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Abstract


Marine species with high fecundity and larvae with long-distance dispersal potential can have complex population genetic patterns. Characterizing population structure in these species is important for understanding their ecology and life history and designing management strategies. The eastern oyster (Crassostrea virginica) is both ecologically and economically important but has experienced recent population declines. Characterizing genetic variation in regional C. virginica populations will contribute to conservation and restoration practices. We used 20 nuclear microsatellite loci to examine genetic diversity, population structure, and kinship within and among wild oyster populations in coastal Georgia. Oysters were sampled from multiple fringe reefs within a single tidal creek and from four estuarine creeks spanning approximately 115 km of coastline. Genetic diversity was high across all sites, but modest yet significant population structure was detected at both local and regional scales. Within a single creek, significant genetic differentiation was observed among reefs separated by only a few kilometers. Kinship analyses revealed significantly higher relatedness within reefs and within creeks than among locations relative to random expectations. These results indicate that regional coastal dynamics, kin aggregation, local retention, and sweepstakes reproductive success contribute to fine-scale genetic structure despite high dispersal potential. Our findings suggest that accounting for local retention is important when designing oyster restoration, broodstock selection, and management strategies in dynamic estuarine and coastal environments.






Keywords:


eastern oyster; Crassostrea virginica; population structure; genetic variation; kinship; sweepstakes success




Key Contribution: Oysters along the Georgia coast display a high degree of within-patch and within-creek genetic relatedness. The resulting fine-scale population structure is consistent with chaotic genetic patchiness.










1. Introduction


The dynamics of larval dispersal, recruitment, and settlement are essential to the establishment and maintenance of sessile marine invertebrate populations. In addition, these same processes shape the genetic variation within and among these populations [1]. Marine species with high fecundity and potential for long-distance larval dispersal are commonly predicted to be genetically homogeneous over large geographic scales [1]. A wide range of species fit this model, including the sea urchin Stronglylocentrotus purporatus [2], the brittle star Ophiocomina nigra [3], the Pacific razor clam Siliqua patula [4], and the soldier crab Mictyris guinotae [5]. A growing body of evidence, however, suggests that other life history traits, including larval behavior, reproductive timing, and pre-reproductive mortality rates, are equally as important as larval duration and current patterns in shaping genetic variation within and among populations of many species [6,7].



The eastern oyster, Crassostrea virginica, is a foundation species in coastal marine environments on the East and Gulf Coasts of the United States. Eastern oysters are a commercially valuable resource [8] and provide many additional ecosystem services to coastal communities, including improved water quality, habitat provisioning, and shoreline stabilization [9,10]. Globally, oyster populations have been reduced to 15% of their historical population size due to the pressures from overharvest, pollution, habitat loss and degradation, climate change, and disease [11,12], so it is critical to understand genetic variation within oyster populations for effective management strategies.



Reproduction by C. virginica is characterized by high fecundity and dispersal potential. In the southeastern US, reproduction occurs from April through October with typical recruitment peaks in the late spring and early fall [13]. Additionally, young-of-the-year oysters may contribute to late season spawning and recruitment [14]. The larval stage typically lasts 14–25 days, and particle-tracking models predict dispersal up to 110 km [15,16]. Larvae also move vertically within the water column according to the horizontal salinity gradient [17,18]. While larval dispersal distance is historically thought to be determined by current velocity and larval stage duration, final settlement is dependent on circulation (passive transport), larval growth, and behavior in response to the salinity gradient [19,20] and settlement cues [21]. Settlement of recruits can occur in the spawning area or at significant distances from it [20] and on conspecifics [22] or other hard substrates [23].



The level of genetic relatedness within C. virginica populations can influence important population characteristics, including the ability to respond to environmental stressors and disease, as well as growth and survival [24]. For example, oysters exhibited the potential for heritability of disease resistance in studies where oyster strains were explicitly selected for resistance, whereas relatedness or kinship within oyster reefs has been negatively linked to the growth and survival of oysters [24,25]. Evolutionary principles suggest that levels of genetic variation within populations are important for adaptive potential, the ability to respond to environmental stress, growth, and overall survival [1,24,26]. Smee et al. [22] observed greater oyster larval settlement success in high-diversity experimental assemblages compared to low-diversity assemblages. Another study, which manipulated both genetic diversity and relatedness at high- and low-stress sites, found that high levels of relatedness were negatively associated with growth, long-term survivorship, and recruitment in physically stressful/limited resource environments, whereas cohort diversity was a much stronger predictor for these same qualities [24]. Understanding of population structure and kinship within and among wild oyster populations provides important information for developing management strategies for struggling oyster populations and for insight into patterns of distribution and survival.



