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Abstract

Microbial eukaryotes play a vital role in biogeochemical cycles and aquatic food webs.
Over past decades, their taxonomic diversity has been investigated using short-read
DNA metabarcoding, which, while effective, is hampered by the limited resolution of
the targeted regions. In this study, we utilised both short-read (lllumina) and long-read
(PacBio) metabarcoding approaches to analyse eukaryotic diversity in a lake ecosystem
over one year, allowing for a direct comparison of the results obtained from each method.
Our metabarcoding analysis revealed a high degree of congruence between long-read
and short-read data at broad taxonomic levels. However, at finer taxonomic scales, such
as the genus level, long-read sequencing achieved higher resolution, enabling more
precise identification of microbial eukaryotes. This enhanced taxonomic resolution
proved especially valuable for tracking seasonal dynamics within key groups, including
ciliates and chytrid fungi. The resolution offered by long-read sequencing provides a
more detailed picture of the microbial eukaryotic community, thereby facilitating the
exploration of ecological interactions at a finer scale. For example, this approach
allowed us to monitor the dynamics of the chytrid genus Zygorhizidium in relation to
various diatom genera, which are primary targets for chytrid parasitism.

Key words: Long-read sequencing, metabarcoding, microbial eukaryotes, short-read se-
quencing, temporal dynamics

Introduction

Over the past decades, DNA sequencing has become an indispensable tool
for revealing and assessing the diversity and ecology of microbial eukaryotes
and has enabled the discovery of organisms across all taxonomic ranks (e.g.
Pawlowski et al. (2012); Heger et al. (2018)). In aquatic ecosystems, sequenc-
ing has uncovered an unexpected diversity of eukaryotic microorganisms (e.g.
Debroas et al. (2015); de Vargas et al. (2015); Massana et al. (2015)). These eu-
karyotes, ranging from photosynthetic algae to heterotrophic protists, play cru-
cial roles in nutrient cycling, primary production and the regulation of microbial
populations through predation or parasitism (e.g. Worden et al. (2015); Sures et
al. (2017)). However, despite their diversity, widespread distribution and involve-
ment in biogeochemical cycles, microbial eukaryotes still receive less attention
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than their prokaryotic counterparts (Grattepanche et al. 2014). This discrepancy
is particularly evident in freshwater ecosystems, where eukaryotic communities
are underexplored compared to marine environments. Understanding their di-
versity and functional roles in lakes, including how they interact within complex
food webs and how their populations fluctuate over time, is essential. Temporal
variations in eukaryotic communities, influenced by factors, such as seasonality,
nutrient availability and environmental changes, are likely key to understanding
lake ecosystem dynamics. A larger-scale, time-resolved exploration of these mi-
croorganisms is crucial for uncovering their contributions to trophic interactions
and ecosystem functioning in freshwater systems.

Historically, molecular environmental studies relied on cloning and Sanger
sequencing of the small subunit (SSU) ribosomal RNA gene (18S rDNA)
(Sanger and Coulson 1975). This method generated reads long enough to al-
low relatively accurate phylogenetic interpretations (Lépez-Garcia et al. 2001;
Moon-Van Der Staay et al. 2001; Massana et al. 2004) for species identification
and differentiation (Hadziavdic et al. 2014; Bradley et al. 2016). However, con-
temporary approaches predominantly utilise much shorter reads generated by
[llumina sequencing. These shorter reads are routinely produced in the millions
and maintain high base-calling accuracy, resulting in reliable sequence data (de
Vargas et al. 2015). This technological advancement has allowed for the se-
quencing of a significant portion of the species existing within an environment,
including those that are extremely rare (Logares et al. 2014) and has yielded nu-
merous important insights into microbial ecology and function. Typically, stud-
ies relating to eukaryotic diversity have targeted V4, V9 hypervariable regions
or ITS regions, reflecting the limitations of Illumina sequencing, which can only
sequence up to almost 600 bp (Stoeck et al. 2010; Mahé et al. 2015; Boenigk et
al. 2018). The small size of the amplified fragments results in amplicons with
weakened phylogenetic signal (Dunthorn et al. 2014), which can complicate the
taxonomic assignment at finer taxonomic ranks, obscuring our understanding
of species-level diversity and ecological interactions.

