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Marine ecosystems in temperate regions have been significantly affected by rising seawater temperatures due to climate change. Alveopora japonica, a small zooxanthellate scleractinian coral, occurs in the northwestern Pacific including Taiwan, Japan, and Jeju Island in Korea. The northern populations around Jeju Island have recently undergone rapid growth in numbers, with negative impacts on local biodiversity. However, it is unclear whether these Korean populations occurred historically and where they originate from. In this study, we investigated the phylogenetic relationships of A. japonica along with its endosymbiont Symbiodiniaceae across five geographic regions, including Jeju Island in Korea, Taiwan, and Japan. Nuclear internal transcribed spacer (ITS) sequences revealed unexpected species-level divergence among three distinct phylogenetic clusters (Korea, Taiwan, and Japan) with no sharing of haplotypes among lineages, suggesting these may each represent cryptic species in Alveopora. 23S ribosomal DNA of Symbiodiniaceae showed two well-separated phylogenetic clusters, in which Korean and Japanese symbionts shared the same clade and Taiwanese ones formed a distinct clade. Given the deep phylogenetic divergences among the lineages for both corals and Symbiodiniaceae, the Korean populations appear to have existed for a long evolutionary time period rather than representing a poleward migration from subtropical environments following recent climate change. Our study highlights cryptic species diversity in Alveopora at high-latitude environments.
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INTRODUCTION

Over the past century, ocean warming driven by global climate change has led to shifts in geographic ranges toward higher latitude environments for a number of marine species (O’Connor et al., 2015; Poloczanska et al., 2016). Northward range shifts, i.e., range expansions in response to rising sea surface temperatures, have also been frequently reported for tropical reef scleractinian corals (Precht and Aronson, 2004; Greenstein and Pandolfi, 2008; Yamano et al., 2011). In addition to poleward migration, climate changes have strong negative impacts on the scleractinian corals even in temperate areas, as they may suffer from ocean acidification in the future (Mollica et al., 2018). However, climate changes can also have positive effects on population growth (i.e., population expansion) of corals via modulating growth, reproduction and recruitment (Denis et al., 2014; Vieira et al., 2016) or by creating novel coral assemblages sometimes resistant to disease (Yakob and Mumby, 2011), particularly in temperate regions. It has been suggested that high-latitude environments in the northern hemisphere might serve as climate change “refugia” for tropical coral reef species threatened by the negative effects of climate change (Yamano et al., 2011; Beger et al., 2014).

“Sub-tropicalization” of high-latitude (or temperate) marine ecosystems accompanied by ocean warming has driven dramatic alterations in community structures and functions, and has been reported from around the world including in the Pacific, the Atlantic and the Mediterranean sea (Vergés et al., 2014). In the northwestern Pacific (NWP), the sub-tropicalization of pelagic and benthic communities in Korean waters, especially around Jeju Island located approximately 155–200 km off the southern tip of the Korean Peninsula, is believed to be currently under way (National Institute of Fisheries Science, 2012). This region has been reported as one of the fastest warming regions in the world, and the sea surface temperature around Jeju Island has risen by 1.6 to 2.1°C over the last 100 years (Takatsuki et al., 2007). Recently, incidences of sub-tropical fish and scleractinian coral species in temperate Korean waters have been frequently reported, even further north from Jeju Island (Kim et al., 2015).

