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Genetic Diversity and Structure of Tropical Porites lutea Populations Highlight Their High Adaptive Potential to Environmental Changes in the South China Sea
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Global climate change and anthropogenic disturbance have significantly degraded biodiversity in coral reef ecosystems. The genetic potential and adaptability of corals are key factors used to predict the fate of global coral reefs under climate change. In this study, we used eight microsatellite loci to study the patterns of reproduction, genetic diversity, and genetic structure of 302 Porites lutea samples across 13° latitudes in the South China Sea (8.8644°N–22.6117°N). The results indicated that P. lutea reproduces largely via sexual reproduction on scales of 5 m and greater and has abundant gene diversity. Additionally, the tropical populations harbored high genetic diversity (based on alleles, effective number of alleles, gene diversity, and heterozygosity). In contrast, genetic diversity was lower in subtropical coral populations. Genetic variation values and pairwise FST revealed that tropical and subtropical populations had significantly different genetic structures. Finally, the Mantel tests showed that the genetic differentiation and genetic variation of P. lutea were strongly correlated with sea surface temperature and slightly correlated with geographical distance. These results indicated that tropical P. lutea populations have high genetic potential and adaptability because of their sexual reproduction and genetic diversity, giving them a greater capacity to cope with climate change. Subtropical coral populations showed lower genetic diversity and, thus, relatively poor genetic resilience in response to low average sea surface temperature and human activities. Our study provides a theoretical basis for the protection and restoration of coral reefs.
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INTRODUCTION

Global warming has greatly decreased biodiversity and poses a critical threat to the health of coral reef ecosystems (Hughes et al., 2017; Thomas et al., 2017). The rising sea surface temperature (SST) causes a breakdown in the symbiotic associations between the coral host and its endosymbiotic dinoflagellate, resulting in coral bleaching (Chen et al., 2018). For instance, the record temperatures reported during 2015–2016 triggered a pan-tropical episode of coral bleaching (Hughes et al., 2017). An important factor in coral recovery from environmental stress is its genetic potential (Williams et al., 2014), or the ability of a population to evolve under changing selection pressures (Meyers et al., 2005). Genetic diversity was regarded as the fundamental evolutionary source in speciation and adaptation, reflecting the level of population genetic potential and adaptability. As a population’s genetic diversity increases, so does its genetic potential (Barrett and Schluter, 2008; Hoegh-Guldberg and Bruno, 2010; Thomas et al., 2017). With increases in environmental stressors such as eutrophication, habitat fragmentation, and climate change, the genetic diversity of keystone species may become increasingly important (Hughes and Stachowicz, 2004). The sea surface temperature, ocean currents, breeding patterns, and geographical distances were the most reported factors affecting genetic characteristics of corals in some coral reefs (Knittweis et al., 2009; Tye et al., 2013; Mclachlan et al., 2020). In Western Australia, the low latitude coral populations had higher genetic potential than the high latitude coral populations. The corals in high latitudes were more vulnerable than corals in tropical areas to cope with global climate change (Ayre and Hughes, 2004; Miller and Ayre, 2010; Thomas et al., 2017). Genetic diversity is considered to enhance the sustainability of populations over evolutionary time scales by furnishing sufficient alleles for future environment changes (Ayre and Hughes, 2004; Williams et al., 2014).

The coral reefs of the South China Sea (SCS) are on the northern edge of the Coral Triangle region and comprise high diversity and abundant biological resources (Yu, 2012). The SCS contains both tropical and subtropical coral reefs (Yu, 2012), with distinct SSTs linked to latitudinal gradients (Chen et al., 2019; Qin et al., 2019). However, the genetic characteristics of corals have barely been investigated in the SCS. Recently, Wu et al. (2021) reported low genetic diversity and moderate genetic differentiation of the dominant coral Turbinaria peltata at relatively high latitudes in the SCS. The genetic structure was significantly affected by the average SST, geographical isolation, and anthropogenic activities. Huang et al. (2018) reported high genetic diversity and connectivity in P. lutea across the SCS based on nuclear markers (internal transcribed spacer and β-tubulin). However, no evident genetic structure or effecting factors were found. The genetic characteristics of Mycedium elephantotus, Platygyra sinensis, and Platygyra verweyi in the north SCS also have no obvious genetic structure (Yu et al., 1999; Ng and Morton, 2003; Keshavmurthy et al., 2012). The limited genetic information and limited number of species investigated in this area has hampered the formulation of coral reef protection measures.

