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Metabarcoding for identification of indigenous water fleas (Crustacea:
Cladocera) and earlier detecting of the non-indigenous taxa: a gap analysis
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ABSTRACT. The next stage in the ecological moni-
toring of indigenous and non-indigenous species has been
opened by the metabarcoding, laying the foundation of the
species detection based on the DNA analysis directly in an
environmental sample from a water body. Metabarcoding
can be very helpful in the comprehensive assessment of
biodiversity and the monitoring of harmful species, since
it significantly reduces requirements to taxonomic skills
and experience, allows fast performing of large-scale
analyses, and is sensitive to specimens barely accessible
to morphological identification such as juveniles of some
species. The aim of this mini-review is to make a critical
analysis of the “state of the art” of the cladoceran identifi-
cation in most recent publications, where metabarcoding
techniques were used, paying particular attention to its
problems and practical difficulties. We are sure that after
some years the eDNA methods will form a basis for the
monitoring of indigenous and non-indigenous aquatic
taxa, and such methods will be officially recommended
by the environmental authorities of different countries.
However, now we need to resolve the main problems
concerning their use. If the problems of the low quality
of the database entries, like misidentifications of taxa or
presence of pseudogenes disguised as proper vouchers,
etc. will not be resolved, many researchers will be mis-
guided and many automated pipelines will give noisy or
outright wrong results. We believe that current efforts of
the cladocerologists need to be focused on the filling of
the GenBank with sequences of all the loci widely used in
the metabarcoding from all the known cladoceran genera
and species in different regions of the world. Such efforts
could be coordinated with the complete mitogenome (and
full genome) sequencing initiatives which allows form-

ing the basis for future eDNA studies, including, but not
limited to the metabarcoding.
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PE3IOME. HoBas cTpaHHWIla B 3KOJOTHYECKOM
MOHHUTOPHUHIE a0OPUTEHHBIX U HEaODOPHUICHHBIX BHOB
ObllIa OTKPBITA MTOCIIE UCTIONB30BaHUSI MeTa0apKOINHTa,
3aJI0KUBILIETO OCHOBY JUISl BBISIBIICHNUSI BUJIOB Ha OCHOBE
anammza JJHK okpyskaromeid cpenst (npupoanas JJHK,
sxoormdeckast JJHK, 3/THK) u3 Bomoéma. Metabapko-
JVHT MOXKET OBITH OYEHb MOJIE3HBIM JUI KOMIUIEKCHOM
OIleHKH Omopa3zHooOpa3us W MOHUTOPHHTA «BpPEIO-
HOCHBIX» BHJ0B, TOCKOJIBKY OH 3HAYUTCIBHO CHUXKACT
TpeOOBaHMs K TAaKCOHOMHYECKMM HAaBBIKAM W OIIBITY
HCCIeIoBarelisl, MO3BOJSIET OBICTPO MPOBOIUTH KPYII-
HOMAcCIITa0HbIE HMCCIEAOBaHNS W HMICHTU(QHINPOBATH
00pasipl, TpyaHBIE AT MOP(OIOTHISCKOH HIACHTU(DH-
Kalluu, TaKNe KaK IOBEHWIbHbIE 0COOM Min ()parMeHThI
Teln ruapoononToB. Lens janHoro MUHU-0030pa — KpH-
THUYECKH TPOAHAIN3NPOBATh COCTOSHUE MCCIICIOBAHUM
B oOyacT MACHTH(UKAINK KJIAJOLUEP MO MOCIEAHUM
ITyOUKAISAM, B KOTOPBIX HCITOIb30BATHCH METO/IBI METa-
OGapKomMpoOBaHNs, yIENUB 0C000€ BHUMaHKE podieMam
U TIPAKTUYECKUM TPYJHOCTSIM. MBI a0COIIFOTHO yBEPEHbI,
YTO yepe3 Heckonbko JieT MeToas! 3/IHK cranyT ocHo-
BOU JUII MOHMTOPHHIa a0OPUTEHHBIX U HEaOOPHUTCHHBIX
TaKCOHOB I'MJIPOOMOHTOB, 1 TAKHE METO/IbI OyIyT O(HULIH-
QJIFHO PEKOMEH/IOBAHbBI MPUPOAOOXPAHHBIMH OpPTaHaAMH
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pasHbeIx cTtpaH. OpHako, ecad He OyayT pa3penieHb!
MpOOJIEMBI, CBSI3aHHBIC C OIIMOOYHBIMHU HICHTU(UKA-
IUSMHU TAKCOHOB B MEXIYHAPOIHBIX 0a3aX MaHHBIX U C
HaJIMIMeM B HUX TIOCIENOBATEIBHOCTEN IICEBIOTEHOB,
3aMaCKHPOBAHHBIX MO HAJJIEKAIIUE Baydepsl, U T.1.,
MHOTHE HCCIIe[0BaTeIu OymayT BBEACHBI B 3a0ayxie-
HHC, a aBTOMaTI/ISI/IpOBaHHbIe CUCTCMBI 6y£[yT J1aBaTb
«TPsI3HBIC» WM OTKPOBECHHO HEBEPHBIC PE3YJIbTaTHI.
MsI cunTaeM, 9TO B HACTOSIIECE BPEMs YCHIIHS KIIamo-
LIEPOJIOTOB JIOJKHBI ObITh HAMTPABJICHBI HA MOMOTHEHUE
0a3sel ganabelx NCBI GenBank mociemoBarensHOCTIMI
JIOKYCOB, IIMPOKO HCIOJIB3YEMBIX B METaOapKOIUHTE
BCCX N3BCCTHBIX pOZ[OB U BUJIOB, B YaCTHOCTHU BCTBHUCTO-
YCBIX pakoOOpa3HbIX, B Pa3HBIX PerHOHAX Mupa. Takue
YCHITUSL MOTYT OBITh CKOOPIMHUPOBAHEI C pa0OTaMHU 10
MOJTHOMY CEKBEHHUPOBAHHIO MHUTOTEHOMOB (M TOJIHBIX
TEeHOMOB), YTO TMO3BOJHUT CPOPMHUPOBATH OCHOBY IS
Ooynymux uccnenosanuii 3/IHK, Bkirtouas TakoBbie, HO
HE OrpaHUYCHHBIC pAMKaMU METa0apKOIMHTa.

