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ARTICLE INFO ABSTRACT
Keywords: Expanding international pet trade has emerged as one of the main introduction pathways of aquatic invasive
Virome species, with ornamental crayfish species commonly available on the EU and global markets. Besides most

novel RNA viruses
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frequently studied crayfish pathogens, such as Aphanomyces astaci and white spot syndrome virus (WSSV),
ornamental crayfish carry associated microbial communities, which may potentially lead to the emergence of
known or even novel diseases following intentional or unintentional release of animals into the wild. This is
especially problematic in the case of viruses, which represent an important, yet considerably understudied, group
of crayfish pathogens. Here we analyzed viromes of hepatopancreas tissue of four crayfish species acquired in the
international pet trade in Europe (Procambarus clarkii, Procambarus alleni, Cherax holthuisi, and Cherax quad-
ricarinatus) using a high throughput sequencing based metagenomic approach. Seven different known viruses
were identified, which were previously either directly associated with crayfish (WSSV, Cherax quadricarinatus
reovirus, chequa iflavirus, athtab bunya-like virus) or with hosts from subphylum Crustacea or invertebrates
associated with freshwater environment (Shahe ispoda virus 5, Dicistroviridae sp.). Additional sequences repre-
sented 8 potential novel and divergent RNA viruses, most similar to sequences belonging to members of Picor-
navirales, Elliovirales, Reovirales, Hepelivirales, Tolivirales and Ghabrivirales orders. We discuss our findings in
relation to their phylogenetic relationships, geographical origins, and putative pathogenicity implications. The
results highlight the need for further research into the risks related to disease emergence associated with the pet

trade.
1. Introduction ecosystem services worldwide (Pysek et al., 2020; Diagne et al., 2021;
Cuthbert et al., 2024). These impacts are especially evident in fresh-
The introduction and establishment of invasive species is one of the water ecosystems, which have often been extensively invaded (Keller
main components of global environmental change. They represent a et al., 2011). These ecosystems exhibit a high degree of endemism but
growing threat to human well-being, the global economy and contribute also extinction rates (Dudgeon et al., 2006; Reid et al., 2019). Expanding
to biodiversity loss, ecosystem degradation, and impairment of international pet trade has emerged as one of the main introduction
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pathways of aquatic invasive species due to its long history and subop-
timal efficiency of focused regulatory frameworks (Hulme et al., 2008;
Patoka et al., 2018; Novak et al., 2020; Blaha et al., 2022). Recent
studies have demonstrated that pet trade not only facilitates the po-
tential for invasions (since pets may be either intentionally or uninten-
tionally released into the wild), but also selectively favors invasive
species (Chucholl et al., 2016; Gippet and Bertelsmeier, 2021). Orna-
mental species also carry associated microbial communities (Mrugata
et al., 2015; Patoka et al., 2016; Lozek et al., 2021; Patoka and Patokova
2021) and can act as vectors for pathogens, which may be released with
their hosts and cause the emergence of novel and known diseases in the
wild (e.g., Kolby and Daszak,2016; Chinchio et al., 2020; Guilder et al.,
2022; Prati et al. 2024). Therefore, pet trade is also an important
pathway for the introduction of novel pathogens.

Freshwater crayfish (Decapoda: Astacidea) are an example of aquatic
animals that are increasingly endangered (Bland 2017; Dewhurst-
Richman et al., 2015). They are progressively declining in their native
ranges due to the introduction and spread of invasive congeners, which
originate partly from the pet trade (Yonvitner et al., 2020; Blaha et al.,
2022). Crayfish from families Cambaridae (of North American origin)
and Parastacidae (of Australian and New Guinean origin) are commonly
available on the EU and global markets (Patoka et al., 2014; Yuliana
et al., 2021; Liptak et al., 2023a; Olden and Carvalho 2024), with up to
60 crayfish species advertised as ornamentals and with formally unde-
scribed taxa traded (Chucholl and Wendler 2017; Patoka et al., 2023;
Patoka et al., 2025). Since its start in the mid-1990 s, ornamental
crayfish trade and its popularity has been steadily increasing across
continents (Chucholl, 2013; Faulkes, 2015; Blaha et al., 2022), leading
to substantial rise of ornamental crayfish records in the wild (Panteleit
et al., 2017; Weiperth et al., 2017; Weiperth et al., 2020; Patoka et al.,
2025). A recent study by Blaha et al., (2022) recorded more than six
different non-native crayfish species of ornamental origin established in
a thermal spring in Hungary. Several recent studies have also clearly
demonstrated that populations of such species are often carriers of
Aphanomyces astaci, a pathogen causing crayfish plague responsible for
the decimation of native crayfish populations across the Palaearctic
(Mrugata et al., 2015; Mojzisova et al., 2024). An additional prominent
crayfish pathogen, the white spot syndrome virus (WSSV) was also
recorded in ornamental crayfish, but at a much lower incidence and in
fewer species (Mrugala et al., 2015).

Besides known and most frequently studied crayfish pathogens, such
as A. astaci and WSSV, ornamental crayfish may carry several novel
pathogens, which may potentially lead to the emergence of novel dis-
eases in both native and already established invasive crayfish (e.g.,
Wang et al., 2005; Edsman et al., 2015; Grandjean et al., 2019). This is
especially problematic in the case of viruses, which represent an
important group of crayfish microbial pathogens. Recent review of over
100 publications on potentially pathogenic viruses, bacteria, fungi and
fungal-like microorganisms demonstrated that viruses are the least
studied group of pathogens infecting crayfish, but also the group with
the highest percentage of successfully determined pathogenicity status
in aquaculture (Dragicevi¢c et al., 2021). Recent high throughput
sequencing (HTS) based research on viromes of 13 economically
important crustaceans revealed remarkable viral diversity, identifying
90 RNA viruses, 77 % of which were highly divergent from known vi-
ruses (Dong et al., 2024). Recent virome analysis of the red swamp
crayfish (Procambarus clarkii), implementing the enrichment of viral
particles before HTS, resulted in detection of 1729 viral operational
taxonomic units, of which 92.71 % were reported for the first time (Guo
et al., 2025). High virome diversity, comprising mostly novel viral se-
quences detected by HTS, was also observed in populations of fresh-
water crayfish in the wild, in both invasive signal crayfish (Pacifastacus
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leniusculus; Bacnik et al., 2021) and the native European noble crayfish
(Astacus astacus; Zingre et al., 2023). For the vast majority of the
detected viral sequences, the host range and impact on their hosts are
unknown. Although viral infections do not necessarily cause mortality,
they may exert damage to the host at some level of its biological orga-
nization (i.e., in an individual, organs, tissues, cells), which may induce
adverse effects on host fitness (Casadevall and Pirofski, 2003). This
means that ornamental crayfish that are released or escape into the wild
can potentially spill-over known and unknown viruses and contribute to
the emergence of novel diseases in wildlife (Prenter et al., 2004). To
analyze the threat that ornamental crayfish may present in terms of
introduction of known and unknown viruses, we analysed viromes of
four ornamental crayfish species commonly available in the interna-
tional pet trade using HTS-based metagenomic approach.

2. Materials and Methods
2.1. Animal collection and sampling

A total of 33 individuals of four commonly available ornamental
crayfish species (Table 1) were obtained (Patoka et al., 2015; Yonvitner
et al., 2020) from a Czech wholesaler importing aquatic organisms in
October 2022 and in February 2023. The shipment with crayfish was
obtained before entering the importer’s culturing facility to prevent
contamination with other locally present viruses. All purchased in-
dividuals were immediately transported on ice, in the original PS
thermo-box to the laboratory of the Faculty of Fisheries and Protection
of Waters, University of South Bohemia in Ceské Budéjovice, Czech
Republic. Crayfish were packed in individual plastic bags with some
water and a piece of foam. As model species, we selected Everglades
crayfish (Procambarus alleni; also called Florida crayfish), apricot cray-
fish (Cherax holthuisi), and redclaw crayfish (Cherax quadricarinatus).

In the lab, each crayfish individual was identified to the species level.
In the collection of declared P. alleni individuals, seven individuals of red
swamp crayfish (Procambarus clarkii) were also identified, which is an
invasive species of EU concern according to the Invasive Alien Species
Regulation (Regulation (EU), 2014, 2016) and therefore subject to re-
strictions in keeping, breeding and selling. Following species identifi-
cation, we determined sex of each individual and performed dissection
to obtain hepatopancreas tissue samples. Inmediately before dissection,
a rapid cut between the cephalothorax and abdomen was conducted,
followed by swift cephalothorax shell removal. This resulted in rapid
damage to the nerve cord. Albeit no institutional, national, or EU ethical
guidelines exist for crayfish, the described procedure is in line with
available guidelines for the humane killing of crayfish (Conte et al.,
2021). Extracted hepatopancreas were isolated from each individual
and washed with sterile distilled water. Then, left and right half-organs
(Vogt 2019) were divided using sterile scalpel. Approximately 30 mg of
the lowest part of the left half-organ was cut and dry-freezed for RNA
extraction and sequencing (described below). All samples were stored at
—80 °C until further analyses. All dissection equipment (scissors,
tweezers, scalpels) and tables were sterilized between the dissection of
each crayfish individual with 1 % sodium hypochlorite. Dissection
equipment was additionally alcohol-flame sterilized.

