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ARTICLE INFO ABSTRACT

Keywords: We conducted six metabarcoding studies from different aquatic habitats. It has been confirmed that fungal

Aquatic fungi metabarcoding has the advantages of overcoming the cultivation bias, increasing the number of possible samples

ES rENA di by high-throughput sequencing, and enabling the detection of yet uncultivated fungal taxa. However, the already
etabarcoding

well-known limitations, in particular the lack of taxonomic accuracy when using automated classification also
occurred.

During the manual curation of pipeline-retrieved datasets, the quality of the automatic classification, specif-
ically phylogenetic rank and current nomenclature, was verified. The manual curation step revealed that only
10-20% of the Operational Taxonomic Units (OTUs) were identified correctly by the automatic classification. Re-
blasting of the remaining OTUs resulted in taxonomic and nomenclatural correction of a further 30-40% of
OTUs. Approximately 50% of the OTUs resulted in insufficient identifications, which can be attributed to
shortcomings in the database, including yet unidentified species, missing reference sequences, and the disad-
vantages of the genetic marker used.

Pipeline parameters that can be adjusted to improve the classification of taxa in metabarcoding studies include
adjusting the cut-off threshold for sequence similarity, updating and refining databases, and aligning and
collapsing of OTUs to species hypotheses. Here, we describe a method of manual data curation and its impact on
improving the taxonomic resolution of a metabarcoding dataset. Shortcomings as well as advantages are dis-

Sequence data
Taxonomic resolution

cussed to illustrate the need for bioinformatic tools that support the process of data curation.

1. Introduction

Accurate species identification is a prerequisite for answering ques-
tions about function, resilience, interaction, and diversity effects in
ecological studies of all fungal habitats. In addition, it is generally
recognized that the isolation strategy and the limitations of the culture
media significantly limit the information on fungal diversity.

For more than a decade, the diversity of fungi has been estimated
using DNA metabarcoding (Jumpponen and Jones, 2009; Begerow et al.,
2010; Vetrovsky et al., 2020). For DNA metabarcoding, one or more
marker regions in the genome are PCR-amplified and sequenced using
high-throughput sequencing platforms (HTS; Lindahl et al., 2013, Nils-
son et al., 2019a). The partial ITS rDNA operon (White et al., 1990) is the
most widely used marker for fungal metabarcoding (Schoch et al., 2012;
Tedersoo et al., 2022).

The metabarcoding method has the advantage of analysing the
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fungal community in less-investigated habitats, such as freshwater
ecosystems. The biodiversity of freshwater fungi, which are key drivers
in ecosystem processes by initiating the decomposition of leaf litter in
aquatic environments, has been investigated in hundreds of field and
laboratory studies with meta-analyses conducted by Ferreira et al.
(2015, 2023). These studies were accompanied by morphological and
molecular biological methods to assess the biodiversity of aquatic
hyphomycetes, especially in running waters (e.g., Nikolcheva et al.,
2003; Casas et al., 2011; Duarte et al., 2015; Carl et al., 2022, 2025).
Within the last decade, approximately 300 metabarcoding studies of
aquatic habitats, including micro- and mesocosms, have been published
(Google Scholar searches assessed Aug. 07, 2025). Many of these studies
(e.g., Wurzbacher et al., 2016; Duarte et al., 2017; Matsuoka et al., 2019;
French et al., 2024) revealed the limitation of fungal classification using
a combination of different pipelines and classification databases, e.g.,
Mothur (https://mothur.org/), Qiime2 (https://qiime2.org/), Claident
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(https://www.claident.org/), with datasets UNITE (https://unite.ut.
ee/), SILVA (https://www.arb-silva.de/), and NCBI (https://www.
ncbi.nlm.nih.gov/). However, the taxonomic resolution of classifica-
tion on which conclusions in these studies were based usually did not
exceed phylum, class, or order ranks. Classifications at higher ranks such
as phylum, class, order, and family limit the ability to answer ecological
questions, such as identifying changes in community composition,
because inaccurate identification reduces the observed fungal diversity.
Furthermore, the heterogeneity of the rDNA ITS marker sequences in
many fungal genera (Bradshaw et al., 2023; Cedeno-Sanchez et al.,
2024) affects the estimated number of taxa within a dataset. This can
lead to an overestimation of species hypotheses, as for example in a
study by Lazar et al. (2024). On the other hand, species numbers can be
underestimated if the ITS rDNA region shows insufficient resolution for
example in cases of horizontal gene transfer as in the genus Fusarium
(Lieckfeldt and Seifert, 2000) or if there is extensive similarity in closely
related species as, e.g., in the genus Aspergillus (Houbraken et al., 2021).
The drawbacks of the ITS rDNA as a metabarcoding marker include
intraspecific and intragenomic variability of this genetic region (Nilsson
et al., 2008; Kauserud, 2023). In turn, the pitfalls of the metabarcoding
method, combined with misinterpretation of results, lead to a decreased
meaningfulness of many community-based studies.

