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Digenetic trematodes are a large group of parasites of vertebrates that have 
significant medical, veterinary, and economic importance. Over 100 species 
of digenetic trematodes have been recorded to be infecting humans, and the 
list is very extensive considering the trematode species that parasitize ani-
mals. The morbidity and mortality caused by several species in humans can 
be considered mild or even benignant, though other species have important 
implications for human health. For example, schistosomiasis affects more 
than 200 million people, and it has been estimated that schistosomes cause 
approximately 280,000–500,000 deaths every year and the DALY (“disability-
adjusted life years”) index of schistosomiasis is estimated as 3.3 million per 
year. Moreover, it is well established that several species of trematodes act as 
promoters of malignancy. Despite these facts, human trematode infections 
have been neglected for years, probably in relation to their limited distribu-
tion to low- and middle-income countries. However, this picture has been 
changing in recent years. Factors such as the migration flows, increased inter-
national tourism, changes in alimentary habits, and the globalization of food 
markets are expanding their geographical limits and the population at risk 
worldwide. Apart from their importance in human and animal health, dige-
netic trematodes have a great interest in experimental biology due to their 
other characteristics such as the following: (1) the complex systematics of 
this group of parasites in relation to the morphological similarity between 
members of different taxa and the inadequate or poor specific diagnosis 
(or both) of several newly established taxa and (2) the complexity of the life 
cycles that have led to the development of an important number of adaptive 
strategies to enhance parasite survival and transmission.

In 2014, the first edition of the present book was published to provide 
coverage to all these aspects. The main goal of the second edition is to present 
the scientific updates in the field during the latest years and to complete some 
aspects that could be overlooked in the first edition. To this purpose, it has 
been divided into four parts. The first part is devoted to analyze the general 
concepts on the biology and systematics of trematode. The second part 
focuses on the groups of trematodes that have important implications for 
human health. Each of the six major groups of human trematodes and the 
corresponding diseases (schistosomiasis, fascioliasis, paragonimiasis, 
opisthorchiasis, and clonorchiasis and the intestinal trematodes) are dealt 
with under separate chapters.
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In these chapters, emphasis is placed on recent advances and gaps in our 
understanding that must be filled to complete the knowledge of these trema-
todes. In the third part of the book, the main groups of trematodes of veteri-
nary and wildlife interest are analyzed. As mentioned above, the list of 
potential trematodes that might be discussed in this section is vast. For con-
venience, we have chosen to focus the chapters on those groups of trematodes 
that are also recognized to have implications for human health. In the fourth 
part, clinical aspects such as epidemiology and diagnosis of trematode infec-
tions are specifically addressed. Moreover, a new chapter on the genomics 
and proteomics of the trematode infections has been included in this fourth 
part to complete a modern view of these important parasitic diseases.

In summary, the main goal of the book is to provide an update of the 
current status of knowledge on these important parasites in the context of 
modern parasitology.

Valencia, Spain� Rafael Toledo 
Easton, PA, USA � Bernard Fried 
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1.1	 �Introduction

For our coverage on form and function in the 
Digenea, we have relied heavily on the former 
chapter on this topic in the first edition of this 
book (Peoples and Fried 2014). Herein, we have 
considered the major organ systems covered in 
that previous work, and followed the same strat-
egy for literature search. Briefly, the words 
Digenea and Trematoda were each paired with 
the following search terms: tegument, tegumen-
tary system, sense organs, sensory structures, 
parenchyma, lymph system, lymphatic system, 
nervous system, neuromuscular system, holdfast 
organs, alimentary tract, excretory system, osmo-
regulation, male reproductive system, and female 
reproductive system.

Emphasis in this chapter is based on the novel 
literature since the coverage by Peoples and Fried 
(2014) and places accent on salient findings 
between 2012 and the first half of 2018. The lay-
out of this chapter will proceed as follows: for 

every body system, an overview is given fol-
lowed by a discussion of the recent literature as it 
applies to (1) its morphology and (2) its function-
ality in adult digeneans and, if applicable, in 
some larval stages. For background information 
on the subject matter covered in this chapter, two 
earlier works by Fried and Haseeb (1991) and 
Fried (1997) should be consulted.

1.2	 �Tegumentary System

The tegument of digeneans is a living tissue con-
sisting of a distal syncytial cytoplasm and the 
nucleated cell bodies (or cytons) that lie under a 
layer of peripheral muscles. A network of cyto-
plasmic bridges connects the cytons with the 
distal cytoplasm (Roberts and Janovy 2009). 
Tegument-associated cells are the primary dif-
ferentiation progeny of somatic stem cells (or 
neoblasts) in the schistosomatid Schistosoma 
mansoni (Collins et al. 2016). In an elegant study, 
Collins and co-authors showed that depletion of 
stem cells resulted in a delayed downregulation of 
a set of genes encoding tegument-associated pro-
teins, thus indicating that neoblasts are required to 
sustain the expression of these genes. Moreover, 
pulse-chase experiments labeling proliferating 
cells showed that neoblasts differentiate mainly 
into a population of short-lived tegument-asso-
ciated cells, which is rapidly and continuously 
renewed. Whether this cell population represents 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-18616-6_1&domain=pdf
mailto:alba.cortes@uv.es
mailto:friedb@lafayette.edu
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terminally differentiated tegumental cell bodies 
or short-lived progenitors to terminally differen-
tiated cells is difficult to demonstrate; irrespec-
tive of this, the authors suggested that neoblasts 
contribute to parasite longevity by way of sustain-
ing tegument turnover and regeneration of host-
inflicted damage (Collins et al. 2016).

Key changes in tegument structure along the 
development of larval stages are described in the 
first edition of this book (Peoples and Fried 2014). 
Furthermore, topographic and ultrastructure 
descriptions of the tegument of digenetic trema-
todes can be found elsewhere. For instance, recent 
studies have provided insights on the tegumental 
organization of the adult stages of the microphallid 
Maritrema feliui (Świderski et al. 2013), the cryp-
togonimid Aphallus tubarium (Antonelli et  al. 
2014) or the paramphistomes Carmyerius spatio-
sus (Anuracpreeda et al. 2015), and Orthocoelium 
parvipapillatum (Anuracpreeda et  al. 2016), 
among others. The tegumental surface is often cor-
rugated with ridges and furrows, and penetrated 
by deep pits (Świderski et al. 2013; Anuracpreeda 
et  al. 2015, 2016); some species bear short 
microvilli (Anuracpreeda et  al. 2015, 2016). 
Ornamentation such as papillae and spines is com-
monly present in some areas of the body (Świderski 
et  al. 2013; Antonelli et  al. 2014; Anuracpreeda 
et  al. 2015, 2016) although some species have 
been reported to be spineless (Anuracpreeda et al. 
2016). The syncytial tegument normally contains 
organelles, such as mitochondria and lysosomes, 
as well as a number of morphologically diverse 
vesicular inclusions (commonly referred as tegu-
mental granules or secretory bodies) that arise 
from the underlying cytons (e.g., Świderski et al. 
2013; Antonelli et  al. 2014; Anuracpreeda et  al. 
2015, 2016). The function of these vesicles still 
remain unclear although it has been suggested that 
they may contribute to the maintenance, restora-
tion, and modification of tegumental membranes 
(Skelly and Wilson 2006).

