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NEW FORM OF PARAGONIMUS WESTERMANI DISCOVERED IN
THAILAND: MORPHOLOGICAL CHARACTERISTICS AND HOST
SUSCEPTIBILITY

Hiromu Sugiyama', Yasuyuki Morishima', Sutheewan Binchai?, Achariya Rangsiruji? and Punsin Ketudat?

'Department of Parasitology, National Institute of Infectious Diseases, Tokyo, Japan; 2Department of
Biology, Faculty of Science, Srinakharinwirot University, Bangkok, Thailand

Abstract. During an intensive field survey for P westermani in southern Thailand, a new form of
Paragonimus metacercariae was isolated. In this study, we referred to this new form as P westermani-like,
as it was almost identical to P westermani in shape. To investigate the susceptibility of feline host to P
westermani-like, as well as its morphology at the adult stage, we inoculated the peritoneal cavity of a cat
with 60 P westermani-like metacercariae. Morphological examination revealed that the adult P westermani-
like recovered from the lungs had a six-lobed ovary, a spermatozoa-filled seminal receptacle, and singly
spaced cuticular spines. These findings indicated that the morphological features of £ westermani-like
were fundamentally identical to those of £ westermani (diploid type) at the adult stage. The susceptibility
of feline hosts to B westermani-like was different from that of P westermani. To determine the proper
taxonomic status of £ westermani-like, we have been investigating the phylogenetic relationships between
P westermani-like and P westermani in southern Thailand.

INTRODUCTION

Paragonimus westermani is widely distributed
in Asia (Miyazaki, 1991). Individuals from
different geographical regions (or countries)
show variations in animal and/or human
susceptibility, although they share almost
identical morphological features at both the
adult and metacercarial stages (Blair et al, 1998).
This implies that they form a complex of cryptic
species (Blair et al, 1997).

During an intensive field survey for
Paragonimus in southern Thailand (Rangsiruji
et al, 2005), we collected another form of
Paragonimus westermani metacercariae from
treshwater crabs, Phricotelphusa aedes. These
crabs simultaneously acted as the second
intermediate host of P westermani. Metacercariae
of newly isolated Paragonimus were almost
1dentical to those of P westermani in shape, but
were much smaller. For descriptive purposes, we
refer to this new form as P. westermani-like.

Correspondence: Hiromu Sugiyama, Department
of Parasitology, National Institute of Infectious
Diseases, Toyama 1-23-1, Shinjuku-ku, Tokyo
162-8640, Japan.

Tel: +81-3-5285-1111; Fax: +81-3-5285-1173
E-mail: hsugi@nih.go.jp

Vol 38 (suppl 1) 2007

In this study, we inoculated a cat with P
westermani-like metacercariae isolated from
freshwater crabs, Phricotelphusa aedes, in order
to identify the susceptibility of feline hosts. The
morphological characteristics of P. westermani-
like at the adult stage were also compared with
those of P. westermani.

MATERIALS AND METHODS

Identification of freshwater crabs

The captured freshwater crabs, belonging
to the family Potamidae, were identified as
Phricotelphusa aedes according to the method
of Naiyanetr (1988).

Isolation of Paragonimus metacercariae

Between January and May 2003, we collected
922 freshwater crabs, Phricotelphusa aedes, from
mountain streams in the Phanom District of Surat
Thani Province, Thailand. We examined the
crabs for metacercariae, as described previously
(Rangsiruji er al, 2005). Isolated metacercariae
were placed on glass slides and gently pressed
under a coverglass for morphological observation
and measurement.

Worm recovery from test animal
We inoculated the peritoneal cavity of a cat
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with 60 P. westermani-like metacercariae. The
cat was then treated with prednisolone (20 mg/kg)
at 7-day intervals and was necropsied 148 days
after inoculation. We examined the whole body
of the cat for worms, as described previously
(Sugiyama et al, 1984). Recovered worms
were pressed between two glass slides, fixed in
70% ethanol, stained with borax carmine, and
mounted with Canada balsam for morphological
observation and measurement.