Porites lutea is widely distributed in the subtropical and tropical regions of the SCS. This coral species is considered to be adaptable to climate change and other forms of anthropogenic disturbance (Xu et al., 2017; Qin et al., 2019). The species contains a high density of heat-tolerant symbiotic zooxanthellae C15 and a rich diversity of symbiotic microorganisms (Liang et al., 2017; Chen et al., 2020). In this study, we investigated the genetics of P. lutea from coral reef sites in the SCS spanning 13° latitudes based on eight microsatellite loci. We focused on (1) the relationship between genetic potential and reproduction patterns and genetic diversity, (2) how genetic structure varies across latitudes, (3) the relationship between P. lutea genetic structure and SST in the SCS, and (4) the genetic potential and adaptability of P. lutea populations in tropical areas.



MATERIALS AND METHODS


Sample Collection

Fragments (∼2–3 cm2, n = 302) of P. lutea were collected from 14 different coral reef sites in the SCS, covering a wide range of latitudes (8.8644°N to 22.6117°N): Xiaolajia and Yangmeikeng in Daya Bay; one site in Weizhou Island; one site-Luhuitou in Sanya Bay; Beijiao, Qilianyu, Yongxing, Dongdao, Yuzhuo, and Langhua in the Xisha Islands; and Huangyan in Zhongsha Islands; Sanjiaojiao, Xinyijiao, and Dongjiao in the Nansha Islands (Table 1 and Figure 1). We identified P. lutea based on morphological characteristics. In addition, the collected samples of P. lutea were confirmed by ITS in our previous study (Huang et al., 2018). Furthermore, many studies showed that P. lutea is widely distributed in the SCS (Yu, 2012; Huang et al., 2021). Fragments were obtained at depths of 4–10 m. Sampled colonies were separated by at least 5 m to minimize the probability of collecting samples from the same ramet more than once (Magalon et al., 2005). Small fragments were broken from colonies using a hammer and chisel, and then stored in 95% ethanol or at −80°C until DNA extraction. Genomic DNA was extracted using a marine animal tissue genomic DNA extraction kit (Tiangen Biotech, Beijing, China) following the manufacturer’s protocol.


TABLE 1. Porites lutea samples were collected from 14 coral reef sites in the South China Sea.
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FIGURE 1. Samples collected from sites in the South China Sea (SCS). Daya Bay is at the northern edge of Porites lutea distribution in the SCS, a region that also includes Xiaolajia and Yangmeikeng. Most coral colonies at Daya Bay have not developed into extensive coral reefs (Chen et al., 2007). Weizhou Island is in the Beibu Gulf at (northwestern SCS); colonies there have developed into extensive coral reefs. Sanya Bay is in the tropical region of the sea. Xisha Islands, Zhongsha Islands, and Nansha Islands are also part of the tropical region. Xisha Islands include Beijiao, Qilianyu, Yongxing, Dongdao, Yuzhuo, and Langhua. Nansha includes Sanjiaojiao, Xinyijiao, and Dongjiao.




PCR Amplification and Sequencing

Microsatellite markers can be used to study the genetics of different species of the same genus (Magalon et al., 2004; Severance et al., 2010). Eight microsatellite loci from P. lobata were validated for the analysis of P. lutea in this study. Primers PL0340, PL1556, PL2258, and PL0780 were from Polato et al. (2010), and primers PL1370, PL0905, PL1483, and PL1868 were from Baums et al. (2012). The forward primer of PL0340, PL2258, PL0780, PL0905, PL1968 was fluorescently labeled with 6FAM. The forward primer of PL1556, PL1370, PL1483 was fluorescently labeled with HEX. The PCR was performed with 50 ng template DNA, 0.4 μL forward primer, 0.4 μL reverse primer, 10 μL 2× PCR enzyme mix (Tiangen Biotech) and Tiangen-free water to the total volume of 20 μL. Thermocycling (ABI GeneAmp® 9700) was performed as follows: 94°C for 3 min, 40 cycles at 94°C for 30 s, annealing temperature for 30 s, 72°C for 45 s, and 72°C for 5 min. Fragments were analyzed using capillary electrophoresis, on an ABI 3730 sequencer with an internal size standard Genescan LIZ 500 (Applied Biosystems). Electropherograms were visualized, and allele sizes were calculated in GENEMAPPER 4.0. Each marker was verified to ensure effective amplification of the DNA samples at each site.



