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Genomics-Based Phylogenetic and Population Genetic Analysis of Global Samples Confirms Halophila johnsonii Eiseman as Halophila ovalis (R.Br.) Hook.f.
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Halophila johnsonii is an endangered seagrass species that is restricted to the southeast coast of Florida, United States. Its taxonomic status has been called into question, in particular, given the close morphological and genetic similarity of H. johnsonii and the widely distributed and morphologically variable Halophila ovalis, which is largely restricted to the Indo-Pacific region. While a close relationship to H. ovalis is uncontroversial, it remains uncertain whether H. johnsonii represents a distinct lineage or is a recent introduction to the Florida region. Given the conservation status of H. johnsonii, distinguishing these alternatives has important implications for the management of the species and its habitat. Here, we develop molecular data sets for samples of H. johnsonii and H. ovalis including DNA sequences, genome-wide SNPs and microsatellites with the view to resolving the affinities of H. johnsonii with respect to the wider H. ovalis complex. Phylogenetic hypotheses based upon plastid (∼18000 bp) and low copy nuclear DNA (∼6500 bp) sequences derived from hybrid capture, along with 990 genome-wide ddRAD SNPs consistently resolved H. johnsonii within H. ovalis. Specifically, we found a close affinity between H. johnsonii and H. ovalis sampled from the east coast of Africa. In addition, Halophila specimens collected in Antigua, which are within the range of morphological variation typical for H. ovalis, are virtually identical to H. johnsonii and the East African H. ovalis samples based upon DNA sequence analyses and these group together using Bayesian clustering analyses of microsatellites and ddRAD SNPs. We conducted population genetic analyses using large number of H. johnsonii samples collected over a 17-year period. Genotypic data generated through microsatellites and ddRAD SNPs revealed genetic uniformity for all 132 H. johnsonii samples across the Indian River Lagoon, Florida, while samples of H. ovalis from Antigua shared the same genotype as H. johnsonii. We conclude that the lack of genetic diversity and the absence of sexual reproduction strongly indicates that the total range of H. johnsonii is actually one clone that is closely related to populations in Africa and Antigua and may be derived from a recent introduction from one of those regions.
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INTRODUCTION

Halophila johnsonii Eisman is a shallow water marine angiosperm, or seagrass, which has a restricted distribution in areas of the southeast coast of Florida (Virnstein et al., 2009). H. johnsonii was first noted along the east coast of Florida in the latter half of the last century (Phillips, 1960) and was subsequently described as a new species (Eiseman and McMillan, 1980). It is differentiated from other Halophila Thouars species found in the Atlantic by its smooth leaf margins on leaf-pairs at each node and leaf blades lacking both serrations and hairs. Eiseman and McMillan (1980) also noted that H. johnsonii was likely a very close relative to the Indo-Pacific seagrass species H. ovalis (R.Br.) Hook.f. but suggested it differed in leaf form from that species. The emphasis at the time of the original taxonomic description was to differentiate H. johnsonii from the other Atlantic species, which they successfully achieved. As a relatively recently described species, and a seagrass endemic to the east coast of Florida, early collections of H. johnsonii may have been referred to Halophila decipiens Ostenf. or H. baillonii Asch. (e.g., Figure 46 in Phillips, 1960).

The affinities of H. johnsonii to the widespread and variable species H. ovalis were for a long time largely unstudied. Similarity between H. johnsonii and H. ovalis was evaluated in a limited way using isozyme analysis around the time of its description (McMillan, 1980; McMillan and Williams, 1980). However, those studies had limited resolution and sampling and thus provided few insights as to the distinctiveness of these groups. Other early investigations into the relationships among Halophila species utilized newer and emerging molecular markers (e.g., Random Amplified Polymorphic DNA (RAPD) markers (Jewett-Smith et al., 1997; Kenworthy et al., 2007), but these also lacked resolution to definitively determine affinities and/or had serious technical and methodological issues leading to uncertainty in interpretation (Bussell et al., 2005). Thus, genetic markers with greater resolution and with a high degree of confidence in the outcomes are required to generate species level data for evaluating the relationships between H. johnsonii and H. ovalis.

Taxonomically H. ovalis has been variously called a “collective species” (Den Hartog, 1970) and a “complex” (Sachet and Fosberg, 1973; Waycott et al., 2002), reflecting the diversity in apparent form (Den Hartog, 1970; Waycott et al., 2002, 2006; Uchimura et al., 2008). Indeed Den Hartog (1970) describes H. ovalis as a eurybiontic species emphasizing the very wide range of tolerances this species appears to exhibit across a range of gradients including salinity, temperature, depth range, and sediment type. A number of subspecies have been described endeavoring to capture some of the variation observed in the broader species concept for H. ovalis. For example, extreme forms of H. ovalis were separated out as subspecies (Den Hartog, 1970; Sachet and Fosberg, 1973; Kuo and Den Hartog, 2006) – H. ovalis subsp. linearis, characterized by the linear leaf blades and H. ovalis subsp. bullosa, characterized with bullose or bulging leaf blades between the veins. A full revision of Halophila section Halophila is likely required to resolve the taxonomic uncertainty within H. ovalis, however, morphological traits that are not environmentally modified will need to be determined to effectively achieve this.

