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brucei SDH4 needs to be tested in future studies. It is also pos-
sible that trypanosomatid-specific subunits could be assembled
as a jigsaw puzzle-like membrane anchor.

Spectroscopic Properties of T. cruzi Complex Il—Pyridine fer-
rohemochrome analysis showed that T. cruzi Complex II binds
a stoichiometric amount of protoheme IX (0.85 heme/mono-
mer of enzyme) indicating that monomer enzyme complex
contains one heme. At room temperature, the air-oxidized and
fully reduced forms of the purified enzyme showed peaks at 413
and 426, 527, and 561 nm, respectively (Fig. 6). Peak positions
are similar to those reported for Complex II from E. coli (40),
adult A. suum (41), and bovine (42, 43), where heme is ligated
via histidine in the second helices of SDH3 and SDH4.
Although heme has an important role in the assembly of Com-
plex II, it is not essential for the reduction of ubiquinones
(43, 44),

Enzymatic Properties of T. cruzi Complex ll—We examined
SQR activity of the purified enzyme and found the difference in
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FIGURE 7. Kinetic analysis of succi qui reductase activity. Succi-
nate:ubiquinone reductase activity of the purified Complex Il was deter-
mined with Q, (O) and Q, (®) at a protein concentration of 1.25 ug/mi in the
presence of 10 mm sodium succinate. Data were fitted with the Michaelis-
Menten equation using Kaleid: ph, and apparent K, and V,, . values were
303 = 4.3 pmand 14.0 = 1.2 units/mg protein, respectively, for Q, and 12.4 =
0.7 umand 11.9 = 0.3 units/mg protein, respectively, for Q,.
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FIGURE 8. Suk
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Noncatalytic subunits and domains are shown in yellow and heme in red.
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rgani plex Il. 4, common four-subunit Complex Il (e.g. mammals, E. colf):
B, eight-subunit Complex Il in plants (e.g. A. thaliana); and €, 12-subunit Complex Il In the Trypanosomatida.
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apparent K, values between Q, (33.9 = 3.6 um) and Q, (18.8 =
6.4 pm) (Fig. 7), indicating that the 6-polyprenyl group of
ubiquinone contributes to the binding affinity. The apparent
Vinax Value of the T. cruzi Complex Il was rather constant,
11.9 £ 2.2 for Q, and 11.5 = 0.4 Q, units/mg proteins, respec-
tively, and one-fourth of those reported for bovine and E coli
enzymes (45, 46). This is not surprising because T. cruzi com-
plex II has about 2-3 times more proteins than the other
enzymes. K, values for ubiquinone and succinate (18.8 + 6.4
pM(Q,) and 1.48 = 0.17 mm, respectively) were higher than 0.3
and 130 M, respectively, of bovine enzyme (45), and 2 and 277
kv, respectively, of the E. coli enzyme (46, 47). Notably, the K,
value for succinate was comparable with 610 um in adult A,
suum (10), which expresses the stage-specific Complex II as
quinol:fumarate reductase under hypoxic habitats in host
organisms.

Then we examined effects of inhibitors for binding sites of
quinones and dicarboxylates on SQR activity. Atpenin A5, a
potent inhibitor for Complex II, inhibited the 7. cruzi enzyme
with the ICy, value of 6.4 * 2.4 uu, which is 3 orders of mag-
nitude higher than that of bovine Complex 11 (4 nm) (48). Fur-
thermore, carboxin, 2-theonyltrifluoroacetone, plumbagin,
and 2-heptyl-4-hydroxyquinoline N-oxide were ineffective
(100 pm <ICgy). Structural divergence in trypanosomatid
SDH3 and SDH4 could be the cause for lower binding affinities
for both quinones and inhibitors. In addition, we found for the
dicarboxylate-binding site that the IC,, value for malonate (40
#m) was much higher than the K, value for bovine Complex 11
(1.3 pum) (45).

Structure of Trypanosomatid Complex II—To the best of our
knowledge, this is the first report on the isolation of protist
Complex IL T cruzi Complex II has unusual subunit organiza-
tion with six each of hydrophilic and hydrophobic subunits.
Such a supramolecular structure and heterodimeric SDH2
(SDH2,; and SDH2.) are conserved in the Trypanosomatida.
Furthermore, SDH1, SDH2,, SDH2., SDH3, SDH4, and
SDH8-SDHI0 can be identified in the ongoing genome
projects on the evolutionary relatives, the photosynthetic free-
living Euglena gracilis, and the nonphotosynthetic euglenoid
Astasia longa in the Euglenida. Thus a part of these features are
common in the Euglenozoa, a divergent lineage of eukaryotes
(Fig. 8).

Accumulation of noncatalytic subunits through expand-
ing the protein interaction network could be a driving force
for protein evolution. Structural
and catalytic features are unique,
and thus this enzyme could be a
potential target for novel chemo-
therapeutic agents for trypanoso-
miasis and leishmaniasis.

Conclusion—The parasitic protist
T. brucei is a gold mine where
unprecedented biological phenom-
ena like RNA editing and trans-
splicing in mitochondria were orig-
inally discovered. It was found
recently in Diplonema papillatum,
a free-living evolutionary cousin,

SDH3/4/8~11
(©)
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that mature mRNA for cytochrome ¢ oxidase Cox] was assem-
bled from nine gene fragments by a jigsaw puzzle mechanism
(49). From a characterization of Complex 11 from T. cruzi, we
revealed a novel supramolecular organization, which is con-
served in the Trypanosomatida.

