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Abstract 

The flatworm Fasciola hepatica is a globally significant parasite in terms of 

agricultural productivity and human health.  This thesis investigated the role of the 

neuropeptide signalling system in the biology of this species.  Advances in genomic 

and transcriptomic resources facilitated the identification of a further 20 novel, 

putative neuropeptide-encoding transcripts in F. hepatica, building on the 15 that 

had been previously discovered.  RNA-sequencing studies from a variety of 

flatworms were analysed in order to inform hypotheses on neuropeptide functions.  

These studies have also been used to identify muscle-specific G-Protein Coupled 

Receptors (GPCRs).  These transcripts were taken forward into a larger-scale RNA 

interference (RNAi) screen which revealed a high level of transcript knockdown and 

a profound growth phenotype for one member of the Neuropeptide-F/Y-like 

(NPF/Y) family.  Profound motility and growth phenotypes were seen as a result of 

knocking down neuropeptide processing enzymes.  The NPF/Y signalling pathway 

was further probed with RNAi which supported the role of this pathway in growth 

and development.  An NPF-specific antiserum was used to monitor the 

development of the nervous system in various juvenile stages of F. hepatica.  

Combining this staining with the localisation of proliferating cells, or neoblasts, 

supports a potential link between NPF signalling and neoblasts.  Significant 

improvements have been made to an existing chromogenic in situ hybridization 

(CISH) protocol to include a more sensitive fluorescent version.  Overall, through 

targeting 45 transcripts using RNAi among other methods, this project has revealed 

the complexity and importance of the neuropeptide signalling pathway in liver fluke 

and provides a foundation for more focussed studies on drug target discovery and 

validation.  
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1.1.  Helminth infection 

Infections of humans or animals that are caused by parasitic worms are designated 

helminthiases. Many helminth infections of humans are also categorised as 

“Neglected Tropical Diseases” or NTDs, so called due to relative lack of attention 

they receive relative to the scale of the problem that they present. Beyond 

helminths, NTDs also encompass other protozoal and certain bacterial pathogens.  

NTDs have an extensive geographical range but have high concentration and 

intensity in some of the poorest regions of the world, reinforcing a cycle of poverty 

(Hotez et al., 2008).  There is not only geographical breadth, but chronological 

depth to NTDs.  There are many accounts of these infections since the beginning of 

recorded history, mainly found in various religious texts (reviewed in Hotez et al., 

2006). 

 

Helminthiases are further divided into roundworm and flatworm infections caused 

by species from the phyla Nematoda and Platyhelminthes, respectively.  Within the 

latter phylum, the only free-living clade is the Turbellaria, a group which has 

received much attention in recent years.  This is mainly due to holding a significant 

position in basal metazoan evolution but also due to their remarkable ability to 

regenerate (Rink, 2013).  Beyond the Turbellaria, platyhelminths contain the largest 

clade of obligate parasites collectively known as the Neodermata (Littlewood et al., 

1999).  Despite relative anatomical simplicity, there are significant differences in 

morphology, reflecting specialisations to various host niches.  Monogenea are 

mainly ectoparasites of amphibians and reptiles but are more commonly known as 

parasites of economically important fish (Hutson et al., 2018).  Monogeneans are 
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most readily recognisable by anterior and posterior attachment structures, termed 

the prohaptor and opisthaptor respectively.  The diversity of these structures as 

well as many others is well detailed by Kearn (1994).  Cestodes have an anterior 

grasping head, a scolex, a short neck and a strobila, or a segmented trunk made of 

segments designated proglottids.  Species within this group are causative agents of 

major diseases in humans, such as Echinococcus multilocularis which causes alveolar 

echinococcosis (Olson et al., 2001).  Finally, the Trematoda contain the largest 

group of internal metazoan parasites, the Digenea, so called as they typically have 

two generations within the lifecycle; asexual reproduction within a mollusc 

intermediate host followed by sexual reproduction in a vertebrate definitive host 

(Olson et al., 2003).  Some of the most intensively studied of this group are species 

of the genus Schistosoma.  The disease caused by these parasites is referred to as 

schistosomiasis (formerly bilharizia).  Chitsulo et al. (2000) compiled various 

estimates of infection rates, proposing that ~200 million people were infected, with 

a further 600 million at risk.  Many of these trematode species cause “Food-Borne 

Trematodiases” (FBTs) due to the fact that infection is commonly caused through 

the accidental oral consumption of infective stage parasites with food.  Examples of 

these include the carcinogenic liver flukes Clonorchis sinensis and Opisthorchis 

viverrini, and the main causative agents of fascioliasis, Fasciola hepatica and 

Fasciola gigantica.  Over 10% of the world’s population is estimated to be at risk 

from infection by these species (Fürst et al., 2012). Approximately 7,000 deaths per 

annum and 2,000,000 disability-adjusted life years (DALYs) have been attributed to 

FBTs (Torgerson et al., 2015).  Given these statistics and the debilitating nature of 

these infections, research into novel control methods, is essential.  Eradication of 
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parasite such as F. hepatica is unrealistic given the longevity of the inactive 

metacercarial stage in the environment and the diversity of wild animal reservoirs.  

There is evidence, however for natural coinfections of F. hepatica and the less 

pathogenic rumen fluke, Calicophoran daubneyi in snails, leading to competition 

(Rondelaud et al., 2007; Jones et al., 2017). 

 

1.2.  Fasciola spp. 

The Fasciola species, F. hepatica and F. gigantica, collectively have a worldwide 

distribution, with F. hepatica typically found in temperate zones and F. gigantica in 

mainly tropical zones, with some overlapping regions (Fig 1.1).  Consequently, it is 

not surprising that there are reports of hybridisation between these two species 

(Agatsuma et al., 2000).  

 

 

 

Figure 1.1.  Geographical range of the temperate and tropical liver flukes, 
Fasciola hepatica and F. gigantica respectively, showing regions of overlapping 
range.  From Torgerson and Claxton (1999). 
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1.2.1.  Lifecycle 

Following release from the adult, unembryonated eggs pass from the bile ducts, 

then into the duodenum and eventually into the faeces, which is subsequently 

released into the environment (Fig 1.2).  Many factors affecting development of the 

eggs have been investigated.  Rowcliffe and Ollerenshaw (1960) observed a positive 

relationship between the rate of development and temperature from 10oC to 30oC.  

Beyond 30oC, development slows and stops at 37oC.  The authors found that 

regardless of temperature, a surface layer of water needed to be maintained to 

prevent lethal desiccation.  For full development, eggs must be liberated from the 

faeces (Rowcliffe and Ollerenshaw, 1960).  Following a period of a two to three 

weeks, (depending on the factors just mentioned), the miracidium is ready to hatch 

from the egg.  Early observations by Thomas (1883) led him to suggest that the 

muscular activity of the miracidium alone allowed for the operculum to burst open.  

To this day, the hatching mechanism is not entirely clear, however, the most widely 

accepted hypothesis is that of Rowan (1956) who proposed that an unknown 

proteolytic enzyme is released prior to hatching which degrades the material 

binding the operculum to the remainder of the egg.  Once hatched, the miracidium 

swims at significant speeds (1mm/s) with the ciliated outer layer providing the main 

source of propulsion (Wilson and Dennison, 1970a).  The authors also found that 

the distance travelled, a central parameter in the infectivity of a miracidium, 

decreased with the age of the larva.  The survival of the miracidium is usually 

limited to 24 hours, which seems to coincide with the depletion of limited energy 

reserves, in the form of glycogen and lipid granules (Anderson et al., 1982).   
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Multiple intermediate hosts have been identified, all restricted to the family 

Lymnaeidae (Kendall, 1950; Boray, 1969).  How miracidia locate the snail 

intermediate host remains unclear, but studies have proposed that compounds in 

mucus secreted from the snail serve as chemoattractants (Wilson, 1968: Wilson and 

Dennison, 1970b).  These compounds have since been narrowed down to 

glycoconjugates, which have high stability and low diffusion rates, making them 

ideal signals for a slow-moving target (Kalbe et al., 2000).  Penetration is facilitated 

by the initial binding of the anterior papilla of the miracidium to the snail 

integument.  Retraction of the papilla creates a contained pocket within which the 

miracidium release secretions from the gut and the unicellular pharyngeal glands. 

Figure 1.2.  Life cycle of Fasciola hepatica. 
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Once distinct damage has been done to the snail epithelia, the miracidium begins to 

contract and relax to enter the snail (Dawes, 1959).  Following penetration of the 

snail tissue, the miracidium begins to metamorphose to a mother sporocyst during 

its migration through host tissue, eventually reaching the area surrounding the 

heart or kidney (Préveraud-Sindou et al., 1994).  The mother sporocyst contains a 

fixed number of germ balls, which divide by asexual reproduction to give rise to 

daughter rediae.  These burst through the outer membrane of the mother 

sporocyst which subsequently dies (Buzzell, 1983).  Rediae also contain multiple 

germ balls which give rise to second generation rediae which in turn produce 

cercariae.  Cercariae then migrate out of the snail, a process which can kill the snail 

if there are enough cercariae (Vignoles et al., 2002).  Kendall and McCullough (1951) 

identified temperature as the most important factor governing cercariae emerging 

from the snail, with a range of 10oC-26oC found to be optimal.  Free cercariae attach 

to vegetation by the ventral sucker and form a tough outer cyst which protects 

against desiccation, becoming infectious metacercariae.  Infection of the definitive 

host is achieved by a mammal, typically a ruminant, ingesting vegetation 

contaminated with metacercariae.  Various cues have been identified in triggering 

excystment of newly excysted juveniles (NEJs, defined here as juveniles from 

excystment to 24 hours post-excystment). Given the physiological complexity of the 

digestive system, the full picture is likely to be a multi-faceted one.  Dixon (1966) 

reviewed previous literature investigating this process in various trematodes and 

through experiments of his own he identified a high carbon dioxide concentration, 

reducing conditions and a stable temperature of 37oC-39oC was necessary for the 

initial ‘activation’ and the temperature range, as well as bile salts being necessary 
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for the ‘emergence’.  The rate of evagination of larval Echinococcus granulosus has 

increases with an increasing bile concentration, and various bile profiles across 

different species facilitates host specificity of this species Smyth, 1962).  NEJs 

penetrate the intestinal mucosa facilitated, in part, by the activity of an array of 

cathepsin proteases released from the NEJ (Dalton et al., 2003).  Migration through 

the peritoneal cavity to the liver was thought to be the result of random 

wanderings, however, Sukhdeo and Mettrick (1986) reported that extracts from the 

duodenum and liver induced different effects on juvenile locomotion.  Duodenal 

extracts increased motility, leading to dispersal behaviours, whereas liver extracts 

reduced motility, which the authors proposed was a cue for aggregation.  On the 

third day post-infection (PI), juveniles can be found beginning to penetrate the liver 

capsule (Dawes, 1962).  In the pre-hepatic stage, pathological findings are restricted 

to small haemorrhagic foci in the peritoneum (Zafra et al., 2013).  Feeding on 

parenchymal tissue, juvenile F. hepatica grow rapidly, causing hepatic necrotic 

tracts as well as haemorrhaging (Molina-Hernández et al., 2015).  Small necrotic 

tracts are phagocytosed, however larger necrotic tracts are surrounded by fibrous 

connective tissue, leading to fibrous scars.  Following establishment in the bile 

ducts, adult F. hepatica results in severe chronic cholangitis as well as erosion of the 

bile epithelial layer (Golbar et al., 2013).  The time for full development to the 

reproductive adult stage identified from recovered worms differs depending on the 

host: 35 days post-infection in mice (Dawes, 1962); 42 days in rats (Boray, 1969); 55 

days in guinea-pigs (Tewari, 1968); 56 days in sheep (Boray, 1969).  None of these 

studies identified a difference in the timing to the development of reproductive 

structures and patency.  This is likely due to the variability in timings of worms 
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reaching the bile ducts, even in an experimental infection.  Adult fluke can reside in 

the bile ducts for many years, feeding on bile duct epithelia and blood cells, 

releasing up to 20,000 eggs per day (Happich and Boray, 1969).  Significant 

differences exist between cattle and sheep infections.  In cattle, worms grow to a 

greater size, produce a larger number of eggs and typically survive for 1-2 years in 

the bile ducts.  With sheep infections however, worms grew at a faster rate and 

more uniformly, with infections extending beyond ten years (Dixon, 1964). 

 

1.3.  General morphology 

1.3.1.  Digestive system 

Thomas (1883) commented that while the gut of the cercaria was “simply forked”, 

that of the adult had a high degree of secondary branching beyond the initial 

bifurcation posterior to the pharynx, eventually finishing with a blind ending.  In the 

NEJ stage, the gut still has a forked conformation but on the ultrastructural level, 

small and irregular microvilli are sparse.  In addition, the epithelial cells themselves 

are characteristic of secretory as opposed to absorptive cells (Bennett and 

Threadgold, 1973).  Bennett (1975a) then proposed that these cells were serving as 

secretory cells to facilitate the disruption of host cells, easing penetration.  As both 

parenchymal and muscle cells contain large amounts of glycogen, it could be 

assumed that feeding is not immediately necessary during the early stages of 

migration (Bennett and Threadgold, 1973).  From 1-day PI, the gut epithelia begin to 

show characteristics more aligned with an absorptive function (Bennett, 1975a).  

Secondary lateral branching of the gut is apparent from the eighth day PI and from 
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the eleventh day PI, further branching extends to close proximity to the margins of 

the body (Dawes, 1962). 

 

1.3.2.  Reproductive system 

F. hepatica is a hermaphrodite, capable of both cross- and self-fertilisation.  Despite 

the ability for both, adults will show incredible bias towards reproducing with 

genetically distant individuals, even with a scarcity of such individuals among clones 

(J. Hodgkinson, University of Liverpool, personal communication).  The male 

reproductive structures, located in the posterior half of the adult worm, consist of 

two heavily branched testes, from each of which leads the vas deferens which in 

turn join to form a seminal vesicle.  This moves anteriorly to the ejaculatory duct 

running into the cirrus leading to the genital pore which is located anterior to the 

ventral sucker (Fairweather et al., 1999).  The female aspect of the system occupies 

much more of the body, with the vitellaria being one of the most obvious structures 

in an adult worm.  The ovary is also branched, with an oviduct leading from it.  

Occupying most of the lateral fringes are the vitellaria, all of which converge via 

vitelline ducts to the vitelline reservoir.  The oviduct joins a region anterior of the 

vitelline reservoir that Yousafzai (1952) referred to as the elliptical chamber, now 

known as the ootype, which leads to the uterus which in turn extends up to the 

genital pore (Fairweather et al., 1999).  In a mouse infection, at 1-day PI, the 

reproductive structures are present in a rudimentary form.  The structures grow in 

size over 3-day and 8-day PI, with limited development.  The main stages of 

development occur beyond the 11-day PI time-point.  The full development of the 
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reproductive system (approximately 35 days PI) coincides with the entry into the 

bile ducts (Dawes, 1962). 

 

1.3.3.  Tegument 

The tegument has received much attention over the past several decades given that 

it is the interface between host and parasite.  Originally characterised in the adult 

stage, it is made up of an anucleate syncytium with cytoplasmic extensions 

(referred to as the external layer in the literature) from nucleated cells (the internal 

layer) nestled beneath the muscle layer in the underlying parenchyma.  Previous 

workers had identified bodies in the external layer as nuclei but were most likely 

massed mitochondria (Pantelouris and Gresson, 1960).  Beyond these organelles, 

this layer contains smooth endoplasmic membranes, vacuoles and spines 

(Threadgold, 1963).  The spines themselves are oriented backwards, suggesting a 

role in gaining purchase on surrounding tissue during a locomotory cycle (Bennett, 

1975b).  The tegument has been proposed to play various roles, beyond the most 

obvious of protection from the host immune system; macrophages have been 

observed as attached to a completely non-disrupted syncytium (Bennett and 

Threadgold, 1975), tegument turnover (Hanna, 1980) and inducing alternative 

activation of macrophages (Haçariz et al., 2011).  Beyond immune protection, there 

is evidence for additional functions.  For example, Pantelouris and Gresson (1960) 

injected iron into the gut lumen and subsequently found deposits of it in the 

tegument.  In electron micrographs, invaginations and pinched off bodies are 

commonly seen, suggesting the tegument is capable of both endocytosis and 

exocytosis (Threadgold, 1963).  Hanna (1976) was able to corroborate previous 
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work suggesting the tegument serves as the main route of glucose transport into 

the fluke, highlighting the tegument as a highly metabolically active structure. 

 

1.3.4.  Neoblast-like cells 

The main focus of research in planarian organisms of the last two decades has 

undoubtedly been the “neoblast-like” stem cells, responsible for the remarkable 

regenerative abilities of these animals (Randolph, 1897; Bardeen, 1901).  These cells 

relatively large compared to other cell types, with the cytoplasmic space dominated 

by the nucleus.  While the regenerative aspect of the parasitic species appears to 

have been largely lost, the cells themselves remain.  Cells in the blood fluke, 

Schistosoma mansoni, were shown to be transcriptionally similar to the neoblasts of 

planarians, in that they expressed many transcripts previously associated with 

proliferation (Collins et al., 2013).  McCusker et al. (2016) were able to identify 

these cells in F. hepatica, while positively linking them to growth.  Recently, various 

experiments have begun to suggest a link between these cells and susceptibility to 

triclabendazole.  Multiple exposures of sub-lethal doses of triclabendazole inhibited 

growth, indicating that this drug likely interferes with cell division.  Striking 

differences are evident in comparisons of triclabendazole resistant and susceptible 

strains.  For example, while both strains were of a similar size in the NEJ stage, at 

three days old the resistant worms grew larger with a greater density of these cells 

(N. Clarke, Queen’s University Belfast, personal communication).  This early work 

would suggest that neoblast-like stem cells play a key role in providing drug 

susceptibility in liver fluke and may highlight this cell type as an appealing target for 

new chemotherapeutic approaches. 
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1.3.5.  Nervous system 

The nervous system of F. hepatica and by extension, flatworms, has been of great 

interest to researchers given that they are amongst the most primitive bilaterians 

and, therefore, the first to have a true nervous system, including a centralised brain 

(Reuter and Gustafsson, 1995).  This organisation is likely to have evolved from 

benthic-dwelling, sedentary common ancestors of flatworms and cnidarians which 

had a diffuse nerve net (Arendt et al., 2016).  The anteriorly located brain is likely 

the result of selective pressure coinciding with bilateral evolution, requiring 

coordination of input from sensory receptors and consequent activity of the 

remainder of the body (Koopowitz and Keenen, 1982).  The nervous system is 

organised into two main divisions, the central (CNS) and peripheral (PNS) nervous 

system (Fig 1.3).  The CNS comprises a bilobed ganglion, situated posterior to the 

oral sucker on either side of the pharynx.  The ganglia are connected by a transverse 

commissure consisting of many processes that cross the pharynx on the dorsal side 

(Halton and Gustafsson, 1996).  In the young juvenile, the cells of the ganglia are 

organised in a clearly defined rind, with the cell bodies at the periphery surrounding 

many nerve processes of the neuropile (Sukhdeo and Sukhdeo, 1990).   

As the worm develops to sexual maturity, this rind loses the tight organisation, as 

the ganglia become composed of small nerve processes and now giant nerve 

processes and mesenchyme cells (Sukhdeo et al., 1988).  The other components of 

the CNS are the ventral nerve cords (VNCs), dorsal nerve cords (DNCs) and lateral 

nerve cords (LNCs), collectively known as the main nerve cords (MNCs), all of which 

originate from the cerebral ganglia and extend posteriorly.  They are connected at 

regular intervals by transverse connectives in an orthogonal arrangement. 
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The MNCs consist of bundles of axons, with somata located at regular intervals at 

the periphery of these bundles.  The MNCs are located on the ventral side of the 

worm, reflecting the need for control over the ventral suckers among other 

structures (Halton and Gustafsson, 1996).  The PNS encompasses all remaining 

nerve aspects, mainly those that extend from the CNS to form plexuses at various 

tissues; subsurface, submuscular, subtegumental, stomatogastric (pharyngeal and 

intestinal) and reproductive.  The lack of a coelom or any recognisable circulatory 

system suggests the nervous system to be the control centre for initiating, 

maintaining and ceasing many processes including motility, growth and 

development.  This is evidenced by the presence of various neurosecretory 

Figure 1.3.  General representation of the nervous system of Fasciola spp. showing 
aspects of the central (cerebral ganglia, ventral, lateral and dorsal nerve cords) and 
peripheral nervous systems. 

  



 15  

substances in close proximity to muscle (somatic body wall and sucker) and 

reproductive structures (Magee et al., 1989; Marks et al., 1995).  The unmyelinated 

nerve cells of the nervous system are the more primitive multipolar and bipolar 

nerves, whereas the more advanced unipolar cells are restricted to the cerebral 

ganglia.  In flatworms, there is evidence for multiple types of synaptic release in 

addition to the classical synapse (meeting of single pre- and post-synaptic bulbs) 

which have been observed in the cestode Diphyllobothrium dendriticum 

(Gustafsson, 1984). 

 

1.4.  Epidemiology and control 

1.4.1.  Epidemiology 

1.4.1.1.  Human infection 

Analysis of human coprolites from the Stone Age has provided evidence for some of 

the earliest F. hepatica infections in humans, which seem to coincide with the 

advent of farming and domestication of livestock animals (Dommelier-Espejo, 2001; 

Roever-Bonnett et al., 1979).  No paleoparasitological studies however have 

confirmed the presence of F. hepatica in coprolites from the Americas.  Today, 

human infection with F. hepatica (termed fascioliasis) poses a significant public 

health problem, being present in every continent with the exception of Antarctica.  

Estimates of worldwide infection vary widely, with the figures typically lying 

somewhere between 2.4 million (Rim et al., 1994) and 17 million (Hopkins, 1992).  

These are not only outdated estimates, but the real global prevalence is likely much 

higher.  Areas that have been quoted as having particularly high infection rates are 

the Andean countries (e.g. Bolivia, Peru, Chile, Ecuador), the Caribbean, Northern 
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Africa and the Caspian area (e.g. Iran) (Mas-Coma and Bargues, 1997).  In endemic 

countries, examples of assessed prevalence include 34% in the Mantaro Valley of 

Peru and even up to 100% in the Bolivian region Altiplano (Mas-Coma et al., 1999).  

Given its hyperendemicity, the latter region has been the site of many similar 

studies (Mas-Coma et al., 2005).  In these studies, cattle-herders and children are 

typically the groups with the highest infection rates. 

 

1.4.1.2.  Animal infections 

The consequence of Fasciola infections of animals (termed fasciolosis) are 

commonly viewed from the economical perspective.  The first estimate regarding 

the economic impact of fasciolosis on a global scale was that of Boray (1985) who 

proposed a figure of US$2 billion per annum.  The second estimate has been cited 

most frequently and proposes losses due to this infection were greater are US$3.2 

billion per annum (FAO, 1994).  Estimates of this scale are unlikely to be accurate, 

suggesting studies of individual regions or countries should be looked to for a more 

realistic idea of the impact of this infection.  For example, Schweizer et al. (2005) 

calculated that the impact of fasciolosis on the cattle industry of Switzerland to be 

€52 million, representing a loss of €299 per infected animal.  For the UK, Bennett et 

al. (1999) calculated losses in the cattle industry between £7.1 and £50.6 million per 

annum.  Infections of cattle and sheep have understandably been the focus of those 

researching fasciolosis epidemiology, however, looking to other species beyond 

those of economic significance and into wild species reveals the remarkable host 

plasticity of F. hepatica.  For example, in Belarus, it was identified in several wild 

species including elk, beaver and otter (Shimalov and Shimalov, 2000).  Other 



 17  

studies have highlighted further wild species as definitive hosts with varying 

susceptabilities, such as the black rat (Valero et al., 1998; Valero et al., 2002) and 

highly susceptible nutria (Ménard et al., 2001).  Of all hosts beyond sheep and 

cattle, pigs seem to show significant resilience to infection, natural and 

experimental (Ross et al., 1967; Valero et al., 2001).  A diversity of wild animals can 

serve as reservoirs, somewhat complicating control measures, as they are 

commonly not accessible for treatment and preventing these animals depositing 

eggs on grazing land is not always practical. 

 

1.4.2.  The anthelmintic arsenal 

Several chemotherapeutic options are available for the treatment of Fasciola 

infections, however the efficacy of these are typically restricted to the late 

immature and adult stages.  Triclabendazole (TCBZ) is an exception to this has high 

efficacy against both immature and mature stages (Boray, 1983).  It is also unusual 

in that it is effective against F. hepatica, F. gigantica but also Fasicoloides magna 

but no other trematodes (Hyman et al., 1984; Foreyte, 1989).  The effect of TCBZ is 

thought to be due to tubulin depolymerisation, although this has yet to be 

conclusively proven in F. hepatica (Lacey et al., 1980; Lubega and Prichard, 1990).  

Another drug within the benzimidazole class is albendazole (ALBZ), with an efficacy 

restricted to flukes older than 12 weeks (McKellar and Scott, 1990).  The activity of 

ALBZ has been attributed to the binding of colchicine to tubulin (Fetterer, 1986), 

leading in some cases to the inhibition of egg development (Alvarez et al., 2009).  

The salicylanilides, oxyclozanide and closantel, active against the late immature and 

adult stages, were thought to act via stimulating oxygen consumption, increasing 



 18  

glucose uptake and decreasing ATP synthesis (Veenendaal et al., 1974).  With 

oxyclozanide, Edwards et al. (1981) identified no reduction in ATP in treated flukes, 

with the authors proposing the primary mode of action of this drug might be 

neurotoxic.  The effect of closantel appears to affect the glycolytic pathway, 

specifically effecting glucose-6-phosphate levels, leading to a downstream 

reduction in ATP (Rohrer et al., 1986).  The sulfonamide, clorsulon, is another 

option with efficacy against late immature and adult fluke, with a greater effect in 

cattle over sheep (Wyckoff and Bradley, 1983; Malone et al., 1984).  This 

anthelmintic inhibits enzymes in the glycolysis pathway, the main energy source for 

F. hepatica (Schulman and Valentino, 1980).  Finally, the halogenated phenol, 

nitroxynil, has efficacy again limited to late immatures and adult stages (Boray, 

1986).  The effect of this drug is yet to be elucidated. 

 

1.4.3.  Anthelmintic resistance 

Ever since its introduction in the mid 1980s, the control of F. hepatica infections has 

relied heavily on the anthelmintic TCBZ.  This is due to its high efficacy against both 

juvenile and adult stages of the worm, a characteristic not shared by other 

anthelmintic options.  Not surprisingly therefore, resistance to TCBZ (TCBZ-R) 

emerged, first reported by Overend and Bowen (1995), on a sheep farm that had 

been using solely TCBZ for ten years. Resistance in this context is defined as a 

heritable characteristic and results when a portion of a parasite population is no 

longer affected by a drug which was previously effective (Sangster, 1999).  Since this 

initial 1995 report, TCBZ-R has been reported in multiple countries.  Up until 2011, 

reports documenting TCBZ-R were limited to regions of Australia, Scotland, Wales, 
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Netherlands, Spain and Republic of Ireland (Fairweather, 2011).  Since then, many 

more accounts of TCBZ-R have emerged in these and neighbouring countries, but 

also regions in South America (Ortiz et al., 2013; Gil et al., 2014).  There are also 

reports of TCBZ-R from human cases, the first concerning a 71-year-old male from 

The Netherlands, who, despite multiple TCBZ treatments and combination 

therapies remained infected (Winkelhagan et al., 2012).  Other similar reports have 

emerged from Chile, Turkey and Peru (Gil et al., 2014; Gülhan et al., 2015; Cabada 

et al., 2016).  Resistance in nematodes to other drugs within the benzimidazole 

family has largely been attributed to single-nucleotide polymorphisms (SNPs) in 

genes encoding b-tubulin isotypes.  The most commonly discussed of these SNPs 

are F200Y, E198A and F167Y.  All of these individual SNPs have been shown to 

confer resistance individually, with the presence of F200Y and E198A commonly 

seen together in resistant isolates (Ghisi et al., 2007; Mottier and Prichard, 2008; 

von Samson-Himmelstjerna et al., 2009).  Among the b-tubulin isotypes identified in 

F. hepatica, a comparison of TCBZ-R and susceptible stains revealed no mutations 

that would lead to the aforementioned SNPs (Hodgkinson et al., 2013).  Reduced 

bioavailability of the drug has been proposed by Alvarez et al. (2005), who found a 

reduction of both TCBZ and its active sulphoxide metabolite (TCBZ.SO) in TCBZ-R 

fluke.  Enhanced drug efflux has been associated with anthelmintic resistance in 

other parasites, namely S. mansoni (Kasinathan et al., 2010; Pinto-Almeida et al., 

2015).  This mechanism of resistance is not limited to parasites but has been found 

to confer resistance to various cancer therapies (Modok et al., 2006).  There are 

alternative anthelmintics available for treating Fasciola infections, however, these 

are typically only effective against the adult stage.  The most commonly discussed 
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of these alternatives include; albendazole, oxyclozanide, nitroxynil and closantel.  

The extended spectrum of fasciolides are reviewed in depth in Fairweather and 

Boray (1999).  The salicylanilide, closantel, has been highlighted as the best option 

beyond triclabendazole.  Not surprisingly therefore, resistance has also emerged to 

this anthelmintic (Novobilský and Hoglund, 2015). 

 

1.4.3.  Future control methods 

Due to the heavy reliance on a narrow range of anthelmintics, resistance to any 

new introductions will inevitably follow.  The move away from relying on empirical 

screening and the need for novel drugs to be discovered in a “bottom-up” manner 

(design of a drug to a previously identified target) has enriched our understanding 

of various biological systems, but has undoubtedly slowed the discovery of new 

chemotherapeutics (Sams-Dodd, 2005).  A preventative option is vaccination.  There 

are few vaccines commercially available for helminth parasites e.g. Bovilis Huskvac® 

(for the bovine lungworm, Dictyocaulus viviparous) and Barbervax® (for the 

barberpole worm, Haemonchus contortus) (Basetto et al., 2014; Sharma et al., 

2015).  Providean Hidatil EG95® is a vaccine against the cestode E. granulosus that 

showed up to 100% efficacy in experimental immunisation trials conducted in a 

variety of countries (Lightowlers, 2006).  With the lack of a commercially available 

vaccine coupled with the problem of growing resistance, the control of F. hepatica 

is seriously undermined.  The development of vaccines against parasitic helminths is 

further complicated by their remarkable ability to modulate and/or supress the host 

immune system (Molina-Hernández et al., 2015).  The highest rates of protection of 

the vaccine candidates tested to date is provided by a recombinant antigen termed 
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“Sm14”, originally from S. mansoni, that provided 92-98.5% protection against F. 

hepatica (Almeida et al., 2003).  One that had shown high levels of protection was 

provided by injection of purified leucine aminopeptidase from adult fluke (Piacenza 

et al., 1999).  Despite many attempts (reviewed in Toet et al., 2014), none have 

reached these levels of protection.  As Kelley et al. (2016) point out, even a vaccine 

with limited efficacy (50-60%) would still reduce worm burden, yielding a reduction 

in economic losses.  They may also be used in combination with existing 

chemotherapeutics, essentially “buying time” until a highly efficacious vaccine 

becomes available.  

 

1.5.  Molecular toolkit for F. hepatica research 

1.5.1.  In vitro culture 

A central aspect of research into parasite biology is the ability of investigators to not 

only maintain parasites in vitro, but to do so in a way that in vitro parasites show 

adequate similarity to their in vivo counterparts.  The second half of the 20th 

century saw a high intensity of research into this area in a variety of species.  

Without doubt, the most successful of these were efforts to maintain S. mansoni.  

Having tested over 180 formulations, Basch (1981) was able to culture cercariae to 

pairing adults.  This was the standard medium used for decades, until further 

improvements were made more recently to improve the reproductive ability of the 

female (Wang et al., 2019).  Research into improving in vitro maintenance of F. 

hepatica primarily focused on adults extracted from livers.  Initially, adults were 

only able to be kept alive for up to 12 hours in Ringer’s saline but were soon able to 

be maintained for up to three weeks (Stephenson, 1947: Dawes, 1954; Rohrbacher, 
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1957).  Following interest in the excystment physiology, the focus shifted to 

maintaining the resultant NEJs (Dixon, 1966).  Despite extensive empirical testing, F. 

hepatica juveniles were only able to be maintained for 50-60 days in vitro, with 

development having stalled at approximately 8-11 days post excystment (Davies 

and Smyth, 1978).  Further improvements were made by Smith and Clegg (1981) 

who found that RPMI with 50% human serum and 2% human red blood cells 

provided accelerated growth rates and improved survival.  Despite this advance, 

worms maintained in this formulation were still substantially smaller and less 

developed than in vivo equivalents.  Recently, McCusker et al. (2016) tested another 

array of media, identifying a 50/50 combination of RPMI and chicken serum as the 

optimal of those assessed.  Interestingly, they found that the presence of foetal 

bovine serum, an additive regularly used in cultures of cells and other parasites, 

significantly hampered F. hepatica survival, resulting in 100% death by the fifth 

week of culture.  The stimulation of growth provided by chicken serum 

supplementation was unexpected given the apparent inability of F. hepatica to 

infect chickens.  This effect can in part be explained by chicken serum having been 

previously identified to have higher levels of triglycerides and cholesterols than the 

likes of foetal bovine serum, together with the lack of biochemical pathways in F. 

hepatica to synthesise fats de novo (Timanova-Atanasova et al., 2004; Khaki et al., 

2012).  Despite there still being a gulf in the growth profiles of in vivo and in vitro 

maintained worms, the work of McCusker et al. (2016) has been the most 

significant improvement to date and represents the current standard media used in 

maintaining F. hepatica.  Given that the neoblast-like stem cells of F. hepatica have 

now been intrinsically linked to growth, investigating cultures that allow for the 
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maintenance and proliferation of isolated neoblast cultures may be an interesting 

avenue to pursue (Lei et al., 2019). 

 

1.5.2.  “Omic” resources 

The emergence of “omic” resources has substantially accelerated research on F. 

hepatica. Initially, the focus was on proteomics.  Jeffries et al. (2001) identified an 

array of cathepsin proteases and enzymes linked to host immune system 

modulation from excretory-secretory products, hinting at proteins integral to the 

host-parasite interface.  A later study analysed NEJs, again finding that proteolysis-

related molecules in high abundance, including a cathepsin that seems to be 

specific to the NEJ stage (Hernandéz-González et al., 2010).  Proteomic analyses of 

F. hepatica and Schistosoma species has been carried out, identifying proteins 

present in both genera, hinting at vaccine targets for both parasite species (Boukli 

et al., 2011; De la Torre Escudero et al., 2011).  More recently, an in-depth study of 

NEJ and adult stages discovered an extensive array of proteins, present in a diverse 

range of functional pathways, offering an unrivalled insight into the proteome 

biology of F. hepatica (Di Maggio et al., 2016).  

 

Prior to 2009, F. hepatica nucleotide entries in central databases such as NCBI were 

sparse and highly redundant.  Expressed sequence tag (EST) and subsequent 

transcriptome datasets for live fluke emerged soon after, introducing nuclear 

genomic research for this species (Robinson et al., 2009).  Young et al. (2010) found 

the transcriptome to be much larger than anticipated, with 44,497 sequences 

predicted to be protein-encoding, which was initially thought to be due to a high 
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degree of redundancy.  Two genomic studies have been carried out on F. hepatica, 

both of which corroborated this large transcript complement.  These studies 

revealed 1.3Gb (Cwiklinski et al., 2015) and 1.14Gb (McNulty et al., 2017) genomes, 

showing F. hepatica to have one of the largest among sequenced pathogens, 

considerably larger than S. mansoni (363Mb, Berriman et al., 2009) and O. viverrini 

(634.5Mb, Young et al., 2014).  

