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Cryptosporidium spp. are common protozoan pathogens in mammals. With pet rodents being integrated into
modern life, the potential roles of them in transmitting parasites to humans need assessments. In the present
study, we examined the occurrence of Cryptosporidium spp. in pet rodents in Guangdong, south China. A total of
697 fecal samples were collected from 11 species of rodents in seven pet shops, one pet market and one farm.
Cryptosporidium spp. were identified by PCR analysis of the small subunit rRNA gene. An overall infection rate of
36.9% (257/697) was obtained, with infection rates varying from 9.3% in chinchillas, 52.3% in guinea pigs,
57.1% in squirrels, to 68.4% in cricetid animals. Nine Cryptosporidium species and genotypes were identified,
including C. wrairi (in 129 guinea pigs), C. andersoni (in 34 hamsters), C. homai (in 32 guinea pigs), Crypto-
sporidium hamster genotype (in 30 hamsters), C. ubiquitum (in 24 chinchillas and squirrels), C. parvum (in 2
chinchillas), Cryptosporidium ferret genotype (in 2 chipmunks), C. muris (in 1 hamster and 1 guinea pig), and
Cryptosporidium chipmunk genotype V (in 1 chinchilla and 1 chipmunk). Sequence analysis of the 60 kDa
glycoprotein gene identified three subtype families of C. ubiquitum, including family XIId in 15 chinchillas, XIIa
in 5 chinchillas, and a new subtype family (XIIi) in 1 squirrel. The identification of C. parvum and C. ubiquitum in
pet rodents suggests that these animals, especially chinchillas, could serve as reservoirs of human-pathogenic
Cryptosporidium spp. Hygiene should be practiced in the rear and care of these animals, and One Health mea-
sures should be developed to reduce the occurrence of zoonotic Cryptosporidium infections due to contact with pet
rodents.

cryptosporidiosis in some areas [3].
Cryptosporidium spp. have various degrees of host specificity [4].

1. Introduction

Cryptosporidium spp. are causative agents of cryptosporidiosis, lead-
ing to a variety of gastrointestinal symptoms in humans, such as nausea,
vomiting, moderate-to-severe diarrhea in persons with an intact im-
mune system, and chronic diarrhea-associated wasting and death in
neonatal and immunocompromised individuals [1]. Humans can be
infected with Cryptosporidium spp. through directly contact with infec-
ted individuals or ingesting contaminated water and food [2]. The
pathogens in humans can be either human or animal origin, with zoo-
notic transmission playing an important role in epidemiology of human

Some Cryptosporidium species such as C. hominis, C. bovis, C. xiaoi, and
C. suis have limited host ranges, being found mostly in humans, bovine
animals, ovine animals, and pigs, respectively. Others such as C. parvum
and C. ubiquitum are found in multiple species of mammals, including
humans [4]. Because of this, each animal species is commonly infected
with only a few Cryptosporidium species or genotypes. For example,
humans are mostly infected with C. hominis, C. parvum, C. meleagridis,
C. felis, C. canis, and C. ubiquitum, with some of them more common than
others depending on hygiene levels and intensity of animal farming [4].
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Differences in the distribution of Cryptosporidium species reflect varia-
tions in the significance of animals in cryptosporidiosis epidemiology
[5].

Rodents are common hosts of Cryptosporidium spp. [6]. Because they
have high numbers in the ecosystem and live close to the ground, ro-
dents are frequently infected with Cryptosporidium spp. [7]. Thus far, at
least 15 known Cryptosporidium species (C. parvum, C. ubiquitum,
C. viatorum, C. andersoni, C. muris, C. wrairi, C. homai, C. tyzzeri,
C. apodemi, C. ditrichi, C. microti, C. alticolis, C. rubeyi, C. occultus, and
C. rati) and 28 genotypes (rat genotypes II-V, ferret genotype, chipmunk
genotypes -V, bamboo rat genotypes I-III, hamster genotype, squirrel
genotypes I-II, muskrat genotypes I-II, apodemus genotypes I-II, vole
genotypes I-VII and Brandt's vole genotype I) have been identified
[8-24]. Therefore, rodents are considered reservoirs of some zoonotic
Cryptosporidium spp. and play an important role in the ecology of zoo-
notic Cryptosporidium spp. due to their high numbers and wide distri-
bution [25,26].

