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Introduction

P. pneumotropica is a non-motile, non-hemolytic, fac-
ultative anaerobic, Gram-negative coccobacillus, which
colonizes on the mucosa of the nasopharynx, trachea,
lungs, vagina, uterus, urinary bladder, intestines, and
other organs of laboratory animals {5, 12, 15, 18, 20-
22]. The pathogenicity of this organism in
immunocompetent laboratory mice and rats is known
to be extremely weak although it was considered strong

_in the past. However, this organism can occasionally
produce clinical disorders in immunodeficient animals
[1, 15]. .

At present, P. pneumotropica is considered a routine
test item of microbiologic monitoring of laboratory mice
and rats in Japan, the US and Europe [16, 19]. How-
ever, many researchers around the world recognize that
there is a serious problem concerning identification of
this organism. Disagreements of test results between
testing laboratories have sometimes been observed, and
the same situation is also found in Japan. To minimize
confusion caused by discrepancies in test results, a
working group was established. The aim of the work-
ing group was to propose a new identification procedure
that is both practical and reliable for this organism.
Reference strains and the isolates provided by group
members were checked using the same testing methods
and reagents as the ICLAS Monitoring Center.

Materials and Methods

Reference strains and isolated strains

ATCC35149 (biotype Jawetz) and CNP160 (biotype
Heyl) were used as reference strains. Sixty-nine iso-
lates from 34 mice, 25 rats, 7 hamsters, 2 rabbits, and 1
guinea pig, which were identified or suspected as hav-
ing P. pneumotropica by biochemical characteristics,
were collected from 8 laboratories in Japan.

Examinations
1. Morphological examinations

All strains were plated directly onto 5% horse blood
agar plates (Climedia; Sanko Junyaku Co., Tokyo), in-
cubated aerobically at 37°C for 48 h, and examined for
colony morphology. Gram-staining (Favor G; Nissui
Pharmaceutical Co., Tokyo) was also performed for
each isolate.

2. Immunological and biochemical examinations

The slide agglutination test was performed as an im-
munological examination using rabbit antisera of a
mouse isolate ATCC35149 and a rat isolate MaR that
were gifts from NIH Japan. Two commercially avail-
able identification kits (ID test HN 20 rapid; Nissui
Pharmaceutical Co., Tokyo and API20NE; Nihon
Biomeriux, Tokyo) were used for biochemical exami-
nations.
3. DNA examination

DNA extraction

All strains were propagated in brain heart infusion
broth (Difco Laboratories, MI, U.S.A.) supplemented
with 5% horse serum for preparation of DNA extract.
Three methods (E.N.Z.A. Bacterial DNA Kit; Omega
Bio-tek, GA, U.S.A., MagExtracter Genome; TOYOBO
Co., Osaka, and SDS methods) were utilized for bacte-
rial DNA extraction. The methods were selected based
on the harvested DNA volume of each strain.

PCR test

Two primer sets reported by Wang ef al. (Wang’s
PCR) and Nozu et al. (CIEA PCR) were used for PCR
tests [17, 20]. Samples(4 jtl) containing 60 ng of ge-
nomic template DNA were added to 16 pl of PCR
mixture containing 10 mM Tris-HCI (pH 8.3), 50 mM
KCl], 1.5 mM MgCl,, 2.5 mM dNTP mixture, 0.4 pM
sense primer,0.4 pM antisense primer, and 5 units of
Taq polymerase (Takara Shuzo Co., Kyoto). Each mix- -
ture was placed in a programmable thermal cycler (Gene
Amp PCR System Model 9700; PE Biosystems, Calif,
U.S.A.). PCR was performed according to Wang’s or
Nozu’s procedure. The PCR amplification products
were analyzed by gel electrophoresis in 4% agarose.

16S rDNA sequence analysis

Analysis of 16S rDNA sequencing was performed
for 35 isolates from 17 mice, 13 rats, 3 hamsters, 1
rabbit, and 1 guinea pig. The five primers used for 16S
rDNA sequencing and PCR are listed in Table 1. The
temnplates were amplified by PCR using primers PAS-1
and PAS-2C. Each PCR product was sequenced by an
automated sequencer (310 Genetic Analyzer; Applied
Biosystems Japan, Tokyo). The data were analyzed
using a software package, DNASIS (Hitachi Software
Engineering, Tokyo), and compared with the sequences
of P. pneumotropica biotype Jawetz (M75083) and Heyl
(AF012090), P. dagmatis (M75051), P. aerogenes
(M75048), P. multocida subsp multocida (M35018) and
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Table 1. Primers for P. pneumotropica complete 16S rDNA

sequencing
Primer?® Sequence (5'-3") Position®
PPSEQ-1 ACTCCT. ACGGGAGGCAGCAG 331-351
PPSEQ-2C CACATGAGCGTCAGTACAT 738-756
PAS-1 ATTGAAGAGTTTAGTCATGG 2-21
PAS-2C TGAATCATACCGTGGTAAAC 1452-1471
16S-1 AACAGGATTAGATACCC 773-788

3 PAS-1 and PAS-2C were used for DNA amplification and se-
quencing.  Positions within the P. pneumotropica 16S iDNA
sequence (M75083) corresponding to the 5’ and 3’ ends of each
primer. '

Actinobacillus muris (AF024526) in the Gen Bank da-
tabase for homology analysis [4, 6,7, 17].

CLUSTAL W version 1.6 was used for multiple
alignments of the data and the sequence of P.
pneumotropica biotype Jawetz (M75083) and Heyl
* (AF012090), P. dagmatis (M75051) and A. muris
(AF024526). '

Results

Reference strains

The results for the two reference strains are shown in
Table 2. Both strains showed smooth colonies 3-5 mm
in diameter on blood agar. The colony color of biotype
Jawetz was grayish-white and that of biotype Heyl was
yellow. They were nearly identical morphologically,
Gram-negative short rods or coccobacilli. Both of them

were positive in the slide agglutination test, and identi-

.fied as P. pneumotropica by the ID test and API20NE
kits. Both strains were detected by the CIEA PCR test.

