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ARTICLE INFO ABSTRACT

Keywords: Biological invasions are intrinsically linked to introducing associated symbiotic organisms, some of which can be
Bi'ﬂlogical invasions parasitic or pathogenic. The pathogenic risk of an ‘invasive parasite’ (aka. exotic pathogen) stems from its po-
H}St‘l’PathOlOgy tential to infect native hosts and induce behavioural change or mortality, with the pathogen potentially pre-
Virology senting a greater risk than the host. Conversely, parasites translocated by invasive hosts may also reduce the
Freshwater ecology . . o s . : . .

Crustacea impact of their host, indirectly curbing the hosts impact on the invaded ecosystem. In this study, we develop a

pathogen profile for the narrow-clawed crayfish, Pontastacus leptodactylus. This is a non-native species in the
United Kingdom, and poses a possible risk as a sink for invasive parasites. We use histopathology, metagenomics
and metratranscriptomics to outline the symbiotic diversity harboured by a P. leptodactylus population from West
Yorkshire, England.

We discovered several protozoan and bacterial species that appear to be putatively commensal with this
invader, as well as several RNA viruses (Hepelivirales; Picornavirales; Nodaviridae, and others) that may be more
pathogenic in nature. Microsporidia and Nudiviridae were absent in our population sample set, as were all
metazoan obligate parasites, such as trematodes and acanthocephalans. Using the novel genomic and patho-
logical data available to us, we have explored the evolutionary history of each symbiotic species and provided an
initial assessment on the putative risk to native species.

1. Introduction

Invasive Non-Native Species (INNS) pose a significant risk to native
wildlife, cultured species, and human health, due to their capacity to
carry and transmit exotic symbionts, such as parasites and pathogens
(also termed, “invasive parasites”; Dunn, 2009; Dunn et al., 2023; Dunn
and Hatcher, 2015). These invasive parasites have been shown to affect
invasion systems in diverse ways: they can hinder an invader by eliciting
population control through behavioural modification, or a reduction in
survival (Bojko et al. 2019); or they can may go on to infect native or
economically important species (Wood et al. 2023), causing population
declines (Svoboda et al. 2017) or other wildlife health impacts (Hatcher

et al 2019). Most notably from freshwater environments, Aphanomyces
astaci (causative agent of crayfish plague) can result in mass white
clawed crayfish (Austropotamobius pallipes) mortalities, and originates
from the invasive asymptomatic host, the signal crayfish (Pacifastacus
leniusculus; Svoboda et al. 2017).

Outside of the well-studied crayfish plague pathogen, crayfish in-
vasions are also commonly associated with co-invasive symbionts within
the groups: Microsporidia (Bojko et al., 2020; Stratton and DiStefano,
2021; Stratton et al. 2022a,b; Stratton et al. 2023a,b; Stratton et al.
2024a); Nudiviridae (Stratton et al. 2024b; Petersen et al. 2024); Psor-
ospermium sp. (Anaya, 2021; Longshaw et al., 2012); Branchiobdella
(Rosewarne et al., 2012); and trematodes (Reisinger et al. 2015). Native
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crayfish can also harbour mortality-driving groups, such as bunyavi-
ruses, which may play a role in biological invasions (brown spot disease;
Grandjean et al. 2019). For example, the P. leniusculus invasion of the UK
has been linked closely with the spread of A. astaci, but also the presence
of a ‘bacilliform virus’, Psorospermium sp., branchiobdellids, and the
likelihood of acquiring native microsporidian species such as Astathe-
lohania contejeani (Dunn et al., 2009; Anderson et al. 2021). Studies such
as Anderson et al. (2021) provide geographical detail on symbiont
dispersal through invasive/native networks that help to define possible
emerging disease risk in wildlife.

Of recent concern to the UK is the narrow-clawed crayfish (Pontas-
tacus leptodactylus) and the pathogens that it may harbour. Narrow-
clawed crayfish have been broadly introduced across Europe for aqua-
culture. They are considered data deficient in terms of ecological impact.
However, species range is predicted to shift following climate niche
changes expected acr oss Europe making them a cause for concern in the
future (Hodson et al. 2024). Although P. leptodactylus are distributed
across England (Peay et al. 2010), we do not know what pathogens may
have been co-introduced, or whether they have acquired pathogens in
the new range.

Bojko et al. (2021) identified 23 symbionts associated with
P. leptodactylus from their native and invasive ranges from literature
published up to 2017, and since this review a further four have been
noted. These include: viruses (Nimaviridae and a nudivirus detected
through transcriptomic data: ‘Astacus leptodactylus nudivirus’, which
should be putatively termed: ‘Pontastacus leptodactylus nudivirus’
(AINV to PINV; Petersen et al. 2024) due to the recent taxonomic
change); bacteria (Listeria monocytogenes, Aeromonas hydrophila, She-
wanella putrefaciens (Kuzucu and y Ozcan, 2025); Microsporidia
(A. contejeani); Fungi (Saprolegnia parasitica, Acremonium sp., Fusarium
solani (Salighehzadeh et al. 2019), and Fusarium avenaceum (Tastan and
Akhan, 2021); Protozoa (Psorospermium haeckeli, Branchiobdella spp.,
Chilodonella spp., Cothurnia sieboldii, Epistylis spp., Histricosoma chap-
puisi, Opercularia articulata, Podophrya fixa, Pyxicola annulata, Tetrahy-
mena pyriformis, Vorticella similis, Zoothamnium intermedium, and
A. astaci); and Trematoda (Astacotrema tuberculatum).

A combination of technologies can be used to develop pathological
surveys of invasive populations, increasing our understanding of path-
ogen risk by building a baseline pathological view of invasive pop-
ulations (Foster et al. 2021; Bojko et al. 2023). Such technologies can
include classical pathological techniques, such as histology and electron
microscopy, and also encompassing more recent techniques, such as
metagenomics and metatranscriptomics, which can provide detailed
sequence data from an array of pathogens.

The aim of this study is to use histology, metagenomics and meta-
transcriptomics, to screen narrow-clawed crayfish for symbionts, to
better understand the potential for control, and to determine whether
they harbour pathogens that may pose a risk to native species.

