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Abstract

DNA metabarcoding of diatoms is a next-generation biomonitoring tool, utilizing high-
throughput sequencing technology for the identification and assessment of diatom
biodiversity in aquatic ecosystems. Diatom DNA metabarcoding has been widely
recognized as a powerful biomonitoring approach in comparison with the traditional
morphological identification, which requires high expertise, is more costly and needs
more time. This review provides a comprehensive overview of the methodological
development, various applications, and challenges in this rapidly emerging field. A
systematic search on the Web of Science database resulted in 128 papers directly
related to diatom metabarcoding. Manual data extraction showed that elements of
the metabarcoding workflow such as sampling, DNA extraction, PCR amplification,
choice of barcode, high-throughput sequencing, and bioinformatic analyses have a
direct influence on the results. This review highlights the influence of each workflow
step on the reliability of the results.

Despite its considerable advantages, this novel approach faces persistent
challenges, including incomplete reference libraries, abundance quantification,
and the diversity of bioinformatics analyses that can influence the outcomes.
Nevertheless, diatom DNA metabarcoding rapidly developed into an efficient
tool, fundamentally transforming our understanding of aquatic ecosystems and
enhancing global biomonitoring capabilities.

Key words: Diatom, environmental DNA, High-Throughput Sequencing (HTS), metabar-
coding

Introduction

DNA metabarcoding represents a new milestone in biological and eco-
logical studies by identifying organisms based on their genetic material.
Identifying organisms through DNA barcoding is an innovative approach
supported by frequent technological advances (Taberlet et al. 2012, 2018).
DNA metabarcoding can be applied to both environmental DNA (eDNA) and
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bulk biological samples, such as cultures. It has become one of the most
attractive approaches for ecological scientists, supported by an increasing
number of comprehensive best practices guides and continuously decreas-
ing costs especially for DNA sequencing (Zinger et al. 2019). The compre-
hensive picture of the entire genetic material can provide information not
only on the community composition but on ecosystem functions and inter-
actions as well (Handelsman et al. 1998).

Diatoms are a group of microscopic algae widespread across aquatic
and even terrestrial ecosystems. They are considered the most diverse
group of algae in benthic and pelagic habitats of both marine and freshwa-
ter habitats (Malviya et al. 2016). The diversity of diatoms is estimated at
30,000 up to 100,000 species (Mann and Vanormelingen 2013). They play
a significant role in natural ecosystems as primary producers (Smol and
Stoermer 2010), and major contributors to ecosystem services including nu-
trient cycling, habitat provision, oxygen production, climate regulation, and
sediment stabilization (B-Béres et al. 2023). Several studies used benthic di-
atoms for the biomonitoring of streams, rivers and lakes, showing that they
are excellent indicators of ecological status (Stenger-Kovacs et al. 2007;
Smol and Stoermer 2010; Stephen and Joshi 2010; Rimet 2012; Rimet and
Bouchez 2012; Almeida et al. 2014; Lavoie et al. 2014; Schulte et al. 2024).
The sensitivity and indicator value of diatom species can be assessed by
their specific ecological optimum and tolerance to changing environmental
conditions (e.g., nutrient concentrations, pH, and conductivity). Therefore,
species diversity and community composition can provide valuable insight
into both recent and past ecological conditions (Desrosiers et al. 2013).
As a result, diatoms have become key bioindicators for ecological status
assessment of lakes and rivers within legislative water management plans,
e.g. the Water Framework Directive (WFD) (EC Directive 2000).

Morphological analyses of diatoms date back to the early 18" century al-
though real advancements occurred mostly during the 19* and 20*" century
following the improvement of microscopes and the expansion of ecological
and taxonomic studies (Mann 2010). Today, routine identification still relies
mainly on morphological characteristics of their siliceous exoskeleton. This
process consumes a lot of time, funds and requires substantial taxonom-
ic expertise, which can limit their use for biomonitoring (Pawlowski et al.
2016). Additionally, diatom taxonomy is constantly evolving due to rapid
advances in microscopy and molecular genetic methods, leading to the de-
scription of new taxa as well as the reclassification or merging of previously
recognized ones. The resulting taxa lists often suffer from differing levels
of expertise, which makes comparisons between studies rather challenging
(Kahlert et al. 2009; Kulas et al. 2022).

Diatom DNA metabarcoding, an active research field, has gained signif-
icant attention (Kermarrec et al. 2013; Zimmermann et al. 2015) as it is
an efficient method for the parallel identification of multiple environmental
samples. Consequently, several studies investigated its potential for diatom
identification (Moniz and Kaczmarska 2010; Keck et al. 2022) and showed
that it is a powerful tool to examine unknown diatom diversity, to expand our
knowledge about their distribution patterns (Vasselon et al. 2019) and to
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detect rare species (Zhan et al. 2013). In addition, it can be a reliable tool for
WFD assessment (Pérez-Burillo et al. 2020). Current diatom DNA research
in European rivers and lakes (Pawlowski et al. 2018) is focusing on the de-
velopment of new water quality assessments and aims to benefit from the
high taxonomic resolution to scale up the bioassessment process (Lobo et
al. 2016; Tapolczai et al. 2024). However, several challenges remain to be
addressed including the incompleteness of reference libraries, PCR amplifi-
cation biases, abundance estimation biases, and variability in biocinformatic
pipelines, all of which may substantially influence study outcomes (Keck et
al. 2017; Pawlowski et al. 2018).

The diatom DNA metabarcoding workflow includes the following seven
steps (Fig. 1): (1) sampling and preservation, (2) DNA extraction, (3) PCR am-
plification, (4) library preparation (5) DNA sequencing, (6) bioinformatic analy-
sis and (7) data analysis. Each step has been studied more or less intensively
to assess its effect on the study’s outcomes, resulting in the development of
certain protocols.

