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Abstract

DNA metabarcoding is revolutionizing biodiversity research by providing rapid and efficient ways of
collecting species occurrence data. However, it has not yet been effectively applied to many taxonomic
groups, mainly due to a significant lack of reference sequences and dedicated protocols. One such group
is the tardigrades - a charismatic phylum of microinvertebrates known for their extremophilic and
cryptobiotic capabilities. In this study, we provide the first curated database of 3,194 tardigrade COI
sequences sourced from public databases and supplemented with newly produced barcodes. We
demonstrate tardigrade metabarcoding in action with optimized PCR primers and a sample processing
protocol using 78 samples collected in Poland and Italy. The metabarcoding revealed the presence of
more than a hundred operational taxonomic units classified as Tardigrada, representing 23 genera. We
compared the metabarcoding results with a morphological survey, which revealed the presence of the
same genera, but a lower number of species-level taxa identified morphologically. We observed
congruent patterns of tardigrade species richness and taxonomic composition between metabarcoding
and morphological surveys. The metabarcoding had a higher discriminatory power, revealing cryptic
diversity, and distinguishing species belonging to taxonomically challenging species complexes. By

combining metabarcoding with morphological study we were able to find rare taxa, including novel
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biogeographic records and putative species new to science, showing also that this approach can be

extremely powerful and effective in meiofauna research.
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Introduction

Recognizing biodiversity is crucial for understanding Earth's ecosystems as well as for
preserving and conserving life (Norris et al. 2020, Jaureguiberry et al. 2022). In times of biodiversity
crisis and rapid environmental changes, efficient methods of exploring and monitoring the vanishing
diversity of life are needed. The traditional approaches to biodiversity research, which rely on
morphological identifications, are time-consuming, require high taxonomic expertise, and frequently
miss cryptic or morphologically similar species (Bickford et al. 2007). The advancements in DNA
metabarcoding and the use of environmental DNA (eDNA) have revolutionized biodiversity studies
(Taberlet et al. 2012, Deiner et al. 2017, Ficetola & Taberlet 2023). These molecular techniques allow
for rapid, large-scale identification of species from environmental samples, providing a powerful means
to address the challenges in biodiversity research (Creer et al. 2016, Pawlowski et al. 2018, Taberlet et
al. 2018). The use of DNA metabarcoding has a relatively recent history but has rapidly transformed the
field of biodiversity assessment. Initially developed in the early 2000s, DNA barcoding aimed to identify
species using short, standardized genetic markers (Hebert et al. 2003, Taberlet et al. 2018). This approach
laid the groundwork for metabarcoding, which involves the simultaneous identification of multiple
species from mixed environmental samples (Taberlet et al. 2012). For metabarcoding of animals, the
most widely used marker is cytochrome ¢ oxidase subunit I (COI), a mitochondrial protein-coding gene
that has been proposed as the standard species barcode for metazoans (Hebert et al. 2003). Compared to
more conservative ribosomal DNA markers, COI’s great advantage is the higher taxonomic
discriminatory power, usually allowing for accurate assignment of sequences at species-level resolution
(Hebert et al. 2003, Tang et al. 2012, Giebner et al. 2020). However, while COI metabarcoding has
significantly increased our ability to efficiently detect and monitor animal diversity, it stays not without
challenges. Firstly, many taxonomic groups suffer from low coverage of reference sequences and a lack
of curated reference databases (Keck et al. 2023, Ficetola & Taberlet 2023). Thus, when using general
databases like NCBI GenBank, reference sequences are not extensively curated, and incoherent species
assignment may lead to inaccurate species identifications leading to unreliable biodiversity assessments
(Porter & Hajibabaei 2018, Fleming 2023). Secondly, due to the higher variability of the COI gene
compared to ribosomal regions, the PCR primers should be carefully chosen for the group of interest to
avoid amplification bias and off-target amplification (Clarke et al. 2014, Corse et al. 2019). Indeed, well-
developed reference libraries and verified protocols exist for some groups, like fish (Kasmi et al. 2023)
or insects (Magoga et al. 2022), but for many others, the use of metabarcoding for species-level
taxonomic resolution is still extremely limited (Porter & Hajibabaei 2018, Fleming 2023, Macher et al.

2024).

An example of a group for which metabarcoding protocols are yet not sufficiently developed is
the phylum Tardigrada. Tardigrades, also known as water bears or moss piglets, are microscopic, water-

dwelling invertebrates known for their remarkable resilience to extreme conditions (Nelson et al. 2015).
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They can be found in various environments worldwide, including terrestrial habitats such as mosses,
lichens, soil, and leaf litter, as well as aquatic environments like marine sediments and freshwater
ecosystems (Nelson et al. 2015). The phylum Tardigrada comprises more than 1400 described species
(Degma & Guidetti 2024) and previous estimates considered them as a species-poor group (Bartels et
al. 2016). However, recent empirical studies underlined the existence of a large portion of undescribed
species diversity, mostly due to the presence of cryptic or pseudocryptic speciation, which is a common
phenomenon in this group (e.g. Stec et al. 2018, Guidetti et al. 2019, Morek et al. 2021). It suggests that
tardigrades are quite a diverse group, poorly understood in terms of their ecology since even their basic
biodiversity inventories are extremely challenging and laborious. The biodiversity research on
tardigrades is usually achieved by an integrative taxonomy approach, which combines morphological
and genetic data to disentangle taxonomic obstacles and cryptic species complexes (e.g. Guidetti et al.
2019, Stec et al. 2021, Stec et al. 2022, Stec 2023, Bertolani et al. 2023). Such an approach is powerful
in tardigrades, but time and labour-intensive. Therefore, the premises of DNA metabarcoding in rapid,
accurate, and large-scale tardigrade biodiversity research are vast. So far, DNA metabarcoding aimed at
tardigrades has been used in five studies which shed light on their diversity, community composition,
and trophic structure. Arakawa (2020) performed simultancous metabarcoding of eukaryote and
prokaryote community structures in tardigrade habitats, using 18S rRNA and 16S rRNA metabarcoding
of mosses. He et al. (2024) and Pust et al. (2024) used 18S rRNA metabarcoding to investigate soil
tardigrades in Australia and Denmark, finding environmental correlates with tardigrade distributions and
validating the use of 18S rRNA marker for the classification of tardigrades (usually to higher taxonomic
levels than species), even with incomplete reference databases. Zawierucha et al. (2022) utilized
metabarcoding of 18S rRNA to characterize microeukaryotic communities of cryoconite holes and their
trophic relations. The only attempt to use COI metabarcoding to study tardigrades was the paper by
Topstad et al. (2021), in which the authors designed two COI primer sets and tested them together with
18S rRNA metabarcoding and morphological identification. The authors attempted to overcome the
limitations of poor reference libraries and possible primer bias by using two markers and two
independent COI primer sets to obtain complementary results. However, even in the combined dataset
of the two COI amplicons, some morphologically identified taxa were still missing in the metabarcoding
results. They concluded that the COI data gave reliable community profiles only when supplemented by

