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Long-distance drifting of seaweeds driven by ocean currents is an ideal model for exploring population-level genetic connectivity and phylogeographic structure. In the Indo-Pacific convergence region, we integrated phylogeographic and ocean current data and Lagrangian particle simulations to explore how the ocean currents contributed to the biogeographical patterns and population genetic connectivity of Sargassum polycystum. The oceanographic transport and direction of gene flow was in line with contemporary ocean currents. The S. polycystum geographical dispersal from glacial refugia homogenized the footprint of genetic divergence. The multidisciplinary intersection provides insights into the evolutionary history and biogeographic conservation of tropical seaweeds in the Indo-Pacific convergence region.
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Introduction

The Indo-Pacific convergence region is an important center of origin of marine biodiversity (Leliaert et al., 2018; Tittensor et al., 2010), and a highly dynamic hydrological system. Complex geological events influenced the distribution and demographic patterns of marine species (Briggs, 1999; Tsang et al., 2012; Wang et al., 2016). Ocean currents may drive marine species for long distances and shape the demographic patterns, population connectivity, and genetic structure of marine flora and fauna (Galindo et al., 2006; Li et al., 2017a; Li et al., 2017b). The Indo-Pacific convergence region is characterized by seasonally changing ocean currents (Figure 1) (Fang et al., 2009). Under the influence of the winter monsoon, the surface circulation of the South China Sea forms the northeast monsoon current (NMC) that flows from the northeast to the southwest and reverses in the summer (Fang et al., 2005). It facilitates the long-distance dispersal of marine species and strengthens the genetic exchange between the northern and southern geographic populations (Wang et al., 2016; Banerjee et al., 2020). Previous studies usually inferred the spatiotemporal dynamics of marine species from molecular data (Wang et al., 2016; Li et al., 2017a; Bertola et al., 2020), whereas the impact of complex marine dynamic factors to the marine species dispersal and population connectivity received less attention. Therefore, there is a need to integrate the physical oceanographic influences on the dispersal abilities, routes, and flow patterns of seaweed propagules, and to reveal the population dynamics of marine species for future seaweeds conservation (Alberto et al., 2011). Integrating the advantages of various disciplines to launch phylogeography research will more comprehensively reveal the process of biological evolution (Zhang et al., 2022). Phylogeographic patterns may not always be congruent with the contemporary ocean currents, because the glaciation events and dispersal ability may have affected population genetic exchange (He et al., 2011; Nakajima et al., 2014). Sea level fluctuations caused by the glacial-interglacial cycles during the Pleistocene epoch (1.8 Ma-11,000 years BP) greatly affected land mass configurations and biodiversity distribution patterns in the Indo-Pacific region (Wang, 1999; Voris, 2000). The low sea level formed isolated marine basins, such as the South China Sea, which was reduced to an inland sea during the last glacial maximum (LGM) (Voris, 2000). During the LGM genetic exchange of marine species the northwest Pacific Ocean and the Indian Ocean was only possible via the eastern part of the Indonesian archipelago and limited exchange caused divergence of Indo-Pacific populations (He et al., 2011; Cheang et al., 2012; Chan et al., 2014; Chan et al., 2022).




Figure 1 | Ocean currents in January, April, July, and October, 2019 in the Indo-Pacific convergence region. Arrows show the circulation direction, and the arrow length and color scale bar indicate the flow rate.



Sargassum C. Agardh, 1820 (Fucales, Phaeophyceae) is a species-rich genus of large brown seaweed with its center of diversity in the Indo-Pacific (Draisma et al., 2010). In situ experiments of Sargassum spp. germlings have shown that dispersal is extremely limited (1–5 m) (Kendrick and Walker, 1995). However, the presence of gas vesicles (aerocysts or pneumatocysts) on adult thalli provides flotation to detached zygote bearing thalli (extruded eggs remain firmly attached to the interior of the conceptacles until 2-3 days after fertilization), facilitating long-distance dispersal (Draisma et al., 2010). Detached zygotes settle on a hard substrate and then continue to grow to maturity, and may become reproductive after three months (Li et al., 2016). Floating thalli may colonize new geographic areas by ocean currents, promoting population genetic exchange (Wong et al., 2008). Rafting dispersal is an ideal model for the investigation of population genetic structure and biogeographic patterns under oceanographic influences (Komatsu et al., 2007).

