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ABSTRACT

Anisakid nematodes are known to cause the zoonotic disease, anisakiasis, through the consumption of raw or
undercooked fish. The parasites most frequently associated with the disease in humans are categorized as
Anisakis type I, which comprise several species of the genus Anisakis. The larvae show primitive forms and
lack the detailed morphological characteristics required for precise species identification. Thus, molecular
characterization is necessary for determining the species of Anisakis type I larvae and acquiring important
clinical and epidemiological information. In this study, we isolated Anisakis type I larvae from hairtail fish
caught off the coasts of Taiwan and Japan. The ribosomal DNA (rDNA) internal transcribed spacer (ITS)
region was sequenced, and restriction fragment length polymorphism (RFLP) analyses using Hinfl and Hhal
was carried out for species identification. Most larvae isolated from hairtail caught in Taiwan were Anisakis
typica (84%), while those isolated from hairtail caught in Japan were almost exclusively identified either as
Anisakis simplex sensu stricto (65%) or Anisakis pegreffii (33%). This is the first report of A. typica in fish
obtained from Taiwan. Our results shed the light on the epidemiology of Anisakis type I larvae, which is a
potential cause of human anisakiasis in Taiwan and Japan.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Larvae of anisakid nematodes are commonly found in marine fish
and squid. Many cases of human anisakiasis caused by larvae belonging
to the family Anisakidae have been reported in Japan and other countries
due to the increasing popularity of eating raw fish (Lymbery and Cheah,
2007).Berland (1961) classified the larvae of anisakid nematodes into
only two types, namely Anisakis types I and II, based on morphological
characteristics such as the length of the ventriculus and presence/
absence of mucron at the tip of the tail. The type I larvae were recognized
as the parasite most frequently associated with human anisakiasis
(Oshima, 1972; Smith and Wootten, 1978). Controversy regarding the
species names of Anisakis type I and II larvae still remains because the
larvae lack the detailed morphological characteristics required for
precise species identification. The use of allozyme markers made it
possible for the type | morphotypes to be identified as Anisakis pegreffii,
Anisakis simplex sensu stricto, Anisakis simplex C, Anisakis typica, and
Anisakis ziphidarum (Mattiucci et al.,, 1997, 2002; Paggi et al., 1998). The
former three species have been recognized as sibling species belonging

* Corresponding author. Tel.: +81 3 5285 1111; fax: +81 3 5285 1173.
E-mail address: hsugi@nih.go.jp (H. Sugiyama).

0168-1605/$ - see front matter © 2010 Elsevier BV. All rights reserved.
doi:10.1016/j.ijfoodmicro.2010.08.011 - .

to Anisakis simplex sensu lato. The species comprising Anisakis types I
and type Il have also been characterized by sequencing and restriction
fragment length polymorphism (RFLP) analyses of the ribosomal DNA
(rDNA) internal transcribed spacer region (ITS region), namely the 5.85
IDNA and flanking ITS regions, ITS1 and ITS2 (Mattiucci and Nascetti,
2006, 2008). The classifications based on allozyme markers were fully
consistent with the results obtained by these molecular methods.

It is imperative to identify Anisakis type I larvae detected in food fish
in order to improve food safety. Hairtail is one of the most common and
economically important food fish in the East and South China Seas. In
Japan, Taiwan, and Korea, hairtail is often sold in markets and is favored
for raw consumption as sashimi or sushi. However, few studies have
investigated the molecular identification of anisakid larvae isolated
from hairtail (Shih, 2004). Therefore, in this study, we detected Anisakis
type I larvae in hairtail collected from Taiwan and Japan and applied
these molecular methods for species identification.

2. Materials and methods
2.1. Parasite materials

Seven hairtail (Trichiurus spp.) specimens caught off the coast of
each of the following 5 localities were examined for anisakid larvae:
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Taichung, Taiwan, and Nagasaki, Kochi, Wakayama and Shizuoka
prefectures, Japan. We purchased the fish at retail fish markets in the
respective localities, except for fish from Nagasaki, which were
purchased from a retail fish market in Tokyo. Fish were examined
immediately after transfer to our laboratory in Taichung (samples
from Taiwan) or in Tokyo (samples from Japan).

Anisakid larvae were isolated from the visceral surface and body
cavity of the fish. The larvae were observed under light and dissection
microscopes for morphological identification (Ishii et al., 1989), and
third-stage larvae of Anisakis type I were used for further molecular
investigation. -

2.2. DNA amplification

DNA samples were extracted from individual worms using a
DNeasy Blood and Tissue Kit (Qiagen K. K., Tokyo, Japan) according to
the manufacturer's instructions. The entire ITS region (ITS1, 5.8S IDNA
and ITS2) was amplified by PCR using primers NC5 (forward; 5'-
GTAGGTGAACCTGCGGAAGGATCATT-3’) and NC2 (reverse; 5'-
TTAGTTTCTTTTCCTCCGCT-3") (Abe et al, 2005). PCR was conducted
using a mixed solution (5 pl) of extracted DNA as a template, with a
reaction mixture (45 pl) containing 1.25 units of TaKaRa EX Taq, 1x PCR
buffer (10 mM Tris-HCl pH 8.3, 50 mM Kdl, 1.5 mM MgCl,), 0.2 mM of
each dNTP (Takara Bio Inc,, Shiga, Japan) and 0.5 pM of each primer. PCR
was performed using a LittleGene PCR machine (Bioer, Hangzhou, China)
with 35 cycles as follows: denaturation at 98 °Cfor 5 s, annealing at 52 °C
for 30 s,and extension at 72 °C for 60 s. A final extension was carried out at
72 °C for 10 min. The PCR products were separated by electrophoresis on
1.0% Seakem GTG agarose gels (Lonza Rockland, Inc., Rockland, ME, USA)
in Tris-borate-EDTA buffer and visualized by illumination with short-
wave ultraviolet light after ethidium bromide staining.

2.3. RFLP analysis

Restriction enzymes Hinfl and Hhal (New England Biolabs,

Ipswithch, MA, USA) were used in the RFLP analysis for identifying
the species of Anisakis type I, according to the genetic key of D'Amelio
et al. (2000). The PCR products were digested according to the
manufacturer's recommendations. The digested samples were then
separated by electrophoresis on 2.0% Seakem GTG agarose gels (Lonza
Rockland, Inc.) and visualized as previously described.

