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Abstract: The first detection of canine parvovirus type-2 (CPV-2) was in the early 1970s, when it
was known to cause severe gastroenteritis in dogs. However, it has evolved over the years into
CPV-2a within 2 years, into CPV-2b after 14 years, into CPV-2c after 16 years and more recently CPV-
2a-, 2b- and 2c-like variants reported in 2019, with a global distribution. Reports on the molecular
epidemiology of this virus are missing in most African countries. The report of clinical cases among
vaccinated dogs in Libreville in Gabon triggered the execution of this study. The objective of this
study was to characterize circulating variants from dogs showing clinical signs suggestive of CPV
that were examined by a veterinarian. A total of eight (8) fecal swab samples were collected, and
all had positive PCR results. Sequencing, Blast analysis and assembly of two whole genomes and
eight partial VP2 sequences were performed, and the sequences submitted to GenBank. Genetic
characterization revealed the presence of CPV-2a and CPV-2c variants with predominance of the
former. Phylogenetically, the Gabonese CPVs formed distinct groups similar to Zambian CPV-2c
and Australian CPV-2a sequences. The antigenic variants CPV-2a and CPV-2c have not yet been
reported in Central Africa. However, these CPV-2 variants circulate in young, vaccinated dogs in
Gabon. These results suggest additional epidemiological and genomic studies are required in order
to evaluate the occurrence of different CPV variants in Gabon and effectiveness of the commercial
vaccines used against protoparvovirus in the country.
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1. Introduction

Canine parvovirus disease is a highly contagious infection caused by the canine
parvovirus type 2 (CPV-2), a small, non-enveloped, single-stranded DNA virus with 4-6 kb
of nucleotides and classified within the family Parvoviridae, subfamily of Parvovirinae and
the genus Protoparvovirus [1]. The CPV genome comprises two major ORFs, one encoding
the two non-structural proteins (NS1 and NS2) and the other encoding the capsid proteins
(VP1 and VP2) [2]. There is also a third protein, VP3, which is produced by a proteolytic
processing of VP2 [3]. CPV-2 can cause acute and often fatal gastroenteritis manifested
by vomiting and often bloody diarrhea associated with fever and anorexia, which affect
domestic and wild carnivores. It is transmitted by direct or indirect contact through the
fecal-oral route [4]. This disease has been reported to be more severe in puppies between
6 weeks and 6 months of age compared to their adult counterparts [5], although some
reports have shown that acute enteritis can occur in dogs of all ages, breeds or sexes [6,7].
In puppies less than 3 months of age, the maternally derived antibodies (MDAs) play an
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important role in their protection but are also considered as the primary cause of vaccine
failure against CPV-2 with high mortality and morbidity rates that can reach 50 and 90%,
respectively [6,8-10]. Survival rates have been reported to be as high as 80-95% when cases
are symptomatically treated early, but as low as 9.1% without treatment [7,11,12].

The original canine parvovirus type 2 (CPV-2) emerged in 1978, causing severe en-
teritis in dogs, and it was gradually replaced in the canine population by CPV-2 variants
designated as CPV-2a, CPV-2b and CPV-2c with specific mutations in the VP2 capsid
protein [6,13]. The 2a type strain has specific, important residues for typing at positions
87 (Met-Leu), 101 (Ile-Thr), 300 (Ala-Gly), 305 (Asp-Tyr), 555 (Val-lle) and 426 (Asn-N
for type 2a, Asp-D for type 2b and Glu-E for type 2c) and at position 297 (Ser-Ala for
2a/b) [2,14-16]. Antigenic variants are now identified worldwide [17]. Understanding
mutations and the highly contagious nature of this virus has led to the use of vaccination as
the main method for controlling the disease [17,18]. Vaccination is usually recommended at
the age of six to eight weeks by the World Small Animal Veterinary Association (WSAVA)
Guidelines for vaccination of dogs and cats [19]. There are several controversies on the need
for new vaccines containing different strains of CPV-2 since cases of infected vaccinated
dogs are observed [18,20-23]. Many authors point out that the occurrence of parvovirus
infection cases in vaccinated dogs is mainly related to incorrect vaccination protocols
rather than to vaccines that do not provide cross-protection against all circulating viruses.
Vaccination too early, before 8 weeks of age, is ineffective because antibodies of maternal
origin are able to interfere with the vaccine virus by preventing its replication and thus the
development of protective immunity [22].

All three types of CPV-2 have been identified in dogs in Morocco, Nigeria, Tunisia
and Egypt [3,21,24,25]. Only two subtypes, i.e., CPV-2a and CPV-2b, have been reported
in southern Africa, particularly in Namibia, South Africa and Mozambique [26-28], and
recently a first report of the predominance of CPV-2c in Zambia was published [20].

To date, no CPV variant has been reported in Central Africa, unlike in Northern,
Southern and Western Africa, and most studies focus on the epidemiological profile and
management of the disease [29]. In Gabon, reported clinical cases indicate the presence
of the canine parvovirus disease, and the spread within the local canine population is of
major concern. The detection and the molecular characterization of CPV-2 genotypes, as
well as the identification of antigenic variants, have never been conducted in Gabon. In
this study, we report the first cases of CPV-2 variants circulating in dogs at Libreville.

2. Materials and Methods
2.1. Sample Collection

Veterinarians collected fecal samples in Libreville in 2019. A total of eight (8) swab
samples were collected from domestic dogs of different breeds. Detailed clinical history
of each dog was recorded (age, gender, vaccination status and symptoms). The collection
method briefly consisted of inserting swab sticks into the dog’s anal cavity and turning
them, then gently withdrawing them and transferring into tubes with stabilizing buffer.
Swab samples were stored at —20 °C to maintain their integrity prior to laboratory testing
at the Centre Interdisciplinaire de Recherches Médicales de Franceville (CIRMF).