In response to the limitations of short reads, long-read sequencing technolo-
gies, such as Pacific Biosciences (PacBio) and Oxford Nanopore Technologies
(ONT), have emerged, enabling the generation of DNA sequences exceeding 30
kb (Tedersoo et al. 2021). Although these technologies initially exhibit higher
error rates than lllumina sequencing, the use of circular consensus sequenc-
ing (CCS), which relies on repeated reading of the same molecule to correct
errors, allows PacBio to reach accuracy levels comparable to lllumina (Travers
et al. 2010; Jamy et al. 2020). This improvement has enabled the first appli-
cations of long-read sequencing to assess environmental eukaryotic diversi-
ty. Long-read technology has made it possible to sequence nearly complete
18S rDNA gene, extended fragments that include portions of the 28S gene and
even regions spanning from the 18S to the 28S rDNA (including ITS1, 5.8S and
ITS2 regions). This technology has been employed to investigate both glob-
al and group-specific eukaryotic diversity (Heeger et al. 2018; Orr et al. 2018;
Tedersoo et al. 2018; Tedersoo and Anslan 2019; Jamy et al. 2020; Gaonkar
and Campbell 2024). For example, Jamy et al. (2022) were able to obtain an
evolutionary framework of environmental diversity and infer habitat-preference
evolution across the eukaryotic tree. Similarly, recent long-read metabarcoding
studies have shown that long-read OTUs provide higher taxonomic resolution,
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enabling the discovery of previously unrecognised clades (Chwaliriska et al.
2025). However, comprehensive comparative studies directly assessing short-
versus long-read metabarcoding of the same environmental samples remain
limited. Overgaard et al. (2024) further highlighted the lack of comparison
between short-read markers and full-length rRNA operons. Such comparative
analyses would allow us to assess the relative strengths and limitations of each
sequencing technology, identify any significant discrepancies in the results ob-
tained from these different methods and uncover potential biases inherent to
each sequencing approach.

Beyond improving taxonomic resolution, long-read metabarcoding also
opens new perspectives for ecological studies of microbial eukaryotes. By en-
abling more precise identification of taxa, longer amplicons may facilitate the
detection of cryptic diversity and improve the characterisation of community
composition and seasonal dynamics (Heeger et al. 2018; Jamy et al. 2020).
Such improvements are particularly relevant in lake ecosystems, where mi-
crobial eukaryotic communities exhibit strong temporal fluctuations and play
key roles in trophic interactions, including grazing and parasitism (e.g. Weisse
(2014); Van den Wyngaert et al. (2022)). Higher taxonomic resolution may,
therefore, help reveal ecological processes that remain difficult to detect with
short-read data, such as succession patterns within closely-related taxa or po-
tential host—parasite relationships within microbial food webs. In this study, we
therefore employed both short-read and long-read metabarcoding approaches
to characterise eukaryotic diversity and seasonal dynamics in a lake ecosys-
tem throughout an entire annual cycle and to directly compare the results ob-
tained from each method.

Materials and methods
Environmental samples and DNA extraction

The study was conducted in Lake Aydat (Massif Central, France, 45°39'50"N,
2°59'04"E). It is a dimictic and eutrophic lake with a maximum depth of 15 m, sit-
uated at an altitude of 825 m. From 19/11/2018 to 07/01/2020, water samples
were collected in the euphotic zone of the lake at a permanent station located
at the deepest zone of the water column using an integrated sampler IWS IlI
(HYDRO-BIOS, Altenholz, Germany). Sampling was performed monthly, except
from 27/05/2019 to 20/06/2019 when it was done twice a week. Fourteen litres
of water were filtered through 150 pm pore-size filters, the microbial biomass
was collected on 0.8 pm pore-size polycarbonate filters (Millipore, Burlington,
MA) at a very low vacuum to prevent cell damage (< 15 kPa) and filters were
stored at -80 °C until nucleic acids extraction. Two filters were produced and
subsequently processed for each sample.

DNA extraction was performed at the end of the sampling period. Filters were
covered with the extraction buffer (50 mM glucose, 10 mM EDTA, 25 mM Tris).
Samples were homogenised in a bead beater for 3 cycles, 30 Hz 30 s (Bead
Beater Retsch, Haan, Germany) with 0.1 g of 0.1 mm glass beads (Sigma-
Aldrich, Saint-Louis, MO). Tubes were then centrifuged for 1 min at 600 g. EDTA
pH 8 and a lysozyme solution (final concentrations 0.1 M and 1.5 mg ml-1,
respectively) were added to the supernatant and incubated at 37 °C for 30 min.
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Then sodium dodecyl sulphate (1.8%, final), proteinase K (100 pg ml/|, final) and
RNaseA (50 pug ml/l, final) were added and samples were incubated at 37 °C for
60 min. A cetyltrimethylammonium bromide (CTAB) solution (final concentra-
tion 1% in a 0.7 M NaCl solution) was added and samples were incubated at
65 °C for 10 min. Nucleic acids were extracted with phenol-chloroform-isoamyl
alcohol (25:24:1); the aqueous phase containing nucleic acids was kept and
purified by adding chloroform-isoamyl alcohol (24:1). After isopropanol (0.6
vol) addition, the nucleic acids were precipitated at 20 °C for 12 h. After centrif-
ugation, the DNA pellet was ethanol rinsed and re-suspended in 20 pl of water.