With close contact with humans, the role of pet rodents in the
transmission of zoonotic pathogens is getting more attention [27]. In
modern life, rodents are increasingly used as pets due to their cute
appearance, gentle characteristics, and easy care. Some are also farmed
extensively as laboratory animals and food for zoo animals, farmed
reptiles, and humans. However, few studies have been conducted on the
occurrence and genetic identity of Cryptosporidium spp. in pet rodents
[19,28,29]. Previous studies have mostly focused on wild rodents, with a
few on laboratory rodents. There is a need of data for the formulation of
One Health control measures for the prevention of zoonotic cryptospo-
ridiosis associated pet rodents.

In the present study, we have examined the occurrence of Crypto-
sporidium spp. in 11 species of pet rodents in Guangdong, China, and
determined their species and subtype identity through sequence analysis
of the small subunit (SSU) rRNA and 60 kDa glycoprotein (gp60) genes.
The zoonotic potential of the Cryptosporidium spp. in these animals was
assessed based on the genetic identity of the pathogens detected.

2. Material and methods
2.1. Ethics statement

The research protocol was approved by the Research Ethics Com-
mittee of the South China Agricultural University. Animal samples were
collected following the guidelines of the Chinese Laboratory Animal
Administration established in 2017. Fecal pellets were collected from
cages with minimum handling of the sampled animals. Permissions were
obtained from the animal owners before the fecal sample collection.

2.2. Sample collection

A total of 697 fecal samples were collected during October 2018 to
June 2019 from 11 species of rodents in seven pet shops, one pet market,
and one farm in Guangdong, southern China. In pet shops, fresh feces
were collected from 280 chinchillas (Chinchilla lanigera), 43 guinea pigs
(Cavia porcellus), 34 Siberian dwarf hamsters (Phodopus sungorus), 30
Syrian hamsters (Mesocricetus auratus), 3 fancy rats (Rattus norvegicus
domestica), 3 Campbell's dwarf hamsters (Phodopus campbelli), 2 com-
mon degus (Octodon degus), and 1 Roborovski dwarf hamster (Phodopus
roborovyskii). Most rodents in these pet shops were kept in separate cages,
therefore one sample was collected from each cage. In five pet shops
where chinchilla samples were collected, except one of them (Pet Shop
1), the cages were cleaned and sterilized with alcohol spray daily, with
fresh food and bedding materials added every morning. The hygiene
condition in Pet Shop 1, however, was suboptimal, with infrequent liter
replacement (every two weeks) and poor ventilation. In the pet market
(Huadiwan Pet Market), fecal samples were collected from 24 Camp-
bell's dwarf hamsters, 4 chipmunks, 3 Siberian dwarf hamsters, 2
Eurasian red squirrels (Sciurus vulgaris), and 1 Siberian flying squirrel
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(Pteromys volans). The pet market also sold dogs, cats, and birds in
addition to pet rodents. On a guinea pig farm in Sihui City (~50 km from
Guangzhou), 267 fecal samples were collected from guinea pigs of 3-4
months (n = 221) and > 1 year (n = 46). On the farm, four young ani-
mals were kept in each steel cage, while 15-20 adult animals were kept
together in fenced pens. To minimize repeated sampling of the same
guinea pigs, only one fresh sample was taken from each cage, while five
samples of fresh fecal pellets were collected from the four corners and
center of each pen. No rodents examined in the study received anti-
parasitic treatments and had diarrhea or other clinical signs prior to the
sample collection.

The samples were collected by hands with disposable gloves, and
placed in individual Ziplock bags marked with the collection date,
location, animal species, age, sex, colour, and clinical characteristics.
The fecal samples were stored at 4 °C in 2.5% potassium dichromate
prior to DNA extraction.

2.3. DNA extraction

Fecal samples were washed three times with distilled water by
centrifugation to remove potassium dichromate. Genomic DNA was
extracted from ~0.5 g of the washed fecal material using the Fast DNA
Spin Kit for Soil (MP Biomedical, Santa Ana, CA, USA). The DNA ob-
tained was stored at —20 °C prior to PCR analysis.

2.4. Genotyping and subtyping of Cryptosporidium spp.

Nested PCR analysis of the SSU rRNA gene was used to detect
Cryptosporidium spp. in the extract DNA [30]. Cryptosporidium bovis DNA
and reagent-grade water were used as positive and negative controls,
respectively. The Cryptosporidium species or genotypes present were
identified by DNA sequence analysis of positive PCR products. Subtypes
of the two human-pathogenic Cryptosporidium spp., C. parvum and
C. ubiquitum, were determined by PCR and sequence analysis of the gp60
gene [31,32]. As novel Cryptosporidium genotypes were identified in the
study, representative samples of unique Cryptosporidium genotypes
identified in the study were further characterized by sequence analysis
of the 70 kDa heat-shock protein (hsp70) and actin genes [33,34]. These
genes together with the SSU rRNA gene are wildly used in genetic
characterization of new Cryptosporidium species and genotypes [35].

