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H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Metabarcoding needs discriminating in-
formation in sequences and database cov-
erage.

• Requirements were tested by analyzing
16S-18S rRNA genes in 59 Alpine water
bodies.

• A high % of sequences and species is not
included in the molecular databases.

• The extent of sequence and taxonomic
gaps differed in the major taxonomic
groups.

• Incomplete coverage of taxonomic
databases hinders the application of
metabarcoding.
A B S T R A C T
A R T I C L E I N F O
Editor: Lotfi Aleya
 The taxonomic identification of organisms based on the amplification of specific genetic markers (metabarcoding) im-
plicitly requires adequate discriminatory information and taxonomic coverage of environmental DNA sequences in
taxonomic databases. These requirements were quantitatively examined by comparing the determination of
cyanobacteria andmicroalgae obtained bymetabarcoding and lightmicroscopy.Weused planktic and biofilm samples
collected in 37 lakes and 22 rivers across the Alpine region. We focused on two of the most used and best represented
genetic markers in the reference databases, namely the 16S rRNA and 18S rRNA genes. A sequence gap analysis using
blastn showed that, in the identity range of 99–100%, approximately 30% (plankton) and 60% (biofilm) of the se-
quences did not find any close counterpart in the reference databases (NCBI GenBank). Similarly, a taxonomic gap
analysis showed that approximately 50% of the cyanobacterial and eukaryotic microalgal species identified by light
microscopywere not represented in the reference databases. In both cases, themagnitude of the gaps differed between
the major taxonomic groups. Even considering the species determined under the microscope and represented in the
reference databases, 22% and 26% were still not included in the results obtained by the blastn at percentage levels
of identity≥95% and≥97%, respectively. The main causes were the absence of matching sequences due to amplifi-
cation and/or sequencing failure and potential misidentification in the microscopy step. Our results quantitatively
demonstrated that in metabarcoding the main obstacles in the classification of 16S rRNA and 18S rRNA sequences
and interpretation of high-throughput sequencing biomonitoring data were due to the existence of important gaps
in the taxonomic completeness of the reference databases and the short length of reads. The study focused on the Al-
pine region, but the extent of the gaps could be much greater in other less investigated geographic areas.
Keywords:
Metabarcoding
Taxonomic databases
Taxonomic coverage
Gap analysis
Amplicon sequence variants
Interreg Eco-AlpsWater
1. Introduction

In the last decades, the development and application of culture-
independent DNA high-throughput sequencing (HTS) technologies have
opened new horizons in the study of biodiversity at a global scale (Compson
et al., 2020). The two main HTS-based approaches are aimed either at
whole genome analysis (referred to as whole-genomemetagenomics, shotgun
metagenomics or simply metagenomics) or at the analysis of specific short
DNA fragments, mostly targeting genetic markers of taxonomic significance
(metabarcoding, amplicon sequencing, or metagenetics). The first approach
involves the direct sequencing of the entire DNA content of complex samples,
providing a taxonomic and functional picture of the microbial species present
in each sample. This approach has contributed hundreds of thousands of
metagenome-assembled genomes (MAGs), greatly expanding the genomic
repertoire of knownmicrobial species and leading to the discovery of entirely
new taxonomic groups (Brown et al., 2015; Di Rienzi et al., 2013; Koonin
et al., 2021; Zaremba-Niedzwiedzka et al., 2017). The second HTS-based ap-
proach is based on the selective amplification and sequencing of fragments
of domain specific genetic markers, such as the widely used 16S rRNA gene
for prokaryotes (Johnson et al., 2019), the 18S rRNA gene for some groups
of eukaryotes (Geisen et al., 2019), the rbcL gene designed to target diatoms
(Vasselon et al., 2017b), and the 12S rRNA gene and cytochrome c oxidase
subunit I (COI) for several other organisms, e.g., fish and macroinvertebrates
(Elbrecht and Leese, 2017;Milan et al., 2020). Due to the low cost of sequenc-
ing geneticmarkers and the availability of simple andwell-documented bioin-
formatics pipelines, metabarcoding has become awidely adopted approach in
studying biodiversity at all levels of complexity, from viruses to large plants
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and animals (Compson et al., 2020; Pawlowski et al., 2020; Tedersoo et al.,
2014).

The use of metabarcoding in the analysis of community and environmen-
tal DNA (eDNA; Ruppert et al., 2019) has been advocated as a complement
and integration of the present aquatic biological monitoring systems
(Cordier et al., 2020; Makiola et al., 2020; Pawlowski et al., 2018). The
new approaches are still under development for all the biological elements
typically included inwater biomonitoring i.e., phytoplankton, phytobenthos,
benthic invertebrates, fish, and aquatic flora (Bylemans et al., 2019; Deiner
et al., 2017; Kelly et al., 2020; Serrana et al., 2019; Seymour et al., 2020).

So far, investigations in microbial (prokaryotes and protists) ecology
based on metabarcoding have primarily focused on higher taxonomic
groups, from genera to phyla, either using distinct operational taxonomic
units (OTUs) (Blaxter et al., 2005) or amplicon sequence variants (ASVs)
(Callahan et al., 2016; Nearing et al., 2018). Rather than a deliberate
choice, the focus on coarse taxonomic or functional groups was dictated
by the inability of most metabarcoding approaches to provide comprehen-
sive annotated taxonomic lists of currently recognized species. This limit
was imposed by today's most popular sequencing technologies, which are
typically restricted to 2 × 300 maximum DNA read lengths (Illumina
MiSeq). This reduces the information that could potentially be used in
many target markers, as in the case of 16S rRNA or 18S rRNA genes. Fur-
thermore, a significant fraction of either OTUs or ASVs found in experimen-
tal samples are not represented in public molecular databases (Abarenkov
et al., 2022; Malashenkov et al., 2021). Therefore, large fractions of se-
quences are classified at coarse taxonomic ranks (higher than genera and
even higher than families), whereas a number of papers have shown several



N. Salmaso et al. Science of the Total Environment 834 (2022) 155175
differences in taxonomic assignments and relative abundances provided by
metabarcoding andmicroscopy (Brown et al., 2021; Groendahl et al., 2017;
Salmaso et al., 2020). Due to these limitations, systematic and quantitative
attempts to integrate microbial community sequencing in biomonitoring
remain rare (Sagova-Mareckova et al., 2021).

The extraordinary potential but also the difficulty to integrate HTS re-
sults in the routine biomonitoring approaches required by European regula-
tory frameworks like the WFD (Water Framework Directive, 2000) and the
WPO (the Swiss Water Protection Ordinance) were addressed in the frame-
work of the Interreg Alpine Space project Eco-AlpsWater (EAW) (www.
alpine-space.org/projects/eco-alpswater/). The main aim of the project
was to improve traditional biomonitoring approaches by using HTS tech-
niques and metabarcoding. Samples for the project were collected in
2019 in 37 lakes and 22 rivers across the whole Alpine region (including
Austria, France, Germany, Italy, Slovenia, and Switzerland) (Supplemen-
tary Fig. 1; Supplementary Table 1). The microbial elements considered
in the project included prokaryotic (cyanobacteria) and eukaryotic
microalgae,whichwere analyzed using both amplicon sequencingmethods
and traditional light microscopy (LM). While the HTS analyses made it
possible to discover a very high number of oligotypes associated with taxo-
nomic groups and species not previously detectedwith traditionalmethods,
one of the main problems in the integration of the two techniques is the in-
complete correspondence of the taxa identified by LM and metabarcoding.
These discrepancies, which are at the center of this work, could derive from
a multiplicity of factors, however in no way clarified or quantified. Com-
pared with the usual approach, which involves the comparison of HTS
and LM taxonomic classifications, in this work our focus was also on the as-
sessment of coverage of environmental DNA sequences in the reference tax-
onomy databases. Since the biomonitoring assessment is based on taxa
determined at the most resolved taxonomic rank, this work is mostly fo-
cused on the taxa determined at the species level rank.

The topics and objectives addressed in this work include: i) the diversity
recovered bymetabarcoding andmorphologically basedmethods in the Al-
pine hydrographic network; ii) a quantitative and objective assessment of
the taxonomic coverage of the 16S rRNA and 18S rRNA gene sequences
in the NCBI GenBank database (part of the International Nucleotide Se-
quence Database Collaboration, INSDC) (Sayers et al., 2022); and iii) the
fraction of species identified bymicroscopy with at least one representative
in the GenBank.

2. Materials and methods

2.1. Area investigated and study sites

Lakes and rivers included in the studywere distributed across thewhole
Alpine region (Supplementary Fig. 1A, B), representing a wide range of
physiographic characteristics (Supplementary Tables 1–2). The altitude,
surface, and maximum depth of lakes ranged between 18 and 2125 m a.s.
l., <0.01 and 582 km2, and 1.3 and 410 m, respectively. The entire length
of rivers was between <1 and 945 km.

