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Metabarcoding to monitor the crustacean zooplankton of a lake improves
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ABSTRACT

Biodiversity surveys through morphology provide invaluable data to inform biological monitoring efforts, involving specialised
taxonomic skills that are not always available. The revolution brought by the advent of metabarcoding associated to massive sequencing
is currently seen as a potential advance, even if different approaches may often provide different results. Here we test if reliable results
from metabarcoding can be obtained by i) basing the analyses on a detailed knowledge of the local diversity from morphology, ii) ap-
plying tools from DNA taxonomy to create a local reference library, ii) developing custom primers, taking as example the crustacean
zooplankton of a subalpine lake in Northern Italy, Lake Maggiore. We support the idea that occurrences from metabarcoding can be re-
liable, especially with targeted primers, but we confirm that read numbers from massive sequencing could not be related to abundance
of individuals in our analyses. Data from metabarcoding can thus be used to reliably monitor species occurrence in the lake, but not

changes in abundance.

INTRODUCTION

Biological monitoring of aquatic habitats for assess-
ment of environmental quality in Europe has been har-
monised by the Water Framework Directive (WFD) in
Europe to allow comparisons between the different national
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procedures, with the aim of achieving good ecological con-
ditions for all the aquatic habitats, comparing the biota of
each water body with a set of geographically delimited ref-
erence systems (Kallis and Butler, 2001). Such monitoring
has been, and still is, performed using a morphological ap-
proach for the identification of the taxa of the so-called Bi-
ological Quality Elements (BQEs) (Simboura et al., 2005),
taxonomically defined groups of organisms (e.g., families,
orders, efc.) with known ecological requirements that can
provide inference on ecological conditions based on their
occurrence and abundance.

In addition to such European-scale national and inter-
national systems, other monitoring schemes have been de-
veloped for specific areas, for example for water bodies
that are shared between countries (Leb, 2015), and for
sites within the Long-Term Ecological Research (LTER)
rationale (Lindenmayer and Likens, 2009; Magurran et
al., 2010). These local monitoring schemes often consider
additional BQEs, not included in the WFD, like for ex-
ample zooplankton (Jeppesen ef al., 2011).

A DNA-based approach on bulk samples, called
metabarcoding, has been included in some specific proj-
ects, actions, and proposals for monitoring (Leese ef al.,
2016; Rey et al., 2020) to bypass several limitations ex-
isting in routine monitoring, where expert taxonomists
cannot be available for all groups of organisms to be used
according to national and international rules, and to in-
clude also other groups of organisms in the assessment of
biological quality, like the zooplankton. Accurate taxo-
nomic identification is notorious to be difficult for several
taxa and thus to produce ambiguous and potentially sub-
jective results, not allowing any convincing inference on
quality assessment. For example, for some BQEs, the
identification of taxonomic ranks higher than species is
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considered reliable (Birk et al., 2012). In other cases, dif-
ferent cryptic taxa within the same species groups may
respond differently to the same environmental factors and
stressors (Lucentini et al., 2011; Obertegger et al., 2014),
diminishing the potential broad applicability of biological
monitoring using such organisms. The use of DNA mark-
ers in biological monitoring with a rationale similar to that
of the WFD could allow a more objective identification
of taxa (a DNA sequence is unambiguous and not based
on subjective approaches), provide reliable data to be sub-
sequently used for other purposes, and potentially pose
the basis for a deeper understanding of patterns and
processes in biological diversity (Lim et al., 2016).

Notwithstanding such advantages, an abrupt switch
from morphology-based to DNA-based biological moni-
toring is not considered a useful path to take (Collins and
Cruickshank, 2013). To be able to take advantage of the
historical morphological approaches, indexes, and records
developed and gathered for the BQEs and to project them
in the future use of DNA sequences on the same and other
BQEs, a reference system should be put in place to match
morphology and DNA, and to allow a comparison of met-
rics obtained with the two approaches to identify taxa
(McManus and Katz, 2009).

