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Community-based diversity analyses, such as metabarcoding, are increasingly popular in the field of metazoan zooplankton community ecol-
ogy. However, some of the methodological uncertainties remain, such as the potential inflation of diversity estimates resulting from contami-
nation by pseudogene sequences. Furthermore, primer affinity to specific taxonomic groups might skew community composition and
structure during PCR. In this study, we estimated OTU (operational taxonomic unit) richness, Shannon’s H’, and the phylum-level community
composition of samples from a coastal zooplankton community using four approaches: complement DNA (cDNA) and genomic DNA
(gDNA) mitochondrial COI (Cytochrome oxidase subunit I) gene amplicon, metatranscriptome sequencing, and morphological identification.
Results of mismatch distribution demonstrated that 90% is good threshold percentage to differentiate intra- and inter-species. Moderate level
of correlations appeared upon comparing the species/OTU richness estimated from the different methods. Results strongly indicated that di-
versity inflation occurred in the samples amplified from gDNA because of mitochondrial pseudogene contamination (overall, gDNA produced
two times more richness compared with cDNA amplicons). The unique community compositions observed in the PCR-based methods indi-
cated that taxonomic amplification bias had occurred during the PCR. Therefore, it is recommended that PCR-free approaches be used when-
ever resolving community structure represents an essential aspect of the analysis.

Keywords: metabarcoding, PCR amplification bias, pseudogene diversity inflation, zooplankton

Introduction et al., 2009; Lindeque et al., 2013; Pearman et al., 2014; Hirai
Community-based genetic analyses, such as metabarcoding, et al, 2015; Sommer et al., 2017). Zooplankton plays an im-
are increasingly popular as analytical methods for studying the = portant ecological role in the marine ecosystem, transferring
diversity of metazoan zooplankton communities (e.g. Machida  energy and materials to higher trophic levels, such as fishes and
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Table 1. Location, date, time, depth, and filtered water volume of the zooplankton samples used in this study.

Filtered water volume

Location GPS Sampling date Time Depth (m) (m?; (80% filtering rate d) Sampl ight (g) RIN
Nishino 30°48'28.6"N 131°01'28.7"E 7 August 2012 19:50 67 0.65 (1.00) 030 75
Sumiyoshi 30°39/57.2”N 130°56'20.1"E 8 August 2012 20:34 89 0.64 (1.34) 0.44 9.4
Kurio 30°16'21.7"N 130°24/47.4"E 10 August 2012 19:50 9.5 0.90 (1.44) 035 92
Chinen 26°07'19.8"N 127°46'19.2"E 4 July 2011 22:13 100 1.80 (1.53) 0.45 9.6
Ginoza 26°29'18.6"N 128°00'40.1"E 6July. 2011 21:51 7.0 1.56 (1.02) 0.40 8.1
Nakijin 26°42'27.2"N 128°01'54.7"E 12 August 2011 20:45 9.4 NA (1.42) 0.48 93
Haemi 24°14'47.5"N 123°53/57.5"E 15 September 2011 19:55 10.5 0.58 (1.61) 037 9.0
Itoman 26°09'08.1”N 127°38'09.6"E 22 August 2011 21:55 128 NA (2.00) 0.43 8.2
Uehara 24°28/52.0"N 123°48'12.0"E 25 September 2011 20:05 10.1 1.38 (1.54) 035 9.1
Funauki 24°19'53.8"N 123°44/44.9"E 26 September 2011 20:30 89 0.94 (1.34) 0.36 8.4
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Figure 1. Sampling locations along the Ryukyu Islands.

whales (Lalli and Parsons, 1997). Therefore, careful estimation
of its diversity and community composition is critically impor-
tant for a better understanding of the role. There are three
main reasons for the popularity of this approach for assessing
diversity. First, community-based genetic analyses do not re-
quire sorting and identifying individual specimens, a laborious
stem that requires a great deal of training and expert taxo-
nomic knowledge, especially given that many of the zooplank-
ton species are very small. Second, it is possible to assign larval
forms of marine animals to taxonomic groups using genetic
analyses based on the similarity between the nucleotide
sequences of the subject and a reference (Machida et al., 2017;
Leray et al., 2018), while their morphological identification is
not feasible, in most cases. Third, the reason for the popularity
of community-based analysis is the potential to deploy a mas-
sive parallel DNA sequencer to estimate diversity in samples
that are not amenable to individual-based genetic analyses,
which are for therefore more expensive.

However, there remain some uncertainties regarding the applica-
tion of community-based genetic analyses to zooplankton

communities. First, accidental contamination of datasets with pseu-
dogene sequences might overestimate the diversity (Song et al,
2008; Machida and Lin, 2017), the inaccurately estimated diversity
figures potentially conclude wrong results in the studies comparing
diversity of different communities. Nuclear-encoded mitochondrial
pseudogenes vary in length, at times reaching nearly 8 000 bp (Lopez
et al., 1994; Richly and Leister, 2004), and have been reported in a
wide variety of metazoan animals (Bensasson et al., 2001; Zhang and
Hewitt, 1996). Moreover, the sequence similarity of these pseudo-
genes to the genuine mitochondrial DNA varies widely (Zhang and
Hewitt, 1996). It is in any case clear that animals with small nuclear
genomes tend to possess relatively few nuclear-encoded mitochon-
drial pseudogenes; by contrast, the frequency of nuclear-encoded
mitochondrial pseudogene sequences in animals with large genomes
appears to vary considerably (Richley and Leister, 2004). Though
concerns about this issue have been raised for over a quarter-century
(Zhang and Hewitt, 1996), pseudogenes’ specific effects on commu-
nity-based genetic analyses have not yet been estimated.