 

Transcriptomic studies analysing one or more conditions are powerful resources in 

that the expression profiles of genes can be compared, allowing for hypotheses 

regarding function to be formulated.  Two such studies exist in F. hepatica.  The first 

analysed various life cycle stages; egg, metacercariae, NEJ 1hr (1-hour post-

excystment), NEJ 3hr, NEJ 24hr, 21-day juvenile (in vivo) and adult (Cwiklinski et al., 

2015).  The second compared worms at 21 days old, maintained differently in that 

one group was cultured in vitro (using a 50/50 RPMI chicken serum combination) 

and the other group maintained in vivo in rats.  This study has highlighted many 

interesting differences between the two conditions, highlighting genes integral to 

the development of growing juvenile such as histone H2A and the transcription 

factors nanos and sox (E. McCammick and E. Robb, Queen’s University Belfast, 

personal communication).  Taken together, all of these datasets have together 

provided a solid foundation on which to undertake research into F. hepatica in the 

post-genomics era. 

 

 

 



 25  

1.5.3.  Functional genomics 

Functional genomics approaches such as RNA interference (RNAi) have been 

integral to elucidating gene function in the post-genomics era.  The molecular 

machinery for RNAi was initially identified in the model free-living nematode 

Caenorhabditis elegans (Fire et al., 1991; Fire et al., 1998).  This technique allows 

researchers to suppress the expression of various genes with the aim of exposing 

associated phenotypic changes that inform function.  This technique was soon 

adapted for use in the model flatworm Schmidtea mediterranea (Sánchez Alvarado 

and Newmark, 1999).  RNAi has been used in this species in a large number of 

studies, none however more extensive than a screen of 1065 genes, which revealed 

phenotypes for 240, many of which implied roles for genes involved in key 

processes such as regeneration (Reddien et al., 2005).  The first two accounts of 

RNAi in a parasitic flatworm was that of Skelly et al. (2003), who successfully 

knocked down cathepsin B in early schistosomules.  The potential for this tool in F. 

hepatica research was realised with the knockdown of cathepsins B and L, the 

impacts of which were examined by probing the ability of control and RNAi-NEJs to 

migrate through the duodenum in an ex vivo bioassay.  The percentage of worms 

completing the migration was significantly lower in RNAi worms than controls, 

implicating a role for these enzymes in fluke migration through the intestine 

(McGonigle et al., 2008).  Many aspects of the Fasciola RNAi methodology have 

been investigated, including type of trigger (i.e. double-stranded RNA or small 

interfering RNA), delivery of trigger (soaking, electroporation, injection), duration of 

incubation in trigger, frequency of incubations in trigger.  On the nature of the 

trigger, McVeigh et al. (2014) found that dsRNA and siRNA yielded comparable 
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results, whereas Dell’Orca et al. (2014) and McCammick et al. (2016) found dsRNA 

to provide more penetrant and persistant knockdown.  Having tested a variety of 

delivery methods, Dell’Orca et al. (2014) identified “electro-soaking” (defined as 

worms being incubated in trigger, subjected to electroporation and worms 

remaining in trigger) as providing the most knockdown.  Other authors have not 

seen such a difference, leading to the less technically demanding method of soaking 

being the standard of delivery (Anandanarayanan et al., 2017).  Initial RNAi studies 

in F. hepatica focused on a single exposure immediately post-excystment, with the 

culture methods only suitable for a maximum experiment duration of 2-3 days.  

Comparing various dsRNA exposure protocols across a 72-hour period, McVeigh et 

al. (2014) showed similar knockdown among initial exposures of; 72 hours of 50 

ng/μl dsRNA, 4 hours of 50 ng/μl (followed by 68 hours no dsRNA), 4 hours of 50 

ng/μl followed by 68 hours 2.5 ng/μl and 4 hours no dsRNA followed by 68 hours 

2.5 ng/μl dsRNA.  More recently, with the improved in vitro maintenance platform, 

experiments can be extended to multiple weeks, allowing for more dsRNA 

exposures in attempts to ensure robust knockdown.  As a general rule, weekly 

overnight exposures of 100 ng/μl dsRNA (in 100% RPMI, as serum has been 

identified to have endogenous dsRNase activity) followed by maintenance in 50/50 

RPMI chicken serum has yielded strong knockdown.  Current efforts to optimise this 

methodology have focused on increasing the frequency of triggers. 

 

A new technique that is very much in its infancy regarding flatworms is CRISPR gene 

editing, a technique that allows researchers to trigger precise and heritable changes 

to a genome (McVeigh and Maule, 2019).  The first two studies documenting the 
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use of this technique were published simultaneously, involving S. mansoni and O. 

viverrini.  The schistosome gene encoding a secreted ribonuclease, omega-1 (ω1), a 

key player in inducing granulatomous inflammation, was essentially de-activated in 

eggs.  Histopathology of mice subsequently infected with these ω1-knockout eggs 

showed significantly reduced volumes of pulmonary granulomas encapsulating the 

eggs (Ittiprasert et al., 2019).  In O. viverrini, Arunsan et al. (2019) targeted a 

secreted growth factor, termed liver fluke granulin (Ov-GRN-1), heavily implicated 

in inducing liver cells to multiply, facilitating the carcinogenic aspect of Opisthorchis 

infection.  While these Ov-GRN-1-knockout worms were still able to establish an 

infection, the authors report a reduction in biliary hyperplasia and fibrosis.  The use 

of functional tools such as RNAi and CRISPR gene editing have shown, and will 

continue to show, great promise in the parasite research dynamic and, by 

extension, are beginning to prove indispensable in investigating central aspects of 

parasite biology. 

 

1.6.  Flatworm neuropeptide signalling system 

1.6.1.  Synthesis and processing of neuropeptides 

The synthesis of neuropeptides is distinctly different to that of classical 

neurotransmitters (Fig 1.4).  Typically, one or more copies of a neuropeptide form 

part of a larger inactive precursor, termed the prepropeptide, which typically has an 

N-terminal signal peptide.  Following synthesis of the precursor, the signal peptide 

is cleaved by signal peptidase (leaving the propeptide) during loading into a COPII 

vesicle which is then transported to the Golgi apparatus.  Here the propeptides are 

folded and packaged into large dense core vesicles (LDCVs) (Hökfelt et al., 2000).  
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The next stage of processing is mediated by prohormone convertase 2 (PC2), a 

trypsin-like endopeptidase that is activated by the moderately acidic pH and 

elevated Ca2+ levels of LDCVs (Zhou et al., 1999).  PC2 cleaves the neuropeptide 

from the precursor at flanking basic residues (Zhou et al., 1993; Steiner, 1998).  

Analysis of reproductive structures of S. mediterranea following RNAi mediated 

knockdown of PC2 revealed decreased testis size and an inability to produce mature 

sperm (Collins et al., 2010).  In higher vertebrates, any remaining basic residues on 

the C-terminal end of the peptide are cleaved off by a metallocarboxypeptidase, 

carboxypeptidase E (CPE), which requires Zn2+ bound in the active site for catalysis 

(Fricker, 1988).  While not necessary for regular functioning of CPE, Ca2+ was found 

to enhance the activity of this enzyme (Nalamachu et al., 1994).  The removal of any 

C-terminal basic residues leaves a glycine which is subsequently amidated. 

 

 

Figure 1.4.  Main steps in the processing pathway of an example amidated 
neuropeptide. 
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Amidation of the C-terminal glycine in vertebrates is mediated by two distinct 

enzyme activities that are contained within peptidylglycine α-amidating 

monooxygenase (PAM).  The N-terminal domain, containing a peptidylglycine α-

hydroxylating monooxygenase (PHM), oxidises the alpha carbon of the glycine using 

copper, oxygen and ascorbate as co-factors.  The C-terminal peptidyl-α-

hydroxyglycine α-amidating lyase (PAL) releases glyoxylate, leaving the amide group 

(Ouafik et al., 1992; Prigge et al., 2000).  In invertebrates, PHM and PAL are  

expressed as independent proteins, originally identified in Drosophila (Kolhekar et 

al., 1997).  These two enzymes have been subsequently identified and characterised 

in S. mansoni (Mair et al., 2004; Atkinson et al., 2010).  Various studies have 

highlighted that this amidation is essential for neuropeptide activity (Eipper et al., 

1992; Day et al., 1997; Prigge et al., 2000).  In addition to having a role in facilitating 

binding to the cognate GPCR, this C-terminal amidation protects the neuropeptide 

from degradation (Merkler, 1994). 

 

1.6.2.  G-protein coupled receptors (GPCRs) 

GPCRs represent a large family of receptors that detect a wide range of extracellular 

signals such as photons, ions, small organic molecules, peptides and in some cases, 

entire proteins.  Binding of these entities to GPCRs triggers an intracellular signal 

cascade resulting in a cellular response.  The human genome encodes over 800 

unique GPCRs, illustrating the diversity of processes that they mediate 

(Frederiksson et al., 2003).  GPCRs have three main parts: 1) the extracellular region 

comprising the N-terminal region and three extracellular loops (ECL1-3); 2) the 

transmembrane region, consisting of seven α-helices (TM1-7); 3) the intracellular 
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region composed of an intercellular amphipathic helix (H8), and the C-terminus (Fig 

1.5) (Venkatakrishnan et al., 2013).  

 

Binding of ligands to GPCRs induce conformational changes in the intracellular 

region, which facilitates an association of the GPCR with a membrane-associated G-

protein heterotrimeric complex, made up of a GTP-hydrolysing Gα subunit and a 

Gβγ dimer.  The Gα subunit exchanges GDP for GTP, which triggers the dissociation 

of the Gβγ dimer from the GTP-bound Gα subunit, each of which can now interact 

with effector proteins to mediate various cellular processes.  Once activation is 

complete, the Gα subunit hydrolyses the GTP to GDP, allowing for the re-

association of the Gα subunit and the Gβγ dimer (Ford et al., 1998; González-

Mariscal et al., 2018). 

 
 

Figure 1.5.  Representation of the general structure of a G-protein coupled 
receptor.  
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There are two main systems by which GPCRs are classified.  The first, proposed by 

Kolakowski (1994) categorised GPCRs into six groups (A-F), mainly based on 

sequence and functional homology.  Class A, the “rhodopsin-like family” represents 

the largest of these groups accounting for ~80% of GPCRs and contains receptors 

for hormones, neurotransmitters and neuropeptides.  The other classification 

system, the “GRAFS” method, resulted from the identification of five main groups 

from phylogenetic analyses (Schiöth and Frederiksson, 2005).  These five groups 

were: Glutamate, Rhodopsin, Adhesion, Frizzled/Taste2 and Secretin.  The 

rhodopsin group is further classified into α, β, γ, and δ subgroups.  

 

Prior to the availability of any extensive genomic or transcriptomic resources for 

flatworms, research into GPCRs in the phylum was mainly restricted to individual 

receptors, with a focus on aminergic receptors (Hamdan et al., 2002; Ribeiro et al., 

2005) and, more recently, serotonergic receptors (Patocka et al., 2014; Chan et al., 

2016a; Chan et al., 2016b).  One of the first flatworm GPCRs to be characterised was 

a neuropeptide receptor that was found to be activated by various amidated 

peptides, of which GYIRFamide was the most potent (Omar et al., 2007).  Following 

the emergence of genomic resources, the GPCR complement of species such as S. 

mediterranea and S. mansoni were identified and subsequently refined, revealing a 

large diversity of these receptors in flatworms (Zamanian et al., 2011; Campos et 

al., 2014; Saberi et al., 2016; Hahnel et al., 2018).  More recently, the GPCRome of 

F. hepatica was characterised, revealing the most extensive complement of any 

sequenced parasitic helminth.  This expansion was found to be within the rhodopsin 
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family and included 18 GPCRs that appeared to be restricted to the platyhelminths 

(McVeigh et al., 2018).  

 

1.6.3.  Neuropeptides in flatworms 

The earliest evidence for the existence of the presence of neuropeptides was 

provided by the identification of presumptive peptidergic neurosecretory cells in 

adult Diphyllobothrium dendriticum, using a histological staining method involving 

paraldehyde fuschin (Gustafsson and Wikgren, 1981a; Gustafsson and Wikgren, 

1981b).  Following this, arrays of antibodies raised to previously identified 

mammalian neuropeptides were tested against parasitic species representing all 

three parasitic flatworm classes, revealing extensive and well-developed 

neuropeptide signalling systems (Gustafsson, 1987; Fairweather et al., 1988: Magee 

et al., 1989; Maule et al., 1990).  Antibodies raised against FMRFamide, substance P, 

pancreatic polypeptide and peptide tyrosine tyrosine gave consistent positive 

staining.  Characterisation of various neuropeptides from free-living and parasitic 

flatworms revealed members of two main neuropeptide families (see Table 1.1).  

 

The FMRFamide-like peptides (FLPs), so called due to the homology of members to 

the identification of the cardioexcitatory neuropeptide, FMRFamide, originally 

isolated from the Venus clam, Macrocallista nimbosa (Price and Greenberg, 1977).  

FLPs are typically 5-6 amino acids long, conforming to a (F/Y)XRFamide motif, where 

X represents a variable hydrophobic residue (Table 1.1).  Immunoreactivity to FLPs 

was evident throughout the CNS and PNS but was particularly strong in sub-

muscular plexuses and also various reproductive structures (Šebelová et al., 2004).  
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The myoactivity of FLPs was confirmed by many studies which exposed various FLPs 

to muscle fibres and muscle strip preparations, identifying a myoexcitatory 

response (Day et al., 1994; Marks et al., 1996; Moneypenny et al., 2001).  The most 

compelling evidence for the role of FLPs in flatworm reproductive biology is that 

shown in the monogenean Polystoma nearcticum, which displays reproductive 

synchronicity with its host, the grey treefrog, Hyla versicolor.  In this parasite, FLP-

immunoreactivity was only identified at reproductive structures during host 

spawning (Armstrong et al., 1997).  Stewart et al. (2003) also only found FLP- 

immunoreactivity at reproductive structures following the onset of egg production.  

The Neuropeptide-F/Y-like family is named following the identification of 

Neuropeptide Y (NPY) from porcine tissue (Tatemoto et al., 1982) and neuropeptide 

F from Moniezia expansa (Maule et al., 1991).  Much longer than the FLPs, NPF/Y 

members are typically 36-39 amino acids long, characterised by a C-terminal Y(-17)Y(-

10)GRPR(F/Y)amide motif.  Vertebrates and invertebrates are differentiated in this 

family in that vertebrate NPF/Ys have a C-terminal tyrosinamide (Y.NH2) where 

invertebrates typically have a phenylalaninamide (F.NH2) (Nässel and Wegener, 

2011).  As with FLPs, NPF-immunoreactivity is extensive throughout the nervous 

system and is present in nerves innervating muscle (including holdfast organs), 

including those within the reproductive structures, particularly evident within the 

highly muscularised egg-forming apparatuses (Maule et al., 1992: Marks et al., 

1995).   
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Neuropeptide Family Neuropeptide Sequence Species Reference 

Neuropeptide F/Y-like 
(NPF/Y) PDKDFIVNPSDLVLDNKAALRDYLRQINEYFAIIGRPRF-NH2 Moniezia expansa Maule et al. (1991) 

NPF/Y KVVHLRPRSSFSSEDEYQIYLRNVSKYIQLYGRPRF-NH2 Arthurdendyus triangulata Curry et al. (1992) 

FMRFa-like peptide (FLP) GNFFRF-NH2 Moniezia expansa Maule et al. (1993) 

FLP RYIRF-NH2 Arthurdendyus triangulata Maule et al. (1994) 

FLP GYIRF-NH2 Dugesia tirgrina Johnston et al. (1995) 

FLP 
GYIRF-NH2 

Bdelloura candida Johnston et al. (1996) 

YIRF-NH2 

NPF/Y KVVHLRPRSSFSSEDEYQIYLRNVSKYIQLYGRPRF-NH2 Arthurdendyus triangulatus Dougan et al. (2002) 

NPF/Y 
AQALAKLMSLFYTSDAFNKYMENLDAYYMLRGRPRF-NH2 Schistosoma mansoni 

Humphries et al. (2004) 
AQALAKLMSLFYTSDAFNKYMENLDAYYMLRGRPRF-NH2 Schistosoma japonicum 

Table 1.1.  Neuropeptides in the phylum Platyhelminthes that have been biochemically characterised in the pre-genomics era. 
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The role for NPF/Ys in reproduction was highlighted following RNAi mediated 

knockdown of an NPF/Y transcript displayed various detrimental phenotypes 

associated with the maintenance of the testes (Collins et al., 2010).  NPF/Ys have 

also been implicated in stimulating the mitosis of neoblasts in planarians 

(Kreshchenko et al., 2008), which was in a way foreshadowed by studies such as 

Freidel and Webb (1979), which identified neurosecretions as stimulants of cell 

division.  

 

The interrogation of newly available expressed sequence tags and genomic datasets 

facilitated a vast expansion of the known flatworm neuropeptide complement.  

McVeigh et al. (2009) identified 96 neuropeptides across 60 precursors from 10 

flatworm species, the majority of which were novel.  In addition to the FLP and 

NPF/Y families, homologues of previously described neuropeptides were also 

identified, such as myomodulin and buccalin.  Collins et al. (2010) used a 

combination of peptidomics and in silico mining to identify 51 neuropeptide-

encoding genes in S. mediterranea, which included many more NPF/Y family 

members than had been described in parasitic flatworms.  More recently, following 

the emergence of new and improved flatworm genomes, the flatworm 

neuropeptide complement was expanded again to include a total of 47 

neuropeptide-encoding genes, with each class of flatworm having a different 

combination (Koziol et al., 2016).  As with McVeigh et al. (2009), Koziol et al. (2016) 

identified neuropeptides with a wide phylogenetic distribution but also some that 

appeared to be exclusive to the phylum. 
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1.6.4.  The neuropeptide signalling system as a source of novel drug targets 

Given that neuropeptides and their cognate receptors have been shown to be vital 

in signalling pathways that modulate motility, reproduction and development, it 

would be rational to see this system, as a whole, as a rich vein of drug targets that 

has yet to be exploited for the control of parasitic helminths.  As discussed above, 

peptides initiate these signalling pathways and could be used to dysregulate 

processes, however peptides would be too expensive to synthesise on the scale 

needed.  They also have a low stability and would likely be degraded by host 

enzymes before reaching the target in the parasite (Otvos and Wade, 2014).  

Despite these disadvantages, it is important to note that peptides bind with 

remarkable specificity to an in vivo target (Craik et al., 2013).  As a result, efforts 

have been made to stabilise peptides and generate peptidomimetics as an 

alternative (Sillerud and Larson, 2005).  An interesting strategy employed by 

Warnock et al. (2017) was to induce a transgenic rhizobacterium Bacillus subtilis to 

express neuropeptides, resulting in reduced tomato plant infections of the plant 

parasitic nematodes Meloidogyne incognita and Globodera pallida.  It seems likely 

that various neuropeptide processing enzymes (PC2, CPE, PHM, PAL) that represent 

“choke-points” in the system might prove to be the most attractive targets, 

however compounds targeting these would need to avoid being toxic to the host as 

well (McVeigh et al., 2012). 

 

The larger neuromuscular system has already provided many effective drug targets 

for parasite control, e.g. the avermectins dysregulate glutamate-gated chloride 

channels inducing flaccid paralysis, whereas levamisole, which acts as an agonist of 
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nicotinic acetylcholine receptors on body wall muscle, induces spastic paralysis in 

nematodes (Yates and Wolstenholme, 2004; Martin et al., 2005).  An interesting 

case is praziquantel, which is predominantly used for treating infections with 

schistosomes and tapeworms.  Praziquantel induces spastic paralysis and dramatic 

disruption of the tegument, which was initially attributed to calcium dysregulation, 

although a more precise mechanism of action couldn’t be determined (Pax et al., 

1978).  Praziquantel was later found to interact with the β-subunit of schistosome 

voltage-operated Ca2+-channels (Greenberg, 2005).  Further hypotheses have 

pointed to interactions with serotonergic GPCRs (parasite and host) and transient 

receptor potential (TRP) channels (Chan et al., 2017; Babes et al., 2017; Park et al., 

2019).  In the treatment of parasitic flatworms, drugs that induce paralysis, either 

flaccid or spastic would prevent or at least limit pathology.  With F. hepatica, 

paralysis would prevent the damaging migration of the juvenile worm, facilitating 

clearance.  With S. mansoni, with the main aspects of pathology arising as a result 

of egg secretion, paralysis would limit the migration of schistosomules but could 

also prevent the male being able to contract the muscles necessary for holding the 

female in the gynaecophoric canal, preventing mating and subsequent egg 

production.  

 

In addition to praziquantel, only one other anthelmintic is known to have activity on 

GPCRs.  Emodepside is synthesised following the addition of a morpholine ring to 

“PF1022A”, a secondary metabolite of the fungus Rosellina.  Once administered, it 

has been shown to induce spastic paralysis in gastrointestinal nematodes (Holden-

Dye et al., 2012).  GPCRs represent targets for 34% of all FDA-approved drugs 
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(Santos et al., 2017).  Drugs targeting GPCRs also have relatively high rates of 

success moving through clinical trial phases; 78%, 39% and 29% for phases I 

(screening for safety, involving 20-80 individuals), II (establishing preliminary 

efficacy, 100-300) and III (final confirmation of safety and efficacy, 1000-3000), 

respectively (Hauser et al., 2017).  Researchers are able to heterologously express 

various GPCRs in cell lines, facilitating large-scale screening of multiple compounds 

(Chan et al., 2016a; Camicia et al., 2018).  Much of this focus has been on aminergic 

GPCRs, with limited attention paid to neuropeptide GPCRs.  Nevertheless, this 

method had been used to facilitate the deorphanisation attempts for a FMRFamide 

receptor and NPF/Y receptor in the turbellarian species Girardia tirgrina and S. 

mediterranea, respectively (Omar et al., 2007; Saberi et al., 2016).  As of yet, no 

parasitic flatworm GPCRs have been deorphanised.  Previously, it has been shown 

that neuropeptides from nematodes, and even arthropods, are myoactive on 

isolated flatworm muscle fibres.  This would suggest that the GPCRs facilitating this 

activity could represent targets for broad-spectrum anthelmintics (Marks et al., 

1997; Mousley et al., 2004; Mousley et al., 2005).  Neuropeptides have been shown 

to have more potent and longer-living effects than neurotransmitters, suggesting 

that drugs targeting neuropeptide signalling systems may need lower doses per 

treatment, reducing the potential impact of side effects but also lowering the cost 

of treatment (McVeigh et al, 2012).  Given that the GPCR complements of species 

such as S. mediterranea, S. mansoni and F. hepatica have been identified, these 

datasets will provide solid foundations from which to build in functional genomic 

studies to further characterise and validate potential drug targets (Zamanian et al., 
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2011; Campos et al., 2014; Saberi et al., 2016; Hahnel et al., 2018; McVeigh et al., 

2018).   

 

Despite the growth in bioinformatics datasets for liver fluke and the major progress 

made with the toolkit available to undertake gene function studies, relatively little is 

known about the neuropeptide signalling system, despite its appeal as a putative 

drug target resource.  This project sets out to address this shortfall and to exploit 

the new tools available for liver fluke to develop a better understanding of the liver 

fluke nervous system and, in particular, the neuropeptidergic system of fluke.   

 

1.7.  Project aims  

1.7.1.  General aims 

This project looks to expand our knowledge of the neuropeptide signalling system 

of F. hepatica, by identifying novel neuropeptide-encoding genes, identifying 

expression and localisation of these genes and carrying out functional genomics 

approaches to advance our understanding of their function and, potentially, expose 

new drug targets.  It was hypothesised that a greatly expanded neuropeptide 

complement exists in F. hepatica beyond what has already been discovered and 

that these individual neuropeptides can be associated with fundamental biological 

processes through functional genomics approaches.  Overall, this work seeks to 

reinvigorate research into the neuropeptide signalling system of F. hepatica and, by 

extension, parasitic flatworms in efforts to identify novel drug targets. 
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1.7.2.  Specific aims 

• Identify novel neuropeptides encoded in the genome of F. hepatica 

• Analyse expression data from F. hepatica and other flatworm species to 

drive preliminary hypotheses on function 

• Develop a neural map of the juvenile life stages of liver fluke 

• Use localisation techniques i.e. immunocytochemistry and in-situ 

hybridization to map the expression of selected components of the nervous 

system of liver fluke 

• Use RNAi as a functional genomics tool to interrogate the function of 

selected components of the liver fluke neuropeptidergic system 

• Investigate the potential link between the nervous system and liver fluke 

growth/development 
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2.1.  Abstract 

Following the emergence of genomic and transcriptomic datasets for a range of 

platyhelminths, neuropeptide-encoding genes and corresponding sets of peptide G-

protein coupled receptors (GPCRs) have been identified in flatworms, for example 

in the model species Schmidtea mediterranea and various important parasites such 

as Schistosoma mansoni.  In this study, available F. hepatica datasets including two 

genomic studies and one transcriptomic study, are interrogated, resulting in the 

identification of 35 high-confidence neuropeptide-encoding transcripts, 21 of which 

are amidated. In addition to these 35 high-confidence neuropeptide-encoding 

transcripts, 37 low-confidence neuropeptide-encoding transcripts were identified 

using an alternative search strategy that appear to be exclusive to Fasciola.  

Analysing transcriptomic datasets from F. hepatica, S. mansoni and S. mediterranea 

has informed hypotheses regarding the function of various NPPs.  It is hypothesised 

that doing the same for predicted peptide GPCRs can direct deorphanisation 

approaches. 

 

2.2.  Introduction 

Neuropeptide signalling systems have been identified across the metazoans, 

including the second-most basal metazoan phylum Cnidaria (Hökfelt et al., 2000), 

suggesting an early emergence in evolutionary history. Interestingly, classical small 

neurotransmitters such as glutamate, acetylcholine and g-aminobutyric acid are not 

present in the earliest metazoans, supporting the hypothesis that neuropeptides 

were the first secreted neuronal signalling substances (Grimmelikhuijzen et al., 

1996; Grimmelikhuijzen et al., 2004).  The action of neuropeptides is slow, relative 
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to classical neurotransmitters, as many of the latter act to directly gate ion 

channels.  Furthermore, individual neuropeptide genes can encode many 

neuropeptide copies, for example up to 37 closely related copies of a neuropeptide 

have been reported in a precursor from the sea anemone, Anthopleura 

elegantissima (Leviev and Grimmelikhuijzen, 1995).  The emergence and 

subsequent radiation of the bilaterians corresponded with a significant expansion of 

their neuropeptide signalling system (Thiel et al., 2018). 

 

The discovery of neuropeptides in flatworms prior to the advent of modern 

sequencing technologies was restricted to HPLC-based isolation and sequencing of 

peaks corresponding to purified peptides with selected bioactivity or with 

immunoreactivity to antisera generated against previously identified neuropeptides 

(Day and Maule, 1999).  Several neuropeptides were discovered using this method 

(for references, see McVeigh and Maule, 2017).  The first neuropeptide to be 

characterised in flatworms using this method was a neuropeptide Y homologue 

designated neuropeptide F (NPF) from the sheep tapeworm Moniezia expansa 

(Maule et al., 1991).  A specific antiserum was then raised to the C-terminal 

decapeptide of this NPF (Maule et al., 1992), which has since been used in a variety 

of flatworms to help elucidate the structure of the nervous system (for references, 

see Day and Maule, 1999).  Research into neuropeptide biology in flatworms slowed 

until the development of genomic and transcriptomic studies.  Probing these 

datasets using common motifs and previously identified neuropeptides as BLAST 

queries unveiled a much larger neuropeptide complement (McVeigh et al., 2009).  A 

method combining mass spectrometry and in silico investigations identified 51 
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neuropeptide-encoding genes in the model flatworm Schmidtea mediterranea 

(Collins et al., 2010).  The importance of the neuropeptide signalling system was 

revealed when RNA interference (RNAi)-mediated knockdown of prohormone 

convertase 2 (PC2), an enzyme that plays a central role in neuropeptide processing, 

resulted in abnormal behaviour and inability to regenerate and develop properly 

(Reddien et al., 2005; Collins et al., 2010).  More recently, Koziol et al. (2016) 

identified homologues of neuropeptide-encoding genes in representative species of 

the four flatworm clades, including many novel neuropeptides. 

 

Given the diversity in functionality of neuropeptides, various aspects of the 

signalling system may present a bank of novel drug targets, mainly the peptide G-

protein coupled receptor (GPCR) complement of parasitic species (McVeigh et al., 

2012).  Resistance to anthelmintics for infections caused by Schistosoma spp. (Ismail 

et al., 1996) and Fasciola spp. (Overend and Bowen, 1995) has increased pressure 

on the discovery of alternative therapeutics.  Advancing our understanding of 

neuropeptides alongside corresponding receptors would help direct and expedite 

deorphanisation approaches, highlighting the best candidates for targeting.  

Recently, McVeigh et al. (2018) has identified 147 GPCRs within the genome 

datasets of Fasciola hepatica, which contains 45 receptors predicted to have 

peptide ligands.  The identification of the entire neuropeptide complement of F. 

hepatica, using available genomes and transcriptomes, is a crucial step in 

understanding this important signalling system. 
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2.3.  Methods 

2.3.1.  Fasciola hepatica datasets 

Both genomes available for F. hepatica (PRJEB25283 from Cwiklinski et al., 2015, 

PRJNA179522 from McNulty et al., 2017) were interrogated.  An updated 

annotation of the PRJEB25283 was also used to search for novel neuropeptide-

encoding genes.  These genomes and associated annotations were posted on 

WormBase ParaSite (Howe et al., 2017).  Two transcriptomic datasets were used for 

expression analysis.  These included a developmental study (Cwiklinski et al., 2015) 

which included transcriptomes from the following life stages: Egg, Metacercariae, 

Newly Excysted Juvenile (NEJ) 1hr, NEJ 3hr, NEJ 24hr, 21d Juvenile and Adult.  The 

original read files are available on the European Nucleotide Archive (ENA) under the 

accession PRJEB6904.  The other transcriptome datasets used here (E. McCammick 

and E. Robb, Queen’s University Belfast, personal communication) were from time-

matched 21-day-old juveniles maintained in vitro and in vivo.  For the life stage 

analysis, read files were aligned to the original Cwiklinski et al. (2015) genome using 

HISAT2 (Kim et al., 2019).  Resulting “sam” files were converted to “bam” files using 

samtools.  Final counts were made and standardised into the FPKM (Fragments Per 

Kilobase of transcript per Million mapped reads) format using Stringtie (Pertea et 

al., 2015).  A more extensive transcriptome was generated from the McCammick 

dataset using a “reference annotation-based transcript assembly” method, well 

described in Roberts et al. (2011). 
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2.3.2.  Schistosoma mansoni and Schmidtea mediterranea datasets 

Transcriptomic studies for S. mansoni are detailed in Table 2.1.  Read files from each 

of these studies were aligned to the latest version of the genome (v7, PRJEA36577) 

using the workflow described above.  S. mediterranea datasets on SmedGD (Robb et 

al., 2015) using the “dd_Smed_v6” and “ox_Smed_v2” annotations (Dattani et al., 

2018) available on PlanMine (Brandl et al., 2016, Rozanski et al., 2018).  For all of 

the studies from S. mansoni and S. mediterranea, replicates were analysed as the 

replicates that are presented in the respective, with the exception of those from 

Scimone et al. (2016).  The vast number of individual read files (354 total), all of 

which were characterised as “muscle” or “non-muscle” were grouped in such a way 

that into three faux biological replicates for each group.  Resulting expression data 

from Currie et al. (2016) and Fincher et al. (2018) was converted to Z-scores for the 

purpose of correlating expression of S. mediterranea neuropeptides (Collins et al., 

2010, Koziol et al., 2016) with peptide GPCRs (Saberi et al., 2016).  Initially, all 

expression profiles of all neuropeptides were correlated with that of all peptide 

GPCRs.  A threshold of R≥0.95 was set to identify similar expression patterns.  The 

same approach was taken with the other study, and only GPCRs that had R≥0.95 in 

both studies were taken forward.  

 

2.3.3.  Neuropeptide identification in Fasciola hepatica 

Previously identified neuropeptides from the pre-genomics era (Maule et al., 1991, 

1993, 1994; Curry et al., 1992; Johnston et al., 1995, 1996; Dougan et al., 2002; 

Humphries et al., 2004) were used as search queries in BLAST searches against the 

expanded transcriptome of F. hepatica with the e-value set to 1,000,000 given the 
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small query size.  The full protein sequences of resulting matches were manually 

checked for other neuropeptide motifs. 

 

 

 

 

 

Species Author ENA Study 
Accession Brief Description 

Schistosoma 
mansoni 

Protasio et al. 
(2012) PRJEB2320 

Developmental study, 
assessing cercariae, 3-hour 
and 24-hour schistosomula 
and mixed sex adults 

Collins et al. (2013) PRJNA183100 

In vivo derived male adults 
exposed to irradiation, 
ablating stem cells, worms 
maintained for 2 days post-
irradiation 

Collins et al. (2016) PRJNA305542 
Same as above, however 
worms were maintained for 
14 days post-irradiation 

Picard et al. (2016) PRJNA312093 

Developmental study 
involving male and female 
separated groups of 
cercariae, 3 morphologically 
distinct schistosomula stages 
and adults 

Lu et al. (2016) PRJEB14695 

In vivo derived adults 
following bi-sex and single-
sex infections. Ovaries and 
testes were isolated from 
each group and sequenced 
also 

Schmidtea 
mediterranea 

Scimone et al. 
(2016) PRJNA299816 

Single cell analysis of muscle 
cells compared to all other 
cell types 

Currie et al. (2016) PRJNA314467 Individuals were dissected 
into 6 lateral fragments 

Fincher et al. 
(2018) PRJNA438083 

Adults were sequenced as 
whole animals and 5 
dissected parts termed; 
head, prepharyngeal, trunk, 
pharynx and tail 

Table 2.1.  Details of the various transcriptomic datasets for S. mansoni and S. 
mediterranea that have been analysed here. 
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Neuropeptide-encoding transcripts identified from McVeigh et al. (2009), Collins et 

al. (2010) and Koziol et al. (2016) were used as queries in BLAST searches.  In 

attempts to identify neuropeptides that might have been missed by the above 

workflows, the predicted protein dataset was interrogated using the command line 

tool “grep”, using a variety of search queries such as “(K|R|KK|RR|KR|RK).{2,40} 

G(K|R|KK|RR|KR|RK)”.  This example query would return any hits containing a 

potential neuropeptide sequence between 3 and 41 amino acids long with a C-

terminal glycine flanked by single or di-basic cleavage sites.  Hits from this method 

were scored based on the criteria of McVeigh et al. (2009); presence of flanking 

basic cleavage residues, C-terminal glycine, homology to previously identified 

neuropeptides, signal peptide, multiple copies.   

 

2.4.  Results 

2.4.1.  Probing F. hepatica datasets reveals a greatly expanded neuropeptide 

complement 

Prior to the emergence of genomic data for F. hepatica, 15 neuropeptide-encoding 

transcripts were identified from expressed sequence tag databases; five (L/M/I) 

amides, four NPF/Y-like, three non-amidated, two FMRFamides, and one 

(A/P)Wamide (McVeigh et al., 2009).  From BLAST searches carried out within this 

study, 20 further transcripts were identified, resulting in a total of 35 high-

confidence putative neuropeptide-encoding transcripts (Table 2.2).  Five of these 

were not annotated from the original genome and could only be found in the 

extended transcriptome.  The alternative grep approach resulted in 37 low-

confidence transcripts with no homology to any other flatworm.  See appendices, 
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section 6.2 for full length sequences for these low confidence neuropeptides.  It is 

important to note here that this grep approach also identified many of the 

transcripts that were identified with the BLAST approach. 
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npp- Old Liverpool Accession Peptide sequence Family 
Previously 

discovered in F. 
hepatica? 

