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Recurring outbreaks of crown-of-thorns starfish (COTS) severely damage healthy corals,
especially in the Western Pacific Ocean. To obtain a better understanding of population
genetics of COTS and historical colonization across the Pacific Ocean, complete
mitochondrial genomes were sequenced from 243 individuals collected in 11 reef
regions. Our results indicate that Pacific COTS (Acanthaster cf. solaris) comprise two
major clades, an East-Central Pacific (ECP) clade and a Pan-Pacific (PP) clade, separation
of which was supported by high bootstrap value. The ECP clade consists of COTS from
French Polynesia, Fiji, Vanuatu and the Great Barrier Reef (GBR). The Hawaii population is
unique within this clade, while California COTS are included in EPC clade. On the other
hand, the PP clade comprises multiple lineages that contain COTS from Vietnam, the
Philippines, Japan, Papua New Guinea, Micronesia, the Marshall Islands, GBR, Vanuatu,
Fiji and French Polynesia. For example, a lineage of the PP clade, which has the largest
geographic distribution, includes COTS from all of these locations. These results suggest
two alternative histories of current geographic distributions of COTS in the Pacific Ocean,
an ECP clade ancestry or Western Pacific clade ancestry. Although further questions
remain to be explored, this discovery provides an evolutionary context for the
interpretation of COTS population structure which will aid future coral reef research in
the Pacific Ocean, and ultimately improve reef management of COTS.

Keywords: crown-of-thorns starfish (COTS), Pacific Ocean, population genetics, complete mitochondrial genome
sequences, two hidden clades
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INTRODUCTION

Coral reefs are the most biodiverse marine ecosystems, and
because they nurture edible marine species, furnish
biochemicals and novel pharmaceutical leads, provide coastal
protection and employment, and contribute to regional cultures,
invested marine managers, communities and governments are
calling for their preservation (De’ath et al., 2012; Selmoni et al.,
2020). However, many coral reefs are currently experiencing
severe, cumulative disturbances, including coral bleaching
(Hughes et al., 2017), cyclones/typhoons (Harmelin-Vivien,
1994), and massive outbreaks of crown-of-thorns starfish
(COTS) (Birkeland and Lucas, 1990; Yasuda et al., 2009;
Timmers et al., 2012; Hughes et al., 2014; Yasuda, 2018).

