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Abstract

DNA metabarcoding of zooplankton samples is well suited to surveys of marine pelagic
ecosystems; however, consistent amplification across zooplankton groups cannot be
assumed when using “universal” miniCOI primers. Under-representation of some groups
may result from primer bias or inadequate coverage in barcode reference libraries. We
designed taxon-specific mini-barcode primers to improve the representation of cope-
pods, euphausiids, chaetognaths, and hydrozoans in metabarcoding outputs of mixed
zooplankton samples from the Southwest (SW) Indian Ocean. In silico analyses of
downloaded sequences per group identified the most informative mini-barcode region,
and barcode gap analyses confirmed that the selected regions could distinguish among
species within each group. In vitro analyses of DNA extracts from individual specimens
per group showed that the new mini-barcode primers outperformed the standard and
universal miniCOI primers by consistently recovering higher Phred quality scores. Me-
tabarcoding of four in situ mixed zooplankton samples collected with plankton tow nets
and processed with a combination of taxon-specific and universal primers identified
220 species. Use of the primer cocktails increased the proportionate representation of
the target groups by three- to five-fold compared to a previous study. Read counts were
dominated by copepods and euphausiids, implying that they had the highest relative
biomass in samples. We conclude that a combination of universal and taxon-specific
primers in metabarcoding assays will achieve a more comprehensive assessment of
biodiversity by enhancing species richness estimates across different groups.

Key words: Biodiversity surveys, marine pelagic ecosystems, metabarcoding, mini-bar-
code primers

Introduction

Metabarcoding is a powerful tool for tracking marine zooplankton diversity as a
biologically essential ocean variable (EOQV) of pelagic ecosystems (Miloslavich
etal.2018; Muller-Karger etal. 2018). In marine ecological research, speciesrich-
ness derived from metabarcoding enhances community analyses, biodiversity
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assessments, ecosystem monitoring, and tracking of climate change impacts
on ocean productivity (Huggett et al. 2022; Ershova et al. 2023). Metabarcoding
of zooplankton enables the detection of cryptic species, damaged specimens,
and multiple life stages that lack clear diagnostic features, such as eggs and
larvae (Bucklin et al. 2016; Zhang et al. 2018; Laakmann et al. 2020). However,
the full potential of metabarcoding to comprehensively explore zooplankton
biodiversity in pelagic ecosystems is not yet realized because of technological
and data gaps (Bucklin et al. 2021; Govender et al. 2024).

The mitochondrial cytochrome c oxidase subunit | (COI) region is the pre-
ferred marker for barcoding of marine zooplankton (Bucklin et al. 2021). It
provides good taxonomic resolution across most zooplankton groups, and
extensive barcode reference databases exist that link taxonomically verified
species to COIl sequences. Open-access data portals for zooplankton bar-
code data include the MetaZooGene Barcode Atlas and Database (MZGdb),
which is linked to NCBI GenBank and the Barcode of Life Database (BOLD)
(Bucklin et al. 2021). However, COI does not amplify consistently well across
all zooplankton groups. When using “universal” COIl primers across distantly
related taxonomic groups, amplification bias may occur because of limited
primer choice and mismatches (Albaina et al. 2024), the absence of a bar-
code gap (overlap between inter- and intraspecific genetic distances; Meyer
and Paulay 2005), lack of conserved flanking regions, or inherent weaknesses
in barcode reference databases (Keck et al. 2023).

Most high-throughput sequencing (HTS) platforms used for metabar-
coding (e.g., Illumina MiSeq) have limited read lengths, necessitating the
use of mini-barcode primers (shorter gene fragments of 100-350 base
pairs [bp]) instead of Folmer’s original barcode of ~650 bp (Folmer et al.
1994; Govender et al. 2019). Mini-barcodes offer sufficient variability for
species-level resolution while remaining compatible with HTS technologies
(Hajibabaei et al. 2006; Hajibabaei and McKenna 2012; Leray et al. 2013; Yeo
et al. 2020). For metabarcoding of zooplankton, the universal “miniCOl” bar-
code (~313 bp; Leray et al. 2013) is commonly used; however, Albaina et al.
(2024) reported mismatches in the primer binding sites in some abundant
zooplankton taxa and recommended combining complementary taxon-spe-
cific and universal primers to enhance detection. Few studies have reported
on the design and testing of taxon-specific mini-barcode primers in differ-
ent zooplankton groups and how combining multiple primers into “primer
cocktails” may benefit organismal and eDNA applications (Govender et al.
2019, 2022; Komai et al. 2019).

