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Abstract: Family Parvoviridae consists of small, non-enveloped viruses with linear, single-stranded DNA
genomes of approximately 4-6 kilobases, subdivided into 3 subfamilies: Parvovirinae, Densoviringe and
Hamaparvovirinae. Parvoviruses of aquatic animals infect crustaceans, mollusks, and finfish. In this review,
these parvoviruses, which are highly host-specific and are associated with mass morbidity and mortality in
both farmed and wild aquatic animals are described. They include Cherax quadricarinatus densovirus (CqDV)
in freshwater crayfish; Sea star-associated densovirus (SSaDV) in sunflower sea star on the Northeastern Pacific
Coast; Clinch densovirus 1 in freshwater mussels in the Clinch River, Virginia, and Tennessee, USA, in
subfamily Densovirinae; Hepatopancreatic parvovirus (HPV) and Infectious hypodermal and hematopoietic
necrosis virus (IHHNV) in farmed shrimp worldwide; Syngnathid ichthamaparvovirus 1 in gulf pipefish in the
Gulf of Mexico and parts of South America; and Tilapia parvovirus (TiPV) in farmed tilapia in China and
Thailand, in the subfamily Hamaparvovirinae. In addition, virus megataxonomy has enabled the inclusion of
novel parvoviruses detected in both diseased and healthy animals using metagenomic sequencing for virus
discovery, such as the novel zander parvovirus from zander in Hungary, novel salmon parvovirus from
sockeye salmon smolts in British Columbia-Canada, and Spawner-isolated mortality virus (SMV) from shrimp
broodstock in Australia.

Keywords: Parvoviridae; Finfish; Crustaceans; Mollusks; Pathogens; Viruses; Parvovirinae;
Densovirinae; Hamaparvovirinae

1. Introduction

Members of the family Parvoviridae are small, non-enveloped viruses with linear, single-stranded
(ss) DNA genomes of approximately 4-6 kb. The family is subdivided into 3 subfamilies: Parvovirinae,
Densovirinae and Hamaparvovirinae. Viruses in Parvovirinae and Densovirinae are distinguished
primarily by their respective ability to infect vertebrate hosts versus invertebrate hosts (insects,
shrimp, and echinoderms). In contrast, those in the subfamily Hamaparvovirinae infect both vertebrate
and invertebrate hosts, hence the subfamily name from the ancient Greek word meaning “together”
[1]. Because of their small genome, parvoviruses require actively dividing host cells and are host and
tissue-specific. Some cause diseases which range from sub-clinical to lethal. A few require co-
infection with helper viruses from other families [2]. This review describes the reported aquatic
animal parvoviruses and puts them in the context of terrestrial animal parvoviruses, both veterinary
[3] and human parvoviruses [4], so as to add to the current knowledge on the family Parvoviridae.

Novel zander parvovirus from zander or pikeperch (Sander lucioperca), a freshwater fish in
Hungary, potentially represents a new genus and a new species in the subfamily Parvovirinae [5] and
possibly the first member in this subfamily to infect an aquatic animal host. The novel zander
parvovirus was detected by viral metagenomics and PCR methods in fecal samples collected from
fish showing no clinical signs, and the possibility of a dietary origin of the virus could not be excluded
[5].

Members of the subfamily Densovirinae can be highly host-specific and lethal [6]. Mass mortality
in invertebrates is a well-characterized consequence of densovirus infection, with Densovirinae
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examples of Cherax quadricarinatus densovirus (CqDV) now renamed Decapod aquambidensovirus 1
[previously Putative gill parvovirus] (genus Aquambidensovirus) in freshwater crayfish (Cherax
quadricarinatus) [7,8], Sea star-associated densovirus in sunflower sea star (Pycnopodia helianthoides)
on the Northeastern Pacific Coast [9], and Clinch densovirus 1 in freshwater mussel (Acrimonies
pectorosa) in the Clinch River, Virginia, and Tennessee, USA [10].

Hamaparvovirinae members include hepatopancreatic parvovirus (HPV), now renamed Decapod
hepanhamaparvovirus 1 (DHPV-1) in the genus Hepanhamaparvovirus [formerly genus
Hepandensovirus]) and infectious hypodermal and hematopoietic necrosis virus (IHHNV) now
renamed Decapod penstylhamaparvovirus 1 in genus Penstylhamaparvovirus [formerly genus
Penstyldensovirus] of prawns and shrimp, and in the genus Ichthamaparvovirus, Syngnathid
ichthamaparvovirus 1 of gulf pipefish (Syngnathus scovelli) and Tilapia parvovirus (TiPV) of Nile tilapia
(Oreochromis niloticus). Hepanhamaparvoviruses are widespread and highly pathogenic, causing
hepatopancreatic disease, and can constitute an economic threat in cultured shrimp populations on
rare occasions when larvae from wild-caught shrimp are introduced [11]. Penstylhamaparvoviruses
were first identified in the 1980s in Hawaii as pathogens responsible for an economically significant
and virulent disease in farmed shrimp (infectious hypodermal and hematopoietic necrosis) [12,13];
they are widespread but are no longer a major economic problem because tolerant shrimp
populations have been developed [14]. Ichthamaparvoviruses are parvoviruses of fish, including
Tilapia parvovirus (TiPV), a recently identified viral infection associated with mass morbidity and
mortality in farmed adult Nile tilapia in China [15] and farmed juvenile red hybrid tilapia in Thailand
[16,17]. The novel fish parvovirus (tilapia parvovirus HMU-HKU-1) was first identified using next-
generation sequencing (NGS) on fecal samples from crocodiles fed with tilapia [18].

1.1. Parvovirus Classification and Virion Properties

Parvoviruses are one of the smallest animal viruses known. “Parvus” is the Latin word for
“small.” The virus particles are non-enveloped, T=1 icosahedra, 22-28 nm in diameter (Figure 1). They
are extremely resistant to environmental conditions (pH 3-9; and 60°C for 1 hour) and survive for
long periods outside the host cell, resulting in persistence in the environment, carriage on fomites,
and wide dissemination [20]. The most reliable disinfection is achieved with household bleach (6%
sodium hypochlorite). Most vertebrate parvoviruses hemagglutinate red blood cells.