1a XLOC_035311 NFIRIG (x2) 
L/M/Iamide 

No 

2a BN1106_s4889B000043 RGMIG, RGLIG Yes 

5a BN1106_s3602B000040 EAYADMPWG PWamide Yes 

6.1a BN1106_s597B000531 AVRLMRLG 
L/M/Iamide 

Yes 

6.2a BN1106_s328B000221 YMRMLRLG Yes 

13a BN1106_s56B000208 NFFPQRFG FMRFamide Yes 

14a BN1106_s928B000210 GLRQMRMG L/M/Iamide No 

15a BN1106_s3135B000180 GQFLRLG FMRFamide No 

20.1a BN1106_s5763B000010 SLDNLGAKLREIYKVVRNNRMQELSNYFQLHGRPRFG 

Neuropeptide F/Y-
like (NPF/Y) 

Yes 

20.2a BN1106_s280B000160 AVPVPSGIPVFETDRELLAYVRALNVYFQVFGRSRFG Yes 

20.3a BN1106_s6263B000112 VQSAPRIPKIFQSPEALRTYLNKLNEYFITIGRPRFG Yes 

20.4a BN1106_s2467B000076 TIERQATALFDDENALSRMIQQMDAYYLTYGRPRYG Yes 

20.5a XLOC_069441 EDVEKLRMVMMNSPENLRAYLRLLREWDMLSSIPRYG No 

23a BN1106_s566B000338 YIRFG FMRFamide Yes 

24a XLOC_015440 GGMYGGLLG 
Uncharacterised 
amidated 

No 

26b BN1106_s1559B000208 AHFDPILF, QSTIDPILF Unamidated No 

27b  XLOC_044700 PPYIMGGIRY Unamidated No 

28.1b BN1106_s3660B000091 AYHFFRI 
Unamidated 

Yes 

28.2b BN1106_s18B000411 AFHFFRI Yes 

Table 2.2.  List of 35 high-confidence neuropeptide encoding transcripts discovered in F. hepatica.  Any C-terminal glycines are presumed 
to be amidated.  See section appendices, section 6.1 for full-length neuropeptide sequences with aligned cDNA sequence.  
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29c BN1106_s2163B000316 YIYW, MIYY Unamidated Yes 

31/32.1c BN1106_s2137B000117 GPEPTLWELE 
Unamidated 

No 

31/32.2c BN1106_s199B000225 GPEPLWTIEV No 

35.1c BN1106_s358B000223 QTSMVRLG 
L/M/Iamide 

Yes 

35.2c BN1106_s4627B000067 SHYMSQRLG No 

36.1d BN1106_s937B000526 WFPIKEYRAGLMEV 
Unamidated 

No 

36.2d BN1106_s2392B000036 WSPVKEFHYAEPIEI No 

38d XLOC_028523 ILADF, ASILSDY Unamidated No 

39d BN1106_s4175B000148 FSRPHG 
Uncharacterised 
amidated 

No 

40d BN1106_s1470B000085 FLLGMGLQGP, FLLGLPARTLQ, FLLGLPVRS Unamidated No 

41d BN1106_s3885B000143 FFCNPTGCV Unamidated No 

42d BN1106_s3747B000115 PWTLPDPLTCCFNHLRCCIEDDQPDS Unamidated No 

43d BN1106_s43B000507 ASFSYF, GSFMF, GSLLFY, ASFSF Unamidated No 

47d BN1106_s1579B000120 AKFFMLG L/M/Iamide Yes 

48d BN1106_s1830B000391 LNVDQPDEEPRLRGSVMRYG 
Uncharacterised 
amidated 

No 

N/A.1d BN1106_s940B000161 QIFRYG FMRFamide No 

 
 
 
 

Table 2.2 (continued).  List of 35 high-confidence neuropeptide encoding transcripts discovered in F. hepatica.  Any C-terminal glycines 
are presumed to be amidated.  See section appendices, section 6.1 for full-length neuropeptide sequences with aligned cDNA sequence.  

a McVeigh et al., (2009), b Collins et al., (2010), c Tsai et al., (2013), d Koziol et al., (2016) 
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2.4.2.  Life-stage transcriptomic analysis shows neuropeptide expression biased 

towards early juvenile stages 

Expression data of the high-confidence transcripts revealed that the majority of the 

neuropeptide complement peaks in expression during the newly excysted juvenile 

(NEJ) stages, specifically the NEJ 24-hour stage (Fig 2.1).  Taking the peptide GPCRs 

(a subset of the extended F. hepatica GPCR complement identified by McVeigh et 

al. (2018)), the same pattern was seen, with a high number of GPCRs enriched in 

the NEJ stage, however more so in the NEJ 3-hour stage.   

 

Few npps break this trend, with fh-npp-6.2 and fh-npp-20.3 showing high relative 

expression in the adult stage.  Notably, most neuropeptides were actually 

downregulated in the adult stage.  Similarly, with the peptide GPCRs (pep-gpcrs), 

there are sporadic expression patterns, like that of fh-pep-GPCR-13 peaking in the 

metacercariae stage, fh-pep-gpcr-20 peaking in the egg stage and fh-pep-gpcr-24 

peaking in the adult stage.  Mapping the mean Z-score of all neuropeptides at each 

stage alongside the mean Z-score of all peptide GPCRs reveals an interesting 

pattern.  The mean expression profiles of both sets of transcripts follows a similar 

pattern, however the sharp rise in peptide GPCR expression at the NEJ 3hr stage 

precedes the equivalent rise in neuropeptide expression at the NEJ 24hr stage (Fig 

2.2). 
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Figure 2.1.  Heatmap showing the expression all high-confidence 
neuropeptide-encoding transcripts (high-confidence defined as those with 
homology in other flatworms) in F. hepatica across all life stages analysed in 
Cwiklinski et al. (2015), showing high overall expression in the highly motile NEJ 
24hr stage.  Expression is shown as Z-scores.  Green represents high 
expression; red represents low expression. 
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2.4.3.  Comparison of in vivo and in vitro maintained worms suggests role for 

neuropeptides and peptide GPCRs in development 

All predicted neuropeptide-encoding transcripts and peptide GPCRs were detected 

in the in vivo and in vitro transcriptome datasets (Fig 2.3A).  Of the 35 npp-encoding 

transcripts, 22 were significantly differentially expressed.  Interestingly, all of these 

22 were downregulated in in vivo worms (Fig 2.3B).  The most significant of these is 

fh-npp-20.4, one of the NPF/Y-encoding transcripts.  Only 15 of the 45 peptide 

GPCRs were significantly differentially expressed, with ten downregulated and the 

remaining five upregulated. 
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Figure 2.2.  Mean Z-score expression profile of high-confidence neuropeptide-
encoding transcripts (npp) and putative peptide GPCRs (pep-gpcr) across the F. 
hepatica life cycle, showing the high expression of neuropeptide-encoding 
transcripts in the NEJ 24hr stage which seems to follow the high expression of 
peptide GPCRs.  
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Figure 2.3.  Expression of neuropeptide and peptide GPCR transcripts in different 
developmental states of F. hepatica.  A) Volcano plot of all high-confidence 
neuropeptide transcripts and all putative peptide GPCRs in the in vitro/in vivo 
comparison (E. McCammick and E. Robb, Queen’s University Belfast, personal 
communication). Red = significantly downregulated in vivo, green = significantly 
upregulated in vivo, grey = not significant. Significance defined as p≤0.05.  B) 
Volcano plot focusing on the downregulated transcripts in vivo, with the 
neuropeptide-encoding transcripts labelled. 

A 

B 
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2.4.4.  Neuropeptides in Schistosoma mansoni 

Five more putative neuropeptide-encoding genes have been identified for S. 

mansoni from Koziol et al. (2016) including two further NPF/Y-like transcripts.  From 

the transcriptomic study of Protasio et al. (2012), at each life stage analysed, a 

subgroup is enriched.  From a more detailed and sex-specific look at various life 

stages (Picard et al., 2016), the greatest increases in expression are predominantly 

restricted to cercarial and adult stages, with few exceptions.  Lu et al. (2016) offer a 

specific look at single sex and bi-sex infections, from which a striking pattern 

emerges.  A significant number of neuropeptides peak in their expression in the 

under-developed single-sex derived female.  A subset of these and a separate 

cohort of neuropeptides are also expressed highly in the single-sex male. 

 

The irradiation studies of Collins et al. (2013) and Collins et al. (2016) were analysed 

to investigate a potential link between the neuropeptide signalling system and the 

proliferation of neoblast-like stem cells.  Irradiation has been used as a tool to 

deplete neoblasts in flatworms.  Comparisons of irradiated and non-irradiated 

worms had allowed for the identification of neoblast-enriched transcripts.  As 

would be expected, no statistically significant differences in the expression of 

neuropeptide transcripts were identified, given that these should be released from 

neuronal cell types by definition.  The existence of a neuropeptide-releasing nerve 

cell type directly synapsing with a neoblast-like stem cell could by proposed in the 

event that peptide-GPCRs are differentially expressed.  This, however, was not the 

case. 
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2.4.5.  Analysis of S. mediterranea single-cell transcriptomics indicates muscle-

exclusive peptide GPCRs with homologues in F. hepatica 

By grouping the 354 total read files associated with Scimone et al. (2016) into 6 

replicates (3 muscle, 3 non-muscle), muscle-specific transcripts could be identified.  

Of the 41,745 transcripts predicted from the dd_Smed_v6 transcriptome, 3937 

transcripts had an FPKM above 0 in muscle but 0 in non-muscle.  From this list, 

those transcripts with an FPKM greater than 1 in muscle were taken forward for 

further analysis.  All of these transcripts were BLASTed against the Uniprot and non-

redundant NCBI databases in efforts to characterise these transcripts.   

41,745 total 
transcripts

3937 in muscle 
only

49 GPCRs

8 peptide 
GPCRs

2 F. hepatica 
orthologues

Figure 2.4.  Overview of the S. mediterranea muscle analysis. A comparison of 
muscle and non-muscle transcriptomics allowed for muscle-specific transcripts, 
including putative peptide receptors. This analysis began with 41,745 overall 
transcripts, finishing with 2 muscle-exclusive peptide GPCRs with orthologues in 
F. hepatica. 
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Turning to GPCRs, 49 GPCR transcripts were enriched in muscle and 8 of these were 

predicted peptide GPCRs, including two NPF/Y-like receptors.  For these 8 S. 

mediterranea GPCRs, two had orthologues in F. hepatica identified by a reciprocal 

BLAST approach (Fig 2.4). 

 

2.4.6.  Localised coexpression of neuropeptides and peptide GPCRs 

Having brought all previously discovered S. mediterranea neuropeptide genes under 

a consensus nomenclature (Table 2.3), clustering of neuropeptide and peptide 

GPCR expression across two difference studies showed several distinct expression 

patterns.  Focusing on data from Fincher et al. (2018), overall expression of both 

neuropeptides and peptide GPCRs is predominantly in the pharynx.  Despite this, 

there are several exceptions to this.  For example, smed-npp-6.3 is mainly expressed 

in the anterior head and pre-pharyngeal regions, with expression diminishing 

moving posteriorly (Fig 2.5A).  Representatives of the NPY/Y-like family such as 

smed-npp-20.5, smed-npp-20.6 and smed-npp-20.7 have their expression largely 

shared between the head and pharynx (Fig 2.5B).  For most neuropeptides, there 

was at least one peptide GPCR that correlated sufficiently from both studies to 

allow appropriate comparisons.   

 

2.5.  Discussion 

The expanded neuropeptide complement of F. hepatica with 35 high-confidence 

transcripts reflects well the findings of Koziol et al. (2016) in other flatworm species 

such as S. mansoni and Echinococcus multilocularis.  Despite the significantly larger 

genome of F. hepatica, believed to be due to high levels of gene duplication, the 
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high-confidence neuropeptide transcripts do not appear to show increased 

diversification.  However, the 37 F. hepatica low-confidence transcripts that were 

found could have arisen as a result of gene duplication and subsequent divergence 

in sequence.  The lack of similarity of the neuropeptides predicted to be encoded by 

the low-confidence transcripts in other flatworm species would suggest that both 

functional and localisation studies need to be carried out to confirm or refute their 

status as neuropeptides. 

 

For recent neuropeptide-focused studies that included S. mediterranea, different 

notation methods were used (McVeigh et al., 2009; Collins et al., 2010; Koziol et al., 

2016).  It seemed logical therefore to adopt a consistent nomenclature for all of the 

identified transcripts for ease of navigation in the future.  Resulting from this, 59 

transcripts could be brought under the Koziol et al. (2016) method but 12 

transcripts from Collins et al. (2010) could not and so retain their originally 

designated names, and 16 transcripts could not be named using either approach. 
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Collins et al. (2010) Koziol et al. (2016) SmedGD Accessions 
 npp-1 SMU15039363 
smed-npp-2 npp-2 SMU15024840 
smed-npp-3 npp-3 SMU15023347 
smed-npp-4 npp-4 SMU15026135 
smed-npp-5 

npp-5 
BK007015 

 SMU15011029, 
SMU15010739  

smed-mpl-1 
npp-6 

SMU15037783 
smed-mpl-2 SMU15022342 
smed-npp-8 npp-8 SMU15026948 
 

npp-13 

SMU15022582, 
SMU15010847, 
SMU15004843, 
SMU15026309 

 
 
 
smed-spp-4 

npp-14 
SMU15011618 

smed-spp-5 SMU15039015 
smed-npp-1 

npp-15 
SMU15038294 

smed-spp-2 SMU15030072 
 SMU15009446 
smed-spp-10 

npp-18 
SMU15040654 

smed-npp-18 SMU15036575 
smed-npy-1 

npp-20 

SMU15021740 
smed-npy-2 SMU15011228 
smed-npy-3 SMU15010946 
smed-npy-4 SMU15037618 
smed-npy-5 SMU15010560 
smed-npy-6 SMU15022623 
smed-npy-7 SMU15022385 
smed-npy-8 SMU15022817 
smed-npy-9 SMU15010158 
smed-npy-10 SMU15023027 
smed-npy-11 SMU15022293 
smed-npp-22 

npp-22 
SMU15030250 

 SMU15037731 
smed-spp-11 npp-23 SMU15010070 
smed-spp-13 

npp-24 
SMU15037323 

 SMU15038911 
smed-spp-15 

npp-26 
BK007013 

smed-spp-16 SMU15037337 

Table 2.3. Organisation of S. mediterranea neuropeptide encoding genes into a 
consensus nomenclature centred around that of Koziol et al. (2016).   
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smed-1020HH-1 

npp-27 

SMU15013616 
smed-1020HH-2 SMU15011168 
 SMU15022061 
 SMU15010600 
 SMU15021641 
smed-spp-18 

npp-28 

SMU15039632 
smed-grh-1 SMU15040559 
 SMU15021168 
 SMU15021552 
 npp-29 SMU15038439 
smed-eye53-1 

npp-36 

BK007033 
smed-eye53-2 SMU15039241 
 SMU15023684 
 SMU15023295 
 SMU15040011 
 SMU15038496 
 npp-41 SMU15025647 
 

npp-48 
SMU15010700 

 SMU15022273 
 SMU15023775 

Below are Collins et al. (2010) neuropeptides that cannot be assigned Koziol et al. 
(2016) nomenclature 

smed-cpp-1  SMU15022898 
smed-ppl-1  SMU15024468 
smed-ppp-1  SMU15010733 
smed-ppp-2  SMU15022626 
smed-spp-1  SMU15029589 
smed-spp-3  BK007022 
smed-spp-6  SMU15023110 
smed-spp-7  GU295178 
smed-spp-8  GU295181 
smed-spp-9  SMU15011154 
smed-spp-12  BK007023 
smed-spp-17  GU295183 

Below are Koziol et al. (2016) neuropeptides that cannot be assigned Koziol et al. 
(2016) nomenclature+ 

  SMU15037093 
  SMU15011100 
  SMU15022018 
  SMU15036233 

Table 2.3 (continued). Organisation of S. mediterranea neuropeptide encoding 
genes into a consensus nomenclature centred around that of Koziol et al. (2016).   
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  SMU15039463 
  SMU15023243 
  SMU15022291 
  SMU15023326 
  SMU15011687 
  SMU15009581 
  SMU15022165 
  SMU15013676 
  SMU15036707 
  SMU15024599 
  SMU15040675 
  SMU15017565 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Neuropeptides shown to be involved in pharynx extension in Dugesia japonica 
(Shimoyama et al., 2016).   
+ S. mediterranea neuropeptide encoding genes identified in Koziol et al. (2016) 
were not organised in the nomenclature of the same paper. 

Table 2.3 (continued). Organisation of S. mediterranea neuropeptide encoding 
genes into a consensus nomenclature centred around that of Koziol et al. (2016).   
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Using these approaches, it is possible to generate an overview of the distribution of 

flatworm neuropeptide genes across the phylum Platyhelminthes (Fig 2.6).  This 

alone has facilitated the development of new hypotheses on function based on the 

degree of gene conservation.  Genes conserved in all 4 clades such as npp-1, npp-2, 

and npp-20 are likely to be involved in fundamental aspects of biology such as 

growth/development and motility.  Genes that are specific to a particular clade 
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Figure 2.5.  Examples of neuropeptide-peptide GPCR correlates from two 
different S. mediterranea dissection transcriptomic studies.  A) Myomodulin 
orthologue, smed-npp-6.3.  B) NPF/Y-like peptide, smed-npp-20.5.  Data for 
these graphs originate from Fincher et al. (2018). 
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(such as trematode specific npp-38, npp-39 and npp-47) can be hypothesised to be 

involved in aspects unique to that clade’s lifecycle.  For genes with a varying degree 

of conservation within these two extremes, a detailed comparison of life cycle 

stages would need to be carried out to propose functions.  For trematodes, this 

could include the development in the intermediate host or facilitating the extensive 

migration through definitive host tissue systems.  The emergence of more genomes 

of species exhibiting subtle differences in life cycle could be used to more finely 

tune hypotheses that could then be tested using reverse genetics approaches. 

 

 

 

Figure 2.6.  Phylogenetic distribution of neuropeptide genes in the phylum 
Platyhelminthes. Each number represents a different gene.  It is important to 
note that monogeneans are poorly represented here, as only two genomes 
exist for this clade, and have relatively poor-quality scores. Gene number 
identification system from McVeigh et al. (2009), Collins et al. (2010), Tsai et 
al. (2013) and Koziol et al. (2016). 
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In F. hepatica, following excystment, the NEJ undergoes substantial changes to its 

gene expression to facilitate tolerance of the host environment and initiate a major 

migration.  This would be expected, given the switch from dormancy to the highly 

active NEJ stage (Cwiklinski et al., 2018).  It is not surprising therefore that, 

according to the transcriptomic analysis, neuropeptides are involved in the NEJ 

stages.  What is striking is that the majority of these neuropeptides peak in their 

expression in the NEJ 24hr stage.  Newly exysted juveniles (defined as such until 

they have migrated through the intestine) are not technically inside the host until 

that migration through the intestine, which typically takes up to 24 hours (Dawes, 

1963).  Other upregulated gene sets in this stage include response to heat and 

hormones; glycogen metabolic processes; and, the initiation of development, 

particularly the development of the digestive system (Cwiklinski et al., 2018).  It 

would be of interest to have a parallel transcriptomic study performed in the other 

liver flukes to compare neuropeptide expression profile.  For Clonorchis sinensis for 

example, while excystment takes place in the duodenum and migration finishes in 

the bile ducts as with F. hepatica, the migratory route is somewhat more direct.  

NEJs of C. sinensis migrate from the intestinal lumen to the bile ducts via the 

ampulla of Vater, with no tissue being penetrated (Wykoff and Lepeš, 1957).  

Consequently, bile appears to directly induce chemotaxis in juveniles (Li et al., 

2018).  More recently, neuropeptides were found to inhibit the migration of 

juvenile C. sinensis (Li et al., 2019).  An important note here, however, is that the 

neuropeptides tested in this study were exogenously applied and may engage 

different signalling pathways than C. sinensis-derived neuropeptides. 
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An interesting pattern is shared by three neuropeptides: pan-flatworm npp-2, 

trematode-cestode shared npp-31/32.1 and planarian-trematode shared npp-48.  

These neuropeptides appear to peak in the metacercarial stage, then gradually 

diminish as the life cycle progresses.  Since npp-2 is shared by all flatworms, it 

would be hypothesised to play a very basic and generic role in worm biology; this 

peptide is an I/Lamide, a neuropeptide family which has been previously been 

implicated in worm motility (McVeigh et al., 2011).  If this is consistent with its 

function in liver fluke, it could be the case that this transcript is present in the 

metacercaria following its transcription originally in the highly motile cercarial 

stage.  The unamidated npp-31/32.1 shared by trematodes and cestodes may be 

involved in processes specific to endoparasite biology, such as host environment 

tolerance/immune system evasion.  A hypothesis that could more closely align with 

the expression profile would be that npp-31/32.1 is involved in the NEJ and 

oncosphere emerging from the cyst and egg respectively.  Finally, npp-48 which is 

shared by planarian and trematode clades could be involved in a fundamental 

process, especially given that after the planaria, the trematodes are the most basal 

of flatworm clades (Baguña and Riutort, 2004).  Its absence in the later-emerging 

monogeneans and cestodes would imply that the lifecycles of these clades has 

rendered npp-48 redundant, and consequently lost.  Only two neuropeptides show 

upregulation in the adult stage, the myomodulin orthologue fh-npp-6.2 and an 

NPF/Y fh-npp-20.3.  While the adult isn’t necessarily migrating, muscle activity is still 

required, for example in sucker contraction/relaxation, alimentation/regurgitation, 

reproduction and movement.  Myomodulin has been heavily implicated in 

modulating the feeding musculature of Lymnaea (Kellett et al., 1996).  Positive 



 96  

immunoreactivity at reproductive structures with an NPF specific antiserum has 

been shown in monogeneans, cestodes and trematodes (Maule et al., 1992; Marks 

et al., 1993; Marks et al., 1995).  It is not surprising therefore, that a representative 

of this family is enriched in the adult stage.  

 

In a comparison of in vitro and in vivo maintained worms, it seemed unusual that all 

22 differentially expressed neuropeptide transcripts were downregulated in the 

more developed in vivo worms.  This could suggest that the role of these 

neuropeptides act as inhibitors to more rapid development, i.e. once they are in the 

host, signals are received to induce development, potentially facilitated by the 

resulting decrease in expression of these neuropeptides.  If this is the case, the 

knockdown of these transcripts would be hypothesised to result in an enhanced 

growth phenotype, as the inhibitory signal has been removed.  Given the gulf in 

developmental profiles between in vitro and in vivo F. hepatica, it is possible that in 

vitro juveniles are transcriptionally more aligned with the neuropeptide rich NEJ 

24hr stage, so it wouldn’t be surprising that there is a general downregulation of 

neuropeptides in the in vivo juvenile.  Another hypothesis is that in the in vitro 

system, juveniles are not receiving the same signals that they would in the definitive 

host to give indications as to where they are and as such are behaving in a way 

similar to an NEJ, awaiting host signals that would trigger development. 

 

This inhibitory role of neuropeptides seems to also be indicated in the analyses of 

sex-specific S. mansoni transcriptomics.  Where the male does not seem to require 

the female to be present to develop sexual maturity, the female is heavily 
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dependent on the presence of the male (Popiel and Basch, 1984).  Analysis of males 

and females from both single sex and mixed sex infections actually reveals a 

transcriptional response to pairing in males, in addition to the substantial response 

in females (Lu et al., 2016).  This would indicate some degree of signal reciprocity, in 

which neuropeptides may play a key role (Grevelding et al., 2019).  The strong 

immunoreactivity for peptidylglycine "-hydroxylating monooxygenase (PHM) 

antiserum along the male gynaecophoric canal, specifically at the subtegumental 

nerve plexuses, would indicate neuropeptide involvement in male-female signalling 

at this interface (Mair et al., 2004).  This is reinforced by the expression patterns of 

neuropeptides in these single and mixed sex infections.  A large number of 

neuropeptides are enriched in the single sex female and are downregulated in the 

mixed sex female.  A subset of these single sex female enriched neuropeptides is 

also expressed in a similar manner in the male, suggesting these neuropeptides play 

roles in inhibiting general reproductive processes, such as limiting germinal cell 

proliferation. 

 

A look at expression in the broader life cycle indicates the activity of a range of 

neuropeptides.  Cercarial-stage enriched neuropeptides could be involved in 

tolerating environmental stressors or facilitating motility and definitive host finding.  

Schistosomule-stage enriched transcripts could be responsible for neoblast-like 

stem cell proliferation and host immune system evasion.  Finally, those enriched in 

the adult stages are likely involved in processes involving feeding, sustained 

muscular contraction (in the male) and the proliferation of germinal neoblasts.  
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As opposed to looking at neuropeptide-encoding transcripts and GPCR expression 

alone, an alternative strategy would be to look at KEGG pathway analysis.  This 

would allow for the identification of pathways that are expressed in a similar way to 

the neuropeptide-encoding transcripts themselves. 

 

It has been previously identified that neurosecretions induce mitosis in flatworms 

(Friedel and Webb, 1979).  Representation of neuropeptides in this process was 

later confirmed in the free-living flatworms (Kreshchenko et al., 2008; Collins et al., 

2010).  It was hypothesised here that this link between neuropeptides and the 

proliferation of S. mansoni neoblasts could be identified in the irradiation studies of 

Collins et al. (2013) and Collins et al. (2016).  Any differentially expressed peptide 

GPCRs could be highlighted as neoblast specific and probed further with functional 

genomics methods.  No peptide GPCR was differentially expressed between 

irradiated and control worms, suggesting that any link between the neuropeptide 

system and neoblast proliferation does not exist at a direct synapse on the 

neoblast.  In mammalian systems, neuropeptide receptors, specifically 

neuropeptide F/Y-like receptors (NPF/YRs) have been directly linked with stem cell 

proliferation (Hansel et al.; 2001, more recently reviewed in Peng et al., 2017). 

 

In efforts to identify GPCRs expressed at the neuromuscular junction, the single-cell 

sequencing study of Scimone et al. (2016) was interrogated.  Careful grouping of 

hundreds of individual datasets allowed for muscle-specific transcripts to be 

identified.  While this analysis resulted in over 1000 transcripts, of most interest 

here were the GPCRs and more specifically, the peptide GPCRs, given that these 
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may represent novel drug targets.  Of the eight S. mediterranea peptide GPCRs that 

were identified using this approach, two have orthologues in F. hepatica.  In order 

to validate the significance of these GPCRs in muscle activity, specific targeting of 

these using functional genomics approaches such as RNAi could be used. 

 

Efforts to link particular neuropeptide ligands to the corresponding receptor is a 

process known as deorphanisation.  The identification of GPCRs that bind 

neuropeptides to induce myoactivity would represent valuable drug targets for the 

migrating F. hepatica.  An added benefit of targeting GPCRs for novel anthelmintic 

development is that these proteins represent a substantial proportion of targets for 

human medicine, such that many amenable high-throughput screening platforms 

are available within the pharmaceutical industry (Hauser et al., 2017).  In flatworm 

parasites, no peptide GPCRs have been deorphanized.  This is mainly due to a lack 

of molecular tools available, however improvements to the in vitro 

culture/maintenance of parasitic flatworms (McCusker et al., 2016, Wang et al., 

2019) and development of functional genomic tools such as RNAi (McVeigh et al., 

2014) will help facilitate GPCR deorphanisation.  Given that the specialist 

pharmacological techniques that are involved in GPCR deorphanisation are labour 

and time intensive (Civelli et al., 2013), every effort should be made prior to try and 

streamline the process, for example the correlation of gene expression within 

signalling pathways can indicate a shared functionality (Michalak, 2008).   

Transcriptomic studies analysing tissue fragments of S. mediterranea were 

investigated in attempts to streamline peptide deorphanisation methods.  While 

the F. hepatica developmental transcriptome offers an insight into gene expression 
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dynamics throughout the lifecycle, it has limited utility for investigating interacting 

genes.  To circumnavigate this problem, it was proposed that ligands and their 

cognate GPCRs would be expressed in similar physical locations, i.e. be co-

expressed in selected tissue fragments.  Through the investigation of two tissue 

dissection studies, multiple neuropeptides were found to have at least one putative 

peptide GPCR with a strongly correlated expression pattern from both analyses.  

While it might be pragmatic to investigate these pairings first in functional 

genomics-based deorphanisation studies, it is important to note that individual 

neuropeptides may activate multiple GPCRs, therefore some of the pairings 

reported may be false positives (Bauknecht and Jékely, 2015; Foster et al., 2019).   

 

This chapter has more than doubled the known neuropeptide-encoding transcript 

complement of F. hepatica, as well as highlighting many others that appear to be 

Fasciola specific.  Various in silico tools have been used to facilitate the 

development of multiple hypotheses on the functions of several neuropeptides 

based on their expression through life stages and in dissected tissue fragments.  The 

presence/absence of neuropeptide-encoding genes in various flatworm clades has 

also been identified here.  These data provide a solid foundation for more detailed 

functional genomics studies on the neuropeptidergic signalling system. 
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3.1.  Abstract 

In the pre-genomics era neuropeptides were implicated in various fundamental 

biological processes in F. hepatica such as motility.  Informed by the expansion of 

the known putative neuropeptide-encoding transcripts facilitated by enhanced 

bioinformatic resources, this study encompasses a large-scale functional genomics 

screen.  RNAi was used to silence both key components of neuropeptide processing 

(enzymes prohormone convertase 2 [PC2], peptidylglycine α-hydroxylating 

monooxygenase [PHM], peptidyl-α-hydroxyglycine α-amidating lyase [PAL]) and all 

35 putative neuropeptide-encoding transcripts in F. hepatica juveniles in vitro.  The 

assessment of gene silencing revealed a substantial level of knockdown for the 

neuropeptide processing enzymes and most neuropeptide-encoding transcripts 

indicating the robustness of the RNAi methodology used.  As a result of the 

successful knockdown, profound phenotypes were seen with the processing 

enzymes over three weeks.  Enhanced growth and reduced motility were seen with 

pc2, and for phm/pal (targeted simultaneously here) reduced growth and enhanced 

motility were evident.  In contrast, only one profound phenotype was revealed from 

the neuropeptide-silencing screen with one member of the Neuropeptide-F/Y-like 

family being associated with greatly enhanced growth of juvenile F. hepatica.  

Knockdown of fh-npy-1 resulted in worms that were at least twice as large as 

controls.  The lack of other phenotypes despite high transcript knockdown could 

indicate widespread functional redundancy within the neuropeptidome.  The 

profound growth phenotype associated with fh-npy-1 silencing indicates a new and 

important role for this gene family in flatworms. 

 



 113  

3.2.  Introduction 

In the post-genomics era, an indispensable resource to the parasite research 

community is WormBase ParaSite, which serves as a central site for all nematode 

and flatworm genomic sequencing data (Howe et al., 2017).  The first flatworm 

genomes to be sequenced were those of Schistosoma mansoni (Berriman et al., 

2009) and Schistosoma japonicum (Zhou et al., 2009), which revealed key aspects of 

the biology of these parasites.  Since these initial projects, 37 further flatworm 

genomes have been reported, including two separate projects on Fasciola hepatica 

(Cwiklinski et al., 2015; McNulty et al., 2017).  Many of the flatworm genomes have 

undergone major improvements in recent years including S. mansoni (Protasio et 

al., 2012) and Schmidtea mediterranea (Grohme et al., 2018).  Genomes 

themselves, while they represent keystone developments in the research of a 

particular species, are limited in their utility, in that the functions of various genes 

can in many cases only be inferred from homology to equivalent orthologues in 

more intensely studied species such as human, mouse, C. elegans and Drosophila.  

This is problematic in parasitology given that genes of highest interest with regards 

to novel drug target discovery should be of limited homology to these higher 

species. 

 

In order to circumnavigate this problem, major efforts have focused on the 

development of functional genomics tools for the disease-causing stages of parasitic 

worms which are notoriously difficult to work on in vitro due to their poor viability 

outside their host.  Without doubt the most frequently used of these is RNA 

interference (RNAi), a mechanism first discovered in C. elegans (Fire et al., 1998).  
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RNAi involves the introduction of double stranded RNA (dsRNA) into cells 

expressing a gene homologous to this dsRNA.  A protein complex containing the 

ribonuclease Dicer cleaves the dsRNA into small interfering RNA (siRNA) which is 

incorporated into another protein complex, referred to as the RNA-Induced 

Silencing Complex (RISC).  The guide, or antisense, strand is retained and is used to 

bind to the sense strand of the mRNA, which is subsequently cleaved and destroyed 

(Bagasra and Prilliman, 2004).  The earliest reports of RNAi in flatworms were from 

S. mediterranea (Sánchez Alvarado and Newmark, 1999).  RNAi has proved to be an 

exceptionally useful tool in elucidating gene function and has even been performed 

on a grand scale in this species, in a screen of 1065 genes (Reddien et al., 2005).  

The technique has since been adapted to other flatworm species, namely S. 

mansoni and F. hepatica.  The first report in the latter was from McGonigle et al. 

(2008), which detailed the successful silencing of cysteine proteases.  In recent 

years, the protocol has been reinforced as a key technique in the F. hepatica 

molecular toolkit (Rinaldi et al., 2008; Dell’Oca et al., 2014; McVeigh et al., 2014; 

McCammick et al., 2016). 

 

Localisation of gene transcripts and resulting proteins offers another important 

perspective in elucidating gene function.  While immunocytochemistry is a common 

staple of many studies on parasitic worms, the development of target-specific 

antibodies is a lengthy and unpredictable process (Coons et al., 1955; Mukai and 

Rosai, 1981).  An alternative is in situ hybridization, which involves the binding of an 

RNA probe with complementarity to the target mRNA.  The RNA probe contains a 

label which is then detected using imaging methods.  Initially this label was 
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radioactive in nature, however these made way for non-radioactive labels such as 

biotin and dioxigenin (Wilkinson, 1995).  A major development in these methods 

was the introduction of antibodies specific to these labels with an enzyme 

conjugate that generates an enhanced signal, adding to the sensitivity of the 

protocols.  The conversion of a chromogenic signal to a fluorescent one has further 

enhanced sensitivity (Zwirglmaier, 2005).  This method has previously been adapted 

for use in flatworms, primarily S. mediterranea (King and Newmark, 2013) and S. 

mansoni (Collins and Collins, 2017).  

 

In this chapter, an RNAi screen will be carried out on the 35 neuropeptide-encoding 

transcripts of F. hepatica.  Enzymes central to neuropeptide processing will also be 

targeted in attempts to assess the importance of the broader neuropeptide 

signalling system to the fundamental biology of F. hepatica juveniles.  This chapter 

had an additional focus on the optimisation of in situ hybridization methods for the 

detection of lowly expressed transcripts, such as those encoding neuropeptides and 

their processing enzymes. 

 

3.3.  Methods 

All chemicals were obtained from Sigma unless otherwise stated. 

 

3.3.1.  Excystment 

Metacercariae cysts of the Italian strain were purchased from Ridgeway Ltd.  Visking 

tubing with the attached cysts was placed face-down in a petri dish lined with 1ml 

chicken serum (CS) (Thermo – 16110082) to prevent sticking.  A blunt scalpel was 
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used to push down on each cyst to release it from the outer cyst wall.  Popped 

metacercariae were collected using CS-lined tips into a glass embryo dish.  The 

metacercariae were then incubated in 10% sodium hypochlorite (Merck, Sigma – 

1056142500) for 2.5 to 4.5 minutes with gentle agitation to strip away the inner 

cyst wall.  Metacercariae were then washed 5 times with distilled water.  Two 

excystment solutions were prepared; sodium tauroglycocholate (20 mg sodium 

tauroglycocholate [CamLab – 1111693] in 2.5 ml 0.9% NaCl [VWR – 27800.291] and 

1.2% NaHCO3 [BDH, VWR – 301515V]) and L-cysteine (20 mg L-cysteine [SAFC – 

W32.630-5] in 2.5 ml 1/20N HCl [320331]).  The two solutions were allowed to 

warm to 37oC, mixed together (giving off effervescence) and added to the 

metacercariae.  Another watchglass was overturned and placed on top to limit the 

diffusion of the produced CO2.  The watchglasses were placed in a Tupperware lined 

with a piece of damp paper towel and placed in a 37oC incubator for an hour.  

Following this, emerging newly excysted juveniles (NEJs) were collected into RPMI. 