2.2. Clinical Findings and Dog Characteristics

In this study, samples were obtained from puppies and adults of different breeds
(German shepherd, Basenji and Bichon frizzed dog) and ages varying from 5-12 months
with suspected parvovirus. All dogs were vaccinated against canine parvovirus with
different imported commercial vaccines but mainly with the live freeze-dried vaccine
VAXIPET P (LAPROVET, Tours, France). This vaccine is composed of Parvovirus en-
teritidis canis. All animals presented diarrhea and other symptoms such as vomiting,
weakness, loss of appetite and fever (Table 1). None of the sick dogs survived. The dogs
died while in hospital.
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Table 1. Information concerning sampled dogs.

N Age (Months) Sex Clinical Signs

1 6 F Diarrhea; weakness; fever; vomiting

2 5 M Bloody diarrhea; weakness; fever

3 8 F Diarrhea; loss of appetite; fever; vomiting
4 6 M Bloody diarrhea; weakness

5 8 F Diarrhea; weakness; vomiting

6 12 F Diarrhea; weakness

7 6 F Diarrhea; weakness; vomiting

8 5 F Bloody diarrhea, weakness, vomiting

2.3. DNA Extraction and PCR Amplification

Viral DNA of the samples was extracted using QlAamp DNA Mini kit (Qiagen,
Germantown, MD, USA) following the manufacturer’s instructions (www.qiagen.com /HB-
0329, accessed on 10 April 2023). Briefly, 200 puL of each sample was incubated with 10 pL of
proteinase K and 200 uL of lysis buffer at 56 °C for 15 min. Then, 200 uL of absolute ethanol
was added in the lysate sample and mixed by pulse-vortexing for 15 s. Each sample was
washed using two-wash buffer and centrifuged. The extracted nucleic acid was eluted with
100 pL of elution buffer, equilibrated to room temperature, quantified using a NanoVue
spectrophotometer (Biochrom, Holliston, MA, USA) and then stored at —20 °C until its use.

The VP2 gene was amplified using primer pair 555forward /555reverse that amplifies
a 583 bp fragment of the capsid protein [14]. The master mix and the protocol of the
reaction were previously described [30]. The PCR reaction was performed in an Eppendorf
Mastercycler nexus gradient machine (Eppendorf, Hamburg, Germany) with the following
conditions: 95 °C for 10 min for initial denaturation, followed by 40 cycles of denaturation
at 95 °C for 30 s, annealing at 55.5 °C for 30 s and extension at 72 °C for 3 min. Then,
a final extension of 72 °C for 3 min was performed [30]. The obtained amplicons were
sent to the Microsynth Seqlab laboratory in Gottingen, Germany, for sequencing using
Sanger technology.

2.4. High-Throughput Sequencing

Positive samples obtained were sequenced using the Miseq machine (Illumina, San
Diego, CA, USA). PCR products were purified directly from three distinct native biosamples
using the QIAamp DNA mini kit (Qiagen, MD, USA), according to the manufacturer’s
instructions. DNA extracts were quantified using a Qubit 2.0 fluorometer and fragmented
by sonification using an M220 focused ultrasonicator (Covaris, Woburn, MA, USA). From
these fragments, the libraries were prepared using the NEBNEXT Ultra’™1II DNA library
prep kit for Illumina (New England Biolabs, Ipswich, MA, USA) following the instructions
of the manual. To limit the loss of genomic information, no selection size cleanup was
performed during DNA library preparation. The quality control of the final DNA libraries
was performed with the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA). A quantity of 8 uM of final DNA libraries was loaded for the Illumina sequencing,
conducted using a Miseq Benchtop sequencer. A total of 300 cycles were achieved, and
150 nucleotide paired-end reads were obtained and assembled using SPAdes v 3.13.0 [31].

2.5. Phylogenetic Analysis

DNA sequences obtained were compared to those available in GenBank database using
BLASTn (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 8 November 2022) [32].
Sequences were edited and aligned with referenced sequences retrieved from the database
which were selected based on genotype, geographic origin and similarity rates. Then,
maximumd-likelihood (ML) phylogenetic trees were inferred with MEGA 11 software using
the neighbor-joining method and Tamura—Nei substitution model after muscle alignment,
with 1000 bootstrap replicates [33,34]. In order to identify mutations in VP2 genes, the
obtained sequences and their close relatives were translated into proteins. VP2 amino acid
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predictions were also aligned and analyzed in MEGA 11 for CPV variant typing [35]. The
trees were modified using FigTree v1.4.4 software.

3. Results
3.1. Molecular Diagnosis and Sequences Analysis

Sequence data generated in this study were deposited in the GenBank database
under accession numbers from OP611195 to OP611204 and reported as Gabonese CPV
strains. All samples submitted to CIRMF for parvovirus detection were confirmed positive
with conventional PCR. After sequencing, ten (10) sequences were successfully recovered,
including eight partial VP2 sequences with Sanger sequencing and two viral whole-genome
sequences. Indeed, only two whole genomes were obtained; as for the other samples, the
DNA concentrations were too low to perform high-throughput sequencing. Whole genomic
sequences obtained in this study identified as cpv_gabon_G1 and cpv_gabon_G2 were in a
single contig (i.e., had no gaps) with 4312 bp and 4671 bp, with G+C contents of 36.53 mol%
and 36.12 mol%, respectively. The analysis of the partial fragment of VP2 gene sequences
indicated that the majority of the sequences were highly similar (99.82-100% nucleotide
identity) but showed changes in the amino acid at the position 426.

