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Abstract: Aleutian mink disease virus (AMDYV) is a highly contagious parvovirus that is a causative
agent of Aleutian mink disease (AMD). AMD is a commercially important infectious disease because
it causes great economic losses to mink farmers worldwide. AMDVs represent themselves as a highly
variable group of the Parvoviridae family. The AMDV group is quickly filled out with various
representatives. Only about 10 years have passed since this group included only two species. Today,
there are 11 species in this group. AMDV is the typical representative of this group, and all AMDV-
like parvoviruses are now integrated into the Amdoparvovirus genus. In this study, a global
phylogenetic analysis of the full VP2 protein sequences of the Amdoparvovirus genus was performed.
This analysis more fully assessed the phylogenetic relationships of amdoparvoviruses. It showed that
about one-third of Amdoparvovirus strains and isolates classified to date, as Amdoparvovirus
carnivoranl could probably be considered not as Amdoparvovirus carnivoranl species but as new
independent species in perspective or joined already introduced species, different from
Amdoparvovirus carnivoranl. It had also been shown that the primary host of the representatives
should be an important feature for the classification of Amdoparvovirus species. Moreover, the analysis
showed that bats play a significant role in transmission from protoparvoviruses to amdoparvoviruses.

Keywords: Aleutian mink disease virus, Amdoparvovirus; Parvovirinae; Parvoviridae; VP2 protein
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1. Introduction

Aleutian mink disease virus (AMDYV) remains one of the most problematic viruses for mink
farming because it is the causative agent of Aleutian mink disease (AMD) affecting minks. AMD
manifests as enlarged kidneys, spleen, and lymph nodes, commonly known as deadly plasmocytosis
and hyperglobulinemia in mink, which could also lead to spontaneous abortions. On the molecular
level, the reason for such manifestations is immunocomplexes, which are formed as a result of AMDV
pathogenesis [1-3].

AMD is a very contagious disease with more than 90% seroprevalence [1,4], with virus DNA
detection up to 100% [4]. There are no effective ways to combat the disease. There are no effective
vaccines [2]. Eradication of mink herds may not lead to satisfactory results [1,2]. Therefore, AMD
continues to cause great economic losses to mink farmers worldwide for over 70 years [1,2].

AMDYV is a member of the Parvoviridae family, and it was the sole member of its genus until 2013.
The genus was named Parvovirus, and it was renamed Amdovirus in 2004. In 2013, according to the
ICTV proposal, the Amdovirus genus was renamed Amdoparvovirus. AMDV was renamed Carnivore
amdoparvovirus 1. Aleutian mink disease virus-G (GenBank accession number M20036) was the first
representative. The second member of this genus was Carnivore amdoparvovirus 2: Gray fox
amdovirus (GenBank accession number JN202450) [5]. Subsequently, many other species
were introduced into the Amdoparvovirus genus [6]. However, according to the International
Committee on Taxonomy of Viruses (ICTV), a mega-taxonomic rank was determined only in 2019.
For today, Amdoparvovirus genus belongs to Parvovirinae subfamily, Parvoviridae family,
Piccovirales order, Quintoviricetes class, Cossaviricota phylum, Shotokuvirae kingdom, and
Monodnaviria realm [6,7]. Only about 10 years have passed since this genus included only the two
species mentioned above. Today, there are 11 species in this genus [6]. Due to the accumulated data
about the high variability of the AMDVs [3,4,8—11] and about AMDYV prevalence among different
species of Mustelidae family [3,4,8,9] and other animals [3,4,9,12], it seems like this is a sequential event.

Like other members of Parvoviridae family, the virus is non-enveloped, small, and has a single-
stranded DNA [13]. The reference genome of the AMDYV has 4,801 bp (AMDV-G, GenBank accession
number M20036). However, shorter specimens are also represented in GenBank. For example, mink-
f strains with a genome size of 4,369 bp (GenBank accession numbers KU856560.1- KU856568.1)
and more [14].