This review provides an in-depth analysis and comprehensive overview
of the development and applicability of DNA metabarcoding analyses in dia-
tom research, comparing this emerging and promising method with the tra-
ditional microscopic analyses and revealing synergies between the methods.
Furthermore, we present a standard methodological workflow for diatom DNA
metabarcoding, illustrating the efforts to standardize the procedural steps and
to validate the results. We also explore the current state of implementing DNA-
based diatom analysis in practical applications alongside an evaluation of the
limitations that challenge its broader application. Finally, the review discusses
future perspectives, emphasizing the potential of this innovative approach in
advancing biomonitoring and biodiversity assessment.
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Figure 1. Diatom DNA Metabarcoding workflow
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Methods

Systematic data collection was conducted involving more than 580 peer-reviewed
scientific articles to identify relevant studies addressing diatom metabarcoding
applications, insights and challenges. The search was performed using the Web of
Science database accessed by using the following prompt: (TS=(metabarcoding)
OR TS=(meta-barcoding) OR TS=(High throughput sequencing) OR TS=(High-
throughput sequencing) OR TS=(next-generation sequencing) OR TS=(next gen-
eration sequencing)) AND (TS=(diatom) OR TS=(diatoms). A total of 582 papers
were identified, and then additional criteria for the required studies were applied
manually, including: (i) the study targeted diatoms (more than 350 papers were
excluded due to targeting microalgae, bacteria, or protists in general), (ii) the arti-
cles were primary research papers, excluding reviews, opinion papers, and data-
set presentations. As a result, 128 publications were selected for subsequent
analysis. Data from each study were extracted into a standardized table (Suppl.
material 1: table S1), including the following variables: publication year, study lo-
cation (country), habitat, type of samples, method of DNA extraction, target gene
region, sequencing technology, and bioinformatic pipelines (Fig. 2).
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Figure 2. Cumulative number of publications on diatom DNA metabarcoding based on
the Web of Science database (3 March 2025).

Our review focused on the following aspects of the analyzed studies:

i) Adoption and coverage:
The year, region (country) and habitat types the studies were employed
in were registered to study possible geographical and temporal gaps in
diatom metabarcoding studies and define potentially understudied envi-
ronments in the literature.

ii) Field and lab practices
The substrates to sample, the preservation methods and additional wet-lab
protocols were investigated regarding their effects on results in order to study
the potential to develop standardized sampling and laboratory protocols.

iii) Genetic markers and reference sequences
The influence of genetic marker choice and the completeness of refer-
ence DNA sequence libraries on the taxonomic resolution and taxonomic
assignment were studied.
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iv) Bioinformatics pipelines
Various bioinformatics workflows are used for metabarcoding studies
which can potentially affect the final diatom diversity metrics and com-
munity composition. We investigated the potential biases with a special
focus on the choice of amplicon sequence variants (ASV) over operation-
al taxonomic units (OTU) or the taxonomic assignment methods.

v) Detection performance
Comparisons of diatom metabarcoding and microscopy as two identifi-
cation methods for diatoms were analyzed in terms of efficiency for suc-
cessful taxa detection and diversity.

vi) Ecological signal
The efficiency of metabarcoding-based monitoring metrics (e.g. IPS, TDI
indices of ecological quality status) was studied in terms of their ability to
capture environmental gradients or in comparison to morphology-based
indices as references.

vii) Applications
Weoverviewedtheapplied aspects of diatom DNA metabarcodingin different
contexts such as ecological status assessments or forensic science.

viii) Limitations
Beside the potentials of diatom DNA metabarcoding, we also identified
the limitations and challenges of the methodology. We assessed the fac-
tors that contribute to the reliability and challenges for adoption, including
incomplete reference libraries, primer/marker biases, or the lack of stan-
dardization across other protocol steps.

ix) Future prospects and priorities
We outlined some perspectives addressing the development of measures
to improve reference libraries, harmonize fieldwork to pipeline standards,
and next-generation analytics.

Results
Global geographical distribution of diatom DNA studies

The 128 diatom DNA metabarcoding publications revealed that the investigated
sampling sites are globally distributed, but heterogeneously with a focus on Europe,
North America and East Asia (Fig. 3). France and China are among the most fre-
quently sampled countries, followed by the USA, Spain, and several European
countries including Hungary, Norway, Italy, Serbia and Switzerland. There are also
contributions from countries such as Russia, South Korea and Japan. Some of
the publications focused on less frequently represented regions including Africa
(Algeria, South Africa), South America (Chile), and the Middle East (Iraq). This geo-
graphic distribution highlights both the global interest in DNA-based monitoring
and the substantial geographic gaps that remain in large parts of the world, espe-
cially the huge difference in uptake between the global North and South.
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Figure 3. Global distribution of diatom DNA metabarcoding studies showing the number of publications.

Diatom DNA metabarcoding workflow

For this survey, we studied the methodological steps of the diatom DNA me-
tabarcoding workflow. Fig. 4. shows the number of publications across wa-
ter-body types (Fig. 4A), sample types (Fig. 4B), target gene regions/markers
(Fig. 4C), and DNA extraction methods (Fig. 4D).
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Figure 4. Overview of surveyed publications. A Habitats, B Sample types, C Target gene/region, and D DNA extraction
methods. Counts are shown as horizontal bars and scaled to the number of publications per category.
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In addition to DNA extraction and marker selection, we also looked at se-
quencing technologies. Bubble sizes in (Fig. 5) denote the number of studies
per year using the sequencing platforms, enabling a comparative view of tem-
poral uptake. Sequencing platforms transition from early pyrosequencing and
occasional lon Torrent (lon semiconductor sequencing) and other Illumina plat-
forms to a sustained dominance of Illumina MiSeq.

The distribution of the used pipelines in the reviewed studies (Fig. 6) shows
that early studies frequently relied on customized workflows and legacy tools
(e.g., mothur, OBITools), whereas from ~2018 onward, there is a progressive
rise in DADA2 use, becoming the most used pipeline between 2020 and 2024,
with smaller but consistent contributions from QIIME, v/usearch.
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Figure 5. Sequencing platforms used in diatom DNA metabarcoding studies.
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Figure 6. Bioinformatic pipelines used in diatom DNA metabarcoding studies.
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Discussion

In this discussion, we synthesize the main findings of our review by examining
the key methodological steps of diatom DNA metabarcoding and their influence
on study outcomes. We focus on critical aspects including sample collection
and preservation, DNA extraction, marker selection, sequencing technologies,
and bioinformatic processing. Additionally, we evaluate the correspondence
between metabarcoding and traditional morphological approaches, highlight
current applications in biomonitoring and forensic science, and discuss the
major limitations and future perspectives of this rapidly evolving field.