DNA sequence based phylogenetic analyses have placed H. johnsonii as one of several species closely associated with H. ovalis (e.g., Waycott et al., 2002; Waycott et al., 2006; Uchimura et al., 2008). In addition, a study of Halophila material found on the Caribbean Island of Antigua (Short et al., 2010) casts doubt as to the specific status of H. johnsonii. Based upon rDNA ITS (internal transcribed spacer regions of 18–26S nuclear ribosomal) sequences and morphology, the Antigua material was determined to belong to H. ovalis and was genetically identical to H. johnsonii. These authors also found that the morphological characters that are diagnostic for H. johnsonii fall within the range of variation that occurs in H. ovalis sensu lato, as previously suggested by Waycott et al. (2002), and in particular, were most similar to H. ovalis subsp. linearis from Mozambique, east Africa. However, the status of H. johnsonii requires further investigation given a strong reliance on the ITS region in previous studies. Specific concerns include the possibility of incomplete lineage sorting (ILS) (other issue with ITS sequences may also apply see for example, Bailey et al., 2003), which could go undetected in a single marker study, and insufficient variation to adequately detect recently diverged lineages within the morphologically diverse and geographically widespread H. ovalis complex (Fonseca and Olsen, 2016).

Few studies have attempted to assess the genetic diversity within H. johnsonii. Using RAPDs, Jewett-Smith et al. (1997) detected some genetic variation within H. johnsonii; however, small sample size and use of dominant genetic markers limited the power of this study. Using RAPDs and AFLPs for a range-wide sample, Freshwater et al. (2003) [summarized in Kenworthy et al. (2007)] detected very low levels of genetic diversity both within and among H. johnsonii populations. A separate study, using the same samples as Freshwater et al. (2003) screened AFLPs across 10 populations [Waycott, referred to in Kenworthy et al. (2007)]. The low levels of genetic variability found in this study were attributed to isolation, small population size, and a loss of its ability to set seed. Microsatellites, the markers of choice for seagrass clonality research (e.g., Arnaud-Haond et al., 2005; McMahon et al., 2014, 2017) were later developed for H. ovalis (Xu et al., 2010). A subsequent study using these markers found high genetic diversity in two monospecific H. ovalis populations in the Hepu Dugong National Nature Reserve of Guangxi, China and that a small number of genets consisted of multiple ramets (Xu et al., 2019). One of the main findings was that clonal diversity was high and clones were small compared to other seagrass species (e.g., Arnaud-Haond et al., 2012; Bricker et al., 2018). These findings indicate that H. ovalis is a species that has high turnover meadows that are maintained through sexual reproduction. Preliminary findings pertaining to genetic diversity in H. johnsonii are in stark contrast to the inferences made for H. ovalis by Xu et al. (2019). The availability of microsatellite markers allows further testing of the reproductive biology of H. johnsonii and this study will be the first to use high resolution co-dominant markers to assess genetic diversity in the species.

This study provides a revaluation of the status of H. johnsonii, firstly by assessing the evolutionary relationships of H. johnsonii and the broader the H. ovalis complex using a combination of DNA sequences and SNPs (single nucleotide polymorphisms) generated through ddRAD (double digest restriction-site associated digest) sequencing. A secondary aim is to establish how H. johnsonii is related to other populations in the H. ovalis complex using a population genetic approach. New and previously developed microsatellites along with ddRAD SNPs were screened within and among Halophila populations. Given the restricted distribution of H. johnsonii, and the absence of closely related Halophila species in the Atlantic Ocean, we considered two contrasting hypotheses. First, H. johnsonii is a relic of long-term isolation resulting from contraction/extinction of the broader distribution of H. ovalis in the Atlantic (e.g., Kuo, 2020). Under this hypothesis, we would expect a strong signal of allelic differentiation, with a possibility of some overlapping alleles, and H. johnsonii should be resolved as sister to H. ovalis from the Indo-West Pacific on a phylogenetic tree. The alternative hypothesis invokes a recent long-distance dispersal event to Florida with origins in the Indo-West Pacific H. ovalis complex. Under this proposition, we would expect no, to little allelic differentiation and reduced genetic diversity due to genetic inbreeding and drift. Phylogenetically, samples of H. johnsonii would be expected to cluster with samples of H. ovalis from the Indo-West Pacific.