Parasites have exploited unique energy metabolic pathways as
adaptations to their natural habitats within their hosts (50, 51). In
fact, the respiratory systems of parasites typically show greater
diversity in electron transfer pathways than those of host animals.
Asshown in this study, such is also the case with Complex I1, which
is a well known marker enzyme of mitochondria. Studies on the
role of supramolecular Complex 11 in adaptation of trypanosoma-
tids is now underway in our laboratory.
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Article history: We constructed a mathematical model for the transmmlon of Schtsmarnn mekongi in Cambodia. The

simulation of the model will be i linp schi control The model
Includes two definitive hosts, humans and dogs, u arumal reservoirs, Dogs are recognized to play an
Important role in schistosomiasis transmission in Cambodia. For the purpose of dealing with age-specific
prevalence and intensity of infection, the human population was classified into eight age categories in the
model. To describe the seasonal fluctuation of the intermediate host population of 5. mekongi, the “Post-
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Keywords:
Schistasoma mekongl Spate Survival® hypothesis was adopted for the population dynamics of Neotricula aperta present in the
Cambodia Mekong River, We carried out simulations to evaluate the effect of universal treatment (UT) and targeted
Mathematical model mass treatment (TT) with praziquantel on the reduction in prevalence of 5. mekongi. The simulations
Neotricula aperta Indicated thar biyearly UT for 8 years or yearly TT for 5 years after three courses of yearly UT could reduce the
Mekong River prevalence to below 5% when a UT or TT coverage of B5% of inhabitants was achieved, The simulation
suggested that the suppression of 5. mekongi in Cambodia would be possible by UT or TT with a high coverage
rate.
© 2008 Elsevier Ireland Ltd. All rights reserved.
1. Introduction in 1997, and mainly took charge of examination of animal reservoirs,

Schistosomiasis mekongi is prevalent in the Mekong River basin
from the Khong district in southern Laos to Kratie province in
northern Cambodia. The total population at risk for schistosomiasis
mekongi is estimated as 60,000 in Laos and 80,000 in Cambodia [1).

Schistosorna mekongi can be parasitic in various mammalian hosts
such as humans, dogs, and pigs [2]. Neotricula aperta, an aquatic snail,
is known to be the intermediate host of S, mekongi [3]. It was observed
that the water level of the Mekong River fluctuates seasonally; the
period of low water lasts from February to May, while that of high
water lasts from June to January, The transmission of . mekongi from
snails to humans occurs during the low water period because water
contact of humans is practicable [1].

In Cambodia, a control program of annual mass drug administra-
tion was initiated by the Ministry of Health, Cambodia and Médicins
Sans Frontigres in 1995 (present program conductor: National Center
for Parasitology, Entomology and Malaria Control) [4] Sasakawa
Memorial Health Foundation (SMHF) joined the cooperative program

* Corresponding author, Tel.: +81 86 251 BR26; fax: +81 86 251 8837,
E-mail address: & uacjp (H. Ishikawa).

1383-5769/$ - see front matter © 2008 Elsevier lreland Ltd. All rights reserved,
doi:10,1016/),parint.2008.03.003

serodiagnostic surveys, and evaluation of morbidity using ultrasound.
The control programs in Cambodia are considered to be successful
because of the low level of detection of egg positive cases in recent
years, although there remains a high positive rate by ELISA in several
villages where 5. mekongi is endemic [5]. In Laos, the average
prevalence of schistosorniasis mekongi among the villages decreased
to less than 1% after six courses of mass treatment with praziquantel
during a 10-year control program, which resulted in a cessation of the
control program in 1999 [6]. Thereafter, the resurgence of schistaso-
miasis in the Khong district of Laos was confirmed by epidemiological
surveys by WHO in 2003 [7], and it was revealed that the prevalence
was restored to 20-50% in the same area [8]. The situation of re-
emergence of S, mekongi in Laos indicates the necessity for the
continuation of both surveillance and control programs, which are
required in order to adopt more cost-effective measures, in Cambodia
despite the low rate infection of 5. mekongi [4).

A mathematical model is useful to predict of the effect of various
control measures on suppression of infectious diseases. Macdonald [9]
first proposed a mathematical model for the transmission of
schistosomiasis, and thereafter a number of mathematical models
for schistosomiasis transmussion have been published [10-14]. Chan
and Bundy [15] constructed an age-structured model for Schistosoma
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mansoni transmission to predict the prevalence and morbidity for the
long-term consequences of drug treatment. Ishikawa et al. [16]
developed a model of Schistosorma japonicum transmission that took
account of a seasonal variation of snail density to predict the effect of
control measures against S. japonicum in the Philippines. We
previously proposed a mathematical model for the transmission of
S. mekongi in Cambodia that was described by a system of partial
differential equations of time and age, which was aimed at estimating
the coverage rate and range of ages in targeted mass treatment to
interrupt schistosomiasis transmission [17].

In this study, we constructed a mathematical model for 5. mekongi
transmission to evaluate the effect of control measures in Chatnaol
village in Cambodia. We incorporated the fluctuation of water level in
the Mekong River, dynamics of the intermediate snail host population,
and the contribution of an animal reservoir, dogs, to the prevalence of
5. mekongi into the model. We applied the dynamics of the
intermediate snail host based on the Post Spate Survival hypothesis
[18]. In the model, snails that survive during the high water period of
the Mekong River start to lay eggs from January, and afterwards an
abundance of new-born snails appear in the low water period in
April-May, when the transmission of 5. mekongi occurs mainly. In
Cambaodia, dogs are known to play an important role as an animal
reservoir in 5. mekongi transmission [19]. Therefore, there were two
kinds of definitive hosts in the model, humans and dogs. The
parameter values in the model were estimated by field data or
experimental data. The human population in the model was divided
into B age categories because the pre e and the i ity of
infection are strongly dependent on age.