DNA amplification and sequencing of ITS2
region

We prepared DNA samples from individual P
westermani and P. westermani-like metacercariae
(five metacercariae each). The ITS2 region of
the nuclear ribosomal DNA was amplified by
PCR and sequenced, as described previously
(Sugiyama et al, 2002). The primers used were 35:
5-GGTACCGGTGGATCACTCGGCTCGTG-3'
(forward: Bowels et al, 1995) and A28: 5'-
GGGATCCTGGTTAGTTTCTTTTCCTCCGC-
3' (reverse: Blair et al, 1997). We aligned and
compared sequences using GENETYX-WIN
software (ver 7.0, Software Development, Tokyo,
Japan).

RESULTS

New crab intermediate host of Paragonimus
in southern Thailand

We captured 922 freshwater crabs (Fig 1)
from mountain streams in the Phanom District
of Surat Thani Province. The crabs were
positive for P. westermani metacercariae; this
is the first report of this crab species serving as
a second intermediate host of P. westermani. P.
westermani-like metacercariae were also isolated
from the same crab species captured at the same
sites.

Morphology of P. westermani-like metacer-
cariae from crabs

We isolated 89 P. westermani-like meta-
cercariae from the crabs. All were spherical in
shape and had thin walls (Fig 2). The thickness
of the cyst wall in 30 specimens ranged from 4-14
um, with an average of 8.7 pm. The longitudinal
and transverse diameters of the cyst ranged from

88

Fig 1- Freshwater crabs, Phricotelphusa aedes, which
serve as the second intermediate host of both P
westermani and P westermani-like in southern
Thailand.

Fig 2- Phatomicrograph of fresh A westermani
metacercaria. Bar is 100 pm.

Fig 3- Photomicrograph of fresh P westermani-like
metacercariae. Bar is 100 pm.

Vol 38 (suppl 1) 2007
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Fig 4- Adult worm of P westermani-like from a cat inoculated with metacercariae. The worm had six-lobed ovary and singly
spaced cuticular spines.
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PwL ..... B i e w0 W R e e A e w B R .... 300

Pwl GCTCAGTAAATGATTTATGTGCGCGTTTCGCTGTCCTGTCTTCATCTGTGGTTCATGTTG 360
BWEZ « v« o0 v mmpemms o apeasaer s « 8 o e w e e e e e e e R $55 550 EN 2B0
Puli o c.ocununn G T eBuvnnse vasasnns o P TR T P 5 555 360

Pwl CGCGTGGTCTGCGTTCGATGCTGACCTACGTATGTGCCATGTGGTCCATTCTTCTGACCT 420

PR o vosw 5 SRR TR RS B N A e SOOI o - R 1T 420
BWEL & v 5 5o % SRR R ERRORIRER NR RS WA B SR8 T A TR e L S | - 420
Pwl CGGATTAGACGTGAGTACC —— == == == = e o o o o o e e o 463
PWE' 5 6 6 5 e iR eR R §% CGCTGAACTTAAGCATATCACTAR 463
PwL ..... R B . 463

Fig 5- Aligned sequences of the ITS2 region from £ westermani strain Thailand (AF159604, Pw1), £ westermani (Pw2} and
P westermani-like (Pwl). Identical bases are represented by dots. Hyphen indicates missing data. Numbers refer
to nucleotide sequence length.
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212-252 pm and from 204-240 pm, respectively,
with an average of 227 x 221 pm.

The metacercariae of P. westermani, also
isolated from the same crab hosts, were spherical
in shape and had thick walls (Fig 3). The
thickness of the cyst wall in five specimens
ranged from 19-37 pm, with an average of 28.2
pum. The longitudinal and transverse diameters
of the cysts ranged from 458-510 um and from

438-501 um, respectively, with an average of 492

x 480 pm.

Morphology of an adult worm

On postmortem examination of the test cat,
148 days after inoculation, 13 worms were
recovered; 2 from the lungs (being paired in the
worm cyst), 2 from the pleural cavity, and 9 from
the liver. The worms from the lungs and pleural
cavity were identified as either adults (one each,
with eggs in the uterus) or pre-adults (without
eggs), while the worms from the liver remained
in the juvenile stage.

The size of the adult worm from the lung
was 3.95 mm in length and 2.83 mm in width.
The transverse diameters of the oral and
ventral suckers measured 504 pm and 500 pum,
respectively. The adult worm had a six-lobed
ovary and singly spaced cuticular spines (Fig
4)., The seminal receptacle was filled with
spermatozoa.