MATERIALS AND METHODS


Phylogenetic Data Generation Using Targeted Nuclear and Chloroplast Gene Regions and ddRAD


Sampling

For phylogenetic analyses a total of 105 plant samples were used, including plant material sourced for Halophila species from 19 countries across the Indo Pacific, the Caribbean and the tropical Atlantic Ocean (Figure 1 and Supplementary Tables 1A,B). Material of H. johnsonii included several independent sets of samples obtained at different times and locations (Figure 1 inset and Supplementary Table 1A).
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FIGURE 1. Locations of Halophila samples included in the DNA sequence data sets (large circles). Numbers refer to sample codes used in Supplementary Table 1. Inset map shows the approximate distributional range of H. johnsonii in Florida, United States indicating collection sites for samples included in this study. Sites used for population genetics analyses are indicated by the small dark circles and have no number assigned. Details of the population genetic samples are in Supplementary Table 5.




RNA Bait Design

We used a set of single copy nuclear and plastid loci developed as phylogenetic markers for angiosperms (Waycott et al., 2021; Supplementary Table 2) using the myBaits® target enrichment system (Arbor Science) for sequence capture of the selected loci. In brief, genomic DNA (normalized to 1 ng/uL) was sheared using a Diagenode Bioruptor® Pico sonicator to fragment lengths of c. 300–600 bp. DNA libraries were constructed using a NEBNext® UltraTM II DNA Library Prep with Sample Purification Beads preparation kit (New England Biolabs). To enable bioinformatics processing following Hybrid Capture, truncated “stubby” Y-adaptors (compatible to Illumina TruSeq primers) similar to Glenn et al. (2016) with synthetic “barcodes” were annealed at each end of the DNA fragments. These synthetic DNA barcodes are 8nt in length and situated on the 3′ end of the Read 1 and 2 primer binding sites; 48 adapters were designed for this study and reused every 48 samples. The tag sequences were randomly selected from the “8nt ed3” list provided by Faircloth and Glenn (2012). Hybrid capture was performed following manufactures instructions, hybridization was performed at 65°C and incubated for 24 h. Post capture PCR was performed on the half build libraries to fuse the remaining sequencing adapters with 8nt P5 and P7 indexes. Libraries were pooled in equimolar concentrations and sent for Illumina paired-end sequencing (2 × 150) to the Australian Genome Research Facility (AGRF).



Post Sequencing Data Processing Targeted Genes

High-throughput 150 bp paired-end reads were processed using CLC Genomics Workbench v7.5.1.1 Following demultiplexing and quality trimming (Phred-score threshold of 20), we used de novo assembly of pooled H. ovalis samples to generate a set of reference contigs for the species. In order to recover the targeted nuclear loci, the de novo assembly was converted to a BLAST database and we used reference genomic sequences in Zostera marina downloaded from Phytozome v 122 (Goodstein et al., 2011) as query sequences using an E-value ≤ 1E-20. The de novo contigs matching the Zostera genes were then used as the mapping reference for each individual to generate a per sample assembly at each locus (Supplementary Table 2). From these, we extracted the majority rule consensus sequence inserting “Ns” when coverage was lower than five.

In order to recover the plastid (chloroplast) targets we used the chloroplast genome sequence of Elodea canadensis (Genbank number JQ310743), a member of the same family as Halophila (Hydrocharitaceae) as a mapping reference (Supplementary Table 2). Reads from each sample were mapped to the reference using default parameters with a length fraction of 0.5 and a similarity fraction of 0.85. Consensus sequences were extracted for each individual and locus and were imported into Geneious v11 (Kearse et al., 2012), aligned using the MUSCLE (Edgar, 2004) plugin with default parameters and each alignment was manually checked and adjusted.

The concatenated chloroplast and nuclear DNA data were analyzed separately under maximum likelihood (ML) using RAxML (Stamatakis, 2014) and the GTR Gamma I model of nucleotide substitution (Abadi et al., 2019) with 500 non-parametric bootstrap replicates to assess topological support. We also used the MrBayes 3.2.4 (Huelsenbeck and Ronquist, 2001) Geneious plugin to estimate phylogenies from each data set with Bayesian inference. For both data sets, we used the GTR+I+G model of sequence evolution and 2 independent chains were run over 1,100,000 steps, sampling trees and parameter values every 1,000 steps, and discarding 10% as burnin. Bayesian posterior probabilities (PP) were summarized on the post-burnin topologies combined from the two independent runs per data set.