We focused on simulations of the transition in the prevalence of 5.
mekongi in a village together with the execution of control measures
for humans. An application of molluscicide against 5. mekongi
appeared to be ineffective in the Mekong River basin [6]. The
simulation results showed that a biyearly universal treatment or a
yearly targeted mass treatment for children 5-19 years old with a 85%
coverage rate, which was more effective than a yearly universal
treatment with a 70% coverage rate, could sustain a low prevalence in
humans after three courses of yearly universal treatment. Health
intervention for 8 years, which is presumed to reduce both a
probability of water contact and an amount of fecal output of humans
to 50%, would make the prevalence of 5. mekongi in both humans and
dogs reduce to half. The simulations predicted that the suppression of
schistosomiasis would be possible in Cambodia by maintaining
control strategies for humans such as biyearly universal treatment
or yearly targeted mass treatment with a 85% coverage rate.

2. Materials and methods
2.1. Study area

Kratie province is located on northern Cambodia where the Mekong
River runs from north to south. The population at risk of schistoso-
miasis mekongi was estimated to be about 50,000 in the province [20].

In Cambodia, universal treatment with praziquantel has been
conducted annually since 1995 (except for 1998 because of a luck of
funds and 2003 when targeted mass treatment for ages of 6-22 years-
olds was applied) [4,20]. Annual parasitological surveys were
conducted in Achen, Chatnaol, Srekoeun, and Sambok, which served
as sentinel villages, reported that the prevalence of 5. mekongi in these
villages decreased from 50-70% in 1994 to less than 5% in 2002 [4].

In this study, we chose Chatnaol as the study area where the
population was about 500 in 1999. The average prevalence and
intensity of infection were estimated as approximately 52% and 115
eggs per gram of stool. respectively, in 1994-1995 before the
launching of control programs in Cambodia [21]. The age-dependent
prevalence and intensity of infection showed a peak in the age group
of 10-14 years-old [21].

22 Water level of the Mekong River

The rainy season begins in March in Cambodia, and heavy rainfall
lasts from June to October (Fig. 1). The rainfall dramatically drops in
Novemnber, and thereafter the dry season lasts from December to
February.

The heavy rainfall in June results in rising water levels in the
Mekong River, so the high water period begins in June. The water level
reaches a peak during September-October. After the arrival of the dry
season, the water level drops gradually, and the low water period
begins in February (Fig. 1).

It is recognized that the available transmission period for S
mekongi begins in February when water contact of humans is
practicable [1]. We determined that the low water period lasts from
February to mid-May on the basis of water level data in Kratie
province from 1989-2002 measured by the Mekong River Commis-
sion (Fig. 1), when water contact and water contamination of the
definitive hosts can oocur.

2.3. Life cycle of S. mekongi

2.3.1. Definitive hosts

Schistosomes can infect various mammalian hosts including
humans. Due to the involvement of animal reservoirs with schisto-
somiasis transmission, human chemotherapy alone is insufficient to
reduce the prevalence of infection [22]. Dogs and pigs have been
known to act as animal reservoirs for 5. mekongi [23,24). In Laos, the
prevalence in dogs was estimated at 11% [23] and 29.2% [25). SMHF
has conducted several surveys to detect animal reservoirs in
Cambodia by stool examinations, which revealed that dogs were the
definitive host of 5. mekongi [5,19]. Despite the low prevalence in dogs,
one infected dog showed high egg density in its feces [19]. We
consider dogs to be definitive hosts besides humans in the model.

Cercarial penetration of an individual through the skin can occur
when in contact with the water of the Mekong River. A pair of adult
worms commences egg production 4-6 weeks after invasion [26], The
life span of a worm is estimated at 3-5 years [10]. In this study, we
supposed that the duration of infection in definitive hosts is 5 years.

2.3.2, Intermediate hosts

Neotricula aperta, which is compased of three strains (o, 3, and y) is
recognized as the intermediate host of S. mekongi [2,27). N. aperta,
which is penetrated by a miracidia releases cercariae after a latent
period of 45-53 days [28]. Thus, we adopted 6 weeks as the latent
period in the model. Experimental studies with N. aperra showed that
the mortality per week was approximately 1.8% [29] to 2,1% [30). It

¥ >
i ]
i 5

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig 1. Monthly average rainfall levels (bars) for 5 years during 1997-2001 in Phnom
Penh [World Weather Information Service| and monthly average water levels of the
Mekong River (line) for 14 years during 1989-2002 in Kratie province, Cambodia
|Mekong River Commission|
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Fig. 2 Population dynamics of N aperta on the basis of the Post-Spate Survival hypothesis.

was confirmed that for the other schistosome species there is a
significant difference in mortality among negative and infected snails.
[31]). However, such a difference was not observed for 5. mekongi [32].
In this study, we assume that the mortality of infected snails is
equivalent to that of negative snails, and that the value of the mortality
rate (d) was estimated at about 2% per week. Due to the fact that
infection rate of N. aperta in the field is very low, 0.22% [29] to 0.14%
[30], we held the infection rate below 1% at all times in the model.
The biology of N. aperta is still largely unknown because of the
impracticality of field observations during the high water period of the
Mekong River, although the population dynamics of the snails will
affect schistosomiasis transmission. To represent the population
dynamics of N. aperta. we adopted a “Post-Spate Survival (PSS)"
hypothesis that N. aperta survive and copulate during high water
period of the Mekong River, but that laying eggs would be delayed
until next January, and that thereafter the eggs would hatch from
February [18]. Fig. 2 shows briefly the life cycle of N. aperta based on
this PSS hypothesis. The snail population is divided into two age-
groups, old and new-born snails. New-born snails survive during the
high water period, june to October, by sticking to rocks [33]. It is
accepted that the severe water conditions cause considerable
martality in snails during this period [34]. The proportion of females
to males (&) is estimated to be about 0.67. New-born snails that pass
the year-end join the old snails group. The number of eggs produced
per female per month (b,) is approximately 10 [35]. Old snails may die
out in late March, because of exhaustion following a period of
prolonged egg-laying. Eggs begin to hatch in February after a 4-5
week incubation period [36). There are no data available about the

Table 1
The population size, initial prevalence, and intensity of infection (the number of eggs
per gram of stool) in each age category of humans
_Ql.g. g Popu ation® 1 ial previ

i 2 E

*Estimated based on epidemiological data of Chatnaol in 1934-1995 [21].

time necessary to grow to participate in 5. mekongi transmission.
Because an abundance of snails is observed in April-May in the field,
we assume a maturity time () of 1 month.