 

3.3.2.  RNAi 

RNAi was carried out using 160-260 base pair double-stranded RNA synthesised as 

previously described (McVeigh et al., 2014).  Primers were designed with Primer-3-

Plus (Untergasser et al., 2007) and PCRs were performed using FastStart™ Taq DNA 

Polymerase, dNTPack (FPCRN-RO).  See Table 3.1 for primers used for neuropeptide 

transcript dsRNAs in this study.  Amplicons were then sequence confirmed. For the 

large-scale neuropeptide-gene screen, following excystment, 20-25 worms, as a 

single biological replicate, were used for each target and videoed for five minutes 

using a Leica MZ125 microscope with an attached Unibrain Fire-i digital camera.  In 
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this study, a biological replicate was defined as worms coming from a single 

excystment.  Worms were returned to plates and exposed to 100 ng/µl dsRNA 

diluted in 50 µl RPMI for 24 hours.  After this, the dsRNA was removed and 200 µl 

50/50 CS/RPMI medium was added; the latter was replaced with fresh medium 

twice a week.  Between three and five neuropeptide targets were set up from each 

excystment.  Each group of targets had three control groups which were: cathepsin 

L-dsRNA as a positive control (F [5’-3’] – TKRTTATGTGACGGAGGTGA, R [5’-3’] – 

GCCBKRTAHGGRTAAK), dsRNA for bacterial neomycin phosphotransferase (Neo-

dsRNA) as a non-specific dsRNA control (F[5’-3’] – GGTGGAGAGGCTATTCGGCTA, R 

[5’-3’] – CCTTCCCGCTTCAGTGACAA), and; no dsRNA as a negative control.  Worms 

were videoed for five minutes and exposed to dsRNA as described once a week for 

six weeks.  Prior to each exposure, worms were washed five times in RPMI as it has 

been found that CS interfered with dsRNA delivery.  A second and third biological 

replicate was performed if the first showed a phenotype.  An important thing to 

note here is that even with statistical testing, this experiment is vulnerable to false 

positives and negatives, especially given the number of targe.  The enzymes 

prohormone convertase 2 (PC2) and peptidylglycine α-hydroxylating 

monooxygenase (PHM) and peptidylglycine α-amidating lyase (PAL) were targeted 

here.  PC2 cleaves the neuropeptide precursor from the prepropeptide at the basic 

cleavage sites flanking the precursor.  PHM and PAL act sequentially to amidate the 

C-terminal glycine which is required for bioactivity.  For these neuropeptide 

processing enzymes (pc2, phm, pal) worms, three biological replicates were carried 

out, with n=20-25 each.  Worms in these experiments were exposed to 100 ng/µl 
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dsRNA twice a week for 24 hours for three weeks.  See Table 3.2 for primers for 

these enzyme transcripts.   

 

Following the neuropeptide screen and prior to the enzyme targeting, it was found 

that two exposures a week instead of one in some cases greatly enhanced target 

transcript knockdown and associated phenotypic outcomes (N. Clarke, Queen’s 

University Belfast, personal communication).  For phm and pal, worms were 

exposed to both dsRNAs simultaneously at equal concentrations of 50 ng/µl (final 

dsRNA concentration of 100 ng/µl).  Worms were videoed for one minute on an 

Olympus SZX10 microscope with an Olympus SC50 camera.  It has been found that 

there was no significant difference between the ability of five-minute and one-

minute videos to differentiate motility phenotypes.  Videos were analysed using 

ImageJ software (http://imagej.nih.gov/ij/) with the “Wrmtrack” plugin (Nussbaum-

Krammer et al., 2015).  Motility was calculated as the average anteroposterior 

length change per minute.  Size was calculated as the average worm area across the 

entire video.  Statistical analyses were carried out within Graphpad Prism software 

(GraphPad Software, version 7.01, La Jolla California USA, www.graphpad.com).  

Data was initially checked for normality using the D’Agostino-Pearson omnibus 

normality test.  In the event the data was normally distibuted, an ordinary one-way 

ANOVA test was used with Dunnett’s post-hoc test.  With non-parametric data, a 

Kruskal-Wallis test was performed with Dunn’s post-hoc test.   
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npp- Accession Forward Primer (5’-3’) Reverse Primer (5’-3’) 
Size 
(bp) 

qPCR Primer (5’-3’) F/R? 
qPCR Size 

(bp) 
1 XLOC_035311 TGCGTGCTACTGATGGTCTC TGGTGTTGCGTTTTCCAATA 193 AACGACCGATGCGAATAAAG R 232 
2 BN1106_s4889B000043 CCAGCTGATTGTGTCCCTCT AGGTAAAAAGGCAGCGGAAT 209 TTGCTCATTTCCCGATCAAT R 278 
5 BN1106_s3602B000040 TGGGACCAGAGACCAGAAAC CGCATATGCTTCTCGTTTGA 258 GCGTCAAGCCTAGCGTTTT R 294 

6.1 BN1106_s597B000531 TGATGCTCACTTTGCTTGCT TCTTCCAATTCGTCCAGGTC 204 GTCGTTTTTACCGGAGTGGA F 285 
6.2 BN1106_s328B000221 AGTGGATCACCGACTCCAAG ATCTTCCGCAGTTCCACATT 204 CGAAGCATACGCATATACCG R 242 
13 BN1106_s56B000208 CGTCATCCTGTGCAATACTTATG AGCAAGCGCGTTAAAAGTGT 250 GAATTTCGGCCTGTTAGCAA R 264 
14 BN1106_s928B000210 ACAGACGAGCACAATGCAAG ATTTGTCGTAGGCCACGTTT 189 GGGCTCAGATCATTCTTTGG R 286 
15 BN1106_s3135B000180 ACGGGTTTGCACTTGTTAGG CCAGATCAAGCCGTCACTTT 248 CCACTTGACAAAAAGCGTACC R 267 

20.1 BN1106_s5763B000010 CGAATGCAAGAACTGAGCAA ACATACGACCCAGGGACAAA 171 GGAGCAAAACTGCGTGAAAT F 216 
20.2 BN1106_s280B000160 TTCTCCCTGCTCACGTTCTT TCAGTCCATTTGGGGTCATT 207 TCTGATTTGAGGCGGATACA F 231 
20.3 BN1106_s6263B000112 GCAGGTGGAAGAAGTTCTCG TTGGTCGTCCGATTGTGATA 179 GCCGACTGATTTATTGACTGG R 240 
20.4 BN1106_s2467B000076 CAAGCCACTGCTTTGTTTGA CGTAGGGTGCTTATGCTCGT 211 TACGGCATTGACGAGGTAGA F 280 

20.5 XLOC_069441 CTACTTGATTCGGGAGCAATG TGATCCACGAGTTCATCAGC 249 
TCAAATGCTCTGTCTATGGGTTC 
CATACTCTTGATCCACGAGTTCA 

F 
R 

170 

23 BN1106_s566B000338 TTTGGCAACAATGACTGCAT CAAACCGAATGAATCCCAAC 212 TGCATTCAAAGGCAACAAGA R 286 
24 XLOC_015440 TTTGTTTTGCGACGTTTTTG CCGTACATTCCTCCCCTTTT 226 CCTCGTTTACCCAACAGACC R 247 
26 BN1106_s1559B000208 CGGTTCCATCGGTGTCTTAT GGATCGAAGTGTGCTCGTTT 250 AGGATTGGATCGATGGTTGA R 292 
27 XLOC_044700 AACAATGCGTGTGACCTTGA CTGACAAAACGTAGCGCAGT 244 CGGCGGAACAATAGAAAAGA R 269 

28.1 BN1106_s3660B000091 CTTCGTTCGAGCAGTGTGAG ATTGTGATCCACGACGGATT 204 TTGTCTGGGATTCTTCATTGC R 254 
28.2 BN1106_s18B000411 CCGTAAACGAAAACCACACA CTGTCCGGATTTTTGAGAGC 224 TGTCAGGTCCGATTCACAGA R 246 
29 BN1106_s2163B000316 TACAAACGAACACCCAATCG GAGAATGTATTTGCGACCGATA 218 TCAGGGCACTGATAAAAGATACAT F 325 

31/32.1 BN1106_s2137B000117 CCCTCTATTGATATACGAACTGCAA GTCCGCGTTTCCAAAGTCTA 226 GGGATCGAAAAGGGTTCACT R 267 

Table 3.1.  List of primers designed for each of the 35 neuropeptide-encoding transcripts used to make dsRNA with amplicon sizes.  Primers for 
qPCR analysis of knockdown are also shown. 
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31/32.2 BN1106_s199B000225 AACGCGGTATCCACTACTCG TAATCCTGAGCCCATTTTGC 205 GATGGATAGCAAGCCAATCG R 238 
35.1 BN1106_s358B000223 TTGGTGGAGACAAACGTCAA TGTCCACTTCGTCAAACCAG 200 GAAAAGCCGTCAATGAAACG F 222 
35.2 BN1106_s4627B000067 ACCAATAGGGTCGGAGTCAA AGCTCCAAGCAGGACAGAAG 212 CCAATCCACTTCTGCGTTTT R 306 
36.1 BN1106_s937B000526 ACGCTACCTCCATACCATCG CAGCAGACTGGTTTGCCATT 230 GAAGAACGTTCAAGGGAGCA R 276 
36.2 BN1106_s2392B000036 GCCGAACGAAATTGTGTTTT AGGTGACCAGCGTTTCCATA 248 TTCAATTGGTTCCGCGTAGT R 281 
38 XLOC_028523 ACTGGCTTGGCTTATTCTGG TCTTCCGGGATCGAATCATA 183 GGCACGTTTGAAGTCAGCTA R 253 
39 BN1106_s4175B000148 ATCTCCGTCTGCATTCTGCT TTCTCAGCGGGTACATTTCC 196 CGAAACCAATGAACGGAACT R 289 
40 BN1106_s1470B000085 AACACGACTTTCTGCTAGTTACTG CCGTGTCCGAATCATCTTCT 249 TGGATCTCTCCATCCTCGAA R 271 
41 BN1106_s3885B000143 TGCTTCTTTCCGCTTGTCTT GATTCCGATGGAATTTGCAC 208 ATCCTGTCGGATTGCAGAAA R 264 
42 BN1106_s3747B000115 TTTACACCGCCACTGTGATG CCTCAATGCAACAGCGTAGA 165 GGTTGATCATCCTCAATGCAA R 175 
43 BN1106_s43B000507 GTTCTCCTCAGCTTGCTGCT CCATTTTGACGGGAAGTGTC 180 AGGTCCCACATGTTCTGTCC R 303 
47 BN1106_s1579B000120 TGGGTGAAAATGATGTCACG AGATTACTTCCGACCGAGCA 240 TCATTCAGTTCCTGGGTGAA F 252 
48 BN1106_s1830B000391 TTTCTCCCGATTTGGATTTG CCTTCCGCTGGTAACACAGT 197 GTGTGGCAAACCGAACAAG F 258 

N/A BN1106_s940B000161 TGCTTCGAAACGTCGTAAAA CGGGAAATCTCCATCCATAC 195 CAGTGTTACGCTGCATTTGG R 280 

1 

 

Target Accession Forward Primer (5’-3’) Reverse Primer (5’-3’) 
Size 
(bp) 

qPCR Primer (5’-3’) F/R? 
qPCR 

Size (bp) 
pc2 BN1106_s2040B000112 TGACGCTTTTCCCTATCCAC CAGCAGCCTCAATCAAATCA 185 CGACCAGATCACGAGCATAA R 212 
phm BN1106_s2982B000132 GGATAACAACTGCCCCAGAA GTCCGTCATGAATCACGTTG 204 AGGGGACATTTTACCGATCA R 233 
pal BN1106_s1643B000114 TCGGAAGAACTGGATCTGCT AGTAGGCACGCCAGATTGTT 225 CCGGTCATATAGCCCAGTGT R 278 

Table 3.1 (continued).  List of primers designed for each of the 35 neuropeptide-encoding transcripts used to make dsRNA with amplicon sizes.  
Primers for qPCR analysis of knockdown are also shown. 

Table 3.2.  Primers used for making dsRNA for pc2, phm and pal.  The qPCR primer for each is also shown.  See appendices, section 6.3 for 
full length protein sequences for these enzymes. 
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3.3.3.  mRNA extraction and quantitative PCR (qPCR) analysis 

At the end of each trial, worms from each group were transferred into round-

bottom 2ml Eppendorf tubes in a minimal amount of RPMI.  These were then snap 

frozen in liquid nitrogen and stored at -80oC until use.  A single metal bead was 

added to the tube and the tube was frozen in liquid nitrogen again.  The tubes were 

placed into a tissue lyser (Tissue Lyser LT, Qiagen) and the machine was set to 50 

oscillations per minute for one minute.  Following this, the Dynabeads® mRNA 

DIRECT™ kit (Invitrogen) was used.  Resulting RNA was treated with DNase as per 

the instructions in the TURBO DNA-free™ Kit and cDNA was generated using the 

High-Capacity RNA-to-cDNA™ Kit (Applied Biosystems).  cDNA was diluted 1:1 to 

give 40 µl of template.  Target samples were run with primers for each target, 

against a reference gene of glyceraldehyde 3-phosphate dehydrogenase (GAPDH - 

maker-scaffold10x_2706_pilon-snap-gene-0.15; forward – 

AGCTGATGGACCCATGAAAG, reverse – GCGGAACATGTGGTTGATTA).  qPCRs were 

run with a total reaction volume of 10 µl, containing 1 µl of the 1:1 diluted cDNA 

template, 2 µl H2O, 1 µl of each 10 µM primer (final concentration of 1 µM) and 5 µl 

of SYBR (SensiFAST SYBR®No-ROX mix, Bioline).  All samples were run in triplicate in 

a Rotor-Gene Q PCR machine (Qiagen).  Amplification efficiencies for each triplicate 

as well as Ct values were calculated using the Rotor-Gene Q software.  Calculation 

of the transcript knockdown was carried out using the ∆∆Ct Pfaffl equation (Pfaffl, 

2001).  Values were plotted as the value calculated from the Pfaffl equation, 

presented as “gene expression ratio”, with mean and standard error. 
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3.3.4.  In situ hybridization 

The core method employed here was originally reported by those of the Newmark 

and Collins Laboratories (see King and Newmark, 2013; Collins and Collins, 2017).  

This method was then adapted here to enable the application of FISH to juvenile F. 

hepatica and, as such, is outlined in full below.  

 

T7-labelled amplicons (T7 sequence – TAATACGACTCACTATAG) were generated 

using FastStart Taq Polymerase as recommended by the manufacturer (Roche - 

04738381001).  See Table 3.3 for primers used for ISH probe synthesis.  PCR cycling 

conditions of 95oC for 5 minutes, 95oC for 30 seconds, 55oC for 30 seconds 72oC for 

30 seconds (steps 2-4 repeated 40 times) and 72oC for 10 minutes were used.  The 

resulting PCR products were checked on a 1% TAE (tris-acetate-EDTA, 

11666690001) agarose (Bioline – BIO-41025) gel.  PCR products were purified using 

a ChargeSwitch PCR Cleanup Kit (Invitrogen, Thermo – CS12000), which were then 

transcribed using T7 polymerase as recommended by the manufacturer (Ambion, 

Thermo – AM2716).  Probes were either DIG- or Fluorescein-labelled using the RNA 

labelling kits (both Roche, 11277073910 and 11685619910, respectively).  Probes 

were DNase treated for 15 minutes at 37oC with 3 µl DNase buffer, 2 µl DNase (both 

from (TURBO DNA-free™ Kit, Invitrogen, Thermo – AM1907) and 2 µl RNase-free 

H2O.   

Target Forward Primer (5’-3’) Reverse Primer (5’-3’) 
Probe size 

(bases) 
pc2 GTGATGCGGGTGTAGGAACT CTTCATTGTGCTCGTCCTGA 1170 
phm CATATTCTCCTGGGCCAAAA ACGGAGACGACACATGACAA 885 
npf-1 ACACACGCCTCCAAAGTCA GAGGACTGATGCACTGCAAG 559 

Table 3.3.  Primers used to localise selected neuropeptide processing enzymes and 
a neuropeptide for in situ hybridization. 
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RNA probes were precipitated for at least 35 minutes at -20oC by adding 3 µl 3 M 

sodium acetate (Promega – P135A), 33 µl isopropanol (I9516) and 5 µl RNase-free 

H2O.  RNA was pelleted by centrifuging at 16,200 g for 15 minutes at 4oC.  The 

supernatant was removed, and the pellet was washed with ice-cold 70% ethanol 

(E7023).  The RNA was re-pelleted by re-centrifugation for five minutes.  This wash 

step was repeated, the supernatant was removed, and the pellet was allowed to 

air-dry for 15 minutes, then dissolved in 20 µl RNase-free H2O.  The concentration 

and purity were checked on a Nanodrop spectrophotometer.  Probes were 

aliquoted in concentrations of 500 ng/µl and stored at -80oC. 

 

Excystment of juvenile F. hepatica was carried out as above.  For FISH in four-week-

old juveniles, worms were cultured in a 50/50 combination of chicken serum 

(Thermo – 16110-082) and RPMI (Thermo – 11835-063) in 96-well round-bottom 

plates (Starstedt – 83.3925).  Medium was replaced with fresh media twice a week.  

From this point on until post-probe incubation, DEPC-treated RNase-free water and 

RNase-free tips were used.  At four weeks, worms were placed in 100% RPMI, then 

incubated in 0.25% tricaine (ethyl 3-aminobenzoate methanesulfonate, E10521) 

until the worms became relaxed.  Worms were then moved into a petri dish 

containing 4% fixative (1ml 36.5% formaldehyde, [F8776]) diluted with PBSTx (9 ml 

1x PBS with 0.3% Triton-X [T8787]), then transferred in groups of 20 to small petri 

dishes (35x10 mm, Starstedt – 82.1135.500) with a single coverslip placed on top.  

After 10 minutes, the coverslip was removed, and worms were collected into 

hydrophobic tubes and incubated in fresh 4% fixative for a further 15 minutes.  

Worms were rinsed once in PBSTx, then dehydrated through a five-minute 
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incubation in 50% methanol (32213) diluted in PBSTx, then 100% methanol for a 

further five minutes.  Worms were then stored in 100% methanol at -20oC until use.  

 

Worms were rehydrated with a five-minute incubation in 50% methanol followed 

by another five minutes in 100% PBSTx.  Worms were bleached under a bright 

halogen light source for one and a half hours with a formamide bleaching solution 

(stock solution of 9 ml H2O, 500 µl deionised formamide [F9037], 250 µl 20xSSC 

[S6639], 400 µl 30% H2O2 [H1009]).  This was washed off with two PBSTx rinses.  

Worms were permeabilised with 10 µg/ml Proteinase K (Roche, Sigma - 

03115887001) with 1 mg/ml sodium dodecyl sulfate (SDS, BDH – 442444H) diluted 

in PBSTx.  A concentration of 10 µg/ml Proteinase K incubated for 15 minutes with 

rotation was optimal for four-week-old F. hepatica juveniles.  Following this step, 

worms were transferred into 4% fixative for ten minutes, then washed two more 

times in PBSTx and incubated in a 1:1 solution of PBSTx and prehybridization buffer 

(stock solution of 5 ml deionised formamide, 2.5 ml 20xSSC, 2.4 ml H2O, 100 µl 

Tween-20 [P1379] and 10 mg Torula yeast RNA [R6625]).  Worms were incubated in 

prehybridization buffer in an in situ hybridization oven at 52oC for two hours.  

During this time, hybridization buffer (stock solution of 5 ml deionised formamide, 

2.5 ml 20xSSC, 1.4 ml H2O, 1 ml dextran sulfate [S4030], 100 µl Tween-20 and 10 mg 

Torula yeast RNA) was added to the probe for a final concentration of 1 ng/µl.  This 

solution was heated at 72oC for two minutes and then placed in the in situ oven at 

52oC.  Following the prehybridization, the worms were incubated in hybridization 

solution (containing 1 ng/µl of probe) for at least 16 hours rotating at 52oC. 
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Solutions of 2xSSC (stock of 8.99 ml H2O, 1 ml 20xSSC, 10 µl Triton-X) and 0.2xSSC 

(stock of 9.89 ml H2O, 100 µl 20xSSC, 10 µl Triton-X) were prepared and preheated 

to 52oC prior to use.  Initially 500 µl of 2xSSC was added to the 500 µl Hybridization 

buffer and the worms were allowed to settle for 20 minutes.  Beyond this, worms 

were incubated three times for 20 minutes each at 52oC in the order presented 

above.  From this point, the chromogenic (CISH) and fluorescent (FISH) methods 

diverge (see next paragraph for FISH method from this point).  For CISH, worms 

were washed for ten minutes twice in MABTx (maleic acid buffer containing Triton-

X (2.9 g maleic acid [63180], 2.2 g NaCl [VWR – 27800.291], 2.5 g NaOH [Fisher 

Scientific – S/4880/53] in 100 ml H2O, pH 7.5, 150 ml H2O, 250 µl Triton-X), then 

incubated in blocking buffer (7.6 ml MABT, 400 µl horse serum [H0146]) for two 

hours.  Blocking buffer was replaced with Ab Solution (999.5 µl blocking buffer, 0.5 

µl anti-DIG-AP [Roche, 11093274910]) and left overnight with gentle agitation at 

4oC.  The next day, worms were washed for five minutes, then ten minutes, then six 

times for 20 minutes in MABTx.  The last MABTx wash was replaced with AP buffer 

(from a stock solution of 1.2 ml 1 M pH 9.5 Tris, 240 µl 5 M NaCl, 600 µl 1 M MgCl2, 

12 µl Triton X, 9948 µl 10% poly[vinyl alcohol] [PVA – P8136]) for 10 minutes.  

Worms were then transferred to small petri dishes containing development buffer 

(AP buffer with 4.5 µl/ml 4-Nitro blue tetrazolium [NBT, Roche, 11383213001] and 

3.5 µl/ml 5-bromo-4-chloro-3-indolyl-phosphate [BCIP, Roche, 11383221001]) 

protected from light and monitored every 20 minutes for signs of signal.  If there 

was no development after 4 hours, the dishes were left at 4oC overnight and 

allowed to develop the next day.  Following signal development, a 10-minute PBSTx 

wash was carried out, followed by a 10-minute incubation in 4% fixative, then 
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another 10-minute PBSTx wash.  Worms were then incubated in 100% ethanol for 

20 minutes (if non-specific signal remained after this period, the wash was 

extended).  This was replaced with a 50% ethanol wash in PBSTx for 5 minutes then 

a 10-minute wash in PBSTx prior to mounting in Vectashield (Vector Labs – H-1000) 

and viewed using a Leica SP8 confocal scanning laser microscope. 

 

For FISH, worms were washed for ten minutes twice in TNTx (1.21 g Tris [T1503] in 

100 ml H2O, brought to pH 7.5, 0.88 g NaCl [VWR,27800.291], 300 µl Triton-X and 

100 µl Tween-20).  Worms were incubated for two hours in blocking solution (stock 

of 7.56 ml TNTx, 400 µl Horse serum, 40 µl Western Blotting Reagent [Roche – 

11921673001]).  This was removed and anti-digoxigenin-horseradish-peroxidase 

(anti-DIG-HRP, Perkin Elmer - NEF832001EA) was used at a concentration of 1:1000 

(diluted in blocking buffer) with DAPI (4ʹ,6-diamidino-2-phenylindole) at 1 µg/ml 

(D9542) in blocking solution and incubated at 4oC overnight.  

 

The next day, worms were washed for five minutes, then 10, then 20 minutes, six 

times in TNTx.  During the last TNTx wash, TSA buffer was prepared (11.68 g NaCl 

and 0.62 g Boric acid [B6768] added to 100 ml H2O, brought to pH 8.5 with HCl, 10 

ml of this was sterile filtered and stored at 4oC until used).  Worms were then 

incubated for 20 minutes in tyramide solution (stock of 4875 µl TSA buffer, 100 µl 1 

mg/µl 4-IPBA [4-Iodophenylboronic acid, 471933], 20 µl tyramide conjugate [1:250] 

[Hopman et al. 1998] 5 µl 3% H2O2 [5 µl 30% H2O2 in 45 µl H2O]).  The FITC- and 

TRITC-tyramide conjugates were generated from each respective NHS ester; FITC 

(5/6-carboxyfluorescein succinimidyl ester) TRITC (5-(and-6)-
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carboxytetramethylrhodamine succinimidyl ester) (both Thermo - C1171 and 

46410, respectively).  The tyramide conjugates were prepared exactly as in King and 

Newmark (2013).  During this incubation and for the remainder of the protocol, 

tubes were protected from light.  Two 10-minute washes in TNTx were carried out, 

followed by a 10-minute PBSTx wash.  Worms were then mounted in Vectashield 

and viewed using a Leica SP8 confocal scanning laser microscope. 

For double-FISH, after the initial tyramide solution incubation, worms were 

incubated for 45 minutes in azide solution (100 mM sodium azide [S2002] diluted in 

PBSTx), washed for 10 minutes four times in TNTx, incubated in blocking solution 

for one hour, then incubated in anti-fluorescein-POD (Roche, 11426346910) at a 

dilution of 1:1000 at room temperature for 4 hours then overnight at 4oC (as in Diaz 

Soria et al., 2019).  The five minute, 10-minute and six 20-minute washes in TNTx 

were carried out again, followed by a 20-minute incubation in tyramide solution 

(with the FITC tyramide).  Worms were washed in PBSTx for 10 minutes before 

mounting in Vectashield and viewed using a Leica SP8 confocal scanning laser 

microscope. 

 

3.3.5.  Immunocytochemistry 

Worms were fixed in 4% paraformaldehyde (P6148) in PBS (phosphate-buffered 

saline, P4417) for four hours at room temperature.  NEJs and one-week-old worms 

were free-fixed for four hours.  At four weeks, juveniles were incubated in 0.25% 

tricaine for two minutes, then fixed under a single coverslip for one hour and then 

free fixed for a further three hours.  After fixation, worms were washed three times 

for 15 minutes each with AbD (0.1% bovine serum albumin [BSA, A2153], 0.1% 
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Triton-X).  Worms were then incubated for 72 hours at 4oC in anti-NPF (Maule et al., 

1992) at a dilution of 1:1000 in AbD.  Following incubation in primary antibody, 

worms were washed in AbD as before, then incubated for 48 hours in anti-rabbit-

FITC (F6005) at a concentration of 1:100 at 4oC.  Worms were washed in AbD as 

before, then mounted in Vectashield and viewed using a Leica SP8 confocal 

scanning laser microscope. 

 

3.4.  Results 

3.4.1.  RNAi screen reveals robust knockdown but limited phenotypic 

consequences 

Of the 35 neuropeptide-encoding transcripts, 22 had transcript knockdown of more 

than 95%, 25 had more than 90% and 29 transcripts were knocked down more than 

80%.  Only 2 transcripts showed no evidence of any knockdown (Fig 3.1).  Despite 

this evidence that the RNAi method was penetrant with a high degree of 

knockdown, there only appeared to be five phenotypes (enhanced growth – fh-npy-

1/ fh-npp-20.4, fh-npp-36.1, reduced growth – fh-npp-28.2, fh-npp-41, fh-npp-43, 

Fig 3.2A).  However, these five RNAi experiments were all repeated to enhance the 

rigour of the data and to corroborate these initial findings, with four of these 

phenotypes not holding (Fig 3.2B).  The only phenotype that was upheld by 

additional replicates was that for fh-npy-1/fh-npp-20.4 (Fig 3.2C). 
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3.4.2.  Targeting neuropeptide processing enzymes reinforces the neuropeptide 

signalling system as a central player in growth and motility 

Given this lack of phenotypes seen at the neuropeptide level, attempts were made 

to target the neuropeptide processing enzymes, prohormone convertase 2 (PC2), 

peptidylglycine alpha-hydroxylating monooxygenase (PHM) and peptidyl-alpha-

hydroxyglycine alpha-amidating lyase (PAL).  A high level of knockdown was 

achieved for all 3 enzymes (pc2 – 87.6%, phm – 89.0%, pal – 74.4%) (Fig 3.5B).  The 

latter two enzymes were targeted simultaneously in combinatorial RNAi 

experiments.  Over a timescale of 3 weeks, profound growth phenotypes were seen 

for both dsPC2 (enhanced growth) and dsPHM/PAL (reduced growth) groups (Fig 

3.3A-D).  For motility, greatly reduced activity was seen with Fh-PC2-RNAi and 

enhanced movement was seen with Fh-PHM/PAL-RNAi (Fig 3.5A).   
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Figure 3.1.  Knockdown data resulting from an RNAi screen of the 35 neuropeptide-encoding transcripts (npps).  Gene expression ratios 
as calculated with the Pfaffl equation using GAPDH as a reference gene, compared with respective no ds control for all 35 neuropeptide 
transcript targets.  Knockdown assessment included a positive control of cathepsin-L (CatL), a negative control of neomycin (Neo) and a 
no ds control (only comparison to no ds control shown here).  Transcript knockdown assessed on six-week-old worms (n=20-25, single 
biological replicate) following seven dsRNA exposures.  A) npps that had a gene expression ratio greater than 0.2 (80% knockdown).  B) 
npps that had a gene expression ratio less than 0.2.  
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Figure 3.2.  Growth data resulting from the RNAi screen and subsequent 
replicates of neuropeptide-encoding transcripts.  A) Juvenile worm size data of 
those neuropeptide transcripts that gave a growth phenotype resulting from one 
biological replicate with seven once-weekly exposures to 100 ng/μl.  Size is 
represented here as % of respective no ds controls as each neuropeptide 
transcript came from separate groups.  Bars/points represent mean±SEM, n=20-
25.  B) Size data for the targets showing no phenotype following a second and 
third replicate.  ns = not sigficant, relative to neo and no ds control.  Bars 
represent mean±SEM, n=55-65.  C) Growth data for three replicates npp-20.4 
across six weeks showing significant growth from day 14.  Data points represent 
mean±SEM, n=55-65.  Statistical analyses were performed using a Kruskal-Wallis 
test with Dunn’s post-hoc test.  *= P≤0.05, **= P≤0.01, ****= P≤0.00001. 

C 
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In attempts to assess the impact of knockdown of these enzymes, fixed worms were 

incubated in the NPF-specific antibody (Maule et al., 1992).  The significantly larger 

Fh-PC2-RNAi worms showed a greater degree of NPF immunostaining, whereas the 

smaller Fh-PHM/dsPAL-RNAi showed greatly reduced immunostaining compared to 

a Neo-RNAi treated control worms (Fig 3.4A-C).  Both pc2 and phm were localised 

using both CISH and FISH protocols showing strong staining in the cerebral ganglia 

and in the ventral nerve cords (Fig 3.6 and Fig 3.7). 

 

3.4.3.  Improvements to the existing in situ hybridization protocol in Fasciola  

Recently, a CISH protocol from S. mediterranea was adapted for use in F. hepatica 

juveniles (see McVeigh et al., 2018).  It was observed however that this method had 

significant limitations regarding the localisation of transcripts that had low levels of 

expression.  In order to circumnavigate these issues, various aspects of the protocol 

were changed to enhance sensitivity.  Early work on CISH had been carried out 

using oligonucleotide probes with lengths of 200-300 bases.  Probes of 800-1500 

bases seem to be the consensus in the literature, forming a compromise between 

maximising probe access to tissue, specificity and subsequent signal.  The addition 

of tricaine to relax the juvenile fluke was found to be highly beneficial, as following 

dehydration in methanol, worms became ventrally curled, making mounting and 

imaging difficult.  The permeabilisation was also investigated, with a 15-minute 

incubation in 10 µg/ml proteinase K diluted in PBSTx with 1 mg/ml SDS with 

rotation being found to be optimal for four-week-old juveniles.   
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Figure 3.3.  Growth data and images of PC2-RNAi and PHM/PAL-RNAi.  A) Juvenile 
worm size across three weeks of knockdown, showing profound phenotypes for 
both PC2-RNAi and PHM/PAL-RNAi worms across the three-week experiment, 
consisting of two exposure per week to 100 ng/μl dsRNA for three weeks.  Data 
points represent mean±SEM, n=60-70.  Statistical analyses were performed using a 
Kruskal-Wallis test with Dunn’s post-hoc test comparing data at each time point to 
the neomycin dsRNA negative control and a no ds control.  Only the no ds control 
is shown here.  Red = PC2-RNAi, blue = PHM/PAL-RNAi, grey = no ds control.  
****= P≤0.00001.  B)-D) Brightfield images of PC2-RNAi, Neo control-RNAi and 
PHM/PAL-RNAi fluke at day 21.  n=26-29. 
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Figure 3.4.  NPF staining in PC2-RNAi and PHM/PAL-RNAi.  A)-C) NPF antiserum immunostaining (green) of PC2-RNAi, Neo-
RNAi control and PHM/PAL-RNAi worms, respectively, at day 21. 
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Figure 3.5.  Phenotypic outcomes for PC2-RNAi and PHM/PAL-RNAi.  A) 
Motility values at day 21 for dsPC2, dsPHM/dsPAL, dsCatL, dsNeo and no ds 
control.  Bars represent mean±SEM, n=60-70.  Statistical analyses were 
performed using a Kruskal-Wallis test with Dunn’s post-hoc test.  ****= 
P≤0.0001.  B) Gene expression ratios from the Pfaffl equation for dsPC2, 
dsPHM/dsPAL, dsCatL, dsNeo and no ds control as compared to the 
reference gene GAPDH.  Bars respresent mean±SEM, n=3.  Statistical analyses 
were performed using a Kruskal-Wallis test with Dunn’s post-hoc test, 
compared to a neo and no ds control.  ****= P≤0.0001. 



 136  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

  

100!m 

150!m 

50!m 

50!m 

A 

B 

D E 

150!m 

C 

Figure 3.6.  In situ hybridization labelling of prohormone convertase 2 (pc2) in four-week-
old juvenile liver fluke grown in vitro.  A) CISH of pc2 (blue) in the paired cerebral ganglia 
with some staining visible along the ventral nerve cords.  B) FISH of pc2 (green) in the 
paired cerebral ganglia with some staining visible along the ventral nerve cords.  C) 
Negative control using the forward (antisense) probe.  D) Higher magnification image of 
the head region showing extensive pc2 FISH labelling of nerve cells associated with the 
paired cerebral ganglia and anterior portion of the ventral nerve cords.  E) Depth shading 
of the staining from D), where blue is dorsal, red is ventral, across a Z-stack of 24μm. 
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Figure 3.7.  In situ hybridization labelling of peptidylglycine α-hydroxylating 
monooxygenase (phm) in four-week-old juvenile liver fluke grown in vitro, with a 
staining pattern largely similar to pc2.  A) CISH of phm (blue) in the paired cerebral 
ganglia with some staining visible along the ventral nerve cords.  B) FISH of phm 
(green) in the paired cerebral ganglia with some staining visible along the ventral 
nerve cords.  C) Negative control using the forward (antisense) probe.  D) Higher 
magnification image of the head region showing extensive phm FISH labelling of 
nerve cells associated with the paired cerebral ganglia and anterior portion of the 
ventral nerve cords.  E) Depth shading of the staining from D), where blue is dorsal, 
red is ventral, across a Z-stack of 24μm. 
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Figure 3.8.  Double-FISH labelling of selected neuronal gene transcripts in juvenile 
(four weeks old) liver fluke maintained in vitro.  A) Double-FISH labelling of phm 
(green-FITC) and npf-1 (red-TRITC) transcripts in the cerebral ganglia of juvenile fluke.  
One double labelled cell (yellow), containing both transcripts, can be seen associated 
with each cerebral ganglion.  B)-C) Split channel views of phm and npf-1 staining in 
one of the cerebral ganglia.  D) Dual channel view of co-expression of both transcripts 
within an individual cell (within dashed circle) of the cerebral ganglion. 
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Moving from a hybridization temperature of 56oC commonly used in S. 

mediterranea to 52oC used in S. mansoni appeared to improve the success of probe 

binding and subsequent signal without any noticeable reduction in specificity.  