2.5. Sequence analysis

PCR products were sequenced bi-directionally on an ABI 3730 in-
strument (Applied Biosystems, Foster City, CA, USA) by the BioSune
Biotechnology Company (Shanghai, China) to determine the species and
subtypes of Cryptosporidium spp. The sequences obtained were edited
and assembled using ChromasPro 2.1.5.0 (http://technelysium.com.
au/ChromasPro.html). Reference sequences were chosen from Gen-
Bank (https://www.ncbi.nlm.nih.gov) based on the degree of sequence
identity. The DNA sequences obtained and their references were aligned
using ClustalX 2.0.11 (http://clustal.org).

2.6. Phylogenetic analysis

To assess the genetic relationships among Cryptosporidium spp.,
maximum likelihood trees based on substitution rates calculated using
the General Time Reversible model were generated using the software
Mega 7 (http://www.megasoftware.net/). The reliability of cluster
formation in the trees was assessed by bootstrap analysis using 1000
replicates.

2.7. Statistical analysis

The Chi-square test implemented in SPSS v.20.0 (IBM Corp., New
York, NY, USA) was used to assess differences in infection rates of
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Cryptosporidium spp. between sampling locations or age groups. Differ-
ence with P value <0.05 were considered significant.

2.8. GenBank accession numbers

Representative nucleotide sequences generated in the study were
submitted to GenBank under accession numbers MW521241-
MW521282.

3. Results
3.1. Prevalence of Cryptosporidium spp. in pet rodents

Of the 697 fecal samples collected from pet rodents, 257 (36.9%)
were positive for Cryptosporidium spp. based on PCR analysis of the SSU
rRNA gene (Table 1). Syrian hamsters had the highest prevalence
(86.7%) of Cryptosporidium spp., followed by Siberian dwarf hamsters
(86.5%), sciurids (57.1% in chipmunks, Eurasian red squirrels, and Si-
berian flying squirrels), and guinea pigs (52.3%). In comparison, the
Cryptosporidium infection rates were 22.2% in Campbell's dwarf ham-
sters and 9.3% in chinchillas. The few fancy rats and common degus
sampled were negative for Cryptosporidium spp. All nine sampling lo-
cations surveyed were positive for Cryptosporidium spp.

The infection rates of Cryptosporidium spp. in guinea pigs were 58.8%
on the farm examined and 11.6% in pet shops (Table 2; % = 33.0, df =1,
P < 0.0001). There was also a significant difference in prevalence of
Cryptosporidium spp. between young (3-4 months old) and adult (> 1
year) animals on the guinea pig farm (y = 5.4, df = 1, P = 0.02). Among
the five pet shops providing chinchilla samples, only two were positive
for Cryptosporidium spp., with infection rates of 22.3% and 1.0%
(Table 3). The overall infection rate in Pet Shop 1 was significantly
higher than in Pet Shop 2 (2 = 23.5, df = 1, P < 0.0001).

Table 1
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Table 2
Differences in the occurrence of Cryptosporidium spp. in guinea pigs between pet
shops (Pet shop 3, 5, and 7) and one farm.

Location  Age Total no. of Cryptosporidium spp.
samples i
No. of Species/genotypes (no.
positive of samples)
Pet < 1 year 14 1(7.1%) C. homai (1)
shops > 1 year 24 0 (0.0%)
unknown 5 4 (80.0%) C. wrairi (2), C. homai (2)
Total 43 5 (11.6%) C. homai (3), C. wrairi (2)
Farm 3-4 221 137 C. wrairi (117), C. homai
month (62.0%) (19), C. muris (1)

> 1 year 46 20 (43.5%) C. wrairi (10), C. homai
(10)
C. wrairi (127), C. homai

(29), C. muris (1)

Total 267 157
(58.8%)

3.2. Cryptosporidium species and genotypes in pet rodents at the SSU
rRNA locus

Nine known Cryptosporidium species and genotypes with different
zoonotic potential were identified by sequence analysis of the SSU rRNA
PCR products and phylogenetic analysis of the sequences obtained
(Table 1). They included C. wrairi (129/257), C. andersoni (34/257),
C. homai (32/257), Cryptosporidium hamster genotype (30/257),
C. ubiquitum (24/257), C. parvum (2/257), C. muris (2/257), Cryptospo-
ridium ferret genotype (2/257), and Cryptosporidium chipmunk genotype
V. The latter was erroneously named as Cryptosporidium chipmunk ge-
notype III (MW308508) in GenBank. As it had six nucleotide differences
from the reference sequence for Cryptosporidium chipmunk genotype III
(GQ121021), it was renamed as Cryptosporidium chipmunk genotype V.