The subtropical scleractinian coral A. japonica Eguchi, 1968 (Scleractinia; Acroporidae) (Eguchi, 1968) is a hermaphroditic brooding coral known to be the northernmost ranged species within the genus Alveopora (Harii et al., 2001). This species occurs in subtidal benthic habitats in NWP ranging from southern Taiwan through Jeju Island, Korea and to mainland Japan (Figure 1; Veron, 2000). A. japonica has benefited from recent environmental changes such as the increase in seawater temperatures in high-latitude habitats (Denis et al., 2013; Denis et al., 2014; Vieira et al., 2016). The Jeju Island populations have rapidly repopulated recently due to the accelerated recruitment rate along with a superior competitive ability for space (Denis et al., 2013; Denis et al., 2014). A recent ecological survey revealed that Jeju Island populations in Korea are now propagating rapidly, which has resulted in strong competition for space with the regionally dominant and ecologically and economically important kelp species Ecklonia cava (Denis et al., 2013). This may be due to parallel occurrences of kelp decreasing and scleractinian coral increasing due to the rising seawater temperature. Nonetheless, A. japonica appears to be competitively superior to E. cava, which has led to a dramatic decline in kelp populations, causing a significant loss in regional biodiversity, particularly for economically important fisheries (Denis et al., 2013). Hence, public concern over the potential adverse effects of A. japonica populations on fisheries production has increased in the local community of Jeju Island. However, whether A. japonica previously occurred around Jeju Island and where these populations have originated from remain unclear. Two alternative, mutually exclusive, scenarios can be postulated: either “poleward migration” in the NWP from subtropical habitats (e.g., Taiwan) by either historical or contemporary gene flow following climate change; or recent expansion in numbers from a small population previously unnoticed by researchers.
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FIGURE 1. Photos of Alveopora japonica. Bomok (A) and Geumneung (B) populations around Jeju Island, off the southern coast of Korea; Shimoda (C) on the central southern coast of Japan; Green Island (D) in Taiwan. Skeletal features of these samples are shown in Supplementary Figure S1.


Molecular marker-based phylogeographic and phylogenetic analyses offer a powerful approach for tracking population or species histories (i.e., historical demography), and for inferring colonization patterns and evolutionary origins of populations and species (Avise, 2004). Phylogeographic and phylogenetic studies have been performed to understand the evolutionary history or phylogenetic patterns as well as phylogeographic structure for several marine invertebrate species, such as gastropods Littorina spp. (Lee and Boulding, 2007, 2009) and Thais clavigera (Guo et al., 2015), shrimps Palaemon spp. (Wood et al., 2017), the sponge Crambe crambe (Duran et al., 2004), the ctenophore Mnemiopsis leidyi (Bayha et al., 2015), and scleractinian corals such as Pocillopora damicornis (Schmidt-Roach et al., 2013) and Seriatopora hystrix (Warner et al., 2015). In addition, genetic surveys can allow for the identification of previously unrecognized, cryptic species diversity, particularly in morphologically variable species such as scleractinian corals (Schmidt-Roach et al., 2013; Boulay et al., 2014; Warner et al., 2015; Sheets et al., 2018).

Alveopora japonica has an obligate mutualistic relationship with dinoflagellate algae of the family Symbiodiniaceae (LaJeunesse et al., 2018). This association is a critical component in coral responses to environmental changes such as increasing seawater temperature as different genetic strains of Symbiodiniaceae display distinct eco-physiological characteristics (Cooper et al., 2011). Studies have revealed that the family Symbiodiniaceae contains several distinct genera (formerly “Clades” A–I) (Pochon and Gates, 2010; LaJeunesse et al., 2018). Subclade F2, which is exclusively associated with A. japonica (De Palmas et al., 2015), is a member of an undescribed genus (LaJeunesse et al., 2018). Although many studies have been conducted to examine the specificities and associations of different coral species and their Symbiodiniaceae (Chang et al., 2011; De Palmas et al., 2015), within-genus phylogeographic and phylogenetic patterns of Symbiodiniaceae remain poorly understood for many host taxa, including Alveopora.

In this study, we determined the phylogeographic and phylogenetic relationships of A. japonica and its endosymbiont Symbiodiniaceae by utilizing specimens from Jeju Island, off the southernmost region of Korea, as well as from the more subtropical/tropical environments of Taiwan and Japan. We tested the two alternative hypotheses of poleward migration or population expansion of A. japonica around Jeju Island. We further examined whether phylogenetic patterns of host A. japonica were congruent with those of their Symbiodiniaceae (i.e., phylogenetic concordance). We would predict that based on the poleward migration hypothesis, some A. japonica haplotypes should at least be shared among Taiwan, Korea and Japan sites due to historical or contemporary gene flow, with high haplotype diversity in ancestral populations (e.g., Taiwan) and lower diversity in derived populations (e.g., Korea, Japan) due to founder effects. Alternately, based the population expansion hypothesis, we would predict relatively deep and distinct genealogical structure to be present within each A. japonica regional group.



