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Red panda amdoparvovirus (RPAV) was first described in captive red pandas 
(Ailurus fulgens) at a zoo in the United States in 2018. Subsequently, the prevalence 
of infection in zoos in the United  States was reported to be  50%; however, 
RPAV prevalence outside the United  States remains unstudied. This study was 
conducted to investigate the prevalence of RPAV in 134 red pandas from zoos in 
Europe. Overall, RPAV was detected with PCR in 21 of 62 zoos (33.9%), and the 
virus prevalence among individuals was estimated to be 24.2% (95% confidence 
interval, 17.4%–32.0%). Remarkably, adult females tested positive for RPAV 
more frequently than adult males. Zoos where RPAV was detected reported a 
significantly higher occurrence of alopecia (and clinical signs in general), whereas 
other commonly reported problems (fecal disorders and dental disease) showed 
no difference. A repeated pooled sampling of two positive individuals further 
showed that RPAV excretion in feces is intermittent, with the viral DNA being 
only detected on 8 out of 14 sampling days. The intermittent nature of excretion 
implies that RPAV prevalence may be higher than the estimated value.
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1. Introduction

Amdoparvovirus is a genus within the Parvoviridae family, a group of small, nonenveloped 
viruses with a linear, single-stranded DNA (ssDNA) genome (1). Some of the most important 
viruses causing clinical diseases with often fatal outcomes in domestic and wild carnivores 
(2–4) belong to the Parvoviridae family, such as canine parvovirus (CPV), feline 
panleukopenia virus (FPV), or Aleutian mink disease virus (AMDV). AMDV was the first 
amdoparvovirus described and is the best-characterized amdoparvovirus, whereas knowledge 
of the clinical signs, pathogenesis, and epidemiology in other species in this genus is rather 
limited. AMDV causes an immune complex-associated progressive syndrome known as 
Aleutian mink disease, a common disease in farmed mink that is often fatal and causes major 
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economic losses (5–8). Other amdoparvoviruses have been 
described in gray fox (gray fox amdovirus, GFAV), raccoon dog and 
fox (raccoon dog and fox amdoparvovirus, RFAV), and skunk 
(skunk amdoparvovirus, SKAV) (9–11). The most recently 
recognized member of this genus is red panda amdoparvovirus 
(RPAV) (4, 12).

The red panda (Ailurus fulgens) is a small omnivore of the order 
Carnivora, native to the eastern Himalayas and southwestern China. 
Its population in the wild is estimated to be  around 10,000 
individuals (13). The conservation status of the red panda on the 
IUCN Red List was changed from vulnerable to endangered in 2015 
due to a 50% decline in wild red panda populations over the past 
three generations caused by habitat loss and fragmentation, hunting, 
and poaching (14). Given the rapid population decline, an 
international studbook for the species was established in 1979 to 
monitor the population under human care. In 1985, a European 
Endangered Species Programme (EEP) was established and, from 
then on, the captive red panda population began to increase due to 
improved breeding techniques and husbandry. From 1985, when the 
total number of individuals was 53, the European red panda 
population increased to 416 animals housed in 188 facilities by the 
end of 2020 (15, 16).

One of the important tasks in maintaining sustainable 
populations, both in captivity and in the wild, is to minimize the risk 
of infectious diseases (17, 18). However, there is little information on 
the prevalence and significance of infectious diseases, especially viral 
diseases, in red pandas. Red pandas are known to be susceptible to 
canine distemper virus (CDV) (19–21) and have also been diagnosed 
with rabies virus infection (22). In China, a novel parvovirus, similar 
to canine parvovirus CPV-2a, was isolated from a red panda displaying 
no clinical abnormalities (23). Reports of other viral infections in red 
pandas are rare (21).