T=1

Figure 1. Parvoviridae. Schematic representation of a parvovirus particle showing the non-enveloped,
round, T=1 icosahedral symmetry, 22-28 nm in diameter. The capsid consists of 60 copies of CP
protein. (Reproduced from [19]. Source: SwissBioPics. The images are licensed under a Creative
Commons Attribution 4.0 International (cC BY 4.0) License
https://creativecommons.org/licenses/by/4.0/).
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The genome is linear ssDNA of positive sense or negative sense (or ambisense in subfamily
Densovirinae) of approximately 4-6 kilobases. The genome encodes a large non-structural protein
(NS1) with a helicase superfamily 3 (SF3) domain and the capsid protein (VP). Parvoviruses are
classified in the same species if their NS1 proteins share more than 85% amino acid sequence identity
while diverging greater than 15% from members of other genera and are classified in the same genus
if they cluster together on phylogenetic analysis of their complete NS1 protein sequences and their
SF3 helicase domains [1]. Thus, using these NS1-based criteria, the family Parvoviridae is subdivided
into three subfamilies, Parvovirinae with ten genera that infect vertebrate hosts, Densovirinae with
eight genera that infect invertebrate hosts, and Hamaparvovirinae with five genera that infect both
vertebrate and invertebrate hosts. The evolutionary relationships of the different genera are shown
in the phylogenetic tree in Figure 1 of Pénzes et al. [1]. At the megataxonomic level, the family
Parvoviridae has been classified in the realm Monodnaviria, kingdom Shotokuvirae, phylum
Cossaviricota, class Quintoviricetes, and order Piccovirales, based on its relations to other DNA virus
taxa [1].

1.1.1. Parvovirus Genome Organization

The coding region in the genome is flanked by palindromic double-stranded hairpin ends
required for replication, but many other characteristics vary between members of different genera.
Figure 2 shows the genome organizations of members of the representative genera of the three
subfamilies, Parvovirinae, Densovirinae, and Hamaparvovirinae [18]. All parvoviruses encode the non-
structural (NS) protein gene(s) and genes of accessory proteins in negative-sense orientation on the
left-hand side of the genome. In contrast, the structural capsid VP gene on the right-hand side may
be in negative-sense orientation (subfamilies Parvovirinae and Hamaparvovirinae) or positive-sense
orientation (i.e., ambisense genome in subfamily Densovirinae). The genome ends contain short,
terminal repeats that form varying secondary structures, which create self-priming palindromic
hairpin telomeres that function as viral DNA replication origins [21]. These secondary structures can
either be the same or different at the 5'- and 3'-termini, leading to homotelomeric or heterotelomeric
genomes, respectively and are consistent across a genus. Among the subfamilies Parvovirinae and
Hamaparvovirinae, homotelomeric viruses package equal numbers of plus or minus stranded genomes
in viral particles. A packaging bias toward one viral genome strand is observed in parvoviruses with
heterotelomeric genomes. For example, some parvoviruses encapsidate only the negative-sense DNA
strand (e.g., Carnivore protoparvovirus 1 such as Canine parvovirus, and genus Amdoparvovirus) [22];
others encapsidate different portions of either positive-sense or negative-sense DNA strand (e.g.,
Primate erythroparvovirus 1 or Human parvovirus B19) and members of genus Dependoparvovirus
package both strands in separate particles in a ratio of 1:1). Many parvoviruses package
predominantly negative DNA strands. The proportion of negative to positive strands packaged
depends on the host cell infected. No parvovirus is known to package predominantly positive DNA
strands; positive-strand DNA occurs in variable proportions, 1-50% (so the genome of parvoviruses
is often described as ssDNA of negative sense). The NS gene forms one or more nonstructural
proteins (NS1-NS3) via alternative mRNA splicing [23]. Parvovirus NS1 is a large multifunctional
protein with strand and site-specific endonuclease (nicking) activity, ATPase activity, and SF3
helicase domain with 3’ to 5" processivity, rolling circle replication initiator protein motifs, and DNA
binding domains; it is absolutely required for virus replication [23] and also contributes to pathology
[24]. Parvovirus capsids can be composed of up to 4 VPs (VP1-4) generated from a single ORF of the
VP gene by alternative splicing, and all share a common large C-terminal region [23].
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Figure 2. Cladogram of subfamilies Hamaparvovirinae, Parvovirinae, and Densovirinae. Thegenome
organizations of members of the representative genera of the three subfamilies are shown. The novel
tilapia parvovirus HMU-HKU-1 discovered in this study was labeled with a red circle (e). The genera
and subfamilies described in the newly proposed ICTV parvovirus taxonomic classification were
highlighted in red. (Reproduced wunder Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/) from [18], Figure 2).

1.1.2. Virus Replication

Parvoviruses multiply in the nucleus producing large intranuclear inclusion bodies.
Parvoviruses enter the cell by endocytosis and replicate their genome in the nucleus by “rolling
hairpin replication,” a unidirectional single-strand displacement mechanism, using the viral self-
priming hairpin telomeres as well as cellular polymerases, ligases, and other replication factors [25].
In many parvoviruses, the extended N-terminus of the VP1 protein includes the phospholipase A2
(PLA2) enzymatic domain that is essential for cell entry due to the need to release from the endosomal
or lysosomal pathway [21,26]. Because of their small genome, parvoviruses lack a viral DNA
polymerase and require actively dividing host cells, although they cannot induce cells into the S
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phase (Figure 3). Members of the genus Dependoparvovirus are defective and require helper
adenovirus or herpesvirus for replication.

Cytoplasm
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Figure 3. Summary of parvovirus replication requirements. (1) Most autonomous parvoviruses

require mitotically active cells (5/G2 phase) to provide host replication factors to replicate their viral
genome. (2) Recently, human bocavirus 1 (HBoV1) was demonstrated to replicate in non-dividing
airway epithelial cells through the hijacking of DNA repair machinery [27,28]. (3)
Dependoparvoviruses depend on co-infection with a helper virus to undergo productive replication
in a host «cell. (Reproduced wunder Creative Commons Attribution License

(https://creativecommons.org/licenses/by/4.0/ ) from [23], Figure 4).

