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Abstract

Background Cryptosporidium and Giardia are protozoan parasites that cause significant diarrheal diseases. Small
mammals are potential reservoirs for their zoonotic transmission. The Tibetan Plateau alpine ecosystem harbors
diverse and abundant small wild mammals, but their roles in the transmission of Cryptosporidium and Giardia remain
inadequately studied.

Methods Field sampling was conducted in Shiqu County, Sichuan Province, on the eastern Tibetan Plateau, in 2023.
Small wild mammals were captured and morphologically identified. Fecal DNA was screened for Cryptosporidium and
Giardia with nested-PCR targeting the small subunit ribosomal RNA (SSU rRNA) gene and the beta-giardin (bg) gene,
respectively. Positive DNA samples were sequenced and analyzed phylogenetically. Differences in prevalence were
assessed with the chi-square test.

Results In total, 336 small wild mammals were collected, dominated by Neodon fuscus (175/336, 52.1%) and
Ochotona curzoniae (106/336, 31.5%). Cryptosporidium infection was detected in 22.3% (75/336) of the small
mammials, with marginally higher prevalence in N. fuscus (44/175, 25.1%) than in O. curzoniae (17/106, 16.0%; ¥ =
3.220, p=0.073). Six species/genotypes were identified: zoonotic C. suis (n=25) and C. canis (n=6), and non-zoonotic
muskrat genotype Il (n=26), yak genotype (n=10), muskrat genotype | (n=4), and Cryptosporidium sp. MT524977
(n=4).The overall prevalence of Giardia was 8.3% (28/336), with similar prevalence in N. fuscus (17/175, 9.7%) and O.
curzoniae (10/106, 9.4%, ¥’ = 0.006, p=0.938). Non-zoonotic G. microti (n=3) and four unclassified Giardia spp.: Giardia
sp. OR770651 (n=13), Giardia sp. PQ604631 (n=7), Giardia sp. MG676959 (n=3), and Giardia sp. OP963933 (n=2) were
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ecosystems.

identified. Neodon fuscus harbored greater Giardia diversity (all five Giardia spp.) than O. curzoniae (only Giardia sp.

Conclusions This study demonstrates a high Cryptosporidium prevalence in small wild mammals on the eastern
Tibetan Plateau, suggesting potential zoonotic risks to humans and livestock. Giardia exhibited host-specific infection
patterns, indicating possible niche adaptation that warrants further investigation. These findings expand the host
range and geographic distribution of these parasites and help elucidate their transmission dynamics in alpine
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Background

Cryptosporidium spp. and Giardia spp. are protozoan
parasites of significant global public health concern.
They are responsible for widespread gastrointestinal dis-
eases in humans and animals. Infections caused by these
pathogens are typically characterized by asymptomatic
or self-limiting diarrhea in healthy individuals. However,
they can progress to severe, life-threatening diarrheal ill-
ness in vulnerable populations, particularly children and
immunocompromised individuals such as those with
HIV/AIDS [1]. Cryptosporidium species are the fourth
leading etiological agent of diarrhea in children under 5
years old, accounting for 68,500 (38,900—110,000) deaths
globally in 2021 [2]. Giardia species are responsible for
approximately 280 million cases of diarrhea in humans
annually [3]. These pathogens are primarily transmitted
via the fecal—oral route in contaminated water or food,
especially in regions with inadequate sanitation infra-
structure and low-resource settings [4].

Recent evidence indicates that small mammals, par-
ticularly Rodentia, are important reservoirs for zoonotic
Cryptosporidium spp. and Giardia spp. To date, more
than 170 species/genotypes of Cryptosporidium spp.
have been identified. Of these, more than 26 species and
59 genotypes have been reported in rodents [5]. Among
them, 17 species/genotypes commonly infect humans,
including C. viatorum, C. mortiferum, C. muris, and C.
andersoni [5]. Nine Giardia species have been recog-
nized to date [6], four of which have been identified in
rodents: G. duodenalis, G. muris, G. microti, and G.
cricetidarum [7]. Giardia duodenalis, which includes
eight assemblages (A to H), is the only zoonotic species
complex. Assemblages A and B are the main causative
agents of giardiasis in humans, whereas assemblage E is
occasionally found in humans [5]. Lagomorpha, another
highly abundant group of small mammals, although
understudied, can also transmit zoonotic protozoan
parasites, including C. parvum, C. cuniculus, and G. duo-
denalis (assemblages A and B), which can contaminate
drinking water [8]. Nowadays, the high prevalence of
Cryptosporidium spp. (up to 50% in Hainan) and Giardia
spp. (up to 52.6% in Ningxia) in small wild mammals in
China has attracted significant attention (Table 1). The

