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Echinococcosis is a zoonotic disease currently causing significant public health issues worldwide. The emerging and the expansion
of Echinococcus spp. tapeworms in wildlife species and habitats are indeed underrecognized. Here, using infrared camera surveil-
lance followed by morphological and genetic characterization, Echinococcus shiquicus (E. shiquicus), tapeworms were unexpectedly
detected from Asian badgers in the Qinghai-Tibetan Plateau of China for the first time. In specific, an area of 3,939 km* at an
altitude of 3,691-5,339 m above sea level was monitored, from which fecal samples were collected, and fecal DNA was sequenced to
solidify its match with the genome of Asian badgers before fecal egg examination. We further revealed that the isolated fecal eggs
were morphologically representing E. shiquicus being oval in shape and containing a hexacanth embryo, and genetically formed a
unique clade with diverse registered E. shiquicus isolates as illustrated by phylogenetic analysis. Overall, our investigation suggested
Asian badger as a potential new definitive host of E. shiquicus tapeworm. More extensive surveillance for E. shiquicus tapeworm
should be conducted in neglected host species and their habitats in the Qinghai-Tibetan Plateau.

1. Introduction

Echinococcosis, caused by infection with the metacestode
stage of Echinococcus species, is listed as one of the 17
neglected tropical diseases by WHO [1,2]. Currently, there
are at least nine recognized Echinococcus species, among

which Echinococcus shiquicus (E. shiquicus) was first recorded
as a new species from the Qinghai-Tibetan Plateau of China
in 2005 [3]. E. shiquicus was originally thought to be trans-
mitted only between the Tibetan fox (Vulpes ferrilata, as
definitive hosts) and the plateau pika (Ochotona curzoniae,
as intermediate host) [3]. Subsequently, various small mammals
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FiGURe 1: Infrared camera screening for Asian badgers and microscopic fecal egg examination. Infrared camera trap image of Asian badgers
from the study area (far left and middle left), showing the defecating at latrines and food hoarding (dead plateau pikas, arrow) behavior
around the dens (middle right), and microscopic observation of Echinococcus shiquicus tapeworm eggs (far right).

were found infected with E. shiquicus [4,5], and dog was con-
firmed as the potential definitive host by copro-DNA PCR and
sequencing [6,7]. However, the zoonotic transmission potential
of E. shiquicus has not been currently determined [8, 9]. Thus, it
is urgent to unearth the potential host range and further eluci-
date the zoonotic potential (if any) of E. shiquicus within the
Qinghai-Tibetan Plateau.

The Asian badger (Meles leucurus), as a widespread spe-
cies, is distributed throughout the mainland of China [10].
The badger, an opportunistic forager of predation, has
adapted to using the available trophic resources depending
on environmental characteristics [11], particularly the abun-
dant biomass of small mammals (such as plateau pikas and
plateau voles) on the Qinghai-Tibetan Plateau as its main
diet. This dietary habit might pose the badger at risk of infec-
tion by preying on these small mammals carrying pathogens.

We hereby showed that the eggs isolated from the fecal
samples from the Asian badger were morphologically and
genetically representing E. shiquicus. For the first time, we
uncovered Asian badger as the potential definitive host of
E. shiquicus by screening the neglected high altitudes across
the Qinghai-Tibetan Plateau.

2. Materials and Methods

Our study was conducted in the southeastern part of the
Qinghai-Tibetan Plateau (located in the Dangluo town of Magin
county), which covers an area of 3,939 km? (99"10'—100"38 E
and 33°44-34°36 N), and an altitude of 3,691-5,339 m above
sea level. The town is subjected to a plateau continental semi-
humid climate and is located in the “Sanjiangyuan National
Nature Reserve” in China. In September 2021, the study area
was divided into grids of 0.01 km? for systematic placement of
infrared cameras, which traced the tracks of Asian badgers and
were positioned at locations to maximize their photo captures.
Interestingly, we found Asian badgers defecating at a fixed
place and food hoarding (dead plateau pikas) behavior around
the dens (Figure 1). The feces, which are strip-like and about
1-2 cm in thickness, are distributed in piles, which is consistent
with the findings of a previous appearance study [12]. Next, the

