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Abstract This study screened 151 pet-derived fecal speci-
mens randomly collected from four commercial markets in
northeast China for the presence of Cryptosporidium by
genus-specific nested PCRs of the small subunit rRNA gene.
Of'these, 14 specimens (9.3 %) from nine species of birds, two
types of rodents, and a hedgehog were positive for
Cryptosporidium. Sequence analysis on the PCR-positive iso-
lates facilitated identification of three Cryptosporidium spe-
cies (C. baileyi, C. galli, and C. ubiquitum) and two
Cryptosporidium genotypes (ferret genotype and avian geno-
type V). The study birds were affected predominantly with
bird-specific C. baileyi (Atlantic canary, budgerigar, crested
myna, rock dove, and silky fowl), C. galli (Chinese hwamei),
and Cryptosporidium avian genotype V (Fischer’s lovebird
and rosy-faced lovebird). Cryptosporidium ferret genotype
previously considered rodent-adapted was identified in three
specimens from budgerigar, chipmunk, and red squirrel. Two
specimens collected from common hill myna and hedgehog
were positive for C. ubiquitum. The species of birds that can
be colonized by Cryptosporidium were extended. Moreover,
the data expanded the host range of Cryptosporidium ferret
genotype and C. ubiquitum, especially the birds. The carriage
of zoonotic C. ubiguitum in small caged pets is of public
health importance.
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Introduction

Cryptosporidiosis caused by parasites of the genus
Cryptosporidium (Apicomplexa) is responsible for a signifi-
cant global burden of diarrhea in humans and animals (Plutzer
and Karanis 2009; Xiao 2010). Cryptosporidium infections
have been reported overwhelmingly in domestic and wild
birds and mammals, while our knowledge of the prevalence
and genetic characteristics of Cryptosporidium in small caged
birds and mammals that are commercialized in pet markets is
very limited (Feng 2010; Nakamura and Meireles 2015;
Plutzer and Karanis 2009; Xiao 2010). Although
Cryptosporidium is generally recognized as being adapted to
specific hosts, co-occurrence of some species (C. parvum,
C. meleagridis, C. felis, C. canis, C. ubiquitum, etc.) or geno-
types (horse, skunk, monkey genotypes, etc.) in both humans
and animals suggests the possibility of zoonotic transmission
(Plutzer and Karanis 2009; Slapeta 2013; Xiao and Fayer
2008). A number of different types of small birds and rodents
have become increasingly popular as pets worldwide, zoonot-
ic species or genotypes of Cryptosporidium carried by them
might be an imminent and substantial danger to the public
health (Feng 2010; Nakamura and Meireles 2015).

Birds are affected commonly with three Cryptosporidium
species (C. baileyi, C. galli, and C. meleagridis), five avian
genotypes (I to V), five goose genotypes (I to V), the black
duck genotype, and the Eurasian woodcock genotype and
sporadically with C. hominis, C. parvum, C. muris, etc.
(Nakamura and Meireles 2015; Plutzer and Karanis 2009).
Among them, C. meleagridis is the only zoonotic pathogen
and can also infect other mammals (Ryan 2010). Although
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one previous report described that an immunodeficient man in
Czechoslovakia was colonized with C. baileyi, skepticism still
remains largely due to the lack of molecular evidence (Ditrich
et al. 1991). However, information on host specificity and
zoonotic potential of the avian Cryptosporidium genotypes
is not complete as there exist only a small number of studies
involved (Nakamura and Meireles 2015). Cryptosporidium
infections in wild and domestic rodents have been document-
ed worldwide and these animals are dominantly infected with
zoonotic species C. parvum, C. muris, and C. ubiquitum and a
set of genotypes (mouse, ferret, mink genotypes, etc.) with
strong host specificity (Feng 2010). Among them,
C. ubiquitum recently renamed from “cervine genotype” is
considered a generalist among mammals including humans
and has public health significance (Slapeta 2013).

In China, small birds and rodents are popular companions
and sold in many pet markets and shops, but molecular survey
of Cryptosporidium was only performed in central China (Lv
etal. 2009; Qi et al. 2011, 2015). Nothing is known about the
epidemiology and zoonotic implications of Cryptosporidium
species or genotypes carried by small caged pets in northeast
China. The objective of the current study is to investigate 151
pet animals of various species, breeds, or types for the preva-
lence and genetic features of Cryptosporidium and assess the
host specificity and zoonotic potential of the species or geno-
types identified.

