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Coral reefs, the most biodiverse habitats in the ocean, are formed by anthozoan
cnidarians, the scleractinian corals. Recently, however, ongoing climate change has
imperiled scleractinian corals and coral reef environments are changing drastically. Thus,
convenient, high-density monitoring of scleractinian corals is essential to understand
changes in coral reef communities. Environmental DNA (eDNA) metabarcoding is
potentially one of the most effective means of achieving it. Using publicly available
scleractinian mitochondrial genomes, we developed high-specificity primers to amplify
mitochondrial 12S ribosomal RNA (12S) and cytochrome oxidase-1 (CO1) genes
of diverse scleractinian corals, which could be used for genus-level metabarcoding
analyses, using next-generation sequencing technologies. To confirm the effectiveness
of these primers, PCR amplicon sequencing was performed using eDNA isolated along
the seashore of Okinawa, Japan. We successfully amplified all eDNA samples using
PCR. Approximately 93 and 72% of PCR amplicon sequences of 12S and CO1 primers
originated from scleractinian 12S and CO1 genes, respectively, confirming higher
specificities for coral mitochondrial genes than primers previously used for coral eDNA
metabarcoding. We also found that hierarchical clustering, based on the percentage of
mapped reads to each scleractinian genus, discriminates between sampling locations,
suggesting that eDNA surveys are sufficiently powerful to reveal differences between
coral communities separated by <1 km. We conclude that the method reported here is
a powerful tool for conducting efficient eDNA surveys targeting scleractinian corals.

Keywords: scleractinia, mitochondrial genome, primer development, metabarcoding analyses, environmental
DNA (eDNA)

INTRODUCTION

Coral reefs in tropical and subtropical waters harbor about 30% of all marine life (Knowlton
et al., 2010), making them the most biodiverse habitats on Earth. Scleractinian or stony corals
(Anthozoa, Cnidaria) create the structure of coral reefs by depositing massive calcium carbonate
skeletons. More than 1,300 scleractinian species belonging to 236 genera and 25 families have been

Frontiers in Marine Science | www.frontiersin.org 1

November 2021 | Volume 8 | Article 758207


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2021.758207
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2021.758207
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2021.758207&domain=pdf&date_stamp=2021-11-30
https://www.frontiersin.org/articles/10.3389/fmars.2021.758207/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Shinzato et al.

Primers for Coral Metabarcoding

reported as of August 3, 2021, based on the Integrated
Taxonomic Information System (ITIS)'. In recent years, however,
coral bleaching caused by global warming, severe storms, and
predation by crown-of-thorns starfish have degraded coral reef
ecosystems (De’ath et al., 2012); thus, coral reef environments
are constantly and dramatically changing. Therefore, frequent,
high-density coral monitoring is essential to assess changing coral
reef communities. DNA originating from various sources, such as
mucus and damaged tissues of multicellular organisms, exists in
soil, seawater, air, etc., and is called environmental DNA (eDNA;
Bohmann et al., 2014; Kelly et al., 2014). Recently, eDNA has
been used to monitor marine biodiversity, especially among fishes
(Miya et al., 2015; Yamamoto et al., 2017). Several studies have
reported detection of eDNA from stony corals (Shinzato et al.,
2018; Nichols and Marko, 2019; Alexander et al., 2020; Dugal
et al., 2021), and eDNA is expected to become a powerful tool
in coral monitoring.

Because mitochondrial (mt) DNA contains many sequence
variations, genes from mitochondrial genomes are widely
used for species identification (or barcoding) and molecular
phylogenetic analyses of metazoans. Furthermore, due to
their large copy numbers, primers for mt genes are the
most widely used targets for PCR amplification in eDNA
metabarcoding (e. g., MiFish, Miya et al., 2015), and mt genes
of scleractinian corals have been widely used for phylogenetic
analyses (for example, Fukami, 2008; Kitahara et al, 2010,
2016). On the other hand, cnidarian mt genomic variation
is extremely low (Shearer et al, 2002), preventing species
discrimination. Various universal primers for coral mt genes
have been reported (Chen and Yu, 2000; Fukami et al,
2008; Lin et al, 2011), but most of these were designed for
phylogenetic purposes, so PCR amplicons exceed 600 bp, making
full-length sequence decoding impossible with next-generation
sequencing (NGS), especially Illumina platforms, that can read
only short DNA lengths (maximum 300 bp paired-end with the
Ilumina MiSeq).

