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Abstract

Previously, we reported ‘a hovel type’ of Cryptosporidium andersoni detected from cattle in Japan, and showed that the
isolate was infective to mice. In the present study, we examined the patterns of oocyst shedding in both immunocompromised
and immunocompetent mice, as well as pathological lesions in the infected mice. After oral inoculation with 1 x 10° oocysts, all
five severe combined immunodeficiency (SCID) mice began to shed endogenously produced oocysts on day 6 post-inoculation
(p.i.). The number of oocysts per day (OPD) reached 1 x 10° on day 17 p.i., and an OPD level of 1 x 10°to 107 was maintained
until 91 days p.i. when the mice were sacrificed. In the five immunocompetent mice inoculated with 1 x 10° oocysts, the pre-
patent and patent periods were 6 and 19 days, respectively, and the maximal OPD level was 1.5 x 10° on average. On
histological examinations of infected SCID mice, a large number of parasites were present on the surface of the gastric glands of
the stomach, but not in other organs examined. In conclusion, the novel type of C. andersoni, which genetically coincides with C.
andersoni reported in other countries, is infective to mice, but susceptibility was lower than that of Cryprosporidium muris
infecting rodents from the perspective of infectivity to immunocompetent mice.
© 2005 Elsevier B.V. All rights reserved.
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Cryptosporidium muris has been found in cattle the isolate from cattle is genetically distinct from that
and other ruminants (Upton and Current, 1985; from rodents (Morgan et al., 2000), and dose not infect
Anderson, 1987, 1991). It has also been reported that immunocompetent or immunocompromised mice

unlike the isolate from rodents (Lindsay et al.,
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fax: +81 072 254 9918, isolate from cattle was distinguished from C. muris
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andersoni was proposed (Lindsay et al., 2000).
Recently, however, a Cryptosporidium isolate called
‘anovel type’ of C. andersoni was isolated from cattle
in Japan (Satoh et al.,, 2003; Matsubayashi et al.,
2004). The isolate was genetically identical with that
of C. andersoni reported previously using the 18S
ribosomal RNA gene sequence analysis, but was
successfully transmitted to severe combined immu-
nodeficiency (SCID) mice (Satoh et al., 2003;
Matsubayashi et al., 2004). These findings showed
that the isolate in Japan was biologically different
from C. andersoni isolates in other countries.
However, since then, there have not been further
biological analyses of the novel type of C. andersoni
in mice. In the present study, we examined the patterns
of oocyst shedding in both immunocompromised and
immunocompetent mice, as well as pathological
lesions in the infected mice.

Oocysts of C. andersoni used in the present study
were isolated from cattle in Hokkaido, Japan
(Matsubayashi et al., 2004), and maintained by
passage in SCID mice. Fecal pellets were collected
and oocysts were purified by the sugar flotation
method. Oocysts were resuspended in distilled water
and stored at 4 °C for less than one month.

For experimental infections, five-week-old female
C.B-17/Icr-SCID Jcl and C.B-17/Icr-+/+ mice (Clea
Japan Inc., Japan) in groups of five were used. Each
mouse was inoculated with 1 x 10° oocysts in 0.1 ml
of distilled water by gastric intubation and separately
housed in wire-bottom cages placed on a tray
containing 5 mm of water to keep the feces wet. All
cages were kept in an environmentally controlled
room, which was maintained at 25 °C. The mice were
given sterilized water and standard pellet diet (CE-2,
Clea Japan Inc.). All animals received humane care as
outlined in the “Guide for the Care and Use of
Laboratory Animals™ by the Department of Protozoal
Diseases, Graduate School of Medicine, Osaka City
University. Fecal examinations for oocysts were
carefully carried out by the sugar centrifugal flotation
method. Briefly, samples were collected daily from 4
through 40 days post-inoculation (p.i.), and at 3-day
intervals from 40 through 91 days p.i. Then, a sucrose
solution with a specific gravity of 1.2 was added to the
sediment of 1 g of each sample. After centrifugation,
oocysts floating on the surface were recovered and put
onto a glass slide. The entire smear was observed

0 10 20 30 40 50 60 70 80 9 100
Days post infection

Ooyst number/mouse/day (log scale)

Fig. 1. Patterns of oocysts shedding in five SCID mice inoculated
with 1 x 10° oocysts of the novel type of C. andersoni.

under a light or differential interference contrast
microscopy at 200- or 400-fold magnifications. The
number of oocysts per day (OPD) was estimated. The
SCID mice were sacrificed on day 91 p.i., and at
necropsy, esophagus, stomach, duodenum, jejunum,
ileum, cecum, heart, lung, kidney, liver and bile duct
were collected, and fixed with 10% neutral buffered
formalin. Histological sections, stained with haema-
toxylin and eosin, were examined for the presence of
endogenous stages of the parasite.

