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Abstract

The fishing and aquaculture industry is vital for global food security, yet viral diseases can result in mass fish die-off events.
Determining the viromes of traditionally understudied species, such as fish, enhances our understanding of the global
virosphere and the factors that influence virome composition and disease emergence. Very little is known about the viruses
present in New Zealand’s native fish species, including the shortfin eel (Anguilla australis) and the longfin eel (Anguilla
dieffenbachii), both of which are fished culturally by Maori (the indigenous population of New Zealand) and commercially.
Through a total RNA metatranscriptomic analysis of longfin and shortfin eels across three different geographic locations
in the South Island of New Zealand, we aimed to determine whether viruses had jumped between the two eel species and
whether eel virome composition was impacted by life stage, species, and geographic location. We identified nine viral spe-
cies spanning eight different families, thereby enhancing our understanding of eel virus diversity in New Zealand and the
host range of these viral families. Viruses of the family Flaviviridae (genus Hepacivirus) were widespread and found in both
longfin and shortfin eels, indicative of cross-species transmission or virus-host co-divergence. Notably, both host specific-
ity and geographic location appeared to influence eel virome composition, highlighting the complex interaction between
viruses, hosts, and their ecosystems. This study broadens our understanding of viromes in aquatic hosts and highlights the
importance of gaining baseline knowledge of fish viral abundance and diversity, particularly in aquatic species that are fac-
ing population declines.

Introduction

Fisheries and aquaculture represent an essential global
industry, providing a significant source of both food and
employment worldwide [1]. In 2019, aquatic foods con-
tributed to 17% of the total animal protein globally, with
Handling Editor: Kalpana Agnihotri demand increasing yearly [1]. Viruses can pose a major
threat to the fisheries and aquaculture industry, particularly
in high-density farmed aquatic animals such as salmonid
species [2]. Viruses, including infectious pancreatic necro-
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and the shortfin eel (Anguilla australis). The latter can be
subdivided into two subspecies; the Australian Anguilla
australis australis and the New Zealand Anguilla australis
schmidtii, although some taxonomists do not support the
subspecies classification [7, 8]. Based on fossil records and
molecular clock dating analysis, eels within the Anguillidae
evolved during the Eocene (~50-55 million years ago [mya])
from a marine anguilliform ancestor, while extant species
of these eels are believed to have evolved around ~20 mya
[9-11]. Longfin and shortfin eels form a distinct phyloge-
netic Oceanian group and a sister clade to the Atlantic group,
comprising the European eel (Anguilla anguilla) and the
American eel (Anguilla rostrata) [11]. Approximately 50
years ago, a third species of eel, the Australian speckled
longfin eel (Anguilla reinhardtii), arrived in New Zealand
[12, 13]. While observations of this species in New Zealand
continue to be sporadic, the Australian speckled longfin eel
is now recognized as part of New Zealand’s fauna [13]. The
New Zealand longfin eel is one of the largest, slowest grow-
ing, and longest-lived freshwater eels in the world, and this
species is endemic to New Zealand [14—17]. In comparison,
shortfin eels, although native to New Zealand, can also be
found in eastern Australia and some Pacific islands [17].

Both eel species have a complex catadromous life cycle in
which breeding is believed to occur in only a single spawn-
ing season when the eels migrate to the South Pacific and
spawn [18-20]. Fertilized eggs hatch and develop into lar-
vae, which drift back towards New Zealand on ocean cur-
rents [21]. Once the larvae reach the continental shelf, they
transform into glass eels. These transparent fish, around 6
centimetres in length, enter freshwater habitats and become
pigmented elvers [21], or young ‘yellow’ eels. This fresh-
water stage, which represents the longest period of an eel’s
life, reflects its feeding phase. Years later, on reaching their
adult size, eels go through one final transformation, termed
silvering, associated with the initiation of puberty and the
occurrence of a range of morphological changes that aid
in helping them make the long journey back to the South
Pacific Ocean to spawn [21-23].

Longfin and shortfin eels have been commercially fished
in New Zealand since the mid-1960s [16, 24]. In addition,
longfin and shortfin eels are important customary fish to
Maori and support mahinga kai (the customary gathering
of food and natural materials, and the places where those
resources are gathered) [25, 26]. Eels are also one of New
Zealand’s top native freshwater apex predators, contributing
significantly to maintaining the overall health of freshwater
ecosystems by controlling prey populations such as brown
trout [27-29]. Based on the New Zealand Department of
Conservations 2017 threat status assignments, longfin eels
are classified as ‘At risk - Declining’, while shortfin eels
are classified as ‘Not Threatened’ [30]. Consequently, with
longfin eel populations already under pressure, infectious
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diseases pose an additional threat. Such threats will poten-
tially adversely impact fisheries and traditional cultural prac-
tices but may also change the structure of New Zealand’s
freshwater ecosystems if longfin eel populations continue
to decline.

To date, very few viruses have been identified infecting
New Zealand freshwater eels. Short-finned eel ranavirus
was isolated from a visually healthy shortfin eel imported
to Italy from New Zealand in 1999 as part of routine screen-
ing of live imported fish [31]. While short-finned eel rana-
virus was found to cause significant mortality in northern
pike (Esox lucius), the virus has had minimal to no impact
on other hosts, including juvenile black bullhead catfish
(Ameiurus melas) and shortfin eels [31-33]. Similarly, eel
virus European X as well as a picorna-like virus were iden-
tified in seemingly healthy longfin eels in 2004 during an
investigation into the global distribution of eel viruses [34].
More recently, in 2023, a virological survey in the Chatham
Islands — a remote group of islands about 800 km east of
New Zealand — identified flaviviruses, nanghoshaviruses,
arenaviruses, and highly divergent tosoviruses in eels [35].
None of the viruses identified thus far in either longfin
or shortfin eels have been associated with overt disease.
Despite this, viral infections may contribute to worldwide
eel population declines associated with decreased spawning.
For example, European eels infected with eel virus European
X developed anemia and hemorrhaging, dying before com-
pleting a mock 5500-km migratory distance during swim
tunnel experiments, while uninfected eels completed the dis-
tance [36]. Viruses including eel virus European, eel virus
European X, and anguillid herpesvirus 1, all of which have
been detected in wild and farmed eels globally, can cause
severe hemorrhagic disease, resulting in significant mortal-
ity, although asymptomatic cases are also common [37, 38].

While the two main eel species in New Zealand have
partly overlapping distributions, particularly in coastal
streams [15], they can have different habitat preferences at
different life stages [14, 39]. Generally, shortfin eels tend to
populate lowland waterways, while longfin eels prefer inland
lakes and rivers [40, 41]. The apparently recent cross-spe-
cies transmission of eel tosovirus [35] between the two eel
species also suggests that they do interact in the wild [35].
Additionally, following the construction of the Manapouri
Lake Control Structure, located at the junction of the Waiau
and Mararoa rivers, an eel trap and transfer program was set
up to relocate longfin and shortfin elvers from the Manapduri
Lake Control Structure to Lake Manapouri and Lake Te
Anau [42]. The program aimed to allow longfin and shortfin
eels to reach inland lakes and rivers that would otherwise be
blocked due to hydroelectricity infrastructure [42]. Conse-
quently, these translocations also provided the opportunity
for longfin and shortfin eels to interact. In response to the
limited research on eel viruses in New Zealand, we used
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a total RNA metatranscriptomic approach to describe the
viromes of longfin and shortfin eels across three sampling
sites in the South Island of New Zealand. In particular, we
aimed to investigate whether viral richness and abundance
were associated with host phylogenetic effects, reveal if eel
life stage influenced virome composition, and identify any
evidence of viral host jumping between these species.

Materials and methods
Permits and animal ethics

Permits were obtained to undertake sampling of freshwa-
ter fish on Public Conservation Land (91654 [Permission
to operate an electric-fishing device in Public Conservation
Land]; and to allow longfin eels to be collected for research
purposes (91655 [Research and Collection Permit]). The
Otago Animal Ethics Committee approved the use of short-
fin eels (animal use protocol number 20-17).

Characteristics of sampled lakes

Eels were sampled from three lakes in this study: Lake Te
Anau, Mavora Lakes, and Te Waihora/Lake Ellesmere. Lake
Te Anau is a glacial lake located 202 m above sea level
within Fiordland National Park [43]. Lake Te Anau and Lake
Manapouri together make up 73% of New Zealand’s longfin
eel lake habitat, which is protected from commercial fishing
[44]. There is a flow control structure located at the outlet of
Lake Te Anau, which is regulated as part of the Manapodri
Power Scheme [45]. Due to this barrier, elvers are trapped at
the Manapouri Lake Control Structure and are translocated
into Lake Te Anau [45].

The Mavora Lakes consist of North Mavora Lake (10.83
km?) and South Mavora Lake (1.23 km?), which are con-
nected by 1.5 km of the Mavora River [46]. The Mavora
Lakes are located 615 m above sea level [46]. Similar to
Lake Te Anau, commercial fishing is not allowed, as this
area is considered a conservation area by the Department
of Conservation. The Manapotri Control Structure, located
at the junction of the Waiau and Mararoa rivers, contains
a vertical slot fish pass to allow fish to migrate across the
structure [45]. Additionally, elvers are also translocated
manually from the Manapduri Lake Control Structure into
Lake Te Anau and Lake Manapouri [42, 45].