2.4. Mathematical model

We built a transmission model for 5. mekongi based on Van
Druten’s and Barbour's works [37,38). Our model contains three host
populations: humans (H) and dogs (D) as the definitive hosts, and
snails (V) as the intermediate hosts. The two definitive hosts are
separated into two epidemiological classes: negative (Hy D) and
infected (Hz, Dy ). The snail population consists of two subpopulations:
old snails (Vo) and new-born snails (V). Each subpopulation was
divided into three epidemiological classes: negative, latent, and
infected (which are represented by Vi, V3, V; for old snails and by
V4 Vs, Vg for new-born snails, respectively). Because both the
prevalence and the intensity of infection vary by age, the human
population was subdivided into 8 age categories (which are indexed
by k). The human population was assumed to be 500 with 50% initial
overall prevalence of 5. mekongi. Each age category is assigned to the
initial prevalence and the intensity of infection as shown in Table 1.
Although several surveys of animal reservoirs revealed the prevalence
in dogs was from 0.3% [19] to 29.2% [25], the dog population was
assumed to be 200 with 10% initial prevalence in the model.

In this study, it was assumed that each transfer rate of the
definitive hosts (humans and dogs) from negative to infected (ay, ap)
was in proportion to the total number of infected snails. The
proportional coefficients for humans and dogs are expressed by Py
and Py, respectively, The estimated values of proportional coefficient
for age-categories of humans and also dogs are shown in Table 2.

Table 2
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Hence, we obtained the following formulae for the transfer rate of the
definitive hosts:

ey = Ben (Vs t) + Va(e),

ap(t) = Bpce(L) V(L) + Vi(L)).

Herein, ¢,(t) stands for the probability of water contact of definitive
hosts at time t,

The transfer rate of snails from negative to latent (ay) was assumed
to be in proportion to the number of eggs per snail where the
proportional coefficient for snails is represented by fy. The total
number of eggs that are excreted by infected humans and dogs is

Infectious Intectious
Ha 0,
Tw To g
Negative Infecti Negative
H, vy V, D,

Fig- 3. The basic scheme of the transmission model for . mekongl. Deaths of hosts are
omitted in this scheme. The solid line shows the transfer among epidemiological classes
of hosts. The dotted line shows miracidial and cercarial infections.

etal/f logy h

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Fig. 4. The monthly variation of the total snail population,

expressed by the product of the amount of fecal output (fy, fp). the
number of schistosome eggs per gram of stool (ey, ep), and the
number of infected definitive hosts (H, D). The transfer rate of snails
is expressed as:

TuePHP(®) +fnennzm)
Valt) + ValD) :

Herein, the probability of water contamination of definitive host
stands for c, () at time r,

After the latent period (7¢), snails are transferred from the latent
class to the infected class. The other relevant parameter values in the
mode] are estimated by experimental and field data (Table 3). The
flowchart of the model is shown in Fig. 3.

ay(t) = fyca(t)

3. Results
3.1 Seasonal variation of N. aperta in the transmission model

It is infeasible to observe N. aperta throughout the year due to the
seasonal spate of the Mekong River. We postulate that there are
20,000 old snails in January every year and that the population
dynamics of N. aperta follow the PSS hypothesis. Then, we estimated
the seasonal variation of the snail population (Fig. 4). The snail
population had a peak between April-May, and afterwards it reduced
dramatically during the high water period due to severe mortality.
Female snails that survive start to lay eggs next January. The
transmission of S. mekongi occurs actively during the low water
period, especially late March to early May.

3.2, Prevalence in definitive hosts
The initial prevalence in humans and dogs were set to be 50% and

10%, respectively. Fig. 5 shows the variation in the prevalence of
schistosomiasis mekongi in both humans and dogs without control

60 16

in humans (%)
0
Prevalence in dogs (%)

45 ]
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan

Fig. 5. Variation of prevalence in both humans (black line) and dogs (gray line) without
control measures.

- 449 -



N Hisakane et al. | Pa logy

| 57 (2008) 379-385 383

Fig. 6. Vananon of the prevalence of 5. mekongl in humans with yearly universal
treatment (UT) for three coverage rates: 30% (solid line), 50% (dashed line). and 70%
(dotted line)

measures. The prevalence gradually declines in January. For the low
water period, prevalence rises swiftly in February-March, and rises
steeply in April-May together with an increase in the snail population.
Thereafter, the rate decreases in the high water period due to the
absence of water contact.

3.3. Simulation of control measures for S, mekongi

Mass drug treatment combined with health education has been
applied in Cambodia. We carried out simulations on the situation
resulting from the execution of several control measures for humans:
universal treatment (UT), targeted mass treatment (TT), a combination
of UT and TT, and health intervention.

Firstly, we conducted a series of simulations of yearly UT with
three coverage rates: 30%, 50%, and 70% (Fig. 6). Yearly UT with 50%
and 70% coverage rates decreased the prevalence in humans from 50%
to less than 5% after 8 years, while yearly UT with a 30% coverage rate
only decreased the prevalence to almost 20%,

Secondly, we compared the effects of the suppression of 5. mekongi
between yearly UT and biyearly UT (Fig. 7). Yearly and biyearly UT for
8§ years with a 70% coverage rate reduced the prevalence in humans to
1% and 10%, respectively. Biyearly UT for 8 years with a 85X coverage
rate reduced the prevalence to 5%, which was similar to yearly UT with
a 50% coverage rate (Fig. 6).

