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PREFACE

“Approaches to research on the systematics of fish-borne trematodes”
is aimed to serve as a guide book for the student in Parasitology,
Biology, or Molecular Biology, or for any young researcher who is
interested in studying fish-borne trematodes, in particular on their
morphological identification and genetic makeup.

In-depth knowledge of medically important fish-borne trematodes is
well known in their endemic regions, but some coexistent species are
not known or have been reported as the better-known species. Eggs of
small liver and minute intestinal flukes are similar in morphology and
sizes, causing difficulty in microscopic diagnosis. On the other hand,
many species of minute intestinal flukes exist in the same regions, and
some of these concomitant species are not known to laboratory work-
ers and may be reported as the well-known species in the area. Hence
the present knowledge may not reflect the true situation: in particular,
the prevalence of major species of fish-borne trematodes—small liver
flukes may be overreported, while intestinal flukes may be under-
reported. It is important to realize the gap and to work to produce
new knowledge to bridge the gap existing at present.

The authors would like to thank members of the Faculty of Tropical
Medicine, Mahidol University—Tippayarat Yoonuan for the photo-
graphs, and Wijak Anowannaphan and Akkarin Poodeepiyasawat for
their technical assistance on the illustrations.

Jitra Waikagul
Urusa Thaenkham

Bangkok
December 2013



CHAPTER 11
Medically Important Fish-Borne Zoonotic
Trematodes

The trematode or fluke—a flatworm in the phylum Platyhelminthes—
has a dorsoventrally flattened, leaf-like body. The medically important
species belong to the subclass Digenea, the endoparasites of verte-
brates. A digenean trematode has a complicated life cycle, which com-
prises adult and several developing stages: egg, miracidium, sporocyst,
redia, cercaria, and metacercaria. They utilize a minimum of two hosts
(blood flukes). The final or definitive host for adults and the snail’s
first intermediate host occurs in the stage cercaria, which is an infective
stage. For other flukes, their life cycles include a second intermediate
host that contaminates with the parasite’s infective stage: the metacer-
caria. The genus Alaria of family Diplostomatidae has an additional
developing stage, mesocercaria, which is a stage between the cercaria
and metacercaria stages.1

The trematodes utilize fish as their second intermediate host; the so-
called fish-borne trematodes comprise about 12 families: Acanthocolpidae
Lühe, 1909; Bucephalidae Poche, 1907; Clinostomatidae Luhe, 1901;
Cryptogonimidae Ciurea, 1933; Cyathocotylidae Poche, 1926;
Diplostomatidae Poirier, 1886; Echinostomatidae Looss, 1902;
Heterophyidae Odhner, 1914; Opisthorchiidae Braun, 1901;
Psilostomatidae Odhner, 1913; Strigeidae Railliet, 1919; and
Troglotrematidae Odhner, 1914. However, not all families are known
to infect humans; those fish-borne trematodes that have been reported
in man are in 5 families: Clinostomatidae, Echinostomidae,
Heterophyidae, Opisthorchiidae, and Troglotrematidae. Among those
that infect the human species, the opisthorchid fluke has the most pub-
lic health importance; it has been recognized as a type I carcinogen,
and chronic infection by this liver fluke leads to cholangiocarcinoma
development. The heterophyid intestinal fluke sometimes coexists in
the endemic region of the liver fluke and can cause confusion in diag-
nosis and prevalence since eggs of both the opisthorchid and hetero-
phyid flukes are similar. Nanophyetid infections have been reported in
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North America and eastern Siberia. Clinostome and fish-borne echi-
nostome are considered minor in man.

1.1 MAJOR FISH-BORNE TREMATODES

1.1.1 Opisthorchiidae
The liver fluke in the family Opisthorchiidae comprises 4 genera dis-
tributed in America, Asia, and Europe (Table 1.1, Fig. 1.1). Infections
by the following species have been reported in man: Amphimerus pseu-
dofelineus (Ward, 1901) Barker, 1911, and Metorchis conjunctus
(Cobbold, 1860) in America; Clonorchis sinensis (Cobbold, 1875)
Looss, 1907, Metorchis orientalis (Tanabe, 1921), Opisthorchis noverca
(Braun, 1903), and O. viverrini (Poirier, 1886) Stiles & Hassall, 1896,
in Asia; and Metorchis bilis (Braun, 1893), C. sinensis, and O. felineus
(Rivolta, 1884) Blanchard, 1895, in Europe.

Amphimerus is known in North America as a cat liver fluke and has
been reported to cause bile duct fibrosis and pancreatitis in cats.
Human infection with this fluke was first mentioned in Guayaquil,
Ecuador, and was referred to as a new species: Opisthorchis guayaqui-
lensis (Rodriguez et al., 1949).57 O. guayaquilensis was later considered
a synonym of O. pseudofelineus Ward, 1901, and based on its morpho-
logic distribution of vitelline follicles, which separate into anterior and
posterior groups with the latter extending to the testes level, it was
moved to the genus Amphimerus.58

Recently, the infection in humans was confirmed as Amphimerus by
the morphology of adult worms and electron microscopy scans of
eggs.46 A total of 23.9% (71/297) stool samples positive for eggs was
observed in the native people (Chachi) of the northern coastal area of
Ecuador. The positive egg rates of the 3 investigated villages were
15.5, 26.7, and 34.1% with the highest rate found in the most remote
village 120 km from the coast. According to Calvopina et al,46 the
identity of Amphimerus in Ecuador is still unsettled; whether it is A.
guayaquilensis or A. pseudofelineus requires further study. The livers of
three cats and three dogs from one of the villages, were all positive
with many adult worms of Amphimerus; this liver fluke is a zoonotic
pathogen of domestic animals and humans in the area. Infections by
the Amphimerus fluke in domestic animals have been reported in
Central and North America, suggesting the possibility of human
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Table 1.1 Geographical Distribution of Fish-Borne Zoonotic Trematodes
Parasite Country

Clinostomatidae

Clinostomum
complanatum

India,2 Israel,3 Japan,4 Korea,5 Thailand6

Echinostomatidae

Echinochasmus
fujianensis

China7

Echinochasmus
japonicus

China,7 Lao PDR,7 Japan,7 Korea,7 Thailand,7 Vietnam7

Echinochasmus
liliputanus

China7

Echinochasmus
perfoliatus

China,8 Japan7

Echinoparyphium
paraulum

China8

Echinoparyphium
recurvatum

China,8 Egypt,8 Indonesia,8 Taiwan8

Echinostoma
cinetorchis

China,8 Indonesia,8 Japan,8 Korea,8 Taiwan8

Echinostoma hortense China,8 Japan,8 Korea8

Heterophyidae

Apophallus donicus Oregon-USA9

Ascocotyle longa Brazil10

Centrocestus armatus Japan,11 Korea12

Centrocestus caninus China,41 Taiwan,8 Thailand13

Centrocestus
cuspidatus

Egypt,14 Taiwan15

Centrocestus
formosanus

China,8 Lao PDR,16 Philippines,8 Taiwan,17

Centrocestus longus China,8 Taiwan18

Cryptocotyle lingua Greenland19

Haplorchis pumilio China,41 Egypt,20 Iran,8 Lao PDR,21 Philippines,22 Taiwan,17 Thailand,23

Vietnam24

Haplorchis taichui Bangladesh,8 China,8 Iran,8 Lao PDR,21 Pakistan,25 Philippines,26 Taiwan,17

Thailand,27 Vietnam24

Haplorchis vanissimus Philippines28

Haplorchis yokogawai China,8 Indonesia,29 Lao PDR,30 Philippines,31 Taiwan,32 Thailand,27 Vietnam24

Heterophyes dispar Korea8

Heterophyes
heterophyes

Egypt,33 Iran,41 Israel,34 Tunisia,8 Turkey35

Heterophyes
kutsuradai

Japan36

(Continued)
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infection, which is still unconfirmed in those regions (Table 1,
Appendix A).46

The infection of Clonorchis sinensis, the Chinese or oriental liver
fluke, has mainly been reported in humans in six countries: China,
Japan, Korea, Russia, Taiwan, and North Vietnam. Recently, infec-
tion by Clonorchis sinensis was detected in fecal samples of nine

Table 1.1 (Continued)
Parasite Country

Heterophyes nocens Japan,37 Korea12

Heterophyopsis
continua

China,8 Japan,18 Korea12

Metagonimus minutus China,12 Taiwan38

Metagonimus niyatai Japan,39 Korea39

Metagonimus
takahashii

Korea12

Metagonimus
yokogawai

China,40 East Indies,40 Indonesia,8 Iran,41 Japan,40 Korea,12 Philippines,40

Taiwan,40 Rumania,40 Russia,8 Spain40 Ukraine40

Procerovum calderoni Philippines 22

Procerovum varium Japan41

Pygidiopsis summa Japan,42 Korea,12

Stellantchasmus
falcatus

Hawaii,43 Japan,44 Korea,8 Philippines,22 Taiwan,32 Thailand,39 Vietnam,24

Stictodora fuscata Japan,45 Korea12

Opisthorchiidae

Amphimerus sp. Ecuador46

Clonorchis sinensis China,8 Japan,8 Korea,8 Russia,47 Thailand,48 North Vietnam8

Metorchis bilis Russia49

Metorchis conjunctus Canada,50 Greenland8

Metorchis orientalis China51

Opisthorchis felineus The Baltic States,8 eastern Germany,8 Italy,52 Kazakhstan,8 Poland,8 Russia,8

Eastern Siberia,8 Ukraine8

Opisthorchis noverca India53

Opisthorchis viverrini Cambodia,8 Lao PDR,8 Thailand,8 Central and South Vietnam54

Troglotrematidae

Nanophyetus
salmincola

Oregon-USA55

Nanophyetus s.
schikhobalowi

Russia56

c-39Klick, Tantachamroon
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individuals from central Thailand by PCR-RFLP.48 This was the first
report of clonorchiasis cases in Thailand, and the only report so far.

Clonorchiasis has affected the Chinese for more than 2000 years.
From a 2003 nationwide survey, the infection rate was 2.4% with an
estimation of 12.49 million people infected with C. sinensis in China.
The 2003 survey result also showed that the infection rate of C. sinensis
increased by 74.8% when compared with the results of a 1990 nation-
wide survey. The infection rate in males was higher than in females;
and the infection rates among people eating raw fish or eating out fre-
quently were higher than those who did not.59

Three localities in the central (Sun Moon Lake), middle (Miao-Li),
and south (Mei-Nung) of Taiwan are known as heavy endemic areas
of clonorchiasis with infection varying from 52�57%.60

Ultrasonography was carried out in 1,081 people in South Taiwan;
89 of 947 clonorchiasis-infected cases (9.4%) were found to have gall-
stone formation, with most (85 cases, 8.9%) in the gall bladder. In a
non-clonorchiasis group of 144 people; gall stones were detected in
8 patients (5.6%), and stones were found in the gall bladder of 6 cases
(4.2%).61 Rats, cats, dogs, and pigs were found to be the natural reser-
voir hosts, and the infection rate in pigs was the highest (Table 1.2).64

However, no recent reports have been published on the current status
of clonorchiasis in Taiwan.

Metorchis conjunctus

Metorchis bilis
Metorchis orientalis
Clonorchis sinensis

Opisthorchis noverca

Opisthorchis felineus
Clonorchis sinensis
Opisthorchis viverrini

Amphimerus pseudofelineus

Figure 1.1 Geographical distribution of the liver fluke in the family Opisthorchiidae, comprised of Metorchis,
Opisthorchis, Clonorchis, and Amphimerus.
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Clonorchiasis was considered to be a medically important parasitic
problem in 19 prefectures in Japan around 1950. The control programs
included a change in land usages, snail control, and health education;
these were highly effective, so that in 1991 no C. sinensis egg was
found in a million fecal sample examinations.8

A high prevalence of clonorchiasis was reported in Korea in 1950,
with infection rates ranging from 15.9% to 40.2% in 7 river basins in
endemic areas.8 Following the control program, a slight decrease of
prevalence was reported recently from the same areas,65 with the over-
all infection rate 11.1% with a range of 0.4% to 30.6%. According to
the National Cancer Incidence database for 1999�2005, approximately
10% of cholangiocarcinoma in Korea was caused by chronic clonorch-
iasis: with 12% for males and 6% for females. The incidence increased
to a quarter of cases in endemic areas.66 In 2004, the national survey
on intestinal helminthiasis showed an overall 2.9% egg positive rate of
C. sinensis, with an estimated 1.3 million infected in Korea.67

In Russia, it has been estimated that at least 1 million people are
infected in the Amur River basin known-endemic area of
clonorchiasis.47

In Vietnam, C. sinensis was found in 9 Northern provinces, with
prevalence varying from 0.2% to 26%, and an estimated one million
people infected.54 Summarizing those recent reports on Clonorchis

Table 1.2 Clinical Manifestations of Small Liver Flukes
Species Incubation

Period

Acute Infection Chronic Infection

�
Clonorchis
sinensis

4 weeks No report Asymptomatic or with fever, malaise,
abdominal pain, rash, gall bladder, gall
stones, cholangitis, cholecystitis, liver
abscess

Metorchis
conjunctus

1�15 days Low fever, epigastric pain,
raised liver enzymes and
eosinophil counts

No report

Opisthorchis
felineus

2�4 weeks High fever, increased liver
enzymes and eosinophil
counts

Cholangitis, liver abscess

�
Opisthorchis
viverrini

4 weeks No report Asymptomatic or with hot sensation in
abdomen, flatulence, fatigue, cholangitis,
jaundice

�
The causative agents for Cholangiocarcinoma8,50,62,63.
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sinensis infections, it is globally estimated that more than 200 million
people are at risk, 15�20 million people are infected, and 1.5�2 mil-
lion have symptoms or complications.68

The Metorchis liver fluke is reported worldwide in fish-eating mam-
mals and birds. The M. conjunctus infection has been found in Canada
and the northern USA; the reported definitive hosts are carnivores: the
raccoon, the fox, the wolf, and the dog. About 1�3% of wolves in
Canada have been found to be infected with M. conjunctus; cholangio-
hepatitis with periductular fibrosis in the liver are the lead pathogenesis
reported in those wolves.69 Human infections of M. conjunctus were
sporadically reported among native peoples in Canada.70 In 1993, a
common-source outbreak of M. conjunctus infection was described in
19 people who ate sashimi prepared from white sucker fish caught in a
river north of Montreal, Canada. The symptom findings were low
fever either continuous or intermittent and epigastric pain, with an
incubation period of 1�15 days. The common laboratory findings
were raised eosinophil counts and raised liver enzyme concentration. A
strong relation between amount of fish eaten and illness was
reported.50

Recently, by ITS2 based multiplex PCR, specific bands for
Metorchis bilis (Braun, 1890) were found in stools containing
opisthorchid eggs collected from Tomsk, Russia. This primary work
showed about 10% M. bilis mixed with Opisthorchis felineus infections
in this region.49

Metorchis orientalis (Tanabe, 1921) has been reported in ducks,
cats, and dogs in China, Japan, and Korea. Experimental infection
showed that adult worms can developed in chickens also. Natural
infection in man of M. orientalis was first reported in the Ping Yuan
County of the Guangdong Province in China; the egg-positive rate in
humans was 4.2% (4/95); 12 adult worms were recovered in the stools
of 2 patients after they took anthelmintic drugs. The infection rate in
animals was high in this endemic area; it was: 66.7% in ducks, 78.6%
in cats, 23.5% in dogs, and 87.6% in fish (Pseudorasbora parva).51

Human infection of Metorchis seems underestimated, particularly in
eastern Asia and Eurasia where Clonorchis sinensis and Opisthorchis
felineus are predominantly reported, since animal reservoir hosts (the
cat and the dog) and a common fish (Pseudorasbora parva) in the
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region are serving as the final host and the second intermediate host
for all three species of liver flukes in the area.

Opisthorchis felineus is endemic in Kazakhstan, western Siberia of
the Russian Federation, and Ukraine. The infection involves humans
and domestic and wild animals. It is estimated that the at-risk popula-
tion is about 14 million people, and about 1.6 million people are esti-
mated to be infected.8 Before the Second World War, the infection of
O. felineus was endemic also in the Baltic States, eastern Germany, and
Poland.8 O. felineus was first reported in animals in Italy in 1884, but
infection in humans has just been reported in 2004 involving 32 cases in
Central Italy.52 An investigation on opisthorchiasis in the endemic area
around 4 lakes—Trasimeno, Boselna, Vico, and Bracciano—showed
that among 15 species of fish, only tench (Tinca tinca) was positive with
metacercaria of O. felineus with infection rates from 28% to 95% with
over 50% infection of tench found in Bolsena and Bracciana lakes.
Among the 5 species of animals examined, eggs of O. felineus were
found in cats only with infection rates from 26 to 40%.71

Opisthorchis noverca has been known to infect dogs and pigs, and
occasionally man, in India. In the early 19th century, the taxonomic
position of O. noverca was confusing; however, later it was discovered
that O. caninus (Barker, 1911), Paropisthorchis indicus (Stephens,
1912), and Amphimerus noverca (Braun, 1903) Barker, 1911 are syno-
nyms of O. noverca.53 Reports on this species have not been carried
out recently.

Opisthorchis viverrini is endemic in the Mekong Basin, Cambodia;
Lao PDR; Thailand; and South Vietnam. A recent report on 6 cases
found in Takeo Province in Cambodia72 led to a survey in 3 villages of
Takeo Province involving 1,799 people, and the result showed
opisthorchiasis rates in this population were 47.5% (46.4�50.6%).73

Examination of fish collected from the adjacent area (Lake 500,
Kandal Province) showed many species of cyprinids were infected with
metacercaria of O.viverrini; the species were confirmed by experimental
infection and identification of adult worms together with genetic
sequences.74 It seems that the south of Cambodia is an endemic area
of O. viverrini.