The AMDYV genome contains two large open reading frames (ORFs), left and right (L-ORF and R-
ORF), two middle ORFs (M-ORF1 and M-ORF2), and one small ORF (S-ORF) (Figure 1) [15]. R-
OREF is found to be involved in coding of VP1 and VP2 capsid proteins, and this ORF is found on the
3d reading frame (RF3). VP2 is fully encoded by R-ORF, but VP1 is not. Ten amino acids from the N-
end of VPI are not found in R-ORF (on RF3). These amino acids are found on the 2nd reading frame
(RF2). However, the authors do not notice the independent ORF for these amino acids (Figure 1) [15].

The rest of the ORFs encode three non-structural proteins (NS1, NS2, and NS3). L-ORF (on RF2)
encodes most of the N-parts of all three NS proteins. C-ends of NS proteins are coded by the different
ORFs. S-ORF and M-ORF1 are located on RF1 and code C-ends of NS3 and NS|1 proteins, respectively.
M-ORF2 is located on RF3 and codes the C-end of NS2 protein [15].

Ends of a negative, single-stranded DNA of the AMDYV form hairpins (Figure 1) [15,16]. The 3°-
hairpin could prime to synthesize the complementary positive strand, as it happens in other
Parvoviridae viruses [13]. Continuous duplex intermediates are formed during 'rolling hairpin'
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replication, from which NS1, with its endonuclease activity, excises single strands [13].
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Figure 1. The AMDYV schematic map according to Hagberg et al., 2016 [15].

The AMDYV capsid has an icosahedral form, which is assembled via two-, three- and five-fold
symmetry [17,18]. It has a maximum diameter of ~300 A [17]. VP2 is the major protein of the
AMDV’s capsid with immunogenic properties [19]. B-cell epitopes were found in the VP2 protein of
AMDV [20,21].

VP2 is smaller than VP1 at the N-end. This part of VP1 (VP1u) can be up to more than 300 amino
acids in Parvovirinae viruses, but not in AMDYV [17]. The long VP1lu part is important for viral
functionality and contains a phospholipase A2 (PLA2) domain, which is mostly presented in
Parvovirinae viruses but not in the AMDYV [22]. VP1u of AMDYV has only 43 amino acids and does
not have PLA:. Instead of this, VP2 of AMDV is the largest among orthologs of other Parvovirinae
viruses. There are some insertions and deletions in VP2 of AMDYV found in comparison with orthologs,
the composition of which results in a greater length. Most insertions are localized on the surface of the
capsid. This fact led the authors to speculate that the missing functions of VP1u are performed by the
full VP2 due to these additional insertions compared to orthologs of other Parvovirinae viruses [17].
In addition, the N-end of AMDV’s VP2 has the longest glycine-rich region among orthologs of other
Parvovirinae viruses [22].

One more feature of VP2 of AMDVs has become widely known among researchers. This is a
hypervariable region between amino acids 232-242, according to VP2 of the AMDV-G strain
(GenBank accession number M20036) [18,23-26]. This region is considered suitable for the
phylogenetic analysis of AMDV strains [23,26,27].

The purpose of this study was to conduct the phylogenetic analysis of full VP2 proteins of
AMDVs available to date and to suggest a new view on the classification grouping of them. The next
article in the Amdoparvovirus series (Amdoparvovirus. Part 2.) proposes to describe the structural
features of VP2 protein orthologs in accordance with this phylogenetic analysis.

2. Materials and methods
A total of 425 full-length VP2 protein sequences of Parvovirinae viruses were used in this study.

From them, 345 sequences were for the Amdoparvovirus genus, which were available from GenBank
and from the literature on June 3, 2024. Some VP2 sequences from articles were not found in
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GenBank [18,28-31]. Many sequences of AMDVs were not included in the analysis due to the
uncertainty of one or more amino acids, except for one sequence for Amdoparvovirus carnivoran8
identified so far [32]. Amdoparvovirus carnivoran8 (GenBank accession number ON375541.1) has
three unidentified positions (232, 235, and 344), according to the AMDV-G strain (GenBank accession
number M20036). It was proposed eight variants of VP2 for this sequence using combinatorics.

The phylogenetic analysis was performed with the help of the MEGA X (Version 10.0.5) program [33]
using the Maximum Likelihood method and the JTT matrix-based model [34]. The bootstrap analysis
with 1,000 replicates was used to assess a confidence level of tree branches as an option of the MEGA
X program. The option for uniform rates among sites was used. The analysis was performed twice.

Ethics approval of this research is not required because all data were taken from the GenBank
database and literature.