In contrast to Lake Te Anau and the Mavora Lakes, Te
Waihora/Lake Ellesmere is a shallow coastal lake that is
often regarded as a brackish bar-type lagoon [47]. Unlike
Lake Te Anau and the Mavora Lakes, commercial fishing
is allowed. However, declining water quality and loss of
macrophytes are becoming an increasing concern for Te

Waihora/Lake Ellesmere fisheries and conservationists [48,
49].

Eel liver and gill sample collection

In February and March 2021, 102 longfin eels were sampled
from 22 sampling sites within the Te Anau (79 eels) and
Mavora Lakes (23 eels) (in the Waiau and Mararoa catch-
ments respectively) in the South Island of New Zealand.
Coarse (12 mm) and fine (4 mm) mesh fyke nets were used
to sample lake populations. Rivers on the eastern shoreline
of Lake Te Anau were also electric fished using a Kainga
EFM 300 backpack electric fishing machine (NIWA Instru-
ment Systems). The machine settings were 200—400 volts
pulsed direct current, pulse width ~3 milliseconds, and 60
pulses per second. Captured eels were euthanised with an
overdose of AQUI-S, and their livers were extracted. Liver
tissue samples were submerged in 1 mL of RNAlater and
stored at 4°C until they were sent to the University of Otago,
Dunedin, where they were stored at -80°C until total RNA
was extracted. It is important to note that, while Te Anau and
the Mavora Lakes are located close to each other, there are
no waterways that directly connect them.

In March 2021, 14 shortfin eels from Te Waihora/Lake
Ellesmere were caught by commercial eelers using fyke nets.
The captured eels were stored in 12°C spring water before
being transported in aerated tanks to Dunedin, where the
fish were transferred to 1-cubic-meter circular tanks with
recirculating water at 10 parts per thousand salinity at an
indoor ambient temperature (14-18°C). Prior to euthanasia,
all 14 shortfin eels were used in a study unrelated to the pre-
sent research involving a 15-day swim experiment in which
seven tanks were set up, each containing one yellow and one
silver eel. Yellow and silver eels were differentiated based on
colour, head shape, eye size, and gonad size. Following the
conclusion of the swim experiment, the eels were euthanised
with 0.3 g/L benzocaine. The livers and gills were harvested
from all 14 shortfin eels. Tissue samples were submerged in
1 mL of RNAlater and stored at -80°C until total RNA was
extracted.

A total of 116 tissue samples were collected during 2021.
More information regarding sample locations, species, and
the number of individual eels caught at each sampling site
is provided in Supplementary Table S1.

Extraction of total RNA from eel livers and gills

Frozen tissue samples stored in RNAlater were thawed, and
approximately 30 mg of the tissue was placed in 15-mL
RNase-free round-bottom tubes containing lysis buffer.
The samples were homogenised for one minute using a
TissueRuptor (QIAGEN). Total RNA was then extracted
using an RNeasy Plus Mini Kit (QIAGEN) according to
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the manufacturer’s protocol with minor alterations. Briefly,
two ethanol wash steps were added to remove any residual
guanidine contamination. Extracted RNA was quantified
using a NanoDrop spectrophotometer. RNA was obtained
from 111 of the 116 samples at concentrations suitable for
downstream processing. Equal volumes of RNA from 4-13
individuals were pooled into 14 libraries based on the sam-
pling location of longfin eels and the life stage, either yellow
or silver, of shortfin eels (Supplementary Table S1).

RNA sequencing

Extracted RNA was subject to total RNA sequencing.
Libraries were prepared using a Stranded Total RNA Prep
with Ribo-Zero Plus Kit (Illumina). Paired-end 150-bp
sequencing of the RNA libraries was performed on an Illu-
mina NovaSeq 6000 platform, using a single S4 lane.

Virome assembly and virus identification

Paired reads were trimmed and assembled de novo using
Trinity v2.11 with the “trimmomatic” flag option and default
settings [50]. Sequence similarity searches against a local
copy of the NCBI nucleotide (nt) database (2021) and the
non-redundant (nr) protein database (2021) using BLASTn
and Diamond (BLASTX), respectively, were used to anno-
tate assembled contigs [51]. Contigs were categorised into
higher kingdoms using the BLASTn “sskingdoms” flag
option. Non-viral blast hits including host contigs with
sequence similarity to viral sequences (e.g., endogenous
viral elements) were removed from further analysis during
manual screening. A maximum expected value of 1 x 1071
was used as a cutoff to filter putative viral contigs. Viral con-
tigs that had previously been identified as viral contaminants
from laboratory components were also removed from further
analysis [52]. Based on the BLASTn and Diamond results
(database accessed June 2023), putative viral contigs were
analysed using Geneious Prime 2022.2.2 to find and trans-
late open reading frames (ORFs). A nearly complete flavivi-
rus genome sequence from one library was recovered using
this approach. This was then used as a reference to which
raw reads from other libraries were compared against to
obtain more complete flavivirus genome sequences using
Bowtie2 with default settings [53].

Estimating the abundance of viral sequences

Viral abundances were estimated using the “align and
estimate” tool in Trinity [54]. RNA-Seq by Expectation-
Maximization (RSEM) [55] was selected as the method of
abundance estimation, Bowtie2 [53] was used as the align-
ment method, and the “prep reference” flag was enabled. To
mitigate the impact of contamination due to index-hopping,
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viral sequences with an expected abundance of less than
0.1% of the highest expected abundance for that virus across
other libraries were removed from further analysis. Total
viral abundance estimates for viruses from vertebrate hosts
(i.e., eels) across viral families and orders were compiled
across libraries. Estimated abundances were standardised
to the number of paired reads per library.

Phylogenetic analysis

Partial or complete predicted amino acid sequences of the
viral RNA-dependent RNA (RdRp) or LO7 (hexon-like
protein) [35] of adomaviruses and the replication-associated
protein sequences of circoviruses were aligned with those
of representatives of the same viral family or order obtained
from NCBI RefSeq as well as the closest BLASTDp hit, using
MAFFT v7.490 (L-INS-I algorithm) (see Supplementary
Table S2 for lengths of sequence alignments) [56]. Poorly
aligned regions were removed using trimAL v1.2rev59 with
the gap threshold flag set to 0.9 [57]. IQ-TREE v1.6.12 was
used to construct a maximum-likelihood phylogenetic tree
for each viral species/family/order [58]. The LG amino
acid substitution model was selected with 1000 ultra-
fast bootstrapping replicates for all phylogenetic trees.
Phylogenetic trees were annotated using Figtree v1.4.4 [59].
Only those viruses that appeared to be directly infecting the
eels, based on their phylogenetic position on the tree, were
analysed. All other invertebrate and aquatic-associated
viruses that were closely related to and phylogenetically
positioned near previously described fish metagenome
viruses or invertebrate viruses were omitted from further
analysis.

Analysis of alpha diversity on virome composition

All statistical analysis plots were created using RStudio
v2021.09.2 with the tidyverse ggplot2 package [60]. Viral
family abundance estimates were first standardised accord-
ing to the number of raw reads in each library. Standard-
ised viral family abundance estimates were then normalised
across each library, and a heatmap was created.

Using the diversity analysis function, which is part of
the vegan package [61], the Simpson index (Gini-Simpson),
Richness, and Shannon index were selected as the index
methods to measure alpha diversity of viral-family-stand-
ardised abundance estimates across eel species and location
(Lake Te Anau and Mavora Lakes). Welch's ¢-test was used,
assuming normal distribution but unequal variance, to deter-
mine whether there was a significant difference (p < 0.05)
in virome alpha diversity between locations (Lake Te Anau
and Mavora Lakes).

To analyse whether location affected the virome com-
position of longfin eels, a distance matrix of standardised
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eel-family-level virome abundances was created using the
vegedist function from the vegan package with Bray-Curtis
dissimilarity as the distance measure [61]. The metaMDS
function of the vegan package was used to perform multi-
variate ordination using non-metric multidimensional scal-
ing (NMDS) on the distance matrix [61]. NMDS data points
were plotted and coloured by location using ggplot2. The
adonis?2 function in the vegan package was used to complete
a permutational multivariate analysis of variance (PER-
MANOVA) to test for statistical significance (p < 0.05) of
the effect of location on virome beta diversity [61].

Full R code and formatted data used in this study are
available on GitHub (see Data availability).

Viral nomenclature

A virus was arbitrarily considered a member of a new spe-
cies if it shared <90% amino acid sequence identity with
the most conserved region (i.e. RARp/polymerase, LO7, and

replication-associated protein sequences) [62, 63] unless
otherwise stated. For putative novel virus sequences, we

a

A. australis schmidtii

A. australis schmidtii

have provided a proposed virus name (subject to formal
verification by the International Committee on Taxonomy
of Viruses [ICTV]).

