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Abstract: (125)

The discovery of RNA viruses from meta-transcriptomes has led to an explosion in viral diversity
and identified many novel host-virus associations. To date, no studies have examined the RNA
virome of the model zooplankter Daphnia. From which only four viruses are known, with only
one being well understood. Here, | assemble and annotate RNA-dependent RNA polymerase
(RdRp) containing contigs from Daphnia meta-transcriptomes. Homology searches and
phylogenetic inference show that the RdRp genes are related to another crustacean RNA virus
identified as order Tolivirales, family Tombusviridae. A second open reading frame encodes for a
protein associated with Nodaviruses also discovered from crustaceans. Taken together, this
suggests that Daphnia pulex virus 1 is part of a growing set of tombunodaviruses which are
commonly found in invertebrate viromes.
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Introduction:

Recently, the application of meta-transcriptomic ribonucleic acid (RNA) sequencing has
led to an explosion in the recognized diversity of RNA viruses from many different hosts and
environments (Holmes et al., 2024; Wolf et al., 2020; Shi et al., 2016). Aquatic environments
and organisms appear to be particularly biodiverse with respect to the RNA viruses they host,
with metagenomic characterization of aquatic habitats routinely yielding many new viruses
previously unknown to science (Wolf et al., 2020). Despite the rapid pace at which viruses have
been discovered from aquatic ecosystems, little is known about that ecological roles that these
pathogens play (e.g., host-parasite interactions) or the impacts that they have on the species
commonly found in aquatic communities, such as how much they contributing to mortality or
alter ecosystem functioning. This deficit in understanding is particularly striking when
considering the paucity of studies describing the “virome”, or all the viral elements within
freshwater invertebrate species (although see Shi et al., 2016) which occupy key niches in
freshwater ecosystems.

Microcrustaceans in the genus Daphnia are critical invertebrate species in freshwater
zooplankton assemblages. Daphnia are considered a keystone species in palustrine food webs,
connecting primary production from basal members of the food chain to those at higher trophic
levels, such as fish (Lampert and Sommer 2007, Ogorelec et al. 2021). Because of their critical
ecological roles in lake and ponds globally, several Daphnia species have been well studied
(Ebert 2005; 2022), and numerous genomic resources are available for this group (e. g., several
chromosome-scale assembles; Wersebe et al. 2023; Barnard-Kubow et al. 2022). Daphnia and
several fungal (e. g., Metschnikowia spp.) and bacterial (e. g., Pasteuria ramosa) disease systems
are well characterized (Ebert 2005, 2022; Duffy and Sivars-Becker 2005; Decaestecker et al.,
2007). Only recently has some attention been turned to understanding potential viral parasites
of Daphnia. Currently, in the literature there are two characterized viral pathogens of Daphnia,
Daphnia iridescent virus 1 (DIV-1), a large double stranded deoxyribonucleic acid (ds-DNA) virus
responsible for White Fat Cell Disease often found in European Daphnia (Toenshoff et al., 2018).
Additionally, from the United States, Daphnia mendotae-associated (Cladocera) hybrid virus
(DMCIlaHV), a small circular single stranded (ss) DNA virus was characterized by metagenomic
sequencing from two lakes in New York (Hewson et al., 2013). Hewson and colleagues (2013)
showed that there may be mortality associated with infection leading to periodic population
declines with potential effects on carbon cycling in lake food webs. Meanwhile, infection with
DIV-1 is highly pathogenic and WFCD is often fatal for infected Daphnia (Toenshoff et al., 2018).