The patterns of oocyst shedding in SCID mice are
presented in Fig. 1. A few oocysts were first detected
in the feces on day 6 p.i. Countable oocysts (1 x 10° to
10%) were found from 11 days p.i., and the number of
OPD gradually increased till 40 days p.i., with the
number of OPD reaching 1 x 10° on day 17 p.i. From
11 to 40 days p.i., the number of OPD slightly

Mice no.
8 r - |
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=t
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Fig. 2. Patterns of oocysts shedding in five immunocompetent mice
inoculated with 1 x 10° oocysts of the novel type of C. andersoni.
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decreased four times at 5-8 days intervals. After 40
days p.i., the average number of OPD continually
remained 8.1 x 10°. The maximal number of OPD
was 1.1-1.3 x 107 (1.2 x 107 on average). There were
no clinical symptoms such as diarrhea.

The number of OPD in immunocompetent mice is
shown in Fig. 2. Small numbers of oocysts were first
detected in the feces on day 6 p.i. Large numbers of
oocysts were found from 10 to 11 days p.i. The
number of OPD did not increase as much as that in
SCID mice and the number eventually began to
decrease till none could be detected. On monitored
days, the number of OPD fluctuated several times at
5-7 days intervals. During the patent period of 19
days, the maximal number of OPD for five mice was
0.6-2.4 x 10° (1.5 x 10° on average).

On histological examinations of infected SCID
mice, a large number of parasites including tropho-
zoites, shizonts and oocysts were present on the
surface of the gastric glands of the stomach (Fig. 3),
but not in the non-glandular stomach. There was no
inflammatory response noted around the parasites.
There were no endogenous stages found in other
organs examined.

In experimental infections of the novel type of C.
andersoni to SCID and immunocompetent mice, both
mice proved their susceptibility to the infection.
Careful examination in the present study demonstrated
that very few oocysts were shed from either SCID or
immunocompetent mice on day 6 p.i. In SCID mice,
the number of OPD gradually increased to about
1 x 10°, and mice showed persistent infections.
However, the number of OPD in immunocompetent
mice was low, and there were no oocysts detected after
25 days p.. These results show that the immune
system plays a major role in infection of the novel type
of C. andersoni, like other Cryptosporidium spp.
(McDonald et al., 1992).

Genetically, C. muris, which is also infective to
mice, is closely related to C. andersoni. To analyze
biological differences between the novel type of C.
andersoni and C. muris, we compared our results with
the pattern of oocyst shedding of C. muris reported
previously. The pattern of OPD in SCID mice in the
present study was similar to that of C. muris in

immunocompromised mice (athymic mice) reported

previously (Taylor et al, 1999). However, in
immunocompetent mice, the patent period of the

Fig. 3. Hematoxylin and eosin stained paraffin section of the stomach of SCID mouse infected with a novel type of C. andersoni. Surfaces of
gastric glands are covered with large numbers of parasites; scale bar = 50 pm.
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novel type of C. andersoni (19 days) was much shorter
than that of C. muris (between 34 and 75 days in Icr
strain mice), and the maximal number of OPD of the
novel type of C. andersoni (1.5 x 10° on average) was
much lower than that of C. muris (2.6 x 10’ on
average) (Iseki et al., 1989). These findings indicate
that the infectivity of the novel type of C. andersoni to
mice is lower than that of C. muris.

The location in mice of the novel type of C.
andersoni was restricted in the glandular part of the
stomach, which is the same as C. andersoni reported
previously in cattle (Lindsay et al., 2000). There were
no gross pathological lesions and no signs of any
inflammations. These findings in mice were similar to
‘those of C. muris (Iseki et al., 1989; Taylor et al.,
1999).

We examined the biological features of the novel
type of C. andersoni in SCID and immunocompetent
mice. We found differences in patterns of oocyst
shedding between this isolate and C. muris in
immunocompetent mice. In conclusion, the novel
type of C. andersoni, which genetically coincides with
C. andersoni reported in other countries, is infective to
mice, but the susceptibility of mice to C. andersoni is
lower than that to C. muris in immunocompetent mice.
Further studies are needed to clarify the host range of
this novel type of C. andersoni.

This work was partly supported by Grants-in-Aid
for Scientific Research from the Ministry of Educa-
tion, Culture, Sports, Science and Technology (to
K.S., H.T. and M.M.).
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ABSTRACT: Giardia intestinalis has been found in a variety of mam-
mals, including humans, and consists of host-specific and zoonotic ge-
notypes. There has been only 1 study of G. intestinalis infection in
weasels, but the genotype of its isolate remains unclear. In this study,
we report the isolation of Giardia in a ferret exhibited at a pet shop.
The isolate was analyzed genetically to validate the possibility of zoo-
notic transmission. Giardia diagnostic fragments of the small subunit
ribosomal RNA, B-giardin, and glutamate dehydrogenase genes were
amplified from the ferret isolate and sequenced to reveal the phyloge-
netic relationships between it and other Giardia species or genotypes
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of G. intestinalis reported previously. The results showed that the ferret
isolate represented the genetic group A-I in assemblage A, which could
be a causative agent of human giardiasis.

