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Preface

Digenetic trematodes are a major group of parasites of humans and animals and are
distributed worldwide. They have a complex life cycle and require at least two
hosts, one of which is usually a mollusk. Over 100 species of digenetic trematodes
have been recorded infecting humans and the list is very extensive considering the
trematode species that parasitize animals. 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, schistosomia-
sis affects more than 200 million people and causes almost 300,000 deaths 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 distribution to low- and middle-
income countries. However, this picture has been changing in recent years. Factors
such as the migration flows, increased international tourism, changes in alimentary
habits, and the globalization of food markets are expanding their geographical lim-
its and the population at risk worldwide.

In this book, we draw attention to trematode infections that cause disease in
humans and other trematodes of interest in veterinary and wildlife. To this purpose,
the book has been divided into three parts. The first part is devoted to analyze the
modern 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 clonor-
chiasis and the intestinal trematodes) are dealt with under separate chapters.
Moreover, the section is completed with two chapters dealing with the epidemi-
ology and diagnoses of trematode infections. In these chapters, emphasis is placed
on recent advances and gaps in our understanding that must be filled to complete the
knowledge of these trematodes. In the third part of the book, the main groups of
trematodes of veterinary and wildlife interest are analyzed. As mentioned above,
the list of potential trematodes that might be discussed in this section is vast.
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For convenience, we have chosen to focus the chapters on those groups of
trematodes that are also recognized to have implications for human health.

The main goal of the book is to present the trematodes and the corresponding
diseases in the framework of modern parasitology, considering matters such as the
application of novel techniques and analysis of data in the context of host—parasite
interactions and to show applications of new techniques and concepts to the studies
on digenetic trematodes.

In summary, in this book the most recent information of the major groups of dige-
netic trematodes is compiled with the aim of providing an update of the current status
of knowledge on these important parasites in the context of modern parasitology.

Rafael Toledo
Bernard Fried
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Part I
General Aspects of the Trematodes



Chapter 1
Form and Function in the Digenea

Robert C. Peoples and Bernard Fried

1.1 Introduction

For our coverage on form and function in the Digenea, we have relied heavily on the
earlier chapters on this topic in Fried and Haseeb [1] and in Fried [2]. We have con-
sidered herein the major organ systems covered in those two earlier works.
Therefore, for background information on the subject matter covered in this chapter,
those two earlier works should be consulted. In regard to our literature search, the
words “Digenea” and “Trematoda” were each paired with the following search
terms: female reproductive system, male reproductive system, neuromuscular sys-
tem, nervous system, lymph system, lymphatic system, alimentary tract, sense
organs, sensory structures, tegument, tegumentary system, parenchyma, holdfast
organs, excretory system, osmoregulatory.

Emphasis in this chapter is based on the newer literature, i.e., since the coverage
by Fried [2] and places emphasis on salient literature between 1997 and 2012. The
layout of this chapter will proceed in the following pattern: a description and over-
view of the digenean body system of interest, a discussion of the body system as it
applies to adult digeneans, a discussion of said body system as it pertains to various
digenean larval stages (if applicable).

R.C. Peoples (b))

Schistosomiasis Lab, Biomedical Research Institute,
12111 Parklawn Drive, Rockville, MD 20851, USA
e-mail: rpeoples @afbr-bri.com

B. Fried
Department of Biology, Lafayette College, Kunkel Hall,
Room 204, Easton, PA 18042-1778, USA

R. Toledo and B. Fried (eds.), Digenetic Trematodes, Advances in Experimental 3
Medicine and Biology 766, DOI 10.1007/978-1-4939-0915-5_1,
© Springer Science+Business Media New York 2014
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1.2 Tegumentary System

Digenetic trematodes have a syncytial tegument. The epidermis is composed of a
distal anucleate cell layer. Cell bodies containing the nuclei, called cytons, lie
beneath a superficial layer of muscles, connected to the distal cytoplasm by way of
channels, called internuncial processes. These processes are sometimes adorned
with microvilli [3]. Vesicles within the distal cytoplasm serve an unknown purpose
although some authors believe they may contribute to the peripheral surface of the
tegument as they move outwards, perhaps replacing membrane damaged by host
antibodies [4].

During the metamorphosis of a miracidium into either a sporocyst or redia, cili-
ated epithelial cells are shed and the distal cytoplasm originating at the intracellular
ridges spreads over the organism’s surface. Well-developed microvilli are present
on the surface of both sporocyst and redia. The luminal surface of tegumental cells
in rediae may be thrown into a large number of flattened sheets that extend to other
cells in the body wall and to cercarial embryos contained in the lumen. Nutritive
molecules such as glucose can pass through the tegument to developing cercariae
[5]. Amino acids and hexoses can be absorbed through the tegument. Depending on
the species, a variety of molecules can be absorbed either through the tegument and/
or the lining of the gut [6].

Early embryos of cercariae are covered with a primary epidermis. A definitive
epithelium forms underneath this primary epidermis. Nuclei of this secondary epi-
thelium sink into the parenchyma, and in its final form cercarial tegument has an
organization similar to that of adult worms. During the process of encystment, cys-
togenic cells found within the parenchyma secrete cyst material. The wall of the
developing metacercarial cyst is completed when the cercarial tegument sloughs off
and the cyst material it contains undergoes chemical and/or physical changes, in
turn enveloping the worm within a completed cyst. A thin coating of cytoplasm,
originating from cystogenic cells in the parenchyma encloses the metacercaria
within its cyst and gives rise to the finished adult worm tegument [3].

Hacariz et al. [7] found an abundance of fatty acid-binding protein 1 in a surface
protein fraction taken from the fasciolid Fasciola hepatica. Hong [8] compared the
surface tegument of metacercariac and adult trematodes of the plagiorchiid
Plagiorchis muris. The distribution of papillae and tegumentary spines was similar
except for a reduced density of tegumentary spines on the posterior portions of the
adults. The author attributed this to the development of reproductive organs.

Han and coauthors [9] studied the surface ultrastructure of Cercaria caribbea. It
is the first record describing a cyathocotylid cercaria from a brackish water gastro-
pod in the Republic of Korea.

Podvyaznaya and Galaktionov [10] made observations on the branching sporo-
cysts of the bucephalid Prosorhynchoides borealis found within the bivalve Abra
prismatica. The authors noted two different types of terminal regions in the sporo-
cysts: one specialized for the investigation and penetration of host tissues and the
other containing a high degree of germinal cells specialized for cercarial
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production. The authors hypothesize that this two-pronged approach to both host
invasion and cercarial production help explain why sporocysts of this species are
not only able to survive for long periods of time within their bivalve hosts, but also
produce numbers of cercariae comparable to those observed in other digeneans uti-
lizing rediae and/or daughter sporocyst infrapopulations within the first intermedi-
ate host. Pinheiro and collaborators [11] described the unique nuclear morphology
of the surface epidermal cells of the echinostomatid Echinostoma paraensei mira-
cidia. Many mitochondria and vesicles contained in these epidermal cells were
attached to the interepidermal ridges by a septate junction.

1.3 Sensory System

Trematodes exhibit a wide variety of sensory adaptations, including photosensory,
chemosensory, and mechanosensory structures. Depending on the species and par-
ticular life stage, various structures may be observed at distinct times throughout the
organism’s life cycle.

Filippi et al. [12] observed two different types of sensory structures on the sur-
face tegument of the hemiurid Lecithochirium musculus. Four dome-like fusiform
structures containing nerve bulbs filled with electron-lucent material and mitochon-
dria were present on the anterior dorsal surface of the tegument. Hemispherical
electron-dense collars were observed at the top of the nerve bulbs. Striated rootlets
were found just beneath the hemispherical electron-dense collars. The second type
of sensory receptor observed existed in two variations: a bulb-like mono-lobed
structure and a bulb-like bi-lobed structure. Both of these variations consisted of a
nerve bulb containing mitochondria, electron-lucent material, and a conical electron-
dense collar from which extended a striated rootlet. These sensory structures were
observed mainly around the ventral sucker.

Abdul-Salam and Sreelatha [13] identified more than 13 types of sensory recep-
tors on the surface tegument from cercariae of the trematode Austrobilharzia sp.
The ciliated receptor types differed in cilium length and structure of the surrounding
collar and tegumentary base. The authors described for the first time a multi-ciliated
receptor found on a strigeid cercaria. Bogea and Caira [14—16] found that most
cercarial sensory receptors on four different species of trematodes examined—
Allassogonoporus sp. (Allassogonoporidae) [14], Allopodocotyle sp. (Opecoelidae)
[15], Crepidostomum sp. (Allocreadiidae), Bunodera sp. (Allocreadiidae) [16]—
were mechanoreceptors in nature. Podhorsky and coauthors developed an identifi-
cation key based on papillary patterns for trichobilharzid cercariae. Some sensory
receptors did not stain well with silver nitrate making visualization of all sensory
receptors difficult [17]. Sopott-Ehlers and collaborators [18] studied the photore-
ceptors of cercariae of the schistosomatid Trichobilharzia ocellata. They described
the presence of pigment cup ocelli, a special type of unpigmented rhabdomeric
photoreceptor, as well as three unicellular photoreceptors that were found arranged
in a three dimensional configuration. The special type of lensing observed in the
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pigmented eyes of T. ocellata is believed to be exclusive to members of the genus
Trichobilharzia, whereas the other phaosomous-like receptors observed on the cer-
cariae are probably more widespread amongst members of the family
Schistosomatidae. The absence of any mitochondrial lensing in 7. ocellata and
probably all other digeneans is believed to be a result of the evolution of endopara-
sitism [18].

Bogea [19] compared the ultrastructure and chaetotaxy of sensory receptors as
well as the neuromorphology of cercariae belonging to three separate families:
Allocreadiidae, Lecithodendriidae, and Opecoelidae. The results of the study indi-
cate that the major categories of cercarial sensory receptors are nonciliated (includ-
ing sheathed and subtegumentary types) and ciliated (including uncollared and
collared types) receptors. Taxon-specific chaetotaxic patterns and receptor types
observed in cercariae may aid in sorting out phylogenetic relationships between
trematode families.

1.4 Neuromuscular System

Muscles that occur most consistently throughout the subclass Digenea are circular
muscles lying just beneath the basal lamina of the tegument, with longitudinal and
diagonal layers underlying the circular muscles [20]. These muscles envelop the
rest of the body like a sheath.

Muscles are often most prominent in the anterior regions of the worm. Strands of
muscles that connect dorsal to ventral superficial muscles are usually found in lat-
eral areas. Muscle fibers are smooth and their nuclei occur in cytons called myo-
blasts connected to fiber bundles and located in various sites around the body, often
in syncytial clusters [3].

The digenean nervous system consists of longitudinal nerve cords connected at
intervals by transverse ring commissures. Several nerves run anteriorly originating
from the cerebral ganglion. The dorsal, lateral, and ventral nerve cords supply pos-
terior parts of the body. Ventral nerves are usually the most developed [3].

An important excitatory neurotransmitter is 5S-hydroxytryptaine, and acetylcho-
line is apparently the major inhibitor of neuromuscular transmission [21].
Neuropeptides serve a relatively unknown role within the nervous systems of trem-
atodes. Some authors believe that they may serve as messenger systems that regu-
late and control a variety of bodily processes. There is evidence that some
neuropeptides help coordinate complex muscular activities involved in the forma-
tion of eggs in the oogenotop [21]. Stewart et al. [22] showed that all three classes
of neuroactive substances were present in both developing progenetic metacercar-
iae and adult worms of the bucephalid Bucephaloides gracilescens. Staining pat-
terns for cholinergic and peptidergic substances showed significant overlap while
the serotoninergic system was confined to a separate set of neurons. The most
abundant neuropeptide known in trematodes is the pancreatic polypeptide-like
neuropeptide F [23]. FMRFamide-related peptides (FaRPs) are also present in
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trematodes. With respect to neuropeptide diversity, trematode species possess only
one or two distinct FaRPs. FaRP bioactivity in trematodes appears to be restricted
to myoexcitation [23].

Halton and Maule [24] analyzed many aspects of the morphology and function
of the neuromuscular system in trematodes. The trematode nervous system consists
of an archaic brain and associated pairs of longitudinal nerve cords cross-linked as
an orthogon by transverse commissures. These structures are in continuity with an
array of peripheral nerve plexuses that innervate a well-differentiated gridwork of
somatic muscle as well as a complexity of myofibers associated with organs of
attachment, feeding, and reproduction. Neuronal cell types are mainly multi- and
bipolar and highly secretory in nature. The contents of these secretions have been
identified cytochemically to include all three major types of cholinergic, aminergic,
and peptidergic messenger molecules. A landmark discovery in flatworm neurobiol-
ogy was the biochemical isolation and amino acid sequencing of two groups of
native neuropeptides: neuropeptide F and FaRPs. Both families of neuropeptides
are abundant and broadly distributed in platyhelminths, occurring in neuronal vesi-
cles in representatives of all major flatworm taxa. Dual localization studies have
revealed that peptidergic and cholinergic substances occupy neuronal sets separate
from those of serotoninergic components. FaRPs and 5-HT are myoexcitatory,
while cholinomimetric substances are generally inhibitory. There is immunocyto-
chemical evidence that FaRPs and 5-HT have a regulatory role in the mechanism of
egg assembly. Muscle responses to FaRPs are mediated by a G-protein-coupled
receptor. The signal transduction pathway for contraction involves the second mes-
senger cCAMP and protein kinase C.

Neuropeptides are ubiquitous intercellular signaling molecules in all metazoans
with nervous systems. Immunochemistry studies have revealed that neuropeptides
are widespread and abundant in the nervous systems of helminth parasites. FaRPs
have been identified in trematodes and are strongly myoactive. The absence of
FaRPs from vertebrates suggests that compounds with a high affinity for FaRP
receptors are likely to have selective effects against helminths and, if protected
against degradation, could have therapeutic potential [25].

Tolstenkov and co-workers [26] found that most morphological features of the
opisthorchiid Opisthorchis felineus remain constant between cercariae, metacer-
cariae, and adult worms. However, the diameter of individual muscle fibers increases
distinctly in the adult worms. The general pattern of 5-HT IR fibers in cercariae,
metacercariae, and adult O. felineus remains the same. Despite the large increase in
body size, the number of 5-HT IR neurons remains almost the same in cercariae and
metacercariae and only a modest increase in the number of neurons was observed in
the adult worms. Sebelova and coauthors [27] compared the neuromuscular system
ultrastructure and innervation patterns amongst various life stages of the echinosto-
matid Echinostoma caproni. The authors found that FaRP expression in the innerva-
tion of the ootype wall in adult worms was demonstrated only in post-ovigerous
worms and not in pre-ovigerous worms. These findings suggest that FaRP neuro-
peptides may be involved in the process of egg assembly. Muscle organization and
innervation patterns in trematodes appear to be highly conserved.
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Stewart et al. [28] observed that the male reproductive tract was established in
advance (day 3) of the female system (day 4) in the two strigeids Apatemon cobitidis
and Cotylurus erraticus. The authors also observed that the longitudinal muscle fibers
of the female tract appeared prior to the outer and more densely arranged circular
muscles. FaRPs are believed to regulate egg assembly in platyhelminths.

Tolstenkov and co-workers [26] found that the proportion of 5-HT IR neurons
in comparison to body mass was greatest in actively moving cercariae of the opis-
thorchiid Opisthorchis felineus when compared to metacercariae and adult worms
of the same species. Tolstenkov et al. [29] studied and compared the neuromuscu-
lar morphologies of seven different cercariae. Specialized muscle fibers found in
the cercariae of the psilostomatid Sphaeridiotrema globulus allow it to change
the shape of its tail. In the seven species studied—~Echinostoma revolutum
(Echinostomatidae), Cathaemasia hians (Cathaemasiidae), Psilochasmus oxyurus
(Psilostomatidae), Sphaeridiotrema globulus (Psilostomatidae), Paramphistomum
cervi (Paramphistomatidae), and Diplodiscus subclavatus (Diplodiscidae)—no cor-
relation between body size and the number of 5-HT immunoreactive neurons was
observed. However, the size of the neurons followed the body size. Bogea [30]
describes the process and benefits of the Sevier-Munger method for studying the
innervation of tegumentary receptors in heterophyid cercariae. First, the cercariae
were fixed in hot 5 % formalin. They were then developed in a solution of ammonia-
cal silver and 2 % formalin under the microscope for 10 min. Nerve cells were
found to stain black against a pale gold background. Fine nerve fibers of the subsur-
face nerve plexus were observed. The fine nerve fibers sent distal branches from the
plexus to the cercarial tegument. The branches, in turn, became fine nerve endings,
projecting as receptors in the cephalic (SCIV(5), 2CV(2), and 2CV(4)), anterior
(4AIL, 3AIIL, 2AIIIL), midbody (1ML, 3MV), posterior (1PIL, 1PIIL, and 1PIIIL),
and caudal (2UD) regions of the cercaria. Visually, the Sevier-Munger method ade-
quately demonstrates the association of cercarial tegumentary receptors with the
subsurface nerve plexus.

Leksomboom and coauthors [31] used the acetylcholinesterase (AChE) reaction
to show that the nervous system was very similar amongst metacercariae, migrating
juveniles, and adult worms of the opisthorchiid Opisthorchis viverrini. The main
components of the nervous system consisted of three pairs (dorsal, ventral, and lat-
eral) of bilaterally symmetrical longitudinal nerve cords and two cerebral ganglia.
Stewart et al. [28] found that 5-HT and FaRP (the flatworm FaRP GYIRFamide)
were localize immunocytochemically in both the central and the peripheral nervous
systems of developing worms.

1.5 Alimentary System

Within digeneans, the process of digestion is primarily extracellular in the caeca.
Although their caeca do not apparently bear any gland cells, gastrodermal cells of
trematodes may in certain species secrete some digestive enzymes. Proteases,
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dipeptidases, an aminopeptidase, lipases, acid phosphatase, and esterases have all
been reported [6]. Depending on the species, the gastrodermis of trematodes may be
syncytial or cellular [6].

Ferrer et al. [32] used monoclonal anti-actin antibody immunoelectron micros-
copy to detect for the first time the presence of actin in the apical cytoplasmic pro-
jections of the digestive cell of the adult brachylaimid Brachylaima sp. Jones and
co-workers [33] studied the digestive tract of the gyliauchenid Gyliauchen nahaensis
and found that unlike most digeneans which possess expanded caeca for nutrient
absorption, G. nahaensis possesses a reduced caecum but an unusually large fore-
gut. Unusual morphological features of the alimentary tract include large apical
projections present in the posterior regions of the pharynx that are believed to serve
as filtration structures and elongate flask-shaped invaginations of the apical cyto-
plasm in the anterior and middle esophagus for surface amplification. The cell bod-
ies associated with these flask-shaped invaginations are rich in secretory vesicles. It
is proposed that these regions of increased surface area promote extracellular diges-
tion. The atypical gut morphology of G. nahaensis coupled with the arrangement of
its suckers is believed to be an adaptation to the predominantly herbivorous diets of
its definitive hosts.

Podvyaznaya [34] described the development of the alimentary tract using cer-
cariae of the bucephalid Prosorhynchoides borealis. The foregut and caecum pri-
mordial arise in early cercarial embryos as two additional cellular cords. The
primordial pharynx appears as a cluster of myoblasts in the mid part of the foregut
primordium whose proximal end abuts onto the ventral embryonic tegument. Later,
a lumen develops within the gut primordial and their component cells form the
embryonic cellular epithelium with an essentially similar structure in the foregut
and caecal regions. The foregut epithelial cells merge to form a syncytium. The
most proximal foregut area remains cellular for the longest period of time. The
syncytial lining of the foregut establishes syncytial connections with secretory
cytons differentiating in the surrounding parenchyma. These cytons produce secre-
tory granules, which are transported through cytoplasmic connections to the fore-
gut syncytium. Before cercariae reach maturity, their foregut epithelium becomes
anucleate and continuous with the external tegument. By the end of cercarial devel-
opment, numerous short lamellae appear on the luminal surface of the caecal epi-
thelium. The caecal cells become involved in secretory activity as indicated by the
presence of Golgi-derived secretory bodies in their cytoplasm. Podvyaznaya [35]
described the development of the alimentary tract using cercariae of the diplosto-
mid Diplostomum pseudospathaceum. The foregut primordium appears in early
cercariae as a cellular cord. Later, the lumen develops within the foregut primor-
dium, and its cells give rise to the cellular epithelium, limiting this lumen. During
subsequent development, the lateral plasma membranes separating the cells disap-
pear from the primary foregut epithelium, as do nuclei and most of the cellular
organelles. Eventually the foregut lining becomes the thin anucleate syncytial
layer. Each of two caecal branches appears to arise from a row of large cuboid cells.
The primordial gastrodermal cells are involved in synthetic and secretory activity
and give rise to numerous secretory inclusions. These inclusions release their
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contents into the cavities that develop between adjacent primordial caecal cells.
The intercellular cavities gradually increase in size and fuse to eventually form
a single caecal lumen. In mature cercariae, the large caecal lumen packed with
electron-dense secretory material is limited by a thin cellular gastrodermis, dis-
playing no secretory features.

Ramasamy and collaborators [36] observed the unusual structure of the digestive
tract from metacercariae of the clinostomid Euclinostomum multicaecum. The
digestive tract has several main lateral caeca that divide further posteriorly and give
rise to numerous smaller branches that are distributed throughout the fluke. The
multicaeca are believed to aid in nutrient absorption during rapid and prolonged
feeding directly following encystment. The caecal wall consists of a syncytial gas-
trodermal epithelium, which bears loop-like lamellae that extend into the lumen and
enclose spherical inclusion bodies, perhaps increasing the potential absorptive sur-
face area. Fibrous basal lamina and an underlying layer of muscle fibers support the
gut caeca. Parenchymal cells occupy much of the extracellular space.

1.6 Respiratory System

Takamiya and co-workers [37] found that the troglotrematid Paragonimus wester-
mani possesses three different types of mitochondria that function selectively, rather
than obligatorily, and are distributed throughout its tissues. Small mitochondria that
possessed both cytochrome c oxidase activity and many cristae were localized in the
tegument and tegumental cells. Two types of larger parenchymal mitochondria,
some with many cristae and others with lesser amounts, exhibited fumarate reduc-
tase activity.

1.7 Excretory System

The protonephridia of digeneans are termed flame bulbs (or flame cells). They are
enclosed flask-shaped units each containing a tuft of fused cilia. The fused cilia beat
rapidly, encouraging excretory fluid to flow into and out of the flame bulb by way of
a pore. The flagella are surrounded by rodlike extensions of the flame cell, which
extend between similar projections of the proximal tubule cell [38]. These interlac-
ing rods form a lattice-like weir, which serves as a filter. Additionally, a thin mem-
brane can often be found between the rods of the lattice structure. The beating of the
flagella in turn creates a pressure gradient that draws fluid through the weir and into
the collecting tubule [3]. Aggregations of flame cells join collecting ducts that even-
tually feed into an excretory bladder. In adult trematodes the contents of the excre-
tory bladder leave through a pore. In digeneans, the excretory pore is almost always
located on the posterior end of the worm [3]. In addition to waste removal by the
excretory system, wastes are also removed via diffusion across the tegument and
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epithelial lining of the gut. Exocytosis of vesicles within the cytoplasm also takes
place, flushing waste products produced within the organism outwards [3]. Urea,
uric acid, and predominantly ammonia are the nitrogenous waste products reported
from trematodes [3].

Hanna and coauthors [39] identified intracytoplasmic hydrolytic activity of the
sustentacular tissue, proposing that scavenging of effete cells and cytoplasmic
debris most likely aids in osmoregulation within the tubules of the fasciolid Fasciola
hepatica. The presence of numerous mitochondria and smooth endoplasmic reticula
suggests an increased amount of micromolecular nutrients, metabolites, and excre-
tory products being moved both inward and outward of the sustentacular tissue.
Poddubnaya et al. [40] reported for the first time, multiple contact sites (septate
junctions and zonulae adherents) between the membranes of the terminal and adja-
cent canal cells in the protonephridial terminal organ of a digenean. Septate junc-
tions were observed to traverse the epithelial cytoplasm of the canal wall. Similar
septate junctions were also observed within the cytoplasmic cord at the level of the
tip of the flame tuft in both longitudinal and oblique sections. The similarities
observed in the morphology of the protonephridial terminal organ between both the
digeneans studied—Azygia lucii (Azygiidae) and Phyllodistomum angulatum
(Gorgoderidae)—and the aspidogastrean Aspidogaster limacoides (Aspidogastridae)
suggests a close relationship between these two subclasses. Sue and Platt [41]
observed several distinct morphological features within the excretory bladder of
Thrinascotrema brisbanica n. g., n. sp. in turn erecting the new family
Thrinascotrematidae (Digenea: Plagiorchiida) for this species. The shape and extent
of the excretory bladder, the stenostomate arrangement of the excretory collecting
ducts within the adult worm, metacercaria and cercaria, as well as the cercarial pro-
tonephridial formula 2(12+ 12+ 12)+(12+ 12+ 12) makes this species morphologi-
cally distinct.

Niewiadomska and Czubaj [42] described for the first time heterocellular gap
junctions (nexus) between tegumental cytons and paranephridial canal walls in
metacercariae of the diplostomid Diplostomum pseudospathaceum.

1.8 Reproductive System

1.8.1 Male Reproductive System

Most trematodes (excluding members of the family Schistosomatidae) are her-
maphroditic, with some species being capable of self-fertilization. Cross-
fertilization, however, is the most ubiquitous form of reproduction. A few cases of
parthenogenesis have also been reported [43—45]. Within the host adult worms find
each other by means of chemoattractants and, except in schistosomes, the active
compound appears to be a free sterol, presumably cholesterol, or a closely related
steroid [3].
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The male reproductive system of most trematodes usually consists of two testes.
Some species have only one testis, while others may possess up to a dozen. The
shape of the testes also varies depending on species, with some being round and
others being more branchlike. Each testis has a vas efferens that connects with oth-
ers to form a vas deferens, eventually connecting to a genital pore located within the
genital atrium, usually located on the midventral surface. An internal seminal vesi-
cle, whose purpose is to store sperm, can be found along the vas deferens. The male
copulatory organ, called the cirrus, is located near the internal seminal vesicle. It
can be constricted to form an ejaculatory duct and be evaginated to transfer sperm
to the female reproductive system. The ejaculatory duct is often surrounded by
prostate gland cells [3].

Yang et al. [46] examined the ultrastructure of the sperm and the process of
fertilization in the schistosomatid Schistosoma japonicum [46]. The authors
observed the sperm tail to be a single flagellum with a unique axoneme, originat-
ing from a centriole, whose structure includes two types—a 9x2+1 in the main
part of the flagellum and 9 x2 +0 design near the end of the flagellum. The sperm
ultrastructure of S. japonicum is unusual when compared to that of other Digenea,
in that the layout of the sperm axoneme houses two different configurations cou-
pled with the fact that the striated root is absent in this species. This suggests that
the evolution of S. japonicum is quite distant from other digeneans. According to
a study, mating in the schistosomatid S. mansoni worms occurs before the matura-
tion of the sexual organs. At 3 weeks post-infection, a majority (59 %) of the male
worms had begun to form their gynaecophoric canals, although testicular lobes
and tegumental tubercles were absent. At 4 weeks post-infection, 77.2 % of the
S. mansoni male worms studied had developed testicular lobes with active germi-
native cells and 26 % of these male worms had begun developing tegumental
tubercles [47]. Souza and collaborators [48] examined the reproductive system of
the echinostomatid Echinostoma paraensei. It was found to be fully functional in
hamsters by day 14-post-infection. Skirnisson and coauthors [49] outlined the
morphology of the reproductive system of the schistosomatid Trichobilharzia
regenti. Male worms were found in greater abundance than females. Specimens
collected from experimentally infected hosts were smaller than those obtained
from naturally infected hosts [49]. Foata and coauthors [50] are the first workers
to describe the ultrastructure of spermatozoa and the process of spermiogenesis
within a trematode belonging to the family Deropristidae. Spermiogenesis in the
species studied, Deropristis inflata, was found to follow that of most other trema-
todes with the exception of an electron-dense region on the centriole. The authors
determined that the external ornamentations of the plasmic membrane, as well as
the distal part of the nucleus in front of those of the mitochondria, could be used
to help identify the species. Seck et al. [51] studied the ultrastructure of the sper-
matozoan and the process of spermiogenesis in the trematode Carmyerius endopa-
pillatus. This is the first study to use transmission electron microscopy to observe
a member of the family Gastrothylacidae. Hanna and co-workers [39] identified
intracytoplasmic hydrolytic activity of the sustentacular tissue, proposing that this
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mechanism of recycling useful molecules may aid in the maturation of the sperma-
tozoan in the fasciolid Fasciola hepatica. Quilichini and collaborators [52] were
the first researchers to perform an ultrastructural study of spermiogenesis and the
spermatozoan morphology of the allocreadiid Crepidostomum metoecus. The
spermatozoan was characterized by an anteriorly located lateral expansion, the
presence of spinelike bodies, and the unusual attribute of possessing two mito-
chondria instead of one (as is the case with most digenean spermatozoa). It has
been noted that spermiogenesis in the opecoelid Helicometra fasciata undergoes
unusual flagellar rotation, greater than 90°. Similar to the morphological charac-
teristics reported by Quilchini et al. [52], an anteriorly located lateral expansion of
the spermatozoan was observed. Additionally, a centriolar derivative was also
reported [53]. It has been found that male specimens of the schistosomid
Schistosoma mansoni possessed different testicular lobe morphologies based on
whether it was a unisexual infection or a mixed infection. Male worms in unisex-
ual infections would often partner up with one another. Male worms found within
the gynaecophoric canals of other male worms expressed smaller testicular lobes,
suckers, and overall body length and width when compared to their partners [54].
Levron et al. [55] studied the process of spermiogenesis and the ultrastructure of
the spermatozoan in the opecoelid Poracanthium furcatum. Within the spermato-
zoan the posterior part of the centriole is unusual in that it comprises a central
element. Levron and co-workers [56] initiated the first ultrastructural study of
spermiogenesis and the spermatozoan of a digenetic trematode belonging to the
family Zoogonidae, Diphterostomum brusinae. Distinguishing characteristics of
the spermatozoan of D. brusinae are external ornamentations of the plasma mem-
brane and the anterior and posterior extremities [56]. Levron et al. described the
distinguishing characteristic of a centriolar extension on the spermatozoan of the
monorchiid Monorchis parvus. Another unusual characteristic of the spermato-
zoan in M. parvus which sets it apart from the spermatozoan of other digenetic
trematodes is the presence of two mitochondria instead of one [57]. Ndiaye et al.
[58] described the first time the simultaneous presence of dorsolateral cytoplasmic
expansion, external ornamentation of the plasma membrane, and spinelike bodies
in the spermatozoan of the fasciolid Fasciola gigantica, were observed during
spermiogenesis. The same observations were also made in an earlier report [59],
focusing on F. hepatica. Ndiaye and coauthors [59] described the phenomenon of
the mitochondrion migrating to the median cytoplasmic process before the fusion
of the second axoneme during spermiogenesis in the brachylaimid Scaphiostomum
palaearcticum. Seck et al. [60] described the characteristic traits of the spermato-
zoan of the paramphistomatid Paramphistomum microbothrium—external orna-
mentations located anteriorly and a lateral expansion exhibiting a “spine-like
body.” This study marks the first instance in which a spinelike body has been
described within the spermatozoan of a digenetic trematode. Neves et al. [61]
reported the occurrence of reproductive system abnormalities in both male and
female Schistosoma mansoni (Schistosomatidae) worms. The cause of these defor-
mities was unknown but was believed to be genetic in nature.
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1.8.2 Female Reproductive System

The female reproductive system of most trematodes consists of a single ovary con-
nected to a ciliated oviduct with a proximal sphincter or ovicapt, regulating the
passage of ova. A seminal receptacle forms as an outpocketing of the wall of the
oviduct. At its base is a slender tube, termed the Laurer’s canal, which may either
end blindly in the parenchyma or open through the tegument. It is believed that the
Laurer’s canal is a vestigial vagina [3]. The vitelline glands are located in cham-
bers adjacent to the ovary and connect by way of the oviduct. Vitelline cells pro-
duced within the vitelline glands provide oocytes with yolk. Following the
inclusion of vitelline cells, the oocyte then continues along the egg-forming appa-
ratus, or oogenotop, to another chamber termed the ootype. Within the ootype, tiny
unicellular glands termed Mehlis’ glands deposit their products onto the oocyte.
The Mehlis’ glands feed into the ootype through many tiny ducts within the lining
of the oogenotop. Following this step, the oocyte continues along towards the
uterus. During this time, shell granules begin to coalesce around the oocyte and
accompanying vitelline cells and secretions. The distal end of the uterus is often
quite muscular, termed the metraterm, serving as an ovijector and as a vagina. The
female genital pore opens near the male genital pore, usually together within the
genital atrium [3].