2. Methods
2.1. Specimen collection and husbandry

Narrow-clawed crayfish (n = 20), P. leptodactylus, were collected
from Boshaw Whams Reservoir, Holmfirth, West Yorkshire, UK (Lat
53°32'52"N, Long 001°46'23"W) between October 2022 and December
2022. P. leptodactylus were first detected around 2014 and local anglers
started to report them as a nuisance in 2019 (pers. comm Huddersfield
Angling Club). Crayfish were collected under a Natural England trap-
ping license using collapsible fladen crayfish traps (570 mm x 290 mm,
25 mm mesh size) deployed overnight at the reservoir and retrieved
after 18 h. All crayfish were transported to the University of Leeds, West
Yorkshire and housed in sex segregated holding tanks. The animals were
anaesthetised before dissection by being placed in a —20 °C freezer for
10 min, following the methods described by Bojko et al. (2022).
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2.2. Histological preparation

Twenty P. leptodactylus were prepared for histological analysis,
where the muscle, nerve, gill, gonad, heart, gut, hepatopancreas, and
antennal gland were biopsied and placed into a single labelled cassette,
per crayfish. The tissues were fixed in Davidson’s freshwater fixative,
and then moved into 70 % ethanol after 24 h. Tissue processing included
90 % and 100 % ethanol infiltration, prior to 2 baths of xylene-
substitute, and finally paraffin wax. The tissues were solidified into a
block of paraffin wax including the labelled cassette. Each block was
sectioned at 3 pm, and the resulting sections were adhered to glass
slides. The slides were stained using a haemotoxylin and alcoholic eosin
protocol (see Bojko et al. 2022). The slides were read on a Leica com-
pound microscope and images were taken using a Leica integrated
camera.

2.3. Next generation sequencing and bioinformatics

The same 20 crayfish that were prepared for histology, also had
corresponding muscle, gill and hepatopancreas preserved in 2 ml of 99
% ethanol. These tissues underwent both DNA and RNA extraction using
Wizard extraction kits (Promega), according to manufacturer’s pro-
tocols. The hepatopancreas of samples C6, C13, and C16 were submitted
as individual RNA and DNA extracts for metagenomic and metatran-
scriptomic analysis. The remaining DNA and RNA extracts from all tis-
sues were pooled into two corresponding batches for sequencing:
crayfish samples C1-C10 (excluding C6) were pooled, and crayfish
samples C11-C20 (excluding C13 and C16) were pooled, separately for
RNA and DNA. This resulted in 5 DNA samples for metagenomics, and 5
RNA samples for metatranscriptomics. The samples were submitted to
Novogene, where they underwent library preparation and were
sequenced on an Illumina NovaSeq. Each sample provided 10 Gb of
paired data, which were delivered to our laboratory for bioinformatic
processing.

The files were initially trimmed using Trimmomatic (Bolger et al.
2014; parameters: LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15
MINLEN:36) and then assembled using SPAdes v4.0.0 (Bankevich et al.
2012). The contiguous sequence files from each sample, including
samples 3, 13, 16, and the two pooled samples, for both DNA and RNA
data, were then used to screen for the presence of symbionts. For the
DNA samples, metaxa2 (Bengtsson-Palme et al., 2015) was used to mine
out the presence of bacterial and eukaryotic species, by searching for
16S/18S sequences. The DNA datasets were also screened for DNA vi-
ruses, using a bespoke DNA virus database, which was built from Refseq
DNA viruses on NCBI (August 2024). The RNA datasets were screened
for RNA viruses using a bespoke RNA virus database, built from Refseq
RNA viruses on NCBI (August 2024). Sequences that indicated possible
viral genomes were collected from the contiguous files and completed
where necessary. Each viral contig was mapped using the trimmed
forward and reverse data in CLC genomics v.12, and then annotated
using GeneMarkS (Besemer et al. 2001).

2.4. Phylogenetics and sequence analysis

Viral genomes and their annotations were used to explore their
evolutionary origin using blastn, blastp, and blastx. The available pro-
tein sequences were used to develop maximum-likelihood phylogenetic
trees, all of which underwent 1000 bootstraps and took place using IQ-
TREE (Nguyen et al. 2015), after MAFFT alignment. Each viral group
was separately explored and the specific details pertaining to each tree
are provided in the caption of the relevant figure, including the evolu-
tionary model used, which was predicted in IQ-TREE using Bayesian
Information Criterion. Determination of protein function was explored
using InterProScan (Jones et al. 2014), and HHpred (Zimmermann et al.
2018), where the following parameters were used to reduce unlikely
function assignment: >75 % probability; e-value > 0.1e”>; p-value <
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0.05 (database: PDB_mmCIF70_3_Jan).
Data are available from project code PRINA1246988 and related
biosamples, stored on NCBI.

3. Results
3.1. Protozoan associations

Histological preparation of P. leptodactylus tissues resulted in the
detection of two symbiont groups: gregarines (Fig. 1A) and ciliated
protozoans (Fig. 1B). Gregarines were detected in 15/20 and ciliates in
8/20 individuals The gregarines presented within the gut tissue as
elongate single-celled masses, lined against the gut epithelium and bolus
(Fig. 1A), but no molecular detection of this species was made in the
metagenomic or metatranscriptomic data from HP, gill and muscle tis-
sues. There wasn’t evidence of pathology due to the presence of the
gregarines alongside the gut epithelial tissues. The ciliated protozoans
detected histologically in the gill (Fig. 1B) with no relation to any
pathological effect, and were also detected within our metagenomic
data, as Epistylis cambari (Ciliophora; 0Q924989; 61 % cov.; 98.43 %
sim.; e-value: 0.0; Table 1). This species was not detected in the HP
metagenomic assessments, but was detected in our pooled sample
approach which included gill, muscle, and HP together (Table 1).

Metagenomic analysis of DNA extracts from hepatopancreas preps
from individuals 6, 13, and 16 did not reveal any detectable protozoan
diversity, suggesting a lack of protozoa in this tissue type from these
three individuals. However, pooled samples that included both gill and
muscle in two batches, 1-10 and 11-20, both revealed further diversity.
The pooled sample 11-20 only picked up the E. cambari noted above.
Pooled sample 1-10 picked up greater diversity, including Neobodo
designis (Excavata; AY753614; 56 % cov.; 99.45 %; e-value: 0.0) and
Nuclearia moebiusi (Choanozoa; AF484686; 100 % cov.; 100 % sim.; e-
value: 0.0). The presence of these final two species were not detected
histologically.