18S rRNA, also revealing higher species richness than traditional morphology-based methods.

Our study further develops the progress achieved by Topstad et al. (2021) by addressing the
abovementioned issues in COI metabarcoding to enhance high-throughput biodiversity research on
tardigrades. We created the first curated database comprising all available tardigrade COI sequences
sourced from NCBI GenBank and the database BOLD (Ratnasingham & Hebert 2007). Then, we
optimized the PCR primers and sample processing protocol developed for tardigrade metabarcoding.

We implemented our protocol to analyze tardigrade communities of 78 moss samples collected from six
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sampling sites across Poland and Italy. Finally, we compared the metabarcoding results to traditional
morphological identification to demonstrate the reliability of the primers and protocols we developed

for future surveys of tardigrade diversity using COI metabarcoding.

Materials and Methods
COI curated database

We downloaded all the available tardigrade COI sequences from NCBI Genbank using the query string
“txid42241[Organism:exp] AND mitochondrion[filter]” (last search date 29/07/2024), and all the COI
sequences from BOLD (Ratnasingham & Hebert 2007) labelled as Tardigrada. All sequences were
initially manually screened to ensure they contained only COI, as the GenBank search string can
sometimes return other mitochondrial genes. The sequences were then aligned using MAFFT (Katoh et
al. 2002, Katoh & Toh 2008) with the options --globalpair and --adjustdirection. A phylogenetic tree was
constructed from the alignment of all sequences in the database using IQ-TREE (Nguyen et al. 2015)
with the GTR+I+G model and codon-based partitioning. Using the resulting tree as a guide, along with
information from the publications involved in the generation and reanalysis of the sequences, the
database entries were manually curated to reflect the current tardigrade taxonomy and nomenclature
(Degma & Guidetti 2024). This curation process included the elimination of pseudogenes and the
harmonization of sequence naming conventions. To assign species-level ranks to unclassified sequences
or undescribed species, a temporary nomenclature based on the method described by Padial et al. (2010)
was applied. Specifically, this nomenclature combines the genus name with the GenBank or BOLD
accession number of a representative sequence chosen for that taxon. When morphological resemblance
(e.g., cf., aff.) was indicated in the original sequence metadata, this information was retained. For
example, "Macrobiotus cf. sapiens OK662997" indicates a putative species resembling Macrobiotus
sapiens, with sequence OK662997 selected as the reference for that taxon. Problematic sequences, such
as those that were unclassified or contained frameshift mutations, were excluded from the main database
but are provided in a separate table available alongside the main database. The complete database is
provided in Excel format as well as FASTA file in Supplementary Materials 1. Additional details on rank

names are included within the database file itself.

Primer optimization

As an initial choice, we selected the only COI primers used for tardigrade metabarcoding, used by
Topstad et al. (2021). We aligned the primer sequences to our curated reference database to assess
whether primer bias could have influenced their results. We observed that mismatches in the forward

primer region coincided with the failure to detect the genus Pseudechiniscus. To address this issue, we



143
144
145

146

147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166

167

168

169
170
171
172
173
174
175
176
177

modified the primer by adding ambiguities to two positions (Table 1). In our study, we followed the
same naming convention as Topstad et al. (2021): ‘COIA’ refers to regions amplified using

BF2 TardF 2 + BR2, and ‘COIB’ refers to amplicons generated using BF2 TardF 2 + TardR.
Sample collection and processing

We utilized a collection of 78 moss samples collected in two European countries 39 in Italy and 39 in
Poland, to perform a test of our metabarcoding approach. Within each country, three localities
representing several environments were chosen (Table 2, Figure 1A), with 13 samples collected in each
locality. The Italian samples were collected in 2021, while the Polish samples were collected in 2023
and the size of each moss sample was about 15 cm in diameter. After collection, the samples were placed
in paper envelopes, transferred to the laboratory, and stored at room temperature until processing. For
detailed information about the samples, please see Supplementary Materials 2.S1. Before processing,
each moss sample was carefully fragmented by hand and soaked in tap water overnight in a 0.5-liter
plastic beaker. The next day, the sample was vigorously shaken and mixed with a metal spatula, and the
water from the beaker was poured through a set of metal sieves: 500 um, 250 um, and 36 pum. The
procedure of filling the beaker containing moss with tap water, mixing, and pouring the water through
the sieves was repeated twice. Then, each upper sieve was carefully washed with tap water so that all
fine sediment and tardigrades were caught in the finest sieve. Next, the sediment from the finest sieve
was split into three different portions for different analyses (Figure 1B). Portions A and B were prepared
by transferring approximately 0.25 g of sediment with a small metal spatula to a 1.5 ml Eppendorf tube.
The exact weight of each sample was measured using a laboratory scale. Portion C comprised all
remaining sediment left in the finest sieve, which was washed into a 50 ml falcon tube using a wash
bottle. All portions were labelled and stored in a freezer until further processing. Between processing of
different samples, gloves were changed, and all equipment and the sink were sterilized with 20% bleach.

The small metal spatula used for weighing portions A and B was sterilized with alcohol and flame.

