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Zooplankton plays a crucial role in marine ecosystems. However, due to issues

with morphological identification and sampling methods, knowledge of their

biodiversity and community structure in the vast pelagic zone of the western

tropical Pacific Ocean is still limited compared with other areas in the North

Pacific Ocean. In this study, we used environmental DNA (eDNA)

metabarcoding and morphological identification approaches to investigate

mesozooplankton’s biodiversity and vertical assemblages in the western

tropical Pacific Ocean from the surface to 1000 m deep. Two different

barcodes were used in metabarcoding: mitochondrial cytochrome oxidase I

(COI) and small subunit ribosomal RNA genes (18S). Our results showed that

eDNA metabarcoding revealed 2-4 times more medusae taxa than

morphological processing. Both methods detected that small copepod

species were dominant in the community and six of the top-10 most

abundant copepod genera overlapped. Morphological results showed that

mesozooplankton communities were classified into three groups: epipelagic

(0–200 m), upper mesopelagic (200-500 m), and lower mesopelagic (500–

1000 m). And eDNA results showed distinct vertical variations of

mesozooplankton communities within the epipelagic. Both methods showed

that the dominant genera Clausocalanus, Paracalanus, and Calocalanus

exhibited diel patterns in relative abundance, demonstrating that the eDNA

method can capture diel vertical migration (DVM) signals of copepods. Overall,

our results indicate that eDNA metabarcoding is an effective and efficient tool

for the study and monitoring of mesozooplankton diversity and vertical

assemblages in the open sea.
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2022.1004410/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1004410/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1004410/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1004410/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1004410/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1004410/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.1004410&domain=pdf&date_stamp=2022-10-25
mailto:sund@sio.org.cn
mailto:wangsio@sio.org.cn
https://doi.org/10.3389/fmars.2022.1004410
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.1004410
https://www.frontiersin.org/journals/marine-science


Feng et al. 10.3389/fmars.2022.1004410

Frontiers in Marine Science
KEYWORDS

mesozooplankton, eDNA, metabarcoding, biodiversity, vertical assemblages, western
tropical Pacific Ocean
Introduction

In the marine ecosystem, zooplankton is a crucial secondary

producer linking primary producers and higher tropic levels

(Madin et al., 2001). Zooplankton provides a significant

contribution to the biological pump by transporting organic

carbon from the surface to the deep seas (Hays, 2003). Many

zooplankton possess diel vertical migration (DVM) strategies

that promote material exchange between different water layers

and regulate vertical carbon flux. Thus, their biodiversity and

community composition have an important effect on marine

biogeochemical cycling (Romare et al., 1999). Species

identification is fundamental to zooplankton ecological

research. However, their complex morphology and high

biodiversity limit the knowledge that can be gained using

traditional identification methods.

With the development of molecular methods, the DNA

metabarcoding method has become a promising way to solve

these problems in zooplankton diversity monitoring. This

technique extracts the total genomic DNA from environmental

samples and sequences one or more molecular barcodes using a

high-throughput sequencing (HTS) platform. The small subunit

ribosomal RNA (18S) gene is most frequently used in eukaryote

metabarcoding because of its broad taxonomic coverage

(Amaral-Zettler et al., 2009). Additionally, the mitochondrial

cytochrome oxidase I (COI) gene has been increasingly used for

the analysis of zooplankton biodiversity (Schroeder et al., 2020;

Coguiec et al., 2021; Garcia-Vazquez et al., 2021). In addition to

samples collected by traditional plankton nets, samples of

environmental DNA (eDNA), which is trace DNA derived

from organisms in the water column, could also be used for

zooplankton metabarcoding analysis (Bohmann et al., 2014).

This approach provides cost-effective, rapid, and accurate

assessments of biodiversity (Bucklin et al., 2016). Besides,

metabarcoding has been shown to reveal the hidden diversity

of marine zooplankton communities (Lindeque et al., 2013;

Hirai et al., 2017), and reveal similar distribution patterns as

morphological methods (Kim et al., 2019). Specially,

metabarcoding based on eDNA would cause less disturbance

to marine habitats and the zooplankton community and could

fill gaps in species monitoring by increasing the detection of

organisms that are rarely captured by plankton nets (Djurhuus

et al., 2018). For instance, medusae are one of the most abundant

zooplankton groups in the marine system, but they are

underestimated because they are easily damaged during
02
traditional trawl sampling procedures. The eDNA method has

been used to assess the biodiversity and distribution of medusae

(Takasu et al., 2019; Ames et al., 2021). Therefore, this method is

becoming a research priority, and it has great application

potential in ecological monitoring and assessment (Valdez-

Moreno et al., 2021; Xie et al., 2021). However, limited

metabarcoding studies were conducted in the open sea with

high biodiversity and complex community structure relative to

coastal waters and continental shelf areas (Suter et al., 2021).