VP2 amino acid partial sequences analysis showed that the identified Gabon_Dog_M1
and Gabon_Dog_M2 had commonly found predicted amino acid changes in glutamic acid
(Glu/E) at codon 426, which allowed its classification as antigenic variant CPV-2c (Table 2).
In addition, the strain Gabon_Dog_M2 had a non-synonymous unique mutation 1447M
(Ile-Met). The other partial sequences Gabon_Dog_M3 to M8 had asparagine (Asn/N) at
position 426 and valine at position 555, which is found in CPV-2 and CPV-2a.

Table 2. Amino acid variations in VP2 protein at key codons of Gabonese CPVs indicated by their
GenBank accession numbers. Letters represent common amino acid abbreviations. The sequences of
this study are the first eight species. Sequences OP611197 and OP611198 are CPV-2c variants with
Glu/E/Glutamic acid changes at position 426. Sequences OP611197-OP6111204 are CPV-2a variants
with Asn/N/asparagine changes at position 426.
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3.2. Phylogenetic Analysis

Two phylogenetic trees were constructed, the first consisting of different partial short-
length sequences of VP2 gene and the second with whole-genome sequences of Gabonese
CPVs that were compared to selected closest variants circulating worldwide. A total of
51 nucleotide sequences were obtained from GenBank, including a feline panleukopenia
virus (FPV) strain [36], added as an outgroup in each tree.

Concerning the ML phylogenetic tree of the partial VP2 genes, the analysis revealed a
clustering of strains of the current study in two separate groups. Gabonese CPV-2c Dog_M1
and Dog_M2 strains were in a first group with other CPV-2c sequences from Zambia
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(LC409263) isolated in 2017, from Egypt (MK642273, MK642272) isolated in 2019 and from
China (GU380305) isolated in 2009 (Figure 1). The Gabon_Dog M1 CPV-2c (OP611197)
strain was 100% identical at the nucleotide level to the Zambian strain (LC409263), while
the percentage identity with Gabon_Dog_ M2 CPV-2c strain was 99.82%. The other partial
Gabonese sequences were in a second cluster with sequences of CPV-2a variants isolated
from Australia in 2015 (KY242639, KY242640), New Zealand isolated in 2015 (KP881653),
Hungary isolated in 2010 (EU815831) and even from China (for mink enteritis virus [36])
isolated in 2018 (MIN747143). Meanwhile, the strains Gabonese_Dog M3, M4, M5, M7
and M8 were identical (100% nucleotide identity). However, the Gabon_Dog_M6 se-
quence showed 99.81% nucleotide identity with the Gabon_Dog_M4 (OP611200) strain and
99.82% nucleotide identity with the others (Gabon_Dog_ M3, M5, M7 and M8 sequences).
The Gabon_Dog_ M6 (OP611202) sequence stood out from others as indicated in Figure 2
and formed a completely distinct monophyletic clade. Phylogenetic results revealed that
Gabonese strains Dog_M3 to M8 could be classified as a CPV-2a variant.
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Figure 1. Phylogenetic tree based on partial nucleotide sequence VP2 gene of CPV-2 variants cir-
culating in Gabon. This analysis involved 42 nucleotide sequences of canine parvovirus (CPV)
obtained in this study and reference strains in the GenBank database. Sequences obtained in this
study are highlighted in red. The tree was rooted with FPV (M24004), and bootstrap values lower
than 50% were hidden.
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Figure 2. Phylogenetic tree of CPV-2 Gabonese whole genomes. Evolutionary analysis was conducted
in MEGA 11 using the maximum-likelihood method and Tamura—Nei model, and taxa were arranged
by input order. This analysis involved 20 nucleotide sequences, of which 17 were extracted from the
GenBank database. The tree was rooted to FPV (M24004), and bootstrap values lower than 50% were
hidden. The two whole-genome sequences obtained in this study are highlighted in red.

Regarding the second ML phylogenetic tree shown in Figure 2, Gabonese whole-
genome CPVs clustered with CPV-2¢c genomes from Thailand (MW589466), China
(MHA476592; MH476583), Vietnam (MT106228) and Egypt (OM937912) with high boot-
strap support (100%). The cpv_gabon_G1 (OP611196) sequence formed a monophyletic
cluster and was similar to two Chinese strains isolated in 2017 (MH476583 and MH476592),
with 99.91% and 99.86% nucleotide identity, respectively, while the percent identity to the
Thai strain (MW589466) was 99.88%. The cpv_gabon_G2 (OP611195) sequence shared
a common ancestor with the strain from Thailand (MW589466) isolated in 2020 with a
nucleotide identity percentage of 99.93%, while with the Chinese strains MH476583 and
MH476592, this percentage was 99.87% and 99.81%, respectively.

4. Discussion

The findings of the current study indicate that CPV-2 is circulating in Gabon, and
its spread has been increasingly reported in many other African countries in recent
years [37,38]. All the eight samples collected were positive for CPV-2 infection as sus-
pected clinically in sampled dogs. Canine parvovirus continues to be involved in several
cases of gastroenteritis in domestic dogs [20]. The virus invades intestinal crypt cells
and lymphoid tissues for its replication [39]. This leads to abdominal pain, bloody diar-
rhea, vomiting and extreme fatigue which were the most common symptoms observed in
dogs in this study. These symptoms have also been reported in many other studies, with
other symptoms including anorexia, hypovolemic shock, dehydration and severe immuno-
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suppression causing sepsis, systematic inflammation and even fatal myocarditis [39-41].
During this study, more female dogs were found with CPV than males (6/8 cases against
2/8 cases). However, due to the small number of samples obtained, it would be difficult
to draw conclusions on this result, although other studies found that males were more
affected than females [29,42]. The small number of samples provided by veterinarians in
this study could be justified by the fact that owners tend to only bring their dogs to clinics
in case of severe disease [29]. In addition, in Gabon, there are veterinary structures in only
three cities in the whole country. Cases of sick dogs had not been reported in these other
cities during the period of this study. Thus, studies need to be conducted to determine the
canine demography and epidemiological profile of CPV-2 infection in Gabon.