Adapting aspects of the fluorescent in situ hybridization protocols of King and 

Newmark (2013) and Collins and Collins (2017) together with the improvements 

outlined above further enhanced the sensitivity of the protocol, enabled successful 

double-FISH labelling, thereby facilitating the simultaneous localisation of two 

separate transcripts in the same specimen (Fig 3.8).  In this dual staining, the 

neuropeptide-encoding transcript fh-npp-20.1 was localised with fh-phm.  Given 

that fh-npp-20.1 has a C-terminal glycine, it is presumed to be processed by PHM 

and PAL.  As a result, it was expected that these two transcripts would show co-

expression in every positive cell.  This mightn’t have been the case because of 

differences in expression.  As it is an enzyme, fh-phm would be expected to be 

expressed at a lower level than a typically high turnover transcript such as a 

neuropeptide.  It is very possible fh-phm is expressed in all fh-npp-20.1-positive 

cells, but at a level which is not above the current threshold of detection with this 

method.   Unfortunately, the copper sulfate step for the reduction of 

autofluorescence, as in King and Newmark (2013), seems to be ineffective in F. 

hepatica, with autofluorescence remaining throughout the gut, however, the 

intensity of this is lower than that of the specific signal such that specific and non-

specific labelling can be differentiated using a confocal scanning laser microscope. 
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3.5.  Discussion 

In the pre-genomics era, neuropeptides of parasitic flatworms held the attention of 

many researchers.  Following the positive immunoreactivity to several 

neuropeptide-specific antisera (Magee et al., 1989) and studies confirming 

neuropeptide myoactivity (Marks et al., 1996; Graham et al., 1997), neuropeptides 

and the broader signalling system appeared to be a worthwhile focus in efforts for 

targeting with novel anthelmintics.  Despite this early interest, the lack of tools 

limited the ability of researchers to further probe this system.  In more recent years, 

with the development of substantially improved in vitro culture methods (McCusker 

et al., 2016), genomic resources (Cwiklinski et al., 2015; McNulty et al., 2017) and a 

robust RNAi platform (McVeigh et al., 2014), the F. hepatica research community is 

equipped to interrogate this system once again.   

 

In this study, a large RNAi screen was carried out on the 35 neuropeptide-encoding 

transcripts of F. hepatica, together with selected neuropeptide processing enzymes. 

Additionally, an in situ hybridization protocol was optimized for juvenile liver fluke, 

including the first successful FISH method for this species. 

 

The neuropeptide RNAi screen revealed strong knockdown at the transcript level 

for a large number of neuropeptides, underscoring the utility and robustness of this 

method for investigating the nervous system of F. hepatica.  It’s worth noting that 

there was no evidence of neuronal gene refractoriness to RNAi as has been 

reported in C. elegans (Timmons et al., 2001; Kamath et al., 2003).  In stark contrast 

to the success of the RNAi method, the absence of widespread phenotypic impacts 
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was surprising; a variety of hypotheses to explain this can be proposed.  One 

possibility is that our assessment of phenotypes is limited to relatively crude 

bioassays, measuring growth and motility, i.e. certain neuropeptides could be 

responsible for sensory function or for the development of certain tissues which 

may not be apparent in our phenotype assays.  Another could be that some 

neuropeptides could be involved in aspects of biology not relevant to the juvenile 

fluke, for example in reproduction as seen with a member of the neuropeptide F/Y-

like family in S. mediterranea (Collins et al., 2010).  While our in vitro culture system 

has seen a significant improvement with the addition of chicken serum, there 

remains a gulf in the growth and developmental profiles of in vitro and in vivo 

maintained worms (E. Robb and E. McCammick, Queen’s University Belfast, 

personal communication).  Our in vitro cultivation system does not offer the 

diversity of signals that juvenile worms would receive in the host, i.e. neuropeptide 

signalling pathways that might be activated by host hormones or in response to 

immune attack would remain dormant in the in vitro system.  One inevitable 

shortfall of gene transcript knockdown detected following RNAi is that while the 

transcript may be significantly reduced, there may be a lag period before the 

associated protein levels drop sufficiently to alter phenotype.  Short of a specific 

antibody for each target, protein knockdown can only be inferred from transcript 

knockdown.  With fh-npp-28.1, fh-npp-41, fh-npp-43 and fh-npp-36.1, growth 

phenotypes were seen in the screen but could not be substantiated with 

subsequent biological replicate experiments.  Given that these were likely false 

positives, it stands to reason that there may also have been false negatives.  With 

the definition of statistical significance (P) being set at 0.05 together with the 
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relatively large number of targets in this study, it was not surprising that false 

positives emerged.  While a second and third biological replicate added statistical 

power to remove false positives, there was no such confirmation for potentially 

false positives.  Finally, a hypothesis with experimental evidence from Drosophila is 

that of functional redundancy.  Nagel et al. (2004) found that targeting individual 

gene components of the Enhancer of Split signalling system yielded no apparent 

phenotypes.  The authors found a positive correlation with the number of genes 

targeted simultaneously and the intensity of a “neurogenic” phenotype, defined as 

too high a proportion of cells in the neuro-ectoderm differentiate to neurons at the 

expense of the epidermis.  Turning back to this screen, there is the potential for 

similar compensation occurring with functionally similar neuropeptides.  To avoid 

this redundancy issue, future experiments could strategically target groups of 

multiple neuropeptides at once, removing the potential for similar neuropeptides to 

compensate for the reduction of a single neuropeptide. 

 

To assess the importance of the signalling system at a broader scale, the 

neuropeptide processing enzymes PC2, PHM and PAL were targeted using RNAi.  It 

should be noted that these processing enzymes would be considered important to a 

range of the predicted neuropeptide-encoding genes in liver fluke, with pc2 

silencing likely dysregulating a different subset of fluke neuropeptides than those 

dysregulated by phm/pal silencing.  Not surprisingly, profound phenotypes were 

seen, which in some cases, were evident in seven-day-old worms, following only 

three dsRNA exposures.  As was seen with pc2 knockdown in S. mediterranea, 

motility was substantially reduced (Reddien et al., 2005).  Knockdown of pc2 in 
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juvenile fluke here also resulted in worms growing much larger than controls.  Given 

that PC2 is a pivotal enzyme across a major component of the neuropeptide system, 

it would appear that gross neuropeptidome downregulation reduces movement 

and increases growth.  PC2 acts to cleave the neuropeptide from its larger precursor 

at basic cleavage sites, so is presumed to act on the majority of neuropeptides 

(Duckert et al., 2004).  The polypeptide 7B2 has been shown to be a potent inhibitor 

of PC2, and has been identified in flatworm genomes, so it would be interesting to 

see the impact of it being knocked down (Martens et al., 1994; Verjovski-Almeida et 

al., 2003).  Peptidomic analysis of invertebrate 7B2 knockouts has shown severe 

differences in neuropeptide profiles (Hwang et al., 2000; Husson and Schoofs, 

2007). 

 

Turning to phm/pal knockdown however, this overarching hypothesis on the 

function of the neuropeptide signalling system does not hold. In this case the main 

phenotypic outcomes were opposite to those seen for pc2 knockdown with 

phm/pal knockdown reducing growth and enhancing motility.  How can knocking 

these sequentially acting enzymes yield opposing phenotypes?  One possibility is 

simply that the cohort of neuropeptides dysregulated by pc2 silencing is different 

from the cohort of neuropeptides dysregulated by phm/pal silencing, such that the 

overarching combinatorial phenotypes are distinct (see Table 3.4).   

 

On the other hand, PHM and PAL act to convert the C-terminal glycine of 

neuropeptides into an amide group (amidation) (Mair et al., 2004; Atkinson et al., 

2010).  It is important to note that only 21 of the 35 targeted here encode amidated 
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neuropeptides.  Therefore, pc2 and phm/pal knockdown will inevitably be targeting 

different subsets of neuropeptides (see Table 3.4).  The processing of the amidated 

neuropeptide complement of Drosophila by PHM was found to be integral to larval 

survival and developmental stage transmission (Jiang et al., 2000).  
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npp- Accession Sequence PC2 
Processed? 

PHM/PAL 
Processed? 

1 XLOC_035311 KRNFIRIGKR, KRNFIRIGR Y Y 
2 BN1106_s4889B000043 KRRGMIGKRRGLIGK Y Y 
5 BN1106_s3602B000040 KREAYADMPWGRK Y Y 

6.1 BN1106_s597B000531 KRAVRLMRLG* Y Y 
6.2 BN1106_s328B000221 KRYMRMLRLG* Y Y 
13 BN1106_s56B000208 RNFFPQRFGKR Y Y 
14 BN1106_s928B000210 KRGLRQMRMGKR Y Y 
15 BN1106_s3135B000180 KRGQFLRLG* Y Y 

20.1 BN1106_s5763B000010 SLDNLGAKLREIYKVVRNNRMQELSNYFQLHGRPRFGKR † Y 
20.2 BN1106_s280B000160 AVPVPSGIPVFETDRELLAYVRALNVYFQVFGRSRFG* † Y 
20.3 BN1106_s6263B000112 VQSAPRIPKIFQSPEALRTYLNKLNEYFITIGRPRFG* † Y 
20.4 BN1106_s2467B000076 KKTIERQATALFDDENALSRMIQQMDAYYLTYGRPRYG* † Y 
20.5 XLOC_069441 EDVEKLRMVMMNSPENLRAYLRLLREWDMLSSIPRYG* † Y 
23 BN1106_s566B000338 KRYIRFGKR Y Y 
24 XLOC_015440 KRGGMYGGLLGKR Y Y 
26 BN1106_s1559B000208 KRAHFDPILFRKRQSTIDPILF Y N 
27 XLOC_044700 RKPPYIMGGIRY* Y N 

28.1 BN1106_s3660B000091 KRAYHFFRIRR Y N 
28.2 BN1106_s18B000411 KRAFHFFRIRR Y N 
29 BN1106_s2163B000316 KRYIYWKR, KRMIYYKR Y N 

31/32.1 BN1106_s2137B000117 KRGPETLWELE* Y N 
31/32.2 BN1106_s199B000225 KRGPEPLWTIEV* Y N 

35.1 BN1106_s358B000223 RQTSMVRLGR Y Y 
35.2 BN1106_s4627B000067 KRSHYMSQRLGK Y Y 
36.1 BN1106_s937B000526 KRWFPIKEYRAGLMEV* Y N 
36.2 BN1106_s2392B000036 KRWSPVKEFHYAEPIEI* Y N 
38 XLOC_028523 KRILADFKRASILSDYRR Y N 
39 BN1106_s4175B000148 RRFSRPHGR Y Y 

Table 3.4.  List of neuropeptide sequences (with flanking basic cleavage sites, shown here in bold and 
underlined) and presumed action on them of neuropeptide processing enzymes PC2 and PHM/PAL.  
Y = presumed to be processed, N = presumed not to be processed. 
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40 BN1106_s1470B000085 RRFLLGMGLQGPRR, KRFLLGLPARTLQR, KRFLLGLPVRSR Y N 
41 BN1106_s3885B000143 RRFFCNPTGCV Y N 
42 BN1106_s3747B000115 KRPWTLPDPLTCCFNHLRCCIEDDQPDS Y N 
43 BN1106_s43B000507 KRASFSYFKR, KRGSFMFRR, KRGSLLFYKR, KRASFSF Y N 
47 BN1106_s1579B000120 KRAKFFMLGRK Y Y 
48 BN1106_s1830B000391 RRLNVDQPDEEPRLRGSVMRYGK Y Y 

N/A BN1106_s940B000161 RKQIFRYGKR Y Y 

Table 3.4 (continued).  List of neuropeptide sequences (with flanking basic cleavage sites, shown here in 
bold and underlined) and presumed action on them of neuropeptide processing enzymes PC2 and 
PHM/PAL.  Y = presumed to be processed, N = presumed not to be processed.   

 

* Denotes this being the C-terminus of the protein.   
† Results in this chapter casts doubt on PC2 being the processing enzyme that cleaves the propeptide 
of neuropeptide F/Y from the prepropeptide, see discussion. The sequences shown here are for the 
36mer that is characteristic of NPF/Y-like peptides.  NPP-20.4 is shown as a 35mer due to the presence 
of putative dibasic cleavage sites. 
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The localisation of NPF using a specific antiserum (Maule et al., 1992) on phm/pal 

knockdown liver fluke revealed a large reduction in immunostaining, consistent 

with the fact that this antiserum requires the presence of the C-terminal amide for 

binding.  Interestingly, there were high levels of NPF-immunoreactivity in PC2 

knockdown worms consistent with the fact that the evolutionary emergence of 

NPF/Y-like peptides pre-dates that of PC2, suggesting that NPF/Y-like peptides are 

cleaved from their precursors by a different protease.  It was noteworthy that the 

NPF-immunofluorescence appeared somewhat more widespread in the pc2-

silenced worms than the control worms.  This may have been due to the pc2-RNAi 

fluke being larger and more developed, with a greater number of NPF-producing 

neurons.  Another possibility is that NPF peptides are upregulated to compensate 

for the loss of some others due to pc2 silencing; this could be evaluated 

experimentally by monitoring changes in npf/y transcripts upon pc2 knockdown.  

One thing to note were the unusual observations made in pc2 knockout mice, 

where peptidomics revealed that while a large proportion of mature neuropeptides 

were reduced to undetectable levels, some remain unchanged and some in fact 

increased in abundance (Miller et al., 2003).  Levels of NPY in pc2 knockout mice 

was reduced in the ileum compared to wild type mice but actually heightened in 

adrenal tissue with no significant difference in other analysed tissues 

(hypothalamus, cortex, brain).  This could suggest that neuropeptides are processed 

by tissue-specific proteases beyond typical subtilisin-like prohormone convertases, 

such as cathepsins (Yasothornsrikul et al., 2003; Hook et al., 2009). 
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In conclusion, this chapter developed new in situ hybridization methods for juvenile 

fluke and used these to expose new details on the localisation of selected neuronal 

components in the liver fluke nervous system.  This chapter also reports a 

functional genomics screen of juvenile liver fluke neuropeptide genes, the most 

extensive RNAi screen carried out in any parasitic worm other than S. mansoni.  It 

was clearly established that the RNAi protocol employed was robust and resulted in 

the dramatic knockdown of the vast majority of neuropeptide gene transcripts.  

Despite the remarkable success in gene transcript knockdown, only one of the 

genes silenced translated into a profound phenotype.  Indeed, the results implicate, 

for the first time, an NPF signalling pathway in the inhibition of fluke growth.  This 

work paves the way for the detailed interrogation of the role NPF/Y-like peptides 

play in fluke growth/development.  To investigate the potential that redundancy 

masked phenotypic outcomes for most of the neuropeptide gene silencing 

experiments, two sets of key regulators of diverse neuropeptide signalling systems 

were silenced and in both cases, profound motility and growth phenotypes were 

identified, confirming the importance of neuropeptide signalling to worm biology 

and supporting the hypothesis that the neuropeptide signalling system has much 

capacity for functional compensation.  It remains to be seen if this functional 

redundancy undermines attempts to exploit the neuropeptide system for parasite 

control. 
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4.1.  Abstract 

Since the identification of the first flatworm neuropeptide F (NPF), orthologues 

have since been identified in all of the flatworms for which appropriate ‘omics 

resources are available.  In the interim, NPF/Ys have been identified to play key 

roles in various behaviours and physiological processes such as feeding, 

reproduction, growth and regeneration.  Subsequently, most flatworm species have 

paralogues hinting at a multifunctional NPF family.  A fifth NPF/Y-encoding gene for 

Fasciola hepatica was identified from genomic and transcriptomic datasets.  An NPF 

antiserum was used to investigate the development of the nervous system in 

juvenile F. hepatica grown in vitro.  Recently adapted in situ hybridization protocols 

for F. hepatica have been used to localise three of these transcripts revealing 

distinct spatial expression patterns.  The five NPF/Y-encoding genes were targeted 

with RNAi interference (RNAi), revealing robust knockdown for all but one of these 

transcripts.  In order to identify a potential receptor for Fh-NPY-1, the complement 

of seven putative NPF/Y receptors was targeted with RNAi, resulting in significant 

knockdown and a significant reduction in growth was seen with one receptor (fh-

npfr2).  Following the identification of roles for the NPF/Y signalling system in liver 

fluke growth/development, a juxtaposition was identified between NPF-positive 

immunostaining and labelled proliferating neoblast-like cells. 

 

4.2.  Introduction 

Neuropeptides belonging to the Neuropeptide-F/Y-like (NPF/Y) family are typically 

32-39 amino acids long with a common C-terminal motif of GRPR(F/Y)amide.  The 

first NPF/Y member was identified from porcine brain tissue by Tatemoto et al. 
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(1982).  Nine years later, the first invertebrate NPF/Y member was identified from 

the sheep tapeworm, Moniezia expansa, which resembled vertebrate NPY but had a 

C-terminal phenylalanine in place of a tyrosine (Maule et al., 1991).  Subsequently, 

NPF/Ys have been discovered in a plethora of vertebrate and invertebrate species 

(reviewed in Tatemoto, 2004; Nässel and Wegener, 2011).  Using NPF-specific 

antisera, immunoreactivity has been revealed throughout the central and 

peripheral aspects of the nervous system of multiple free-living and parasitic 

species of the phylum Platyhelminthes, including innervations of muscle and 

reproductive structures (Marks et al., 1995; Reuter et al., 1995).  

 

The high degree of conservation in NPF/Y-encoding gene structure across the 

bilateria suggests an ancient emergence of this gene during evolution (Larhammar 

et al., 1996).  Analysis of the biochemical effects of NPF on the blood flukes 

Schistosoma mansoni and Schistosoma japonicum further consolidated the link 

between vertebrate NPY and invertebrate NPF signalling systems (Humphries et al., 

2004).  In addition to identifying similar sequence homology, the authors performed 

biochemical experiments which revealed a similarity in downstream effects of NPF 

signalling, namely the inhibition of forskolin-accumulated inhibition of cAMP.  The 

sequence similarity has allowed for many orthologues and paralogues to be 

identified within genomic and transcriptomic datasets of various species.  Within 

Platyhelminthes, in silico studies have identified a range of NPF/Y-encoding genes 

(McVeigh et al., 2009; Koziol et al., 2016).  A combined peptidomics and in silico 

methodology was used to reveal many neuropeptide-encoding genes, including 

eleven NPF/Y-encoding genes, in the model flatworm, Schmidtea mediterranea 
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(Collins et al., 2010).  Functions of NPF/Ys in flatworms have yet to be fully 

elucidated but there have been studies linking NPF with motility (Hrčkova et al., 

2004) and with sexual maturity (Collins et al., 2010).  NPF/Ys have also been shown 

to impact the proliferation of stem-cell like cells of flatworms (Kreshchenko et al., 

2008).  Vertebrate NPY has also been shown to promote cell proliferation, an effect 

specifically shown in postnatal neuronal precursor cells (Hansel, Eipper and 

Ronnett, 2001; Howell et al., 2003).  

 

Functional genomics tools such as RNA interference (RNAi) have yet to be fully 

harnessed in flatworm neuropeptide research.  There have only been two published 

attempts at using RNAi to investigate NPF/Y function within this phylum.  Targeting 

of an NPF-encoding transcript in M. expansa, with dsRNA delivered by a combined 

electroporation and soaking protocol, failed to give any significant knockdown 

(Pierson et al., 2010).  A separate study examined the knockdown of an NPF/Y 

(named npy-8) in S. mediterranea and identified an associated phenotype 

comprising an inability to maintain, or reduced, sexual maturity (Collins et al., 

2010). 

 

The activity of NPF/Y peptides is mediated through binding to G-protein coupled 

receptors (GPCRs) on the post-synaptic membrane.  An extensive analysis of US 

FDA-approved drugs discovered that 33% of the known targets were GPCRs (Santos 

et al., 2017).  Therefore, given that the experimental processes that underpin the 

therapeutic targeting of these receptors are highly developed, parasite GPCRs may 

represent a rich vein of novel drug targets that remains to be fully exploited.  The 
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discovery of flatworm GPCRs has largely been restricted to in silico mining of 

genomes and transcriptomes with the main foci in this respect being S. 

mediterranea, S. mansoni and F. hepatica (Zamanian et al., 2011; Saberi et al., 2016; 

Hahnel et al., 2018; McVeigh et al., 2018).  In S. mediterranea, Saberi et al. (2016) 

were able to identify a predicted NPF/Y receptor (named Smed-NPYR-1) as a ligand 

for NPY-8, mainly through an RNAi screen and receptor activation studies.  In an 

earlier study, a peptide GPCR in another free-living flatworm, Dugesia tirgrina, was 

found to be potently activated by GYIRFamide among other FMRFamide-like 

peptides (Omar et al., 2007). 

 

This study adds to the four fh-npf/y transcripts previously identified in F. hepatica 

revealing that juveniles express all five of these genes.  Using immunocytochemistry 

interfaced with confocal scanning laser microscopy, NPF immunopositive nerve cells 

and fibres were revealed throughout the central nervous system of developing 

juvenile liver fluke.  Whole-mount fluorescent in situ hybridization (FISH) of fh-npf/y 

expression in juveniles revealed restricted and distinct expression patterns for each 

gene. RNAi-based silencing of the liver fluke NPF/Y-encoding genes was carried out, 

revealing a substantial growth phenotype for fh-npy-1.  Fluorescent in situ 

hybridization (FISH) was used to attempt localisation of NPF/Y-encoding transcripts, 

which revealed differences in spatial distribution throughout the nervous system.  

The recently published GPCR dataset in this species (McVeigh et al., 2018) was also 

probed further for NPF receptors from which candidates were selected for RNAi and 

FISH.  Previously published transcriptomic studies were probed for F. hepatica NPF 
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and predicted NPF receptor orthologues in S. mansoni and S. mediterranea to give 

insights into potential functions. 

 

4.3.  Methods 

Protocols for excystment, in situ hybridization, RNAi, mRNA extraction, qPCR 

analysis and immunocytochemistry were performed as previously described in 

Chapter 3.  For primers used to design dsRNA to fh-npf/ys and fh-npfrs see Table 

4.1.  For primers used to design in situ hybridization probes see Table 4.2. 

 

4.3.1.  Bioinformatics 

An expanded transcriptome generated from an in-house dataset (McCammick et al., 

in preparation) was used to search for any additional NPF/Y-encoding transcripts.  

Previously identified NPF/Y-encoding transcripts were used as BLAST queries and 

hits were manually inspected for the presence of NPF/Y motifs.  Expression of fh-

npf/y transcripts was analysed using the life stage transcriptome (Cwiklinski et al., 

2015).  The expression of putative npfr transcripts in S. mediterranea in 

differentiated cells (Xins), stem cells (X1s) and stem cell progeny (X2s) (Labbé et al., 

2012) was available on PlanMine (Rozanski et al., 2018). 
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Target Accession Forward Primer (5’-3’) Reverse Primer (5’-3’) 
Amplicon 
Size (bp) qPCR Primer (5’-3’) F/R? 

qPCR Amplicon 
Size (bp) 

fh-npf-1 BN1106_s5763B000010 CGAATGCAAGAACTGAGCAA ACATACGACCCAGGGACAAA 171 GGAGCAAAACTGCGTGAAAT F 216 
fh-npf-2 BN1106_s280B000160 TTCTCCCTGCTCACGTTCTT TCAGTCCATTTGGGGTCATT 207 TCTGATTTGAGGCGGATACA F 231 
fh-npf-3 BN1106_s6263B000112 GCAGGTGGAAGAAGTTCTCG TTGGTCGTCCGATTGTGATA 179 GCCGACTGATTTATTGACTGG R 240 
fh-npy-1 BN1106_s2467B000076 CAAGCCACTGCTTTGTTTGA CGTAGGGTGCTTATGCTCGT 211 TACGGCATTGACGAGGTAGA R 280 

fh-npy-2 XLOC_069441 CTACTTGATTCGGGAGCAATG TGATCCACGAGTTCATCAGC 249 
TCAAATGCTCTGTCTATGGGTTC 
CATACTCTTGATCCACGAGTTCA 

F + R 170 

fh-npfr-1 BN1106_s1085B000091 CGGTCTGGTTGTTCTCCATT CGCGCACGTAGTACACAACT 217 CGGCGGATATCACTCACTTC R 280 
fh-npfr-2 BN1106_s2967B000104 TCGTGTCAAGAACCAAGTCG TGACGAAAAACCGATCCAG 235 CCGTGGTAGAAACGGGTGTA R 257 
fh-npfr-3 BN1106_s3169B000088 GATGTGCAAAGCAGTGGCTA CCGGATAGTCCCTTGACTGA 223 GCTGCACACACTTCCGTCTA R 244 
fh-npfr-4 D915_05685 CTATCGCACTGGATCGGTTT GACGGTTAAATGTGCGCTCT 186 TTGCGATGTTTCAGGGAACT F 237 
fh-npfr-5 BN1106_s19B000334 TTACCCCTCGGAGTCATTTG TGCCAAAACTTATGGTGCAG 221 TGACTGCGGTCCATAGTCTG R 256 
fh-npfr-6 BN1106_s1703B000178 GGTTACGGTGGACGAGAAAA ACACGTTTCTTCGAGCGTCT 204 TGACCACAAGCACAGTGACA R 221 
fh-npfr-7 BN1106_s284B000285 CTTCCTCCCATTTACGTGGA ACCTCGTTCCGTTCATTTTG 222 CTGTGGTGCTTCAATGGTTG R 289 

Target Accession Forward Primer (5’-3’) Reverse Primer (5’-3’) Probe Size 
(bases) 

fh-npf-1 BN1106_s5763B000010 ACACACGCCTCCAAAGTCA GAGGACTGATGCACTGCAAG 559 
fh-npy-1 BN1106_s2467B000076 CTGTTCAAACCAACCCCAGT GGATGCAAGTCTGCTTTCGT 900 
fh-npy-2 XLOC_069441 CTACTTGATTCGGGAGCAATG TGATCCACGAGTTCATCAGC 249 

Table 4.1.  List of primers designed for each of the NPF/Y- and NPFR-encoding transcripts in F. hepatica used to make dsRNA with 
amplicon sizes.  Primers for qPCR analysis of knockdown are also shown.  See appendices, section 6.4 for full length protein sequences 
for each receptor. 

Table 4.2.  Primers used to localise NPF/Y-encoding transcripts in F. hepatica for in situ hybridization 
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4.3.2.  Immunocytochemistry and stem cell proliferation 

For the combination of immunocytochemistry and EdU (5-ethynyl-2'-deoxyuridine) 

detection, the Click-iT™ EdU Cell Proliferation Kit (Thermo – C10337) was used.  

Worms were cultured for 6 days and incubated in 0.5 mM EdU in 50/50 chicken 

Serum / RPMI for 24 hours.  Worms were then free fixed in 4% PFA in PBS for four 

hours.  The fixative was then removed, and worms were washed twice for five 

minutes with 3% BSA in 1x PBS.  Following the second wash, worms were incubated 

in 5% Triton-X in 1x PBS for 30 minutes.  Two washes in 3% BSA in 1x PBS were then 

carried out.  From this point on, tubes were protected from light.  Worms were 

incubated in 200 μl Click-iT reaction cocktail (17.2 μl 10x Click-iT reaction buffer, 8 

μl 100 mM CuSO4, 0.2 μl azide, 2 μl reaction buffer additive, 172.8 μl H2O for 30 

minutes.  Worms were washed once in 3% BSA in 1x PBS and then once in AbD.  

From this point, the standard immunocytochemistry protocol as detailed in Chapter 

3 was carried out. 

 

4.4.  Results 

4.4.1.  Bioinformatic analysis of liver fluke NPF/Y-encoding genes and the putative 

receptors 

Previously, McVeigh et al. (2009) had identified four NPF/Y-encoding transcripts 

from available F. hepatica ESTs.  Using previously identified NPF/Y propeptides from 

other invertebrates (mainly S. mediterranea and S. mansoni) as BLAST queries, a 

fifth NPF/Y was identified (Fig 4.1).  Looking at these NPF/Y transcripts across a 

developmental transcriptome (Cwiklinski et al., 2015), it is evident that expression 

peaks in the early migratory juvenile stages, suggesting roles in motility or 
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development, as even within three hours of excystment, genes associated with 

responding to growth factor stimuli are greatly upregulated (Cwiklinski et al., 2018) 

(Fig 4.2).  The question of whether these NPF/Ys are contributing to the initiation of 

these processes or are consequential of them remains unclear.  From McVeigh et al. 

(2018), seven peptide GPCRs had the NPY Receptor Family domain (Interpro - 

IPR000611).  As with the predicted ligands, the expression of fh-npfrs peak in the 

NEJ stages.  

 

Using these as BLAST queries against the S. mediterranea GPCRome (Saberi et al., 

2016) revealed three F. hepatica putative NPF receptors (fh-npfrs) to have 

homology to those named smed-npyr-3 and smed-npyr-8.  Of particular interest is 

smed-npyr-8, given that it is present in differentiated cells (FPKM – 14.8155) but 

also in neoblasts, or X1s (15.4195) and neoblast progeny, or X2s (10.887) (Labbé et 

al., 2012; Rozanski et al., 2018).   

 

 

 

 

Figure 4.1.  Alignment of the five NPF/Y sequences identified in F. hepatica using 
MView.  Coloring is based on physicochemical class.  Consensus sequences show 
identical residues and variable residues belonging to the same class; h – 
hydrophobic, p – polar, t – turnlike, a – aromatic, u - tiny, l – aliphatic, s - small.  
These groupings are based on the classification of Taylor (1986). 
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This unusual expression pattern (most smed-npfrs have high expression in 

differentiated cells, low expression in stem cell progeny and negligible expression in 

stem cells) would indicate that this receptor is involved in cell proliferation.  

Returning to our own datasets, comparing 21-day-old juveniles in vivo compared to 

in vitro (in vivo juveniles grow and develop substantially faster than in vitro 

maintained worms), one of these smed-npyr-8 orthologues is significantly 

downregulated in in vivo worms (E. Robb and E. McCammick, Queen’s University 

Belfast, personal communication).  These expression data would suggest that this 

Smed-NPYR-8 orthologue plays an important role in development of juveniles.  A 

further hypothesis is that the other orthologue also has a role in development but 

presumably not at the 21-day-old stage.

Figure 4.2.  Heatmap of fh-npf/y- and fh-npfr-encoding transcript expression in 
transcriptomes from different F. hepatica life stages (Cwiklinski et al., 2015).  
Green represents high expression; red represents low expression. 
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F. hepatica 
transcript 

Accession 
Log2FC (in vivo 

vs in vitro) 
Blast results vs S. mediterranea Reciprocal Blast results 

Top Hit Score e-value Top Hit Score e-value 

fh-npf-1 BN1106_s5763B000010 -2.65327* dd_Smed_v6_7141 (npy-6) 40.43 3.08x10-5 BN1106_s5763B000010 42.0 0.02 

fh-npf-2 BN1106_s280B000160 -0.177172 dd_Smed_v6_7141 (npy-6) 38.51 0 BN1106_s5763B000010 42.0 0.02 
fh-npf-3 BN1106_s6263B000112 0.417129 dd_Smed_v6_8852 (npy-1) 48.52 2.82x10-8 BN1106_s6263B000112 47 6.71x10-4 

fh-npy-1 BN1106_s2467B000076 -3.19933* No hits found N/A N/A N/A N/A N/A 

fh-npy-2 XLOC_069441 -0.251427 dd_Smed_v6_2412 (npy-9) 37.74 0 BN1106_s6263B000112 38.5 0.055 

fh-npfr-1 BN1106_s1085B000091 -1.00999* dd_Smed_v6_10020 (npyr-8) 330.87 9.19x10-108 BN1106_s2967B000104 355 5.66x10-52 

fh-npfr-2 BN1106_s2967B000104 0.0243442 dd_Smed_v6_10020 (npyr-8) 371.32 4.63x10-123 BN1106_s2967B000104 355 5.66x10-52 

fh-npfr-3 BN1106_s3169B000088 0.291824 dd_Smed_v6_15479 (npyr-1) 253.05 1.53x10-49 BN1106_s1782B000111 233 3.24x10-30 

fh-npfr-4 BN1106_s1782B000111 -0.14248 dd_Smed_v6_17752 (npyr-3) 249.59 2.93x10-74 BN1106_s1782B000111 186 2.84x10-22 

fh-npfr-5 BN1106_s19B000334 -0.258703 dd_Smed_v6_12640+ 212.23 3.40x1061 BN1106_s19B000334 212 9.48x10-27 

fh-npfr-6 BN1106_s1703B000178 -0.0863533 dd_Smed_v6_10325+^ (gcr304) 257.68 3.58x10-79 BN1106_s1703B000178 279 1.79x10-37 

fh-npfr-7 BN1106_s284B000285 -1.99488 dd_Smed_v6_22624+ 248.82 2.97x10-75 BN1106_s284B000285 253 6.67x10-34 

   
 
 
 
 
 
 
 
 

Table 4.3.  List of fh-npf/y- and fh-npfr-encoding transcripts and corresponding log2FC values in a comparison of in vivo and in vitro 
maintained F. hepatica (E. McCammick and E. Robb, Queen’s University Belfast, personal communication).  * Represents those significantly 
differentially expressed, with significance defined as adjusted P≤0.05.  Orthologues in S. mediterranea identified by reciprocal blast. 
Confirmed orthologues in bold  
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4.4.2.  Immunocytochemical localisation of NPF in juvenile F. hepatica 

In the Newly Excysted Juvenile stage (NEJ, defined here as up to 24 hours post-

excystment), the ventral nerve cords (VNCs) are evident; positive staining in the 

cerebral ganglia appears to be limited to sparse projections, with no clear evidence 

for staining of soma (Fig 4.3A).  Looking more closely at the anterior region with the 

aid of the depth shading, the dorsal nerve cords are positively stained, albeit 

weakly.  Worms that are one-week-old show much more well-defined VNCs that 

connect posteriorly (Fig 4.3B).  There is evidence in this stage of the orthogonal 

arrangement with projections linking the main nerve cords.  Projections making up 

the cerebral commissure are positively stained.  Soma around the cerebral ganglia 

are also present.  Staining along the dorsal nerve cords appears more continuous.   

 

At four weeks old, the VNCs are more strongly immunostained, with evidence for 

projections extending from the VNCs to the worm subsurface (Fig 4.3C).  While this 

NPF antiserum has been shown to only bind to the C-terminal NPF motif and not 

the NPY motif (Maule et al., 1991), there appears to be colocalisation of NPF 

immunostaining and fh-npy-1 in situ hybridization staining in the most posterior 

NPF-immunopositive cell present as part of a cross-commissure in the tail region of 

the four-week-old worm  (Fig 4.3, see white asterisk). 
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Figure 4.3.  Neuropeptide F immunostaining in three juvenile stages.  Left column 
showing full worm view, middle column showing higher-power view of the head 
region, and right column showing the same head region but with depth coding 
(red – ventral, blue – dorsal).  A) NEJ showing NPF immunostaining in the cerebral 
ganglia and main ventral nerve cords.  B) One-week-old juvenile with a similar 
immunostaining pattern that appears somewhat more developed in the cerebral 
ganglia and main ventral nerve trunks.  The dorsal nerve cords are also positively 
stained.  C) Four-week-old juvenile with more highly developed immunostaining in 
the cerebral ganglia, main longitudinal nerve cords and the cross-connectives 
linking the longitudinal nerve cords.  The white asterisk highlights a posterior 
nerve cell that mirrors a cell shown to possess fh-npy-1 transcript using FISH.  The 
red asterisks indicate ventral nerve cord cells that also appeared to possess fh-
npy-2 transcript using FISH.  
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4.4.3.  Localisation fh-npf transcripts using in situ hybridization 

Attempts were made to localise the expression of all five fh-npf transcripts, with 

success for three (fh-npf-1, fh-npy-1 and fh-npy-2) (Fig 4.4, Fig 4.5, Fig 4.6, Fig 4.7).  

Multiple oligonucleotide probes were tested for fh-npf-2 and fh-npf-3, but no 

staining was seen.  fh-npf-1 was localised to a pair of cells within the cerebral 

ganglia and also projections from these cells running up to cells that appear to 

innervate the pharynx.   