Recently universal primers for coral metabarcoding using
NGS have been reported, including primers amplifying mt
genes [16S ribosomal DNA and cytochrome oxidase-1 (CO1)]
(Nichols and Marko, 2019) and the internal transcribed spacer
2 (ITS2) region of nuclear ribosomal DNA (Alexander et al,
2020). However, the mt genes targeted for primer development
might not be chosen so as to amplify scleractinian species
specifically. As a result, almost half the PCR amplicon sequencing
reads were from non-scleractinian corals (Nichols and Marko,
2019; Alexander et al, 2020), indicating that the specificities
and sensitivities of these primers for scleractinian DNA were
not very high. For accurate, efficient eDNA metabarcoding,
it is essential to design primers with high specificity for the
target taxon. Otherwise, PCR conditions must be greatly relaxed
(less stringent), by decreasing the annealing temperature or
increasing the number of PCR cycles, which may lead to non-
specific PCR amplification and increased contamination. Taking
advantage of recent decoding of scleractinian mt genomes, we
designed primers that can amplify mitochondrial genes from

Lwww.itis.gov

as diverse a range of scleractinian corals as possible and that
can be used for metabarcoding using NGS. To achieve this, we
downloaded currently available scleractinian mt genomes from
NCBI and performed alignments to select regions suitable for
primer development. Then we checked actual PCR amplification
from eDNA using the designed primers.

MATERIALS AND METHODS

Primer Design to Amplify Diverse
Scleractinian Mitochondrial Genes

Scleractinian mt genomes representing 71 species, 36 genera,
and 15 families were downloaded from the NCBI Genome
resource” on May 1, 2021 (Supplementary Table 1). Downloaded
mt genomes were aligned using mafft v7.475 with the
--adjustdirection option (Katoh and Standley, 2013). Then,
prospective  PCR primer regions, highly conserved in all
71 scleractinian species, were visually identified for each
mitochondrial gene (13 protein-coding genes and 2 rRNA genes).
Primer pairs were designed using Primer3Plus (Untergasser
et al.,, 2007). Primer pairs were selected so that PCR products
would be <550 bp for use with the Illumina platform, with a
maximum sequencing read length of 300 bp (with paired-end
sequencing, and more than 50 bp of overlap length between
read 1 and read 2 sequences). After inspection of aligned
whole mt genome sequences, we designed a primer pair for
the 12S ribosomal RNA gene (12S) and a primer pair for the
cytochrome c oxidase subunit I gene (CO1) in sequence regions
that are highly conserved among all scleractinians examined.
We also examined all other mt genes, but their nucleotide
sequences were not conserved, so it was impossible to develop
primers for these genes. Only 12S and CO1 are sufficiently
conserved to develop universal primers for all scleractinians.
Expected PCR-amplified sequences from the 71 mt genomes
were extracted using Seqotron version 1.0.1 (Fourment and
Holmes, 2016). To check the number of unique sequences in the
expected PCR-amplified regions, these sequences were clustered
using CD-HIT-EST version 4.6 with 100% nucleotide percent
identity (Li and Godzik, 2006). For in silico comparison with
previously reported universal primers, we used primers for 125
reported in Chen and Yu (2000), primers for CO1 reported
in Fukami et al. (2008), and metabarcoding primers for CO1
reported in Nichols and Marko (2019).

Water Sampling, Environmental DNA
Extraction, and PCR Amplicon
Sequencing

Five liters of seawater from the surface and from 2-3 m depth
were collected at each of three points along a coral reef offshore
of Onna Village, Okinawa, Japan, where coral coverage was
around 50-90% and the genus Acropora was dominant, on 29
April, 2021 (Figure 3A and Supplementary Table 2). Twenty 50-
mL aliquots of seawater were filtered through 0.45-pm Sterivex