2.4. Sequencing

The PCR products were excised from the agarose gels and
sequenced using a BigDye Terminator Cycle Sequencing Kit (Applied
Biosystems Inc., Foster City, CA, USA) on an automated sequencer
(ABI3100, Applied Biosystems). Sequence similarities were deter-
mined by a BLAST search of the DNA Data Bank of Japan (DDBJ)
(http://blast.ddbj.nig.ac.jp/top-j.html). Sequence alignment and com-
parison was facilitated by the GENETYX-WIN program (ver.7.0,
Software Development Co, Tokyo, Japan).

3. Results
3.1. Detection of Anisakis type I larvae from Taiwan and Japan

Six of the 7 hairtails from Taiwan and 15 of the 28 hairtails from
Japan were positive for anisakid nematodes (Table 1), and 110 and 61
larvae were identified as Anisakis type [ from these locations,
respectively. The identification was based on the presence of a long
ventriculus with an oblique ventricular-intestinal junction and a
rounded tail possessing a mucron.

Table 1
Molecular identification of the Anisakis type I larvae.

Locality Date of No. of fish No. of parasites
exflection Infected/examined Collected Identified as
At Ap® As
Taiwan (Taichung) 14 Oct 2008 6/7 110 93 15 2
Japan (Nagasaki) 3 Dec 2008 5/7 20 0 20 0
Japan (Kochi) 13 Jul 2010 1/7 2 0 0 2
Japan (Wakayama) 18 Jul 2010 277 6 0 0 6
Japan (Shizuoka) 12 Jul 2010 777 33 1 0 32
¢ A typica.
b A pegreffii.

¢ A. simplex sensu stricto.

3.2. PCR-RFLP analysis

Amplification of the entire ITS region produced a single band of
about 950 bp for all specimens. In RFLP, digestion of the PCR products
with Hinfl produced three different RFLP patterns, corresponding to A.
typica (ca. 590 and 330 bp), A. pegreffii (ca. 330, 280 and 240 bp), or A.
simplex s. str. and A. simplex C (ca. 620 and 240 bp) (Fig. 1). For
specimens showing the A. simplex s. str. and A. simplex C patterns, we
then digested their respective PCR products only with Hhal and
confirmed bands of ca. 530 and 420 bp for the A. simplex s. str. pattern
(data not shown). Based on RFLP analyses of the 110 larvae from
Taiwan, 93 (84%) were identified as A. typica, 15 (14%) were A.
pegreffii, and 2 (2%) were A. simplex s. str. However, among 61
specimens from Japan, 40 (65%) were identified as A. simplex s. str., 20
(33%) were A. pegreffii, and 1 (2%) was A. typica (Table 1, Fig. 2).

3.3. Sequence of the entire ITS region

Entire ITS region sequences were determined for 5 larvae of A.
typica, 5 larvae of A. pegreffii, and 1 larva of A. simplex s. str. from
Taiwan as well as 1 larva of A. typica from Japan. No intraspecific
differences were found in the sequences of these specimens.
Similarity searches of the GenBank/EMBL/DDB]J nucleotide database
revealed that the sequence of A. typica was identical to deposited
sequences of the same species obtained at the larval stage from chub
mackerel (Scomber japonicus, accession number AB432908) and at the

500 bp

200 bp

1 2 3 M

Fig. 1. RFLP analysis with Hinfl of the ITS PCR products amplified from the Anisakis type |
larvae. Lane 1: A. simplex sensu stricto; Lane 2: A. pegreffii; Lane 3: A. typica. The 100-bp
DNA ladder marker was used to estimate the size of the bands (lane M).

-484-



A. Umehara et al. / International journal of Food Microbiology 143 (2010) 161-165 163

Taichung
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Taiwan
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Fig. 2. Distribution of A. typica (At), A. pegreffii (Ap) and A. simplex sensu stricto (As) isolated from hairtail caught in coastal areas of Taiwan and Japan. Pie charts show the distribution
of Anisakis type I larvae based on analysis of the rDNA ITS region. The numbers in square brackets and after the abbreviations of the species (At, Ap and As) represent the number of

larvae examined and identified, respectively.

adult stage from rough-toothed dolphin (Steno bredanensis,
AB479120). The nucleotide sequence of A. typica from Taiwan
determined in this study has been deposited in the DDBJ/EMBL/
GenBank database under the accession number AB551660. The
sequences of A. pegreffii and A. simplex s. str. were also found to be
identical to deposited sequences of each species obtained from chub
mackerel (S. japonicus, AB277823) and arabesque greenling (Pleuro-
grammus azonus, AB277822), respectively.

The ITS sequence of A. simplex reported by Shih (2004) was not
available from the GenBank/EMBL/DDB]J (shown in Fig. 3). Shih also
isolated larvae for sequencing analysis from hairtail from Taiwan.
Comparison with the sequence obtained in this study revealed that
the sequence reported by Shih was 99% and 77% similar to those of A.
typica and A. simplex s. str., respectively (Fig. 3).

4. Discussion

Anisakiasis is a zoonotic disease caused by the ingestion of anisakid
nermnatodes in raw or undercooked fish. In previous reports, almost all the
larvae recovered from humans have been identified as Anisakis type I
based on their morphological characteristics (Oshima, 1972: Smith and
Wootten, 1978). Since Anisakis type 1 is a morphotype comprising several
species of the genus Anisakis, molecular characterization of Anisakis typel
larvae is necessary for identifying each clinically and epidemiologically
important species.

In this study, we observed that most of the larvae isolated from
hairtail specimens from Taiwan were that of A. typica. To the best of
our knowledge, this is the first report of A. typica in fish from Taiwan.
In addition, a larva of A. typica was first detected in a hairtail specimen
from Japan, though this species has been isolated from mackerel in
Japan (Umehara et al., 2008a; Suzuki et al., 2010). In Asian countries

besides Taiwan and Japan, A. typica has been reported in China, Korea,
Indonesia and Thailand (Zhu et al., 2007; Chen et al., 2008: Palm et al.,
2008: Lee et al., 2009; Du et al., 2010).