2.2. RNA extraction and sequencing

Total RNA was extracted from the hepatopancreas of all collected
crayfish using the NucleoSpin RNA kit (Macherey-Nagel, Germany),
which includes DNase digestion. Before the extraction, approximately
30 mg of hepatopancreas was collected in a sterile 2 mL tube together
with 2 mm solid glass beads (1040140500, Supelco, Merck), submerged
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Table 1
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Characteristics of purchased individuals used in the study. Information on species identity, number of individuals per sex, country of import, origin and population

source (from wild populations or reared in aquaculture) is provided.

Species No. of males/females Country of import Native Range From: Wild/ Aquaculture
Cherax holthuisi 8/2 Indonesian New Guinea Indonesian New Guinea — Aitinjo Lake wild

Cherax quadricarinatus 5/5 Indonesia (Java) Australia/ New Guinea Aquaculture

Procambarus alleni 4/2 Thailand North America Aquaculture

Procambarus clarkii* 5/2 Thailand North America Aquaculture

" imported as P. alleni.

in liquid nitrogen, and homogenized for 1 min at 30 Hz using a Tehtnica
Millmix 20 (Domel, Slovenia). Following extraction, RNA concentration
in each sample was measured using Qubit 2.0 Fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA). Then RNA samples were pooled
by species, ensuring equal mass of RNA from each crayfish individual in
the pooled sample. Isolation controls (30 uL nuclease-free water) were
added to each of the performed extractions as one of the samples.
Additionally, one pooled control sample was constructed by mixing
equal amounts of isolation controls and spiked with synthetic luciferase
RNA to ensure quality control, normalization, and standardization of
sequencing data. Not to transport the animals or animal tissues, species
identification, dissection and total RNA extraction were performed at
the Faculty of Agriculture and Technology, University of South Bohemia
in Ceské Budéjovice, Czech Republic. Four samples with approximately
1 pg of pooled total RNA and above described control were sent to
Macrogen Europe for total RNA Sequencing; rRNA depletion was per-
formed with Ribo-Zero (Human/Mouse/Rat) Gold Kit (Illumina, San
Diego, CA, USA) followed by library preparation using TrueSeq Stranded
Total RNA Sample Prep Kit (Gold) with pair-end (2 x 150 nts)
sequencing on a NovaSeq6000 (DS-150) (Illumina).

2.3. Bioinformatic analysis

Sequencing datasets were examined, filtered, and analyzed accord-
ing to procedures described previously (Bacnik et al., 2021). Briefly,
sequencing datasets were first imported to CLC Genomics Workbench
(version 23.0.3, Qiagen Bioinformatics, USA). Adapters of imported
reads were trimmed and filtered using a quality filter (Limit = 0.05, no
ambiguous nucleotides allowed) and size cutoff (reads shorter than 25
bp were discarded). Processed reads were exported from CLC Genomics
Workbench and utilized for de novo assembly of longer contigs using
SPAdes (version 3.15.5) with flag “~rnaviral” (Prjibelski et al., 2020). De
novo assembled contigs were queried for similarity on protein level
using Diamond BLASTx (Buchfink et al., 2015) with default setting pa-
rameters against NCBI nr database (2022). Taxonomic classification was
performed using MEGANG6 (version 6.19.2) (Huson et al., 2016). To
visualize the initial MEGAN classification of viral contigs across
different taxa a chord diagram was constructed in R (version 4.4.0) (R
Core Team, 2024) using circlize package (Gu et al., 2014).

The contigs of all four samples that classified as viral in the Diamond-
MEGAN analysis were imported into CLC Genomics Workbench for
additional examination and assembly steps utilizing “de novo assembly”
and verified using “map reads to reference” tools for extending shorter
contigs and obtaining the average read coverage values. Assembly of
contigs with BLASTx results is described in detail in Supplementary
Information (Supplementary TAble S1). Virus-like contigs that were
longer than 3500 nts were further subjected to phylogenetic analysis. In
the case of virus-like contigs belonging to white spot syndrome virus,
contigs longer than 1000 nts were subjected to further analysis.

Potential open reading frames were predicted using SnapGene software
(SnapGene Viewer 7.2.1) and manually selected based on genome or-
ganization of closely related viruses. Protein domain search was per-
formed with InterproScan (Jones et al., 2014; accessed August 2024). To
obtain pairwise similarities, virus-like sequences with the same best
BLASTn match with high identity score (>90 %) were subjected to
pairwise alignment using Needle (EMBL-EBI, accessed April 2024;
Madeira et al., 2022). All sequencing datasets supporting the results of
this study were deposited under PRJINA1142220 accession number in
the NCBI BioProject database. The sequences of selected viral contigs
identified in this study were deposited in the GenBank under the
accession numbers listed in Tables 3 and 4.

2.4. Phylogenetic analyses

We extracted RNA dependent RNA Polymerase (RdARp) amino acid
sequences from selected virus-like contigs and performed BLASTp
search (NCBI-nr, February 2024). Most similar homologous sequences
were retrieved and used for phylogenetic analyses. In addition, RARp
sequences of recognized viral species as well as such from previous
studies (Chen et al., 2022; Shi et al., 2016) or from the RNA Viruses in
Metatranscriptomes database (RVMT) (https://riboviria.org;accessed
April 2024; Neri et al., 2022), belonging to taxa corresponding to
discovered viruses (from Orthornavirae kingdom; Elliovirales, Hepelivir-
ales, and Ghabrivirales orders; and Spinareoviridae, Tombusviridae, Ifla-
viridae, and Dicistroviridae families) were included in the respective
phylogenetic analyses. Protein sequences were aligned using MAFFT
software (v7.511) (Katoh & Standley 2013). Sequences included in the
alignments are accessible in the Supplementary File Alignments SX1-
SXn. Methods used for obtaining alignments of individual groups are
described in detail in Supplementary Table S1. Where indicated (Sup-
plementary TAble S1 phylogenetic_analysis), aligned sequences were
trimmed manually using MEGA11 (11.0.13) (Tamura et al., 2021) and
with TrimAl (v1.4.revl5) (Capella-Gutiérrez et al., 2009) using flag
“-automatedl”. Obtained alignments were utilized for inferring
Maximum likelihood trees using IQ-TREE (1.6.12) (Nguyen et al., 2015)
employing the model selected by ModelFinder (Kalyaanamoorthy et al.,
2017) and using ultrafast bootstrap method (Hoang et al., 2018) with
1000 bootstrap replicates to assess statistical support. Models used for
inference of individual trees are described in detail in Supplementary
TAble S1 phylogenetic_analysis.

In addition, as a preliminary analysis, virus-like contigs identified as
picorna-like virus sequences (Virus-like contig 1, Virus-like contig 255,
Virus-like contig 256 and Virus-like contig 257) were subjected to a
preliminary phylogenetic analysis, where all GenBank sequences
belonging to the order Picornavirales according to RVMT database
(accessed April 2024) (Neri et al., 2022) were extracted and analyzed
according to procedure described in the previous paragraph to obtain
global positioning of virus-like sequences within Picornavirales order. In
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the next step, only selected sequences belonging to the viral clusters in
which our contigs were placed in the global phylogenetic tree were
utilized to construct separate phylogenetic trees. All phylogenetic trees
were visualized using iTOL (Letunic & Bork, 2021) and refined in Ink-
scape (Inkscape project 2023).

2.5. PCR detection of selected viruses in individual samples

Five known viruses detected in crayfish samples (white spot syn-
drome virus, Shahe isopoda virus 5, chequa iflavirus, athab bunya-like
virus and Cherax quadricarinatus reovirus), with previously recorded
associations with invertebrate hosts, were selected for RT-PCR confir-
mation in the individual crayfish samples. We constructed primer pairs
that amplify the fragments of white spot syndrome virus and Shahe
isopoda virus 5 (Supplementary Table Slpcr_primers) using NCBI
Primer designing tool Primer-BLAST (https://www.ncbi.nlm.nih.gov/
tools/primer-blast/). For the detection of remaining viruses, primer
pairs available from literature were utilized (Sakuna et al., 2017; Hay-
akijkosol et al., 2021; Nambiar et al., 2023; Supplementary TAble S1).
cDNA was synthesized with the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosciences, Park Ave, NY, USA) following the
manufacturer’s recommendations and a prior denaturation of RNA for 5
min at 65 °C. Subsequently, 2 ul of cDNA were used as template for PCR
with PPP Master Mix (Top-Bio, Czech Republic), with 1 pul of each 10 mM
primer and PCR grade water up to a final volume of 25 ul. Cycling
conditions were set according to the manufacturer’s instructions and the
corresponding annealing temperature for each primer pair (see
Table S1). PCR products were stained with GelRed Nucleic Acid Gel
Stain (Biotium, Inc.) and visualized with ultraviolet transillumination in
1-1.2 % agarose gels.

