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Abstract: The family Parvoviridae includes an ample and most diverse collection of viruses. Exploring
the biological diversity and the inherent complexity in these apparently simple viruses has been
a continuous commitment for the scientific community since their first discovery more than fifty
years ago. The Special Issue of ‘Viruses’ dedicated to the ‘New Insights into Parvovirus Research’
aimed at presenting a ‘state of the art’ in many aspects of research in the field, at collecting the
newest contributions on unresolved issues, and at presenting new approaches exploiting systemic
(-omic) methodologies.

Keywords: parvovirus; structural biology; genetics; oncolytic viruses; antivirals

1. Introduction

The family Parvoviridae includes an ample and most diverse collection of viruses. According to
formal taxonomy [1], viruses in the family are all characterised by a linear ssDNA genome, 5-6 kb, and
a small icosahedral capsid, 2025 nm. The host range comprise both invertebrate and vertebrate hosts,
giving rise to the main division into the two subfamilies, respectively Densovirinae and Parvovirinae.
Further, different genera are recognised within these subfamilies, based on sequence homologies,
reflective of evolutionary relationships. In fact, apart from the more general shared properties, a
prominent feature is the ample diversity that can be observed between the members of the different
genera regarding structure, genome organization and expression, virus—cell interaction, and impact on
the host.

Exploring the biological diversity and the inherent complexity in these apparently simple viruses
has been a continuous commitment for the scientific community since their first discovery more than
fifty years ago. In addition, the translational implications of research on parvoviruses are relevant.
Within the family, some viruses are important human and veterinary pathogens, in need of reliable
diagnostic methods and efficient therapeutic, antiviral strategies. Rodent parvoviruses have long
been studied not only as model systems, but also as tools for oncolytic therapy. Adeno-associated
viruses (AAV) have found their way as sophisticated gene delivery vectors and begin now to display
successfully their wide and expanding applicative potential.

The Special Issue of ‘Viruses’ dedicated to the ‘New Insights into Parvovirus Research’ aimed
at presenting a ‘state of the art’ in many aspects of research in the field, at collecting the newest
contributions on unresolved issues, and at presenting new approaches exploiting systemic (-omic)
methodologies. Evolution, structural biology, viral replication, virus-host interaction, pathogenesis
and immunity, gene therapy, and viral oncotherapy are a selection of topics that have been addressed
in articles collected in this Special Issue.

2. The Articles in the Special Issue

Studies on the structural biology of viruses in the family can now collect the results of more than
twenty-five years of active research, and about 100 structures resolved at high-resolution level are
deposited and available. In this Special Issue, all related information is summarised and discussed in a
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landmark review paper [2]. Presently, the structures of representative viruses of all the different genera
in the family are known, and information on capsid-receptor and capsid—-antibodies interactions is
accumulating. The importance of knowing at atomic level the topology of the capsid shells of these
viruses allows for structure—function studies and has critical implications in several instances. First,
when considering the tropism of viruses, this allows studying in detail the virus-host cell interactions,
also, as a basis for a rational engineering of viruses as oncolytic agents or transduction vectors. Then,
such information allows dissecting the capacity of the immune system to recognise and neutralise
viruses, a protective effect against viral diseases but a potential problem when considering the use of
virus-derived biologics. The common limitation to these studies is the still-unresolved structure of the
VP1 unique region, a fractional moiety in the capsid, with a likely flexible and disordered structure,
critical for viral infectivity because of the associated phospholipase activity. A novel enzymatic activity
associated with this moiety in AAV2 is now presented in a paper in this collection [3].

Next-generation sequencing (NGS) technologies are now frequently in use and contribute
effectively to the discovery of novel viruses in the family, as well as to the definition of their
evolutionary relationships. Actually, the family picture of viruses in the family is continuously
expanding, and new contributions are presented in this issue too. A most intriguing topic is the
growing identification of members in the Chappaparvovirus genus, and chiefly the resulting inference of
an ancient evolutionary divergence of members of this genus from other genera in the family, based
both on genomic and structural comparative data [4]. A taxonomic reassessment of subdivisions in the
family will be required to incorporate this novel information, and more upcoming work will certainly
elucidate the characteristics of this group of viruses. Additionally, metagenomics sequencing led to
the identification of a novel bocavirus in ungulates [5], a chappaparvovirus species in dogs [6] and a
densovirus infecting acari [7]. On the other hand, molecular phylodynamics continues to yield valuable
information, as in the study on spread and evolution of Carnivore protoparvovirus 1 reconstructed
based on NS1/NS2 protein sequences [8]. As is always the case, metagenomics identification of viral
sequences in biological samples tells us little about the ecology and potential pathogenetic role of a
newly discovered virus, so that epidemiological and correlation studies should be required. In this
issue, such a question has been addressed about the recently identified equine parvovirus-hepatitis,
raising a concern about its possible transmission through contaminated human and veterinary medical
products [9].

Novel technologies also allow a deeper and systemic inspection of the genetics and expression
profile of viruses within infected cells. The methylation status of the AAV2 genome is presented
in [10], showing a difference between packaged or integrated genomes and an inverse correlation with
the capability of integrated genomes to be rescued. Epigenetic regulation of parvoviruses is a topic
only rarely addressed, but that possibly would merit more attention when considering the long-term
relationship of these viruses to their hosts. The transcription map of Bombyx mori bidensovirus has been
thoroughly investigated and presented [11]. The transcriptome of Human Bocavirus 1 in polarised
airway epithelial cells [12] has been analysed by comprehensive RNAseq, and, in this case, the use of
NGS and combination of transcript mapping and quantitative analysis could yield a full insight into
viral replication dynamics and expression. The aim now at hand by the application of next generation
techniques is to obtain comprehensive paradigms to characterize a viral lifecycle and to interpret the
effects of the virus within infected cells, possibly at single-cell level.

The initial phases of virus—cell interaction are a relevant matter of investigation. The interaction of
Junonia coenia densovirus with the midgut barriers of caterpillars has been analysed in detail, to yield a
picture of the initial phases of infection that involve binding to host glycans and later disruption of the
peritrophic matrix, as presented in [13]. Concerning the human pathogenic parvovirus B19, its very
selective tropism for erythroid progenitor cells critically depends on the presence of a specific receptor
for the VP1 unique region, but the subsequent steps that are also critical to the outcome of infection still
need to be further characterised. The contribution in this issue [14] provides evidence for a coordinated
translocation of viral nucleocapsids and genome uncoating in the nucleus of infected cells.
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Regarding translational issues, in addition to the engineering of AAVs as very successful gene
transduction vectors, there is a long record of studies on the use of protoparvoviruses as oncolytic
agents. Two excellent reviews summarise and address the complex issues [15,16] of the potential of
protoparvoviruses as oncolytic viruses, describing their characteristics, the known mechanisms of
oncolytic and oncosuppressive activity and in particular, how the interplay and cooperation with the
host immune system can affect the control of tumours. After so many years of basic research, the first
clinical applications of oncolytic parvovirus begin to yield promising results, this in turn prompting for
further research to improve the anticancer profile of these agents. A different experimental approach
is presented in [17], where the cytolytic properties of parvovirus B19 NS1 protein towards erythroid
progenitor cells are exploited in a context of an Adenovirus-derived transduction vector, to obtain a
selective oncolytic activity against megakaryocytic leukaemia cells.

The pathogenetic role and clinical implications of human parvoviruses are addressed in two
studies presented in this collection, about the role of human bocaviruses and parvovirus B19. In an
observational study [18], a significant association of human bocaviruses to gastroenteritis is reported,
thus further expanding their clinical involvement in addition to the established association with
respiratory tract infections. In a systematic review and meta-analysis study [19], the significance of
the detection of parvovirus B19 genomes in endomyocardial biopsies of patients presenting with
myocarditis or dilated cardiomyopathy is discussed. This review should be regarded as a very useful
contribution to a long debated and far from settled issue. From such meta-analysis, the conclusion is
that the mere detection of viral genomes is just indicative of the propensity of B19 to establish long-term
persistence in tissues [20], and that implication as a causative agent in cardiomyopathies needs to be
supported by some reliable evidence of biological activity of the virus.

Furthermore, concerning a role of parvovirus B19 in the development of cardiomyopathies,
the possible effect of telbivudine in reducing the damage to endothelial progenitor cells caused
by the presence of B19 is presented [21]. Telbivudine is an RT-enzyme inhibitor used as an
antiviral in treating HBV, thus the protective effect against B19-derived cell damage is an unexpected,
cell-targeted, and non-selective activity, a result prompting for further research in this field. More
in general, parvovirus B19 is the most pathogenic virus to humans, responsible for a wide spectrum
of clinical manifestations whose outcomes depend on a close interaction between the virus and the
physiological and immunological condition of the infected individuals. Apart from the need for
reliable diagnostics [22], there is an urgent need for antiviral treatments that might go beyond simple
supportive or replacement strategies. The review in this issue [23] presents the recent results in this
field, that led to the first identification of compounds with antiviral activity against parvovirus B19.
These comprise retargeted drugs such as hydroxyurea, broad range antivirals such as cidofovir or its
derivative brincidofovir, and novel compounds identified in drug-discovery screening experiments,
such as some coumarin or flavonoid derivatives. This research, aimed at closing the gap with respect
to antivirals available against other DNA viruses, thus, begins to yield interesting results, prompting
for further discoveries meeting clinical needs.

3. Conclusions

As a conclusive remark, the collection of articles in this Special Issue devoted to ‘New Insights into
Parvovirus Research” and contributed by distinguished researchers should be regarded as significant
for two main reasons, among others. First, some of the articles effectively present a ‘state-of-the-art’
overview in some main topics. Then, many articles show how the application of new methodologies,
including but not limited to NGS, can be functional to the establishment of novel and more general
paradigms in the field. In the near future, research on parvoviruses will certainly yield more answers
to still-unresolved issues.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Parvoviruses, infecting vertebrates and invertebrates, are a family of single-stranded DNA
viruses with small, non-enveloped capsids with T = 1 icosahedral symmetry. A quarter of a century
after the first parvovirus capsid structure was published, approximately 100 additional structures
have been analyzed. This first structure was that of Canine Parvovirus, and it initiated the practice
of structure-to-function correlation for the family. Despite high diversity in the capsid viral protein
(VP) sequence, the structural topologies of all parvoviral capsids are conserved. However, surface
loops inserted between the core secondary structure elements vary in conformation that enables the
assembly of unique capsid surface morphologies within individual genera. These variations enable
each virus to establish host niches by allowing host receptor attachment, specific tissue tropism,
and antigenic diversity. This review focuses on the diversity among the parvoviruses with respect to
the transcriptional strategy of the encoded VPs, the advances in capsid structure-function annotation,
and therapeutic developments facilitated by the available structures.

Keywords: parvovirus; densovirus; single stranded DNA virus; X-ray crystallography; Cryo-EM;
antibody interactions; receptor interactions

1. Introduction

The Parvoviridae are linear, single-stranded DNA packaging viruses with genomes of ~4 to
6 kb. They have a large host spectrum, spanning members of the phylum Cnidaria to amniote
vertebrates. Currently the Parvoviridae is divided into two subfamilies based on their ability to
infect either vertebrates or invertebrates [1]. Viruses infecting vertebrate and invertebrate hosts are
assigned to Parvovirinae and Densovirinae subfamilies, respectively, although the monophyly of the
latter is questioned due to the diversity of members, and new emerging vertebrate viruses close to the
Densovirinae may require a new subfamily (Figure 1).
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Figure 1. Evolutionary relationships of members of family Parvoviridae based on the conserved
NSl tripartite helicase domain. Branches of lineages highlighted in blue indicate the absence of a
phospholipase A, (PLA;) domain in the minor capsid viral protein, VP1. Capsid protein encoding gene
homology is mapped as circles of different colors, where same colored circles indicate homologous
genes (homology search defined, without the incorporation of the PLA; sequence, as whether a protein
sequence gives a hit out of targeted 5000 sequences at an expectation value of 100 by the BlastP
algorithm of the NCBI Blast application [2]). The size of the circle indicates the size of VP1 based on the
scale to the left.

Parvovirus virions possess small non-enveloped capsids with a diameter of 200 to 280 A [3-9].
Their T = 1 icosahedral capsids are assembled from 60 viral proteins (VPs) encoded from the right-hand
side open reading frame (ORF) (Figures 2 and 3). This ORF, also known as cap, encodes up to four
different VPs, depending on genus, of varying length, which all share a common C-terminal region [1].
Generally, the smallest VP, which comprises the common C-terminal region, is expressed at a higher rate
compared to the larger VP forms and is, therefore, considered the major VP. The larger, less abundant
VPs are N-terminal extended forms that contain regions important for the viral life cycle. Among
these are a phospholipase A, (PLA;) domain, a calcium-binding domain, and nuclear localization
signals that are highly conserved in some genera [10-13]. The larger VPs are also incorporated into
the capsid, albeit at low copy number, with the common C-terminus responsible for assembling the
parvoviral capsid. In the different parvoviruses, the shared VP region varies between ~40 to 70 kDa
in size (Figures 2 and 3). This review focuses on the transcription mechanism, and the sequence-
and structure-based homology of the parvovirus VPs, as well as the characteristic features of the
parvoviral capsids. We also discuss structure-function annotation and the use of structure to guide the
development of gene delivery vectors.



Viruses 2019, 11, 362

- [d d
Protoparvovirus | [TRH ns i
]
: [d
Amdoparvovirus | [TRH ns i cap HTRI Size (aa) Weight (kDa
VP1 | 674-630
A} VP2 | 582-647 | -BG6-74 |
—_— ]
Aveparvovirus | ns ca  Size(aa) Weight (Da)
 — — veilerserr [ 77
" — ez s3sase ] 80
Bocaparvovirus | TRH__ ns _ 4mpl cap (TR
V1
VP2, ves
el d
—|Dependoparvovims| [TRH rep i cap TR Size (aa) Weight (kDa)
Vp1| 13758 | <7682
VP2 | 580-601
VP3| 524-544
a = - =
rythroparvovirus | [TrH ns H cap HTRI Size (aa) Weight (kDa
VP1[ 781-820
— ~__Am e [velswEs] e |
Copiparvovirus | ns ca ____ Size(an) Weight (kDa)
i _VP1_899-ICMCI] -87-116 |
= LvP2[ 814617 | -~69
= fd d
Tetraparvovirus | [TRH ns i cap HTRI
R

Figure 2. Cladogram of the subfamily Parvovirinae. The eight genera are shown. The general genome
organization of each genus is shown in the middle with their ORF. The non-structural (NS) protein
expressing genes s or rep are simplified and only the ORF is shown. Below the cap ORF the transcripts
for the expression of the individual VP are shown. On the right side the size and weight of the VPs are
given. Note that the transcription profiles of the Aveparvovirus and Copiparvovirus genera have not
been determined, and thus the sizes of the VPs are based on in silico predictions.
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Figure 3. Cladogram of denso- and chapparvoviruses. The general genome organization and capsid

protein expression strategy are shown. The ns genes are simplified and only the ORF is shown. The

transcription strategy of members of genus Hepandensovirus, as well as of the new, unclassified starfish
densoviruses, have not been determined, thus the sizes of the VPs are based on in silico predictions.

2. Parvovirinae

a

apuliinosua

The Parvovirinae is subdivided into eight genera: Amdoparvovirus, Aveparvovirus, Bocaparvovirus,
Dependoparvovirus, Erythroparvovirus, Copiparvovirus, Protoparvovirus, and Tetraparvovirus (Figures 1
and 2) [1]. As the genus name suggests, the dependoparvoviruses require helper virus functions
for replication [14-18]. All other genera contain members capable of autonomous replication. The
Parvovirinae viral genomes contain two or three ORFs (Figure 2). The left ORF, the ns or rep gene,
encodes a series of regulatory proteins that are indispensable for viral replication. Due to its higher
level of conservation, this gene is used for the classification of parvoviruses into different genera
(Figure 1). The right ORE, the cap gene, encodes up to three VPs that assemble the capsid (Figure 2) [1].
In addition, multiple genera express smaller regulatory proteins, such as nucleoprotein 1 (NP1) by the
Aveparvovirus and Bocaparvovirus encoded near the middle of their genome, or the assembly activating
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protein (AAP) by the Dependoparvovirus, and the small alternatively translated (SAT) and non-structural
protein 2 (NS2) by the Protoparvovirus, encoded within alternative reading frames of the main ORFs.

2.1. Expression of the Parvovirinae VPs Utilizes Different Transcription Strategies

The VPs of the Parvovirinae are encoded in the same orientation as the s or rep gene. Members of
the Amdoparvovirus, Bocaparvovirus, and Erythroparvovirus use the same promoter for the expression
of the NSs and VPs (Figure 2). The Dependoparvovirus, Protoparvovirus, and Tetraparvovirus utilize an
additional promoter located at the 3’ end of the ns/rep gene for the expression of the cap ORF [19,20].
The transcription profiles for Aveparvovirus and Copiparvovirus are unknown. For the expression of the
different VPs, most Parvovirinae members perform alternative splicing of their transcripts or utilize
alternative start codons (Figure 2) [19-25]. Differences in splicing efficiency and leaky scanning during
translation initiation, as well as the utilization of non-canonical start codons, result in the higher
expression of the smallest VP form over the larger N-terminal extended forms (Figure 2) [20-25]. The
translated VPs are translocated to the nucleus, where they assemble into the 60 mer capsid [26,27].
Based on their expression levels, the minor and major capsid VPs are reported to be incorporated at
ratios of 1:10 for VP1:VP2 in capsids containing two VPs, for example, human parvovirus B19, and 1:1:10
for VP1:VP2:VP3 in capsids with three VPs, such as the Adeno-associated viruses (AAVs) [28-31]. For
some Parvoviringe members this process is assisted by additional proteins, such as the AAP of the
dependoparvoviruses or NS2 of the protoparvoviruses [27,32]. The viral genome is reportedly translocated
into pre-assembled empty capsids utilizing the helicase function of NS/Rep proteins [33]. For some
protoparvoviruses, proteolytic cleavage of VP2 following DNA packaging removes ~20 to 25 amino
acids from the N-terminus to create VP3 (Figure 2) [34-37].

2.2. Parvovirinae Genera Display Distinct Capsid Surface Morphologies

The first structure of a parvovirus, that of wild type (wt) canine parvovirus (CPV), a member of
Protoparvovirus, was published in 1991, with the VP structure coordinates deposited in 1993, a quarter
of a century ago [6,38]. Since then numerous other capsid structures, >100, have been determined for
the protoparvoviruses, as well as members of three other (of the eight) Parvovirinae genera, including
complexes with receptors or antibodies (Table 1, Section 2.5, and Section 2.6). The structures of capsids
alone include those of wt as well as variants. The studies have primarily utilized X-ray crystallography,
and in recent years increasingly cryo-electron microscopy and 3-dimensional image reconstruction
(cryo-EM) as the method began to generate atomic resolution structures. The most capsid (no ligand)
structures determined have been for the dependoparvoviruses and protoparvoviruses, for which more
than 20 structures are available, followed by four for the bocaparvoviruses, and one for Erythroparvovirus
(Table 1).
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In all the structures, the N-terminal regions of the larger VP (e.g., VP1u), as well as the N-terminal
20-40 amino acids of the major VP, are not resolved. The N-termini of the larger VPs are believed to be
located on the inside of the capsid and were shown not to affect the overall capsid structure [70]. The
inability to determine the structure of these N-termini is likely due to their flexibility and their low copy
numbers within the capsid. The exception to this was human parvovirus B19, for which low resolution
cryo-EM maps showed density interpreted as the VP2 N-termini [71]. The flexibility resulting in the
N-termini disorder arises from a glycine-rich N-terminal region present in most Parvovirinae (Figure 4).
Furthermore, the low copy number of the minor VPs or a different positioning of the N-terminus of the
different VPs is incompatible with the icosahedral averaging applied during structure determination.
A disorder prediction indicates that the glycine-rich stretch is highly disordered in all analyzed
Parvovirinae, while the VP1u and the overlapping C-terminal VP region are generally more ordered

(Figure 5).
gIEinedcn region
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Figure 4. The N-termini of the major VPs of the Parvovirinae. For each genus a selection of available VP
sequences are shown for the N-terminal 20-50 amino acids. All glycine residues are shown in red.
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Figure 5. Disorder prediction for type members MVMp (red), BPV (pink), AAV2 (blue), and Parvovirus
B19 (orange) VP1 by the PONDR_fit application [72]. Regions above 0.5 on the Y-axis are predicted to
be disordered. Gray line drawings above the images indicate the approximate positions of the VPs.
The regions highlighted in light blue indicate the locations of the surface exposed loops, the tops of
which are defined as variable regions.

The cluster of glycines and associated flexibility likely serve to enable the externalization of VP1u
for the PLA, function contained within [10]. Consistently, in reported Parvovirinae structures, the
first ordered N-terminal residue of the overlapping VP region is located after the glycine-rich region,
and inside the capsid under the only channel in the capsid. This channel, located at the icosahedral
5-fold axis, connects the inside and outside of the capsid (see below) [38,39,47,73,74]. The remainder of
the VP is ordered to the C-terminus in all Parvovirinae structures determined to date.

The CPV structure confirmed the icosahedral nature of the parvovirus capsids with sixty VPs
assembling one capsid via 2-, 3-, and 5-fold symmetry related interactions [6,38,75]. The Parvovirinae
VP structures display significant similarity despite low sequence identities (Table 2). The ordered VP
monomer region consists of a core eight-stranded (BB to pI) anti-parallel 3-barrel motif, also known
as a jelly roll motif, with a BIDG sheet that forms the inner surface of the capsid (Figure 6) [76]. This
(3-barrel is conserved in all parvoviral capsid structures determined to date, as has been reported for
many other viruses. In addition, a fA strand that runs anti-parallel to the 3B strand of the BIDG
sheet, and a conserved helix, xA, located between strands fC and D, are also part of conserved
Parvovirinae core structure (Figure 6). Loops inserted between the -strands of the (3-barrel form
the surface of the capsid. These loops are named after the 3-strands that they connect, for example,
the DE loop connects the D and BE strands. The GH loop that connects the 3G and BH strands is
the largest surface loop consisting of multiple sub-loops (Figure 6). The surface loops contain the
highest amino acid sequence and structural diversity among members of the same genus and between
different parvoviruses in general (Figure 7). Differences at the apexes of these loops are termed variable
regions (VRs), defined as two or more amino acids with Cex positions greater than 1 A apart (for the
dependoparvoviruses) [60] or 2 A apart (for the other Parvovirinae) [46] when their VPs are superposed.
For the VPs of protoparvoviruses, bocaparvoviruses, and dependoparvoviruses nine to ten VRs have
been defined (Figure 7).

Table 2. Sequence identity and structural similarity among Parvovirinae type members.

MVMp BPV AAV2 BI19

MVMp 46.8 54.1 415 T2

BPV 18.6 61.4 49.9 2ER

AAV2 17.4 22,9 62.8 EEE
BI19 14.5 20.1 237 2

VP2/VP3 sequence identity [in %]
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Figure 6. The structure of a VP monomer of CPV (PDB-ID: 2CAS). A cartoon ribbon diagram is shown.
The beta strands (BA to BI, gray), a-helix A (red), interconnecting surface loops (with all secondary
structure elements removed, green), and the N- and C-terminus are indicated. The approximate
icosahedral 2-fold, 3-fold, and 5-fold axis are indicated by an oval, triangle, and pentagon, respectively.
This image was generated using PyMOL [77].
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Figure 7. The VRs of the Parvovirinae. (A) Structural superposition of VP monomers from different
members of Protoparvovirus (left), Bocaparvovirus (center), and Dependoparvovirus. Individual colors for
the ribbons are as indicated. The VRs: VR-I to VR-IX (or VRO to VRS for the protoparvoviruses), the DE,
and HI loops are shown. (B) Location of the VRs, colored as indicated, on the capsid surface of MVMp
as an example for Protoparvovirus (left), BPV for Bocaparvovirus (center), and AAV2 for Dependoparvovirus
(right). The figures were generated using PyMOL [77].
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The locations of the VRs as well as the overall structure of the VP monomer within each genus
and among the Parvovirinae are similar despite sequence identities as low as 15% (Table 2, Figure 7).
The different VR conformations create distinct genus level morphologies for the capsids, although
the capsids have the same overall characteristic features (Figure 8). These include a channel at the
icosahedral 5-fold symmetry axes, assembled by five DE loops, surrounded by a depression, described
as canyon-like, lined by the HI loop located above the neighboring VP’s 3 CHEF strands. The channel at
the 5-fold axes connects the interior of the capsid to the exterior and is believed to play an important role
in most parvoviruses during the viral replication cycle by serving as the route of viral genome packaging,
genome release, and the externalization of VP1u for its PLA; function [70,73]. Secondly, protrusions are
located at or surrounding the icosahedral 3-fold axes assembled by loop/VR contributions from two or
three VP monomers depending on genus (Figure 8). Variable regions IV, VR-V, and VR-VIII from two
3-fold related VP monomers contribute to the three separate protrusions of the dependoparvoviruses
(Figures 7 and 8). Similarly, VR-IV, VR-V, and VR-VIII contribute to the 3-fold protrusions in the
bocaparvoviruses, along with VR-I generating several dispersed peaks. In B19, two separate protrusions
surround the icosahedral 3-fold axes (Figure 8). One of these protrusions is formed by VR-I and VR-III,
the other by VR-VIIL. However, the B19 structure lacks 13 residues within VR-V, which is located
between both protrusions [4]. This region (aa 528-540, VP1 numbering) is predicted to be highly
disordered (Figure 5) and could potentially merge both protrusions. In the animal protoparvoviruses,
where the VRs are defined by Arabic numerals, VRO (VR-I in the dependoparvoviruses), VR2 (VR-III),
and VR4b (VR-VIII) form the single pinwheel 3-fold protrusions (Figures 7 and 8) [46,50,60]. In contrast,
a deletion in VR4b near the 3-fold symmetry axis results in separated 3-fold protrusions for the
bufaviruses (BuVs) (Figures 7 and 8) [39]. Within and among genera, the shape and size of the 3-fold
protrusions vary because of sequence length and conformational loop differences. The variable surface
loops at the 3-fold are reported to mediate the interactions of parvoviruses with different host factors,
including receptors and antibodies (see Sections 2.6 and 2.7) [74]. Thirdly, a second depression is
located at the 2-fold symmetry axes of the capsid (Figure 8). The floor of the depression is lined by a
conserved (within genus) stretch of residues C-terminus of the 3I strand. The shape of the depression,
however, is variable in depth and width within and between genera (Figure 8) due to differences in
side-chain orientations. The 2- and 5-fold depressions are separated by a raised capsid region, termed
the 2-/5-fold wall, which displays structural variability among the Parvovirinae due to conformational
differences in VR-VII and VR-IX. The 2-fold depression serves as a site for glycan receptor interaction
for members of the protoparvoviruses, while the 2-/5-fold wall serves to bind receptors as well as
antibodies for different genera (see Sections 2.6 and 2.7) [74].

Unique to the structure of bocaviruses is a “basket-like” feature underneath the 5-fold axis that
extends the channel further into the interior of the capsid [5,54]. The basket arises from density located
at the N-terminus of the observable VP structure and includes parts of the glycine-rich region [54]. This
ordered density under the 5-fold channel poses a problem with the proposed infection mechanism. The
hypothesis is that at low pH conditions, similar to the environment in the late endosome, structural
rearrangements of the basket occur that open up the 5-fold channel for VP1u externalization for its PLA;
function. Interestingly, the structures of AAVS8, CPV, and feline panleukopenia virus (FPV) determined
at low pH conditions show structural changes at residues and capsid surface loops, although the 5-fold
channel was not reported to be altered [42,64].
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Figure 8. Capsid structures of the Parvovirinae subfamily. A selection of capsid structures is shown
for Protoparvovirus, Bocaparvovirus, Dependoparvovirus, and Erythroparvovirus. The capsid surfaces are
viewed down the icosahedral 2-fold axes and are colored according to radial distance from the particle
center (blue to red), as indicated by the scale bar. The capsid images were generated using Chimera [78].
In the lower right hand side, a symmetry diagram illustrating the positions of the icosahedral symmetry
axes on the capsid surfaces is shown.

2.3. Nucleotides Are Ordered Inside Parvovirinae Capsids Despite Lack of Icosahedral Symmetry

The ordering of nucleotides (nts) inside the capsids of some Parvovirinae is observed despite
the lack of adherence of the single copy of the packaged genome or reporter gene to icosahedral
symmetry. This has been observed for virus-like particles (VLPs) and DNA packaged (full) members of
the dependoparvoviruses and full protoparvoviruses. A conserved pocket under the 3-fold symmetry
axis shows the ordering of one or two nts for multiple AAV serotypes [59,60,63,64,68,69]. Low pH
conditions reduced the ordered DNA density [64]. The loss of the nt density at pH 4.0 suggested
loss of capsid-DNA interaction that serves as one of the steps leading to release of the genome from
the capsid following endosomal trafficking during infection [64]. The ordering of an nt in VLPs
in absence of Rep protein suggests that capsid assembly may require nucleation by an nt for the
dependoparvoviruses [63]. For the protoparvoviruses, large stretches of ordered DNA, 11 ntin CPV [6],
19 nt in minute virus of mice strain i (MVMi) [49,50], and 10 nt in H-1PV [46], have been reported.
The ordering of more nt compared to the dependoparvoviruses may be due to the packaging of only
the negative sense genome in the protoparvoviruses, while the AAV packaging both polarities. The
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ordered protoparvoviruses nts are located within a pocket inside the capsid adjacent to the icosahedral
2-fold axes in all the viruses. This was suggestive of a recognition motif, but a search through the wt
genome of CPV identified matches only when 2-3 nt mismatches were allowed [79]. Thus, the role of
this organized DNA beyond a common binding site in the Parvovirinae is yet to be determined.

2.4. The Structure of Capsid Variants Provide Insight into Function

As listed in Table 1, the structures of several variants have been determined for the Parvovirinae.
The aims of these studies were structure-function understanding of observed biological phenotypes.
The majority of variant structures studied are for AAV2, CPV, and MVM, which are among the best
functionally characterized members of this subfamily. Currently, the highest resolution virus structure
is that of an AAV?2 variant with the leucine at position 336 (VP1 numbering) mutated to a cysteine,
AAV2-1336C, at 1.9 A, obtained by cryo-EM [57]. This mutant has a genome packaging defect and
altered VP1u externalization properties [80]. A comparison of this structure to wt AAV2 identified
a destabilization of the VP N-terminus inside the capsid and the widening of the base of the 5-fold
channel in the variant [57]. This observation supports previous claims that the 5-fold region functions
as a portal of genome packaging and VP1u externalization, and that the correct arrangement of the
residues in the channel plays a crucial role in these functions. The structure of a similar variant
with the equivalent leucine mutated to a tryptophan, was analyzed for MVM, MVM-L172W (VP2
numbering), by X-ray crystallography (Table 1) [51]. This variant was also reported to have a DNA
packaging defect and altered VP1u externalization dynamics phenotype [81]. In the MVM-L172W
structure, the tryptophan blocked the channel and also induced a reorganization of the N-terminus of
VP2 [51]. This suggests that different perturbations in the same structural location can result in a similar
inhibitory phenotype. A second AAV2 variant, AAV2-R432A, also characterized the determinant of
another genome packaging defective virus resulting from a single residue change [82]. In the wt AAV2
structure, this residue is located within the capsid, neither on the inside nor the outside surface, and at
the 3-fold axes. Its side-chain interacts with the main-chain of a surface loop [56]. The AAV2-R432A
structure, also determined by cryo-EM, detailed the propagation of capsid destabilization to distant
sites from R432, including the rearrangement of the A strand and movement of residue side-chains
at the base of the 5-fold channel inside the capsid. The capsid was also less thermally stable than
wt AAV2 [56]. Together, the data suggested that the structure rearrangements and destabilization
resulted in packaging incompetence. The crystal structures of CPV variants, CPV-N93D, CPV-N93R,
and CPV-A300D (VP2 numbering) in Table 1 were studied to understand the juxtaposition of amino
acids controlling tissue tropism and antigenicity [41-43]. These residues form the footprint of the
transferrin receptor and several antibody epitopes [43,83,84]. Furthermore, these studies showed that
amino acid determinants could be localized far apart but function together [41,85].

2.5. Capsid-Receptor Complex Structures

The role of the parvoviral capsid is to protect the packaged genome and to deliver it to the nucleus
of the target cells for the next replication cycle. For the Parvovirinae, glycan receptors, for example
terminal sialic acid (SIA), galactoses, heparan sulfate proteoglycans, P-antigen, and various proteins,
including AAVR, transferrin, laminin, fibroblast growth factor receptor, hepatocyte growth factor
receptor, and epidermal growth factor receptor, serve as receptors [83,86-94]. The structures of several
of the ligands bound to their capsids have been determined. Presently, the number of published
capsid-receptor complex structures at atomic resolution is low (Table 3), but due the recent advancement
of cryo-EM this number will increase. In capsid-glycan complex structures, the receptors are bound at
or around the 3-fold protrusion (AAV2:heparin, AAV-DJ:heparin) [95-97], at the center of the 3-fold
symmetry axis (AAV3:sucrose octasulfate, AAV5:SIA) [98,99], at the base of the 3-fold protrusion
(AAV1:SIA) [100], and in a pocket near the 2-fold symmetry axis (MVM:SIA) [101]. The MVM-SIA
structure was the first to be determined for a receptor complex. Similar to glycans, cellular protein
receptors can bind symmetrical to the capsid, as has been shown recently for the PKD2 domain of AAVR
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to the capsid of AAV2 that interacts with the 3-fold protrusion and the 2-/5-fold wall [102]. However,
larger protein receptors might bind with lower copy number to the capsid surface as observed for
the transferrin receptor to CPV capsids [83]. The CPV-transferrin complex was the first structure
determined for a protein receptor on a parvovirus capsid. The transferrin footprint is located on the
2-/5-fold wall and includes residues 93, 299, and 301 [83,85].

Table 3. Summary of published Parvovirinae capsid-receptor complex structures.

Structure
Virus Receptor Determination Year Resolution in A Reference
Method
AAV2 AAVR Cryo-EM 2019 2.8 Zhang et al. [102]
heparinoid ;
AAV-DJ pentasaccharide Cryo-EM 2017 2.8 Xie et al. [97]
X-Ray
AAV1 SIA Crystallography 2016 3.0 Huang et al. [100]
AAV5 SIA X-Ray 2015 35 Afione et al. [98]
Crystallography ’ b :
sucrose X-Ray
AAV3 octasulfate Crystallography 2012 65 Lerch etal. [59]
AAV2 heparin Cryo-EM 2009 8.3 O’Donnell et al. [95]
AAV2 heparin Cryo-EM 2009 18.0 Levy et al. [96]
CPV transferrin Cryo-EM 2007 25.0 Hafenstein et al. [83]
receptor
X-Ray .
MVMp SIA Crystallography 2006 3.5 Lopez-Bueno et al. [101]

2.6. Capsid-Antibody Complex Structures

The infection by members of the Parvovirinae elicits the host immune response, resulting in both
neutralizing and non-neutralizing antibodies raised against their capsids. In the human population,
the seroprevalence against different members of the Parvovirinae can be high. For example, while the
seroprevalence varies in different regions of the world, up to 80% of adults have antibodies against
B19 [103]. Similar percentages of positivity exist against capsids of different AAV serotypes [104], up to
70% against the human bocaviruses [105], up to 85% against the different BuVs [106], and up to 40%
against human parvovirus 4 [107]. In order to understand the antigenicity of these viruses, the structures
of capsid antibodies (whole IgG or FAb) have been determined using cryo-EM (Table 4, Figure 9).
The resolutions of these structures range from 23 to 3.1 A (Table 4). The lower resolution structures
are sufficient for the identification of epitopes on the capsid surface to confirm by mutagenesis. The
higher resolution structures, e.g., AAV5-HL2476 and B19-human antibody complex, enables analysis
of the capsid—antibody interaction for direct identification of contact residues on both sides, namely
the capsid surface and residues in the CDRs of the antibody if the antibody sequence is available [108].
The complex structures have shown that almost the entire surface of these capsids can be bound
by antibodies, with epitopes across the 2-fold, the 2-/5-fold wall, 3-fold protrusions, and around the
5-fold channel (Table 4, Figure 9). This information can inform the engineering of the capsids variants
(Section 2.7), the development of vaccines against pathogenic members of the Parvovirinae, and for a
better understanding of the viral life cycles, as some antibodies do not neutralize infection or can even
further enhance their infection, as reported for B19 and for Aleutian mink disease parvovirus [109,110].
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Figure 9. Parvovirinae-antibody complex structures. The highest resolution complex structures available
for Protoparvovirus, Bocaparvovirus, Dependoparvovirus, and Erythroparvovirus are shown. The cryo-EM
density maps are viewed down the icosahedral 2-fold axis and are colored according to radial distance
from the particle center (blue to red), as indicated by the scale bar. The FAbs decorating the capsid
surface are in red. The FAbs bind across the icosahedral 2-fold (e.g., CPV:FAbE), the 2-/5-fold wall
(HBoV1:9G12), the 3-fold (AAV5:HL2476), and 5-fold depression (B19:hFab). The images were generated
using Chimera [78]. (CPV: EMD-6629, B19: EMD-9110).

2.7. Engineering of Parvovirus Capsids to Create Biologics

The development of Parvovirinae members as biologics is primarily focused on the engineering
of capsids of members that can be used as viral vectors in gene delivery applications, such as the
AAVs [121], or more recently also bocaviral vectors [122]. For such vectors, a transgene expression
cassette is packaged into the capsids instead of the wt viral genome [123]. These vectors are used to infect
a desired target tissue to achieve long-term expression of the transgene to correct monogenetic diseases.

Following the discovery that AAV capsids become phosphorylated at tyrosine residues after
cell entry subsequently leading to their degradation following lysine ubiquitination, reducing the
transgene expression [124,125], the structural information of the AAV capsids was used to identify
surface exposed tyrosines for modification [126]. Mutational analysis of these tyrosine residues to
phenylalanine led to the development of engineered capsids that showed improved transduction
efficiencies compared to vectors packaged into wt capsids [126]. Subsequent mutation of capsid surface
serine, threonine, and lysines further improved transduction efficiency [127,128]. Another application
of structure information for vector engineering is the modification of AAV capsids to escape pre-existing
neutralizing antibodies utilizing the footprints mapped by cryo-EM. As mentioned above, a large
percentage of the human population possesses anti-capsid antibodies against one or more AAV serotype
due to natural exposures. These pre-existing antibodies bind to the capsids of administered AAV vectors
and disrupt multiple steps required for successful transgene delivery, including receptor attachment,
post-entry trafficking, and capsid uncoating events [129]. To circumvent these inhibitory events,
different strategies have been developed, including the utilization of immunosuppressants [130-133],
the utilization of alternative natural AAV capsids that are not detected by the pre-existing human
antibodies [68], the use of empty capsids as decoys [134], and the structure-guided modification of
the antigenic sites on the surface of the capsids [135]. For the latter strategy, the antigenic sites are
identified using monoclonal antibodies, as mentioned in Section 2.6. By rational design or directed
evolution, these sites can be changed to obtain new variants with escape phenotypes while maintaining
infectivity [108,135,136]. While the majority of capsid engineering has been with AAVs, because of
their high seroprevalence, vectors based on bocaviruses will face similar obstacles and require solutions
to escape pre-existing immunity in the human population.