In 2018, the first RPAV infection was reported in captive red 
pandas at a zoo in the United  States (12). The combination of 
histopathological findings and in situ hybridization (ISH) for virus 
within lesions provided early evidence of the pathogenicity of this 
virus (12). That report led us to test for a suspected RPAV infection in 
a red panda from the Ljubljana Zoo, which died in 2019. The results 
of PCR performed on tissue samples and sequencing of the PCR 
product confirmed infection with RPAV in the deceased animal (24). 
This was the first case of RPAV infection in a European zoo collection 
known to the authors of this study. The cause of death of the red panda 
from the Ljubljana Zoo, which was attributed to RPAV infection, was 
further investigated using ISH, and acute myocarditis and encephalitis 
were confirmed as the primary cause of death in the infected animal 
(unpublished results). Neurological signs such as ataxia and 
discoordination were observed 18 months before death. The clinical 
signs described resolved spontaneously (24).

Recently, a study of RPAV infection in zoo-housed red pandas in 
the United  States revealed a high prevalence (50%) of infection, 
constant virus shedding in feces, and high genetic diversity of the virus 
(25). To date, no studies have been published on the detection of 
RPAV and the prevalence of infection in red pandas in European zoos 
or elsewhere outside the United  States. Moreover, clinical 
consequences and disease manifestations are not well understood. 
Therefore, this study was conducted to investigate the prevalence of 
RPAV and its potential association with clinical signs in red pandas in 
European zoos.

2. Materials and methods

2.1. Sample collection

Zoos from the EEP (European Ex-situ Program) housing red 
pandas were invited to participate in the study. There are 188 zoos on 
the EEP list. A total of 62 of 188 listed zoos from Europe (including 
one zoo from the French region of Guadeloupe in the Caribbean) and 
one from Israel participated by submitting samples. Each participating 
zoo also provided epidemiological information, including age (birth 
date), sex, and date of sampling for each animal.

A total of 113 samples from 134 red pandas were collected in 
2020–2022. Individual samples were obtained from 95 animals 
consisting of 90 fecal samples, four tissue samples tested as a pool, and 
a sample of paraffin-embedded formalin-fixed tissues from one 
animal. In addition, this sample set was supplemented by 18 pooled 
samples from 39 animals. In cases of positive results in pooled 
samples, zoos were asked to send samples from individual animals. A 
total of 19 pooled samples were initially sent for testing, of which three 
were positive. One of these zoos consequently sent samples from 
individual animals (which are included in the final set of 95 individual 
samples described above), and so the final pooled sample set included 
pooled samples from 18 zoos. Samples were frozen at −20°C until 
shipment to the laboratory for PCR analysis and frozen at −80°C until 
further processing. All laboratory work was performed at the Institute 
for Microbiology and Parasitology, Veterinary Faculty, University of 
Ljubljana, Slovenia.

To evaluate whether RPAV is shed continuously in feces of 
infected animals, 14 pooled feces samples from the Ljubljana Zoo red 
panda (n = 2) group were collected at approximately 2-day intervals 
over 1 month.

2.2. Clinical signs in the zoo survey

Concurrent with fecal sampling, the 113 EPP zoos were asked to 
complete an on-line survey focusing on detection of clinical signs in 
red pandas. All zoos included were contacted by email and 54 of the 
62 zoos that sent samples completed the survey.

2.3. Sample processing and PCR

Five percent suspensions of fecal samples and 10% suspensions of 
tissue samples were prepared using RPMI medium 1,640 (Thermo 
Fisher Scientific, Carlsbad, CA, United States). The suspensions were 
homogenized and centrifuged at 2,000 × g for 10 min. The supernatant 
was used for DNA extraction using the MagMAX™ CORE Nucleic 
Acid Purification Kit on the KingFisher Flex System (Thermo 
Scientific) according to the manufacturer’s instructions. DNA was 
extracted from one animal from tissues embedded in paraffin and 
fixed in formalin using the DNeasy Blood & Tissue Kit (Qiagen, 
Germany) according to the manufacturer’s instructions.

For the detection of RPAV DNA, a RPAV-specific PCR with 
forward primer RPAmdoNS_F2 (5′-CGCCAAAACCAACCGA 
CCAA-3′) and reverse primer RPAmdoNS_R2 (5′- AACACG 
CCCTTAGCTGTGCTT-3′) (12) was used, which amplifies a 
154-nucleotide segment of the nonstructural (NS1) region of the 
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RPAV genome. The PCR products were visualized with the QIAxcel 
Capillary Electrophoresis System (Qiagen, Germany).