HTS studies are prone to a range of biases that are caused by meth-
odological and database-related shortcomings (reviewed in Lindahl
etal., 2013 and Tedersoo et al., 2022). This starts with the careful choice
of an appropriate DNA extraction method depending on the substrate
probed, the careful choice of primer-sets, awareness of sequencing errors
and biases of clustering and amplicon methods, as well as awareness of
database incompleteness and the heterogeneous nucleotide structure of
ITS operons (Paloi et al., 2022). Furthermore, PCR and sequencing er-
rors can introduce or mask variations in ITS rDNA. In metabarcoding,
this can lead to over- or underestimation of the number of taxa present in
a sample. As already suggested by Tedersoo et al. (2022), the obtained
OTU matrices using metabarcoding pipelines require manual curation to
increase the quality of fungal classification. For the first time, this
improvement has been demonstrated in Carl et al. (2022), where we
successfully curated datasets obtained from Illumina MiSeq meta-
barcoding of aquatic fungal communities in leaf litter under both field
and laboratory conditions.

The aim of the present paper is to show how the yield of information
from metabarcoding studies can be improved through manual dataset
curation. For this purpose, we describe in detail the manual curation of
ITS2 metabarcoding OTU tables and demonstrate how this approach
improves the taxonomic resolution of a metabarcoding dataset. We also
want to emphasize, that the ambition of the present article is not to
compare different bioinformatic tools such as the application of OTU
clustering or the use of haplotype sequences like ASVs (amplicon
sequence variants). Instead, it was our purpose to provide ecologists and
mycologists with a protocol describing how to manually curate meta-
barcoding data and to open the discussion for new tools, that may
facilitate to automatize this laborious step in the near future. To this end,
we have drawn on our experience from six extensive HTS studies in
lakes, streams, and microcosms, four of which have already been pub-
lished (Heeger et al., 2018; Carl et al., 2022, 2025; Gongcalves et al.,
2024).

2. Methods
2.1. Origin of the exemplary dataset

To explain the curation method and show its efficacy to increase the
taxonomic resolution, a small dataset of a reference stream was used
from our most recent metabarcoding study (Carl et al., 2025). Briefly,
black alder leaf litter was exposed in fine mesh bags (200 pm mesh
width) in the Lieberoser Miihlenflie, a mesotrophic woodland brook in
the German Spreewald region (51°59'N, 14°21'E) for six weeks with
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weekly sampling in triplicate. Samples from weeks four, five, and six (i.
e, n = 9) were taken as exemplary dataset for the present paper.
Additionally, a mock community was included to analyse the recovering
efficiency of fungal taxa particularly with regard to the delimitation of
closely related species. For this, the DNA from 12 fungal reference
strains (see Table S4) was pooled in equimolar DNA concentrations.
Details about the sequencing method and the dataset can be found in
Carl et al., 2025 and the following data repository: https://zenodo.
org/records/13337703. Raw sequences were deposited in the Euro-
pean Nucleotide Archive under the Project number PRJEB77411
(https://www.ebi.ac.uk/ena/browser/view/PRJEB77411).