Neves et al. observed both the male and female reproductive systems of adult
Schistosoma mansoni (Schistosomatidae). They found that in female worms the
ootype is lined by thick cuboidal epithelial cells with plaited bases and nuclei with
flabby chromatin, marking a clear distinction between the ootype epithelium and that
of the uterus. This feature suggests that each cell lining the ootype represents an
individual gland [54]. Biolchini and co-workers observed that by week three, post-
infection in Swiss Webster mice, ovaries were beginning to develop within one third
of all the female Schistosoma mansoni (Schistosomatidae) worms examined.
Developing ovaries were observed in 69 % of the female worms examined on week
four. Maximum growth of the suckers in female worms was observed at week four
[47]. D’ Avila et al. were the first to describe the general morphology of the gametes
as well as the cells of the glands associated with the reproductive apparatus of the
two eucotylids Tanaisia bragai and T. inopina [62]. Yang and collaborators [46]
examined the process of fertilization in the schistosomatid Schistosoma japonicum.
Fertilization occurred in the posterior part of the oviduct in an area of the oviduct
where lamellae were absent. Some cortical granules were observed to fuse with the
plasma membrane and discharge their contents onto the surface of the fertilized
ovum. The remaining cortical granules were seen to dissolve into the cytoplasm. By
the secondary mature division, the secondary oocyte divided to form a female pro-
nucleus. Soon after, the female pronucleus and the male pronucleus came together to
form a zygote. Swiderski and coauthors described in detail the process of vitellogen-
esis and egg production in the microphallid Maritrema feliui. The authors listed the
different types of glycogen and lipids present throughout the process [63]. Stewart
et al. [22] showed that FaRPs were responsible for neuronal control of the muscles of
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the female reproductive tract during egg assembly in the bucephalid Bucephaloides
gracilescens. Poddubnaya and coauthors [64] compared the ultrastructure of the
uterus of the aspidogastrid Aspidogaster limacoides to those of two digenetic trema-
todes, the gorgoderid Phyllodistomum angulatum and the azygiid Azygia lucii. The
uterine linings were quite thin within all three species examined except for the peri-
nuclear region of the epithelial cells. Septate junctions occurred between adjacent
epithelial cells within the uterine wall. The similarity amongst the uterine walls of all
three species was postulated as an ultrastructural marker potentially showing a close
phylogenetic relationship between the Aspidogastrea and the Digenea. Azygia lucii
(Azygiidae) exhibited a high level of vesicular exocytotic activity in the epithelial
cytoplasm when compared to that of Phyllodistomum angulatum (Gorgoderidae),
perhaps a symptom of the level of egg emission as well as the presence of non-
ciliated, non-free swimming, and non-free living miracidia within this species [64].

Greani et al. gives a generalized description of vitellogenesis. A generalized
description of vitellogenesis is as follows: (1) Vitellocytes have a cytoplasm mainly
filled with ribosomes and very few mitochondria (2) An increase in endoplasmic
reticula and Golgi complexes occurs (3) Shell globules are produced and coalesce
into clusters; some glycogen particles are also present (4) Mature vitellocytes are
filled with shell globule clusters and generally contain a large lipid droplet. Glycogen
particles are grouped at the periphery of the cell [65].

Southgate and collaborators [66] showed that development of the female repro-
ductive system in some dioecious trematodes belonging to the genus Schistosoma
does not depend on species-specific pairing. In mixed infections worms may change
mates and when the opportunity arises heterospecific pairs of worms will change
partners to conspecific pairs. Interspecific pairing in adult schistosomes will lead to
either hybridization or parthenogenesis. Although hybridization does occasionally
occur in mixed infections within the definitive host, certain isolating mechanisms
have been proposed: specific mate recognition, site selection within the host, heter-
ologous immunity. Pre-zygotic isolating mechanisms are geographical isolation and
host specificity.

1.9 The Effects of Drug Treatment on Trematode
Body Systems

Due to the undesired affects, both potential and observed, caused by parasites on
their hosts, many drug treatments have been tested and used successfully on trema-
todes. These drug treatments frequently induce both chemical and in turn physical
changes to the trematode. Digenean body systems affected by drug treatments do
not function in their normal manner. Alterations to trematode body systems induced
by drug treatment are described below.

It has been observed that certain proteins isolated from a surface protein fraction
taken from the fasciolid Fasciola hepatica showed strong homology with the
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following proteins: AKT-interacting protein (Xenopus tropicalis), sterol
O-acyltransferase 2 (Homo sapiens), and integrin beta 7 (Mus musculus). The
authors suggest that these proteins could be possible candidates for future control
strategies [7]. Shalaby et al. demonstrated irregular tegumental distortion and rup-
tured sensory papillae in the paramphistomid Paramphistomum microbothrium
when treated in vitro with the antimalarial drug artemether [67].

Ferraz et al. [68] tested the effects of varying doses of the anthelmintic drug
praziquantel on the echinostomatid Echinostoma paraensei when developing inside
a mouse host. The doses of 50 and 100 mg/kg of praziquantel eliminated all the
worms. Lesser doses caused contraction of the body morphology with vacuolization
of the parenchyma, retraction of tegumental spines and the peristomic collar, disor-
ganization of the vitelline glands, as well as the development of vesicles and peeling
of the tegument.

Bhardwaj and collaborators used RNA interference to suppress the expression
of the tegumental phosphodiesterase SmNPP-5 in schistosomules and adults of the
schistosomatid Schistosoma mansoni. Injecting parasites into mice tested the
effects of suppressing expression of the SmNPP-5 gene in vivo. It was found that,
unlike controls, parasites whose SmNPP-5 gene was demonstrably suppressed at
the time of host infection were greatly impaired in their ability to establish infec-
tion. The results of this experiment show that SmNPP-5 is a virulence factor in
schistosomes [69].

Veerakumari and coauthors [70] tested the effects of Acacia arabica on the
surface ultrastructure and morphology of the paramphistomid Cotylophoron coty-
lophorum. Severe vacuolization in the parenchyma and oral sucker, lesions on the
testis, and craterlike distortions on the tegument were observed.

De Oliveira et al. [71] tested the effects of various concentrations of the essential
oil of Baccharis trimera on adult Schistosoma mansoni (Schistosomatidae) worms.
Male worms were found to be more susceptible to drug treatment when compared
to female worms. A decline in worm motility and eventual mortality was observed
after 30 h of exposure to the highest concentration of the essential oil, 130 pg/mL.
At lesser concentrations, peeling of the tegument, destruction of tubercles, tegu-
mentary spines, and the oral and acetabular suckers were observed in both male and
female worms.
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Chapter 2
The Systematics of the Trematoda

Aneta Kostadinova and Ana Pérez-del-Olmo

2.1 Introduction

The Trematoda Rudolphi, 1808 are a class of the phylum Platyhelminthes that com-
prises two subclasses, the Aspidogastrea Faust & Tang, 1936 and the Digenea
Carus, 1863. The subclass Aspidogastrea is a small group (4 families, 12 genera
considered valid, c. 80 species) parasitic in molluscs, fishes and chelonians [1, 2].
Aspidogastreans like the digeneans use molluscs as first obligate hosts but are char-
acterised by being external rather than internal parasites of these hosts, and by hav-
ing a single-generation life-cycles lacking asexual reproduction and a stage
comparable to the cercaria [2—4]. Key information on the aspects of morphology,
life-cycles, taxonomy, systematics and phylogeny of the aspidogastreans can be
found in Rohde [1, 2, 5, 6], Gibson [3], Gibson and Chinabut [7] and Zamparo and
Brooks [8].

The subclass Digenea comprises a large and diverse group (c. 2,500 nominal
genera, c. 18,000 nominal species; see [9]) of cosmopolitan platyhelminths that are
obligatory parasitic in invertebrate intermediate and vertebrate definitive hosts.
Digeneans are found in all vertebrate classes but are less diverse in agnathans and
chondrichthyans [10, 11]. The subclass is characterised by a number of autapomor-
phies, associated with the unique complex digenean life-cycle: (i) acquisition of a
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vertebrate host as a terminal addition to the life history; (ii) alternation of sexual and
asexual reproductive generations; (iii) a series of asexual generations within the first
intermediate host (typically mollusc); (iv) free-swimming cercaria with a tail; (v)
tiers of ectodermal cells on the miracidium; (vi) lack of digestive system in the
miracidium and mother sporocyst [3, 4, 12]. For details and apomorphies at lower
taxonomic levels see the review by Cribb et al. [4]. Although the complexity of
digenean life-cycles may have influenced the expansion of the Digenea rendering it
the most speciose group among Platyhelminthes [12], the mainstay of digenean
systematics has been the information obtained from examination of the sexual gen-
eration, i.e. the adults from vertebrates [13].

The classification of the Digenea has long been a challenge especially because of
the difficulties in establishing relationships and finding diagnostic characters for
identification keys of the higher taxa [3, 14, 15]. Thus whereas most groupings
established at lower taxonomic levels using adult morphology have been widely
accepted, the search of apparent non-homoplasious morphological characters at the
higher taxonomic levels has been the subject of debate and (sometimes heated)
discussions (for details, see Gibson [3], Pearson [16], Gibson and Bray [14]).

The early attempts for classification of the digeneans relied upon sucker arrange-
ments initially at the generic level, i.e. Monostoma Zeder, 1800, Distoma Retzius,
1786, Amphistoma Rudolphi, 1801 and Gasterostomum von Siebold, 1848, were
unsatisfactory [15] whereas later treatments have incorporated more morphological
characters including features of the daughter sporocyst/redia and/or cercaria, and
life history patterns [17-23]; see Gibson [3] for a detailed discussion on the aspects
of the evolution of the Trematoda.

2.2 Keys to the Trematoda

Perhaps one of the most important endeavours of this century in the field of dige-
nean taxonomy is the publication of the Keys to the Trematoda, a series on the sys-
tematics and identification of the platyhelminth class Trematoda [24-26]. The three
volumes provide detailed historical background and novel concepts for the system-
atics and taxonomy at the generic and suprageneric levels and a reappraisal of the
generic diagnoses via re-examination of type- and/or other representative species.
Considering just these two aspects makes the series an essential unique source of
information on the Trematoda well into the twenty-first century. Furthermore,
although the superfamily was treated as the basic unit of classification, the editors
have made a substantial effort towards a classification reflecting a natural system of
the Digenea considering morphological evidence in conjunction with phylogenies
inferred from molecular data. This provides a sound basis for future molecular stud-
ies addressing phylogenetic relationships at the suprageneric level.

There are 148 families with 1,577 genera considered valid in the Keys to the
Trematoda. An examination of the distribution of generic diversity (estimated as the
number of valid genera) across digenean superfamilies related to their complexity
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Fig. 2.1 The distribution of digenean generic diversity (assessed as the number of the genera
considered valid, red bars) along a gradient of increasing superfamily complexity (assessed as the
number of constituent families, blue bars). Data extracted from the Keys to the Trematoda [24-26). Order
of superfamilies: 1, Azygioidea; 2, Bivesiculoidea; 3, Transversotrematoidea; 4, Haplosplanchnoidea;
5, Heronimoidea; 6, Bucephaloidea; 7, Clinostomoidea; 8, Haploporoidea; 9, Microscaphidioidea;
10, Monorchioidea; 11, Cyclocoeloidea; 12, Schistosomatoidea; 13, Opisthorchioidea; 14, Allocrea-
dioidea; 15, Gymnophalloidea; 16, Diplostomoidea; 17, Pronocephaloidea; 18, Brachylaimoidea;
19, Echinostomatoidea; 20, Lepocreadioidea; 21, Gorgoderoidea; 22, Paramphistomoidea; 23,
Hemiuroidea; 24, Microphalloidea; 25, Plagiorchioidea

(estimated as the number of families) illustrates a general trend of association
between the two estimates (Fig. 2.1). The lower extreme of the complexity gradient
is represented by six monotypic superfamilies [1-6, characterised by poor generic
richness (1-9 genera with only superfamily Bucephaloidea Poche, 1907 containing
25 genera)]. The upper extreme comprises the most complex superfamilies, i.e. the
Hemiuroidea Looss, 1899, Microphalloidea Ward, 1901 and Plagiorchioidea Liihe,
1901 (comprising 13-23 families), with generic richness varying between 107 and
196 genera. The variability in the middle range is due to two patterns indicating the
need of further systematic work. Thus two superfamilies, the Opisthorchioidea
Looss, 1899 and the Allocreadioidea Looss, 1902, are characterised by a large num-
ber of genera (129 and 113, respectively) whose familial affiliations require further
scrutiny. Notably, these are among the superfamilies recovered to contain paraphy-
letic taxa, i.e. Heterophyidae Leiper, 1909 + Opisthorchiidae Looss, 1899 (see Olson
et al. [27], Thaenkham et al. [28]) and Opecoelidae Ozaki, 1925 + Opistholebetidae
Fukui, 1929 [27], respectively, and this supports our suggestion (also see below).
The second pattern observed in Fig. 2.1 is associated with a relatively low
generic richness that is unequally distributed among the families: Gymnophalloidea
Odhner, 1905 (42 genera among 5 families); Pronocephaloidea Looss, 1899 (48
genera among 6 families); and Brachylaimoidea Joyeux & Foley, 1930 (24 genera
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Fig. 2.2 The distribution of digenean diversity (assessed as the number of families) among the
major definitive host groups (data from Bray [9]). Highlighted in blue are the digenean families
found exclusively in a given host group, the remaining (highlighted in red) are found in more than
one group

among 8 families). The large number (relative to content) of the families within
these higher taxa indicates higher rates of “splitting” and the molecular phylogeny
of Olson et al. [27] has demonstrated that this is the case on at least one occasion,
i.e. the Brachylaimidae Joyeux & Foley, 1930 was recovered as paraphyletic, with
the Leucochloridiidae Poche, 1907 nested. However, a molecular-based hypothe-
sis based on denser taxon sampling within these superfamilies is required to test
this suggestion.

Regarding the distribution of digenean taxonomic diversity among the major
definitive host groups, 99 (67 %) of the digenean families are parasitic in a single
vertebrate group (highlighted in blue in Fig. 2.2) whereas the remaining are found
in more than one host group (highlighted in red in Fig. 2.2). Data from Bray [9]
plotted in Fig. 2.2 illustrate that the highest number of the digenean families that
occur in fishes are exclusively fish parasites whereas the number of families found
only in amphibians is the lowest; the remaining vertebrate groups occupy intermedi-
ate position with respect to their exclusive associations with the digenean families.

2.3 Molecular Approaches to Digenean Phylogeny:
Higher Taxa

Molecular data from nucleic acid sequences represent a useful source of independent
data for phylogenetic inference. As predicted by Gibson and Bray [14], our under-
standing of the diversity, systematics and evolutionary relationships of the Digenea
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has substantially advanced as a result of the expansion of molecular-based studies in
the past 15 years. Ribosomal RNA (rRNA) genes (and their spacer regions) and mito-
chondrial (mt) genes have been the most popular markers used in the systematic
studies of digeneans at several nested taxonomic scales; this is associated with the
varying rates of evolution of the gene regions. Whereas rRNA genes have been used
for inferring relationships at higher taxonomic levels, the internal transcribed spacer
(ITS1 and ITS2) separated by the 5.8S rRNA gene has been utilised for exploring
species boundaries in a range of studies related to 155 species of 19 digenean families
(see Nolan and Cribb [13] for an exhaustive review). Another relatively recent review
on the advances and trends in the molecular systematics of the parasitic platyhel-
minths covers comprehensively studies on the Digenea at several taxonomic scales
[29]. Here we highlight selected examples with significant contribution towards the
development of the molecular phylogeny of the Digenea at the higher taxonomic
levels rather than provide an account of the investigations at the lower levels.

The first studies of the relationships within the Digenea at the suprageneric scale
used the most conserved of the nuclear rRNA genes, the gene encoding the 18S
subunit [30-33]. Soon focus has been placed on the 5’ variable domains (D1-D3) of
the 28S rRNA gene as suitable data source for inferring relationships at several
levels, i.e. among species, genera and closely related families [34], and the first
studies at the suprageneric level proved to be influential.

Tkach et al. [35] developed a molecular phylogeny of one of the most diverse
digenean groups, the formerly recognised suborder Plagiorchiata, based on partial
28S rDNA sequences for 28 species of 13 families. They demonstrated the derived
position of the Plagiorchiata in relation to all major digenean lineages considered in
their analysis. Tkach et al. [35] also found that Plagiorchiata of the hypotheses based
on morphological and life-cycle characters [22, 36-38] is paraphyletic and suggested
as a solution the exclusion of the superfamilies Opecoeloidea, Dicrocoelioidea and
Gorgoderoidea. These authors considered the Plagiorchiata sensu stricto to comprise
the superfamilies Plagiorchioidea (including the Plagiorchiidae Liihe, 1901,
Haematoloechidae Freitas & Lent, 1939, Telorchiidae Looss, 1899, Brachycoeliidae
Looss, 1899 and Leptophallidae Dayal, 1938) and Microphalloidea (including the
Microphallidae Ward, 1901, Prosthogonimidae Liihe, 1909, Lecithodendriidae
Liihe, 1901 and Pleurogenidae Looss, 1899). Their analyses also indicated close
relationships between the genera Macrodera Looss, 1899 and Paralepoderma
Dollfus, 1950, Leptophallus Liihe, 1909 and Metaleptophallus Yamaguti, 1958, and
Opisthioglyphe Looss, 1899 and Telorchis Liihe, 1899. The first four genera were
later (in the Keys to the Trematoda) placed in the family Leptophallidae [39] and the
latter two were accommodated within the family Telorchiidae [40].

In an updated analysis of partial 28S rDNA sequences using a larger number of
diverse taxa (51 species belonging to 27 families), Tkach et al. [41] assessed the
relationships of Plagiorchiata with 14 digenean families. The results of their study
confirmed the main groupings (and their content), i.e. the Plagiorchioidea and
Microphalloidea, found in Tkach et al. [35] and revealed a basal position of the
families Schistosomatidae Stiles & Hassall, 1898, Diplostomidae Poirier, 1886,
Strigeidae Railliet, 1919, Brachylaimidae and Leucochloridiidae and a sister-group
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relationship between the Renicolidae Dollfus, 1939 and Eucotylidae Cohn, 1904,
both associated with the superfamily Microphalloidea.

Tkach et al. [42] used partial 28S rDNA sequences to explore the phylogenetic
interrelationships of 32 species belonging to 18 genera and four families of the
superfamily Microphalloidea with members of the Plagiorchioidea (eight species of
six genera) as outgroups. They demonstrated that the representatives of the
Microphalloidea form three main lineages corresponding to the families
Lecithodendriidae, Microphallidae and Pleurogenidae + Prosthogonimidae and sug-
gested synonymies at the generic level (Floridatrema Kinsella & Deblock, 1994
with Maritrema Nicoll, 1907, Candidotrema Dollfus, 1951 with Pleurogenes Looss,
1896, and Schistogonimus Liihe, 1909 with Prosthogonimus Liihe, 1899). Whereas
the first synonymy was not accepted by Deblock [43], the latter two were consid-
ered in the Keys to the Trematoda [44, 45].

All of the above mentioned studies concern solving pieces of the puzzle of dige-
nean relationships at higher taxonomic levels. The first step to a more inclusive
analysis of digenean phylogeny is that of Cribb et al. [10] who attempted a com-
bined evidence approach using morphological characters for all stages of the dige-
nean life-cycle and complete 18S rDNA sequences for 75 digenean species of 55
families. Analyses of this first morphological dataset with a published character
matrix identified the Bivesiculidae Yamaguti, 1934+ Transversotrematidae
Witenberg, 1944 as the sister group to the remainder of the Digenea and the
Diplostomoidea Poirier, 1886+ Schistosomatoidea Stiles & Hassall, 1898 as the
next most basal taxon. The combined evidence solution of Cribb et al. [10] was
found to exhibit greater resolution than morphology alone with the predominant
effect of the molecular data on tree topology. Analyses of the combined data found
no support for a basal position of the Heronimidae Ward, 1917 and revealed that the
earliest divergent digeneans include the Diplostomoidea (Diplostomidae and
Strigeidae) and Schistosomatoidea (Sanguinicolidae and Schistosomatidae) with
the Transversotrematidae and Bivesiculidae progressively less basal.

Although Cribb et al. [10] found poor resolution of higher digenean taxa, the rela-
tionships at the superfamily level were well resolved. These include the superfamilies:

* The Hemiuroidea, with the Azygiidae Liihe, 1909 as basal, the Sclerodistomidae
Odhner, 1927, Accacoeliidae Odhner, 1911, Syncoeliidae Looss, 1899,
Derogenidae Nicoll, 1910 and Didymozoidae Monticelli, 1888 in one clade, and
the Hemiuridae Looss, 1899 (recovered as paraphyletic) and Lecithasteridae
Odhner, 1905 in the other.

e The Paramphistomoidea Fischoeder, 1901 [including the Paramphistomidae
Fischoeder, 1901, Diplodiscidae Cohn, 1904, Microscaphidiidae Looss, 1900 (as
Angiodictyidae Looss, 1902) and Mesometridae Poche, 1926].

* The Opisthorchioidea (including the Cryptogonimidae Ward, 1917, Heterophyidae
and Opisthorchiidae).

e The Echinostomatoidea Looss, 1899 (including the Echinostomatidae Looss,
1899, Fasciolidae Railliet, 1895, Philophthalmidae Looss, 1899 and Cyclocoelidae
Stossich, 1902).
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e The Acanthocolpoidea Nahhas & Cable, 1964 (including the Acanthocolpidae
Liihe, 1906, Campulidae Odhner, 1926 and Nasitrematidae Ozaki, 1935).

e The Lepocreadioidea Odhner, 1905 [with the Lepocreadiidae Odhner, 1905
(recovered as paraphyletic), Enenteridae Yamaguti, 1958 and Gyliauchenidae
Fukui, 1929 but not the Apocreadiidae Skrjabin, 1942 which grouped with the
Haploporoidea Nicoll, 1914 and Monorchioidea]; there was no support for a
close relationship between the superfamily Haploporoidea and the
Haplosplanchnidae Poche, 1926.

* The Haploporoidea (the Haploporidae Nicoll, 1914 and Atractotrematidae
Yamaguti, 1939).

Cribb et al. [10] found weak support for Fellodistomoidea (containing the
Tandanicolidae Johnston, 1927 and Fellodistomidae Nicoll, 1909) and the
Plagiorchioidea (containing a subgroup formed by the Plagiorchiidae, Brachycoeliidae
and Cephalogonimidae Looss, 1899; and Microphallidae, Pachypsolidae Yamaguti,
1958, Zoogonidae Odhner, 1902 and Faustulidae Poche, 1926). On the other hand,
the Opecoelidae and Opistholebethidae Fukui, 1929 were strongly related as well as
there was a strong sister relationship between the Monorchiidae Odhner, 1911 and
the enigmatic genus Cableia Sogandares-Bernal, 1959 which has variously been
placed in the Lepocreadiidae, Opecoelidae, Enenteridae and the Acanthocolpidae.

The most comprehensive phylogeny of the Digenea to date is that of Olson et al.
[27]; it is also the first re-evaluation of relationships at higher taxonomic levels that
has affected digenean classification. These authors estimated digenean relationships
after adding a substantial number of novel sequences for complete 18S and partial
(variable domains D1-D3) 28S rRNA genes (80 and 124, respectively). Their com-
bined dataset which was found to yield the most strongly supported results thus
comprised a rich and diverse array of taxa representing all major digenean groups
(163 species of 77 families) (see Table 2.1). One important outcome of this study is
the first molecular-based classification proposed based on the results from Bayesian
analysis of the combined dataset; the authors went further by considering in asso-
ciation of putative synapomorphies that add morphological or ontological support
to the molecular data.

Generally the molecular phylogenetic analyses of Olson et al. [27] supported the
most recent classification of the Digenea provided in the Keys to the Trematoda at
the familial and superfamilial levels (but see differences in superfamilial placements
highlighted in Table 2.1) but provided strong evidence for a different subdivision
(and membership in some cases) at the higher taxonomic levels. This has led to the
recognition of a number of new taxa at the ordinal and subordinal levels (one order
and nine suborders; see Table 2.1).

Important in the new classification is the reflection that the molecular phylogeny
of the Digenea does not support its traditional division into three groups at the ordi-
nal level, i.e. the Strigeida La Rue, 1957, the Echinostomida La Rue, 1957 and the
Plagiorchiida La Rue, 1957 [14, 18, 46]. Olson et al. [27] split the subclass Digenea
into two major groups, the order Diplostomida Olson, Cribb, Tkach, Bray &
Littlewood, 2003 and the order Plagiorchiida La Rue, 1957 (these were referred to
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as superorders by Cribb et al. [4]) thus confirming the prediction of Gibson and
Bray [14] and the results of Cribb et al. [10]. The Diplostomida comprises three
superfamilies whereas the Plagiorchiida has a more complex structure with 13 sub-
orders (referred to as orders by Cribb et al. [4] and Littlewood [12]) containing a
total of 19 superfamilies (see Table 2.1 for details). The four more inclusive subor-
ders in the phylogeny of Olson et al. [27] are:

e The Hemiurata Skrjabin & Guschanskaja, 1954 represented by two superfami-
lies, the Azygioidea Liihe, 1909 (monotypic) and the Hemiuroidea (seven fami-
lies as in Cribb et al. [10], see above).

e The Bucephalata La Rue, 1926 represented by two superfamilies, the
Bucephaloidea (monotypic) and the Gymnophalloidea (including two families).

* The Pronocephalata Olson, Cribb, Tkach, Bray & Littlewood, 2003 represented
by two superfamilies, the Paramphistomoidea (including four families) and the
Pronocephaloidea (including five families).

* The Xiphidiata Olson, Cribb, Tkach, Bray & Littlewood, 2003 represented by
four superfamilies, the Gorgoderoidea (monotypic), the Microphalloidea (includ-
ing nine families), the Allocreadioidea (including four families) and the
Plagiorchioidea (including eight families; Table 2.1).

An important outcome of the development of a molecular phylogeny of the
Digenea is that inferences can be made on the origins and evolution of the digenean
life-cycle. Cribb et al. [4] used the hypothesis and the classification of Olson et al.
[27] and life-cycle traits derived from a large database (c. 1,350 species) of informa-
tion on the life-cycles for the Digenea to explore the evolution of the digenean life-
cycle. Cribb et al. [4] inferred that gastropods were the basal host group for the
Digenea, parasitism of bivalves being a result of host-switching that has occurred
multiple times, and found no convincing evidence for a deep level coevolution
between the major digenean clades and their molluscan hosts. Regarding the second
intermediate hosts, these authors illustrated a great diversity with discontinuous dis-
tributions on the phylogeny of different host types and concluded that three-host
life-cycles have been derived from two-host life-cycles and adopted repeatedly.
With respect to definitive hosts, these authors suggested an origin for the Digenea in
association with teleosts followed by host-switching into chondrichthyans and pro-
vided alternative explanations for parasitism in tetrapods based on the topologies of
relationships within the Xiphidiata and Diplostomida.

2.4 Towards Greater and Focused Representation
of Digenean Diversity in Phylogenies

The development of the molecular phylogeny of the Digenea coincided with that of
the Keys to the Trematoda so that a full consensus with the classification based on the
molecular results of Cribb et al. [10], Olson et al. [27] and Tkach et al. [35, 41, 42]



34 A. Kostadinova and A. Pérez-del-Olmo

has been reached in the treatment of the five superfamilies in the third volume [9].
Overall, a comparison between the two classifications of the Digenea summarised
in Table 2.1 shows a considerable congruence. The superfamilial placement of 12
families (8 %, highlighted in bold in Table 2.1) in the Keys to the Trematoda departed
from that inferred from the molecular phylogeny of Olson et al. [27].

Although the analysis of Olson et al. [27] represents the broadest sampling of
the Digenea to date (52 % of a total of 148 currently recognised digenean families),
a number of omissions (families highlighted in Table 2.1) were depicted [27, 29].
We here comment upon the taxa involved in the molecular phylogeny of the
Digenea in association with the content of the Keys of the Trematoda focusing on
additional important omissions rather than on those previously identified in an
attempt to outline the suprageneric taxa that require further exploration in a molec-
ular phylogeny.

Olson et al. [27] did not include in their analysis representatives of the type-
families of the Allocreadioidea (the Allocreadiidae Looss, 1902), Gymnophalloidea
(the Gymnophallidae Odhner, 1905) and Paramphistomoidea (the Paramphistomidae).
Therefore, the basis of each of these superfamilies was not actually established and
should not be considered definitive; also see [47]. At the lower taxonomic level, the
same problem exists, i.e. lack of data from the type-genera of the families
Cryptogonimidae, Opisthorchiidae, Strigeidae and Plagiorchiidae. Notably, the first
three taxa were recovered in clades in which paraphyly was detected [27]. The
Plagiorchioidea represents a special case. Formally, the type-family has been sam-
pled at the time of the study of Olson et al. [27]. However, the three genera whose
representatives have been sequenced (Glypthelmins Stafford, 1905, Skrjabinoeces
Sudarikov, 1950 and Haematoloechus Looss, 1899) were transferred to different
families, recognised in 2008, i.e. the Glypthelminthidae Cheng, 1959 and the
Haematoloechidae [48, 49]. Therefore, the Plagiorchioidea also needs re-
establishment preferably based on molecular data from representatives of the type-
genus Plagiorchis Liihe, 1899 of the type-family Plagiorchiidae.

A number of superfamilies characterised by high taxonomic diversity at the
generic and suprageneric levels have been underrepresented in the broad phylogeny
of the Digenea by Olson et al. [27]. These are (in order of increasing generic rich-
ness, data from the Keys to the Trematoda; see also Fig. 2.1): Echinostomatoidea,
Diplostomoidea, = Paramphistomoidea, = Plagiorchioidea, = Allocreadioidea,
Opisthorchioidea, Lepocreadioidea and Microphalloidea.

Using only a small fraction of the actual generic/familial diversity in the phylog-
eny of the Digenea by Olson et al. [27] has typically led to problems in resolving
relationships. Thus the family Echinostomatidae (correct name given in the taxo-
nomic listing of the taxa studied and the trees but referred to as “Echinostomidae”(sic)
elsewhere in the text; see [27]) was represented by just two genera, Echinostoma
Rudolphi, 1809 and Euparyphium Dietz, 1909 (sequence for Euparyphium melis, a
synonym of Isthmiophora melis (Schrank, 1788), see [50, 51]) and found to be
paraphyletic. The family represents a diverse and complex group comprising 43
genera belonging to 10 subfamilies [51] and it is likely that denser sampling would lead
to better resolution of the relationships within the superfamily Echinostomatoidea
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(molecular data for 7 out of 81 genera currently available [27]); effort should also
be focused on representation of the four families not sampled to date (Table 2.1).

The superfamily Diplostomoidea was represented by five out of 89 genera, two
diplostomid (Alaria Schrank, 1788 and Diplostomum Nordmann, 1832) and three
strigeid genera (Apharyngostrigea Ciurea, 1927, Cardiocephaloides Sudarikov,
1959 and Ichthyocotylurus Odening, 1969) and the members of these genera were
found intermingled in the clade of Diplostomoidea; the type-genus of the Strigeidae
was not sampled [27]. The assessment of the relationships within the superfamily
therefore, requires further exploration based on a wider array of taxa including the
type-genus of the family Strigeidae, Strigea Abildgaard, 1790; we also mark as
important omissions the families Cyathocotylidae Miihling, 1898 and
Proterodiplostomidae Dubois, 1936 (Table 2.1).

Although the Opisthorchioidea and one of its constituent families, the
Cryptogonimidae, were resolved in the phylogeny of Olson et al. [27], the remain-
ing two families were not since the Heterophyidae was recovered as paraphyletic
with the Opisthorchiidae nested within it. Seven out of a total of 129 genera of the
superfamily were sampled in their study but none of the type-genera of the three
families; their re-establishment in a molecular phylogeny is therefore still in the
pending state. Recently, Thaenkham et al. [28] added 18S rDNA sequences for spe-
cies of three genera, Haplorchis Looss, 1899, Procerovum Onji & Nishio, 1916 and
Metagonimus Katsurada, 1912, and examined the relationships within the
Opisthorchioidea based on a wider generic representation (including a sequence for
a species of Opisthorchis Blanchard, 1895, the type-genus of the Opisthorchiidae)
but their analysis also recovered a paraphyletic relationship between the
Heterophyidae and Opisthorchiidae, the latter nested within the former.

The diversity of the family Microphallidae, the type of the Microphalloidea, was
underrepresented (2 out of 47 genera, i.e. Microphallus Ward, 1901 and Maritrema) in
the study of Olson et al. [27]. These authors found that in some analyses the represen-
tatives of the two subfamilies, the Microphallinae Ward, 1901 and the Maritrematinae
Nicoll, 1907, were split among different clades. Tkach et al. [42] added sequences for
more representatives of the two genera and recovered the Microphallidae as mono-
phyletic. Nevertheless, the complex structure and diverse content of the family still
awaits exploration of relationships based on a much wider taxon sampling.