Opisthorchiasis is highly endemic in the lowlands of central and
southern Laos, with an overall prevalence of 10.2%.75 In 1989, an
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initial survey in the Khong District of southern Laos showed the prev-
alence of opisthorchiasis to be as high as 80% in some schools. A year
after the control program, the prevalence dropped to 5%. No snail
control or treatment of the reservoir hosts (dogs and cats) was under-
taken.8 The prevalence of opisthorchiasis has gradually returned to
that before the control program (92%).76

Opisthorchiasis is highly endemic in northeast Thailand; in 1953, its
overall prevalence was 25%, which increased to 35% in 1984. In 1991,
it was reported that 7 million people were infected and 45 million peo-
ple were at risk. Since 1988, a national control program has been
implemented and the prevalence of opisthorchiasis had declined to 7%
by 2000.8,77 According to a stool survey using the Kato�Katz method
in 2009, small fluke eggs were frequently found in the north and north-
east of Thailand. It was estimated that 6 million people were infected
with small fluke eggs,76 which include liver (O. viverrini) and/or intesti-
nal flukes (Heterophyids).

Eleven provinces of South Vietnam have been found to be endemic
areas of Opisthorchis viverrini, high infection rates were in Phu Yen
with infection rates ranging from 15.2 to 36.9%.48

Infection by small liver flukes is usually asymptomatic or with low
or high, intermittent or continuous fever, abdominal pain, and skin
rash; but in chronic heavy infection may involve the enlargement of
the gall bladder, cholangitis, cholecystitis, and liver abscess.
Differences in clinical manifestation have been reported among species
of liver flukes (Table 1.2). The association of liver fluke infection and
cholangiocarcinoma has been reported in two species: Clonorchis sinen-
sis and Opisthorchis viverrini.8,63 The association of the O. felineus
infection and cholangiocarcinoma has not been reported; moreover, a
recent report on the clinical manifestation of O. felineus shows it devel-
oping as a febrile eosinophilic syndrome with cholestasis rather than a
hepatitis-like or rheumatic�like syndrome as previouslyreported.62,78,79

1.1.2 Treatment of Liver Flukes
The first choice is praziquantel, a single dose at 40 mg/kg or 25 mg/kg
for 3 consecutive days, which gives cure rates of 91% to 100%.80 The
second choice drug is albendazole at 400 mg, given in 2 dividing doses
for 7 days, which gives a cure rate at 63%.81 Recently, tribendimidine
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has been reported as a promising drug as it gave a cure rate similar to
praziquantel during an opisthorchiasis treatment trial.82

1.2 OTHER FISH-BORNE TREMATODES

1.2.1 Clinostomatidae
Clinostome metacercaria have been reported in freshwater fish world-
wide. A clinostome metacercaria is big: it can be seen with the naked
eye. It is either encysted in the muscle of fish with a very thin cyst wall
or it moves freely without a cyst wall inside the body cavity of fish. Its
body is stout and a whitish-yellow, so it is sometimes called the “yel-
low grub.” After being ingested, the metacercaria easily excysts and
attaches to the esophagus or moves to the trachea. It has been known
to cause highly irritated infections of the upper digestive/respiratory
tract—pharyngitis, laryngitis, or laryngopharyngitis; this disease is
commonly known as halzoun or marrara.3 Human infection with clin-
ostome was first reported in Japan;4 it has also been reported in
Israel,3 India,2 and Korea5,83 (Table 1.1). One case report in Thailand
showed that this worm caused irritation to the eye; ophthalmological
examination of a man who had a pain in the frontal sinus area for
2�3 months revealed a white spot at the right lower inner eyelid, mild
inflammation, and conjunctivitis. After the worm was removed from
the lacrimal opening, the patient fully recovered.6

1.2.2 Echinostomatidae
Transmission of the echinostome to humans is either through eating
raw or undercooked fish, snails, or amphibians. Human cases have
been reported mostly in Asia. Echinostomes are morphologically dis-
tinct from other trematodes by the presence of spines around the oral
sucker, forming a specific shape known as collar spines. The number
and arrangement of these spines is the basis of genus identification.
Duodenum mucosal bleeding and ulceration are the main clinical find-
ings due to mechanical damages caused by the worms. The common
symptoms are abdominal pain and diarrhea followed by weakness and
weight loss.7 The species transmitted through fish are summarized
(Table 2, Appendix A), along with the snail, fish, and animal reservoir
hosts. The first drug of choice to treat echinostome infections is
10�20 mg kg-1 praziquantel in a single oral dose. Albendazole is the
second-line drug.84
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1.2.3 Heterophyidae
The heterophyid is a small sized fluke, about 1 mm. in length, and is
parasitic mostly in the small intestine of birds and mammals and rarely
in fish and reptiles. The fluke has a specialized structure at the genital
pore, the gonotyl, which forms the basis of the family classification.
Infection in man is of great interest since infection outside of the intes-
tine in man has been reported—sometimes in vital organs (i.e., heart,
spinal cord, and brain)—by eggs and adult worms embolized in the
blood vessels and has been the cause of death.22 The worms are usually
found lodging in intestinal mucosa between villi, however, they have
invaded the submucosal level in experimental immunosuppressive
mice.85 Within a week after the metacercaria is ingested by the defini-
tive host, metacercaria develop to mature adults in the intestine.86

Heterophyid adults have a short life; the reported life spans varied
among different host species. In immunosuppressed conditions of the
same host strain, worms survived longer.85 More than 25 species have
been found parasitizing humans around the world. The list of species
and their distributions and reported hosts are summarized in Table 1.1
and Table 3 of Appendix A. The first line drug is 10�20 mg kg-1 pra-
ziquantel in a single oral dose.84 Albendazole can be considered the
second-line drug; a single dose gives around a 48% cure rate.87

1.2.4 Troglotrematidae
Nanophyetus salmincola is known as salmon poisoning disease as the
fluke’s metacercaria is transmitted by salmon. The infection in dogs
has been reported as fatal since the fluke acts as a transmitter of rick-
ettsia, Neoricketsia helminthoeca, which is the causative agent of viru-
lence disease in dogs.88 A high prevalence of infection in humans was
reported in native peoples of eastern Siberia in 1931 by Nanophyetus
schikhobalowi.56 Later the species was changed to a subspecies level
since there are morphological similarities between N. salmincola and
N. schikhobalowi.89

Between 1974 and 1985, 10 patients were reported to be infected
with N. s. salmincola in Oregon, USA90 (Table 4, Appendix A). All of
the patients had eaten raw flesh or eggs of the steelhead trout, and/or
insufficiently cooked or smoked salmon before the onset of symptoms
or positive laboratory findings. The common clinical and laboratory
findings were diarrhea and raised eosinophil counts (6%�43%). Two
of the patients with positive lab findings had no symptoms. Bithional
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(50 mg/kg orally on alternate days x2 doses) and niclosamide (2 g
orally on alternate days x3 doses) were found to be effective, but no
immediate cure was observed following treatment with mebendazole
(100 mg orally twice a day x3 days).90 At present praziquantel is the
drug of choice.
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CHAPTER 22
Collection of Fish-Borne Trematodes from the
Final Host

There are three different locations for the habitats of fish-borne trema-
todes (FBT) in final hosts: the bile duct for family Opisthorchiidae, the
small intestine for families Echinostomatidae, Heterophyidae, and
Troglotrematidae (Nanophyetus), and the upper digestive/respiratory
tract for Clinostomatidae.

Collecting adult flukes for morphological study starts with identifying
the infection in the individual host. There are four types of techniques
used to diagnose infections: 1) Finding FBT eggs in stool, 2) Finding
DNA of FBT in stool, 3) Detecting antibody against FBT, and 4)
Finding FBT directly in its normal habitat. After finding eggs or DNA
of FBT in the stool, treatment follows by giving a purgative to the host;
worms in a purged stool are collected and prepared for morphological
study. Antibody detection does not ensure that there is a current infec-
tion, since it may last a long time after the infection has been eliminated.
Diagnosis of infection by egg finding may not always be possible for clin-
ostomatids. Endoscopy should be performed in an individual with persis-
tent chronic cough to look for worms attached to the pharynx/larynx.

2.1 DIAGNOSTIC METHODS

2.1.1 Stool Egg Examination
The common methods used for stool examination are Direct Smear
(DS);1 the Cellophane Thick Smear (CTS),2 also known as the Kato
Method (K) or its modification for quantitative purposes known as the
Kato�Katz Method (KK);3 and the Formalin Ether concentration
method (FE).4 Any method of stool examination can be performed to
detect eggs of fish-borne trematodes (FBT) and can be selected accord-
ing to the objective of the study, including whether it is quantitative or
not. However, each method has limitations and the parasite to be stud-
ied should be clearly understood. The simple direct smear method is
not appropriate for examining light infections of any parasites, in par-
ticular species that produce low daily egg outputs, unless the host is
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infected with a large number of worms. For instance, Haplorchis
taichui � a common minute intestinal fluke in the greater Mekong
sub-region (GMS) produces 82 (168, 46, 14) eggs per worm per day in
light, moderate, and heavy infection groups.5 Based on the average
fecal excrete per day of 140�150 gm, it would take 1,750 (820�10,000)
worms to produce eggs for detecting 1 egg per 1 milligram fecal smear
of any smears performed by the direct smear (DS) method. The daily
egg outputs of common FBTs are summarized in Table 2.1.

The amount of daily egg production of parasites is subject to varia-
tion due to maturity, the crowding effect, or the fluctuation in any con-
secutive duration. Older aged worms produce smaller numbers of eggs
per day than younger mature ones. The daily egg output of worms in
the light infection group is higher than those of worms in the moderate
or heavy infection groups.12 In quantitative studies—to reduce a false
negative in stool examinations—stools should be collected on a few
consecutive days to examine for parasite eggs.

The amount of feces required for each method is another key factor
of successful performance; it is recommended that a method with a
high amount of fecal sample be used, such as a tick smear or concen-
tration method like K, KK, or FE. Small fluke eggs, which includes
those that are approximately 25�30 µm in length, can be difficult for
an inexperienced microscopist to observe in a thick smear slide.

The type of laboratory setting makes a difference; for examinations
taking place in field stations with only basic equipment, with no option for
method selection, DS or TS can be used with an understanding of the dis-
advantages or limitations of the methods. In a fully equipped laboratory, a
concentration method should be used to ensure the maximum result.

Eggs of FBT are shown in Fig. 2.1.

Table 2.1 Daily Egg Output per Worm of Common Fish-Borne Trematodes
Family Species Eggs/worm/day

Echinostomatidae Echinostoma hortense 1,4786�38827

Heterophyidae Haplorchis taichui
Metagonimus yokogawai

828 (168, 46, 14)
2809

Opisthorchiidae Opisthorchis viverrini 1,000�2,50010

Clonorchis sinensis 4,00011
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2.1.2 Copro-DNA Detection
This method is the most sensitive when compared to stool examina-
tion; it can detect one egg present in the test sample. However, it is less
sensitive than expelled worms in the group that have a small worm
load.13 The method is also highly specific; it has been designed to
detect only the desired species of parasite for which DNA sequences
are known. Specific primers have been designed to discriminate species
of small liver flukes and minute intestinal flukes that coexist in
endemic areas.12,14�20

2.1.3 Antibody Detection
Several immunological diagnostic methods based on antigen�antibody
detection measuring the experience of being infected with FBT have

Figure 2.1 Egg of fish-borne trematodes, a. Opisthorchis egg, b. Opisthorchis egg (Kato thick smear),
c. Haplorchis egg, d. echinostome egg. Scale bar is 50 mµ.
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been developed. The specificity of the method depends on the quality
of the crude antigens which are partially purified or extracted from
adult worms secretion of the worm and the number of heterologous
sera used to check cross reactivity with other parasitic infections.21�23

This method has a drawback in that it is unable to determine if the
diagnosed infection is present currently or in the past, because anti-
body against the infection may last for a long time after the infection
is eliminated.

2.1.4 Worm Finding
In the case of clinostomiasis, infection occurs in the upper digestive/
respiratory tracts and is diagnosed by endoscopy, followed by worm
removal. It is recommended that if persistent acute pharyngitis or lar-
yngitis occurred after eating uncooked fish, an endoscopy should be
performed. Endoscopy is carried out in a patient in a drug-induced
sleep, and the surface of the larynx is inspected for worms. Local anes-
thetic spray of 8% lidocaine solution should be administered if the
worm moves rapidly or attaches firmly to the mucosa, to allow the
worm to be easily removed by endoscopic forceps.24

2.2 TREATMENT AND PURGATION

Praziquantel is highly effective in treatment of FBT, and is considered
a first-line drug; the secondline drug is albendazole. Up to this point in
time, drug resistance to praziquantel for FBT has not been reported.
The recommended dosages are a single dose of 25 mg/kg body weight
for intestinal flukes and a single dose of 40 mg/kg or 25 mg/kg, 3 times
a day up to 2 consecutive days for liver flukes.10,25 The worms should
not be left to degenerate in a natural bowel movement; a purgative
must be used after the treatment.

Praziquantel occasionally causes abdominal discomfort, nausea,
headache, dizziness, drowsiness, and tachycardia.10 Treatment and
purgation must be done under close supervision of a physician. The
patient should have a light less fibrous meal for dinner; early in the
morning without breakfast, the patient should take 40 mg/kg prazi-
quantel, then 2 hours later take 60 ml of a saturated magnesium sul-
phate solution followed by plenty of warm drinking water (Fig. 2.2).
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Breakfast should be eaten after the bowel movement stops. Materials
from the entire bowel moved are collected and sediment is separated
out after repeated washing with clean water for a minimum length of
time. Normal saline solution is added to the clean sediment, and an
examination for worms under a stereomicroscope is performed or the
substance is preserved in 70% alcohol or 5% formalin if the worms
cannot be expelled immediately. The expelled worms must be cleaned
thoroughly, then preserved with formalin for further staining for mor-
phological study or with alcohol for molecular study. The worm
container must be carefully labeled; information about patient, local-
ity, and other information relating to the worm transmission must be
fully recorded.

2.3 COLLECTION OF ADULT FBT FROM ANIMALS

The organ habitats of FBT are removed from animal carcasses; each
organ is placed on a separate tray. Investigation of liver flukes in the
liver is performed by carefully cutting open the bile duct and gall blad-
der with small pointed-end scissors, alternately washing with normal
saline solution (NSS) to avoid damaging the worm. The worms are
placed in a small petri dish or a block glass contained NSS.

Day 0 - taking non high fibrous meal for dinner

- taking no substancial meal after dinner throughout the night

- has a good rest, suggest going to bed early

- praziguantel (40 mg/kg for liver flukes, 25 mg/kg for intestinal flukes)5.00 am

2 hrs.

7.00 am

7.30 am

8.30 am

- taking 30 – 60 ml saturated Magnesium Sulphate solution for purgation

- taking plenty of warm drinking water

- having 3 – 4 bowel movements

- collect each moved materials in separate containers with labels

- clean materials in each container by alternately add water/sediment/
  decant 2 – 3 times
- search for worms in clean sediment (using stereo microscope)

- having breakfast after bowel stop movement

Day 1

Figure 2.2 Schedule of purgative process for worm collection after treatment.
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To complete the collection, place the tray with the cut liver in an incu-
bator at 37�C for 15�30 minutes to encourage the unseen worm to
move out from the small bile duct.

Cut the intestines into two or three pieces according to intestinal
length and place each part in a separate tray with label (anterior, mid-
dle, or posterior). Each species of the recovered worms must have its
specific location niche recorded. Investigation for worms in the intes-
tines can be done two ways, 1) Turn the intestine inside out without
cutting it open, put it into a bottle containing NSS, close the bottle’s
cap tightly, and shake vigorously for five minutes or until the intestine
is clean from fecal materials. Pour all contents into a beaker, wash and
sediment if necessary, and examine the content for worms by stereomi-
croscope. 2) Cut open along the length of the intestine, wash with
NSS, and look for worms under stereomicroscope.

Clean the collected worms by NSS, and fix them in warm 5�10%
formalin without pressure; for thick worms slight pressure may be nec-
essary, but the worm must not be flattened too much since internal
organs will be disoriented and will not reflect their true locations in the
worm body. After that put the solution into a tightly capped bottle
with a label (species of worm, location of worm, host species, sex and
age of the host, locality of host, fixative, date of collection, collector).

2.4 WORM PREPARATION FOR MORPHOLOGICAL STUDY

Morphological study of FBT is usually carried out on microscropic
slides of stained worms. The most popular stain is Semichon’s aceto-
carmine; the worm should be a little overstained and then decolorized
in 1% hydrochloric acid in 70% alcohol. Sometimes counter staining
with Fast Green is needed for staining spines on the tegument. A natu-
ral mounting medium, such as Canada balsam is recommended for a
durable preparation (Fig. 2.3). The appropriate number of worms to
study for an accurate measurement is around 20 worms or more.

