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Comparison of Spatial and Temporal Genetic Differentiation in a Harmful Dinoflagellate Species Emphasizes Impact of Local Processes
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Population genetic studies provide insights into intraspecific diversity and dispersal patterns of microorganisms such as protists, which help understanding invasions, harmful algal bloom development and occurrence of seafood poisoning. Spatial genetic differentiation has been reported in many microbial species indicating significant dispersal barriers among different habitats. Temporal differentiation has been less studied and its frequency, drivers, and magnitude are thus relatively poorly understood. The toxic dinoflagellate species Gambierdiscus caribaeus was sampled during 2 years in the Florida Keys, and repeatedly from 2006 to 2016 at St. Thomas, US Virgin Islands (USVI), including a 3-year period with monthly sampling, enabling a comparison of spatial and temporal genetic differentiation. Samples from the USVI site showed high temporal variability in local population structure, which correlated with changes in salinity and benthic habitat cover. In some cases, temporal variability exceeded spatial differentiation, despite apparent lack of connectivity and dispersal across the Greater Caribbean Region based on the spatial genetic data. Thus, local processes such as selection might have a stronger influence on population structure in microorganisms than geographic distance. The observed high temporal genetic diversity challenges the prediction of harmful algal blooms and toxin concentrations, but illustrates also the evolutionary potential of microalgae to respond to environmental change.
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INTRODUCTION

Population genetic studies of microorganisms provide valuable insights into intraspecific variability and evolutionary processes due to their short generation times and large population sizes (Elena and Lenski, 2003). In most species, successful genotypes can quickly increase in number due to asexual reproduction and impact the population structure on relatively short time scales, demonstrating microevolution in “fast motion” (e.g., Richlen et al., 2012). Microorganisms such as microalgae can thus be useful study organisms to investigate evolutionary response to different environmental conditions, e.g., after dispersal or due to climate change, and its impact on population structure (Lynch et al., 1991). Recent population genetic studies on microalgae have described patterns that are also found in multicellular organisms. The majority of the investigated, mainly planktonic microalgal species display genetically distinct populations and exhibit significant divergence over different spatial scales despite the absence of obvious dispersal barriers in most aquatic habitats (Foissner, 2006; Vanormelingen et al., 2008; Lowe et al., 2010; Rengefors et al., 2012; Godhe et al., 2016). This divergence can result from limited gene flow between populations due to isolation by geographic distance (Casteleyn et al., 2010; Orsini et al., 2013). Additionally, environmental variables have been shown to significantly impact genetic differentiation in microalgae (Boenigk et al., 2007; Souffreau et al., 2013; Rengefors et al., 2014) due to natural selection and local adaptation of populations (Hendry, 2004).

Compared to the multitude of studies examining geographic genetic structure, temporal genetic differentiation in microalgae has received less attention despite the rapid temporal fluctuation of environmental conditions in most habitats. This variation can cause frequent changes in intraspecific diversity and population structure in organisms with short generation times. For example, shifts in decadal population structure, assessed from resting stages in sediment cores, were observed in the dinoflagellate Pentapharsodinium dalei, and were likely linked to changes in hydrographic conditions (Lundholm et al., 2017). Investigations of temporal variability of the marine diatom Pseudo-nitzschia multistriata in the Gulf of Naples found that two genetically distinct populations were present over the course of 4 years. This succession over consecutive years might be due to differing reproductive success and dispersal of regionally distinct populations (Tesson et al., 2014). Similar patterns of genetic differentiation between years were observed in marine dinoflagellates (Dia et al., 2014) and freshwater raphidophytes (Lebret et al., 2012). Other studies showed that genetic diversity can rapidly change over the course of microalgal blooms, causing significant intra-annual genetic differentiation (Rynearson et al., 2006; Erdner et al., 2011; Richlen et al., 2012; Tammilehto et al., 2016; Ruggiero et al., 2017). Such changes in population structure can occur on temporal scales from a few days to a few months. High-resolution sampling over several years is needed to capture short-term and long-term trends in intraspecific genetic diversity and population structure of microalgae, and to directly compare genetic differentiation on these different temporal scales.