3. Results and discussion

Parvovirinae subfamily has 11 genera [6]. The phylogenetic analysis in this study was limited to
Amdoparvovirus, Protoparvovirus, Tetraparvovirus,  Erythroparvovirus, — Aveparvovirus,
Bocaparvovirus, and Dependoparvovirus genera, as the remaining genera had not yet had full VP2
protein sequences determined by the time of data collection from GenBank. Dependoparvoviruses had
been defined as having three structural proteins in the capsid (VP1, VP2, and VP3) with the VP3
protein as the major of them [35]. Therefore, it was considered to include VP3 in the analysis instead
of VP2. Moreover, the alignment showed that the VP3 had more homology with other parvovirus VP2
protein sequences (data not shown). There were only up to two VP2 (or VP3) sequences used for each
species for genera noted, except for the Amdoparvovirus genus. For the last one, as many full-length
sequences of the VP2 protein were used as were found in GenBank and in the literature to date noted.

Tracing the phylogenetic relationships between representatives of the genus Amdoparvovirus and
the Parvovirinae genera in general, based on phylogenetic analysis of complete VP2 protein sequences,
it was revealed that the genus Profoparvovirus is considered ancestral genus of Amdoparvovirus. The
same results were found earlier for the partial NS1 phylogeny [32]. However, there was some
difference in the topology of the tree (Figure 2, Supplementary Figure 1). The difference appears to be
explainable because different sequences were analyzed. This is the first explanation. The second
explanation is that it was used a different program (RAXxML), not MEGA X [32]. The third explanation
is that the uniform rate among sites was used for the analysis in this study instead of gamma distribution,
which was used in the mentioned results [32]. The uniform rate among sites was used in this study
because of the following thoughts. The analysis of the phylogenetic history of parvoviruses had been
conducted since the 1960s [36]. This is only for 70 years. This is close to the present time in terms of
millions of years. The mathematical plot of the time-dependent pattern of molecular rates among sites
(substitutions per site per million years) and deviation from real node age shows that it makes almost
no difference whether the gamma distribution is used or not in times close to the present [37]. Therefore,
uniform rates (or linear dependence) among sites are suitable for analysis within the time that can be
estimated as ‘the recent time’, as a definition in the context of the evolutionary time.

Thus, the results of this study showed that the amino acid sequences of VP2 could be applied to
the detailed classification of the genus Amdoparvovirus, as well as the entire subfamily Parvovirinae.
However, some authors believe that the amino acid sequences of VP2 cannot be applied to the
classification [38].
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Figure 2. The simplified evolutionary tree of VP2 protein sequences of Parvovirinae
representatives with the highest log likelihood (-67518.55). Numbers are the percentage of
trees in which the associated taxa are clustered together (shown next to the branches).
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Amdoparvovirus genus was analyzed in this study as fully as was found in the GenBank and in
the literature: a total of 345 VP2 sequences, some of which were deduced from genome nucleotide
sequences. It is mentioned above that ten years ago the Amdoparvovirus genus had only two species.
Today, there are already 11 species in this genus [6], which are fully represented in this study (Figure
3). The full history of the introduction and renaming of all species can be seen on the website of the
ICTV [6].

The analysis of this study showed that about two-thirds of strains and isolates known so far as
Amdoparvovirus carnivoranl could actually be considered as Amdoparvovirus carnivoranl. This
group of Amdoparvovirus carnivoranl representatives is clustered into a large phylogenetic branch
with minor substitutions per site (Figure 3, 4). Some groups can be highlighted among them: Danish
I[-II1, Finnish I, Canadian I-III, Russian, G, and LN1-TR groups, which can probably be considered as
subspecies of Amdoparvovirus carnivoranl. Individually branched HB-5/China and Utah/USA isolates
may also be the basis for new subspecies of Amdoparvovirus carnivoranl in the future (Figure 4).

About one-third of the remaining Amdoparvovirus strains and isolates classified to date as
Amdoparvovirus carnivoranl can probably be considered as not Amdoparvovirus carnivoranl species.
To further emphasize that their classification needs to be revised, these strains and isolates are not
labeled as Amdoparvovirus carnivoranl in Figures 3 and further. It will be described below which of
these representatives are allocated to independent groups with the perspective of isolating them into
independent species and which have joined already existing species, different from Amdoparvovirus
carnivoranl.