Zhttps://www.ncbi.nlm.nih.gov/genome/browse#!/organelles/
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FIGURE 1 | Development of universal primer pairs, Scle-12S-Fw and Scle-12S-Ry, to amplify scleractinian 12S rRNA genes. (A) Schematic representation of primer
sequences, positions of primer binding sites in aligned 12S rRNA genes, and comparisons with previously reported universal primers (ANTMTSSU-F and
ANTMTSSU-R) (Chen and Yu, 2000). Positions of the designed primers (Scle-12S-Fw and Scle-12S-Rv) are shown with red arrows. (B) Nucleotide sequence
alignments of expected Scle-12S-Fw and Scle-12S-Rv primer binding sites among the 71 scleractinian mt genomes. (C) Nucleotide sequence alignments of
expected ANTMTSSU-F and ANTMTSSU-R primer binding sites among the 71 scleractinian mt genomes. Numbers of identical nucleotides in primer binding sites
among the 71 scleractinians are shown, and percentages of samples having the same nucleotide in each primer position are shown in a line graph (more than 90%
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filters (Merck), for a total of 1 L from each sample. eDNA
in seawater was extracted following the Environmental DNA
Sampling and Experiment Manual Version 2.1 (Minamoto et al.,
2021; Supplementary Table 3).

Extracted eDNA samples were PCR-amplified using
Scle_12S_Fw (5-CCAGCMGACGCGGTRANACTTA-3") and
Scle_12S_Rv (5-AAWTTGACGACGGCCATGC-3') primers to
amplify 12S rRNA genes (Figure 1A), and Scle_CO1_Fw (5'-
ATTGTNTGRGCNCAYCATATGTTTA-3') and Scle_CO1_Rv
(5'-CCCATAGARAGNACATARTGAAA-3) primers for COl
genes (Figure 2A), using genomic DNA isolated from an
Acropora tenuis colony as a positive PCR control. Tks Gflex™
DNA Polymerase (Takara) was used for PCR amplification.
PCR cycling conditions were 1 min at 94°C, followed by 35
cycles of 10 s at 94°C, 15 s at 60°C (12S) or 55°C (CO1),
and 30 s at 68°C, with an extension of 5 min at 68°C in the
final cycle. PCR products were extracted and cleaned with
a FastGene Gel/PCR Extraction Kit (NIPPON Genetics).
Amplicon sequencing libraries of cleaned PCR products

were prepared using a KAPA Hyper Prep Kit (NIPPON
Genetics Co., Ltd.) without fragmentation. Libraries were
multiplexed and 300-bp paired-end reads were sequenced
on a MiSeq platform (Illumina) using MiSeq Reagent kit
v3 (600 cycles).

Bioinformatic Analysis

First, low-quality bases (Phred quality score <20) and
Mlumina sequencing adapters were removed from raw
sequence reads using cutadapt version 3.4 (Martin, 2011).
Sequences >200 bp were retained. Merging of paired
reads, unique sequence identification, chimera removal,
and denoising (error-correction) were performed using
USEARCH, version 11.0.667 (Edgar, 2010) as follows. Each
pair of quality- and adapter-trimmed read 1 and read 2
sequences were merged (assembled) with the “fastq_mergepairs”
command and the “-fastq_minovlen 30” option. For each
sequencing sample, merged read sequences were dereplicated
using the “fastx_uniques” command with a minimum
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FIGURE 2 | Development of universal primer pairs, Scle-CO1-Fw and Scle-CO1-Ry, to amplify scleractinian cytochrome ¢ oxidase subunit | genes (CO1).

(A) Schematic representation of primer sequences, positions of primer binding sites in aligned CO1 genes, and comparisons with previously reported universal
primers (AcMCOIF and AcMCOIR) (Fukami et al., 2008) and metabarcoding primers (HICORCOX_F1 and HICORCOX_R2) (Nichols and Marko, 2019). Positions of
the designed primers (Scle-CO1-Fw and Scle-CO1-Rv) are shown with red arrows. (B) Nucleotide sequence alignments of expected Scle-CO1-Fw and
Scle-CO1-Rv primer binding sites among the 71 scleractinian mt genomes. (C) Nucleotide sequence alignments of expected HICORCOX_F1 and HICORCOX_R2
primer binding sites among the 71 scleractinian mt genomes. (D) Nucleotide sequence alignments of expected AcMCOIF and AcMCOIR primer binding sites among
the 71 scleractinian mt genomes. Numbers of identical nucleotides in primer binding sites among the 71 scleractinians are shown, and percentages of samples
having the same nucleotide in each primer position are shown in a line graph (more than 90% are shown as dots).
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abundance of 10 reads (-minuniquesize 10), and denoising
and chimera removal were performed using the “unoise3”
command for each sample with a minimum abundance
of 10 reads (-minuniquesize 10). Then, denoised (error-
corrected) operational taxonomic units, called ZOTUs
(zero-radius operational taxonomic units), were prepared
for each sample.

