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eDNA-based methods offer a non-invasive, easy-to-use approach for monitoring aquatic biodiversity, particularly
for tracking invasive or cryptic species. While Illumina sequencing is commonly used, few studies have explored
pairing eDNA sampling with Nanopore sequencing, a third-generation technology that allows for on-site
sequencing but with a higher error rate. Here, we compared the performance of both technologies in detect-
ing the invasive host-parasite complex Pseudorasbora parva-Sphaerothecum destruens. Water samples were
collected from sites in Camargue and Corsica (Southern France), followed by DNA extraction, PCR amplification,
and sequencing using either Illumina or Nanopore. Both technologies showed similar detection rates of P. parva,
but only when Nanopore sequencing was performed under optimal conditions. However, for S. destruens, results
varied: Illumina failed to detect the parasite, while Nanopore identified its DNA in multiple sites. We suggest that
this discrepancy may be due to the different bioinformatic approaches used to process the reads and/or the
higher error rate of Nanopore sequencing which could result in misassignments during species identification.

1. Introduction conservation strategies (Reaser et al., 2020). Among these, environ-
mental DNA (eDNA) surveys stand out as a sensitive, low-cost, and
easy-to-use tool, and perfectly suited for detecting invasive species

expansion (Larson et al., 2020; Thomas et al., 2020).

Better understanding invasion biology is crucial given the severe
ecological, economic and societal concerns due to the detrimental

impact of non-native species on biodiversity (Bellard et al., 2016;
Falaschi et al., 2020), food security (agriculture/aquaculture) (Paini
et al., 2016) and human health (Medlock et al., 2012; Vila and Hulme,
2017). In aquatic ecosystems, invasive species drive significant losses in
fish, macrophytes, zooplankton (Gallardo et al., 2016), amphibians
(Longcore et al., 1999) and crustaceans (Edgerton et al., 2004). Moni-
toring these environments is challenging due to water opacity and
limited access to remote areas. However, efficient, non-invasive detec-
tion methods are vital for tracking invasive species and guiding
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eDNA sampling (from soil, water, air, feces, etc.) can be followed by
either species-specific approaches (Mauvisseau et al., 2019; LeBlanc
et al., 2020), targeting a particular species, or metabarcoding (Ruppert
et al., 2019), which analyzes the presence of multiple species in a clade
(Combe and Gozlan, 2022). Metabarcoding is typically done using
[lumina sequencing (Deiner et al., 2017; Nakao et al., 2021) a highly
reliable technology. However, in recent years, Nanopore sequencing, a
third-generation method, has gained attention due to its speed, porta-
bility, and suitability for fieldwork (Leggett and Clark, 2017). Although,
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few studies have used Nanopore for eDNA metabarcoding, results have
shown consistent species detection compared to illumina, particularly
for bivalves (Egeter et al., 2022) and fish (Doorenspleet et al., 2021).
Yet, more validation is needed for other taxa, especially invasive or
cryptic species in natural aquatic environments.

Pseudorasbora parva is a small cyprinid fish native to East Asia that
thrives in lentic freshwater systems. As a highly invasive species, it
spread across Europe in the 1960's (Gozlan et al., 2010; Combe and
Gozlan, 2018). Owing to its reproductive traits and tolerance for a wide
range of temperatures (Davies and Britton, 2015), P. parva has suc-
cessfully colonized waterways in Asia, Europe, and Africa, posing a
serious threat to local biodiversity. Notably, P. parva is also a healthy
carrier host of the fungal parasite Sphaerothecum destruens, a generalist
parasite capable of infecting various fish species and further endan-
gering native ecosystems (Gozlan and Combe, 2023). However, the
chronic nature of S. destruens infection and its low abundance in P. parva
make detection difficult (Combe et al., 2022). This study compares the
efficiency of Nanopore and Illumina sequencing technologies in
detecting this invasive fish-parasite complex in freshwater ecosystems.

2. Material and methods
2.1. Study sites

The study sites in the Camargue (4 areas) and Corsica (Lake Cala-
cuccia, Golo river) are detailed in Supplementary Table S1 Sdestruens
detection was assessed only in the Camargue, while P. parva detection
focused exclusively on Corsica. Additional details on eDNA sampling
and DNA extraction protocols can be found in Supplementary Note 1.