2.4. Statistical analysis

Statistical analysis was performed with R 4.1.2 software (26). 
RPAV prevalence was estimated using the function PoolPrev from the 
R package PoolTestR (27), which allows prevalence estimation from a 
combination of individual and pooled samples. The maximum 
likelihood method of estimation was used.

To examine the possible presence of sex- and age-related 
differences in RPAV infection probability, generalized mixed-effect 
models implemented in the R package lme4 (28) were employed. 
Specifically, logistic mixed-effect regression was fitted to the subset of 
individual samples from positive zoos. Infection status was fitted as 
the response variable, sex and age were fitted as fixed predictors, and 
zoo identity was included as a random grouping factor to control for 
the non-independence of samples obtained from the same zoo. 
Negative zoos were excluded from this analysis because, due to the 
absence of the virus, these zoos provide no information regarding the 
between-group differences in the probability of becoming infected. 
For this reason, inclusion of the negative zoos could dilute and obscure 
the potential existing differences. To demonstrate this effect, we also 
repeated the analysis using individual samples from all zoos.

The possible association between RPAV infection with clinically 
apparent health problems was analyzed using logistic regression. The 
presence of RPAV and the occurrence of clinical signs at the zoo level 
were used in this analysis, given that many zoos only provided the 
general occurrence of clinical signs in their group of red pandas 
instead of the individual-level data. Four models were built to test for 
the association of RPAV with either the occurrence of any clinical 
signs or the occurrence of one of the three most commonly reported 
problems (i.e., alopecia, diarrhea or mucoid feces, and dental disease). 
In each model, the occurrence of the target clinical signs (any or one 
of the three most common signs listed above) in the zoo was fitted as 
a binary response variable (signs present or not present). The presence 
or absence of RPAV in the zoo was fitted as the only predictor.

3. Results

3.1. RPAV prevalence

Animals under the age of 1.5 years at the time of sampling were 
considered juvenile (n = 22), whereas older ones were considered adult 
(n = 112). Overall, RPAV DNA was detected in 21 out of 62 zoos 
(33.9%; Figure 1). Using regression modeling implemented in the R 
package PoolTestR with the entire data set combining individual and 
pooled samples, the RPAV prevalence among individuals was 
estimated to be 24.2% with the 95% confidence interval ranging from 
17.4 to 32.0%. In 11 out of 49 zoos providing individual samples, 
RPAV DNA was detected in all animals tested (Figure 2), including 
four zoos that housed only one animal (two of them included as 
archival tissue samples from dead animals). In another eight zoos, 
RPAV was detected only in a proportion of tested animals. Considering 
only tissue samples from dead animals examined in this study, four 

out of five animals were positive for RPAV DNA, including one animal 
that died in 1996.

3.2. Sex- and age-related differences in 
RPAV prevalence

The numbers and proportions of positive animals in a set of 
individual samples broken down by sex and age categories are shown 
in Table 1. Statistical analysis of sex-related differences in probability 
of RPAV detection performed in the subset of zoos where at least one 
positive sample was detected (n = 44 individual samples from 19 zoos) 
revealed that the odds of testing positive for RPAV were 5.2 times 
(95% confidence interval: 1.2–31.7) higher in females (mixed-effect 
logistic regression: estimate = 1.66, SE = 0.79, z = 2.09, p = 0.037). The 
analysis including only adult individuals (n = 38 individuals from 19 
zoos) and excluding the age category from the model produced very 
similar results (estimate = 2.17, SE = 1.03, z = 2.11, p = 0.035), indicating 
that adult females had 8.8 times (95% confidence interval: 1.5–123.4) 
higher odds of testing positive for RPAV compared to adult males. To 
demonstrate the dilution effect of including animals from the RPAV-
negative zoos, we  repeated the analysis using individual samples 
(n = 95) from all the 60 zoos, which indeed revealed no significant 
differences between sexes (estimate = 1.09, SE = 0.87, z = 1.26, p = 0.21). 

