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As DNA metabarcoding has become an emerging tool for surveying biodiversity, including its application in
legally binding assessments, reliable and efficient barcodes are requested, especially for the highly diverse group
of zooplankton. This study focuses on comparing the efficiency of two mitochondrial COI barcodes based on the
internal primers mlCOIintF and mlCOIlintR utilizing mesozooplankton samples collected in a Mediterranean
lagoon. Our results indicate that after a slight adjustment, the mlCOIintR primer performs in combination with
jdgLCO1490 (herein) very comparably to the much more widely used primer system mlCOIintF/
jgHC02198+dgHCO02198, in terms of level of taxonomic resolution, species detection and their relative abun-

dance in terms of numbers of reads. As for some groups, like Ctenophora, this barcode is not suitable; a com-
bination of them may be the best option to rely on the Folmer region in its entirety without the risk of losing
information for a limited primer match.

1. Introduction

In recent years, the estimation of biodiversity with DNA meta-
barcoding using high-throughput sequencing (HTS) is becoming a
promising tool for surveying biodiversity (Taberlet et al., 2012), espe-
cially in the assessment of zooplankton biodiversity in various marine
environments (e.g., Bucklin et al., 2019; Harvey et al., 2017; Questel
et al., 2021). Until now, out of the more than two thousand research
articles published on metabarcoding, 65 were related to zooplankton
research (source: Scopus, April 2021). Its success is due to increased
sample processing speed, allowing to expand the sampling effort with
sustainable costs paired with a broad taxonomic coverage (Brannock
et al., 2014; Coissac et al., 2012). As well as due to the constantly
decreasing taxonomic expertise necessary to adequately process
zooplankton samples.

In general, the mitochondrial cytochrome oxidase subunit I (COI)
region (Hebert et al., 2003) is the most frequent DNA barcode region
used (Hebert et al., 2003)for accurate and positive species identification,
as most taxa show a significantly different intra-versus inter-specific
variability, allowing to discriminate between closely related species. In
the case of marine zooplankton, as this group consists of animals from

almost all phyla, it is challenging to find an appropriate primer covering
the immense biodiversity of zooplankton. Different gene regions have
been used to describe with metabarcoding the diversity of mixed
zooplankton assemblages: the four commonly used gene regions to
describe patterns across different systematic levels are the mitochon-
drial 16S rRNA gene (Clarke et al., 2017; Lindeque et al., 2006), the
nuclear genes 28S rRNA (Harvey et al., 2017; Hirai et al, 2013, 2020),
and 18S rRNA (Blanco-Bercial, 2020; Chain et al., 2016; Lindeque et al.,
2013; Sommer et al., 2017) and the mitochondrial COI gene (Carroll
et al., 2019; Schroeder et al., 2020; Stefanni et al., 2018; Zaiko et al.,
2015). The latter two are the most used ones: the 18S V9 region is a
hypervariable region flanked by highly conserved sections, indicating a
broad range of taxonomic groups (Amaral-Zettler et al., 2009; Medlin
et al., 1988) but allowing family level identification at best. However,
the V9 region has been shown to probably not be optimal as 18S marker
for zooplankton biodiversity assessment (Blanco-Bercial, 2020) and
Questel et al. (2021), in fact, found the V4 region to have a greater
taxonomic resolution. Due to the low genetic diversity and consequently
limited taxonomic resolution of 18S rRNA regions, more and more
zooplankton metabarcoding studies have also begun to use the COI gene,
which shows excellent taxonomic resolution, but with a drawback of
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reduced amplification success (Clarke et al., 2017). Indeed, several
studies use a multi-marker approach to reduce the bias resulting from
differing amplification success between various taxonomic groups.
However, Clarke et al. (2017) demonstrated that COI resolved up to
threefold more taxa to the species level than 18S rRNA. Also, COI has the
benefit of an enormous database for COI sequences (>3.5 million se-
quences deposited on Genbank), again increasing the suitability of COI
as a genetic marker for metabarcoding. Moreover, a new COI sequence
database for zooplankton communities called MetaZooGene Barcode
Atlas and Database (MZGdb) (https://metazoogene.org/database) has
become recently available (Bucklin et al., 2021), which has mined the
extensive GenBank and BOLD repositories, removing errors found
within these databases, and has created worldwide and geographically
specific reference sequence databases for use in zooplankton meta-
barcoding studies. Therefore, this study focuses on the use of two COI
barcodes, based on the internal COI primers proposed by Leray et al.
(2013), mlCOlintF and mlCOlintR (5’-GGRGGRTA-
SACSGTTCASCCSGTSCC-3’), which were utilized in several studies.
However, as Leray et al. (2013) found “the reverse primer to perform
poorly”, almost all studies implemented the forward primer in combi-
nation with HCO2198 (or its degenerate versions dgHCO2198 and
jgHCO02198). Only a few studies, mainly on terrestrial arthropods,
started utilizing the proposed reverse mlCOlintR with contrasting