Sargassum polycystum C. Agardh, 1824 is widely distributed in the mid-intertidal to shallow subtidal zones of the Indo-Pacific region, with a distribution ranging from Okinawa, Japan, to the Central South Pacific Basin (Hu et al., 2018). Similar to other Sargassum species, S. polycystum germlings have weak spreading ability, but detached thalli can form floating mats and drift across a large geographic area (~5,000 km) (Cowen and Sponaugle, 2009; Mizuno et al., 2014). Its genetic diversity, geographic structure of lineage, and possible existence of a glacial refugium were reported for Southeast Asia (Chan et al., 2013; Kantachumpoo et al., 2014; Hu et al., 2018), but without extensive documentation about the influence of ocean currents.

In this study, we aim to estimate the genetic diversity and demographic history of S. polycystum and determine its colonization routes, to examine whether and how contemporary ocean currents drive its present phylogeographic structure and population connectivity in the Indo-Pacific convergence region, and further reveal the diversified evolutionary patterns and spatiotemporal processes of S. polycystum.



Materials and methods


Ocean current simulations

To construct the direction of ocean surface currents in the Indo-Pacific convergence region, we downloaded geostrophic current data for January, April, July, and October, 2019, from the Archiving, Validation and Interpretation of Satellite Oceanographic data (AVISO) of the National Center for space research of France (https://resources.marine.copernicus.eu/product-download/SEALEVEL_GLO_PHY_L4_NRT_OBSERVATIONS_008_046), and used MATLAB v1.4m software (Pawlowicz, 2020) to plot the monthly mean ocean surface current in this region.



Sample collection, DNA extraction, amplification, and sequencing

A total of 234 S. polycystum individuals were newly collected from 12 sites ranging from Chonburi, Thailand, to Malacca, Malaysia (ten populations from Thailand and two populations from Malaysia; Table 1). In each site, 11-50 individuals were randomly selected at >10 m intervals to minimize the chance of collecting genetically identical samples. The apical tissue of 3-5 cm was excised from each individual and stored in silica gel for molecular analysis. In addition, nine populations (Table 1: 2-10) from Hu et al. (2018) and four populations (Table 1: 1, 11, 24, 25) from Kantachumpoo et al. (2014) were integrated with the data. Finally, the 576 S. polycystum samples from 25 populations were analyzed.


Table 1 | Genetic diversity indices of Sargassum polycystum populations inferred from mitochondrial cox1, cox3 and nuclear ITS2.



Total genomic DNA was extracted using a FastPure Plant DNA Isolation Mini Kit (Vazyme Biotech Co., Ltd., Nanjing, China) according to the manufacturer’s instructions. To improve PCR amplification and sequencing efficiency, new primer pairs for cox3 and ITS2 were developed based on the available sequences of S. polycystum (GenBank numbers: MF135698.1 and MF135715.1): cox3-F (5′-AGGAGCAAGCTAAGATGGTTCA-3′) and cox3-R (5′-ACACTATTACATTAAATCCCCACCA-3′) for cox3; ITS2-SF (5′-GAAGAACGCAGCGAAATGCG-3′) and ITS2-SR (5′-CAGCGGGTCTTCTTGCTTGA-3′) for ITS2. Mitochondrial cox1 was amplified using GazF2 (5′-CAACCAYAAAGATATWGGTAC-3′) and GazR2 (5′-GGATGACCAAARAACCAAAA-3′) (Lane et al., 2007). PCR amplification was performed in 50 μL of reaction volume, containing 25 μL of 2×Taq plus Master Mix II (Vazyme Biotech), 2 μL of forward primer (10 μmol/L), 2 μL of reverse primer (10 μmol/L), 1 μL of template DNA, and 20 μL of RNase-free water. The thermo-cycling parameters were set according to the instructions of 2×Taq plus Master Mix II, and the annealing temperature was set at 48°C for cox1, 52.5°C for cox3, and 52°C for ITS2. Electrophoresis, purification, and sequencing were performed according to previous methods (Hu et al., 2011).



Genetic diversity and phylogeographic structure

Sequences were aligned and manually trimmed with BioEdit v.7.2.5 (Hall, 1999) and MEGA v.7.0 (Kumar et al., 2016). The genetic diversity indices included the number of haplotypes (Nh), number of polymorphic sites (S), haplotype diversity (h), and nucleotide diversity (π), which were estimated using DnaSP v.6 (Rozas et al., 2017). Pairwise population genetic differentiation (FST) was estimated using Arlequin v.3.5 (Excoffier and Lischer, 2010). The significance of covariance components for all results was tested using 105 permutations. This program was also used to determine the hierarchical analysis of molecular variance (AMOVA) for detecting the proportion of genetic differentiation among regions, and within and among populations. To evaluate the evolutionary relationships among cox1 and cox3 haplotypes or ITS2 ribotypes, parsimony median-joining networks were constructed using Network v.10 (Bandelt et al., 1999).