Second, uncertainty regarding the application of community-
based genetic analyses to zooplankton concerns amplification bias
in the PCR analysis (Elbrecht and Leese, 2015). PCR-amplifica-
tion bias potential skew community composition and underesti-
mate diversity, if some species are not amplified. If the method is
used to address the questions, which try to elucidate mechanisms
controlling changes in community composition and diversities,
then the results might not reflect actual community. The occur-
rence of PCR-amplification bias can be expected from individual-
based analyses too. For example, we could amplify only 13 species
plus one form of the mitochondrial COI (Cytochrome oxidase
subunit I) gene sequences using gDNA extracted from a total of
25 species and 3 forms of oncaeid copepod individuals. In con-
trast, we observed a much higher amplification success rate when
mitochondrial 12S rRNA (ribosomal RNA) gene primer was used
(Bottger-Schnack and Machida, 2011). Previous researchers have
reported numerous metazoan PCR primers, including those
designed by these authors, (Machida and Knowlton, 2012;
Machida et al., 2012; Leray et al., 2013). However, no primer set
amplifies the genomes of all metazoan species, especially mito-
chondrial-encoded genes, due to the rarity of regions that are
conserved across all metazoan groups (Machida et al., 2012; Leray
et al., 2013). In cases in which the primers have low affinity for
specific taxa, taxonomic bias develops exponentially during PCR
amplifications.

For this study, we compared diversity and community compo-
sition of coastal metazoan zooplankton obtained from four
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Table 3. Estimated species and OTU richness/Shannon H’ with four methods at each station.

Morphology cDNA COl gDNA COI Metatranscriptome COIl
Station
Species richness Shannon H’ OTU richness Shannon H’ OTU richness Shannon H’ OTU richness Shannon H’
Nishino 49 2.40 118.0 10.87 2286 16.37 171.6 17.16
Sumiyoshi 70 3.40 186.5 16.05 260.0 3876 3384 41.68
Kurio 73 3.42 1623 20.07 362.5 31.42 482.7 108.68
Chinen 64 2.82 1753 29.01 336.5 33.61 361.4 36.55
Ginoza 47 2.88 119.0 16.43 2375 22.83 308.5 26.31
Nakijin 68 3.44 104.8 9.65 184.1 23.40 2435 37.26
Haemi 41 2.14 68.0 5.14 2122 11.23 205.4 20.26
Itoman 55 3.09 629 10.37 329.2 25.74 369.3 4553
Uehara 52 3.1 33.0 6.03 176.9 14.49 183.8 47.74
Funauki 48 2.31 583 6.31 98.61 15.85 175.4 1239

methods, morphological identification, amplicon sequencing of
the mitochondrial COI genes amplified from both cDNA (com-
plement DNA) and gDNA (genomic DNA), and metatranscrip-
tomic. The goal of the study is to discuss advantages and
disadvantages of the methods when those methods are applied to
zooplankton communities.

Material and methods

Zooplankton samples

Zooplankton community samples were collected from coastal
areas around the Ryukyu Islands, Japan. The specific locations
and sampling times are presented in Table 1 and Figure 1. A
plankton net with a mouth opening of 30cm in diameter and
mesh size of 180 um (Rigosha & Co., Ltd, Saitama, Japan) was
used for sampling, with a pre-calibrated flow metre mounted
within the mouth of the net (Rigosha & Co., Ltd., Saitama,
Japan). All sampling was performed after sunset. The same sam-
pling strategy was employed at each of the collection stations,
and, therefore, the same effort was expended. Four vertical net
samples were taken, proceeding from near the seafloor to the sur-
face at each station, of which three were pooled for morphologi-
cal identification and the fourth reserved for genetic analysis. All
samples were brought to the laboratory within 2 h of collection.
In the laboratory, the samples for RNA/DNA extraction were
passed through Millipore filters (SO-Pak Filters 0.8 pm 47 mm,
Merck Millipore Corp., MA, USA), transferred into Nunc
CryoTubes (Thermo Fisher Scientific, Carlsbad, CA, USA), and
then kept in liquid nitrogen until nucleotides extraction. The
samples used for morphological identification were fixed in a
buffered 5% formalin.

Morphological identification

The samples were divided into aliquots measuring one-eighth of
the original volume using a plankton splitter. A taxonomic expert
(K.F.) performed the morphological identification. Identification
was performed based on Smith (1941), Dan et al. (1983, 1988),
Koga (1984), Okiyama (1988), Nishimura (1995), Chihara and
Murano (1997), Boltovskoy (1999), and Bottger-Schnack (1999).
Upon counting of the morphological species richness, we created
a richness counting class (Table 2). Assigning this class was neces-
sary to compensate for species’ richness, which was difficult to
identify at the species level. Based on the counting class, we
assigned one species, when we identified individuals at the spe-
cies-level (e.g. Acartia bispinosa). We assigned three species, when
we had difficulty identifying individuals at the species-level, of

which more than two species were likely to be included (e.g.
Siphonophorae spp.). We assigned one species, when we had dif-
ficulty identifying individuals at the species-level, but the speci-
men likely represented only one species (e.g. Conchoecia sp.). We
assigned three species to larval individuals, which is difficult to
identify to species-level (e.g. Gastropoda larvae). In contrast, we
assigned zero species to larval individuals, which is difficult to
identify at the species-level, but adult individuals of the taxa were
already if counted [e.g. Acartia spp. (copepodite)].