3. Results and discussion

3.1. The overview of known and novel viruses discovered in analyzed
crayfish species

Sequencing of rRNA depleted total RNA yielded a high number of
raw reads per sample, ranging from 3.64 to 3.68 x 108 (Table 2). As-
sembly of reads from pooled samples of Procambarus clarkii, Procambarus
alleni, Cherax holhuisi and Cherax quadricarinatus resulted in 1,852,429
contigs in total. After diamond BLASTx search, a total of 325 contigs
were classified as virus-like sequences. General sequencing and assem-
bly information is provided in Table 2 and virus-like contigs are
described in detail in Supplementary Table S1, together with results of
BLASTx similarity searches.

Our analysis revealed a high diversity of known and novel viruses in
crayfish species present in pet-trade, with most viral-like sequences
classifying as sequences belonging to Riboviria realm, representing
different RNA viruses. In the case of one species (P. clarkii), we also
identified sequences of a dsSDNA white spot syndrome virus (WSSV), one
of the most studied crayfish pathogens, belonging to Nimaviridae family
from Varidnaviridae realm. A few short viral-like contigs (<400 nts)

Table 2
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similar to parvoviruses from Monodnaviridae realm were also detected
but were not further analyzed. An overview of discovered viral-like se-
quences and their taxonomic classification is presented in Fig. 1.

For more detailed analysis we have chosen 27 long viral-like contigs
for which association with crayfish was most likely, as described in the
Materials and Methods section. A total of 18 viral-like contigs were
highly similar (>88 % amino acid identities, obtained with BLASTX) to 7
different known viruses (Table 3), which were previously either directly
associated with crayfish (WSSV, Cherax quadricarinatus reovirus, che-
qua iflavirus, athtab bunya-like virus; Sakuna et al., 2018; Liu et al.,
2021; Edgerton et al., 2000) or with hosts from phylum Arthropoda
(Shahe ispoda virus 5; Shi et al., 2016) or at least invertebrates associ-
ated with freshwater environment (Dicistroviridae sp.; Lu et al., 2022).

Additional 9 virus-like contigs belonged to 8 potential novel viruses
with BLASTx identity scores to the closest match ranging from 25 % to
62.56 % (Fig. 2, Table 4). These viral-like contigs, representing novel
and divergent RNA viral sequences, were most similar to sequences
belonging to members of Picornavirales, Elliovirales, Reovirales, Hepeli-
virales, Tolivirales and Ghabrivirales orders from Orthornavirae kingdom.
Similarly as in the case of known viruses, the closest BLASTx matches for
the analyzed novel virus-like sequences were associated with inverte-
brate hosts, with the majority associated with hosts from subphylum
Crustacea. Most novel virus-like sequences had the highest identities to
unclassified RNA viruses characterized in an extensive metagenomic
study of invertebrate viromes (Shi et al., 2016). Detection of several
novel RNA viral sequences in this study is in line with the previous
studies focused on invertebrate and environmental viromes (Shi et al.,
2016; Wolf et al., 2020; Chang et al.2021), including those analyzing
crustacean and crayfish viromes (Bacnik et al., 2021; Zingre et al., 2023;
Dong et al., 2024, Guo et al., 2025).

Multiple known viruses were detected in most of the analyzed spe-
cies (P. clarkii, P. alleni, C. quadricarinatus), and only one known virus
was detected in C. holthuisi (Table 3). This species is an endemic crayfish
from the Aitinjo Lake in Southwest Papua Province, Indonesian New
Guinea and was formally described relatively recently (Lukhaup and
Pekny 2006). C. holthuisi had the most distinct virome composition with
the highest count of previously unknown viruses (Table 4), possibly
indicating its isolated distribution range. The vast majority (7) of novel
viruses were recorded in Cherax species, while only one novel virus was
recorded in Procambarus species (Table 3, Fig. 1).

3.2. Viruses detected in multiple crayfish species

Most of the reported viral sequences, including all novel virus se-
quences, were detected in only one of the four crayfish species (Fig. 1)
and not in the other three. The exception to this were sequences
belonging to two known viruses: Shahe isopoda virus 5 was detected in
P. alleni, P. clarkii and C. holthuisi, and a virus from Dicistroviridae family
in P. alleni and P. clarkii. Previous studies have shown that the two
closely related species in our study, P. clarkii and P. alleni, overlap in
native geographic range (Taylor et al., 2007) and are phylogenetically
related (Johnson et al., 2011), which may shape virome composition

General information about reads datasets obtained from pooled hepatopancreas samples of different crayfish species (Pc — Procambarus clarkii, Pa — Procambarus alleni,

Ch - Cherax holhuisi, Cq — Cherax quadricarinatus; SRA — short reads archive).

Sample Raw Reads Reads after Trimming Accession Number (SRA) No. of Assembled Contigs No. of Contigs Classified as Viral (Diamond)
Pc 368,882,472 368,413,742 SRR30063916 258,277 186

Pa 364,074,574 363,710,075 SRR30063915 212,065 56

Ch 366,535,356 365,996,342 SRR30063918 602,723 58

Cq 365,802,584 365,323,362 SRR30063917 779,364 25
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Fig. 1. Overview of viral sequences discovered in pooled hepatopancreas samples of analysed crayfish species. Chord diagram in the center represents a summary of
results obtained with MEGAN-LCA based taxonomic classification based on diamond BLASTx similarity search for the de novo assembled viral-like contigs; ribbons
connect virus-like contigs detected in specific crayfish species (top bands) with their initial taxonomic classification (bottom bands) and are color-coded according to
the legend in the center. The length of the bands corresponds to cumulative contig lengths. For clearer representation, virus-like contigs classified below family level
were grouped by their respective families or, when this was not possible, by higher taxonomic levels. Viral contigs classified as Riboviria, unclassified Riboviria,
unclassified RNA viruses ShiM-2016, or those classified at the phylum level or higher are all grouped under Riboviria (unclassified). Grey boxes connected to the
crayfish species names at the top contain corresponding lists of virus-like contigs (VLC) that were selected for further analysis in this study and include their accession
numbers, contig identificators and, in brackets, virus names or, where this was not possible, the lowest possible taxonomic classifications. Virus-like contigs marked

with asterisk (*) likely represent separate genome segments of the same virus.

and virus transmission in animals (French et al., 2023; Jacquot et al.,
2022). P. clarkii and P. alleni, which showed the highest overlap in
detected known viruses in our study were also acquired from the same
origin (Thailand aquaculture). Thus, both shared evolutionary traits and
environmental factors probably contribute to the observed overlap.

3.2.1. Known virus from Dicistroviridae family

Two virus-like sequences (Virus-like contig 188, 4319 nts and Virus-
like contig 254, 9053 nts) with high similarity to known arthropod
infecting members of Dicistroviridae family were obtained from
sequencing data with Virus-like contig 188 sequence extracted from
P. clarkii samples and Virus-like contig 254 sequence extracted from
P. alleni samples. BLASTn query returned Dicistroviridae sp. sequence
(MW347390.1, 9343 nts) obtained from the water sample from river
ports in China (Lu et al., 2022) as the closest match with 97.65 % and
97.34 % identity, respectively. Pairwise alignment of both sequences
obtained in this study on the overlapping segment revealed 98.7 %
identity between them. Phylogenetic tree illustrating relationship of
these sequences with the most closely related known viral sequences
(Supplementary Fig. S1) shows that most of the viral sequences placed in
the same cluster in this analysis were associated with arthropod source
materials Therefore, further research is needed to evaluate the associa-
tion of this virus with crayfish as a host.

3.2.2. Shahe isopoda virus 5
Virus-like contigs with high similarity to Shahe isopoda virus 5 were

recovered from P. alleni (Virus-like contig 253, 4360 nts) and P. clarkii
(Virus-like contig 187, 4181 nts) hepatopancreas samples, sharing
98.07 % and 97.85 % identity on nucleic acid level (BLASTn) with Shahe
isopoda virus 5 (KX883263, 4371 nts) isolated from channeled apple
snail (Pomacea canaliculata) in China (Shi et al., 2016). Pairwise com-
parison of both sequences obtained in this study revealed 95.3 % iden-
tity on nucleic acid level between them. Phylogenetic analysis placed
both contigs and Shahe isopoda virus 5 sequence in the cluster with
tombus-like viruses associated with sponges and other organisms from
the aquatic environments (Supplementary Fig. S2). A few short contigs
(Virus-like contig 289 and 312) with high similarity to Shahe isopoda
virus 5 were also detected in pooled hepatopancreas sample of
C. holthuisi, however their length was shorter than 1000 nts and were
therefore not included in more detailed analysis. RT-PCR analyses of
individual samples confirmed detection of Shahe isopoda virus 5 in all
six P. alleni, two out of seven P. clarkii and two out of ten C. holthuisi
individuals (Supplementary Table S1). Since the same virus was previ-
ously associated with different source organisms; channeled apple snails
(Pomacea canaliculata) and freshwater arthropods (Shi et al., 2016), and
related viruses are associated with variety of different sources, such as
sponge (Halichondria panicea; Waldron et al., 2020), the association of
this virus with crayfish as a host is uncertain but cannot be ruled out.
Assessing the host association of this virus is additionally challenging,
because its sequences as well as sequences of related viruses were pri-
marily identified through metagenomic studies. Shahe isopoda virus 5 is
related to tombus-like viruses that are known to be extremely stable and



Table 3

Selected virus-like contigs of known viruses identified in this study with their respective lengths (nts), average read coverage and closest match according to BLASTx search (NCBI-nr) (Pc — Procambarus clarkii, Pa —
Procambarus alleni, Ch — Cherax holhuisi, Cq — Cherax quadricarinatus).