Onwards, on Figure 5(A), it can be seen that only MAPT17 and BCWM-1 strains, also known as
Labrador amdoparvovirus 1 and British Columbia amdoparvovirus, respectively, are currently
classified as Amdoparvovirus carnivoran6 and Amdoparvovirus carnivoran8 species, respectively.
The other six representatives are classified as the Amdoparvovirus carnivoranl according to ICTV.
However, phylogenetic analysis showed that these six strains and isolates were clustered together with
Amdoparvovirus carnivoran6 and Amdoparvovirus carnivoran8 in one clade (Figure 3, 5(A)). (See
“Materials and Methods” about variants of Amdoparvovirus carnivoran8.) Therefore, all these strains
and isolates, together with MAPT17 and BCWM-1, classified as Amdoparvovirus carnivoran6 and the
Amdoparvovirus carnivorand, respectively, are designated in this study as one Amdoparvovirus
carnivoran6,8 group (Figure 3, 5(A)). Another point of the debate in this regard is the TH37/Canada
strain, or Labrador amdoparvovirus 1, classified as Amdoparvovirus carnivoran6 too, according to
ICTV, together with the mentioned MART17/Canada strain. However, in this study, these strains
branched off separately from each other (Figure 3, 5(A)). Moreover, these two strains (TH37 and
MART17) have different hosts: red fox (Vulpes vulpes, Canidae) and American marten (Martes
americana, Mustelidae), respectively (Figure 3, 5(A)). Therefore, although these two strains
(TH37/Canada and MART17/Canada) are both classified so far as Amdoparvovirus carnivoran6, they
should be classified as different species. One of them (the mentioned MART17/Canada strain) united
in this study in one Amdoparvovirus carnivoran6,8 group. Another one (the TH37/Canada strain) can
probably stay as Amdoparvovirus carnivorané.
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KT878961.1/strain WH25/MNeovison vison/Canada/cd2014
MT770842 Vistrain WM7/Neovison vison/Canadalcd2016
MT770843 1istrain WM39/Neovison visoniCanadalcd2018
MT770845.1/strain WMCC3/Neovison vison/Canadal/cd2016
MT770846.1/strain WTF3//ulpes vulpes

KJ174164 1iisolate AMDV-Rus17/mink/Russia

MG821257 1/strain HYS1iNeovison vison/Finland/cd2008
MGB21256.1/strain HY47/Neovison vison

C Amdoparvovirus carnivoran10 group

a5  iSolate DL{LN}-4/farmed mink/China/cd2012(Wang et al.2014)

isolate SD-1/farmed mink/Chinalcd2012(Wang et al 2014)
isolate SD-3farmed minkiChina/cd2012(Wang etal.2014)
isolate HB-3farmed mink/China/cd2012(Wang et al.2014)
isolate HB-4farmed mink/China/cd2012(Wang et al.2014)
MF444152 1iisolate HLI2/minkiChina/cd2015
KT329428.1/isolate Beijing/Mustela vison/China/cd2015
MF362628 1fisolate HLJ2/mink/China/cd2015
MF444154 1iisolate JL3/minkiChinalcd2015
MG821258.1/strain HY181/Neovison vison/Finlandicd2008
—— strain DL1/farmed mink/China/cd2009/(Sang et al. 2012)
MF362627 1iisolate HLJ1/minkiChina/cd2015
GU183265.1/isolate ADV-LN2/mink/Chinal/cd2009
MG821264.1/strain HY458/Neovison vison/Finlandicd2013

L MG821263 1/strain HY456/Neovison vison/Finlandicd2013
strain SD2farmed mink/China/cd2010/(Sang et al. 2012)