Shih (2004) reported the isolation of anisakid larvae from hairtail
from Taiwan and sequenced the rDNA ITS region. Surprisingly, the so-
called A. simplex sequence determined by Shih had a 99% similarity to
the sequence of A. typica in this study. This implies that the sequence
of anisakid larvae reported by Shih was probably that of A. typica, and
not of A. simplex. According to the review by Mattiucci and Nascetti
(2006, 2008), A. typica is widely distributed between 30°S and 35°N in
warm and tropical waters. Nevertheless, there have been few reports
of A. typica detected in both paratenic host fish and definitive host
marine mammals. Kagei (2003) reported that the number of worms of
A. typica in the definitive host was less than that for A. simplex. The
lack of reports of A. typica might also be due to insufficient recognition
of the species and hence misidentification of A. typica as A. simplex.

The sequence of A. typica obtained in this study was identical to the
two sequences already deposited in the GenBank/EMBL/DDBJ
(AB432908 and AB479120). However, when compared with the
sequence reported by Shih as A. simplex, the A. typica sequence
differed by 4 nucleotides in the ITS1 region and 1 nucleotide in the
ITS2 region. Previous studies have reported geographical intraspecific
variations in the entire ITS region of A. typica from Indonesia and
Brazil (Palm et al, 2008, Ifiiguez et al., 2009). This may indicate that
some genotypes of A. typica are globally distributed in the ocean.

Japanese people traditionally eat fish raw as sushi and sashimi, and
over 2000 cases of human anisakiasis are estimated to occur annually
(Chai et al, 2005). In Taiwan, consumption of raw fish is also a
common practice, and anisakiasis is therefore an important consid-
eration. However, only one case has been reported in Taiwan to date,
and the causative pathogen was not identified (Ishikura, 2003).
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ATCGAGCGAATCCAASACGASN RAACTC TCCCAACCT GCATACCGCCCATTTACATGT IGT TGT GAGCCGCAC GGAAAC TC
ATCGAGCGAATCCAAAACGAAAAAGTC TCCCAACGT GCATACCGCCCATTI GCATGT TGT TGT GAGCCGCACGGAAACTC
ATCGAGCGAATCCAAAACGARAMDGTCTCCCAACGT GCATACCGCCCATTTGCATGT TGT TGT GAGCCGCACGGAAAC TC
ATCGRAGCGAATCCAAMACGAARAAGTC TCCCAACGT GCATACCGCCCATTT GCATGT TGT TGT GAGCCGCACGGAARC TC

AXRAATATARNAXARAARAAAXIACANAIRNNAIRATARNAARAAAARRAAAR TR RRT ERAXRRARANERRAARNARR XA AARRARA D

GTACACGTTTCTGCTGGT GATAGCCGTCICCTGTCCGTTCOT TEGCCAGRCAAT GCC TTACGAGTGGCT GTGCGC TTGTT
GTACACGTTTGT CGTGOT GRTAGCCGTCTGCTGTCCGTTCOT TGO CCAGAC AAT GGC TTACGAGTGGCT GTGCGC TTGTT
GTACACGTTTCT GGTGGT GATAGCCCT CTGCTCTGCCTTCOT TCGCCAGACAAT CEL TTACGAGTGCCT GTGCGCTIGTT

GTACACGTT TGT GGT GGT GATAGCCGT CTGCTGTGC GTTCOT TGGGCAGACAAT GGC TTACGAGTGGCT GTGCGC TTGTT
B T T T R F e A e

GAACAACGGTGACCAATT TCGCGT CTACCCCOTATC TAGCCTCCOCCT GEACCGTCOGTAGCGATCARAGAT CCOGAGGS
GAACAACGGTGACCAATT TGGCGTCTACGCCGTATC TAGCTTCCGCCT GGACCGTCGGTAGCGATGAAA GAT GCOGAGGA
GRACALCGGTGACCAATT TCGCCTCTACCCCCTATC TAGCTTCCGCCT GGACCGTCCGTAGCGATCAAAGAT GCCGAGGA,
GAACAACGGTGACCAATT TGGCGTCTACGCCOTATC TAGCTTCCGCCT GGRCCOTCGGTAGCGATGALL GAT GCGGAGGA

AT R TN TN TR RN TR TETITTINATERNY A AN R T AN AN AR TR N T TN TR XL AR

AGTTCCTCCTCAGAGTTGAGCACACTTALT GAGCCACGC TCTAGGTGGCCGCCAGARLCCCAAA ACACACCAATTGTTGTC
AGTTCCTCT TCCGGAGTTGAGCCAGACTTAAT GAGCCACCC TCTAGG TGGCCGCCAGAACCCAAR ACACACCAATTGTTGTC
AGTTCCTCTICCGAGTTCAGCAGACTTAAT GAGCCACGC TCTAGGTGGCCGCCAGAACCCARAACACACCAATTGTTGIC
AGTTCCTCT TCGGAGTTGAGCAGACTTAAT GAGCCACGC TCTAGGTGGCCGCCAGAACCCAAAACACACCAATIGTIGIC
EaiEaa d i kT T
«— ITS1|58SxDNA —
ATTTGACATIGT TGATGATGATTATGTACAAATCIT GGC GGT GGATCACTCGGT TCGTGGATCGAT GAAGAACGCAGCCA
ATTTGACAT TGCT TGATGATGATTATGT ACAAAT CTT GGC GET GGATCACTC GGT TCGTGGATC GAT GAAGAACGCAGCCA
ATTTGACATTICT TGATGATCATTATCTACARAT CTTGGC GCT CCATCACTC GGT TCGTGGATC GAT GAAGAS CGCAGCCA
ATTTGACATTCT TGATGATGATTATCT ACRAATCTT GGC GOT CGATCACTCGGT TCGTGGATC GAT GAAGAA CGCAGCCA.

