicken serum significantly 

stimulates enhanced parasite growth and cell proliferation, some developmental 

triggers are still lacking.  Clearly, a better understanding of FPCs may aid in the 

development of improved in vitro culture methods.  

One defining feature of stem cells is their sensitivity to ionizing radiation, such that 

this has become a valuable tool allowing for the experimental depletion of the stem 

cell population in various other flatworms (Collins et al., 2013).  Collins et al. (2013) 

reports that ex vivo adult S. mansoni displayed stem cell ablation post exposure to 

100-200 Gy noting that differentiated tissues such as the gut remained unaffected 

while many neoblast enriched genes were downregulated. Much of what we know 

about the larger downstream effects of radiation on liver fluke comes from 

vaccine/immunisation studies conducted utilizing radiation as a method for parasite 

attenuation.  Burden et al. (1983) irradiated metacercaria and cultivated these 

parasites in both rats and mice to compare their maturation and survival within the 

host to that of non-irradiated metacercariae.  One of the most obvious developmental 

effects observed in the irradiated parasites was in the maturation of their tegument, 

in both host species irradiated parasites failed to develop a mature tegument with 

marked delays/absence in the production of T1 or T2 granules which are essential to 

maintaining a functional glycocalyx (Burden et al (1983).  Considering the importance 

of this tegumental layer to parasite defences it is not surprising that the irradiated 

group suffered increased death as compared to the non-irradiated group (Burden et 

al., 1983).  Similar findings are reported in the blood fluke S. mansoni with radiation 

doses of 10 Gy being sufficient to disrupt the biology of schistosomula’s, resulting in 

reduced migration within a host; it was noted that dose rate had no critical effect upon 

the results (Bickle et al., 1979).   

In mammals, cell susceptibility to ionizing radiation is related to the mitotic activity of 

the cells with those that display a high mitotic rate, such as stem cells or cancer cells, 

being most susceptible (Maity, Mckennaa & Muschel, 1994).  Exposure of these cells 

to radiation (X-ray or gamma-ray) results in a division delay which can be due to any 

or all of the following: a G1 block, which is absent in many cell lines; G2 arrest which 

is seen after doses of >5 Gy; or, an S-phase delay, which is seen in nearly all 

eukaryotic cells (Maity, Mckennaa & Muschel, 1994).   
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This occurrence has also been noted in amoebas, sea urchins and yeast as well as 

mammalian cells (Maity, Mckennaa & Muschel, 1994).  This mitotic delay post 

irradiation has been shown to be dose dependent in hamster cells which utilized a 

dose range of 2.35-7.1 Gy (Maity, Mckennaa & Muschel, 1994).  In cases of higher 

doses, it is possible to kill mitotic cells via radiation as it can induce both single and 

double stranded breaks in DNA largely due to its production of free radicals (radical 

attack) and can damage the cell membrane (Cohen–Jonathan, Bernhard & Mckenna, 

1999).  This can lead to necrotic cell death due to lethal DNA breaks and can also 

result in programmed cell death/apoptosis (Cohen–Jonathan, Bernhard & Mckenna, 

1999).  Apoptosis can occur at early or late time points, immediately after the radiation 

treatment or following several cell divisions (Cohen–Jonathan, Bernhard & Mckenna, 

1999).  It has been generally believed that a host’s tolerance to liver fluke infection 

was in part due to the hosts defence mechanism associated with the generation of 

reactive oxygen species (ROS) and reactive nitrogen species (RNS) (Piedrafita et al., 

2000).  However, F. hepatica has been shown to display a high resistance to ROS 

and RNS activity (Sibille, Tliba & Boulard, 2004).   

This chapter examines the proliferation dynamics of FPCs under various conditions, 

allowing for comparisons to be made to stem cell behaviour in other organisms, 

especially those of flatworms.  These experiments begins to explore the cellular 

processes of FPCs and the consequences of perturbations to their normal cell biology, 

investigating the impacts that the in vitro culture environment and the exposure to 

ionizing radiation have upon these cells and the downstream effects on the parasite.     
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3.3.  Methods 

3.3.1.  Parasite excystment and maintenance/culture 

(As described in chapter 2.3.1),   

This chapter used the Italian isolate of F. hepatica throughout (Ridgeway aquatics).  

NEJs were maintained in 1.5 ml microcentrifuge tubes (Eppendorf), for long-term 

maintenance in 250 µl of RPMI 1640 supplemented with 50% chicken serum.  

Juveniles were kept in a humidified, 37°C incubator with a 5% CO2 atmosphere and 

media was changed 2x a week using aseptic technique throughout culture.   

 

3.3.2.  Labelling proliferative nuclei with 5-ethynyl-2-deoxyuridine (EdU) 

(As described in Chapter 2, section 2.3.2) 

 

3.3.3.  Double labelling proliferative nuclei with EdU/BrdU 

Juveniles were labelled with EdU and 5-bromo-2'-deoxyuridine (BrdU).  EdU was 

used at 500 µM for a 24-hour incubation period.  Upon removal of EdU juveniles were 

incubated in 1000 µM BrdU (ThermoFisher Scientific) for 24-hours and fixed in 4% 

paraformaldehyde in PBS for 4-hours at RT.  Post permeabilization, DNA 

denaturation was achieved using 2N HCL (30-min incubation at 37°).  EdU detection 

was achieved as previously described using Click-iT EdU Alexa Fluor 488 imaging kit 

(ThermoFisher Scientific).  Parasites were then processed for immunodetection of 

BrdU using BrdU monoclonal antibody (MoBU-1, 72-hour incubation at 1:500 dilution, 

ThermoFisher Scientific) and Goat anti-mouse IgG with conjugated Alexa Fluor 647 

(72-hour incubation, 1:100 dilution, ThermoFisher Scientific).  DNA staining and 

mounting was as previously described.  

 

3.3.4.  Confocal imaging 

(As described in Chapter 2, section 2.3.3) 
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3.3.5.  X-ray irradiation  

Newly excysted juveniles (NEJs) were maintained for 3 days in RPMI 1640 

supplemented with 50% chicken serum.  Juveniles were then transferred to a round 

bottomed 96-well plate (Sarstedt) in RPMI 1640 prior to irradiation.  Radiation was 

performed using a 160 kVp X-ray source (Faxitron CP-160, Arizona, USA) with a 0.8 

mm beryllium (Be) filter.  Duration of exposure and distance from source determines 

the dose applied and all doses stated are the absorbed dose in RPMI from the 

radiation source, with a dose rate of 0.77 Gy/min.  Control juveniles were mock-

irradiated.  Following irradiation juveniles were transferred to RPMI+50% CS and 

maintained at 37°C in 5% CO2 until further processing (such as EdU staining, growth 

measurements).   

 

3.3.6.  Juvenile growth measurements 

Juvenile growth was measured using images captured on a Leica MZ125 microscope 

with attached Unibrain fire-I digital camera.  Measurements of worm surface area from 

these images were acquired using ImageJ software (http://imagej. nih.gov/ij/) 

measurement functions, calibrated to a 1 mm scale.  The same ImageJ software was 

utilized to measure EdU+ nuclei area from confocal images. 

 

3.3.7.  Statistical analysis and graph generation 

(As described in Chapter 2, section 2.3.5) 
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3.4.  Results 

3.4.1.  Juvenile liver fluke proliferative cells are capable of self-renewal  

To investigate if FPCs are capable of self-renewal, a stem-like trait, a sequential pulse 

approach was taken, utilizing thymidine analogues EdU and BrdU.  Juveniles were 

incubated in EdU for 24 hours and subsequently in BrdU for a further 24 hours prior 

to fixation.  Upon visualisation with a confocal scanning laser microscope it was noted 

that many nuclei were double labelled (EdU+, BrdU+), indicating that the cell had 

replicated in the first 24-hour period and again in the second 24-hour period, 

supporting the hypothesis that FPCs are capable of self-renewal (Fig. 3.2, n=10).  It 

was also noted that many of the stained nuclei were distributed in doublets (pairs), 

and that some of these doublets were asymmetrically stained, meaning one nucleus 

was EdU+, BrdU+ while the other was EdU+, BrdU-, suggesting that one of the cells 

was continuing to proliferate while the other had left the cell cycle, indicative of stem 

like asymmetric divisions (Fig. 3.2C, D).   
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Fig. 3.2.   Juvenile Fasciola hepatica proliferative cells appear capable of self-

renewal. 

Florescent confocal z-stack images exhibiting the incorporation of 5-ethynyl-2-deoxyuridine 

(EdU shown in green) and 5-bromo-2'-deoxyuridine (BrdU shown in red) into the DNA of 

proliferating cells.  Juvenile liver fluke were incubated in EdU for 24 hours and subsequently 

in BrdU for 24 hours prior to processing.  Double-labelled cells can be seen (EdU+ BrdU+) 

supporting the hypothesis that some Fasciola Proliferative Cells (FPCs) can self-renew.  A) 

Three images of the same juvenile fluke showing EdU+ only, BrdU+ only and Edu+ and BrdU+ 

merged labelling of proliferative cells.  Higher magnification images showing labelling in the 

vicinity of: B) juvenile oral sucker; C) juvenile ventral sucker; D) juvenile sub-tegumental 

region.  * indicates asymmetrically labelled doublets.  Scale bars: A) = 50 µm; B), C) and, D) 

= 20 µm.  n=10. 
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3.4.1.  Cell proliferation is significantly higher in juvenile liver fluke recovered 

from a rodent host as compared to those cultured in vitro.   

Whilst in vitro maintained liver fluke grow substantially (typically~ tripling in size by 3 

weeks post excystment), our own unpublished observations indicate that juvenile 

fluke recovered from host animals are significantly larger than in age-matched 

juveniles grown in vitro.  To investigate the effects these differential environments 

have upon FPCs we compared cell proliferation over 24 hours in vitro in juvenile flukes 

cultured in vitro for 21-days and in juveniles recovered from a rat host at 21-days post 

infection (note that both sets of fluke were maintained in vitro for 1 additional day to 

facilitate the labelling of proliferative cells with EdU such that they were labelled 22 

days post-excystment) (Fig. 3.3A and 3.3B).  Our hypothesis was that the observed 

differences in juvenile size between these differentially cultured fluke would correlate 

with differences in proliferation kinetics between the two groups.  The ex vivo juveniles 

displayed significantly higher numbers of EdU+ nuclei than those maintained in vitro 

(unpaired t-test, P <0.0001; ex vivo, 18640±2211 EdU+ nuclei, n=4; in vitro, 316±30 

EdU+ nuclei, n=26; Fig. 3.3F).  The ex vivo juveniles exhibited EdU+ nuclei that were 

dispersed throughout their body.  Whilst EdU+ nuclei displayed a relatively uniform 

distribution throughout the juvenile fluke, although there appeared to be higher 

densities just anterior to the ventral sucker and in the mid-posterior forebody region 

(see Fig. 3.3B); EdU+ nuclei were clearly abundant in all body regions, for example 

close to the oral sucker (Fig. 3.3C), the ventral sucker (Fig. 3.3D) and in sub-

tegumental regions (Fig. 3.3E).  Since we have found worm area correlates positively 

with cell proliferation (EdU+ nuclei) (Chapter 2.4.1, Fig. 2.2), we corrected the EdU+ 

nuclei counts for the ex vivo juveniles for worm size; the ex vivo recovered juveniles 

were ~15x larger than their in vitro counterparts and had 60x more Edu+ nuclei.  Fig. 

3.3G shows EdU+ nuclei counts for in vitro and ex vivo juveniles normalised for worm 

area and reveals that ex vivo juveniles exhibit more EdU+ nuclei when size-matched, 

suggesting that size alone does not explain the increased levels of proliferation 

observed in ex vivo fluke (Fig. 3.3G).  These data further support the hypothesis that 

FPCs play a pivotal role in facilitating fluke growth and development.  The data also 

expose the fact that despite the in vitro culture media supporting substantial cell 

proliferation and growth in juvenile fluke, in vitro culture methods lack an as yet 

unidentified developmental trigger (or triggers) that enhance cell proliferation/growth 

rate and maturation.  
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Fig. 3.3.   Cell proliferation is significantly higher in juvenile liver fluke grown in vivo 

and recovered from a host liver than in juvenile liver fluke grown in vitro  

Comparison of proliferative cell count (EdU+ cells) between juvenile liver flukes maintained in 
50% chicken serum (in RPMI) in vitro for 21 days and juveniles recovered from a rat at 21-
days old; note that both experimental groups of worms were maintained in vitro for one 
additional day to facilitate Edu labelling of cell proliferation.  Images are confocal z-stacks with 
EdU+ cell nuclei appearing green while the DAPI-labelled cell nuclei appear magenta.  A) 22-
day old in vitro maintained growing worm (EdU, DAPI overlay and EdU+ only; scale bar = 50 
µm; n=26).  B) 22-day old ex vivo juvenile recovered from a rat host (EdU+, DAPI overlay and 
EdU+ only; scale bar = 100 µm; n=4).  C) D) & E) Ex vivo worms showing cell proliferation 
adjacent to the oral sucker, the ventral sucker and in sub-tegumental regions, respectively 
(EdU+, DAPI overlay; scale bars = 50 µm).  (F) Graph showing the number of proliferative 
nuclei (EdU+) within in vitro maintained and ex vivo recovered, juvenile fluke.  Graph shows 
mean +/- SEM (appears in red).  Statistical significance was determined via unpaired t-test, 
****, P <0.0001.  (G) Graph showing proliferative nuclei (EdU+) per mm2 between the in vitro 
maintained and ex vivo recovered juveniles; the data show a 4-fold higher cell proliferation 
rate in the latter. 
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3.4.2.  Fasciola proliferative cells are sensitive to ionizing radiation such that 

the selective ablation of FPCs in juveniles using X-rays result in dose 

dependent growth reduction     

One feature of the proliferative stem cells of flatworm species is that they are radiation 

sensitive.  Here we investigated, for the first time, the radiation sensitivity of juvenile 

liver fluke FPCs by exposing juvenile worms to varying doses of X-rays.  Juveniles 

were treated using ionizing radiation to deliver 100, 150 or 200 Gy of radiation 3-days 

post excystment followed by incubation in EdU for 24 hours, 3-days post irradiation.  

Upon visualisation using a confocal scanning laser microscope it was found that all 

doses tested (100-200 Gy) were sufficient to significantly blunt EdU incorporation 

(n=21 for each treatment group; Fig. 3.4).  All treatment groups displayed significantly 

reduced cell proliferation when compared to control juveniles that were mock-

irradiated (Mann-Whitney test, P <0.0001; Fig. 3.4).  These data are consistent with 

FPCs being radiation sensitive, such that radiation is a valuable tool for the selective 

ablation of this cell population.   

To assess the long-term effects that a reduction in cell proliferation would have, the 

growth of irradiated juveniles following exposure to varying doses of ionizing radiation 

was monitored weekly for 28 days post treatment (Fig. 3.5A).  No reduction in growth 

was observed for any of the treatment groups 7 days post irradiation.  At 14 days post 

treatment a significant reduction was seen only in the group treated with the highest 

dose, 200 Gy (14 days post treatment; One-way ANOVA with Dunnets multiple 

comparisons, P<0.05; control fluke mean area 0.106±0.005 mm2, n=3; 200 Gy fluke 

mean area 0.085±0.004 mm2, n=3; Fig. 3.5A).  21 days post-irradiation the 150 Gy 

group displayed a significant reduction in growth compared to controls (21 days post 

treatment, One-way ANOVA with Dunnets multiple comparisons, P<0.05; control 

fluke mean area 0.112±0.006 mm2, n=3; 150 Gy fluke mean area 0.094±0.004 mm, 

n=3; Fig. 3.5A).  By 28 days post treatment both the 150 Gy and 200 Gy groups 

showed reduced growth of increasing significance compared to controls (28-days post 

treatment, One-way ANOVA with Dunnets multiple comparisons, 150 Gy P<0.01; 200 

Gy P<0.0001; control fluke mean area 0.131±0.007 mm2, n=3; 150 Gy fluke mean 

area 0.104±0.004 mm, n=3; 200 Gy fluke mean area 0.099±0.004 mm; Fig. 3.5A).  No 

reduction in growth was observed in the group treated with 100 Gy, although this dose 

was adequate to significantly reduce cell proliferation.   
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To assess the capacity of FPCs to recover post irradiation, juveniles from the highest 

treatment dose (200 Gy) were incubated in EdU for 24 hours 1-month post treatment.  

It was found, that along with their reduced growth, 200 Gy juveniles had significantly 

reduced EdU+ nuclei compared to the control but had recovered significantly 

compared to 2 day post irradiated juveniles (unpaired t-test, P<0.05, control fluke 

267±24.68 EdU+ nuclei, n=21; 200 Gy fluke 203±15 EdU+ nuclei, n=21; Fig. 3.5B,C).  