ITS2 sequence analysis

The ITS2 region was amplified from DNA
samples of individual P. westermani and
P. westermani-like metacercariae using the
consensus primers 3S and A28. Sequence
analysis of the PCR products revealed that the
aligned ITS2 region was 463 bp in length for both
P. westermani and P. westermani-like samples.
Pairwise comparison of the sequences showed 13
(2.8%) nucleotide differences (Fig 5). Similarity
searches of the nucleotide databases GenBank/
EMBL/DDBI revealed that the ITS2 sequences
of P. westermani were identical to those found
in the databases under the accession number
AF159604 for the P. westermani strain Thailand.
However, the sequences of P. westermani-like did
not exhibit a striking similarity to any of those
found in the databases.

90

DISCUSSION

In this study, we observed adult P. westermani-
like samples obtained from a cat that was
inoculated with the metacercariae. The adult had
an ovary that was simply divided into six lobes,
a seminal receptacle filled with spermatozoa,
and cuticular spines arranged singly. These
morphological features at the adult stage are
in good agreement with the description of
P. westermani (Thai strain) (Sugiyama et al,
2001; Binchai er al, 2005). With regard to the
morphology of metacercariae, other than the size,
the features of P. westermani-like were almost
identical to those of P. westermani. Therefore,
it can be concluded that P. westermani-like
should be classified as P. westermani, or as one
of the members (a cryptic species) of the P.
westermani complex (Blair et al, 1997), based
on the anatomical similarities.

We investigated the susceptibility of feline
hosts to P. westermani-like by experimental
infection, and compared the results with those
of P. westermani. From the cat experimentally
infected with P. westermani, worms were detected
only in the lungs or pleural cavity. The worms
recovered were identified as adults or at least
pre-adults (Binchai et al, 2005). In contrast, as
shown in this study, juvenile P westermani-like
lodged predominantly in the liver, while some
matured into adults in the pleural cavity or lungs.
These findings suggested that the susceptibility
in cats differed between P. westermani and P.
westermani-like. The susceptibility of feline
hosts to P. westermani was also examined using
worms from Malaysia (Habe et al, 1996). About
half of the worms recovered were identified as
juvenile worms, but the principal domicile of
the juveniles was not the liver but the skeletal
muscles.

Molecular comparison based on ITS2
sequences revealed that there were a few
nucleotide differences (2.8%) between P.
westermani ( P. westermani strain Thailand) and P
westermani-like. Therefore, in order to determine
the proper taxonomic status of P. westermani-like,
we need to investigate the detailed phylogenetic
relationships between P. westermani-like and P,
westermani. In terms of the susceptibility of P,
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westermani-like, information regarding host-
parasite relationships, particularly relating to the
first intermediate hosts, is required. Studies into
these issues are currently underway (Binchai er
al, 2007).
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Abstract. In order to identify the causative species of human paragonimiasis, we performed a combined
morphological and molecular investigation on the metacercariae and Paragonimus eggs isolated from
the freshwater crab host, Potamiscus manipurensis, and sputum specimens of a patient, respectively.
Experimental infection of laboratory animals with the metacercariae resulted in the isolation of adult
worms that were morphologically identified as £ heterotremus. Molecular characterization based on
polymerase chain reaction and DNA sequencing of the metacercariae and Paragonimus eggs from the
sputum specimens yielded identical ITS2 sequences. Results of phylogenetic analyses of the ITS2 region
suggested that Indian P heterotremus is nested within the P heterotremus clade; the Indian population is

less closely related to other members within the clade.

INTRODUCTION

Paragonimus species hitherto reported in
Asia number 17, of which P. westermani 1s the
most common cause of human paragonimiasis
(Miyazaki, 1974). Paragonimus heterotremus was
first described in rats in Guangxi, China (Chen
and Hsia, 1964). The first human paragonimiasis
due to P. heterotremus in the world was reported
by Miyazaki and Harinasuta (1964). This species
is considered medically more important than
other species in Thailand, Lao PDR, Vietnam,
and some parts of China where man and mammals
serve as naturally infected final hosts (Miyazaki
and Harinasuta, 1964; Doanh et al, 2005). In
Manipur in India, a recently recognized endemic
area, P. westermani was presumed to be the
etiological agent of human paragonimiasis
(Singh et al, 1982;1993). However, no scientific
study supported this speculation nor was able
to determine which lung fluke species occurred
in Manipur until recently. A joint Indo-Japan
research on Paragonimus and paragonimiasis
in Manipur resulted in the identification of

Corresponence: T Shantikumas Singh, Department
of Microbiology, Sikkim Manipal Institute of
Medical Sciences, Sikkim, India.
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Potamiscus manipurensis, a freshwater crab
species, as the second intermediate host of at
least three Paragonimus species, including P.
heterotremus.