Isolate JL-2/farmed mink/China/cd2012(Wang et al.2014)
MG821258.1/strain HY235/Neovison vison/Finland/cd2009
MG821245. 1/strain FIN16/F16/Neovison vison/Finland/cd2016
isolate HB-2farmed mink/China/cd2012(Wang et al.2014)

g | isolate HLJ-2/farmed mink/China/cd2012(\Wang et al.2014)

isolate HLJ-3farmed mink/China/cd2012(Wang et al.2014)
isolate HLJ-4farmed mink/China/cd2012(Wang et al.2014)
isolate HE-1/farmed minkiChina/cd2012(Wang et al.2014)
isolate JL-1farmed mink/China/cd2012(Wang et al.2014)
isolate HLJ-1farmed mink/China/cd2012(Wang et al.2014)
isolate HLJ-5farmed mink/China/cd2012(Wang et al. 2014)
strain JL1/farmed mink/China/cd2011/(Sang etal. 2012)
strain HLJ1/farmed mink/China/cd2010/(Sang et al. 2012)
MF285607 1fisolate Harbin/Neovison vison/Chinalcd2018

0,050

Figure 5. Subtrees of Amdoparvovirus carnivoran6,8 (A), Amdoparvovirus carnivoran9
(B), and Amdoparvovirus carnivorani( (C) groups. Numbers, cd, *, ** and underlines as

in Figures 2—4.

vision/Canadai/cd2015/Amdoparvovirus carnivoran8/variaint 4

ON375541.1/British Celumbia amdoparvovirus/strain BCWIM-1/Neogale vision/Canadalcd2015/Amdoparvovirus camivorand/variaint 5

MGB21261.1/Aleutian mink disease parovirus 2istrain HY327MNzovison visonFiniandieaz0 10l Amdoparvovirus carnivoran9

KYG80280.1/Aleutian mink disease parvovirus 3istrain LMisolate He|\angjlanglmlwcmnafczzmdAmepaNOVl‘ﬂls carnivoran10

Amdoparvovirus carnivoran8

WMT770848 1iLabrader amdopanvovirus 1/strain MART17/Martes americanaiCanadaica2017/Amdoparvovirus carnivoran6

Further about Amdoparvovirus carnivoran9 and Amdoparvovirus carnivoranl( groups. There are
Aleutian mink disease parvovirus 2 and Aleutian mink disease parvovirus 3 species (or HY327 and
LM strains, respectively) within them, which are renamed according to ICTV Amdoparvovirus
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carnivoran9 and Amdoparvovirus carnivoranl(, respectively. However, the other eight and thirty
strains, respectively, that branched off with them are still classified by ICTV as Amdoparvovirus
carnivoranl (Figure 3, 5(B, C)). Therefore, their classification should also be revised, and these
representatives should be considered as Amdoparvovirus carnivoran9 and Amdoparvovirus
carnivoranl (), respectively.

The next groups of strains, Dutch-Polish (14 strains) and Danish IV (13 strains) groups, which are
also classified as the Amdoparvovirus carnivoranl to date, emerged as the big paraphyletic group
manifesting separately from the actually considered Amdoparvovirus carnivoranl representatives in
this study (Figure 3, 6(A)). This group certainly cannot be classified as Amdoparvovirus carnivoranl.
It is proposed herein to unite them as the Amdoparvovirus carnivoranll group.

The same situation exists with the Finnish II (11 strains) group, which is named herein as the
Amdoparvovirus carnivoranl2 group (Figure 3, 6(B)). The other smaller clade of the China I (8 isolates)
group is named as the Amdoparvovirus carnivoranli3 group (Figure 3, 6(C)). In addition, Utah I (4
strains), China II (2 isolates), China III (2 strains), and China IV (2 strains and 1 isolate) groups branch
out separately. All these groups can probably also be considered new species of the Amdoparvovirus
genus, as well as single representatives of their branches: K (or ZK8), SD4/China, HY454/Finland,
DL2/China, Far East/Russia, and Stahl/USA (Figure 3).