Certain proteins with key roles in membrane 
biology are essential for tegument development 
and the maintenance of its structural integrity. 
Suppression of members of the tetraspanin family 
resulted in malformation of the tegument of S. 
mansoni (Tran et al. 2010) and the opisthorchiid 

Opisthorchis viverrini (Piratae et  al. 2012), and 
impaired parasite survival (Tran et  al. 2010). 
Similarly, suppression of vesicle-associated mem-
brane protein 2 (VAMP2), which is presumably 
involved in the normal cargo trafficking across the 
tegument, affected tegument structure and trans-
tegumental glucose uptake in the schistosomatid 
S. japonicum, thus reducing parasite viability (Han 
et  al. 2017). Myoferlin, in contrast, has been 
regarded to participate in vesicle trafficking and 
fusion during the repair of the external membrane 
of S. japonicum (Xiong et al. 2013).

From a functional perspective, the tegument 
of digenetic trematodes is involved in multiple 
vital processes, including osmoregulation, nutri-
ent acquisition, synthesis and secretion of sub-
stances, and protection from external damage 
(Roberts and Janovy 2009). Furthermore, the api-
cal membrane also contains a number of proteins, 
lipids, and glycoconjugates that are important for 
host–parasite interactions across developmental 
stages (e.g., Skelly and Wilson 2006). Recently, a 
role for the tegument in the secretion of extracel-
lular vesicles has been documented. 
Multivesicular bodies have been observed in the 
syncytial tegument of the echinostomatid 
Echinostoma caproni, the fasciolid Fasciola 
hepatica, and the dicroceliid Dicrocoelium den-
driticum (Marcilla et al. 2012; Bernal et al. 2014). 
These structures, which have an endosomal ori-
gin and are likely to be constitutively produced 
by flukes (Cwiklinski et al. 2015a, b), fuse with 
the apical membrane to discharge exosome-like 
intraluminal vesicles into the environment 
(Marcilla et al. 2012; Bernal et al. 2014). Parasite-
derived extracellular vesicles can transfer their 
cargo (mainly proteins and small RNAs) into 
mammalian host’s cells (Marcilla et  al. 2012; 
Chaiyadet et  al. 2015) and alter their protein 
profiling (Chaiyadet et  al. 2015); therefore, 
these tegument-derived elements are crucial to 
interspecific communication between parasites 
and their hosts.

Being the most external organ, the tegument 
plays also a pivotal role in immune evasion. 
Several tegumental proteins of S. japonicum are 
able to bind host immunoglobulins in a non-
specific manner (i.e., via the Fc domain), which 

A. Cortés Carbonell and B. Fried
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may serve to mask specific antigen-recognition 
sites and avoid immune attachment (Wu et  al. 
2015). In contrast, host antibodies bind specifi-
cally to the surface of E. caproni and become 
trapped by excretory/secretory products; that 
facilitates antibody degradation by parasite-
derived proteases and may hamper the antibody-
mediated attack (Cortés et al. 2017). On the other 
hand, tegumental ATP diphosphohydrolase 
expressed by intravascular stages of S. mansoni 
works as an apyrase, degrading external pro-
inflammatory and pro-thrombotic signals (ATP 
and ADP, respectively) and minimizing host 
immune responses (Da’dara et al. 2014).

1.3	 �Sensory System

Ultrastructure studies have revealed a vast array 
of presumed sensory receptors in the tegument of 
both larval and adult stages of digeneans. These 
organs harbor fine nervous terminations branched 
from the peripheral nervous system that end 
beneath the surface layer of the tegument. 
Although experimental evidence is lacking, a 
variety of functions have been ascribed to these 
receptors based on accurate structural descrip-
tions. In particular, sensory endings have been 
regarded to be sensitive to touch (tangorecep-
tors), light (photoreceptors), fluid currents (rheo-
receptors), and specific molecules and ions 
(chemoreceptors). Form, function, and distribu-
tion of these receptors throughout the body of the 
parasite largely depend on the species and life 
stage and may reflect the sources of stimuli to 
which the parasite have to react to Halton (2004).

Two types of sensory structures displaying 
different morphology and localization have been 
described on the tegument of the deropristid 
Deropristis inflata (Filippi et  al. 2013) and the 
cryptogonimid A. tubarium (Antonelli et  al. 
2014). In both species, type 1 receptors are 
button-like uniciliated structures consisting of a 
nerve bulb from which a cilium extends from a 
centriole. The nerve bulb contains numerous 
mitochondria and nerve fibers, and is connected 
to the cytoplasm by a hemidesmosome located at 
the top of the bulb. A long striated rootlet lies 

underneath the centriole in type 1 receptors of 
D. inflata (Filippi et al. 2013), but is lacking in 
those of A. tubarium (Antonelli et al. 2014). Type 
2 receptors are dome-like non-ciliated structures; 
however, their internal ultrastructure varies 
between the two species. While type 2 receptors of 
D. inflata enclose an ovoid electron-dense struc-
ture (Filippi et al. 2013), in the case of A. tubar-
ium, nerve bulbs are filled with electron-lucent 
vesicles (Antonelli et  al. 2014). Hemispherical 
electron-dense collars are observed on the top of 
the nerve bulbs in type 2 receptors of A. tubar-
ium, and most of them display a gland-duct open-
ing to the outside (Antonelli et al. 2014). Similar 
uniciliated (type 2) and non-ciliated (type 1) 
structures have been described on the surface of 
paramphistomes C. spatiosus (Anuracpreeda 
et al. 2015) and O. parvipapillatum (Anuracpreeda 
et al. 2016).

Sensory receptors show a specific distribution 
throughout the surface of the parasite and may 
appear both singly or in groups. For instance, 
either type 1 or type 2 receptors of C. spatiosus 
and O. parvipapillatum are grouped on the top of 
dome-shaped papillae displaying a nipple-like 
tip, which, in turn, can also appear clustered or 
isolated (Anuracpreeda et al. 2015, 2016). Type 1 
receptors of A. tubarium are grouped (Antonelli 
et al. 2014), while in D. inflata this type of recep-
tors can be observed either individually, or in 
groups of two to three in a single papilla (Filippi 
et al. 2013). Regarding their distribution through-
out body of the parasite, the density of sensory 
receptors is generally higher in the ventral side of 
the flukes and, in particular, in the surroundings 
of the suckers, suggesting that they may have 
roles in feeding and attachment (Filippi et  al. 
2013; Antonelli et al. 2014; Anuracpreeda et al. 
2015, 2016). Intrategumental receptors (i.e., non-
ciliated) are suggested to act as tangoreceptors 
sensing pressure, while ciliated receptors could 
possibly be chemoreceptors, as well as rheo- or 
mechanoreceptors (Filippi et al. 2013; Antonelli 
et al. 2014; Anuracpreeda et al. 2015, 2016).