R R R R R R AR R A A AR AT A R AR AN A AT A AT AR IA T AT TR AR AR R RS

CCTGCGATAAATAGTGCGAAT TCCAGACACATTGAGCAC TAAGAATTCGAACCCACATTGCGC TATCGGGTTCATTCCCG
GCTGCGATAMATAGT GCOAAT TCCAGACACATTGAGCAC TAAGAATTCGAACGCACA TTGCGC TATCGGGTT CATTCCCG
GCTGCGATAAATAGT GCGAAT TGCAGACACATTGAGCAC TAAGAATTCGAACGCACATTGCGC TATCGGGTTCAT ICCCG
GCTGCGATAAAT AGTGCGAAT TGCAGACACATTGAGCAC TARGAATTCGAACGCACATTGCGC TAT CGGGTT CAT TCCCG
R LR s e s e R e e L L s T T T T
«— 58S rDNA | ITS2 ——
ATGGCACCTCTGGCTGAGGGT CGAATT GTGCTAGAGCAT CTT TGCAAT CACTTC TCT CAGATT GTGATT GTGAAGCAT IC
ATGGCACGT CTGGCT GAGGGT CGAATT GTGCTAGAGCAT CTT TGCAAT CACTTC TCTCAGATT GTGATT GTCAACCAT TC
ATGCCACCTCTGCCTGAGGCT CRAATT GTGCTAGAGCAT CTT TCCAAT CACTTC TCT CAGATT GTGATT GTGARGCAT TC
ATGGCACGT CTGGCTGAGGCT CGAATTCTGCTAGAGCAT CTTTGCAATCACTTC TCT CAGATT GTGATT GTGAAGCAT TC

AR R AR AR N A A R R R A A R N R A R AR XA AN AT T A AR AR XL AR AR RN R XA A AT RTR RS

GGCGAGCGATTGTTGTCGTCT TGT TCC TTALGCGTGACGATTGAAT CCGCACCGCGCGACACGACACGET TCCTTGCTTAG
GGCGAGCGATTGTIGCTCGTCT TGT TGC TTAMGG TGACGATTGAAT CGGCACCGC GCGACACGLCACGGT TCCTTGCTTAG
GGCGAGCGATTGTTGTICGTGT TGT TGC TTAAGG TGACGATTGAAT CGGCACCGCGCGACACGACACGGT TCCTTGCTTAG
CCCGAGCGATTCTTCTCGTCT TCT TCC TTAACC TGACGATTGAAT CGGCAC CGC GCGACACGACAC GGT TCCTTGCTTAG

e e e S T S * EXXTEXXXRXER EEXRTR TR XL AT

TTTGATGAACAAAMAGACGTCCCGCACACCCAACGT CTGCTARACACT AGACTAGAGCTGGTGTCT AGAGGT GTT GEG TG
TTTGATGRACAAAMAGAC GCTCCCCCACACCCAACGT CTGCTAAMC ACTAGACTAGAGCTGGTGTCTAGAGGT GTT GGG TG
TTTGATGAACAARRAGACCTCCCOCACACCCAACGTCTGCTAAACACTAGACTAGAGCTGGTGTCT AGAGGTGTT GGG TG
TTTGAT GAACAAAMAGACGTCCCGCACACCCAACGT CTGCTAAACACTAGACTAGAGCTGGTGTCT AGAGGTGTT GGG TG

R R R A R R R R R R A R R A R A A AN AT A AT T AR AR AT T AT T AT TR TTT LT XY

TGATTTTGATCGTCACARAAGTCCCGCCAT TTCATAGTGCCAACAACCACCATACATCTATGATAC TAGTACGGTTGGC TG
TGATITTGATGGTCACAAMAGTGCCGC CAT TTCATAGTGGCAACAACCAGCATACGT CTATGATAC TAGTAGGTTGGC IG
TGATITTGATGGTCACAAAAGTGCCGCCAT ‘ITCATAGTGGCAAC.L%CCAGCATP.CGT CTATGATACTAGTAGGTITGGCIG
TCATTT TGATGG TCACRAAAGTGC CGCCAT TTCATAGTGGCAACAACCAGCATACGT CTATCATAC TAGTAGGTTGGC TG
FPEERERRER AR ELTE AR RRRRRARRA XL R A AR AR AXAREA AR XA R XL ATAR &% XL RRERERETL RRARRRRARD
— ITS2|
GITGATGAAACGGCAACGGAATCTGCGCATGCATCGT GAT CCAGAAGCCATAATGTICGTA 860
CTTGATGAAACGCCAACCCAATCTGCCCAT GCATGT GAT CGAGAAGCGATAATGTTICGTA
GITGAT GARACGGCAACGGAATGT GCGCAT GCATGT GAT CGAGRAGCCATRAATGTTCGTA
GITGATGAAACGGCAACGGAATGTGCGCAT GCATGT GATCGAGAAGCGATAATGTTCGTA
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Fig. 3. Alignment of the entire ITS region sequences of A. typica. As (Shih, 2004), the sequence incorrectly reporfed as A. simplex; At (AB432908), the sequence obtained from larva
isolated from chub mackerel; At (AB479120), the sequence obtained from adults isolated from rough-toothed dolphin; At (present study), the sequence obtained from larva isolated
from hairtail in Taiwan in this study (AB551660). Asterisk (*) indicates identity to the reference sequence. GenBank/EMBL/DDBJ accession numbers are each shown in parentheses,

where applicable,

We recently identified the species of the Anisakis type [ larvae
isolated from fish and from anisakiasis patients in Japan (Umehara et
al.,, 2006, 2007, 2008b). Although both A. simplex s. str. and A. pegreffii
were detected in fish, almost all larvae (99%) from patients were
identified as A. simplex s. str. In other words, there is a striking
discrepancy in the predominant species between fish and humans.
Suzuki et al. (2010) explained that this was due to the higher
penetration rate of A. simplex s. str. into the muscle tissue of the fish. A.

simplex s. str. larvae were therefore ingested by humans together with
the fish muscles, while A. pegreffii larvae were usually removed from
the fish along with the internal organs prior to ingestion.

To date, although A. typica has not been recorded as a cause of
human anisakiasis and the risk of human infection by A. typica has
been assumed to be low, Palm et al. (2008) reported the isolation of a
single larva of A. typica from the musculature of the bullet tuna (Auxis
rochei rochei). Since A. typica is the predominant species in the hairtail
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found in the coastal waters of Taiwan, there is always a possibility of
human cases outbreak in that country where people have recently
begun to eat raw hairtail. As it is not possible to distinguish A. typica
from the other Anisakis type I larvae through morphology, molecular
methods are indispensable for determining the incidence of A. typica
infection in humans. This is important not only in Taiwan, but also in
other countries where the presence of A. typica and other species
comprising the Anisakis type I has been noted.
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We previously showed that adult Paragonimus westermani, the causative agent of paragonimiasis and
whose habitat is the host lung, possesses both aerobic and anaerobic respiratory chains, i.e., cyanide-sen-
sitive succinate oxidase and NADH-fumarate reductase systems, in isolated mitochondria (Takamiya
et al., 1994). This finding raises the intriguing question as to whether adult Paragonimus worms possess
two different populations of mitochondria, one having an aerobic succinate oxidase system and the other
an anaerobic fumarate reductase system, or whether the worms possess a single population of mitochon-
dria possessing both respiratory chains (i.e., mixed-functional mitochondria). Staining of trematode tis-
sues for cytochrome c oxidase activity showed three types of mitochondrial populations: small,
strongly stained mitochondria with many cristae, localised in the tegument and tegumental cells; and
two larger parenchymal cell mitochondria, one with developed cristae and the other with few cristae.
The tegumental and parenchymal mitochondria could be separated by isopycnic density-gradient centri-
fugation and showed different morphological characteristics and respiratory activities, with low-density
tegumental mitochondria having cytochrome c oxidase activity and high-density parenchymal mitochon-
dria having fumarate reductase activity. These results indicate that Paragonimus worms possess three dif-
ferent populations of mitochondria, which are distributed throughout trematode tissues and function