The remarkable discovery was made about the Stahl/USA strain classified as Amdoparvovirus
carnivoranl to date. This strain manifests itself as the ancestor for all species and groups of
amdoparvoviruses, which have American mink (Neogale vison, Mustelidae family) as the primary host
(Figure 3). The Stahl/USA strain also appears to be the ancestral strain for the TH37/Canada strain
(known also as Labrador amdoparvovirusl and Amdoparvovirus carnivoran6), which already has the
red fox (Vulpes vulpes, Canidae family) as the host and branches off in the second branch after the
Stahl/USA strain. Further, the Stahl/USA strain itself has Amdoparvovirus carnivoran4 as the ancestral
species, which has the striped skunk (Mephitis mephitis, Mephitidae family) as the host (Figure 3,
7(A)). Such position of the Stahl/USA strain in the tree leads to some conclusions. It looks like this
strain is the turning point in the evolution of the Amdoparvovirus genus and in the transmission of
amdoparvoviruses from one of the Mustelidae hosts (striped skunk) to another (American mink).
TH37/Canada strain with the canid host (red fox) branches off among branches that have mustelid
hosts (striped skunk and mink). It says that the inclusion of switching to the host of different families
here in the tree indicates easy adaptation of the virus to the hosts during close contacts between host
species in natural habitats. Host switching inclusions also appear at other points of the tree (Figure 4,
5(A, B), 7(B)).
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A Amdoparvovirus carnivoran11 group

{ KY997038.1%/strain AMDV mink-f ML 473/Netherlands/cd2016
KY997036.1%/strain AMDY mink-f ML 47 1/Metherlands/cd2016
KY997040.1*/strain AMDY mink-f NL 483/Metherlands/cd2016

KY397039 1*/strain AMDV mink-f ML 481/Metherlands/cd2016
KY397051.1*/strain AMDV mink-f PL 459/Poland/cd2016
KY997037.17/strain AMDV mink-f ML 472Metherlands/cd2016
KY997055 1*/strain AMDV mink-f PL 459/Polandicd2016 .

KY997054 1*/AMDY mink-f PL 467/Poland/cd2016 Dutch-Polish group
KY997044 1%/strain AMDY mink-f PL 425/Poland/cd2016
KY997045 1*/strain AMDY mink-f PL 427/Poland/cd2016
KY997053.1*/strain AMDV mink-f PL 464/Poland/cd2016
=2 L KY887050.1*/strain AMDY mink-f PL 458/Poland/cd2016
KY397048.1%/strain AMDY mink-f PL 454/Poland/cd2016
@ L KY397047 1%/strain AMDY mink-f PL 453/Poland/cd2016
2 — KY996938 1%/strain AMDV mink-f DK 149/Denmarkicd2015
{ KY99E937.1%/strain AMDY mink-f DK 148/Denmark/cd2015
KY996938 1*/strain AMDV mink-f DK 150/Denmark/cd2015
|[— KY996943.1%/strain AMDV mink-f DK 156/Denmarkicd2015

|
KY995988 1*/strain AMDY mink-f DK 303/Denmark/cd2015

{ KY995954.1*/strain AMDY mink-f DK 167/Denmark/cd2015 .

Danish IV group
F KY996881.1%/strain AMDY mink-f DK 283/Denmarkicd2015
KY395952. 1*/strain AMDV mink-f DK 165/Denmark/cd2015

5 ¢ KY998950.1%/strain AMDY mink-f DK 163/Denmark/cd2015
KY996945 1*/strain AMDV mink-f DK 158/Denmarkicd2015
KY995947 1*/strain AMDY mink-f DK 160/Denmark/cd2015
KY996948.1*/strain AMDY mink-f DK 161/Denmark/cd2015

& | KYQ98846.1%/strain AMDV mink-f DK 159/Denmark/cd2015

B Amdoparvovirus carnivoran12 group = Finnish Il group

MGE21254 1/strain FIN17/F33/Meovison vison/Finland/cd2017
MGE21253 1/strain FINAT/F32Meovison vison/Finland/cd2017
MGE21246 1/strain FIN1T/F24/MNeovison vison/Finland/cd2017
MG821249 1/strain FIN17/F27/Neovison vison/Finland/cd2017
MGE21248 1/strain FINA7/F26/Meovison vison/Finlandicd2017
MGE21247 A/strain FINAT/F25Meovison vison/Finland/cd2017
MG821251.1/strain FIN17/F29/Neovison vison/Finland/cd2017
“ MG821255 1/strain FIN17/F34/Neovison vison/Finland/cd2017

MGB21250.1/strain FIN17/F28/Meovison vison/Finland/cd2017
MGE21236.1/strain FIN15/F3/Meovison vison/Finland/cd2015
MG821235.1/strain FIN15/F2/Neovison vison/Finland/cd2015