RNA and DNA extraction

Differences in ¢cDNA and gDNA mitochondrial COI amplicon
results indicate the effect of pseudogene contamination (pseudo-
gene sequences will be contaminated into gDNA but not cDNA
because pseudogene sequences are not to be transcribed into
mRNA). Differences in the results of PCR-based method (cDNA
and gDNA mitochondrial COI gene amplicon) and PCR-free
method (metatranscriptome sequencing) indicate the effect of
PCR process on the community composition, especially PCR
primer affinity difference between the taxa.

RNA extraction

RNA was extracted using TriPure Isolation reagent (Roche, Basel,
Switzerland) in conjunction with the PureLink RNA Mini Kit
(Thermo Fisher Scientific, Carlsbad, CA, USA). First, each frozen
zooplankton sample together with the filter was carefully re-
moved from the tube and homogenized using a mortar and pestle
until reduced to a fine powder. During homogenization, the filter
was removed, and liquid nitrogen was continuously poured over
the sample. In total 5 ml of TriPure Isolation Reagent was pre-
pared in a 50 ml Falcon tube along with a stir bar, and the pow-
dered sample was then poured into the tube. After the transfer,
each tube was incubated for 30 min at room temperature while
stirring. The rest of the extraction procedure followed the stan-
dard manufacturer’s protocol with the following modifications.
All the chemicals were proportionally increased following the
protocol. Two millilitre of the colourless upper aqueous phase
was used for the extraction. One hundred microlitre of RNase-
Free water were used for the final elution. The quality and con-
centration of the extracted RNA was assessed using a Bioanalyzer
(Agilent Technology, CA, USA). Integrity of the extracted RNA
was assessed using a Bioanalyzer (Agilent Technology, CA, USA).
High integrity indexes (RIN: RNA Integrity Number) were ob-
served for all samples used in this study (Table 1, RIN 7.5-9.6).
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DNA extraction

gDNA extractions from the same community sample were per-
formed using the DNeasy kit (Qiagen, Venlo, The Netherlands)
in conjunction with Back Extraction Buffer (BEB; Thermo Fisher
Scientific, 2020). After removal of the upper aqueous phase in the
RNA extraction procedure, 1 250 ul of BEB were added to the
lower non-aqueous phase and mixed vigorously by hand for
1 min and then incubated for 10 min at room temperature. Next,
the tube was centrifuged at 12 000g for 15 min at 4°C after which
200 pl of the aqueous phase were transferred to a fresh 1.5-ml
tube. Two hundred microlitre of buffer AL (Qiagen) were then
added to the aqueous phase and mixed well, after which 200 pl of
ethanol (99.8%) were added to the mixture and mixed well. The
rest of the extraction procedure followed the standard manufac-
ture’s protocol. For the final extraction, 200 ul of Buffer AE were
used. The extracted DNA was further purified using Agencourt
AMPure XP (Beckman Coulter, CA, USA) following the manu-
facturer’s protocol. The gDNA concentration and quality were
measured using a NanoDrop 2000 (Thermo Fisher Scientific,
Carlsbad, CA, USA).

PCR and library preparation for lllumina sequencing
Genomic DNA PCR

All PCR reactions were performed in triplicate and combined af-
ter the reactions. The reactions were carried out in a 50 pl reac-
tion volume containing 10ng of template, 5pl of 2 SA PCR
buffer, 4.0ul of ANTP (Deoxyribonucleotide), 1.0ul of each
primer (5uM), 1.0l of Advantage 2 Polymerase Mix (Takara
Bio, Kyoto, Japan) and made up to a volume of 50 ul with nucle-
ase-free water. A Veriti Thermal Cycler (Thermo Fisher
Scientific) was used for the reaction. The primers used in this
round of PCR were mlCOIlintF: GGWACWGGWTGAA
CWGTWTAYCCYCC and jgHCO2198: TAIACYTCIGGRTGI
CCRAARAAYCA (Leray et al.,, 2013). A PCR mixture without a
template was also prepared as a negative control. The initial dena-
turation was carried out at 95°C for 10 min. To reduce mis-
annealing of the primers, touchdown PCR was applied to the
reaction, which involved denaturation at 95°C for 10s, annealing
at 62°C for 305, and extension at 72°C for 60s. The temperature
for the annealing was progressively decreased with each successive
cycle (in increments of —1.0°C per cycle) from 62°C to 46°C for
the first 16 cycles and kept constant at 46°C for the subsequent 20
cycles. After the PCR, the sample and negative amplification were
confirmed by gel electrophoresis, and the size selection of the
products was performed using Agencourt AMPure XP (Beckman
Coulter), 0.4 (supernatant retained), and 0.5x (standard proce-
dure) solutions. The second PCR mixture was prepared in the
same manner as the first apart from different primers that incor-
porated sample-specific barcoding sequences for use in the reac-
tion (Supplementary Material SA). The same amount of template
(10 ng) was again used in each reaction. Once more, a PCR mix-
ture without a template was also prepared as a negative control.
The initial denaturation was carried out at 95°C for 10 min. This
time, 20 cycles of standard PCR were applied for the reaction,
which involved denaturation at 95°C for 10, annealing at 62°C
for 305, and extension at 72°C for 60s. After the PCR, the sample
and negative amplification were confirmed by gel electrophoresis,
and the size selection of the products was again performed using
an Agencourt AMPure XP (Beckman Coulter) as described above.
After measuring the concentrations using Qubit (Thermo Fisher
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Scientific), 500 ng of each of the purified samples were pooled,
purified with 0.9x Agencourt AMPure XP (Beckman Coulter),
eluted with 30 pl of nuclease-free water, and sequenced using an
Tlumina MiSeq 300 PE.