distribution and prevalence of these pathogens show sig-
nificant variations influenced by complex environmental
factors, including geography, climate, and host species
[13]. Understanding the infection status of specific hosts
across different ecological environments is crucial for
clarifying the transmission dynamics of these pathogens.
The Tibetan Plateau is a typical alpine meadow eco-
system characterized by its high altitude (average
elevation > 4,000 m) and frigid climate (annual mean tem-
perature<0 °C) [33]. This ecosystem harbors an abun-
dance of endemic small mammals, including the plateau
pika (Ochotona curzoniae), Tibetan hamster (Cricetulus
kamensis), and mountain vole (Neodon spp.) [34—36].
These mammals play pivotal roles in the ecosystem due
to their large population sizes, extensive distribution
ranges, and strong migratory capabilities [37]. In the
eastern Tibetan Plateau, where dense rodent populations
intersect with human and livestock activities, these spe-
cies also serve as key reservoirs for the transmission of
various zoonotic diseases, including plague [38], lepto-
spirosis, babesiosis [39], echinococcosis [40], and others
[41]. However, to date, limited studies have investigated
the infection of small mammals on the Tibetan Plateau
with Cryptosporidium spp. and Giardia spp. Since Zhang
et al. [21] first reported the presence of Cryptosporidium
spp. in N. fuscus (8.9%, 8/90) and O. curzoniae (6.25%,
4/64) on the Tibetan Plateau, only three additional stud-
ies have investigated these parasites in rodents in this
area [13, 22, 23]. Except for the plateau zokor (Myo-
spalax baileyi) [22] and Himalayan marmot (Marmota
himalayana) [23], the infection of endemic small mam-
mals with Cryptosporidium spp. or Giardia spp. has yet
to be investigated. Furthermore, the potential influence
of the host species and other host traits (e.g., sex and
age) on the infection dynamics of these two pathogens in
this alpine meadow ecosystem has not been examined.
Because humans on the Tibetan Plateau primarily engage
in nomadic pastoralism, frequently interact with wildlife,
and often rely on untreated surface water [42], Crypto-
sporidium oocysts and Giardia cysts from wildlife (such
as rodents and pikas) may pose an elevated threat to the
transmission of zoonotic diseases to humans.
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Therefore, in the present study, we (1) investigated the
prevalence of Cryptosporidium spp. and Giardia spp. in
small wild mammals on the eastern Tibetan plateau; (2)
assessed the genetic diversity of these pathogens and
evaluated their zoonotic risks; and (3) investigated the
influence of host traits on their prevalence.

Materials and methods

Study area

Field studies were conducted in Yongbo Valley (32°19'—
34°20'N, 97°20'-99°15'E), a typical alpine meadow
ecosystem located in Sexu town, Shiqu County, Ganzi
Tibetan Autonomous Prefecture, Sichuan Province,
China. This area has an average elevation of 4,250 m
above sea level (asl), and is characterized by gently roll-
ing hills and broad valleys, with rivers flowing through
the valley floor. The vegetation is primarily dominated by
Kobresia spp. It provides a suitable habitat for endemic
small mammals, including O. curzonia and several
Circetidae rodents, primarily N. fuscus.

Sample collection

This study and research protocols were reviewed and
approved by the Laboratory Animal Welfare & Ethics
Committee of the National Institute of Parasitic Diseases,
Chinese Center for Disease Control and Prevention,
China (IPD-2022-010). All procedures involving the trap-
ping, handling, and euthanasia of wild rodents were con-
ducted following the Regulation on the Administration of
Laboratory Animals (2013 Revision). All small mammals
used in this study were sourced from free-living popula-
tions in the wild. No animals were privately owned by any
institution, individual, or farm.

In 2023, small mammals were collected during the
warm season (from July to August), when these small
Mammals are most active. Four 50 m x 50 m quadrats
were randomly set on the grassland at Yongbo Gou.
Within each quadrat, 400 snap traps (size: 12 cm x
6.5 cm) were placed at the entrances of active dens for
24 h. The majority of the captured small mammals were
dead due to the mechanical force of the snap traps. Only
a small number of individuals were alive, and they were
euthanized by rising carbon dioxide (CO,) concentration
in a sealed chamber, with death confirmed by exsangui-
nation. The heads of the small Mammals were removed
and stored separately in 50-ml centrifuge tubes contain-
ing 95% ethanol for further species identification. Fecal
samples were collected in separate 50 ml centrifuge tubes
and stored at — 80°C for subsequent DNA extraction.

Identification of small mammal species
In Shiqu County, small mammals primarily include
O. curzoniae and rodents of the family Cricetidae. The
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morphological identification of rodent species was based
on pelage color patterns and body measurements, espe-
cially the skull-mandible morphology (particularly the
molars), following the methods described by Luo et al.
[43] and Smith and Xie [35].