Genome Wide Screening With ddRAD

A small selection of samples was used for ddRAD analysis, where a total of 48 samples from 13 populations were processed (Supplementary Table 1). The protocol described in Peterson et al. (2012) and adapted as reported in Villacorta-Rath et al. (2016) was used with some modifications. Briefly, ∼100 ng of extracted DNA was digested using restriction enzymes EcoRI-hf and MseI (New England Biolabs), followed by ligation of restriction-site specific adapters with unique barcodes. The DNA library preparation was purified with AMPure XP magnetic beads (Beckman Coulter Life Sciences) and size-selected to 300 and 1,000 bp to avoid amplification of fragments outside of the sequencing range. The size-selected library was amplified in 50 μL reactions using KAPA SYBR® FAST qPCR (Kapa Biosystems) on a LightCycler® 96 Instrument (Roche Diagnostics) using the IlluminaTM sequencing primer sites of the adaptors. Quantitative PCR was performed to determine when to stop the PCR reaction (i.e., when amplification curves reached exponential amplification), which was 15 cycles for this experiment. 3 μL of each sample was run on a 1.5% agarose gel. Each library was then given a visual score of 1–4 (1 = high fluorescence, 2 = medium, 3 = low, and 4 = very low) for fragment lengths around 200 bp (region that will be sequenced). Libraries were pooled based on this score (1 = 7 μL, 2 = 15 μL, 3 = 22 μL, and 4 = 30 μL) in one low-bind tube to equilibrate DNA concentration between libraries. The pooled library was cleaned with 0.7X AMPure XP (Beckman Coulter) and then size selected to 300--400 bp on a Pippin Prep 2% agarose gel (100--600 bp with marker L; Sage Science). Eluates were quantified on a Tape Station (Agilent) with High Sensitivity D1000 ScreenTapes and sent off for sequencing on a NextSeq500 (100 single end Mid Output Kit, Illumina)TM. The library was sequenced at AGRF. Over 196 million reads were generated and imported into CLC genomic workbench seven (Qiagen). These were de-multiplexed according to internal adapter barcodes, trimmed and all clean reads were imported into IPyRAD 0.7.25 3 (Eaton, 2014). We used a clustering threshold of 0.85 for de novo assembly and discarded loci with <10 individuals (∼20%) represented for that locus. A single SNP per locus was randomly selected and passed for downstream analyses.

Selected SNPs (990) were concatenated and analyzed in RAxML using the GTR Gamma I model of nucleotide substitution and 500 non-parametric bootstrap replicates to assess topological support. In addition, we used a coalescent approach to estimate a lineage tree from the SNP data using SVDquartets (Chifman and Kubatko, 2014) implemented in PAUP∗ (Swofford, 2003). We evaluated 100,000 random quartets with 1,000 non-parametric bootstrap replicates and then the quartet assembly method QFM (Reaz et al., 2014) was used to generate a summary tree.



Population Genetic Analysis Using Microsatellites and SNPs


Development of Microsatellites

Genomic DNA of the 13 H. ovalis test samples (Supplementary Table 5) was isolated from leaf tissue using the DNeasy Plant Kits (Qiagen). An equimolar mix of the DNA samples was sent to GenoScreen (Lille, France) for library preparation and followed methods described by Malausa et al. (2011). Briefly, the samples were fragmented and enriched for TG, TC, AAC, AGG, AAG, ACG, ACAT, and ACTC repeats. The enriched library was then amplified and prepared for sequencing using GS-FLX Titanium chemistry (454 Life Sciences, a Roche Company). A total of 16,331 contigs containing microsatellites were isolated using the QDD software (Meglécz et al., 2010) and a shortlist of 175 validated loci with primers were provided. Seventy-five loci were selected based on repeat motif and number of repeats and ordered for testing. Primer selection criteria included product size expected to be between 100 and 400 bp as well as possessing simple uninterrupted repeats, not complex or compound repeats. Novel primer pairs were tested in a similar way to Bijak et al. (2014). Following initial diversity assessment of new primers and previously published primers (Xu et al., 2010; results in Supplementary Table 3.1) three multiplex panels were designed using Multiplex Manager (Holleley and Geerts, 2009) to reduce laboratory expenses and labor resulting in a 10 loci genotyping panel with fluorescent tags (6-FAM, VIC, and NED). Two loci (HpO28 and HO-8) were added to multiple multiplexes as the dye and size range allowed for it. The reverse primers were slightly modified by adding a PIG-tail (5′-GTTTCT-3′) to the 5′ end to reduce stutters (Brownstein et al., 1996), see Supplementary Table 3.1. The three multiplexes were used for screening of all the population samples following conditions similar to Bijak et al. (2014).



Population Sampling

The population genetic diversity of H. johnsonii was determined using a range of sample sets. The largest set consisted of samples of H. johnsonii from the Indian River Lagoon that were collected in 2000 and 2012 by the Florida Fish and Wildlife Conservation Commission and the University of Virginia. This set included 132 samples from 12 locations across the full range of the species distribution (Supplementary Table 5). Samples of H. ovalis from Antigua, described in Short et al. (2010), were also included in this study. To enable comparison of the genetic diversity of H. johnsonii to related taxa, samples were included from the H. ovalis complex across its geographic range in the Indo-West Pacific region (Supplementary Table 5). Although sampling was sparse for some sites, the genetic information obtained will be sufficient to assess overall genetic diversity within distribution of the H. ovalis complex. A total of 294 samples were successfully genotyped in the microsatellites survey.