In this study, further investigation on the
determination of etiological agents of human
paragonimiasis was performed by nucleotide
sequencing of the ITS2 region on Paragonimus
(Sugiyama et al, 2002). The study also aimed to
determine the phylogenetic relationships of the
Indian species with other Paragonimus found in
various geographical areas in Asia.

MATERIALS AND METHODS

Parasite material

Metacercariae harvested from freshwater
crab host, Potamiscus manipurensis, which were
collected from Luwangsangbam Matai in Imphal
East and Motbung in Senapati Districts both in
Manipur State were used for morphological study,
laboratory animal infections, and molecular
study. Adult worms as well as immature worms
that were recovered from the experimentally
infected puppies and albino rats were used for
morphological identification. Paragonimus eggs
were collected from sputum specimens of a patient
in Senapati District. All materials, metacercariae,
adult worms, and eggs were preserved in equal
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proportions in 70% ethanol and 10% formalin
until utilized. Morphological features of both
fresh and preserved metacercariac and borax-
carmine-stained worms were examined under
microscope.

DNA isolation, amplification and sequencing

DNA samples were prepared from individual
metacercariae and eggs. The ITS2 region of the
nuclear ribosomal DNA was amplified by PCR
and sequenced as described previously (Sugiyama
et al, 2002). The primers used were 3S: 5'-
GGTACCGGTGGATCACTCGGCTCGTG-3'
(forward: Bowels et al, 1995) and A28: 5'-
GGGATCCTGGTTAGTTTCTTTTCCTCCGC-
3' (reverse: Blair et al, 1997).

Sequence and phylogenetic analyses

The Indian Paragonimus ITS2 sequences
were aligned with other Paragonimus sequences
obtained from the GenBank database and an
outgroup (Fasciola hepatica; Table 1), using the
Clustal X program (Jeanmougin et al, 1998).
Maximum parsimony analysis was conducted
with the branch-and-bound algorithm using
PAUP* (version 4.0b) (Swofford, 1998). The
robustness of tree(s) inferred from the analysis
was evaluated using bootstrap analyses with
heuristic searching (Felsenstein, 1985).

RESULTS

Characteristics of metacercariae, eggs, and
adult worms

The metacercariae (Fig 1) were oval to
suboval in shape. The inner cyst measured 163
to 215 pm (av = 196 pm) in the long axis and
133 to 188 pym (av = 162 ym) in the transverse
axis. The thickness of the inner wall was 4.2 to
10.4 pym (av = 6.3 pm) on the side and 10.4 to
27.1 um (av = 18.2 pm) at the pole. The oral
sucker, provided with a stylet, was smaller than
the ventral sucker.

Paragonimus eggs (Fig 2), golden-yellow in
color, oval shaped, and operculated, measured
89-100 um (av =92 pm) in length and 47-58 pm
(av = 50 pm) in width. The eggshell thickness
was almost uniform in 22 (63%) and discernible
at the nonoperculated end in 13 (37%). The
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Table 1
GenBank accession numbers of Paragonimus
species and Fasciola hepatica.

Species Origin  Accession No.
P. heterotremus Thailand AF159603
P. heterotremus China AY618758
P heterotremiis India - AB308377,

AB308378
P. skrjabini China AY618752
P. miyazakii China AY618741
P. westermani Thailand AF159604
Fasciola hepatica  Australia ~ AB207148

Fig 1- P heterotremus metacercariae: average longitudinal
diameter 196 pm and average transverse diameter
162 pm.

Fig 2- Morphological characteristics of eggs discharged
from a patient. Size of eggs: av length = 92 pym,
av width = 50 pm.
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widest transverse diameter was located at the
middle 28 (80%), at operculated half 6 (17%),
and at nonoperculated half 1(3%).