With the greatest biodiversity and biomass of all ecosystems

on earth, the marine pelagic environment constitutes more than

90% of the living world (Robison, 2009). The mesopelagic zone

(200–1000 m) provides vital ecosystem services including vast

fishery biomass, the connection of surface and deep waters, and

critical contributions nutrient generation and carbon flux

(Drazen and Sutton, 2017; Boyd et al., 2019). Therefore, it is

necessary to further understand mesopelagic species

composition. Due to its unique and heterogeneous

environmental characteristics caused by its complex current

system, the western Pacific Ocean is known to be a

biodiversity hotspot (Briggs, 2005; Allen, 2008; Tittensor et al.,

2010). Studies on mesozooplankton diversity and community

structure have been mainly carried out in the epipelagic zone (0–

200 m) (Dai et al., 2016b; Sun andWang, 2017; Yamaguchi et al.,

2017; Long et al., 2021). Besides, biomass and size spectra of

zooplankton down to 3000 m in the Philippine Sea were

reported (Dai et al., 2016a), and vertical distribution of

zooplankton community between North Pacific Subtropical

Gyre and Western Pacific Warm Pool was studied (Sun et al.,

2019). Overall, knowledge of mesozooplankton diversity and

distribution on the vertical scale is limited compared with those

on the horizontal scale, perhaps due to difficulties in deep sea

sampling and morphological identification. Hence, the eDNA

metabarcoding approach provides a new and less invasive

method to better understand the mesopelagic zone in the

tropical western Pacific Ocean.

In this study, we conducted an ecological investigation of

mesozooplankton (including holoplankton and meroplankton)

in the epipelagic and mesopelagic zones (0–1000 m) of the

western tropical Pacific Ocean using eDNA metabarcoding and

morphological identification methods. Two molecular barcodes

(COI and 18S) were used for eDNA metabarcoding to enable a

broad taxonomic coverage of mesozooplankton. We evaluated

the biodiversity and vertical distribution patterns of

mesozooplankton in the water column and compared the
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eDNA metabarcoding of two biomarkers with the

morphological method. The main hypotheses of our study are

as follows: 1) eDNA metabarcoding can reveal higher

mesozooplankton biodiversity than morphological methods,

including many gelatinous organisms that are rarely captured

by plankton nets, and 2) in the open ocean with a relatively

stable water body, eDNA is vertically stratified and thus could

reveal vertical assemblages and migration of mesozooplankton.
Materials and methods

Field sampling

The investigation was carried out during a cruise on the R/V

Shenhaiyihao in the western tropical Pacific Ocean between 13

and 27 January 2021, as part of the China Ocean Mineral

Resources Research and Development Association Cruise

DY60. Environmental DNA was sampled at four stations

along the Kyushu–Palau Ridge and two stations in the central

deep basin of the Philippine Sea (Figure 1, Table 1). At each

station, seawater samples were collected in Niskin bottles

equipped with an SBE 911 plus CTD sampler (SeaBird 911

plus, Seabird Co., Ltd., Sunnyvale, CA, United States) at six

depths: 5m, 100 m, deep chlorophyll maximum (DCM), 200 m,

500 m, and 1000 m. Depths of the DCM at each station were

determined by real-time chlorophyll a concentrations obtained

in situ by the CTD profiler (Figure S1, Table 1). We sampled 4L

of seawater at each depth referring to Laroche et al. (2020).
Frontiers in Marine Science 03
Water samples were filtered on board through a 0.22-mm
polycarbonate membrane (47-mm diameter, Millipore,

Bedford, MA, United States). The filters were immediately put

in 2-mL sterile tubes and preserved at −80°C until DNA

extraction. To reduce cross-contamination in the sampling

process, the filtration kits were carefully cleaned before and

after each round of seawater filtration with sterile water.

Bulk samples were collected for morphological analysis at

two stations (Figure1, Table 1) using a Multi Plankton Sampler

(MultiNet, Hydro-Bios Co. Ltd., Altenholz, German) system

with a mesh size of 200 mm and a 0.50 m2 mouth opening area.

Stratified samples of zooplankton were obtained by vertical haul

from nine strata (0-50 m, 50-100 m, 100-150 m, 150-200 m, 200-

300 m, 300-400 m, 400-500 m, 500-750 m, and 750-1000 m).

Filtered water volumes were estimated by a flowmeter installed

in the MultiNet system. All samples were immediately fixed in

5% (v/v) buffered formal in-seawater so lut ion for

further analysis.
Metabarcoding

eDNA extraction, amplification,
and sequencing

In the laboratory, the genomic DNA of each filter membrane

was extracted using the EasyPure Marine Animal Genomic DNA

Kit (TransGen Biotech Co. Ltd., Shanghai, China), which is

designed to extract DNA from marine animals whose tissues

have high salt content. After each round of extraction, the work
FIGURE 1

Position of the six CTD casts (red circles) and two MultiNet tows (blue triangles) in the western tropical Pacific Ocean.
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area was cleaned with 75% ethanol. DNA concentration and