Several holoplanktonic taxa (copepods, euphausiids, and chaetognaths)
as well as hydrozoans (comprising both holoplanktonic and meroplanktonic
species) were abundant in visual analyses of zooplankton samples collect-
ed with plankton nets off eastern South Africa (SW Indian Ocean) but were
under-represented in subsequent metabarcoding outputs (Govender et al.
2023). The sparsity of holoplanktonic species in metabarcoding outputs was
partially explained by incomplete barcode reference libraries for these groups
in the region (Singh et al. 2021), although Rawoot et al. (2024) added multi-
ple new copepod records from the SW Indian Ocean to BOLD and GenBank.
A second explanation, addressed in this study, is primer bias when using
standard or universal miniCOIl primers across diverse zooplankton groups
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(Zhang et al. 2018; Govender et al. 2022). An in-depth literature review by
Albaina et al. (2024), which included studies from the Atlantic, Pacific, Indian,
Arctic, and Southern oceans, reported misperformance in various zooplank-
ton taxa when using miniCOI (Leray et al. 2013) primer combinations for
metabarcoding. Taxon-specific mini-barcode primers substantially improved
identification of meroplanktonic species (drifting larvae of lobsters, prawns,
shrimps, and crabs) in metabarcoding outputs (Govender et al. 2019, 2022,
2023), compared to lower species identification success rates for abundant
holoplanktonic groups amplified with the universal miniCOIl primer.

The aims of this study were to: (1) design taxon-specific mini-barcode
primers from the COIl gene region for Copepoda (copepods), Euphausiacea
(krill), Chaetognatha (arrow worms), and Hydrozoa (medusozoan Cnidaria)
using in silico methods; (2) test the performance of taxon-specific primers
against the standard (~650 bp) COI and the miniCOIl primers for zooplank-
ton (Leray et al. 2013); and (3) apply taxon-specific mini-barcode primers,
used in combination, in metabarcoding of mixed zooplankton samples col-
lected with plankton tow nets. Metabarcoding outputs (proportionate repre-
sentation per major taxon) were compared with an earlier study (Govender
et al. 2023), which relied on the universal miniCOI primer (Leray et al. 2013)
for holoplanktonic species identification.

Materials and methods
Taxon-specific primer development

Taxon-specific mini-barcode primers were designed following Govender et
al. (2019). For in silico analysis to determine the most variable COI portion,
we downloaded sequences of 954 copepod species (1,910 sequences; 110
families; 345 genera), 65 euphausiid species (130 sequences; 2 families; 11
genera), 25 chaetognath species (focusing on Sagittoidea; 50 sequences; 5
families; 13 genera), and 404 hydrozoan species (808 sequences; 83 families;
200 genera) from GenBank and BOLD (www.ncbi.nIm.nih.gov/genbank; http://
www.boldsystems.org/; accessed: 1 December 2023; Suppl. material 1). Two
individuals per species from different geographical areas were included, where
available, to capture within-species variation.