 

Staining was present in cells lateral and slightly anterior to the ventral sucker.  fh-

npy-1 was localised to a collection of cells in the cerebral ganglia, some cells that 

appear to be part of the ventral nerve cords, a central cell dorsal to the ventral 

sucker with lateral projections, two cells immediately posterior to the ventral 

sucker and a posterior cell along the midline with lateral projections.  A larger 

number of positive cells was identified with FISH as opposed to CISH.  Positive  

staining for fh-npy-2 was observed in a pair of cells that appear to be along the 

ventral nerve cords, mostly in the anterior forebody region.  Similar staining for fh-

npy-2 patterns were seen with both CISH and FISH.  Attempts were made to localise 

the fh-npfr that gave phenotypes (fh-npfr-2 and fh-npfr-6), however these were 

unsuccessful (not shown). 
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Figure 4.4.  Light microscope images of the expression (chromogenic in situ 
hybridisation; positive staining appears as dark blue) of three fh-npf/y transcripts in 
juvenile liver fluke.  A) fh-npf-1, showing expression in nerve cells in the cerebral 
ganglia with projections leading to cells that appear to be innervating the pharynx.  
Cells lateral to the ventral sucker are also faintly stained (red arrows).  B) fh-npy-1, 
expression in multiple cells in the paired cerebral ganglia and associated with the 
main nerve cords, as well as two cells lateral to, and one cell dorsal to, the ventral 
sucker (faintly stained; red arrows).  C) fh-npy-2, had a more restricted expression 
pattern, only occurring in nerve cells posterior to the ganglia, possibly along the 
main ventral nerve cords. 
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Figure 4.5.  Confocal laser scanning microscope images of the expression 
(fluorescent in situ hybridization; positive staining appears green, worms were 
counterstained with 4ʹ,6-diamidino-2-phenylindole [DAPI]) of fh-npf-1 in four-
week-old juvenile liver fluke.  Worms were viewed on a Leica SP8 confocal laser 
scanning microscope.  A) Positive staining is show in nerve cells of the paired 
cerebral ganglia, as well as nerve cells with anteroposterior projections.  Also 
positively stained are cells immediately posterior to the oral sucker that appear to 
be innervating the pharynx.  Nerve cells along the ventral nerve cords are also 
seen flanking the ventral sucker.  B) Negative control using the forward (antisense) 
probe.  C) Is a higher magnification image of A).  D) Depth shaded image of C), red 
is ventral, blue is dorsal.  The plane of the larger, most posterior nerve cell pair in 
this image are consistent with the beginnings of the main ventral nerve cords.  
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Figure 4.6.  FISH of fh-npy-1 (FITC-green) counterstained with DAPI (blue) in four-
week-old juvenile liver fluke.  A) Positive staining is show in multiple nerve cells of 
the paired cerebral ganglia, as well as nerve cells along the main ventral nerve 
cords, including two pairs that outline the ventral sucker.  Three cells along the 
midline of the worm are also stained; one is immediately dorsal to the ventral 
sucker that in some worms have lateral projections.  The other two are more 
posterior and are possibly nerve cells that contribute to the lateral connectives of 
the main ventral nerve cords.  Nerve cells along the ventral nerve cords are also 
seen flanking the ventral sucker.  B) Negative control using the forward (antisense) 
probe.  C) Is a higher magnification image of A).  D)  The most anterior, centrally 
located cell looks to form a part of the transverse cerebral ganglia, given its dorsal 
plane.  The other positively stained cells are at various planes throughout the 
paired cerebral ganglia.  
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Figure 4.7.  FISH of fh-npy-2 (FITC-green) counterstained with DAPI (blue) in four-
week-old juvenile liver fluke.  A) Positive staining was seen in a pair of cells along 
the ventral nerve cords, anteroposteriorly aligned with where the main 
reproductive organs will develop in the adult worm. B) Negative control using the 
forward (antisense) probe.  C) Higher magnification of the anterior region of A).  
These positively stained cells are present in a ventral plane, consistent with the 
main ventral nerve cords.  Anteroposterior projections clearly visible from nerve 
cell bodies.  
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4.4.4.  RNAi of fh-npfs and fh-npfrs reveals profound growth phenotypes 

The five NPF/Y transcripts here were previously subjected to RNAi as part of the 

larger functional genomics screen of all predicted neuropeptides in Chapter 2.  The 

RNAi methodology used in Chapter 2 involved exposing the juvenile worms to 50 

ng/μl dsRNA for 24 hours once a week.  Whilst this screen was underway, it was 

found that two dsRNA exposures per week (2 exp/w) for some targets yielded 

significantly greater knockdown and more profound phenotypes (P. McCusker and 

E. Robb, Queen’s University Belfast, personal communication).  Consequently, both 

methodologies have been used here.  As seen from the screen, 1 exp/w yielded 

substantial knockdown for all NPF/Y transcripts with the exception of fh-npf-3.  

Knockdown values were not significantly different comparing the two methods (fh-

npf-1 – 99.4%, fh-npf-2 – 94.2%, fh-npf-3 – 17.6%, fh-npy-1 – 99.7%, fh-npy-2 – 

97.0%) (Fig 4.8).  Comparing 1 exp/w and 2 exp/w, there was no significant 

difference between the growth profiles and final size at day 42 of fh-npy-1-RNAi 

worms subjected to either 1exp/w or 2exp/w (Fig 4.9).  Interestingly however, a 

phenotype of reduced growth emerged for fh-npf-2 with 2 exp/w that was not seen 

with 1 exp/w. 

 

In attempts to identify a potential receptor for either Fh-NPF-2 or Fh-NPY-1, 

predicted Fh-NPFRs-encoding transcripts were targeted for RNAi.  Given the link 

between smed-npyr-8 and neoblasts, knockdown of the two orthologues in F. 

hepatica were hypothesised to give growth phenotypes.  
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Figure 4.8.  Gene expression ratios from the Pfaffl 

equation for all five of the NPF/Y-encoding transcripts 

in F. hepatica using GAPDH as a reference gene.  

Knockdown assessment included a positive control of 

cathepsin-L (CatL), a negative control of neomycin 

(Neo) and a no ds control.  Bars represent mean±SEM, 

n=3.  Statistical analysis was performed using a Kruskal-

Wallis test with Dunn’s post hoc test.  ****=P≤0.0001. 

Figure 4.9.  Juvenile worm size over six weeks following two 24-

hour 100 ng/μl dsRNA exposures per week targeting the five 

NPF/Y-encoding transcripts in F. hepatica.  A) Growth data for the 

two targets that showed a phenotype.  B) Size data for all targets 

at day 42.  Data points represent mean±SEM, n=55-65.  Statistical 

analyses were performed using a Kruskal-Wallis test with Dunn’s 

post-hoc test comparing data at each time point to the no ds 

control.  *=P≤0.05, ****=P≤0.0001. 
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Knockdown values for these receptor transcripts were lower than those for the fh-

npfs; fh-npfr-1 – 76%, fh-npfr-2 – 96.5%, fh-npfr-3 – 81%, fh-npfr-4 – 67.3%, fh-npfr-

5 – 92%, fh-npfr-6 – 55.5%, fh-npfr-7 – 53.3% (Fig 4.10).  A transient reduced growth 

phenotype was observed with fh-npfr-6, with a sustained reduction in growth for fh-

npfr-2 (Fig 4.11).   

 

4.4.5.  Juxtaposition of NPF-immunopositive and EdU+ cells supports a nerve-

neoblast link 

Combining the EdU and immunocytochemistry protocols reveals the proximity of 

NPF-immunopositive and EdU+ cells in juvenile F. hepatica (Fig 4.12A-C).  Although 

this potential relationship was only supported in a relatively small number of 

specimens (3-5 juxtapositions, n=15 worms), this protocol only detected neoblast-

like cells that had replicated within 24 hours during incubation in EdU.  The profound 

impacts that silencing fh-npy-1 had on growth encourages more detailed analysis at 

the ultrastructural level of both NPF and NPY.   
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Figure 4.10.  Gene expression ratios from the Pfaffl 
equation for all seven of the putative NPFR-encoding 
transcripts in F. hepatica using GAPDH as a reference 
gene.  Knockdown assessment included a positive control 
of cathepsin-L (CatL), a negative control of neomycin 
(Neo) and a no ds control.  Bars represent mean±SEM, n 
= 3.  Statsitical analysis was performed using a Kruskal-
Wallis test with Dunn’s post-hoc test.  ****=P≤0.0001 

Figure 4.11.  Juvenile worm size over six weeks following two 24-hour 
100 ng/μl dsRNA exposures per week targeting the seven NPFR-
encoding transcripts in F. hepatica.  A) Growth data for the two targets 
that showed a phenotype.  B) Size data for all targets at day 42.  Points 
represent mean±SEM.  Statistical analyses were performed using a 
Kruskal-Wallis test comparing data at each time point to the neomycin 
dsRNA negative control (Neo) (not shown) and a no ds control.  n = 
50-65. *=P≤0.05, **= P≤0.01, ***= P≤0.001, ****=P≤0.0001 
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Figure 4.12.  Dual localisation of NPF-immunostaining (FITC – green) and EdU 
staining (TRITC – red) in juvenile liver fluke.  A) Head region view, white and blue 
dotted circles indicate B) and C) respectively.  B)-C) View of NPF-immunopositive and 
EdU+ cells closely juxtaposed, supporting the hypothesis of a functional relationship. 
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4.5.  Discussion 

The family of Neuropeptide F/Y (NPF/Y)-like peptides have been intensely studied in 

vertebrates and invertebrates where they have been found to have a diversity of 

functions.  In invertebrates, the majority of NPF/s research has focused on  

Drosophila, with NPF/Ys being associated with appetite and general feeding 

behaviour (Lee et al., 2004), aggression (Dierick and Greenspan, 2007) and, growth 

and development (Lee et al., 2008).  Links with invertebrate germline cell 

proliferation have also been identified (Bao et al., 2018, Ameku et al., 2018).  The 

gap in NPF/Y knowledge between arthropods and flatworms was bridged following 

the knockdown of NPF/Y-encoding transcripts in S. mediterranea (Collins et al., 

2010).  

 

A great deal is known about the structure of the nervous system of F. hepatica, 

using histochemical and immunocytochemical methods (Halton, 1967; Sukhdeo et 

al., 1988; Magee et al., 1989; Brownlee et al., 1994; Marks et al., 1995), as well as 

ontogenic development of individual components of the system such as the 

cerebral ganglia (Sukhdeo and Sukhdeo, 1990).  The vast majority of this structural 

work has centred around the sexually mature adults, due to limitations in acquiring 

juvenile specimens and relative ease of adult collection from infected livers at 

abattoir.  Now, with greatly enhanced excystment protocols and subsequent in vitro 

culture, the attention in this study turned to the juvenile stages, including newly 

excysted juvenile (NEJ), one-week-old and four-week-old juvenile.  Prominent in all 

three stages analysed were the paired cerebral ganglia and the main ventral nerve 

cords.  The positive staining in these ventral nerve cords extended more posteriorly 
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with the later timepoint worms, resulting with the appearance of cross-connectives 

and evidence of the posterior fusion of the ventral nerve cords in the four-week-old 

timepoint.  A greater deal of detail was also able to be observed in the later 

timepoints, with nerve cell bodies becoming more apparent.  The reason that the 

four-week-old stage was selected was because results with our in situ hybridization 

protocols have been the most successful at this timepoint.  This identification of the 

nervous system structure in these worms provides a map onto which successful ISH 

localisations can be mapped. 

 

Three fh-npf/y transcripts that were successfully targeted by ISH (fh-npf-1, fh-npy-1, 

and fh-npy-2) revealed differences in the distribution of these transcripts, with fh-

npy-1 having the most extensive staining patterns.  While the other two fh-npf/y 

transcripts were more restricted in distribution, it is important to note that this may 

be due to probe length.  The probe for fh-npy-1 was 1001 bases long, whereas 

those for fh-npf-1 and fh-npy-2 were 559 and 249 bases respectively.  These were 

more limited due to the overall length of the transcripts.  Efforts to localise fh-npf-2 

and fh-npf-3 along with those receptors that gave phenotypes were unsuccessful.  

This could have been for various reasons.  One hypothesis is that the expression of 

those particular transcripts is beneath the threshold of detection for this protocol in 

its current state.  Beyond that, the expression of this transcript at this four-week 

stage may be comparable to the targets that have been successfully localised, but 

the expression of the failed targets might be across a greater number of cells.  The 

mRNA for these failed targets might also form secondary structures that limit the 

ability of the probe to bind.  Improvements are regularly being made to the FISH 
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method and in some cases, researchers are able to detect individual transcripts 

(Trcek et al., 2017).  Before that however, co-localisation of these NPF/Y-encoding 

transcripts with a panel of tissue-specific probes may give more insight into the 

function of these neuropeptides. 

 

No functional genomics-based research has been carried out in parasitic flatworms 

regarding this neuropeptide family.  Here, this was addressed in attempts to expand 

our knowledge of these phylogenetically extensive neuropeptides.  As part of a 

larger RNAi screen (Chapter 3), one of the five fh-npf/y family members had a 

profound growth phenotype.  In this study, four of five fh-npf/y family genes were 

silenced and displayed high levels of knockdown.  Subsequent RNAi replicates, using 

a methodology of one 24-hour exposure per week, confirmed this high knockdown 

but did not reveal any phenotypes beyond that of fh-npy-1.  Interestingly, moving 

from one exposure to two exposures per week unveiled a second growth 

phenotype for fh-npf-2, despite there being no significant difference in transcript 

knockdown between the two methods.  The lack of difference in transcript 

knockdown is likely due to the same length of time between the final exposure and 

RNA extraction with both methods.  This would have allowed the target transcript 

abundance to recover to a similar level.  It seems likely that the average levels of 

transcript over the week would be lower under the two dsRNA exposures per week 

protocol than the one dsRNA exposure per week protocol, thereby supporting 

higher consequent reduced levels of peptide. 
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These data, linking Fh-NPY-1 to stem cell proliferation and growth suggest a 

potential pathway exists where Fh-NPY-1 inhibits neoblast proliferation.  Therefore, 

when Fh-NPY-1 levels drop under gene silencing, there is an increase in neoblast 

proliferation and growth.  In vertebrates, NPY superfamily peptides have been 

linked with growth and development in some species.  For example, NPY has been 

shown to alter the growth and proliferation of stem cells and precursor cells e.g. 

postnatal neuronal precursor cells and bone marrow stromal cells (Hansel et al., 

2001; Wu et al., 2017).  NPY-deficient mice have been shown to have significantly 

reduced hematopoietic stem cells (HSCs) (Park et al., 2015).  Most recently NPY was 

found to have a direct quiescence impact on HSCs (Ulum et al., 2020).  There are 

fewer reports that indicate an inhibitory role in stem cell proliferation for NPY.  NPY 

signalling via the Y1 receptor directly inhibits the proliferation and differentiation of 

mesenchymal progenitor cells (Lee et al., 2010).  With human adipose derived stem 

cells (hADSCs), NPY was shown to promote the differentiation of hADSCs at low 

concentrations but inhibit proliferation at a high concentration (Liu et al., 2018).  

NPF/Y-like peptides have also been implicated in the proliferation of germinal stem 

cell systems of invertebrates, specifically Drosophila (Ameku et al., 2018) and S. 

mediterranea (Collins et al., 2010).  The addition of synthetic NPF (from M. expansa) 

increased proliferation of neoblast-like cells in Girardia tirgrina (Kreschenko et al., 

2008).  Knockdown of an NPF-encoding gene in the pea aphid, Acyrthosiphon pisum, 

resulted in reduced food intake, as well as reduced reproduction (Li et al., 2018). 

 

The profound impact of fh-npy-1 silencing in juvenile liver fluke prompted efforts to 

identify the cognate receptor.  All known receptors for NPYs and NPFs in 
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invertebrates are G-protein coupled receptors (GPCRs).  Here an RNAi strategy was 

adopted whereby candidate NPF/Y receptors in liver fluke would be silenced in the 

expectation that silencing the receptor for Fh-NPY-1 would give a pronounced 

growth phenotype and phenocopy the effects of silencing fh-npy-1.  To this end, the 

predicted Fh-NPFRs were identified by homology-based searches and silenced.  

Unfortunately, no Fh-NPFR-RNAi worms displayed an enhancement of growth 

phenotype, indeed Fh-NPFR6-RNAi worms displayed significant reductions in 

growth, phenocopying the reduced size phenotype seen with Fh-NPF-2-RNAi.  

However, it is important to note that this impact was transient.  As was identified 

from the screen, despite high transcript knockdown, phenotypes for the remainder 

of genes silenced did not emerge.  It is likely that within the NPF/Y signalling 

pathways, with both ligands and receptors, a degree of redundancy could be 

cloaking the impact of individual components in the pathway (Hewes et al., 1998).  

This hypothesis of redundancy within the NPY signalling pathway has been 

presented but with limited experimental evidence (Ducy et al., 2000; Baldock et al., 

2009).  Redundancy of NPY signalling has been identified as part of a complex 

together with gamma-aminobutyric acid (GABA) and Agouti related peptide (AgRP) 

(Krashes et al., 2013).  While all three function in feeding processes, the loss of each 

individual component did not impair feeding.  This potential redundancy of NPF/Y 

signalling seems to be in conflict with the findings from a GPCR RNAi screen in 

Caenorhabditis elegans (Keating et al., 2003).  The authors found that of the 12 

predicted NPF/Y-like GPCRs, six had a discernible phenotype when targeted 

individually, revealing roles in egg laying and locomotion, despite nematodes not 

having any clear NPF/Y-like peptides.  In Lymnaea stagnalis, it was found that a 
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putative NPF/Y-like receptor was activated by a non-NPF peptide, 

TPHWRPQGRFamide, given the designation of LyCEP based on its homology to 

cardioexcitatory peptide of Achatina (Tensen et al., 1998). 

 

From the studies highlighted here, it is clear that the NPF/Y-signalling pathway is 

highly complex and can act in tandem with other signalling systems, making the 

identification of the functions of individual system components more difficult. 

 

In searching for a phenocopy for Fh-NPY-1-RNAi, a profound phenotype was seen 

with Fh-NPFR-2-RNAi, resulting in a highly significant inhibition of juvenile liver 

fluke, evident from day 14.  The only Fh-NPF/Y-RNAi that gave a similar phenotype 

was that of fh-npf-2.  While the impact of Fh-NPF2-RNAi was not as profound as 

that for Fh-NPFR-2-RNAi, it encourages further pursuit of this ligand and receptor 

with the potential that they may interact with one another.  Successful 

colocalisation of ligand and receptor transcripts might have hinted at a functional 

relationship, however these attempts were unsuccessful. 

 

Alternatively, similar neuropeptides may need to act simultaneously to elicit a 

response (Chen et al., 2016), as seen with neurotransmitters (Brežina and Weiss, 

1997).  In this case, similar phenotypic consequences following knockdown of 

multiple neuropeptide-encoding transcripts could indicate synergistically acting 

neuropeptides.  While no similar phenotypes were observed among the Fh-NPF/Y-

RNAi, the experiment could be repeated following improvements to in vitro culture 



 186  

and expanded phenotype assays, which could reveal new phenotypic consequences 

of transcript knockdown. 

 

This study represents an in-depth look at the NPF/Y-signalling pathway, initially 

identifying and confirming the prior identification of five NPF/Y- and seven NPF/YR-

encoding transcripts in the genome of F. hepatica.  Using a versatile NPF antiserum, 

the development of the nervous system was observed across three developmental 

stages, providing a structure onto which nervous system ISH localisations can be 

mapped.  Three of five NPF/Y-encoding transcripts could be localised with ISH, all of 

which have distinct distribution patterns.  Functional genomics approaches were 

used to probe the biology of individual pathway components, namely the ligands 

and receptors, revealing profound phenotypes in terms of increased growth and 

reduced growth for a ligand and receptor respectively.  Based on these findings, 

researchers are well equipped to delve deeper into the NPF/Y-signalling pathway of 

flatworms, in attempts to unravel the evident complexity of this evolutionarily 

ancient signalling system. 
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The trematode Fasciola hepatica is a parasite of significant importance to global 

food security and human health.  While the main focus is justifiably centred on 

infections of human and farmed animals such as cattle and sheep, F. hepatica 

exhibits a broad host range extending to a variety of wild mammals.  The life cycle 

of F. hepatica is complex, involving a molluscan intermediate host of the family 

Lymnaeidae, within which asexual replication takes place.  Emerging resistance to 

the frontline triclabendazole has increased the research interest into this parasite.  

This limitation in our ability to treat migrating juvenile fluke, coupled with growing 

flukicide resistance, exposes serious shortcomings in fasciolosis control.  For this 

reason, the experimental work reported in this thesis focussed on juvenile liver 

fluke, with the aspiration of exposing new knowledge that will inform drug target 

selection for future control efforts. 

 

The nervous system of liver fluke has received relatively little attention, partly due 

to the technical difficulties in highlighting it.  Early studies focused on the use of 

electron microscopy in miracidia (Wilson, 1970) and cercariae (Dixon and Mercer, 

1965).  During this time and in the ensuing years, histochemical methods were 

developed to identify the distribution of enzymes responsible for processing and 

degrading various neurotransmitters (Halton, 1967; Ramisz and Szankowska, 1970; 

Bennett and Gianutsos, 1977).  These studies revealed the structure of the nervous 

system in whole mounts of immature and mature F. hepatica, showing paired 

cerebral ganglia, situated lateral to the pharynx, connected by a dorsal cerebral 

commissure and three sets of paired main nerve cords emanating dorsally from the 

ganglia.  The main nerve cords became classified as ventral, dorsal and lateral nerve 
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cords.  Together with the ganglia, these nerve cords make up the central nervous 

system.  The peripheral nervous system is composed of an intricate network of 

nerves extending from the central nervous system, some acting as connectives 

between nerve cords, some terminating at various plexuses, including 

subtegumental and submuscular. 

 

The existence of neuropeptides in liver fluke was inferred from the positive 

immunoreactivity to an array of neuropeptide-specific antisera (Magee et al., 1989).  

Given the extensive staining patterns with these sera, the neuropeptidergic system 

received significant interest in F. hepatica research.  Studies in subsequent years 

highlighted the neuropeptides as playing key roles in the biology of this parasitic 

helminth including myoactivity (Marks et al., 1996).  In contrast to the fast-acting, 

short-lived effects of classical neurotransmitters, neuropeptides typically have 

relatively long-lasting effects.  Since neurotransmitter pathways are likely to be 

similar between host and parasite, drugs designed to target these systems in the 

parasite could interfere with host signalling.  The neuropeptide systems in 

flatworms and mammals are quite distinct, such that this system likely represents a 

source of novel drug targets for liver fluke control (Maule et al., 2002). 

 

Despite this early interest in the neuropeptidergic system of parasitic flatworms, 

interest waned due to a lack of robust tools to probe the roles of neuropeptides.  

Studies on liver fluke were limited by a range of hurdles: the absence of genomic or 

good quality transcriptomic data; the relatively short timeframe of parasite viability 

outside the host; the tegumental outer surface being impermeable to large 
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neuropeptides; and, the absence of robust gene silencing tools.  The emergence of 

transcriptomic datasets facilitated the discovery of neuropeptide-encoding 

transcripts (Robinson et al., 2009; McVeigh et al., 2009).  These studies identified 18 

putative neuropeptide-encoding transcripts including members of neuropeptide 

F/Y-like and FMRFamide-like peptide families.  A variety of new resources/tools 

enabled the work in this thesis to take a fresh look at juvenile liver fluke 

neurobiology. 

 

Three key studies provided a solid foundation on which to build our knowledge of 

the neuropeptide system in liver fluke.  McVeigh et al. (2009) identified an array of 

neuropeptides using various transcriptomic studies across multiple flatworm 

species, which included some neuropeptides that had been previously inferred from 

immunocytochemical studies.  Common sequence motifs in neuropeptide 

genes/precursors such as the presence of a C-terminal glycine and (di-)basic 

cleavage sites were also used to identify novel neuropeptides.  Collins et al. (2010) 

used a combination of peptidomics and functional genomics approaches to identify 

51 prohormone genes in the model flatworm Schmidtea mediterranea.  Finally, 

Koziol et al. (2016) developed a novel search strategy that exploited the high degree 

of conservation of the neuropeptide sequence relative to the remaining sequence 

of the full prepropeptide.  Having validated the method for Drosophila and 

Caenorhabditis elegans datasets, it allowed for the identification of 13 new 

neuropeptide precursors. 
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In Chapter 2, these studies were used, together with the emergence of two 

genomic datasets and an expanded transcriptome, to identify 20 further 

neuropeptide precursors in F. hepatica.  Given that many of these putative 

neuropeptide-encoding transcripts have been identified solely through 

bioinformatic approaches, their status as neuropeptide-encoding genes has been 

assigned as tentative and awaits validation.  While it is possible that some of these 

novel putative genes have been falsely identified as neuropeptide-encoding, it is 

also likely that there are many false negatives, with others awaiting discovery.  Until 

more recently, beyond bioinformatics, there were few tools available to confirm 

neuropeptide status in parasitic flatworms.  The peptidomic approach that yielded a 

plethora of neuropeptides in S. mediterranea is much more difficult in parasitic 

helminths, given the amount of tissue that is required to carry out this type of 

study.  While improvements to peptidomic technologies have inevitably led to the 

enhancement in instrument sensitivity, thereby reducing the amount of tissue 

required, another problem emerges when considering F. hepatica.  As previously 

mentioned, proteases such as cathepsins are unusually abundant in liver fluke and 

are functional across a diverse range of substrates and pHs (Dowd et al., 2000; 

Lowther et al., 2009; Corvo et al., 2009).  These proteases could have degraded 

neuropeptides, preventing their detection.  Cysteine protease inhibitors have been 

used in proteomic analysis of F. hepatica to avoid this problem (Itoh et al., 1990).  

Nevertheless, the identification of a cohort of 35 neuropeptide-encoding transcripts 

represents a valuable new dataset to probe, with the other tools now available to 

the F. hepatica research community. 
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Transcriptomic expression data from various life stages was also analysed in order 

to give some indication as to the function of each transcript.  As was expected, 

many neuropeptides peaked in expression in the highly active newly excysted 

juvenile (NEJ) stage, however the very broad extent of this pattern was surprising, 

in so far as how many shared it.  It appears that the highest expression of these 

neuropeptides coincides with the juveniles embarking on an arduous migration, 

encouraging the hypothesis that many of neuropeptide are involved in worm 

orientation and motility; however, many other processes are initiated in the early 

phases of the intramammalian life stage.  Given that the NEJ has just gone from a 

relatively dormant state in the external environment, to a highly active state in a 

host equipped with an immune system, many changes must occur to facilitate not 

just the migration, but the survival of the juvenile in the definitive host (Cwiklinski 

et al., 2018).  Changes in response to heightened temperature and salinity, 

metabolism, growth and development also peak in this life stage and many of this 

subset of neuropeptides could be involved in activities related to any or all of these, 

in addition to orientation and movement.  In silico analyses in this thesis exposed an 

interesting pattern of expression of both the endogenous fluke neuropeptides and 

the subset of G-Protein Coupled Receptors (GPCRs) predicted to be activated by 

peptides.  The mean expression profile of the peptide GPCR-encoding transcripts 

during juvenile development appeared to be similar to that of the endogenous 

neuropeptides, although the latter appeared to lag slightly behind the GPCR 

transcripts.  From this observation it was proposed that liver fluke peptide GPCRs 

are made in advance of their activating ligands, consistent with the need to have 

the signalling systems in place prior to ligand production.  This observation does not 
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seem to have been made in other species, with deorphanisation attempts focussing 

on highly conserved lignand-receptor pairs.  Two factors worth noting are the 

potential differences between in vitro and in vivo systems, and the fact that GPCRs 

can be “recycled” following internalisation (von Zastrow and Williams, 2012).  The 

transcriptomic data for fluke show a peak of neuropeptide and peptide GPCR 

expression in the NEJ stage, whereas the later life stages (21-day and adult) show 

markedly lower expression when they were recovered from the host.  Whilst it was 

possible that these differences were due to the in vitro versus in vivo conditions, 

our own comparisons of neuropeptide expression in three-week-old juveniles after 

three weeks in vivo and three weeks in vitro confirm that the in vivo conditions 

reduce the expression of many neuropeptides – it would be interesting to compare 

the expression of neuropeptides between NEJs and three-week-old juveniles 

maintained in vitro. 

 

The juvenile liver fluke transcriptomic datasets that are currently being annotated 

(E. McCammick and E. Robb, Queen’s University Belfast, personal communication) 

provide an invaluable resource that compares gene expression between worms that 

were maintained in vitro and in vivo.  This has given us a great insight into the 

impact of the external environment on liver fluke neurobiology. It was found that in 

vivo worms grow faster and have a substantially greater expression of neoblast-

specific genes compared to their in vitro counterparts.  Considering neuropeptides 

and peptide GPCRs, it was interesting to see that of the 35 neuropeptide genes, 22 

were significantly differentially expressed, all of which were downregulated in in 

vivo worms relative to in vitro worms maintained for the same length of time.  Two 
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hypotheses emerged following this analysis.  One is that the nervous system plays a 

key role in keeping signalling systems and cell excitability in check, whilst facilitating 

coordinated behaviours suited to the external conditions.  It stands to reason 

therefore, that the more developed in vivo worms (relative to in vitro worms 

maintained for the same length of time) display a reduced expression of these 

putative inhibitory genes.  This overall downregulation in in vivo worms is also not 

only limited to the neuropeptide system but extends to other aspects of the 

nervous system.  Genes encoding neuropeptide processing enzymes are 

downregulated as well as genes involved in the classical neurotransmitter pathways 

such as those centred around acetylcholine and glutamate.  Another hypothesis 

could be that transcriptionally, in vitro 21-day-old worms are much more aligned 

with the NEJ 24 hour stage, which as previously mentioned, highly expresses most 

nervous system genes (see Figs 5.1A and 5.1B).  In the life stage transcriptome 

(Cwiklinski et al., 2015), it is important to note that the 21-day-old juvenile stage 

analysed was recovered from in vivo conditions, analogous to the in vivo worms 

analysed in this study. 
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Figure 5.1.  Nervous system transcript expression over the F. hepatica life cycle.  
A) Overall nervous system gene transcript expression profile across all life stages 
of liver fluke analysed in the Cwiklinski et al. (2015) transcriptome.  B) Closer 
view of the 24hr NEJ, 21d in vivo juvenile and adult stages, with a hypothesised 
transcriptional location of the 21d in vitro juvenile potentially explaining the 
overall downregulation in the in vivo juvenile. 
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Chapter 3 focused on performing a large-scale RNA interference (RNAi) screen of 

those neuropeptide-encoding transcripts identified in Chapter 2.  The extent of 

knockdown across these transcripts revealed the value of RNAi in probing nervous 

system biology in F. hepatica, a system that has proven refractory to RNAi in other 

organisms, notably C. elegans (Calixto et al., 2010).  Whilst it was disappointing that 

only a single gene in the study displayed a robust RNAi phenotype, the discovery 

was novel and appears to expose a new and important role for Fh-NPY-1; 

interestingly, the transcript for this neuropeptide-encoding gene was the most 

downregulated in vivo (see Fig 2.4).  These data indicated that Fh-NPY-1 plays a key 

role in the inhibition of growth under conditions that either lack a trigger or key 

components to facilitate normal development.  

 

Upon reflection, while many biological explanations can be put forward for the lack 

of phenotypes following the silencing of 35 neuropeptide-encoding genes, it is 

important to consider the shortfalls of how the experiment was performed.  As this 

was a screen, only one replicate was performed for each target gene.  Additional 

replicates may provide more statistical power to strengthen the significance of any 

differences seen with one replicate.  Beyond this, the phenotype assessment was 

performed once per week and almost seven days after the once-weekly dsRNA 

exposure.  This may have allowed for the transcript and resulting protein/peptide 

level to recover prior to phenotype assessment.  While this delay would not have 

affected growth values, it is more likely to have affected motility values. 
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Given the lack of phenotypes, in order to identify the significance of the 

neuropeptide system on a larger scale, instead of targeting individual 

neuropeptides whose phenotypes might have been hidden by functional 

redundancy, it was decided instead to assess the impact of removing large groups 

of neuropeptides indirectly by knocking down processing enzymes that act as a 

bottleneck in the system.  These were prohormone convertase 2 (PC2), 

peptidylglycine alpha-hydroxylating monooxygenase (PHM) and peptidyl-alpha-

hydroxyglycine alpha-amidating lyase (PAL).  During the work in this thesis, 

colleagues in the laboratory discovered that exposing juvenile worms to dsRNA 

twice a week yielded significantly increased knockdown values and more robust 

phenotypes.  Therefore, this methodology was adopted in subsequent RNAi 

experiments.  In addition to this, phenotype assessment was again performed once 

weekly, but immediately following dsRNA exposure, limiting the possibility for any 

transcript recovery.  Following the adoption of these new protocols, profound 

phenotypes emerged following the silencing of the target genes.  Enhanced growth 

and reduced motility were observed for Fh-PC2-RNAi worms, and reduced growth 

and enhanced motility for Fh-PHM/PAL-RNAi worms.  This seemed to conflict with 

the initial hypothesis that any phenotype that would have resulted from fh-pc2 

knockdown would be present in fh-phm/pal knockdown, albeit to a lesser degree, 

given that Fh-PC2 would be predicted to process all 35 neuropeptides and Fh-

PHM/PAL to process 21 of these 35, with a question over the activity of Fh-PC2 on 

Fh-NPF/Y precursors.  This proved to be an overly simplistic view given the 

contrasting phenotypes observed.  The important thing to note is that knocking 

down fh-pc2 or fh-phm/pal will dysregulate distinct subsets of the neuropeptide 
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genes in liver fluke.  While the pc2 that was selected for targeting here was chosen 

based on the high degree of similarity to other pc2 sequences targeted in the likes 

of S. mediterranea (Reddien et al., 2005; Collins et al., 2010), other sequences 

sharing varying amounts of PC2-like functional domains exist in F. hepatica, which 

would also need to be targeted for a more complete picture.  As a result, the pc2 

knocked down here may only be contributing to a smaller subset of the 

neuropeptidome compared to what was previously thought.  The Fh-PHM/PAL side 

of the story was equally intriguing.  In the few previous studies on the function of 

amidated neuropeptides in liver fluke muscle strips, excitatory roles were identified 

(Marks et al., 1996, 1997; Graham et al., 1997).  These functional data seemed to 

conflict with the enhancement in liver fluke motility observed following the indirect 

reduction in the amount of amidated neuropeptides.  This might suggest that whilst 

the small subset of amidated neuropeptides tested thus far have been excitatory, 

others still to be tested have a greater inhibitory role, resulting in a net inhibitory 

effect when they are all dysregulated. 

 

Following the large-scale neuropeptide gene RNAi screen in liver fluke, the focus 

switched to the Fh-NPF/Y family of neuropeptides for two reasons: 1) they have 

been heavily studied in an array of species, both vertebrate and invertebrate, given 

their basal position in neuropeptide evolution and have a high degree of 

conservation across animal phyla; and, 2) the only robust phenotype that emerged 

from the RNAi screen on liver fluke was that of an Fh-NPF/Y family member.  

Initially, all five NPF family members were targeted again, completing two further 

replicates of the original one dsRNA exposure per week methodology of the first 
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RNAi screen.  As expected, the transcript knockdown values remained high for all 

with the exception of fh-npf-3.  This transcript was the only fh-npf/y that appeared 

to be enriched in the adult stage but was also present in the juvenile stages.  

Despite this, control expression values in a qPCR were low, meaning that any 

knockdown was even more difficult to detect and less reliable.  In order to assess 

the impact of two exposures a week as compared to one, all five Fh-NPF/Ys were 

targeted again using the two dsRNA exposures regimen.  There was no statistically 

significant difference between the intensity of the fh-npy-1 growth phenotype, nor 

was there any difference between the knockdown values.  The latter result may be 

due to one exposure being enough to maximally reduce expression in these targets.  