Introduction

Microscopic crustaceans, including water fleas (Crus-
tacea: Cladocera), are key links in the food chains in the
continental aquatic ecosystems. It is well-known that the
“traditional” methods of their identification (based on
dichotomous keys and referring to morphological charac-
ters, comparison with species descriptions and figures in
key-books) require intensive work of well-trained (during
many years!) experts. It is obvious that such a routine
taxon identification is laborious and time-consuming, and
therefore it creates difficulties in its application for exten-
sive monitoring and other ecological studies employing
large sample sets. Moreover, using of regional keys could
lead to omission of recently appeared non-indigenous
taxa, habitually similar with their indigenous congeners,
as the formers are absent in such keys [Kotov et al., 2022].
Unfortunately, there were many examples of situations
when invasive taxa were not detected by local scientists at
earlier stages of their penetration to new regions, even in
Europe with well-studied cladoceran fauna. For example,
invasive status of Daphnia ambigua Scourfield, 1947
and D. parvula Fordyce, 1901 in Europe was confirmed
many years after the Second World War, when they were
occasionally transported from North America by military
amphibious vehicles [Flossner, Kraus, 1976].

Application of molecular methods is regarded as a
panacea for correct estimation of biological diversity, ac-
curate species identification in ecological monitoring and
carlier detection of non-indigenous taxa among cladocer-
ans as well as among any other hydrobionts (see Hebert et
al. [2003a,b]; although we will not discuss in this review
non-cladoceran taxa). Indeed, application of molecular
methods improved a lot the taxonomy of several cladoc-
eran groups [Petrusek et al., 2008; Adamowicz et al.,
2009], helped to resolve phylogeny of many macrotaxa
[Van Damme et al., 2007; Cornetti et al., 2019; Neretina
et al., 2021], including the cladoceran orders [Xu ef al.,
2021], and gave a phylogeographic explanation of recent
global and local distribution patterns [Taylor ez al., 1998;
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Crease et al., 2012; Kotov, Taylor, 2019; Zuykova et al.,
2019; Kotov et al., 2021; Pereboev et al., 2024].

Most genetic studies are focused on different groups
inside the Daphnia O.F. Miiller, 1785 genus [Petrusek et
al.,2008; Adamowicz et al., 2009; Zuykova et al., 2019;
Pereboev et al., 2025] which can be regarded as the most
studied taxon of the invertebrates in continental water
bodies. Applying of genetic methods led to revealing of
cryptic invasions, fully missed by morphologists like in
the case of the “American pulex” expansion to Africa and
then to Mediterranean European countries [Mergeay et
al., 2005; Conde-Porcuna et al., 2021; Vecchioni et al.,
2021]. Some earlier genetic works, unfortunately, have
contributed to the increase of the Daphnia taxonomy
uncertainty, but the situation has been greatly improved
in the 21* century [Kotov, 2015]. Nowadays, it is com-
mon to accompany taxonomic revisions by phylogenies
based on several genes and even full genomes [Kotov et
al., 2021; Pereboev et al., 2025].