2.5 Integrated Approaches to Digenean Diversity,
Taxonomy and Systematics

A review of the history of the development of studies on the most comprehensively
studied digenean superfamilies (Hemiuroidea, Lepocreadioidea, Plagiorchioidea
and Schistosomatoidea) indicates a framework that would lead to robust estimates
of phylogeny: (i) systematic inventory of the group; (ii) detailed understanding of
morphology; (iii) taxonomic revision; (iv) classification system; (v) molecular
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phylogeny; (vi) revised classification. In this section, we shall illustrate the progress
within this framework focusing on the superfamilial level.

Historically, the most extensively studied digenean higher-level taxon appears to
be the Hemiuroidea, a highly diverse group of parasites found predominantly in
marine teleosts but also in freshwater teleosts, elasmobranchs and occasionally in
amphibians and reptiles [52]. The knowledge on species diversity accumulated over
two centuries and focused sampling and revisionary work based on material from
the North-East Atlantic have largely contributed to an improved classification of this
large and heterogeneous group (13 families and 196 genera recognised in the Keys
to the Trematoda). In a series of monographs Gibson and Bray provided original
descriptions, detailed comments on the morphology and life-cycles, host-parasite
records (including larval stages) and identification keys for all of the hemiuroid spe-
cies recorded from the North-East Atlantic; these included representatives of the
families Accacoeliidae, Azygiidae, Hemiuridae, Hirudinellidae Dollfus, 1932,
Ptychogonimidae Dollfus, 1937, Sclerodistomidae and Syncoeliidae [53-55].
Gibson and Bray [56] revised the superfamily and proposed a classification and a
hypothesis for the evolution of the Hemiuroidea based on the functional morphol-
ogy of the adults; these authors also provided detailed definitions of hemiuroid
structures and analysis on their systematic value and possible function based on
original data. According to Gibson and Bray’s [56] classification the Hemiuroidea is
divided into 14 families: Accacoeliidae (with two subfamilies), Azygiidae (with two
subfamilies), Bathycotylidae Dollfus, 1932, Bunocotylidae Dollfus, 1950 (with four
subfamilies), Derogenidae (with three subfamilies), Dictysarcidae Skrjabin
& Guschanskaja, 1955 (with three subfamilies), Hemiuridae (with nine subfami-
lies), Hirudinellidae, Isoparorchiidae Travassos, 1922, Lecithasteridae (with six
subfamilies), Ptychogonimidae, Sclerodistomidae (with three subfamilies),
Sclerodistomoididae Gibson & Bray, 1979 and Syncoeliidae (with two subfamilies).
The studies of Gibson and Bray thus provided a much needed systematic framework
to be evaluated with the aid of molecular evidence.

The first molecular phylogeny of the Hemiuroidea was based on the V4 variable
domain of the 18S rRNA gene for 33 species representative of ten hemiuroidean
families after the concept of Gibson and Bray [56] plus the Didymozoidae [31].
Analyses of Blair et al. [31] supported the monophyly of the Hemiuroidea as rep-
resented by the taxa sampled and revealed two main groups, one containing all
members of the Hemiuridae and the lecithasterinae lecithasterids and one com-
prises the members of Derogenidae, Didymozoidae, Hirudinellidae,
Sclerodistomidae, Syncoeliidae and Accacoeliidae whereas the Isoparorchiidae
and the hysterolecithinae lecithasterids appeared separately close to the base of the
hemiuroid tree and the Azygiidae fell outside the hemiuroid clade. Hemiuroids
were well represented although with a lower number of taxa (18 species belonging
to 7 families) in the phylogeny of the Digenea of Olson et al. [27]. Their analyses
strongly supported the distinct status of the Hemiurata with Hemiuroidea and
Azygioidea as separate superfamilies. Within the Hemiuroidea, the Derogenidae
was recovered as polyphyletic and a paraphyletic relationship of the Hemiuridae
and the Lecithasteridae was depicted (as in [10, 31]). Consequently the results of
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the molecular phylogenies were considered in the Keys fo the Trematoda: the
Azygiidae was recognised at the superfamily level [57] and the Didymozoidae was
included within the Hemiuroidea [52].

Recently, Pankov et al. [58] described a new bunocotyline genus Robinia Pankov,
Webster, Blasco-Costa, Gibson, Littlewood, Balbuena & Kostadinova, 2006 and
presented a phylogenetic hypothesis for the Bunocotylinae Dollfus, 1950 and the
Hemiuroidea based on sequence data analyses of an increased number of taxa (from
22 species for complete 18S and partial 28S rRNA genes and from 37 species for
the V4 domain of the 18S rRNA gene). Both molecular analyses confirmed the
monophyly of the Hemiuroidea, its division into two major clades and the poly-
phyly of the Derogenidae, as in previous studies [10, 27, 31], and suggested that the
Gonocercinae Skrjabin & Guschanskaja, 1955 (with two genera, Gonocerca Manter,
1925 and Hemipera Nicoll, 1913), may require a distinct familial status. The authors
found poor support for the distinct status of the Lecithasteridae and Hemiuridae,
following previous suggestions based on different sequence data sets [10, 27, 31].
The results of this study also indicated that increased taxon sampling for and analys-
ing the V4 domain of the 18S rRNA gene separately, failed to resolve many mono-
phyletic hemiurid subfamilies thus adding little to the study of Balir et al. [31].
Pankov et al. [58] suggested that much greater taxon sampling for both 18S and 28S
genes is needed in order to test the consistency of the present classification system
of the Hemiuroidea with the evolutionary relationships of its members.

The Lepocreadioidea is one of the complex and problematic digenean super-
families. Ten families and 137 genera are recognised in the Keys to the Trematoda
but molecular studies have demonstrated that three of these families (Acanthocolpidae,
Apocreadiidae and Brachycladiidae Odhner, 1905) are not closely related to the
Lepocreadiidae ([10, 27, 59]; see Table 2.1). Bray, Cribb and colleagues devoted a
comprehensive series of studies (c. 50 papers) on the diversity of the Lepocreadioidea
in marine teleosts, predominantly in the Indo-West Pacific and the North-East
Atlantic, which resulted in detailed descriptions of a vast number of species (includ-
ing many new), erection of new and/or reassessment of the existing genera and
construction of identification keys to species and parasite-host and host-parasite
lists (see Bray et al. [60] for a list of the most inclusive references). These data pro-
vided a sound basis for revisory work [61-66]. On the other hand, extensive sam-
pling for molecular studies carried out in parallel with morphological assessments
has supplied an admirable number of sequences for species from a wide range of
genera. Bray et al. [60] assessed the phylogenetic relationships of representative
species of the superfamily Lepocreadioidea using partial 28S rDNA and nadl
sequences for members of the families Lepocreadiidae (42 species), Enenteridae (6
species), Gyliauchenidae (6 species) and Gorgocephalidae Manter, 1966 (1 spe-
cies), along with 22 species representing eight other digenean families. The study
recovered the Lepocreadioidea as monophyletic, comprising six groups: three well-
recognised families (Enenteridae, Gorgocephalidae and Gyliauchenidae) and three
groups resulting from the partitioning of the Lepocreadiidae in the phylogenetic
tree. The latter were recognised as families by Bray & Cribb [67] who also provided
amended family diagnoses.
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A similar increased effort to collect and characterise morphologically and/or
molecularly representatives of the members of the Plagiorchioidea and
Microphalloidea by Tkach and colleagues [68—71] has contributed significantly to
our understanding of the relationships and family structures of these large taxa (see
above). The results of the molecular phylogenies [35, 41, 42] are partially reflected
in the family level classifications in the Keys to the Trematoda [39, 48, 49, 72].
However, the two superfamilies are far too large and still require sustained system-
atic research.

Augmented representation of the species/genera of blood flukes has also resulted
in advancing the knowledge on the relationships within the superfamily
Schistosomatoidea. Snyder & Locker [73] examined phylogenetic relationships
among ten genera (Austrobilharzia Johnston, 1917, Bilharziella Looss, 1899,
Dendritobilharzia Skrjabin & Zakharow, 1920, Gigantobilharzia Odhner, 1910,
Heterobilharzia Price, 1929, Orientobilharzia Dutt & Srivastava, 1955,
Ornithobilharzia Odhner, 1912, Schistosoma Weinland, 1858, Schistosomatium
Tanabe, 1923 and Trichobilharzia Skrjabin & Zakharow, 1920) of the family
Schistosomatidae using 28S rDNA sequences (variable domains D1-D2 ) and found
two major clades, one comprising the genera Schistosoma and Orientobilharzia
parasitic in mammals and one consisting of predominantly bird parasites. These
authors suggested an Asian origin of Schistosoma. Snyder [74] expanded the data
on the Schistosomatoidea by generating 18S and 28S rDNA sequences for species
belonging to eight genera of the Spirorchiidae Stunkard, 1921. Phylogenetic analy-
ses involving representatives of the order Diplostomida recovered Spirorchiidae as
paraphyletic with three genera from marine turtles exhibiting a sister-group rela-
tionship with the Schistosomatidae whereas five genera from freshwater turtles
were found to occupy basal positions in the phylogeny of the tetrapod blood flukes.
This coupled with the basal position within the schistosomatid clade of the genera
Austrobilharzia and Ornithobilharzia, both comprising species with marine life-
cycles, led to a suggestion that schistosomatids arose after a marine turtle blood
fluke ancestor successfully colonised birds [74]. Lockyer et al. [75] presented the
most comprehensive phylogeny of the Schistosomatidae to date, based on the
sequences of three genes, complete 18S and 28S rRNA and mitochondrial cyto-
chrome c oxydase subunit 1 (COI), for 30 species representing ten of the 13 known
genera and almost all species of Schistosoma. The phylogeny provided evidence for
the validity of two of the four currently accepted subfamilies [76], the
Gigantobilharziinae Mehra, 1940 (comprising the genera Dendritobilharzia and
Gigantobilharzia) and the Schistosomatinae Stiles & Hassall, 1898 (including
Austrobilharzia, Heterobilharzia, Orientobilharzia, Ornithobilharzia, Schistosoma
and Schistosomatium) but not for the subfamily Bilharzeillinae Price, 1929 since the
representatives of the Bilharziella and Trichobilharzia did not form a monophyletic
clade. The study of Lockyer et al. [75] confirmed an Asian origin for Schistosoma
and the position of Orientobilharzia within the Schistosoma. The nomenclatural
change has recently been formally justified by Aldhoun and Littlewood [77] who
transferred to Schistosoma the four species of Orientobilharzia they considered
valid [as Schistosoma bomfordi Montgomery, 1906, S. turkestanicum Skrjabin,
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1913, S. dattai (Dutt & Srivastava, 1952), S. harinasutai (Kruatrachue, Bhaibulaya
& Harinasuta, 1965)] and provided an amended generic diagnosis of Schistosoma
and a revised key to the subfamily Schistosomatinae.

2.6 Future Research Prospects

In conclusion, molecular phylogenetics appears key to understanding the evolution
of the Digenea. Although there is an agreement that further effort is needed towards
achieving an improved representation of digenean taxonomic diversity in molecular
phylogenies [27, 29], challenges in selection of gene loci exist and a direction of
efforts appear to have been clarified recently. It is apparent that molecular analyses
of digenean relationships at higher taxonomic levels will continue to rely upon the
18S and 28S rDNA sequences because a rich database has already been acquired.

However, evidence has been accumulating recently that promotes the utility of
complete 28S rRNA gene as phylogenetic marker and illustrates the benefits of
improved phylogenetic signal when used in combination with 18S rRNA gene at
different levels within and between metazoan taxa including platyhelminths, e.g.
[75, 78, 79]. Lockyer et al. [79] examined the utility of this approach in resolving
the interrelationships between the major flatworm clades and stressed that
Bayesian inference and maximum likelihood appear to give more congruent trees
than maximum parsimony with respect to traditional concepts [75]. Mallatt and
colleagues [80, 81] have evaluated the phylogenetic relationships in Ecdysozoa
(molting animals) using likelihood-based Bayesian inference on nearly complete
18S +28S rDNA sequences and suggested that this may prove to be a combination
of best genes and a tree-building method for reconstruction of ecdysozoan phylog-
enies. Waeschenbach et al. [82] used nearly complete 28S rDNA sequences
(4,047-4,593 nt) in combination with complete 18S rDNA sequences (1,940—
2,228 nt) and Bayesian analyses, to resolve cestode interrelationships at the ordinal
level. They demonstrated that the addition of domains D4-D12 of 28S rRNA gene
contributes to a substantial improvement of phylogenetic signal resulting in overall
better nodal support, topology stability and greater resolution compared with previ-
ous molecular estimates of cestode interrelationships based on 18S+partial
(domains D1-D3) 28S rRNA genes. With regard to digenean interrelationships, the
pioneer study of Lockyer et al. [79] is a promising start especially because it is the
first phylogeny inferred from a combination of three independent datasets (i.e. for
188, 28S and COI).

Mitochondrial genomes may offer a wealth of homologous markers for both
systematics and diagnostics, but in contrast to nuclear ribosomal genes, few mito-
chondrial genes have been tested because of the limited availability of PCR primers
and the higher rates of evolution thus rendering them more suitable for resolving
more recent radiations; see, e.g. [83] for a review. However, whole mitochondrial
genome sequences have been shown to resolve deep-level relationships in many
metazoan groups [84] and the use of mtDNA spanning multiple genes has been
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considered promising [83]; also see Philippe et al. [85] for an in-depth focus on the
use of genome-scale data in phylogenies. At the less inclusive taxonomic levels,
modern genomic approaches may also provide an in-depth understanding of the
patterns of speciation and construction of robust phylogenies as illustrated by the
recent developments in the genetic research on species of the genus Schistosoma;
see, e.g. [86-90].
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Part 11
Trematodes of Interest in Human Health



Chapter 3
Schistosomiasis

Fred A. Lewis and Matthew S. Tucker

3.1 Introduction

In humans, several species of the trematode genus Schistosoma cause the disease
schistosomiasis, or snail fever. The disease is also frequently referred to as bilharzia
(and bilharziasis) to recognize Theodor Bilharz, the physician who first described
the parasite in humans in 1851. Human schistosomiasis is an ancient disease.
Reference to it has been found in Egyptian papyri, and calcified eggs have been
discovered in Egyptian mummies from around 1200Bc. Schistosomiasis is one of
the most important parasitic diseases of man, and it causes significant morbidity and
mortality on several continents. The World Health Organization (WHO) estimates
that schistosomiasis is transmitted in over 70 countries, throughout a wide belt of
the tropics and subtropics [1]. The three major schistosomes infecting humans are
Schistosoma mansoni, S. haematobium, and S. japonicum. It is difficult to estimate
the number of schistosomiasis cases in the world, but the number is considered to
be greater than 200 million, mostly in Africa [2]. By species, S. haematobium causes
130 million cases, S. mansoni causes 73 million cases, and S. japonicum/mekongi
cause two million cases. Mortality rates are difficult to assess for schistosomiasis,
although it has been estimated that schistosomes cause approximately 280,000
deaths per year [3]. As many as 150,000 of these infections can be attributed to
S. haematobium, with the majority of these in sub-Saharan Africa. In addition to
active infections, it is estimated that almost 800 million people worldwide are at risk
for schistosomiasis [4].

Aside from death, schistosome infections can lead to numerous health prob-
lems, among them chronic disability, cognitive impairment, chronic anemia,
abdominal pain, diarrhea and, for Schistosoma haematobium infections, urogenital
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problems, including bladder dysfunction, hematuria, and correlation with bladder
cancer. Schistosomiasis commonly presents itself as a chronic, gradually debilitat-
ing illness. Because of this feature and frequent coinfections with other helminths,
it has always been difficult to determine the total public health impact of schistoso-
miasis. It may be more appropriate to measure the effect of schistosomiasis on
human health by examining morbidity using the disability-adjusted life year
(DALY) ranking system. One WHO report showed that schistosomiasis ranked
fairly low on the DALY scale [5]. However, when researchers began taking into
account the myriad health problems posed by schistosomiasis, estimates of disease
burdens ranked schistosomiasis considerably higher [6], and now most investiga-
tors believe that the community impact of schistosomiasis is usually underesti-
mated. Regardless of where schistosomiasis falls in the DALY and other ranking
estimates, there is no doubt that it is a serious disease. Among parasitic diseases, it
is probably second only to malaria in importance as a public health menace in
tropical areas of the world.

The three major Schistosoma species infecting humans have different distribu-
tions [7]. S. mansoni is distributed widely throughout Africa; transmission also
occurs in the Middle East and several countries of South America and some of the
Caribbean islands. S. haematobium is widely distributed throughout Africa, fre-
quently overlapping with S. mansoni, and also found in areas of the Middle East.
S. japonicum is localized to Indonesia, China, and parts of Southeast Asia. Species
of lesser importance are S. mekongi (Cambodia, Laos) and S. intercalatum (central
and west Africa). Overall, around 80-90 % of the schistosomiasis cases worldwide
occur in sub-Saharan Africa.

Schistosomiasis is often endemic in areas where other serious infectious dis-
eases also have a huge impact. For example, diseases such as malaria and HIV/
AIDS often have a much higher community profile, and consequently more
resources devoted to their control. Schistosomiasis is usually grouped into that cat-
egory of diseases called the neglected tropical diseases (NTDs), which also include
numerous diseases caused by soil-transmitted helminths, protozoa such as trypano-
somes, and a few other organisms [8]. The NTDs predominantly affect the human
population that live in the poorest conditions and where treatment is usually diffi-
cult to acquire.

Being a waterborne disease, schistosomiasis is acquired by direct contact with
the infective larvae (cercariae) that emerge from freshwater snail hosts. Where
schistosomiasis is endemic, human contact with parasite-contaminated water is an
unavoidable event of daily life. As a result of human manipulation of the local envi-
ronment, such as the development of new irrigation projects or building of dams, the
range of the disease can also spread easily by the establishment of new breeding
sites for the snails. Also, man-made environmental modifications may benefit one
schistosome species over that of another. A prime example of this can be seen in the
recent history of schistosomiasis in Egypt [9]. There, with major water projects and
the completion of the Aswan Dam in the mid-twentieth century, schistosomiasis
caused by S. mansoni largely replaced that caused by S. haematobium along major
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sections of the Nile river, probably reflecting ecological changes favoring those of
Biomphalaria alexandrina (regional host of S. mansoni) over those of the host snails
for S. haematobium (Bulinus truncatus).

There is a vast research literature devoted to schistosomiasis. These studies amply
demonstrate the complexity of the parasite’s life cycle, and point to why schistoso-
miasis is the challenging health problem that it is in developing countries. A single
chapter on schistosomiasis cannot cover, in depth, all aspects of this complex disease,
but we have tried to highlight those areas of particular interest that may be important
for future research in the continuing efforts to control this devastating disease.

3.2 Systematics

Schistosomes, usually referred to as blood flukes, are members of the phylum
Platyhelminthes (flatworms) of the class Trematoda and family Schistosomatidae.
The name Schistosoma (i.e., split body) refers to the appearance of the adult male
worm whose lateral edges fold to form a groove (gynecophoral canal) where the
female worm resides. Schistosomes differ from other trematodes in that they are
dioecious parasites. Interestingly, at the adult stage, there is an obvious sexual
dimorphism between male and female worms. Schistosomes and related flukes
infect a wide variety of definitive hosts, and currently 21 species are recognized
within the genus Schistosoma. Of the five schistosome species most often associ-
ated with human infections, the most important clinically and most studied species
are S. mansoni, S. haematobium, and S. japonicum. The two others are S. intercala-
tum, which is closely related to S. haematobium, and S. mekongi, a close relative of
S. japonicum. For this review, we will concentrate on discussions of schistosomiasis
caused by S. mansoni, S. haematobium, and S. japonicum.

The geographic distribution of schistosomiasis is necessarily limited to the
distribution of the particular intermediate snail hosts the parasite utilizes. Since so
much of the life history of schistosomes involves a mollusc, we should briefly men-
tion the systematics of these snails. Within the phylum Mollusca there are two large
families, in the class Gastropoda, that are important for our discussions. These fami-
lies are the Pomatiopsidae and Planorbidae. The taxonomy of gastropods has been
in a state of flux for the last several years, but for the purposes of our discussion,
S. japonicum infects members of the Pomatiopsidae (genus Oncomelania). These
snails have gills, many have an operculum, and the sexes are separate.

The planorbid snails that serve as intermediate hosts for S. mansoni and S. hae-
matobium do not have gills or an operculum, and they are hermaphroditic. Members
of the genus Biomphalaria are intermediate hosts for S. mansoni, and Bulinus spp.
are intermediate hosts for S. haematobium.

As shown in Fig. 3.1, the mature planorbid Biomphalaria is typically larger than
Bulinus, and both are a great deal larger than Oncomelania. Biomphalaria and
Bulinus occupy some of the same ecological niches and are nearly always sub-
merged in water, while Oncomelania is an amphibious snail, spending much of its
time attached to vegetation or on soil above the water surface.
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Fig. 3.1 Examples of
intermediate snail hosts
for the three major
schistosomes infecting
humans. From left to right,
Bulinus truncatus truncatus
(host for S. haematobium),
Biomphalaria glabrata
(host for S. mansoni),

and Oncomelania hupensis
hupensis (host for

S. japonicum)

3.3 Biology of the Parasite and Life cycle

Historically, one of the major problems in defining the schistosome life cycles was
discovering the suitable snail intermediate hosts in which they were transmitted. In
fact, around 1900, there was some question whether a snail host was even involved
[10]. Knowing that the trematode Fasciola hepatica required an intermediate snail
host, workers began searching for a snail involvement for schistosomes as well. Of
the three major human schistosome species, the life cycle of S. japonicum was the
first to be fully described (1914, by Miyairi and Suzuki). Around that time, there
was considerable controversy whether or not S. mansoni and S. haematobium were
even two distinct species, but this argument was laid to rest by Leiper in 1915.

The life cycles of the major schistosomes are quite similar—the differences
chiefly consist of the intermediate snail species involved, and differences in the
tissue distribution within the definitive hosts. A life cycle schematic of schistoso-
miasis is given in Fig. 3.2. The life cycle stages will be discussed in more depth in
the following sections, but a short summary is appropriate here. The schistosomes
have an infective, free swimming larval stage (cercaria) that gains entry into the
mammalian, definitive host by skin penetration. The parasites pair in the liver and
migrate to either the mesenteric veins draining the intestines (S. mansoni and
S. japonicum) or veins of the urogenital system (S. haematobium). Eggs laid by
the mature female worm then pass from the body through feces or urine. Another
larval stage (miracidium) hatches from the egg in fresh water and infects the inter-
mediate snail host, whereby asexual reproduction occurs resulting in the infective
cercariae. Figures 3.3 and 3.4 show electron micrographs of different life cycle
stages of S. mansoni.

For reference, Table 3.1 lists sizes of the various life cycle stages for S. mansoni,
S. haematobium, and S. japonicum.
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Fig. 3.2 The life cycle of human schistosomes (image courtesy of the Centers for Disease
Control and Prevention, DPDx). The figure depicts several life cycle stages that are mentioned in
the text. Key stages mentioned in the text include: miracidia, cercariae, schistosomules, adult
worms, and eggs

3.3.1 Biology of the Various Life cycle Stages

3.3.1.1 Cercariae

The schistosome cercaria is a free-living, actively swimming stage with a relatively
short infectious life span (24—48 h) whose sole purpose is to infect a suitable defini-
tive host. The mature cercaria has two main segments. The first (body) is the pro-
genitor of the adult worm, and is attached to an extremely muscular, bifurcated tail.
The tail serves to propel the organism through the water column, and it can serve as
a fulcrum to assist the body in gaining entrance into the skin of the definitive host.
The length of a S. mansoni cercaria (Fig. 3.3a) is approximately 500 pm, but it con-
tracts and elongates almost continuously. Among the many schistosome species,
there are usually species-specific morphological and behavioral differences in the
cercariae. For example, S. mansoni cercariae exhibit a discontinuous swimming pat-
tern throughout the water column, never resting but for more than a few seconds
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Fig. 3.3 Scanning electron
micrographs of Schistosoma
mansoni cercariae. (a)
Complete cercaria showing
body and tail portions. Since
both body and tail are
contractile, the overall length
of this stage varies
considerably, usually between
300 and 500 pm. The
acetabulum (ventral sucker)
is a circular structure in the
body portion of the organism.
From this position, the pre-
and post-acetabular glands
are defined. (b) Cercaria
emerging from mantle collar
tissue of Biomphalaria
glabrata

before swimming again. In contrast, S. japonicum cercariae may swim to the sur-
face and remain there, quiescent for several minutes at a time, yet still be fully
infectious.

The cercaria of the most studied species (S. mansoni) possesses about 1,000
cells, with numerous cell types, ranging from sensory cells, muscle cells, nerve
cells, support cells and others [11]. Many of the organ systems found in the adult
worm are already formed, in miniature, in the body of the cercaria. The tail is heav-
ily muscular, with an excretory duct running its entire length. This duct forks at the
base of the tail furcus and empties out at terminal excretory pores.

A substantial part of the body volume is taken up by the acetabular glands and
their contents. These glands (pre- and post-acetabular glands) are so named due to
their relative position to the acetabulum (ventral sucker). These glands provide secre-
tions that are involved in host skin penetration, and are exhausted soon after penetra-
tion, so they do not have counterparts in the adult worm. The morphology and various
structures of this stage are well represented in various publications [11-13].

Upon emergence from a snail (see Fig. 3.3b), cercariae must find a suitable host
within minutes. Fatty acids such as linoleic acid and amino acids such as arginine in
the skin are important chemoattractants for the cercariae. When a cercaria comes in
contact with the human skin surface, it will probe for an entrance site, often finding
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Fig. 3.4 Scanning electron micrographs of other Schistosoma mansoni life stages. (a) Adult male
and female worms in copula. The female is residing in the gynecophoral canal of the male worm.
Length of males ranges from 6 to 13 mm; that of females ranges from 10 to 20 mm. (b) Egg with
characteristic lateral spine. Approximate dimensions are 140 pm (length) by 60 pm (width). (c)
Miracidium with epidermal plates covered with cilia. Dimensions approximately 135 pmx55 pm

Table 3.1 Sizes of the various life cycle stages for S. mansoni, S. haematobium, and S. japonicum

Adult male (mm)  Adult female (mm) Cercaria (um)  Egg (pm)

S. mansoni length 9-12 12-16 ~500 140
S. mansoni width 1-1.2 0.15-0.20 30-40 60
S. haematobium length 1214 16-20 ~500 144
S. haematobium width ~ 0.8-1.0 0.2-0.3 3040 58
S. japonicum length 12-20 18-25 ~500 81
S. japonicum width 0.5 0.2-0.3 3040 63

one at the surface skin irregularities associated with hairs, pilosebaceous follicles,
or other ridges or wrinkles [14, 15]. Droplets of secretion from the post-acetabular
glands help serve as adhesive anchors for the body. The cercaria uses strenuous
muscle activity to burrow into the crevice, as seen by a series of vigorous tail thrusts
and expansion and contraction of the body. This entry is no doubt aided by the
secretions of the penetration glands, in which numerous penetration enzymes are
found. Often, multiple cercariae can be seen following one another into a breached
opening. The tail detaches as the cercaria enters the outer layer of skin.
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3.3.1.2 Schistosomules

Soon after entering mammalian skin, the body of the cercaria has to adapt from a
fresh water environment to one bathed in tissue fluid. In order to do this, it under-
goes a series of complex morphological and physiological changes. At this point, it
is referred to as a schistosomule (or schistosomulum) [12, 16]. Among the more
prominent changes is the formation of a double-layered, or heptalaminate, mem-
brane, loss of the carbohydrate-rich glycocalyx, and becoming water intolerant.
Depending on the species, the schistosomule resides in the skin from one to several
days before entering the blood vasculature in the dermis. A small percentage can
enter the lymphatics, then the bloodstream via the thoracic duct. Once in the blood-
stream, it is thought that their migration to the blood capillaries of the lung is entirely
passive. Due to the small diameter of the alveoli vessels, for the schistosomule to
migrate from the venous to the arterial side, it undergoes a lengthening of the body
and loses some mid-body spines. At this point, the organism has not appreciably
changed in volume from that of a cercaria, but it is more elongated and morphologi-
cally appears worm-like.

Much of what we know about the schistosomule’s early migration pathway is
derived from studies in mice. Early studies of parasite recovery depended on dis-
secting tissues and counting the emerging worms at various time points after cer-
carial exposure. Due to the nature of this rather crude process, many organisms
could not be accounted for. It was not until the early 1980s, when radiographic
tracking techniques were developed, that a much clearer picture emerged regarding
the relative lengths of time schistosomules could be found in the various tissues en
route to the liver [17, 18]. Figure 3.5 shows a summarized pattern of the percentage
of penetrating S. mansoni cercariae that were found in the skin, lungs and liver over
time (data are the results of several published and unpublished studies). About 40 %
of the cercariae result as adult worms in the mouse, with the remainder probably
never reaching the liver, but recirculating in the blood and becoming trapped in
other tissues. Whether a similar pattern of migration and percentage of mature
worms (from invading cercariae) occurs in humans is a matter of conjecture.

3.3.1.3 Adult Male and Female Worms

In the mouse, the length of time for S. mansoni and S. japonicum to finally reach the
liver differs; S. japonicum migrates there several days before those of S. mansoni. It
is not until they do reach the liver, however, that they begin to feed and grow to the
adult worm stage. Once they begin to grow the sexes can be easily distinguished
(Fig. 3.4a). The male can develop fully in the absence of the female, but the female
is stunted and does not achieve sexual maturity in the absence of the male. In a
mature bisexual infection the male and female lie in copula, with the female lying
within the gynecophoral canal of the male. This pairing is necessary for the physical
and reproductive development of the female. It is believed that the worms pair in the
liver before migrating to their final destination, that of the mesenteric veins
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Fig. 3.5 Diagrammatic representation of a tracking experiment of S. mansoni schistosomules in
the skin, lungs, and liver of mice. Cercariae were labeled with (>Se)-selenomethionine, and tissues
processed for autoradiography at various times after exposure to cercariae

(S. mansoni and S. japonicum), or the veins of the urogenital system (S. haemato-
bium). The size of the adult worms varies somewhat between species and age of the
worms (see Table 3.1). Male worms are shorter than the slender and elongated
female worms, but they are very muscular and robust, with powerful suckers. This
morphology allows the male worm to both carry the female and anchor the pair at
the egg laying site in the mesenteric venules. Unpaired female worms will not reach
the preferred egg laying destination without being paired with a male worm.

Adult worms can live in humans for several years. Based on several epidemio-
logic studies, the average life span of the adult worm is thought to be about 5 years.
However, there have been several case reports demonstrating adult worms living 30
years or more, as shown by continued egg passage from infected individuals who no
longer lived in endemic areas.

3.3.14 Eggs

Female schistosomes produce eggs continuously, and it has been reported that
each S. mansoni mature female worm can produce up to 300 embryonated eggs/day.
The egg morphology is diagnostic for each species. S. mansoni eggs are elongated
with a prominent lateral spine near the posterior end. S. japonicum eggs are oval
and smaller with a rudimentary (not always observable) lateral spine. Those of
S. haematobium are elongated and possess a terminal spine at the posterior end.
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Sizes of the egg for S. mansoni and S. haematobium are approximately the same,
while S. japonicum eggs are not quite as large (Table 3.1). Each egg contains an
embryo, the miracidium, which fills nearly the entire interior space of the egg.
Figure 3.4b shows an electron micrograph of a S. mansoni egg.

For the egg to pass from the body and reach freshwater, it has to gain access from
the venous blood system to the intestinal lumen (S. mansoni and S. japonicum) or
the urogenital tract or bladder (S. haematobium). The female worm deposits eggs
near the venous wall, and since the eggs are not motile, it is believed that they tra-
verse the tissue walls by one or a combination of mechanisms. Egg-released
enzymes probably play a large role in their migration through the tissue. Also, there
is good evidence that the host’s own inflammatory immune response (granulomas)
serves to speed this migration along. What happens during this process is the trigger
that sets the stage for development of the disease, schistosomiasis. The root of the
problem is that not all of the eggs are excreted, and a great many are trapped in vari-
ous tissues in the body. For S. mansoni and S. japonicum, these sites are the intesti-
nal wall and liver. For S. haematobium, it would mainly be tissues of the urogenital
tract. Most of the pathology in a schistosome infection results from the deposition
of eggs in the tissues and the host’s response to them. Later in this chapter we will
devote more attention to the egg and the processes of this pathology.

3.3.1.5 Miracidia

Once the egg is eliminated through the feces or urine and reaches freshwater, the
egg shell ruptures and the actively motile, multi-ciliated miracidium emerges. What
causes egg hatching is not completely defined, but it is believed to be affected by
changes in osmotic pressure and other factors [19]. The miracidium is one of the
two free-living stages of the schistosome (the other being the cercaria). After hatch-
ing from an egg, the developmental success of the miracidium (Fig. 3.4c) depends
on finding a suitable snail host before its energy stores (glycogen) are depleted,
which occurs roughly 12 h after hatching.