Short-read amplification, sequencing and taxonomic assignment

Amplification of the V4 region of eukaryotes was performed using the universal
primer U515F (Ellis et al. 2013) and the eukaryotic primer Ek-NSR951 (Mangot et
al. 2013) (Table 1), resulting in an expected amplicon length of ~ 380 bp. This prim-
er pair was selected to provide broad eukaryotic coverage: in silico analysis using
TestPrime 1.0 (Klindworth et al. 2013) showed that it does not amplify prokaryotes
and efficiently targets most eukaryotic groups, although coverage is limited for a
few lineages, such as Excavata, Discoba and Haptophyta, with 951R ensuring eu-
karyote specificity (SILVA r138.2 RefNR database, default parameters).

Table 1. List of primers used in this study.

Primer Sequence (5'-3’) Reference
U515F GTGYCAGCMGCCGCGGTA Ellis et al. (2013)
Ek-NSR951 TTGGYRAATGCTTTCGC Mangot et al. (2013)
3NDf GGCAAGTCTGGTGCCAG Cavalier-Smith et al. (2009)
21R GACGAGGCATTTGGCTACCTT Schwelm et al. (2016)
22R CCATTCATGCRCGTCACWART Schwelm et al. (2016)

Each Polymerase Chain Reaction (PCR) was performed in a total volume of
30 pl containing 6 pl of 5x Green GoTaq Flexi buffer, 2.4 pl of 25 mM MgCI,,
0.18 pl of GoTagG2 Flexi DNA Polymerase (Promega, Madison, WI, 5 U/
ul), 0.6 pl of 10 mM each dNTP, 0.3 pl of 50 mg/ml BSA and 0.6 ul of each
10 uM primer. The amplification conditions consisted of initial denaturation at
95 °C for 5 min, followed by 33 cycles of 1 min at 95 °C, 1 min at 55 °C and
1 min 30 s at 72 °C, with a final elongation of 10 min at 72 °C. The amplicons
were purified and concentrated using the QIAquick Gel Extraction Kit (Qiagen,
Hilden, Germany). Samples were then sequenced on a MiSeq lllumina instru-
ment (2x 250 bp) (Biofidal, Vaulx-en-Velin, France), where indexing PCR and
subsequent demultiplexing were performed by the sequencing facility.

The PANAM2 (Phylogenetic Analysis of Next-generation AMplicons v.2 -
https://github.com/panammeb/PANAM2) pipeline (Taib et al. 2013) was used
to process the sequencing data. The clean-up procedures consisted of elimi-
nating sequences with ambiguous ‘N’ bases, those below 200 bp and chime-
ras (Fig. 1A). Chimera detection was performed on a per-sample basis after
paired-end read merging. The sequences were then assembled and clustered
into Operational Taxonomic Units (OTUs) with a similarity threshold of 97%.
Finally, representative sequences of each OTU were taxonomically assigned
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according to a phylogenetic analysis using the PANAM2 curated reference da-
tabase enriched for freshwater clades description (https://github.com/pana-
mmeb/Freshwater-database) (Fig. 1B), using a conservative lowest common
ancestor (LCA) approach that reports the deepest supported taxonomic lev-
el (limited to the genus level in the present study). Taxonomic assignments
were subsequently harmonised using the PR2 database (version 5.0.0; Guillou
et al. (2013)). For this purpose, the deepest taxonomic rank supported by the
PANAM2 assignment was mapped on to the corresponding rank in the fixed
nine-level taxonomy implemented in PR2, allowing standardised comparisons
across OTUs. OTUs assigned to metazoans were discarded for this study. Only
OTUs representing more than 0.005% (Bokulich et al. 2013) of the total reads
(corresponding to a minimum of 59 reads per OTU) were kept, resulting in 747
OTUs in the final short-read (SR) dataset (Fig. 1A, B). The number of reads re-
maining after each major step of the short-read bioinformatic pipeline is provid-
ed in Suppl. material 1: table S1.

Long-read amplification and sequencing

We used two sets of eukaryotic universal primers to amplify a region covering
18S, ITS1, 5.8S, ITS2 and 28S (~ 4500 bp) to maximise the diversity obtained:
3NDf/21R and 3NDf/22R (Cavalier-Smith et al. 2009; Schwelm et al. 2016; Jamy
et al. 2020) (Table 1). In silico testing using SILVA TestProbe 3.0 (Quast et al.
2013) showed that primers 3NDf, 21R and 22R matched against 87.5%, 85.4%
and 85.5% of all eukaryotic sequences, respectively (SILVA r138.2 RefNR data-
base, default parameters). The main differences in taxonomic coverage between
the two reverse primers were observed for four eukaryotic groups. Primer 21R
amplified a higher proportion of Excavata (23.5%) and Discoba (96%) than primer
22R (0% and 36%, respectively), whereas primer 22R showed slightly higher cov-
erage for Ciliophora (82% vs. 73%) and Rhizaria (92% vs. 89%).