3.2. Putative bacterial associations

In the histological sections, a series of undetermined pathologies
within the hepatopancreas were detected in single indidivuals (Fig. 2).
Healthy tissue from one individual (Fig. 2A) was compared to four other
animals, which presented abnormal pathologies with no specific desig-
nation. Putative assignment may involve bacterial or viral origin;
however, this is discussed later. Cytoplasmic inclusions were present in
specimen 6 (Fig. 2B); however, no bacterial symbiont was detected
within the metagenomic data. Agents of viral origin are explored in
Section 3.3. Specimen 16 displayed hypertrophic basophilic nuclei
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(Fig. 2C), and a deep eosinophilic staining hepatopancreatic cytoplasm.
Again, molecular analysis via metagenomics did not detect bacterial
symbionts in this HP DNA preparation. In specimen 13, the hepato-
pancreas displayed large clear cytoplasmic inclusions alongside smaller
eosinophilic inclusions (Fig. 2D), where typical basophilic staining
nuclei of an appropriate size are also seen. Metagenomic data for this
sample did pick up one bacterial species, which was Staphylococcus
epidermidis (Staphylococcaceae; CP052985; 100 % cov.; 100 % sim.; e-
value: 6e’117). Specimen 20 presented small, long green particles within
the HP cytoplasm, which were considered unknown in origin. This
specimen was a part of the pooled 11-20 batch, which was the source of
significant bacterial diversity (Table 2). In addition, pooled batch 1-10
also presented significant bacterial diversity (Table 2).

3.3. Viral associations

A blastx analysis of the metagenomic datasets revealed no presence
of complete viral genomes, outside of small fragments with low levels of
similarity and e-value support. However, metatranscriptomic analysis of
the available RNA sequence data revealed a range of complete and
partial RNA viruses within the series of specimens. The complete ge-
nomes of eight RNA viruses were identified from metatranscriptomic
data from P. leptodactylus, alongside a further four partial RNA virus
genomes (Suppl. Fig. 1). Complete genomes included five hepe-like vi-
ruses, two nodaviruses, and a tombusvirus. Partial genomes included a
dicistrovirus, a tombusvirus, and two toti-like viruses. Each virus
showed some protein similarity to viruses stored in NCBI (Table 3).

The partial dicistrovirus genome (‘Pontastacus leptodactylus Dicis-
trovirus C16-455"; PIDC16-455) (PV454206) isolated from crayfish C16
was 3547 bp in length (GC% = 51 %), and encoded a partial single
polyprotein (826 aa). This protein showed greatest similarity to a pol-
yprotein from ‘clirnapec virus 239’ (X1142478; sim. 69.24 %; cov. 100 %;
e-value: 0.0). InterProScan analysis of the partial polyprotein revealed
the following categorised domains: 1-216 region, Picornavirales 3C/3C-
like protease domain profile (IPR044067); 352-736 region, ‘Dicistrovir-
idae RARp’ (IPR001205). The uncategorised region (217-351) was
assessed using HHpred to determine possible function. This analysis
determined that this region likely encodes an undetermined transferase
(HHpred; probability: 99.84; e-value: 3.1e"2%). The uncategorised region
(737——826) was also assessed using HHpred to determine possible
function, determining that it may have a hydrolase function, but with
low probability (HHpred; probability: 17.61; e-value: 84). Phylogenetic
comparison and sequence demarcation analysis of the RARP region of
the novel dicistrovirus, determined that it grouped with viral isolates
collected from freshwater bivalves (Ortmanniana pectorosa) originating
from Virginia (USA), and that it forms a sister branch to the Cripavirus
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Fig. 1. Protozoa detected in histological section, from Pontastacus leptodactylus. A) Gregarine parasites (white arrow) lined against the gut epithelium (GE) and bolus.
B) Ciliated protozoa (likely Ciliophora; white arrow), stemming from a single gill lamella (G).
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Table 1
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Protozoan 18S data derived from the metaxa2 analysis of available NGS datasets collected within this study. The BLAST analysis results are included in this table,

highlighting the relevant taxonomy and closest identified organism.

Isolate Organ Animal Length (bp) Contig coverage NCBI accession Similarity (%) Coverage (%) E value Associated species
32,372 Gill/Muscle/HP C1-10 pool 628 1.324864 AY753614 99.45 56 0.0 Neobodo designis
82 Gill/Muscle/HP C1-10 pool 2597 16.96123 0Q924989 98.43 61 0.0 Epistylis cambari
154,056 Gill/Muscle/HP C1-10 pool 354 1.054152 AF484686 100.00 100 0.0 Nuclearia moebiusi
129 Gill/Muscle/HP C11-20 pool 2597 5.115136 0Q924989 98.43 61 0.0 Epistylis cambari

Fig. 2. Various unclassified pathologies located in the hepatopancreas of Pontastacus leptodactylus under haemotoxylin and eosin staining, where each was only
observed once in our 20-crayfish sample. A) A view of a healthy ‘normal’ hepatopancreas for comparison. B) Basophilic cytoplasmic inclusions within the hep-
atopancreatocytes (white arrow), which may develop further to result in cell degradation (black arrow). C) Heavily degraded hepatopancreas with hypertrophic
basophilic nuclei in the hepatopancreas (white arrow). D) Large cytoplasmic inclusions in the hepatopancreas appear spherical and clear, or as small eosinophilic
inclusions (white arrows). E) Green-staining elongate cytoplasmic inclusions within the hepatopancreas. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

genus within the Dicistroviridae (Fig. 3).

Five hepe-like viruses were identified, one more closely associated
with the Hepelivirales than the others (Fig. 4), which was termed: ‘Pon-
tastacus leptodactylus Hepevirus C13-319' (PIHC13-319) (PV454208).
This isolate was 7480 bp in length (GC% = 47 %) and encoded two
proteins, a polyprotein and a capsid protein (Suppl. Fig. 1). Using
InterProScan, the viral polyprotein was identified to have the following
functional predictions: region 65-296, methyltransferase (IPR002588);
region 1129-1301, viral helicase (IPR027351); region 1493-1799,
RARP (IPR001788). This left two major regions without function clari-
fication: region 297-1128, and region 1302-1492. HHpred prediction of

the uncategorised 297-1128 region revealed possible tRNA methyl-
transferase (HHPred; probability: 99.97; e-value: 3e°), and capping
enzyme (HHpred; probability: 93.6; e-value: 5e’!) functions. HHpred
revealed no confident output for region 1302-1492. The phylogenetic
analysis of this virus among the Hepevirales, determined that it clusters
within an uncategorised section of the phylogeny, but most closely with
the Alphatetraviridae (Fig. 4). The phylogenetic lineage it sits within
houses aquatic mollusc and crustacean-infecting viruses, and environ-
mental samples, including other viruses derived from crayfish.