The benthic dinoflagellate genus Gambierdiscus occurs globally in tropical and sub-tropical ecosystems preferentially growing on macroalgae. Several species within this genus produce potent toxins (Bagnis et al., 1980; Litaker et al., 2017), which cause ciguatera fish poisoning worldwide (Van Dolah, 2000; Chateau-Degat et al., 2005; Friedman et al., 2017). The incidence and range of ciguatera appear to be increasing due to a decline in coral reefs and spreading of macroalgae, which provide suitable habitat for Gambierdiscus (Hallegraeff, 2010; Kohli et al., 2015). Best estimates indicate that more than 50,000 people are affected globally every year making it the most prominent and widespread human illness caused by harmful algae (Fleming et al., 1998; Van Dolah, 2000). The toxins produced by Gambierdiscus enter the food web when herbivorous fish consume these epiphytic microalgae during grazing on macroalgae, and are subsequently passed up the food chain. Ciguatera fish poisoning is very difficult to predict, as cell concentrations vary significantly over time and space due to changes in environmental conditions such as nutrient concentrations and sea surface temperature (Parsons et al., 2010). Furthermore, toxin contents differ significantly among Gambierdiscus species, and to a lesser extent among strains of the same species (Litaker et al., 2010, 2017; Pisapia et al., 2017). Community composition and population structure could thus influence the incidence, magnitude and duration of toxic outbreaks (Litaker et al., 2010). Intraspecific diversity and population structure, however, have not been investigated in any Gambierdiscus species. Genetic differentiation could be very pronounced in such epiphytic dinoflagellates, as they might experience less dispersal through ocean currents compared with planktonic microalgae. Additionally, locally anchored populations might exhibit strong adaptations to native environmental conditions, which could further enhance genetic differentiation from other geographically separated populations. Gambierdiscus occurs in varying concentrations year round in the tropics and subtropics (Chinain et al., 1999; Parsons et al., 2010) and is thus exposed to seasonal variability in environmental conditions. Natural selection may therefore regularly alter the population structure in this dinoflagellate species.

We hypothesized that natural selection of specific genotypes may contribute to genetic differentiation of Gambierdiscus populations over time. Meanwhile, dispersal barriers such as the large geographic distances across the Greater Caribbean Region (GCR), may however, overshadow this short-term variability and subsequently drive the population structure. To assess temporal and spatial genetic differentiation, we focused on Gambierdiscus caribaeus, a common species at our study sites in the GCR, and investigated its population structure using isolates from the Florida Keys and St. Thomas in the US Virgin Islands. Furthermore, the isolates from St. Thomas included a time series from 2006, 2007 and 2008, and monthly samples from August 2013 to April 2016. With this approach, we were able to directly compare genetic divergence over large spatial scales with continuous temporal differentiation.

MATERIALS AND METHODS

Sampling and Establishment of Cultures

Macroalgal epiphyte communities were collected at St. Thomas, USVI, in 2006, 2007 and 2008, and at the Florida Keys (FlK) in 2013 to 2014, as described previously in Xu et al. (2014) and Lozano-Duque et al. (2018). SCUBA divers collected multiple samples of dominant macroalgal species, which varied by sampling date and site, along with some sea water in one plastic bag per site. Afterward, the bags were agitated to dislodge the epiphytic dinoflagellate cells from the macroalgae. The contents from the bags were sequentially filtered through 200 and 20 μm sieves to concentrate the microalgal cells. To increase temporal and spatial resolution, samples were also taken monthly from August 2013 to April 2016 at four St. Thomas, US Virgin Islands coral reef sampling sites (Black Point – nearshore, 9 m depth; Coculus Rock – nearshore, 7 m depth; Flat Cay – offshore, 12 m depth; Seahorse – offshore, 20 m depth; Figure 1). Parallel to the monthly sampling of cells for cultivation, dissolved nutrients, benthic coverage, and coral health (Smith et al., 2016) were assessed at the same sampling sites. Additionally, two buoys (Mooring VI104, CariCOOS Data Buoy C and Station 41052, National Buoy Data Center) provided hourly hydrological data from nearby locations (Supplementary Table S1).
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FIGURE 1. Map of sampling locations in the Florida Keys and St. Thomas, US Virgin Islands. The four sampling sites Black Point (BPT, Lat: 18.34450, Long: –64.98595), Coculus Rock (CKR, Lat: 18.31257, Long: –64.86058), Flat Cay (FLC, Lat: 18.31822, Long: –64.99104), and Seahorse (SH, Lat: 18.29467, Long: –64.86750) at St. Thomas are indicated with stars and are part of the Territorial Coral Reef Monitoring Program, with details and ancillary data found in Smith et al. (2016).