Alternatively, the time difference between the last exposure and the snap-freezing 

of the worms was the same with both experimental methods, which may have 

allowed the transcript to recover to similar levels.  Interestingly, with the additional 

weekly exposure, a phenotype emerged for fh-npf-2, with juveniles displaying a 

significant reduction in growth.  This would be worth pursuing with additional 

replicates in the future to consolidate this phenotype.  Both chromogenic and 

fluorescent in situ hybridisation (CISH and FISH respectively) were used to identify 

the distribution of fh-npf/y transcripts in four-week-old juveniles.  The expression of 

fh-npf-1, fh-npy-1 and fh-npy-2 were identified, with discrete staining patterns, 

appearing to show limited co-localisation of these related genes.  Although multiple 

probes were tested for fh-npf-2 and fh-npf-3 (four different probes for each), these 

all failed to produce any consistent staining patterns.  The first probe tested for fh-

npf-2 in CISH appeared to reveal expression throughout the gut epithelium, with no 

staining in the forward (negative control) probe.  This probe was taken forward and 
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retested using the more sensitive FISH protocol in attempts to clarify this pattern, 

however no staining was seen with either reverse or forward probes.   

 

In attempts to probe the function of the broader NPF signalling pathway, putative 

NPF receptors (NPFRs) were targeted for RNAi, driven by the hypothesis that 

following RNAi, the receptor for Fh-NPY-1 would phenocopy Fh-NPY-1-RNAi and 

reveal a similar enhanced growth phenotype.  In a separate study that used in silico 

methods to identify the entire GPCR complement of F. hepatica, seven putative 

GPCR-encoding genes were identified as putative fh-npfrs (McVeigh et al., 2018).  

Given the phenotype of enhanced growth following fh-npy-1 silencing, the 

hypothesis was developed that NPF/Y signalling impacted the proliferation of the 

neoblast-like stem cells, which were intrinsically linked to growth in F. hepatica 

(McCusker et al., 2016).  Transcriptomic studies in other flatworm species, namely 

S. mansoni and S. mediterranea were investigated for any evidence of differential 

NPFR expression.  On irradiation (a treatment which ablates neoblasts) studies, no 

differential expression was seen in any S. mansoni npfrs, nor in any other putative 

peptide GPCRs (Collins et al., 2013; Collins et al., 2016).  This would suggest that any 

link between NPF/Ys and neoblast proliferation is indirect, in schistosomes at least.  

In silico studies in S. mediterranea proved to give more of an insight with one npfr in 

this species appearing to be expressed in neoblasts at a similar level to the 

expression in fully differentiated cells, a trend which was not seen with any other 

NPFR (Labbé et al., 2012).  It was then found that there was no significant 

difference in the expression of this NPFR between asexual and sexual S. 

mediterranea, indicating that this expression in neoblasts is in somatic and not 
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germline neoblasts (Davies et al., 2017).  Two orthologues of this NPFR were 

identified in F. hepatica and one of these is downregulated in in vivo juveniles.  

These orthologues were targeted initially in order to streamline attempts to match 

Fh-NPY-1 to its cognate receptor (a process designated deorphanisation).  One of 

these orthologues did in fact yield a substantial growth phenotype, however this fh-

npfr (designated fh-npfr-2) was not that which was downregulated in vivo and the 

phenotype was one of reduced growth.  The remaining five fh-npfrs were targeted 

using RNAi, with transient phenotypes for fh-npfr-5 and fh-npfr-6.  There are several 

conclusions which can be drawn from these data.   

 

Firstly, none of the GPCRs targeted here are in fact the Fh-NPY-1 receptor and it will 

take a large GPCR RNAi screen to identify the receptor.  Secondly, Fh-NPY-1 could 

act upon a different type of receptor to influence growth and development, not 

considered here. Thirdly, targeting individual ligands and receptors may be a too 

simplistic approach and the actions of Fh-NPY-1 may involve multiple ligands 

interacting with multiple receptors and not a one-to-one dynamic.  Clearly, future 

studies should evaluate the impact of combinatorial RNAi across the Fh-NPF/Y- and 

putative Fh-NPFR-encoding genes.  

 

This work has opened many doors in terms of neuropeptide research in F. hepatica.  

In order to further characterise the neuropeptidome of this species, peptidomics 

approaches could be used.  While the cathepsins have been implicated in hindering 

this technique, protease inhibitors could be used to minimise the impact of these 

enzymes.  Peptidomics of PC2-RNAi and PHM/PAL-RNAi worms would also help to 
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identify the subset of neuropeptides these enzymes act upon.  The improvement in 

instrument sensitivity would also mean that less tissue would be required.  This 

might mean that juvenile worms could be used as opposed to the adult stage.  This 

would be beneficial for two reasons, mainly because the juvenile stage is more 

relevant to investigation in this species.  Another is that the nervous:non-nervous 

tissue ratio will be greater in the juvenile stage, preventing peptides from nervous 

tissue being essentially drowned out by products of prominent reproductive 

structures.  While the RNAi screen showed evidence of functional redundancy, this 

suggests an alternative approach would be to target functionally similar 

neuropeptides to remove the potential for this redundancy.  As highlighted in 

Chapter 3, the polypeptide 7B2 is a known inhibitor of PC2.  It would be interesting 

to see if the effect of 7B2-RNAi would show opposing phenotypes to that of PC2-

RNAi.  While not frequently mentioned in invertebrate neuropeptide research, RNAi 

of metallocarboxypeptidase CPE would allow for further classification of 

neuropeptides based on their respective processing enzymes.  The NPF/Y signalling 

system represents the most direct route to a peptide GPCR being deorphanized in a 

parasitic flatworm.  Together with focussed research in both vertebrates and 

invertebrates, this work has formed a solid foundation for this work.  While no 

putative Fh-NPF/YR-RNAi phenocopied that of fh-npy-1, a phenotype of reduced 

growth emerged for Fh-NPF-2-RNAi, mirroring that of Fh-NPFR-2-RNAi.  A close 

physical distribution identified by in situ hybridisation could strengthen the case for 

this link.  This could be taken further with an approach using a combination of 

pharmacological techniques to indicate receptor-ligand pairs (Foster et al., 2019). 
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The research reported in this thesis has deepened our knowledge of the 

neuropeptide signalling system of F. hepatica into the post-genomics era.  The work 

presented includes: a significant expansion of the putative neuropeptide gene 

complement in liver fluke; new fluorescent in situ hybridization approaches for the 

localisation of liver fluke genes and the use of these to provide new information on 

the Fh-NPF/Y signalling system; the first large-scale RNAi study of liver fluke with 

over 30 neuropeptide genes and other processing enzymes being silenced and new 

phenotypes exposed; the first evidence of a key role for Fh-NPY-1 in liver fluke 

growth and development, potentially exposing a totally new signalling pathway.  

Importantly in the context of the work reported in this thesis, the effectiveness of 

the large-scale RNAi screen reinforces the utility of RNAi in probing F. hepatica 

biology.  The considerable impacts of the knockdown of core neuropeptide 

processing enzymes confirmed the critical role that this aspect of the nervous 

system plays in the control of basic biological functions such as growth and motility.  

Given the growing concern of resistance to most flukicides, including the frontline 

drug triclabendazole, the identification of novel drug targets is imperative in 

resuming the effective control of this economically damaging parasite.  While the 

work reported here supports significant advancements to our knowledge of the 

neuropeptide signalling system in F. hepatica, it is clear that so much more work is 

needed to understand the inter-relationships of these signalling systems and how 

they can be best exploited for control.  Nevertheless, this thesis has brought new 

tools to Fasciola research, the use of which extends beyond the nervous system.  

This research has formed a strong foundation onto which further, more detailed 

research into individual neuropeptide and receptors, as well as processing enzymes 
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can be carried out.  It is hoped that the work reported here can help support the 

revitalisation of neuropeptide research in liver fluke. 
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6.1.  High confidence neuropeptide cDNA sequences with aligned protein 

sequence 

 

For brevity, most of the untranslated regions are not presented here.  Any 

untranslated regions that are shown are shown in grey.  Regions are presented as 

follows; protein-coding shown in black, signal peptide regions (if present) are blue 

and bold, basic cleavage sites are bold and underlined, and the neuropeptide region 

is red and bold. 

 

Fh-NPP-1 
XLOC_035311 
L/M/Iamide 
 
caacgtcatacgtaagaaaagatgttcggccattcaaaattactgatcgtcacgacctgc 
 Q  R  H  T  -  E  K  M  F  G  H  S  K  L  L  I  V  T  T  C  
gtgctactgatggtctcgtcagctgtgatctcctctgtcagcgcattgggagatgcggaa 
 V  L  L  M  V  S  S  A  V  I  S  S  V  S  A  L  G  D  A  E  
gatccaattttttatgaccctatcggaaaaggaatgccctctcaagcctgggacggtaca 
 D  P  I  F  Y  D  P  I  G  K  G  M  P  S  Q  A  W  D  G  T  
gacgattcggattatcagacccccgtgatctacaagaggaattttattcgtattggaaaa 
 D  D  S  D  Y  Q  T  P  V  I  Y  K  R  N  F  I  R  I  G  K  
cgcaacaccatcccagttgaaaaacggaactttattcgcatcggtcgttagaccacgtga 
 R  N  T  I  P  V  E  K  R  N  F  I  R  I  G  R  -  
 
 
Fh-NPP-2 
BN1106_s4889B000043 
L/M/Iamide 
 
aaaacaatccaaacagttggtcagctttgaaattatcactttgcaatgcaatccatctcg 
 K  T  I  Q  T  V  G  Q  L  -  N  Y  H  F  A  M  Q  S  I  S  
cttgcaatccagctgattgtgtccctctatatcgtcagtttcacttacgctgtcagtaat 
 L  A  I  Q  L  I  V  S  L  Y  I  V  S  F  T  Y  A  V  S  N  
ggagagttggatatctgtgatacagagatgtgtggacaatgttcaatgtttggtgtggac 
 G  E  L  D  I  C  D  T  E  M  C  G  Q  C  S  M  F  G  V  D  
atgattgactgttgcaatgaccccaaaatggctcagatctgtgcccgatgcgtggtccat 
 M  I  D  C  C  N  D  P  K  M  A  Q  I  C  A  R  C  V  V  H  
tcgcagcctgaagatgcattccgctgcctttttacctcttcacatctactcaacaaacgc 
 S  Q  P  E  D  A  F  R  C  L  F  T  S  S  H  L  L  N  K  R  
cgaggaatgatcggcaaacgacgtggattgatcgggaaatgagcaagtgacaacacaatt 
 R  G  M  I  G  K  R  R  G  L  I  G  K  -  A  S  D  N  T  I  
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Fh-NPP-5 
BN1106_s3602B000040 
PWamide 
 
tgggaccagagaccagaaacttcatcaaaaatgaagctgcccaaactgtccgttctttta 
 W  D  Q  R  P  E  T  S  S  K  M  K  L  P  K  L  S  V  L  L  
tgcgccttcacgttatcgttggccttcctggagaactcagctgaaggacgggtggtggag 
 C  A  F  T  L  S  L  A  F  L  E  N  S  A  E  G  R  V  V  E  
cgagatccatttgaaagactaaccacggatttcgatgctccatggattcgaagatatata 
 R  D  P  F  E  R  L  T  T  D  F  D  A  P  W  I  R  R  Y  I  
gcatacagccatcaaggcaaggaacgaaaatctggttcatacgatccatggtttccagtc 
 A  Y  S  H  Q  G  K  E  R  K  S  G  S  Y  D  P  W  F  P  V  
aaacgagaagcatatgcggatatgccttggggacgaaaacgctaggcttgacgctgcgcg 
 K  R  E  A  Y  A  D  M  P  W  G  R  K  R  -  A  -  R  C  A  
 
 
Fh-NPP-6.1 
BN1106_s597B000531 
L/M/Iamide (Myomodulin) 
 
tattcacccagaatgaggtttgccttgcggtccatgacaactgtaatcatgttcgctgta 
 Y  S  P  R  M  R  F  A  L  R  S  M  T  T  V  I  M  F  A  V  
attttgctccagtgttcacagtgtactgttcaggcaagaagtctaacgcggccggaagaa 
 I  L  L  Q  C  S  Q  C  T  V  Q  A  R  S  L  T  R  P  E  E  
gccctcaattcaattgtttatgaccagttgagatacccggacctggacgaattggaagaa 
 A  L  N  S  I  V  Y  D  Q  L  R  Y  P  D  L  D  E  L  E  E  
gtctaccgagccgcaaatgctggacccatcaaacgagccgttcgtctcatgagactcggt 
 V  Y  R  A  A  N  A  G  P  I  K  R  A  V  R  L  M  R  L  G  
tgacctagttcgaccggagcaggaacagccattgtaagatgtacacaaaccctg 
 -  P  S  S  T  G  A  G  T  A  I  V  R  C  T  Q  T  L  
 
 
Fh-NPP-6.2 
BN1106_s328B000221 
L/M/Iamide (Myomodulin) 
 
taagccatctgttactgagaacagcaatcctgaaccaaaatgttcggtggcattatcatt 
 -  A  I  C  Y  -  E  Q  Q  S  -  T  K  M  F  G  G  I  I  I  
gcgtttttcttggggattgtgctgaccagtggatcaccgactccaagcaaacgtcaatgg 
 A  F  F  L  G  I  V  L  T  S  G  S  P  T  P  S  K  R  Q  W  
attcaatctgttatagaaaaatgtgaaaataagtatccgaattgtcagttcaatcaaaat 
 I  Q  S  V  I  E  K  C  E  N  K  Y  P  N  C  Q  F  N  Q  N  
attgctgaaattcggaaacacccgcaagtggctgaattcattcatgacggagcgaaagat 
 I  A  E  I  R  K  H  P  Q  V  A  E  F  I  H  D  G  A  K  D  
ttcaattcattttgcaagttaatcttgaaacaatgtggaactgcggaagatgcacagcgc 
 F  N  S  F  C  K  L  I  L  K  Q  C  G  T  A  E  D  A  Q  R  
gtagacaaacggtatatgcgtatgcttcgattgggttaatcatgcataataatgcgtgct 
 V  D  K  R  Y  M  R  M  L  R  L  G  -  S  C  I  I  M  R  A  
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Fh-NPP-13 
BN1106_s56B000208 
FMRFamide 
 
tcgggggattcactgacatatacaatgaaccaagtcgtccgaactgtgttcttcggaacc 
 S  G  D  S  L  T  Y  T  M  N  Q  V  V  R  T  V  F  F  G  T  
cttctcgtcatcctgtgcaatacttatgttttggcacactggttccctgatttcgatggg 
 L  L  V  I  L  C  N  T  Y  V  L  A  H  W  F  P  D  F  D  G  
aaaagatattcttcttacaaagatgagaacagagatgtacgagttgtaccgcgaaacttt 
 K  R  Y  S  S  Y  K  D  E  N  R  D  V  R  V  V  P  R  N  F  
ttcccacaacgatttgggaaaagagcgcaatatgattcaggctacaaaccacaggacatg 
 F  P  Q  R  F  G  K  R  A  Q  Y  D  S  G  Y  K  P  Q  D  M  
atcatccgatggctttgaacagagttaaagtgttactatttggatcaacgcggaacactt 
 I  I  R  W  L  -  T  E  L  K  C  Y  Y  L  D  Q  R  G  T  L  
 
 
Fh-NPP-14 
BN1106_s928B000210 
L/M/Iamide 
 
acgagcacaatgcaaggtcaacgttatacgattctgttccttttgtgcttggtattcagt 
 T  S  T  M  Q  G  Q  R  Y  T  I  L  F  L  L  C  L  V  F  S  
atggtgtctctcaagccgactgaatcgatggacttaacgaacttcatggtacctctggag 
 M  V  S  L  K  P  T  E  S  M  D  L  T  N  F  M  V  P  L  E  
gacgagaactatccccaagagtacgaacccgtattgttctttcgaaaacgtggcctacga 
 D  E  N  Y  P  Q  E  Y  E  P  V  L  F  F  R  K  R  G  L  R  
caaatgcgcatgggcaagcgatttccgcatgaagttgccccacagctgcctggaagagag 
 Q  M  R  M  G  K  R  F  P  H  E  V  A  P  Q  L  P  G  R  E  
cgaccgttttaaaatgctccaaccaaagaatgatctgagcccatttggctcacaatcttg 
 R  P  F  -  N  A  P  T  K  E  -  S  E  P  I  W  L  T  I  L 
 
 
Fh-NPP-15 
BN1106_s3135B000180 
FMRFamide 
 
catccaatataagtcgggtgatgtagacccaatgcggttcaaagcgatcgggcaacaatg 
 H  P  I  -  V  G  -  C  R  P  N  A  V  Q  S  D  R  A  T  M  
aacgggtttgcacttgttaggatgatcctcgccggcagcttactcatgttactctgtgca 
 N  G  F  A  L  V  R  M  I  L  A  G  S  L  L  M  L  L  C  A  
acagtgatagccattcccaatccaactggctatgaaactgagttggattactatcccgaa 
 T  V  I  A  I  P  N  P  T  G  Y  E  T  E  L  D  Y  Y  P  E  
ttggcctacgaaccgattgtatacgataaccgaggacatttgccacagtttggcaaacaa 
 L  A  Y  E  P  I  V  Y  D  N  R  G  H  L  P  Q  F  G  K  Q  
cttccgcgtgcggcgttcgtgaaaaggggacaatttctccgcctcggttaaagtgacggc 
 L  P  R  A  A  F  V  K  R  G  Q  F  L  R  L  G  -  S  D  G  
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Fh-NPP-20.1 (/Fh-NPF-1) 
BN1106_s5763B000010 
Neuropeptide F/Y 
 
tcttgtctttccatgttactcagtcccttccagtcacatcaaaagatgaaagtagcgaga 
 S  C  L  S  M  L  L  S  P  F  Q  S  H  Q  K  M  K  V  A  R  
tttgctattacgtttcaactcgctgttatgtttttattgttatctttcgtgatatcatta 
 F  A  I  T  F  Q  L  A  V  M  F  L  L  L  S  F  V  I  S  L  
acaaatgcccaagaccaggaagaagatcccagtttggacaatctgggagcaaaactgcgt 
 T  N  A  Q  D  Q  E  E  D  P  S  L  D  N  L  G  A  K  L  R  
gaaatatacaaagtagtacgaaacaatcgaatgcaagaactgagcaactactttcaactt 
 E  I  Y  K  V  V  R  N  N  R  M  Q  E  L  S  N  Y  F  Q  L  
catggcagaccaagattcggcaaacgaagatttgtggtgccgtatgggtatccatctgac 
 H  G  R  P  R  F  G  K  R  R  F  V  V  P  Y  G  Y  P  S  D  
gaagacatacgtgagccaatctatcgcgggatttgaacgctaatattgaaagtaaaatag 
 E  D  I  R  E  P  I  Y  R  G  I  -  T  L  I  L  K  V  K  -  
 
 
Fh-NPP-20.2 (/Fh-NPF-2) 
BN1106_s280B000160 
Neuropeptide F/Y 
 
acaaagggacaaatattggtcatgttgacaaaaaagtcaccacaatccaactctgttcgg 
 T  K  G  Q  I  L  V  M  L  T  K  K  S  P  Q  S  N  S  V  R  
gcaaacgtcactctggacacgcccatgtatgctggccgtcgggtatgtgtgatgagtatt 
 A  N  V  T  L  D  T  P  M  Y  A  G  R  R  V  C  V  M  S  I  
cgcaaacttactgtggtgtggtggatctatctgatactgttcgcttgtcaagattcctcg 
 R  K  L  T  V  V  W  W  I  Y  L  I  L  F  A  C  Q  D  S  S  
ttatcaaatcacacatccgacttgacgcaactgaacctcacggaaaattgtaaaccacga 
 L  S  N  H  T  S  D  L  T  Q  L  N  L  T  E  N  C  K  P  R  
agtttcaagtcatatgcatctgatttgaggcggatacaacatttctccctgctcacgttc 
 S  F  K  S  Y  A  S  D  L  R  R  I  Q  H  F  S  L  L  T  F  
ttacccgttgcggaagctgttcctgttccttcggggatacccgtattcgaaacagatcgg 
 L  P  V  A  E  A  V  P  V  P  S  G  I  P  V  F  E  T  D  R  
gaactgctggcttacgtaagggctttaaatgtatattttcaagtgtttggccgatccagg 
 E  L  L  A  Y  V  R  A  L  N  V  Y  F  Q  V  F  G  R  S  R  
tttggatgaatgtgcgcattgcatgaaaatctgactttctatctgccgaaatgaccccaa 
 F  G  -  M  C  A  L  H  E  N  L  T  F  Y  L  P  K  -  P  Q  
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Fh-NPP-20.3 (/Fh-NPF-3) 
BN1106_s6263B000112 
Neuropeptide F/Y 
 
accatgcacgcaatcaaaaccatcgtgttgcaagtcaccctactatgtctgattatatca 
 T  M  H  A  I  K  T  I  V  L  Q  V  T  L  L  C  L  I  I  S  
gaggaacctcaacaagctcaagcatatccctcaaacggatacggtgaaggaatttatcca 
 E  E  P  Q  Q  A  Q  A  Y  P  S  N  G  Y  G  E  G  I  Y  P  
aagcaggtggaagaagttctcgctacccagccatatgattttcaaaatgctattcgggaa 
 K  Q  V  E  E  V  L  A  T  Q  P  Y  D  F  Q  N  A  I  R  E  
taccagaacgtcggtggagtgagtcaagctccgagaataccgaagatatttcaaagtcca 
 Y  Q  N  V  G  G  V  S  Q  A  P  R  I  P  K  I  F  Q  S  P  
gaagctctgaggacatacttgaataagctcaatgagtattttatcacaatcggacgacca 
 E  A  L  R  T  Y  L  N  K  L  N  E  Y  F  I  T  I  G  R  P  
aggttcggataagaatggactaagcccgcttgccaggcccaccatttactctgtccgacc 
 R  F  G  -  E  W  T  K  P  A  C  Q  A  H  H  L  L  C  P  T 
 
 
Fh-NPP-20.4 (/Fh-NPY-1) 
BN1106_s2467B000076 
Neuropeptide F/Y 
 
tagtttcatgaacggacactcctctagcaagtgacgtgttcgtcgatggagaccttgaat 
 -  F  H  E  R  T  L  L  -  Q  V  T  C  S  S  M  E  T  L  N  
agtgaatacactttcgtctacccgcaggaacattcacgtcacttgtccaacaacgatcac 
 S  E  Y  T  F  V  Y  P  Q  E  H  S  R  H  L  S  N  N  D  H  
actgcaacaattctatctacatcatcaaagacaaaatctactaaaatgtccagatctttg 
 T  A  T  I  L  S  T  S  S  K  T  K  S  T  K  M  S  R  S  L  
acttgggcacatgtcagttatattctactattattgctcatatgcaacactacattccaa 
 T  W  A  H  V  S  Y  I  L  L  L  L  L  I  C  N  T  T  F  Q  
tggctcgagacgggcatgagcgttgccggcatgcatgtgccatctattgcgagccgggtc 
 W  L  E  T  G  M  S  V  A  G  M  H  V  P  S  I  A  S  R  V  
gaaattgggcaaatgcgactgcgtccttactggaccccattgccacgtttgaccgcggaa 
 E  I  G  Q  M  R  L  R  P  Y  W  T  P  L  P  R  L  T  A  E  
gatgcaaacgaccaaataatggttagccgacgaagcctatctcaccgttcacgtaatcga 
 D  A  N  D  Q  I  M  V  S  R  R  S  L  S  H  R  S  R  N  R  
atagcaaataacgatcactacggcattgacgaggtagaggaggaaccaaatataaacggt 
 I  A  N  N  D  H  Y  G  I  D  E  V  E  E  E  P  N  I  N  G  
gacagtttgaagaagaccatagaacgtcaagccactgctttgtttgacgatgagaatgcg 
 D  S  L  K  K  T  I  E  R  Q  A  T  A  L  F  D  D  E  N  A  
ctgtccagaatgattcagcaaatggacgcctattatctaacatacggaagaccaagatac 
 L  S  R  M  I  Q  Q  M  D  A  Y  Y  L  T  Y  G  R  P  R  Y  
ggttaacaatgcgcgaattccgccactgttattaccttggtgctcgcagccggccgaatc 
 G  -  Q  C  A  N  S  A  T  V  I  T  L  V  L  A  A  G  R  I  
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Fh-NPP-20.5 (/Fh-NPY-2) 
XLOC_069441 
Neuropeptide F/Y 
 
gaagtcctacttgattcgggagcaatgcactttactggtctgatcagccggacactgatc 
 E  V  L  L  D  S  G  A  M  H  F  T  G  L  I  S  R  T  L  I  
gtctgtctattcttcgtctgcatggggcgcatttcaaatgctctgtctatgggttcgctg 
 V  C  L  F  F  V  C  M  G  R  I  S  N  A  L  S  M  G  S  L  
agcacggaggatgttgagaaattgcggatggtaatgatgaattcaccggagaatttgcgt 
 S  T  E  D  V  E  K  L  R  M  V  M  M  N  S  P  E  N  L  R  
gcctatttgcggttgttacgtgaatgggatatgctctcgtccataccgcggtatggctga 
 A  Y  L  R  L  L  R  E  W  D  M  L  S  S  I  P  R  Y  G  -  
 
 
Fh-NPP-23 
BN1106_s566B000338 
FMRFamide (YIRFamide) 
 
tatttcacggtggagtaaaaaatgttttgcgcaacagttctactcctagttttggcaaca 
 Y  F  T  V  E  -  K  M  F  C  A  T  V  L  L  L  V  L  A  T  
atgactgcatctgagaaaacaggggacacgtatccggaaccccgggacgttttcactacg 
 M  T  A  S  E  K  T  G  D  T  Y  P  E  P  R  D  V  F  T  T  
aacgaagagatcggctacatcacacctcttgtaaagcgttacatccgatttggcaaacgg 
 N  E  E  I  G  Y  I  T  P  L  V  K  R  Y  I  R  F  G  K  R  
ggaactccacaatctaacgatcagagacaatacagagaagatattcaaattccaggacaa 
 G  T  P  Q  S  N  D  Q  R  Q  Y  R  E  D  I  Q  I  P  G  Q  
ccgttgggattcattcggtttggttaatcgatctgggtgtttattgactaattaaatcta 
 P  L  G  F  I  R  F  G  -  S  I  W  V  F  I  D  -  L  N  L 
 
 
Fh-NPP-24 
XLOC_015440 
Uncharacterised amidated 
 
agaagcacatcgatgacgcgattcggttcaaacgttttgagattttgccactggaccatt 
 R  S  T  S  M  T  R  F  G  S  N  V  L  R  F  C  H  W  T  I  
tttgtctatctaatatcaaactgtgtgttcagcgaagccaatgtcatacatcgtttgaca 
 F  V  Y  L  I  S  N  C  V  F  S  E  A  N  V  I  H  R  L  T  
ccggataatgactattctctgagtgattacgaactgatcaatccgaagatattttcgaaa 
 P  D  N  D  Y  S  L  S  D  Y  E  L  I  N  P  K  I  F  S  K  
aggggaggaatgtacggtggtctgttgggtaaacgaggattcaattatgttccgaaacca 
 R  G  G  M  Y  G  G  L  L  G  K  R  G  F  N  Y  V  P  K  P  
tatgattacgcctgatgtttcacagtgaaaaaagacaatgttttccactttccttatgca 
 Y  D  Y  A  -  C  F  T  V  K  K  D  N  V  F  H  F  P  Y  A 
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Fh-NPP-26 
BN1106_s1559B000208 
Unamidated 
 
gttccatcggtgtcttatcctagtgaataaagaaatagaaccacaatgagaatgactctt 
 V  P  S  V  S  Y  P  S  E  -  R  N  R  T  T  M  R  M  T  L  
gcactccacatgatagtagtgttggcagtgctcacatttcatactttggctcatcaaatt 
 A  L  H  M  I  V  V  L  A  V  L  T  F  H  T  L  A  H  Q  I  
ccaatttatcccgttgaagtggagagacaaggtgttccgacaatccccttttggacttgg 
 P  I  Y  P  V  E  V  E  R  Q  G  V  P  T  I  P  F  W  T  W  
tatactgactacactccttcacggtcttcaatatactcgtcgaactcgaaacgagcacac 
 Y  T  D  Y  T  P  S  R  S  S  I  Y  S  S  N  S  K  R  A  H  
ttcgatccaattttgtttcgtaaacgacaatcaaccatcgatccaatcctattctgaagt 
 F  D  P  I  L  F  R  K  R  Q  S  T  I  D  P  I  L  F  -  S  
 
 
Fh-NPP-27 
XLOC_044700 
Unamidated 
 
aaaaggcggtgtacaatcggaacaatgcgtgtgaccttgatgctagcagcttatttggtt 
 K  R  R  C  T  I  G  T  M  R  V  T  L  M  L  A  A  Y  L  V  
gcaatgattttctgtgaatcatctcaagctcttcccacggaagtaggatcttttgaaatt 
 A  M  I  F  C  E  S  S  Q  A  L  P  T  E  V  G  S  F  E  I  
gaagaagaccttccaagatggcgaccggtggaagttaacgaatgggttccgcggcttgga 
 E  E  D  L  P  R  W  R  P  V  E  V  N  E  W  V  P  R  L  G  
agattcaaaaggaagcctccttacattatgggaggaattcgttattgaaagtctaccgga 
 R  F  K  R  K  P  P  Y  I  M  G  G  I  R  Y  -  K  S  T  G  
 
 
Fh-NPP-28.1 
BN1106_s3660B000091 
Unamidated 
 
tttgtcttcttccgcttggattcggcctattaaaatcgagacaaaatgcgttcattactg 
 F  V  F  F  R  L  D  S  A  Y  -  N  R  D  K  M  R  S  L  L  
cttgtcgtgatattcattgttttctcactggccgttgctaattcggctgaacgggatccc 
 L  V  V  I  F  I  V  F  S  L  A  V  A  N  S  A  E  R  D  P  
gaagactatgccaaaagagcataccatttcttccgaatccgtcgtggatcacaatgtttg 
 E  D  Y  A  K  R  A  Y  H  F  F  R  I  R  R  G  S  Q  C  L  
cccatactggattatgtgaaacttgcaatgaagaatcccagacaaatttgtgaagaggat 
 P  I  L  D  Y  V  K  L  A  M  K  N  P  R  Q  I  C  E  E  D  
cgtgccgtgttggaaagtctactctgaaaatctcaccatgactttctggattcgtccgta 
 R  A  V  L  E  S  L  L  -  K  S  H  H  D  F  L  D  S  S  V  
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Fh-NPP-28.2 
BN1106_s18B000411 
Unamidated 
 
atgcgatccgttgtgaccaaagtgttgctcctcttggcctgtgtggtatccatgctcatg 
 M  R  S  V  V  T  K  V  L  L  L  L  A  C  V  V  S  M  L  M  
gcagttagcgctgcgcaagatatggacaaaagagcatttcatttcttccgaatccgacgc 
 A  V  S  A  A  Q  D  M  D  K  R  A  F  H  F  F  R  I  R  R  
ggttctgaatgcataccagttttaaaactaattcgagaagctctcaaaaatccggacaga 
 G  S  E  C  I  P  V  L  K  L  I  R  E  A  L  K  N  P  D  R  
atctgtgaatcggacctgacagagttgacaagaacaacatactgagaattccagtgcaat 
 I  C  E  S  D  L  T  E  L  T  R  T  T  Y  -  E  F  Q  C  N  
 
 
Fh-NPP-29 
BN1106_s2163B000316 
Unamidated 
 
cactttaaactgtatataaagagtcacttgtgaaaactttgtgacaaacgtctcgcaatg 
 H  F  K  L  Y  I  K  S  H  L  -  K  L  C  D  K  R  L  A  M  
ttgggtgatctgcgcattctgtcggtgttaatgatattcgtactgtttattcatggtttc 
 L  G  D  L  R  I  L  S  V  L  M  I  F  V  L  F  I  H  G  F  
cattgccttgtgaattcagaagactcggaagatcagttggaacatcagggcactgataaa 
 H  C  L  V  N  S  E  D  S  E  D  Q  L  E  H  Q  G  T  D  K  
agatacatatactggaaaagaggctcttatgatgacgattattatctaccgggttataag 
 R  Y  I  Y  W  K  R  G  S  Y  D  D  D  Y  Y  L  P  G  Y  K  
cgcatgatatactacaaacgaacacccaatcgaatgaaaaattcggtttactgaagctgg 
 R  M  I  Y  Y  K  R  T  P  N  R  M  K  N  S  V  Y  -  S  W  
 
 
Fh-NPP-31/32.1 
BN1106_s2137B000117 
Unamidated 
 
aaaatatcaactttttacaagtgaatgaatcacaactttctatctgagcggatctttttg 
 K  I  S  T  F  Y  K  -  M  N  H  N  F  L  S  E  R  I  F  L  
atcaagaccaccgtgtctaccatgcactcatcaatgattttgttctcactctgtatggtc 
 I  K  T  T  V  S  T  M  H  S  S  M  I  L  F  S  L  C  M  V  
ttctgtgtcacggctgcggaaataaatagttatccggttcctaatgactacaatctcggg 
 F  C  V  T  A  A  E  I  N  S  Y  P  V  P  N  D  Y  N  L  G  
gtacccgctcaaatgcgatcaagatatccgagtgccagatatgctctgatgaatagactt 
 V  P  A  Q  M  R  S  R  Y  P  S  A  R  Y  A  L  M  N  R  L  
tggaaacgcggaccggaaactctgtgggaacttgagtgaacccttttcgatcccaccact 
 W  K  R  G  P  E  T  L  W  E  L  E  -  T  L  F  D  P  T  T  
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Fh-NPP-31/32.2 
BN1106_s199B000225 
Unamidated 
 
agctaattcattgggatattcgaatttgcttcatctgctttcggaacaatgaaacaattt 
 S  -  F  I  G  I  F  E  F  A  S  S  A  F  G  T  M  K  Q  F  
ctagcggccattctgtttctggtttgtctcacccagttgcaccttactgcgttggcacac 
 L  A  A  I  L  F  L  V  C  L  T  Q  L  H  L  T  A  L  A  H  
acgactggttgcaatgcggaaactgcaaaatgggctcaggattatttgagacactatcga 
 T  T  G  C  N  A  E  T  A  K  W  A  Q  D  Y  L  R  H  Y  R  
ttggcttgctatccatcagaacagagtgacaggcatatgttcccatcgttgaagaaacgt 
 L  A  C  Y  P  S  E  Q  S  D  R  H  M  F  P  S  L  K  K  R  
ggtcccgaaccattgtggaccatcgaggtttgatgccgtgggaaccacatgcttggggct 
 G  P  E  P  L  W  T  I  E  V  -  C  R  G  N  H  M  L  G  A  
 
 
Fh-NPP-35.1 
BN1106_s358B000223 
L/M/Iamide (Pyrokinin) 
 
tcagtgaacttttgaagagcatgaatggtgtatggacgtaaaacggactttaaaagaaaa 
 S  V  N  F  -  R  A  -  M  V  Y  G  R  K  T  D  F  K  R  K  
gccgtcaatgaaacggattggtggagacaaacgtcaatggttcggctaggcagaagttgg 
 A  V  N  E  T  D  W  W  R  Q  T  S  M  V  R  L  G  R  S  W  
aagagtgtaaaatgttttttttttgtatttgatagaaaattggtaatcaaattatggttg 
 K  S  V  K  C  F  F  F  V  F  D  R  K  L  V  I  K  L  W  L  
gctgcagatggctggtattctgttccatgaagaccttggttgcaggtagaatgttgaggg 
 A  A  D  G  W  Y  S  V  P  -  R  P  W  L  Q  V  E  C  -  G  
 