' However, biotype Hey! was not detected by Wang’s
PCR test. The 16S rDNA sequences of biotype Jawetz
and Heyl determined in this study were more than 99%
identical with those in the Gene Bank database. The
16S tDNA homology between the two biotype strains
was under 96%.

Isolates .

All 69 isolates showed nearly identical smooth colo-
nies 3—5 mm in diameter on blood agar. Colors were
grayish-white or yellow, the same as for the reference
strains. Most of them had Gram-negative short rods or
coccobacilli, and only three isolates from rat and ham-
ster showed slightly longer shapes.

Thirty-three out of 34 mouse isolates, 11 out of 25
rat isolates, 5 out of 7 hamster isolates, all of 2 rabbit
isolates and 1 guinea pig isolate showed agglutination
with ATCC35149 antiserum. However, none of the 14
rat isolates agglutinated with ATCC35149 antiserum,
but they showed agglutination with MaR antiserum.
Sixty-eight of 69 isolates tested with one antiserum were
positive by the agglutination test with either antiserum
of ATCC35149 and MaR (Table 2). The exception
was a mouse isolate.

The ID test identified 61 isolates (30 mouse, 21 rat,
7 hamster, 2 rabbit and 1 guinea pig isolates) as P.
pneumotropica, but API20 NE identified only 39 iso-
lates (11 mouse, 18 rat, 7 hamster, 2 rabbit and 1 guinea
pig isolates) as P. pneumotropica (Table 3).

CIEA PCR detected 63 out of 69 isolates and all of 6
isolates which were not detected by CIEA PCR were of
rat origin. Wang PCR detected only 27 isolates which
consisted of 18 mouse isolates, 7 rat isolates and 2
hamster isolates (Table 3).

Thirty-four out of 35 isolates (16 mice, 13 rats, 3
hamsters, 1 guinea pig and 1 rabbit) showed over 96%
homology with the P. pneumotropica Jawetz or Heyl
16S rDNA sequence on the database. One isolate clas-
sified as P. pneumotropica by the agglutination test,
API20NE test and CIEA PCR showed 98% homology
with Actinobacillus muris (Table 2).

The 16S rDNA sequences of 35 isolates, P.
pneumotropica biotypes Jawetz and Heyl, P. dagmatis
and A. muris could not be classified by cluster analysis
of multiple alignments as shown in Fig. 1.

Discussion

First, we will discuss the cause of the discrepancies
in identification of P. pneumotropica in each testing
laboratory. This organism has two biotypes, Jawetz
and Heyl. The sequence of 16S tDNA of these bio-
types showed that they are different species. P.
pneumotropica formerly had the Henriksen biotype,
which is now classified as a different species, Pas-
teurella dagmatis [14]. Sixty-nine isolates were divided
into 10 groups according to biochemical and PCR tests
as shown in Table 2. This result shows that P.
preumotropica has characteristics too wide for one spe-
cies. The same conclusion was also drawn from the
sequence data of 35 isolates that could not be clearly
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Table 2. Characteristics of reference strains and grouping of isolates depending on their characteristics

Group Origin Agg? Biochemical test PCR tests Sequence®)
ATCC MaR IDtest API2ONE  CIEA Wang Jawetz Heyl

Reference strains ‘
P. pneumotropica

Jawetz (ATCC35149) ) 0 o9 oY @) o) 99% -
Heyl (CNP 160) o) o) o) o) o) X - 99%
Isolates
Mouse O ) O O O 99% -
) Mouse O O O (®) (o) (@] 98% -
A Rat 0] O @] O O 97% -
Hamster X (@] O O O O 97% -
Rat (4)2 X o) o) 0 o . o)
Hamster X O O @) O O
Mouse (3) O O ) 4 O O 99% -
Rat O O X 0] O 99% -
B . Mouse 0] 0 X O o] 98% -
Mouse (6) O O X O O
Mouse (3) . o O @] X O O s
Mouse O O 0] O X 98% -
Rat X O O O o] X 96% -
Hamster O o) e) o) X - 99%
Rat (2) 0 0 6] O X - 98%
Rat X O o] O O X - 98%
Mouse O o) o) o) (o) 4 - 97%
Hamster O O O O X - 97%
C Rabbit @) O O O X - 97%
Mouse (@) o) O o) X - 96%
Guinea pig . (@) O ] ] X - 96%
Mouse (5) O O @] O X
Rat (2) X O 0] O O X
Rat (3) O 0] O O X
Hamster (3) O (0] o) O X
Rabbit O o) e) o) X
Mouse (5) O O b4 O X 98% -
: - Mouse X . O X (@] X 96% -
D "Rat O 0] X O X 96% -
. ‘Mouse O : O X O X
Rat X O O X @) X
E - Rat O @ X X X 96% -
Rat O O X X X
Mouse O X X @) (@) - 99% -
F Rat X O X X O O 96% -
Mouse (2) O X X 0] O _
Mouse O X O O P4 Actinobacillus muris?
G Rat X o X o o X 96% -
H Rat X O O O X X 97% -
Rat @] O 0] X X 96% -
1 Rat X O X O X X 96% -
J Rat X O X X X X

» Number of strains showing same characteristics.” Slide agglutination test. ATCC is antiserum of ATCC35149. MaR is antiserum
of MaR. O: positive, X: negative; Blank: not tested. @ O: %id 100, X: %id 0. 9 O: %id 96-99.9, 3: %id 0-37. ® 168 IDNA Sequence
data were compared with six bacteria data: P. pneumotropica biotype Jawetz and Heyl, P. dagmatis, P. aerogenes, P. multocida
subsp multocida, A. muris. ~: under 96% homology. Blank: not tested. § This isolate showed 98% homology with A. muris.
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Table 3. Comparison of two biochemical kits and two PCR tests for detection of P. pneumotropica