Another purpose for capsid engineering is the retargeting of vectors to specific receptors or
tissues to restrict the broad tissue tropism of some AAV serotypes [137,138]. This can be achieved by
insertion of specific targeting peptides into capsid surface loops, especially in the apexes of VR-IV and
VR-VIII (Figure 7), e.g., for AAV2 variants 7m8 or r1c3 [138-140], directed evolution for a specific cell
type [141], or structure guided approaches [142]. For some of these engineered AAVs, the structures of
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the modified capsids have been determined, e.g., AAV2.5, the first structure-guided in silico designed
AAV gene delivery vector [58], AAV-DJ, a chimera created through random homologous recombination
followed by directed evolution [67], and AAV9-L001, an AAV9 variant with a peptide lock to prevent
off-target delivery [66].

3. Densovirinae

The Densovirinae encompasses members infecting exclusively invertebrates [143]. Currently,
the subfamily consists of five genera, clustering into two separate lineages; Ambi- and Iteradensovirus
infecting arthropods and echinoderms in the first, and Brevi-, Hepan-, and Penstyldensovirus infecting
various arthropods, e.g., decapod crustaceans and insects in the second lineage (Figure 1) [1].
However, as the number of invertebrate-infecting parvoviruses from diverse host species has increased,
the heterogeneity of the subfamily has become apparent, questioning the monophyly of prior genera,
such as Ambidensovirus [1,13] (Figure 1). The second lineage includes additional, yet unclassified virus
species. These viruses comprise the recently discovered starfish densoviruses of the species Aster rubens
and a vertebrate-infecting parvovirus clade named Chapparvovirus after the Chiroptera-Aves-Porcine
acronym based on the host species where these viruses were first discovered (Figure 1) [144]. Densoviral
genomes vary in organization, unlike the subfamily Parvovirinae, and have a wider size range at
between 3.9 and 6.3 kb. They also have either ambisense or monosense transcription. The left-hand
side ORF contains the 15 gene and expresses up to five proteins [145]. The right-hand side ORF is cap
and encodes up to four VPs (Figure 3). All densoviruses discovered to date are capable of autonomous
replication and pathogenic [1].

3.1. The Densovirinae Utilize Diverse Strategies for VP Expression

Densoviruses, like their vertebrate counterparts, have evolved diverse expression strategies to
overcome the limitation of the coding capacity imposed by their small genome size (Figure 3) [146].
The transcription strategy has been determined for four of the five densovirus genera, and has not been
experimentally derived for the Hepandensovirus or the new starfish densoviruses (GenBank accession
numbers: MF190038 and MF190039). Overall, densoviral transcription relies more on leaky scanning
than the alternative splicing utilized by the Parvovirinae (compare Figure 2 to Figure 3) [143]. This
difference is an adaption to the host because invertebrates possess a lower percentage of alternatively
spliced genes compared to vertebrates [147]. Consistently, the chapparvoviruses mentioned above
(Figures 1 and 3) utilize alternative splicing as the major strategy to express their VPs [148]. As for the
Parvovirinae, the smallest VP is the one with the largest incorporation into the capsid for densoviruses.

The Ambidensovirus display the most variable VP expression strategies, likely because the genus
currently also contains the most members. Because of their unique ambisense genome organization,
the cap gene is located on the opposite strand relative to the ns gene, both driven by the furthest
upstream promoter embedded in the partially double-stranded region of the ITRs (Figure 3). There are
three different VP expression strategies established for this genus [1]. Members of the first group, e.g.,
Galleria mellonella densovirus (GmDV), express a minor capsid VP1 from an unspliced transcript of the
p93 promoter. Three additional VPs, VP2, VP3, and VP4 (major capsid VP), are expressed by leaky
scanning [7,149]. These are reported to be incorporated into the capsid at a 1:9:9:41 ratio [7]. The second
group, including Periplaneta fulliginosa densovirus (PfDV) and Acheta domestica densovirus (AdDV),
has a split cap ORF for the minor capsid VPs joined by splicing of transcripts, with VP2, VP3, and VP4
expressed from leaky scanning of the unspliced transcript in case of AdDV. This results in both VP1
and VP2 having unique N-terminal regions. These VPs are reportedly incorporated into the AdDV
capsid at a 1:11:18:30 ratio. In comparison, both VP1 and VP2 are translated from spliced transcripts
in PfDV (Figure 3) [8,150,151]. The third group, represented by Culex pipiens densovirus of Dipteran
ambidensovirus 1, has four VPs expressed from one unspliced transcript by leaky scanning, giving rise
toa VP1, VP2, VP3, and a small 12 kDa VP4, which is a minor capsid protein with approximately the
same incorporation as VP1. VP2 and VP3 are reportedly equally abundant in the capsid [145].
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The Iteradensoviruses are related to the ambidensoviruses and have a similar VP expression strategy
despite packaging monosense genomes. Although the exact number of VPs expressed is unknown, they
use leaky scanning from the same unspliced transcript (Figure 3) [152]. SDS-PAGE analysis of Bombyx
mori densovirus 1 (BmDV1) show three VPs, VP1, VP2, and VP3 [153]. Penstyl- and Brevidensovirus
transcribe only a single unspliced VP transcript resulting in a single VP that is among the smallest in
the Parvoviridae at 329 aa and 358 aa, respectively [154,155]. In contrast, the Hepandensovirus cap ORF
encodes a large VP1, e.g., with hepatopancreatic necrosis virus having a VP1 of 830 aa from the largest
Parvoviridae genome of 6.3 kb [146,156]. The two recently discovered densoviruses from the starfish
species Aster rubens, closely related to the Hepandensovirus (Figure 3), both encode the largest VPs of
the family, with 983 and 988 aa (GenBank accession numbers: MF190038 and MF190039).

3.2. Densovirinae Capsid Structures Display Distinct Surface Morphology

In contrast to the Parvovirinae, for which numerous capsid structures have been determined
(Table 1), only four crystal structures are available for Densovirinae (Table 5). In addition, two low
resolution structures have been determined using cryo-EM (Table 5). The high-resolution structures
are for Ambidensovirus members GmDV at 3.7 A [7] and AdDV 3.5 A resolution [8]; Iteradensovirus
member BmDV1 at 3.1 A resolution [9]; and Penstyldensovirus member Penaeus stylirostris densovirus
(PstDV) at 2.5 A [157]. Two of these structures, GmDV and AdDV, were determined for DNA packaged
(full) infectious virions. AdDV showed three pyrimindine bases ordered within the luminal surface
at the 3-fold symmetry axis [8]. As previously stated, this ordering is unexpected given the lack of
icosahedral symmetry for the single copy of the packaged genome. The cryo-EM structures are for
Ambidensovirus member Junonia coenia densovirus (JcDV) at 8.7 A resolution [158] and Brevidensovirus
member Aedes albopictus densovirus (AalDV2) at 15.6 A resolution [159].

Table 5. Capsid structures of Densovirinae determined to date.

Structure

Virus Empty /Full Determination  Year Res.oluntlon PDB-ID Reference
in A
Method
Ambidensovirus
AdDV Full X-Ray 2013 35 4MGU Meng et al. [8]
Crystallography : g .
X-Ray .
GmDV Full Crystallography 1998 3.6 1DNV Simpson et al. [7]
JeDV Empty Cryo-EM 2005 8.7 N/A Bruemmer et al. [158]
Brevidensovirus
AalDV2 Full Cryo-EM 2004 15.6 N/A Chen et al. [159]
Iteradensovirus
BmDV1 Empty XRay 2011 31 3P0S Kaufmann et al. [9]
Crystallography ' '
Penstyldensovirus
PstDV Empty XRay 2010 2.5 3N7X  Kaufmann et al. [157]
Crystallography ’ '

Similarly to the Parvovirinae VP structures, a significant portion of the N-terminal region of the
major capsid VP is also disordered in the densoviruses, e.g., 23 aa in GmDV and AdDV, 10 31 aa
in PstDV, and 42 in BmDV1 [7-9,157]. Again, as for the Parvovirinae, disorder predictions for these
viruses show disorder between the N and C-terminus at the glycine-rich region (Figures 10 and 11).
The glycine-rich region is significantly shorter in the densoviruses, e.g., 6 aa in GmDV and 7 aa in
AdDV compared to 12 aa in CPV, but still results in a lack of structure order (Figures 10 and 11).
Interestingly, the BmDV1 structure currently represents the only parvoviral VP structure, where the last

25



Viruses 2019, 11, 362

40 C-terminal residues are also disordered. The C-terminal residue of densoviral VP structures, with
the exception of BmDV1, are positioned near the 2-fold symmetry axis, similarly to the VP structures
of the Parvovirinae, and exposed on the capsid surface [7-9,157].
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Figure 10. Disorder prediction for densoviruses. AdDV (blue), BmDV1 (pink), GmDV (green),
and PstDV (black) VP1. The PONDR_fit application was utilized [72]. Regions above 0.5 on the Y-axis
are predicted to be disordered. The approximate locations of the VPs are indicated in the grey bars
above. In case of AdDV, both VP1 and VP2 have unique N-terminal regions. The regions highlighted in
light blue in the disorder plot indicate the locations of the surface exposed loops, their apexes are VRs.
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MsPVLY MAEEETITPVDAAQEGQEPMDTNRSRGGGSGGGEELE starfish DVs

Figure 11. The N-termini of the major VPs of the Densovirinae. For each genus a selection of available
VP sequences are shown for the N-terminal 20-50 amino acids. All glycine residues are in red.

The core of the densoviral VP is an eight-stranded jelly roll fold with an additional N-terminal
strand, A, and with large loops connecting the strands, as described above for the Parvovirinae
(Figure 12). In the GmDV VP structure, considered the Densovirinae prototype, the EF and GH loops
are further divided into five and four sub-loops, respectively (Figure 12). While the GH loop is the
longest and forms most of the surface features, its length is significantly shorter compared to the
corresponding loop in the Parvovirinae at 97 aa compared to 226 aa in CPV. Similar to the Parvovirinae,
the GH loop is the most variable among ambidensoviruses, although VRs have not been defined,
as has been done for the former viruses [7]. At the 2-fold symmetry axis, similarly to vertebrate
parvovirus VPs, the densovirus structures have an alpha helix («¢A). As a common feature for these
viruses, a second «-helix is contained within the EF loop, with PstDV containing a third helix in the
CD loop (Figure 12) [7-9,157].

An important and differentiating feature of the densoviral VP is the domain swapping observed
at their N-terminus [7-9,157] (Figure 13). The BA strand of the swapped domain interacts with the
2-fold symmetry related VP’s 3B strand rather than the intra VP A and B interaction observed in
the Parvovirinae (Figure 13). Thus, the luminal BBIDG sheet of the jelly roll core is still extended into
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a BABIDG sheet, as in the Parvovirinae, and the first observed N-terminal residue is also positioned
underneath the 5-fold axis, but in this case, under that of the neighboring VP subunit (Figure 13).
In the case of the GmDV VPs, the domain swapping is proposed to create additional hydrogen
bonds with the 2-fold related VP’s BB imparting increased stability [7]. A re-arrangement into an
unswapped conformation is proposed to be required for VP1u externalization, although there is no
experimental proof that this occurs [7]. In contrast to GmDYV, in PstDV the distance between the
swapped N-terminus and the 3B of the neighboring VP is too large to form hydrogen bonds [157],
while in AdDV, the BA contains three proline substitutions compared to GmDYV, P24, P26, and P28,
which makes such interactions impossible. In these two viruses, divalent cations observed at the
N-terminus are hypothesized to confer stability [7,157].

N-term
(tle23)

N-term
[Gly31)

B Jl:BC :c0 [M:pE W :EF :FG :GH [M:HI [:Cterm

PstDV on GmDV

AdDV on GmDV

BmDV on GmDV
- GMmDV  =—=:AdDV ~—:BmDV1 - : PstDV

Figure 12. The densovirus VP structure. (A) Cartoon ribbon diagrams of the ordered common VP
structures of GmDV and AdDV (top), BmDV1 and PstDV (bottom). The first ordered N-terminal residue
and C-terminal residue are labeled. The conserved (3-core and oA helix are colored in black and labeled
in GmDV. Loops and subloops within the large loops are as colored in the key at the bottom and EF and
GH sub-loops are labeled. The approximate 5-fold symmetry axis is marked by a pentagon, the 3-fold
by a triangle, and the 2-fold by an ellipsoid. (B) A GmDV VP structure (Ambidensovirus) superimposed
on the VPs of AdDV (left), BmDV1 (middle), and PstDV (right). Conformational diversity on the
surface loops is evident, especially between GmDV and BmDV, and GmDV and PstDV.
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Figure 13. Multimeric interactions of densoviral and parvoviral VPs. (A) Ribbon cartoon diagrams of
the interactions between BA and B at the 2-fold symmetry axis of GmDV and CPV. The eight-stranded
core, with the additional A, which performs the domain swapping, are colored blue and black. (B)
Interaction of three 3-fold symmetry related VPs for GmDV and CPV. The open annulus-like structure
at the 3-fold axis of the densovirus trimer compared to the more closed arrangement in the vertebrate
parvoviruses is evident. The triangle indicates the 3-fold axis and the pentagon the 5-fold axis.

The sequence identity among the VP monomers of the Densovirinae ranges from ~7% to 20%
(Table 6). The structural similarity is higher and ranges from the value anticipated from the
eight-stranded 3-barrel core and xA helix at 20% to ~70% (calculated by DALI pairwise alignments [160])
between the PstDV and GmDYV from different genera, and GmDV and AdDV from the same genus,
respectively (Table 6). The structural diversity of densoviruses is mostly attributable to the CD, EF,
and GH loops (Figure 12). In the PstDV VP structure, all loops are shorter than in the other three
high-resolution structures due to the smaller size of the VP (Figures 3 and 12). When the GmDV VP
structure is superimposed to that of CPV, up to 148 Cx atoms (36%) are similarly positioned (not shown).
This is remarkable given the lower structure similarities between members of the subfamily (Table 6).
The majority of the residues are located in the core [7].
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Table 6. Sequence identity and structural similarity for densoviruses.

Structural Similarity [%] Derived from DALI Z-Scores
GmDV AdDV BmDV1 PstDV

GmDV T 68.2 456 204

AdDV 20 T 44.2 20
BmDV1 11 10 T 244
PstDV 9.2 9 7

Sequence identity on superposed C-alphas atoms [%]

The overall capsid morphology of densoviruses can be divided into two types: One is a large,
with diameter of ~235 to ~260 A in the depressions and protrusions, respectively, while the other one is
215 to 250 A, being the smallest capsids so far described for the Parvoviridae (Figure 14). For the larger
capsids, including GmDV, AdDV, and BmDV1, the capsid surface is smooth with small spike-like
protrusions surrounding the 5-fold axes. In GmDV the spikes, formed by the EF4 sub-loop, appear
to be smaller compared to BmDV1 and AdDV, due to the protruding GH2 sub-loop filling up the
depression surrounding them. In GmDYV, a smaller second protrusion is formed by the BC loop. There
is a depression at the 2-fold axes (Figure 14). In the second group, containing PstDV and AalDV2
(not shown), there are prominent protrusions surrounding the 5-fold axis, forming two rim-like
concentric circles. The 2- and 3-fold symmetry axes have depressions (Figure 14). Approximating
with capsid size, there is a variance among luminal volume and surface area of densovirus particles
consistent with the range of packaged genome (Table 7).

Radial distance from center (A)
[ .. -
100 140

AAV2 CPVv
(34A) 3A)

Figure 14. Densoviral capsid structures. The capsid surface images of GmDV, AdDV, BmDV1,
and PstDV. The resolution of each structure is in parenthesis. The AAV2 and CPV capsid images are
shown for comparison. The scale bar shows the radial distance (from the capsid center) used for the
images. An icosahedral symmetry diagram indicating the positions of the visible symmetry axes on the
capsid images are shown at the bottom right hand side.
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Table 7. Dimensions, DNA content, and taxonomy of densovirus capsid structures.

Inner Radius Inner Surface Inner Volume Genome Size

(A) Area (nm?) (nm3) (nt) Genus
GmDV 98.7 1223.2 4022.6 6039 Ambidensovirus
AdDV 91.7 1056.2 3227.8 5425 Ambidensovirus
BmDV1 98.7 1224 4027.5 5076 Iteradensovirus
PstDV 87.6 963.3 2811.5 3914 Penstyldensovirus
CPV 92.9 1084.8 3359.5 5323 Protoparvovirus
AAV2 89.9 1014.9 3040.4 4679 Dependoparvovirus

The 5-fold symmetry axis of the Densovirinae, similar to the Parvovirinae, contains a channel with
a direct opening to the surface [7-9,157]. Its size is also similar, at 9 A in diameter in GmDV, which
is the same as for CPV. The inner wall of the channel is lined by large hydrophobic residues in all
four structures, proposed to provide an interacting surface to the glycine-rich stretch of residues
when the N-terminus is externalized. So far, the only densovirus for which PLA2 externalization has
been investigated is AdDV. Meng et al. [8] found that heating of infectious AdDV particles to 70 °C
resulted in increased PLA2 activity accompanied by genome ejection, while capsids remained intact.
Both Simpson et al. and Meng et al. [7,8] speculated that the channel might also become occupied by
stretches of VP2 and VP3 amino acids, although the role of these is currently unknown.

At the 3-fold symmetry axes, a 3-annulus-like structure is present in densoviruses instead of the
protrusions at or surrounding this region observed in the Parvovirinae (Figures 13 and 14). This is similar
to the 3-fold region of (+)ssRNA viruses, such as Tomato Stunt Mosaic Virus of Tomubusviridae [161]
and Southern Bean Mosaic Virus of Solemoviridae [162]. The annulus is formed by charged and flexible
residues, with an ~10-A wide opening in GmDV. This opening is less pronounced in BmDV1 and
shows even less annulus-like appearance in the case of PstDV, where the shorter GH loops do not
interdigitate between neighboring monomers [157].

3.3. Functions Associated with Densoviral Capsid Proteins

Compared to members of the Parvovirinae, little is known about the functions of densovirus VPs
and the available information is mostly based on studies of members of Ambidensovirus. By comparing
the VP4s of two closely related lepidopteran ambidensoviruses, GmDV and JcDV, eight variable,
exposed regions were identified [158]. One of these was located at the 5-fold symmetry axis, in the DE
loop, five in vicinity of the protrusions surrounding it, i.e., the EF1, EF2, and the GH1 sub-loops, one at
the 3-fold axis, and one in the depression at the 2-fold axis. Attempts to mutate residues in JcDV to
their counterpart in GmDYV showed that mutated residues in the GH loop resulted in a decrease of the
ability to cross the host midgut epithelium and a reduction of JcDV virulence if introduced through the
natural, gastro-intestinal pathway [163]. When ex vivo infecting Spodoptera frugiperda hosts, the mutated
virus became mis-targeted and accumulated in subcellular compartments of midgut epithelial cells
instead of reaching their target receptors in the basal tight junctions [164].

Recent experiments on Blattella germanica densovirus 1 (BgDV1) of the genus ambidensovirus
have shown that an in silico predicted, bipartite nuclear localization signal (NLS) in the C-terminus
of all four VPs has an effect on the import of VP monomers to the assembly site located within the
nucleus. In the same viral particles a nuclear export signal (NES) was also identified that is located
in the VP2 unique N-terminal region (VP2u) and was proven to function during nuclear egress of
assembled BgDV1 particles. These results imply that the ambidensoviral VP2u possesses an important
function for intracellular trafficking of assembled progeny virions. For this purpose the VP2u domain
likely needs to be externalized, similarly to VP1u [165]. Interestingly, a functional NLS has been
described at the N-terminus of hepatopancreatic parvovirus (HPV) [166]. Recently the Helicoverpa
armigera densovirus 2 (HaDV2) VPs were shown to enhance the structural promoter activity by 35-fold
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compared to the activation by NS [167]. A similar role in transcriptional regulation by capsids has
been proposed for the AAVs of the Parvovirinae [168].

4. Summary

By the end of 2018, more than 100 capsid structures were published for the Parvoviridae (Figure 15).
This includes lower resolution cryo-EM capsid structures alone or in complex with receptor or antibody
molecules, and near-atomic and atomic resolution cryo-EM and crystal structures (Table 1, Table 3,
Table 4, and Table 5). The VP coordinates for the first parvovirus capsid structure, CPV, was determined
by X-ray crystallography [38]. In the following two decades, X-ray crystallography remained the
method of choice to determine high-resolution capsid structures. The first parvoviral capsid structure
determined by cryo-EM was for the Aleutian Mink Disease Virus (ADV) and displayed the general
features of the surface of the parvoviral capsid at 22 A resolution [169]. The first boost in the use of
cryo-EM in structural parvovirology occurred after its utility for mapping the epitopes of monoclonal
antibodies onto the capsid became evident. A second boost occurred with the development of direct
electron detectors and their ability to record movie frames that can subsequently be aligned, which
resulted in atomic resolution structures, for example, the structure of the AAV2-L336C variant at 1.86 A
resolution. This structure is currently the highest resolution parvovirus capsid structure, as well as
all viruses (Figure 15). The most important aspect of the advances made in structural parvovirology
is the ability to use the information obtained to functionally annotate the life cycle of these viruses.
This ability provides the tools required to develop biologics in the form of vaccines or inhibitors for
pathogenic members, for example, B19 and densoviruses, or gene delivery vehicles with improved
efficacy for non-pathogenic members, such as the AAVs.
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Figure 15. Overview of published parvoviral capsid structures since 1990. Structures determined by
X-ray crystallography are shown in red and structures determined by cryo-EM in blue. Important
milestones of structural parvovirology are indicated.
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Abstract: Adeno-associated viruses (AAVs) are being developed for gene delivery applications, with
more than 100 ongoing clinical trials aimed at the treatment of monogenic diseases. In this study, the
unique N-terminus of AAV capsid viral protein 1 (VP1u), containing a canonical group XIII PLA,
enzyme domain, was observed to also exhibit proteolytic activity. This protease activity can target
casein and gelatin, two standard substrates used for testing protease function but does not self-cleave
in the context of the capsid or target globular proteins, for example, bovine serum albumin (BSA).
However, heated BSA is susceptible to VP1u-mediated cleavage, suggesting that disordered proteins
are substrates for this protease function. The protease activity is partially inhibited by divalent cation
chelators ethylenediaminetetraacetic acid (EDTA) and ethylene-bis(oxyethylenenitrilo)tetraacetic acid
(EGTA), and human alpha-2-macroglobulin (A2M), a non-specific protease inhibitor. Interestingly,
both the bovine pancreatic (group VIIA) and bee venom (group III) PLA, enzymes also exhibit
protease function against casein. This indicates that PLA; groups, including VP1u, have a protease
function. Amino acid substitution of the PLA, catalytic motif ("®’HD/AN) in the AAV2 VP1u resulted
in attenuation of protease activity, suggesting that the protease and PLA; active sites are related.
However, the amino acid substitution of histidine H38, which is not involved in PLA, function, to
alanine, also affects protease activity, suggesting that the active site/mechanism of the PLA; and
protease function are not identical.

Keywords: Adeno-associated virus; AAV; protease; phospholipase-A,; PLA,

1. Introduction

Adeno-associated viruses (AAVs) are members of the non-enveloped, single-stranded DNA
packaging Parvoviridae. There are 13 non-human primate AAV serotypes, which range from 54 to 99%
in capsid protein sequence identity [1,2]. In 2012, the European Medicines Agency approved “Glybera,”
an AAV1 based capsid for the treatment of lipoprotein lipase deficiency [3] and in 2017 the United
States Food and Drug Administration approved “Luxturna”, an AAV2 based vector for the treatment
of Leber’s congenital amaurosis [4]. Currently, there are more than 100 clinical trials using AAV for
the treatment of monogenic diseases. The cell/tissue binding and entry properties of the different
AAVs guide the choice of serotype used in treatment applications. The AAV capsid is built from three
viral proteins (VPs): VP1, VP2 and VP3, which assemble in a 1:1:10 ratio to form the T = 1 capsid
consisting of 60 VPs (with approximately 5 VP1, 5 VP2 and 50 VP3) [5]. These VPs are overlapping
in sequence, with VP1 containing a unique N-terminus referred to as the VP1-unique (VP1u) region.
This VP1u region contains a group XIII phospholipase-A; (PLA;) domain [6] shown to be essential
for virus escape from endosomal/lysosomal compartments during trafficking to the nucleus [7,8].
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Additional to the PLA; activity, protease activity has also been associated with AAV capsids [9]. These
studies showed that this protease activity was optimal at pH 7.4, attenuated at the lower pH of 5.5
and inhibited in the presence of a protease inhibitor cocktail. Protease function is common in many
DNA and RNA viruses but these enzymatic domains are typically encoded separately from the viral
structural proteins [10]. However, a few viral capsids have been shown to exhibit protease function,
for example, Sindbis virus, which harbors a chymotrypsin-like serine protease motif [11].

In this study, AAV2 and AAV5 were used to identify the VP region responsible for the protease
function, identify inhibitors/substrates and map residues associated with this function. The protease
function was shown to reside within the VP1u region of the capsid and to be partially inhibited by metal
chelators and the protein inhibitor alpha-2-macroglobulin (A2M). Additionally, the AAV2 protease was
observed to have a preference for disordered protein substrates. Significantly, known PLA; enzymes,
for example, the bovine pancreatic and bee venom PLA; enzymes also possess protease function,
indicating that PLA; domains have additional functional roles not previously reported. Amino acid
substitution for residues in the VP1u domain associated with PLA; catalysis resulted in impaired
protease function and a corresponding decrease in virus transduction, suggesting a mechanistic link
between PLA; domains and protease activity.

2. Materials and Methods

2.1. AAV2 Plasmid Mutagenesis

The QuikChange Lightning PCR site-directed mutagenesis kit (Agilent, Santa Clara, CA, USA)
was utilized to make mutations onto an AAV2 template plasmid conferring ampicillin resistance
(pXR2) [12]. Following digestion of template DNA by Dpn-1 enzyme, One Shot™ TOP10 Chemically
Competent E. coli (Thermo Fisher Scientific, Waltham, MA, USA) were transformed using the PCR
mix and incubated for 1 h in an orbital shaker set at 37 °C after the addition of Super Optimal Broth
with Catabolite repression (S.0.C.) medium (Thermo Fisher Scientific). The E. coli cultures were
plated onto LB-Agar containing ampicillin at a concentration of 50 pg/mL and incubated at 37 °C for a
minimum of 12 h, followed by selection of individual bacterial colonies for a minimum of 12 h growth
at 37 °C in lysogeny broth (LB) medium containing ampicillin at a concentration of 50 pg/mL. Plasmid
DNA from these cultures was purified using a QIAprep Spin Miniprep Kit (Qiagen, Hilden, North
Rhine-Westphalia, Germany) and mutations were confirmed by Sanger sequencing (Genewiz, South
Plainfield, NJ, USA). Larger quantities of plasmid were produced by inoculating 500 mL of LB medium
containing ampicillin at a concentration of 50 pg/mL with bacterial glycerol stocks containing plasmids
with the desired mutations and growing cultures for a minimum of 12 h at 37 °C. Plasmid DNA
for transfection was purified using a PureLink™ HiPure Plasmid Filter Maxiprep Kit (ThermoFisher
Scientific). The rAAV2 variants made were 76HD/AN, H95A, H38A, D69A and D97A. AAV2 VP variant
VLPs were generated by site directed mutagenesis (Agilent) of the AAV2 plasmid pFBDVPmI11 as
previously reported [13]. Briefly, the VP1 and VP2 start codons were mutated to GCG to generate
AAV2-VP13, AAV2-VP23 and AAV2-VP3 only constructs. The wild-type AAV2, AAV5 and mutant
plasmids were used to generate recombinant VLPs in Sf9 cells via the Bac-to-Bac expression system
(Thermo Fisher Scientific) according to the manufacturer’s protocol as previously reported [14].

2.2. Production and Purification of rAAV Capsids

HEK293 cells were grown on 15 cm plates in Dulbecco’s Modified Eagle’s Medium
(Sigma-Aldrich, St. Louis, MO, USA) containing 10% v/v fetal bovine serum (Sigma-Aldrich) and
1% Antibiotic-Antimycotic (Thermo Fisher Scientific) to a confluency of 80%, followed by transient
transfection using the pXR2 or pXR5, pHelper and pTR-UF3-Luc plasmids in an equimolar ratio [15-17],
with polyethylamine (PEI) utilized as the transfection reagent. Transfected cells were incubated at
37 °C and 5% CO, for 72 h and subsequently harvested. Cells were pelleted by centrifugation at
1590x g for 30 min and resuspended in 1x TD buffer (1x PBS with 1 mM MgCl, and 2.5 mM KCl). Ten
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percent w/o PEG 8000 was added to the supernatant from the cell harvest and incubated at 4 °C for
12 h with mechanical stirring to precipitate virus. The PEG 8000-supernatant mix was centrifuged
at 14,300x g for 90 min to pellet precipitated virus. The resulting supernatant was discarded, and
the pellet was resuspended in 1x TD. The concentration of NaCl in the resuspended cell pellet was
adjusted to 1 M and the cell pellet was lysed by a series of three freeze-thaw cycles in a liquid nitrogen
bath. Following the final freeze cycle, 250 U of Benzonase nuclease (MilliporeSigma, Burlington, MA,
USA) was added to both the lysed cell pellet and the resuspended pellet from PEG 8000 precipitation
and incubated at 37 °C for 30 min in order to remove any unpackaged DNA on the capsid surface.
The pellets were combined and clarified by centrifugation at 12,100x g. The supernatant was loaded
onto a discontinuous iodixanol (Optiprep-Sigma-Aldrich) density gradient with layers at 15, 25, 40
and 60% as previously described [18] and centrifuged at 350,000x g for 1 h at 12 °C. Each gradient tube
was collected in 1 mL fractions and analyzed for the presence of packaged DNA by qPCR. Combined
fractions of either full (DNA containing) or empty (no DNA) particles were diluted by 10-fold in 1x
TD buffer and loaded onto AVB Sepharose columns (GE Healthcare Life Sciences, Marlborough, MA,
USA) at a rate of 1 mL/min. Columns were washed with 10 mL of 1x TD buffer at a rate of 1 mL/min,
followed by elution with 0.1 M Glycine-HClI at pH 2.7 fractionated into 500 pL fractions. Each fraction
was immediately combined with 100 uL of 1 M Tris buffer at pH 10.0 to neutralize the acidic elution
buffer conditions. Peak fractions, as indicated by UV absorbance at 280 nm, were combined and buffer
exchanged three times into buffer containing 20 mM HEPES, 20 mM MES, 20 mM NaAc, 150 mM NaCl
using an Apollo 7 mL 150 kDa molecular weight cutoff centrifugal concentrator (Orbital Biosciences,
Topsfield, MA, USA). The final buffer exchange cycle used 20 mM HEPES, 20 mM MES, 20 mM NaAc,
150 mM NaCl and 5 mM CaCl, (Universal Buffer) [19] and stored at 4 °C after assessing concentration
and purity via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

2.3. Production and Purification of AAV Virus-Like Particles (VLPs)

Infected cells were harvested at 72 h, resuspended in 1x TD, lysed by three freeze-thaw cycles
with Benzonase nuclease (MilliporeSigma) treatment after the third freeze-thaw cycle as described
above for rAAV2 samples. The supernatant was treated with 10% PEG 8000 and precipitated VLPs
were harvested by centrifugation of the PEG-supernatant mixture at 14,300x g and the precipitate
resuspended in 1x TD, followed by Benzonase treatment as above. The lysed cells and resuspended
PEG precipitated capsids from the supernatant were combined and clarified via centrifugation at
12,100x g. The clarified lysate was loaded onto a discontinuous iodixanol gradient (15, 25, 40 and
60%) and centrifuged at 350,000 g for 1 h at 12 °C. Following ultracentrifugation, the 40 and 40/25
interface (containing the VLPs) were collected and diluted in a 20 mM Tris, 15 mM NaCl buffer (pH 8.5).
The combined fractions were loaded onto a HiTrap Q XL column (GE Healthcare Life Sciences) and
eluted with buffer containing 20 mM Tris-HCl, 500 mM NaCl (pH 8.5). Peak fractions were combined
and concentrated using an Apollo 150 kDa MW cutoff centrifugal concentrator (Orbital Biosciences)
and buffer-exchanged into Universal Buffer. Samples of wild type (wt) AAV2 and AAV5 empty capsids
produced in HEK293 cells were also purified by iodixanol centrifugation, the 40 and 40/25 interface
collected, further purified by ion-exchange chromatography and dialyzed into Universal Buffer at pH
7.4, as per the protocol described for the VLPs. All samples were stored at 4 °C prior to use.

2.4. Negative-Stain Transmission Electron Microscopy

The integrity of all purified virus samples was confirmed using transmission electron microscopy.
For each sample, 2 pL of purified virus was applied to carbon-coated copper grids (Electron Microscopy
Sciences, Hatfield, PA, USA) for 2 min followed by wicking of excess buffer with filter paper (GE
Healthcare Life Sciences). Grids were washed with 10 puL of filtered water, excess liquid wicked off and
then stained with 10 uL 1% uranyl acetate for 10 s. Stain was removed with filter paper and grids were
imaged on a 120 keV Tecnai Spirit (Thermo Fisher Scientific).
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2.5. Substrate Preparation and Protease Assays

Casein substrate (Sigma-Aldrich) was prepared by dissolving 50 mg of casein powder in 5mL 1M
NaOH and dilution of the mixture with filtered dH,O to a final volume of 50 mL. Following complete
solubilization, the casein was dialyzed against 4 L of Universal Buffer prepared at pH 7.4. Following
the final dialysis step, the casein was filtered using a 2 um filter and stored at 4 °C until used. Gelatin
substrate (Sigma-Aldrich) was prepared by reconstitution in filtered deionized water and mixing at
37 °C until solubilized, followed by storage at 4 °C. Several protein samples were purchased and
reconstituted in filtered dH,O prior to use in protease assays: bee venom PLA;, bovine pancreatic
PLA,, A2M (Sigma-Aldrich) and trypsin (Thermo Fisher Scientific). Bovine serum albumin (BSA) was
also purchased (Thermo Fisher Scientific), reconstituted in filtered dH,O and incubated at 4 °C (native
BSA) or at 100 °C for 30 min (heated BSA), followed by incubation at 4 °C for at least 1 h prior to
further use. Protease assays were conducted by measuring breakdown of a substrate by SDS-PAGE
analysis of samples incubated at 37 °C for specified time points. Protease inhibition studies used either
an inhibitor cocktail (Pierce Protease Mini Tablets with and without EDTA), EDTA/EGTA or A2M
that was added prior to assay initiation. Metal chelation inhibition assays used EDTA or EGTA at
concentrations of either 4 mM or 100 mM EDTA in presence of AAV2 capsids at a concentration of
46 nM and 5 ug total amount of casein substrate. A2M inhibition studies used A2M at a concentration
of 460 nM, AAV2 capsids at 46 nM and 5 pg total amount of casein substrate. Protease assays with
BSA used 5 ug of native BSA (N-BSA) or heated BSA (H-BSA) in conjunction with AAV2 capsids
at 15 nM or a trypsin control at 22 uM. In protease assays comparing different PLA; enzymes, bee
venom PLA,, bovine pancreatic PLA; and bovine serum albumin (BSA) were at a concentration of
5 uM and AAV2 capsids were at a concentration of 15 nM. 2.5 ug of casein substrate was present in
each reaction. Protease assays comparing wt AAV2 to VP1u variant capsids utilized virus samples at
15 nM and total of 2.5 ug casein per reaction. Quantitation of substrate degradation was performed
using gel densitometry with the Image Studio Lite software (Li-COR Biosciences, Lincoln, Nebraska,
USA) and statistical significance was determined via single factor ANOVA analysis, with annotation
conventions assigned per the following: ns (p > 0.05), * (p < 0.05), ** (p < 0.01), *** (p < 0.001), ****
(p < 0.0001). Error bars on all figures represent standard error of the mean. Protease assays with AAV5
samples (at a concentration of 80 nM) were conducted using the Pierce Colorimetric Protease Assay
Kit (Thermo Fisher Scientific) in accordance with manufacturer protocols; the lyophilized succinylated
casein substrate was reconstituted in Universal Buffer at pH 7.4 or 5.5, instead of the supplied borate
assay buffer. All experiments with quantification and statistical analysis applied were performed
in triplicate.

2.6. PLA; Assays

PLA; activity of wt AAV2 and variant viruses (30 nM) were assessed using a sPLA; assay kit
(Cayman Chemical, Ann Arbor, MI, USA) in accordance with the manufacturer’s protocol. The assay
plate was incubated at 37 °C for 72 h and absorbance readings at 414 nm were recorded and statistical
significance was determined via single factor ANOVA analysis, with annotation conventions assigned
per the following: ns (p > 0.05), * (p < 0.05), ** (p < 0.01), *** (p < 0.001), *** (p < 0.0001). Error bars on
all graphs represent standard error of the mean. This assay was conducted at pH 8.0, the condition
provided in the kit.

2.7. Cellular Transduction Assays

HEK?293 cells were seeded in a 96-well plate and grown to 50% confluency (2.5 x 10* cells/well)
at 37 °C and 5% CO;. Media was removed from wells and virus added at a multiplicity of infection
(MOI) of 10* in a volume of 30 pL (containing virus sample plus serum-free DMEM). Virus sample
titer was determined by quantitative PCR as previously described [20]. For assays with A2M, 10 ug
of A2M was incubated with 2.5 x 108 viral genomes (vg) of AAV2 for 24 h at either 4 or 37 °C. Plate

44



Viruses 2019, 11, 399

was incubated for 30 min at 37 °C and 5% CO,, followed by addition of 70 uL of DMEM containing
10% fetal bovine serum and 1% Antibiotic-Antimycotic. Plate was further incubated at 37 °C and 5%
CO; for 48 h and luciferase expression was determined using a Luciferase Assay System (Promega,
Madison, WI, USA). Prior to acquisition of luciferase activity, each well on the plate was gently washed
three times with 50 uL of 1x PBS followed by cell lysis with 50 uL of a 1x preparation of the supplied
5x lysis buffer. Cell lysis proceeded for 20 min at room temperature, followed by transfer of 30 pL of
lysate from each well into a new 96-well plate with opaque housing between individual wells (suitable
for the determination of sample luminescence). Thirty microliters of luciferase assay reagent was
added to each well and luminescence from each sample was acquired with a Synergy HTX Multi-Mode
plate reader (BioTek, Winooski, VT, USA), and statistical significance was determined via single factor
ANOVA analysis, with annotation conventions assigned per the following: ns (p > 0.05), * (p < 0.05), **
(p £0.01), ™** (p < 0.001), **** (p < 0.0001). Error bars on all graphs represent standard error of the mean.

2.8. Structural Modeling and Sequence Alignments

Structural models of the AAV2 VP1u (137 amino acids) and AAV5 VP1u (136 amino acids) domain
were generated using the RaptorX protein prediction server [21]. Crystal structures of bee venom
PLA;, bovine PLA; and human sPLA; were accessed and downloaded from RCSB PDB (PDB IDs:
1POC, 1UNE and 1KQU, respectively). Images were rendered using UCSF Chimera [22] and RMSD
values calculated using PyMOL [23]. Sequence alignments were performed using the Clustal Omega
webserver [24].