Sample collection and preservation

Sample collection and preservation represent critical initial steps in diatom
DNA metabarcoding, where many elements of traditional sampling protocols
can be retained, while specific modifications are required to ensure DNA integ-
rity and prevent contamination.

We considered the following aspects: (i) maintaining DNA integrity by using
preservatives, keeping the samples cool and/or process samples as soon as
possible; (ii) minimizing sampling protocol differences compared to morpho-
logical analysis and (iii) potentially use the same samples for diatom analysis
that are intended to be used for the analysis of other organisms. Sampling de-
sign elements such as locations, frequency, and number of samples do not re-
quire modifications of the classical methodology. The aim of the study is more
important than the analysis methodology.

Benthic diatoms are generally collected from common natural sources, such
as macrophytes (Phiri et al. 2007), stones (Smucker et al. 2020), sediments
(Liu et al. 2020) or artificial substrates (Nadir Solak et al. 2021). The sampling
of biofilm can be done in various ways, using a toothbrush, scalpels, or pipet-
ting directly from loose sediment, and is generally standardized in national and
international protocols (CEN 2018). Sampling for metabarcoding can be done
using the same protocol but requires more rigor to avoid cross-contamination
of samples (using gloves and disinfecting sampling and storage equipment).
The collected biofilm can then be processed either by chemical cleaning with
oxidizing reagents and hydrochloric acid to prepare diatom frustules for mi-
croscopic analysis, or it can be used directly as an environmental sample
for DNA extraction. Lugol’s iodine and formaldehyde are sometimes recom-
mended for sample preservation in morphological analyses (Lund et al. 1958),
however, formaldehyde degrades DNA (M&ki et al. 2017). The more common-
ly used ethanol preservation method is preferred especially when using DNA-
based analysis. However, while the microscopic analysis of diatoms requires
low concentrated ethanol to fix the cells for morphological identification, e.g.
50% (Burfeid-Castellanos et al. 2022), a higher concentration (min. 70%) is re-
quired for DNA preservation (Deiner and Altermatt 2014; Vasselon et al. 2017).
Storage approaches can also include the centrifugation of biofilm suspension,
followed by deep-freezing of the pellets (Visco et al. 2015) or the use of nucleic
acid preservative solutions to stabilize and protect RNA/DNA (Kelly et al. 2020).

Planktic diatoms are usually studied as part of the phytoplankton community
but some metabarcoding studies specifically targeted them (Turk Dermastia et
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al. 2023). In such cases, sampling can be conducted by filtering a given volume
of water (Cui et al., 2023) or by using plankton nets. Samples are preserved
and stored using deep-freezing (Hinlo et al. 2017), liquid nitrogen (Cui et al.
2023), or alcohol (Borrego-Ramos et al. 2025) until DNA extraction. In addi-
tion, Maitland et al. (2020) tested the potential of analyzing diatoms from DNA
extracted from kick-net bulk-tissue samples conventionally used for sampling
aquatic macroinvertebrates. The study showed no significant differences in
the diatom community assemblages compared to periphyton sample collected
from different substrates, suggesting that this new sampling strategy can be
used for ecological biomonitoring.

Sediment sampling for diatom eDNA metabarcoding presents unique chal-
lenges compared to water-based eDNA collection, primarily due to factors such
as water depth and sediment characteristics. Soft sediments, rich in eDNA, are
relatively straightforward to sample, whereas hard-bottom sediments are more
difficult (Pawlowski et al. 2022). Once collected, the preservation of sediment
eDNA samples is critical for maintaining DNA integrity. Common preservation
methods include deep-freezing (Visco et al. 2015), preservation with a nucleic
acid preservative solution (such as an RNAlater-style solution) (Rissanen et al.
2010), and preservation with ethanol (Sales et al. 2019). These methods aim
to prevent DNA degradation and ensure the samples remain suitable for down-
stream metabarcoding analysis over various storage durations.

For palaeolimnological studies utilizing eDNA from sediments, sampling and
preservation protocols are paramount to ensure the integrity and authenticity of
ancient DNA (aDNA). Epp et al. (2019) outline key considerations for these pro-
cedures. To minimize contamination, subsampling of sediment cores, whether
non-frozen or frozen, should be conducted in a clean, sheltered environment,
ideally a climate-controlled chamber. For non-frozen cores, sterile scalpels and
syringes are used to collect inner core samples, avoiding the outer edges where
modern DNA contamination is more likely. For frozen cores, specialized tools
like hole saws and drills are employed, with strict decontamination procedures
for all equipment. A critical aspect of sampling involves working from the bot-
tom to the top of the core, moving from older, presumably lower-concentration
aDNA layers to younger, higher-concentration layers, to prevent contamination.
Once collected, sediment samples for aDNA analysis should be stored at low
temperatures, typically -20 °C or colder, to inhibit DNA degradation. Efficient
aDNA extraction protocols must effectively remove inhibitors, such as humic
acids, while maximizing DNA retention. A possible advantage of DNA-based
methods is their ability to target different groups of organisms from the same
environmental sample, saving time, cost and effort. In the case of the sediment
substrates, the samples should be taken by pipetting the outer layer and manu-
ally shaking to homogenize them.

Only one of the reviewed studies investigated the effect of sample storage
methods on the inferred diatom community composition, diversity and ecolog-
ical quality index. Baricevic et al. (2022) tested three sample storage methods,
including (1) preservation in 70% ethanol and storage at 4 °C, (2) preservation
in nucleic acid preservative and storage at -20 °C and (3) centrifugation of bio-
film and storage of the remaining pellet at -20 °C. Additionally, storage time
ranging from one day to one year was tested, showing no significant effect on
ecological index values or diversity metrics.
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Regarding the origin of samples studied in the reviewed articles, we can
conclude that among the seven habitat types shown in (Fig. 4A), rivers have
been sampled most frequently. This likely reflects the fact that benthic diatoms
are strongly dominant in riverine systems and thus in routine river biomoni-
toring programs and water-management frameworks. This has made diatoms
a primary focus of scientific, regulatory, and stakeholder attention. Rivers are
followed by sea and lake environments, which also show considerable repre-
sentation. Oceans and estuaries show moderate use, while ponds and springs
show the lowest number of diatom DNA studies. These habitats are generally
understudied.