Isolates from

Total
Mouse Rat Hamster Rabbit  Guinea pig
Biochemical test o teot 30349 21725 1 21 1”1 61/69
API 20NE 11/34 18725 11 2/2 in 39/69
PCR tosts CIEA PCR 34/34 19725 " 22 11 63/69
Wang PCR 18/34 7/25 217 0/2 0/1 27169
2 Number positive / number tested.
Hey P dogmati (ESOSE) dure using a biochemical test or PCR test for this or-
:j: ganism. :
o s Second, from the standpoint of practical clinical mi-
o crobiologists of laboratory animals, we would like to
ot propose an identification procedure by which charac-
o ters of the two biotypes are met and discrepancies with
I . past identification results are minimized. Positive re- -
ol sults for the two biochemical test kits were 61/69 (88%)
ol and 39/69 (57%) in the ID and API 20 NE tests, re-
e spectively. The former is a kit for bacteria such as
£ pramarpics 0100) genus Haemophilus and Neisseria, and the latter is a kit
s for Gram-negative bacteria except enterobacteriaceae.
s The differences in target bacteria and the nutritional
i i conditions in the two kits may cause the different re-
et sults. The CIEA PCR test showed a wider detection
l{ R range than the Wang PCR test, and the results for P.
[ rest pneumotropica identification were basically similar to
'{ Koz those of the ID test.
o2 . From these results, we recommend the following
et identification procedure for P. pneumotropica: colony
e observation on 5% horse blood agar plates, Gram-stain-
o oS ing, the slide agglutination test with ATCC35149

Fig. 1. Phylogenetic tree of tested isolates, Pasteurella
" pneumotropica, Pasteurella-dagmatis and Actinoba-
cillus muris. The scale bar represents a 0.043 differ-
ence in nucleotide sequence, as determined by mea-
suring the leéngths of horizontal lines connecting any
two species. P. pneumotropica (M75083) is biotype
Jawetz, P. pneumotropica (AF012090) is biotype

Heyl.

separated into several clusters (Fig. 1). The taxonomi-
cal position of this organism is obscure. Genus
Pasteurella is closely related to genus Actinobacillus as
shown in Bergey’s Manual 9th edition [9]. It may be
very difficult to propose a simple identification proce-

antiserum for mouse, guinea pig, rabbit, and hamster
isolates, and with MaR antiserum for rat isolates and a
biochemical test using the ID test (Table 4). With this
protocol 60 out of 69 isolates were identified as P.
pneumotropica. However, one strain in 9 isolates not
identified as P. pneurnotropica showed 99% homology
with the 16S rDNA sequence of biotype Jawetz.

There is no standardized identification procedure of
P. preumotropica in microbiological monitoring of
laboratory animals in the U.S and Europe. Further-
more, the Federation of European Laboratory Animal
Science Associations (FELASA) working group de-
scribed that commercial identification kits do not

identify P. pneumoiropica properly [16]. Therefore,
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Table 4. Proposed identification procedure of P. pneumotropica

N. HAYASHIMOTO, ET AL.

Items

Results

Colony observation on 5% horse blood agar culuturg for 48hr at 37°C

Gram-stain

Slide agglutination test with ATCC35149 anitisera for mouse, gninea

pig and, rabbit and hamster isolates, MaR antisera for rat isolates

Biochemical test with ID test HN 20 rapid

3-5 mm in diameter, smooth, low convex, non-hemolytic
Jawetz: grayish-white, Heyl: yellow ’

Gram-negative short rods or coccobacilli

Agglutinated

Identification as P. pneumotropica with % id 100

we think that our identification procedure of P.
pneumotropica is useful for standardization between
testing laboratories. ’

P. pneumotropica is considered an opportunistic
pathogen in immunocompetent mice and it is recog-
nized only as a factor worsening symptoms by
co-infection with other murine pathogens, such as
Sendai virus and Mycoplasma pulmonis [10]. The
ICLAS Monitoring Center checked a total of 17,201
laboratory mice and rats in 2002, and found 508 mice
contaminated with P. pneumotropica. A gross abnor-
mality, a lung abscess, was found in only one of these
contaminated animals and P. pneumotropica was iso-
lated from the lung lesion. These results support the
above discussion concerning the pathogenicity of P.
pneumotropica. However, it was reported that P,
pneumotropica caused orbital abscesses in immunode-
ficient mice [1,13], dual infection with the organism
‘and Pneumocystis carinii caused severe symptoms in B
cell deficient mice [11], and that mice with non-func-
tional Toll-like receptor 4, such as C3H/HeJ and
C57BL10/ScN, are susceptible to P. pneumotropica [2,
3, 8]. These results suggest that P. pneumotropica
should be eliminated from immunodeficient mice and
rats as well as mutant mice with non-functional Toll-
like receptor 4.

