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Estimating the spatial extent of gamete and larval dispersal of deep-sea coral species,
is challenging yet important for their conservation. Spatial autocorrelation analysis is
useful for estimating the spatial range of dispersal of corals; however, it has not
been performed for deep-sea coral species using genome-wide single nucleotide
polymorphisms (SNPs). In this study, we examined the spatial genetic structure of a
deep-sea coral species—the Japanese red coral, Corallium japonicum, sampled off
the coast of Kochi, which lies to the southwest of the Shikoku Island in Japan; the
Kochi region suffers from over-harvesting because of its high commercial value. We also
examined the power of detecting significant spatial genetic structure by changing the
number of loci and the proportion of missing data using both de novo analysis and
mapping analysis. Similar results were obtained for both de novo and mapping analysis,
although a higher number of loci were obtained by the mapping method. In addition,
“many SNPs with a lot of missing data” was generally more useful than “a small number
of SNPs with a small amount of missing data” to detect significant fine-scale spatial
genetic structure. Our data suggested that more than 700 neutral SNPs were needed to
detect significant fine-scale spatial genetic structure. The maximum first distance class
that can detect significant spatial genetic structure within Kochi for the C. japonicum
population was less than 11 km, suggesting that the over-harvesting of C. japonicum
within a diameter of approximately 11 km in the Kochi area should be avoided, because
this can cause the local extinction of this species.

Keywords: precious coral, spatial genetic structure, spatial autocorrelation, conservation, larval dispersal,
deep-sea coral
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INTRODUCTION

Deep-sea corals play an important role in increasing the
biodiversity of the deep-sea by providing complex habitat
structures for other species (Roberts et al., 2006). Some of them
are also one of the most valuable marine resources with high
economic value, as despite their limited supply, they are used as
raw material for jewelry, especially in China and Taiwan (Tsounis
et al., 2010). In Japan, three deep-sea coral species (Corallium
japonicum, Pleurocorallium elatius, and Pleurocorallium konojoj)
are harvested and used to produce jewelry as precious corals
in Kochi, Kagoshima, Okinawa, and Ogasawara Islands (CITES,
2007, 2009). Precious corals have low fecundity rate (Nonaka
et al., 2015), slow growth rate (Luan et al., 2013), and are highly
threatened by poaching and overexploitation (Iwasaki, 2019).
The Ministry of the Environment, Japan, has listed the three coral
species as critically endangered species in the Red List (Ministry
of the Environment Government of Japan, 2017).

The diametric and linear growth rate of the Japanese red coral
C. japonicum is only 0.2 mm and 2–6 mm per year, respectively
(Luan et al., 2013), with a maximum growth of up to 30 cm
(Iwasaki et al., 2009), implying that it has a high longevity.
Corallium japonicum is a gonochoristic broadcast spawning
species (Kishinouye, 1904); thus, the size of a population and
connectivity among different populations can be defined by the
extent of larval dispersal. Defining population boundaries is
important for conservation of a species, although it is particularly
problematic in marine species (Berry et al., 2012), especially
long-lived sessile species (Ayre and Hughes, 2000). Moreover,
the pelagic larval dispersal duration (PLD) for most deep-sea
coral species, including C. japonicum, is unknown (Waller, 2005),
which further challenges the estimation of the extent of spatial
larval dispersal.

Spatial genetic structure (SGS) based on a sufficient number
of loci can examine the extent of genetic interactions between
continuously distributed populations and can serve as an
indicator for estimating the spatial extent of a population,
i.e., a minimum and critical unit for conservation of a
species (Epperson, 2005; Schwartz and McKelvey, 2009). In the
Mediterranean Sea, SGS analyses of the red coral Corallium
rubrum that was found at depths shallower than 50 m have
suggested the presence of a marked genetic structuring within
a few meters (Costantini et al., 2007); another analysis revealed
an estimated patch size of less than 40 cm for this species
(Ledoux et al., 2010; Costantini et al., 2018), indicating that self-
recruitment appears to be crucial for the maintenance of the
populations of red coral species (Ledoux et al., 2010). To the
best of our knowledge, however, there is no previous study on
SGS analysis for deep-sea marine species due to the difficulty
in obtaining global positioning system (GPS) information for
marine species, especially deep-sea species, and the unavailability
of sufficient and suitable markers for SGS.

