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Abstract

Virus surveillance by wastewater-based epidemiology (WBE) in two Arizona municipalities in 

Maricopa County, USA (~700,000 people), revealed the presence of six canine picornavirus 

(CanPV) variants: five in 2019 and one in 2021. Phylogenetic analysis suggests these viruses 

might be from domestic dog breeds living within or around the area. Phylogenetic and pairwise 

identity analyses suggest over 15 years of likely enzootic circulation of multiple lineages of 

CanPV in the USA and possibly globally. Considering <10 CanPV sequences are publicly 
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available in GenBank as of June 2, 2022, the results provided here constitute an increase of 

current knowledge on CanPV diversity and highlight the need for increased surveillance.

Keywords

Virus surveillance; Wastewater-based epidemiology; Canine picornavirus; Arizona; USA

Canine picornaviruses (CanPVs) are positive-sense, single-stranded RNA viruses in 

Supergroup 3 (subfamily Ensavirinae) of the family Picornaviridae (Woo et al., 2016) 

but have not been assigned any species classification (Zell et al., 2021). Between 2008 

(first positive sample detected) and 2019, CanPVs have been detected in dogs (feces, 

nasopharynx, and urine) and red foxes (feces and liver) in the United Arab Emirates (UAE), 

China, Hong-Kong and Australia (Woo et al., 2012, 2016; Campbell et al., 2020; Li et 

al., 2021). Their ~8 kb genome encodes a single polyprotein flanked on both sides by 

untranslated regions. In-silico analysis of the polyprotein suggests it is cleaved into twelve 

proteins: four structural proteins (VP1-VP4) and eight nonstructural proteins (L, 2A-2C and 

3A-3D) (Woo et al., 2012, 2016; Li et al., 2021). There is, however, paucity of CanPV 

nucleotide sequence data with <10 sequences publicly available in GenBank as of June 2, 

2022. Thus, the results we provide here increase our knowledge of CanPV variant diversity.

The CanPV variants described here were recovered from four aggregated wastewater (WW) 

samples (Table 1) collected as part of an ongoing wastewater-based virus surveillance study 

in a population of ~700,000 people in two municipalities in Maricopa County, Arizona, 

Southwestern United States. Each WW sample is a two liter (2 L) pool made from ten 

(Kumar et al., 2018) time- or flow-weighted 200 mL samples collected over 24 h from 10 

different sites (Table 1). The samples were filtered using a 450 nM membrane filter (Thermo 

Fisher Scientific, Waltham, MA, USA) and virus in both the filtrate and filter-trapped solids 

were independently concentrated to a final volume of 2 mL using centrifugal filters as 

previously discussed (Faleye et al., 2021a; Fontenele et al., 2021).

For each sample, 140 μL of concentrate from filtrate and filter-trapped solids were 

independently subjected to RNA extraction and two one-step reverse-transcriptase 

polymerase chain reaction assays (RT-PCR) as previously described (Majumdar and Martin, 

2018; Faleye et al., 2021b). Amplicons from both RT-PCR assays were pooled, cleaned, and 

used for library preparation (KAPA Hyperplus Library Kit) and paired-end sequencing (2 × 

250 bp) on an Illumina MiSeq sequencer (Illumina, San Diego, CA, USA) at the Biodesign 

Institute, Arizona State University. Raw reads/sample (from both filtrate and filter-trapped 

solids) were merged, trimmed and de novo assembled using Merge-Reads-Libraries v1.0.1, 

Trimmomatic v0.36, and metaSPAdes v3.15.3 (using default parameters), respectively on the 

KBase platform (Arkin et al., 2018). Viral contigs were identified using a BLASTn (Altschul 

et al., 1990) search of the GenBank nucleotide database (Sayers et al., 2021). In order to 

ascertain depth of coverage, the raw reads were mapped to individual CanPV contigs using 

Bowtie2 v2.3.2 on the KBase platform (Arkin et al., 2018).

The CanPV contigs detected in this study were used as query in a BLASTn search 

of the GenBank nucleotide database and hits of previously described CanPV genomes 
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were downloaded and used for multiple sequence alignments (MSA) alongside those 

detected in this study. MSA was done using ClustalW in MEGAX (Kumar et al., 2018) 

while maximum-likelihood (ML) phylogenetic tree was generated in MEGAX using 1000 

bootstrap replicates. Pairwise Identity analysis was performed using SDT v1.2. (Muhire et 

al., 2014).