COTS are considered the major and most destructive
predators of reef-building corals in the Indo-Pacific (Birkeland,
1990). In this study, we use the following terminology to describe
COTS: Acanthaster planci, sensu lato to designate COTS that
exist in both the Indian and Pacific Oceans, A. planci to refer to
those in the Indian Ocean and A. cf. solaris to indicate COTS in
the Pacific Ocean (Haszprunar and Spies, 2014). Although COTS
are highly fecund (Birkeland and Lucas, 1990), under normal,
undisturbed conditions COTS populations remain relatively
constant and their impacts on coral communities negligible
(Fabricius et al., 2010) (Figure 1A). However, in the past
several decades anthropogenic activities have adversely affected
the marine environment, two major impacts being an increased
discharge of nutrients (Fabricius et al., 2010) and climate change
(Uthicke et al., 2013). These factors have been linked to increased
COTS pelagic larval duration (PLD) (Yamaguchi, 1973; Lucas,
1982), and this relatively long PLD, up to several weeks, is
Frontiers in Marine Science | www.frontiersin.org 2
strongly implicated in enlargement of the original population
and an expansion into new habitats with comparatively
homogeneous populations across widespread localities
(Birkeland and Lucas, 1990; Vogler et al., 2013). In association
with strong ocean currents, the lengthy PLD is also hypothesized
to cause successive secondary population outbreaks of COTS
(Figure 1B), especially in the Great Barrier Reef (GBR) of
Australia and in the Ryukyu Archipelago (RA) of Japan
(Birkeland and Lucas, 1990; Benzie and Stoddart, 1992;
Kenchington, 1997; Yasuda et al., 2009; Pratchett et al., 2017).
These outbreaks can cause substantial loss of coral cover, thereby
diminishing the integrity and resilience of reef ecosystems
(Timmers et al., 2012; Hughes et al., 2014). In the GBR, 42%
of coral reef damage is attributed to COTS predation (De’ath
et al., 2012). Similarly, in the RA of Japan, at least two waves of
chronic and successive outbreaks spanning 60 years have
decimated corals (Yasuda, 2018). Since 2000, over 980,000
COTS have been removed from reefs of Amami Island and the
Ryukyus (Nakamura et al., 2014; Yasuda, 2018) (website http://
www.churaumi.net/onihitode/onihitode1.html), and from 2011
well over 300,000 COTS have been culled in the GBR (website
http://www.environment.gov.au/marine/gbr/case-studies/
crown-of-thorns) with further expansion of this program in 2018
removing an additional ~300,000 (https://www.gbrmpa.gov.au/
our-work/our-programs-and-projects/crown-of-thorns-starfish-
management/crown-of-thorns-starfish-project-dashboard).
These programs highlight the protracted nature and high cost of
maintaining healthy coral reefs. COTS larval dispersal, therefore,
has intensively been studied in the Pacific Ocean (Benzie, 1992;
Yasuda et al., 2009; Yasuda et al., 2014; Harrison et al., 2017;
Pratchett et al., 2017).
FIGURE 1 | (A) An adult of crown-of-thorns starfish (COTS) on reef-building corals. (B) An outbreak of COTS covering and eating scleractinian corals, causing
severe damage to the reef. (C) Collection sites of COTS in the Pacific Ocean. 243 COTS were collected at 23 locations in 14 countries, representing 11 reef regions:
French Polynesia (Bora Bora, Moorea, Raiatea and Tahiti), Fiji, Vanuatu, Great Barrier Reef of Australia (GBR; Clack and Shell Reefs), Papua New Guinea (PNG), the
Philippines, Vietnam, Japan, Micronesia, the Marshall Islands, and USA (Hawaii and California). Locations in Japan and French Polynesia are enlarged in (a, b).
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Mitochondrial DNA (mtDNA) strictly inherits maternally,
lacks recombination, and has a low effective population size (1/
4th of nuclear genes) with a high mutation rate, and thus the
comparison of mtDNA sequences has strong advantages in
phylogeographic analysis (Avise, 2000). Based on partial
mitochondrial gene [cytochrome oxidase subunit I (COI)]
sequences, Vogler et al. (2008) reported the presence of four
geographically distributed COTS lineages in the Indo-Pacific,
two in the Indian Ocean (Northern and Southern), one in the
Red Sea, and one in the Pacific Ocean. In addition, studies using
either genes of mitochondrial COI, II and III or nuclear
microsatellite locus heterozygosity, or both, have demonstrated
a genetically homogenous pattern of A. cf. solaris in the Western
Pacific (Vogler et al., 2013; Tusso et al., 2016), as well as in
regions associated with western boundary currents (Yasuda et al.,
2009), the Hawaiian Islands (Timmers et al., 2011), French
Polynesia (Yasuda et al., 2015), and the GBR (Harrison et al.,
2017). However, no reports explored population structures of
COTS in the entire Pacific Ocean.

Our previous study determined the complete mtDNA
sequences of 10 individuals of the three starfish, Asterias
amurensis (16,421 bp), Linckia laevigata (16,229 bp) and
Acanthaster cf. solaris (16,235 bp) each to infer their
population genetics, and we showed this method is more
informative than partial sequence comparison for starfish
population genetics (Inoue et al., 2020). Here, we sequenced
the complete mtDNA of 243 COTS specimens collected from 11
representative localities of the Pacific and conducted molecular
phylogenetic analyses to reconstruct detailed genetic geography
of Pacific COTS. With this information we considered the
question: Are COTS populations in the Pacific genetically
homogenous or do they exist as separated lineages as in the
case of A. planci in the Indian Ocean? Such information might
provide clues essential for future management of massive
outbreaks of COTS in the Pacific Ocean.
MATERIALS AND METHODS