Among these Cryptosporidium species and genotypes, the nucleotide

Prevalence of Cryptosporidium species/genotypes in pet rodents in Guangdong Province, China.

Host Location Total no. No. of Prevalence No. and/or name of No. and name of Zoonotic potential of
of samples positive (%) Cryptosporidium species/ Cryptosporidium Cryptosporidium spp.
samples genotype (s) subtypes (s)
Cavia porcellus Pet shops in 310 162 52.3 C. wrairi (129), C. homai (32), - Low
(Guinea pig) Guangzhou, farm C. muris (1)
in Sihui
Chinchilla lanigera Pet shops in 280 26 9.3 C. ubiquitum (23), C. parvum C. ubiquitum-XIId (15), High
(Chinchilla) Guangzhou (2), Cryptosporidium chipmunk  C. ubiquitum-XIla (5)
genotype V (1)
Phodopus sungorus Pet shops and 37 32 86.5 Cryptosporidium hamster - Low
(Siberian dwarf market in genotype (26),C. andersoni (6)
hamster) Guangzhou
Mesocricetus auratus Pet shops in 30 26 86.7 C. andersoni (26) - Low
(Syrian hamster) Guangzhou
Phodopus campbelli Pet shop and 27 6 22.2 Cryptosporidium hamster - Low
(Campbell's dwarf market in genotype (4),
hamster) Guangzhou C. andersoni (2)
Phodopus roborovskii Pet shop in 1 1 100.0 C. muris (1) - Medium
(Roborovski dwarf Guangzhou
hamster)
Tamias (Chipmunk) Pet market in 4 3 75.0 Cryptosporidium ferret - Low
Guangzhou genotype (2),
Cryptosporidium chipmunk
genotype V (1)
Sciurus vulgaris Pet market in 2 0 0.0 - - -
(Eurasian red Guangzhou
squirrel)
Pteromys volans Pet market in 1 1 100.0 C. ubiquitum (1) 66 SNPs from XIIb (1) Medium
(Siberian flying Guangzhou
squirrel)
Rattus norvegicus Pet shop in 3 0 0.0 - - -
domestica (Fancy Guangzhou
rat)
Octodon degus Pet shop in 2 0 0.0 - - -
(Common degu) Guangzhou
Total 697 257 36.9 6 species and 3 genotypes -
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Table 3

Occurrence of Cryptosporidium spp. in chinchillas from different pet shops in

Guangdong Province.
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Eurasian red squirrels, and MW308508 from dwarf winter white Russian
hamsters (Phodopus sungoris sungoris), respectively. In addition, the
nucleotide sequences from two guinea pig-adapted species, C. wrairi and

Location No. of Cryptosporidium spp. C. homai, had 0-3 and 0-2 nucleotide substitutions compared with the
samples N - GenBank sequence U11440 and MF499137, respectively. Similarly, the
examined o. of Species/genotypes (no. of ? T X
positive samples) two nucleotide sequences from C. ubiquitum had 0 and 3 nucleotide
pet shop in Zhudao 112 s C. ubiquitum (23), C. parvam substitutions C(?rnpared ‘.Nlth the partial SSU rRNA gene .sequence
(Pet Shop 1) (22.3%) (1), Cryptosporidium JX258863 obtained previously from sheep (Table 1 and Fig. 1). In
chipmunk genotype V (1) contrast, among the 30 isolates positive for the hamster genotype, only
Pet shop in 105 1(1.0%)  C.parvum (1) one isolate generated a SSU rRNA sequence identical to the reference
Huadiwan (Pet sequence GQ121023 obtained from Siberian dwarf hamsters; 17
p Shop2) - generated sequences that had 1-7 nucleotide differences and another 12
et shop in Tianhe 39 0 i X X X
Square (Pet Shop generated sequences that had mixed signals in the trace files.
5)
Pet shop in Beijing 16 0
2)03‘1 (Pet Shop 3.3. Characterizations of unique Cryptosporidium genotypes at actin and
Pet shop in 8 0 hsp70 loci
Guangming
Square (Pet Shop Because of the sequence differences in the Cryptosporidium hamster
3)

genotype among isolates and the identification of the chipmunk geno-

type V at the SSU rRNA locus, these isolates and a few other ones of
related Cryptosporidium genotypes were further characterized at the

sequences generated from C. andersoni, C. parvum, C. muris, Cryptospo-
ridium ferret genotype, and Cryptosporidium chipmunk genotype V were
identical to GenBank sequences LC012014 obtained from cattle,
KP204486 from humans, MN038146 from camels, MF411071 from

actin and hsp70 loci. Among the two samples (SCAU9431 and
SCAU9433) positive for the Cryptosporidium ferret genotype, sample
SCAU9433 produced the expected ferret genotype sequence
(MF411076) at the actin locus, while SCAU9431 was negative at the