ModelTest v.3.7 (Posada and Crandall, 1998) was used to identify the best-fit substitution model for each locus under the Akaike information criterion (cox1: GTR+I+G, G = 0.9494, I = 0.7866; cox3: HKY+G, G = 0.1156; ITS2: TrNef+G, G = 1.0000). Phylogenetic relationships of cox1 and cox3 haplotypes and ITS2 ribotypes were constructed with maximum likelihood (ML) and Bayesian inference (BI) methods using PhyML v.3.1 (Guindon and Gascuel, 2003) and MrBayes v.3.2 (Ronquist and Huelsenbeck, 2001), respectively. The congeneric species S. aquifolium (cox1: HQ416034; cox3: NC_033408; ITS2: HQ416057), S. pacificum (cox1: HQ416046; ITS2: EU100784), and S. vachellianum (cox3: KR132242) were chosen as outgroups (all belong to the same Sargassum subgenus Sargassum as S. polycystum). The ML tree was reconstructed using 103 bootstrap replicates with a subtree-pruning-regrafting heuristic method. For BI analysis, the Markov Chain Monte Carlo (MCMC) process was run for 2 × 106 generations using four chains with a tree sampling frequency of every 200 generations, discarding the first 10% as burn-in and calculating the posterior consensus tree.

Gene cluster analysis was inferred based on a Bayesian clustering method using STRUCTURE v.2.3.4 (Pritchard et al., 2000; Hubisz et al., 2009). Three independent runs were performed for each value of K (number of clusters) from 1 to 10, with 100,000 iterations following a burn-in period of 10,000 MCMC iterations. The online tool Structure Harvester was used to determine the optimal K value (Evanno et al., 2005; Earl and von Holdt, 2012), and the results of 10 replicate runs for each K value were combined in CLUMPP v.1.1.2 (Jakobsson and Rosenberg, 2007) and displayed graphically using Distruct v.1.1 (Rosenberg, 2004).



Population gene flow analysis

The isolation-by-distance (IBD) model was used to determine whether the gene flow among S. polycystum populations in the Indo-Pacific convergence region accord with the stepping-stone model (Bohonak, 2002). Mantel tests were performed using IBD v1.52 to assess the relationship between genetic distances, measured as FST/(1-FST), and the pairwise geographic distances. Geographic distance between sites (minimum coastline distances) was estimated using a web-based calculator (www.movable-type.co.uk/scripts/latlong.html).

To estimate gene flow between populations in the Indo-Pacific convergence region, all the sampling sites were divided into six sub-regions corresponding to known marine areas or putative refugia, including the northwest Pacific Ocean (AWA), the South China Sea (CH, DF, LD, LH, DD, HT, WC, BA, and BG), the Gulf of Thailand (CD, KW, HB, CB, KC, TR, KK, HHK, KS, and SS), the Andaman Sea (PK), the Strait of Malacca (MCR, MPR, and SP), and the Java Sea (BL) (Table 1 and Figure 2). Bayesian coalescent analysis in MIGRATE-n v.3.7 (Beerli, 2006) was used to estimate mutation-scaled immigration rates (M = m/μ, where m is the historical migration rate, and μ is the mutation rate per generation) and population sizes (Θ = xNeμ, where Ne is the effective population size, and x is the inheritance parameter depending on the data; usually 4 for nuclear data and 1 for mitochondrial data). According to the formula, the effective number of migrants was calculated using the relation Nm = Θ×(M/x). The analyses included four long chains and three replicates. Burn-in was set at 104 with a sampling increment of 100 and a total of 5×104 recorded steps. Heating was set with four temperatures (1.0, 1.5, 3.0, and 1.0) with a static scheme.




Figure 2 | Geographic distribution and relative frequency of 27 mitochondrial cox1 haplotypes in 25 populations.