Known viruses

Source Contig Name Lowest determined Name Isolate GenBank Contig Average BLASTx Results
(Sample) taxonomic rank Accession No. Length coverage Closest Protein Hit Name and Corresponding  e- Identities*
Viral Name Value

PC Virus-like Whispovirus White spot syndrome PQ206394 5215 2326.44  wsv277 [Shrimp white spot syndrome virus] 0 791/791 (100
contig 189 virus Proclav4 %)

PC Virus-like Whispovirus White spot syndrome PQ206395 1808 94.78 ORF167 [White spot syndrome virus] 0 600/602 (99 %)
contig 190 virus Proclav4

PC Virus-like Whispovirus White spot syndrome PQ206396 1795 81.38 ORF398 [White spot syndrome virus] 0 572 /572 (100
contig 191 virus Proclav4 %)

PC Virus-like Whispovirus White spot syndrome PQ206397 1593 119.15 ORF398 [White spot syndrome virus] 0 530 / 530 (100
contig 192 virus Proclav4 %)

PC Virus-like Whispovirus White spot syndrome PQ206398 1209 112.38 wsv360 [Shrimp white spot syndrome virus] 0 401 / 402 (99 %)
contig 193 virus Proclav4

PC Virus-like Whispovirus White spot syndrome PQ206399 1150 89.48 wsv465 [Shrimp white spot syndrome virus] 0 278 / 278 (100
contig 194 virus Proclav4 %)

PC Virus-like Whispovirus White spot syndrome PQ206400 1097 83.39 DNA polymerase [White spot syndrome 0 364 / 364 (100
contig 195 virus Proclav4 virus] %)

PC Virus-like Whispovirus White spot syndrome PQ206391 1051 69.85 ORF398 [White spot syndrome virus] 0 349 / 349 (100
contig 196 virus Proclav4 %)

PC Virus-like Tombusviridae Shahe isopoda virus 5 PQ206376 4181 310.26 hypothetical protein 2 [Shahe isopoda virus 0 877/937 (93.6
contig 187 Proclav2 5] %)

PC Virus-like Dicistroviridae Dicistroviridae sp. PQ206377 4319 106.96 polymerase polyprotein [Dicistroviridae sp.] 0 1191 /1229
contig 188 Proclav3 (96.91 %)

PA Virus-like Dicistroviridae Dicistroviridae sp. PQ206379 9053 338.60 polymerase polyprotein [Dicistroviridae sp.] 0 1702 / 1747
contig 254 Proallv2 (97.42 %)

PA Virus-like Tombusviridae Shahe isopoda virus 5 PQ206378 4360 1962.97  hypothetical protein 2 [Shahe isopoda virus 0 876/937 (93.49
contig 253 Proallvl 5] %)

CH Virus-like Picornavirales Picornavirales sp. Chehouv2  PQ206381 6700 183.68 hypothetical protein [Hubei tetragnatha 0 1955/2221 (88
contig 256 maxillosa virus 1] %)

CQ Virus-like Iflaviridae Chequa iflavirus PQ206387 9129 5469.24  polyprotein [Chequa iflavirus] 0 2953/2981
contig 315 Chequav3 (99.06 %)

CQ Virus-like Iflaviridae Chequa iflavirus PQ206386 9324 1419.67  polyprotein [Chequa iflavirus] 0 2755/2985
contig 314 Chequav2 (92.29 %)

CcQ Virus-like Elliovirales Athtab bunya-like virus PQ206388 6809 704.13 RNA-dependent RNA polymerase [Athtab 0 2210/2218
contig 316 Chequav4 bunya-like virus] (99.64 %)

CQ Virus-like Elliovirales Athtab bunya-like virus PQ206389 3582 1321.81 glycoprotein N [Athtab bunya-like virus] 0 792/802 (98.75
contig 321 Chequav4 %)

CQ Virus-like Spinareoviridae Cherax quadricarinatus PQ206392 4174 1843.02 RNA-dependent RNA polymerase [Cherax 0 483/484 (99.79
contig 318 reovirus Chequav6 quadricarinatus reovirus] %)

" number of matching amino acids / number of total amino acids of the closest protein hit (percentage of amino acid identity).
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PQ206375 Virus-like contig 1 (Picornavirales sp.)

PQ206384 Virus-like contig 259 (Iflaviridae sp.)

PQ206383 Virus-like contig 258 (Orthornavirae sp.)

PQ206380 Virus-like contig 255 (Polycipiviridae sp.)

PQ206382 Virus-like contig 257 (Picornavirales sp.)

PQ206385 Virus-like contig 313 (Hepelivirales sp.)

PQ206390 Virus-like contig 317 (Elliovirales sp.)™

PQ206391 Virus-like contig 320 (Elliovirales sp.)*

PQ206393 Virus-like contig 338 (Ghabrivirales sp.)
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Fig. 2. Genome organization of potential novel virus-like sequences recovered in this study. Grey bars represent putative coding sequences, whereas symbols
represent domains associated with viral replication and capsid structure. Virus-like contigs marked with asterisk (*) likely represent separate genome segments of the

same virus.

thus ubiquitous in environmental samples, such as water (Koch et al.,
2020). Its detection in crayfish and/or in other species could thus be a
consequence of their release from original host and long-term persis-
tence in water.

3.3. Viruses detected in Procambarus clarkii

Samples of P. clarkii were imported from aquaculture in Thailand and
sold under different name (P. alleni). According to EU regulation on
invasive alien species (Regulation (EU) No 2014; 2016), P. clarkii is on
the list of species of Union concern and its keeping, trade and import is
prohibited. It was recently reported that despite this ban, the species
remains present in hobby aquaria (Patoka et al., 2018; Blaha et al.,
2022) and its new populations continuously appear in the wild (Liptak
et al., 2024; Karaouzas et al., 2024). Recent global study of crayfish
online trade also identified that P. clarkii continues to be routinely
present in the European marketplaces, and the reliance on self-reported
taxonomy by marketplaces is a key challenge that obscures species
identification and hinders regulation enforcement for prohibited species
(Olden and Carvalho 2024). Mislabeling of taxa and especially of
P. clarkii in pet trade in EU was also highlighted in a recent study by
Oficialdegui et al., (2025), which calls out for expert involvement and
application of molecular identification in the pet trade at border controls
and post-border controls. Here we also observed an example of this
taxonomical misidentification in pet-trade, additionally emphasizing
the need to strengthen education, stakeholder capacity in species iden-
tification, and regulatory efforts in this sector (Liptak et al., 2023b) as
well as involvement of research institutions (Oficialdegui et al., 2025).
The virome of P. clarkii was recently characterized and a rich array of

new viruses were identified (Guo et al., 2025). In P. clarkii we detected
several virus-like contigs and further analyzed those corresponding to
three known viruses and one putative novel virus belonging to the order
Picornavirales. Two of the known viruses (Dicistroviridae sp. and Shahe
isopoda virus 5) were detected also in other species, as described above,
while WSVV was detected only in P. clarkii.

3.3.1. White spot syndrome virus

Several contigs (108) recovered from pooled samples of P. clarkii
hepatopancreas corresponded to WSSV, a dsDNA virus from Nimaviridae
family. Additional mapping of reads to chimeric WSSV reference
genome (MG264599.1; Dantas et al., 2018) showed that 125,518 reads
mapped to the reference genome, covering around 36 % of the genome
sequence, while the longest contig assembled (Virus-like contig 189)
was 5214 nts long. Analyzed contigs shared high similarity with
different isolates of WSSV according to BLASTn analysis. Recovering a
fragmented assembly of a viral genome, covering only part of the
genomic sequence, is likely a consequence of recovering only expressed
parts of this DNA virus by RNA sequencing. Phylogenetic analyses
including either only the longest contig or a concatenated sequence of
longer contigs did not bring informative results, i.e., it resulted in poorly
supported clades in the tree (data not shown). This is likely a conse-
quence of a weak phylogenetic signal in the recovered parts of the viral
genome.