DNA extraction

A comprehensive comparison of molecular protocols used in DNA workflows
is essential to identify and account for potential biases introduced by different
methodologies. Such an understanding will help improve the reliability and con-
sistency of future studies, ensuring more accurate interpretations of DNA-based
analyses (Darling and Mahon 2011). In this review, we identified DNA extraction
protocols that have been widely used in diatom DNA metabarcoding studies
(Fig. 4D). The most complete extraction of DNA from environmental samples
is of key importance in order to obtain genetic material of good quality and
adequate quantity for the subsequent analyses. This is particularly important
for single-celled organisms such as diatoms, where inefficient DNA extraction
may lead to the underrepresentation or complete loss of rare species present
in low cell numbers. Most of the reviewed studies used commercially avail-
able extraction kits. These include steps of (i) lysis or cell disruption to break
open cells and release DNA by chemical, enzymatic or/and mechanical means.
Most kits use silica columns or magnetic beads to (ii) bind DNA and separate it
from other cellular components. To remove contaminants, (iii) several washing
steps are included with a buffer solution to preserve DNA binding. We found
that the most commonly used kits are those designed for soil samples in order
to increase the yield and quality of DNA. Soils are rich in PCR inhibitors, e.g.
humic acids, thus their removal is of key importance. The two most popular kits
are Qiagen’s DNeasy PowerSoil Kit and Macherey-Nagel’s NucleoSpin Soil Kit.
A comparative study of DNA extraction steps investigated the effect of five
different DNA extraction kits/protocols on diatom community composition, di-
versity and quality index (Vasselon et al. 2017b). A precipitation-based protocol
using Sigma—Aldrich GenElute™-LPA was compared with four commercial sili-
ca-column-based kits. All five methods proved suitable for high-throughput se-
quencing (HTS), and the choice of extraction method did not significantly influ-
ence operational taxonomic unit (OTU) richness. Similarly, a more recent study
conducted comparative research on four popular DNA extraction kits, including
Qiagen Blood and Tissue, Qiagen DNeasy PowerSoil Pro Kit, Thermo MagMAX
Microbiome Ultra Nucleic Acid Isolation Kit and the Zymo Quick-DNA Fecal/
Soil Microbe Miniprep Kit (Newbold et al. 2025). Their performance was eval-
uated in terms of PCR and sequencing success. They found that mechanical
lysis-based protocols yielded higher PCR and sequencing success rates and
increased cross-kingdom richness. However, overall community compositions
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were largely consistent across different extraction methods, suggesting that
extraction methodology introduces minimal bias in multi-taxa DNA metabar-
coding analyses.

Amplicon marker selection

In metabarcoding studies, it is challenging to find the right barcode region and
primers that cover most of the diversity of organisms (Cahoon et al. 2018) and
it can directly affect the metabarcoding results (Kezlya et al. 2023). A “good bar-
code” targets a universal gene present in all individuals of the studied commu-
nity and must be taxonomically informative, capable of distinguishing between
species by having a DNA region that mutates at an appropriate rate. This is cru-
cial because modern biomonitoring programs and diatom-based biotic indices
typically require species-level identification (Hebert et al. 2003). Additionally, the
barcode should have conserved primer binding sites or utilize degenerate prim-
ers to ensure it can bind to the DNA of all organisms present in a sample (van
der Loos and Nijland 2021). Finally, the barcode fragment size should match the
sequencing capabilities of the technology used (Taberlet et al. 2018).

The development of DNA barcoding for protists, including diatoms, faced
early challenges due to their immense diversity and lack of a universal marker.
Pioneering efforts, such as those by the CBOL Protist Working Group, were cru-
cial in establishing standardized barcoding approaches for eukaryotic richness
beyond traditional kingdoms (Pawlowski et al. 2012). Their work, emphasiz-
ing both universal and group-specific barcodes, laid foundational groundwork
that significantly informs current eDNA metabarcoding advancements for di-
verse protist groups, including diatoms (Pawlowski et al. 2012). Several early
studies explored many conserved gene fragments like rbcL, CO7, ITS, and 18S
DNA barcodes (Evans et al. 2007; Moniz and Kaczmarska 2010; Hamsher et
al. 2011; Zimmermann et al. 2011; Stoof-Leichsenring et al. 2020). Choosing
the amplicon marker is one of the crucial steps for better identification and
phylogenetic analysis, for this reason, three molecular markers targeting the
chloroplast (rbcL), nuclear (SSU rDNA), and mitochondrial (COT) genomes
have been investigated. Among these, rbcL demonstrated strong discrimina-
tory capacity and benefited from an extensive reference database for diatoms
(Kermarrec et al. 2014). For the rbcL amplicon marker, significant progress was
made in designing diatom-specific primers targeting 263 bp region of rbcL that
is variable enough for species-level discrimination while still amplifiable from
degraded environmental DNA (Vasselon et al. 2017). Notably widely used is
the 263 bp region of rbcL in diatom metabarcoding studies as concluded in
our literature review search. As shown in (Fig. 4C), over 50 publications using
263 bp rbcL make it as a core maker in DNA metabarcoding, supported by its
taxonomic resolution and growing database.

A study by Zimmermann et al. (2015) applying NGS sequencing of the V4 re-
gion of the 18S gene for metabarcoding diatoms holds significant promise for
assessing water quality. Bailet et al. (2019) highlighted the use of two different
DNA markers, namely the 18S-V4 and rbcL barcodes. The results showed the
ability of the molecular method to generate species inventories, diatom indices
scores, and ecological status classifications comparable to those derived from
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the morphology-based approach. On the other hand, Apothéloz-Perret-Gentil
et al. (2021) used three analytical methods to estimate index values: (1) direct
calculation from sequences assigned to taxa, (2) de novo calibration of eco-
values for all metabarcodes, and (3) training predictive models using a super-
vised machine learning approach. These correlations were higher for the rbcL
marker than for 18S. This observation shows the significance of the reference
database, which is more comprehensive for the rbcL marker. At the genus lev-
el, 80.4% of diatom genera have been identified by rbcL, while for 18S rDNA
is 66.7%. These results ensure that rbclL is preferable for DNA metabarcoding
identification over 18S rDNA (Wang et al., 2024).