To obtain the individuals needed for the genetic analysis, single Gambierdiscus cells were isolated from the epiphyte collections. From each sampling site and date, at least 10 Gambierdiscus cells were isolated by micropipetting under an inverted microscope (Olympus CK40). Each cell was washed by serial transfers through sterile seawater, and transferred individually into a well of a 96-well plate containing 300 μl of K medium (Keller et al., 1987). The cells were cultivated in a 25°C climate chamber with a light:dark cycle of 14:10 h and a photon flux ca. 100 μmol photons m-2 s-1. Cells that divided into more than 8 cells per well were transferred into small glass tubes with 5 ml medium. After three more weeks, they were transferred into the final culture volume of 25 ml and maintained under the conditions described above. As six different Gambierdiscus species are reported from the Caribbean region, which cannot be microscopically distinguished, all strains were taxonomically identified using Restriction Fragment Length Polymorphisms of amplified fragments from 23S rDNA (Lozano-Duque et al., 2018). Isolates of the most common species G. caribaeus were used in all further analyses. Each clonal strain of G. caribeaus is one individual in our genetic analyses.

DNA Extraction

Vegetative, haploid algal strains were harvested by centrifuging 2 ml of aggregated cell culture at 1000 rpm for 15 min. The cell pellets were frozen at -20°C until further processing. DNA was extracted from all G. caribaeus strains using the DNeasy Blood and Tissue kit from Qiagen (Hilden, Germany). We slightly modified the original protocol by washing the cell pellets with PBS buffer at the beginning to remove extrapolymeric substances, disrupting the cells by vortexing with silica-zirconium beads (Biospec Products, Bartlesville, OK, United States) in ATL buffer for 2 min, and conducting the Proteinase K lysis step over night at 56°C on a shaker.

Amplification of Microsatellites

Seven microsatellites, four loci (G.carib1, G.carib2, G.carib3, and G.carib4) developed from shot-gun sequencing of the genome and three (G.caribT5, G.caribT6, and G.caribT7) discovered from a transcriptome (Sassenhagen and Erdner, 2017), were amplified in four separate PCR reactions. G.carib1, G.carib2, and G.caribT5 were amplified together in a 40 μl PCR reaction using an annealing temperature of 60°C. G.caribT6 and G.caribT7 were amplified in duplex in 30 μl PCR reactions with an annealing temperature of 54°C, and G.carib3 and G.carib4 were amplified individually in 15 μl PCR reactions (Sassenhagen and Erdner, 2017). The final PCR products were analyzed via capillary electrophoresis at the Genomics Core Lab, Texas A&M University, Corpus Christi.

Analysis of Microsatellite Data

Microsatellite peaks were scored in Geneious 8.1.7 (Kearse et al., 2012) based on a LIZ 600 size standard. Allele frequencies, genetic diversity, and fixation indices of genetic differences (FST) between populations were calculated using the software GenoDive 2.0b27 (Meirmans and Van Tienderen, 2004). FST values and their significance based on 9999 permutations were assessed for three different datasets: all seven loci, only the three loci from the transcriptome and only the five loci that did not show any sudden changes in allele frequencies. Allele diversity (based on all seven markers) was calculated for individual temporal groups including all microalgal strains as well as only unique ones, meaning that reoccurring genotypes were excluded. To assess genotype diversity, clones were assigned based on a step-wise mutation model in GenoDive. For this analysis, missing data were replaced by average allele length and a threshold of two bases was chosen to distinguish clones. Genotype diversity was also calculated after equalizing the sample size of each genetic cluster to N = 54 with the R function “sample.” Pairwise Jost’s D values between genetic clusters were calculated in the R package DEMEtics 0.8-7 (Gerlach et al., 2010) and significance of each value was assessed with 1000 bootstrap resamplings. Genotypic linkage disequilibrium between pairs of loci was calculated with the web version of GenePop (Rousset, 2008) using 1000 dememorizations, 100 batches, and 1000 iterations per batch.