The ability of miracidia to infect snails in large bodies of water, sometimes referred
to as their “scanning power,” has been studied in the lab and the field—often leading to
conflicting results. Much of the success of the miracidium may have to do with the
combination of its positive phototaxis and the particular dispersion of snails, which, for
Biomphalaria spp., are often more concentrated near the shallow edges of water bodies.
However, there is evidence that some chemoattractive response of the miracidium exists
when it is in close proximity to the snail. The miracidium will probe the soft tissues of
the snail, usually the margins of the head-foot or the tentacles, to search for a site through
which it can penetrate most easily. With the aid of penetration enzymes and vigorous
burrowing activity, it can gain complete entry into the soft tissues within minutes.

During entry into the snail, the miracidium loses its multi-ciliated plates
(Fig. 3.4c) and soon thereafter stops migrating through the tissue. Comparable to
the situation in which a cercaria needs to transform to a schistosomule, the mira-
cidium must also undergo changes to adapt to the tissue environment of the snail.
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The miracidium transforms into the stage referred to as the primary (mother) sporo-
cyst. From this point forward, the reproduction of the schistosome in the snail is
asexual. The primary sporocyst stage is essentially a sac-like, breeding chamber
within which numerous secondary (daughter) sporocysts begin forming. Around 2
weeks after miracidial penetration, secondary sporocysts escape from the primary
sporocyst and migrate to the hepatopancreas and gonads. Around 2 weeks after set-
tling in these nutrition-rich locations the secondary sporocysts can each give rise to
thousands of cercariae. Once cercariae become fully developed, they emerge from
the secondary sporocysts, migrate to the anterior end of the snail, and burst into the
surrounding water from the margins of the soft tissues, usually the head-foot, man-
tle collar, and pseudobranch (at least for B. glabrata). Under optimum conditions,
an infected snail can release hundreds of thousands of cercariae over its lifetime.
The astounding productivity of the schistosome in the snail drives home the point
that it may only take a small number of infected snails in a local water body to
maintain that area as an active transmission site.

What we know about genetics of the snail and parasite is important here, since
their interrelationship has a tremendous impact on the epidemiology of the disease.
Most of the research on the development of the parasite in the snail host has been
conducted with the S. mansoni/B. glabrata combination. It is during the period of
miracidial transformation that a crucial hurdle must be overcome by the parasite for
full development to proceed. In the 1950s, Newton [20] developed the groundwork
for looking at the genetic underpinnings of the snail in controlling the parasite’s
development. His snail crossing studies, using resistant and susceptible B. glabrata,
and testing the known F1 offspring (determined by pigmentation patterns) for para-
site susceptibility clearly showed a genetic control for susceptibility to the parasite.
The subsequent, and enormous, contributions by Richards led to the conclusion that
the compatibility of host snail and parasite is controlled by a series of genes of both
parasite and snail [21, 22]. The interaction ranges from total resistance, or non-
susceptibility of the snail, to full compatibility, resulting in a fulminating schisto-
some infection. The number of genes and multiple alleles involved give some
testament to the idea that snail and parasite have co-evolved over millennia. Although
a great deal is known about the genetic influence of the snail on parasite develop-
ment, comparatively less is known about the parasite’s genetics in determining infec-
tivity. The populations of parasites in the field are almost certainly enormously
diverse, owing to the multiple alleles that must be involved in infectivity. An evalua-
tion of the schistosome population genetics is an important focus in the recently
developed schistosomiasis control program in Zanzibar (http://score.uga.edu/).

3.4 Epidemiology

Humans contract schistosomiasis when they come into contact with water sources
contaminated with the infectious form of the parasite (cercaria). The degree of
human waste contamination to the local water bodies is the driving force that
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dictates the prevalence of schistosomiasis in a community, given the fact that the
sanitary disposal of human wastes, as seen in most developed countries, is often
totally absent in the regions of poverty where schistosomiasis is prevalent.

It is important that control programs must take into account the epidemiology of
the disease in the local region. Knowing the prevalence of disease, whether trans-
mission is seasonal or year-round, and how effective are the post-treatment evalua-
tions, all play large roles in the direction an effective control program should take.

A great many things contribute to any discussion in the epidemiology of schisto-
somiasis, and several of these, such as diagnosis, treatment, and control are being
discussed more fully in other sections of this chapter.

It is difficult to make sweeping statements about the epidemiology for schistoso-
miasis, considering the different schistosome species involved. For instance, the
fact that S. japonicum also uses reservoir hosts complicates the transmission pat-
tern, since both S. mansoni and S. haematobium are primarily transmitted by
humans. That being said, some generally accepted statements about a few compo-
nents of the epidemiology of schistosomiasis are the following.

3.4.1 Prevalence

Most age—prevalence curves display a peak in schistosomiasis prevalence in school-
age and young adult populations, with a gradual decline later in life (Fig. 3.6). Not
surprisingly, the major contributors to egg contamination to the environment also
fall in the school-age/young adult groups. The disease takes a devastating toll on
young children (school-aged), who are most at risk because of the high frequency of
time spent swimming or bathing in water containing infectious cercariae. What con-
tributes to the decline of prevalence in the older populations may be one or a com-
bination of events: (1) the die-off of the worms after the peak is reached, given the
estimate of a mean of around 5 years (on average) that the parasite can live in
humans; (2) decline in water contact as the population ages; and (3) evidence that
partial immunity may develop over time [23].

There is usually a skewness, or over-dispersion, of egg counts within the com-
munity. Thus, the majority of eggs being excreted come from a minority of the
residents. It may be too simple to attribute this to a direct reflection of worm bur-
dens, since there is increasing evidence that a variety of other things may come
into play, such as host genes that might contribute to a role in the pattern of egg
excretion [24].

In high transmission areas, some workers have reported schistosomiasis preva-
lence as high as 100 % of the population, although lower figures are more com-
monly reported. Incidence, commonly measured after chemotherapeutic
campaigns (e.g., 1 year post treatment), can sometimes rise to near pretreatment
levels within 1-2 years after treatment, emphasizing the need for periodic retreat-
ment of the population.
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Fig. 3.6 Diagrammatic representation of schistosomiasis prevalence by age in a typical popula-
tion where there is a moderate risk of contracting schistosomiasis

3.4.2 Infection Intensity

On a community-wide basis, there is a rough correlation between intensity of infec-
tion and prevalence. For S. mansoni and S. japonicum, intensities of infection in a
community have historically been assessed as eggs/gram of feces. For S. haemato-
bium infections, figures of eggs/unit of volume of urine are most often used. The
practical difficulties of obtaining these numbers can be imagined, since egg count-
ing requires considerable manual labor. Also, repeated examinations may have to be
done to rule out the problem with the discontinuous nature of egg excretion.
Considerable efforts have been made to develop other means of assessing preva-
lence and intensity, usually based on serum or urine analysis.

Males often tend to have higher worm burdens than females. This may have
more to do with social customs than any sex-related factor, for example those that
dictate the greater degree of occupational or recreational water contact of males
over that of females.

The question of how intensity, egg counts, and worm burdens interrelate in
humans was the subject of a series of studies conducted by Cheever and colleagues
on autopsies of scores of cadavers in Brazil and Egypt [25, 26]. Among the many
significant conclusions from these studies was that, in general, the stool egg counts
in S. mansoni patients had an almost linear relationship with worm burden. In one
study, roughly 1 egg/g of feces equated to one worm pair. These autopsies were, for
the most part, conducted on individuals who previously presented with significant
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disease, so we do not know how representative this would be for those with low egg
yields. Nevertheless, these and follow-up studies helped cement our knowledge of
tissue egg burdens as it correlates with disease in humans.

3.4.3 Snails at Transmission Sites

Surveys of snail populations in endemic areas are essential for defining areas of
transmission. It is often found that only a small percentage of snails in an active
transmission site are actively shedding cercariae. In addition to examining snails at
potential transmission sites, methods have been developed to determine the pres-
ence of free-swimming cercariae by mechanical cercariometry devices, or placing
sentinel animals (mice) in the water, followed by mouse dissection or hepatic portal
perfusion several weeks later, looking for the presence of adult worms.

In some geographic regions, such as northeastern Brazil, transmission sites may
dry up for several months of the year. A small percentage of the snails, however, are
known to be able to withstand these dry conditions by burrowing into the mud and
reemerging once the sites contain water again. There have even been reports of
snails with pre-patent infections being able to withstand drying, and then liberate
cercariae once the transmission site contains water [27].

3.5 Clinical Aspects

Depending on the stage of the schistosome infection, a wide range of clinical symp-
toms may occur, and many of them are hard to distinguish from those of several
other diseases. A mild or transient rash may develop soon after cercarial invasion of
the skin, but this may be overlooked. Considering that only one or a few cercariae
may enter the skin at any one time, and the fact that they are so small as to make
them barely visible to the naked eye, their entry into the skin may go unnoticed.
Sometimes a febrile illness occurs around 3—6 weeks after cercarial exposure. This
acute stage syndrome is commonly referred to as Katayama fever, named after the
original location (Katayama district, Hiroshima, Japan) in which this was a prominent
feature of the infection. Katayama fever is observed most often in individuals who
have had no prior exposure to schistosomes. Rather than a reaction to schistosome
eggs, its etiology—at least initially—is thought to involve circulating immune com-
plexes, and its severity may increase upon oviposition. Aside from fever, there may
be anorexia, prostration, bloody diarrhea, hepatosplenomegaly, and eosinophilia.
The clinical picture of chronic infections in humans varies somewhat with the
schistosome species. A large number of those people infected may be asymptom-
atic. Those with S. mansoni or S. japonicum infections, though, can develop a con-
dition referred to as intestinal schistosomiasis. This is characterized by abdominal
pain, lethargy, ascites, chronic diarrhea, and hepatosplenomegaly. Infection can lead
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to serious liver damage in chronic cases. This is to be distinguished from urinary, or
urogenital schistosomiasis, caused by S. haematobium infections. Blood in the urine
(hematuria) is a hallmark of this disease, and in chronic phases infected patients
may exhibit a host of urinary tract complications, ranging from urinary tract obstruc-
tion, kidney involvement, hydronephrosis, bladder calcification, genital lesions,
renal failure, and bladder cancer. Compounding the symptomatology, co-infection
with S. mansoni and S. haematobium is often seen in regions where the two species
overlap geographically.

In the case of S. haematobium infections, one issue that has recently drawn a great
deal of interest is the growing body of evidence supporting an association between
urogenital S. haematobium infections and an increased risk to HIV/AIDS [28]. There
may be as much as a three-fold to four-fold increase risk of having HIV in women
with a preexisting S. haematobium infection. Several causative factors may be
involved in this scenario. Among them are (1) a breach in the integrity of the epithe-
lium of the female genital tract, caused by the parasitic infection, that may facilitate
HIV viral entry, and (2) increased susceptibility to the viral infection may result from
the predominantly Th2-type immune response with the schistosome infection. There
is also the possibility that inflammation in the genital tract of men with S. haemato-
bium infections may increase the risk of male-to-female transmission of the virus.

Apart from the more classical symptoms of schistosomiasis described above,
scientists are now beginning to better recognize the role that the disease contributes
to chronic anemia, and the negative impact it has on cognitive development and
malnutrition in children. Since coinfection with other helminths, such as hook-
worm, often occurs in schistosomiasis endemic areas, the complication presented
by schistosome-induced anemia has especially been overlooked.

Besides the liver, intestine and urogenital tract, schistosome eggs have been
found in other (ectopic) sites, such as the lung, appendix, and central nervous sys-
tem. Central nervous system involvement, although rare, can present as transverse
myelitis, cerebral lesions, epileptic seizures, and paralysis.

A significant advance in assessing morbidity in the field has been through the use
of ultrasound. Protocols for using ultrasound for schistosomiasis-related pathology
were developed in the 1990s [29]. In particular, this can give a better measure of
infection intensity in those who may have low egg burdens, but significant disease.
It is also useful for assessing possible changes in pathology after drug cure. A good
discussion on the use of ultrasound in assessing morbidity in schistosomiasis is
given by Carlton et al. [30], who also describe some of the difficulties of its use with
reference to S. japonicum infections.

3.6 Diagnosis

The definitive diagnosis for a schistosome infection is the microscopic detection of
eggs in stool (for S. mansoni and S. japonicum) or urine (for S. haematobium) sam-
ples. Numerous techniques have been developed to detect the eggs, some involving
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concentration/sedimentation of samples by such reagents as formal glycerine. For
many years, the most common approach, at least for S. mansoni, has been the Kato-
Katz thick smear assay, which uses cellophane and malachite green—glycerin to
more easily detect the eggs from prepared fecal specimens. Although relatively
quick and inexpensive, other direct assays it is complicated by the day-to-day varia-
tion in egg passage. With a sensitivity of about 30 eggs/g feces, active infections
may be missed unless repeated samples are taken over time. Another method for the
diagnosis of schistosomiasis is the detection of circulating anodic and cathodic anti-
gens (CAA and CCA) released by adult worms into blood or urine. Monoclonal
antibodies to these antigens have been developed and scaled up to test in various
parts of the world. CCA detection in urine can be as sensitive as a single Kato-Katz
test in areas that have a high intensity of infection. Some control programs are now
incorporating a urine-based CCA assay for screening S. mansoni infections. Results
from the field have found CCA tests for S. mansoni are comparable to Kato-Katz
and other antibody tests [31, 32].

Tests for detecting circulating antibodies (IgG) have been developed for a variety of
schistosome antigens, and have proven useful for some purposes. The Centers for
Disease Control and Prevention (Atlanta, GA) utilize a FAST-ELISA test for diagnosis
of Schistosoma spp. using Schistosoma mansoni adult microsomal antigen (MAMA).
One drawback in this approach though is that schistosome-specific antibodies remain
detectable even after drug treatment has cleared the infection. Also, test sensitivity with
the FAST-ELISA is reduced for species other than S. mansoni, so a secondary test
(immunoblot) must sometimes be used to distinguish between species.

3.7 Treatment

There is a long and interesting history in the search for effective drug treatments for
schistosomiasis. In the early 1900s, antimony tartrate (tartar emetic) began to be used
as an antischistosomal drug. Several serious toxic side effects with this drug made it
less than ideal for treating the disease. Additionally, the need for extended stays in a
clinic or hospital while undergoing treatment meant the loss of income for the patient
during that time. It was not surprising, therefore, that many patients refused to com-
plete the 2—4 week treatment regimen. In the 1920s, Fouadin (stibophen), a drug that
could be given intramuscularly, became available. It also had toxic side effects,
although perhaps not quite so severe as with antimony tartrate. In the late 1940s, a new
drug was introduced that promised a new standard of treatment. This was Miracil D,
an oral drug that was shown to have a better effective cure rate and required a less
lengthy treatment regimen. The side effects though were alarming enough to continue
the search for better drugs. Later, drugs such as metrifonate, hycanthone, and oxam-
niquine were developed, having their own strengths and weaknesses showing their
own strengths and weaknesses for their use. For example, none of these drugs were
shown to be effective against all three major schistosome species, some had safety/
cost concerns, and/or less than stellar cure rates and concerns over drug resistance.
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The greatest advance in the field of schistosomiasis chemotherapy came about by
the development of Praziquantel (PZQ) in the laboratories of Bayer AG and Merck
KGaA in Germany in the mid-1970s. The drug was moved into clinical trials and
large-scale use by the mid-1980s. By 1985 the WHO reported that approximately
one million people had been treated with PZQ [33]. PZQ is now the major compo-
nent of schistosomiasis control programs that advocate mass drug administration to
affected populations. The WHO recommends that PZQ be used at a single dose of
40 mg/kg [34]. In 2012, over 35 million people were treated with PZQ [35]. As
impressive as this is, more work is required on the part of drug companies donating
drugs and governments implicating an integrative solution to control and eventually
eliminate schistosomiasis. Multiple features have made PZQ the drug of choice for
treating schistosomiasis, including the following: (1) it is effective against all the
three major species, S. mansoni, S. haematobium, and S. japonicum, (2) it has good
pharmacologic properties (it can be given as a single oral dose and is usually well
tolerated), and (3) its relatively low cost (<US$0.10 per tablet). With the price of
PZQ having dropped the last few years, it has been made more available for use in
numerous mass drug administration campaigns, with considerable success. Studies
aimed at determining the effectiveness of PZQ focus on cure rates and/or egg reduc-
tion rates. Cure rates of PZQ are generally >50 %; 100 % cure rates are seldom
reported [36]. This is likely due to re-infection in high-transmission areas and other
parasite-related factors. PZQ is effective against most stages of schistosomes, but it
is particularly ineffective against juvenile worms. It is theorized that the lack of
susceptibility of juvenile worms may be related to poor PZQ cure rates and treat-
ment failures that occur in some areas. Because of this feature, it is recommended
that people be re-treated with PZQ weeks after the first dose to increase cure rates
and decrease egg passage to the environment.

As with other drugs, re-infection is still a problem after treatment, and there is a
lingering fear in the community that such widespread use of the drug may eventu-
ally lead to the development of drug resistance in the parasites. Drug resistant lines
are reported to have been produced in the laboratory [37] and some studies have
reported reduction in PZQ susceptibility as potential resistance in the field [36, 38].
However, some argue that the resistance in the field may be a result of the refractive
character juvenile stage worms exhibit in response to PZQ. At the time of this writ-
ing, resistance has not been detected in field situations with any certainty, although
there is continued effort to monitor this in mass drug campaigns. Needless to say,
determining the mechanisms of drug action and potential drug resistance would
have a huge impact on future discovery of anti-schistosome drugs.

A considerable amount of research has focused on deciphering the possible
mode of action of PZQ. In early studies it became evident that PZQ causes damage
to the worm tegument, greatly augmented by antibodies directed to tegumental anti-
gens. It also causes a striking muscle paralysis in worms that is associated with an
influx of calcium ions. Because of the alteration in ion transport after PZQ treat-
ment, much effort has focused on ion transporters and channels as potential targets
of PZQ. Currently, the best candidates for molecular targets of PZQ may be calcium
ion channels (specifically beta subunits), but there is no consensus agreement. Just
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as the molecular targets for PZQ remain unclear, potential resistance mechanisms
have been elusive. Attempts to discover differences in protein sequences of calcium
channels in resistant vs. susceptible isolates were inconclusive. Currently, efforts
are underway to discover markers of PZQ resistance in in vitro-selected PZQ resis-
tant lines and new generation molecular technologies are being applied to dissect
transcriptome and genotypic changes in response to PZQ treatment. Clearly, more
effort should be devoted to the molecular determination of putative resistance mark-
ers in light of the fact that PZQ is being relied on so heavily in control efforts.

For several years, investigators have also shown that artemisinin drugs also
exhibit effectiveness against Schistosoma spp. These drugs are natural products
derived from the sweet wormwood plant, Artemisia annua. These drugs have potent
antimalarial activity and are the part of front-line therapies (artemisinin combina-
tion therapies) to treat Plasmodium falciparum on a global basis. Artemisinins
began to be investigated as schistosomiasis drugs in the 1980s and have been used
in patients since the 1990s [39]. Artemisinins are effective against all three major
schistosomes infecting humans and they have a marked effect on immature worms,
with less activity on adult worms (contrast against oxamniquine and PZQ). This
property makes them good drug candidates for use as prophylaxis in areas of high
schistosomiasis transmission [40]. The co-prevalence of malaria and schistosomia-
sis in certain areas brings up the possibility of increasing the risk of artemisinin-
resistant malaria parasites if schistosomes are being targeted. The emergence of
artemisinin-resistant malaria in Southeast Asia has brought much concern to the
judicious use of these drugs and may reduce the chance that they can be used for
schistosomiasis treatment.

Other drugs that have shown promise against schistosomes include synthetic
artemisinin analogs, other antimalarials (mefloquine), and oxadiazoles. Clearly, a
larger portfolio of drugs is necessary to preserve the few effective drugs we have
and also to combat inevitable resistant parasites.

3.8 Control

The control of schistosomiasis is a monumentally difficult undertaking. To show
how much goes into organizing and carrying out region-wide control measures, one
can study the large S. mansoni control project on the Caribbean island of St. Lucia
in the 1970s—1980s [41]. The research team that was assembled for this project
examined the feasibility and cost of three control measures: snail control, chemo-
therapy, and provision of fresh water on the effect on transmission. The island geog-
raphy lent itself well to these separate points of attack, since the studied areas were
not contiguous with one another. A vast amount of data was compiled over the
15-year period of the project, and a detailed cost analysis was made for the reduc-
tion of transmission to a certain level. What became apparent was that the most
cost-effective measure for reducing transmission was the use of chemotherapy. The
provision of fresh water supplies, with all the engineering and labor-intensive efforts
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that they required, was less cost-effective, but brought benefits to the local popula-
tion above that of only reducing transmission. Snail control was difficult to achieve
and used alone, it was not as cost-effective as chemotherapy.

These and other field studies showed that probably the most efficient mode of
attacking the problem was to rely mostly on mass drug administration, in the hopes
of reducing morbidity in the population. Here, control programs, using mass che-
motherapy, usually target entire communities or selected subgroups, such as school-
aged children in places where the prevalence of schistosomiasis is 50 % or higher.
Such efforts would have a good chance for reducing infection intensity, and if
repeated on a periodic basis, gradually reduce transmission and the frequency of
severe disease. However, reinfection (especially in children) is a severe problem for
effective mass drug administration programs. Therefore, along with mass treatment
campaigns, there is a need for parallel operational research, to better define the best
approach for control.

In the ideal world an integration of control measures would be the most produc-
tive and effective means of combating the disease. The WHO currently recommends
a two-pronged strategy for control that includes: (1) morbidity control in high trans-
mission areas using PZQ, and (2) integrated control in low transmission areas where
elimination may be possible [42]. Scientists have long realized that eradication of
schistosomiasis, especially in highly endemic regions, is not likely to occur without
huge monetary outlays and substantial country and local government cooperation.
Elimination of the disease has as much to do with raising the standard of living of
those at risk as to establishing and constantly monitoring a series of control mea-
sures. The integration of a variety of control measures, such as chemotherapy, snail
control, education, access to uncontaminated water sources, and improved hygiene
takes significant manpower and financial resources. The level of resources neces-
sary is often beyond what the communities most affected by the disease can afford.
Nevertheless, at the time of this writing, eradication is the goal of at least one large
field project in Zanzibar, a multi-year effort spearheaded by the SCORE program
(Schistosomiasis Consortium for Operational Research and Evaluation) based at the
University of Georgia (USA).

In recent years, large control programs have been undertaken under the auspices
of the Schistosomiasis Control Initiative (SCI, http://www3.imperial.ac.uk/schisto),
a program established in 2002 through a number of major funding organizations, in
particular the Bill and Melinda Gates Foundation. The mission of the SCI is to use
anti-helminthic drugs to eliminate schistosomiasis and other NTDs such as soil
transmitted helminths, lymphatic filariasis, and onchocerciasis from sub-Saharan
Africa. These diseases not only cause significant mortality, but they often manifest
in extreme morbidity that affects nutrition levels, learning, the ability to work, and
ultimately serve to exacerbate poverty. The SCI estimates that 500 million people in
sub-Saharan Africa are infected by two or more NTDs, so treating people with com-
bination therapies will hopefully affect control of multiple diseases. From the period
of 2002-2007, the SCI facilitated delivery of greater than 40 million treatments of
PZQ and albendazole (a deworming drug effective against multiple species). They
have also assisted countries in the development of sustainable NTD treatment
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programs. SCI also works with other organizations such as the Global Network for
NTDs and SCORE to launch new schistosomiasis control programs and maintain
effectiveness of existing programs.

Historically, many of the control approaches have incorporated methods for snail
control as well, and most investigators think this should be an integral part of effec-
tive long-term control efforts. The WHO has advocated snail control in association
with chemotherapy since 1993 [43]. When used in sync with preventative chemo-
therapy, this integrated approach has led to success in many schistosomiasis control
and elimination programs [42]. Before effective drugs for treating schistosomiasis
were available, removal of snail populations (mollusciciding) was the principal
method of schistosomiasis control. Synthetic molluscicides such as sodium penta-
chlorophenate and niclosamide (Bayluscide) emerged in the 1950s and 1960s to
combat snail populations. Niclosamide is now the only commercially available mol-
luscicide and it has been used in many schistosomiasis control campaigns. Because
of its expense, niclosamide cannot be used long-term and hence, it is not used in
eradicating snail populations but to manage them and suppress transmission. A
large number of other molluscicides have been used, including extracts of natural
products such as Endod, from the African soapberry plant, Phytolacca dodencan-
dra. Considerable research has also been devoted to biological control measures,
using (among others) such natural predators as fish, birds, turtles, crayfish, and
competitor snails. Although intriguing, these alternative molluscicides have not
proven nearly as effective as Niclosamide.

Furthermore, schistosomes that infect humans may be capable of infecting other
indigenous animals (e.g., water buffaloes with S. japonicum) and this potential zoo-
notic transmission must be taken into account when designing control programs.

3.9 Immune Responses and Pathology

No other area of schistosomiasis research has been as vigorously pursued over the
past 30 years as the study of the immunology of the disease. This has led to some
major advances, not only in our understanding of the basic disease, but in the broad
area of inflammation and fibrogenesis of many types of chronic disease states.

In experimental settings, immune responses to the invading cercariae can be
detected as early as 1-2 weeks, depending on the method used for detection. In
mice, antigen-specific lymphocyte proliferation can be detected early in lymph
nodes draining the site of cercarial penetration [44], followed by cytokine produc-
tion, typically involving Th1 pathways.

Once eggs are produced and deposited by the female worms in the tissues, there
are dramatic changes in both the magnitude and character of the immune response.
In mice exposed to S. mansoni, this occurs around 4-5 weeks after cercarial pene-
tration. The host launches a bewildering array of immunological checks and bal-
ances to limit or suppress an otherwise overwhelming infection [45]. What follows
is a strongly polarized Th2 response [46], and immunoregulation occurs to freshly
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deposited eggs in the tissues, so that the immune responses to new eggs later in the
infection are not as florid as those in the earlier stages of the infection. This immu-
nological modulation is a CD+ cell dependent phenomenon.

With so much antigenic insult to the host brought about by a schistosome infec-
tion, surprisingly little reactivity is seen to the live adult worm in the bloodstream.
Specific humoral and cellular responses can be detected to adult stage antigens,
although the adult worms do not seem to be affected much by them. Considerable
research has been conducted on the reasons why this “immune evasion” of the adult
stage may occur. It may be a combination of numerous pathways that the schisto-
somes have evolved over millennia to adapt to the otherwise hostile blood environ-
ment. Some research suggests that antioxidants, in particular glutathione peroxidase
(GPX) and glutathione-S-transferase (GST), may have some role in protecting the
worm surface from free radical-induced tegumental damage [47]. The schistosome
may also have the ability to actively shed and replace the outer tegument [48].
Numerous host molecules have been shown to be associated with the adult tegu-
ment, and there is speculation that, somehow, these may cover and protect the tegu-
mental surface from immune attack.

About one-half to two-thirds of the eggs produced by the mature schistosomes
are never excreted, but remain in the tissues, and are eventually destroyed by the
host’s immune system. As mentioned earlier, the egg-induced granulomatous for-
mation phase (Fig. 3.7a) sets the stage for the pathology we later see in the infec-
tion, and a greater understanding of this process is absolutely essential if we are to
make progress in limiting the damage that tissue fibrosis causes.

The major pathology in schistosomiasis is associated with the development of
tissue fibrosis. It is this accumulating fibrosis, or internal “scarring,” that can result
in irreversible, space-filling lesions, directly affecting tissue architecture and blood
flow through the affected organs. In the case of S. mansoni and S. japonicum infec-
tions, this can lead to complications associated with high portal blood pressure,
such as esophageal varices, and death when these vessels rupture. For S. haemato-
bium infections, complications arising from fibrosis in the urogenital tract include
numerous serious clinical illnesses, as mentioned previously.

In humans and some other primates, an interesting pathologic condition in the
liver can develop called Symmer’s clay pipestem fibrosis, wherein obvious and dis-
tinct fibrotic lesions have developed, as if someone had sectioned a liver after a
series of clay pipestems had been thrust through it (Fig. 3.7b). Figure 3.7c shows a
section of a liver showing the magnitude of the fibrosis around the portal vessels.
The physiologic complications of such invasive liver involvement include portal
hypertension and the related blood flow problems that accompany it. Liver function
seems not to be much affected due to the infection. Liver pathology caused by a
schistosome infection is not to be confused with cirrhosis, which has a different
etiology entirely.

Since fibrosis plays such a large role in the clinical picture of schistosomiasis,
many studies have investigated the underlying control of this process. In fact, much
of the progress in the broad field of fibrosis research has been made possible by
studying schistosomiasis in the mouse. The strong Th2 responses driven by the eggs
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Fig. 3.7 Photomicrographs representing pathology of schistosomiasis. (a) Section of a mouse
liver exhibiting an acute inflammatory cell (granulomatous) reaction surrounding a live S. mansoni
egg (center of photograph). (b) Human liver in which clay pipestems had been embedded in it,
prior to sectioning. This gives an approximation of the pathology leading to the term “clay pipe-
stem fibrosis” in cases of schistosomiasis mansoni. (c¢) Sections of a liver (left side of photo) from
a S. mansoni-infected human (chronic infection). Periportal fibrosis is clearly evident as whitish
regions. Shown on the right is a portion of the spleen

have been a good model to decipher early events in inflammation and later fibrotic
responses. Studying immune responses during the natural infection though is com-
plicated by the continuous egg production by the parasite, and the associated over-
whelming and complicated reactions to the various stages. However, one elegant
experimental model uses the intravascular injection of isolated eggs that lodge in the
lungs of mice, allowing synchronized measurements of inflammatory responses,
cytokine involvement, and other processes involved in egg-induced inflammation
[49]. Similarly, the recently developed procedure of injecting S. haematobium eggs
into the bladder walls of mice is being made use of for exploring the development
of bladder cancer, and other fundamental inflammatory processes caused by this
parasite [50].

The regulation of fibrosis is a subject that is beyond the scope of this chapter, but
a detailed summary by Wynn and Ramalingam describes the latest information on
the regulatory processes involved and the potential pathways that may be targeted
as potential therapies [51].

Investigators have taken experimental advantage of the fact that the schistosome
egg is a potent driver of Th2 responses. In large part, the responses to the eggs have
been studied most extensively in the context as the responses to the soluble egg
antigens (SEA)—a crude PBS-soluble extract obtained from purified and
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homogenized eggs [52]. It is a complex mixture of different glycoproteins, proteins,
polysaccharides, and glycolipids, and efforts have been made to determine more
precisely the components that drive the Th2 response to such levels [53].

3.10 Vaccines

A substantial amount of effort has been spent on trying to develop a vaccine for
schistosomiasis [54—-56]. It has always been thought that an effective vaccine would
reduce the need for repeated drug administration, since an effect of the vaccine
might be reduction or prevention of re-infection. A vaccine would be another tool in
the arsenal of control.

When experimental models were first developed for schistosomiasis, in particu-
lar in the mouse model, it became apparent that there existed some “immunity” to a
cercarial challenge in mice that had an existing adult infection. This so-called “con-
comitant immunity” seemed to be directed against the earlier stages, leaving the
adult worm population unaffected by any immune responses that may have been
stimulated. It gradually became accepted however that (at least in the mouse) this
type of immunity was not based on antibodies or specific cellular responses directed
to the parasite, but rather reflected altered blood flow patterns (as a consequence of
the pathology of the disease) that diverted the normal migration of the immature
worms—shunting them to sites where they could not develop [57]. However, some
evidence in humans does suggest some anti-schistosome specific immunity can
develop after repeated reinfection and drug treatment [23]. Numerous studies are
being conducted in an attempt to determine the mode of action of this protective
immunity, and if there are genetic factors involved in this protection.

In experimental animals, the highest and most consistent levels of protection
have been achieved after exposure to irradiated cercariae. The most “resistant”
mouse strains, such as the C57B1/6, can develop protection as high as 70 % (i.e.,
70 % of the challenge infection, compared to controls, does not mature). Most
evidence suggests also that the target of this type of immunity is the lung stage
schistosomule [58]. Since it would be enormously expensive to develop a standard-
ized attenuated “live” cercarial vaccine, much effort has been devoted to try and
develop a nonliving antigenic extract or recombinant vaccine in the hopes of devel-
oping one with at least the potency of the live attenuated vaccine. Of the several
current candidates, two have reached the level of clinical trials: (1) Sm14, a fatty-
acid binding protein, and (2) the Sh28GST, a GST derived from S. haematobium.
Another experimental vaccine showing promise for future development is an S.
mansoni tetraspanin (Sm-TSP-2). This antigen has also been shown to be recog-
nized by IgG1l and IgG3 from parasite resistant individuals from S. mansoni
endemic areas in Brazil [59].