These observations suggest that at least some FPCs have high cell potency and 

facilitate potential proliferative recovery even after profound depletion.   

Fig. 3.4.   Juvenile Fasciola hepatica proliferative cells are sensitive to irradiation.  

Liver fluke juveniles were maintained in RPMI supplemented with 50% chicken serum and 

irradiated at 3-days old in RPMI.  Post irradiation juveniles where maintained in RPMI 

supplemented with 50% chicken serum for 2 days before being incubated in EdU for 24 hours.  

Subsequently, juveniles were imaged using confocal scanning laser microscopy and the 

number of proliferative cells (EdU+) was determined from z-stacks and quantified using Image 

J software.  A) Juveniles that received 100, 150 or 200 Gy doses of radiation displayed 

significantly reduced cell proliferation as compared to the mock-irradiated control worms.  B) 

Graph showing the corresponding quantification of proliferative cell nuclei from the different 

treatment groups.  Graph shows mean +/-SEM (appears in red on graphs).  Statistical 

significance was determined using Mann-Whitney test, **** P<0.0001, n=21.  Scale bars, 50 

µm.   
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Fig. 3.5.   Fasciola hepatica proliferative cell population can recover from high doses 

of irradiation. 

A) Graph showing the average liver fluke juvenile area measured at 7, 14, 21- and 28-days 

post treatment following varying radiation dosages administered at 3 days old (dosage defined 

in Grays (Gy).  Image J software was used to determine worm area; n=3.  B) Confocal 

scanning laser microscopy z-stacks showing EdU incorporation into proliferating cell nuclei, 4-

weeks post irradiation, in both a control worm and a worm treated with the highest radiation 

dose (200 Gy).  C) Scatter-graph showing the difference in proliferative nuclei counts (EdU+) 

for control worms and those treated with 200 Gy, quantified using Image J software, 4 weeks 

post irradiation treatment; n=21.  Graphs show mean +/-SEM (appears in red).  Statistical 

significances were determined using one-way ANOVA with multiple comparisons (A) or 

unpaired t-test (C).  *, P <0.05; **, P <0.01, ****, P <0.0001.  Scale bars 50 µm.  
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3.5.  Discussion 

The experimental data summarised within this chapter support the hypothesis that 

FPCs are in fact somatic stem cells, such as those reported in other flatworms, that 

likely form the cellular basis of tissue growth and homeostasis in F. hepatica.   This 

chapter characterizes FPCs as radiation sensitive cells capable of self-renewal and 

regenerative recovery post sub-lethal population depletion.  

The ability to self-renew continually is a prominent characteristic of stem cells, such 

that it is a key identifying feature of these cells (Knoblich, 2008; Morrison & 

Spradling, 2008).  Another characteristic stem feature is the ability to divide 

asymmetrically as well as symmetrically (Morrison & Spradling, 2008).  Studies 

conducted in Drosophila, which has served as a model invertebrate for stem cell 

studies, suggest two possible mechanisms which likely both play a role in facilitating 

this asymmetric cell division (Horvitz and Herskowitz, 1992).  The first is an intrinsic 

mechanism whereby the regulators/determinants of self-renewal/differentiation are 

localised asymmetrically during mitosis, meaning only one of the two daughter cells 

inherit them (Knoblich, 2008).  The second mechanism involves the spatial setting of 

the daughter cells themselves, such that in order to remain a true stem cell the cell 

must stay within the stem cell niche, once the cell leaves the niche it loses its ability 

to continuously self-renew (Li and Xie, 2005).   

During the early characterisation of stem cells in the blood fluke S. mansoni, Collins 

et al. (2013) probed their ability to self-renew, utilizing a sequential pulse approach 

with thymidine analogues EdU and BrdU.  The results of this study concluded that 

not only did these proliferative somatic cells self-renew but that some of them 

appeared to do so asymmetrically (Collins et al., 2013).  It was noted that many of 

the proliferating cells appeared as asymmetrically stained doublets, indicative of the 

characteristic asymmetrical divisions noted in other stem populations (Collins et al., 

2013).  These data are consistent with the findings reported here which indicate that 

FPCs can self-renew and that some appear to divide asymmetrically, highlighting 

that FPCs display cell dynamics and proliferation kinetics similar to stem cells 

characterised in other parasites.  Asymmetric cell division as a division mechanism 

has also been confirmed in recent years in a planarian flatworm, Schmidtea 

mediterranea where neoblasts were found to asymmetrically divide during neoblast 

repopulation following irradiation (Lei, et al. 2016).  This repopulation via neoblast 

expansion is regulated by balancing the ratio of symmetric and asymmetric cell 

division, which is promoted by epidermal growth factor (EGF) signalling (Lei et al., 

2016).   
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The role of EGF signalling in the regulation of asymmetric stem cell division is likely 

evolutionarily ancient and has been indicated in other invertebrates and mammalian 

stem cells, suggesting the mechanisms governing stem cell dynamics and 

proliferation kinetics are highly conserved (Meistrich et al., 1978; Horvitz and 

Herskowitz, 1992; Lei et al., 2016).   

Sensitivity to ionizing radiation is another conserved stem cell trait, due to the high 

mitotic rate of these cells which renders them highly susceptible to the DNA damage 

caused by radiation (Wallace, 1998; Thompson, 2012).  As such radiation has 

become a valuable tool in stem cell research, allowing for the experimental ablation 

of this stem population in order to examine resultant downstream effects and 

perturbations to both the stem population and the organism as a whole.  This 

chapter reports that FPCs display this characteristic radiation sensitivity, consistent 

with findings in other flatworms (Wagner, Wang & Reddien, 2011; Collins et al., 

2013).  This chapter reports that X-ray doses of 100-200 Gy were sufficient to 

significantly suppress proliferation in in vitro maintained juvenile fluke; it is worth 

noting that these doses were also deemed sufficient to block EdU incorporation in 

ex vivo adult S. mansoni.  In contrast, stem cell depletion in planarians and rats 

occurs following the significantly lower doses of 12.5 Gy and 15 Gy, respectfully 

(McGinn, Sun & Colello, 2008; Wagner, Wang & Reddien, 2011; Collins et al., 

2013).  To examine the long-term effects this depletion of proliferative cells would 

have upon the juvenile fluke the worms were monitored for 28 days post treatment, 

with growth measurements taken at 7-day intervals.  A surprising observation made 

was that even at the highest radiation dose (200 Gy) juvenile mortality didn’t appear 

to be significantly affected, while its been reported that a dose of only 60 Gy is 

considered lethal in planarians (Dubois, 1949; Wagner, Wang & Reddien, 2011).  In 

ionizing radiation, a significant portion of the damage to DNA results from clustered 

oxidative damage, caused by free radicals which are generated during the radiolysis 

of water (Riley, 1994).  The principal ROS involved in this is the hydroxyl radical 

which indiscriminately attacks neighbouring molecules (Riley, 1994).  The 

generation of these hydroxyl radicals occurs not only due to the direct radiolysis of 

water but also due to the indirect formation of secondary partially ROS which can be 

further reduced by metabolic cell processes which convert them into hydroxyl 

radicals, causing secondary radiation injury (Riley, 1994).   
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As previously mentioned, F. hepatica displays high resistance to free radical 

damage.  For example, in order to kill 95% of Fasciola juveniles in vitro 3-4x greater 

concentrations of nitric oxide had to be used as compared to that needed to kill 

schistosomula in vitro (Sibille, Tliba & Boulard, 2004).  Considering this resistance to 

free radicals, perhaps it is not so surprising that F. hepatica juveniles can survive 

higher doses of radiation than initially hypothesised.   

While fluke survival appeared unaffected, juvenile growth in worms receiving X-ray 

doses of 150-200 Gy was significantly reduced.  This reduction in growth became 

significant 7-days post treatment, becoming increasingly significant each week post 

irradiation in a dose dependent manner.  It is worth noting that a dose of 100 Gy did 

not result in long term growth reductions over the 28-day period following irradiation, 

indicating that the depletion of FPCs resulting from this dose was not significant 

enough to perturb proliferation kinetics long term.  The dose-dependent reduction in 

juvenile growth correlated with the depletion of FPCs, further supporting the 

hypothesis that FPCs play important roles in tissue growth and development.  

Despite the significant reduction in juvenile growth observed in worms treated with 

200 Gy, it was found that 28-days post irradiation these juveniles displayed almost 

the same number of EdU+ cells as the control juveniles, however the reduction in 

proliferative cells was still of statistical significance.  This suggests that FPCs display 

a remarkable stem-like ability to regenerate their population following severe 

ablation, despite the recovery appearing to be incomplete.  Regardless of the 

apparent ability to recover it is not surprising that growth reductions occur since 

significant reductions in a stem cell population would consequently lead to a 

decrease in the number of differentiating progeny, resulting in a reduction of tissue 

growth and cell turnover. 

These findings are consistent with stem cell repopulation dynamics recorded in 

other organisms, such as the study by Meistrich et al. (1978) who reported on the 

gradual regeneration of mouse testicular stem cells post irradiation.  Ionizing 

radiation of these animals led to the loss of spermatogenesis in mice which were 

then monitored for up to 60 days post treatment (Meistrich et al., 1978).  The 

regeneration kinetics of this stem cell pool followed an exponential increase in stem 

cells which eventually reached a dose-dependent plateau, which always sat below 

the level seen prior to irradiation, with only a partial recovery of spermatogenesis 

observed (Meistrich et al., 1978).  Within the free-living planarian flatworms, it has 

been shown that small numbers of surviving neoblast/stem cells can regenerate the 

entire stem population post irradiation (Wagner, Wang & Reddien, 2011).   
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This stem cell restoration of all variant stem pools in planarians contrasts with 

mammals who lack this robust replenishment capacity (Biteau et al., 2011).  Lei et 

al. (2016) reported that following sub lethal irradiation (12.5 Gy) in S. mediterranea, 

a few surviving neoblasts undergo clonal expansion, eventually restoring tissue 

homeostasis and regeneration capacity to the animal.   During this repopulation 

asymmetric cell divisions appear to be favoured over symmetric.  The hypothesis 

underpinning this is that whilst significant bursts of symmetric division resulting in 

more stem cells, rather than fate determined progeny, would repopulate the stem 

pools faster, this could also lead to stem cell exhaustion and even death of the cell 

population, making a more gradual controlled repopulation necessary (Lei et al 

(2016).    

While this chapter reports that ionizing radiation disrupts and dysregulates cell 

proliferation in F. hepatica, it also demonstrates that maintenance within a 

mammalian host supports enhanced cell proliferation, which in turn appears to 

support increased parasite growth and development.  Flatworm stem cells have 

been characterized primarily within the free-living planarian model and much 

remains unknown about their roles and regulators within parasite systems.  A crucial 

difference between the free living and parasitic worms is that the endoparasites are 

subject to regulation via heterologous host signals (Brehm, 2010).  It has been 

hypothesized that parasitic worm stem cell proliferation dynamics and tissue 

formation may be partially governed by the host cytokine micro-environment 

(Brehm, 2010).  Cell culture studies conducted in E. multilocularis demonstrated that 

metacestode vesicles only proliferate in vitro when host cell conditioned medium 

was applied.  It has also been shown that host cells produce growth factors which 

support parasite proliferation and development (Spiliotis et al. 2004).  Studies have 

shown that the blood fluke parasite S. mansoni can modulate its growth in response 

to host immune signals (Davies et al., 2001) 

Some specific host hormones such as insulin have been implicated in several 

organism as having a notable impact upon stem cell proliferation.  For example, 

Hemer et al. (2014) found that human insulin stimulates metacestode formation, 

generated from stem cells in the tapeworm E. multilocularis.  RNAi inhibition of 

insulin receptors in this parasite led to impaired larval development and ultimately 

metacestode death (Hemer et al., 2014).  In the free-living planarian S. 

mediterranea, the disruption of insulin signalling using RNAi resulted in degrowth of 

the animals, similar to that seen in starved animals (Miller & Newmark, 2012).  
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 This reduction in size correlated with decreased neoblast proliferation indicating 

that insulin signalling plays a role in regulating growth and tissue homeostasis via 

regulation of the proliferation dynamics of the animals’ stem cells (Miller & Newmark, 

2012).  Host cytokines have also been implicated in the progressive initiation of 

some cancers, with the inflammatory immune response localised around the cancer 

stem cells serving to stimulate their proliferation, which in turn supports tumour 

growth and maintenance (Reya et al., 2001).    

As discussed, the in vitro cultivation of F. hepatica is greatly enhanced by the 

addition of chicken serum to basal media, which may contain host-animal hormones 

or molecules that serve as developmental triggers, however the comparison of in 

vitro and ex vivo juveniles in this chapter highlight that a trigger (or triggers) are still 

absent from the culture media.  A better understanding of FPCs may greatly aid 

further improvements to the in vitro growth platform for liver fluke, with their 

proliferation dynamics serving as a potential indicator for empirical approaches to 

identification of the key developmental triggers.  Taken together, the data reported in 

this chapter provide a compelling case that FPCs are neoblast-like stem cells which 

support parasite growth and development, highlighting their importance to 

fundamental fluke biology and their potential utilization in the development of future 

flukicides.  
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4.1.  Abstract 

Much of what we know about flatworm stem cell markers and regulators/effectors is 

derived from research on model planarians.  This chapter sets out to establish a 

functional link between known stem-cell markers/effectors and Fasciola Proliferative 

Cells (FPCs).  Bioinformatic analysis of the Fasciola hepatica genome led to the 

identification of orthologues of genes known to regulate other flatworm stem cells, the 

hypothesis being that as well as sharing sequence conservation these genes also 

share functional conservation.  Irradiation was used to ablate FPCs in juvenile worms 

to undetectable levels and qPCR was used to investigate if this ablation correlated 

with a reduction in the expression of selected stem cell markers/effectors, as a means 

of validating their association with FPCs.  Comparative expression relative to an 

irradiation insensitive housekeeping gene (cathepsin B/ catB) showed that all 

screened effector genes (fgfrA, ago-2, vlg-3, ꞵ-catenin, soxP-1, cbp-1, nanos-257) 

were significantly down-regulated in irradiated (200 Gy dose) juveniles 72 hours post 

irradiation.  This suggests that these genes have conserved functional roles within 

juvenile liver fluke and that they play a role in regulating FPCs.  The stem-cell effector 

fibroblast growth factor receptor A (FGFR-A) is known to regulate the schistosome 

stem cell population.  Here, we set out to develop a gene silencing method effective 

on FPC-associated genes.  To validate this, fh-fgfrA expression was disrupted using 

RNAi.  Significant transcript knockdown was achieved (~98%), revealing the first 

silencing of a stem-cell marker in liver fluke.  This silencing led to a significant 

reduction in the numbers of proliferating cells.  These data indicate that fgfrA is vital 

for the proliferation and/or maintenance of FPCs, suggesting functional conservation 

across flatworms.  This chapter also reports the attempted localization of selected 

effectors (fh-fgfrA, fhvlg-3) using in situ hybridization (ISH) techniques - but this was 

unsuccessful.  Taken together, the data expose a clear functional correlation between 

FPCs and known stem cell effectors in liver fluke and reveal a key, and potentially 

conserved role for fh-fgfrA in FPC biology.    
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4.2.  Introduction 

Identification and characterisation of genes which regulate FPCs and the mechanisms 

by which they support parasite growth and development are essential in unravelling 

the fundamental biology of these cells.  In stem cell systems interactions between the 

stem cells and effector proteins encoded by key regulatory genes are what control 

key processes such as self-renewal, differentiation and cell migration.  The 

identification and characterisation of these key genes may also be of use in drug 

target discovery efforts as a means to disrupt and dysregulate FPCs and in turn 

parasite growth and development.   

Within the planarian stem system several important studies have been conducted 

using transcriptional profiling techniques such as RNA-seq and functional genomic 

tools to identify and validate many planarian stem cell regulators (Onal et al., 2012; 

Solana et al., 2012; Wagner et al., 2012;).  Another key approach used to screen for 

genes of interest (GOI) within planaria has been the use of irradiation to 

experimentally ablate neoblasts enabling researches to identify genes which are 

consequently downregulated (Solana et al., 2012).  This approach was also utilized 

by Collins et al. (2013) to identify key effectors within S. mansoni resulting in the 

identification of 128 genes which were significantly downregulated in irradiated 

parasites, many of these genes were homologues of neoblast regulatory genes 

identified in planarians.   

