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Canine parvoviruses (CPVs) are a major cause of morbidity and mortality in dogs. However, surveillance has been largely limited
to clinically manifest cases, resulting in a dearth of CPV genomic information on virus type, abundance, and diversity, limiting our
understanding of its evolutionary dynamics. We tested the feasibility of using dog feces in poop bags collected from outdoor waste
bins as a source for environmental surveillance of CPV. After polymerase chain reaction, long-read sequencing, and bioinformat-
ics, we identified that CPV-2c was present in Arizona, USA, in June 2022 and documented variants with amino acid substitutions
530E and 101K in NS1 and NS2, respectively. Based on publicly available sequence data in GenBank as of January 2023, the CPV
genome described here represents the only CPV genome described in the USA from the 2022 season, despite news of CPV
outbreak-associated fatalities in dogs in the USA. This highlights the need for more studies that document CPV complete or near
complete genomes, as well as experimental studies, to further our understanding of its evolutionary process.

1. Introduction

Canine parvoviruses (CPVs) are a major cause of morbidity
and mortality in dogs, with clinical manifestations spanning
vomiting, diarrhea, myocarditis, leukopenia, and death, among
others. The cost of treatment in the USA ranges from $1,000 to
$2,000, and survival rates can range from 9% to 90% depending
on the age of the dog, vaccination status, and quality of treat-
ment (if any). Hence, disease-associated euthanasia is a com-
mon endpoint for many infected and symptomatic dogs [1–3].
CPVs have been described globally, yet surveillance has been
largely limited to clinical cases serious enough to necessitate a
visit to the veterinarian [2, 4–6]. Hence, there is a dearth of
CPV sequence data from asymptomatic and/or subclinical
cases available in public databases, limiting genomic epidemi-
ology and our understanding of its evolutionary dynamics [7].

CPVs are members of the species Protoparvovirus carni-
voran1 (alongside feline panleukopenia virus (FPV)) in the
genus Protoparvovirus, family Parvoviridae [8, 9]. They are
small (∼25 nm diameter), nonenveloped viruses with icosa-
hedral capsid symmetry and a single-stranded DNA genome
of ∼5 kb. The genome has two coding frames that encode
four proteins (NS1, NS2, VP1, and VP2). VP1 and VP2 form
the virus capsid, with VP2 being the major capsid protein.
Classification into CPV, CPV-2a, CPV-2b, and CPV-2c is
based on amino acid substitutions in key antigenic sites in
the VP2 protein, with N/D426E being the determinant of the
CPV-2c group [2].

In the USA, it is estimated that there are over 70 million
dogs [10], most of which live in human residences as pets or
in shelters. Daily, dog owners walk their dogs for defecation
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in public spaces, subsequently pick up the feces with plastic
poop bags and discard the bag in designated bins or trash
cans. We posited that dog feces in poop bags discarded in the
trash might provide a valuable source of samples for surveil-
lance of CPV (and other dog viruses or pathogens). In this
study, we show the detection of CPV complete genome
sequences from environmental samples (dog feces in poop
bags discarded in the trash) by coupling complete genome
long-range polymerase chain reaction (PCR) with long-read
high throughput sequencing. However, more sequences are
needed domestically and globally for robust genomic epide-
miology of this virus.

2. Methods

On June 27, 2022, we collected 73 bag-wrapped fecal samples
from trash cans in eight dog parks (10 from each of six parks
and six and seven from the remaining two) in the City of
Tempe, Maricopa County, Arizona, USA. The samples were
transported to our laboratory at Biodesign Institute, Arizona
State University, USA, where sample processing was done in a
Class 2 biosafety cabinet. The samples were pooled by sam-
pling site for analysis. Specifically, for each sample site, 1 g of
fecal core per sample was added to a 50ml centrifuge tube
containing resuspension solution (25ml of PCR grade water
and 15 glass beads (3mm, Cole-Parmer, USA)). All samples
from the same site were added to the same 50ml centrifuge
tube containing resuspension solution; in all, we had eight
pools. All fecal pools were resuspended by vortexing (Hei-
dolph Instruments, Germany) for 20min at 3,000 rpm and
subsequently centrifuged for 20min at 3,000 rpm and 4°C.
The supernatant was transferred into a centrifugal filter
10,000MW cutoff, concentrated to 3ml, and stored in 1ml
aliquots at −80°C.