 
Fh-NPP-35.2 
BN1106_s4627B000067 
L/M/Iamide (Pyrokinin) 
 
atgagcattatgagtcgttcaactttattcggacaagtcctatgcacactacttcttctg 
 M  S  I  M  S  R  S  T  L  F  G  Q  V  L  C  T  L  L  L  L  
tcctgcttggagctacaatcggtcagagccggtctacgccgattcgatccgaacgataga 
 S  C  L  E  L  Q  S  V  R  A  G  L  R  R  F  D  P  N  D  R  
cgcatcttctacgtggccgccgaaccggaaaacgcagaagtggattgggattcgccagtg 
 R  I  F  Y  V  A  A  E  P  E  N  A  E  V  D  W  D  S  P  V  
tttttgcactcaccgtacaaacgttcgcactatatgagtcaacgtttgggcaagtaagag 
 F  L  H  S  P  Y  K  R  S  H  Y  M  S  Q  R  L  G  K  -  E  
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Fh-NPP-36.1 
BN1106_s937B000526 
Unamidated 
 
tgaacttcgcgaattactgagttttactgcaggatgaacactgtactgatctccatcttg 
 -  T  S  R  I  T  E  F  Y  C  R  M  N  T  V  L  I  S  I  L  
gctatatgcttgtttgcatccacttcgaatggtcggtggactagaccacgctacctccat 
 A  I  C  L  F  A  S  T  S  N  G  R  W  T  R  P  R  Y  L  H  
accatcgaggaagatgatattttcaacgaacaaccgtttgatagtttccgagttaaaagc 
 T  I  E  E  D  D  I  F  N  E  Q  P  F  D  S  F  R  V  K  S  
aagggacaaccaaacaaacgctggttcccgatcaaagaatatcgcgcgggtctaatggaa 
 K  G  Q  P  N  K  R  W  F  P  I  K  E  Y  R  A  G  L  M  E  
gtttaaaagatttgttttattttgttgctcttattgaacaaaatgaggtttcatcccata 
 V  -  K  I  C  F  I  L  L  L  L  L  N  K  M  R  F  H  P  I  
 
 
Fh-NPP-36.2 
BN1106_s2392B000036 
Unamidated 
 
cgccgaacgaaattgtgtttttagccaaacgaaatgtccttgagatttggaatcacaata 
 R  R  T  K  L  C  F  -  P  N  E  M  S  L  R  F  G  I  T  I  
tggattctggttattgcttgtggaacgtttagtaacaacgtgtattcctctgctcaaatg 
 W  I  L  V  I  A  C  G  T  F  S  N  N  V  Y  S  S  A  Q  M  
ctcattcccgaggctatgcaatatcgtggacccattggcagtgtaccggtcatgaggatt 
 L  I  P  E  A  M  Q  Y  R  G  P  I  G  S  V  P  V  M  R  I  
agagatggcatgtatgaatatcacaaaagacgtccaggtgttcgagatatatggaaacgc 
 R  D  G  M  Y  E  Y  H  K  R  R  P  G  V  R  D  I  W  K  R  
tggtcacctgtgaaagaatttcactacgcggaaccaattgaaatataagaaagatttaac 
 W  S  P  V  K  E  F  H  Y  A  E  P  I  E  I  -  E  R  F  N 
 
 
Fh-NPP-38 
XLOC_028523 
Unamidated 
 
accgaaagaaacatggctattacagtgcaaattcgaatgttttgtactaaagccttactg 
 T  E  R  N  M  A  I  T  V  Q  I  R  M  F  C  T  K  A  L  L  
gcttggcttattctggtggccgactcgaaaccactgtcctttttggaacaaacaccggaa 
 A  W  L  I  L  V  A  D  S  K  P  L  S  F  L  E  Q  T  P  E  
tcaccggcctcgaacatcggtctgtatagacgcttcttgacatattacaacggaatgaaa 
 S  P  A  S  N  I  G  L  Y  R  R  F  L  T  Y  Y  N  G  M  K  
aacgtgcccggaaaagagtcgcatatatggcaaccggaatatgattcgatcccggaagac 
 N  V  P  G  K  E  S  H  I  W  Q  P  E  Y  D  S  I  P  E  D  
atttctggttcaacagtagaagaacagatcaatctgaaaaagcgcattttagctgacttc 
 I  S  G  S  T  V  E  E  Q  I  N  L  K  K  R  I  L  A  D  F  
aaacgtgccagtattttgtcggactatcgaagatgaggatagatcgtatcagaagtacac 
 K  R  A  S  I  L  S  D  Y  R  R  -  G  -  I  V  S  E  V  H  
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Fh-NPP-39 
BN1106_s4175B000148 
Uncharacterised amidated 
 
agaatgaaacacctaatctccgtctgcattctgctgatgagtttgaacttgtgtgcttgg 
 R  M  K  H  L  I  S  V  C  I  L  L  M  S  L  N  L  C  A  W  
tccacatctcataaattcgatctgacagagctgcttgcctcagcacctgacgtgtatcca 
 S  T  S  H  K  F  D  L  T  E  L  L  A  S  A  P  D  V  Y  P  
acggagctaagtccggaagatgaagaaattctggaacgtttgatgcacatcgtgaagaca 
 T  E  L  S  P  E  D  E  E  I  L  E  R  L  M  H  I  V  K  T  
cgattgaacgaggaaatgtacccgctgagaaggttggaacgtcgacggttttctcgtccg 
 R  L  N  E  E  M  Y  P  L  R  R  L  E  R  R  R  F  S  R  P  
catggtcgttaacctggtccagtttgggttctgcacgtggtttcagttccgttcattggt 
 H  G  R  -  P  G  P  V  W  V  L  H  V  V  S  V  P  F  I  G  
 
 
Fh-NPP-40 
BN1106_s1470B000085 
Unamidated 
 
accatgatcgcattgtgtttggccctatctgtcctgatggcattcagtcaagcgcagctg 
 T  M  I  A  L  C  L  A  L  S  V  L  M  A  F  S  Q  A  Q  L  
tataacttgccggaagatgaggtttttgactatggcgaagacaagggtggtttgtacaat 
 Y  N  L  P  E  D  E  V  F  D  Y  G  E  D  K  G  G  L  Y  N  
ccagccgtgatgcatcgtgatcgtcgattcctactgggtatgggcctgcaaggaccgaga 
 P  A  V  M  H  R  D  R  R  F  L  L  G  M  G  L  Q  G  P  R  
agaagaatacatcgaactagacggtcagaagatgattcggacacggacttcgaggatgga 
 R  R  I  H  R  T  R  R  S  E  D  D  S  D  T  D  F  E  D  G  
gagatccaaaaacgttttctactcggtttaccggcacgcactctacaacgacacaaccac 
 E  I  Q  K  R  F  L  L  G  L  P  A  R  T  L  Q  R  H  N  H  
aaacgcttcttgttgggactgcctgtgcgctcacgaatggcctaggtcgtacacgtgggt 
 K  R  F  L  L  G  L  P  V  R  S  R  M  A  -  V  V  H  V  G  
 
 
Fh-NPP-41 
BN1106_s3885B000143 
Unamidated (crustacean cardioactive peptide) 
 
tcaaatatgaaccgatatccaacgtactgtatgcttctttccgcttgtcttattctatca 
 S  N  M  N  R  Y  P  T  Y  C  M  L  L  S  A  C  L  I  L  S  
actacgtggacaacgccgacagtcttatcgagccctgtggatcgaattttggaggagagc 
 T  T  W  T  T  P  T  V  L  S  S  P  V  D  R  I  L  E  E  S  
gcagttgatctgagcgaaccagattacgcagtgcgatatccctctccgcggaggttgttc 
 A  V  D  L  S  E  P  D  Y  A  V  R  Y  P  S  P  R  R  L  F  
aagtctttgcgcacttttggtcgaaattcaggcccatgggtgcaaattccatcggaatcg 
 K  S  L  R  T  F  G  R  N  S  G  P  W  V  Q  I  P  S  E  S  
ggcgatgtactcctcgaaccacgtcggcgccgatttttctgcaatccgacaggatgtgtg 
 G  D  V  L  L  E  P  R  R  R  R  F  F  C  N  P  T  G  C  V  
tgatttggtctaggttctgaacagcacgcaagtagattcacgtacaggattccgtatgtc 
 -  F  G  L  G  S  E  Q  H  A  S  R  F  T  Y  R  I  P  Y  V  
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Fh-NPP-42 
BN1106_s3747B000115 
Unamidated 
 
atttacaccgccactgtgatgactgtacaaacggaacccattgcaacttattcttatgca 
 I  Y  T  A  T  V  M  T  V  Q  T  E  P  I  A  T  Y  S  Y  A  
gcgaacagctccccaaagagtctatattcactgattcaaaagcgaccatggacattgccc 
 A  N  S  S  P  K  S  L  Y  S  L  I  Q  K  R  P  W  T  L  P  
gacccattgacatgctgttttaatcatctacgctgttgcattgaggatgatcaacctgat 
 D  P  L  T  C  C  F  N  H  L  R  C  C  I  E  D  D  Q  P  D  
tcg 
 S  
 
 
Fh-NPP-43 
BN1106_s43B000507 
Unamidated 
 
atcgttttccattccaaaacaatgaaaaatcagctttgcggaatctttgttctcctcagc 
 I  V  F  H  S  K  T  M  K  N  Q  L  C  G  I  F  V  L  L  S  
ttgctgctgctttggagcgaagtgtgttcggggaacccgaacgaagcagacaaacgggcc 
 L  L  L  L  W  S  E  V  C  S  G  N  P  N  E  A  D  K  R  A  
agtttttcctatttcaaacgctctccagccgattcggaaacggaagatccatccgaggaa 
 S  F  S  Y  F  K  R  S  P  A  D  S  E  T  E  D  P  S  E  E  
acaaaaagaggaagttttatgtttcgcagacacttcccgtcaaaatggactaacaaacgg 
 T  K  R  G  S  F  M  F  R  R  H  F  P  S  K  W  T  N  K  R  
ggctctctacttttctacaaacgtggccgggaaccatacgagagtaaactaattcgggta 
 G  S  L  L  F  Y  K  R  G  R  E  P  Y  E  S  K  L  I  R  V  
ccgtacgagtatcgggatctgccggaagatgggacagaacatgtgggaccttttgaatac 
 P  Y  E  Y  R  D  L  P  E  D  G  T  E  H  V  G  P  F  E  Y  
cagaaaagagccagtttctccttctaagattgttgcgttgtataattgaccaaagataag 
 Q  K  R  A  S  F  S  F  -  D  C  C  V  V  -  L  T  K  D  K  

 
 
Fh-NPP-47 
BN1106_s1579B000120 
L/M/Iamide 
 
gaccaactgaatttgcggttgatgcgggcaaagtttcgcctaatttcattggtccaccta 
 D  Q  L  N  L  R  L  M  R  A  K  F  R  L  I  S  L  V  H  L  
cgggacagactgaagggggtcagcaagcagaatatatatatatataacaacactttgaat 
 R  D  R  L  K  G  V  S  K  Q  N  I  Y  I  Y  N  N  T  L  N  
cgtcacagttacagtcctctttcattcagttcctgggtgaaaatgatgtcacgcgtcgga 
 R  H  S  Y  S  P  L  S  F  S  S  W  V  K  M  M  S  R  V  G  
tttgcctggatttttctgatctttttgggtttcgagctggtcgttcaatcgcatccagtc 
 F  A  W  I  F  L  I  F  L  G  F  E  L  V  V  Q  S  H  P  V  
gaggaaggtctaagtgagcggcagtttttgctgaattgtgtcgaccagtgttttccatca 
 E  E  G  L  S  E  R  Q  F  L  L  N  C  V  D  Q  C  F  P  S  
aggtcacgctatcaactgatgcaatgtgtggtcgactgtagtgaacaacgctcgaaacgg 
 R  S  R  Y  Q  L  M  Q  C  V  V  D  C  S  E  Q  R  S  K  R  
gcgaaattcttcatgctcggtcggaagtaatctgatttgcccagttgtccattatgcttg 
 A  K  F  F  M  L  G  R  K  -  S  D  L  P  S  C  P  L  C  L  
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Fh-NPP-48 
BN1106_s1830B000391 
Neuropeptide KY 
 
gtgagctcgagaaaactattcagtcgggaagtgatactgatacactgcagaaaaatgatg 
 V  S  S  R  K  L  F  S  R  E  V  I  L  I  H  C  R  K  M  M  
cgcacaagctgctttgtgatttcgattctgtccctgattctcactgtgatggtgtggcaa 
 R  T  S  C  F  V  I  S  I  L  S  L  I  L  T  V  M  V  W  Q  
accgaacaagccctgatcagaccgggagatttgcgtctgagacgagcctacctttctccc 
 T  E  Q  A  L  I  R  P  G  D  L  R  L  R  R  A  Y  L  S  P  
gatttggatttggacaatctgttggatttcgggatcgcgttgggcactcggcgtttaaat 
 D  L  D  L  D  N  L  L  D  F  G  I  A  L  G  T  R  R  L  N  
gtggatcagccggacgaagaacctcgactccgcggcagcgtgatgcgttacgggaagtaa 
 V  D  Q  P  D  E  E  P  R  L  R  G  S  V  M  R  Y  G  K  - 
 
 
Fh-NPP-N/A 
BN1106_s940B000161 
FMRFamide 
 
ggaatgtggaagatactgttcctgttgacactatcactctgtatgctgagctcagccgaa 
 G  M  W  K  I  L  F  L  L  T  L  S  L  C  M  L  S  S  A  E  
gctggtgagttcgaccaaggaccggagagctacgctttaaaacgatcggaagaaaagaaa 
 A  G  E  F  D  Q  G  P  E  S  Y  A  L  K  R  S  E  E  K  K  
cgaaagcagatatttcgttacggtaaaagggatctgtatggatggagatttcccgtattg 
 R  K  Q  I  F  R  Y  G  K  R  D  L  Y  G  W  R  F  P  V  L  
aatgaatatatggactactaatgcattgtttgtaaacgtgtgaatttttgctttgcaatt 
 N  E  Y  M  D  Y  -  C  I  V  C  K  R  V  N  F  C  F  A  I  
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6.2.  Low confidence neuropeptide protein sequences 

As with the previous section, signal peptides are in blue and bold, basic cleavage 

sites are bold and underlined, and peptide sequences are in red and bold. 

 
BN1106_s1830B000391 
MMRTSCFVISILSLILTVMVWQTEQALIRPGDLRLRRAYLSPDLDLDNLLDFGIALGTRRLNVD
QPDEEPRLRGSVMRYGK 
 
BN1106_s1250B000126 
MHATNDIIVIVTIAKMVIPGISSQKPDDYQGKTTGMNSFFSLQKGKLPSVDRSRFGKWPQTRI
GGGENHTERSCSAGRMICVRRMKCDEGCLGFVWVDR 
 
BN1106_s3055B000122 
MIMLCGRLSIAVPVGSVVQVPTICPVGPGPYALVVGAKPSVQLSVNTQANPIGAGRCQIPRF
GRRTSGVQAVCNDVRAQLGWWITPPVFISRSVFQVGCPAHSKPHRLAPVADYKLQPSSLYRIY
HSPLLTVCSHHSSFAMFRSSIVLVSTLTTSFLCRSTTVCAPTHFILVSIVFRDDNPHCMMSLPPYP
FYSAQARNIYFSTHFAPVGS 
 
BN1106_s391B000320 
MFGFRTALLCIMSLFTLTCPFTKVEESFNIQAMHDLAFFRSNLSQVSPNYFHIKTVRSLGVSWC
GSANFCWRYSREPCCFNSAVRMHPFWSTEVHISDNRSSLSWYSQYFKLGRILCLSSEKIWQD
GLQETLFDNAYPIPLSVLRIKNIA 
 
BN1106_s1377B000255 
MNWFAQIHIVRMSTQVLLFFSLTVSLQAKSFTRPWDTVPGTISAEDYKNFETNAYKPKQDRS
ELPESFQRRLEQACSTEQQTSCQSYDCKMNSLSGRLVDADAAESTVNMAPYRCECGNDTLQD
YVEGNKIHARCVAVKHCDICDPEHTVKCLDLGAGKISCICDPGYMEDANCRRKKDGCAEPHTT
ASLSGDEACRVTQGNMCIPMFQSLRYSCVCRAPYMEDKRLSFPNCMGNETVCERPLCLGFQP
PVSETIPGPSIIIPFSEGFASGHVSECNQTSCHCPDGWLGEHCSEQRGEVVLGSWSPWSTCNP
DCIMPTQRSEYRILDDVHAGTSRTTGIGYRSRFGRCTMGDFDFCVGTYRFWRRCRVTSLCNS
WTNSRLSSVVNDAIGKAMAEHDRVSYFFDFTKGI 
 
BN1106_s4338B000155 
MNECFPLFFSRLVPCAETRGHCVRSGSDGLVCHIDSALDLSRFGRRLFVVVLAFALPRGRGRG
RVRGNSGALDLSRFGRRLFVVVLAFALPRGRGRVRGNSGGMTVVFVFLLFFVTLMFGLCEHKL
ECVDFRLVMMHCSNDDDDDDDDDDDDVCVCVCVAHLRSGIQAHDDNQTCTHRTFSLTDLV
TNPRLIPHWSDFDAVDIRTNNARHAALWPDPERCSRLVNLSNTR 
 
BN1106_s1003B000368 
MTIHATDVIGNKSGLRSTIMLRFLHTTDFARQHPTAQLHSRFLRALAHTNIVCMPFPPWHFFK
SFPCFLAGGCCSDLDRFGKMTIVWTLFWIYFLHDLF 
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BN1106_s5871B000068 
MVSCRWLVFCFINTLVAGRMLREAGKKGLGRMLREAGKKGLGSGHWFRTAKREELNCWV
GLFGNRR 
 
BN1106_s3969B000029 
MVGCRWLVFCSVKTLVAGRMLREAGKKGLVRRS 
 
BN1106_s7349B000026 
MVGCRWLVFCSVKTMVAAWLQMVAGRMLREAGKKGLGSGHWFRTATREELNCWVGLF
GNRR 
 
BN1106_s2510B000110 
MVGCRWLVFCSVKTLVAGRRLWEAGKKGLV 
 
BN1106_s8271B000016 
MYLVVVFLCDNSVAIVHSNWLADEKRVRWPKSSTFQVYQRLLLEGSKLADSVPNYELREVHH
SGNLKDAMDFERKFVGEAGRLASSDDTLPMTPFVERYSVRRRVSITFTSDKSSEELHLSKRIRTE
SPVQPPMSPEPVFDLAHPSPR 
 
BN1106_s1976B000070 
MQNLYRIVVFCLFIFELWMKRRKHKRGINVSAFTKTNKLSAISKLTERKMRSTNKKWSLSSEL
NLFYWKRIVYGPIRLGYHVT 
 
BN1106_s11081B000027 
HQHRIFRFFYPRFICSLITIRWRRNNRRWRRFKYEWLTGNKLGGINIE 
 
BN1106_s1403B000131 
MFYDCHTLWNILIPCRVCLRYFLPPEWPMQKDQIHTLTETELANFPLEDFFDRYEQGLRSSLAY
FYSYFLSVASYIPTRDESMRRETGGSAVKRSKTSSTYRT 
 
BN1106_s1737B000133 
ATWLVFKRSVINFSLASSFSWRLRTKRTFCSCTSL 
 
BN1106_s1761B000072 
MRLDTSISVHCSFLIFLDCRIQAKAGGRRIQAKAGGRR 
 
BN1106_s4081B000077 
ESGARSITPTCGRKGFESGGRSITPTCGRKGFVSGGRLIT 
 
BN1106_s304B000472 
RCFLGCVPGSPGAWSLDRGLPDSYGRLAPPRKLMSITTVRRRGQIHRFGRRTSGVQANCNDT
RAQLGRRIAPPVTRIGFQVGCPAHGQPHPLVPTAD 
 
BN1106_s13062B000002 
MQNIFYAISADMVGIFKAXICRFINGRERQRFGRTRMQTLVPKFSGYCGTSEAYHMARFHGTK
RDGK 
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BN1106_s571B000492 
MWLDRRVAFSEVRLVPRWHPHHPAPIQSTIYLITCRNTEVFQEFLGRVP 
 
BN1106_s4349B000119 
MCASCDFAFVYKHFVHLFCYKNNHFDCRMHFGKMQRNDPGYIVQSMFLTSVFKFATENGCF
IIHNYLGESFAYFVEMG 
 
BN1106_s660B000148 
MQSSLWLEIKENVRSFISGFGKRTQGAW 
 
BN1106_s414B000249 
MNHPHRHQETWEISRIEWFTNWSFVVCEVRLDGLWGRVPASLRLSEEGIS 
 
BN1106_s797B000281 
MYITNQIPKRPKINKLVVGKIHTNLTKPYQTNSSDAFYLVYRTKSDKVGQNLDHVHCYGNSSFH
LDIVDPTMLDD 
 
BN1106_s4801B000084 
MSFIARYSVFHDAIHMPLEHSTPSLKIRRFASFFMYRKKGVGCPARFFVVGKADGIRVTSCKLK
HNHNVELSVERDRVRKQLTQNEKTNMRLLLQHAFPPAVIKTYIQETTGKSITNQDVCNMRLD
VFGDQAPLSRSSSSSSVMSDN 
 
BN1106_s2664B000144 
MGARTEWVGVHTIEERKNRCERAICGRTVANKNGWSMRCAADSIKACDPQPVLGDETGRAL
DIQPKKTSKKYYWSVLKQRPDVGFVDADGTGPETKRAEEKGHTSPSIGRLDGGVLRKVEGAGI
VKAQIVVVGRLTIGDPPRFKDPGSNWNL 
 
BN1106_s600B000216 
MPSKVSGFRDQIRIMNSWNKTRGLYNFVHVLRNGKVNRVFIDSNVERNRQDHYDNALVEKI
CTAECLGHDLSHARRAEAWLPGVDPETVVVAVVRALGLGHVQTVVVVQVEGNAEVDHEGW
VVYHPGNHCVSGARAVDLKNLGETQEPSWVVVDHDNLEEQWVDD 
 
BN1106_s1188B000209 
MFKIHVCIQYWHIGMPNFVDLCGVVQNGSQEYTGWFYQHIEYFVVAIKQKIGPVFSPIHRLFH
FQIKVKLNTRGCRNCHSAIEQLLVSYAGIKPTDVDGYSDIICVPRKSAGRATSLLLTAGWEACVE
HREESDGEESDDKDVSGDHDDLPFVQWDSPAKDGTAVCEMSHPSGNGKSATF 
 
BN1106_s1914B000140 
MELRQRLTRWQNRMRNFRWGRRNKQLLTGPLTEAEVDISGTRSQDNGRGLLAKKSRKSTET
STDQRNTDVGGLKYPIRWIHPSGNSERLVDSDGIASLSMLPDTTENGSSLSVLNANGPKPPRYA
KLTSITSGDLSNQPKSVGQHHKKKLMPERWNELTKAWRKNDDQ 
 
BN1106_s1596B000267 
MLSPGCAPHPDMDPLNRSSSSVVCTADIDREKEARLPARVFWRFGRANPIWVSFGPMELAV
GGFASDLVVVIVDVDRCSSRVGIVSGAAYVAVGSAYRRQFTHYRGINRSLLPSKAPFYKPSFPLV
VCNSLYIDFADDVIFVVEIDCDAVEVAVAVVTVTAVAVTVAVIGCGGAGDKESVAVDVGLE 
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BN1106_s218B000532 
MRRKECLLAYYDNDNFRATYALRRFLSSATSFLQALVYRIIPETPDVETYLRQHVSRVISIGVGPG
PDMVAFVAYARVHGFKQRLVYYTLDQCAGWGMYLAAFDRHWSSEHRVSVWFKQYRFGKR
EDVDTLPDGDMLVFSFANTALMASSIWPLLQARYRLIVVLDGIKEAVVDSFLDAGFRNFTLTEK
TSVYYHFAGLPTDSMTQPIAALDEHSNRNGDSQCINGSES 
 
BN1106_s6636B000095 
MHSVFIGVPCSLSRALVDAKLQLFVIMYRFCASSARLGRRSVAESIRRHAQCYSGEQGAHSST
GALLTRPHETKFGLAKCAVVMGSCIFVGAMISKNGAAFLEENEIFVPEDDD 
 
BN1106_s660B000148 
MQSSLWLEIKENVRSFISGFGKRTQGAW 
 
BN1106_s4514B000048 
MAARLLRLNRLGRVLVSLLGRASM 
 
BN1106_s758B000563 
MQVRERRIEGLLGRSYRNTVYGDFSCQTQ 
 
BN1106_s1585B000162 
MGIDHRKLNDRWSCAKLVRAVVRGVELSLLSVGGSPHPTHDGAPRHYSLDAPTGREQYFRDI
GHRPQKYAEHPQRGVVRFGKRKDKHYEPRRCTPVY 
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6.3.  Neuropeptide processing enzymes sequences analysed in this study 

Prohormone convertase (PC2) 
BN1106_s2040B000112 

MRSETSMTSTRLLFILTNILGYLIQSGLSRIHTNQWHVRLHGHREAPRLAQEIAKRYGFTVISKQ
PYLQPNEFLFVHHGLPKGHNQPSALHTERLARHPAVHSARQLEGLIRKKRGYRSLDDETLTRIPL
QPFRKLTEKELLIARSLSESDPLFDKEWYLYNTGQADGVPGLDLNVLGAWAQNVTGRGVITAI
MDDGIDYLHPDLAPNYAAEASYDFSSNDAFPYPRYTDDWFNSHGTRCAGEVSAVAGNHICG
VGVAPDSRVAGLRMLDQPYMTDLIEAAAMGYARDLVDIYSASWGPTDDGTTVDGPRNQTM
RALVEGVNNGRRGKGSLYVWASGDGGQNDDCNCDGYAASMWTISINSITNDGHVAIYDESC
SSTLASTFSNGKKPFRRDAGVGTVDLYGNCTTHHSGTSAAAPEAAGVFALALEANPDLTWRD
VQHLTVVTSKRNHLYDREHTHNWTINGAGLEFNHLFGFGVLDAGDMVRLAKKWRTVPERFH
CIAGSFVGRKTVRLLEPIEVELSTNACRGNAENQVLIIIF 
 
 
Peptidylglycine α-hydroxylating monooxygenase (PHM) 
BN1106_s2982B000132 
 
MQCTYTGRATLHPFAFRVHAHSHGVMNEGNVIHDGRKYLIGKMSPQEPQTYYLTENKTLLVH
PNDVLEAECHMVNKENREVPMGHTRQDEMCNFYMMYSVPWKDKDQLDSAEFQVCDDTK
LKEKMDKLEREVKLTLGKDFEDEEEEEDKGDPFEELLPGSDFYGDRDFGLDTMGGY 
 
 
Peptidyl-α-hydroxyglycine α-amidating lyase (PAL) 
BN1106_s1643B000114 
 
MVREKCAPRCCVINIFLVLLVKLAQGYLQSDYLTEDEETGNILFPDASLMEAELVGEKPRLSLVSE
WPLVEAYQHVGLVSAAAVVNKSSSDVFILNRGDRIWDSTTFDKNDIYQKRELGPIRDGVVVRL
KEGQFQNSYLHNTLYLPHGITVDHQGNVWITDTAMHQVFKFGPDLNPNPILVIGEMFVPGSD
GNHFCKPTHVVVLKSGEFFVADGYCNNRIMKFHSNGTFIKEWSKRSKSNDNTYYDFKLPHQLA
FSEELDLLCVADREKLRVLCYRVAAKESSESQLKELIYEFPETGPRDVGPVYGVAIAPKERILFALA
GEEQSGVPTAVYMFSLETGETLGYMTGENGNYGYAHSLASCDTDTEPGCLIVCSLDPPTNQW
GEIQRRLWLYQFNANR 
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6.3.  Putative Neuropeptide F receptors analysed in this study 

Fh-NPFR-1 
BN1106_s1085B000091 
 
MTTEIFPFLTESSVMGNESSVTCEAQQSNSAMKIAAAVIYPSIILLSTVGNSIVILTVVRSAAMRTI
TNLFIANLAVSDLLMTFVSTPFTPMAFYMKGWKLPTVLCHLLPMTMGTSVYVSTLTSTAIAVD
RYLVIVHPFVSRMSEFICGLIIASVWLFSILVTLPLGIYQEIKVDPVTKDANCEESWPDKGSQPIYT
VITFVLQFVVPCFIISLCYYRVSCVLRARCDLKIGTGQKSREREVSDIRRKRRTNKMLIAMVVIFVL
CWIPLHALWIIVDSVGGQIEESWHFHNAFIFCHMLAMSSAVYNPFLYAWLNNNFRQELQAIL
QCRGKTQNLRNVNRSDIPNVEMSYLPTNTYRMNTPRVSFDVTPPRKATTHRLTIADGDGGV
WHGPSVNETVEAETQLGSRKIETEYHDLCCLL 
 
 
Fh-NPFR-2 
BN1106_s2967B000104 
 
MLPSQLFAPFAALLIPSCWGYRNSGTDTCDSQATTQNVSGVTCDIAKDVFAVKFLILFLYSLIAF
VGLAGNILVVWVVSRTKSIQTITNLFIANLAVSDILMCLVATPFTPVSLYMQSWTLPEAVCKLLPI
TMGVSVYVSTLTSMAIALDRFFVIVHPFLPRMRIWLCFVIIGTIWVIAVLISMPLAVYHQKHHDS
RRNIWACQENWPKESSREVFTIVSFVLQFVVPCSIISVCYFRISLILRMRLRTKIGTGTKSRFQDV
NEIRRKKRTNTILIAMVVIFVICWIPLNALLIAMDVLSEGQTKVVNNSKYFTLMFLMCHLIAMSS
AVYNPFLYAWMNENFKKEVRRILPCCFWNMSAAQNRTIQQSTLTVEPSAVTLNERYGATSTL
PSPLNSPLRKKDSVPLLPTGPYLTVPAVRNATGQQEQRQKKEQDMIDERQLENDNSTG 
 
 
Fh-NPFR-3 
BN1106_s3169B000088 
 
MNVHGIEESTFPYLEDRLGLGTMSVDCSQAPELTSNGFFEAMNNYVRLCVDEHSRESMLDVL
QIELSRLHRHNLLSLHELILLIAVYTAMIVFGSCGSLLVIYVVIRQPRIRTPRNLFIVNLALSDLILCLF
TQPFNLLRTLYWHYDWTLGQVMCKAVAMAQAANIFVSTISIIAIALDRLQVIVYPTRHKVHTA
GALAIIGSSWLFALLMASPMIAFSSVSQGTIRLDGSVCSPNTLQSHWLRRSKFTYGILTLTFQYCL
PITIVSYAYTRIYLLIRRRHLSRHTLRLNEMLSELASGGVPHHGKSVAIQQNNQISQINGNMQIT
MSANVMGQPNAVCQLEVPEDGRDSQDDRVTRKGTHFPVSTPVMNNPSRIPDREKAIRSRH
MRTNALLAAVTITFILAWLPLHTFNLVMDLRELRVASDITALMGVDHESPLSVQPSNQTSDHIII
HLPNRSNVLFNSDQNKPHMTGRISTLIQSFCLFCVLLSACINPVLYGWLNENFHREFKLLCAPCR
RSLCLGWKSGVPRTNVRTQIMNEDTNVMNCPQ 
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Fh-NPFR-4 
BN1106_s1782B000111 
 
MYIYIESKQLSFGRAAVIIMDSIDFPVNETGLIKSEGELDGADCNMSLVHFSGIKYLLEKCSSFSGP
LQKALIQVFQEEYGDSRDEPDLPLPVLICILTVFIIMIMFGTLGSTLVILVVARKPAMRSRSNMFI
MNLAISDLTLCLFTEPFNLFQIWATNRPWTLGSLMCKILAMFQGTNIFVSTISITAIALDRFQCIIY
PTVPNRRAKNVAKLLILVWLAAFALASPLAFFSHVDEVKVQRCTERTFNRLTQKMKISYYVAAL
FFQYVVPLLIVSIVYWRICMRIRNRFSRTINKGRVLEPQGDKQLTGQCSHLPGENPTLSCPGPQ
HVRGSAHKVNDVSEALPNCIDRLQVGEFQAVQRSSFRSSRSQRENKPILLLSAIAIVFGLSWLPL
NISNVYMEFKEMMIAQHFQLPGLMGWYNTTSNASSQSILLKEQSLIGPENVHIFQTFCLFLVLS
SACFNPVLYGWLNVNFRAEFRSIFCTKVCRREGQLYTSKQERTSNQFHVQPITTPEFNSCPVQ
WIISPPLYSSGEIGSSRRSDKMGNTNNFKSVKLSEAALRDSVVNSKSNTVDTDLKHTEKHCTWE
ESGPTNSSSSCVVEIPDRPIFIDTRSDQVEIERMNQSLLRALSENNEGQDTIPEVDLKSEQQEWC
SLITAV 
 
 
Fh-NPFR-5 
BN1106_s19B000334 
 
MNENVSGTLECATEYAQAFTTWEVALLTTLNLTLVVTAVVGNFIVCVLLRFRYMRVFRYIKHW
CSNRDGQQAIQVYRESSPHELWADEYPSSQHECSCGKPYSPAQPAVMGNRYVVFKAGRKLPI
AYTGRKDEANVLNPTVTHRHSSQKHHTRIRLFRRHPRMGPKSSSITSMFLFNLSVADFLMALLII
PIHVTVEIIYLSWPLGYTMCKLSSYLQGISVFVSALTHVVISWDRVVLIYFPLRPRMTQRNAVTLII
AVWILACIIPFPMLVVNQLQEENYSTQCMEDWTVLFPNLVVNRTTIPPQFLFELEFWEGANIIV
DISFAYTVLLMILQYFLPLGVICGTYAAIAIRIKSLQTPGERDQVRDLKLSRARHKMVKMLTTVAI
LYGLSQLPRHIVYLHGYLHHKFWQTSWSVRLWTAVSFIRDSSTCYNPFIYAWVNKNYRKEVNR
LFRPLCTPYRLVCKRFAIFYRSISERSRGTGTTTTTPVTNSSHRGSQLRPIMFSETYNDMRLVNSV
PNFGSRPPVMSNFYSVTLPVQSQCSVSNSRTMPHRGMSSRSR 
 
 
Fh-NPFR-6 
BN1106_s1703B000178 
 
MRSKPQIAWITLFILFRSVHIKAGYETHRLYEVNVSATRTGVEISTAETVPLPTRTNQSIPACILDV
NLTENVNVLTVFTRWVTPILFGLFLIVGSVGNLLVIIVVLVNAQMRDSTNILILSLAVADLAFIVICI
PLTTVIYIVGGWPMGVALCKVYFYLMYVTAFCSVYTLVLMSLDRFLAVVYPMRSIQWRNQAN
TVRIVLFTWSVVLIANLPLLINAVIVRGPVDGGDSACYTEYCTYAWLVTVDEKTQTARDNYDKA
RPFFLIFFLFGYLLPFVGICILYISLICRLRCRRSPNIKQSAESRRSKKRVTVLVVTVVVVFGISWLPIH
IVFLIQYFVGDPNTDFFRIVQILSNSLAYGNSSINPILYAFLSVNFRKAFIDLFQGRRKQTHVANGS
PHLLDGTRLLSSQITATGNDMNIASTQSTMHN 
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Fh-NPFR-7 
BN1106_s284B000285 
 
MDSPDTEAVFFEAFDMVSNCSLNVTNDYCEPVEDYVLRIEKHLQMGIYEWSLVVFYVIVFTIGL
VGNALVVCVVLFNPLMRTVTNVFLVNLAVADFLVILLCMPPTLVEDIRQTWYFGAELCKLAKF
MQHISVTVSVLTLVIISFERWQAICRPFHVRRSQSRSCFILAVVWIVAFLICLPQLFSMNVARFEK
LPPTYLLFTECKSSWNREVLLPVKYTEMVVLFFLPFTWMGLAYIWIVRELWCGRRPTIERDRAS
QIMSHFSKQNHPRLDIVNRERKHLERKNQFVLVQVQNERNEVGDHGTRHPASSVDSVATIEA
PQNNNNGDENVSIAPPGQMRKRGRAALMLILIVAIFFICYLPVHVIEIIRNTYDQHIFDQYPKLA
RAMNALAKCLHLLCFINSAINPVIYNFMSSVVDSGCLGGYCLSVSCLPPEWLGHYRDFGFDLLR
TKQVPVLHIMDELSQSPGLNENSNESVIEDAAADLNRNETIGVAKSTKSKPEAMKRIVNKVYHL
VVDGEFRG 
 
 
 
 
 
 
 
 
 
 

 
 


