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Abstract

DNA metabarcoding is a rapid, high-resolution tool used for biomonitoring complex
zooplankton communities. However, diversity estimates derived with this approach
can be biased by the co-detection of sequences from environmental DNA (eDNA),
nuclear-encoded mitochondrial (NUMT) pseudogene contamination, and taxon-
specific PCR primer affinity differences. To avoid these methodological uncertainties,
we tested the use of metatranscriptomics as an alternative approach for character-
izing zooplankton communities. Specifically, we compared metatranscriptomics with
PCR-based methods using genomic (gDNA) and complementary DNA (cDNA) ampli-
cons, and morphology-based data for estimating species diversity and composition
for both mock communities and field-collected samples. Mock community analyses
showed that the use of gDNA mitochondrial cytochrome c oxidase | (mtCO1) am-
plicons inflates species richness due to the co-detection of extra-organismal eDNA.
Significantly more amplicon sequence variants, nucleotide diversity, and indels were
observed with gDNA amplicons than with cDNA, indicating the presence of puta-
tive NUMT pseudogenes. Moreover, PCR-based methods failed to detect the most
abundant species in mock communities due to priming site mismatch. Overall, me-
tatranscriptomics provided estimates of species richness and composition that closely
resembled those derived from morphological data. The use of metatranscriptomics
was further tested using field-collected samples, with the results showing consist-
ent species diversity estimates among biological and technical replicates. Additionally,
temporal zooplankton species composition changes could be monitored using differ-
ent mitochondrial markers. These findings demonstrate the advantages of metatran-

scriptomics as an effective tool for monitoring diversity in zooplankton research.
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1 | INTRODUCTION

DNA metabarcoding is a widely used molecular method for bio-
monitoring of zooplankton communities (Braukmann et al., 2019;
Santoferrara, 2019; Yang et al., 2017). This PCR-based method
amplifies a target gene region from genomic DNA (gDNA) before
next-generation sequencing (NGS) (Cristescu, 2014; Elbrecht &
Leese, 2015; Zhang et al., 2018). However, DNA metabarcoding
has methodological uncertainties that limit its capacity to reflect
the true diversity of complex zooplankton communities (van der
Loos & Nijland, 2020). Methodological biases related to the co-
detection of environmental DNA (eDNA) when using gDNA tem-
plates may also affect the accuracy of downstream analyses by
adding more background noise to the sequence data (Piper et al.,
2019). The co-amplification of mitochondrial-like templates in the
nuclear genome, also called nuclear-encoded mitochondrial (NUMT)
pseudogenes, when using genomic DNA templates may lead to
inflated diversity estimates (Creedy et al.,, 2019; Shokralla et al.,
2014; Song et al., 2008). NUMT pseudogenes are well documented
in various metazoan taxa, especially in copepods, which have large
nuclear genomes (Bensasson et al.,, 2003, 2011; Machida & Lin,
2017; Richly & Leister, 2004). Most importantly, PCR-amplification
bias may happen when primers fail to bind effectively to the tar-
get gene sequences of specific taxa, leading to inaccurate estimates
of community diversity and composition (Elbrecht & Leese, 2015;
Krehenwinkel et al., 2017; Pifol et al., 2019).

Given these methodological uncertainties, a molecular approach
bypassing PCR and using RNA instead of gDNA as a template is an
ideal alternative method for monitoring zooplankton communities
(Machida et al., 2021; Semmouri et al., 2019). RNA-based methods
that capture messenger RNA (mRNA), such as metatranscriptom-
ics, may be less prone to biases when characterizing zooplankton
communities. The isolation of mMRNA transcripts rather than gDNA
reduces the chance of NUMT pseudogene contamination because
pseudogenes are not transcribed into mature mRNA (Collura et al.,
1996; Hlaing et al., 2009; Valdes & Capobianco, 2014). Moreover,
metatranscriptomics does not require amplification of a target
gene region using PCR, avoiding biases related to primer binding
efficiency. Metatranscriptomics has been useful in advancing many
aspects of plankton research but remains underused in zooplank-
ton studies (Bucklin et al., 2018), which has hampered progress in
this field compared with phytoplankton and microbial research. The
doubts regarding the use of RNA-based methods may be rooted in
misconceptions regarding the difficulty of sample preservation, stor-
age, and bioinformatics procedures (Lenz et al., 2021). Consequently,
the performance of metatranscriptomics at characterizing zooplank-
ton community samples has not been rigorously validated, especially
in comparison to DNA metabarcoding and morphological analysis.