The ICLAS Monitoring Center has proposed the fol-
lowing categorization of murine pathogens. Category
A: Zoonotic and human pathogens carried by mice and/
- or rats. Category B: Fatal pathogens of mice and/or
rats which can cause symptomatic disease and occa-
sional deaths. Category C: Potential pathogens of mice
and/or rats which usually cause asymptomatic infec-
tions accompanied by alterations of physiological
functions. Category D: Opportunistic pathogens. Cat-

egory E: Microbes as indicators of hygienic status of
rearing environments. The ICLAS Monitoring Center
has classified P. pneumotropica as category C in the
categorization of murine pathogens. Based on its patho-
genicity and the nature of the species with a wide
diversity of characteristics, we propose changing the
category of P. pneumotropica from C to D, so that the
organism is eliminated from routine test items for mi-
crobiologic monitoring of immunocompetent mice and
rats.
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Abstract

A mathematical model for the transmission cycle of Echinococcus multilocularis would be useful for estimating its prevalence, and the model
simulation can be instrumental in designing various control strategies. This review focuses on the epidemiological factors in the E. multilocularis
transmission cycle and the recent advances of mathematical models for E. multilocularis transmission.
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1. Introduction

Echinococcus multilocularis is distributed in central
Europe, North America, and northern and central Eurasia
[1]. In Japan, human alveolar Echinococcus (HAE) caused
by E. multilocularis has spread throughout the mainland of
Hokkaido [2], making it desirable to design effective control
strategies against HAE. It is difficult to elucidate the source
of infections due to the long incubation period [3]. A
mathematical model for the transmission cycle of E.
multilocularis would be useful for estimating its prevalence,
and the model simulation can be instrumental in designing
various control strategies. A few models about E. multi-
locularis transmission have been proposed since 1995 [4—
6]. This review focuses on the epidemiological factors in
the E. multilocularis transmission cycle and the recent
advances of mathematical models for E. multilocularis
transmission.

E. multilocularis carries out its transmission cycle in two
hosts; the definitive hosts are canines, while the intermediate
hosts are mainly rodents and ungulates [1,7-9]. Individuals
are infected by the accidental ingestion of parasite eggs. The
intermediate hosts are infected by ingesting parasite eggs
voided in the feces of infected definitive hosts, while the
definitive hosts are infected by preying on the intermediate
hosts that have hydatid cysts. A mathematical model which

* Tel.: +81 86 251 8826; fax: +81 86 251 8837.
E-mail address: ishikawa@ems.okayama-u.ac.jp.

1383-5769/8 - sce front matter © 2005 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.parint.2005.11.038
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quantitatively describes the transmission of E. multilocularis
needs to include the following components [5,10]:

1. dynamics of definitive host population,

2. dynamics of intermediate host population,

3. predator—prey relationship between the definitive hosts
(canines) and the intermediate hosts (rodents), and

4. longevity of parasite eggs in the environment.

2. Dynamics of definitive hosts

Foxes mainly maintain the transmission cycle of E.
multilocularis. The major definitive host is the red fox
(Vulpes vulpes) for most endemic regions, or the arctic fox
(dlopex lagopus) for the tundra zone of Eurasia and North
America [1,7,9,11]. The dynamics of the fox population show
marked seasonal variations because foxes are wild animals.
Therefore, a quantitative transmission model needs to include
a host population dynamic component [5]. In Hokkaido,
Japan, the breeding season of red foxes is generally in the
early spring (the last third of March — the first third of April)
and newborns after weaning, which might be exposed to E.
multilocularis infection, emerge from their dens 1 month
after birth [12]. Generally, for any wild animal, the death rate
of juveniles is significantly higher than that of adults. The
death rate of juvenile (under 1 year old) red foxes in
Hokkaido was estimated to be 2.5 times higher than that of
adults [5]. The seasonal population model of red fox density
in Hokkaido is shown in Fig. 1. The arctic fox population is
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Fig. 1. The scasonal population dynamics models for foxes and voles in
Hokkaido. The solid line and the dotted line shows the variations in fox and
vole density/km?, respeetively [5].

also influenced by emigration and immigration due to long-
distance traveling [11].

3. Dynamics of intermediate hosts

Rodents mainly maintain the transmission cycle of E.
multilocularis as the intermediate hosts, and the species that
are involved in the cycle vary in different endemic regions
[1,9]. In Hokkaido, the major intermediate host is the gray-
sided vole (Clethrionomys rufocanus) {7]. The gray-sided vole
breeds in three seasons of the year (all seasons except winter)
[13,14]. The survival rate of voles depends on the season and
age, with that for the first month of life being lower than that of
>1 month [13,14], while the survival rate in winter is higher
than that in summer {15]. Besides the season variation, the
dynamics of the vole population vary on a large scale annually
and have certain geographical characteristics [16]. There is no
necessity to consider emigration or immigration in the
dynamics of the vole population because of the small size of
home ranges [13].

4. Transmission processes of E. multilocularis
The definitive host is infected with E. multilocularis by

preying on rodents which harbor multilocular Echinococcus
with infectious protoscoleces. Therefore, the prevalence of E.

Foxes
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: . |Infected no egg pro
Negative "M producing

PEppY

: Pamsnte eggs :

Voles

]
1
]
1
1

t Infectious }__[Infected.but no Negative J
infectious

Fig. 2. The basic scheme for the model of the Echinococcus multilocularis
transmission cycle between foxes (the major definitive host) and voles (the
major intermediate host).
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multilocularis is affected by the average number (NVF) of
voles ingested by a fox each day, which depends on the
density of the vole population and on the depth of the snow
factors [17, 18], which were introduced into the transmission
model [5].

The intermediate host is infected by ingesting E. multi-
locularis eggs voided in the feces of infected definitive hosts.
The duration of the egg’s infectious ability is mainly affected
by temperature and humidity. The tenacity of eggs is sensitive
to elevated temperature, to very low temperature and to
desiccation [19]. The experimental formula for the longevity
(d for days) of eggs at temperature (¢ at °C) was established as
d=exp[—0.135(: —43.7)] [20].