Results

Total RNA from 111 eel samples was pooled into 14 rep-
resentative samples based on eel species, sample location
(of longfin eels), and life stage (of shortfin eels) (see Fig. 1
and Supplementary Table S1). The number of sequencing
reads generated from the 14 eel metatranscriptomic libraries
varied between 164 and 256 million paired-end reads per
library (Fig. 1b).

Viral abundance and diversity

Analysis of eel metatranscriptomes revealed viral sequences
spanning eight different viral families (Fig. 2). Notably,
viral sequences from the family Flaviviridae (genus
Hepacivirus) were found in nearly all samples (12 of the
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Fig.1 a Cladogram (left) illustrating the evolutionary relationships
of shortfin eels (A. australis schmidtii) and longfin eels (A. dieffen-
bachii) within the family Anguillidae (adapted from Minegishi et al.,
2005 [11]). Map of New Zealand (right) indicating the eel sampling

Library

locations. Eel illustrations were provided by Hamish Thompson and
were used with permission. b Total paired-end sequencing reads from
eel metatranscriptome libraries
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Fig.2 Heatmap of the rela-
tive abundance (%) of viruses
belonging to different families,
normalised by eel library. Infor-
mation regarding pooled library
location, number of individuals
within each pool (n), and eel
species is provided, as well as
the life stage (silver or yellow)
of shortfin eels
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14 libraries). Generally speaking, Flaviviridae sequences
were highly abundant in longfin eels sampled from Lake
Te Anau, with 7 out of the 12 eel libraries having a relative
Flaviviridae sequence abundance of greater than 50%
of the total viral abundance within each library. Besides
sequences from the Flaviviridae, viral families were distinct
between silver and yellow shortfin eels from Te Waihora/
Lake Ellesmere.

Eel RNA viruses
Rhabdoviridae

Shortfin eel rhabdovirus was identified in a library of
shortfin eels from Te Waihora/Lake Ellesmere. The partial
sequence of the shortfin eel rhabdovirus L protein, contain-
ing the RdRp, shared 56.31% amino acid sequence identity
with its closest known genetic relative, Wuhan redfin culter
dimarhabodovirus (YP_010799340.1), which was identified
previously in a virological survey of healthy predatory carp
(Chanodichthys erythropterus) from China (Fig. 3a, Sup-
plementary Table S2) [5].

Nanghoshaviridae

Longfin eel nanghoshavirus was identified in three librar-
ies of longfin eels from Lake Te Anau and Mavora Lakes
(Fig. 3b). The partial longfin eel nanghoshavirus ORF1b
protein, containing the RdRp, shared 50.6% amino acid
sequence identity with its closest known genetic relative,
shortfin eel nanghoshavirus 2, which was identified in seem-
ingly healthy shortfin eels from the Chatham Islands, New
Zealand, in 2023 (Supplementary Table S2) [5, 35].
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Caliciviridae

Five contigs within the family Caliciviridae were identi-
fied in longfin eel samples from Lake Te Anau and Mavora
Lakes. All five contigs shared >90% amino acid sequence
identity with each other, suggesting that they likely represent
the same viral species, and they were therefore provisionally
named longfin eel calicivirus (Fig. 3c). A partial sequence
of the longfin eel calicivirus ORF1 polyprotein, contain-
ing the RdRp, shared 77.31% amino acid sequence identity
with Atlantic salmon calicivirus (AHX24377.1), which was
identified previously in Atlantic salmon (Salmo salar) (Sup-
plementary Table S2) where it was associated with systemic
infection [64, 65].

Astroviridae

A single sequence from a member of the family Astroviridae
was identified in a library of longfin eels sampled from Lake
Te Anau (Fig. 3d). This virus was provisionally named long-
fin eel astrovirus. A partial longfin eel astrovirus ORFlab
polyprotein, containing the RdRp, shared 67% amino acid
sequence identity with its closest relative, bottlenose dolphin
astrovirus 6 (ADX97514.1), which was identified previously
in faeces of a common bottlenose dolphin (Tursiops trun-
cates) and is likely associated with fish rather than dolphins
(Supplementary Table S2) [66].

Hepeviridae
Two sequences comprising a nearly full-length genome

sequence of a member of the family Hepeviridae were iden-
tified in longfin eels from Lake Te Anau and Mavora Lakes.
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The two partial non-structural polyprotein viral sequences,
containing the RdRp, shared >90% amino acid similarity
with each other and were provisionally named longfin eel
hepevirus (Fig. 3e). The nearly full-length longfin eel hepe-
virus non-structural polyprotein was most closely related to
that of Nanhai ghost shark hepevirus (76.12% amino acid
sequence identity, AVM87559.1), while the other partial
longfin eel hepevirus non-structural polyprotein shared
65.59% amino acid sequence identity with that of Wenling
moray eel hepevirus (65.59% amino acid sequence identity,
AVMS&7558.1), which was identified previously in virologi-
cal surveys of a healthy species of ghost shark (Chimaera
sp.) and moray eels (Gymnothorax reticularis), respectively
(Supplementary Table S2) [5].

Flaviviridae

Ten partial flavivirus sequences were found in longfin eels
from Te Anau and Mavora Lakes. All 10 partial polyprotein
sequences, containing the RdRp, shared >90% sequence
identity with each other. This virus, provisionally named
longfin eel flavivirus is most closely related to members of
the genus Hepacivirus. The partial longfin eel flavivirus poly-
protein shared 33.32% amino acid sequence identity with that
of Wenling moray eel hepacivirus (AVM87555.1), which was
identified previously in healthy moray eels (Supplementary
Table S2) [5]. A nearly full-length genome sequence (8066
nucleotides [nt]) of this virus was determined (Fig. 3f).

In addition to longfin eel flavivirus, two closely related
partial Flaviviridae contigs were identified in shortfin eels
from Te Waihora/Lake Ellesmere, and this virus was named
shortfin eel flavivirus 1. The viruses from these New Zea-
land eel species formed a monophyletic group (Fig. 3f). Both
of these partial flavivirus polyprotein sequences, containing
the RdRp, shared ~45% amino acid sequence identity with
that of Wenling moray eel hepacivirus. It is important to
note, however, that while we have assigned these contigs to
the same virus, they did not overlap and therefore could have
been derived from different viruses.

Eel DNA viruses
Adomaviridae

A partial longfin eel adomavirus LO7 (hexon-like protein)
[35] gene sequence was identified in longfin eels from Lake
Te Anau, and the encoded protein was most closely related
(56.14% amino acid sequence identity) to that of catfish
adomavirus (DAC81155.1) previously identified in a viro-
logical survey of healthy yellowhead catfish (Tachysurus
fulvidraco) (Fig. 4a, Supplementary Table S2) [67].

Circoviridae

A full-length circovirus genome was identified in a library
of longfin eels from Lake Te Anau (Fig. 4b). The full-length
replication-associated protein of this virus shared 91.96%
amino acid sequence identity with the replication-associ-
ated protein of Anguilla anguilla circovirus (APZ87906.1),
which was identified previously in sabre carp (Pelecus cul-
tratus) and European eels (A. anguilla) from Hungary that
showed no signs of disease (Supplementary Table S2) [68].
The full genome of the circovirus found in longfin eels con-
sisted of 2,139 nt, which is similar to the 1,975-nt genome
of the previously identified Anguilla anguilla circovirus
(KU951580.1). These viruses share 96.28% nt sequence
identity, indicating that the same virus infects longfin eels,
sabre carp, and European eels. Consequently, we have
named this virus "Anguilla anguilla circovirus" (Fig. 4b).

Factors shaping the diversity of eel viromes

We next investigated whether alpha diversity, measured
using the Gini-Simpson index (which accounts for both viral
richness and abundance, but weighs more importance on
common species), is influenced by host phylogenetic effects
(i.e., eel species) or can be better explained by their environ-
ment (i.e., sampling location). Shortfin eel viromes appeared
to be more diverse than longfin eel viromes, although as
there were only two pooled samples of shortfin eels, statis-
tical analysis could not be performed (Fig. 5a). Similarly,
Lake Te Anau longfin eel viromes were more diverse, with
a mean Gini-Simpson index of 0.2 compared to 0.06 for
Mavora longfin eels (Welch’s t-test, p = 0.048, 95% con-
fidence interval, 0.001- 0.29, degrees of freedom, 9.9706)
(Fig. 5b). Additionally, the virome composition of longfin
eels from Lake Te Anau and Mavora Lakes were signifi-
cantly different (permutational multivariate analysis of vari-
ance, R = 0.215; p = 0.011) (Fig. 5c). Despite this, there
was no significant difference in viral richness (Welch’s -test,
p = 0.91, 95% confidence interval, -3.546401 - 3.768623,
degrees of freedom = 2.1122) or alpha diversity, when
measured using the Shannon index (Welch’s t-test, p = 0.09,
confidence interval, -0.04070364 — 0.43717834, degrees of
freedom = 7.3003), of longfin eels between sampling loca-
tions (Lake Te Anau and Mavora Lakes) (Supplementary
Fig. S1). We were unable to statistically measure if host
species influenced richness or alpha diversity, measured by
the Shannon index, as there were only two pooled samples
of shortfin eels (Supplementary Fig. S1). Nevertheless, it
appeared that shortfin eels had a higher overall richness and
alpha diversity, measured by the Shannon index, compared
to longfin eels (Supplementary Fig. S1). We were also una-
ble to statistically test if the life stage of shortfin eels affected
virome composition due to the small sample size.
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a Rhabdoviridae