quality were monitored by a Nanodrop 2000 (Thermo Fisher

Scientific, Wilmington, DE, United States). The universal

metazoan pr imer se t mlCOIintF , (5 ’ -GGWACWG

GWTGAACWGTWTAYCCYCC-3’) and HCO2198, (5’-

TAAACTTCAGGGTGACCAAAAAATCA-3’) (Folmer et al.,

1994; Leray et al., 2013) were used to amplify a 313-bp

fragment of the COI gene. Additionally, the primers F04 (5’-

GCTTGTCTCAAAGATTAAGCC-3’) and R22mod (5’-

CCTGCTGCCTTCCTTRGA-3’) (Fonseca et al., 2010; Sinniger

et al., 2016) were chosen to amplify the V1-V2 region of 18S,

because the R22mod primer was modified to better match some

metazoan groups (Sinniger et al., 2016). Unique 7- bp sequences

were added to the 5’ end of each former primer as Illumina

sequencing barcodes. Single Polymerase Chain reaction (PCR)

was run in a 25-mL mixture, including 2 mL of total DNA

template (20 ng/mL), 5 mL of reaction buffer (5 ×), 5 mL of GC

buffer (5 ×), 2 mL of dNTP (2.5 mM), 1 mL of each primer (10

mM), 8.75 mL of ddH2O, and 0.25 mL of Q5 High-Fidelity DNA

polymerase (0.625 U). The PCR conditions for COI were as

follows: an initial denaturation at 98°C for 5 min, 27 cycles at 98°

C for 30 s, 50°C for 30 s, and 72°C for 45 s, with a final extension

at 72°C for 5 min. The 18S cycling parameters were as follows: an

initial denaturation at 98°C for 5 min, and 35 cycles at 98°C

for 30 s, 55°C for 30 s, and 72°C for 45 s, with a final extension at

72°C for 5 min. PCR products were visualized on 2% agarose gels

and purified by Agencourt AMPure XP Beads (Beckman

Coulter, Brea, CA, United States). Purified PCR products were

then quantified by a QuantiFluor® dsDNA System (Promega

Corp., Milano, Italy) and pooled equally. High-throughput

amplicon sequencing was performed on an Illumina NovaSeq-

PE250 platform using paired-end sequencing (2 × 250 bp) by

Personal Biotechnology, Co. Ltd., Shanghai, China.

Bioinformatics
Raw sequences were processed in QIIME 2 (Caporaso et al.,

2010) with the default parameters according to official tutorials

(https://docs.qiime2.org/2019.4/tutorials/). Firstly, raw sequences

were demultiplexed using the demux plugin with a maximum

error rate of 20% in primer matching. Primers and tags were cut
Frontiers in Marine Science 04
using the Cutadapt (Martin, 2011) plugin. Passed sequences were

filtered to retain only paired reads with amaximum of two expected

errors per read using the DADA2 plugin (Callahan et al., 2016).

After dereplicated, the paired reads were merged with a minimum

overlap of 10 bp to generate amplicon sequence variants (ASVs)

following by chimeras filtering using the DADA2 plugin. For COI,

the representative sequence for each ASV was annotated using

BLAST against the MetaZooGene Barcode Atlas and Database

(MZGdb; https://metazoogene.org/mzgdb) restricted to “All

zooplankton of the North Pacific-Mode A”. Only hit with a

sequence similarity > 97% was identified to the species level.

When the sequence similarity was between 95% and 97%, the

ASV was identified to the genus level. Other hits were assigned to

family or higher taxonomic ranks following the similarity

thresholds described by Laroche et al. (2020). For 18S, ASVs were

assigned to the lowest common ancestor of the top five BLAST hits

against the NCBI nt database restricted to “Animal”, using the

BROCC algorithm (https://github.com/kylebittinger/q2-brocc#the-

brocc-algorithm) (Dollive et al., 2012). We also tried BOLD and

SILVA databases for the assignment of COI and 18S sequences

during pre-experiments, respectively, but low resolution and

annotation efficiency of zooplankton were obtained in these two

databases. Thus, we used MZGdb and NCBI databases for the

assignment of COI and 18S in the further analysis, respectively. To

minimize sequence noise or cross-contamination, rare ASVs with

less than 10 reads in a total of 36 samples were removed from the

COI and 18S datasets (Govindarajan et al., 2021; Suter et al., 2021).

The ASV tables were subsampled to the lowest obtained sequencing

depth (75204 for COI and 65618 for 18S) by the “vegan” package

(Oksanen et al., 2007) in R ver.4.1.2 (R Development Core Team,

2019) to standardize the sequencing effort. To assess whether the

samples were exhaustively sequenced, rarefaction curves of ASVs

richness were generated based on QIIME 2 diversity alpha-

rarefaction plugin. Prior to data analysis, we discarded hits with <

80% sequence similarity followed Djurhuus et al. (2020) from the

COI dataset, and hits that were unclassified at the phylum level in

the 18S dataset. By consulting theWorld Register of Marine Species

(WoRMS Editorial Board, 2022), we removed all freshwater taxa,

insects, arachnids, and chordates other than tunicates to focus on

marine zooplankton.
TABLE 1 Summary of environmental DNA and MultiNet sampling.