For each sample, two PCRs were carried out (one for each set of primers) and
the PCR products were subsequently pooled. PCR amplicons were generated us-
ing a barcoded forward primer (3NDf) and two alternative barcoded reverse prim-
ers (21R or 22R), allowing multiplexing of samples. Each PCR was performed in
a total volume of 30 pl containing 6 pl of 5x SuperFi Il Buffer, 0.5 pl of Platinium
SuperFi Il DNA polymerase (Invitrogen, Waltham, MA), 0.6 pl of 10 mM each
dNTP, 0.6 pl of 50 mg/ml BSA and 0.6 pl of each 10 uM primer. The amplification
conditions consisted of initial denaturation at 94 °C for 2 min, followed by 35
cycles of 30 s at 94 °C, 1 min at 55 °C and 6 min at 72 °C, with a final elongation
of 20 min at 72 °C. Samples were then sequenced on a Pacbio Sequel Il system
(Gentyane, Clermont-Ferrand, France) and demultiplexing of the pooled ampli-
cons was performed by the sequencing facility.

Long-read sequence curation, clustering and taxonomic assignment

Long-read preprocessing steps are summarised in Fig. 1A. Circular consen-
sus sequences (CCS) were generated from raw reads using CCS version 6.3.0
from the SMRTtools version 11.0.0.146107 with a minimum number of three
passes, a minimum predicted accuracy of 0.99 and a minimum quality score
of 3 after truncation, with all other settings set to default. CCS, as well as raw
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Figure 1. Workflow for LR and SR processing and strategy for comparison of annotation depth. A. Long- and short-read
processing leading to 747 and 546 SR and LR OTUs, respectively; B. Clustering threshold was set a 97% identity and
taxonomic assignment was performed with PANAM2 (with a subsequent correction using PR2 to define fixed ranks).
Pairwise alignments of LR OTUs seeds to the homologue reference of S. cerevisiae were performed resulting in V4LR
sequences extraction and taxonomic assignment of LR has been applied to VALR; C. OTU seeds from SR and V4ALR data-
sets were clustered using a complete linkage clustering. A total of 187 mixed clusters were identified (clusters including
both SR and VALR OTU seeds). Taxonomic resolution was then compared in mixed clusters.

reads that did not result in CCS clean-up, was realised using a modified version
of the PANAM2 preprocess step (https://github.com/meb-team/PANAM2_pac-
bio). In detail, PCR artefacts and low-quality sequences were removed using
the filterAndTrim command in DADA2 (Callahan et al. 2016). Sequences with
more than three expected errors and outside the 3000-6000 bp size range
were removed. The sequences were then denoised according to a 99% identity
preclustering with vsearch (version 2.15.2, Rognes et al. (2016)). Consensus
sequences were generated for clusters with at least three sequences using mo-
thur (version 1.48.0, Schloss et al. (2009)). Although the primer pair used am-
plifies nearly the entire ribosomal RNA operon, only the SSU (18S) region was
used in this study. The concatenation of 18S and 28S data will be done in the
future (Bronner et al., in prep). The 18S rDNA genes were, therefore, extracted
with barrnap (version 0.9, https://github.com/tseemann/barrnap) and derep-
licated before the removal of potential chimeras using the derep_fulllength
and uchime_denovo commands from vsearch. Chimera detection was per-
formed on a per-sample basis on the SSU regions extracted from barrnap. The
sequences were then clustered into OTUs with a similarity threshold of 97%
identity and taxonomically assigned using the same phylogenetic approach as
the one used for short reads, resulting in 2,125 OTUs (Fig. 1B). The use of a
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97% clustering threshold, although conservative for long-read data, was chosen
to ensure consistency across datasets and comparability with other studies
(Jamy et al. 2020, 2022). OTUs composed of a single sequence not emerging
from a CCS, thus corresponding to a single read (singletons), were removed.
OTUs classified as metazoans were also discarded, resulting in 546 OTUs in
the final 18S long-read (LR) dataset (Figs 1A, B). The number of reads remain-
ing after each major step of the long-read bioinformatic pipeline is provided in
Suppl. material 1: table S2.

V4 extraction from long reads and clustering with short reads

To assess the impact of transitioning from long to short reads on the depth
of taxonomic assignment in the same samples, we extracted the V4 region
from the 2,125 LR seed sequences. The V4 regions were extracted by align-
ing the LR sequences on the Saccharomyces cerevisiae sequence AY251629.1
with the needleall function from the EMBOSS suite (Rice et al. 2000), then trim-
ming the LR sequences fraction that aligned to the [579-936] interval of the
Saccharomyces cerevisiae sequence, which correspond to the V4 region, using
the Biostrings (version 2.66.0, Pagés et al. (2025)) R package (R version 4.2.2,
R Development Core Team (2012)) (Fig. 1B). This process enabled us to obtain
2,107 V4 regions of average size 390 bp from 2,125 LR sequence (later referred
as V4LR), resulting in 544 final OTUs (sequences were clustered as described
for the short reads). The taxonomic assignments of LR have been retained and
applied to VALR (Fig. 1B).

To further compare the sequence diversity captured by SR and VALR ampl-
icons, respectively, both SR and V4LR OTUs seed sequences were clustered
according to a complete linkage clustering with mothur at a 97% identity
threshold. Clusters composition (SR only, VALR only or mixed SR/V4LR) and
taxonomic assignments were then compared (Fig. 1C).