DNA extraction

Genomic DNA was extracted from ~200 mg of each
rodent fecal sample using the QIAamp DNA Stool Mini
Kit (cat. #51604; Qiagen, Hilden, Germany), according to
the manufacturer’s instructions. The DNA was stored at
-20 ‘C until PCR analysis.

PCR amplification

Based on preliminary experiments evaluating the amplifi-
cation efficiency of genetic loci for Cryptosporidium spp.
and Giardia spp. in DNA extracted from fecal samples of
small wild mammals, the small subunit ribosomal RNA
gene (SSU rRNA gene, for Cryptosporidium spp.) and
the beta-giardin gene (bg gene, for Giardia spp.) were
selected as the most efficient and consistent targets for
detection. In formal experiments, all DNA samples were
tested with nested-PCR, amplifying an 880-bp fragment
of the SSU rRNA gene for Cryptosporidium spp [44]. and
a 470-bp fragment of the bg gene for Giardia spp [13].,
using previously reported primers [13, 44]. All PCR
amplifications were performed with TaKaRa Taq DNA
Polymerase (TaKaRa Bio Inc., Tokyo, Japan). To ensure
the validity of the reactions, RNase-free water and DNA
from C. parvum and G. duodenalis assemblage D, iso-
lated from a stray dog, were used as negative and positive
controls, respectively. At least two replicates were per-
formed of each PCR assay. All inner PCR amplicons were
visualized with 1% agarose gel electrophoresis.

Sequencing and analysis

All secondary positive PCR amplicons were sent to San-
gon Biotech (Shanghai) Co., Ltd. (Shanghai, China) for
bidirectional sequencing. All nucleotide sequences were
then analyzed with MEGA version 11.0.13 [45] and com-
pared with the National Center for Biotechnology Infor-
mation (NCBI) GenBank database (http://www.ncbi.nlm.
nih.gov/) to identify the species and/or genotypes.

Phylogenetic analysis

To determine the phylogenetic relationships of the
Cryptosporidium spp. and Giardia spp. and to assess
their potential zoonotic risk, neighbor-joining (NJ) trees
were constructed with the Kimura-2-parameter model
based on the SSU rRNA gene for Cryptosporidium spp.
and the bg gene for Giardia spp. The robustness of the
nodes was tested with a bootstrap analysis using 1000
iterations.
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Statistical analysis

The prevalence of Cryptosporidium spp. and Giardia
spp. was calculated as the proportion of positive samples
among the samples collected. The 95% confidence inter-
val (CI) was calculated to quantify the precision of the
prevalence estimates by the Clopper-Pearson method.
Variations in the positive rates of pathogens across host
species and sexes were analyzed using the Chi-square (%)
test in R version 4.3.2 [46]. P values<0.05 were consid-
ered statistically significant.

Results

Small mammal species composition

In total, 336 small mammals were captured from two
orders (Rodentia, n=230; Lagomorpha, n=106), and
four species were identified. Neodon fuscus was the most
abundant species (n=175), followed by O. curzoniae
(n=106), N. leucurus (n=23), and N. irene (n=9), as well
as 23 rodents that could not be classified to the species
level due to ambiguous morphological characteristics
(Table 2).

Infections with Cryptosporidium spp

Molecular screening targeting the SSU rRNA gene
revealed a Cryptosporidium spp. prevalence of 22.3%
(75/336) in the small mammals sampled (Table 3). The
highest prevalence was observed in N. leucurus (34.8%,
8/23), followed by N. fuscus (25.1%, 44/175) and O. cur-
zoniae (16.0%, 17/106). Due to sample size limitations (N.
leucurus: n=23; N. irene: n=9), the comparative statisti-
cal analysis was restricted to N. fuscus and O. curzoniae,
and revealed a marginally higher prevalence in N. fuscus
than in O. curzoniae (x> = 3.220, p =0.073). No significant
difference in Cryptosporidium prevalence was observed
between males and females (x* = 0.364, p=0.546).

Genetic identification of Cryptosporidium species/
genotypes

Analysis of the SSU rRNA gene sequences from 75 Cryp-
tosporidium-positive samples identified five known spe-
cies/genotypes and one unclassified Cryptosporidium
sp. (Table 3). These included muskrat genotype II (i.e.,
genotype w16, 34.7%, 26/75), C. suis (33.3%, 25/75), yak
genotype (13.3%, 10/75), C. canis (8.0%, 6/75), muskrat
genotype I (i.e., genotype w7, 5.3%, 4/75), and an unclas-
sified Cryptosporidium sp. (5.3%, 4/75). At the SSU rRNA
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locus, 26 sequences of muskrat genotype II showed 100%
identity to AY737567 (isolated from a stormwater sam-
ple in the United States), and 10 yak genotype sequences
were identical to KF971356 (from a yak in China).
Twenty-five C. suis sequences exhibited 96.9% identity
to OQ456430 (from a pig in China), with 23 nucleotide
differences, while six C. canis sequences demonstrated
98.8% identity to OR557506 (from a Mongolian pika),
differing by Nine nucleotides. Four muskrat genotype
I sequences shared 99.2% identity with JQ178277 (from
a water sample in Canada), with six nucleotide differ-
ences, and four Cryptosporidium sp. sequences shared
98.8% identity with an unclassified Cryptosporidium sp.
sequence (MT524977) isolated from a western spotted
skunk (Spilogale gracilis), differing by nine nucleotides.
For clarity of description, each unclassified sequence was
labeled “Genus sp.” with the accession number of its clos-
est NCBI match (e.g., Cryptosporidium sp. MT524977;
see Table 3). A phylogenetic analysis confirmed that
sequences of the same species/genotype formed distinct
clusters (Fig. 1).