Here, we found that the CPV-2c and CPV-2a variants circulate in the capital city of
Libreville with predominance of the latter. The results clearly indicate that the original
CPV-2 strain and the CPV-2b variant were not found in this study, possibly due to the
limited, non-representative sample size. The CPV-2a variant has been characterized and
well reported in Africa, especially in Egypt, Morocco, Nigeria, South Africa, Tanzania,
Tunisia, Zambia and in Namibia [3,20,21,24,25,27,43]. Since its emergence in 2000 in Italy,
CPV-2c has been reported in North Africa and sub-Saharan Africa [3,14,20]. Apart from
these studies, we provide here the first report of the molecular characterization of antigenic
variants in Central Africa. These results should be taken into account in view of the data
paucity from this region.

Regarding the phylogenetic results, Gabonese CPV strains could have originated from
Africa and Europe since their close relatives are from Zambia and Hungary. However,
further phylogeographic analysis should be performed with a larger number of samples to
better trace the origin of Gabonese CPV strains. Gabonese CPV-2a variants were found to
be phylogenetically closely related to mink enteritis virus (MN747143) isolated from China
in 2018, confirming their strong relationship as they share a common ancestor [44]. In
addition, a single non-synonymous unique mutation 1447M (Ile-Met) has been identified on
the Gabon_Dog_M2 strain during alignment of amino-acid sequences. These results might
support the evidence that the virus continues to evolve, considering the hypothesis that
CPV-2c has a higher mutation rate than the other variants, which underlines the importance
of ongoing surveillance programs to provide better understanding of the evolutionary
dynamics of this virus in Gabon [20]. Other mutations could have been involved in
Gabonese VP2 CPV-2 strains. Thus, the fragments of the VP2 gene containing the positions
87,101, 267,297, 300 and 305 need to be amplified for further amino acid mutations analysis.
The clustering of Gabonese strains Dog_M1 (OP611197) and Dog_M2 (OP611198) with the
other strains of CPV-2c variant in the phylogenetic tree confirms their classification into
this antigenic type based on the Glutamic acid mutation at the position 426. For the strains
Gabon_dog_M3 to M8 (OP611199-OP611204), despite the missing part of the VP2 fragment,
the presence of asparagine at position 426 and valine at position 555 reinforces the results
of the phylogenetic tree, showing a clustering with the CPV-2a variants. This allows them
to be classified as CPV-2a strains from Gabon. Nevertheless, continual monitoring and
molecular characterization of full-length VP2 genes from clinical samples and vaccine
strains used is imperative to recognize mutations that can induce potential vaccine failures
and mechanisms responsible for the evolution of CPV-2 [18,35,44,45].

In this study, Gabonese strains of CPV were isolated from vaccinated dogs. Findings
raise concerns about a potential vaccine failure. In their practice, veterinarians in Libreville
observe that in some dogs the vaccination protocol is not scrupulously respected. The
booster shots are sometimes not given on time, which could increase the risk of vaccine
failure. A great number of studies pointed out vaccine failure against CPV-2 variants
and suggested that factors related to the vaccine itself or the health status of the animal
could be the cause [21,29,46]. Possible explanations for these findings, among other factors,
are poor vaccine quality, poor storage conditions, poor vaccine injection procedures by
practicians, poor hygiene and low maintenance of the dogs, maternal derived antibodies,
incomplete vaccination schedule and reversion of viral vaccines [22,47]. These results do
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not fit with the theory provided by Wilson et al. who reported in 2014 that vaccination
with a CPV-2b-containing vaccine would induce cross-reactive antibody responses against
other CPV-2 variants [18]. More recently, the scientific community has agreed that all CPV
vaccines, regardless of the strain contained, when used well, are capable of protecting
dogs against infections sustained by any variant, CPV-2a, CPV-2b or CPV-2c, even those
absent in the vaccine [23,48]. However, vaccination against CPV-2 infection remains the
main method to reduce the spread of the virus in canine population. A study described
a non-zero prevalence, i.e., 81.5% (22/27), in vaccinated dogs in Argentina, showing that
vaccines containing strains of antigenic types corresponding to variants circulating in the
local dog population or polyvalent vaccines do not represent an alternative strategy to
improve the effectiveness of prophylaxis against CPV [49]. There are inactivated vaccines
and live vaccines sold worldwide to control CPV-2 infection [9]. Live vaccines are usually
used for domestic dogs due to their long-term immunity and efficacy [44,50,51].

In the ongoing fight against CPV, due to the ability of the virus to mutate, giving rise
to new more resistant and virulent subspecies, as well as its resistance in the environment
and to common disinfectants and the difficulty eliminating it, three factors could help
prevent the spread of CPV [52]. Firstly, daily sanitation of the environment would create
an unfavorable environment for the survival of this virus. CPV is said to survive for up to
one year in the environment and may be resistant to common detergent and disinfectants
and extreme temperatures [49,53]. However, the virus could be sensitive or killed with
diluted bleach if present on solid surfaces [53]. Secondly, observing a quarantine period
would assist the elimination of the virus because CPV-2 is highly contagious. Infected dogs
must be hospitalized and isolated to avoid spreading the virus to healthy animals and
to prevent co-infection cases for example by CPV-2a and CPV-2c that have already been
reported [53-56]. Then, along with the use of improved diagnostic tests, vaccination and
several treatments such as the use of antibiotics, fluid therapies and adjunctive treatments
might be necessary [44]. A study showed that the hemagglutination test could be the
preliminary diagnostic approach for this disease due to its less sophisticated nature, low
financial cost, speed and high sensitivity compared to the conventional PCR [30].