98

MW308508-chipmunk genotype V-dwarf winter white Russian hamster

89 | A MW521249-SCAU9434-chipmunk genotype V-chipmunk
AMW521250-SCAU12050-chipmunk genotype V-chinchilla

GQ121021-chipmunk genotype IlI-Siberian chipmunk-China
KC954240-chipmunk genotype IV-Eastern chipmunk-USA
J1X258863-C. ubiquitum-sheep-Romania
MW521251-SCAU9435-C. ubiquitum-Siberian flying squirrel
MW521252-SCAU12043-C. ubiquitum-chinchilla
99 | MF499137-C. homai-guinea pig-Australia
MW521245-SCAU10521-C. homai-chinchilla
MWS521253-SCAU9423-hamster genotype-Siberian dwarf hamster
MW521254-SCAU10543-hamster genotype-Campbell's dwarf hamster
MWS521255-SCAU10536-hamster genotype-Campbell's dwarf hamster

MWS521256-SCAU20766-hamster genotype-Siberian dwarf hamster

GQ121023-hamster genotype-Siberian dwarf hamster-China
EU827312-C. meleagridis-chicken-China
69 | KP204486-C. parvum-human-Iraq

MW521257-SCAU24075-C. parvum-chinchilla

9— HQ397716-C. cuniculus-rabbit-China
KR296812-C. hominis-human-Thailand
U11440-C. wrairi-guinea pig
MW521241-SCAU21273-C. wrairi-guinea pig
MW521243-SCAU21113-C. wrairi-guinea pig
JX978271-C. viatorum-human-Kenya
g2 | MF411071-ferret genotype-Eurasian red squirrels-Italy
MW521258-SCAU9431-ferret genotype-chipmunk
MWS521259-SCAU9433-ferret genotype-chipmunk
AF112576-C. canis-dog-USA

KJ194109-C. felis-cat-China

AF093495-C. baileyi-chicken-USA

100 [ EU553582-C. serpentis-snake-Spain

97 | MN038146-C. muris-camel-China

53

86
68

MW521247-SCAU9425-C. muris-Roborovski dwarf hamster
LC012014-C. andersoni-cattle-Japan
MW521260-SCAU20768-C. andersoni-Siberian dwarf hamster

|

0.01 95

Fig. 1. Phylogenetic relationships of Cryptosporidium species and genotypes found in the present study based on the maximum likelihood analysis of the partial SSU
rRNA gene with substitution rates calculated using the general time reversible model. Bootstrap values above 50% from 1000 replicates are shown at the nodes. The
Cryptosporidium species/genotypes identified in this study are indicated in bold, while sequences of the chipmunk genotype V are labeled with red triangles. The scale
bar indicates 0.01 nucleotide substitutions per site. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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locus. These two samples, however produced different sequences at the
hsp70 locus; the sequence from SCAU9431 was phylogenetically related
to the Cryptosporidium bamboo rat genotype I (MK731968), while the
one from SCAU9433 was similar (with 4 nucleotide substitutions) to a
sequence generated from SCAU9434, which was positive for the Cryp-
tosporidium chipmunk genotype V at the SSU rRNA locus (Fig. 2). The
latter, in contrast, produced a unique nucleotide sequence (with 26 SNPs
compared with KT027522 from the phylogenetically related ground
squirrel genotype I) at the actin locus, supporting the identification of
Cryptosporidium chipmunk genotype V.

Among the samples that generated SSU rRNA sequence similar or
identical to the Cryptosporidium hamster genotype (Fig. 1), SCAU9423,
SCAU10536, SCAU10543, and SCAU20766 generated actin and hsp70
sequences similar to each other, with 1 nucleotide substitution at the
actin locus and up to 3 nucleotide substitutions at the hsp70 locus
(Fig. 2).