MATERIALS AND METHODS


Coral Sampling

We collected a total of 121 individuals of A. japonica from five different localities in the NWP by scuba diving between May and July 2016 (Figures 1, 2). Those samples were collected in water depth between two and 15 meters. Specimens were collected from Bomok (BM) and Geumneung (GN) on the southern island of Korea (Jeju Island, located off the southern tip of Korea), Green Island (GI) and Kenting (KT) in Taiwan and Shimoda (SH) on the central southern coast of Japan (Figure 2). All collected colonies were identified as A. japonica following Veron (2000) and Kitano et al. (2014), based on colony size and shape, and skeletal features. They were always less than 4 cm in diameter and hemispherical or encrusting, and their septa had long and short fine spines which seldom connect. The skeletal structures of these A. japonica samples in SEM (Scanning Electron Microscope) images are shown in Supplementary Figure S1. No permits were required for the collection of Korean samples since this species is not listed as an endangered species in Korea. Taiwanese sampling was conducted in a non-marine protected area under the permission of a research project by Dr. Chaolun Allen Chen at the Biodiversity Research Centre, Academia Sinica (BRCAS). Japanese sampling was performed in the framework of a research project by Dr. Sylvain Agostini with a sampling permit granted by the prefectural government of Shizuoka, Japan. For each specimen, a small piece of coral tissue was collected by forceps from each specimen, preserved immediately in 99% ethanol and stored at 4°C until genetic analyses.
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FIGURE 2. Map of five sampling sites of A. japonica and its symbiont Symbiodiniaceae in the northwestern Pacific Ocean [Jeju Island: Bomok (BM, 33°14′22.69′′N; 126°35′25.40′′E) and Geumneung (GN, 33°23′51.20′′N; 126°13′19.30′′E); Japan: Shimoda (SH, 34°36′55.27′′N; 138°48′42.87′′E); Taiwan: Green Island (GI, 22°39′14.00′′N; 121°28′23.63′′E); and Kenting (KT, 21°56′53.87′′N; 120°46′41.61′′E)]. Different colors denote the geographic regions where the corals and symbionts were sampled (Korea in blue, Japan in red, and Taiwan in green).




DNA Extraction, PCR, and Sequencing

Ethanol preserved tissues were used for genomic DNA extraction for both A. japonica (N = 121) and its endosymbiont Symbiodiniaceae (N = 110) using the DNeasy Blood and Tissue Kit (Qiagen, United States) following the manufacturer’s directions. DNA concentrations were determined using a Qubit® 2.0 Fluorometer (Invitrogen, United States). For A. japonica, mitochondrial (mt) DNA cytochrome oxidase I (COI) (Forsman et al., 2009) and nuclear DNA ribosomal internal transcribed spacer (ITS) (Chen et al., 1995; Wei et al., 2006) regions were amplified using published primers (COI, forward ZCOI: 5′-TCA ACT AAT CAT AAA GAT ATT GGT ACG-3′ and reverse ZCO1R: 5′-TAA ACC TCT GGA TGC CCA AA-3′; ITS, forward 1S: 5′-GGT ACC CTT TGT ACA CAC CGC CCG TCG CT-3′ and reverse 2SS: 5′-GCT TTG GGC GGC AGT CCC AAG CAA CCC GAC TC-3′). For Symbiodiniaceae, the chloroplast (cp) DNA 23S rDNA region was amplified using the following primers (Santos et al., 2002): forward 23S1M13: 5′-CAC GAC GTT GTA AAA CGA CGG CTG TAA CTA TAA CGG TCC-3′ and reverse 23S2M13: 5′-GGA TAA CAA TTT CAC ACA GGC CAT CGT ATT GAA CCC AGC-3′. All PCR amplifications were performed in a reaction volume of 15 μl containing 25 μM of each dNTP (Bio Basic, Canada), 0.6 μM each of the forward and reverse primers, 0.2 units of Taq DNA polymerase (Thermo Fisher Scientific, United States), 1 × PCR buffer, and approximately 5-10 ng of template DNA. PCR cycling conditions comprised an initial denaturation phase at 94°C for 5 min, followed by 37 cycles of 94°C for 20 sec (denaturation), 54–57°C for 30 sec (annealing), and 72°C for 30 sec (extension), followed by a terminal extension phase at 72°C for 10 min in a 2720 thermal cycler (Applied Biosystems, United States). Each PCR product was evaluated on a 2% agarose gel stained with RedsafeTM (iNtRON Biotechnology, Korea). The amplified PCR products were purified enzymatically with exonuclease I (New England BioLabs, United States) and shrimp alkaline phosphatase (New England BioLabs). The purified mtDNA, nuclear DNA and cpDNA fragments were then sequenced in both directions using an ABI 3730xl automated DNA sequencer (Applied Biosystems, United States) at the Humanizing Genomics Center of Macrogen in Seoul, South Korea.