Data Analysis

Unique multilocus genotypes (MLGs) were identified in GenAlex 6.502 (Peakall and Smouse, 2005), by requiring complete matches in all loci. The number of MLGs per population provides an estimate of P. lutea propagation patterns. GenAlex 6.502 was also used to analyze genetic diversity indices, including the average number of alleles per locus in the populations (Na) and average number of effective alleles per locus in the populations (Ne). The genetic variation was tested by Mantel test in GenAlex 6.502 (Peakall and Smouse, 2005). Observed heterozygosity (Ho) and expected heterozygosity (He) were analyzed in MSA v4.0 (Dieringer and Schlötterer, 2003). FSTAT (Goudet, 1995) was used to calculate gene diversity (Gd) and pairwise FST (FST < 0.05, low genetic differentiation; 0.05 < FST < 0.25, moderate genetic differentiation; FST > 0.25, high genetic differentiation). Analysis of molecular variance and principal coordinates analysis (PCoA) were conducted for the geographic populations using GenAlex 6.502 (Peakall and Smouse, 2005; Chen et al., 2020). Based on a matrix of covariance computed from allele frequencies, PCoA can visualize genetic relationships across different latitudes (Peakall and Smouse, 2005). Correlations between genetic structure and geographical distance as well as environmental factors (average SST and SST variance) were determined using Mantel tests, which were performed in IBD (Bohonak, 2002) with 1,000 randomizations. The geographic distances between P. lutea populations were determined using Google Earth version 4.3 and followed the shortest route from the waterway.

The genetic structure was analyzed in STRUCTURE 2.3.4, a program that can estimate the most likely number of genetic clusters (K) (Pritchard et al., 2000). The method on Delta K implement of program STRUCTURE is the widely and popular way to infer population genetic structure (Pritchard et al., 2000; Polato et al., 2010; Baums et al., 2012; Tay et al., 2015; Chen et al., 2020). STRUCTURE implements Bayesian cluster algorithms to assign genotypes to clusters that maximize deviation from Hardy-Weinberg equilibrium expectations and minimize linkage disequilibrium, providing an accurate representation of contemporary divergence (Hubisz et al., 2009). CONVERT (Glaubitz, 2004) was used to format the input data before using STRUCTURE. Correlated allele frequencies and admixed populations were also assumed. Values of K = 1–14 were analyzed by running replicate simulations (≥3) with 106 Markov Chain Monte Carlo repetitions each, with a burn-in of 105 iterations (Evanno et al., 2005; Polato et al., 2010). Each K value was run 10 times in STRUCTURE. The K value based on the STRUCTURE output was determined using STRUCTURE HARVESTER (Earl and Vonholdt, 2012) to plot the log probability [L(K)] of data over multiple runs and to compare the outcome with delta K (Evanno et al., 2005). The results of the STRUCTURE run with the optimal K were merged with CLUMPP (Jakobsson and Rosenberg, 2007) and then visualized using DISTRUCT version 1.1 (Rosenberg, 2004). For all analyses, significance was set at P < 0.05.




RESULTS


Multilocus Genotyping

We verified that the selected microsatellite markers were suitable for our study. The locus failure rate was 0.33∼5.96%, with the lowest in PL0340 and the highest in PL1556, respectively (Supplementary Table 1). The overall missing loci in samples were 2.94%.