The aim of the present study is to check whether DNA
metabarcoding could be used to reliably identify occurrence
and abundances of the crustaceans of the zooplankton of a
subalpine lake, Lake Maggiore. The lake is shared between
Italy and Switzerland, is subject to a multidecadal contin-
uous monitoring program according to an international
agreement between the two countries, the International
Commission for the Protection of Italian and Swiss Waters
(Commissione Internazionale per la Protezione delle Acque
Italo-Svizzere, CIPAIS, https://www.cipais.org/) (Mosello
et al., 2010), and is part of the European Long-Term Eco-
logical Research (LTER DAIMS-SDR 1T08-001-A). We
focus on the crustaceans in the zooplankton, dealing with
three steps: 1) we sampled monthly for three years the zoo-
plankton from the reference site used in monitoring pro-
gram for CIPAIS and identified all species known from
morphology from the site, ii) we developed a reference li-
brary through DNA barcoding and DNA taxonomy for all
the crustaceans sampled and identified with a morpholog-
ical approach in the zooplankton of the site in the lake; ii)
we performed metabarcoding analyses in parallel from the
same site with a set of common primers and with custom
primers developed by checking in silico the DNA se-
quences obtained from the lake during the DNA taxonomy
step; iv) we compared the different DNA metabarcoding
data with the data obtained from the morphological survey
on the same exact samples used for metabarcoding, to as-
sess reliability of occurrence and abundances of the crus-
taceans in the zooplankton of the lake through DNA
sequence data.

METHODS
Sampling

Sampling was performed in Lake Maggiore in a single
site corresponding to the deepest zone of the lake (370m,
in front of Ghiffa, VB, WGS84 coordinates: 45.9750,
8.6525), during survey campaigns performed by boat
every month in 2019, 2020, and 2021, using the same ap-
proach developed for the continuous monitoring system
in the lake (Arfe et al., 2019), carried on from that same
site and with the same method since the 1940s (Manca et
al., 2007b; Obertegger and Manca, 2011), officialised and
standardised by the “Commissione Internazionale per la
Protezione delle Acque Italo-Svizzere” (CIPAIS), the Ital-
ian-Swiss agreement that promotes, since 1978, monitor-
ing activities aimed to survey and maintain the good
quality of the water and biodiversity of Lakes Lugano and
Maggiore (Mosello ef al., 2010). Samples were collected
vertically towing a plankton net of 80 um mesh size,
equipped with a flow meter, from a depth of 50 m to the
surface, filtering about 1000 L of lake water, and stored
in ethanol 96%. The occurrence of zooplankton in deeper
layers is very rare and restricted to winter vertical mixing
events, therefore the sampled water layer is representative
of the net zooplankton population (Manca ef al. 2000). A
long historical series with detailed taxonomic knowledge
on zooplankton exists from the same site, to be used to
build a metabarcoding approach in biological monitoring,
already knowing which species can be found in the lake
in the different seasons.

Microscopic crustaceans (Cladocera and Copepoda)
are among the most abundant, diverse, and well-known
components of the zooplankton community in terms of
biomass in lakes and ponds (Pace, 1986), and also in Lake
Maggiore (Obertegger and Manca, 2011). They have im-
portant roles in the food web in lakes, as they link primary
producers and macroscopic consumers (mainly fish), af-
fecting both categories in terms of population and biomass
(Borgmann et al., 1984; Carney and Elser, 1990; Vakki-
lainen et al., 2004). Zooplankton communities of Lake
Maggiore have been studied since 1874 (Manca ef al.,
1992), with cladocerans and copepods always occurring
in the water column of the lake (de Bernardi et al., 1988;
Manca et al., 2008; Visconti et al., 2008).

Cladocerans in the reference site of the lake in Ghiffa
are numerically ascribable mostly to Daphnia, namely to
the species group including Daphnia galeata G. O. Sars,
1864 and Daphnia longispina O. F. Miiller, 1776, whose
populations dominated the cladoceran community in re-
cent years (Visconti et al., 2008). The other species of
cladocerans that are present in the lake are Bythotrephes
longimanus (Leydig, 1860), Diaphanosoma brachyurum
(Liévin, 1848), Eubosmina longispina Leydig, 1860 and
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Leptodora kindtii (Focke, 1844) (Manca et al., 2007b,
2007a). The copepod community of the site is composed
by two species of Diaptomidae, Mixodiaptomus laciniatus
(Lilljeborg in Guerne and Richard, 1889) and Eudiapto-
mus padanus (Burckhardt, 1900), and two of Cyclopidae,
Cyclops abyssorum G. O. Sars, 1863 and Mesocyclops
leuckarti (Claus, 1857) (Manca et al., 2008).