Six CanPV contigs (>2000 nt spanning 5-UTR to VP1; GC% = 41%–43%) were recovered 

from the four samples. Between 108,000 and 1,386,276 reads/sample mapped to CanPVs 

and depth of coverage ranged from 5632× to 123,910× (Table 1). Phylogenetic analysis 

showed the six contigs belonged to three independent clusters with 100% bootstrap support 

(Fig. 1). Pairwise identity analysis showed members of each cluster were > 95% identical 

and members of different clusters were at least >5% (sometimes >15%) divergent (Table 

S1). It is important to note that the two variants recovered from December 2019 were > 15% 

divergent (Table 2).

CanPV detection as described here was consequent of an “off-target” amplification due to 

homologous binding sites for the Enterovirus complete capsid amplification assay primers in 

CanPV genomes as previously described (Faleye et al., 2022). To confirm CanPVs were in 

our samples, we further subjected the amplicons to a CanPV specific PCR assay (Fig. 2a) 

targeting an ~945 bp region of the genome spanning the VP2-VP3 junction (Faleye et al., 

2022). All four samples were positive for the assay (Fig. 2b) and Sanger sequencing of the 

amplicons confirmed all four samples contained CanPVs. Sanger sequencing result for the 

December sample however had multiple peaks (Fig. 2c) further confirming the presence of 

more than one CanPV variant (Fig. 1) in the concentrate.

Considering the CanPV sequences described here (from WW) and those recently found 

in Kentucky, USA in 2020 (from sludge) (Fig. 1) (Faleye et al., 2022) are the only ones 

described in the USA (based on data publicly available in GenBank), it is difficult to 

categorically state the host organism(s) of CanPVs in the USA. However, since all the 

CanPVs detected in this study (and in Kentucky) phylogenetically cluster with CanPVs 

previously found in domestic dogs (Canis lupus familiaris), it is likely these viruses are 

from various dog breeds living within or around human residents. Should CanPV capsid 

genomic region evolve as fast as that of Polioviruses (the type and best studied member of 

Picornaviridae) which is one of the fastest evolving RNA viruses and evolves at a rate of 1 × 

10−2 substitutions per site per year (~1% nucleotide divergence per year) (Jorba et al., 2008; 

Peck and Lauring, 2018) then a > 15% divergence in capsid sequence suggest predecessors 

of both variants recovered in December 2019 from wastewater in Arizona diverged from a 

common ancestor around 15 years ago and accumulated mutations to result in the variants 

we describe here. On the other hand, should CanPV capsid genomic region evolve at a 

slower rate (for example closer to the evolutionary rate of Influenza virus i.e. 0.5–2.5 

× 10−3 substitutions per site per year [Nobusawa and Sato, 2006]), then our estimated 

divergence dates (of around 15 years for the December 2019 variants) might be significantly 

underestimated. However, if the CanPV variants we describe here are indigenous to the 

USA, our data suggests there might have been >15 years of undescribed enzootic CanPV 

circulation in the USA. We understand that the values stated above are ‘rough estimates’. 

However, considering there are <20 CanPV sequences in GenBank (those described in this 
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study included), it might be difficult to make statistically robust time to the most recent 

comment ancestor (tMRCA) estimation. Effort is therefore ongoing to detect and describe 

more CanPV genomes (or at least complete capsids) in an effort to make a more accurate 

tMRCA estimate of variants in the USA and globally. Increased surveillance of CanPVs in 

the environment, archived samples and domestic dog breeds (and possibly other canids) is 

needed to unambiguously define CanPV host(s) in the USA and improve our understanding 

of its evolution and diversity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Maximum likelihood phylogenetic tree of CanPV using an alignment of P1 nucleotide 

sequences (~2040 nt) of all the CanPV sequences available in GenBank and those described 

in this study (black square). Bootstrap values are indicated if >50%. HK=Hong Kong, AUS 

= Australia, USA = United States of America, CHN=China, KY=Kentucky, AZ = Arizona.
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Fig. 2. 
A) Schematic representation of CanPV genomic regions amplified by the Enterovirus 

complete capsid and CanPV specific assays, respectively. B) Gel electrophoresis picture 

showing amplification products of the CanPV specific assay. Gel visualized using BioRad 

Gel Doc XR+ system running Image lab 4.1 software with option to “highlight saturated 

pixels” enabled. C) Samples of Sanger sequencing data showing multiple (red arrows) and 

clean individual peaks. (For interpretation of the references to colour in this figure legend, 

the reader is referred to the web version of this article.)
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