Viral DNA was extracted using the Qiagen viral RNA
extraction kit following the manufacturer’s recommendation
(QIAGEN, Germantown, MD, USA). The DNA was thereaf-
ter subjected to a nested PCR assay using primers described
in Mira et al. [6], with slight modifications. Specifically,
instead of amplifying the genome in two overlapping fragments
as described [6], we amplified the near-complete genome
(∼4,600 bp; nucleotides 100–4692 relative to MF416372.1)
with the outer primers (NS-Fext (5′-GACCGTTACTGA-
CATTCGCTTC-3′) and 4835R (5′-ACCAACCACCCACAC-
CATAACAAC-3′)) and used the first round amplicon (as
template) alongside the internal primers (2161F (5′-
TTGGCGTTACTCACAAAGACGTGC-3′) and NS-Rext (5′-
GAAGGGTTAGTTGGTTCTCC-3′)) for a confirmatory
nested-PCR assay (∼340bp; nucleotide 2050–2390 relative to
MF416372.1, which spans the end of NS1 and the beginning of
VP1). Phusion plus green (ThermoFisher Scientific, Waltham,
MA, USA) and GoTaq green (Promega, Madison, WI, USA)
PCR master mixes were used for the first and second-round
assays, respectively. Thermal cycling conditions include 94°C
for 3min, 40 cycles of 94°C for 30 s, 55°C for 30 s, and 68°C for
6min, and finally 68°C for 10min for the first-round assay and
94°C for 3min, 35 cycles of 94°C for 30 s, 55°C for 30 s, and
60°C for 30 s, and finally 72°C for 10min for the second-round

assay. The second-round amplicon was Sanger sequenced
using both the forward and reverse primers. The sequence
data generated was used as a query in a BLASTn search of
the GenBank database [11] to confirm the amplicon was
from a CPV genome. For any positive pool, individual samples
in the pool were resuspended and reanalyzed independently as
described above with slight modification. Specifically, resus-
pension was done with a resuspension solution containing
5ml of PCR-grade water.

First-round amplicons of samples positive for the second-
round assay were cleaned and used for MinION library prep-
aration (ligation sequencing kit, SQK-LSK110) according to
the manufacturer’s instructions. The library was sequenced
on a Flongle flow cell for 1 hr, and base calling was done using
Guppy in MinKNOW. The FASTQ reads were merged using
merge-read-libraries v1.0.1, trimmed using Porechop v0.2.4,
and assembled by template-guided-assembly usingMinimap2
v2.24. Variant analysis was done using the “find variation/
SNPs” plugin in Geneious prime v2022.2.2 [12]. The homo-
polymer regions in the consensus genome were manually
scanned and polished using the bam file generated by Mini-
map2 alongside an alignment of the genome to the top three
hits in GenBank.

The consensus genome was used as a query in a BLASTn
search of the GenBank database [11], and the top 250 hits
were downloaded to make a local database to which the
genome recovered in this study was added. The database
was multiple sequence aligned (MSA) using the MAFFT
online server [13]. Phylogenetic analysis was done using
MEGA X [14], and all phylogenetic trees were visualized
and annotated using iTOL v6 [15]. Neighbor-Joining trees
(1,000 bootstrap replicates) of complete contig, NS1 and VP2
were made, and sequences that clustered with that described
in this study with >65% bootstrap support were assembled
into a second database alongside that described in this study.
The second database was subjected to MSA, and maximum-
likelihood (ML) phylogenetic trees (GTR model and 1,000
bootstrap replicates) of the complete contig, NS1 and VP2
were done in MEGA X [14]. The alignment file was also
subjected to amino acid conservation analysis in BioEdit
v7.0.5.3 [16]. Please see Supplementary 1 for a schematic
representation of the workflow for this study.

3. Results

The ∼340 bp amplicon product of the second-round assay
was detected in one of the eight pools and only in one of
the seven samples in the pool. A BLASTn search using the
Sanger sequencing data (accession number OQ266794) as
query showed the ∼340 bp contig was 100% identical (with
100% query cover) to the top 13 hits in GenBank, which were
annotated as CPVs exceptMN451692which was annotated as
an FPV and was the topmost hit.

Precisely, 16,124 raw reads were generated from the Flon-
gle flow cell. Post trimming, 16,166 raw reads remained,
11,473 of which were mapped to MN451692.1 to generate
the consensus genome (accession number OQ266793). Vari-
ant analysis showed amino acid substitutions in NS1 (E530K,
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FIGURE 1: Phylogenetic trees of the top 250 GenBank hits of DP8. (a), (b), and (c) Show trees for the complete genome, VP2, and NS1,
respectively. DP8 is highlighted in blue, while the 10 sequences that cluster with it are highlighted in red.

Transboundary and Emerging Diseases 3



F544Y, K572E), NS2 (E101K) and VP2 (R46K, D300G,
H305Y, N426E, and T440A) relative to MN451692 (Supple-
mentary 2). All variant sites with the amino acid substitutions
listed above had a depth of coverage >11,000x and frequency

>80% except for NS1 E530K, which though had 11,102x cov-
erage, had a variant frequency of 56.90% (Supplementary 2).
This suggests contigs with both glutamic acid (E) and lysine
(K) at NS1-530 were both present in the pool.