2.5 DIAGNOSTIC CHARACTERISTICS OF FBT

FBT can be first identified by adult location in the host: If found in
the mouth or esophagus of a bird, it is a clinostome; if found in the
bile duct of bird or mammal, it is an opisthorchid; and if found in the
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intestines, it is an echinostome, a heterophyid, or a nanophyetid. They
can easily be distinguished by family as follows:

1a. Anterior end with collar.............................................................2
1b. Anterior end without collar... ....................................................3
2a. Collar-like fold..................................................Clinostomatidae

Luhe, 1901
2b. Collar armed with spines... ............................ Echinostomatidae

Looss, 1902
3a. Genital or ventrogenital sac present..................... Heterophyidae

Leiper, 1909
3b. Ventral simple sucker.................................................................4
4a. Genital pore anterior to ventral sucker .............. Opisthorchiidae

Braun, 1901
4b. Genital pore posterior to ventral sucker... .......Troglotrematidae

Odhner, 1914

Fix

1 2 3 4

8 7 6 5

Warm 5%
Formalin

(overnight) (5 min) (overnight) (1 – 5 min)

Distilled
water

Semichon’s
Aceto-

carmine

1% Hcl
70% EtOH

Rinse Stain Destain

Counter stain*

Fast
Green

(1 – 2 sec)

9
Dehydrate

100%
EtOH

2 changes

1:1
100% EtOH

: Xylene

Xylene
2 changes Balsam

10
Clear

11
Clear

12
Mount

(5 min) (5 min) (5 min)

(5 min) (5 min) (5 min)

95% EtoH
2 changes 80% EtOH 70% EtOH

Dehydrate Dehydrate Dehydrate

Figure 2.3 Staining flow chart for making permanent slide of fish-borne trematode. �To stain tegumental and/or
oral spines.
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2.5.1 Family Clinostomatidae Luhe, 1901
In the Clinostomatidae Luhe, 1901 family, the body is elongated, flat,
rather thick, and the anterior end has a collar-like fold. The oral
sucker is small and the intestinal caeca are long. The ventral sucker is
large in the anterior third of the body; the testes are tandem and poste-
rior to the ventral sucker. Cirrus sacs are present; a genital pore is
anterior to the anterior testis. There is an ovary between the testes, a
short uterus opens into a uterine sac, and vitelline follicles extend from
the ventral sucker to the posterior end of body.

Clinostomum complanatum (Rudolphi, 1814), the species reported in
man, has an anterior testis located in the posterior end of the middle
third of the body, and a posterior testis located in the posterior third
of the body. A cirrus sac is in intertesticular space; the uterine sac is
tubular; and vitellaria extend from the posterior ventral sucker to the
posterior half of the body (Fig. 2.4).

2.5.2 Family Echinostomatidae Looss, 1902
The body in this family is elongated and spinous; the anterior end is
provided with collar expansion arms with one or two rows of big
spines that interrupt ventrally. The oral sucker is small and the intesti-
nal caeca are long. The ventral sucker is large and in the anterior third
of the body; the testes are tandem and posterior to the ventral sucker.
A cirrus sac is present; the genital pore is anterior to the ventral

Figure 2.4 Clinostomum complanatum (Rudolphi, 1814) after Caffara et al., 2011.26
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sucker; an ovary is anterior to the testes, and a uterus is relatively short
and confined to the area between the ovary and the ventral sucker.
Vitelline follicles extend from the ventral sucker to the posterior end of
the body along caeca.

By the collar spine number and arrangement, the human fish-borne
echinostomes can be identified to genera as follows:

1a. Collar spines in one row... .........................................................2
1b. Collar spines in two alternative rows, with 4-6 end group... .......

Echinoparyphium Dietz, 1909
2a. Collar spines do not interrupt dorsally, with end group... ..........

Echinostoma Rudolphi, 1809
2b. Collar spines interrupt dorsally, without end group....................

Echinochasmus Dietz, 1909
(Fig. 2.5)

2.5.3 Family Heterophyidae Leiper, 1909
In the Heterophyidae Leiper, 1909 family, the bodies are small and spi-
nous. The oral sucker is simple or modified or circular with rows of
spines and caeca short or long. A genital or ventrogenitral sac is pres-
ent. A ventral sucker is present. A gonotyl is present or absent; a

Figure 2.5 Echinochasmus japonicas Dietz, 1909 after Chai, 2009.27
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genital pore is close to the ventral sucker. There are either one or two
testes, which are tandem or opposite in the posterior body. The ovary
is anterior to the testes, and the uterus is relatively long and posterior
to the ventral sucker, with vitelline follicles varying on both lateral
sides or dorsal to the posterior body.

Key to the 12 genera of heterophyid flukes reported in humans are:

1a. Anterior end surrounded by 2 rows of circle spines... ................2
1b. Anterior end without circle spines... ..........................................3
2a. Oral sucker simple... ............................Centrocestus Looss, 1899

(Fig. 2.6)
2b. Oral sucker with posterior conical appendage... .........Ascocotyle

Looss, 1899
(Fig. 2.7)

3a. Ventral sucker sublateral.............Metagonimus Katsurada, 1912
(Fig. 2.8)

3b. Ventral sucker median... ............................................................4
4a. Seminal vesicle proximal chamber thick-walled and an expulsor... 5
4b. Seminal vesicle chambers thin-walled... .....................................6
5a. Ventral sucker unarmed, gonotyl armed with minute spines, tes-

tis single... ................................Procerovum Onji & Nishio, 1910
(Fig. 2.9)

Figure 2.6 Centrocestus Looss, 1899 Centrocestus formosanus after Waikagul et al., 1990.28
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5b. Ventral sucker small armed with minute spines, unspined gono-
tyl, testes opposite or single... .................Stellantchasmus Onji &

Nishio, 1916
(Fig. 2.10)

6a. One testis... .............................................Haplorchis Looss, 1899
(Fig. 2.11)

6b. Two testes... ...............................................................................7

Figure 2.7 Ascocotyle Looss, 1899 Ascocotyle longa after Scholz, 1999.29

Figure 2.8 Metagonimus, Katsurada, 1912 Schell, 1970.30
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7a. Gonotyl sucker-like, armed with circle of sclerites, posterosinis-
tral to ventral sucker..................................................................8

7b. Gonotyl present or absent..........................................................9
8a. Testes opposite.................................Heterophyes Cobbold, 1899

(Fig. 2.12)
8b. Testes tandem... ..........Heterophyopsis Tubangui & Africa, 1938

(Fig. 2.13)

Figure 2.9 Procerovum Onji & Nishio, 1910 after Pearson, 2001.31

Figure 2.10 Stellantchasmus Onji & Nishio, 1916 after Pearson, 2001.31
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9a. Gonotyl absent, vitellaria extend anterior to ventral sucker... ....
Cryptocotyle Lühe, 1899

(Fig. 2.14)
9b. Gonotyl present... ....................................................................10
10a. Gonotyl two knobs, opposite, anterior to ventral sucker... .......

Apophallus Lühe, 1909
(Fig. 2.15)

Figure 2.11 Haplorchis Looss, 1899 after Pearson, 2001.31

Figure 2.12 Heterophyes Cobbold, 1899 after Waikagul &Pearson, 1989.32
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10b. Gonotyl modified, sinistral to ventral sucker... ......................11
11a. Ventral simple sucker... ........................Pygidiopsis Looss, 1907

(Fig. 2.16)
11b. Ventral sucker armed with spines... .......Stictodora Looss, 1899

(Fig. 2.17)

Figure 2.13 Heterophyopsis Tubangui & Africa, 1938 after Pearson, 2001.31

Figure 2.14 Cryptocotyle Lühe, 1899 after Pearson, 2001.31
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2.5.4 Family Opisthorchiidae Braun, 1901
In this family, the body is thin, elongated or oval, and translucent. The
oral sucker is small, and the caeca are long. The ventral sucker is
small. The testes are tandem or oblique, variable in shape, and located
in the posterior of the body. A genital pore is immediately anterior to
the ventral sucker. The ovary is small, oval or lobed, and anterior to

Figure 2.15 Apophallus Lühe, 1909 after Schell, 1970.30

Figure 2.16 Pygidiopsis Looss, 1907 after Pearson, 2001.31
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the testes. The uterus is long and winding in the mid body between
caeca from the ovary to the ventral sucker. Vitelline follicles group or
extra caeca are diffuse, in the middle body, or extending to the poste-
rior body. The uterus is omitted from all heterophyid fiqures.

The keys to genera Opisthorchiid liver flukes reported in humans:

1a. Testes lobed or oval.. .................................................................2
1b. Testes highly branched............................Clonorchis Looss, 1907

(Fig. 2.18)
2a. Vitellaria extend anterior to ventral sucker... ...............Metorchis

Looss, 1899
(Fig. 2.19)

2b. Vitellaria in mid body posterior to ventral sucker... ..................3
3a. Vitellaria not interrupted... ........... Opisthorchis Blanchard, 1895

(Fig. 2.20)
3b. Vitellaria interrupted at ovary level... .Amphimerus Barker, 1911

(Fig. 2.21)

2.5.5 Family Troglotrematidae Odhner, 1914
In this family, the body is ovoid and spinous. The oral sucker is well
developed, and the caeca are long. The ventral sucker is also well
developed; the testes are opposite, variable in shape, and located in the
posterior body. A genital pore is immediately posterior to the ventral

Figure 2.17 Stictodora Looss, 1899 after Pearson, 2001.31
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sucker. An ovary is variable in shape, anterior to the testes, and over-
lapping with the ventral sucker. The uterus is short, between the testes
and ovary, and vitelline follicles are diffuse in the lateral body from
the anterior to the posterior body.

Figure 2.18 Clonorchis Looss, 1907 Scholz, 200133.

Figure 2.19 Metorchis Looss, 1899 Scholz, 2001.33
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Figure 2.20 Opisthorchis Blanchard, 1895 after Scholz, 2001.33

Figure 2.21 Amphimerus Barker, 1911, after Scholz, 2001.33
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In this family, there is only one species with two subspecies—
Nanophyetus salmincola and N. s. schikhobalowi—reported in humans.
The worm is small and ovoid; the suckers and pharynx are well devel-
oped, and the caeca is long. The testes are oval, opposite, and in the
posterior body. A cirrus sac is present, dorsodextral to the ventral
sucker. The ovary is oval, smaller than the testes, and is dorsosinistral
to the ventral sucker. The uterus is short, and is located in between the
testes. Vitelline follicles diffuse laterally from the pharynx to the poste-
rior end (Fig. 2.22)
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CHAPTER 33
Collection of Fish-Borne Trematode Cercaria

The cercaria is a free living stage in the life cycle of the trematode
between the first intermediate host and the second intermediate host
stages. During development, it lives in the snail, which is the first inter-
mediate host, and then it emerges from the snail when fully mature.
To study cercariae, one must start by/form collecting from the snail
host; both terrestrial and aquatic snails can be hosts of trematodes.

The first intermediate host of FBT is an aquatic gastropod, which
has a rather high host specificity for any family of trematode. Snail
hosts of most FBTs live in freshwater, but some species of family
Heterophyidae use the brackish water snail as their host. Each type of
snail has a specific ecology niche, which must be understood before the
collection begins. The snails can be collected by simply picking by
hand freely, scooping, or dredging, depending on the type of study
area and the abundance of snails. To estimate the potential transmis-
sion of trematodiasis in the study area, snail density and cercaria infec-
tion rate, along with the population of the second intermediate host,
should be accurately measured and calculated. Only the collection of
snails for cercarial morphological study is described here.

3.1 SNAIL HOST OF FISH-BORNE TREMATODES

Reported snail hosts of echinostome, heterophyid, and opisthorchid
trematodes that infect humans are listed in Appendix A.

3.1.1 Family Bithyniidae
The bithyniid snail host of the opisthorchid fluke is small: about
6�15 mm in length. The shell is ovate-conoidal, brownish to olive-
color, and has delicate spiral lines. The operculum is calcareous with a
paucispiral nucleus. Bithyniids inhabit rice fields, canals, or shallow
water reservoirs. They live on mud or sand beds of slow running clear
water or on root of aquatic weeds.1
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3.1.2 Family Planorbidae
The first reported species of snails that are intermediate hosts to
echinostomes are pulmonate snails in the family Planorbidae. They are
hermaphroditic and is not operculated. The shell is discoidal, dextral,
or sinistral. Pulmonary and genital apertures are situated on the right
or left side, and eyes are located at the bases of long, filiform tentacles,
which are reddish in color. They inhabit clear freshwater either stag-
nant or slow running, live on aquatic vegetation, and feed on minute
algae and fine organic deposits.1 The reported first intermediate host
of Clinostoma was Helisoma: ram’s horn or a planar snail of the family
Planorbidae.2

3.1.3 Family Thiaridae
A common snail host of the heterophyid fluke is in the family
Thiaridae, which can be found worldwide in fresh and brackish
wasters. The shell is elongated conic, turreted, or ovate-conoidal, and
is solid with spiral ridges and/or axial ribs and microsculpture. The
operculum is corneous, either paucispiral or multispiral. The partheno-
genetic female is ovoviviparous; the egg develops to a young snail in a
brood chamber and is then released through the birth pore located
underneath the right tentacle. Thiarid snails inhabit shallow lakes or
canals with slow to immediate flow running water. They bury them-
selves in mud or sandy bottoms or attach to rock.1

3.1.4 Family Semisulcospiridae
Nanophyetus salmincola used Oxytrema silicula (Gould) of the family
Semisulcospiridae as its first intermediate host. Snails of the family
Semisulcospiridae are similar to the family Thiaridae: they are elon-
gated conic in shape and can be found in rivers and streams.3

Snails in their habitats are shown in Fig. 3.1. After collection, snails
must be cleaned and identified before the process for harvesting the
emerged cercariae can be completed.

3.2 CERCARIA MORPHOLOGICAL STUDY

A cercaria develops inside a snail, which is its first intermediate host,
then it emerges and has a short free swimming life in the water. To
prepare for morphological study, place snails in small dishes
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containing clean water in one (Fig. 3.2) or more for three hours under
illuminated light, and then observe water for cercaria under a stereomi-
croscope (Fig. 3.3) or crush the snail and examine for cercaria.

Cercariae of closely related species are similar in body type, and
they are difficult to distinguish by morphology only. Several techniques
are employed to differentiate the cercariae: using a vital stain to
observe the pattern and number of internal gland cells, using silver
nitrate to stain papillae on the tegument of the body and the tail of
cercaria (chaetotaxy), or using Polymerase Chain Reaction (PCR) and

Figure 3.1 Snail hosts of fish-borne trematodes in their natural habitats: a. A Bithynia snail on the mud bottom of
an irrigation canal along a rice field; b. Melanoides snails on the mud bottom of a pond; c. A planorbid snail
attaches to a vegetable floating in a pond.
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sequencing to study gene sequences. PCR is the best method for identi-
fying cercariae, if matching adult sequences can be located.

3.3 MORPHOLOGY OF FRESH CERCARIA

Drop water contain a few living cercariae on a slide, and apply a cover
slip. If cercaria move too vigorously, touch a blot paper to the rim of
the cover slip to adjust the amount of water and then flatten to a
relaxed position to allow full observation of the cecariae. During
observation, free-hand sketch morphology. Measurement is done in a
specimen fixed by hot 5% formalin.

Figure 3.2 Snails singly placed in water for emergence of cercaria.

Figure 3.3 Cercariae (arrow head) newly emerged from snail.
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Cercaria comprises two distinct parts: the body and the tail. The
body of the cercaria is a miniature of the adult, and the internal
organs, which resemble those of the adult, are the suckers, the alimen-
tary tract, and the excretory system. The excretory system contains an
excretory bladder located at the posterior end of the body. On each lat-
eral side of the anterior wall, the bladder connects with a collecting
tube that runs forward and divides into anterior and posterior tubules.
Those tubules further branch into small tubules that end with flame
cells. The total number of flame cells of both lateral tubes and anterior
and posterior tubules is written in a formula as 2[(n1 n1 n)1
(n1 n1 n)]. The formula varies by type/species/family of trematodes.
A common form is 2[(31 31 3)1 (31 31 3)]5 36.

Specialized organs of the cercaria are gland cells (penetration
glands, cystogenous glands, mucoid glands), and a stylet or mouth
spear. A Pleurolophocerca cercaria has two or three rows of small
spines at its mouth opening. Penetration glands and cystogenous
glands are visible in fresh cercaria, without the necessity of staining.
Penetration glands appear in pairs, one on each side of the midline of
the body; each gland connects to a duct that opens anterior to the oral
sucker. Cystogenous glands scatter under the body surface, and secrete
a substance to form a cyst wall during the encystation of the cercaria.
The mucoid gland is invisible without staining. The tail is a swimming
aid; it can be simple or can possess finfolds or forks at the end.

3.4 VITAL STAIN

When observing live cercaria, a 0.1% aqueous solution of neutral red
or Nile blue sulphate is used. Fifteen minutes after a drop of this solu-
tion is added into 50 ml of water with a cercaria. The excretory system,
including frame cells, is easier to observe in stained, rather than
unstained specimens. Also, the stain can show the presence of different
sizes of granules in penetration glands. Toluidine blue or thyonine can
be used to look for the presence of mucoid glands, which are normally
invisible.

3.5 CHAETOTAXY

Drop cercariae into a hot 0.5�3% aqueous solution of silver nitrate.
Wash in a few changes of distilled water, then expose them to strong
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light for 1�2 minustes or 15 minutes to direct sun light, and then wash
in distilled water. After that process, make a permanent slide by dehy-
drating, clearing in glycerine and mounting in glycerine jelly or use
glycerine and mount in glycerine jelly for a semipermanent slide prepa-
ration.3,4 Papillae on the tegument of a cercaria are clearly visible as
brownish dots; the number and arrangement of papillae should be
studied systematically at three separate areas: the cephalic zone or
area, the body, and the tail.5 The number and pattern of papillae are
regular, except in the area of the lateral body, which is variable and
difficult to study (Fig. 3.4).

3.6 POLYMERASE CHAIN REACTION

The morphology of the body and tail determines the cercarial type, and
it can also be used to identify the superfamily or family of trematodes.
The cercaria of human FBT occur in four morphologic types (Fig. 3.5);
each type represents a family of FBT(a-Family Troglotrematidae,

Figure 3.4 Chaetotaxy of Stellantchasmus cercaria (original) showing papillae stained with silver nitrate:
(a) Enface view of cercarial mouth, (b) Ventral view of cercarial body, (c) Dorsal view of cercarial body,
(d) Lateral view of cercarial body and tail.
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Figure 3.5 Cercariae of fish-borne trematodes. (a) Chaetomicrocercous cercaria (Nanophyetus), after Schell,
1970.3 (b) Brevifurcate-pharyngeate cercaria (Clinostomum), after Schell, 1970.3 (c) Echinostome cercaria, after
Schell, 1970.3 (d) Pygidiopsis cercaria, after Ochi, 1931.6 (e) Centrocestus cercaria, after Waikagul et al., 1990.7

(f) Pleurolophocercous prevesicular glands, Opisthorchis cercaria (original). (g) Pleurolophocercous paravesicular
glands, Stellantchasmus cercaria (original). (h) Parapleurolophocercous prevesicular glands, Stictodora cercaria
(original). (i) Parapleurolophocercous paravesicular glands, Haplorchis cercaria (original).
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b-Family Echinostomatidae, c-Family Clinostomatidae), except that the
cercariae of Heterophyidae and Opisthorchiidae have closely similar
morphologic types (d to i).