2.2. Plankton and biofilm sampling

In both plankton (PL) and biofilm (BFM) samples, the analyses mainly
include all DNA isolated from the cells (i.e., mainly community DNA; cf.
Deiner et al., 2017; Pawlowski et al., 2018). DNA sampling for plankton
analyses was conducted once a month throughout 2019 at 8 key sites
(from 8 to 13 samples) and from 1 to 4 times at the additional sites (Supple-
mentary Table 1). To allow comparison with conventional biomonitoring
carried out by environmental agencies and research institutions, DNA sam-
ples were collected at the same time, and at the same sampling points and
water layers as for routine plankton (PL) monitoring. The sampled layers
coincided with the epilimnetic or euphotic zones of the lakes (Supplemen-
tary Table 1).Water sampleswerefiltered through Sterivex cartridges (0.22
μm, Hydrophilic PVDF Durapore membrane, Sigma Aldrich) within 12 h
following the sampling and then immediately frozen at−20 °C as described
3

in Domaizon et al. (2019). Filtered volumes ranged between 50 and 2000
mL, depending on the quantity of suspended particles and until near clog-
ging of the filters.

Biofilm samplings were conducted between September and October in
lakes (1 to 27 stations) and between February and October in rivers (1 to
6 stations). In the case of more than one sampling station, each lake and
river was sampled on the same day/week or, less frequently, within 1 or
2 months. The choice of sampling stations in lakes and rivers and the
method of biofilm sampling and preservation were carried out as described
by Rimet et al. (2021, 2020) and following the European protocols (CEN,
2018). In short, the sampling in the lakes was carried out after periods
not affected by wind and strong waves and the water level stabilized at
least in the previous 3 weeks. Representative samples were collected at
ca. 50 cm depth along a short stretch of lakes with little heterogeneity in
the substrate. In rivers, sampling was generally carried out during the
low-flow season and in clear water conditions (warmer months); the sta-
tions were selected from those that were submerged for a sufficient time
(several weeks). Generally, in both habitats, biofilm was collected brushing
the surface of at least 5 stones.

2.3. DNA extraction, library preparation and sequencing

DNA extraction from Sterivex filters and biofilm was performed with
Mo Bio PowerWater® DNA Isolation Kit (MO BIO Laboratories, a
QIAGEN Company, USA) (Vautier et al., 2021), and NucleoSpin® Soil kit
(Macherey-Nagel) (Vautier et al., 2020), respectively. All the final samples
analyzed showed measurable concentrations of DNA, generally above 1 ng
μL−1 (mean ± SD, 14.1 ± 11.2 ng μL−1).

For each individual environmental sample, total genomic DNAwas sub-
jected to PCR amplification by targeting~460 and~380 base fragments of
the 16S and 18S rRNA gene variable regions V3–V4 and V4, respectively.
The bacterial primers used for the amplification of 16S rRNA gene
were 341F (5′CCTACGGGNGGCWGCAG 3′) and 805Rmod (5′GACT
ACNVGGGTWTCTAATCC 3′) (Apprill et al., 2015; Herlemann et al.,
2011; Klindworth et al., 2013). These primers have been previously tested
in several pelagic samples collected in large perialpine lakes, allowing to
confirm the presence of the main cyanobacterial taxa identified by LM
and by genetic and phylogenetic analyses (Salmaso, 2019; Salmaso et al.,
2018). The primers used for the amplification of 18S rRNA marker were
TAReuk454FWD1 (5′ CCAGCASCYGCGGTAATTCC 3′) and TAReukREV3_
modified (5′ ACTTTCGTTCTTGATYRATGA 3′) (Piredda et al., 2017;
Stoeck et al., 2010). In aquatic metabarcoding studies, the V4 region is
the most commonly used to study protists, possibly due to the better cover-
age in the reference databases (Lopes dos Santos et al., 2022). PCR amplifi-
cation and library construction were performed as described in Salmaso
et al. (2020, 2018).

All the barcoded libraries were pooled in equimolar concentrations by
Real Time qPCR and checked on a TapeStation 2200 platform (Agilent
Technologies, Santa Clara, CA, USA). The final library was sequenced on
an Illumina® MiSeq (PE300) platform (MiSeq Control Software 2.6.2.1
and Real-Time Analysis software 1.18.54).

The sequences were assigned to samples using sample-specific barcodes
and saved in FASTQ formatted files. Sequences were deposited to the
European Nucleotide Archive (ENA) with study accession numbers
PRJEB49047 (16S rRNA gene) and PRJEB49184 (18S rRNA gene).

2.4. Bioinformatic analyses

Forward and reverse primers in the 16S rRNA and 18S rRNA FASTQ
reads were removed in advance by using Cutadapt 3.1 (Martin, 2011) im-
plemented in the wrapper rmprim 0.11 in github (github.com/hts-tools/
metatools). Sequences were analyzed using DADA2 1.18 (Callahan et al.,
2016) in R 4.0.3 (R Core Team, 2020) and Bioconductor v. 3.12 (Huber
et al., 2015) (Fig. 1A). The DADA2 error model resolves amplicon sequence
variants (ASVs, also known as exact sequence variants, ESVs) that differ by
as little as one nucleotide (Callahan et al., 2017). Though obtained from the

http://www.alpine-space.org/projects/eco-alpswater/
http://www.alpine-space.org/projects/eco-alpswater/
http://github.com/hts-tools/metatools
http://github.com/hts-tools/metatools


Fig. 1. Analyses performed on the Eco-AlpsWater dataset. (A) Diversity recovered by DNA analyses performed on the plankton and biofilm samples; (B) taxonomic coverage
of the 16S and 18S rRNA sequences in the GenBank database (part of the International Nucleotide Sequence Database Collaboration, INSDC), and estimation of classified and
unclassified sequences; (C) light microscopy analysis of plankton and biofilm samples; (D) taxonomic coverage of the species identified by light microscopy in GenBank;
(E) taxonomic correspondence between the species determined by light microscopy and the species classified from the DNA sequences obtained by HTS using blastn.
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same instrument, to avoid issues due to potential different error rates, in
DADA2 the Illumina runs were processed independently using the same
function parameters, and the output tablesweremerged later. The truncLen
parameters were set at 258 and 205 (16S rRNA gene), and 255 and 220
(18S rRNA gene); the truncQ andmaxEE parameters were set at 5 and 1, re-
spectively; the default values were maintained for all other parameters.
Taxonomic assignments of ASVs were carried out using the RDP naive
Bayesian classifiermethod described inWang et al. (2007), as implemented
in DADA2, and the reference FASTA databases SILVA 138 (Quast et al.,
2013) (DADA2 version updated Aug 15, 2020) and PR2 protist ribosomal
reference database v. 4.12 (Guillou et al., 2013), respectively; in both
cases, the 95% minimum bootstrap confidence threshold was adopted.
The two bioinformatic pipelines used to analyze the 16S rRNA and 18S
rRNA gene sequences, along with test files, were deposited in the Zenodo
repository (Salmaso et al., 2021a, 2021b).

The number of ASVs obtained from the PL and BFM samples after
DADA2 processing was 52,455 (16S rRNA gene) and 21,371 (18S rRNA
gene). The ASVs tables, taxonomies, and metadata were imported in R (R
Core Team, 2020) and analyzed with the package phyloseq 1.34.0
(McMurdie and Holmes, 2013). Before downstream analyses, the tables
were subjected to taxonomic filtering.

Chloroplasts, mitochondria, and unclassified sequences at the level of
phylum were removed from the original prokaryotic dataset (16S rRNA
gene), resulting in 46,330 ASVs. Finally, the phylum Cyanobacteria was
separated from the remaining bacteria, giving 2892 ASVs.

Similarly, in microeukaryotes (18S rRNA gene), all the metazoans and
unclassified taxa at the level of division were removed, giving a final num-
ber of 13,454 ASVs. The sequences belonging to the eukaryotic microalgae
were distinguished from the remaining heterotrophic protists, giving 6102
ASVs; the filtering, which was carried out based on supergroups and divi-
sions, was based on the traditional taxonomic and functional criteria used
in algal and phytoplankton ecology, therefore putting together photosyn-
thetic, mixotrophic, and even large heterotrophic flagellates (Padisák,
2004; Reynolds, 2006), which are generally determined by light micros-
copy (as in the case of heterotrophic dinoflagellates and katablepharids;
Guiry and Guiry, 2021; Moestrup and Calado, 2018). The final taxonomi-
cally annotated prokaryotic (cyanobacteria) and eukaryotic microalgal
FASTA sequences (ASVs) obtained from the planktic and biofilm samples
4

were deposited in the Zenodo repository (doi:https://doi.org/10.5281/
zenodo.5822484). The two habitats were kept separate due to significant
differences observed in the ASVs' composition (see below, Results).

2.5. Statistical data analysis

The number of ASVs was evaluated both without and after rarefaction
without replacement to the minimum number of sequences per sample
(4071 and 4873 for bacteria and protists, respectively). Differences in
ASVs numbers between groups of samples were estimated using the
Kruskal-Wallis rank sum test (KW). Pairwise comparisons were performed
using the Wilcoxon rank sum test, with the Benjamini and Hochberg
(1995) correction. Euler's diagrams were used to evaluate the fraction of
ASVs and taxa shared between groups of samples (package eulerr in R).
Differences in the taxonomic composition between plankton and biofilm
samples were tested using PERMANOVA tests with 9999 permutations
computed using a Bray-Curtis dissimilarity matrix; to limit the weight of
abundant taxa, the abundances were square-root transformed prior to the
computational analyses (Legendre and Legendre, 1998; Oksanen et al.,
2020).