Demographic history analysis

Evolutionary scenarios of S. polycystum were performed using the approximate Bayesian computation (ABC) approach in DIYABC v.2.1.0 (Cornuet et al., 2014). To keep the scenarios simple and reduce the computational time, 282 individuals were randomly selected from 16 populations for the DIYABC analyses. Four scenarios were defined based on the major groups identified by the geographic distribution (Figure 4): (a) Group H consisted of eight populations (CH, DF, LD, LH, DD, HT, WC, and BA) from Hainan Island, (b) group T contained three populations (KS, KC, and SS) from the Gulf of Thailand, (c) group M included three populations (MCR, MPR, and SP) from the Strait of Malacca, and (d) group B included one population (BL) from Bali. Four scenario hypotheses were tested: (1) S. polycystum survived in the Hainan Island refugium during the Pleistocene glacial epoch and expanded southward postglacially; (2) S. polycystum survived in the Bali refugium and expanded northward postglacially; (3) groups H and B survived in the glacial refugia, and group H split into group T, which diverged into group M; (4) similar to scenario 3, but group M had shared haplotypes/ribotypes with groups T and B; i.e., group M was an admixture of groups T and B.

Prior distribution parameters of effective population size, time of divergence, and mutation rate per generation are listed in Supplementary Table S1. The default settings were used for other prior parameters. Because the DIYABC software requires a population to be traced to its ancestor, the ancestor was set as NA. For each scenario, the current populations were set at time t0, and the divergence time from the most recent common ancestor was set at t3 (Figure 4). One million simulations were run for each scenario, and the most likely scenario was chosen to calculate the posterior probability of the 1% of the simulated data sets closest to the observed data sets using logistic regression (Cornuet et al., 2014). In addition, the model checking option of the software was adopted to check the goodness-of-fit of the selected scenario by principal component analysis (Cornuet et al., 2008).



Lagrangian particle simulations and analysis

To quantify the dispersal possibilities of S. polycystum driven by ocean currents, we applied the off-line Lagrangian particle tracking technique based on the regional Hybrid Coordinate Ocean Model (HYCOM), and simulate the oceanographic connectivity between six sampling areas (Bleck et al., 1992). The K-Profile Parameterization mixing scheme was employed for the vertical diffusion of momentum, heat and salt (Thoppil et al., 2011). The regional HYCOM was configured in the West Pacific and Indian oceans (30°E-184°E, 32°S-51°N) with a 1/5°×1/5° horizontal resolution which assimilated the satellite sea surface temperature, altimetry data, in-situ subsurface temperature, and salinity observations with the ensemble optimal interpolation from 1993 to 2019. We simulated the advection of particles using one-day output of average velocity, sea surface height, temperature, and salinity. The two-dimensional Lagrangian particle tracking method was adopted and all the particles were advected in the surface ocean using TRACMASS (Döös, 1995; De Vries and Döös, 2001).

The simulations were carried out for the six sampling regions respectively, namely as L1 (Okinawa, Japan), L2 (Hainan Island), L3 (Gulf of Thailand), L4 (Phuket, Thailand), L5 (Strait of Malacca) and L6 (Bali). All the data were from the output of the regional HYCOM. We seeded more than 2000 particles on each sampling location, and all the particles were released in the six regions in model years: 1 January 1993, 1 June 1993, 1 January 1998, 1 June 1998, 1 January 2003, 1 June 2003, 1 January 2008, 1 June 2008, 1 January 2013, 1 June 2013. The trajectories were integrated from the release time to 31 December 2019. The particle positions were saved each day and used for the calculation for the trajectories traveling from one location to another. Only the trajectories were not calculated between L4 and L5, due to their complex and less oceanic current exchange which contributed less to the population connectivity.




Results


Ocean current features in the Indo-Pacific convergence region

The ocean currents were complex and exhibited obvious seasonal changes in the plotted ocean current distribution in the Indo-Pacific convergence region (Figure 1). In the South China Sea, the current direction was mainly from north to south in autumn (October) and winter (January) and from south to north in spring (April) and summer (July). Moreover, there are complex meso-scale eddies in the north of the South China Sea. In autumn and winter, the ocean current flows southeast from the Strait of Malacca across the Java Sea, while it exhibited reverses directions in spring and summer.