Sequences were aligned separately for each of the four datasets using
Clustal X2.1 (Larkin et al. 2007) and manually optimized to ensure homolo-
gy using BioEdit 7.2.5 (Hall 1999). All possible mini-barcode fragments per
dataset were estimated using sliding window analysis (SWAN; Proutski and
Holmes 1998) in the Species Identity and Evolution (SPIDER; Brown et al.
2012) package in R (http://www.r-project.org). The “slideAnalyses” function
was used to generate windows varying in size from 100 to 300 bp, which were
moved along alignments at 10 bp intervals. Two mini-barcode fragments per
window length were chosen for further analysis based on: (1) high mean
Kimura 2-parameter (K2P) distance; (2) few zero pairwise non-conspecific
distances (minimum interspecific distance for each individual); and (3) a high
proportion of clades shared between neighbor-joining (NJ) trees derived from
the mini-barcode region compared to reference trees constructed from full-
length DNA sequence alignments (Govender et al. 2019).
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Based on the SWAN analysis, a total of 42 potential mini-barcode fragments
were selected for each dataset. Maximum likelihood (ML) analysis was con-
ducted on potential mini-barcode fragments (comparison trees) and full-length
sequence alignments (reference trees) for each dataset using Garli 0.951
(zwickl 2006). The K2P model (Kimura 1980) of sequence evolution was used
for all ML analyses, as it is the most often applied by the DNA barcode com-
munity and BOLD. Ktreedist (Soria-Carrasco et al. 2007) was used to compare
the mini-barcode ML trees to the reference trees. Ktreedist calculates the min-
imum branch length distance (K-score) from one phylogenetic tree to another.
The K-scores (topology and branch length differences) and Robinson-Foulds
symmetric differences (topological differences) were also calculated. For both
methods, low values imply high similarity between mini-barcode and reference
trees. Mini-barcode regions for each dataset were selected based on the low-
est K-scores and Robinson—Foulds symmetric differences.

Evaluation of the target region

DNA barcode gap analyses were conducted to confirm that the selected re-
gions would be able to distinguish between species. The K2P nucleotide sub-
stitution model in MEGA 6.0 (Tamura et al. 2013) was used to calculate intra-
and interspecific genetic distances. The maximum intraspecific distance value
was subtracted from the minimum interspecific distance value to determine
the barcoding gap (Meier et al. 2006). The Jeffries—Matusita distance (J—M)
statistic was used to test whether the intra- and interspecific genetic distance
classes were distinguishable by considering the distance between their means
and the distribution of values around the means (Dabboor et al. 2014). The
J—M distance is asymptotic to 1.414, with higher values indicating that intra-
and interspecific genetic distances are statistically separable (Trigg and Flasse
2001). After confirming the presence of a barcode gap, primers were designed
manually for regions flanking the selected mini-barcodes for each of the four
groups. When high variability of flanking regions prevented the design of a sin-
gle primer pair for amplification of all high-level target taxa, multiple primers
were designed to form a primer cocktail, specifically for chaetognaths, where
two reverse primers were designed. To avoid inadvertent amplification of nu-
clear mitochondrial insertions (numts), the specificity of each primer was as-
sessed using NCBI's Primer-BLAST tool, confirming that the primers exclusively
targeted mitochondrial genes of the intended taxa (https://www.ncbi.nlm.nih.
gov/tools/primer-blast/; Suppl. material 1: table S1).

Primer testing using Sanger sequencing

To evaluate the effectiveness of the mini-barcode primers for copepods (271 bp),
euphausiids (310 bp), chaetognaths (283 bp), and hydrozoans (266 bp) (Table 1),
amplification success was tested against the universal COIl primer set of 658 bp
(Folmer et al. 1994) and the miniCOIl barcode (Leray et al. 2013) using Sanger
sequencing. DNA from 4-5 individual voucher specimens for each of the four
groups was extracted using the Zymo Quick-DNA Universal Kit (Zymo Research).
An overnight incubation step at 55 °C was added to the standard protocol to en-
sure complete digestion of tissue in lysis buffer and proteinase K.
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Table 1. Primers used in this metabarcoding study (first round PCR): each of the COIl primer combinations amplifies
different fragments of the COI-5P gene region. *Primers were designed for this study.

Fragment
Copepoda*

Euphausiacea*

Chaetognatha*

Hydrozoa*

COl_Leray

COI_Fish

COIl_Lobster

Primer name
CopeMiniF
CopeMiniR

EuphausMiniF

EuphausMiniR

ChaetoMiniF

ChaetoMiniR1

ChaetoMiniR2
HydroMiniF
HydroMiniR
mICOlintF
HC02198
mICOlintF
HC02198

FishR2

LobsterMinibarF
LobsterMinibarR

Sequence (5’ - 3') Direction Reference Fragment size
GTW ATR CCW ATT TTA ATT GGR GG F This study 271 bp
CCT ARA AKA GAA CTA ACT CCT GC
CGA GCT GAA YTA GGW CAM CCA GG This study 310 bp
GCT CCW GCA TGW GCA ATT CCW GC
CCY ACT ATAATRGGR GGG TTT GG This study 283 bp - 403 bp
GTA GTR ATR AAATTW GCW GAT CC
GTR ATA GCY CCT GCT ART ACA GG
GCC WGT WTT AAT WGG WGG TTT TGG This study 266 bp