2.6. Taxonomic coverage of sequences in the GenBank databases

The ASVs FASTA files belonging to Cyanobacteria (16S rRNA gene) and
eukaryoticmicroalgae (18S rRNA gene) obtained from the planktic and bio-
film sampleswere submitted to separate standalone BLAST v. 2.11.0 (NCBI,
2020a) analyses (Fig. 1B). The analyses were conducted using the “blastn”
query and different nucleotide databases updated, in the case of GenBank,
on 14 February 2021 (GenBank Release 241). As for the 16S rRNA gene,
FASTA files were analyzed using three separate databases, i.e., a subset of
the GenBank nucleotide sequence database, “nt” including only the
Cyanobacteria/Melainabacteria group (txid1798711); the 16S ribosomal
RNA database (Bacteria and Archaea type strains), “16S_ribosomal_RNA”;
and a local database adapted for blastn analyses obtained from SILVA 138
(DADA2 version) using the makeblastdb command (NCBI, 2020a).

As for the 18S rRNA gene, to keep the analysis computationallymanage-
able, the blastn queries on GenBank were performed on a subset of “nt” se-
quences, including the reference sequences of interest, i.e., 18S rRNA, SSU

https://doi.org/10.5281/zenodo.5822484
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and “small subunit” sequences. Additionally, 18S rRNA sequences were an-
alyzed using the small subunit ribosomal RNA for eukaryotic sequences,
“SSU_eukaryote_rRNA”. Finally, the PR2 (DADA2 version) was formatted
for standalone blastn analyses using the makeblastdb command.

Considering also the type of downstream analyses performed (see
below), the -max_target_seqs parameter in the blastn queries was set at
500 (for the significance of this parameter, see Madden et al., 2019). In
the case of the results obtained using the “nt” database, the sequences
were annotated taxonomically at the family and at the order (Cyanobacteria)
and class (microalgae) ranks by using the NCBI taxonomy database dump
files (https://www.ncbi.nlm.nih.gov/guide/taxonomy/); in a few cases,
the taxonomic assignments were manually completed and refined. The re-
sults of the blastn queries using the “nt” database and integrated with the
NCBI GenBank taxonomy were uploaded to the Zenodo repository (doi:
https://doi.org/10.5281/zenodo.5822484).

Before the downstream analyses, the few singletons arising in the
merged output step of the DADA2 pipeline were removed (FreqBac and
FreqEuk ≥2 filter in the blastn files, which discarded 3 and 26 ASVs in
cyanobacteria and microalgae, respectively). Moreover, depending on the
genetic marker and analysis, only the blastn hits with sequence length
alignments greater than 300 or 350 bases were included in the statistical
analyses (see results). The downstream analyses performed on the blastn
output files were carried out in R (R Core Team, 2020) using the collection
of packages in tidyverse 1.3.0 (Wickham and Grolemund, 2017) and the
lessR package 3.9.9 (Gerbing, 2021).

2.7. Light microscopy phytoplankton and phytobenthos analyses

Phytoplankton was determined using sedimentation chambers and
inverted microscopes, whereas phytobenthos was determined using micro-
scopic observations of clean frustules (diatoms)fixed on slides or subsamples
(other microalgae) (Fig. 1C). Species identification was based on the more
recent monographs of the series Süßwasserflora von Mitteleuropa (Springer
Spektrum) and Das Phytoplankton des Süßwassers (E. Schweizerbart'sche
Verlagsbuchhandlung, Stuttgart) complemented with other monographs,
e.g., Flora Slodkowodna Polski (Państwowe Wydawn) and manuals. Al-
though no intercalibration exercises were organized among laboratories be-
fore the investigation, a few individual partners were already involved in
intercalibration exercises, e.g., for phytoplankton (EQAT) and diatoms
(Kahlert et al., 2012). The final taxonomic lists contain all the species deter-
mined by each country individually.

Even though the ecological status of lakes and rivers determined from
the LM analysis of biofilm samples should be evaluated based on all the pro-
karyotic and eukaryotic algal components, several countries in the project
consortium (CH, DE, FR, and IT) considered only diatoms in their taxo-
nomic determinations.

2.8. Downstream analysis of microscopy derived data

A quantitative estimation of the fraction of algal species determined by
LM listed with the 16S rRNA and 18S rRNA gene markers in GenBank was
carried out using the esearch query in the Entrez Programming Utilities
(NCBI, 2020b) (Fig. 1D). To avoid using synonymous names not recognized
by the GenBank nucleotide database, all species names identified in the re-
spective LM laboratories were checked, updated, and homogenized for com-
patibilitywith the species names included in the REBECCA (Moe et al., 2008;
Ptacnik et al., 2008), VALID code (diatoms) and www.freshwaterecology.
info databases (Schmidt-Kloiber and Hering, 2015). At the same time, the
most up-to-date species names were also added to the database by checking
all the algal names against the AlgaeBase database (Guiry and Guiry, 2021)
using AlgaeClassify 1.2 (Patil et al., 2019), and then refining results manu-
ally; an updated version of the taxonomic database (EAW Taxa Analysis
Tool) is maintained on the project website. Finally, before applying the
esearch query analysis, these two sets of nameswere checked and,when nec-
essary, updated for their actual presence in GenBank. Due to incomplete cov-
erage in the GenBank reference database in the V3-V4 16S rRNA and V4 18S
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rRNA gene regions, before the analyses a few species were excluded from the
esearch query (i.e., Chroococcus dispersus, Oocystis lacustris, Granulocystis
verrucosa, Brachysira exilis, Navicula notha, Scenedesmus obtusus, and Willea
rectangularis).

The species identified by LMwere finally compared with the list of spe-
cies obtained with the blastn analyses carried out on the FASTA files ob-
tained by HTS (previous section) (Fig. 1E). Checking was carried out at
four percent identities (pident; NCBI, 2020a) levels, namely ≥95%, ≥
97%,≥ 99%, and=100%, and only considering sequence alignments lon-
ger than 300 bases; results were further counterchecked by computations
made without applying these filters (pident ≥0 and sequence alignments
≥0). The queries were applied only considering the LM species covered
by GenBank.

3. Results

3.1. Diversity of ASVs

In most cases diversity reached a plateau in the single rarefaction
curves (Supplementary Fig. 2). Excluding the most abundant bacterial
samples, most of the curves reached a plateau between around 5000
and 10,000–20,000 reads.

The number of cyanobacterial ASVs in single samples was significantly
higher (KW, P < 0.001) in BFM (median, 121) than in plankton samples
(14) (Supplementary Fig. 3A). Further, the number of ASVs in BFM samples
showed a wider range (12–337) compared to plankton samples (1–61), and
a higher number of unique ASVs (Supplementary Fig. 3C). Though less ap-
parent, the number of eukaryotic microalgal ASVs was significantly (KW, P
< 0.001) higher in BFM samples (median, 161) than in plankton samples
(119) (Supplementary Fig. 3B). For both cyanobacteria and microalgae,
the ASVs showed significant compositional differences in the two habitats
(PERMANOVA, P < 0.001). This was consistent with the small number of
cyanobacterial and eukaryotic microalgal ASVs shared between the PL
and BFM samples (3.1% and 7.8%, respectively; Supplementary Fig. 3C, D).

Based on the curated taxonomy provided by SILVA 138, in the planktic
samples cyanobacteria were almost entirely represented by Cyanobacteriales
and Synechococcales. In addition to these two orders, BFM samples
also showed a high presence of Leptolyngbyales and a group of filamentous
taxa (“Oxyphotobacteria Incertae Sedis”) (Supplementary Figs. 4A and
5A, B). Besides the long-established dominant cyanobacterial groups,
it is worth highlighting the presence of a few less abundant (<0.5%)
orders belonging to the new established group of non-photosynthetic
Vampirivibrionia/Melainabacteria (Caenarcaniphilales, Gastranaerophilales,
Obscuribacterales, Vampirovibrionales). Excluding the only isolated and cul-
tivated species (Vampirovibrio chlorellavorus), the taxa in this group of non-
photosynthetic cyanobacteria were identified from metagenome-assembled
genomes (MAGs) (Di Rienzi et al., 2013; Soo et al., 2017).

Based on the curated PR2 taxonomy, compositional differences were
more accentuated in the eukaryotic microalgal samples, which showed a
high presence of Cryptophyceae, Chrysophyceae, Dinophyceae, and
Bacillariophyta in the PL samples, and Bacillariophyta, Chlorophyceae,
Chrysophyceae, and Ulvophyceae in the BFM samples (Supplementary
Figs. 4B and 5C, D).

In both cyanobacteria and eukaryotic microalgae, the differences
between PL and BFM samples were also confirmed by performing the
same set of analyses on the rarefied data (KW, P < 0.001; PERMANOVA,
P < 0.001; figures not shown).