Complement DNA PCR

First, the mRNA was purified from the total RNA using a
Dynabeads mRNA purification kit (Thermo Fisher Scientific) fol-
lowing the manufacturer’s protocol. In total 10 pl of 10 mM Tris-
HCL were used for the final elution, and 8l of the purified
mRNA were recovered from the process. Next, the gDNA was
digested using ezDNase Enzyme (Thermo Fisher Scientific) fol-
lowing the manufacturer’s protocol. The reverse transcription
was performed using SuperScript IV VILO Master Mix (Thermo
Fisher Scientific) following the manufacture’s protocol, and then
the PCR amplification from the cDNA library was performed us-
ing 10 ng of the cDNA libraries prepared as described earlier. The
PCR amplification, the second PCR for barcode adapter’s attach-
ment, the pooling of the samples, and the sequencing were all
performed in the same manner as described for preparing the
gDNA PCR amplicon sequencing library.

Metatranscriptomic library preparation

The metatranscriptomic library was prepared using a NEBNext
mRNA Library Prep Reagent Set for Illumina (E6110) together
with a NEBNext Poly(A) mRNA Magnetic Isolation Module
(E7490) and a NEBNext® Multiplex Oligos for Illumina (New
England BioLabs, MA, USA) following the manufacturer’s proto-
col. Five microgram of the total RNA were used to start the li-
brary preparation. The final enrichment was performed for 12
cycles. After the enriched product’s purification using 0.9x
Agencourt AMPure XP, equal amounts of those products were
pooled from all libraries and sequenced on an Illumina MiSeq
with 300 cycles and paired-end reads.

Bioinformatics

Estimation of mismatch distribution from the amplicon
libraries

First, the mismatch distribution was estimated for both the
gDNA and cDNA amplicon library sequences. Sequences begin-
ning with the primer and each of the barcode adapters were
culled from the original FASTQ file using Unix grep command
together with the “-B 1 -A 2” options and separated into each
sample. Next, the primer and barcode adapter were removed, and
the total length was trimmed to 200 nt using Cutadapt (Martin,
2011) with “-u 33 -u -68” options. We did not perform quality
filtering at this stage to avoid creating length discrepancies be-
tween the sequences. Instead, we trimmed the sequences to 200 nt
so as to use only high quality regions. One thousand sequences
were selected randomly from each sequence dataset using seqtk
(https://github.com/lh3/seqtk, last accessed April 23, 2021) with
“sample -s100” options. Alignment of the sequences was then
performed using MAFFT version 7.310 (Katoh and Standley,
2016) with the options “~globalpair —maxiterate 1000”. After the
alignment, the output files were imported into a Geneious R8
(Biomatters, Auckland, New Zealand), and the pairwise % iden-
tity of each sequence pair was calculated. At this point, the esti-
mated frequencies for forward and reverse were combined into a
single dataset. We further combined all of the frequency data that
had been calculated independently at each station into a single
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Figure 2. Mismatch distribution estimated from the gDNA and cDNA mitochondrial COl amplicon sequencings. The denoted frequencies
represent the sum of the results from all of the stations. Percentage similarity, rather than genetic distance, was used for the estimation

because the estimated value (90%) was used for the clustering analyses.

dataset, rather than by comparing the sequences collected from
various locations to make sure sympatric mating incompatibility,
by summing up values from each station to have a representative
figure from all stations combined (Figure 2 and Supplementary
Material SB). The mismatch distribution result indicated that
90% represent the most optimum species delineation percentage
because of the lowest frequency observed at this value.

Diversity and composition estimation from the amplicon
libraries

First, the original FASTQ files were separated into each sample
using Cutadapt (Martin, 2011) with an option “-g file:
Adapter.fasta”. Next, the primer sequences were removed, again
using Cutadapt, with options “—cut 26 —minimum-length 100”.
Next, DADA2 was further used for quality filtering to quality fil-
ter, merge paired reads (Callahan et al. 2016), and remove chi-
maeras (Supplementary Material SC). After the quality profile
had been checked, the sequences were truncated to 250- and 200-
nt lengths for readl and read2, respectively. The sequences from
forward and reverse were then merged, and chimaeras removed.
Next, the sequences that passed the DADA2 quality filter were
exported for further use in downstream analyses. The clustering
of the sequences was performed with an identity criterion of 90%
similarity (estimated from the mismatch distribution explained
above) using VSEARCH (Rognes et al., 2016) with the options “—
cluster_fast in.fasta —strand both -id 0.90 —uc out.uc —centroids
out.fasta”. After clustering, the total number of reads for each
cluster was counted. The asymptotic richness was then calculated
from the read counts obtained as above as input abundance data
using iINEXT (Hsieh et al., 2016) with the following command
“INEXT (list_data, q=0, datatype = “abundance”)” within R
Core Team (2017).

Diversity and community composition estimation from the
metatranscriptome libraries

First, sequence quality filtratering and adapter removal were per-
formed using Cutadapt (Martin, 2011: cutadapt -q 10 -a
AGATCGGAAGAGC —minimum-length 100). Next, the FASTQ