CCC ATW ATW GAW GAA GCW CCW GC
GGW ACW GGW TGA ACW GTW TAY CCY CC
TAA ACT TCA GGG TGA CCA AAA AAT CA
GGW ACW GGW TGA ACW GTW TAY CCY CC
TAA ACT TCA GGG TGA CCA AAA AAT CA
ACT TCA GGG TGA CCG AAG AAT CAG AA
GGW GAT GAY CAAATTTAY AATG T
CCW ACT CCTCTT TCT ACT ATT CC

Leray et al. 2013
Folmer et al. 1994
Leray et al. 2013
Folmer et al. 1994
Ward et al. 2005

Govender et al.
2019

313 bp-319 bp

313 bp-319 bp

230 bp

X M XV XV M XV M XV M OV O M O M DO

Notes: Illumina adapter target sequences were added to the beginning of each primer set for forward primers (TCG TCG GCA GCG
TCA GAT GTG TAT AAG AGA CAG NNNNN) and reverse primers (GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA G NNNNN).
The adapters were used in accordance with the workflow from the Illumina 16S Metagenomics protocol. These adapter targets allow
Nextera indexing and Illumina adapter addition through PCR.

Metabarcoding and Metagenomics 9: 519-536 (2025), DOI: 10.3897/mbmg.9.161301

PCR reactions (25 pl) contained 20 ng/ul genomic DNA, 12.5 ul OneTaq
Quick-Load Master Mix (1X, BioLabs, New England), 0.50 pl forward and reverse
primer (10 nmol/L), 7.5 pl sterile nuclease-free water, 1 ul MgCI2 (25 pmol/L),
and 1 pl bovine serum albumin (BSA; 1 mg/ml). For primer cocktails, the 0.50 pl
primer volume was divided by the number of primers for each forward and re-
verse reaction; for example, for two reverse primers, 0.25 pl was added for each.
Thermal cycling for COI and the newly designed mini-barcode primers com-
prised an initial denaturation at 94 °C for 2 minutes, 35 cycles of denaturation
at 94 °C for 30 seconds, annealing at different primer-specific temperatures for
30 seconds, and extension at 68 °C for 1 minute. The final extension was at
68 °C for 5 minutes. Annealing temperatures were 50 °C for the COI primer,
52 °C for copepods, 56 °C for both euphausiids and hydrozoans, and 53 °C for
chaetognaths. A “touchdown” PCR was used for the miniCOI barcode (Leray et
al. 2013) to minimize the probability of non-specific amplification. The condi-
tions comprised an initial denaturation at 94 °C for 2 minutes, followed by 16 cy-
cles of denaturation for 10 seconds at 94 °C, annealing for 30 seconds at 62 °C
(=1 °C per cycle), extension for 60 seconds at 72 °C, and then an additional 25
cycles at an annealing temperature of 46 °C. The final extension was carried out
at 72 °C for 5 minutes. All PCRs included a no-template negative control.

PCR products were visualized on a 2% (w/v) TBE agarose gel containing
SafeView™ Classic (Applied Biological Materials Inc., Cat. No. G108). Amplicon size
was determined using a 100 bp molecular weight marker (BioLabs, New England).
PCRbead clean-up and Sanger sequencing were performed at the Central Analytical
Facilities (CAF) at the University of Stellenbosch (South Africa). Sequences were
edited using Geneious Prime 2025.0.3, and the percentage of nucleotides with
Phred quality scores of at least 30 was calculated for each sequence. Phred scores
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indicate the probability that a nucleotide has been correctly identified, serving as
a standard measure of sequence quality. A Phred score of 30 corresponds to a 1
in 1000 chance of an incorrect base call and is commonly used as a threshold for
high-quality sequence data. The nucleotide BLAST tool (BLASTn) on GenBank and
BOLD was used for species identification, with a 97% sequence identity thresh-
old. Sequences generated using the newly designed primers were translated into
amino acid sequences using the ExPASy Translate tool (https://web.expasy.org/
translate/) and screened for stop codons to verify that nuclear mitochondrial in-
sertions (numts) were not inadvertently amplified. The resulting amino acid se-
guences were subsequently queried against GenBank using the protein BLAST tool
(BLASTp) to confirm that only mitochondrial genes were amplified.