Recent population genetic studies have detected fine-scale genetic structure in C. virginica populations [27,28]. Fine-scale genetic structure could be due to lower-than-expected larval dispersal, “sweepstakes reproductive success”, non-random dispersal (kin aggregation), or a combination of these processes [27,29]. Sweepstakes reproductive success suggests the distribution of genetic variation is due to a small number of chance reproductive “winners” and many “losers” each generation in terms of recruitment success [29]. These chance events result in a small effective population size for each generation, driving genetic differences in larval cohorts [1,6,29]. This strong genetic drift can result in an unpredictable pattern of genetic differences over a geographic area (chaotic genetic patchiness).



C. virginica may also display high levels of genetic relatedness within locations relative to among locations. This pattern could be due to retention of larvae at localized reefs or collective dispersal, in which closely related larvae travel and settle together (kin aggregation). Adrian et al. [27] found significant evidence of localized kin structure within oyster reefs among coastal populations of North Carolina. Evidence for kin aggregation has been observed in other marine invertebrates with high dispersal potential, including the acorn barnacle [30], the Antarctic limpet Nacella concinna [31], and the spiny lobster Panulirus interruptus [32]. High levels of larval cohort relatedness, sweepstakes reproductive success, or a combination of these processes can influence the fine-scale genetic structure of populations [1,6,27].



Variables that influence population genetic structure can be complex and vary geographically. In Georgia, there is limited research involving oyster population structure and kinship. Understanding these dynamics is an important component of management efforts and can provide insight into population health, aquaculture broodstock choices, and geographic patterns in disease abundance. The objective of this study was to (1) determine the distribution of genetic variation among oyster populations and (2) determine the level of kinship within and among oyster populations in Georgia.




2. Materials and Methods


2.1. Sample Collection and DNA Extraction


To assess within-creek genetic variation, adult oysters were collected in 2016 from six sites in Oyster Creek, GA. Oyster Creek runs approximately 3 km through extensive intertidal marshes. Oysters form fringing reefs that run parallel to shore and are patchily distributed along the creek. Samples were opportunistically collected from six reefs: OC1 (n = 29), OC2 (n = 21), OC13 (n = 15), OC14 (n = 18), OC21 (n = 10), OC22 (n = 19) (Figure 1 inset) at the lower (just above the waterline at low tide) and upper (top of the reef structure) intertidal elevations (see [33] for site information).



To estimate among-marsh genetic diversity, adult oysters were collected in 2018 from four sites along the Georgia coast: Oyster Creek (n = 29), Medway (n = 25), Teakettle Creek (n = 29), and Jointer Creek (n = 28) (Figure 1). Samples from each site included individuals from more than one reef. Gill tissue samples were taken from each oyster and stored in 95% ethanol until DNA extraction. DNA was extracted using the Zymo Quick-DNA Plant/Seed Miniprep Kits (Zymo Research, Irvine, CA, USA) to improve the removal of PCR inhibitors common in oyster tissues [34].




2.2. Microsatellite Locus Amplification and Genotyping


A total of 20 nuclear microsatellite loci were used to estimate genetic variation. PCR primers for these loci were taken from previous studies [27,35,36,37,38,39] (Table 1). PCR reactions followed the protocols published by Adrian et al. [27] using 4 multiplex reactions containing primers for 5 loci. Reactions were run in 10 μL total volume with 50–100 ng of DNA. PCR cycling parameters are outlined by Adrian et al. [27]. PCR products were run on a 3500 Series Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).




2.3. Population Structure and Kinship Analysis


Alleles for each microsatellite locus were manually scored using the GeneMapper software (v6.1) and the internal size standard. Repeat units and allele size ranges were consistent with those previously published in the literature [27,35,36,37,38,39]. Possible null alleles and genotyping errors were tested using Micro-Checker 2.2.3 with 1000 randomizations [40]. Deviations from Hardy–Weinberg equilibrium were tested in Arlequin 3.5.2.1 using the Markov chain method with 1,000,000 chain steps and an initial burn-in of 100,000 steps [41]. GenAlEx software (version 6.503) was used to calculate genetic diversity metrics, including the observed number of alleles (Na), effective number of alleles (Ne), observed heterozygosity (Ho), and expected heterozygosity (He). For each dataset, an AMOVA was performed in GenAlEx to partition genetic variation within and among populations. Weir and Cockerham’s F-statistics were used to calculate pairwise values of population differentiation, and p-values were also calculated to test significance (using 20,000 permutations).