2.2. DNA extraction, Illumina sequencing, and bioinformatic processing

The procedure for DNA extraction, library preparation, sequencing,
and sequence processing is described in Carl et al. (2022, 2025). Briefly,
total DNA of leaf samples containing three freeze dried alder leaf discs
(d = 19 mm) were extracted using the FastDNA SPIN Kit for Soil. Prior to
PCR, extracts were diluted 50-fold with PCR-grade water. Amplicon li-
braries of the fungal ITS2 rDNA region were generated from the diluted
samples in a 3-step-PCR workflow including preamplification, barcode-
and index primer ligation by use of the ITS3tagmix and the ITS4ngs
primers as published in Tedersoo et al. (2014, 2015) including the
corresponding barcode and index primers with Illumina MiSeq adapters
(see above-mentioned data repository for primer sequences, PCR con-
ditions, and Table S1 for sample list). Preamplification was conducted in
triplicate for each sample and the resulting PCR products were pooled in
order to reduce the amplification bias (Lindahl et al., 2013; Tedersoo
et al., 2022). The resulting pool of PCR products after clean-up and
levelling of DNA concentrations (see Carl et al., 2022) was sequenced by
use of a 600-cycle MiSeq reagent Kit v3 at a concentration of 4.4 pM
(Illumina, San Diego, USA). Paired-end sequencing generated 2 x 300
bp single barcoded reads (see Carl et al., 2025 and the corresponding
repositories mentioned in Section 2.1).

After sequencing, the demultiplexed samples were processed using
the PIPITS pipeline (Version 2.5, Gweon et al., 2015, https://github.
com/hsgweon/pipits/releases), including quality filtering with the
fastx toolkit (version 0.0.14), extraction of the ITS2 sub region with ITSx
(version 1.1b; Bengtsson-Palme et al., 2013), chimera filtering against
the UNITE UCHIME database (Nilsson et al., 2015; dataset from June 28,
2017), clustering of OTUs with VSEARCH (version 2.14.2; https://gith
ub.com/torognes/vsearch/) including unique sequences (otherwise
default options i.e., clustering of sequences with cluster_fast function at
the 97% sequence similarity level), and their taxonomic assignment
with the RDP classifier (version 2.0.2; Wang et al., 2007) according to
the “species hypotheses” (SH, Koljalg et al., 2013, 2020) of the trained
UNITE database (version from February 04, 2020; Nilsson et al., 2019b).

2.3. Manual curation method and test for curation success

Taxonomic assignments of OTUs with the PIPITS implemented RDP
classifier (Cole et al., 2009) SHs of the UNITE database were ranked
according to the classification confidence value (CV, ranging from zero
to one). Classification of OTUs was checked manually by re-blasting
MiSeq derived sequences using a range of databases implemented in
Mycobank (www.mycobank.org; Robert et al., 2013) and the curated
reference sequences refseq rna (O'Leary et al., 2016) as well as the
default BLAST option (all nr databases) in GenBank and own reference
data from cultures (DSMZ culture collection). First, the OTUs in the
entire dataset were sorted in descending order from the highest to the
lowest CV. Subsequently, the sequences of the OTUs in FASTA format
were subjected to BLAST searches in GenBank to find the closest data-
base hits with the sequences. Results deviating from the pipeline clas-
sification were curated. For each SH the following quality criteria were
applied (Carl et al., 2022): (i) significant similarity to any BLAST-hit of a
fungal taxon (preferably >97%), (ii) reasonable coverage of sequence
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(preferably >95%), (iii) highest e-value (ratio between coverage and
similarity of the sequence), (iv) reliably published sequence (reference
database, isolate voucher, publication yes/no), (v) correct species and
other rank names according to up to date taxonomy (Mycobank) and
phylogenetic concepts (yes/no). Blast-hits leading to environmental
sequences from uncultivated fungi were also retained. These could
conceal undescribed species that were also found in other studies. Un-
informative OTUs without meaningful hits or with ambiguous hits were
flagged for later exclusion prior to community analysis.

In the next step, OTUs representing the same SH were checked for
their actual percentage of sequence similarity. This check also included
known ITS sequence variation of the particular taxon, if available, e.g.,
from literature or reference data based on available cultures. Thus, OTUs
resembling the same SH were merged per sample to reduce over-
estimation of taxon richness due to amplification bias, sequencing er-
rors, ITS heterogeneity by evolutionary variation or the presence of
multiple rRNA operons (Heeger et al., 2018; Paloi et al., 2022). Merging
of OTUs leading to the same taxon was performed after alignment of the
relevant OTUs using the ARB software environment (version 7.0, 2021;
Ludwig, 2004). For a better visualisation of the OTUs to be merged,
sequences were aligned with sequences of reference strains and a
maximum likelihood tree was calculated with the RAXML method
(Stamatakis, 2014; settings: GTRGAMMA model, rapid bootstrapping,
1000 replications) as implemented in ARB. During curation of the
dataset, phylogenetic rank and current nomenclature were corrected
according to Mycobank.