files were converted to FASTA files in preparation for the next
BLAST step using FASTX-Toolkit (fastq_to_fasta -n -Q33). All
converted FASTA files served as the query sequence for the
BLAST search (Camacho et al, 2009: blastn -db
MIDORI_Longest -num_alignments 100 -word_size 11 -outfmt 7
-dust ‘no’ -soft_masking ‘false®). The reference dataset for the
BLAST search was created by combining all 13 protein and 2 ri-
bosomal RNA datasets of MIDORI_LONGEST 1.1 (Machida
et al., 2017). Before the MIDORI datasets were combined, abbre-
viated names of each of the genes, such as COI, CytB (cyto-
chrome b) and 16S (small subunit rRNA), were inserted into all
of the fasta format sequences in preparation for the procedure in-
volving the extraction of COI, CytB, and 16S gene from the
BLAST results. From those results, we extracted the list of sequen-
ces that showed a high degree of similarity to mitochondrial COI,
CytB, and 16S gen (Supplementary Material SD). Four criteria
were used for the extraction: (i) listed results from BLAST analy-
ses were removed when the e-value exceeded le-4; (ii) queries
were removed when the top-listed hit was not the target gene;
(iii) queries were removed when three or more genes were listed
as hits; and (iv) queries were removed when only one subject
remained in the BLAST result. After the lists of mitochondrial
COI, CytB, and 16S sequences were created, the corresponding
sequences were retrieved from the quality-filtered FASTQ data-
sets. In order to rarefy the sequence number between the samples,
we subsampled 9 000, 3 300, and 18 000 mitochondrial COI,
CytB, and 16S sequences, respectively, from datasets using Seqtk
(https://github.com/lh3/seqtk: sample —s100). The target genes
(mitochondrial COI, CytB, and 16S) sequences were culled with
above procedure, and the contigs of each gene were then created
using Mira 4 (Chevreux et al., 1999). A manifest file of the Mira 4
is available as Supplementary Material SE. After the construction
of the contigs, the sequence read numbers used for each contig
were added to the FASTA header of contigs using the command
(awk ‘FNR==NR{a[“>"$1]="_"$4; next}{print $0a[$0]}’
info_contigstats.txt contig_fasta). Next, clustering of the contigs
was performed with an identity criterion of 90% similarity (esti-
mated from the mismatch distribution explained above) using
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Figure 3. Relationship of the species/OTU richness estimates for the various taxonomic methods of morphology, cDNA and gDNA
mitochondrial COI gene amplicon, and metatranscriptome sequencing (mitochondrial COI). The estimated correlation coefficient and

associated p values appear above each figure.
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Figure 4. Relationship of the Shannon’s H' estimates of the taxonomic methods of morphology, cDNA and gDNA mitochondrial COIl gene
amplification, and metatranscriptome sequencing (mitochondrial COI). The estimated correlation coefficient and associated p values appear

above each figure.
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VSEARCH (Rognes et al, 2016) with the options “—cluster_fast
in.fasta —strand both -id 0.90 —uc out.uc —centroids out.fasta”.
After clustering, the read number associated with each cluster was
counted. Next, the asymptotic richness was calculated from the
read counts obtained as above as input abundance data. For the
calculation, we used the program iNEXT (Hsieh et al., 2016) with
the following command “INEXT (list_data, q=0, datatype =
‘abundance‘)” within R Core Team (2017).

cDNA mitochondrial

COl amplicon

76

811

gDNA mitochondrial
COl amplicon

Figure 5. Venn diagram illustrating the unique and shared
mitochondrial COI clusters after the clustering analyses of centroid
sequences obtained from all three molecular methods: cDNA and
gDNA mitochondrial COI, and metatranscriptome analyses. In the
case of metatranscriptome, only the centroids longer than 1 000 bp
were used in this clustering.
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Sequence taxonomic assignment

The taxonomic assignments of the contigs were performed using
RDP Classifier (Wang et al., 2007) and MIDORI server (Leray
et al. 2018), with MIDORI Longest 1.1 as the reference dataset
(Machida et al, 2017). In this study, a confidence threshold of
50% or more at the phylum-level served as the significant cut-off.

Diversity and composition estimation from the morphological
analysis

For the morphological taxonomy, identification was performed
on only a portion of the total zooplankton sample because of the
large sample volumes. Therefore, observed indexes were used in-
stead of asymptotic indexes (species richness and Shannon’s H’)
in the following analyses.

Statistical analyses

Analyses of correlation coefficients were performed for opera-
tional taxonomic unit (OTU) richness, and Shannon’s H’, which
was estimated from the four methods (Figures 3 and 4).
Clustering analyses of the mitochondrial COI gene sequences
obtained from all methods (cDNA and gDNA mitochondrial COI
amplicon and metatranscriptome) were performed using
VSEARCH (Rognes et al., 2016) with the options “—cluster_fast
in.fasta —strand both -id 0.90 —uc out.uc”. From the .uc files, we
have depicted Venn Diagrams using the venn.diagram function
in R (Figure 5; R Core Team, 2017). Centroid sequences obtained
from 90% clustering analyses at each station (all three methods)
were used for the input sequence in this clustering. In the case of
metatranscriptome, only the centroids longer than 1 000 bp were
used in clustering. This threshold makes sure that at least some
portion of the contigs created from metatranscriptome overlap
with the PCR amplicon region. Phylum-level community compo-
sition was estimated using all four methods (Figure 6; R Core
Team, 2017). Similarity/dissimilarity among samples was evalu-
ated using multivariate UPGMA clustering analyses, after square

Nematoda
Nemertea
Platyhelminthes

Porifera

GCTM GCTM GCTM GCTM GCTM GCTM GCTM GCTM GCTM GCTM
Nishino Kurio Ginoza Haemi Uehara

Sumiyoshi Chinen

Nakijin Itoman Funauki

Figure 6. Phylum-level community composition estimates from the four methods, the gDNA and cDNA mitochondrial COI gene amplicon
reads, metatranscriptome, and morphological identification. Abbreviations of the methods used in the figure are G, genomic DNA
mitochondrial COl amplicon sequencing; C, complement DNA mitochondrial COI amplicon sequencing; T, metatranscriptome

(mitochondrial COI); M, morphological identification.
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root transformation of relative read abundance, using the Bray—
Curtis transformation. Vegan (Oksanen et al., 2019) within the R
was used for the analyses (R Core Team, 2017). Analyses of the
correlation coefficients between the three mitochondrial gene
sequences (COI, Cyt B, and 16S rRNA) culled from the metatran-
scriptome data were also performed to see if the metatranscrip-
tome analyses provide consistent diversity estimation or not
(Supplementary Material SF). For these tests, data from a total of
82 samples were used.