Clustering of algal strains, roughly grouped by month, was determined via principal component analysis (PCA), which was calculated in Genodive and visualized in R. The significance of the axes was assessed using 1000 permutations. The number of distinct genetic clusters was determined by the program STRUCTURE, version 2.3.2 (Pritchard et al., 2000). Default parameters as well as prior information about sampling time points, admixture and non-admixture ancestry models with either correlated or independent allele frequencies were tested in STRUCTURE. Each run had a burn-in of 70000 iterations followed by 200000 iterations of data collection. Up to 12 populations, generously exceeding the number of identified clusters by PCA, were tested with 10 iterations at each level. The results were analyzed using the web based program STRUCTURE Harvester (Earl and vonHoldt, 2011) to identify the number of clusters yielding the best fit for this dataset. Genetic clustering in the high-resolution sampling period at USVI (1308-1604) based on the STRUCTURE results as well as other putative groupings was further investigated with an AMOVA using the program Genodive.

Analyses of Environmental Variables

All environmental data (Supplementary Table S1) expressed as percent benthic cover or prevalence, including habitat coverage and coral health, were arcsine transformed. The mean and standard deviation of all environmental variables were homogenized by subtracting the mean from each value and dividing this by the standard deviation [(value-mean)/SD]. The averaged environmental data from 1 month prior to sampling of Gambierdiscus displayed the strongest relation with the genetic data likely due to a delay in acclimatization of the microalgae and were thus used for all subsequent analyses. Percent zoanthid cover of the habitat correlated with coral cover and was therefore excluded in the following constrained ordination analysis. Percent macroalgal cover was also removed to avoid autocorrelation with benthic cover by the dominant macroalgal species Dictyota spp.

The relationship between genetic structure and environmental variables was assessed using a distance based redundancy analysis (dbRDA) (Legendre and Anderson, 1999). Distances between approximate monthly algal groups based on the microsatellite data were calculated with a principal coordinate analysis (PCoA) using the R package adegenet 1.0.1 (Jombart, 2008). The relationship between the coordinates of algal groups (row scores normed to the square root of the eigenvalue = li) from the PCoA and the environmental variables was tested with dbRDA using the R package vegan 2.4-1 (Oksanen et al., 2016). The best model was selected based on automatic stepwise model building using the function “ordistep” in the R package vegan starting with a model that included only the intercept, and adding all environmental variables afterward. Significant differences between characteristic environmental variables for each temporal genetic cluster were assessed with one-way ANOVA and Tukey HSD post hoc tests in R.

RESULTS

Genetic Population Structure of G. caribaeus

Using seven microsatellite markers, 405 G. caribaeus strains were genotyped for this study. Individual strains lacked at most two loci out of the seven microsatellites. Due to very low sample sizes (<8 strains) in some months during the high-resolution sampling period at USVI, strains from 32 months (August 2013–April 2016) were pooled into 20 temporal groups each consisting in the end of at least eight individuals. Identifiers of these groups consist of the sampling region (USVI), year and predominant month (yymm: 1308, 1502, 1604, etc.). Samples collected at the Florida Keys and at USVI before the high-resolution sampling period represent yearly collections and are denoted with sampling region (USVI or FlK) and year (yy: 06, 07, 13, 14, etc.) There were 293 unique seven-locus genotypes in the entire data set resulting in an overall genotype diversity of 0.72 (G/N). No linkage disequilibrium was detected across the dataset among all pairs of loci.

To detect distinct genetic clusters in the data set, we used Bayesian analysis implemented in the program STRUCTURE. This program gave the most biologically sensible results using prior sampling information, as this reduces the bias due to uneven sample sizes (Falush et al., 2003), admixed ancestry and independent allele frequency settings. Using Ln(K) values and the Evanno method, K = 4 was identified as the most likely number of genetic clusters in the entire data set (Figure 2A). The STRUCTURE results indicated succession of four different genetic clusters at USVI, while FlK_13 and FlK_14 were very similar to USVI_06, USVI_07, and USVI_08. All of these clusters comprised mixed genotypes.
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FIGURE 2. STRUCTURE plots illustrating the number of genetic clusters in the data set based on all seven microsatellite loci. Genotypes are represented as single vertical lines. (A) K = 4 in the entire data set include all samples from the Florida Keys and USVI. (B) K = 2 in a subset of the data: USVI 2006-2008 and Florida Keys 2013 and 2014. (C) K = 3 in the high-resolution sampling period (August 2013–April 2016) at USVI.