The flagellate Giardia is a well-known intestinal parasite, which in-
fects a wide range of vertebrate hosts, including humans. At present, 6
species in this genus, i.e., G. intestinalis (syn. G. lamblia, G. duoden-
alis) in humans, livestock, and other domestic animals, G. microti and
G. muris in rodents, G. psittaci and (. ardeae in birds, and G. agilis
in amphibians, which can be distinguished in view of the morphology

Assemblage E

Assemblage F

Assemblage A

Assemblage G

Assemblage C

Assemblage B

-G. microti (AF006676)

l Assemblage D

Ficure 1. Phylogenetic relationships of the ferret isolate o other Giardia species and G. intestinalis genotypes as inferred by neighbor-joining
analysis, based on the nucleotide sequences of the SSUrDNA. Names of the isolates and accession numbers in GenBank are shown in parentheses.
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FiGgure 2. Phylogenetic relationships of the ferret isolate to other Giardia species and G. intestinalis genotypes as inferred by neighbor-joining
analysis, based on the nucleotide sequences of the B-giardin. Names of the isolates and accession numbers in GenBank are shown in parentheses.

and ultrastructure of their trophozoites, are recognized as valid (Adam,
2001). However, recent molecular studies have shown that G. intestin-
alis is composed of at least 7 genetically distinct, but morphologically
identical, assemblages (assemblages A—G), and, moreover, most of these
assemblages appear to have different host preferences, e.g., assemblages
C and D in dogs, assemblage E in hoofed livestock, assemblage F in
cats, and assemblage G in rats (Monis et al., 1999; Adam, 2001; Monis
and Thompson, 2003). On the other hand, assemblage A consists of
isolates that can be classified into 2 genetic groups (A-I and A-II)
(Thompson et al., 2000). Genetic group A-I consists of a mixture of
animal and human isolates. In contrast, group A-II consists entirely of
human isolates. Assemblage B consists of a genetically diverse group
of mainly human isolates, but some isolates from animals have been
included. Therefore, it is supposed that genetic group A-I in assem-
blages A and B has the potential for zoonotic transmission (Thompson
et al., 2000; Monis and Thompson, 2003).

At present, there has been only I study of Giardia infection in Mus-
telidae animals, but the genotype of the isolate remains unclear because
identification was performed with only conventional microscopy (Wil-
liams et al., 1988). In Japan, the ferret is a popular pet sold in many
shops, but a detailed survey of zoonouic pathogens in ferrets has not
been performed (Abe and Iseki, 2003). Because G. intestinalis is ge-
netically diverse and some isolates from animals appear to have zoo-
notic potential as mentioned above, it is likely that ferrets harbor ferret-
specific or zoonotic genotypes. Therefore, it is important to analyze the
isolates from ferrets genetically to elucidate the epizootiology of Giar-
dia infection in animals as well as for the control of human giardiasis.
In this study, we obtained an isolate from a ferret in a pet shop and
compared it genetically with the multiple genotypes of G. intestinalis
reported previously to validate the phylogenetic relationships.

A fecal sample was collected from a ferret exhibited at a pet shop in

Kanazawa City, Japan. This animal showed no clinical symptoms, such
as diarrhea, when the fecal sample was collected. The purification of
Giardia cysts from the fecal sample and the extraction of DNA from
cysts were performed following a method reported previously (Abe et
al., 2003). Giardia diagnostic fragments were amplified by the poly-
merase chain reaction (PCR) with the following primer pairs targeting
the different gene loci: RH11 and RH4 for the Giardia small subunit
ribosomal RNA gene (SSUrDNA) (Hopkins et al., 1997), G7 and G759
for the Giardia B-giardin gene (B-giardin) (Caccid et al., 2002), and
GDH1 and GDH4 for the Giardia glutamate dehydrogenase gene
(GDH) (Homan et al., 1998). The area amplified with each primer pair
includes a variable region, which can be used to distinguish Giardia
species as well as multiple genotypes of G. intestinalis. PCR amplifi-
cation was performed under conditions reported previously (Hopkins et
al., 1997; Homan et al., 1998; Caccio et al., 2002), except that Ex Tag
DNA polymerase, Ex Tag buffer, and deoxynucleoside triphosphate
(TAKARA Shuzo Co. Ltd., Otsu, Japan) were used in this study. Am-
plification products were subjected to electrophoretic separation using
3% agarose gels, stained with ethidium bromide, and observed on a UV
transilluminator. The PCR products were gel purified using a QLA quick
Gel Extraction kit (QIAGEN GmbH, Hilden, Germany) and sequenced
using an ABI PRISM BigDye Terminator Cycle Sequencing FS Ready
Reaction kit (PE Applied Biosystems, Foster City, California) on an
ABI 310 automated sequencer (PE Applied Biosystems). PCR products
were sequenced in both directions using each primer pair mentioned
above. Sequences obtained from the ferret Giardia isolate were aligned
with available nucleotide sequences reported previously (Baruch et al.,
1996; Monis et al., 1996, 1998, 1999; Thompson et al., 2000; Caccid
et al., 2002) from other Giardia species and multiple genotypes of G.
intestinalis using Clustal-X (version 1.63b). Evolutionary distance be-
tween different isolates was calculated with the Kimura 2-parameter
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Phylogenetic relationships of the ferret isolate to other Giardia species and G. intestinalis genotypes as inferred by neighbor-joining

analysis, based on the nucleotide sequences of the GDH. Names of the isolates and accession numbers in GenBank are shown in parentheses.