5. Mathematical models of E. multilocularis transmission

A deterministic model for the transmission of a parasite
essentially describes its transmission cycle as a set of .
differential equations. Roberts and Aubert [4] constructed a
simple deterministic E. multilocularis transmission model to
evaluate the effect of control by addition of praziquantel in
France. Ishikawa et al. [S] proposed a model that took into
account the influence of the dynamics of both the definitive
and the intermediate host populations and the seasonal
effects on the longevity of E. multilocularis eggs and NVF
to describe the mechanism of seasonal transmission in
Hokkaido quantitatively. Hansen et al. [6] tried to develop
a stochastic transmission model from the Roberts and Aubert
model to devise a hypothesis that would fit well with the
prevalence data during the pre- and post-control periods in
the northern Germany. In these models [4-6], each host
population is broadly divided into three epidemiology
classes. Moreover, in the quantitative model shown in Fig.
2 [5], the infected egg-producing class in foxes is subdivided
into two subclasses according to whether egg production is
abundant or not.

The basic reproductive rate (R,) is the theoretically
maximum number of secondary infections. R, was esti-
mated from the Roberts and Aubert model [4] or the
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Fig. 3. Scasonal variations in the density/km® of foxes infected with E.
multilocularis (solid line) and the prevalence of E. multilocularis in the fox
population (broken linc). The black and gray lines show the Nemuro and
Abashiri situations, respectively [5].
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model of Ishikawa et al. excluding seasonal factors [S] as
follows:

Ry = )wf)WFf H,
5,,(1 + 5‘,’[‘,) (1 + 5/‘[[) (1 -+ 5fl7,)
sy NVF A, Ny ' ( n )
Ry = ‘
ST S0t e (11 6,5) (Lt om) T T e

The symbols 1., 845 Ta» S5 NVF . Nr, ,, i 1, and p
represent the infectious contact rate (a=f, v), the death rate
(a=f, v), the period of no egg production (a=f) or for
acquiring infectious protoscoleces (@=v) expressed as days
after infection, the conditional probability of maturity of
worms (f), the average NVF, the average of density (f),
the durations of total, high and low egg production, and
the multiplicative factor caused by high egg production,
with the suffixes f/ and v standing for fox and vole,
respectively.

The seasonal variations of the prevalence and the density of
infected foxes were simulated for the two endemic regions in
Hokkaido, Japan: Nemuro and Abashiri, where the average
prevalence rates (1995—-2000) were 53% and 48%, respective-
ly. There is a great difference between the two regions in terms
of snowfall. Comparison of two regions using the model
simulation shows that the winter density of the infected foxes is
maintained at a certain level in Nemuro, while it falls to a low
level in Abashiri, which leads to the difference of the winter
prevalence between Nemuro and Abashiri (Fig. 3) [5].

6. Risk of HAE

The risk to the human population of being infected with
HAE has a close relation to the amount of E. multilocularis
eggs that maintain infectious ability in the environment. A
comparative study on the risk of HAE between Sapporo, the
capital of Hokkaido, and Nemuro was carried out by simulating
the seasonal fluctuation in E. multilocularis egg dispersion in
the environment based on the model [5].

7. Prospects

Recent advances in mathematical modeling of E. multi-
locularis transmission were summarized here. There has been
steady progress in mathematical modeling of E. multilocularis
transmission into consideration taking seasonal factors. Further
follow-up studies based on field data will be needed to
precisely estimate the effects of conirol strategies against E.
multilocularis using model simulations.
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The red fox (Vulpes vulepes) and the vole (Clethrionomys refocanus) are principal hosts of
Echinococcus multilocularis in Hokkaido, Japan. How protoscoleces increases in voles and the level
of immunity in foxes remain unknown because of the lack of survey data, so that it is important to
clarify these mechanisms in order to develop control strategies against E. multilocularis. In this study,
the growth of protoscoleces in the infected voles was approximated as the logistic curve, the level of
immunity in the fox was assumed to depend on the experience of the infection with £. multilocularis,
and the worm burden in the fox was assumed to-be governed by the amount of protoscoleces in the
vole. Our model showed that the population densities of the hosts and the level of immunity
influenced the prevalence of the E. multilocularis.

Key words: Echinococcus multilocularis, protoscoleces, immunity, worm burden, stochastic model

1. INTRODUCTION

Echinococcus multilocularis, a type of zoonoses, is now
prevalent in Hokkaido, Japan. The life-cycle of E.
multilocularis takes place in the definitive hosts and the
intermediate hosts. The principal definitive host and the
principal intermediate host in Hokkaido are recognized
as the red fox (Vulpes vulepes) and the grey-sided vole
(Clethrionomys refocanus), respectively. The prevalence
of E. multilocularis in the foxes was estimated as 45% in
1998, and has remained high until now (The Department
of Health and Welfare, the Hokkaido Government).
Moreover, domestic dogs may also be infected with E.
multilocularis as the definitive hosts. In 1965, the first
case' of human alveolar echinococcusis was reported
(Yamamoto et al., 1966). In the future, 1000 new patients
are predicted to be infected over the next ten years, so

that immediate control

multilocularis are needed (Doi, 1995).

strategies  against

Humans and voles become infected with E.

of E.
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multilocularis when they ingest free living parasite eggs
discharged by the definitive hosts orally. The parasite
eggs start to make protoscoleces in the vole about 40
days after infection (Yagi and Ito, 1998). When a fox
preys upon an infected vole which has an adequate
amount of protoscoleces, L. multilocularis will be
transmitted from the vole to the fox. It is important to
consider the population dynamics of both the definitive
and the intermediate hosts because the variances of the
population of the both hosts influence the transmission of
E. multilocularis greatly. Both fox and vole populations
have a seasonal fluctuation so that the time-course of E.
multilocularis infections depend on the season.

Mathematical models have been developed to explain
observations from field studies. Recently, Ohga et al.
(2002) investigated the seasonal differences of the food
habits of foxes, and Ishikawa et al. (2003) the seasonal
fluctuations of both host populations, which had a large
effect on the time-course of E. multilocularis population
levels. Hansen et al. (2003, 2004) introduced a spatial
model which included heterogeneity of the dispersing
hosts.