The next stage in the ecological monitoring of indig-
enous and non-indigenous species has been opened by
the metabarcoding [Pompanon ef al., 2011], laying the
foundation of the species detection based on the DNA
analysis directly in an environmental sample from a
water body [Ficetola ef al., 2008]. Metabarcoding can
be very helpful in the comprehensive assessment of bio-
diversity and the monitoring of harmful species, since it
significantly reduces requirements to taxonomic skills
and experience, allows fast performing of large-scale
analyses, and is sensitive to specimens barely accessible
to morphological identification such as juveniles of some
species [Milian-Garcia et al., 2023; Nynatten et al., 2023].
To date good examples of invasive species detection using
environmental DNA (or eDNA) were provided [Brown
et al., 2016]. Recently the DNA metabarcoding has
been started to be used also for analysis of the plankton
community composition from archived samples fixed
in formalin [Shiozaki et al., 2021]. Furthermore, a new
direction was established: the study of the environmental
RNA, which could lead to a “revolution in ecological
resolution” [Yates et al., 2021]. At the same time, studies
of the environmental DNA from sediments (sedDNA)
have been started [Willerslev et al., 2003; Tsugeki et
al., 2022]. The eDNA analysis (including metabarcod-
ing) was already applied many times for the cladoceran
identification in different continental water bodies [ Yang
et al., 2017; Yang, Zhang, 2020; Valdez-Moreno et al.,
2021; Liang et al., 2024] and seas [Stefanni et al., 2018;
Zamora-Terol et al., 2020; Song, Liang, 2023].

However, even the authors of cited publications
pointed out that there are still many problems concern-
ing the application of metabarcoding [Cristescu, Hebert,
2018]. The aim of this mini-review is to make a critical
analysis of the “state of the art” of the cladoceran identifi-
cation in most recent publications, where metabarcoding
techniques were used, paying particular attention to its
problems and practical difficulties.

In this paper our main focus is metabarcoding based
on short-read NGS platforms (e.g. [llumina MiSeq, etc.),
however it should be acknowledged that the approaches
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employing long-read ones (PacBio SMRT, Oxford
Nanopore) have been developed recently and tested
in zooplankton research [Moutinho et al., 2024]. For
example, PacBio SMRT (Single-Molecule Real-Time)
has been successfully applied in marine zooplankton
metabarcoding [Lee et al., 2022] and even in high-scale
barcoding of arthropods [Hebert ef al., 2018], although it
is mainly used for studies on microorganisms, e.g. fungi
and protists [Tedersoo, Anslan, 2019; Jamy et al., 2020].
Unfortunately, the methods of long-read metabarcoding
are not applying for the cladoceran studies, although there
are no fundamental barriers to such works. The main
advantage of the long-read metabarcoding is ability to
obtain longer sequences (theoretically, up to many thou-
sands, but usually barcodes no more than few kilobases
are used) and, therefore, increased accuracy. Working
with PCR products, high error rate of these platforms can
be overcome due to sequencing of numerous copies of
amplicons and bioinformatic processing of the obtained
data [Hebert et al., 2018].

Difficulties of the eDNA metabarcoding

Methodological problems. Apparently, the success
of'the eDNA identification of a given species depends on
its population density [Walsh ez al., 2019], ability to shed
the exoskeleton [Trimbos ef al., 2021], body volume, and
so on. The methods using eDNA are still developing now,
and many methodological problems have not been fully
resolved yet. For example, despite conclusions made by
some recent authors [Bourque et al., 2023], biotic and
abiotic factors influencing temporal variation in the eDNA
concentration are poorly known, as well as the speed of
eDNA degradation [Seymour ef al., 2018].

In some publications a strong correlation was demon-
strated between sequence abundances and microscopical
individual counts [Song, Liang, 2023]. Nonetheless, the
metabarcoding studies frequently result in a higher biodi-
versity as compared to traditional morphological identi-
fication [Schroeder et al., 2020]. However, it ought to be
inquired whether such differences could be explained by
areal advantage of the metabarcoding method, or it is due
to detection of occasional eDNA from adjacent biotopes,
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in-lab contamination, PCR artefacts, or insufficient train-
ing of the team in morphological methods?

The claim that eDNA is stable enough to preserve
identifiable genetic fragments for prolonged time spans
is partly withdrawn, although it still could be justified in
some cases. On the other hand, we have to acknowledge
recent progress in the genetic-based monitoring of aquatic
environments due to use of eRNA instead of eDNA for the
taxon detection. It is important that eERNA is not as stable
as eDNA, and studying the former, we obtain a snapshot
of biodiversity during a relatively short period of time
before sample collection [Cristescu, 2019; Ankley et al.,
2022]. Nevertheless, the question about the coherence
of the morphological and molecular methods is open for
discussion.