Acanthaster cf. solaris
A total of 243 adult COTS (Acanthaster cf. solaris) were collected
between 2006 and 2018 at reefs in the Pacific Ocean (Figure 1C).
Their average size was 20 cm in diameter. Fifty-three specimens
were collected in French Polynesia, including 13 specimens from
Bora-Bora, 16 from Moorea, 9 from Raiatea, and 15 from Tahiti
(Supplementary Table 1). Ten specimens were collected from
Fiji, 31 from Vanuatu, and 20 from the GBR (10 each from Clack
and Shell Reefs). We collected 9 specimens from Papua New
Guinea, 4 from the Philippines, 10 from Vietnam, 48 from the
Ryukyu Archipelago of Japan and 29 from the Kagoshima
Islands of Japan (Supplementary Table 1). A further 9
specimens from Micronesia, 8 from the Marshall Islands, and
12 from the USA (9 from Hawaii and 3 from California) were
also collected. Collection sites and sample numbers are reported
in Supplementary Table 1.
Frontiers in Marine Science | www.frontiersin.org 3
DNA Sequencing and Assembly of
Mitochondria Genomes
Tube feet of adult COTS were dissected with scissors and fixed in
99.5% ethanol. Specimens were kept at 4°C until use for DNA
sequencing. Nuclear and mtDNA were extracted using the
automated Nextractor® NX-48S system. Extraction was
performed following the manufacturer’s protocol using an NX-
48 Tissue DNA kit (Genolution Inc., Seoul, Korea). Tube foot
tissue was incubated in lysis buffer overnight and extracted DNA
was purified with Agencourt AMPure XP magnetic beads
immediately before library preparation. DNA concentration
was determined with Qubit dsDNA broad range (Thermo
Scientific Inc., USA), and the quality of high molecular-weight
DNA was checked using an Agilent 4150 TapeStation (Agilent,
USA). PCR-free shotgun libraries were constructed using
NEBNext® Ultra™ II FS DNA Library Prep Kits for Illumina
(New England BioLabs Inc, UK), following the manufacturer’s
protocols. Sequencing was performed using an Illumina NovaSeq
6000 sequencer (Illumina Inc., USA).

Approximately 10X coverage of nuclear genome DNA
sequences were obtained. Paired-end reads were assembled using
NOVOPlasty 2.6.3 (Dierckxsens et al., 2017) with the default
settings. Sequencing errors were checked by comparing published
sequences of A. planci (A. cf. solaris) (accession number,
NC_007788.1) and A. brevispinus (NC_007789.1) (Yasuda et al.,
2006). Many of the longer scaffolds analyzed using MitoAnnotator
(Iwasaki et al., 2013) showed that they formed the circular structure
of the mitochondrial genome. Specifically, the genome consists of a
gene set of cytochromeoxidase subunits I, II and III (COI,COII and
COIII), cytochrome b (Cyt b), NADH dehydrogenase subunits 1-6
and 4L (ND1-6 and 4L), ATPase subunits 6 and 8 (ATPase6 and 8),
two rRNAs, and 22 transfer RNAs (tRNA) (see Figure 1 of Inoue
et al., 2020). We used sequences of only circulated mtDNAs for
further analyses.

As mentioned above, we used 243 individuals representing 11
coral reef regions of the Pacific Ocean (Figure 1C) and
determined the complete mtDNA sequences (16,210~16,246
bp, depending on the individual) of all specimens. Genome
sequencing coverage per individual was 1,827X on average,
ranging from 34X to 136,220X, indicating the data robustness
from each specimen. We unambiguously aligned 16,218 bp
sequences, including 1,822 variable sites, which were used for
an unrooted tree analysis (Figure 2), a rooted tree analysis
(Figure 3) and principal component analysis (PCA) (Figure 4).