ZOTU sequences from all samples were concatenated and
clustered using CD-HIT-EST version 4.6 with 100% nucleotide
identity (Li and Godzik, 2006). Clustered unique ZOTU
sequences were used for the database for mapping. Merged
sequences from each sample were mapped to the clustered
ZOTUs and numbers of mapped sequences for each ZOTU were
counted using the USEARCH “otutab” command with a percent
identity of 99% (-id 0.99).

To identify ZOTUs that originated from scleractinians,
we selected ZOTUs satisfying the following criteria: (1)
taxonomic assignments of ZOTUs using the NCBI NT database

(downloaded on July 9, 2021) were performed using Assign-
Taxonomy-with-BLAST?, and ZOTUs with the best estimated
scleractinian taxonomy were selected. (2) BLASTN searches
against expected PCR amplified regions of 12§ and CO1
genes from the 71 downloaded scleractinian genomes were
performed using BLASTN version 2.12.0 + and ZOTUs with
an e-value < le~ 20, percent identity >90%, and query coverage
>95% were selected.

After selecting ZOTUs from Scleractinia, mapped reads to
ZOTUs from the same genera were combined. To remove
possible errors and contamination, we removed scleractinian
genera restricted to the Atlantic Ocean and only genera with
more than 0.1% of the total number of mapped reads in a given
sample were considered. To infer similarities between samples
and sampling locations, hierarchical clustering based on the ward
D method was performed using percentages of coral genera

3https://github.com/Joseph7e/Assign- Taxonomy-with- BLAST
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using the designed primers for 128 (left) and CO1 (right).
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FIGURE 3 | Water sampling and PCR amplification of extracted eDNA. (A) Maps showing three sampling locations (red dots). Shapefiles were downloaded from
Nature Earth (https://www.naturalearthdata.com/) and Global Administrative Areas (https://gadm.org), and were visualized as maps using maptools in R, version
4.1.0. Exact sampling locations, sampling times, and distances between sampling locations are available in Supplementary Table 2. (B) PCR amplification of eDNA

P: Positive control (Acropora tenuis DNA)

N: Negative control (without template DNA)

detected in each sample using the pheatmap command* in R
version 4.1.2 (R Core Team, 2015).

RESULTS

Novel Primer Design for Amplifying
Scleractinian Mitochondrial Genes

We aligned whole mitochondrial genome sequences of 71
scleractinian species (aligned sequences are available as
Supplementary Figures). After we checked aligned sequence
regions of 13 protein-coding genes and 2 rRNA genes, we
designed primer pairs for the 12S gene, which amplified ~366-
465 bp (Figures 1A,B), and the COl gene, which amplified
~296-302 bp (Figures 2A,B). Due to the short amplified
sequence lengths, fewer unique sequences and distinguishable
genera were identified among the expected amplified sequences
from 71 scleractinian species than with previously reported
universal primers for the 12§ and COIl genes (Chen and
Yu, 2000; Fukami et al, 2008; Nichols and Marko, 2019;
Figures 1B,C, 2B-D). However, conservation of nucleotide

*https://cran.r-project.org/web/packages/pheatmap/

sequences of primer loci among the 71 scleractinians was higher
than of previously reported primers (Figures 1B,C, 2B-D),
indicating that the designed primers for 12S and CO1 have
potential to efficiently amplify DNAs of various scleractinians.