FIGURE 1

RPAV positive and RPAV negative zoos by country. Dots represent 
individual zoos. Negative zoos are those with no RPAV positive 
samples, whereas positive zoos are those with at least  one sample 
tested positive for RPAV.
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Juveniles showed no significant difference in RPAV positivity 
compared to adults (estimate = −0.55, SE = 1.04, z = −0.53, p = 0.59).

3.3. RPAV shedding persistence

The RPAV shedding persistence in feces over a 1-month period 
was evaluated using pooled samples from the Ljubljana Zoo group. 
The results showed that only eight out of 14 samples were positive 
(Table 2), indicating that excretion of RPAV in the feces is intermittent.

3.4. Zoo-level co-occurrence of RPAV and 
clinical signs

The zoos where RPAV was detected were 3.3 times (95% 
confidence interval: 1.04–11.17) more likely to report the occurrence 
of any clinical signs compared to the RPAV-negative zoos (logistic 
regression: estimate = 1.20, SE = 0.60, z = 2.01, p = 0.045). The three 
most commonly reported clinical signs were alopecia, diarrhea or 
mucoid feces, and dental disease. Out of these three health disorders, 
alopecia was 6.4 times (95% confidence interval:1.5–33.7) more likely 
to be reported by the RPAV-positive zoos (estimate = 1.86, SE = 0.77, 
z = 2.42, p = 0.016), whereas neither digestive disorders (estimate = 0.41, 
SE = 0.82, z = 0.49, p = 0.62) nor dental disease (estimate = −0.49, 
SE = 1.19, z = −0.41, p = 0.68) showed an association with RPAV 
occurrence at the zoo level.

4. Discussion

This study is the first to investigate the presence of RPAV in 
red pandas from zoos in Europe. Based on the previous reports 
that RPAV is present in the feces of infected red pandas (12, 25), 
this study primarily focused on the detection of RPAV DNA in 
fecal samples. In addition, tissue samples from dead red pandas 
were included to expand the data set. To date, there has only been 
one study of the prevalence of RPAV in red pandas conducted in 
zoos in the United States (25), which included 104 animals from 
37 zoos. That study detected viral DNA in 52/104 samples 
(50.0%), which is higher than the prevalence estimated for 
European zoos in our study (24.2%). Based on comparable sample 
sizes, 104 animals in the United  States versus 134 animals in 
Europe, viral DNA was detected in 50.2% of the samples in that 
study compared to 24.2% in our current study. In addition to the 
higher prevalence, there is also a higher percentage of positive 
zoos in the United States (67.6%) compared to Europe (33.9%). 
The causes of the difference in RPAV prevalence between the 
United States and Europe are unknown. Factors that may drive 
the potential differences in the infection rates could include 
differences in zoo management, animal husbandry, or the time 
when RPAV was introduced to the respective continents. The 
different subspecies kept in European and American zoos may 
also play a role in the different prevalence of RPAV; European 
zoos house only Ailurus fulgens fulgens while United states zoos 
house both A. f. styani and A. f. fulgens.

The study by Alex et al. (25) reported that the virus was shed 
continuously in the feces in all but two cases of infected animals and 
could be  detected there for more than 4.5 years. In our study, 

FIGURE 2

Numbers of zoos according to the within-zoo proportion of RPAV 
positive samples.

TABLE 1  Numbers and proportions of positive animals based on a set of individual samples grouped by sex and age categories.

All zoos Positive zoos only
Age category Sex

Positive Total Percent Positive Total Percent

Adult Female 19 48 39.6 19 22 86.4

Adult Male 8 33 24.2 8 16 50.0

Juvenile Female 1 8 12.5 1 2 50.0

Juvenile Male 2 6 33.3 2 4 50.0

Numbers are shown from a subset of zoos with at least one positive sample, as well as all zoos included in the study.

https://doi.org/10.3389/fvets.2023.1276248
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Kuhar et al.� 10.3389/fvets.2023.1276248

Frontiers in Veterinary Science 05 frontiersin.org

we examined the persistence of virus excretion in feces over a period 
of 1 month. In contrast to the previous study, our results showed 
intermittent RPAV excretion, with the viral DNA being only detected 
on 8 out of 14 sampling days. Such intermittent viral excretion 
suggests that the actual prevalence may be somewhat higher than the 
value estimated in our study because, the sampling only occurred at 
one time point in most zoos, which may have resulted in the 
occurrence of false negative results. Another potential source of false 
negative results could be the high sequence diversity among RPAV 
strains, which could result in positive cases being missed due to 
mutations in the binding sites of the primers used in PCR (12). Our 
study suggests that the virus does not shed constantly, as Alex et al. 
(25) suggested; however, the small number of samples and short 
monitoring period as well as different methodology in sample 
collection can make a difference. Virus shedding persistence needs to 
be confirmed in further studies.