Using a hierarchal approach, the STRUCTURE analysis was repeated for the high-resolution sampling period at USVI, which comprised August 2013–April 2016 (1308-1604). No evidence for spatial genetic divergence among the four sampling locations at USVI was found. However, the results confirmed the differentiation of the high-resolution temporal data set into three distinct temporal groups, which we refer to as early (August 2013 through March 2014; 1308-1403), middle (April 2014 through October 2015; 1404-1510), and late (November 2015 through April 2016; 1511-1604) (Figure 2C). STRUCTURE analysis was then conducted for algal strains isolated in 2006, 2007, and 2008 at USVI, and in 2013 and 2014 at the Florida Keys to clarify the population structure of this group. The results indicated differentiation of the FlK_13 sample from all other strain groups (Figure 2B). However, the ability to detect additional divergence among USVI_06, USVI_07, USVI_08, and FlK_14 by STRUCTURE might be limited due to small sample sizes (Table 1).

TABLE 1. Number of strains per genetic cluster (N), number of different genotypes (# genotypes), genotype diversity (G/N), allele diversity calculated with all strains (Ht), and excluding replicated genotypes (Ht unique).
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Principal component analysis clustering was similar to the STRUCTURE plots, but highlighted the divergence of samples from the Florida Keys (2013 and 2014), and of USVI_08 (Figure 3). Pairwise FST values were calculated between seven different clusters representing USVI_06-07, USVI_08, USVI_1308-1403, USVI_1404-1510, USVI_1511-1604, FlK _13, and FlK _14. Significant pairwise FST values (calculated using all seven loci) between the genetic clusters ranged from 0.052 to 0.251 (Table 2). Most clusters displayed significant divergence from each other after Bonferroni correction except for FlK_2013 and FlK_2014. The degree of differentiation based on Jost’s D indices (Jost, 2008), which removes bias due to differences in allele diversity among populations, were as high as 0.443. Both FST and Jost’s D values indicated very high differentiation of USVI_08 from all other samples, especially from USVI_1308-1403. Furthermore, Jost’s D values suggested very high divergence between USVI_1308-1403 and FlK_14 (Jost’s D = 0.307), which was not as evident in the FST analysis (Table 2).
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FIGURE 3. Principal component analysis (PCA) of genetic data from the Florida Keys (FlK) 2013 and 2014, USVI 2006, 2007 and 2008, and approximate monthly groups from the high-resolution sampling period at USVI (1308-1604). Colors correspond to the clusters suggested by the STRUCTURE analyses.



TABLE 2. FST values below the diagonal and Jost’s D values above the diagonal (based all seven microsatellites).
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FST values were in general higher (2 to 10x) when calculated based on transcriptomic loci in comparison to neutral loci from the genome (Table 3). In particular, the differentiation between USVI_1308-1403 and USVI_1404-1510 was driven by transcriptomic loci, as this divergence was not significant based on genomic microsatellites alone. Additionally, differentiation between FlK_13 and FlK_14 was significant based on transcriptomic loci in contrast to results from the entire set of microsatellites or only genomic loci. However, divergence between USVI_06-07 and FlK_14, and USVI_1308-1403 and FlK_13 was higher when calculated using genomic microsatellites than transcriptomic loci.

TABLE 3. FST values calculated based on genomic microsatellites (above the diagonal) and based on microsatellites discovered from the transcriptome (below the diagonal).
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Genetic differentiation within the high-resolution time series at USVI was further investigated using an AMOVA. When monthly G. caribaeus groups were pooled into three clusters according to the STRUCTURE results (1308-1404, 1404-1510, and 1511-1604) differentiation among clusters was highly significant (Rct = 0.052, p < 0.001), but not significant among months (Rsc = 0.004, p = 0.303). This population structure also explained the highest amount of variance compared to other clustering options.

