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Introduction

Parasites represent very diverse and in many terms fascinating organisms. The great
attention is focused mainly on medically and veterinary important species, which
are causative agents of parasitic infections of human and animals. The design of
specific and effective diagnostic tools is an important subject of investigation of
parasites since their proper diagnostics and identification are the key factors for
their effective treatment and control. Besides their clinical importance, parasites are
also attractive models for researchers. Host—parasite interactions, immunological
responses of hosts to parasitic infections, and mechanisms of adaptation of parasites
to host organisms are only a few of many interesting subjects that parasitologists
deal with. Invasive parasites, which are very often transmitted into novel territories
as a hidden side effect of introduction or translocation of their hosts, are interesting
models of investigation, as well.

The model organism of this publication is giant liver fluke, Fascioloides magna
(Trematoda: Fasciolidae), veterinary important liver fluke of free-living and
domestic ruminants. According to the type of final hosts, fascioloidosis can cause
different clinical signs and pathological changes, which may occasionally have a
lethal effect. It is understandable that giant liver fluke has attracted attention of
hunters, farmers, and veterinarians. Fascioloides magna is characterized by a wide
spectrum of intermediate and final hosts, good ability to adapt to new host species,
large spatial distribution, invasive character, and potential to colonize new terri-
tories. All these characteristics have been studied for F. magna in great detail
which led to novel findings related to biology, host—parasite interactions, and dis-
tribution of the fluke.

The current publication has a main goal to summarize data on F. magna from
different aspects of its research and provide a complex survey of results acquired
since the first discovery of the parasite in 1875. Chapter 1 is focused on the general
information of the parasite, in particular its taxonomic classification, morphology,
life cycle, clinical signs, pathology, and therapeutic treatment. Distribution of giant
liver fluke and description of North American enzootic regions and European
natural foci are provided in Chap. 2. Fascioloides magna parasitizes a broad
spectrum of final hosts, mainly free-living and domestic ruminants, which can be

xi



xii Introduction

divided into three categories (definitive, dead-end, and aberrant) according to the
host—parasite relationships, pathological changes within the host organism, and
ability of fluke to reach maturity, produce eggs, and release them into external
environment. Detailed characterizations of final hosts of F. magna are provided in
Chap. 3. Besides natural infections, this chapter is focused on experimental
infections aimed to determine the clinical signs, pathological changes, and
immunological responses of final hosts under controlled experimental conditions.
Chapter 4 summarizes a spectrum of naturally infected intermediate snail hosts of
giant liver fluke in North America and Europe. The results on experimentally
infected snails and their potential to serve as the intermediate hosts of giant liver
fluke are provided, as well. The latest methods of cellular and molecular biology
have been applied in giant liver fluke research only since the 1990s. Chapter 5
summarizes results acquired by modern molecular and immunological approaches.
It provides general structure and characterization of ribosomal, mitochondrial genes
and microsatellites, and their further utilization in molecular taxonomy and phy-
logeny of F. magna. Data on ultrastructure and karyotype of F. magna, results on
isoenzyme analyses and studies on excretory/secretory proteins, humoral immune
responses, and up-to-date technologies of transcriptome analysis are also included.
We hope that this book will provide a useful source of meaningful knowledge and
data for anyone professionally engaged in parasitology, including veterinarians,
hunters, farmers, and wildlife managers.



Chapter 1
General Information About Fascioloides
magna

Abstract Giant liver fluke Fascioloides magna is a veterinary important liver
parasite of free-living and domestic ruminants. This chapter provides general
characterization and basic data on the parasite, with focus on its taxonomy, mor-
phology, life cycle, clinical signs, pathology and treatment. Different taxonomic
classification and scientific names of the species, and currently accepted taxonomy
of F. magna are provided in Sect. 1.1. The second part is dealing with morpho-
logical description of the parasite, which belongs to the largest flukes worldwide.
Fascioloides magna utilizes aquatic snails as the intermediate hosts and a wide
range of free-living and domestic ruminants as the final hosts. The life cycle of the
parasite, divided into four developmental stages, is described in the third sub-
chapter. The fourth part is focused on characterization of clinical signs of fasci-
oloidosis, which are specific for particular type of the final host. Typical
pathological changes of F. magna infection, described in the fifth subchapter, are
fibrous pseudocysts of sedentary adult flukes leading to enlargement of the liver.
The last subchapter summarizes the broad spectrum of anthelmintic drugs (e.g.
benzimidazoles, salicylanilides, sulphonamides etc.) used for fascioloidosis treat-
ment in different ruminants. Out of them, triclabendazole and rafoxanide proved
high efficacy against adult and immature flukes; however, no specific therapeutics
are available till now.

Keywords Giant liver fluke - Taxonomy - Morphology - Life cycle - Clinical
signs - Pathology - Treatment

1.1 Taxonomic Classification

In spite of the generally accepted North American origin of Fascioloides magna,
the first case report and description of giant liver fluke originates from Europe from
the second half of the 19th century (Swales 1935). In 1875, Italian veterinarian
Roberto Bassi described new parasite from the liver of a wapiti stag from the Royal
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2 1 General Information About Fascioloides magna

Table 1.1 Taxonomic classification of F. magna modified according to Jones (2005)

Phylum Platyhelminthes

Class® Trematoda Rudolphi, 1808

Subclass Digenea Carus, 1863

Order Echinostomida La Rue, 1957

Superfamily Echinostomatoidea Looss, 1899

Family Fasciolidae Railliet, 1895

Subfamily Fasciolinae Railliet, 1895

Genus Fascioloides Ward, 1917

Species Fascioloides magna (Bassi, 1875) Ward, 1917

English names Giant liver fluke, large American liver fluke, deer fluke

“class Trematoda belongs to the lineage Neodermata

Park La Mandria in northwestern Italy (Bassi 1875 c.i. Pybus 2001). The species
was named as Distomum magnum Bassi (1875).

Later on, Charles W. Stiles studied liver flukes from North American cervids and
found parasites, which were identical with those described as Distomum magnum
by Bassi (Stiles and Hassall 1894 c.i. Pybus 2001). Based on these comparisons,
Stiles drafted first comprehensive morphological description of the fluke and
renamed it as Fasciola magna (Swales 1935). In 1895, Stiles noticed similarities
between life cycles of Fasciola magna and Fasciola hepatica (i.e. utilization of
aquatic snails as intermediate hosts), and provided description of eggs and
miracidium larval stages of the parasite (Stiles and Hassall 1895 c.i. Pybus 2001).

Finally, due to the morphological differences between Fasciola magna and other
species of the genus Fasciola (e.g. the lack of distinct anterior cone and localization
of vitellaria in the region ventral to the intestinal branches), Henry B. Ward pro-
posed the new genus Fascioloides with the only type species Fascioloides magna
(Ward 1917) (Table 1.1).

1.2 Morphology

One of the most significant morphological characteristics of F. magna is its large
body and thick size, due to which it belongs to one of the largest trematodes
worldwide. The overall size of adult flukes varies between 40—100 mm of length
and 20-35 mm of width (Fig. 1.1); body thickness ranges from 2 to 4.5 mm
(Erhardova 1961).

The body is oval or leaf-shaped, dorsoventrally flattened, non-segmented and
bilaterally symmetrical (Erhardova-Kotrla 1971). The body surface is covered by
tegument with fine spines except for the anterior part of the flukes. The
reddish-brown colour of the body is caused by translucent contents of the intestine
(Spakulova et al. 2003). Moreover, some internal organs can be visible through the
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40-100 mm

Fig. 1.1 a infrapopulation of F. magna from red deer from Danube floodplain forests, Slovakia
(Photo M. Spakulova); b morphology of adult F. magna (Photo E. Bazsalovicsova, drawing
M. épakulové); BI branched intestine, OS oral sucker, IB intestine bifurcation, VS ventral sucker,
U uterus, O ovarium, T testes, V vitellaria

body surface, which is underlaid by musculature consisting of several layers: the
outer circular, intermediate longitudinal and inner diagonal muscles (Erhardovéa-
Kotrla 1971; Trailovi¢ et al. 2015).

The anterior end of the fluke is slightly pointed, while the posterior margin is
widely rounded. In the anterior half of the body, two muscular suckers are local-
ized; the oral sucker surrounding the mouth opening is usually connected with oral
cavity and allows sucking of blood (hematophagy). The ventral sucker (acetabu-
lum) is localized on the ventral side in the first third of the body, 3—4 mm from the
oral sucker and serves as attachment organ (Erhardova-Kotrla 1971).

Internal organs of mature hermaphrodic flukes are present in the parenchyma.
The digestive system with well-developed oral sucker and the sac-like intestine are
differentiated already in the rediae. It is formed by mouth surrounded by the oral
sucker, passing to buccal cavity, following by short muscular pharynx and
oesophagus. It is bifurcated into two branched intestinal systems, largely extended
into many diverticula, which continued along the whole body length (Fig. 1.1)
(Erhardovéa-Kotrla 1971; Spakulova et al. 2003). The suckers and pharynx contain
numerous receptory cells (Erhardova-Kotrla 1971). Abundantly branched intestine
is blindly terminated in the parenchyma and creates a thin epithelium (gastroder-
mis) with the ability of absorption and secretion (Stiles and Hassall 1895 c.i. 2001).

Giant liver fluke has protonephridial excretory system, which forms network of
excretory canals opened to the outside of body through terminal excretory pore.
Basic structures of the excretory system are flame cells deposited in the par-
enchyma. The nervous system of F. magna consists of a paired nerve ganglion and
nerve cords (longitudinal and transverse) extending throughout the fluke body
(Erhardova-Kotrla 1971).
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Adult flukes of F. magna are characterized by the presence of male and female
reproductive systems in each individual (Fig. 1.1). Sexually mature flukes have one
common genital pore for both reproductive systems, which is median and imme-
diately pre-acetabular. Male reproductive organs consist of two branched festes
localized closer to the body centre and vas deferens opening into the bursa cirri.
The walls of the vas deferens pass into the vesicula seminalis and then in the pars
prostatica. The copulatory organ (ejaculatory duct) terminates in short cirrus.
Testes are placed side by side almost in the entire second third of the body, but
usually one testis may be slightly above the other (Erhardova-Kotrla 1971).

Female reproductive system consists of lobulated and branched ovarium, which
is pretesticular, situated slightly to the right side. The oviduct surrounded by the
Mehlis’ gland lies in the middle, and is connected with the transverse vitelline
ducts. The short Laurer’s canal extends from the oviduct. Widely branched vitel-
larium is localized only on the ventral side of the digestive system, and vitelline
fields fill lateral regions of body from level of acetabulum to posterior body end.
Oviduct continues by ball-shaped uterus placed in the first third of the body, pro-
ceeding to the bursa cirri and short metraterm.

Uterus is usually filled with a large number of eggs, which possess typical
operculum on an apical pole (Erhardova-Kotrla 1971). The peculiar appendage
localized opposite the opercular end of the egg is present in variable forms on
practically all eggs removed from liver pseudocysts filled with flukes. This
appendage is present only on approximately 20 % of eggs normally passed from the
final hosts (Swales 1935). The overall length of eggs is 109-175 pm, width is
81-117 pm, depending on the type of the final host and course of infection. The
eggs are oval or slightly widened in the centre, yellow or yellowish-brown in
colour. They are covered by shell, which is approximately 3.0 pm thick and
smooth; however, the germ and vitelline cells are visible through the translucent
surface (Swales 1935; Campbell 1961; Erhardova-Kotrla 1971).

1.3 Life Cycle

The complete life cycle of F. magna was described by Swales in 1935. The details
of all developmental stages of the life cycle were later specified by Erhardovéa-
Kotrla (1971). Giant liver fluke has complex life cycle with four stages (Fig. 1.2).
The first developmental stage takes place in external environmental conditions,
including the phase after dissemination of eggs within the host’s faeces into water
environment and their development to miracidium. The second stage involves the
development of different larval stages (sporocysts, mother and daughter rediae)
within the intermediate hosts (aquatic snails). In the third stage, metacercariae
develop after release of cercariae from intermediate host in the humid external
environment. The fourth stage begins after the ingestion of infective metacercariae
by final hosts (e.g. cervids or other ruminants), and continues up to the maturity of
adult flukes and production of eggs.
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development
in final hosts

exogenous
development

exogenous
development

development
within
intermediate hosts

Fig. 1.2 The life cycle of F. magna (Drawings of larval stages M. Spakulova)

First stage: exogenous development Adult flukes are usually localized in the
liver pseudocysts of final hosts, in particular in definitive type of hosts (for details
see 1.4 and 1.5). Mature flukes may release up to 4,000 thick-walled operculated
eggs per day (Swales 1935). The eggs are released with bile into the intestine and
leave host’s organism along with faeces (Erhardova-Kotrld 1971). In mature eggs,
the process of embryonation results in formation of larval stage, miracidium.
Complete embryonation takes approximately 35 days (Swales 1935), but this time
varies considerably with changes in temperature and moisture (Pybus 2001). In
general, the reduction of the temperature prolongs the development (Erhardova-
Kotrla 1971). Low temperatures (<20 °C) retard development, while high tem-
peratures (>34 °C) lead to abnormalities in embryonation and an inability to hatch
(Campbell 1961).

In external environmental conditions, a fully developed ciliated larva miracidium
hatches from egg by opening the operculum and is released into the water envi-
ronment during 2-4 weeks (Schwartz et al. 1993). The growing miracidium pro-
duces proteolytic enzymes that liberate the egg operculum and allow hatching
(Pybus et al. 1991).
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Free-living miracidia are fast moving stages, which actively seek intermediate
snail hosts and penetrate into the snail’s body under the mantle fold on the posterior
part of the pulmonary sac (Swales 1935). The penetration into the aquatic snails is
facilitated by the secretion of apical gland situated in the anterior part of miracid-
ium. One miracidium has already fully developed six sensory organs, which are
connected with the central ganglion (Erhardovéa-Kotrla 1971). Miracidia display
positive phototaxis and have strong affinity for mucus of lymnaeid snails (Campbell
1961; Erhardova-Kotrla 1971). If miracidia do not penetrate into the suitable
intermediate host, they gradually lose their energy and die. They can survive in
humid environment from 10-16 h (Erhardova 1961) up to 1-2 days (Pybus 2001).

Second stage: development within intermediate hosts The development within
the intermediate host (or multiplication phase) begins by the creation of new larval
stage, sporocyst. Miracidia can migrate through the snail’s body away from the
penetration site. Therefore, sporocysts can sometimes be found in various sites; in
the shell cavity or in the shell, in the foot of snail, near the digestive system or in
pulmonary cavity. However, they have never been found in the hepatopancreas and
kidney (Erhardovéa-Kotrla 1971). Transformation of miracidia into the sporocyst
takes about 810 h after the penetration (Swales 1935; Erhardova 1961; Schwartz
et al. 1993). In the stage of sporocyst, only muscular pharynx, buccal cavity and
rudimentary oesophagus are developed; no other internal organs are evolved.
Sporocysts are able to form two types of rediae, which enter the snail’s tissue
(Schwartz et al. 1993).

At first, sporocysts change their form and develop into mother rediae. Each
sporocyst usually contains only one mother redia and 4-6 germ cells. Mother rediae
elongate their body, actively move and escape from sporocysts by rupturing their
wall. They have completely developed digestive organs; mouth, very large mus-
cular pharynx, oesophagus and gut. Mother rediaec migrate through the tissue of the
snail; they can be found mainly in the kidney, female reproductive organs, pul-
monary cavity and near the anal pore. Each mother redia contains 4-6 light-yellow
coloured daughter rediae (Erhardova 1961), which gradually develop in growing
mother rediae. They have very similar digestive system comparing to mother rediae,
involving mouth, pharynx, oesophagus and gut. Smaller muscular pharynx of
daughter rediae is differential feature from mother rediae. The shape of body of
daughter redia is divided into two parts; the anterior is larger and wider, while the
posterior one is shorter and narrower. Within each daughter redia, the next larval
stage (cercaria) develops in various numbers; the highest number is usually six
cercariae in one daughter redia (Erhardova-Kotrld 1971). An apparent difference
between mother and daughter rediae is the retention of the strong collar in the
anterior part of the redia. In daughter rediae containing cercariae, no indication of
collar is observed, while in mother rediae, it is formed by a simple fold in the wall,
probably as a result of growing and stretching cercariae (Swales 1935).

Third stage: exogenous development The cercariae emerge from the daughter
rediae and they usually migrate into the hepatopancreas and reproductive organs of
snails, where they complete their development. Mature cercariae represent
free-living larval stage, which persist in external environment after leaving snail.
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They are very active inside the daughter rediae, where they have been formed. The
light-yellow coloured cercariae are very similar by their body construction with
adult stages of fluke; anterior portion is heart-shaped and wide, while the posterior
one represents one long tail. Their digestive system is formed by mouth, muscular
pharynx, short oesophagus, intestine bifurcated into two branches and caecum.
Some kind of excretory system and rudimentary basis of reproductive organs are
also developed (Swales 1935; Erhardova-Kotrld 1971).

After the complex of multiplication processes in the intermediate host, several
larval generations are produced during approximately 2.5 months. As a result, about
1,000 cercariae are released from infected snail (Swales 1935; Erhardova 1961).
Development in snails depends mainly on physical conditions (e.g. temperature,
moisture etc.), and type or species of intermediate hosts (Pybus 2001). Finally, the
cercariae move from the snail’s tissue back into the water, migrate a short distance,
encyst on the surface of an aquatic vegetation and develop into the metacercariae
(Schwartz et al. 1993). Metacercariae represent the stage infectious for final hosts;
they remain infectious during 2-2.5 months fixed on submergent or emergent
vegetation, particularly in cold water. The dark-brown metacercariae are covered by
the wall, which is formed by two layers; thinner inner and thicker outer (Erhardova-
Kotrla 1971; Schwartz et al. 1993). Metacercariae-infected herbage may be ingested
by domestic or free-living ruminants (Foreyt and Parish 1990), mainly in two
primary transmission periods, in the late summer and fall, and in the spring
(Erhardova-Kotrla 1971).