Evidence of RNA virus infection is incredibly scant from this group. Electron microscopic
analysis of some Daphnia collected from the Czech Republic show evidence of cytoplasmic
polyhedrosis viruses (CPV) a ds-RNA virus (Vavra et al. 2016). Most CPV diversity it known from
insects, with 16 recognized species (Matthijnssens et al., 2022). CPV Infections have periodically
been reported in the literature, with the first crustacean detection coming from the daphniid
Simocephalus expinosus (Federici and Hazard, 1975). However, no CPV infections have been
genomically characterized to confirm the morphological identifications. Besides these examples,
screening of the genome of various Daphnia species from the North American Daphnia pulex
complex has revealed evidence for ancient infections with RNA viruses. Ballinger et al. (2013)
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found a set of Phlebovirus RNA-dependent RNA Polymerase (RdRp) genes integrated into the
genomes of Daphnia pulex and other closely related taxa providing the first genomic evidence
of paleovirus infections in Daphnia. However, a putatively active infection with an RNA virus has
remained unconfirmed.

One potential challenge preventing the widespread characterization of viruses from
Daphnia is a lack of molecular biology resources typically used in virus isolation and research.
Daphnia do not have immortalized tissue cell cultures systems that are commonly used in viral
isolation and research. Attempts have been made to generate primary cell cultures from
Daphnia (see Robinson et al. 2006), but these showed rapid exhaustion. Renewed efforts have
shown promise in generating longer lasting primary cell cultures for ecotoxicological studies (Cp
et al. 2025), which may prove useful for virological research. The development of RNA Next
Generation Sequencing tools has enabled the rapid characterization of RNA extracted from
tissues, enabling the discovery of RNA viruses from a vast array of hosts without the need for
virus isolation in cell culture. However, this approach has yet to be applied to Daphnia. Here, |
investigate the use of RNA meta-transcriptomes from Daphnia pulex to identify RNA virus genes.
Using bioinformatic approaches, | assemble two RNA virus contigs identified via the annotation
of RNA-dependent RNA polymerase (RdRp) genes. Sequence similarity searches and subsequent
phylogenetic analysis shows that these sequences belong to the viral order Tolivirales, family
Tombusviridae. The RdRp genes are closely related to another Tombusvirus discovered from a
Decapod crustacean from China.

Methods:

| searched the National Center for Biotechnology Information’s (NCBI) Sequence Read Archive
(SRA) database for RNA-sequencing libraries associated with Daphnia pulex. As of October
2025, this search returned of 1,021 unique SRA records. Of this only 8 libraries were identified
to belong to samples collected from non-culture conditions. | selected the 8 Daphnia pulex RNA
sequencing libraires of Hechler et al (2023), indexed under the BioProject PRJNA830892 for
bioinformatic discovery of RNA viruses. Hechler et al. (2023), conducted a mesocosm
experiment which subjected Daphnia pulex, their algal prey, and other natural microbial
colonizers to different heating conditions and measured the transcriptomic response to heat
stress. Hechler’'s mock communities included Daphnia pulex, and the algal species
Ankistrodesmus falcatus, Scenedesmus quadricauda and Pseudokirchneriella subcapitata, and
any natural colonizers of the experimental tanks. They then subsequently constructed RNA
sequencing libraries from D. pulex and from the tank water samples. Here, | restrict my analysis
to just the RNA sequencing libraries of the Daphnia pools.

Bioinformatics Pre-processing:

I downloaded 8 SRA experiments (SRX14976444-SRX14976451) of Hechler and colleagues
constructed from their Daphnia pulex pools from the European Nucleotide archive SRAFTP
server. Next, | quality filtered the FASTQ files using FASTP to remove adapter contamination
(using option to automatically detect PE adaptors) and trim low-quality reads (Chen et al.,
2018).

Reference Database Construction:

To remove putative host (Daphnia pulex) and potentially contaminating reads (from algal
community members), | constructed a host and algal reference sequence database for removal
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by mapping. Daphnia pulex has a chromosome-scale reference genome (SAMN22866247) and
a mitochondrial genome (Crease, 1999; NC_000844.1). | searched NCBI for reference genome
sequences from the other members of the mock communities, | found reference assemblies for
S. quadricauda (SAMNO07360942), P. subcapitata (SAMD00078043, aka Raphidocelis
subcapitata). There was no reference genome for A. falcatus, however a there was an
unassembled DNA library indexed on SRA reportedly from this species (PRJNA628966;
SAMN16512711). Using the approach above, | quality filtered this library using FASTP. |
performed de novo assembly on the surviving reads using the isolate module of SPADES
(Prjibelski et al., 2020). | combined all contigs from these assembilies into a single reference
FASTA for read mapping.