High-throughput sequencing of amplicons

High-throughput sequencing (HTS) technologies have revolutionized biodiver-
sity studies by significantly reducing costs and labor and more importantly, it
made the DNA sequencing of entire communities from several samples in par-
allel possible (Taberlet et al. 2012). Thus, compared to the 1% generation of
sequencing technologies, like Sanger sequencing which has been used for bar-
coding of single specimens or strains, this 2" generation of sequencing (for-
merly Next Generation Sequencing - NGS) has introduced novel opportunities
for diatom biomonitoring (Van Dijk et al. 2014).

The landscape of eDNA metabarcoding is shaped by the choice between
short-read and long-read sequencing technologies. Traditional short-read plat-
forms, such as Illumina and lon Torrent, are typically limited to fragments short-
er than 500 bp, requiring the targeting of specific variable regions (Pawlowski et
al. 2012). In contrast, long-read platforms from Oxford Nanopore Technologies
(ONT) and Pacific Biosciences (PacBio) enable sequencing of full-length bar-
code regions (Chwalinska et al. 2025). Recent advances in platforms such as
ONT GridION and PacBio have improved the accuracy and accessibility of long-
read metabarcoding. In particular, ONT has gained attention for generating rap-
id full-length taxonomic profiles, offering a more comprehensive view of diatom
community composition than short-read approaches (Jamy et al. 2020).

The first representative of NGS, 454 pyrosequencing, was one of the first
technologies with high-throughput, working with short read length and ideal for
metabarcoding studies. It was already used for diatom DNA metabarcoding
studies (Kermarrec et al. 2013, 2014). lon Torrent is another early NGS plat-
form that has facilitated the development of DNA metabarcoding approaches
targeting diatoms (e.g., Endo et al. 2018; Rivera et al. 2018; Kahlert et al. 2021).
lllumina and its various instruments (e.g. MiSeq, HiSeq, NextSeq, NovaSeq) have
been the dominant and widely used sequencing technology for metabarcoding
(Fig. 5), providing higher accuracy, throughput and lower cost compared to for-
mer technologies (Goodwin et al. 2016). The 3 generation of sequencing tech-
nologies, like Pacific Biosciences (PacBio) and Oxford Nanopore Technologies
(ONT) are working with an increasingly reliable platform for metabarcoding
applications and other features may outperform Illumina sequencing. ONT pro-
vides a sequencing tool (MinlON) that can be used for in-field workflow, and
it may enhance taxonomic resolution in community analysis (Stevens et al.
2023). The technology has been seldom used for the community analysis of
diatoms or other algae (Amamoo et al. 2025; Kaleli et al. 2025).
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Bioinformatic pipelines and reference libraries

Bioinformatics plays a crucial role in analyzing DNA metabarcoding data by
processing the sequencing datasets efficiently and providing a meaningful
result that allows for an efficient and scalable alternative to understanding
ecological dynamics in response to environmental changes (Cordier et al.
2017). Numerous software tools have been used for diatom metabarcoding,
including packages such as Mothur (Schloss et al. 2009), QIIME (Caporaso et
al. 2010), and DADAZ2 (Callahan et al. 2016), all of which include all steps from
sequence filtering, clustering to taxonomy assignment (Bailet et al. 2020;
Rivera et al. 2020). Among the different tools utilized in diatom DNA metabar-
coding, DADA2 and Mothur were the most frequently used pipelines (Fig. 6).
On the other hand, about 24 studies used customized packages, platforms
and datasets for the analysis.

Metabarcoding bioinformatics can deliver entities such as Operational
Taxonomic Units (OTUs), Molecular OTUs (MOTUs) or Amplicon Sequence
Variants (ASVs), which can be taxonomically annotated using reference data-
bases (Weigand et al. 2019). Bioinformatic pipelines generate single-nucleo-
tide resolution ASVs that provide more precise ecological representations for
biological diversity, taxonomic resolution and stronger correlations with en-
vironmental variables compared to the morphological approach (Callahan et
al. 2017; Kahlert et al. 2021). Additionally, Unlike the Operational Taxonomic
Units (OTUs), which are study-specific due to the clustering process, Amplicon
Sequence Variants (ASVs) represent exact biological sequences that can be
directly compared across different studies and datasets (Callahan et al., 2017).

Recent results confirmed that ecological profiles can be assigned to genetic
units similarly to morphological taxa, which can be used to design molecular in-
dices (Pawlowski et al. 2018; Tapolczai et al. 2019; Kelly et al. 2020). Given the
frequent occurrence of unclassified sequences often due to gaps in reference
data alternative methods have been proposed that use OTU/ASV-specific eco-
logical responses to develop “taxonomy-free” indices (Apothéloz-Perret-Gentil
et al. 2017; Tapolczai et al. 2021).

Additionally, ASVs yielded more favorable outcomes when investigating the
impacts of land-use on diatoms. Furthermore, it was feasible to develop an en-
hanced index by employing a taxonomy-free approach. This approach allowed
for the retention of valuable information regarding the ecological characteris-
tics of sequences attributed to the same species, as well as unassigned se-
quences. Moving forward, the integration of novel clustering techniques holds
promise in the field of biomonitoring. Such methods can contribute to the re-
finement of taxonomic unit delineation, placing greater emphasis on ecologi-
cal factors rather than exclusively relying on morphological or genetic criteria
(Tapolczai et al. 2021).