Results

In total, we obtained 153,172 filtered CCS reads spanning ~ 4,500 bp of the
rDNA operon, from the 18S to the 28S rDNA genes. A total of 20,851 18S se-
quences with an average size of 1,231.91 bp were extracted. After processing,
sequences were clustered into Operational Taxonomic Units (OTUs) at 97%
similarity, resulting in 2,125 OTUs. After removing singletons and OTUs classi-
fied as metazoans, 546 OTUs were kept in the final long-read (LR) dataset. The
short-read (SR) dataset included 747 OTUs with an average sequence size of
380 bp.

SR/ VALR comparison

To compare the extent of the genetic diversity captured by short and long se-
quencing strategies, we applied a complete linkage clustering (97% id) on pooled
OTUs seeds of the short reads and the V4 regions extracted from the long reads
(VALR, whose taxonomic assignments had been retained from LR). Atotal of 1,048
clusters were obtained, of which 328 and 533 are composed only of VALR and SR
OTUs, respectively. Interestingly, the only-SR clusters are mostly composed of

Metabarcoding and Metagenomics 10: 377-398 (2026), DOI: 10.3897/mbmg.10.184566 383


http://www.ncbi.nlm.nih.gov/nuccore/AY251629.1

Marina Chauvet et al.: Year-round eukaryotic diversity in a lake via short- and long-read metabarcoding

OTUs with low abundance, compared to clusters that aggregate OTUs from both
SR and LR (SR Wilcoxon test: p-value = 7.08e-14, Fig. 2). Amongst the 187 clus-
ters containing OTUs from both SR and VALR datasets, 118 (63.1%) show iden-
tical taxonomic assignments. Amongst these identical taxonomic assignments,
72% range from domain to subdivision only (1-4 taxonomic ranks), suggesting
taxa whose taxonomic assignment is not differentially resolved by the sequenc-
ing method. Eight clusters (4.3% of mixed clusters) exhibit different taxonomic
assignments. The discrepancies in these assignments are not associated with
any particular taxonomic group. The 61 remaining clusters show varying degrees
of taxonomic congruence especially due to the differences in taxonomy resolu-
tion. Indeed, 14 (7.5% of mixed clusters) clusters have a more detailed taxono-
my in the SR dataset and 47 (25.1% of mixed clusters) in the LR dataset. Thus,
more than a quarter of the clusters that shared SR/V4LR OTUs demonstrate a
more precise taxonomic classification when using the full 18S sequence. When
SR provides a more detailed classification, the taxonomic depth ranges from 1
to 4 ranks deeper (with an average increase of 1.8 ranks). For example, three
clusters were assigned only to Rhizaria with LR, but could be further classified as
Cercozoa with SR. In contrast, when LR offers more comprehensive classifica-
tions, the taxonomic depth extends from 1 to 7 ranks beyond SR (3.1 on average).
The enhanced taxonomic resolution of LR sequencing is particularly evident in
specific eukaryotic groups. Amongst Alveolates, LR consistently provides more
granular classifications, especially for ciliates, where identification frequently
reaches the family or genus level. Indeed, 65% of the clusters belonging to the
ciliates are assigned up to the family and 35% up to the genus using LR (no taxo-
nomic assignment beyond the class in SR). Similarly, Stramenopiles demonstrate
significant improvement in taxonomic resolution, with OTUs classified only as
Stramenopiles in SR being identified to specific diatom genera using LR.

Diversity and taxonomic resolution in SR and LR datasets

The overall eukaryotic diversity captured by both SR and LR datasets is relative-
ly similar at the supergroup level, with a comparable number of OTUs assigned
to each of them. However, notable differences emerge when examining the rel-
ative abundances of these supergroups. For instance, the Cryptista supergroup
demonstrates a twofold higher relative abundance in the LR dataset compared
to SR. Conversely, the Archaeplastida supergroup shows the opposite trend,
with a higher relative abundance in the SR dataset.

Nine divisions are identified in both datasets. Tubulinea and Metamonada
representing 0.3% (3 OTUs) and 0.03% (1 OTU) of total reads, respectively, are
specific to LR, while the Discosea division is identified only in SR, representing
0.08% of total reads (1 OTU).

Differences in diversity become more apparent when considering the class lev-
el. Twenty-two classes are shared by both datasets; however, five are identified
only in SR (Cryptophyceae, Centramoebia, Endomyxa-Phytomyxea, Colpodea,
Pirsoniales) representing a total of six OTUs (0.26% of total reads) and 11 are spe-
cific to LR (Gyrista_X, Euglenida, Mediophyceae, Phyllopharyngea, Ascomycota,
Armophorea, Coccidiomorphea, Zoopagomycota, Elardia, Prostomatea_1,
Trichomonadea) representing a total of 58 OTUs (9.3% of total reads).
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Figure 2. Abundances of OTUs in SR-only and mixed clusters. OTUs (x-axis) are coloured according to their inclusion
in SR-only or mixed clusters, abundances of these OTUs (y-axis) are log-transformed (log, ). OTUs including in SR-only
clusters show a significantly lower abundance (Wilcoxon test: p-value = 7.08e-14).