Genetic Data Analyses

The obtained A. japonica COI (619 bp) and ITS (668 bp), and Symbiodiniaceae 23S rDNA (661 bp) sequences were aligned using Clustal W implemented with BioEdit v.7.0.1 (Hall, 1999) and manually edited. Due to no variation observed in COI sequences, this marker was not used for downstream analyses. Ambiguous regions in the alignment of ITS due to high levels of genetic variation were cut from the phylogenetic and phylogeographic analyses. Phylogenetic alignments were conducted separately using 123 coral ITS and 112 23S rDNA symbiont sequences. Goniopora albiconus (GenBank accession number AB906945) and G. djiboutiensis (AB748700) were used as outgroup species for the ITS of A. japonica, while sequences from Protodinium simplex (JN558033) and Polarella glacialis (JN558036) were used as outgroups for the 23S rDNA of Symbiodiniaceae.

The best nucleotide substitution model was tested using initial searches according to the AICc criterion with jModelTest v2.1.7 (Darriba et al., 2012), which selected the K80 + I + G and F81 + G model for host ITS and symbiont 23S rDNA, respectively. Maximum likelihood (ML) and neighbor joining (NJ) trees were inferred for all obtained sequences with PhyML v.3.0 (Guindon et al., 2010) and MEGA 7.0 (Kumar et al., 2016), respectively. Statistical supporting values were obtained with 1000 bootstrap pseudoreplicates.

Further phylogenetic analyses (NJ and ML) was conducted to determine the clades of endosymbiotic Symbiodiniaceae using five haplotypes determined from the five different sampling sites, along with 39 23S rDNA sequences representing eight different genera/clades [i.e., Symbiodinium (former Clade A), Breviolum (Clade B), Cladocopium (Clade C), Durusdinium (Clade D), Effrenium (Clade E), Clade F2-4, Fugacium (Clade F5), Gerakladium (Clade G), and Clade H] from the GenBank database (Supplementary Figure S2). Symbiodiniaceae Clade I was excluded for this phylogenetic analysis due to an ambiguous phylogenetic position with a long branch. Alignment and phylogenetic reconstruction with HKY + G + I as the best fit model were performed in the same manner as other phylogenetic analyses in this study.

The gametic phase of the nuclear ITS haplotypes was determined with the Excoffier-Laval-Balding (ELB) algorithm (Excoffier et al., 2003) from 121 individuals of A. japonica from all sampling localities using DnaSP v6 (Rozas and Rozas, 1999). The haplotype network was inferred using HAPSTAR v0.7 (Teacher and Griffiths, 2011) to identify the phylogenetic relationships among haplotypes. A further analysis was conducted using Haplowebs (Flot et al., 2010; Etoundi et al., 2019) with the online tool HaplowebMaker1 to show haplotype networks with additional connections between haplotypes found co-occurring in heterozygous individuals (Supplementary Figure S3). The genetic diversity indices of three separate clades (Korea, Taiwan, and Japan) were estimated using ARLEQUIN v3.5 (Excoffier and Lischer, 2010) including number of haplotypes (NH), haplotype diversity (h), nucleotide diversity (π), and number of polymorphic sites (NP). Haplotype richness (HR) was calculated by applying a rarefaction method using CONTRIB v1.02 (Petit et al., 1998) to correct for unequal sample sizes among the three regional groups. However, genetic diversity indices were not analyzed for Symbiodiniaceae since all the populations except for the KT population in Taiwan consisted of only a single haplotype.