YP_010799340.1 Wuhan redfin culter dimarhabodovirus
Shortfin eel thabdohavirus (E13) = ©
UNJ19233.1 Porure dimarhabdovirus 1

AAX86686.1 China fish rhabdovirus QZ-2005
P_009094346.1 Scophthalmus maximus rhabdovirus
WGG39391.1 Sprivivirus cyprinus

YP_009094277.1 Vesiculovirus bogdanovac
AYP28176.1 Chinese rice-field eel rhabdovirus
YP_010799979.1 Harbour porpoise rhabdovirus
YP_008686607.1 Eel virus European X
YP_010800413.1 Perhabdovirus perca
YP_009664711.1 Muscina stabulans sigmavirus
BAN29060.1 Ledantevirus nishimuro

YP_010087308.1 Bahia Grande virus

seuLIAOpPqRYIRYd]Y

AIF74284.1 Bat rhabdovirus

Gammarhabdovirinae

0.3

c Caliciviridae

QYV43527.1 Nebovirus sp.

Vesivirus
QX014970.1 Chicken calicivirus

QX014952.1 Bavovirus sp.
Norovirus

YP_009666335.1 Tulane virus

Longfin eel calicivirus (E4, E6, E8, E9 E12) <&

AHX24377.1 Atlantic salmon calicivirus

QIB98724.1 Atlantic salmon calicivirus

WAQ80640.1 Fish-associated calicivirus

L_UFQ21768.1 Ameiurus nebulosus calicivirus 1

AVM87544.1 Wuhan carp calicivirus 1
_:AVM87197.1 Beihai fish calicivirus
AVM87546.1 Wuhan spiny eel calicivirus 1

AVM87208.1 Dongbei arctic lamprey calicivirus 1

0.3

e Hepeviridae

UCJ03460.1 Cutthroat trout virus
DAZ91124.1 Red-eared slider hepevirus
VM87265.1 Wenling samurai squirrelfish hepevirus
DAZ91120.1 Newt hepevirus
AVM87559.1 Nanhai ghost shark hepevirus
AVM87558.1 Wenling moray eel hepevirus

Longfin eel hepevirus (E4, E8)
VM87270.1 Guangdong fish caecilians hepevirus

AVM87261.1 Dongbei arctic lamprey hepevirus

P QHW18922.1 Crustacea hepe-like virus 1

SM94022.1 Barns Ness breadcrumb sponge hepe-like virus 1
QUF61516.1 Eastern mosquitofish hepevirus
03

6000 7310
Phosphoprotein

Cutthroat trout virus ORF1 polyprotein
; M.transferase Protease Helicase Polymerase
Longfin eel hepvirus G SR

1 2000 4000
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b Nidovirales; Nanghoshaviridae

t

WLJ60747.1 Shortfin eel nanghoshavirus 2
E s

Longfin eel nanghoshavirus (E7, E8 E10) 1

WLN26249.1 Neolamprologus nanghoshavirus

YP_009755867.1 Nanhai ghost shark arterivirus

sepLireysoybueN

WLJ60746.1 Shortfin eel nanghoshavirus 1

Nanhypoviridae

d Astroviridae

OR270059 Retropinna astrovirus-1

WEY37092.1 Hippocampus erectus astro-like virus 1
Longfin eel astrovirus (E11) - ?

ADX97514.1 Bottlenose dolphin astrovirus 6

AVM87496.1 Dongbei arctic lamprey astrovirus 1
AVM87524.1 Wenling bighead beaked sandfish astrovirus
AVM87498.1 Wenling snipefish astrovirus

AVM87503.1 Wenling japanese thread-sail fish astrovirus
AVM87184.1 Wenling yellow-striped sandperch astrovirus
AVM87182.1 Beihai fish astrovirus 1

Aquatic vertebrate astroviruses

f Flaviviridae

ALL52891 Wenling shark virus
UUV45485 Norway rat hepacivirus 1
AKH10571.1 Bovine hepacivirus
QOE77139 Non-primate hepacivirus
ACA50621.1 Hepatitis C virus genotype 1a
Longfin eel flavivirus (E1-5, E7-10, E12) e

Shortfin eel flavivirus 1 (E13) E

Shortfin eel flavivirus 1 (E14)
AVM87555.1 Wenling moray eel hepacivirus

sniinoedeH

Flavivirus
Orthoflavivirus

0.4

1 2000 4000, 6000. 8976

Hepacivirus ratti [Pty
. . Core Protease Helicase Polymerase
Longfin eel flavivirus



Virus diversity in New Zealand’s longfin and shortfin eels

Page9of 14 85

«Fig. 3 Maximum-likelihood phylogenetic trees of representative viral
sequences containing the RdRp from the families (a) Rhabdoviri-
dae, (b) Nanghoshaviridae (order Nidovirales), (¢) Caliciviridae, (d)
Astroviridae, (e) Hepeviridae, and (f) Flaviviridae (genus Hepacivi-
rus). The eel viruses identified in this study are shown in bold, and
known genera and subfamilies are highlighted. Branches are scaled
to the number of amino acid substitutions per site. All phylogenetic
trees were rooted at the midpoint. Nodes with ultrafast bootstrap
values of >70% are indicated by a black dot. If the near-full-length
genome sequence of a virus was determined, its genome organisation
is shown below the corresponding phylogenetic tree

Discussion

We investigated the viromes of longfin and shortfin eels
caught in three locations across the South Island of New
Zealand, and in doing so, identified putative viruses belong-
ing to eight different viral families, significantly enhancing
our understanding of eel virus diversity in New Zealand.

a Adomaviridae

DAC80311.1 Tilapia adomavirus 1
DAC81201.1 Swordtail adomavirus 1
DAC81180.1 Grenadier adomavirus
DAC81120.1 Barramundi adomavirus

WLJ60730.1 Retropinna adomavirus 2

{VLJ60731 .1 Retropinna adomavirus 3
WLJ60729.1 Retropinna adomavirus 1
DAC81155.1 Catfish adomavirus

E Longfin eel adomavirus (E1) 2
DAC81158.1 Catfish adomavirus
L_AWG87418.1 Anguilla marmorata adomavirus 1

WT58082.1 Arowana adomavirus

YP_009552704.1 Rhynchobatus djiddensis adomavirus 1

L____UFQ21632.1 Micropterus dolomieu adomavirus 1

Fig.4 Maximum-likelihood phylogenetic trees of representative viral
sequences containing (a) the LO7 gene from a member of the fam-
ily Adomaviridae and (b) replication-associated protein gene from
a member of the family Circoviridae. The eel viruses identified in
this study are shown in bold, and known genera and subfamilies are
highlighted. Branches are scaled to the number of amino acid substi-

This study also expanded our understanding of the host range
of these viruses. Notably, eight of the nine viral sequences
identified here represented putative novel viruses, further
highlighting the vast potential to discover new viruses within
fishes [5, 69]. Fish viruses have historically been understud-
ied, particularly given that fishes account for greater than
50% of the total vertebrate diversity [70]. Like in previous
work [5, 69], the eel viruses identified here clustered with
fish viruses, indicating long-term viral-host co-evolution
among this class, at least on a broad scale.

Flaviviruses (in particular, hepaciviruses) were highly
prevalent, with three new putative viruses identified. All
longfin eel flaviviruses were genetically homogenous,
with >90% amino acid sequence identity, when compar-
ing across the conserved polymerase region, and formed
a sister clade to shortfin eel flaviviruses, which is perhaps
indicative of cross-species viral transmission or viral codi-
vergence, although a broader sampling of eels of the family

b Circoviridae

—e

[Anguilla anguilla circovirus (E5) < ¢ >

APZ87906.1 Anguilla anguilla circovirus

DAZ91099.1 Caecilian circovirus
AHY24223.1 Brown toad circovirus
YP_009091696.1 Silurus glanis circovirus
NP_573442.1 Canary circovirus

ADF80724.1 Circovirus Chimp41

SNJIA0DIID

YP_010087816.1 Penguin circovirus

ALG92529.1 Tadarida brasiliensis circovirus 1

WEMO05769.1 Porcine circovirus 4

QUL61825.1 Fur seal circovirus

Anguilla anguilla

5 3 Anguilla anguilla
circovirus

circovirus

KU951580.1

tutions per site. All phylogenetic trees were rooted at the midpoint.
Nodes with ultrafast bootstrap values >70% are indicated by a black
dot. In the lower panel, the genome organisation of the previously
identified Anguilla anguilla circovirus (KU951580.1) and that of the
Anguilla anguilla circovirus genome found in longfin eels are shown
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Fig.5 Alpha and beta diversity
analysis of eel family-level
viromes. (Gini-Simpson Index
boxplots of eel viruses across
eel libraries in relation to (a) eel
species (b) and location. Sig-
nificant differences in the Gini-
Simpson index, measured using
Welch'’s r-test (p < 0.05), are
denoted by an asterisk. (¢) Non-
metric multidimensional scaling
(NMDS) plot investigating |

Q

0.4

0.2

Gini-Simpson Index

(on

0.5

0.4

0.3

Gini-Simpson Index

location on family-level virome 00
composition. The NMDS plot

was based on Bray-Curtis dis-

similarities and was coloured by

location. The effect of location

Longfin
Eel species

0.0 - |
Lake Te Anau Mavora Lakes

Shortfin
Location

PERMANOVA, R? = 0.215, p-value = 0.011

on virome composition of
longfin eels was measured using
a PERMANOVA

NMDS2

Location

Mavora Lakes
@ Lake Te Anau

Anguillidae is necessary to confirm such patterns. Hepaci-
viruses, once thought to only infect mammals, have a broad
host range and are typically associated with liver disease
in humans [71]. Despite this, as our knowledge of hepaci-
virus diversity has expanded, disease-causing viruses are
becoming less frequently detected [72—74]. The discovery
of hepaciviruses in New Zealand’s eels further expands our
understanding of the host range and genetic diversity of
these viruses.