The genotype diversity of the middle cluster (1404-1510, G/N = 0.82) was lower than at the beginning (1308-1403, G/N = 0.98) and end (1511-1604, G/N = 0.97) of the high-resolution sampling period independent of the sample size (Table 1). The overall allele diversity was highest during the first eight months of sampling (Ht = 0.648), declined in spring 2014 and remained low (Ht = 0.553) until the end of the project. This trend was observed regardless of whether non-unique algal strains were included or excluded. The genomic microsatellites contributed more to the allele diversity than the loci isolated from the transcriptome, as they displayed in general a higher number of alleles. The drop in allele diversity in spring 2014 was driven by the markers G.caribT5 and G.caribT7, two of the transcriptomic loci (Table 4), due to near fixation of one allele in more than 93% of strains in both loci. When splitting the data set from the high-resolution sampling period at USVI into the three genetic clusters, pairwise linkage disequilibrium was detected in the early and middle cluster in one locus pair each respectively (USVI_1308-1403: G.carib1 and G.carib2, p = 0.009; USVI_1404-1510: G.carib1 and G.caribT7, p = 0.032).

TABLE 4. Allele diversity within months (Hs) and total allele diversity (Ht) for each microsatellite locus during the high-resolution sampling period at USVI.
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The previous FST analysis (Table 3) highlighted the impact of two microsatellite markers that were discovered from a transcriptome (Sassenhagen and Erdner, 2017) for differentiation between USVI_1308-1403 and USVI_1404-1510. This observation was further emphasized by a STRUCTURE analysis restricted to the three transcriptomic microsatellites, which only detected two genetically distinct clusters: (1) the early sampling period (1308-1403) and (2) all remaining algal strains (1404-1604) (Figure 4A). In contrast, STRUCTURE analysis limited to the five “neutral” markers that did not display any sudden shifts in allele diversity (G.carib1, G.carib2, G.carib3, G.carib4, and G.caribT6), revealed the change in population structure in winter 2015 (Figure 4B).
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FIGURE 4. (A) STRUCTURE output for K = 2 from the high-resolution sampling period at USVI based on three microsatellites discovered from the transcriptome (G.caribT5, G.caribT6, and G.caribT7). (B) STRUCTURE output for K = 2 from the high-resolution sampling period at USVI based on the five microsatellites that did not display any sudden changes in allele frequencies (G.carib1, G.carib2, G.carib3, G.carib4, and G.caribT6).



Impact of Environmental Variables on Population Structure

The impact of several biotic and abiotic environmental variables, which changed throughout the sampling period, on the population genetic structure of G. caribaeus at USVI was assessed using a distance based redundancy analysis (dbRDA). The dbRDA analysis identified significant relationships between the microsatellite data and salinity, percent habitat covered by corals, turfalgae growing on dead corals and cover of the two macroalgal species Lobophora variegata and Halimeda spp. (Figure 5 and Table 5).
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FIGURE 5. Bold environmental variables have a significant impact (p < 0.05) on the population structure of Gambierdiscus caribaeus based on the RDA analysis. The other environmental variables distinguish genetic clusters from each other based on one-way ANOVA. Circles represent approximate monthly algal groups from high-resolution sampling period at USVI: dark blue circles = USVI_1308-1403, gray circles = USVI_1404-1510, turqouise circles = USVI_1511-1604.



TABLE 5. Results of the RDA analysis to assess the impact of environmental variables on the genetic population structure of G. caribaeus during the high-resolution sampling period at USVI.
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Comparing the means of all environmental variables from the three time periods at USVI dominated by distinct genetic clusters of G. caribaeus with one-way ANOVA revealed further significant differences that characterized each phase. Besides lower salinity (p < 0.01), lower coverage by corals (p < 0.03) and higher coverage by Lobophora variegata (p < 0.004), the general wave direction (p < 0.03) and higher habitat coverage by Dictyota spp. (p < 0.02) distinguished USVI_1308-1403 from the other two temporal clusters. USVI_1404-1510 was distinguished from the other two periods by lower coverage of the habitat with coralline algae (p < 0.04) and cyanobacteria (p < 0.05). Besides higher habitat coverage with corals, USVI_1511-1604 was characterized by lower recent coral mortality (p < 0.02), lower percent of corals with diseases (p < 0.035), and lower zoanthid coverage (p < 0.001) (Figure 5).