Population Analysis Using Microsatellites

Allele calls were extracted from Geneious as .csv files and collated into an Microsoft Excel data sheet and manually transformed and imported into GenoDive (Meirmans and Van Tierden, 2004). To assess clonality, we used the Assign Clones function setting the threshold to 0 (Supplementary Figure 3.3) following the approach suggested by Meirmans and Van Tierden (2004) and Arnaud-Haond et al. (2007). All duplicate genotypes within populations were removed from the data set and all subsequent analyses were performed on a reduced sample set that consisted of 123 multilocus genotypes (MLGs, Supplementary Table 6). Because of the low sample size following the removal of putative clones, only average number of alleles per locus, effective number of alleles, observed heterozygosity, and expected heterozygosity were calculated for each population using GenoDive. The genotypic richness was calculated using equation 5 in Arnaud-Haond et al. (2007). A Principal Components Analysis (PCA) was also performed on genets in GenoDive. A complete dataset was required for this analysis and the “Fill in missing data” option was run based on population allele frequencies. The graph was plotted in DataGraph v4.7.1 (Visual Data Tools Inc.).

To determine how many distinct genetic groups there were in the data, a Bayesian assignment approach was performed using the software Structure (Pritchard et al., 2000). Admixture was specified in the model, allowing genotypes to show membership to more than one cluster. Default settings were used, and sampling locations were not used as priors. Model parameters were set to K = 1–20, with 10 iterations for each value of K, and an initial burn-in period of 100,000 iterations (sufficient for α, FST to converge) followed by 1,000,000 Markov Chain Monte Carlo repetitions. The most likely number of population clusters was determined by the ad hoc estimator ΔK (Evanno et al., 2005) and CLUMPAK (Kopelman et al., 2015) was used for downstream processing.



Population Genetic Analysis Using ddRAD

Following transformation into biallelic numeric Boolean data, the SNPs generated through ddRAD were also analyzed using a population genetic approach (47 samples distributed across 13 populations: Supplementary Table 1A). Clonality was determined with the Assign Clones function in GenoDive, setting the threshold to 6 (Supplementary Figure 3.7) following the approach suggested by Meirmans and Van Tierden (2004) and all duplicate MLGs were removed from the data. Basic genetic diversity parameters average number of alleles per locus, observed heterozygosity and expected heterozygosity were calculated for each population (Supplementary Table 3.4) and locus used (Supplementary Table 3.1) with GenoDive. A PCA was also performed on genets in GenoDive. A complete dataset was required for this analysis and the “Fill in missing data” option was run based on population allele frequencies. The graph was plotted in DataGraph v4.7.1 (Visual Data Tools Inc.).

Structure analyses were performed on the SNP data using same settings as described above. Ten runs were performed with the number of clusters (K) set to 1–15, with an initial burn-in period of 1,00,000 iterations followed by 1,000,000 iterations and the most likely number of clusters was determined using the ΔK statistic.



RESULTS

Three different DNA sequence data sets were generated to assess phylogenetic relationships within Halophila: (1) 16 plastid loci generated from hybridization capture (N = 73 samples), a final concatenated alignment of 17,999 bp (Supplementary Table 2); (2) 7 nuclear loci generated from hybridization capture (N = 36 samples), a final concatenated alignment of 6,449 bp (Supplementary Table 2); and (3) 990 SNP loci generated from ddRAD sequencing (N = 47 samples; data available in Dryad repository doi: 10.5061/dryad.jr8pq). These data represent the most comprehensive data set to compare relationships among a group of marine angiosperms to date. Additionally, two genotypic datasets were generated to assess how H. johnsonii samples relate to each other and to other populations in the H. ovalis complex in a global population genetic context. A large sample set was screened with ten microsatellite loci and a smaller sample was tested with the 990 SNP loci that were generated through ddRAD.


Phylogenetic Relationships Across the Genus Halophila Inferred From Plastid Gene Regions

Plastid phylogenetic relationships among the species of Halophila were generally well resolved (Figure 2). A monophyletic H. ovalis sens. lat is strongly supported and includes two major well-supported sub-clades (clades 1 and 2 in Figure 2). Clade 2 includes samples from north-eastern Australia, while clade 1 includes samples from throughout the Indo-Pacific, as well as H. johnsonii (samples collected in 2000, 2012, and 2017) and H. ovalis from Antigua. The latter are resolved within a well-supported clade (1a in Figure 2) that otherwise includes, exclusively, samples from east Africa including Kenya, Zanzibar and Mozambique. The average patristic distance across the pairwise comparisons of samples forming group 1a was zero (i.e., all individuals share the same haplotype) compared to c. 0.0009 for group 1 overall and c. 0.002 across Group 1 and 2 (i.e., H. ovalis sens. lat.) (Supplementary Table 4).
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FIGURE 2. Maximum-likelihood topology obtained from the 16 locus hybridization capture generated plastid (cp) DNA regions for 73 samples of Halophila using RAxML and the GTR Gamma I nucleotide substitution model and 500 bootstrap replicates. ML support values ≥50%, and PP > 0.8 (Bayesian analyses, bracketed) are shown adjacent to the node. Unlabeled nodes had support values lower than this value. Highlighted groups include: 1–Clade III of Uchimura et al. (2008) referred to as H. ovalis group; 1a–including H. johnsonii, along with specimens of H. ovalis from the East coast of Africa, and samples from Antigua; 2– equivalent to clade II of Uchimura et al. (2008) referred to as H. major group; and 3–single specimen likely to be representative of clade IV following Uchimura et al. (2008); “australis” – true Halophila australis only found in southern temperate Australia; A–broader H. ovalis group (sensu lato) used in other analyses.