As with any of these experimental vaccines, it may be one thing to develop an
effective one in mice, or other lab animals, but quite another when used in field tri-
als. Recent work in Brazil showed that preexisting IgE to a helminth vaccine (in this
case for hookworm) led to urticaria in some individuals [60].
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3.11 Genomics and Proteomics

Within the last few years, scientists have gathered a wealth of information about the
genomes of S. mansoni, S. japonicum, and S. haematobium. The sequences for both
S. mansoni and S. japonicum were published in 2009 [61, 62], followed by that for
S. haematobium in 2012 [63]. By mining these datasets scientists are hoping to
develop new approaches for drug discovery, identify vaccine candidates, and dis-
cover other tools in the arsenal for controlling schistosomiasis. This new informa-
tion may allow us also to gain a better understanding of the mechanisms whereby
these organisms are able to live for extended periods of time in tissues of both ver-
tebrate and invertebrate hosts, as well as spending a shorter period of time, as differ-
ent stages entirely (cercariae and miracidia), as free-living organisms.

We have known for some time that schistosomes have eight chromosome pairs
(seven autosomal pairs and one pair of sex chromosomes) [64]. The females are of
heterogametic sex (ZW), and the males homogametic (ZZ). Early characterization
of schistosome DNA showed that it contains both moderate and highly repeated
components [65]. From the recent sequence data, repetitive elements comprise
about 40 % of each of their genomes. About one-fourth of the genome is composed
of retrotransposon mobile genetic elements.

The recently published sequence data show obvious similarities in the overall
genomic profiles for all three species. For example, draft genome estimates are 397
Mb for S. japonicum, 363 Mb for S. mansoni, and 385 Mb for S. haematobium. All
three species possess a GC content of about 34 %. The numbers of coding genes for
all three are also roughly comparable; 13,469 for S. japonicum, 13,184 for S. man-
soni, and 13,073 for S. haematobium. Some differences are noted, however, indicat-
ing what previous studies have inferred—S. mansoni and S. haematobium are more
closely related to each other than they are to S. japonicum. This is perhaps not sur-
prising, considering the geographic distribution of each species, and by the vastly
different families of snail hosts used by them (planorbids for S. mansoni and
S. haematobium, and prosobranchs for S. japonicum).

A broad range of genomic and proteomic studies are now emerging taking
advantage of the information gained from the sequence information that is now in
the public domain. Among them are studies investigating potential drug targets,
vaccine candidates, genes important in reproductive biology [66] and basic knowl-
edge that render schistosomes such successful parasites, in both mammalian and
molluscan hosts [67, 68]. These should complement also new approaches for drug
screening, such as that being developed in vitro that may enable a more logical and
cost-effective approach to the design of antischistosomal drugs [69].

3.12 Concluding Remarks

Schistosomiasis has plagued humanity for thousands of years. However, the last two
decades have shown that progress is being made to reduce it in large-scale efforts.
While funding for schistosomiasis research is still negligible in comparison to the
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worldwide problem, it is encouraging that funding is becoming available from a larger
number of sources than in the past, and various research consortia have been estab-
lished with the common goal of reducing the impact schistosomiasis has on those in
endemic areas. A large part of reducing morbidity has been conducted through several
mass-drug administration campaigns. Effort is also being made to fine tune the control
approach so that they deliver the “biggest bang for the buck,” while incorporating new
scientific knowledge to the problems at hand. PZQ remains the most effective weapon
for schistosomiasis control and its use will only increase in the foreseeable future.
However, the over-reliance on PZQ in mass drug administration programs brings the
potential for drug resistance to the forefront. Losing the effectiveness of this primary
drug would be devastating to schistosomiasis control, along the lines of losing arte-
misinin effectiveness for treating malaria (which is emerging in Southeast Asia).
Because schistosomiasis vaccines may not be formidable weapons to combat the dis-
ease in the foreseeable future, there is an urgent need for new effective drugs. Until we
see new methods of control or other drugs emerge for treatment, schistosomiasis pre-
vention and control programs must incorporate surveillance and monitoring of mass
drug administration programs to detect any sign of emerging resistance.

In the meantime, it is encouraging to see more research being conducted on the
basic biology of the parasite, and comparative studies now being conducted with
available genomic information to address issues that have long confronted us. There
are many, but the more compelling among them are as follows: (1) how does the
parasite adapt so quickly to the environment between a molluscan and mammalian
host, (2) what triggers stimulate the adults to migrate to their organ-specific egg-
laying sites in venules, and (3) how can adults live so long in the bloodstream, an
obviously hostile place for so many other pathogens?

As we have demonstrated, the research area of schistosomiasis is vast and varied.
We hope this chapter gives the reader a starting point to explore the various avenues
of this research in more depth.

We would like to draw the reader’s attention to several online resources to gain a
better understanding of schistosomiasis and the direction research and control mea-
sures are taking. The CDC DPDx Web site is an excellent resource for general
information on schistosomiasis (http://dpd.cdc.gov/dpdx/HTML/Schistosomiasis.
htm). A good source of information on drug treatment programs is given in the Web
site for the Schistosomiasis Control Initiative (SCI, http://www3.imperial.ac.uk/
schisto), as well as the one for Schistosomiasis Consortium for Operational Research
and Evaluation (SCORE) at http://score.uga.edu. SchistoDB (http://schistoDB.net/)
is a genomic database for Schistosoma mansoni, containing sequences and annota-
tion for S. mansoni in a user-friendly database. For lab applications, there are sev-
eral standard operating procedures available on the NIAID Schistosomiasis
Resource Center Web site at http://www.schisto-resource.org.
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Chapter 4
Fascioliasis

Santiago Mas-Coma, M. Adela Valero, and M. Dolores Bargues

4.1 Introduction

Considered a well-known veterinary problem of worldwide distribution, fascioliasis
is the vector-borne parasitic disease presenting the widest latitudinal, longitudinal and
altitudinal distribution known at present [1, 2]. In the last two decades, many surveys
have shown it to be an important public health problem as well [3-6], including esti-
mations of 2.4 million, up to 17 million people, or even higher depending from the
hitherto unknown situations mainly in several regions of Asia and Africa [7].

The increasing number of human case reports in many countries of the five con-
tinents and the results of studies on pathogenicity and immunity, mainly regarding
the chronic period of the disease, are the reasons why it has been decided to no
longer consider fascioliasis merely a secondary zoonotic disease, but an important
human parasitic disease [8] and include it as a food-borne trematode disease priority
within the agenda of the World Health Organization (WHO) [9].

4.2 Systematics and Morphology of Casual Agents

Fascioliasis is caused by two species which belong to the subfamily Fasciolinae:
Fasciola hepatica and F. gigantica. This subfamily includes digeneans which infect
the liver and more rarely duodenum and lungs of their mammal hosts, are morpho-
logically characterized by branched caeca and dendritic testes, and are transmitted
by snails of the family Lymnaeidae [6].
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Fig. 4.1 Adults and eggs

of fasciolid species: (a) adult
stage of Fasciola hepatica
from Bolivia; (b) adult stage
of F. gigantica from Burkina
Faso; (c) egg of F. hepatica
found in stools of a human
patient from the Bolivian
Altiplano endemic area;

(d) egg of F. gigantica

found in a faecal sample of a
bovine from Bobo Dioulasso,
in Burkina Faso. Note almost
absence of shoulders and
parallel lateral body borders
in the adult of F. gigantica
(b). (a, b) at the same scale;
(¢, d) at the same scale. For
measurements of adult stages
and eggs of both fasciolids
see text and Table 4.1 (Orig.
S. Mas-Coma)

The adult stage of both fasciolid species has a leaf-shaped body, with a broadly
pointed posterior end. The two suckers are relatively small and located close one
another in a cone-like anterior extension of the body. The pharynx is well visible.
The intestinal caeca are long, reaching the posterior end of the body and presenting
a large number of lateral branches. The two branched testes are located in a longitu-
dinal tandem, within the second and third fourth of the body. The cirrus pouch,
containing a protrusible spined cirrus, is prominent, preacetabular and opens in a
postbifurcal genital pore. The branched ovary is pretesticular and dextral. The vitel-
laria extend bilaterally up to the hindbody. The short uterus is located between the
ovary and the caecal bifurcation. The eggs are operculated, ovoid, yellow and non-
embryonated when laid (Fig. 4.1).

The two species differ in size. The adult stage of F. hepatica has a maximum
length of 29.0 mm and a maximum width of 14.1 mm (Fig. 4.1a), whereas in
F. gigantica it shows a maximum size reaching 52.3 mm and 11.8 mm (Fig. 4.1b),
respectively. Thus, F. gigantica is more elongate and narrower, with lateral walls
tending to be parallel, and with non-existent or less marked shoulders of the cephalic
cone. Moreover, in F. gigantica caeca are more branched, mainly those toward the
midline of the body, and the branches of the ovary are more numerous and longer.
Morphometrically, all the measurements overlap in specimens of “pure” F. hepatica
and “pure” F. gigantica, except the maximum body length, maximum body width,
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body length—body width ratio, body roundness, and the distance between the ventral
sucker and the posterior end of the body [10]. These features allow for the pheno-
typical differentiation between the two species.

However, hybrid specimens may give rise to intermediate forms in those endemic
areas where the two species overlap [6]. The presence of such phenotypically inter-
mediate adult and egg forms has been proved in Egypt [11], Iran [12] and Pakistan
[13]. Additionally, comparisons of adults and eggs of liver fluke populations from
different host species, and adults and eggs experimentally obtained in laboratory
rats infected with isolates from different natural hosts revealed that the definitive
host species decisively influences the size of adult worms and eggs, and that this
influence does not persist in a heterologous host [14]. Thus, morphometric com-
parisons of fasciolid populations should always be made inside the same definitive
host species.

4.3 Life Cycle

The adult stage of F. hepatica and F. gigantica parasitizes the large biliary passages
and the gallbladder of ruminants, mainly sheep, goats and cattle, and many other
herbivorous domestic and wild animals, including horses, donkeys, mules, and also
Old and New World camelids. Buffalo, deer, wild boar, various marsupials, rabbit,
hare and nutria are also susceptible hosts. Grazing domestic pigs may also be
infected, but this host usually shows a higher natural resistance against the liver fluke
[15]. Several African wild animals and many rodent species have been found natu-
rally infected, and other species are usually used for experimental purposes [16—18].
Humans are susceptible hosts for the infection by both Fasciola species [6].

The life cycle of the two fasciolids takes around 14-23 weeks and follows a
similar pattern [1, 15].

Fasciolid adults produce eggs inside the mammal host. These eggs reach the
external milieu by way of bile and intestine. The transit between the definitive mam-
mal host and the intermediate snail host includes the long resistance phase of the
egg and the short active phase of miracidium. Eggs shed with the mammal faeces
will only continue their development if they reach freshwater of appropriate
physico-chemical characteristics. If the climatic conditions are suitable (15-25 °C),
the miracidia develop and hatch in about 9-21 days. However, when conditions are
unfavourable, they may not mature but may remain viable for several months.

The miracidium hatches under light stimulation and swims rapidly until it con-
tacts an appropriate aquatic or amphibious snail host. The development takes place
inside the intermediate snail host and includes miracidium penetration into the snail,
sporocyst, redial generations, production of cercariae and shedding of the latter into
water. A maximum of four redial generations have been found, although 3 genera-
tions are usually produced after monomiracidial infection. The redial generations
follow the same developmental pattern in different lymnaeid species. Redial genera-
tions follow a complex development [19]. The stage of cercaria develops within
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Fig. 4.2 Encysted
metacercariae of Fasciola
hepatica attached to a leaf
of a freshwater plant
(Orig. S. Mas-Coma)

6-7 weeks at 20-25 °C, its development being delayed at lower temperatures. Thus,
the prepatent period is dependent on temperature, higher temperatures reducing it
(15 °C: 56-86 days; 25 °C: 38 days).

A short swimming phase of cercaria and a long resistance phase of metacercaria
allow for the transit between snail host and mammal host. The shedding process
takes place between 9 and 26 °C, independently of light or darkness. Cercariae
swim for a short time (1 h) until contacting a solid support, mostly leaves of water
plants above or below the water line. They then lose their tails, quickly encyst and
become infective within 24 h.

The definitive host is infected by ingestion of metacercariae (Fig. 4.2).
Metacercariae excyst in the small intestine within an hour after ingestion, penetrate
the host’s intestine wall, and appear in the abdominal cavity by about 2 h after inges-
tion. Most migrating juveniles reach the liver within 6 days after excystment. In the
liver they migrate for 5-6 weeks, preferentially feeding directly on liver tissue.
They finally penetrate into the bile ducts where they become sexually mature.

The prepatent period (from the ingestion of metacercariae to the first appearance
of the first eggs in the faeces) is about 2 months (6—13 weeks) in sheep and cattle,
varies according to the host, and also depends on the number of the adult flukes in
the liver [20]. In humans, a period of at least 3—4 months is necessary for the flukes
to attain sexual maturity. The lifespan of the parasite in sheep can be as long as 11
years and 9—12 months in cattle. In humans, estimations from several long-term
case reports suggest a lifespan of the adult fluke between 9 and 13.5 years.

4.4 Lymnaeid Snail Vectors

The development of fasciolid larval stages is very dependent of the environmental
characteristics according to the nature of the free living phases which take place in
the external freshwater milieu, and the parasite phase which develops inside the
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Fig. 4.3 Main species of
lymnaeid vectors of
fascioliasis in dorsal view: (a)
specimen of Galba truncatula
from Europe; (b) specimen of
Radix natalensis from Africa.
Note larger size of the latter
(photographs at the same
scale) (Orig. S. Mas-Coma)

freshwater snail, in its turn also very dependent from the environment. That is why
this disease is pronouncedly influenced by climate change [21]. The similarity in the
relationships between snails and climate/environment resembles the one known in
arthropods participating in the transmission of many infectious diseases and under-
lies the recent trend of using the term vector also for the intermediate lymnaeid snail
hosts transmitting fascioliasis.

Vectors of Fasciola are freshwater gastropod snails of the family Lymnaeidae
(Fig. 4.3). Different lymnaeid species transmit the two fasciolids, which show a
marked and different specificity. There are species of Lymnaeidae which cannot
transmit fasciolids, other lymnaeid species which transmit F. hepatica, other lym-
naeid species which transmit F. gigantica and a very few which are able to transmit
the two fasciolid species. However, recent molecular studies on lymnaeids have
shown that lymnaeid species misclassifications have been usual [22] and addition-
ally hybridization phenomena between the two Fasciola species were unknown in
the past, so that results of many of the old fasciolid-lymnaeid specificity experi-
ments should be re-assessed [6].

Molecular studies indicate that F. hepatica is mainly transmitted by species of
small size belonging to the so-called Galba/Fossaria group [23, 24], including
Galba truncatula as the main vector and the only one in Europe, but also present in
Africa, Asia and South America (Fig. 4.3a); Lymnaea humilis, L. bulimoides and
L. cubensis in North America, L. cubensis in the Caribbean; L. neotropica, L. cous-
ini and L. viator in South America; and L. tomentosa in Australia. The recent dis-
covery of L. schirazensis, another species of the same Galba/Fossaria group which
appears to have been always confused with G. fruncatula and other similar vector
species, in Asia, Europe, Africa, the Caribbean, North America and South America,
has highlighted potential specimen classification problems distorting fasciolid—snail
specificity/susceptibility and fascioliasis geographical distribution data. This unex-
pected finding now recommends the need to review a large body of literature on
G. truncatula [24].

The species Fasciola gigantica is transmitted by species of the genus Radix, mainly
R. natalensis in Africa (Fig. 4.3b) and varieties of R. auricularia and R. viridis in
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Asia [22]. Pseudosuccinea is a monospecific genus including the species P. columella
which has colonized all continents and appears to be able to transmit both Fasciola
species [25].

A few species among the lymnaeid group of the stagnicolines have proved their
capacity to transmit F. hepatica under exceptional or local natural conditions in a
few areas, such as L. (Stagnicola) palustris and L. (S.) fuscus, and closely related
species such as Omphiscola glabra [26].

Lymnaeid vectors, with their geographical distribution, define not only the distri-
bution of fascioliasis, but may also explain the distribution of human infection
within a country, as has been recently observed in Venezuela [27] and Chile [28],
and, within an endemic area, its seasonality or permanent transmission [29].

4.5 Epidemiology

Despite of the restrictions imposed by the necessary climate/environment thresh-
olds, F. hepatica has succeeded in expanding from the Near East original geographi-
cal area up to actually colonize the five continents. In its turn, F. gigantica appears
restricted to areas of Africa and Asia where Radix vectors allow for their transmis-
sion [6]. It should be emphasized, however, that a global analysis of the geographi-
cal distribution of human infection shows that the expected correlation between
animal and human fascioliasis only appears at a basic level. High prevalences in
humans do not seem to be necessarily related to high prevalences in livestock.
Similarly to other water-borne parasitic diseases such as schistosomiasis, within
a human endemic area it has been seen that human and animal infection appears
irregularly distributed. The transmission foci are patchily distributed and linked to
the presence of appropriate water collections, and human prevalences in school chil-
dren appear to be related to the distance to water bodies presenting lymnaeids [29].

4.5.1 Distribution of Human Fascioliasis

In Europe, France is the endemic area where a higher number of human cases have
been reported [30]. The first large modern epidemic of human fascioliasis occurred
in that country in 1956 [31]. Between 1950 and 1983, a total of 3,297 cases from
published reports were catalogued [32]. Most cases were reported from the areas of
Lyon, Bretagne Nord—Pas de Calais and Sud-Ouest. More recent reports on Sud-
Ouest France refer to more than 300 cases [33, 34]. Reports on 5,863 human cases
were recorded from only nine hospitals between 1970 and 1982 [35], demonstrating
that published data were largely underestimating the real situation. The disease is
also important in Portugal, with the northern part of the country as a marked
endemic area, including 1,011 cases diagnosed in Porto between 1970 and 1992 [36].
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Fig. 4.4 Transmission focus of human fascioliasis in the Nile Delta region, in Egypt, with Galba
truncatula, Radix natalensis caillaudi and Pseudosuccinea columella as vector species transmit-
ting both Fasciola hepatica and F. gigantica infecting children (Orig. S. Mas-Coma)

In Spain, human fascioliasis appears to be underestimated and mainly distributed in
the northern part [37], with imported cases recently added to authochthonous ones
[38]. In other parts of Europe, human infection appears to be sporadic, although
reported from almost all countries [39].

In Asia, the Near East appears as an important focus of human infection, con-
cerning mainly Iran and Turkey. In Iran, human cases appear above all concentrated
in the province of Gilan, at the Caspian Sea, where several large epidemics, includ-
ing thousands of human cases, were reported from the end of the 1980s and during
the 1990s [40—42]. In Mazandaran, fascioliasis has recently shown to be a human
health problem too [43], and many reports have very recently been published on
human cases diagnosed in other provinces. In Turkey, human infection does not
seem to be rare. The detection of a 1.8 % human prevalence in a village in Eastern
Turkey [44] suggests that this endemic area may be largely widespread throughout
the eastern part of the country.

In the Far East, cases in Japan and Korea are sporadic, but recent information on
Vietnam becomes bothering [45]. Only occasional cases of human fascioliasis were
reported in Vietnam until the 1990s, but over 500 human cases have been diagnosed
between 1997 and 2000 [46] and with non-stop increasing numbers thereafter [47,
48]. A recent report of a 13.8 % human prevalence in a village of Laos [49] may be
interpreted as an epidemiological situation with a broader spread throughout south-
eastern Asia.

In Africa, numerous human cases have been detected in many governorates of
Egypt, mainly children (Fig. 4.4) [50-54]. Initial estimations of 830,000 subjects
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Fig. 4.5 Typical focus of transmission of animal fascioliasis in Cuba, with Lymnaea cubensis as
vector species (Orig. S. Mas-Coma)

affected in the Nile Delta region [4] probably underestimate the real situation if the high
prevalences reaching 18-19 % in total population in concrete villages [54] are
considered.

In Latin America, human infection appears mainly in altitude areas of the Andean
region. In the Bolivian Altiplano, human prevalences were of up to 72 % and 100 % in
coprological and serological surveys, respectively [29, 55-59], and intensities reached
up to more than 8,000 eggs per gram (epg) in children [6]. Similar situations, although
with lower intensities, have been described in other altitude areas of Peru, such as in
Puno [60], Mantaro valley [61] and Cajamarca [62]. Human infection has also been
described in altitude areas of Ecuador, Colombia, Venezuela and recently also in
Argentina [25, 63, 64]. A few human endemic areas have also been described in low-
land areas in countries of the Southern Cone, such as Argentina [65] and Chile [28, 66].

Very recently, a human fascioliasis endemic area has been described for the first
time in North America. Children proved to be infected in the state of Puebla, at a
mean altitude of 1,840 m. Fascioliasis prevalences indicate this area to be mesoen-
demic, with isolated hyperendemic foci, a situation which adds concern about pos-
sible human fascioliasis underestimation in other areas of Mexico [67].

In the Caribbean region, human fascioliasis mainly poses problems in Cuba,
where the first human case was already diagnosed in the first half of last century
[68], many outbreaks have been reported [39] since the first one [69], losses in live-
stock husbandry due to fascioliasis are very high [70], and patients are continuously
diagnosed [71, 72], even in high numbers [73]. In that island, the disease transmis-
sion is assured by two lymnaeid vectors, L. cubensis and Pseudosuccinea columella
(Fig. 4.5). Unfortunately, appropriate field surveys are still lacking [74] and hence
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the real situation in the different parts of the island remains unknown. Puerto Rico
may still be considered a human infection risky area after the epidemiological situ-
ation in the past [75], and Haiti has recently proved to be also affected by this dis-
ease at human level nowadays [76], although human infection was already detected
in Haiti time ago [77].

4.5.2 The Present Epidemiological Baseline

The present baseline on human fascioliasis pronouncedly differs from the knowl-
edge available on human infection two decades ago. Many new concepts have been
reached on human fascioliasis from the 1990s up to the present. A list of key aspects
may be enumerated [6]:

1.

In many areas, there are true human fascioliasis endemic situations, from hypo-
to hyperendemics, which is very different of the old concept of humans only
becoming infected sporadically in animal endemic areas.

In those endemic areas, high prevalences in humans (up to more than 70 % by
coprology and even reaching 100 % by serology) do not appear to be necessar-
ily related to high prevalences in domestic animals.

In human endemic areas, fascioliasis mainly affects children and females, with
flukes infecting even at very precocious age (1-2-year-old children), usually
showing a peak around 9-11 years and declining thereafter, although it may
keep high prevalences in adults too (up to 40 % in given communities).

. Worldwide estimations raised from the 2,500 reports of 1990 to 2.4 million, 17

million people and may even be higher at present if the almost total lack of
knowledge about the situation of this disease in humans in many African and
Asian countries is taken into account.

. Human infection has been reported in 51 different countries from the five con-

tinents, showing how geographically expanded the problem might be.

. The analysis of the distribution of the disease has shown that fascioliasis is the

vector-borne parasitic disease showing the widest latitudinal, longitudinal and
altitudinal distribution known.

. Such a broad distribution including from under sea level (as in the Caspian area)

up to the very high altitude (4,200 m at the Paso del Condor in Venezuela) is the
consequence of the great capacity of both liver flukes and lymnaeid vectors to
colonize new areas and their great capacity for adaptation to very different environ-
ments, habitats and climates, even of extreme conditions as the very high altitude
regions in Andean areas, where mathematical models well-known for fascioliasis
in lowlands of the Northern Hemisphere indicated that the disease could not exist.
In human endemic areas, intensities, estimated from amounts of epg of faeces,
may reach up to more than 8,000 and amounts higher than 400 epg may be
frequent in given communities, which markedly differs from the very low bur-
dens (usually from less than 1 to 1-2 epg) reported before the 1990s.
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10.

11.
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Domestic animal species other than the usual sheep and cattle may also play an
important role as reservoirs for humans in many different endemic areas, as
mainly pigs, donkeys and buffaloes, depending from the regions.

The snail family of lymnaeids shows a systematic-taxonomic chaos which even
impedes correct classification of snail specimens by malacology experts, as
demonstrated by DNA sequencing methods; classification errors underlie a
concept of fasciolid—lymnaeid specificity which must be revisited.

Lymnaeid species linked to the disease transmission in many human endemic
areas were erroneously classified as local lymnaeid species, whereas in fact
lymnaeid vector species imported from other continents were involved. This,
together with importation/exportation of fasciolid-infected livestock, has given
an international dimension to the public health problem in many areas where
the disease was previously given local repercussion only.

The above-mentioned issues have given rise to a new platform for the analysis

and interpretation of the human disease which is very different from a simple
extrapolation from the traditional knowledge of fascioliasis in livestock.
Unfortunately, sometimes not sufficient importance is given to this new base or it is
not considered at all and consequently incorrect interpretations and erroneous con-
clusions are increasingly appearing in the recent literature.

4.5.3 Epidemiological Heterogeneity of Human Fascioliasis

After many years of studies on different areas presenting human infection by fasciolid
liver flukes in South and Central America, Europe, Africa and Asia, the classification
of epidemiological situations proposed by Mas-Coma et al. [6] still appears to be fully
valid and useful. This classification includes the following human infection situations:

Authochthonous, isolated, non-constant cases: humans acquire the infection in
an area where they live and where animal fascioliasis is also present; these human
cases appear sporadically, without any constancy.

Imported cases: human cases diagnosed in a zone lacking the parasite, even in
animals, who were infected in an area where transmission occurs.

Endemic: three types of endemic situations can be distinguished according to
human prevalences in the total population obtained by coprological diagnosis
(data from serological tests may be somewhat higher).

— Hypoendemic: prevalence less than 1 %; arithmetic mean intensity less than
50 epg; high epg numbers only in sporadic cases; human participation in
transmission through egg shedding may be neglected; hygiene—sanitation
characteristics usually including latrines and waste or sewage disposal facili-
ties; outdoor defaecation is not commonly practised.

— Mesoendemic: prevalence between 1 and 10 %; 5—15-year-old children may
present higher prevalences (holoendemic); arithmetic mean intensity in
human communities usually between 50 and 300 epg; individual high epg
numbers can be found, although intensities over 1,000 epg are rare; human
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subjects may participate in transmission through egg shedding; hygiene—
sanitation characteristics may or may not include latrines and waste or sewage
disposal facilities; outdoor defaecation may be practised.

— Hyperendemic: prevalence more than 10 %; 5-15 year-old children usually
present higher prevalences (holoendemic); arithmetic mean intensity in human
communities usually more than 300 epg; individual very high epg numbers are
encountered, intensities over 1,000 epg being relatively frequent; human sub-
jects significantly participate in transmission through egg shedding; hygiene—
sanitation characteristics not including the use of latrines; no proper waste or
sewage disposal facilities; indiscriminate defaecation is commonly practised.

» Epidemic: there are different types of outbreaks according to the endemic/
non-endemic situation of the zone.

— Epidemics in non-human endemic but animal endemic areas: outbreaks
appearing in zones where previous human reports have always been isolated
and sporadic; such outbreaks usually concern a very few subjects infected
from the same contamination source (family or small group reports; contami-
nated wild, home-grown or commercially grown watercress or other
metacercariae-carrying vegetables).

— Epidemics in human endemic areas: outbreaks appearing in zones presenting
human endemics; a more important number of subjects may be concerned;
usually related to previous climatic conditions having favoured both the para-
site and the snail life cycles; epidemics can take place in hypoendemic, meso-
endemic and hyperendemic areas.

Fascioliasis presents a very wide spectrum of transmission and epidemiological
patterns in human hypoendemic to hyperendemic areas. These are related to the large
diversity of environments, including different human endemic/epidemic situations,
different human demographies, races, diets, habits, traditions and religions, different
domestic and wild mammal reservoir species, different lymnaeid transmitting species,
zones in both the Northern and Southern hemispheres, altitudes from —27 m up to
4,200 m, hot and cold weathers, seasonal and yearly constant temperatures, scarce to
pronounced annual rainfall, low and high mean annual potential evapotranspiration,
and from lack of dry period to lack of wet period through different dryness/humidity
rates. From the landscape point of view, these areas include from altiplanos to valleys,
from islands to mainlands, from natural to artificial irrigations, from lakes to lagoons,
from large rivers to small streams, and from permanent to temporal water bodies [1].

4.5.4 Transmission Patterns in Human Fascioliasis Areas

A classification of transmission patterns has been proposed [78] and is progres-
sively updated to offer a baseline for future research [6]:

1. A very high altitude pattern related to only F. hepatica transmitted by imported
G. truncatula in Andean countries following transmission throughout the
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year; within this category, two subpatterns may be distinguished according to
physiographic and seasonal characteristics.

(a) The altiplanic pattern, with transmission throughout the whole year, e.g. in
the Northern Bolivian Altiplano and the Puno Altiplano.

(b) The valley pattern, with seasonality and prevalences and intensities related
to altitude, e.g. in the valleys of Cajamarca and Mantaro [79];

2. A Caribbean insular pattern, with reduced but repeated outbreaks in human
hypoendemic areas and lymnaeid species other than the main vector spe-
cies being involved in the transmission, e.g. the Pinar del Rio Province in
Cuba.

3. A pattern related to Afro-Mediterranean lowlands, including overlapping
F. hepatica and F. gigantica and several Galba/Fossaria and Radix lymnaeids
together with secondary transmitting Pseudosuccinea, and where seasonality is
typical, e.g. the Behera Governorate in Nile Delta region in Egypt.

4. A pattern related to Caspian surrounding areas, including human hypoendemic
areas in which large epidemics occur, occasionally involving up to 10,000 people
and with overlapping of F. hepatica and F. gigantica and several Galba/Fossaria,
Radix and stagnicoline lymnaeids, e.g. the area of Rasht and Bandar-e Anzali in
the Gilan province in Iran.

5. A pattern related to lowland areas in Vietnam, which may perhaps be extrapo-
lated to other neighbouring South East Asian countries; this pattern is able to
give rise to large human epidemics and is related to only/mainly F. gigantica and
consequently Radix lymnaeids.

Human fascoliasis shows a marked heterogeneity of different epidemiologi-
cal situations and transmission patterns throughout the world. Thus, well-known
situations and patterns of fascioliasis may not always explain the disease char-
acteristics in a given area. In other terms, when dealing with an endemic zone
not previously studied, the aforementioned situations and patterns of human
infection must always be taken into account merely as the starting base. Only
once epidemiology and transmission characteristics of the new area are suffi-
ciently assessed, may appropriate control measures be designed for the endemic
area in question.

The lymnaeid vector species show a relationship with the transmission pattern.
Lymnaeids present pronouncedly different ecological and ethological characteris-
tics depending on the species. Factors such as type of water collection habitats,
population dynamics, temperature thresholds, seasonality, or susceptibility regard-
ing liver fluke infection, are crucial for fascioliasis. As in other well-known vector-
borne parasitic diseases, lymnaeids constitute excellent markers of the disease
characteristics useful for the differentiation between different human fascioliasis
situations and patterns, and consequently their assessment is necessary before the
appropriate control strategies may be designed.
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4.5.5 Seasonality and Long-term Impacts of Climate
and Global Changes

Climatic factors are decisive in the transmission of fascioliasis. The yearly defini-
tive host infection incidence of fascioliasis has been related to air temperature, rain-
fall and/or potential evapotranspiration. These factors affect the intermediate snail
host population dynamics and the parasite population at the level of both the free
living larval stages of egg and metacercaria and the intramolluscan parasitic larval
stages of sporocyst, rediae and cercariae.

Seasonal variation of mainly rainfall and temperature gives rise to different fas-
cioliasis seasonality depending on the areas. In Europe, the transmission of the dis-
ease is typically bi-seasonal, due to the activity periods of the lymnaeid vectors in
spring and autumn. In the Bolivian Altiplano, however, the transmission takes place
throughout the year, lymnaeid vector populations being always present because of
inhabiting permanent water bodies instead of temporary ones due to the high evapo-
transpiration rates at the very high altitude [29]. In other areas, the transmission
appears mono-seasonal, due to the existence of only 1 year period with water
availability and another period of dryness covering the rest of the year.

Man-made modifications of the environment may also modify the seasonality of
fascioliasis in a given endemic area. Thus, artificial field irrigation appears to be
sufficient by its own to allow for fascioliasis transmission in Cambodia [80, 81]. In
the province of Punjab, in Pakistan, a complex transmission model has recently
been described, including bi-seasonality with a peak related to rainfall and another
peak related to man-made irrigation [82].

Unfortunately, climate change overlaps other anthropogenic and environmental
modifications which are included in the broad term of “global change.” Global change
refers to many man-made environmental changes such as hydrological changes, e.g.
construction of dams, irrigation canals, water reservoirs, that establish suitable new
environments for the snail vectors that transmit the parasites [21]. Hence, global change
factors are able to pronouncedly influence parasitic diseases by their own, so that estab-
lishing the causality of disease emergence by climate change is usually not an easy
task. However, the aforementioned Pakistani province of Punjab is the first endemic
area where the emergence of human infection has been correlated with an increase of
fascioliasis transmission risk due to an impact of climate change throughout a 20-year
period by means of an analysis of forecast indices and remote sensing data [82].