Removal of Eukaryotic Reads and Assembly of Unmapped Reads:

Using BBtool's BBmap algorithm (Available: https://sourceforge.net/projects/bbmap), |
attempted to map all the RNA reads of Hechler and colleagues against the database consisting
of D. pulex and the algal species known from the mock communities. | collected all the
unmapped RNA seq reads using BBmap’s outu option to collect read pairs with no mapping
found in the reference database. After mapping was complete, | de novo assembled the
unmapped reads using the SPADES RNA viral pipeline (Bushmanova et al., 2019).

Identification of Viral RdRp Contigs:

After assembly, | combined all the resulting contigs into a single FASTA file and clustered the
files at 98% identity using CD-HIT (Fu et al., 2012) and renamed the clustered sequences by
the md5 hash of the retained sequence using a custom R script. Afterwards, | annotated open
reading frames in the sequences using the PROKKA annotation pipeline using the kingdom flag
set to Viruses (Seemann 2014). After PROKKA annotation, | parsed the output files to identity
any potential RNA-dependent RNA-polymerase genes. | then used NCBI’'s BLASTp tool to
search RdARp sequences against the ClusteredNR database to confirm their identification and
assign viral taxonomic status (Camancho et al., 2009).

Maximum Likelihood Phylogenetics:

| downloaded the RdRp amino acid multiple sequence alignment (MSA) of the top BLASTp hits
in FASTA format using COBALT (Papadopoulos and Agarwala 2007) and renamed the
sequence headers using a custom R script. | inferred a maximum likelihood phylogenetic tree in
IQTREE (v3) using model finder to identify the best fitting substitution model by Bayesian
Information Criteria (BIC) and assessing topological support using 1000 ultra-fast bootstraps
(Wong et al., 2025; Hoang et al. 2018). | plotted the tree in R using the package ggtree (Yu
2020).

Results:
Assembly and Annotation:

SPADES Assembly of the unmapped RNA sequencing reads yielded 241,304 contigs ranging in
size from 20832 nucleotides in length to 50 nucleotides in length. Clustering at 98% percent
identity reduced this to 186,491 contigs which were submitted to PROKKA for annotation.
Annotation with PROKKA yielded 45,694 putative transcripts. Of these, two sequences were
identified as having homology to other RNA-directed RNA polymerases (aka RNA-dependent)
which were both 1335 bp in length. Both contigs contained the RdRp gene had three annotated
open reading frames (ORFs) with 2 hypothetical proteins predicted to flank the RdRp sequence.
These sequences appear to be identical in the RdRp and one of the other reading frames but
are divergent in the third.
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BLASTp Sequence Searching:

Using BLASTp to search NCBI’s ClusteredNR database revealed that both RdRp sequences
(both 444 aa) had a top hit against Qianjiang tombus-like virus 78 (Locus ID: XHA86529.1).
While query cover was high (97%), percent identity was low at just 38.5% for both
PDGDJCHL_17863 and PDGDJCHL_27476 (evalue: 3e-90; Table 1). Qianjiang tombus-like
virus 78 was recovered from meta-transcriptomic profiling of Procambarus clarkii (Red Swamp
Cray Fish) collected from farmed cray fish in Qianjiang, Hubei Province, China (Guo et al.,
2025). BLASTp hits are universally identified as belonging to the riboviruses and often are
annotated to either Tolivirales or Tombusvirus(-like). Hosts are diverse, including crustaceans
(i.e., Red Swamp Cray fish), other arthropods (e.g., Thrips tabaci) and plants (e.g., Japanese
Iris), representing the diversity of Tombusvirus hosts that have been previously described.