Phylogenetic Relationships Within the Halophila ovalis Complex Inferred From Nuclear Gene Regions

The results of phylogenetic analysis of nuclear DNA data generated using hybridization capture (Figure 3) recover topologies that are largely consistent with those from the plastid DNA analysis. Specifically, a well-supported clade (1a in Figure 3) includes H. johnsonii along with H. ovalis from Antigua and H. ovalis samples obtained from the east coast of Africa (Kenya and Zanzibar). Group 1a is resolved within Group 1, which includes several well-supported clades (tropical and eastern Australia; Solomon Islands; Thailand and Singapore; and Western Australia) but the relationships among these groups are poorly resolved. These are sister to a well-supported clade comprising individuals from tropical eastern Australia (Group 2 in Figure 3). The overall average patristic distance across the pairwise comparisons of samples within group 1a is extremely low: c. 0.002 overall and 0.00026 for H. johnsonii samples and the Antigua material compared with 0.012 for Group 1 overall and c. 0.013 for H. ovalis sens. lat, (i.e., Groups 1 and 2 in Figure 3), see Supplementary Tables 2, 4.
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FIGURE 3. Maximum-likelihood topology obtained from the 7 locus hybridization capture generated for nuclear (nr) gene regions across 38 samples from the seagrass genus Halophila under the GTR Gamma I substitution model using RAxML with 500 bootstrap replicates. ML support values ≥50%, and PP > 0.8 (Bayesian analyses, bracketed) are shown adjacent to the node. Unlabeled nodes had support values lower than this value. Highlighted groups include (as for Figure 2): 1–Clade III of Uchimura et al. (2008) referred to as H. ovalis group; 1a–including H. johnsonii, along with specimens of H. ovalis from the East coast of Africa, and samples from Antigua; 2–equivalent to clade II (H. major group) of Uchimura et al. (2008); and 3–specimens likely to be representative of clade IV following Uchimura et al. (2008).




Phylogenetic Relationships Within the Halophila ovalis Complex Inferred From ddRAD Analysis

Genome-wide screening of anonymous gene regions using ddRAD generated a data set of 990 (presumably) independent SNP loci providing a dataset that could be compared to the hybridization capture data. The phylogenetic analyses using RAxML recovered a similar topology (Figure 4) to those from the plastid and nuclear DNA sequences (Figures 2, 3). In particular, the H. johnsonii samples were not differentiated from each-other, or from H. ovalis from Antigua and these were placed within a well-supported group including the majority of east African samples. The overall average patristic distance across the pairwise comparisons of samples of H. johnsonii samples and the Antigua material was 0.002 compared with an average of 0.21 across the dataset overall, see Supplementary Table 3. The relationships inferred from the SNP markers using SVDquartets (Supplementary Figure 7) are consistent with those inferred from ML analysis of the concatenated SNPs (Figure 4).
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FIGURE 4. Phylogenetic relationships based on analysis of 990 ddRAD SNPs generated for samples of Halophila johnsonii and the H. ovalis complex (Supplementary Table 1) using RAxML, the GTR Gamma I nucleotide substitution model and 500 bootstrap replicates. Support values ≥80% are shown adjacent to the node and unlabeled nodes had support values lower than this value.




Genetic Diversity of Halophila johnsonii and Other Members of the Halophila ovalis “Complex” Using Microsatellites

Genotypic analysis of H. johnsonii samples collected in the Indian River Lagoon revealed that all MLGs could be collapsed into a single MLG, effectively one sample, contributing to following population genetic analyses (Supplemental Materials 3, 5, 6). The nine samples from Antigua were also collapsed into one MLG, which was identical to that of H. johnsonii (based on 9 microsatellite loci, as Locus HpO22 did not work for the Antigua samples, see Supplementary Table 5). Other populations within the H. ovalis complex had reduced numbers of MLGs due to clonality but most populations retained multiple MLGs for genetic diversity assessment while for some populations each sample was a unique MLG (Supplementary Table 3.4).