Application of metabarcoding to bulk zooplankton samples

To evaluate the versatility of the newly designed primers (Table 1) as well as those
chosen from literature for Malacostraca (lobsters, crabs, shrimps, prawns, and iso-
pods; Govender et al. 2019, 2022), Actinopterygii (ray-finned fishes; Folmer et al.
1994; Ward et al. 2005; Leray et al. 2013), and the universal primer set (Folmer et al.
1994; Leray et al. 2013), primer testing was carried out on bulk zooplankton sam-
ples that were collected with two vertical (200 um mesh) and two oblique (500 pym
mesh) Bongo net tows off eastern South Africa in July 2022 (36.63°S; 23.75°E). For
details of previously published primers, refer to Govender et al. (2022).

Whole zooplankton samples were preserved in 97% ethanol during sam-
pling, with the ethanol replaced after 24 hours for long-term storage. In the
laboratory, individual samples were homogenized in the 97% ethanol solution
for 1 minute using a consumer blender (Milex; 1500 W at 22,000 rpm). Between
samples, the blender was washed to remove residual material and rinsed with
a 10% bleach solution and 70% ethanol to degrade any remaining DNA. Three
subsamples were taken from each homogenate to improve diversity estimates
(Lanzén et al. 2017). Each subsample (10 ml of zooplankton homogenate) was
centrifuged at 3000 rpm for 1 minute, and excess ethanol was removed; there-
after, 40 mg of tissue was transferred to a sterile tube. The remaining DNA
extraction process was carried out as described in Govender et al. (2023).

PCRs were performed in triplicate to reduce the effects of stochasticity, im-
prove accuracy, and minimize bias and amplification errors (Dopheide et al.
2019). PCRreactions (15 pl) contained 20 ng/ul genomic DNA, 7.5 pl Q5 high-fi-
delity Taq, 0.6 ul forward and reverse primers (10 uM; Table 1), 3.3 pl sterile
nuclease-free water, 0.6 pl MgCI2 (25 pM), and 1.2 pl BSA (1 mg/ml). Where
primer cocktails were used, the 0.6 pl primer volume was divided by the number
of primers for each forward and reverse reaction.

All primers used the same thermal cycling program: initial denaturation at
98 °C for 30 seconds, denaturation at 98 °C for 10 seconds, annealing at different
primer-specific temperatures for 30 seconds, and extension at 72 °C for 30 sec-
onds. The final extension step was carried out at 72 °C for 4 minutes. Annealing
temperatures were 46 °C for malacostracans, fishes, and universal primers. The
annealing temperatures for the newly designed primers were as per the primer
testing section above. All PCRs included a no-template negative control. PCR
products were visualized on a 2% (w/v) TBE agarose gel containing SafeView™
Classic. Amplicon size was determined using a 100 bp molecular weight marker.
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The triplicate PCR products for each of the seven primer sets were pooled and
quantified using a Qubit 2.0 Fluorometer (Life Technologies, California, USA), and
each of the seven different amplicon pools was further consolidated into a sin-
gle sample per tow-net haul to create four libraries (one per individual tow) with
equimolar concentrations (5 ng/pl). Each library was cleaned using 1.8x Ampure
XP purification beads (Beckman Coulter, High Wycombe, UK). Index PCR was
performed using the Nextera XT Index Kit (lllumina, San Diego, USA). Thereafter,
libraries were cleaned using 0.6x Ampure XP purification beads (Beckman
Coulter) and quantified using the Qubit dsDNA High Sensitivity assay kit on a
Qubit 4.0 instrument (Life Technologies). The four libraries were sequenced on
the lllumina MiSeq platform using the MiSeq Nano Reagent Kit v.2 (500 cycles),
following the protocols described by Govender et al. (2023) at the KwaZulu-Natal
Research and Innovation Platform (KRISP), South Africa.