facultatively, rather than having mixed-functional mitochondria.
© 2010 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Parasitic helminths including nematodes, trematodes and ces-
todes exhibit a variety of metabolic pathways (Tielens and van
den Bergh, 1993; Komuniecki and Komuniecki, 1995; Behm,
2002; Kita and Takamiya, 2002). Their life cycle consists of two
stages, a free-living larval stage that lives in an aerobic environ-
ment and a parasitic stage inside a host, in which oxygen tension
depends on the tissues penetrated by migrating larvae or dwelt
in by adult parasites. For example, the adult stage of Ascaris suum,
a nematode that parasitises swine, dwells in the lumen of host
small intestine, where oxygen tension is very low, while its
fertilised eggs develop aerobically to form infective L3s. Therefore,
during development parasitic helminths undergo aerobic-anaero-
bic transitions in energy metabolism resulting from adaptation to
their environments. During its aerobic larval stage, A. suum

* Corresponding author. Tel.: +81 3 5802 1043; fax: +81 3 5800 0476.
E-mail address: stakamiy@juntendo.ac.jp (S. Takamiya).

possesses a functional tricarboxylic acid (TCA) cycle and a cya-
nide-sensitive respiratory chain similar to those in mammals (Tak-
amiya et al,, 1993; Amino et al,, 2003; Iwata et al., 2008); both of
these are localised in mitochondria and produce ATP by oxidative
phosphorylation. That is, electrons derived from substrate oxida-
tion are transported via NADH or flavin adenine dinucleotide
(FADH) to oxygen by the proton-pumping electron-transfer com- -
plexes of the respiratory chain, and a proton gradient formed
across the inner membrane drives ATP-synthase, resulting in ATP
production with a backflow of protons. The respiratory chain con-
sists of four electron-transfer complexes, i.e., complexes I (NADH-
ubiquinone oxidoreductase), II (succinate-ubiquinone oxidoreduc-
tase, SQR), III (ubiquinol-cytochrome c oxidoreductase), and IV
(cytochrome c oxidase, CCO), and two low-molecular weight elec-
tron carriers, cytochrome ¢ and ubiquinone. Complexes I, IIl and IV
have proton-pumping activity. Thus, mitochondria that produce
ATP at the expense of oxygen can be defined as aerobic mitochon-
dria, with 38 mol of ATP produced during the complete oxidation
of each mol of glucose. Adult Ascaris nematodes, however, possess
anaerobic mitochondria that yield ATP in the absence of oxygen.

0020-7519/$36.00 © 2010 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.ijpara.2010.07.009
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Mitochondria from adult Ascaris muscle have reduced levels of
complex Il and cytochrome c, and almost completely lack complex
IV. These nematode mitochondria catalyze the NADH-dependent
reduction of fumarate, which is endogenously derived from malate
dismutation and serves as a terminal electron acceptor.
NADH-linked fumarate reduction is mediated by complex I and
by complex II, an isoform of the larval complex II (Takamiya
et al,, 1986). The latter, together with rhodoquinone, catalyzes rho-
doquinol-fumarate reduction, the reverse of the succinate oxida-
tion mediated by the larval enzyme, a reaction coupled to site 1
phosphorylation of ADP. Using this pathway, approximately
5 mol of ATP are produced per mol of glucose; a value higher than
that for lactate fermentation (2 mol ATP per mol glucose) but lower
than that observed using the aerobic pathway. Since adult Ascaris
mitochondria can produce ATP by oxidative phosphorylation in
the absence of oxygen, they are termed “anaerobic” mitochondria
or more precisely, “anaerobically functioning mitochondria”.
Similar anaerobic mitochondria are present not only in parasitic
helminths but also in other hypoxically functioning eukaryotes
that live in microaerobic environments such as marine or freshwa-
ter sediments (Van Hellemond et al,, 1995; Tielens et al., 2002).
Therefore, oxygen tension where anaerobic mitochondria function
is quite varied from extremely anoxic to less hypoxic or microaer-
obic. Although the molecular properties of anaerobic mitochondria,
especially of their respiratory chains, have been elucidated in
detail, the mechanisms of aerobic-anaerobic transition still remain
to be determined with respect to mitochondrial biogenesis.

" Paragonimus spp., lung flukes that infect mammals including
humans, may provide appropriate material to investigate aero-
bic-anaerobic transitions in mitochondria. Adult Paragonimus
westermani and Paragonimus ohirai inhabit mammalian lungs by
forming cysts, in which oxygen tension fluctuates much more than
in the lumen of the small intestine. We previously showed that the
mitochondria of adult flukes possess both aerobic and anaerobic
respiratory chains, ie., mammalian-type, cyanide-sensitive
respiratory chains and the NADH-fumarate reductase system
(Ma et al, 1987; Takamiya et al., 1994). This finding raises the
interesting question as to whether the adult Paragonimus spp. pos-
sess separate populations of aerobic and anaerobic mitochondria
or a single mitochondrial population containing both the succinate
oxidase and NADH-fumarate reductase systems. OQur cytochemical
study using P. ohirai supported the former view but we did not
have sufficient biochemical evidence (Fujino et al., 1996). We have
therefore attempted to separate the aerobic and anaerobic mito-
chondria, and to further characterise each individually.