Although PCRs did not always yield alleles for all loci, genetic diversity in most populations in the H. ovalis complex was considerable. Allelic diversity was highest in the Solomon Islands (3.9), which is noteworthy considering the small number of samples tested. Heterozygosity values were also calculated and are indicative of significant genetic diversity for the selected markers and populations tested but are not very informative given the small sample sizes (Supplementary Table 3.4).

Population assignment with Structure and ad hoc post analysis using ΔK indicated the most likely number of clusters was 3 (Supplementary Figure 3.5). Figure 5 shows the assignment of MLGs to clusters for values of K from two to four and this sequence of graphs illustrates how samples split into smaller sub-clusters with increasing values of K. At K = 4, samples of H. johnsonii and H. ovalis from Antigua are consistently assigned to the “Blue” cluster and are closely associated with populations from eastern Africa (Kenya and Zanzibar) as was found in each of our phylogenetic data sets. Eastern Australian populations appear to be the most differentiated from all other populations as they form a distinct group at K = 2, followed by Western Australian populations when K = 3 and an Indo Pacific cluster at K = 4. Supplementary Figure 3.6 shows the PCA for the same MLGs.
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FIGURE 5. Structure cluster assignment of H. johnsonii and H. ovalis “complex” populations for K = 2, K = 3, and K = 4 based on microsatellite genotyping. Each multilocus genotype is one vertical bar, populations are separated by black lines and cluster assignment is indicated by color. Population details can be found in Supplementary Table 5.




Genetic Diversity of Halophila johnsonii and Other Members of the Halophila ovalis Complex Inferred From ddRAD Analysis

From the initial 47 samples that were screened, removal of duplicate genotypes within populations resulted in 33 samples passing to population analysis. As with the microsatellite data, all H. johnsonii had the same genotype and collapsed into one representative for the species and the H. ovalis samples from Antigua also shared that genotype. Allelic diversity and expected heterozygosity (HE) were highest among the East Australian populations (Supplementary Figure 3.7). Population assignment with Structure resulted in similar clustering as the microsatellites, with K = 3 being the most likely number of clusters in the data (Supplementary Figures 3.9, 3.10). The H. johnsonii and Antigua samples cluster strongly with the Kenyan populations. Supplementary Figure 3.11 shows the PCA with SNP MLGs.



DISCUSSION

This study aimed to establish, with a high degree of confidence, the relationships of H. johnsonii within the broader H. ovalis complex. H. johnsonii is listed under the United States Fish and Wildlife Service ESA and its taxonomic status is of interest to many stakeholders as changes could have far-reaching implications for the ongoing management of the species and its habitat. The results obtained, based on substantial sequencing efforts, demonstrate that H. johnsonii is placed within a monophyletic group that contains diverse representation of H. ovalis samples from widespread geographic origins i.e., Australia (both tropical and subtropical east and west coasts) Japan, Thailand, Philippines, Palau, Singapore, and the Solomon Islands. Furthermore, we found a close relationship between H. johnsonii and samples of H. ovalis from eastern Africa and Antigua using a phylogenetic (Figures 2–4) and a Bayesian clustering approach (Figure 5 and Supplementary Figure 3.9). Taken together, our findings support the hypothesis that H. johnsonii is an outlying population of the Indo-Pacific species, H. ovalis, following a broader species concept for this taxon (Waycott et al., 2002, 2004, 2006, 2014; Uchimura et al., 2008). In fact, genetic diversity of H. johnsonii is so low that all samples share the same MLG and can be “cautiously” considered members of one clone, with strong indications that it is now also present in Antigua (Supplementary Tables 3.4, 5, 6).

Previous studies, based upon rDNA ITS sequencing, also determined a close genetic relationship between H. johnsonii and the Antiguan H. ovalis material (Short et al., 2010) and/or the resolution of H. johnsonii within H. ovalis sens. lat. (e.g., Waycott et al., 2002; Short et al., 2010). However, the limitations of single locus studies have been widely recognized (e.g., Doyle, 1992): in particular, gene histories may be distinct from lineage histories owing to factors such as ILS. The comparison of plastid and nuclear data sets can provide evidence of ILS (e.g., Pelser et al., 2010), which should manifest as conflicting gene trees detected using data with different evolutionary rates and patterns of inheritance. Here, we resolved broadly consistent topologies from our plastid and nuclear data sets (Figures 2, 3). Furthermore, phylogenetic relationships inferred from genome wide ddRAD SNPs, including an approach that is robust to ILS (Chou et al., 2015), found a close relationship of H. johnsonii and H. ovalis samples from Antigua and East Africa (Figure 4 and Supplementary Figure 7). This is consistent with phylogenetic analyses of the nuclear and plastid DNA sequences, as well as clustering analyses using both SNPs and microsatellites (Figure 5 and Supplementary Figure 3.9). Taken together, our findings indicate that ILS is not a factor influencing the resolution of relationships among our focal taxa.