Multiplexed inter simple sequence repeat (ISSR) genotyping
by sequencing (MIG-seq) can detect a moderate number of
single nucleotide polymorphisms (SNPs) from putatively neutral
loci adjacent to microsatellite regions using polymerase chain
reaction (PCR) and high-throughput technology. This method

is relatively easy, cost-effective, and can be performed even
without a reference genome. Because MIG-seq is a PCR-based
method, low concentration and/or low-quality DNA that is often
extracted from deep-sea coral species (Eguchi et al., 2020) can
be used. Furthermore, previous studies on octocoral species have
demonstrated that MIG-seq analysis is useful for uncovering
the genetic structures and lineages that were undetectable
using a small number of traditional genetic markers, including
microsatellite loci and mitochondrial DNA (Richard et al., 2018;
Takata et al., 2019).

There is always a trade-off between the number of SNPs
obtained and the number of missing data per locus when using
high-throughput analysis, such as restriction site-associated DNA
sequence (RAD-seq) (Miller et al., 2007). Therefore, maintaining
a balance between the number of SNPs and the ratios of missing
data per locus is important for conducting accurate genetic
analysis, although much information is not available for SGS
analysis (Shafer et al., 2017); thus, the robustness of using a
reference genome for detecting SGS using MIG-seq analysis has
never been empirically examined.

In this study, we (1) examined the robustness of detecting SGS
by changing the number of loci and the proportion of missing
data using both in de novo analysis and mapping methods, and
(2) revealed the extent of C. japonicum (Japanese red coral)
population (in terms of larval dispersal) in one of the most
important fishing grounds, Kochi.

MATERIALS AND METHODS

Coral Sampling and DNA Extraction for
MIG-Seq Analysis
We exhaustively sampled 88 individual colonies of C. japonicum
using a traditional coral net, and GPS information for each coral
was recorded based on the ship locations at which fishermen
started drawing the nets off the coast of Kochi in Japan from 2011
to 2014 (Figure 1). The horizontal distance at which each coral
was sampled was approximately 18 km × 18 km; the maximum
distance between the colonies was 18.6 km. The depth at which
each coral was sampled was similar (100–140 m), and, thus, we
only considered horizontal distance among the samples. Almost
1 cm of coral fragment from each sample was collected and
preserved in 99.5% ethanol until genomic DNA extraction.

The genomic DNA was extracted using a modified heat
alkaline method (Nakabayashi et al., 2019; Takata et al., 2019).
We used the MIG-seq method (Suyama and Matsuki, 2015)
to obtain genome-wide SNP data. MIG-seq amplifies putatively
neutral, anonymous genome-wide ISSR regions (Gupta et al.,
1994; Zietkiewicz et al., 1994) using a simple 2-step PCR
procedure. We used eight pairs of multiplex ISSR primers (MIG-
seq primer set 1, Suyama and Matsuki, 2015) with the Multiplex
PCR Assay Kit Ver. 2 (TaKaRa Bio Inc., Otsu, Shiga, Japan)
for the first PCR; we used a total reaction volume of 7 µL
in a T100TM Thermal Cyclerr (Bio-Rad) with the following
conditions: initial denaturation at 94◦C for 1 min, followed by
27 cycles of 94◦C for 30 s, 38◦C for 1 min, 72◦C for 1 min, and
final extension at 72◦C for 10 min. The samples were indexed
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FIGURE 1 | Sampling location off Kochi (A,B) and distribution of 88 individual colonies of C. japonicum collected in this study area (C). A picture of the Japanese red
coral C. japonicum (D).

in the second PCR, which was performed with PrimeSTAR GXL
DNA polymerase (TaKaRa Bio Inc., Otsu, Shiga, Japan) using
a total of 12 µL reaction volume in a thermal cycler under
the following conditions: 21 cycles of 98◦C for 10 s, 54◦C for
15 s, and 68◦C for 1 min. The PCR products were mixed and
pooled and run on an agarose gel; the gel extraction of the
PCR products that were 350–800 bp in length was performed.
The gel-extracted DNA samples were sequenced using MiSeq
(sequencing control software v2.0.12, Illumina) with the MiSeq
Reagent v3 150 cycle kit (Illumina). Image analysis and base
calling were performed using the real-time analysis software
v1.17.21 (Illumina).