Phylogenetic Analysis
An unrooted tree was constructed as follows. Whole mtDNA
sequences were aligned using MAFFT (Katoh et al., 2005) with
the default settings. Multiple sequence alignments were trimmed
by removing poorly aligned regions using TRIMAL 1.2 (Capella-
Gutiérrez et al., 2009) with the option “gappyout.” The
maximum likelihood (ML) trees were created using RAxML
8.2.6 (Stamatakis, 2014). Trees were estimated with the “-f a”
option, which invokes rapid bootstrap analysis with 1000
replicates. Trees were displayed using iTOL (Letunic and
Bork, 2021).
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For a rooted tree, we selected A. planci of the Indian Ocean as
an outgroup. Whole mtDNA sequences of A. planci, two
individuals from Eilat South Reef (Red Sea) (LC566218.1 and
LC566219.1), two from Maldives (LC566223.1 and LC566224.1)
and five from Racha Yai Island (Thailand) (LC566230.1,
LC566231.1, LC566232.1, LC566233.1, and LC566234.1) were
retrieved from NCBI (https://www.ncbi.nlm.nih.gov/bioproject/
751773). The tree was constructed using the same method as in
the case of the unrooted tree.

Principal Component Analysis (PCA)
Population structures were analyzed using model-free
approaches. Based on complete mtDNA sequences, PCA was
performed on all individuals, using PLINK 1.9 (Purcell and
Chang, 2015). Pairwise genetic distances among localities were
estimated with Weir and Cockerham’s FST (Weir and
Cockerham, 1984) and Nei’s genetic distance (Nei, 1972) using
StAMPP (Pembleton et al., 2013).

Divergence Time Estimation
Among the class Asteroidea, the genus Luidia belongs to the order
Paxillosida and the genera Linckia and Acanthaster to the order
Valvatida. O’Hara et al. (2014) estimated that the divergence of the
two orders occurred approximately 185 million years ago (MYA).
Using this divergence date and by comparing complete mtDNA
sequences, we previously estimated the divergence time betweenA.
brevispinus and A. planci (A. cf. solaris) (Lucas and Jones, 1976) as
21 MYA (Figure 5A) (Inoue et al., 2020). Since in this study
mtDNA sequence of A. brevispinus (accession number,
NC_007789.1) was added as an outgroup species, thus
unambiguously aligned sequences of 16,219 bp, including 3,159
variable sites, were used for rooted tree analyses. Referring to Inoue
et al. (2020), a time calibrated tree of populations was roughly
estimated using RelTime (Tamura et al., 2012), as implemented in
MEGA X (Kumar et al., 2018).
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RESULTS

We compared all mtDNA sequences of 243 individuals of COTS
and obtained unambiguously aligned 16,218 bp sequences
including 1,822 variable sites (Supplementary Figure 1). The
variable sites were not evenly distributed in the genome
(Supplementary Table 2). Higher rates of variation appeared
in the non-coding D-loop region (0.36% on average), as well as in
the protein coding sequences (0.13% on average) and rRNA
sequences (0.11% on average) (Supplementary Table 2). tRNA
sequences showed less variability (0.06% on average). All
information was used for phylogenetic analyses.
Two Major COTS Clades Exist in the
Pacific Ocean
An unrooted tree analysis
An unrooted tree analysis indicated that COTS populations in
the Pacific represent two major clades, tentatively called the East-
Central Pacific (ECP) clade and Pan-Pacific (PP) clade
(Figure 2). Diversification of the clades was evident by a long
branch distance between the two in the tree. That is, the two
clades are separated by 0.004 mtDNA sequence substitutions per
site (Figure 2). However, no differences in the mitochondrial
genome architecture were detected between the two clades.

TheECPclade consists offour sub lineages, EP(EasternPacific)-
L (lineage), ECP-L1, ECP-L2, and ECP-H (Hawaii) (Figure 2).
Although the Hawaii population appeared more independent, we
here included it in the ECP clade. The PP clade comprises three
major lineages, PP-L1, PP-L2, and PP-L3, the latter of which was
further divided into six sub lineages, PP-L3A, PP-L3B, PP-L3C, PP-
L3D, PP-L3E, and PP-L3F (Figure 2). An individual collected on
the GBR, from which the nuclear genome was sequenced (Hall et
al., 2017), belonged to PP-L3B while a genome-decoded OKI
individual belonged to PP-L3F (shown by red in Figure 2).
FIGURE 2 | An unrooted phylogenetic tree of individual COTS using the maximum-likelihood (ML) method, based on entire mitochondrial genome sequences
(16,218 bp, including 1,822 variable sites), indicating the separation of two clades, Eastern-Central Pacific and Pan Pacific. Red arrowheads indicate sequences
(OKI and GBR) decoded in the genome paper (Hall et al., 2017).
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A Rooted Tree Analysis
A rooted tree analysis using Indian Ocean A. planci as an
outgroup also revealed two clades of Pacific COTS (Figure 3).
The ECP clade was supported by 92% of bootstrap 1000-times
replications and PP clade by 100%.