Four other “hepe-like” viruses were more closely associated with
several “hepe-like” viruses from aquatic arthropods, such as crayfish,



M. Harwood et al.

Table 2
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A blast results table of the bacterial 16S sequences identified by Metaxa2, from the various NGS datasets collected during this study.

Isolate Organ Animal  Length Contig NCBI Similarity Coverage Evalue  Associated species
(bp) coverage accession (%) (%)
646,264  Hepatopancreas C13 234 0.929936 CP052985 100.00 100 6e-117  Stphyloccocus epidermidis
10,150 Gill/HP/Muscle Pooled 823 1.43572 JQ692099 91.75 96 0.0 Flavobacterium terrigena
FJ718901 94.33 96 0.0 Uncultured bacterium clone
102,633 Gill/HP/Muscle Pooled 160 2.01548 MH838009 91.25 100 2e-52 Runella aurantiaca
LR636054 100.00 100 5e-76 Uncultured bacterium
181,617  Gill/HP/Muscle Pooled 260 1.403846 MW142058 100.00 100 2e-131 Xanthomonas maliensis
190,139  Gill/HP/Muscle  Pooled 332 2.078431 KF228157 96.32 98 7e-148  Nitrosomonas oligotropha
EU224342 98.12 96 le-154 Uncultured bacterium clone 4D
228,968  Gill/HP/Muscle Pooled 314 1.236287 0OK342099 93.65 100 6e-128 Sediminibacterium sp.
KX652468 94.90 100 le-134 Uncultured bacterium clone OTU 61
28,251 Gill/HP/Muscle  Pooled 677 1.041667 CP042433 96.41 76 3e-69 Flavisolibacter ginsenosidimutans
2983 Gill/HP/Muscle  Pooled 1457 1.906166 KX505858 96.37 100 0.0 Rhodoferax lacus
31,410 Gill/HP/Muscle Pooled 499 2.342246 PQ782258 100.00 100 0.0 Pseudomonas fluorescens
317,378 Gill/HP/Muscle Pooled 284 1.057971 OR136292 99.65 100 6e-143 Rhizobacter profundi
344,660 Gill/HP/Muscle Pooled 277 1.825000 AB355702 100.00 100 9e-141 Thermomonas brevis
370,875  Gill/HP/Muscle Pooled 272 1.497436 NRO074303 99.13 84 9e-111 Leadbetterella byssophila
386,952 Gill/HP/Muscle Pooled 269 1.161458 MT910335 98.14 100 5e-128 Microvirga sp.
387,633  Gill/HP/Muscle  Pooled 269 1.119792 PP341839 100.00 100 2e-136 Tabrizicola sp.
429,055  Gill/HP/Muscle  Pooled 259 0.886486 MW486538 98.07 100 2e-122  Chryseobacterium sp.
454,119 Gill/HP/Muscle Pooled 258 0.839779 CP034328 91.63 82 4e-75 Tabrizicola piscis
CP136571 98.21 43 le-45 Fuscovulum sp.
494,379  Gill/HP/Muscle ~ Pooled 252 0.834286 CP016592 97.24 100 9e-116  Ketogulonicigenium
578,718  Gill/HP/Muscle ~ Pooled 241 0.890244 AB920567 100.00 100 8e-121  Arthrobacter alpinus
620,735  Gill/HP/Muscle  Pooled 236 1.377358 NR064420 99.15 100 le-114 Haliscomenobacter hydrossis
64,403 Gill/HP/Muscle Pooled 467 1.241026 CP030850 96.35 77 3e-162 Runella rosea
659,587  Gill/HP/Muscle  Pooled 232 1.412903 KX981406 86.70 100 4e-64 Niastella sp.
LR637787 97.84 100 2e-107 Uncultured bacterium partial
683,464 Gill/HP/Muscle Pooled 230 0.954248 EF540472 98.91 80 3e-85 Flavobacterium sp.
KC255331 99.51 88 5e-98 Uncultured bacterium clone
GMM_40
685,155  Gill/HP/Muscle  Pooled 135 0.856209 MN620434 100.00 100 3e-62 Thermomonas sp.
86,231 Gill/HP/Muscle Pooled 317 0.959538 CP060007 97.48 100 le-149 Lacibacter sediminis
9363 Gill/HP/Muscle Pooled 852 2.231717 CP015225 93.15 100 0.0 Pseudomonas fluorescens
110,442  Gill/HP/Muscle  Pooled 351 0.532847 0Q359397 94.17 87 3e-127  Simplicispira piscis
15,946 Gill/HP/Muscle Pooled 461 0.854975 JN679215 93.51 83 9e-158 Terrimonas sp.
27,873 Gill/HP/Muscle Pooled 533 0.791667 NR148792 94.65 98 0.0 Lampropedia cohaerens
289,926 Gill/HP/Muscle Pooled 267 0.768421 CP042582 93.55 52 8e-42 Hypericibacter adhaerens
HQ114192 100.00 49 le-59 Uncultured bacterium clone
440,529 Gill/HP/Muscle Pooled 151 0.790123 CP002104 100.00 100 5e-71 Gardnerella vaginalis
515,085 Gill/HP/Muscle Pooled 229 0.789474 PP345989 93.39 99 5e-88 Flavobacterium granuli
68,997 Gill/HP/Muscle ~ Pooled 400 0.804954 AM492750 97.20 63 7e-114  Flavobacterium hercynium
CP038810 87.68 100 le-125  Flavobacterium sangjuense

crab, and octopus (Fig. 5; Table 3; Suppl. Fig. 1). The four similar viruses
ranged in length between 11,018 and 11,236 bp (GC% range of 48 %-50
%), and were derived from two crayfish (C13 and C16) in our study.
Viruses ‘Pontastacus leptodactylus Hepevirus C16-9° (PIHC16-9)
(PV454211) and ‘Pontastacus leptodactylus Hepevirus C13-376’
(PIHC13-376) (PV454209) were 99.9 % similar at the nucleotide level
and encoded six open reading frames (ORFs); whereas viruses ‘Pontas-
tacus leptodactylus Hepevirus C16-8’ (PIHC16-8) (PV454210) and
‘Pontastacus leptodactylus Hepevirus C13-48’ (PIHC13-48) (PV454207)
were 99.63 % similar at the nucleotide level and encoded seven ORFs;
indicating two groups of similar viruses from two individuals (Fig. 5).
For PIHC16-9 and PIHC13-376, the Polyprotein region 175-360 enco-
ded a methyltransferase (IPR002588); and region 1541-1774 encoded a
helicase (IPR027351). ORF2 encoded the viral RARP and ORF3 encoded
a transmembrane protein. ORF4-6 had an undetermined function. For
PIHC16-8 and PIHC13-48, the Polyprotein region 177-362 encoded a
methyltransferase (IPR002588); and region 1541-1774 encoded a
helicase (IPR027351). ORF2 encoded the viral RARP. ORF3-5 all enco-
ded transmembrane proteins. ORF6 and ORF7 had an undetermined
function. HHpred analysis did not identify confident predictions for
function for the uncharacterised polyprotein regions or ORFs. The
phylogenetic tree including these four novel viruses grouped them with
other crayfish-infecting viruses, in a lineage separate from those that
infect crab and octopus (Fig. 5).