Sampling for morphological identification and estima-
tion of taxa abundance was performed monthly during the
whole period from January 2019 to December 2021. Mor-
phological identification was performed only on adults
(Kiefer, 1968; Kiefer, 1978; Margaritora, 1985; Einsle,
1993), given that naupliar and copepodite developmental
stages of copepods cannot be reliably and easily identified
in routine monitoring surveys, even if their species-spe-
cific taxonomic features have been already accurately de-
scribed for the lake (Ravera, 1953).

Animals to be used to build the DNA barcoding refer-
ence library were extracted from different months across
2019, from the same samples used for morphological
identification, in order to cover all species and their po-
tential genetic variability through different seasons. Indi-
viduals that were morphologically identified to species
level were sorted through light microscopy, fixed and
stored in ethanol 96% at -20°C, ready for DNA extraction.

Sampling for DNA metabarcoding was performed
monthly in 2019, 2020 and 2021, in parallel to the sam-
ples used for the morphological survey and the count of
abundances. All metabarcoding samples have the corre-
sponding sample with information from morphological
identification. Bulk samples of animals from plankton
tows, obtained with the same methods used for the mor-
phological survey, were stored in buffer to be later
processed for DNA extraction.

Barcoding reference library

DNA was extracted from eight to 27 single animals for
each identified morphological species. A fragment of the
mitochondrial marker cytochrome c oxidase subunit I
(COI) was amplified to obtain a reference library for all
cladoceran and copepod species found in the zooplankton.
DNA was extracted from single animals using a Chelex ex-
traction protocol (Gémez et al., 2002). DNA from each in-
dividual was extracted in 35 pl of Chelex (InstaGene
Matrix; Bio-Rad, CA, USA) with 1 pl protein kinase A,
warming and shaking the solution for 30 minutes at 56°C
with a final warming step of 10 minutes at 100°C. For each
individual, a 658 base pairs fragment of the Folmer barcod-
ing region of COI gene was amplified through PCR, using
primers LCOI (5>-GGTCAACAAATCATAAA-
GATATTGG-3’) and HCOI (5’-TAAACTTCAGGGT-
GACCAAAAAATCA-3’) (Folmer et al., 1994). Cycle
conditions for PCR were the following: for COI fragment,
initial denaturation at 95 °C for 5 min, followed by 42 cy-

cles of 95 °C for 15 sec, 40 °C for 30 sec, 72 °C for 50 sec,
and a final extension step of 72 °C for 5 min. All the chro-
matograms were checked for ambiguous nucleotide posi-
tion and dubious indels using FINCHTV 1.4.0 (Geospiza,
Inc.; Seattle, WA, USA; http://www.geospiza.com). For-
ward and reverse sequences were merged in contigs using
SEQUENCHER 4.1.4 (DNA sequence analysis software,
Gene Codes Corporation, Ann Arbor, MI USA
http://www.genecodes.com). All the sequences were
aligned with MAFFT 7 (Kuraku et al., 2013), using the de-
fault automatic settings. Alignments were also checked
using MESQUITE 3.04 (Maddison and Maddison, 2008)
for absence of stop codons and correct amino acid transla-
tion, in order to minimise the potential for numts to be in-
cluded.

From the alignments, we calculated the uncorrected
genetic distances within and between species for the se-
quences from Lake Maggiore, and also in comparison to
all the available sequences of the same species from Gen-
Bank. For a visual representation of distances within and
between species and genera, we performed phylogenetic
reconstructions using a Maximum Likelihood (ML) ap-
proach with PHYML software v3.0 (Guindon et al., 2010)
with a GTR+invgamma evolutionary model.