4.5.6 Sources of Human Infection

The ingestion of infective metacercariae by humans may occur by different ways.
Several infection sources have been distinguished in studies performed in the last
two decades [7]:

* Ingestion of freshwater wild plants: important in animal endemic areas
¢ Ingestion of freshwater cultivated plants, mainly watercress
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Fig. 4.6 Freshwater plant usually included in human diet in a focus of fascioliasis transmitted by
Galba truncatula in Talesh mountains, province of Gilan, in Iran (Orig. S. Mas-Coma)

¢ Ingestion of terrestrial wild plants: collected in dry habitats but which were
submerged in water a few weeks or months before

¢ Ingestion of terrestrial cultivated plants needing frequent irrigation

* Drinking of contaminated water

* Ingestion of dishes and soups made with contaminated water

* Washing of kitchen utensils or other objects with contaminated water

¢ Ingestion of raw liver infected with migrating metacercariae which may keep the
capacity to restart migration

Cultural traditions prove to be highly important in given endemic areas.
Experimental studies performed with plant-made foods showed the role they may
play in human contamination in the province of Gilan, Iran (Fig. 4.6) [83].

In Mexican children, an association between fascioliasis and the habit of eat-
ing raw vegetables was identified, including watercress and radish with pro-
nouncedly higher relative risk than lettuce, corncob, spinach, alfalfa juice, and
broccoli. The link of fascioliasis risk with consumption of raw vegetables other
than watercress should be highlighted, as it suggests contamination when wash-
ing terrestrial vegetables with untreated water and/or in plant cultures using natu-
ral water for irrigation [67].

It shall be considered that metacercarial infectivity is dependent upon storage time,
being lower when metacercariae are older: the maximum longevity was 31 and 48
weeks using doses of 20 and 150 metacercariae per rat, respectively, although in the
latter case only a very low percentage was viable. Moreover, metacercarial viability
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and infectivity did not show differences between isolates from different reservoir
species, demonstrating that flukes from secondary reservoirs as pigs and donkeys
involve the same potential risk as those from the main ones sheep and cattle [84].

4.6 Pathology and Symptomatology Clinical Manifestations

Four clinical periods may be distinguished in fascioliasis [3, 8, 15, 85]. The incuba-
tion period includes from the ingestion of metacercariae to the appearance of the
first symptoms. In man, this period has not been accurately determined (only “a
few” days, 6 weeks, 2-3 months or even more). The invasive or acute period com-
prises fluke migration up to the bile ducts. The latent period includes maturation of
the parasites and starting of oviposition. This period can last for months or years and
the proportion of asymptomatic subjects in this phase is unknown, being often dis-
covered during family screening after a patient is diagnosed [86]. Patients may have
prominent eosinophilia suggestive of infection, gastrointestinal complaints or one
or more relapses of the acute symptoms. Finally, the biliary, chronic or obstructive
period may develop after months to years of infection. Of these four periods, the
second and fourth are the most important, because patients are in one or another of
these two periods almost always when diagnosed.

4.6.1 Invasive or Acute Period

The symptomatology which appears during this period is due mainly to mechanical
destruction of liver tissue and abdominal peritoneum by the migrating larvae caus-
ing localized or generalized toxic and allergic reactions lasting 2—4 months. The
major symptoms of this phase include fever, abdominal pain usually in the right
hypochondrium or below the xyphoid, gastrointestinal disturbances such as loss of
appetite, abdominal flatulence, nausea and diarrhoea, respiratory symptoms such as
cough, dyspnoea, hemoptysis and chest pain, and also urticaria.

4.6.2 Biliary, Chronic or Obstructive Period

Once in the bile ducts, adult flukes cause inflammation, hyperplasia of the epithe-
lium, and thickening and dilatation of duct and gall bladder walls. The resulting chol-
angitis and cholecystitis, combined with the large body of the flukes, are sufficient to
cause obstruction. This phase includes biliary colic, epigastric pain, fatty food intol-
erance, nausea, jaundice, pruritus and right upper-quadrant abdominal tenderness,
among others. Lithiasis of the bile duct or the gall bladder is frequent, whereas
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cirrhosis does not appear to be so [87]. The bile duct and the gall bladder may contain
blood mixed with bile (haemobilia), blood clots and fibrinous plugs. Symptomatology
in children from human endemic areas of Peru includes abdominal pain localized in
the epigastrium, the Murphy symptom and jaundice as the most frequent clinical bili-
ary characteristics, the rest of the symptoms being non-specific [88].

4.6.3 Clinical Highlights

In a developed country, blood eosinophilia and the ingestion of watercress or any
other suggestive freshwater plant in anamnesis are extremely useful in guiding
towards a fascioliasis diagnosis. Unfortunately, these two aspects are usually not
helpful in human endemic areas of developing countries, where eosinophilia may be
also caused by other helminth infections and local food traditions including the
ingestion of many uncooked plants may mask liver fluke infection [89].

In human endemic zones, there is usually a decrease of the prevalence from chil-
dren and young subjects to adult subjects. Despite of this, results demonstrate that
adult subjects either maintain the parasites acquired when young or can be newly
infected as the consequence of inhabiting a zone of high infection risk [59]. It must
be considered here that the lifespan of the adult fluke in man is between 9 and
13.5 years [15]. Such a picture suggests that, in those areas, the majority of adult
subjects should be in the biliary period, acute lesions by repetitive infections being
superimposed on chronic disease with relative frequency. Thus, the acute period
may be prolonged and overlap with both latent and biliary periods.

An association between anaemia and fluke burden (the most important), epg,
fluke body area, presence of blood in faeces, IgG1 and eosinophil levels, and per-
centage of splenic weight was verified in a multivariate analysis. These results lead
to the assumption that a high risk of anaemia in subjects with a heavy parasitic
burden in human hyperendemic areas is to be expected [90]. These results are cru-
cial, because although there were several reports listing anaemia in patients from
endemic areas, results could only be considered with great caution because coinfec-
tions were never excluded in those papers and in fact it becomes very difficult, not
to say almost impossible, to find subjects from endemic areas only infected by fas-
cioliasis. And among those parasites coinfecting fascioliasis-affected subjects,
many are also known to cause anaemia.

The duration of fasciolid infection, intensity of fasciolid infection, and liver
damage have been experimentally verified to be associated with bacterobilia by
Escherichia coli (45 % of cases), Enterococcus faecalis (45 %) and Klebsiella pneu-
moniae (10 %). This supports that the obstruction caused by advanced chronic fas-
cioliasis may be related to biliary sepsis. These results lead to a reconsideration of
treatment features in human disease, i.e. therapeutic strategies should also consider
the possibility of bacterial co-infection [20].

The presence of gallstones was experimentally proved to increase with infection
time. Therefore, the lithogenic induction by infection becomes manifest in
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situations of advanced chronicity. Gallstone presence was strongly associated with
the number of flukes located in the bile duct. The risk of pigment stones appears to
depend mainly on factors that favour bile duct obstruction (cholangitis, fluke body
development versus time, intensity of infection). Situations of undiagnosed cases,
as in subjects presenting undistinguishable symptoms or in those keeping their
infection for a long time because of non-treatment or of repetitive reinfections, usu-
ally in human endemic areas of developing countries, imply a higher lithiasis risk.
Thus, a high gallstone risk may be expected in subjects inhabiting human hyperen-
demic areas where very high egg outputs detected in humans suggest that liver fluke
burdens may also be very high [91].

Clinical pictures caused by fasciolids in locations of the human body different
from the liver are known as ectopic fascioliasis. Flukes may deviate during migra-
tion, enter other organs and cause ectopic fascioliasis. In almost all patients, the
causal agent is an immature juvenile, but a reduced number of ectopic cases caused
by mature flukes shedding eggs have also been reported [89]. In humans, the most
frequent ectopic lesions are in the gastrointestinal tract. Other such lesions are in
abdominal wall, pancreas, spleen, subcutaneous tissue, heart, blood vessels, the
lung and pleural cavity, skeletal muscle, appendix and epididymis [15]. Pathological
effects of ectopic lesions are due to the migratory tracks causing tissue damage with
inflammation and fibrosis.

Very recently, a wide analysis has shown that neurofascioliasis or intracranial
infection by Fasciola and ophthalmofascioliasis or direct affection of the eye by
migrating flukes may be rare, although not sporadic as previously believed.
However, manifestations including a very wide range of neurological symptoms,
signs and syndromes, together with meningeal, psychiatric or neuropsychic mani-
festations, and ocular disorders caused at distance by flukes infecting the liver may
be frequent but underestimated due to misdiagnosis, mainly in low-income regions.
The impressive clinical pictures should be highlighted. They include from hemi-
plegia and paraplegia to disturbances and difficulties of walking capacity, speech
disorders, convulsions, epilepsia and coma, amnesia, or visual hallucinations and
permanent blindness, only to mention a few, plus the clinical complexity of the
puzzling polymorphisms, the disconcerting multifocality of the manifestations,
and their changes along the evolution of the disease in a same patient, as well as
differences between the clinical pictures shown by different patients. Moreover,
these studies emphasize post-treatment sequelae and mortality in neurological
patients and the need to consider neurological fascioliasis when estimating the
global burden of this disease [90, 92].

4.7 Immunobiology and Coinfections

Fasciolid trematodes promote its own survival through several strategies to down-
regulate the host’s immune response during the early phase of infection [93].
Another study proved that immune response modulation occurs in advanced chronic
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fascioliasis too. The results indicated that during early chronic infection there was a
predominance of a Th2 response, which decreased in the advanced chronic infec-
tion characterized by a persistent immune suppression [94]. Fascioliasis is a potent
inducer of Th2 responses which impair the ability to mount any effective Thl
responses against bacteria and other pathogens [93, 95, 96].

The rapid and potent ability of fasciolids to suppress the protective arm of the
immune response explains why infected hosts do not develop immune resistance.
Within 24 h after oral infection, peritoneal macrophages express markers for the
Th2-associated phenotype and display a reduced ability to respond to Thl stimu-
lants. This implies that by the time the newly excysted juveniles have penetrated the
intestinal wall and entered the peritoneum, they have already initiated the immune
events that will dominate throughout infection. So, these early-stage parasites
secrete immunomodulatory molecules that influence the function of innate cells
(dendritic cells, macrophages, neutrophils, mast cells, etc.) in the intestinal wall and
peritoneal cavity. A systemic antigen-specific Th2 response is firmly established
already at 7 days postinfection and is characterized by the secretion of IL-4, IL-5
and IL-13 from splenocytes. As the infection develops (3 weeks), regulatory macro-
phages (TGF-f and IL-10 producing) and dendritic cells (IL-10 producing) are
recruited to the peritoneum and dendritic cell maturation is inhibited. Mast cells
recruited to the site of infection exhibit impaired Thl promoting abilities. Most
CD4* T cells in the peritoneum secrete IL-10 but not IL-4 or IFN-gamma. IL-10
secreting Tregs are induced which exert a suppression of both Thl and Th2 cells
that become non-responsive to parasite-specific antigens and mesenteric lymph
nodes produce IL-10 and IL-5, but not IFN-gamma and IL-17, in response to stimu-
lation by parasite antigens [97].

The chronic disease is also typified by Th2 responses and suppressed Thl
responses. Serologically, this polarity of immune response is strikingly displayed in
the isotype of circulating antibodies. Fluke-infected animals secrete high titres of
IgG1 antibodies and virtually no IgG2. Furthermore, blood macrophages are non-
responsive to stimulation with endotoxin and exhibit elevated levels of arginase
indicative of a phenotype that metabolize L-arginine and are important in promo-
tingTh2 responses and facilitating tissue repair and fibrosis [97].

A consequence of liver fluke infection is the suppression of immune responses
directed against concurrent or secondary pathogenic infections. The synergistic
capacity of fasciolids in coinfection with other pathogenic agents is well known,
immunological responses to pathogen antigens being markedly suppressed and con-
comitant infection being exacerbated following fascioliasis infection. The parasito-
logical spectrum of protozoan and helminthic species found in the inhabitants of the
human fascioliasis endemic areas, the multiparasitisms, and the associations
between liver fluke infection and infection by other pathogenous parasites, all
appear to be similar in the different human endemic zones [54, 57-60]. These syn-
ergistic associations of fascioliasis with other pathogens are believed to underlie the
high morbidity and mortality rates of Aymara children inhabiting the Northern
Bolivian Altiplano [7].
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4.8 Genomics and Proteomics

Many different tools known to be useful for intraspecific variability analyses have
been applied to fasciolids. Most studies on fasciolid proteins have concentrated on
isoenzymes. Only a very few studies considered individual or population-level vari-
ation. The same isoenzymes of F. hepatica were detected regardless of the host
species (cattle, sheep, goats), but densities of some isoenzyme bands did differ
according to host [98]. Profiles of whole-body proteins and excretory/secretory
products obtained with isoelectric focusing differ among worms from different
hosts [99], and isoelectric focusing is therefore not a good technique. Random
amplified polymorphic DNA (RAPD) markers applied to F. hepatica showed that
the majority of genetic diversity occurred within, rather than between hosts and was
also greater within than between populations. Individual cows were infected by
numerous genetically different liver flukes, suggesting the influence of mainly
migrations and transportation of definitive hosts [100]. Five among six microsatel-
lite markers proved to be polymorphic in F. hepatica from Bolivia. No genetic dif-
ferentiation between sampling sites or between definitive host species (sheep, cattle,
pig) was found when applying these microsatellites [101].

Similarly, the restriction fragment length polymorphism (PCR-RFLP) technique
has been applied repeatedly to fasciolids [102—104], but unfortunately these assays
are only useful for the differentiation of pure species, but not for hybrid forms [6].
Indeed, this was already initially detected three decades ago. Restriction endonucle-
ase maps of rRNA genes were distinct for F. hepatica and F. gigantica, Japanese
Fasciola sp. being identical to F. gigantica. No intraspecific variations in the maps
of F. hepatica or of F. gigantica were detected, but length heterogeneity was noted
in the intergenic spacer, even within individual worms [105].

The aforementioned problems posed by isoenzymes, RAPD, microsatellites and
RFLP techniques explain why these genetic tools have been abandoned or only
sporadically used in Fasciola. That is why genetic studies on fasciolids mainly rely
on DNA sequencing techniques at present.

In an initial approach, a total of six differences were detected between F. hepat-
ica from Ipswich and F. gigantica from Malaysia in a 28S rRNA gene D1 domain
fragment [106]. However, within the nuclear ribosomal DNA (rDNA) operon.
Studies in invertebrates in general have shown that the ITS spacers are the most
adequate markers for species differentiation [107]. The complete sequence of ITS
spacers of fasciolids was obtained for the first time at the beginning of this century
[108]. Nowadays, a large amount of literature is already available about the vari-
ability of ITS-1 and ITS-2 in F. hepatica, F. gigantica, and also hybrid or intermedi-
ate forms from throughout. This large information has recently been reviewed,
corrected and a useful standardized nomenclature for DNA markers in fasciolids
proposed [6].

In a large analysis of samples of “pure” F. hepatica from numerous countries and
continents, only two haplotypes of the ITS-2 differing in only one mutation were
found: the most spread FhITS2-H1 and the apparently more geographically
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restricted FhITS2-H2. On the contrary, the sequence of the other spacer ITS-1
always proved to be identical in “pure” F. hepatica: FhITS1-HA. In “pure” F. gigan-
tica, only one haplotype in ITS-2 (FgITS2-1) and similarly one in ITS-1 (FgITS1-A)
were found. When comparing ITS-2 sequences, the two haplotypes of F. hepatica
(FhITS2-H1 and H2) with the only one of F. gigantica (FgITS2-H1), five polymor-
phic sites enable the two species to be distinguished. When comparing ITS-1
sequences, the only haplotype of F. hepatica (FhITS1-HA) differs from the only
haplotype of F. gigantica (FgITS1-HA) also in five polymorphic sites [6].

A comparative study with sequences obtained in countries not included in that
countrywide study allowed to reach the conclusion that up to four haplotypes of
ITS-2 could be distinguished in F. hepatica (FhITS2-1 to 4) and up to five in
F. gigantica (FgITS2-1 to 5). On the contrary, the ITS-1 appeared to be fully uniform
in both F. hepatica and F. gigantica everywhere (FhITS1-A and FgITS1-A) [6].

With regard to mitochondrial DNA (mtDNA), the complete genome of F. hepat-
ica has been already sequenced, which will be suitable for studies of variation [109].
Unfortunately, only small fragments of the mtDNA codifying genes cox1 and nadl
have been used in the numerous local studies, and this becomes a problem due to the
biased information gene fragments furnish [107].

Only in the aforementioned wide multicountry analysis of samples of “pure”
F. hepatica and “pure” F. gigantica from different continents were these mitochon-
drial genes analyzed in its complete length [6]. “Pure” F. hepatica showed a mtDNA
cox1 codifying gene providing a total of 69 different haplotypes (Fhcox1-1 to 69),
including a total of 78 polymorphic sites. A total of 23 different haplotypes of the
COXI1 protein were found (FhCOX1-1 to 23). In its turn, the mtDNA nadl codify-
ing gene provided a total of 51 different haplotypes (Fhnadl-1 to 51). A total of 15
different haplotypes of the NAD1 protein were found (FhNADI-1 to 15). “Pure”
F. gigantica showed a cox1 gene providing a total of 11 different haplotypes
(Fgcox1-1to 11). A total of 5 different haplotypes of the COX1 protein were found
(FgCOX1-1 to 5). In its turn, the nadl gene provided a total of 15 different haplo-
types (Fgnadl-1to 15). A total of 10 different haplotypes of the NAD1 protein were
found (FgNAD1-1 to 10) [6].

Proteomic tools have provided wide information about the profiles of soluble
proteins secreted by fasciolids, mainly on cathepsin L and cathepsin B family of
peptidases and their temporal expression as the parasites progresses from tissue to
tissue [110], as well as about the expression and function of several antioxidant
molecules glutathione S-transferases, fatty acid binding proteins and peroxiredoxin
which, besides protecting the parasite from damaging reaction, may also have
immunoprotective functions [111].

Given the intimate contact between the fluke and host tissues through its migra-
tion, antigens associated with the tegument of Fasciola also modulate host immune
cell function. The tegument of Fasciola is a unique syncitial layer that plays the
interface between host and parasite. In recent proteomic studies on the adult stage,
extracted fractions of F. hepatica showed to contain 172-229 proteins, providing
valuable insights into the complex protein composition within the tegumental layer
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as a whole [97]. Regarding Fasciola juveniles, the enzymatic shaving of peptides
from the surface of liver flukes and their subsequent identification, has allowed at
least some of the tegumental surface proteome to be identified [112].

4.9 Diagnosis

Although some suggestive clinical presentation aspects may be useful, mainly in
human endemic areas where physicians are aware about liver fluke infection risk in
humans, verification needs the use of at least one among the direct parasitological
techniques or indirect immunological tests. Other non-invasive diagnostic tech-
niques presently available may be additionally helpful. Non-invasive diagnostic
techniques which can be used for human diagnosis are radiology, radioisotope scan-
ning, ultrasound, computed tomography and magnetic resonance (see reviews in
[39, 113]).

4.9.1 Coprological and Other Direct Diagnostic Techniques

Analysis for the detection and identification of fasciolid eggs found in stool sample
(Fig. 4.3), duodenal contents or bile continues to be the most appropriate diagnostic
strategy for both detection of infection and estimation of intensity. This is even in
spite of the recognized lower sensitivity of egg detection in faecal samples and its
uselessness for the diagnosis of patients in the acute period, as well as the lack of an
accurate relationship between egg counts per g of faeces and the fluke burden [114,
115]. Identifying fluke adults obtained during an endoscopy of after surgical inter-
vention either by microscopic morphometry [10] or molecular tools [6, 102] may
also be performed nowadays, although such occasions are evidently not frequent at
all. Moreover, the infrastructure for endoscopy or surgery is in general not available
in rural endemic areas.

Techniques ranging from a simple direct smear to different concentration meth-
ods may be used. Egg concentration has been achieved by flotation and sedimenta-
tion techniques. The sedimentation techniques appear to be more accurate and
sensitive than flotation techniques [6, 39].

The size of the fluke eggs has always been used for human diagnosis. Basing on
studies in livestock, the borderlines allowing differentiation between the two spe-
cies were traditionally considered to be 150 pm in length and 90 pm in width, lower
values representing F. hepatica and higher values F. gigantica. However, large vari-
ations were first observed in the size of F. hepatica eggs in livestock from different
geographical locations [116]. Furthermore, it has been experimentally shown that
the final host species (sheep, cattle, pig and donkey) decisively influences the size
of the F. hepatica eggs even within the same endemic area [14]. Additionally, the
existence of intermediate forms between the two fasciolid species and genetic
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hybrids of both in overlapping areas increases the problem. The existence of these
intermediate forms posed a question mark on whether egg characteristics are suit-
able as a tool for the differential diagnosis of fascioliasis caused by either species
[115]. A concrete example of this problem was already emphasized in the diagnosis
of fascioliasis in humans [117]. All in all, the aforementioned problems plus the use
of serological tests, all of which unable to differentiate between the two fasciolids,
or the lack of a calibrated microscope for measurements with an ocular micrometer
explain why subjects diagnosed from areas where both species co-exist, such as in
areas of Africa and Asia, are currently referred to as infected by Fasciola sp. or
simply Fasciola [78].

A study of fasciolid eggs from different continents, using a computer image
analysis system (CIAS), revealed that eggs shed by humans show morphological
traits different from eggs shed by animals. In humans, F. hepatica eggs are bigger
and F. gigantica eggs are smaller than reported to date from livestock, and their
measurements overlap when compared. Measurements of F. hepatica and F. gigan-
tica eggs originating from humans and animals from sympatric areas overlap, and,
therefore, they do not allow differential diagnosis when within this overlapping
range (Table 4.1) [89, 115]. These new results should aid clinicians since the appli-
cation of the classic egg size range in human samples may lead to erroneous con-
clusions. Consequently, fasciolid egg size in human stool samples ought to be
corrected in books and monographs as well as in guides of medical parasitology
and tropical medicine.

Quantitative coprological analyses become important in epidemiological surveys
as well as post-treatment monitoring. Egg burden is also crucial in the moment of
deciding the appropriate treatment dose. The 400-epg threshold has been proposed
for identifying high intensity infections. To avoid risk of colic, a repeated, timely
spaciated mid-dose is recommended in patients shedding more than 400 eggs [118,
119]. The second half of the regimen is administered 24 h later, once the absence of
secondary effects verified. The Kato—Katz technique appears to be appropriate,
because of its simplicity, very low cost and reproducibility [8]. Its low sensitivity
may be solved by repeated application.

Besides eggs in coprological analyses, adults and eggs may be also found else-
where by means of other invasive techniques: obtaining duodenal fluid, duodenal
and biliary aspirates; surgery (laparotomy, cholecystectomy, sphincterotomy); his-
tological examination of liver and/or other organ biopsy materials [8].

4.9.2 Serological and Other Indirect Diagnostic Techniques

Numerous serological, intradermal and stool antigen detection tests have been
developed. Immunological techniques present the advantages of being applicable
during all periods of the disease, but fundamentally during the invasive or acute
period, as well as to the other situations in which coprological techniques may pres-
ent problems. However, immunological techniques offer other types of problems
related mainly to sensitivity and specificity. Different serological tests have been
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used for human diagnosis. Almost all these techniques concern the detection of
circulating antibodies and only a very few are designed to detect circulating anti-
gens and immune complexes.

In recent years, efforts have been concentrated in obtaining purified excretory/
secretory antigens and/or recombinant molecules to improve serological tests,
owing to the problems of the parasitological diagnosis because of the delay in its
usefulness in the acute period (coprological examination positive only after
3-4 months postinfection), intermittent egg output dynamics, very low or even
absence of egg shedding in cases of only one or a few fluke adults and old, chronic
infections, ectopic infections, “false” fascioliasis related to eggs in transit after
ingestion of infected liver from domestic animals, or flukes unable to attain maturity
in human subjects in non-human endemic areas [8, 39].

Several cysteine proteinases offer highly sensitive and specific markers for
human fascioliasis serodiagnosis for F. hepatica [36, 120-128] as well as for
F. gigantica infection [129-133]. Fasciola hepatica recombinant cysteine protein-
ases produced in yeast [123] or in Escherichia coli [134] have been used in ELISA
methods for human infection diagnosis.

Very recent studies in two human hyperendemic areas of Bolivia and Peru have
shown that the MM3 coproantigen-detection test allows for high sensitivity and
specificity, fast large mass screening capacity, detection in the chronic period, early
detection of treatment failure or reinfection in post-treated subjects, and usefulness
for surveillance programs. However, this technique falls short when evaluating the
fluke burden on its own [119]. The use of a new preservative/diluent CoproGuard™,
developed for preservation of Fasciola coproantigens, proved to enhance coproanti-
gen extraction without affecting the detection limit of the assay, and the antigenicity
of Fasciola coproantigens in faecal samples stored at 37 °C was retained throughout
the entire observation period [135]. Thus, MM3-COPRO ELISA combined with the
use of CoproGuard™ may be a very useful tool for the diagnosis of human
fascioliasis.

Another study demonstrated that the commercialized DRG Fasciola hepatica
IgG (human) ELISA is highly sensitive and specific, has a high negative predictive
value but has a low positive predictive value. No correlation between egg output and
the F. hepatica 1gG ELISA test values was observed. It was concluded that this test
could be used both as an individual serodiagnostic test for human fascioliasis when
backed up by a compatible clinical history together with a second diagnostic tech-
nique for other cross-reactive helminth infections and in future large-scale epide-
miological studies of human fascioliasis worldwide [136].

A new lateral flow test (SeroFluke) for human diagnosis appears to be a useful
step forward [137]. This test was constructed with a recombinant cathepsin L1 from
F. hepatica, and uses protein A and mAb MM3 as detector reagents in the test and
control lines, respectively. In comparison with an ELISA test (MM3-SERO), the
SeroFluke test showed maximal specificity and sensitivity and the advantage of
being applicable to both serum and whole-blood samples. Its simplicity allows it to
be used in major hospitals as well as in endemic/hyperendemic regions where point-
of-care testing is required.
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4.9.3 Fasciolid Species Differentiation by Molecular Tools

Infection by F. hepatica and F. gigantica cannot be differentiated by clinical, patho-
logical, coprological or immunological methods. This is a problem in overlapping
areas because this differential diagnosis is very important owing to the different
pathological, transmission and epidemiological characteristics of the two fasciolids,
as well as due to intermediate forms in which egg measurements may overlap.

To distinguish between F. hepatica and F. gigantica, a simple and rapid PCR-
RFLP assay, using the common restriction enzymes Avall and Drall, has
recently been described. It is based on a 618-bp-long sequence of the 28S rRNA
gene recently obtained from populations of South America, Europe and Africa.
This sequence showed no intraspecific variations within each species and a few
nucleotide differences between both fasciolids. This assay provides unambigu-
ous results and may be useful for both individual subject diagnosis and epide-
miological surveys of humans and animals in endemic regions of sympatry in
Africa and Asia [102]. A similar PCR-RFLP assay using restriction endonucle-
ases Hsp92Il and Rcal has been recently applied to differentiate between
Chinese liver flukes [103]. Another such PCR-RFLP method was later devel-
oped [104].

Unfortunately, these three aforementioned PCR-RFLP assays are only useful for
the differentiation of pure species, but not for hybrid forms [6]. A similar comment
may be applied to the recently developed single step duplex PCR for simultaneous
detection of both fasciolid species [138], as well as to the TagMan real-time PCR-
based assay [139], and other Specific PCR-based assays [140]. None of these meth-
ods proves to be able to detect the wide introgression capacity the two fasciolid
species have [6].

Therefore, DNA marker sequencing still remains as the only appropriate method
for both haplotyping of the two pure fasciolid species, as well as for the detection of
hybridization in intermediate forms. For such a purpose, the complete sequences of
the two rDNA spacers ITS-2 and ITS-1 together with those of the mtDNA genes
cox1 and nad1 have so far proved to be the markers of choice, and a complete base-
line and nomenclature for these four markers have already been provided [6].

4.10 Treatment

Many drugs have been used to treat human fascioliasis. Emetine derivatives, the
classic drugs, were used widely and still continue to be used today, given intramus-
cularly or subcutaneously at doses of 1-10 mg/kg a day for 10 days. However, the
use of emetine was progressively abandoned due to their toxic side effects involving
heart, liver and digestive tract. The same occurred with dehydroemetine despite its
better tolerability. Dehydroemetine, at a usual dose of 1 mg/kg daily for 10-14 days,
was even considered the therapy of choice a few decades ago [89].
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Chloroquine was also used to treat F. hepatica infection. Although no cidal
effects on the flukes were shown, treatment by this aminoquinoline derivative
improved the symptoms dramatically when applied in the acute phase. Among xylol
derivatives, hexachloro-para-xylol was effectively used, mainly in the old Soviet
Union and China. Bithionol, an halogenated phenol derivative, was proposed as the
drug of choice for the treatment of F. hepatica infection during the last three decades
of last century. It was usually applied at a dose of 30-50 mg/kg daily, divided into 3
oral doses on alternate days for 20-30 days. In cases of fascioliasis resistant to
emetine and praziquantel treatment, bithionol achieved cure in dosages of 50 mg/kg
daily for 10 alternate days or 40 mg/kg daily for 14—15 alternate days. Occasionally,
the patients required a second course to obtain a complete cure. The side effects,
including diarrhoea, anorexia, nausea, vomiting, pruritus, urticaria and abdominal
pain, were usually mild [3, 39]. Another halogenated phenol derivative such as
niclofolan was also assayed for liver fluke treatment in humans but rapidly aban-
doned due to its wide side effects.

Praziquantel is an isoquinoline-pyrazine derivative which was widely applied for
the treatment of human fascioliasis during the 1980s and 1990s, basing on the fact
that it is the drug of choice for human trematode infections. However, controversial
results were found already from the beginning of its application to fascioliasis
patients, including many reported praziquantel failures even at high doses. Today, it
is generally accepted that Fasciola may be the only trematode genus that has practi-
cally no response to praziquantel.

Metronidazole and albendazole and sporadically also mebendazole are imidazole
derivatives which have been also applied for human fascioliasis treatment with
more or less success. But another imidazole derivative as triclabendazole (Egaten®)
has become the drug of choice for human fascioliasis caused by both F. hepatica
and F. gigantica at present [141]. This drug is better adsorbed if administered after
meals [142]. The recommended dosage is two separate regimens of 10 mg/kg.
A cure rate of 79.2 % when first used and 100 % after a second round of therapy
was found in Chile [143], and 79.4 % and 93.9 %, respectively in Egypt [144].
Triclabendazole appears to keep its efficiency at standard regimes in human
endemic areas after years [145], although the need for a third dose has been reported
in Cuba [71].

The risk of appearance of resistance to triclabendazole can neither be forgotten
taking into account the veterinary use of triclabendazole (Fasinex®) for livestock
treatment in endemic areas since long ago, the tradition of human self-treatments
with Fasinex® owing to the very general availability of this drug, and the appear-
ance of triclabendazole resistance in animals in different countries. Triclabendazole
resistance was first described in Australia, later in European countries such as
Ireland, Scotland, the Netherlands, and Spain [146]. Very recently it has also been
found in southern Brazil [147] and Argentina [148], and thus already in the New
World. Up to that moment, triclabendazole resistance only concerned livestock in
animal endemic areas, but unfortunately it has very recently been also described
[149] in a human highly endemic area such as the Andean valley of Cajamarca,
Peru [62]. The strategies to minimize the development of resistance include the use
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of synergistic drug combinations [150], although this approach has the risk of
building up multiple drug resistance [151]. Additionally, studies suggest that our
understanding of the mechanism of resistance to triclabendazole remains far from
complete [152-154], so that the spreading capacity of triclabendazole resistance
remains unknown.

Nitazoxanide is a pyruvate ferredoxin oxidoreductase inhibitor with reported
efficacy on a broad parasitological spectrum, such as intestinal protozoans and hel-
minths. It may be considered a good alternative to triclabendazole, at least for the
chronic stage of fascioliasis, mainly in those countries where Egaten® is still not
registered but nitazoxanide is since several years. Nitazoxanide had demonstrated
its efficacy against human fascioliasis in a few trials, in Egypt [155, 156] and Peru
[157]. Its long 7-day treatment course may nevertheless become a problem.
However, its usefulness for the treatment of human cases not responding to tricla-
bendazole [158] is of important additional value. A good nitazoxanide efficacy has
recently been reported when applied to liver fluke infected children in Mexico [67].
However, differences in fasciolid susceptibility to nitazoxanide may exist depend-
ing on geographical strains. Thus, no response to nitazoxanide treatment was
reported in 24 cases of liver fluke infection in Esmeralda, Camagiiey, Cuba [159],
and a triclabendazole-resistant F. hepatica infected patient not responding to
nitazoxanide treatment has recently been reported in the Netherlands [160].