Fourth stage: development in the final hosts After ingestion of metacercariae,
activated larva penetrates the intestinal wall of its final host, migrate along the
ventral aspect of the peritoneal cavity, and then penetrates the liver through the
Glisson’s capsule, where they slowly grow and develop into adults (Pybus 2001). In
final hosts, flukes mature approximately 30 weeks after infection (Foreyt and Todd
1976a). Localization of flukes depends on the type of the final host (definitive,
aberrant, dead-end; for details see Chap. 3). In definitive host, F. magna occurs in
thin-walled fibrous pseudocysts within the liver parenchyma usually in pairs, but
occasionally also in higher numbers (Foreyt et al. 1977; Schwartz et al. 1993; Pybus
2001). Hermaphroditic helminths in general prefer cross-fertilization; however,
self-fertilization may occur in absence of available partner (Snabel et al. 1996).

In dead-end hosts, thick-walled encapsulation of flukes was observed, while for
aberrant hosts, excessive wandering of immature flukes and lack of encapsulation
are typical. Single immature fluke may migrate through the hepatic parenchyma up
to one year before becoming encapsulated with other fluke (Foreyt et al. 1977,
Mulvey et al. 1991). Such immature flukes may migrate aimlessly and destructively
through the organs of abdominal or thoracic cavities. Prepatent period of F. magna
in ruminants ranges from three (Erhardova-Kotrld 1971) to seven months (Swales
1935; Foreyt and Todd 1976a). Adult flukes survive in liver of final hosts at least
five years (Erhardova-Kotrla 1971).
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1.4 Clinical Signs

Clinical signs caused by F. magna infection strongly depend on the type of final
host (definitive, aberrant, dead-end; for details see Chap. 3). Infection in the
definitive hosts (e.g. white-tailed deer, wapiti, red deer etc.) is usually well tolerated
(except for young animals, or animals of lower fitness) and F. magna is not con-
sidered as a serious pathogen in these cervids (Swales 1935; Griffiths 1962; Foreyt
and Todd 1976a). However, some clinical signs, such as lethargy, poor appetite,
anorexia, anemia, depression and weight loss, may occur (Foreyt 1992, 1996a). In
occasional cases, fascioloidosis can lead to death of definitive host, as was reported
e.g. in naturally infected white-tailed deer (Pursglove et al. 1977), red deer (Balbo
et al. 1987), and also in experimentally infected wapiti (Foreyt 1996b) or mule deer
(Foreyt 1992).

Contrary to definitive hosts, infections in aberrant (e.g. sheep, goat, roe deer) and
dead-end hosts (e.g. cattle, moose, sika deer) display different clinical signs and
may more often cause a lethal effect. The course of infection in these types of hosts
could also be subclinical and coprological examinations may not provide reliable
results (Foreyt and Todd 1976b; Stromberg et al. 1983). For instance, goats, sheep
and llama apparently did not exhibit initial clinical signs of infection, but in some
cases, infected animals show signs of lethargy and weakness shortly before death
(Foreyt 1990, 1996a). Mortality usually occurs within 4-6 months post-infection
(Swales 1935; Erhardova-Kotrla and Blazek 1970; Erhardova-Kotrla 1971; Foreyt
and Leathers 1980), and may be associated with acute peritonitis before or after
migrating larvae reach the liver. Since fascioloidosis in domestic ruminants may
cause significant economic losses, monitoring of farmed animals and compliance of
preventive measures are highly important in order to prevent infections in cattle,
sheep and goats (Lanfranchi et al. 1985).

1.5 Pathology

Pathological changes caused by F. magna infection also depend on the type of its
ruminant hosts, with different tolerance to fascioloidosis (Pybus 2001). In definitive
hosts, fibrous encapsulated pseudocysts of sedentary adult flukes (Fig. 1.3), which
lead to pathological enlargement of the liver, are typical. The liver has usually
rounded margins and fibrous tags on the serosa (Pybus 2001). An enlarged grey
liver with irregular grooves, fibrin and scattered diffuse foci of black pigment on the
surface, a lot of different cystic spaces filled with brownish mucous fluid, and
changes in the liver tissue typical for cirrhosis, were also observed (Karamon et al.
2015). Perivascular inflammation is generally not detectable (Foreyt and Todd
1979).

The infected liver is predominantly characterized by primary lesions associated
with mechanical damage due to migrating immature flukes. After flukes’
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(a) i (b)

Fig. 1.3 a adult F. magna in liver of infected red deer from Danube floodplain forests, Slovakia;
b pathological changes of infected liver; ¢ details on fibrous capsules in the liver parenchyma
(Photos M. gpakulové and E. Bazsalovicsova)

consumption of blood and its components, particularly erythrocytes, streaks of
black pigment may be seen. They occur in abdominal or thoracic organs, especially
in the liver. Black pigment accumulates in hepatic cells either on the serosal surface
or throughout the liver parenchyma (Swales 1935; Pybus 2001). Black spots of
different size may be visible on the omentum, peritoneum, pleura and cranial part
of lungs (Karamon et al. 2015). Black or dark-green pigment belongs to the group
of hematins and is produced in the intestine of immature and adult flukes as a
by-product of feeding on blood (Campbell 1960; Blazek and Gilka 1970). The
presence of hematin is typical only for giant liver fluke; there is no evidence of its
occurrence in parasitic infections caused by other flukes (Chroust 1987).

Thin-walled pseudocysts usually arise as a result of an immune defense mech-
anism against the migration of young flukes throughout the hepatic parenchyma and
are filled with a dark-green liquid. With the gradual development of capsule around
the flukes, the surrounding liver parenchyma is destroyed due to pressure atrophy
(Swales 1935, 1936). Capsules are of host origin and are an apparent attempt to
prevent further migration of flukes within the liver parenchyma (Pybus 2001).

Cysts with adult flukes are situated in the liver parenchyma and are opened to the
biliary system (Conboy and Stromberg 1991). Giant liver flukes usually occur in
pairs (Erhardova-Kotrla 1971), although in some cases more than two flukes can be
present in one pseudocyst (Spakulova et al. 2003). The size of pseudocysts is
variable (average size 50—100 mm); it depends on the amount of accumulated fluid
and detritus, but also on the number and size of flukes enclosed in cyst (Swales
1935, 1936).

In aberrant hosts, pathological changes are mainly characterized by excessive
wandering of immature flukes and lack of encapsulation. In addition to necrosis
throughout the liver, perforation of the hepatic capsule or penetration into various
abdominal and pleural organs (most frequently lungs) may also occur (Foreyt and
Todd 1976b; Foreyt and Leathers 1980). In dead-end hosts, fibrosis and
thick-walled encapsulation of flukes was observed. In some cases, even chronic
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calcification of pseudocysts may occur (Pybus 2001). The presence of black pig-
mentation of various tissues is one of the initial macroscopical diagnostic markers
of F. magna infections in this type of hosts (Spakulova et al. 2003). Higher number
of flukes and prolonged infections cause more extensive histopathological changes
in liver parenchyma of infected ruminants (Pybus 2001).

1.6 Therapeutic Treatment

Therapeutic treatment of fascioloidosis in domestic ruminants is feasible as a part of
on-going individual herd management programs (Pybus 2001). An important role
plays the way of housing animals in farms, pasture rotation and the frequency of
animals in pastures, improvement of animal zoo-hygienic conditions and general
animal welfare. Therefore, the treatment of domestic ruminants appears to be more
effective due to possibility to control the dosage and administration of anthelmintic
drugs. It is fully copying the knowledge on pharmacological anthelmintic treatment
of liver fluke Fasciola hepatica (Trematoda; Fasciolidae), species which is closely
related to F. magna (Mas-Coma 2005). Due to this fact, pharmacological treatment,
as known for F. hepatica (Fairweather and Boray 1999), was adopted in treatment
of F. magna. However, F. magna infections are in most cases difficult to treat
because flukes are not localized directly in the bile ducts as in F. hepatica infec-
tions. As a result, most anthelmintic drugs effective against F. hepatica do not work
well against F. magna (Foreyt and Todd 1976b).

Treatment of F. magna in free-living ruminants differs from that of domestic
ones. Anthelmintic drugs are administrated to animals through the feeding mixtures
in winter seasons. In such cases, an exact dose of anthelmintics can not be con-
trolled and treatment of cervids is mostly unfeasible (Pybus 2001). The main reason
is that mixing of drugs with salt might limit the amount of mixture that can be eaten
in one visit to the feeding table by the dominant deer, and leaving enough to treat
the inferior ones (Janicki et al. 2005). Direct treatment of cervids is possible only
in situations of their translocations from enzootic areas to husbandry (Pybus 2001).
Natural populations of cervids are largely difficult to treat due to inability of drugs
to penetrate into liver pseudocysts (Rajsky et al. 2002). The side effect of treatment
is presence of drugs in muscles or other tissues of cervids, what is often less
desirable than drug-free animal with good tolerance of fascioloidosis. Table 1.2
summarizes data on anthelmintic drugs used in fascioloidosis treatment of
free-living and domestic ruminants in North America and Europe.

In the long-term history of fascioloidosis treatment, several groups of anthel-
mintics with different type of agents were administrated in veterinary and hus-
bandry practices (see Table 1.2 and references therein). Some anthelmintic groups
were proved to be effective against mature and immature stages of F. magna in
different type of final hosts (Foreyt and Todd 1974; Balbo et al. 1987; Qureshi et al.
1989). High level of efficacy (63—-100 %) was detected for triclabendazole (benz-
imidazoles) with best results against both forms of flukes (adult and immature) in
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white-tailed deer, Rocky Mountain elk and cattle (see Table 1.2 and references
therein). Consequently, several authors recommended triclabendazole as the best
choice for fascioloidosis treatment (Craig and Huey 1984; Foreyt 1989; Pybus et al.
1991; Qureshi et al. 1989, 1994). Slightly lower efficacy (38-99 %) was observed
for albendazole (benzimidazoles), which was applied for fascioloidosis treatment in
white-tailed deer, sheep and cattle (see Table 1.2 and references therein).

According to the other studies on fascioloidosis therapy salicylanilides and
sulphonamides were also highly effective in free-living and domestic ruminants
(Table 1.2). Rafoxanide (salicylanilides) has high efficacy (100 %) against both
forms in cattle (Foreyt and Todd 1974) and was also effective against giant liver
flukes in free-living ruminants, e.g. white-tailed deer (75 %; Foreyt and Todd
1976b) and roe deer (98 %; Chroust 1987). Clorsulon (sulphonamides) is active
mainly against immature flukes parasitizing cattle and sheep (Foreyt 1988), with
rather high efficacy (80-92 %) against adult and immature flukes infecting
white-tailed deer (Foreyt and Drawe 1985).

Out of halogenated phenols, hexachlorophene and bithionolsulfoxide were
proved to be effective against adult flukes in white-tailed deer and cattle, respec-
tively (Foreyt and Todd 1976b; Chroustova et al. 1980). Nitroxynil was efficient
only against immature flukes in white-tailed deer (Foreyt and Todd 1976b).
Diamphenethide (phenoxyalkanes) fed in medicated pellets effectively controlled F.
magna infection in captive red deer (Balbo et al. 1987); however, authors did not
declare exact efficacy of the drug. In contrast, diamphenethide used in higher dose
was not effective either in adults or in immature flukes in white-tailed deer (Foreyt
and Todd 1976b).

Until recently, nothing has been known about the metabolism of anthelmintics in
F. magna. The latest study of Prchal et al. (2015) was focused on determination of
the activities of drug-metabolism enzymes in F. magna and the metabolism of
selected benzimidazoles (triclabendazole, albendazole, mebendazole) and salicy-
lanilides (rafoxanide, closantel), which are commonly used to control fascioloidosis.
Specific activities of several drug-metabolizing enzymes (e.g. peroxidase, catalase,
glutathione peroxidase, flavine monooxygenase, UDP-glucosyl transferase etc.)
were found in subcellular fractions.

The results showed that giant liver fluke is able to oxidize albendazole and
reduce mebendazole in vitro; however, it can not oxidize triclabendazole. Ex vivo
cultivation of living adult flukes with anthelmintics confirmed the ability of para-
sites to oxidize albendazole to albendazole sulphoxide and to reduce mebendazole.
Concerning the salicylanilides, no metabolites of rafoxanide and closantel formed
by F. magna were detected. It was concluded, that F. magna possess the active
xenobiotic-metabolizing system, but it is not able to mediate sufficient protection
against anthelmintic drugs (Prchal et al. 2015).

Comparing to other veterinary important parasitoses, fascioloidosis is respon-
sible for generally lower economic consequences. Probably due to this fact, no
specific pharmacological therapeutics are available till now. Therefore, preventive
measures are of high importance. Particularly high risk represents the feeding with
hay from meadows, where are commonly found either infected free-living
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ruminants or aquatic snails, intermediate hosts of F. magna. The suitable alterna-
tives seem to be timely reduction of parasite spreading by physical methods (e.g.
drainage or drying of pastures), application of molluscicides to grassland or
introduction of competitive species of snails, which eliminate intermediate hosts in
habitat (Novobilsky and Koudela 2005).
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Chapter 2
Distribution of Fascioloides magna

Abstract Giant liver fluke has established permanent natural foci on two conti-
nents. North America represents the original continent of the parasite occurrence,
while Europe is the continent where F. magna was introduced along with its cervid
hosts. In North America, F. magna occurs in five enzootic regions across the United
States and southern Canada: (1) the northern Pacific coast; (2) the Rocky Mountain
trench; (3) the Great Lakes region; (4) northern Quebec and Labrador; and (5) Gulf
coast, lower Mississippi, and southern Atlantic seaboard. In Europe, giant liver
fluke has established three permanent natural foci: (1) La Mandria Regional Park in
the northern Italy; (2) Czech Republic and southwestern Poland; and (3) Danube
floodplain forests, involving Austria, Slovakia, Hungary, Croatia and Serbia. This
chapter summarizes details on F. magna distribution in all North American enzootic
regions and European natural foci. Besides permanent foci, sporadic findings of the
parasite have been reported throughout the world. Occasional findings very prob-
ably represented only single detection of the parasite introduced to the particular
region without further establishment of the permanent focus.

Keywords Giant liver fluke - Distribution - Biological invasion - North America -
Europe - Enzootic region - Natural focus

2.1 North America

North America has been recognized as the original continent of giant liver fluke. To
date, F. magna occurs in five enzootic regions across the United States and southern
Canada: (1) the northern Pacific coast (NPC); (2) the Rocky Mountain trench
(RMT); (3) the Great Lakes region (GLR); (4) northern Quebec and Labrador
(NQL); and (5) Gulf coast, lower Mississippi, and southern Atlantic seaboard
(SAS) (Fig. 2.1; Pybus 2001). The US states and Canadian provinces with con-
firmed natural infections of free-living and domestic ruminants are illustrated on
Fig. 2.2. Details on geographic localities, final hosts and prevalence of fascioloi-
dosis in all North American enzootic regions are provided in Table 2.1.
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. northern Pacific coast

. Rocky Mountain trench

. Great Lakes region

. northern Quebec and Labrador

@ Gur coast, lower Mississippi, and southern Atlantic seaboard

Fig. 2.1 Schematic presentation of North American enzootic regions of F. magna

Distribution of F. magna in North America has been influenced by a natural
migration and human-directed translocations of cervids. Definitive hosts, such as
white-tailed deer, wapiti and caribou, have played major role in maintaining fas-
cioloidosis in the natural environment and its further spread into currently recog-
nized enzootic regions. It is generally accepted that F. magna have co-evolved with
ancestral Odocoileus sp. and was originally widespread in white-tailed deer in
major wetland habitats throughout North America (Pybus 2001). Interrelationships
between white-tailed deer and F. magna are finely tuned; the number of flukes
within an individual deer is usually limited, allowing maintenance of the parasite
population, but not dispersing it beyond its foci. Wapiti and caribou, sympatric with
white-tailed deer, encountered F. magna in overlapping contaminated wetland
habitats. In contrast to the situation in white-tailed deer, potential translocation of
liver flukes in wapiti is higher due to increased F. magna eggs production and
subsequent release into the environment (Pybus 2001).

The population of white-tailed deer declined steadily in 16th and 20th centuries;
this process proceeded from the east towards the west of North America and
resulted in the disappearance of the giant liver fluke over much of its former range
(Pybus 2001 and references therein). However, as claimed by Pybus (2001),
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. Gulf coast, lower Mississippi, and southern Atlantic seaboard

Fig. 2.2 Details on US states and Canadian provinces with confirmed natural infections of
F. magna in free-living and domestic ruminants (codes are explained in Table 2.1; map
downloaded from www.johomaps.com)

populations of the fluke may have remained in three primary refuge areas, partic-
ularly in: (i) RMT region in persistent wapiti populations; (ii) SAS region with
continued occurrence of white-tailed deer; and (iii) NQL region, where caribou
remained unavailable for harvest. The spread of F. magna into its contemporary
North American distribution was dependent on opportunities for infected cervids
enter new regions, either via natural migration or via human-related translocation.
At present, North American populations of F. magna are separated in detached
pockets across the continent, in five enzootic regions that possess diverse ecological
conditions (Pybus 2001).

The northern Pacific coast (NPC) is westernmost enzootic region of coastal
Canadian province British Columbia (BC), and US states Oregon (OR) and
Washington (WA) (Fig. 2.2), where diverse spectrum of naturally infected final
hosts was found out. Fascioloides magna was detected in many definitive hosts
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species (white-tailed deer, wapiti, Roosevelt elk, black-tailed deer and mule deer),
but also in moose, cattle and sheep (see Table 2.1 and references therein). The
highest prevalence was documented in wapiti (77-100 %) and moose (63 %) from
Kootenay National Park (BC) (Pybus et al. 2015).