Among the ECP COTS, ECP-H diverged first, then EP-L and
ECP-L1/ECP-L2 (Figures 3A, B). The grouping of ECP-H, EP-L,
ECP-L1 and ECP-L2 was supported by 100% bootstrap value,
respectively. Three lineages of the PP clade, PP-L1, PP-L2, and
PP-L3 were supported by 85, 100 and 86%, respectively
(Figures 3A, C).

The rooted tree established the Indian Ocean COTS from the
Red Sea and those from the Southern Indian Ocean belonged to
Frontiers in Marine Science | www.frontiersin.org 5
the same clade with 100% bootstrap support (Figure 3A). An
analysis by Vogler et al. (2008) of the four geographically
distributed COTS lineages in the Indo-Pacific showed that
COTS of the Northern and Southern Indian Oceans form a
clade (more than 90% bootstrap support) while Red Sea COTS
form another clade with Pacific COTS, although bootstrap
support value was low (less than 70%). However, the present
comparison of the complete set of mtDNA sequences showed
that Red Sea COTS were more closely aligned with Indian Ocean
COTS with 100% bootstrap support (Figure 3A). This supports
the notion of their being two clades of A. planci, sensu lato, that is
A. planci in the Indian Ocean plus Red Sea, and A. cf. solaris in
the Pacific Ocean.
A B

C

FIGURE 3 | A rooted phylogenetic tree of Acanthaster cf. solaris using the maximum-likelihood (ML) method, based on entire mitochondrial genome sequences
(16,219 bp, including 1,822 variable sites). The A. planci of the Indian Ocean was used for rooting. Numbers at some nodes indicate bootstrap values based on
1000 replicates for internal branch support. Arrowheads at the right indicate sequences (OKI and GBR) decoded in the genome paper (Hall et al., 2017).
(A) indicates the entire phylogeny, (B) is an enlargement of ECP clade, and (C) is for PP clade.
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A B

FIGURE 5 | Estimated divergence times (A) between different species of starfish based on Inoue et al. (2020) and (B) those between different lineages of COTS (shown
by red numerals). The estimation was based on the RelTime method using 21 MYA as the diversification time between of Acanthaster brevispinus and A. cf. solaris.
FIGURE 4 | Principle Component Analysis identifies five COTS populations, PP-C, and four lineages of ECP-C, EP-L, ECP-L1, ECP-L2, and ECP-H. PP-C contains
COTS collected from all the Pan Pacific countries except for USA, suggesting that these populations are expanded from a common ancestor population. Color
codes are shown at the right side.
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Secondly, the difference of branch length between populations
of A. planci and that of A. cf. solaris was extensive (Figure 3A).
Compared with the longer branch length of Indian Ocean COTS,
the length of Pacific Ocean COTS was quite short, suggesting the
time interval required for local colonization of this COTS across
the entire Pacific Ocean was comparatively short.

Principal Component Analysis (PCA)
PCA of specimens from all sampling locations (Supplementary
Table 1) supported the results of molecular phylogenetic analyses
(Figure 4). PCA resulted in five unique groups, corresponding to
EP-L, ECP-L1, EPC-L2, ECP-H, and PP-L, respectively. Notably, a
mixture of COTS from all locations across the Pacific was evident
in PP-L (Figure 4, upper right corner). When compared to
molecular phylogeny results (Figures 2, 3), grouping of EP-L,
ECP-L1 and ECP-H was more strongly demonstrated in PCA
(Figure 4). PCA also suggested an affinity of ECP-L2 with PP-L,
although this was not as strong (Figure 4).