DNA metabarcoding of bulk samples

Samples for DNA metabarcoding were preserved in a
TRIS/EDTA/NaCl (each 0.1 M) buffer at -20°C until DNA
extraction. For DNA extraction an aliquot of the bulk sam-
ple was added to the PowerBead tubes of the PowerSoil
DNA extraction kit (Qiagen) and supplemented with 1%
SDS and 250 pg ml! of Proteinase K and incubated at 56°C
for 1 h. After this incubation the sample was homogenised
in two cycles at 6000 rpm for 1 min (Precellys instrument).
The next steps of the extraction were performed as sug-
gested by the manufacturer of the kit (starting after the 10
min vortexing step) with the only modification that twice
50 ul of elution buffer were incubated for 15 min on the
membrane before centrifugation. The first run of Illumina
sequencing was performed on MiSeq platform using the 2
x 300 paired-end (PE) approach by IGA Technologies
(REFERENCE) with general primers jgHCO2198, TAIA-
CYTCIGGRTGICCRAARAAYCA, and mlCOlintF, GG-
WACWGGWTGAACWGTWTAYCCYCC (Leray et al.,
2013) on the 12 monthly samples from 2019, obtained in
parallel to the construction of the internal reference library
from animals extracted from the same sampling survey.
Two negative controls (Molecular Biology Grade Water,
RNase/DNase-free water) and two positive controls (ma-
rine meiofauna) were included in the PCR run to check for
problems of contamination, leaking, and tag jumping. Then,
after in silico assessing the potential performance of the
primers, we improved fit to the sequences we obtained
thanks to the DNA barcoding, which created a local refer-
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ence library, and thus developed the modified custom
primer mlCOlintF_ mod, GGNACBGGNTGRACNGT-
NTAYCCNCC. The new primer was obtained by adding
additional uncertain positions to the previously published
primer mlCOlintF. Metabarcoding using custom primer
pair (mlCOlintF_mod and jgHCO2198) was performed on
a selection of 21 samples collected from October 2019 to
December 2021 with the same Illumina Miseq approach
used for the general primer set. From the raw reads obtained
from Illumina sequencing, adaptors and primers were
clipped from the sequences using cutadapt v1.9.1 (Martin,
2011). The Usearch/Uparse pipeline was used for sequence
assembly, quality filtration, chimera check and removal,
and preparation of the data (Edgar, 2013), following the
protocols of Martinez et al. (2020) for the construction of
zero radius operational taxonomic units (zOTUs, Edgar,
2016). To quickly and easily distinguish between metabar-
coding results when using common and custom primers,
we named each unique sequence variant as ‘Zotu’ when ob-
tained from the common primers and ‘sq’ when obtained
from the custom primers. Taxonomic assignment was per-
formed through BLAST in GenBank for each unique se-
quence to reach the phylum level. For the subset of
Crustaceans analysed here in details, we assigned reads also
to species level using two approaches. First, we compared
them to GenBank using the best hit from a BLAST search,
disregarding best hits with a similarity below 90%. Second,
we used a phylogenetic approach, by aligning the unique
sequences from Illumina (both ‘Zotu’ and ‘sq’) with the
local reference library of all known species in the lake and
then producing ML trees to look for the occurrence of
monophyletic clades with sequences from both barcoding
and metabarcoding. Currently, no software is known to out-
perform others and to produce excellently reliable taxo-
nomic assignment at the species level, because of the poor
eukaryotic reference datasets that limit software perform-
ance (Bik, 2021) and the existence of different group-spe-
cific thresholds between species (Bergsten et al., 2012;
Magoga et al., 2021).

Test for abundances

Most of the current monitoring pipelines based on mor-
phological data produce assessments of ecological quality
of the aquatic biota by applying sophisticated methods ac-
counting for abundances of species (Birk et al., 2012). In
order to transition from biological monitoring through mor-
phological approaches in species identification to metabar-
coding with DNA-based approaches in what has been
dubbed biological monitoring 2.0 (Baird and Hajibabaei,
2012), the ideal situation would be to have read abundances
from Illumina sequencing being related to actual abun-
dances of the different taxa. We used the results of the 21
samples of metabarcoding from Illumina sequencing using
custom primers, the metabarcoding dataset with the most

reliable occurrence data (see results), to test the possibility
that read abundances in each of the 21 sample could be cor-
related with the abundance of individuals of the same
species as counted in the corresponding 21 samples used
for the morphological survey.