Moreover, Kato et al. (2005) reported that foxes had an
immune response, although the relation between the
level of immunity and worm burden was not well known.
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In the model, we supposed that the level of immunity in
the fox depends on the experience of the infection of E.
multilocularis.

There have been few critical studies on the formation of
protoscoleces in the infected voles. Yagi and Ito (1998)
carried out experimental infections to investigate how
protoscoleces increase in the infected vole. It was
uncertain how to protoscoleces increase up to numbers in
the millions in voles and how many protoscoleces are
attached to the intestine of a fox when the fox preys on
In the model, the growth of
protoscoleces in the infected voles was approximated as
a logistic curve.

an infected vole.

The model simulates the infection from voles to foxes
stochastically under the condition that the worm burden
in the fox is governed by the amount of protoscoleces in
Additionally, the model takes into
consideration the seasonal fluctuation of the hosts

the vole.

through the population dynamics for the definitive and
the intermediate hosts.

- We carried out 1000 repeated trials of the model to

study the seasonal fluctuation of the prevalence and also
to consider mechanism of the immunity of foxes. We
observed that the prevalence was influenced by the
population densities of the hosts. Moreover, from the
results of the simulations, it was plausible that a high
level of immunity would be acquired in the several first

exposures to infection.

2. MATERIALS AND METHODS
2-1 Population dynamics of hosts

Regarding the life cycle of E. multilocularis, the
population dynamics of definitive and intermediate
hosts which have a seasonal fluctuation play an
important role in the transmission of E. multilocularis.
In Hokkaido, the major definitive hosts are foxes and
the major intermediate hosts are voles.

The breeding season of foxes in Hokkaido begins in
spring. The mortality of juvenile foxes (less than 1
year old) is considerably higher than that of adult
foxes (more than 1 year old) (Uraguchi and Takahashi,
1991, 1998). Although foxes eat voles by preference,
the deeper the snow falls, the less foxes feed on voles
(Kondo et al., 1986).

The breeding season of voles is recognized as
occurring in three seasons every year. The main
breeding seasons are spring and autumn, since the
breeding rate in summer is much less than that in the

other breeding seasons (Kaneko et al., 1998). The
females born in spring reach maturity and account for
a large part of pregnant voles in autumn. On the other
hand, only the females born in autumn breed in the
spring. When the density of the vole population is

~ fairly high, their pregnancy rate will tend to decrease

because of the tendency of a slowdown in the rate of
maturity. In contrast, they will mature faster and
become active for breeding, resulting in their
population becoming large, when the density of the
vole population is low (Ota, 1984).

In this report, the fox population dynamics will be
modeled stochastically with survival, infection and
experimental status for every fox, which leads to
various situations regarding the prevalence of E.
multilocularis in every trial. On the other hand, the
vole population dynamics will be modeled
deterministically. The parameter values in both the
host population models change according to the season
and densities to take
fluctuation.

into account the seasonal

2-2 Transmission of E. multilocularis from
foxes to voles

If a vole ingests a free living egg contained in the
feces of a fox orally, it becomes infected with E.
multilocularis. The environmental conditions such as
temperature and humidity can influence the longevity
of E. multilocularis eggs. Yagi and Ito (1991) gave the
experimental formula on the relationship between the
longevity (d days) and the temperature (¢t°C) for
experimental infections:

d =exp(~0.135(t - 45.37))

In Nemuro, Hokkaido, Japan, the longevity of eggs in
summer at the average temperature 19.9°C (observed
by the Japan Meteorological Agency in August, 2005)
is about 31 days according to the experimental
formula. We assume that the longevity of eggs cannot
exceed 100 days due to the experimental report that
the infectivity was maintained only for 125 days after
infection (Yagi and Ito, 1998), as the low temperature
in winter will surpass the limits of the formula. It is
very difficult to survey how many eggs exist in the
environment, how often voles come into contact with
and ingest infectious eggs, and additionally the
number of eggs required to infect a vole.

Nevertheless, it is natural to think that the risk of
infection for voles may depend on the number of free
living parasite eggs. Then, the infection risk depends
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on the number of active eggs and the number of
contacts. Therefore, we use the infection risk as the
transfer rate from the susceptible class to the
infected class.

2-3 Growth of protoscoleces in voles

An ingested egg starts to develop protoscoleces of £.
multilocularis in the vole about 40 days after infection.
If a fox preys on a vole having an adequate amount of
protoscoleces, it can be infected with E. multilocularis,
so the amount of protoscoleces in voles plays a
fundamental role in the of E.
multilocularis. However, there are few studies about

transmission

the growth of protoscoleces in voles. Yagi and lto
(1991) reported in experimental infections that 11 -
voles produced 200 eggs, with one of the necrospied
voles starting to make protoscoleces 44 days after
infection, and 3.300.000
protoscoleces 142 days after infection. We assume that

another vole having
the number of protoscoleces in voles increases
exponentially after the latent period, that the rate of
increase declines slowly due to environmental factors,
and that the number of protoscoleces is finally
saturated. In the model, we approximate the growth of
protoscoleces ( P(t), say, protoscoleces-day model)
voles as the logistic curve (Fig.1):

dapP P(1)
L -ru-"29p(
dt r P max e
with P,m, r being the maximum number of

protoscoleces and the growth rate, respectively.

35
30
25

20
15
10

(x10%)

The number of protoscoleces

Days after infection

Fig.l The time-course of prevalence of infection in voles.
The curve was obtained using the logistic differential
equation.