Field Study Permissions
The samples were collected under the Kochi Prefecture sampling
permit (Sa 401, Sa 412, and Sa 423) and Okinawa Prefecture
sampling permit (Oki 21-131).

Data Analysis
To eliminate low-quality reads and primer sequences
from the raw data, we used the FASTX-toolkit version
0.0.14 (fastaq_quality_filter)1 with a fastq-quality-filter
setting of –q 30 –p 40. We removed adapter sequences
for the Illumina MiSeq run from both the 5′ end
(GTCAGATCGGAAGAGCACACGTCTGAACTCCAGTCAC)
and the 3′ end (CAGAGATCGGAAGAGCGTCGTGTAGGG
AAAGAC) using Cutadapt version 1.13 (Martin, 2011), and we
excluded short reads of less than 80 bp.

For de novo analysis, the quality-filtered sequence data were
demultiplexed and filtered using Stacks v1.46 (Catchen et al.,
2011; Catchen et al., 2013). We used Stacks v. 1.4 (Catchen
et al., 2013) to stack the reads and extract the SNPs. First, we
used Ustacks with the following settings: “minimum depth of
coverage required to create a stack (m)” = 3, “maximum distance

1http://hannonlab.cshl.edu/fastx_toolkit/index.html
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allowed between stacks (M)” = 1, and “maximum distance
allowed to align secondary reads to primary stacks (N)” = 1;
deleveraging (d) and removal (r) algorithms were also enabled.
Second, we used Cstacks with the following settings: “number
of mismatches allowed between sample loci when building the
catalog (n)” = 4, followed by the Sstacks. We created different
SNP sets using the population software implemented in Stacks
v. 1.4 by restricting data analysis: the minimum percentage of
individuals required to process a locus across all data (r) was set
at 0.5–1.0 (0.1 increments), and all SNPs per locus were used.
For all of these analyses, we used the following parameters: “the
minimum minor allele frequency required to process a nucleotide
site at a locus (min_maf)” = 0.01, and “the maximum observed
heterozygosity required to process a nucleotide site at a locus
(max_obs_het)” = 0.99.

For mapping analysis, we used the Burrows-Wheeler Aligner
(BWA) program, specifically, the BWA-MEM algorithm (Li and
Durbin, 2009). The SAM files were converted into BAM output
files, which were subsequently sorted and indexed; the quality
and mapping percentages per scaffold in these files were then
checked. The SAM files were then used to perform SNP calling
in the software Gstacks implemented in Stacks v. 2.2 (Catchen
et al., 2013; Rochette and Catchen, 2017).

For the reference genome sequencing ofC. japonicum, we used
one specimen of target species collected off Shiraho, Okinawa,
Japan, in 2011, using remotely operated vehicle. We extracted
DNA from this specimen by using the DNeasy Blood and Tissue
Kit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions. Using the Nextera XT DNA Sample Prep Kit
(Illumina), we sequenced the genome of C. japonicum and
obtained paired-end (2 × 300 bp) reads. The adapter sequences
in the reads were filtered using Cutadapt version 1.9.1 software
(Martin, 2011); the reads with poor-quality bases (Q < 20) and
those with lengths < 40 bp were excluded. We assembled these
reads using SPAdes version 3.9.0 (Bankevich et al., 2012) with
the following parameters: -k 21, 33, 55, 77, 99, and 127. Then, we
retained contig sequences with coverage between 1× to 24× and
removed sequences artificially produced by genome assembly
software using Purge Haplotigs with the setting: -l 1 -m 3 -h 24
(Roach et al., 2018).

We used Gstacks option (-rm, -pcr, -duplicates) in Stacks v.
2.2 to remove PCR duplicates by randomly discarding all but one
pair of each set of reads. We used the population software to
prepare different datasets for subsequent analyses. We changed
the ratio of missing data (r; proportion of shared SNPs among
samples) ranging from 0.5 to 1 (0.1 increments). For all of these
analyses, we also used the following parameters: “the minimum
minor allele frequency required to process a nucleotide site
at a locus (min_maf)” = 0.01, and “the maximum observed
heterozygosity required to process a nucleotide site at a locus
(max_obs_het)” = 0.99. BayeScan v 2.1 (Narum and Hess, 2011)
was used to detect possible SNPs under natural selection with a
default setting.