To compare the accuracy of the automatic classification to manual
curation, the Matthews Correlation Coefficient was applied (MCC,
Matthews, 1975, Baldi et al., 2000, Chicco and Jurman, 2020), which
correlates the observed (manual curation) and predicted (RDP classifier)
classification results. A coefficient value of +1 represents the best pre-
diction whereas —1 indicates total disagreement between automatic and
manual classification.

3. Results
3.1. Taxonomic resolution before and after curation

The curated dataset finally comprised 1050 OTUs that were assigned
to 157 different SHs (see Table S3). The species annotation of the RDP
classifier against the UNITE database was checked manually for all SHs,
irrespective of the confidence values that ranged between 0.0 and1.0. As
a result, 66 (~ 42%) of the species annotations were changed, whereas
only 33 (21%) led to the same taxon as compared to the PIPITS result
(Fig. 1A). A total of 58 SHs (~ 37%) had no reasonable blast-hit (~
21%), led to non-fungal organisms (~ 8%), or uncultured fungi (~ 8%,

riCorrect by classifier
@ Successful curation
ONo fungus

o No reasonable hit

OUncultured
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mainly Cryptomycota and Chytridiomycota), respectively. For the
remaining 99 SHs (Fig. 1B), manual curation led to an increased taxo-
nomic resolution with 51 SHs that could be identified down to the
species level, 38 on genus level, and the rest on family (8) or order level
(2).

In the next step, OTUs representing the same taxon with 97-100%
sequence similarity were merged per sample to reduce overestimation of
taxa due to sequencing errors or heterogeneity of multiple rRNA op-
erons. In total, 17 of such “inflated species hypotheses” were merged
(see Table S2 for full dataset). Exemplarily, the merging of 54 OTUs from
one sample resembling the species Flagellospora curvula with a CV range
from 0.44 to 0.85 is shown in Fig. 2, with the highest CV class being
represented by most of the sequence reads. The maximum likelihood
tree based on F. curvula OTUs shows the result of the heterogeneity of
ITS2 sequences simulating several species (Fig. 3). Consequently, the
low bootstrap values along with the substitutions per site show that
there is no statistical support for several “new” Flagellospora species. The
sequence similarity within the F. curvula OTUs averaged 4.23%.
Furthermore, taxonomic identification is supported by the inclusion of
reference strains of Leotialean Flagellospora species. Here, the average
similarity of all OTUs to three F. curvula reference strains was 2.98%,
while it was higher for all other Flagellospora species included (see dis-
tance matrix in Table S6 and the corresponding alignment in Table S7).

3.2. Curation success and accuracy as calculated with MCC

Taking all results of the RDP classifier into account (i.e., 157 SHs; see
Table S3), the annotation was correct for ~26% of the SHs including
some correct classifications of uncultured fungi, whereas it led to higher
ranks compared to manual blast-hits in ~21% of the cases. 53% of the
SHs were annotated to lower ranks (~ 12%) or to completely different
taxa (~ 41%).

The accuracy tested by MCC differed clearly between the RDP clas-
sifier using the UNITE database and the manual curation (Fig. 4). The
RDP classifier performed best in bootstrap confidence values that ranged
between 0.2 and 0.29 and 0.5-0.59. However, the pipeline never
reached the accuracy level of the manual curation, which was lowest in
the CV range between 0.6 and 0.69. In the range between 0.8 and 1 the
manual curation reached complete accuracy.

3.3. Sequencing and classification success of mock community strains

Using the present metabarcoding approach, ten out of twelve species
from the mock community could be retrieved (Table 1). The classifica-
tion was accurate in delimiting species belonging to the same genera in
case of Cladosporium sphaerospermum and C. halotolerans, Aspergillus
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Fig. 2. Confidence value distribution of 54 OTUs with a total of 2958 ITS2 sequence reads representing the same species hypothesis Ascomycota_sp_SH1235051.08FU

(curated as Flagellospora curvula).