2. Materials and methods
2.1. Isolation of P. westermani mitochondria

Adult P. westermani (3n type, 62 or 88 worms) were obtained
from worm cysts from the lungs of dogs 8 or 12 months after inoc-
ulation with metacercariae. After removal of ovary tissue, the
mitochondria were prepared as described (Takamiya.et al., 1994).
All procedures performed on laboratory animals were approved
by the institutional animal care and use committee of the National
Defense Medical College, Japan (the approval No. 09097) and all
the animal experiments were carried out in compliance with the
guidelines for animal experimentation of National Defense Medical
College.

2.2. Isopycnic density-gradient centrifugation

Continuous 26 ml-sucrose density gradients, 32-52% (w/w) or
35-55% (w/w) containing 10 mM Tris-HCl, pH 7.5, 1 mM EDTA

and 0.1% BSA were prepared using a density gradient fractionator
(DGF-U, Hitachi, Japan). A mitochondrial suspension (0.9-1.2 ml)
was loaded onto each gradient, which was centrifuged at
108,000g for 2 h in a Hitachi RP70T rotor at 4 °C. The contents of
each tube were fractionated through the fractionator and CCO
(Takamiya et al., 1994), fumarate reductase (FRD) (Kita et al.,
1988) and SQR (Takamiya et al., 1994) activities, and the protein
contents of these fractions, were measured. Using one drop of each
fraction, the buoyant density was measured by measuring the su-
crose concentration of each fraction with Abbe's refractometer and
comparing each with a curve relating sucrose concentration to
density. For protein assays, a 0.1 ml aliquot of each fraction was
suspended in 0.9 ml of 0.025 M Tris-HCl buffer, pH 7.5, containing
0.21 M mannitol, 0.07 M sucrose and 0.1 mM EDTA. The suspen-
sions were centrifuged at 14,000g for 15 min (Tomy MRX 150) to
remove BSA and recover the mitochondria in the pellet. The super-
natant was thoroughly removed and the protein content of each
pellet was assayed (Markwell et al., 1978). For quinone determina-
tion, mitochondrial fractions were diluted with 10 vol. of 10 mM
Tris-HCl, pH 7.4, containing 0.2 mM EDTA and the mixtures were
centrifuged at 100,000g for 1 h to recover the mitochondrial parti-
cles. Each pellet was suspended in a small volume of the same buf-
fer and used for quinone determination (Takamiya et al., 1994).

2.3. Electron microscopy

For cytochemical studies of CCO, worm tissues were fixed for
20 min at 4 °C in phosphate-buffered 2% glutaraldehyde, which
had been purified overnight using active carbon. Small blocks of
tissue were rinsed for several hours in the same buffer with 7% su-
crose and sectioned at 40 pm on a Sorvall TC-2 tissue sectioner.
The sections were collected in the same buffer and incubated for
2 h in medium (Seligman et al., 1968) at 37 °C. Control sections
were incubated with the inhibitor, 10 mM KCN. The tissues were
post-fixed for 45 min at 4 °C in 1% osmium tetroxide buffered to
pH 7.4 with 0.05M Veronal buffer and washed for 30 min with
0.1 M sodium acetate. Before dehydration with ethanol, the tissues
were stained for 30 min in 0.5% uranyl acetate at 4 °C and exam-
ined using a JEOL JEM 100c electron microscope. Electron micro-
graphs at magnifications of 5,000-10,000 were prepared to
measure the maximum cross-sectional length and width and areas
of mitochondria in trematode cells. The size of mitochondria in the
micrographs were recorded using analysis Five software (Soft
Imaging System GmbH, Miinster, Germany).

Isolated mitochondria were fixed in 4% glutaraldehyde buffered
with 10 mM Tris-HCl (pH 7.4), 0.21 M mannitol, 0.07 M sucrose
and 0.1 mM EDTA, post-fixed in 1% osmium tetroxide in the same
solution, dehydrated in ethanol, embedded in Quetal 812, and cut
into sections of thickness 300-500 A. These sections were stained
with 4% uranyl acetate, treated with lead citrate hydroxide and
examined under a Hitachi H-7,000 transmission electron
microscope.

Electron micrographs at magnification 7,000 were prepared to
measure the areas (um?) and brightness of cross-sections of indi-
vidual fractionated mitochondria. The micrographs were examined
using a computer-controlled image analyzer (KS400, Zeiss, Ger-
many) equipped with a scanner (Epson GT-9100). Typically, for
each fraction, 476-502 mitochondrial cross-sections were
analyzed.

2.4. Statistical analyses

The areas and brightness of mitochondrial cross-sections were
analyzed by Kaleida Graph ver. 4. For in situ observation, statistical
analyses were performed using Prism 4 software (GraphPad Soft-
ware, Inc., San Diego, CA, USA). Differences between means were
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Fig. 1. Low magnification electron micrograph of the Paragonimus body wall. Ml,
muscle layer; Pc1, parenchymal type-1 cells; Pc2, parenchymal type-2 cells; S,
spine; T, tegument; Tc, tegumental cells. The magnification is 1000x. Scale
bar =20 pm.

analyzed using the Mann-Whitney U-test. P < 0.05 was considered
statistically significant.

3. Results
3.1. In situ morphological features

Examination of the body wall sections of P. westermani by trans-
mission electron microscopy showed that body wall cells could be
categorised into two types, tegumental and parenchymal cells,
based on their shape, the density of their cytoplasm and the num-
ber and morphology of mitochondria (Fig. 1). The morphological
features of the two cell types were similar to those described for
P. ohirai; the parenchymal cells could be further divided into two
types, parenchymal cells types-1 and -2 (Pc1 and Pc2, respectively)
(Fujino et al., 1996). Pc1, with cytoplasm less dense than that of
Pc2, contain a few round or oval mitochondria with several long
cristae in rather dense matrices (Fig. 2A). In contrast, Pc2 possess