Indicators of genetic diversity, nucleotide diversity
(π) and heterozygosity (HE), and inbreeding coefficient
(FIS) were calculated using the population software and
data from de novo and mapping were compared based

on Mann-Whitney U test. Hardy–Weinberg equilibrium
(HWE) was examined for both the de novo (2,280 SNPs
with r = 0.5) and mapping (892 SNPs with r = 0.9)
datasets using GeneAlEx ver. 6.5 (Peakall and Smouse,
2012).

Spatial Autocorrelation Analysis
To detect SGS, we used GenAlEx ver. 6.5 (Peakall and
Smouse, 2012), which calculates a pairwise genetic and pairwise
geographical distance matrix to generate an autocorrelation
coefficient (indicated as rs; the correlation value between
the genetic and geographic distance in this manuscript; see
Figure 4) for a given distance class. Each distance class
is bound by an upper and lower value (e.g., 0–1 km).
All pairwise comparisons within a geographic range given
the distance class are used to test the null hypothesis
that the genotype pairs are randomly distributed within the
geographic range. Spatial autocorrelation analysis superimposed
the 95% confidence interval for the null hypothesis of a
random SGS on the correlogram. Under restricted gene
flow, and in the absence of selection, we will observe
positive significance (the rs value is higher than the 95%
confidence interval for the null hypothesis of random SGS)
at short distance classes, indicating that the geographically
close individuals tend to have closer genotypes. Subsequently,
the autocorrelation coefficient will decline through zero (here
we define this point as x-intercept, see Figure 4) and
become negative. This x-intercept provides an estimate of
the extent of the positive genetic structure only if a positive
significant SGS was found.

Currently, two complimentary analyses of significant
SGS are often used (Peakall et al., 2003; Underwood
et al., 2007): the first one uses x-intercepts (conservative
permutation test using relatively short distance class). The
intercept reflects the population size that is useful for the
conservation of a species and for accurately assessing genetic
diversity (Diniz-Filho and Telles, 2002). The second one
relies on more powerful permutation tests and the use of
the maximum first distance class that can detect significant
SGS. This is because a single correlogram can be strongly
influenced by the interactions between the extent of genetic
structure and distance class sizes, together with the number
of samples existing within that geographic range (Peakall
et al., 2003; Underwood et al., 2007). In this study, we
calculated both the x-intercepts and the maximum first
distance class, but the maximum significant first distance
class was regarded as the maximum range of gamete and
larval dispersal.

The number of permutation tests was set to 9,999 for each
analysis. We tested 15 different distance classes from 1 to 15 km
using different ratios of missing data per locus for de novo
(r = 0.5–0.9; 1.0 failed) and mapping (r = 0.5–1.0) analyses. To
estimate the minimum number of SNPs that can detect significant
SGS, we used r values (at intervals of 0.01) 0.7–0.8 and 0.9–1.0 for
de novo and mapping analyses, respectively. We used the PGD
spider ver 2.0.8.3 (Lischer and Excoffier, 2011) to convert SNP
data file formats.
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RESULTS

Detection of SNPs
A total of 23,991,966 raw reads with an average of 272,636 reads
per sample (SD = 92,029.33, SE = 147.81) were obtained for
the 88 sampled corals, and after filtering out the low-quality
reads, 23,828,764 reads remained. We obtained 16,679,162 reads
with an average of 189,536 reads per individual (SD = 61,902.56,
SE = 122.51) after two-step filtering. We obtained de novo
reference genome assemblies using paired-end short reads of
C. japonicum and the amount of sequence data used for
assembly, total assembly size, number of sequences, percentage
of gaps, N50 value, longest and minimum sequence lengths
are available in Supplementary Table 1. The mean value of
GC contents of the de novo genome sequences were 38.3%,
which is almost similar to that for other anthozoan genomes
(Shinzato et al., 2011). Single sharp peaks on the histograms
of the GC contents also support the low contamination level
of this assembly (Supplementary Figure 1). However, caution
should be warranted for the usage of the C. japonicum genome
assembly, as no low-coverage sequences were not removed by
Purge Haplotigs, DNA sequences from bacterial contaminants
and other organisms might be also included in the C. japonicum
genome assembly (Supplementary Figure 2).

