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Abstract

Red pandas (Ailurus fulgens) are a globally endangered small carnivoran species and subjects 

of a robust ex situ conservation effort that includes animals housed in zoos. In 2018, red panda 

amdoparvovirus (RPAV) was discovered by metagenomics analyses of tissues from two geriatric 

red pandas, and in one case it was associated with significant lesions. Because RPAV was 

discovered in a single zoo cohort, it was unclear whether these infections represented a widely 

distributed, enzootic virus of red pandas or a localized ‘spillover’ from a different host species 

into this collection. The first goal of this study was to estimate the prevalence of RPAV in US 

zoos. The authors amplified RPAV from feces of 104 individual red pandas from 37 US zoos, and 

the virus was detected in 52/104 samples (50.0%). Next, to establish persistence of infection in 

individual animals, the authors tested serial samples in a single cohort over a 4.5-yr period, and 

virus was consistently shed by infected animals throughout the sampling period. Finally, full viral 

coding sequences were amplified and sequenced from three cases, and partial sequences of both 

the nonstructural and capsid genes were obtained for an additional 19 cases. RPAV is a genetically 
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diverse but monophyletic viral species, and multiple viral lineages are present in US zoo–housed 

red pandas. The authors do not know how red pandas were originally infected, but RPAV is very 

common in red pandas in the United States, and infections are persistent—presumably for the 

lifetime of the animal.

INTRODUCTION

Red pandas (Ailurus spp.) are small carnivorans native to temperate forests in the Himalayas 

and western China, and they are the only extant members of the family Ailuridae. With 

wild populations estimated at fewer than 10,000, they are classified as Endangered by the 

International Union for Conservation of Nature (IUCN) and are listed as Appendix 1 species 

according to the Convention on International Trade in Endangered Species of Wild Fauna 

and Flora.9 Two genetically distinct subpopulations exist: the Himalayan red panda (Ailurus 
fulgens), whose native range includes parts of Nepal, northern India, Tibet, Myanmar, 

Bhutan, and far-western China, and the Chinese red panda (Ailurus styani), native to parts 

of the Yunnan and Sichuan provinces in western China. While these were historically 

regarded as subspecies (Ailurus fulgens fulgens and Ailurus fulgens styani, respectively), 

this study recognizes recent genetic evidence that these are indeed two separate species.7,13 

The strategy for survival of these species includes an ex situ conservation effort that (as 

of 3 March 2021) relies on 850 individuals housed in zoos worldwide, 218 of which are 

in the United States and carefully managed by a Species Survival Plan.25 Red pandas are 

charismatic and popular attractions in zoos and serve critical functions in terms of education 

and as safeguards for the continuity of the species. Understanding disease threats to the 

captive and free-ranging populations is imperative to ensuring their welfare and continued 

sustainability.

Amdoparvovirus is a genus in the family Parvoviridae.6,22 They have a simple, small 

genome that is linear, single-stranded DNA and approximately 5,000 nucleotides long, 

with two open reading frames (ORFs) flanked by non-coding terminal hairpins.6 A 5′ 
nonstructural (NS) ORF encodes proteins that function in replication, and a 3′ capsid 

(VP) ORF encodes two proteins that comprise the virion.5,15,23 For over 50 yr, studies on 

genetics, pathogenesis of infection, and clinical impact of amdoparvoviruses were limited 

to Aleutian Mink Disease Virus (AMDV), which was first recognized in the 1950s as 

a cause of a chronic, progressive disease (Aleutian disease) in farmed mink (Mustela 
vison).10,11 Recently, however, advances in sequencing technology and sensitive detection 

methods have facilitated a rapid expansion of the Amdoparvovirus genus, with novel 

members discovered in the past 10 yr in gray foxes (Urocyon cinereoargenteus),20 raccoon 

dogs (Nyctereutes procyonoides) and arctic foxes (Vulpes lagopus),24 and striped skunks 