We used raw, untransformed read numbers in the final
datasets as a metric of read abundance for each of the 21
samples, given that such numbers come from a series of
standardisation and normalisation steps in the bioinfor-
matics pipeline, allowing for meaningful comparisons.
We compared such read numbers to the estimated densi-
ties of animals obtained from the traditional morphologi-
cal surveys performed on the same 21 selected samples
as a metric for species abundances. For Cladocera we
analysed each species independently in the 21 samples,
except for the case of two species of the Daphnia
galeata/longispina kept as a single taxon because of the
difficulty to separate them using morphology in routine
monitoring. For Copepoda, due to the overwhelming
number of unidentified juvenile stages (see section Re-
sults), we analysed abundance data at the family level,
Cyclopidae and Diaptomidae. We assume that body size
would not affect the amount of DNA from each individ-
ual, given that juveniles and adults of the different species
in the dataset do not change in size by orders of magnitude
as may be the case for example for some insect or fish
species. We used Linear Models (LMs) with read numbers
of each taxon (species or family) in each of the 21 samples
as the response variable and density of animals of the
same taxon as counted in the morphological survey of the
same 21 samples as the explanatory variable in R 4.1.3
(R Core Team, 2022). Model fit was assessed with the R
package ‘performance’ v 0.7.3 (Liidecke ef al., 2021).

RESULTS
Morphological survey

During the morphological survey performed from zoo-
plankton samples collected every month from January 2019
to December 2021 we identified five taxa of Cladocera and
four of Copepoda (Tab. 1). For the Cladocera we identified
Bythotrephes longimanus, Diaphanosoma brachyurum,
Eubosmina longispina, and Leptodora kindtii, in addition
to the species complex Daphnia galeata/longispina. All an-
imals could be assigned to one of these taxa, 72% of the in-
dividuals at species level, namely all animals except for
those belonging to one of the two Daphnia species, Daph-
nia galeata and Daphnia longispina, not easily distinguish-
able during routine monitoring.

For the Copepoda, we identified Cyclops abyssorum,
Eudiaptomus padanus, Mesocyclops leuckarti, and Mixo-
diaptomus laciniatus. Identification to species level for
Copepoda could be performed only on 7% of the individ-
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uals because of the large amount of animals at the juvenile
stage, which are reliably identified only to family level in
routine counts (Tab. 1).

Local reference library

COI sequences were obtained for all five taxa of
Cladocera and four of Copepoda isolated in 2019 to build
the local reference library. Overall, 74 sequences of
Cladocera were obtained and uploaded in GenBank
(MH321324-MH321397) and 65 for Copepoda
(MN635799- MN635853 and MN635855-MN635864). A
BLAST check confirmed species identifications for all the
species with sequences that were already present in Gen-
Bank and the use of DNA taxonomy allowed the separa-
tion of the two species of Daphnia of the complex D.
galeata/longispina for Cladocera (Supplementary Fig.
S1). For three species, namely for the cladoceran Eu-
bosmina longispina (Supplementary Fig. S1) and for the
copepods Eudiaptomus padanus and Mixodiaptomus
laciniatus (Supplementary Fig. S2), our sequences were
the first ones to be uploaded to GenBank.

Metabarcoding using general primers

With the generic primer pair from the 12 samples
collected in 2019, we obtained 101 unique sequence
variants (325 base pairs (bp) long) that were unambigu-
ously assigned to eukaryotes. They belonged mostly to
Crustacea (n=64, Tab. 1), but also to Rotifera (n=25) and
Protista (n=12).

For the Cladocera, of the species already known and se-

quenced in the lake, Daphnia galeata, Daphnia longispina,
Leptodora kindtii, and Bythotrephes longimanus were suc-
cessfully retrieved, could all be unambiguously identified
with a BLAST search, and formed monophyletic clades
with the sequences from the local reference library (Fig. 1).
On the other hand, the metabarcoding approach failed in
finding sequences for the other two species surely present
in the lake in the same samples, Eubosmina longispina and
Diaphanosoma brachyurum. Their absence from the
metabarcoding results is not related to their potential ab-
sence from the samples, given that the subsamples used for
the morphological analyses revealed that the two species
were present and even abundant.

For the Copepoda, of the species of cyclopoids
known and sequenced in the lake, Cyclops abyssorum
and Mesocyclops leuckarti were found, unambiguously
identified with a BLAST search, and formed mono-
phyletic clades with the sequences from the local refer-
ence library (Fig. 2). Among the diaptomids,
Eudiaptomus padanus could be identified through a com-
parison with our barcoding reference library. No se-
quence attributable to Mixodiaptomus laciniatus were
found with metabarcoding, despite the presence of the
species in the subsamples used for the morphological
analyses. Other taxa of copepods were found, with few
sequences (Fig. 2), but they could not be attributed to any
known species through a BLAST search.