WSSV is one of the major crustacean pathogens, adversely affecting
crustacean populations in the wild and limiting aquaculture productiv-
ity (Bateman and Stentiford 2017; Liu et al., 2021; Xue et al., 2022).
WSSV has a broad host range that includes many crustacean species both
in marine and freshwater environment (Escobedo-Bonilla et al., 2008;
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RVMT clade

Tree scale: 1 » -

O QHB15178.1 Insect-associated waikavirus 1
YP 009333541.1 Beihai picorna-like virus 105
AFR11854.1 Niflavirus
QCH40774.1 Picornavirales sp.
AWK77845.1 Darwin bee virus 8
100 YP 009345910.1 Bat badicivirus 1
AWK77870.1 Robinvale bee virus 6
YP 009337724.1 Hubei picorna-like virus 51
100 YP 009551963.1 Cherry virus Trakiya
AYV89132.1 Tetranychus truncatus

100 QIN54759.1 Tetranychus urticae-associated picorna-like virus 1

100 AUH27287.1 Maize-associated picornavirus
L R PQ206375 Virus-like contig 1 [Procambarus clarkii]
YP 009336689.1 Shahe isopoda virus 1
YP 009336673.1 Shahe isopoda virus 2
YP 009336505.1 Changjiang picorna-like virus 16
QJI53492.1 Riboviria sp.
YP 009336535.1 Hubei tetragnatha maxillosa virus 4
) QIS87995.1 Averyanov virus
QJI53513.1 Riboviria sp.
AVD69111.1 HVAC-associated RNA virus 1
AUX13129.1 Blacklegged tick picorna-like virus 1
100 QBL75890.1 Solenopsis invicta virus 7

74 AWK77859.1 Bundaberg bee virus 8

100 ARU76991.1 Milolii virus

100 QJI53504.1 Riboviria sp.
100 QGL51724.1 Vespa velutina associated acypi-like virus

100 YP 009336543.1 Hubei picorna-like virus 56
NP 620557.1 Acyrthosiphon pisum virus
QJI53506.1 Riboviria sp.
% YP 009337269.1 Hubei picorna-like virus 55
@ Subphylum Vertebrata 9‘ 82 YP 009336630.1 Changjiang crawfish virus 6
YP 009140560.1 Kilifi Virus
QCP68850.1 Pernambuco mycovirus 1
YP 009140561.1 Thika virus
AKH66852.1 Thika virus
4 YP 009337100.1 Hubei picora-like virus 59
YP 0093374 11.1 Hubei picorna-like virus 58
YP 009337395.1 Hubei picorna-like virus 60
YP 009337405.1 Hubei tetragnatha maxillosa virus 5
YP 009345020.1 Zhejiang mosquito virus 1
QIJ25870.1 Warroolaba Creek virus 3
YP 009337062.1 Hubei picorna-like virus 61
QIN93585.1 Hubei picorna-like virus 63
. 100 YP 009337038.1 Hubei picorna-like virus 63
@ Environmental & YP 009337160.1 Hubei picoma-like virus 62

1100}

Associated source:

IAUI|0S-8SBqQ°Z 100’}

@ Phylum Arthropoda, Subphylum Crustacea

@ Phylum Arthropoda, Class Insecta

@ Phylum Arthropoda, Subphylum Chelicerata

. Phylum Arthropoda
. Superphylum Lophotrochozoa

. Kingdom Viridiplantae

Fig. 3. Maximum likelihood phylogenetic analysis of the RARp amino acid sequences of Virus-like contig 1 from pooled samples of P. clarkii and related members
from order Picornavirales. The tree is rooted at mid-point. Values next to the branches represent bootstrap (%) support values (those higher than 60 % are shown),
while the branch length represents the average number of amino acid substitutions per site. Tip labels are color coded according to the associated source samples as
shown in the legend. The dotted line connecting the leaf corresponding to viral sequence from this study and its label is shown in red. In labels, NCBI Genbank
accessions are given in front of contig or virus names. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 5

RT-PCR results for known viruses detected in ten C. quadricarinatus individuals obtained from Indonesian (Java) aquaculture. Three primer pairs were used for
amplifying 551 nts long region of Cherax quadricarinatus reovirus (Hayakijkosol et al., 2021), 207 nts long region of athtab bunya-like virus (Nambiar, Owens, and
Elliman 2023), and 104 nts long region of chequa iflavirus (Sakuna, Elliman, and Owens 2017).

C. quadricarinatus (Cq) individuals

RT-PCR result Cql Cq2 Cq3 Cq4 Cq5 Cqb Cq7 Cq8 Cq9 Cqlo
Cherax quadricarinatus reovirus X X X X X X
Athtab bunya-like virus X X X X X X X X
Chequa iflavirus X X X X X X

mortality (Jaroenram et al., 2021b; Nambiar et al., 2023). This em-
phasizes the global spread of these viruses in aquaculture. Athtab bunya-

Indonesian (Java) aquaculture, we detected virus-like contigs corre-
sponding to three known viruses (Cherax quadricarinatus reovirus,

athtab bunya-like virus, chequa iflavirus) and three novel viruses (from
orders Hepelivirales, Ghabrivirales and Elliovirales). We did not detect any
of those viruses in other analyzed crayfish species. The co-occurrence of
these three known viruses — Cherax quadricarinatus reovirus, athtab
bunya-like virus and chequa iflavirus — has been previously reported in
C. quadricarinatus populations in aquaculture and associated with high

like virus and chequa iflavirus are of particular concern as they can
spread vertically via eggs, making them highly resistant to surface
sterilization procedures and susceptible to spread in aquaculture
(Jaroenram et al., 2021b). In our study, five out of ten C. quadricarinatus
individuals were RT-PCR positive for all three viruses, three individuals
were positive for one or two viruses and two were virus-free (Table 5).
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genus

AAL31497.1 Chum salmon reovirus
AAM92745.1 Golden shiner reovirus
AAG10436.1 Grass carp reovirus
ACU68602.1 Broome reovirus

AMUO04173.1 Mahlapitsi orthoreovirus
BAQ19494.1 Pycnonotidae orthoreovirus
AOM6E3686.1 chelonian orthoreovirus
AGG40205.1 Mammalian orthoreovirus 2
ADJ00316.1 Mammalian orthoreovirus 3
ANJ21365.1 Mammalian orthoreovirus 1
AAL36027.1 Mammalian orthoreovirus 4
UKQ11002.1 signal crayfish associated reo-like virus 1
APG79086.1 Beihai reo-like virus 1

# % s s sseess«PQ206392 Virus-like contig 318 [Cherax quadricarinatus)
QIJ55897.2 Cherax quadricarinatus reovirus
AKM16624.1 Cherax quadricarinatus reovirus
UUV42392.1 Enontekio reovirus

ABB17205.1 Operophtera brumata reovirus
BAC98431.1 Mycoreovirus 3

AAP45577 .1 Cryphonectria parasitica mycoreovirus 1
AAM18342.1 Eyach virus

AAG34362.1 Colorado tick fever virus
ATG88075.1 Tai Forest reovirus

AXG65493.1 Kundal virus

BBAS54735.1 Tarumizu tick virus

QPN36959.1 Shenzhen reo-like virus 5
QQP18675.1 French Guiana reovirus
AHF20715.1 Cimodo virus

APG79172.1 Hubei reo-like virus 3
APG79142.1 Hubei reo-like virus 2
QIN85631.1 Psammotettix alienus reovirus
BAAD8542.1 Nilaparvata lugens reovirus
AAK40249.1 Fiji disease virus

AAQ73182.1 Mal de Rio Cuarto virus
ANGS56321.1 Maize rough dwarf virus
CBH31251.1 Southern rice black-streaked dwarf virus
QIQ51430.1 Erinnyis ello cypovirus 2
AHJ14791.1 Inachis io cypovirus 2

YP 009551647.1 Chiqui virus

UQS94343.1 Corattcep virus 2

UQS94360.1 Corparats virus 1

UQS94340.1 Panacromy virus 1

AFA28393.1 Acinopterus angulatus reovirus
AEC32488.1 Spissistilus festinus reovirus
AAC36456.1 Rice ragged stunt virus
AUDO08125.1 Red currant associated reovirus
APG79200.1 Hubei reo-like virus 5

Aquareovirus

Orthoreovirus

Mycoreovirus

Coltivirus

Fijivirus

| Cypovirus

| Oryzavirus

AAZ94069.1 Aedes pseudoscutellaris reovirus | Dinovernavirus
QRW41802.1 Elemess virus

AZLB8832.1 Hubei reo-like virus 7

ABV04399.1 Heliothis armigera cypovirus 5

AAN46860.1 Dendrolimus punctatus cypovirus 1 Cypovirus

AAKT73087.1 Lymantria dispar cypovirus 14

Fig. 4. Maximum likelihood phylogenetic analysis of the RdRp amino acid sequences of Cherax quadricarinatus reovirus (Virus-like contig 318) obtained from
pooled sample of C. quadricarinatus individuals and related members of order Reovirales. Tree is rooted at mid-point. Values next to the branches represent bootstrap
(%) support values (those higher than 60 % are shown), while the branch length represents the average number of amino acid substitutions per site. Tip labels are
color coded according to the associated source samples as shown in the legend. The dotted line connecting the leaf corresponding to viral sequence from this study
and its label is shown in red. In labels, NCBI Genbank accessions are given in front of contig or virus names. Members of different genera of the Spinareoviridae family
are marked on the tree. To reduce the size of the phylogenetic tree, the branch with members of Sedoreoviridae family is collapsed. The complete tree is available in
Supplementary Fig. S3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

This emphasizes the complexity of dealing with viral infections in pet
trade and aquaculture, especially given the potential of co-infection to
increase mortality.