Mirazid® is a drug prepared commercially from myrrh (Arabian or Somali)
which is an oleo-gum resin obtained from the stem of thorny trees Commiphora
molmol and other species of the family Burseraceae. Introduced to the local
Egyptian market, it has been highlighted by its efficacy against human fascioliasis
in many reports, although a recent evaluation proved that it showed only an insig-
nificant activity against the liver fluke [161].

Artemisinin derivatives initially showed a high fasciolicidal activity in sheep
infection, which was encouraging. Artesunate and artemether, given by the intra-
muscular route, yielded high egg and worm burden reductions. A study in Vietnam
showed that the complete response rate at 3 months was lower than in triclabenda-
zole, although those treated with artesunate were significantly more likely to be free
of abdominal pain [162]. Unfortunately, a last study in Egypt demonstrated that
artemether, administered at malaria treatment regimens, shows no or only little
effect against fascioliasis, and hence does not represent an alternative [163].

4.11 Control

Prevention and control measures recommended for human fascioliasis were tradi-
tionally the same to be applied for veterinary fascioliasis, at the levels of domestic
animals, snails and field [164—166]. However, studies on human endemic areas per-
formed in the last two decades have shown that traditional epidemiological patterns
of animal fascioliasis may not always explain the characteristics of human infection
in a given area. Therefore, control measures for human fascioliasis should consider
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Fig. 4.7 City market showing uncontrolled sale of vegetables involved in the transmission of
human fascioliasis in Quy Nhon, Vietnam (Orig. S. Mas-Coma)

the results of the ecoepidemiological studies previously undertaken in the area
concerned [6]. This is the reason why the WHO launched a worldwide initiative
against this disease including different control strategies depending on the human
endemic areas and countries.

With regard to individual measures, the prevention of human infection may be
achieved by strict control of the human infection sources in each place, mainly with
regard to watercress and other metacercariae-carrying aquatic plants for human
consumption, especially in endemic zones. Unfortunately, potassium permanga-
nate, which had been suggested to be the most effective preventive tool for killing
metacercariae attached to leaves and vegetables used in salads, has been shown to
have no effectivity on metacercarial viability, even at the very high doses [83].

Moreover, it should be considered that infection risks shall not be restricted to
only ingestion of freshwater vegetables, as always mentioned. The different human
infection sources may be taken into account, mainly in human endemic areas.
Drinking of natural freshwater should be avoided in human endemic areas. In many
human hyperendemic areas of the Americas, people do not have a history of eating
watercress or other freshwater plants [60]. In the Nile Delta region, persons living
in houses where piped water is present showed to have a higher infection risk [52].

The problem does not only concern rural areas, as usually believed. The possibil-
ity of human infection in urban areas should not be neglected. Thanks to transport
of vegetables (both aquatic and terrestrial) from rural endemic zones to cities, plants
carrying metacercariae can be sold in non-controlled city markets giving rise to
urban infection (Fig. 4.7) [7].
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Within general control measures to be applied in human fascioliasis endemic
areas, education should always be included, mainly with regard to the need to let
know inhabitants about the human infection sources. The community should be
appropriately informed about the disease, its pathogenicity, its transmission, and
where to go for diagnosis if suggestive symptoms appear.

The availability of a very effective drug against fascioliasis as triclabendazole
prompted the WHO to launch a decisive step forward within its worldwide initia-
tive against human fascioliasis [118, 167] in recent years. This initiative includes
action in human fascioliasis endemic areas presenting different epidemiological
situations and transmission patterns [6, 78]. Pilot schemes were designed to assess
the best control strategies according to the different epidemiological situations and
transmission patterns in the way to decrease morbidity, mainly in children.
Selective patient treatments after passive detection in hospitals was the strategy
applied in Vietnam, and infected subject treatment after active detection in surveys
in the Nile Delta high human endemic region the one applied in Egypt. Bolivia and
Peru were the other two countries selected for priority intervention due to the very
large public health problem posed by this disease. The Northern Bolivian Altiplano
was chosen as an example of the Altiplanic pattern, while the Cajamarca valley
was chosen as an example of the valley pattern. The respective pilot interventions
in the two Andean human endemic areas demonstrated the absence of serious side
effects in triclabendazole treatments of schoolchildren [168], which subsequently
allowed for the launching of mass treatments in these two Andean countries. Many
other countries are nowadays receiving yearly triclabendazole donations through
WHO for the treatment of their patients, in an expansion of the aforementioned
WHO initiative.

In countries where watercress is included in food traditions, such as France,
commercial growing of watercress should be carried out under completely con-
trolled conditions, without access for ruminants and snail vectors.

In Egypt, the construction and utilization of the so-called “washing units,” in
which the water was appropriately filtered, gave rise to a marked decrease of human
infection in a locality of the Nile Delta region where a high prevalence in humans
was initially found [7].

Regarding veterinary control, previous epidemiological studies may provide for
general recommendations on the appropriate time for treatment with effective drugs
to achieve economic control, and better information from the livestock farming
community. Forecasts of outbreaks may be made based on climatological data and
epidemiological models. Recommendations for control measures should be made
on a preventive rather than a curative basis, and all measures have to be considered
from the point of view of the economy and assessment of local topographical and
meteorological conditions. The efficiency of fascioliasis control depends on the cor-
rect and integrated application of several measures [15]: (1) reduction of the para-
site load of the animal hosts and pasture contamination by regular strategic use of
drugs (preventive treatment in appropriate year periods according to different
regions); (2) reduction of the number of snails by physical, chemical and biological
means; (3) reduction of the risks of infection through correct farm management
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practices (rotational system through fluke-infected and fluke-free paddocks,
combined with effective treatment).

Owing to the similarity of the life cycles of the two fasciolid species, prevention and
control measures follow the same patterns for both F. hepatica and F. gigantica.
However, the peculiarities of F. gigantica should be considered. Thus, in enzootic areas
of F. gigantica, contraction of the infection by the animals and their contamination of
the area with eggs shed with faeces take place when the animals go to drink, rather than
when they are grazing in the pasture as is the case in F. hepatica. Accordingly, avoiding
the watering of the animals from swampy banks of rivers and from bodies of water rich
in vegetation would considerably reduce infection chances [15].

Lymnaeid vector control has unfortunately not received, by public health
officers, the sufficient attention required to definitively eliminate transmission
[3]. Intensive agricultural methods must be applied to reduce suitable snail habi-
tats. Besides physical methods, there are available control strategies which con-
sist of the use of chemical molluscicides, natural molluscicides of plant origin,
biological control (including predators, competitors, the decoy effect and related
phenomena, parasitic castration, interspecific trematode antagonism, and patho-
gens), genetic manipulation, and engineering control. However, the practical
application of chemical methods in the control of snails is of doubtful value,
requires labour and equipment, and regular yearly strategic molluscicide applica-
tions. Moreover, the application of molluscicides in the case of the small Galba—
Fossaria vector species showing marked amphibious behaviour becomes almost
impossible, due to the small size of the water bodies these vectors inhabit.
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Chapter 5
Paragonimiasis

David Blair

5.1 Introduction

Paragonimiasis is a zoonotic disease caused by lung flukes of the genus Paragonimus.
Humans usually become infected by eating freshwater crabs or crayfish containing
encysted metacercariae of these worms. However, an alternative route of infection
exists: ingestion of raw meat from a mammalian paratenic host. Adult worms
normally occur in pairs in cysts in the lungs from which they void their eggs via air
passages. The pulmonary form is typical in cases of human infection due to
P. westermani, P. heterotremus and a few other species (Table 5.1). Worms may
occupy other sites in the body, notably the brain, but lung flukes have made their
presence felt in almost every organ. Ectopic paragonimiasis is particularly common
when infection is due to members of the P. skrjabini complex (Table 5.1). Human
paragonimiasis occurs primarily in the tropics and subtropics of Asia, Africa, and
the Americas, with different species being responsible in different areas (Table 5.1).

As agents of a “neglected tropical disease” [1], there is a tendency for people to
regard lung flukes as unimportant and imposing a decreasing and trivial burden on
human populations, having been eliminated in many formerly endemic areas. This
is dangerous and misleading: recent estimates indicate that paragonimiasis is a
major and continuing problem, with 292 million people at risk [1, 2], and about 23
million people in 48 countries (mostly in China) actually infected in the year 2005
[2]. Of this total, over five million likely had heavy (i.e., symptomatic) infections,
and about 166,000 had cerebral involvement. Among the food-borne trematodes,
Paragonimus species cost more disability-adjusted life years (DALYs) [3] than
opisthorchiasis, fascioliasis, and intestinal fluke infections combined (Table 5.2).
Only infections with Clonorchis sinensis imposed a higher burden in 2005 [2].
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Table 5.2 Showing global estimates of the burden of food-borne trematodes in 2005 from

Table 4 in [2]

Total Heavy Cerebral

infected infections infections Deaths YLD YLL DALYs
Clonorchiasis 15,313,219 1,131,982 N/A 5,591 37,083 238,287 275,370
Paragonimiasis 23,155,105 5,084,729 165,860 244 183,738 12,972 196,710
Intestinal flukes 6,723,551 926,137 N/A 0 83,699 0 83,699
Opisthorchiasis 8,398,230 329,987 N/A 1,323 11,300 63,067 74,367
Fascioliasis 2,646,515 299,510 N/A 0 35,206 0 35,206
Ranked by DALY

DALY disability-adjusted life years, YLD years lived with disability, YLL years of life lost

A questionnaire administered to experts in human parasitology prior to a WHO
meeting sought a ranking of 24 food-borne parasite taxa in order of importance.
Paragonimus species were collectively ranked at 14 [4].

Even in the twenty-first century surveys of newly discovered endemic foci, or
new examination of known foci, uncover prevalences of paragonimiasis that, for
more fashionable diseases, would lead to great alarm. For example, paragonimiasis
occupied fourth place on the list of causes of morbidity in the Municipality of
Roxas, Philippines, in 2003 [5] and 27.2 % of over 900 registered tuberculosis
patients had Paragonimus eggs in their sputum in 2002 [6]. A survey in NE India
found local prevalences (based on serology) of 51.7 % in children under 15 years of
age and 18.7 % in adults [7]. Of these, 20.9 % of children and 4.1 % of adults had
eggs in their sputum. In SE Nigeria, 13.2 % of a population surveyed was egg-
positive for paragonimiasis [8]. But it is important not to extrapolate too far from
these focal data. They represent prevalences in particular communities or small
areas and not national levels in any country.

In keeping with the persisting view that paragonimiasis is a rather quaint and
unusual condition, medical journals sometimes feature quizzes and commentaries
in which readers are invited to arrive at a diagnosis [9—11]. Veterinary journals in
North America, where infections of domestic pets with P. kellicotti sometimes
occur, also quiz their readers on this topic [12, 13]. It would be interesting to know
how many reach unprompted the correct diagnosis of paragonimiasis.

Lung fluke disease is not a recent affliction of human societies. Evidence of para-
gonimiasis has been found in mummies and other archeological material in Japan,
Korea, and pre-Columbian South America [14]. Eggs of Paragonimus species have
been found at a Third Century AD archeological site in Japan [15]. In Korea [16],
DNA sequences from eggs in tissues of a 400-year-old mummy confirmed the pres-
ence of P. westermani.

Despite its antiquity, paragonimiasis has spread its wings in the modern world.
Cheap travel allows adventurous tourists the opportunity to try food that is new to
them (and to take parasitic souvenirs home). However, even the stay-at-homes in
non-endemic countries can sample parasites readily [17]. Crabs and crayfish, inci-
dentally containing lung fluke cysts, are now regularly shipped around the world,
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taking this and other diseases virtually anywhere. There are many papers reporting
paragonimiasis cases in returned travelers, or in people who have eaten imported
foods. Such papers almost always emphasize the difficulty in reaching a diagnosis:
signs and symptoms of paragonimiasis are often vague and nonspecific. In most
cases, they initially raise suspicions of other diseases such as tuberculosis or cancer
[18, 19]. Indeed diagnostic tests for cancers may not initially change those suspi-
cions [20, 21].

Recent publications focusing on the situation and trends in particular countries
or regions are as follows: China [22, 23], Japan [24-27], Korea [28-32], Vietnam
[33, 34], Laos [35], Thailand [36], the Philippines [5, 6], India [37], Brazil [38],
Ecuador [39], Colombia [40], USA [17, 41, 42], Africa in general [43], South Africa
[44], Cameroon [45], and Nigeria [8].

A few of the numerous previous general reviews and historical accounts are
[46-52].

5.2 Life Cycle of Paragonimus Species

Like other trematodes, Paragonimus species have complex life cycles (Fig. 5.1).
Hermaphroditic adult worms, resembling small coffee beans in size and shape in
life, typically occur in the lung parenchyma of mammals, encapsulated in (usually)
pairs in a fibrous cyst about 10-15 mm in diameter [41]. The cysts can communicate
with bronchioles, allowing exit of eggs and cyst debris. Eggs, voided in sputum, or
in feces if swallowed, hatch in fresh water to yield motile miracidia. These penetrate
the tissues of particular species of freshwater snails, where a process of asexual
multiplication yields many motile microcercous cercariae which leave the snail and
enter the tissues of a crustacean, usually a crab or crayfish [53, 54]. Here, each cer-
caria develops and grows into a metacercaria (usually in the gills, heart, digestive
gland, and other viscera, or the muscles), a “sit-and-wait” stage that is infective to
mammals. Freshwater crabs and crayfish are prized food for many mammal species,
including humans. Ingestion of inadequately prepared crabs or crayfish leads to
infection, with metacercariae emerging from their cysts in the stomach or intestine
and migrating through tissues towards the pleural spaces and lungs [49]. Worms can
persist for many years in the lungs, thus obscuring their geographic origin if the
patient has moved between countries. For example, a man was still expectorating
eggs at least 20 years after leaving an endemic area [47].

If infected crustaceans are eaten by mammals in which worms are unable to
mature, the juvenile worms may remain quiescent in the tissues [55]. If a suitable
host eats such a paratenic host, worms from the latter may mature normally in their
new home. Occurrence of paragonimiasis in top predators such as tigers, which are
unlikely to eat small crabs directly, occurs via a range of paratenic hosts [55]. By
such a route, human hunters and their hunting dogs in Japan can become infected by
eating undercooked meat of wild boars [27, 56].
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Fig. 5.1 Generalized life cycle of Paragonimus species. A miracidium hatching from the voided
egg swims to find a suitable snail host. Within the hemocoel of the snail, cycles of asexual repro-
duction produce numerous cercariae which leave the snail and penetrate a crab or crayfish. Here,
they grow and transform into metacercariae. If eaten by a suitable mammal definitive host, meta-
cercariae migrate to the lungs, where they mature. In some unsuitable mammal species, metacer-
cariae burrow through the gut wall and remain as small juvenile worms within the musculature.
If such paratenic hosts are eaten by a suitable definitive host, the juvenile worms can mature in
their new home. The drawing of the adult in the center of the figure is a dorsal view based on a
photograph of a strongly compressed specimen of P. westermani from Vietnam, supplied by
Dr. P.N. Doanh. Vitellaria are indicated on the left side of the body only

5.3 Taxonomy of Paragonimus Species

Paragonimus Braun 1899 is the sole genus in the family Paragonimidae [57]. There
have been two recent major taxonomic treatments of the family [58, 59]. The earliest
record of a lung fluke was the description by Diesing in 1850 of Distomum rude,
based on specimens found in the lungs of a giant otter in Brazil by Natterer in 1828.
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This was later placed in the genus Paragonimus [60]. Both the original description
[61] and a redescription by Braun [62] failed to reveal some features vital for unam-
biguous identification. The type specimens are in poor condition [63] and no addi-
tional specimens have been found since, despite recent surveys of the original
locality [63, 64]. The earliest described species that can be assigned to Paragonimus
without doubt is P. compactus (Cobbold, 1859) from an Indian mongoose [65]. The
first human cases reported were from Taiwan and date to 1879 [66]. Since then, >50
names have been applied to members of the genus, the majority of these in eastern
and southern Asia [50]. Even within the last few years, new species have been pro-
posed and described [67-69].

Paragonimus arguably presents more taxonomic problems than any other genus
of food-borne trematodes. It will be important to resolve some of these, because
species [49] and even different populations within a nominal species (see below)
can differ in their biology and pathological effects. It is still not possible to say how
many species of Paragonimus exist. Critical reviews of the literature and recent
molecular work suggest that many names ought to fall as synonyms [50, 70].

Differentiation between species of lung flukes has long been based on some rea-
sonably obvious morphological features [37, 49, 50]. For adults (see Fig. 5.1 for a
typical example), these include arrangement of spines on the tegument, degree of
branching of ovary and testes, body length—width ratios, and relative sizes of the
suckers. Metacercarial cysts were long assumed to be morphologically conservative
within a species, and a number of species have been proposed based only on the
distinctive appearance of particular metacercariae. Characters of metacercariae that
have been used [49, 50, 71] include details of cyst walls (presence or absence, num-
ber and thickness), relative diameters of suckers, the anterior extent of the excretory
bladder, presence and length of a stylet on the oral sucker, presence of colored
granules in the body, numbers of flame cells, body spination, and arrangement of
papillae around suckers. In the case of eggs, there can be specific differences in size,
shape, and shell sculpturing [50].

Until the application of molecular techniques to the taxonomy of the group, the
stability and reliability of these morphological characters to distinguish among ~50
species could not be assessed. For more than 20 years, it has been possible to
sequence DNA from adult worms, metacercariae, and even eggs. Such data (usually
from portions of the mitochondrial genome and the nuclear ribosomal genes and
spacers) have shown that many morphological features of metacercariae in particu-
lar are uninformative or misleading [70, 72, 73]. While tending to be morphologi-
cally rather conservative, features of adults can also be misleading. In particular, the
arrangement of surface spines (singly, or in comb-like clusters) has long been
regarded as a major taxonomic marker. However, very closely related species, that in
some cases can actually hybridize, may differ with respect to this feature [74-76].

Molecular data have also indicated something else that was unexpected. Several
“species” appear to represent species complexes. This is most apparent in the type
species of the genus, Paragonimus westermani (Kerbert, 1878) Braun, 1899,
described from the lungs of a Bengal tiger that had died in Amsterdam Zoo in 1877
[77]. It turns out that “P. westermani” is very widespread, occurring in eastern and
southern Asia, from China (and adjacent parts of SE Russia [78]), Japan and Korea
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Fig. 5.2 Phylogenetic tree (based on partial mitochondrial cox] DNA sequences (382 bp)) of
members of the P. westermani complex, with color symbols to show locations of populations on a
map of eastern and southern Asia. The tree was inferred using Mr. Bayes and the substitution
model GTR +1+G. Posterior support values are shown at nodes. The tree was rooted by outgroup
(not shown). Most available sequences from GenBank were used. Subtrees containing multiple
sequences have been collapsed to a triangle, the number of sequences represented is indicated to
the top left of the triangle. In some cases, sequences were derived from metacercariae alone (abbre-
viated as “mc”) and adults were not obtained. Some specific references are indicated (in italics)
beside the relevant population. “!” indicates human pathogen. Pw.—P. westermani. P.s—P.
siamensis

west to India [79] and south to Sri Lanka [80], the Philippines [81], and possibly
Papua New Guinea [82]. (Note that reports of endemic paragonimiasis caused by
Paragonimus westermani in other parts of the world are likely to be erroneous, often
based on the assumption that human cases are always due to this species. Note also
that human cases due to P. westermani are likely only caused by populations of the
complex from China, Japan, Korea, Taiwan, far SE Russia, and the Philippines.)

Morphologically, adults are very similar across this range, with spines spaced
singly on the tegument, and testes and ovary possessing few, relatively simple lobes.
Hence, the application of the name P. westermani has not been controversial until
recently. Another nominal species, P. siamensis, has been shown by molecular tools
to nest within the P. westermani complex [74, 83] (Fig. 5.2). Adults of the former
species differ from those of P. westermani mainly in having spines arranged in
comb-like clusters.



122 D. Blair

Molecular and morphological uniformity of adults and metacercariae is greatest
in eastern Asia (China, especially the east, NE, and south, Taiwan, Japan, Korea,
and adjacent parts of the Russian Federation). Such differences as exist in that
region are primarily associated with ploidy differences (see below). This is also the
region from which most human cases originate.

In the western part of the range (Thailand to India and Sri Lanka), there is more
variation between populations. In the Indian subcontinent, Sri Lanka, and Thailand,
various metacercarial morphologies have been noted that correspond with molecu-
lar differences yet remain within the P. westermani complex [79, 83, 84]. There are
three morphologies in NE India (two close to P. westermani sensu lato and one
close to P. siamensis) [83], two metacercarial types in Thailand that segregate
according to molecular data in different parts of a phylogenetic tree, yet yield indis-
tinguishable adults of the P. westermani type [85, 86] and at least two types in Sri
Lanka [72, 84]. As far as is known, none of these variant forms is infective to
humans, despite the reasonably close molecular correspondence of one of the Thai
and one of the Indian forms with populations of P. westermani from East Asia that
do infect humans (Fig. 5.2).

Individuals across most of the range of the P. westermani complex appear to be
diploid, producing gametes by meiosis. However, in NE China, Japan, and Korea,
triploid worms are common and often sympatric with diploids [87]. Triploids are
unable to produce normal sperm [88]. However, they do produce eggs parthenoge-
netically. Thus, whereas diploid, sexually reproducing forms require partners for
exchange of sperm and for cyst formation in the lungs of a mammal, each triploid
worm is capable of cyst formation and egg production by itself (although more than
one worm may occupy a cyst in heavy infections) [89, 90]. Triploid adult worms,
their metacercariae and eggs are all larger than is the case for diploids. Tetraploid
forms, which might produce viable gametes, have been found in China [91].
Research on relationships and origins of the polyploid forms is likely to continue for
some time [92].

In addition to the genetic and ploidy differences within the P. westermani com-
plex, there are marked biological differences in different places. Populations differ
in their prepatent period [79]. Populations also differ in their preferred mammal
hosts and in their snail hosts. For example, worm populations in the Philippines
(and at least one member of the complex from India) mature readily in rats, whereas
those in Malaysia and Japan can utilize rats only as paratenic hosts [55, 79]. Most
strikingly, human cases attributable to members of the P. westermani complex are
restricted to the eastern part of the range (with the possible inclusion of Papua New
Guinea [82]. This is probably not due to differing dietary habits: P. heterotremus is
the only species infecting humans in many areas where crabs containing metacer-
cariae of P. westermani are also found (e.g., NE India, Laos), indicating unsafe
consumption of crabs in those places. Knowledge of snail hosts in different regions
is very limited and taxonomy of the relevant taxa is confused [93, 94]. However,
different snail families are known to be used by members of the P. westermani com-
plex in different countries [51, 95].
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All of this genetic and biological diversity has been detected so far in a single
nominal species! Genetic distances, based on DNA sequences, between some mem-
bers of the P. westermani complex are as great as between very distinct species of
Paragonimus [83]. If future taxonomists decide to recognize several different
species within the P. westermani complex, there will be some difficult nomencla-
tural problems to deal with [51].

Other species complexes exist within the genus. The P. skrjabini complex
[70, 96] of eastern and southern Asia is the most important of these in terms of pub-
lic health. On the basis of both morphological and molecular data, it has been pro-
posed that P. miyazakii from Japan and P. skrjabini from China are only distinct from
one another at the level of subspecies [70]. Neither of these nominal taxa commonly
matures in humans, but they are a frequent cause of severe ectopic paragonimiasis
(Table 5.1). Also in Asia, P. bangkokensis and P. harinasutai belong to a distinct
complex, the membership of which has yet to be fully established [75, 97]. These
two species are able to hybridize and may co-occur in the same individual crab, yet
have generally retained their separate identities [76]. In the Americas, it has recently
been proposed that the human pathogen P. mexicanus includes cryptic species [98].

Paragonimus heterotremus is emerging as an important cause of paragonimiasis
spanning the region from India to China. Molecular and other variation is now being
discovered within this species and it may eventually be regarded as constituting
another complex. In 2007, P. pseudoheterotremus was proposed as a sister species
to P. heterotremus in Thailand, based on both morphological and molecular differ-
ences [68, 99]. Biological differences relating to mammalian hosts have also been
reported. Rats act primarily as paratenic hosts for P. heterotremus in Thailand and
NE India, but as normal definitive hosts for P. pseudoheterotremus [68, 100].

5.4 Evolution

Very distinct species of Paragonimus live in Asia, Africa, and the Americas. These
lie far apart in molecular phylogenies and, where known, snail hosts are also distinct
between continents. Given this, presence of Paragonimus species in the Americas
likely long predates the arrival of humans. This is unlike the situation for Schistosoma
mansoni, introduced to South America during the slave trade period [101]. Blair
[102] proposed a Gondwanan origin for Paragonimus, with vicariance the explana-
tion for its modern distribution, whereas Attwood [93] preferred an Asian origin
with subsequent dispersal to other continents. Whichever is the case, it is clear that
by far the greatest diversity in the genus is in eastern Asia. Attwood has speculated
that this diversity in Asia, in contrast with the few endemic Schistosoma species
there, could be due to transmission ecology: Schistosoma species have largely
adopted very vagile final hosts (often humans), aiding dispersal over large areas and
inhibiting local speciation. Paragonimus species, on the other hand, tend to utilize
definitive hosts that are less vagile and more likely to establish local transmission
cycles, facilitating speciation [93].
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Below the level of genus, molecular trees have been used in support of biogeo-
graphic and evolutionary scenarios for the P. westermani complex. It used to be
thought that the complex first appeared in southern Asia, perhaps in what is now Sri
Lanka. From there, populations radiated towards the north and east, evolving as they
went and adopting new intermediate and final hosts [84, 102]. However, the recent
findings of pairs (or trios) of relatively distantly related populations in both NE
India and S Thailand (see above) defy such simple interpretation. Worse, one of the
NE Indian forms is phylogenetically moderately close to populations in East Asia
(Japan, Korea, East China) that were regarded as the most derived under earlier
scenarios. Much more work will be needed to reach an understanding of the evolu-
tion of the P. westermani complex. Identities of snail hosts, very poorly known
outside East Asia, may be illuminating in this regard.

5.5 Epidemiology and Control Measures

5.5.1 Prevalence and Changes

It remains unclear to what extent the prevalence of paragonimiasis has changed
globally in recent times. A large study comparing the global burden of disease in the
years 1990 and 2010 indicated substantial global reductions (25-42 % depending
on method of presenting the data) in years lived with disability due to paragonimia-
sis [103]. It should be noted that very high levels of uncertainty in the data were
indicated. In many places, prevalences have dropped to very low levels. On the other
hand, prevalences in some known endemic areas have proved to be higher than pre-
viously thought and new foci have been discovered in recent years (see Section 5.1).
In Nigeria, paragonimiasis was a major problem during the Biafran War (1967-
1970). It then largely disappeared from many areas, and was forgotten until recent
surveys revealed startlingly high prevalences in the SE of the country [8, 104, 105].
New foci are regularly being found in NE India [37, 106, 107], Vietnam [33], and
Laos [108, 109]. It seems highly likely that many more foci will be found, espe-
cially in Africa and the Americas where reported investigations are few.

As shown in the introduction, very large numbers of people remain at risk of
paragonimiasis around the world, the great majority of these being in SE Asia.
There is likely a downward trend in incidence of paragonimiasis world-wide, with
some striking success stories. Japan, Taiwan, and South Korea, in particular, have
been successful in reducing incidence to negligible levels. This has been done by
mass-screening campaigns followed by chemotherapy and education as to the
causes of the disease.

In S Korea, in excess of one million people were infected in the 1950s [110].
Infection rates were between 7.4 and 52.8 % in different parts of the country [111].
Huge reductions occurred from the 1970s to the 1990s [29] and the disease is nowa-
days regarded as rare, even a curiosity [112]. In Taiwan, prevalences of paragonimiasis
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(based on findings of eggs in sputum samples) used to be as high as 24 % in some
areas [113]. Nowadays, the disease has virtually disappeared and is regarded as very
rare [114].

China has a well-developed public-health system that includes surveillance and
control of parasitic diseases [115]. There have been targeted interventions to reduce
prevalence of paragonimiasis [116, 117]. Despite this, the disease is still present in
many areas, with an estimated overall seroprevalence in 2001-2004 of 1.7 % [118],
implying ~22 million infected persons [2], and some suggestions that prevalences
are increasing in certain areas [23, 119]. Little can be said about trends in many
other countries of the eastern/SE Asian region. In Thailand, reduction in prevalence
has been noted [120], whereas in endemic areas of the Philippines, prevalences
remain high and likely unchanged [121].

In some hyperendemic areas, humans were probably the principal definitive
hosts in the past [122]. However, crabs or crayfish infected with metacercariae can
still be found in areas where human prevalence is nowadays negligible, indicating
that the parasites are still maintained in reservoir hosts such as peri-domestic cats
and dogs [23, 29, 119, 123, 124]. It is also certain that in many areas there is a true
sylvatic cycle (wild mammals are the principal definitive hosts), a cycle that is very
hard to break. Paragonimus kellicotti in parts of N America is maintained in a syl-
vatic cycle [125] and the same likely applies to P. mexicanus and to African
species.

5.5.2 Environmental Change and Pollution

Although frequently alluded to in the literature, it is hard to find quantitative infor-
mation on the reduction of paragonimiasis that is due to environmental change and
degradation [29, 113, 126]. Low prevalence in one Chinese village in an otherwise
highly endemic area was a consequence of death of local stream animals due to
mercury and cyanide contamination from a gold mine [127]. Construction of the
Three-Gorges Dam on the Yangtze River in China has raised concerns about the
possible effects of this massive project on transmission of a number of parasite spe-
cies [128]. However, it remains unclear what the effect of the dam will be on the
upstream prevalence of P. skrjabini, and there seems to be diversity of opinion on
this within China [129, 130].

5.5.3 Cultural and Dietary Habits Aiding Transmission

As a food-borne disease, host diet is obviously central in maintenance of paragoni-
miasis in a human population. Diet, in turn, is frequently culturally determined,
making it hard to eliminate risky habits [34]. Freshwater crabs and crayfish are
widely regarded as tasty snacks [29] or even as an important source of protein [121].
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There are numerous accounts of appetizing local dishes that include undercooked
crabs or crayfish [35, 42, 131-133]. Crabs and crayfish have also been used for
medicinal purposes. Juice filtered from crushed crayfish was used in the past to treat
measles in Korea [28, 29, 134], and a correlation was noted between prevalences of
measles and paragonimiasis [135]. A similar use of crab juice persists in Laos [35].
In some parts of China and Africa, women eat crabs to enhance fertility [127, 136].
Infection also seems possible when simply handling infected crustaceans and uten-
sils used in preparing them for the table [137].

Changing dietary patterns are having a profound effect on epidemiology of para-
gonimiasis. In Japan during the 1950s, highest prevalences were seen in children
[138]. Today, paragonimiasis, although rare, is mainly seen in middle-aged males
[27]. This is because these men like to eat raw meat of wild boars, a common
paratenic host there and the route by which maybe 70 % of human cases in Japan
are now infected [139]. Many of the dogs used for boar hunting are also infected
[56, 139] and about 75 % of wild boars captured in Kyushu were seropositive for
P. westermani [56]. In Korea, economic development, convenience food and tech-
nological toys have lured people indoors and changed their diets [29]. In Thailand
and Nigeria, younger people are becoming less fond of traditional food, leaving
older age-classes to carry the burden of paragonimiasis without them [8, 120].

Diet is also influenced by age, gender and role in society. Thus in some areas
where paragonimiasis is (or was) largely uncontrolled, it is (or was) a disease of
children, as mentioned above for Japan. More recently, studies in NE India [7],
China [127, 129], and SE Nigeria [104, 140] have all found highest prevalences in
children. In SW Cameroon, the number of paragonimiasis cases has declined among
adults but prevalence is still high in children under 10 years of age [141]. However,
in some cultures, prevalences are highest in adults [35, 142].