Results

The number of identified individuals using the morphological
method ranged from 124 to 495 individuals depending on the sta-
tions. The observed species richness’s total number ranged from
41 at Haemi to 73 at Kurio (Table 2).

In order to estimate the boundary of within and between spe-
cies sequence percent similarity, which will be used in the cluster-
ing analyses, mismatch distributions were estimated from the
sequences generated from the gDNA and ¢DNA mitochondrial
COI amplicon libraries (Figure 2, Supplementary Material SB). If
we can observe non-overlapping characters between sympatric
individuals, this condition most likely fits satisfactory biological
species (Machida and Tsuda, 2010). We did not estimate the mis-
match distribution from the metatranscriptome data because the
sequences obtained were not always from homologous regions. It
is also important to note that the estimated mismatch distribu-
tions were calculated independently for each sample (rather than
by comparing the sequences collected from various locations) be-
cause the assumption of random mating population is required
for this estimation. Further, while genetic distance is commonly
used for standard mismatch distributions, we relied on percent-
age similarity because distributions of the estimated percentages
informed the downstream analyses, with clustering defined based
on percent similarity. In the mismatch distribution, the first peak
was observed in the range from 100% to 97%, with the highest
peak at 99% identity (Figure 2). The low frequencies continued
from 96% to 83% and gradually increased after that. Although
some differences were observed in a few samples (e.g. there was a
large second peak in the range from 94% to 90% in the Haemi
sample; Supplementary Figure SB7), the overall patterns of the
results obtained from the gDNA and ¢cDNA were very similar
across all of the samples (Supplementary Material SB). The lowest
frequency was found at 90% identity in both the gDNA and
cDNA amplicon libraries (Figure 2). Therefore, 90% identity was
used for the clustering analyses. This observation was consistent
with our previous analyses using oncaeid and Neocalanus cope-
pod individual (Machida and Tsuda, 2010; Béttger-Schnack and
Machida, 2011).

The rarefaction curve (Supplementary Materials SI-SK) and
the small values of the standard errors in the results for asymp-
totic OTU richness and Shannon’s H’ estimator indicated that
the sampling depth was sufficient (Table 3; Supplementary
Materials SG and SH). The degree of correlation observed in all
of the species/OTU richness comparisons estimated from the dif-
ferent methods was moderate, with the correlation coefficient
ranging from 0.5157 to 0.8777 (Figure 3). The correlations among
the methods were weaker for Shannon’s H’ compared with spe-
cies/OTU richness, with the correlation coefficients ranging from
0.3444 to 0.7862 (Figure 4). The lowest species/OTU richness was
observed in morphology identification, followed by the cDNA
and gDNA COI amplicons, with the metatranscriptome showing
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the greatest richness. The regression analyses indicated that
roughly twice as much OTU richness was estimated from the
gDNA COI amplicon than the cDNA COI amplicon (Table 4;
Figure 3C, Y = 1.9970X).

In general, very high correlations were observed in all of the
comparisons of OTU richness and Shannon’s H” was estimated
from the three genes (mitochondrial COI, Cyt B, and 16S rRNA)
culled from the metatranscriptome analyses. The correlation coef-
ficients ranged from 0.8238 to 0.9020 in OTU richness and from
0.70933 to 0.8785 in Shannon’s H’. This observation demon-
strated the consistency of the metatranscriptome analyses
(Supplementary Material SF).

Figure 5 is a Venn diagram depicting results from the cluster-
ing of centroid sequences obtained from all three-sequencing
methods: cDNA and gDNA mitochondrial COI amplicon and
metatranscriptomic sequencing (in case of metatranscriptome,
only centroids longer than 1 000 bp were used for the analyses). A
very small proportion of non-overlapping centroids were ob-
served from metatranscriptome (42) and ¢cDNA mitochondrial
COI amplicon (76). Those are 12% and 11% of the centroids cre-
ated in each method (Figure 5). In contrast, the proportion of the
non-overlapping centroids (811; 53%) for gDNA mitochondrial
COI amplicon was much higher.

Community compositions at the phylum level were estimated
using all methods (Figure 6). As expected, arthropods dominated
in most of the samples. In other cases, non-arthropods domi-
nated, especially when using methods involving PCR amplifica-
tion, such as the gDNA COI amplicon results from Kurio,
Chinen, and Uehara and the cDNA amplicon results from
Chinen, Ginoza, and Uehara. In these cases, either Chordata or
Cnidaria represented the major taxonomic group rather than
Arthropoda. Chaetognatha was observed in the morphological
identification of some samples, including Kurio, Nakijin, and
Funauki. In contrast, sequences assigned to Chaetognatha were
much less evident when any of the molecular methods were used
(the proportion is too small to be visible in Figure 6).

Similarity-based clustering (UPGMA clustering) demonstrated
the bifurcation of communities based on the methods, one of
which involved PCR amplification and the other of which did not
(except for one c¢cDNA COI sample collected from Itoman;
Figure 7).