Method Station Date Day/Night Longitude (°E) Latitude (°N) DCM (m)

CTD N1 20210113 night 134.4833 14.6360 130

N2 20210116 night 134.4518 13.5306 125

N3 20210124 night 134.2572 13.5804 125

N4 20210126 night 130.3670 16.2238 150

D1 20210121 day 134.2633 12.2558 125

D2 20210127 day 127.4987 16.4879 125

MultiNet F3 20210110 day 134.3366 14.4787 /

F7 20210121 night 134.2632 12.2558 /
fro
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Morphological identification

After large particles were removed and excess water was

eliminated in the laboratory, all individuals were identified to the

lowest taxonomic level possible and counted under a

stereomicroscope (ZEISS SteREO Discovery V20, German)

according to the morphological characteristics. Mesozooplankton

abundance was calculated by dividing the number of individuals by

the filtered water volume, and expressed as individuals m-3 (ind.

m-3).
Data analysis

Since the identification by both metabarcoding and

morphological methods was to the lowest taxonomic level

possible, we counted unique lowest-level taxa to measure richness

(Ershova et al., 2021; Meredith et al., 2021). Proportion of

mesozooplankton unique taxa among different samples was

visualized by bar-plots. Venn diagrams were used to compare the

richness detected by different methods. To fully utilize the

sequences obtained, alpha diversity and community structure

were analyzed based on the ASV datasets (Berry et al., 2019;

Suter et al., 2021). The “vegan” package in R was used to

calculate alpha diversity indices including Shannon-Wiener

diversity and Pielou’s evenness indices. Boxplots of alpha diversity

among six depth groups identified by COI and 18S were plotted.

Kruskal-Wallis tests were chosen to determine whether the

differences between different depth groups were significant,

because the data did not follow a normal distribution. The Venn

diagrams, bar-plots, and boxplots were visualized in the Genescloud

platform (https://www.genescloud.cn). Community structure was

investigated by non-metric multidimensional scaling (nMDS) based

on Bray–Curtis similarity matrix after the datasets were fourth-root

transformed using PRIMER v6 (PRIMER-E Ltd., Plymouth, UK).

Permutational multivariate analysis of variance (PERMANOVA)

was applied to test for significant differences in mesozooplankton

communities using the “vegan” R package. Finally, according to the

sampling time (Table 1), diel relative abundance at each depth was

calculated and plotted for the three dominant copepod genera

(Clausocalanus, Paracalanus, and Calocalanus). The eDNA data

that were used to calculate relative abundance represented a sum of

all ASVs identified as each genus.
Results

Overview of biodiversity detected

The HTS yielded 4,959,957 and 4,994,172 sequences for COI

and 18S, respectively. In the COI dataset, the sequencing depth

of each sample ranged from 131,288 (N3_200) to 145,640

(D1_DCM), with an average of 137,777 reads. In the 18S
Frontiers in Marine Science 05
dataset, the sequencing depth of each sample ranged from

112,477 (N4_100) to 174,166 (D1_1000), with an average of

138,727 reads. After filtering, denoising, merging, and removing

chimeras and singletons, 3,773,750 and 3,561,702 reads

remained for COI and 18S, respectively. Keeping only

zooplankton taxa resulted in 2,342 ASVs comprising 726,046

reads for COI, and 1,550 ASVs comprising 512,056 reads for

18S, after removing rare ASVs and subsampling. The total

numbers of zooplankton ASVs per sample varied from 9

(D2_1000) to 462 (D2_100) in the COI dataset and from 7

(N2_DCM) to 217 (N4_5) in the 18S dataset. Detailed

information on reads and ASV numbers per sample are

presented in Table S1. Rarefaction curves indicated sufficient

sequence depth for all samples (Figure S2).

In the COI dataset, only 103 ASVs were assigned to species, 8

to genus, and 71 to family level. A total of 88 unique taxa were

identified belonging to 7 phyla, 15 classes, 24 orders, 33 families,

26 genera, and 29 species (Table S2). Medusa was the most

dominant group, accounting for 36% of total ASVs, 24% of total

unique taxa, and 41% of total reads obtained. Copepoda had

more unique taxa than Medusae, accounting for 20% of total

ASVs, 38% of total unique taxa, and 18% of total reads. They

were followed by Anthozoa and Malacostraca (amphipods,

euphausiids, and decapods). Other groups comprised less than

5% of total richness and reads. In the 18S dataset, 167 ASVs were

assigned to species, 267 to genus, and 556 to family level. A total

of 145 unique taxa were identified belonging to 10 phyla, 22

classes, 35 orders, 82 families, 55 genera, and 25 species (Table

S2). Copepoda was the most dominant group, accounting for

47% of total ASVs, 35% of total unique taxa, and 63% of total

reads obtained. It was followed by Medusa and Anthozoa. Other

groups comprised less than 5% of total richness and sequence

abundance. Overall, the zooplankton community revealed by

eDNA metabarcoding of both markers was dominated by

copepods and medusae (here mainly hydrozoans) based on the

overall richness and sequence abundance (Figure 2, Table 2).