1.2. General Pathogenesis of Parvoviruses

In general, the disease outcome of a parvovirus infection is controlled by various factors [23].
For example, in the autonomous parvoviruses, virus replication is dependent on cellular functions
provided in the S phase of the cell division cycle, i.e., when cellular DNA synthesis is occurring, a
feature that is correlated with the pathogenic potential of these viruses, so tissues with high cellular
division rates are disproportionately affected [23]. The parvoviruses found in aquatic animals are
listed in Table 1.

Table 1. Summary of parvoviruses found in aquatic animals.

Subfamily and | Species! Virus common | Sampled | Geograp | Clinical Refer

Genus name host hical disease ence
(abbreviation) area

Densovirinae, Decapod Cherax redclaw Australi | Chronic [7,8]

Aquambidenso | aquambidenso | quadricarinatu | crayfish a mortality

virus virus 1 s densovirus Cherax Or mass
[previously quadricar mortality
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known as inatus
Cherax and
quadricarinatu | Cherax
s parvo-like destructor
virus (CqP1V)];
Cherax
destructor
systemic
parvo-like
virus (CdSPV)
Asteroid Sea star- sea stars West Originally | [9,29]
aquambidenso | associated and sea coast of | associated
virus 1 densovirus urchins USA with sea
(SSaDV) and star
Atlantic | wasting
coast of | syndrome
North (SSWS)
America
Clinch Freshwate | Clinch Episodic [10]
densovirus 1 r mussels | River, mass
Virginia, | mortality
and
Tenness
ee, USA
Hamaparvoviri | Decapod Fenneropenae | Prawns & | Widespr | Reduced | [30-
nae, hepanhamapar | us chinensis Shrimp ead growthin | 32]
Hepanhamapa | vovirus1 hepatopancrea juvenile
rvovirus tic densovirus shrimp;
[previously Mortalitie
known as s during
Hepatopancrea the larval
tic parvovirus stages.
(HPV)]
Hamaparvoviri | Syngnathid Syngnathus gulf Gulf of | Not [33]
nae, ichthamaparvo | scovelli pipefish Mexico | known
Ichtahamaparv | virus1 chapparvoviru and
ovirus s parts of
South
America
Tilapia Nile China Mass [15-
parvovirus tilapia and morbidity | 17]
(TiPV) Thailan | and 60-
d 70%
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in adult
Nile
tilapia
(500-600
g); mass
mortality
of 50-75%
in
juvenile
red
hybrid
tilapia
(10-30 g to
300-800
8)-
unclassified
Ichthamaparvo
virus
Hamaparvoviri | Decapod Penaeus Prawns & | Widespr | IHHN; [34-
nae, penstylhamapa | stylirostris Shrimp ead 80-100% 36]
Penstylhamapa | rvovirus 1 penstyldensovi mortality
rvovirus rus (PstDV in
1&2); Penaeus postlarva
monodon e and
penstyldensovi juveniles
rus (PmoPDV of
1&2) Penaeus
[previously (Litopena
known as eus)
Infectious stylirostri
hypodermal & s and
hematopoietic postlarva
necrosis virus e of
(IHHNV)] Macrobra
chium
rosenberg
ii;
runt-
deformity
syndrome
(RDS) in

juvenile
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8
of P.
vannamei
and P.
monodon
Unassigned Novel salmon | Sockeye BC- Not [37]
parvovirus salmon Canada | known
Unassigned in Novel zander Zander or | Hungar | Not [5]
subfamily parvovirus pikeperch |y known
Parvovirinae (zander/M5/20 | (Sander
15/HUN, lucioperc
0OK236393) a)
Unassigned Crangon Molluscs | Europe | Not [38]
crangon parvo- known
like virus 1
(CcPalLV 1)
Unassigned Spawner- Freshwate | Norther | Mortalitie | [39]
isolated r crayfish | n sin
mortality virus Australi | broodstoc
(SMV) a k of
Penaeus
monodon
with mid-
crop
mortality
syndrome
on grow-
out farms

ISpecies as listed in the NCBI Taxonomy Browser [40].

2. Genus Aquambidensovirus

The term “Ambidensovirus” was coined in 2014 as the name of a genus in the family Parvoviridae
containing members with an ambisense genome organization [41]. Aquambidensovirus contains those
viruses known to infect aquatic animal hosts, which currently include two assigned species, Decapod
aquambidensovirus 1, and Asteroid aquambidensovirus 1. Members of the genus share about 70% NS1
amino acid sequence identity with each other and ~30% with other members of the subfamily
Densovirinae [1]. A novel densovirus, Clinch densovirus 1, had a 63% amino acid sequence identity
with Periplaneta fuliginosa densovirus (AF192260), which infects smoky brown cockroaches (Periplaneta
fuliginosa) in China, the closest phylogenetic relative in the GenBank database [10], and did not cluster
with Asteroid aquambidensovirus 1 [1], suggesting it is a different species, possibly the third species in
genus Aquambidensovirus.

2.1. Decapod aquambidensovirus 1 (Cherax Quadricarinatus Densovirus (CqDV))

Decapod aquambidensovirus 1 is the type species of the genus Aquambidensovirus, with only one
virus, Cherax quadricarinatus densovirus (CqDV) [previously Putative gill parvovirus [7]. The virus
was first identified in a single moribund freshwater crayfish (Cherax destructor) collected in South
Australia [42]. It was subsequently identified in a redclaw crayfish (Cherax quadricarinatus) farm with
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chronic mortalities in mixed infection with presumptive hepatopancreatic reovirus [7] and in another
commercial redclaw crayfish farm with mass mortality in northern Queensland, Australia [8]. The
main histopathological lesion in Cherax quadricarinatus in the transmission trial conducted by
Edgerton et al. [7] was hypertrophic gill nuclei. The mass mortality reported by Bowater et al. [8]
occurred in juvenile animals over four weeks (96% cumulative mortality); affected crayfish were
weak, anorexic, and lethargic. Experimentally inoculated crayfish showed gross signs of malaise,
anorexia, and disorientation before dying, and the gills, cuticular epithelium, and epithelial cells of
the foregut, midgut, and hindgut were the most heavily infected tissues; virions consistent with the
parvovirus morphology were seen by electron microscopy in the enlarged nuclei of both naturally
and experimentally infected crayfish [8]. In the infection trial of redclaw crayfish infected with CqDV
conducted by Bochow [43], the clinical signs appeared from 17 to 57 days post-injection. The most
obvious lesion consisted of blisters filled with a viscous, gelatinous substance on the inner membrane
between the carapace and gills extending across the branchial cavity covering the top underside of
the cephalothorax (shown in Figure 14.1 of Bochow [43]). Microscopically, large basophilic
intranuclear inclusion bodies, characteristic of parvovirus infection, were present in ectodermal
tissue cells of the gills, cuticular epithelium, and gastric sieve and hemocytes in the hemal spaces
(shown in Figure 14.2 of Bochow [43]).