In contrast to the prevalence study in the United  States (12), 
which reported no significant differences in infection status between 
sexes, our data showed that adult females were significantly more 
likely to test positive for RPAV compared to adult males. Such a 
discrepancy between the studies could possibly be explained by the 
differences in the design of statistical analysis. Given that only zoos 
where the virus is present are informative regarding the between-
group differences in the probability of being infected, we excluded 
non-informative negative zoos from this analysis. In contrast, Alex 
et al. (25) analyzed sex differences across all the zoos, and the inclusion 
of negative zoos may have obscured the effect of sex as demonstrated 
in our study. Nevertheless, further studies are needed to investigate 
whether potential differences in virus dispersion, husbandry, or 
animal behavior could contribute to the difference in sex-related 
infection probability between American and European zoos. 
Moreover, the potential differences in resistance to RPAV between 
male and female red pandas represent another interesting topic for 
future research.

In agreement with the study by Alex et al. (25), our study found 
no significant difference between juvenile and adult animals. However, 

the different statistical design of the American prevalence study and 
the small sample size of juvenile animals included in our study prevent 
any robust conclusion about age-related differences in 
RPAV prevalence.

Although RPAV was not described until 2018, our study 
provides evidence that the virus was already present in captive red 
pandas in Europe in the 1990s since we detected RPAV DNA in an 
archival sample from a red panda that died in 1996  in a zoo in 
France. The virus may have remained undetected because the 
infection was subclinical or because most infected animals had 
mild or nonspecific clinical signs and specific diagnostic methods 
were not available. Detection of this novel amdoparvovirus was 
only made possible by modern high-throughput sequencing 
technology, allowing detection of pathogens without prior 
information about its type, genome structure, and infection 
symptoms (12).

The survey of clinical signs, which was simultaneously 
conveyed with the sample collection, revealed that the most 
common health problems reported in zoo-housed red pandas 
include alopecia, diarrhea or mucoid feces, and dental disease. 
Interestingly, the zoos where RPAV was detected were more likely 
to report the occurrence of any clinical signs in general. This 
association was probably likely driven by alopecia, which was 
significantly more often present in RPAV-positive zoos. In contrast, 
no such association was observed with fecal or dental disorders. 
These results suggest that RPAV could have deleterious health 
consequences in the RPAV-infected red pandas. Alopecia in 
particular seems to be a candidate disorder potentially associated 
with RPAV infection. Nevertheless, it must be borne in mind that 
our analysis was only carried out at the zoo level due to the 
limitations of our survey-based clinical data set. More detailed 
studies including individual data on clinical signs are needed to 
draw more robust conclusions about the link between RPAV 
infection and alopecia or other health disorders.

Our study as well as the recent study by Alex et al. (25) showed 
that the RPAV infection is common in captive red pandas in both 
American and European zoos. As a part of the conservation 
management of red pandas, individuals are constantly translocated 
among zoos, and undetected pathogens could thereby be transmitted 
from one zoo to another. Although not much is known about the 
pathogenicity of RPAV, the infection status should be considered when 
planning transfers of red pandas to avoid introducing the virus into 
an infection-free group. The presence and prevalence of RPAV in wild 
red pandas also need to be evaluated to avoid the potential risk of 
bringing this infectious agent into the potentially naïve wild 
population. Persistent latent or subclinical infection in captive red 
pandas has likely led to underdiagnosing this virus during necropsies 
and the underappreciation of lesions associated with RPAV that may 
contribute to the death of animals. Retrospective studies of stored 
samples in both the United States and Europe as well as prospective 
development of improved necropsy protocols should be put in place 
to discover subtle pathologies and lesions caused by the virus. Another 
step forward to be  considered is future control of this disease if 
pathogenicity is proved to be considerable in this species. Nonetheless, 
pre-shipment testing is recommended covering an extended period to 
detect intermittent shedding virus. Due to the very high prevalence of 
RPAV, maintaining disease-free populations may not be  a viable 
option. Thus, in the long-term development of vaccines may offer the 

TABLE 2  Results of the PCR detection of RPAV over a 1-month period at 
the Ljubljana Zoo.