Samples preparation for metabarcoding

Sediment portions A and B were used for whole community metabarcoding analysis. Portion A was used
directly as sediment, while from portion B, tardigrades and eggs were manually sorted to prepare clean
pooled samples, to improve the yield of tardigrade reads. The tubes containing portion B were thawed,
and distilled water was added to them. Using a sterile plastic Pasteur pipette, the content of the tube was
mixed and transferred into two glass Petri dishes (@ 7 cm) with engraved lines (7 mm distance between
each). Samples in each Petri dish were further diluted and evenly spread using a washing bottle and
distilled water. These prepared Petri dishes with diluted sediment were examined under a
stereomicroscope, and all tardigrade specimens (animals, eggs, exuviae) were collected into

embryological dishes using glass Pasteur pipettes or Irwin loops. For all portions B, division into two
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Petri dishes always allowed for good visual condition of the sample, not different from the standard
faunistic tardigrade studies. Next, all specimens extracted from portion B were counted and transferred
to new Eppendorf tubes using a glass Pasteur pipette with the smallest possible amount of water and
stored in the freezer until further processing. If no tardigrades were found in portion B of a given sample,
it was marked as empty and the sample was later excluded for morphological survey (details below).
The manual extraction was performed with gloves, all Eppendorf tubes were sterile, and plastic, as well
as glass pipettes, were changed between different samples. Glass embryo dishes and engraved Petri
dishes were sterilized with 20% bleach and washed between examinations of subsequent samples. For

detailed information and data from sample processing, please see Supplementary Materials 2.S1.
DNA extraction and library preparation

DNA was extracted from portions A and B using the DNeasy® PowerSoil® Pro Kit (Qiagen) according
to the manufacturer's protocol, with a modification: before mechanical homogenization, 10 pl of
Proteinase K (concentration 20 mg/ml; A&A Biotechnology) were added to the tubes containing the
lysis buffer, zirconium beads, and sediment/pooled tardigrades sample. The samples were then incubated
in a thermoshaker at 56 °C with 700 RPM for 30 minutes. After this step, all subsequent procedures
followed the original protocol. An extraction blank sample was also included. The final DNA was eluted
with 100 pl of elution buffer and stored in the freezer. The libraries were performed using a two-step
PCR method. In the first reaction (3 minutes of initial denaturation at 95°C, 35 cycles of 30s of
denaturation at 95°C, 30s of annealing at 55°C, and 30s of elongation at 72°C, followed by 5 minutes
of final elongation at 72°C), region-specific primers with Illumina overhangs amplified the target
regions. The second, indexing PCR amplified the product from the first reaction using primer sets
containing flow-cell binding domains and unique indices Nextera XT Index Kit (FC-131-1001/FC-131-
1002) following the protocol (Illumina 2013). The same protocol was used for COIA and COIB
amplicons (Table 1). For five samples of portion A (samples V1.1 — V.1.5), the COIB libraries were
performed in triplicates to check the repeatability of metabarcoding. Purified and pooled libraries were
sequenced across two Illumina Novaseq 6000 lanes in 2x250 bp runs, multiplexed with other samples.
Library preparation and sequencing were performed by a commercial provider (IGA Technology, Udine,

Italy).

Bioinformatic analysis

The raw reads were processed by the custom pipeline based on vsearch (Rognes et al. 2016). Briefly,
the paired reads were assembled into contigs and length and quality-filtered using PEAR v0.9.11(Zhang
et al. 2014). Then, the primer sequences were trimmed using Cutadapt 4.6 (Martin 2011) with default
parameters, and contigs without both primers or of incorrect length after trimming (419-424 for COIA

and 439-445 for COIB) were discarded. Then the trimmed contigs were dereplicated, denoised, and
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screened for chimeras using the USEARCH- UCHIME algorithm (Edgar et al. 2011). The resulting
denoised zero-radius Operational Taxonomic Units were clustered into OTUs with a 97% similarity
threshold. While some tardigrade species show a higher intraspecific COI divergence (e.g., Morek et al.
2019), for which the OTU richness may not be equal to species richness, the 97% threshold between
intra- and interspecific variability is still recommended in tardigrade barcoding to prevent over-merging
(Cesari et al. 2013) and the potential OTUs belonging to problematic taxa can be identified afterward.
To remove low-abundance artifacts possibly derived from abundant sequences by index switching we
applied ‘OTU %’ filtering, removing all read counts within a sample, which correspond to OTU that
contribute to less than 0.05% of the sum of all reads of a given OTU (Drake et al. 2022) and OTUs with
less than four reads. The OTUs’ representative sequences were translated into amino acids using R
package ‘Biostrings’ (Pages et al. 2013) using translation table 5 and those containing stop codons were
removed from the analysis. To classify the tardigrade sequences, as well as the other eukaryotes we used
the ‘MIDORI2’ reference database (v. GB260 Leray et al. 2022), replacing the sequences classified as
Tardigrada with our curated tardigrade reference database. The taxonomy was assigned by classifying
the representative sequences of each OTU using the ‘BLASTN’ method (Altschul et al. 1990, Camacho
et al. 2009) with parameters evalue = 0.00001, pident = 75. The loose threshold of 75% sequence identity
was set to find potential tardigrade sequences lacking reference barcodes, to manually choose some
potential OTUs as a target for the “Reference database supplementation” step (e.g., when an abundant
OTU with the best BLAST hit matching Tardigrada with 75-95% sequence identity was present in a
given sample, we aimed to supplement the reference database by barcoding an individual representing
the potential tardigrade OTU from the sample). While the 75% sequence identity threshold was used in
COI metabarcoding studies (Edgar 2010, Beng et al. 2016) and in our case allowed to recover several
tardigrade sequences, to reduce potential false positives in the final OTU tables, we classified the OTUs
to phylum level using the commonly accepted threshold of 85% sequence similarity (Clarke et al. 2021,
Macher et al. 2024). The sequences with less than 85% identity to a reference were discarded from the
analyses. When the similarity to the known tardigrade sequences in the BLASTN search was > 97%, we
assigned the taxonomy to the species level, otherwise, the classification was made to the genus level,
since it falls within the COI sequence divergence level observed within tardigrade genera (e.g., Morek
et al. 2019, Grobys et al. 2020, Stec et al. 2020a). The classification process was done twice: first, using
the curated database, and second, after supplementing the reference database with new barcode
sequences generated in this study. Finally, we removed OTUs corresponding to putative nuclear paralogs
(NUMTs). While commonly used methods, apart from read distribution, rely on the presence of well-
annotated reference sequences (Andgjar et al. 2021), we anticipated finding a high sequence diversity
and many OTUs without exact references in tardigrade metabarcode data, due to a known lack of
reference sequences (Topstad et al. 2021). Therefore, we adopted a conservative approach, removing
OTUs that consistently co-occurred in samples with at least 10 times more abundant OTUs that had a

higher identity to the reference sequence and the same best BLAST match. We identified six such OTUs
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in the COIA dataset and three in the COIB dataset. To assess the repeatability of metabarcoding, we
calculated the mean percentage of tardigrade taxa identified across all technical replicates. The complete

bioinformatics pipeline is provided in Supplementary Material 3.
Morphological survey