3.4. Distribution of Cryptosporidium species and genotypes by animal
species

Among the nine Cryptosporidium species and genotypes identified in
the study, C. wrairi and C. homai, were found in 129 and 32 guinea pigs,
respectively. Cryptosporidium andersoni was detected in 26 Syrian ham-
sters, 6 Siberian dwarf hamsters and 2 Campbell's dwarf hamsters.
Cryptosporidium hamster genotype and sequences related to it were
found in 26 Siberian dwarf hamsters and 4 Campbell's dwarf hamsters.
Cryptosporidium ubiquitum was found in 23 chinchillas and 1 Siberian
flying squirrel. Among the less common ones, C. parvum was detected in
2 chinchillas, C. muris in 1 Roborovski dwarf hamster and 1 guinea pig,
Cryptosporidium ferret genotype in 2 chipmunks, and chipmunk geno-
type Vin 1 chinchilla and 1 chipmunk. Therefore, most Cryptosporidium

a 981GU327783-C. cuniculus b

98| JQ413433-C. hominis
KC469979-C. parvum
961 11Q073414-C. tyzzeri
JX471003-C. meleagridis
54| AF382348-C. wrairi
MF411076-ferret genotype

6_6(r IN846707-C. viatorum

MF411080-skunk genotype
ﬂr KT027522-ground squirrel genotype I
0.05 1 96— MH145309-vole
- genotype III
KC954268-chipmunk genotype IV
| IX485418-C. suis
9 GQ337960-C. ubiquitum

99'A MW521261-SCAU9433-ferret genotype

A MW521262-SCAU9434-chipmunk genotype Vi

MNO065774-bamboo rat genotype [
A MW521263-SCAU9423-hamster genotype
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spp. were preferentially found in one group of related animals.

By animal species or groups, guinea pigs were infected with C. wrairi
(129), C. homai (32), and C. muris (1); chinchillas were infected with
C. ubiquitum (23), C. parvum (2), and Cryptosporidium chipmunk geno-
type V (1); Siberian dwarf hamsters were infected with Cryptosporidium
hamster genotype (26) and C. andersoni (6); Syrian hamsters were
infected with C. andersoni (26); Campbell's dwarf hamsters were infected
with Cryptosporidium hamster genotype (4) and C. andersoni (2); the
Roborovski dwarf hamster was infected with C. muris (1); chipmunks
were infected with Cryptosporidium ferret genotype (2) and Cryptospo-
ridium chipmunk genotype V (1); and the Siberian flying squirrel was
infected with C. ubiquitum (1). Therefore, among the pet rodents
sampled, only chinchillas were commonly infected with major zoonotic
Cryptosporidium spp.

3.5. Subtypes of C. ubiquitum

The C. ubiquitum and C. parvum identified were further characterized
at the gp60 locus. Among them, 5 and 15C. ubiquitum isolates from
chinchillas produced sequences of the subtype families XIla and XIId,
respectively. One sequence from an isolate from a Siberian flying
squirrel generated a nucleotide sequence genetically related to the XIIb
subtype family but with 66 nucleotide substitutions (92% sequence
identity). In a phylogenetic analysis of gp60 sequences, it clustered with
XIIb with full bootstrap support (Fig. 3). This new subtype family was
named as XIIi in accordance with established subtype nomenclature
[32,36]. The subtype identity of the C. parvum could not be determined,
as the gp60 PCR analysis of the two samples was negative, possibly due
to low oocyst numbers in the samples.

99 - MH145326-vole genotype VI
KC954250-chipmunk genotype IV
MH145327-vole genotype VIL
DQ898164-C. suis.
MG699175-C. occultus
MK731968-bamboo rat genotype I

A MW521267-SCAU9431-ferret genotype
9 EU754843-C. canis
KP642069-C. felis
00; A MW521268-SCAU9433-ferret genotype
A MW521269-SCAU9434-chipmunk genotype V
J1X978274-C. viatorum
JX978276-chipmunk genotype I
MK731969-bamboo rat genotype 11
AF221537-C. meleagridis
AF221536-C. wrairi
KC885897-C. parvum
KF612325-C. erinacei

0.02

99

100|A MW521264-SCAU10536-hamster genotype
A MW521265-SCAU10543-hamster genotype
A MW521266-SCAU20766-hamster genotypegg

8 KC157562-C. cuniculus
KP314260-C. hominis
KJ1941149-C. hominis

_{ EF502043-C. varanii

EU741853-C. baileyi
AF382347-C. felis 71
66 AF382340-C. canis
JX485414- C. ratti
LT976832-C. scrofarum
7 F1463206-C. ryanae
F1896042-C. xiaoi
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Fig. 2. Phylogeny of Cryptosporidium chipmunk genotype V, ferret genotype, and hamster genotype identified in the study based on the maximum likelihood analyses
of actin (a) and hsp70 (b) genes. Bootstrap values greater than 50% from 1000 replicates are shown on the branches. The Cryptosporidium sequences generated in this
study are indicated by bold and red triangles. The scale bar indicates 0.05 and 0.02 nucleotide substitutions per site, respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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MW521274-SCAU13043-XIId-chinchilla
MWS521275-SCAU24032-X11d-chinchilla
MWS521276-SCAU12043-X11d-chinchilla
MWS521277-SCAU10482-XI1d-chinchilla