The borax-carmine-stained worms (Fig 3) that
were recovered from the experimentally infected
puppies showed singly spaced cuticular spines,
oral suckers (385-500 pum) that were much larger
than the ventral suckers (260-300 pm), and the
ovaries and testes that were delicately branched.
The vitellaria were not seen in immature worms.
The morphological features of metacercariae,
eggs, and worms conform to the features of F
heterotremus.

Fig 3- P heterotremus adult worm recovered from the
experimentally infected puppies showed delicately
branched ovary and testes and the oral sucker was
much larger than the ventral sucker.

Sequence and phylogenetic analyses
Molecular characterization, which is based on
PCR and DNA sequencing of the metacercariae
(accession No. AB308377) and eggs (AB308378),
yielded identical ITS2 sequences. The alignment
of the ITS2 region of six taxa of Paragonimus
and its outgroup was 378 bp in length. Twenty-
four characters (6.3%) were phylogenetically
informative. A single most parsimonious tree
(Fig 4), with a length of 144 steps, was obtained
from a maximum parsimony analysis of the
informative characters with 1,000 bootstrap
(BS) replicates. Fit measures of the tree were as
follows: consistency index (CI)=0.951, retention
index (RI) = 0.811, and rescaled consistency
index (RC) = 0.771. The phylogenetic tree
revealed that Indian P. heterotremus is nested
within P. heterotremus clade (BS = 99%), which
includes P. heterotremus from Thailand and
China. The Indian population is however, less
closely related to other members of the clade.

DISCUSSION

Although India is the first country from
whence P. westermani was first described by
Kerbert in 1878, from a Bengal tiger, very little
attention has been given to this parasite because
human paragonimiasis was never considered
a public health problem. In India, there was
no record of an autochthonous human case of
paragonimiasis, although P. westermani infection
was described in many mammals.

Fasciola hepatica (outgroup)

P. westermani

99

59

88

93

P. heterotremus (India)

P. heterotremus (Thailand) | P beterotremus
clade

P. heterotremus (China)

P. skrjabini

P. miyazakii

Fig 4- Single most parsimonious tree with a length of length 144 steps, based on parsimony analysis of the informative
characters of the ITS2 region. Fit measures of the tree: Cl = 0.951, Rl = 0.811, RC = 0.771. Numbers above the

branches indicate bootstrap values (%).
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Evidence of infection with lung flukes of the
genus Paragonimus in wild mammals has often
been reported in India (Gaur et al, 1980; Rao,
1935; Srivastava, 1938; Singh and Somvanshi,
1978; Parihar and Shrivastava, 1988; Sano et al,
1994). The authors described P. westermani as
the causative agent, based on the morphology of
the eggs in the fecal specimens only or sections
of worms and worm cysts in the lungs obtained
on autopsy or postmortem examination of the
animals. In the absence of detailed morphological
descriptions of the adult worms, it was not
possible to identify the species by examination
of histopathological sections of the worm or
worm cyst in the tissue and eggs in the feces. P,
westermani was also reported to be the causative
agent of human paragonimiasis in Manipur, based
on the morphology of the eggs seen on microscopy
examination of the sputum specimens of the
patients (Singh et al, 1982). Therefore, doubts
prevailed as to whether or not P. westermani was
actually the only species infecting mammals and
humans in India. Singh and Vashum (1994) first
described the P. heterotremus adult worm from
the biopsy specimen of a subcutaneous nodule
in a 10-year-old boy in Imphal, Manipur. No
other information on the Paragenimus species
causing human paragonimiasis has been available
in India.

The occurrence of P. heterotremus in
freshwater crab, Barytelphusa lugubris, in an
endemic area of paragonimiasis in Arunachal
. Pradesh was reported by Narain et al (2003).
However, the morphological features of the
metacercariae and adult worms, as described
by these authors require further confirmation.
In addition, it may not be safe to assume that
this species is the causative agent of human
paragonimiasis without morphological and
molecular characterization of the parasite
material recovered from the patient.