In order to compare taxa recovered by metabarcoding analysis and by traditional morphological analysis
we manually extracted tardigrade specimens from Portion C of the sediment. Falcons with sediment
were thawed at room temperature. To standardize the effort made to examine each sample, similarly to
the case of Portion B, two engraved Petri dishes with diluted and evenly spread sediment enabling good
vision of the sample were prepared and checked for tardigrades under a stereomicroscope. In order to
standardize the procedure, we set the following maximum limits for specimens’ extraction: first 50
animals, first 20 eggs, and first 10 exuviae. The two Petri dishes prepared for each sample were
examined until reaching these limits. Then, permanent microscope slides were prepared by mounting
tardigrade specimens in the Hoyer’s medium and securing them with a cover slide. Slides were dried in
a heater at 50 °C for five days and after that secured with nail polish. For morphological identification,
slides were examined under a Leica DMLB light microscope with phase contrast (PCM), equipped with
a digital camera to identify tardigrades to the lowest possible taxonomic level. Plastic and glass Pasteur
pipettes were changed between examination of subsequent samples, while Petri and embryo dishes were
sterilized with 20% bleach and cleaned. Presence/absence data for morphological operational taxonomic

units (morpho OTU table) found in morphological survey is provided in Supplementary Materials 2.S2.
Reference database supplementation (barcoding of selected taxa)

After reviewing the results from metabarcoding and morphological analyses, we selected several
sequences of putative tardigrade origin that lacked reference sequences — specifically, sequences with
the highest similarity to known tardigrade sequences but with only 75-95% similarity, making it difficult
to assign them to a species or even genus level. Based on the metabarcoding results, we attempted to
locate individuals matching these sequences in order to provide new COI reference barcodes. In addition
to these inferred sequences, we also aimed to collect species belonging to uncommon taxa, or genera
and species groups that were not available in the curated reference dataset. We focused on identifying
specimens from portion C that corresponded to putative tardigrade genera with the highest similarity to
the metabarcoding OTUs found in these samples. Prior to DNA extraction, each specimen was photo-
vouchered under a Leica DMLB light microscope. DNA extraction, COI amplification, and sequencing
were conducted following the methods of Stec et al. (2020b), using the LCO1490-JJ and HCO2198-JJ
primers from Astrin and Stiiben (2008). Sequencing was performed on an ABI 3130xl sequencer at
Genomed (Warsaw, Poland). Sequences were processed using BioEdit ver. 7.2.5 (Hall 1999) and
subsequently submitted to GenBank. Before submission, all COI sequences were translated into protein

sequences using MEGA11 (Tamura et al. 2021) to check for pseudogenes. In addition to the samples
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investigated in this project, we also produced COI sequences from tardigrades extracted from unrelated
samples to increase the diversity and coverage of the database. The new sequences included in the
database belong to Fractonotus verrucosus (Richters, 1900), Bertolanius volubilis (Durante Pasa &
Maucci, 1975), Bertolanius weglarskae (Dastych, 1972), Thulinius aff. augusti, Grevenius sp., and
Hypsibius spp. A table listing the taxa selected for generating new barcodes, based on preliminary
metabarcoding and morphological surveys along with our justification for the chosen targets, is provided
in Supplementary Materials 2.S5. Additionally, a list of all new COI barcodes generated in this study,

along with their GenBank accession numbers, is available in Supplementary Materials 2.S7.
Morphological validation of selected taxa found primarily by metabarcoding

To check for putative false positives of taxa recovered by metabarcoding but absent in our morphological
investigations, we re-examined selected samples containing such taxa in the metabarcoding results. The
re-examination procedure was similar to protocol used for the examination of Portion C, with no petri-
dish limits and with the only criterion being the discovery of at least one specimen of the taxon in
question. We selected 14 such cases for re-examination. Detailed information about the samples

examined in this test is provided in Supplementary Materials 2.S6.
Statistical analysis

The effect of sequencing depth on metabarcoding tardigrade OTU richness was investigated through the
analysis of rarefaction curves. The relationships between species richness obtained from the
morphological survey and metabarcoding OTU richness were tested using generalized linear models
(GLM) with negative binomial distribution and log link function. The relationships between the
estimated number of tardigrades per gram of sediment and the percentage of reads classified as
Tardigrada in proportion to the total number of reads per sample in Portion A were tested using a GLM
with a binomial distribution and logit link function. The estimated tardigrade abundances were
logio(x+1) transformed before analysis due to the high skewness of the values. The models were run
separately for COIA and COIB datasets. Differences between the number of OTUs detected by
metabarcoding and morphological species richness were tested using the Wilcoxon rank sum test.
Differences in community composition between sampling localities, as observed in the morphological
and metabarcoding surveys, were tested using PERMANOVA with Jaccard distances, implemented via
the adonis function in the R package vegan, using 999 permutations (Oksanen et al. 2013). All

calculations were performed using R version 4.3.2 (R Core Team 2022).
Data deposition

The raw sequencing reads are deposited in the NCBI Short Read Archive under accession number
PRINA1135541. The raw OTU tables for COIA and COIB are provided in Supplementary Materials

2.S3 and 2.S4, respectively. All supplementary materials associated with this study are also stored in
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FigShare repository (https://doi.org/10.6084/m9.figshare.27048157.v1), and the reference database is

available as wversion 1 of the 7Zardi-COI database stored at the GitHub repository

https://github.com/bsurmacz/Tardi-COI. The newly obtained barcode references are deposited in
GenBank with accession numbers PQ140616- PQ140659.