(Mephitis mephitis).2 Aside from AMDV, which is a significant cause of morbidity and 

mortality in mink, very little is known about the pathogenesis of amdoparvovirus infections 

in carnivores. Significant lesions have been attributed to skunk amdoparvovirus infections in 

striped skunks (Mephitis mephitis), and disease association has been suspected but not well 

established for other members of the genus.18,20,24
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In 2018, the authors reported1 the discovery of an amdoparvovirus infecting red pandas 

from a zoological collection. Species demarcation criteria in the Parvoviridae indicate a 

threshold of <85% amino acid sequence identity in the major nonstructural (NS1) protein 

for recognition of a novel viral species.22 Red panda amdoparvovirus (RPAV) shares 

approximately 75% amino acid sequence identity in this protein with other members of the 

genus and was thus recognized as a novel species.22 RPAV was detected by metagenomic 

analyses of tissues from two geriatric animals that died within a 1-yr period (2015–2016) 

and was detected during that same time span by PCR in fecal samples from all four 

healthy co-housed members of the cohort. Based on histopathology and in situ hybridization 

analyses, RPAV was abundant, strongly associated with inflammation, and considered the 

cause of death in at least one of the deceased pandas.

Taken together, the findings indicated that RPAV is a novel and potentially pathogenic virus 

in these endangered species. Amdoparvoviruses are increasingly recognized as multihost 

pathogens,3,4 and it is unclear whether RPAV is native to red pandas or a spillover into this 

collection from a different host species. Establishing the epidemiological context, including 

prevalence, shedding (possible transmission), and viral genetic characteristics, is critical 

for interpreting the significance of infection in individual cases and for understanding the 

possible impact of RPAV on the health of zoo-housed red pandas at the individual and 

population level. To this end, the authors report a cross-sectional study among zoological 

collections in the United States and a single-institution longitudinal study with the goals of 

(1) estimating the prevalence of fecal shedding (potential transmission), (2) establishing the 

persistence of infection over a 4.5-yr time span in individual animals within a single cohort, 

and (3) characterizing the phylogenetic relationships and genetic diversity of RPAV. These 

studies are fundamental to the authors’ estimation of the clinical impact of RPAV infection.

MATERIALS AND METHODS

Animals and samples

Fecal samples (~50–200 g) from 104 red pandas were collected by staff at participating 

institutions, labeled with the date of collection and identifying information (name, 

institutional identification number, and international studbook number), and shipped on 

ice to the laboratory. Samples were stored frozen at −20°C until use. Information on 

sex, subspecies, and date of birth for each red panda were obtained from the Zoological 

Information Management System25 database based on identifying information provided 

by submitting zoos. Depending on the volume of submitted feces, one to six separate 

1-g samples from each submission were collected and processed for DNA extraction. 

Extractions were either performed using a commercial kit (DNEasy Blood and Tissue Kit, 

Qiagen, Germantown, MD 20874, USA) according to protocols for tissue DNA extraction or 

were performed by a commercial laboratory (Idexx, West Sacramento, CA 95605, USA).

PCR detection

The target for PCR detection was a 154-nucleotide-long amplicon from the NS gene, as 

previously described.1 The 25-μl PCR reactions contained 12.5 μl Apex Hot Start Taq BLUE 

Master Mix, 0.5 μM of each primer, and approximately 100 ng of purified DNA. Reactions 
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were performed in a C1000 Touch Thermal Cycler (BioRad, Hercules, CA 94547, USA) 

with an initial activation step at 95°C for 15 min followed by 35–40 cycles of denaturation 

at 95°C for 30 s, annealing at 54°C for 30 s, and elongation at 72°C for 30 s, with a final 

elongation at 72°C for 10 min. Primers are given in Table 1. Amplicons were evaluated by 

1.4% agarose gel electrophoresis. Purified DNA from previously identified, PCR-confirmed 

RPAV cases were used as positive controls in each amplification, and negative (no template) 

controls were also included in each run. Samples were considered positive if at least one 1-g 

extraction yielded a detectable band of the correct size.