Kinship coefficients were calculated for each sampling location using the program GENODIVE 3.0 [42]. The kinship covariance matrices were used to compare variation in kinship coefficients within and among populations. A PERMANOVA was run to test if observed number of related individuals within populations deviated from a null distribution of kinship coefficients where oysters were randomly assigned to populations [32]. The PERMANOVA was performed in Primer 7, with 10,000 unrestricted permutations of the raw data and type III sums of squares differences [27,32]. Kinship coefficients from within and among reefs were binned according to kinship levels (‘nearly identical’, 0.57 > k > 0.375; ‘full siblings’, 0.375 > k > 0.1875; ‘half siblings’, 0.1875 > k > 0.09375; and ‘quarter siblings’, 0.09375 > k > 0.047). Bin boundaries were determined using the midpoints between Loiselle et al.’s [43] co-ancestry coefficients (full sibling = 0.25, half sibling = 0.125) [27,32].



Oyster creek was the only location sampled in both 2016 and 2018. Because the 2018 samples included individuals from more than one reef, we estimated temporal variation by generating random subsamples of 29 individuals six reefs in the 2016 dataset (N = 112). This subset was used to estimate FST values between the 2016 and 2018 Oyster Creek samples (N = 29). The analysis was repeated 10 times (10 randomly generated 2016 sample sets).





3. Results


3.1. Within-Creek Genetic Diversity


The mean number of alleles per locus ranged from 7.3 to 12.7 across all reefs in Oyster Creek sampled in 2016 (Table 2). Observed heterozygosity (Ho: 0.52 to 0.58) was lower than expected heterozygosity (He: 0.78 to 0.81) for all reefs. There were significant deviations from HWE in 48 of the 120 comparisons (40%), but no sample specific patterns were observed. Tests for the presence of null alleles using MicroChecker found that 9 of 20 loci showed potential for null alleles but no evidence of scoring errors due to large allele dropout or stutter. The null allele frequencies were low (<5%), and no sample-specific patterns were observed. Inbreeding coefficients (FIS) ranged from 0.218 to 0.31 and were significantly than 0 at all reefs consistent with heterozygote deficiency (Table 2).



AMOVA analysis revealed low but significant structure among reefs within Oyster Creek, with 2% of the variation partitioned among reefs (Global FST = 0.019, p < 0.001). Pairwise comparisons also indicated slight but significant variation between 11 of the 16 reef comparisons (Table 2). Pairwise FST values ranged from 0.006 to 0.032 (Table 3).




3.2. Within-Creek Kinship


Kinship coefficients ranged from −0.139 to 0.846. The mean kinship among reefs was lower (−0.00275 ± 0.073) than the mean kinship within reefs (0.0036 ± 0.006). The mean proportion for each kinship category within populations was 0.136 ± 0.014 quarter sibling, 0.051 ± 0.013 half sibling, 0.0046 ± 0.0021 full sibling, and 0.0015 ± 0.0008 nearly identical. A higher proportion of full, half, and quarter siblings was found within than among reefs, indicating that related larvae are more likely to settle on the same reef patch (PERMANOVA, p = 0.0004) (Figure 2).




3.3. Regional Among-Creek Genetic Diversity


The mean number of alleles per locus ranged from 11.6 to 13.75 among the four coastal Georgia creeks sampled in 2018 (Table 4). Observed heterozygosity (Ho) ranged from 0.58 to 0.827 and expected heterozygosity (He) from 0.78 to 0.81. There were significant deviations from HWE in 29 of the 80 comparisons (36.2%), but no sample-specific patterns were observed. Tests for the presence of null alleles using MicroChecker found that 7 of 20 loci showed potential for null alleles but no evidence of scoring errors due to large allele dropout or stutter. The null allele frequencies were low (<5%), and no sample-specific patterns were observed. Inbreeding coefficients (FIS) ranged from −0.018 to 0.278, with two sites, Medway River and Oyster Creek, having inbreeding coefficients that were significantly different from 0 (Table 4). In each case, FIS was positive, consistent with heteryzotote deficiency.