At a finer taxonomic level (i.e. genera), the differences are more striking; our
analysis revealed 19 genera common to both SR and LR datasets (Fig. 3). The SR
dataset exclusively identified 13 genera, with four belonging to the Chlorophyta
division. These SR-specific genera encompassed 20 OTUs. Conversely, 35 gen-
era are specific to the LR dataset (Fig. 3), comprising 87 OTUs and representing
13.7% of total reads. A significant proportion of these LR-specific genera are
identified within the Fungi and Gyrista subdivisions. It is also at this rank that
a shift in the classification depth is observed with 29.5% of OTUs from the LR
dataset classified up to the genus level, compared with 11% in the SR dataset
(Suppl. material 1: fig. S1).

When examining the most abundant subdivisions in both datasets, the
classification is consistently improved in the LR dataset (Fig. 4). For exam-
ple, none of the sequences belonging to the Apicomplexa is classified be-
yond this subdivision in SR, whereas 33.3% are classified down to the genus
level in LR. Ciliates are also more accurately classified in the LR dataset.
Indeed, more than half of their 0TUs (59%) are not assigned beyond the phy-
lum in SR (vs. 31% in LR) and 34% are assigned to a ciliate genus in LR (vs.
11% in SR) (Fig. 4). Actually, two genera of ciliates are identified in SR vs. 4
in LR (Fig. 3), including Carchesium as the second most represented (1.2%
of total reads). Chytrids, which are abundant parasites in lake environments,
show a significantly improved genus-level identification with long-read se-
quencing (36% vs. 8% in SR).
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in the corresponding dataset, whereas blank segments indicate its absence.

Amongst the Gyrista subdivision, diatom identification at the genus level is
significantly enhanced in the LR dataset. While 92% of diatom OTUs are classi-
fied to genus level in LR, only 56% achieve this resolution in SR. The LR approach
also reveals greater diatom diversity, identifying eight genera versus three in SR
(Fig. 3). Notably, SR diatoms are predominantly assigned to Fragilaria, where-
as LR uncovers substantial populations of Cyclotella (6.3% of total reads) and

Asterionella, amongst others (Fig. 3).

The Dinoflagellata subdivision is the only one with a similar taxonomic depth
between the two datasets (50% and 57% of OTUs assigned to the genus level in
SR and LR, respectively) and the Cercozoa subdivision is the only one for which
the taxonomic assignments are more precise in SR (3.3% of OTUs assigned to

a genus, 0% in LR) (Fig. 4).
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Dynamic of eukaryotic microbial diversity in Lake Aydat

Both datasets were used to analyse the dynamic of eukaryotic microbial di-
versity over a year in Lake Aydat (France). The most abundant subdivisions
(defined as representing over 1% of total reads in both datasets) are Bigyra,
Gyrista, Fungi, Dinoflagellata, Ciliophora, Chlorophyta and Cercozoa. With a
higher taxonomic resolution, the LR dataset gives a more detailed dynamic
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for Stramenopiles and Alveolata (Fig. 5). Relative abundance of Stramenopiles
classes, such as Bacillariophyceae, Chrysophyceae and Mediophyceae, varied
strongly over time, with marked fluctuations even between consecutive sam-
pling dates (Fig. 5). Mediophyceae, for instance, were abundant from April
to June, but almost completely absent from October to December. Within
Alveolata, the SR dataset grouped most reads as “unclassified Ciliophora”
(Suppl. material 1: fig. S2), whereas the LR dataset resolved finer tempo-
ral patterns for the ciliate classes Spirotrichea and Oligohymenophorea.
Spirotrichea were, on average, more abundant over the year, but displayed
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Figure 5. Temporal evolution of the relative abundances of the most abundant eukaryotic classes throughout the studied
period using long reads. The black zone on the bottom represents the cumulative proportion of other classes with low
abundances (< 0.5% of the total reads). Vertical bars represent sampling dates.
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different dynamics from Oligohymenophorea (Fig. 2). The relative abundance
of Oligohymenophorea peaked in November 2018 (7% of reads) and April 2019
(8%), while the remaining sampling dates showed an average of 1.2%. In con-
trast, Spirotrichea reached their highest relative abundances in June 2019
and January 2020. Fungal diversity is also globally better captured in the LR
dataset; however, both datasets present the same temporal dynamics (Fig.
5, Suppl. material 1: fig. S2) with specifically an increase of their abundance
during the colder months in 2019. On specific dates, major differences in terms
of groups identified can be observed between the two datasets. For example,
in September 2019, a peak of Perkinsea and Chlorophyceae are observed in LR,
whereas in SR at the same date, more than 90% of the sequences are assigned
to Litostomatea (ciliates) or unassigned beyond the eukaryotic domain (Fig. 5,
Suppl. material 1: fig. S2). In March 2019, an important peak of Alveolata (not
classified further) can be observed in LR, whereas a large part of the sequences
seems to belong to Stramenopiles (not classified further) in SR (Fig. 5, Suppl.
material 1: fig. S2).