This suggests the effectiveness of incorporating the phylogenetic approach
in enhancing the accuracy of ecological assessments based on DNA barcoding
of freshwater diatoms. A study utilized a taxonomy-free approach with prom-
ising results in terms of accurately assessing the ecological status of the ex-
amined sites (Apothéloz-Perret-Gentil et al. 2017). Specifically, the approach
yielded a correct assessment for 77% of the sites analyzed. One notable advan-
tage of this method is that it allowed the utilization of nearly 95% of Operational
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Taxonomic Units (OTUs) for index calculation. In contrast, the taxonomic as-
signment approach only enabled the utilization of 35% of the OTUs. This ap-
proach offers the advantages of being both time-efficient and cost-effective for
assessing the biological quality of surface waters. The values obtained from
“taxonomy-free” approaches, which involve molecular assignment and ma-
chine learning, showed a stronger correlation with the values of the morpholog-
ical index compared to the values based on taxonomically assigned sequenc-
es. The correlations between the three analytical approaches were higher when
using rbcL compared to 18S (Apothéloz-Perret-Gentil et al. 2021).

Finally, choosing the bioinformatics pipeline is important as shown in
Bailet et al. (2020), where the results from six commonly used bioinfor-
matics pipelines for diatom metabarcoding were compared across various
European countries. The six pipelines showed differences in filtering, clus-
tering, and taxonomic assignment all contributing to variations in outputs.
Consequently, the chosen bioinformatics pipeline influences the results of
ecological status assessments.

Taxa inventory correspondence between DNA metabarcoding and
morphological analyses

Since the introduction of DNA metabarcoding to diatom research, several pa-
pers have studied the relevance of the methodology by validating resulting
taxa inventory based on that of microscopy analysis. Firstly, the proportion of
successfully assigned sequences is crucial for an accurate representation of
the community. Based on the reviewed studies, the proportion of successful
assignments is the lowest at the species rank, followed by the genus and the
higher taxonomic ranks. If a sequence lacks a species match during taxonomic
assignment, it is either misidentified or assigned to a higher rank. Early studies
generally included a lower proportion of assigned sequences which is due to
the continuous development of reference databases. One of the most used
reference databases in diatom metabarcoding studies is diat.barcode, first
published in 2012 with 3,549 barcodes of 715 species, while its latest version
(Rimet et al. 2018b) contains 9,233 barcodes of 1,705 species. It contains
sequences of barcoded strains from culture collections and several projects,
many of which have not yet been deposited in GenBank, but also diatom se-
quences published on NCBI. Species in understudied regions are less repre-
sented in the reference database, which results in lower taxonomic assignment
success. Based on the diat.barcode entries, the geographical distribution of
barcode sources is highly unbalanced. The origin of most of entries is unknown
(28%), followed by France (16%), USA (9%), United Kingdom (7%) and the re-
maining 68% shared among83 countries.

Important differences in the resulting communities have been observed
in both composition and abundances with a varying number of shared taxa
among taxonomic levels, year of study and the studied ecoregion. The number
of shared species when comparing DNA metabarcoding and morphological ap-
proaches shows that there are still important discrepancies between methods
when it comes to species composition. However, when the relative read num-
ber (as a proxy for abundance) was considered, the proportion of shared reads
can be as high as 92% for species and 98% for genera (Tapolczai et al. 2024),
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clearly suggesting that inconsistencies are lower for abundant and common
taxa. Besides the fact that abundant taxa are found with a higher probability
using both methods, they are also more likely to be included in the reference
barcode libraries. Additionally, the probability of misidentifying or neglecting
abundant species with microscopy is less likely.

It is also a common phenomenon based on our observations that while the
microscopy dataset finds, in total, more species considering all the samples
in a study, local diversity (richness) is higher with metabarcoding. This can
be explained by the sequencing depth, which is usually high enough (several
tens of thousands of reads) to detect the entire diatom diversity in a sample.
On the other hand, while counting 400 frustules under the microscope con-
stitutes sufficiently representative data for quality assessment (Prygiel et al.
2002), it is not enough to detect rare or low-abundance taxa (Tapolczai et al.
2021; Anslan et al. 2022).

The challenges of biases related to reference libraries are well summarized
by Keck et al. (2023). Some of these are relevant for diatom studies as well.
Taxonomic mislabeling happens when the identification of the species added
to the reference database is incorrect and the problem remains hidden if it af-
fects species without further interest or if results are not validated by experts.
Thus, supervision by taxonomists may still be necessary to disentangle such
mistakes (e.g. Tapolczai et al. 2024). This shows that besides the completeness
of the reference library (Weigand et al. 2019), good-quality curation is almost as
important (Keck et al. 2023). Missing taxa in the reference libraries are proba-
bly the most important bottleneck in the efficiency of diatom metabarcoding.
This leads to no taxonomic assignment or, in the worst case, sequences being
wrongly assigned to very closely related species (Couton et al. 2022; Tapolczai
et al. 2025). It is thus of great importance to develop reference libraries by
adding new entries with assigned taxonomy from cultures (Rimet et al. 2018a).

Relative abundance in metabarcoding studies is estimated using relative
read abundances (Mora et al. 2019), by rarefying sample read counts to a given
(usually the lowest) read count (Kahlert et al. 2021). Alternatively, only pres-
ence/absence data are used (Zimmermann et al. 2014). It has been shown
in laboratory experiments that gene copy numbers per cell correlate well with
cell biovolume, suggesting that larger species are overrepresented in metabar-
coding data regarding their relative abundances as well (Borrego-Ramos et al.
2021; Tapolczai et al. 2024). As the standard quantification method of micros-
copy data is relative cell count, neglecting cell sizes, it brings discrepancies
when methods are compared. Several studies have applied a correction factor
based on cell biovolume (Vasselon et al. 2018) to correct abundance values
inferred from metabarcoding (Mortagua et al. 2019; Kulas et al. 2022). This
can be very important in the case of truly large taxa, like Melosira varians or
Pleurosira laevis, which can often dominate metabarcoding species inventories
or even change the quality grade for a given waterbody (Mortagua et al. 2019;
Pérez-Burillo et al. 2020; Kim et al. 2024; Tapolczai et al. 2024).