Two distinct nodaviruses were sequenced from the same crayfish

specimen (C13). These viruses were termed ‘Pontastacus leptodactylus
alphanodavirus C13-3553' (PIAC13-3553) (PV454212) and ‘Pontastacus
leptodactylus alphanodavirus C13-3555' (PIAC13-3555) (PV454213).
Both encoded a single polyprotein and consisted of 3113 bp (GC% = 40
%) and 3210 bp (GC% = 41 %), respectively. The two were 87.32 %
similar at the nucleotide level. The polyprotein encoded by the two vi-
ruses exhibited the following functional regions (based on PINC13-
3555): 100-241 encoded a methyltransferase (IPR043647); and region
509-749 encoded an RdRP. HHpred prediction of the uncharacterised
regions suggested that region 242-508 of the polyprotein is an extension
of the RARP prediction, including a capping enzyme (HHpred; proba-
bility: 100; e-value: 1.1€%%). The remaining region (750-1020) is also an
extension of the InterProScan-predicted RARP site, but specific to
transferase function (HHpred; probability: 99.17; e-value: 5.3e'1).
Phylogenetic analysis using the entire polyprotein determined that the
two nodaviruses branch closely together, on a sister branch to the
Leuven nodavirus (QZZ63349) and an environmental sample
(XKB76444; Fig. 6). Alphanodavirus flockense branches at the base of the
cluster containing the two P. leptodactylus-infecting nodaviruses (sup-
port: 67 %). This cluster also contains a nodavirus sequenced from a
freshwater bivalve (Chemarfal virus 256; WPR18356; Fig. 6).

Two tombusvirus sequences were identified from animal C13. A
partial genome encoding two ORFs is termed ‘Pontastacus leptodactylus
tombusvirus C13-5563' (PITC13-5563) (PV454215), which was 2518 bp
in length (GC% = 39 %). A complete viral genome containing four ORFs
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Table 3
RNA virus proteins are included in this table, alongside their blastp comparison result. The table indicates the most closely related known virus, identified prior to this
study.
Virus Name ORF  Animal  Length NCBI accession  Similarity Coverage E Associated taxon
(aa) (%) (%) value
Pontastacus_leptodactylus_Dicistrovirus_C16-455 1 Cl6 826 X1142478 69.24 100 0.0 clirnapec virus 239
Pontastacus_leptodactylus_Hepevirus_C13-48 1 C13 1897 CAJ2444841 53.64 31 2e- Astacus astacus hepevirus
180
Pontastacus_leptodactylus_Hepevirus_C13-48 2 C13 471 CAJ2358127 74.57 99 0.0 Astacus astacus hepevirus
Pontastacus_leptodactylus_Hepevirus_C13-48 3 C13 254 CAJ2444836 54.00 98 6e-89 Astacus astacus hepevirus
Pontastacus_leptodactylus_Hepevirus_C13-48 4 C13 95 No significant similarity found
Pontastacus_leptodactylus_Hepevirus_C13-48 5 C13 107 No significant similarity found
Pontastacus_leptodactylus_Hepevirus_C13-48 6 C13 415 CAJ2444837 72.02 99 0.0 Astacus astacus hepevirus
Pontastacus_leptodactylus_Hepevirus_C13-48 7 C13 155 CAJ2444838 56.21 99 le-51 Astacus astacus hepevirus
Pontastacus_leptodactylus_Hepevirus_C13-319 1 C13 1855 WAY16406 50.30 9 3e-40 Hepelivirales sp.
Pontastacus_leptodactylus_Hepevirus_C13-319 2 C13 540 WAY16407 43.37 83 le- Hepelivirales sp.
106
Pontastacus_leptodactylus_Hepevirus_C13-376 1 C13 1894 CAJ2444841 64.79 91 0.0 Astacus astacus hepevirus
Pontastacus_leptodactylus_Hepevirus_C13-376 2 C13 550 CAJ2358127 81.93 100 0.0 Astacus astacus hepevirus
Pontastacus_leptodactylus_Hepevirus_C13-376 3 C13 202 CAJ2358133 71.29 100 3e-94 Astacus astacus hepevirus
Pontastacus_leptodactylus_Hepevirus_C13-376 4 C13 418 CAJ2358134 65.16 100 0.0 Astacus astacus hepevirus
Pontastacus_leptodactylus_Hepevirus_C13-376 5 C13 123 No significant similarity found
Pontastacus_leptodactylus_Hepevirus_C13-376 6 C13 169 CAJ2358130 53.21 92 8e-52 Astacus astacus hepevirus
Pontastacus_leptodactylus_Hepevirus_C16-8 1 C16 1897 CAJ2444841 53.64 31 2e- Astacus astacus hepevirus
180
Pontastacus_leptodactylus_Hepevirus_C16-8 2 Cl6 471 CAJ2358127 74.57 99 0.0 Astacus astacus hepevirus
Pontastacus_leptodactylus_Hepevirus_C16-8 3 Cl6 254 CAJ2444836 54.00 98 6e-89 Astacus astacus hepevirus
Pontastacus_leptodactylus_Hepevirus_C16-8 4 C16 95 No significant similarity found
Pontastacus_leptodactylus_Hepevirus_C16-8 5 Cl16 107 No significant similarity found
Pontastacus_leptodactylus_Hepevirus_C16-8 6 Cl6 415 CAJ2444837 72.02 99 0.0 Astacus astacus hepevirus
Pontastacus_leptodactylus_Hepevirus_C16-8 7 C16 155 CAJ2444838 56.21 99 le-51 Astacus astacus hepevirus
Pontastacus_leptodactylus_Hepevirus_C16-9 1 C16 1894 CAJ2444841 64.79 91 0.0 Astacus astacus hepevirus
Pontastacus_leptodactylus_Hepevirus_C16-9 2 Cl6 550 CAJ2358127 81.57 100 0.0 Astacus astacus hepevirus
Pontastacus_leptodactylus_Hepevirus_C16-9 3 C16 202 CAJ2358133 71.29 100 3e-94 Astacus astacus hepevirus
Pontastacus_leptodactylus_Hepevirus_C16-9 4 C16 418 CAJ2358134 65.16 100 0.0 Astacus astacus hepevirus
Pontastacus_leptodactylus_Hepevirus_C16-9 5 Cl6 123 No significant similarity found
Pontastacus_leptodactylus_Hepevirus_C16-9 6 Cl6 169 CAJ2358130 53.21 92 8e-52 Astacus astacus hepevirus
Pontastacus_leptodactylus Nodamuravirus_C13- 1 C13 967 XKB76444 80.60 99 0.0 Nodamuvirus
3553
Pontastacus_leptodactylus Nodamuravirus_C13- 1 C13 1031 XKB76444 80.74 100 0.0 Nodamuvirus
3555
Pontastacus_leptodactylus_ Tombusvirus_C13-873 1 C13 260 YP_009336878 30.77 45 3e-07 Hubei tombus-like virus
Pontastacus_leptodactylus_ Tombusvirus_C13-873 2 C13 409 UBJ25992 28.40 37 5e-05 Sichuan mosquito tombus-
like virus
Pontastacus_leptodactylus_Tombusvirus_C13-873 3 C13 502 UBJ25993 58.08 67 Se- Sichuan mosquito tombus-
142 like virus
Pontastacus_leptodactylus_ Tombusvirus_C13-873 4 C13 627 XKB76289 41.41 16 7e-16 Tombusviridae
Pontastacus_leptodactylus_Tombusvirus_C13-5563 1 C13 296 WRQ65157 27.78 49 8e-07 Tombusviridae
Pontastacus_leptodactylus Tombusvirus_C13-5563 2 C13 465 WRQ65158 42.70 78 9e-80 Tombusviridae
Pontastacus_leptodactylus_Totivirus_C16-10330 1 Cl16 268 UHS72454 51.06 18 3e-07 Totiviridae
Pontastacus_leptodactylus_Totivirus_.C16-11810 1 Cl6 248 UHS72490 53.56 94 2e-66 Totiviridae