3. Results and Discussion

3.1. AAV Protease Function Is VP1u Dependent, Active at Physiological pH, Calcium Enhanced and Inhibited
by a Protein Protease Inhibitor

The protease activity associated with AAV serotypes has been previously reported [9]. Thus, a
primary goal of this study was to locate and confirm the region within the VPs or capsid responsible
for this function. Protease assays with wt AAV5 capsids containing all three VPs, VP1, VP2 and VP3 or
only VP2 and VP3 showed that capsids missing VP1 had no protease activity at pH 7.4 (Figure 1A).
In addition, protease activity was negligible for VP1, VP3 and VP3 containing capsids at pH 5.5 as
previously reported [9] (Figure 1B).
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Figure 1. Protease activity is VP1 and neutral pH dependent. (A) Colorimetric readout (y-axis) over
time (hr, x-axis) for a casein substrate degradation by AAV5 capsids assembled from VP1, VP2 and VP3
or only VP2 and VP3. (B) Same as in (A) but for AAV5 VP1, VP2 and VP3 capsids at pH 7.4 and 5.5.
(C) SDS-PAGE of AAV2 VLPs, containing the VPs shown, incubated with a casein substrate at 37 °C
for 2, 4 and 6 h. Observations confirm the need to have VP1 and physiological pH for activity. (D)
Superposition of AAV2 (blue) and AAV5 (gray) VP1u models. N-terminal domains of models with
predicted disorder not shown.
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Protease assays with AAV2 VLP variants containing different combinations of VP: VP1, VP2 and
VP3; VP1 and VP3; VP2 and VP3; and VP3 only, confirmed the need for VP1 for proteolytic activity
(Figure 1C). Only the VLPs containing VP1 (lanes 1 and 2 after the molecular weight marker lane)
showed the degradation of the casein substrate. The requirement of VP1 and hence VP1u in both
AAV2 and AAVS5 for the observed protease activity suggests that this domain shares sequence and
structure similarity between the viruses (Figure 1D). Consistently, they share 68% amino acid identity
and the 3D models predicted for ordered regions (residues 48-137 in AAV2 and 47-136 in AAV5), imply
a three-helix bundle, with a calculated Cax RMSD of 0.6 A (Figure 1D). These observations indicate
that the VP1u region has a second enzymatic function in addition to the previously described PLA,
activity [8]. However, the requirement of physiological and not acidic conditions for protease activity
(Figure 1B) is in contrast to the PLA; activity that requires acidic conditions [25]. This protease function
does not appear to act on other capsids or other VP1us in the context of the capsid, because there is no
observable reduction in the abundance of the three VPs at the end of the reaction (Figure 1C). This
is contrary to the characteristics of other proteases, for example, trypsin, in which the enzyme also
eventually becomes its own substrate [26,27]. The current thinking is that VP1u is located in the capsid
interior and becomes externalized during the endo/lysosomal pathway to enable the PLA; function
required for capsid escape en route to the nucleus for genome replication. Significantly, the protease
activity within the VP1u occurs without applying an external treatment, for example, heat, to the
capsid to “externalize” this VP region as reported to be required for PLA; activity in assays outside a
cell [28]. This suggests that the VP1u domain is dynamic in its capsid positioning and able to partially
externalize for function in the absence of external treatments, including acidic pH and/or increased
temperature conditions proposed to induce structural rearrangement of the capsid resulting in VP1u
externalization [29-32].

A protease inhibitor cocktail with the divalent cation chelator EDTA was required to inhibit the
AAV2 protease function, in addition to the observation that EDTA or EGTA alone reduced activity
(Figure 2A,B). Assays with an excess of either of these chelators (100 mM, 107-fold molar excess to
capsids) only inhibited ~50% of activity after 24 h (Figure 2B). This observation suggests that the
catalytic activity can proceed independent of divalent cations. The VP1u of parvoviruses is predicted
to have a calcium binding region that is located within residues 45-65 in AAV2 and is essential for
PLA,; activity [8]. A VP1u model predicts calcium bound in a loop adjacent to the PLA; active site
HDXXY motif (Figure 2C). The prediction is that calcium binding plays a stabilization role for VP1u
and therefore its PLA; and protease domain, because it lacks the disulfide bond interactions present in
other PLA; domains [6]. The results suggest that the proteolytic function of the AAV2 VP1u differs in
mechanism from its calcium-dependent PLA; activity.

The test of the general protease inhibitor, A2M, against AAV2 also resulted in ~50% loss in activity
(Figure 3A). For these studies, the A2M was present at a 10-fold molar excess to the AAV2 capsid
and achieved levels of inhibition comparable to EDTA/EGTA at 107-fold molar excess (Figure 2B).
A2M contains a bait region into which enzymes are captured and their function inhibited [33]. A
cellular transduction assay, conducted to determine if the inhibition of the proteolytic activity of AAV2
coincides with an effect on infectivity, showed a 5.5- to 7-fold increase in luciferase gene expression level
for sample preincubated for 24 h at 37 and 4 °C, respectively (Figure 3B). The 37 and 4 °C treatments
recapitulate protease assay and storage conditions, respectively. It is possible that improved cellular
internalization of A2M via endocytosis by selective cell surface receptors [34,35] may be responsible
for this increase in AAV2 transduction. Alternatively, this increase in transduction may be attributable
to enhanced cellular growth by usage of A2M as an energy source similar to the effects of fetal bovine
serum [36], thus also resulting in an improved luciferase gene expression. Significantly, the interaction
between the serum protein human serum albumin (HSA) and AAVs was reported to increase cell
binding and transduction [37]. A similar mechanism may be in effect for the observed increase in
transduction for the AAV samples incubated with A2M.
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Figure 2. Metal chelators EDTA and EGTA reduce protease activity. (A) SDS-PAGE showing casein
proteolysis by AAV2 in presence of 4 mM EDTA or EGTA. “+” indicates control with no inhibitor
and “-” indicates control with no AAV2, that is, casein alone. The lane with AAV2 only (“+”) shows
fastest decrease in casein with time. (B) Quantification of casein proteolysis by AAV2 in presence of
either 100 mM EDTA or 100 mM EGTA. The y-axis indicates the amount of remaining protein after 24 h.
(C) Predicted RaptorX structure model of AAV2 VP1u. PLA, catalytic residues H75 and D76 are in
orange colored sticks, the predicted site of bound calcium is denoted by a green sphere next to D76. A
predicted disordered portion of AAV2 VP1u N-terminal residues is not shown. Statistical significance
as indicated by asterisk annotations (*) are described in Material and Methods section.
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Figure 3. Alpha-2-macroglobulin inhibits protease function and correlates with increased cellular
transduction. (A) AAV2 protease function inhibition in presence of A2M. The y-axis shows the amount
of casein substrate remaining after 24 h at the conditions indicated (x-axis). (B) Luciferase gene
expression (y-axis in relative luminescence units) for AAV2 with or without A2M (x-axis) prior to cell
infection. Statistical significance as indicated by asterisk annotations (*) are described in Material and
Methods section.

3.2. The Targets for AAV2 Protease Activity Are Disordered or Unfolded Proteins

Casein and gelatin substrates used in the protease assays have no defined tertiary structure and are
disordered in nature. Casein is micellar in solution [38] and gelatin is a mix of heterogenous peptides
generated from collagen hydrolysis [39]. Protease assays with both native and heat-treated BSA were
conducted to test the possibility that disordered proteins are the target for the AAV2 VP1u protease
function. The heat-treated BSA was degraded by AAV2 VP1u while native BSA was not (Figure 4A,B).
In contrast, trypsin, used as a positive control protease, showed equivalent degradation of both the
native and heat-treated BSA samples (Figure 4A,B). Prior studies have shown that heating of BSA
results in an increase in the percentage of disordered secondary structure elements [40]. Thus, combined
with the casein and gelatin substrate data showing degradation (Figures 1 and 4C), these observations
suggest that the cellular targets for AAV2 protease activity are either intrinsically disordered proteins
and/or proteins that possess unstructured regions.
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Figure 4. The AAV2 VP1u protease preferentially degrades disordered proteins. (A) Quantification
of trypsin or AAV2 protease activity against native BSA (N-BSA). The y-axis shows the percentage
of substrate remaining after 24 h under the conditions indicated in the x-axis. (B) Quantification of
trypsin or AAV2 activity against heated BSA (H-BSA). Axes are as defined in (A). (C) Quantification of
AAV?2 activity against casein and gelatin. Axes are as defined in (A). Data for casein was shown in
Figure 2. Statistical significance as indicated by asterisk annotations (*) are described in Material and
Methods section.

Many cellular proteins fit the criteria of being intrinsically disordered or containing disordered
regions, including transcription factors, cellular signaling proteins and nucleoporins [41]. Nucleoporins
possess disordered phenylalanine-glycine repeats [42] and are major components of the nuclear pore
complex (NPC). The parvoviruses traffic to the nucleus for genome replication and are predicted to
interact with the NPC to facilitate entry [43]. Thus, it is possible that disordered proteins within the
NPC are a target of the AAV2 protease function. While regions of the AAV2 VP1u are predicted to
be disordered (Figure 2C) [30], as already stated above, self-degradation of VP1 in the context of the
capsid is not evident during the 24 h time scale of the assays, possibly because the assembled capsid
stabilizes the VP1u domain into a more ordered state compared to the 3D model generated (Figure 2C).
In addition, it is possible that the ~5 individual VP1 monomers in the capsid and hence their VP1u,
may be too distantly spaced and therefore incapable of inter-monomer cleavage.

3.3. Protease Function May Be a General Activity for PLA; Enzymes

The AAV protease activity resides within VP1u (Figure 1) that also contains a PLA; domain, thus
known non-viral PLA; enzymes were tested for their ability to degrade proteins. The protease activity
assay for two PLA; enzymes commonly used as positive controls, bee venom and bovine pancreatic,
showed degradation of a casein substrate, albeit at a reduced level, 5- and 2-fold, respectively, compared
to AAV2 (Figure 5A). This reduced activity was despite the use of a 50 molar higher concentration of
the non-viral enzymes compared to AAV2, suggesting an enhanced activity with a functional yet to be
described role in the virus. Interestingly, previous studies performed with human sPLA; and porcine
PLA, indicated that these and other PLA; enzymes have the ability to cleave apolipoprotein A-1 when
the substrate was not bound to lipids [44]. The authors of this study proposed that the proteolytic
function observed may also be PLA, independent, because metal chelation inhibited PLA, function
but was not enough to eliminate protease activity, as was also observed for the AAV2 VP1u (Figure 2).
The VP1u of AAV2 shares sequence and structural homology with non-viral PLA;s despite a lack
of disulfide bonds (Figure 5B,C). This includes the residues required for PLA; activity and calcium
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binding. The structures include a 3-helix bundle with connecting loops, including the calcium binding
loop (Figure 5B). These observations suggest convergent evolution in structure to aid function for
these enzymes.

S ==n T

a0 AAVZ VP1u \ Bovine

- (RaptorX '; Pancreatic —""’t
predicted PLA, P/
model) / g A ('f’_— )

% Substrate Remaining After 24 Hr

Bovine AAVZ

o g

70 - > ©
B . > -
- )
50 % p
- 3
EL] :
5 e
™ .Y .
10 art A .
1] . - - [ -~ e
Bee -

Bovine
Serum Venom  pancreatic
Albumin PLA, PLA,
C PLA; Core
Residues
AAV2 VP1u 50 YKYLGPFNGLDKGEPV------ NEADAAAL EHDKAYD RQLD5GD-----~ 87
Bee venom PLA, 39 TLWCGHGN- - -KSSGPNELGRFKHTDACCRTHDMCPDVMSAGESKHGLT - 84
Human sPLA; 45 GCHCGLGG---RGQPK-----~ DATDWCCQTHDCCYDHLKTQG-C----- 79
Mouse PLA, 45 GCYCGWGG- - -RGTPK------ DGTDWCCQMHDRCYGQLEEKD-C- - - - - 79
Snake venom PLA; 53 GCYCGKGG- - -RGTPV------ DDLDRCCQVHDECYGEAEKRLGC- - - - - 88
Bovine pancreatic PLA, 48 GCYCGLGG- - -SGTPV------ DDLDRCCQTHDNCYKQAKKLDSCKVLVD g8
Porcine pancreatic PLA, 48 GCYCGLGG---SGTPV------ DELDRCCETHDNCYRDAKNLDSCKFLVD 88

Figure 5. Protease activity is a general property of PLA; enzymes: (A) Quantification of casein substrate
degraded by bee venom PLA;, bovine pancreatic PLA; and AAV2. The y- and x-axes are as described in
Figure 4. (B) Predicted structure of AAV2 VP1u compared to bee venom PLA; (PDB ID: 1POC), bovine
pancreatic PLA; (PDB ID: 1TUNE) and human sPLA, (PDB ID: 1KQU). (C) Partial amino acid sequence
alignment of PLA, enzymes (conserved residues are highlighted in red). Statistical significance as
indicated by asterisk annotations (*) are described in Material and Methods section.

Site directed mutagenesis was used to better characterize the determinants of AAV2 VP1u protease
function based on conserved sequence and structural homology with other PLA; enzymes (Figure 5B,C
and Figure 6A). In addition to the “HD” PLA; motif, a sequence alignment highlighted other identical
residues, including a glycine residue located in the calcium-binding loop (residue 54) and an aspartic
acid (residue D69) (Figure 5C), which was selected for mutagenesis. Previously, it had been shown for
AAV?2 that deletion of the VP1u calcium-binding loop containing the conserved glycine was detrimental
to PLA; function [8] but a potential role for the conserved aspartic acid (D69, VP1 AAV2 numbering)
has not been delineated. Another residue mutated was D97, conserved in parvovirus PLA; domains
and previously shown to result in defective transduction when substituted [45]. Finally, the two
remaining histidine residues in VP1u, H38 and H95, were modified because histidines are commonly
associated with enzyme active sites [46] and often studied for their role in catalysis (Figure 6A).
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Figure 6. Functional phenotypes of AAV2 VP1u variants. (A) Location of amino acid substitutions
in the AAV2 VP1u listed and shown in stick representation on a RaptorX model. Residues colored
in orange represent those with PLA, and protease defects when substituted, pink for defect to PLA,
only, green for defect to protease only and gray for no defect to either PLA; or protease function. (B)
Negative-stain EMs of wt AAV2 and variant capsids, confirming the capsid assembly of the viruses.
SDS-PAGE gel insert shows expression of VP1, VP2 and VP3; (C) Quantification of the proteolysis of a
casein substrate by wt AAV2 and the variants listed (x-axis) after 24 h. The y-axis is as described in
Figure 2. (D) PLA,; activity of wt AAV2 and variants. The y-axis depicts the level of lipid modification
after 72 h at pH 8.0 and x-axis lists the samples tested. (E) Luciferase reporter activity expression (RLU)
for wt AAV2 and variants. The y-axis depicts the relative luminescence units and x-axis lists the samples
tested. Statistical significance of asterisk annotations (*) are described in Material and Methods section.

The five VP1u variants made, H38A, D69A, 7°HD/AN, H95A and D97A, all express VP1, VP2 and
VP23 in the expected ratio of VP1:VP2:VP3 and assemble capsids (Figure 6B). The variants displayed
various phenotypes with respect to protease and PLA, activity and transduction efficiency. The
H38A, 7°HD/AN and D97A variants were observed to have an 8-10-fold decrease in protease activity
compared to wt AAV2, with the most attenuation associated with the 76HD/AN variant (Figure 6C).
While D69A is active for protease function, it along with the 7HD/AN and D97A variants displayed
reduced PLA; activity and cellular transduction (~50-fold reduction in RLU compared to wt AAV2)
(Figure 6D,E). In contrast, the H38A variant, with a protease defect, has no PLA; and transduction
defect (Figure 6E). Since H38 is not conserved amongst non-viral PLA; enzymes (Figure 5C) or with
other AAV serotypes, the mode by which it impacts protease function is not readily apparent. Although
the sequence region around H38 is predicted to be structurally disordered (Figure 6A), the effect of this
residue on protease function suggests that it could be positioned closer to the folded, globular domain
with the alpha helices. The D69 residue is conserved between AAV2 and non-viral PLA;s, and its
amino substitution did not affect protease activity but did result in reduced PLA; function and reduced
cellular transduction compared to wt AAV2. This suggests that D69 is involved in PLA, function and
may be more critical to regulating this enzymatic function than previously understood (Figure 6E). The
aspartic acid in the “HD” motif is predicted to coordinate the calcium ion interacting with the putative
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calcium binding loop of VP1u (Figure 2C). Thus, the substitution of this key amino-acid could perturb
the calcium binding ability of the VP1u, resulting in a more defective protease activity phenotype as is
observed for the 7HD/AN variant, possibly due to reduced stability of the protein fold in absence of
metal binding. The H95A variant had no effect on protease or PLA, function compared to wt AAV2
but did result in a decrease in cellular transduction, indicating that this phenotype is mediated by other
factors. Interestingly, H95 is conserved in AAV VP1s but has no structurally analogous equivalent in
other non-viral PLA,s.

The observations with the five variants tested indicate that while a protease function exists in
VP1u, there is significant overlap between the residues involved and those enabling the PLA; function
within this capsid region. However, these residues are not identical and the data show that the PLA,
function is the most essential for cellular transduction. A His-Asp-Ser catalytic triad is common in a
wide variety of proteases but numerous variations to this common motif have also been seen, such
as His-His-Ser (cytomegalovirus protease) and Ser-Lys (bacterial type I signal peptidase) [47]. Yet,
there are no conserved serine residues among the different PLA; enzymes. Thus, it is possible that the
AAV?2 protease function and those observed for the bee venom and bovine pancreatic PLA; utilizes an
alternate residue with a polar group as a nucleophile. The confirmation of a mechanistic model for this
enzyme in AAV2 is thus awaiting a 3D structure not yet available.

4. Conclusions

This study shows that the VP1u region of AAV2 and AAVS5 are responsible for protease function
(Figure 1) in addition to the previously reported PLA; function. For AAV2, metal chelation with EDTA
or EGTA reduced the rate of protease activity but did not eliminate function, providing evidence
that metal binding to the VP1u region of AAV2 is not the sole determinant for catalysis but likely
plays an ancillary role by maintaining structural integrity of the domain (Figure 2). Reduction of
activity by human A2M indicates that this protease function can be partially inhibited by a non-specific
protein inhibitor but an effect on the viral life cycle remains to be elucidated, because pre-incubation of
AAV2 with A2M increases cellular transduction in HEK293 cells (Figure 3). Observations with the
susceptible substrates, for example, native casein, gelatin and heat denatured BSA, suggest that the
target for the VP1u protease function are disordered proteins (Figure 4). These exist at different points
in the parvovirus life cycle, including during nuclear entry. Interestingly, these studies also show
that other PLA, enzymes have proteolytic activity against casein, supporting a suggestion that the
protease active site in AAV2 VP1u overlaps, in part, with the PLA; domain (Figure 5). This suggestion
is further supported by the reduction of protease function in the AAV2 PLA,; catalytic site variant
76HD/AN. However, the protease and PLA; sites are not identical because H38, a non-PLA; residue
affects protease function (Figure 6). Moreover, while the AAV PLA,; activity is necessary for virion
escape during the acidic conditions of the late endosome, the protease function described here operates
at neutral pH, suggesting that the PLA, and protease functions of the VP1u have different roles in
the cellular context. The findings of this study highlight a convergent evolution of the PLA; enzyme
domain in active site sequence and structure and the acquisition of multiple enzyme functions within a
single protein domain.
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Abstract: Chapparvoviruses (ChPVs) comprise a divergent, recently identified group of parvoviruses
(family Parvoviridae), associated with nephropathy in immunocompromised laboratory mice and
with prevalence in deep sequencing results of livestock showing diarrhea. Here, we investigate the
biological and evolutionary characteristics of ChPVs via comparative in silico analyses, incorporating
sequences derived from endogenous parvoviral elements (EPVs) as well as exogenous parvoviruses.
We show that ChPVs are an ancient lineage within the Parvoviridae, clustering separately from
members of both currently established subfamilies. Consistent with this, they exhibit a number
of characteristic features, including several putative auxiliary protein-encoding genes, and capsid
proteins with no sequence-level homology to those of other parvoviruses. Homology modeling
indicates the absence of a 3-A strand, normally part of the luminal side of the parvoviral capsid
protein core. Our findings demonstrate that the ChPV lineage infects an exceptionally broad range
of host species, including both vertebrates and invertebrates. Furthermore, we observe that ChPVs
found in fish are more closely related to those from invertebrates than they are to those of amniote
vertebrates. This suggests that transmission between distantly related host species may have occurred
in the past and that the Parvoviridae family can no longer be divided based on host affiliation.

Keywords: chapparvovirus; parvovirus evolution; endogenous viral elements; Parvoviridae;
densovirus; homology modeling; new viruses

1. Introduction

Parvoviruses (family Parvoviridae) are small, non-enveloped viruses with T = 1 icosahedral
symmetry and linear, single-stranded DNA (ssDNA) genomes ~4-6 kilobases (kb) in length. The family
has historically been divided into two subfamilies, Parvovirinae and Densovirinae, containing viruses
that infect vertebrate and invertebrate hosts, respectively [1]. Despite exhibiting great variation in
expression and transcription strategies, they have a relatively conserved overall genome structure:
a non-structural (NS) expression cassette is located at the left side of the genome, while the structural
viral proteins (VPs) are encoded by the right, and complex, hairpin-like DNA secondary structures are
present at both genomic termini [2]. Small satellite proteins and an assembly-activating protein have
been discovered as products of open reading frames (ORFs) overlapping the right-hand expression
cassette, whereas additional auxiliary protein-encoding ORFs may be positioned between the two major
cassettes [3,4].
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Numerous novel parvoviruses have been identified in recent years, primarily via approaches
based on high throughput sequencing (HTS) [5-11]. In addition, progress in whole genome sequencing
of eukaryotes has revealed that sequences derived from parvoviruses occur relatively frequently in
animal genomes [12-17]. These endogenous parvoviral elements (EPVs) are derived from the genomes
of ancient parvoviruses that were incorporated into the gene pool of ancestral host species. This can
presumably occur when infection of a germline cell leads to parvovirus-derived DNA becoming
integrated into host chromosomes, and the cell containing the integrated sequences then goes on to
develop into a viable organism [18]. Many EPVs are millions of years old, and are genetically “fixed” in
the genomes of host species (i.e., all members of the species have the integrated EPV in their genomes).
Such ancient EPV sequences are in some ways analogous to “parvovirus fossils”, since they preserve
information about the ancient parvoviruses that infected ancestral animals.

Among the novel parvovirus groups identified via sequencing, one—provisionally labeled
“chapparvovirus”—stands out as being particularly unusual. These viruses, which have been primarily
reported via metagenomic sequencing of animal feces, derive their name from an acronym (CHAP),
referring to the host groups in which they were first identified (Chiropteran—Avian-Porcine) [15,16,19,20].
Subsequently, several additional chapparvovirus (ChPV) sequences have been reported, including
some that were identified in whole genome sequence (WGS) data derived from vertebrates, including
reptiles, mammals, and birds [9]. These sequences were picked up by in silico screens designed to detect
EPVs. However, since all the ChPV sequences identified in WGS data lack clear evidence of genomic
integration, it is likely that they actually derive from infectious ChPV genomes that contaminated WGS
samples, rather than from endogenous elements [9].

Until relatively recently, evidence that the ChPVs detected via sequencing actually infected
vertebrate hosts has been lacking. However, a recent study has claimed to demonstrate that a ChPV
called mouse kidney parvovirus (MKPV) circulates among laboratory mice populations, in which it
causes a kidney disease known as inclusion body nephropathy [21]. These findings, as well as their
frequent presence in the feces of livestock, imply that ChPVs might be pathogenic and represent
a potential disease threat to wildlife and domestic species. In addition, they have raised interest in the
use of these viruses as experimental tools. In this study, we perform a comparative analysis of ChPV
genomes and ChPV-derived EPVs, revealing new insights into the biology and evolution of this poorly
understood group.

2. Materials and Methods

2.1. Genome Screening and Sequence Analysis

All WGS data were obtained from the National Center for Biotechnology Information (NCBI)
genomes resource. We obtained all available genomes for eumetazoan animals as of October 2018.
These data were screened for ChPV sequences using the database-integrated genome screening (DIGS)
tool [22]. ChPV sequences were characterized and annotated using Artemis Genome Browser [23].
The NCBI Basic Local Alignment Search Tool (BLAST) program and its local executables were used
to compare sequences and investigate predicted viral ORFs. To determine potential homology and
sequence similarity, even between previously undescribed ORFs, we constructed a local database,
including all ORFs exceeding 100 amino acids (aa) in length, derived from all the exogenous and
endogenous sequences incorporated in this study, and used the local BLAST P and X algorithms to
conduct similarity searches in it. Two ORFs were accepted as homologous if they gave a significant hit,
in the case of an expectation value threshold of 1.

Promoters were predicted using the neural network-based promoter prediction server of the
Berkeley Drosophila Genome Project and further verified by the Promoter Prediction 2.0 server [24,25].
Splice sites were also detected using the neural network-based applications of the Berkeley Drosophila
Genome project and SplicePort [25,26]. Polyadenylation signals were predicted by the SoftBerry
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application POLYAH [27]. To verify that these applications were be capable of detecting the
above-mentioned chapparvoviral transcription elements we ran MKPV through the workflow pipeline.

2.2. Phylogenetic Reconstructions

The derived aa sequences of ORFs disclosing homology to parvoviral NS1 proteins were aligned
with at least five representatives of each parvovirus genus, or with one representative of each species
of a given genus in cases where the number of species did not exceed five. To ensure the correct
identification of the tripartite helicase domain, structural data was also incorporated into alignment
construction using T-coffee Expresso [28] and Muscle [29]. The full-length NS1 derived aa sequences of
the ChPV clade were aligned by Muscle and the M-coffee algorithm of T-coffee [30]. Model selection was
carried out by ProTest and the substitution models RtREV+I+G, in cases of helicase-based inferences,
and LG+I+G, for the complete chapparvoviral NS1 tree, were predicted to be the most suitable, based
on both Akaike and Bayes information criteria. The PhyML-3.1 program was used to infer a maximum
likelihood phylogenetic tree, with 100 bootstrap iterations [31], based on a guide tree previously
constructed by the ProtDist and Fitch programs of the Phylip 3.697 package [32].

2.3. Homology Modeling and DNA Structure Prediction

Structural homology was detected by applying the pPGenTHREADER and pDomTHREADER
algorithms of the PSIPRED Protein Sequence Analysis Workbench [33]. The same workbench was
used to map disordered regions using DISOPRED3 and to predict the secondary structure of the
complete chapparvoviral VP protein sequences via the PSIPRED algorithm. The selected PDB structures
were applied as templates for homology modeling, carried out by the I-TASSER Standalone Package
v.5.1 [34]. To guide the modeling, the predicted secondary structures were applied as a restriction.
The Oligomer Generator feature of the Viper web database (http://viperdb.scripps.edu/) [35] was
used to construct 60-mers of the acquired putative VP monomer structures. Surface images of the
capsids were rendered using the PYMOL Molecular Graphics System [36]. Capsid surface maps and VP
monomer superposition were carried out by UCSF Chimera [37]. To predict the presence of potential
DNA secondary structural elements, the DNA Folding Form algorithm of the mFold web server was
utilized [38].

3. Results

3.1. Comparative Analysis of Previously Reported ChPV Genomes

We performed a comparative analysis of nine previously sequenced ChPV genomes so that we
could: (i) identify genome features that characterize these viruses, and (ii) make inferences about
aspects of ChPV biology and evolution (Figure 1). ChPV genomes tend toward the shorter end of
the parvovirus genome size range (~4 kb). They encode a relatively long rep gene, and a relatively
short cap gene. The rep gene product (NS) is ~650 amino acids (aa) in length, with the longest example
being the 668 aa protein encoded by Desmodus rotondus ChPV (DrChPV). ChPV NS proteins contain
ATPase and helicase domains, but these are the only regions exhibiting clear homology to those found
in other parvovirus groups (Figure 1). Overlapping the rep, a predicted minor ORF, ~220 aa in length,
is located in a position equivalent to that of the nucleoprotein (NP) ORF found in certain Parvovirinae
genera (i.e., Ave- and Bocaparvovirus). However, it should be noted that the protein encoded by this
gene—which we tentatively refer to as NP—exhibits no significant similarity to any other parvovirus NP
proteins. Secondary structure predictions indicate that the vast majority of the NP protein has a helical
structure, with numerous potential phosphorylation sites as well as a potentially protein-binding
disordered N-terminus (Figure S1). Together, these observations suggest a non-structural function.
The NP ORE, although of similar length in all genomes, has no canonical start codon in the case of
porcine parvovirus 7 (PPV7) and simian parvo-like virus 3 (SiPV3). This would imply that in these
viruses, splicing of the rep RNA is required for expression of the NP protein.
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Figure 1. Representative complete coding sequence and partial genome organizations of the two distinct
types of exogenous amniote chapparvoviruses (ChPVs). Open reading frames (ORFs) are represented
by rectangular arrows, colored according to homology. Splice donor sites are marked by white-colored
bars, acceptor sites by orange-colored bars. Blue-colored bars show predicted polyadenylation signals.
Small arrows show predicted promoters and are colored according to prediction score (>0.95 = green;
0.9-0.95 = pink: <0.9 = yellow). Grey boxes indicate regions inferred to be transcribed but not translated.
Note: ORF4 is unique to turkey parvovirus and is not found in other avian type 2 ChPVs, such as
chicken ChPV2.

All ChPVs appear to be characterized by relatively short VP ORFs of 450-500 aa. VP proteins
are typically ~650-820 aa in most other parvoviruses, the exception being the brevi- and
penstyldensoviruses, which encode an even shorter VP. Notably, the VP proteins encoded by ChPVs
share no significant sequence similarity with those of other parvoviruses. In all ChPVs, the first
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methionine of the VP ORF is preceded by a potential coding sequence, and in all published ChPV
sequences, a canonical splice acceptor site is located immediately upstream. Possibly, the VP ORF
encodes only the major capsid protein, and there may be other versions of this VP protein that are
elongated at the N-terminus, and are incorporated into the capsid at a lower copy number, as found
in the majority of parvoviruses [1]. However, the only splice donor sites we identified are located
relatively far upstream. In MKPV, however, there are two large introns present, putting these upstream
exons in frame with the VP encoding exon.

In addition to their fundamental NS-NP-VP genome organization, ChPVs encode various
additional small ORFs. ORF1 is predicted to encode a small protein of approximately 15 kDa that
contains a putative nuclear localization signal (NLS) in its C-terminal region. ORF1, which partially
overlaps the N-terminal region of NS, is present in all genomes except PPV7. However, since the PPV7
genome also lacks the corresponding region of NS, this likely reflects a 5’ truncated genome sequence.
The same is the case for turkey parvovirus (TPV2), although the C-terminal encoding region of the
putative ORF1 protein could be revealed.

A second additional, putative ORF is present in only two of the ChPVs examined here: PPV7 and
simian parvo-like virus 3. This ORF, referred to as ORF2, is located downstream from ORF1 in
a position completely overlapping the NS ORE. The TPV2 genome also contains a unique, presumably
genome-specific additional ORF (ORF4) that overlaps the C-term encoding region of VP, and may
encode a predicted 17 kDa protein (Figure 1). Interestingly, this ORF was absent from the other,
closely-related avian ChPVs.

Analysis in silico revealed at least three potential promoters in ChPV genomes. One of these
is conserved throughout the clade, and is located upstream of all coding features, indicating that it
likely drives early expression of virus genes. Moreover, its presence has been confirmed in MKPV
by sequencing of cDNA derived from infected mouse tissue. None of the other potential promoters
proved to be functional in the case of MKPV. The MKPV transcriptome includes three transcripts
confirmed to undergo splicing. Of these, however, only the one with the shortest intron could be
confidently predicted in all GenBank sequences with a complete or near complete coding region
(Figure 1). Interestingly, DrChPV (similar to rodent-derived ChPVs) and chicken ChPV2 (similar to
TPV2, but with a more complete 5 end) were both predicted to possess the large intron of the putative
VP transcript, and therefore appear to utilize a strikingly MKPV-like transcription mechanism, despite
missing an acceptor site upstream of the NP start codon. In all ChPVs examined, with the exception of
the 3’ truncated entries, we identified two potential polyadenylation signals in positions equivalent to
those found in MKPV [21]. This implies that the polyadenylation strategy is a conserved feature of
ChPV transcription.

3.2. Identification and Characterization of Novel ChPVs and ChPV-Derived EPV's

We systematically screened published WGS data and identified a total of 15 previously unreported
ChPV-derived DNA sequences. Two were identified in vertebrates and 13 in invertebrates (Table 1).
The majority of the novel ChPV sequences identified in our screen were derived from the non-structural
protein gene (rep), but we identified complete sequences derived from both the rep and capsid (cap)
genes in two species: the Gulf pipefish (Syngnathus scovelli) and the black widow spider (Latrodectus
hesperus). Partial cap genes were identified in the scarab beetle (Oryctes borbonicus), taurus scarab
(Onthophagus taurus), and Chinese golden scorpion (Mesobuthus martensii) elements (Figure 2).

We identified two chapparvoviral sequences in WGS assemblies of syngnathid fish
(family Syngnathidae), including the tiger tail seahorse (Hippocampus comes) and the Gulf pipefish
(Syngnathus scovelli). The pipefish sequence occurs in a relatively short scaffold (4002 nt) that is entirely
comprised of viral sequence, displaying truncated, but nonetheless detectable, J-shaped terminal
hairpin-like structures (Figure S2). This suggests it likely represents a virus contaminant, as suspected
for other ChPV sequences recovered from vertebrate WGS data [9]. The virus from which this sequence
was presumably derived was designated Syngnathus scovelli ChPV (ScChPV).
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The seahorse and invertebrate sequences identified in our screen clearly represented EPVs
(see below). However, the pipefish sequence lacked flanking genomic sequences and appeared to
derive from an exogenous virus, encompassed by truncated hairpin-like secondary structure repeats
(Figure S2). None of the ChPV-derived EPVs we identified shared homologous flanking sequences,
indicating that each derives from a distinct germline incorporation event.

We identified a total of 13 EPV sequences that disclosed a relatively close phylogenetic relationship
to ChPVs. These elements showed varying degrees of degradation. In many cases, only genome
fragments were detected (Figure 2), and these usually included multiple nonsense mutations (Table 1).
ChPV-derived elements were detected in three major arthropod clades that primarily occupy terrestrial
habitats, namely arachnids of Chelicerata, chilopods of Myriapoda, as well as hexapod insects
and entognaths.

We used maximum likelihood-based phylogenetic approaches and an alignment spanning the
tripartite helicase domain of the NS protein to reconstruct the evolutionary relationships of ChPVs,
ChPV-derived EPVs, and previously reported parvoviruses (Figure 3). Strikingly, reconstructions
indicated that the family Parvoviridae consists of four major clades, rather than the two that have
historically been recognized [1]. Of these four lineages, one corresponds to the subfamily Parvovirinae
as in current taxonomic schemes. However, the subfamily Densovirinae is split into two clades;
one encompassing all ambisense densoviruses along with viruses of the genus Iferadensovirus
(which have monosense genomes) and the second, referred to here as HBP, containing the Hepan-,
Brevi-, and Penstyldensovirus genera. Moreover, a fourth parvovirus lineage was evident, comprised of
the ChPVs and ChPV-derived EPVs.

Table 1. Novel ChPV sequences identified in this study.

Host Common Name Host Scientific Name lel\?i 221?ent ng::een ¢ IVII\L ot:tsizr;sseb
Vertebrates
Gulf pipefish Syngnathus scovelli ScChPV rep+cap 0;0
Tiger tail seahorse Hippocampus comes ChPV.1-HipCom Trep 2;2
Invertebrates

Black widow spider Latrodectus hesperus ChPV.2-LatHes rep+cap 4;1
ChPV.3-LatHes rep+cap 31
ChPV.4-LatHes rep * 3;3
ChPV.5-LatHes “rep 42
Chinese scorpion Mesobuthus martensii ChPV.6-MesMar rep+cap * 2;3
European centipede Strigamia maritima ChPV.7-StrMar T rep 2;3
Northern forcepstail Catajapyx aquilonaris ChPV.8-CatAqu rep 0;0
Emerald ash borer Agrilus planipennis ChPV.9-AgrPla rep* 2;0
Taurus scarab Onthophagus taurus ChPV.10-OntTau rep 2;3
ChPV.11-OntTau rep 0;0
ChPV.12-OntTau rep 2;1
Rhinocerous beetle Oryctes borbonicus ChPV.13-OryBor rep 2;0
ChPV.14-OryBor rep 0;0

@ For sequences that are presumed to derive from viruses, the proposed name of the virus is shown. For endogenous
parvoviral elements (EPV) the locus name is given, following the standard nomenclature proposed for endogenous
retrovirus (ERV) loci [39], except using the classifier “EPV” in the place of “ERV”. The table shows a shortened
version of the ID, used in the text of this manuscript, wherein the “EPV” classifier is omitted, and an abbreviated
version of the species name is used within the taxonomic component of the ID (derived from the first three letters of
each component of the Latin binomial scientific name of the host species). ? Stop codons; frameshifts. * Asterisks
indicate contigs that were truncated within the virus-derived portion of the sequence. Underlined names indicate
the presence of the complete ORF.
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Figure 2. Basic gene content of newly identified chapparvoviruses (ChPVs) and ChPV-derived
endogenous parvoviral element (EPV) sequences, shown in relation to a representative ChPV
genome (mouse kidney parvovirus). Asterisks indicate contigs that were truncated within the
virus-derived portion of the sequence. Abbreviations: non-structural protein (NS); capsid protein (VP);
nucleoprotein (NP).

The branching relationships between ChPVs were not fully resolved by phylogenetic analysis of
the helicase domain. The putative large non-structural proteins (NS1) of ChPVs displayed a high degree
of amino acid variability, particularly toward their N- and C-term. However, a region ~500-aa-long
could be aligned reliably throughout all complete and partial entries previously proven to cluster
within the ChPV lineage in the case of the NS helicase-based inference. Phylogenies reconstructed
from this alignment reveal the ChPV-related viruses to be comprised of three robustly supported
monophyletic lineages (Figure 4). One of these includes ChPVs sampled from amniotes (reptiles, birds,
and mammals), in which two robustly supported sublineages (labeled type 1 and 2) were observed,
corroborating the helicase-based phylogeny. The amniote ChPVs form a sister clade to EPVs found in
the arthropod subphyla Chelicerata (arachnids, camel spiders, scorpions, whip scorpions, harvestmen,
horseshoe crabs, and kin) and Myriapoda (millipedes, centipedes, and kin) as well as syngnathe fish.
A third lineage was also observed, containing sequences from the arthropod subphylum Hexapoda
(insects, springtail, and forcepstail). Within this lineage, the beetle EPVs formed a well-supported
monophyletic clade.



Viruses 2019, 11, 525

l— ‘ChPV.8-Agrilus planipennis.
ChPV.10-Onthophagus taurus
I_|"_(:caw 4-Orycins borbonicus
ChPY. |S-0ry\:ms barbanicus

100 CHPV.1-Hi comes
o0 spocampus

Coleoptera

) Syngnathid ﬁsh

111

) Type 1

Amniote

|Penaeus merguiensis hooanoonm

—

a L[ Penaeus monodon hepandanmn
) Penstyl

Aades aeg;
00 |- l;rzv:mswmms ) Brevl

Boca

Amdo

w0 [ Graylox amdopanvavirus
'—| ,,iE ‘skunk amdopanvovirus
racoondog amdopanvovins
Alputian mink disease vinus

11

Proto

magabat bufavirus 1
o primate protoprvovirus 1
- parvovinus Kresse
Z,Canine parvovinus
mlnune virus of mice

California sealion sesavirus

Copi

] Erythro

Tetra

Dependo

Unclassified

Figure 3. Evolutionary relationships within the family Parvoviridae reconstructed via phylogenetic
analysis of the tripartite helicase domain. The four major splits within the Parvoviridae are indicated in the
tree as follows: (i) Parvovirinae (ii) Densovirinae (excluding genera Hepan-, Brevi-, and Penstyldensovirus,
abbreviated as HBP); (iii) HBP; (iv) Chapparvovirus (ChPV-related viruses and EPVs). Brackets to
the right indicate taxonomic groups. The names of established genera are shown in bold italics in
the abbreviated form (i.e., with the suffix “parvovirus” omitted). The scale bar shows evolutionary
distance in substitutions per site. Numbers adjacent to tree nodes show bootstrap support (based on

05

1o Papilio pd,uanes Iteradamov!rus

] Itera

CIW quadricarinatus ambidensovines

Cuhxmnmhmmmrs

Galleria mellonella ambidensovius

%0 - Diatrasa saccharalis densovines
Achaeta

[
[ -

o
s invict

100 bootstrap replicates) where >70%.