penicillioides and A. restrictus, as well as Chaetomium elatum and Ch.
globosum. Nine of 10 species were classified correctly by the pipeline.
However, there were also some erroneous classifications: Cladospor-
ium_domesticum_SH1966695.08FU was classified instead of C. sphaer-
ospermum, which both belong to the same species complex.
Fungi_sp_SH1162020.08FU was identified by the pipeline instead of A.
penicillioides. Wrongly classified Chaetomium afropilo-
sum_SH2475999.08FU belongs to the Chaetomium globosum species
complex. It was identified by the classifier instead of Ch. globosum,
which occurred as a singleton, while C. afropilosum was inflated by
multiple OTUs. Epicoccum nigrum was classified as Fun-
gi_sp_SH1547083.08FU. Sarocladium strictum and Rhizopus stolonifer
were not retrieved at all. In addition, the different OTUs of the inflated
SHs had varying sequence read numbers (see Table S5 for full dataset).
Most of these OTUs have only one to few reads but often there is one
“main” OTU represented with most of the reads and, if identified
correctly, higher CV values compared to the other OTUs (cf. Fig. 2).

3.4. Step by step protocol

Parameters that can be adjusted to improve the classification of taxa
in metabarcoding studies include adjusting the cut-off threshold for
sequence similarity, updating and refining of databases, improving
clustering algorithms (https://github.com/hsgweon/pipits, https://uni
te.ut.ee/) as well as aligning and collapsing of OTUs to species and
taxon hypotheses (Koljalg et al., 2013, 2020).Here, we present a step-by-
step protocol for the curation of fungal sequence data derived from
metabarcoding:

1) Use the classification table and the OTU dataset retrieved from your
metabarcoding pipeline

2) Check for unclassified and misidentified species, e.g., Fungi sp., other
high ranks, or cryptic species

3) Sort the table and check at least all sequences of SHs with very low
bootstrap confidence range (CV-value)

4) Re-blast the sequences of questionable SHs using RefSeq/default
GenBank, Mycobank, EUKARYOME (Tedersoo et al., 2024), specific
databases, and/or internal databases; also, re-blast SHs with high
CVs to confirm or curate their classification. Document at least the
closest blast-hit (cf. Table S3).

5) Remove superfluous OTUs due to small sequence errors and intra-
specific variability by merging of OTUs leading to the same SH; check

validity of merging performing alignments of the merged OTU
sequences

6) Check for the validity of taxonomic assignment using Mycobank
and/or Index Fungorum

7) Correct the names in the classification table prior to further analyses

8) Document all curation steps in suitable tables (cf. Supplements to the
present publication).

4. Discussion

Metabarcoding methods paved the way to perform large scale
mycobiome studies for all kinds of habitats possible. The advantages of
successful curation include providing more realistic data about taxo-
nomic information, species traits, and guilds thus providing valuable
information about ecological functions. The 97% cut-off used in this
study is widely used and might be necessary to avoid overestimation of
biodiversity, given the heterogeneity of ITS. On the other hand, too low
cut-off for sequences of undescribed taxa can lead to an underestimation
of biodiversity (Liicking et al., 2020; Stadler et al., 2020; Wilson et al.,
2023). Since it is not possible to distinguish between unknown species
and biases of the method (primer, database, etc.), the more conservative
approach is preferable to avoid misinterpretation of community data.
Sometimes it is difficult to tell if a questionable OTU is unknown or, e.g.,
a sequence artefact. The phenomenon of so-called “inflated species” due
to small sequence differences in the range of PCR and sequencing errors
(Anslan et al., 2018; Tedersoo et al., 2022) can, in combination with
imperfect clustering algorithms, lead to an overestimation of taxon
richness. Moreover, this also compromises the relative read proportions
of taxa, which are often used as proxies for their abundance in a sample.
Therefore, the determination of abundances based on sequence reads
should be either avoided or at least regarded with extra caution (cf. Carl
et al., 2025). One method to avoid the contamination of the dataset by
PCR duplicates is the use of Unique Molecular Identifiers (UMIL, Smith
etal., 2017). On the other hand, keeping low read occurrences with, e.g.,
1—10 sequence reads, such as singletons (single sequence read) and
unique taxa (OTUs that occur only once within a dataset, but with more
than one read) can be useful for the estimation of biodiversity,
depending on the habitat probed. In aquatic leaf litter for example, a
single specimen can colonise a large fraction of a leaf disc (Shearer and
Lane, 1983).