The sequence and functional conservation of these genes displayed between the 

free-living planarians and the endoparasitic blood fluke is not surprising as their highly 

conserved nature has already been highlighted by the planarian researchers.  Onal 

et al. (2012) utilized fluorescent activated cell sorting (FACs) in conjunction with RNA 

sequencing and in situ hybridization (ISH) to characterise many key neoblast genes 

in S. mediterranea.  Subsequently they conducted computational cross-species 

analysis which allowed them to identify homologues of planarian genes in mice or 

humans.  With the expression and homology data they were able to systematically 

investigate conservation of gene expression between planarian neoblasts and 

mammalian stem cell systems, their findings suggest that the underlying gene 

regulatory network shows remarkable conservation as a whole and provides evidence 

for strong conservation of pluripotency-associated genes in particular (Onal, et al., 

2012).   
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Due to the apparent high level of conservation displayed in the genetic regulators of 

stem cell systems the underpinning hypothesis of this chapter was that key neoblast 

GOI would be represented in the F. hepatica genome and that they would also display 

conserved functionality.  Some of the key neoblast regulators/markers are discussed 

below. 

Nanos is a highly conserved RNA binding protein which functions as a key regulator 

of transcriptional control in the development, maintenance and differentiation of germ 

cells (Lehmann & Nusslein-Volhard, 1991; Hashimoto et al., 2010).  It was first 

identified in Drosophila melanogaster as a maternal gene crucial to pattern formation 

within the embryo (Lehmann & Nusslein-Volhard, 1991).  In D. melanogaster nanos 

has been shown to be indispensable to the development of primary germ cells such 

that germ cells devoid of nanos undergo apoptosis and fail to maintain their stem 

identity (Kobayashi et al., 1996; Lin & Spradling, 1997; Hayashi, Hayashi & 

Kobayashi, 2004; Wang & Lin, 2004).  The nanos protein is identifiable by its 

evolutionarily conserved zinc finger motif, found in the C-terminal region, which is 

essential to its function (Curtis et al., 1997).  The nanos gene is widespread in higher 

eukaryotes and conserved function has been reported in C. elegans, zebrafish, mice 

and humans, being described as a key factor for maintaining pluripotency in 

mammalian stem cells (Subramanian & Seydoux, 1999; Koprunner et al., 2001; 

Tsuda et al., 2003; Angeles-julaton & Reijo pera, 2011).  In the model planarian S. 

mediterranea, nanos mRNA is detected in developing, regenerating and mature 

ovaries and testis.  In nanos RNAi animals the gonads lose all regenerative ability and 

fail to develop suggesting that the role of nanos is also conserved in flatworms (Wang 

et al., 2007).  The genome of S. mansoni has 2 nanos homologues which are 

expressed in germ cells and somatic stem cells (Wang et al., 2013; Wang & Collins, 

2016).  Nanos-2 is expressed in a subset of the stem cell population (nanos+ 

neoblasts) that also co-express an argonaute encoding gene (ago2-1) and a vasa-

like gene (vlg-3) (Wang et al., 2013).  This study indicated that nanos expressing stem 

cells had longer cell cycles and entered S-phase less often, indicative of more 

pluripotent stem cells (Wang et al. 2013).   

Fibroblast growth factor (FGF) signalling is known to play a central role in fundamental 

cellular process such as proliferation, differentiation and migration in mammalian 

development (Eswarakumar, Lax & Schlessinger, 2005; Lanner & Rossant, 2010).  

This signalling pathway is important in regulating pluripotency and linage segregation 

in the mouse embryo and mammalian stem cell systems generally (Smith, 2009; 

Hanna et al., 2010).   
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FGF signalling is activated via a ligand receptor interaction between a FGF and a 

receptor tyrosine kinase (RTKs), where binding leads to the autophosphorylation of 

specific tyrosine residues in the receptor (Ullrich, & Schlessinger,1990; Dailey et al., 

2005).  A wide variety of signalling proteins are phosphorylated in response to this 

FGF signalling which in turn mediate cell proliferation, differentiation and survival.  

This pathway is of particular importance during embryo development and 

morphogenesis (Mohammadi et al 1991; Yamaguchi et al., 1994).  All fibroblast 

growth factor receptors (FGFR) are comprised of an extracellular ligand binding 

domain, a single transmembrane domain and a cytoplasmic domain which contains a 

catalytic protein tyrosine kinase core (Hubbard, Mohammadi & Schlessinger, 1998; 

Eswarakumar, Lax & Schlessinger, 2005).  Over the past 20 years these receptor 

tyrosine kinases have become a valuable target in drug discovery efforts (Noble, 

Endicott & Johnson, 2004).  There are four receptor tyrosine kinases found in 

vertebrates, but they are widespread in eukaryotes with FGFRs being identified in 

mice, humans, nematodes and insects (Johnson et al., 1991; Miller et al., 2000; 

Ornitz, 2001; Gryzik & Muller, 2004).  In irradiated S. mediterranea expression levels 

of all four FGFR were significantly downregulated suggesting that they play a role in 

the regulation of neoblasts (Lei et al., 2016).  S. mansoni stem cells express a FGFR 

orthologue named fgfr-A which localised to the mesenchyme of the parasite in a 

similar distribution to that of EdU staining (Collins et al., 2013).  This study showed 

that after a 24-hour EdU pulse, >99% of the EdU+ cells also expressed fgfrA, this 

expression was radiation sensitive just like the stem cells themselves further 

supporting this receptors role in neoblast/stem cell regulation (Collins et al. 2013).  

RNAi experiments displayed that this gene is essential for the maintenance of both 

the adult somatic stem cells and the germinal cells in this parasite supporting the 

hypothesis that these receptors maintain their functional conservation within parasitic 

flatworms (Collins et al., 2013; Wang et al., 2013).  

This cross-species conservation of neoblast regulators is also observed for ago2-1 

that encodes a transcriptional silencing factor known to inhibit translation in 

proliferating cells, among others, and is a member of a large family of proteins called 

the argonaute family (Vasudevan, Tong & Steitz, 2007; Höck, & Meister, 2008).  

Argonaute proteins are found in most organisms and work alongside miRNAs and 

siRNAs to form multiprotein effector complexes such as the RNA-induced silencing 

complex (RISC).  This effector complex enables the silencing of specific target RNAs 

through transcript degradation or translation inhibition (Hammond et al., 2001; Tomari 

& Zamore, 2005).   
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The argonaute protein family were first identified in plants, with members being 

categorised by the presence of the characteristic PAZ and PIWI protein domains 

which are highly conserved across species (Bohmert et al, 1998).  Since their 

discovery they have also been identified in a wide variety of organisms such as 

humans, the model nematode C. elegans, drosophila and yeast (Williams & Rubin, 

2002; Sasaki et al., 2003, Sigova, Rhind & Zamore, 2004; Yigit et al., 2006).  In various 

organisms, perturbations to ago2-1 expression affects stem cell properties 

highlighting their conserved role in stem cell regulation (Carmell et al., 2002).  In the 

planarian S. mediterranea a homologue of AGO2-1 was identified which displayed 

the indicative conservation of PIWI domain residues; data from this study suggest that 

ago2-1 plays a role in the neoblast response to wounding (Li et al., 2011).  Li et al. 

(2011) found that ago2-1 RNAi planarians displayed regeneration defects such as a 

head regression, four weeks post treatment all the animals lysed and died signifying 

that this gene is required for regeneration and tissue homeostasis.  Similar findings 

were seen in D. japonica ago2-1 RNAi animals, alongside a broad loss of neoblasts 

(Rouhana et al., 2010).  An ago2-1 homologue was also found in S. mansoni as one 

of the significantly downregulated genes found in irradiated parasites.  In this worm 

its expression was localized to the mesenchyme in a pattern similar to EdU staining 

and was found to be radiation sensitive, further supporting a role in stem cell biology 

within this parasite (Collins et al., 2013).  In S. mansoni ago2-1 is expressed in 

miracidia and sporocysts as well as in germinal cells and adult parasites (Wang et al., 

2013).  Ago2-1 RNAi in S. mansoni led to fewer EdU+ cells, a reduction in cell cycle 

associated transcripts and a loss of nanos negative germinal cells (nanos-) resulting 

in the eventual loss of proliferation (Wang et al., 2013).  Considering the phylogenetic 

relationship between the blood fluke S. mansoni and the liver fluke Fasciola hepatica 

it would not be considered surprising if ago2-1 displayed a similar regulatory role with 

FPCs which bear many similarities to the stem cells of the blood fluke.  

Vasa genes are members of the DEAD-box protein family which are characterised by 

their nine conserved sequence motifs which typify all DEAD-box genes (Linder, 2006).  

The exact functional mechanisms of VASA and Vasa-like genes (vlg) are unclear but 

they are extensively conserved throughout many organisms and are known to play a 

vital role in germ line development (Gustafson & Wessel, 2010).  Vasa displays ATP 

dependant RNA helicase catalytic activity and while it’s considered predominantly as 

a germ linage marker, it has also been shown to play important roles in somatic cells 

such as neoblasts (Linder, 2006; Linder & Lasko, 2006; Wagner et al., 2012).  Vasa 

functions and germ line associations are widespread and have been documented for 

a variety of organisms such as wasps, oysters, fish and flatworms (Braat et al., 2001; 

Zhurov, Terzin & Grbic, 2004; Fabioux et al., 2009; Pfister et al., 2009).   
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Vasa null animals have been engendered in insects, mice and nematodes to 

functionally probe the gene.  In Drosophila it appears this gene functions in posterior 

patterning and germ cell specification in the embryo, displaying RNA binding abilities 

and acting as a translational regulator (Styhler et al., 1998).  In mice the results were 

less clear where, vasa null females presented as fertile and healthy while vasa null 

males where infertile due to deficient sperm proliferation (Tanaka et al., 2000).  This 

sex specific phenotype observed in mice is opposite to that seen in vasa null 

Drosophila whereby it’s the vasa null females who are infertile rather than the males 

(Styhler et al., 1998; Tanaka et al., 2000).  Planarian vasa is primarily expressed in 

the proliferative neoblast population and are highly similar to Drosophila vasa genes 

(Wagner et al., 2012).  In S. mediterranea vasa RNAi resulted in lesions forming on 

the dorsal epidermis of the animals, reduced neoblast proliferation and failed colony 

expansion.  There was also a functional role in cell differentiation indicated, supporting 

conserved roles for vasa genes in flatworms (Wagner et al., 2012).  No true vasa 

orthologue has been found in S. mansoni, however three vasa-like genes have been 

identified and named vlg-1, vlg-2 and vlg-3.  It was hypothesised that these would act 

as vasa genes do in other organisms (Skinner et al., 2012).  RNAi of vlg-3 in S. 

mansoni sporocysts resulted in fewer EdU+ cells and the down-regulation of cell-cycle 

associated transcripts indicative of a reduction in proliferation activity, it also led to the 

loss of both nanos+ and nanos- germ cells, highlighting that vlg-3 is needed for the 

maintenance of the entire germinal cell population (Wang et al., 2013).  These findings 

support a conserved role for vasa-like genes that extends to parasitic flatworms.   

Genes belonging to the SOX family encode highly conserved transcription factors 

which bind to DNA, these genes are one of the multigenetic families which regulate 

the development of the bilateria (Laudet, Stehelin & Clevers, 1993; Dong et al., 2014;).  

These transcription factors are characterised by a conserved high mobility group box 

domain (HMG domain), which is the functional domain responsible for the DNA 

binding activities of the encoded proteins (Laudet, Stehelin & Clevers, 1993; Pevny & 

Lovell-Badge, 1997).  SOX genes have been implicated in neurogenesis, cell fate 

determination and tissue homeostasis (Lefebvre et al., 2007; Archer, Jin & Casey, 

2011; Yamaguchi et al., 2011; Wagner et al., 2012).  These developmental regulators 

are found in a wide variety of organisms and are highly conserved throughout 

evolution, SOX genes have been found in Drosophila, zebrafish, frogs, marsupials 

and humans, as well as many others (Coriat et al., 1993; Laudet, Stehelin & Clevers, 

1993; Vriz & Lovell-Badge, 1995).   
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Some specific SOX genes have been functionally characterised, in humans sox9 is 

required for testes development, in mice sox4 is needed for clonal expansion of B-

lymphocytes and in Drosophila SOX genes play a role in anterior/posterior pattern 

formation (Foster et al., 1994; Nambu & Nambu, 1996; Schillam et al., 1996).  In the 

planarian flatworm Dugesia japonica soxB plays a role in neural development, is 

localised to the head, gut, mouth and is expressed in regenerating blastema’s; during 

regeneration its expression is upregulated suggesting that it has a role to play within 

the neoblast system (Dong et al., 2014).  In S. mediterranea a SOX gene, soxP-1, 

was found to be essential to neoblast colony expansion and maintenance in this 

flatworm (Wagner et al., 2012).  Single cell analysis in S. mediterranea led to the 

finding that soxP-1 is expressed by a sub set of neoblasts termed sigma neoblasts.  

This sub-population of neoblasts displayed broad linage capacity and gave rise to 

other sub-sets termed zeta neoblasts (Van Wolfswinkel, Wagner & Reddien, 2013).  

In S. mansoni p53, a SOX family transcriptional factor known to regulate neoblasts 

was identified, this gene was downregulated in irradiated parasites, indicating a role 

for SOX family mediated stem cell regulation in parasitic flatworms as well as free-

living ones (Collins et al., 2013). 

Tudor proteins or Tudor-like proteins are named so due to the presence of a repeated 

protein motif called the Tudor domain.  This domain is functionally conserved as it is 

essential in the facilitation of protein-protein interactions (Callebaut and Mornon, 

1997; Wei Pek, Anand & Kai, 2012).  Tudor domain proteins were first described in 

D. melanogaster in 1985 in a screen for maternal factors which regulate embryonic 

development or fertility (Boswell and Mahowald, 1985).  These proteins have been 

shown to function in RNA splicing, histone modifications and in the DNA damage 

response, consequently regulating cell division, differentiation, genome stability and 

gametogenesis, making them key developmental effectors (Thomson and Lasko, 

2005).  As well as being present in Drosophila they have also been found in yeast, 

mice and humans (Botuyan et al., 2006; Bostick et al., 2007; Badeanx et al., 2012).  

Solana et al. (2009) isolated a tudor domain containing protein (encoded by tudor-1) 

in Schmidtea polychroa which was expressed in neoblasts, germ cells, the CNS and 

in developing ovaries.  In tudor-1 RNAi animals a loss of regenerative abilities was 

observed, seven weeks post treatment there was a loss of all neoblasts, suggesting 

that tudor-1 is required for long term self-renewal of neoblasts in this flatworm (Solana 

et al., 2009).  A tudor-like protein has been identified in S. mansoni which is 

upregulated in sporocysts compared to miracidia, but this has not been further 

characterised as of yet (Wang et al., 2013).  
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Another family of proteins which have been highlighted within the neoblast regulatory 

network are zinc finger proteins (zfp) (Wagner et al., 2012).  This protein family was 

named so due to the repeating zinc-binding motif found within its protein structure, 

which contains conserved cysteine and histidine ligands, the first of which was 

described as a transcription factor found within the genus Xenopus (Miller, 

McLachlan, Klug, 1985).  These proteins are numerous in nature and vary in their 

function, but many have been linked to DNA/RNA binding activities and protein-

protein interactions (Laity, Lee & Wright, 2001).  The specific zinc-finger encoding 

gene of interest in relation to neoblasts/stem cells is zfp-1 which has been shown to 

be important in both free living and parasitic stem cell systems (Wagner et al., 2012; 

Wang et al.,2018).  In S. mediterranea zfp-1 RNAi worms formed lesions on their 

dorsal epidermis, displayed head regression and ventral curling and their neoblasts 

failed to differentiate or to form colonies, similar phenotypes were observed in vlg-1 

RNAi animals (Wagner et al., 2012).  In planaria, zfp-1 was expressed primarily in 

neoblasts, taken together with the RNAi findings it appears that this gene is needed 

for stem cell maintenance in adult tissue and plays a vital role in regulating neoblast 

cell differentiation and expansion (Wagner et al., 2012; Van Wolfswinkel et al., 2014).   

In the stem cells of the blood fluke S. mansoni zfp-1 is expressed abundantly in a 

subset of cells termed delta stem cells, which represent a major component of the 

somatic stem population in this parasite suggesting that ZFPs play a role in stem cell 

regulation of both parasitic and few-living flatworms (Wang et al., 2018).   

Signalling by Wnt family proteins plays a fundamental role in regulating cellular 

processes during embryo development and tissue homeostasis such as proliferation, 

cell polarity and cell fate determination (Logan and Nusse, 2004).  The cytosolic 

protein ꞵ-catenin is an essential co-activator with vital roles in the canonical Wnt 

signalling pathway which is essential in morphogenesis and the maintenance of tissue 

integrity (Logan and Nusse, 2004; Clevers, 2006, Takeichi, 1991).  ꞵ-catenin binds to 

cadherins and to α-catenin, which in turn bind to actin, adhesion processes that are 

fundamental to assembling cells into tissues (Aberle et al., 1994; Rimm et al., 1995).  