Materials and methods
Specimen collection

Fresh specimens were collected from small caged pets that are
commercialized in markets Dafa (eight specimens), Daowai
(88 specimens), Hapinglu (43 specimens), and Yongjiu (12
specimens) distributed in districts Xiangfang, Daowai, and
Daoli of city Harbin, northeast China (Table 1). The target
pets include 27 species of birds (99 specimens), four breeds
of rabbits (21 specimens), five types of rodents (26 speci-
mens), turtles (three specimens), and hedgehogs (two speci-
mens) (Table 1). Numbers of specimens in each species,
breed, or type of pets were exhibited in Table 1. All the pets
sampled were reared in steel cages fitted with trays for excreta
collection except that turtles were kept in plastic basins. Only
one specimen was collected from each tray or basin whether
the pets were kept individually or kept with multiple pets of
the same species, breed, or type in a single cage or basin.
Specimens were packaged individually in disposable plastic
bags with records of the date, location, identification number,
clinic presentation, breed, and age. Stools were stored frozen
at —20 °C prior to DNA extraction. Pets in Dafa, Daowai, and
Yongjiu pet markets were sampled on June 21, 2015, while
those from the rest one market on June 22, 2015. All fecal
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samples were donated by the pet owners, who granted permis-
sion to include those in the survey.

DNA extraction and nested PCR

Genomic DNA was extracted from 0.2 g (wet weight) pet
feces using the StoolGen DNA Kit (Spin-column) (CWBIO,
China) and the manufacturer-recommended procedures. PCR
amplification was performed using primer sets specific to
Cryptosporidium that amplified an approximately 830 bp
fragment of the small subunit (SSU) rRNA gene as described
(Li et al. 2015b). Each specimen was analyzed twice using
2 pl of extracted DNA per PCR. PCRs were performed with a
GeneAmp PCR system 9700 thermocycler (Applied
Biosystems, Foster City, CA). Aliquots of 5 pl of PCR prod-
ucts were visualized by electrophoresis in 1.5 % agarose with
ethidium bromide stain.

Sequence analysis and species/genotype determination

PCR products showing the expected size were sequenced in
both directions at Beijing Genomics Institute, China. Raw
sequences were edited to exclude the PCR primer binding
sites and manually were corrected using the Chromas Pro
version 1.33 (Technelysium Pty. Ltd., Helensvale,
Queensland, Australia). For Cryptosporidium species/
genotype determination, the edited sequences were compared
with database sequences by BLAST analysis (http://blast.ncbi.
nlm.nih.gov/Blast.cgi), their similarity was determined based
on the degree of sequence identity.

Statistical analysis

A significant difference in prevalence between animal groups
was scored when the p value was<0.05 using chi-squared
test. All tests were analyzed using the SPSS 17.0 (SPSS
Inc., Chicago, IL).

Results
Prevalence of Cryptosporidium in pets

Ofthe 151 pet specimens, 14 (9.3 %; 95 % confidence interval
(CI), 0.044 to 0.141) were positive for Cryptosporidium by
nested PCRs of the SSU rRNA gene (Table 1). The parasite
was found only in two of four pet markets surveyed, with a
prevalence of 14.8 % (13/88; 95 % CI, 0.067 to 0.228) in
Daowai market and a prevalence of 2.3 % (1/43; 95 % CI,
—0.022 to0 0.069) in Hapinglu market (Table 1). The difference
in prevalence between Daowai and Hapinglu markets is not
significant (p>0.05, x>=3.48). Eleven of 99 bird specimens
(11.1 %, 11/99; 95 % CI, 0.045 to 0.177) from nine of 27 bird
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Table 1 Prevalence, species, and