Long-read sequencing allowed to highlight temporal variations at the gen-
era level (Fig. 6). For example, the ciliate Condylostoma (class Heterotrichea)
shows continuous presence, with a marked peak in June 2019. Diatom gen-
era such as Asterionella, Fragilariforma (both Bacillariophyceae), Aulacoseira
(Coscinodiscophyceae) and Cyclotella (Mediophyceae) are present throughout
the year, but they exhibit distinct patterns of relative abundance. Cyclotella is
favoured during the spring months (March to June), whereas the other three
genera show low abundance following a peak in March. In July, Fragilariforma
is the most abundant genus overall, while Asterionella reaches its highest abun-
dance in January and April (Fig. 6). Mallomonas algae (Chrysophyceae) remain
relatively stable, but exhibit a pronounced increase in November 2019. Some
genera, such as the euglenozoan Leptomonas (Kinetoplastea), are present
throughout the time series, but remain at lower relative abundances (Fig. 6).
Finally, other genera display more seasonal or sporadic occurrences. For ex-
ample, Thraustochytrium (Sagenista) and Oocystis (Trebouxiophyceae) are
mostly observed in spring and summer. However, even more transient patterns
are seen for the dinoflagellate Peridinium (Dinophyceae) almost only detect-
ed in June and July, and for Plasmodium (Coccidiomorphea) peaking between
November 2018 and March 2019 (Fig. 6). Zygorhizidium (Chytridiomycota) re-
mains almost undetected, except from March to May 2019 and from October
to January 2020 (Fig. 6).

Discussion

Our study provides a year-long assessment of microbial eukaryotic diversity
in a freshwater lake ecosystem (Lake Aydat, France), using both short-read
(Illumina) and long-read (PacBio) metabarcoding approaches. A key outcome
of our analysis is the improvement in taxonomic resolution achieved through
long-read sequencing data. Over 25% of clusters containing SR and V4LR
OTUs showed a deeper taxonomic assignment using LR data, with some cas-
es showing up to seven additional hierarchical levels resolved. These findings
corroborate previous studies highlighting the limited phylogenetic resolution of
short amplicons (V4/V9 regions) which often result in ambiguous taxonomic
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assignments at the species and genus levels (Taib et al. 2013) and may con-
tribute to an overestimation of diversity due to the rapid evolution of hyper-
variable regions (Jamy et al. 2020; Guo et al. 2022). Despite these limitations,
short-read approaches remain widely employed due to cost efficiency, well-es-
tablished analytical pipelines and high sequencing depth, which enhances the
detection of low-abundance taxa (likely explaining their predominance in SR-
specific clusters in our dataset, Fig. 2). Taxonomic resolution improvements
with LR sequencing were especially pronounced for groups, such as Ciliophora,
Chytridiomycota, Bacillariophyta and Apicomplexa, consistent with observa-
tions reported by Jamy et al. (2020). This enhancement is primarily attribut-
able to the inclusion of multiple variable regions (V1-V9) across the nearly
full-length 18S rRNA gene, providing a greater number of informative sites for
accurate taxonomic discrimination (Heeger et al. 2018; Tedersoo et al. 2021).
Interestingly, in a limited number of cases, SR OTUs showed deeper taxo-
nomic assignments than their LR counterparts. This pattern may reflect dif-
ferences in reference database coverage, which strongly influence taxonomic
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resolution and may favour well-represented short-read markers, such as the V4
region (Guillou et al. 2013; Jamy et al. 2020). In contrast, long-read sequences
spanning multiple regions may lack close reference sequences across their
full length, leading to more conservative assignments when using an LCA ap-
proach. Differential amplification efficiency between approaches may also con-
tribute to these discrepancies.

The LR datasets captured a higher number of classes and genera, many of
which were absent from the SR data. Notably, 35 genera were exclusively recov-
ered by the LR approach, compared to only 13 unique genera identified solely
by SR sequencing (Fig. 3). For example, LR sequencing uncovered a richer di-
versity of diatom genera, aligning well with microscopic observations (Chauvet
et al. 2022), whereas SR data predominantly identified the genus Fragilaria. If
followed by careful data processing, long-read sequencing proves highly effec-
tive in terms of both diversity detection and depth of taxonomic assignments
(Krehenwinkel et al. 2019; Martijn et al. 2019; Jamy et al. 2020; Furneaux et
al. 2021), as long as a good sequencing depth is achieved, enabling the least
abundant organisms to be identified (Gaonkar and Campbell 2024). Taking this
a step further, combining data from both the 18S and 28S rRNA genes can
provide greater phylogenetic resolution within eukaryotic groups compared to
using the 18S gene alone (Moreira et al. 2007; Zhao et al. 2012). For example,
Marande et al. (2009), using Sanger sequencing of clone libraries, suggested
that analysing both 18S and 28S genes allows for more reliable determination
of the origins of environmental sequences, especially in rapidly evolving taxa.
More recently, Jamy et al. (2022) leveraged sequences spanning 18S-28S
rRNA to resolve phylogenetic relationships amongst environmental eukaryotes,
providing a framework to link taxonomic diversity with habitat preferences, an
approach that highlights the ecological insights possible with long-read data.
It should also be noted that, while the long-read primer pair used in this study
allows near-full-length amplification of the rRNA operon, long markers require
careful handling of input DNA, as degraded or low-quality DNA can reduce am-
plification success. These considerations should be taken into account when
designing long-read metabarcoding surveys for environmental monitoring. In
addition, continually updated genomic databases enhance long-read sequenc-
ing by providing robust references that improve the accuracy of taxonomic as-
signments and support ecological interpretations.