Population Structure of the East-Central
Pacific Clade
The molecular phylogenetic analyses presented above showed
that the ECP COTS clade consists of four sub-lineages, EP-L,
ECP-L1, ECP-L2, and ECP-H (Figures 2, 3). The EP-L consists
of COTS from French Polynesia (Tahiti, Bora Bora, Moorea, and
Raiatea) and two individuals from California as one separate sub-
clade (Figure 3B). The ECP-L1 contains COTS from French
Polynesia, plus an individual from California and Fiji each
(Figure 3B). On the other hand, the ECP-L2 comprises two
subgroups, but both include COTS of French Polynesia, Fiji,
Vanuatu, and GBR (Clack and Shell Reefs). The ECP-H was
composed of individuals only from Hawaii (Figures 2, 3).

Two results of particular interest are related to COTS from
California and those from Hawaii. First, the two California COTS
pertain to ECP-C, one belonging to EP-L and the other to ECP-L1
(Figure 3B). Second, ten Hawaiian COTS formed a discrete group
(ECP-H) near the root position and did not include individuals
from any other Pacific reefs. This genetic isolation is exceptional
but is supported by 100% bootstrap (Figure 3A).

Population Structure of the Pan
Pacific Clade
In addition to the four lineages of ECP-C, all of which are
comparatively well separated or isolated, two of the three lineages
or subgroups of PP-C, that is, PP-L1, PP-L2 and PP-L3, were
supported by higher bootstrap values, returning 85%, 100%, and
74%, respectively (Figure 3C). PP-L1 included COTS from the
Philippines and Japan, and PP-L2 comprised starfish from Fiji,
Vanuatu, and Japan, both branched earlier and were separated
from the PP-L3 lineages (Figures 2, 3C).

PP-L3 was a very large group, including not only Western
Pacific COTS, but also Eastern Pacific populations from French
Polynesia, Fiji, Vanuatu,GBR, PapuaNewGuinea, thePhilippines,
Japan, Micronesia, and the Marshall Islands. It consists of six
lineages (PP-L3A to PP-L3F) that are not strictly geographically
defined, in that each subgroup comprises individuals from several
Frontiers in Marine Science | www.frontiersin.org 7
of these areas, except for PP-L3A that was comprised of COTS of
thePhilippines,Vietnamand Japan (Figure3C).Of special interest
is PP-L3B,whichhad the largest geographic distribution, including
COTS from all locations of French Polynesia, Fiji, Vanuatu, GBR,
Papua New Guinea, the Philippines, Vietnam, Japan, Micronesia,
and theMarshall Islands. PP-L3Calso includesCOTS fromvarious
locations including Vanuatu, GBR, Papua New Guinea, Japan,
Micronesia, and the Marshall Islands (Figure 3C). PP-L3D
consists of COTS not only from Japan, Micronesia and the
Marshall Islands, but also Fiji. PP-L3E includes COTS from
Japan, GBR, Vanuatu, and Micronesia. On the other hand,
PP-L3F appears to be a lineage more specific to East Asia,
comprising COTS populations in the Philippines, Vietnam, and
Japan (Figure 3C).

Divergence Time Estimation
Vogler et al. (2008) estimated that the four clades of A. planci,
sensu lato have diverged in the Pliocene-Early Pleistocene, 1.92-
3.65 MYA. Using the entire mtDNA sequence of A. brevispinus as
an outgroup (see Method), we estimated the divergence time of A.
cf. solaris (Figure 5B). Our results indicated that the divergence of
PP-C from a common ancestor with ECP-C occurred 2.9
(confidence interval: 2.2–3.7) MYA (Figure 5B). Divergence of
PP-L1 and PP-L2/3 occurred around 1.1 (0.8–1.5) MYA and that
of PP-L2 and PP-L3 1.0 (0.7–1.5) MYA. Divergence of six sub-
lineages of PP-L3, (L3A to L3F) apparently occurred approximately
0.7 MYA, with a range from 0.8 (0.5–1.1) to 0.6 (0.4–0.8) MYA
(Figure 5B). This suggests that COTS of PP-C diverged more
recently and coincidently compared to those of ECP-C.
DISCUSSION