3.2. Taxonomic coverage of sequences in the reference databases (“sequence gap
analysis”)

The blastn analyses were applied to the 4 different ASVs FASTA archives,
which included 16S rRNA (364 and 2619) and 18S rRNA (2836 and 3742)
sequences obtained from PL and BFM samples, respectively. The blastn out-
put files corresponding to the PL and BFM samples had a final number of en-
tries around 182,000–185,000 and 1,310,000–1,330,000 (16S rRNA gene),

https://www.ncbi.nlm.nih.gov/guide/taxonomy/
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Fig. 2. (A) Cumulative number of sequences versus the corresponding pident
(percent identity) values obtained from the blastn analyses carried out on the 16S
rRNAASVs; the x-axis reports the mid-values of the 1-base bins (e.g., thefirst bin in-
cludes pident values between 99% and 100%). Results include both uncultivated/
unclassified taxa and cultivated strains; the analysis was based on the top hit se-
lected for each sequence in the plankton (PL) and biofilm (BFM) samples; curves
refer to the blastn queries performed on the GenBank, SILVA 138, and 16S ribo-
somal RNA reference databases. (B) As in (A), but with the analyses referred to
the 18S rRNA ASVs; curves refer to the blastn queries performed on the GenBank,
PR2 and 18S ribosomal RNA reference databases. In the legends the asterisks indi-
cate the variables further analyzed in Tables 1 and 2.
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and 1,440,000–1,460,000 and 1,950,000–2,000,000 (18S rRNA gene), re-
spectively. All the successive analyses were made after discarding the single-
tons (see methods). For each FASTA sequence, the first hits of the blastn
analyses were selected, annotating the percentage of identical nucleotides
matches (pident); in this analysis, only the percentage values were of interest,
irrespective of taxonomy, representing a quantitative estimate of the se-
quence coverage in the reference databases. The alignment length of the
top hits was generally greater than 400 bases (16S rRNA gene) and 370
bases (18S rRNA gene); nevertheless, to avoid rare matches originating
from short sequences, an additional filter was added in the selection of re-
sults, discarding the top hits with sequence alignment lengths shorter than
350 bases and 300 bases, respectively. As for the queries on the nt database,
this provided a set of sequences with mean ± SD of 404± 5 and 375± 15
bases, respectively. Considering all the three reference databases used for the
16S rRNA and 18S rRNA gene markers, pident values ranged between 78%
and 100%, and 73% and 100%, respectively.

The cumulative identical sequences versus the pident bin values ob-
tained from the blastn analyses carried out on the 16S rRNAmarker showed
major differences between the PL and BFM samples (Fig. 2A). In the
99–100% bin, the percentage of sequences that represented species also
found in the GenBank database was 71% and 43% in the PL and BFM sam-
ples, respectively, followedby a trend of rapidly increasing values thereafter
(Fig. 2A; Table 1A). In the PL samples, the cumulative percentages obtained
using the GenBank and SILVA 138 databases were undistinguishable; con-
versely, in the range 94–100% pident bin, differences in the BFM samples
were between 5% and 10%. Further, the results indicated a low percentage
identity of the FASTA sequences using the 16S ribosomal RNA database; cu-
mulative percentages were always <75% for pident values above 90%
(Fig. 2A).

Compared to cyanobacteria, the cumulative percent values for the eu-
karyotic microalgal sequences were practically coincident in the PL and
BFM samples. In the 99–100%bin, the percentage of sequences represented
in GenBank was 49% and 48% in the PL and BFM samples, respectively, in-
creasing rapidly up to the 90–95% pident value (Fig. 2B; Table 1B). Differ-
ences between the cumulative values of the blastn analyses based on the
GenBank and the PR2 databaseswere below10% for both PL and BFM sam-
ples (Fig. 2B). The results based on the SSU_eukaryote_rRNA indicated a
low percentage identity (<50%) of the FASTA files down to sequence sim-
ilarities around 95% (Fig. 2B).

The results reported in Fig. 2 could be influenced by the most abundant
sequences, which may correspond to more widespread and/or potentially
isolated and genetically analyzed species. To evaluate this potential effect,
the distribution of the pident values obtained from the top hits of the blastn
analyses were evaluated by selecting four abundance classes divided by
quartile values (Supplementary Fig. 6). Both cyanobacteria and microalgae
showed a wider spread in the pident values in the first quartile range and
significant differences among the four abundance ranges (KW, P <
0.001). In the cyanobacteria, with the exclusion of the comparison between
the 25–50 and 50–75 quartiles in the PL samples, all the other pairwise
comparisons were significant at least at P < 0.05 (Wilcoxon tests). Pairwise
comparisons between the quartiles ranges in microalgae were always
highly significant (P < 0.001). Results were substantiated also consider-
ing the distribution of the pident values computed for four frequency
intervals (number of occurrences) divided by quartile values (Supple-
mentary Fig. 7).

In Fig. 2, results of the blastn analyses included sequences correspond-
ing to both uncultivated/unclassified taxa and cultivated strains. To esti-
mate the fraction of ASVs that potentially could be identified at the genus
and/or species rank using the most complete reference GenBank database
(nt), the results were filtered, keeping the sequences identified at pident
values ≥95% and discarding all the sequences identified as uncultivated/
unclassified and/or classified at ranks above the genus level by the
GenBank taxonomy (Table 2). In the 99–100%and 97–100%pident ranges,
the fraction of cyanobacterial sequences identified in PL samples was
higher than in BFM samples (Table 2A). In the eukaryotic microalgal se-
quences, in the 99–100% pident range, the fraction of sequences classified
6



Table 1
Cumulative number of sequences (%) in three percent identity bin ranges obtained
from the blastn analyses carried out on the (A) 16S rRNA and (B) 18S rRNA se-
quences. The analysis was based on the top hits i.e., the first pident value obtained
for each sequence in the plankton (PL) and biofilm (BFM) samples. Cumulative per-
centages were computed on the whole set of data and for three different bin values.

ASVs Query n. sequences 99–100% 97–100% 95–100%

(A) 16S rRNA PL GenBank 364 71% 80% 85%
BFM GenBank 2615 43% 69% 81%

(B) 18S rRNA PL GenBank 2830 49% 71% 85%
BFM GenBank 3725 48% 77% 85%

Table 2
Cumulative number of sequences (%) in two percent identity bin ranges obtained
from the blastn analyses carried out on the (A) 16S rRNA and (B) 18S rRNA se-
quences. The analysis was based on the top hits i.e., the first pident value obtained
for each sequence in the plankton (PL) and biofilm (BFM) samples. Results were ob-
tained by excluding the environmental sequences identified by the blastn analyses,
i.e. those sequences identified as uncultivated/unclassified and/or classified at tax-
onomic ranks above the genus level. Cumulative percentages were computed ex-
cluding pident values below 95%.

ASVs Query n. sequences 99–100% 97–100%

(A) 16S rDNA PL GenBank 265 77% 92%
BFM GenBank 1703 38% 74%

(B) 18S rDNA PL GenBank 1822 47% 73%
BFM GenBank 3066 52% 86%
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at the species level in the PL and BFM samples was almost equivalent but
increasing faster in the 97–100% range in the BFM samples (Table 2B).

3.3. Taxonomic coverage of sequences in the main groups

The results reported in Fig. 2 refer to the whole cyanobacterial and eu-
karyotic microalgal community. To evaluate the number of the main taxo-
nomic groups identified by the blastn analyses and the corresponding
number of classified taxa/species and genera, the main output tables
were filtered by using the orders (Cyanobacteria) and classes (microalgae)
based on the GenBank taxonomy; the analyses excluded the unclassified/
uncultured taxa. Besides the taxonomic filtering, the blastn results were re-
stricted to taxonomic attributions characterized by sequence length align-
ments longer than 350 bases (Cyanobacteria) and 300 bases (microalgae).
The analyses were carried out considering the most conservative pident
value i.e., 100% (Table 3).
Table 3
Orders (Cyanobacteria) and classes (eukaryotic microalgae) identified by the blastn ana
samples. The subdivision of the selected groups is based on the GenBank taxonomy. T
group, the table reports the number of amplicon sequence variants (ASV); the numbe
and median (Med) values of the number of taxa (taxa), species and genera (spec_gen), a
termined at the genus and/or species level; the isolates were merged into “spec_gen” a
Bacillariophyceae, Coscinodiscophyceae, and the Fragilariophyceae.

Marker Taxonomic group PL

ASV Num
hits

Avg (Med)
taxa

Avg (M
spec_g

(A) 16S
rRNA

Chroococcales 6 456 72.3 (19.0) 6.0 (4
Synechococcales 49 321 6.5 (2.0) 1.6 (1
Oscillatoriales 12 248 25.8 (2.5) 3.3 (2
Nostocales 24 600 25.5 (16.5) 4.2 (3
Pleurocapsales 0
Chroococcidiopsidales 0

(B) 18S
rRNA

Chlorophyceae 79 756 5.9 (2.0) 2.9 (1
Trebouxiophyceae 33 426 7.2 (2.0) 2.6 (1
Zygnemophyceae 14 37 2.7 (2.0) 2.5 (2
Chrysophyceae 33 176 1.9 (1.0) 1.6 (1
Cryptophyceae 26 113 2.6 (1.0) 2.0 (1
Dinophyceae 26 63 1.5 (1.0) 1.4 (1
“Bacillariophyta” 65 272 1.8 (1.0) 1.7 (1
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With the selected pident value, the cyanobacterial orders represented in
PL and BFM samples were Chroococcales, Synechococcales, Oscillatoriales
and Nostocales, whereas Pleurocapsales and Chroococcidiopsidales were
only identified in BFM samples. In all the orders, the classification of the sin-
gle sequences provided in many cases several taxa classified at the genus or
species rank (medians 1–19), particularly in PL samples (Table 3A, column
“taxa”). This was mainly due to the presence of different isolates of the
same species, but also to the presence of distinct species sharing the same se-
quence, as exemplified in the values reported under the column “spec_gen”,
which include only the number of unique species and genera. To exemplify,
in PL samples, in the Chroococcales the single sequence that obtained the
highest number of classifications had 306 entries at 100% identity, mostly
due to different isolates ofMicrocystis; aftermerging the taxa by unique single
species name, 12 taxa remained, themost frequent represented byMicrocystis
aeruginosa, Microcystis sp., M. flos-aquae, M. ichthyoblabe, M. viridis, and
M. wesenbergii, with one additional species of Synechocystis sp. (possibly,
misidentified taxa in the reference database). Similarly, in the case of
Nostocales, the sequence with the higher number of entries at 100% pident
(177) showed the presence of many single isolates (133) and 10 unique sin-
gle species and genera, the most abundant represented by Cylindrospermopsis
raciborskii, C. curvispora, Cylindrospermopsis sp., C. africana, C. catemaco,
Raphidiopsis mediterranea, and Raphidiopsis sp. At the level of unique genera,
the number of taxa, though decreasing, still showed the presence of multiple
top-hits cases in most of the orders (Table 3A).