Sensory organs are particularly important for 
the free-living stages of digeneans (mainly mira-
cidia and cercariae), which heavily rely on exter-
nal stimuli, such as light and gravity, to rapidly 

1  Form and Function
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find an appropriate host and keep the life cycle 
going (Roberts and Janovy 2009). Three sensory 
structures have been described in the miracidia of 
the strigeid Cardiocephaloides longicollis: two 
types of peripheral sensory endings, namely uni-
ciliated and multiciliated deep-pit-like sensory 
papillae, and a pair of eyespots (each one of a 
different size). These structures are located in the 
anterior part of the miracidium and are presumed 
to be adaptations for chemoreception, tangore-
ception, and photoreception in the active location 
of the snail host (Born-Torrijos et al. 2017).

1.4	 �Neuromuscular System

According to classical descriptions, the somatic 
musculature of digenetic trematodes generally 
consists of the body-wall musculature, which 
comprises a layer of circular muscles laying just 
under the basal lamina of the tegument plus lon-
gitudinal and diagonal muscular bundles beneath 
the circular muscles, and the internal or paren-
chymal musculature, mostly formed by dorso-
ventral muscle fibers (Roberts and Janovy 2009). 
However, a study conducted by Krupenko and 
Dobrovolskij (2015) on the organization of the 
muscular system in digeneans, suggests that fur-
ther groups of muscle fibers do exist in both the 
body-wall and the inner musculature, which 
appear consistently across distant taxa (Krupenko 
and Dobrovolskij 2015). In particular, anterora-
dial, posteroradial, and anterolateral muscle 
fibers and U-shaped muscle sets are abundant in 
the body-wall musculature at the ventral surface, 
and are associated with the acetabulum. 
Furthermore, eight main types of additional inter-
nal musculature have been defined, with presum-
able functions in the movement of the suckers 
and pharynx (Krupenko and Dobrovolskij 2015). 
Indeed, both body-wall and parenchymal muscu-
lature are generally more prominent in the preac-
etabular part of the flukes, from cercaria to adult. 
Preacetabular musculature is regarded to be 
involved in the movements of the anterior part of 
the body, including ventral and oral suckers and 
the anterior organ in the cercarial stage (Krupenko 
and Dobrovolskij 2015).

Species lacking of a ventral sucker, such as 
notocotylids, display adaptations of the muscula-
ture that may aid in parasite attachment via the 
ventral concavity (Krupenko and Gonchar 2017a, 
b). Analogs for acetabulum-associated groups of 
muscles are found in the ventral concavity of 
these flukes, including muscle groups that are 
characteristic for the Notocotylidae family. For 
instance, a set of ventrolateral longitudinal mus-
culature with a U-shaped pattern works like the 
circular musculature of a sphincter, while the 
oblique internal musculature may perform the 
function of the radial muscle fibers of a sucker. 
Moreover, additional body-wall and internal 
musculature at the anterior region are also spe-
cific for this family in Digenea and may provide 
the oral sucker with diverse movements 
(Krupenko and Gonchar 2017a, b).

The structure of the muscular system usually 
shows a general pattern through the hermaphro-
ditic generations of digeneans (Krupenko and 
Dobrovolskij 2015; Krupenko and Gonchar 
2017b). However, the musculature of diplosto-
mids, and in particular that of Diplostomum pseu-
dospathaceum, undergoes a substantial 
rearrangement during metacercarial develop-
ment, which is particularly extensive in the body-
wall and the anterior region of the parasite; this 
transformation may reflect the different roles the 
musculature plays in cercarial and adult worms 
(Petrov and Podvyaznaya 2016). Developmental 
changes in the body-wall musculature of D. pseu-
dospathaceum occur in three consecutive phases, 
including (1) the expansion of the longitudinal 
musculature; (2) the replacement of cercarial 
musculature and the increase in the number of 
longitudinal and circular body-wall muscles; and 
(3) the separation of the diagonal muscles into 
two distinct sets on the dorsal and ventral sides of 
the body, each of them working in an antagonistic 
manner. Circular and longitudinal muscles seem 
also likely to form two separate sets although 
this configuration has not been confirmed. 
Furthermore, dorsoventral muscles become 
particularly abundant in the infective metacer-
cariae (Petrov and Podvyaznaya 2016).

The digenean nervous system typically has an 
orthogonal, or ladder-like, conformation, with 
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pairs of longitudinal nerve cords extending ante-
riorly and posteriorly from the cerebral ganglia 
and cross-linked at intervals by transverse ring 
commissures. Nervous terminations branch from 
the longitudinal trunks and provide motor and 
sensory innervation to the muscles and tegument 
(Roberts and Janovy 2009). The nervous system 
of trematodes have been traditionally reported to 
consist of a single pair of cerebral ganglia; how-
ever, presence of two of these structures has been 
reported in adult S. mansoni by targeting specific 
neuronal markers, including the biogenic amine 
octopamine (El-Sakkary et  al. 2018). Each pair 
of ganglia is associated to one of the two suckers 
(oral or ventral) in the adult worm, suggesting a 
particular adaptation for an independent control 
of each sucker (El-Sakkary et al. 2018).

Neuronal cell types in Digenea are mainly 
multi- and bipolar, and highly secretory in 
nature; the composition of these secretions have 
been reported to include cholinergic, aminergic, 
and peptidergic messenger molecules (Halton 
and Maule 2004). Although early experimental 
evidence supported an inhibitory role for acetyl-
choline (ACh) in trematodes (Barker et al. 1966; 
Holmes and Fairweather 1984), functional ACh-
activated receptors were not identified until 
many decades later. A study conducted in S. 
mansoni characterized for the first time a family 
of ACh-gated chloride channels (SmACCs), 
which play an inhibitory role in the neuromuscu-
lar activity of this parasite (MacDonald et  al. 
2014). These channels are formed by chloride-
selective nicotinic ACh receptor subunits and are 
located mainly in minor nerve fibers that inner-
vate the body-wall musculature, rather than 
directly on the muscles. This pattern of distribu-
tion suggests that SmACCs mediate their inhibi-
tory effects in an indirect manner, presumably 
modulating the release of other neurotransmit-
ters (MacDonald et al. 2014). Genomic evidence 
exists for the presence of closely related putative 
nicotinic ACh receptor chloride channels in the 
opisthorchiid C. sinensis (Huang et  al. 2013), 
which lends credit to the hypothesis of MacDonald 
and co-workers (2014) about the existence of a 
unique clade of platyhelminth-specific nicotinic 
chloride channels.