Distribution of Cryptosporidium species/genotypes

The distribution of Cryptosporidium spp. varied across
the small mammal taxa. Neodon fuscus showed the high-
est diversity, with six Cryptosporidium species/genotypes
(including Cryptosporidium sp. MT524977), whereas O.
curzoniae contained five (Table 3). Among all the sam-
pled mammals, muskrat genotype II (34.7%, 26/75) and
C. suis (33.3%, 25/75) were the most frequently detected
species/genotype. In the two most abundant host spe-
cies, N. fuscus predominantly carried muskrat genotype
II (43.2%, 19/44), whereas O. curzoniae was primarily
infected with yak genotype (29.4%, 5/17).

Infections with Giardia spp

Molecular screening based on the bg gene revealed an
overall prevalence of Giardia spp. of 8.3% (28/336). The
highest prevalence was observed in N. irene (11.1%, 1/9),
followed by N. fuscus (9.7%, 17/175) and O. curzoniae
(9.4%, 10/106). No significant difference in the prevalence
of Giardia spp. was detected between N. fuscus and O.
curzoniae (X* = 0.006, p=0.938). Similarly, no significant
difference in prevalence was observed between male and
female hosts (x> = 0.009, p=0.924).

Table 2 Information on small wild mammals captured in Shiqu County

N. fuscus N.irene N. leucurus Unclassified O. curzoniae Total
(Rodentia) (Rodentia) (Rodentia) (Rodentia) (Lagomorpha)
Male 82 7 17 13 59 178
Female 92 2 6 10 39 149
Unknown 1 0 0 0 8 9
Total 175 9 23 23 106 336
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Table 3 Cryptosporidium spp. And Giardia spp. In small wild mammals in Shiqu county

Category No. tested Cryptosporidium spp. Giardia spp.
No. positive (%, Species/genotypes (No.) No. positive Species/genotypes (No.)
95%(Cl) (%, 95%Cl)
Taxa
Lagomorpha 106 17 yak genotype (5), C. canis (4), C. suis (4), 10 Giardia sp. OR770651 (10)
O. curzoniae (16.0,9.6-24.3) muskrat genotype Il (2), Cryptosporidium sp. (94, 4.8-16.6)
MT524977 (2)
Rodentia 230 58 muskrat genotype Il (w16) (24), C. suis (21), yak 18 Giardia sp. PQ604631 (7), G. mi-
(25.2,19.8-31.3) genotype (5), muskrat genotype | (4), C. canis ~ (7.8,4.7-12.1) croti (3), Giardia sp. OR770651
(2), Cryptosporidium sp. MT524977 (2) (3), Giardia sp. MG676959(3),
Giardia sp. OP963933 (2)
N. fuscus 175 44 muskrat genotype Il (19), C. suis (14), muskrat 17 Giardia sp. PQ604631 (6), G. mi-
(25.1,19.0-32.2) genotype | (4), yak genotype (4), C. canis (2), (9.7,5.8-15.1) croti (3), Giardia sp. OR770651
Cryptosporidium sp. MT524977 (1) (3), Giardia sp. MG676959(3),
Giardia sp. OP963933 (2)
N.irene 9 1 C.suis (1) 1 Giardia sp. PQ604631 (1)
(11.1,0.6-44.3) (11.1,0.6-44.3)
N. leucurus 23 8 C. suis (4), muskrat genotype Il (4) 0(0) /
(34.8,17.2-57.5)
Unclassified 23 5 C. suis (2), muskrat genotype Il (1), yak geno- 0 (0) /
(21.7,8.3-43.0) type (1), Cryptosporidium sp. MT524977 (1)
Sex
Male 178 42 muskrat genotype Il (19), C. suis (14), yak 15 Giardia sp. OR770651 (6), Giar-
(23.6,17.7-304) genotype (6), muskrat genotype | (2), C. canis ~ (8.4,4.813.6) dia sp. PQ604631 (3), G. microti
(1) (2), Giardia sp. MG676959(2),
Giardia sp. OP963933 (2)
Female 149 31 C. suis (11), muskrat genotype Il (6), C. canis 13 Giardia sp. OR770651 (7), Giar-
(20.8,14.7-28.2) (5), Cryptosporidium sp. MT524977 (4), yak (8.7,4.7-14.5) dia sp. PQ604631 (4), Giardia
genotype (3), muskrat genotype | (2) sp. MG676959(1), Giardia sp.
0OP963933 (1)
Unknown 9 2 muskrat genotype Il (1), yak genotype (1) 1 G. microti (1)
(22.2,3.9-55.1) (11.1,0.6-44.3)
Total 336 75 muskrat genotype Il (26), C. suis (25), yak 28 Giardia sp. OR770651 (13), Giar-