is termed ‘Pontastacus leptodactylus tombusvirus C13-873' (PITC13-
873) (PV454214), which was 5600 bp in length (GC% = 41 %). The
proteins encoded by the two viruses show varied levels of similarity to
other tombusviruses (BLAST TABLE). The two ORFs encoded by PITC13-
5563 consist of a transmembrane protein (ORF1) and an RARP (ORF2)
according to InterProScan. The complete tombusvirus genome (PITC13-
873) encoded four ORFs (Suppl. Fig. 1), which appear to function in the
following ways based on InterProScan and HHpred predictions: ORF1,
undetermined; ORF2, undetermined; ORF3 encodes an RARP; and ORF4
encodes a peptidase A21 (IPR005313). The tombusvirus phylogeny
determined that the complete and partial viruses sequenced in this study
group separately across the Tombusviridae (Fig. 7). PITC13-5563 groups
with other crustacean and mollusc-infecting tombusviruses from aquatic
environments, most closely associated with the Regressovirinae and
Calvusvirinae. PITC13-873 groups in a different part of the tree, along-
with related viruses from mosquito, bird, and molluscan origin (Fig. 7).

Finally, two genomic fragments with greatest similarity to the Toti-
viridae (Table 3) (PV454216) (PV454217) were isolated from sample
C16. These two fragments are considered partial sequences of a viral
polyprotein and consisted of 805 bp and 746 bp.

4. Discussion

This study explores symbiotic organisms in the only known popula-
tion of non-native narrow-clawed crayfish, P. leptodactylus in West
Yorkshire, UK. Invasive crayfish pose a significant threat to native
crayfish through both competition and disease (Everard et al. 2009) and
this recently established population could pose a risk to native white-
claw crayfish populations, with the nearest known population of the
native species only ten km downstream (WoC ID: WK9180; for
A. pallipes, observation date: 2022; Ion et al. 2024). Information on the
disease profile of this population will assist in further elucidating the
level of risk presented.

4.1. Symbionts in an early invading population of narrow-clawed crayfish

Previous records associate a range of symbionts with P. leptodactylus
(reviewed in Bojko et al. 2021). Our study found a lack of nudiviruses,
Microsporidia, Fungi, some protozoans (including Psorospermium), and
Metazoa, such as trematodes, from the UK population, which are present
in P. leptodactylus in its native range (Bojko et al. 2021). The absence of
these pathogens may reflect enemy release (Williamson, 1996; Keane &
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Fig. 3. A maximum-likelihood phylogenetic tree representing the phylogenetic position of a partial dicistrovirus genome from Pontastacus leptodactylus, based on the
RNA-dependent RNA polymerase (RARP) region of the polyprotein. The tree is midpoint rooted. The tree includes 8 viral isolates, including representatives from the
Triatovirus, Aparavirus, and Cripavirus. The tree is based on the best-fit model: LG + G4, chosen according to Bayesian information criterion. The original alignment
included 340 columns, 316 distinct patterns, 152 parsimony-informative sites, 130 singleton sites, and 58 constant sites. The tree was developed using IQ-TREE and
annotated using FigTree. In addition, a sequence demarcation plot is presented, highlighting the approximate percent similarity between the RARP regions of the
viruses included in the analysis. Small animal icons are present to indicate the host and they are coloured in either green (terrestrial) or blue (aquatic) to represent
their environmental origin. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Crawley, 2002; Colautti et al. 2004; Miura and Torchin, 2023), where
the founding population ‘escaped’ pathogens as a results of stochastic
and selective pressures during invasion. However, we did detect several
protozoans, bacterial species, and RNA viruses.

The protozoan, E. cambari, infests the gill filaments of crayfish (Abd
El-Moaty et al. 2016), with no known negative effects; however, high
burden of Epistylis sp. has been associated with lower concentrations of
dissolved oxygen within a waterbody, potentially indicating increased
organic matter decomposition (Quaglio et al. 2004). Ciliated protozoa
(Epistylis sp., etc.) were commonly noted in the gill histology, and are
likely commensal associations. The Protozoa, Neobodo designis and
Nuclearia moebiusi may also be considered commensal associates and are
commonly found in aquatic biomes (Chavez-Dozal et al. 2013; Gabaldén
et al., 2022). Our detection of these two species increases their known
habitation to crayfish, as symbionts.