Sequencing

Various PCR reactions were used to amplify RPAV genomes in overlapping segments 

from positive samples. All reaction mixtures were composed as described above, with the 

exception that for degenerate primers, 1.0 μM was used. Primers used to generate amplicons 

for sequencing are included in Table 1. In most cases, PCR products were purified using 

either ExoSap-IT PCR Product Cleanup Reagent (Thermo Fisher Scientific, Waltham, MA 

02451, USA) or the QiaQuick PCR Purification Kit (Qiagen). In some cases, PCR products 

were cloned into TA TOPO cloning vectors (Thermo Fisher Scientific) and transformed into 

One Shot Top10 Chemically Competent Escherichia coli (Thermo Fisher Scientific) and 

cultured overnight in liquid media, then prepared for sequencing using the QiaPrep Spin 

MiniPrep kit (Qiagen). Samples were submitted for bidirectional Sanger sequencing at the 

UC Davis DNA Sequencing Facility.

Phylogenetic analysis

Sanger sequence traces were inspected and manually edited as necessary, and primer 

sequences were trimmed. Sequences were aligned in Geneious16 using the MUSCLE 

algorithm8 with default settings. For amino acid sequence comparisons in NS1, the 

authors reproduced splice patterns in silico based on experimental evidence from 

AMDV and predictions from SKAV.2,23 The full NS1 amino acid sequences were 

compared to previously published RPAV sequences, representative sequences from other 

amdoparvoviruses, and a canine parvovirus-2 outgroup obtained from GenBank. The 

sequences used for these comparisons are listed in Table 2. The authors also analyzed partial 

nucleotide sequences in the NS and VP ORFs from 19 additional cases. Optimal substitution 

models for each nucleotide data set were determined using the Model Selection function in 

MEGAX,17,26 and Maximum Likelihood phylogenies were generated in MEG-AX with 500 

bootstrap replicates.

Statistical analysis

Statistical analyses were performed in JMP version 15 (SAS Institute Inc., Cary, NC 27513, 

USA). Fisher’s exact tests were used to evaluate the correlation between infection status and 

subspecies and sex. A Wilcoxon rank sum test was used to evaluate the correlation between 

infection status and age. P-values of ≤0.05 were considered statistically significant.
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RESULTS

Prevalence

We had previously established that RPAV was detectable in the gastrointestinal tissues 

and feces of animals in a single zoo cohort.1 Fecal samples were collected from 104 red 

pandas representing 37 zoological collections in 23 states. Each zoo submitted samples from 

one to eight red pandas (mean = 2.8). RPAV was detected in feces from 52/104 animals 

(50.0%), representing 25/37 zoos tested (67.6%). In 23 zoos, detection was consistent across 

all animals tested (either all positive or all negative). For 12 collections, RPAV was not 

detected in any samples. In 11 zoos, RPAV was detected in samples from all animals. In 

14 zoos RPAV was detected in some, but not all, animals tested. Results and distributions 

by subspecies, sex, and age for the animals included in this study are shown in Table 3. 

Infection status was significantly associated with subspecies, with infections detected in 

47/78 (60.3%) Himalayan red pandas (A. fulgens) and 5/26 (19.2%) Chinese red pandas 

(A. styani) (P = 0.0005). There was no significant difference in infection status by sex (P = 

0.70). There was a trend toward increased infections in older animals, but this did not reach 

statistical significance (P = 0.13).

Persistence

To evaluate the persistence of fecal RPAV shedding, 422 samples were collected from six 

A. fulgens in a single zoo cohort between 15 January 2016 and 13 July 2020, for a total 

sampling period of 4.5 yr. Six animals were included in this study. Cases 1 and 2 were 

geriatric females that died during the sample collection period. Cases 3 and 4 were an 8-yr-

old male and a 5-yr-old female, respectively, that remained clinically healthy throughout 

the sampling period. Cases 5 and 6 were a 1-yr-old female and a 2-yr-old male that were 

introduced to the cohort during year 2 of sample collection. The subset of samples tested and 

their PCR results are summarized in Table 4.