Discussion
The regression analyses of the estimated species/OTU richness be-
tween the methods demonstrated that the highest estimates of
species/OTU richness appeared when using the metatranscrip-
tome sequencing, followed by gDNA and cDNA mitochondrial
COI amplicons, with morphological taxonomy yielding the low-
est estimates (Table 2). When compared with the metatranscrip-
tome estimates, the gDNA and ¢cDNA mitochondrial COI
amplicons and morphological taxonomy estimated species/fOTU
richness to be less by 1/1.1166, 1/2.3664, and 1/5.056, respectively
(Table 2). In contrast with these large discrepancies in the esti-
mates of species/fOTU richness estimates, moderate correlation
levels were observed among methods (though the correlation was
weaker for the Shannon’s H’ results). The results make clear,
though, that the values obtained using these methods are not
comparable—furthermore, each method either under- or overes-
timated species/OTU richness, as discussed below.

The morphological identification, performed by a trained spe-
cialist in morphological taxonomy (K.F.), yielded the lowest
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Table 4. Summary of the regression analyses of the estimated species and OUT richness and Shannon’s H' from the cDNA and gDNA
mitochondrial COI gene amplicons, metatranscriptome sequencing, and morphological identifications.

Independent component Dependent component Slope SE p Adjusted R?
Species and OTU richness

Morphology Metatranscriptome 5.0560 0.4269 <0.001 0.933

cDNA COI amplification Metatranscriptome 2.3664 0.2759 <0.001 0.8789

gDNA COI amplification Metatranscriptome 1.1166 0.0625 <0.001 0.972

cDNA COl amplification gDNA COI amplification 1.9970 0.2405 <0.001 0.8717
Shannon H’

Morphology Metatranscriptome 14.181 24950 <0.001 0.7578

cDNA COl amplification Metatranscriptome 2.5687 0.5815 0.001 0.6656

gDNA COI amplification Metatranscriptome 1.6598 0.3016 <0.001 0.7454

cDNA COl amplification gDNA COl amplification 1.6042 0.1687 <0.001 0.8994

Estimated results from metatranscriptome were used as dependent components because of the consistent results observed in comparisons of various mitochon-
drial genes (Supplementary Material SF). Regression analyses were also performed on the results obtained from the cDNA and gDNA mitochondrial COI gene

amplicons in order to observe the effect of the pseudogenes.

© | gDNA

© cDNA
Morphology

It

P

<

S 4

Uehara——
Kurio
Funauki— ]
Itoman :_I

Funauk
Uehara

Sumiyoshi

Figure 7. Dendrogram showing a relationship of hierarchical
similarity among the samples. The colours used for the various
methods were red: gDNA mitochondrial COl amplicon sequencing;
green, cDNA mitochondrial COl amplicon sequencing; yellow,
metatranscriptome (mitochondrial COIl); and blue, morphological
identification. The average linkage with the Bray—Curtis distance was
used as the clustering algorithm.

species richness estimates among the methods tested, with a total
of 89 species belonging to ten phyla in the samples. The species
richness and Shannon’s H” estimates using this method were con-
sistently much lower than the estimates obtained using any of the
molecular methods. Two factors appear to be relevant to this dis-
crepancy. First, morphological methods cannot identify the larval
forms at the species level, a fact that is especially significant here
given that we collected the samples from coral reefs, where large
numbers of benthic planktonic larvae are common. The second
consideration is the difference in the effort required to perform
the identification. Since the general pattern of species abundance
follows a Whittaker plot, the number of rare species identified is
proportionate to the amount of work dedicated to the identifica-
tion process. If each sequence’s processing can be considered a
single identification, we clearly spent more effort on the molecu-
lar-based methods identification effort than on the morphology-
based method. These factors appear to explain, for the most part,
the discrepancies in the diversity index estimates obtained using
the molecular methods compared with those obtained through

morphological identification. Morphologically cryptic species
may have been present in the samples, but they would only ac-
count for a small proportion of the discrepancies.

PCR-based community analyses are emerging as one standard
approach for metazoan zooplankton community analyses.
However, the findings presented here indicate the potential for
taxonomic skew in the form of either under- or overestimation of
diversity. The results of the clustering analyses revealed differen-
ces in the phylum composition of PCR-based analyses compared
with other methods (Figure 7). These observations strongly indi-
cate that PCR-based analyses suffer from both taxonomic bias
and underestimation of diversity, as, indeed, previous studies
have suggested (Elbrecht and Leese, 2015; Krehenwinkel et al,
2017). In this study, we demonstrated PCR-free based analysis
(metatranscriptomic analysis) as a method to avoid the bias dur-
ing the amplification process. However, many researches are also
taking multiple gene markers approach, which might abate the
bias too (Stefanni et al., 2018).

On the other hand, contamination with mitochondrial pseu-
dogene sequences in gDNA COI amplicon sequencing is the most
likely reason for observed diversity inflation. Researchers have
reported mitochondrial pseudogenes have been reported in a
large number of metazoan groups, and many pseudogenes are
found in animals with large genomes (Bensasson et al., 2001;
Richly and Leister, 2004). The genomes of metazoans vary greatly
in size; to be precise, over more than a 3 300-fold range (Gregory,
2004). Furthermore, since a complex set of factors influences ge-
nome size, it is difficult to predict and must be measured
(Biémont, 2008). Given the context, it is difficult to estimate the
extent to which the contamination of sequence datasets from
metabarcoding analyses with mitochondrial pseudogene sequen-
ces inflates diversity. Mitochondrial pseudogenes are not to be
transcribed into mRNA owing to the difference between nuclear
and mitochondrial transcription promoters and genetic codes.
Exploiting this feature in this study, we prepared mitochondrial
pseudogene-free libraries using poly(A)+ mature mRNA as a
template (cDNA) and further compared the estimated diversity
indexes for the two results, one amplified from ¢cDNA and the
other amplified from gDNA. We observed roughly twice the
OTU richness for gDNA compared with the cDNA mitochondrial
COI amplicon libraries (Table 2). Since we extracted both the
gDNA and poly(A)+ mature mRNA from the same samples, we
conclude that the greater richness estimated from the gDNA
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resulted from the co-amplification of paralogous mitochondrial
pseudogenes. Because of the small pore size filter (0.8 pm) used
to trap the zooplankton samples, environmental DNA contami-
nation might also explain the richness discrepancy between the
methods. However, major proportions of biomass processed in
this study are actual zooplankton samples (300-480 mg of zoo-
plankton samples were processed for the extractions in this study;
Table 1). Therefore, proportion of richness, which can be
explained with environmental DNA are expected to be small. It is
largely believed that mitochondrial pseudogenes have stop codons
because of the insertion or deletion in the sequence. However,
this condition (presence of stop codon, insertion, and deletion) is
sufficient but not necessary to be pseudogenes (Perna and
Kocher, 1996). Therefore, the identification of mitochondrial
pseudogenes based on indels’ presence has limited meaning in
our study.