success: while Brandon-Mong et al. (2015), which excluded this primer
after weak amplification success, and Krehenwinkel et al. (2017) uti-
lized the mlCOIlintR primer as proposed by Leray et al. (2013), other
authors adapted the mICOIintR sequence by modifying e.g. all “S” nu-
cleotides to “W” as Giinther et al. (2018) (on marine eDNA), to “N” as
Wang et al. (2019) or to an “I” as Shokralla et al. (2015), as in fact, the
proposed primer sequence is not the proper reverse complement to
mlCOIintF.

This study focuses on testing the efficiency of the reverse mlCOIintR
primer in combination with the degenerated jdgLCO1490 primer by
comparing it with the first half (utilizing the forward mICOIintF primer)
of the COI gene that has been previously evaluated for zooplankton
biodiversity assessments by Schroeder et al. (2020) by comparing it with
morphological identification.

2. Material and methods
2.1. Data collection

For this study, 44 mesozooplankton samples, a subset of a more
extensive survey conducted monthly from April 2018 to March 2019 in

the Venice Lagoon (Italy), was used (Fig. 1). This subset corresponds to
the samples, where also individuals of Mnemiopsis leidyi were collected
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Fig. 1. Overview and bathymetry of the study area (Venice Lagoon, Italy). Orange dots: stations being part of the LTER network (LTER_EU_IT_016, http://www.lter-e
urope.net), yellow dots: 11 additional non-LTER stations. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)


https://metazoogene.org/database
http://www.lter-europe.net
http://www.lter-europe.net

for gut content analyses (study in preparation). The sampling was per-
formed using an Apstein net with 0.4 m opening diameter and 200 pm
mesh, and the samples were preserved in 96% ethanol for genetic
analyses.

The Venice Lagoon is a lagoon with a semi-diurnal microtidal regime
characterized by a complex system of microhabitats (Tagliapietra et al.,
2009) with salinities ranging from 9 to 36, with high spatial fluctuations
due to tides and river discharges as well as remarkable temporal vari-
ations in other environmental parameters (e.g., temperatures ranging
from 3 to 30 °C). These, among other factors, result in substantial sea-
sonal variability in the zooplankton community and a variety of
zooplankton species, ranging from holo-to meroplanktonic organisms,
and from brackish to more typically marine species (Schroeder et al.,
2020). This peculiarity makes these samples an excellent application for
comparing the abilities of the two COI barcodes in assessing the
zooplankton community.

2.2. Molecular analysis

As a first step, a representative subsample was taken (about one-third
of the total sample, see Table 1) and the ethanol was removed by
centrifugation. Afterwards, the samples were rinsed with PBS (1x) and
homogenized by bead-beating. The genomic DNA was extracted using
the E.Z.N.A.® Mollusc DNA kit (Omega Bio-Tek) following the manu-
facturer’s instructions and increasing the initial volume of reagents
(Iysis and binding buffer) provided by the kit proportionally to the
sample volume. The quality and quantity of the extracted DNA were
assessed with a NanoDrop 2000 Spectrophotometer (ThermoScientific).

For each sample, the same DNA extracts were utilized for the ampli-
fication of the COI fragments using two sets of primer pairs (positions:
0-319 and 345-568): the amplification was performed A) using a
degenerated forward primer jdgL.CO1490 (herein) in combination with a
reverse internal primer designed from the mlCOIintR proposed by Leray
et al. (2013) with a target length of 319 bp (hereon called P1). However,
mlCOIlintR by Leray et al. (201 3) was modified compared to the original to
match the forward internal primer mlCOIintF by interchanging the “S”
with “W” nucleotides: 5-GGRGGRTAWACWGTTCAWCCWGTWCC-3'
instead of 5'-GGRGGRTASACSGTTCASCCSGTSCC-3', and B) using the
internal primer mlCOIintF (Leray et al., 2013) together with a combina-
tion of degenerated primers dgHCOI2198 and jgHCOI2198 with a target
length of 313 bp (hereon called P2) (Table 2).