Recently, molecular analysis of any one
of the developmental stages of the parasite
has proved to be highly sensitive, and specific
techniques are required to confirm the parasite
species and its relationship with other species
occurring elsewhere in the world. Technique is of
importance in the identification of Paragonimus
species, which can be made from the eggs in
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clinical specimens. Adult worms are rarely
recovered from the patient, and hence not
available for morphological identification and
molecular characterization. The results of the
present study confirmed that £, heterotremus was
the causative agent of human paragonimiasis in
Manipur, India.

Phylogenetic analysis indicated that all P,
heterotremus species that originate from Vietnam,
Thailand, and China form a distinct group (Le
et al, 2006). However, our study revealed that
the Indian species, although situated within the
P. heterotremus group, is distantly related to the
Chinese and Thai species.

This species has been identified as significant
cause of human paragonimiasis in Southeast Asia,
and endemic in South/Southwest China, Thailand,
Lao PDR, and Vietnam (Blair et al, 1997; De
et al, 2000; Doanh et al, 2005; Waikagul and
Yoonuan, 2005). Morphometric and molecular
characterization of the Paragonimus species are
important for epidemiological, ecological, and
taxonomic studies. This knowledge will also help
in the control and treatment of paragonimiasis.

Potamiscus manipurensis, the natural second
intermediate crustacean host of P heterotremus,
was found to contain metacercariae of P.
skrjabini (Singh et al, 2006), and possibly two
more species as well. The metacercariae of P,
skrjabini were most frequently isolated from the
freshwater crabs in some localities in Manipur
State, where patients of pulmonary as well as
cutaneous paragonimiasis have been reported.
The possible relationship of P. skrjabini with
human paragonimiasis in these localities is now
under investigation.
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Abstract. This study aimed to clarify evolutionary relationships of £ westermani-like with other members
of Paragonimus in Asia. The parsimony method was employed in molecular analyses of the second internal
transcribed spacer (ITS2) region of nuclear ribosomal DNA and the partial cytochrome ¢ oxidase subunit |
{COI) region of mitochondrial DNA. A single most parsimonious tree obtained from the [TS2 region revealed
two important groups within £ westerrhani complex that is based on geographical origins. From this study,
it is evident that £ westermani-like is either placed well within the £ westermani complex or is located
close to the complex. Since a significant genetic variation was cbserved between Thai P westermani and
P westermani-like, further investigation on the specificity of first intermediate hosts should be carried out
to determine a proper taxonomic status of P westermani-like.

INTRODUCTION

i - Paragonimus westermani is widely distributed
in Aisia(Miyazaki; 1991). In Thailand, P. westertnani
metacercariae were reported in the. central and
southern: parts-of the country (Miyazaki, 1982;
Kdwashima'et-al, 1989). During our field survey,
a new form.of P. westermani metacercariae was
discovered. The metacercariae obtained were
almost identical to P westermani metacercariae,
except the size was smaller; thus, they were
provisionally named P. westermani-like. Studies
concerning the morphology of adult worms and
susceptibility of feline hosts to P. westermani-like
carried out by Sugiyama er al (2007) indicated
that the adult worms resembled a diploid-type F
westermanti, but the susceptibility in cats differed
between P. westermani and P. westermani-
like. This present study aimed to characterize
genetically P. westermani-like as well as to clarify
its phylogenetic relationships with other members
of Paragonimus in Asia using nucleotide sequences
of the ITS2 region of nuclear ribosomal DNA and
a portion of the mitochondrial COI gene.
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MATERIALS AND METHODS

Parasite materials

Metacercariae of P. westermani and P.
westermani-like were obtained from the waterfall
crab, Phricotelphusa aedes, which were collected
in Phanom District, Surat Thani Province. The
metacercariae of other Thai Paragonimus species
were harvested as follows: P. bangkokensis from
Ranguna smalleyi (Phanom District, Surat Thani
Province); F. harinasutai and P. heterotremus
from Larnaudia larnaudii (Kaeng Khoi District,
Saraburi Province) and P. siamensis from
Sayamia germaini (Na Di District, Prachin Buri
Province).