To determine the ITS sequence divergence between the Korean, Taiwanese and Japanese clades in A. japonica, pairwise distances were estimated from Kimura-2-Parameter (K2P) distance model (Kimura, 1980), with 1000 bootstrap replications, using MEGA 7.0 (Kumar et al., 2016). Genetic differentiation among the three regional groups of A. japonica was estimated by pairwise FST statistics in ARLEQUIN v3.5 (Excoffier and Lischer, 2010). These sequence divergence and FST estimates were also performed for two sites within regions. The 95% significance levels for the pairwise population comparisons were adjusted using a Bonferroni correction. We also estimated the 23S rDNA divergence between the two clades of Taiwan and Korea/Japan for Symbiodiniaceae using Jukes-Cantor (JC) distance model (Jukes and Cantor, 1969) in MEGA.



RESULTS


Phylogenetic Relationships and Cryptic Species Diversity in Alveopora

Obtained COI sequences (N = 50) were not polymorphic. Therefore, this marker was not used for downstream analyses. However, acquired ITS sequences (669 bp) of A. japonica (N = 121) showed 229 parsimonious informative sites and the overall mean diversity was 0.056. A total of 32 nuclear ITS haplotypes (=alleles), determined with the ELB algorithm (Excoffier et al., 2003), were identified from the five sampling localities.

The phylogenetic reconstruction of the ITS alignment of A. japonica uncovered three distinct phylogenetic clades, which corresponded to the respective geographic locations; Jeju Island in Korea (BM and GN), Taiwan (GI and KT), and Japan (SH) (Figures 2, 3). These three well-separated clades of A. japonica had high supporting values (91–100%) in both NJ and ML trees (Figure 3). In regions with two sites (BM and GN in Korea, GI and KT in Taiwan), sites did not form separate subclades. A. japonica lineages from Korea and Japan had a closer phylogenetic relationship to each other than to the lineage from Taiwan (Figure 3). Genetic diversity indices (NH, h, π, HR, and NP) of the ITS region within the three phylogenetic groups of A. japonica are summarized in Table 1.
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FIGURE 3. Phylogenetic trees of A. japonica (left, nuclear; ITS, internal transcribed spacer) and Symbiodiniaceae (right, chloroplast 23S rDNA) based on neighbor joining (NJ) and maximum likelihood (ML) methods. The values above the branches represent NJ and ML bootstrap supporting values. The nodes with values <50% are shown as “−.”



TABLE 1. Summary of the levels of genetic diversity in three phylogenetic groups of Alveopora japonica from Korea, Japan, and Taiwan at the nuclear ribosomal internal transcribed spacer (ITS) region (668 bp).

[image: Table 1]The haplotype network based on the ITS dataset of A. japonica also identified three deep phylogenetic groups comprising Jeju Island in Korea (BM and GN), Taiwan (GI and KT), and Japan (SH) (Figure 4; Supplementary Figure S3). The ITS sequence divergence levels between Taiwanese and Korean (42–75 mutational steps), and Korean and Japanese (26–31 steps) clades were large enough to be considered as separate species (“cryptic species complex”) based on the suggested species boundaries of >2–3% divergences in most animal taxa (Hebert et al., 2003). The average K2P distances between lineages from Korea and Taiwan, Korea and Japan, and Taiwan and Japan were 7.41% (6.59–8.43%), 4.21% (4.00–4.48%), and 7.62% (7.24–8.26%), respectively (Table 2). Those values between sites from Korea (BM vs. GN) and Taiwan (GI vs. KT) were 0.12% (0.00–0.45%), 1.35% (0.00–3.06%), respectively, which was much lower than between regional lineages.
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FIGURE 4. Statistical parsimony haplotype network of ITS haplotypes of A. japonica and 23S rDNA of Symbiodiniaceae. The area of the circle is proportional to the individual numbers found for the respective haplotype; numbers shown inside a circle represent haplotype numbers; each line in the network represents a single mutational step between haplotypes irrespective of its length (unless indicated otherwise). Different colors denote the geographic regions.



TABLE 2. Pairwise genetic differentiation (FST) based on haplotypes (above diagonal) and Kimura-2-parameter (K2P) distances (%) among the three phylogenetic groups (below diagonal) in Alveopora japonica using the ITS sequences.