Drosophila armadillo, which is an orthologue to ꞵ-catenin, preforms the same role in 

creating cell junctions and also acts as a transcriptional co-activator playing a role in 

cell fate choices, suggesting that this pathway is functionally conserved throughout 

evolution (Van Leeuwen, Samos & Nusse, 1994).  These proteins are identifiable due 

to a repeating motif known as the armadillo repeat which is highly conserved (Peifer 

et al., 1994a).  In planaria wnt/ꞵ-catenin signalling has been extensively studied in 

relation to tissue patterning, the hypothesis being that molecules which function in this 

manner may direct neoblast progeny to replace and remodel tissues during 

regeneration and embryo development (Forsthoefel & Newmark, 2009).   
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The RNAi phenotypes resultant from ꞵ-catenin knockdown in planaria, such as the 

development of ectopic differentiated tissues, suggest that neoblasts are receiving 

inappropriate instructions pertaining to differentiation in these ꞵ-catenin null animals, 

however the exact mechanisms behind these processes are unclear (Gurley, Rink & 

Sanchez Alvarado, 2008).  Gene and transcript sequence data have shown Wnt 

signalling and ꞵ-catenin specifically to be present in Schistosomes, however, their 

potential as stem cell regulators has yet to be explored within parasitic flatworms 

(Zhou et al., 2009; Li at al., 2010).   

Another family of proteins implicated in S. mansoni in relation to stem cell regulation 

is the CREB-binding protein (CBP)/p300 family (Collins & Collins, 2016).  Two cbp 

genes have been identified in schistosomes, named cbp1 and cbp2, and shown to be 

homologues of mammalian cbp/p300 genes (Bertin, et al. (2006).  CBP and p300 are 

closely related transcriptional co-activators which have a conserved histone 

acetyltransferase (HAT) domain and are involved in chromatin modification (Lyer, 

Ozdag & Caldas, 2004).  These proteins have been implicated in many fundamental 

processes such as cell growth and development in a variety of organisms such as 

worms, insects and humans (Ludlam et al., 1998; Monte, DeWitte & Hum, 1998; Shi 

& Mello, 1998).  In D. melanogaster and C. elegans they have been shown to play a 

vital role in differentiation control during embryonic development (Ludlam et al., 1998; 

Shi & Mello, 1998).  Collins and Collins (2016) probed the role of S. mansoni cbp1 in 

stem cell regulation and found that cbp1 RNAi worms could not establish measurable 

pathology in mice, indicating that it is essential to parasitism and survival in vivo.  It 

was also observed that cbp1 null parasites displayed significantly increased neoblast 

proliferation which resulted in eventual cell death and subsequent organ 

degeneration, most probably due to stem cell exhaustion (Collins & Collins, 2016).   

This chapter aims to identify if any of these core neoblast/stem cell regulatory genes 

are represented within the Fasciola hepatica genome and if they are potential 

effectors of FPCs, which bear many similarities to other flatworm stem cells.  Our 

hypothesis is that stem cell and developmental regulation is so highly conserved, not 

only between flatworms, but between vertebrates and invertebrates, that many of 

these core stem cell genes will be conserved in the liver fluke.    
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4.3.  Methods 

4.3.1.   Parasite excystment and maintenance/culture 

(As described in Chapter 2, section 2.3.1) 

This Chapter used the Italian F. hepatica isolate throughout (Ridgeway aquatics).   

 

4.3.2. Bioinformatic identification of Fasciola hepatica homologues/ 

orthologues of selected core planarian neoblast effectors 

Protein sequences of known stem cell regulators from Planaria or Schistosoma 

mansoni genomes were used to query Fasciola hepatica genome hosted by 

WormBase ParaSite (https://parasite.wormbase.org/index.html; PRJEB6687).  

Protein BLAST searches (BLASTp) were preformed and significant hits were 

subjected to reciprocal BLAST to verify sequence similarity.  The decision not to 

update these results to the new Fasciola genome was made due to some of the 

sequences which had been confirmed in the original version of the genome not being 

annotated in the newer version.  All sequences were searched for signature protein 

domains using InterProScan (https://www.ebi.ac.uk/interpro/search/sequence-

search).  Alignments (generated by Mega7; www.megasoftware.net) of the query and 

Fasciola sequence were generated with conserved motifs highlighted to show domain 

homology.   

 

4.3.3.   Labelling proliferative nuclei with 5-ethynyl-2-deoxyuridine (EdU) 

(As previously described in Chapter 2, section 2.3.2) 

 

4.3.4.   Confocal imaging 

(As previously described in Chapter 2, section 2.3.3) 

 

4.3.5.   Juvenile growth measurements 

(As previously described in Chapter 2, section 2.3.4) 
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4.3.6.   Statistical analysis and graph generation 

(As described in Chapter 2, section 2.3.5) 

 

4.3.7.   X-ray irradiation 

(As described in Chapter 3, section 3.3.5) 

The X-ray radiation dose administered for experimental work in this chapter was 200 

Gy as this had previously been found sufficient to blunt the proliferation of FPCs.  

Juveniles were irradiated 3 days post excystment and were maintained in 50% 

chicken serum in RPMI 1640 for 3 days post irradiation, prior to snap freezing for 

mRNA extraction and qPCR analysis.  Approximately 80 juveniles per replicate were 

used to ensure qPCR detection of amplicons post irradiation.  All treatments were 

carried out in triplicate.  

 

4.3.8.   Ribomax dsRNA synthesis 

mRNA was extracted from juvenile tissue and reverse transcribed to cDNA.  

Primer3plus software (Untergasser et al., 2012) was used to design primers and a T7 

promoter sequence (5’-taatacgactcactataggg-3’) was added to the 5’-end of the sense 

and anti-sense primers for the target DNA sequences.  Fast start Taq DNA 

polymerase, dNTpack (Roche Applied Science) was used to synthesise PCR product 

template.  Bacterial neomycin phosphotransferase from an enhanced GFP vector was 

utilized as control dsRNA.  PCR product was cleaned using the ChargeSwitch® PCR 

clean-up kit (Thermo Fisher scientific) as per kit protocol with the exception of initial 

volumes which were doubled, and the initial step in the generation of single stranded 

RNA which was extended to an overnight incubation.  The synthesized dsRNA was 

dissolved in ddH2O, the concentration was quantified on a Nanodrop 1000 

spectrometer and the end product was subjected to electrophoresis on a 1% agarose 

gel (Promega) to verify integrity/size.   See oligonucleotide primer sequences below 

(T7 sequence shown in lowercase): 

fgfrA sense;                taatacgactcactatagggTAGGAACACCAACACGACCA 

fgfrA anti-sense;         taatacgactcactatagggGGGATGAGTGGACGGAGTTA 

Neomycin sense;        taatacgactcactatagggGGTGGAGAGGCTATTCGGCT 

Neomycin anti-sense; taatacgactcactatagggCCTTCCCGCTTCAGTGACAA 
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4.3.9.   dsRNA incubations/soaks 

Approximately 35 juveniles were incubated in 100 ng/μl of dsRNA in RPMI 1640, with 

a final volume of 50 μl.  Incubations were carried out in 1.5 ml hydrophobic Eppendorf 

tubes for 18 hours, twice a week, for five consecutive weeks with growth 

measurements being taken once a week.  In between dsRNA soaks, juveniles were 

maintained in 50% chicken serum in RPMI.  After five weeks’, juveniles were either 

snap frozen for mRNA extraction and qPCR analysis or processed for neoblast 

staining using EdU.  All treatments where carried out in triplicate. 

 

4.3.10.   mRNA extraction and reverse transcription of juvenile tissue 

mRNA was extracted from juveniles using the Dynabeads® mRNA DIRECT™ kit 

(Thermo Fisher scientific).  Juveniles were snap frozen in liquid nitrogen and 

pulverised into a powder using TissueLyser LT (Qiagen) before being added to lysis 

buffer as per kit protocol.  Manufacturer’s instructions where followed, except that all 

washes were performed with 300 ml buffer and eluted in 12.5 ml Tris-HCl.  Post mRNA 

elution samples were treated with TURBO™ DNase kit (Thermo Fisher scientific) to 

remove genomic DNA.  mRNA was then reverse transcribed (cycle conditions; 95° for 

5 minutes, 37° for 1 hour) using an RNA-cDNA™ kit (Thermo Fisher Scientific) 

resulting in the production of 20 μl of cDNA.  Following reverse transcription, cDNA 

was diluted 1:1 in water before use in qPCR. 

 

4.3.11.   Primer design and PCR analysis of transcript expression 

All primers were designed using Primer3plus software (Untergasser et al., 2012); they 

were tested in standard PCRs followed by electrophoresis on a 1 % agarose gel to 

ensure correct amplicon size and to facilitate product sequencing (Conducted via 

Eurofins Genomics) prior to use in quantitative PCR (qPCR).  For standard PCRs 

FastStart Tag DNA polymerase, dNTPack (Roche applied science) was used and 

pack protocols followed.  Cycling conditions were as follows: denaturation at 95° for 5 

minutes; 40 cycles of denaturation at 95° for 30 seconds; annealing at 55° for 30 

seconds; extension at 72° for 30 seconds; and a final extension at 72° for 10 minutes 

to end the cycle. qPCR analysis was used to determine the relative expression of 

effector genes in irradiated compared to non-irradiated control parasites and also 

between RNAi treated and non-treated control parasites.  
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Triplicate qPCR reactions were performed in 10 ml reaction volumes using the 

FastStart SYBR Green Master mix (Roche Applied Science).  Amplification was 

performed on a Qiagen RotorGene Q 5-plex HRM instrument (10 minutes 95°C; 40 

cycles: 10 seconds, 95°C; 15 sec, 60°C; 30 sec, 72°C; followed by melt curve analysis 

of amplicons).  Relative expression analysis was conducted manually using Pfaffl’s 

Augmented ΔΔCt method, which normalises expression in each sample relative to an 

untreated control, standardised to a reference amplicon.  Radiation insensitive 

cathepsin B was used as the reference gene in the irradiated compared to non-

irradiated experiments, while glyceraldehyde phosphate dehydrogenase (GAPDH) 

was used as the reference amplicon in the RNAi experiments.  This method produces 

a ratio of target transcript change relative to the untreated control (where a value of 

1.0 signifies no change).  See Table 4.1 for primer sequences.   

 

4.3.12.  In situ-hybridization (ISH) of fgfrA and vlg-3 

Juvenile worms were fixed in 4% fixative (paraformaldehyde in diethyl pyrocarbonate 

treated H2O (DEPC H2O) for 20 minutes at room temperature (RT).  They were then 

dehydrated in 1:1 methanol in PBS, for 5 minutes prior to storage at -20°.  Samples 

were rehydrated in 1:1 methanol in PBS followed by bleaching in 6% hydrogen 

peroxide in methanol overnight, under direct light.  Samples were washed in methanol 

and PBSTx (PBS with 0.3% Triton X-100) prior to treatment with proteinase K (10 ug/ 

ml in PBSTx + 0.1% sodium dodecyl sulfate) at RT for 15-20 minutes.  Samples were 

post fixed at RT for 10 minutes in 4% fixative and then washed in PBSTx.  They were 

then incubated in prehybridization buffer (50% formamide, 20x saline-sodium citrate 

(SSC), 1 mg/ml yeast RNA, 0.1% Tween-20 in DEPC H2O) at 56° for 2 hours.  

Samples where then hybridized at 56° overnight with gene-specific probes which were 

synthesized in vitro using T7 promoter containing PCR products which were labelled 

with digoxigenin by following the manufactures instructions (Roche Applied 

Sciences).  Post hybridization samples were washed in 2x and 0.2x SSC and MAB-T 

(Triton-X 100 0.1% in MAB (maleic acid 2.9 g, NaCl 2.2 g, NaOH 2 g, in 100 ml distilled 

H2O, pH 7,5)).  They were then incubated in a blocking buffer for 2 hours at RT prior 

to incubation at 4° overnight in anti-DIG alkaline phosphatase antibody used at 1:2000 

in blocking buffer.  Samples were washed in MAB-T prior to development.  Signal was 

detected following incubation of the samples in NBT-BCIP containing development 

buffer and processed for imaging. 
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Primers used to generate probes were as follows (T7 promoter region shown in 

lowercase):  

fgfrA; Sense:  taatacgactcactatagggTAGGAACACCAACACGACCA 

Anti-sense:     taatacgactcactatagggGGGATGAGTGGACGGAGTTA 

vlg-3; Sense:  taatacgactcactatagggTCTTATAATGAGCAACAAACATGG 

Anti-sense:     taatacgactcactatagggAGTCGGGTGGGTGTACTGAG 
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Table 4.1. Sense and anti-sense primers used for qPCR analysis  

 

Gene of interest qPCR Primer sequence Amplicon size 

Fibroblast growth factor receptor 

(fgfrA) 

Sense; 

TAGGAACACCAACACGACCA 

 

 

176 bp Anti-sense;  

GGGATGAGTGGACGGAGTTA 

Argonaute 

(ago2-1) 

Sense; 

AAATATCACTGCCGCAAACC 

 

 

176 bp Anti-sense; 

GTAAGGCGGCGGTAATTGTA 

Vasa-like gene 

(vlg-3) 

Sense; 

TCTTATAATGAGCAACAAACATGG 

 

 

228 bp Anti-sense; 

AGTCGGGTGGGTGTACTGAG 

ꞵ-catenin  Sense; 

CTTTAACCAGTGGCCGTCAT 

 

 

195 bp Anti-sense; 

CTAGCGGCCTCGTCTGTATC 

SOX 

(soxP-1) 

Sense; 

GAGTTCAGAGGCCAAACAGC 

 

 

225 bp Anti-sense; 

ACCAACTTTTGGGTGTGCTC 

CREB-binding protein 

(cbp1) 

Sense; 

ATTCTGAAGGACGCTCTGGA 

 

 

181 bp Anti-sense; 

GTTGCCGGTACCATCTGAGT 

Nanos 

(nanos-2) 

Sense; 

GTATTCGACGACCACCGAGT 

 

 

320 bp Anti-sense; 

CATGGGAAGATTGCTCACCT 

Cathepsin B 

(catB) 

Sense; 

GCACGTACTGTGGTCAGGGGTG 

 

 

245 bp Anti-sense; 

GTCCTGGAATATGGCGAAAG 

Glyceraldehyde-phosphate-

dehydrogenase 

(gapdh) 

Sense; 

GGCTGTGGGCAAAGTCATTC 

 

 

205 bp Anti-sense; 

AGATCCACGACGGAAACATCA 
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4.4.  Results 

4.4.1.  Homologues/orthologues of known neoblast regulators are present 

within the Fasciola hepatica genome. 

Numerous regulatory effector genes of flatworm stem cells have been identified in the 

free-living planarians, many of these genes have also been identified in the blood 

fluke S. mansoni, with some known to have conserved roles (Collins et al. 2013).  It 

was hypothesised that many of these effectors would also be present in F. hepatica 

and several core homologues/orthologues were identified in the available liver fluke 

genomic datasets.  Bioinformatic analysis of the F. hepatica genome detected the 

presence of; an argonaute (ago-2), fibroblast growth factor receptor (fgfrA), vasa-like 

gene (vlg-3), creb-binding protein (cbp-1), nanos (nanos), cellular tumour antigen 

(p53), sox-family transcriptional factor (soxP-1), Wnt pathway associated gene ꞵ-

catenin and a zinc-finger protein (zfp-1) (see Table 4.2).  Their identification was 

further verified through domain homology analysis of their predicted protein 

sequences and due to the presence of conserved motifs (see Fig 4.1).  As discussed 

previously, these genes are highly conserved throughout evolution and likely preform 

similar functions in F. hepatica making them potential effectors of FPCs.   
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          Table 4.2.  Homologues/orthologues of known neoblast regulators are present within the Fasciola hepatica genome.                     
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Fig. 4.1.  Domain homology analysis of Fasciola hepatica predicted protein 

sequences highlights sequence conservation in functional protein domains in 

flatworms.  