The Rocky Mountain trench (RMT) includes Canadian provinces Alberta
(AB) and adjacent Saskatchewan (SK), and US state Montana (MT) (Fig. 2.2). The
majority of giant liver fluke findings originated from the Banff National Park
(NP) and southwestern Alberta. Fascioloides magna was determined in white-tailed
deer, wapiti, Rocky Mountain elk, mule deer (definitive hosts), but also in moose,
cattle, bison, yak and sheep (see Table 2.1 and references therein). The highest
prevalence (up to 80 %) was determined in wapiti from southern Alberta and
Banff NP (Whiting and Tessaro 1994; Pybus et al. 2015) and in Rocky Mountain
elk in Banff NP (93 %; Pybus et al. 1991). Hood et al. (1997) detected 4-100 %
prevalence of fascioloidosis in wapiti from Montana.

The Great Lakes region (GLR) involves US states surrounding the Great Lakes,
e.g. Minnesota (MN), Wisconsin (WI), Michigan (MI) and New York (NY), and
Canadian province Ontario (ON). Adjacent Canadian province Manitoba (MB) and
US state North Dakota (ND) are considered to be within GLR (Fig. 2.2). Contrary
to NPC and RMT, the white-tailed deer was the only definitive host in GLR region.
Majority of natural F. magna infections were detected in moose, cattle, llama, horse
(dead-end hosts) and sheep (aberrant host) (see Table 2.1 and references therein).
The highest prevalence (up to 20 %) was documented during the long term surveys
in moose from Minnesota (Peterson et al. 2013) and North Dakota (Maskey 2011).

The Saskatchewan and Manitoba/North Dakota are not directly located in the
Rocky Mountains and Great Lakes regions, respectively. Their classification into
RMT and GLR enzootic regions is due to their location neighbouring the respective
regions.

Northern Quebec and Labrador (NQL) is the northernmost enzootic region with
Canadian provinces Quebec (QC) and Labrador (NL). The dominant definitive host
is caribou (Table 2.1); F. magna was also found in muskox (Bazsalovicsova et al.
2015). The highest prevalence (78 %) was determined in caribou from southcentral
and coastal northern Labrador in 2001 (Pollock et al. 2009).

Gulf coast, lower Mississippi, and southern Atlantic seaboard (SAS) offers for
giant liver fluke and its hosts suitable ecological conditions, in particular moist
lowlands or swamps along major drainage systems (Pursglove et al. 1977). This
enzootic region includes southeastern US states Georgia (GA), Florida (FL),
Kentucky (KY), Louisiana (LA), Mississippi (MS), North Carolina (NC), South
Carolina (SC), Tennessee (TN) and Texas (TX) (Fig. 2.2). The dominant definitive
host is white-tailed deer (see Table 2.1 and references therein). Out of dead-end
hosts, F. magna infection was found in cattle, collared peccary and wild boar.
Infection in goat and sheep (aberrant hosts) was documented in Texas (Olsen 1949).
The highest prevalence (over 64 %) was documented in white-tailed deer and wild
boar from Texas (Foreyt and Todd 1972; Foreyt et al. 1975, 1977).

Genetic interrelationships among populations of giant liver fluke from all
enzootic regions were studied by Bazsalovicsova et al. (2015) using short variable



2.1 North America 27

regions of mitochodrial coxl and nadl markers designed by Kralova-Hromadova
et al. (2008). The principal outcome was detection of two separate lineages of F.
magna in North American continent. The western lineage was formed by indi-
viduals from RMT region (in particular Alberta) and NPC region (British Columbia
and Oregon). The eastern lineage was formed by samples from GLR region
(Minnesota), SAS region (Mississippi, Louisiana, South Carolina, Georgia and
Florida) and NQL region (Quebec and Labrador). More details on mitochondrial
markers and their application in F. magna studies are provided in Sect. 5.2.

2.2 Europe

As a result of popular commercialized hunting in Europe of the 19th and 20th
centuries, wapiti and white-tailed deer were imported from North America to
European parks, zoological gardens and reservations (Slusarski 1955; Bojovié¢ and
Halls 1984). Together with the introduction of the game animals, F. magna was
transferred as an undesirable side-effect from the Nearctic zone to the Palearctic,
where it established local populations (Erhardova-Kotrla 1971; Pybus 2001).

Contrary to native North America, Europe represents the continent where
F. magna was introduced along with its cervid hosts and established three
permanent natural foci: (1) La Mandria Regional Park in the northern Italy (IT);
(2) Czech Republic and southwestern Poland (CZ-PL); and (3) Danube floodplain
forests (DFF) (Fig. 2.3). The particular European countries with confirmed natural
infections of final hosts are illustrated on Fig. 2.4. Details on geographic localities,
final hosts and prevalence of fascioloidosis in all European natural foci are provided
in Table 2.2.

Italy (IT) Fascioloides magna was introduced to the Royal Park La Mandria
(now La Mandria Regional Park) near Turin in northern Italy in 1865, as was
recorded and originally described by Bassi (1875). The Savoy King Vittorio
Emanuele II directed import of 60 wapiti from Wyoming (USA), of which 47
reached La Mandria Regional Park (Apostolo 1996). The Regional Park represents
first stable and isolated natural focus of fascioloidosis in Europe (Fig. 2.3) with
occurrence of giant liver fluke mainly in red deer (see Table 2.2 and references
therein). Besides, F. magna was also found in introduced Rocky Mountain elk and
Sambar deer (Bassi 1875 c.i. Pybus 2001). A very high prevalence (up to 100 %)
was recorded in red deer in a period of 1979-1980 (Balbo et al. 1987).
Fascioloidosis was determined in the Italian focus in rather broad spectrum of
dead-end hosts, mainly in cattle, blue bull, horse and wild boar and in sheep and
goat (aberrant hosts) (see Table 2.2 and references therein).

Czech Republic and southwestern Poland (CZ-PL) The second European focus
of fascioloidosis was determined in the Czech Republic by Ullrich (1930), who
published the first occurrence of F. magna in fallow deer in 1910. The Czech focus
was established mainly in the southern and central parts of the country, where
F. magna was found in definitive hosts, such as red deer, fallow deer, or
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. Czech Republic and southwestern Poland
. Danube floodplain forests

Fig. 2.3 Schematic presentation of European natural foci of F. magna

white-tailed deer, also in sika deer and cattle (dead-end hosts), and roe deer
(aberrant host) (see Table 2.2 and references therein). The highest prevalence was
detected in red deer (81-100 %) and roe deer (70-80 %; Erhardova-Kotrla 1971),
and later on in red deer and fallow deer (up to 90 %; Novobilsky et al. 2007).

The Czech focus of fascioloidosis was restricted to the southern and central parts
of the Czech Republic for more than 100 years. Recently, F. magna was docu-
mented in the northern Czech-Polish border, what indicated a possible spread of
fascioloidosis from Czech Republic to Poland (Kasny et al. 2012). Indeed, para-
sitological survey of cervids of the Lower Silesian Wilderness and Bory
Zielonogorskie (southwestern Poland) performed in the period of 2012-2013 and in
2015, respectively, confirmed presence of F. magna in red deer, roe deer and fallow
deer (Pyziel et al. 2014; Demiaszkiewicz et al. 2015). Molecular genotypization of
Polish flukes using mitochondrial markers revealed close genetic interrelationships
between Czech and Polish parasites (Kralova-Hromadova et al. 2015). These
findings indicate that giant liver fluke has spread to Lower Silesian Wilderness from
well-established Czech focus, and common name “the Czech Republic and
southwestern Poland” was suggested (Kralova-Hromadova et al. 2015).

It is important to mention, that the first record on fascioloidosis in Poland
originated from red deer from the Lower Silesian Forest in the southwestern Poland
in 1953 (Slusarski 1955). Since then, the occurrence of F. magna in Poland has not
been documented for almost 60 years. Was the parasite present in the southwestern
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. Italy . Czech Republic and southwestern Poland

. Danube floodplain forests DE Germany — not genotypized

Fig. 2.4 Details on European natural foci with confirmed natural infections of F. magna (codes
are explained in Table 2.2; map downloaded from www.johomaps.com)

Poland during the whole period from its first discovery in 1953 till present? Or does
the recent detection of F. magna represent a new finding of the fluke in that region?
Since fascioloidosis causes macroscopically visible pathological changes in livers
of infected animals, it is difficult to imagine how giant liver fluke could escape from
an attention of veterinarians and hunters for such a long time (Kralova-Hromadova
et al. 2015). More probable explanation is that F. magna was in 50s of the 20th
century detected as a sporadic finding, but did not establish permanent focus.

The recent results of Karamon et al. (2015) confirmed that a spread of fasci-
oloidosis is still ongoing and dynamic process which requires permanent moni-
toring. Giant liver fluke was found in fallow deer in southeastern region of Poland
(Podkarpackie Province), neighbouring with Slovakia. The ribosomal ITS2 markers
were applied for verification of the taxonomy of the fluke (Karamon et al. 2015).
Since the Polish population of F. magna from Podkarpackie Province was not
genotypized with mitochondrial markers, it can not be concluded where it originates
from. It is evident that F. magna is expanding to novel territories, what represents
potential threat for susceptible free-living and domestic ruminants.

Danube floodplain forests (DFF) The third European focus of fascioloidosis is
Danube floodplain forests (Fig. 2.3). The first finding of F. magna was documented
in fallow deer from game husbandry in Lower Austria in 1982 (Pfeiffer 1983). The
infected animal apparently originated from the Netherlands; however, the infection
did not result in establishment of the permanent focus and can be considered as a
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sporadic finding. The real outbreak of fascioloidosis in Danube region was docu-
mented in 90s of the 20th century, when giant liver fluke was detected in red deer in
southwestern Slovakia (Rajsky et al. 1994), across the Slovak-Hungarian border, in
the northwestern region of Hungary named Szigetkdz (Majoros and Sztojkov
1994), in Fischamend area in Austria (Winkelmayer and Prosl 2001), Baranja
region of eastern Croatia (Marinculi¢ et al. 2002) and recently in Serbia
(Marinkovi¢ et al. 2013). Since the first findings of the parasite in the respective
countries, F. magna has been regularly and repeatedly detected in the Danube
floodplain forests (see Table 2.2 and references therein), which represents a unique
biotope located on islands of the inland delta of the Danube River. The large
trans-border wetland area lacks ecological or human barriers for the movement of
cervids and dispersal of the infective stages of their parasites (Kralova-Hromadova
et al. 2011). This natural focus of fascioloidosis is still expanding and there is a high
risk that the parasite will be determined in further countries down the Danube River
(e.g. Romania), or neighbouring countries, such as Bosna and Herzegovina
(Sinanovic et al. 2013).

Red deer represent the most frequent and dominant definitive host in Danube
floodplain forests. Besides, fascioloidosis was detected also in fallow deer and roe
deer (see Table 2.2 and references therein). Danube floodplain forests represent so
far the only European natural focus with no documented F. magna infection in
domestic ruminants. High prevalence (over 60 %) was repeatedly detected in red
deer in southwestern Slovakia (Rajsky et al. 1994, 1995, 1996, 2002; §pakulové
et al. 1997), Fischamend in Austria (Winkelmayer and Prosl 2001; Ursprung and
Prosl 2011), in northwestern Hungary (Giczi 2008) and Baranja region in eastern
Croatia (Slavica et al. 2006).

Genetic interrelationships among F. magna populations from all European foci
using short variable fragments of mitochondrial coxl and nadl revealed two
independent phylogenetic lineages (Kralova-Hromadova et al. 2011). The Italian
population represented one phylogenetic lineage, while the second one included
populations from the Czech focus and the Danube floodplain forests. Molecular
data did not show any genetic relationships between flukes from Italy and other
European foci. It was confirmed that F. magna did not spread further to Europe
from Italy and this focus remained rather isolated. On the other hand, the results
indicated multiple introductions of F. magna to Europe (Kralova-Hromadova et al.
2011). More details on mitochondrial markers and their application in F. magna
studies are provided in Sect. 5.2.

Germany (DE) The first record on fascioloidosis in Germany originated from
1930, when F. magna was found in red deer in Lower Silesia, region neighbouring
Poland (Salomon 1932). This finding may be closely related with detection of F.
magna in red deer in the Lower Silesian Forest (southwestern Poland) in 1953
(Slusarski 1955). Similarly to the history of F. magna occurrence in Poland, it can
be hypothesized that after introduction of giant liver fluke to Germany, the per-
manent focus was not established maybe due to lack of some ecological factors.

More than seven decades later, Novobilsky et al. (2007) detected F. magna in
the southwestern border of the Czech Republic indicating a threat of its possible
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spread into Germany. This suspicion was proved to be correct, since fascioloidosis
in red deer, roe deer, sika deer, and fallow deer was reported in northeastern Bavaria
(Rehbein et al. 2012; Plotz et al. 2015). Fascioloides magna specimens from
Germany have not been genotypized, hence their exact origin is not known. Giant
liver fluke in Bavaria very probably originates from the Czech focus; however,
molecular characterization and studies on population genetics of the parasite in this
region need to be performed in order to determine its origin.

2.3 Sporadic Reports

In Europe, the occasional finding of fascioloidosis was reported from Spain
(Almarza 1935). In a global scale, fascioloidosis was documented in Brahman
heifer in the South Africa (Boomker and Dale-Kuys 1977), ox in Australia (Arundel
and Hamir 1982), and from wapiti in Cuba (Lorenzo et al. 1989). The giant liver
fluke was imported to these localities mainly from North America. Probably due to
unsuitable environmental and climate conditions, the life cycle of the parasite could
not be completed and permanent foci were not established (Pybus 2001).
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Chapter 3
Final Hosts of Fascioloides magna

Abstract Fascioloides magna parasitizes in a broad spectrum of final hosts, mainly
free living and domestic ruminants. Final hosts of giant liver fluke are divided into
three types (definitive, dead-end and aberrant) according to interrelationships
between the parasite and the host, the ability of fluke to reach maturity and produce
eggs, pathological changes within the host organism, and the potential to release
eggs of F. magna into external environment. Definitive hosts contribute signifi-
cantly to further spread of propagative stages of F. magna into the environment.
Mature flukes localized in thin-walled pseudocysts or fibrous capsules in the liver
parenchyma can produce eggs and release them into the host’s small intestine
through the bile system. Definitive hosts tolerate fascioloidosis rather well, and
infection is very often subclinical. In dead-end hosts, giant liver fluke can reach the
liver but parasite matures very rarely. Only few eggs are produced and they are not
released into the bile system. In aberrant hosts, giant liver fluke can not successfully
complete the migration; parasite may occasionaly move up to the liver but for-
mation of pseudocysts is not successful. Such hosts may often die due to tissue
damage, which is associated with migration of immature flukes through peritoneal,
thoracic or abdominal cavities.

Keywords Giant liver fluke - Final host - Definitive host - Dead-end host -
Aberrant host - Host-parasite interrelationship - Experimental infection - Natural
infection

3.1 Naturally Infected Final Hosts

Natural infections of F. magna occur primarily in representatives of the families
Cervidae and Bovidae. According to Pybus (2001), there are three basic categories
of final hosts: definitive, dead-end and aberrant. Different terminology has been
applied throughout the literature in order to designate various types of final hosts of

giant liver fluke. In particular “obligate”, “specific”, “typical” and “normal” have
sometimes been used to determine definitive hosts, while terms ‘“non-specific”,
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“unspecific”, “atypical” and “abnormal” are used to describe dead-end and aberrant
hosts. Since the terminology described by Pybus (2001) takes into consideration
host-parasite relationships, pathological changes within the final hosts, reproduction
and further spread of the parasite, we accept and apply this terminology throughout
the publication.

3.1.1 Definitive Hosts

Definitive hosts are characterized by maturation of F. magna flukes in thin-walled
pseudocysts (fibrous capsules) in the liver parenchyma. Mature flukes produce eggs
which are released into the host’s small intestine through the bile system. Thus,
definitive hosts contribute significantly to further spread of propagative stages
(eggs) of F. magna into the external environment. All definitive hosts are members
of the family Cervidae, and except for the red deer and fallow deer, they are
primarily “New World” cervids. From veterinary point of view, infection in this
type of hosts is very often subclinical and fascioloidosis is rather well tolerated. The
following cervids are considered to be definitive hosts of giant liver fluke:

white-tailed deer Odocoileus virginianus

wapiti Cervus elaphus canadensis

Rocky Mountain elk Cervus elaphus nelsoni
Roosevelt elk Cervus elaphus roosevelti

caribou Rangifer tarandus

black-tailed deer Odocoileus hemionus columbianus
mule deer Odocoileus hemionus hemionus

red deer Cervus elaphus elaphus

fallow deer Dama dama

It is generally known that F. magna is of the North American origin where it
co-evolved with ancestral Odocoileus sp. White-tailed deer has significantly con-
tributed to maintenance and spread of fascioloidosis in North America, and till now
it represents one of the most frequent definitive hosts of giant liver fluke. In general,
white-tailed deer tolerate F. magna infection without significant clinical signs
(Pybus 2001).

In North America, F. magna was found in naturally infected white-tailed deer
coming from all enzootic regions except for NQL (see Table 3.1 and references
therein). The most frequent occurrence of fascioloidosis was determined in SAS
enzootic region throughout broad spectrum of southeastern US states, with the
highest prevalence (64—-84 %) in Texas (Foreyt and Todd 1972; Foreyt et al. 1977).
White-tailed deer was also attractive “import article”, which was introduced to
European parks, enclosures and reservations in the 19th and 20th centuries. In
Europe, fascioloidosis was detected in white-tailed deer in the Czech Republic
(Erhardova-Kotrld 1971). Besides white-tailed deer, wapiti and caribou have sig-
nificantly contributed to distribution of F. magna within and between enzootic
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regions in North America. Both cervids acquired giant liver fluke from white-tailed
deer in overlapping regions with sympatric occurrence of different cervids
(Kennedy et al. 1999; Bazsalovicsova et al. 2015).