BLASTp searches of the hypothetical proteins from locus tags PDGDJCHL_17862 (459 aa) and
PDGDJCHL_27477 (415aa) produced no hits with significant homology when searching against
ClusterNR. Sequence searches of PDGDJCHL_ 17864 and PDGDJCHL 27475 (both 439 aa)
revealed congruent results, with homology to both Nodaviruses (again from Red Cray fish) and
other some Tombus-like viruses (Table 2). Among the top 100 hits (ranked 15) for these proteins
is Qianjiang tombus-like virus 78, with 91.1% query cover and but low percent identity (29.29%).
The top hit for both proteins was Qianjiang noda-like virus 94, with a moderate query cover of
73% and a modest (but higher) percent identity of 34.31%. Qianjiang tombus-like virus 78
Metagenome Assembled Genome has a similar recovered structure to the viral MAGs
recovered from Daphnia pulex libraries, three ORFs with two hypothetical proteins flanking the
RdRp (Figure 1A). This genome organization is consistent with other tombunoda-like viruses.

Phylogenetic Inference:

BIC analysis with model finder found that the best fitting model of evolution for the alignment
was Q.PFAM+F+|+R6. The recovered RdRp genes are identical to one another in Amino acid
composition. The Daphnia pulex associated RdRp genes cluster with four other RdRp genes
with high bootstrap support (93%; Figure 1B). They are placed ancestral to the branch leading
to Qianjiang tombus-like virus 78 (XHA86529.1), the top hit from the ClusterNR BLAST search.
The other RdRp within this clade include those discovered from birds (WKV33167.1,
WKV33715.1; Lu et al., 2024) and from soil (QDH89441.1; Starr et al., 2019). This clade is the
least diverse of all the clades present in the midpoint rooted tree.

Discussion:

The results here, show evidence of a novel RNA virus from a Daphnia host. Searching 8 publicly
available meta-transcriptomes collected from semi natural conditions led to the discovery of
two contigs of putative viral origin by prediction of open reading frames annotated as RNA-
dependent RNA polymerases (RdRp). Sequence similarity searches shows that these RdRp
sequences belong to the family Tolivirales, genus Tombusviridae. Phylogenetic analysis shows
that these viruses are closely related to diverse RdRp sequences discovered from hosts including
a decapod crustacean, birds, and soils. The gene sequences have homology to other RdRps
discovered from aquatic habitats (rivers) and many arthropod and invertebrate hosts. Given this
initial discovery of “Daphnia pulex virus 1”7, from RNA sequencing data suggests that there may
be many yet to be described viruses in natural populations of Daphnia. Meta-transcriptomic and
meta-genomic surveys of aquatic ecosystems have revealed a huge diversity of both DNA and
RNA viruses (Wolf et al. 2020). While the number of studies describing species specific viromes
and environment specific virospheres are increasing, very few have been directed at
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invertebrates. Interestingly, one of the largest RNA virome studies, Shi et al. (2016), included
large scale sequencing of many invertebrates throughout China. Reportedly, their freshwater
crustacean pool included two daphniid D. magna and D. carinata however they reported no
Daphnia specific viruses and only a single Tombus-noda like virus from this pool. Meanwhile,
work from Decapod crustaceans shows a huge diversity of Tombus-like viruses and indeed one
of the closest related RdRp genes available on NCBI to Daphnia pulex virus 1 was isolated from a
decapod crustacean (Guo et al., 2025).