Conservation in: A) the catalytic ‘DDH’ residues indicative of the piwi domain in AGO2-1; B) 

The ‘DFG’ motif which is found in the Mg2+ binding pocket of all tyrosine kinases, seen in 

FGFRA; C) the two ‘CCHC’ motifs found in the zinc-finger domain of NANOS-2; D) Motif A 

and D located in the HAT domain of CBP-1; E) The ‘EARKF’, 1b and Walker B motifs found in 

all DEAD-box proteins, shown in VLG-3; F) the HMG-box domain of SOXP-1, which shares 

more similarities to the D. japonica sequence than that of S. mediterranea; G) The aspartate 

residue found in all extended TUDOR domains; H) the functional phosphorylation site and the 

α-catenin binding domain in ꞵ-catenin; I) the cysteine and histidine residues of the ‘C2H2’ motif 

found in zinc finger domains shown in ZFP-1.  Conserved residues highlighted in yellow, motifs 

annotated.  



115

4.4.2.  Expression of the putative stem-cell effector genes in F. hepatica is 

radiation sensitive, consistent with their hypothesized expression in Fasciola 

proliferative cells. 

To assess if these genes, which are homologues/orthologues of known planarian 

neoblast regulators, play a conserved functional role in Fasciola, their expression 

profiles in irradiated juveniles and non-irradiated control juveniles were compared, 

relative to the known radiation insensitive housekeeper gene cat B.  It was found that 

all putative neoblast effector genes screened were significantly downregulated 72 

hours post irradiation (one-way ANOVA, P<0.0001, n=3; see Fig. 4.2), consistent with 

the observed sensitivity of FPCs to irradiation.  Irradiation was found to most 

dramatically impact the expression of ago-2 (0.036±0.012), ꞵ-catenin (0.044±0.011) 

and fgfrA (0.067±0.022) (see Fig 4.2).  The genes screened here are known stem cell 

regulators or post-transcriptional regulators associated with the germ-line, such that 

their presence within liver fluke and their down-regulation in irradiated juveniles 

supports conserved functional roles, further supporting the core hypothesis that FPCs 

are stem-cell/neoblast-like. 
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Fig. 4.2.  The irradiation of juvenile liver fluke significantly reduces the expression of 

a range of putative core neoblast markers, consistent with their expression in Fasciola 

Proliferative Cells.   

Graph showing the downregulation of a range of putative effector genes of proliferative cells 

in 7-day old irradiated juveniles compared to non-irradiated juveniles,72-hours post irradiation.  

Expression is relative to the radiation insensitive reference gene, cathepsin B.  Graph shows 

mean +/-SEM (appears in red).  Statistical significance was determined using a One-Way 

ANOVA with Dunnets multiple comparisons test.  **** P<0.0001, n=3.   
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4.4.3.  Failed ISH localisation of Fasciola fgfrA and vlg-3. 

ISH localisation of fgfrA and vlg-3 was attempted in juvenile worms but was 

unsuccessful (see Figs. 4.3 & 4.4).  

 

 

Fig. 4.3.  In situ hybridization of fgfrA in juvenile liver fluke. 

ISH experiments failed to localise fgfrA transcript.  A) Positive control using anti-sense probes 

localised cathepsin B to juvenile gut.  B) Negative controls using sense-RNA fgfrA probes 

showed no colour reaction as expected.  C) Anti-sense fgfrA probes failed to show any colour 

reaction, failing to localise the target transcript.  Scale bar = 50 µm. 

 

 

Fig. 4.4.  In situ hybridization of vlg-3 in juvenile fluke. 

ISH experiments failed to localise vlg-3 transcript.  A) Positive control using anti-sense probes 

localised cathepsin B to juvenile gut.  B) Negative controls using sense-RNA vlg-3 probes 

showed no colour reaction as expected.  C) Anti-sense vlg-3 probes failed to show any colour 

reaction, failing to localise the target transcript.  Scale bar = 50 µm. 
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4.4.4.   Gene silencing of a key regulator of flatworm neoblasts in juvenile liver 

fluke inhibits proliferation of Fasciola proliferative cells. 

Since fgfrA is known to be a key regulatory gene of flatworm stem cells; it was 

hypothesised that silencing the liver fluke orthologue of this gene would reduce FPC 

proliferation.  To investigate this, fgfrA-RNA interference (RNAi) was preformed, by 

exposing juvenile flukes to 2x 18-hour dsRNA soaks per week for 5 consecutive 

weeks of in vitro culture.  After 5 weeks the fgfrA transcript was found to be 

significantly depleted (unpaired t-test, p<0.001, n=3; fgfrA knockdown ratio 

0.0123±0.078; Fig. 4.5A).  This silencing of fgfrA led to a significant reduction in EdU+ 

nuclei compared to control juveniles (one-way ANOVA with Dunnets multiple 

comparisons, p<0.0001, n=18; negative control juveniles exposed to neomycin 

dsRNA had 295.1±26.68 EdU+ nuclei; juveniles exposed to fgfrA dsRNA had 

40.78±6.12 EdU+ nuclei; Fig. 4.5B, 4.5C).  This reduction in juvenile liver fluke cell 

proliferation did not result in a significant reduction of growth over the experimental 

timeframe, as hypothesised.  During the 5-weeks of dsRNA soaks there was no 

significant decrease in juvenile area detected (Fig. 4.5D).  However, we cannot say 

at which point during the treatment that significant protein knockdown first occurred, 

or at which point this first led to a reduction in proliferation, further experiments are 

needed to examine the long-term impacts of fgfrA-RNAi on juvenile fluke growth (Fig. 

4.5D).   
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Fig. 4.5.  fgfrA is required for cell proliferation in liver fluke juveniles. 

A) Relative gene expression of fgfrA measured in control and FhefgfrA-RNAi worms by qPCR 

following 5 weeks of RNAi (2x 18h soaks in dsRNA per week).  Expression is expressed 

relative to the reference gene glyceraldehyde phosphate dehydrogenase (GAPDH).  B) 

Confocal scanning laser microscopy z-stack images showing dramatically reduced EdU 

incorporation into proliferative cells of a typical RNAi juvenile compared to a typical control 

dsRNA-treated worm.  C) Number of proliferative nuclei (EdU+) in control groups and 

FhefgfrA-RNAi groups post treatment.  Each data point represents the Edu+ nuclei count of 

an individual worm.  D) Average juvenile area of the treatment groups measured 7, 14, 21, 28 

and 35 days into the RNAi treatment schedule and showing no significant growth phenotype.  

The dsRNA control was bacterial gene neomycin.  Graphs show mean +/-SEM (appears in 

red).  Statistical significance was determined using either one-way ANOVA with multiple 

comparisons (A) or unpaired t-test (C).  *** P<0.001, **** P<0.0001.  Image J software was 

used to measure worm area.  Scale bars 50 µm, n=3.   
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4.5.  Discussion  

In order to characterise FPCs and explore their functional roles within parasite growth 

and development it is necessary to uncover the regulatory gene networks which 

interact with these cells.  Planaria have many known neoblast effector/regulatory 

genes which have been functionally characterised (Solana et al,.2012; Wagner et al., 

2012).  Considering the conserved nature of many of these effectors throughout 

evolution it was non-surprising that many of the key genes vital to neoblast regulation 

n planaria appear to also play a role in regulating the stem cells of the blood fluke S. 

mansoni (Collins et al., 2013; Wang et al., 2013).  This observation drove the 

hypothesis that many of these genes would be represented within the Fasciola 

genome and would share this functional conservation, acting as effectors/regulators 

of FPCs.    

To explore this hypothesis a bioinformatics approach, to query the F. hepatica 

genome with known protein sequences from other flatworms, was utilized alongside 

functional genomic methodology.  The genome analysis led to the identification of 

several homologues/orthologues of known neoblast regulators, which were 

designated as follows, after the query sequences used to locate them: ago2-1, fgfrA, 

nanos-2, cbp-1, vlg-3, soxP-1, tudor-like, zfp-1 and ꞵ-catenin (see Table 2).  To further 

validate their identification, protein sequence alignments were conducted comparing 

the F. hepatica sequences to those of the query sequence and homologous 

sequences found in other flatworms, enabling the identification of conserved signature 

motifs or key amino acid residues within the functional domains of the putative 

proteins (see Fig.4.1).  Figure 4.1A shows the conserved aspartic acid and histidine 

residues found within the PIWI domain of AGO2-1, termed the ‘DDH’ motif, all 

Argonaute proteins have a PIWI domain which has conserved catalytic residues 

(Höck, & Meister, 2008).  These catalytic residues are essential to the cleavage 

activity that some Argonaute proteins display, despite the conservation of these 

residues, many Argonaute proteins are endonucleolytically inactive (Hutvagner & 

Simard, 2007).  Figure 4.1B highlights the presence of the conserved Asp-Phe-Gly 

tripeptide motif, termed the ‘DFG’ motif, which is located at the proximal end of the 

activation loop, found in the tyrosine kinase domain of all FGFRs (Klein et al., 2015).  

This is important in the binding of ATP and leads to a conformational rearrangement 

of this motif which is functionally essential (Klein et al., 2015).  All nanos proteins have 

a nanos specific zinc-finger domain which contains two Cys-Cys-His-Cys motifs 

(‘CCHC’) which are conserved due to their functional roles.  Figure 4.1C shows this 

motif identified in F. hepatica nanos alongside other flatworm nanos sequences 

(Curtis et al, 1997).   
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Specifically, the motif pattern is always Cx2Cx12Hx10Cx7Cx2Cx7Hx4C, with x equating 

to any amino acid; the ‘CCHC’ motifs in D. melanogaster have been highlighted as 

potential zinc binding sites (Curtis et al, 1997).   

Figure 4.1D shows the high level of sequence similarity, which is 94% overall, shared 

between S. mansoni and F. hepatica CBP-1 within the HAT domain of the protein.  

This domain is responsible for the histone acetyltransferase activity which allows 

these proteins to modify chromatin (Bertin et al., 2006).  Within this domain we can 

see that the characteristic motifs A and D are present in both parasite species with no 

amino acid substitutes (Fig 4.1D).  Figure 4.1E shows the protein sequence alignment 

of F. hepatica and S. mansoni VLG-3 which highlights motif A and walker B, which 

are conserved in all DEAD-box helicases, as well as the ‘EARKF’ motif which is 

conserved in the vasa and PL10 subgroup of DEAD box helicases (Shibata et al., 

1999; Chang, Dearden & Akam, 2002; Skinner et al., 2012).  F. hepatica and S. 

mansoni VLG-3 share 89% sequence similarity (see Table 4.2).  Figure 4.1F shows 

the sequence alignment of the HMG-box domain of a Sox protein between F. hepatica 

and two planarian species, while the F. hepatica sequence doesn’t share many 

similarities to that of S. mediterranea it does share sequence conservation with the D. 

japonica sox protein.  All extended TUDOR domains contain a conserved aspartate 

residue, Figure 4.1G shows the presence of this in the putative F. hepatica tudor-like 

protein alongside the S. mansoni sequence, both of which share high sequence 

similarity (64.7%).  There is some conservation between flatworm sequences at the 

phosphorylation and α-catenin binding sites of the ϐ-catenin protein, with the F. 

hepatica sequence sharing 41.5% sequence similarity to that of S. mediterranea (see 

Table 4.2; Figure 4.1H).   The conserved cysteine and histidine residues of the ‘C2H2’ 

motif are indicative of zinc finger domains, of ZFP-1 (see Fig. 4.1I) (Gamsjaeger et 

al., 2007).  Taken together, the data shown in Table 4.2 and Figure 4.1 support the 

hypothesis that homologues to known neoblast regulators are present in F. hepatica; 

the sequence similarities shared between their functional domains further indicates 

they may display conserved function as FPC effectors.  

The identification of these GOI within F. hepatica was promising, however their 

association with FPCs needed to be established.  In order to assess if there was a 

plausible link between these GOI and the proliferative cells in fluke, a comparison of 

the expression profile between irradiated and non-irradiated parasites was conducted 

(see Fig 4.2).  Juveniles were exposed to a 200 Gy dose of X-ray radiation, which was 

previously deemed sufficient to block proliferation, and gene expression was 

measured 72 hours post irradiation.  
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All the selected genes were found to be significantly downregulated, by greater than 

50%, relative to the radiation insensitive reference gene cathepsin B, with ago2-1, ꞵ-

catenin and fgfrA being the most dramatically effected (see Fig 4.2).   This dramatic 

reduction in the expression of known stem cell regulators, correlating with a dramatic 

reduction in proliferative cells, further supports the hypothesis that the same genetic 

network which regulates neoblasts also regulates FPCs, also supporting the 

overarching hypothesis that FPCs represent the stem cell population of F. hepatica.  

Previous studies have utilized this approach, exploiting the sensitivity of 

neoblasts/stem cells to radiation, to identify neoblast associated transcripts and our 

findings are consistent with these studies which also reported a significant 

downregulation of these core neoblast genes, amongst others (Solana et al., 2012; 

Wagner et al., 2012; Collins et al., 2013).   

To further clarify this potential association, between these GOI and FPCs, in situ 

hybridization was attempted to try and localize the transcripts to FPCs.  However, 

attempts to localise fgfrA and vlg-3 transcripts within juvenile fluke proved 

unsuccessful (see Fig 4.3 & 4.4).  When efforts to localise fgfrA proved unfruitful a 

longer post-hybridization development period was attempted when conducting 

localisation of vlg-3.  This was also unsuccessful, and the over development led to 

extensive background staining which required additional wash steps with ethanol that 

damaged the tissue in the specimens (see Fig 4.4).  Both transcripts have been 

localised in S. mansoni, fgfrA in adult parasites via whole mount in situ hybridization 

(WISH) and vlg-3 via whole-mount RNA fluorescence in situ hybridization (FISH) in 

sporocysts (Collins et al.,2013; Wang et al., 2013).  The hypothesis for the failure to 

localize these transcripts within F. hepatica is that these transcripts have relatively 

low expression and with the FPCs being sparsely distributed and not condensed into 

tissues, the signal to noise ratio could impede effective localization using the methods 

employed.  Potentially, the future development of FISH protocols for juvenile liver fluke 

could provide more sensitivity and allow visualisation of low expression transcripts, 

such as neoblast markers.   

A prominent effector of S. mansoni stem cells is fgfrA, which was found to be 

expressed in 99% of EdU+ cells and was functionally characterised (Collins et al., 

2013).  To assess if this gene plays as vital of a role in F. hepatica, a functional 

genomics approach was utilized, exploiting the RNA interference pathway of the 

juvenile parasites, enabling sequence-specific target RNA degradation.  RNAi of F. 

hepatica fgfrA proved successful with approximately 98% target knockdown being 

achieved.  This significant reduction in fgfrA expression correlated with a dramatic 

reduction in EdU incorporation (~86%) in RNAi worms (see Fig. 4.5).   
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These data further support the hypothesis that fgfrA is an important effector of FPCs, 

appearing essential to their maintenance as a proliferative cell population and is 

consistent with findings from S. mansoni which similarly reported a significant 

decrease in EdU incorporation as a result of fgfrA RNAi (Collins et al., 2013).  In order 

to assess if the significant knockdown of this effector had any effects on the growth of 

juveniles’, area measurements were conducted on the juveniles once a week for five 

consecutive weeks of treatment.  However, no significant reduction in growth was 

observed in fgfrA RNAi juvenile worms over this timeframe (see Fig 4.5D).  This may 

be because adequate knockdown of the transcript may only have occurred later in the 

treatment schedule or because of a delayed effect which would take longer to 

translate into a reduction of growth.  This hypothesis is supported by the data in 

Chapter 3 where it was shown that in juveniles irradiated with 200 Gy, it took 14 days 

to detect any reduction in growth despite the observation that EdU incorporation was 

severely reduced, more so than it was in the fgfrA-RNAi animals.  To assess the long-

term effects upon growth in fgfrA-RNAi juveniles’ further experimentation is required.  

Taken together these data suggest that fgfrA plays a conserved role within F. hepatica 

and indicates that this gene is an effector of FPCs, further supporting the main 

hypothesis, that these cells are in fact liver fluke neoblast-like stem cells.  

The data within this chapter highlight that homologues of neoblast effector genes are 

present within the F. hepatica genome and indicate that these genes are acting as 

effectors in FPCs.  The X-ray radiation-based ablation of FPCs in juvenile worms 

resulted in a significant reduction of a series of known neoblast-like stem cell markers, 

supporting the hypothesis that FPCs will express neoblast-like stem cell effectors.  

This chapter also functionally characterised a liver fluke homologue of a prominent 

effector of S. mansoni stem cells, fgfrA.  The data provided evidence that fgfrA plays 

a conserved role within F. hepatica and is essential to the proliferative capacity of the 

FPC population.  In addition to the findings of the previous Chapters, the data 

generated here provide compelling evidence that FPCs are in fact neoblast-like stem 

cells.  