Ambi

o Ny

v

ud

sniianontedde

d

2DUNIAOAID,

a

apulIA0SU2



Viruses 2019, 11, 525

g Y- -
-] o
o x
= o
[~d
. ] o
ip ™ g-
1] J
- Syngnathus scovelll ChPY DOm0 ) E p -
— ChPY.1-Hippocampus comes (] i] = i B g
E] e o
ChPV.2- <p ]
1% 1 ChPY-Latrodectsh om = Y
100 P4 ¥ =3
ChPV.3-Latrodectus hesperus EE N E
7 ChPV.7-Strigamia maritima || -]
ChPY6-M ] o
ChPY.5-Latrodectus hesp EHm J e
- _E simian parvo-like virus 3 ) 'I'ype 1 D D .
porcine parvovirus 7 D |:| .
chicken ChPV 1 & O |
chicken ChPV 2 ] o
partridge ChPV O o
Mesitornis unicolor ChPV ] ] ;
& :
(] ORF 1 amniote tur, eyeﬂrvowrusi’ O B (] g
rat parvovirus 2 ,z' ] ] >
[ ORF 1 of scchpy Protobothrops mucrosquamatus ChPV '2 O O "m"
[ orF 1-Lh Eidolon helvum parvovirus 2 v [0 [ |
[0 orF2 Desmaodus rotundus ChPV ] O
Myotis davidii ChPV O B
[ orr4
Cebus capucinus imitator ChPV O [}
B nucleapratein mouse kidney parvovirus ] ]
|:| ORF6 murine parvovirus S [:I .

Figure 4. Maximum likelihood phylogenetic reconstructions of the ChPV clade based on the complete
aligned amino acid sequences of the NS1. Colored boxes indicate the presence of auxiliary open reading
frames (ORFs), as shown in the inset key. The “?” character indicates that the presence of an ORF is
suspected but not confirmed. Taxa labels in bold italics indicate endogenous sequences, whereas italics
indicate sequences known or believed to derive from viruses. Brackets to the right indicate taxonomic
groups. The scale bar (top right) shows evolutionary distance in substitutions per site. Numbers
adjacent to tree nodes show bootstrap support (based on 100 bootstrap replicates) where >70%.

3.3. Characterization of Syngnathid ChPVs and EPVs

The ScChPV genome encodes a long NS ORF (807 aa), a strikingly short VP (367 aa), and a ChPV-like
NP (Figure 5). Furthermore, a homologue of the ORF2 protein found in the amniote parvoviruses
PPV7 and SPV3 was present. A predicted ORF was present in a genomic position equivalent to that
of ORF1, found in amniote ChPVs. However, the predicted protein sequence did not disclose any
detectable similarity to its amniote counterpart. ORF6, identified in partial overlap with the VP C-term
encoding region, encodes a small protein of 27.2 kDa (239 aa), exhibiting no detectable similarity to
any other sequence in GenBank. Fold recognition, however, revealed a potential structural similarity to
viral structural proteins, including the major envelope glycoprotein of the Epstein-Barr virus (PDB ID:
2H60 chain A, p = 0.012), the minor viral protein of the Sputnik virophage (PDB ID: 3]26, chain N,
p = 0.017) and the surface region of Galleria mellonella ambidensovirus (PDB ID: 1IDNV, p = 0.021).
These findings imply ORF6 may encode an auxiliary structural protein.

The partial ChPV-like sequence identified in the genome of the tiger seahorse (Hippocampus comes)
was flanked by extensive stretches of host genomic sequence, establishing that, unlike the ScChPV
sequence identified in the Gulf pipefish genome assembly, it likely represents an EPV rather than
a virus. Interestingly, however, phylogenies showed that both sequences obtained from syngnathe fish
are relatively closely related, and cluster together with high bootstrap support (Figures 3 and 4).
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Figure 5. Genomic structures of newly identified chapparvoviruses (ChPVs) and ChPV-derived
endogenous parvoviral element (EPV) sequences. The positions of putative open reading frames (ORFs)
and predicted cis transcription elements of ChPVs are shown. ChPV.2-LatHes contains a previously
unidentified repetitive element, present as multiple copies scattered in the Latrodectus genome, marked
by the white box within the VP gene. The element ChPV.10-OntTau shares its integration site with
another endogenous element, disclosing similarity to ambidensoviruses. ORFs are represented by
rectangular arrows, colored according to homology. In-frame stop codons are shown as vertical lines.
Splice donor sites are marked by white-colored bars, acceptor sites by orange-colored bars. Blue-colored
bars show predicted polyadenylation signals. Small arrows show predicted promoters and are colored
according to prediction score (>0.95 = green; 0.9-0.95 = pink: <0.9 = yellow). Grey boxes indicate
regions inferred to be transcribed but not translated.

3.4. Characterization of ChPV-Derived EPV's in Invertebrate Genomes

Among the ChPV-derived EPVs we identified in invertebrates, the most complete were identified
in the western black widow spider (Latrodectus hesperus) (Figure 5). Two of these elements spanned
near complete genomes, including rep, cap, and NP genes, and a homologue of the ORF1 gene found in
ScChPV. In addition, the ChPV.2-LatHes element encodes an apparently complete NS protein (690 aa),
while ChPV.3-LatHes discloses an undisrupted ORF1 (113 aa) as well as an apparently intact cap gene
encoding a 386-aa-long VP. The putative NS1 proteins encoded by these elements displayed only 62%
identity at aa level. The disrupted cap gene of ChPV.2-LatHes was found to include an insertion of 74 aa,
suspected to originate from a yet unknown repetitive element (revealed by sequence comparisons to
be interspersed throughout the L. hesperus genome).

ChPV.3-LatHes, on the other hand, appeared to include an intact upstream region of the genome,
revealing an additional small ORF of 81 aa length directly upstream of the ScChPV ORF1 homologue,
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designated ORF1-Lh. This ORF disclosed no detectable homology to any sequences to date. Upstream
of this ORF, a potential promoter sequence could be identified with high confidence (0.98 of 1).
Both elements included complete, NP-encoding ORFs of 233 aa, although a canonical ATG start codon
could only be identified in one element (ChPV.3-LatHes).

We identified two further elements in the western black widow spider genome, although these
only spanned disrupted rep genes. ChPV.4-LatHes encodes nearly complete NS and NP genes, as well
as a complete homologue of the ScCChPV ORF1 gene. The true extent of preservation could not be
assessed for this EPV as it occurs on a short scaffold that terminated within the EPV rep sequence.
The putative NS1 of ChPV.4-LatHes was 80% identical to its counterpart in ChPV.2-LatHes at aa level.
Interestingly, this element contains additional, rep-encoding regions directly upstream of a larger,
NS1- and ScChPV ORFl-encoding region. This second region encodes only the first 221 aa of the
putative NS1 protein, together with the putative ScCChPV ORF1 homologue and ORF1-Lh genes.
The ORF1-Lh gene encoded by ChPV.4-LatHes lacks an ATG start codon. The upstream promoter was
weakly predicted, with a score of 0.6. ChPV.5-LatHes displayed a highly divergent, partial rep of 216 aa,
with only 42% identity to the ChPV.2-LatHes NS1 at aa level (Figure 5). This element clustered outside
the monophyletic clade defined by the three other Latrodectus EPVs (Figure 4).

A single ChPV-derived EPV was identified in a second arachnid species—the Chinese golden
scorpion (Mesobuthus martensii). This element was identified in a relatively short, unplaced scaffold,
and comparison to the Latrodectus elements indicated that the contig was truncated within the
EPV sequence, consequently the true extent of its preservation could not be assessed. Nevertheless,
ORFs disclosing homology to the NS, NP, and VP proteins could be identified (Figure 2). While the
first 100 or so codons of the NS ORF were absent, a complete NP ORF was detected, along with the
first 46 codons of VP. All three ORFs were disrupted by frameshifts and stop codons. No homologues
of any alternative ORFs identified in other ChPV genomes could be identified.

We identified a ChPV-derived EPV in the genome of a myriapod—the European centipede
(Strigamia maritima). This element displayed partial homologues of the NS and NP encoding ORFs,
both of which contained large deletions (Figure 2) as well as numerous nonsense mutations (Table 1).
Moreover, the NS ORF was disrupted by an extensive stretch of an insertion of unknown origin.
No homologues of any of the alternative ORFs found in other ChPVs could be identified in this
endogenous sequence.

Seven ChPV-derived EPVs were identified in hexapod arthropods (subphylum Hexapoda).
One occurs in the genome of a bristletail species—the Northern forcepstail (Catajapyx aquillonaris)y—
belonging to the entognath order Diplura. The other six were identified in three species belonging to the
vast insect order Coleoptera: the emerald ash borer (Agrilus planipennis), the taurus scarab (Onthophagus
taurus), and the scarab beetle (Oryctes borbonicus). The bristletail element contains a C-terminal truncated
rep of at least 250 aa and a near full-length NP ORFE. The partial rep was intact, but the NP OREF is
disrupted and highly divergent, showing significant sequence similarity only in the conserved core
region of the putative protein. The ash borer element ChPV.9-AgrPla occurs in a scaffold that is ~1 kb
in length. One end of this scaffold contains a 592 nt region exhibiting homology to the NS ORF, which
harboured an N-terminal deletion of at least 200 aa.

In ChPV.10-OntTau, a disrupted but almost complete NS ORF could be identified (Figure 5).
Interestingly, a second EPV insertion was detected at the same locus. This element encodes
an intact, potentially fully-expressible NS gene, homologous to the NS1 of ambidensoviruses (genus
Ambidensovirus) and disclosing similarity to a recently reported ambidensovirus sequence that has been
detected only at cDNA level in the transcriptome of two bumble bee species (Bombus cryptarum and
B. terrestris) [40]. An additional intact, potentially expressible ORF was present in this ambidensoviral
element, overlapping the putative NS1 gene, which harboured no significant similarity to any sequences
deposited in GenBank to date. In its derived aa sequence, however, a homeobox domain could be
revealed. The other two elements of the taurus scarab genome were located together in another
assembly scaffold, only 2540 nts apart from each other. Both EPVs consisted of only a partial ORF,
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which disclosed similarity to chapparvoviral reps. None of these elements encompassed the tripartite
helicase domain, hence they were not included in the phylogenetic inference.

Two EPVs were identified in the scarab beetle genome. One of these, designated ChPV.13-OryBor,
harboured a near complete rep at 402 aa, as well as a short, partial cap, capable of encoding only the first
33 aa of the putative VP. The region of rep homology occurred within an ORF that was not disrupted
by any frameshifts and could be extended without disruption upstream and downstream, suggesting
that a longer gene product—potentially encoding a longer, divergent NS protein—may be present.
However, these regions did not disclose sequence similarity to any proteins hitherto deposited to
GenBank. The ChPV.14-OryBor element included only a heavily truncated NS of 254 aa.

3.5. Structural Characteristics of ChPV Capsids

We built 3D homology models to facilitate the comparison of ChPV capsid structures to those found
in other parvoviruses. Interestingly, structural similarity with erythro-, proto-, and bocaparvoviruses
can be detected for VP using fold recognition, even though the VP proteins of ChPVs share no significant
sequence similarity with those of other parvoviruses (Figure 6a).

The derived polypeptide sequence of the complete VP ORF encoded by DrChPV was subjected to
fold recognition, to identify suitable templates for homology modeling. This comparative analysis
showed that the VP2 protein of parvovirus H1 (genus Protoparvovirus) (PDB ID: 4GOR) could potentially
harbor the most structural similarity (p = 9 x 1075), and this sequence was therefore used as the
template for homology modeling. Due to the lack of sequence identity and the non-homologous nature
of the ChPV VP genes to other parvoviral VPs, we used the final model obtained in this analysis as
a template to construct homology models for four further ChPV VPs—rat parvovirus 2, PPV7, TPV2,
and pit viper ChPV. This allowed us to overcome the stochastic aspect of model construction. Although
the pitfalls of using models as templates have to be noted, this approach ensured that only those
regions showed structural variability which would likely do so in the actual capsid structures.

We examined the VP sequences of two representatives of the second major ChPV clade
(see Figure 4)—one derived from a presumably exogenous virus (ScChPV) and one from an EPV
(ChPV.3-LatHes). For the VP protein encoded by ScChPYV, fold recognition identified the following
dependoparvovirus VP3 proteins as potential templates: adeno-associated virus 8, PDB ID: 2QA0,
p =9 x107%; Adeno-associated virus rh32.33, PDB ID: 410V, p = 9 x 10, while for the VP encoded
by the black widow spider EPV the most reliable hit was the VP4 protein of an iteradensovirus
(Bombyx mori densovirus 1, PDB ID: 3P0S, p = 8 x 107*). When superimposing the obtained models
with the VPs of AAV8 and BmDV1, however, structural similarity only covered the jelly roll core and
the «A helix, and of the surface loops traditionally considered more variable, only the BC loop.

Modeling indicated that the ChPV VP monomer harbors an eight-stranded (-barrel “jelly roll”
core and the «A helix at the two-fold symmetry axis, as found in all members of the family Parvoviridae
to date [41] (Figure 6a). Equivalents of all short strands were present (3-C, H, E, F) as well, for four out
of the five longer strands (3-B, D, I, G). However, no structural analogue to the outmost 3-A could be
identified (Figure 6). Examining the secondary structure prediction confirmed that a 3-A analogue
was not present, indicating 3-B to be the closest to the N-term. The first strand of the Syngnathus
scovelli ChPV VP appeared to fold outside of the jelly roll, leaving the longer sheet of the barrel without
a 3-B, comprised of only three strands—namely D, I, and G—despite a complete upper, CHEF sheet
(Figure 6a). When modeling the complete T = 1 capsid polymer, this manifested as a hole, which is
normally covered by (3-B, even in the case of the smallest parvoviral capsids (Figure 6b). All VPs
encoded by ChPVs and ChPV-derived EPVs displayed two canonical loops surrounding their five-fold
axes, linking sheets D with E at the five-fold channel and sheets H with I on the floor surrounding the
channel. In case of the amniote ChPVs, the pore displayed a tight opening. The sequence of the DE
loop varied to some extent among these seven sequences, which also manifested in the models. The HI
loop was, however, highly conserved throughout, containing only one variable position between the
amniote ChPVs.
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Figure 6. Structural variation and assembly interfaces of chapparvoviruses (ChPVs). (A) Comparison
of VP monomer ribbon diagrams of the protoparvovirus minute virus of mice (PDB ID: 1Z214) from
subfamily Parvovirinae to homology models of an amniote, a fish, and a ChPV-derived EPV from
an arthropod genome (ChPV.3-LatHes). Variable regions (VRs) of the same number are marked by the
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same color and mapped to the surface and luminal area of the T = 1 icosahedral capsid model
constructed of 60 monomers. In the case of the minute virus of mice, the VRs are marked by both
the traditional numbering established for dependoparvoviruses (Roman numerals) and by the special
numbering applied for protoparvoviruses only (Arabic numerals). Blue signs indicate the names of
the loops linking the beta strands of the conserved jelly roll core. Triangles mark the position of an
asymmetric unit within the capsid, the five-fold symmetry axis is marked by a pentagon, the three-fold
with the black filled triangles, and the two-fold with an ellipsoid. (B) Homology model of ORF6,
the hypothetical structural protein of Syngnathus scovelli ChPV (ScChPV). The trimer of the ScChPV
monomer model reveals a gap at each subunit interaction (arrows), unlike in the case of the trimer of
even the hitherto smallest parvoviral capsid protein, Penaeus stylirostris densovirus. The gap might
accommodate ORF6 in the assembled ScChPV capsid. Symmetry axes are marked by the same symbols
as for panel A.

We mapped the chapparvoviral VRs identified by VP alignments (Figure S3) to both VP monomers
and complete capsids, to examine how they manifest on the virion surface and make comparisons
to parvoviruses of known structure, represented by the minute virus of mice (MVM), the prototypic
member of subfamily Parvovirinae (PDB ID: 1Z14) (Figure 5). Out of ten chapparvoviral VRs identified
(VR 1 to 10), shown in Figure S3a, only VR1, VR2, and VR9 proved to be similarly positioned and hence
likely analogous to their counterparts in the MVM capsid. Some VRs (VR4 in all ChPVs examined,
VRS of the amniote ChPVs, and VR6 in ChPV.3-LatHes and ScChPV) appeared to be positioned at the
luminal surface of the ChPV capsid, distinct from all parvoviruses studied to date. The only exception,
however, is bovine parvovirus, a bocaparvovirus [42] in which VRS is also located on the luminal
surface of the capsid. Since the ChPV VRs appeared to be non-homologous to those established for
either proto- or dependoparvoviruses, we re-defined them by numbering from N to C-term.

In addition to their distinctive VRs, ChPVs ubiquitously appeared to harbor a highly variable
C-terminal region, with a length varying between 12 and 62 residues. The ChPV VP variable C-term
appears to be buried in most cases, with the exception of ScChPV, where it is probably exposed. In the
VP encoded by ChPV.3-LatHes it forms the luminal surface of the three-fold, whereas in the case of fish
and amniote ChPVs it is located at the two-fold (Figure 6a).

The ScChPV and ChPV.3-LatHes VP lacked a VR6 homologous to that of the amniote ChPVs,
albeit displayed variation in another position instead, still in the sixth-place counting from the N-term
(Figure S3b). Moreover, both of them displayed truncated VRs 3, 5, and 7, compared to their amniote
counterparts. VRY, furthermore, was absent from the ScChPV VP, whereas VR10 was missing from the
VP of ChPV.2-LatHes (Figure S3b). As for the surface, the largest variable region for amniote ChPVs,
namely DrChPV, is VR7, forming the entire three-fold protrusions, with VRs 1, and 9 forming small
protrusions surrounding the aforementioned peaks.

The complete capsid models of non-amniote ChPVs were observed to harbor surface features
that are strikingly distinct from those of the amniote ones, more closely resembling the capsids of the
Ambidensovirus-Iteradensovirus clade of Densovirinae (see Figure 3), with a surface that is less spikey
(Figure 7a). The homology model of ORF6 of ScCCHPYV, constructed based on the minor viral protein of
the Sputnik virophage (PDB ID: 3]26) indicates that this potentially structural protein harbors multiple
beta strands close to its C-term, out of which the outermost could potentially fill in the aforementioned
gap caused by the lack of a 3-B (Figure 6b).
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Figure 7. Comparison of chapparvoviruses (ChPV) capsid models of various host affiliations.
(A) Homology models, shown as ribbon diagrams, representing the probable three different ChPV
structural protein types. The first panel shows superposition of VP monomer homology models of
amniote ChPV capsids, including reptilian, avian, rodent, chiropteran, and ungulate representatives.
Black arrows show variable regions (VRs) previously identified by aligning the VP protein sequences.
The next two panels show homology models of capsid monomers from a fish ChPV and an endogenous
chapparvoviral element from an arthropod genome. (B) Capsid surface morphology of amniote ChPV
homology models compared to that of the polymer structure of a prototypic parvovirus, the minute
virus of mice (MVM) (PDB ID: 1Z14 at 3.25 A resolution). Capsids are orientated by their two-fold
symmetry axes, as shown in the line diagram, and are radially colored. Below, the comparison of
homology models of complete viral capsid surface morphology of the newly identified fish ChPV and
arachnid endogenous chapparvoviral element is shown, with that of the actual capsid structure of
two densoviruses (subfamily Densovirinae, genus Ambidensovirus) (PDB ID: 4MGU at 3.5 A resolution
for Acheta domestica densovirus and 1DNV at 3.7 A for Galleria densovirus).

4. Discussion

Historically, the family Parvoviridae has always been comprised of two subfamilies, with specificity
for vertebrate or invertebrate hosts being the major demarcation criterion [2]. This division was initially
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supported by phylogenetic inference. However, as the number of densoviral genera increased,
the heterogeneity of densoviruses, specifically their segregation into two clades, has not gone
unnoticed [1]. Our study provides further evidence that the traditional division of parvoviruses into
vertebrate-specific and invertebrate-specific subfamilies no longer holds, rather, it supports the division
of the Parvoviridae into four major subgroups: the Parvovirinae, a split Densovirinae, and the ChPVs,
as illustrated in Figure 3.

The data presented here show that ChPVs infect an exceptionally broad range of hosts, including
both vertebrates and invertebrates. We show that ChPVs found in fish are more closely related to those
that infected ancestral arachnoid arthropods than they are to those that infect amniote vertebrates
(Figure 4), suggesting that ChPVs may have been transmitted between distantly related host species in
the past. Furthermore, phylogenies indicate that all amniote ChPVs have a common origin (Figure 3),
consistent with the overall conservation of their genome organization and some aspects of predicted
transcriptional strategy (Figure 1).

While previous studies have suggested that ChPVs broadly co-diverged with host species [9],
the present, expanded data set reveals that some transmission of ChPVs between vertebrate classes
may have occurred (Figure 4). However, it should be kept in mind that almost all amniote ChPVs have
been identified via metagenomic sequencing of environmental samples (mostly fecal viromes) and
their true host affiliations remain uncertain.

The EPV sequences found in animal genomes overwhelmingly derive from a small proportion of
parvovirus lineages [13,14,17,43,44]. For example, ambidensovirus-derived EPVs dominate invertebrate
genomes [14], whereas vertebrate EPVs almost exclusively derive from the Dependoparvovirus and
Protoparvovirus genera [12,13,43,44]. In this study, we found no trace of ChPV-derived EPVs in amniote
genomes, despite recent evidence that ChPVs infect this host group [21,45]. By contrast, ChPV-derived
EPVs are relatively common in arthropods, with some species harboring multiple, independently
acquired elements, occasionally even in close proximity within the host genome (Table 1, Figure 4).
The tendency of EPVs to derive from a subset of parvovirus genera likely has biological underpinnings.
For example, in vertebrates it may reflect the ability of dependoparvoviruses to integrate into host
DNA, and/or the requirement of protoparvoviruses to initiate DNA damage response (DDR) during
replication [46,47]. Similar features of the viral life cycle could account for the biased distribution
of ChPV-related sequences in animal genomes, i.e., arthropod and fish ChPVs might have adopted
a replication strategy that favors germline integration, whereas that of amniote ChPVs precludes it.
Notably, some arthropod species have integration sites containing multiple independently acquired
EPVs of both ChPV and ambidensovirus origin, suggesting that hotspots of parvovirus integration
and/or fixation might exist in their genomes.

Our discovery of ChPV-derived elements in fish and arthropod genomes establishes that ChPVs can
infect these species in addition to amniotes [21,45]. Moreover, it provides evidence that the ChPVs are
likely an ancient lineage of parvoviruses. Though we did not identify any orthologous ChPV insertions,
the EPVs described here show extensive evidence of germline degradation. Through comparison
to studies of EPVs in mammals (in which several orthologous EPVs have been described [13,48]),
it appears likely that ChPVs have been present in animals for many millions of years. Moreover, as the
hexapod EPVs appear to be monophyletic and mirror the evolution of their host species, the age
of ChPVs could possibly correlate with the Insecta—Entognatha split, suggesting a minimum age of
400 million years [49].

Through comparative analysis of EPVs and ChPVs, we show that ChPV genomes exhibit a number
of defining characteristics. Firstly, all possess a short, monosense genome, encoding a relatively large
NS and a relatively short VP. The short VP proteins of ChPVs are clearly homologous to one another,
but show no similarity to those found in other parvovirus lineages. Similar to those found in the
penstyl-, hepan-, and brevidensoviruses, the VP proteins of ChPVs lack the phospholipase A2 (PLA2)
domains that are required for infectivity in most other parvoviruses. Notably, these are also the genera
to which ChPVs are most closely related in NS-based phylogenies (Figure 3).
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Secondly, ChPVs typically encode multiple additional gene products besides the NS and VP.
To begin with, almost all encode a nucleoprotein (NP) gene in an overlapping frame with rep.
In this report, we show that putative NP ORFs are present in ChPV-derived EVEs, suggesting it is
an ancestral, conserved feature of these viruses. However, its absence from the coleopteran lineage
is intriguing, as it is still present in the EPV of the hexapod stem group Diplura of Entognatha.
Phylogenetic reconstructions (and the extensive overlap with rep) imply it was acquired ancestrally
and independently lost in the lineage derived from members of the hexapod crown group, Coleoptera
(Figure 4).

A functional role for auxiliary ORF1 is supported by: (i) its conservation across the entire amniote
ChPV clade; and (ii) limited experimental data indicating it is expressed in MKPV via a spliced
transcript. Auxiliary ORF2 was only identified in a small subset of ChPV genomes, but a functional role
for this ORF is suggested by the presence of homologues in distantly related ChPVs of amniotes and fish
(see Figure 4). Interestingly, although all ChPVs appear to express ORF1 via splicing of a small intronic
sequence (Figure 1), those harboring an ORF2 homologue are predicted to lack the peculiar large introns
found in the expression of MKPV NP and VP transcripts [21]. ScChPV lacks an ORF1 homologue,
but contains a predicted reading frame in the corresponding position. Homologues of this ScChPV
ORF1 variant are present in all three arachnid EPVs, although not in the first, but in the second position.
As only the three Latrodectus EPVs possess a homologue of ORF1-Lh, it is possible that this small ORF
originated after the split from the syngnathe fish lineage, whereas the ScChPV ORF1 originates earlier.
The distribution of homologous auxiliary genes across phylogenetic lineages of ChPVs implies that
distinct lineages have acquired and/or lost these genes on multiple, independent occasions.

MKPYV has been reported to possess only one promoter and two polyadenylation signals, as well
as an extensive number of spliced transcripts. This transcription pattern, however, appears to be unique
to only one of the two hitherto amniote ChPV lineages, comprising of rodent, chiropteran, New World
primate, avian, and reptilian entries. As members of the “type 1” lineage, including PPV7, appear to
display a genome organization specific for this clade and different from that of MKPV, they may utilize
distinct transcription strategies as well.

Despite the potential pitfalls of homology modeling, and the use of distinct templates to reconstruct
both the VP monomer and capsid structures, we obtained remarkably similar predicted structures for
VP sequences found in closely related viruses/EPVs. Since the viral capsid plays an important role in
mediating the interactions between parvoviruses and their hosts, comparisons of capsid structures
can potentially reveal insights into parvovirus biology. Our analysis indicates that ChPV VPs would
assemble into a complete, T = 1 icosahedral capsid, despite their relatively small size. Furthermore,
their predicted structures are remarkably similar to those found in other parvoviruses, despite the
lack of any detectable similarity in the sequences of their VP proteins. Structural similarities include
the presence of a conserved jelly roll core and x-A helix, the existence of the D-E and H-I loops,
and the presence of identifiable VRs. Interestingly, the amniote ChPV capsids appear to possess the
same number of VRs as most of the vertebrate parvoviruses of subfamily Parvovirinae, even if only
a few of them (namely VRs 1, 2, and 9) proved to be analogous features. In these virus capsids,
variations were most prominent among the three-fold peaks and protrusions, as well as the two-fold
depression, as observed in members of the Parvovirinae (Figure 7). The tendency of some VRs to
manifest at the luminal surface of the capsid in models suggests these regions could play a role in
intracellular host-virus interactions. For these regions to become accessible to intracellular signaling
pathways would require either uncoating or conformational changes. Based on previous findings,
however, the parvovirus capsid appears to traffic into the nucleus intact [50,51]. Considering this, these
buried regions might play a role in processes linked to the nucleus. Interestingly, bovine parvovirus,
the only other parvovirus in which buried VRs have previously been observed [52] is an enteric
pathogen, and the association of amniote ChPVs with fecal viromes suggests these viruses might also
be largely enteric.
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Inaddition to the VRs, all ChPVs seem to harbor highly variable VP C-terms. A similar phenomenon
has been observed in the case of iteradensoviruses, in which the last 40 C-terminal residues are
disordered, hence the structure of this region cannot be resolved [53]. Although the location of the
ChPV C-term appears to vary, its association with regions that are overtly involved in parvovirus-host
interactions (e.g., the two- and three-fold peaks) is certainly intriguing.

MKPV is associated with the pathology of the urogenital system, whereas a related virus,
murine ChPV, has been detected at a very high prevalence in murine liver tissue, suggesting it is
a gastrointestinal agent [45]. The VPs of the two, however, only differ in six aa residues, located within
VR3 and near VR2 on the surface and in the buried VR4, as well as in the similarly buried variable
C-term (Figure S3a). Thus, these positions could constitute potential determinants of tissue tropism in
murine ChPVs.

Parvovirus subfamilies Parvovirinae and Densovirinae utilize distinct strategies to stabilize their
icosahedral capsids [54]. Vertebrate parvoviruses extend the longer side of the jellyroll fold with
an additional, N-terminal strand by folding back 3-A to interact with the two-fold axis of the very
same monomer, hence creating an extended ABDIG sheet [55,56]. By contrast, the densovirus capsid
preserves the symmetric arrangement of the jellyroll fold, and possesses a 3-A which is a direct
elongated N-terminal extension of the 3-B instead, interacting with the 3-B strand of the neighboring
monomer toward the five-fold axis [57,58]. Strikingly, our data show that ChPV capsids lack f3-A
strands (and also the (3-B strand, in the case of ScChPV). The functional implications of this are
unclear—possibly ChPV capsids are stabilized in the absence of 3-A via a yet unknown, additional VP.
If ChPVs express additional structural proteins, they are presumably encoded by spliced transcripts
(given the unusually small size of the cap gene). Alternatively, the ChPV capsid might assemble without
the incorporation of an additional § strand, perhaps at the cost of losing the stability and resilience
typical of parvoviruses in general. Potentially, this could account for the apparent presence of buried
VRs. Interestingly, in studies of MKPV, viral proteins could be detected in the kidneys of infected mice,
even though no assembled particles could be observed in inclusion body-affected tubular cells [21].
This, along with our structural predictions, suggests that the ChPV strategy for uncoating and cellular
trafficking might be very different from that found in the Parvovirinae and Densovirinae.

Uniquely, the genome of ScChPV appears to include a putative additional structural protein
(ORFo6), in addition to the above-mentioned alternative ORFs. All parvoviruses to date—except those
of genus Penstyldensovirus, with only one VP comprising the capsid [58]—have been reported to
incorporate up to three additional minor VPs into the virion, which share a common C-terminal region.
To encode a structural protein on an entirely separate ORF sharing, no mutual coding sequence with
cap would be unique. Possibly, this unusual feature could be connected to the predicted lack of a 3-B
strand in the ScChPV VP monomer.

Taken together, the data presented here establish that the ChPVs belong to a parvovirus lineage
that comprises a distinct lineage from all other parvoviruses, and infects an exceptionally broad range
of host species, including both vertebrates and invertebrates. Consistent with this, their relatively
complex genomes exhibit numerous unique features, implying that their life cycle might significantly
differ from what has been established in the case of other members of the family. These findings
underscore the need for further basic and comparative studies of ChPVs, to assess their potential
impact on animal health, both wildlife and livestock. Furthermore, this is the first study to imply that
vertebrate parvoviruses are not monophyletic, and that members of the family must have evolved to
infect vertebrates on at least two separate occasions.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/6/525/s1,
Figure S1: Predictions of secondary structure, disordered regions and potential phosphorylation sites in case of
an amniote exogenous and an endogenous invertebrate ChPV nucleoprotein (NP), Figure S2: Secondary structure
predictions of the Syngnathus scovelli ChPV genome termini. Figure S3: Variable regions at the derived amino acid
sequence level identified among ChPV capsid proteins.
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Abstract: Feces from dogs in an unexplained outbreak of diarrhea were analyzed by viral
metagenomics revealing the genome of a novel parvovirus. The parvovirus was named cachavirus
and was classified within the proposed Chapparvovirus genus. Using PCR, cachavirus DNA was
detected in two of nine tested dogs from that outbreak. In order to begin to elucidate the clinical
impact of this virus, 2,053 canine fecal samples were screened using real-time PCR. Stool samples
from 203 healthy dogs were positive for cachavirus DNA at a rate of 1.47%, while 802 diarrhea
samples collected in 2017 and 964 samples collected in 2018 were positive at rates of 4.0% and 4.66%
frequencies, respectively (healthy versus 2017-2018 combined diarrhea p-value of 0.05). None of
83 bloody diarrhea samples tested positive. Viral loads were generally low with average real-time
PCR Ct values of 36 in all three positive groups. The species tropism and pathogenicity of cachavirus,
the first chapparvovirus reported in feces of a placental carnivore, remains to be fully determined.

Keywords: parvovirus; viral metagenomics; canine chapparvovirus

1. Introduction

Canine diarrhea is one of the most common illnesses treated by veterinarians with many
possible causes of canine diarrhea, including bacteria, parasites, and viruses [1]. One of the
most important dog enteric viruses is canine parvovirus 2 (CPV-2) in the Carnivore protoparvovirus
species 1 [2]. Parvoviruses are small, icosahedral, nonenveloped, single-stranded DNA viruses that are
pathogenic to a variety of mammals [3-5]. The vertebrate-infecting parvoviruses are classified in the
subfamily Parvovirinae in the Parvoviridae family (which also includes the insect infecting subfamily
Densovirinae). The Parvovirinae subfamily is currently subdivided into eight officially recognized genera
(Dependoparvovirus, Copiparvovirus, Bocaparvovirus, Amdoparvovirus, Aveparvovirus, Protoparvovirus,
Tetraparvovirus, and Erythroparvovirus [6]). The recently proposed genus Chapparvovirus is currently
comprised of a rat parvovirus 2 (KX272741) [7], Eidolon helvoum fruit bat parvovirus 1 (MG693107.1) [8],
and E. helvum bat parvovirus 2 (JX885610) [9], Desmodus rotundus bat parvovirus (NC032097.1) [10],
simian parvo-like virus 3 (KT961660.1) [11], Turkey parvovirus TP1-2012/Hun (KF925531) [12], porcine
parvovirus 7 (KU563733) [13], murine chapparvovirus (MF175078) [14], Tasmanian devil-associated
chapparvovirus strains 1-6 (MK513528-MK53533) [15], red-crowned crane-associated parvovirus
(KY312548, KY312549, KY312550, KY312551) [16], and chicken chapparvovirus 1 and 2 (MG846441
and MGB846642) [17]. A close relative of murine chapparvovirus, initially reported in the feces of
a wild Mus musculus from New York City [14], called murine kidney parvovirus (MH670588) was
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recently shown to cause nephropathy in immunocompromised laboratory mice [18]. A recent survey of
eukaryotic genomes for chapparvovirus sequences has also shown the presence of a likely exogeneous
chapparvovirus genome in a fish (Gulf pipefish or Syngnathus scovelli) and of mostly defective germline
sequences in another fish (Tiger tail seahorse or Hippocampus comes) as well as in multiple invertebrates,
indicating an ancient origin for chapparvoviruses [19]. A phylogenetic analysis of NS1 also indicated
chapparvoviruses fall outside the traditional vertebrate-infecting Parvovirinae subfamily clade and
closer to that of a subset of members of the subfamily Densovirinae [19].

Here an unexplained diarrhea outbreak among dogs was analyzed using viral metagenomics
after diagnostic tests were negative for common canine enteric pathogens. The genome of a novel
chapparvovirus was characterized and used to perform an epidemiological study to measure its
prevalence and possible clinical significance.

2. Materials and Methods

2.1. Sample Collection and Pathogen Screening

Nine stool samples from dogs suffering from an infectious diarrhea outbreak in Colorado in
October 2017 were submitted to IDEXX Reference Laboratories, Inc. (Sacramento, CA, USA) for
pathogen testing. Fourteen dogs were involved in the initial outbreak which were identified by clinical
signs that started with steatorrhea, progressed to hemorrhagic diarrhea with additional symptoms
of lethargy, fever, and low lymphocyte counts pointing to a possible viral infection. At the time of
feces collection, the nine sampled dogs were at various stages of the disease, with two of the dogs
relapsing a month after initially experiencing parvo-like clinical signs. These stool samples were all
negative for Giardia spp., Cryptosporidium spp., Salmonella spp., Clostridium perfringens enterotoxin
gene (quantitative), Clostridium perfringens Alpha-toxin gene (quantitative), Canine enteric coronavirus
(alphacoronavirus), Canine Parvovirus 2 and Canine Distemper virus using the IDEXX canine diarrhea
profile real-time PCR tests.

2.2. Metagenomic Analysis

Stool samples were grouped into three pools of three and vortexed in phosphate buffer saline (PBS)
with zirconia beads followed by microfuge centrifugation at 14,000 rpm for 10 min. The supernatants
were passed through a 0.45 um filter (Millipore, Burlington, MA, USA) and digested with a mixture
of nuclease enzymes to enrich for viral particles [20,21]. RNA was extracted using the MagMAX kit
(ThermoFisher, Waltham, MA, USA) which was transcribed into cDNA using a random RT-PCR step.
The library was generated using the transposon-based Nextera™ XT Sample Preparation Kit (Illumina,
San Diego, CA, USA) which was deep sequenced with the MiSeq platform (250 bases, paired-end reads)
with dual barcoding. After demultiplexing the reads, they were trimmed and de novo assembled to
produce contigs [22]. Both singlets and contigs were compared to all eukaryotic viral protein sequences
in GenBank’s non-redundant database using BLASTx [23].

2.3. Genome Assembly and Diagnostic PCR

Pairwise identity matrices using the amino acid sequence of the NS1 wasgenerated using
Geneious R11 (Newark, NJ, USA). Amino acid sequences from the NSI region of all available
chapparvoviruses were aligned using MUSCLE and a Maximum likelihood tree was created using the
Jones-Taylor-Thorton matrix-based model with 1,000 bootstrap replicates in MEGA®6.0 [24-26].

A set of nested PCR primers were designed to screen for cachavirus in the nine stool samples
from the diarrheal outbreak. DNA was extracted from each individual stool sample using the QlAamp
MinElute Virus Spin kit (Qiagen, Hilden, Germany) and nested PCR assay primers were used to screen
for cachavirus DNA. The first round of primers CPV_625F (5'-CAA CTA GCC GAA TGC AGG GA-3)
and CPV_948R (5-CGA TAA CAT CCC CGG ACT GG-3’) were designed to target 323 nt of the NS1
region. The second round of primers CPV18_687FN (5-AGC TCA GTT TGG CCC AGA TC-3") and
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CPV_911RN (5-AGAGGGATCGCTGGATCTGT-3’) targeted a 224 nt region within the amplicon of
the first round of primers. The PCR (containing a final concentration of 0.2 pm of each primer, 0.2 mM
of dN'TPs, 0.625 U of Amplitaq Gold® DNA polymerase (Applied Biosystems, Waltham, MA, USA),
1x PCR Gold buffer II, 1.5 mM of MgCl, and 1 uL of DNA template in a 25 ul reaction) proceeded as
follows: 95 °C for 5 min, 40 cycles of (95 °C for 30 s, (52 °C for the first round and 54 °C for the second
round of primers) for 30 s, and 72 °C for 30 s), followed by a final extension at 72 °C for 7 min. PCR
products of the correct size were verified by gel electrophoresis and Sanger sequencing.