It is important to note that it is very likely we would observe
the same or even greater diversity inflation if we applied the same
¢DNA and gDNA comparison to nuclear ribosomal RNA gene
regions. In the case of nuclear-encoded mitochondrial pseudo-
genes, trans-genomic relocation is required to create the pseudo-
genes. However, within chromosome or within genome
translocation is sufficient to create additional nuclear ribosomal
RNA gene copies, and they will become pseudogenes once they
do not involve in concerted evolution. This topic was not a focus
of this study: however, it is important to note because many
metazoan zooplankton metabarcoding studies are using nuclear
ribosomal RNA gene regions as markers (e.g. 28S, 18S primarily;
Lindeque et al., 2013; Pearman et al, 2014; Hirai et al, 2015;
Sommer et al., 2017).

Krehenwinkel et al. (2017) performed arthropod community
analyses using both PCR-based and PCR-free (metagenome)
methods. They concluded that the latter method failed to recover
a reliable target quantity, possibly due to variation in the target
loci copy numbers. We also employed the PCR-free method for
this study, but we used polyA(4+) mRNA as the template and
culled the mitochondrial transcripts informatically from the total
transcripts. Therefore, copy number variation did not influence
our analysis. Rather, the read numbers should reflect the active
respiration potential of the species, since these are the transcribed
genes responsible for mitochondria activities. Mitochondria is an
organelle in cells responsible for energy (adenosine triphosphate)
production through respiration. Because of the function, we
expected that mitochondrial mRNA abundance in the zooplank-
ton communities follows Kleiber’s law (Kleiber, 1932; Ikeda,
1985) with higher mass-specific abundance in smaller animals.

In contrast with PCR-based sequencing methods, metatran-
scriptome analysis does not rely on PCR to amplify a specific
gene, so no taxonomic amplification bias or diversity underesti-
mation due to primer affinities is expected. Moreover, contami-
nation with pseudogene sequences is also avoided because
poly(A)+ mRNA serves as the starting template for the metatran-
scriptome method. However, it is very likely that OTU richness
and Shannon’s H’ are overestimated in metatranscriptome analy-
ses. In preparing the metatranscriptome library, the mRNA is
randomly fragmented, so the sequences obtained with this
method do not always derived from homologous gene regions. If
the sequence coverage of a species-specific gene is low and the
sequences obtained do not overlap during the assembly, these
sequences are counted separately as coming from distinct OTU
even when they come from the same gene of the same species.
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Thus, this technical issue is being responsible for the overestimat-
ing OTU richness when the metatranscriptome method is
employed. We could avoid this technical issue by using long-read
sequencers; however, we could not afford this approach at the
time of our experiments. Sequence quality and the cost of long-
read parallel sequencing are becoming more reliable and reason-
able (e.g. systems from Pacific Biosciences, CA, USA, and
Nanopore sequencing, Oxford, UK). Therefore, metatranscrip-
tome methods will be promising soon if the estimation of ener-
getically active species in the community is the focus of study.

Molecular methods also may suffer some taxonomic bias due
to the limited availability of the reference sequences for specific
taxa in the database. For example, Chaetognatha were observed in
the morphological identification but very rarely detected using
any of the molecular methods, which might be because of fewer
Chaetognatha sequences in the reference dataset (29 mitochon-
drial COI sequences in this study). Furthermore, Chaetognatha
mitochondrial genes are known to display considerable genetic
diversity (Miyamoto ef al, 2010; Marlétaz et al., 2017). For these
reasons, it appears that the number of sequences identified as
Chaetognatha is an underestimate. If the study’s questions using
the method require precise estimation of community composi-
tion, this taxonomic bias might negatively affect findings (espe-
cially if the assignment of lower taxonomic ranking was the goal).
It is, then, essential to add more sequences to the database by per-
forming individual-based analyses following reliable morphologi-
cal identification.

Conclusions

In this study, we compared four methods for assessing zooplank-
ton community diversity and composition, including the cDNA
and gDNA mitochondrial COI gene amplicon sequencing, meta-
transcriptome sequencing, and morphological identification. We
found a moderate level of correlation among the diversity index
estimates using all methods. The results demonstrated that PCR-
based analyses suffer from taxonomic bias. Therefore, it is recom-
mended that the PCR-based approach not be used if the commu-
nity structure is an important aspect of the study. Furthermore,
roughly twice the OTU richness was observed using gDNA com-
pared with cDNA mitochondrial amplicon libraries, demonstrat-
ing that pseudogenes likely contribute significantly to estimated
diversity inflation if gDNA is used as starting template for the
community-based analyses.
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