Date of sample collection PCR result

April 5th, 2021 Positive

April 7th, 2021 Negative

April 9th, 2021 Negative

April 12th, 2021 Negative

April 14th, 2021 Positive

April 16th, 2021 Negative

April 19th, 2021 Positive

April 21st, 2021 Positive

April 23rd, 2021 Positive

April 26th, 2021 Negative

April 28th, 2021 Negative

April 30th, 2021 Negative

May 3rd, 2021 Negative

May 5th, 2021 Positive
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best solution for minimizing disease and spread of the virus to naive 
collections of Red Pandas.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary material, further inquiries can be directed 
to the corresponding author.

Ethics statement

The animal study was approved by all procedures involving 
animals were approved by the National Ethical Committee and the 
Administration of the Republic of Slovenia for Food Safety, Veterinary 
and Plant Protection (Permit number 34401-7-2016-5, 31 January 
2017). The study was conducted in accordance with the local 
legislation and institutional requirements.

Author contributions

UK: Conceptualization, Investigation, Methodology, Resources, 
Supervision, Writing – original draft. OT: Data curation, Formal 
analysis, Methodology, Project administration, Resources, Software, 
Visualization, Writing – original draft. ES: Methodology, Writing – 
review & editing. JM: Conceptualization, Project administration, 
Software, Software. MK: Data curation, Funding acquisition, 
Resources, Validation, Visualization, Writing – review & editing. NJ: 
Data curation, Validation, Visualization, Writing – review & editing. 
MP: Investigation, Software, Writing – review & editing. TJ: 
Validation, Writing – review & editing. CA: Conceptualization, 
Writing – review & editing. UJ-C: Investigation, Validation, Writing 
– review & editing. PK: Conceptualization, Data curation, Formal 
analysis, Funding acquisition, Methodology, Resources, Supervision, 
Writing – original draft.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. This research 
was funded by the Slovenian Research Agency (research core funding 
no. P4-0092) and the Veterinary Department of the Ljubljana Zoo.

Acknowledgments

We would like to thank all zoos and EEP participants that 
collected and sent samples, as well as EEP coordinator Janno Weerman 
for his support and endorsement. We would also like to thank Patricia 
Pesavento, DVM, Ph.D, for her contribution to the research.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fvets.2023.1276248/
full#supplementary-material

References
	1.	Cotmore SF, Agbandjemckenna M, Canuti M, Chiorini JA, Eishubinger AM, 

Hughes J, et al. ICTV virus taxonomy profile: Parvoviridae. J Gen Virol. (2019) 
100:367–8. doi: 10.1099/jgv.0.001212

	2.	Canuti M, Whitney HG, Lang AS. Amdoparvoviruses in small mammals: 
expanding our understanding of parvovirus diversity, distribution, and pathology. Front 
Microbiol. (2015) 6:1119. doi: 10.3389/fmicb.2015.01119

	3.	Canuti M, McDonald E, Graham SM, Rodrigues B, Bouchard É, Neville R, et al. 
Multi-host dispersal of known and novel carnivore amdoparvoviruses. Virus Evol. 
(2020) 6:veaa072. doi: 10.1093/ve/veaa072

	4.	Pénzes JJ, Söderlund-Venermo M, Canuti M, Eis-Hübinger AM, Hughes J, Cotmore 
SF, et al. Reorganizing the family Parvoviridae: a revised taxonomy independent of the 
canonical approach based on host association. Arch Virol. (2020) 165:2133–46. doi: 
10.1007/s00705-020-04632-4