A second ACh receptor has been described in 
S. mansoni (SmGAR), a constitutively active G 
protein-coupled receptor, which suppression led 
to the unexpected inhibition of motility in the 
schistosomula (MacDonald et al. 2015). The way 
in which this receptor modulates the movement 
of the parasite remains unknown. Nonetheless, it 
seems plausible that, as in other organisms 
(Dittman and Kaplan 2008), SmGAR works to 
repress the activity of ACh via a mechanism of 
negative feedback; therefore, suppression of the 
negative feedback provided by the receptor 
would result in increased ACh signaling with the 
consequent reduction in motility (MacDonald 
et al. 2015).

Serotonin (5-hydroxytriptamine: 5-HT) is an 
important myoexcitatory neurotransmitter in 
trematodes, which is present both in the central 
nervous system, as well as in peripheral nerve 
fibers and the plexuses that supply the body-wall 
musculature. Furthermore, 5-HT stimulates glu-
cose uptake and carbohydrate metabolism, thus 
increasing energy availability for muscle activity 
(reviewed by Ribeiro et  al. 2005). Two studies 
have started to shed light on the mechanisms of 
signaling of 5-HT and its mode of action in S. 
mansoni (Patocka and Ribeiro 2013; Patocka 
et  al. 2014). A functional receptor specific for 
5-HT (Sm5THR) has been identified in this 
schistosomatid, which is involved in the control 
of motor activity (Patocka et al. 2014). Sm5THR 
is a rhodopsin-like G protein-coupled receptor, 
signaling through which involves coupling of a 
stimulatory G protein and activation of adenylate 
cyclase, with the subsequent increase in cytosolic 
cyclic AMP. This receptor is broadly distributed 
through the body of the worm although it is par-
ticularly abundant throughout the nervous system 
and, particularly, closely to 5-HT-containing neu-
rons. Suppression of the gene encoding for 
Sm5HTR resulted in a reduced motility of both 
larval and adult schistosomes, which is consistent 
with the excitatory role of 5-HT. Overall, local-
ization and functional features of Sm5HTR 
suggest that it controls parasite’s movement by 
modulating the release of other myoexcitatory 
neurotransmitters, which in turn initiate muscle 
contraction. Moreover, its distribution in the 
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central nervous system indicates that additional 
5-HT-regulated mechanisms may be operating at 
this level and contribute to motor control (Patocka 
et al. 2014). A second putative 5-HT receptor has 
been identified in the genome of S. mansoni, 
which has yet to be confirmed by functional anal-
ysis (Patocka et al. 2014).

Another component of the serotonergic sys-
tem has been characterized in S. mansoni: a spe-
cific plasma membrane transporter (SmSERT), 
with a potential role in the inactivation of 
5-HT. This transported is distributed parallel to 
5-HT throughout the nervous system, in particu-
lar at neuronal varicosities, where neurotrans-
mitters are released to exert their function and 
then sequestered back into the neurons. 
Furthermore, disruption of SmSERT activity 
caused schistosome larvae to become hyperac-
tive, which is consistent with it mediating the 
re-uptake of 5-HT to terminate signaling. These 
features suggest that SmSERT is a key player in 
the serotonergic control of parasite motility, 
which main function should be removing 5-HT 
from the extracellular space to control the inten-
sity and duration of signaling (Patocka and 
Ribeiro 2013).

Besides ACh and 5-HT, further neuroactive 
molecules such as dopamine, histamine, octopa-
mine, and neuropeptides are also involved in ner-
vous and neuromuscular activities in digeneans 
(e.g., Eriksson et  al. 1996; El-Shehabi and 
Ribeiro 2010; Tolstenkov et al. 2010; El-Shehabi 
et al. 2012; El-Sakkary et al. 2018). In regard to 
the later, two groups of native neuropeptides have 
been identified in trematodes, including pancre-
atic polypeptide-like neuropeptide F and 
FMRFamide-related peptides, whose localization 
and potential functions were covered in the first 
edition of this book (Peoples and Fried 2014). 
Nevertheless, it is worth mentioning that genes 
with potential functions in neuropeptide signal-
ing are highly transcribed in the gonads of adult 
S. mansoni, particularly in the testes, suggesting 
that neural processes may play roles in growth 
and differentiation of the gonads, and intervene 
the reproductive biology via endocrine and para-
crine mechanisms (Lu et al. 2016).

1.5	 �Alimentary System

Trematode feeding varies depending on the habi-
tat within the host, generally consisting in blood, 
mucus, or tissues. The alimentary system con-
sists of two differentiated parts, the foregut and 
the gut, or ceca. The former typically includes the 
mouth (surrounded by the oral sucker), the phar-
ynx, and the esophagus, which connects with the 
ceca. Some species display a short pre-pharynx, 
while others, however, have no pharynx. The lin-
ing of the foregut displays a tegument-like struc-
ture, but without spines, and is responsible for 
food suction and early break down. Right after 
the esophagus, the alimentary tract usually bifur-
cates in two ceca, where digestion and nutrient 
uptake occur. Digestion is predominantly extra-
cellular, occurring at the lumen of the ceca, 
although intracellular events may occur in some 
species. The ceca are lined by a simple epithe-
lium, called gastrodermis, which can be cellular 
or syncytial, and whose cytoplasm is highly 
folded with the purpose to increase the absorptive 
surface (Bogitsh et al. 2013; Roberts and Janovy 
2009). Some genera in the Digenea, however, 
may not have a digestive system. In particular, 
while early descriptions of the dicroceliid genus 
Metadelphis reported these flukes to have a 
poorly visible, although still existing, digestive 
system (Travassos 1944, 1955), recent reexami-
nations have suggested that this statement was 
mistaken, and members of the genera Metadelphis 
and Parametadelphis actually lack of a digestive 
system (Tkach et al. 2018).

To our knowledge, the latest fine ultrastruc-
tural descriptions of the whole alimentary tract in 
Digenea were carried out on the cercarial stages 
of the diplostomid D. pseudospathaceum 
(Podvyaznaya 2006) and the bucephalid 
Prosorhynchoides borealis (Podvyaznaya 2011), 
and both were well covered in the first edition of 
this book (Peoples and Fried 2014).