AMOVA analysis revealed low but significant structure among regional creek sites, with 1% of the variation partitioned among creeks (FST = 0.010, p < 0.001). Pairwise comparisons also indicated slight but significant variation between 4 of the 6 population comparisons (Table 5). Pairwise FST values ranged from 0.003 to 0.017 (Table 5).




3.4. Regional Among-Creek Kinship Analysis


Kinship coefficients ranged from −0.1465 to 0.212 among coastal creek sites. The mean kinship among creeks was lower (−0.0024 +/− 0.0006) than the mean kinship within creeks (0.0063 +/− 0.0012). The mean proportion for each kinship category within populations weas 0.127 ± 0.008 quarter sibling, 0.039 ± 0.010 half sibling, 0.0024 ± 0.0017 full sibling, and 0 nearly identical. A higher proportion of full, half, and quarter siblings was found within than among populations (PERMANOVA, p = 0.0001 (Figure 3)).




3.5. Temporal Genetic Variation


Temporal variation at the Oyster Creek site between 2016 and 2018 was estimated using random subsamples of 29 individuals from the 2016 dataset. Ten subsamples were used to estimate FST values between 2016 and 2018. Estimated FST values ranged from 0.028 to 0.039 (p < 0.001) with a mean of 0.035 ± 0.001.





4. Discussion


Maintenance of genetic variation in natural populations is an important component of conservation and management strategies. High levels of genetic variation enhance a population’s adaptive potential and limit negative factors, such as the probability of widespread inbreeding and inbreeding depression [44]. Characterizing genetic variation in natural populations is also important because “healthy” levels of genetic variation, as well as the environmental and life history characteristics that influence population dynamics, can vary among species [45]. In this study, we used microsatellite loci to assess genetic variation in eastern oyster populations at local and regional scales on the Georgia coast. We found high levels of allelic variation and modest but significant population structure.



The eastern oyster has a mid-length larval development time of 14–25 days, indicating a high potential for dispersal [15]. Despite the potential for dispersal, the strongest levels of genetic differentiation were observed between fringe reef sites within a 3.8 km tidal creek. At a larger regional scale spanning the Georgia coast, there was no relationship between geographic distance and genetic differentiation between populations. The non-random distribution of genetic variation that occurs regardless of geographic distance (chaotic genetic patchiness) can be driven by kin aggregation, local larval retention, and/or sweepstakes chance reproduction [29,46]. The 2018 samples were pooled within creeks, potentially increasing our within-population variation and reducing our ability to detect stronger differentiation among regional sites if similar patterns of fringe reef kinship existed within these creeks. Alternatively, oysters grow rapidly in Georgia and can become sexually mature within a single growing season [14], suggesting that the 2018 samples were of a different cohort or a mixed cohort of different parent populations. These results are consistent with predictions for temporal and spatial variation in the magnitude of the complex interaction of larval kin aggregation and sweepstakes reproductive success in coastal Georgia oyster populations.



We found that relatedness among individuals within reefs and populations was an important component of the observed population genetic patterns. Kinship within populations was greater than would be expected by chance. Given the larval duration (14–25 days) and dispersal potential (>100 km) of oyster larvae, this result is surprising yet consistent with recent research showing high levels of relatedness within oyster populations and reefs [15,27]. An increasing number of studies indicate that marine invertebrates exhibit local retention or kin aggregation during larval dispersal. These findings contradict predictions from high dispersal potential and evolutionary theory regarding the costs of related individuals settling near each other [27,32,47,48,49]. For example, the spiny lobster, Panulirus interruptus, has a pelagic larval period of 240–330 days, and a higher-than-expected proportion of related individuals was observed within, relative to between, sampling locations, suggesting that larval kin aggregation is a contributing factor to patterns of chaotic genetic patchiness [32]. The Atlantic stalked barnacle, Pollicipes pollicipes, has a larval period of 15–30 days, and populations exhibit significant local retention and relatedness [50].