Fig. 2. Cytochrome c oxidase (CCO) staining of Paragonimus mitochondria in the (A) parenchymal type-1 cells; (B) parenchymal type-2 cells; and (C) tegument. (D)
Tegumental cells for control. No significant staining was observed in the presence of KCN, a potent inhibitor of CCO. The magnification for A-C and D is 10,000x and 2,000x,

respectively. Inserted bar represents 1 pm.
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Table 1
In situ morphology of Paragonimus westermani mitochondria.
Sourc Cross-section area (ptm?) Shape Crista development Matrix density CCO staining
TorTc 0.130+0.0819 Oval Well Dense Heavy
Pcl 0.330£0.193 Round or oval Moderate Dense Moderate
Pc2 0.350£0.197 Round or oval Poor Less dense Little
Cross-section areas (n = 190) were measured as described in Section 2.
T, tegument; Tc, tegumental cells; Pc1, parenchymal type-Tcells; Pc2, parenchymal type-2 cells: CCO, cytochrome ¢ oxidase.
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Fig. 3. Distribution of isolated Paragonimus mitochondria on isopycnic density gradient (32-52% (w/w) sucrose) centrifugation, Trematode mitochondria (10.0 mg protein)
were centrifuged and the specific gravity (open circles), protein concentrations (closed circles), and activity of succinate-ubiquinone oxidoreductase (SQR) (shaded bars) were

determined in each fraction. Mitochondria with high fumarate reductase (FRD)/cytochrome c¢ oxidase ratios were

procedures are described in Section 2.

numerous mitochondria, round or oval in shape, with less dense
matrices than Pc1 and poorly developed cristae (Fig. 2B). Since
the cristae of Pc1 mitochondria were positive for CCO, the terminal
oxidase that reduces molecular oxygen, Pc1 mitochondria appear
more aerobic than Pc2 mitochondria. In contrast to the parenchy-
mal cells, the tegumental cells contain many small mitochondria
with well-developed cristae and heavily positive for CCO activity
(Fig. 2C). Therefore, among the three types of body wall mitochon-
dria, the tegumental mitochondria appear most aerobic. Morpho-
logical features of P. westermani body wall mitochondria are
summarised in Table 1.

3.2. Buoyant density and SQR activity of mitochondria fractionated by
isopycnic density-gradient centrifugation

Paragonimus westermani mitochondria were analyzed by su-
crose density-gradient centrifugation between 32% (w/w) and
50% (w/w) sucrose, with two gradient ranges, a low-density gradi-
ent range (1.0914-1.1546 g/ml) of Fractions 1-6 and a high density
gradient range (1.1546-1.2267 g/ml) of Fractions 6-42. Since the
density of 32% (w/w) sucrose solution is 1.1426 g/ml, higher than
those for Fractions 1-4 (1.0914-1.1390 g/ml), the steep initial gra-
dient was formed by dilution with sucrose-mannitol medium used
to suspend mitochondria. The mitochondria were layered on top of
the gradient.

Using SQR activity as the mitochondrial marker enzyme, P.
westermani mitochondria were distributed at sucrose densities of
1.123-1.2267 g/ml (Fractions 2-42) with a main protein peak at

present in Fractions 22-35. Detailed experimental

Fig. 4. Electron micrograph of Paragonimus mitochondrial preparation with lower
densities (Fraction 2, 1.1065 g/ml) fractionated by isopycnic density-gradient (32—
52% (w/w) sucrose) centrifugation. Black and white arrowheads indicate mito-
chondria and microsomal vesicles, respectively. Inserted bar represents 1 Hm.

1.1946 g/ml (Fraction 25) (Fig. 3). The low-density peak at
Fractions 2-4 contained small mitochondria with well-developed
cristae, although cross-contaminating microsomal vesicles were
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Fig. 6. Relationship between specific gravities and cross-sectional areas of Para-
gonimus mitochondria fractionated by isopycnic density-gradient (32-52% (w/w)
sucrose) centrifugation. Medians of mitochondrial cross-sectional areas, as deter-
mined by a computer-controlled image analyzer, were plotted against the specific
gravities of Fractions 17, 19, 21, 23, 25, 27, 30 and 32. Detailed experimental
procedures are described in Section 2.

also detected (Fig. 4). Thus, the specific activity of SQR was lower in
Fractions 1-7 than in mitochondria before centrifugation. The spe-
cific activity of this mitochondrial marker enzyme in the rest of
fractions (Fractions 8-42) ranged from 0.177 (Fraction 8) to
0.595 pmol/min/mg protein (Fraction 22). This variation also
suggested heterologous mitochondrial populations that differed
in energy metabolism. The average specific activity was calculated
to be 0.405 pmol/min/mg, indicating a 2.7-fold purification after
centrifugation. Intact rat liver mitochondria have been fractionated
by sucrose density gradient ultracentrifugation into two bands,
with mean densities of 1.184 and 1.216 g/ml (Pollak and Munn,
1970) and human liver mitochondria exhibited an equilibrium
density of 1.20 g/ml (Peters and Seymour, 1978). Thus, the buoyant

densities of most fluke mitochondria were similar to those of
mammalian aerobic mitochondria.

3.3. Morphological features of fractionated P. westermani
mitochondria

Since we found that trematode mitochondria were heterolo-
gous in situ, we analyzed the morphology of mitochondria frac-
tionated by isopycnic-density-gradient centrifugation. Electron
micrographs showed mitochondria that differed in size and stain-
ing density; the small mitochondria appeared to be fractionated at
lower densities and the large mitochondria at higher densities
(Fig. 5). The size (area, pm?) and staining density (brightness) of
individual mitochondrial cross-sections in each fraction were
determined one by one using a computer-controlled image ana-
lyzer. When we plotted the sizes and brightness of mitochondria
versus their densities, we observed a linear relationship (Fig. 6),
with small mitochondria present at low sucrose densities and large
mitochondria at higher sucrose densities. However, we observed
no relationship between the brightness of mitochondria and their
density (data not shown). Rather, there were two populations of
mitochondria, bright and dark stained, irrespective of their sizes
(Figs. 7 and 8). The relative fraction of bright mitochondria ap-
peared to be higher in the high sucrose density fractions, indicating
morphological heterogeneity of the fractionated mitochondria.