MN451692.1 FPV-RACFPV1-USA-Racoon-2011
MT448706.1 CPV-Mexico-2015

MT448705.1 CPV-Mexico-2017
MT448702.1 CPV-Mexico-2015
MT448703.1 CPV-Mexico-2016

MF457594.1 CPV-Ohio-USA-2015

MN451676.1 CPV603-USA-2017
MF416372.1 CPV2-NYC-USA-2015
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FIGURE 2: Maximum-likelihood trees of the 10 sequences that cluster with DP8 in Figure 1(a), 1(b), and 1(c) alongside FPV (highlighted in
bold). (a), (b), and (c) Show trees for complete genome, VP2, and NS1, respectively.
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The consensus genome (4269nt, GC%= 36%, subse-
quently referred to as DP8) encodes all four ORFs (NS1,
NS2, VP1, and VP2). A BLASTn search of the GenBank data-
base showed all top 250 hits (100% query cover) were >99%
identical to DP8. Phylogenetic analysis of complete contig,
NS1 and VP2 revealed 10 sequences that clustered (>65%
bootstrap support) with DP8 in either one or more of the
trees (Figure 1(a)–1(c)). ML trees of these 10 sequences (all
from the USA and Mexico) alongside DP8 and MN451692
(FPV) confirmed DP8 clusters with them (Figure 2(a)–2(c)).
Amino acid conservation analysis of the VP2 protein
(Figure 3(a)) showed that all 10 sequences alongside DP8
had the N/D426E substitution, typing them all as CPV-2c.
Furthermore, DP8 had E530K substitution in the NS1 protein
(Figure 3(b)), and variant analysis showed that 530K was only
present in 56.90% of mapped reads from the DP8 pool, sug-
gesting that 530E was also present (Supplementary 2). DP8,

however, differed from all 10 in that it also had E101K substi-
tution in the NS2 protein (Figure 3(c)).

4. Discussion/Conclusions

We tested the feasibility of sampling dog feces in plastic poop
collection bags discarded in designated outdoor waste bins as a
valuable source for surveillance of CPV (and other dog viruses
or pathogens), and our findings confirm its suitability. This
approach provides a noninvasive alternative for CPV genomic
surveillance that also provides an avenue for exploring virus
diversity year-round, especially in cases where infection might
not have produced clinical manifestations or symptoms were
mild enough not to necessitate visits to the veterinarian. Fur-
thermore, genomic data from this source might provide the
insight necessary to better understand the evolution of CPV
and consequent improvement in the sensitivity of diagnostics,
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FIGURE 3: Conservation analysis of DP8 amino acid sequence alongside sequences analyzed in Figures 2(a), 2(b), and 2(c). (a), (b), and (c)
Show alignments for VP2, NS1, and NS2, respectively, with MN451692 as the reference.
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thereby reducing false negative detections that sometimes pla-
gue CPV diagnosis [17].

Based on publicly available sequence data in GenBank as
of January, 2023, the CPV genome described here (DP8)
represents the only CPV genome described in the USA
from the 2022 season, despite news of CPV outbreak-
associated fatalities in dogs in the USA [18]. In this study,
we show CPV-2c was present in Arizona, USA, in June 2022.
It is important to note that the VP2 amino acid substitutions
A5G and Q370R associated with CPV-2c variants circulating
in Asia were absent in DP8 (Supplementary 3). Furthermore,
DP8 clustered with variants previously detected in the USA
and Mexico (Figures 1 and 2). It is, therefore, likely that DP8
belongs to a lineage circulating in North America. We also
show the presence of variants with amino acid substitutions
(530E and 101K in NS1 and NS2, respectively) in the popu-
lation (Figure 3 and Supplementary 2). Since no genomic
data are currently publicly available from the 2022 Michigan,
USA CPV-2c outbreak [18], it is not clear how similar the
genome described here is to those associated with the dozens
of CPV-associated dog fatalities in Michigan, USA. Further-
more, most [2, 4–6] CPV genomic epidemiology studies
focus on VP2 sequencing due to its value for virus typing.
Hence, there is limited information on the evolutionary
dynamics of the NS1 and NS2 genes. Consequently, it is
not clear how the substitution we have found in NS1 and
NS2 might impact the phenotype of DP8. This highlights the
need for more studies that document CPV complete or near
complete genomes (at least complete coding sequence of NS1
and VP) as well as experimental studies to further our under-
standing of the evolutionary dynamics of the NS1 and NS2
proteins.

In this study, we coupled complete genome (single-contig)
long-range PCR with long-read high throughput sequencing
and showed the utility of this workflow for environmental
surveillance using dog feces in plastic poop collection bags
discarded in outdoor waste bins. We are aware that the work-
flow described in this study should support genomic epidemi-
ology of CPV (and other viruses) in other sample types, and
our preliminary analysis (unpublished) applying it to munici-
pal wastewater confirms that wastewater-based genomic epide-
miology of CPV is feasible and might further contribute to our
understanding of CPV dynamics on a population scale.
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