[image: Table 2]Analyses of pairwise genetic differentiation (FST) based on ITS haplotypes showed strong divergence among the groups with a range of FST = 0.88–0.98, supporting the hypothesis that A. japonica from the NWP constitutes “three” cryptic genetic species (Table 2). However, much weaker differentiation was detected between two populations within regions (BM vs. GN in Korea: FST = 0.042; GI vs. KT in Taiwan: FST = 0.103), albeit a statistical significance. No haplotype was shared among the three different lineages, suggesting a complete lack of gene flow among these geographic regions. There were more mutational steps between Korea and Taiwan (42: H4–H23) than between Korea and Japan (26: H6–H16) (Figure 4). While 15 haplotypes were detected in each regional group from Korea and Taiwan, only 2 haplotypes were found in Japan, but the sample sizes analyzed were unequal among the regions (Korea: N = 52; Taiwan: N = 50; Japan: N = 19) (Table 1). More mutational steps among the haplotypes within Taiwan [1 to 36 mutational steps (H25–H29)] than among those within Korea and Japan [1 to 4 mutational steps (H9–H13)] indicated more genetic divergence and diversity present within the Taiwanese clade. The one or two most widely shared haplotypes were observed in each region. H21 (42%) for Taiwanese and H3 (51.9%) for Korean lineages were the most widely shared haplotypes for each regional group. The majority of individuals from Japan had the H16 haplotype (97.6%).



Phylogenetic Relationships in the Endosymbiotic Symbiodiniaceae

Acquired 23S rDNA sequences (661 bp) of Symbiodiniaceae (N = 110) showed 87 parsimonious informative sites and the overall mean diversity was 0.045. The phylogenetic relationships of Symbiodiniaceae showed the formation of two distinct clades from Taiwan and Korea/Japan, respectively, with high supporting values (ML, NJ, 96–100%) (Figure 3). Symbiodiniaceae from Korean and Japanese A. japonica shared the same clade, which is distinct from the one hosted by corals in Taiwan (Figure 3). When two sites from the same regions were examined (Korea and Taiwan), they did not form separate clades (Figure 3).

Only a few haplotypes (N = 5) were identified in the Symbiodiniaceae 23S rDNA dataset. Two deep phylogenetic groups, Taiwan and Korea/Japan, were identified with 48–49 mutational steps between haplotypes (Figure 4). The average JC distance between the Symbiodiniaceae lineages from Taiwan and Korea/Japan was 8.67% (8.56–8.78%). Four haplotypes were found in Taiwanese Symbiodiniaceae, while only a single identical haplotype (H1) was shared between Korean and Japanese specimens (Figure 4).

Additionally, phylogenetic analyses of the endosymbiotic Symbiodiniaceae revealed that populations from Korea (BM and GN) and Japan (SH) belong to the Clade F2 with relatively high supporting values (71%). However, Symbiodiniaceae from Taiwan (GI and KT) clustered within Cladocopium (former Clade C) with high supporting values (100%) (Supplementary Figure S2).



DISCUSSION

Recently, much attention has been paid to range shifts or population expansions of organisms in a diverse set of marine ecosystems across the globe, as the observed shift in marine taxa distribution is faster than of terrestrial taxa (72 km per decade vs. 17 km per decade) (Pecl et al., 2017). For scleractinian corals, focus has been made on the negative effects of increased seawater temperature through mass coral bleaching and mortality, although moderate warming can also benefit some coral populations (Hoey et al., 2016). A recent investigation suggests that the populations at Jeju Island, Korea of the subtropical coral, A. japonica are substantially increasing in numbers, with damaging effects on local biodiversity (Denis et al., 2013). Based on the molecular-based phylogenetic analyses, we here tested two probable scenarios for the origins of A. japonica in Korean waters: (1) poleward migration from subtropical habitats, or (2) a recent expansion of a previously unnoticed A. japonica population of small numbers.