CgDV has one of the largest genomes in the family Parvoviridae (6334 nucleotides) (GenBank
Accession # KP410261, [44]. Bochow [43] reported primers for molecular detection of CqDV by SYBR
Green qPCR (CqDV 5 Fq 5-CGCTGTGGAGAGTGCACTAGAGGC-3; 2A Rq 5-
TCTGAATCAATCTCCTCACGATCGC-3', amplicon size 281 bp). Analysis of the tissue tropism of
CgDV in six organs using qPCR showed the branchial epithelium had the highest mean copy number
mg-1 of tissue (1.22 x 109), followed by pleopod (1.19 x 10°), antennal gland (5.53 x 10%), gill (4.66 x
10°), heart (1.32 x 105) and muscle (6.12 x 10¢) [43].

2.2. Asteroid aquambidensovirus 1 (Sea Star-Associated Densovirus (S5aDV))

The species Asteroid aquambidensovirus 1 comprises three viruses identified in sea stars and sea
urchins (phylum Echinodermata) [9,45], all highly pathogenic [1]. Sea star-associated densovirus
(SSaDV), the only one classified to date, was associated with an extensive outbreak of sea-star
(asteroid) wasting disease (SSWD) (also known as “asteroid idiopathic wasting syndrome”) with
mass mortality of captive asteroids in three species of common asteroid (Pycnopodia helianthoides,
Pisaster ochraceus, and Ewvasterias troschelii) on the Northeastern Pacific Coast in 2013-2014 [9].
Environmental stressors may also play a role in the clinical outcome of infected sea stars [46,47] as a
reexamination of the original metagenomic data found the virus to be commonly associated with
apparently healthy or asymptomatic animals [48]. Clinical signs of SSWD include abnormal twisting
of appendages, followed by the formation of white lesions and loss of turgor or a “deflated”
appearance (deflation of arms and body), progressing to arm loss, necrosis, and rapid degradation
leading to death [9,49].

Jackson et al. [48] reported primers for molecular detection of SSaDV by conventional PCR
targeting VP1 (forward primer 5-TGGCCACTCATCATGTCTCT-3"; reverse primer 5'-
CTTGGGGTCCTTCATGAGC-3"). When this PCR assay was used to assess putative tissue tropism
in three sea star species (Pisaster ochraceus, Evasterias troschelii, and Pisaster brevispinus), SSaDV was
detected most frequently in the pyloric caeca (40/45 or 89%), followed by tube feet (17/47 or 36%),
stomach (5/46 or 11%), body wall (5/47 or 11%), and gonads (4/42 or 10%) [48].

2.3. Clinch Densovirus 1

Clinch densovirus 1 is a novel densovirus linked to mass mortality in freshwater mussels,
pheasantshell (Acrimonies pectorosa) in the Clinch River, Virginia and Tennessee, USA, since 2016 [10].
The virus was one of 17 novel viruses identified using hemolymph for metagenomic sequencing for
virus discovery and the only one that was epidemiologically linked to morbidity. Clinch densovirus
1 is currently unassigned. Phylogenetic analysis showed it did not cluster with Asteroid
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aquambidensovirus 1 [1], suggesting it is a different species, possibly the third species in the genus
Aquambidensovirus.

3. Genus Hepanhamaparvovirus

Hepanhamaparvovirus is one of three genera (together with genera Penstylhamaparvovirus and
Ichthamaparvovirus) containing viruses known to infect aquatic hosts in the new subfamily
Hamaparvovirinae (Figure 2). Members of this subfamily have an average of 30% amino acid sequence
identity of their NS1 protein, and all species, like members of genus Aveparvovirus (subfamily
Parvovirinae), lack the otherwise conserved phospholipase A2 domain in their VP1 proteins [1,23].
The genus Hepanhamaparvovirus has one species, Decapod hepanhamaparvovirus 1 (DHPV-1), which is
also the type species of its former genus, Hepandensovirus.

3.1. Decapod hepanhamaparvovirus 1 (DHPV-1) (Hepatopancreatic Parvovirus (HPV))

The species Decapod hepanhamaparvovirus 1 (DHPV-1) was previously known as
Hepatopancreatic parvovirus (HPV), formerly in the genus Hepandensovirus, and includes several
genetically distinct strains from different shrimp and prawn species in different countries [50-53].
The genomes of the following ten strains have been completely sequenced: Penaeus monodon
hepandensovirus 1 (PmoHDV1 (Thailand), GenBank Accession# DQ002873.1); Penaeus chinensis
hepandensovirus (PchDV (China), Accession # NC_014357); Penaeus monodon hepandensovirus 2
(PmoHDV2 (Madagascar), Accession #s EU247528.1 and MT980830); Penaeus monodon
hepandensovirus 3 (PmoHDV3 (Tanzania), Accession# EU588991.1); Penaeus merguiensis
hepandensovirus (PmeDV (Australia), Accession# DQ458781.4); Penaeus monodon hepandensovirus 4
(PmoHDV4 (India), Accession# FJ410797.2); and Fenneropenaeus chinensis hepandensovirus (FchDV
(South Korea), Accession# JN082231.1, (China) Accession# GU371276.1, and (Korea) Accession#
AY008257). Another strain of DHPV-1 that has been refractory to PCR methods designed for DHPV-
1 detection in P. monodon [54] occurs in cultivated giant river prawn Macrobrachium rosenbergii in
Thailand [54,55] and Malaysia [56,57]. Most recently, Lee et al. [58] reported a novel genotype of
DHPV-1 in P. vannamei (Pacific white shrimp) with approximately 70% sequence identity with all
known DHPV-1s and with a unique ten amino acid deletion, and 3 and 1 amino acid insertions in the
VP gene in a mixed infection with Enterocytozoon hepatopenaei in Taiwan. Thus, to date, four genotypes
of DHPV-1 can be defined based on the VP gene sequence as shown in Figure 4 of Lee et al. [58].
Genotype I consists of strains from South Korea, China, Madagascar, and Tanzania; Genotype II
strains from India, Indonesia, and Thailand; Genotype III strains from Australia and New Caledonia;
and Genotype 1V is the novel strain from Taiwan [58].