Taxonomy of the genus Cervus is not univocal and different authors accept
different scientific names and terminology. In general, Cervus elaphus is supposed
to include many subspecies, including the most frequent “Old World” cervid, red
deer Cervus elaphus elaphus, and common North American species, wapiti Cervus
elaphus canadensis. In North America, there are numerous subspecies of C. ela-
phus, including Rocky Mountain elk Cervus elaphus nelsoni and Roosevelt elk
Cervus elaphus roosevelti (Bryant and Maser 1982). Some authors consider red
deer and wapiti to be separate species, Cervus elaphus and Cervus canadensis,
respectively (e.g. Groves 2006). In order to avoid any misunderstanding in termi-
nology of deer, we use the original scientific names of all cervids as provided in the
reference literature.

Wapiti (Fig. 3.1), one of the largest species of family Cervidae, was found to be
infected with F. magna mainly in foothills and mountain endemic areas of the
Rocky Mountain trench (RMT) enzootic region, in Canadian provinces Montana
and Alberta (Banff National Park) (see Table 3.1 and references therein). In NPC
enzootic region, fascioloidosis was detected in wapiti from British Columbia and
Oregon (Table 3.1). The prevalence detected in RMT and NPC enzootic regions
reached up to 80—100 % (Whiting and Tessaro 1994; Hood et al. 1997; Pybus et al.
2015). Sporadic occurrence of F. magna in wapiti was detected in Cuba, where it
was imported from North America (Lorenzo et al. 1989).

Others “New World” cervids susceptible to F. magna infection are Rocky
Mountain elk, Roosevelt elk, caribou, black-tailed deer and mule deer (see
Table 3.1 and references therein). While Rocky Mountain elk and mule deer were
found mainly in RMT region, Roosevelt elk and black-tailed deer infected with F.
magna were detected in coastal states and provinces of NPC region.

Along with wapiti and white-tailed deer, third dominant definitive host of F.
magna is reindeer or caribou, terrestrial herbivore of many northern ecosystems
(Pollock et al. 2009). The George River herd is the largest caribou population in
eastern Canada (mainly Labrador), and represents the only endemic caribou herd in
North America infected with F. magna (Wobeser et al. 1985; Pollock et al. 2009).
Caribou infected with F. magna was found only in NQL region, where the
dynamics of fascioloidosis is similar to dynamics in populations of wapiti and
white-tailed deer (Lankester and Luttich 1988). Excessive number of flukes may
lead to mortality even in this type of definitive host (Pybus 2001).

In Europe, the most frequent and dominat definitive host of F. magna is red deer.
Similarly to white-tailed deer and wapiti in North America, red deer plays an
important role in maintaining and spread of fascioloidosis in Europe. Red deer
infected with F. magna was found in all European natural foci (IT, CZ-PL and
DFF) in all countries (see Table 3.1 and references therein). A very high prevalence,
reaching up to 100 % was determined in Italy (Balbo et al. 1987), Czech Republic
(Erhardova-Kotrld 1971) and Danube floodplain forests (Rajsky et al. 2002;
Ursprung and Prosl 2011). Fallow deer is second ruminant species known as
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Fig. 3.1 Wapiti (Cervus
elaphus canadensis) from
Banff National Park, Alberta,
Canada. (Photo 1. Kralova-
Hromadova)

definitive host of F. magna in Europe; fascioloidosis in fallow deer was detected in
all natural foci (Table 3.1); the highest prevalence was reported from Czech
Republic reaching up to 95 % (Novobilsky et al. 2007).

The prevalence of fascioloidosis in definitive hosts is age-dependent. While
young hosts are rarely infected, infection is increasing in older age classes (Flook
and Stenton 1969; Foreyt et al. 1977; Lankester and Luttich 1988; Mulvey and Aho
1993). Prevalence of adult flukes is comparable in both sexes in wapiti (Pybus 2001),
white-tailed deer (Foreyt et al. 1977), and caribou (Lankester and Luttich 1988).

3.1.2 Dead-End Hosts

In dead-end hosts, giant liver fluke can reach the liver but the parasite matures very
rarely and few produced eggs are usually not released into the bile system, intestine
and further to the external environment. Contrary to definitive hosts, dead-end hosts
do not contribute to maintenance of the infection and spread of propagative stages
of F. magna. Fascioloidosis in this type of hosts may have a lethal effect. Dead-end
hosts represent taxonomically diverse category, in particular:

Family Cervidae

e moose Alces alces
e sika deer Cervus nippon
e sambar deer Cervus unicolor
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Family Bovidae

cattle Bos taurus

bison Bison bison

yak Bos grunniens

blue bull Boselaphus tragocamelus
muscox Ovibus moschatus

Family Equidae
e horse Equus sp.
Family Suidae

e wild boar Sus scrofa
e domestic swine Sus scrofa f. domestica

Family Tayassuidae

e collared peccary Pecari tajacu
Family Camelidae

e llama Lama glama

Moose represents one of the most frequent dead-end hosts of the family
Cervidae. Fascioloidosis in this type of host was detected in NPC, RMT and GLR
enzootic regions (see Table 3.2 and references therein), with the highest prevalence
determined in British Columbia (63 %; Pybus et al. 2015) and Minnesota (89 %;
Murray et al. 2006). In Europe, sika deer was found to be infected with F. magna in
Czech Republic and Germany (Erhardova-Kotrla 1971; Rehbein et al. 2012; Plotz
et al. 2015).

Regarding domestic ruminants, a cattle represents the most common dead-end
host of F. magna in North America and Europe. Giant liver fluke mature in the liver,
eggs are produced, but stay trapped within hepatic parenchyma and do not enter bile
ducts (Foreyt and Todd 1976). Fascioloidosis in cattle causes chronic liver lesions
(Price 1953), but the infection is usually not lethal (Lankester 1974; Foreyt and Todd
1976; Foreyt and Parish 1990). Cattle infected with F. magna was reported in all
North American enzootic regions except for NQL, and in two European countries,
Italy and Czech Republic (see Table 3.2 and references therein). A sporadic
occurrence was detected in South Africa (Boomker and Dale-Kuys 1977) and
Australia (Arundel and Hamir 1982). Within the family Bovidae, F. magna infec-
tions were also found in bison and yak from Alberta (RMT) (Cameron 1923 c.i.
Pybus 2001; Swales 1935), in muskox from Quebec (NQL) (Bazsalovicsova et al.
2015), and in blue bull from Italy (Bassi 1875 c.i. Pybus 2001).

A rather rare dead-end host of F. magna is wild boar; infections were docu-
mented in Italy (Balbo et al. 1987, 1989) and Texas, with high prevalence ranging
from 51.7 % (Foreyt and Todd 1972) to 69 % (Foreyt et al. 1975). Dangerous for
pigs may be feeding on pastures contaminated by eggs of infected white-tailed deer,
or other definitive hosts (Schwartz et al. 1993). Wild boar does not shed F. magna
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eggs to environment and, therefore, does not contribute to further spread of fasci-
oloidosis (Foreyt et al. 1975). Rare F. magna infections were detected in horse
(McClanahan et al. 2005) and llama (Conboy et al. 1988) from Minnesota (GLR),
in horse from Italy (Balbo et al. 1987), and in collared peccary from Texas
(SAS) (Samuel and Low 1970).

3.1.3 Aberrant Hosts

In aberrant hosts, giant liver fluke can not successfully complete migration within
the ruminant host; parasite may move up to the liver but formation of pseudocysts is
not successful. These hosts may often die due to tissue damage, which is associated
with migration of immature flukes through peritoneal, thoracic or abdominal cav-
ities. According to Pybus (2001), aberrant hosts are mainly domestic, but also free
living ruminants:

Family Bovidae

domestic sheep Ovis aries
domestic goat Capra hircus
chamois Rupicapra rupicapra
bighorn sheep Ovis canadensis
mouflon Ovis orientalis

Family Cervidae
e roe deer Capreolus capreolus

In aberrant hosts, such as sheep and goat, unrestricted migration of fluke through
the liver, lungs and peritoneal cavities is typical. It results to massive tissue damage,
usually with fatal effects caused even by relatively low intensity of infection
(Conboy and Stromberg 1991). Fascioloidosis in domestic sheep and goat was
documented both in North America and Europe (see Table 3.3 and references
therein). Roe deer, the only cervid species recognized as an aberrant host, was
found to be infected with F. magna only in Europe, in particular CZ-PL and DFF
(see Table 3.3 and references therein). The highest prevalence of fascioloidosis in
roe deer was detected in Czech Republic (70-80 %; Erhardova-Kotrla 1971) and
Slovakia (60 %; Rajsky et al. 2002).

3.2 Experimentally Infected Final Hosts

The experimental infections of different types of final hosts with F. magna were
aimed to determine the clinical signs, pathological changes and immunological
responses of final hosts under controlled experimental conditions. The major
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contribution in this field has to be addressed to William J. Foreyt from Washington
State University in Pullman, Washington, USA.

Experimental infections were studied in all types of final hosts of F. magna, in
particular in definitive hosts (white-tailed deer, wapiti, mule deer and fallow deer),
dead-end hosts (moose, cattle, bison and llama), and aberrant hosts (sheep, bighorn
sheep, chamois and guinea pig) (see Table 3.4 and references therein). The animals
were infected with dose of 8-2,000 infective stages (metacercariae) per animal,
most frequently in the number of 200-500. The main monitored parameters were
localization of parasite, ability of parasite to reach the maturity, detection of
F. magna eggs in host’s faeces and determination of overall clinical signs of
infected hosts (including lethal effect). In some cases, haematological and blood
chemistry values were determined, as well. The results on experimental infections
can be correlated with data known from natural infections; the classification of final
hosts can thus be determined in more details.

The majority of experiments were performed in white-tailed deer, the primary
definitive host of F. magna. The fluke was localized in liver, with occasional
occurence in lungs, abdominal and thoracic cavities (see Table 3.4 and references
therein). The important finding was detection of F. magna eggs in feaces of
white-tailed deer, what clearly demonstrates its ability to provide suitable condi-
tions for parasite’s maturity, production of eggs, their release into the external
environment and consequent spread of the infection.

White-tailed deers were without significant clinical signs and were confirmed to
be definitive host for F. magna. Presidente et al. (1980) studied haematological
values of white-tails infected experimentally with F. magna. A reduction of ery-
throcytes and an elevation of reticulocytes, macrocytic cells and eosinophils were
detected in the mentioned study. On the other hand, serum proteins, albumins and
globulins remained under the physiological values. Another study confirmed
decrease of haemoglobin, increase of total serum proteins, - and y-globulin frac-
tions (Foreyt and Todd 1979).

In wapiti, localization of parasite in liver and peritoneal cavity was detected
(Foreyt 1996a). Using 250 metacercariae as an infectious dose, no significant
clinical signs were recorded and eggs of F. magna were detected in faeces.
However, a massive infection of wapiti (2,000 metacercariae as infectious dose)
was proved to have a lethal effect (Foreyt 1996a). Lethal effect was determined also
after experimental infection of mule deer (Foreyt 1992, 1996b), in which giant liver
fluke was primarily localized in liver, but even in lungs, pleural and peritoneal
cavities; eggs of F. magna were found in faecal samples of mule deer. At the end of
experimental infection of fallow deer, poor appetite, apathy and paroxysm
appeared, and increased vy-globulins and hypoalbuminaemia were detected.
Infection had a lethal effect; flukes were found in the liver, peritoneal and
abdominal cavities (Erhardova-Kotrla and Blazek 1970).

In dead-end hosts (moose, cattle and llama) experimentally infected with
F. magna, dominant localization of the parasite was liver (Erhardova-Kotrla and
Blazek 1970; Foreyt and Todd 1976; Foreyt and Parish 1990; Conboy and
Stromberg 1991; Lankester and Foreyt 2011), although presence of F. magna was
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confirmed also in lungs and abdominal cavity of cattle (Foreyt and Todd 1976;
Conboy and Stromberg 1991). The important finding in all studied dead-end hosts
was that eggs were not released into faeces, but were found to be retained in liver
(Foreyt and Todd 1976). These results correspond to definition of dead-end hosts,
which do not contribute to spread of propagative stages of the parasite into external
environment. No clinical signs were detected in moose (Lankester and Foreyt 2011)
and cattle (Conboy and Stromberg 1991). Fascioloidosis did not develop in
experimentally infected bison (Foreyt and Drew 2010).

Experimental infections in aberrant hosts (sheep and bighorn sheep) revealed
presence of parasite in liver, but also in lungs, peritoneal and abdominal cavities;
fascioloidosis in this type of hosts had a lethal effect (Erhardova-Kotrla and Blazek
1970; Foreyt and Todd 1976; Foreyt 1996a). In chamois experimentally infected
with F. magna, no clinical signs were observed during the whole period of
experiment. However, on the 138th day after infestation the chamois suddenly died
and flukes were found in liver and lungs (Erhardova-Kotrla and Blazek 1970). As
generally known for aberrant hosts, eggs were not detected in faeces.

Already small dose of infective metacercariae (10 and 20) resulted in lethal effect
of fascioloidosis in guinea pig, in which natural infections were not determined. As
expected, the infection was quite extensive; except for liver, flukes were determined
in lungs, peritoneal, abdominal and thoracic cavities, and even in skeletal muscles
and subcutaneous tissues (Foreyt and Todd 1979; Conboy and Stromberg 1991).
The response observed in guinea pigs was similar to that reported in sheep, sug-
gesting the suitability of the guinea pig as a model for F. magna infection in sheep
(Conboy and Stromberg 1991).
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Chapter 4
Intermediate Hosts of Fascioloides magna

Abstract The complexity of the life cycle of Fascioloides magna and its ability to
invade new region is ensured by the presence of suitable intermediate hosts, in
particular aquatic pulmonate mollusks, in which larval development of the parasite
takes place. This Chapter summarizes intermediate snail hosts of giant liver fluke
specific in North America and Europe. In North America, six species of the family
Lymnaeidae were found to be naturally infected with F. magna (Lymnaea caperata,
Lymnaea modicella, Stagnicola palustris nuttalliana, Pseudosuccinea columella,
Galba bulimoides techella and Fossaria parva). In Europe, Galba (syn. Lymnaea)
truncatula, Radix labiata and Radix peregra were found to be naturally infected.
Besides natural infections, number of snail species were experimentally infected
with F. magna in order to determine their potential to serve as the intermediate
hosts of giant liver fluke. The mature cercariae able to develop into infective
metacercariac stages, were detected in snails of the genera Lymnaea and
Pseudosuccinea (family Lymnaeidae) in North America and in lymnaeid genera
Galba, Lymnaea, Omphiscola, Pseudosuccinea and Stagnicola in Europe. It is
evident, that broader spectrum of aquatic mollusks is susceptible to F. magna
infection and may serve as its potential intermediate hosts.

Keywords Giant liver fluke - Intermediate hosts - Freshwater snail
Lymnaeidae - Lymnaea - Galba - Radix - Experimental infection - Natural
infection

4.1 General Characterization of Intermediate Snail Hosts

The complex life cycle of F. magna requires suitable intermediate hosts, pulmonate
freshwater gastropod mollusks, in which larval development of the parasite takes
place (see Sect. 1.3; Fig. 1.2). In North America and Europe, specific spectrum of
snail species of the family Lymnaeidae was detected to be naturally infected with
F. magna (see Tables 4.1, 4.2 and references therein).
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Table 4.1 Spectrum of naturally infected intermediate snail hosts (Lymnaeidae) with F. magna in
North America

Snail species CA province Enzootic References
US state region
Lymnaea caperata USA/Minnesota | GLR Griffiths (1959)
USA/Minnesota | GLR Laursen and Stromberg (1993)
USA/Montana | RMT Knapp et al. (1992)
Lymnaea modicella USA/m.i. n.i. Krull (1933, 1934) c.i. Swales (1935)
USA/Minnesota | GLR Laursen and Stromberg (1993)
Stagnicola palustris USA/Montana | RMT Swales (1935)
nuttalliana
Pseudosuccinea USA/Montana RMT Krull (1933, 1934) c.i. Swales (1935)
columella
Galba bulimoides USA/Texas SAS Sinitsin (1930) c.i. Swales (1935)
techella
Fossaria parva CA/Alberta RMT Swales (1935)

CA Canada, US United States, GLR Great Lakes region, RMT Rocky Mountain trench, SAS Gulf
coast, lower Mississippi, and southern Atlantic seaboard, n.i. not indicated in the respective
literature, c.i. cited in

Table 4.2 Spectrum of naturally infected intermediate snail hosts (Lymnaeidae) with F. magna in
Europe

Snail species Country Natural References
focus
Galba (syn. Lymnaea) Czech Republic | CZ-PL Erhardova (1961)
truncatula
Czech Republic | CZ-PL Erhardova-Kotrla (1971)
Czech Republic | CZ-PL Chroust and Chroustova (2004)
Czech Republic | CZ-PL Faltynkova et al. (2006)
Czech Republic | CZ-PL Kasny et al. (2012)
Czech Republic | CZ-PL Leontovyc¢ et al. (2014)
Austria DFF Horweg et al. (2011)
Austria DFF Haider et al. (2012)
Slovakia DFF Rajsky et al. (1996)
Hungary DFF Majoros and Sztojkov (1994)
Radix labiata Czech Republic | CZ-PL Leontovyc¢ et al. (2014)
Radix peregra Czech Republic | CZ-PL Faltynkova et al. (2006)

CZ-PL Czech Republic and southwestern Poland, DFF Danube floodplain forests

Taxonomic classification and systematics of the family Lymnaeidae, and snails
in general, is rather complicated and underwent several revisions. As generally
accepted in current modern taxonomy and systematics, the most effective strategy
for an accurate classification of the species is traditional alfa-taxonomy based on
morphological descriptions with the combination of DNA-based methods. The
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morphology of reproductive system and shell morphometry are crucial markers for
identification of snails; however, they are not generally applicable markers for all
taxa (e.g. shell morphology is not suitable for delimitation of species of the genus
Radix; Pfenninger et al. 2006). Therefore, molecular tools, in particular internal
transcribed spacer 2 of the ribosomal DNA (ITS2 rDNA), were applied in the
family Lymnaeidae as effective marker of molecular taxonomy (Mas-Coma et al.
2009; Hunova et al. 2012; Leontovyc¢ et al. 2014).