Thirdly, we observed the effect of TT after three courses of yearly
UT on the prevalence in both humans and dogs (Fig. 8). We assumed
that children of 5-19 years-old, who show higher prevalence and
intensity of infection, were treated by TT. Three courses of yearly UT

Prevalence (%)

Fig. 7. Variation of the prevalence of 5 mekongi in humans with universal treatment
(UT) by changing the interval b with two ¢ ge rates: yearly UT
with a 70% coverage rate [solid line ), biyearty UT with a 70% coverage rate (dashed line),
and biyearly UT with a 85X coverage rate (dotted line)

(A)

Years

e in both

Fig. 8 of the p {A) and dogs (B) with 2 control

1: yearly uni I (UT) with a 70% coverage rate for the initial
3 years (solid line), 2: after 3 years of annual UT yearly targeted mass treatment (TT)
with a4 85% coverage rate (dashed line).

(A)

8 8 & 8

Prevalence (%)

Fig. 9.\ of the pr e in both {A) and dogs (B) with 2 control
measures. 1: only health intervention for 8 years (solid line). 2: health intervention for
8 years with yearly universal treatment (UT) with a 70% coverage rate for the initial
3 years (dashed line).
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with a 70% coverage rate reduced the prevalence in humans to 10%
and in dogs to 6%. Yearly TT with a 85% coverage rate after three
courses of yearly UT kept the prevalence in humans low and also
reduces the prevalence in dogs throughout the 8-year simulation. For
the situation of an interruption of mass treatment after three courses
of yearly UT, the prevalence in humans increased swiltly and the
prevalence in dogs was restored gradually after the interruption.

Finally, we checked the effect of health intervention on the
prevalence in both humans and dogs (Fig. 9). We assumed that health
intervention reduced to half both the probability of water contact and
arount of fecal output by humans. Health intervention for 8 years
without UT or TT slightly reduced the prevalence in both humans and
dogs, while health intervention for 8 years with yearly UT for initial
3 years drastically reduced the prevalence in humans.

4. Discussion

General mathematical models are helpful to understand the
dynamics of schistosomiasis transmission [10-12], although, these
models should be expanded to fit the local condition of endemic areas
with aview to aiding to design schistosomiasis control programs. In this
paper, a mathematical model incorporating with some key transmis-
sion factors was developed to evaluate the effect of control measures
against schistosomiasis mekongi in Cambodia, quantitatively.

In most endemic countries, the highest prevalence and intensity of
Schistosorna infection are found in young children [39). A similar trend
was confirmed at Chatnaol, which was chosen as our study area and
was one of the sentinel villages selected in Cambodia in 1994-1995
[21]. This trend probably resulted from [requent water contact by
children and the acquired immunity of adults caused by past repeated
infections, which reduces susceptibility [40). We assigned propor-
tional coefficients to each age category in humans instead of the effect
of acquired immunity (Table 2).

One of features of our model is the allowance for the dynamics of the
N. aperta population. We adopted the PSS hypothesis [18] for N. aperta
dynamics to predict the seasonal variation of the snail populaton.
Although the life cycle of N. aperta is still largely unknown [5], the
seasonal variation of the snail population is of great influence in
transmitting S. mekongi to the definitive hosts. The simulation showed
that the snail population reached a peak in April-May due to a delay of
egg-laying during the high water period (Fig. 4). Since there is some
difficulty in estimating the acute mortality in snails during the high water
period, we chose its value to maintain a constant snail population size
every year. In the field, the living sites of N. aperta and their population
vary from year to year because of changes in water flow, water level, and
the form of the riverbed, etc [5]. It is desirable to conduct further surveys
of N. aperta to make the transmission model more realistic.

We carried out simulations of conditions where the initial overall
prevalence in humans was 50% based on the epidemiological data of
Chatnaol in 1994 [21]. The transmission of 5. mekongi to humans is
considered to occur mainly in April when humans comes into contact
with the water in the Mekong River frequently and an abundance of
snails is observable [18). The model simulation showed the high
prevalence of schistosomiasis mekongi in humans in May when the N.
aperta population reaches a peak (Fig. 5). We assumed simply that the
transmission from snails to the definitive hosts, humans and dogs, can
occur during the low water period, (c,=1) and that it cannot occur
during the high water period (c,=0). Future observations of the
frequency of water contact and exposure time of humans in the low
water period will be reflected in improvement in the simulations of
the transmission model.

Following on from stool examinations for animal reservoirs in
Cambodia, we involved dogs as a definitive host in the model. Dogs
were observed swimming in the Mekong River, and one infected dog
was revealed to have a high density of schistosome eggs per gram of
stool [19]. Therefore, dogs are considered to play an important role in

schistosomiasis transmission in Cambodia. The simulation under the
assumption that the number of dogs was 200 with 10% initial
prevalence shows that only UT for humans had a good effect on the
reduction in prevalence in dogs (Fig. 8 (B)).

Some of model simulations indicated that snail control such as
applying chemical molluscicide had an impact on the reduction of
disease infection [1641]. In the Mekong River, an application of
chemical molluscicide was ineffective due to long reaches of the river
and a large of volume of water flow [6]. Therefore, this study aimed at
evaluating effects of control measures for humans only.