The amplification of both barcodes was performed in triplicates (to

Table 2
Primers used in this study.
primer Sequence (5’ - 3') author barcode
jdgLCO1490 TCAACAAAYCAYAARGAYATYGG herein Forward
P1
mlCOIlintR- GGRGGRTAWACWGTTCAWCCWGTWCC  herein Reverse
mod P1
mlCOIintF GGWACWGGWTGAACWGTWTAYCCYCC Leray Forward
et al. P2
(2013)
dgHCO02198 TAAACTTCAGGGTGACCAAARAAYCA Meyer Reverse
(2003) P2
JjgHC02198 TAIACYTCIGGRTGICCRAARAAYCA Geller Reverse
et al. P2
(2013)

reduce stochastic effects) by a two-step PCR (94 °C for 3 min followed by
5 cycles of denaturation at 94 °C for 10 s, annealing at 46 °C for 20 s,
extension at 72 °C for 30 s, and followed by additional 20-30 cycles of
denaturation at 94 °C for 10 s, annealing at 54 °C for 20 s and extension
at 72 °C for 30 s, with a final extension at 72 °C for 3 min) with the
AccuStart II PCR ToughMix (2X) polymerase (Quantabio). After the
secondary PCR, where the sample-tags were bint, the library was pre-
pared for HTS by pooling an equimolar amount (quantification per-
formed with a Qubit™ dsDNA HS Assay Kit (ThermoFisher Scientific)) of
all previously purified products (Mag-Bind® TotalPure NGS; Omega Bio-
Tek). Next, the library was size-selected (range 150-400 bp) and puri-
fied using E.Z.N.A.® Size Select-IT kit (Omega Bio-Tek). Emulsion PCR
was conducted using the Ion One Touch System (Life Technologies)
following the manufacturer’s recommendations, and DNA was bound to
Ion Sphere particles (Life Technologies) for clonal amplification auto-
matically enriched with the Ion OneTouch ES system (Life Technolo-
gies). For sequencing, the library was loaded on a 316™ chip with 650
flows in a PGM (Life Technologies).

2.3. Bioinformatics and statistical analyses

The raw COI sequencing reads were first demultiplexed, truncated
(tags and primers), sequences <200 bp were excluded, and sequences
were trimmed to 320 bp using the CLC Genomics Workbench 20.0
(Qiagen). Afterwards, as suggested by Song et al. (2017), two different
sequence corrections were sequentially applied. First pollux, a k-spec-
trum-based method that divides reads into k-mer lengths and generates a

Table 1
List of the 44 samples.
D Station month season D station month season
W259.05 5 June summer W261.16 16 August summer
W259.14 14 June summer W262.09 9 September autumn
W260.09 9 July summer W262.10 10 September autumn
W260.10 10 July summer W262.12 12 September autumn
W260.11 11 July summer W262.14 14 September autumn
W260.12 12 July summer W262.16 16 September autumn
W260.14 14 July summer W263.01 1 October autumn
W260.16 16 July summer W263.04 4 October autumn
W261.01 1 August summer W263.05 5 October autumn
W261.02 2 August summer W263.06 6 October autumn
W261.04 4 August summer W263.07 7 October autumn
W261.05 5 August summer W263.08 8 October autumn
W261.06 6 August summer W263.11 11 October autumn
W261.07 7 August summer W263.14 14 October autumn
W261.08 8 August summer W264.05 5 November autumn
W261.09 9 August summer W264.10 10 November autumn
W261.10 10 August summer W264.12 12 November autumn
W261.11 11 August summer W265.07 7 December winter
W261.12 12 August summer W265.11 11 December winter
W261.13 13 August summer W265.12 12 December winter
W261.14 14 August summer W265.13 13 December winter
W261.15 15 August summer W267.09 9 February winter




k-mer depth profile to correct the k-mer profile (Marinier et al., 2015),
was used to detect and remove homopolymers and indel-errors (inser-
tion/deletion), typical for In Torrent PGM (Bragg et al., 2013) and then
fiona, a suffix array/tree-based method that uses a suffix tree to detect
and correct substitution errors (Schulz et al., 2014). The filtering of
chimeric feature sequences on previously dereplicated data was per-
formed with g2-vsearch (Rognes et al., 2016) excluding chimeras and
“borderline” chimeras, and finally, the sequences were then
rereplicated.