Key to FBT cercariae identification (Fig. 3.5)

1a. Tail short, stylet present . . .. . .. . ..Chaetomicrocercous cercaria
(Family Troglotrematidae) (Fig. 3.5a)

1b. Tail long, stylet absent . . .. . .. . .. ................................................2
2a. Anterior end possesses collar spines. . .. . .. . ..Echinostome

cercaria (Family Echinostomatidae) (Fig. 3.5b)
2b. Anterior end without collar spines . . .. . .. . .. ..............................3
3a. Long tail with short furca at posterior end; pharynx present;
eyespots present; body possesses a dorso-median finfold. . .. . .. . ..
Brevifurcate-pharyngeate cercaria (Family Clinostomatidae)

(Fig. 3.5c)
3b. Tail not bifurcated . . .. . .. . .. ......................................................4
4a. Tail possesses lateral finfolds, dorso-ventral fin folds present
or absent . . .. . .. . ..Parapleurophocercous cercaria (Family
Heterophyidae). . .. . .. . .. ..................................................................5
4b. Tail without lateral finfolds, dorso-ventral finfolds present
. . .. . .. . ..Pleurophocercous cercaria (Families Opisthorchiidae,
Heterophyidae) . . .. . .. . .. .................................................................6
5a. Lateral finfolds cover the whole length of tail . . .. . .. . ..
Ascocotyle Looss, 1899; Pygidiopsis Looss, 1907 (Fig. 3.5d)
5b. Lateral finfolds cover only anterior portion of tail . . .. . .. . .. . .. . .7
6a. Penetration glands prevesicular. . .. . .. . ..Apophallus Luhe, 1909;
Centrocestusa Looss, 1899 (Fig. 3.5e); Clonorchis Looss, 1907;
Cryptocotyle Luhe, 1899; Heterophyesb Cobbold, 1886; Metagonimus
Katsurada, 1912; Opisthorchis Blanchard, 1895 (Fig. 3.5f)
6b. Penetration glands paravesicular. . .. . .. . .. Stellantchasmas Onji &
NIshio, 1916 (Fig. 3.5g)
7a. Penetration glands prevesicular. . .. . .. . .. Stictodora Looss, 1899

(Fig. 3.5h)
7b. Penetration glands paravesicular . . .. . .. . ..Haplorchis Looss,
1899; Procerovum Onji & Nishio, 1916 (Fig. 3.5i)

aCentrocestus formosanus cercaria has weakly developed dorsoventral finfolds,8 but the C. arma-
tus tail is simple without finfolds.9
bHeterophyes aequalis cercaria has dorsoventral finfolds only,10 but H. nocens cercaria possesses
lateral finfolds the whole length of its tail.11
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CHAPTER 44
Collection of Fish-Borne Trematodes in
Infective Stage from the Fish: The Second
Intermediate Host

The infective stage of the fish-borne trematode is the encysted form of
metacercariae in fish. The researcher/investigator who looks for a par-
ticular species of metacercariae must know the fish species of the 2nd
intermediate host plus the ecological type of the snail of the 1st inter-
mediate host. For example, if looking for metacercariae of the small
liver fluke, the researcher should look in cyprinid fish collected from a
rice field, pond, or irrigation canal in the endemic area. Fish from a
big river—even in the same district—may be infected, but at a lower
concentration. Reported hosts of fish-borne trematodes that infect
humans are summarized in Appendix A, Tables 4 and 5.

4.1 DEVELOPMENT OF METACERCARIAE

Upon reaching the fish, a cercaria will penetrate a fish by attaching its
body to the fish and discarding its tail. Secretion from penetration
glands with the aid of a stylet or spines at the anterior end of a cer-
caria enable it to invade the fish body and to move to the site where
encystation will take place. After the cercaria reaches the site of encys-
tation in the fish, cystogenous glands secrete substances to form a cyst
wall to cover the entire cercarial body.

During the initial stage after encystation, vacuoles can be found in
the metacercarial body. The vacuole period differs among species of
parasite from a few hours to a few days. These vacuoles later disappear
and the metacercariae become mature within 3 to 4 weeks. Cysts can
be round or oval, depending on the species of the parasite. An encysted
metacercaria increases its size gradually during development. Cysts of
the Clonorchis metacercariae increase in size up to 1.4 times when
mature1 and decreases in size once they are older. A metacercaria can
be classified at different levels: by family, as in the opisthorchid liver

Approaches to Research on the Systematics of Fish-Borne Trematodes. DOI: http://dx.doi.org/10.1016/B978-0-12-407720-1.00004-2
© 2014 Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/B978-0-12-407720-1.00004-2


fluke, or by genus/species, as in the clinostome, echinostome, or
heterophyid.1

4.2 METHODS OF FISH EXAMINATION FOR METACERCARIAE

In many families of trematodes, there are both freshwater and brackish
water species of fish that act as second intermediate hosts. Fish species
must be identified before the fish can be examined for metacercariae.
The researcher should learn how to use identification keys to identify
local fish. Then they will only need to be sent to an expert if they are
an unknown species or for a second opinion on uncertain specimens.
Before examining the fish, the researcher must identify, measure, or
weigh it in order to analyze the infection rate and density of metacer-
cariae in particular species of fish.

4.2.1 Compression Method
Press the entire fish (for small fish) or a portion of the fish (for big
fish) between two glass plates (approx. 43 6 inches) and search for
metacercariae under a stereomicroscope. Dissect metacercariae from
the fish with needles and then identify them under a light microscope.

4.2.2 Digestion Method
Grind the entire fish with a mortar or a homogenizer, transfer it to a
beaker containing artificial gastric juice, put the beaker in an incubator
at 37�C for 2 hours (stirring occasionally). Then strain it through a
13 1 mm mesh filter to remove big particles, clean the sediment with
normal saline several times, and observe metacercariae in the sediment
under a stereomicroscope.

To record the location of the metacercariae in the fish body, the
compression method is the more useful technique, but to harvest meta-
cercariae in bulk, select the digestion method. Because it is preferable
to use fresh fish, setting up a laboratory for examination of fish at the
field site of fish collection is recommended and can easily be done.

4.3 MOBILE LABORATORY FOR FISH EXAMINATION

When working in the field, the compression method is more convenient.
The minimum equipment needs for fish examination are a microscope,
a stereomicroscope, trays and a cutting board, a knife, dissecting
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needles, a pipette and rubber bulb, glass plates, block glasses, micro-
scopic slides and cover slips, tight cap small vials, plastic bags, label
tape and a pen, a portable ice flask and box, normal saline solution,
70% alcohol, and 10% formalin. A blender may be needed to extract a
high number of metacercariae from fish. Other important items are:
a digital camera and a picture key of fish and metacercariae (Fig. 4.1).

Steps of examination (Fig. 4.2):

1. Take a photograph of fish and identify fish with key.
2. Measure and record the number of fish in each species, the date,

and the locality of the fish examined.
3. Examine the pectoral fin, tail fin, body muscle, and internal organs

of the fish with a stereomicroscope.
4. Separate the metacercaria from the fish using dissecting needles,

and pipette it into a block glass.
5. Identify the metacercaria by stereomicroscope if possible; if that

fails, examine it under a light microscope.
6. Keep the metacercariae in vials with normal saline solution for fur-

ther study, with 70% alcohol for molecular study, and in 5% forma-
lin for staining.

7. Label with the date, the species of metacercariae and fish (coding if
not known), the locality where the fish was found, and the formula
of the solution in the vial.

4.4 METHOD OF EXCYSTING METACERCARIAE

The encysted metacercaria can be identified by the shape and size of
the cyst and how the metacercarial body folds in the cyst. But to see
more detail, the entire body can be seen clearly once the cyst wall has
been removed. Details include: flame cells, frontal glands, pharyngeal
glands, tegumental glands, tegumental spines, collar spines, and spines
on the ventral sucker or gonotyl.

To remove the cyst wall:

1. Physically pierce the cyst wall by hand using sharp dissecting nee-
dles. (Fig. 4.3).

2. Alternatively, a researcher can expose the metacercarial cyst to arti-
ficial gastric juice for 30 minutes and to artificial intestinal juice for
30 minutes at 37�C.1 (Fig. 4.4).
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Figure 4.1 Equipment for field laboratory for examining fish
a. For compression method
b. For mincing fish to separate metacerariae
c. For keeping metacercariae
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Figure 4.2 (Continued)
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4.5 MORPHOLOGY OF METACERCARIAE

4.5.1 Clinostomatidae
Metacercariae of the Clinostome family occures in both encysted
and non-encysted forms. The encysted metacercariae are found in
the fish muscle; the non-encysted (naked) metacercariae are found
in the body cavity, crawling among the internal organs of the fish.

Figure 4.2 Steps of fish examination in the field
a�c. Identify and measure fish
d�h. Examine parts of fish under stereomicroscope
i. Haplorchis taichui: common metacercariae found in Laos PDR and Thailand
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The metacercarial body is yellowish, and this type is known as the yel-
low grub (Fig. 4.5).2

4.5.2 Echinostomatidae
Metacercariae of the echinostome family is encysted in snails, fishs,
and amphibians. The cyst is oval or round; the metacercariae can be
folded or not, and they possess collar spines and corpuscles in their
excretory tubes, which is characteristic of echinosomes’ cercariae and
metacercariae (Fig. 4.6).

4.5.3 Heterophyidae
Heterophyid metacercariae are usually found encysted in many fami-
lies of fish, such as: Cobitidae, Cottidae, Cyprinidae, Gobiidae,
Mugilidae, Ophicephalidae, Percidae, Plecoglossidae, or Siluridae.
Centrocestus formosanus has been encysted experimentally in frogs.3

The heterophyis cyst is usually small and ovoidal. The cyst wall is
composed of a thin layer of hyaline material secreted from cystogenous

Artificial
gastric
juice*

30 min
37°C

30 min
37°C

Wash
0.85%
NaCI

Artificial
intestinal

juice#

0.85%
NaCI

Figure 4.4 Excysting metacercariae with artificial enzymes

Figure 4.3 Excysting metacercariae with dissecting needles
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glands in the cercarial body, and it is covered with a thick layer of
reaction tissues of the host fish. The fully grown metacercariae look
like young nonovigerous adults (Fig. 4.7). Eggs have been reported in
the metacercariae of Stictodora tridactyla4 and Apophallus imperator.5

The majority of heterophyid metacercariae are found encysted
throughout the body muscle, fins, and adipose tissue around the inter-
nal organs. The site of encystment of some species is very specific,
such as that of Ascocotye diminuta6 or Centrocestus formosanus,3,7

where metacercariae are encysted in the gills of the fish. It seems that
species in which cercariae have well-developed dorsoventral finfolds,
have less-specific sites of metacercarial encystment, whereas species in
which cercariae have simple or weakly developed dorsoventral finfolds,
have specific sites of metacercarial encystment.

4.5.4 Opisthorchiidae
Metacercariae of all opisthorchiid species have similar morphology.
The cyst is oval, there are metacercarial body folds, and the meta-
cercariae move actively. They have oral and ventral suckers, the

Figure 4.5 Excysted metacercariae of Clinostomum complanatum (Rudolphi, 1814)(after Caffara et al., 2011)2
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caeca and excretory bladder can clearly be seen; and other organs
have not yet developed (Fig. 4.8).8 The small liver fluke is impor-
tant; it has been determined that it is a carcinogen that causes cho-
langiocarcinoma. Many aspects of the biology of metacercariae have
been studied.

4.5.4.1 Life Span of Metacercariae
In experiments, mature Opisthorchis viverrini metacercariae have been
found during 3�27 weeks post cercarial infection with recovery rates
of 2.2 (0.1�4.5)% in the common carp, Cyprinus carpio (1 fish was
exposed to 100 cercariae). Recovery peak was found at week 16 post
infection. After week 20 recovery rates were very low: around
0.1�0.2%.9

Figure 4.6 Metacercariae of echinostomes (after Komiya, 1965)1

a. Encysted metacercariae of Echinochasmus japonicus
b. Excysted metacercariae of E. japonicus
c. Encysted metacercariae of Echinoparyphium recurvatum
d. Anterior end of metacercariae of E. recurvatum
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4.5.4.2 Infectivity of Metacercariae
In experiments, mature metacercariae of O. viverrini aged 5 to 20
weeks old were fed to golden hamsters, Cricetus auratus
(30 metacercariae/hamster). Adult worm recovery rates were 21%

Figure 4.7 Excysted Metacercariae of heterophyids
a. Centrocestus formosanus (original)
b. Haplorchis pumilio (original)
c. Heterophyopsis continua (after Komiya, 1965)1

d. Encysted metacercariae of Metagonimus yokogawai (after Komiya, 1965)1

e. Procerovum varium (original)
f. Stellantchasmus aspinosus (original)
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(15�40%), with recovery peak occurring in 12 week old
metacercariae.9

4.5.5 Troglotrematidae
The microcercous cercariae enter the fish’s blood vessels and migrate
in fish before they encyst in muscles, gills, kidneys, and subcutaneous
tissues10 (Fig. 4.9).11

Figure 4.9 Encysted metacercariae of Nanophyetus salmincola (after Olsen, 1974)11

Figure 4.8 Metacercariae of opisthorchids (after Vajrastira et al., 1961)8

a. Encysted metacercariae of Opisthorchis viverrini
b. Excysted metacercariae of Opisthorchis viverrini
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CHAPTER 55
Molecular Systematics of Fish-Borne
Trematodes

The fish-borne trematode (FBT) is an important group of parasites
that can cause diseases, mostly notably among those belonging
to the Opisthorchiidae, Heterophyidae, Clinostomidae, and
Echinostomatidae families.1 They include parasites of major medical
significance, such as: Opisthorchis spp., Clonorchis sinensis,
Amphimerus sp., Metorchis spp., Haplorchis spp. and Metagonimus
spp. By morphology alone are sometimes remain many controversies
to systemize the parasites. The problem on morphological identifica-
tion can be occurred because of correspondence between organs arising
from convergent evolution (homoplasy). The amount of homoplasy in
existing data has frequently revealed inaccuracies in phylogenetic cate-
gorization of trematodes.2,3 Currently, molecular information is avail-
able to clarify and confirm phylogenetic relationships and species
diversity among the FBT.4�10

5.1 WHAT IS MOLECULAR SYSTEMATICS?

Systematics is the study of the diversification of living organisms from
the past to the present to understand how any organism relates to
other living things through time. During the past decade, the use of
molecular data to infer the phylogenetic relationship among taxa has
rapidly increased. Molecular tools have been developed and applied,
such as DNA hybridization, polymerase chain reaction�restriction
fragment length polymorphisms (PCR-RFLP), random amplified poly-
morphic DNA (RAPD), allozyme data, microsatellite DNA, and
DNA sequences.2,11 Currently, large numbers of DNA sequences are
used as genetic markers, such as nuclear ribosomal genes, internal
transcribed spacers and mitochondrial genes.3,12,13

Over the past decade, many major taxa of fish-borne trematodes
have been clarified using phylogenetic relationships.12 Molecular sys-
tematics has concentrated on two aims: to delineate common lineage
and infer interrelationships, and to circumscribe species and strains,
Approaches to Research on the Systematics of Fish-Borne Trematodes. DOI: http://dx.doi.org/10.1016/B978-0-12-407720-1.00005-4
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particularly in medically or zoonotically important trematodes.13

Phylogenetic analysis has grown rapidly to assess the accuracy of
hypotheses about biogeography, ecology, behavior, physiology, epide-
miology, and almost every other aspect of biology.14�16

5.2 SPECIES IDENTIFICATION: MORPHOLOGICAL AND
MOLECULAR APPROACHES

The species identification of digenean has mainly emphasized adult
morphology and its host and geographic distribution.3 However, mor-
phology alone might be insufficient to identify species because of the
small size of the adult stage and taxonomic characteristics combined
with the invalidity of those characteristics.17,18 There are issues of
high-morphological similarities between closely related species: homo-
plasy,2,19 phenotypic plasticity,20 a lack of conserved structures,21 and
a lack of distinctive morphological characteristics.22 The overestima-
tion or underestimation of parasite diversity could easily have
occurred. An expert is sometimes needed in order to achieve accuracy
in identificationand to judge the variation among specimens, which
can be problematic because of fixation in the staining process.

Currently, the molecular techniques, particularly those based on the
polymerase chain reaction (PCR), have been used to test the hypothe-
ses generated from the traditional method of species distinction.
Nucleotide variation has been suggested as the best way to investigate
inheritable differences.23 The analysis of primary sequences reveals the
potential of cryptic species complexes and their phylogeography, popu-
lation genetics, and phylogenetic studies.3 (The genomic DNA prepa-
ration and PCR methods are fully described in Appendix B)

5.3 ADVANTAGES AND DISADVANTAGES OF USING DNA
SEQUENCES FOR SYSTEMATICS

There are four advantages to using DNA sequences in the analyses in
systematics.24,25 First, the DNA sequences used are selected from dif-
ferent genes or regions within genes that evolve at disparate rates. The
regions, therefore, are able to be applied as genetic markers or DNA
markers for a wide range of phylogenetic levels.2,11 Second, the DNA
marker selected is limited to only the nonrepetitive nucleotide positions
in the genome. Third, the DNA sequence characters can resolve the
problem of inheritable variation that an extensive problem in
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morphological characters.26 Last, the techniques used in molecular
work are rapidly developing and have now become available, reliable,
and relatively inexpensive.