93 | MW521278-SCAU10479-XI1d-chinchilla

MW521279-SCAU9382-XI1d-chinchilla
KM819100-XIId-chinchilla-China

54 JX412922-X11d-human-Ohio
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KX698304-XIId-storm water-New York
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100
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—
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— — KX190059-XIIg-wasterwater-China
A MW521280-SCAU9435-X1Ii-Siberian flying squirrel
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MW521282-SCAU13053-XIIa-chinchilla
KC204983-XIle-field mouse-Slovakia
KC204984-XIIf-field mouse-Slovakia

Fig. 3. Genetic relationship in the partial the 60 kDa glycoprotein gene among Cryptosporidium ubiquitum subtype families from pet rodents inferred using the
maximum likelihood method. Bootstrap values above 50% from 1000 replicates are shown at the nodes. The subtype families identified in this study are indicated in
bold, while the novel subtype family is labeled with a red triangle. The scale bar indicates 0.02 nucleotide substitutions per site. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

4. Discussion

Results of the study indicate that Cryptosporidium spp. are common in
pet rodents in Guangdong, China. The overall infection rate of 36.9%
(257/697) is within the range of reported Cryptosporidium infection rates
of 1.4% in red-bellied tree squirrels to 85.0% in guinea pigs in China
[9,19].The high occurrence of Cryptosporidium spp. in guinea pigs
(52.3% or 162/310) and hamsters (68.4% or 65/95) in the present study
might be attributed to the poor sanitary conditions in some pet shops
and on the guinea pig farm. In comparison, a much lower infection rate
of Cryptosporidium spp. was seen in chinchillas (9.3% or 26/280), which
were kept in a much cleaner environment. This is similar to the 10.0%
(14/140) infection rate in another study in several cities in China [28].
As reported in a previous study of Cryptosporidium spp. in chinchillas
[28], the infection rate in young guinea pigs was significantly higher
than in old ones on the guinea pig farm in the present study.

Many factors can lead to the differences in the prevalence of Cryp-
tosporidium spp. among animal species. Among them, animal manage-
ment may be one major factor affecting infection rates; the infection rate
of Cryptosporidium spp. in guinea pigs on the sampled farm (58.8% or
157/267) was significantly higher than that in pet shops (11.6% or 5/
43). Poor sanitation and housing many susceptible animals together in
the same environment probably had led to the high infection rate on the
study farm, while the clean environment could have resulted in the
lower infection rate in pet shops. This is supported by data from the five
pet shops providing chinchilla samples; the infection rate (22.3% or 25/
112) in Pet Shop 1, which had relatively poorer sanitary condition, was
much higher than infection rates (0.0%-1.0%) in other pet shops.

A high genetic diversity is apparently present in Cryptosporidium spp.
from pet rodents. In this study, nine known Cryptosporidium species/
genotypes were identified. Among the groups of pet rodents examined in
the present study, most appear to have different Cryptosporidium spp. For
example, supporting findings in several small-scale studies, C. ubiquitum

is the dominant Cryptosporidium species in chinchillas [13,28,37].
Similarly, hamsters are mostly infected with C. andersoni and Crypto-
sporidium hamster genotype, guinea pigs are mostly infected with
C. wrairi and C. homai, while sciurids (squirrels and chipmunks) are
infected with several host-adapted Cryptosporidium squirrel and chip-
munk genotypes [11,16,19,20,38,39].

Some of the Cryptosporidium species found in pet rodents are known
zoonotic pathogens. Cryptosporidium parvum was detected in two of the
chinchillas examined. It is one of the two most common Cryptosporidium
species causing human cryptosporidiosis. Previously, at least 20 species
of rodents, such as rats, mice, voles, and squirrels are known to be
positive for C. parvum [9-11,19,23,26,40-48]. In China, rodents are
frequently infected with this species, and the prevailing subtype family
I1d in rodents is also commonly found in cattle and other livestock [49].

The C. ubiquitum found in some pet rodents is another major zoonotic
Cryptosporidium spp. Like C. parvum, it has a broad host range including
primates, carnivores, ruminants, and various rodents such as squirrels,
chipmunks, field mice, and brown rats [13,20,28,32,37-39,47,49-52].
In some industrialized nations such as the United States, cases of human
cryptosporidiosis caused by C. ubiquitum are more than those caused by
C. meleagridis, C. felis and C. canis [49]. Among pet rodents, C. ubiquitum
appears to be particularly common in chinchillas, as shown in the pre-
sent and previous studies in China, Japan and Poland [13,28,37].