Overall, metabarcoding with common primers identi-
fied the occurrence of eight of the eleven known species.
A BLAST search could attribute to species level only 20
out of the 64 unique sequence variants (31.2%); a com-

Tab. 1. Comparisons of results on species identification from morphology and DNA metabarcoding. Under ‘morphology’: ‘yes’ = taxon
that can be unambiguously identified; ‘unclear’ = taxon that cannot be unambiguously identified; ‘NA’ = taxon that was not seen with
the method. Under ‘# individuals: the sum of all estimated numbers of individuals in the morphological survey for each identifiable
taxon is reported, but only for the 21 samples for which we also have results from Illumina sequencing with custom primers (to be used
for the read/abundance comparison). Under ‘metabarcoding’: the number of unique sequences found for each taxon in the 21 analysed
samples using custom primer pairs (mlCOIintF_mod and jgHCO2198); between parentheses the number of unique sequences found
for each taxon in the 12 analysed samples using general primers (mlCOlintF and jgHCO02198).

Cladocera Bythotrephes longimanus Yes 382 5(2)
Daphnia galeata Unclear 13,141 3(2)
Daphnia longispina Unclear 3(2)
Diaphanosoma brachyurum Yes 19,544 1 (NA)
Eubosmina longispina Yes 12,942 3 (NA)
Leptodora kindtii Yes 254 54)
Copepoda Cyclops abyssorum Yes 3,027 10 (3)
Eucyclops macrurus NA NA 1 (NA)
Eudiaptomus padanus Unclear 24,785 96 (42)
Mesocyclops leuckarti Yes 1,279 14 (7)
Mixodiaptomus laciniatus Yes 103 4 (NA)
Thermocyclops crassus NA NA 2 (NA)
undetermined Cyclopidae Yes 184,837 3(1)
undetermined Diaptomidae Yes 218,044 4 (1)
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parison with the internal barcoding reference library im-
proved taxonomic assignment to 62 out of the 64 se-
quences (96.9%).

Metabarcoding using custom primers

The custom primers were obtained by modifying the
commonly used ones by adding more ambiguities by com-
paring their performance in silico on the alignment of se-
quences from the local reference library. These primers,
applied to 21 zooplankton samples collected from October
2019 to December 2021, produced 302 unique sequence
variants of 325 bp, unambiguously assigned to eukaryotes
(Supplementary Data S1). They belonged mostly to crus-
taceans (n=154), but also to other Arthropoda (n=4), Ro-
tifera (n=54), Cnidaria (n=1: the invasive species
Craspedacusta sowerbii), and Protista (n=89).

All known Cladocera species in Lake Maggiore were

0.84 15

Daphnia longispina

083

Daphnia galeata

g Bythotrephes longimanus

Leptodora kindtii

0.74

0.89

Eubosmina longispina

Bl

]

Fig. 1. Maximum Likelihood (ML) phylogenetic reconstruction
for the COI sequences belonging to Cladocera merging the
internal reference library (acronyms of species and sampling
time, see Supplementary Fig. S1), metabarcoding from common
primers (names starting with ‘Zotu’), and metabarcoding from
custom primers (names starting with ‘sq’). Branch length is
proportional to substitutions/sites in the scale bar, from a GTR
+ invgamma evolutionary model. Numbers on branches refer to
aLRT support values, not reported for short terminal branches
and for values below 0.7. The outgroups with the sequences
from Copepoda are collapsed (see Fig. 2). Pictograms and
species names are reported on the tree.

found and identified, including those that were not de-
tected with the generic primers: Eubosmina longispina
and Diaphanosoma brachyurum. As for the Copepoda, all
known species in Lake Maggiore were found, including
Mixodiaptomus laciniatus, which was not identified with
the generic primers. In addition, the use of optimized
primers for metabarcoding of zooplankton samples led to
further discoveries: in addition to seven unidentifiable se-
quences, few sequences of what could be Fucyclops
macrurus (Sars G.O., 1863) in August 2021 (sequence
$q1394 has 98.1% similarity with GenBank KC627334,
KC627335, and KC627337) and Thermocyclops crassus
(Fischer, 1853) in September and October 2020 (se-
quences sq351 and sq698 have from 99.2% to 100% sim-
ilarity with GenBank MZ964921 and MZ964922) were
found, but not seen through the morphological screening
of the same samples.