Sequencing of PCR Amplicons From

Environmental DNA

We isolated eDNA from three locations (surface and 2~3 m
depth), for the six seawater samples (Figure 3A). Then we
performed PCR amplification to check whether designed primer
pairs could amplify scleractinian genes from seawater eDNA.
We obtained PCR products of expected sizes from all eDNA
samples with 35 PCR cycles (Figure 3B). Using cleaned
PCR products, we performed amplicon sequencing using an
Mlumina MiSeq sequencer (300-bp, paired-end reads). We
obtained ~345-528 Mbp (570-872 k reads) from 12S amplicons
(Supplementary Table 4) and ~439-612 Mbp (740-1,031 k
reads) from CO1 amplicons (Supplementary Table 5). After
quality and adapter trimming, each read pair was merged
to obtain full length sequences of PCR amplicons. These
merged reads were used for clustering and denoising to prepare
ZOTUs from each sample. Then, merged and clustered ZOTUs
with 100% nucleotide identity were used to create a database

Frontiers in Marine Science | www.frontiersin.org

November 2021 | Volume 8 | Article 758207


https://www.naturalearthdata.com/
https://gadm.org
https://cran.r-project.org/web/packages/pheatmap/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Shinzato et al.

Primers for Coral Metabarcoding

A
Mapped to ZOTUs
from Scleractinia
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from non-Scleractinia
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B
Heliofungia
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Acanthastrea Herpolitha Montipora
Dipsastraea
Astreop Lobophyllia ., Gacns Alveopora
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= Galaxes ' esmophyllum 14
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FIGURE 4 | PCR amplicon sequencing and detection of coral genera from eDNA. (A) Percentages of reads mapped to ZOTUs from Scleractinia, ZOTUs from
non-Scleractinia, and none of the ZOTUs. Values are averages of six eDNA samples, and are available in Supplementary Tables 4, 5. (B) Numbers of coral genera
detected from 12S and CO1 PCR amplicons using eDNA and comparisons of genera identified by the two primer sets. Coral genera with more than 0.1% of all
mapped reads in each sample are included.

for mapping the merged reads. We obtained 2,193 unique
ZOTUs from 12S amplicons and 11,171 unique ZOTUs from
CO1 amplicons, which also included sequences from non-
scleractinians, respectively. Among those, 1,179 ZOTUs from
12S and 3,366 ZOTUs from CO1 were taxonomically identified
as scleractinian (Supplementary Table 6). We further selected
1,151 ZOTUs from 12S and 3,356 ZOTUs from CO1 that also
showed significant sequence similarities with expected PCR-
amplified regions of 12S and COIl from the 71 scleractinian
sequences (BLASTN e-value < 1e~ %0, percent identity >90%, and
query coverage >95%). Thus, we concluded that these ZOTUs
genuinely originated from scleractinian 12S rRNA and CO1
genes. Numbers of ZOTUs from each eDNA sample are also
provided in Supplementary Tables 4 (12S), 5 (CO1).

92.7% of 12S amplicon reads from eDNA samples were
properly mapped to ZOTUs from scleractinians (Figure 4A
and Supplementary Table 4). In contrast, 72% of CO1
amplicon reads from eDNA samples mapped to ZOTUs from
scleractinians, whereas 21.8% of reads mapped to ZOTUs from
non-scleractinians (Figure 4A and Supplementary Table 5).
Twenty-three genera were detected from 12S amplicons and
14 genera from COIl amplicons, respectively (Figure 4B).
Eleven genera were detected from both, and 12 genera were
exclusively detected from 12S and three genera from COI1
amplicons (Figure 4B). When we used Acropora tenuis genomic

DNA as a PCR positive control, almost 100% of reads were
mapped to ZOTUs from Acropora (Figure 5). In all six eDNA
samples, almost half of the reads mapped to Acropora for both
the 12S and CO1 PCR amplicons. The next most abundant
genus was Pocillopora (12S) and Montipora or Pocillopora
(CO1), respectively (Figure 5 and Supplementary Tables 7, 8).
Hierarchical clustering of reads mapped to each genus showed
that eDNA samples from both amplicon types were clustered by
location, but not by sampling depth (Figure 5).

DISCUSSION

We developed primer pairs that efficiently amplify scleractinian
coral DNA (specificity for scleractinian mt genes more than 90%
for the 12S ribosomal RNA gene) from eDNA samples. These
enabled us to detect eDNA of the most abundant genus Acropora
at the three sampling points (Figure 5). As mentioned above,
scleractinian mt genomes are highly conserved between species
(Shearer et al., 2002). For example, the 18,479-bp mt genomes of
Acropora digitifera (NC022830.1) and A. humilis (NC022823.1)
differ by only 2 bp. Therefore, if mt DNA is used, species-level
discrimination of scleractinian corals is almost impossible, even if
the whole genome is used. Nevertheless, eDNA analysis targeting
mt DNA of scleractinian corals is effective in two regards: easy

Frontiers in Marine Science | www.frontiersin.org

November 2021 | Volume 8 | Article 758207


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Shinzato et al.