In the past few years, studies on the alimen-
tary system of digeneans have focused on the 
esophagus of human schistosomatids S. mansoni 
and S. japonicum. The esophagus of these flukes 
appears as a glandular tissue, organized in two 
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well-demarcated compartments. The lining of the 
anterior esophagus is typical of the syncytial teg-
ument, with cytoplasmic folds projecting towards 
the lumen (Li et al. 2013). In S. japonicum, the 
surface area of the anterior esophagus is greatly 
increased by abundant corrugations displaying 
thread-like extensions of cytoplasm on their tips. 
These filiform projections have been proposed to 
work to entangle blood cells during the feeding 
process, thus increasing their retention time for 
interacting with esophageal secretions (Li et  al. 
2014). The posterior esophageal syncytium is 
characterized by the presence of copious plate-like 
extensions containing unique crystalloid vesicles 
that are emptied between the plates, where they 
form extracellular aggregates. These cytoplasmic 
extensions are closely disposed in such a way that 
only plasma proteins are allowed to enter the inter-
plate spaces. This singular organization, typical of 
transporting epithelia, led the authors to suggest 
that it may serve for the generation massive ion-
fluxes. Alternatively, it is also plausible that this 
structure functions to sequester the aforemen-
tioned crystalloid secretions, thus enabling a more 
efficient interaction between them and the ingested 
blood (Li et al. 2013).

Food ingestion in these schistosomes occurs 
in two steps (Li et al. 2013). First, blood accu-
mulates in the lumen of the anterior esophagus, 
before being pushed as a bolus to the posterior 
compartment; a network of muscular fibers pro-
pels this transition. Red blood cells appear to be 
lysed rapidly after they enter the posterior 
esophagus. However, a plug of leucocytes at 
different degrees of degradation is tethered in 
the lumen of this compartment, while blood 
streams around. Presumably, this cellular mass 
works to minimize the entrance of leucocytes 
into the gut and avoid the detrimental conse-
quences that this event might have for the para-
site (Li et al. 2013).

Ultrastructural studies suggest that the esoph-
agus of these blood flukes possesses a high secre-
tory activity since different types of vesicular 
inclusions are abundant in the cytoplasmic 
projections of both the anterior and posterior 

compartments (Li et al. 2013, 2014). The impor-
tance of the secretory pathway in this organ is 
supported by transcriptomic data, showing the 
enrichment of transcripts from genes involved in 
the intracellular vesicle transport (Wilson et  al. 
2015). Other transcripts overrepresented in this 
region come from microexon genes and genes 
encoding proteases and lysosomal hydrolases, 
which are secreted into the esophagus lumen (Li 
et al. 2013, 2018; Wilson et al. 2015). Predicted 
structure for the protein products of microexon 
genes suggests that they may perform several 
functions, including leucocyte trapping in the 
esophageal lumen, protection against immune 
attack, hemolysis, and antimicrobial roles 
(Wilson et al. 2015; Li et al. 2018). Some fami-
lies of microexon genes are also represented in 
the bird schistosomatid Trichobilharzia regenti, 
suggesting that these genes have an ancient ori-
gin related to blood feeding (Li et  al. 2018). 
Lysosomal hydrolases and proteases are regarded 
to work in blood processing, and in preventing 
blood clotting (Wilson et al. 2015).

1.6	 �Respiratory System

The life cycle of digeneans consist in a sequence 
of several developmental stages inhabiting a 
range of aerobic/anaerobic environments; there-
fore, these organisms need to undergo constant 
transitions in energy metabolism to adapt them-
selves to the changing environment (Takamiya 
et al. 2010). The expression profile of key meta-
bolic enzymes revealed that fasciolid F. hepatica 
shifts from an aerobic to an anaerobic metabo-
lism during the development of newly excysted 
juveniles into adult flukes, which has been related 
to a reduction in the diffusion of oxygen into the 
parasite tissues as it grows (Cwiklinski et  al. 
2015a, b). Transcriptomic analyses of the opis-
thorchids Clonorchis sinensis (Huang et al. 2013) 
and O. viverrini (Young et al. 2014) showed that 
the adult stages of these liver flukes express genes 
associated with both aerobic and anaerobic 
respiration.
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1.7	 �Excretory System

The excretory system in Digenea is of protone-
phridial type, i.e., a tubular system composed of 
flame cells that opens only at the distal end by 
way of a pore. Flame cells (or bulbs) are flask-
shaped units, each containing a tuft of fused fla-
gella and opening in a terminal tubule. Beating of 
the flagella creates a pressure gradient that draws 
the excretory fluid through a filtering weir out of 
the cell into the collecting tubule. Terminal 
tubules of several flame cells converge to form 
larger collecting tubules, eventually emptying 
into a common excretory bladder. In adult dige-
neans, the excretory bladder opens to the exterior 
through the excretory pore, usually located near 
the posterior end of the body. This system is pre-
sumed to serve both excretory and osmoregula-
tory functions. Notwithstanding, in some 
trematodes the walls of the collecting ducts dis-
play structural adaptations such as microvilli, 
thus suggesting that additional absorptive/secre-
tory functions may also occur (Roberts and 
Janovy 2009).

Excretion comprises a series of processes aim-
ing at (1) removing waste products of metabolism 
and other unnecessary substances; (2) regulating 
the internal osmotic pressure and ionic composi-
tion; and (3) inactivating and/or eliminating injuri-
ous compounds (Beklemishev 1969). The latter 
purpose raises a particular interest in the context of 
parasitic helminths due to its importance in the 
development of drug resistance (e.g., Sato et  al. 
2004; Kumkate et al. 2008). A study conducted on 
the opisthorchiid O. felineus identified four puta-
tive genes encoding for P-glycoproteins, which are 
active in the excretory system of the adult stage 
and are presumably involved in the elimination of 
drugs via this system (Mordvinov et  al. 2017). 
P-glycoproteins belong to the ABC transporter 
superfamily of proteins and are responsible for the 
efflux of a wide range of endo- and xenobiotics 
across cellular membranes (reviewed by Greenberg 
2013). Members of this family had been previ-
ously identified in other digeneans, including the 
fasciolids F. gigantica (Kumkate et al. 2008) and 
F. hepatica (Wilkinson et  al. 2012), and the 

schistosomatid S. mansoni (Messerli et al. 2009). 
In these species, P-glycoproteins have been impli-
cated in drug excretion and the generation of 
anthelmintic resistance (Kumkate et  al. 2008; 
Messerli et  al. 2009; Wilkinson et  al. 2012; 
Kasinathan et al. 2014; Pinto-Almeida et al. 2015).

The metabolic system cytochrome P450 is 
also associated with the protonephridia in O. fel-
ineus, where it participates in the biotransforma-
tion of xenobiotics. Moreover, suppression of the 
gene encoding for this system caused a signifi-
cant enlargement of the excretory channels and 
bladder, and increased worm mortality. These 
results suggest that cytochrome P450 is poten-
tially involved in worm metabolism and detoxifi-
cation, and evidence the importance of this 
system for the parasite lifestyle (Pakharukova 
et al. 2015).