Recently, many snail species have underwent taxonomic revisions (e.g.
Stagnicola palustris and Omphiscola glabra were transferred to the genus Lymnaea;
Correa et al. 2010; Novobilsky et al. 2012); different scientific names of some snail
species were simultaneously used by several authors. We summarized the data on
naturally and experimentally infected intermediate snail hosts of F. magna indicating
the original scientific name of the snail, as provided in the reference literature.

Apart from natural infections, several attempts to infect different mollusks under
experimental conditions were performed by researchers on both continents.
Sporocysts, mother rediae and daughter rediae represent non-infectious larval
intramolluscan stages. On the other hand, mature cercariae released from snails are
able to encyst in exogenous environment on aquatic vegetation, and may develop to
metacercariae, the stage infective for final host. Therefore, full development of F.
magna intramolluscan stages and production of mature cercariac were the main
criteria for an assessment of the potential of snail species to serve as an intermediate
host.

The successful infection of intermediate host by F. magna depends mainly on
the susceptibility of selected snail, the infectivity of miracidia (Smyth and Halton
1983), and favourable environmental, ecological and physical factors (e.g. tem-
perature, humidity etc.) (Rapsch et al. 2008). The optimal temperature range for
infections is 15-30 °C, when a sufficiently moist environment assists the devel-
opment of the first larval stage, miracidium. Changes in temperature and moisture
may also considerably influence the complete embryonation process during summer
field conditions (Pybus 2001). Besides suitable hydrological conditions may
determine the population density of intermediate hosts (Rajsky et al. 2002).

One of the key factors influencing susceptibility of snail is epidermal mucus
covering the surface of snail host. It may serve as an important barrier for an
attempt of F. magna miracidium to penetrate into snails. Fascioloides magna-
incompatible snails possess a potent cytotoxic protein-like factor in the mucus,
which is absent in F. magna-compatible snails. This factor could play a significant
role in mediating larval trematode-snail compatibility (Coyne et al. 2015).

4.2 Natural Infections

North America Different larval stages of giant liver fluke were found in six snail
species of the family Lymnaeidae, in particular Lymnaea caperata, L. modicella,
Stagnicola palustris nuttalliana, Pseudosuccinea columella, Galba bulimoides
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techella and Fossaria parva in three enzootic regions (GLR, RMT and SAS)
(see Table 4.1 and references therein). In natural conditions, co-existence of dif-
ferent snail species susceptible to F. magna can significantly increase the risk of
infection and its further spread to final hosts. For example in Alberta (RMT), the
Canadian province with one of the highest prevalence of fascioloidosis in
free-living ruminants, four species of lymnaeid snails are known to be suitable
intermediate hosts for F. magna either in natural or in experimental conditions
(Kennedy et al. 1999).

Europe Comparing with North America, lower number of intermediate snail
hosts has been detected in Europe (Table 4.2). The most frequent and the only
confirmed intermediate host is air-breathing freshwater snail Galba (syn. Lymnaea)
truncatula (Fig. 4.1), in which the larval development of the parasite can be
completed. Galba truncatula was proved to produce mature cercariae and can
significantly contribute to successful transmission of infective stages to final hosts
(Erhardova-Kotrla 1971). The snail requires a moderate climate and moisture for its
survival and reproduction. Galba truncatula is dominant intermediate host of
F. magna in Europe, what is probably closely related to the adaptation of this snail
species to a wide range of ecological conditions and biotops (running waters,
backwater systems, river banks, ponds, marsh areas, flooded meadows etc.)
(Horweg et al. 2011; Haider et al. 2012).

Natural infections of G. truncatula with F. magna were mainly detected in the
Czech Republic (Erhardova 1961; Erhardova-Kotrla 1971; Chroust and Chroustova
2004; Faltynkova et al. 2006; Kasny et al. 2012; LeontovyC et al. 2014), also
reported in Danube floodplain forests, including Slovakia (Rajsky et al. 1996),
Hungary (Majoros and Sztojkov 1994) and Austria (Horweg et al. 2011; Haider
et al. 2012). The mean prevalence of fascioloidosis in G. truncatula varied from
0.03-0.23 % in Austria (Horweg et al. 2011; Haider et al. 2012) up to 30-60 % in
Czech Republic (Faltynkova et al. 2006; Kasny et al. 2012; Leontovy¢ et al. 2014).
It is interesting that in Austria, almost 8-fold increase of infection rate in

Fig. 4.1 Galba (syn.
Lymnaea) truncatula from
Danube floodplain forests,
Slovakia (Photo M.
Spakulova)
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G. truncatula was observed despite an ongoing triclabendazole treatment pro-
gramme of final hosts (Haider et al. 2012).

Galba truncatula was considered to be the only intermediate host of F. magna in
Europe for a long time (Erhardova-Kotrla 1971), until Faltynkova et al. (2006)
described naturally infected R. peregra in Czech Republic (prevalence 0.08 %).
Despite the fact, that R. peregra is dominant snail species over G. truncatula in
Czech Republic, R. peregra can produce only immature cercariae of F. magna
(Erhardovéa-Kotrld 1971; Faltynkova et al. 2006).

Radix labiata is another species, in which natural infection of F. magna was
detected (Leontovy¢ et al. 2014). Similarly to R. peregra, also R. labiata produced
cercariae unable to encyst. However, R. labiata might represent a potential inter-
mediate host of F. magna in localities ecologically unsuitable for G. truncatula (e.g.
localities with acid soils) (Leontovy¢ et al. 2014). The determination of natural
infections of F. magna in other snail hosts in Europe indicates that the parasite
undergoes a process of adaptation to other mollusks (Faltynkova et al. 2006). There
is a threat that a broader spectrum of competent intermediate hosts will be detected
in the future.

4.3 Experimental Infections

Experimental F. magna infections of different snail species were primarily focused
on determination of (i) susceptibility of snails to be infected with F. magna mir-
acidia; (ii) development of larval stages (sporocysts and rediae) of the parasite
within the infected snail hosts; (iii) the potential of snails to produce mature cer-
cariae able to develop into metacercariae (Foreyt and Todd 1978; Sanabria et al.
2013).

North America A spectrum of experimentally infected snails of families
Lymnaeidae and Planorbidae is summarized in Table 4.3. Out of 12 tested species,
cercariae and infective stages (metacercariae) were detected in seven lymnaeids;
Lymnaea bulimoides, Lymnaea caperata, Lymnaea humilis, Lymnaea palustris,
Lymnaea stagnalis, Lymnaea umbrosa and Pseudosuccinea columella (see
Table 4.3 and references therein). In North America, namely L. caperata and
P. columella represent intermediate hosts with previously determined natural
F. magna infection (Krull 1933, 1934 c.i. Swales 1935; Griffiths 1959; Knapp et al.
1992; Laursen and Stromberg 1993), so they ability to produce infective stages in
experimental conditions was anticipated. The remaining five mollusks represent
very probably intermediate hosts with a potential to be infected also naturally.
Production of rediae was determined but further development into cercariae and
metacercariac was not detected in Ferrissia fragilis, the only experimentally
infected snail of the family Planorbidae (Flowers 1996). The development and
production of infective stages in four remaining lymnaeids (Fossaria modicella
rustica, Lymnaea ferruginea, Lymnaea modicella and Stagnicola palustris) were
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either not determined during the experimental infections, or not indicated in the
respective literature (see Table 4.3 and references therein).

Europe Adaptation of F. magna to different spectrum of intermediate snail hosts
in European natural conditions has been one of the crucial factors for successful
establishment of natural foci of giant liver fluke outside North America.
Experimental infections, focused on detection of susceptibility of various snail
species to F. magna infection and determination of a spectrum of potential inter-
mediate hosts of F. magna, were carried out mainly by the Czech researchers
(Erhardova 1961; Erhardovéa-Kotrla 1971; Chroustova 1979; Faltynkova et al.
2006; Novobilsky et al. 2007, 2012; Hunova et al. 2012), or under international
cooperation with Czech parasitologists (Vignoles et al. 2006, 2014; Rondelaud
et al. 2006, 2014; Sanabria et al. 2013).

Spectrum of experimentally infected intermediate snail hosts in Europe is
summarized in Table 4.4. Despite the fact that development of F. magna in snail
species other than Galba (syn. Lymnaea) truncatula is much slower (Erhardova
1961) and the prepatent period is longer (Swales 1935; Erhardova-Kotrla 1971;
Rondelaud et al. 2006), infective stages of mature cercariae were developed in
several experimentally tested snails. The majority of experimental infections were
carried out using G. truncatula (Erhardovd 1961; Erhardova-Kotrla 1971;
Faltynkova et al. 2006; Vignoles et al. 2006, 2014; Novobilsky et al. 2007
Rondelaud et al. 2006, 2014; Sanabria et al. 2013). The experiments confirmed
completion of larval development and production of infective stages in this most
frequent naturally infected mollusk in Europe. Mature cercariae/metacercariae were
detected also after experimental infection of several other species of family
Lymnaeidae, in particular Lymnaea fuscus (Novobilsky et al. 2012), Lymnaea
palustris  (Chroustova 1979), Omphiscola glabra (Rondelaud et al. 20006),
Pseudosuccinea columella (Novobilsky et al. 2007), Stagnicolla palustris
(Chroustova 1979) and Radix peregra (Faltynkova et al. 2006).

In some experimental infections, G. truncatula, L. fuscus, O. glabra and R.
peregra snails originated from France (or Sweden), while F. magna eggs were
obtained from Czech Republic (see Table 4.4 and references therein). It was
assumed, that allopatry/sympatry of snails and F. magna miracidia might influence
the larval development of the parasite during the experimental infection and modify
the intensity of infection and production of cercariae.

Indeed, the larval development of giant liver fluke was more intense, when both,
G. truncatula and eggs/miracidia of F. magna originated from the Czech Republic
(Erhardova-Kotrla 1971). In contrast, G. truncatula from France experimentally
infected with eggs/miracidia from Czech Republic showed lower or even absent
production of cercariae (Rondelaud et al. 2006).

Development of F. magna into non-infective stage of sporocysts (mother and
daughter rediae, young cercariae) was determined in lymnaeid species of genera
Lymnaea (L. peregra ovata, L. peregra peregra and L. stagnalis) and Radix (R.
lagotis, R. labiata, R. peregra peregra and R. peregra ovata) (Erhardova 1961;
Erhardova-Kotrla 1971; Faltynkova et al. 2006; Hunova et al. 2012). Since mature
cercariae were not produced by these snail species, they would probably not



4 Intermediate Hosts of Fascioloides magna

74

(panunuod)
(9007) 'Te 10 BAOYULI[E] 1d-ZD srqndey yooz) ou Tu
(1L61) o3 -gaopIeyIg 1d-ZD onqndey yooz) ou s1skool0dg s1pudnis vavUUA]
(1961) gaopreysg 1d-Z0 orgndoy yoaz) ou QRIPAI JOYION p48242d p182.42d DIDUWAT
(1961) BAaOpIRYIg 1d-ZD orqnday Yooz ou QBIpaI QYOI pipao pi8a.1ad pavuwy
(T107) 'Te 10 eAOUNY 1d-ZD orqndey Yyoez) Tu Tu
QBLIBOIO) QIMjeW
(9002) T8 1° gaoyulieq T SZD/duel] ou 9eIpaI J)YSnep pue ISYON viaSa1ad x1pvYy
QBLIROIOOBIOUI
(6L61) BAOISNOIYD 1d-ZD arqnday yooz) sak ‘aeLIROIR0 FunsAouqg stysnynd vjoowsvIg
(L00T) ‘T8 19 AYS[IqOAON 1d-ZD arqnday yoez) Sk QRLIBOIQOBIQIN D]]2WN]0I DIUIDINSOPNIS ]
(9007) 'Te 30 pne[opuoy ru WZD/dueL] sok 9BLIBOId0RIOW ‘QBLIBOIQ)) p.1qv]3 jodswydui)
(1L61) pInOY-gAOpIRYIH 1d-Z0 onqnday Yyoaz) Tu u
(6L6T) paoIsnoIy) 1d-Z0 orqnday yoez) sak JRLIBOIOIRIOW ‘QRLIBIIOD) srsnpd pavuwdy
(21027) T8 12 AS[1qOAON ru aZO/USPIMG/a0URL] Sk QELIBOIORIOW ‘QBLIBOIO)) snosnf pavuwdy
(1L61) o3 -gaopIeyIg 1d-ZD onqnday yoez) ou QBLIEDIO ‘QRIPY
(9007) '[e 10 eAONULI[E] 1d-ZO onqndey yoozy ou QBLIEOIAD ‘ORIPIY
($102) 'Te 30 pne[opuoy I LZD/durL] Tu QBLIBOIOD ‘QRIPAY
(£102) T8 30 BUqeUES T LZD/durI] sok QBLIEOIQORIOUWI ‘QBLIBIIQ))
(#102) 'Te 19 So[ouIA U +ZO/URL] sok JBLIBOIAORIAW ‘QBLIBOIY))
(9007) e 19 pne[epuoy T LZO/dURL] sok QBLIBOIOORIOW ‘QBLIBIID))
(9007) Te 32 So[ouIIA ru WZD/duel] Sak QBLIBOIQORIOW ‘QBLIBIID))
(L00T) 'Te 12 A3s[1q0AON 1d-ZD onqnday yoez) sok 9BLIBOISOLION DIIDOUNLY
(1961) vAopreyrg 1d-ZD ostqnday yooz) sak QRLIBOIOOBIOW ‘QBLIEOIR)) (vavuudy “uks) pgpo
uorgar
SQOUQIRJY onoozug £nuno) 95e3s 9AnOSJUT asered Jo oSess pajoaleq sorads [reug

odomny ur vuspwi “,f Pim ( PEPIUIING PuE ,AEPISAYJ ‘QepIoeUIAT]) SISOY [IEUS AJeIpauIajul pajosjul A[[eiuswiodxs jo wnnoads 'y dqel,



75

4.3 Experimental Infections

o1qnday yoaz) pue douel] Wolj s[reus pue diqndoy Yooz woiy pajeulsLo pudow ‘ Jo BIpIORIIW/SIZD,

‘USPOMS PUE QUL WO S[Teus pue dIqnday] [o9z0) WOl pejeurstio vusvul ,f JO eIPILIW/s530,
douel] woyy s[reus pue d1qnday yo9z) woij pareursLo vudvui “, JO eIpIORIW/S3ZI,
JUBAQ[RI JOU /U ‘DImeIo)] 9A10adsal ayy ul pajesipul jou 7'u ‘onqndoy yoez) z) ‘puejod UIdsamyinos pue orqndoy yooz) 74-7)

(1L61) BImo3-eAopIRyYIg 1d-ZD orqndey yoez) ou Tu <a.:§& DIUIIING
(1L61) Bmo3-gaopreyrg 1d-ZD onqnday yooz) ou Tu yP8U0Iqo Dau2INg
(TL6T) ermo3-gaopIeyrg 1d-ZD orqnday yoez) ou Tu IOV DSy
(1L61) elnOY-eAOpIRYIH 1d-ZD orqnday yoaz) ou Qerpar Jayjow ‘syskoorodg pIpAo DL3242d X1pDY
(1L61) gmoy-gaopreyrq 1d-ZD aiqnday yoaz) ou QBIPaI IOYION pa8a42d v18a.ad xipvy
(Z102) ‘Te 19 eAOUNy 1d-ZD orqnday Yooz ou QeLIBOIAD FUNOK ‘QBIPIY IIgD] XIPDY
(2T107) Te 10 pAOUNH 1d-ZD orqnday yoez) ou eIPAY s1J03D] XIpvY
uorgar
SQ0URIRJY onoozug Anuno) a3e3s aAnoojuUL ansered jo a3e1s pajodle(g so10ads [reug

(Ponunuod) p°p Aqe],



76 4 Intermediate Hosts of Fascioloides magna

contribute to completion of the life cycle of F. magna in natural conditions. The
findings on experimental infections in R. labiata and R. peregra (Erhardova-Kotrla
1971; Hunova et al. 2012) corroborate data on natural infections in these snail
species (Faltynkova et al. 2006; Leontovy¢€ et al. 2014).

Besides family Lymnaeidae, experimental infections were carried out also in
species of the families Physidae (Physa acuta) and Succinidae (Succinea oblonga
and S. putris) (Erhardovéd-Kotrla 1971). However, their potential to serve as
intermediate hosts of F. magna in Europe was excluded, since miracidia of
F. magna did not enter these snails. In conclusion, the only declared or potential
hosts of giant liver fluke in Europe are species of the family Lymnaeidae.