3.5.1. Cherax quadricarinatus reovirus

Virus-like contig 318 (4174 nts), likely representing a near complete
sequence of one of the genome segments of Cherax quadricarinatus
reovirus, was detected in pooled sample of C. quadricarinatus

10

individuals. BLASTn query showed high identity with both available
Cherax quadricarinatus reovirus sequences deposited under accession
numbers KM405245.1 (1,456 nts) and MN308286.2 (1,456 nts) (with
99.72 % and 99.45 % identity on nucleotide level) originating from
China and Australia (Hayakijkosol et al., 2021). Phylogenetic analysis of
conserved segment of RARp placed Virus-like contig 318, together with
the other two known sequences of Cherax quadricarinatus reovirus
within Spinareoviridae family of Reovirales order, into a distinct cluster of



K. Bacnik et al.

unclassified viruses associated with crustacean hosts (Fig. 4). This
cluster contains also Beihai reo-like virus 1 discovered in mantis shrimp
(Stomatopoda; Shi et al., 2016) and a recently discovered signal crayfish
associated reo-like virus 1 associated with signal crayfish in Croatia
(Bacnik et al., 2021). Although the genome of members of Reovirales
order consists of several segments (Matthijnssens et al., 2022), we were
only able to recover the one containing RARp sequence, which is also the
only genome segment available for above mentioned closely related
viruses. To our knowledge, this is nonetheless the longest available
sequence of Cherax quadricarinatus reovirus deposited in NCBI Gen-
Bank, expanding the previously known genome segment for 2718 nts. In
our study, Cherax quadricarinatus reovirus was detected in six out of ten
C. quadricarinatus individuals by RT-PCR (Supplementary Table S1),
suggesting that this virus might have relatively high prevalence in
traded animals. First report of reovirus-like particles in
C. quadricarinatus with associated disease symptoms comes from
Australia from 1990 s (Edgerton et al., 2000), where it was later also

Tree scale: 1 —————
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demonstrated that viruses of such morphology can cause necrosis of
hepatopancreocytes and inflammatory cells (Hayakijkosol et al., 2021).
In those two studies, no sequence data was generated. Later, a partial
genomic sequence of Cherax quadricarinatus reovirus was reported from
China in 2014 (NCBI GenBank: KM405245) and Australia in 2019 (NCBI
GenBank: MN308286). Recently, new diagnostic tests have been pro-
posed for detection of the virus (Hayakijkosol et al., 2021; Jaroenram
etal., 2021a) and it was shown that Cherax quadricarinatus reovirus can
be transmitted through fecal-oral route, but not via eggs (Jaroenram
et al.,, 2021b). A related virus was discovered in signal crayfish exhib-
iting hepatopancreatitis in Croatia (Bekavac et al., 2022), although a
direct causal link with the disease was not yet established (Bacnik et al.,
2022). In summary, available information indicates that this virus might
represent an important crayfish pathogen, warranting surveys in aqua-
culture and the pet trade to assess its prevalence and potential impacts
on crayfish health.

family

YP 009507846.1 Jonchet virus

YP 009270651.1 Wuhan Insect virus 2

YP 009664550.1 Ferak virus

AJG39245.1 Sanxia Water Strider Virus 2
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YP 009329871.1 Hubei odonate virus 9
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YP 001740047.1 Tomato zonate spot virus

YP 009126736.1 Mulberry vein banding virus
YP 717924.1 Capsicum chlorosis virus
ATP79732.1 Groundnut bud necrosis virus

NP 620752.1 Orthotospovirus citrullomaculosi
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YP 008400138.1 Brazoran virus

NP 671968.1 La Crosse virus
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YP 001497159.1 Akabane virus

YP 006590082.1 Orthobunyavirus simbuense
YP 006590079.1 Aino virus

QGT41080.1 Emaravirus tritici

QAB47307.1 Emaravirus cordylinae

Phasmaviridae

Tospoviridae

Peribunyaviridae

100 YP 009237274.1 Emaravirus idaeobati
CUR49050.1 Emaravirus cajani
QBH72679.1 Emaravirus fici

! AQX45473.1
AAS73287.2 European mountain ash ringspot-associated virus
YP 009508083.1 Emaravirus cercidis

100 YP 009507925.1 Actinidia chlorotic ringspot-associated virus

Fimoviridae

Ty leaf mottle- virus

Fig. 5. Maximum likelihood phylogenetic analysis of the RARp amino acid sequence retrieved from L segment of athtab bunya-like virus (Virus-like contig 316) and
Virus-like contig 317 sequences obtained from pooled samples of C. quadricarinatus hepatopancreas and members of Elliovirales order. Tree is rooted at mid-point.
Values next to the branches represent bootstrap (%) support values (those higher than 60 % are shown), while the branch length represents the average number of
amino acid substitutions per site. Tip labels are color coded according to the associated source samples as shown in the legend. The dotted line connecting the leaf
corresponding to viral sequence from this study and its label is shown in red. In labels, NCBI Genbank accessions are given in front of contig or virus names. Members
of different families of the Elliovirales order (class Bunyaviricetes) are marked on the tree. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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3.5.2. Athtab bunya-like virus

Four virus-like contigs were recovered from pooled sample of
C. quadricarinatus individuals with high similarity to members of the
Elliovirales order. Results of BLASTn query returned athtab bunya-like
virus L segment (NC_040754.1) and M segment (NC_040755.1) ob-
tained from C. quadricarinatus (Sakuna et al., 2018) as the best matches
for Virus-like contig 316 (6809 nts) and Virus-like contig 321 (3582 nts),
with 97.42 (NC_040754.1) and 93.91 % (NC_040755.1) identity scores
on nucleotide level, likely representing the same virus. Athtab bunya-

Tree scale: 1
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like virus sequences were detected in eight out of ten
C. quadricarinatus individuals by RT-PCR (Supplementary Table S1),
indicating its high prevalence in the sampled population.

The best matches of Virus-like contig 317 (5157 nts) and Virus-like
contig 320 (3621 nts) according to BLASTx were also athtab bunya-
like virus L segment sequence (YP_009553307.1) and M segment
(YP_009553308.1) with 46.42 and 50.33 % identity on amino acid level,
respectively. Although further research is needed and species demar-
cation criteria are not well defined, we currently assume that Virus-like

I'—. AURB80762.1 Cherry virus Trakiya

l—. AUH27292.1 Maize-associated picornavirus

O QRV07363.1 Acheta domesticus iflavirus
AFQ98017.1 Spodoptera exigua iflavirus 2
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95 100
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PQ206387 Virus-like contig 315 [Cherax quadricarinatus]
ATX64295.1 Chequa iflavirus
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YP 009342321.1 Wuhan insect virus 13
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BANS57352.1 Nilaparvata lugens honeydew virus-2
BAN19725.1 Nilaparvata lugens honeydew virus 1
AIX94679.1 Laodelphax striatellus picorna-like virus 2
AHKO05791.1 Laodelphax striatella honeydew virus 1
AQX17788.1 Pityohyphantes rubrofasciatus iflavirus
BBC14926.1 Armigeres iflavirus

Associated source:
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BAN57353.1 Nilaparvata lugens honeydew virus-3
AHB62422.1 Formica exsecta virus 2
AGOB86045.1 Varroa destructor virus 1
CAD34006.2 Deformed wing virus

AOY34460.1 King virus

APW84897.1 Helicoverpa armigera iflavirus
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AJC98140.1 Thaumetopoea pityocampa iflavirus 1
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Fig. 6. Maximum likelihood phylogenetic analysis of the RdARp amino acid sequences conserved segment of chequa iflavirus (Virus-like contig 314 and Virus-like
contig 315) from pooled sample of C. quadricarinatus individuals and Virus-like contig 259 obtained from pooled sample of C. holthuisi individuals and related
members of Iflaviridae family. Tree is rooted at mid-point. Values next to the branches represent bootstrap (%) support values (those higher than 60 % are shown),
while the branch length represents the average number of amino acid substitutions per site. Tip labels are color coded according to the associated source samples as
shown in the legend. The dotted line connecting the leaf corresponding to viral sequence from this study and its label is shown in red. In labels, NCBI Genbank
accessions are given in front of contig or virus names. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

12



K. Bacnik et al.

contig 317 and Virus-like contig 320 represent different segments of the
same novel bunya-like virus.