genotype of Cryprosporidium in Class (no.)  Host (no.) Age Pet market” (no.) Pathogen (pet market”,
small caged pets in northeast (months) no.)
China
Bird (99) Atlantic canary (3) 10 to 11 DW (3) C. baileyi (DW, 1)
Blue swallow (1) 5t06 DW (1)
Budgerigar (7) 3t09 DF (1), DW (3), C. baileyi (DW, 1), ferret
HP (3) genotype (DW, 1)
Chestnut-flanked white-eye DW (1)
1
Ch(in)ese grosbeak (2) 12t036 DW (2)
Chinese hwamesi (6) DW (6) C. galli (DW, 1)
Common blackbird (1) 7to0 8 DW (1)
Common hill myna (29) 2to8 DF (3), DW (24), HP C. ubiquitum (DW, 1)
2
Common myna (2) 1to3 DV(V )(2)
Common nightingale (2) DW (2)
Crested myna (8) 1t03 DF (1),DW (2),HP (5)  C. baileyi (DW, 2)
Eurasian tree sparrow (1) 3t04 HP (1)
Fischer’s lovebird (3) 2t03 DW (1), HP (2) Avian genotype
V (HP, 1)
Hainan blue flycatcher (3) DW (3)
House crow (6) 2t03 HP (6)
Java sparrow (4) 3 DW (1), HP (3)
Long-tailed shrike (1) 18 DW (1)
Marsh tit (1) 2t03 DW (1)
Pied bush chat (1) DW (1)
Rock dove (4) 12 DW (4) C. baileyi (DW, 1)
Rosy-faced lovebird (1) DW (1) Avian genotype V
(DW, 1)
Siberian rubythroat (4) 3to 12 DW (1), HP (3)
Silky fowl (1) 1to2 DW (1) C. baileyi (DW, 1)
Sulfur-crested cockatoo (1) 7t08 DW (1)
Sulfur-breasted warbler (1) 2t03 DW (1)
Verditer flycatcher (4) 1.5 DW (4)
Zebra finch (1) 2t03 HP (1)
Rabbit Dutch rabbit (2) 8 YJ(2)
@n European rabbit (12) lto2 DW (2), HP (8), YJ (2)
Miniature Lop (5) 2t03 DF (2), DW (2), YJ (1)
Netherland Dwarf (2) 12 HP (2)
Rodent Chinchilla (14) 1to2 DW (10), YJ (4)
(26 Chipmunk (2) 2103 DW (1), YJ (1) Ferret genotype (DW, 1)
Guinea pig (4) 1to2 HP (4)
Hamster (1) YJ (1)
Red squirrel (5) 3to4 DW (2), HP (3) Ferret genotype (DW, 1)
Other (5) Chinese three-striped box 12t0 96  DF (1), DW (2)
turtle (3)
Hedgehog (2) DW (1), YJ (1) C. ubiquitum (DW, 1)

# DF Dafa pet market, DW Daowai pet market, HP Hapinglu pet market, ¥J Yongjiu pet market

species (one specimen each for Atlantic canary, Chinese
hwamei, common hill myna, Fischer’s lovebird, rock dove,
rosy-faced lovebird, and silky fowl and two specimens each
for budgerigar and crested myna) were detected to be

Cryptosporidium-positive (Table 1). The organism was also
identified in two of 26 specimens (7.7 %; 95 % CI, —0.030 to
0.148) isolated from two types of rodents (one specimen each
for chipmunk and red squirrel) (Table 1). Birds have a
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prevalence slightly higher than rodents (p>0.05, x*=0.02).
In addition, one of two specimens from hedgehogs was exam-
ined for the presence of Cryptosporidium (Table 1). However,
none of the Cryptosporidium positives was examined in 21

specimens from rabbits and three specimens from turtles
(Table 1).