Of the bacteria that we detected, two show genetic similarity to
opportunistic human pathogens: Gardnerella vaginalis and Staphylococcus
epidermidis. Gardnerella vaginalis has been linked to sexually transmitted
infections and public health complications (Schwebke et al. 2014).
Staphylococcus epidermidis colonises human skin (Otto, 2012). It is likely
that both of these bacteria have entered the waterbody, and crayfish,
through either human waste or bathing. The other bacteria observed in

this study likely form a part of the more natural crayfish microbiome,
within UK waters. Xanthomonas maliensis (Triplett et al. 2015), Pseudo-
monas fluorescens (Rainey, 1999) and Leadbetterella byssophila (Weon
et al., 2005) have all previously been found in vegetation and agricul-
tural samples with no notable effects on their host or environment.
Thermomonas brevis (Mergaert et al. 2003) and Haliscomenobacter
hydrossis (Daligault et al. 2011) have both been found in water samples
with no notable effects, and Arthrobacter alpinus has previously been
found in soil samples, with no notable effects (Zhang et al. 2010). We
believe that these species are likely to be commensal or mutualists with
regard to their crayfish host.

We did not identify any DNA viruses from metagenomic data
collected from our samples, despite previous detection of viruses in this
species (Petersen et al. 2024). However, we did sequence and identify
several RNA viruses from the population. This included a dicistrovirus,
several hepe-like viruses (~Hepelivirales), nodaviruses, tombusvirus,
and a totivirus. For the majority of these viruses, this is their first
detection and knowledge of their pathological effect is limited.

The Pontastacus_leptodactylus_Dicistrovirus_.C16-455 and partial
totivirus sequences were detected only in specimen 16, which had an
hepatopancreatic pathology visible in Fig. 2C. No other hepatopancreas
from specimens in our sample set presented this way, and follow-up of
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Fig. 4. A maximum-likelihood phylogenetic tree representing the phylogenetic position of a new hepe-like virus from Pontastacus leptodactylus within the Hepeli-
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this article.)
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Fig. 5. A maximum-likelihood phylogenetic tree representing the phylogenetic position of several Riboviria (Hepevirales-like) viruses from Pontastacus leptodactylus,
based on the RNA-dependent RNA polymerase (RARP) protein (open reading frame 2). The tree is midpoint rooted. The tree includes 12 viral isolates, including
representatives from NCBI, but with no specific taxonomic detail provided to date by the ICTV. The tree is based on the best-fit model: LG + G4, chosen according to
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sites. The tree was developed using IQ-TREE and annotated using FigTree. In addition, a sequence demarcation plot is presented, highlighting the approximate
percent similarity between the RARP proteins of the viruses included in the analysis. Small animal icons are present to indicate the host and they are coloured in blue
to represent their aquatic origin. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

this pathology will be valuable to gain further detail on whether one of
these virus groups drove such hepatopancreatic presentation in the
histological section. Dicistroviruses have previously been shown to
cause mortality in arthropods (Sun et al., 2024) and such a discovery
may have relevance to crayfish population control.
Pontastacus_leptodactylus_Hepevirus_C13-319 had a unique genome
organisation among the hepe-like viruses we detected, with two open
reading frames, and was only detected in specimen 13. Two nodavirus-
like genomes were specifically detected in specimen 13:

Pontastacus_leptodactylus_Nodamuravirus_C13-3553 and Pontastacus_
leptodactylus_Nodamuravirus_C13-3555, as was a tombusvirus (Pon-
tastacus_leptodactylus_Tombusvirus_C13-873). It is more difficult in this
situation to determine if these viruses were involved in the pathology in
the hepatopancreas of specimen 13 (Fig. 2D). In-situ hybridisation
methods may aid to untangle this detail in future studies.

The detail provided above gives an overview of the symbiotic com-
munity housed within invasive P. leptodactylus at a freshwater site in
West Yorkshire. They house a broad array of protozoans (gregarines;
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Fig. 6. A maximum-likelihood phylogenetic tree representing the phylogenetic position of two new nodaviruses from Pontastacus leptodactylus, based on a whole
polyprotein alignment. The tree is midpoint rooted. The tree includes representatives from the Betanodavirus and Alphanodavirus genera. The tree is based on the best-
fit model: LG + I + G4, chosen according to Bayesian information criterion. The original alignment has 30 sequences with 1250 columns, 1138 distinct patterns, 824
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10



M. Harwood et al.

Tolivirales: Tombusviridae
RdRP

98

Tombusviridae

BBI1284_Dianthovirus_dianthi
AFPS5333_Luteovirus_glycinis
AUG31436_Umbravirus_arachidis
WET17742_Allaet_virus
UHS16725_Yellowtai_scad_tombusike_virus
XHA86301_Shahe_isopoda_virus_S
QRQ90171_Riboviria_sp
XHY09386_Shahe_isopoda_virus_S
XKB76642_Tokvirales_sp
XHAB6494_Qianjang_tombusiike_virus_66
XODS0297_Korlebu_Aedes_virus
ASM94000_Caledonia_beadlet_anemone_tombusike_virus_1
UKQ11020_signal_crayfish_associated_tombuslike_virus_1
WWZ85715_Penaeus_vannamei_tombusike_virus_1
XW42641_climapec_virus_39
UKQ11023_signal_crayfish_associated_tombusike_virus_2
Pontastacus_leptodactylus_Tombusvirus_C13873
XM2716_climapec_virus_31
WKV34341_Riboviria_sp
UBJ25993_Sichuan_mosquito_tombusike_virus
XHAB6395_Qianjang_tombusike_virus_33
WRQBS481_Tolvirales_sp
X142538_clirnapec_virus_68
WRQ65252_Tolvirales_sp
YP_009336880_Hubei_tombuslike_virus_19
Pontastacus_leptodactylus_Tombusvirus_C135563
WRQB5158_Tolvirales_sp
XHA86808_Qianjang_fombusike_virus_177
XHAB7069_Qianjang_tombusiike_virus_286
XM2804_climapec_virus_67
XHAB7147_Qianjang_tombuslike_virus_322
virus_255

0.8

XHAB7004_Qianjang_tombusiike_
XHAB87246_Qianjang_tombusike_virus_386
XHA86982_Qianjang_tombusike_virus_247
XHA87252_Qianjang_tombuslike_virus_392
WPR18435_Crogonang_virus_87
YP_009342288_Wenzhou_tombusiike_virus_15
AMQE7163_Alphacarmotetravirus_providencense
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XHA87069_Qianjiang_tombus-like_virus_286
g(ll42804_climapec_virus_67
XHAB87147_Qianjiang_tombus-like_virus_322
XHAB87004_Qianjiang_tombus-like_virus_255
XHAB86982_Qianjiang_tombus-like_virus_247
XHA86808_Qianjiang_tombus-like_virus_177
XHA87246_Qianjiang_tombus-like_virus_386
WPR18435_Crogonang_virus_87 I
XHA87252_Qianjiang_tombus-like_virus_392

S~

YP_009342288 Wenzhou_tombus-like_virus_15 3
Pontastacus_|eptodactylus_Tombusvirus_C13-5563
WRQB5158_Tolivirales_sp ENV.