Phylogenetic analysis of conserved segments of RARp sequence from
L segment placed virus-like contig 316 and virus-like contig 317 into
distinct cluster of unclassified viruses associated with crustacean hosts
(Fig. 5) in the Elliovirales order (class Bunyaviricetes). This cluster seems
to be divergent from other known bunya-like viruses, and among known
viruses, it seems to be most closely related to members of Tospoviridae
and Fimoviridae families infecting plants and Peribunyaviridae family
infecting vertebrates. Athtab bunya-like virus was first reported from
stressed C. quadricarinatus in Australia (Sakuna et al., 2018), where high
titer of the virus was found in muscle tissue with lesions. However, a
direct link between the virus and disease has not yet been established. In
the same study the virus was found in coinfection with chequa iflavirus,
as is the case also in our study (see next section). The detection of the
same virus in C. quadricarinatus in our study, along with the discovery of
a novel virus in the same clade, reinforces the association of the virus
with this crayfish species. However, further research is needed to
explore the connection between the two viruses and their effects on
crayfish health.

Other crustacean associated bunya-like viruses from Phenuiviridae
family (Hareavirales order) were also discovered recently; bunya-like
brown spot virus was associated with a massive outbreak in a French
population of the endangered, white-clawed crayfish (Austropotamobius
pallipes; Grandjean et al., 2019), and a closely related Astacus bunya-like
virus 1, which was not associated with mortality in noble crayfish
(Zingre et al., 2023).
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3.5.3. Chequa iflavirus

Two virus-like contigs with high similarity to chequa iflavirus (Virus-
like contig 314, 9324 nts and Virus-like contig 315, 9129 nts) were
recovered from the pooled sample of C. quadricarinatus individuals.
According to BLASTn results, aligned part of Virus-like contig 314 had
95.74 % identity and aligned part of Virus-like contig 315 had 84.44 %
identity to the chequa iflavirus (NC_036389), associated with C. quad-
ricarinatus (Sakuna et al., 2017). In our study, chequa iflavirus was
detected in six out of ten C. quadricarinatus individuals by RT-PCR
(Supplementary Table S1). In the phylogenetic analysis, both se-
quences clustered together with a known sequence of chequa iflavirus
and with another sequence from C. holthuisi recovered in this study
(described in the next section). All sequences represented a distinct
cluster associated with crustaceans (Fig. 6), while most other known
phylogenetically related members of the Iflaviridae family are associated
with insects (Valles et al., 2017). Given the limited understanding of the
phylogenetic relationships in the Iflaviridae family, which do not display
an obvious host-based evolutionary relationship (Valles et al., 2017), it
cannot be ruled out that chequa iflavirus originated from a recent hor-
izontal transfer between insects and freshwater crayfish, as both often
share overlapping ecosystems (e.g., water bodies).

Chequa iflavirus was first discovered in C. quadricarinatus in
Australia (Sakuna et al., 2017), in coinfection with athtab bunyavirus, as
mentioned earlier. However, a clear link with a disease has not yet been
established. It has also been suggested that the virus is circulating in
C. quadricarinatus as documented in 1990 s, without causing significant
mortalities (Sakuna et al., 2017). Recently, crayfish individuals resistant
to chequa iflavirus were discovered (Nabiar et al., 2023).
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Fig. 7. Maximum likelihood phylogenetic analysis of the RdRp amino acid sequences of the Virus-like contig 313 obtained from pooled sample of C. quadricarinatus
individuals and related members of Hepelivirales order. Tree is rooted at mid-point. Values next to the branches represent bootstrap (%) support values (those higher
than 60 % are shown), while the branch length represents the average number of amino acid substitutions per site. Tip labels are color coded according to the
associated source samples as shown in the legend. The dotted line connecting the leaf corresponding to viral sequence from this study and its label is shown in red. In
labels, NCBI Genbank accessions are given in front of contig or virus names. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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3.5.4. Novel hepe-like virus

Virus-like contig 313 (10866 nts), likely representing a near com-
plete genome of a novel virus from Hepelivirales order, was detected in
pooled sample of C. quadricarinatus individuals. BLASTx query returned
Wenling hepe-like virus 4 (YP_009337278.1) isolated from crustacean
host in China (Shi et al., 2016) as the highest scoring match with 34.44
% sequence identity on amino acid level. Phylogenetic analysis placed
Virus-like contig 313 into a wider clade of virus-like sequences
belonging to the Hepelivirales order, predominantly associated with
crustacean hosts or other organisms associated with aquatic environ-
ments (Fig. 7). Assessing the significance of presence of this virus in
crayfish is challenging, as closely related species and members of the
extended clade (Shi et al., 2016; Bacnik et al., 2022; Zingre et al., 2023)
were primarily identified through metagenomic studies. In addition,
except for crustacean hepe-like virus 1 isolated from Macrobrachium
rosenbergii exhibiting growth retardation (Dong et al., 2020), there are
no reports of viruses belonging to Hepelivirales order being associated
with pathological symptoms of crustaceans. In summary, further
research is needed to experimentally confirm the association between
several recently discovered hepe-like viruses (Shi et al., 2016, Bacnik
etal., 2022; Zingre et al., 2023; Guo et al., 2025) and freshwater crayfish
hosts and gain understanding of virus transmission and the potential
impact on crayfish.

Tree scale: 1
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3.5.5. Novel virus from Ghabrivirales order

Virus-like contig 338 (5844 nts), likely representing a near complete
sequence of genome segment of a novel virus from the Ghabrivirales
order, was detected in pooled sample obtained from C. quadricarinatus
individuals. BLASTx query returned Beihai Sea slater virus 3
(YP_00933402.1) isolated from wharf roach (Ligia exotica) in China (Shi
etal., 2016) as the highest scoring match with 31 % sequence identity on
amino acid level. Phylogenetic analysis placed virus-like contig 338 into
a clade of sequences from Ghabrivirales order associated with arthropod
hosts, with closest related viruses being associated with crustacean hosts
(Fig. 8). Assessing the significance of host status for closely related vi-
ruses is difficult, as the closest relatives were identified through meta-
genomic studies (Shi et al., 2016). However, a few viruses from the
Ghabrivirales order have been reported to cause disease in crayfish,
including Cherax giardiavirus-like virus (Edgerton et al., 1994) and in-
fectious myonecrosis virus, which causes a notifiable disease, infectious
myonecrosis, in penaeid shrimp, as recognized by WOAH and FAO
(Prasad et al., 2017). Additionally, Callinectes sapidus toti-like virus 1
and 2 have more recently been associated with pathological changes in
Atlantic blue crab species (Callinectes sapidus; Zhao et al., 2022).
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Fig. 8. Maximum likelihood phylogenetic analysis of the RARp amino acid sequences of Virus-like contig 338 obtained from pooled samples of C. quadricarinatus and
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3.6. Viruses detected in Cherax holthuisi

We recovered diverse set of virus-like contigs from the dataset ob-
tained from pooled sample of C. holthuisi individuals, which is an
endemic crayfish from the Aitinjo Lake in Indonesian New Guinea. As
mentioned above, short contigs of a known Shahe isopoda virus 5 were
recovered from this sample and the presence of the virus was confirmed
by RT-PCR in two out of ten sampled individuals. The detection of Shahe
isopoda virus 5 in C. holthuisi hepatopancreas samples, also detected in
P. clarkii and P. allenii, could be due to environmental contamination or
incidental contact with this virus during rearing and packaging in the
pet trade chain. Previous studies have shown that host’s microbial
community may become altered under specific stressful conditions often
encountered during transport of organisms (i.e., long transport of mul-
tiple species, shared water during transport or rearing; Emmenegger
et al., 2024). Otherwise, this crayfish species had the most distinct
virome composition and was associated with the highest number of
previously unknown viruses, possibly a consequence of its isolated
native distribution. Studies have shown that isolation often leads to a
distinct virome due to restricted gene flow, environmental pressure and
evolutionary dynamics (Ter Horst et al., 2023; Robinson et al., 2024).

Tree scale: 0.1 —
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Contigs corresponding to five previously unknown viruses (one from
family Iflaviridae, one from Polycipiviridae family, two from Picornavir-
ales order and one from Orthornavirae kingdom, which seem to be
related to members of Permutotetraviridae family) were further analyzed.

3.6.1. Hubei tetragnatha maxillosa virus 1

Virus-like contig 256 (6700 nts), representing a partial genome
sequence of a virus belonging to the Picornavirales order, was recovered
from pooled sample of C. holthuisi. The highest scoring BLASTx and
BLASTn matches of Virus-like contig 256 showed 88 % sequence identity
on amino acid level (YP_009336621.1) and 83 % sequence identity on
nucleotide level (KX883296.1) with Hubei tetragnatha maxillosa virus 1
isolated from arthropod mix in China (Shi et al., 2016). Phylogenetic
analysis placed Virus-like contig 256 among unclassified members of
Picornavirales order belonging to family-level clade £.0055 according to
the RVMT global RNA virus phylogenetic analysis (Fig. 9, Supplemen-
tary Fig. S5; Neri et al., 2022). The genus or species demarcation criteria
have not yet been established for related viruses, which makes it difficult
to determine whether the obtained sequence could be classified as
potentially novel given the relatively high identity with a Hubei tet-
ragnatha maxillosa virus 1 (Shi et al., 2016). According to obtained
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Fig. 9. Maximum likelihood phylogenetic analysis of the RARp amino acid sequences of the virus-like sequence from Orthornavirae kingdom related to the members
of Permutotetraviridae family (Virus-like contig 258) obtained from pooled sample of C. holthuisi individuals and Permutotetraviridae related members of Orthornavirae
kingdom. Tree is rooted at mid-point. Values next to the branches represent bootstrap (%) support values (those higher than 60 % are shown), while the branch
length represents the average number of amino acid substitutions per site. Tip labels are color coded according to the associated source samples as shown in the
legend. The dotted line connecting the leaf corresponding to viral sequence from this study and its label is shown in red. In labels, NCBI Genbank accessions are given
in front of contig or virus names. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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metadata, other related viruses from the same clade were isolated from
either vertebrate or insect hosts. However, it must be noted that most
viral sequences associated with vertebrate hosts were obtained from
mammalian feces except for closely related fisavirus 1
(YP_009111312.1), which was obtained from intestinal content of
freshwater carp (Reuter et al., 2015).