Here, we assess the ability of metatranscriptomics to estimate
the diversity and composition of freshwater zooplankton using both
mock communities and field-collected samples. We predict that
metatranscriptomics excludes NUMT pseudogene contamination
and PCR-related biases (Figure 1), providing a community diversity
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estimate that is closer to that derived from morphology data com-
pared with other approaches. To examine the possible presence
of NUMT pseudogene contamination in DNA-based methods, we
compared mtCOIl amplicons from gDNA, which is expected to in-
clude amplified pseudogenes, with mtCOIl amplicons from RT-PCR
complementary DNA (cDNA) as a template, with which the possibil-
ity of pseudogene co-amplification is excluded. Then, the accuracy
of metatranscriptomics in diversity estimation was compared with
both gDNA and cDNA mtCOIl amplicons in terms of species richness
detection, diversity index estimation, and constructed community
composition. We also evaluated the suitability of using metatran-
scriptomics for monitoring temporal changes in the composition of
microcrustacean zooplankton communities in a subtropical reservoir,
the Fei Tsui Reservoir, in Taiwan. The results of this study may help

advance the use of metatranscriptomics in zooplankton monitoring.

2 | MATERIALS AND METHODS

2.1 | Sample collection
Freshwater microcrustacean zooplankton (Arthropoda: Cladocera
and Copepoda) were collected from Fei Tsui Reservoir, a sub-
tropical reservoir located in northeastern Taiwan (24°54'34.9"N,
121°34'53.0"E; altitude 160 m). A conical plankton net (50 pm mesh
size) with a 45 cm-wide mouth and an attached flow meter was
hauled vertically from 50 m depth to the surface. The samples were
filtered with a 100 um mesh bag to remove lake water and small taxa
such as rotifers and phytoplankton. The samples were then immedi-
ately soaked in 10x the sample volume of RNAlater (Invitrogen) for
15 min to allow the remaining lake water to mix with the solution
(Gorokhova, 2005). Then, each sample was transferred to a new con-
tainer with the same volume of RNAlater to ensure the preservation
of both RNA and DNA. The preserved samples were transported to
the laboratory at room temperature within 2-3 h, stored at 4°C for
24 h, and then kept at -20°C for longer storage until DNA/RNA ex-
traction. Individuals used to prepare mock communities were isolated
from the RNAlater-preserved samples collected on 20 August 2019.
For field-collected samples, biological replicates (three different
plankton hauls at the same site) and technical replicates (three inde-
pendent total RNA aliquots from the same biological sample) were
prepared to check the consistency of metatranscriptomics analysis
(for samples collected on 24 December 2019) in characterizing field-
collected samples. Samples collected from 2 July to 24 December
2019 were used to validate the capacity of metatranscriptomics to
monitor temporal changes in the species composition of microcrus-

tacean zooplankton in the field.

2.2 | Mock community preparation

Five mock communities were constructed using zooplankton sam-

ples collected from the field: a cladoceran-dominated community, a
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FIGURE 1 Assumptions made when evaluating the capacity of metatranscriptomics to estimate zooplankton mock community diversity

TABLE 1 The compositions of the mock communities constructed in this study

Mock communities (humber of individuals [dry weight biomass: pg])

Individual species Cladoceran Copepod Equal Natural With rare
Taxa Species dry weight (ug) dominated dominated biomass assembly species
Copepoda Mongolodiaptomus 6.788 5(33.94) 50(339.43) 3(20.37) 50(339.43) 10 (67.89)
birulai
Mesocyclops leuckartii ~ 7.563 5(37.82) 10 (75.63) 3(22.69) 39 (22.69) 0(75.63)
Cladocera Bosmina longirostris 0.995 20 (19.90) 5(4.97) 0 (19.90) 10 (9.95) 0(9.95)
Ceriodaphnia cornuta 0.726 7 (5.09) 5(3.63) 28(20.35) 7 (5.09) 1(0.73)
Daphnia galeata 7.491 30(224.74) 5(37.46) 3(22.47) 20 (149.83) 0(74.91)
Diaphanosoma 1.245 2(2.49) 2(92.49) 6(19.93) 2(2.49) 10 (12.46)
dubium
Moina micrura 4.787 50 (239.35) 5(23.93) 4(19.15) 20 (95.74) 10 (47.87)

Note: Values outside the parentheses are the number of individuals per species present in each mock community, whereas the values in parentheses
reflect the dry weight biomass (ug) per species calculated using a weight-length regression equation (Dumont et al., 1975).

copepod-dominated community, a community with equal species bi- For morphological analysis, selected individuals from each
omass, a natural assembly mimicking the actual reservoir community morpho-species were dissected to examine important taxonomic
composition, and a community with rare species. Table 1 presents characters under dissecting (Nikon SMZ1500, Japan) and com-

the species and dry biomass composition of each mock community. pound (Olympus CX41, Japan) microscopes using the techniques of
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Fernando (2002). Whole mounts of the dissected specimens were
prepared using a drop of glycerin as the mounting medium and
sealed with transparent nail polish. Specimens were identified up to
species level using annotated checklists (Lopez et al., 2017) and tax-
onomic keys (Dumont & Tundisi, 1984; Fernando, 1994). The body
length of each specimen was measured to calculate the dry weight
biomass (in pg) based on the length-weight regression equation
(Dumont et al., 1975).