2.2. PCR amplifications of host-parasite DNA

To dilute PCR inhibitors, each DNA extract was diluted fivefold in
DNase/RNase-free water. For P. parva DNA amplifications, we targeted a
147 bp sequence of the mtDNA 16S rRNA genes using PparvaF-PparvaR
(Robinson et al., 2019) primers and a 100 bp sequence of the mtDNA 12S
rRNA genes using teleo_F-teleo_ R (Valentini et al., 2016) primers. For
amplification of S. destruens DNA, we targeted a 154 bp sequence of the
18S rRNA genes using the ChF2-ChR2 (Cherif et al., 2022 ) primers. PCR
amplifications used for further Nanopore sequencing were performed in
0.2 mL PCR tubes using the following mix: 1X GoTaq G2 Green master
mix (LifeTechnologies), 0.5 pM of each primer, 3 pL of DNA and made up
to 25 pL with DNase/RNase-free water. PCR amplification cycles con-
sisted of an initial denaturation at 95 °C during 5 min followed by 35
cycles of 30 s denaturation at 94 °C, 90 s hybridisation at 60 °C and 60 s
elongation at 72 °C, ending with a final elongation at 72 °C for 5 min
after the 35 cycles. PCR amplifications for Illumina sequencing were
performed using teleo_F-teleo_R primers and following the protocol of
Pont et al. (2018) with 12 replicates, whereas, due to budget constraints,
only a single PCR replicate was carried out for Nanopore sequencing. For
each sample, 3 pL of PCR product was loaded onto a 2 % agarose gel and
migrated by electrophoresis at 100 V for 60 min. Migration profiles were
checked under UV light and a band was scored of the expected size given
the primers used. All PCR products, either positive or negative on the
gel, were sequenced either using an Illumina MiSeq 1000 sequencer
(Illumina, San Diego, CA, USA) or a MinION mk1C sequencer (Oxford
Nanopore Technologies, Oxford, UK).

2.3. Nanopore sequencing

First, DNA quantification of PCR amplicons was performed using
Qubit Fluorometric Quantification (ThermoFisher Scientific). The sam-
ples were then standardised to start the preparation of the sequencing
libraries with the same amount of DNA for each sample (i.e., 110 fmol).
Oxford Nanopore Technologies (ONT) libraries were prepared using
native barcoding 24 v14 (SQK-NBD114.24, Oxford Nanopore
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Technologies) according to the manufacturer's instructions for barcod-
ing of amplicon libraries. At the end of the library preparation, 20 fmol
of DNA was loaded onto a flow cell (R10.4.1) and sequencing was per-
formed on an Oxford Nanopore Technologies (Oxford, UK) Mk1c device
(MinKNOW software v23.07.12) with a maximum run time of 48 h.
Reads were basecalled and demultiplexed in real time using the guppy
software, with default parameters, integrated into the MinION device
resulting in fastq files. The bioinformatic analysis of the reads was
performed using the pipeline developed by Egeter et al. (2022). The
pipeline relied on minimizing the sequencing error rate by polishing the
reads using different steps: (1) The raw reads were trimmed on both ends
using CUTADAPT (Martin, 2011) to remove low quality bases and keep
only reads ranging between 100 and 200 bp; (2) after filtration the reads
were clustered using ISONCLUST (Sahlin and Medvedev, 2020) and a
consensus sequence was created using RACON (Vaser et al., 2017); (3)
the consensus sequences were clustered at 99 % sequence identity using
CD-HIT (Fu et al., 2012) followed by the selection of a centroid for each
cluster; (4) the primers were trimmed from the centroids, completing the
production of polished reads. Those polished reads were then BLAST
against a reference database restricted to either P. parva and some other
species from the cyprinodei suborder (Supplementary Table S2) or all
Mesomycetozoean species using the same settings as those used in the
original pipeline. Stringent percentage identity was used to analyze the
BLAST results: 99 % for species level, 97 % for genus level, 95 % for
family level and 93 % for higher-than-family-level. In order to avoid
taking into account spurious detections, sequences displaying less than
10 reads or with a frequency of occurrence <0.001 per sequence and per
library were excluded.