Results of subtype analysis support the zoonotic potential of
C. ubiquitum found in pet rodents. Except a Siberian flying squirrel, all
rodents infected with C. ubiquitum were chinchillas. Sequence analysis of
the gp60 gene indicated they belonged to XIla and XIId subtypes. Be-
tween them, XIId appears to be common in chinchillas, being already
found in several C. ubiquitum isolates examined in China and Japan
[13,28,29]. In contrast, XIla had only been found previously in two
chinchillas in Poland [37]. As chinchillas are native animals of South
America, the XIId found in them could be brought over from their native
land. Beyond chinchillas, most infections with C. ubiquitum XIId
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subtypes have been found in rodents, other wild mammals, and humans
in the United State, supporting the American origin of the subtype
family [32]. The XIla subtype family found in some chinchillas, in
contrast, is best known to be the C. ubiquitum subtype family found in
sheep, goats and some other small ruminants worldwide, and is the
dominant C. ubiquitum subtype family in humans in the United Kingdom
[32]. The C. ubiquitum identified in the Siberian flying squirrel, however,
belongs to a novel subtype family XIli, with unknown human-infective
potential. Divergent C. ubiquitum subtype families have been found in
rodents frequently in recent years [32,36].

Other zoonotic Cryptosporidium spp. identified in pet rodents in the
study include C. muris and potentially C. andersoni. The former was
identified in one guinea pig and hamster each, while the latter was
identified in 32 hamsters. These two Cryptosporidium species are
genetically related gastric parasites. Both have been reported in humans,
although the human-infectivity of C. andersoni is controversial [53-58].
In the present study, C. andersoni was found at much higher frequency in
pet rodents than C. muris. This was probably due to the nature of the
animal species examined. C. andersoni appears to be a common Crypto-
sporidium species in hamsters, as seen in the present and previous studies
[19]. In contrast, C. muris is most found in rats, which were poorly
sampled in the present study [25,48].

With increasing contact with pet rodents in modern life and
increased awareness of zoonotic diseases in the era of COVID-19, resi-
dents and consumers should be educated on pet-associated zoonotic
diseases, proper handling of animals and their waste, and the need for
practicing sanitation and hygiene during the rear and care of these cute
animals. This is especially important to immunocompromised persons,
as there is no effective treatment against cryptosporidiosis. This needs
the adoption of the One Health concept and the participation of veter-
inarians, physicians as well as pet shop owners, as there is a general lack
of awareness of the risks for cryptosporidiosis associated with pet ro-
dents [59]. The human-animal-environment interactions advocated by
One Health are especially useful in the formulation of control measures
against zoonotic cryptosporidiosis associated with pet rodents, as poor
hygiene and over-crowding are known risk factors for Cryptosporidium
infection in the present study. Governmental agencies should have
better inter-agency collaborations in the inspections of pet farms and
retail shops and surveillance and control of zoonotic pathogen trans-
mission. Only the use of the One Health approach would likely reduce
transmission of zoonotic Cryptosporidium spp. due to exposure to pet
rodents [3,60].

5. Conclusions

Data generated from the study suggest that Cryptosporidium spp. are
common in pet rodents in southern China, and some of them are known
zoonotic pathogens. This is a public health concern, as rodents infected
with Cryptosporidium spp. generally do not have diarrhea and other
clinical signs, which might make them look harmless. The zoonotic
potential of Cryptosporidium spp. in pet rodents appears to depend on the
animal species involved, with different Cryptosporidium species prefer-
entially infecting specific groups of animals, and only some being
commonly infected with zoonotic Cryptosporidium species. Chinchillas
are of particular concern because of the high occurrence of C. ubiquitum,
which is the second most important zoonotic Cryptosporidium species in
the United States and has thus far been only occasionally found in
humans in developing countries [4]. The introduction of C. ubiquitum
XIId subtype family into China, Japan, and European countries could be
a public health concern. Europe has already witnessed the introduction
of C. ubiquitum XIIb subtype family and the Cryptosporidium skunk ge-
notype as the result of eastern grey squirrel import [39]. With the pre-
vailing trend of keeping rodents as pets, attentions should be paid to the
potential public health implications of close contact with them. One
Health measures, including the development of guidelines to veteri-
narians and educational materials on hand wash and hygiene to pet
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owners, should be developed to reduce the occurrence of zoonotic
Cryptosporidium infections due to contact with pet rodents.
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