We identified 0–2,280 SNPs by de novo analysis and 132–
5,884 SNPs by mapping analysis (Figure 2). We detected 3–15
times more SNPs by mapping analysis than by de novo analysis
when comparing with the same missing data ratio (r). BayeScan

indicated that all the SNPs were neutral (q > 0.05). FIS (variant
positions) values were significantly higher (P > 0.05) in de novo
analysis than in mapping analysis (Figure 3). The number of
SNPs that deviated from HWE was 1,813 out of 2,280 SNPs
(79.5%) for de novo analysis and 223 out of 892 SNPs (25.0%)
for mapping analysis.

Spatial Autocorrelation Analysis
Spatial autocorrelation analysis was performed with 15 different
classes of distance (1–15 km) using different ratios of missing
data and numbers of SNPs based on both de novo analysis and
mapping analysis.

Overall, when using a sufficient number of loci (>700 SNPs,
Figure 2 and Supplementary Table 2), both de novo analysis
and mapping analysis showed similar results (Figure 2 and
Supplementary Table 2); the maximum distances up to which the
significant genetic structure detected were 11 km for the mapping
analysis and 9 km for de novo analysis. However, the mapping
analysis detected a wider range of significantly positive structures
for the x-intercepts (summarized in Figure 2 and Supplementary
Table 2); the range of x-intercepts was from 5.04 km (r = 0.6)
to 10.52 km (r = 0.5) for the de novo analysis and from 5.63 km
(r = 0.5) to 12.32 km (r = 0.9) for the mapping analysis (Figure 2
and Supplementary Table 2).

The correlograms based on de novo analysis (r = 0.5, 2,280
SNPs) and mapping analysis (r = 0.9, 892 SNPs) indicated similar
results (Figure 4). When using the 2 km distance class, the
correlation values were positive and significant up to 4 km and

FIGURE 2 | Outcomes of spatial genetic autocorrelation analysis with the different distance classes (1–15 km) using different ratios of missing data per locus
(r = 0.5–1.0; r–1.0 for de novo was failed). Note that the x-intercepts were converted to zero when the correlation was not significantly different from zero and shown
in gray. The color counter reflects the size of the x-intercept (lighter colors indicate smaller x-intercept values).
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FIGURE 3 | Boxplot showing the relationship between π (A), expected
heterozygosity (B) and FIS (C) using SNPs obtained by de novo and mapping.

significantly negative from 8 km with an x-intercept of 6.18 km
(de novo analysis, Figure 4A) and positive and significant up to
2 km and significantly negative from 8 km with an x-intercept
of 5.73 km (mapping analysis, Figure 4C). When using the
5 km distance class, the correlation values were positive and
significant up to 5 km, and negative and significant from 10
to 15 km, with an x-intercept of 7.57 km (de novo analysis,
Figure 4B) and 7.86 km (mapping analysis, Figure 4D). The
correlograms (including most correlograms in our data) show
oscillations of high and low autocorrelation for negative and
significant rs values (Figure 4), indicating chaotic spatial patterns
of genetic relatedness of C. japonicum at these scales. Such
positive autocorrelation in a short distance class indicates limited
larval dispersal within the sampling site (Peakall et al., 2003).

The Number of SNPs Required for
Detecting SGS
To examine the minimum number of SNPs required to detect
significant SGS, analysis was performed at r = 0.7–0.8 for de novo
analysis and r = 0.9–1.0 for mapping analysis with an interval
of 0.01. De novo analysis could detect significant SGS when
using > 516 SNPs (r = 0.72), while the mapping data could detect
significant SGS when using > 690 SNPs (r = 0.93), indicating that
more than 700 neutral SNPs obtained by MIG-seq are sufficient
to detect significant SGS in our C. japonicum dataset (Figure 2
and Supplementary Table 3).

DISCUSSION

Estimating the spatial extent of gamete and larval dispersal is
important for defining the size of a population and assessing the
conservation management unit of marine organisms, although
it has been challenging, especially for deep-sea organisms whose
spawning period and PLD are unknown. In this study, we showed
that both de novo analysis and mapping analysis are useful for
detecting significant SGS when using a sufficient number of loci
(> 700 SNPs), although mapping analysis has more advantages in
obtaining a larger number of SNPs with a lower ratio of missing

data. Furthermore, we demonstrated that the size of C. japonicum
population that withstands frequent gamete and larval dispersal
is within an area of less than 11 km off the Kochi area.