	5.	Hartsough G, Gorham J. Aleutian disease in mink. Natl Fur News. (1956) 28:10–1.

	6.	Gorham JR, Leader RW, Henson JB. The experimental transmission of a virus 
causing hypergammaglobulinemia in mink: sources and modes of infection. J Infect Dis. 
(1964) 114:341–5. doi: 10.1093/infdis/114.4.341

	7.	Jensen TH, Hammer AS, Chriél M. Monitoring chronic infection with a field strain 
of Aleutian mink disease virus. Vet Microbiol. (2014) 168:420–7. doi: 10.1016/j.
vetmic.2013.11.041

	8.	Jensen TH, Chriél M, Hansen MS. Progression of experimental chronic Aleutian 
mink disease virus infection. Acta Vet Scand. (2016) 58:35. doi: 10.1186/s13028- 
016-0214-7

	9.	Canuti M, Doyle HE, Britton A P, Lang AS. Full genetic characterization and 
epidemiology of a novel amdoparvovirus in striped skunk (Mephitis mephitis). Emerg 
Microbes Infect. (2017) 6:e30. doi: 10.1038/emi.2017.13

	10.	Li L, Pesavento PA, Woods L, Clifford DL, Luff J, Wang C, et al. Novel 
amdovirus in gray foxes. Emerg Infect Dis. (2011) 17:1876–8. doi: 10.3201/
eid1710.110233

	11.	Shao X-Q, Wen Y-J, Ba H-X, Zhang X-T, Yue Z-G, Wang K-J, et al. Novel 
amdoparvovirus infecting farmed raccoon dogs and Arctic foxes. Emerg Infect Dis. 
(2014) 20:2085–8. doi: 10.3201/eid2012.140289

	12.	Alex CE, Kubiski SV, Li L, Sadeghi M, Wack RF, McCarthy MA, et al. 
Amdoparvovirus infection in red pandas (Ailurus fulgens). Vet Pathol. (2018) 55:552–61. 
doi: 10.1177/0300985818758470

	13.	Glatston A, Wei F, Zaw T, Sherpa A. Ailurus fulgens. The IUCN Red List of 
Threatened Species (2015). Available at: https://www.iucnredlist.org/species/714/ 
110023718.

	14.	Choudhury A. An overview of the status and conservation of the red panda 
Ailurus fulgens in India, with reference to its global status. Oryx. (2001) 35:250–9. doi: 
10.1046/j.1365-3008.2001.00181.x

	15.	Kappelhof J, Weerman J. The development of the red panda Ailurus fulgens EEP: 
from a failing captive population to a stable population that provides effective support 
to in situ conservation. Int Zoo Yearb. (2020) 54:102–12. doi: 10.1111/izy.12278

	16.	Weerman J. Red panda annual report 2020 and recommendations 2021. European 
Association of Zoos and Aquaria (2020).

https://doi.org/10.3389/fvets.2023.1276248
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fvets.2023.1276248/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2023.1276248/full#supplementary-material
https://doi.org/10.1099/jgv.0.001212
https://doi.org/10.3389/fmicb.2015.01119
https://doi.org/10.1093/ve/veaa072
https://doi.org/10.1007/s00705-020-04632-4
https://doi.org/10.1093/infdis/114.4.341
https://doi.org/10.1016/j.vetmic.2013.11.041
https://doi.org/10.1016/j.vetmic.2013.11.041
https://doi.org/10.1186/s13028-016-0214-7
https://doi.org/10.1186/s13028-016-0214-7
https://doi.org/10.1038/emi.2017.13
https://doi.org/10.3201/eid1710.110233
https://doi.org/10.3201/eid1710.110233
https://doi.org/10.3201/eid2012.140289
https://doi.org/10.1177/0300985818758470
https://www.iucnredlist.org/species/714/110023718
https://www.iucnredlist.org/species/714/110023718
https://doi.org/10.1046/j.1365-3008.2001.00181.x
https://doi.org/10.1111/izy.12278


Kuhar et al.� 10.3389/fvets.2023.1276248

Frontiers in Veterinary Science 07 frontiersin.org

	17.	Ballou JD. Assessing the risks of infectious diseases in captive breeding and 
reintroduction programs. J Zoo Wildl Med. (1993) 24:327–35.