RPAV was consistently detectable in feces from cases 1 through 4 throughout the sampling 

period. Samples from cases 5 and 6 were PCR-negative prior to their introduction to the 

collection, and RPAV was not detected in their fecal samples collected during their first 2 

mon of cohabitation with infected animals (0/23 and 0/32 for cases 5 and 6, respectively). 

When testing was resumed approximately 1 yr later, both introduced animals were infected, 

and RPAV was detectable in serial fecal samples (5/10 and 8/10 for cases 5 and 6, 

respectively).

Genetic diversity

Phylogenetic analysis based on complete NS1 amino acid sequences demonstrated clear 

monophyletic clustering of RPAV sequences (Fig. 1). Pairwise distances among RPAV 

sequences approached but did not exceed the species demarcation threshold, with up to 

12.3% divergence between the two most divergent RPAV sequences.22 RPAV amino acid 

sequences were between 62.0% and 74.4% similar to those of other members of the 

Amdoparvovirus genus. Thus, despite the remarkable sequence diversity among red panda 

samples, RPAV sequences are members of a single viral species based on established criteria 

for Parvoviridae. New full coding sequences have been added to GenBank under accession 
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numbers OK533470–OK533472. All sequences obtained for this study came from Ailurus 
fulgens.

We next amplified partial sequences from the NS and VP ORFs from 19 additional cases. 

The resulting Sanger traces were trimmed for read quality, resulting in an 852-nucleotide-

long segment in NS and a 515-nucleotide-long segment of the VP ORF with the high-quality 

reads that were used for phylogenetic analyses. Phylogeny based on partial NS sequences 

demonstrated substantial genetic diversity (Fig. 2) and evidence of three genetically distinct 

RPAV clades (Fig. 2A). Notably, multiple clades were sometimes detectable from animals 

at the same institution (Fig. 2B). For most cases clade groupings were consistent in both 

genome segments, but there were several instances in which the NS and VP sequences 

obtained from individual samples belonged to different RPAV clades (Fig. 3).

DISCUSSION

We demonstrated that RPAV infections are highly prevalent (50%) among zoo-housed 

red pandas. The authors consider this to be a minimum estimate of the prevalence in 

this population for several reasons. First, feces from an individual bowel movement were 

voluminous (30–200 g), and the extracted sample represented only a fraction (1 g) of a 

sample at a single point in time. Either low quantities of viral shedding or uneven viral 

distribution in fecal samples may have led to missed cases. Second, quantities of shed virus 

are likely to be variable depending on diet, behavior, illness, stage of infection, the natural 

history of the virus, or other factors. Although shedding was consistently detectable among 

several persistently infected red pandas, negative samples were obtained from at least one 

animal known to be infected. Thus, sporadic negative samples in infected animals can occur, 

and clarification of the viral ‘life cycle,’ including identification of sites of persistence and 

frequency and quantitation of shed virus, are needed to determine optimal samples and 

sampling schedules for the most accurate detection of infected animals. Lastly, given the 

degree of sequence diversity observed in RPAV, the authors recognize that although they 

targeted a relatively conserved portion of the genome, cases may have been missed due to 

sequence variation in the primer binding sites of the screening assay. The authors therefore 

suggest that RPAV may be even more widespread in this population than the results indicate.

The longitudinal cohort study demonstrates that RPAV is persistently (at least >4 yr) 

shed by healthy red pandas. Red pandas are frequently transferred among US zoos 

for breeding or management purposes, and it is suggested that these movements are a 

mechanism by which infections are propagated throughout the zoo-housed population. 

Indeed, the authors demonstrated two putative new infections after previously PCR-negative 

red pandas were introduced to an infected cohort. However, infection status could not be 

fully explained by exposure to other PCR-positive red pandas, since the authors detected 

multiple instances in which samples from co-housed animals yielded discordant results 

(i.e., individual collections housed both PCR-positive and PCR-negative red pandas). 