The relative richness of copepods was lower in the mesopelagic

zone than that in the epipelagic zone (Figure 2). Morphological

analysis of the 18 net samples detected 125 unique taxa

belonging to 6 phyla, 8 classes, 16 orders, 44 families, 71

genera, and 94 species (Table S3). Copepoda was the only

dominant group in all samples, occupying 71% of total taxa

and 93% of total abundance. It was followed by Medusa and

Ostracoda. Other groups comprised less than 5% of total

richness and abundance (Figure 2, Table 2).
Comparison of eDNA metabarcoding and
morphological results

Combining the metabarcoding of two biomarkers and the

morphological method, a total of 17 mesozooplankton

taxonomic groups were identified from all samples. All groups
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TABLE 2 Numbers of unique taxa, ASVs, and reads for metabarcoding, and numbers of unique taxa categories and abundance (ind./m3) for
morphology across mesozooplankton groups.

Mesozooplankton COI 18S Morphology

group No.
ASVs

No. unique
taxa

Reads No.
ASVs

No. unique
taxa

Reads No. unique
taxa

Abundance(ind./
m3)

Medusa 836 21 294,078 318 38 68,667 10 0.87

Copepoda 480 33 129,740 734 51 323,053 91 185.32

Anthozoa 72 3 43,259 206 18 31,174 – –

Malacostraca 64 6 24,905 3 1 980 7 2.01

Nemertea 49 5 12,495 2 2 1,901 – –

Annelida 27 4 6,832 102 12 53,037 3 1.06

Mollusca 37 6 5,177 9 4 441 3 0.37

Branchiopoda 6 3 1,324 – – – – –

Chaetognatha 1 1 35 – – – 4 2.08

Ctenophora 3 3 94 – – – – –

Tunicata – – – 33 6 14,486 2 0.15

Echinodermata – – – 20 6 6,196 – –

Placozoa – – – 24 1 1,693 – –

Ostracoda – – – 12 1 374 7 5.37

Bryozoa – – – 8 1 128 – –

Xenacoelomorpha – – – 2 2 28 – –
Frontiers in Marine Sci
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FIGURE 2

Relative richness (unique lowest-level taxa) of mesozooplankton taxonomic groups identified by eDNA metabarcoding (COI and 18S) and
morphological methods.
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detected by morphology were also detected by eDNA

metabarcoding (Table 2). The 18S marker identified more

groups than COI, most of which were meroplankton groups.

Four groups (Echinodermata, Placozoa, Bryozoa, and

Xenacoelomorpha) were detected only by 18S, while

Branchiopoda and Ctenophora were detected only by COI.

Compared with the morphological method, eDNA

metabarcoding revealed higher richness at phylum, class, and

order levels, but lower richness at genus and species levels

(Figure 3A). The Venn diagrams showed that the overlap

between taxa detected by molecular and morphological
Frontiers in Marine Science 07
techniques was larger at higher taxonomic levels. Specifically,

45% of the families detected by morphology failed to be

recovered by either COI or 18S (Figure 3B). And the

percentage of genera and species detected exclusively in

morphology were much higher, most of which were copepods.

18S identified more unique taxa than COI at all taxonomic levels

except at species level (Figure 3).

The eDNA metabarcoding method detected more unique

taxa of medusae (COI: twice, 18S: 4 times) than morphological

analysis (Table 2). Only 10 unique medusa taxa were detected in

morphological samples, belonging to seven genera in five
A

B

FIGURE 3

Numbers of mesozooplankton taxa detected per taxonomic level with eDNA metabarcoding (COI and 18S) and morphology. (A) Bar plot, (B)
Venn diagrams.
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families of three orders. At higher taxonomic levels, a larger

proportion of overlapping taxa occurred between molecular and

morphological techniques (Figure 3A). Of the seven genera

detected via the morphological technique, only the genus

Clytia was also detected by 18S metabarcoding. Two families,

Diphyidae and Campanulariidae, were identified by all methods.

The family Pandeidae occurred in COI and morphology

datasets. At the order level, all three orders detected by the

visual method also showed up with high richness in COI and 18S

datasets. The taxonomic composition of medusae at the order

level is shown in Figure 4B. When combining COI and 18S

results, seven more orders were identified by eDNA

metabarcoding than by the visual assessment. Anthoathecata

and Siphonophorae dominated in richness in all methods.

Leptothecata and Semaeostomeae showed higher relative

richness in the COI than in 18S (Figure 4B). Coronatae and

Carybdeida were found exclusively in 18S.

Both COI and 18S found fewer unique taxa of copepods than

morphology (Table 2). Among the top-10 dominant genera of

copepods by sequence abundance and individual abundance,

there was a large overlap between different approaches. Four

were shared among the two biomarkers and the morphological

method, namely Calocalanus, Clausocalanus, Lucicutia, and

Paracalanus. Oncaea was shared by COI and morphology, and

Corycaeus was shared by 18S and morphology. However, several

dominant copepod genera identified by morphology failed to

show up in the top-10 results of COI and 18S, including Acartia

and Oithona (Figure 4C).
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Variation of mesozooplankton
assemblages across depth

The alpha diversity of mesozooplankton generated from the

COI datasets showed significant vertical variation. The 100 m

group had the highest ASV richness and Shannon-Wiener

diversity index, followed closely by the DCM group. Low

diversity was detected in the 5 m, 500 m, and 1000 m samples.