(22.3,18.1-27.0)

genotype (10), C. canis (6), muskrat genotype | (8.3,5.6-11.8)
(4), Cryptosporidium sp. MT524977 (4)

dia sp. PQ604631 (7), G. microti
(3), Giardia sp. MG676959(3),
Giardia sp. OP963933 (2)

Unclassified sequences are labeled “Genus sp.” with the accession number of its closest NCBI match

Genetic identification of Giardia species

Based on the analysis of bg gene sequences, G. microti
(10.7%, 3/28) and four unclassified Giardia spp. (as listed
in NCBI) were identified. Three G. microti sequences
showed 98.3% identity to PQ318270 (from wild rodents
in the USA), differing by eight nucleotides. For the
unclassified Giardia spp. sequences, 13 sequences shared
99.0% identity with OR770651 (isolated from a canine in
Riduoxiang township, adjacent to our study area), with
five nucleotide differences. Seven Giardia sp. sequences
exhibited 99.6% identity to PQ604631 (from Alexandro-
mys fortis in China), differing by two nucleotides. Three
sequences displayed 99.2% identity to MG676959 (from
Myodes glareolus in Germany), with four nucleotide dif-
ferences, and two sequences shared 99.6% identity with
0OP963933 (from Arvicola sapidus in Portugal), differing
by five bases. A phylogenetic analysis confirmed that all
the sequences clustered with their corresponding refer-
ence sequences, and that the unclassified Giardia spp.

formed a distinct clade adjacent to G. microti, suggesting
a close genetic relationship (Fig. 2).

Giardia species distribution

The distribution of Giardia spp. varied across different
small mammal taxa. Neodon fuscus showed the high-
est diversity, carrying five Giardia species (including
unclassified Giardia spp.), whereas O. curzoniae was
only infected with Giardia sp. OR770651. Giardia sp.
OR770651 dominated the entire sample of small mam-
mals (46.4%, 13/28), whereas Giardia sp. PQ604631 was
the predominant species in N. fuscus (35.3%, 6/17) and
Rodentia (38.9%, 7/18).

Nucleotide sequence accession numbers

All gene sequences of Cryptosporidium spp. and Giar-
dia spp. determined in this study were submitted to
the NCBI GenBank database under accession numbers
PV523158-PV523163, and PV711367-PV711371.
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Fig. 1 Phylogenetic relationships of Cryptosporidium spp. based on a neighbor-joining analysis of the SSU rRNA gene, Bootstrap values >60% from 1,000
replications are shown. Blank circles indicate the sequences identified in the present study. Sequences are identified by accession number, Cryptospo-

ridium species/genotype, and host name

Discussion

Cryptosporidium spp. in small wild mammals

Small mammals, particularly in the order Rodentia, serve
as critical reservoirs for zoonotic pathogens such as
Cryptosporidium spp. This study revealed a Cryptosporid-
ium prevalence of 22.3% (75/336) in the small Mammals
of Shiqu County on the eastern Tibetan Plateau, with
25.2% (58/230) in rodents and 16.0% (17/106) in lago-
morphs. The prevalence in rodent (25.2%) surpasses both
the global average of 20.5% (3848/18,804) and China’s
national average of 9.78% (345/3,526) [47, 48], ranking as
the second-highest reported in China, exceeded only by
that in wild rodents in Hainan (50.0%, 75/150, Table 1).

For lagomorphs, research remains limited, with most
studies focusing on commercial and dwarf rabbits [8].
Zhang et al. [21] reported a prevalence of 6.25% (4/64) of
Cryptosporidium spp. in O. curzoniae in Qinghai Prov-
ince, a neighboring region to our study area, which is
lower than that of 16.0% (17/106) observed in the present
study. The prevalence of Cryptosporidium spp. detected
in this study is also higher than that reported from adja-
cent areas in previous studies, such as in M. baileyi (1.0%,
1/98) [22], and M. himalayana (4.9%, 12/243) [23]. 1t is
well-known that the prevalence of Cryptosporidium
pathogens shows spatiotemporal variation, influenced
by geographic distribution, climatic conditions, and host
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Fig. 2 Phylogenetic relationships of Giardia spp. based on a neighbor-joining analysis of the bg gene. Bootstrap values >60% from 1,000 replications are
shown. The blank circles indicate the sequences identified in the present study. Sequences are identified by accession number, Giardia species, and host

name

population structure [13, 49, 50]. The high prevalence of
Cryptosporidium spp. in this alpine meadow ecosystem
may be driven by the relatively low temperatures, which
promote prolonged oocyst survival in the environment
[51]. The dense populations of burrowing mammals
(both rodents and pikas) in the area also probably facili-
tate the transmission of Cryptosporidium spp.