2.4. Prevalence

A proprietary real-time PCR assay with an amplification efficiency of 95% and an r? value of
0.99 was developed by IDEXX. One gram of feces was added to 3 mL of lysis buffer and 600 uL
extracted into 200 pL nucleic acid eluate. Five uL of the eluate was tested in a PCR reaction with a
limit of detection of 10 copies DNA for a sensitivity of 1,600 copies per gram of feces. A chi-square test
comparing the proportion of healthy dogs that tested positive for cachavirus and those testing positive
with diarrhea in 2017 and 2018 was performed in order to determine if the difference in frequency was
statistically significant.

3. Results

Nine canine diarrheal samples from an unexplained outbreak of diarrhea were analyzed by viral
metagenomics using three pools of three diarrhea samples each. Based on the BLASTx results, one of the
three pools showed the presence of viral sequences most closely related to different chapparvoviruses
reported from different vertebrates (0.05% of all reads). Other eukaryotic viral sequences observed
were from Gyrovirus 4 (0.0003% of all reads), which has been reported in both chicken meat and
human stool [27], indicating that it likely represents a dietary contaminant, and Torque teno canis virus
(0.002% of reads), a common commensal canine blood virus [28].

Using de novo assembly and PCR paired with Sanger sequencing, a near complete genome of
4,123 bases containing the two main open reading frames of chapparvoviruses was generated (Figure 1,
panel A). The available genome consisted of a 516 bases partial 5’'UTR followed by an ORF encoding a
663 aa non-structural protein (NS) possessing the ATP binding Walker loop motif GPSNTGKS followed
by a second ORF encoding a 505 aa viral capsid (VP) finishing with a 108 bases partial 3'UTR (Figure 1,
panel A). When NS1 and VP1 proteins were compared to all available parvovirus sequences, the
closest relative was from a Cameroonian fruit bat chapparvovirus (MG693107.1) [8] with an amino
acid identity of 61 and 63% respectively (Table S1). A 210 amino acid ORF that is missing a start
codon and is overlapping the NS1 ORF was also detected showing 57% identity to its homologue
protein in mouse kidney parvovirus (AXX39021) [18] (Figure 1, panel A). This NP ORF is widely
conserved among chapparvoviruses [19]. The 5" UTR DNA sequence was 68% identical to that of the
bat parvovirus sequence (MG693107.1)). The virus was named cachavirus (canine chapparvovirus)
strain 1A (CachaV-1A).

Distance matrices of the NS1 showed that the cachavirus is sufficiently divergent based on
ICTV criteria [6] (members of same species showing >85% NSI1 identity) to qualify as a member
of a tentative new species Carnivore chapparvovirus species 1 in the proposed Chapparvovirus genus
(Table S1). A phylogenetic analysis of the NS1 ORF confirms its closest currently known relative is
from a Cameroonian fruit bat (Figure 1, panel B).

Using a nested PCR, the other 8 samples were tested for the presence of this virus which was
detected in a second diarrheic sample from that outbreak.
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Figure 1. (A) ORF map and location of nucleotide-binding Walker loop motif. (B) Maximum likelihood
tree of NS1 aa sequences of chapparvoviruses. Bar, 0.5 amino acid substitutions per site. Bootstrap
values below 60 were removed.

A larger set of canine fecal samples were then tested using a real-time PCR assay. Of 2,053 fecal
samples tested, a total of 80 were positive (Table 1). Fecal sample submissions from the same time
frame as the outbreak (Sept-Oct 2017) were tested in order to determine the prevalence of CachaV-1
during that time. Healthy samples from fecal flotation samples submitted in 2018 for preventive care
screening were available. A second set of diarrhea samples that were collected during the same time
frame as the healthy samples was also analyzed to check for differences in prevalence across time,
as was a set of 83 bloody diarrhea samples.

Three stool samples out of 203 healthy animals tested positive, 32 were positive out of 802 diarrhea
submissions from September to October of 2017, and 45 were positive out of 965 diarrhea submissions
from September to October of 2018. None of the 83 bloody diarrhea samples tested were positive
(Table 1). When the fraction of PCR positive fecal samples was compared between the healthy animals
(1.47% positive) and those with diarrhea, a statistically significant difference (p < 0.05) could be detected
with the 965 diarrhea cases from 2018 (4.66% positive; p = 0.037), but not with the 803 diarrhea cases
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collected in 2017 (4.0% positive; p = 0.08). When 2017 and 2018 diarrhea samples were combined (4.35%
positive) and compared to the healthy group (1.47% positive), we measured a p-value of 0.05.

Cachavirus viral load as reflected by the Ct value of the real-time PCR were low across all four
cohorts, with Ct values ranging from 29 to 39 with an average value of 36 for all positive groups.
The five dog samples with the lowest Ct values (highest viral load) were then analyzed by viral
metagenomics. All five samples yielded cachavirus reads, but one yielded a near complete genome
(cachavirus [1B]). This sample also yielded 0.001% reads that were related to anelloviruses. None of
the other four animals showed the presence of other known mammalian viruses. The cachavirus-1B
genome showed 98% overall nucleotide identity with the index IDEXX-1A strain. The NS1 and VP
encoded protein showed 99 % identity.

Table 1. Real-time PCR results of cachavirus from four cohorts. A total of 2,053 samples were tested.

Diarrhea Diarrhea Total Diarrhea

Healthy Bloody Submissi Submissi bmissi

Stool Diarrhea ubmissions ubmissions submissions

Sept-Oct 2017  Sept-Oct 2018 (2017 + 2018)
number 203 83 802 965 1767

# Tested positive 3 0 32 45 77
Frequency 1.47% 0% 3.99% 4.66% 4.35%
Average Ct 36.49 - 36.48 36.38 36.15
p-value of frequency
when compared to = = 0.08 0.037 0.05
healthy cohort

4. Discussion

There are currently five other known canine parvovirus species belonging to two genera of the
Parvoviridae family. Canine parvovirus 2 (CPV2) in the Carnivore protoparvovirus 1 species is a highly
pathogenic virus that is closely related to feline parvovirus (FPV), the cause of feline panleukopenia, and
can infect other carnivores such as coyotes, wolfs, raccoons and pumas [29]. Canine bufavirus, a second
protoparvovirus (in the species Carnivore protoparvovirus 2) was reported in 2018 in fecal and respiratory
samples from both healthy and dogs with signs of respiratory illness [30]. That same protoparvovirus
was recently reported as a frequent component of juvenile cats fecal and respiratory samples [31].
The canine minute virus (CnMYV) in the Carnivore bocaparvovirus 1 species is less pathogenic than CPV2
but can cause diarrhea in young pups and is frequently found in the context of co-infections [32].
Distantly related to CnMYV, a second canine bocavirus in the Carnivore bocaparvovirus 2 species was
sequenced in dogs with respiratory diseases [33]. A third bocavirus was then characterized from the
liver of a dog with severe hemorrhagic gastroenteritis [34].

Here, we describe the near complete genomes of two closely related cachaviruses, members of a
new tentative species (Carnivore chapparvovirus 1) in a proposed genus Chapparvovirus, the third genera
of viruses from the Parvoviridae family now reported in canine samples. The chapparvovirus was
found in only two animals of the initial nine sampled. Many of the dogs in the outbreak analyzed were
sampled more than 10 days after onset of clinical signs, increasing the possibility that they were no
longer shedding viruses. Additionally, diarrhea is one of the top reasons for veterinary visits and some
patients may have coincidentally presented with diarrhea from some other cause.

The two samples positive for CachaV-1 presented in the same week and were in the group
of patients with the most severe clinical signs, requiring plasma transfusion and more aggressive
supportive care. One of the two dogs, sampled at nine days after onset, died two days later. Because
of the variable and often delayed feces sampling, it was therefore not possible to determine a clear
disease association in this small group of diarrheic dogs (i.e., not all affected animals were shedding
cachavirus).

A possible role for the cachavirus infection in canine diarrhea was further tested by comparing
cachavirus DNA PCR detection in larger groups of healthy and diarrheic animals including a group of
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animals with bloody diarrhea. A statistically significant difference (p = 0.037) was seen when diarrhea
samples from 2018 were compared to the feces from healthy animals collected the same year. When
2017 diarrheic samples were compared to e 2018 healthy samples, the p-value was 0.08. When 2017
and 2018 diarrhea samples were combined and compared to the healthy samples, the p-value was
0.05. The association of cachavirus with diarrhea is therefore borderline and the detection of viral
DNA remains limited to ~4% of cases of diarrhea. The limited number of healthy samples available for
PCR limited the statistical power of this analysis and a larger sample size will be required for further
testing of disease association. The absence of detectable cachavirus DNA in 83 other cases of bloody
diarrhea was unexpected given the similar signs that developed in the initial outbreak. Detection of
viral DNA in feces may be related to timing of sample collection as shedding of the intestinal lining
during hemorrhagic diarrhea may preclude viral replication and fecal shedding.

The detection of this virus in multiple fecal samples, the absence of prior cachavirus reports from
tissues or fecal samples from other animals, and the confirmed vertebrate (murine) tropism of another
chapparvovirus (mouse kidney parvovirus) [18], support the tentative conclusion that cachavirus
infects dogs. Given its relatively low viral load and only borderline association with diarrhea, this virus’
possible role in canine diarrhea or other diseases will require further epidemiological studies. Because
viral nucleic acids in fecal samples may also originate from ingestion of contaminated food (rather
than replication in gut tissues), the tropism of cachavirus for dogs will require further confirmation
such as specific antibody detection, viral culture in canine cells, and/or evidence of replication in vivo
such as RNA expression in enteric tissues of dogs shedding cachavirus DNA.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/5/398/s1,
Table S1: Percent identity between NS1 proteins of chapparvoviruses
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Abstract: Carnivore protoparvovirus 1 is the etiological agent of a severe disease of terrestrial carnivores.
This unique specie encompasses canine parvovirus type 2 (CPV-2) and feline panleukopenia virus
(FPLV). Studies widely analyzed the main capsid protein (VP2), but limited information is available
on the nonstructural genes (NS1/NS2). This paper analyzed the NSI gene sequence of FPLV and CPV
strains collected in Italy in 2009-2017, along with worldwide related sequences. Differently from
VP2, only one NS1 amino-acid residue (248) clearly and constantly distinguished FPLV from CPV-2,
while five possible convergent amino-acid changes were observed that may affect the functional
domains of the NS1. Some synonymous mutation in NS1 were non-synonymous in NS2 and vice
versa. No evidence for recombination between the two lineages was found, and the predominance of
negative selection pressure on NS1 proteins was observed, with low and no overlap between the two
lineages in negatively and positively selected codons, respectively. More sites were under selection in
the CPV-2 lineage. NS1 phylogenetic analysis showed divergent evolution between FPLV and CPV,
and strains were clustered mostly by country and year of detection. We highlight the importance of
obtaining the NS1/NS2 coding sequence in molecular epidemiology investigations.

Keywords: Carnivore protoparvovirus 1; canine parvovirus; feline panleukopenia virus; NS1; NS2;
sequence analysis; evolution

1. Introduction

Carnivore protoparvovirus 1 is a member of the Protoparvovirus genus (family Parvoviridae, subfamily
Parvovirinae). As defined by the International Committee on Taxonomy of Viruses (ICTV) [1], both
canine parvovirus type 2 (CPV-2) and feline panleukopenia virus (FPLV) are included in this unique
specie, together with mink enteritis virus (MEV) and raccoon parvovirus (RaPV) [2,3]. In susceptible
dogs and cats, Carnivore protoparvovirus 1 commonly causes an acute and often lethal disease, inducing
vomiting, enteritis, diarrhea, and acute lymphopenia [4].

FPLV is known since the beginning of the 20th century [5] and, during decades, it maintained
a certain genetic stability [6]. Contrarily, CPV-2 emerged as a dog pathogen only in the late 1970s,
most likely as a host variant of the feline virus or a related strain [7], and it displayed higher rates of
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nucleotide changes [8-11]. Indeed, soon after its emergence, the original CPV-2 type was replaced
by two antigenic variants, CPV-2a and 2b [12,13], and in 2000 a third variant was detected, termed
CPV-2c [14]. While dogs are susceptible only to the original CPV-2 and all its variants, cats are
susceptible to both FPLV and CPV-2 variants [15-17], except the original CPV-2 type, despite the fact
that FPLV remains the prevalent cause of parvovirus infection in domestic felines [18].

Carnivore protoparvovirus 1 includes small, non-enveloped, linear single-stranded DNA viruses.
Their genome consists of an approximately 5200-nucleotide (nt) DNA molecule containing two large
open reading frames (ORFs), encoding for two nonstructural (NS1 and NS2) and for two structural (VP1
and VP2) proteins, generated through alternative splicing of the same messenger RNAs (mRNAs) [4,19].

Among encoded structural proteins, VP2 is the major capsid protein, represents the main
determinant of host range, and is subject to antibody-mediated selection [20,21]. On the other hand,
the nonstructural proteins NS1 and NS2 are essential for viral replication, DNA packaging, cytotoxicity,
and pathogenicity [22-24]. Due to the involvement of the VP2 capsid protein in host switch and
due to its fast evolutionary rate, most studies on CPV and FPLV focused their attention on the VP2
gene and on the structural analysis of the encoded protein. Contributions on the genetic analysis
of the nonstructural genes [18,24] and on the structural analysis of the encoded proteins are limited,
highlighting the limits of available sequence data [8,25-28]. The nonstructural protein 2 (NS2) of FPLV
and CPV is produced by the conjunction of left-hand 260-nt and right-hand 238-nt genetic fragments
of the NS1 open reading frame, but no studies were conducted on the NS2 amino-acid divergences
within this viral species.

Only a few studies described the dynamics driving genetic changes of the CPV and FPLV NS1
gene and the potential recombination events involving this gene [29,30], although recombination was
hypothesized as a potential alternative source of genetic variations [18]. Moreover, the NS1 gene
molecular features, as a useful tool in outbreak tracing, were only recently reconsidered [31,32]. Despite
the most recent sequence analyses on CPV also including this genomic ORE, there are still limited
studies on the FPLV NS1 sequence [30,33-35].

The aim of this paper was to characterize NS1 sequences of FPLV and CPV strains, collected from
cats and dogs in Italy, and to compare them to NS1 sequences available in public domain sequence
databases. Sequence analyses, genetic diversity estimation, evaluation of potential recombination
events, and phylogeny studies were performed to better elucidate the molecular features of NS1 and
its role in the evolution of CPV-2 and FPLV. Moreover, the NS2 sequences were also characterized and
the deduced amino-acid divergences were analyzed.

2. Materials and Methods

2.1. Sample Collection

The sequences analyzed in this study were obtained from samples collected from 18 cats and
29 dogs from 2009 to 2017. Samples or carcasses of animals with suspicion of parvovirus infection
were submitted to the Istituto Zooprofilattico Sperimentale della Sicilia “A. Mirri” (Palermo, Italy)
for necropsy for diagnostic purposes. Rectal swabs or organs (intestine, spleen, heart, brain) from
domestic dogs and cats with different geographical origins and living conditions (client-owned or
shelter animals) were collected and submitted for virological analyses. Details are summarized in
Table 1.
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Table 1. Origin and information on samples of cats and dogs. FPLV—feline panleukopenia virus;

CPV—canine parvovirus.

Sample Id * Date of Sampling  Origin Sample Type  Accession Number Reference
72752/13 23 Oct 2013 Cat Spleen FPLV MK413724 2 This study
4311/14 21 Jan 2014 Cat Spleen FPLV MK413725 2 This study

149/15 05 Jan 2015 Cat Intestine FPLV MK413726 2 This study
3201c¢1/15 24 Nov 2015 Cat Intestine FPLV KX434461 2 This study
38056¢2/15 26 Aug 2015 Cat Intestine FPLV MK413727 2 This study
32369/15 14 Jul 2015 Cat Intestine FPLV MK413728 2 This study
42807/15 24 Nov 2015 Cat Rectal swab ~ FPLV KX434462 2 This study
52333eva/15 18 Nov 2015 Cat Heart FPLV MK413729 2 This study
55611/15 07 Dec 2015 Cat Intestine FPLV MK413730 2 This study
58774/15 23 Dec 2015 Cat Intestine FPLV MK413731 2 This study

PA285c2/16 12 Jan 2016 Cat Intestine FPLV MK413732 b This study

RG21/16 04 Jan 2016 Cat Spleen FPLV MK413733 ® This study
PA12880Fe/16 11 Apr 2016 Cat Intestine FPLV MK413734 b This study
PA12880Re/16 11 Apr 2016 Cat Spleen FPLV MK413735 ® This study
PA12880Mi/16 11 Apr 2016 Cat Intestine FPLV MK413736 © This study

PA11334/17 20 Apr 2017 Cat Brain FPLV MK413737 @ This study

CT1375/17 20 Feb 2017 Cat Spleen FPLV MK413738 # This study
29451/09 10 Sep 2009 Dog Intestine CPV-2a KX434454 @ This study
987/10 14 Jul 2010 Dog Intestine CPV-2a KX434457 @ This study

PA40697/16 02 Nov 2016 Dog Spleen CPV-2a MK413739 ® This study

PA43847/16 21 Nov 2016 Dog Rectal swab  CPV-2a MG434738 2 [32]

PA48686/16 21 Dec 2016 Dog Intestine CPV-2a MG434739 @ [32]

PA3213/17 09 Feb 2017 Dog Intestine CPV-2a MG434740 @ [32]
PA5610/17 03 Mar 2017 Dog Rectal swab  CPV-2a MG434741 2 [32]
PA10388/17 11 Apr 2017 Dog Spleen CPV-2a MG434742 @ [32]
PA13577/17 15 May 2017 Dog Spleen CPV-2a MG434743 2 [32]
PA13579id90/17 15 May 2017 Dog Intestine CPV-2a MG434744 @ [32]
PA13579id93/17 15 May 2017 Dog Spleen CPV-2a MG434745 2 [32]

PA30636/17 31 Oct 2017 Dog Spleen CPV-2a MK413740 2 This study

PA31209/17 07 Nov 2017 Dog Spleen CPV-2a MK413741 2 This study

PA13600/17 15 May 2017 Dog Spleen  CPV-2b MK413742 2 This study
23782/09 10 Sep 2009 Dog Intestine CPV-2¢ KX434455 2 This study
25835/09 10 Sep 2009 Dog Intestine CPV-2c KU508407 2 This study
45361/09 21 Oct 2009 Dog Intestine CPV-2¢ KX434456 ¢ This study
2323/11 21 Jun 2011 Dog Intestine CPV-2¢ KX434458 @ This study

27692¢1/11 05 Jul 2011 Dog Intestine CPV-2¢ KX434459 2 This study

52238/12 20 Oct 2012 Dog Intestine CPV-2c KX434460 2 This study

PA15423/16 29 Apr 2016 Cat Spleen CPV-2¢ MK413743 2 This study

PA36395/16 06 Oct 2016 Dog Intestine CPV-2¢ MK413744 2 This study

PA39667/16 26 Oct 2016 Dog Brain CPV-2¢ MK413745 P This study

41113c1/16 03 Nov 2016 Dog Rectal swab  CPV-2¢ MF510158 2 [36]
PA41113¢2/16 03 Nov 2016 Dog  Rectalswab CPV-2c MK413746 2 This study

PA45984/16 01 Dec 2016 Dog  Rectal swab  CPV-2c MK413747 @ This study

2743/17 06 Feb 2017 Dog Intestine CPV-2¢ MF510157 2 [36]
CT1839id0018/17 02 Mar 2017 Dog Intestine CPV-2¢ MK413748 2 This study
CT1839id2213/17 02 Mar 2017 Dog Intestine CPV-2¢ MK413749 2 This study

PA27184/17 29 Sep 2017 Dog  Rectalswab CPV-2c MK413750 # This study

* Samples in bold correspond to strain isolated. * ORF1 and ORF2 sequences; ® NS1 gene sequence.

2.2. DNA Extraction and Parvovirus PCR

Viral DNA was extracted from 200 uL of swab/organ homogenate, obtained as previously
described [37], using a DNeasy Blood and Tissue Kit (Qiagen S.p.A., Milan, Italy) according to the
manufacturer’s instructions. Presence of FPLV and CPV DNA was evaluated using a primer pair
amplifying a 700-bp fragment of the VP2 gene [38] following a previously described PCR protocol [32].
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2.3. Viral Isolation

Samples that tested positive (in bold in Table 1) were processed as previously described [37] and
supernatants were inoculated in 80% confluent cell (A-72, CrFK) monolayers, cultured in minimum
essential medium (MEM) with 10% bovine fetal serum (EuroClone S.p.A., Pero, Italy), antibiotic and
antifungal solution (100 U/mL penicillin G sodium salt, 0.1 mg/mL streptomycin sulfate, 0.25 ug/mL
amphotericin B; PAA Laboratories GmbH, Austria), 1% sodium pyruvate (A-72 cells), and 0.1%
lactalbumin (CrFK cells). Inoculated cells were daily monitored for a maximum of five days and viral
growth was evaluated by detection of cytopathic effect (CPE) and PCR. A total of five passages were
carried out before considering virus isolation as unsuccessful.

2.4. Sequence Analysis

CPV/FPLV DNA from positive samples and from cell cultures with CPE were submitted to
sequencing. Analyses were conducted amplifying a long genomic sequence, encompassing both ORFs,
NS and VP, using primers pairs described by Pérez et al. [28] and the commercial kit GoTaq® G2
DNA Polymerase (Promega Italia s.r.1., Milan, Italy). Reaction mixes were prepared as previously
described [36], with minor modifications (thermal conditions: 2 min for the elongation steps). Positive
amplicons were purified with Illustra™ GFX™ PCR DNA and Gel Band Purification Kit (GE Healthcare
Life Sciences, Amersham, Buckinghamshire, UK) and submitted to BMR Genomics srl (Padua, Italy) for
direct Sanger sequencing. Overlapping sequences were assembled using BioEdit ver. 7.2.5 software [39]
and a nearly complete genomic sequence for each sample was obtained.

Ten positive cell culture supernatants were submitted to the Istituto Zooprofilattico Sperimentale
della Lombardia e dell’'Emilia Romagna “Bruno Ubertini” (Parma, Italy) for sequencing service using
next-generation sequencing (NGS) methodologies. DNA was extracted using the One for All Vet
Kit (Qiagen, Milan, Italy) and amplified using primers F194/NS-Rext and 2161F/R4848 described by
Pérez et al. [28]. Sequencing libraries were prepared using the Nextera XT kit (Illumina Inc. San Diego,
CA, USA) and sequenced using the Illumina MiSeq (Illumina Inc. San Diego, CA, USA) system. Read
files generated by the sequencer were assembled and analyzed using the software SeqMan NGen 12.0.0
(DNASTAR, Madison, WI, USA).

The complete nucleotide NS1 coding sequences (2007 nt) alignments were obtained using the
ClustalW program included in the BioEdit software. Sequences were submitted to nBLAST [40]
to search related sequences in public domain databases. In December 2017, 26 FPLV and 141 CPV
complete NS1 sequences were obtained from NCBI database, including two FPLV and 18 CPV sequences
previously submitted to the same database from the Istituto Zooprofilattico Sperimentale della Sicilia
“A. Mirri”. Sequences originated from samples collected in years 1964-2016 (FPLV) and 1978-2017
(CPV), from domestic and wild animals in America (nine FPLVs and 34 CPVs from North America;
41 CPVs from South America), Europe (two FPLVs; three CPVs), Asia (14 FPLVs; 57 CPVs), and Oceania
(one FPLV; four CPVs) (see Dataset S1, Supplementary Materials).

NS1 and VP2 gene sequences were aligned with reference sequences obtained from the NCBI
database, translated into amino-acid (aa) sequences (668 and 584 aa, respectively), and analyzed using
the BioEdit software. The complete nucleotide NS2 coding sequences (498 nt) were also obtained from
the whole dataset of sequences using the ClustalW program and analyzed using the BioEdit software.
Viral typing was based on the analysis of VP2 amino-acid (aa) residues discriminating the viral type
(FPLV/CPV) and the CPV variants [41]. Sequence data were submitted to the DDBJ/EMBL/GenBank
databases under accession numbers reported in Table 1.

2.5. Recombination and Selection Pressure Analyses

The NS1 alignment was tested for the presence of potentially recombinant sequences with all
the different methods included in the RDP 4 software package [42], as described in Canuti et al. [43].
Detected recombination events were confirmed by constructing maximume-likelihood phylogenetic
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trees with MEGA7 software [44], inferred with the maximum-likelihood method based on the
Hasegawa-Kishino-Yano and Kimura 2-parameter models [45,46], the best-fitting models after the
model test analysis. A discrete Gamma distribution was used to model evolutionary rate differences
amonyg sites.

To estimate the presence of selection pressure, the overall average synonymous (dS) and
non-synonymous (dN) substitutions for each alignment (whole dataset, CPV subset, and FPLV
subset) were calculated with the Z-test of selection implemented in MEGA 7. The Nei-Gojobori
method [47] was used to test hypotheses of deviation from strict neutrality (null hypothesis, dN =dS),
test of neutrality (AN =/=dS), purifying selection pressure (AN < dS), and positive selection pressure
(dN > dS). Variance was estimated with the bootstrap method and 1000 replicates.

Individual sites under positive and purifying selection were identified with FUBAR (Fast
Unconstrained Bayesian Approximation for inferring selection) [48], while those under episodic
diversifying selection were detected with MEME (Mixed-Effects Model of Evolution) [49]. Sites under
selection were considered acceptable only when statistically significant (p < 0.1 for MEME and posterior
probability >0.9 for FUBAR). Both methods are available on the Datamonkey Adaptive Evolution
Server (https://www.datamonkey.org). FUBAR and MEME were performed on the FPLV and CPV
branches separately, after excluding potentially recombinant sequences.

2.6. Phylogenetic Analysis

To elucidate the genetic relationships between the obtained CPV and FPLV strains and the
reference sequences, a phylogenetic tree was constructed. Due to the high number of sequences in
dataset 2, a subset of 86 sequences was generated by excluding highly identical or identical sequences
derived from the same geographic area and the same year. The model selection was performed
using the best-fit model of nt substitution with MEGA?7 software [44]. A phylogenetic tree was
constructed with the MEGA7 software using the maximum-likelihood (ML) method according to
the Hasegawa-Kishino—Yano model [45] with discrete Gamma distribution (five rate categories) and
bootstrap analyses with 1000 replicates. Viral type or CPV variants, based on the analysis of the VP2 aa
residues as described above, were depicted in the phylogenetic tree for each NS1 sequence. Depicted
clades and subclades in the phylogenetic tree were numbered with Roman numerals and are not meant
as a classification of the type/variants, but rather to allow easier referencing in the text.

For comparison, a phylogenetic tree based on the VP2 gene sequences of the same strains included
in the NSI tree was constructed with the MEGA7 software using the ML method according to the
Tamura three-parameter model [45] with discrete Gamma distribution (five rate categories) and
bootstrap analyses with 1000 replicates.

3. Results

3.1. Detection and Characterization of FPLV and CPV

All samples analyzed tested positive for Carnivore protoparvovirus 1. Positive samples were
obtained from tissues commonly known as viral targets, such as intestine, spleen, and lymph nodes, as
well as less tested tissues such as brain and cerebellum [50]. Based on the analysis of the VP2 amino-acid
residues, 17 strains from the 18 cats were typed as FPLV and one was typed as CPV-2c. Among the
samples collected from the 29 dogs, 13, one, and 15 strains were typed as CPV2a, CPV-2b, and CPV-2c
variants, respectively. The CPV-2c strain collected from the cat (sample identifier PA15423/16) showed
high identity with the other CPV-2c strains from this study collected from dogs (NS1: 100-99.75%;
VP2: 99.94-99.71%) and the highest identity rates with the strain 41113c1/16, collected in the same year.
Viral types/variants are listed in Table 1.

Interestingly, two unreported amino-acid changes were observed within the FPLV VP2 gene
sequences; the aa change A359G was also observed in two FPLV VP2 sequences (accession number
KY083101-KY083104) from Singapore in 2015, and the aa change D311N, which was unique to the
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strains analyzed in this study, was never reported in other FPLV sequences. VP2 non-synonymous
changes of analyzed FPLV and CPV strains are listed in Table S2 (Supplementary Materials).

3.2. Sequence Analysis of NS1 Gene

The NS1 gene sequences of 2007 base pairs in length were obtained from each sample. Among
FPLV NS1 sequences, 17 nucleotide substitutions were observed, resulting in 12 synonymous and five
non-synonymous (81V/I, 1151/V, 247H/Q, 595H/Q, 664Q/R) changes (Table 2).

Table 2. NS1 non-synonymous changes of analyzed FPLV strains described in this study.

NS1 Amino Acids (Nucleotides) ?

Strain 81 115 247 248 545 595 664
(241-243) (343-345) (739-741) (742-744) (1633-1635) (1783-1785)  (1990-1992)

v 1 H T E H Q

72752/13 (GTT) (ATT) (CAT)  (ACT) (GAA) (CAC) (CAA)
4311/14 - - - - _ ~ ~
1 \ Q Q R

19 (ATT)  (GTT)  (CAA) - - (CAA) (CGA)
\ Q Q R

3201c1/15 - (GTT) (CAA) - - (CAA) (CGA)
\4 Q Q R

55611/15 - (GTT) (CAA) - - (CAA) (CGA)
\4 Q Q R

RG21/16 - G cAn) - - o) o
38056¢/15 - - - - - - -
32369/15 - - - ~ - - _
42807/15 - - - - ~ - ~
52333eva/15 -- — - - - - -
58774/15 - - - - ~ - ~
PA285¢2/16 - - - ~ - ~ ~
PA12880Felix/16 - - - - ~ - -
PA12880Red/16 - - - - - - ~
PA12880Miele/16 - - - - - - ~
PA11334/17 - - - ~ ~ ~ ~
CT1375/17 - - - - - - ~

@ Amino-acid and nucleotide (in brackets) positions refer to the prototype FPLV isolate FPV-4.us_64 (U.S.A.-1964;
accession n.: EU659112). Sites where no variation was observed are marked by “--“.

Among the CPV NS1 sequences, 63 nucleotide substitutions were observed, resulting in 52
synonymous and 11 non-synonymous (601/V, 239N/T, 350D/N, 397L/E, 544Y/F, 545E/V, 572K/E, 584T/A,
590P/S, 597L/P, 630L/P) changes (Table 4).
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(D0V) (VVD)

.. .. - - v - - - - - - - ~  otAdD  9rezeIvd
~ ~ - - (®ov) QMQ - - - - - - -~ -~ STADD 21/8eTes
~ ~ ~ - (®ov) QMQ - - - -~ - -~ -~ -~ STADD  TI/19269L2
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Comparison of the analyzed sequences with those from the NCBI database evidenced only one
aa change clearly distinguishing FPLV from CPV strains; at residue 248, FPLV showed T while CPV
showed I, due to a nucleotide change in the second base of the codon (c743t).

Other differences among CPV and FPLV strains were found at aa residues 247, 545, and 595
(Tables 2 and 4; Dataset S1, Supplementary Materials). All CPV sequences showed a Q at residues
247 and 595 and an E at residue 545. The only exceptions were some strains of Asian origin, which
showed V at residue 545. In contrast, FPLV sequences showed an H at residues 247 and 595, and a Q at
residue 545. Unlike most of the FPLV sequences, nine analyzed FPLV sequences (Table 2; Dataset S1,
Supplementary Materials) evidenced residues identical to CPV-2 at these sites (Q at residues 247 and
595, and E at residue 545). Change Q545E was evidenced in all FPLV strains collected in Italy.

In some FPLV sequences obtained from this study, two additional changes (V115I and R664Q)
were evident (Table 2) that were previously observed only in three CPV sequences from China or
Vietnam (Dataset S1, Supplementary Materials).

Only old FPLV strains from domestic/wild felids in the United States of America (USA) (M38246,
EU659111, EU65913-15), Japan (AB000048-49, AB000057, ABO00060, AB000062), and more recently
from wild carnivores in Canada (MF069445-47) showed the specific changes N23D, V165], and 1443V
(Dataset S1, Supplementary Materials).

Differences among CPVs were observed in strains collected in Italy in 2016-2017 (Table 4). Change
D350N was also observed in older sequences (1983-2008), almost all collected in the USA. Changes
Y544F and L597P were observed both in older sequences from the USA (1983-2010) and New Zealand
(1994), as well as in more recent sequences from South America, Canada, and China.

Among sequences from CPV-2c strains, specific residues were observed in different geographic
areas, such as Australia (11K, 25P, 72K, 73K, 74K), Uruguay and Brazil (351K), China and Vietnam, and
in an Italian imported dog (MF510157) (60V, 630P).

3.3. Sequence Analysis of NS2 Gene

Nucleotide substitutions resulting in some non-synonymous changes in NS1 also lie in the
NS2-encoding sequence (V811 and H595Q, and 160V, T584A, P590S, L597P, and L630P of the FPLV and
CPV NS1 sequences, respectively), while changes at codons 597 and 630 of NS1 CPV-2 sequences did
not result in any changes in the NS2 protein. Other changes generated the additional aa changes V811
and S105R, and 601/V, D93G, and S99F in the NS2 of FPLV and CPV sequences, respectively (Dataset
S3, Supplementary Materials).

Other amino-acid divergences in the CPV NS2-enconding sequences were observed among the
analyzed strains: 94T/A, 109S/F, 110D/N, 151N/D, and 160E/Q. These changes were synonymous in the
corresponding NS1 amino-acid residues. All these changes in the NS2 sequences are summarized in
Dataset S3 (Supplementary Materials).

Divergences between FPLV and CPV were observed at aa residues 152 and 163. At residue 152, an
M was observed in FPLV strains from the USA, Canada, Japan, and Australia, and a V was observed in
the most recent FPLV strains from Europe (Italy and Belgium) and China. On the other hand, amino
acid V was observed in almost all CPV strains, with the exception of old CPV-2 and CPV-2a strains from
the USA, which showed M at the same residue. At residue 163, the FPLV strains, including the strains
collected in Italy, showed the amino acid L, with the exception of some strains which showed F at the
same residue. These changes in the NS2 sequence resulted in silent mutations in the corresponding aa
residues of the NS1 sequence of the same strains (aa 642 and 653).

3.4. Recombination and Selection Pressure Analyses

The analysis performed with RDP identified only one potential recombination event, involving
three CPV sequences (recombinant: CPV-2a, KT382542; major parent: CPV-2b, KP749859; minor
parent: CPV-2¢, KP749873) (Recombination and Selection Pressures S4, Supplementary Materials),
with one breakpoint (nt 1515), and this was confirmed by phylogenetic reconstructions (Recombination
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S5, Supplementary Materials). Therefore, as positively selected sites may be overestimated when
recombination is present [51], all selection pressure analyses were performed on the entire alignment
after excluding the potentially recombinant sequence.

The Z-test allowed us to reject the null hypothesis of strict neutrality and detected an overall
presence of purifying selection in all cases. FUBAR identified 124 and 42 sites to be under negative
selection pressure in the CPV and FPLV clades, respectively (Table 5), and only nine and two of these
sites were located within the helicase motives [23]. Only 13 sites were found to be under negative
selection pressure in both clades (in bold in Table 5). Within the CPV clade, FUBAR identified five
sites (19, 278, 545, 572, and 583) to be under pervasive positive selection and MEME identified two
additional sites (597 and 647) under episodic positive selection. Interestingly, in correspondence of the
positively selected site 545, a case of convergent mutation between the CPV and FPLV clades (mutation
C to G in some FPLV strains) was identified. Finally, only one site (443) resulted as being subjected to
pervasive positive selection in the FPLV clade. This site is located within the Walker motif B of the NS1
helicase domain (440 to 445, LIW(I/V)EE) and, whereas all analyzed CPV strains had the amino-acid I
in this position, 13 out of 43 of the analyzed FPLV strains possessed a V. However, 443V was identified
mainly in viruses from older cats (1967 to 1995 and only one in 2006) and in raccoons from a segregated
environment [34].

Table 5. List of codons within NS1 gene sequence identified as being under negative or positive
selection pressure. FUBAR—Fast Unconstrained Bayesian Approximation for inferring selection;
MEME—Mixed-Effects Model of Evolution.

Sites Under Negative Selection Pressure * Sites Under Positive Selection Pressure
FUBAR FUBAR MEME

7,10, 14, 15, 31, 32, 47, 53, 54, 56, 66, 68, 69, 83, 92,

99,102, 104, 105, 107, 114, 119, 123, 124, 132, 135,

137,140, 154, 163, 164, 165, 170, 172, 179, 189, 200,

211, 219, 223, 240, 242, 250, 251, 279, 283, 284, 297,

307, 313, 323, 324, 325, 333, 336, 337, 340, 341, 343,
CPV 349,353, 360, 366, 371, 374, 378, 384, 388,391,393, 19,278, 545,572,583 278,572, 583,597, 647
394, 395, 403, 405, 408, 430, 432, 435, 439, 444, 451,
459, 463, 467, 473, 474, 475, 476, 483, 488, 489, 494,
495, 497, 499, 503, 505, 506, 512, 514, 517, 525, 527,
528, 529, 531, 536, 537, 541, 543, 554, 560, 563, 564,
584, 591, 596, 633, 640, 641, 642, 657, 659, 662
6,31, 39,58, 60, 71,97, 102, 174, 177, 185, 201, 207,
270, 284, 307, 323, 352, 357, 403, 418, 422, 428, 435,
462, 479, 488, 489, 493, 515, 517, 520, 533, 540, 541,
543, 549, 551, 560, 562, 653, 660

* codons in bold correspond to those identified in both CPV and FPV lineages.

FPLV 443

3.5. Phylogeny

Figure 1 shows the phylogenetic tree inferred from NS1 sequences. Unfortunately, likely because of
high sequence identity, obtained bootstrap values were sometimes poor and only bootstrap-supported
sub-clades are indicated in the Figure. For clarity, only viral type, origin and year of detection, and
accession number of strains are reported, while the same tree with the full strain information is available
in Figure S6 (Supplementary Materials). Although with a low support (bootstrap = 49), the sequences
analyzed in this study clustered in separate clades according to the type of the virus (CPV/FPLV),
but not the CPV variant. Indeed, CPV-2 strains (indicated in black in the figure) tended to segregate
according to the country and the year of collection rather than according to the strain variant.
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Figure 1. Maximum-likelihood tree based on 133 complete NS1 gene sequences of feline panleukopenia
virus (FPLYV, in green) and canine parvovirus type 2 (CPV-2, in black) strains (bootstrap 1000 replicates;
bootstrap values greater than 65 are shown). Green triangles and black dots indicate, respectively,
FPLV and CPV strains analyzed in this study. Each sequence is indicated with virus type (FPLV/CPV)
or variant (CPV-2, CPV-2a, CPV-2b, CPV-2¢), country and year of collection, and accession number.
The term “new” was used to distinguish the CPV-2a/2b strains with S297A main capsid protein (VP2)
amino-acid changes from the early CPV-2a/2b variants. The same tree with more information about
used strains (strain/isolate name) is available in Figure S6 (Supplementary Materials).

Most of the CPV-2c¢ variants, with the exception of two strains (KP749873, KR002800), clustered in
two distant subclades: the IIA subclade, in which strains collected in Italy, Uruguay, and Australia were
included, and the IID subclade, which included strains with Asian origin. The CPV-2a/2b sequences
collected from China were located together (subclade IIC) and were close to the CPV-2c strains of Asian
origin (subclade IID), although the bootstrap support for this clade was low (bootstrap = 47). However,
a common geographic origin was not maintained in the IIB subclade, which included CPV-2a/2b/2c
viruses collected in Asia, Uruguay, and Canada.

Within clade I, including the FPLV strains, most of the recent Italian FPLV strains and the oldest
FPLYV strains clustered in statistically supported subclades (IA and IB, respectively), separately from
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those with convergent aa changes with CPV, which were located close to the CPV clade (between CPV
and subclades IA/IB).