To achieve the optimal exploitation of the sequence data and
therefore guarantee an assessment that is taxonomically as inclusive as
possible and taking into account a series of intrinsic difficulties, e.g.,
complete absent or geographically not representative reference se-
quences, a multistep approach based on the recovery of all putative
sequences was performed enabling a more reliable taxonomic assign-
ment. A graphical representation of the bioinformatic workflow can be
found in Fig. 2.

The taxonomic assignment of the quality filtered COI reads was
performed by aligning them against a COI reference database of marine
metazoan sequences deposited in GenBank following the query used by
Schroeder et al. (2020) (downloaded 17.11.2020; including 660.477
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reference sequences) with a naive LCA-assignment algorithm imple-
mented in the MEGANG6 alignment tool (MALT) (Huson et al., 2016).
First, sequences were aligned at a similarity threshold of 97%, while
sequences not aligned at 97% were again aligned at 94%, and sequences
not aligning at 94% were again aligned at 85% to include putative
metazoan operational taxonomic unit (OTUs) that could not be recov-
ered above the 94% similarity threshold. Reads not matching any
metazoan reference sequence at a threshold of 85% were considered
non-metazoan and discarded, while reads with a hit were deemed to be
putative metazoan reads. Those OTUs were clustered de-novo at 97%
(g2-vsearch (Rognes et al., 2016)) and only those OTUs counting at least
10 reads in the whole dataset were compared against the GenBank
database with BlastN+ (Camacho et al., 2009) and only metazoan as-
signments were kept. Also, only OTUs that had at least a query cover of
70% and an identity of at least 90% were kept, while all others were
discarded. Finally, the three datasets were pooled together: above 97%
similarity threshold hits were considered as reliable OTUs, while, if a
taxon was first recovered between 97% and 94% similarity threshold, it
was considered as less confident and so a “cf.” was added to its taxon-
omy, while taxa detected both with 97% and 94% similarity threshold
were merged. Also, putative metazoan taxonomy with a BLASTn
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Fig. 2. Bioinformatic workflow. Green boxes: taxa considered as confidential, yellow boxes: considered as less confidential and therefore a “cf.” was added to the
taxonomy, orange boxes: even less confidential and therefore not considered in some analyses, red boxes: OTUs were excluded as they were not considered putative
metazoan sequences. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)



p-identity of at least 94% were joined, while OTUs with a BLASTn
p-identity of <94% and >90% were considered as “best match” (Fig. 2).
As the 2 barcodes are almost of the same length (319 bp for P1 and 313
bp for P2), the bioinformatic pipeline did not differ between the two
barcodes.

Based on the final dataset, the number of sequences and OTUs that
were detected at each of the steps of the taxonomic assignment and the
number of OTUs detected at the different taxonomic levels were calcu-
lated and plotted in a bar chart. Species richness per sample was
quantified according to the measure of the first Hill number — MOTU/
taxa richness (q /40) using the R package iNEXT (Chao et al., 2014; Hsieh
et al., 2019) (Fig. S1). All following analyses did not consider the “best
match” OTUs, as they are not reliable taxonomic assignments but rather
a representation of putative metazoans. To investigate the OTUs detec-
ted by the two barcodes (P1 and P2), only the OTUs assigned at species
and genus level were taken into consideration. Furthermore, we repeat
this analysis but aggregated it to family level. For the taxa that are not
shared by both barcodes, the mean and standard deviation for each
category, P1, both and P2 were calculated to investigate if general low
abundances could explain missed detections. Moreover, for those taxa
that were detected only with P1, the presence in two other existing P2
datasets, the dataset of the article Schroeder et al. (2020) and the
extended dataset comprehending the monthly samples of all 16 stations
(unpublished) was checked. The taxonomic tree was visualized and
edited using the R package ggtree (Yu et al., 2017). Diversity estimates,
alpha-diversity based on Shannon Wiener Index and beta-diversity
based on Bray-Curtis similarities, were calculated on square-root
transformed data and the correlation between the two barcodes was
evaluated based on Pearson’s correlations. Pearson’s correlations were
also calculated of relative abundances of phyla, selected classes and
orders between the two barcodes from percentages of square-root
transformed data.

3. Results
3.1. Taxonomic assignment

The number of raw sequences of the 44 samples was about 3.2 x 10°
reads (348 bp + 34) for P1 and about 2.3 x 10° reads (384 bp =+ 35) for
P2, while after trimming, sequence correction and chimera filtering,
2,267,551 reads (98.9%) and 795,027 OTUs for P1 and 2,061,251
(99.5%) and 943,983 OTUs for P2 were retained and used as input for
the taxonomic assignments (Table 3).