The eukaryotic microalgae were characterized by similar patterns
(Table 3B). For example, in the class Chlorophyceae, the sequence that ob-
tained the highest number of classifications had 192 hits at 100% identity,
mostly due to numerous isolates (193) of Tetradesmus, Scenedesmus and
Coelastrum; even after merging the taxa by unique genus name, 8 genera re-
mained, namely Tetradesmus (101 entries), Scenedesmus (54), Coelastrum
(18), Halochlorella (6), Acutodesmus, Coelastropsis and Scotiellopsis (4), and
Desmodesmus (2).

3.4. Taxonomic coverage of species identified by LM in GenBank (“species gap
analysis”)

The total number of taxa (unique genera and species) identified by LM
in PL and BFM samples was over 900, belonging to over 260 unique genera.
Of these, only a fraction was covered in GenBank (Fig. 1D). The taxa iden-
tified at the species rank in cyanobacteria were 68 and 46 in the PL and
BFM samples, respectively. Of these, in both PL and BFM samples, around
50% of the species were represented, with at least one 16S rRNA gene se-
quence in GenBank (Table 4, Fig. 3). In the PL samples, Nostocales and
lyses at the percentage identity level 100% in the plankton (PL) and biofilm (BFM)
he analyses excluded the unclassified/uncultured taxa and minor groups. For each
r of hits selected at the pident level equal to 100% (Num hits); the average (Avg)
nd genera (genera); the column “taxa” includes all the different isolates of taxa de-
nd “genera” to obtain the corresponding statistics. “Bacillariophyta” includes the

BFM

ed)
en

Avg (Med)
genera

ASV Num
hits

Avg (Med)
taxa

Avg (Med)
spec_gen

Avg (Med)
genera

.5) 1.3 (1.0) 11 24 1.8 (1.0) 1.2 (1.0) 1.0 (1.0)

.0) 1.3 (1.0) 87 464 5.1 (2.0) 1.7 (1.0) 1.3 (1.0)

.0) 1.7 (1.5) 35 317 11.3 (3.0) 2.7 (2.0) 1.6 (1.0)

.5) 2.0 (2.0) 25 138 5.2 (3.0) 1.4 (1.0) 1.2 (1.0)
6 7 1.2 (1.0) 1.2 (1.0) 1.2 (1.0)
4 5 1.0 (1.0) 1.0 (1.0) 1.0 (1.0)

.0) 1.6 (1.0) 142 1095 4.9 (2.0) 2.6 (2.0) 1.6 (1.0)

.0) 1.8 (1.0) 56 583 5.3 (1.0) 2.2 (1.0) 1.5 (1.0)

.0) 1.1 (1.0) 43 126 2.9 (2.0) 1.6 (1.0) 1.0 (1.0)

.0) 1.1 (1.0) 23 98 1.8 (1.0) 1.5 (1.0) 1.1 (1.0)

.0) 1.1 (1.0) 18 92 3.2 (1.0) 2.3 (1.0) 1.2 (1.0)

.0) 1.2 (1.0) 24 52 1.6 (1.0) 1.4 (1.0) 1.1 (1.0)

.0) 1.1 (1.0) 188 679 1.6 (1.0) 1.6 (1.0) 1.1 (1.0)



Fig. 3.Cyanobacteria and eukaryoticmicroalgae species identified by LM represented
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Oscillatoriales showed a complete coverage; in BFM samples, the
Oscillatoriales showed many unrepresented species due to, for example,
the absence of Homoeothrix crustacea, H. gracilis, H. janthina, H. juliana,
H. varians, Phormidium incrustatum, P. ingrediens, and Plectonema
tomasinianum. The Synechococcales showed the largest number of taxa
not represented in GenBank, mostly due to several species belonging to
the genera Aphanocapsa, Aphanothece, Limnothrix and Snowella.

The number of taxa identified at the species rank by LM in the group of eu-
karyotic microalgae was much higher than cyanobacteria, consisting of 307
and 465 species in the plankton and biofilm samples, respectively (Table 4,
Fig. 3). The higher number of species identified in BFM samples was almost
exclusively due to epiphytic diatoms, which represented over 90% (432 out
of 465) of the total number of species identified versus 20% (61 out of 307)
in PL samples. Many algal groups identified in the PL samples were not iden-
tified in the BFM samples. In the PL and BFM samples, the species determined
by LM and representedwith at least one 18S rRNA gene sequence in GenBank
were around 64% (197 out of 307) and 38% (178 out of 465), respectively
(Table 4). As for the diatoms, in the PL samples the fraction of species repre-
sented in GenBank (67%) was much higher than those in BFM samples
(36%). In the most frequent groups, and in the two habitats, Chlorophyta
showed a coverage of 66%, whereas the Zygnemophyceae were only partially
represented (52%); in this latter group, species lacking sequence coverage
mostly belonged to Closterium, Cosmarium, and Staurastrum. While a high frac-
tion of Cryptophyceae, Euglenida and Dinophyceae were represented in
GenBank (70–80%), the Chrysophyceae showed around the 45%
Table 4
Number of species identified by light microscopy present with 16S rRNA
(Cyanobacteria) and 18S rRNA (eukaryotic microalgae) markers in GenBank. The
table does not include taxa identified only at the rank of genus. In biofilm samples
the number of species other than diatoms is underestimated as not all laboratories
in this study performed these analyses (see Section 4.2).

(A)

Main group Order Plankton Biofilm

Absent Present Absent Present

Mostly unicells Chroococcales 6 9 5 5
Synechococcales 22 10 7 8
Pleurocapsales 1 1
Gloeobacterales 3 3 0 1

Filamentous Oscillatoriales 0 4 9 8
Nostocales 0 11 0 1

(B)

Main group Class Plankton Biofilm

Absent Present Absent Present

Bacillariophyta Bacillariophyceae 1 13 249 130
Coscinodiscophyceae 15 18 1 9
Fragilariophyceae 4 10 28 15

Charophyta Zygnemophyceae 11 11 0 1
Chlorophyta Chlorodendrophyceae 0 1

Chlorophyceae 29 53 5 14
Klebsormidiophyceae 3 0
Pyramimonadophyceae 1 0
Trebouxiophyceae 12 28 1 1
Ulvophyceae 0 3

Choanozoa Bigyra 4 0
Choanoflagellata 2 0

Cryptophyta Cryptophyceae 2 8
Euglenozoa Euglenida 5 23 0 2
Fungi Monoblepharidomycetes 1 0
Haptophyta Haptophyta 0 1
Miozoa Dinophyceae 5 13
Ochrophyta Chrysophyceae 11 8 1 2

Dictyochophyceae 1 0
Eustigmatophyceae 0 1
Phaeothamniophyceae 1 1
Raphidophyceae 0 1
Synurophyceae 0 6
Xanthophyceae 2 1 0 1

Rhodophyta Florideophyceae 2 0

by at least one 16S and 18S rRNA sequence inGenBank. Analyses refer to the plankton
(PL) and biofilm (BFM) samples. The numbers in “PL + BFM” do not correspond to
the sums of the single PL and BFM samples because part of the species was common
to the two environments. Taxonomic details are reported in Table 4.
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coverage (Table 4); in this group, species without reference sequences
included several species, e.g., Dinobryon species, Epipyxis polymorpha,
Kephyrion species, Bitrichia chodatii, Chrysolykos planctonicus, Dendromonas
cryptostylis, Pseudokephyrion pseudospirale, and Phaeodermatium rivulare.

Overall, the fraction of unique species identified by LM in the complete
set of samples (PL and BFM) represented by at least one reference sequence
in GenBank was 52% (Cyanobacteria; 54 out of 104) and 46% (Microalgae;
332 out of 722) (Fig. 3); excluding diatoms, the fraction of microalgae rep-
resented in GenBank increased to 63%.

3.5. Correspondence between species and genera identified by HTS and LM

The concurrent availability of LM taxonomic determinations made at
the species rank and of FASTA sequences obtained from the same set of
samples allowed us to obtain an estimate of the comparability ofmicroscop-
ical determinations and HTS analyses (Fig. 1E). The comparisons were
made considering three categories of species determined by LM, i.e., i)
those detected in the blastn analyses of the whole set (PL and BFM) of
ASVs data at three pident levels, i.e., 100% (Fig. 4), 99%, and 97% (Supple-
mentary Fig. 8); ii) the species determined at the LMwith taxonomic cover-
age in the GenBank reference database for the specificmarkers investigated
(16S rRNA or 18S rRNA genes), but not detected in the blastn analysis; and
iii) the species determined at the LM without coverage in GenBank.