Disadvantages or limitations of DNA sequencing with respect to
work on trematodes are mainly related to the limitations of sample col-
lection. The lack of primary material, especially in the case of an
inability to sample a wide range of sites throughout the geographic dis-
tribution of parasites, leads to incorrect identifications especially in the
case of cryptic species, which is a technical problem in the PCR pro-
cess producing contamination in the sample reactions. Molecular
approaches do not always provide as much information as that gained
from traditional approaches.

5.4 MOLECULAR MARKERS

A molecular marker (genetic marker) is a DNA fragment that is asso-
ciated with a certain location within the genome.27 The fragment
selected should accurately determine phylogenetic relationships among
species of interest at a particular category level. The utility of molecu-
lar markers can be specified by research ranging from the extreme
micro- to macro-evolutionary levels.28

5.5 THE REGIONS OF DNA USED FOR MOLECULAR
SYSTEMATICS

There are three DNA regions normally used as genetic markers in the
phylogenetic study of metazoans: the nuclear coding region, ribosomal
DNA, and genes in mitochondrial genomes.28 Regions of DNA used
as molecular markers are described in Table 5.1.

Table 5.1 Regions of DNA Used as Molecular, their Function and Genetic Variability
for Molecular Systematics of Metazoan
Region Function Genetic Variability

Nuclear coding Gene translated into proteins Low-medium

Ribosomal DNA

Non-coding Non-functional RNA High

rDNA gene Produce RNA for protein synthesis process Low-medium

Mitochondrial DNA Involve the cellular energetic production High
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5.5.1 Nuclear Coding Region
The nuclear coding region is the region of a gene that produces a fully
functional protein for an organism. The type of gene depends on its
function within the genome. There are three recognized types of genes,
including: protein-coding genes, RNA-specific genes, and regulatory
genes. However, the regulatory gene is composed of untranscribed
sequences. Only protein-coding and RNA-specific genes are able to
produce functional proteins. Protein-coding genes are expressed under
the transcription and translation processes. Some types of genes are
found in all cell types and every life stage—such as some housekeeping
genes—other genes only occur in a particular cell or tissue type—such
as tissue-specific genes.29 When utilizing genes as molecular markers,
the housekeeping genes—such as the genes encoding glutamate dehy-
drogenase (GDH), heat shock proteins (HSP), and triose phosphate
isomerase (TPI)—can be used to discriminate between species and
sometimes on an intraspecific level. They can be used as markers
because they are moderately conserved regions.30

5.5.2 Ribosomal DNA
The RNA-specific genes are usually similar in prokaryotes and eukar-
yotes. These genes are generally conserved and contained in a few sites
of intron that must be spliced out before becoming functional RNA
molecules.29 The utilitization of these genes as molecular markers
relates to the components of the gene making up the regions of genes
and spacers.3 In eukaryotic cells, nuclear DNA is tandemly organized
with high copy numbers up to 5000 copies. Each repeating unit con-
sists of genes coding for a small subunit (SSU), a large subunit (LSU),
and 5.8 S rDNAs. The coding regions are separated by an internal
transcribed spacer (ITS). The SSU and LSU regions are also separated
by an external transcribed spacer (EST) and a nontranscribed spacer
(NTS). The ETS and NTS are together called “an intergenic spacer
(IGS).” The 5.8 S rDNA is embedded in both of the two ITS’s (ITS1
and ITS2) (Fig. 5.1).3

The ribosomal genes and ITS regions of rDNA have the potential
to be molecular markers for molecular systematics in different prospec-
tive works. Generally, the 18 S rDNA gene is the slowest to evolve
sequences used to infer deep phylogenetic relationships, such as family
category level. The 28 S rDNA gene has a larger and faster rate of
nucleotide evolution than the 18 S rDNA gene.3 However, both
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regions have been used to study genetic differentiation within digenean
families.31 The 5.8 S rDNA gene has a similar level of gene conserva-
tion to the 18 S rDNA gene, although it is between the ITS1 and ITS2
regions. However, it is too short to use alone in molecular phylogenetic
analysis.32

In the digenean subclass, the ITS1 and ITS2 regions are not similar
in their rates of evolution. The ITS1 region seems more conserved than
the ITS2 region. The nature of the ITS1 rDNA spacer allows for the
characterization of the digenean at different category levels. The 5' end
of ITS1 has a higher variability than the 3' end, which allows for dis-
criminating among species, while the 3' end has a lower variability
than the 5' end, so it can provide information on the relative systemat-
ics position of the 3' end.3

A limitation in the use of ITS1 in molecular systematics studies of
digeneans is the presence of tandem repeats. Most ITS1 regions are
composed of three repeating elements: first, at the short 5' end region;
second, within a tract of ITS1 containing more than 2 repeating parts;
third, at the 3' region, which usually does not repeat, but presents
within ITS1 of Schistosoma spp.33 Therefore, the number of nucleo-
tides constituting a repeat and the number of copies of repeats present
vary in the species and family.34,35

NTS

NTS NTS

ITS1 ITS1

5.8S

NTS
rDNA repeat

18S (SSU)

5‘ETS
D1 – D3 domains
High genetic variation
in Trematode

28S (LSU)

rDNA repeat

Figure 5.1 The ribosomal RNA gene of eukaryotes. (A) Tandems of rRNA gene clusters. There is a very large
rDNA array and low polymorphism between rDNA repeat unit. (B) The gene contains 18 S or small subunit
(SSU), 5.8 S, and 28 S or large subunit (LSU) tracts. D1 to D3 domain is expansion segment of 28 S rRNA
gene, which has high genetic variation. NTS is nontranscribed spacer, ITS is internal transcribed spacer having
2 segments numbered from 5' end (so-called ITS1 and ITS2, respectively). ETS is external transcribed spacer.
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The ITS2 region of rDNA is generally used in molecular systemat-
ics. It contains variable sites more than the ITS1 region and does not
contain a repeat element.33 It is highly variable in length within and
between families, however, it is relatively high conserved at the species
level. Thus, it might not be suitable for studying the molecular system-
atics above the genus level.3

There are limitations of the use of ITS in the molecular systematics
of digenean species in the determination of species. Genetic differentia-
tion at the species level is sometimes not clear when morphology is
compared. Problematic issues for using ITS regions as molecular mar-
kers are: 1) some species have identical sequences to those of other
closely related species, 2) some species have intraspecific variation.3

5.5.3 Mitochondrial DNA
Because of its high evolutionary rate, animal mitochondrial DNA has
become a popular molecular marker for molecular systematics, not
only at the species level, but also at the intraspecific level.36 Many
mtDNA sequences are available in the GenBank database, including
those of helminths. Many previous works reported genetic variability
in many helminthic genera, such as: Ascaris, Onchocerca, Schistosoma,
Fasciola, Paragonimus, Echinostoma, Echinococcus, Taenia,
Opisthorchis, and Haplorchis, among others.37�43

In vertebrates, mtDNA is presented in multiple copies, usually
1,000�10,000 copies per cell, and is expressed in about 13 different
proteins of enzyme complexes in the respiratory chain supporting
ATP-synthesis.36 It is hypothesized that the mitochondrial genome is a
symbiont of eukaryotic cells. This genome is clonal and never under-
goes recombination. The mtDNA is generally inherited maternally,
which is a limitation for using mtDNA in molecular systematics.36 The
genetic evolution record never comes from the male. The backcrossing
of female interspecific hybrids to males can not occur.44 The lack of
male lineage leads to the loss of genetic data for actual discussion in
very closely related species and species complexes.

All molecular markers reviewed have certain limitation(s).
Therefore, using only one kind of marker leads to misunderstanding of
and/or loss of the entire genetic relationships of the group of species of
interest.
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5.6 MOLECULAR SYSTEMATICS OF FISH-BORNE TREMATODES

In the group of fish-borne trematodes, there are four major
families containing species recognized to be zoonotic parasites,
such as: Opisthorchiidae, Heterophyidae, Echinostomatidae, and
Clinostomidae.1 The main aim in molecular technique is confirming
morphological identification, especially through DNA sequence anal-
ysis and inferring the phylogenetic relationships to clarify the generic
affiliation of all species/ specimens identified.

Previous studies have revealed the phylogenetic positions of those
four families. The Opisthorchiidae has a close relationship with
Heterophyidae and they belong to the superfamily Opisthorchioidea.
Echinostomatidae is a family of parasite that is associated with a
broad range of definitive hosts and has a wide geographical distribu-
tion. Among the genera in Echinostomatidae, the DNA sequence data
of Echinochasmus12 in fish is very limited in DataBank; this family is
not mentioned with respect to molecular systematics in this chapter.
Molecular markers for studying the molecular systematics and molecu-
lar identification of species in families Opisthorchiidae, Heterophyidae,
and Clinostomidae are provided in Appendix B, Table 1.

5.6.1 Opisthorchiidae Looss 1899 and Heterophyidae
Leiper 1909
Opisthorchiidae and Heterophyidae belong to the superfamily
Opisthorchioidea Looss, 1899, which also has Cryptogonimidae as a
member. These three families are similar in their morphology and life-
cycle.45 Members of the Opisthorchiidae family include a liver fluke—
consisting of over 30 genera—and several important human patho-
gens—such as Opisthorchis viverrini, O. felineus, and Clonorchis sinen-
sis. The Heterophyidae family is a family of intestinal flukes that
consists of over 50 genera, including some important human patho-
gens, such as Haplorchis spp. and Metagonimus spp.46,47 Among the
species in superfamily Opisthorchioidea, there are similar fundamental
morphologies and only subtle differences in body structures.
Taxonomic classification of this superfamily has been reassessed
according to those characteristics.45,48 The uncertain relationships
among genera and species within Opisthorchioidea were indicated
based on morphological characteristics.49 Molecular characteristics
have been used to indicate the classification of the digenean based on
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small and large nuclear ribosomal subunits. The Phylogenetic tree
infers Opisthorchiidae and Heterophyidae have a close relationship.12

The relationship between these two families was confirmed by
Thaenkham et al. (2012) using all available data in GenBank, such as
18 ribosomal DNA and internal transcribed spacer (ITS2) sequences.
The results suggest that the Opisthorchiidae and Heterophyidae fami-
lies are inseparable. However, this study suggested that ITS2 sequences
could not provide high confident phylogenetic relationships8. To con-
firm paraphyletic relationship between those two families was
performed successfully by the combined sequences of 18 S and 28 S
ribosomal DNA.6 Fig. 5.2 shows heterophyid intestinal flukes
Euryhelmis costaricensis and Cryptocotyle lingue are grouped together
in the same clade with Opisthorchiid liver flukes Amphimerus ovalis,
Opisthorchis viverrini, and Clonorchis sinensis, with high bootstrap sup-
port. By morphology, the five species just described share the charac-
teristic of the presence of lateral vitelline follicles. From traditional
taxonomy, the worms of Opisthorchiidae and Heterophyidae are
classified by the presence or absence of a genital sac/ventrogenital sac.

Heterophyidae

Haplorchis taichui; HM004197, HM00418190/1.0

100/1.0

83/1.0

89/1.0

99/1.0

70/0.93

59/0.95

76/1.0

60/1.0

60/0.86

72/1.0

99/1.0

98/1.0

99/1.0

99/1.0
99/1.0

0.02

Procerovum varium; HM004199, HM004182

Haplorchis pumilio; HM004194, HM004173

Haplorchis yokogawai; HM004207, HM004177

Stellantchasmus falcatus; HM004202, HM004174

Galactosomum lacteum; AY222120, AY222227

Metagonimus miyatai; HQ832624, HQ832633

Metagonimus takahashii; HQ832627, HQ832636

Metagonimus yokogawai; HQ832630, HQ832639

Centrocestus formosanus; HQ874608, HQ874609

Euryhelmis costaricensis; AB521800, AB521800

Cryptocotyle lingua; AJ287492, AY222228

Amphimerus ovalis; AY222121, AY116876

Opisthorchis viverrini; JF823987, JF823990

Cionorchis sinensis; JF823988, JF823989

Mitotrema anthostomatum; AJ287542, AY222229

Caecincola parvuius; AY222123, AY222231

Siphodera Vinaledwardsii; AY222122, AY222230

Echinostoma revolutum; AY222132, AY222246

Heterophyidae
+

Opisthorchiidae

Cryptogonimidae

Figure 5.2 Phylogenetic tree inferred from concatenated SSU and LSU sequences of superfamily
Opisthorchioidea. Each node is supported by bootstrap values from maximum likelihood analysis (using MEGA
5.0 program) and posterior probabilities from Bayesian inference (using MrBayes 3.1 program). Echinostoma
revolutum is an outgroup. DNA sequences were analyzed and the tree was constructed under the GTR1G1 I
model (The best-fit model of nucleotide substitution; GTR: General Time Reversible, G: gamma distribution,
I: invariable site).
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The commonalities between these two families discovered through
molecular systematics suggests that the key morphological characteris-
tics traditionally used may not be appropriate. Opisthorchiid liver
flukes and Heterophyid intestinal flukes share some second intermedi-
ate hosts (freshwater fish) and definitive hosts (cat, dog, fish-eating
bird).50,51 This evidence suggests that these two families may have a
closer common evolution than the Cryptogonimidae family, which is
generally found in marine fish hosts.45 Based on morphology, the adult
Opisthorchiid liver fluke and adult Heterophyid intestinal fluke are
very fdifferent, however egg and larval stages (cercariae and metacer-
cariae) are similar. Egg and larvae stages are an important key for the
taxonomy of digenean parasites.6

5.6.2 Clinostomidae Lühe, 1901
Clinostomidae is a family of fish-borne trematodes belonging in the sub-
family Clinostomatinae Luhe, 1901. Clinostomum Leidy, 1856 have been
unstable in taxonomic history and species composition because there is a
high degree of morphological variability within the species.52,53 This
genus required taxonomic revision. There are 13 valid species that were
recognized.54 Clinostomum complanatum Rudolphi, 1814 has been
reported to be a human pathogen.55 This species has been confused in
taxonomic identification because of a lack of information of its taxo-
nomic status by linking the larval and adult stages and also confusing its
geographical distribution. C. complanatum and C. marginatum are the
species that have been most problematic in their morphology. The adult
worms of these two species show high morphological similarity. C. com-
planatum is located throughout Asia, Europe, and Africa, in the so-called
old world. and is thus called the“European type.” C. marginatum is
found in North America in the so-called new world, and is called
the“American type.”56 Several authors considered these two species to be
the same species based on the morphological character of the adult worm
and classified the C. complanatum as a synonym of C. marginatum.

Therefore, to strongly confirm taxonomic level, research would
require sample collection from a wide geographic and host range and
would also require DNA sequence data to confirm the validity of taxo-
nomic status.

Dzikowski et al. (2004) reported the potential of a small subunit ribo-
somal DNA (18 S rDNA). C. complanatum from Israel and C. marginatum
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from the United States were analyzed using the size of their PCR ampli-
cons (mainly between 670 and 740 bp). The 18 rDNA sequences quickly
revealed that these two species are genetically different.56 Based on
molecular results, the morphological differences between C. complana-
tum and C. marginatum suggest that they should be classified by the
position of gonotyle and the shape of the vitelline glands.56�58

However, the utility of 18SrDNA was reduced by the evolutionary con-
servation. This marker could not be used to discriminate between
C. cutaneum Paperna, 1964 and C. phalacrocoracis Dubois, 1930, which
were obviously separated by morphology.54 Therefore, to resolve the
uncertain genetic relationship between C. complanatum and C. margina-
tum, additional molecular markers were required and then the result
obtained was linked to morphological information.59

Caffara et al. (2011) used sequences of ITS regions (ITS1 and
ITS2), which are recommended as potential markers for taxonomic
studies at the species level3 and also used the barcoding region of cyto-
chrome c oxidase subunit 1 (COI)—developed by Bowles et al.
(1995)—as molecular markers.60 The DNA sequence data analyzed
then clarified the morphological characteristics that could be the
potential characteristics for discriminating between C. complanatum
and C. marginatum.9 The study indicated reliable morphological differ-
ences in the genital complex at the metacercarial and adult stages of
both species. The morphometric study suggested that the distance
between the suckers and the body width of the metacercariae may be
useful for species discrimination. The morphological differences were
supported by the result of phylogenetic analyses from ITS sequences
(Fig. 5.3). This study confirmed that C. complanatum and C. margina-
tum have a distinct genetic separation.9

Sereno-Uribe et al. (2013) revealed the phylogenetic relationship
among Clinostomum spp. by collecting definitive and intermediate
hosts from 18 localities across Mexico (across the Nearctic and across
the Neotropical biogeographical regions) and by then using mitochon-
drial and ribosomal DNA sequences. The combination of molecular
data with morphology, host association, and geographical distribution
indicated the potential recognition of the Clinostomum cryptic spe-
cies.10 This study reported a new species named C. tataxumui n. sp.
This species was described based on adult worms found in the mouth
cavity of fish-eating birds and also metacercariae found in freshwater
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and estuarine fish. This species has a few morphological characteristics
similar to two other congeners found in Mexico, namely C. intermedia-
lis and C. complanatum.61 Based on samples collected in the study,
there was no specimen of C. complanatum, but there was C. marguna-
tum. The phylogenetic analysis (Fig. 5.4), genetic divergence, and mor-
phometric results confirmed C. tataxumui is the new valid species and
C. complanatum is not currently found in Mexico.10 This study requires
more thoughtful sampling in the areas—at least in Mexico—however,
the information obtained supports the hypothesis that C. marginatum
is the American form.