method. Trees were constructed using the neighbor-joining algorithm
(Saitou and Nei, 1987) and were drawn using the Nlplot program (Per-
riere and Gouy, 1996). The partial sequences of SSUrDNA, B-giardin,
and GDH of the ferret Giardia isolate, obtained in this study, have been
deposited in the GenBank database as AB159796, AB159797, and
AB159795, respectively.

The partial SSUrDNA, B-giardin, and GDH were amplified success-
fully in the ferret isolate (data not shown). The partial SSUrDNA (125
bp) sequence was identical to sequences of the isolates (BAC2 and
BAH40C11) found to have the assemblage A. The partial B-giardin
sequence (472 bp) of the ferret isolate differed slightly from the se-
quences of the isolates (WB, KC8) found to have the assemblage A.
There were 2 substitutions in the partial B-giardin sequence of the iso-
late from the ferret as compared with that of the isolate WB or KC8
(data not shown). The partial GDH sequence (592 bp) of the ferret
isolate also differed slightly from the sequences of the isolates found
to have the assemblage A (Ad-1, Ad-2, Bris-136). There were 1, or 3,
substitutions in the partial GDH sequence as compared with that of the
isolate Ad-1 or Ad-2 and Bns-136, respectively (data not shown). The
close relatedness of the ferret isolate to assemblage A was also reflected
in the phylogenetic analysis of B-giardin (Fig. 2) as well as SSUrDNA
(Fig. 1): the ferret isolate was clustered with assemblage A. Similarly,
the phylogenetic analysis of GDH sequences showed a close relatedness
between the ferret isolate and assemblage A, but the ferret isolate was
not clustered with the isolates Ad-2 and Bris-136 found to have group
A-II but with the isolate Ad-1 found to have group A-1 (Fig. 3). At
present, the isolates classified into the genetic group A-I have been

found in a variety of mammals, e.g., cattle, pig, horse, cat, dog, beaver,
and humans, but the isolates in group A-II have been found only in
humans (Adam, 2001; Monis and Thompson, 2003). Therefore, on the
basis of the results of the phylogenetic analysis performed in this study
and of the molecular epidemiological evidence revealed previously, we
place the ferret isolate in genetic group A-I, which appears to have
zoonotic potential. Although Giardia infection in Mustelidae had been
confirmed already in a black-footed ferret, Mustela nigripes, by light
microscopy in 1988 (Williams et al., 1988), since then there have been
no reports regarding Giardia infection in weasels. Therefore, our study
is the first molecular analysis of an isolate from weasels. Epizootiolog-
ical surveys of zoonotic pathogens in animals reared in pet shops or by
breeders have been overlooked, and thus, periodical examinations of
pets are needed to prevent infections with zoonotic pathogens.

LITERATURE CITED

ABE, N., aNp M. Isex1. 2003. Identification of genotypes of Cryptospo-
ridium parvum isolates from ferrets in Japan. Parasitology Research
89: 422-424.

. 1. KIMATA, AND M. Isexi. 2003. Identification of genotypes of
Giardia intestinalis isolates from dogs in Japan by direct sequenc-
ing of the PCR amplified giutamate dehydrogenase gene. Journal
of Veterinary Medical Science 65: 29-33.

ApaMm, R. D. 2001. Biology of Giardia lamblia. Clinical Microbiology
Reviews 14: 447-475,

BARUCH, A. C., J. IsAAC-RENTON, AND R. D. ADAM. 1996. The molecular




182  THE JOURNAL OF PARASITOLOGY, VOL. 91, NO. 1, FEBRUARY 2005

epidemiology of Giardia lamblia: A sequence-based approach.
Journal of Infectious Diseases 174: 233-236.

Caccig, S. M., M. D. Giacomo, anp E. Pozio. 2002. Sequence analysis
of the B-giardin gene and development of a polymerase chain re-
action-restriction fragment length polymorphism assay to genotype
Giardia duodenalis cysts from human faecal samples. International
Journal for Parasitology 32: 1023-1030.

Homan, W. L., M. GiLsivG, H. BENTALA, L. LIM'.PER AND E KNAPEN.
1998. Characterization of Giardia duodenalis by polymerase-chain-
reaction fingerprinting. Parasitology Research 84: 707-714.

Hopkins, R. M., B. P MeLont, D. M. GrRoTH, J. D. WETHERALL, J. A.
REYNOLDSON, AND R. C. A. THOMPSON. 1997. Ribosomal RNA se-
quencing reveals differences between the genotypes of Giardia iso-
lates recovered from humans and dogs living in the same locality.
Journal of Parasitology 83: 44-51.