Gender biases have been noted in many reports, with male patients generally
outnumbering females [143]. One meta-analysis [2] estimated a global male—female
ratio of 1.267 in numbers of paragonimiasis cases, but did acknowledge that ratios
vary a lot from place to place. In China, boys outnumbered girls three to one in a
sample of 58 children infected with P. westermani [144], suggesting that boys are
more adventurous in catching and eating raw crabs. The bias towards infection in
adult male Koreans in the past might have been because they were more likely than
females to drink alcohol, which was accompanied by ingestion of freshwater crabs
[143]. In Laos, prevalences are higher among males, possibly because they were
more likely to work outdoors where they could find and eat crabs [35]. Some reports
from NE India noted that almost all patients were male [145], but this could be due
to failure of females to seek medical attention for cultural reasons [42]. A survey in
a different part of NE India did not detect a gender bias [7]. In one Nigerian study,
women had a relatively high prevalence because they were more likely to eat crabs
[8], perhaps while handling and preparing food, but prevalence was also high among
fishermen working in local rivers [142]. Cases of paragonimiasis due to P. kellicotti
in the USA are nowadays mostly seen in male campers and canoeists who eat raw
crayfish to show off [146].
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Nor are urban dwellers and tourists safe. Metacercariae are still found in crabs
sold in markets in large Japanese cities such as Tokyo and Fukuoka [147]. A recent
national survey for parasitic diseases in China found the highest prevalences of
paragonimiasis in the municipalities of Shanghai and Chongqing [118, 119].
Presumably this is because urban dwellers have a relatively high disposable income
and can afford to eat luxuries such as crabs imported from rural areas. Infected crabs
may also cross oceans [148, 149], exported to Japanese restaurants in the USA
where they have caused paragonimiasis in American patrons [150, 151]. Increased
globalization of the food supply is likely to lead to many more cases confounding
medical practitioners in non-endemic areas [4]. Not surprisingly, immigrants arriving
in non-endemic areas often bring their diseases with them [17]. And of course, tourists
might return from tropical holidays with more souvenirs than they bargained for [152].

5.5.4 Control Measures

In most documents dealing with the subject of neglected tropical diseases globally,
paragonimiasis is included in the category “food-borne trematodes” [153]. The
World Health Organization, in a list of milestones and targets, stated that by 2015,
food-borne trematode infections should be included in mainstream preventive che-
motherapy strategies [154] and morbidity controlled where feasible. By 2020, 75 %
of the population at risk of food-borne trematode infections should be reached by
preventive chemotherapy and morbidity due to these infections controlled in all
endemic countries [154]. The usefulness of preventive chemotherapy for control of
paragonimiasis alone remains to be evaluated [153].

Despite the obvious and sensible approaches outlined in WHO reports, exactly
how control of paragonimiasis and other zoonotic trematodes is to be achieved at
the national level is unclear. Comments from China [119] indicate a decrease in
resources for this purpose in that country and a lack of coordination between veteri-
nary and medical areas.

In the documents mentioned above, relatively little attention is paid to the low-
cost provision of relevant education, an intervention which also has the benefit of
lacking clinical side effects and ethical issues. Awareness of the disease and how it
can be prevented, both among medical professionals and the general public, are key
to efforts to reduce prevalence of paragonimiasis. Lack of such awareness is likely
one of the factors predisposing towards recent apparent increases in numbers of
cases in SE Nigeria [104, 105]. In China, a new program has been established in
Chongqing to train medical workers about P. skrjabini [155]. Localized awareness
campaigns have been mounted recently in the USA (targeting campers and canoe-
ists who might be tempted to eat crayfish during their adventures) [156] and
Colombia (targeting school children) [157].

The possibility of developing a vaccine against paragonimiasis has been
mentioned a few times in the literature [158] and candidate molecules have been
suggested [158, 159]. However, given the difficulties involved in producing
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vaccines against any helminth species [160] and the logistical difficulties of distri-
bution, storage, and mass administration, it does not seem practical to pursue the
idea of a vaccine for paragonimiasis.

5.6 Genomics and Proteomics

Proteomic and genomic data should soon provide new insights into molecular mech-
anisms used by parasites in all areas of their physiology, but especially those involved
with pathogenesis and immune evasion, and those that might be drug targets [161,
162]. Research on the “omics” of Paragonimus species has lagged behind that on the
genus Schistosoma. Nevertheless, work to produce draft genomes of several
Paragonimus species has now started (http://genome.wustl.edu/projects/detail/
helminth-sequencing-project/). Transcriptome data for P. kellicotti produced as part
of this sequencing project was used to show that genes encoding diagnostic antigens
in P. westermani differ substantially from their orthologs in P. kellicotti [163].

The GenBank nucleotide database contained (on 8 August 2013) 1,334 sequences
from Paragonimus species. Of these, 38 % were ESTs [164]; 29 and 26 % were
short portions of the mitochondrial genome or portions of the nuclear ribosomal
repeats respectively, mostly used in phylogenetic and taxonomic studies; 4 % were
retrotransposons and 4 % coded for a variety of proteins. The database also contains
the coding portions of two mitochondrial genomes.

Recently, microRNAs have been reported from P. westermani [165]. Small RNA
molecules were sequenced using high-throughput technology on a Solexa machine.

The only relevant proteomics study to date using mass spectrometry identified
many proteins in excretory—secretory products (ESPs) of adult P. westermani and
established which of these elicited antibody responses [166]. The majority of pro-
teins recognized by the host immune system were cysteine proteases (CPs).

5.7 Immunobiology

In their mammalian host, lung flukes need to be able to move through tissues, feed,
and void wastes and eggs. They also need to evade and subvert, for months or years,
the effects of the host immune system that might react against their bodies or prod-
ucts. All this they often do without causing overt disease in the host, and if disease
becomes overt, it is likely to have a strong immunopathological component [167].
Compared to the range of immunological studies on Schistosoma species, relatively
little work has been done specifically on Paragonimus species. However, all hel-
minths elicit rather similar immune responses in their hosts [168], so it is likely that
their methods of immune evasion have features in common. To quote Maizels et al.
[168] directly: “Helminths do not simply ward off immune attack; rather, they influ-
ence and direct immune responses away from the modes most damaging to them,


http://genome.wustl.edu/projects/detail/helminth-sequencing-project/
http://genome.wustl.edu/projects/detail/helminth-sequencing-project/

5 Paragonimiasis 129

regulating the host immune response to create niches that optimize successful feeding
and reproduction”. The main players most often mentioned on the host’s team are
the cells and molecules involved in the Ty2 response, including effector cells such
as eosinophils [169]. Eosinophilia is a very frequent finding in paragonimiasis.
Many functions and properties have been attributed to eosinophils, including exo-
cytic attack on helminths via released substances, and pro-inflammatory effects as
well as mechanisms to modulate immune processes [170]. Although in vitro destruc-
tion of parasites by eosinophils has been demonstrated, the situation in vivo is far
from simple and will be an important focus for future research [171]. The literature
on Paragonimus infections has tended to emphasize the interplay between eosino-
phils and the parasite. Lung fluke species field against the immune system a wide
range of substances, notably proteases and other ESPs. Cysteine proteases (CPs), of
which there are at least 15 different types [166], are heavily represented among
ESPs and genes encoding them are among the most abundantly transcribed in the
adult worm genome [164]. CPs are involved in metacercarial excystment [172],
lysis of host tissue to allow migration of larvae [173] and interaction with the
immune system in various ways [174]. In the last class of activities, CPs have been
demonstrated to break down host IgG [175] thus having a suppressive effect on
eosinophil function [176]. CPs may also stimulate eosinophils to degranulate and
produce superoxides [174, 177].

There are many other ESP components which remain poorly characterized: over
140 protein spots could be seen after two-dimensional gel electrophoresis of ESP
material [166]. As-yet unidentified components of ESP, in relatively high concen-
trations, increase the rate of apoptosis in eosinophils, likely favoring worm survival
[178]. Substances in ESP can also regulate IL-8 production in human eosinophils
[179]. Other molecules produced by P. westermani can act to detoxify reactive oxy-
gen species produced by cells of the immune system [180-182].

5.8 Clinical Manifestations and Pathology

Many useful overviews of clinical aspects have appeared since the year 2000 [19,
37,42, 183, 184].

5.8.1 Early Infection

After ingestion, metacercariae excyst in the small intestine and migrate through the
wall of the gastrointestinal tract. From the abdominal cavity, juvenile worms gener-
ally migrate to the pleural cavity, sometimes via the liver. This is the acute stage of
the disease that lasts for less than a month [42, 116]. Hepatic injury may occur in
early infection, especially in children [185]. Signs and symptoms are often few during
this phase except in heavy infections. However, if present, these may include fever,
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abdominal discomfort and diarrhea, which can appear in as little as 2—4 days after
ingestion of metacercariae [116]. Eosinophilia and elevated IgE levels are typical
laboratory findings in the early stages [186].

5.8.2 Pleural Manifestations

Pleural manifestations may appear prior to parenchymal/pulmonary ones [42] and
may persist for long periods, even after apparent cure [187]. Activities of worms in
the pleural spaces can cause pleural effusion, pneumothorax and thickening of the
pleura. Such effects may be particularly common in light infections of diploid
P. westermani in which an individual, unable to find a mate, continues to wander in
the pleural spaces eliciting a response from the host. Such unmated individuals can
produce unviable eggs [89]. Light infections, and hence pleural symptoms, are typi-
cally seen in Japan nowadays [188], but such symptoms appear to be less common
in Korea [19] and Laos [189]. Eggs of North American P. kellicotti seem to elicit a
particularly strong inflammatory response and pleural symptoms and effusion are
usual [42]. Since cysts containing adult worms tend to be peripheral in the lungs,
often close to pleural surfaces [190], it is not surprising that some cysts discharge
eggs into pleural spaces [42].

Symptoms related to pleural manifestations include chest pains and those related
to presence of pleural effusion. Laboratory findings might include peripheral blood
eosinophilia and elevated IgE levels. Pleural effusion can be variable in appearance
[26] but is frequently eosinophilic, with low pH, low glucose, and high lactate dehy-
drogenase and protein levels [19, 191-193] and is often a good source of anti--
Paragonimus antibodies [186]. It may also contain fluke eggs [151, 194], or even
adult flukes [187, 195]. Pleural manifestations are common and pulmonary symp-
toms rare in infections due to P. skrjabini subspecies [26, 129].

5.8.3 Pulmonary Manifestations

Although they are hermaphroditic, adults of Paragonimus species do not self-
fertilize [89]. Diploid worms need to exchange sperm with another individual and
move into a location from which they can void their eggs to the outside. Worms
encounter others in the pleural spaces then move into the lung parenchyma where
pairs become encapsulated in a cyst that becomes increasingly fibrotic and typically
up to 2 cm in diameter [28, 196]. Within this, worms exchange sperm and produce
eggs, sometimes for many years. This stage is reached not less than 1 month after
initial infection, but can take much longer [50], and signals the starts of the chronic
phase. The cysts rupture into bronchi or bronchioles, permitting escape of eggs and
other cyst contents. Eggs may be expectorated in sputum, or swallowed and voided
via feces. Presence of worms encapsulated in the lungs produces classic pulmonary
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paragonimiasis, of which symptoms are cough (which may be worsened by exertion),
hemoptysis, dyspnea, chest pains, fatigue, fever, and loss of appetite [185, 197]. The
first four symptoms in this list are the most commonly seen. “Rusty” sputum, con-
taining parasite eggs, blood, necrotic material, and Charcot-Leyden crystals, is
reported in a proportion of patients and is the classic sign of paragonimiasis.
Symptoms may be more pronounced in heavy infections. A proportion of individu-
als, even those with heavy pulmonary infections, remain symptom-free [190].

5.8.4 Ectopic Paragonimiasis

Although pulmonary paragonimiasis is the best known form of the disease in
humans, ectopic paragonimiasis is quite common. Cerebral, cutaneous, abdominal
[186, 198, 199], and hepatic [200-202] sites are the most commonly mentioned in
the literature, but lesions due to the activities of worms have been found in almost
every part of the body, including a fingertip [203] and eyelids [204]. Not surpris-
ingly, cerebral paragonimiasis has received much attention, not least because it can
have lethal consequences (causing an estimated 244 deaths in 2005 [2] and is the
most commonly reported form of ectopic paragonimiasis [48].

Cerebral paragonimiasis due to P. westermani was regarded as the commonest
form of “brain tumor” in Korea in the 1960s, with an estimated 5,000 cases living
in Korea in January 1966 [111]. The condition was seen predominantly in adoles-
cent and young adult males [111]. Today, its rarity in Korea is such that medical
practitioners encountering it there are likely to misdiagnose it [112]. At least in the
case of infection due to P. westermani, cerebral paragonimiasis is more likely in
individuals with an established pulmonary infection, and about 0.8 % of those with
active pulmonary paragonimiasis in Korea develop the cerebral form [111]. The
cerebral form is much more prevalent among hospitalized paragonimiasis patients
[111, 205]. A recent estimate is that 0.72 % of all paragonimiasis cases have cere-
bral involvement [2]. The proportion of people infected with members of the
P. skrjabini complex who develop cerebral symptoms is likely to be relatively high
[205] and lung lesions are much less common [129, 206]. Sixteen percent of 213
cases of paragonimiasis due to P. skrjabini in China had symptoms suggestive of
neurological involvement (severe headache and vomiting) [129]. Reports of cere-
bral paragonimiasis caused by other species are few [18, 42].

Worms possibly reach the brain by travelling via tissue through the jugular fora-
men into the interior of the skull [207], penetrating the meninges and burrowing into
the brain [208]. This is the “active” phase, during which worms are alive and mov-
ing in tissues, secreting a range of biologically active compounds, and frequently
eggs. Worms and eggs become surrounded by granulomatous lesions that can be
cystic or solid, the former type containing caseous necrotic material [208]. These
lesions eventually become calcified. Adult worms may not persist for long periods,
but numerous eggs may be found in the lesions they have produced [137], even
when many years have probably elapsed since the death of the adult worms [114].
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Many neurological signs and symptoms of cerebral paragonimiasis have been
reported [207]. The most common of them are seizures, headache, vomiting, nau-
sea, and fever and localized weakness [190, 207]. Decline in cognitive function and
visual disturbances are also frequent [205]. Many of these are most pronounced in
the early stages while worms are actively moving around, and most deaths occur
during this stage. Epileptic seizures are often associated with cerebral paragonimia-
sis [209].

Subcutaneous nodules, often migratory, are a common manifestation of ectopic
paragonimiasis. These most frequently appear on the abdomen and chest [116].
On surgical removal, such nodules sometimes contain worms [210] or eggs [198,
211]. This form of ectopic infection is relatively uncommon when P. westermani is
the causative species, but cases are reported from time to time [144, 185, 198,
211-213]. The first reported case of paragonimiasis due to P. heterotremus pre-
sented in Thailand with subcutaneous nodules [210] and cases from India [214] are
likely also to be due to this species. Such nodules are particularly common in para-
gonimiasis caused by members of the P. skrjabini complex that rarely mature in
humans [117]. In China, two different studies reported that 56 and 42 % of patients
exhibited subcutaneous nodules [129, 215], which were often migratory. A single
nodule was typical, but a few patients had multiple nodules [129].

5.9 Diagnosis

As is the case in infections due to many species of food-borne trematodes, symptoms
of paragonimiasis are often rather vague and nonspecific, and hence creating
diagnostic difficulties. In many cases, there are no overt signs or symptoms at all
[188]. Diagnostic confusion with pulmonary tuberculosis and lung cancer remains
very common: indeed such confusion is possibly more common than not [7, 216—
219]. Hence, unless paragonimiasis is actually suspected, correct diagnosis is
delayed and the patient might be subjected to expensive and ineffective treatments.
Paragonimiasis appears to be more common than pulmonary tuberculosis in many
endemic areas such as NE India [7, 217], parts of Laos [109], and parts of SE
Nigeria [104]. Very often, reports note that failure of the patient to respond to treat-
ment for tuberculosis, or the unexpected finding of lung fluke eggs [112] or worms
[21] during surgery, prompt clinicians to enquire about past eating habits of their
patients, and the way to a diagnosis of paragonimiasis is clear.

The four classes of diagnostic approaches are serology/immunology, parasitol-
ogy, radiology/medical imaging and molecular (DNA-based approaches).
Demonstration of lung fluke eggs in sputum, feces, bronchial washings, or surgical
specimens provides a definitive diagnosis. However, eggs can be hard to find, even
in some active pulmonary cases, and especially in cases of ectopic paragonimiasis.
Consequently, immunologically based tests are regarded as more sensitive for diag-
nosis [7, 34, 45, 185] and are discussed first.
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5.9.1 Serology/Immunology

A number of recent reviews include immunological methods for diagnosis of para-
gonimiasis [42, 51, 52,71, 184, 220]. Here, only tests that are most often mentioned
in recent literature, or are of particular historic interest, will be discussed. These
include the intradermal test, ELISA, multiple-dot assay, immunoblotting, and the
dot immune-gold filtration assay. Of these, ELISA and immunoblotting are the
main methods in current use. Both are useful in a laboratory setting, but less easy to
apply in field situations.

5.9.1.1 Commonly Used Immunological Methods

The earliest serological/immunological method to be used widely was the intrader-
mal test [47]. A small amount of diluted worm antigen is injected into the skin of
the forearm and the size of the resulting wheal compared after a few minutes with
that elicited by a control injection [47]. The test is simple, inexpensive, and quite
sensitive. But there are some drawbacks, mainly (1) a high proportion of false posi-
tives [221]; (2) cross-reactions with other trematodiases, especially if the antigen
used is not purified [47, 222]; and (3) a positive reaction can persist long after the
infection has been cleared [47]. The intradermal test has often been used as the first
step in mass screening programs in Japan [48], China [23], and Korea [28, 122],
generally supplemented by more specific serological tests and/or examination of
sputum for eggs. Huge numbers of people have been screened in this way [26]. Its
use continues to the present day in a number of countries including Colombia [40],
Laos [35], India [133], and China [129].

Many variants of the enzyme-linked immunosorbent assay (ELISA) have been
described in the literature [51], and these are among the most widely used of tests
today [223]. In the commonest formats, antigens from the parasite are bound to a
surface, typically in a microtiter plate, for ease of handling. Antibodies in host sera
are allowed to react with these. The quantity of complexed antigen/antibody is
determined using a secondary antibody, which is generally commercially purchased,
specific for particular classes or subclasses of host antibody, and conjugated with a
reporter enzyme that produces a color change in a substrate. Other variants have
been successfully tried. For example, immunoglobulin-binding proteins of bacterial
origin, such as Protein A, can be used instead of parasite antigen [224] and
peroxidase-conjugated Protein G can be used instead of secondary antibody [45].

Lung fluke antigens that have been used include crude antigen extracts, ESPs
[225], recombinant peptides [226] and various purified or partially purified antigens
including cysteine proteases [227]. A comparison of somatic and excretory—secretory
antigens from local P. heterotremus in NE India, done during development of an
ELISA test for paragonimiasis, found that both preparations of antigens had 100 %
sensitivity but that the latter was more specific (100 % as opposed to 91.3 %) [225].
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Multiple dot-ELISA is used in Japan and elsewhere to screen for several parasites
simultaneously. Antigens from a range of parasite species are dotted onto a nitrocel-
lulose membrane, and the membrane is dried to bind the antigens and then flooded
with patient serum to permit detection of antibodies against all the parasites assayed
at the same time, following essentially the same steps used in microplate ELISA
[34, 52, 228-230]. In a conceptually similar approach, also aimed at simultaneous
screening for multiple parasites, antigens from parasites can be partially purified
using SDS-PAGE and antigen bands recovered from the gel, spotted onto microar-
ray plates, and screened as for ELISA [231]. In this case, a 35-kDa band was the
target antigen for paragonimiasis.

The DIGFA (dot immunogold filtration assay) method is said to be better than
ELISA because it is easier, faster, and cheaper, but exhibits comparable sensitivity
and specificity. Reagents required are known to be stable at 4 °C for at least a year
[232]. Results can be read within a few minutes and no special equipment is required
[52, 233]. Antigens from one or more parasite species are dotted onto a nitrocellu-
lose membrane. A dot containing diluted human serum or similar is used as a posi-
tive control. Serum from a patient is added to the nitrocellulose membrane. Next is
added anti-human antibody or Protein A conjugated with colloidal gold, which
forms a colored spot where it reacts with antigen—antibody complexes on the mem-
brane. The Chinese-language literature contains some recent examples [234-237].

There may be cross-reactions when sera from patients with other parasites (schis-
tosomes, liver flukes etc.) are tested for paragonimiasis, especially when crude
extracts of parasite antigen are used [163, 228]. In immunoblotting, parasite anti-
gens are separated electrophoretically before western blotting and probing with
sera. In this way, immune reactions with diagnostic antigens of particular molecular
masses can be identified [238]. This approach has been used for diagnosis of para-
gonimiasis by the Centers for Disease Control, Atlanta, Georgia in the USA, since
1988, the antigen generally used being a crude extract from P. westermani. However,
extracts from P. kellicotti are better for diagnosis of that species [163].

It remains difficult to distinguish between infections due to different species of
Paragonimus using ELISA or immunoblot [45, 163]. ELISA inhibition tests can go
some way to dealing with this problem [239] but their use is not widespread.
The multiple dot-ELISA (above) was developed partly for this reason, and can
provide a stronger reaction with the homologous species when antigens from
P. westermani and P. s. miyazakii are both included [228, 240]. Ouchterlony’s dou-
ble diffusion test [239] and the DIGFA method [233] can also help in distinguishing
between Paragonimus species.

5.9.1.2 Immunological Indication of Cure after Treatment

It is well known that intradermal tests can be positive long after cure of paragonimia-
sis (see above). Similarly, IgG ELISA tests may yield positive results for long
periods after treatment, and antibody levels may even exhibit a transient rise after
chemotherapy, probably in response to material released from dead worms [241-243].
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Hence, a positive immunological test does not always indicate that an active infection
is present. IgG levels return to normal at from 4 to 18 months [243, 244] after cure, or
even longer [245]. The variation is possibly related to intensity and duration of infec-
tion. The presence of worm eggs in tissues may partly explain the slow decline of
specific antibody levels [243, 245].

5.9.2 Parasitological Diagnosis

Direct parasitological diagnosis, by finding eggs in sputum or feces, is likely to be
the only option available in clinics in poorly equipped rural areas. If “rusty” colored
sputum containing blood, parasite eggs, and Charcot-Leyden crystals is found, then
a definitive diagnosis of pulmonary paragonimiasis can be reached easily. However,
such diagnostic manifestations are not always seen, even when mature worms are
present in the lungs, and never during prepatent early infections or ectopic paragoni-
miasis. Multiple sputum samples should be examined from each patient before a
negative result can be declared with any confidence. The record seems to be 27 for
the number of sputum specimens examined before eggs were found [143]. Eggs are
rarely found in feces, but this most commonly in children, who tend to swallow
rather than spitting [216]. Eggs may also be found in bronchial washings and brush-
ings [246], pleural effusion and surgical specimens such as lung biopsies. Of course,
rural clinics are not likely to have facilities to perform relevant procedures.

Paragonimiasis and tuberculosis co-occur in many places. The Ziehl-Neelsen
staining (ZNS) technique, used to stain mycobacteria in sputum, had long been
assumed to destroy lung fluke eggs [247]. Thus, diagnosticians trying to exclude
infections with either of these pathogens have tested sputum samples separately for
each. Handling and microscopic examination of fresh sputum for Paragonimus eggs
carries some risk of tuberculosis transmission to laboratory staff. A recent reevalu-
ation of the ZNS technique, and especially of modifications that avoid long periods
of heating the slide, has shown that destruction of eggs can be avoided. The ZNS
technique therefore provides a low-cost method for distinguishing between para-
gonimiasis and tuberculosis [247]. Furthermore, the method reduces the risk of
tuberculosis transmission [247] and the ZNS slides can be kept for further evalua-
tion and archiving.

5.9.3 Molecular Diagnosis by DNA Detection or Sequencing

Steps towards molecular diagnosis by detection and/or amplification of parasite
DNA have been taken by a number of researchers. However, there has been very
limited application of these to date in clinical practice. Eggs, either in sputum or
feces, have generally been the targets of these efforts. It proved possible to PCR-
amplify and sequence the nuclear ribosomal ITS2 region from as few as 3-5 eggs of
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P. westermani from sputum [248], and from a single egg of P. heterotremus [34].
This same genomic region has been the target for other studies using PCR on eggs
from patients [7, 45, 106, 125, 249-252]. Only one study has detected DNA from
eggs in human fecal samples [45] and it was suggested that molecular detection of
Paragonimus DNA in feces might be more efficient than attempting a physical
search for eggs in feces. Others have detected DNA from feces of experimental
hosts [253, 254].

In one interesting development, it proved possible to amplify and sequence ITS2
from a paraffin-embedded section of lung tissue from a suspected case of paragoni-
miasis due to P. kellicotti [125]. Such approaches might make it possible to obtain
data from archived pathological specimens.

A loop-mediated isothermal amplification (LAMP) protocol has been estab-
lished for P. westermani [255]. Using purified DNA from this species, the detection
limit was 10 ng/uL of DNA [255]. LAMP is said to be far more sensitive than
conventional PCR and can possibly be applied to for example pleural fluid. The
approach uses four species-specific primers that recognize six regions in the target
DNA. The reaction can be completed in an hour at a single temperature (60 °C) and
a simple in-tube visualization of successful amplification is possible [256]. No com-
plicated equipment is needed. This method may be suitable for field labs and small
hospitals. It could also be applied to field identification of metacercariae and eggs,
provided a species-specific set of primers is available.

Next-generation DNA sequencing methods are beginning to feature in work on
Paragonimus species and may find practical application in the future [257].

5.9.4 Radiology/Medical Imaging

There have been several recent reviews including material on medical imaging as it
relates to paragonimiasis [42, 258-261]. Imaging methods include conventional
chest X-ray, X-ray and computed tomography, MRI and ultrasonography.
Paragonimiasis is often not suspected when imaging procedures are requested by
clinicians, and findings often lead to an initial diagnosis of other conditions, such as
tuberculosis or cancer [20].

Chest X-rays have been used for very many years for diagnosis of paragonimia-
sis [47] and increasingly are coupled with computed tomography (CT) for more
detailed anatomical observations of the chest [190, 258, 259, 262-264].
Abnormalities are not always apparent, even in cases of active pulmonary paragoni-
miasis [7, 145, 265]. Common observations in early paragonimiasis include pneumo-
thorax, pleural effusion, airspace consolidation and linear opacities [19, 190]. The
last of these probably represent migration tracks of worms from the pleural spaces
into the lung parenchyma [190, 263] and might provide strong support for a diagno-
sis of paragonimiasis [259]. Distinct cystic lesions and nodules less than 3—4 cm in
diameter and bronchiectasis tend to be seen in established infections [19, 190].
Cysts may appear as ring shadows, within which worms may be detected in some
cases [190]. Pleural thickening may be present adjacent to worm nodules [263].
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Radiographic abnormalities can be slow to resolve—months to years—after
treatment [136, 187]. Occasionally, nodules may resolve as small calcifications in
the lungs [190].

Ultrasonography, using reflection of sound waves from tissues to produce
images, provides relatively little anatomical detail. However, it can supplement
other imaging techniques [266]. Furthermore, it is capable of real-time imaging of
moving structures and can be used to guide biopsy procedures to obtain diagnostic
material (inflammatory material, eggs, fragments of worms) from nodules in
abdominal and thoracic organs [266-268].

CT methods and MRI are useful for imaging cerebral paragonimiasis [190, 208].
In early “active” infection, characteristic ring-like granulomatous lesions are com-
monly seen using CT scans. These may be solitary or resemble clusters of grapes,
each usually 1-3 cm in diameter and each surrounded by edematous areas [190].
Later these become calcified, resembling “soap-bubbles™ or egg-shells with sur-
rounding parenchymal damage [190].

Magnetic resonance imaging (MRI) methods do not involve the use of ionizing
radiation such as X-rays and are good for visualizing lesions in soft tissues such as
the brain. T1- and T2-weighted images differ in the ways they show fat and water in
tissues. Images obtained are generally sequential “slices” through the body, similar
to those produced by CT methods, and descriptions of brain lesions seen using MRI
are generally similar to those based on CT images. In the earliest stages of cerebral
paragonimiasis, especially in children, hemorrhage might be present, seen as high
signal intensity in T1-weighted images or as high or low intensity on T2-weighted
images [269]. As granulomatous lesions form, these may be seen as “soap bubbles”
or a “grape cluster” of ring-like structures with surrounding edema, each ring being
up to 3 cm in diameter [270]. The walls of these were described as ... usually
isointense relative to brain parenchyma on T1 weighted images and isointense or
hypointense on T2 weighted images” [208]. Following eventual calcification, the
lesions may resemble egg shells with central content of varying intensities [270,
271]. A lesion thought to be the migration track of a worm has been reported [269].
MRI has also been used on a number of occasions to image lesions caused by spinal
paragonimiasis [270, 272].

CT imaging results from series of hepatic paragonimiasis [200] and abdominal
paragonimiasis cases [267] have recently been reported.

5.10 Treatment

5.10.1 Chemotherapy

In the past, bithionol was often the drug of choice, but is no longer commonly used.
It requires a long course of treatment [273] and side effects can be a disincentive to
patient compliance [185]. Two drugs are now generally recommended for treatment
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of pulmonary paragonimiasis: triclabendazole (TCL) and praziquantel (PZQ) [153,
274, 275]. PZQ has a long history of use in paragonimiasis [274, 276]. The recom-
mended course is 25 mg/kg body weight three times daily for 2-3 days. Cure rates
are generally very high [273]. However, repeat rounds of treatment are sometimes
necessary [185], especially when pleural effusion is present [186, 187, 277, 278].
PZQ has also been used for treatment of cerebral paragonimiasis, with good results
reported [206, 279]. However, PZQ is only likely to alleviate symptoms in “active”
cases, when worms are still present: mechanical insult and release of eggs and bio-
active compounds will cease when the worms die. Of course, PZQ treatment can
eliminate any pulmonary infection that might be a source for later cerebral invasion
[205]. Co-administration of anti-inflammatories is sometimes recommended for
cerebral paragonimiasis because of the risk of reaction against substances released
from dying worms [207]. The extent to which this is a problem remains unclear
[206].

Side effects of PZQ administration are rare and generally mild. Patients may
report mild and transient insomnia, nausea, headache, dizziness, vomiting, and
abdominal pain; less common effects include rash and hypotension [275]. A very
few patients exhibit an allergic response after administration of PZQ [274, 280]. A
strong inflammatory reaction was observed in a Lao patient after PZQ administra-
tion [281]. There is no indication yet of resistance to PZQ by Paragonimus species,
although there is evidence of resistance in Schistosoma mansoni [282] and the pos-
sibility of resistance developing in other trematode species remains a cause for con-
cern [273, 283], especially if the drug is used for mass administration. Caution is
suggested in administering PZQ to pregnant or breastfeeding women, people with
ectopic infections, and children under 4 years of age. The main contraindications
are hypersensitivity and cysticercosis [115, 275].

Triclabendazole is also effective against paragonimiasis [153, 275] and might
have some advantages, given that only one or two doses are required [284] and that
dose rates are lower than for PZQ. The recommended regimen is 10 mg/kg body
weight in a single dose (which may be repeated after 12-24 h in heavy infections
[275] or 20 mg/kg of body weight, in two separate doses of 10 mg/kg, administered
on the same day [153]. TCL might be better tolerated by patients than PZQ [5]. It is
also the better option for mass drug administration, in part because the one or two
doses required can be given under supervision, avoiding compliance problems that
might arise if subjects are given tablets to take at home over several days. In the
Philippines, a single dose of TCL (10 mg/kg body weight) was found to be as effec-
tive as the three-dose regimen of PZQ [5]. One case of suspected triclabendazole
resistance has been reported [280].

Common side effects are similar to those seen after PZQ administration and
include mild and transient abdominal and epigastric pain, sweating, and eosino-
philia; less common effects include nausea, vomiting, headache, dizziness, cough,
fever, urticaria, pruritus, and skin rash. Again, caution is suggested for treatment of
pregnant or breastfeeding women, people with ectopic infections, and children
<6 years [275].
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Although newer drugs, and combinations of drugs, are being explored for
treatment of food-borne diseases, including trematodes [273], no alternatives suit-
able for treatment of paragonimiasis are apparent as yet [285]. Some authors have
suggested that inhibitors against some parasite-specific molecules might provide an
excellent means of chemotherapy [286—288].

5.10.2 Surgical Intervention

Often surgeons discover underlying paragonimiasis when they were expecting some
other condition [114, 198]. However, surgery is not normally appropriate for uncom-
plicated pulmonary paragonimiasis: treatment with praziquantel or triclabendazole
should suffice. Invasive interventions are more common in pleural cases, especially
when voluminous pleural effusions are present that have not resolved after drug
treatment. Draining of effusion is a common procedure which may need to be
repeated [187]. Surgical decortication of the pleura is also sometimes required to
remove fibrous material [289, 290]. Surgery is also appropriate for uncomplicated
ectopic cases, especially subcutaneous [203, 213].

Surgery was the only intervention available in cerebral paragonimiasis until the
drug bithionol was introduced around 1961 [111]. Since then, PZQ and TCL have
superseded bithionol [291]. Drug treatment is the treatment of choice in active early
cerebral cases [111, 208], but is of little value in chronic “inactive” cases, except as
a means of treating any concomitant pulmonary infection. In one study in China, 73
of 88 patients with cerebral paragonimiasis showed improvement when treated with
PZQ [292]. Surgery was done only on those with relatively superficial lesions that
were accessible and easy to remove [292].
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