5.7 SUMMARY AND FUTURE DIRECTION

Many decades ago, systematics of fish-borne trematodes was based
only on morphological characteristics that sometimes made for confu-
sion in the taxonomic status because of unclear or unstable morpho-
logical diagnostic characteristics. Currently, genetic markers have
been selected from DNA regions that can be used to identify
individuals or species according to the DNA sequence variation
observed. The phylogenetic relationships of fish-borne trematodes in
the Opisthorchiidae, Heterophyidae, and Clinostomidae families are
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consistent with some of the criterial diagnostic characteristics used to
classify at the family and congeneric levels, whereas some criterial
morphological characteristics used did not link with their phylogenetic
positions. Therefore, the molecular data revealed that morphological
characteristics may not be enough for accuracy in classification. The
data indicated reliable morphological differences and consistent char-
acteristics through evolutionary time. Morphological characteristics for
discriminating species could require further taxonomic revision.
However, the FBT group is the group of parasites that have a high
degree of diversity because they are distributed widely across various
geographical areas and have a wide range of hosts throughout complex
life cycles. Practical sample designs to collect the parasites has been
required to gain more information about FBTs, particularly in fish
intermediate hosts and definitive hosts for confirming taxonomic status
by linking the larvae with adults found in the same locality.
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CHAPTER 66
Methods of Molecular Study: DNA Sequence
and Phylogenetic Analyses

The goal of molecular systematics is a general study of the phylogenetic
relationships of living organisms. The DNA regions called “genetic mar-
kers” have been developed to reveal evolutionary relationships and also
to identify their phylogenetic positions. Although any part of the genome
of an organism is able to provide some information about taxonomic
affiliation, some regions are more useful than others.1 The regions that
are currently available for molecular systematics are those encoding the
ribosomal small and large subunit sequences, the internal transcribed
spacers of rRNA, and the mitochondrial genes.2�5 The characteristics of
regions used for molecular systematics were described in Chapter 5. The
genetic markers should be chosen based on the research purpose because
each marker has limitations and is powerful for a specific hierarchy in the
evolutionary range.6,7 The pitfall of wrong marker selection is the wrong
interpretation of phylogenetic relationships. If the marker used detects too
much variation, it is possible that the samples are too different (homo-
plasy). If the marker detects too little variation, it means that the marker
used cannot detect genetic differences between samples.8 Moreover, using
only a single genetic marker is not enough to indicate the most detail pos-
sible about phylogenetic relationships because of the limitations of each
genetic marker. To reveal a reliable result, both nuclear DNA and mito-
chondrial genes are always used to support each other.

6.1 CRITERION FOR SELECTING APPROPRIATE GENETIC
MARKERS

Based on general properties and phylogenetic utilities, the nuclear ribo-
somal DNA and mitochondrial DNA are powerful markers for molec-
ular systematics.2 In the past decade, indirect methods of composing
DNA hybridization, polymerase chain reaction�restriction fragment
length polymorphisms (PCR-RFLP), random amplified polymorphic
DNA (RAPD), and allozyme data were the preferred genetic markers
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for resolving phylogenetic questions because the materials used were
inexpensive. However, those methods are not able to estimate genetic
variations of the specific DNA region among taxa examined.9 In years
of the post-genomic era, the costs of PCR amplification and DNA
sequencing have decreased. Researchers can obtain DNA sequences
from organisms of interest within a few days. Moreover, there has
been a rapid increase in DNA sequence information in DNA data
banks such as DDBJ (DNA Data Bank of Japan), ENA (European
Nucleotide Archive), and GenBank.

Criteria for selecting the appropriate genetic marker have to be con-
cerned with the systematic questions and hierarchical taxonomic levels.
This is the most critical step for phylogenetic analysis because the
application of an inappropriate molecular marker leads to the misinter-
pretation of phylogenetic relationships. A lack of understanding of the
properties of molecular markers suitable for categorical levels exam-
ined is a major problem.

The genetic markers for molecular systematics are generally the
gene or DNA regions of nuclear ribosomal rRNA and the genes of the
mitochondrial genome. For studies of phylogenetic relationships
among species from different genera to families, the highly conserved
regions of rDNA are useful, such as the entire small subunit ribosomal
RNA gene (ssrDNA; 18 S rDNA) and the partial (D1-D3) large sub-
unit ribosomal RNA gene (lsrDNA; 28 S rDNA) sequences. These
regions were used to estimate the phylogeny of 163 digenean taxa from
77 nominal families.4 Using only part of the 18 S rDNA gene can
cause a gap in phylogenetic information because over half of its total
length is very conserved regions.9

For the 28 S rDNA gene, the 50 end of this gene is known as the
variable domain and has been used for studying the deep branches of
the metazoans and some species of digeneans.10,11 However, Shylla
et al. (2013) studied the species discrimination of the paramphistomes
(Trematoda: Digenea) and recommended the use of the D1-D3 28 S
rDNA for a significant resolution of the taxa corroborating with the
taxonomy of the flukes. Although the D1 region contains the most var-
iable site, the D2 region is the most robust domain, comprising com-
pensatory mutation in the helices of its structural constraints.12 The
data of these regions is suitable for inference of phylogenetic relation-
ships among species, genera, and closely related families.9,11,12
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The internal transcribed spacer region of ribosomal DNA (ITS
rDNA) has been used as the default marker for phylogenetic analysis.
The ITS rDNA is the potential DNA marker to confirm the distinct-
ness of valid trematode species and also to reveal the existence of cryp-
tic species.5 Nolan and Cribb (2005) reviewed 63 studies that used the
entire ITS region. The ITS1 region is suggested as providing greater
resolution of species differentiation than the ITS2 because of the pres-
ence of variable repeat units. They are low or apparently absent of
intraspecific variation. Therefore, this region might not be a
suitable marker for inter-population study. Morgan and Blair (1995)
suggested that the ITS2 region might be too conserved among closely
related species. The ITS1 region is the greatest variable site of the ITS
and has the potential to identify variation that is not detected by ITS2.
Using the entire ITS region has been recommended to resolve the
problem of distinguishing among the digenean species, although ITS2
has successfully been applied for discriminating species from many
digenean families.13 A very low variation of ITS2 is required to prove
that it would be the good marker for molecular identification.5

The mitochondrial genome is a powerful source of genetic markers
for the phylogenetic study of closely related species/ complex species
and inter-populations because inter- and intra-specific variations are to
be expected.9,14�16 The recommended mitochondrial genes are listed in
Table 6.1. However, the most popular marker used for phylogenetic
studies of fish-borne trematodes are the cox1 and nad1 genes.17�19

Recently, there are many mitochondrial genomes of human helminths

Table 6.1 Recommended Mitochondrial Genes and their Products Utilized
as Potential Molecular Markers
Gene Gene Product Gene used for fish-borne Trematode Research

cox1,2,3 COX1,2,3 cox117

nad1,2,3,4 L,4,5,6 NAD1,2,3,4 L,4,5,6 nad118

cob COB

atp6,8 ATP6,8

rrnL LrRNA

rrnS SrRNA

trnM, trnW, etc. tRNA (M), tRNA (W), etc.

Note: cox: Cytochrome c oxidase genes; nad: mitochondrially encoded NADH dehydrogenase;
cob: mitochondrially encoded cytochrome b; atp: mitochondrially encoded ATP synthase;
rrnL: large ribosomal RNA gene; rrnS: small ribosomal RNA gene; trn: transfer ribosomal RNA gene
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that have been completed; this will facilitate the design of universal pri-
mers for applying with the various mitochondrial genes in many taxa.
This is because unequal DNA variation among mitochondrial genes
must be addressed.3

Different selective forces lead to the evolution of various DNA/
gene regions in genomes with varying degrees of sequence conserva-
tion. Therefore, the appropriate DNA regions should be considered
carefully before selection as the molecular markers for resolving the
addressed question on phylogenetic relationships with respect to vari-
ous taxonomic hierarchies. The utilities of each molecular marker for
the appropriate taxonomic hierarchy are summarized in Table 6.2.

6.2 PHYLOGENETIC ANALYSIS

Phylogenetics is the study of evolutionary relationships by inferring or
estimating the evolutionary past. Based on DNA or protein sequences,
the evolutionary relationship can be described through molecular phy-
logeny, which became an achievable method for researchers in the
genomic era.20

The evolutionary history is inferred from phylogenetic analysis and
is depicted as a treelike diagram, which represents an estimated pedi-
gree of the inherited relationships among multigene families (gene tree)
or among a single gene from many taxa (species tree).20,21 The internal
nodes of the gene tree correspond to gene duplication, while the nodes
of a species tree harmonize with speciation events. All parts of the tree
illustrated represent evolutionary relationships and also provide a his-
torical pattern of ancestry, divergence, and descent. The trees are

Table 6.2 Utility of each Molecular Marker for Applying to the Appropriate
Taxonomic Hierarchy
Categorical Level Level of DNA Variability Example of DNA Marker Used

Interspecific

Close species/complex ca. 1%/my mtDNA, ITS rDNA

Different genera to families ca. 0.1%/my Some LSU rDNA/ SSU rDNA

Different classes to phyla ca. 0.1%/my D1 of LSU rDNA, SSU rDNA

Inter-population

Phylogeography (population structure) Medium to high mtDNA
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depicted as branch tips (terminal nodes) that join at internal nodes that
represent inferred speciation events. The lineage splitting represents
descendant sister groups and common ancestors from two or more
related lineages.22 The pattern of tree branching is called “topology”
(Fig. 6.1). From the internal node, the grouping of operational taxo-
nomic units or OTU’s is a clade or a “monophyletic group.” The
monophyletic group represents all members that share or are derived
from a unique common ancestor. A group that is excluded from its
descendantsis called aparaphyletic group. A polyphyletic group is a
taxonomic group that includes members (as genera or species) from
different ancestral lineage.

Molecular phylogenetic trees are drawn with proportional branch
lengths corresponding to the amount of evolution between connecting
nodes. The widths of the nodes have no meaning in terms of evolution,
but adjust to the space between branches. All of the branches can
rotate freely around their nodes.21

The most general types of phylogenetic trees are rooted and
unrooted trees. A rooted tree is a directed tree with a unique node

Internal nodes
(hypothetical ancestor)

Branches
(edge)

Root

Sister taxa

A

B

C
D

E

F

Terminal nodes
(tips)

Outgroup

Figure 6.1 The tree terminology. From the right, A to F are the terminal nodes or “tips” of the tree representing
individual species which are modern species. The terminal nodes are connected to one another through branches
that join at internal nodes. Internal node represents hypothetical ancestor and infers lineage splitting or speciation
events. Branches defines the relationship between the taxa in term of descend and ancestor. Root is the common
ancestor of all taxa. Sister taxa is a systematic term from cladistic denoting the closest relative of a group in phy-
logenetic tree. Species A and B joining together represents the closely related relationship between them. The star
marked represents a recent common ancestor of species A and B. A star marked is more recently related than two
ones. Species F is the most distantly related of the taxa so called the “outgroup”. The outgroup species are neces-
sary to indicate the last common ancestor in the cladistic method.
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corresponding to the most common ancestor of all of the entities at the
terminal nodes or leaf nodes. This kind of the tree has an uncontrover-
sial outgroup that is a monophyletic group of organisms closing enough
to serve as a reference group for determination of the evolutionary rela-
tionship among three or more monophyletic groups of organisms. On
the other hand, the unrooted tree illustrates only relatedness of the leaf
nodes, without making any assumptions about common ancestry.22,23

In the case of the absence of an outgroup, the most probable place for
the root is the middle of the tree (midpoint) (Fig. 6.2).

There must be an understanding of the function of proteins and genes
before starting the phylogenetic tree construction. Phylogeny is the evo-
lution of a genetically related group of organisms via the study of pro-
tein or gene evolution by involving the comparison of homologous
sequences. Homologs can be orthologs or paralogs. Orthologs are
homologs produced by speciation, whereas paralogs are the ones pro-
duced by gene duplication (multigene families). If paralogs are used to
infer species relationships, a misunderstanding of the phylogenetic rela-
tionships may occur because of the lack of some of the copies in dupli-
cated genes.21 To build phylogenetic trees, ortholog sequences need to
be used for estimating the amount of evolution between these sequences.

E(a)

(b)

C
D

AB

B

A

D

C
E

Figure 6.2 Midpoint rooting phylogenetic tree. The tree attempts to root the tree in its middle point. (A) Between
A to E is the longest tip-to-tip distance. The root is then placed exactly half way between those two tips. (B) The
topology redrawn from Fig. 6.2A. The point of rooting represents the ancestral point. This kind of tree is
suitable for estimating phylogenetic relationship where the actual root is not known. All taxa in the tree were
assumed to have constant “clock-like” rate of evolution.
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6.3 HOW TO CONSTRUCT PHYLOGENETIC TREES

Steps for constructing a phylogenetic tree include: 1) assembling a
dataset, 2) multiple sequence alignment, 3) determining the substitution
model, 4) tree building, and 5) tree evaluation.

6.3.1 Assembling a Dataset
In phylogenetic analysis, public data should be retrieved in addition to
your own sequence dataset that has to be prepared. For assembling a
dataset from the public domain, nucleotide databases are mainly stored
independently in the International Sequence Database Collaboration
(INSDC), which includes the USA (GenBank), EU (ENA), and Japan
(DDBL). Moreover, some of the most exciting molecular evolutionary
data have been coming from genome sequencing projects (Table 6.3).
To find a set of related sequences, there are two basic kinds of searching
via search engines: usingkeywords and using similarity. A keyword
search is the way to find identified sequences by looking through the
written description in the annotation section of database files. Similarity
is another way of searching; it involves looking directly at the
sequences.21 Software available for both search strategies is in Table 6.3.

6.3.2 Multiple Sequence Alignment
This is an important step for phylogenetic tree construction. The multi-
ple sequence alignments are usually constructed by progressive
sequence alignment.24,25 This method builds the alignment by starting
with the most similar sequences and adding up the more dissimilar
divergent ones in a so-called “stepwise alignment.” The alignment per-
forms according to an explicitly phylogenetic criterion (a guide tree).
The guide tree is included as a part of alignment, but it only shows
how the alignment was assembled.21

Recently, many programs have become available, but the “Clustal”
program is well-known as the easiest and the most widely used. An
alternative software is the “MUSCLE” program, which is significantly
faster than Clustal, especially for larger alignments. The alignment file
from Clustal can be imported into BioEdit for sequence editing.26,27

6.3.3 Determination of Substitution Model
A phylogenetic tree is a kind of molecular archaeology that tries to
reconstruct possible evolutionary relationships by extrapolating back-
ward from a small dataset from surviving organisms. The problem is
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the true evolutionary differences between two sequences because of
multiple mutations, especially at the more rapidly evolving sites.
Therefore, the various models of nucleotide substitutions have been
developed to estimate the biggest possible difference between sequences

Table 6.3 Bioinformatic Resources for Molecular Systematics

Databases

Primary nucleotide databases

DDBJ (Japan): http://www.ddbj.nig.ac.jp/

ENA (EU): www.ebi.ac.uk/ena/

GenBank (USA): http://www.ncbi.nlm.nih.gov/

Genomes

NCBI: http://ncbi.nlm.nih.gov/genome

Bioinformatic Harvester: http://harvester.kit.edu

Ensembl: www.wnsembl.org

Reference sequence databases (for non-redundant and well-annotated set of sequences)

RefSeq: www.ncbi.nlm.nih.gov/refseq

Data acquisition (search engines)

SRS@EMBL-EBI: http://srs.ebi.ac.uk

Entrez: http://www.ncbi.nlm.nih.gov/Entrez/

BLAST: http://www.ncbi.nlm.nih.gov.BLAST/

Multiple sequence alignment

ClustalX: www.clustal.org

MUSCLE: www.drive5.com/muscle/

T-coffee: www.tcoffee.org

DNA sequence editor

BioEdit: http://www.mbio.ncsu.edu/bioedit/bioedit.html

DNAAlignEditor: http://maize.agron.missouri.edu/Bhsanchez/DNAAlignment_Tool.html

Best-fit model selection

jModelTest2: http://code.google.com/p/jmodeltest2/

MEGA: www.megasoftware.net

Phylogenetic analysis

PAUP: http://paup.csit.fsu.edu/index.html

PHYLIP: http://evolution.genetics.washington.edu/phylip.html

MEGA: www.megasoftware.net

MrBayes (for Bayesian inference of phylogeny) : mrbayes.sorceforge.net/index.php

Note: Programs for molecular phylogeny have been updated and listed in http://evolution.genetics.washington.
edu/phylip/software.html
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based on the current data.21 Programs available for selecting best-fit
models of nucleotide substitution are listed in Table 6.3.

6.3.4 Tree Building
There are two general categories of methods for constructing phyloge-
netic trees: clustering methods and tree searching methods. The cluster-
ing methods are known as the distance-matrix method, in which the
UPGMA and neighbor-joining methods are generally used. The
distance-matrix method requires the genetic distance, which is deter-
mined for all pairwise combinations of OTUs and then those distances
are assembled into a tree. The tree searching methods are known as dis-
crete data methods. Maximum parsimony, maximum likelihood, and
Bayesian inference methods are applied directly to nucleotide sequences.
Discrete data methods examine the nucleotide variation in each column
of the alignment separately and consider only “Phylogenetically informa-
tive sites” for searching the best tree that conforms to all of the informa-
tion. Based on the algorithm differences, distance-matrix methods are
much faster than tree searching methods. The clustering methods, how-
ever, only presume the most closely related among organisms, whereas
discrete data analyses try to find a set of all possible classification
schemes and then measure how the characteristics evolve on each of all
possible trees.20,21,23 The user friendly programs for constructing phylo-
genetic trees are listed in Table 6.3.

The most reliable tree is required for revealing the most probable
evolutionary relationships among organisms. Therefore, the trees are
always constructed by more than one phylogenetic method and then
the congruent phylogenetic relationships found can be supported with
high confidence.