Monis, P. T, R. H. ANDREWS, G. MAYRHOFER, aND P L. Ey. 1999.
Molecular systematics of the parasitic protozoan Giardia intestin-
alis. Molecular Biology and Evolution 16: 1135-1144.

, , J. MACKRILL, J. KuLDa, J. L. ISAAC-RENTON,

AND P. L. Ey. 1998. Nove] lineages of Giardia intestinalis identified

by genetic analysis of organisms isolated from dogs in Australia.

Parasitology 116: 7-19.

. G. MAYRHOFER, R. H. ANDREWS, W. L. HOMAN, L. LIMPER, AND

P. L. Ey. 1996. Molecular genetic analysis of Giardia intestinalis

isolates at the glutamate dehydrogenase locus. Parasitology 112:

1-12.

. AND R. C. A. Thompson. 2003. Cryptosporidium and Giardia-
zoonoses: Fact or fiction? Infection, Genetics and Evolution 3:
233-244.

PERRIERE, G., AND M. Gouy. 1996. WWW.-query: An on-line retrieval
system for biological sequence banks. Biochimie 78: 364-3609.
Sarrou, N., aNp M. NeL 1987. The neighbor-joining method: A new
method for reconstructing phylogenetic trees. Molecular Biology

and Evolution 4: 406—425.

Tuaompson, R. C. A, R. M. Hopkins, anD W. L. Homan. 2000. No-
menclature and genetic groupings of Giardia infecting mammals.
Parasitology Today 16: 210-213.

WiLLiams, E. S., E. T. THORNE, M. I. G. AppEL, AND D. W. BELITSKY.
1988. Canine distemper in black-footed ferrets (Mustela nigripes)
from Wyoming. Journal of Wildlife Diseases 24: 385-398.




Parasitol Res (2004) 92: 523-526
DOI 10.1007/s00436-004-1082-z

Niichiro Abe - Motohiro Iseki

Identification of Cryptosporidium isolates from cockatiels by direct
sequencing of the PCR-amplified small subunit ribosomal RNA gene

Received: 8 December 2003 / Accepted: 13 January 2004 / Published online: 4 March 2004

© Springer-Verlag 2004

Abstract Cryptosporidium is a significant pathogen in
humans and animals. Cases of infection by C. meleag-
ridis or C. baileyi with zoonotic potential have also been
reported in domestic birds; and recent studies indicate
the presence of new host-adapted species or genotype in
birds. Therefore, accurately identifying isolates is impor-
tant for understanding the epizootiology of Cryprospo-
ridium infection in birds and for the control of human
cryptosporidiosis. Cryptosporidium has been detected in
cockatiels, but the species or genotype of isolates re-
mains unclear because identification was performed
using conventional microscopy. We report herein the
species or genotype of isolates from two cockatiels dis-
tinguished by a PCR-based diagnostic method. The
isolates were found to be C. meleagridis and C. bailey,
respectively. This study documents the first discovery of
C. meleagridis and C. baileyi in cockatiels and suggests
that pet birds may play an important role in the epide-
miology of cryptosporidiosis. :

Cryptosporidium is a protozoan parasite that is ubiqui-
tous in its geographic distribution and range of verte-
brate hosts. In domestic birds, especially in chickens and
turkeys, C. meleagridis and C. baileyi are recognized as
significant pathogens, primarily as a cause of diarrheal
and respiratory illness, respectively (Ditrich et al. 1991;
Sréter and Varga 2000). Both species are also known to
be zoonotic (Xiao et al. 2000). Although Cryptosporidi-
um organisms have been found in popular pet birds
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belonging to the orders Passeriformes and Psittacifor-
mes, in most cases of infection reported to date, identi-
fication has been based on only the conventional
microscopy of intestinal tissue or fecal samples
(O’Donoghue 1995). Recently, isolates which are dis-
tinguishable morphologically but quite different geneti-
cally from other Cryptosporidium species or genotypes,
have been found in finches, a black duck and a goose
and are proposed as new species (C. blagburni from
finches, Cryptosporidium sp. from the black duck) and
genotypes (Cryptosporidium goose genotype from the
goose; Morgan et al. 2001; Xiao et al. 2002). Meanwhile,
it was demonstrated using a PCR-based method that an
aviary-bred parrot was infected with C. meleagridis
(Morgan et al. 2000). Therefore, it is important to
accurately identify avian isolates in order to elucidate
the epizootiology of Cryptosporidium infection in birds
and for the control of human cryptosporidiosis.

In Japan, the cockatiel is a popular companion sold
in many pet shops, but no surveys of zoonotic pathogens
in cockatiels has been performed. In addition, there have
been only two studies of Cryptosporidium infection in
cockatiels, neither of which accurately identified the
isolates obtained (Goodwin and Krabill 1989; Lindsay
et al. 1990). In the present study, we obtained two iso-
lates from cockatiels in a pet shop and identified the
species or genotype by directly sequencing the PCR-
amplified small subunit ribosomal RNA gene.