Genetic diversity

From the 25 location samples, 538, 545, and 550 sequences were obtained for cox1 (571 bp), cox3 (618 bp), and ITS2 (336 bp), respectively (Table 1). There were 27, 21, and 22 haplotypes or ribotypes for cox1, cox3, and ITS2, respectively, with 31, 40, and 36 polymorphic sites [Figure 2 (cox1) and Supplementary Figure S1 (cox3, ITS2)]. Genetic diversity indices based on three molecular data sets consistently showed that the populations of Qizi Bay, Chang-Hua, Hainan Island (CH), Lingtou, Le-Dong, Hainan Island (LD), and Bali, Indonesia (BL), had high haplotype/ribotype and nucleotide diversity (h = 0.377-0.778, π = 0.00085-0.02260; Table 1), whereas those of the south and west of Hainan Island (LH, LD, WC, BA), Beigang, Weizhou Island, Guangxi (BG), and Koh Ta Kiev, Sihanouk, Cambodia (CD), had much lower diversity (h = 0.000-0.193, π = 0.00000-0.00389).



Phylogeny and population genetic structure

The ML and BI trees based on mitochondrial cox1 and cox3 and nuclear ITS2 revealed substantial phylogeographic structure. The ML and BI trees showed an identical topology with robust branch support values. Phylogenetic and network analyses consistently showed a basic biogeographic pattern of two lineages in space: lineage 1 occurred on the west coast of Hainan Island and lineage 2 occurred on the southeast coast of Hainan Island, in Okinawa, and in Southeast Asia (Figures 3A, B; Supplementary Figures S2A, B; Supplementary Figures S3A, B). Gene cluster analysis results were consistent with the phylogenetic results and geographic haplotype distribution. S. polycystum populations were hierarchically structured and the optimal structure was found to be K = 2 based on the delta K values (Supplementary Figure S4). where S. polycystum individuals in the western Hainan Island formed a clade (BG, CH, DF, LD), whereas individuals from other populations formed another clade (Figure 3C; Supplementary Figures S2C, S3C).




Figure 3 | Parsimony median-joining network, phylogenetic relationships among ribotypes, and STRUCTURE analysis of S. polycystum inferred from nuclear ITS2. (A) Median-joining network of nuclear ITS2 ribotypes. Circle size is proportional to the population sample size. Each crossbar between ribotypes represents one mutation step, and different colors indicate different regions. Small red triangles indicate extinct or unsampledribotypes. (B) Maximum likelihood (ML) tree of S. polycystum based on nuclear ITS2 ribotypes. Node values are bootstrap supports (left) and BI posterior probabilities (right). (C) STRUCTURE analysis results based on nuclear ITS2 for S. polycystum at K = 2. Population codes are the same as in Table 1.



Pairwise FST values based on ITS2 revealed low levels of genetic differentiation in S. polycystum (72.3% of FST values < 0.25), with most estimates being statistically non-significant (Supplementary Table S2). The populations of Qizi Bay, Chang-Hua, Hainan Island (CH), Lingtou, Le-Dong, Hainan Island (LD), St. John Island Port, Singapore (SP), and Bali, Indonesia (BL), significantly diverged from others, with medium-to-high FST values (FST = 0.298-0.871). In contrast, combined mitochondrial cox1+cox3 revealed low-to-moderate FST values when the populations of western Hainan Island, i.e., Qizi Bay, Chang-Hua (CH) and Yulinzhou, Dong-Fang (DF), were compared with the other populations (FST = −0.719-0.553). In addition, no significant regional scale population genetic differentiation was detected when S. polycystum samples were divided into country and marine area groups (cox1+cox3: ΦSC = 0.2211/0.0879, P > 0.05; ITS2: ΦSC = 0.1391/0.0707, P > 0.05; Supplementary Table S3). Likewise, regional structured genetic variance was low when S. polycystum samples were divided into latitudinal and longitudinal groups (cox1+cox3: ΦSC = 0.1412/0.1757, P < 0.05; ITS2: ΦSC = 0.1452/0.1375, P < 0.05).



Inference of demographic history

Comparing the scenarios of four ABC models, the highest posterior probability value was scenario 4 (0.426; 95% CI: 0.398-0.425), but it had only a slightly higher value than scenario 3 (0.381; 95% CI: 0.367-0.394; Figure 4 and Supplementary Table S4). The location of the observed data near the simulated data cluster in the principal component analysis indicated that the selected scenarios were a good fit for the observed data (Supplementary Figures S5A, B). In scenario 4, the median values of the effective population size of N1 (H), N2 (T), N3 (M), N4 (B), and NA (putative ancestral population) were 663,000, 67,400, 55,800, 391,000, and 2,100,000, respectively (Supplementary Figure S5C and Table S5). The divergence times when N1 split from N2 (t2) and N4 (t3) were estimated to be 51,900 (95% CI: 17,100-95,600) and 228,000 (95% CI: 53,400-695,000) generations ago, respectively. With an estimation of one years per generation, the divergence times of t2 and t3 were converted to the absolute time of 0.052 and 0.228 Ma, respectively. Moreover, the median value of the admixture time (t1) was 16,500 (95% CI: 2,170-43,800) generations, which corresponded to 0.017 Ma (Supplementary Figure S5C and Table S5).