Species and genotypes of Cryptosporidium in pets

Sequencing is available for all 14 Cryptosporidium-positive
specimens. Among these, only one specimen was from
Hapinglu market and the others were from Daowai market
(Table 1). Sequence polymorphisms in the SSU rRNA gene
and BLAST analysis facilitated identification of five
Cryptosporidium species and genotypes (Table 1). Of these,
C. baileyi was seen in one of three specimens from Atlantic
canaries aged 10 to 11 months (Serinus canaria), one of seven
specimens from budgerigars aged 3 to 9 months
(Melopsittacus undulatus), two of eight specimens from crest-
ed mynas aged 1 to 3 months (Acridotheres cristatellus), one
of four specimens from rock doves aged 12 months (Columba
livia), and one specimen from silky fowl aged 1 to 2 months
(Gallus gallus domesticus Brisson) (Table 1). Three C. baileyi
isolates from budgerigar, crested myna, and rock dove have
the DNA sequences identical to a GenBank sequence under
accession no. L19068. Compared to L19068 (with the begin-
ning of the first nucleotide as position no. 1), several unreport-
ed substitutions were determined in the nucleotide sequences
of'the rest three C. baileyi isolates with G to A change found at
position 467 in isolate CHPT14 from crested myna, C to T
changes at positions 634, 640, and 696 and A to T change at
position 683 in isolate CHPT48 from Atlantic canary, and A to
G change at position 675 in isolate CHPT49 from silky fowl.
One of three specimens from Fischer’s lovebirds aged 2 to
3 months (Agapornis fischeri) and one specimen from rosy-
faced lovebird (Agapornis roseicollis) were identified with
Cryptosporidium avian genotype V. The two isolates with
avian genotype V have 100 % sequence identity to a reported
isolate from cockatiel in China (GenBank accession no.
HMI116381). As seen in Table 1, C. galli was found in one
of six specimens from Chinese hwamei (Garrulax canorus).
Compared with a GenBank reference sequence HM 116387
(recorded in Silver-eared Liocichla from China), six unreport-
ed mutations (G/A, A/G, T/C, A/T, C/T, T/C, and T/G changes
at positions 23, 235, 251, 261, 418, 462, and 571, respective-
ly) were observed in the obtained sequence of isolate
CHPT18.

Sequence analysis revealed the presence of C. ubiguitum in
one of 29 specimens from common hill mynas aged 2 to
8 months (Gracula religiosa) and one of two specimens from
hedgehogs (Erinaceus europoeus) (Table 1). Cryptosporidium
ferret genotype existed in one of seven specimens from bud-
gerigars aged 3 to 9 months (Melopsittacus undulatus), one of
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two specimens from chipmunks aged 2 to 3 months (Tamias
striatus), and one of five specimens from red squirrels aged 3
to 4 months (Sciurus vulgaris) (Table 1). DNA sequences of
the isolates positive for C. ubiquitum and ferret genotype are
100 % identical to the existing GenBank reference sequences
AF262328 (recorded in water from USA) and AF112572 (re-
corded in ferret from USA), respectively. Unique nucleotide
sequences of the SSU rRNA gene for CHPT14, CHPT4S,
CHPT49, and CHPT18 were deposited in GenBank under
accession numbers KU744845 to KU744848.

Discussion

To date, quite limited molecular data on Cryptosporidium in-
fections in small caged pets have been generated. Molecular
investigations of Cryptosporidium in pet birds appeared pre-
viously in Australia (Ng et al. 2006), Brazil (Nakamura et al.
2009), and central China (Qi et al. 2011). In the former two
surveys, sources of the study birds are mixed and the preva-
lence of Cryptosporidium in pet birds is not clear. The current
study presented a prevalence of 11.1 % (11/99) in pet birds of
27 species, which is slightly higher than that (8.1 %, 35/434)
in pet birds of 31 species in central China. Pet rodents of nine
types were previously reported to harbor Cryptosporidium at a
prevalence rate of 18.1 % (82/452) in central China (Lv et al.
2009; Qi et al. 2015). Our study described the presence of the
parasite in two of 26 (7.7 %) pet rodents of five types. There
were also several case studies reporting the occurrence of
Cryptosporidium in pet birds and rodents (Abe and Iseki
2003, 2004; Abe and Makino 2010), which were not included
in the prevalence comparison here. Cryptosporidium infec-
tions occurred in hedgehogs from British (Sangster et al.
2016), Netherlands (Krawczyk et al. 2015), Japan (Abe and
Matsubara 2015), Germany (Dyachenko et al. 2010), and
Denmark (Enemark et al. 2002), here is the first record of
Cryptosporidium in Hedgehog in China.