5. Conclusions

This study confirmed the circulation of both CPV-2a and CPV-2c in vaccinated dogs
in Libreville with predominance of the former. This is the first report of CPV-2 infection
in Gabon and the first time CPV-2c has been reported in Central Africa. Further studies
are needed throughout the country to establish the current epidemiological profile and
prevalence of antigenic variants in domestic dogs in Gabon. A particular emphasis on
genomic surveillance, prevention and education is needed to effectively control and fight
this virus’s spread.

Author Contributions: Conceptualization, G.D.M.; methodology, G.D.M., LL. and S.Z.M.L; software,
A.AN.-M,, LL,, LB. and S.ZM.L; validation, G.D.M. and A.A.N.-M.; formal analysis, A.A.N.-M.,
ILL., AMN.D. and S.Z.M.L; investigation, C.M., AM.N.D. and B.N; resources, G.D.M. and L.L.; data
curation, I.L., 5.Z.M.IL, L.B. and A.A.N.-M.; writing—original draft preparation, G.D.M., S.ZM.I. and
I.L.; writing—review and editing, G.D.M. and S.Z.M.I,; visualization, G.D.M., BSK. and S.Z.M.I;
supervision, G.D.M. and B.S.K,; project administration, G.D.M. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding. The CIRMF is supported by the Government
of Gabon, Total-Fina-Elf Gabon and the Ministere de la Coopération Frangaise.

Institutional Review Board Statement: Ethical review and approval were waived for this study.
Approval was given by veterinarians to carry out the diagnosis of the causative agent of the disease
observed in dogs, in agreement with the dog owners.

Informed Consent Statement: Informed consent was obtained from the dog owners.



Viruses 2023, 15, 1169 9of 11

Data Availability Statement: The sequences generated were deposited in GenBank (under accession
numbers OP611195 to OP611204).

Acknowledgments: We gratefully acknowledge Sevidzem Silas Lendzele and Makouloutou-Nzassi
Patrice for the English revision.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cotmore, S.E; Agbandje-McKenna, M.; Canuti, M.; Chiorini, J.A.; Eis-Hubinger, A.-M.; Hughes, J.; Mietzsch, M.; Modha, S.;
Ogliastro, M.; Pénzes, ].J. ICTV virus taxonomy profile: Parvoviridae. ]. Gen. Virol. 2019, 100, 367. [CrossRef] [PubMed]

2. Parrish, C.R. Host range relationships and the evolution of canine parvovirus. Vet. Microbiol. 1999, 69, 29-40. [CrossRef] [PubMed]

3. Touihri, L.; Bouzid, I.; Daoud, R.; Desario, C.; El Goulli, A.F,; Decaro, N.; Ghorbel, A.; Buonavoglia, C.; Bahloul, C. Molecular
characterization of canine parvovirus-2 variants circulating in Tunisia. Virus Genes 2009, 38, 249-258. [CrossRef]

4. Chollom, S.; Fyaktu, E.; Okwori, A.; Agada, G.; Hashimu, G.; Akele, R.; Voumangai, E.; Dashe, T.; Egah, D. Molecular detection of
canine parvovirus in Jos, Nigeria. J. Vet. Med. Anim. Health 2013, 5, 57-59.

5. Houston, D.; Ribble, C.; Head, L. Risk factors associated with parvovirus enteritis in dogs: 283 cases (1982-1991).
J. Am. Vet. Med. Assoc. 1996, 208, 542-546.

6.  Appel, M.; Scott, F.; Carmichael, L. Isolation and immunisation studies of a canine parco-like virus from dogs with haemorrhagic
enteritis. Vet. Rec. 1979, 105, 156-159. [CrossRef] [PubMed]

7. Decaro, N.; Desario, C.; Billi, M.; Lorusso, E.; Colaianni, M.; Colao, V.; Elia, G.; Ventrella, G.; Kusi, I.; Bo, S. Evaluation of an
in-clinic assay for the diagnosis of canine parvovirus. Vet. J. 2013, 198, 504-507. [CrossRef]

8. Johnson, R.; Spradbrow, P. Isolation from dogs with severe enteritis of a parvovirus related to feline panleucopaenia virus.
Aust. Vet. |. 1979, 55, 151-152. [CrossRef]

9.  Decaro, N.; Buonavoglia, C. Canine parvovirus—A review of epidemiological and diagnostic aspects, with emphasis on type 2c.
Vet. Microbiol. 2012, 155, 1-12. [CrossRef]

10. Decaro, N.; Campolo, M.; Desario, C.; Elia, G.; Martella, V.; Lorusso, E.; Buonavoglia, C. Maternally-derived antibodies in pups
and protection from canine parvovirus infection. Biologicals 2005, 33, 261-267. [CrossRef]

11. Brady, S.; Norris, J.M.; Kelman, M.; Ward, M.P. Canine parvovirus in Australia: The role of socio-economic factors in disease
clusters. Vet. J. 2012, 193, 522-528. [CrossRef] [PubMed]

12.  Decaro, N.; Desario, C.; Amorisco, F.; Losurdo, M.; Elia, G.; Parisi, A.; Ventrella, G.; Martella, V.; Buonavoglia, C. Detection
of a canine parvovirus type 2c with a non-coding mutation and its implications for molecular characterisation. Vet. J. 2013,
196, 555-557. [CrossRef]