Overall, metabarcoding with custom primers identi-
fied the occurrence of all the eleven known species from
morphology, in addition to at least two other species not
found during the morphological survey from the same
samples. A BLAST search could attribute 44 out of the
154 unique sequence variants to species level (28.6%); a
comparison with the internal barcoding reference library
improved taxonomic assignment to 147 out of the 154 se-
quences (95.5%), leaving only seven sequences of cope-
pods without a clear taxonomic identification.

Abundance data

For Cladocera, the number of reads for each species
(or species complex) could not be explained by the num-
ber of individuals in the same sample, if not for Di-
aphanosoma brachyurum (Tab. 2, Supplementary Fig.
S3). For Copepoda, no explanation on read numbers at
the family level was related to the abundance of individ-
uals (Tab. 2, Supplementary Fig. S4), suggesting that read
numbers cannot be easily equated to abundance data at
any taxonomic level.

Tab. 2. Results of Linear Models (LM) with t and p-values for
each model based on the effect of the abundance of individuals
(from the morphological survey) on the number of reads
(obtained with primer pair jgHCO2198-mICOIlintF_mod) for
each taxon of Cladocera and Copepoda. Significant p-values are
marked in bold.

Cladocera Bythotrephes longimanus -0.307 0.7620
Daphnia galeata/longispina 0.505 0.6195
Diaphanosoma brachyurum 4.109 0.0006

Eubosmina longispina 1.069 0.2984
Leptodora kindtii 1.402 0.1770
Copepoda Cyclopidae 0.932 0.3628

Diaptomidae 0.646 0.5263
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Fig. 2. Maximum Likelihood (ML) phylogenetic
reconstruction for the COI sequences belonging
to Copepoda merging the internal reference
library (acronyms of species and sampling time,
see Supplementary Fig. S2), metabarcoding from
common primers (names starting with ‘Zotu’),
and metabarcoding from custom primers (names
starting with ‘sq”). Branch length is proportional
to substitutions/sites in the scale bar, from a GTR
+ invgamma evolutionary model. Numbers on
branches refer to aLRT support values, not
reported for short terminal branches and for
values below 0.7. The outgroups with the
sequences from Cladocera are collapsed (see Fig.
1). Pictograms and species names are reported on
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DISCUSSION AND CONCLUSIONS

The most relevant result of our study is that the use of
custom primers, developed specifically for the local genetic
diversity of the target community, massively improves
species detection from DNA metabarcoding. The use of
common primers, already applied for studies of zooplank-
ton crustaceans (Stefanni et al., 2018: Kiemel et al., 2022),
did not reveal the whole expected species list known from
the morphological survey. The use of custom primers al-
lowed us to identify all the expected species. This may
seem a tautological result, given that the custom primers
matched the local species list and were exactly designed
for that purpose. Yet, a series of potential PCR biases and
additional problems may have prevented the amplification
of DNA from all the species known to occur in the samples
(Leray and Knowlton, 2017; Fonseca, 2018). The use of
degenerate primers is known to reduce amplification bias
(Krehenwinkel et al., 2017), and indeed, also in our case
the degenerate custom primers had a better representation
of the occurrence of local species diversity than commonly
used general, less degenerate primers.

Identification to species level for the metabarcoding
data from our custom primer was very good and even better
than the morphological approach for Cladocera: 72% of the
individuals could be assigned to species level from mor-
phology (all except the two species of the Daphnia
galeata/longispina complex), whereas 100% of the se-
quences could be unambiguously assigned to a species with
distance-based and phylogeny-based approaches. The im-
provement in species identification for Copepoda from
morphology to metabarcoding was even more extreme:
only 7% of the individuals could be assigned to species
level from morphology because of the large amount of ju-
venile stages that are identifiable only to family level in
routine monitoring programs. Regarding metabarcoding
using custom primers, 95.5% of the unique sequences (147
out of 154) were assigned to species level, including the
identification of two species that were not found during the
morphological survey. Random sampling during sequenc-
ing for metabarcoding is known to lead to low reproducibil-
ity of rare species, which may pass unnoticed (Leray and
Knowlton, 2017): in our case, even species that were rare
(or apparently absent) in the morphological survey were re-
covered with the custom primers.