Robustness of Detecting SGS Using de
novo Analysis and Mapping Analysis in
MIG-Seq Analysis
Many population genetic inferences based on high-throughput
sequence data are influenced by bioinformatic pipelines on
population genetic parameters, but this field has received little
attention (Shafer et al., 2017). Thus, a comparative analysis of
the robustness of different parameter settings for de novo analysis
and mapping analysis to detect SGS would help fill the knowledge
gap. This study suggests that significant SGS and comparative
results with the mapping method can be obtained even without
reference genome sequence data when a sufficient number of loci
is used (>700 SNPs).

All genetic diversity statistics, FIS, were higher in de novo
analysis than in mapping analysis. A larger number of SNPs
significantly deviated from HWE in de novo analysis than in
mapping analysis. Mapping analysis using reference genome
sequences has more advantages in distinguishing repetitive
and/or duplicated regions from real SNPs than de novo analysis.
It is likely that some of the SNPs obtained by de novo analysis
included some repetitive and/or duplicated regions that resulted
in higher genetic diversity and inbreeding coefficient. Similar to
the present study, Shafer et al. (2017) also calculated summary
statistics to confirm the validity of the results obtained by de
novo and mapping analyses based on the RAD-seq data. They
reported that mapping on a close reference genome detected
more SNPs and reduced FIS. In the present study, we found
that the mapping analysis could detect a wider spatial extent
of positive significant structure (up to 11 km) when using a
moderate number of SNPs with a lower proportion of missing
data (r = 0.9). Arnold et al. (2013) showed that the summary
statistics can deviate from true values and biases subsequent to
population genetic analysis. Therefore, it is also possible that a
higher proportion of missing data in de novo analysis failed to
detect significant SGS. As previously recommended by Shafer
et al. (2017), we also conclude that employing reference-based
approaches wherever possible is preferable.

Balance Between the Number of Loci
and the Ratio of Missing Data for SGS
Analysis
In high-throughput sequencing of reduced representation
libraries, it is difficult to choose between “a large number of
SNPs with a lot of missing data” and “a small number of SNPs
with a small amount of missing data.” Although a few studies
have examined the impact of missing data obtained by RAD-
seq on population genetics (Arnold et al., 2013; Buerkle and
Gompert, 2013) and phylogenetic analysis (Roure et al., 2013;
Huang and Knowles, 2016), to the best of our knowledge, the
present study is the first to empirically examine the balance
between the number of SNPs and the ratio of missing data for
SGS analysis using MIG-seq data.
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FIGURE 4 | Correlograms showing the spatial autocorrelation rs (here “rs” is used instead of “r” that is generally used for correlation coefficient of spatial
autocorrelation analysis to avoid confusion with the ratio of missing data per locus “r”) across as a function of distance, 95% confidence interval about the null
hypothesis of a random distribution of C. japonicum, and 95% confidence error bars about rs as determined by bootstrapping. Autocorrelation for distance class
size of (A) 2 km using de novo (2,280 SNPs), (B) 5 km using de novo (2,280 SNPs), (C) 2 km using mapping method (892 SNPs), and (D) 5 km using mapping
method (892 SNPs).

Significant SGS was detected when using > 516 SNPs (r = 0.72)
for de novo analysis and 690 SNPs (r = 0.93) for mapping
analysis, indicating that approximately > 700 SNPs are necessary
to detect significant SGS using MIG-seq data. Our results imply
that choosing “a large number of SNPs with a lot of missing data”
is more efficient than choosing “a small number of SNPs with a
small amount of missing data” to detect significant SGS. Spatial
autocorrelation analysis examines genetic relatedness among
different individuals. Examining the relative genetic distance
among such genetically close kinships may require a relatively
large number of SNPs, even with relatively high missing data.
In phylogenetic analysis, even though missing data have adverse
effects, such as decreasing resolving power and the detection of
multiple substitutions (Roure et al., 2013), empirical studies have
suggested that a large number of SNPs despite a large amount of
missing data has a higher resolution in providing phylogenetic
inferences (Rubin et al., 2012; Wagner et al., 2013).