6.3.5 Tree Evaluation
The simplest test of phylogenetic accuracy is the bootstrapping
method. This method is a statistical technique developed to support
each of the relationships in the tree. In bootstrapping, the original data
matrix is randomly resampled with replacements to produce pseudo-
replicate datasets. The tree-building algorithm is performed on each of
these replicate datasets. If the bootstrapping offers a measurement of
which parts of the tree are weakly supported, a grouping of such rela-
tionships presents in a low percent of the bootstrap replicates. This
implies that if another dataset were collected, there is a good chance
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that the group would not be recovered. Bootstrapping can be used to
assess the strength of support in virtually any type of analysis.
Competitive results depending on groups of relationships with low
bootstrapping support should be viewed with caution. Normally, the
higher bootstrapping proportion is clearly better for interpreting the
relationship, but what is a reasonable cut-off? In the case when boot-
strapping proportions are conservative measures of support; a 70%
value of bootstrapping might indicate strong support for a group of
relationships.28

The bootstrapping proportions help to predict whether the same
result would be seen if more data were collected. Although high boot-
strapping proportions are a necessity, they are not sufficient. So, boot-
strapping cannot be used to overcome an inappropriate analysis of the
data. Figure 6.3 shows that the bootstrapping approach involves the
generation of pseudo-replicate datasets by resampling by replacing
the sites in the original data matrix.29 Bootstrapping represents the
value of interpreting the number of cases in which the sequences are
classified together. The values should be displayed as percentages and
only values of 50% and higher, because of this will lead to easier
understanding and comparison with other trees.30

6.4 FURTHER PERSPECTIVES

Since the ortholog region is the most suitable molecular marker for
underlying speciation events but not for gene duplication events, orthol-
ogy prediction is an important part of phylogenomic approaches.31 One
thing that should be a primary concern is that the genes selected as
genetic markers must be found in all taxa under study. Another impor-
tant issue is the genes selected should have constant state characteristic
frequencies and substitution rates in all studied lineage over time. The
two criteria mentioned above are required for systematics and population
genetic studies, but are very difficult to discover in nuclear genomes.

At the time that this chapter was written, many complete or par-
tially complete mitochondrial genomes have been published. By com-
parative analyses of complete mitochondrial genomes of metazoans, it
was revealed that genes/regions of the genomes have the potential to
be good genetic markers. This is because gene duplications in mito-
chondrial genomes occur rarely. Therefore, orthology prediction is
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apparently an easy task, especially for complete mitochondrial gen-
omes.32 The mitochondrial genomes are comprised of comparative
high mutation rates and mixtures of conserved and variable sites that
facilitate the application of universal primer sets, providing sufficient
phylogenetic signals.33 Moreover, the lack of recombination and
maternal inheritance make mitochondrial genes suitable molecular
markers for inferring population structure.34,35

The mitochondrial genomes of metazoans are available in the
NCBI Reference Sequence Database (NCBI RefSeq). This database is
a collection of genomic, transcript, and protein sequence records that
are selected from public sequence archives.36 Up-to-date information
on mitochondrial genomes of some important trematodes have been
completed, such as mitochondrial genomes of Schistosoma haemato-
bium, S. mansoni, S. japonicum, Clonorchis sinensis, Opisthorchis viver-
rini, O. felineus, Fasciolopsis buski, and Fasciola hepatica. The whole
genomes completed above can find conserved mtDNA sequences for
future investigation of taxonomy, systematics, and also population
genetics of fish-borne trematodes.
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APPENDIXA
Table 1 Reported Hosts of Small Liver Flukes
Liver Fluke Host

Amphimerus sp.1 Final host

Cat, dog, opossum (Phillander Opossum), rodent (Nectomys squamipes)(Cricetidae)

Clonorchis
sinensis2

1st intermediate host

Parafossarulus manchouricus, Alocinma longicornis, Bithynia fuchsiana

2nd intermediate host

Abbottina spp., Acanthorhodeus gracilis, Acheilognathus taenianalis, Acheilognathus
lanceolata, Carassius spp., Ctenopharyngodon idellus, Cyprinus carpio, Gnathopogon
spp., Hemibarbus labeo, Hemiculter spp., Mylopharyngodon aethiops, Pungtungia
herzi, Pseudogobio esocinus, Pseudorasbora parva, Gnathopogon elongatus, Rhodeus
spp., Sarcocheilichthys sinensis, Sarcocheilichthys variegatus

Final host

Pig, dog, cat, civet, hare, rodent

Metorchis bilis3 1st intermediate host

Bithynia tentaculata, B. inflata, Bithynia troschelii

2nd intermediate host

Ide, roach, dace, tench, minnow, gudgeon, verkhovka, silver crucian carp

Final host

white tailed eagle, red fox, American mink, American muskrat, otter

Metorchis
conjunctus4,5

1st intermediate host

Amnicola limosa

2nd intermediate host

Catostomus catostomus, Catostomus commersoni, Perca flavescens, Salvelinus
fontinalis, Semotilus corporalis

Final host

Raccoon, gray fox, mink, wolf, dog

Metorchis
orientalis6

1st intermediate host

---

2nd intermediate host

Pseudorasbora parva

Final host

duck, cat dog

(Continued)



Table 1 (Continued)
Liver Fluke Host

Opisthorchis
felineous2,3

1st intermediate host

Bithynia leachii, Bithynia inflata, Bithynia troschelii

2nd intermediate host

Abramis bramae, A. sapa, Aspius aspius, Barbus barbus, Leuciscus idus, Leuciscus
leuciscus, Phoxinus spp., Rutilus rutilus, Tinca tinca, 23 species of carp, including: ide,
dace, roach

Final host

Cat, fox, muskrat, corsac fox, dog (28 species of mammals)

Chipmink, beaver, Caspian seal, wild pig, domestic pig, and lab. Hedgehog, rabbit,
guinea-pig, house mouse, golden hamster, black-bellied hamster.

Opisthorchis
viverrini2,7,8

1st intermediate host

Bithynia funiculata, B. goniophalos, Bithynia siamensis

2nd intermediate host

Barbonymus altus, Barbonymus brevis, Barbus leiacanthus, Cyclocheilichthys apogon,
Cyclocheilichthys armatus, Cyclocheilichthys enoplos, Cyclocheilichthys repasson,
Esomus metallicus, Hampala dispar, Hampala macrolepidota, Henicorhynchus
siamensis, Labiobarbus siamensis, Puntioplites proctozysron, Systomus orphoides,
Thynnichthys thynnoides

Final host

Cat, dog

Table 2 Hosts of fish-borne Echinostomes
Parasite Hosts

Echinochasmus
fujianensis

1st intermediate host

Bellamya aeruginosa9

2nd intermediate host

Pseudorasbora parva, Cyprinus carpio9

Final host

Dog, cat, pig, rat10

Echinochasmus
japonicus

1st intermediate host

Parafossarulus manchouricus11

2nd intermediate host

Gnathopogon elongatus, Misgurnus anguillicaudatus, Odontobutis obscura, Zacco
platypus, Pseudorasbora parva12

Final host

Dog, cat, rat, mouse, duck, egret13

(Continued)
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Table 2 (Continued)
Parasite Hosts

Echinochasmus
liliputanus

1st intermediate host

Parafossarulus striatulus9

2nd intermediate host

Pseudorasbora parva9

Final host

Badger, fox, dog, cat9

Echinochasmus
perfoliatus

1st intermediate host

Parafossarulus manchouricus, Bithynia leachii, Lymnaea stagnalis14

2nd intermediate host

Gnathopogon elongatus, Misgurnus anguillicaudatus, Odontobutis obscura,
Pseudorasbora parva, Zacco platypus12

Final host

Fox, dog, cat, rat, fowl, wild boar15,16

Echinostoma
cinetorchis

1st intermediate host

Cipangopaludina chinensis malleata, Hippeutis cantori,17 Polypylis hemisphaerula,w

Segmentina hemisphaerula

2nd intermediate host

Misgurnus anguillicaudatus2

Final host

Dog, rat18

Echinostoma
hortense

1st intermediate host

Austropeplea ollula,w Lymnaea previa,19 Radix sp.20

2nd intermediate host

Misgurnus spp.19

Final host

Dog, cat, rat19

Table 3 List of Hosts of Heterophyid Intestinal Flukes Infecting Humans
Parasite Host

Apophallus donicus 1st intermediate host

Fluminicola virens21

2nd intermediate host

Acerina cernua,22 Catostomus macrocheilus,21 Gobio fluviatilis,22 Sander lucioperca,22

Oncorhynchus kisutch,21 Perca fluviatilis,22 Ptychocheilus oregonensis,21 Richardsonius
balteatus,21 Rhinichthys osculus nubilus,21 Salmo gairderi,21 Scardinius erythrophthalmus21

Final host

Alopex lagopus,23 Gallus gallus domesticus,21 Mustela sarmatica,22 Rattus norvegicus,24

Vulpes lagopus25

Rabbit,21 white mouse,21 gerbil,21 golden hamster,21 cat,25 dog25

(Continued)
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Table 3 (Continued)
Parasite Host

Ascocotyle longa 1st intermediate host

Heleobia australis26

2nd intermediate host

Mugil cephalus,27 Mugil curema,28 Mugil incilis,26 Mugil liza,26 Mugil platanus,29

Mugil trichodon28

Final host

Casmerodius albus,27 Leucophoyx thula,27 Lutra reponda,27 Pelecanus occidentalis,27

Phalacrocorax carbo,27 Sula leucogaster,27 Vulpes lagopus,30 cat,27 chicken,27 dog,27

egret,27 hamster,26 mink,27 night heron,27 opossum,27 white rat,27 wolf27

Centrocestus
armatus

1st intermediate host

Semisulcospira japonica,31 Semisulcospira libertina, Semisulcospira multigranosa,
Semisulcospira reiniana

2nd intermediate host

Abbotina rivularis,32 Acheilognathus lanceolata, Acheilognathus tabila, Anabas
testudineus, Aphyocypris chinensis, Carassius carassius, Channa argus, Cyprinus
carpio, Gnathopogon elongates, Gobius similis, Leuciscus hakonensis, Misgurnus
anguillicaudatus, Ophicephalus maculatus, Opsariichthys uncirostris,
Paracheilognathus rhombea, Pelteobagrus fulvidraco, Pseudoperilampus typus,
Pseudorasbora parva, Rhodeus atremius, Rhodeus ocellatus, Rhodeus oryzae,
Tribolodon hakonensis, Zacco platypus, Zacco temminckii

Final host

Ardea cinerea,33 Egretta intermedia, Milvus migrans lineatus, Nycticorax nycticorax,34

Phalacrocorax carbo hanedae, Rattus norvegicus,35 cat,14 dog, rabbit

Centrocestus
cuspidatus

1st intermediate host

Thiara sp.36

2nd intermediate host

Astatotilapia desfontainii,36 Gambusia spp.37

Final host

Milvus aegyptius,38 Milvus parasitus,39 Nycticorax nycticorax,36 dog, rat, guinea pig

Centrocestus
formosanus

1st intermediate host

Stenomelania newcombi,37 Semisulcospira libertina,40 S. hidachiensis

2nd intermediate host

Amblypharyngodon mola,41 Anabus testudineus,35 Babeo bota, Carassius auratus,
Carassisus carassius, C. tadiana, Cirrhina reba, Clarias fuscus, Ctenopharyngodon idella,
Cyclocheilichthys sp., Cyprinus carpio, Gambusia affinis, Glossogobius giuris, Hampala
dispar, Hemiramphus dussumieri, Kuhlia sandvicensis,37 Labeo bota,35 Limia
caudofasciata, Macropodus opercularis, Misgurnus anguillicaudatus, Mugil cephalus,37

Ophicephalus maculatus,42 Ophicephalus striatus,35 Ophicephalus tadianus, Parasilurus
asotus, Polyacanthus operculatus, Pseudorasbora parva, Puntius semifasciolatus, Rhodeus
ocellatus, Therapon plumbeus, Xiphophorus helleri,37 Zucco platypus,35 Bufo
melanostictus, Rana limnocharis

Final host

Ardea purpurea manilensis,43 Bubulcus ibis coromandus,35 Egretta intermedia,34 Rattus
rattus,44 Nyctereutes procyonoides,35 Nycticorax nyctricorax, Nyctereutes procyonoides,34

Pyerreroides manillensis,35 guinea pig, pigeon, rabbit, chicken, cat, dog42

(Continued)
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Table 3 (Continued)
Parasite Host

Centrocestus longus 1st intermediate host

Thiara sp.45

2nd intermediate host

Acanthogobius sp.,46 Anabas testudineus,45 Rhinogobius sp.,46 Clarias fuscus,45

Liza sp.,46 Misgurnus sp.,45 Mugil sp.,46 Ophicephalus maculatus,45

Pleuronectes sp.46

Final host

Cat,46 dog45

Cryptocotyle lingua 1st intermediate host

Littorina littorea,47 Littorina rudis, Littorina scutulata, Littorina sitkana,48

Paludestina sp.,49 Peringia ulvae

2nd intermediate host

Acanthocottus aeneus,49 Cottus scorpius, Ctenolabrus adspersus, Gadus morhua,
Gobius flavescens, G. minutus scorpius, Gadus morhua gallanis, Gobius
ruthensparri,50 Halichoerus grypus,51 Labrus bergylta,50 Lophopsetta maculata,49

Macrozoarces americanus,50 Menidia notala,49 Menticirrhus saxatilis, Microgadus
tomcod, Mullus auratus, Onos mustela,50 Onos tricirratus, Osmerus mordax,49

Phoca caspica,52 Phoca vitulina, Pholis gunnellus,49 Platichthys flesus,
Pleuronectes platessa, Pollachius virens, Pomatomus saltatrix, Pronotus
triacanthus, Pseudopleuronectes americanus, Scomber scombrus, Tautoga onitis,
Tautogolabrus adspersus,47 Trachinotus falcatus49

Final host

Alca torda,44 Butorides virescens,49 Colymbus auritus, Gavia immer,
Larus argentatus, Larus argentatus smithsonianus,34 Leucophaeus atricilla,49

L. canus, Larus delawarensis, Liasis fuscus, Litsea glaucescens, Larus marinus,
Lutra lutra,53 Lutreola vision,54 Nycticorax nycticorax,49 Podiceps auritus,
Rissa tridactyla, Sterna dougallii, Sterna hirundo, Uria aalge, Vulpes fulva,55

Vulpes lagopus, cat,49 dog

Haplorchis pumilio 1st intermediate host

Semisulcospira libertina,56 Thiara tuberculata, Melania reiniana var. hitachiens

2nd intermediate host

Acanthogobius flavimanus,56 Ambassis buruensis, Amphacanthus javus,
Astatotilapia desfontainii,36 Barbus canis, Barbus longiceps, Carassius auratus,
Channa formosana, Clarias fuscus, Cyprinus carpio, Gambusia affinis, Gerres
filamentosus,56 Glossogobius giuris, Macropodus opercularis, Mugil affinis,36

Mugil capito, Mugil cephalus, Ophicephalus striatus,56 Parasilurus asotus,57

Polyacanthus operculatus, Pseudorasbora parva, Puntius semifasciolatus,58

Rhodeus ocellatus, Ophicephalus tadianus, Teuthis jarvus, Therapon plumbeus,56

Tilapia galilaea,36 Tilapia nilotica, T. simonsi, Zacco platypus57

Final host

Cavia porcellus,57 Crocidura olivieri,29 cat, dog, Hydromys chrysogaster,59

Laras sp.,60 Microcarbo melanoleucos,59 Milvus migrans,57 M. m. aegyptius,
Milvus parasiticus, Mus musculus, Nycticorax nycticorax, Oryctolagus
cuniculus, Pelecanus crispus, Pelecanus onocrotalus, Rattus norvegicus,
Vulpes vulpes29

(Continued)
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Table 3 (Continued)
Parasite Host

Haplorchis taichui 1st intermediate host

Semisulcospira libertina, Tarebia granifera,Melania obliquegranosa,Melanoides tuberculata2

2nd intermediate host

Amblypharyngodon mola,41 Anabas testudineus,61 Carassius auratus,62 Channa
formosana,32 Cirrhina reba,41 Ctenophryngodon idellus,32 Cyclocheilichthys repasson,
Cyprinus auratus, Cyprinus carpio, Gambusia affinis, Hampala dispar, Henicorhynchus
siamensis, Labeo bata,41 Labiobarbus leptocheila, Macropodus opercularis,61 Misgurnus
anguillicaudatus,32 Mugil affinis, Mystacoleucus marginatus, Ophicephalus striatus,
Oryzias latipes,61 Parasilurus asotus,32 Pseudorasbora parva, Puntius binotatus, Puntius
brevis, Puntius gonionotus, Puntius leicanthus, Puntius orphoides, Puntius palata, Puntius
semifasciolatus,58 Raiamas guttatus, Rhodeus ocellatus,62 Zacco platypus

Final host

Felis viverrina,63 Milvus migrans,56 M. m. aegyptius,38 Pseudogyps bengalensis,64

rat,41 pigeon, cattle egret, cat,62 chicken, duckling, dog42

Haplorchis
yokogawai

1st intermediate host

Stenomelania newcombi,65 Melanoides tuberculata2

2nd intermediate host

Ambassis buruensis,66 Amphacanthus javus,43 Amblypharyngodon mola,41 Arius
manillensis,66 Boleophthalmus pectinirostris,42 Carassius sp., Cirrhina reba,41 Clarias
batrachus,66 Clarias fuscus,42 Cyprinus carpio, Cyclocheilichthys armatus,2 Gerres
kapas,66 Hampala dispar,2 Hemiramphus georgii,66 Labeo bata,41 Labiobarbus
leptocheila,2 Misgurnus sp.,42 Mugil affinis, Mariaella dussumieri,62 Mystus vittatus,67

Onychostoma elongatum, Ophicephalus striatus,62 Puntius ticto,67 Therapon plumbeus66

Final host

Ardea purpurea manilensis,43 Bubulcus ibis coromandus,62 Corvus macrorhynchos,67

Corvus splendens, Felis viverrina,8 Hydromys chrysogaster,59 Macacus cynomolgus,68