The taxonomic assignment resulted in comparable proportions of
sequences and OTUs at the different levels of assignments (Fig. 3A and
B). With P1, 1,486,969 sequences (65.6%) that could be assigned to
metazoans, out of which, 1,464,182 sequences (98.5%) and 177 confi-
dential OTUs (detected at 97% threshold), 641 sequences (0.04%) and
36 OTUs assigned at 94% similarity threshold only (“cf.” taxa), and
22,146 sequences (1.49%) and 20 OTUs as putative metazoans (“best
match”). While with P2, 1,432,433 sequences (69.5%) could be assigned
to metazoans. Regarding the different levels of assignments, 1,429,240
sequences (99.8%) and 246 OTUs were considered as confidential, 238

sequences (0.02%) and 10 OTUs were assigned at 94% similarity
threshold only, and 2655 sequences (0.19%) and 28 OTUs were
considered as putative metazoans (“best match”) (Fig. 3A and B,
Table 3). Per sample, the mean number of assigned sequences was 35 x
103 (+15 x 10®) for P1 and 33 x 10 (+11 x 10®) for P2. The unassigned
reads, 34.4% and 30.5% for P1 and P2, respectively, belong most
probably to the SAR supergroup, non (marine) metazoans, or low-
quality reads.

3.2. Taxonomic richness

In terms of the number of detected taxa, the taxonomic richness
showed similar results for both barcodes, with slightly higher values for
P2. P1 resulted in 213 taxa (233 taxa including “best matches”), while
P2 resulted in 256 taxa (284 taxa including “best matches”). Also, the
taxonomic resolution shows comparable results, with the main propor-
tion composed by species level (both 83%) and genus level (11% and
13%, respectively) assignments (Fig. 3C).

However, in terms of shared taxa, considering only species and genus
level assignments and excluding “best matches”, the two barcodes share
161 taxa, while 38 taxa were only detected by P1 and 85 taxa only by P2.
However, the 161 shared taxa represent the vast majority, 97.3%, of the
sequences, while the non-shared taxa are composed by 0.02% and 2.7%
for P1 and P2, respectively. To further investigate if taxa that are not
shared by both barcodes have in general low abundances, the mean for
each category (Pl-only, shared and P2-only taxa) were calculated
(excluding absence in samples), resulting in considerably higher mean
abundances for the shared taxa in comparison to the non-shared taxa:
18-fold higher than P1-only and 9-fold higher than P2-only taxa. Simi-
larly, 112 families were identified by both barcodes, while 48 only by P2
and 18 only by P1 (Fig. 3D).

As graphically evident in Fig. 4, the taxonomic richness is compa-
rable between the two methods as almost all phyla present a similar
number of branches. The P1 barcode, however, in contrast to the P2, was
also able to detect the phylum Gastrotricha, while P2 in contrast to P1
did detect the phyla Rotifera, Platyhelminthes and Ctenophora. At
species level, examples of species detected with P1 only are the shrimp
Palaemon macrodactylus, the decapod Pilumnus spinifer, the fish Sprattus
sprattus and Serranus hepatus, the anemone Anemonia viridis and the
order of sponges Haplosclerida. On the other side, taxa detected with P2
only were the gobies Knipowitschia panizzae, Ninnigobius canestrinii and
Pomatoschistus marmoratus as well as the sea needle Belone belone, and
the bivalves Teredinidae, Lithophaga lithophaga and Pinna nobilis. Further
details regarding the species detection with P1 and P2 can be found in
the supplemental table (Table S1). Within copepods, Paracartia lat-
isetosa, Ditrichocorycaeus anglicus, Oithona plumifera and O. davisae and
Mesocyclops pehpeiensis were not detected with P1 and Candacia (C. cf.
bipinnata - “cf.” assignment) was not detected using the P2 system in this
dataset even though previously spotted in Schroeder et al. (2020)
(Table S1).

Table 3
Stepwise change in number of sequences and OTUs through bioinformatic analyses and taxonomic assignment.
process step P1 P2
sequences % of sequences OTUs sequences % of sequences OTUs
Sequence preparation Raw reads 3,204,993 - - 2,330,003 - -
After trim and seqs corr. 2,293,472 71.6% 815,369 2,071,489 88.9% 952,422
After chimera filtering 2,267,551 98.9% 795,027 2,061,251 99.5% 943,983
Taxonomic assignment Confidential taxa 1,464,182 98.5% 177 1,429,240 99.8% 246
cf. taxa 641 0.04% 36 238 0.02% 10
“best match” 22,146 1.49% 20 2655 0.19% 28
assigned 1,486,969 65.6% 233 1,432,433 69.5% 284
unassigned 780,582 34.4% - 628,818 30.5% -
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Fig. 4. Taxonomic tree representing the taxonomic richness revealed with the barcodes P1 and P2, respectively.