Figure 4 | Probable demographic scenarios tested with approximate Bayesian computation (ABC) models implemented in DIYABC. Prior distribution parameters are listed in Supplementary Table S1.





Isolation-by-distance (IBD) and gene flow

The test for IBD among S. polycystum populations was non-significant (cox1+cox3: R2 = 0.0014, p = 0.113; ITS2: R2 = 0.0195, p = 0.0612; Supplementary Figure S6), indicating that the S. polycystum population genetic structure did not fit the IBD model. To detect genetic exchange between regions, gene flow was calculated between six regions: the northwest Pacific Ocean (1: AWA), the South China Sea (2: CH, DF, LD, LH, DD, HT, WC, BA, and BG), the Gulf of Thailand (3: CD, KW, HB, CB, KC, TR, KK, HHK, KS, and SS), the Andaman Sea (4: PK), the Strait of Malacca (5: MCR, MPR, and SP), and the Java Sea (6: BL). Bayesian migration analyses inferred from ITS2 and cox1+cox3 both revealed highly asymmetric gene flow in S. polycystum along the Indo-Pacific convergence region. The direction of gene flow was mainly from north to south (Figures 5A, B). In the South China Sea, the populations of Hainan Island showed high levels of outward genetic migration to Thailand and Japan (2→1: Nm = 1.152–2.257; 2→3: Nm = 1.522-3.660), whereas gene flow in the opposite directions was weak. Asymmetric genetic exchange occurred between populations of the Gulf of Thailand and the Strait of Malacca. Gene flow from the Gulf of Thailand (3) to the Strait of Malacca (5) was significantly higher than that in the opposite direction (3→5: Nm = 0.080-0.300; 5→3: Nm = 0.064-0.259). Furthermore, asymmetric gene flow was detected between populations of Bali (6) and the Strait of Malacca (5), mainly from Bali to the Strait of Malacca (6→5: Nm = 0.140–6.139; 5→6: Nm = 0.087-0.233). There was one slight deviation found in gene flow between populations of the Andaman Sea (4) and the Strait of Malacca (5) based on different markers. Combined mitochondrial data showed strong gene flow from the Andaman Sea to the Strait of Malacca (4→5: Nm = 0.238; 5→4: Nm = 0.070), whereas symmetric gene flow was found between the two populations based on nuclear ITS2 (4→5: Nm = 0.235; 5→4: Nm = 0.297).




Figure 5 | Gene flow (Nm) and Lagrangian particles transport simulations. (A) Gene flow by MIGRATE-n between adjacent S. polycystum populations in the Indo-Pacific convergence region based on mitochondrial cox1+cox3, and (B) was based on nuclear ITS2. Numbers above/below the arrows represent migration rates in the direction of the arrow. Arrow thickness is scaled according to the value. (C) The averaged percentage of particles traveling in total released particles over all release experiments and the averaged percentage of particles traveling in a direct path. The arrow indicates the direction of particle transportation. In the legend, red corresponds to the direct path, and blue corresponds to all paths. (D) The percentage of particles traveling from one location to another in total released particles at different released times. Red: from L6 to L5, blue: from L5 to L6.





Oceanic current influences

The averaged percentage over all release experiments showed that more particles travel from L2 to L1 than that in the opposite direction (Figure 5C). Similarly, more particles travel from L2 to L3 than from L3 to L2, from L3 to L5 than from L5 to L3, and from L6 to L5 than from L5 to L6. Moreover, the number of particles traveling from L2 to L1 was nearly twice than that of the opposite direction, similar results were obtained for L2 and L3 as well as L5 and L6. The number of particles from L3 to L5 was 1.3 times of that in the opposite direction. These were consistent with the gene flow estimation between the different sampling locations. Moreover, the direction of particles traveling and the number of particles arriving exhibited different variations when released at different times. The particle number from L3 to L2was higher than that from L2 to L3 in three release experiments, the particles from L5 to L3 were more than from L3 to L5 in four release experiments (Supplementary Figures S7B, C). Noticeably, the transport of particles from L6 to L5 has been detected only in summer.