2.3 | DNA and RNA extractions

Figure 2 shows the workflow from nucleic acid extraction to bioin-
formatic analyses of the zooplankton mock communities. All sorted
individuals for each mock community were placed in 1.5 ml tubes for
the simultaneous extraction of RNA and DNA from the same bio-
logical sample (Triant & Whitehead, 2009). Total RNA was extracted
using TriPure isolation reagent (Roche) with a PureLink RNA mini kit
(Invitrogen). The quality and concentration of all extracted total RNA
samples were analysed using Bioanalyser RNA 6000 Nano (Agilent
Technologies) to measure the RNA integrity number (RIN), which is
calculated based on the areas of 18S rRNA and 28S rRNA, with RIN
=1 indicating the most degraded profile and RIN = 10 indicating the
most intact profile (Schroeder et al., 2006). All samples with RIN > 7
were processed and stored at -80°C until the next procedure (Table
S1).

Genomic DNA was extracted from the same mock community
samples using a DNeasy kit (Qiagen) with back extraction buffer
(BEB; 4 M guanidine thiocyanate, 50 mM sodium citrate, and 1 M
Tris [free base]) based on the protocol of Triant and Whitehead
(2009) with modifications. The extracted gDNA was purified using
Agencourt AMPure XP (Beckman Coulter), following the manu-
facturer's protocol. The concentration and quality of the purified
gDNA were measured using a NanoDrop 2000 instrument (Thermo
Fisher Scientific) and a Qubit fluorometric quantitation fluorometer
(Thermo Fisher Scientific). Additional details on the DNA and RNA
extraction were presented in the Appendix S1.

In processing the field-collected samples for testing biological
and technical replicates and zooplankton monitoring in Fei Tsui
Reservoir using metatranscriptomics, the preserved samples were
carefully taken out of the mesh bags and weighed using a microbal-
ance (Denver Instrument) to determine the wet weight. Then, the
weighed zooplankton samples were processed using the protocol
employed to extract total RNA from the mock community samples
(Tables S2 and S3). All RNA samples were stored at -80°C until the
next procedure.

2.4 | PCR amplification and sequencing

The gDNA used for PCR amplification was the direct product of the
DNA extraction and purification process described earlier. By con-
trast, cDNA was prepared using mRNA purified from total RNA with
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Dynabeads mRNA purification kit (Invitrogen). One hundred fifty ng
of isolated mRNA was used for the reverse transcription with the
standard SuperScript IV VILO Master Mix (Invitrogen) protocol.

The mtCOI from the gDNA and cDNA templates was amplified
by preparing a 50 pl reaction volume containing 10 ng of template
(gDNA or cDNA), 5 ul of PCR buffer, 4.0 ul of dNTP, 1.0 pl of each
primer (5 uM), 1.0 ul of Advantage 2 polymerase mix (Takara Bio),
and nuclease-free water. PCR was carried out using a Veriti Thermal
Cycler (Applied Biosystems) with the following touchdown PCR con-
ditions: an initial 95°C for 10 min, followed by 95°C for 10 s, 62°C
for 30 s, and 72°C for 60 s. The annealing temperature was pro-
gressively reduced by 1.0°C per cycle from 62°C to 46°C during
the first 16 cycles and then kept constant at 46°C for 20 additional
cycles. A PCR mixture without a template was prepared as a nega-
tive control. The mtCOI primers used in this PCR were mICOlintF
(GGWACWGGWTGAACWGTWTAYCCYCC) and jgHCO2198
(TAIACYTCIGGRTGICCRAARAAYCA), which target a 313-bp frag-
ment (Leray et al., 2013). After the PCR, the length of the amplicon
band from each sample and the absence of amplicons in the nega-
tive control were confirmed using gel electrophoresis. Size selection
and purification of the amplicons were performed using Agencourt
AMPure XP (Beckman Coulter).

A second PCR was done to attach the barcode adapter, using dif-
ferent barcoding primers for each mock community reaction (Table
S4). The same amount of template (10 ng) was used for each reac-
tion, with the PCR program comprising an initial 10 min at 95°C and
20 cycles of 95°C for 10's, 62°C for 30 s, and 72°C for 60 s. After the
PCR, the amplicon size was again selected using Agencourt AMPure
XP (Beckman Coulter). The DNA concentration was measured using
a Qubit Fluorometric Quantitation fluorometer (Thermo Fisher
Scientific). Then, 100 ng of each of the purified samples was pooled,
purified with 0.9x Agencourt AMPure XP (Beckman Coulter), and
eluted with 30 pl of nuclease-free water. The prepared libraries were
sent for lllumina MiSeq 300 PE sequencing (1% PhiX spike-in, 10 pM
loading concentration for all libraries) at the NGS High Throughput
Genomics Core at the Biodiversity Research Centre, Academia

Sinica, Taiwan.