Bioinformatic analyses

The DADA2 algorithm (Callahan et al. 2016) implemented in QIIME2 v.2019.10
(Bolyen et al. 2019) was used to conduct quality control checks, chimera remov-
al, filtering, trimming of primers, truncation of forward and reverse reads, and
merging of the paired-end reads into amplified sequence variants (ASVs). The
first 20 bases were trimmed, and the sequences were truncated at 200 bp for
both forward and reverse reads to exclude low-quality regions. The ASVs were
queried against BOLD and NCBI GenBank in August 2024 using a 97% sequence
identity threshold. ASVs assigned to the same species were merged manual-
ly using MS Excel. Species detected by metabarcoding were cross-referenced
with occurrence records obtained from online databases such as the World
Register of Marine Species (WoRMS; https://www.marinespecies.org), the Ocean
Biodiversity Information System (OBIS; https://obis.org), the Global Biodiversity
Information Facility (GBIF; https://www.gbif.org), and online literature.

Results
Taxon-specific primer development and testing

The most informative region of the COI gene was identified for each of the four
groups. The smaller SWAN window sizes (120-140 bp for copepods and hydrozo-
ans, 100—140 bp for euphausiids, and 100-130 bp for chaetognaths) had higher
mean K2P distance and lower zero non-conspecific values. Larger window sizes
(260-300 bp for copepods, 270-300 bp for euphausiids, 220-300 bp for chae-
tognaths, and 250-300 bp for hydrozoans) showed better congruence of NJ trees
and generated lower K- and R—F scores when compared with reference trees. The
intraspecific K2P pairwise distances ranged from 0.00 to 0.14 for copepods, 0.00
to 0.13 for euphausiids, 0.00 to 0.35 for chaetognaths, and 0.00 to 0.16 for hydro-
zoans. The interspecific distances ranged from 0.00 to 0.67 for copepods, 0.00 to
0.32 for euphausiids, 0.00 to 0.52 for chaetognaths, and 0.00 to 0.79 for hydrozo-
ans. DNA barcode gap analyses based on in silico data showed minimal overlap
between intra- and interspecific K2P pairwise distances in all four groups for the
selected mini-barcode regions (Fig. 1). All J-M distances were > 1.414, providing
statistical support for the existence of a DNA barcode gap in all four datasets.
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Figure 1. Frequency distribution of intra- and interspecific pairwise K2P genetic distanc-
es calculated using the selected mini-barcode regions for (a) Copepoda, (b) Euphausi-
acea, (c) Chaetognatha, and (d) Hydrozoa. The frequency data (Copepoda = n/120000,
Euphausiacea = n/1200, Chaetognatha = n/100, Hydrozoa = n/20000) was normalized
to obtain a range between 0 and 1.
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Primers were designed within conserved regions flanking the mini-barcode
regions (Table 1; Suppl. material 1: table S1). The mini-barcode regions were
successfully amplified for all four target taxa using the designed primers, with
each primer set tested across the respective samples. BLAST and BOLD search
results confirmed that the mini-barcode sequences matched the morphologi-
cally identified specimens to at least a family level (93-100% sequence similar-
ity). The amplification success rate of the newly designed mini-barcode primer
sets was similar to those of the standard COI primer set and the universal mini-
COlI primer set (Fig. 2). The sequence quality of the new mini-barcode primers
outperformed the standard and universal miniCOIl primers by consistently re-
covering higher Phred quality scores of resulting sequences (Fig. 3). The final
primer cocktails used for metabarcoding (Table 1) were based on the amplifi-
cation and sequencing success of the voucher specimens.

High-throughput sequencing results and species counts derived from
metabarcoding

In total, four zooplankton community libraries were sequenced with lllumina
MiSeq. Sequencing was efficient, requiring minimal filtering for both forward
and reverse reads during the merging of the paired-end reads for all four zoo-
plankton libraries. For the four libraries, a total of 712,084 read counts were
consolidated into 126,449 merged reads, of which 1,456 ASVs were available
for analysis across all groups amplified. These ASVs were assigned to a spe-
cies level at > 97% sequence similarity against reference sequences on BOLD
or GenBank and subsequently collapsed into 220 species (Table 2; Suppl. ma-
terial 1: table S2; Suppl. material 3).