DNA sequencing and amplification

Total genomic DNA was prepared fromindividual
metacercariae following Sugiyama et al (2002). The
ITS2 region of nuclear ribosomal DNA and a portion
of the mitochondrial COI gene were amplified by
PCR and sequenced using primers 33 (forward:
5-GGTACCGGTGGATCACTCGGCTCGTG-
3': Bowels et al, 1995), A28 (reverse: 5'-
GGGATCCTGGTTAGTTTCTTTTCCTCC
GC-3'; Blair et al, 1997), JB3 (forward: 5'-
TTTTTTGGGCATCCTGAGGTTTAT-3";
Bowels er al, 1995) and JB 4.5 (reverse: 5'-
TAAAGAAAGAACATAATGAAAATG-3';
Bowels et al, 1995), respectively. The PCR
cycle consisted of three major steps: 98° C for 5
seconds to denature DNA, 55° C for 10 seconds
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for primer annealing, and 72° C for 10 seconds
for primer extension. The cycle was repeated 30
times, followed by a final extension at 72° C for 1
minute.

Sequence and phylogenetic analyses

Sequence alignments were carried out using
Clustal X program (Jeanmougin et al, 1998) with
additional sequences of Paragonimus species
and Fasciola hepatica (outgroup) from GenBank
database. The GenBank accession numbers of
all sequences employed are shown in Table 1.
Phylogenetic trees were reconstructed using
maximum parsimony analysis with a branch-and-
bound algorithm. Alignment gaps were treated as
missing data; all characters were assigned equal
weight. The reliability of internal branches of the
trees was assessed using the bootstrap method
(Felsenstein, 1985), with 1,000 replicates. All
phylogenetic analyses were performed using
PAUP* version 4.0b (Swofford, 1998).

RESULTS

Metacercariae of Paragonimus species
employed in this study were shown in Fig 1.

Sequence characteristics

ITS2. The actual length range of the ITS2
region of the ingroup was 359-363 bp. The
alignment of this region of 15 taxa of Paragonimus
species and its outgroup was 378 bp in length,
with 10 sites of insertion or deletion. Out of 378
total characters, 230 (60.8%) were constant, 92
(24.4%) were parsimony-uninformative and 56
(14.8%) were parsimony-informative. Sequence
divergence between ingroup and outgroup taxa
obtained from pairwise distance analysis ranged
from 37.6-41.9% but within the ingroup the
sequence divergence range was 0-13.7%. The
mean G+C content of all taxa was 55.5%, and
transition/transversion ratio was 2.60.

COL The actual length of the partial COI
region of the ingroup was 381 bp. The alignment
of this region for all 15 taxa under study was
384-bases long, with only one site of deletion.
From 384 characters, 241 (62.8%) were constant,
38 (9.9%) were parsimony-uninformative, and
105 (27.3%) were parsimony-informative. The
sequence divergence between ingroup and
outgroup taxa was computed using pairwise
distance analysis, and ranged from 22.2-34.7%;

Table 1

GenBank accession numbers of Paragonimus and Fasciola used in this study.

Species Origin ITS2 COl

P. westermani Hyogo, Japan U96907 U97205
Minchin, China U96907: AY 140681
Haenam, Korea AF333278 AF333281
Karapai, Taiwan U96908 AY 140673

Philippines U96910 U97213

Malaysia U96909 U97211

Central Thailand AF159604 U97212
Southern Thailand , AB354216 AB354224
P. westermani-like Thailand AB354218 AB354225
P. macrorchis Thailand AF159608 AF159598
P. heterotremus Thailand AB354221 AB354229
P. harinasutai Thailand AB354220 AB354226
P. bangkokensis Thailand AB248091 Ab354228
P. siamensis Thailand AB354222 AB354231
Fasciola hepatica Australia AB207148 AF216697

isequence identical to P. westermani from Hyogo, Japan (Blair e al, 1997).
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E

Fig 1- Metacercariae of Paragonimus species A: P westermani, B: P westermani-like, C: P bangkokensis, D: P harinasutal,
E: P heterotremus and F: P siamensis. Scale bar indicates 100 um
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Fig 2- Single most parsimonious tree of length 191 steps based on parsimony analysis of the informative characters of
the ITS2 region. Numbers above the branches are bootstrap values (%) of 1,000 replicates. P westermani (TS) =
P westermani from southern Thailand. P westermani (TC) = £ westermani from central Thailand.

whereas, within the ingroup, it ranged from 0.3-
25.3%. The mean G+C content was 44.0%, and
transition/transversion ratio was 3.85.