The phenomenon of kin aggregation, where closely related larvae travel and settle together rather than evenly mixing and dispersing, is often biologically intertwined with sweepstakes reproductive success [27,32]. Our findings are similar to patterns seen in North Carolina populations of C. virginica, where high kinship and FIS values within reefs indicate that generational aggregations of kin is an important factor in fine-scale genetic structure in C. virginica [27]. This pattern was consistent across fringe reefs within a 3.8 km tidal creek, also suggesting that local retention of larvae is a potential driver of fine-scale within-creek genetic structure. We also found higher levels of kinship within than among populations on a broader scale covering ~115 km of the Georgia coast. This pattern is consistent with the findings of Adrian et al. [27], who observed higher kinship values within than among four C. virginica populations along 200 km of the North Carolina coastline, as well as within reefs at those sites. Unfortunately, we were unable to directly assess the role of kin aggregation vs. local recruitment because we did not sample larvae or new recruits. Variables important for dispersal and settling will differ between intertidal estuarine creeks and seaward areas [51]. Models accounting for the dynamic nature of variable flow and localized physical factors affecting dispersal suggest that the fraction of larvae retained near their sites of origin can vary temporally [51,52]. In addition, larval behavior can change in response to local environmental variables, further influencing inconsistent patterns in dispersal potential and genetic structure in nearshore and coastal species [52].



Patterns of chaotic genetic patchiness can result from lower-than-expected effective population sizes in high-fecundity species, driven by large variance in individual reproductive success rather than selection or non-random mating [1,6,29]. Because random events result in relatively few individuals contributing to each generation, temporal genetic variation among larval cohorts is common and may coincide with greater than expected relatedness in larval cohorts [1,53,54]. We were not able to directly test temporal variation by comparing larval cohorts between years, and likewise, the opportunistic sampling precluded comparisons from the same reefs across both years. However, FST estimates between years at the Oyster Creek site suggest temporal variation may be a contributing factor to observed genetic variation in Georgia populations.



Sweepstakes reproductive success is common in marine species, especially those that spawn in highly variable nearshore environments [2,29]. The timing of unfavorable environmental conditions is one driver of high pre-reproductive mortality and variance in reproductive success [2,29]. The European oyster, Ostrea edulis, exhibited temporal genetic variation between juveniles and adults, where juvenile samples possessed 60% of the adult allelic diversity [55]. In other species, such as the broadcast spawning coral Acropora hyacinthus and the mussel Mytilus chilensis, variation in allelic diversity among larval cohorts and the magnitude of allelic diversity reduction between larvae and adults were location-dependent [53,54]. Our results align with studies of C. virginica populations in North Carolina, indicating that the modest but significant population genetic structure at both the local and regional scales is largely driven by larval behavior and reproductive timing rather than by geographic distance and larval development time [27]. A study of genetic C. virginica in hatchery conditions also found sweepstakes success was a strong driver of genetic variation, even in controlled conditions with no difference in environmental variability [26]. Six juvenile cohorts created under the same hatchery conditions varied twofold in genetic diversity, and significant genetic differentiation was observed among nearly all juvenile cohorts (high FST), unlike in the adult oysters from the same sites [26]. Other studies involving C. virginica population structure show a different pattern, indicating regional nuance in population dynamics. Evidence of genetic differentiation following an isolation-by-distance pattern was found among 16 sites ranging from 1 to 100 km apart in Chesapeake Bay, and juvenile and adult oysters showed no difference in allele richness [56]. A study in the western Gulf of Mexico identified two distinct populations between Aransas Bay and Corpus Christi Bay, with a mixed population in a “transition zone” between them [57]. Interestingly, a previous study by King et al. [58] investigated these same locations 20 years earlier and found gene flow to be rare between the sites, concluding that geographic isolation occurs between them. Anderson et al. [57] hypothesized that there may have been a shift in what used to be distinguishable populations; recent mixture may have created a disequilibrium, resulting in fine-scale structure in Aransas/Corpus Christi Bay.