Although the term excretory system is usually 
employed as a synonym for protonephridia, 
excretion in digeneans, as in other flatworms, 
involves additional body systems, such as the ali-
mentary tract and the tegument (Hertel 1993). 
For instance, unlike in O. felineus (Mordvinov 
et al. 2017), the aforementioned P-glycoproteins 
have been localized in the ceca and tegumental 
cells of F. gigantica (Kumkate et al. 2008), and 
the gut of S. mansoni (Messerli et al. 2009).

The tegument play a particularly important 
role in osmoregulation throughout the various 
developmental stages of trematodes, and tegu-
mental aquaporins are crucial for this function, 
facilitating the selective passage of water and 
small solutes through the external membrane 
(e.g., Faghiri and Skelly 2009; Thanasuwan et al. 
2014). Furthermore, aside of maintaining the 
osmotic pressure, a role for some tegumental 
aquaporins in the excretion of nitrogenous waste 
products, such as urea and ammonia, have been 
reported in the opisthorchiid C. sinensis 
(Geadkaew et al. 2015) and the schistosomatid S. 
japonicum (Huang et  al. 2016). In addition to 
transporter-assisted excretion, wastes can be also 
excreted via simple diffusion across the tegument 
and the gut epithelium, or by the means of exo-
cytic vesicles that flush residues produced within 
the organism outwards (Hertel 1993).
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1.8	 �Reproductive Systems

Digenetic trematodes display obligate alternation 
between sexual and clonal reproduction over their 
life cycles. With the exception of members of the 
family Schistosomatidae, which have evolved 
separate sexes, trematodes are hermaphroditic. 
However, although self-fertilization may occur in 
some species, cross-fertilization is the most 
extended form of reproduction during the adult 
stage. Within the definitive host, flukes find each 
other by means of chemoattractants, presumably 
cholesterol, or a closely related steroid, except in 
the case of schistosomes (Roberts and Janovy 
2009). Exceptional cases of asexual reproduction 
by parthenogenesis have also been reported in 
adult trematodes (Whitfield and Evans 1983; 
Nollen 1997; Van Herwerden et al. 1999).

1.8.1	 �Male Reproductive System

The male reproductive system typically consists 
of two testes, although some species have only 
one testis, while others are multitesticular. The 
position, relative orientation, and shape of the 
testes vary among species and are generally use-
ful for the identification of trematode species. 
Each testis has a vas efferens that connects with 
others to form a unique vas deferens, eventually 
ending in a genital pore, that is usually located 
within the common genital atrium on the midven-
tral surface of the fluke. Before entering the geni-
tal pore, the deferent duct normally goes into a 
muscular cirrus sac, where it expands to form an 
internal seminal vesicle. Distally, this vas con-
stricts again to form an ejaculatory duct, nor-
mally bounded by prostate gland cells; it extends 
until the end of the cirrus sac, forming the male 
copulatory organ, or cirrus, which can evaginate 
from the surrounding pouch to discharge the 
sperm into the female reproductive system. 
Specialized modifications of the distal part of the 
system, such as absence of cirrus sac and/or pros-
tate glands, or external location of the seminal 
vesicle (i.e., out of the cirrus sac) are observed in 
some trematodes (Roberts and Janovy 2009).

The spermatological characteristics in 
Digenea have been extensively reviewed by 
Bakhoum and co-authors (Bakhoum et al. 2017), 
who proposed five types of spermatological mod-
els according to the main features of the mature 
spermatozoa. Commonly, male gametocytes are 
elongated cells without discernible external orga-
nization, containing two axonemes, four attach-
ment zones, at least one mitochondrion, a posterior 
nucleus, and two longitudinal bundles of parallel 
cortical microtubules; membrane ornamentations 
and spine-like bodies can be observed in some 
species (Bakhoum et  al. 2017). The axonemes 
typically exhibit a 9 + ‘1’ trepaxonematan pattern, 
consisting in 9 peripheral doublets of microtu-
bules disposed around a central core. Nonetheless, 
particular variations of this structure are found in 
schistosomes and some didyzomids (Bakhoum 
et  al. 2017). Additional ultrastructural features 
such as presence or absence of a lateral expan-
sion, the arrangement and localization of cortical 
microtubules, or the existence of external orna-
mentations on the plasma membrane, as well as 
their location and association with cortical micro-
tubules, are also variable across the spermatozoa 
of digeneans and may be useful for phylogenetic 
purposes (Bakhoum et al. 2017). For instance, the 
ultrastructure of the posterior spermatozoon 
extremity supports molecular data suggesting that 
the family Acanthocolpidae is not closely related 
to the clade Opecoelidae + Opistholebetidae 
(Littlewood et al. 2015). Notably, while the poste-
rior ending of spermatozoon lacks of cortical 
microtubules and only contains the nucleus in the 
studied acanthocolpids Stephanostomum murie-
lae and Stephanostomoides tenuis (Bakhoum 
et al. 2015), the presence of cortical microtubules 
in the posterior extremity has been reported in 
opecoelids and opistholebetids (Miquel et  al. 
2000; Levron et al. 2004; Quilichini et al. 2010). 
In a like manner, the first ultrastructural charac-
terization of the mature spermatozoa of a mem-
ber of the genus Sclerodistomum (S. italucum) 
showed specific features that are observed only in 
other representatives of the superfamily 
Hemiuroidea. These features include the simulta-
neous presence of two types of extramembranous 
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ornamentations, the presence of short cortical 
microtubules in the anterior part of the spermato-
zoon, and a single bundle of longer cortical 
microtubules in the medium part of the sperm 
cell (Ndiaye et al. 2017).

Spermiogenesis is generally homogeneous 
across digenean species. It starts with the forma-
tion of the differentiation zone, which is bordered 
by cortical microtubules and contains numerous 
mitochondria, as well as the nucleus and a pair of 
centrioles that give rise to two initially free fla-
gella. Then, a cytoplasmic process is formed 
between the two flagella, along which the nucleus, 
mitochondria, and cortical microtubules migrate. 
Finally, the flagella arrange parallel to and fuse 
with the median cytoplasmic process, and the 
spermiogenesis terminates with the constriction at 
the differentiation zone, and the release of the 
young spermatozoon (Bakhoum et  al. 2017). 
High-throughput transcriptomics carried out in the 
opistorchiid C. sinensis (Huang et  al. 2013) and 
the schistosomatid S. mansoni (Lu et al. 2016) has 
revealed that the vast majority of transcripts are 
concentrated in the gonads in these digeneans. 
According to Lu and co-authors, this observation 
could be explained by the storage of mRNA in 
spermatozoa and its transport into the oocyte via 
sperm (Lu et al. 2016).