Although a sufficient number of loci is important for detecting
significant SGS, a smaller ratio of missing data in mapping
analysis (r = 0.9) can detect significant SGS in a wider
geographical range, implying that missing data may also slightly
influence the robustness of detecting significant SGS.

Gamete and Larval Dispersal of
C. japonicum Estimated by SGS Analysis
Spatial autocorrelation analysis is a theoretically well-established
method to estimate the extent of dispersal of target species
(e.g., Epperson and Li, 1996). Spatial autocorrelation analysis

of C. japonicum based on MIG-seq loci revealed a pattern
of significant positive local genetic structure, suggesting that
proximate C. japonica colonies are genetically more similar
than the distant colonies. Generally, the first x-intercept of the
correlogram provides an estimate of the extent of positive genetic
structure that is interconnected by dispersal (Peakall et al., 2003);
it is also proposed to be used for deciding the management
unit for conservation and to establish sampling strategies (Diniz-
Filho and Telles, 2002). However, the x-intercept is largely
dependent on the interaction among pre-defined distance-class
size, unknown genetic structure, and the associated number of
samples per distance class (Peakall et al., 2003). As suggested by
Peakall et al. (2003), we examined the maximum first distance
class by calculating SGS using different distance classes. We
interpreted the distance class at which the estimation of r was no
longer significant enough to serve as the maximum extent of the
C. japonicum population that was formed by gamete and larval
dispersal in the Kochi area. In the present study, we detected
11 km of significant maximum SGS with (mapping method
r = 0.9, 892 SNPs) indicating that the spatial extent of gamete and
larval dispersal occurred within this scale.

The SGS (<11 km) estimated for C. japonicum was larger
than that of another Coralliidae coral Corallium rubrum
(< 40 cm) that was revealed using microsatellite loci in a
previous study (Ledoux et al., 2010; Costantini et al., 2018).
Differences in habitat environments could be attributed
to this difference; C. japonicum lives in a relatively open
continental shelf deep-sea, while the C. rubrum sampled
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in Costantini et al. (2007, 2018) and Ledoux et al. (2010)
lived in a shallow, semi-closed cave. Further SGS studies
using C. rubrum specimens obtained from deep water (e.g.,
deeper than 100 m, Costantini et al., 2010, 2013) would be
useful to test this hypothesis. Alternatively, it is possible
that broadcast spawner C. japonicum (Kishinouye, 1904)
has more gamete and larval dispersal potential than the
brooder C. rubrum (Lacaze-Duthiers, 1864). Generally,
broadcast spawners have greater dispersal potential than
brooding coral species (e.g., Nishikawa et al., 2003). Similarly,
a brooder scleractinian coral in shallow water, Seriatopora
hystrix (Fan et al., 2002), has significant SGS within 100 m
(Underwood et al., 2007), which is also a smaller scale of
dispersal than that of C. japonicum. In contrast, another
brooding coral, but with a relatively long larval dispersal
period (Pocillopora damicornis, 100 days) (Harii et al., 2002),
has larger SGS (60 km, Thomas et al., 2014), indicating
that the reproductive strategy alone cannot predict the
spatial genetic extent.

Our data suggest the extent of a population of C. japonicum
off Kochi is less than 11 km and intensive coral sampling
within 11 km in diameter would result in failure of local
reproduction and subsequently cause local extinction. Although
different locations may have different environmental conditions
and local coral densities, a population size of 11 km in the
main coral fishing ground (relatively high coral density in
Kochi (Cannas et al., 2019)) implies that the extent of a
population in other areas with a lower population density may
be smaller than 11 km.

CONCLUSION

In this study, we demonstrated that both de novo and
mapping analyses using MIG-seq are effective in detecting
significant SGS for C. japonicum populations when a sufficient
number of loci (>700 SNPs) are used. Mapping analysis is
preferred, as it is more robust in detecting SGS by using
accurate SNPs data with lesser missing data. The results
suggest that avoiding intensive coral fishing within 11 km
is important for the conservation of C. japonicum in the
Kochi area. Collectively, the findings of this study provide
important implications for the development of conservation
strategies for C. japonicum. Further spatial genetic analysis of
deep-sea species using genome-wide SNPs would be useful
to understand undetectable dispersal that is important for
marine conservation.
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