In this study, we identified six Cryptosporidium species/
genotypes in small wild mammals: C. suis, C. canis, yak
genotype, muskrat genotype II (w16), muskrat genotype
I (w7), and unclassified Cryptosporidium sp. MT524977.
Among these, C. suis and C. canis are zoonotic species
that are frequently reported in domestic animals and
humans. Cryptosporidium suis was the second most

frequently detected species (33.3%, 25/75) in our study
area. In addition to the detection of C. suis in N. fus-
cus, N. irene, N. leucurus, and O. curzoniae in the pres-
ent study, this parasite has also been reported in other
rodent species, including the yellow-throated mouse
(A. flavicollis) in eastern Slovakia [52] and Brandt’s vole
(Lasiopodomys brandltii) in Inner Mongolia, China [19].
Whereas C. suis is primarily reported in swine (Sus
scrofa) [53, 54], its detection in rodents is controversial
in so far as it is unclear whether it represents true infec-
tion or mechanical carriage is contentious, particularly in
livestock-rodent sympatric environments. This ambiguity
is reinforced by the identification of C. suis in sympatric
livestock (Bos grunniens, Ovis aries, and Equus caballus)
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in our parallel study [55]. Although the zoonotic poten-
tial of rodent-associated C. suis requires further clarifica-
tion, its high detection rate (33.3%, 25/75), coupled with
high densities of small mammals (e.g., pikas reach up to
300 individuals/ha in summer) and their seasonal migra-
tion patterns [35], strongly supports their role in facilitat-
ing Cryptosporidium spp. transmission within the region.

The detection of C. canis in both rodents and pikas in
the present study is consistent with previous reports of
their presence in small wild mammals, such as the Qin-
ghai vole (N. fuscus) [21] and Mongolian pika (Ochotona
pallasi) [25]. However, C. canis is more commonly
detected in canids such as the domestic dog (Canis lupus)
[56], coyote (C. latrans) [57], arctic fox (Vulpes lagopus)
[58], red fox (V. vulpes) [59], mink (Mustela vison) [60],
and raccoon dog (Nyctereutes procyonoides) [59]. In our
study area, domestic dogs serve as herding companions,
maintaining close contact with humans, while frequently
preying on rodents and pikas [35]. This suggests a poten-
tial pathway for the transmission of C. canis between
small wild mammals and domestic dogs. The zoonotic
transmission of C. canis from domestic dogs to humans
has been confirmed by Jiang et al. [61], so the potential
spillover of this parasite from small wild mammals to
humans via dogs warrants urgent assessment.

We also identified two Cryptosporidium genotypes that
have been previously characterized as specific to rodent
hosts. The most abundant genotype identified was musk-
rat genotype II (wl6), accounting for 34.7% (26/75) of
positive samples. Muskrat genotype I (w7) was also found
in four N. fuscus samples. As rodent-adapted species,
muskrat genotypes I and II primarily infect muskrats
(Ondatra zibethicus) and voles (including Microtus spp.
and Apodemus spp.) across North America, Europe, and
Asia [52, 62—-64]. Moreover, these two genotypes have
frequently been detected in environmental samples from
the United States [65, 66], the United Kingdom [67, 68],
and Canada [62, 69], indicating that these parasites con-
tribute significantly to water contamination, which drives
their transmission dynamics. The findings of the present
study contribute to the geographic and host distribution
records of these genotypes.

The remaining two isolates identified (yak genotype
and Cryptosporidium sp. MT524977) have been less fre-
quently reported. The yak genotype was initially identi-
fied in yaks (B. grumnniens) in Qinghai, China [70], and
subsequently detected in Mongolian pikas in Xinjiang,
China [25]. Cryptosporidium sp. MT524977 was first
reported in a western spotted skunk (S. gracilis) from
the Pacific Northwest of the USA [71], and shares 98.7%
genetic similarity with a Cryptosporidium environmental
sequence (i.e., genotype wl2) and 98.3% similarity with
an isolate from a meadow vole (GenBank KY644661). To
the best of our knowledge, neither of these isolates has
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been reported in other animal species or human popu-
lations within the study area. The zoonotic potential of
these isolates remains undetermined and warrants fur-
ther research to assess the possible risks they pose to
livestock and human populations.