DISCUSSION

This study enables the comparison of spatial and temporal genetic differentiation in a microalgal species and, thus, provides insights into different evolutionary drivers and the adaptive potential of microorganisms. This knowledge is especially needed for predicting the future distribution of harmful microalgae such as Gambierdiscus, which produces the toxins that cause ciguatera fish poisoning. This first population genetic analysis of this genus sheds light onto connectivity in the GCR and temporal variability in these economically important dinoflagellates.

No evidence was found for spatial genetic differentiation among the four sampling locations at St. Thomas (USVI), likely due to regular dispersal and gene flow across the short distance between the sites (approximately 3–15 km). However, significant fixation indices of genetic differences between samples from the Florida Keys and USVI indicated limited connectivity and gene flow across the GCR. This suggests that despite the strong westward Caribbean Current and the Loop Current, which connect the Lesser Antilles through the Yucatan Channel with the Gulf of Mexico and the Gulf Current (Alvera-Azcárate et al., 2009), benthic microalgal cells are seldom transported across the GCR and rarely establish in distant locations. The large distance (approximately 1800 km) and therefore long dispersal time, as well as potential biogeographic barriers (e.g., the Mona Channel between Puerto Rico and Hispanola; (Colin, 2003; Cowen et al., 2006), likely limit the gene flow between these locations. The dinoflagellate Alexandrium minutum displayed stronger genetic differentiation over similar spatial scales in the Mediterranean Sea (Casabianca et al., 2012), as connectivity between different basins is likely more limited there due to regional water circulation. The spatial population structure in G. caribaeus, however, is comparable with the differentiation found among populations of the diatom Skeletonema marinoi in the Baltic Sea (Sjöqvist et al., 2015), which likely diverged due to local adaptations. Similarly, adaptations to local environmental conditions might also influence establishment success of dispersed G. caribaeus in the GCR and thus impact its population structure.

In addition to significant spatial structure across the GCR, strong evidence for high temporal differentiation was found at St. Thomas, USVI. Our analyses identified at least five distinct populations of G. caribaeus over a time span of 11 years, including the succession of three genetically distinct populations at this location from August 2013 to April 2016. Fixation indices of genetic differences were indeed sometimes higher between temporal groups at USVI than across the GCR, particularly in comparison with USVI_08. This is surprising, as it indicates that physical dispersal barriers such as geographic distance might be less important for population differentiation than local processes.

The high-resolution sampling period at USVI was characterized by a decline in dominant macroalgae species and an increase of coral abundance (Figure 6). During the timeframe of the first genetic cluster (USVI_1308-1403), large proportions of the habitat were covered by Dictyota spp. and Lobophora variegata. At the end of the sampling period, however, the benthic habitat at St. Thomas was characterized by higher abundance of healthy corals. Additionally, salinity significantly increased in spring 2014 and remained comparatively high until the end of the time series, despite some seasonal variations. Salinity levels in the eastern Caribbean usually decrease in August to November due to horizontal advection of freshwater from the Amazon and Orinoco River plumes (Corredor and Morell, 2001; Chérubin and Richardson, 2007; Grodsky et al., 2015). Discharge from these rivers might have been reduced in 2015 and 2016, however, due to extensive droughts during the strong El Niño (Jiménez-Muñoz et al., 2016). The different climatic conditions were likely reflected in altered overall wave direction observed at USVI. Increased competition with corals or a shift in grazing pressure due to changed abiotic conditions may have caused the temporary decrease of crustose coralline algae and filamentous cyanobacteria from spring 2014 to autumn 2015.
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FIGURE 6. Trends of environmental variables during the high-resolution sampling period at USVI. Variability of data is smoothed for better visibility of patterns using local polynomial regression fitting in the ggplot2 function “geom_smooth.” Vertical lines mark the periods dominated by the three distinct genetic clusters of G. caribaeus. Cover corresponds to cover of benthos (out of 100%).