5. Conclusions


Eastern oysters are economically important species that also provide valuable ecosystem services to coastal communities, but unfortunately, populations have declined throughout their range. Understanding the population genetic structure and levels of kinship within and among Georgia’s wild oyster populations could significantly aid local and regional conservation efforts. Kin aggregation, local retention, and sweepstakes reproductive success likely all play a role in the complex pattern of genetic structure in Georgia (this study) and other southeastern US oyster populations (i.e., North Carolina [27], Gulf of Mexico [59]). The weight of these processes may vary across different coastal habitats within the region. For management, restoration areas and no-take zones should be designed to account for patterns of spawning potential and distribution of struggling oyster populations; if recruitment success is random year by year, many small efforts may be more beneficial than a few large ones, as this would increase the probability of successful settlement [60,61,62]. Incorporating research on larval behavior, potential kin aggregation, and environmental variables associated with reproductive success is necessary to better understand localized population dynamics.
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Figure 1. Locations along the Georgia coastline where oysters were collected. Samples from 2016 were collected from six stations (red circles) within Oyster Creek (inset), whereas 2018 samples were collected from reefs within four creeks that span the Georgia coastline: Oyster Creek, Medway River, Teakettle Creek and Jointer Creek (black triangles). 
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Figure 2. Distribution of kinship coefficients divided into 0.01 bins and colored by proportion of within reef (red) and among reef (green) comparisons within each bin. Bars on the x-axis represent the divisions between the unrelated and related oysters and between each kinship level where ‘quarter sibling’ 0.047 < k < 0.09375; ‘half sibling’ 0.09375 < k < 0.1875; ‘full sibling’ 0.1875 < k < 0.375; and ‘nearly identical’ 0.375 < k < 0.57. 
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Figure 3. Distribution of kinship within (red) and among (green) coastal Georgia populations from 2018 compared as proportions. Coefficients were divided into 0.02 bins for the figure, but kinship levels are defined as ‘quarter sibling’ 0.047 < k < 0.09375; ‘half sibling’ 0.09375 < k < 0.1875; ‘full sibling’ 0.1875 < k < 0.375; and ‘nearly identical’ 0.375 < k < 0.57. 
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Table 1. Microsatellite names and the unlabeled forward and reverse sequences, with the citation for each.
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Name and Locus

	
Primers Sequence

	
Citation






	
CV1

	
F-gctacacacgaaaaatggg

	
[39]




	
Cvi1g8

	
R-tcaaatgaagagcacctcc




	
CV2

	
F-accggagatggtggtatttcc

	
[35]




	
Cvi13

	
R-gtgttgcaagacttacagaagaaac




	
CV3

	
F-gaagttaatatggatccgtgcttgta

	
[38]




	
RUCV10

	
R-ttatcttttgtatagggtgagggcaa




	
CV4

	
F-gtacaacagcctcagagccaatggca

	
[38]




	
RUCV25

	
R-tcttagttgtggcgctgccggttggt




	
CV5

	
F-tgtttagtcatggcagtgtgc

	
[38]




	
RUCV45

	
R-gtgacttcattttgagccttttacc




	
CV6

	
F-caagttatgataagagtgacagg

	
[38]




	
RUCV60

	
R-catacacagaaacacacatacag




	
CV7

	
F-cagccaacatcactttgagg

	
[38]




	
RUCV61

	
R-ctgtgccggtacaatctgc




	
CV8

	
F-tgatactttcgtattgcttg

	
[38]




	
RUCV63

	
R-gattgtaatttatttgaacatt




	
CV9

	
F-gggagcattattgcctaaacc

	
[38]




	
RUCV73

	
R-ttcgataatcacagaaggatgg




	
CV11

	
F-gtgagaagggattggagtgc

	
[39]




	
RUCV114

	
R-atgaaataatggcgatacgg




	
CV12

	
F-ctctggagacaaatccatgc

	
[39]




	
RUCV131

	
R-catttctctgtgctgatgacg




	
CV13

	
F-ggaccaaatattccacatcacac

	
[39]




	
RUCV270

	
R-aagctgaatgcccaaacatc




	
CV14

	
F-tggtttgaagggaagaaagc

	
[39]




	
RUCV374

	
R-gacggaactcttcatcaaagg




	
CV15

	
F-gcgaagaggaagaaaaattgg

	
[39]




	
RUCV424

	
R-aagcatgagctaaaccatctcc




	
CV16

	
F-aaaattcgccctgttcgtgtttcatt

	
[38]




	
RUCV22

	
R-aagcgccttagacactcgtttgcaca




	
CV17

	
F-gtcgtgcaagttgacattcc

	
[38]




	
RUCV46

	
R-tccacctctatttcatgttgtcc




	
CV18

	
F-accatcagcaacacagaacg

	
[38]