It remains unknown if infection with Daphnia pulex virus 1 has detectable fitness effects
for Daphnia. Hewson et al (2013) noted that epidemics of DMClaHV may have led to later host
abundance declines, presumably from increased mortality or morbidity. Similarly, infection with
DIV-1 leading to WFCD is often fatal for infected Daphnia and DIV-1 is highly virulent as noted by
Toenshoff et al. (2018) citing Green (1957). While not a guarantee, host-parasite interactions
may evolve to more a benign steady state if they co-exist over many generations (May and
Anderson, 1990). The Daphnia used in this investigation were collected from a wild population
and successfully established a population in the experimental units and further survived
prolonged exposure to heat stress (Hechler et al. 2023). This would suggest that infection with
Daphnia pulex virus 1 may not represent an acute or even fatal infection, rather an infection
that Daphnia can persist with and survive even during stressful periods. Additionally, other
tombus-like viruses closely related to the one | identified were discovered from, farmed
crayfish, a Decapod crustacean (Guo et al., 2025). One interpretation of both these lines of
evidence is that Daphnia pulex virus 1 has a long history with Daphnia having evolved a steady
state where infection is largely benign. Additional sampling, basic natural history studies, and
infection assays in the laboratory would need to be conducted to better ascertain if this
hypothesis is indeed supported. Additionally, this would also help to establish whether we can
expect Daphnia to clear infection or if infection remains chronic as with some other RNA viral
pathogens such as Hepatitis C virus (HCV; Thomas et al., 2000) or Human Immunodeficiency
Virus (HIV; Lyes et al., 2000), only to cause increased morbidity and mortality after a long
period. Furthermore, it would be key to know if RNA viruses are horizontally transmitted across
clonal or sexual generations in Daphnia and how to this relates to clonal fitness and diapause
success. However, whether Daphnia pulex virus 1 is in fact infecting the D. pulex used in this
study is also key to understand and should be further explored.

There exists a possibility that this viral element is part of the larger holobiome of the animals or
is possibly associated with the algal food within the gut of the experimental animals and not
infecting the Daphnia at all. This, however, seems unlikely as the Tombusviridae is not known to
infect green algae or other microbes, rather it is associated almost exclusively with terrestrial
plants and arthropods (White and Nagy 2004; Lozier et al., 2024). Association with Daphnia is
supported by the BLASTp and follow up phylogenetic analysis which shows close allyship with
angiosperm, chordate, mollusc and other arthropod viruses. | found no algal hosts among the
top blast hits.

The BLASTp hits for the RdRp and the other hypothetical protein (PDGDJCHL_17864 &
PDGDIJCHL_27475) had differing taxonomies. The RdRp sequence had homology to Tombus-like
viruses meanwhile the second protein had homologies to noda-like viruses. This result is not
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surprising, as Nodaviruses and Tombusvirus are closely allied and appear to horizontally
exchange sequences (Shi et al. 2016; Dolja and Koonin 2017) through recombination (Kovalev et
al. 2019). Tombunodaviruses were first described by Greninger and DeRisi (2015) from an
environmental sample collected in California, USA. Daphnia pulex virus 1 and Tombunodavirus
UC1 share a similar RdRp and genome organization. Given these similarities, and the
widespread identification of similar Tombunodaviruses from other invertebrate viromes (e.g.,
Shi et al. 2016), it appears Daphnia pulex virus 1 belongs to this group of newly recognized
viruses

Here, | describe an RNA virus, Daphnia pulex virus 1, discovered by mining metatranscriptomes
of Daphnia pulex and assembling RNA-dependent RNA polymerases de novo. Sequence
similarity searches and phylogenetic inference reveal the recovered virus is related to viruses
infecting angiosperms and recovered from RNA virus assemblages inferred from other
arthropods, including crustaceans, molluscs, and chordates. It remains unknown the extent to
which this virus is pathogenic to Daphnia, and further studies should attempt to further
elucidate the virome of Daphnia and the extent to which RNA virus infection may cause disease,
increased morbidity, or mortality. Given Daphnia’s central role in aquatic food webs, it remains
important to further explore their associated RNA virome to understand if infections influence
ecosystem functioning.