Multiple lines of evidence – distinct phylogenetic clusters between host and symbiont clades, no gene flow among the three regional populations in Korea, Taiwan and Japan, and relatively high genetic diversity within the Korean population – strongly suggest that the northern A. japonica population at Jeju Island has been present for a relatively longer evolutionary time period. These findings provide evidence supporting the scenario of recent population expansion of Korean A. japonica. Both analyses of ITS phylogeny and haplotype network clearly indicate that the Korean lineages (BM and GN on Jeju Island) of A. japonica are substantially evolutionarily divergent from those from Taiwan (GI and KT) and Japan (SH), and also show closer phylogenetic relationships with Japanese lineage relative to Taiwanese one (Figures 3, 4). The most plausible explanation is that each genetic cluster of the three geographic regions represents phylogenetic lineages that evolutionarily substantially diverged from one another. The ITS haplotype network shows that Taiwanese haplotypes are connected with Korean haplotypes through a large number of mutational steps (Figure 4; Supplementary Figure S3). Moreover, Korean clades are connected with Japanese ones through 26–31 mutational steps, suggesting that a rather long period of time has elapsed since the beginning of each clade’s divergence. Given the relatively higher levels of genetic diversity and their basal position of Taiwanese clades in the phylogeny, these populations might represent the more ancient lineages while the Korean and Japanese lineages are more relatively recently evolved.

The observed levels of divergence among the three lineages reveal that the NWP A. japonica constitutes three cryptic species rather than a single species. Average ITS divergence between the lineages ranged from 4.21% to 7.62%. A previous study of ITS2 of scleractinian corals found that interspecific genetic distances varied significantly across different genera (Chen et al., 2004). The smallest interspecific average distance of 1.34% was observed for the genus Madracis, whereas the distances of 23.53% were observed for Acropora. However, in general, >2–3% divergences have been suggested to be appropriate for identifying species boundaries in most animals (Hebert et al., 2003). The higher FST values among the lineages further support the hypothesis that they indeed represent cryptic Alveopora species. A recent report on genetic distances between five cryptic Acropora hyacinthus-related species showed FST levels of 0.18 to 0.55 (Sheets et al., 2018). Our results of FST = 0.88–0.98 are well beyond those levels, confirming A. japonica in the NWP comprises separate species.

Yet, analysis of skeletal morphology using SEM photos (Supplementary Figure S1) shows variation in calice diameter between localities and even between samples from the same locations. A. japonica can be distinguished from other Alveopora species in having calices 2.5–3.5 mm in diameter (Kitano et al., 2014). This is true for most of the samples we analyzed, but some show less than 2.5 mm. This is not surprising given environmental effects may contribute to variation in skeletal features (Barnes, 1973). The 2.5 mm cut off for the calice diameter as a diagnostic key to distinguish A. japonica from other species (e.g., A. excelsa or A. tizardi) therefore needs to be updated. Also, Taiwanese corals do not appear to have white tentacle tips, although A. japonica in Taiwan are usually dark green, with white stripes on the top of tentacle tips (Veron, 2000; Dai and Horng, 2009). Due to the unresolved morphological taxonomy in Alveopora species, we cannot rule out the possibility of different Alveopora species present in Taiwan and further studies need to clarify this issue.

No sharing of ITS haplotypes among the three lineages allows us to rule out the possibility of current poleward migration or range expansion of A. japonica from subtropical regions of southern Taiwan to Korea and Japan. Genetically distinct phylogenetic groups with no shared haplotypes among the three geographic regions suggest a complete lack of historical or ongoing gene flow among these regional groups, despite the possibility of gene flow by means of larval dispersal via oceanic currents, given a reported maximum of a 3-month planktonic larval phase for A. japonica (Harii et al., 2001). Alternatively, if current poleward migration takes place, no gene flow we identified may provide evidence for reproductive isolation among the three regional populations with cryptic species relationships.

The relatively high genetic diversity within the Korean population further suggests that it has been established around Jeju Island for a relatively long evolutionary time, supporting the recent population expansion hypothesis. The Taiwanese lineage harbored the highest levels of haplotype and nucleotide diversity, whereas Korean lineage showed intermediate levels and Japanese one the lowest (Table 1). If the Korean lineage was established by poleward migration along the NWP via historical or contemporary gene flow, its diversity level is predicted to be considerably lower due to founder effects, but this was not observed in this study.