Porites lutea in the SCS showed high genotypic diversity. Genetic analysis of 14 P. lutea communities revealed 301 unique MLGs (Table 1). The Dongjiao coral reef site (Nansha Islands) possessed only one set of two identical MLGs (Table 1). This repeated MLG is attributable to a single common genotype occurring across distinct patches within each population. Nevertheless, the high proportion of unique MLGs (mean Ng/N = 0.99 ± 0.13, Table 1) confirmed the substantial diversity of P. lutea genotypes, possibly because of sexual reproduction, and indicated considerable clonal richness.



Genetic Diversity of Porites lutea

In our study populations, Na ranged from 6.000 to 9.750 and Ne ranged from 3.899 to 6.415. Additionally, Ho ranged from 0.515 to 0.749, He ranged from 0.685 to 0.844, and Gd ranged from 0.632 to 0.839 (Table 2), According to the results (Supplementary Table 2), Fis ranged from −0.313 to 0.698. A small part of loci revealed significant deviation from HWE and was mainly found in Dongjiao population in Nansha Islands. These results for the alleles, effective number of alleles, gene diversity, and heterozygosity demonstrated that tropical P. lutea communities had high genetic diversity. Notably, subtropical P. lutea communities (particularly in Daya Bay) showed lower genetic diversity than in the tropical coral populations. In fact, tropical P. lutea were abundant, healthy, and formed reefs, whereas P. lutea in Daya Bay were scattered and did not form reefs.


TABLE 2. Genetic diversity of Porites lutea samples from the South China Sea estimated using eight microsatellite loci.
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Genetic Structure of Porites lutea

Coral populations from Daya Bay exhibited significant genetic variation compared to other tropical coral populations (ΦPT = 0.129–0.290, P < 0.01) (Table 3). In particular, the Xiaolajia population exhibited strong genetic variation between the Yuzhuo, Langhua and Dongjiao populations. The Weizhou Island population showed moderate genetic variation compared with tropical populations (ΦPT = 0.085–0.148, P < 0.01) (Table 3). Notably, the Luhuitou population exhibited slight variation from other tropical populations (in addition to Beijiao, Dongdao, and Xinyijiao). Therefore, the genetic structure of P. lutea is likely related to the latitudinal gradient.


TABLE 3. Pairwise ΦPT values of Porites lutea in the South China Sea.
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Pairwise FST values derived from microsatellite markers showed that the Xiaolajia and Yangmeikeng subtropical populations of Daya Bay were significantly genetically differentiated from tropical coral populations (FST = 0.1170–0.2361, P < 0.05). These Daya Bay populations differed significantly from tropical populations (Supplementary Table 3). The results of PCoA indicated that the P. lutea populations formed two genetic clusters: subtropical populations and tropical populations (Figure 2). Notably, population of Weizhou Island was slightly isolated from the Daya Bay populations (Figure 2).


[image: image]

FIGURE 2. Principal coordinate analysis (PCoA) of samples from the South China Sea.




Cluster Analysis of Porites lutea

According to plots of Delta K (Supplementary Figure 1) and LnP (D) (Supplementary Figure 2) from STRUCTURE analysis, the 14 P. lutea populations could be grouped into two genetic clusters with the optimal K = 2 (Figure 3). The subtropical populations of Daya Bay and Weizhou Island, and tropical populations formed two distinct and closely knit genetic units (Figure 3). The green cluster was found at high frequencies in samples collected from Daya Bay and Weizhou but with lower frequencies in samples from other coral reef sites. But green and little red clusters were found on Weizhou Island. The green clusters with a lower frequency were found on tropical populations. The red clusters were mainly found on tropical populations.
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FIGURE 3. Cluster analysis of Porites lutea in the South China Sea performed using STRUCTURE (optimal K = 2). The y-axis indicates the membership probability of each site (n = 14) in distinct population clusters (different colors). Sampling sites are identified along the x-axis.




Correlations Between Environment Factors and Genetic Structure of Porites lutea

We acquired SST data covering January 1982 to December 2018 from the KNMI Climate Explorer1 (Figures 4A,B). Initial analysis indicated that the subtropical and tropical regions widely varied in seasonal SST. The monthly average SST was low in the subtropical coral reefs of Daya Bay and Weizhou Island. In the tropical regions, including the Xisha Islands, Zhongsha Islands, and Nansha Islands, the SST was relatively stable and high (Figures 4A,B).
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FIGURE 4. Monthly average sea surface temperatures (SST) from 1982 to 2018 for 14 coral reef sites in the South China Sea. (A) Monthly averages and standard deviations of SST at all coral sites. (B) Box plots indicating annual mean, minimum, and maximum seasonal SST, grouped by coral reef sites.