teces were collected from the various dunghills and were labeled
and held separately in plastic bags in the field, then being stored
at —80°C for at least 10 days to kill pathogenic eggs [13]. Fecal
DNA and egg DNA were extracted using the TTANamp Stool
DNA Kit (TTANGEN Biotech Co., Ltd., Beijing, China) accord-
ing to the manufacturer’s instructions. The host origin of feces
was further determined by using a PCR targeting the D-loop
region of mitochondrial DNA [14], based on the fecal morpho-
logical characteristics. Fecal egg examination was performed
routinely on 1.0 g of feces by the centrifugal flotation method
using 1.27 g/mL sucrose; when taeniid eggs were detected from
the feces by microscopic examination, the eggs were collected
for the molecular identification of their species [15]. Meanwhile,
the partial mitochondrial coxI gene (444bp), a molecular
marker for Echinococcus species identification, was used to
identify Echinococcus species as described previously [16].

3. Results and Discussion

We successfully determined nine fecal samples, and
sequences were matched to published sequences of M. leu-
leucurus (GenBank accession no. LC333397.1). The results
showed the eggs were oval in shape and contained hexacanth
embryo, which is consistent with mature E. shiquicus eggs
from a previous microscopic observation [3] (Figure 1).
Importantly, BLAST (http://blast.ncbi.nlm.nih.gov) analysis
of the tapeworm eggs amplicons (3/9, 33.3%) was identical to
E. shiquicus (99.3%—-100%) registered in GenBank, and the
phylogenetic analysis showed the positive samples identified
(OP849681-0P849683) formed a single well-supported
clade with diverse isolates E. shiquicus registered in GenBank
(Figure 2). Taken together, these findings suggested that the
Asian badger is a potential definitive host of E. shiquicus.
Until now, E. shiquicus has only been found in the
Qinghai-Tibetan Plateau of China. Some studies have demon-
strated that it is an indigenous parasite, and this is probably due
to the evolving within predator—prey cycles of endemic mam-
mal species from the Qinghai-Tibetan Plateau [17]. Therefore,
we speculated that E. shiquicus has complex wildlife—parasite
cycles in the Qinghai-Tibetan Plateau. In this study, we found



Transboundary and Emerging Diseases

Echinococcus shiquicus/OP620000/Dog/China

© Echinococcus shiquicus/ OP849682/Badger/China

99

© Echinococcus shiquicus/ OP849683/Badger/China

Echinococcus shiquicus/KY 290750/ Vole/China

Echinococcus shiquicus/KY290751/Vole/China

Echinococcus shiquicus/ AB159136/Pika/China

© Echinococcus shiquicus/ OP849681/Badger/China
Echinococcus shiquicus/KY 328700/Fox/China

Echinococcus multilocularis/KY 205685/Fox/China

Echinococcus multilocularis/KY 446474/ Vole/China

Echinococcus multilocularis/KY 446475/ Vole/China

100

Echinococcus multilocularis/ KY 446476/ Pika/China

Echinococcus granulosus/KT001398/Dog/China

Echinococcus granulosus/MH211194/Sheep/China

100

Taenia solium/ AB066485/Pig/China

FiGure 2: Phylogenetic analysis of fecal eggs from Asian badgers. Maximum likelihood analysis of the partial sequences of mitochondrial coxI
gene inferred from isolates of Echinococcus spp., using the kimura 2-parameter model. Taenia solium was used as an outgroup. The
phylogenetic tree was constructed with MEGA7.0, and the bootstrap values >50% are shown for the nodes that appeared along the branches

with 1,000 replicates. Pink circle, the coxI gene amplified in this study.
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FiGURE 3: Proposed life cycle of Echinococcus shiquicus involving Asian badgers in the Qinghai—Tibetan Plateau, China. Study area location in
the Qinghai-Tibetan Plateau (left) and the life cycle (right) of E. shiquicus involves intermediate hosts (such as plateau pikas and plateau
voles) and definitive hosts, namely Tibetan foxes and dogs in family Canidae and herein identified Asian badgers in family Mustelidae, from

the Qinghai-Tibetan Plateau.

that the Asian badgers exhibit a distinct predatory preference
for the plateau pikas in the Qinghai—Tibetan Plateau, and this
specific food chain increased E. shiquicus infection opportu-
nities for badgers (Figure 3). Altogether, these findings sug-
gested that adaptive evolution over long periods of the
ecological isolation promoted E. shiquicus adaptation to the
local environment.