Phylogenetic analyses

ITS2. A single most parsimonious tree (Fig
2) of length 191 steps was obtained based on
parsimony analysis of the informative characters
with 1,000 bootstrap replicates. Fit measures of
the tree were as follows: consistency index (CI) =

94

0.9058, homoplasy index (HI) = 0.0942, retention
index (RI) = 0.8393, and rescaled consistency
index (RC) = 0.7602. The phylogenetic tree
comprised two clades: clade I, including
the P. westermani complex and P. siamensis
(bootstrap value (BS) = 62%), and clade II,
including other Thai Paragonimus species (BS
= 83%). Within the P. westermani complex,
two groups of organism can be obtained based
on geographical distribution. The first group
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Fig 3- Strict consensus tree derived from 10 equally parsimonious trees of length 319 steps based on parsimony analysis
of the informative characters of the partial COI region. Numbers above the branches are bootstrap values (%) of
1,000 replicates. P westermani (TS) = P westermani from southern Thailand. £ westermani (TC) = P westerman/

from central Thailand

contains P. westermani from Southeast Asia
(BS = 59%), while the second group contains F.
westermani from East Asia and P. westermani-
like from Thailand (BS = 70%).

COI. A strict consensus tree (Fig 3) was
derived from 10 equally parsimonious trees of
319 steps long, based on parsimony analysis with
1,000 bootstrap replicates. Fit measures of the
tree were as follows: CI = 0.6364, HI = 0.3636,
RI=0.6822, and RC =0.4341. The tree inferred
from the partial COI region showed a single clade
with strong bootstrap support of 98%. This clade
forms a complex of P. westermani from Southeast
and East Asia (BS = 76%). Paragonimus
westermani-like is excluded from the complex
and designated as a sister group.

DISCUSSION

The alignment of the ITS2 region of
Paragonimus species and its outgroup was 378
bp in length which was similar to those of other
digeneans such as Schistosoma (398 bp; Bowles et
al, 1995) and Fasciola (364 bp; Mas-Coma et al,
2001). The level of sequence variation between
P westermani-like and P. westermani (1.39-4.0%)
was close to the intraspecific variation within F.
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westermani from different geographical origins
(0-3.41%). Intraspecific variation in the ITS2
region was also observed in other digeneans,
including Schistosoma (Agatsuma et al, 2001)
and Fasciola (Adlard er al, 1993).

The numbers of the variable characters of
the partial COI (143 characters) and the ITS2
(148 characters) sequences were almost equal.
However, this region of the COI gene exhibited
approximately two-times more informative
characters (27.3%) than the ITS2 region (14.8%).
Nonetheless, a remarkably large amount of
homoplasy was observed in the COI data (HI
= 0.3636) as compared to the ITS2 data (HI =
0.0942).

From this study, the phylogenetic tree inferred
from the ITS2 region showed that P. westermani
formed a complex of cryptic species and could be
divided into two groups as previously reported
(Blair et al, 1997, 1998). The first group comprises
P westermani from Southeast Asia (Thailand,
Malaysia, and the Philippines), and the second
group composes of P. westermani from East
Asia (Taiwan, Korea, China, and Japan), which
was closely related to P. westermani-like. In
contrast to the ITS2 tree, the phylogenetic tree
reconstructed from the COI region revealed that P,
westermani-like is excluded from the complex and
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designated as a sister group. Thus, itis evident that
P. westermani-like is either well placed within the
P, westermani complex (ITS2 data), oritis located
close to the complex (COI data). However, since
the protein-coding gene (COI) is uder selective
constraint while the non-coding I'TS region is not,
this suggests that the spacer is free to diverge and
evolve with a rate that is close to the neutral rate of
sequence evolution. In addition, due to such a high
level of homoplasious characters present in the COI
data, the tree inferred from the ITS2 data would
be more reliable. This result of P. westermani-like
being classified as one of the members of the P,
westermani complex was strongly supported by
the morphological characters of the adult worms
(Sugiyama et al, 2007).

Since the susceptibility of feline hosts to P.
westermani-like was found to be different from
that of Thai P. westermani (Sugiyama et al,
2007) and a significant genetic variation was also
observed between them, further investigation on
the specificity of first intermediate hosts should
be carried out to determine the proper taxonomic
status of P westermani-like.
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