Viruses such as Eel virus European, Eel virus European
X, and Anguillid herpesvirus 1 have been detected in wild
and farmed eels across the world and cause severe hemor-
rhagic disease, resulting in significant mortality [37, 38].
While viruses of the families Birnaviridae and Alloherpes-
viridae were not found in this study of New Zealand’s eel
viruses, we identified a rhabdovirus in shortfin eels caught
in Te Waihora/Lake Ellesmere. This virus was most closely
related to Wuhan redfin culter dimarhabodovirus, which
was identified previously in predatory carp from China,
and clustered phylogenetically with Porure dimarhabdovi-
rus 1 identified in New Zealand common smelt (Retropinna
retropinna). Based on their phylogenetic position, these
viruses fell within the subfamily Alpharhabdovirinae, along-
side Eel virus European X. While there is no evidence that

@ Springer

shortfin eel rhabdovirus, which was identified in seemingly
healthy shortfin eels, causes disease in these hosts, it is use-
ful to understand the baseline diversity and abundance of
these viruses to better identify and mitigate future disease
outbreaks.

We have further expanded the known host range of mem-
bers of the newly created viral family Nanghoshaviridae,
identifying longfin eel nanghoshavirus in samples from both
Lake Te Anau and Mavora Lakes. Currently, this family only
includes shortfin eel nanghoshaviruses 1 and 2 sampled from
aremote New Zealand Chatham Island lake [35], Nanhai ghost
shark arterivirus identified in ghost sharks in China [5], and
Neolamprologus nanghoshavirus identified in a species of
cichlid fish from Tanzania [75]. Very little is known about the
members of the family Nanghoshaviridae, which were only
formally classified in 2019. This family belongs to the subor-
der Nanidovirineae in the order Nidovirales [76]. It should be
noted that none of the previously discovered nanghoshaviruses
are known to cause disease, and all of the nanghoshaviruses
discovered so far have also been identified in fish [35, 75, 76],
indicating a possible marine origin of nanghoshaviruses, and
potentially of the order Nidovirales in general [77].

The shortfin eels examined here were primarily used in
a larger experiment not associated with this study before
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tissues were sampled for RNA sequencing. During this time,
there was the potential for viruses to be transmitted between
co-housed silvering and yellow shortfin eels, particularly
since the experimental manipulation conceivably induced
stress in the animals. Stressed fish are known to release
cortisol, suppressing the inflammatory response and thus
increasing susceptibility to viral infection [78]. Addition-
ally, stress has also been associated with lowering antibody
responses and impairing antiviral innate immune responses,
further increasing susceptibility to disease [78, 79]. Never-
theless, aside from flavivirus sequences that were identified
in both silvering and yellow shortfin eels, which may indi-
cate viral codivergence rather than cross-species virus trans-
mission, there is no other evidence of viral transfer between
the two shortfin eel samples. Indeed, the viral richness was
similar between longfin and shortfin eels, indicating that that
the differences in sampling and handling strategy likely had
minimal effect on the virome composition overall.

Virome composition is often driven by host specificity
as well as environmental factors [35, 69]. For example, the
diversity of viruses in Chatham Island fishes was found to be
significantly host-specific [35]. Comparatively, analysis of
the Pacific Ocean Virome dataset identified environmental
factors, including geographic region, depth, and proximity
to the shore, that significantly influence virome composition
[80]. Similarly, we found that both host species specificity
and location (of longfin eels) appeared to be important for
shaping virome composition, although this requires further
scrutiny because of the small sample sizes involved. Con-
sequently, further sampling is required to obtain a better
understanding of the extent to which these factors influence
virome composition. However, it is particularly interesting
that the location of longfin eels in this study significantly
influenced virome composition, given that elvers from the
Manapduri Lake Control Structure are translocated manually
to Lake Te Anau [42, 45]. Nevertheless, given that longfin
eels can spend 20-90 years in their freshwater environments
before migrating to the Pacific Ocean [81, 82], it is perhaps
unsurprising that viruses in these hosts evolve location-spe-
cific differences, even with species translocations. It will be
valuable in the future to further explore location-specific
differences between the lakes and determine whether char-
acteristics such as lake temperature, salinity, depth, and diet
also influence eel virome composition.

We have expanded our knowledge of the viruses in New
Zealand’s longfin and shortfin eels. Both host specificity
and geography seemingly contribute to virome composition,
highlighting the complex interaction between viruses, their
hosts, and their ecosystems. These insights help broaden
our understanding of aquatic host viromes, emphasising the
importance of such studies to reveal the viromes of healthy
species. This information can be used in the future alongside
other more-extensive pathological studies to form a baseline

to compare changes in virus diversity during disease out-
breaks or translocations of species or to monitor the effect
climate change has on virome composition over time.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00705-024-06019-1.

Acknowledgements We would like to acknowledge Te Riinanga o
Oraka Aparima for supporting our research on discovering viruses in
tuna (eels)

Author contributions Stephanie J. Waller: data curation, writing — orig-
inal draft, visualization, investigation. Eimear Egan, Shannan Crow,
and Anthony Charsley: Oraka-Aparima engagement, permit acquisi-
tion, eel sample collection in Lake Te Anau and Mavora Lakes. Mark
Lokman: support of sample collection and review & editing. Erica K.
Williams: support of sample collection and review & editing. Edward
C. Holmes: writing — review & editing. Jemma L. Geoghegan: con-
ceptualisation, funding, methodology, software, writing — review &
editing, supervision.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions. S.J.W. is supported by a University of Otago
Doctoral Scholarship. J.L.G. is funded by a New Zealand Royal Society
Rutherford Discovery Fellowship (RDF-20-UOO-007) and a Mars-
den Fund Fast Start (20-UOO-105). E.C.H is funded by a National
Health and Medical Research Council (Australia) Investigator Grant
(GNT2017197). E.K.W is funded by the Ministry of Business, Innova-
tion and Employment Contract No. C01X2206.

Data availability The raw sequencing reads generated in this project
are available in the Aotearoa Genomic Data Repository, DOI number
https://doi.org/10.57748/TTDA-0G64, and the viral sequences have
been submitted to GenBank under the accession numbers OR863200-
OR863225 (Supplementary Table S2). Alignments and code for the
statistical analysis can be found at https://github.com/stephwaller/NZ-
Eel-Virome-Paper.git.

Declarations

Conflict of interest The authors declare that there are no conflicts of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. The State of World Fisheries and Aquaculture 2022 (2022) [Inter-
net]. FAO. Available from: https://www.fao.org/3/cc0461en/cc046
len.pdf. https://doi.org/10.4060/cc0461en. Accessed 6 Mar 2024

2. Crane M, Hyatt A (2011) Viruses of fish: An overview of sig-
nificant pathogens. Viruses 3(11):2025-2046. https://doi.org/10.
3390/v3112025

@ Springer


https://doi.org/10.1007/s00705-024-06019-1
https://doi.org/10.57748/7TDA-0G64
https://github.com/stephwaller/NZ-Eel-Virome-Paper.git
https://github.com/stephwaller/NZ-Eel-Virome-Paper.git
http://creativecommons.org/licenses/by/4.0/
https://www.fao.org/3/cc0461en/cc0461en.pdf
https://www.fao.org/3/cc0461en/cc0461en.pdf
https://doi.org/10.4060/cc0461en
https://doi.org/10.3390/v3112025
https://doi.org/10.3390/v3112025

85

Page 12 of 14

Waller et al.

el

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Dopazo CP (2020) The Infectious pancreatic necrosis virus
(IPNV) and its virulence determinants: what is known and what
should be known. Pathogens 9(2):94. https://doi.org/10.3390/
pathogens9020094

French RK, Holmes EC (2020) An ecosystems perspective on
virus evolution and emergence. Trends Microbiol 28(3):165-175.
https://doi.org/10.1016/j.tim.2019.10.010