Mivus migrans,29 Nycticorax nycticorax,65 Pithecus philippinensis,43 Pyrreroidios
manilensis,66 dog63

Heterophyes
heterophyes

1st intermediate host

Cerithidea cingulata microptera,69 Pirenella conica68

2nd intermediate host

Barbus canis,36 Epinephelus aeneus, Gambusia affinis,68 Lichia amia,60 L. glauca,
Mugil auratus, Mugil capito, Mugil cephalus, M. japonicus, Sciaena aquilla,70 Solea
vulgaris, Tilapia nilotica,68 Tristramella simonis60

Final host

Canis aureus lupaster,70 Circaetus gallicus,60 Felis chaus nilotica,70 Genetta tigrina,71

Milvus aegyptius,60 Pelecanus onocrotalus, Rattus norvegicus,72 Rattus rattus,44

Rhinolophus sp.,73 Sterna hirundo, Vulpes vulpes, Zalophus californianus,74 rabbit,38

dog, cat

Heterophyes
kutsuradai

1st intermediate host

---

2nd intermediate host

Mugil cephalus,75 Zacco platypus

Final host

---

(Continued)
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Table 3 (Continued)
Parasite Host

Heterophyes nocens 1st intermediate host

Tympanotonus microptera62

2nd intermediate host

Acanthogobius flavimanus,32 Glossogobius giuris brunneus, Liza menada, Mugil cephalus,
M. japonicus, Therapon oxyrhynchus, Tridentiger obscurus

Final host

Hydromys chrysogaster,76 Rattus norvegicus,77 dog, cat

Heterophyopsis
continua

1st intermediate host

Tympanotonus microptera77

2nd intermediate host

Acanthogobius flavimanus,2 Ambassis buruensis,62 Amphacanthus javus, Anabas
testudineus,42 Atherina balabacensis,62 Boleophthalmus pectinirostris,42

Clupanodon punctatus, Coilia sp.,32 Conger myriaster, Cyprinus carpio,42

Dorosoma thrissa,32 Gerres filamentosus,62 Gerres kapas, Harengula zunasi,32

Hemiramphus georgii,62 Lateolabrax japonicus, Mugil affinis,42 M. dussumieri,62

Pelates quadrilineatus43

Final host

Dog,42 Fregata ariel ariel,62 Larus argentatus vegae57

Metagonimus
minutus

1st intermediate host

2nd intermediate host

Acheilognathus lanceolatus intermedius,57 Mugil cephalus78

Final host

Dog57, cat, Mus musculus, Rattus norvegicus

Metagonimus
miyatai79

1st intermediate host

Semisulcospira globus, Semisulcospira libertina, Semisulcospira dolorosa

2nd intermediate host

Morocco steindachneri, Zacco platypus, Zacco temminckii, Tribolodon taczanowskii,
Plecoglossus altivelis,

Final host

Dog, hamster, Vulpes vulpes japonica, Nyctereutes procyonoides viverrinus,
Milvus migran lineatus

Metagonimus
takahashii79

1st intermediate host

Semisulcospira coreana, Koreanomelania nodifila

2nd intermediate host

Carrassius carassius, Cyprinus carpio, Tribolodon taczanowskii, Lateolabrax
japonicas

Final host

Dog, Milvus migran lineatus

(Continued)
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Table 3 (Continued)
Parasite Host

Metagonimus
yokogawai

1st intermediate host

Katayama nosophora,60 Pyradus cingulatus, Semisulcospira bensoni,80 S. libertina,
Semisulcospira plicosa, Thiara amurensis,57 T. ebenima,60 Thiara extensa,
Thiara gottschei, Tarebia granifera, Semisulcospira nodiperda quinaria

2nd intermediate host

Acanthogobius flavimanus,32 Acheilognathus lanceolata,81 A. limbatus,32 A. morioka,82

A. rhombea,32 A. tabira, Abramis ballerus, A. brama,44 Anguilla japonica,32

Aspius aspius,83 Biwia zezera, Blicca bjoerkna,44 Carassius auratus,84 C. aureus,60

C. carassius,44 Chaenogobius urotaenia,32 Channa argus, Chondrostoma nasus,
Cobitis biwae, Coregonus ussuriensis,85 Coreopera kawamebari,32 Cottus pollux,
Ctenophoryngodon idellus,62 Culter erythropterus,32 Cyprinus carpio,62 Eleotris
potamophilis,86 Esox lucius,44 Gnathopogon biwae,32 G. elongatus, Gobio gobio,
Hemibarbus barbus,32 H. labeo,j Hypophthalmichthys molitrix, Idus idus,83 Ishikauiu
steenackeri,32 Lateolabrax japonicas, Leuciscus borysthenicus, L. hakonensis,60 L. idus,32

L. waleckii,85 Leiocassis brazhnikovi, L. ussuriensis, Lucioperca lucioperca, Morocco
steindachneri,32 Mesocottus haitjei,85 Mesopus olidus, Misgurnus anguillicaudatus,d

Mugil cephalus, Odontobutis obscura,82 Oncorhynchus masou,32 O. ehodurus,
Ophicephalus argus, Opsariichthys uncirostris, Oryzias latipes, Parabramis pekinensis,
Parasilurus asotus, Pelecus cultratus, Plecoglossus altivelis, Pseudopus leptocephalus,85

Pseudobagrus fulvidraco, Pseudogobio esocinus, Pseudoperilampus typus, Pseudorasbora
parva, Pungtungia herzi, Pyradus cingulatus, Rhodeus ocellatus,32 Rhodeus oryzae,
Rhodeus sinensis,86 Rutilus rutilus,32 Rutilis heckelii, Salangichthys microdon,81 Salmo
milktschish, Sarcocheilichthys variegatus, Scardinius erythrophthalmus,44 Siniperca
chuatsi, Staraia zbourievka,32 Tribolodon hakonensis, Tridentiger obscurus, Vimba
vimba, Xenocypris macrolepis, Zacco platypus, Z. temminckii

Final host

Archibuteo lagopus,57 Ardea cinerea, A. purpurea, Buteo buteo, Cercopithecus sp.,87

Chimarrogale platycephala,88 Ciconia ciconia,57 Egretta i. intermedia,34 Felis pardus
villosa,89 cat, dog,44 Haliaeetus albicilla,57 Larus canus,90 Larus ridibundus,91 Milvus
korschun,57 M. migrans lineatus,34 Mus molossinus,60 M. musculus,44 Nyctereutes
procyonoides,57 Nycticorax nycticorax,34 Oreocincla dauma aurea,90 Pelecanus
crispus,92 Phalacrocorax carbo,34 P.c. hanedae, Podiceps ruficollis japonicas,57

Puffinus leucomelas, P. nativitatis, Rattus norvegicus,88 R. rattus

Procerovum
calderoni

1st intermediate host

Thiara tuberculata chinensis,93 Thiara riquetti

2nd intermediate host

Ambassis buruensis,94 Anabas testudineus, Creisson janthinopterus, Creisson validus,
Eleutheronema tetradactylum, Gerres filamentosus, Glossogobius giurus, Hestia
balabacensis, Hemiramphus georgii, Mollienesia latipinna, Mugil dussumieri,
Ophicephalus striatus

Final host

Dog,95 cat

Procerovum
varium96

1st intermediate host

Thiara tuberculata

2nd intermediate host

Acanthogobius flavimanus, Hemiramphus sajori, Liza menada, Mugil cephalus,
Oryzius melastigma

Final host

Cat, chick, duckling, mice, Ardeola grayii

(Continued)
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Table 3 (Continued)
Parasite Host

Pygidiopsis summa 1st intermediate host

Tympanotonus microptera97

2nd intermediate host

Liza haematochila,65 L. menada,98 Mugil cephalus, Pseudorasbora parva32

Final host

Larus sp.,94 Macacus irus,82 Macacus rhesus, Milvus migrans lineatus,29 Nycticorax
nycticorax,59 dog,94 cat

Stellantchasmus
falcatus

1st intermediate host

Stenomelania newcombi,32 Tarebia granifera, T. g. mauiensis99

2nd intermediate host

Acanthogobius flavimanus,100 Liza menada,100

Final host

Crocidura olivieri,29 Hydromys chrysogaster,59 Larus sp.,101 Microcarbo
melanoleuca,100 Rattus norvegicus,59 dog,100 cat

Stictodora fuscata 1st intermediate host

---

2nd intermediate host

Acanthogobius flavimanus,32 Mugil cephalus, Pseudorasbora parva99

Final host

Cat,77 dog99

Table 4 Reported Hosts of Nanophyetus Salmincola
Intestinal Fluke Host

Nanophyetus salmincola 1st intermediate host

Oxytrema silicula102

2nd intermediate host

Oncorhynchus kisutch102,103

Oncorhynchus nerka104

Salmo clarki clarki104

Salmo clarki henshawi104

Salmo clarki lewisi104

Salmo gairdneri104,105

Final host

Dog, fox, coyote, raccoon, and golden hamster102
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APPENDIXB
1 GENOMIC DNA PREPARATION

Genomic DNA extraction is the first important step for preparation of
purified genomic DNA obtained from soft tissue. A nonorganic DNA
extraction kit is recommended for purifying genomic DNA from a
very small piece of tissue of adult worm and/ or metacercariae of a
fish-borne trematode. The commercial nonorganic protocols avoid the
toxicity inherent to phenol exposure in the process of traditional
organic extraction. The researchers can extract genomic DNA follow-
ing the manufacturers’ instructions provided.

Therefore, this procedure herein instructs on sample preservation,
DNA quantitation by spectrophotometer, and gel electrophoresis to
determine DNA quality.

1.1 Preservation of Tissue Sample in Ethanol
It is recommended for the preservation of tissues of metacercariae/
adult worms, they are stored in 95�100% ethanol at -80 �C for long-
term storage. The ethanol is not frozen, but this temperature is very
cold for protecting DNA degradation. It is recommended that samples
used in routine work are preserves at -20 �C. The metacercariae/ adult
worms collected from a field can be preserved in 95�100% ethanol at
room temperature (avoid warm/hot rooms). The container should be a
small screw cap (including rubber o-ring) and should be sealed by par-
affin tape.

1.2 DNA Quantitation by Spectrophotometer
The steps for determining the amount of DNA are:

Mix the DNA sample by gentle vortexing and inversion.
1) Add 5 µl of DNA sample to 495 µl of sterile water and mix well.
2) Place the diluted sample in a quartz microcuvette and measure the

absorbance at 260 and 280 nm against a blank solution (DNA and
protein absorb light maximally at 260 and 280 nm, respectively).



3) Compute the DNA concentration based on a formula: DNA
concentration (µg/µl)5OD260 3 5.

4) The OD260 : OD280 ratio should be between 1.7 and 2.0. Lower
values indicate protein contamination.

Note: For very tiny pieces of tissue, such as metacercariae or adult
heterophyid intestinal flukes, DNA quantitation is not recommended.

1.3 Gel Electrophoresis to Determine DNA Quality
The DNA quality of purified genomic DNA can be determined before
PCR amplification. This procedure is recommended for checking
partially degraded DNA, especially in the case of high molecular
weight DNA.

1) Prepare a 0.7% agarose gel in 1xTBE containing 0.5 µg/ml of ethi-
dium bromide.

2) Mix an aliquot of the extracted DNA sample with a loading buffer
and a loading dye and then load into a submerged well. Control
samples representing intact and degraded DNA should be loaded
into adjacent wells.

3) Electrophorese in 1xTBE buffer at 2 V/cm until the dye front
reaches the end of the gel.

4) View the gel under UV light. Degraded DNA appears as a smear
across the lane.

2 STANDARD POLYMERASE CHAIN REACTION (PCR)
PROTOCOL

Herein, the optimized PCR condition is as follows:

2.1 Set up a 20�50 µl Reaction in a 0.2 ml Microfuge
Tube with:

Reagent Stock Solution Final Concentration

ddH2O 25 mM 1.5 mM

PCR buffer 10x 1x

dNTPs 10 mM each 0.2 mM each

Forward primer 100 µM 1 µM

Reverse primer 100 µM 1 µM

Taq polymerase 5U/µl 0.025U/µl

DNA template 10�20 ng/µl
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2.2 Perform 25�35 cycles of PCR Using the Following
Temperature Profile:

Initial denaturation 94�C; 5 min

Denaturation 94�95�C; 30 sec

Primer annealing The choice of temperature is largely determined by the melting temperature
(Tm) of the two PCR primers

Polymerase extension 72�C; The duration of this step is 30 sec for every 500 base in the PCR
amplicon.

Final extension 72�C; 7�8�C

2.3 Validate the PCR Reactions
There are 2 ways for determining success or failure. The first is to sim-
ply take some of the final reaction and run it out on an agarose gel
with an appropriate molecular weight marker. If the amplified product
is the expected size relative to the marker, it is the right PCR target.
The second is to directly sequence the PCR amplicon. This step is nec-
essary in the case of studying an unknown species or confirming mor-
phological identification.

Table 1. PCR Primers for Molecular Systematics and Molecular Identification of
Fish-Borne Trematode
Parasite DNA

partition

Application Primers (50 - 30) References

Trematode
universal 18 S

SSU
(18 S)

MS Fwd: Uni18S_F:
GCTTGTCTCAGAGATTAAGCC

1

Rev: Uni18S_R:
ACGGAAACCTTGTTACGA

Trematode
universal 28 S

LSU
(28 S)

MS Fwd: LSU-5:
TAGGTCGACCCGCTGAAYTTAAGCA

2

Rev: 1500 R:
GCTATCCTGAGGGAAACTTCG

Trematode
universal COI

cox1 MS/ MI Fwd: JB3:
TTTTTTGGGCATCCTGAGGTTTAT

3

Rev: JB4.5:
TAAAGAAAGAACATAATGAAAATG

Family
Heterophyidae

ITS2 MS/MI Fwd: OPHET_Fwd:
CTCGGCTCGTGTGTCGATGA

4

Rev: OPHET_Rev:
GCATGCARTTCAGCGGGTA

Family
Heterophyidae

LSU
(28 S)

MI Fwd: 28 S-Het-RFLP_F 5

CTAACAAGGATTCCCTYAGTAAC

Rev: 28 S-Het-RFLP_R

TTCGATTAGTCTTTCGCCC

(Continued)
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Table 1. (Continued)
Parasite DNA

partition

Application Primers (50 - 30) References

Clinostomum spp. cox1 MS/ MI Fwd: 527 F: ATTCG(R)TTAAAT(Y)
TKTGTGA

6

Rev: 528 R:
CCAAACYAACACMGACAT

Clinostomum spp. ITS MS/ MI Fwd: BD1:
GTCGTAACAAGGTTTCCGTA

7

Rev: BD2:
ATCTAGACCGGACTAGGCTGTG

Echinostoma spp. nad1 MS/ MI Fwd: NDJ11:
AGATTCGTAAGGGGCCTAATA

8

Rev: NDJ2a:
CTTCAGCCTCAGCATAAT

Echinostoma spp. ITS MS/ MI Fwd: BD1:
GTCGTAACAAGGTTTCCGTA

9

Rev: BD2:
ATCTAGACCGGACTAGGCTGTG

Note: Fwd: Forward primer; Rev: Reverse primer; MS: Molecular Systematics; MI: Molecular Identification
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GLOSSARY

Biogeography The study of the distribution of species and ecosystems
in geographic space and through geological time.

Cladistics An approach to biological classification in which organisms
are grouped together based on whether or not they have one or
more shared unique characteristics that come from the group’s last
common ancestor and are not present in more distant ancestors.

Congeneric species Species belonging to the same genus.

Cryptic species complex A group of organisms that are typically very
closely related, yet their precise classifications and relationships can-
not be easily determined.

Discrete data It is counted data. In phylogenetic analysis, discrete data
usually consider qualitative data, including present/absent data and
DNA sequence data.

Distance-matrix method The method of phylogenetic analysis explicitly
relying on a measure of “genetic distance” between the sequences
being classified.

Genetic marker A gene or DNA sequence with a known location on a
chromosome that can be used to identify individuals or species.

Homoplasy Correspondence between parts or organs arising from evo-
lutionary convergence.

Intraspecific Arising or occurring within a species; involving the mem-
bers of one species.

Microsatellite DNA Also known as Simple Sequence Repeats (SSRs)
or Short Tandem Repeats (STRs), they are repeating sequences of
2�6 base pairs of DNA.

Monophyly Groups of taxon (group of organisms) which forms a
clade, meaning that it consists of an ancestral species and all its
descendants.

Multigene family Groups of genes from the same organism that
encode proteins with similar sequences either over their full lengths
or limited to a specific domain.



Paraphyly Groups of taxon (group of organisms) which have a com-
mon ancestor but that do not include all its descendants.

PCR-RFLP Restriction fragment length polymorphism is a technique
that exploits variations in homologous DNA sequences. It refers to
differences between samples of homologous DNA molecules that
come from differing locations of restriction enzyme sites and to a
related laboratory technique by which these segments can be
illustrated.

Phylogenetics The study of evolutionary relationships among groups
of organisms, which are discovered through molecular DNA
sequence data and morphological data matrices.

Phylogenetically informative site Given a set of homologous DNA
sequences from four species, the positions where two species share a
particular nucleotide and the other two species share a different
nucleotide is called phylogenetically informative.

Phylogenomic The term has been used in multiple ways to refer to
analysis that involves genome data and evolutionary
reconstructions.

Phylogeography The study of the historical processes that may be
responsible for the contemporary geographic distribution of
individuals.

Population genetics The study of allele frequency distribution and
change under the influence of the four main evolutionary processes:
natural selection, genetic drift, mutation, and gene flow.

Phenotypic plasticity The ability of an organism to change its pheno-
type in response to changes in the environment.

RAPD RAPD is Random Amplified Polymorphic DNA. It is a type
of PCR reaction in which the segments of DNA are amplified ran-
domly by short primers (8�12 nucleotides).
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