13.  Decaro, N.; Elia, G.; Campolo, M.; Desario, C.; Lucente, M.; Bellacicco, A.; Buonavoglia, C. New approaches for the molecular
characterization of canine parvovirus type 2 strains. J. Vet. Med. Ser. B 2005, 52, 316-319. [CrossRef] [PubMed]

14. Buonavoglia, C.; Martella, V.; Pratelli, A.; Tempesta, M.; Cavalli, A.; Buonavoglia, D.; Bozzo, G.; Elia, G.; Decaro, N.; Carmichael,
L. Evidence for evolution of canine parvovirus type 2 in Italy. J. Gen. Virol. 2001, 82, 3021-3025. [CrossRef]

15. de Oliveira, PS.B.; Cargnelutti, ].F; Masuda, E.K.; Weiblen, R.; Flores, E.F. New variants of canine parvovirus in dogs in southern
Brazil. Arch. Virol. 2019, 164, 1361-1369. [CrossRef]

16. Castillo, C.; Neira, V.; Anifiir, P.; Grecco, S.; Pérez, R.; Panzera, Y.; Zegpi, N.-A.; Sandoval, A.; Sandoval, D.; Cofre, S. First molecular
identification of canine parvovirus type 2 (CPV2) in Chile reveals high occurrence of CPV2c antigenic variant. Front. Vet. Sci.
2020, 7, 194. [CrossRef]

17. Miranda, C.; Thompson, G. Canine parvovirus: The worldwide occurrence of antigenic variants. J]. Gen. Virol. 2016,
97,2043-2057. [CrossRef]

18.  Wilson, S.; lllambas, J.; Siedek, E.; Stirling, C.; Thomas, A_; Plevova, E.; Sture, G.; Salt, J. Vaccination of dogs with canine parvovirus
type 2b (CPV-2b) induces neutralising antibody responses to CPV-2a and CPV-2c. Vaccine 2014, 32, 5420-5424. [CrossRef]

19. Day, M.J.; Horzinek, M.; Schultz, R.; Squires, R. WSAVA Guidelines for the vaccination of dogs and cats. J. Small Anim. Pract.
2016, 57, E1. [CrossRef] [PubMed]

20. Kapiya, J.; Nalubamba, K.S.; Kaimoyo, E.; Changula, K.; Chidumayo, N.; Saasa, N.; Simuunza, M.C.; Takada, A.; Mweene, A.S,;
Chitanga, S. First genetic detection and characterization of canine parvovirus from diarrheic dogs in Zambia. Arch. Virol. 2019,
164, 303-307. [CrossRef] [PubMed]

21. Zaher, K.S; El-Dabae, W.H.; El-Sebelgy, M.M.; Aly, N.I; Salama, Z.T. Genotyping and phylogenetic analysis of canine parvovirus
circulating in Egypt. Vet. World 2020, 13, 326. [CrossRef] [PubMed]

22. Altman, K,; Kelman, M.; Ward, M. Are vaccine strain, type or administration protocol risk factors for canine parvovirus vaccine
failure? Vet. Microbiol. 2017, 210, 8-16. [CrossRef] [PubMed]

23.  Decaro, N.; Buonavoglia, C.; Barrs, V. Canine parvovirus vaccination and immunisation failures: Are we far from disease
eradication? Vet. Microbiol. 2020, 247, 108760. [CrossRef] [PubMed]

24. Amrani, N.; Desario, C.; Kadiri, A.; Cavalli, A.; Berrada, J.; Zro, K.; Sebbar, G.; Colaianni, M.L.; Parisi, A.; Elia, G. Molecular

epidemiology of canine parvovirus in Morocco. Infect. Genet. Evol. 2016, 41, 201-206. [CrossRef] [PubMed]


https://doi.org/10.1099/jgv.0.001212
https://www.ncbi.nlm.nih.gov/pubmed/30672729
https://doi.org/10.1016/S0378-1135(99)00084-X
https://www.ncbi.nlm.nih.gov/pubmed/10515266
https://doi.org/10.1007/s11262-008-0314-1
https://doi.org/10.1136/vr.105.8.156
https://www.ncbi.nlm.nih.gov/pubmed/516347
https://doi.org/10.1016/j.tvjl.2013.08.032
https://doi.org/10.1111/j.1751-0813.1979.tb15259.x
https://doi.org/10.1016/j.vetmic.2011.09.007
https://doi.org/10.1016/j.biologicals.2005.06.004
https://doi.org/10.1016/j.tvjl.2012.01.025
https://www.ncbi.nlm.nih.gov/pubmed/22398131
https://doi.org/10.1016/j.tvjl.2012.12.017
https://doi.org/10.1111/j.1439-0450.2005.00869.x
https://www.ncbi.nlm.nih.gov/pubmed/16316391
https://doi.org/10.1099/0022-1317-82-12-3021
https://doi.org/10.1007/s00705-019-04198-w
https://doi.org/10.3389/fvets.2020.00194
https://doi.org/10.1099/jgv.0.000540
https://doi.org/10.1016/j.vaccine.2014.07.102
https://doi.org/10.1111/jsap.2_12431
https://www.ncbi.nlm.nih.gov/pubmed/26780857
https://doi.org/10.1007/s00705-018-4068-3
https://www.ncbi.nlm.nih.gov/pubmed/30311077
https://doi.org/10.14202/vetworld.2020.326-333
https://www.ncbi.nlm.nih.gov/pubmed/32255975
https://doi.org/10.1016/j.vetmic.2017.08.019
https://www.ncbi.nlm.nih.gov/pubmed/29103701
https://doi.org/10.1016/j.vetmic.2020.108760
https://www.ncbi.nlm.nih.gov/pubmed/32768213
https://doi.org/10.1016/j.meegid.2016.04.005
https://www.ncbi.nlm.nih.gov/pubmed/27083072

Viruses 2023, 15, 1169 10 of 11

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

Fagbohun, O.; Omobowale, T. Sequence and phylogenetic analysis of canine parvovirus-2 isolates in dogs revealed circulation of
three subtypes in Nigeria. Virusdisease 2018, 29, 411-415. [CrossRef]

Steinel, A.; Parrish, C.; Truyen, U.; Van Vuuren, M.; Venter, E.H. Antigenic and genetic analysis of canine parvoviruses in southern
Africa. Onderstepoort ]. Vet. Res. 1998, 65, 239-242.