DHPV-1 is widespread and highly pathogenic, causing hepatopancreatic disease, and can
constitute an economic threat in cultured shrimp populations on rare occasions when larvae from
wild-caught shrimp are introduced. HPV was first described from farmed Penaeus merguiensis and P.
indicus with a mixed infection with chlamydia in Singapore [59] and is considered to have later spread
to wild shrimp in the Americas via importation of live infected Asian shrimp for aquaculture [60].
The host range of DHPV-1 includes at least 19 species of wild and cultured shrimp, prawns, and crabs
worldwide [53]; it has been reported in many countries, including Australia, China, Korea, the
Philippines, Indonesia, Malaysia, India, Kenya, Kuwait, Israel, and Taiwan, as well as from the
Americas [53,58]. DPHV-1 was removed from the World Organization for Animal Health (WOAH)
list of reportable pathogens as it was no longer associated with any significant negative economic
repercussions in the aquaculture industry [61]. However, the virus remains in circulation in penaeid
shrimp in China [61], Thailand [55], India [62], Taiwan [58], and several other countries, and can cause
considerable losses in shrimp grow-out ponds without any obvious clinical manifestation [63].
Moreover, DPHV-1 infection is seldom observed alone in epizootics and has occurred in multiple
infections with other more pathogenic viruses [32,53] which likely downplays its pathogenicity and
economic significance. For example, there have been reports of co-infection of DHPV-1 and
Enterocytozoon hepatopenaei (EHP) in P. vannamei [58,62], DHPV-1 and monodon baculovirus (MBV)
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in P. monodon [64,65], DHPV-1, MBV, and Yellow head virus (YHV) in P. monodon [66], and DHPV-1,
MBYV, and White spot syndrome virus (WSSV) in P. monodon [32].

DHPV-1 infects the epithelial cells of the hepatopancreas and midgut of shrimp, with infected
individuals showing non-specific gross signs, including an atrophied hepatopancreas, anorexia,
retarded growth, and reduced preening activities—resulting in epifouling in gills and appendages
[67]; most DPHV-1-infected juvenile shrimp simply grow very slowly stopping at approximately 6
cm in length, weighing only about 5 g [30]. Mortalities during the larval stages have been reported in
Australia in P. chinensis [31] and India in P. monodon [32]. Histopathology lesions in the
hepatopancreas include basophilic inclusions within enlarged nuclei of tubule epithelial cells [30]. As
is characteristic of autonomous parvoviruses, the actively dividing cells (E- and F-cells) at the distal
ends of hepatopancreatic tubules show the most HPV inclusions [63,68].

Molecular diagnostic methods (conventional PCR, Real-time PCR, and in-situ hybridization) are
instrumental in confirming the etiological role of DPHV-1 in hepatopancreas pathology. PCR
methods are useful for screening cultured shrimp for HPV using harmless samples of small
appendages or feces and for rapid and easy screening of large numbers of potential hosts and life
stages as potential carriers [30]. To overcome the sequence diversity among different strains of
DHPV-1 [50-53,69], Srisala et al. [55] developed a universal semi-nested PCR method to detect
DHPV-1 in crustaceans by using primer sequences designed from the highly conserved region of the
genome (nucleotide positions 1538 to 1887 in DHPV-1 NCBI accession no. DQ002873.1) (DHPV-U
1538 F 5-CCTCTTGTTACATTTTACTC-3; DHPV-U 1887 R 5-GATGTCTTCTGTAGTCC-3',
amplicon size 350 bp, and DHPV-U 1622 F 5-AAGTTTGCACAGTGGTTGT-3', amplicon size 266 bp).
These sequences were also used to make a DIG-labeled probe for in situ hybridization assays to
localize DHPV-1 sequences in the histopathology lesions [55].

Currently, there is no anti-viral therapy for any viral diseases in shrimp. Therefore, biosecurity
and genetically resistant lines remain the cornerstone in managing viral diseases [63]. Gene silencing
using the RNA interference (RNAi) approach has been reported for both HPV [70] and IHHNYV via
injection. However, the oral delivery of RN Ai molecules remains a challenge, and the utility of RNAi-
based therapy has yet to be materialized in shrimp aquaculture [63].

4. Genus Penstylhamaparvovirus

The genus Penstylhamaparvovirus in the new subfamily Hamaparvovirinae with one species,
Decapod  penstylhamaparvovirus 1 [1], which is also the type species of its former genus,
Penstyldensovirus, has four viruses (Penaeus stylirostris penstyldensovirus 1 & 2 and Penaeus monodon
penstyldensovirus 1 & 2). Penaeus stylirostris penstyldensovirus 1 (PstDV1) is also known as the infectious
hypodermal and hematopoietic necrosis virus (IHHNV) [2]. IHHNV was first identified as a
pathogen responsible for an economically significant and virulent disease in farmed shrimp
(infectious hypodermal and hematopoietic necrosis) in Hawaii, USA, in 1981 [12,13], which led to the
collapse of penaeid shrimp farming in the Americas [71]. Phylogenetic analysis revealed the
introduction of IHHNV to the American continent in the 1970s in imported P. monodon aquaculture
stocks from Southeast Asia [72,73].

Based on 24 complete IHHNV genome sequences, the virus has been divided into five
genotypes, infectious types I (in Australia), II (in the USA and Southeast Asia), and III (East Asia),
and non-infectious types A (in Madagascar, Australia, Thailand, and India) and B (in Tanzania and
Mozambique) [74]. The non-infectious form of IHHNV are endogenous viral element (EVE)
sequences, lacking hairpins [75-77], that is inserted into the shrimp host genome following chronic
or persistent infection [78] and could yield false-positive results for the diagnosis of shrimp infection
with IHHNV. These sequences would likely have been eliminated unless they provide beneficial
effects, such as EVE-derived immunity (ED], e.g., mediated by TRIM5a and APOBEC). The IHHNV-
EVE has been found integrated into chromosome 35 of the P. monodon genome, and IHHNV-EVE-
related sequences are also present in P. vannamei [73,79].