Of the 104 species of cyanobacteria identified by LM in the PL and BFM
samples, 34% was shared with the species identified by the blastn analysis
at the pident 100% (Fig. 4A). Besides the 50 species without representatives
in the taxonomic reference database (see previous section), though repre-
sented in the reference database and therefore potentially detectable by
blastn, other 19 species were not identified by the HTS analyses (Supplemen-
tary Table 3A, pident=100); of these, 5were not detectable also considering
a less stringent pident value (97%), namely Chlorogloea microcystoides,
Aphanothece nidulans, Phormidium kuetzingianum, Aphanocapsa rivularis and
Merismopedia punctata (Supplementary Table 3A).

In the eukaryotic microalgae, besides the 390 species not covered in the
reference database, a high number of species potentially detectable by
blastn (125) were not included in the HTS results at the pident 100%



Fig. 4. Correspondence between the species identified with the blastn analyses at
100% pident level and the species identified by LM. Results refer to the analyses
performed on the plankton and biofilm samples. HTS, high-throughput
sequencing; LM_GB and LM_no_GB, species determined by LM with and without
taxonomic coverage in GenBank, respectively. In the two “LM” groups the
number of species does not correspond to the sum of the single PL and BFM
species because a fraction was common to the two environments.
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(Fig. 4B; Supplementary Table 3B–C). In this cluster, organisms belonging
to the class Euglenida were not detectable in HTS results even after
dropping the pident selection criterion at ≥0% (Supplementary
Table 3C), indicating a failure in the amplification step or successive se-
quencing (see Section 4.3). Besides Euglenida, the remaining eukaryotic
microalgae not detected at the pident level 100% belonged to diatoms
(57), green algae (36), dinoflagellates (4), chrysophytes (2), and other
groups (3) (Supplementary Table 3B). As for the diatoms, a few species
were not detected at pident values ≥0% (Luticola goeppertiana), ≥95%
(Halamphora oligotraphenta, Placoneis clementis), and ≥97% (Amphora
normanii, Diploneis subovalis, Navicula notha). In the remaining groups
(Supplementary Table 3B), excluding two taxa (Didymocystis inermis and
Chromulina nebulosa), the other species determined by LM were all identi-
fied by the blastn queries at a pident level≥ 97%.

In both cyanobacteria and eukaryotic microalgae, the number of species
exclusive to the HTS analyses was high (Fig. 4A, B). The relaxing of the
pident values used in the blastn queries to 99%and 97% increased the num-
ber of both the HTS (HTS) and shared (HTS ∩ LM_GB) species (Supplemen-
tary Fig. 8).

3.6. Classifications using the DADA2 classifier

The number of species identified by using the DADA2 classifier at the
95% bootstrap and the SILVA138 and the PR2 curated databases was
9

much lower than the number of species identified by the blastn analyses.
In cyanobacteria and microalgae, the number of sequences identified at
the species levelwas 47 and 215, respectively. As for cyanobacteria, consid-
ering also all the taxa identifiedwhen the DADA classification provided sev-
eral exact species matches, the number of species increased to 54.
Consequently, the number of shared species between LM and HTS de-
creased to 22 (cyanobacteria) and 81 (microalgae).

4. Discussion

We assessed quantitatively the taxonomic coverage of the biodiversity
of cyanobacteria and eukaryotic microalgae determined by HTS and LM
in the NCBI GenBank reference taxonomic database. The field data were
collected in a large and highly diversified sample of lakes and rivers
throughout the whole Alpine region. The results allowed unveiling a huge
oligotype diversity only partly represented in reference taxonomic data-
bases, and thus indicating the existence of large gaps in the coverage of
the molecular markers considered in this study. The reasons for these taxo-
nomic gaps are considered in the next sections.

4.1. Sequence gap analysis

To ensure a full coverage of the blastn analyses, for each query sequence
thefirst ca. 500 hitswere retained. This high numberwas necessary to guar-
antee a complete coverage of results in the case of many different isolates/
strains of the same species and of distinct species with identical or almost
identical sequences.

The selection of the top hits results allowed us to estimate the fraction of
sequences found in Alpine regions represented in GenBank at various levels
of similarity. The results showed striking differences depending on the type
of sample analyzed (PL and BFM) and the gene marker. Overall, in the
99–100 pident range, a proportion between around 30% and 60%
(cyanobacteria) and 50% (eukaryotic microalgae) of the sequences did
not find any close counterpart in GenBank. These limits decreased to be-
tween 25% and 50%, and 30 and 40%, respectively in the 97–100% pident
range. For cyanobacteria, the lower coverage of the BFM compared to the
PL samples could be explained considering that many scientific investiga-
tions in European countries were focused on potentially toxigenic
cyanobacteria in open lake waters (Babica et al., 2017; Komárek, 2015;
Meriluoto et al., 2017a). Moreover, most scientific investigations were tra-
ditionally focused on plankton in lakes and diatoms in biofilms,
(e.g., Reynolds, 2006; Szabó et al., 2004). The concurrent morphological
and genetic study of benthic cyanobacteria was restricted to a lower num-
ber of investigations (Quiblier et al., 2013) from specific geographical
areas, e.g., Australia and New Zealand (Cirés et al., 2014; Harland et al.,
2014; Heath et al., 2011), Antarctica (Callejas et al., 2011; Taton et al.,
2003), and northern regions (Jungblut et al., 2010). In Europe, investiga-
tions on cyanobacterial biofilms were carried out only in a few rivers
(Cadel-Six et al., 2007) and lakes, even after animal poisoning events
(Fastner et al., 2018; Mez et al., 1997). In the Alps, the few studies carried
out on the periphytic cyanobacteria were mostly based on morphological
taxonomic criteria (e.g., Cantonati et al., 2012; Rott et al., 2006), whereas
only a few studies contributed molecular data to reference databases
(Kurmayer et al., 2018). Conversely, the higher taxonomic coverage of
BFM eukaryotic microalgae in the reference database can be linked to the
presence of many dominant taxa with better taxonomic coverage,
i.e., diatoms. This group is one of the best studied using bothmorphological
and genetic criteria (Rimet et al., 2019). Moreover, a species-level determi-
nation of diatoms is required for the evaluation of ecological status. The
bias in the taxonomic characterization of selected algal groups was also
present in the Eco-AlpsWater consortium and in the biomonitoring of Al-
pine waters, for which microscopic analyses of cyanobacteria and other
microalgae other than diatoms in the BFM samples were only carried out
in Austria and Slovenia (see Section 4.2).

Additional support for the above considerations was given by the note-
worthy influence of the most abundant or frequent sequences on the DNA
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percent identity values (Supplementary Figs. 6 and 7), which indirectly sug-
gest a strong effect of the sampling effort on the sequence coverage, i.e., the
rarest organisms have less chance to be sampled and analyzed. The extent
of the sequence gaps could be much higher in other less investigated geo-
graphic areas.

As expected, the taxonomic outputs of the blastn analyses were highly
inflated, generally providingmore than a genus or species name for each se-
quence (Table 3). The reason is mostly due to the lack of resolution caused
by the short length of the 16S rRNA and 18S rRNA gene fragments pro-
duced byMiSeq HTS compared to the full length of the complete sequences
(ca. 30% and 20% of the full respective marker lengths, respectively), and
to the consequential multiple taxonomic classifications attributed to the se-
quences even at high pident values, e.g., 100%. A few clarifying examples
were provided in the section results. Here, we can further add that, in
many cases, the lack of discriminating power persists even when the com-
plete sequences are used. For example, several strains of Planktothrix
rubescens (e.g., FEM_GPR_530; LT546521) and P. agardhii (e.g., NIES_905;
LC455659) have identical sequences (cf. Suda et al., 2002). Analogously, dif-
ferent strains of Tychonema bourrellyi (e.g., NIVA-CYA 96/1; LM651416) and
T. bornetii (e.g., NIVA-CYA_60; LM651414) have a set of sequences with
pident >99.3%, which may increase to 100% similarity when the compari-
sons are made using the short sequences obtained by metabarcoding. Exam-
ples of multiple taxonomic classification of sequences have been discussed in
literature (Wilmotte et al., 2017). For example, based on DNA/DNA hybridi-
zation results, Otsuka et al. (2001) proposed to unify five different species of
Microcystis determined according to the botanical nomenclature code into a
single phenotypically delimited species name. However, in addition to
these causes, the redundancy of classification names in reference databases
can result from uncertainties in the classification of isolates in combination
with the deposition of sequences. A clear clue of this situation is visible via
the many instances of polyphyletic taxonomic groups of species and genera
in the reference databases. Therefore, the problem is twofold and caused
both by the knowledge gap in the criteria used to define the species
(i.e., insufficient taxonomic knowledge) and the misidentification or uncer-
tainty in the taxonomic annotation. This has been widely confirmed both
for cyanobacteria (Cordeiro et al., 2020; Komárek et al., 2014; Smith et al.,
2011) and eukaryotic microalgae (Eiler et al., 2013; Krienitz and Bock,
2012; Marin and Melkonian, 1999).