The results of the Mantel tests showed that genetic variation (ΦPT) was positively correlated with the average SST (R2 = 0.3995, P = 0.001), SST variation (R2 = 0.3860, P = 0.001), and geographic distance (R2 = 0.2358, P = 0.003, Figure 5). Geographic distance had a relatively small impact on genetic variation. In addition, FST was positively correlated with the average SST (R2 = 0.3764, P = 0.001), SST variation (R2 = 0.3525, P = 0.001), and geographic distance (R2 = 0.2105, P = 0.003, Supplementary Figure 3). This result was consistent with that of ΦPT. Therefore, SST and geographic distance were the dominant factors determining the genetic structure of P. lutea in the SCS. The SST had a stronger influence compared with geographic distance.
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FIGURE 5. Relationship between genetic variation (pairwise ΦPT value) and geographic distance (marked in blue), average sea surface temperature (SST) (marked in orange), and SST variation (marked in green).





DISCUSSION


Tropical Porites lutea Populations May Have High Adaptive Potential

Using microsatellite markers, we identified 301 unique MLGs in 14 P. lutea populations. This result suggests that P. lutea reproduces largely via sexual propagation on scales of 5 m and greater and has abundant gene diversity. The genetic diversity of tropical P. lutea populations was relatively high but decreased from south to north with the lowest in Daya Bay. Numerous species originate close to the equator, a region with a stable SST and sunny environment (Roy et al., 1998; Jansson et al., 2013). Fossil and phylogenetic evidence support the latitudinal diversity gradient (Roy et al., 1998; Jansson et al., 2013). Additionally, the monthly average SST decreased significantly with increasing latitude (Figure 4). Thus, SST differences across latitude might strongly influence the genetic diversity gradient of P. lutea in the SCS.

The adaptability of organisms is mainly influenced by reproduction patterns and genetic diversity (Bernhardt and Leslie, 2013; Wu et al., 2021). Our findings suggest that sexual reproduction and rich genetic diversity will benefit the adaptability of P. lutea in tropical areas. First, corals add new alleles to the gene pool through sexual recombination, increasing within-population genotypic diversity (Lasker and Coffroth, 1999; Hellberg and Taylor, 2002). Sexual reproduction allows coral larvae to inherit heat tolerance from both parents (Dixon et al., 2015; Kleypas et al., 2016). High genetic diversity enhances population sustainability over evolutionary time scales by providing sufficient alleles for adapting to future environmental change (Ayre and Hughes, 2004; Williams et al., 2014) through natural selection (Ficetola and Auré, 2011). Second, abundant genotypic diversity in populations is beneficial for improving fitness, stress response, and ecosystem function on an ecological time scale (Johnso et al., 2006; Hughes et al., 2008; Hughes and Stachowicz, 2009). Third, larval dispersal also increases genotypic diversity, a key factor affecting the population size and genetic diversity (Tay et al., 2015).

In Western Australia, Pocillopora damicornis populations in high-latitude areas exhibited reduced genetic diversity and restricted gene flow and were more vulnerable to global climate change due to their limited adaptability (Thomas et al., 2017). Turbinaria peltata populations had lower genetic diversity in the northern SCS, revealing their poor evolutionary potential (Wu et al., 2021). Compared to the subtropical P. lutea populations and the two corals above, tropical P. lutea populations may have high adaptive potential. Furthermore, compared to Acropora corals in Luhuitou, P. lutea in the SCS had high zooxanthellae density. The primary dominant symbiont in P. lutea (C15) exhibits high thermal tolerance (LaJeunesse et al., 2010; Chen et al., 2019). Therefore, P. lutea was less susceptible to bleaching and had a high tolerance to thermal stress event (Xu et al., 2017; Qin et al., 2019). Indeed, massive corals, including P. lutea, have experienced the slowest decline in the face of rapidly degrading global coral reefs (Huang et al., 2021). Taken together, our results suggest that tropical P. lutea populations may be highly adaptable.