So while the trend toward increased infections in older animals may reflect a higher 

number of cumulative exposures or immunosenescence over the course of a lifetime, it 

is also suggested that infection and viral shedding likely depend on host or viral factors 

that influence susceptibility or viral production. Given the spectrum of possible clinical 
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outcomes, identifying the risk factors for infection and transmission will be important steps 

in clarifying the epidemiology and population-level impact of RPAV in red pandas.1 It must 

be underscored, however, that because infection is present most often in healthy animals, the 

detection of RPAV must be interpreted cautiously with respect to clinical significance.

The phylogenetic analyses in this study indicate that the infections detected represent diverse 

variants of a single viral species. Because the origins of these infections are unknown, 

this is critical information for evaluating whether RPAV originated in wild-caught ancestors 

of the current zoo population or spilled over from a different host into red pandas in 

zoos. This question remains unresolved, but the widespread distribution and monophyly of 

RPAV suggest that RPAV is likely either a native virus of red pandas or spilled over many 

years ago and spread through the zoo population. Multiple genetic lineages were detected, 

presumably reflecting multiple distinct introductions into the zoo population, either via 

introductions from wild-caught ancestors of the current population or spillovers from other 

species acquired in zoos.

Clade groupings based on NS or VP sequences were generally consistent, but topologies did 

shift in several cases. This indicates the likely presence of recombinant genomes, potentially 

facilitated by high prevalence, persistence of infections, and management factors that 

promote novel exposures and close contacts between red pandas from distant collections. 

The discordant topologies could also plausibly be explained by undetected co-infections 

resulting in erroneous concatenations, but it is suggested that recombinations would be 

expected in this setting and could be a mechanism for the generation of novel genotypes 

with altered virulence or host tropism.

With regard to RPAV origin, either scenario could plausibly explain the significantly 

higher proportion of cases detected in Himalayan red pandas relative to Chinese red 

pandas. These populations are maintained separately in zoos, with limited opportunities 

for contact between them. Thus, if RPAV infections are native to or spilled over into 

Himalayan red pandas, the Chinese red panda subpopulation may have been relatively 

protected by their separate management. There are instances in which individual zoos have 

housed both species, however, and given the remarkable durability of parvoviruses in the 

environment, there may have been rare opportunities for crossover between subpopulations. 

A limitation of this study is that all sequences obtained were from Himalayan red pandas, 

so phylogenetic relationships between viral variants infecting the two subpopulations are 

unknown. An additional limitation is that for optimal sequence quality, portions of some 

genomes (~10% of all amplicons) were cloned into plasmid vectors prior to Sanger 

sequencing, possibly resulting in the inclusion of sequence segments from minor variants. 

For a subset of these amplicons, the authors sequenced multiple clones and found identical 

or nearly identical sequences from each (data not shown), but it is acknowledged that this 

approach does not account for viral intrahost diversity and the possibility of co-infections.

The growing database of RPAV sequence data, including the identification of multiple 

distinct clades, provides an important starting point for molecular epidemiological studies 

in this population. More detailed phylogenetic characterizations, including recombination 

analyses, coupled with medical records, pedigrees, and detailed historical records of 
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movements among zoo populations will facilitate a better understanding of the transmission 

dynamics and risk factors for infection in this population to better inform management 

decisions. Further research should also be focused on determining the prevalence and 

phylogenetic relationships of RPAV in other zoo cohorts and in free-ranging animals, 

including longitudinal comparative studies of the two subpopulations, to better understand 

the natural history of these infections.