Experimental infections revealed also very interesting phenomena, such as
“age-related resistance” and “parasitic gigantism”. The first one was observed
in L. fuscus infection, when only juvenile snails (measuring less than 3 mm;
1-3 weeks of age) were successfully infected with F. magna and produced viable
cercariae (Novobilsky et al. 2012). Success of F. magna infection decreased with
age of a snail, as documented by increased shell height. Age-related resistence is
probably associated with the progressive development of snails’ immune system
(Novobilsky et al. 2012). “Parasitic gigantism” is explained as intensive growth
stimulation of snails during redial and cercarial development (Thompson 1997).
This general phenomenom was observed also for F. magna infections (Vignoles
et al. 2006); contrary, reduced snail growth was detected in L. fuscus infected with
F. magna (Novobilsky et al. 2012).

4.4 Intermediate Snail Hosts in Other Continents

Apart from North America and Europe, experimental infections were performed
also in snails of family Lymnaeidae from South America (Fig. 4.2). In all these
experiments, eggs/miracidia of F. magna originated from Czech Republic. The
relatively high prevalence of infection of two South American snails, Lymnaea
neotropica (57.4 %; Argentina) and Lymnaea viatrix var. ventricosa (45.9 %;
Uruguay), and successful development of F. magna cercariae and metacercariae in
these mollusks indicated, that F. magna has the high potential to spread to new
territories and adapt to local snail species (Sanabria et al. 2013). Similarly, Lymnaea
cubensis (Guadeloupe) was able to sustain complete larval development of the
parasite (prevalence 28 %), including the shedding of cercariae under experimental
conditions (Vignoles et al. 2014). All three South American lymnaeids, as well as
Austropeplea (Lymnaea) tomentosa in Australia (Foreyt and Todd 1974) can be
potential new intermediate hosts of F. magna, even though the fascioloidosis has
not been recorded in these countries (Sanabria et al. 2013).
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NATURAL INFECTIONS EXPERIMENTAL INFECTIONS
Lymnaea caperata North America Lymnaea bulimoides  Feivissia fragilis
Lymnaea modicella Lymnaea caperata Fossaria modicella rustica
Stagnicola palustris nuttalliana w Lymnaea humilis Lymnaea ferruginea
Pseudosuccinea columella Lymnaea palustris Lymnaea modicella
Galba bulimoides techella Lymnaea stagnalis Stagnicola palustris
Fossaria parva Lymnaea umbrosa

Psendosuccinea columella

Galba (Lymnaea) truncatula Europe Galba (Lymnaea) truncarla Lymnaea stagnalis
Radix labiata Lymnaea fuscus Radix lagotis
Radix peregra ﬂ Lymnaea palustris Radix labiata
T Omphiscola glabra Radix peregra peregra
Pseudosuccinea columella  Radix peregra ovata
Sragnicola palusiris Physa acuta
Radix peregra Succinea oblonga
Lymnaea peregra ovara Succinea putris

Lymnaea peregra peregra

South America  Lymnaea neotropica (Argentina)
Lymmnaea viatrix var. ventricosa (Uruguay)

Lymnaea cubensis (Guadeloupe)
Australia

@

Austropeplea (Lymnaea) tomentosa (Australia)

Fig. 4.2 The worldwide spectrum of naturally and experimentally infected intermediate snail
hosts of F. magna. Experimental infections: in blue snails with developed mature cercariae or
infective stages metacercariae; in green snails with developed non-infective larval stages
(sporocysts, mother and daughter rediae, immature or young cercariae); in black production of
infective stages either not determined during the experimental infections, or not indicated in the
respective literature
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Chapter 5
Modern Approaches in Fascioloides
magna Studies

Abstract The methods of cellular and molecular biology represent useful and
attractive tools that have been applied in identification, taxonomy and systematics
of broad spectrum of parasitic organisms over the past decades. The pilot molecular
data on Fascioloides magna appeared in 90s of the 20th century. After more than
20 years of molecular and cellular research of F. magna, effective markers for
accurate species identification and large-scale population studies, detailed subcel-
lular structure of the parasite, and immunologically active molecules, were detected.
This chapter is divided into four sections. First one is dealing with general structure
and characterization of ribosomal genes and their utilization in molecular taxonomy
and phylogeny of F. magna. Second part is focused on characterization and
structure of mitochondrial genes and their application in studies on genetic inter-
relationships, biogeography, origin and transmission routes of F. magna.
Microsatellites, biparentally inherited multilocus markers, are useful population
genetics markers described in third subchapter. Data on ultrastructure, karyotype
and chromosomal location of ribosomal genes of F. magna are presented in the last
part of this chapter. In addition, we provided brief overview on current knowledge
of F. magna isoenzyme analyses, excretory/secretory proteins, humoral immune
responses during experimental infection with F. magna in selected final hosts, and
up to date technologies of transcriptome analysis.

Keywords Giant liver fluke - Ribosomal DNA - Mitochondrial DNA
Microsatellites - Karyotype - Transcriptome - Excretory/secretory proteins -
Isoenzyme analysis - Molecular taxonomy - Phylogeny

5.1 Ribosomal Genes

5.1.1 Structure and Characterization

Ribosomes are essential intracellular particles composed of proteins and RNA
molecules, on which the protein synthesis is carried out (Gibbons et al. 2014). They
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contain the enzymes needed to form a peptide bond between amino acids, a site for
binding one mRNA molecule, and sites for bringing in and aligning the amino acids
in preparation for assembly into the finished polypeptide chain (Hartl et al. 1988).
Ribosomes play a key role in the process of translating the genetic information of
the mRNA into protein (Prokopowich et al. 2003).

The ribosomal DNA (rDNA) sequences encoding ribosomal RNAs (rRNAs)
consist of several hundred tandemly repeated copies of the transcription unit and
give origin to the nucleolus (Gibbons et al. 2014). In prokaryotes, there is one to
several copies of the rRNA genes. These genes may be organized in a single
operon, in which they are usually separated by tRNA genes, or they may be
dispersed throughout the genome (Morgan 1982). In the eukaryotic genome,
ribosomal DNA represents a significant and unique type of locus (Kobayashi 2011).
It contains tens to hundreds of tandemly arranged copies of the genes (mainly 30—
30,000), encoding the three major rRNAs, which are an essential part of the
ribosome.

Eukaryotic rDNA contains following subunits (Hillis and Dixon 1991), which
are characterized in sedimentation velocity units (S, for Svedberg):

non-transcribed spacer (NTS)

external transcribed spacer (ETS)

small subunit of rRNA gene (18S or SSU)
internal transcribed spacer 1 (ITS1)

5.8S subunit of rRNA gene

internal transcribed spacer 2 (ITS2)

large subunit of rRNA gene (28S or LSU)

Ribosomal DNA represents well studied gene family; both the architecture of the
rDNA and the sequence of certain domains of the genes are very highly conserved.
Thus, rDNA has been an important tool for systematic studies of highly diverged
taxa. On the other hand, certain regions of rDNA, which generally occur in the
spacer region, are rather variable between closely related species. Therefore, they
proved to be useful for species identification, as well as for phylogenetic analyses of
closely related species (Collins and Paskewitz 1996).

Since different rDNA regions evolved at different rates, they can be used as
genetic markers in answering questions of phylogenetic studies at many taxonomic
levels (Hillis and Davis 1986; Zheng et al. 2014). The SSU rDNA belongs to the
slowest evolving sequences found throughout living organisms; therefore it is often
applied for examining ancient evolutionary events and for large phylogenetic
studies. Contrary, LSU rDNA shows more variation in rates of evolution of its
different domains which are useful for reconstructing relatively recent events.
Ribosomal spacers ITSI and ITS2 evolve much more rapidly. Spacer regions are
characterized by high degree of variability; therefore, they can be used to infer
phylogeny among closely related taxa, e.g. individuals within species (Hillis and
Dixon 1991). Among molecular sequences, the ITS2 spacer belongs to one of the
most frequently used markers for diagnostic and phylogenetic studies. It contains
conserved secondary structure that can be used to facilitate alignments of higher
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taxonomic categories (from genus to order) due to its function in rRNA processing.
ITS2 spacer is useful also for discrimination at the species and subspecies levels
(Nei and Rooney 2005).

The reasons for the systematic versatility of rDNA include the numerous rates of
evolution among different regions of rDNA (both among and within genes), the
presence of many copies of most rDNA sequences per genome, and the pattern of
concerted evolution that occurs among repeated copies (Hillis and Dixon 1991). In
addition, the islands of highly conserved sequences within most rDNA are very
useful for constructing universal primers and amplifying regions of interest by use
of the PCR (Simon et al. 1990).

5.1.2 Application of Ribosomal Genes in F. magna Studies

The ribosomal ITS, LSU and SSU sequences were applied in molecular taxonomy
of F. magna as species-specific markers and in phylogenetic studies (Fig. 5.1)
(Bildfell et al. 2007; Kralova-Hromadova et al. 2008; Lotfy et al. 2008). Table 5.1
summarises details on rDNA sequences of F. magna available in the GenBank.

The first reference of incomplete ITS2 sequence of F. magna from United States
was published by Adlard et al. (1993); however, these data were not deposited in
the GenBank. ITS2 region of F. magna was compared with respective sequence
data of closely related species Fasciola hepatica from Australia, Hungary, Mexico
and New Zealand, Fasciola gigantica from Indonesia and Malaysia, and Fasciola
sp. from Japan. Intergeneric variation between F. magna and F. hepatica was
13.2 %, while 16 % variation was found between F. magna and F. gigantica.
Detected variability in the nucleotide ITS2 sequence allowed molecular discrimi-
nation among species of different genera within the family Fasciolidae (Adlard et al.
1993).

species-specific identification
molecular taxonomy

NTS ETS 185 | 5.85 | 285

N/

phylogenetics
evolutionary interrelationships

Fig. 5.1 Schematic diagram of ribosomal gene of eukaryotic DNA and application of different
rDNA subunits in F. magna studies. Details on subunits are provided in Sect. 5.1.1
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Table 5.1 GenBank submissions for ribosomal DNA sequences of F. magna

rDNA subunit | Accession number | Locality References

28S EU025872 USA/Minnesota | Lotfy et al. (2008)

18S EF534989 Czech Republic Kralova-Hromadova et al. (2008)
18S EF051080 USA/Oregon Bildfell et al. (2007)

ITS1? EF051080 USA/Oregon Bildfell et al. (2007)

ITS1* EF534987 Slovakia Kralova-Hromadova et al. (2008)
ITS1? EF534988 Czech Republic Kralova-Hromadova et al. (2008)
ITS1? EF534990 Canada/Alberta Kralova-Hromadova et al. (2008)
ITS1? EF534991 USA/Oregon Kralova-Hromadova et al. (2008)
ITS1* EF612475 USA/Minnesota Lotty et al. (2008)

ITS2 n.i. USA Adlard et al. (1993)

ITS2 DQ683545 Austria Horweg et al. (2011)

ITS2% EF051080 USA/Oregon Bildfell et al. (2007)

ITS2* EF534992 Slovakia Kralova-Hromadova et al. (2008)
ITS2* EF534993 Czech Republic Kralova-Hromadova et al. (2008)
ITS2? EF534994 Canada/Alberta Kralova-Hromadova et al. (2008)
ITS2% EF534995 USA/Oregon Kralova-Hromadova et al. (2008)
ITS2? EF612487 USA/Minnesota | Lotfy et al. (2008)

“sequences of complete gene, n.i. not indicated in the respective literature

The partial sequences of the small and large rDNA subunits and complete ITS1,
5.8S, and ITS2 sequences of another US isolate (Oregon) of F. magna were published
by Bildfell et al. (2007); these data were used for molecular identification of the
parasite. Moreover, phylogenetic analysis based on SSU and ITS2 sequences
revealed that F. magna is related to F. hepatica and F. gigantica (Bildfell et al. 2007).

Nuclear 28S rDNA, ITS1 and ITS2 spacers of F. magna from US (Minnesota)
were obtained and analysed together with respective sequence data of six other
species of fasciolids (F. hepatica, F. gigantica, Fasciola jacksoni, Fasciolopsis buski,
Protofasciola robusta and Parafasciolopsis fasciolaemorpha) to study their phylo-
genetic interrelationships (Lotfy et al. 2008). Derived position for F. magna and
Fasciola spp., an intermediate position for members of the Fasciolopsinae (F. buski
and P. fasciolaemorpha), and the most basal position of P. robusta were revealed
(Lotfy et al. 2008).

Kralova-Hromadova et al. (2008) obtained almost complete 18S rDNA of
F. magna from Czech Republic and complete ITS1 and ITS2 sequences of four
isolates of F. magna from Slovakia, Czech Republic, Canada (Alberta) and USA
(Oregon). Sequences were compared with all available and previously published
sequences of different F. hepatica populations. The purpose of this study was to
detect a level of intraspecific variation within both, F. magna and F. hepatica, as the
key information for further determination of interspecific differences between both
species, resulting in design of species-specific primers. While in 18S rDNA only
slight interspecific sequence divergence was determined, ITS1 and ITS2 sequences
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provided many species-specific features for reliable discrimination of both species.
Fixed interspecific genetic differences enabled to design F. magna-specific and
F. hepatica-specific primers for accurate molecular identification of both species
using PCR amplification or alternatively by PCR-RFLP method (Kralova-
Hromadova et al. 2008). Later on, the study was extended in newly designed ITS2
species-specific primers for two other veterinary important gastrointestinal trema-
todes of ruminants, Paramphistomum cervi and Dicrocoelium dendriticum
(Bazsalovicsova et al. 2010). All four species-specific primers were applied in the
genotypization of morphologically hardly distinguishable eggs of respective flukes,
what is important for in vivo coprological diagnostics (Oberhauserova et al. 2010).

Fascioloides magna-specific ITS2 primers, designed by Kralova-Hromadova
et al. (2008), were used for molecular identification of novel findings of giant liver
fluke in several countries. Genotypization of young or undifferentiated rediae in
intermediate snail hosts from Danube backwater in Austria confirmed presence of
F. magna (Horweg et al. 2011). In the Lower Silesian Wilderness (southwestern
Poland), F. magna-specific ITS2 primers were used for determination of trematode
eggs found in faecal samples collected from red deer (Pyziel et al. 2014). The study
corroborated presence of F. magna in southwestern Poland after more than
60 years. In another Polish locality, Podkarpackie Province in southeastern Poland,
adult flukes were found after necropsy of fallow deer (Karamon et al. 2015). Their
genotypization with F. magna-specific ITS2 primers validated presence of giant
liver fluke (Karamon et al. 2015).

5.2 Mitochondrial Genes

5.2.1 Structure and Characterization

Mitochondrial markers have proved to be useful for inferring patterns of population
genetic structure in many parasitic organisms (Nadler et al. 1995). Mitochondria, as
semi-autonomous organelles with own mitochondrial genome, can replicate inde-
pendently of the nuclear genome; this process is called autoreplication (Crimi and
Rigolio 2008). The mitochondrial genome is formed by mitochondrial DNA
(mtDNA) localized in mitochondrial matrix and is responsible for extranuclear
inheritance.

Mitochondrial DNA is formed by circular double-stranded molecule, which is
thought to be strictly maternally inherited (Birky 2001). Multiple copies of mtDNA
facilitate its isolation and amplification. The genetic function of mtDNA is
well-conserved and involves five mitochondrial processes: respiration and/or
oxidative phosphorylation, transcription, translation, RNA maturation and protein
import (Burger et al. 2003). Through a series of enzymatic processes of oxidative
phosphorylation mitochondria supply cells with the energy-rich ATP molecules
(Crimi and Rigolio 2008).
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Mitochondrial DNA is a relatively small, abundant and easy to isolate DNA
molecule, which consists of the following genes:

e 2 ribosomal RNA genes (rrnS, rrnL), coding components of mitochondrial
ribosomes

e 22 transfer RNA genes (trn), required in the translation process of mitochondrial
proteins

e 12-13 protein coding genes, coding following enzymes of oxidative
phosphorylation:

cytochrome ¢ oxidase complex (cox1—cox3; 3 subunits)

cytochrome b (cob)

adenosine triphosphatase complex (azp6, alternatively atp8)

nicotinamide dehydrogenase complex (nadl-nad6 and nad4L; 7 subunits)

Gene products of small (rrnS) and large (rrnL) subunits of rrn mitochondrial
gene form the mitochondrial ribosomes (Noller 1991). Twenty-two trn genes are
scattered throughout the mitochondrial genome. The arrangement of protein-coding
genes, ribosomal RNA genes and transfer RNA genes are conserved (Le et al.
2000). The structure and gene arrangement of mitochondrial DNA of F. hepatica is
illustrated in Fig. 5.2.

14.462 Il rrotein-codinggenes
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9.476 14.462
Cys rnS  cox2 nad6 Tyr Leu Ser Leu Arg nadS Glu Gly SNR  LNR

187 nt 817nt

Fig. 5.2 Schematic diagram of complete mitochondrial genome of F. hepatica (complete genome
published by Le et al. 2000)
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The mtDNA sequences of animals evolve faster than nuclear genes; therefore
they are suitable for detection of interrelationships among closely related organisms
(Wolstenholme 1992; Avise 1994; Boore 1999). The high frequency of mutations,
absence of recombination and hybridisation, approximately constant content of
genes and variation in gene codes are unique characteristics of mtDNA (Hu et al.
2004), which predestinates it to be suitable molecular marker for population
genetics, phylogeny, and studies of biogeography/phylogeography (Avise and
Walker 1999).

5.2.2 Application of Mitochondrial Genes in F. magna
Studies

Mitochondrial genome has been sequenced for a broad spectrum of organisms,
including an increasing number of parasites (Feagin 2000). The first complete
mitochondrial genome of parasitic worm was that of Ascaris suum (Nematoda)
(Okimoto et al. 1992); out of Platyhelminthes, the first complete mtDNA was
acquired for medically important tapeworm Echinococcus multilocularis (Le et al.
2000). Currently, over 70 submissions of complete mitochondrial genomes of flukes
(Trematoda) are available in the GenBank (http://www.ncbi.nlm.nih.gov/nuccore;
2015 December 15th). Out of them, two submissions belong to closely related
species Fasciola hepatica (AF216697, NC002546, Le et al. 2000, 2001). The
complete mitochondrial genome for F. magna is not available yet. Complete or
partial sequences of most frequently studied mitochondrial genes of F. magna, in
particular cytochrome ¢ oxidase subunit I (cox1) and nicotinamide dehydrogenase
subunit I (nadl) are summarized in Tables 5.2 and 5.3.