Fecal samples were collected from two cockatiels
exhibited at a pet shop in Kanazawa City, Japan. Nei-
ther bird showed clinical symptoms when the fecal
samples were collected. The concentration of Cryptos-
poridium oocysts from fecal samples and the extraction
of DNA from oocysts were performed as reported by
Abe et al. (2002a, 2002b). The Cryptosporidium diag-
nostic fragment was amplified by nested-PCR targeting
the small subunit ribosomal RNA gene of Cryptospori-
dium reported by Xiao et al. (1999). The area amplified
includes a variable region that can be used to distinguish
among Cryptosporidium species and genotypes by PCR-
RFLP or phylogenetic analysis (Xiao et al. 1999).
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However, we recently showed that PCR-RFLP of this
region could not be used to distinguish among certain
Cryptosporidium species and genotypes because of a
similarity in RFLP profiles (Abe et al. 2002c). Therefore,
in the present study, we identified the isolates from
cockatiels by phylogenetic analysis, using data obtained
from the direct sequencing of PCR products.

For the primary PCR step, a product approximately
1,300 bp long was amplified in a volume of 50 ul con-
taining 1x PCR buffer, 2 m M MgCl,, 250 uM each
dNTP, 0.5 pM each primary primer reported by Xiao
et al. (1999), 1.25 units of Ex Tag DNA polymerase
(Takara Shuzo Co., Otsu, Japan) and 5 pl of the DNA
sample. We used the PCR buffer and dNTP mixture
supplied with Ex Tag DNA polymerase. Reactions were
performed on a GeneAmp PCR System 9700 thermo-
cycler (Perkin—-Elmer Co., Foster City, Calif.). Samples
were denatured at 94 °C for 3 min and then subjected to
35 cycles of 94 °C for 30 s, 55 °C for 30 s and 72 °C for
60 s, followed by a final extension at 72 °C for 7 min.
For the secondary PCR step, a product approximately
830 bp long was amplified using 2 pl of the primary
PCR product and a secondary primer pair reported by
Xiao et al. (1999). The PCR mixture and cycling con-
ditions were identical to those used for the primary PCR
step. The DNA of C. parvum strain HNJ-1 originating
from a patient was used as a positive control for the
PCR. This strain had the cattle genotype (Abe et al.
2002a). Products of the amplification were subjected to
electrophoretic separation using 3% agarose gels,
stained with ethidium bromide and visualized on a UV
transilluminator.

The PCR products were gel-purified using a QIA-
quick gel extraction kit (Qiagen, Hilden, Germany) and
sequenced using an ABI Prism BigDye terminator cycle
sequencing FS ready reaction kit (Perkin—Elmer Co.) on
an automated sequencer (ABI Prism model 310; Perkin—
Elmer Co.). They were sequenced in both directions,
using a secondary primer pair. Sequences obtained from
the cockatiel isolates were aligned with nucleotide se-
quences obtained from other Cryptosporidium species
and genotypes (Cai et al. 1992; Johnson et al. 1995;
Kimbell et al. 1999; Morgan et al. 1999, 2001; Xiao et al.
1999, 2002; Akiyoshi et al. 2003; Satou et al. 2003), using
Clustal-X ver. 1.63b. The evolutionary distance between
different isolates was calculated with the Kimura two-
parameter method. Trees were constructed using the
neighbor-joining algorithm (Saitou and Nei 1987).
Branch reliability was assessed using bootstrap analyses
(1,000 replicates) and the phylograms were drawn using
the NJplot program (Perriere and Gouy 1996).

Agarose gel visualization of nested-PCR products
revealed similar-sized diagnostic fragments (approxi-
mately 830 bp) for HNJ-1 and isolate A from one
cockatiel (Fig. 1, lanes 1, 2), but the fragment in isolate
B from the other cockatiel was slightly smaller (Fig. 1,
lane 3). The DNA sequences of the diagnostic fragments
of isolates A and B were 833 bases and 826 bases long,
respectively, and clearly clustered with the isolates

M 1 2 3

800 bp

Fig. 1 Detection of Cryptosporidium-specific fragments (approxi-
mately 830 bp long) by nested-PCR. Lane M Molecular marker
(100-bp ladder), lane 1 C. parvum strain HNJ-1, lanes 2, 3 isolates
A and B from cockatiels. The arrow shows the Cryptosporidium
diagnostic fragment amplified by nested-PCR

known to have C. meleagridis and C. baileyi, respectively
(Fig. 2). Therefore, the isolates from cockatiels exam-
ined i the present study were identified as C. meleagridis
and C. baileyi, respectively.

The first case of Cryptosporidium infection in cock-
atiels was reported in 1989 in the United States
(Goodwin and Krabill 1989). The next year, a second
case was reported in the same country (Lindsay et al.
1990). Since then, however, there have been no reports
of Cryptosporidium infection in cockatiels. In addition,
neither the species nor genotype of the isolates described
in those studies was identified, though C. baileyi was
suspected to have caused the second case, based on the
size of oocysts. Therefore, it remains unclear what spe-
cies or genotypes of Cryptosporidium are harbored in
cockatiels. The present study is the third report of
Cryptosporidium infection in cockatiels and it documents
the first positive identification of C. baileyi and
C. meleagridis in cockatiels.