Avian-derived Cryptosporidium species can infect a wide
range of bird orders, in which C. baileyi and C. meleagridis
are commonly found in the order Galliformes and C. galli in
the orders Passeriformes and Psittaciformes (Nakamura and
Meireles 2015). C. baileyi is the most popular species present
in the birds of this study that infected five bird species belong-
ing to four orders: Columbiformes (rock dove), Galliformes
(silky fowl), Passeriformes (Atlantic canary and crested my-
na), and Psittaciformes (budgerigar). C. baileyi has a strong
degree of specificity and was detected in a broad range of bird
species worldwide as observed in Table 2. Other than birds,
C. baileyi was also reported in cattle in Iran and oyster in the
USA (Table 2). Since human infection with C. baileyi is still
doubtful (Ditrich et al. 1991), we could not understand its
zoonotic implications. Like C. baileyi, as reflected in
Table 2, C. galli is also very specific to birds and no infection
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Table 2 Host range and geographical distribution of Cryptosporidium species/genotypes identified in this study

Pathogen

Host/source: country (host/source type)

Reference

C. baileyi

C. galli

C. ubiquitum

Human: Czechoslovakia; pet bird: China (black-billed magpie, common

myna, crested lark, gold finch, red-billed leiothrix, white java sparrow,
zebra finch), Brazil (buffy-fronted seedeater, gold finch, green-winged
saltator, lined seedeater, ultramarine grosbeak, white-necked thrush),
Czech Republic (crested oropendola, gray-bellied bulbul, red-crowned
amazon, red-rumped cacique, rose-ringed parakeet), Japan (cockatiel);
other bird: China (chicken, domestic pigeon, ostrich, quail, red-crowned
crane, ruddy shelduck), Algeria (chicken), Austria (goose, quail), Brazil
(black vulture, chicken, duck, quail, red-cowled cardinal, rufous-bellied
thrush, saffron finch), Czech Republic (black-headed gull, channel-billed
toucan, chicken, duck, gray partridge, ostrich, red-legged partridge,
whooping crane), Germany (mixed-bred falcon, red-breasted merganser),
Iran (chicken), Japan (chicken), Korea (chicken), Spain (scops owl), UK
(red grouse), USA (chicken, goose, saker falcon); mammal: Iran (cattle);
other animal: USA (oyster); water: China (source water, wastewater),
Canada (raw water, source water), Germany (source water), Scotland
(drinking water, raw water)

Pet bird: China (bohemian waxwing, silver-eared mesia), Australia (canary,

chestnut finch, chocolate parson finch, fife canary, gloster, painted firetail
finch, turqoise parrot, zebra finch), Brazil (canary, cockatiel, creamy-
bellied thrush, double-collared seedeater, goldfinch, great-billed seed-
finch, green-winged saltator, hooded siskin, pale-breasted thrush, plain
parakeet, ultramarine grosbeak, vinaceous parrot, white-eyed parakeet);
other bird: Brazil (chopi blackbird, lesser seed-finch, red-crested cardinal,
rufous-bellied thrush, rusty-collared seedeater, rufous-collared sparrow,
saffron finch, slate-colored seedeater), Czech Republic (cuban flamingo,
hazel hen, red-cowled cardinal, rhinocerous hornbill)

Human: Canada, England, New Zealand, Nigeria, Peru, Slovenia, Spain,

Turkey, UK, USA, Venezuela, Wales; mammal: China (alpine ibex, dog,
goat, pet chinchilla, sheep, sika deer, yak), Australia (deer, sheep),
Belgium (sheep), Brazil (sheep), Czech Republic (blesbok, mouflon
sheep, nyala), France (cattle, goat), Greece (goat, sheep), Italy (cattle),
Japan (mouse), Nepal (swamp deer), Norway (sheep), Peru (alpaca),
Romania (sheep), Scotland (soay sheep), South Africa (buffalo, impala),
Spain (sheep), Sweden (cattle), UK (roe deer, sheep), USA (beaver, cattle,
chipmunk, deer mouse, eastern gray squirrel, fox squirrel, gerbil, goat,
lemur, mouse, prehensile-tailed opossum, raccoon, red squirrel, sheep,
white-tail deer, woodchuck); water: Australia (irrigation catchment,
sewage effluent), Canada (source water, raw water), China (raw
wastewater), Scotland (drinking water, raw water), Spain (wastewater),
UK (environment water), USA (creek, raw wastewater, source water,
storm water), Wales (wastewater)

(Azami et al. 2007; Ditrich et al. 1991; Fayer et al. 2002;