Primers for Coral Metabarcoding

FIGURE 5 | Percentages of sequencing reads mapped to coral genera in each eDNA sample. 12S PCR amplicons are shown to the left and CO1 to the right.
Percentages are colored in the heatmap. Each sample and coral genera were hierarchically clustered using the ward D method. Percentages for each coral genus

128
Acropora
— 0.0 Pocillopora
0.0 Fimbriaphyllia
00 | 00 | 01 | 00 | 00 | 00 | 0.0 Heliofungia
0.0 | 0.0 | 0.0 ‘ 01 | 0.0 | 0.0 | 0.0 Crispatotrochus
00 00 | 00 01 | 01 | 01 | 01 Isopora
00 | 0.0 00 | 00 | 03 | 0.0 0.0 Acanthastrea
Moo oo | o1 | 03 02 01 | 01 Astreopora
0.0 | 0.0 | 0.0 | 0.0 | 0.3 | 0.0 | 0.8 Herpolitha
00 | 0.0 | 0.0 | 0.1 | 02 | 0.5 | 0.0 Turbinaria
L[| 00 00 | 00 | 02 02 | 03 | 0.3 Hydnophora
04 02 05 Lobophyllia
37 20 86 Montipora
29 1.8 T Goniastrea
1.8 22 08 Platygyra
30 80 81 Dipsastraea
00 | 1.6 | 14 | 1.6 | 89 | 22 14 Porites
0.0 ' 18 15 16 13 19 18 Plesiastrea
00 | 16 17 | 06 | 12 | 16 15 Polyphylia
00 | 19 | 16 07 | 14 | 15 | 1.3 Psammocora
00 | 00 | 12 | 29 ‘ 06 | 22 24 Favites
00 | 00 | 13 | 07 | 09 | 00 | 09 Galaxea
00 | 0.0 | 14 | 21 | 12 ‘ 1.0 | 05 Pavona
are shown in each box, and numbers of mapped reads are available in Supplementary Tables 7, 8.

CO1

P 3D 3S 2-D 2§ 1-D 1-S
100.0 | 83.8 | 83.8 | 76.5 | 74.5 | 78.2

(X Acropora
0.0 | 00 | 00 | 0.0 | 0.0 | 0.0 | 0.8 |Alveopora
0.0 0.0 0.2 0.0 0.0 0.1 0.9 Pavona
00 | 0.0 01 | 02 | 07 | 0.1 | 0.3 Hydnophora
0.0 05 0.1 0.0 0.0 0.0 0.0 |/sopora
00 00 00 00 | 02 00 00 Desmophyllum
0.0 | 01 02 | 0.0 | 00 | 01 0.0 | Polycyathus
0.0 0.4 0.6 0.0 3.7 0.8 0.3 Galaxea
00 | 1.6 07 | 08 | 26 | 89 24 Dipsastraea
00 | 11 | 03 | 12 | 18 | 24 09 Platygyra
0.0 2.0 1.8 3.1 1.0 2.4 1.9 | Favites
0.0 1.9 2.4 0.5 0.3 2 2.6 |Psammocora
Montipora
Pocillopora
70 (%)
1-S: Point 1, Surface, eDNA 60
1-D: Point 1, 2~3 m Depth, eDNA 50
2-S: Point 2, Surface, eDNA 40
2-D: Point 2, 2~3 m Depth, eDNA
3-S: Point 3, Surface, eDNA 30
3-D: Point 3, 2~3 m Depth, eDNA 20
P: Positive control (Acropora tenuis genomic DNA) 10

PCR amplification from eDNA due to its high copy number, and
detection of a wide range of scleractinian genera simultaneously.
Mt genes have been widely used for molecular phylogenetic
analyses of Scleractinia. As additional mt nucleotide sequence
information is registered with NCBI, the accuracy of analyses,
especially taxonomic assignments of PCR amplicon sequences
from eDNA, will improve. Therefore, we believe that genus-level
monitoring of scleractinian corals using eDNA is quite feasible.