2.4. Illumina sequencing

Prior to Illumina sequencing, amplified samples were quantified
using capillary electrophoresis, purified using MinElute PCR purifica-
tion kit and quantified again. PCR products were pooled in equal vol-
umes to achieve a theoretical sequencing depth of 500,000 reads for fish
primers and 50,000 for S. destruens. Libraries were prepared using the
True Seq protocol (Illumina, San Diego, CA, USA) and paired-end
sequencing was carried out on an Illumina NextSeq 1000 sequencer.
Sequenced reads were analyzed using the programs implemented in the
OBITools package (http://metabarcoding.org/obitools, Boyer et al.,
2016). Forward and reverse reads were assembled using the illumina-
pairedend program and assigned to each sample using the ngsfilter
program. Sequences shorter than 20 bp, occurring <10 times per sample
or labeled as ‘internal’ by the obiclean program (likely due to PCR/se-
quencing errors) were discarded. The taxonomic assignment of ASVs
(Amplicon Sequence Variant) was performed using the program ecotag
with the local reference database (Valentini et al., 2016) and sequences
(standard sequences) were extracted from GenBank® release 247.0. To
account for the incorrect assignment of a small number of sequences to
the sample due to tag jumps (Schnell et al., 2015), all sequences with a
frequency of occurrence <0.001 per sequence and per library were
excluded. Subsequently, the data were curated for index-hopping
(MacConaill et al., 2018) with a threshold empirically determined
using experimental blanks (i.e., combinations of tags not present in li-
braries), for a given sequencing batch between libraries.

3. Results
3.1. Detection of the invasive P. parva fish host from water samples

Ilumina sequencing generated a mean number of 455,529 raw reads
per site across 12 PCR replicates, while Nanopore generated a mean
number of 145,438 reads per site with just 1 PCR replicate. After
filtering, this difference became even more pronounced: Illumina aver-
aged 274,400 filtered reads per site compared to just 5285 for Nanopore.

Nlumina detected P. parva DNA in 7 out of 10 sites, including 4 in
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Lake Calacuccia and 3 in the downstream Golo River. In contrast, the
initial Nanopore run, using a flow cell with a low number of active pores,
failed to detect P. parva DNA but did identify DNA from the Gobionidae
family, to which P. parva belongs, but the resolution was insufficient to
determine the taxonomic level beyond the family. Gobionidae DNA was
detected at five sites, including 3 sites in the lake and 2 in the riv-
er—matching sites positive for P. parva in lllumina. The average number
of mapped reads (to P. parva for Illumina sequencing and to the
Gobionidae family for Nanopore sequencing) was consistently higher in
Lake Calacuccia (92,704 for Illumina and 113 for Nanopore) compared
with the Golo river (2533 for Illumina and 55 for Nanopore).

A second Nanopore run, using a new flow cell and focusing on two
sites where P. parva was detected by Illumina but not Nanopore (Gol7
and Call), revealed P. parva DNA at the Gol7 site, with more reads than
[lumina (43,618 vs. 1379 reads, respectively). The Call site remained
negative for P. parva, consistent with Illumina's results, which only
detected it in 1 of 12 PCR replicates.
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3.2. Detection of the cryptic fungal parasite Sphaerothecum destruens
from water samples

Ilumina sequencing failed to detect S. destruens DNA at any site, but
other species from the same Mesomycetozoea class were found (Fig. 1).
In the Camargue, species like Sphaeroforma tapetis, Creolimax fra-
grantissima, Anurofeca richardsi, and Sphaerothecum caipira were identi-
fied. Notably, S. tapetis had the highest read count (33,948 reads) and
was consistently detected in the Fumemorte canal, while S. caipira,
closely related to S. destruens, appeared at every sampling point of the
study in the Grandes Cabanes domain.

Of 25 Mesomycetozoean occurrences identified by Illumina, 10 were
also found by Nanopore. In all cases, Illumina produced significantly
more mapped reads, with the ratio ranging from 1.6 to 400 times higher.
Despite its lower sensitivity, Nanopore detected 14 occurrences of
Mesomycetozoean missed by Illumina, including three species/genus
found only by Nanopore: Dermocystidium spp., Amphibiocystidium ranae,
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Fig. 1. Log 10 of the number of reads mapping clades from the class Mesomycetozoea resulting from an Illumina or Nanopore sequencing of eDNA samples collected
in different sites of the Camargue in February, March, and June. The clades indicated in a shade of red in the figure belong to the order Ichthyophonida while the

clades indicated in a shade of blue belong to the order Dermocystida.
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and S. destruens. S. destruens was detected in February 2023 in the
Grandes Cabanes domain, and in June 2023 in both the Pebre and
Fumemorte canals, with more reads recovered in February (1943 reads)
than in June (503 and 694 reads, respectively).