Figure S7 (Supplementary Materials) shows the phylogenetic tree inferred from the VP2 sequences
of the same strains. Similar to the NS1 tree, the separation of the two main lineages was highly
supported, whereby the FPLV sequences with convergent NS1 mutations were located closer to the
CPV-2 clade, and geographic segregation of strains was partial. Finally, although without support, the
CPV-2c sequences were separated from other strains.

4. Discussion

Almost all molecular studies on Carnivore protoparvovirus 1 coding genes focused on the analysis
of the VP2 gene. The studies on the VP2 evolutionary dynamics helped clarify the spread of Carnivore
protoparvovirus 1 species, particularly after the first appearance of CPV-2. The VP2 protein determines
the host range and antigenicity and, indeed, clear descriptions of the coding aa residues, which
determine these features, were used to elucidate the host species jump from felids to canids [52-56].
Therefore, the separate evolution of FPLV and CPV was explained probably due to the different
degree of the evolutive driving forces and to the different mutation rates among the viral types [8,57].
Moreover, studies based on the VP2 sequences evidenced the genetic stability of FPLV [11] and the
continuous appearance of genetic mutants in CPV-2 [6,36,58]. In the current literature, there are only
a few studies on the FPLV and CPV nonstructural genes [18], also due to the limited availability of
updated NS genetic sequences for comparison [28], despite their essential role for viral replication,
cytotoxicity, and pathogenicity [23,59,60]. To expand the current knowledge on the evolution of the
Carnivore protoparvovirus 1 members, this study provided a molecular characterization and evolutionary
analysis of NS1 and NS2, comparing sequences of FPLV and CPV obtained from cats and dogs.

Early studies based on the comparison among only four FPLV and CPV NS1 sequences [61]
evidenced a lesser degree of conservation of the NS1 aa sequence of CPV compared to FPLV, and
13 aa changes among the sequences of these viruses were described. Subsequent studies, based
on few available sequences, detected only five or three aa differences in the NS1 protein between
FPLV and CPV [25,26]. In the present study, all the distinctive aa residues between FPLV and CPV
viral types in the VP2 gene [41] were maintained; however, in the NS1-encoding sequence, only one
amino-acid residue (248) clearly and constantly distinguished FPLV from CPV. Indeed, sequence
analysis demonstrated that amino acids at specific residues (247, 545, and 595), previously potentially
designated as discriminating the viral types, were present in nine FPLV strains collected in Italy, China,
and Belgium, as well as in all the available CPV sequences. Previously, potential recombination events
were hypothesized for some FPLV strains collected in China and Belgium [29,30,33,35] on the basis of
the evidence of potential breakpoints located between the NS1 and the VP2 gene sequences, and of
specific CPV-2 aa residues found in the NS1 sequence of FPLV strains. In this study, no evidence for
recombination between FPLV and CPV was found within the NS1 sequence, although a larger sequence
dataset in comparison to previous studies was evaluated. Moreover, specific amino acids supposed to
be characteristic of CPV (247Q, 545E, and 595Q) were also observed among FPLV strains. Similarly,
other substitutions (V115 and R664Q) emerged more recently both in FPLV and in CPV strains but in
separate environments. These observations led us to conclude that these changes are more probably
due to convergent substitutions that emerged independently in the two lineages (FPLV/CPV) rather
than as a result of recombination events. According to these data, recombination does not seem to play
an important role in shaping the evolution of the NS1 gene of CPV and FPLYV, as our dataset contained
only one potentially recombinant sequence and no evidence for recombination between FPLV and
CPV was found. However, due to the high sequence identity between these two viruses, it is possible
that some recombination events went undetected and the importance of recombination may have
been underestimated.

The circulation of CPV-2 variants in cats [15-17,62] arose questions about the epidemiological role
of this species in parvovirus ecology [63] and suggested that cats may act as a potential source of new
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parvovirus variants [57]. Indeed, superinfection and co-infection with different species of parvovirus
in the feline host led to a high genetic variability and the potential emergence of new viruses [57].
Unfortunately, no NS1 sequence is available for comparison with strains associated to superinfections
or co-infections.

Moreover, our data do not confirm the detection of aa change L582S in the FPLV strains recovered
from the central nervous system compared to strains collected in other tissues [35]. All samples from
cerebral tissue of dogs and cats tested positive for Carnivore protoparvovirus 1, but no specific amino
acid change was observed in any sample. This change occurred rather in CPV strains in the spleen
tissues of coyotes in Canada in 2014 [34] and not in any other sequence of the analyzed dataset.

Several differences were found when studying selection pressure forces acting on the NS1 of CPV
and FPLV. Firstly, considerably more amino acids were identified to be both positively and negatively
selected in the CPV lineage compared to the FPLV lineage (7.0 and 3.4 times more, respectively).
However, as only a limited number of FPLV sequences are currently available, it is possible that the
wide FPLV diversity was not well represented in our dataset and, therefore, the number of positively
and negatively selected site was underestimated. However, our results are consistent with those of
previous studies that identified FPLV to be more stable and less subjected to positive selection [11,25].

Nevertheless, when we compared the sites that were subjected to selection pressure forces,
surprisingly, there was only a minimal overlap between the two viruses. Only 13 negatively selected
codons were identified in both viruses, while the vast majority of negatively selected codons were
identified in either FPLV or CPV lineage (about 69% and 89.5%, respectively) and there was no overlap
for positively selected codons. Our analyses evidenced a predominance of negative selection pressure
on nonstructural proteins, slightly more marked among CPV strains. Interestingly, whereas two
different amino acids could be observed among FPLV strains at residue 443 (V: 30%, I: 70%), within
one of the functional domains (Walker B) of the viral helicase, only amino acid I was identified in all
CPV strains. Although these two amino acids have very similar properties [64], keeping variation at
this site might be important for the overall viral fitness. However, these findings need to be confirmed
by specific mutagenesis studies.

Our results suggest that NS1 might be subjected to different evolutionary dynamics within the
two lineages. Furthermore, the reduced viral diversity within the FPLV lineage (mean within-group
distance: 0.6% for FPLV and 0.8% for CPV) could also reflect a different evolutionary behavior of
these viruses. FPLV has been circulating within the feline population for a long time, whereas the
CPV pandemic originated only recently and this virus was shown to evolve fast within the canine
population [13]. This could partially explain our results. Furthermore, different evolutionary dynamics
could be explained by the different infection dynamics and replication efficiency of the two viruses
in the feline and the canine hosts. In fact, a more sustained transmission and, therefore, a shorter
generation time favor a faster evolution [65]. These hypotheses highlight the need of acquiring the NS1
sequence of more strains in order to obtain a larger dataset, which is necessary to confirm our findings.

There are also limited studies on the NS1 protein, based only on evaluations of its functions [66-68]
and on the potential location of its functional domains [10,22,23]. Changes in specific residues of
NS1 CPV sequence [27] or affecting functional domains in others Carnivore protoparvovirus 1 such as
mink enteritis parvovirus [69] were hypothesized as potentially affecting the functions of this protein.
According to a previous study [22], several described changes lay in the encoding sequence of ORI
binding, helicase, and transactivation functional domains (Figure 2), despite only helicase domains
being analyzed in great detail [23]. This region includes the convergent mutation between the CPV
and FPLV clades (change Q to E in some FPLV strains) at the positively selected site 545 and the only
residue subjected to positive selection pressure within the FPLV strains (site 443). Whereas residue
443 putatively lies in the (33-sheet of the Walker motif B of the helicase domain protein sequence,
residues 350 and 544-545 are located between the «5- and a6-helices and just close to the «11-helix of
the same domain, respectively, as illustrated in Canuti et al. [70] and Niskanen et al. [23]. The evidence
of the convergent or divergent amino-acid changes between FPLV and CPV could contribute to further
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elucidate NS1 protein structure by clarifying any potential role of these residues. Moreover, the lack
of studies on the NS2 gene sequence [24] and its encoded protein highlights the need for additional
investigations to advance any hypothesis on the effect of changes observed in the NS2 aa sequences.
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Figure 2. Schematic representation of the FPLV and CPV genome. The scheme, in the upper lines
(A), represents the complete nucleotide (nt) length of the genome from the 5’ to the 3" UTR and of
the NS1 and NS2 genes. The relative positions of the described amino-acid changes in the NS1 gene
sequence are indicated in the middle lines (B). The lower line (C) represents the location of the potential
functional domains within the NSI gene sequence, extended between the depicted amino-acid residues.
Colored squares highlight the amino-acid changes distinguishing FPLV from CPV strains (green) and
the convergent amino-acid changes between FPLV and CPV identified in the whole dataset (red) or
only among the Italian FPLV strains (orange).

The analyzed sequences clustered mainly according to the viral lineage, suggesting divergent
evolution between FPLV and CPV also for the NS1 gene, but also according to the geographical area
and the year of sample collection, especially for the CPV NS1 sequences. Separate clades in the
phylogenetic tree included the FPLV and the CPV strains, and, although these differences are due to few
aa changes, the molecular divergence could be considered as a useful tool in outbreak tracing [31,34].
Residues 23, 165, and 443 allow clustering old FPLV from domestic cats and wild carnivores from North
America and Japan [34], suggesting a potential common origin. Similarly, common aa changes were
also observed in the NS2 encoding sequence of the FPLV strains from the USA and Canada. Although
higher genetic stability compared to CPV was supposed, these few molecular markers contributed
to distinguishing the FPLV strains and, therefore, we could consider changes at these residues as
potential synapomorphies.

The lack of geographic segregation within the phylogenetic tree suggests the wide distribution
of viruses, possibly by trading or transport of animals, as well as by contaminated equipment.
As previously observed, infected animals represent a potential way of transport of CPV for long
distances [36], as also evidenced for other canine viruses [71-73], and further analyses are necessary
to evaluate both the spread and evolution within the canine population of variants that reach a
new location.

The comparison with the phylogenetic tree inferred from VP2 sequences shows that, based on
this dataset, the CPV sequences did not form clades corresponding to the CPV variant (2a/2b/2c) and
showed different phylogenetic relationships, possibly because of the different evolutive forces acting
on the different genes. As hypothesized by other authors, the CPV antigenic variants (CPV-2a/2b/2c)
could be considered as variants of CPV-2a rather than distinct subtypes [74] and the classification
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system based on a single amino acid (VP2 426) to identify CPV variants does not reflect phylogenetic
relationships of the strains; thus, it is not suitable to analyze CPV evolution [75]. Indeed, the molecular
characterization of both ORFs allows possibly reconsidering the current typing of CPV (2a/2b/2c),
which is not phylogenetically supported. The aa changes in the VP2 gene considered for viral typing
probably arose independently in different countries, also considering the global spread of CPV through
animal movements, and they are not reliable in defining the viral evolution. Therefore, the molecular
analysis based on long genome sequences encompassing both major ORFs could be helpful in the
epidemiological surveillance of both CPV and FPLV, supporting the tracking of viral spread, and could
contribute to further elucidate the evolution of Carnivore protoparvovirus 1.

In conclusion, a continuous molecular survey is necessary to better elucidate the ecology and
distribution of the described strains and to evaluate their fit in the canine and feline populations. The
reductionist evaluations based only on the VP2 genomic sequence should be replaced by a holistic
molecular approach, based on analysis of both ORFs, and the description of new CPV and FPLV
mutants should include at least the major structural and nonstructural proteins.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/4/308/s1:
Dataset S1: Amino-acid sequence variations in the NS1 gene sequence of CPV/FPLV and of the reference viruses
from the NCBI database. Table S2: VP2 non-synonymous changes of analyzed FPLV/CPV strains described
in this study. Dataset S3: Amino-acid sequence variations in the NS2 gene sequence of CPV/FPLV collected
in Italy. Recombination and Selection Pressure S4: Recombination and selection pressure file. Recombination
S5: Phylogenetic reconstructions of the complete NS1 gene of CPV-2 and FPLV strains based on different
genomic regions located upstream and downstream the putative recombination breakpoint (nt 1515). Figure Sé:
Maximum-likelihood tree based on 133 complete NS1 gene sequences of feline panleukopenia virus (FPLV, in green)
and canine parvovirus type-2 (CPV-2, in black) strains (bootstrap 1000 replicates; bootstrap values shown greater
than 65). Green triangles and black dots indicate, respectively, FPLV and CPV strains analyzed in this study. Each
sequence is indicated with virus type (FPLV/CPV) or variant (CPV-2, CPV-2a, CPV-2b, CPV-2c), country and year
of collection, strain/isolate name, and accession number. The term “new” was used to distinguish the CPV-2a/2b
strains with S297A VP2 amino-acid change from the early CPV-2a/2b variants. Figure S7: Maximum-likelihood tree
based on 132 complete VP2 gene sequences of feline panleukopenia virus (FPLV, in green) and canine parvovirus
type-2 (CPV-2, in black) strains (bootstrap 1000 replicates; bootstrap values greater than 65 are shown). Green
triangles and black dots indicate, respectively, FPLV and CPV strains analyzed in this study. Each sequence is
indicated with virus type (FPLV/CPV) or variant (CPV-2, CPV-2a, CPV-2b, CPV-2c), country and year of collection,
strain/isolate name, and accession number. The term “new” was used to distinguish the CPV-2a/2b strains with
5297A VP2 amino-acid change from the early CPV-2a/2b variants.
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Abstract: Viruses belonging to the genus Bocaparvovirus (BoV) are a genetically diverse group of
DNA viruses known to cause respiratory, enteric, and neurological diseases in animals, including
humans. An intestinal sample from an alpaca (Vicugna pacos) herd with reoccurring diarrhea and
respiratory disease was submitted for next-generation sequencing, revealing the presence of a BoV
strain. The alpaca BoV strain (AlBoV) had a 58.58% whole genome nucleotide percent identity to a
camel BoV from Dubai, belonging to a tentative ungulate BoV 8 species (UBoV8). Recombination
events were lacking with other UBoV strains. The AlBoV genome was comprised of the NS1, NP1,
and VP1 proteins. The NS1 protein had the highest amino acid percent identity range (57.89-67.85%)
to the members of UBoV8, which was below the 85% cut-off set by the International Committee on
Taxonomy of Viruses. The low NS1 amino acid identity suggests that AIBoV is a tentative new species.
The whole genome, NS1, NP1, and VP1 phylogenetic trees illustrated distinct branching of AlBoV,
sharing a common ancestor with UBoV8. Walker loop and Phospholipase A2 (PLA2) motifs that are
vital for virus infectivity were identified in NS1 and VP1 proteins, respectively. Our study reports a
novel BoV strain in an alpaca intestinal sample and highlights the need for additional BoV research.

Keywords: alpaca; virus; Bocaparvovirus; genome; next-generation sequencing; metagenomics

Bocaparvoviruses (BoVs) belong to the genus Bocaparvovirus and are emerging pathogens of
the Parvoviridae family. BoVs are nonenveloped, single-stranded DNA viruses with an icosahedral
symmetry and were originally named according to their first identified members, bovine parvovirus
(BPV) and minute virus of canine (MVC) [1]. In the past few years, novel BoVs have been identified in
a variety of animals, including bats [2], camels [3], gorillas [4], marmots [5], pigs [6], and rodents [7].
BoVs are comprised of 21 species, including carnivore BoV 1-6, chiropteran BoV 14, lagomorph BoV
1, pinniped BoV 1 and 2, primate BoV 1 and 2, and ungulate BoV (UBoV) 1-6. A few new UBoVs have
been identified in dromedary camels (tentatively UBoV7 and UBoV8) [3] but have yet to be classified
by the International Committee on Taxonomy of Viruses (ICTV).

Initially, the classification of parvoviruses required the isolation of the virus; however, reporting
of the viral sequence containing all the non-structural and structural coding regions is now acceptable
provided the genomic, serological, or biological data supports infectious etiology [8]. Most of the
members of the Bocaparvovirus genus have been identified using molecular methods and lack isolation
in cell culture [3,4,9]. Human BoVs cause severe respiratory and gastrointestinal infections in young
children [10]. Bovine parvovirus (BPV) causes gastrointestinal and respiratory symptoms, reproductive
failure, and conjunctivitis in cattle worldwide [11]. Another important member of the BoV genus,
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canine minute virus (MVC), causes sub-clinical disease and fetal infections often leading to neonatal
respiratory disease or abortions [12]. However, Koch's postulates have yet to be fulfilled to link newly
emerging BoVs with the clinical disease in animals [1,3,5].

Alpaca (Vicugna pacos) are domesticated members of the new world camelids closely related to
llama (Lama glama), guanaco (Lama guanicoe), and vicuna (Vicugna vicugna) [13]. Over the past couple
of decades, alpacas have gained significant popularity as pets, show animals, and fiber animals in the
United States, with a total of 264,587 alpacas registered in the US as of May 2019 [14]. A variety of
viruses have been identified in alpacas, including bovine viral diarrhea virus, coronavirus, adenovirus,
equine viral arteritis virus, rotavirus, rabies, bluetongue virus, foot-and-mouth disease virus, bovine
respiratory syncytial virus, influenza A virus, bovine papillomavirus, vesicular stomatitis virus,
parainfluenza-3 virus, West Nile virus, and equine herpesvirus [12,15-20]. However, BoVs have yet to
be reported in alpacas.

An alpaca farm in the mid-eastern United States reported recurrent diarrhea and respiratory
failure in young alpacas, with a case fatality rate up to 100%. In 2017, an alpha coronavirus was
identified as causing clinical disease in two animals, and vaccination was subsequently attempted.
However, diarrhea and respiratory distress continued to occur in juvenile animals despite increased
biosecurity measures and supportive herd management. In 2018, an intestinal sample from a deceased
alpaca was submitted to Kansas State University Veterinary Diagnostic Laboratory for metagenomic
next-generation sequencing (NGS) to further evaluate potential causes of disease. The intestinal sample
was processed, extracted, and sequenced using previously described methods [21,22]. The raw data
was analyzed using a custom bioinformatic pipeline [23]. Reads were trimmed, and the adapter/index
sequences were removed using Trimmomatic [24], Sickle [25], and Scythe [26].

A total of 334,052 cleaned reads were classified as eukaryotes (41%), bacteria (28%), viral (7%),
and other organisms (4%) by Kraken software, which applies a k-mer search strategy from a sequence
database to taxonomically classify reads (Figure 1) [27]. Kraken revealed a majority of the viral reads
(22,170) as BoV (77%); bacteriophages (14%); and miscellaneous viruses composed of retroviruses,
bacteria viruses, and unclassified viruses (9%). Reads lacking classification (no hits, n = 67,604) and
identified as viral reads (n = 22,170) were de novo assembled into contigs and BLAST (Basic Local
Alignment Search Tool) against the National Center for Biotechnology Information (NCBI) database,
identifying a contig with a 58.58% nucleotide percent identity to a camel BoV from Dubai (KY640435).
A full-length genome (5155 nucleotides) of an alpaca BoV (AlBoV, GenBank number MK(014742) had
an average read coverage of 2440X. AIBoV was aligned with the 108 complete UBoV genomes from
GenBank using Multiple Alignment using Fast Fourier Transform (MAFFT) [28] in Geneious Prime [29].
AlBoV shared a 57.77-58.58% whole genome nucleotide identity to the UBoV8 strains (Table 1).
Recombination events were not detected in the UBoV alignment using RDP4 software [30], although
single-stranded DNA viruses such as parvoviruses possess a mutation rate similar to single-stranded
RNA viruses and a higher mutation rate than double-stranded DNA viruses [31].

AlBoV contained three open reading frames (ORFs), NS1, NP1, and VP1/VP2, which were 2154 bp
(411 to 2564 bp), 507 bp (2701 to 3207 bp), and 1395bp (3194 to 4588 bp), respectively. ICTV indicates
a new parvovirus species should have less than 85% amino acid identity of the NS1 protein with
other parvovirus species. The AlBoV identified in the present study shared the highest NS1 amino
acid percent identity (57.89-67.85%) with camel BoVs in UBoV8 (Table 1) and represents a tentative
new BoV species, UBoV9. The ancillary protein NP1, which is a unique feature of BoVs, is known to
influence RNA processing events by suppressing internal polyadenylation and splicing of an upstream
intron [32]. Unlike some of the other BoV sequences, the coding region of NP1 of AlBoV did not
overlap with the C-terminal region of NS1. Interestingly, VP1/VP2 gene of AlBoV was the shortest
among the identified UBoVs in the GenBank (Figure 2). Frameshift mutation were lacking in the AlIBoV
VP1/VP2 sequence, and the nucleotide sequence after the VP1/VP2 stop codon varied among the 108
complete UBoV sequences in the GenBank.
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Figure 1. Metagenomic (a) and virome (b) results from the alpaca intestinal sample.

Table 1. Nucleotide (nt) and amino acid (aa) percent identities of NS1, NP1, and VP1 genes of the
alpaca bocaparvovirus (AlBoV) compared to the other ungulate BoV (UBoV) sequences (1 = 108).

Whole NS1 NP1 VP1

Genome (nt) nt aa nt aa nt aa

UBoV Virus Species

UBoV1 (n=2) Bovine 36.22-38.98  33.32-37.70 26.75-30.08 35.14-35.42 40.44-42.62 36.51-36.72 28.49-31.45
UBoV2 (n = 18) Porcine 37.20-39.61  43.40-49.64 36.18-40.34 34.58-36.94 31.89-37.84 33.42-34.79 27.03-28.65
UBoV3 (n = 6) Porcine 33.73-36.17  45.64-45.83 36.23-36.61 34.13-34.49 35.96 25.96-28.63  20.10-20.83
UBoV4 (n = 5) Porcine 35.74-36.07  45.66-45.95 37.06-37.66 34.89-35.61 31.52-31.87 27.20-27.64 21.31-21.59
UBoV5 (n = 36) Porcine 44.37-4732  52.83-59.39  46.58-52.8  37.59-40.40 34.78-40.53 39.02-40.54  30.76-35.81
UBoV6 (n=2) Bovine 38.58-38.62  37.60-38.01 29.64 33.02 40.56-40.88  36.17-36.32  29.45-29.88
UBoV7 (n=18) Camel 36.49-36.76  39.01-39.64 33.08-33.98 36.91-38.93 32.24-33.88 26.05-27.11 21.08-21.84
UBoV8 (n = 21) Camel 57.77-58.58  67.64-69.26 57.89-67.85 46.99-52.47 53.51-56.76 45.05-46.36  42.15-43.60

] 1.000 2,400 3,900 4400 5900 6000 6407
Alpaca/USA2018/MKD14742 51 NP1 VPANPZ
uBav1 Bovine/None/Abinanti/DQ335247 1 VPINP2
—l
UBaV2 Porcine/CHN/HNZM/KXD17193 Hs1 —hE
VELNPE -
UBSV3 Porcine/CHN/HE/HDMGEI3897 NS1 NP1 . VPUVPR.
UBov4 Porcine/KOR/KU1 4/KI622366 sl N E— NEAYPZ
UBsVS Porcine/USA/INI09-2/KFD25383 NSL NP1 ™ NPANPE. -
usovs Bovine/USA/USIVO3/KU172421 M1 MPLNPZ
—tEl
UBov7 Camel/ARE/208C-FIKYE40449 Hs1 ARIVP2
PO -
UBovs CamelfAREN 13C-F/KY640424 NS1 ne1 A VPINE2 >

Figure 2. Genome organization of AlIBoV compared to UBoV1-8. The purple, yellow, and green boxes
indicate the NS1, NP1, and VP1/VP2 open reading frames (ORFs), respectively.

To study the phylogenetic relationship between AlBoV and other UBoVs, whole genome, NS1,
NP1, and VP1 phylogenetic trees were created using a maximum likelihood method (phyML), using
500 bootstrap replicates in Geneious Prime. The trees were curated in FigTree (available from
http://tree.bio.ed.ac.uk/software/figtree/) and Adobe Illustrator CS6 (Adobe Systems Inc, San Jose, CA,
USA). Whole genome and NS1 phylogenetic trees illustrated that AIBoV shared a common ancestor
with the UBoV8 species from camels (Figure 3). All eight species of UBoV (1-8) illustrated clear
grouping in phylogenetic trees, which was observed in NP1 and VP1 phylogenetic trees as well.
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Figure 3. Mid-root Maximum Likelihood phylogenetic trees of AlIBoV and other UBoV strains in the
GenBank. (a) Whole genome phylogenetic tree. (b) Phylogenetic tree of NS1 amino acid sequences.
Bootstrap values are indicated for major nodes. AlBoV is represented in red while the porcine, camel,
and bovine UBoV strains are represented in blue, green, and purple, respectively.

To investigate and identify the presence of virulence attributes, AIBoV was screened for the
ATP or GTP-binding Walker loop motif (GPASTGKT) and Phospholipase A2 (PLA2) motif with the
calcium-binding loop and phospholipase catalytic residues; GPASTGKT and PLA2 were found in
the NS1 and N-terminal of VP1 proteins, respectively (Figure 4). These protein motifs are conserved
and are required for parvovirus infectivity. Phospholipase A2 activity, with the calcium-binding loop
and phospholipase catalytic residues, is critical for efficient transfer of the viral genome from the
late endosomes/lysosomes to the nucleus for the initiation of replication, and hence is considered
essential for virus infectivity [33]. Mutations of critical amino acid residues in the VP1 protein of human
parvovirus B19 induces a strong reduction in phospholipase A2 activity and virus infectivity [34].
Considering their vital role in parvovirus infectivity, PLA2 inhibitors are also targeted for antiviral
drugs against parvovirus-associated diseases. The presence of the Walker loop and Phospholipase A2
motifs suggests that the newly identified alpaca BoV possesses the virulence determinants necessary
to cause disease.
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Figure 4. Detection of ATP and GTP-binding Walker-loop motif in NS1 protein (a) and Phospholipase
A2 (PLA2) motif in N-terminal of VP1 protein (b). Dots indicate residues matching the consensus
sequence and dashes represent gaps in the alignment.

A new species of UBoV was identified in an alpaca intestinal sample. Bocaparvoviruses cause
respiratory and gastrointestinal infections in humans, bovines, and other animals. However, the
causation of clinical disease in this alpaca farm is unclear. Establishing an association between the
presence of BoV and clinical disease would require comprehensive PCR testing of the alpaca farms.
Moreover, Koch’s postulates is required to establish a virus—disease association. A causal association
between the presence of BoV and clinical disease is often difficult due to prolonged viral shedding
by the host after infection, high prevalence of BoV infection, and high rate of co-infections [35].
Nevertheless, the discovery of a new BoV will help in developing new PCR diagnostics to determine
the prevalence of BoV in alpaca herds and also to develop vaccines to prevent clinical disease. Given
the high mutation rate of BoVs and increasing domestication of alpacas, identification of a new BoV in
alpaca presents a true risk of cross-species transmission to other mammals.
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Abstract: An equine parvovirus-hepatitis (EqPV-H) has been recently identified in association with
equine serum hepatitis, also known as Theiler’s disease. This disease was first described by Arnold
Theiler in 1918 and is often observed after applications with blood products in equines. So far,
the virus has only been described in the USA and China. In this study, we evaluated the presence
of EqQPV-H in several commercial serum samples to assess the potential risk of virus transmission
by equine serum-based products for medical and research applications. In 11 out of 18 commercial
serum samples, EqQPV-H DNA was detectable with a viral load up to 10° copies/mL. The same serum
batches as well as three additional samples were also positive for antibodies against the EqPV-H
VP1 protein. The countries of origin with detectable viral genomes included the USA, Canada,
New Zealand, Italy, and Germany, suggesting a worldwide distribution of EqPV-H. Phylogenetic
analysis of the EqPV-H NS1 sequence in commercial serum samples revealed high similarities in viral
sequences from different geographical areas. As horse sera are commonly used for the production of
anti-sera, which are included in human and veterinary medical products, these results implicate the
requirement for diagnostic tests to prevent EqPV-H transmission.

Keywords: equine parvovirus-hepatitis; horses; commercial horse serum; phylogeny

1. Introduction

Parvoviruses are small, non-enveloped viruses with a DNA genome typically encoding at least
two major gene complexes with the non-structural protein (NS1, multidomain nuclear phosphoprotein)
and capsid protein (VP1). In recent years, many viruses have been newly identified or reassigned to
the family Parvoviridae, which is divided into two subfamilies, the Densovirinae and the Parvovirinae,
according to whether they infect invertebrates or vertebrates, respectively [1,2]. Both subfamilies are
further divided into various genera based on their genome organization.

The parvovirus subfamily Parvovirinae is a large family with a wide host range, divided into eight
genera that can infect humans, domestic animals, and wild animals [1,3,4].

Recently, a novel equine parvovirus (equine parvovirus-hepatitis, EQPV-H) was discovered in the
serum of a horse that died of Theiler’s disease indicating that EqPV-H could be the causative agent
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of Theiler’s disease and also of subclinical infections [5-7]. Theiler’s disease is also known as equine
serum hepatitis and was initially described by Sir Arnold Theiler in 1918 [8]. After experimental
vaccination studies to prevent African horse sickness, Theiler observed hundreds of cases of a highly
fatal form of hepatitis. Theiler’s disease or serum hepatitis has since been reported worldwide after
treatment with a variety of equine serum products, for instance tetanus antitoxin, botulinum antitoxin,
antiserum against Streptococcus equi as well as pregnant mare’s serum, and equine plasma [5,8-12].
The clinical disease among horses receiving these products has a high fatality rate, and the incidence of
fulminant hepatitis in these outbreaks was in the range of 1.4%-18% [13]. Recent studies provided
evidence for the association of EqPV-H and Theiler’s disease. A prospective study on Theiler’s disease
cases described the detection of EqPV-H in 18 consecutive cases of Theiler’s disease that occurred
after administration of an equine-based biological product [13]. The same authors also reported
EqPV-H infection in 9 out of 10 cases of Theiler’s disease in the absence of an equine biological product
administration and noted 54% virus positivity of tested in-contact horses [14].

Given the potential risk of EqPV-H contaminated equine serum products for medical as well as
research applications, in this study we investigated the prevalence of EqPV-H among commercial
equine serum pools from various countries worldwide. To this end, a total of 18 serum samples from
different providers were analyzed for the presence of anti-EqPV-H-VP1-antibodies and EqPV-H DNA.
The results indicate that EqQPV-H is highly prevalent in commercial horse serum around the world and
that blood-based products derived from equine donors should be tested for EqPV-H.

2. Materials and Methods

2.1. Serum Sample Collection

A total of 18 different horse serum samples were collected from a variety of providers. The samples
were shipped and stored at —20 °C until further analysis. Thaw and freeze cycles were kept at
a minimum.

2.2. Detection of EgPV-H DNA

Viral DNA was extracted with a viral DNA Kit from Qiagen (Cat. No. 1048147, Hilden, Germany)
according to the manufacturer’s recommendations. DNA samples were stored at —20 °C until further
analysis. A probe-based quantitative real-time polymerase chain reaction (QRT-PCR) was used with
primers and probe designed and provided by Dr. Amit Kapoor as described before [5]. A serial
dilution of a plasmid containing the EqPV-H VP1 sequence was generated as standard row for the
quantification of EqPV-H within the samples tested. Fluorescence was assessed with a LightCycler 480
(Roche, Mannheim, Germany).

2.3. Detection of Anti-EqPV-H Antibodies

Samples were analyzed regarding the presence of anti-EqPV-H-VP1 antibodies using the luciferase
immunoprecipitation system (LIPS) as described by Burbelo et al. [15,16] and Pfaender et al. [17].
For the EqPV-H-LIPS, the antigen VP1 was produced as described by Divers et al. [5]. Relative light
units (RLU) were measured in a plate luminometer (LB 960 XS3; Berthold, Bad Wildbad, Germany).
For calculation of sensitivity, a cut-off limit, analogous to Burbelo et al. (2012) and Pfaender et al.
(2015), was determined and defined as the mean RLU plus 3 standard deviations (SD) of a EqPV-H
negative horse serum. A cross-reaction of the LIPS with other related parvoviruses cannot be excluded.
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2.4. Sequencing and Phylogeny

For sequence analysis, two PCRs (I and II) were designed within the NS1 of EqPV-H (Table 1 and
Figure 3A). PCR was performed using the Expand High Fidelity PCR System (Roche Diagnostics) in
a total volume of 50 uL containing 5 pL of purified DNA, 5 uL of 10x buffer, 200 M of each dNTP,
10 pmol of each primer, and 0.375 pL of Taq Polymerase.

The PCR profile was the following: 95 °C for 2 min, 45 cycles of 95 °C for 20 s, 60 °C for 30 s, and
72 °C for 1 min 30 s, followed by a final extension at 72 °C for 10 min. PCR products were visualized
on a 2% agarose gel, excised, and purified using a Monarch® DNA Gel Extraction Kit (New England
Biolabs). Purified products were then sent for Sanger sequencing using the applicable PCR primers.

Phylogenetic trees were constructed using the maximum likelihood method and general time
reversible model [18,19] implemented in MEGA X version 10.0.5 [20]. The tree is drawn to scale, with
branch lengths measured in the number of substitutions per site.

Table 1. Primer positions and sequences used for sequencing analysis.

PCR Primer Sequence
I EPVf1 GGGTGGTAAATGCCTTCG
EPVseqr01 TGGTTGGTGACGCCTGTC
I EPVseqf01 GACAGGCGTCACCAACCA
1104R! GGGAATGTCATTGAACGGGAA
1 Luetal. [6].

2.5. Purification of Viral Particles

Particle associated nucleic acid (PAN) purification was performed in detail as originally
described [21]: 11 mL of horse serum was clarified (3220 g, 30 min) and subsequently filtered
through a 0.22 um pore-size sterile filter to eliminate particles of higher density and mass such as
bacteria, eukaryotic cells, or fragments of them. To concentrate virus particles and separate them from
particles of lower density, 10 mL of sterile filtered serum was layered onto 2 mL of 30% (wt/vol) sucrose
in PBS, followed by ultracentrifugation for 3 h in an SW41 rotor at 30,000 rpm. For preparation of
DNA, the pellet was resuspended in 250 uL of PBS containing 20 mM MgCl,. To degrade DNA that
is not inside a particle, a DNase step was performed by the addition of 5 U of DNase I followed by
incubation at 37 °C for 30 min, followed in turn by DNA extraction with a Blood-Mini-Kit (Qiagen).

3. Results and Discussion

3.1. EqPV-H DNA is Frequently Detectable in Commercial Horse Sera

To evaluate the potential presence of EQPV-H in commercial serum pools, eighteen different serum
samples were obtained from different countries with a specific serum type and number of individual
horses per pool (Table 2).

Table 2. General information about the serum samples regarding serum type, land of origin, and the
number of individuals.

Serum ID Serum Type Origin Number of Individuals
1 Horse Serum New Zealand donor herd
2 Fetal Horse Serum Mexico unknown
3 Donor Horse Serum USA pooled
4 Horse Serum USA donor herd
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Table 2. Cont.

Serum ID Serum Type Origin Number of Individuals
5 Horse Serum USA donor herd
6 Donor Horse Serum Ttaly pooled
7 Horse Serum France pooled
8 Donor Horse Serum Canada unknown
9 Donor Horse Serum Chile unknown
10 Donor Horse Serum Germany unknown

11 Donor Horse Serum Italy unknown
12 Fetal Horse Serum Brazil unknown
13 Donor Horse Serum (heat inactivated) Chile unknown
14 Horse Serum Europe pooled

15 Donor Horse Serum Europe pooled

16 Donor Horse Serum USA unknown
17 Horse Serum New Zealand unknown
18 Donor Horse Serum Canada unknown

Eleven out of 18 commercially available sera tested positive for EQPV-H DNA, illustrated using
gel electrophoresis of the qPCR products (Figure 1A). As depicted in Figure 1B, quantification of the
viral DNA revealed loads ranging from 10? to 10> DNA copies/mL (Figure 1B). Next, the commercial
horse serum samples were tested for the presence of anti-VP1-antibodies via LIPS assay. All EqPV-H
DNA positive samples also yielded positive results in the antibody assay, while three additional sera
were exclusively anti-VP1-antibody positive (7, 9, and 13) (Figure 1C). However, the measured relative
light units (RLU) of these three seropositive samples were lower compared to the eleven sera that had
also been tested DNA positive (Figure 1C). Due to the pooling of sera from several horses for one
commercial serum batch, a potential dilution has to be considered, and the detection limit of EqPV-H
PCR was determined at 175 DNA copies/mL. In line with these results, tetanus-antitoxins as one of
the most common medical products administered to horses tested positive for EqQPV-H in several
cases of Theiler’s disease [13]. Importantly, an experimental infection study had previously confirmed
transmission of EqPV-H from a PCR-positive biological product to seronegative horses [5]. To evaluate,
if the detected parvovirus DNA was encapsidated or just plain unprotected DNA, we performed PAN
DNA isolation [21] with serum 1 as one example. This method contains a DNAse treatment step,
which degrades all unprotected DNA, thus selects highly specific for DNA protected by a capsid. After
purification we performed quantitative PCR for both the DNA isolation with and without selection for
PAN-DNA. We found that around 1% of total parvovirus DNA could be recovered using this method.
A recovery rate of 1% corresponds to our own findings with various viruses (DNA, RNA, enveloped,
and non-enveloped), spiked to PBS for evaluation of this method. The relatively high losses can be
either explained by the high stringency of the method or simply by presence of non-protected nucleic
acid naturally occurring for different viruses. Either way, for this horse serum it is highly likely that
parvovirus DNA is encapsidated in viral particles and so viral particles are present. Due to the lack of
an infection cell culture system, we could not determine if these particles are infectious.

Of note, serum samples 8 to 13 have also been tested previously by us for the presence of equine
hepacivirus (EqQHV), equine pegivirus (EPgV), and Theiler’s disease associated virus (TDAV) [22].
All samples were shown to be EPgV and EqHV positive except serum sample 12, which tested negative
for EqHV. Furthermore, TDAV was detected in samples 10, 11, and 13 [22]. In summary, these results
demonstrate a frequent detection of EqPV-H in commercial serum pools with 61.10% PCR positivity
and 77.70% sero-positivity.

118



Viruses 2019, 11, 461

3
2
2
A - 1 2 3 4 5 [] 7 8 9 10 11 12 13 14 15 16 17 18
—
f—
bl
IR - - — -
B
-
E
o
o
[=%
o
(&
<
=z
o
C 107
=)
—
o 4qgs
A
[ =
=]
£ 108
=
2
= 4
Z 10
o

10%

L T T - T W T S I N N T

Serum ID
Figure 1. Occurrence of EqQPV-H DNA and antibodies within commercial serum samples. (A) Agarose
gel electrophoresis of quantitative PCR of commercial serum pools. (B) Viral loads of EqPV-H were
determined using qPCR and are displayed in DNA copies/mL. The dotted line indicates the limit
of detection. Every bar represents the mean of 5 technical replicates performed in 3 independent
measurements. (C) Depicted are anti-EqPV-H antibodies as RLU measured in triplicates. The cut-off
was determined by the mean value of the EqQPV-H negative serum plus 3*SD and is indicated by a
dashed line.