Shi M, Lin XD, Chen X, Tian JH, Chen LJ, Li K et al (2018)
The evolutionary history of vertebrate RNA viruses. Nature
556(7700):197-202. https://doi.org/10.1038/s41586-018-0012-7
Zhang YZ, Shi M, Holmes EC (2018) Using metagenomics to
characterize an expanding virosphere. Cell 172(6):1168-1172.
https://doi.org/10.1016/j.cell.2018.02.043

Watanabe S, Aoyama J, Tsukamoto K (2006) Confirmation of
morphological differences between Anguilla australis australis
and A. australis schmidtii. New Zeal ] Mar Freshw Res 40(2):325—
31. https://doi.org/10.1080/00288330.2006.9517424
Tsukamoto K, Kuroki M, Watanabe S (2020) Common names
for all species and subspecies of the genus Anguilla. Envi-
ron Biol Fishes 103(8):985-991. https://doi.org/10.1007/
$10641-020-00988-3

Patterson C (1993) Osteichthyes: Teleostei. In: Benton M (ed) The
fossil record 2, 1st edn. Chapman & Hall, London, p 621

Arai T (2020) Ecology and evolution of migration in the
freshwater eels of the genus Anguilla schrank, 1798. Heliyon
6(10):e05176. https://doi.org/10.1016/j.heliyon.2020.e05176
Minegishi Y, Aoyama J, Inoue JG, Miya M, Nishida M, Tsuka-
moto K (2005) Molecular phylogeny and evolution of the freshwa-
ter eels genus Anguilla based on the whole mitochondrial genome
sequences. Mol Phylogenet Evol 34(1):134-146. https://doi.org/
10.1016/j.ympev.2004.09.003

Jellyman D, Chisnall B, Dijkstra L, Boubee J (1996) First record
of the Australian longfinned eel, Anguilla reinhardtii, in New Zea-
land. Mar Freshw Res 47(8):1037-1040. https://doi.org/10.1071/
MF9961037

Chisnall B (2020) The Australian longfinned eel, Anguilla rein-
hardtii, in New Zealand. [Internet]. Wellington. Available from:
https://www.doc.govt.nz/documents/science-and-technical/casn3
02.pdf. Accessed 6 Mar 2024

Arai T, Kotake A, Lokman P, Miller M, Tsukamoto K (2004)
Evidence of different habitat use by New Zealand freshwater eels
Anguilla australis and A. dieffenbachii, as revealed by otolith
microchemistry. Mar Ecol Prog Ser 266:213-25. https://doi.org/
10.3354/meps266213

Doole GJ (2005) Optimal management of the New Zealand
longfin eel (Anguilla dieffenbachii). Aust J Agric Resour Econ
49(4):395-411. https://doi.org/10.1111/j.1467-8489.2005.00310.x
Jellyman D (2009) Forty years on—the impact of commercial
fishing on stocks of New Zealand freshwater eels. Am Fish Soc
Symp 58:37-56

Jellyman D (2003) The distribution and biology of the South
Pacific species of Anguilla. In: Aida K, Tsukamoto K, Yamauchi
K (eds) Eel Biology. Springer, Tokyo, pp 275-292

Jellyman D (2014) Freshwater eels and people in New Zealand: a
love/hate relationship. In: Tsukamoto K, Kuroki M (eds) Eels and
Humans. Springer, Tokyo, pp 143-53. https://doi.org/10.1007/
978-4-431-54529-3

Jellyman D, Tsukamoto K (2010) Vertical migrations may control
maturation in migrating female Anguilla dieffenbachii. Mar Ecol
Prog Ser 404:241-247. https://doi.org/10.3354/meps08468
Jellyman D, Tsukamoto K (2005) Swimming depths of offshore
migrating longfin eels Anguilla dieffenbachii. Mar Ecol Prog Ser
286:261-267. https://doi.org/10.3354/meps286261

Cairns D (1941) Eels life-history of two species of New Zealand
fresh-water eel. New Zel J Sci Technol 23(2B):53B-72B

Springer

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Lokman M, Rohr D, Davie P, Young G (2003) The physiology of
silvering in Anguillid eels: androgens and control of metamorpho-
sis from the yellow to silver stage. Eel Biology. Springer, Tokyo,
pp 331-49. https://doi.org/10.1007/978-4-431-65907-5

Lokman M (2016) Migration, gamete biology and spawning. Biol-
ogy and ecology of Anguillid eels. CRC Press, Boca Raton, pp
206-24. https://doi.org/10.1201/b19925

Beentjes M (2022) Monitoring commercial eel fisheries: 2018—19
to 2020-21 [Internet]. Available from: https://www.mpi.govt.nz/
dmsdocument/54175/direct. Accessed 6 Mar 2024

Batchelor I, Jolly D (2008) The cry of the people. Te tangi a
tauira: Ngai Tahu ki Murihiku. Natural resource and environ-
mental iwi management plan 2008. Iwi Management Committee,
Invercargill, pp 318

Noble M, Duncan P, Perry D, Prosper K, Rose D, Schnierer S,
et al (2016) Culturally significant fisheries: keystones for man-
agement of freshwater social-ecological systems. Ecol Soc 21(2).
https://doi.org/10.5751/ES-08353-210222

McDowall RM (1991) Freshwater fisheries research in New Zea-
land: processes, projects, and people. New Zeal J Mar Freshw Res.
25(4):393—413. https://doi.org/10.1080/00288330.1991.9516493
Cadwallader P (1975) Feeding relationships of galaxiids, bullies,
eels and trout in a New Zealand river. Mar Freshw Res 26(3):299.
https://doi.org/10.1071/MF9750299

Jellyman D (2012) The status of longfin eels in New Zealand
- an overview of stocks and harvest [Internet]. Available from:
https://pce.parliament.nz/media/wglbcu24/jellyman-report-final2.
pdf. Accessed 2024 Mar 6

Dunn NR, Allibone RM, Closs GP, Crow SK, David BO, Good-
man JM et al (2018) Conservation status of New Zealand fresh-
water fishes, 2017. New Zeal Threat Classif Ser 24:1-11
Subramaniam K, Toffan A, Cappellozza E, Steckler NK, Olesen
NJ, Ariel E, et al (2016) Genomic sequence of a ranavirus isolated
from short-finned eel (Anguilla australis). Genome Announc 4(4).
https://doi.org/10.1128/genomeA.00843-16

Bang Jensen B, Ersbgll A, Ariel E (2009) Susceptibility of pike
Esox lucius to a panel of Ranavirus isolates. Dis Aquat Organ
83:169-179. https://doi.org/10.3354/dao02021

Gobbo F, Cappellozza E, Pastore M, Bovo G (2010) Susceptibility
of black bullhead Ameiurus melas to a panel of Ranavirus isolates.
Dis Aquat Organ 90(3):167-174. https://doi.org/10.3354/dao02
218

van Ginneken V, Haenen O, Coldenhoff K, Willemze R, Antonis-
sen E, van Tulden P et al (2004) Presence of eel viruses in eel
species from various geographic regions. Bull Eur Assoc Fish
Pathol 24(5):268-271

Grimwood R, Fortune-Kelly G, Holmes E, Ingram T, Geoghegan
J (2023) Host specificity shapes fish viromes across lakes on an
isolated remote island. Virology 587:109884. https://doi.org/10.
1016/j.virol.2023.109884

van Ginneken V, Ballieux B, Willemze R, Coldenhoff K, Lentjes
E, Antonissen E et al (2005) Hematology patterns of migrating
European eels and the role of EVEX virus. Comp Biochem Phys-
iol Part C Toxicol Pharmacol 140(1):97-102. https://doi.org/10.
1016/j.cca.2005.01.011