Species richness and read counts

Species richness was greatest for copepods (80 spp.; 36%), followed by eu-
phausiids (25 spp.; 11%), molluscs (24 spp.; 11%), fishes (23 spp.; 11%), hydro-
zoans (21 spp.; 10%), decapods (14 spp.; 6%), and chaetognaths (12 spp.; 5%;
Fig. 4a). Taxon-specific primers were used for all these groups except for mol-
luscs. Groups for which taxon-specific primers were not used had lower spe-
cies richness in metabarcoding outputs (<3% per taxon). These taxa included
amphipods, echinoderms, ostracods, and scyphozoans. Copepods (41%) and
euphausiids (35%) dominated the read counts as a proxy for relative biomass
(Fig. 4b), followed by decapods (10%). Chaetognaths (4%) and hydrozoans (5%)
had more read counts than any of the other groups for which taxon-specific
primers were not used (<2% of read counts per group).

Table 2. High-throughput summary statistics for each sample.

Library
Oblique 1
Oblique 2
Vertical 1
Vertical 2

Total across nets

Read count Merged reads Total amplicon sequence variants (ASVs) Species at 97%
155538 23331 400 113
140476 24356 433 115
186622 35351 522 129
229448 43411 537 111
712084 126449 1456 -
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a. 7 8 9 10 11 12 13 14 15 16 17 18 19 20

300bp—> ) = . - '—=:. -————-*-

LCO1490 +
HC02198 MICOTintF + CopeMiniF +
HC02198 CopeMiniR2

b. 8 9 10 11 12 13 14 15 16 17 18 19 20

3 EuphausMiniF +
EuphausMiniR

C. 4 5- 6.7 8 9 10 11 12 13 14 15 16 17 18 19 20
600bp —> [k | —
ChaetoMiniF +

ChaetoMiﬁ’i-Rl A
ChaetoMiniR2

d 8§ 9 10 11 12 13 14 15 16 17 18 19 20

HydroMiniF +
HydroMiniR

Figure 2. Amplification of mini-barcode primers against COl and miniCOl primers for voucher specimens of
(a) Copepoda, (b) Euphausiacea, (c) Chaetognatha, and (d) Hydrozoa. Lane 1 shows the 100 bp molecular weight
marker. Lanes 2-6 (a, b) and 2-5 (c, d) display PCR products from DNA amplified using universal COI prim-
ers. Lanes 8-12 (a, b) and 7-10 (c, d) show the same samples that were amplified with miniCOIl barcode primers.
Lanes 14-18 (a, b) and 12-15 (c, d) show amplification with taxon-specific mini-barcode primers. All PCRs included a
no-template negative control in the test gel, although this is not reflected in the gel shown above.
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Figure 3. Box-and-whisker plot comparing Phred quality scores of COI, mini-barcodes,
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Figure 4. Bar graphs showing (a) overall species richness and (b) overall read counts.
Blue bars indicate taxa for which specific primers were used.
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Discussion

The integration of DNA-based methods into aquatic monitoring practices is
presently on the agenda of several national and international fora (Aylagas et
al. 2020; Blancher et al. 2022; Huggett et al. 2022; Ratnarajah et al. 2023). As
a contribution to improving biomonitoring capabilities in marine pelagic eco-
systems, we designed taxon-specific mini-barcode primers for prominent net-
caught zooplankton groups in the SW Indian Ocean. These were then tested on
mixed zooplankton samples collected from the SW Indian Ocean. The selected
groups were under-represented in recent metabarcoding outputs from the re-
gion (Govender et al. 2023) and included both dominant metazoan groups of
key ecological and biogeochemical significance (copepods and euphausiids)
and understudied soft-bodied or gelatinous groups (chaetognaths and hydro-
zoans). The new primers for these largely holoplanktonic groups strengthen
the capacity for comprehensive biomonitoring of zooplankton in the SW Indian
Ocean when used in combination with primers developed previously for mero-
planktonic groups important to fisheries (e.g., lobsters, prawns, shrimps, and
crabs; Govender et al. 2019, 2022) and for fishes (Ward et al. 2005).