This environmental shift was reflected in a significant change in population structure of G. caribaeus in spring 2014 as demonstrated in increased abundance of one allele in two loci, causing a drop in allele diversity. This genetic change occurred rapidly from February to April 2014. The two microsatellites that drove this change in population structure were both discovered from the transcriptome and might be representative for genes under selective pressure. Thus, genotypes with mutations in genes that improve the phenotype under ambient environmental conditions will grow and reproduce faster, ensuring the perpetuation of the selected alleles (Slatkin, 1987; Elena and Lenski, 2003; Nei, 2005; Nielsen, 2005). Changes in environmental conditions such as salinity could, therefore, cause shifts in community composition and drive genetic differentiation due to selective sweeps. Furthermore, dominance of few G. caribaeus strains with adaptations for higher salinity would as well explain the observed decrease in genotype diversity (Nielsen, 2005) from April 2014 to October 2016. Laboratory experiments have highlighted distinct growth optima among G. caribaeus strains in different salinities (Xu et al., 2016), supporting such strain specific adaptations in this species. Other studies (e.g., Rynearson et al., 2006; Richlen et al., 2012; Dia et al., 2014) have previously described similar impacts of short-term environmental changes on the population structure of microalgae. In particular, adaptation to local salinities was identified as the driving force behind genetic differentiation among populations of the diatom Skeletonema marinoi (Sjöqvist et al., 2015).

Although some markers located in mRNA especially highlighted the genetic differentiation of G. caribaeus in spring 2014, their influence on the phenotype of G. caribaeus is unknown. The genes encoded in the mRNA are currently not annotated preventing the exact localization of the microsatellites (untranslated or coding region) and the identification of the function of the putative protein. Although the reading frames of these genes will not be affected by expansion or contraction of the markers, as their repeat sizes mirror the translational unit of an amino acid, changes in the length of the microsatellites can deleteriously impact regulation of translation, the secondary structure or functioning of the encoded proteins (Li et al., 2004). Selection pressure against damaging mutations should, thus, be high, allowing only spreading of changes in the repeat length that are beneficial for the phenotype. Thus, the microsatellite alleles dominant in the investigated G. caribaeus strains might provide a selective advantage for the population. We hypothesize, therefore, that a significant increase in salinity in spring 2014 caused natural selection of adapted genotypes and divergence of the G. caribaeus population at St. Thomas, USVI.

The continuous decline of the macroalgae Dictyota spp. and Lobophora variegata, representing the main habitat of Gambierdiscus, coupled to an increase in healthy corals, may have significantly impacted the distribution of G. caribaeus toward the end of our high-resolution sampling period at USVI. The overall population size of G. caribaeus likely declined with the decreasing amount of these macroalgal species (i.e., reduced carrying capacity), potentially resulting in more patchy, isolated distribution of the dinoflagellates. Small populations often experience genetic drift (Nei et al., 1975; Elena and Lenski, 2003), which can cause differentiation through fixation or loss of certain alleles in a population by chance over time (Nei, 2005). On the other hand, the population genetic structure might be influenced by the life cycle of G. caribaeus. In microalgal species with synchronized life cycles, germination of few algal strains from resting stages followed by genetic drift could cause interannual genetic differentiation, as observed in the freshwater raphidophyte Gonyostomum semen (Lebret et al., 2012). The life cycle of Gambierdiscus is poorly understood and monitoring of cell abundance is challenging due to great morphological similarities between different species. Additionally, natural selection through some unmeasured environmental variable affected by the changes in benthic habitat represents another potential driver behind the divergence in winter 2015 at USVI.

Nevertheless, this study emphasized the impact of local processes such as temporal changes in environmental conditions on the population structure of Gambierdiscus, causing similar genetic differentiation as found over large spatial scales. Further studies with consistent temporal resolution at different locations are needed to thoroughly assess the influence of local temporal variability on meta-population structure of microalgae.

CONCLUSION

Overall, this study suggests that gene flow in the epiphytic dinoflagellate Gambierdiscus is limited over large geographic distances in the GCR. Additionally, this study indicates high temporal variability, partially caused by natural selection, which is commensurate with the degree of genetic differentiation found in microalgae across large geographic distances. These findings suggest that changes in environmental conditions over time might be as significant for the genetic population structure of microorganisms as environmental variation over spatial scales. Spatial population genetic analyses should thus consider temporal variations in population structure, as they might sometimes overshadow or exaggerate differentiation among locations. Because of the tremendous intraspecific diversity likely present in most microbial species, future environmental change could have unpredictable impacts on their populations. The high genetic diversity might facilitate current and future expansion to new habitats, while changing environmental conditions could select for currently rare genotypes and alter the composition of local populations. These findings add complexity to the challenge of predicting harmful algal blooms and the risk of seafood poisoning from species such as Gambierdiscus in the future.
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