In summary, the findings of this study, particularly the
detection and prevalence of known zoonotic Cryptospo-
ridium species, highlight a potential public health risk
on the eastern Tibetan Plateau. Crucially, two zoonotic
species, C. suis and C. canis, were identified, accounting
for a substantial proportion (41.3%, 31/75) of all positive
samples. These species are well-documented to cause
infections in humans and livestock, indicating a potential
for cross-species transmission [72]. This potential risk is
amplified by the unique socio-ecological context of the
study area. The eastern Tibetan Plateau is a human-live-
stock-wildlife interface ecosystem, where nomadic pas-
toralists share overlapping habitats and untreated water
sources with domestic animals (e.g., dogs, yaks, and
sheep) and a variety of wild animals. This sympatric rela-
tionship may facilitate the environmental transmission of
oocysts. Our hypothesis of a potential transmission cycle
of Cryptosporidium is further supported by parallel find-
ings: we recently detected the same zoonotic species, C.
suis, in free-ranging livestock in this area [55] and identi-
fied Cryptosporidium oocysts in hand-rinsing water used
by local pastoralists (genotyping in progress). Research in
Madagascar and the United States has also demonstrated
that rodents may be a key source of human Cryptosporid-
ium infections, with identical subtypes found in rodents,
humans, and water sources [73, 74]. Although no human
cryptosporidiosis cases have been clinically documented
in this region, likely due to limited surveillance, our find-
ings underscore the critical need for a “One Health”
approach to investigate and monitor Cryptosporidium
transmission dynamics among wildlife, livestock, and
human populations on the Tibetan Plateau.

Giardia spp. in small wild mammals

Compared with research into Cryptosporidium, research
into Giardia in rodents remains Limited, despite its high
global pooled molecular prevalence of 21.2% (1471/6931)
[7]. In the present study, we revealed that the preva-
lence of Giardia spp. in the small Mammal community
in Shiqu County was 8.3%, substantially lower than the
global average (21.2%), but close to the national preva-
lence in China of 10.4% (241/2313, derived from Li et
al. [7]). Giardia infection in wild rodents varies geo-
graphically across China, with its prevalence ranging
from 0% (0/98) in Qinghai (Myospalax baileyi) to 52.6%
(20/38) in Ningxia (Microtus fortis). High prevalence was
also observed in Hunan (51.4%, 73/142 in 2000; 29.4%,
45/153 in 2025) and Xinjiang (43.2%, 57/132). Our study
revealed a lower prevalence of Giardia spp. in both N.
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fuscus (9.4%, 10/106) and O. curzoniae (9.7%, 17/175) in
Shiqu County in Sichuan. Similarly, low prevalence has
been observed in neighboring regions, including Sich-
uan (8.1%, 15/185), Gansu (1.6%, 8/498), Yunnan (1.1%,
1/88), and Qinghai (0.8%, 2/243). Comparably low preva-
lence has also been found in southern China provinces,
including Guangdong (4.9%, 3/6land Guangxi (1.9%,
2/103) (Table 1). However, our current understanding
of these spatial patterns is limited because most studies
have been performed with small sample sizes (n <200 per
region) and uneven geographic coverage. Therefore, this
observed spatial heterogeneity requires validation with
systematic surveys incorporating geographic covariates,
including altitude, land use, and other factors.

In this study, G. microti was identified based on an
analysis of bg gene sequences. To the best of our knowl-
edge, G. microti was initially considered a rodent-specific
species [75, 76], documented in rodents of various gen-
era, including Rattus, Mus, Apodemus [77], Eothenomys
[78], Ondatra [79], Peromyscus, Microtus, and Myodes
[7]. However, subsequent studies revealed a broader host
range for this protozoan, extending to Canidae (e.g., dogs,
Canis familiaris), Felidae (e.g., leopards, Panthera pardus
japonensis), Cervidae (e.g., red deer, Cervus elaphus),
and even fish (e.g., barramundi, Lates calcarifer) [80].
Although no human or non-human primate infections
have been reported to date, the observed cross-species
transmission raises concerns for the potential spillover of
G. microti. The mechanisms facilitating host adaptation,
particularly the ecological overlap between rodent reser-
voirs and potential novel hosts, require further investiga-
tion to assess the spillover risks, particularly in regions
with an intense domestic animal-wildlife interface.