Feng et al. 2011; Hajdusek et al. 2004; Hamidinejat
et al. 2014; Kimura et al. 2004; Li et al. 2015a;
Nakamura and Meireles 2015; Ruecker et al. 2012;
Ryan 2010)

(Nakamura and Meireles 2015)

(Abu Samra et al. 2013; Bjorkman et al. 2015; Blanco

et al. 2016; Connelly et al. 2013; Fayer et al. 2010;
Feng et al. 2012; Galvan et al. 2014; Gomez-Couso
etal. 2012; Li et al. 2015b; Molloy et al. 2010;
Murakoshi et al. 2013; Nichols et al. 2010; Nolan
etal. 2013; Paz e Silva et al. 2014; Qi et al. 2015;
Ruecker et al. 2012; Slapeta 2013;

Stenger et al. 2015)

Mammal: China (siberian chipmunk, red squirrel), Japan (ferret), Italy (red (Abe and Iseki 2003; Fayer et al. 2010; Lv et al. 2009;

Ryan et al. 2014)

(Curtiss et al. 2015; Nakamura and Meireles 2015;

Ferret
genotype squirrel), USA (black-footed ferret, ferret); water: UK (drinking water)
Avian Pet bird: China (budgerigar, cockatiel), Brazil (blue-fronted parrot), Japan
genotype V (cockatiel), USA (major mitchell’s cockatoo)

Zhang et al. 2015)

reports in other animal species have been documented. It can
infect a wide variety of bird species distributed in multiple
countries including China (Table 2). This study confirmed
the infection of C. galli in another passeriform bird, Chinese
hwamei. There were only several sporadic reports indicating
the affection of Cryptosporidium avian genotypes I to V; host
specificity and zoonotic potential of the five genotypes are
poorly understood (Nakamura and Meireles 2015). As sum-
marized in Table 2, avian genotype V was merely described in
several species of psittaciform birds. Likewise, we examined

the genotype in Fischer’s lovebird and rosy-faced lovebird
belonging to Psittaciformes. Taken together, we can currently
conclude that C. baileyi, C. galli, and avian genotype V are of
very limited zoonotic importance. Compared with the pub-
lished data summarized in Table 2, here represents the first
description of C. baileyi in Atlantic canary, budgerigar, and
silky fowl, C. galli in Chinese hwamei, and avian genotype V
in Fischer’s lovebird and rosy-faced lovebird. Varied levels of
unreported nucleotide changes were identified in the SSU
rRNA sequences in several isolates of C. baileyi and
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C. galli, which may result from the random amplification of
different copies of the SSU rRNA gene in genome or the
favorable mutations that allow the pathogens to cope with
the variations of bird species and geographic environments.

Cryptosporidium ferret genotype, known as a host-specific
genotype, normally is restricted to rodent animals like ferret,
chipmunk, and red squirrel (Table 2). Identification of the
strain in pet rodents in the present study is logical. However,
its unwonted presence in a budgerigar indicated a certain de-
gree of host specificity. C. ubiquitum has emerged as an im-
portant zoonotic pathogen as displayed in Table 2, and a quite
wide range of other mammal species are susceptible to infec-
tion. The infections of C. ubiquitum appear to be spreading
both among and across host species and becoming more com-
mon than previously thought (Slapeta 2013). But its presence
in birds remains unknown. Here is the first report of
C. ubiquitum in a common hill myna. Hedgehogs are known
as a reservoir for zoonotic C. parvum and C. erinacei (origi-
nally recognized as hedgehog genotype) (Abe and Matsubara
2015). The data of this study firstly showed the carriage of
C. ubiquitum in hedgehog.

In conclusion, this study confirmed the occurrence of zoo-
notic and potentially host-adapted Cryprosporidium species or
genotypes in small caged pets from northeast China and re-
vealed some novel polymorphisms in the SSU rRNA gene.
The species of birds that can be colonized by Cryprosporidium
were extended. Moreover, the data expanded the host range of
Cryptosporidium ferret genotype and C. ubiquitum, especially
the birds. The carriage of zoonotic C. ubiquitum in small
caged pets is of public health importance. In addition, as
reflected in Table 2, water pollution by C. baileyi, ferret ge-
notype, and C. ubiquitum should be kept in mind and
precautions.
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