3.2. EqPV-H Can be Detected in Different Countries Worldwide

As the novel parvovirus has only been recently described [5], prevalence studies with EqPV-H
have so far only been performed in the USA and China. Lu et al. showed that EqQPV-H has a very low
genetic diversity between farms in the same geographic region, similar to what has been observed in
the USA [5,7]. When comparing the origin of the here-tested commercial sera regarding the presence
of EqQPV-H DNA and antibodies, all South American sera (green) tested negative for EQPV-H, while
the majority of sera from North America (red), Europe (blue), and Oceania (orange) were positive for
EqPV-H DNA and antibodies (Figure 2A). These included the countries New Zealand, the USA, Italy,
Germany, and Canada indicating a worldwide circulation of EqPV-H. The two fetal horse sera that
were included in the study tested EqPV-H PCR and antibody negative in contrast to the adult horse
sera (Figure 2B,C). However, further investigations with more samples are needed to determine the
importance of EqPV-H for vertical transmission and prevalence in young horses. However, PCR- and
sero-negativity could also be a coincidence due to the origin of the fetal horse serum from Central and
South America.
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Figure 2. The origin of the serum pools is indicated on a world map (A). Reduced opacity indicates
EqPV-H negative serum pools. Graphs (B) and (C) show the correlation of age (determined by the
serum type) and origin on EqQPV DNA and antibody prevalence, respectively. Every dot represents
the mean of 5 technical replicates performed in two independent measurements. Negative samples
were assigned the value 1. Red color corresponds to North America, while sera from South American
countries are colored green. Blue indicates serum samples originating from Europe and orange belong

to samples from Oceania (A-C).
3.3. Sequence and Phylogenetic Analysis of EQPV-H in Commercial Serum Pools

For a molecular characterization of the EqQPV-H positive samples, primers (Table 1) in the NS1
gene were designed to obtain two PCR fragments (Figure 3A). Due to low viral loads being present for
only some of the qPCR positive samples, sequencing of PCRI and II fragments was possible. We were
able to recover 7/11 and 9/11 sequences for PCRI and II, respectively. These sequences were submitted
to the GenBank database with the accession numbers indicated in Table 3. A maximum likelihood
approach was used, and robustness of the trees tested with a bootstrap analysis was performed with
a replicate rate of 1000. As depicted in Figure 3B,C, the obtained sequences were highly similar for
all commercial serum pools around the world and clustered with the published American and Asian
EqPV-H sequences (Figure 3B,C). This can be observed for two individually amplified regions in the
NS1 gene. These results point to a high conservation between the world-wide circulating strains and
low genetic variability of the EqPV-H strain.
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Figure 3. (A) Genomic organization of EqPV-H and primer positioning for PCR I-II. (B) Phylogenetic

tree based on the fragments generated using PCR 1. (C) Phylogenetic tree based on the fragments

generated using PCR II. Evolutionary history was inferred by using the maximum likelihood method
and general time reversible model. The trees with the highest log likelihood are shown. Red corresponds
to North America, while blue indicates serum samples originating from Europe and orange matches

samples from Oceania. Black corresponds to Asian strains. Circles indicate previously published
EqPV-H sequences identified by various groups, whereas squares label newly found EqPV-H sequences
within this study. Human parvovirus B19 was used as outgroup to root the tree.

Table 3. The newly identified specimens were submitted to NCBI and were assigned with respect to

the serum ID and the land of origin.

Serum ID EqPV Sequence Name NCBI Accession Number
1 Equine Parvovirus H/seql_NZ_518-1104nt MK792430
3 Equine Parvovirus H/seq3_USA_518-1104nt MK792431
4 Equine Parvovirus H/seq4_USA_518-1104nt MK792432
5 Equine Parvovirus H/seq5_USA_518-1104nt MK792433
6 Equine Parvovirus H/seq6_IT_518-1104nt MK792429
11 Equine Parvovirus H/seq11_IT_518-1104nt MK?792434
16 Equine Parvovirus H/seq16_USA_518-1104nt MK792435
17 Equine Parvovirus H/seq17_NZ_518-1104nt MK792436
18 Equine Parvovirus H/seq18_CN_518-1104nt MK792437
1 Equine Parvovirus H/seq1_NZ_20-535nt MK792438
3 Equine Parvovirus H/seq3_USA_20-535nt MK792439
4 Equine Parvovirus H/seq4_USA_20-535nt MK792440
11 Equine Parvovirus H/seq11_IT_20-535nt MK792441
16 Equine Parvovirus H/seq16_USA_20-535nt MK792442
17 Equine Parvovirus H/seq17_NZ_20-535nt MK792443
18 Equine Parvovirus H/seq18_CN_20-535nt MK792444
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4. Conclusions

In this study, we investigated the occurrence of EQPV-H DNA and antibodies within commercial
horse sera. We showed that anti-EqPV-H DNA and EqPV-H antibodies are frequently detectable in
commercially available horse sera from various origins indicating a worldwide circulation of EqPV-H
infections. As horse sera are commonly used for production of anti-sera, which are licensed for various
treatments in different animal species as well as humans (snake antivenom immunoglobulins and
botulism antitoxin), these results should raise awareness for EQPV-H contaminations. Furthermore,
other biologicals like live vaccines might harbor infectious EqPV-H, for instance when cell lines used
for virus propagation were cultivated with horse serum. Sensitive diagnostic assays should be used
for the detection of EQPV-H DNA and a careful risk assessment should be performed when using
commercial horse sera in medical and research applications.
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Abstract: To analyze the methylation status of wild-type adeno-associated virus type 2 (AAV2),
bisulfite PCR sequencing (BPS) of the packaged viral genome and its integrated form was performed
and 262 of the total 266 CG dinucleotides (CpG) were mapped. In virion-packaged DNA,
the ratio of the methylated cytosines ranged between 0-1.7%. In contrast, the chromosomally
integrated AAV2 genome was hypermethylated with an average of 76% methylation per CpG site.
The methylation level showed local minimums around the four known AAV2 promoters. To study
the effect of methylation on viral rescue and replication, the replication initiation capability of CpG
methylated and non-CpG methylated AAV DNA was compared. The in vitro hypermethylation of
the viral genome does not inhibit its rescue and replication from a plasmid transfected into cells.
This insensitivity of the viral replicative machinery to methylation may permit the rescue of the
integrated heavily methylated AAV genome from the host’s chromosomes.

Keywords: AAV2; adeno-associated virus; bisulfite PCR; CpG methylation; DNA virus; Parvoviridae

The Parvoviridae family consists of small, single-stranded DNA viruses with 4-6 kb linear
genomes. It is a very diverse virus family with the capability to infect a wide range of hosts from
insects to mammals [1]. Adeno-associated dependoparvoviruses (AAVs) are separated from other
parvoviruses by their CpG island-like genome structure with high GC content (>50%) and high
observed/expected CpG ratio (>70%) [2]. AAVs are also distinguished from other parvoviruses by
their different reproductive strategy, because they require the presence of an unrelated helper DNA
virus for successful reproduction. In the absence of a helper virus, they can establish a latent infection
by preferentially integrating into the open chromatin structures of the host’s genome or remaining
latent as nuclear episomes [3,4].

AAVs are among the most frequently used gene therapy vectors, because they can infect many
tissues in the human body without known adverse effects [5]. During the first months, recombinant
AAV-mediated gene transfer results in a peak of transgene expression, but later this level decreases
and reaches a reduced steady-state level [6,7]. Since CpG methylation can inhibit transcription [8],
the methylation pattern of the promoter and vector in episomal adeno-associated dependoparvovirus
A (AAV2)-based gene therapy constructs have been examined, but no significant CpG methylation
has been found [9]. The methylation status of the replicative and the integrated form of the wild-type
AAV2 remained unknown.
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We previously determined that the genome of Ungulate protoparvovirus 1 (PPV) remains
hypomethylated during the entire viral life cycle independent of its tissue of origin, and in vitro
CpG methylation has no significant effect on viral replication [2]. The different reproductive strategy
and the strikingly different genome composition of the AAV2 (AAV has 266 CpG sites, 54% GC content
and 0.78 observed/expected CpG ratio (0CpGr) value compared to the 60 CpG sites, 38% GC content
and 0.33 oCpGr of the PPV) suggested that CpG methylation may have a more significant role in the life
cycle of the AAV2 than in the life cycle of the PPV. Therefore, we sought to investigate the methylation
status of wild-type AAV2 genome during the different stages of the viral life cycle including the
packaged viral DNA and the integrated and excisable form of the genome.

AAV2 virions were produced as previously described [10] by co-transfecting pTAV2-0 [11] and
pDG [12] into HEK-293 cells. Freeze-thaw lysates were treated with benzonase (Merck, Darmstadt,
Germany) to degrade non-encapsidated DNA, and AAV genomes were purified using proteinase K
(Carl Roth, Karlsruhe, Germany) and phenol/chloroform extraction. The integrated viral genome
was purified from latently infected Detroit 6 cells [13] using lysis buffer (1% N-lauroylsarcosine,
25 mM Tris-Cl pH 8.5, 10 mM EDTA pH 8.0) and proteinase K treatment followed by repeated
phenol/chloroform extractions and ethanol precipitation.

To detect and separate the integrated form of the genome from spontaneously released AAV
genomes, total Detroit 6 cell DNA was run on an agarose gel. Despite the typical low molecular weight
AAV bands of 4.7 replicative form 1 (RF1) or 9.4 kb (RF2) were not being detected the high molecular
weight chromosomal DNA was isolated by the Zymoclean Gel DNA Recovery Kit (Zymo Research,
Irvine, CA, USA), as recommended by the manufacturer.

The methylation pattern of the AAV genomes derived from total Detroit 6 cell DNA, from the
isolated high molecular weight DNA, and from the packaged viral DNA was determined by bisulfite
PCR. The bisulfite treatment of the encapsidated, single-stranded DNA was performed with the
EpiTect Bisulfite Kit (Qiagen, Venlo, The Netherlands) according to the manufacturer’s instructions.
Treatment of the genomic DNA was optimized by adding an extra denaturation step (95 °C, 5 min)
followed by incubation at 60 °C for 2 h. The conversion efficiency of the unmethylated cytosines was
verified by Sanger sequencing of several PCR fragments from the 27 CpG sites containing fragment
AAV11 (Table 1). Sanger sequencing was performed with the BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, Foster City, CA, USA), according to the manufacturer’s recommendations.

For the amplification of the modified CpG-containing DNA fragments, 22 PCR primer pairs
were designed using the MethPrimer program [14] (Table 1). The 22 PCR fragments covered all CpGs
of the AAV genome except the first and the last two sites (262 out of 266). DNA amplifications of
most of the fragments were carried out by an initial denaturation for 5 min at 95 °C, followed by
35 cycles at 95 °C for 20 s, 52 °C for 20 s, and 72 °C for 20 s by using DreamTaq DNA Polymerase
(Thermo Fisher Scientific, Waltham, MA, USA). For certain PCR fragments, the thermal conditions
were altered. The temperature of the elongation step was changed to 58 °C at the 6th, 10th, 14th,
18th, 21st and 22nd fragments (Table 1), while the elongation occurred at 60 °C in the case of the
2nd and 20th fragments. The amplified fragments were purified from 1.2% agarose gel using the
Zymoclean Gel DNA Recovery Kit. Finally, the PCR fragments were pooled in equal amounts and
were sequenced with an Ion Torrent PGM sequencer. The CLC Genomics Workbench 7.0.4 was used
for data analysis. The average read length was 213 nucleotides and 262 (of the total 266) CpG sites
were mapped. The read depth of the 262 CpG sites of the virion-packaged DNA, the AAV genome
from the total DNA and the AAV genome from the isolated chromosomal DNA were between 112 and
12603, 49 and 4335, and 71 and 4953, respectively.
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Table 1. Primers used for bisulfite PCR.

Primer Name Sequence Product Size (bp) CpGs in Product
AAVIF 5-TTGGTTATTTTTTTTTTGCGCGTT-3/ 05 "
AAVIR 5-CCTCTAATACAAAACCTCCCTA-3'

AAV2F 5-GGGTTAGGGAGGTTTTGTATT-3' - o
AAV2R 5/-ATTCAAATCCATATCAAAATCTAAC-3'

AAV3F 5/-ATTTTGATATGGATTTGAATTTGATT-3' s ”s
AAV3R 5-AAAATATAACACTCATCCACCACCT-3'

AAVAF 5-AGGGAGAGAGTTATTTTTATATGTA-3' . s
AAV4R 5/ -TCTAATTCTCTTTATTCTACTCCTAC-3'

AAVSF 5-AAGGTGGTGGATGAGTGTTATATTT-3' 200 5
AAV5R 5/-AACCTAATCCTCCTAAATCCACTACTT-3'

AAV6F 5-GGAGAAGTAGTGGATTTAGGAGGAT-3' o

AAV6R 5-AATTACAAACCCAAACAACCAAATA-3' 9 14
AAV7F 5-GGAAAGATTATGAGTTTGATTAAAAT-3' - 5
AAV7R 5-AAAAAATTCTCATTAATCCAATTTAC-3'

AAVSF 5-AATTGGATTAATGAGAATTTTTTTT-3' s

AAVSR 5'-AATAACCTTCCCAAAATCATAATCC-3' 21
AAVIF 5 -TGATTTTGGGAAGGTTATTAAGTAG-3' - o
AAVIR 5-ACAAAAAAACAACATCAAATTCATAC-3'

AAV10F 5 TGATGTTGTTTTTTTGTAGATAATG-3' 2 0
AAVI0R 5-TAAACCAAATTTAAACTTCCACCAC-3'

AAV1IF 5 -TGGTGGAAGTTTAAATTTGGTTTAT-3' 3 .
AAV1IR 5-AAAAATTCAAAAACCCTCTTTTTC-3'

AAVI2F 5-AAAAAGAGGGTTTTTGAATTTTTG-3' - .
AAVI2R 5/ -TTCAATCTTTTTCTTACAAACTACTAACC-3'

AAV13F 5 TTTGGTTGAGGAATTTGTTAAGA-3' 260 s
AAVI3R 5/ -TTATAAATAAACAAAACCCAAATTC-3' 0

AAVI4F 5_-GTTTTTTTTGGTTTGGGAATTAATA-3' - »
AAVI4R 5-AAATCTATTAAAATCAAAATACCCCC-3/

AAV15F 5 TTGGGTTTTGTTTATTTATAATAATTATTT-3' .

AAVI5R 5/-AATATTAAAAAACTTAAAATTAAATCTCTT-3' 2 4
AAV16F 5'-AGATTTATTAATAATAATTGGGGATTT-3' - s
AAVI6R 5 -TACTCCAAACAATAAAATAAAAAAC-3'

AAV17F 5/-AGTATGGATATTTTATTTTGAATAA-3' T b
AAVI7R 5-AAAAACCAATTCCTAAACTAATCCC-3'

AAVI1SF 5-AGTTAAGGTTTTAGTTTTTTTAGGT-3' 210

AAVISR 5'-AAATTAATTATCCTAATTTCCTCTTC-3/ 12
AAVI9F 5'-AATGGTAGAGATTTTTTGGTGAATT-3' a7 .
AAVIOR 5-AACCCCTAAAAATACACATCTCTATC-3'

AAV20F 5-AGGTATGGTTTGGTAGGATAGAGAT-3' 20

AAV20R 5/-ATCCACAATAAAATCCACATTAACAA-3 12
AAV21F 5-AGTGGGAGTTGTAGAAGGAAAATAGTA-3/ - 0
AAV2IR 5 -TAACCAACTCCATCACTAAAAATTC-3'

AAV22F 5_-GTTTGTTAATGTGGATTTTATTGTGGAT-3' 260 ”
AAV22R 5-TAACCACTCCCTCTCTACGCGCT-3/

In virion-packaged DNA, the ratio of the methylated cytosines was between 0-1.7% with an
average of 0.6% methylation/CpG sites. In contrast, despite the CpG island-like genome structure,
the integrated AAV2 genome was found to be hypermethylated, and the methylation ratio of the
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CpG sites varied between 20.4% and 98.3% with an average of 76% methylation per site (Figure 1a).
Sequencing of the isolated high molecular weight DNA yielded very similar results: the methylation
of the CpG cytosines was between 21% and 98.8% with an average of 78.2% methylation per
site (Figure 1b). Minimal differences (0.003-12.3%) were detected in the methylation status of
CpGs determined from total cellular DNA or isolated chromosomal DNA, confirming that the
overwhelming majority of the detected methylation pattern derived from integrated copies and
not from episomal forms.
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Figure 1. Deep sequencing of the bisulfite treated adeno-associated virus type 2 (AAV2) genomes.
Vertical bars label the position of the CpGs in the AAV2 genomes in the diagrams: (a) Methylation
values of the packaged AAV2 genome and the integrated AAV2 genome from total Detroit 6 DNA
are represented by blue and red bars, respectively; (b) methylation values of the integrated AAV2
genome from purified chromosomal DNA; (c) the AAV2 genome and its transcription—translation
map [15-17] is presented in scale showing the CpG-containing binding sites of transcription factors as
well. The methylation-sensitive transcription factors are labelled by an asterisk.

The methylation level showed local minimums around the four promoters (p5, p19, p40 and
p81) and the least methylated CpG sites were found in the X protein-coding ORF (Figure 1b,c). It is
tempting to speculate that the lower level of methylation of these CpG sites might play a functional
role in the reactivation of the promoters.

Our results indicate that the packaged and replicating AAV DNA is hypomethylated, as has
been shown for other parvoviruses (PPV, B19) [2,18] and small- or medium-sized DNA viruses
(e.g., papillomaviruses, adenoviruses) [19]. Hypomethylation is a characteristic feature of the
replicating of small DNA viruses, despite the fact that unmethylated CpGs may provide an access of
the host immune system to immunostimulatory, unmethylated CpGs during in vivo replication and
cell lysis. It is likely that hypomethylation is the result of rapid replication, compartmentalization or
active exclusion of the DNA methylases by the viral proteins from the replicating DNA [19].

Although the hypermethylation of the latently integrated AAV genome is not fully unexpected,
it is somewhat surprising. Some of the earlier observations indeed implied methylation. Usually,
newly integrated replication-incompetent viral fragments inserted into the host genome become
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rapidly methylated. Complete and replication-competent retrovirus sequences are also recognized by
the host defense system (e.g., Daxx protein) and integrated proviruses are rapidly silenced by antiviral
epigenetic responses including histone modification and DNA methylation [20].

On the other hand, the AAV2 genome was reported to integrate into transcriptionally active
open chromatin regions and in CpG islands [4,21] and it can be released from latently infected Detroit
6 cells by helper virus infection [13]. Furthermore, the AAV genome has a CpG island-like genome
composition that in the host genome most frequently remains unmethylated, and its methylation
silences gene expression [22,23]. Thus, these data may suggest that the unique CpG island-like
structure of the AAV genome evolved to avoid methylation and keep the open chromatin structure
of the integrated genome to ensure easy access for transcription factors to viral promoters. However,
our findings challenge this hypothesis.

For replication initiation, Rep proteins are needed to release the integrated AAV DNA from the
host genome [24-28]. DNA hypermethylation is usually associated with transcriptional repression.
Accordingly, the crucial question is how the RNAs of the viral Rep proteins are transcribed
from the methylated integrated copies to supply the required proteins, especially because several
methylation-sensitive transcription sites are localized in, or in close proximity of, the AAV promoters
(Figure 1).

To further analyze how methylation influences viral rescue, we compared the replication initiation
capability of CpG methylated and non-CpG methylated AAV DNA. The pTAV2-0 plasmid produced
in bacteria supplied the non-CpG methylated genome (although it contained bacterial DAM and
DCM methylation). For the production of CpG methylated AAV DNA, the pTAV2-0 plasmid was
linearized by FastDigest EcoRV restriction enzyme (Thermo Fisher Scientific, Waltham, MA, USA) and
in vitro methylated using the CpG methylase kit (Zymo Research, Irvine, CA, USA). The reaction mix
included 2 ug DNA, 4 uL of 10x CpG Reaction Buffer, 6 uL of 20x SAM (12 mM), 2 uL of 4 U/uL
CpG Methylase (M.Sssl)) and distilled water to a final volume of 40 uL, and was incubated overnight
at 30 °C.

The efficiency of hypermethylation was estimated to be more than 90% by the Image] program [29]
after comparing the intensity of the linearized methylated undigested and the methylation-sensitive
Ssil-enzyme digested (Thermo Fisher Scientific, Waltham, MA, USA), vector bands (Figure 2a, lanes 5
and 2 respectively).
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Figure 2. Replication initiated by differently methylated AAV DNAs: (a) digestion of the differently
methylated pTAV2-0 DNAs. Lane 1, CpG unmethylated EcoRV linearized vector digested with Ssil
(cutting at 57 sites); lane 2, CpG methylated EcoRV linearized vector digested with Ssil; lane 3,
GeneRuler 1 kb Plus DNA Ladder; lane 4, CpG unmethylated EcoRV linearized vector; lane 5,
CpG methylated EcoRV linearized vector; (b) copy numbers of the viral genome in the supernatant of
cells transfected by differently methylated AAV2 plasmids. Vertical bars indicate twice the standard
deviation in each case.

129



Viruses 2019, 11, 38

Linearized methylated and unmethylated plasmids were transfected together with pHelper
plasmid [30] in equal amounts (0.5 nug each) into HEK-293 cells by TurboFect reagent (Thermo Fisher
Scientific, Waltham, MA, USA) in triplicate according to the supplier’s recommendations. Transfection
of the unmethylated plasmid without pHelper was carried out as a negative control, also in triplicate.
At 4,24, 48 and 72 h post-transfection, the viral DNA was extracted from 200 pL tissue supernatant
by the High Pure Viral Nucleic Acid Kit (Roche, Basel, Switzerland) according to the manufacturer’s
recommendations. The titer of progeny viruses was compared by qPCR from three independent
transfection experiments. The PCR conditions were the following: initial denaturation for 5 min at
95 °C, followed by 30 cycles at 95 °C for 20 s, 64 °C for 20 s, and 72 °C for 20 s using DreamTaq DNA
Polymerase, EvaGreen (Biotium, Fremont, CA, USA) DNA binding dye and a primer set (forward:
5'-TGC GTA AAC TGG ACC AAT GAG AAC-3/; reverse: 5'-TGT TGG TGT TGG AGG TGA CGA
TCA-3'). The Mann-Whitney U test was applied for the statistical analysis of the data.

The result indicates that in vitro CpG hypermethylation of the viral genome does not inhibit its
rescue from a plasmid. It also minimizes the possibility that helper rescue of integrated AAVs could
be the result of the activation of incidentally existing un-methylated episomes [31,32] in these cells
rather than the rescue of the integrated methylated genome. Hypermethylation has even a biologically
minor but statistically significant positive effect (Figure 2b) on the output virus titers at 48 h and 72 h
(p = 0.00058 and p = 0.00018).

Recently, it was found that AAV2 latency is mediated by rapid heterochromatin formation by the
heterochromatin hallmark trimethylated histone 3 lysine 9 (H3K9me3) and the chromatin regulating
KAP1 protein [33]. In addition to H3K9me3, the CpG hypermethylation of the DNA is one of the most
characteristic features of the heterochromatin [34]. Accordingly, our data—that the integrated AAV2
is hypermethylated in Detroit 6 cells—give additional support to the heterochromatinization of the
latent AAV2 genome.

Despite being hypermethylated, AAV2 is rescuable from Detroit 6 cells. We demonstrated that
AAV indeed can be rescued even from in vitro hypermethylated plasmid DNA. Yet, the question can be
raised of whether the results obtained from “naked plasmids” can be extrapolated to the chromatinized
AAV genome [35]. However, transfected plasmid DNA, just like the nonintegrated wild-type AAV
genome, is rapidly associated with histones and chromatinized [36], which makes it highly probable
that similar mechanisms permit the rescue of the heavily methylated integrated AAV genome from
transfected plasmids or from the host’s chromosomes.

It is widely accepted that the binding of YY1 and MLTF to p5 is a key factor in the establishment
and maintenance of latency [37,38]. However, the binding of these transcription factors to DNA is
methylation-sensitive [39,40] and the effect of methylation to p5 binding was not considered in the
original studies in the early 1990s. A recent publication of the epigenetic regulation of AAV latency [37]
and our present data may warrant the reinvestigation of the role of these transcription factors in the
maintenance of the latency of the methylated genome.

A voluminous literature demonstrates that the CpG methylation of the promoter regions is
strongly associated with transcriptional repression, and DNA methylation is dominant over other
epigenetic mechanisms for regulating gene expression. However, it is still unclear whether the
changes in DNA methylation are the cause or the consequence of the altered gene expression [41,42].
Further studies of the methylated AAV genome release from latency can provide additional valuable
data about the relationship between CpG methylation and the dynamics of the chromatin structure.
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Abstract: Human bocavirus 1 (HBoV1) infects well-differentiated (polarized) human airway
epithelium (HAE) cultured at an air-liquid interface (ALI). In the present study, we applied
next-generation RNA sequencing to investigate the genome-wide transcription profile of HBoV1,
including viral mRNA and small RNA transcripts, in HBoV1-infected HAE cells. We identified novel
transcription start and termination sites and confirmed the previously identified splicing events.
Importantly, an additional proximal polyadenylation site (pA)p2 and a new distal polyadenylation
site (pA)drgn lying on the right-hand hairpin (REH) of the HBoV1 genome were identified in
processing viral pre-mRNA. Of note, all viral nonstructural proteins-encoding mRNA transcripts use
both the proximal polyadenylation sites [(pA)p1 and (pA)p2] and distal polyadenylation sites [(pA)d1
and (pA)dggn] for termination. However, capsid proteins-encoding transcripts only use the distal
polyadenylation sites. While the (pA)p1 and (pA)p2 sites were utilized at roughly equal efficiency for
proximal polyadenylation of HBoV1 mRNA transcripts, the (pA)d1 site was more preferred for distal
polyadenylation. Additionally, small RNA-seq analysis confirmed there is only one viral noncoding
RNA (BocaSR) transcribed from nt 5199-5340 of the HBoV1 genome. Thus, our study provides a
systematic and unbiased transcription profile, including both mRNA and small RNA transcripts,
of HBoV1 in HBoV1-infected HAE-ALI cultures.

Keywords: parvovirus; human bocavirus 1, RNA-seq; transcription profile; human airway epithelia

1. Introduction

Human bocavirus 1 (HBoV1) was identified from nasopharyngeal aspirates of pediatric patients
with acute respiratory tract infections in 2005 [1,2]. HBoV1 genome has been frequently detected
worldwide after respiratory syncytial virus, rhinovirus, and adenovirus infections in hospitalized
young children under 2 or 5 years old with acute respiratory tract infections [3-8]. Severe and
deadly cases, which are associated with high viral loads in respiratory specimens and with
anti-HBoV1 IgM antibody detection, increased IgG antibody production, or viremia in serum
samples, have been apparently linked to acute respiratory tract infections [9-14]. Using RNA-seq
to detect the viral RNA genomes and also the viral mRNAs that are transcribed from both RNA
and DNA viruses in respiratory secretions, a recent study has identified HBoV1 infections in a
significantly greater proportion of patients with community-acquired pneumonia (18.6%) than in
controls (2.2%), suggesting that mono-detection of HBoV1 infection is significantly associated with
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community-acquired pneumonia [15]. In vitro, HBoV1 infects polarized human bronchial airway
epithelium (HAE) cultured at an air-liquid interface (ALI; HAE-ALI) and causes damage of the
airway epithelium [16-20].

HBoV1 belongs to genus Bocaparvovirus of the Parvoviridae family. The two prototype members
of this genus are minute virus of canines (MVC) and bovine parvovirus type 1 (BPV1) [21,22].
RNA transcription profiles of these three bocaparvoviruses have been well studied through the
traditional RNA analysis methods: reverse transcription (RT)-PCR, RNase protection assay (RPA) and
Northern blotting [16,21-26]. In HBoV1-infected HAE-ALIL, through RT-PCR and RPA, we identified
novel splicing donor and acceptor sites (D1” and Al’) of viral pre-mRNA that are used to process
HBoV1 mRNAs encoding novel viral nonstructural proteins NS2, NS3, and NS4 [24]. More importantly,
we identified the first parvoviral long noncoding RNA (IncRNA), bocavirus-transcribed small RNA
(BocaSR), during HBoV1 infection of HAE-ALI, which plays an important role in virus replication [26].
The identification of these novel HBoV1 RNA transcripts highlights the unique features of HBoV1
transcription among parvoviruses. In order to identify additional HBoV1 transcripts and avoid
biases imparted by traditional RNA analysis methods, here, we utilized a systemic and unbiased
approach to explore the transcription profile of HBoV1 during infection in human airway epithelia.
RNA samples extracted from HBoV1-infected HAE-ALI cultures were analyzed with both mRNA-seq
and small RNA-seq.

2. Materials and Methods

2.1. Human Airway Epithelium Cultured at an Air-Liquid Interface (HAE-ALI)

Primary human bronchial airway epithelial cells were isolated from the lungs of healthy donors at
the Cell Culture Core of the Center for Gene Therapy, University of Iowa, under a protocol approved
by the Institutional Review Board of the University of Iowa (IRB ID No. 9507432). Pseudostratified
human airway epithelia as the polarized HAE-ALI cultures were differentiated from the isolated
primary cells as previously described [17]. In brief, primary human airway epithelial cells were
seeded on collagen-coated, permeable polyester membrane of Costar Transwell® inserts (Cat #3470,
Corning, Tewksbury, MA, USA), and then were differentiated (polarized) at an air-liquid interface (ALI)
for 3-4 weeks. Ultraser ™-G (USG) serum substitute medium (Pall Corporation, Port Washington,
NY, USA) was used for the polarization and maintenance of the HAE-ALL HAE-ALI cultures with
a transepithelial electrical resistance (TEER) of >2000 Q-cm?, as determined by Millicell ERS-2
Voltohmmeter (EMD Millipore, Burlington, MA, USA), were used for virus infection in this study.

2.2. Virus Infection and Quantification of Apically Released Virions

HBoV1 virions were produced in HEK293 cells transfected with pIHBoV1, a HBoV1 duplex
form genome and purified as described previously [17]. HAE-ALI was infected the purified HBoV1
stock at a multiplicity of infection (MOI) of 1000 viral genome copy number (vgc)/cell, as described
previously [17]. At 7 days post-infection, an aliquot of 100 uL of phosphate buffered saline (PBS),
pH7.4, was added to the apical chamber of the HAE-ALI culture, and harvested as an apical
wash. The presence of progeny virions in the apical washes was an indicator of the productive
HBoV1 infection in HAE-ALIL All the apical washes were stored at 4 °C for quantification of vgc
using a quantitative PCR (qPCR) with HBoV1-specific primers and probe, following the method
described previously [17].

2.3. Immunofluorescence Analysis

We fixed a small piece of the insert membrane with 3.7% paraformaldehyde in PBS, and permeabilized
with 0.2% Triton X-100 in PBS, followed by direct staining with an anti-HBoV1 NS1C antibody [23].
Immunofluorescence analysis was performed using a method described previously [17]. Confocal
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images were taken with an Eclipse C1 Plus confocal microscope (Nikon, Tokyo, Japan) controlled by
Nikon EZ-C1 software. DAPI (4,6-diamidino-2-phenylindole) was used to stain the nucleus.

2.4. RNA Extraction

At 7 days post-infection, mock- and HBoV1-infected cells were collected for total RNA isolation
using miRNeasy Mini Kit (Qiagen, Valencia, CA, USA) following the manufacturer’s instructions with
DNase I treatment. HAE cells from two Transwell® inserts were used to prepare one RNA sample.
A total of 6 RNA samples from HBoV1-infected HAE-ALI cultures (HBoV1 group) and 6 RNA samples
from mock-infected HAE-ALI cultures (Mock group) were prepared. The quality of RNA samples was
analyzed on an Agilent 2100 Bioanalyzer using an Agilent RNA 6000 Nano Kit for an RNA Integrity
Number (RIN). Three RNA samples with RINs > 8.0 were chosen randomly from each group and
used for mRNA-seq and small RNA-seq.

2.5. mRNA-seq and Small RNA-seq

mRNA-seq was performed at Otogenetics Corporation (Atlanta, GA, USA). For mRNA-seq,
the TruSeq Stranded Total RNA with Ribo-Zero HMR library Prep Kit (#RS-122-2201, Illumina,
San Diego, CA, USA) was used to prepare the sequencing library from 1 pg of total RNA, and 2
% 106 bp paired-end sequencing in high output run mode was performed using Illumina HiSeq
2500 system. Small RNA-seq was performed at SeqMatic Company (Fremont, CA, USA). TailorMix
miRNA V2 library preparation kit was used to prepare the small RNA library. 2 x 150 bp paired-end
sequencing was performed using Illumina MiSeq system (San Diego, CA, USA).

2.6. mRNA-seq Read Mapping and Junction Analysis

The resulting base calling (bcl) files of mRNA-seq were converted to FASTQ files using Illumina’s
bcl2fastq v2.17.1.14 software (San Diego, CA, USA). TopHat 2.0.9 was used to map mRNA-seq reads
against the HBoV1 full-length genome (GenBank accession no: JQ923422) using default parameters.
Samtools were used to convert a BAM (.bam) file to a SAM (.sam) file. The HBoV1 mapping reads
were extracted using an in-house-developed script. The alignment data were used to build the junction
tracks by Integrative Genome View (IGV; http:/ /software.broadinstitute.org/software/igv/home).
The junctional events were identified only when a single read splits across two exons.

2.7. Detection of Polyadenylation Sites

We searched the paired-end mRNA-seq reads for polyadenine repeats of a length of 9 (i.e.,
AAAAAAAAA for R2, and TTTTTTTTT for R1), and then mapped those reads with the polyadenine
repeats to the HBoV1 full-length genome by BWA (Burrows-Wheeler Aligner). It is noted that HBoV1
genome contains no polyadenine repeats longer than 8.

2.8. HBoV1 RNA Transcripts Assembling

Three samples FASTQ files were merged together. TopHat 2.0.9 was used to map RNA-seq reads
against the HBoV1 full-length genome using default parameters. Based on the previous identified
transcripts, splicing junctions and polyadenylation signals in the present study, we listed all possible
HBoV1 mRNA transcripts as the reference viral transcript profile. Transcript assembly and abundance
estimation were conducted with StringTie software and reported in Fragments Per Kilobase of exon
per Million fragments mapped (FPKM).

2.9. Mapping of Small RNA-seq Reads and Transcript Abundance Estimation

The CAP-miRSeq v1.123 pipeline was employed for read pre-processing, alignment, mature/
precursor/novel miRNA detection and quantification. In this pipeline, Cutadapt was used to trim
reads adaptor at the 3’-end. After adaptor trimming, reads length less than 17 bp were discarded.
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Then the reads were mapped to the full-length HBoV1 genome by mapper, identified as known and
novel miRNA by miRDeep2, and quantified expression by quantifier. Meanwhile, we used Bowtie 2 to
align small RNA-seq reads to HBoV1 genome for identification of all small RNA transcripts. The count
of HBoV1 mapping reads was extracted using an in-house-developed script from an alignment file.
The alignment data were used to build the coverage tracks by Integrated Genome Browser (IGB;
http:/ /igb.bioviz.org/).

3. Results

3.1. Virus Infection

To ensure a high infectivity, HAE-ALI cultures were infected with HBoV1 at an MOI of
1000 vgc/cell. At 7 days post-infection, immunofluorescence analysis revealed that majority HAE cells
were infected (Figure 1), and qPCR for HBoV1 genome in the apical washes found that HBoV1 virions
released from the apical side of the HAE-ALI culture reached a level of >1.5 x 10'! gc/mL, representing
effective HBoV1 infections in HAE-ALI cultures [18]. Total RNA samples for next-generation RNA
sequencing were extracted from these highly infected HAE-ALI cultures.

DAPI NS

Figure 1. HBoV1 infection of HAE-ALI cells. HAE-ALI cultures were infected with HBoV1 at an MOI
of 1000 vgc/cell, or mock-infected. At 7 days post-infection, the pieces of the inserts were fixed and
subjected to direct immunofluorescence analysis. The membranes were stained with anti-HBoV1 NS1C

Merge

Mock

HBoV1

antibody that detected all NS1-4 proteins. Images were taken using an Eclipse C1 Plus (Nikon) confocal
microscope under 40 x, which was controlled by Nikon EZ-C1 software. The nuclei were stained with
DAPI (blue).

3.2. lllumina mRNA-seq Next-Generation Sequencing

We chose three total RNA samples isolated from HBoV1- or mock-infected HAE cells that had
RIN values of >8 for Illumina mRNA-Seq. The complete raw and normalized mRNA-seq data have
been deposited in the Gene Expression Omnibus of the National Center for Biotechnology Information
(accession no. GSE102392). Reads between 71.8 and 92.3 million were obtained by Illumina RNA-Seq
(Table 1). Approximate 75% of total reads were successfully mapped either to the human genome
or to the HBoV1 genome. In three repeated RNA samples extracted from mock-infected HAE-ALI,
all reads were mapped to the human genome except less than 20 reads that were mapped to the HBoV1
genome. In three repeated HBoV1 RNA samples, 0.21-0.47 million reads (0.23-0.55%) were mapped to
the plus strand of the HBoV1 genome. Of note, there were also a few reads (9458-21,580) mapped to
the minus strand of the viral genome, indicating the potential transcription capability of the minus
strand. However, in this study, we only focused on these reads from the positive strand.
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Table 1. Summary of mRNA-seq results.

No. (%) of HBoV1 reads

Groups Total No. (%) of No. (%) of
Reads Mapped Reads Human Reads Plus Strand ~ Minus Strand ~ Ambiguous

Mock-8 92,255,534 69,845,826 (75.71) 69,845,805 (75.71) 19 (0.00) 2 (0.00) 0 (0.00)

Mock-9 83,459,160 63,548,966 (76.14) 63,548,950 (76.14) 15 (0.00) 1(0.00) 0(0.00)
Mock-10 95,389,110 72,602,804 (76.11) 72,602,787 (76.11) 17 (0.00) 0 (0.00) 0 (0.00)
HBoV1-11 86,814,188 64,362,968 (74.14) 63,865,552 (73.57) 474,990 (0.55) 21,580 (0.02) 846 (0.00)
HBoV1-20 90,567,600 68,650,250 (75.80) 68,429,393 (75.56) 208,998 (0.23) 9458 (0.01) 56 (0.00)

( )

HBoV1-21 7,175,830 54,487,120 (75.93) 54,162,045 (75.48 309,318 (0.43) 12,952 (0.02) 142 (0.00)

3.3. mRNA-seq Reads Mapping on the HBoV1 Plus Strand

We analyzed the reads mapped to the plus strand of HBoV1 genome. By sequence alignments,
a coverage map of the HBoV1 genome was created, which displays the number of reads that are
mapped to a specific position of the HBoV1 genome (Figure 2A). Although there were some variations
between the three repeats in terms of total reads, we obtained a similar trend in the read coverages
across the biologic replicates. Steep increases of mRNA-seq read counts are indicative of either
transcription initiations or splicing events.
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Figure 2. Coverage plots of viral mRNA-seq reads mapped to the HBoV1 genome. Red, blue and green
lines represent three RNA samples of HBoV1-infected HAE-ALI cultures. (A) Reads mapped to HBoV1
full-length genome. The reads mapped to HBoV1 full-length genome are shown with the coverage
across the entire HBoV1 genome (GenBank accession no: JQ923422). (B and C) Read coverages of
the left- and right-hand ends. The read coverages of the left (nt 50-400) (B) and right (nt 5150-5450)
(C) ends of the viral genome are enlarged for details.

From the mRNA-seq reads mapped to the HBoV1 full-length genome, it showed that viral mRNA
transcripts initiated as early as nt 80, but at an abundance much lower than reads initiating at nt
291-296 (Figure 2B). These results confirmed transcriptional initiation from P5 promoter at nt 291-296,
which was close to the previously determined initiation site at nt 282 [23], and suggest that the left-end
hairpin (LEH) contains properties of promoter activity; this property is similar to what has been
observed with the inverted terminal repeats (ITRs) of adeno-associated viruses (AAVs) [27,28]. On the
right-hand hairpin (REH) end, all the three HBoV1 RNA samples contained viral mRNAs that ended
as far as to nt 5499 (Figure 2C), suggesting an alternative distal polyadenylation signal. The results
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also confirmed the major mRNA transcripts ended at the previously identified polyadenylation site,
(pA)dl, at nt 5171 immediately after capsid proteins (VP)-coding sequence [23].