Mesozooplankton diversity showed a decreasing trend from

100 m to 1000 m. No significant difference in Pielou’s

evenness was observed among different depth groups, except

between the 5-m layer and 500-m layer groups (Figure 5).

However, in the 18S datasets, there was no significant

difference in the ASV richness and diversity indices among

different layers (Figure 5).

The resul t s of NMDS ordinat ion analys is and

PERMANOVA tests based on the COI dataset showed that the

mesozooplankton changed significantly with depth. In the COI

dataset, the primary separation occurred between epipelagic (5–

200 m) and mesopelagic (500 m and 1000 m) zones by NMDS

axis 1. The 100 m and DCM groups, together with the 500 m and

1000 m groups, were more similar than the other depth groups

(Figure 6A). The medusae community displayed similar patterns

as the entire mesozooplankton community (Figure 6B). In the

18S datasets, the major separation of the mesozooplankton

community also occurred between epipelagic (5–200 m) and

mesopelagic (500 m and 1000 m), and the DCM and 200 m

samples were more similar than other depth groups (Figure
A

B

C

FIGURE 4

Comparison of biodiversity detected by different methods. (A) Numbers of medusae taxa detected per taxonomic level with eDNA
metabarcoding (COI and 18S) only, morphology only, or shared by both methods. (B) Relative richness (unique lowest-level taxa) of medusae
(Hydrozoa, Scyphozoa, Cubozoa, Staurozoa) at order level identified by eDNA metabarcoding (COI and 18S) and morphology. (C) Venn diagram
of the top-10 most dominant copepods genera (by abundance) detected with eDNA metabarcoding (COI and 18S) and morphology.
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S3A). The communities of medusae exhibited weak separation

by depth in the NMDs plot (Figure S3B).

The NMDS plot of morphological results (Figure 6C)

defined three major groups: epipelagic (0–200 m), upper

mesopelagic (200-500 m), and lower mesopelagic (500–1000

m). The major transition between communities also occurred at

200 m (Figure 6C) The F3_0–50 m and F3_50–100 m samples

did not group with other samples because of their extremely low

abundance and diversity (Figure S4). The vertical profile of

abundance and species numbers of the morphological samples

showed obvious diel differences in the epipelagic zone (Figure

S4), reflecting the DVM patterns. Diel depth distribution plots

for all three methods showed that the three most abundant

migrating genera (Clausocalanus , Paracalanus , and

Calocalanus) showed higher relative abundance in the

shallower layer during the nighttime compared to the daytime,

demonstrating that eDNA metabarcoding was able to detect

DVM signals (Figure 7).
Discussion

Mesozooplankton biodiversity detection

In our study, the eDNA metabarcoding method using both

COI and 18S resolved most of the known mesozooplankton

groups, including Medusa (Hydrozoa, Scyphozoa, Cubozoa,
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Staurozoa), Ctenophora, Polychaeta, Copepoda, Ostracoda,

Malacostraca (Mysida, Amphipoda, Euphausiacea, Decapoda,

Cumacea), Cumacea, Chaetognatha, Tunicata (Appendiculata

and Thaliacea), Branchiopoda, Pelagic Mollusca, and several

meroplankton taxa. The metabarcoding method has been

proven to reveal hidden zooplankton diversity in the North

Pacific Ocean (Sommer et al., 2017), Arctic Ocean (Questel et al.,

2021), and coastal waters (Lindeque et al., 2013; Hirai et al.,

2017; Semmouri et al., 2021). The diversity of zooplankton was

likely underestimated because some widespread zooplankton

species possess significant genetic variation. These probable

cryptic species cannot be distinguished and identified by

morphological analysis (Mcmanus and Katz, 2009; Cornils

et al., 2017). In our study, we used the DADA2 approach to

produce ASVs that were clustered at 100% sequence similarity.

This method could preserve more genetic variation in the

prefiltering process than traditional “operational taxonomic

unit” methods, clustered at 97% similarity (Callahan et al.,

2016), and thus could better reveal undetected zooplankton

diversity (Chain et al., 2016). It has been widely used in

zooplankton metabarcoding studies recently (Holman et al.,

2021; Cicala et al., 2022). However, intraspecific variations in

sequences might lead to an overestimate of diversity. Therefore,

we used unique lowest-level taxa rather than ASV numbers

when comparing richness between metabarcoding and

morphology. Only 5% of COI ASVs and 31% of 18S ASVs

were assigned to genus or species level, indicating the reference
FIGURE 5

Boxplots of ASV richness, Shannon–Wiener diversity index, and Pielou’s evenness index of six depth groups identified by COI and 18S. Kruskal-
Wallis tests were conducted among six depth groups. * represents p<0.05; ** represents p<0.01; *** represents p<0.001.
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sequences were strongly limited in the open sea, especially for

COI. The richness will be higher in the future with the

improvement of the reference databases.

With a majority of sequences being unclassified at genus or

species level, eDNA metabarcoding still found 2-4 times more

medusae taxa than the morphological method based on net

sampling (Figure 4A; Table 2). The higher detection of medusae

in eDNA metabarcoding than in morphological analysis is

compatible with other studies (Kim et al., 2019; Govindarajan

et al., 2021). This result may be associated with several reasons.