2.5 | Metatranscriptome library
preparation and sequencing

Metatranscriptome libraries were prepared using NEBNext mRNA
Library Prep Reagent Set for lllumina (E6110) with the NEBNext
Poly(A) mRNA Magnetic Isolation Module (E7490) and NEBNext
Multiplex Oligos for Illumina (New England BiolLabs), following the
manufacturer's protocol. One thousand ng of total RNA was used
for poly(A) mRNA isolation. The isolated mRNA was fragmented
to ca. 500 bp lengths for library preparation. Final enrichment was
performed for 15 PCR cycles. After purifying the enriched product
using 0.9 x Agencourt AMPure XP, equal amounts of the products
were pooled and sent for Illlumina MiSeq 300 PE sequencing (1%
PhiX spike-in, 10 pM loading concentration for all libraries) as above.
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FIGURE 2 Methodology workflow for the mock community analysis

2.6 | Bioinformatic analysis of the
mtCOIl amplicons

From the mock community cDNA and gDNA mtCOI amplicon librar-
ies, 8,717,291 and 8,815,608 raw reads were generated, respec-
tively. For both gDNA and cDNA mtCOIl amplicons, sequences were
processed via quality filtering and adapter removal using a quality
threshold of 15 in Cutadapt (version 2.10, Martin, 2011). To account
for the varying sequencing depth of the community samples, the
number of quality-filtered reads for each sample was normalized
(equalizing the number of reads) with Seqtk (https://github.com/
Ih3/seqtk). The sequences were then subjected to DADA?2 pipeline
processing for further quality filtering, merging of paired reads, and
removal of chimeras using default commands (Callahan et al., 2016),
after which 70%-80% of the raw reads were retained (Table S5).
Normalization of read number was done before DADA2 analysis as
its pipeline does not allow extraction of sequence fasta file of the
processed non-chimera amplicons. The resulting unique amplicon

sequence variant (ASV) sequences per sample were extracted from
the DADA2 pipeline. All arthropod-unique ASV sequences were
then filtered from the fasta file using the classify.seqs and get.line-
age commands in Mothur (version 1.44.3; Schloss et al., 2009), based
on the mtCOl reference data set from MIDORI Longest 1.1 (Machida
et al., 2017). Both the filtered and unfiltered sequences were used
when comparing the methods in terms of species richness detection;
however, only filtered sequences for the target taxa were used for
estimating species diversity and species composition to allow a more
thorough analysis of the actual mock community. Considering the
difference in evolutionary rate of genes among taxonomic lineages
and genetic diversity of focal species, refinement of the similarity
threshold for OTU clustering is needed (Zhao et al., 2019). Here, we
adopted the use of mismatch frequency distribution estimated from
the gDNA and cDNA mtCOIl amplicon sequences used by Machida
et al. (2009). From this, we identified 94% as the optimum similarity
threshold for species delineation for our mock communities, which
has been also used in other complex communities (Forster et al.,
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2019). With this, the ASVs were clustered into operational taxo-
nomic units (OTUs) using the cluster_fast command in VSEARCH
(version 2.15; Rognes et al., 2016). The generated VSEARCH centroid
sequences were then used for taxonomic assignment of the OTUs
with the RDP Classifier function (Wang et al., 2007) in the MIDORI
server (Leray et al., 2018), with MIDORI Longest 1.1 (Machida et al.,
2017) taken as the reference dataset with a confidence threshold of
80% at the species level as a significance cut-off. Post-clustering of
the OTUs was also done using the default LULU command to remove
erroneous molecular OTUs (ver. 1.2.3; Frgslev et al., 2017). After
sequence curation, the OTU tables were used to calculate species
diversity indices with the INEXT package (Hsieh et al., 2020) within
the R platform (R Core Team, 2017). The iNEXT calculates rarefied
and extrapolated diversity indices up to double the reference sam-
ple size, which accounts for the potential bias caused by the vary-
ing number of non-chimeral sequences per community sample after
DADA?2 processing (Table S5).

2.7 | Bioinformatic analysis of
metatranscriptome sequences

The metatranscriptome sequences of the mock communities yielded
23,382,940 reads that were demultiplexed into five different mock
community libraries (Table S1). The raw sequences were subjected to
quality filtering and adapter removal with the same criteria used for
the amplicon sequences. The cleaned paired-end reads were used
for transcript assembly in IDBA-UD (ver. 1.1.3; Peng et al., 2012)
with long read (-1) parameters. The transcript assembly was then
subjected to IDBA-MT analysis (Leung et al., 2013) to remove chi-
meric contigs. The IDBA-UD and IDBA-MT assembly workflow were
specifically designed for metatranscriptomic data. From the assem-
bled transcript, contigs with high similarity to mtCOI were screened
by querying the assembly fasta file against the indexed local BLAST
database (Camacho et al., 2009) containing mitochondrial reference
sequences (13 proteins and 2 rRNAs) from the MIDORI Longest 1.1
datasets (Machida et al., 2017). All mtCOI transcripts were then
extracted using a constructed Perl script (https://bit.ly/3IDPSfd)
based on the BLAST result. Table S1 gives the assembly statistics
and BUSCO completeness values (v5.1.2, Seppey et al., 2019) for
the community transcripts and the quality of the extracted mtCOI
markers. The mtCOI transcripts were filtered using the classify.seqgs
and get.lineage functions of Mothur (version 1.44.3; Schloss et al.,
2009) based on the COIl reference dataset from MIDORI Longest
1.1 (Machida et al., 2017) to get the sequences of the target spe-
cies in the mock communities. As in the amplicon processing, only
the extracted sequences assigned to the target species present in
the mock communities were used for species diversity estimation
and community composition construction. The mtCOI transcript
reference was then indexed using the bowtie2-build command
(Langmead & Salzberg, 2012) to serve as the reference in mapping
back the normalized paired-end reads of each community (using
Seqtk to subsample equal number of raw reads; Table S1). Then, the
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read-level abundance was quantified in transcripts per million (TPM)
with RSEM (version 1.3.3; Li & Dewey, 2011). The read-level spe-
cies diversity indices were calculated with the iINEXT package (Hsieh
et al., 2020) within the R platform (R Core Team, 2017) using the
output file from RSEM.