4.2. Taxonomy gap analysis

Overall, around half of the cyanobacterial and eukaryotic microalgal
species identified by LM did not find any 16S rRNA or 18S rRNA counter-
parts in the reference database (Table 4). In the case of cyanobacteria, nu-
merous alternative markers have been proposed and successfully used in
specific investigations (Moreira et al., 2013; Wilmotte et al., 2017). Never-
theless, owing to its high taxonomic coverage compared to other markers,
and to the low number of events of horizontal gene transfer (Tian et al.,
2015), the 16S rRNA gene remains ubiquitous in metabarcoding studies.
If coupled with a sufficient sequencing depth, an additional advantage of
the 16S rRNA gene is its capacity to detect a wide range of photosynthetic
and non-photosynthetic prokaryotes (Monchamp et al., 2019; Salmaso,
2019), therefore giving a global view of bacterial assemblages. Trying to in-
crease the number of cyanobacterial sequences and detectability, further
primers were specifically designed but, even in this case, targeting short
fragments (298 bases), and therefore with similar limitations in their taxo-
nomic sensitivity (Lee et al., 2017).

The extent of gaps showed striking differences among the cyanobacterial
orders. The full coverage of the planktic filamentous Oscillatoriales and
Nostocales was well explained considering that these two orders are responsi-
ble for almost all the blooms observed and investigatedworldwide (Meriluoto
et al., 2017b). Conversely, the low coverage of the Chroococcales/
Synechococcales groups in the plankton and biofilm was due to the difficulty
of isolating and taxonomically determining smaller cyanobacteria.

Considering the huge variety that characterize the protists (Campbell
et al., 2008; Graham et al., 2009), the alternatives for the use of other
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DNA markers to determine protists and microalgae are numerous, and
mostly developed to study more restricted taxonomic groups (Burki et al.,
2021). The most reliable alternative is the rbcL gene in the DNA barcoding
of diatoms. At present, the identification of environmental sequences is sup-
ported by an expertly curated reference library, i.e. Diat.barcode, which is
an open-access library dedicated to diatoms maintained since 2012
(Rimet et al., 2019). Besides the GenBank nucleotide database, data are
coming from unpublished sequencing data of culture collections and envi-
ronmental sequences. The database is still under development, and its tax-
onomic coverage is increasing (Weigand et al., 2019); several investigations
were carried out to evaluate its performance related to more traditional
markers (18S rRNA gene; Bailet et al., 2019) and biomonitoring indices
(Rivera et al., 2020; Vasselon et al., 2019, 2017b). Other archives include
PhytoREF, which is a reference database of the plastidial 16S rRNA gene
of a wide range of photosynthetic eukaryotes mainly focused on marine
microalgae, but including also terrestrial and freshwater taxa (land plants,
marine and freshwater macro and microalgae) (Decelle et al., 2015). At
present (March 2022), the database consists of 6490 plastidial 16S rRNA
reference sequences. Though lacking sufficient information for freshwater
taxa, it represents a useful tool for taxonomic classification (see
e.g., Bennke et al., 2018). Other more specific reference databases have
been designed using a curated subset of the 18S rRNA gene to target dino-
flagellates (Mordret et al., 2018), and the 23S rRNA gene to study photo-
synthetic microeukaryotes and cyanobacteria (Djemiel et al., 2020).

The taxonomy gap analysis of 18S rRNA gene in the BFM samples was
strongly influenced by diatoms. This bias is caused by the lack of identifica-
tion of other algal groups in four out of six countries due to the lack of suf-
ficient taxonomic expertise. This bias is only partly artificial, because in the
BFM samples the HTS results showed a higher abundance of sequences be-
longing to the Bacillariophyta compared to other eukaryotic algal groups
(Supplementary Fig. 5D).

Overall, many taxonomic gap analysis surveys indicated the incom-
pleteness of the reference databases as one of the main constraints in the
taxonomic annotation of the samples. Some examples include macroalgae
in the Mediterranean Sea (Bartolo et al., 2020), marine macrofauna
(Hestetun et al., 2020), macroinvertebrates in Atlantic Iberia (Leite et al.,
2020), ascidians and cnidarians (Paz and Rinkevich, 2021), and non-
indigenous species (NIS) (Briski et al., 2016; Duarte et al., 2020). The anal-
yses made on a wide range of organisms by Devine and Coddington (2019)
showed that taxonomic coverage varied strongly among taxonomic groups,
geographic regions, and sampling effort. Based on a gap analysis performed
by the Global Genome Initiative, Devine and Coddington (2019) showed
that 49% of families and 78% of genera for all of life on Earth still have
no representation as either physical samples or genetic information.

4.3. Correspondence between HTS and LM

Ideally, in a set of jointly analyzed samples, all the species identified
under LM should find correspondence in the HTS taxonomic lists. The ab-
sence of a species determined by LM in the metabarcoding lists can be
due to i) the absence of that species in the reference database; ii) LM mis-
identification (false LM positives); iii) the absence of corresponding se-
quences due to DNA extraction and amplification and/or sequencing
failure; iv) differences in the detection limits in the two methods;
v) uncertainties and lack of sensitivity of reference databases for the se-
lected DNA markers; in addition, especially for diatoms, which are identi-
fied after frustule cleaning, it might also include vi) identification of dead
cells without DNA (Rivera et al., 2018). The first point was analyzed in
the previous section, and corresponds to the fraction labelled LM_no_GB
in the Euler's diagrams of Fig. 4A, B. In the same diagrams, within the
LM_GB group (which includes species covered by reference databases) the
fraction of species not shared with HTS results mostly originated from LM
misidentification or HTS failure. A few elements can help to orient in the
identification of the more probable causes. In the case of species not repre-
sented at pident≥99% but listed at lower pident values (e.g., Chroococcus
aphanocapsoides), a lack of correspondence due to HTS failure seems less
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probable (Supplementary Table 3). These species could be represented by
ASVs still belonging to that same species or to a distinct species of the
same genus. In the case of pident values <95%, the genus attribution also
becomes questionable. Therefore, these taxa should be carefully checked
for their actual presence in the microscopy samples. In contrast, the entire
species group determined by LM and belonging to the Euglenales did not
match the HTS results at any pident level, indicating a complete failure of
amplification and sequencing for this group of microalgae. This is further
confirmed by an in-silico PCR using TestPrime 1.0 (Klindworth et al.,
2013), which showed complete absence of amplification for the whole
group of Euglenida using the corresponding forward and reverse primers,
and a beginning of amplification (<8% of the Euglenida present in the
SILVA database) only after allowing 2 mismatches in the in-silico PCR.
Comparable results were obtained using the PR2 primer database (Vaulot
et al., 2021). It is worth observing that similar discrepancies due to scarcity
of Euglenophyta in the HTS results and frequent presence in the list ob-
tained by LM were observed also in other investigations making use of dif-
ferent primer pairs (Eiler et al., 2013). In general, the effects of DNA
extraction, primer bias, length bias (i.e. species with shorter gene regions
are prioritized over organisms with longer regions in the PCR step) and se-
quencing bias (Knudsen et al., 2016; Laursen et al., 2017; Vasselon et al.,
2017a; Lear et al., 2018; Park et al., 2021) must be taken into account to
correctly interpret the data. When compared with LM, a few discrepancies
are plain (as in the case of Euglenida), but others may remain ambiguous or
undetectable. As no primer pair can target all microorganisms equally well,
these considerations highlight the importance to interpret correctly the re-
sults also in relation to the primers adopted in HTS investigations (Geisen
et al., 2019; Vaulot et al., 2021). Lack of correspondence between the two
methods can also stem from differences in the detection levels of HTS and
LM. To avoid physical overlap of the species in the microscopical slides,
the quantification of phytoplankton and biofilm microalgae is performed
on small aliquots of samples. In the case of phytoplankton, which is gener-
ally counted using random fields or transects in sedimentation chambers,
the actual volume of the samples analyzed varies between fractions of mL
and a few mL, whereas dense samples of phytobenthos must be diluted to
such an extent that only a very tiny fraction of the originally scraped area
is counted. Similar considerations may apply to diatoms, for which only a
fraction of the sample is generally determined on the microscopy slide.
Overall, this can result in a severe underestimation of species richness in en-
vironmental samples (e.g., Cermeño et al., 2014; Rodríguez-Ramos et al.,
2014). Given these considerations, and assuming an adequate sequencing
depth, the volumes/quantities of the samples analyzed in HTS should
generally not represent a constraint in the comparison of HTS and LM tax-
onomic tables. Finally, discrepancies can originate from the lack of sensitiv-
ity of reference databases for selected DNA markers due to the incomplete
correspondence between morphological and genetic criteria. There are
several cases which show that some morphological differences are not
followed by genetic differences (e.g. phenotypic plasticity; Rose and Cox,
2014) and others in which some genetic differences are not followed by
morphological differences (cryptic species; Trobajo et al., 2009; Rimet
et al., 2014). Considering the points discussed above (i-vi), the verification
of the presence of species determined by LM in the HTS taxonomic lists can-
not provide a clear-cut indication of the robustness of the microscopic tax-
onomic attributions, but only general indications to be evaluated on a case-
by-case basis at the level of species and/or taxonomic groups.