C Amdoparvovirus carnivoran13 group = China | group

1solate DL(LM}-5farmed mink/China/cd2012(Wang et al. 2014)

isolate JL-3/farmed minkiChina/cd2012(Wang et al.2014)

isolate SD-5farmed mink/China/cd2012(Wang et al.2014)
isolate SD-4farmed mink/Chinal/cd2012{(Wang et al.2014)
isolate SD-2farmed mink/Chinalcd2012{Wang et al.2014)
GU269892 1ifisolate ADV-LN3/mink/Chinal/cd2009
GU183264 1/iisolate ADV-LN1/mink/China/cd2009
MF444153.1/isolate JL2/mink/China/cd2015

0,050

Figure 6. Subtrees of Amdoparvovirus carnivoranll (A), Amdoparvovirus carnivoranl?2
(B), and Amdoparvovirus carnivoranl3 (C) groups. Numbers, cd, * and ** as in Figures

2,3.
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A Amdoparvovirus carnivorand/host Mephitis mephitis (striped skunk)

s — OLBBIBTS 1/Camivore amdoparvovirus 4fisolate ON SSK5/Canada
m 0L889876.1/Carnivore amdoparvovirus 4fisolate ON SSK6/Canada
OL8B89879.1/Carnivore amdoparvavirus 4fisolate ON 33K4/Canada
0L889874.1/Carnivore amdoparvovirus 4/isolate OM SSK3/Canada
L OLB89878.1/Carnivore amdopanvovirus d4fisolate ON SSK7/Canada
0Q294046.1/Amdoparvovirus carnivorandfisolate GER-5521-16/Germany/cd2016
(OLB89860.1/Carnivore amdoparvovirus 4fisolate NS SKSP1/Canada

4,? 0OL889857 1/Carnivore amdopanvovirus 4fisolate BC 5K29/Canada
OLBB9&61.1/Carnivore amdoparvovirus 4fisolate ME S39/USA

0L889862.1/Camivare amdopanovirus 4isolate ME S37/USA Amdoparvovirus carnivorand
01889858 1/Carnivore amdoparvovirus 4fisolate BC SK10/Canada

K3x981923 1/Skunk amdopanvovirus/strain SK-23iCanadaicd2014

KX981922 1/Skunk amdoparvovirus/strain SK-16/Canadalcd2014
K2(981924.1/Skunk amdoparvavirusistrain SK-24/Canadalcd2014
KX(981920.1/3kunk amdoparvavirusistrain SK-1/Canadalcd2011
0L889870.1/Carnivore amdopanovirus dfisolate CA S6IUSA
OLB8B9866.1/Carnivore amdopanvovirus 4fisolate CA S20/USA
(OLB89869.1/Carnivore amdoparvovirus 4fisolate CA S10/USA
0OL889856 1/Carnivore amdoparvovirus 4fisolate CA S12/U8A

=21 0L889868.1/Carnivore amdoparvovirus 4fisolate CA S22/USA

B Amdoparvovirus carnivoran3iprimary host Nyctereutes procynoides (raccoon dog)

KJ396347 1/Racoon dog and fox amdoparvavirusiisolate HS-R/China/cd2012

KU500803.1/Raccoon dog amdovirusfisolate H/China/cd2015

KJ396349 1/Raccoon dog amdovirusfisolate QA-RFMyctereutes procyonoides or Vulpes lagopus/Chinalcd2012
KJ396350.1/Raccoon dog amdovirus/strain XQ-JLR/Chinalcd2013

MT498601.1/Raccoon dog amdovirus/strain RDAMIChinalcd2015

K.J396348.1/Raccoon dog amdovirusiisolate HC-R/Chinalcd2012 Amdoparvov.'rus cam.’voran3
OM451166.1/Raccoon dog amdovirusfisolate HeB-MO1/Chinalcd2020
0OM451163.1/Raccoon dog amdovirus/isolate SD-G1/China/cd2021
0OM451165.1/Raccoon dog amdovirus/isolate SD-MO4/Chinalcd2021
@ | OM451164.1/Raccoon dog amdaovirusfisolate SD-MO3/China/cd2021

C Amdoparvovirus carnivoran5,7 group/host Ailurus fulgens (red panda)

0OK533472.1/Carnivore amdoparvovirus Sisolate RPAY.Bra2/USA/icd2018

KT878839.1/Red panda amdoparvovirusisolate amdo-CA1USACd2015

@ |: MZ357129.1/Red panda amdopanvovirus/isolate Rpin315amdo03-12/Chinalcd2019 Amdoparvow’rus carnivoran5
MZ357120.1/Red panda amdoparvovirusfisolate Rpk130amdo01-8/Chinalcd2020

MZ3574127.1/Red panda amdoparvovirusfisolate rpf013amdo01-5/Chinalcd2020

MZ357124.1/Red panda amdoparvovirus 2iisolate patienti2amdodi-4/Chinacaz01s/ Amdoparvovirus carnivoran?