1.8.2	 �Female Reproductive System

The female reproductive system consists of two 
parts: a structural complex called oogenotop (or 
egg-forming apparatus) and the uterus, a long, 
often convoluted tube, through which the eggs 
are transported to the exterior. Most trematodes 
have a single ovary, connected to a short oviduct 
via a proximal sphincter, called ovicapt, that reg-
ulates the passage of oocytes down into the ovi-
duct. A seminal receptacle emerges as an out 
pocket of the oviduct wall and provides with 
sperm for fertilization. Vitelline glands commu-
nicate also with the oviduct and contribute with 
mature vitelline cells, which are essential for 
eggshell formation and nourishment of the form-
ing embryos. Following sperm penetration and 
association with several vitelline cells, oocytes 

go into the ootype, an expansion of the oviduct 
surrounded by numerous unicellular Mehlis’ 
glands that discharge their secretions into it via 
miniscule ducts. The function of the material pro-
vided by Mehlis’ glands is not fully understood; 
presumed functions include contribution to egg-
shell formation and hardening, activation of 
sperm, and activation of vitelline cells to release 
shell material. Beyond the ootype, the female 
duct expands to form the uterus, which extends to 
the female genital pore. In some species, the dis-
tal end of the uterus becomes muscular and serves 
as an ovijector and a vagina; this structure is 
termed metraterm. During the copula, the cirrus 
is inserted into the distal end of uterus and the 
sperm swims towards the seminal receptacle, 
where it is stored. A narrow tube, called Laurer’s 
canal, often arises at the base of the seminal 
receptacle; it ends either blindly in the paren-
chyma or opens outward through the tegument, 
and is thought to be a non-functional vestigial 
vagina (Roberts and Janovy 2009).

Oogenesis and vitellogenesis follow general 
patterns in all digeneans although some variations 
have been reported. For instance, Greani and 
co-authors (2016), studied for the first time the 
evolution of these two processes in a member of 
the family Allocreadiidae, namely Crepidostomum 
metoecus. Compared to other digeneans, fully 
mature vitellocytes of C. metoecus contain large 
amounts of nutritive reserves and material for shell 
development; this, together with the low protein 
composition of mature oocytes, led the authors to 
suggest that in this species oocytes do not partici-
pate in the nourishing of the developing embryo 
(Greani et al. 2016).

A comparative study of oogenesis between 
diploid and triploid isolates of the fasciolid F. 
hepatica evidenced that synaptonemal complexes 
are formed early in primary oocytes of all indi-
viduals, irrespective of their chromosomal com-
plement (Hanna et  al. 2016). The formation of 
these complexes in triploid specimens indicates 
that meiosis is also initiated in this type of flukes, 
which, a priori, are unable to undergo conven-
tional meiosis (Fletcher et al. 2004). Furthermore, 
in all the isolates studied by these authors, the 
meiosis of oocytes completes within eggs in the 
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uterus, in which distal end, oocytes typically 
enclose two equal-size pronuclei; this represents 
the most advanced stage of development of eggs 
within the fluke, before being shed into the envi-
ronment. In diploid individuals, each pronucleus 
originates from male and female gametocytes, 
respectively. In contrast, parthenogenesis is 
believed to occur in triploid organisms, which are 
aspermic (Hanna et al. 2016). In these specimens, 
besides the segregation of synapsed homologous 
chromosomes, meiosis 1 is thought to involve the 
allocation of the unsynapsed chromosomes (i.e., 
the third copy) in the two daughter nuclei, resulting 
into an unequal distribution of the genetic material 
between them. Hanna and co-authors (2016) pos-
tulated that in these flukes the zygote might be 
restored to the triploid condition prior to proceed 
into meiosis 2, by way of re-fusing the two pronu-
clei resultant from the first mitotic division. This 
mechanism might restore the unbalancing effects 
of meiosis 1 and ensure success in the cleavage 
division at meiosis 2, thus enabling the survival 
and clonal expansion of polyploids (Hanna et al. 
2016). According to these authors, the same mech-
anism of parthenogenesis may operate in a faculta-
tive manner in diploid F. hepatica if sperm is not 
available (Hanna et al. 2016).

In regard to the functioning of the female 
reproductive system, particular attention has 
been paid in the last 5 years to specific molecules 
and pathways that play key roles in regulating the 
reproductive biology of dioecious trematodes of 
the genus Schistosoma, in which egg production 
has special relevance due to the role of eggs in 
chronic pathology. Several signal transduction 
processes are now known to play essential roles 
in controlling mitosis, cell differentiation, and 
egg production via the regulation of key tran-
scriptional targets. In particular, cooperation 
between Src-kinase- and TGFβ receptor 
I-containing pathways has been reported to influ-
ence mitotic activity and egg production in 
female S. mansoni since the inhibition of these 
pathways suppressed both processes in paired 
females (Buro et  al. 2013). Furthermore, the 
mitogen-activated protein kinase (MAPK) cas-
cade also plays an important role in regulating 
the reproduction of this species of schistosome. 

Suppression of the gene coding for the extracel-
lular signal-regulated kinase (SmERK) caused a 
significant reduction in egg production, in addi-
tion to morphological alterations in the female 
reproductive system, such as smaller ovaries that 
accumulated immature oocytes and accumulation 
of mature oocytes in the uterus (Andrade et  al. 
2014). Additional protein kinases, such as 
SmTK3, SmTK4, SjTK4, and SmTK6, have also 
been reported to play roles in gonad-associated 
processes in female schistosomes (Beckmann 
et al. 2010a, 2011; Buro et al. 2017; Hahnel et al. 
2017; Ding et al. 2017).

Venus kinase receptors (VKRs) are unusual 
receptor tyrosine kinases of invertebrates, dis-
playing a particular protein structure (Vicogne 
et al. 2003). Two VKRs are expressed in S. man-
soni (SmVKR1 and SmVKR2), which play dif-
ferent roles in oogenesis and egg formation 
(Vanderstraete et al. 2014). Each of these recep-
tors is activated by a different ligand; specifically, 
l-arginine activates SmVKR1, while Ca+2 acti-
vates SmVKR2 (Vanderstraete et  al. 2014). 
However, a novel way of activation has been dis-
covered for SmVKR1, which is independent of 
ligand binding and works by interaction of the 
receptor with a signaling complex, including a 
beta integrin receptor Smβ-Int1 (Gelmedin et al. 
2017), for which a role in oogenesis had been pre-
viously reported (Beckmann et al. 2012). Ligand-
independent activation of SmVKR1 results in 
downstream activation of several signaling path-
ways, and the blockade of this type of activation 
affects ovary structure, oocyte integrity, and egg 
formation (Gelmedin et  al. 2017). In particular, 
formation of this signaling complex is crucial to 
control the differentiation status of oocytes by 
regulating apoptosis (Gelmedin et al. 2017).