It is known that under certain conditions of high
primer match in rich communities with low evenness in
the distribution of species abundance some primer pairs
may also be able to provide reliable quantitative estimates
(Pifol et al., 2019). Yet, in the case of the crustaceans of
the zooplankton with the custom developed primers, even
if occurrences were reliable, abundances were not. This
is a common scenario and read abundance is not consid-
ered a suitable metric in eukaryotes, especially when

using ribosomal or mitochondrial markers (Burki et al.,
2021; Martin et al., 2022). For the use of common
primers, not even occurrences were reliable, with several
species, surely present in the samples, missing from the
metabarcoding results. Our current understanding of the
conditions affecting the quantitative performance of
metabarcoding is still limited (Lamb ef al., 2018): the con-
ditions in Lake Maggiore and using our protocols did not
allow for any possibility to estimate abundance of organ-
isms from read numbers.

Overall, species composition from morphology is
comparable to that obtained from DNA metabarcoding
using custom primers, developed after screening the local
genetic diversity. Given such potential reliability of DNA
metabarcoding to describe community composition
(Santoferrara, 2019), the approach has indeed been re-
cently used to address ecological question related to driv-
ers of ecological differences (Chain ef al., 2016) and even
impact of human activities (Martinez et al., 2020; Yang
and Zhang, 2020). Our study confirms that such ap-
proaches could now be performed also using the crus-
taceans of the zooplankton of freshwater lakes, at least for
the biogeographical area of the study site, for which the
taxonomic coverage of the reference library is not too bad.

A further improvement on the method could be the
creation of a better reference library to cover a broader
taxonomic spectrum, including more families and genera,
and more species (Bik, 2021; Buklin ef al., 2021: Pap-
palardo et al., 2021): such reference dataset would allow
the identification also of the few sequences that could
only be attributed to undetermined copepods in our
metabarcoding results. The barcoding initiatives of sev-
eral countries already try to achieve such aim (Adamow-
icz, 2015; Geiger et al., 2016).

While building the reference library from DNA bar-
coding and DNA taxonomy for our study, we confirmed
the presence of two mitochondrial lineages in the Daphnia
galeata/longispina complex, most likely corresponding to
the two nominal species D. galeata and D. longispina. It
is thus possible that both species are present, even if hy-
bridisation exists in the complex (Hobaek et al., 2004;
Griebel et al., 2015) and the use of only one mitochondrial
marker may provide misleading inference for the correct
identification of the species.

Another result obtained by the metabarcoding analysis
is the presence of unidentified copepod species, poten-
tially present in the lake but not seen with the morpholog-
ical survey. Another species of FEudiaptomus was
previously found in the lake, Eudiaptomus gracilis (G.O.
Sars 1863) (Visconti and Manca, 2010), but was not found
during our morphological survey. Further studies in inte-
grative taxonomy, collecting samples on purpose to per-
form detailed morphological analyses supported by the
groups identified by DNA (Schlick-Steiner et al., 2010)
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would be able to give a name to the missing copepod taxa.

Other two copepod species, Eucyclops macrurus and
Thermocyclops crassus, were found only by the metabar-
coding performed with custom primers and not by the
morphological survey. These species are historically very
rarely present in the zooplankton of the deepest part of
Lake Maggiore, and in low numbers (Manca et al., 2008).
Yet, they are known from the lake and from nearby
smaller water bodies (Giussani et al., 1990; Lepori, 2020)
and their detection with the metabarcoding pipeline makes
sense. Detection of littoral taxa in lake open water is not
a rare phenomenon, because of horizontal migrations
(Dussart, 1969; Hamza et al., 1993; Manca et al., 1998;
Manca et al., 2007a; Visconti and Manca, 2010). Water
warming and changes in thermal regime, with a more pro-
nounced and durable thermal stratification, certainly en-
hance the possibility for these taxa to move to the lake
open waters, even in the parts where the water column is
deep (Wagner and Adrian, 2011). It would be difficult to
find these species with morphological monitoring, espe-
cially if they are in low numbers. Yet, they were identifi-
able thanks to DNA metabarcoding.

An additional result of the DNA metabarcoding ap-
proach is the confirmation of the occurrence of an inva-
sive alien species, the freshwater jellyfish Craspedacusta
sowerbii, already known from the lake (Ramazzotti et al.,
1962; Stefani et al., 2010; Morpurgo et al., 2021).
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