Haenen OLM, Mladineo I, Konecny R, Yoshimizu M, Groman D,
Muiioz P et al (2012) Diseases of eels in an international perspec-
tive: Workshop on eel diseases at the 15th international confer-
ence on diseases of fish and shellfish, Split, Croatia, 2011. Bull
Eur Ass Fish Pathol 32(3):109

van Beurden S, Engelsma M, Roozenburg I, Voorbergen-Laarman
M, van Tulden P, Kerkhoff S et al (2012) Viral diseases of wild
and farmed European eel Anguilla anguilla with particular refer-
ence to the Netherlands. Dis Aquat Organ 101(1):69-86. https://
doi.org/10.3354/dao02501


https://doi.org/10.3390/pathogens9020094
https://doi.org/10.3390/pathogens9020094
https://doi.org/10.1016/j.tim.2019.10.010
https://doi.org/10.1038/s41586-018-0012-7
https://doi.org/10.1016/j.cell.2018.02.043
https://doi.org/10.1080/00288330.2006.9517424
https://doi.org/10.1007/s10641-020-00988-3
https://doi.org/10.1007/s10641-020-00988-3
https://doi.org/10.1016/j.heliyon.2020.e05176
https://doi.org/10.1016/j.ympev.2004.09.003
https://doi.org/10.1016/j.ympev.2004.09.003
https://doi.org/10.1071/MF9961037
https://doi.org/10.1071/MF9961037
https://www.doc.govt.nz/documents/science-and-technical/casn302.pdf
https://www.doc.govt.nz/documents/science-and-technical/casn302.pdf
https://doi.org/10.3354/meps266213
https://doi.org/10.3354/meps266213
https://doi.org/10.1111/j.1467-8489.2005.00310.x
https://doi.org/10.1007/978-4-431-54529-3
https://doi.org/10.1007/978-4-431-54529-3
https://doi.org/10.3354/meps08468
https://doi.org/10.3354/meps286261
https://doi.org/10.1007/978-4-431-65907-5
https://doi.org/10.1201/b19925
https://www.mpi.govt.nz/dmsdocument/54175/direct
https://www.mpi.govt.nz/dmsdocument/54175/direct
https://doi.org/10.5751/ES-08353-210222
https://doi.org/10.1080/00288330.1991.9516493
https://doi.org/10.1071/MF9750299
https://pce.parliament.nz/media/wglbcu24/jellyman-report-final2.pdf
https://pce.parliament.nz/media/wglbcu24/jellyman-report-final2.pdf
https://doi.org/10.1128/genomeA.00843-16
https://doi.org/10.3354/dao02021
https://doi.org/10.3354/dao02218
https://doi.org/10.3354/dao02218
https://doi.org/10.1016/j.virol.2023.109884
https://doi.org/10.1016/j.virol.2023.109884
https://doi.org/10.1016/j.cca.2005.01.011
https://doi.org/10.1016/j.cca.2005.01.011
https://doi.org/10.3354/dao02501
https://doi.org/10.3354/dao02501

Virus diversity in New Zealand’s longfin and shortfin eels

Page 130f 14 85

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Jellyman DJ, Chisnall BL (1999) Habitat preferences of short-
finned eels (Anguilla australis), in two New Zealand lowland
lakes. New Zeal J] Mar Freshw Res 33(2):233-248. https://doi.
org/10.1080/00288330.1999.9516873

Jellyman DJ (2007) Status of New Zealand fresh-water eel stocks
and management initiatives. ICES J Mar Sci 64(7):1379-1386.
https://doi.org/10.1093/icesjms/fsm073

McDowall RM (1990) New Zealand freshwater fishes: a natural
history and guide. Heinemann Reed, Auckland, p 553

James M (2021) Manapouri power scheme longfin eel mitigation
report 2020-2021 Season [Internet]. Available from: https://stati
cl.squarespace.com/static/6018ee7ca0b66e2eaf5866b5/t/61a96
f3eecc0df53984a0c53/1638494017874/MPS+Eel+report+2020+
21++final+AES.pdf. Accessed 6 Mar 2024

Pickrill RA (1978) Beach and nearshore morphology of Lakes
Manapouri and Te Anau, New Zealand: Natural models of the
continental shelf. New Zeal J Geol Geophys 21(2):229-242.
https://doi.org/10.1080/00288306.1978.10424053

Beentjes M, Boubee J, Jellyman D, Graynoth E (2005) Non-
fishing mortality of freshwater eels (Anguilla spp.). New Zea-
land Fisheries Assessment Report 2005/34. [Internet]. Available
from: https://fs.fish.govt.nz/Doc/17219/2005%20FARs/05_34 _
FAR.pdf.ashx. Accessed 6 Mar 2024

Boubée J, Jellyman D, Sinclair C (2008) Eel protection meas-
ures within the Manapouri hydro-electric power scheme, South
Island, New Zealand. Hydrobiologia 609(1):71-82. https://doi.
org/10.1007/s10750-008-9400-6

Fitzsimons S, Howarth J (2022) Developing lacustrine sedimen-
tary records of storminess in southwestern New Zealand. Quat
Sci Rev 277:107355. https://doi.org/10.1016/j.quascirev.2021.
107355

Hughey KF, Taylor KJ (2009) Te Waihora / Lake Ellesmere: state
of the lake and future management. EOS Ecol 1-150. [Internet].
Auvailable from: https://researcharchive.lincoln.ac.nz/items/b1e70
0b8-240c-4b87-ba7b-57cla512e754. Accessed 6 Mar 2024
Kelly DJ, Jellyman DJ (2007) Changes in trophic linkages to
shortfin eels (Anguilla australis) since the collapse of submerged
macrophytes in Lake Ellesmere, New Zealand. Hydrobiologia
579(1):161-173. https://doi.org/10.1007/s10750-006-0400-0
Gerbeaux P, Ward JC (1991) Factors affecting water clarity in
Lake Ellesmere, New Zealand. New Zeal ] Mar Freshw Res
25(3):289-296. https://doi.org/10.1080/00288330.1991.9516481
Haas BJ, Papanicolaou A, Yassour M, Grabherr M, Blood PD,
Bowden J et al (2013) De novo transcript sequence reconstruction
from RNA-seq using the Trinity platform for reference generation
and analysis. Nat Protoc 8(8):1494—1512. https://doi.org/10.1038/
nprot.2013.084

Buchfink B, Xie C, Huson DH (2015) Fast and sensitive protein
alignment using DIAMOND. Nat Methods 12(1):59-60. https://
doi.org/10.1038/nmeth.3176

Asplund M, Kjartansdéttir KR, Mollerup S, Vinner L, Fridholm
H, Herrera JAR et al (2019) Contaminating viral sequences in
high-throughput sequencing viromics: a linkage study of 700
sequencing libraries. Clin Microbiol Infect 25(10):1277-1285.
https://doi.org/10.1016/j.cmi.2019.04.028

Langmead B, Salzberg SL (2012) Fast gapped-read alignment
with Bowtie 2. Nat Methods 9(4):357-359. https://doi.org/10.
1038/nmeth.1923

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA,
Amit I et al (2011) Full-length transcriptome assembly from
RNA-Seq data without a reference genome. Nat Biotechnol
29(7):644—-652. https://doi.org/10.1038/nbt.1883

Li B, Dewey CN (2011) RSEM: accurate transcript quantifica-
tion from RNA-Seq data with or without a reference genome.
BMC Bioinformatics 12(323). https://doi.org/10.1186/
1471-2105-12-323

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Katoh K, Misawa K, Kuma K, Miyata T (2002) MAFFT: a novel
method for rapid multiple sequence alignment based on fast Fou-
rier transform. Nucleic Acids Res 30(14):3059-3066. https://doi.
org/10.1093/nar/gkf436

Capella-Gutierrez S, Silla-Martinez JM, Gabaldon T (2009) tri-
mALl: a tool for automated alignment trimming in large-scale phy-
logenetic analyses. Bioinformatics 25(15):1972—1973. https://doi.
org/10.1093/bioinformatics/btp348

Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ (2015) 1Q-
TREE: A fast and effective stochastic algorithm for estimating
maximum-likelihood phylogenies. Mol Biol Evol 32(1):268-274.
https://doi.org/10.1093/molbev/msu300

Rambaut A FigTree [Internet]. Available from: http://tree.bio.ed.
ac.uk/software/figtree/. Accessed 8 Mar 2023

Wickham H, Averick M, Bryan J, Chang W, McGowan L, Fran-
cois R et al (2019) Welcome to the tidyverse. J Open Source Softw
4(43):1686. https://doi.org/10.21105/joss.01686

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McG-
linn D, et al (2020) Vegan: community ecology package [Internet].
[Accessed 2022 Feb 25]. Available from: https://cran.r-project.
org/web/packages/vegan/index.html

Wang W, Lin XD, Liao Y, Guan XQ, Guo WP, Xing JG et al
(2017) Discovery of a highly divergent coronavirus in the asian
house shrew from China illuminates the origin of the alphacoro-
naviruses. J Virol 91(17):e00764-e817. https://doi.org/10.1128/
JVI.00764-17

King A, Adams M, Carstens E, Lefkowitz E (2011) Virus tax-
onomy: classification and nomenclature of viruses. Ninth report of
the international committee on taxonomy of viruses. Acad Press,
pp 806-828

Mikalsen AB, Nilsen P, Frgystad-Saugen M, Lindmo K, Elias-
sen TM, Rode M et al (2014) Characterization of a novel cali-
civirus causing systemic infection in Atlantic salmon (Salmo
salar L.): proposal for a new genus of Caliciviridae. PLoS One
9(9):e107132. https://doi.org/10.1371/journal.pone.0107132
Iwanowicz LR, Blazer VS, Jones T, Bodnar M, Eckstrom K,
Dragon JA, et al (2022) Draft genome sequence of a novel cali-
civirus from a brown bullhead (Ameiurus nebulosus) from Lake
Memphremagog, Vermont/Quebec. Microbiol Resour Announc
11(3). https://doi.org/10.1128/mra.01188-21

Wellehan J (2010) Discovery, phylogenetic analysis, diagnostic
test development, and surveillance of the astroviruses of marine
mammals [Internet]. The Univeristy of Florida. Available from:
https://www.proquest.com/docview/8572473447pq-origsite=
gscholar&fromopenview=true&sourcetype=Dissertations&The-
ses. Accessed 6 Mar 2024