IHHNV is listed by the World Organization for Animal Health (WOAH) [36] as an
internationally notifiable disease due to its association with significant mortality in Pacific blue leg
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shrimp (Penaeus (Litopenaeus) stylirostris) and runt deformity syndrome (RDS) in Pacific white shrimp
(Penaeus (Litopenaeus) vannamei). The virus is widespread [80] and has been reported in 32 countries
to date in America, Asia, Oceania, and Africa [74,80-82]. In addition, it has been detected in about 30
species of shellfish, including in wild and farmed penaeid shrimps P. stylirostris [72], P. vannamei
[83,84], P. monodon [85] and several others [74], in non-penaeid shrimp Macrobrachium rosenbergii
[35,86], in crayfish Procambarus clarkii [87,88] and Cherax quadricarinatus [89], and crabs Hemigrapsus
penicillatus, Neohelice granulate, Callinectes arcuatus, and Sesarma reticulatum [81,90-92] and in bivalve
shellfish [93].

HHNYV is still an important virus threatening shrimp aquaculture [74,82] even though tolerant
shrimp populations have been developed [14,36]. IHHNYV infection causes an acute disease with 80-
100% mortality in postlarvae and juveniles of P. stylirostris [34] and postlarvae of M. rosenbergii [35].
The affected animals stop swimming, tumble, and then slowly sink to the bottom of the pond, and
usually, they are ingested by healthy shrimps [94]. Very high mortality was reported in experimental
IHHNYV infection of crayfish P. clarkii (19/20 animals died) [87]. IHHNV infection causes chronic
disease, runt-deformity syndrome (RDS), characterized by slow growth and deformities in the
exoskeleton such as a bent (45° to 90° bend to left or right) or otherwise deformed rostrum, a deformed
sixth abdominal segment, wrinkled antennal flagella, cuticular roughness, ‘bubble-heads’, and other
cuticular deformities, without mortality, in juvenile of P. vannamei and P. monodon (Figure 4)
[11,36,75,84,95,96], leading to 50% of the economic loss of shrimp industry [97]. IHHNYV infection can
cause 30%-90% growth retardation in juvenile P. vannamei [11,76]. Microscopic lesions include
prominent intranuclear, Cowdry type A inclusion bodies characteristic of parvoviruses. The inclusion
bodies observed in IHHNV occur in tissues of the ectodermal epithelium of fore- and hindgut,
mesodermal origins like hematopoietic organs, antennal gland, and lymphoid organ [98]. Like other
parvoviruses, IHHNYV targets rapidly multiplying host cells, hence the severe infection of younger
shrimp [76]. Adults of P. vannamei [99] and non-penaeid shrimp such as M. rosenbergii [74,86] serve
as carriers of IHHNYV without apparent clinical disease. Crayfish P. clarkii is also asymptomatic when
naturally infected by IHHNV [88,100]. Red claw crayfish C. quadricarinatus could be a potential carrier
of the virus [89], and crabs and bivalve shellfish can be asymptomatic carriers of IHHNV [74].
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Figure 4. Size variations observed in 50-day-old Penaeus monodon with infectious hypodermal and
hematopoietic necrosis virus (IHHNV) (A,B) (Reprinted from Aquaculture, Vol. 289 (3-4), Rai, P., Size
variations observed in 50-day-old Penaeus monodon with infectious hypodermal and hematopoietic
necrosis virus (IHHNV) (A,B). (Reproduced under Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/) from [101], Figure 10).

White spot syndrome virus (WSSV) is a differential diagnosis for IHHNV [96]. IHHNYV has been
reported to interfere with WSSV during mixed infection in penaeid shrimp, leading to higher survival
rates compared to infection with WSSV alone [73,74,102,103]. Analysis of genetic diversity among
IHHNYV isolates in the Gulf of California found an unexpectedly high mutation rate that was
comparable to that reported for RNA viruses, suggesting the potential for a new virulent strain to
arise that might lead to epizootics similar to those observed in the early 1990s [104].
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The preferred molecular method for diagnosing shrimp infection with IHHNYV is conventional
PCR using the primers IHHNV309F/R [105], which are recommended by the World Organization for
Animal Health [36] to specifically detect infectious IHHNV forms and exclude the noninfectious
related sequences. Dhar et al. [106] reported primers for molecular detection of IHHNV by SYBR
Green qPCR (313F Forward 5-AGGAGACAACCGACGACATCA-3; 363R Reverse 5'-
CGATTTCCATTGCTTCCATGA-3"). The SYBR Green qPCR was 2000-fold more sensitive than the
conventional PCR [106]. Sequences of the whole IHHNV genome can be obtained using conventional
PCR and the eight specific primers designed by Silva et al. [107]. In situ hybridization using IHHNV-
specific DNA probes such as BA402 (available in kit form from DiagXotics Inc., 27 Cannon Rd.,
Wilton, CT 06897, USA) can be used on tissue sections preserved in Davidson’s, AFA or formalin
[108].

IHHNYV infection control and prevention are achieved through stocking good quality disease-
free seeds, optimum rearing conditions, and good management practices on the farm [97].

5. Genus Ichthamaparvovirus

The genus Ichthamaparvovirus in the new subfamily Hamaparvovirinae (Figure 2) has at least two
species, Syngnathid ichthamaparvovirus 1 (Syngnathus scovelli chapparvovirus) (the type species) and
Tilapia parvovirus (TiPV). Syngnathus scovelli chapparvovirus has partially sequenced hairpins,
suggesting that the genus is heterotelomeric [1].

5.1. Syngnathid ichthamaparvovirus 1

The near-complete genome sequence of Syngnathid ichthamaparvovirus 1 was identified in
previously unreported DNA sequences by screening published whole genome sequencing (WGS)
data of a gulf pipefish’s homogenized gill, muscle, and male brood pouch tissue (Syngnathus scovelli)
[1,33]. Therefore, it is not known if this virus is associated with clinical disease. In a different
syngnathid fish (family Syngnathidae), the tiger tail seahorse (Hippocampus comes), an endogenous
viral element (EVE) with 70% NS1 amino acid sequence identity to Syngnathid ichthamaparvovirus 1
was found [33].