Open Research and Data Availability:

| analyzed the RNA sequencing libraries (SRX14976444-SRX14976451) accessioned under
BioProject (PRJINA830892). Viral genome sequences have been submitted to NCBI Genbank and
are available under accessions PX577120 and PX577121. Scripts and data are provided on
GitHub at: https://github.com/mwersebe/DaphniaRNAvirus.
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Figures:

A) Daphnia pulex virus 1 genome organization

(+) ssRNA genome
ORF1: 18-1400 ORF2: 1601-2935 ORF3: 2691-4280
Hypothetical Protein RNA-dependent RNA- Hypothetical Structural Protein
No homology to known polymerase Nodaviridae
Saquances Tombusviridae

4372 bp

B)
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Figure 1: A) Genomic organization of Daphnia pulex virus 1. The positive sense single stranded
RNA genome [(+)ss RNA], has three open reading frames (ORF) when translated with the
standard genetic code. ORF1 has no significant homology to known sequences. ORF2 is the
RdRp gene and is closely related to Tombusviridae RdRps. ORF 3 has homology to Nodaviridae
structural proteins. B) Midpoint rooted maximum likelihood phylogeny of Daphnia pulex virus 1
RNA-dependent RNA polymerase amino acid sequences and the top 100 BLASTp hits. Tip are
colored according to the host phylum/clade or labelled as environment if assembled from an
environmental sample. BLASTp hits were primarily from arthropods (Tan) or from environmental
sources (Blue). Environmental samples primarily included riverine and aquatic habitats. In
addition to arthropods, hosts of other closely allied viruses included chordates (Green; birds,
mammals and fish) and Molluscs (Pink; freshwater mussels). Node labels indicate bootstrap
support estimated with 1000 ultra-fast bootstraps.
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Tables:

ACCESSION CLUSTER NAME SIZE EVALUE PID QUERY SOURCE SOURCE
(%) COVERY LOCATION
(%)

XHA86529.1 Qianjiang 1 3e-90 38.58 97 Red Crayfish China
tombus-like virus
78

WKV33715.1 Riboviria sp. 1 6e-68 38.10 94 Warbler China

QDH89441.1 Riboviria sp. 1 9e-70 41.27 75 Soil USA

Xll42641.1 clirnapecvirus39 1 7e-70 36.25 87 Freshwater USA

mussel
XHA86494.1 Qiangjiang 1 6e-67 35.61 85 Red Crayfish China

tombus-like virus
66

XUuU15382.1 Carmovirus sp. 1 Je-65 38.24 83 Honeybee Uzbekistan

APG76440.1 Sanxia water 1 5e-65 35.46 87 Freshwater Atyid China
strider virus 14 shrimp

QTJ63617.1 Phasmatodean 1 8e-64 37.30 82 Leaf insect Germany
tombus-related (insect
virus culture)

UXX19078.1 Fangzheng 1 le-62 37.31 85 Taiga tick China
tombus-like virus

XHA86821.1 Qianjiang 1 3e-62 34.78 84 Red Crayfish China

tombus-like virus
183

Table 1: Top 10 BLASTp hit of the RdRp sequences from ClusteredNR database. Sequences are
shorted by BLASTp evalue.
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ACCESSION CLUSTER SIZE EVALUE PID (%) QUERY SOURCE SOURCE

NAME COVERY LOCATION
(%)

XHA86089.1 | Qianjiang 1 9e-46 34.31 73 Red China
noda-like virus Crayfish
94

WPR18221.1 | Crogonang 1 4e-33 27.72 87 Freshwater USA
virus 45 mussel

WZH61881.1 | Sopobep virus 1 7e-33 28.46 79 Farm soil Australia

APG76166.1 | Beihai noda- 1 2e-33 30.72 73 Penaeid China
like virus 6 shrimp

XHA85966.1 | Qianjiang 1 9e-31 29.92 79 Red China
noda-like virus Crayfish
37

XKB76411.1 | Nodamuvirales 1 8e-27 37.56 73 River water Germany
sp.

WRQ64796.1 | Sobelivirales 1 9e-26 26.03 47 River water Germany
sp.

XKB76231.1 Nodamuvirles 1 2e-24 26.03 97 River water Germany
sp.

WRQ65002.1 | Tolivirales sp. 1 2e-23 27.50 98 River water Germany

QDH89441.1 | Riboviria sp. 1 2e-23 29.41 75 Soil USA

Table 2: Top 10 BLASTp hits for the hypothetical structural proteins from ORF3. Sequences are
shorted by BLASTp evalue.
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