Scarce information on any cladoceran species in
international genetic databases. Paul D.N. Hebert was
awarded the Benjamin Franklin Medal in Earth and Envi-
ronmental Science just for the idea of the DNA barcoding
[Petraitis, 2024]. The latter approach is a predecessor of
metabarcoding, and the intimate link between them is
obvious if we acknowledge that reference databases used
for the latter are composed mainly from results of the for-
mer. In their review of eDNA studies, Cristescu & Hebert
[2018: 212] specially noted that “a reference sequence
library derived from the analysis of voucher specimens
belonging to the taxonomic group under study is critical
to support such work”. Unfortunately, the cladoceran
reference sequence library is still very incomplete, and
no special efforts to create one have been made since
their publication.

Nearly a million cladoceran sequences could be found
in the Nucleotide database of NCBI GenBank but such
a “good representation” is only an illusion. Actually, a
great disproportion is observed between the number of
sequences of Daphnia and other cladocerans: among
952011 sequences in the Genbank retrieved as “Cladocera
[organism]” on 27.11.2024 the vast majority belongs to
D. magna and D. pulex (Table 1). This is a very com-
mon situation in genetics, physiology, and ecology of
the Cladocera: only Daphnia is relatively well-studied,
while most other cladocerans are almost untouched by
investigations [Smirnov, 2017; Portinho et al., 2024].

Table 1. Results of the searches in the Nucleotide database of NCBI GenBank according to different keywords on 27.11.2024.
Tabnuua 1. PesynbraTe! orcka B 6a3e qanubix Hykiaeoti0B NCBI GenBank 1o pa3nuuHbIM KITIOUYEBBIM CIIOBAM

Ha 27.11.2024 r.

Keyword Total number of sequences retrieved by Number of COI sequences retrieved by
“Keyword[organism]” “Keyword[organism] AND (COI OR COX1)”
Cladocera 952011 8189
genus Daphnia 926788 2144
in part. Daphnia magna | 601651 781
in part. Daphnia pulex 200675 129
Anomopoda 945564 5645
Ctenopoda 3236 1764
Onychopoda 2107 568
Haplopoda 1105 211




208

Daphnia

Diaphanosoma

Ceriodaphnia

Chydorus

Scapholeberis*

Simocephalus

Moina

Polyphemus

Bosmina

Leptodora

o

500 1000 1500

D.D. Pereboev et al.

2000 2500 3000 3500 4000

Fig. 1. Top 10 cladoceran genera by total number of marker gene sequences in the Nucleotide database of GenBank. For each genus the
number is obtained by adding all the counts of “genus[organism] AND ferm” where the term is “(COI OR COX1)” or “12S” or “16S” or “18S”.
For Scapholeberis, the 12S sequences were not taken into account, since almost all of them were counted in the 16S ones due to the predominant

locus being spanned across the two genes.

Puc. 1. Ton-10 poxos knajgouep no o0IEMy YHCITy MOCIEI0BATEIbHOCTE MapKEPHBIX TEHOB B 0a3e NaHHbIX HykineoTua0B GenBank. /s
Ka)KJIOTO POJIa YHCIIO MOJIYYEHO ITyTeM CIIOXKEHHUsI BCeX Pe3yNbTaToB Mo 3anpocy “genus[organism] AND term”, tne term — “(COI OR COX1)”,
“12S”, “16S” unm “18S”. [Ins pona Scapholeberis, nocnenoBaTeabHOCTH reHa 12S He yUUTHIBAINCh, TAK KAK MOYTH BCE OHU OBUTH YYTEHbI CPE/IH
nocleoBaTesibHOCTel 16S H3-3a TOrO, YTO NMpeodiiajalolyii JOKyC OXBaTbIBaeT 00a reHa.

Furthermore, a similar pattern is observed on the ge-
nus level: in all the markers examined in the current study
(COI, 128, 168, and 18S), Daphnia is the most studied
taxon (Figs 1, 2). In terms of total number of sequences,
Daphnia is represented more than 2 times higher than its
closest “rival”, Diaphanosoma. Also, it should be noted
that even in this top 10 (Fig. 1) more than 60 percent of
the sequences belong to the daphnid genera.