Schistosome micro(mi)RNAs also play impor-
tant regulatory roles in male–female pairing, 
gametogenesis, and egg production (Zhu et  al. 
2016). A number of miRNAs are differentially 
expressed between male and female S. japoni-
cum, and across different stages of maturation; 
among them, miRNAs with regulatory roles on 
mRNA targets involved in signal transduction for 
sexual maturation and egg production have been 
identified. In particular, functional evidence has 
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been proved for miR-31 and bantam, whose 
suppression, as well as the suppression of their 
mRNA targets, resulted in severe defects in ovary 
development (Zhu et al. 2016). A role in regulat-
ing the sexual development of S. mansoni females 
have also been suggested for members of the 
miR-277 family of miRNA since their target 
genes display different expression profiles 
between paired (mature) and unpaired (imma-
ture) females (Protasio et al. 2017).

Beyond sexual maturation of worms, a 
proper formation of the eggshell is crucial for 
egg viability and successful transmission of the 
infection. In S. mansoni, the production of the 
major eggshell protein (Smp14) is controlled 
by epigenetic modifications at the promoter 
region of the corresponding gene. In particular, 
two histone acetyltransferases (SmGCN5 and 
SmCBP1) are recruited at the Smp14 promoter 
by nuclear receptors and acetylate the H3 to 
activate the transcription of this gene, an essen-
tial step for egg development. Indeed, inhibi-
tion of these transferases resulted in disrupted 
eggshell integrity and defective egg structure 
(Carneiro et al. 2014). Moreover, this inhibition 
impacted negatively on the development of the 
ovary and vitellaria, and the maturation of 
oocytes (Carneiro et al. 2014). Other processes 
involving chromatin remodeling have been 
proved relevant for the function in the sexual 
development of S. mansoni females. Concretely, 
suppression of the members of the family of 
high mobility group box proteins (HMGBs: 
SmHMGB2 and SmHMGB3) impaired ovary 
development and egg laying (de Abreu da Silva 
et al. 2016).

1.9	 �Trematode Body Systems 
as Targets for Drug 
Discovery

One of the biggest issues faced by current human 
and veterinary parasitology is the limited range 
of drugs available for combating trematode infec-
tions in the face of emerging resistance against 
conventional chemotherapeutics (Kelley et  al. 
2016; Vale et al. 2017). This concern evidences 

the necessity of developing next-generation 
antitrematodal drugs, a challenging task that 
comprises not only the discovery and/or charac-
terization of anthelmintic compounds, but also 
the identification of parasite molecules that can 
be exploited as drug targets (Keiser and Utzinger 
2007; Ferreira et al. 2015). Each of the body sys-
tems covered in this chapter performs vital func-
tions for the parasite biology, thus having the 
potential for novel treatment opportunities. 
Nonetheless, besides a critical functional rele-
vance, drug-target candidates are required to 
meet additional criteria, such as known or pre-
dicted druggability and parasite specificity, i.e., 
lack of host orthologues or, at least, low structure 
similarity (McVeigh et al. 2011). Reviewing the 
recent advances in this field is out of the scope of 
this chapter. Notwithstanding, brief comments on 
some few highlights concerning the targeting of 
trematode body systems for the discovery of 
novel therapeutic and control opportunities are 
provided.

Aiming at identifying candidate molecules for 
their validation as new drug targets, particular 
emphasis is being placed on neural, excretory, 
and gonad-associated processes in the schistoso-
matid S. mansoni. Neurotransmitter signaling is 
subject of an extensive research (e.g., Patocka 
and Ribeiro 2013; Patocka et al. 2014; MacDonald 
et al. 2014, 2015; Chan et al. 2016a, b; Hahnel 
et al. 2018; McVeigh et al. 2018a). Neuropeptides 
and other small neuronal transmitters are key for 
the control of the neuromuscular activity, beside 
performing additional functions in metabolism 
and nutrient transport (reviewed by Ribeiro et al. 
2005 and Marks and Maule 2010); therefore, by 
disrupting neural signaling, disabling effects on 
vital functions such as locomotion, attachment, 
feeding, or sensory perception can be achieved. 
Neurotransmitter transporters, transmitter-
activated ion channels receptors, and G protein-
coupled receptors (GPCRs) are known targets for 
a number of neuroactive compounds and have a 
well-contrasted druggability potential, thus 
becoming promising drug targets for anthelmintic 
development [see McVeigh et al. (2011, 2018b), 
Ribeiro and Patocka (2013) and Greenberg 
(2014) for reviews].
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Targeting the reproductive function represents 
also an interesting treatment option for control 
purposes since it impacts directly on life cycle 
progression and parasite transmission. Moreover, 
this approach is particularly interesting to combat 
the egg-associated pathology of schistosomiasis 
(Beckmann et al. 2010b), which is reflected in the 
great number of publications on this subject that 
have arisen in the past few years (see Sect. 1.8.2). 
Several proteins have been proposed as potential 
therapeutic targets based on transcriptional pro-
filing and/or functional evidence (e.g., Beckmann 
et  al. 2010b; Buro et  al. 2013; Andrade et  al. 
2014; Lu et al. 2016; Hahnel et al. 2018; McVeigh 
et al. 2018a). Among these options, GPCRs dis-
playing essential functions in trematode repro-
ductive and developmental biology (Hahnel et al. 
2018; McVeigh et al. 2018a) are excellent candi-
dates for applied studies due to their great struc-
tural diversity and pharmacological properties 
that enable the design of highly selective ligands 
(reviewed by McVeigh et al. 2018b).

On the other hand, although the inactivation 
and elimination of injurious compounds are key 
functions of the excretory system of all animals, 
xenobiotic-metabolizing enzymes and, specially, 
drug transporters are known to contribute to low 
drug efficacy and the development of anthelmin-
thic resistance (Kotze et  al. 2014; Matoušková 
et al. 2016). Biotransformation enzymes, such as 
cytochrome P450 or glutathione S-transferase, 
are potential drug targets due to their essential 
roles in parasite metabolism (reviewed by 
Matoušková et al. 2016). In turn, targeting drug 
transporters may represent an opportunity to 
increase the efficacy of other anthelmintics 
(reviewed by Kotze et al. 2014). Aside perform-
ing fundamental functions for parasite biology, 
these groups of proteins display additional desir-
able properties for being considered as potential 
therapeutic targets (Kotze et al. 2014; Matoušková 
et al. 2016).

In addition to the abovementioned biological 
functions, the maintenance of the structural 
integrity of the tegument is vital for trematodes; 
therefore, this organ also represents a prominent 
target for the rational development of flukicide 

drugs and, more important, of anti-helminth vac-
cines (see Leow et al. 2015 and Sotillo et al. 2017 
for reviews).
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