3.3. Relative composition

In terms of relative abundances, the two barcodes show similar
patterns at class and phylum level (Fig. 5). As expected, containing the
very abundant group of copepods, Arthropoda is the dominant phylum
(89.4% =+ 16.6 and 87.9% =+ 11.8 with P1 and P2, respectively). Also,
some seasonal patterns can be noticed with both barcodes, especially in
the winter samples in December and January, where the zooplankton
community slightly differs from the rest of the dataset as well as the
higher fish abundance in same 2 samples (July station 16 and August
station 2), as well as the single appearance of e.g., Hydrozoa and
Ophiuroidea in the same samples. Moreover, for almost all phyla, and
selected classes and orders, the relative abundance in the two barcodes is
significantly correlated (Table 4). The only groups where the two
barcodes are not significantly correlated are the classes Ascidiacea and
Bivalvia. The most evident difference, though, is the noticeable absence
of Ctenophora with the P1 barcode. Within the very abundant group of
copepods, the only genus detected with both barcodes, but not showing
a significant correlation in its relative abundance between the two
barcodes was the genus Pseudodiaptomus (P. marinus) (Fig. 5). The
relative abundance of copepod at genus level confirms that the two
barcodes are highly correlated (R = 0.95, p < 2.2e-16) (Fig. 6B).

The alpha-diversity estimates based on Shannon Wiener Index of the
P1 samples (2.6 + 0.45) were not significantly different to the P2 sam-
ples (2.9 + 0.38) (KW: chi? = 43, df = 43, p = 0.47), and significantly

correlated (Pearson’s correlation: R = 0.8, p = 1.3e-9) (Fig. 6A) as well
as the taxa richness per sample (R = 0.6, p = 5.3e-5). The beta-diversity
based on Bray-Curtis similarities was also significantly correlated
(Mantel test based on Pearson’s correlation: R = 0.9, p = 0.001).

4. Discussion

The efficiency and suitability of the barcode proposed by Leray et al.
(2013), the forward internal primer mlCOIintF in combination with
dgHCO02198 and jgHCO2198 (herein called P2), in assessing the
zooplankton biodiversity was already approved by comparing it with
morphological identifications in Schroeder et al. (2020) and can there-
fore be considered a reliable barcode for this type of studies. This study
aims to test the efficiency of the second barcode proposed by Leray et al.
(2013), the reverse internal primer mlCOIintR in combination
jdgLC01490, slightly modified and herein called P1, by comparing it
with the already mentioned P2 barcode. In contrast to the findings of
Leray et al. (2013), which found the reverse mlCOIlintR primer to
“poorly” perform whether it was used with LCO1490, dgLCO1490 or
jgLCO01490, this study could show that once modified, the P1 barcode
seems to be a helpful and reliable barcode for zooplankton meta-
barcoding studies.

On the one hand, the two barcodes showed slight differences: i)
While the proportions of taxonomically assigned vs. non-assigned se-
quences are comparable, P1 has slightly fewer assignments which can be
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Fig. 5. Relative composition of the most abundant phyla (colours) and their classes (pattern) for each sample for P1 and P2. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