BBI41284_Dianthovirus_dianthi

I Regressovirinae
AFP55333_Luteovirus_glycinis

AUG31436_Umbravirus_arachidis B Calvusvirinae
WRQ65481_Tolivirales_sp nx-
X1142538_clirnapec_virus_68 &
XHA86395_Qianjiang_tombus-like_virus_33 %
WRQ85252_Tolivirales_sp  E N/, ”
YP_009336880_Hubei_tombus-like_virus_19
XI142716_clirnapec_virus_31 \
WKV34341_Riboviria sp il
UBJ25993_Sichuan_mosquito_tombus-like_virus
Pontastacus_|leptodactylus_Tombusvirus_C13-873

XHAB6301_Shahe_isopoda_virus_5 ﬂ(«!"*’\

QRQ90171_Riboviria_sp E NV,
({7779

XHY09386_Shahe_isopoda_virus_5

XKB76642_Tolivirales_sp FE /.

UHS16725 Yellowtai_scad._tombus-ike_virvs <l
XHA86494_Qianjiang_tombus-like_virus_66
WET17742_Alilaet_virus &G
UKQ11023_signal_crayfish_associated_tombus-like_virus_2
XI142641_clirnapec_virus_39 (S
UKQ11020_signal_crayfish_associated_tombus-like_virus_1
WWZ85715_Penaeus_vannamei_tombus-like_virus_1
XOD50297_Korle-bu_Aedes_virus #a
ASM94000_Caledonia_beadlet_anemone_tombus-like_virus_1
AMQ67163_Alphacarmotetravirus_providencense

Pairwise identty (%)

100
92
85
7
70
62
54

47
39
3
24

Fig. 7. A maximum-likelihood phylogenetic tree representing the phylogenetic position of two new tombusviruses from Pontastacus leptodactylus, based on RNA-
dependent RNA polymerase protein alignment. The tree includes representatives from the Regressovirinae and Calvusvirinae, and includes a member of the Carmo-
tetraviridae as an out-group. The tree is based on the best-fit model: LG + I + G4, chosen according to Bayesian information criterion. The original alignment has 38
sequences with 1399 columns, 1261 distinct patterns, 625 parsimony-informative sites, 506 singleton sites, and 268 constant sites. The tree was developed using IQ-
TREE and annotated using FigTree. In addition, a sequence demarcation plot is presented, highlighting the approximate percent similarity between the polyproteins
of the viruses included in the analysis. Small animal icons or environmental icons are present to indicate the host or origin of the sample, and they are coloured in
either green (terrestrial) or blue (aquatic) to represent their environmental origin. Inclusion of the ‘Env.” Term after some isolates indicates an environmental sample
— green refers to terrestrial, blue refers to aquatic. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Table 1), bacteria (Table 2), and RNA viruses (Table 3), but lack
microsporidians, DNA viruses, and common metazoan groups, like
trematodes and acanthocephalans.

4.2. Virological novelties

Each of the viral genomes that we have uncovered will require
formal ratification by the International Committee on Taxonomy of
Viruses (ICTV). We estimate that the complete viral genomes we provide
herein will increase known diversity within the Riboviria, with specific
detail relevant to the Nodaviridae, Dicistroviridae, Hepelivirales, and
Tombusviridae, alongside of partial genomes for viruses that require
follow-up study (i.e. Totiviridae).

In each of our phylogenetic trees (Figs. 3-7), we have provided
relative ICTV accepted species as anchor points to determine the likely
taxonomic relevance of each new discovery. In all but two cases, the
viruses we have identified sit outside of current taxonomic boundaries
and, for the majority, have only been comparable using predicted pro-
tein sequence data. The nodavirus-like genomes that we sequenced from
specimen 13 are the only viruses with comparable nucleotide similarity
to other sequenced viruses, which show ~79 % nucleotide similarity
with a nodavirus that had been identified in wasps (Leuven nodavirus;
MZ443597). This virus has been seen in the genus Vespula, a group of
predatory wasps that are also invasive (Remnant et al. 2021) and we
highlight that this group is now also associated with aquatic in-
vertebrates alongside terrestrial species. The crayfish nodaviruses
appear to group into a lineage of the Alphanodavirus genus (Fig. 6),
branching with Alphanodavirus flockense (aka. ‘Flock House virus’), a
virus from insects with control applications (Jiang et al. 2023).

In other cases, our viruses group with others emerging from large
studies into viral diversity; however, one particularly unique observa-
tion is that of the hepe-like viruses, which each encode 6-7 open reading
frames (Fig. 5). We provide genomes for four hepe-like viruses, which
group with similar viruses only found in crayfish to date (Bacnik et al.
2021 and direct NCBI submissions). The crayfish hosts identified to date
are P. leniusculus and A. astacus. Outside of this group are only three
comparable viruses, two from octopi and one from a crab. Our findings
here support a unique group of viruses within the crayfish virome that
requires further exploration and possibly the erection of a novel taxo-
nomic group as sister to the Hepelivirales.

4.3. Conclusions and future directions

Pontastacus leptodactylus in the UK are associated with a diverse
range of symbionts. This invader appears to have rapidly acquired these
symbioses from the UK freshwater environment during a short time
period (introduced to Boshaw Whams in 2014), but several of these
symbionts may have co-invaded along with the founder population. Our
approach to screening this invasive population presents a pathway for
considering a rapid method to determine symbiont introduction risk via
an invasive species, saving cost by pooling tissue nucleotide extracts for
individual next generation sequencing runs, with supporting histopa-
thology (following Bojko et al. 2023). We conclude that, despite the
population harbouring a diverse array of RNA virus, bacterial, and
protozoan symbionts, the population appears to have escaped mortality-
inducing groups, such as Microsporidia (Stratton et al., 2024a) and
Bunyavirales (Grandjean et al. 2019).
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