In reality, cladoceran macrotaxa other than Daphnia
are relatively poorly represented in international data-
bases, especially groups rich in cryptic species. Even
efforts of the COI sequence deposition to the GenBank
and BOLD are significantly de-intensified recently as
compared to the earlier enthusiastic times of the Barcode
of Life initiative [Hebert et al., 2003a,b; Elias-Gutierrez
et al., 2008; Elias-Gutierrez, Valdez-Moreno, 2008].
Accumulation of new cladoceran sequences is mainly
performed by few research groups (although the neces-
sity of such studies is obvious for many biologists deal-
ing with this model group) and a limited number of the
researchers can contribute to the cladoceran studies in
particular regions [Makino et al., 2017; Garlasche et al.,
2023; Nowosad et al., 2024]. A representative set of new
cladoceran COI sequences was deposited to the GenBank
during last ten years by our group, or with a contribution
by our group [Bekker et al., 2016; Kotov et al., 2016,
2021], although we do not regard barcoding as our prior-
ity. Interest in cladoceran diversity and phylogeography
is shifting from western to developing countries, with a
significant participation of the Chinese biologists [Deng
etal.,2022; Pei et al., 2023] and others). Moreover, China

is now among the countries with the greatest progress in
the metabarcoding and eDNA studies [Zhao et al., 2021].

No molecular data on the cladocerans are available
for most territories of the planet, only few “spots” are
studied in detail. In fact, the number of papers concern-
ing barcoding, as well as metabarcoding, in freshwater
environments grew until ca. 2021 [Elias-Gutierrez ef al.,
2021] but stopped to grow according to a more recent
graph presented by Elias-Gutierrez & Valdez-Moreno
[2023]. As a result, some authors claimed that “a sub-
stantial portion of taxa that were identified to genus or
species by morphological identification, but not identi-
fied using DNA metabarcoding, had zero (“no record”)
or < 2 (“underrepresented records”) reference barcodes
in the BOLD or NCBI databases (63% for COI, 80% for
168, 74% for 18S)” even in Canada being the capital of
barcoding studies [Meredith et al., 2021].

We have conducted a study of publication activity in
the bibliographic databases, Elsevier Scopus and Google
Scholar, on the topic of our interest (Fig. 3). Our data
agree with the mentioned observation: we see a spectacu-
lar growth in the publications discussing both Cladocera
and barcoding since 2008 until 2021 when its decline has
started. The vast majority of these publications is devoted
to the “traditional” barcoding using the COI mitochon-
drial marker. On the other hand, since the late 2010s, a
steady increase in the papers featuring metabarcoding and
eDNA in the context of Cladocera is observed.

We agree with Garlasche ef al. [2023] that organiza-
tion of the metabarcoding-based monitoring must be ac-
companied by establishment of a reference DNA library
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Fig. 2. Total numbers of the marker gene sequences in the Nucleotide database of GenBank by genera with at least one sequence. For each
genus the number is obtained by searching for “genus [organism] AND term” where the term is “(COI OR COX1)” or “12S” or “16S” or “18S”.
For Scapholeberis and Megafenestra, the predominant locus in the database is spanned across the 12S and 16S genes, and counted separately for
each one.

Puc. 2. OGee 4ncio mocieaoBaTenbHOCTeH MapKEpHBIX T€HOB B HYKIICOTH/IHOM 0a3e nanHbix GenBank mo pomam, comepskamym XoTs Obt
OJIHY IOCJIE0BATEeIBHOCTD. sl Ka)KJ0ro pojia YHCIIO TOTyUYeHO ITyTeM IOUCKa 110 3ampocy “genus [organism] AND ferm”, tne term — “(COI
OR COX1)”, “12S”, “16S” unu “18S”. [1ns ponos Scapholeberis u Megafenestra npeodnanaroniuii 10Kyc B 6a3e 1aHHBIX oxBarbiBaeT 12S u 16S
TeHbI ¥ YYUTBIBACTCS OTAEIBHO JUISl KaXKJI0r0 M3 HUX.
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Fig. 3. Number of publications featuring different terms according to bibliographic databases Google Scholar and Scopus Elsevier on the
subject. The search is performed in the titles of publications and keywords in the metadata. The data for 2024 are incomplete; they are represented

for the first half of the year.

Puc. 3. Uncno myOmukanuii, mpeacTaBleHHbIX B oubmuorpaduyeckux 6a3 nanusix Google Scholar u Scopus Elsevier mo maHHO# TemaTuke.
ITouck BeeTest 10 Ha3BaHUSAM MyOIMKALUA M KIIFOYEBBIM CIIOBaM B MeTaaHHbIX. J{anHble 32 2024 o HEMOIHbIC, OHH MPEICTABIICHBI TOIBKO 32

TIEPBOC MOTYrogue.

featuring local samples. Hence, most species with barcode
sequences in the indigenous database could be identified
by metabarcoding approach [Yang et al., 2017].