First, medusae are easily destroyed in net sampling, leading to

difficulties in morphological identification and, consequently,

underestimation of diversity and biomass. Second, medusae

were found to have higher eDNA shedding rates than other

animal taxa (Minamoto et al., 2017; Allan et al., 2021), especially

those with a hard shell or exoskeleton (Sansom and Sassoubre,

2017). In addition, the degradation and dilution of eDNA might
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also vary between taxa and individuals. Allan et al. (2021) found

that the decay rate constants of medusae exhibited no obvious

temperature dependence, while those of crustaceans and fish

increased with temperature. This might explain why medusae

were easily detected in the tropical area we studied. The

metabarcoding analysis also does well in detecting rare taxa

like meroplankton (Lindeque et al., 2013; Chain et al., 2016;

Blanco-Bercial, 2020). Even well-trained experts would find it

difficult to identify meroplankton because they are composed of

mainly immature larvae with few obvious morphological

characteristics. Molecular methods are more suitable for

solving this problem than morphological methods. We

obtained higher meroplankton diversity, including 10 taxa

dominated by Anthozoa and Nemertea with eDNA

metabarcoding than with morphological methods (Table 2).

However, eDNA metabarcoding could provide only

information of relative abundance rather than actual
A B

C

FIGURE 6

Nonmetric multidimensional scaling (NMDS) plots of (A) COI-mesozooplankton, (B) COI-medusae, and (C) morphology-mesozooplankton. The
PERMANOVA was applied to test for significant differences in mesozooplankton communities.
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abundance. Though eDNA concentration has been found to be

correlated with biomass (Yamamoto et al., 2016), this

relationship could be biased by primer amplification effects

and technical bias during the PCR process (Kim et al., 2019).

Therefore, other approaches like acoustic backscatter are

recommended to be combined with eDNA metabarcoding

when evaluating both diversity and biomass of zooplankton.

However, neither COI nor 18S recovered as many unique

taxa of copepods as did morphology. There is no doubt that low

eDNA concentrations in the water column and the lack of

reference sequences in the database of rare zooplankton taxa

strongly limited the identification and detection by

metabarcoding (Meredith et al., 2021). However, several

abundant taxa were underestimated in our study. The small

copepod genera7 Acartia and Oithona have been recorded with

relatively high abundance in our morphological results (Table

S3) and a previous study in the western Pacific Ocean (Yang

et al., 2017a), but they showed low sequence abundance and

diversity in our eDNA samples. Such underestimation has also

been observed in other taxa, like the chaetognaths and hyperiid

amphipods (Sommer et al., 2017), and the Calanidae family

(Questel et al., 2021). These inconsistencies in our samples might
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be associated with a low shedding rate of eDNA, or the primer

bias and issues with the HTS process. Despite all this, the eDNA

metabarcoding method detected small copepods dominated by

abundance in our study area, which was comparable to

morphological results (Figure 4C). This result corresponded

with previous research that small copepods with high growth

rates are well suitable to live in the western tropical Pacific

Ocean, where the environment is oligotrophic all year (Chiba

et al., 2015; Sun et al., 2019; Long et al., 2021). These results

indicated that eDNA metabarcoding is a useful and reliable tool

for evaluating zooplankton biodiversity (Djurhuus et al., 2018;

Di Capua et al., 2021; Suter et al., 2021).
Vertical distribution patterns of
mesozooplankton community

Although there are some problems in the taxonomic

classification of zooplankton by metabarcoding, the evaluation

of a- and b-diversity is taxonomic independent and is thus

reliable (Berry et al., 2019). Significant vertical variation in

diversity was obtained by the COI marker in this study.
FIGURE 7

Diel vertical distribution plots of the genera Clausocalanus, Paracalanus, and Calocalanus from surface to 200 m. The eDNA data that were
used to calculate relative abundance represent a sum of all ASVs identified as each genus.
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Shannon-Wiener diversity index was high at the 100-m and

DCM layers and low at the surface layer and mesopelagic zone

(Figure 5), which corresponded with the morphological results

(Figure 6B). This vertical pattern was also similar to previous

results of zooplankton studies based on metabarcoding at

Station ALOHA in the North Pacific Subtropical Gyre

(Sommer et al., 2017). The community composition of

mesozooplankton varied significantly across depth. In the

morphological results, the mesozooplankton communities

were classified into epipelagic (0–200 m), upper mesopelagic

(200-500 m), and lower mesopelagic (500–1000 m) groups

(Figure 6C), which were partially concordant with previous

research in the western tropical Pacific Ocean (Dai et al.,

2016a). However, the mesozooplankton communities detected

by COI and 18S showed distinct vertical variations within the

epipelagic zone (Figure 6A; Figure S3A). The different patterns

might be related to the different sampling methods. The net

samples were collected from strata, while the eDNA samples

were collected at a certain depth. These results also indicated that

eDNA was likely depth-stratified in the water column rather

than mixed up in the open ocean (Canals et al., 2021), and could

better reflect the vertical structure of mesozooplankton. On the

other hand, eDNA metabarcoding recovered high relative

richness and abundance of medusae than morphology. The

medusae communities were also found to have distinct vertical

variations within the epipelagic zone (Figure 6B; Figure S3B),

which would affect the vertical structure of the whole

mesozooplankton community.