Spatial Sea Surface Temperature Variation Across Latitudes Affected Porites lutea Genetic Structure in the South China Sea

We detected significant genetic divergence between subtropical (particularly in Daya Bay) and tropical P. lutea populations, as confirmed by the pairwise FST values (Supplementary Table 3). Compared with the results obtained by Huang et al. (2018), we observed a stronger latitude-based difference in the genetic structure and identified a latitudinal structure gradient. Microsatellites are widely dispersed in eukaryotic genomes and have higher levels of polymorphism than nuclear markers (Baums et al., 2005; Wang et al., 2009). Thus, the genetic structure can be identified to a finer resolution using microsatellites (Ridgway and Gates, 2006). In this study, the SST dominated the genetic structure of P. lutea in the SCS. Meanwhile, geographic distance had a relatively small impact on genetic structure. Similarly, the SST had a closer connection with genetic structure than geographical isolation of Turbinaria peltata in the north SCS (Wu et al., 2021).

Temperature is a crucial environmental factor determining the distribution of poikilothermic invertebrates over latitudinal clines, particularly in corals (Parmesan, 2006; Li et al., 2009; Obura, 2012; Howells et al., 2014). The connectivity and structure of coral populations are directly tied to temperature across different latitudes (Hoegh-Guldberg and Pearse, 1995; Levin, 2006; Bradbury et al., 2008). Temperature is the dominant influence on the rates of fundamental biochemical processes regulating development and survival (O’Connor et al., 2007). Ecological simulation experiments indicated that bleaching would occur if P. lutea was exposed to 14°C for 3 days (Li et al., 2009). Furthermore, temperature can alter metabolic rates in individuals, thereby influencing the rates of genetic variation and evolution among populations (Rohde, 1992; Rosenzweig, 1995; Allen et al., 2002; O’Connor et al., 2007). Finally, the SST impacts the spawning period of coral and probably influences gene exchange by driving asynchronous spawning across latitudes (Hanafy et al., 2010; Howells et al., 2014). The coral spawning period in the Gulf of Oman (northwest Indian Ocean) is directly associated with latitudinal variation and is likely influenced by the SST and timing of lunar cycles (Howells et al., 2014). The spawning period at low latitudes is generally earlier than that at higher latitudes, which may be influenced by the SST (Wei et al., 2020). In addition, studies demonstrated that the same coral genus had different gamete development cycles and spawning period in different areas (Baird et al., 2009; Yang, 2013). Hence, the spawning period of P. lutea at different latitudes might be different. The lack of synchronization in spawning periods possible reduces larval recruitment between coral reef sites, ultimately affecting gene exchange and genotype combination between corals at different latitudes.

Geographic distance was also significantly positively correlated with genetic differentiation. The broadcast spawning strategy and high environmental tolerance help species to disperse over long distances (Polato et al., 2010; Baums et al., 2012). The P. lutea populations in this study were across 13° of latitude, with the largest distance between them being 1,500 km. However, there are no consistent ocean currents in the SCS to transport corals over long distances in a certain direction (Huang et al., 1992; Van der Ven et al., 2016). Therefore, geographic distance had a relatively small impact on genetic structure. Geographic distance was reported to affect the genetic structure of T. peltata in the northern SCS (Wu et al., 2021). Taken together, our results clearly indicate that latitudinal differences in the SST and geographic distance were the main factors influencing the genetic structure of P. lutea in the SCS.