Dogonyaro, B.B.; Bosman, A.-M.; Sibeko, K.P,; Venter, E.H.; van Vuuren, M. Genetic analysis of the VP2-encoding gene of canine
parvovirus strains from Africa. Vet. Microbiol. 2013, 165, 460-465. [CrossRef]

Figueiredo, J.; Miranda, C.; Souto, R.; Silva, E.; Fafetine, J.; Thompson, G. Genetic characterization of canine parvovirus
type 2 subtypes in Maputo, Mozambique. Arch. Microbiol. 2017, 199, 543-549. [CrossRef]

Ngwa, V.N.; Bayanga, H.G.E.; Kouamo, J. Epidemiology of Canine parvovirus Enteritis in Dogs of the Metropolitan City of
Yaounde, Cameroon. J. Anim. Vet. Adv. 2020, 19, 129-136.

Chollom, S.; Ularamu, H.; Woma, T.; Owolodun, O.; Luka, P.; Anvou, A.; Nwankiti, O.; Egah, D. Detection of canine parvovirus 2: A
comparison of conventional polymerase chain reaction and haemagglutination test. Afr. J. Microbiol. Res. 2012, 6, 4592—-4596. [CrossRef]
Antipov, D.; Raiko, M.; Lapidus, A.; Pevzner, P.A. Metaviral SPAdes: Assembly of viruses from metagenomic data. Bioinformatics
2020, 36, 4126-4129. [CrossRef] [PubMed]

Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.]. Basic local alignment search tool. . Mol. Biol. 1990, 215,
403-410. [CrossRef] [PubMed]

Tamura, K.; Stecher, G.; Kumar, S. MEGA11: Molecular Evolutionary Genetics Analysis Version 11. Mol. Biol. Evol. 2021,
38, 3022-3027. [CrossRef] [PubMed]

Edgar, R.C. MUSCLE: A multiple sequence alignment method with reduced time and space complexity. BMC Bioinform. 2004,
5, 113. [CrossRef] [PubMed]

Martella, V.; Decaro, N.; Elia, G.; Buonavoglia, C. Surveillance activity for canine parvovirus in Italy. J. Vet. Med. Ser. B 2005,
52,312-315. [CrossRef]

Unemo, M.; Golparian, D.; Skogen, V.; Olsen, A.O.; Moi, H.; Syversen, G.; Hjelmevoll, S.O. Neisseria gonorrhoeae strain with
high-level resistance to spectinomycin due to a novel resistance mechanism (mutated ribosomal protein S5) verified in Norway.
Antimicrob. Agents Chemother. 2013, 57, 1057-1061. [CrossRef]

Lin, C.-N.; Chiang, S.-Y. Canine Parvovirus Type 2. In Canine Medicine—Recent Topics and Advanced Research; Kaoud, H.A.E., Ed.;
Tech Publications: Rijeka, Croatia, 2016; pp. 1-17.

Rabbani, A.H.; Ullah, Q.; Naseer, O.; Raza, A.L; Shahid, M.; Ali, S.; Hussain, K.; Ali, A.; Khan, Y.R. Canine Parvo Virus: A Review
on Current Perspectives in Seroprevalence, Diagnostics and Therapeutics. Glob. Vet. 2021, 23, 113-126.

Prittie, J. Canine parvoviral enteritis: A review of diagnosis, management, and prevention. ]. Vet. Emerg. Crit. Care 2004,
14, 167-176. [CrossRef]

Otto, C.M.; Drobatz, K.J.; Soter, C. Endotoxemia and tumor necrosis factor activity in dogs with naturally occurring parvoviral
enteritis. J. Vet. Intern. Med. 1997, 11, 65-70. [CrossRef]

Turk, J.; Miller, M.; Brown, T.; Fales, W.; Fischer, J.; Gosser, H.; Nelson, S.; Shaw, D.; Solorzano, R. Coliform septicemia and
pulmonary disease associated with canine parvoviral enteritis: 88 cases (1987-1988). J. Am. Vet. Med. Assoc. 1990, 196, 771-773.
Umar, S.; Ali, A.; Younus, M.; Maan, M.K,; Shahzad, A.; Khan, W.A.; Irfan, M. Prevalence of canine parvovirus infection at
different pet clinics in Lahore, Pakistan. Pak. J. Zool. 2015, 47, 657-663.