Interestingly, both technologies were more effective at detecting
species from the Dermocystida and Ichthyophonida orders. Illumina
attributed 18 % of occurrences to Dermocystida (8/45) and 82 % to
Ichthyophonida (37/45), while Nanopore found 58 % from Dermocys-
tida (14/24) and 42 % from Ichthyophonida (10/24).

4. Discussion

Our results highlight the importance of using closely matched pro-
tocols when comparing Nanopore and Illumina sequencing technologies
for effective results. Notably, during the sequencing of P. parva, the
initial flow cell's low pore count negatively impacted the outcomes. This
was evident when we resequenced DNA from the Gol7 site with a new
flow cell, which yielded significantly improved read quantity and
quality. This could explain why Nanopore sequencing struggled to
assign reads at the species level initially, yet successfully detected
P. parva with a new flow cell. The only site where Nanopore failed to
assign taxonomical reads while Illumina succeeded was Call, but even
then, Illumina only detected it in one replicate. When we compared the
average reads generated—145,438 for Nanopore versus 455,529 for
[lumina—it was clear that Nanopore was at a disadvantage. These re-
sults underscore the necessity for Nanopore sequencing to be performed
across multiple replicates and over a longer duration than the 40 h we
used in this study, to enhance chances of detection. In addition to
sequencing depth, the primers used also differed: Nanopore used
PparvaF-PparvaR targeting the 16S rRNA gene, while Illumina used
teleo_F-teleo_R targeting the 12S rRNA gene. Previous metabarcoding
studies using eDNA samples have shown comparable efficiencies in
detecting species or taxa with primers for either the 12S or 16S rRNA
gene (Sard et al., 2019; Kumar et al., 2022). However, discrepancies
between primer sets for certain species, like Neogobius melanostomus,
were also noted (Sard et al., 2019). Furthermore, detection rate varied
even among primers targeting the same gene (Li et al., 2024; Polanco
Fernandez et al., 2021) demonstrating that the effectiveness of a primer
set depends not just on the targeted gene but also on its design, the size
of the amplified fragment, and the targeted species.

Similar to our findings with P. parva, the comparison of [llumina and
Nanopore sequencing revealed contrasting results for S. destruens. While
both technologies detected Mesomycetozoean species, Illumina consis-
tently showed a greater number of mapped reads than Nanopore. This
underscores the necessity of sequencing multiple PCR replicates to
enhance detection sensitivity for all species, particularly rare and cryptic
ones (Wen et al., 2017; Shirazi et al., 2021). Despite similar outcomes at
certain sites, the two technologies displayed distinct preferences, fa-
voring the detection of either Ichthyophonida (Illumina) or Dermocys-
tida (Nanopore). Notably, Nanopore successfully detected S. destruens,
while Ilumina did not. These discrepancies could stem from several
factors: (i) The bioinformatic treatment of the reads differed depending
on the sequencing technology. To address limitations specific to each
technology: an ASV approach was adopted for the treatment of Illumina
data while the reads generated by Nanopore were polished and clustered
to obtain consensus sequences; (ii) Despite recent improvements,
Nanopore sequencing still has a higher error rate than Illumina (Dela-
haye and Nicolas, 2021), making it more challenging to assign sequences
accurately at the species level (Winand et al., 2020; Egeter et al., 2022).
Our results contrast with previous studies on bivalves or on the gut
content of lanternfish, which used multiple PCR replicates and found
comparable detection levels for both technologies (Egeter et al., 2022;
van der Reis et al., 2023). Ultimately, our study reveals ongoing chal-
lenges in efficiently detecting cryptic intracellular parasites in fresh-
water environments using eDNA techniques.
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5. Conclusion

Ilumina sequencing proved accurate enough to detect P. parva DNA
whereas Nanopore sequencing failed to achieve species-level detection
for most samples. However, using a flow cell with a higher number of
pores improved the accuracy, enabling the detection of P. parva.

When it comes to detecting the intracellular S. destruens, this study
highlights the challenges eDNA methods face in identifying cryptic
species. Illumina sequencing was unable to detect the parasite, and
Nanopore sequencing demonstrated limitations in accurately assigning
reads at the species level.

Overall, this study emphasizes the necessity of following standard-
ized protocols (e.g., PCR primers, number of PCR replicates, bio-
informatic processing of the reads) to establish a meaningful comparison
between Illumina and Nanopore sequencing.
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