5.2. Tilapia Parvovirus (TiPV)

Tilapia parvovirus (TiPV) is an emerging pathogen in tilapia aquaculture, having been detected
in China, Thailand and India. TiPV was first identified using next-generation sequencing (NGS) on
fecal samples from crocodiles in China fed with tilapia [18]. Further investigation using a novel semi-
nest PCR assay with primers targeting the viral NS1 gene detected the virus in tilapia intestine
samples [18]. TiPV was subsequently associated with mass morbidity and 60-70% mortality in
China’s farmed adult Nile tilapia (500-600 g) [15]. Clinical signs in affected fish included lethargy,
anorexia, change in swim behavior, multifocal hemorrhage, and ocular lesions [15]. Microscopic
lesions included splenic necrosis, encephalitis, nephritis, hepatitis, and gill branchitis [15] (Figure 5).
Virions consistent with the parvovirus morphology were seen by electron microscopy in the
cytoplasm and nucleus of cells of the heart, spleen, kidneys, brain, gills, and intestine [15]. The kidney
and spleen were positive for ISH, PCR, and IFA [15]. The TiPV was isolated and propagated in tilapia
brain cells (TiB) and induced a typical cytopathic effect (CPE) after three days post-infection (dpi)
(Figure 6). This virus was used to infect adult tilapia experimentally, and clinical disease symptoms
similar to those observed naturally were replicated [15]. In a more recent case of TiPV infection in
adult Nile tilapia in Thailand, Dong et al. [109] reported Cowdry type A inclusion bodies in acinar
cells of the pancreas as a diagnostic histopathological feature (i.e., pathognomonic of TiPV infection),
which is also diagnostic of other parvoviral infections in shrimp and terrestrial species [109].
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Figure 5. Outbreaks, clinical symptoms, and pathological analysis. (A) Healthy tilapia; (B) Tilapia
disease outbreak in cage-cultured results in massive mortality (August 2015; Jinmen, Hubei province,
China); (C, D) Gross pathological signs of infected tilapia, including hemorrhages on the lower jaw,
anterior abdominal, and the fin bases, accompanying with exophthalmos eyes and pronounced ocular
lesions. (E) Healthy spleen; (F) Moderated diseased spleen infected at 3rd days after post TiPV-
infection; (G, H) Severe diseased spleen infected at 5th days after post TiPV-infection. Lymphocytes
(white arrow) and macrophages (white triangular arrowheads) in diseased spleen sinusoids, necrotic
splenocytes (red arrow), virus inclusion body (black arrow), and melanomacrophage centers
(asterisk) in affected spleen; (I) Healthy brain; (J) Moderated diseased brain infected at 3rd days after
post TiPV infection, vacuolated neurons with marginated nuclear (red arrow); (K, L) Severe diseased
brain infected at 5th days after post TiPV infection, vacuolated neurons with marginated nuclear (red
arrow), lymphocytes (white arrow) in the blood vessel, edema of cerebral cortex (black arrow). HE
staining. Bar = 20um (A, B, E, F), 50um (D), 5 um(C). (Reproduced under Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0/) from [15], Figure 1).
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Figure 6. Morphology of the Tilapia brain cells (TiB) and cytopathic effect (CPE) induction on TiB
induced by TiPV and transmission electron micrographs of the TiPV-infected TiB cells. (A) The TiB
cells at passage 1, 10 days; (B) The TiB cells at passage 2, 3 days; (C) TiB cells infected with TiPV at
passage 3 at 5 days post infection; (D) TiB cells infected with TiPV at passage 6 at 3 days post infection
(Bar = 100 pum). (E) Virus particles existed in the cytoplasm and nuclei (white arrow), Nu: nucleus.
(Bar, 1 um); (F) High magnification of the region in the white rectangular box indicated in Panel A,
virus particles aggregated in the cytoplasm (Bar, 200 nm); (G) The virus releasing at the plasma
membrane of the TiB cell. (Bar, 200 nm); (H) Purified TiPV particles negatively stained with 2%
phosphotungstic acid (Bar, 200nm). (Reproduced under Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/) from [15], Figure 2).

Recently, TiPV has been reported in mixed infections with Tilapia lake virus (TiLV), family
Ammnoonviridae, and polymicrobial infections in farmed juvenile red hybrid tilapia in Thailand [16,17],
and in farmed Nile tilapia (Oreochromis niloticus) in India [110]. Dong et al. [109] reported TiPV in
mixed infection with Streptococcus agalactiae in adult Nile tilapia in Thailand. In the disease outbreak
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investigated by Piewbang et al. [17], the mortality rate among farms reached 50-75%, with the most
affected fish weighing 10-30 g, with lesser affected fish weighing 300-800 g. In the disease
investigation reported by Yamkasem et al. [16], it was noted that differential diagnosis of TiPV and
TiLV was difficult because there were no pathognomonic clinical signs, and no fish was found to be
infected with TiPV alone. Moreover, the Thailand TiPV isolate (strain KU01-TH/2020" (MW685502))
had a sequence identity of 98.74% to the virus first isolated in China (MT393593) [16]. In the report
by Rajendran et al. [110], in one geographical region in India TiPV was detected along with TiLV
and/or Aeromonas spp whereas in another region, fish were apparently healthy and only TiPV could
be detected in the fish samples.

Liu et al. [15] reported primers for molecular detection of TiPV by PCR targeting the NS1 gene
regions: conventional PCR (TiPV-F 5-GAGATGGTGTGAAAATGAACGGG-3; TiPV-R 5'-
CTATCTCCTCGTTGCTCGGTGTATC-3', amplicon size 534 bp) and SYBR Green qPCR (TiPV-Fq 5'-
GCACCACAGCTGAGTACAAC-3; TiPV-Rq 5-AACTGCTCGGCTATCTCCTC-3', amplicon size
134 bp). Analysis of TiPV distribution and viral loading in nine different tissues of naturally infected
tilapia using qPCR showed the highest genome copies in kidney (3.5x10732021/mg) and spleen
(4.2x10712035/mg) followed by intestine (4.3x10637:036/mg), heart (5.1x10625027/mg), and brain (1.8x10
609:024/mg), with the lowest genome copies in gill (1.8x10432017/mg), liver (3.5x10*15026/mg) and eye
(2.8x10378:032/mg) [15]. In addition, PCR revealed the prevalence of TiPV infection in six cities across
three different provinces in China to range from 22.6% to 64.6% [15]. The spleen appears to be the
best tissue for detecting TiPV by RT-PCR in apparently healthy tilapia [110].