Specificity for Scleractinian Genes and
Possible Application to Future Coral

Monitoring Using Environmental DNA

Although the distance between sites 2 and 3 is only 730 m
(Figure 3A and Supplementary Table 2), hierarchical clustering
based on the percentage of reads mapped to each genus using
12S and CO1 primers was able to separate the three sampling
locations, suggesting that this eDNA survey is sufficiently
sensitive to differentiate coral communities closer than 1 km.
In addition, surface and 2-3-m sample pairs clustered together
(Figure 5), indicating that eDNA does not vary based on
sampling depth at these locations. No differences were observed

in an eDNA survey in western Australia between surface
and bottom eDNA samples; thus, sampling from the surface
is sufficient (Dugal et al, 2021). In addition, no significant
differences in marine metazoan diversity patterns were detected
from eDNA samples collected at different depths (Ip et al., 2021).
Our results provide additional support for these findings.

Primer pairs that we developed for the 12S and CO1 genes
also amplified non-scleractinian genes (Supplementary Table 6);
however, 92.7% of 12S PCR amplicons and 72% of COl1
amplicons were from scleractinian mt genes (Figure 4A). Nichols
and Marko (2019) developed a primer pair for COl genes
(HICORCOX_F1 and HICORCOX_R2) and performed eDNA
metabarcoding of Hawaiian corals. In our analysis, nucleotide
conservation of probable HICORCOX_F1 and HICORCOX_R2
binding regions was quite low. 71% of nucleotides for
HICORCOX_F1 and 65% for HICORCOX_R2 primer positions
were identical among the 71 scleractinian species examined here
(Figure 2C). In contrast, percentages of identical nucleotides
in Scle-CO1-Fw and Rv primers were 84 and 87%, respectively
(Figure 2B), which were also higher than for another universal
primer set for the CO1 gene (Fukami et al., 2008), 75% for
AcMCOIF and 60% for AcCOIR (Figure 2D). The greater
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conservation of our Scle-CO1-Fw and Rv primer sequences
may be related to the higher percentage of sequencing reads
that mapped to scleractinian CO1 genes (72%, Figure 4A) than
percentages of DNA reads mapped to anthozoan 16S (61%) and
CO1 markers (51%) (Nichols and Marko, 2019). Although it
may be related to differences of benthic fauna, the percentages
of scleractinians among PCR amplicons using primer pairs,
CoralITS2 and CorallTS2_acro, for nuclear ITS-2 genes were
around 50% (46.7 and 57.5%, respectively) (Alexander et al,
2020), and those primer pairs sometimes required more PCR
cycles (45 cycles), depending on sampling sites (Dugal et al,
2021). Note that percentages of identical nucleotides for Scle-12S-
Fw and Rv primers were 86 and 95%, respectively (Figure 1B),
higher than those of other 12S universal primers, 75% for
ANTMTSSU-F and 85% for ANTMTSSU-R (Chen and Yu, 2000;
Figure 1C) and primers mentioned above for the CO1 gene,
indicating high specificity of Scle-12S-Fw and Rv primers for
scleractinian mt genes.

With regard to the percentage of PCR amplicon sequences
that properly mapped to scleractinian mt genes, our 12S primers
(92%) discriminate much more effectively than our CO1 primers
(72%) (Figure 4A). The number of scleractinian genera detected
using 12S primers from eDNA (23 genera) was also larger
than for CO1 (14 genera); however, three genera were detected
exclusively by our CO1 primers (Figure 4B), possibly reflecting
differences in numbers and species of sequences deposited
in the NCBI database to date. Therefore, to maximize the
number of coral genera that can be detected using eDNA, it
may be suitable to use both 12§ and CO1 primers. If eDNA
surveys aim to investigate animals other than stony corals
at the same time, previously reported metabarcoding primers
would be more useful. However, if eDNA surveys need to
target only stony corals, the method reported here would yield
the best data. Nonetheless, it will be important to verify the
effectiveness of our primers by deploying them in various coral
reef environments. We hope that the primer pairs we developed
for 12§ and CO1 genes will become a powerful tool for coral
reef monitoring using eDNA and that they will be applied to
coral reefs globally.
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