Mitochondrial genes as tools for assessment of genetic interrelationships Apart
from other characteristics, such as veterinary importance and broad host spectrum,
F. magna represents a very remarkable species also due to its large spatial distri-
bution, invasive character, and potential to colonize new territories. These features
predestined F. magna to be a good model for elucidation of genetic interrelation-
ships between and within North American and European populations and assess-
ment of an origin of European populations. For that purpose, suitable molecular, in
particular mitochondrial markers, had to be designed.

As a starting point, complete sequences of cox1 and nadl for representatives of
three allopatric populations of F. magna coming from Slovakia, Czech Republic
and United States (Oregon) were obtained by Kralova-Hromadova et al. (2008)
(Fig. 5.3). Their comparison revealed 28 and 13 point mutations, respectively. This
allowed the selection of shorter variable regions (cox1, 384 bp; nadl, 405 bp)
which displayed high level of sequence divergence and were proposed to be applied
as effective markers for further population studies on F. magna (Krélova-
Hromadova et al. 2008).
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Table 5.2 GenBank submissions for mitochondrial cox1 sequences of F. magna

Accession no. | Locality R | Accession no. | Locality R
EF534996* Slovakia 1 KP635013 Canada/B. Columbia |3
EF534997* Czech Republic 1 KP635014 Canada/Labrador 3
EF534998* USA/Oregon 1 KP635015 Canada/Labrador 3
GU599861 Canada/Alberta 2 KP635016 Canada/Labrador 3
GU599871 Canada/Alberta 2 KP635017 Canada/Quebec 3
GU599862 USA/Oregon 2 KP635018 Canada/Quebec 3
GU599873 USA/Minnesota 2 KP635019 Canada/Quebec 3
GU599874 USA/Minnesota 2 KP635020 Canada/Quebec 3
GUS599875 USA/Minnesota 2 KP635021 USA/Minnesota 3
GU599876 USA/Minnesota 2 KP635022 USA/Mississippi 3
GU599877 USA/Mississippi 2 KP635023 USA/Georgia 3
GUS599878 USA/Mississippi 2 KP635024 USA/Louisiana 3
GU599879 USA/Mississippi 2 KP635025 USA/Louisiana 3
GU599880 USA/Mississippi 2 KP635026 USA/Louisiana 3
GUS599882 USA/Florida 2 KP635027 USA/Louisiana 3
GUS599872 USA/Georgia 2 KP635028 USA/Louisiana 3
GU599881 USA/Louisiana 2 KP635029 USA/Louisiana 3
GU599860 Italy 2 KP635030 USA/South Carolina |3
GUS599863 Italy 2 KP635031 USA/South Carolina |3
GU599870 Czech Republic 2 KP635032 USA/South Carolina 3
GU599868 Czech Republic 2 KP635033 USA/South Carolina 3
GU599864 Czech Republic 2 KP635034 USA/South Carolina 3
GU599869 Slovakia 2 KP635035 USA/South Carolina |3
GU599865 Slovakia 2 KP635036 USA/South Carolina |3
GU599866 Hungary 2 KP635008 Poland 4
GU599867 Croatia 2 KF784787 Austria 5
KP635011 Canada/B. Columbia 3 KF784788 Austria 5
KP635012 Canada/B. Columbia |3

“sequences of complete gene, B. Columbia British Columbia, R reference, I Kralova-Hromadova
et al. (2008), 2 Kralova-Hromadova et al. (2011), 3 Bazsalovicsova et al. (2015), 4 Kralova-
Hromadova et al. (2015), 5 Sattmann et al. (2014)

The selected variable cox1 and nadl fragments were applied in order to reveal an
origin of European F. magna populations, the course of colonisation and migratory
routes of this alien parasite in Europe (Kralova-Hromadova et al. 2011). An
extensive material of F. magna populations coming from all European natural foci,
Italy (IT), Czech Republic (CZ) and Danube floodplain forests (DFF), and com-
parative samples from North America were studied.

The principal outcome of the study was determination of two independent
phylogenetic lineages of F. magna from Europe. The Italian population represented
one distinct phylogenetic clade, while the second clade included populations from



5.2 Mitochondrial Genes

Table 5.3 GenBank submissions for mitochondrial nadl sequences of F. magna

Accession no. | Locality R | Accession no. | Locality R
EF534999* Slovakia 1 KP635038 Canada/B. Columbia |3
EF535000* Czech Republic 1 KP635039 Canada/B. Columbia |3
EF535001* USA/Oregon 1 KP635040 Canada/B. Columbia |3
GU599845 Canada/Alberta 2 KP635041 Canada/Quebec 3
GU599846 Canada/Alberta 2 KP635042 Canada/Quebec 3
GU599848 USA/Oregon 2 KP635043 Canada/Quebec 3
GU599849 USA/Minnesota 2 KP635044 Canada/Quebec 3
GU599850 USA/Minnesota 2 KP635045 Canada/Quebec 3
GU599851 USA/Minnesota 2 KP635046 Canada/Quebec 3
GU599852 USA/Minnesota 2 KP635047 Canada/Labrador 3
GUS599855 USA/Mississippi 2 KP635048 Canada/Labrador 3
GU599856 USA/Mississippi 2 KP635049 Canada/Labrador 3
GU599857 USA/Mississippi 2 KP635050 USA/Minnesota 3
GU599853 USA/Florida 2 KP635051 USA/Mississippi 3
GUS599854 USA/Florida 2 KP635052 USA/Florida 3
GUS599847 USA/Georgia 2 KP635053 USA/Florida 3
GU599858 USA/Louisiana 2 KP635054 USA/Georgia 3
GU599859 USA/Louisiana 2 KP635055 USA/Louisiana 3
GUS599834 Italy 2 KP635056 USA/Louisiana 3
GU599835 Italy 2 KP635057 USA/Louisiana 3
GU599836 Italy 2 KP635058 USA/South Carolina |3
GU599837 Czech Republic 2 KP635059 USA/South Carolina 3
GUS599838 Czech Republic 2 KP635060 USA/South Carolina |3
GU599839 Czech Republic 2 KP635061 USA/South Carolina 3
GU599840 Czech Republic 2 KP635062 USA/South Carolina 3
GU599841 Slovakia 2 KP635063 USA/South Carolina |3
GUS599842 Slovakia 2 EF612499 USA/Minnesota 4
GUS599843 Hungary 2 KP635009 Poland 5
GU599844 Croatia 2 KF784789 Austria 6
KP635037 Canada/B. Columbia |3 KF784790 Austria 6

“sequences of complete gene, B. Columbia British Columbia, R reference, I Kralova-Hromadova
et al. (2008), 2 Kralova-Hromadova et al. (2011), 3 Bazsalovicsova et al. (2015), 4 Lotfy et al.
(2008), 5 Kralova-Hromadova et al. (2015), 6 Sattmann et al. (2014)

CZ and DFF, what clearly indicated that F. magna was introduced to Europe at
least twice (Kralova-Hromadova et al. 2011). Molecular data did not show any
genetic relationships between flukes from Italy and other European foci; it was
apparent that F. magna in Italian La Mandria did not spread further to Europe and
remained isolated (Kralova-Hromadova et al. 2011).

Since Italian population of F. magna clustered with specimens from Alberta
(Canada) and Oregon (USA), a western North American origin of Italian focus was
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Fig. 5.3 a—selected part of complete mitochondrial genome of F. hepatica (Le et al. 2000),
b—sequences of complete nadl and cox1 genes and adjacent regions of F. magna acquired by
Kralova-Hromadova et al. (2008), c—short variable regions of selected mitochondrial genes of F.
magna designed by Kralova-Hromadova et al. (2008) and applied in population studies of
European (Kralova-Hromadova et al. 2011) and North American (Bazsalovicsova et al. 2015)
populations

confirmed. On the other hand, flukes from CZ and DFF displayed close genetic
relationships with F. magna from southeastern USA (Fig. 5.4) (Kralova-
Hromadova et al. 2011).

Concerning the third and the most recent European focus, Danube floodplain
forests, Slovak, Hungarian and Croatian F. magna samples represented the same
genetic pool. It was evident that similar ecological conditions in the floodplain
forests down the Danube River provide an excellent natural environment for
intermediate and final hosts of F. magna and facilitate its further spread down the
river. Identical haplotypes detected for parasites from CZ and DFF implied that
F. magna was introduced to the Danube region from already established Czech
focus, although the means of transfer remained unresolved (Kralova-Hromadova
et al. 2011).

In North America, population and genetic structure of giant liver fluke was
studied by Bazsalovicsova et al. (2015) using the same cox1 and nadl fragments as
designed by Kralova-Hromadova et al. (2008). The principal outcome was detec-
tion of two separate lineages of F. magna in North American continent. The
western lineage was formed by individuals from Rocky Mountain trench
(RMT) (Alberta, Canada) and northern Pacific coast (NPC) (British Columbia,
Canada and Oregon, USA) whereas the eastern lineage was created by samples
from the Great Lakes region (GLR) (Minnesota, USA), Gulf coast, lower
Mississippi, and southern Atlantic seaboard region (SAS) (Mississippi, Louisiana,
South Carolina, Georgia, Florida) and northern Quebec and Labrador (NQL,
Canada) (Fig. 5.4). Results of molecular analyses were discussed with historical and
current distribution of final cervid hosts of F. magna. It was assumed that genetic
separation of two mitochondrial lineages very probably correlates with data on
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Fig. 5.4 Interrelationships of F. magna from North America and Europe revealed by
mitochondrial data (Kralova-Hromadova et al. 2011; Bazsalovicsova et al. 2015)

historical distribution of white-tailed deer in eastern and wapiti in western part of
North America. Since haplotypes determined in F. magna representatives were
shared amongst several adjacent populations, no signs of host specificity of the
parasite towards any cervid species was noticeable (Bazsalovicsova et al. 2015).

High Resolution Melting, an effective screening method The short variable
regions within coxl and nadl genes, as designed by Kralova-Hromadova et al.
(2008), were proved to be suitable for large-scale populations studies and assess-
ment of genetic interrelationships of geographically distinct populations of
F. magna (Kralova-Hromadova et al. 2011). The future application of these markers
in extensive data-sets would require financially demanding and time consuming
experiments. Therefore, an implementation of fast and effective screening method
has arisen as a necessary need.

The High Resolution Melting method (HRM) is a screening tool, which was
established as a single tube method for single nucleotide polymorphism
(SNP) genotyping and detection of unknown sequence variants (Gundry et al. 2003;
Wittwer et al. 2003). The principle of HRM method is denaturation of double
stranded (ds) DNA template by heat (up to 95 °C) what results in single strand
(ss) DNA. Fluorescent dyes applied during HRM analysis have higher level of
fluorescence when bound to dsDNA than in ssDNA bound or in unbound state
(Ririe et al. 1997; Wittwer et al. 2003). The result of HRM is a melting curve that
can be generated if the fluorescence is continuously monitored during the heating of
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a sample through its dissociation temperature (melting temperature, 7m).
Each DNA template has specific 7m depending on the nucleotide structure and is
characterized by the specific melting curve. Detection and differentiation of dif-
ferent sequence variants rely on change in the 7m and shape of the melting curve.
Samples containing the same sequence variants are identified as groups that exhibit
similar melting profiles (Bennett et al. 2003).

Previously selected variable region of mitochondrial coxl was applied in
development and validation of HRM method for studies of European F. magna
populations (Radvansky et al. 2011). Three internal nucleotide probes were origi-
nally designed and used for optimization and reliable discrimination of
haplotype-specific melting curves for unique haplogroups, assorted previously
according to the sequence analysis. The successfully optimized HRM method
provided the opportunity for rapid and effective ‘“close tube” analysis of novel
haplotypes in future studies of F. magna from Europe (Radvansky et al. 2011).

The HRM method was consequently applied to determine an origin of F. magna
from Croatia (Bazsalovicsova et al. 2013). Two structurally different cox1 haplo-
types were detected for 200 F. magna individuals from the Baranja region
(northeastern Croatia) employing three internal oligonucleotide probes (Radvansky
et al. 2011). Both haplotypes were easily distinguishable by specific melting peaks
identical to the reference haplotypes (Ha3 and Ha4; Kralova-Hromadova et al.
2011) which revealed their Danube origin. The results confirmed that Danube
floodplain forests represents expanding natural focus and a spread of fascioloidosis
further down the Danube River is very probable (Bazsalovicsova et al. 2013).

Mitochondrial genes as tools for molecular taxonomy and phylogeny Although
characteristics of mitochondrial genes predestine them to be applied mainly in
population genetic studies, they can serve also as markers utilized in molecular
taxonomy and phylogeny. For elucidation of poorly known patterns of diversifi-
cation, origin and biogeography of fasciolids, partial nadl gene (488 bp) of mtDNA
was applied (Lotfy et al. 2008). Evolutionary relationships among fasciolids
revealed that F. magna is monotypic and grouped closely with Fasciola jacksoni,
while three other Fasciola species were detected to be paraphyletic (Lotfy et al.
2008).

The partial cox1 and nadl sequences were also obtained for two F. magna
isolates (adult fluke from red deer and rediae from G. truncatula) from Austria
(Sattmann et al. 2014). Sequences displayed 100 % identity to each other, and they
were compared with respective F. magna-specific data available in the GenBank as
determined by Kralova-Hromadova et al. (2011). Partial cox1 gene was identical to
F. magna from Czech Republic, Slovakia, Hungary and Croatia; nadl showed
100 % identity to isolates from Czech Republic and Slovakia. The results indicated
very close relation of F. magna from Austria to populations of the parasite from
neighbouring countries (Sattmann et al. 2014).

The genetic structure of F. magna individuals recently found in Poland (Lower
Silesian Wilderness) (Pyziel et al. 2014) was determined using mitochondrial cox1
and nadl molecular markers (Kralova-Hromadova et al. 2015). Sequence data were
compared with the respective molecular data available for all European populations
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of F. magna (Kralova-Hromadova et al. 2011). The study revealed the genetic
uniformity of F. magna specimens from Poland with individuals from the Czech
focus. Based on these findings, it was evident that Czech focus was enlarged and
the description of the second European focus of F. magna was suggested to be
modified as “the Czech Republic and southwestern Poland” (Kralova-Hromadova
et al. 2015).

5.3 Microsatellites

5.3.1 Structure and Characterization

In last decade, microsatellites (syn. STR, Short Tandem Repeats; or SSR, Simple
Sequence Repeats) have been developed as one of the most popular classes of
genetic markers owing to their high reproducibility, multi-allelic nature, codomi-
nant mode of inheritance, abundance and wide genome coverage (Schlétterer
2004). Genetic structuring of natural populations is routinely investigated using
microsatellite markers (Balloux and Lugon-Moulin 2002), but they proved to be
also suitable molecular markers for population genetic studies, diagnostics, species
identification, and phylogeographical analysis of higher taxonomical units.
Microsatellites are ideal markers for studies of biodiversity, paternity testing,
determination of interrelationships between closely related species, and migrations
of populations. Considerable polymorphism in STR may be characterized due to
variation in the number of repeat units. However, microsatellite polymorphism is
sufficiently stable to use in genetic analyses (Hearne et al. 1992).

Microsatellites are scattered throughout a broad spectrum of prokaryotic and
eukaryotic genomes in multiple copies, both in protein-coding and non-coding
regions (Zane et al. 2002). Despite their ubiquitous occurrence, microsatellite
density and distribution vary markedly across genomes (Dieringer and Schldtterer
2003). They consist of tandemly repeated sequences of very short nucleotide motifs
(1-6 bp) with possible different functional roles (Buschiazzo and Gemmell 2006).
Microsatellite loci with ten or more repeats are particularly likely to have many
alleles (Queller et al. 1993).

The genomic distribution of microsatellites is determined by the repeat type
(mono-, di-, tri-, tetranucleotide etc.) and the sequence of the repeat. The number of
repeats of nucleotide motifs may differ in each locus; there is a high polymorphism
in number of repeats per locus in natural populations connected with high level of
variability. The mutuality in case of STR is around 0.1 % mutations per generation
(Flegr 2009). There are three types of STR (Fig. 5.5); any kind of its combination is
possible.

The presence of high number of STR loci in genome may be potential important
tool for analyses in almost any problem requiring Mendelian markers (Queller et al.
1993). Since they are usually less than 100—150 bp long and are localized in DNA
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Types of microsatellite repeats

... CACACACACACACACACACACACA... perfect/pure
(CA)s,

...CACACACACATGTGTGCACACACACACACACACA...  interrupted/imperfect
(CA)5(TG)5(CA)q

...CACACACATGCTGCTGCCACACACATGCTGCTGC...  compound
(CA)4(TGC)3(CA)4(TGC)3

Fig. 5.5 Schematic diagram of structure and arrangement of microsatellite motifs

region with unique sequences, they can be amplified for identification by PCR
(Hearne et al. 1992; Flegr 2009).

In newly analysed taxa, microsatellites need to be de novo isolated (Zane et al.
2002). The procedures applied in the STR design have developed according to the
technical and methodological possibilities. The “traditional” cloning method
(cloning of genomic DNA fragments enriched for STRs), used for isolation of
microsatellite clones, was quite time consuming and involved several steps. It was
necessary to create a small insert, to perform partial genomic library in a plasmid or
phage vector, and then screen clones by repeated rounds of filter hybridization using
an oligonucleotide repeat probe. In order to increase the proportion of clones in a
given library containing the STR motif of interest, microsatellite enrichment has
been developed (Nunome et al. 2006; Andrés and Bogdanowicz 2011). However,
traditional strategies approved to be less useful and inefficient for species with low
microsatellite frequencies (Zane et al. 2002 and references therein).