COTS Population Structures in the
Pacific Ocean
The present study broadly analyzed phylogeography of COTS in
the Pacific Ocean. Based on comparisons of complete mtDNA
sequences, COTS in the Pacific are genetically subdivided into
two major clades, ECP-C and PP-C (Figures 2, 3). The ECP-C
comprises of COTS of French Polynesia, Fiji, Vanuatu, and GBR.
In addition, COTS of California and Hawaii are included in this
clade, the latter forming a discrete population as ECP-H. On the
other hand, PP-C comprises of COTS from all collection sites
across the Pacific. These results agree well with previous studies,
suggesting that North Central Pacific COTS, including those
from Hawaii, form a distinct clade among Pacific COTS
(Timmers et al., 2012; Vogler et al., 2013).

The two California COTS pertain to ECP-C, one belonging to
EP-L and the other to ECP-L1 (Figure 3). The external
morphology of the California COTS is significantly different
from counterparts in other areas of the Pacific. Specifically, they
tend to have shorter arms, and were initially classified as a separate
species,Acanthaster elichii (Birkeland and Lucas, 1990). However,
allozyme analysis revealed them to have stronger affinity to COTS
of theWestern Pacific than to their closest geographical neighbors,
the Hawaiian COTS, and were therefore reconfirmed as A. planci
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(Nishida and Lucas, 1988). This suggests a common ancestry for
Eastern Pacific COTS and California COTS. Accordingly,
Haszprunar and Spies (2014) classified all Pacific COTS as A. cf.
solaris. Therefore, the present result supports the notion that
California COTS share an ancestor with those in the Central
Pacific, and thus their assignment as A. cf. solaris.

The Hawaiian COTS population is discrete from other
populations (Timmers et al., 2012), being phylogenetically
categorized as ECP-H. Nishida and Lucas (1988) had
previously established this by allozyme analysis and postulated
that the independency of this population was likely due to i) the
absence of eastward currents at higher latitudes capable of
transporting larvae between the Hawaiian Islands and the
eastern Pacific, and ii) the North Equatorial Countercurrent
that could transport larvae eastward from the Line Islands to
the eastern Pacific. Given the distinct genetic distance and long-
term isolation, ECP-H might be a cryptic COTS species and
future nuclear genomic and ecological studies are warranted to
confirm this possibility.

Possible Scenarios of Historical COTS
Distribution in the Pacific Ocean
Phylogenetic categorization offers an opportunity to speculate on
the oceanic mechanisms that may have been involved in
establishing these distinct COTS populations in the Pacific and
the Indian Ocean (Figure 6).

History of the East-Central Pacific (ECP) COTS
The ECP clade was divided into four sub-groups, EP-L, ECP-L1,
ECP-L2 and ECP-H. The former three are distinguishable by their
geographic distributions, COTS of California and Hawaii having
already been discussed above. EP-L is confined to four locations of
French Polynesia + California, ECP-L1 encompasses French
Polynesia + California + Fiji, and ECP-L2 is confined to French
Frontiers in Marine Science | www.frontiersin.org 8
Polynesia, Vanuatu, and GBR. This sub-grouping suggests two
possible scenarios relative to their distributional history in the
Eastern and Central Pacific. One is the EP-L ancestry hypothesis,
whereby COTS that originated in French Polynesia experienced a
bottleneck-like founder effect resulting in a comparatively
homogenous genetic background (Yasuda et al., 2014). Then they
expanded into the central and western regions, ultimately reaching
the GBR. In contrast, in the ECP-L2 ancestry hypothesis, a
comparatively broad region encompassing GBR, Vanuatu, Fiji
and French Polynesia is the original source of COTS, from which
EP-L and ECP-L1 became established as separate, independent
lineages long ago. The early divergence of EP-L suggests the former
scenario is the more plausible. If this is the case, COTS of EPC
originated from EP-L and expanded toward the Western Pacific.

Irrespective of these discussions, the fact that ECP COTS are
confined to the Eastern and Central Pacific and are less affected by
anthropogenic factors strongly suggests that they are not prone to
majoroutbreaks, even thoughthey showlocal outbreaks (Birkeland,
1990). The smaller size of coral reefs and lower density of suitable
coral prey may also be limiting factors at times of outbreak.