Results
Curated reference database

The final curated database comprises a total of 3,238 COI sequences from 616 putative species-level
taxa. Among these putative species, 293 are assigned to named species, representing nearly 20% of all
nominal taxa currently recognized within Tardigrada. Most of the sequences belong to Parachela (1,632),
followed by Echiniscoidea (1,367), Apochela (223), and Arthrotardigrada (11). The database is heavily
biased toward limnoterrestrial taxa (Figure 2), with some instances where more putative species were
identified than the total number of species currently described within certain families (e.g.,
Calohypsibiidae, Acutuncidae, Adorybiotidae, Richtersiusidae, Milnesiidae, Echiniscoididae).
However, there are also 13 families for which no COI references are available, including seven marine
families (Anisonychidae, Archechiniscidae, Batillipedidae, Coronarctidae, Neostygarctidae,
Renaudarctidae, Stygarctidae) and six limnoterrestrial groups (Carphanidae, Microhypsibiidae,
Hexapodibiidae, and the taxa Mixibius, Thalerius konradi Dastych, 2009, and Necopinatum mirabile

Pilato, 1971 as three incertae sedis).
Metabarcoding results

In total, the filtered dataset included 9,167,186 reads for COIA and 2,810,654 reads for COIB.
Supplementing the reference database with newly obtained barcodes for selected taxa increased the
percentage of reads classified as tardigrades by approximately 6% in the COIA dataset, while for COIB,
the difference before and after supplementation was less than 1%. In terms of the number of OTUs
recovered after supplementation with new barcodes, the increase was similar, allowing for the
classification of 20 more OTUs in the COIA dataset and 18 more OTUs in the COIB dataset. Finally,
30.22% and 85.81% of reads were classified as tardigrades, respectively (see details in Table 3). The
blank samples tested negative for tardigrades. Analysis of the replicates indicated that despite some
replicates being outliers, the consistency among PCR replicates of metabarcoding for Portion A was
high: on average, 71.9% of tardigrade taxa were recovered by all three replicates, 4.4% in two replicates,
and 23.6% were found in only one replicate (see details in Supplementary Materials 2.S8). The COIA
marker showed a lower proportion of tardigrade reads compared to COIB, but had an overall higher
OTU richness (Table 3). Although it could be linked to a higher coverage: on average 79,280 (SD =
62,586) reads in the COIA libraries of portion A, compared to 6,288 (SD = §8,734) in COIB, the analysis
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of rarefaction curves showed that the depth of sequencing was sufficient for both markers
(Supplementary Materials 2.510). Additionally, we observed that COIB consistently does not recover
several taxa that are abundant in the COIA dataset (e.g., Macrobiotus ripperi Stec, Vecchi & Michalczyk,
2021, Rammazzottius subanomalus (Biserov, 1985), Cornechiniscus lobatus (Ramazzotti, 1943))
suggesting possible primer bias. The amplification success of libraries from portion B (the one from
extracted tardigrades) was highly variable: in two samples of COIA and 38 samples of COIB, in the
final dataset (assembled reads of correct length containing primer sequences) we obtained less than 100
reads per sample. Due to the incompleteness of the data and the potential artifacts caused by cross-
contamination or index hopping between libraries, we decided not to use the data from Portion B in the

analyses of tardigrade distributions.
Morphological validation of metabarcoding

Among the 14 cases of taxa recovered exclusively by metabarcoding and selected for morphological re-
examination to check for false positives, we confirmed the presence of 11 taxa (Supplementary Materials
2.S6). This allowed us to add five genera and six species to the morphological dataset. After
supplementing the morphological dataset with these new observations, all the genera identified by

metabarcoding were also supported by morphological evidence (Figure 3).
Morphology vs. metabarcoding — assessment of the methods

The morphological survey indicated the presence of 36 distinct tardigrade OTUs, among which 11 were
identified only at the genus or species complex/morphogroup level. The richness of morpho-OTUs per
sample ranged from zero to nine, with an average of two OTUs per sample. The final species-level
identification was achieved for 31 taxa in total, including those found later during the morphological

validation step (Figure 3).

During tardigrade extraction from Portion B, no tardigrade specimens were found in 11 out of 78
samples. In the 67 positive samples, tardigrade densities varied, ranging from 4 to 4,417 specimens per

gram of sediment, with an average of 366 specimens per gram of sediment per sample.

The metabarcoding analysis recovered 104 tardigrade OTUs (Table 3), of which 61 were classified at
the species level after applying a 97% similarity threshold. These 61 OTUs represented 57 distinct
species recognized within the curated database, due to the presence of species with high intraspecific
variability, such as for example Milnesium tardigradum Doyére, 1840 and Paramacrobiotus bifrons

Brandoli, Cesari, Massa, Vecchi, Rebecchi & Guidetti, 2024 (Morek et al. 2019, Brandoli et al. 2024).

Among the 11 putatively empty samples, in which no tardigrades were found during the initial
examination under a stereomicroscope (Portion B), the metabarcoding results from Portion A showed
that five samples were negative for tardigrades, with four of these corresponding to samples that were

initially marked as empty (Figure 4 and 5).
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A GLM analysis indicated a positive relationship between the estimated number of tardigrades per gram
of sediment and the percentage of tardigrade reads in both COIA (p=0.029) and COIB (p<0.001)(Figure
6; Supplementary Materials 2.S9). Additionally, a positive relationship was found between the number
of morphological OTUs per sample and the number of metabarcoding OTUs found in both COIA
(Nagelkerke's R?=0.444, p<0.001) and COIB (Nagelkerke's R?=0.283, p<0.001) (Figure 6;
Supplementary Materials 2.S9). The number of OTUs identified by COIA was higher than those
revealed by morphology (Wilcoxon rank sum test, n=78, W=1673, p<0.001), whereas no significant
difference was observed between the number of OTUs identified by COIB and morphology (Wilcoxon
rank sum test, n=78, W=2822.5, p=0.431).