The particle trajectories showed some tracking paths that did not follow the major current systems from one location to another (Supplementary Figures S8, S9). Usually, the time taken for particles traveling was short when driven by the major current systems. To estimate how much particles were driven by the major current systems, we defined the trajectory path as the direct, when the time taken from one location to another was less than one year. The averaged percentage of particles traveling in direct paths from L1 to L2 (6%) was the lowest due to the intricate current systems (Figure 5C). The direct paths reached 68% of all paths from L2 to L1, while it was about, 85% from L5 to L3, 58% from L5 to L6, and 99% from L6 to L5 (Figure 5C). This suggests that the advection of particles in these sampling locations is mainly driven by the main current system.




Discussion


Ocean currents drive population connectivity

The interaction of biological habits and physical marine environment can promote the long-distance dispersal of individuals and influence the ecological environment of post-colonization habitats (Cowen and Sponaugle, 2009). Sargassum species have high dispersal potential and propagules that detach from the thallus can grow and reproduce after three months (Mizuno et al., 2014). The distribution patterns of haplotype H1 and ribotype R1 covered a wide geographic distance (~3,000 km; Figure 2 and Supplementary Figure 1) reflecting the ability of S. polycystum to drifting across long distances. In addition, the relationship between the geographic and genetic distance is not significant and thus not consistent with an IBD pattern (Supplementary Figure S6). This implies that geographic isolation is not the main factor that influences the biogeographic patterns and genetic diversity. The homogeneous genetic structure of S. polycystum is more likely caused by contemporary ocean currents in the Indo-Pacific convergence region.

Our integrated results indicate that the Lagrangian particle tracking and gene flow directionality are consistent with ocean current data (Figure 5). It indicates that the ocean current systems are the main physical factor influencing S. polycystum population connectivity and its geographic distribution. As a marine refugium to S. polycystum (Hu et al., 2018), Hainan Island has an obvious tendency to spread outside in marine ecological environments. In the South China Sea, S. polycystum populations dispersed southward from Hainan Island to the Gulf of Thailand and eventually to the Strait of Malacca (Nm: 2→3→5; Total particles: L2→L3→L5; Figure 5). The northeast monsoon current (NMC) formed in autumn and winter may be the main driving force of its southward dispersal. It flows southward along the east of Hainan Island in the South China Sea and then into the Indian Ocean through the Strait of Malacca (Fang et al., 2004; Fang et al., 2005). Although the ocean current directions changed seasonally, the gene flow and the particle tracking number in the opposite direction were significantly lower than the direction of NMC (Figures 5A–C). This implies that the NMC strongly contributed to S. polycystum population connectivity in the South China Sea. Moreover, the genetic exchange from Hainan Island (2) to Okinawa, Japan (1), was found to be significantly higher than that in the opposite direction (2→1: Nm = 1.152–2.257, 1→2: Nm = 0.003-0.058; Figures 5A, B), and the South China Sea warm current, which flows from the southwest to the northeast throughout the year (Fang et al., 2005), might facilitate the population migration from Hainan Island to Okinawa, resulting in the asymmetric genetic exchange. The northward Kuroshio Current along the east coast of Luzon Island might also have played an important role in the migration to Japan (Su, 2001). Due to the lack of sampling data from southern Taiwan, China, it is not clear whether the Taiwan is a transit station for the migration of Hainan Island to Japan. Particle tracking simulation also supported this result (Total particles: L2→L1 > L1→L2).

The seasonal variations of ocean currents and mesoscale eddies also impact the dispersal of S. polycystum (Figure 1; Supplementary Figures S7, S9). The winter monsoon currents are the main reason for the southward dispersal of S. polycystum populations in the South China Sea. In the Java Sea, the Karimata through-flow, one branch of the Indonesian through-flow, flows from the Java Sea through the Kalimata Strait to the Malacca Strait and the southern South China Sea during the northern hemisphere summer (Fang et al., 2009). Moreover, S. polycystum populations in tropical regions are only fertile during the summer months, the strong Karimata through-flow during the summer months might have contributed to the migration of S. polycystum from Bali (6) to the Strait of Malacca (5), this could explain the detected asymmetric gene flow. Although the Karimata through-flow reverses in winter, our simulations only detected the particle transport from L6 to L5 in summer (Figure 5D), and indicated that the Karimata through-flow was weaker in winter, leading to a smaller gene flow from the Strait of Malacca (5) to Bali (6). Besides the seasonal change of ocean currents, the mesoscale eddies may also influence dispersal routes. There are some results which are inconsistent with the direction of the main ocean currents in multiple particle release experiments. For example, the particle release experiment in January 2013 showed that there were significantly more particles from L3 to L2 than in the opposite direction, we suspect that the mesoscale eddies in the South China Sea might disturb the direction of particle transport resulting in the complex trajectories (Supplementary Figures S8B, H, J) (Fang et al., 2004; Zheng et al., 2017). Nevertheless, the proportion of particles transported by direct paths is significantly higher (Figure 5C and Supplementary Figure S9), suggesting that the long-distance dispersal of S. polycystum is mainly driven by the ocean current systems.