Although main cladocerans known as invaders are
represented in the NCBI GenBank, many other taxa are
underrepresented, or fully absent in the international
databases (Table 2), first of all, representatives of the
family Chydoridae being the most diverse group of the
Cladocera and containing c.a. 40% of all known species
[Forro et al., 2008]. Therefore, we barely have a chance
to detect their invasions, especially cryptic ones. At the
same time, our previous trans-Eurasian, trans-Holarctic,
or global phylogeographic study revealed non-indigenous
haplotypes, large phylogroups, and even species among
the cladocerans for which such invasions were previously
unknown, and no signs of such cryptic invasions were
recorded by the morphologists [Garibian et al., 2020,
2021; Karabanov et al., 2020].

As aresult, many contemporary metabarcoding stud-
ies of the plankton (including very recent and promising
eRNA studies, detecting mainly genetic material from
alive rather than dead specimens) use the family or ge-
neric level of the identification, with only few particular
cladocerans identified up to species level [Ankley ef al.,
2021, 2022]. Note that, in some cases, such an approach
has already been able to detect non-indigenous species
in the region, like two copepods found by [Ankley et al.,
2021]. However, others have a great chance to be missed
due to their poor representation in the international da-
tabases.

Insufficient sequence database quality and nuclear
mitochondrial pseudogenes. Another important hin-

drance to the application of the “barcoding datasets” for
the metabarcoding is a set of issues concerning previously
deposited sequences. First of all, there are apparent spe-
cies misidentifications and misuses of the species names
for populations belonging to distant locations (like other
continents) to the taxon type locality making necessary
to conduct a “decoding of barcoding” results in each
particular case [Garibian et al., 2020]. Moreover, low
quality of some sequences causes big noise and could lead
to misidentification, and we have no chance to check and
correct them since the chromatograms are absent. Par-
tially, this situation can be improved by special program
tools for COI data cleaning and error evaluation [Nugent
et al., 2020]. However, it means that an investigator is
supposed to check the initial dataset in the GenBank or
BOLD by this tool prior to using the deposited sequences
as vouchers for identification of their species. Apparently,
a global check of the GenBank by its editors is urgently
necessary now.

Nuclear mitochondrial pseudogenes (NUMTs) (see
Leite [2012] for description of this phenomenon in in-
sects) “appear to pose the greatest interpretational risk
when short (<313 bp) amplicons are used, such as in
environmental DNA studies” [Schultz, Hebert, 2022].
The statement that “inflation in OTU counts and in
barcode variation were just 9 and 10%, respectively,
suggesting NUMTs will not seriously distort biodiver-
sity assessments” [Schultz, Hebert, 2022: 2897] is, in
our opinion, controversial. We need to agree with Leite
[2012: 301] that “NUMTs pose a major problem for
taxonomic and phylogenetic studies based exclusively
on barcode sequences”. Lopez ef al. [2022] also spe-
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Table 2. List of the cladoceran genera present in the Holarctic without any single sequence in the NCBI GenBank.
Tabnuma 2. Criucok poaos Cladocera, oduraromux B ['onapkTuke, A5l KOTOPBIX HET HU OJHOM MOCIICI0BATEIBLHOCTH B Oa3e

nmaaaeix NCBI GenBank.

Taxon

Taxon

Order Ctenopoda Sars, 1865
Family Sididae Baird, 1850
Limnosida Sars, 1862
Pseudosida Herrick, 1884

Order Anomopoda Sars, 1865

Family Ophryoxidae Smirnov, 1976

Parophryoxus Doolitle, 1909

Family Chydoridae Dybowski et Grochowski, 1894
Subfamily Chydorinae Dybowski et Grochowski, 1894
Estatheroporus Alonso, 1990

Family Chydoridae Dybowski et Grochowski, 1894
Subfamily Aloninae Dybowski et Grochowski, 1894
Anthalona Van Damme, Sinev et Dumont, 2011
Brancelia Van Damme et Sinev, 2011

Korealona Jeong et al., 2017

Kozhowia Vasiljeva et Smirnov, 1969
Nedorhynchotalona Kotov et Sinev, 2011
Nicsmirnovius Chiambeng et Dumont, 1999
Parakozhowia Kotov, 2000

Phreatalona Van Damme, Brancelj et Dumont, 2009

Tretocephala Frey, 1965

cially claimed that the nuclear-encoded mitochondrial
pseudogene contamination is a very serious problem for
genomic methods (gDNA) as “mock community analyses
showed that the use of gDNA mitochondrial cytochrome
coxidase I (mtCO1) amplicons inflates species richness”.
They applied a metatranscriptomic approach and found
that “significantly more amplicon sequence variants,
nucleotide diversity, and indels were observed with gDNA
amplicons than with cDNA, indicating the presence of
putative NUMT pseudogenes”. Such pseudogenes have
been already found in the cladocerans [Kowal et al., 2020]
but there is no information on pseudogenes in the non-
daphniid genera. Again, special software tools could be
proposed for the NUMTs search and removal [Flamingh
et al., 2023], but nobody uses them in the cladoceran
studies, including metabarcoding.