 

 

 

 

 

 



124

References; 

• Aberle, H., Butz, S., Stappert, J., Weissig, H., Kemler, R., and Hoschuetzky, 

H. (1994). Assembly of the cadherin-catenin complex in vitro with recombinant 

proteins. Journal of Cell Science 107 3655–3663 

• Archer, T.C., Jin, J. and Casey, E.S. (2011). Interaction of Sox1, Sox2, Sox3 

and Oct4 during primary neurogenesis. Developmental Biology 350 429–440 

• Badeaux, A. I., Yang, Y., Cardenas, K., Vemulapalli, V., Chen, K., Kusewitt, 

D., Richie, E., Li, W. and Bedford, M. T. (2012). Loss of the methy lysine 

effector protein PHF20 impacts the expression of genes regulated by the 

lysine acetyltransfease MOF. Journal of Biological Chemistry 287 429-437 

• Bertin, B., Oger, F., Cornette, J., Caby, S., Noël, C., Capron, M. and Pierce, 

R. J. (2006). Schistosoma mansoni CBP/p300 has a conserved domain 

structure and interacts functionally with the nuclear receptor SmFtz-F1. 

Molecular and Biochemical Parasitology 146 180–191. 

• Bohmert, K., Camus, I., Bellini, C., Bouchez, D., Caboche, M. and Benning, 

C. (1998). AGO1 defines a novel locus of Arabidopsis controlling leaf develop- 

ment. EMBO Journal 17 170-180 

• Bostick, M., Kim, J. K., Esteve, P. O., Clark, A., Pradhan, S. and Jacobsen, S. 

E. (2007). UHRF1 plays a role in maintaining DNA methylation in mammalian 

cells. Science 31 1760-1764 

• Boswell, R. E. and Mahowald, A. P. (1985). Tudor, a gene required for 

assembly of the germ plasm in Drosophila melanogaster. Cell 43 97-104 

• Botuyan, M. V., Lee, J., Ward, I. M., Kim, J. E., Thompson, J. R., Chen, J. and 

Mer, G. (2006). Structural basis for the methylation state-specific recognition 

of histone H4-K20 by 53BP1 and Crb2 in DNA repair. Cell 127 1361-1373 

• Callebaut, I. and Mornon, J. P. (1997). The human EBNA-2 coactivator p100: 

multidomain organization and relationship to the staphylococcal nuclease fold 

and to the tudor protein involved in Drosophila melanogaster development. 

Biochemistry Jornal 321 125-132 

• Carmell, M.A., Xuan, Z., Zhang, M.Q., Hannon, G.J. (2002). The Argonaute 

family: tentacles that reach into RNAi, developmental control, stem cell 

maintenance, and tumorigenesis. Genes & Development 16 2733-2742 

• Chang, C.C, Dearden, P. and Akam, M. (2002). Germ line development in the 

grasshopper Schistocerca gregaria: vasa as a marker. Developmental Biology 

252 100–118 

• Clevers, H. (2006). Wnt/beta-catenin signaling in development and disease. 

Cell,127 469–480 



125

• Collins, J. J., Wang, B., Lambrus, B. G., Tharp, M. E., Iyer, H., & Newmark, P. 

A. (2013). Adult somatic stem cells in the human parasite Schistosoma 

mansoni. Nature, 494 476-479 

• Collins, J.N.R., Collins, J.J.  (2016). Tissue Degeneration following Loss of 

Schistosoma mansoni cbp1 Is Associated with Increased Stem Cell 

Proliferation and Parasite Death In Vivo. Elife 22 e12473 

• Coriat, A.M., Muller, U., Harry, J.L., Uwanogho, D., Sharpe, P.T. (1993) PCR 

Amplification of Sry-related sequences reveals evolutionary conservation of 

the SRY-box motif. PCR Methods Applied 2 218-222 

• Curtis, D., Treiber, D. K., Tao, F., Zamore, P. D., Williamson, J. R. and 

Lehmann, R. (1997), A CCHC metal‐binding domain in Nanos is essential for 

translational regulation. The EMBO Journal, 16 834-843 

• Dailey, L., Ambrosetti, D., Mansukhani, A. and Basilico, C. (2005). 

Mechanisms underlying differential responses to FGF signaling. Cytokine 

Growth Factor Reveiws 16, 233-247 

• Dong, Z., Shi, C., Zhang, H., Dou, H., Cheng, F., Chen, G. and Liu, D. (2014). 

The characteristics of sox gene in Dugesia japonica. Gene, 544 177–183 

• Eswarakumar, V. P., Lax, I. and Schlessinger, J. (2005) ‘Cellular signaling by 

fibroblast growth factor receptors. Cytokine and Growth Factor Reviews 16 

139–149 

• Fabioux, C., Corporeau, C. and Quillien, V., (2009). In vivo RNA interference 

in oyster vasa silencing inhibits germ cell development. Febs Journal 276 

2566–73 

• Forsthoefel, D.J. and Newmark, P.A. (2009). Emerging patterns in planarian 

regeneration. Current Opinion in Genetics and Development 19 412–420 

• Foster, J. W., Dominguez-Steglich, M. A., Guioli, S., Kwok, C., Weller, P. A., 

Stevanović, M., Schafer, A. J. (1994). Campomelic dysplasia and autosomal 

sex reversal caused by mutations in an SRY-related gene. Nature 372 525–

530 

• Gamsjaeger, R., Liew, C., Loughlin, F., Crossley, M. and Mackay, J. (2007). 

Sticky fingers: zinc-fingers as protein-recognition motifs. Trends in 

Biochemical Sciences, 32 63–70 

• Gryzik, T., & Müller, H.-A. J. (2004). FGF8-like1 and FGF8-like2 Encode 

Putative Ligands of the FGF Receptor Htl and Are Required for Mesoderm 

Migration in the Drosophila Gastrula. Current Biology 14 659–667 

• Gurley, K.A., Rink, J.C., Sanchez Alvarado, A. (2008). Beta-catenin defines 

head versus tail identity during planarian regeneration and homeostasis. 

Science, 319 323-327 



126

• Gustafson, E. A. and Wessel, G. M. (2010) ‘Vasa genes: Emerging roles in 

the germ line and in multipotent cells, BioEssays, 32 626–637 

• Hammond, S.M., Boettcher, S., Caudy, A.A., Kobayashi, R., and Han- non, 

G.J. (2001). Argonaute2, a link between genetic and biochemical analyses of 

RNAi. Science 293 1146–1150 

• Hanna, J., Cheng, A. W., Saha, K., Kim, J., Lengner, C. J., Soldner, F., 

Cassady, J. P., Muffat, J., Carey, B. W. and Jaenisch, R. (2010). Human 

embryonic stem cells with biological and epigenetic characteristics similar to 

those of mouse ESCs. Proceedings of the National Academy of Sciences 107 

9222-9227 

• Hashimoto, H., Hara, K., Hishiki, A., Kawaguchi, S., Shichijo, N., Nakamura, 

K., Sato, M. (2010). Crystal structure of zinc-finger domain of Nanos and its 

functional implications. EMBO reports 11 848–853 

• Hayashi, Y., Hayashi, M. and Kobayashi, S. (2004). Nanos suppresses 

somatic cell fate in Drosophila germ line. Proceedings of the National 

Academy of Sciences 101 10338–10342 

• Höck, J. and Meister, G. (2008). The Argonaute protein family. Genome 

biology, 9 210 

• Hubbard, S.R., Mohammadi, M. and Schlessinger, J. (1998). Autoregulatory 

mechanisms in protein-tyrosine kinases. Journal of Biological Chemistry 273 

11987-11990 

• Hutvagner, G., Simard, M.J. (2007). Argonaute proteins: key players in RNA 

silencing. Nature Reviews Molecular Cell Biology 9 22-32 

• Iyer, N.G., Ozdag, H. and Caldas, C. (2004). p300/CBP and cancer. 

Oncogene 23 4225–31 

• Johnson, D.E.; Lu, J.; Chen, H.; Werner, S.; Williams, L.T. (1991). The human 

fibroblast growth factor receptor genes: A common structural arrangement 

underlies the mechanisms for generating receptor forms that differ in their third 

immunoglobulin domain. Molecular Cell Biology 11 4627–4634 

• Julaton, V. T. A. and Pera, R. A. R. (2011). NANOS function in human germ 

cell development. Human Molecular Genetics, 20 2238–2250. 

• Klein, T., Vajpai, N., Phillips, J. J., Davies, G., Holdgate, G. A., Phillips, C., … 

Breeze, A. L. (2015). Structural and dynamic insights into the energetics of 

activation loop rearrangement in FGFR1 kinase. Nature Communications 6 

• Kobayashi, S., Yamada, M., Asaoka, M. and Kitamura, T. (1996). Essential 

role of the posterior morphogen nanos for germline development in 

Drosophila. Nature 380 708–711 



127

• Koprunner, M., Thisse, C., Thisse, B., Raz, E. (2001) A zebrafish nanos-

related gene is essential for the development of primordial germ cells. Genes 

Dev 15 2877–2885 

• Laity, J. H., Lee, B. M. and Wright, P. E. (2001). Zinc finger proteins: new 

insights into structural and functional diversity. Current opinion in structural 

biology, 11 39–46 

• Lanner, F., Rossant, J. (2010) The role of FGF/Erk signaling in pluripotent 

cells. Development, 137, 3351-3360 

• Laudet, V., Stehelin, D. and Clevers, H. (1993). Ancestry and diversity of the 

HMG box super- family. Nucleic Acids Res 21 2493-2501 

• Lefebvre, V., Dumitriu, B., Penzo-Mendez, A., Han, Y., Pallavi, B. (2007). 

Control of cell fate and differentiation by Sry-related high-mobility-group box 

(Sox) transcription factors. The International Journal of Biochemistry & Cell 

Biology 39 2195–2214 

• Lehmann, R. and Nusslein-Volhard, C. (1991). The maternal gene nanos has 

a central role in posterior pattern formation of the Drosophila embryo. 

Development 112 679–691 

• Lei, K., Thi-Kim Vu, H., Mohan, R. D., Mckinney, S. A., Seidel, C. W., 

Alexander, R. and Sánchez Alvarado, A. (2016). Egf Signaling Directs 

Neoblast Repopulation by Regulating Asymmetric Cell Division in Planarians. 

Developmental Cell, 38 413–429 

• Li, H.-F., Wang, X.-B., Jin, Y.-P., Xia, Y.-X., Feng, X.-G., Yang, J.-M. and Lin, 

J.-J. (2010). Wnt4, the first member of the Wnt family identified in Schistosoma 

japonicum, regulates worm development by the canonical pathway. 

Parasitology Research, 107 795–805 

• Li, Y.-Q., Zeng, A., Han, X.-S., Wang, C., Li, G., Zhang, Z.-C. and Jing, Q. 

(2011). Argonaute-2 regulates the proliferation of adult stem cells in planarian. 

Cell Research, 21 1750–1754 

• Lin, H., Spradling, A.C. (1997). A novel group of pumilio mutations affects the 

asymmetric division of germline stem cells in the Drosophila ovary. 

Development 124 2463–2476 

• Linder, P. (2006). Dead-box proteins: a family affair–active and passive 

players in RNP remodeling. Nucleic Acids Res 34 4168–80 

• Linder, P. and Lasko, P. (2006). Bent out of shape: RNA unwinding by the 

DEAD-box helicase Vasa. Cell 125 219–21 

• Logan, C.Y. and Nusse, R. (2004). The Wnt signaling pathway in development 

and disease. Annual review of cell and developmental biology 20 781–810 



128

• Ludlam, W.H., Taylor, M.H., Tanner, K.G., Denu, J.M., Goodman, R.H. and 

Smolik, S.M. (2002). The acetyltransferase activity of CBP is required for 

wingless activation and H4 acetylation in Drosophila melanogaster.  Molecular 

Cell Biology 22 3832–41. 

• Miller, D.L., Ortega, S., Bashayan, O., Basch, R. and Basilico, C. (2000). 

Compensation by fibroblast growth factor 1 (FGF1) does not account for the 

mild phenotypic defects observed in FGF2 null mice. Molecular Cell Biology 

20 2260–8 

• Miller, J., McLachlan, A.D., Klug. (1985). Repetitive zinc-binding domains in 

the protein transcription factor IIIA from Xenopus oocytes. EMBO Journal 4 

1609-1614 

• Mohammadi, M., Honegger, A.M., Rotin, D., Fischer, R., Bellot, F., LiW, 

(1991). A tyrosine-phosphorylated carboxy-terminal peptide of the fibroblast 

growth factor receptor (Flg) is a binding site for the SH2 domain of 

phospholipase C-gamma 1. Molecular Cell Biology 11 5068–5078 

• Nambu, P.A. and Nambu, J.R. (1996). The Drosophila fishhook gene encodes 

a HMG domain protein essential for segmentation and CNS development. 

Development 122 3467-3475 

• Noble, M.E., Endicott, J.A., Johnson, L.N. (2004). Protein kinase inhibitors: 

insights into drug design from structure. Science 303 1800–1805 

• Önal, P., Grün, D., Adamidi, C., Rybak, A., Solana, J., Mastrobuoni, G. and 

Rajewsky, N. (2012). Gene expression of pluripotency determinants is 

conserved between mammalian and planarian stem cells. The EMBO Journal, 

31 2755–2769. 

• Ornitz, D.M and Itoh, N. (2001). Fibroblast growth factors. Genome Biology 2 

3005,1 

• Peifer, M., Berg, S., and Reynolds, A.B. (1994a). A repeating amino acid motif 

shared by proteins with diverse cellular roles. Cell 76 789–791 

• Pevny, L. H. and Lovell-Badge, R. (1997). Sox genes find their feet. Current 

Opinion in Genetics and Development.  

• Pfister, D., Mulder, K. D., Hartenstein, V., Kuales, G., Borgonie, G., Marx, F. 

and Ladurner, P. (2008). Flatworm stem cells and the germ line: 

Developmental and evolutionary implications of macvasa expression in 

Macrostomum lignano. Developmental Biology 319 146–159 

• Rimm, D.L., Koslov, E.R., Kebriaei, P., Cianci, C.D., and Morrow, J.S. (1995). 

(E)-catenin is an actin-binding and -bundling protein mediating the attachment 

of F-actin to the membrane adhesion complex. Proceedings of the National 

Academy of Sciences of the United States of America 92 8813–8817 



129

• Rouhana, L., Shibata, N., Nishimura, O., and Agata, K. (2010). Different 

requirements for conserved post-transcriptional regulators in planarian 

regeneration and stem cell maintenance. Developmental Biology 341 429–

443 

• Sasaki, T., Shiohama, A., Minoshima, S., Shimizu, N. (2003). Identification of 

eight members of the Argonaute family in the human genome. Genomics 82 

323-330 

• Schilham, M. W., Oosterwegel, M. A., Moerer, P., Ya, J., Boer, P. A. J. D., 

Wetering, M. V. D. and Clevers, H. (1996). Defects in cardiac outflow tract 

formation and pro-B-lymphocyte expansion in mice lacking Sox-4. Nature 380 

711–714 

• Shi, Y. and Mello, C.A. (1998). CBP/p300 homolog specifies multiple 

differentiation pathways in Caenorhabditis elegans.  Genes & Development 

12 943–55 

• Shibata, N., Umesono, Y., Orii, H., Sakurai, T. and Watanabe, K. (1999). 

Expression of vasa(vas)-related genes in germline cells and totipotent somatic 

stem cells of planarians. Developmental Biology 206 73–87 

• Sigova, A., Rhind, N. and Zamore, P.D. (2004). A single Argonaute protein 

mediates both transcriptional and posttranscriptional silencing in 

Schizosaccharomyces pombe. Genes & Development 189 2359-2367 

• Skinner, D. E., Rinaldi, G., Suttiprapa, S., Mann, V. H., Smircich, P., Cogswell, 

A. A. and Brindley, P. J. (2012). Vasa-Like DEAD-Box RNA Helicases of 

Schistosoma mansoni. PLoS Neglected Tropical Diseases 6 

• Smith A. (2009). Naive and primed pluripotent states. Cell Stem Cell, 4 487-

492.  