Some species, especially those that are weakly silicified are challenging
to be seen under the microscope or they simply cannot sustain the chemical
treatment for permanent slide preparation. A good example is Fistulifera sap-
rophila which is more frequently detected by metabarcoding than by micros-
copy (Pérez-Burillo et al. 2020; Pissaridou et al. 2021; Tapolczai et al. 2024).

Metabarcoding and Metagenomics 10: 689-718 (2026), DOI: 10.3897/mbmg.10.168096 703



Bassam Abubaker et al.: Diatom eDNA metabarcoding

This effect is similar for Entomoneis, Amphipleura or other species (Anslan et
al. 2022; Kang et al. 2020).

Microscopy also has a lower ability to detect morphologically similar species
which can contribute to further discrepancies. This is often the case with e.g.
Achnanthidium minutissimum, Planothidium frequentissimum or the Nitzschia
palea species complex (Nistal-Garcia et al. 2021; Kulas et al. 2022).

Diatom DNA metabarcoding as a bio-assessment tool

Diatoms are important biological indicators of the ecological status of water
bodies (Smol and Stoermer 2010) and are widely used for ecological status
assessment worldwide (e.g WFD). Many biotic indexes have been developed
to assess environmental impacts (e.g. TDI in UK, the Swiss Diatom Indices
[DI-CH] in Switzerland, IBD in France (Kelly and Whitton 1995; Prygiel et al.
2002; Hirlimann et al. 2007), however, the traditional way of using a light
microscope to count and identify requires extensive taxonomic expertise.
As a result, alternative methods using High-Throughput Sequencing (HTS)
generated a higher taxonomic resolution and robust reference databases at-
tracted the scientific community (Kermarrec et al. 2013; Visco et al. 2015;
Zimmermann et al. 2015; Apothéloz-Perret-Gentil et al. 2017; Vasselon et al.
2017; Bailet et al. 2019; Kahlert et al. 2021; Rivera et al. 2020). Although dif-
ferences are particularly concerning rare taxa, the results from both method-
ologies show strong correlations when assessing dominant species, and with
ecological indices derived from molecular and morphological data (Bailet et
al. 2019, 2020; Pérez-Burillo et al. 2020). The performance of DNA-based
identification methods compared to traditional morphological identification
of diatoms showed that integrating metabarcoding with traditional meth-
ods offers a comprehensive approach to diatom identification, enhancing
the reliability and robustness of freshwater ecological status assessments
(Zimmermann et al. 2015). The Specific Pollution Sensitivity Index (IPS -
Descy and Coste 1991) is one of the most used indices in Europe. Molecular
and microscopy-based IPS values correlated significantly making the DNA
metabarcoding approach a strong candidate for integration into future eco-
logical assessment frameworks (Tapolczai et al. 2024). Bailet et al. (2019)
showed that IPS scores and ecological status assessments obtained by mi-
croscopy and metabarcoding were correlated, but still differed significantly
because the two methods did not detect exactly the same taxa or estimate
their relative abundances in the same way. The incompleteness of barcode
reference databases and the stringency of bioinformatic pipelines are key
factors contributing to these observed deviations.

Beyond methodological comparisons and taxonomic detection, several
studies have used diatom DNA metabarcoding to examine ecological re-
sponses to environmental gradients and multiple stressors. These studies
highlight the potential of the molecular approach not only for biodiversity as-
sessment, but also for understanding stressor-community relationships in
freshwater ecosystems. Diatom DNA metabarcoding studies quantitatively
assessed the impacts of nutrients like total phosphorus (TP) and total ni-
trogen (TN) (Smucker et al. 2020), and monitored the changes in nutrient

Metabarcoding and Metagenomics 10: 689-718 (2026), DOI: 10.3897/mbmg.10.168096 704



Bassam Abubaker et al.: Diatom eDNA metabarcoding

enrichment, despite variations in environmental conditions (Clark et al. 2020).
In the USA, an extensive study of 1788 streams and rivers found that diatom
assemblage structure was strongly correlated with nitrogen concentration,
total phosphorus, conductivity, and pH. These four variables were strong pre-
dictors of diatom assemblage structure in region-specific analyses, also indi-
cating that diatom environment relationships, the significance of environmen-
tal variables, and variable ranges varied between ecoregions (Smucker et al.
2024). Furthermore, stressors like herbicides, nutrients, fungicides, stream-
flow and physical habitat have been investigated within an agriculture-dom-
inated region. Such field studies can clarify the effects and interactions of
stressors when the response variables are well-chosen, and stressors are
measured with adequate resolution (Munn et al. 2018). DNA metabarcoding
as an effective tool for resolving species identities in spring diatom blooms
(Muhammad et al. 2021) revealed the concurrent presence of multiple diatom
species during the blooms in the Yeongsan River. Cyclotella sp. was the most
frequently detected species, closely followed by Cyclostephanos dubius and
Discostella sp. Moreover, results from biomonitoring campaigns in Catalonia
and France indicate that the wide ecological tolerances observed in certain
diatom species stem from overlapping preferences among genetic variants
(Pérez-Burillo et al. 2021). Interestingly, these genetic variants exhibit more
restricted preferences and distributions when considered individually (Kahlert
et al. 2021; Pérez-Burillo et al. 2021; Tapolczai et al. 2021). These studies
highlighted the significance of investigating the ecological preferences of ge-
netic variants within species complexes, a task made feasible through DNA
metabarcoding. Overall, the molecular approach may provide a more compre-
hensive understanding of the ecological status, although it is limited by the
incompleteness of the reference database, necessitating further updates to
enhance routine diatom metabarcoding (Kulas et al. 2022).

Diatom DNA metabarcoding as a forensic tool

Recent research has used diatom DNA metabarcoding in forensics, especially
in drowning cases (Liu et al. 2020; Dahiya et al. 2024). Traditional approaches
were enhanced by the integration of molecular techniques, advanced imaging,
and the use of artificial intelligence which have introduced a wide range of
promising new research avenues (Tambuzzi et al. 2024).