We estimated the effect of control measures for humans including
UT, TT, and health intervention on the prevalence of schistosomiasis
mekongi in the definitive hosts. In Cambodia, mass drug administra-
tion with coverage rates between 62% and 86% has been conducted
annually since 1995, which reduced the prevalence in 4 sentinel
villages to below 5% on average in 2002 [4]. The simulation results
showed that yearly UT for 8 years with a 70% coverage rate reduced
the prevalence in humans from 50% to 2% (Fig. 6), which suggested an
effective coverage rate for MDA in Cambodia to suppress endemic of
the disease. It was suggested to prolong the interval between UT with
a view to cost saving [4). The simulation indicated that biyearly UT
with a 85% coverage rate also sufficiently reduced the prevalence in
humans (Fig. 7). TT aimed ar schoolchildren is another cost-effective
alternative method [39]. Yearly TT with a 85% coverage rate aimed at
5-19 years-old following three courses of yearly UT with a 70%
coverage rate achieved low prevalence below 5% in humans and below
2% in dogs (Fig. 8). Health intervention such as health education and
provision of latrines has an important role in the control of helminth
infection [42]. In this study, we assumed that the probability of water
contact (c,) and an amount of fecal output of humans (ey) were
reduced to half as the result of health intervention. The performance
of health intervention for 8 years without mass drug administration
reduced the prevalence in both humans and dogs to half the initiate
level in the simulation (Fig. 9). The combination of yearly UT with
health intervention had a strong effect on reduction of the prevalence
in both definitive hosts in the simulation (Fig. 9).

With regard to the re-emergence of schistosomiasis in Laos, it is
necessary to continue performing control programs and surveillance
using ELISA in Cambodia [2]. In addition, there is a need to convert
control measures with good cost-effectiveness because few positive
cases were detected in recent years [4]. The simulation results show
that biyearly UT or yearly TT is efficacious in restricting S. mekongi
infections if the coverage rate is kept at more than 85%. The reduction
in the probability of water contact or the amount of fecal output by
infected humans also impacts on the suppression of transmission of 5.
mekongi. The simulation results suggested that the suppression of S.
mekongi in Cambodia would be possible by sustaining the control
program and surveillance.
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MOLECULAR DISCRIMINATION BETWEEN PARAGONIMUS
HETEROTREMUS AND TWO FORMS OF P WESTERMANI OCCURRING
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Abstract. In areas of central Thailand where paragonimiasis is endemic, metacercaniae of Paragonimus
westermani (large metacercarial form) and P heterotremus have been detectad in a single crab species.
Of these two species, only the latter has been confirmed to infect humans. in southern Thailand, we have
previously identified another form of P westermani (small metacercarial form) in another crab species,
which also acts as host for £ westermani (large metacercarial form). In this study, we established a new
multiplex PCR method and evaluated its applicability for discriminating between P heterotrernus and two
forms of P westermani at the metacercarial stage. We found that multiplex PCR in combination with
restriction enzyme digestion (PCR-RFLP with BsaHI) was effective for the discrimination

INTRODUCTION

During an intensive field survey for lung
flukes in southern Thailand, we found two forms
of Paragonimus westermani metacercariae in
a single crab species, Phricotelphusa aedes
(Binchai er al, 2007; Sugiyama et al, 2007).
Metacercariae of these two forms had the
same shape, but were of different sizes: the
diameter of metacercarial cysts of the large
form is about twice that of the small one. As
the nuclear ribosomal DNA (tDNA) second
internal transcribed spacer (ITS2) sequences
obtained from the large metacercarial form
were identical to those of P. westermani, whose
sequence was deposited in the GenBank/
EMBL/DDBI nucleotide databases under the
accession number of AF159604 (referred to as
P. westermani strain Thailand), we referred to
the small metacercarial form as P. westermani-
like for descriptive purposes.

In Thailand, human infections with P.
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Shinjuku-ku, Tokyo 162-8640, Japan.
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westermani have not been confirmed, although
P. heterotremus is known to affect humans
(Srisont er al, 1997; Blair er al, 1998). The
metacercariae of these two species have
been detected in the same crab host in
paragonimiasis-endemic areas (Miyazaki,
1991). Therefore, we had developed methods
that could be used as reliable tools for
discriminating these two lung fluke species. We
demonstrated that multiplex PCR method was
the most efficient because species identification
involved a single round of PCR in a single
tube (Sugiyama er al, 2005). In this study, we
modified the previously established multiplex
PCR method and evaluated its applicability for
discriminating between P. heterotremus and
two forms of P. westermani at the metacercarial
stage.

MATERIALS AND METHODS

Parasite material and DNA isolation
Metacercariae of P. heterotremus were
harvested from the freshwater crab, Larnaudia
larnaudii, captured in a mountain stream in
Saraburi Province, Thailand (Kawashima er
al, 1989). Metacercariae of P. westermani
and P. westermani-like were isolated from
the freshwater crab, Phricotelphusa aedes,
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captured in a mountain stream in Surat Thani
Province, Thailand (Sugiyama er al, 2007).
This study also includes P. siamensis, the
species known to be closely related to P.
westermani (Blair er al, 1998). Metacercariae
of P. siamensis were harvested from the
freshwater crab, Sayamia germaini, captured in
paddy fields in Prachin Buri Province, Thailand
(Srisont et al, 1997). DNA samples were
prepared from the metacercariae as previously
described (Sugiyama er al, 2002).

DNA amplification and sequencing

For multiplex PCR amplification, we
constructed new species-specific forward
primers based on the respective rDNA ITS2
sequences in order to generate the products
that would remain uncut by further restriction
enzyme digestion. The sequences (and
alignment positions) (Fig 1) of the primers used
for the multiplex PCR are as follows:

1) Interspecies-conserved forward
primer (3S): 5' GGTACCGGTGGATCACT
CGGCTCGTG 3%

2) Interspecies-conserved reverse primer
(A28): 5'GGGATCCTGGTTAGTTTCTTTTC
CTCCGC 3'(Bowles er al, 1995);

3) P. heterotremus-specific forward
primer (PhTF2): 5' CAAATCCGGGCGTAT
CCATGTTGTG 3' (positions 238 to 262);

4) P. westermani-specific forward
primer (PwTF4): 5' TCTGCGTTCGAT
GCTGACCTACG 3’ (positions 368 to 390, a
sequence common between the two forms of
P. westermani).