The Qinghai-Tibetan Plateau, with its unique climatic,
topographical, and biological characteristics, is an isolated
geographical area with important localities for the evolution
of various organisms [4]. Not surprisingly, a variety of Echi-
nococcus species coexist in the Qinghai-Tibetan Plateau area,

and some emerging/re-emerging echinococcosis evolve to
exploit some new hosts [5,6]. Although the E. shiquicus life
cycle is relatively fixed, it is perpetuated to a large extent by
wildlife—parasite interactions to the transmission dynamics
[18]. Our studies indicate that E. shiquicus infected Asian
badgers in this area, and the potential role for Asian badgers
in the transmission of E. shiquicus remains to be elucidated. In
addition, there are presently no data available on the zoonotic
potential of E. shiquicus, and it’s worrisome that E. shiquicus
may create significant public health issues similar to those of
other Echinococcus species [19,20], which contribute to
human infections. In future studies, it is essential to go into



the transmission mechanism of Asian badgers naturally
infected with E. shiquicus for the prevention of this parasitic
disease. Furthermore, there remains a dearth of data available
on the epidemiological status of E. shiquicus, and more exten-
sive surveillance is necessary to thoroughly understand the
possibility of humans and other wildlife animals being
infected by the transmission dynamics of E. shiquicus.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Ethical Approval

All animal experiments were performed in accordance with the
guidelines of the Institutional Animal Welfare and Ethics Com-
mittee of the Qinghai Academy of Animal Sciences and Veter-
inary Medicine, Qinghai University (2022-QHMKY-017).

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

All authors contributed to the concept of this study. YF, GL,
and ZG designed the study. YF, XZ, ZL, ZS, XM, QZ, CZ, SG,
WM, DH, and FW carried out the experiments and collected
the fecal samples. YF, RM, YZ, XS, and YM analyzed the
data. GL, YF, DS, and ZG wrote and modified the manu-
script. All authors read and approved the final manuscript.

Acknowledgments

We gratefully acknowledge the staff working in the Maqin
County Animal Husbandry and Veterinary Station for their
assistance with collecting the fecal samples. This work was
supported by grants from the National Natural Science
Foundation of China (grant numbers 32160840 and
31960708), the Applied Basic Research of Qinghai Province
in China (grant number 2021-Z]-724), and the National Key
Research and Development Program of China (grant num-
ber 2022YFE0108100).

References

[1] H. Wen, L. Vuitton, T. Tuxun et al, “Echinococcosis:
advances in the 21st century,” Clinical Microbiology Reviews,
vol. 32, no. 2, pp. €00075-e00018, 2019.

[2] N. L. Agudelo Higuita, E. Brunetti, and C. McCloskey, “Cystic

echinococcosis,” Journal of Clinical Microbiology, vol. 54,

no. 3, pp. 518-523, 2016.

N. Xiao, J. Qiu, M. Nakao et al., “Echinococcus shiquicus n. sp.,

a taeniid cestode from Tibetan fox and plateau pika in China,”

International Journal for Parasitology, vol. 35, no. 6, pp. 693—

701, 2005.

[4] N.Xiao,]. Qiu, M. Nakao et al., “Echinococcus shiquicus, a new
species from the Qinghai-Tibet Plateau region of China:
discovery and epidemiological implications,” Parasitology
International, vol. 55, pp. S233-5236, 2006.

(3

—_—

Transboundary and Emerging Diseases

[5] X. Wang,]. Liu, Q. Zuo et al., “Echinococcus multilocularis and
Echinococcus shiquicus in a small mammal community on the
eastern Tibetan Plateau: host species composition, molecular
prevalence, and epidemiological implications,” Parasites &
Vectors, vol. 11, no. 1, Article ID 302, 2018.