History of the Western Pacific COTS
In contrast to the ECP clade, the PP clade comprises COTS from
across the entire Pacific, including more the highly populated
regions where massive expansions might have occurred
repeatedly (Figures 3C, 4, 6). PP-L contains COTS from
almost all regions of the Pacific, including French Polynesia,
Fiji, Vanuatu, GBR, Papua New Guinea, Vietnam, the
Philippines, Japan, Micronesia, and the Marshall Islands. The
two PP-L subgroups, PP-L3B and PP-L3C, both contain COTS
from all these localities. It is highly likely that this population
genetic profile reflects the trajectory of repeated population
expansions across the entire Pacific Ocean, with the exception
of the U.S. population. One possible explanation is that dispersal
FIGURE 6 | A summary diagram to show a possible historical colonization of COTS with main seawater currents in the Pacific. The Pacific hosts two major groups
of COTS. The East-Central Pacific group comprises COTS from French Polynesia, Fiji, Vanuatu, and the GBR (blue). The Pan Pacific group contains COTS from the
entire Western Pacific (purple). Blue arrows show the main currents in the Pacific Ocean. KC, Kuroshio Current; CC, California Current; NEC, North Equatorial
Current; ECC, Equatorial Countercurrent; SEC, South Equatorial Current; EAC, East Australian Current and NGCU, New Guinea Coastal Undercurrent.
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of long-lived COTS larvae spawned in the central Pacific is
facilitated by the South Equatorial Current, which flows at an
average velocity of 20 nautical miles per day from Fiji and
Vanuatu toward the GBR, where it bifurcates into the New
Guinea Coastal Undercurrent (Figure 6) (Sokolov and Rintoul,
2000; Treml et al., 2008). In combinationwith theNorth Equatorial
Current, which originates from the Californian Current, it
bifurcates into the strong Kuroshio Current that flows from the
northeastern Philippines toward Japan (Qiu and Lukas, 1996)
(Figure 6). An earlier divergence of PP-L2, which includes COTS
from Fiji and Vanuatu, suggests a contribution of these COTSwith
western Pacific populations via the southernmost branches of the
South Equatorial Current (Figure 6).

Another interesting observation here is that COTS of
Micronesia and the Marshall Islands are not members of EP-L,
but belong in PP-L. This suggests that the westward flow of the
South Equatorial Current into the Coral Sea may become
disrupted by complex topography, carrying larvae to the
intersection of the Equatorial Counter Current, which is an
eastward flowing, wind-driven current, thereby transporting
Eastern-Central COTS larvae toward California (Wyrtki,
1967) (Figure 6).

Further support linking repeated dispersal among the PP-L3
population comes from comparisons of the entire ~384-Mb
genome sequences of two COTS, one from the GBR and the
other from Okinawa (OKI), separated by over 5,000 km (Hall
et al., 2017). An unexpected result of the genome study was the
exceptionally low heterozygosity of the genomes, 0.88% and 0.92%
for the GBR and OKI populations, respectively. In addition,
reciprocal BLAST analysis of scaffolds longer than 10 kb showed
98.8% nucleotide identity between the GBR and OKI genomes,
evidence of the great similarity of their nuclear DNA sequences.
Together, the very strongresemblanceof thenuclear genomesof the
GBR and OKI individuals and their categorization as belonging to
the two closely related PP subclades, supports a common ancestor.

These results raise yet another possibility with respect to the
geographical extent of the distribution of various COTS lineages.
Most of the COTS that belong to ECP-L1 are from Vanuatu.
However, other Vanuatu COTS belong to PP-L2, PP-L3B, or PP-
L3E. Both lineages of COTS coexist in Vanuatu, one with the
capacity for large expansions and the other without. An objective of
future population genomics studies will be to sequence and
compare complete genomes of both ECP-L and PP-L COTS to
try and discover the genetic and genomic features that encode the
capacity for outbreaks. Although we postulate that the oldest
lineages of extant Pacific COTS originated from a broad Pacific
region, including Fuji, Vanuatu and GBR, all scenarios should be
examined by future studies using entire nuclear genome sequences.
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