Finally, while it must be emphasized that infections are prevalent in clinically normal 

animals, the consequences of infection are not well understood. In this longitudinal cohort, 

two red pandas that died within the study period had virus widely distributed in tissues, 

in one case clearly associated with inflammation. Other amdoparvoviruses are known to 

be pathogenic in small carnivores, and the possibility that RPAV may be contributing to 

morbidity or mortality in red pandas must be carefully evaluated.
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Figure 1. 
Phylogenetic analysis based on full amino acid sequences of the NS1 gene. Sequences 

isolated from red panda (Ailurus fulgens) samples cluster as a monophyletic amdoparvovirus 

lineage. The Maximum Likelihood method and Le Gasquel model were used, and the tree 

with the highest log likelihood (−6678.69) is shown.19 A discrete Gamma distribution was 

used to model evolutionary rate differences among sites (+G, four categories, parameter = 

1.2784). Five hundred bootstrap replicates were performed, and bootstrap support values are 

shown next to nodes.
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Figure 2. 
(A) Phylogenetic analysis based on 852 nucleotides in the major nonstructural gene (NS1) 

gene. RPAV sequences form three distinct clades. The range of percent identity within and 

between groups based on pairwise comparisons is shown. The Maximum Likelihood method 

and Hasegawa-Kishino-Yano model were used, and the tree with highest log likelihood 

(−3183.46) is shown.12 A discrete Gamma distribution was used (+G, parameter=0.4382), 

and 500 bootstrap replicates were performed. Bootstrap support values are shown next to 

nodes. All RPAV sequences are from samples from Ailurus fulgens. (B) Map of testing and 

results. Each pie chart represents a zoo cohort, and segments represent individual animals. 

One to eight animals were present in the cohorts tested. RPAV lineages (blue, green, and 

orange) were determined based on partial NS1 sequence.
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Figure 3. 
Maximum likelihood trees of partial NS (left) and VP (right) sequences. Diamond tip 

markers indicate zoos from which the sequences originated (grouped by color). Tips without 

markers were the only sequences obtained from their respective institutions. Several zoos 

(black, red, blue) had multiple RPAV lineages represented in their collections. Clade 

grouping is generally maintained between trees, but in several cases (black lines) sequences 

from individual animals shift clades depending on the segment examined. The empty circle 

is the only sequence from its institution but is marked to show the shift in clade grouping. 

All RPAV sequences are from samples from Ailurus fulgens. The NS tree is the same as that 

shown in Figure 3, with transformed branches. The Maximum Likelihood VP tree (left) was 

generated from 563 nucleotides in the capsid coding sequence using the Hasegawa-Kishino-

Yano model with a discrete Gamma distribution (parameter = 0.6857) and allows for 

invariant sites (+I, 63.25%).12 Five hundred bootstrap replicates were performed. Branches 

were transformed, and bootstrap support values are shown next to nodes.
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Table 2.

Published sequences used for phylogenetic comparisons.

Viral species GenBank accession No. Reference

Canine parvovirus M38245 21

Aleutian mink disease virus JN040434 14

Gray fox amdovirus NC_038533 20

Raccoon dog and arctic fox amdoparvovirus KJ396347 24

Skunk amdoparvovirus KX981920 2

Red panda amdoparvovirus (CA1) NC_031751 1

Red panda amdoparvovirus (CA2) KY564173 1

J Zoo Wildl Med. Author manuscript; available in PMC 2022 June 23.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Alex et al. Page 16

Table 3.

Results of PCR screening of feces from US zoo-housed red pandas.

Category Total tested (No.) Positive (No.) Negative (No.)

All 104 52 52

Species

 Ailurus fulgens 78 47 31

 Ailurus styani 26 5 21

Sex

 Male 51 24 27

 Female 53 28 25

Age (yr)

 0–1 8 4 4

 1–2 20 7 13

 3–5 33 16 17

 6–9 20 11 9

 10+ 23 14 9
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Table 4.

Red panda amdoparvovirus (RPAV) detection in serial samples (samples positive/samples tested).

Case 2016 2017 2019 2020 Total

1
8/10

a 8/10

2
10/10

a 10/10

3 7/7 23/23 10/10 2/2 42/42

4 8/8 23/23 11/11 2/2 44/44

5
0/23

b 5/5 1/2 6/30

6
0/32

b
8/8

c 8/40

a
Cases 1 and 2 were geriatric animals that died in 2016.

b
Cases 5 and 6 were introduced to the collection in 2017. Samples collected before their introduction were PCR-negative for RPAV.

c
Case 6 was transferred to a different collection in 2019.
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