Tardigrade faunas comparison and novel discoveries

Tardigrade communities revealed by metabarcoding were distinct between the Polish and Italian
sampling sites for both the COIA (PERMANOVA, p=0.001) and COIB datasets (PERMANOVA,
p=0.001). Among the 57 species identified by metabarcoding, nine were found exclusively in Polish
samples, 24 were found only in Italian samples, and 24 species were present in both areas. The
communities also exhibited distinct faunal compositions between localities within each country, both
for COIA (PERMANOVA, p=0.003 for Polish samples; p=0.001 for Italian samples) and COIB
(PERMANOVA, p=0.011 for Polish samples; p=0.001 for Italian samples).

By combining DNA metabarcoding with morphological investigation, this study revealed several novel
findings regarding tardigrade diversity and distributions. Notably, Calohypsibius sp. discovered in an
Italian sample represents a species new to science, which needs to be described. Echiniscus virginicus
Riggin, 1962, found in Italy, constitutes the first record of this taxon in the country and the first record
in the Palearctic region. Other new records for Italy include: Crenubiotus ruhesteini Guidetti, Schill,
Giovannini, Massa, Goldoni, Ebel, Forschler, Rebecchi & Cesari, 2021; Mesobiotus mandalori
Erdmann, Kosicki, Kayastha, Mioduchowska & Kaczmarek, 2024; and Mesocrista revelata Gasiorek,
Stec, Morek, Zawierucha, Kaczmarek, Lachowska-Cierlik & Michalczyk, 2016. New record for Poland

is Mesobiotus nikolaevae Tumanov, 2018.

Moreover, our metabarcoding results provide evidence for undiscovered putative cryptic or pseudo-
cryptic lineages within Hypsibius (10 putative species), the Paramacrobiotus richtersi complex (one
putative species not barcoded before), the Macrobiotus polonicus complex (one putative species not
barcoded before), and the Macrobiotus pallari complex (one putative species not barcoded before).
Finally, Macrobiotus sottilei Pilato, Kiosya, Lisi & Sabella, 2012, found in this study in southern Poland,
are genetically distinct from the population previously found in northern Poland, representing an

example of potential cryptic taxa.
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Discussion

Our study provides a detailed protocol for COI metabarcoding of limnoterrestrial tardigrades, which,
together with the curated reference database, enabled the first large-scale metabarcoding survey of
tardigrades at species-level resolution. The DNA extracted from a portion of the sieved substrate from
the tardigrade microhabitat was found to accurately represent the tardigrade fauna present in a sample,
better than when starting from extracted tardigrades from the same sample. We observed that species
richness and community composition obtained through metabarcoding were congruent with results from
classical morphological surveys, with metabarcoding allowing us to detect more species (Figure 3B). In
many cases, these additional species found by metabarcoding were confirmed through re-examination
of the samples, leading to novel discoveries of tardigrade diversity and distributions. This explicitly
demonstrates that metabarcoding can be a powerful tool for detecting also rare taxa, including

potentially new species to science.

The primer set developed in this study (COIA) showed no evident taxonomic bias, as all the genera
identified through morphology were also detected in the metabarcoding data (Figure 3A). However,
while being more universal, this fragment was less specific to tardigrades compared to COIB. This
outcome is not surprising, given that the reverse primer for the COIB marker (TardR) was designed
specifically for tardigrades in times when genetic data for this group was extremely limited (Guil &
Giribet 2009). Therefore, it is in line with the theoretical prediction that a more conservative primer will
have increased specificity, but if the given DNA fragment is more variable in studied organisms only a
specific portion of them can be targeted during the amplification. Nevertheless, apart from samples with
very abundant tardigrade populations, in most COIA libraries, less than 10% of reads were classified as
Tardigrada (Figure 6A). This information should be considered for planning future tardigrade
metabarcoding experiments using COIA primer set. Due to the decreasing costs of sequencing, the lower
specificity of the primer set to tardigrades can be easily overcome by a higher sequencing depth,
avoiding the taxonomical bias caused by more selective primers. According to logical prediction,
metabarcoding of samples composed of manually extracted tardigrades (portion B) efficiently increased
the percent of tardigrade reads (Table 3). However, it brought difficulties in library preparation and the
risk of cross-contamination due to extremely low input DNA concentrations, which sometimes
constitute an important issue in tardigrade DNA studies (Arakawa et al. 2016, Koutsovoulos et al. 2016,
Surmacz et al. 2024). In our study, metabarcoding of DNA extracted from sieved sediment using the
COIA primer set proved to be an accurate and time-efficient method for revealing tardigrade
communities that are consistent with morphological observations. The higher number of OTUs
identified by metabarcoding likely reflects issues related to rare species or cryptic species complexes

rather than artifacts or the presence of extracellular DNA, since we were able to confirm the presence
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of rare taxa identified by metabarcoding by post-hoc morphological validation in 11 out of 14 tested

cases (Supplementary Materials 2.S6).

Despite the extensive collection and curation of tardigrade barcodes in the reference database, the
absence of reference barcodes for certain taxa still limits the accuracy of tardigrade metabarcoding. We
partially addressed this issue by supplementing the database with local sequences from individuals
identified in the study, focusing on poorly studied genera and taxa designated after reviewing the initial
metabarcoding data. This approach proved to be efficient in increasing the reliability of the
metabarcoding results by more confident OTU classification and is a common improvement
implemented when studying such challenging groups of animals as those included within meiofauna

(e.g. Macher et al. 2024).

The final patterns of community composition revealed by metabarcoding, such as the distinctiveness of
regional fauna and the presence of widespread species, align with the current understanding of tardigrade
biogeography (Morek et al. 2019, Gasiorek 2023). Cosmopolitan species such as Echiniscus testudo
(Doyere, 1840), Macrobiotus hufelandi C.A.S. Schultze, and Milnesium inceptum were found in both
regions, while other species showed rather regional preferences (e.g., Macrobiotus sandrae Bertolani &
Rebecchi, 1993 and Paramacrobiotus bifrons). Additionally, we discovered several new tardigrade
records for various countries, including the first occurrence of a species in the Palearctic region
(Echiniscus virginicus). Interestingly, the distribution of this species modeled in Gasiorek et al. (2019a)
indicated some European localities that could potentially constitute suitable habitats, and our findings
(metabarcoding results validated by morphological identification of E. virginicus in the sample)
empirically confirmed it. All this indicates that tardigrade species distributions are complex and still
poorly explored, and the metabarcoding protocol developed in our study is an effective and powerful

method for their investigation.
Curated database and local reference barcodes enhance COI metabarcoding of tardigrades

The curation of the COI database revealed a significant imbalance in the presence of COI sequences in
GenBank and BOLD, with a strong bias toward limnoterrestrial tardigrades (Figure 1). This imbalance
could be attributed to several factors, including the lower number of researchers working on marine
tardigrades, their small size, low population densities, and the technical challenges associated with
sampling, DNA extraction, and sequencing. It is obvious that to improve the comprehensiveness and

completeness of the database, increased sampling efforts are still necessary.