• Solana, J., Kao, D., Mihaylova, Y., Jaber-Hijazi, F., Malla, S., Wilson, R. and 

Aboobaker, A. (2012). Defining the molecular profile of planarian pluripotent 

stem cells using a combinatorial RNA-seq, RNA interference and irradiation 

approach. Genome Biology 13 19 

• Styhler, S., Nakamura, A. and Swan, A. (1998). Vasa is required for GURKEN 

accumulation in the oocyte and is involved in oocyte differentiation and 

germline cyst development. Development 125 1569–78 

• Subramaniam, K. and Seydoux, G. (1999). nos-1 and nos-2, two genes related 

to Drosophila nanos, regulate primordial germ cell development and survival 

in Caenorhabditis elegans. Development 126 4861-4871 

• Tanaka, S. S., Toyooka, Y., Akasu, R., Katoh-Fukui, Y., Nakahara, Y., Suzuki, 

R., Noce, T. (2000). The mouse homolog of Drosophila Vasa is required for 

the development of male germ cells. Genes & development 14 841–853 



130

• Thomson, T. and Lasko, P. (2005). Tudor and its domains: germ cell formation 

from a Tudor perspective. Cell Res 15 281-291 

• Tomari, Y. and Zamore, P.D. (2005). Perspective: machines for RNAi. Genes 

& Development 19 517–529 

• Tsuda, M., Sasaoka, Y., Kiso, M., Abe, K., Haraguchi, S., Kobayashi, S., Saga, 

Y. (2003). Conserved role of nanos proteins in germ cell development. 

Science 301 1239–1241 

• Ullrich, A. and Schlessinger, J. (1990). Signal transduction by receptors with 

tyrosine kinase activity. Cell 61 203-212 

• van Leeuwen, F., Samos, C.H., and Nusse, R. (1994). Biological activity of 

soluble wingless protein in cultured Drosophila imaginal disc cells. Nature 368 

342–344 

• van Wolfswinkel, J.C., Wagner, D.E. and Reddien, P.W. (2013) Single-cell 

analysis reveals functionally distinct classes within the planarian stem cell 

compartment 18 1199–1216 

• Vasudevan, S., Tong, Y. and Steitz, J.A. (2007). Switching from repression to 

activation: microRNAs can up-regulate translation. Science 318 1931-1934 

• Vriz, S. and Lovell-Badge, R. (1995). The zebrafish Zf-Sox 19 protein: A novel 

member of the Sox family which reveals highly conserved motifs outside of 

the DNA-binding domain. Gene 153 275-276 

• Wagner, D. E., Ho, J. J. and Reddien, P. W. (2012). Genetic regulators of a 

pluripotent adult stem cell system in planarians identified by RNAi and clonal 

analysis.’, Cell stem cell 10 299–311. 

• Wang, B., Collins III, J. J. and Newmark, P. A. (2013). Functional genomic 

characterization of neoblast-like stem cells in larval Schistosoma mansoni’. 

eLife, 2  

• Wang, B., Lee, J., Li, P., Saberi, A., Yang, H., Liu, C. and Newmark, P. A. 

(2018). Stem cell heterogeneity drives the parasitic life cycle of Schistosoma 

mansoni. ELife, 7. 

• Wang, J. and Collins, J. J. (2016). Identification of new markers for the 

Schistosoma mansoni vitelline lineage q. International Journal for 

Parasitology. 46 405–410  

• Wang, Y., Zayas, R. M., Guo, T. and Newmark, P. A. (2007). nanos function 

is essential for development and regeneration of planarian germ cells. 

Proceedings of the National Academy of Sciences of the United States of 

America, 104 5901–5906 

• Wang, Z. and Lin, H. (2004). Nanos maintains germline stem cell self-renewal 

by preventing differentiation. Science 303 2016–2019 



131

• Wei Pek, J., Anand, A. and Kai, T. (2012). tudor proteins in development. 

Development 139 2255-2266 

• Williams, R.W., Rubin, G.M. (2002). Argonaute 1 is required for efficient RNA 

interference in Drosophila embryos. Proceedings of the National Academy of 

Sciences of the United States of America 99 6889-6894 

• Yamaguchi, S., Hirano, K., Nagata, S., Tada, T., (2011). Sox2 expression 

effects on direct reprogramming efficiency as determined by alternative 

somatic cell fate. Stem Cell Research 6 177–186 

• Yamaguchi, T.P., Harpal, K., Henkemeyer, M., Rossant, J. (1994). fgfr-1 is 

required for embryonic growth and mesodermal patterning during mouse 

gastrulation. Genes & Development 8 3032–44 

• Yigit, E., Batista, P.J., Bei, Y., Pang, K.M., Chen, C.C., Tolia, N.H., Joshua-

Tor, L., Mitani, S., Simard, M.J., Mello, C.C. (2006). Analysis of the C. elegans 

Argonaute family reveals that distinct Argonautes act sequentially during 

RNAi. Cell 127 747-757. 

• Zhou Y, Zheng H and Liu F (2009). The Schistosoma japonicum genome 

reveals features of host–parasite interplay. Nature 460 345–351 

• Zhurov, V., Terzin, T. and Grbic, M. (2004). Early blastomere determines 

embryo proliferation and caste fate in a polyembryonic wasp. Nature 432 764–

9 

 

 

 

 

 

 

 

 

 

 

 

 



132

                                                                 Chapter 5   

  

 

Fasciola proliferative cells in 

triclabendazole resistant and susceptible 

strains 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



133

5.1.  Abstract 

With no current vaccine against liver fluke, parasite control relies upon chemical 

flukicides, with Triclabendazole (TCBZ) being the most widely used due to its efficacy 

against both the adult worm and infective stage juveniles.  The mode of action of 

TCBZ in fluke is not fully understood but is generally considered to act via tubulin 

disruption.  It has been reported that TCBZ treatment of Fasciola results in extensive 

tegumental tissue damage and up-regulation of proteins that protect against cellular 

damage.  This chapter outlines a possible link between drug susceptibility/tolerance 

and increased levels of cellular proliferation.  To examine this, a clonal resistant 

isolate (clone B) and a non-clonal susceptible isolate were incubated for a 24-hour 

period in EdU and fixed at 6-days old and 10-days old.  It was observed that at both 

timepoints the resistant strain had significantly more proliferative nuclei than the 

susceptible strain.  This correlated with increased growth as the resistant clonal 

isolate was found to be larger, on average, than the susceptible isolate.  These data 

support the hypothesis that juvenile fluke with increased proliferative capacity have a 

higher capacity to tolerate/recover from flukicide exposure. Stem cells are known to 

facilitate cell turnover and tissue homeostasis such that they could support a robust 

mechanism to repair drug induced tissue damage at a cellular level. While more 

experimentation is needed to investigate this hypothesis further, if FPCs are found to 

play a role in drug tolerance/resistance, their dysregulation would provide a 

compelling and novel strategy for control. 
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5.2.  Introduction 

Triclabendazole (TCBZ) is the only anthelmintic drug which exhibits efficacy against 

both the adult, and the migratory juvenile stages of the liver fluke, it is also the only 

currently licenced drug for treating human Fascioliasis, which is a risk to >180 million 

people (Boray et al., 1983; WHO, 2007; Cwiklinski et al., 2016).  The mechanism by 

which TCBZ acts is not fully understood but it is generally postulated that it selectively 

binds to ꞵ-tubulin and acts as an inhibitor of ꞵ-tubulin polymerisation (Robinson et al., 

2001; Stitt & Fairweather, 2009).  Many studies have shown that it interrupts tubulin 

facilitated processes in a similar fashion to other tubulin inhibitors, such as the 

inhibition of spermatogenesis, which has been in part attributed to the microtubule 

disruption of intracellular transport mechanisms (Stitt & Fairweather, 2009).   

Fasciola juveniles exposed to TCBZ in vivo, within a sheep host, displayed extensive 

tegmental damage in a time dependant manner (Toner et al., 2010), leading the 

authors to propose that the main target of this drug is the parasite tegument.  Fluke 

recovered from the host 48 hours post drug exposure displayed swelling of the 

tegument with slight ‘blebbing’ in parts and splitting in others; those recovered 72 

hours post exposure displayed widespread tegumental sloughing, large areas of 

‘blebbing’ and shrunken spines, a clear demonstration of the widespread tissue 

damage caused to the tegument by TCBZ metabolites (Toner et al., 2010).  At 96 

hours post-treatment, the recovered parasites showed whole tegument surface 

sloughing, leaving the basal lamella exposed such that it was unsurprising these 

parasites were dead upon recovery (Toner et al., 2010).  The parasites tegument is 

vital to its survival, providing a defensive barrier to the environment, namely host 

immune attacks, and playing vital roles within nutrient absorption (Smyth & Halton, 

1983).  The immune evasion is achieved by a repeated sloughing/replacement of its 

glycocalyx which removes any immune complexes or cells which have tried to adhere 

to it, preventing an effective immune response being mounted by the host (Hanna, 

1980a).  This ‘sloughing/shedding’ of the outer tegumental surface is also seen in 

response to drug treatment, this stress response to tissue damage is primarily to 

ensure the tegumental barrier maintains its integrity, once the barrier is broken 

immune cells and drugs can penetrate deeper into the parasite, damaging internal 

tissues (Davies & Goose, 1981; Fairweather, Threadgold & Hanna, 1999 ).   

In order to maintain the tissue integrity of the tegument and prevent this defensive 

barrier being breached, there needs to be a replacement of the glycocalyx occurring 

at the same time as the damaged layer is being sloughed off.  It is believed that this 

replacement is facilitated by secretions from T0 and T1 cell bodies found within the 

tegument (Hanna, 1980a).  
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 Tubulin has been localised to these tegumental cell bodies and within the tegument 

syncytium itself, making them a potential target of TCBZ action (Stitt et al., 1992).  The 

outer layer of the parasite is in constant contact with the abrasive host environment 

and the need to continually replace these cells suggests the presence of a robust 

mechanism for cellular turnover.  This would also be of advantage in the case of drug 

attack, enabling the parasite to withstand more damage by replacing cells through 

proliferative cell differentiation.   

Cell turnover is a balance between cell death and cell division such that tissue 

homeostasis encompasses the depletion and replacement of specific differentiated 

cells (Pellettieri & Sanchez Alvardo, 2007).  In mammals, self-renewal and cell 

turnover are a prominent feature of many tissues, such as the epidermis and the 

intestine and it is well known that the rate of turnover varies between organs (Medh & 

Thompson, 2000; Blanpain, Horsley & Fuchs, 2007).  In some cases, this cell turnover 

can even have tissue specific functions that are vital to the organ’s role as is displayed 

in the female reproductive organs which undergo anatomical changes, mediated by 

tissue homeostasis, vital for function (Hennighausen & Robinson, 2005; Pellettieri & 

Sanchez Alvardo, 2007).  During cell turnover stem cells act as a reservoir for tissue 

renewal, replacing differentiated cells which have been removed via cell death 

(Pellettieri & Sanchez, Alvardo, 2007).  Like the mammalian reproductive system, cell 

turnover within the parasite tegument is not only a normal homeostatic process, but 

is essential to the function of this tissue, making the underlying mechanisms which 

govern this process of prominent interest, particularly in relation to the drug damage 

response.  In the closely related blood fluke Schistosoma mansoni it has been 

suggested that the rapid tegumental cell turnover is driven by highly proliferative 

somatic stem cells (Collins et al., 2016).   

Triclabendazole resistance (TCBZ-R) was first recorded in 1995 on a sheep farm in 

Australia, since which time it has been recorded in the UK, Ireland and many parts of 

Europe and South America (Moll et al., 2000; Álvarez-Sánchez et al., 2006; Olaechea 

et al., 2011; Brockwell et al., 2014; Hanna et al., 2015).  Several cases of TCBZ-R 

infections in humans have also been reported, highlighting this as an emerging 

zoonotic issue (Winkelhagenm et al., 2012; Gil et al., 2014).  Monotherapeutic use of 

TCBZ, improper dosing, lack of efficacy testing and a lack of understanding regarding 

fluke biology by farmers is largely to blame for the rapid spread of the problem 

(Overend & Bowen, 1995; Fairweather, 2011).   
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The exact mechanism of this drug resistance in liver fluke is unknown, making it 

difficult to combat.  However, as the only drug which is licensed for use in humans 

and the only one with efficacy against the juvenile and adult parasite, any information 

which could help preserve its efficacy or shed light on the Fasciola drug damage 

response is of great value to sustainable control efforts.  Studies examining the 

differential effects of TCBZ upon the tegument of resistant and susceptible strains 

found that tegumental damage occurred more rapidly in susceptible strains (Robinson 

et al., 2001;).  At 24 hours post treatment with the TCBZ metabolite, Triclabendazole-

sulphoxide (TCBZ-SO), susceptible strains showed tegumental blebbing and 

sloughing, while a resistant strain displayed neither phenotype.  Additionally, through 

immunolocalization, it was demonstrated that the susceptible strain no-longer had 

detectable ꞵ-tubulin within its syncytium while the resistant fluke displayed no 

disorganisation of ꞵ-tubulin immunoreactivity post drug exposure (Robinson et al., 

2001).  

It is logical to hypothesise that enhanced rates of stem cell proliferation and 

differentiation in liver fluke would be advantageous in tolerating exposure to 

toxins/drugs.  Could it be that at least some so-called resistant fluke isolates have a 

more robust mechanism of cellular turnover than those that are susceptible to drug?  

Enhanced cell proliferation and differentiation would enable a quicker turnover of 

damaged tegumental tissue, potentially preserving the protective barrier of the 

tegument for longer and allowing fluke to survive and recover from drug attack more 

efficiently.  An intact tegument would prevent the drug from more rapidly entering the 

parasite, inhibiting ꞵ-tubulin polymerisation and preventing dysregulation of 

fundamental cellular processes.  This chapter briefly explores the hypothesis that 

different liver fluke isolates have different Fasciola proliferative cell (FPC; neoblast-

like stem cell) dynamics that support differential rates of tissue turnover.  It is proposed 

that variable FPC dynamics could play an important role in informing flukicide, 

including TCBZ, resistance.  Considering the obvious role that the only proliferative 

cells present within the parasite could play in response to tissue damage, it’s clear 

that uncovering the role of FPCs in the drug response would have valuable outcomes.  

Potentially the dysregulation of FPCs could improve the drug efficacy of TCBZ by 

removing the parasites ability to withstand and repair tegumental destruction.  

 

 

 

 



137

5.3.  Methods 

5.3.1.   Parasite excystment and maintenance/culture 

(As previously described in Chapter 2, section 2.3.1) 

This chapter used two F. hepatica strains throughout, a clonal resistant strain (clone 

B) and a wild type susceptible strain (courtesy of Prof Jane Hodgkinson, University of 

Liverpool).  Juveniles were maintained in 50% RPMI 1640 supplemented with 50% 

chicken serum.  

 

5.3.2.   Labelling proliferative nuclei with 5-ethynyl-2-deoxyuridine (EdU) 

(As previously described in Chapter 2, section 2.3.2) 

 

5.3.3.   Confocal imaging 

(As previously described in Chapter 2, section 2.3.3) 

 

5.3.4.   Statistical analysis and graph generation 

(As previously described in Chapter 2, section 2.3.5) 
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5.4.  Results 

5.4.1.  A TCBZ-resistant fluke isolate exhibits higher levels of cell proliferation 

than that of TCBZ-susceptible fluke isolate.  

The TCBZ-resistant fluke displayed significantly higher levels of cell proliferation at 

both selected time points, 6- and 10-days post excystment, when compared to 

susceptible fluke (6-day timepoint, unpaired t-test, p<0.0433; 10-day timepoint, 

unpaired t-test, p<0.001; n=30, Fig. 5.1).  This was shown by the higher number of 

EdU+ nuclei in the resistant fluke at both timepoints, demonstrating how many cells 

had undergone division and replication within the 24-hour EdU incubation period 

(Day-6, susceptible EdU+ nuclei, 171±11.68; Day-6, resistant EdU+ nuclei, 

203±10.04; Day-10, susceptible EdU+ nuclei, 175.9±12; Day-10, resistant EdU+ 

nuclei, 269.6±15.31; Fig.1).  It is likely that fluke displaying higher levels of cell 

proliferation have the potential for a higher rate of cell turnover which may have 

significant implications during tissue repair post damage.  
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Fig. 5.1.  A drug resistant liver fluke isolate displays higher levels of cell proliferation 

than a drug-susceptible liver fluke isolate.  

Florescent confocal z-stack images displaying 5-ethynyl-2-deoxyuridine (EdU) incorporation 

into the DNA of actively proliferating cells.  Green fluorescence denotes EdU+ nuclei and 

magenta fluorescence denotes Hoechst 3342 labelling of all nuclear DNA.  A) EdU+ nuclei in 

TCBZ susceptible juveniles.  B) EdU+ nuclei in TCBZ resistant juveniles.  Scale bars, 50 µm.  

C) Temporal dynamics of EdU+ nuclei labelling in TCBZ susceptible and resistant juveniles.  

Graph shows mean +/- SEM (appears in red).  Statistical significance was determined using 

unpaired t-tests. ****, p<0.0001, *, p <0.05, n=30.  
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5.5.  Discussion  

The data collated in Figure 1 reveal that different liver fluke isolates display differential 

rates of cell proliferation.  These different rates of cell proliferation have the potential 

to seed different rates of growth and different rates of cell/tissue 

turnover/replacement, with higher proliferation rates driving higher rates of both.  