These four primers were included in a single-
tube reaction. Multiplex PCR amplification was
performed using 0.1 xM of PhTF2 and PwTF4
primers, 0.5 uM of 3S and A28 primers, 2.5
units of the Tag polymerase (Invitrogen, USA)
and 10 ng of DNA template. The resulting PCR
products were separated by electrophoresis in
3% (wlv) agarose gels.

The amplicons were extracted from agarose
gels and sequenced using the corresponding
primers and BigDye Terminator Cycle

Vol 39 (suppl 1) 2008

Sequencing Kit (Applied Biosystems, USA)
in an automated sequencer (ABI310, Applied
Biosystems). The sequence alignment and
comparison were conducted using GENETY X-
WIN (ver. 7.0, Software Development, Japan)
program.

Restriction enzyme digestion of the multiplex
PCR products (PCR-linked restriction
fragment length polymorphism (PCR-
RFLP))

Amplicons (4 to 10 ul) were also digested
with five units of BsaHI (New England Biolabs,
USA) at 37 °C for | hour. The samples were
then separated by electrophoresis in 3% (w/v)
agarose gels.

RESULTS

Using multiplex PCR method with the
new species-specific primers, two products
were amplified from each of the metacercarial
DNA samples of P. heterotremus (ca. 520 bp
and 250 bp), P. westermani (ca. 520 bp and
125 bp), and P. westermani-like (ca. 520 bp
and 125 bp) (Fig 2, lanes 1 to 3). However, a
single 520-bp product was generated from the
DNA samples of P. siamensis (Fig 2, lane 4),
Sequence analysis of the amplification products
(520 bp and others) revealed that the products
corresponded to the rDNA ITS2 region of the
respective species (Fig 1).

For species discrimination by RFLP using
the multiplex PCR products, we selected
restriction enzyme BsaHI based on the putative
restriction maps generated from ITS2 region
sequences (Fig 1). Digestion of multiplex PCR
products of P. westermani-like produced three
fragments (ca. 270, 170 and 90 bp) from the
520-bp amplicon (Fig 2, lane 7). However,
the 520-bp amplicons of the other 3 species (£
heterotremus, P. westermani and P. siamensis)
produced two fragments (ca. 350 and 170 bp;
Fig 2, lanes 5, 6 and 8). Multiplex PCR products
of less than 520 bp in size (250-bp product for
P. heterotremus and 125-bp products for P
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Ph 001: TGTCGATGAAGAGCGCAGCCAACTGTGTGAATTAATGTGAACTGCATACTGCTTTGAACA 060
Pw 0013 seeisiaiespiy T T N ety cesseunen Cisnvee Y L U S 060
P QLS i e e met e m e ne e oo we e b i e S B e 060
Ph 061: TCGACATCTTGAACGCATATTGCGGCCACGGGTTAGCCTGTGGCCACGCCTGTCCGAGGG 120
IWBELE Sa R, . e e smmis i S o e e e e T T R e
PL OB11 wsvonnsmenmsomvnsrsssnsrsssy PnsvsYres TR e e wevas s sases s 120
BsaHI
Ph 121: TCGGCTTATAAACTATCGCGicGCCCaAAAAGTCGCGGCTTGGGTTTTECCAGCTGGCGT 180
b 4™ i) I ) 1 - ERTTY ST e e S T T P R P = T G A P ey 180
PL ALY v Giaviimirowivs At S R e SR R T e b e AR e e le e . 180
BsaHI
Ph 181: GATTTCCCCAACGTGGCCTTGTGTCTGTGEGGTCCCAGATCTGTGGCGTTTCCCTAACAR 240
P EAY e Lo PC i vTiineons Biasvnissssnisseves BeveurnnnenannnssT 240
2 7gh £ 0 TR o SOSPIEEL i ey, (eSS e A R e . (LN T 240
PhTF2-->
Ph 241: ATCCGGGCGThICCRTGTTGTGGCTG&&&GCCTTGhTGGGGATGTGGCAAEGGAGTCGTG 300
BW AL LB 0GB G e s s e Loy B oo Ao 300
PL 2418 CTevonins L R N e, B i S SR e Rviivers 300
Fh 301: GCTCAGTGAATGATTTATGTGCACGTTCCGCTGTCCCGTCATCATCTATGGTTGAAGTTG 360
Py 3013 cuaians T R P Biea T vamnnPenPonasss Beviaaia C.T.. 360
PE 301K swi-venie BB e e Garviaravia sistainte lare  FRRSY, ST, Giaias TP iss 360
Ph 361: CGCGTGGTGTG--TCCGATGCTGACCTATATATGTGCCATGTGGCTCATTTTCCTGACCT 420
Py AbLs: cncinins LN, e P T PR P OO s aviaaes IR < aerti s, (e 420
PL 38Y: cociaaan CusCBiTrvves Lo e T T e s Poites Posmedl oo, 420
PWTF4-—>