MZ357126.1/Red panda amdoparvovirusfisolate Rp331-324amdo-12/Chinal/cd2019

MZ357128.1/Red panda amdoparnvovirusifisolate Rpf114amdo02-8/Chinalcd2020 Amdoparvowms camfvorans

MZ357125.1/Red panda amdoparvovirus/isolate patient13amdo01-4/Chinal/cd2020

0,050

Figure 7. Subtrees of Amdoparvovirus carnivoran4 (A), Amdoparvovirus carnivoran3 (B),

and Amdoparvovirus carnivoran$,7 (C). Numbers, cd, *, ** and underlines as in Figures
2-4.

Further along the tree. It can be seen that Amdoparvovirus carnivoran5 and Amdoparvovirus
carnivoran? are clustered together (Figure 3, 7(C)), and they have one host: red panda (4ilurus fulgens,
Ailuridae). Therefore, these two species should probably be considered as one species. They are united
as the Amdoparvovirus carnivoran35,7 group in this work.

Representatives of Amdoparvovirus carnivorand, Amdoparvovirus — carnivoran3, and
Amdoparvovirus carnivoran2 branch off without unexpectedly appearing in different branches of the
tree (Figure 3, 7(A, B)). Their branch structure of the tree supports the new species predictions made
in this study.
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The remarkable discovery of Amdoparvovirus chiropteranl and introducing this species into the
Amdoparvovirus genus that has the bat host (the straw-colored fruit bat, Eidolon helvum,
Pteropodidae family) [39] is the evidence that bats play not the least role in the evolution of
amdoparvoviruses. The analysis in this study reveals that all hosts of the Amdoparvovirus genus are
carnivoran mammals, except for Amdoparvovirus chiropteranl, which has the chiropteran mammal as
the host (the straw-colored fruit bat). This species is the first branch in the evolutionary tree after
protoparvovirus species (Figure 2, 3, Supplementary Figure 1). So that, the Amdoparvovirus
chiropteranl can be considered as one of the main ancestral species for all amdoparvoviruses. It is
known that several important viruses, including protoparvoviruses, cause disease outbreaks associated
with bats [40—42]. Because of this, the discovery of Amdoparvovirus chiropteranl can be considered
a sequential event for amdoparvoviruses, and bats can be considered as playing a significant role in
transmission of the virus from protoparvoviruses to amdoparvoviruses.

Furthermore, all phylogenetic groups proposed in this study as separate Amdoparvovirus species
have only one primary host. Three species (Amdoparvovirus carnivorand, Amdoparvovirus
carnivoran3, and Amdoparvovirus carnivoran2), which have no addition suggestions about their
classification in this study, have one host each too. Therefore, the primary host for Amdoparvovirus
species should be considered as the important feature for their classification.

4. Conclusions

First, the global phylogenetic analysis of the full VP2 protein sequences of the Amdoparvovirus
genus in this study more fully assessed the phylogenetic relationships of amdoparvoviruses. The
analysis showed that about two-thirds of strains and isolates known so far as Amdoparvovirus
carnivoranl could actually be considered as Amdoparvovirus carnivoranl. Some groups among them
should be highlighted, which could probably be considered subspecies of Amdoparvovirus
carnivoranl. Second, the analysis showed that about one-third of Amdoparvovirus strains and isolates
currently classified as Amdoparvovirus carnivoranl should probably not be considered
Amdoparvovirus carnivoranl, but rather new, distinct species or joined already existing species,
different from Amdoparvovirus carnivoranl. Third, the primary host is the important feature during
the classification of Amdoparvovirus species. Fourth, bats play the significant role in the transmission
to the Amdoparvoviruses genus.
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