The star-like tree topology of the Korean clade in the haplotype network of A. japonica supports the scenario of population expansion from a small number of individuals. The Korean lineage has two common haplotypes (i.e., H2 and H3) with 13 more recent haplotypes connected with one or two mutational steps (Figure 4). This type of haplotype network can be considered a “star-shape” network, which is interpreted as a phylogenetic signal of a population that has recently expanded in size from one or a small number of individuals following a population bottleneck (Slatkin and Hudson, 1991). Several genetic surveys of marine species in the northern hemisphere have often found this a star-shaped phylogenetic pattern, which is suggested to be the outcome of the demographic effects of glaciations, particularly the most recent last glacial maximum (LGM), approximately 20,000 years ago (Lee and Boulding, 2007; Guo et al., 2015). Our results also support a demographic scenario of sudden population expansion in Korean populations of A. japonica (Rogers and Harpending, 1992).

The molecular phylogenetic signal of Symbiodiniaceae with its host A. japonica found in this study may suggest localized adaptation to the host coral’s respective environments. The Symbiodiniaceae phylogeny based on 23S rDNA sequences shows two distinct clades, in which Korean and Japanese symbionts share one clade and Taiwanese ones form the other clade (Figures 3, 4). Clade F2 has been reported from A. japonica in Korea, and both Clades F2 and Cladocopium were from Japan (Rodriguez-Lanetty et al., 2003; Lien et al., 2012). In the current study, only Clade F2 was found in both Korean and Japanese lineages, whereas Cladocopium was found only in Taiwan. Symbiodiniaceae 23S rDNA haplotypes between lineages of Taiwan (e.g., H2) and Korea/Japan (e.g., H1) are connected with 48 mutational changes, which indicates that they have diverged over a rather long evolutionary history, as seen in A. japonica (Figures 3, 4). This concordant phylogenetic pattern between the host scleractinian coral and endosymbiont Symbiodiniaceae highlights the co-evolutionary relationships of the hosts and endosymbionts during the last 140–200 mya (LaJeunesse et al., 2018).

A further explanation is that the phylogeographic concordance of Symbiodiniaceae with A. japonica would be most likely caused by the geographic distribution patterns of Symbiodiniaceae genera/clades in the NWP. Corals associated with Symbiodiniaceae of genera Symbiodinium, Breviolum, Durusdinium, Fugacium, Gerakladium and Clade F comprising F2, F3 and F4 are known to be evolutionarily more recent and therefore genetically more similar to one another than those of Cladocopium, which is basal to all other clades (a dominant coral symbiont lineage) (Stat et al., 2008). A single shared and recent lineage between the Symbiodiniaceae populations of Korea and Japan, which in this study is Clade F2 (Supplementary Figure S2) and the most ancestral lineage within Taiwan might represent the evolutionary outcomes of local adaptation to their regional environments. The similarity between host coral and symbiont phylogenetic patterns is suggestive of evolutionary outcomes of natural selection, i.e., host corals with the local adaptation of specific symbiont lineages to heterogeneous environmental conditions of their habitats. Given cryptic Alveopora species found in this study, the differences could reflect different host coral species with local adaptations of different symbionts to their regional environments.

In summary, we show that each of the NWP regional populations of A. japonica forms their own genetic clades with deep evolutionary divergence among them, pinpointing previously unrecognized A. japonica cryptic species diversity in this region. The results also support the scenario of a recent expansion in numbers around Jeju Island from a small previously existing population. Populations of A. japonica around Jeju Island show a shallow phylogeographic pattern with a star-shape topology, indicative of rapid recent increases in population size. Our study also highlights the similarity of phylogenetic patterns between the host corals and their endosymbiont Symbiodiniaceae. These findings might suggest that the host was selected for the most adapted symbiont lineages to their local environments.
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The sampling localities for Korea include Bomok (BM) and Geumneung (GN) in
Jeju Island, that for Japan includes Shimoda (SH), and those for Taiwan include
Green Island (Gl) and Kenting (KT). A map of the sampling sites is shown in
Figure 2. N, sample size; h, haplotype diversity; n, nucleotide diversity; Nn, number
of haplotypes, HR, haplotype richness; Np, number of polymorphic sites.
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