For the field-collected samples, 8,468,448 raw reads were gen-
erated for the replication test (Table S2) and 15,728,180 for tempo-
ral monitoring of the zooplankton community (Table S3). The same
bioinformatics workflow was used for processing field community
samples for both metatranscriptomics replication testing and moni-
toring of temporal changes in the community composition of micro-
crustacean zooplankton in the reservoir: quality filtering, transcript
assembly, extraction of selected mitochondrial genes for reference
construction, mapping back raw reads to the assembled reference,
read-level abundance quantification, and calculation of species di-
versity indices. The numbers of processed reads and assembly qual-
ity scores for the biological and technical replicates are in Table S2.
Table S3 contains supplemental information on the use of different
mitochondrial transcripts (16S, COI, and CytB) from metatranscrip-
tomics for monitoring temporal changes in zooplankton composi-
tion from July to December of 2019. To address the lack of 16S and
CytB reference sequences for the target species in GenBank, the
taxonomy was assigned using a modified MIDORI Longest 1.1 ref-
erence dataset (Machida et al., 2017) with added sequences from
unpublished transcriptomic sequences of Mongolodiaptomus birulai,
Mesocyclops leuckarti, Bosmina longirostris, Ceriodaphnia cornuta, and

Moina micrura.

2.8 | NUMT pseudogene analyses

Most NUMT pseudogenes can be detected using MACSE (Ranwez
etal.,, 2011), which detects pseudogenes by screening for frameshift
and stop codons caused by the presence of indels (Leray & Knowlton,
2015). However, some NUMT pseudogene variants do not possess
these obvious features, making it difficult to distinguish them from
a normal mitochondrial copy in DNA barcoding amplicons (Anddjar
et al., 2021; Creedy et al., 2019; Shokralla et al., 2014). Therefore,
pseudogenes were detected in the DNA-based method by compar-
ing the gDNA and cDNA sequences based on calculating nucleotide
diversity, synonymous (r [S]) and nonsynonymous (r [N]) substitu-
tions, and indels using DnaSP (Rozas et al., 2017). The presence of
putative NUMT pseudogenes tends to increase sequence variability
(ASVs, nucleotide diversity, and indels), with synonymous substitu-
tions predominating (Machida & Lin, 2017; Perna & Kocher, 1996;
Zischler et al., 1995).

2.9 | Statistical analysis

The similarity in the species richness detected by each method was
assessed via a Venn diagram constructed using the VennDiagram
package (Chen, 2018). The independent t-test was used to determine
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statistical differences in the parameters used for detecting pseudo-
genes in the vegan package (Oksanen et al., 2019). The statistical
differences between the species diversity indices (Shannon and
Simpson's indices) calculated with each method were tested using
analysis of variance (ANOVA) with the ggpubr package (Kassambara,
2020). Both non-metric multidimensional scaling (NMDS) clustering
and permutational multivariate analysis of variance (PERMANOVA)
were performed to assess similarities in the species composition de-
rived from each method using the vegan package (Oksanen et al.,
2019). All these statistical analyses were done using the R platform
(R Core Team, 2017).

3 | RESULTS

3.1 | Speciesrichness detection

A total of 13 mtCOl transcripts from metatranscriptomics (Figure 3a)
were assigned to the seven microcrustaceans species present in the
mock communities, small freshwater rotifers, and Alexandrium spe-
cies (Table Sé). With PCR-based methods, 44 and 21 OTUs were
detected from gDNA and cDNA, respectively. The cDNA amplicons
represented a subset of gDNA amplicons, with 20 shared and one
exclusive (Table S8, Rotifera: Conochilus unicornis with 33 sequence
reads in one mock community) OTUs. The analysis with gDNA am-
plicons produced greater number of recovered OTUs, including 23
OTUs not observed with the RNA-based methods. These gDNA-
exclusive OTUs can be due to the co-detection of extra-organismal
eDNA together with sequences from epiphytes and possible zoo-
plankton gut contents. At the same time, erroneous sequences
from the gDNA amplicon-based analysis caused unusual taxonomic
assignments including species that are not expected to be pre-
sent in the reservoir's limnetic area, such as a marine hydrozoan
(Aglaophenia sp.) and a spider (Figure S1 and Table S7). The presence
of erroneous sequences can be attributed to the co-detection of
eDNA or the presence of chimeric artifacts that remain after denois-
ing with DADA2 (Prodan et al., 2020).