3.4. Analyses of Alternative Splicing of the HBoV'1 pre-mRNA

Previously, we and other groups had shown that there were six introns in the single HBoV1
pre-mRNA [16,23,24]. mRNA-seq reads confirmed all the six splice junctions including D1/A1’,
D1’/A1,D1/A1,D1/A2,D2/A2, and D3/A3 (Figure 3 and Table 2). The junction reads revealed that
the second intron splicing (D2/A2) had the highest frequency, which is consistent with a previous
study showing that nearly 75% HBoV1 mRNAs splice out the second intron [23]. There was also
a relatively high frequency of junction reads at the D3/ A3 sites, splicing of which is required for
production of VP-expressing mRNAs. However, the reads at the junctions for D1 to A1’ and D1’ to A1l
splicing events were relatively low, indicating the virus only expresses few mRNAs that encode NS2,
NS3, and NS4 [24]. Of note, two novel splicing events between sites of nt 337 and nt 1108 and sites of nt
337 and nt 2198 were identified in all three RNA samples of HBoV1 infection. The two novel acceptor
sites nt 1108 and nt 2198 are close to the A1” (nt 1017) and A1 (nt 2140) acceptor sites, respectively.
There were also other novel splicing events that were detected in two or one of the samples (Table 2).
Although all newly identified splicing events could produce novel HBoV1 transcripts, these spliced
mRNAs have unchanged open reading frames (ORFs). Of note, we did not find any splicing events
from D1 to A3 sites, which we previously predicted to produce VP-expressing mRNA R8 [23,25],
indicating that R6 and R7 VP-expressing mRNAs are the only mRNA transcripts for production of
capsid proteins.
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Figure 3. Analysis of alternative splicing of HBoV1 pre-mRNA. The mRNA-seq reads of three
HBoVl-infected (HBoV1-11, 20, and 21) and three mock-infected (Mock-8, 9, and 10) RNA samples are
mapped to HBoV1 genome. Histograms show the frequency of mRNA reads across the coverage of
the HBoV1 genome. The junction events were identified only when at least a single read splits across
two exons. The identified splicing junctions are labeled at the bottom with nucleotide numbers shown.
The range of reads numbers are shown in each sample. The reads number of all identified splicing
events including novel identified splicing and the donor and acceptor sites are shown in Table 2.

3.5. Analyses of Alternative Polyadenylation in the HBoV1 pre-mRNA

HBoV1 pre-mRNA is polyadenylated at (pA)p and distal (pA)d polyadenylation sites, although
the mechanism controlling polyadenylation choice remains unclear [23]. There are five consensus
polyA signals (CPSF160-binding site AAUAAA) [29] that can be used for polyadenylation at the
proximal site, which are located at nt 3295-3300, nt 3329-3334, nt 3409-3414, nt 3440-3445, and nt
3485-3490 [25]. There is only one AAUAAA site located at the end of the genome (nt 5153-5158).
By searching polyA sequences [>(A)9] in the mRNA-seq reads and mapping these reads containing a
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sequence of nine or more A residues to HBoV1 genome, we found that AAUAAA at nt 3329 and the
previously identified AAUAAA at nt 3485 were most commonly used for proximal polyadenylations at
the (pA)p2 and (pA)p1 sites, respectively (Table 3). While the previous reported distal polyadenylation
site (pA)d1 at nt 5171 [23] was confirmed, our analyses also found a novel (pA)dgrgg at the REH region
where HBoV1 mRNA transcripts were cleaved and polyadenylated (Table 3). Of note, instead of
adding polyA at a specific nucleotide, the polyadenylation at (pA)drgn occurs in a wide range of
130 nts from nt 5369 to 5499 with hot sites at nt 5443 and 5444 (Figure 3).

Table 2. Detected splicing events in HBoV1 infected HAE cells.

Donor  Acceptor Splicing Events ~ Strand HBoV1-11 HBoV1-20 HBoV1-21  Ratio* (%)

3378 1016 D1/A1 + 2349 1081 1334 85.10
337 1060 + 35 0 0
337 1108 + 327 144 160 14.90
337 1118 + 101 0 67
337 2139 D1/A1 + 7962 2985 4698 97.82
337 2198 + 158 83 107 2.18
337 2331 D1/A2 + 4734 2084 3124 99.4
337 861 + 30 0 0 0.60
337 998 + 0 0 30
1212 2139 D1'/A1 + 3818 1462 1814 95.12
1212 2198 + 0 89 111 4.88
1201 2187 + 0 52 112
1212 2331 D1'/A2 + 95 71 46 14.73
1212 2372 + 414 0 0
1630 2139 + 644 0 0 85.27
2250 2362 + 169 0 0
2260 2331 D2/A2 + 14,175 6222 8782 98.86
2423 2576 + 228 107 0 1.14
2453 3090 D3/A3 + 12,973 5794 9006 99.44
3180 3865 + 0 0 156 0.56

§ Nucleotide numbers of the HBoV1 genome. # The ratio was only counted based on single splicing events.

Table 3. Assembled HBoV1 mRNA transcripts and expression level.

mRNA Polyadenylation Sites

Transcripts (Splicing form)

(pA)pl (pA)p2 (pA)d1 (pA)dRren
NS1 (D2A2) 15,342 16,071 10,029 9364
NS70 3686 3883 2440 2303
NS2 (D1'A1/D2A2) 11,700 12,500 6646 6243
NS2 (D1’Al) 5721 6105 3313 3098
NS3 (D1A1’/D2A2) 1938 2061 1155 1101
NS3 (D1A1") 2102 2227 1268 1190
NS4 (D1A1//D1’A1/D2A2) 4549 4998 2181 2007
NS4 (D1A1’/D1’Al) 4870 5350 2397 2213
NP1 (D1A1/D2A2) 11,434 12,782 5114 4667
NP1 (D1A2) 11,724 13,269 4971 4580
VP (D1A1/D2A2/D3A3) NA NA 26,107 4306
VP (D1A2/D3A3) NA NA 29,504 4378

Note: NA, not available.

3.6. Summarized HBoV1 mRNA Transcripts by RNA-seq

Due to the fact that different HBoV1 mRNA transcripts share the same exon sequences, but the
alternative usage of the introns and alternative polyadenylation sites, it is hard to assemble de novo
HBoV1 mRNA transcripts, based on the mRNA-seq reads. Thus, we used the newly identified (pA)p2
and (pA)dgrgy and the previously identified mRNA transcripts as templates to assemble HBoV1
mRNA transcripts using the mRNA-seq data. The results showed that almost all NS- and NP1-coding
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mRNA transcripts used all four polyadenylation sites (pA)pl, (pA)p2, (pA)dl, and (pA)drgn; whereas
VP-expressing mRNAs only used (pA)dl and (pA)dgrgn sites (Figure 4). All NS- and NP1-coding
mRNAs showed the same expression levels at the (pA)p sites, (pA)p1l vs (pA)p2, as well as the (pA)d
sites, (pA)d1 vs (pA)dgren. Of note, they utilize the (pA)p site [(pA)p2 + (pA)pl] 1.5-2.5-fold more
frequently than the (pA)d sites [(pA)d1 + (pA)drgn] (Table 3 and Figure 4).
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Figure 4. Analyses of all HBoV1 mRNA transcripts based on mRNA-seq data. HBoV1 genome is
schematically diagramed with identified donor and acceptor sites, as well as the identified (pA)p1,
(pA)p2, (pA)dl and (pA)dgrgy polyadenylation sites, used during virus infection. Assembled transcripts
of NS1, NS1-70, NS2, NS3, NS4, NP1, and VP using alternative splicing sites and alternative
polyadenylation sites [(pA)pl, (pA)p2, (pA)dl and (pA)drgu] are diagramed. Percentage (%) of
each transcript in total and the length of each transcript (nt), as determined from the initiation site at
nt 291 to the cleavage site (minus the polyA tail), are shown to the right side. Boxes in color indicate
OREFs of the exons. Nucleotide numbers of start (AUG; GUG at nt 3422 for VP2) and stop (e.g., UAA)
are shown in the first appeared ORF. Introns in the mRNA transcript are diagrammed with dot lines.
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NS1-coding transcripts spliced at D2/ A2 sites were expressed at the highest level followed by
NP1-, NS2- and NS4-coding transcripts in order, while NS1-70 and NS3 mRNAs were expressed
at lower levels (Table 3). NS2 transcripts contain mRNA spliced at D1’/A1 and D2/A2 sites and
mRNA spliced at D1’/ A1 site, and the former mRNA showed an expression level twice more than
the second one. NS3 transcripts contained two splicing forms, mRNA spliced at D1/A1" and D2/A2
sites and mRNA spliced at D1/A1’ sites. NS4 transcripts contained mRNA spliced at D1/A1’, D1'/Al,
and D2/A2 sites, and mRNA spliced at D1/A1” and D1’/A1 sites. NP1 transcripts also had two
splicing forms, mRNA spliced at D1/A1 and D2/A2 sites and mRNA spliced at D1/A2 site. The two
splicing forms of NS3, NS4 and NP1 transcripts showed the similar expression level. All these NS- and
NP1-coding mRNAs were polyadenylated at (pA)d1 and (pA)dgrgy sites at a similar ratio (Table 3 and
Figure 4). VP-coding mRNA transcripts contain two spliced forms, mRNA spliced at D1/A1, D2/A2,
and D3/ A3 sites, and mRNA spliced at D1/A2 and D3/ A3 sites. Importantly, the VP-coding mRNA
transcripts polyadenylated at the (pA)d1 site was at a level of approximately 7-fold higher than those
polyadenylated at (pA)drgn (Table 3 and Figure 4).

3.7. Small RNA-seq Analysis

The complete raw and identified viral small RNA read counts of small RNA-seq data have been
deposited in the Gene Expression Omnibus of the National Center for Biotechnology Information
(accession no. GSE GSE123253). Data of the small RNA-seq does not suggest that HBoV1 produce any
classical miRNA, however, it revealed a small RNA hot spot located between nt 5199-5340 (Figure 5),
which confirmed the expression of BocaSR encoded at nt 5199-5338 [26]. Of note, in addition to the
full-length small RNA between 5199-5340, we also identified many smaller RNAs with different
lengths located within this region (Table 4). However, we did not detect any of these smaller RNAs by
Northern blotting using high percentage of polyacrylamide gels (data not shown), suggesting that
these smaller RNAs detected by small RNA-seq might be artifacts of sequencing due to the secondary
structure. Taken together, our results confirm that HBoV1 express small RNAs from the 3’ end of the
genome at nt 5199-5340, but not from anywhere else of the viral genome.

Table 4. Top 20 identified small RNAs by small RNA-seq.

Samplel  Sample2  Sample3 Total
Start End Length  Strand (Reads) (Reads) (Reads) (Reads)
5199 5228 29 + 373 664 277 1314
5317 5340 23 + 316 532 421 1269
5221 5315 94 + 356 284 306 946
5221 5314 93 + 198 326 362 886
5199 5295 96 + 415 235 179 829
5199 5229 30 + 253 395 165 813
5199 5293 94 + 386 202 158 746
5199 5221 22 + 128 297 216 641
5200 5228 28 + 131 184 85 400
5317 5336 19 + 97 151 129 377
5317 5339 22 + 90 168 108 366
5199 # 5339 140 + 37 94 148 279
5221 5317 96 + 135 61 80 276
5199 5294 95 + 109 88 71 268
5317 5341 24 + 63 122 82 267
5199 5290 91 + 111 72 61 244
5199 5227 28 + 76 120 40 236
5221 5313 92 + 45 69 118 232
5199 5338 139 + 21 67 134 222
5199 5340 141 + 34 72 113 219

# Numbers in red are indicative of coverages of the entire BocaSR.
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Figure 5. Coverage plots of viral small RNA-seq reads mapped to the HBoV1 genome. The small

RNA-seq reads of three HBoV1-infected RNA samples are mapped to HBoV1 genome. Histograms
show the frequency of small RNA reads that have the coverage across the HBoV1 genome. The reads
coverage of the right ends (nt 5150-5400) of the HBoV1 genome are enlarged for detailed information,
show as histograms at the bottom.

4. Discussion

Next generation RNA sequencing technology has been widely used in many aspects of
biological research, including virology for the study of gene expression by both the host and
virus. This technology is a powerful tool for the systematic and unbiased profiling of viral
transcription/expression. Both mRNA-seq and small RNA-seq have been applied to profile gene
expression of AAV2 in the presence or absence of coinfection of helper viruses, which identified novel
AAV2 mRNA transcripts from both the positive and negative stands of the AAV2 genome, as well as
viral miRNAs [30]. In the present study, we utilized mRNA-seq and small RNA-seq of RNA samples
isolated from HBoV1-infected HAE-ALI cultures to study the transcription profile of HBoV1. Through
this study, we have mapped HBoV1 transcriptional initiation sites, usage of different splicing donor
and acceptor sites, and alternative polyadenylation sites. Importantly, the mRNA-seq also provided
quantitative information on various HBoV1 mRNA transcripts, which will be useful for understanding
HBoV1 transcription regulation from a single promoter.

Transcription start site. We previously identified the HBoV1 P5 promoter starts transcription
at nt 282 from total RNA extracted from termini-less HBoV1 plasmid-transfected HEK293 cells [23],
which was confirmed by this mRNA-seq. Additionally, our data also showed that a portion of HBoV1
mRNAs are transcribed as early as nt 80, which is located in the LEH region, suggesting the presence
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of cryptic promoter activity in the LEH. Interestingly, the LEH region of bocavirus BPV1 and the AAV
ITRs also have promoter activities [22,27,28]. The reads covering nt 80-282 demonstrated a Poisson
distribution (Figure 2). These extended 5" untranslated regions (UTR) may also contain regulatory
functions, though the abundance of these early mRNA transcripts is quite low.

Alternative RNA splicing sites. Pre-mRNA splicing is the key strategy that HBoV1 applies to
generate different mRNA transcripts since all HBoV1 transcripts are generated from one pre-mRNA.
There are nearly twenty matured mRNAs generated to encode nonstructural proteins (NS1/NS1-70,
NS2/NS2’, NS3/NS3’, NS4/NS4’, and NP1) and structural proteins (VP1, VP2, and VP3) (Figure 4).
The expression levels of NS2’, NS3’, and NS4’ were too low to be detected by Western-blotting [24].
Two novel donor sites (nt 1201 and nt 2423) and five acceptor sites (nt 1108, nt 1118, nt 2187, nt 2198
and nt 2576) were identified in at least two repeated RNA samples. The novel donor site at nt 1201
is closed to D1’ (nt 1212), and the one at nt 2423 is closed to D3 (nt 2453). Of note, both novel donor
sites do not contain the canonical donor sequence of GU. All five novel acceptor sites contain classical
AG sequence except the one at nt 2187 site. The acceptors at nt 1108 and nt 1118 are close to the A1’
site (nt 1017), and the ones at nt 2187 and nt 2198 are close to the Al acceptor at nt 2140. Interestingly,
the D1 donor site used three novel acceptor sites at nt 1108, nt 1118 and nt 2198. There are also mRNA
transcripts spliced at D1’ donor and the acceptor at nt 2198. The donor at nt 1201 used the acceptor at
nt 2187, and the donor at nt 2423 used the acceptor at nt 2576. Nevertheless, all these mRNA transcripts
processed at these novel splice sites are predicated not to produce novel proteins as they do not have
novel ORFs. We speculate that they may serve as backup mRNA transcripts that will be used in case
the original donor or acceptor sites are mutated during virus replication. Therefore, these alternative
donor and acceptor sites can still generate mRNA transcripts for production of viral proteins in the
events that the viral genome has mutations.

Alternative polyadenylation. Both the NP1 of HBoV1 and MVC regulate proximal polyadenylation
to facilitate production of VP-coding mRNAs, which ensures a productive infection [25,31-33].
We identified an additional (pA)p site [(pA)p2] used for proximal polyadenylation, in addition to
the previously identified proximal polyadenylation site [called (pA)p1 here] [23], highlighting the
complexity of internal polyadenylation regulation by the NP1 protein. The mRNA-seq data showed
a ratio of 1.08 that the mRNAs are polyadenylated at the sites (pA)p2 vs (pA)pl, suggesting that
HBoV1 mRNA is polyadenylated at the (pA)p2 site with a roughly equal efficiency at the (pA)p1 site,
consistent with a previous report [34].

In addition to the previously identified (pA)d site at nt 5171 [(pA)d1], we identified a stretch of
distal polyadenylation sites [(pA)drgm] ranging from nt 5369 to nt 5499 with peak sites at nt 5443 and
nt 5444, which was located in the REH. The (pA)drgy might be a universal feature of bocaviral mRNA
polyadenylation. In fact, bocaparvoviruses MVC and BPV1 utilize only the distal polyadenylation sites
located at similar positions on the REH (close to the turn-round or the loop) [21,22]. However, there are
no AAUAAA or degenerative polyA signals presented on or close to the HBoV1 REH. We hypothesize
that the bocavirus REHs intrinsically contain strong upstream and downstream polyadenylation
signals [35], and HBoV1 (pA)dgrgn contains a non-canonical polyadenylation signal that helps addition
of polyA resides at a long stretch of cleaved RNA ends that read through the (pA)d1. The feature that
HBoV1 mRNAs utilize two polyadenylation sites at the distal end is unique among all parvoviruses,
which warrants further characterization.

It has been reported that HBoV1 mRNAs, which were generated from transfection of a full-length
HBoV1 clone in HEK293 cells, were polyadenylated dominantly at the (pA)dgrgp site at nt 5445 [36].
However, analyses of the mRNA-seq on the RNA samples derived from HBoV1 infection in HAE-ALI
suggests that the majority of HBoV1 mRNAs are distally polyadenylated at (pA)d1, with a ratio of the
total RNA reads at (pA)d1 vs. (pA)dgrgn of 2.09. We speculate that viral mRNA transcripts generated
from a transfected plasmid are polyadenylated differently from those produced during virus infection.

HBoV1 mRNA transcripts. Identification of novel (pA)p2 and (pA)dgrgn polyadenylation sites
make the HBoV1 mRNA transcripts more diversified. Our previous study identified that NP1 plays
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an important role in regulating splicing at the A3 acceptor site and facilitates HBoV1 mRNAs to read
through the (pA)p sites for production of VP-coding mRNAs [25]. We found that NP1 transcripts used
(pA)pl vs. (pA)p2 and (pA)dl vs. (pA)dgren equivalently. However, NS1-4 transcripts are preferred to
use the proximal polyadenylation sites than the distal polyadenylation sites.

Although the mRNA-seq showed that NS1 transcripts are expressed at the highest level among
these NS1-4-coding transcripts, the NS1 protein is expressed at a much lower level than NS2-4 in
HBoV1-infected HAE cells [24]. The details of this regulatory mechanism warrant further investigation.
It is hard to determine the protein expression levels of NS2 and NS3 in HBoV1- infected HAE cells
because of their close molecular weight [24]. The fact that NS2 transcripts are expressed at a much
higher level than NS3 transcripts may be associated with the observation that NS2 is indispensable to
virus replication in HAE cells, whereas NS3 is dispensable [24].

HBoV1 small RNA transcripts. Recently, we identified a HBoV1 long noncoding RNA (BocaSR)
located between nt 5199-5338 [26]. BocaSR regulates the expression of HBoV1-encoded non-structural
proteins NS1, NS2, NS3, and NP1, but not NS4. BocaSR accumulates in the viral DNA replication
centers within the nucleus and also plays a direct role in replication of the viral DNA [26]. The small
RNA-seq further confirmed the expression of BocaSR. Interestingly, except for the BocaSR, we identified
many smaller RNAs spanning this region; however, we did not find any canonical secondary structure
in these detected smaller RNAs that might be suggestive of biologic function. Currently, we are unsure
whether these detected small RNAs are degraded RNAs of BocaSR or artifacts of small RNA-seq.

In conclusion, we used both mRNA-seq and small RNA-seq data to profile RNA transcripts during
HBoV1 infection of human airway epithelia. We identified novel polyadenylation sites not previously
observed in other studies [34,36]. By using the previously established transcription map of HBoV1 [2],
we were able to assemble a de novo HBoV1 transcription map. Small RNA seq data suggest that there
is likely one viral small RNA transcribed during infection. Thus, our study provides an example to
determine a comprehensive and unbiased parvoviral transcription profile using RNA-seq data.
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Abstract: Human parvovirus B19 (B19V) traffics to the cell nucleus where it delivers the genome
for replication. The intracellular compartment where uncoating takes place, the required capsid
structural rearrangements and the cellular factors involved remain unknown. We explored conditions
that trigger uncoating in vitro and found that prolonged exposure of capsids to chelating agents or
to buffers with chelating properties induced a structural rearrangement at 4 °C resulting in capsids
with lower density. These lighter particles remained intact but were unstable and short exposure
to 37 °C or to a freeze-thaw cycle was sufficient to trigger DNA externalization without capsid
disassembly. The rearrangement was not observed in the absence of chelating activity or in the
presence of MgCl, or CaCly, suggesting that depletion of capsid-associated divalent cations facilitates
uncoating. The presence of assembled capsids with externalized DNA was also detected during
B19V entry in UT7/Epo cells. Following endosomal escape and prior to nuclear entry, a significant
proportion of the incoming capsids rearranged and externalized the viral genome without capsid
disassembly. The incoming capsids with accessible genomes accumulated in the nuclear fraction,
a process that was prevented when endosomal escape or dynein function was disrupted. In their
uncoated conformation, capsids immunoprecipitated from cytoplasmic or from nuclear fractions
supported in vitro complementary-strand synthesis at 37 °C. This study reveals an uncoating strategy
of B19V based on a limited capsid rearrangement prior to nuclear entry, a process that can be mimicked
in vitro by depletion of divalent cations.

Keywords: B19V; parvovirus; uncoating; divalent cations; capsid stability; genome externalization;
trafficking; nuclear targeting

1. Introduction

Human parvovirus B19 (B19V) commonly causes a mild childhood disease known as erythema
infectiosum, or fifth disease [1]. In adults, the virus can cause a range of clinical manifestations, and
infection during pregnancy may result in hydrops fetalis and foetal death [2]. B19V is transmitted
principally through the respiratory route and targets the bone marrow where it infects and kills
erythroblast precursors. The single-stranded DNA genome of B19V is packaged into a small,
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nonenveloped, T = 1 icosahedral capsid consisting of 60 structural subunits, of which approximately
95% are VP2 (58 kDa) and 5% are VP1 (83 kDa). VP1 and VP2 are identical except for 227 additional
amino acids at the VP1 N-terminal region, the so-called VP1 “unique region” (VP1u) [3].

Viral capsids assemble as highly stable structures to retain and protect the genome during their
extracellular phase. However, they also have a built-in ability for disassembly when entering a new
host cell. These apparently contradictory functions are possible because the robust protective capsids
are metastable. They are conceived to rearrange upon specific cellular cues, adopting a sequence of
structural configurations in a stepwise manner. Those configurations enable the intracellular transport
of capsids and the release of the genome in the appropriate cell compartment for replication [4].
Viral capsids have evolved various strategies to balance their stability outside of the cell against
their capacity to disassemble inside the cell. The switch between capsid stability and instability is
mediated by specific cellular cues. Cellular receptors, attachment factors, proteases, kinases, ubiquitin
or cellular motors among others facilitate virus uncoating by direct interaction with the capsid.
A particular intracellular environment, such as the low endosomal pH, reducing conditions or low
calcium concentrations may also provide cues for uncoating [5-7]. During cell entry, parvoviruses
traffic through various cellular compartments before they reach the cell nucleus where the viral genome
is delivered for replication [8]. The intracellular compartment where uncoating takes place, the required
capsid structural rearrangements and the cellular cues involved in the process are poorly understood.

Similar to other parvoviruses, B19V enters the cell through clathrin-mediated endocytosis [9].
Although the endocytic elements involved and the sites of escape into the cytosol may vary among
parvovirus species and cells [10,11], parvoviruses depend on the endosomal acidification, notably
to trigger the exposure of VP1u and its constitutive phospholipase A, (PLA;) activity, required to
promote endosomal escape [12]. In contrast to other parvoviruses, B19V does not require endosomal
acidification for VP1u exposure, which occurs already at the cell surface to promote virus uptake [13-16].
However, low pH is still required for efficient endosomal escape. Accordingly, bafilomycin A, which
elevates the endosomal pH, but without compromising the integrity of endosomes, blocks the virus
inside endocytic vesicles. In contrast, chloroquine, which induces endosomal vesicle enlargement and
weakening, preventing their fusion to lysosomes [17], assists B19V infection by promoting endosomal
escape [9]. The steps following the escape from endosomes are less well understood. Several studies
have shown that cytoplasmic trafficking of parvovirus capsids is a microtubule-dependent process
using cellular dynein as a motor protein [18,19]. However, other studies have shown that intracellular
trafficking does not depend on dynein function or an intact microtubule network [20,21]. It has been
proposed that parvoviruses enter the nucleus through the nuclear pore complex (NPC) via nuclear
localization signals in the exposed VP1u [22-26]. A radically different mechanism has been suggested,
which involves translocation of the capsids through discrete transient nuclear envelope (NE) breaks
involving cell host caspases [27,28]. Through the NPC or through NE breaks, parvoviruses are small
enough to enter the nucleus without capsid disassembly. However, it remains a matter of debate
whether the infectious nuclear entry may still involve or not a disassembly process. Adeno-associated
virus (AAV) infectivity can be blocked by injecting a neutralizing antibody against intact capsids into
the nucleus [23]. However, other authors have shown that viruses enter the nucleus after partial or
total disassembly in the cytosol or NPC [29].

A narrow channel at each five-fold vertex connecting with the interior of the particle is a common
parvovirus structural feature and has been implicated in genome externalization and packaging [30-34].
In B19V capsids, the external end of the channel is closed, however, the presence of three consecutive
glycine residues may provide the required flexibility to open the channel to allow the release of
the viral DNA [35]. In agreement with this concept, in vitro studies have shown that parvovirus
capsid disassembly is not required to externalize the viral genome [36—41]. Studies to understand
the conditions required for DNA release at physiological conditions have shown that depletion of
capsid-associated divalent cations in minute virus of mice (MVM) rendered the virions unstable and
exposure to 37 °C was sufficient to trigger the externalization of the genome, which remained associated
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with the assembled capsid. The pressure of the encapsidated full-length viral DNA was important
to promote the externalization at physiological temperatures [42]. A similar phenomenon was also
observed in AAV, where the stability of virions containing full-length genomes required the presence
of divalent cations in contrast to those containing subgenomic DNA [37,40].

Although the in vitro studies provide useful information, it remains uncertain whether the
observed genome externalization without capsid disassembly can also occur in vivo during the process
of virus entry. With the aim to gain insight into the mechanisms of B19V uncoating, conditions
triggering viral DNA externalization at physiological temperatures were explored. To this end, virion
density, capsid integrity and DNA accessibility were thoroughly examined in vitro upon exposure of
virions to different conditions. Capsid rearrangements and uncoating were also followed in vivo during
the process of cell entry. Viruses associated to cytoplasmic or to nuclear fractions were characterized
at increasing times post-internalization by antibodies targeting capsid epitopes and phosphorylated
amino acids. Additionally, the accessibility of the viral DNA was examined by immunoprecipitation
and nuclease digestion and its suitability as a template for complementary-strand synthesis was
evaluated by a primer hybridization and extension assay.

2. Materials and Methods

2.1. Cells and Viruses

The human megakaryoblastoid cell line UT7/Epo was cultured in Eagle’s minimal essential medium
(MEM), supplemented with 5% fetal calf serum (FCS), 2 U/mL recombinant human erythropoietin
(Epo) and penicillin/streptomycin. A B19V-infected plasma sample with a high viral load (genotype 1)
was obtained from CSL Behring (Bern, Switzerland). The virus was concentrated by ultracentrifugation
through 20% sucrose cushion. The virus pellet was resuspended in MEM, 20 mM HEPES or PBS and
immediately used or stored at 4 °C.

2.2. Antibodies and Chemicals

The monoclonal antibody 860-55D (referred as Caps) was obtained from Mikrogen (Neuried,
Germany). The antibody recognizes a conformational epitope expanding three neighboring VP2
molecules related by a five-fold and by a three-fold axis [43], and does not recognize disassembled
capsids. This antibody was obtained from an infected healthy adult and is neutralizing [44].
The polyclonal rabbit antibody against the PLA, region (referred as PLA2) was obtained as previously
described [13]. The anti-phosphotyrosine mAb (clone 4G10), lambda phosphatase and the cytoplasmic
dynein inhibitor ciliobrevin D (CbD) were purchased from EMD Millipore (Billerica, MA, USA).
Anti-lamin A/C and anti-SERCA2 ATPase antibodies were obtained from Abcam (Cambridge, MA,
USA). Bafilomycin Ay (BafA;) and chloroquine, were purchased from Sigma (St. Louis, MO, USA).
CbD and BafA; were solved in DMSO and CQ was solved in water.

2.3. Quantitative PCR

Amplification of B19V DNA and real-time detection of PCR products were performed
using a CFX96 Real Time Detection System (Bio-Rad, Hercules, CA, USA). Quantitative PCR
(qQPCR) was performed using the iTag™ SYBR® Green Supermix kit (Bio-Rad) following the
manufacturer’s instructions. Primers used for B19V DNA amplification were as follows: B19V-forward,
5-GGGCAGCCATTTTAAGTGTTT-3’; and B19V-reverse, 5-GCACCACCAGTTATCGTTAGC-3'.
Plasmids containing the complete genome of B19V were used at 10-fold dilutions as external standards.

2.4. lodixanol Density Gradient Ultracentrifugation

The virus suspension was applied onto an iodixanol gradient containing 1.5 mL 55%, 2 mL 45%, 2
mL 40%, 2 mL 35% and 1.5 mL 15% iodixanol solution in 20 mM HEPES. The virus suspension was
adjusted to 2 mL with the corresponding buffer and centrifuged at 35,000 rpm for 18 h at 18 °Cin a
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swinging bucket rotor Beckman SW41Ti. After the centrifugation, 0.5 mL fractions were collected
from the top. The refractive index was determined for each fraction and the presence of the virus was
determined by dot-blot and qPCR.

2.5. Transmission Electron Microscopy

Purified B19V was resuspended in PBS alone or PBS supplemented with 1 mM MgCl, and stored
at 4 °C for one month. Following a freeze/thaw cycle, 3 uL of each sample was applied to a freshly
glow-discharged continuous carbon grid from Electron Microscopy Sciences (Hatfield, PA, USA),
washed three times with dH,O, and stained with 3 pL 1% (w/v) phosphotungstic acid. CCD images
were acquired using a JEOL JEM 1200 EXII transmission electron microscope (Peabody, MA, USA) at
80 kV accelerating voltage, at 10,000x and 30,000x magnification.

2.6. Nuclease Assay

The presence of accessible DNA from the different virus samples was analysed by treatments
with DNase I (Sigma). DNase I digestion was performed at 37 °C for 1 h in a buffer containing 40 mM
Tris-HCl, pH7.9, 10 mM NaCl, 6 mM MgCl, and 1 mM CaCl,. In order to test the DNase I activity, B19
viral particles were heated at 60 °C or 80 °C for 5 min. Native untreated virions served as controls.
To stop the reaction, the viral DNA was extracted with the DNeasy blood and tissue kit (Qiagen, Venlo,
Netherlands) and quantified as specified above.

2.7. Isolation of Cytoplasmic and Nuclear Fractions from Infected Cells

UTY7/Epo cells (5 x 10°) were incubated with B19V (2 x 10* virions per cell) for 1 h at 4 °C. The cells
were subsequently washed four times at 4 °C with PBS, resuspended in MEM and further incubated
at 37 °C to allow virus internalization. At increasing times post-internalization (pi), cytoplasmic or
nuclear fractions were prepared. For cytoplasmic purification without nuclear contamination, cells
were lysed in NP40 buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40) supplemented with a protease
inhibitor cocktail (Complete Mini; Roche, Basel, Switzerland). After incubation on ice for 30 min,
the cells were vortexed for 20 s and further incubated for 15 min on ice. Nuclei and cell debris were
removed by centrifugation at 14,000 g for 10 min at 4 °C. The absence of nuclear contamination was
determined by quantification of the human (3-actin gene by qPCR.

For the isolation of nuclei, the cells were washed twice with ice-cold PBS and the pellets were
resuspended in 100 puL EZ buffer (Sigma) and the volume completed to 1 mL with additional EZ
buffer. The samples were vortexed and kept on ice for 5 min, then pelleted at 500x g for 5 min at 4 °C.
This step was repeated once. Pellets were then resuspended in 500 uL. EZ buffer containing 0.25 M
sucrose and layered on top of 500 uL EZ buffer containing 0.5 M sucrose. The nuclei were collected
by centrifugation at 500x g for 10 min at 4 °C, washed with 1 mL EZ buffer and resuspended in the
desired buffer. The integrity of the isolated nuclei was assessed via light microscopy after trypan
blue staining. The purity of the nuclei and the absence of cytoplasmic contamination were examined
with antibodies against lamin A/C (marker for nuclear inner membrane), SERCA2 ATPase (marker
for endoplasmic reticulum), and GAPDH (cytoplasmic marker). For immunoprecipitation, the nuclear
pellets were resuspended in RIPA lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS), supplemented with protease inhibitor cocktail (Complete Mini;
Roche). The samples were incubated on ice for 20 min, vortexed for 20 s and further incubated for
15 min on ice. Nuclear debris was removed by centrifugation at 14,000 g for 10 min at 4 °C.

2.8. Immunoprecipitation

UT7/Epo cells were infected with B19V, as described above. At different times pi, viral particles
were immunoprecipitated from cytoplasmic or from nuclear fractions with a B19V specific antibody
against intact capsids (860-55D; Caps) or with an antibody against the PLA; region in VP1u (PLA2).
For immunoprecipitation of phosphorylated capsids, an antibody against phosphorylated tyrosine
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was used (pTyr). After overnight incubation with 20 pL protein G agarose beads in LoBind tubes
(Eppendorf, Hamburg, Germany) at 4 °C, the beads were washed four times (three times with PBSA-1%
bovine serum albumin and once with PBS) and resuspended in protein loading buffer to analyse the
immunoprecipitated capsids by Western blotting or in PBS to quantify the viral DNA by qPCR. Total
DNA was extracted using the DNeasy blood and tissue kit (Qiagen) and quantified as specified above.
The immunoprecipitated capsids were also used for complementary-strand synthesis, as specified
below. The antibody 860-55D (Caps) was also used in immunoprecipitation experiments and dot-blot
assays to test the integrity of the capsids.

2.9. Infectivity Assay

Virus infectivity was examined by quantification of NS1 mRNA. Cells were transferred 24 h pi to
RNase-free tubes (Safe-Lock Tubes 1.5 mL, Eppendorf Biopur®) and pelleted. The pellet was washed
twice with PBS and stored at —20 °C until use. Total poly-A-mRNA was isolated with a Dynabeads
mRNA direct kit (Invitrogen). Following reverse transcription, cDONA was quantified by using iTaq™
Universal SYBR® Green One-Step reagent kit (Bio-Rad, Hercules, CA, USA). Primers were chosen
to amplify a 133 nt-long NS1 cDNA fragment: NS1 forward (5'-GGGGCAGCATGTGTTAAAG-3’
(nucleotide 1017-1035) and NSI1 reverse (5-CCATGCCATATACTGGAACACT-3" (nucleotide
1129-1150).

2.10. Complementary-Strand Synthesis

The presence of externalized DNA from the immunoprecipitated capsids and its suitability as a
template for initiation of DNA synthesis was examined by a primer hybridization and extension reaction
as previously described [38]. Briefly, primers consisting of a 3’ virus-specific and a 5" virus-unrelated
sequence were used. The hybridization reaction was performed in 40 puL volumes containing 20 uL of
immunoprecipitated virus bound to protein G beads, 4 uL 5x hybridization buffer (40 mM Tris-HCI,
pH 7.5,20 mM MgCl, and 50 mM NaCl) and 2 uL primer (0.5 pmol), at 37 °C for 15 min. The hybridized
primer was extended by adding 2 uL. DTT (100 mM), 2 uL. dANTPs (200 uM each) and 4 pL (3.25 U)
of T7 DNA polymerase (Sequenase; USB, Cleveland, OH, USA) and incubated at 37 °C for 15 min
or 0 min (negative control). The reaction was stopped, and DNA was purified by using the Wizard®
SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA). The primer-extended DNA was
amplified by PCR as previously described [38] and the amplicons were separated by electrophoresis
and visualized by staining with GelRed (Biotium, Hayward, CA, USA).

3. Results

3.1. Depletion of Capsid-Associated Divalent Cations Destabilizes the B19V Capsid

Todixanol density gradient ultracentrifugation and gPCR were used to detect and to quantify
changes in B19V capsid density. The density of native B19V from infected human plasma was compared
to the virus pelleted through a 20% sucrose cushion and resuspended in PBS. Native capsids in human
plasma and in PBS peaked at 1.22 g/mL, representing the density of intact native capsids (Figure 1A,B).
A dot-blot confirmed the presence of capsids in the same fractions as the viral DNA (Figure 1C).
Virus in PBS and exposed to 60 °C or 80 °C for 5 min resulted in a density shift to 1.09 g/mL, which
corresponds to free viral DNA (Figure 1D,E).
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Figure 1. Buoyant density of native B19V from infected plasma or purified and resuspended in PBS.
Fractions from iodixanol density gradient ultracentrifugation were collected and quantified by qPCR.
(A) Density of B19V from infected human plasma. (B) Density of B19V purified from infected plasma
by ultracentrifugation through 20% sucrose cushion and resuspended in PBS. (C) Detection of B19V
capsids by dot-blot from density fractions of BI9V in PBS. The corresponding fractions are indicated
(a—e). (D) Density of B19V treated at 60 °C for 5 min. (E) Density of B19V treated at 80 °C for 5 min.

The density of B19V resuspended in MEM, HEPES and PBS and stored for a period of four weeks
at 4 °C (prolonged exposure) was compared. While the virus density in MEM and HEPES did not
change (1.22 g/mL), prolonged exposure to PBS induced a structural rearrangement resulting in capsids
with lower density (1.20 g/mL) (Figure 2A). We next analysed the stability of B19V after prolonged
exposure (four weeks at 4 °C) to the different buffers followed by a single freeze/thaw cycle. While the
virus in MEM did not change, the virus in HEPES peaked at a similar density as the virus that was
exposed to PBS for a prolonged time at 4 °C (1.19 g/mL). In contrast, a major density shift was observed
after a freeze/thaw cycle in the virus exposed to PBS (1.11 g/mL). This shift was fully prevented when
PBS was supplemented with 1 mM of MgCl, or 1 mM CaCl, (1.23 g/mL), suggesting that divalent
cations have a stabilizing effect on the virion (Figure 2B). To further study the influence of divalent
cations, the effect of the chelating agents EDTA and EGTA on the virus density was analysed. Prolonged
exposure (four weeks at 4 °C) to HEPES supplemented with 1 mM EGTA or 1 mM EDTA provoked a
density shift to 1.195 g/mL, similar to the shift observed in the virus exposed to PBS. However, these
lighter particles were unstable and short exposure to 37 °C was sufficient to trigger a major density
shift, similar to that of virus in PBS and exposed to a freeze/thaw cycle. The rearrangement at 37 °C
was not observed in the absence of chelating agents (Figure 2C).
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Figure 2. Influence of divalent cation depletion on the density of B19V. Virus from infected plasma was
pelleted through 20% sucrose cushion, resuspended in different buffers and stored at 4 °C for one month.
Fractions from iodixanol density gradient ultracentrifugation were quantified by qPCR. (A) Effect of
prolonged (one month