Another important issue concerns misidentification: some sequences in the public databases have been
classified into different genera or even classes than what is suggested by their phylogenetic placement.
For example, the unpublished sequence KC344344, deposited as Claxtonia wendti (Dastych, 1984), has
98.96% identity with Nebularmis reticulatus (Murray, 1905) indicating a possible misidentification, as

these genera may appear similar to non-taxonomists. Additionally, sequence NOTAR328-19 from
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BOLD is registered as Pseudechiniscus sp., but when searched against the BOLD database, it returns a
100% similarity with Minibiotus sp. This particular sequence is linked to a photo-voucher that clearly
shows an Echiniscidae, confirming a reliable identification in BOLD, and thus suggesting a possible
contamination during the sequencing process rather than a misidentification of the animal. Another
important issue identified during the curation of the database is the presence of many sequences in public
databases where neither the original authors nor the community have updated the final taxon names as
they appeared in the published papers reporting these DNA data. Without extensive literature knowledge
and thorough searches, followed by manual curation of the taxonomy for these sequence entries, their
usefulness stays significantly limited. Intrageneric misclassification is also common, often due to the
presence of cryptic and pseudocryptic species complexes. A prime example of such a hopeless situation
is Milnesium tardigradum that for many years was considered the only species present in the genus.
Only relatively recently, we learned that this group comprises much more species of which many are
morphologically extremely similar (Morek & Michalczyk 2020, Morek et al. 2021). Thus, this situation
has led to a proliferation of sequences labelled as M. tardigradum that actually belong to other taxa of
the genus Milnesium. These highlighted issues underscore the importance of manual database curation
and ongoing maintenance by researchers with taxonomic expertise in the group of interest, as this is
later crucial for providing reliable reference sequences for effective and confident taxa identification,

classification and delimitation.
Combining metabarcoding with morphological surveys accelerates meiofauna research

The traditional morphological approach to studying meiofauna is time-consuming and often impractical
due to the scarcity of trained taxonomists. This challenge is particularly acute for several tardigrade
groups that exhibit significant morphological stasis or cryptic characteristics, which hinder biodiversity
assessment using traditional morphological methods (e.g., Stec et al. 2018, Guidetti et al. 2019, Morek
et al. 2021). Moreover, classical faunistic studies face additional challenges related to (7) ontogenetic
variability (e.g., Surmacz et al. 2019, Gasiorek et al. 2019b, Surmacz et al. 2020), (if) high intraspecific
morphological variability within animals or their eggs (e.g., Stec et al. 2016, Brandoli et al. 2024, Stec
2024), and (iii) often the limited number of specimens extracted from samples. This third challenge is
especially relevant for tardigrade groups that lay ornamented eggs freely in the environment. For these
groups, egg morphology often provides crucial information for accurate species identification (Guidetti
2024), yet eggs are frequently absent in samples or easily overlooked. The high labor costs of classical
faunistic studies largely stem from the need to secure a sufficient number of specimens for detailed and

careful morphological examination.

On the other hand, metabarcoding offers a potentially more advantageous approach since it requires only
the DNA of the specimen for detection, capturing all ontogenetic stages or morphological variants that

contain DNA. Previous tardigrade metabarcoding studies (Arakawa 2020, Topstad et al. 2021,
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Zawierucha et al. 2022, He et al. 2024, Pust et al. 2024), along with the results presented here by us,
confirm the benefits of metabarcoding. However, they also highlight several methodological issues, with
the most significant being the lack of reference sequences and methodological biases. Our curated COI
database of tardigrade sequences clearly shows that the majority of nominal tardigrade species are not
barcoded and that marine taxa are severely underrepresented in the database. Although substantial
progress has been made since the advent of DNA barcoding (Hebert et al. 2003, DeSalle & Goldstein
2019), considerable gaps remain in DNA reference libraries for many other invertebrates as well (e.g.,
Jazdzewska et al. 2021, Csabali et al. 2023, Macher et al. 2024, Torres et al. 2024). The approach used
in our study involves employing DNA metabarcoding first, followed by traditional morphological
methods to refine and validate findings as needed. Using this combined approach, we identified at least
six new species records for Italy and Poland, discovered at least one species new to science, and provided
COI barcodes for 23 previously unbarcoded taxa. These discoveries would have been extremely time-

consuming or even impossible using traditional morphological methods alone.

Our results also highlighted an ongoing challenge in tardigrade taxonomy: the significant level of cryptic
and pseudocryptic diversity (e.g., Stec et al. 2018, Guidetti et al. 2019, Morek et al. 2021, Bertolani et
al. 2023). In our dataset, we observed ten putative Hypsibius species among the OTUs recovered by
metabarcoding, whereas only three recognizable morphospecies were identified by light microscopy.
This finding suggests that the group is understudied and supports the presence of cryptic lineages, as
recently suggested (Zawierucha et al. 2020). Despite recent extensive studies on several problematic
species complexes in tardigrades (those challenging due to extreme morphological similarities) some
still require further attention. Morphological analysis allowed us to tentatively identify Paramacrobiotus
gadabouti Kayastha, Stec, Mioduchowska & Kaczmarek, 2023, which belong to the Parmacrobiotus
richtersi species complex. However, metabarcoding (supported also by newly obtained barcodes)
confirmed the presence of other genetically distinct, unidentified species, despite two recent extensive
revisions of this group (Guidetti et al. 2019, Stec et al. 2020a). Similarly, for the Macrobiotus polonicus
and Macrobiotus pallarii complexes, which were the subjects of taxonomic revisions based on several
European populations by Bertolani et al. (2023) and Stec et al. (2021), our analyses identified two
species in each group. In both cases, one taxon was the nominal species (Macrobiotus dolosus Bertolani,
Cesari, Giovannini, Rebecchi, Guidetti, Kaczmarek & Pilato, 2022, and Macrobiotus ripperi), while the
other was an unidentified and previously unbarcoded putative species. Finally, morphological analysis
in this study assigned several Polish populations to Macrobiotus sottilei Pilato, Kiosya, Lisi & Sabella,
2012, as they perfectly matched the original description by Pilato et al. (2012) and the recently found
population of this species from northern Poland studied by Kiosya et al. (2021). However, the northern
and southern Polish populations constitute genetically separate taxa, with 24% divergence in