2-4 Transmission of E. multilocularis from
voles to foxes

A fox becomes infected with E. multilocularis after
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ingestion of an infected vole which has a sufficient
amount of protoscoleces. E. multilocularis in the
fox starts to produce eggs about 30 days after
infection, and egg production lasts for about 80 days
after infection (Yagi and Ito, 1998). The more
protoscoleces in the vole eaten by a fox, the larger
worm burden the fox has. In addition, the total
number of eggs discharged depends on the number
of worms in the fox. We propose a model scheme
from preying on voles to discharging eggs as below:
1. The number of voles preyed on by a fox per
day follows the food habit function (Ohga et
al., 2002)
2.1f a fox preys on infected voles which have an
adequate amount of protoscoleces, the fox
will be infected. The. probability that foxes
will become infected follows from the vole
prevalence. Precisely, the probability follows
the binominal distribution function f(k),
where n, k and p stand for the number of
voles ingested by a fox per day, the number of
infected voles ingested and prevalence rate of
voles:

h k n-k
flo= ( k]p (1-p)

Then, the sum of f(k) over k=1 is the
probability that a fox will become infected
per day.

3.For an infected fox, we decide the age of
infected voles preyed on by the fox following
from the age distribution (the number of
protoscoleces in the vole following the
protoscoleces-day model).

4.The worm burden in the fox is determined by
both the protoscoleces-day model and the
immune response, which will be discussed in
the next section. The infected fox discharges
parasite eggs constantly, depending on its
worm burden after the latent period (30 days)
during a 50 days period (from the end of
latent period).

2-5 Immune responses against
E. multilocularis in foxes

Various studies concluded that foxes might have
immunity (Kato et al., 2005a; 2005b), but it is not
well known such immunity would affect the worm
burden. Hofer et al. reported (2000) that there were
remarkable differences of worm burden between

11
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Table | Range and mean worm burden of foxes

collected in the city of Zurich in winter *

Numb'er of Worm burden  Mean worm
examined range burden
infected foxes &
juvenile 68 1-56970 4995
adult 65 1-19344 907

® Derived from Hofer et al. (1999)

males and females, and also between juveniles and
adults. Especially, the mean worm burden in
juveniles was five-seven times higher than that in
adults (Table 1). Then we assume that the immunity
of E. multilocularis in foxes can be strengthened in
proportion to the number of infection experiences,

and adopt the following formula for the level of
immunity:

I, =1-08"

with » being the number of infection experiences.

3. REsuLTs

Each fox structure consists of 8 characteristics, which
we listed in Table 2.

We carried out simulations of the model 1000 times
under the immune assumptions argued in the “immune -
response  against E.

multilocularis in  foxes”

subsection.

Prevalence of infection of host population

The mean prevalence of infection of the fox
population in 1000 trials varied within the range of
12~48%, and the yearly mean prevalence ranged over

60
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Fig. 2 Variation in the prevalence of infection in the fox
population obtained by simulation. The black line
" shows the average prevalence in 1000 trials. The
grey zone shows the prevalence in 100 trials.

—391—

Table 2 Structure of characteristics in fox in the model

litter size (only female)

alive or dead

sex

age (year)

number of infection experiences

day after infection

number of worms

pregnancy or not (only female)

6.0~57%, and the average was estimated as 33%,
which agreed with the recent reports of prevalence
(30~50%) in Hokkaido. The prevalence falls
remarkably after the breeding season (May), and
quickly rises to the peak thereafter (Fig.2). The
prevalence falls slightly from autumn to winter, but the
prevalence in winter always fluctuates on a large scale.
For the case of high prevalence in the breeding season,
the prevalence in the next winter tends to remain at a
low level, and diminishes 20~30% compared to the
prevalence in summer, while for the case of low
prevalence in the breeding season, the prevalence in
the next winter tends to remain fairly high, and

diminishes only 10% compared with the prevalence in
summer.

The mean prevalence of the vole population in 1000
trials varied within the range of 1.8~6.2%, and the
yearly mean prevalence ranged over 1.26~8.77%, and
the average was estimated as 3.8%. The prevalence in
spring has a tendency to fall with a-small fluctuation
(Fig.3), and the prevalence in voles in spring remained
low in all the trials because the variance was fairly
small. In contrast, the prevalence in voles increases

Prevalence in foxes (%)

Year

Fig. 3 Variation in the prevalence of infection in the vole
population obtained by simulation. The black line
shows the average prevalence in 1000 trials. The
grey zone shows the prevalence for 100 trials.



Tomohiko NISHINA et al. / Stochastic model of Echinococcus multilocularis

Table 3 Range and mean worm burden of foxes
in the results of simulations

Number of

. . Range of Mean worm
examined infected
worm burden burden
foxes
juvenile 35 28-99300 22270
adult 65 1-25670 3300

together with a large scale of fluctuation in’summer.
The peak of prevalence occurs variably between
autumn and winter depending on the year in repeated
trials.

Worm burden in foxes

It followed from the simulations that the worm burden
in juvenile and adult infected with E.
multilocularis ranged from 28~99,300 and from
1~25,670, and that it averaged 22,220 and 3,300,
respectively (Table 3), which would lead to the
overgrowth of the worm burden, especially in
juveniles, because Hofer (2000) estimated the average
worm burden as 4,995 and 907 based on actual
surveys (Table 1). Fig.4 shows the graphs of the
distributions of worm burden and logarithmic worm

foxes

burden. Since the latter curve was almost a straight
line, the worm burden would disperse exponentially.
The stochastic system of foxes preying on voles taking
into consideration the age structure and the growth of
protoscoleces resulted in a reasonable distribution of
worm burden. -

4., DiscussiOoN

Although little is known about how protoscoleces
increase in infected voles due to the lack of survey
data, our approximate protoscoleces-day model
could reproduce the distribution of the worm burden
in foxes. Actually, stochastic simulation achieved a

reasonable distribution of worm burden in foxes.
The average worm burden obtained from
simulations went beyond the bounds of the field
survey (Hofer, 2000), although the range of worm
burden in foxes agreed with the field survey. We
assume that the immunity is strengthened in
‘proportion to the number of infections experienced
by a fox. However, it is plausible that a high level of
immunity would be acquired in the several first
experiences. In the model, we take no account of the
reduction of immunity or shortening of the period of
discharging eggs, which must be addressed in

12 6
£ e
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z 14£
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8 80
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Number of foxes

Fig. 4 Distribution of the worm burden in the infected foxes
obtained by simulation. The number of worms (worm
burden) and the log number of worm burden are
shown by dots and circles, respectively.

further studies.