In the Euler's diagram, the species in the HTS lists were obtained includ-
ing all the taxa identified with a pident equal to 100% in the blastn analy-
ses. Considering the often-overrepresented number of congeneric species
assigned to the short 16S rRNA and 18S rRNA gene sequences in the refer-
ence databases (Table 3), this could result in an inflated number of assigned
species, even at the 100% pident level, and a high number of species exclu-
sive of HTS analyseswithout correspondence in the LManalyses. Therefore,
the estimations obtained from the blastn analyses must be interpreted with
great care, providing useful hints to be considered in the evaluation of the
taxonomic composition of samples. On the other hand, the choice of the
100% pident level is conservative, inducing the most stringent selection
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in the comparisons. This was quite plain in the Supplementary Fig. 8,
which showed an increase of shared sequences between LM_GB and HTS
species after using pident values <100%.

Overall, the considerations expressed above confirm the pitfalls of taxo-
nomic identification based on the use of selected genetic markers (see also
Kang et al., 2010). Further, these considerations help to correctly interpret
the strong decrease in the number of species shared by HTS and LM when
bioinformatic classifiers are used with SILVA138 and PR2 reference data-
bases. Besides the points listed at the beginning of this section, discrepancies
in the comparability of the LM and HTS lists of species are due to the inability
of these tools to correctly assign classifications at the genus or species level
when different taxa share the same or – depending on the bootstrap level
adopted – remarkably similar sequences. In this context, for the 16S rRNA
gene marker, the DADA2 classifier also includes a species level assignment
based on exact matching between ASVs and sequenced reference strains
(Callahan et al., 2016); when several exact matches against different species
are returned, a string of all exactlymatched species can be obtained. For exam-
ple, in the case of taxonomic assignment ofMicrocystis and Planktothrix, exam-
ples of species classification included M. aeruginosa/bengalensis/botrys/flos-
aquae/ichthyoblabe/novacekii/protocystis/pseudofilamentosa/ramosa/smithii/
viridis/wesenbergii, and P. agardhii/prolifica/pseudagardhii/rubescens/suspensa.
This precludes a clear cut classification of taxa, but provides essential indica-
tions to select the correct species name based on other ancillary information,
such as LM determinations, prior knowledge of species distribution, ecology,
phylogenetic analyses (Gottschling et al., 2020; Nilsson et al., 2012; Oliveira
et al., 2018; Rimet et al., 2018; Salmaso, 2019), and specific queries to special-
ized databases such as GenBank, RDP and EzBioCloud (Cole et al., 2014; Yoon
et al., 2017). A careful downstream analysis of sequences is the onlyway to at-
tempt to annotate short sequences without running into explicit errors
(Hofstetter et al., 2019). For example, the sequences found in the largest south-
ern perialpine lakes and classified underAphanizomenonNIES81 by SILVA138
actually belong to Dolichospermum lemmermannii (Salmaso, 2019); the nature
of this taxon was confirmed by previous studies both based on microscopic
determinations and genetic and phylogenetic analyses of isolated strains
(e.g., Capelli et al., 2017).

A number of papers demonstrated a low taxonomic correspondence be-
tween the phytoplankton taxa identified using HTS and LM analyses
(Brown et al., 2021; Eiler et al., 2013; Groendahl et al., 2017; Santi et al.,
2021). Though attaining similar conclusions, these investigations were
influenced by the specific markers used in the amplification of reads.
This aspect was also noted by Bailet et al. (2019), who compared DNA
metabarcoding data obtained with two different molecular markers,
i.e. 18S rRNA (V4 region) and rbcL barcodes, and the traditional LM
morphology-based approach; the differences between the two molecu-
lar markers originated from compositional discrepancies in the species
inventories, mostly caused by the incompleteness of the barcodes refer-
ence databases, primer bias and bioinformatic pipeline. It is worth not-
ing that regardless of the type of marker used, the above limitations
cannot be solved by uniquely increasing the sequencing depth.

4.4. Perspectives and research needs

Investigations focused on the use of specific biological quality indicators
demonstrated the high potential of metabarcoding in biomonitoring assess-
ment, as in the case of the diatoms based indices (Mortágua et al., 2019;
Vasselon et al., 2017b) or the genetics based AZTI's Marine Biotic Index
(gAMBI) (Aylagas et al., 2016; Goodwin et al., 2017). However, even in
these targeted case studies, the incomplete presence of species in reference
libraries was still a problem. The coverage gaps in taxonomic reference da-
tabases can be filled by promoting taxonomic studies on less represented
groups or on selected taxa of ecological relevance. On a practical and proac-
tive ground, Nilsson et al. (2016) suggested balancing each HTS study with
activities aimed at taxonomic identification and sequencing of selected spe-
cies to be deposited in the reference databases, therefore attaining some
sort of balance in that authors both add to, and draw from, the collective
expertise of the scientific community. While sharing this point of view,
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considering the recent estimates of microbial biodiversity on earth (Burki
et al., 2021; Sutcliffe et al., 2021), this could be a daunting task and a taxo-
nomic bottleneck, i.e., the insufficiency of present taxonomic expertise to
describe the enormous biodiversity on Earth (Hofstetter et al., 2019).
Further, despite advances in isolation and cultivation methods (Lewis
et al., 2021), a substantial fraction of cyanobacteria and microalgae is diffi-
cult to isolate and/or maintain in culture conditions. In addition to this,
oligotyping methods (ASVs) are revealing the existence of a relevant
number of genotypes whose biogeographical distribution and significance
remain to be investigated. The phylogenetic placement of the new unanno-
tated sequences is contributing to uncover the great phylogenetic richness
of previously unrecognized order- to phylum-level taxonomic lineages
(Cabello-Yeves et al., 2018; del Campo et al., 2016; Soo et al., 2014;
Tedersoo et al., 2017, 2014). As pointed out by Sutcliffe et al. (2021), this
has opened up an important divide between culture-based and sequence-
based characterization and classification approaches, which is particularly
evident in the study of microbial communities.

The vast specific and molecular diversity that is increasingly emerging
from metabarcoding and genome-wide metagenomics is not likely to
have a complete correspondence with microscopic determinations. These
aspects should be duly considered in the current process of integrating
new HTS tools into biomonitoring investigations. While this integration is
bringing important benefits to both metabarcoding and LM approaches,
highlighting their respective (present) limitations, it can be further argued
that the continuous improvement of newHTS technologies will continue to
contribute to the knowledge of biodiversity by opening new opportunities
in the field of biomonitoring and exploitation of molecular data. Owing to
the larger coverage of biodiversity compared to traditional morphology-
based methods, HTS could lead to the development of new metrics, includ-
ing de novo bioindicator analyses, structural community metrics and eco-
logical networks, as well as functional community metrics (metagenomics
or metatranscriptomics) (Aylagas et al., 2017; Borja, 2018; Cordier et al.,
2020; Pawlowski et al., 2018).

5. Conclusions

The results presented in this work showed that around half of the
cyanobacteria and eukaryotic microalgae sampled throughout the Alps
still have no 16S rRNA and 18S rRNA sequences in the taxonomic reference
databases. These values are of the same order of magnitude of taxonomic
gaps determined for many other microscopic and large metazoans. Never-
theless, compared to other investigations, in this workwe have additionally
analyzed the extent of similarity of the 16S rRNA and 18S rRNA environ-
mental sequences with those deposited in GenBank. The results showed a
high underrepresentation of sequences, particularly for cyanobacteria in
the biofilm samples. In the range 99–100% of base similarity, the incom-
pleteness in the coverage of sequences was high considering, besides the se-
quences classified at the genus and/or species level, the non-annotated
sequences obtained from uncultivated organisms (environmental samples).
The reasons for this condition are only partially due to the technical exper-
tise required, time constraints (frommonths to years) and financial require-
ments necessary to efficiently manage laboratories equipped for isolation,
culture maintenance and genetic characterization. Other main constraints
are due to the difficulty to cultivate specific groups of organisms and to a
decrease in the interest to foster purely taxonomic investigations. These
problems are only partly solved in the curated 16S rRNA (SILVA 138) and
18S rRNA (PR2) databases, which originate from the INSDC databases.
Nevertheless, even after curation, the bottleneck due to the use of short
reads in the present metabarcoding approaches remains.

In the specific case of protists, the inadequacy of taxonomic coverage
and lack of taxonomic discriminating power due to the highly conservative
nature of the ribosomal markers can be alleviated using alternative more
discriminant markers. This is especially true for diatoms (rbcL) and photo-
synthetic protists (plastidial 16S rRNA gene). Nevertheless, even in this
case, the use of these curated databases is influenced by the presence of sev-
eral taxonomic gaps.
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Also considering the very rapid evolution of next generation technolo-
gies and the future shift towards PCR-free metagenomics and transcripto-
mic approaches, metabarcoding will remain one of the principal methods
for community analyses and taxon inventories. Therefore, efforts should
be still devoted to increasing the coverage of reference taxonomic databases
to make metabarcoding more effective in taxonomy annotation, especially
focusing on the groups and species used as ecological indicators. This is true
both for the more “generalist” 16S rRNA and 18S rRNA gene markers and
for the more discriminating markers. In the first case, despite the less dis-
criminating ability in the classification ofmicroorganisms, the conventional
ribosomal markers provide a comprehensive picture of the biodiversity of
aquatic microorganisms, allowing a better evaluation of the compositional
changes along environmental gradients and testing of new biotic indices.
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