The pathogenicity of C. meleagridis and C. baileyi in
cockatiels is still unclear, but in both previous cases the
infection was acute (Goodwin and Krabill 1989; Lindsay
et al. 1990). In the first case, Goodwin et al. (1989)
diagnosed the cause of death as inhalation pneumonia.
In the second case, it was unclear whether the cause of
death was related to Cryptosporidium, because of con-
current infections with other pathogens (Lindsay et al.
1990). In the present study, neither of the cockatiels
infected with C. meleagridis or C. baileyi showed clinical
symptoms. Therefore, further study is required to fully
understand the veterinary significance of these two spe-
cies in cockatiels.

According to recent molecular epidemiological stud-
ies, C. meleagridis has been found in both immuno-
competent and immunocompromised patients (Xiao
et al. 2000; Yagita et al. 2001). In addition, there has
been a report of the excretion of C. baileyi oocysts in an
immunocompromised patient and endogenous stages
have been found in organs taken at autopsy (Ditrich
et al. 1991). Therefore, both Cryptosporidium species are
recognized as zoonotic. Cryptosporidium organisms have
been found in pet birds, such as the cockatiel, canary,
finch, lovebird, parrot and budgerigar (O’Donoghue
1995) and cryptosporidial infections in these birds may
be more common than previously thought. Zoonotic
transmission may occur from these avian sources; and
therefore periodic examinations of pet birds are neces-
sary to prevent infections from zoonotic pathogens.



Fig. 2 Phylogram of the two
isolates (A, B) from cockatiels
and other Cryptosporidium
species and genotypes, as
inferred by neighbor-joining
analysis of nucleotide sequences
of the small subunit ribosomal
RNA gene. GenBank accession
numbers of the Cryptosporidium
organisms represented are
shown in parentheses
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Abstract

Cryptosporidium species have been found in more than 150 species of mammals, but there has
been no report in raccoon dogs. Here we found the Cryptosporidium organism in a raccoon dog,
Nyctereutes procyonoides viverrinus, and identified this isolate using PCR-based diagnostic meth-
ods. Cryptosporidium diagnostic fragments of the 18S ribosomal RNA, Cryptoesporidium oocyst
wall protein and 70-kDa heat shock protein genes were amplified from the isolate and sequenced to
reveal the phylogenetic relationships between it and other Cryptosporidium species or genotypes
reported previously. The results showed that the raccoon dog isolate represented the C. parvum
cattle genotype which could be a causative agent in human cryptosporidiosis.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Cryptosporidium; Genotype; Japan; Raccoon dog

Cryptosporidium parvum is an apicomplexan parasite found in a variety of mammals in-
cluding humans. In immunocompetent hosts, the infection is typically acute and self-limiting,
whereas in immunocompromised individuals, cryptosporidiosis is often a chronic disease
(Guyot et al., 2002). Although outbreaks of cryptosporidiosis are associated with indirect

* Corresponding author. Tel.: +-81-6-6771-5183; fax: +81-6-6770-2888.
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transmission via contaminated food or public water supplies, the source of infection is
thought to be either infected animal feces or human sewage.

Recent molecular studies show that C. parvum is composed of genetically distinct but
morphologically identical genotypes (Morgan et al., 1997, 1999b; Xiao et al., 2000b).
Among these genotypes, the human (recently proposed as a new species, C. hominis
(Morgan-Ryan et al., 2002)) and cattle genotypes are found to be the main causative agents
in human cryptosporidiosis (Guyot et al., 2001), but both genotypes have clearly distinct
features of transmission to heterogeneous hosts. As well as affecting humans, the human
genotype has showed infectivity in a piglet (Widmer et al., 2000), and been found in a
single nonhuman primate (Spano et al., 1998) and a dugong (Morgan et al., 2000b), while
the cattle genotype has been found to easily infect laboratory animals such as rodents and in
a variety of ruminants as well as humans (Morgan et al., 1999b, 2000a; Xiao et al., 2002).
Therefore, the latter is commonly recognized as a zoonotic genotype of C. parvum.

A variety of wild animals have been reported to be infected with C. parvum and C.
parvum-like organisms (Fayer et al., 2000). However, few of the isolates have been analyzed
genetically. It was confirmed that isolates from cattle could infect a variety of animals, but
the isolates used were not genotyped (Fayer and Ungar, 1986). Therefore, it is likely that wild
animals harbor the C. parvum cattle genotype. In October 2000, an injured wild raccoon dog
was brought to Osaka Municipal Tennoji Zoological Gardens and treated at a hospital there.
While in quarantine, a fecal sample was collected from this animal and examined by light
microscopy and immunofluorescence antibody tests using two commercially available kits
(Hydrofluor-Combo, Ensys, NC; MELIFLUOR, Meridian, Ohio) to detect Cryprosporidium
oocysts. Consequently, oocysts morphologically similar to those of C. parvum were found
in the sample. Since Cryprosporidium parasites have not been found previously in raccoon
dogs, we speculated that this isolate was zoonotic or a new genotype. Thus, we compared it
genetically with other Cryprosporidium species or genotypes reported previously, to confirm
the phylogenetic relationships.