	18.	Russell RE, DiRenzo GV, Szymanski JA, Alger KE, Grant EHC. Principles and 
mechanisms of wildlife population persistence in the face of disease. Front Ecol Evol. 
(2020) 8:569016. doi: 10.3389/fevo.2020.569016

	19.	Wang R, Wang X, Zhai J, Zhang P, Irwin DM, Shen X, et al. A new canine 
distemper virus lineage identified from red pandas in China. Transbound Emerg Dis. 
(2022) 69:e944–52. doi: 10.1111/tbed.14370

	20.	Zhang H, Shan F, Zhou X, Li B, Zhai J-Q, Zou S-Z, et al. Outbreak and genotyping 
of canine distemper virus in captive Siberian tigers and red pandas. Sci Rep. (2017) 
7:8132. doi: 10.1038/s41598-017-08462-4

	21.	Douay G, Ramsay EC. Chapter 13 – captive red panda medicine In: AR Glatston, 
editor. Red panda. 2nd ed. Oxford: Academic Press (2022). 239–53.

	22.	Smith JS, Reid-Sanden FL, Roumillat LF, Trimarchi C, Clark K, Baer GM, 
et al. Demonstration of antigenic variation among rabies virus isolates by using 
monoclonal antibodies to nucleocapsid proteins. J Clin Microbiol. (1986) 
24:573–80. doi: 10.1128/jcm.24.4.573-580

	23.	Qin Q, Loeffler IK, Li M, Tian K, Wei F. Sequence analysis of a canine parvovirus 
isolated from a red panda (Ailurus fulgens) in China. Virus Genes. (2007) 34:299–302. 
doi: 10.1007/s11262-006-0023-6

	24.	Kvapil P, Mede J, Kuhar U, Paller T, Harej M, Kastelic M, et al. A clinical case of 
amdoparvovirus (RPAPV) infection in a red panda (Ailurus fulgens). International conference 
on avian herpetological and exotic mammal medicine. Budapest: ICARE; (2022). p. 418.

	25.	Alex CE, Kubiski SV, Jackson KA, Wack RF, Pesavento PA. Amdoparvovirus 
infections are prevalent, persistent, and genetically diverse in zoo-housed red 
pandas (Ailurus fulgens). J Zoo Wildl Med. (2022) 53:83–91. doi: 10.1638/2021-0082

	26.	R_Core_Team. R: The R project for statistical computing. (2022). Available at: 
https://www.r-project.org/.

	27.	McLure A, O’Neill B, Mayfield H, Lau C, McPherson B. PoolTestR: an R package 
for estimating prevalence and regression modelling for molecular xenomonitoring and 
other applications with pooled samples. Environ Model Softw. (2021) 145:105158. doi: 
10.1016/j.envsoft.2021.105158

	28.	Bates D, Mächler M, Bolker B, Walker S. Fitting linear mixed-effects models using 
lme4. J Stat Softw. (2015) 67:1–48. doi: 10.18637/jss.v067.i01

https://doi.org/10.3389/fvets.2023.1276248
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.3389/fevo.2020.569016
https://doi.org/10.1111/tbed.14370
https://doi.org/10.1038/s41598-017-08462-4
https://doi.org/10.1128/jcm.24.4.573-580
https://doi.org/10.1007/s11262-006-0023-6
https://doi.org/10.1638/2021-0082
https://www.r-project.org/
https://doi.org/10.1016/j.envsoft.2021.105158
https://doi.org/10.18637/jss.v067.i01

	Prevalence of red panda amdoparvovirus infection in European zoos
	1. Introduction
	2. Materials and methods
	2.1. Sample collection
	2.2. Clinical signs in the zoo survey
	2.3. Sample processing and PCR
	2.4. Statistical analysis

	3. Results
	3.1. RPAV prevalence
	3.2. Sex- and age-related differences in RPAV prevalence
	3.3. RPAV shedding persistence
	3.4. Zoo-level co-occurrence of RPAV and clinical signs

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions

	References