To compare the species richness estimates of mock communi-
ties across methods, the target species’ sequences were filtered
(Figure 3b) and used in the subsequent analyses. Note that only the
non-PCR-based method, metatranscriptomics, detected all species
present in the actual mock communities. Both methods based on
cDNAand gDNA mtCOlampliconsfailed to detect Mongolodiaptomus
birulai (the most abundant species in Fei Tsui Reservoir) in all mock
communities. The universal primers do not match the DNA template
for this species perfectly, with four primer mismatches with the spe-
cies’ priming site sequences (Figure S2).

3.2 | NUMT pseudogene detection

To examine NUMT pseudogene contamination, the sequences of
six species in the mock communities detected using both gDNA

and cDNA amplicons were compared (Table 2). The sequence varia-
tion was significantly greater for the gDNA amplicon-based method
than for the cDNA-based method in all six species. The gDNA-based
method produced 1.3-11.2 times more ASVs than did the cDNA-
based method among examined species (p < .05). There was also
a significant (p < .05) difference in nucleotide diversity (x) due to
relatively greater variation in the mtCOI sequences derived from
gDNA (increase of 0.002-0.025). No indels were seen in the cDNA
sequences, whereas 24, five, and six indels were observed in the
gDNA of Mesocyclops leuckarti, Daphnia galeata, and Moina micrura,
respectively. Lastly, a predominance of synonymous substitutions (n
[S]) was observed in Mesocyclops leuckarti gDNA mtCOl sequences,
which had 4.5 times more synonymous substitutions than observed

nonsynonymous substitutions.

3.3 | Diversity indices and community
composition estimates

The Shannon and Simpson's diversity indices derived from the three
molecular-based methods (Figure 3c) did not differ significantly
(p > .05) from those derived from morphological data, despite the
absence of one species for which neither cONA nor gDNA was am-
plified. In terms of inferred community composition based on read-
level abundance, both cDNA and gDNA amplicon-based methods
produced highly similar species compositions for all mock communi-
ties. In comparison, the species composition inferred from metatran-
scriptomics was highly similar to that derived from the morphological
data, as shown in Figure 4a (details in Table S6). The NMDS cluster-
ing result (PERMANOVA; p < .05; ordination stress value: 0.0873)
supports this, showing the cDNA and gDNA amplicon data clustered
together, whereas both the metatranscriptomics and morphology
data are distributed on the other side of the plot (Figure 4b).

3.4 | Application of metatranscriptomics to the
field-collected samples

In terms of the consistency of metatranscriptomics at estimating
the species diversity of actual field samples, replication testing re-
vealed that mtCOI transcripts from biological and technical repli-
cates provided fairly consistent results. There were no significant
differences (p > .05) among the biological and technical replicates
in terms of species diversity indices (Figure 5a,b) and composition
(Figure 5c and Table S9). Succession in the temporal samples, in
terms of changes in microcrustacean species composition, was suc-
cessfully monitored using different mitochondrial transcript mark-
ers. Similar patterns were observed for each sampling date, and
all known species at the sampling site, as reported by Chang et al.
(2014), were documented (Figure 6 and Table S10). This reflects the
versatility of metatranscriptomics at providing consistent taxonomic
information for community ecology studies with the convenience of
using various taxonomically important markers.
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FIGURE 3 Comparison of the species diversity estimates derived from molecular-based approaches (cDNA, gDNA, and
metatranscriptomics) and morphological data. Venn diagram showing (a) the number of shared observed species across the methods used
with environmental contamination and (b) the number of shared species after extracting only target species sequences using Mothur
(Schloss et al., 2009) and the MIDORI data set (Machida et al., 2017). (c) Estimation of diversity using Shannon and Simpson indices (ANOVA:

p > .05 across methods)

4 | DISCUSSION

This study evaluated the use of metatranscriptomics for estimating
the diversity and composition of zooplankton mock communities
and field samples by comparing metatranscriptomics with PCR-
based (gDNA and cDNA amplicons) and morphological-based meth-
ods. To do this, we assembled mock zooplankton communities with
known taxonomic compositions. This approach has proven efficient

for examining factors influencing successful species recovery and
the accuracy of diversity estimation of molecular-based approaches
(Braukmann et al., 2019). The use of mtCOl is ideal for benchmarking
method accuracy due to its extensive reference library (Leray et al.,
2019), taxonomic discriminatory power, and predictable sequence
variation (Elbrecht et al., 2019). The mtCOIl marker could delineate
the seven freshwater zooplankton species studied here; however,
a multi-marker approach is suggested for analysing more complex
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TABLE 2 Comparison of the number of amplicon sequence variants (ASVs), nucleotide diversity, and the number of substitutions and indels between methods based on genomic DNA