Noticeably, the dominant copepods Clausocalanus spp.,

Paracalanus spp., and Calocalanus spp., which were known to

have DVM strategies (Vega-Perez and Hernandez, 1997; Lo

et al., 2004; Shimode and Shirayama, 2004), exhibited obvious

diel patterns (Figure 7). These findings suggested that, as has

been found for fish (Canals et al., 2021), eDNA metabarcoding

enabled the detection of DVM behavior in copepods and also

suggested that eDNA provides a snapshot of organisms present

in the water column (Easson et al., 2020; Suter et al., 2021). The

DVM behavior detected in our study occurred mainly in the

epipelagic waters. This is likely because the small body size of the

dominant copepods makes them less susceptible to visual

predators; therefore, they do not have to migrate to deep

depths as the larger ones do (Ohman and Romagnan, 2016).

Also, the migration of small copepods would be restricted by the

thermocline (Ge et al., 2021). With strong DVM strategies

between the surface and mesopelagic zones (Hays, 1996; Falk-

Petersen et al., 2008; Navarro-Barranco and Hughes, 2015;

Tarrant et al., 2021), euphausiids, amphipods, and the large

copepods Pleuromamma showed a low proportion of reads in

both COI and 18S datasets (Table S2), and low abundance in the

morphologic dataset (Table S3) The high amplitude of DVM of

these groups would lead to enhanced carbon export to the deep
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ocean. For a more complete description of the DVM pattern and

the consequent effect on vertical carbon flux, more sensitive

sequencing and multiple samples at different depths and times of

the day would be needed to focus on those rare taxa with strong

DVM behaviors.
Consideration of marker choice
and databases in the eDNA
metabarcoding method

In our results, the COI gene had better performance at

describing the vertical distribution of the mesozooplankton than

the 18S gene, when compared with morphological results

(Figure 5, Figure S4). Many studies argue that COI is a better

marker than 18S in metabarcoding of zooplankton or metazoans

due to the more conserved nature of 18S relative to COI (Tang

et al., 2012; Wangensteen et al., 2018; Meredith et al., 2021). In

addition, the different reference databases we used in this study

also contributed to the differences in results. It is well known that

an accurate and region-specific database would strongly improve

the identification resolution and accuracy of the highly divergent

zooplankton community in metabarcoding studies (Ransome

et al., 2017; Yang et al., 2017b; Questel et al., 2021). The MZGdb

database provides over 150,000 COI sequences belonging to

~5600 described species of marine zooplankton with high-

quality control, and it is available for assembling sub-databases

including specific sequences from selected ocean regions

(Bucklin et al., 2021). This resource proved to be a valuable

tool for the metabarcoding of mesozooplankton in our study. On

the other hand, the number of COI sequences in the MZGdb was

much less than that of 18S sequences in NCBI, leading to a

higher proportion of COI sequences being unclassified at family

and lower levels than that of 18S sequences. That might explain

why 18S had higher taxonomic coverage and identified more

taxa than COI, especially for mesoplankton (Figure 3; Table 1).

When combining COI and 18S, eDNA metabarcoding revealed

more taxa than morphology (Figure 3B). Thus, the use of multi-

gene barcodes is encouraged to obtain comprehensive

information in complex zooplankton samples (Zhan et al.,

2014; Djurhuus et al., 2018; Zhang et al., 2018). However,

despite high diversity in this area, only 5% and 12%,

respectively, of ASVs were assigned to the species level in COI

and 18S datasets. The taxonomic resolution of eDNA

metabarcoding was lower than that of metabarcoding based on

net samples or morphological methods, indicating that there are

a large number of unknown species that are rarely captured and

sequenced by traditional sampling in the open ocean. The lack of

reference sequences was still the biggest limitation to our

understanding of marine zooplankton diversity, especially in

these poorly explored deep pelagic zones.
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Conclusion

With the combination of eDNA metabarcoding and

morphological methods, mesozooplankton biodiversity and

vertical assemblages in the western tropical Pacific Ocean were

investigated. Compared to morphology. eDNA metabarcoding

detected higher richness and relative abundance of medusae and

provides different insights into the vertical structure of

mesozooplankton in the western tropical Pacific. The eDNA

metabarcoding was also found to capture the same DVM signals of

copepods as did morphological identification. The two biomarkers

complement each other. Therefore, use of multiple barcodes is

encouraged to maximize the efficiency and accuracy of diversity

detection. In sum, our results suggest that eDNAmetabarcoding is a

valuable approach for studying mesozooplankton in open sea areas,

and it could complement traditional methods by improving the

detection of medusae andmeroplankton. Additional effort is needed

to increase sampling efforts and reference sequences of rare taxa to

obtain a higher taxonomic resolution, enabling a comprehensive

exploration of mesozooplankton vertical structuring and DVM by

eDNA sampling.
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