High-throughput next-generation sequencing (NGS) technologies are revolu-
tionizing the field of evolutionary biology; they obviously supplant traditional
cloning methods for the discovery of microsatellite loci and opened the new pos-
sibilities for genetic analysis at different levels (Andrés and Bogdanowicz 2011).
Due to decreasing cost of NGS technologies, such as pyrosequencing (e.g.
454 sequencing) and sequencing by synthesis (e.g. Illumina), genome-wide evo-
lutionary questions using hundreds of individuals for many organisms is possible at
fraction of the cost and effort of traditional approaches (Etter et al. 2011; Zalapa
et al. 2012). The main benefit of these technologies is avoiding the need for cloning
of DNA fragments, since sequence data are determined from amplified single DNA
fragments (Ansorge 2009).

The NGS approaches generate large amount of the sequencing data from
microsatellite enriched libraries or genomic DNA which are then mined for
microsatellite loci (typically thousands). Primers are designed for the regions
flanking the microsatellite repeat and then are tested to identify markers with
consistent PCR amplification of unique polymorphic loci. Co-amplification of
multiple microsatellites in a single cocktail (multiplexing) makes a procedure much
easier, faster and cheaper (Guichoux et al. 2011).



5.3 Microsatellites 95

5.3.2 Design and Future Application of Microsatellites in
F. magna Studies

Recently, next-generation sequencing approach was used to develop multiplex
panels and performed de novo design of primers for microsatellite loci in F. magna
(Minarik et al. 2014). Since the data on STR markers of giant liver fluke were
neither available in the literature, nor in the GenBank databases, microsatellites
were originally designed using following methodological steps:

e microsatellite mining using selective library enrichment and next-generation
sequencing for identification of specific repetitive motifs

e selection of suitable STR candidates designed after NGS analysis by several
tests:

detection of amplification effectiveness of designed PCR primers
confirmation of the presence of declared repetitive motif by Sanger
sequencing

e determination of STR allele polymorphism of tested loci by fragment anal-
ysis with fluorescently labelled primers by capillary electrophoresis

e development of multiplex panels

e statistical analyses of selected loci for observed (Ho) and expected
(He) heterozygosity, deviations from Hardy-Weinberg equilibrium (HWE) and
the presence of null alleles (Fig. 5.6).

Out of 667 amplicon candidates generated after NGS, 118 provided the best
resolution and were tested with PCR analyses. In total, 56 yielded PCR products of
expected size, and in 36 of them the declared repetitive motif was identified by
Sanger sequencing. Finally, 11 microsatellite loci were recommended for future use

_fragment analysis and multiplexing
Sanger sequencing \
PCR amplification | ‘ ‘ )\ final selection, APPLICATION
""""""""""""""" ! statistical

: ‘ ¥ of loci
. 3rd analyses
2nd  selection

‘_ © 1st  selection
selection

NGS

Fig. 5.6 Methodological steps of design of microsatellite markers for F. magna (Minarik et al.
2014)
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in studies of genetic interrelationships of North American and European popula-
tions of F. magna (Minarik et al. 2014).

The multilocus approach based on the analyses of 11 microsatellite loci has been
currently applying in order to resolve the patterns of population genetic structure
and admixture of F. magna from Europe and North America. Further aims of the
study are to determine the exact origin of European populations of the parasite, and
to reveal its potential transmission and migratory routes in North America and
Europe (Juhasova et al. unpublished).

5.4 Other Molecular, Cellular and Immunological Studies
of F. magna

5.4.1 Ultrastructure

Microscopy has dramatically expanded our horizonts in the field of helminthology
by providing fundamentally important information on the structure and functional
correlates of a number of key organ systems of parasitic organisms. Many important
discoveries have been accrued by way of transmission and scanning electron
microscopy, as well as from use of the confocal scanning laser microscope. The
techniques provide valuable investigative tools not only in taxonomic and structural
studies by revealing inter- and intraspecific variations and regional differences in
surface topography, but also in understanding host-parasite relationships and
evaluation of drug effects (e.g. Halton 2004).

Using the scanning electron microscopy, the surface features of adult F. magna
from USA were described (Naem et al. 2012). The dorsoventrally flattened body
was covered by spiny tegument, which was slightly different in ventral and dorsal
side. At the ventral side, well developed spines and small ciliated papillae (anterior
end), spines with two or more points and dome-shaped papillae (mid-region), and
small spines with blunted edges and few papillae (posterior end), were observed. At
the anterior end of the dorsal side, small dome-shaped and ciliated papillae were
present; more prominent spines than the papillae were typical for mid-region of the
dorsal side. At the posterior end of the dorsal side, spines became progressively
fewer, smaller and shorter. Patterned tegument characterized by dome-shaped and
ciliated papillae was typical for the surface of the oral sucker, while ventral sucker
possessed a smooth surface with two spine-like structures. Both suckers were
surrounded by spines; some of them were small with a sharp point and some had
serrated edges. Contrary to spine free-areas observed around the excretory pore, the
surface of the cirrus organ showed small groups of tiny spines in some areas (Naem
et al. 2012).
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5.4.2 Karyotype

Chromosomes are hereditary elements of the whole nuclear genome. Karyological
features may indicate the evolutionary distance between animals of different tax-
onomic categories that may not be obvious at morphological level (Dobigny et al.
2004). Cytogenetic studies can provide basic data such as chromosome number and
classical karyotype features (banding patterns, karyotype asymmetry, secondary
constrictions), as well as detailed information on location of genes on chromosomes
by fluorescence in situ hybridization (FISH) (e.g. Bombarové et al. 2009, 2014).

An important progress in the research of karyotypes was made by an
improvement of banding methods, which offered much more detailed and precise
analysis of inner structure of chromosomes. Location of a secondary constriction
(i.e. nucleolar organizer region, NOR) is frequently used as a marker for cytotax-
onomy and phylogenetic comparisons in invertebrates (e.g. Bombarova et al. 2007,
Nguyen et al. 2010). Comparative karyotype analyses and chromosome data
mapping can become a powerful tool for evolutionary and taxonomic studies.

The original description of chromosome set of F. magna was based on mitotic
divisions of spermatogonial cells isolated from fluke testes (Reblanova et al. 2010).
The cytogenetic study revealed that the karyotype of giant liver fluke comprises 11
pairs of medium-sized chromosomes, which were relatively similar in their length
and morphology. The karyotype formula was ascertained as 2n = 22, n = 9
st + Ism-m + 1 sm. The total length of the complement (TCL) reached 35.17 pum;
the first longest pair measured 4.65 pm (13.25 % of TCL) and the absolute length
decreased to the 1.92 pm (5.43 % of TCL) of the last chromosome pair. Rather
small amount of heterochromatin distributed predominantly near the centromeric
region of all 11 chromosome pairs was observed after fluorescent DAPI-staining.
Moreover, DAPI-positive bands were detected at chromosomes No. 5 (at the end of
the long arms) and No. 6 (interstitially on the long arms) (Reblanova et al. 2010).

In order to visualize localization of ribosomal genes on the chromosomes of F.
magna, the FISH technique with 18S rDNA probe was performed (Rebldnova et al.
2011). The study revealed a single cluster of ribosomal genes in mitotically
dividing spermatogonia. Chromosomal location of ribosomal loci was found to be
situated interstitially, in pericentromeric regions of the long arms of the submeta-
centric pair No. 10. Out of all hermaphroditic trematodes, F. magna together with
closely related fluke F. hepatica were the first model species studied by FISH
technique (Reblanova et al. 2011).

5.4.3 Isoenzymes

Isoenzyme (or isozyme) is the term applied to electrophoretically distinct enzymatic
proteins, separated primarily on the bases of differences in net charge. Over the past
40 years, isoenzyme approaches have been widely used in studies of parasite
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systematics in order to distinguish between morphologically similar species.
Isoenzyme analyses have provided numerous genetic markers relating to population
structure and gene flow among populations (e.g. Nadler and De Leon 2011).
Although the technique has been commonly applied to provide answers for taxo-
nomic studies it remains underutilized, perhaps because of recent advances in
modern DNA-based molecular technologies (Andrews and Chilton 1999).

Using isoenzyme analysis, Lydeard et al. (1989) examined spatial genetic dif-
ferentiation in F. magna populations collected from white-tailed deer from four
sampling sites in the southeastern United States (Tennessee, Kentucky, South
Carolina). Nine of 14 resolved electrophoretic loci (64 %) were detected as poly-
morphic. Significant allele frequency differences among samples were determined
for seven out of nine loci. Genetic distance values increased with geographic dis-
tance among samples. The low degree of genetic divergence between localities
within a state suggested that some gene flow may occur among populations.

In a similarly designed population study, genetic structuring in F. magna and its
definitive hosts (white-tailed deer) was studied by Mulvey et al. (1991) in hunting
areas in South Carolina. Five polymorphic loci were used to estimate genetic
variation, and four of them had significant heterozygote deficiencies over the entire
examined territory. The study revealed significant spatial genetic differentiation for
flukes and deer hosts that may be partially due to the complex life cycle of the
flukes. Patterns of genetic distance in F. magna individuals were not congruent with
those of cervid hosts nor were they correlated with geographic distance between
locations. Spatial genetic differentiation among flukes was influenced by the
aggregated distribution of flukes in hosts and their asexual reproduction in the snail
that leads to the release of multiple individuals from a limited number of clones.

5.4.4 Immunology

Immunoassays have indispensable role in the highly sensitive qualitative and
quantitative detection within heterogeneous samples for over 50 years. In research
(including parasitology), industry and medical practice, the most useful and sen-
sitive methods are immunoblot (Western blot) and enzyme-linked immunosorbent
assay (ELISA), which are typically used for the detection of specific proteins (Tighe
et al. 2015). Western blotting analysis can detect the presence of a specific protein
in a solution that contains a number of proteins, according to their molecular weight
(Yang and Ma 2009). In contrast, ELISA method can accurately quantitate intra-
cellular or extracellular proteins using an enzyme to detect the binding of antigen
and/or antibody (Tighe et al. 2015). Using immunoassays, parasites can be iden-
tified cost effectively and in a timely manner (Josko 2012).

The above techniques were also used to evaluate humoral immune response and
dynamics of antibodies in goats experimentally infected with F. magna
(Novobilsky et al. 2007). The ELISA test was used for determination of serum
antibody responses after F. magna infection. The significant increases of specific
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antibodies against F. magna excretory/secretory products (FmESP) were observed
in all infected goats since two weeks post infection. Besides, the cross-reaction of
antibodies against F. magna and closely related F. hepatica with ESP proteins was
recorded, what resulted in conclusion that the method is highly sensitive but not
specific. The antigenic properties of FmESP and FhESP were in parallel charac-
terized by immunoblot analysis. Based on the results, 40 and 120 kDa
species-specific proteins of F. magna, and 80 and 160 kDa proteins of F. hepatica
were suggested as the most suitable candidates, since no cross reaction was
observed (Novobilsky et al. 2007).

5.4.5 Transcriptome and Excretory/Secretory Proteome

Over the past decade, the next-generation sequencing (NGS) technologies have
greatly accelerated our understanding of the complexity of gene structure,
expression, and regulation (He et al. 2012). Novel DNA sequencing systems (e.g.
Roche’s 454 Genome sequencer, Illumina’s Solexa IG sequencer, Applied
Biosystem’s SOLiD system, etc.) provide new opportunities of rapid and reliable
ways for: (i) searching of genetic variants by sequencing the whole genome or
targeted genome regions; (ii) profiling of mRNAs, small RNAs; (iii) characteriza-
tion of transcriptomes and proteomes, as well as precise analysis of RNA transcripts
for gene expression; (iv) identification of DNA regions that interact with regulatory
proteins in functional regulation of gene expression (e.g. Ansorge 2009).

In F. magna individuals, the transcriptome and secreted proteome were origi-
nally characterized using the Illumina sequencing technology, one-dimensional
SDS-PAGE and OFFGEL protein electrophoresis (Cantacessi et al. 2012). In total,
20,140 peptides were inferred from the transcriptome of F. magna which were
classified based on homology searches, protein motifs, gene ontology and biolog-
ical pathway motifs and consequently assigned to biological process, cellular
component and molecular function. Molecules containing a predicted signal peptide
(835) were most abundant in the transcriptome; out of them 80 were identified in
the excretory/secretory products. Antioxidant proteins, followed by peptidases and
proteins involved in carbohydrate metabolism, were also highly represented.

In addition, analysis of transcriptome revealed 42 transcripts encoding cathep-
sins (especially cathepsin B and L) of which eight were identified in the
excretory/secretory products and seven were predicted to contain a signal peptide
indicative of secretion (Cantacessi et al. 2012). From the proteome predicted for the
giant liver fluke, 48.1 % (9,690) proteins were assigned to 384 biological pathway
terms such as spliceosome, RNA transport and endocytosis. In the
excretory/secretory products, cystatin (cysteine protease inhibitor) was found to be
the most abundant, followed by two cathepsin L1 proteases, cathepsin B, calpain,
ferritin and 12 lysosomal proteins. Cathepsin L with four different isoforms and a
cathepsin L-like protease were predominantly identified proteinases. Subcellular
localization of identified proteins was predicted to be either extracellular or
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cytoplasmic, with smaller numbers localized/co-localized in the nucleus, plasma
membrane and/or mitochondria. Obtained results and integration of transcriptomic
and proteomic datasets provided comprehensive snapshot for future studies aimed
at potential roles of different molecules and for establishing novel strategies for the
treatment and control of F. magna infections (Cantacessi et al. 2012).
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Final Conclusions and Future Perspectives

Since its first discovery in 1875, Fascioloides magna has been intensively studied
throughout the last 140 years. Different periods of investigation were characterized
by different types of studies. The end of the 19th and the very beginning of the 20th
centuries were focused on taxonomic classification, systematic revisions and
determinations of various scientific names of giant liver fluke, until Henry B. Ward
proposed the new genus Fascioloides with the type species Fascioloides magna in
1917. Detailed morphology and description of all stages of the life cycle of F. magna
were provided in the first half of the 20th century, with significant contribution of
William E. Swales from Canada and Bozena Erhardova-Kotrla from the Czech
Republic.

The 70s, 80s and 90s of the last century represented a very active period focused
mainly on two types of studies; pharmacological tests of an efficacy of different
anthelmintic drugs, and experimental infections of various North American inter-
mediate and final hosts. The important contribution in this scientific field has to be
addressed to William J. Foreyt from Washington, USA. In Europe, the parasitol-
ogists from the Czech Republic have significantly contributed to the knowledge on
spectrum of intermediate hosts of giant liver fluke.

A great effort has been made to determine F. magna in free-living and domestic
ruminants throughout the North American enzootic regions. Its occurrence has been
monitored since the early 1930s. In Europe, first discoveries of F. magna started in
Italy in 1875, followed by findings of the parasite in the Czech Republic in 1910
and in the Danube region in the 1990s. Spatial distribution of the parasite in Europe
is evidently dynamic and ongoing process. The latest findings of F. magna, in
particular in two distinct localities in Poland (Lower Silesian Wilderness and
Podkarpackie Province), and in northeastern Bavaria in Germany, are alarming. The
fascioloidosis is spreading beyond permanent natural foci and this process is likely
to continue. Therefore, studies on the host range of parasite, changes in their
distribution and regular monitoring in already established foci and in potentially
high-risk neighbouring areas, are reasonable and their continuity has to be main-
tained in order to prevent the infection of farmed and domestic ruminants.

A reasonable question to ask would be: “How can we prevent a spread of F. magna
infection?”. To bring forward such question is easier than to find an appropriate
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answer to it. Theoretically, the prevention measures can be focused on both inter-
mediate and final hosts. Aquatic snails, intermediate hosts of F. magna, usually
occupy fragile water biotopes. Intervention into these biotopes (e.g. drainage),
sometimes proposed as a possible prevention measure, would not provide an
ecology-friendly solution. Natural movement of cervids is impossible to stop and
moreover, their treatment can not be well controlled and directed. The only possible
measurement can be addressed to man-made translocation of cervids and their vet-
erinary and parasitological control. However, in vivo diagnostics, based on faecal
examination and determination of F. magna eggs in stool, is meaningful only in
definitive hosts. In order to eliminate the spread of infection in domestic ruminants, a
possible precaution is to avoid sharing pastures with confirmed fascioloidosis.

With rocket development of molecular techniques (e.g. the whole genome
sequencing), the modern approaches were implemented in studies of F. magna,
providing very useful outcomes. Although the first sequence of ribosomal ITS2
spacer was acquired in 1993, the molecular “boom” has been recorded since 2007
and carries on to date. Molecular markers, such as selected regions of ribosomal and
mitochondrial genes, were proved to be useful in molecular taxonomy and iden-
tification of the species and in determination of genetic interrelationships among
and between North American and European populations. The design of
microsatellite markers has opened up new possibilities for molecular genetics, more
detailed population structuring, and determination of transmission and migratory
routes, what will certainly be applied in a near future.

The future perspective lies undoubtedly within a deeper insight of parasite’s
genome/transcriptome/proteome studies. Important data on transcriptome analysis
were already furnished and the next challenge is to determine the roles of particular
molecules, mainly those important for treatment and control of giant liver fluke.

The past and present research of Fascioloides magna brought many important
and interesting data on biology, distribution, host-parasite interrelationships, ther-
apy, immunology and molecular biology. We believe that future research will
produce some novel and remarkable information that will contribute to better
understanding of this fascinating parasite with “never-ending story”.
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