There is much potential for cell turnover rates to influence drug susceptibility such that 

it is appealing to propose that such variability could have a profound influence on 

fluke-flukicide interplay.  In this study, FPC dynamics were examined in a drug-

resistant and drug-susceptible liver fluke isolates with the former showing higher rates 

of stem cell proliferation.  These differences were seen to drive a difference in growth 

rate and are likely to similarly support a higher rate of cell turnover in the resistant 

isolate.   

The observed higher levels of cell proliferation could potentially support an overall 

higher rate of tissue turnover, consequently enabling a more efficient rate of damage 

repair by the parasites.  This would be a significant advantage in response to the 

tegumental damage TCBZ is known to cause.  Once the tegumental barrier is 

breached the drug can penetrate deeper into the parasite, at this point it could 

effectively disrupt the proliferative cells and prevent them from dividing to repair any 

damaged tissue.  This is because microtubules, polymers of tubulin, are an essential 

component of many cellular processes such as motility, mitosis and intercellular 

transport (Ferreira, Pereira & Maiato, 2014).  TCBZ-based tubulin disruption could 

effectively disrupt the formation of the mitotic spindle which is essential to mitosis, 

resulting in a mitotic block of FPCs, this may be the reason that at 96 hours post TCBZ 

exposure in vivo we find fluke with their outer layer sloughed off, exposing the basal 

lamella, because once the drug disrupts proliferation of FPCs the parasite can no 

longer replace tegumental tissue (Toner et al., 2010).   

It’s interesting to note that the dysregulation of proliferative cells via tubulin disruption 

has been shown with other inhibitors, such as combretastin A-4, a natural product 

tubulin inhibitor shown to cause mitotic arrest of cells in culture (Dorr et al., 1996).  

This has also been demonstrated using Taxol, an anti-mitotic, anti-tumour drug, which 

targets microtubules by enhancing polymerisation, leading to the over-formation of 

extensive microtubules within the cells, resulting in a mitotic block of proliferative cells 

(Jordan et al., 1993).  The effects of tubulin disruption upon stem cells has been 

investigated in planaria, with chelidonine, a naturally occurring alkaloid, being shown 

to have an anti-proliferative effect on stem cell dynamics in a dose dependant manner 

(Isolani et al., 2012).    
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Exposure to this drug resulted in mitotic abnormalities and cell cycle inhibition, with 

the data suggesting this occurs due to the inhibition of tubulin polymerisation (Isolani 

et al., 2012).   

Taken together the above data indicate that proliferative cells are significantly affected 

by tubulin disruption, as the only proliferative cells in F. hepatica it is reasonable to 

hypothesise that FPCs are affected by TCBZ exposure and that their disruption would 

play a significant role in the drug’s efficacy against the parasite.  Although only two 

liver fluke isolates were examined here, it is noteworthy that at both timepoints 

examined, they showed distinct FPC dynamics.  Other authors have reported 

differences in liver fluke growth rates such that it’s possible that different fluke isolates 

have highly divergent FPC dynamics.  Since higher stem cell potentials support higher 

rates of cell/tissue turnover, it’s appealing to propose that they would also influence 

the ability of worms to recover from drug exposures, with faster cell replacement more 

effectively supporting recovery from drug exposure.  Interestingly, here the drug-

resistant strain had significantly higher levels of cell proliferation, supporting the 

hypothesis that FPCs play a key role in fluke-flukicide interplay.  While the findings of 

this chapter support the hypothesis, more extensive investigations are needed across 

a wide range of liver fluke isolates to probe the effects that drug exposure has upon 

FPCs and how their drug susceptibility relates to FPC dynamics.   
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                                                                  Chapter 6   

 

 

General Discussion 
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Flatworm parasites belonging to the genus Fasciola are distributed worldwide and are 

the causative agent of fasciolosis, a disease which is conservatively estimated to cost 

>$3 million a year (Spithill et al., 1999).  This economically important trematode can 

infect a wide range of mammalian hosts including ruminants, horses, deer and rabbits, 

and the increasing incidence of human infection (termed fascioliasis) has resulted in 

its recognition as an emerging zoonotic disease (WHO, 2007).  At farm level Fasciola 

parasitism results in significant economic loss due to poor animal condition or death, 

reduced milk yields and carcass composition, often extending the time required for 

the animal to reach slaughter weights (Charlier et al., 2014; Howell et al., 2015).   

Several studies have outlined the capacity of climate change to impact upon the 

intensity of parasitism, primarily via their effects on parasite and snail host 

development, transmission and distribution, with increased temperatures and rainfall 

predicted to enhance fluke prevalence in coming years (Mas-comma, Valero & 

Bargues, 2009).  The drug of choice in fluke control is TCBZ, which had an initial 

efficacy of >98% when it was first introduced in the 1980s but is now undermined by 

increasing reports of resistance globally, posing further risks to agricultural 

sustainability and human health (Boray et al., 1983; Fairweather & Boray, 1999).  With 

the increasing pressure upon global food security, changing climatic factors and 

increasing reports of human cases with no vaccine on the horizon, it is vital that 

research focuses upon ways to improve the efficacy of current controls or develops 

novel control strategies to take their place.  

The aims of this thesis were to characterise newly discovered proliferative cells within 

F. hepatica, which bear morphological and behavioural similarities to other flatworm 

stem cells and to investigate their roles within fluke growth and development 

(McCusker et al., 2016).  This study found FPCs to bear many similarities to other 

flatworm stem cells and examined their proliferation kinetics under different 

conditions.  Work further highlighted the presence of several key stem-cell effector 

genes in liver fluke, one of which was found to be essential to their maintenance.  

Localisation techniques, bioinformatics, expression profiling and reverse genetics 

methods were all utilized in efforts to develop an understanding of FPCs and their 

importance to fluke biology.  This thesis highlights the role of FPCs in parasite growth 

and development and outlines the developing hypothesis that these cells are in fact 

neoblast-like stem cells such as those found in the free-living planarians and the 

closely related blood fluke, S. mansoni.  Collectively the data outlined within the 

experimental chapters demonstrate the importance of these cells and their regulatory 

network to liver fluke biology.  This importance also exposes the potential of stem cell 

effectors as future flukicide targets.  
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 It is clear that dysregulating FPCs is a viable means to not only disrupt parasite 

growth and development, but to undermine the ability of the parasite to replenish cells 

and tissues, activities key to allowing them to survive the immune response of the 

host and to recover from sub-lethal doses of drug.  As the only proliferative cells within 

the parasite their importance in growth, development and tissue homeostasis cannot 

be overstated.  Chapter 5 also provides an interesting new line of inquiry into their 

potential roles within the TCBZ drug response and, potentially, more broadly in drug 

tolerance/resistance.  

Fasciola proliferative cells were first reported by McCusker et al. (2016) as neoblast-

like cells with a large nucleus and scant cytoplasm.  They were found to be the only 

proliferative cells present and this formed the basis of the hypothesis that these cells 

could drive and regulate growth and development within the liver fluke.  To probe this 

Chapter 2 examined the temporal dynamics of cell proliferation between growing and 

non-growing (static) juveniles, utilizing EdU to label mitotic cells.  This experiment 

demonstrated that the temporal dynamics of cell proliferation changes significantly 

under growth promoting conditions, with growing juveniles displaying significantly 

more mitotic cells, indicative of increased proliferation rates as compared to the static 

juveniles maintained in basal media.  To further investigate this, the relationship 

between proliferative cell numbers and size was examined and the findings concluded 

that larger animals typically display more actively proliferating cells, evidenced by their 

higher numbers of EdU+ cells.  McCusker et al. (2016) found that supplementing 

basal media (RPMI 1640) with chicken serum supported enhanced parasite survival 

and growth - the findings here demonstrate that it also supports increased cell 

proliferation, further strengthening the hypothesis that parasite growth is supported 

by FPCs.  These data collectively highlight a facilitative role for FPCs in the growth 

and development of liver fluke juveniles, consistent with them being the only mitotic 

cells present and exposing the similarities they have to stem cells in other flatworms 

which have been linked to the modulation of growth (Newmark & Sanchez Alvarado, 

2001).  This correlation between an animal’s overall size and the number of 

proliferative cells has been demonstrated in planaria, with the number of neoblasts 

increasing with worm size (Lange, 1967).   

Chapter 2 also identified similarities between FPCs and planarian neoblasts, 

revealing that they comprise a heterogenous cell population.  Here it was shown that 

FPCs labelled in 3-day old juveniles have a larger area than those labelled in 10-day 

old juveniles, a trend that was not mirrored in non-proliferative cells, which decrease 

in area as the worm ages.  
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 The distribution patterns of FPCs observed in Chapter 2 are similar to the spatial 

pattern of stem cells recorded in the related blood fluke S. mansoni, with EdU+ nuclei 

clustering around the parasite mid-body region, gut, body wall and adjacent to the 

ventral sucker (Collins et al., 2013).  The findings collated in Chapter 2 highlight the 

neoblast/stem-like characteristics of FPCs, their key role within fluke growth and 

indicate their importance to fundamental fluke biology.  

Chapter 3 investigated the proliferation kinetics and dynamics of these stem-like cells 

under various conditions and found further indications that FPCs are in fact stem cells 

with many similarities to those studied in other flatworms.  When comparing the 

proliferation kinetics of ex vivo and in vitro juveniles it was found that cell proliferation 

is significantly higher in the juveniles recovered from a host liver than those cultured 

in vitro.  These data demonstrate that cell proliferation and overall parasite growth is 

greatly enhanced within a mammalian host, further supporting the proposed role of 

FPCs in growth and development.  It also provided an indication that current in vitro 

culture methods, while greatly improved by McCusker et al. (2016) are still lacking in 

some key developmental triggers.  Potentially, FPCs could be used as a comparative 

indicator in a trial and error approach to identify these missing growth/development 

triggers.   

In order to assess if FPCs displayed hallmark characteristics observed in other 

flatworm stem cells, a sequential EdU/BrdU pulse-chase approach was used to 

assess the capacity of FPCs to self-renew.  The findings from this experiment 

demonstrated that some FPCs undergo mitotic division more than once within a 24-

hour period; the capacity of some cells to not differentiate but to re-enter the cell cycle 

and proliferate multiple times is a defining stem cell trait, one that has been shown in 

other flatworm stem cells (Collins et al, 2013).  This experiment also indicated that 

some FPCs appear to divide in an asymmetric manner, likely to comprise one 

daughter being a self-renewal and the other a cell beginning its differentiation.   

Planarian neoblast stem cells and those identified in S. mansoni, have been shown 

to be sensitive to ionizing radiation, a trait observed in many stem cell populations.  In 

Chapter 3 the sensitivity of FPCs to a range of doses of X-ray radiation was examined 

(Wagner, Wang & Reddien, 2011; Collins et al., 2013).  Juvenile fluke were exposed 

to X-ray doses from 100-200 GY, all of which were adequate to significantly reduce 

EdU staining; doses of 200 GY were found to block proliferation to undetectable 

levels.  This reduction in EdU+ cells correlated to a significant reduction in juvenile 

growth, adding to the growing body of data which suggest that FPCs play major roles 

in growth modulation.   
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It is worth noting that F. hepatica required much higher doses to block cell proliferation 

than that observed in other organisms, contrastingly stem cell depletion in planarians 

and rats occurs following the significantly lower doses of 12.5 Gy and 15 Gy, 

respectfully (McGinn, Sun & Colello 2008; Wagner, Wang & Reddien, 2011; Collins 

et al, 2013).  Given their resistance to free radicals, perhaps it is not so surprising that 

F. hepatica juveniles can survive high doses of radiation (Sibille, Tliba & Boulard, 

2004).  It was also found that in irradiated juveniles, cell proliferation recovered to 

almost normal levels of proliferation one-month post treatment, indicating that FPCs 

have a significant capacity to regenerate their severely depleted population from 

relatively low numbers of remaining mitotic cells, further highlighting their potential as 

stem cells.  Considered collectively, the data from Chapter 3 provide a compelling 

case for FPCs being neoblast-like stem cells, similar to those characterised in S. 

mansoni.   

Chapter 4 set out to assess if the key genes known to regulate planarian neoblasts 

and S. mansoni stem cells could be playing similar roles in F. hepatica.  It is 

noteworthy that many pluripotent cell markers show conservation in functions 

between invertebrates and vertebrates.  Bioinformatic analysis identified that 

homologues of many key neoblast regulators are represented within the F. hepatica 

genome and protein sequence alignments further confirmed their identity due to the 

presence of highly conserved functional domains.  To clarify their association with 

FPCs the expression of these effector genes were compared between non-irradiated 

and irradiated juveniles.  The findings showed that all key stem cell markers/effectors 

screened were significantly down-regulated in irradiated juveniles, showing their 

expression, like the FPCs themselves, to be radiation sensitive.  These data provide 

indirect evidence that the FPCs express many of the most notable stem cell markers 

from other species.  This further validated these GOI as effectors of FPCs and outlines 

their potential as drug targets to disrupt and dysregulate FPCs.  Fibroblast growth 

factor receptor A (fgfrA) was shown in S. mansoni to be vital to the maintenance of 

their stem cell population, this was why it was chosen as an RNAi target in liver fluke 

(Collins et al., 2013).  RNAi of F. hepatica fgfrA led to a significant decrease in EdU 

staining, a finding consistent with data from S. mansoni, indicating the vital importance 

of this gene as a key regulator of these cells.  These data provide additional evidence 

to support the identification of FPCs as neoblast-like stem cells.  More broadly, the 

RNAi data showed for the first time that RNAi could be used effectively to manipulate 

the expression of FPC genes.  The efficiency of the silencing gives confidence that 

RNAi will be highly effective as a tool to probe FPC biology.   
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Chapter 5 briefly explores the differential proliferation dynamics between two distinct 

isolates of liver fluke.  The observations that there were significant differences 

between the FPC proliferation dynamics of two distinct fluke isolates are important as 

the different growth rates of fluke isolates is well established.  Since the data indicate 

that growth is a direct consequence of FPC proliferation and differentiation, then it 

makes sense that the isolates displayed distinct FPC dynamics.   

An additional observation from the study on distinct fluke isolates was that one was 

designated TCBZ-resistant and the other TCBZ-susceptible.  Since stem cell 

proliferation drives both growth and cell/tissue homeostasis, then it seems logical to 

propose that FPC dynamics could influence responses to drug treatments or indeed 

other conditions that damage fluke cells/tissues.  The data provide preliminary 

evidence in support of the hypothesis that resistant fluke may display a higher level 

of cell proliferation than susceptible liver fluke.  Chapter 5 demonstrated that the 

resistant fluke isolate studied did display significantly higher levels of cell proliferation 

than the drug-susceptible fluke studied, supporting the initial hypothesis.  Clearly, the 

potential for a higher rate of cell turnover may have profound implications for 

tissue/cell repair post damage.  Further investigations are needed to probe the effects 

that TCBZ exposure has upon FPCs and how the post drug dynamics compare 

between resistant and susceptible fluke isolates, the data in Chapter 5 provide a 

promising springboard for such studies.  Note that subsequent to these studies, 

unpublished data on a range of drug resistant and susceptible liver fluke isolates 

revealed a strong correlation between FPC proliferation dynamics and TCBZ 

susceptibility/resistance (Nathan Clarke, QUB, unpublished). 

In summary, this thesis has begun to characterise the proliferation kinetics and cell 

dynamics of FPCs under various conditions, it exposes them as key facilitators of 

growth and development in liver fluke.  Further, a range of known stem-cell 

regulatory/effector genes were identified and one of these was found to have functions 

that correlate to those seen in schistosomes.  The sensitivity of FPCs to ionizing 

radiation, their association with growth/development, their links to a range of core 

neoblast effectors/markers and their ability to self-renew provides a growing body of 

data which suggests they are bona fide neoblast-like stem cells, as originally 

discovered in planaria.  Moving forward there is a need for single cell transcriptomics 

to further characterise the molecular signatures of these cells.  There is also a need 

to further probe any possible link between FPC dynamics and the efficacy of 

flukicides.   
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The roles and regulation of these proliferative cells have only begun to be uncovered, 

but their critical role in parasite biology encourages focussed effort as a source of 

basic information to help us understand parasites and as a potential new repository 

of drug targets.  The main barriers to this work will be due to technical constraints, the 

development of a cell culture platform for parasite cells is essential and an optimised 

panel of differentiated tissue markers going forward is required.  Studies should also 

focus on functional genomics investigations into key members of the genetic network 

that regulates FPCs in order to identify GOI that would make good drug targets, 

allowing for the dysregulation of parasite growth and development.  In the face of 

increasing drug resistance and climactic uncertainties, a better understanding of 

these cells could seed novel therapeutic approaches to parasite control.  
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