Franzo, G.; De Villiers, L.; De Villiers, M.; Ravandi, A.; Gyani, K.; Van Zyl, L.; Coetzee, L.M.; Khaiseb, S.; Molini, U.
Molecular epidemiology of canine parvovirus in Namibia: Introduction pathways and local persistence. Prev. Vet. Med.
2022, 209, 105780. [CrossRef] [PubMed]

Tuteja, D.; Banu, K.; Mondal, B. Canine parvovirology—A brief updated review on structural biology, occurrence, pathogenesis,
clinical diagnosis, treatment and prevention. Comp. Immunol. Microbiol. Infect. Dis. 2022, 82, 101765. [CrossRef] [PubMed]
Maya, L.; Calleros, L.; Francia, L.; Hernandez, M.; Iraola, G.; Panzera, Y.; Sosa, K.; Pérez, R. Phylodynamics analysis of canine
parvovirus in Uruguay: Evidence of two successive invasions by different variants. Arch. Virol. 2013, 158, 1133-1141. [CrossRef]
Ohneiser, S.; Hills, S.; Cave, N.; Passmore, D.; Dunowska, M. Canine parvoviruses in New Zealand form a monophyletic group
distinct from the viruses circulating in other parts of the world. Vet. Microbiol. 2015, 178, 190-200. [CrossRef]

Bull, ]. Evolutionary reversion of live viral vaccines: Can genetic engineering subdue it? Virus Evol. 2015, 1, vev005. [CrossRef]
Packianathan, R.; Hodge, A.; Wright, J.; Lavidis, L.; Ameiss, K.; Yip, H.Y.E.; Akbarzadeh, M.; Sharifian, M.; Amanollahi, R.;
Khabiri, A. Cross-Neutralization of Vanguard C4 Vaccine Against Australian Isolates of Canine Parvovirus Variants CPV-2a,
CPV-2b, and CPV-2c. Viral Immunol. 2022, 35, 553-558. [CrossRef]

Calderon, M.G.; Mattion, N.; Bucafusco, D.; Fogel, F.; Remorini, P; La Torre, ]. Molecular characterization of canine parvovirus
strains in Argentina: Detection of the pathogenic variant CPV2c in vaccinated dogs. J. Virol. Methods 2009, 159, 141-145. [CrossRef]
Larson, L.J.; Schultz, R. Do two current canine parvovirus type 2 and 2b vaccines provide protection against the new type 2c
variant? Vet. Ther. 2008, 9, 94.

Carmichael, L. An annotated historical account of canine parvovirus. J. Vet. Med. Ser. B 2005, 52, 303-311. [CrossRef]

Goddard, A.; Leisewitz, A.L. Canine parvovirus. Vet. Clin. Small Anim. Pract. 2010, 40, 1041-1053. [CrossRef] [PubMed]
Johnson, A. Small Animal Pathology for Veterinary Technicians; John Wiley & Sons: Hoboken, NJ, USA, 2014.


https://doi.org/10.1007/s13337-018-0475-z
https://doi.org/10.1016/j.vetmic.2013.04.022
https://doi.org/10.1007/s00203-016-1320-7
https://doi.org/10.5897/AJMR12.358
https://doi.org/10.1093/bioinformatics/btaa490
https://www.ncbi.nlm.nih.gov/pubmed/32413137
https://doi.org/10.1016/S0022-2836(05)80360-2
https://www.ncbi.nlm.nih.gov/pubmed/2231712
https://doi.org/10.1093/molbev/msab120
https://www.ncbi.nlm.nih.gov/pubmed/33892491
https://doi.org/10.1186/1471-2105-5-113
https://www.ncbi.nlm.nih.gov/pubmed/15318951
https://doi.org/10.1111/j.1439-0450.2005.00875.x
https://doi.org/10.1128/AAC.01775-12
https://doi.org/10.1111/j.1534-6935.2004.04020.x
https://doi.org/10.1111/j.1939-1676.1997.tb00075.x
https://doi.org/10.1016/j.prevetmed.2022.105780
https://www.ncbi.nlm.nih.gov/pubmed/36274539
https://doi.org/10.1016/j.cimid.2022.101765
https://www.ncbi.nlm.nih.gov/pubmed/35182832
https://doi.org/10.1007/s00705-012-1591-5
https://doi.org/10.1016/j.vetmic.2015.05.017
https://doi.org/10.1093/ve/vev005
https://doi.org/10.1089/vim.2022.0027
https://doi.org/10.1016/j.jviromet.2009.03.013
https://doi.org/10.1111/j.1439-0450.2005.00868.x
https://doi.org/10.1016/j.cvsm.2010.07.007
https://www.ncbi.nlm.nih.gov/pubmed/20933134

Viruses 2023, 15, 1169 11 of 11

54. Pérez, R.; Calleros, L.; Marandino, A.; Sarute, N.; Iraola, G.; Grecco, S.; Blanc, H.; Vignuzzi, M.; Isakov, O.; Shomron, N.
Phylogenetic and genome-wide deep-sequencing analyses of canine parvovirus reveal co-infection with field variants and
emergence of a recent recombinant strain. PLoS ONE 2014, 9, e111779. [CrossRef] [PubMed]

55. Battilani, M.; Gallina, L.; Vaccari, F.; Morganti, L. Co-infection with multiple variants of canine parvovirus type 2 (CPV-2).
Vet. Res. Commun. 2007, 31, 209. [CrossRef] [PubMed]

56. Vieira, M.].; Silva, E.; Desario, C.; Decaro, N.; Carvalheira, J.; Buonavoglia, C.; Thompson, G. Natural coinfection with 2 parvovirus
variants in dog. Emerg. Infect. Dis. 2008, 14, 678. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1371/journal.pone.0111779
https://www.ncbi.nlm.nih.gov/pubmed/25365348
https://doi.org/10.1007/s11259-007-0007-6
https://www.ncbi.nlm.nih.gov/pubmed/17682877
https://doi.org/10.3201/eid1404.071461

	Introduction 
	Materials and Methods 
	Sample Collection 
	Clinical Findings and Dog Characteristics 
	DNA Extraction and PCR Amplification 
	High-Throughput Sequencing 
	Phylogenetic Analysis 

	Results 
	Molecular Diagnosis and Sequences Analysis 
	Phylogenetic Analysis 

	Discussion 
	Conclusions 
	References