In addition, human-mediated dispersal (e.g., biological dispersal into ballast water) may also contribute to geographic structure and genetic diversity (Guzinski et al., 2018; Le Cam et al., 2020). We have detected significant gene flow between Phuket, Thailand (4) and the Strait of Malacca (5), but did not find any particle trajectories which reached any recovery site. Therefore, we speculate that ocean currents may not be the main force for the gene exchange between the two populations. The Strait of Malacca is an important channel connecting the Pacific and Indian Oceans and the frequent shipping may be a contributing factor to population connectivity here.



Historical range shifts and colonization routes of S. polycystum

Glacial refugia provided habitats for intertidal species to avoid extinction and served as centers of origin and genetic resource pools for postglacial species dispersal and recolonization (Maggs et al., 2008; Provan and Bennett, 2008). According to the genetic diversity level and ancestral haplotypes, Hu et al. (2018) proposed the existence of a glacial refugium for S. polycystum in the southwest of Hainan Island and possible the secondary shelters around Bali. Genetic diversity and number of endemic haplotypes/ribotypes are higher in the populations from southwest Hainan Island (CH and LD) and Bali (BL) (Figure 2 and Table 1; Supplementary Figure S1). Generally, populations in glacial refugia tend to have a longer evolutionary history than resettled populations, thus accumulating higher genetic diversity and unique genotypes (Maggs et al., 2008). The colonization route with the highest posterior probability value revealed that the S. polycystum populations in the South China Sea (Gulf of Thailand) may originate from the glacial refugium in the southwest of Hainan Island, and sequentially colonized southward from Hainan Island to the Strait of Malacca. Moreover, the Bali population had secondary contact with the Gulf of Thailand population in the Strait of Malacca, contributing to its genetic divergence (Figure 4). The S. polycystum may origin from multiple glacial refugia rather than a monophyletic origin, and postglacial demographic expansion may influence the present phylogeographic structure.

Historical vicariance of marginal seas and refugia caused by the sea level fluctuation could cause the genetic divergence in S. polycystum (Chan et al., 2013; Wang et al., 2016). The Sunda Shelf emerged in the southern South China Sea during the Middle Pleistocene (0.150-0.250 Ma) and formed Sundaland, which connected mainland Asia with western Indonesia and parts of the Philipines (Pelejero et al., 1999; Voris, 2000; Bird et al., 2005). Sundaland formed an obvious geographic barrier for marine organisms on both sides and may have influenced the divergence of S. polycystum populations in Hainan Island and Bali. The high genetic divergence between populations from southwestern Hainan Island (LD) and Bali (BL) (FST: ITS2 = 0.305-0.768, cox1+cox3 = 0.220-0.860; Supplementary Table S2) supports this hypothesis. The phylogeographic structure of S. polycystum populations in the Indo-Pacific convergence region was similar to that of Maggs et al.’s Model IV (Maggs et al., 2008), suggesting that divergent populations from multiple glacial refugia were genetically mixed in the secondary contact zone (Provan and Bennett, 2008). This was supported by the high genetic diversity detected in the populations of the Strait of Malacca (MCR, MPB, and SP) (h = 0.239-0.542, π = 0.00079-0.00190; Table 1). Nonetheless, additional samples (e.g. from the Gulf of Bengal, west coast of Sumatra, the east coast of Borneo, and the Philippines) and evidences are needed to enforce our conclusions.

In conclusion, the colonization routes and demographic distributions of S. polycystum in the Indo-Pacific convergence region, reflected historical events which influenced its phylogeographic structure. The integrations of dynamic ocean current data, physical oceanographic simulation, and molecular genetics data revealed that the ocean current system could drive its geographical dispersal and population genetic connectivity, and caused their phylogeographical distributions and diversity patterns.
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