Finally, we have to underline weak representation
of the sequences from invasive and potentially invasive
cladoceran taxa in the Genbank and BOLD. Among the
species expanded their distribution ranges listed by Kotov
et al. [2022], eight taxa lack any COI sequences:

Limnosida frontosa Sars, 1862

Simocephalus hejlongjiangensis Shi et Shi, 1994

Wiassiscia pannonica Daday, 1904

Biapertura ossiani herricki (Sinev, 2013)

Disparalona striatoides (Sramek-Husek, 1946)

Flavalona rustica (Scott, 1895)

Ovalona weinecki (Studer, 1878)

Phreatalona protzi Hartwig, 1900.

Alongside the previous issue, wrongly deposited
“vouchers” could be a critical obstacle for the earlier
invasion detection.

Problems with locus selection

mtDNA marker COI. A very (if not the most) im-
portant problem is the locus selection for the metabarcod-
ing. The most complete available data (e.g. see Figure
3 for the genera representation of different markers in
the GenBank) concerns the mitochondrial COI gene
used in traditional “DNA barcoding” sensu Hebert et al.

[2003a,b], more specifically, the Folmer region (ca. 700
bp in the beginning of the gene). Since the usual length
of'aread in a short-read sequencing does not exceed 250
bp and paired reads are used, up to approximately 0.5 kb
subregion has to be chosen. At the same time, a signifi-
cant variability does not allow providing a universality to
so-called “universal” primers. Several authors proposed
other primers for COI metabarcoding [Leray et al.,2013;
Schroeder et al., 2021].

In any case, due to the absence of good reference li-
braries on non-daphniids, researchers use identification up
to the genus level, moreover, even such identifications as
“Macrothrix” of “Ilyocryptus” [ Yang, Zhang, 2020; Cen
et al., 2023] could be referred to other macrothricid-like
genera lacking vouchers in the GenBank. A very typical
situation is observed in recent papers on the cladoceran
metabarcoding: only few taxa from the total sample or
eDNA are identified based on COI at the species level,
while others — at the genus level [ Yang et al., 2017; Yang,
Zhang, 2020; Valdez-Moreno et al., 2021; Liang et al.,
2024]. In some cases, only identification at the family
level is used [Clarke et al., 2017; Martin ef al., 2021; Qiu,
Liu et al., 2022], and such resolution level is regarded as
sufficient for metacommunity studies.

Apparently, studies based on COI are most effective
in case of a well-studied territory, especially, Europe
[Vogelmann et al., 2024], where the plankton could be
identified up to species level in the total samples, water
and sediments. Kiemel ef al. [2023] made such a study
for plankton, but note that these authors said nothing
about littoral cladocerans (i.e., in sediments) — we do
not know, did the authors simply ignore them, or they
were really absent?

In the case of the neritic zone of the World Ocean
with only a few cladoceran species and which are repre-
sented in the GenBank, their identification up to species
level works well [Stefanni et al., 2018; Zamora-Terol
et al., 2020; Garcia-Vazquez et al., 2021; Singh et al.,
2021; Song, Liang, 2023]. The same can be said about
well-known invasive species as targets of metabarcoding
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studies. For example, Mychek-Londer ef al. [2020] suc-
cessfully detected DNA of Bythotrephes longimanus and
Cercopagis pengoi, harmful invasive species in the Great
Lakes basin, in fish stomach contents. Moreover, it was
possible to detect presence of B. longimanus in sedDNA
using COI primers, which is crucial for understanding of
the invasion history of this taxon and similar approach
could be applied to other taxa in the future. On the other
hand, it is not guaranteed that short COI fragments could
identify some cases of cryptic invasions, especially, in
the case of invaders being closely related to indigenous
species, or invasions of intraspecific lineages [Karpowicz
et al.,2024].