[6] C.-N. Liu, Z.-Z. Lou, L. Li et al., “Discrimination between
E. granulosus sensu stricto, E. multilocularis and E. shiquicus
using a multiplex PCR assay,” PLOS Neglected Tropical
Diseases, vol. 9, no. 9, Article ID 0004084, 2015.

[7] H. Cai, . Zhang, X. Zhang et al., “Prevalence of Echinococcus
species in wild foxes and stray dogs in Qinghai province,
China,” The American Journal of Tropical Medicine and
Hygiene, vol. 106, no. 2, pp. 718-723, 2022.

[8] D.Huang, R. Li, J. Qiu et al., “Geographical environment factors
and risk mapping of human cystic echinococcosis in Western
China,” International Journal of Environmental Research and
Public Health, vol. 15, no. 8, Article ID 1729, 2018.

[9] J. Shang, G. Zhang, W. Yu et al., “Molecular characterization
of human echinococcosis in Sichuan, western China,” Acta
Tropica, vol. 190, pp. 45-51, 2019.

[10] W. Zhou, L. Yu, B. Tan, Y. Liu, L. Zhang, and Y. Hua,
“Phylogenetic relationship of Asian badger Meles leucurus
amurensis revealed by complete mitochondrial genome,”
Mitochondrial DNA Part A, vol. 28, no. 3, pp. 403-404, 2017.

[11] L. M. Rosalino, F. Loureiro, D. W. Macdonald, and
M. Santon-Reis, “Dietary shifts of the badger (Meles meles)
in Mediterranean woodlands: an opportunistic forager with
seasonal specialisms,” Mammalian Biology, vol. 70, no. 1,
pp. 12-23, 2005.

[12] K. Hijikata, M. Minami, and H. Tsukada, “Food habits and
habitat utilization of the Japanese badger (Meles anakuma) in
a grassland/forest mosaic,” Mammal Study, vol. 45, no. 3,
pp. 229-242, 2020.

[13] P. Veit, B. Bilger, V. Schad, J. Schifer, W. Frank, and R. Lucius,
“Influence of environmental factors on the infectivity of
Echinococcus multilocularis eggs,” Parasitology, vol. 110, no. 1,
pp. 79-86, 1995.

[14] N.Nonaka, T. Sano, T. Inoue et al., “Multiplex PCR system for
identifying the carnivore origins of faeces for an epidemiologi-
cal study on Echinococcus multilocularis in Hokkaido, Japan,”
Parasitology Research, vol. 106, no. 1, pp. 75-83, 2009.

[15] W.Li, Z. Guo, H. Duo et al., “Survey on helminths in the small
intestine of wild foxes in Qinghai, China,” Journal of
Veterinary Medical Science, vol. 75, no. 10, pp. 1329-1333,
2013.

[16] J. Bowles, D. Blair, and D. P. McManus, “Genetic variants
within the genus Echinococcus identified by mitochondrial
DNA sequencing,” Molecular and Biochemical Parasitology,
vol. 54, no. 2, pp. 165-173, 1992.

[17] P. S. Craig, P. Giraudoux, Z. H. Wang, and Q. Wang,
“Echinococcosis transmission on the Tibetan Plateau,”
Advances in parasitology, vol. 104, pp. 165-246, 2019.

[18] D. Carmena and G. A. Cardona, “Echinococcosis in wild
carnivorous species: epidemiology, genotypic diversity, and
implications for veterinary public health,” Veterinary
parasitology, vol. 202, no. 3-4, pp. 69-94, 2014.

[19] G.-Q. Zhu, H.-B. Yan, L. Li etal, “First report on the
phylogenetic relationship, genetic variation of Echinococcus
shiquicus isolates in Tibet autonomous region, China,”
Parasites & Vectors, vol. 13, no. 1, Article ID 590, 2020.

[20] P. Deplazes, L. Rinaldi, C. A. Alvarez Rojas et al., “Global
distribution of alveolar and cystic echinococcosis,” Advances
in Parasitology, vol. 95, pp. 315-493, 2017.