a result of the missing detected of the relatively abundant ctenophore
Mnemiopsis leidyi. In fact, some phyla, like Ctenophora, Platyhelminthes
and Rotifera were not detected by P1. Investigating on the primer
binding sites of the P1 primers, no binding site for jdgLCO1490 was
found for Ctenophora (tested on M. leidyi (Acc.N. NC_016117) and
Boreo cucumis (Acc.N. NC_045305)), as well as for Platyhelminthes
(tested on Benedenia humboldti (Acc.N. CM028216), Paragonimus
westermani  (Acc.N. CMO017921), Schistosoma bovis (Acc.N.
CMO014335), Hymenolepis microstoma (Acc.N. LR215992)), while in the
phylum Rotifera, checked exemplarily on Trichocera bimacula (Acc.N.
JN861750) the primer jdgLCO1490 could theoretically anneal. In fact,
the mitochondrial (mt) genome of M. leidyi strongly diverges from the
“typical” mt genome as it is of minimal size (10-11 kb) (Pett et al., 2011)
and reveals an extremely high evolutionary rate and for Platyhelminthes
COI was shown to have a poor primer performance for the Folmer region
(Vanhove et al., 2013). These findings highlight that the suitability of a
barcode, also the considered “universal” COI, depends on the target
species e.g., for cnidarians and ctenophores (Bucklin et al., 2011;
Lindsay et al., 2015) and for groups such as Appendicularia, which in
fact were neither detected with P1 nor with P2, and pelagic tunicates
(Goodall-Copestake, 2017) COI has a proven difficulty in amplifying.
This suggests opting for a multi-marker approach using both barcodes,
P1/P2 or in combination with other genes, like 18S or 128, instead of
using the P1 as stand along marker. In fact, the benefit of using multiple
markers has been shown in several studies (e.g. Stefanni et al., 2018 and
Carroll et al., 2019 (both on COI and 18S-V9); Laroche et al., 2020 (COI
and 18S-V4); Questel et al., 2021 (COI and 185-V4+V9); Clarke et al.,
2017 (COI, 185-V4 and 16S); Lobo et al., 2017 (on different COI

markers) or Miya et al., 2020 (COI and 12S)). ii) Both in terms of
numbers of sequences and OTUs for each level of assignment (“confi-
dential” taxa, “cf.” taxa and “best matches™)the two barcodes performed
similarly, but with a slightly higher proportion of 94%-only assignment
(“cf.” assignments) for the P1 barcode. This finding could probably
indicate a higher variability in P1 region compared to P2. iii) The total
number of OTUs was slightly different, and some could be detected only
with one or the other barcode. For example, considering only species
and genus level assignments, 38 taxa were detected only with P1, 161
were found with both barcodes and 85 were detected only with P2.
However, most cases are explicable by very low abundances and may
result from stochastic effects during the PCR. Indeed, 16 out of the 38
taxa detected only with P1 were detected in the large dataset compre-
hending the monthly sampling of all 16 stations (unpublished data) or in
Schroeder et al. (2020)). As on these datasets only the P2 barcode has
been applied, we cannot make assumptions on taxa detected with P2
only. The largest differences in the mean relative abundance, were found
in Branchiopoda (Cladocera), Decapoda, Actinopterygii, Anthozoa,
Hydrozoa, Ophiuroidea, Bivalvia, Gastropoda and Porifera with in
higher relative abundance in P1 compared to P2, and in Calanoida,
Sessilia and Chaetognatha with lower relative abundance in P1
compared to P2.

On the other hand, the two barcodes performed very comparably: i)
the proportion of the different levels of taxonomic assignment are very
similar, which depends both on the taxonomic level of the reference
sequence as well as on the potential assignment of the same OTUs to
different taxa, consequently assigned to the next higher taxonomic level
due to the LCA algorithm. ii) The two taxonomic trees showed similar



Table 4
Mean relative presence of all phyla and selected classes and orders and its standard deviation for each barcode and Pearson’s correlation of the relative abundance
between the two barcodes (based on square-rooted data). NA: group present in 1 single sample only (same sample for both barcodes). ***: highly significant (p <

0.001).