The final selected mini-barcodes ranged between 220 and 300 bp, with smaller
window sizes performing statistically worse (higher mean K2P distances and low-
er congruence in NJ trees). This result is consistent with Yeo et al. (2020), where
only very short mini-barcodes (<200 bp) performed poorly for both species- or
specimen-level identification, but the performance of moderate-length mini-bar-
codes (>200 bp) and full-length barcodes was statistically similar. The barcode
gap analysis indicated minimal overlap between intra- and interspecific K2P pair-
wise distances, and the J-M distances were above 1.414 in all four groups. Hence,
the existence of a DNA barcode gap could be statistically supported, confirming
that the new mini-barcodes can successfully distinguish between species in each
group. The new mini-barcode primers consistently amplified the target COI region
in each of the four groups, with Phred quality scores showing increased sequence
quality compared to the standard COI and miniCOIl primers. Our results aligned well
with previous studies confirming the utility of taxon-specific mini-barcode markers
for overcoming amplification challenges without demonstrable loss of informa-
tion compared to full-length barcodes (Hajibabaei et al. 2006; Meusnier et al. 2008;
Govender et al. 2019; Komai et al. 2019; Yeo et al. 2020; Goncalves et al. 2022).

Primer cocktails used in the in situ metabarcoding analysis identified 220 zoo-
plankton species from four plankton net tows at 97% sequence similarity to pub-
lished barcode records. Proportionately, copepods comprised 36% of the identified
species, an increase from only 10% of species identifiable in a previous metabar-
coding study from the same region (Govender et al. 2023), where taxon-specific
primers for copepods were not used. In the previous study, primers designed for
meroplanktonic taxa combined with the miniCOI primer for metazoans (Leray et
al. 2013) identified 271 species from 36 tows, with assemblages dominated by
malacostracans (59%) and fishes (17%). In contrast, the use of the newly designed
taxon-specific primers in this study yielded proportionate increases of three- to
fivefold compared with Govender et al. (2023), elevating species richness for eu-
phausiids (3% to 11%), chaetognaths (1% to 5%), and hydrozoans (3% to 10%),
alongside the marked increase in copepods. Based on this comparison, these re-
sults demonstrate that primer combinations targeting specific taxa substantially
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improve detection rates of ecologically important holoplanktonic groups, which
were previously under-represented in metabarcoding outputs.

Read (or sequence) counts were dominated by copepods (41%) and euphau-
siids (35%), implying that they had the highest relative biomass in samples.
These two groups are typically the most abundant (copepods) or are often sig-
nificantly larger (euphausiids) than most other marine zooplankton, with great-
er biomass in most oceans (Vereshchaka 2024). Ershova et al. (2021, 2023)
found strong correlations between read counts and relative biomass of most
zooplankton groups, even though estimates may be affected by primer bias,
DNA degradation, and efficiency of DNA extraction on read count accuracy
(Bucklin et al. 2016). Therefore, our finding that zooplankton relative biomass
is dominated by copepods and euphausiids should be seen as indicative rather
than an accurate quantitative estimate.

In conclusion, we designed and tested taxon-specific mini-barcode primers
for key holoplanktonic groups (copepods, euphausiids, and chaetognaths) and
hydrozoans (comprising both holoplanktonic and meroplanktonic species) to
improve their representation in large-scale biodiversity surveys of marine pelag-
ic ecosystems. The new mini-barcode primers consistently amplified the target
COl region in each of the four groups, with high sequence quality compared to
the standard COIl and miniCOI primers. Combinations of taxon-specific primers
used in metabarcoding analysis of bulk zooplankton samples increased the
proportionate representation of these groups by 3-5 times, at a 97% sequence
similarity threshold, compared to a previous study (Govender et al. 2023). We
highlight that a combination of universal and taxon-specific metabarcoding as-
says is essential for achieving a comprehensive assessment of biodiversity by
enhancing species richness estimates across different groups in marine eco-
systems and increasing the likelihood of detecting rare species.
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