Ph 421: CGGATCAGACGTGAGTACCCGCTGAACTTAAGCATATCACTAA 463

P 21 F i v s aa s svesees e U SR S 463

BL B21E eiddd s e e oo simmin T —— .. 463

Fig 1-

Sequences alignment of the ITS2 region from P heterotremus (Ph), B westermani (Pw) and P westermani-like (PL)

metacercariae. The 5" and 3 ends of the sequences include 5.85 rDNA and 285 rDNA, respectively. A dot in the P
westermani and P westermani-like sequences indicates identity with P heterotremus sequence. The locations of
the P heterotremus-specific forward primer (PhTF2, 5' CAAATCCGGGCGTATCCATGTIGTG 3') and P westermani-
specific forward primer (PwTF4; 5' TCTGCGTTCGATGCTGACCTACG 3') are underlined. The recognition sites of
BsaHi (EGRICGYC]' are located in boxes. The numbers refer to the alignment positions.

westermani and P. westermani-like) remained
undigested by BsaHL

DISCUSSION

We previously reported that the multiplex
PCR method we developed (Sugiyama et al,
2005) was effective for discriminating among
the five Paragonimus species occurring in
Thailand when used in combination with
ScrFl digestion (Sugiyama er al, 2006).
However, this method was not applicable
for discriminating among P. heterotremus
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and two forms of P. westermani because the
latter two forms showed identical PCR-RFLP
patterns. Therefore, in this study, we treated
the amplicons with BsaHI chosen based on
the sequence differences between these two
forms of P. westermani. In addition, new
species-specific primers were constructed to
generate products that would remain uncut
by BsaH| digestion. The improved method
was shown to be effective in discriminating
among P. heterotremus and two forms of P.
westermani.

Two forms of P. westermani were found

Vol 39 (suppl 1) 2008
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1 2 3 45 6 7 8MM2

.- 600 bp

- 100 bp

- 25bp

Fig 2- Multiplex PCR and multiplex PCR plus PRLP
analysis of IT52 amplification products from the
metacercarial DNA samples of P heterotremus
(lanes 1 and 5), P westermani (lanes 2 and 6), P
westermani-like (lanes 3 and 7) and P siamensis
(lanes 4 and B). After digestion of the multiplex
PCR products with 8saHl, three bands were
observed for P heterotremus (ca. 350, 250 and
170 bp, lane 5), three bands for P westerman/
(ca. 350, 170 and 125 bp, lane 6), four bands for
P westermani-like (ca. 250, 170, 125 and 30 bp,
lane 7) and two bands for P siamensis (ca, 350
and 250 bp, lane 8). Both the 25-bp and 100-bp
DMNA ladders were used to estimate the sizes of the
bands (lanes M1 and M2, respectively)

to occur in Surat Thani, southern Thailand,
and they both used a single crab species as
the second intermediate host (Sugiyama er al,
2007). Possible discovery of P. westermani-
like metacercariae were reported from crabs
occurring not only in Surat Thani (Shibahara er
al, 1995) but Nakhon Si Thammarat (Tsuzuki
et al, 1995), the neighboring province of Surat
Thani. However, little attention has been
paid to P. westermani-like and its infection of
humans has not been determined. To obtain
accurate epidemiological information about the
prevalence of the lung fluke species and forms
in Thailand, various methods for identification
are needed on parasitological matenals obtained
from host animals. The method developed in
this study has the potential for this purpose.
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Abstract. In this study, we used sequence and RFLP analysis of the ribosomal DNA imernal transcribed
spacer region to identify the sibling species of Anisakis simplex worms isolated in Japan as third stage larvae
{L3) from fish and patients and as adults from marne mammals. Worms from North Pacific Ocean were
identified as A. simplex s. str., while those from the southern Sea of Japan were A. pegreffii. Worms from
patients were mainly identified as A. simplex s. str, even though they were obtained from southern Japan
Worms of the hybrid genotype were only detected in fish and marine mammals. We also demonstrated
that our newly established RFLP method for mitochondrial cox? enables us to unambiguously classify
members of A simplex, including hybrid genotype worms, into A. simplex s, str. or A, pegreffii

INTRODUCTION

In Japan, over 2,000 cases of human
anisakiasis have been reported annually due
to the high consumption of raw fish as sushi
and sashimi. The nematode Anisakis simplex
is the parasite most frequently associated
with the disease. A. simplex is widespread
worldwide with no obvious variation in
morphology. However, sequencing and/or
restriction fragment length polymorphism
(RFLP) analysis of the ribosomal DNA internal
transcribed spacer region [(rDNA ITS region;
namely, 5.8S rDNA and flanking ITS regions
(ITS1 and ITS2)) have demonstrated that A.
simplex morphospecies comprises three sibling
species: A. pegreffii, A. simplex sensu stricto
and A. simplex C (Mattiucci and Nascetti,
2006). Parasites with hybnd genotype between
A. simplex s. str. and A. pegreffii were also
detected from waters around the Iberian
Peninsula (Abollo et al, 2003; Martin-Sanchez
et al, 2005). In this paper, we have applied
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molecular methods for sibling species-level
identification of Japanese A. simplex worms
isolated from fish, marine mammals and
patients with anisakiasis.

MATERIALS AND METHODS

Parasite materials

A. simplex worms were collected from
fish as third stage larvae (L3) and marine
mammalian hosts as adults, as well as from
patients with anisakiasis as L3. Worms from
fish and marine mammals were stored at
-20 °C and those from human patients were
stored in 80% ethanol at room temperature
until analysis. Host animals, the geographical
location of collection and numbers of worms
examined are listed in Table 1. Species was
confirmed by DNA sequencing and/or RFLP
analysis as described below.

DNA amplification and sequencing

We extracted DNA samples from individual
worms using QIAamp DNA Mini Kit (Qiagen
k. k., Japan). The entire ITS region (ITSI,
5.8S rDNA and ITS2) and mitochondrial
cytochrome C oxidase | (coxl) gene was
amplified by PCR using primer pairs A and
B (D Amelio er al, 2000) and JB3 and JB4.5
(Hueral, 2001), respectively. PCR conditions
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