The high pathogenicity of TiPV (highly fatal to adult tilapia [15]) dictates its host range be
determined and adequate control measures developed against TiPV disease in tilapia aquaculture.

6. Unassigned

6.1. Novel Salmon Parvovirus from Sockeye Salmon

A full genome sequence of a novel salmon parvovirus—the first parvovirus to be identified in a
fish species was obtained from sockeye salmon smolts from British Columbia-Canada. However, it
is not known yet if it is associated with disease [37]. The novel salmon parvovirus was detected using
NGS for virus discovery. It was found in a high load in sockeye salmon smolts migrating to the ocean,
with load and prevalence generally declining from summer to fall. Prevalence varied greatly among
stocks and years [37]. The full genome sequence of this novel salmon parvovirus is not publicly
available, and its taxonomic location in the Parvoviridae family remains unassigned.

6.2. Novel Zander Parvovirus

Novel zander parvovirus (zander/M5/2015/HUN, OK236393) from zander or pikeperch (Sander
lucioperca), a freshwater fish in Hungary, potentially represents a new genus and a new species in the
subfamily Parvovirinae [5] (Figure 7). The novel zander parvovirus was detected by viral
metagenomics and PCR methods in 3 out of 7 (42.8%) fecal samples collected from fish showing no
clinical signs [5]. While the novel zander parvovirus may be the first member in the subfamily
Parvovirinae to infect an aquatic animal host, its origin, whether from fish tissues or the fish diet, was
not established [5]. Furthermore, one of the positive zander fecal samples also contained a potentially
novel fish-origin picornavirus, family Picornaviridae [111], as a co-infection [5].
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Figure 7. Phylogenetic analysis of zander/M5/2015/HUN (OK236393, bold letters) and representatives
of 10 genera in the subfamily Parvovirinae based on the ~460-aa-long tripartite helicase domain of NSI.
The dendrogram was constructed based on an amino acid sequence alignment of tripartite helicase
domains by Bayesian Evolutionary Analysis Utility version v1.10.4 (BEAST) [112] using the LG+[+G+F
substitution model, a lognormal relaxed clock, and Youle process, throughout 10,000,000 generations.
The tree is drawn to scale with branch lengths measured in the average number of substitutions per
time unit. PV = parvovirus. (Reproduced under Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/) from [5], Figure 2).
A sequence-specific screening primer pair (ZanderParvoscreen-F, 5'-
GGCTAATCATCAAACAGGAAAGA-3; ZanderParvo-screen-R, 5'-AGCTCC

CACCACTTAATATCTT-3') targeting the NS1 region of the viral genome identifies a 492 bp product
[5].

6.3. Spawner-Isolated Mortality Virus (SMV)

Spawner-isolated mortality virus (SMV) belongs to the family Parvoviridae although its genome
organization and relationship to other shrimp parvoviruses are unknown [113]. SMV causes
mortalities in broodstock of Penaeus monodon with mid-crop mortality syndrome on grow-out farms
in northern Australia [39,113,114] and redclaw crayfish Cherax quadricarinatus in northern Australia
[115]. However, it is not known whether the virus is transferred from shrimp to crayfish or vice versa
[115].

In laboratory challenge experiments, SMV was lethal to P. monodon, P. esculentus, P. japonicus, P.
merguiensis, and Metapenaeus ensis, with mortality reaching 100% SMYV [114]. In situ hybridization
with an SMV-specific DNA probe detected the virus in endodermal tissues, including the distal ends
of hepatopancreatic tubules, midgut and hindgut caecae, midgut, hindgut folds, and in the male
reproductive tract, specifically in the terminal ampoule and the medial vas deferens as well as in the
ovary and both the stromal matrix and spheroid cells of the lymphoid organ [114]. Owens et al. [39]
investigated the association between the SMV status of P. monodon and P. merguiensis broodstock and
the subsequent survival of their progeny. The prevalence in P. monodon spawners was 24% compared
to 4% in P. merguiensis spawners, with 6.71% loss in ponds with postlarvae from SMV-positive
spawners, supporting the hypothesis that SMV is vertically transmitted from spawners to postlarvae
in hatcheries and causes reduced survival of progeny [39].

6.4. Crangon crangon Parvo-Like Virus (CcPaLV)
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Crangon crangon parvo-like virus (CcPalLV) was discovered in a virome study of the European
brown shrimp (Crangon crangon) using NGS [38]. That study described near-complete genomes of 16
novel viruses, most of which were distantly related to unclassified viruses or viruses belonging to the
Picornavirales, Bunyavirales, Nudiviridae, Parvoviridae, Flaviviridae, Hepeviridae, Tombusviridae,
Narnaviridae, Nodaviridae, and Sobemovirus. In addition, the study observed a difference in virome
composition between muscle and hepatopancreatic tissue, suggesting a distinct tissue tropism of
several of these viruses [38].

CcPaLV is highly divergent from known members of the subfamily Parvovirinae; it clusters
between the subfamilies Parvovirinae and Densovirinae, although it is slightly more related to the
subfamily Parvovirinae [38]. It remains to be seen whether this novel virus represents a novel
subfamily in the family Parvoviridae or a very distinct genus in the subfamily Parvovirinae [38].

7. Concluding Remarks

From this review, it should be evident that the pathogenesis of aquatic animal (finfish,
crustaceans, and mollusks) parvovirus diseases is comparable to that of terrestrial animal parvovirus
diseases. These viruses cause diseases which range from sub-clinical to lethal such as mass morbidity
and mortality in naive animal populations, particularly in young (juvenile) animals. Virus replication
takes place in the nucleus and requires host cell functions of late S phase or early G2 phase of the cell
division cycle, a requirement for cycling cells that is the basis for many aspects of the pathogenesis of
parvovirus infections. Because of their small genome, parvoviruses target tissues with a high cell
turnover (i.e., autonomous parvoviruses) or require co-infection with helper viruses (i.e., defective
parvoviruses). Moreover, the differences in the immune system of aquatic animals compared to
terrestrial animals dictate that vaccination is not as effective in controlling aquatic animal
parvoviruses as it is for terrestrial animal parvoviruses; in fact, it is not an option in crustaceans and
mollusks.
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