	
RUCV66

	
R-gggtcccaagtgttgtcg




	
CV19

	
F-ataaaagtccattcgtaagc

	
[36]




	
Cvi5VIM

	
R-agatttgaagtattgctatcg




	
CV20

	
F-ctgagcttagactacagccctacaccag

	
[35]




	
Cvi8

	
R-gatatcctaaacctactcctcttttgcatttttg




	
CV21

	
F-cccacacagttgccacacaaac

	
[37]




	
Cvi2j10

	
R-ccacaatagatttccatcccttcc











 





Table 2. Genetic variation for 20 microsatellite loci of Crassostrea virginica sampled from six reefs in Oyster Creek, GA. N = sample size, Na = the number of alleles, Ne = effective number of alleles, Ho = observed heterozygosity, He = expected heterozygosity, FIS = inbreeding coefficient. * = p < 0.001.
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Reef

	

	
N

	
Na

	
Ne

	
Ho

	
He

	
FIS






	
OC1

	
Mean

	
29

	
12.65

	
7.158

	
0.520

	
0.759

	
0.310 *




	
SE

	

	
1.28

	
1.145

	
0.034

	
0.036

	
0.035




	
OC2

	
Mean

	
21

	
12.40

	
7.736

	
0.578

	
0.785

	
0.250 *




	
SE

	

	
1.25

	
1.053

	
0.045

	
0.040

	
0.055




	
OC13

	
Mean

	
15

	
9.95

	
6.634

	
0.585

	
0.768

	
0.241 *




	
SE

	

	
0.95

	
0.883

	
0.049

	
0.040

	
0.060




	
OC14

	
Mean

	
18

	
10.15

	
6.562

	
0.545

	
0.775

	
0.300 *




	
SE

	

	
0.89

	
0.798

	
0.049

	
0.037

	
0.060




	
OC21

	
Mean

	
10

	
7.30

	
5.410

	
0.561

	
0.758

	
0.279 *




	
SE

	

	
0.77

	
0.666

	
0.065

	
0.027

	
0.079




	
OC22

	
Mean

	
19

	
10.35

	
6.769

	
0.575

	
0.766

	
0.218 *




	
SE

	

	
1.07

	
0.901

	
0.053

	
0.042

	
0.070











 





Table 3. Pairwise population FST values for Oyster Creek reef populations. p-values < 0.05 are bolded.
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	Reef
	OC1
	OC2
	OC13
	OC14
	OC21
	OC22





	OC1
	*
	
	
	
	
	



	OC2
	0.008
	*
	
	
	
	



	OC13
	0.020
	0.013
	*
	
	
	



	OC14
	0.022
	0.010
	0.028
	*
	
	



	OC21
	0.029
	0.023
	0.013
	0.027
	*
	



	OC22
	0.032
	0.023
	0.006
	0.030
	0.011
	*










 





Table 4. Genetic variation for 20 microsatellite loci of Crassostrea virginica sampled from four coastal Georgia creek sites. N = sample size, Na = the number of alleles, Ne = effective number of alleles, Ho = observed heterozygosity, He = expected heterozygosity, FIS = inbreeding coefficient. * = p < 0.001.
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	Site
	
	Na
	Ne
	Ho
	He
	FIS





	Medway River
	Mean
	11.600
	6.971
	0.576
	0.777
	0.278 *



	
	SE
	1.055
	0.958
	0.048
	0.034
	0.051



	Teakettle Creek
	Mean
	13.550
	7.862
	0.771
	0.769
	0.015



	
	SE
	1.577
	1.249
	0.052
	0.042
	0.039



	Jointer Creek
	Mean
	13.300
	8.015
	0.827
	0.798
	−0.018



	
	SE
	1.367
	1.217
	0.043
	0.031
	0.036



	Oyster Creek
	Mean
	13.750
	7.840
	0.793
	0.804
	0.061 *



	
	SE
	1.454
	1.102
	0.039
	0.028
	0.026










 





Table 5. Pairwise Population FST Values for Coastal Georgia Creek Sites (2018). p-values < 0.05 are bolded.
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	Population
	Medway
	Teakettle
	Jointer Creek
	Oyster Creek





	Medway
	*
	
	
	



	Teakettle
	0.005
	*
	
	



	Jointer Creek
	0.003
	0.007
	*
	



	Oyster Creek
	0.010
	0.017
	0.007
	*
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