The prevalence of infection in the fox population
varies according to the season. It decreases
remarkably after the breeding season (May) because
of newborns, afterwards, newborns become infected
so that the prevalence quickly rises to a peak.
Actually, most newborns experience infection with
E. multilocularis by summer. 1t was shown that the
prevalence of infection in foxes decreases slightly
from the peak, and the prevalence in winter varies
on a large scale from year to year. The dangerous
term for the infection of individuals with E,
multilocularis comes after the fox breeding season
because that is the time with the highest density of
foxes, which is supported by the fact that the
prevalence of infection in the vole population
increases from summer to winter. When the fox
population is large in a certain trial, the prevalence
tends to hold at a high level comparéd with the
prevalence in a small fox population in other trials.
A large fox population and a high prevalence lead to
a large number of infected foxes and free living
parasite eggs, and may increase the prevalence in

-voles, too. If the fox population increases by some

chance, the prevalence of E. multilocularis becomes
high in both the fox and vole populations.

The low prevalence in voles from June to July is
due to the short longevity of the parasite eggs and
the fact that most juvenile foxes stay in the latent
period. In winter, the prevalence in vole population
along with prevalence in the fox
population, reaches a peak and varies widely, which
means that the prevalence in voles strongly depends
on the population dynamics of the fox.

In the model, the in the vole
population depends only on active parasite eggs

increases

infection risk
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because the contact rate is set at a constant value.
The human risk of infection with E. multilocularis
can be thought of as the same as the vole risk
because both humans and voles are infected by
ingesting parasite eggs orally.

In the model, the longevity of the parasite eggs is
assumed to depend on only temperature, but actually
it also depends on humidity. Moreover, it was
reported that there were some hot spots because
voles are distributed heterogeneously. It is
conceivable that under natural circumstances the
rate of contact of voles with parasite eggs is
influenced by some environmental factors such as
the densities of both the definitive and the
intermediate hosts and the habits of the hosts.
Further improvement of the model, including
consideration of the effect of control measures
against E. multilocularis, is needed to forecast
future prevalence precisely.
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Idenitification of animals excreting feces collected
in field for epizootiological studies of echinococcosis
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Copro-DNA diagnosis of prepatent infection
with Echinococcus multilocularis in combination
with anthelmintic treatment
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Prevalence of Echinococcus multilocularis in foxes
in Hokkaido has been around 40%, increasing the
risk of infections to domestic dogs and cats. At pres-
ent, standard diagnostic procedure for dogs and cats
is detection of coproantigen and fecal taeniid eggs,
followed by the confirmative DNA detection from
the eggs. However, during the prepatent period, eggs
cannot be detected while coproantigen is already
positive. Unfortunately, positive results of coproanti-
gen alone can not be definitive indication of the in-
fection because of its cross reactivity with other Tae-
nia infection and occasional false positive result. To
correctly evaluate the risk of E. multilocularis and to
take effective preventive measures, it is essential to
detect DNA from the feces even during the prepa-
tent period.

Five dogs were orally given 1,000 (1 dog), 150,000
(3) and 1,000,000 (1) protoscoleces of E. multilocu-
laris. Feces were collected daily until 21 days after
infection and DNA was extracted using QlAamp
DNA Stool Mini Kit (Qiagen) and tested by specific
PCR [1]. As a result, DNA was detected only sporad-
ically, indicating that it is difficult to detect DNA
during the prepatent period.

In the next experiment, two dogs were orally giv-
en 10,000 and 100,000 protoscoleces respectively.
Fourteen days after infection, they were treated with

praziquantel.

Feces were collected until 21 days post infection
and DNA was extracted and tested by the PCR. Be-
fore the praziquantel treatment, only one sample
was positive for the PCR. But after the treatment,
the PCR was positive in feces of both dogs. Detected
DNA is probably derived from the worms that were
killed and excreted together with feces. These re-
sults suggest that DNA detection from feces in com-
bination with the praziquantel treatment can be a
new option for the diagnosis of E. multilocularis in-
fection in the definitive hosts. '

Key words: Echinococcus multilocularis, Diagnosis,
copro-DNA
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Larval development of Taenia asiatica in scid mice
and gerbils and their infectibity to humans
and alternative definitive hosts
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Humans can become infected by a number of canine intestinal helminths, some of which
are considered potential public health problems worldwide. However, intestinal worms of
dogs currently receive less attention than their protozoan counterparts. This may partly be due
to the decline in endemicity reportedly dccufring in developed countries where dogs are
likely to receive more atténtion and anthelmintic treatment from their owners. To illustrate
the importance of veterinary care, a. longitudinal study in Japan revealed that progress in
prophylactic drug administration against dirofilariasis has alsb decreased the prevalence of
several intestinal nematodes in dogs (Asano and others 2004). The low levels of prevalence
among canine hosts translate into a reduction in potential zoonotic risk for humans in a given
area. However, endemicity has been found to vary markedly from one region to another and
is also influenced by aspects of the survey protocols, such as subject choice and the
diagnostic techniques that are employed (Robertson and others 2000).

This short communication is part of an ongoing study on the zoonotic helminths of Japan

and describes a coprological survey of dogs in Aomori, the northernmost prefecture on the
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