(gDNA) and complement DNA (cDNA) mtCOIl amplicons from six microcrustacean species

cDNA amplicons

gDNA amplicons

Number of
ASVs

Number of
ASVs

Species (Total number of individuals
used in the mock communities)

Number of indels

7z (N)/z (S)

Number of indels

7 (N)/z (S)

F3

Taxa

0.017/0.005 0
0.014/0

0.015

91

24

0.012/0.054
0.043/0.022
0.033/0.024
0.024/0.012

0.021

902

Mesocyclops leuckartii (118)

Copepoda

0.011

19
50
13
40

0
0
5
0
6

0.036

42

Bosmina longirostris (65)

Cladocera

0.012/0.016 0

0/0.008

0.012

0.031

65
118
158
449

Ceriodaphnia cornuta (48)

0.002

0.022

Daphnia galeata (68)

0
0

0.034/0.026
0.047/0.008

0.032

0.045/0.003
0.022/0.023

0.034

Diaphanosoma dubium (32)

0.003

41

0.025

Moina micrura (89)

Note: 7, nucleotide diversity; (N), nonsynonymous substitution; (S), synonymous substitution; indel, insertion/deletion event. Values were derived from the combined sequences of all five mock

communities constructed in this study.
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communities, such as actual marine zooplankton samples (Stefanni
et al., 2018).

For mock community analysis, metatranscriptomics provided
the most reliable species diversity and community composition es-
timates, which closely resembled those derived from morphological
data. The use of metatranscriptomics avoided the co-detection of
extra-organismal eDNA and minimized background noise encoun-
tered during PCR-based methods, which may cause inflated esti-
mates of species richness and complicated taxonomic assignment
of sequences, especially with the absence of good quality reference
databases (Molik et al., 2020). Another advantage of using RNA for
monitoring zooplankton is that it avoids the bias related to NUMT
pseudogene contamination (Collura et al., 1996). Comparison of the
gDNA and cDNA mtCOIl amplicon sequences revealed much higher
sequence diversity (Table 2) in the gDNA amplicons; however, the
degree of the observed differences was not consistent among
species. For example, the ASV number from gDNA mtCOIl ampli-
cons of Moina micrura was 10 times greater than its cDNA coun-
terpart, whereas only a minimal (1.3-fold) difference was noted for
Ceriodaphnia cornuta. This shows the difficulty in estimating the real
impact of NUMT pseudogene contamination on DNA-based diver-
sity estimates using nucleotide diversity as a basis. The use of the
ratio of nonsynonymous to synonymous substitutions (z[N]/z[S]) in
amplicon sequences may provide additional insight into the pres-
ence of putative NUMT pseudogenes (i.e., Mesocyclops leuckarti
gDNA mtCOI amplicons). The repeated transfer and “fossilization”
of the continuously evolving mtDNA segments inserted in the nu-
clear genome creates multiple NUMT haplotypes with a predomi-
nance of synonymous substitutions (Perna & Kocher, 1996; Zischler
et al., 1995). The presence of NUMT pseudogene sequences with
predominant synonymous substitutions in gDNA amplicons can only
be noted through comparison with cDNA sequences as a control
group that excludes the presence of NUMT sequences. Using this
additional criterion enables the detection of NUMT pseudogene
sequences that resembles the normal and functional mitochondrial
gene copy (Machida & Lin, 2017). These findings emphasize the im-
portance of careful interpretation of amplicon sequences generated
from a DNA-based approach. Lastly, bypassing PCR amplification
in the metatranscriptomics workflow excludes any potential PCR-
inherent biases that could lead to inaccurate inferences of zooplank-
ton community composition (Pifiol et al., 2019). A good example is
the case of Mongolodiaptomus birulai, the most abundant species in
our mock community samples (Figure 2b and Figure S2), which was
not detected by either PCR-based method due to variable primer-
template mismatches for this species (Pifiol et al., 2014) despite the
use of broadly used universal primer for metazoan communities.
Having a variable number of primers-template mismatches across
species may lead to inaccurate community analysis, with some spe-
cies better amplified than others, such that the proportions in the
final mixture do not reflect the original proportion of each species
(Bista et al., 2018; Elbrecht & Leese, 2015; Leray et al., 2013).

With field-collected samples, metatranscriptomics provided
highly similar community composition estimates for both technical



LOPEZ ET AL.

(a) Cladoceran Dominated Copepod Dominated Equal Biomass
- e .

g

o 75-

o

j o

]

k]

5

o 50-

[

©

>

Q@

® 25-

Q

@

MOLECULAR ECOLOGY 647
T — WV | LEY

Natural Assembly

With Rare Species

Cladocera
Bosmina longirostris
. Ceriodaphnia cornuta
- Daphnia galeata
. Diaphanosoma dubium
Moina micrura

Copepoda

. Mesocyclops leuckartii
- Mongolodiaptomus birulai
. Tropocyclops sp.