Sometimes the COI primers do not work for cladoc-
erans, although other primers detect a significant generic
and species number. Zhao et al. [2021] detected during
different seasons 29 OTUs belonging to the Cladocera
using 18S primers, and no one cladoceran OUT during
any seasons using COI. We had a similar situation in our
studies (our data, in prep.). It could be explained by the
fact that such primers usually developed for a wide range
of zooplankton taxa and oftentimes biased towards marine
diversity, where cladoceran representation is minuscule.
As mentioned, significant variability of the COI gene is
an insurmountable obstacle to the design of the universal
primers.

mtDNA markers 12S and 16S. These prospective,
but rarely usable loci of mitochondrial DNA, although
less variable than COI, provide better resolution than
18S. Gao et al. [2020: 62] found that “16S primer had
better specificity to zooplankton species, where 88.1% of
16S OTU came from zooplankton”, and they were able
to identify some cladocerans up to species level in their
total zooplankton samples. At the same time, in recent
studies, identification is performing mainly up to genus
level [Novotny et al., 2021; Novotny, 2021]. The main
drawbacks are insufficient representation in the databases
(Fig. 3), and inability to discern some very closely related
species and lineages due to the limited variability as
compared to COL.

nDNA marker 18S. This locus is very “friendly” in
terms of the successful analysis using “universal” primers.
However, it demonstrates a low variability (and, therefore,
a low resolution), and a mediocre representation in the in-
ternational databases. Sometimes it was used for detection
of major planktonic macrotaxa, like cladocerans in total
[Banerji et al., 2018], or their families [Clarke et al., 2017;
Di Capua et al., 2021; Novotny, 2021; Qiu, Lu et al.,
2022]. Using this marker, it is difficult to analyse complex
and taxonomically diverse communities because, e.g., “a
single sequence divergence threshold does not always
generate good correspondence between OTU number and
species richness” [Brown et al., 2015]. Ji et al. [2022: 1]
concluded that “only ~56% of the zooplankton genera
reported in Korea could be detected based on the 18S
rRNA gene”, moreover, the results of metabarcoding and
microscope identification (even at generic level!) were
sometimes different. Therefore, the resolution of such
studies is unacceptably low. Furthermore, Monchamp et
al. [2022] found “a significant correlation between the

D.D. Pereboev et al.

relative abundance of zooplankton families identified
based on SSU rRNA gene prediction and morphology”,
but “differences in congruence between metagenomes and
morphological identifications were detected when varied
bioinformatic approaches were applied to the presence-
absence data”. In our opinion, the 18S data could be only
used as supplementary to the metabarcoding with the
mitochondrial markers.

Nevertheless, we need to admit that sometimes ap-
plication of the 18S only was very successful [Zhao et
al., 2021]. Also, this marker has been already used for
detection of the invasive species from different animal
taxa, including cladocerans Cercopagis pengoi and
Daphnia galeata, based on eDNA [Brown et al., 2016].
Therefore, this locus could be sensitive enough to detect
some non-indigenous taxa, in spite of its low resolution.

Multiple markers. In many studies, a multiple marker
approach (either combining results of independent runs,
or using multiplex PCR) is tested, like a combination
of 18S+16S [Stefanni et al., 2018; Zamora-Terol et al.,
2020], 18S+COI [Stefanni et al., 2018; Kiemel et al.,
2023], 18S+12S+COI [Schallenberg et al., 2023], or
18S+16S+two fragments of COI [Meredith ez al., 2021].
Zhang et al. [2018] strongly recommended marker mul-
tiplexing (i.e. using combination of different markers
in a single PCR) for metabarcoding of the zooplankton
communities. They found that “the species detection
level was significantly improved to 89—93% when both
markers were used”. As far as we are concerned, since
multiple markers can cover blindspots of each other, we
believe they should be preferred in biodiversity research
and ecological monitoring whenever it is feasible.

Conclusions

We are sure that after some years the eDNA methods
will form a basis for the monitoring of indigenous and
non-indigenous aquatic taxa, and such methods will be of-
ficially recommended by the environmental authorities of
different countries. However, now we need to resolve the
main problems concerning their use. If the problems of the
low quality of the database entries, like misidentifications
of taxa or presence of pseudogenes disguised as proper
vouchers, etc. will not be resolved, many researchers will
be misguided, and many automated pipelines will give
noisy or outright wrong results. Although, we have to
admit it can be done only by the editors of the databases,
or, alternatively, new reference databases could be created
by the community.

On the other hand, we believe that current efforts of
the cladocerologists need to be focused on the filling of
the GenBank with sequences of all the loci widely used in
the metabarcoding from all the known cladoceran genera
and species in different regions of the world. Such efforts
could be coordinated with the complete mitogenome (and
full genome) sequencing initiatives which allows form-
ing the basis for future eDNA studies, including, but not
limited to, the metabarcoding.

Now is the best time to start this job, but needless to
say that efforts of several scientific groups are necessary.
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International cooperation and a responsive community
are indispensable in such an endeavour.
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