Previous molecular phylogenies have provided relatively limited resolution within the widespread and morphologically variable H. ovalis complex, we suggest in part reflecting the focus on single marker (rDNA ITS) sequencing lacking sufficient variation, as well as a limited sampling of the species range (e.g., Waycott et al., 2002; Uchimura et al., 2008; Short et al., 2010). This “lack of evidence” has cast doubt on assertions that H. johnsonii may be equivalent to H. ovalis (e.g., Fonseca and Olsen, 2016). In the present study, based upon an expanded sampling of H. ovalis (Figure 1), new DNA sequences, SNPs and microsatellite data, we were able to differentiate several groups within H. ovalis (Figures 2–5) consistent with the view that the species is indeed a complex and heterogeneous entity comprising several morphologically and/or geographically distinct lineages. Importantly, our data is sufficient to detect structure within H. ovalis. With respect to H. johnsonii no difference between this species and H. ovalis from Antigua was found, and very limited differentiation from Africa and in any future taxonomic treatment of the H. ovalis complex, these would likely be treated together.

The level of divergence between H. johnsonii, the Antiguan material, and H. ovalis samples from eastern Africa in each of our phylogenetic data sets (Figures 2–4) suggest that the former two entities have only recently separated from the latter, potentially following one or more recent long distance dispersal events from the Indo-West Pacific, and most likely from east Africa. As noted elsewhere (Short et al., 2010; Fonseca and Olsen, 2016), it may be difficult to distinguish amongst human mediated dispersal and natural range extension of seagrass species, and both have been suggested to explain pan-tropical distributions in Halophila: H. stipulacea is believed to be a human mediated introduction to the Tropical Atlantic (Ruiz and Ballantine, 2004), while H. decipiens may have naturally dispersed either from the Indo-Pacific to the Atlantic, or vice-versa, via rafting or floating of vegetative fragments (Waycott et al., 2002). Asexual recruitment via fragment dispersal has also been suggested for H. johnsonii in the Indian River Lagoon (Hall et al., 2006) and a founding event, comprising one or a few such fragments is consistent with the absence of male plants and the very low genetic diversity observed with H. johnsonii. The finding that samples of H. ovalis from Antigua and H. johnsonii share the same MLG (Supplementary Table 6) also supports the potential for long-distance vegetative dispersal, and that H. ovalis in Antigua is in fact a clone of H. johnsonii. This view is reinforced by morphological studies of these entities conducted by Short et al. (2010) and by the lead author of this study (Waycott et al., 2014; H. johnsonii specimens US3616733, 4 and 6; US3160166, 7, Smithsonian Museum, United States National Herbarium; and 2 H. ovalis SeagrassNet specimens from Antigua, F. Short 28) indicating they are morphologically as well as genetically equivalent. Finding genetically and morphologically indistinguishable seagrass populations in these widely separated locations, and not elsewhere, leads to the potential to speculate on the dispersal direction. Given the relative prevalence of the “H. johnsonii” material throughout the Indian River Lagoon and the very limited area of occupancy of the Antigua material, it seems unlikely the Indian River Lagoon population originated in Antigua. The movement of recreational marine vessels between these locations is common and given the documented ability of H. johnsonii to recruit from fragments (Hall et al., 2006), it is possible, albeit speculative, that the direction of colonization would be from Florida to Antigua.

The microsatellite data presented here do not provide a comprehensive population genetic survey of H. ovalis. However, there is sufficient genotypic information to form an impression of how genetic diversity is distributed within the H. ovalis complex. Based on phylogenetic relationships among samples it is clear that members of the different clades are not behaving as a panmictic entities. This is also reflected in the strong genetic structure found in this survey of widespread locations. The development and testing of microsatellite loci in H. ovalis may be complicated by the presence of genetic structure and we recommend establishing the phylogenetic affiliation of samples before performing population genetic surveys using microsatellites. It is worth noting the high genetic diversity, as evidenced by microsatellite based expected heterozygosity, was observed across the geographic distributions of the globally collected samples (Supplementary Table 3.4). In addition, the finding that African populations were so closely related to H. johnsonii and displayed significant genetic diversity even among such few samples (Supplementary Table 3.4) indicated the makers selected are capable of generating genetic diversity fingerprints of H. johnsonii samples if it was present at all. Across this haphazard population sample, genetic diversity measures suggest local scale population processes have a major impact on measurable heterozygosity, and is likely to be related to recruitment and connectivity (McMahon et al., 2014, 2017).

The data presented in this study provide compelling evidence that H. johnsonii and H. ovalis are morphological variants of the same species, and that the ongoing recognition of H. johnsonii is unsupported. Any model for the origins of these populations arising from incipient speciation are less plausible than models of recent, and likely very recent, long-distance dispersal. The implications of this finding are significant. An outcome of this analysis will be a revision of the current H. johnsonii Eiseman species circumscription to be synonymous with H. ovalis (R.Br.) Hook.f. and the need for a re-evaluation of its conservation status.
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