0.4

Method

cDNA Amplicon
gDNA Amplicon
Metatranscriptomics

Morphology

Community

Cladoceran Dominated

Copepod Dominated
Il Equal Biomass

Natural Assembly

With Rare Species

NMDS1

05 10

FIGURE 4 Comparison of the compositions of mock communities derived from molecular approaches (cDNA, gDNA, and
metatranscriptomics) and morphology data. (a) Percentage read-level abundance (cDNA, gDNA, and metatranscriptomics) and relative dry
weight biomass (morphology) of each species. (b) Nonmetric multidimensional scaling (NMDS) plot of the community compositions derived
using each method (PERMANOVA: p < .05, ordination stress value: 0.0873)

and biological replicates. This means that researchers may consider
limiting the number of replicates in future RNA-based zooplankton
monitoring studies. This is particularly useful for cost-effective long-
term zooplankton biomonitoring. Different mitochondrial markers
(16S, COIl, and CytB), which are easily retrievable from metatran-
scriptome sequences, are ideal for multi-marker approaches and can
effectively discriminate closely related species in the community
(Stefanni et al., 2018). Overall, this study demonstrates the poten-
tial use of metatranscriptomics for long-term ecological monitoring
of complex metazoan communities, such as freshwater and marine
zooplankton.

Despite the demonstrated advantages of using metatranscrip-
tomics to analyse both mock communities and field-collected sam-
ples, several things must still be considered before applying this

technique for zooplankton biomonitoring. Importantly, samples
have to be handled carefully for high-quality RNA extraction. Unlike
DNA, RNA can degrade if the samples are not preserved correctly
in the field. RNAlater (Invitrogen) can prevent RNA degradation at
4°C or even room temperature (Gorokhova, 2005). Quality check-
ing using the RIN can help ensure the use of only high-quality RNA
(RIN > 7 or 8 indicates non-degraded, usable RNA) (Pérez-Portela
& Riesgo, 2013). Additionally, unlike DNA metabarcoding that tar-
gets specific amplicon sequences, metatranscriptomics requires se-
quencing the overall community mRNA profile, which needs higher
sequencing coverage. It is demonstrated in this study that Illumina
MiSeq sequencing seems to be sufficient for accurate diversity es-
timation of both mock and field-collected communities; however,
more advanced sequencing platforms (e.g., lllumina HiSeq, lllumina
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independent metatranscriptome sequencing libraries prepared from RNA extracted from a single zooplankton community. Technical

replicates were prepared from the third biological replicate

NextSeq, or PacBio SMRT sequencing) can be explored for suc-
cessful recovery of marker sequences from all species, for example,
mtCOI transcripts, in more complex metazoan communities like
marine zooplankton. This may require additional costs, especially
when multiplexing several libraries for sequencing. In terms of the
bioinformatics workflow, the main technical limitations to using me-
tatranscriptomics are related to the limited progress in assemblers
specially designed for metatranscriptomics. Most assemblers were
designed for genomic and transcriptomic data and are not ideal for
use in metatranscriptomics due to uneven sequencing depth and
repeat patterns occurring in different mRNAs (Leung et al., 2013).

Furthermore, metatranscriptomics often involves mapping short-
sequence reads to taxon-specific transcript references. The taxo-
nomic assignments for mapped reads from mixed-species sequences
can be challenging, especially if closely related taxa are present (Lenz
et al., 2021). A high cross-species mapping rate may significantly af-
fect the interpretation of metatranscriptomics data. Currently, there
is no consensus on which bioinformatics tools or parameter settings
should be used to address these concerns. But with advanced se-
quencing technologies, longer reads and greater depth sequencing
are becoming more easily available at a much lower cost. Longer
reads can currently be assembled and mapped more accurately
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FIGURE 6 Temporal changesin community composition of the freshwater microcrustacean zooplankton in Fei Tsui Reservoir were
tracked using three mitochondrial markers (mt16S, mtCOl, and mtCytB) in a metatranscriptomics analysis

(Kuosmanen et al.,2018). Overall, the use of metatranscriptomics in
zooplankton monitoring is still in its infancy. The development of rel-
evant field and laboratory protocols together with advances in bioin-
formatics tools are needed to allow metatranscriptomics to become

a more optimized approach for zooplankton research.

5 | CONCLUSIONS

Our results demonstrated that metatranscriptomics can be used
as an alternative approach to PCR-based methods (e.g., DNA
metabarcoding) in characterizing zooplankton communities.
Metatranscriptomics provided accurate diversity estimates for both
mock community and field-collected zooplankton samples. With
the isolation of mRNA transcripts and by-passing target gene am-
plification, metatranscriptomics avoided the co-detection of extra-
organismal eDNA, minimized the presence of background noise,
minimized co-amplification of putative NUMT pseudogenes, and
minimized PCR-related biases that may contribute to inaccurate di-
versity estimation. Moreover, consistent species diversity estimates
among replicates were observed from metatranscriptomics in ac-
tual zooplankton communities, while allowing the use of different
mitochondrial transcripts as markers. Overall, these findings dem-
onstrate that metatranscriptomics can be an effective tool for moni-
toring zooplankton diversity and community composition in given

ecological contexts.
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