Welch NL, Tisza MJ, Starrett GJ, Belford AK, Pastrana DV, Pang
YYS, et al (2020) Identification of adomavirus virion proteins.
bioRxiv [Preprint]. 341131. https://doi.org/10.1101/341131
Borzik R, Sellyei B, Székely C, Doszpoly A (2017) Molecular
detection and genome analysis of circoviruses of European eel
(Anguilla anguilla) and sichel (Pelecus cultratus). Acta Vet Hung
65(2):262-277. https://doi.org/10.1556/004.2017.026
Geoghegan JL, Di Giallonardo F, Wille M, Ortiz-Baez AS, Costa
VA, Ghaly T, et al (2021) Virome composition in marine fish
revealed by meta-transcriptomics. Virus Evol 7(1). https://doi.org/
10.1093/ve/veab035

Hastings PA, Walker HJ, Galland GR (2014) Fishes: a guide to
their diversity. University of California Press, Oakland, California,
p 345

Porter AF, Pettersson JHO, Chang WS, Harvey E, Rose K, Shi M,
et al (2020) Novel hepaci- and pegi-like viruses in native Austral-
ian wildlife and non-human primates. Virus Evol 6(2). https://doi.
org/10.1093/ve/veaa064

Zhang XL, Yao XY, Zhang YQ, Lv ZH, Liu H, Sun J et al (2022)
A highly divergent Hepacivirus identified in domestic ducks

@ Springer


https://doi.org/10.1080/00288330.1999.9516873
https://doi.org/10.1080/00288330.1999.9516873
https://doi.org/10.1093/icesjms/fsm073
https://static1.squarespace.com/static/6018ee7ca0b66e2eaf5866b5/t/61a96f3eecc0df53984a0c53/1638494017874/MPS+Eel+report+2020+21++final+AES.pdf
https://static1.squarespace.com/static/6018ee7ca0b66e2eaf5866b5/t/61a96f3eecc0df53984a0c53/1638494017874/MPS+Eel+report+2020+21++final+AES.pdf
https://static1.squarespace.com/static/6018ee7ca0b66e2eaf5866b5/t/61a96f3eecc0df53984a0c53/1638494017874/MPS+Eel+report+2020+21++final+AES.pdf
https://static1.squarespace.com/static/6018ee7ca0b66e2eaf5866b5/t/61a96f3eecc0df53984a0c53/1638494017874/MPS+Eel+report+2020+21++final+AES.pdf
https://doi.org/10.1080/00288306.1978.10424053
https://fs.fish.govt.nz/Doc/17219/2005%20FARs/05_34_FAR.pdf.ashx
https://fs.fish.govt.nz/Doc/17219/2005%20FARs/05_34_FAR.pdf.ashx
https://doi.org/10.1007/s10750-008-9400-6
https://doi.org/10.1007/s10750-008-9400-6
https://doi.org/10.1016/j.quascirev.2021.107355
https://doi.org/10.1016/j.quascirev.2021.107355
https://researcharchive.lincoln.ac.nz/items/b1e700b8-240c-4b87-ba7b-57c1a512e754
https://researcharchive.lincoln.ac.nz/items/b1e700b8-240c-4b87-ba7b-57c1a512e754
https://doi.org/10.1007/s10750-006-0400-0
https://doi.org/10.1080/00288330.1991.9516481
https://doi.org/10.1038/nprot.2013.084
https://doi.org/10.1038/nprot.2013.084
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1038/nmeth.3176
https://doi.org/10.1016/j.cmi.2019.04.028
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1093/molbev/msu300
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
https://doi.org/10.21105/joss.01686
https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html
https://doi.org/10.1128/JVI.00764-17
https://doi.org/10.1128/JVI.00764-17
https://doi.org/10.1371/journal.pone.0107132
https://doi.org/10.1128/mra.01188-21
https://www.proquest.com/docview/857247344?pq-origsite=gscholar&fromopenview=true&sourcetype=Dissertations&Theses
https://www.proquest.com/docview/857247344?pq-origsite=gscholar&fromopenview=true&sourcetype=Dissertations&Theses
https://www.proquest.com/docview/857247344?pq-origsite=gscholar&fromopenview=true&sourcetype=Dissertations&Theses
https://doi.org/10.1101/341131
https://doi.org/10.1556/004.2017.026
https://doi.org/10.1093/ve/veab035
https://doi.org/10.1093/ve/veab035
https://doi.org/10.1093/ve/veaa064
https://doi.org/10.1093/ve/veaa064

85

Page 14 of 14

Waller et al.

73.

74.

75.

76.

7.

further reveals the genetic diversity of hepaciviruses. Viruses
14(2):371. https://doi.org/10.3390/v14020371

Baechlein C, Fischer N, Grundhoff A, Alawi M, Indenbirken
D, Postel A et al (2015) Identification of a novel Hepacivirus in
domestic cattle from Germany. J Virol 89(14):7007-7015. https://
doi.org/10.1128/JV1.00534-15

Reuter G, Maza N, Pankovics P, Boros A (2014) Non-primate
Hepacivirus infection with apparent hepatitis in a horse — Short
communication. Acta Vet Hung 62(3):422—427. https://doi.org/
10.1556/avet.2014.011

Costa VA, Ronco F, Mifsud JCO, Harvey E, Salzburger W, Holmes
EC (2023) Host adaptive radiation is associated with rapid virus
diversification and cross-species transmission in African cichlid
fishes. bioRxiv. https://doi.org/10.1101/2023.06.28.546811
International Committee on Taxonomy of Viruses (2022) Virus
taxonomy: 2022 Release [Internet]. [Accessed 2023 Sep 8]. Avail-
able from: https://ictv.global/taxonomy

Miller AK, Mifsud JCO, Costa VA, Grimwood RM, Kitson J,
Baker C, et al (2021) Slippery when wet: cross-species trans-
mission of divergent coronaviruses in bony and jawless fish and
the evolutionary history of the Coronaviridae. Virus Evol 7(2).
https://doi.org/10.1093/ve/veab050

@ Springer

78.

79.

81.

82.

Green C, Haukenes A (2015) The role of stress in fish disease
[Internet]. Available from: https://fisheries.tamu.edu/files/2019/
01/SRAC_0474.pdf. Accessed 6 Mar 2024

Dai C, Zheng J, Qi L, Deng P, Wu M, Li L, et al (2023) Chronic
stress boosts systemic inflammation and compromises antiviral
innate immunity in Carassius gibel. Front Immunol 14. https://
doi.org/10.3389/fimmu.2023.1105156

Hurwitz BL, Westveld AH, Brum JR, Sullivan MB (2014) Mod-
eling ecological drivers in marine viral communities using com-
parative metagenomics and network analyses. Proc Natl Acad
Sci 111(29):10714-10719.https://doi.org/10.1073/pnas. 13197
78111

Todd PR (1980) Size and age of migrating New Zealand freshwa-
ter eels (Anguilla spp.). New Zeal ] Mar Freshw Res 14(3):283—
93. https://doi.org/10.1080/00288330.1980.9515871

Jellyman DJ (1995) Longevity of longfinned eels Anguilla dief-

fenbachii in a New Zealand high country lake. Ecol Freshw

Fish 4(3):106-112. https://doi.org/10.1111/j.1600-0633.1995.
tb00123.x

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3390/v14020371
https://doi.org/10.1128/JVI.00534-15
https://doi.org/10.1128/JVI.00534-15
https://doi.org/10.1556/avet.2014.011
https://doi.org/10.1556/avet.2014.011
https://doi.org/10.1101/2023.06.28.546811
https://ictv.global/taxonomy
https://doi.org/10.1093/ve/veab050
https://fisheries.tamu.edu/files/2019/01/SRAC_0474.pdf
https://fisheries.tamu.edu/files/2019/01/SRAC_0474.pdf
https://doi.org/10.3389/fimmu.2023.1105156
https://doi.org/10.3389/fimmu.2023.1105156
https://doi.org/10.1073/pnas.1319778111
https://doi.org/10.1073/pnas.1319778111
https://doi.org/10.1080/00288330.1980.9515871
https://doi.org/10.1111/j.1600-0633.1995.tb00123.x
https://doi.org/10.1111/j.1600-0633.1995.tb00123.x

	Host and geography impact virus diversity in New Zealand’s longfin and shortfin eels
	Abstract
	Introduction
	Materials and methods
	Permits and animal ethics
	Characteristics of sampled lakes
	Eel liver and gill sample collection
	Extraction of total RNA from eel livers and gills
	RNA sequencing
	Virome assembly and virus identification
	Estimating the abundance of viral sequences
	Phylogenetic analysis
	Analysis of alpha diversity on virome composition
	Viral nomenclature

	Results
	Viral abundance and diversity
	Eel RNA viruses
	Rhabdoviridae
	Nanghoshaviridae
	Caliciviridae
	Astroviridae
	Hepeviridae
	Flaviviridae

	Eel DNA viruses
	Adomaviridae
	Circoviridae

	Factors shaping the diversity of eel viromes

	Discussion
	Acknowledgements 
	References