taxon level P1 P2 Pearson’s correlation (DF = 42)
mean [%] SD mean [%] SD r t P
Annelida phylum 0.87 2.19 0.47 0.79 0.619 5.10 7.58e-06
Arthropoda phylum 89.38 16.62 87.94 11.84 0.355 2.46 0.018
Branchiopoda class 19.85 28.13 10.65 18.30 0.968 24.91 <2.2e-16 sk
Hexanauplia class 60.83 29.99 72.68 21.06 0.799 8.62 7.8e-11 ok
Calanoida order 56.00 29.13 65.82 22.27 0.686 6.11 2.7e-07 el
Cyclopoida order 0.47 1.44 0.03 0.05 0.635 5.32 3.7e-06
Harpacticoida order 0.89 2.87 1.29 3.84 0.904 13.67 <2.2e-16
Poecilostomatoida order 0.02 0.05 0.28 0.79 0.823 9.38 7.4e-12
Sessilia order 3.46 5.68 5.25 8.85 0.939 17.71 <2.2e-16 el
Malacostraca class 8.69 11.58 4.62 8.38 0.750 7.34 4.8e-09
Amphipoda order 0.07 0.15 0.05 0.11 0.863 11.06 5.1e-14
Decapoda order 8.61 11.55 4.54 8.41 0.765 7.71 1.4e-09 wh
Isopoda order - - 0.0001 0.001 - - - -
Mysida order 0.01 0.05 0.02 0.16 1 NA <2.2e-16 ok
Pycnogonida class - - 0.0004 0.003 - - - -
Bryozoa phylum 0.04 0.14 0.02 0.06 0.953 20.40 <2.2e-16
Chaetognatha phylum 0.13 0.27 1.42 1.85 0.764 7.67 1.6e-09
Chordata phylum 2.90 12.45 1.51 4.59 0.768 7.77 1.2e-09
Actinopterygii class 2.88 12.45 1.32 4.60 0.780 8.09 4.2e-10
Ascidiacea class 0.02 0.05 0.20 0.44 0.054 0.35 0.729
Cnidaria phylum 2.05 4.87 1.16 1.87 0.823 9.39 7.04e-12 ok
Anthozoa class 0.78 3.84 0.06 0.29 0.985 37.26 <2.2e-16 ek
Hydrozoa class 1.24 2.15 0.98 1.65 0.776 7.97 6.2e-10 el
Scyphozoa class 0.03 0.09 0.12 0.35 0.846 10.27 5.0e-13 o
Ctenophora phylum - - 6.14 10.53 - - - -
Echinodermata phylum 0.88 3.40 0.19 0.48 0.923 15.50 <2.2e-16 i
Echinoidea class 0.0002 0.0009 0.04 0.17 0.903 13.59 <2.2e-16 o
Ophiuroidea class 0.88 3.40 0.15 0.45 0.986 38.99 <2.2e-16 HxE
Gastrotricha phylum 0.0003 0.002 - - - - - -
Mollusca phylum 2.85 5.40 1.06 1.36 0.524 3.99 0.0003 el
Bivalvia class 0.91 2.63 0.47 0.74 0.276 1.86 0.070
Cephalopoda class 0.0003 0.002 0.0004 0.003 0.813 9.03 2.1e-11
Gastropoda class 1.94 3.97 0.58 1.09 0.746 7.30 5.5e-09 i
Scaphopoda class 0.0003 0.002 0.0004 0.003 1 NA <2.2e-16
Nematoda phylum 0.01 0.03 0.002 0.01 0.788 8.30 2.2e-10
Nemertea phylum 0.02 0.04 0.01 0.01 0.561 4.40 7.4e-05 i
Phoronida phylum 0.002 0.01 0.002 0.01 0.546 4.23 0.00012 ok
Platyhelminthes phylum - - 0.01 0.02 - - - -
Porifera phylum 0.87 3.14 0.06 0.18 0.971 26.09 <2.2e-16 bl
Rotifera phylum - - 0.01 0.04 - - - -
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detail and proportions for each phylum, and iii) in terms of relative
abundances, P1 and P2 showed similar patterns and the abundance was
significantly correlated for almost all investigated groups. Apart from
the phyla that were entirely missed by one barcode, only the classes
Ascidiacea and Bivalvia were not significantly correlated, suggesting
that for these groups P2 may be the better barcode option.

5. Conclusion

The utility of the herein investigated P1 barcode, the modified
reverse internal primer mICOIintR in combination with the forward
jdgLCO1490 primer (herein), when studying zooplankton biodiversity,
and probably valid for metazoans in general, can be various: first, the P1
barcode could be used in combination with P2: many hopes for better
taxonomic resolution lie in the sequencing of large DNA fragments with
Pacbio and ONT platforms. Indeed, a large DNA marker sequenced in its
entirety dramatically enhances the ability of a correct taxonomic
assignment, but our data show that one could risk losing OTUs for a
limited primer match in some metazoan groups. Using P1 in combina-
tion with P2 could have the benefit to not rely on one barcode only,
especially as they are singularly relatively short (319 and 313 bp) and
having, therefore, the variability of the whole Folmer region without the
problem of a rather large barcode (658 bp), while keeping the advantage
of being based on the widely used COI gene. Also, you will overcome
taxa specific primer selectivity as the missing primer binding site, e.g., in
ctenophores, for the forward jdgLCO1490 primer, as you will have at
least the second half of the COI, the P2, impeding to lose information on
those taxa.

And third, the missing amplification success for some taxa could be
advantageously in particular cases. For example, although missing the
detection of potential cannibalism, excluding host sequences when
studying the gut content of e.g., the invasive ctenophore M. leidyi (un-
published data) can be beneficial to avoid unnecessarily sequence the
host’s DNA.
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