The purification of Cryptosporidium oocysts from the fecal sample and the extraction of
DNA from the oocysts were performed as reported (Abe et al., 2002c). Cryptosporidium
diagnostic fragments were amplified by PCR with the following primer pairs targeting the
different gene loci: 18SiF and 18SiR for the Cryprosporidium 18S ribosomal RNA gene
(18SrDNA) (Morgan et al., 1997), chspl and chsp4 for the Cryptosporidium 70-kDa heat
shock protein gene (HSP70) (Gobet and Toze, 2001), and cryl5 and cry9 for the Cryp-
tosporidium oocyst wall protein gene (COWP) (Spano et al., 1997). The area amplified
with each primer pair includes a variable region which can be used to distinguish among
Cryptosporidium species as well as genotypes (Xiao et al., 2000a; Gobet and Toze, 2001;
Abe et al., 2002b). PCR amplification was performed under conditions reported previously
(Abe et al., 2002a; Abe and Iseki, 2003). The DNA of C. parvum strain HNJ-1 originating
from a patient was used as a positive control for the PCR. This strain has the cattle genotype
of C. parvum (Abe et al., 2002a). Amplification products were subjected to electrophoretic
separation using 3% agarose gels, stained with ethidium bromide and visualized on an UV
transilluminator. The PCR products were purified using a QIAquick Gel Extraction Kit (QI-
AGEN GmbH, Hilden, Germany) and sequenced using an ABI PRISM BigDye Terminator
Cycle Sequencing FS Ready Reaction Kit (Perkin-Elmer, USA) on an automated sequencer
(ABIPRISM 310 model; Perkin-Elmer, USA). They were then sequenced in both directions
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using each primer pair mentioned above. Sequences obtained from the raccoon dog isolate
were aligned using Clustal-X (version 1.63b; December 1997). The evolutionary distance
between different isolates was calculated using the Kimura 2-parameter method, and phylo-
genetic trees were constructed using the neighbor-joining algorithm (Saitou and Nei, 1987).

The partial 18SrDNA, HSP70 and COWP sequences were successfully amplified in the
raccoon dog isolate (data not shown). The partial 18SrDNA sequence was 295 bases long and
completely identical to sequences of isolates (C1, HNJ-1) found to have the cattle genotype
(Morgan et al., 1999a; Satoh et al., 2003). The sequences of the partial HSP70 and COWP
were 587 and 553 bases long, respectively, but both differed slightly from those of isolates
(HNIJ-1, isolates 6 and 11) found to have the cattle genotype (Sulaiman et al., 2000; Xiao
etal., 2000a; Satoh et al., 2003). There were two substitutions in the partial HSP70 sequence
of the isolate from the raccoon dog as compared with that of isolate 11 (data not shown). The
partial COWP sequences of HNJ-1 and isolate 6 were identical, but differed slightly for the
sequence of the isolate from the raccoon dog (data not shown). Thus, the partial sequences
of HSP70 and COWP from the raccoon dog isolate, obtained in the present study, have been
deposited in GenBank under accession numbers AB104730 and AB10473 1, respectively.
A phylogenetic tree was constructed based on the neighbor-joining analysis of nucleotide
sequences of 18StDNA, HSP70 and COWP to confirm the phylogenetic relationships of
the isolate from the raccoon dog among Cryptosporidium species or genotypes (Fig. 1). As
shown in Fig. 1, the close relatedness of the raccoon dog isolate to the C. parvum cattle
genotype was also reflected in the phylogenetic analyses of HSP70 (Fig. 1B) and COWP
(Fig. 1C) as well as 18SrDNA (Fig. 1A). By these analyses, the raccoon dog isolate was
clustered with the isolates found to have the cattle genotype (Fig. 1B and C). On the basis
of the results obtained from phylogenetic analyses, we identified this isolate as having the
C. parvum cattle genotype.

Although Cryptosporidium and Cryptosporidium-like organisms have been found in more
than 150 species of animals (Fayer et al., 2000), there has been no report of Cryprosporidium
infection in raccoon dogs. Since natural infections with the C. parvum cattle genotype other
than inruminants and humans have been confirmed in only an immunosuppressed dog (Fayer
et al., 2001), the distribution of this genotype in wild animals has been unclear. Therefore,
our study is the first record of Cryptosporidium infection in a raccoon dog, and also indicates
the possibility of infections with the C. parvum cattle genotype in many more wild animals.
The raccoon dog is a common species in Japan found in both urban and rural environments.
For this reason, it is speculated that cross-transmission could occur between humans and rac-
coon dogs. Further molecular analyses of these isolates are required to test this hypothesis.

This work was partly supported by Grants-in-Aid for Scientific Research from the Min-
istry of Education, Culture, Sports, Science and Technology.
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