3.6.2. Novel viruses in C. Holthuisi

BLASTx query of Virus-like contig 259 (4611 nts) recovered from
pooled sample of C. holthuisi individuals returned chequa iflavirus
(YP_009444707.1) as the best match with 62.99 % sequence identity on
amino acid level. Phylogenetic analysis clustered the recovered
sequence, together with sequences of chequa iflavirus from this and
other studies, in a larger clade alongside viruses recovered from source
organisms associated with aquatic environments (Fig. 6). Due to the low
sequence identity and the species demarcation criteria of I-
flaviridae family (Valles et al., 2017), Virus-like contig 259 represents a
novel virus with moderate sequence identity to chequa iflavirus, adding
data to this little-studied lineage of iflaviruses associated with fresh-
water crayfish hosts.

Virus-like contig 258 (5161 nts) likely representing a partial genome
sequence of a novel virus belonging to the Orthornavirae kingdom
related to members of Permutotetraviridae family was detected only in
pooled sample of C. holhuisi. BLASTx yielded Astacus permutotetra-like
virus 1 (CAJ2358123.1) originating from Astacus astacus in Switzerland
(Zingre et al., 2023) and Beihai permutotera-like virus 1 (APG76944.1)
originating from sesarmid crab (Sesarmidae) in China (Shi et al., 2016)
as the best matches with 37.47 and 35.44 % amino acid identity,
respectively. Although Permutotetraviridae family is currently monotypic
(contains only one genus), with only two species confirmed, several
studies identified virus-like sequences closely resembling that family
based on RdRp sequence similarity (Chen et al., 2022; Shi et al., 2016;
Zingre et al., 2023). Due to absence of order, class and phylum taxo-
nomic ranks of Permutotetraviridae, the Virus-like contig 258 can be
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currently placed only in Orthornavirae kingdom. According to phyloge-
netic analysis, viruses related to the members of the Permutoteraviridae
family are most frequently associated with insects (King et al., 2012) and
other invertebrate hosts. As can be seen in Fig. 10, viral Permutoter-
aviridae sequences associated with crustaceans, including Virus-like
contig 258, form a distinct clade, suggesting that members of this
branch could potentially represent a new family pending further char-
acterization and taxonomic validation.

Virus-like contig 255 (10934 nts) representing a near complete
genome sequence of a novel virus from Polycipiviridae family was
detected in pooled sample obtained from C. holthuisi individuals.
BLASTx query returned Riboviria sp. (WKV34499.1) partial sequence
obtained from the bird metagenome in China as the highest scoring
match with 36 % identity on amino acid level (not included in the
phylogenetic analysis due to its short length). Phylogenetic analysis
placed Virus-like contig 255 in the cluster with the members of Poly-
cipiviridae family (Fig. 11) together with most closely related arachnid
associated members of Chipolycivirus genus. A broader cluster contains
also ant-specific members of Sopolycivirus and insect- and crustacean-
associated members of Hupolycivirus genera (Olendraite et al., 2019,
Temmam et al., 2019), the latter containing only one confirmed species
obtained in a metagenomic survey both from Odonata (Arthropoda,
Insecta) and crayfish (Shi et al., 2016).

Another partial genomic sequence (Virus-like contig 257, 6100 nts)
of a novel virus belonging to Picornavirales order was recovered from
pooled hepatopancreas sample of C. holthuisi. The highest scoring
BLASTx match for virus-like contig 257 was Macrobrachium rosenbergii
virus 1 (UUV42128.1) with 25 % identity on amino acid level. This virus
was abundantly detected both in growth retarded and healthy giant
freshwater prawn (M. rosenbergii) individuals in China (Zhou et al.,
2022). Phylogenetic analysis placed Virus-like contig 257 in a distinct
branch of other unclassified viruses from Picornavirales order detected in
a metagenomic study from crustacean sources (Shi et al., 2016), related
to the members of Solinviviridae family (Fig. 12). There are currently

RVMT clade
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Fig. 10. Maximum likelihood phylogenetic analysis of the RARp amino acid sequences of Virus-like contig 255 from pooled samples of C. holthuisi and related
members of Polycipiviridae family. Tree is rooted at mid-point. Values next to the branches represent bootstrap (%) support values (those higher than 60 % are
shown), while the branch length represents the average number of amino acid substitutions per site. Tip labels are color coded according to the associated source
samples as shown in the legend. The dotted line connecting the leaf corresponding to viral sequence from this study and its label is shown in red. In labels, NCBI
Genbank accessions are given in front of contig or virus names. Virus marked with asterisk (*) was also associated with crayfish source. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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this article.)

only two classified species in two genera that infect ants in Sol-
invivivridae family, however many related unclassified virus sequences
were obtained from variety of arthropods (Somera et al., 2021),
including crustaceans (Cruz-Flores et al., 2022).

3.7. Biosecurity implications related to viromes of crayfish in pet-trade

This study uncovered a high diversity of viruses in pet-traded cray-
fish species, including both known crayfish pathogens and eight novel
viruses. These findings align with other crayfish virome studies (Bacnik
et al., 2022; Zingre et al., 2023; Dong et al., 2024; Guo et al., 2025) and
highlight just how understudied viruses in crayfish and other aquatic
species are (Zhang et al., 2022). The high diversity of viruses observed in
analyzed crayfish species along with findings from other studies
(Longhaw 2012; Mrugata et al., 2015; Gippet and Bertelsmeier, 2021;
Sasson et al., 2024) underscores that pet trade is highly likely an
important introduction pathway of known aquatic pathogens and dis-
eases, as well as a potential source of many unknown and potentially
harmful microbes. Our results emphasize the risk of viral disease

17

outbreaks due to intentional or unintentional release of pet-traded
crayfish species into the environment (Vodovsky et al., 2017; Hau-
brock et al., 2021). These viruses might spread to native crayfish species
— a mechanism known as pathogen spillover (Prenter et al., 2004),
potentially causing outbreaks or declines in endangered populations.
The import of prohibited invasive species (P. clarkii), which was mis-
identified and sold under different name, infected with WSSV, serves as
an alarming example of risks associated with crayfish pet trade. Addi-
tionally, the introduction of new viruses into ecosystems can disrupt the
existing microbial dynamics, potentially leading to unpredictable long-
term effects on biodiversity (Jones et al., 2015) and ecosystem health
(French and Holmes, 2020; French et al., 2025). This risk is particularly
evident in the trade of wild-caught and endemic species like C. holthuisi
in our case, which exhibited the most distinct virome of all analyzed
species, nearly entirely composed of novel viruses.

These findings can have important implications for disease man-
agement in both crayfish aquaculture and the pet trade. Currently,
preventive and control measures in aquaculture primarily focus on well-
known pathogens, while disease control in the pet trade is largely
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Fig. 12. Maximum likelihood phylogenetic analysis of the RdRp amino acid sequences of Virus-like contig 257 from pooled samples of C. holthuisi and members of
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samples as shown in the legend. The dotted line connecting the leaf corresponding to viral sequence from this study and its label is shown in red. In labels, NCBI
Genbank accessions are given in front of contig or virus names. To reduce the size of the phylogenetic tree, a part of the tree is collapsed. The complete tree is
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insufficient (Kotovska et al., 2016). However, viruses detected in our
study (including WSSV) along with other research (Dong et al., 2024)
highlight the need for more comprehensive biosecurity surveillance in
the pet trade, including the monitoring of viruses. This remains a chal-
lenging task due to the highly diverse and largely unexplored viromes of
freshwater crayfish, the limited understanding of their ecology, etiology
and the associated risks as well as logistical challenges, insufficient
regulatory frameworks, lack of infrastructure and high associated costs.
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Data Availability Statement

All sequencing data that support the findings of this study are linked
under the accession number PRINA1142220 in the NCBI BioProject
database (https://www.ncbi.nlm.nih.gov/sra, accessed on 31 January
2025). The sequences of selected viral contigs identified in this study
have been deposited in the GenBank under the accession numbers
PQ206375.1 — PQ206401.1.
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