Classification pipelines, especially clustering and other algorithms,
are currently undergoing continuous development (e.g., Hakimzadeh
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Fig. 3. Maximum likelihood tree of 54 ITS2 region based OTUs representing one species hypothesis and sequences of reference strains (in bold). Numbers at branches
represent bootstrap percentages from 1000 replicates. Log Likelihood (InL) of the tree = — 1602.856356.

et al., 2025) in order to avoid the bioinformatic biases summarized in Abarenkov et al., 2024). The phylogenetic tree in Fig. 3 shows a small
the present article. Furthermore, databases used for classification should analysis with reference sequences as an example how a phylogenetic
be curated continuously such as the RefSeq dataset of GenBank se- framework identifies differently assigned OTUs to one species hypoth-
quences (reference sequences from ex-type cultures and other reference esis. However, it is not scalable to do this for all OTUs unless machine
cultures) and the UNITE SH database (most recent publication learning methods will be able to do this. Therefore, the most up-to-date
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Table 1
Sequencing and classification success of mock community strains. Strain designations of the mock species are listed in Table S4.
Mock species RDP Classifier result OTUs Reads
Cladosporium sphaerospermum Cladosporium_sphaerospermum_SH1572915.08FU 24 1519
Cladosporium_sphaerospermum_SH1744613.08FU 12 1033
Cladosporium_domesticum_SH1966695.08FU 1 1
Cladosporium halotolerans Cladosporium_halotolerans_SH1966692.08FU 2 6
Aspergillus penicillioides Aspergillus penicillioides SH1160644.08FU 2 192
1 3
Aspergillus penicillioides SH1531574.08FU 1 12
Fungi_sp_SH1162020.08FU
Aspergillus restrictus Aspergillus_restrictus SH2105248.08FU 2 57
Acremonium fusidioides Acremonium_fusidioides_ SH1560627.08FU 3 502
Chaetomium elatum Chaetomium_elatum_SH1615843.08FU 11 909
Chaetomium globosum Chaetomium_globosum_SH2596458.08FU 1 1
Chaetomium_afropilosum_SH2475999.08FU 12 426
Ceriporiopsis gilvescens Ceriporiopsis_gilvescens_SH1599722.08FU 3 44
Wallemia sebi Wallemia_sebi_SH1605562.08FU 6 147
Epicoccum nigrum Fungi_sp_SH1547083.08FU 8 1546

Sarocladium strictum -
Rhizopus stolonifer -

databases available should be used in metabarcoding analyses and we
highly recommend to perform alignments for particularly questionable
species that are poorly covered in databases. Furthermore, we recom-
mend to increase information of metabarcoding classification success by
implementing the sequences of isolates derived from the probed habitat
in the dataset of the classifier, as for example done in Salis et al. (2023).
A reference sequence set of properly identified isolates (e.g., ex-type and
authentic cultures) can be used to train the classifier data set which is
very helpful for identification of fungi from metabarcoding data. The
curation effort will vary depending on improvement and availability of
pipelines and databases applied, e.g., latest pipeline version, latest up-
date of databases such as UNITE and the relatively new rRNA reference
database EUKARYOME (Tedersoo et al., 2024).

There is an urgent need to use additional and/or different fungal
gene markers (e.g., Bai et al., 2020) to improve the identification of e.g.,
Aspergillus species (using calmodulin) or beta-tubulin for the identifi-
cation of Penicillium species. Recently, a diagnostic study of human
pathogenic fungi showed that the partial translation elongation factor
alpha gene (tefl) outperforms the ITS1 region as a metabarcoding
marker (Weaver et al., 2024). The drawbacks of the ITS rDNA region as a
taxonomic marker have been discussed in numerous publications (see
Introduction) and cause much of the current data that has to be curated.
This leads us to the downside of the curation approach: The curation of
hundreds of SHs can take several weeks, depending on the taxon

richness of the habitat investigated. Furthermore, the curator needs to
be an expert in fungal taxonomy, at least for the taxa of the investigated
habitat. It is this taxonomic expertise that is often missing in ecological
studies and is also difficult to automate (e.g., in machine learning
methods). However, we hope that skilled bioinformaticians will be able
to cooperate with taxonomists to achieve a solution for this gap found in
all sequence processing pipelines we know.
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