3.4. Distribution of CCO and FRD activities on separated mitochondria

To further analyze P. westermani mitochondria, they were cen-
trifuged on a higher density gradient, i.e., from 35% (w/w) to 55%
(w/w) sucrose (Fig. 9). Two linear density gradients were observed,
one from Fractions 1 to 6 (1.0865-1.163 g/ml) and the other from
Fractions 6 to 37 (1.163-1.253 g/ml). Activities of CCO and FRD, the
marker enzymes of the aerobic and anaerobic respiratory chains,
were determined in each fraction, and relative ratios of their spe-
cific activities were calculated. Mitochondria with high CCO/FRD
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Fig. 7. Histograms of the brightness of Paragonimus mitochondria fractionated by isopycnic density-gradient (32-52% (w/w) sucrose) centrifugation. Numbers and numerals
in brackets represent fraction numbers and densities, respectively. Brightness of individual mitochondria was determined by a computer-controlled image analyzer. Sample

numbers for Fractions 17, 19, 21, 23, 25, 27, 30 and 32 were 477, 491, 502, 479, 502,

ratios were mainly recovered at low densities (Fractions 1-7,
1.0865-1.168 g/ml), and those with high FRD/CCO ratios at high
densities (Fractions 13-23, 1.192-1.1285 g/ml), indicating that
aerobic mitochondria are lighter than anaerobic mitochondria.
We also determined the ubiquinone-10 and rhodoquinone-10
contents of fractionated mitochondria to compare the ubiqui-
none/rhodoquinone ratio in low- and high-density mitochondria.
The ubiquinone/rhodoquinone molar ratio was 8.13 and 3.29 in
low- and high-density mitochondria, respectively, indicating that
the low-density mitochondria are also aerobic in terms of quinone
contents.

4. Discussion

Although there have been several studies on the morphological
and functional heterogeneity of Paragonimus mitochondria
(Hamajima et al, 1982; Yamakami et al., 1984; Fujino et al.,
1995, 1996), substantial evidence for the occurrence of aerobic
and anaerobic mitochondria has been limited. We previously re-
ported that there were three types of mitochondria, which differed
in morphology and cytochemistry, in P. ohirai tissues (Fujino et al.,
1996), but the relationships between morphology and function
could not be determined due to limited amounts of material. No di-
rect evidence was presented for Pc2 mitochondria with high FRD
activity. By using P. westermani, which are larger, for mitochondrial
preparation, we were able to further characterise trematode mito-
chondria. We found that adult P. westermani possess three types of
mitochondria, small aerobic mitochondria localised in the tegu-
ment and tegumental cells and two types of large mitochondria,
one localised in Pc1 and highly stained for CCO activity, and the
other derived from Pc2 and poorly stained for CCO activity. Frac-
tionation of these trematode mitochondria by isopycnic density-
gradient centrifugation based on their buoyant densities, which

502, 502 and 476, respectively.

Fig. 8. Electron micrograph of Paragonimus mitochondria (Fraction 21) exhibiting
different staining densities. Arrowheads show heavily stained mitochondria, with
low brightness scores, with the remainder being lightly stained mitochondria, with
high brightness scores. Inserted bar represents 1 pum.

are directly proportional to their cross-section areas or sizes,
showed that the small mitochondria localised in the tegumental
cells were present in the low-density fractions. These mitochon-
dria, of average size 0.180+0.102 pm? comparable to their
in situ average size of 0.130+0.0819 pm? (Table 1), had high
CCOJFRD ratios and well-developed cristae. The parenchymal
mitochondria were larger, with in situ sizes of 0.33 +0.193 pm?
for Pc1 mitochondria and 0.35+ 0.197 um? for Pc2 mitochondria
(Table 1), and were of average size 0.619 £ 0.314 pm? after gradi-
ent fractionation. The larger cross-sectional areas of isolated com-
pared with in situ mitochondria may have been due to unavoidable
swelling during isolation.
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respectively. Detailed experimental procedures are described in Section 2.

Tissues surrounding cyst

Inside of cyst

PO, =~ 40 mmHg

Fig. 10. Schematic cross-section of a cyst inhabited by adult Paragonimus. T and Tc
represent the tegument and tegumental cells with aerobic mitochondria, and Pc1
and Pc2 represent types-1 and -2 parenchymal cells, respectively, the latter of
which contain anaerobic mitochondria. PO, represents oxygen tension.

At present, it is difficult to separate Pc1 and Pc2 mitochondria
because they do not differ significantly in size. Mitochondria pres-
ent in Fractions 8-12 (1.174-1.1845 g/ml), with low CCO/FRD and
FRD/CCO ratios, may be intermediate between aerobic and anaer-
obic mitochondria. Alternatively, their higher CCO activity and lar-
ger size might suggest that they consist primarily of Pcl
mitochondria. Although we previously reported that Pcl mito-
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chondria in P. ohirai are aerobic (Fujino et al., 1996), the staining
intensity for CCO activity of P. westermani Pc1 mitochondria was
significantly lower than that of tegument/tegumental cell mito-
chondria. Interestingly, we observed two types of mitochondria,
one heavily stained with clear cristae and the other lightly stained
with few cristae, which appear to correspond to our in situ obser-
vations, although artifacts may have been introduced during stain-
ing. The Pc2 mitochondria can be safely categorised as anaerobic
with high FRD/CCO ratios. To summarise the results, the distribu-
tion of the three types of mitochondria is schematized in Fig. 10.
The presence in adult P. westermani of mosaic cells containing
different types of respiratory chains, with varied energy efficiency,
is intriguing. This situation may be due to the environmental oxy-
gen tension surrounding the trematodes. In contrast to adult A.
suum, which dwells in the host small intestinal lumen with low
oxygen tension (PO, = 0-10 mm Hg; Minning et al., 1999), oxygen
tension inside the cysts in which adult P. westermani live is likely
higher than in the intestinal lumen, although this has not been
demonstrated to date. Since the PO, of mammalian lung tissues
through which blood circulates is approximately 40 mm Hg (Guy-
ton, 1986), the PO, inside cysts may be similarly high enough to
drive the aerobic respiratory chain of mitochondria localised in
the outermost tegument and tegumental cells. In contrast, the
parenchymal cells, which are located under the tegument and in
the innermost part of the body, are in an environment of much
lower PO,. Therefore, the PO, of some parenchymal cells may be
close to zero. Under these anaerobic conditions, as for adult A.
suum (Kita and Takamiya, 2002; Yokota et al., 2006; Hashimoto
et al., 2008; Takamiya et al., 2009), the parenchymal cells must de-
pend on anaerobic respiration, in which fumarate functions as the
electron acceptor instead of oxygen and oxygen homeostasis is
maintained using haemoglobin and myoglobin. Thus, adult P. west-
ermani adapt to their environmental conditions by optimising the
mosaicism of their own tissues. Further studies are required to elu-
cidate the mechanisms underlying aerobic-anaerobic transitions
and the mosaic formation of tissues in these parasitic trematodes.
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