uncorrected COI distances, and can be considered (pseudo)cryptic species.
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Conclusions

The results of our study demonstrate that COI metabarcoding is an efficient method for inventorying
tardigrade diversity. The curated database represents a significant step toward the widespread use of
metabarcoding in tardigrade research, which could mark a breakthrough in ecological studies of these
organisms as well as their biogeography. The biggest challenge in COI metabarcoding of tardigrades
remains the lack of reference barcodes for many taxa. However, even with an incomplete reference
database, it is still possible to reliably assign most of the tardigrade OTUs to the genus level, as
demonstrated in our study. The metabarcoding repeatability and species discovery rate (especially for
low-abundance taxa) could be improved by using multiple PCR replicates per sample. Nonetheless, our
study showed that using a simple protocol of sediment metabarcoding with highly degenerate primers
and a single reaction per sample provides a good estimate of tardigrade communities, largely congruent

with the traditional morphological approach.

Although our research was conducted in one of the most well-explored regions of the world for
tardigrade fauna (Poland and Italy), where there is a long tradition of studies on these animals, many
taxa were still missing reference barcodes. Therefore, increased research efforts are needed to document
tardigrade diversity and expand barcode data, especially from poorly explored regions, as well as to
barcode underrepresented limnoterrestrial tardigrade families (e.g., Microhypsibidae, Hexapodibidae,
Isohypsibidae) and all marine tardigrade taxa. A collective effort by researchers worldwide will be
crucial for developing reliable high-throughput inventories, which will help us understand the patterns
of distribution and diversity of the enigmatic phylum Tardigrada. Our study design, which improves the
results of metabarcoding from environmental samples by their morphological re-examination and
providing new reference barcodes, can be also adapted for advancing metabarcoding protocols for other

microinvertebrate groups.
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819 Tables

820  Table 1. Primers used in this study. Bolded “NS” in the forward primer replaced “KC” present in the
821  original primer from Topstad et al. (2021).

Primer name Source Direction | Sequence (5’ —37)

BF2 TardF 2 modified from Topstad et al. Forward | GCNCCNGAYATRNSNTTYCC
(2021) (BF2_TardF)
BR2 Elbrecht and Leese (2017) Reverse TCDGGRTGNCCRAARAAYCA
TardR Guil and Giribet (2009) Reverse GGWARAATHARAATATADAC

822

823  Table 2. Information about sampling sites.

Geographic
Locality Coordinates Description
name
Tyniec, Krakow, suburban area covered by limestone rocks
K1 50.019°N  19.801°E )
Poland and anthropogenic surfaces
Przegorzaty, remnants of near-natural riparian forest
K2 50.038°N  19.887°E )
Krakow, Poland surrounded by the city

K3 Krakow, Poland  50.065°N  19.949°E  urbanized city centre
V1 Mergozzo, Italy ~ 45.940°N 8.440°E  tourist trail in deciduous forest

Cavandone, )
V2 . 45.944°N 8.526°E  rural area surrounded by deciduous forests
Verbania, [taly
Pallanza,
V3 45.926°N 8.565°E  urbanized town centre

Verbania, [taly

824

825  Table 3. Summary of metabarcoding results.

Before supplementing the After supplementing the
reference database reference database
COIA COIB COIA COIB
% of tardigrade Portion A 10.60% 35.17% 11.31% 38.16%
reads Portion B 53.40% 97.00% 69.41% 97.33%
Portion A 81 49 100 62
Number of
_ Portion B 80 48 99 65
tardigrade OTUs
Total (A+B) 84 56 104 74

826
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828

829  Figure 1. Sampling sites (A) and overview of sample processing methods (B and C). Background
830  satellite imagery source: Earthstar Geographics.
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Figure 2. The number of putative species-level taxa in the COI curated database aggregated at the family
level. Families marked in blue comprise marine taxa, while those marked in green comprise
limnoterrestrial taxa. The genus Mixibius is presented alongside families as it is incertae sedis and
contains 11 species. Other incertae sedis taxa (Thalerius konradi and Necopinatum mirabile) and fossil
taxa are not included. The total number of described species was obtained from Degma and Guidetti

(2024).
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Morphology COIA Morphology COIA

840

841  Figure 3. Comparison of the number of tardigrade genera (A) and species (B) identified using each
842  method, including taxa found during the post hoc morphological validation step.
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846  Figure 4. Comparison of tardigrade genera found by morphological survey and metabarcoding of

847  portion A (COIA + COIB) in the six studied localities.
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Figure 5. Tardigrade species (OTUs with at least 97% sequence identity to reference) recovered by

metabarcoding of portion A in the six studied localities.
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Supplementary Materials (https://doi.org/10.6084/m9.figshare.27048157.v1)

Supplementary Materials 1. Curated database of tardigrade COI sequences.

Supplementary Materials 2. Supplementary tables for “COI metabarcoding with a curated reference
database and optimized protocol provides a reliable species-level diversity assessment of tardigrades”:
(S1) sample information, (S2) Morpho-OTU table, (S3) COIA-OTU table, (S4) COIB-OTU table, (S5)
targets for new barcodes, (S6) morphological validation, (S7) additional barcodes, (S8) replicates in

metabarcoding, (S9) GLM results, (S10) rarefaction curves.

Supplementary Materials 3. Bioinformatics pipeline used in this study.
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