Major discrepancies were discovered between results generated by the rou-
tinely used SEM based diatom tests and 18S rRNA arrays. It was shown that the
conventional SEM-based diatom testing method suffers from significantly low
sensitivity, mainly due to the high loss of frustules during sample preparation.
The adoption of diatom DNA arrays is expected to potentially revolutionize the
forensic diagnosis of drowning cases (Jiang et al. 2020). Liu et al. (2020) com-
pared microscopic and DNA barcoding approaches in anatomical organs from
23 drowning victims and found that microscopic observations were weakly cor-
related with the use of molecular analysis.

These studies show that diatom DNA metabarcoding in forensic science is
still in its early stages and requires further investigation to validate its reliability
and standardize methodologies.
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Limitations

The use of DNA in ecology and nature conservation has increased significantly
over recent years, though this growth has not been matched by a full appreciation
of its limitations. Some key challenges include (1) imperfect detection, (2) difficul-
ties in quantifying abundance, (3) issues with taxonomic assignment, (4) spatial
and temporal dynamics of DNA, (5) complexities in data analysis and interpreta-
tion, and (6) challenges in assessing ecological status (Beng and Corlett 2020). A
comprehensive understanding of these challenges is essential before DNA-based
methods can confidently be adopted for routine biomonitoring. Despite promising
results, several studies have highlighted potential biases in species detection and
relative abundance data generated through DNA metabarcoding. Laboratory-based
biases represent an important limitation in diatom metabarcoding. Differences in
DNA extraction efficiency can influence the detected community composition be-
cause taxa vary in cell wall properties and susceptibility to lysis (Vasselon et al.
2017). Quantitative interpretation is also affected by biomass and biovolume-re-
lated biases, as differences among taxa can distort the relationship between read
abundance and actual community structure (Vasselon et al. 2018). In addition,
PCR amplification bias is a major source of error, since unequal primer affinity and
amplification efficiency among taxa can skew relative abundances and lead to the
underrepresentation of some species (Krehenwinkel et al. 2017). More generally,
several studies have shown that sequence read proportions do not always reflect
the original proportions of taxa in the sample because multiple sources of bias act
simultaneously across the workflow (Lamb et al. 2019).

In bioinformatics, differences among approaches such as OTU clustering,
chimera detection, denoising, and taxonomic assignment can affect ecological
interpretation across studies. However, ASV-based methods reduce the biases
associated with OTU clustering. This lack of consistency hinders the develop-
ment of standardized, easily accessible bioassessment procedures suitable
for routine freshwater monitoring (Tapolczai et al. 2019). The utility of diatom
DNA metabarcoding for water quality monitoring and biodiversity assessment
is clear; however, to maximize the approach’s effectiveness, establishing stan-
dardized protocols and enhancing reference databases for habitat-specific
species are essential steps forward (Kamberovi¢ et al. 2024).

Despite these limitations, some collective efforts and progress have been
made in different aspects, Vasselon et al. (2025) highlighted the methodologi-
cal foundation for developing standardized protocols like CEN/ISO standards.
This demonstrates that diatom metabarcoding can be implemented reliably
and comparably across labs, which is vital for routine biomonitoring in regu-
latory contexts. Also, recent updates of diat.barcode reflect ongoing efforts
to improve reference library completeness. Side by side, huge efforts from
European Committee for Standardization (CEN), the International Organization
for Standardization (ISO), and collaborative initiatives such as the DNAqualMG
project reflect a coordinated push to standardize diatom-based biomonitoring
using DNA metabarcoding. In 2018, CEN released two technical reports: one on
managing diatom DNA barcodes (CEN/TR 17244) and another on metabarcod-
ing-adapted sampling methods (CEN/TR 17245). A new 2025 CEN standard
further integrates metabarcoding into routine sampling of benthic diatoms.
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Additionally, ISO and the DNAqualMG project, are developing standardized pro-
tocols for DNA extraction. These initiatives aim to ensure consistency, compa-
rability, and the broader adoption of molecular tools in aquatic biomonitoring.

Conclusion

DNA metabarcoding in environmental sciences holds great promise, especial-
ly in biomonitoring and biodiversity assessment. As bioindicators, diatoms
provide effective insights into ecological status, but traditional morphological
identification methods need high-level expertise and are costly and time-con-
suming. Diatom DNA metabarcoding offers an alternative that captures com-
prehensive community profiles from environmental samples, allowing for rap-
id, cost-effective, and scalable biomonitoring. After an extensive review of the
related literature, we conclude that the following aspects could help to further
improve DNA metabarcoding of diatom communities:

i) Further expanding and completing reference databases and taxonomic
resolution by focusing on coordinated international initiatives. This pro-
cess is essential for improving taxonomic assignments and comprehen-
sive biodiversity assessments across different geographical regions and
ecosystems. For the diat.barcode initiative, the scientific community or-
ganized itself collectively, with a strong emphasis on community driven
collaboration. Researchers from around the world share their diatom bar-
code data, and valuable feedback is provided whenever errors or inconsis-
tencies are spotted. Importantly, everyone who contributes to this effort
is recognized as a co-author of diat.barcode, so the database remains
open access and free, ensuring that it can serve as a shared, high-quality
resource for researchers working with diatom DNA barcoding.

ii) Ensuring methodological standardization and quality assurance for rou-
tine monitoring, by establishing consensus protocols for each step in the
metabarcoding workflow. These standardization efforts will be particu-
larly important for regulatory applications, where consistency and reli-
ability are paramount. Continuous effort of the scientific community like
(Vasselon et al. 2025) and collaborative projects by CEN and ISO ensure
consistency in methodological standardization.

iii) Advanced bioinformatic solutions represent a promising advancement
for diatom DNA metabarcoding. The shift from OTU-based methods to
more precise ASV approaches has already demonstrated improved eco-
logical resolution, also, utilizing taxonomy-free approaches can potential-
ly enable high resolution of diatom biodiversity and ecological status. The
integration of machine learning algorithms and artificial intelligence could
further enhance data analysis capabilities.

iv) Quantification and abundance estimation, addressing the challenge of
quantitative assessment remains a significant hurdle for diatom metabar-
coding. Current approaches primarily provide presence-absence or relative
abundance data, which may not directly correlate with actual species abun-
dance in the environment. Future research should focus on developing ro-
bust methods to correlate read abundance with actual species abundance.
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