In addition to G. microti, four unique Giardia sp.
sequences were identified in local small mammals, which
share>99.0% identity with four unclassified Giardia sp.
sequences in the NCBI database. Three of these—Giar-
dia sp. PQ604631 (originally isolated from Alexandromys
fortis), Giardia sp. MG676959 (M. glareolus), and Giar-
dia sp. OP963933 (Arvicola sapidus)—were previously
reported in rodents, whereas Giardia sp. OR770651 was
isolated from canines. Although none of these sequences
have yet been formally classified as known Giardia spe-
cies, in a phylogenetic analysis of the bg gene, these
sequences (from both our study and the NCBI database)
clustered closely with G. microti. These findings suggest
that the isolates identified in the present study represent
local variants of G. microti. However, this conclusion
must be interpreted with caution. Definitive taxonomic
classification of Giardia ideally relies on a multilo-
cus sequence typing (MLST) approach, which typically
includes more conserved markers like the glutamate
dehydrogenase (gdh) and small subunit ribosomal RNA
(SSU rRNA) genes [81]. Unfortunately, our attempts to
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amplify these additional loci from the positive samples
were unsuccessful, likely due to low oocyst concentra-
tions or DNA degradation, thus limiting the conclu-
siveness of our phylogenetic analysis. This challenge is
compounded by the broader context of the field; as noted
by Ryan and Zahedi (2019), the diversity of Giardia in
wildlife remains poorly characterized, with largely oppor-
tunistic studies [82]. Furthermore, the scarcity of refer-
ence data—with only 26 G. microti sequences currently
available in GenBank—severely hampers the precise
taxonomic placement of our isolates. Given these limi-
tations, we have conservatively designated these isolates
as “Giardia sp. accession number’, pending more com-
prehensive genomic characterization. Future research
employing more sensitive methods or whole-genome
sequencing will be essential to overcome these amplifi-
cation challenges and definitively resolve the taxonomic
status and evolutionary relationships of these potentially
novel Giardia isolates/variants.

Notably, Giardia sp. OR770651 was previously
reported in herding dogs in Rido township (29.8°N,
92.3°E; 4300 m asl), Xizang Autonomous Region, which
shares similar plateau ecological conditions (alpine
meadow ecosystem) and pastoral practices (dog-depen-
dent pastoralism) with our study area. The detection of
Giardia sp. OR770651 in O. curzoniae (9.4%, 10/106) and
rodents (1.3%, 3/230) suggests the potential cross-species
transmission of Giardia from small mammals (sylvatic)
to canines (synanthropic). Further investigations of the
prevalence and genetic characteristics of Giardia spp.
in wildlife, domestic animals, and humans will clarify its
transmission dynamics in this pastoral system.

Our study also reveals the host adaptation patterns of
Giardia spp. Although only Giardia sp. OR770651 was
detected in O. curzoniae, the rodent N. fuscus harbored
all five Giardia spp. (C. microti and four unclassified
Giardia spp.). Beyond host susceptibility, this difference
may be attributable to the broader trophic niche width
of Rodentia compared with that of Lagomorpha [83],
which probably increases the exposure of rodents to
diverse Giardia cysts through various foraging sources.
These infection patterns suggest distinct ecological roles
of these taxa in Giardia transmission, with lagomorphs
(i.e., O. curzoniae) potentially acting as obligate hosts for
some specific Giardia spp. (e.g., Giardia sp. OR770651),
whereas rodents (i.e.,, N. fuscus) may act as reservoir
hosts, maintaining multiple Giardia spp. The data impli-
cate rodents as likely key drivers in preserving the genetic
diversity of Giardia within this ecosystem.

However, rodents are also known hosts of several other
Giardia species, as well as G. microti identified in this
study, including the zoonotic G. duodenalis complex and
rodent-specific species such as G. muris (primarily cir-
culating in Muridae) and G. cricetidarum (reported only
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in hamsters) [5, 6, 78]. Our findings, together with those
of Helmy et al. [84], suggest that rodent-adapted Giardia
species are more prevalent than zoonotic G. duodenalis
in wild rodents, which is consistent with the findings in
wild rodents in Xinjiang [13] and Hunan [32]. However,
other studies have documented the G. duodenalis assem-
blage as the predominant species in wild rodents, such as
beavers (Castor canadensis, assemblage B) in the US [85],
wild urban rodents (assemblages G and B) in Iran [86],
R. rattus (assemblage B) in Spain [87], and wild rodents
(assemblages A, B, E, F, G) in some provinces of China
(Table 1). These discrepancies indicate potential geo-
graphic and ecological influences on the transmission
dynamics of Giardia and highlight the need to investigate
further the factors driving the distribution of Giardia
species.

Conclusions

This study demonstrates the high prevalence of Cryp-
tosporidium spp. (22.3%) and diversity of Giardia spp.
(8.3%, including G. microti and four unclassified Giar-
dia spp.) in small wild mammals on the Tibetan Plateau.
The detection of zoonotic species (C. suis and C. canis)
suggests significant public health risks. These findings
underscore the fact that wildlife reservoirs are critical
components of parasite transmission cycles. Targeted
surveillance of these wild mammal populations and their
zoonotic pathogens should be prioritized to prevent the
emergence of potential disease in human and domestic
animal populations.
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