Management Implications Under Climate Change

As discussed, tropical P. lutea populations may have a greater adaptability to anthropogenic disturbance and environmental change because of their high genetic diversity and sexual reproduction. In recent years, although tropical P. lutea populations may be more adaptable, coral bleaching has occurred frequently, and coral reef coverage has declined due to external environmental changes. We found that tropical P. lutea grew well in the SCS and had high coverage. However, high-latitude areas are regarded as a refuge for tropical coral species (Riegl, 2003; Beger et al., 2014; Thomas et al., 2017). As the global temperature rises, the SST of subtropical areas has become increasingly suitable for coral growth, and thus corals may shift their distributional ranges toward higher latitudes (Halfar et al., 2005; Chen et al., 2009). For instance, two tropical coral species have been expanding toward higher latitudes with a diffusion of 14 km/a since the 1930s during a century of global warming (Yamano et al., 2011). However, other factors may prevent the consolidation of subtropical regions as new coral refuges. Severe anthropogenic activities deteriorated the marine ecological environment in the subtropics. In particular, subtropical coral reefs of the SCS are mainly distributed along the coast, making them more susceptible to anthropogenic impact. In general, coral reefs are among the most vulnerable and easily disturbed ecosystems and need to be protected systematically. Firstly, the anthropogenic impact in relatively high latitudes should be removed to protect potential further refuges. Secondly, measures to enhance genetic potential and adaptability should be taken in the SCS. Thirdly, stress-tolerant species or populations are needed for artificial transplantation to help natural populations cope with global change.




CONCLUSION

Tropical P. lutea populations in the SCS show greater evolutionary potential because they exhibit abundant genetic diversity and sexual reproduction. The genetic diversity of P. lutea generally changes with increasing latitude, a gradient that appears largely due to latitudinal SST variation. Subtropical coral populations have lower genetic diversity, and thus, relatively poor genetic resilience in response to low average SST and human activities. Analyses of genetic variation, FST, and genetic clusters revealed that subtropical P. lutea populations are genetically distinct from the tropical populations. SST is likely to be a key factor affecting these genetic differences. Thus, protection measures could be considered to enhance coral cover at reef sites that would likely act as refuges of subtropical areas in the future, such as removing anthropogenic impacts (port construction, overfishing, and city development) and promoting artificial transplantation. Our research provides insight into coral genetics and scientific guidance and a theoretical basis for the protection and restoration of coral reefs.
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0.062
0.070

HY

0.006
0.030
0.061

SJJ

0.005
0.054

XYJ

0.067

DJ

Significant ®pt values (sequential-Bonferroni-corrected P < 0.05) marked in bold. Xiaolajia (XLJ), Yangmeikeng (YMK), Weizhou Island (WZ),Luhuitou (LHT), Bejjiao (BJ),
Qilianyu (QLY), Yongxing (YX), Dongdao (DD), Yuzhuo (YZ), Langhua (LH), Huangyan (HY), Sanjiacjiao (SJJ), Xinyjjiao (XYJ), Dongjiao (DJ).

The bold values mean significant ¢pr.
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Daya Bay
Weizhou Island

Sanya Bay
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Nansha Islands

Total

SD

Site

Xiaolajia
Yangmeikeng
Weizhou
Luhuitou
Beijiao
Qilianyu
Yongxing
Dongdao
Yuzhuo
Langhua
Huangyan
Sanjiaojiao
Xinyijiao
Dongijiao

Reef type

Subtropical non-reefal
Subtropical non-reefal
Subtropical reefal
Tropical reefal
Tropical reefal
Tropical reefal
Tropical reefal
Tropical reefal
Tropical reefal
Tropical reefal
Tropical reefal
Tropical reefal
Tropical reefal
Tropical reefal

Sampling dates

2018.05
2018.05
2015.08
2015.08
2015.08
2015.08
2015.08
2015.08
2015.08
2015.08
2015.08
2016.08
2016.08
2018.06

N

18
21
20
20
19
23
24
23
23
20
23
24
22
22

302

21.57

1.84

Ng

18
21
20
20
19
23
24
23
23
20
23
24
22
21

301

21.50

1.84

Ng/N

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.95

0.99
0.13

Latitude

22.6117°
22.56492°
21.0204°
18.2176°
17.1033°
16.9703°
16.8476°
16.6748°
16.3638°
16.0845°
15.2190°
10.1899°
9.3281°
8.8644°

Longitude

114.6311°
114.5694°
109.0805°
109.4855°
111.4830°
112.3142°
112.3588°
112.7375°
112.0168°
112.6921°
117.7477°
1156.2967°
115.9332°
112.8300°

Sample size (N), number of unique multiocus genotypes (Ng).