The temporal patterns revealed by long-read sequencing provided a more
detailed and nuanced understanding of seasonal dynamics within key eukary-
otic groups in the lake ecosystem. Notably, the enhanced taxonomic reso-
lution afforded by long-read data enabled us to detect contrasting seasonal
dynamics of ciliates genera within the Oligohymenophorea, Spirotrichea and
Heterotrichea classes. Ciliates are recognised as pivotal players in microbial
food webs, yet their ecology remains underexplored due to challenges in ac-
curate identification (Weisse 2014). For instance, we observed a succession
between Condylostoma (Heterotrichea) and Carchesium (Oligohymenophorea)
over the course of the year, despite both genera sharing similar dietary pref-
erences (feeding on bacteria, small algae and other protists (Haraguchi et al.
2018)). Such temporal partitioning may reflect differences in life history strat-
egies or environmental tolerances. The abundance and community composi-
tion of these ciliates has been found to be sensitive to fluctuations in nutrient
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concentrations (particularly phosphorus and nitrogen) as well as other environ-
mental variables, such as temperature and dissolved oxygen (Barouillet et al.
2022). This, together with accurate taxonomic assignment through long-read
sequencing, could enhance their potential as bioindicators for monitoring eco-
system health and water quality.

Similarly, LR sequencing revealed temporal changes in the diversity of ch-
ytrid fungi providing evidence for seasonal turnover within genera such as
Zygorhizidium (Fig. 6) and Chytriomyces (data not shown). These findings are
ecologically significant, as chytrids are prominent parasites of phytoplankton. By
infecting and lysing their hosts, they can influence the composition and succes-
sion of algal communities, sometimes terminating blooms or altering primary
production patterns (Van den Wyngaert et al. 2022). The enhanced taxonomic
resolution provided by long-read sequencing not only offers a more detailed view
of the microbial eukaryotic community, but also facilitates the investigation of
ecological interactions at finer taxonomic scales. For instance, this approach
allows us to track the dynamics of the chytrid genus Zygorhizidium alongside
various diatom genera, which are primary targets for chytrid parasitism. While
laboratory studies have demonstrated that Zygorhizidium affluens can infect
Asterionella formosa (Rad-Menéndez et al. 2018), such host-parasite relation-
ships are challenging to study in natural environments. The use of long-read se-
quencing could help detect and monitor these interactions in situ. For example,
our results indicate that the abundance of Zygorhizidium increases markedly
between March and May, which may represent a response to the diatom bloom
during this period (Fig. 6). Additionally, the pronounced peak of chytrids ob-
served in December could be the result of a significant increase in Mallomonas,
which subsequently led to their decline, as previously reported by Li et al. (2022).
Finally, we also showed concomitant peaks in abundance of Perkinsea and
Chlorophyceae (Fig. 5) that can confirm previous work highlighting that freshwa-
ter Perkinsea could play animportant role as parasites of colonial Chlorophyceae
(Jobard et al. 2020) while they are known primarily in marine environments as
parasites of molluscs, crustaceans and dinoflagellates (Refé et al. 2021).

Conclusions

This study demonstrates the potential of long-read sequencing for exploring
the diversity and temporal dynamics of microbial eukaryotes in aquatic eco-
systems. By directly comparing short-read and long-read metabarcoding ap-
proaches in Lake Aydat over an annual cycle, we show that long-read sequenc-
ing offers superior taxonomic resolution, enabling more precise identification
of microbial eukaryotes. This enhanced resolution is particularly valuable for
tracking seasonal shifts within key groups, such as ciliates and chytrid fun-
gi, whose ecological roles are often obscured by the limitations of tradition-
al and short-read sequencing methods. As sequencing costs continue to fall,
the systematic integration of long-read sequencing into routine environmental
monitoring is expected to resolve long-standing taxonomic ambiguities and en-
able the investigation of population dynamics at finer taxonomic resolution.
Moreover, targeted cultivation, single-cell genomics and the growth of full-
length, taxonomically validated reference genome collections will be crucial to
fully exploit long-read datasets and to close remaining taxonomic gaps.
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