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FIGURE 1 | (A) A map of the sites where tissue samples of Dendrogyra cylindrus were collected. Samples were collected from 51 sites along the Florida Reef Tract
(FL), three sites in Curaçao (CUR), six sites in the U.S. Virgin Islands (USVI), three sites in Belize (BLZ), and four sites in the Turks and Caicos Islands (TCI). The black
line with arrows indicates the direction of ocean currents. CC, Caribbean Current; YC, Yucatan Current; FC, Florida Current. See text for sample sizes. (B) A map of
the Florida collection sites, colored by region. More samples were collected from Florida to enable the description of clonal structure and to delineate the relationship
between genetic and geographic distance.

intensity was higher in Florida, but not exhaustive due to the
threatened status of this species. At Florida sites containing
many colonies, samples were collected from colonies throughout
the site. When sites contained only a few colonies, all were
sampled. Also, within-colony sampling (top, middle, and base)
was done in Florida to determine if symbiont genotypes were
represented consistently within a colony. D. cylindrus samples
from all other regions were not collected in a spatially explicit
way, rather, colonies were sampled haphazardly. Sampling was
accomplished using a combination of clipping small pieces of
tissue and conducting a biopsy of two or three polyps using the

syringe technique (Kemp et al., 2008). All samples were preserved
in 95% non-denatured ethanol. Global positioning system (GPS)
coordinates were collected for the Florida colonies so that genetic
and clonal diversity estimates could be related to geographic
distance among colonies.

Microsatellite Design and Amplification
DNA was extracted from one sample from Florida using the
illustra Nucleon PhytoPure Genomic DNA Extraction kit (GE
Healthcare) and used as the starting material for generating
molecular markers. Because this sample was from an adult
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colony, DNA from the coral host and dinoflagellate symbiont
was sequenced on the Roche GS 454 FLX+ utilizing the
Titanium Sequencing Kit (Roche, one half plate). Raw data is
available from Penn State’s ScholarSphere2. See Supplementary
Materials for detail in primer design. After testing primers
for successful amplification, host specificity, and variability,
11 markers were retained (Supplementary Table 1). These
markers were combined into four multiplex reactions (labeled
A through D, Supplementary Table 1) using the Multiplex
Manager software3. Only markers labeled with different colored
fluorescent dyes (Applied Biosystems) were combined. Multiplex
reactions consisted of 1 µl of template DNA, 1.01x Reaction
Buffer (New England Biolabs), 2.53 mM MgCl (New England
Biolabs), 0.005 mg BSA (New England Biolabs), 0.202 mM dNTPs
(Bioline), 0.051 µM of forward and reverse primer (Applied
Biosystems), 0.75 U Taq polymerase (New England Biolabs),
and nuclease-free water in a total reaction volume of 9.9 µl.
Thermocycler parameters included an initial denaturation at
94◦C for 5 min, 30 cycles of denaturing at 94◦C for 20 s,
annealing at 55◦C (or 54◦C) for 20 s, and extension at 72◦C
for 30 s, and a final extension at 72◦C for 30 min. All PCR
products were visualized using an ABI3730 (Applied Biosystems)
automated DNA sequencer with an internal size standard
(Gene Scan 500-Liz, Applied Biosystems) for accurate sizing.
Electropherograms were analyzed using GeneMapper Software
5.0 (Applied Biosystems).

Existing Symbiodiniaceae B1 primers (Santos and Coffroth,
2003; Pettay and LaJeunesse, 2007; Andras et al., 2009) were
tested on D. cylindrus samples from Florida and Curaçao, of
which eight were variable and amplified the target product
a majority of the time (Supplementary Table 2). These were
combined into multiplex reactions (Supplementary Tables 2, 3).
Thermocycler parameters (e.g., annealing temperatures)
varied by multiplex (Supplementary Table 3). However, after
conducting preliminary analyses using this set of markers,
it became clear that additional markers would be necessary
to increase our power of identifying clonal strains. See
the supplement for details on de novo primer design and
amplification conditions. The combined set of 15 microsatellite
markers (Supplementary Table 2) was used to assess clonal and
population structure of the algal symbiont.

Analysis of Population and Clonal
Structure
Matching multilocus genotypes were identified using the Data
Subset option in GENALEX v. 6.5 (Peakall and Smouse, 2006).
Samples with exact allele size matches at all microsatellite
loci were considered to be asexually produced clones. The
Multilocus Matches option (GENALEX) was used to identify
possible misidentified alleles, which were checked and corrected
if necessary. Linkage disequilibrium tests were conducted using
GENEPOP ON THE WEB 4.0 (Rousset, 2008) Option 2.1. Tests
for Hardy–Weinberg equilibrium were conducted in GENALEX
v. 6.5 (Peakall and Smouse, 2006) and confirmed using exact tests

2https://scholarsphere.psu.edu/concern/parent/31z40kt37x/file_sets/x6969z327w
3www.multiplexmanager.com

in GENEPOP ON THE WEB Option 1.1 (Supplementary Table 5).
The probability of identity (PI) describes the power of the
microsatellite markers to distinguish closely related colonies
(such as siblings) from colonies that are identical because they
are the result of asexual reproduction (fragmentation). For the
diploid D. cylindrus, PI was calculated in GENALEX v. 6.5. The PI
for the haploid symbiont was calculated as the sum of each allele’s
frequency squared in each population and multiplied across loci,
in accordance with previous studies (Baums et al., 2014b).

Genotypic diversity indices for the coral host and symbiont,
which included genotypic richness, diversity, and evenness, were
calculated as in Baums et al. (2006) using the entire data
set of multilocus genotypes (including clones) with complete
allele calls at 10 microsatellite markers (excluding marker D48).
Briefly, genotypic richness (Ng/N) was calculated by dividing
the number of unique multilocus genotypes (Ng) by the total
number of samples genotyped (N) and varies from near 0
(highly clonal) to 1 (no clones). Genotypic diversity (Go/Ge)
is the ratio of observed to expected genotypic diversity, and
varies from 0 (mostly asexual population) to 1 (mostly sexual
population). Expected genotypic diversity (Ge) for a solely
sexually reproducing population was assumed to be equal to
the sample size N. The final metric – genotypic evenness
(Go/Ng) – provides information about the longevity of different
genotypes, and is the observed genotypic diversity (Go) divided
by the number of unique multilocus genotypes (Ng). Genotypic
evenness ranges from near 0 (population dominated by few
genets with many ramets) to 1 (population contains multiple
genets with equal ramets). However, in sites with only one genet,
genotypic evenness is no longer an informative metric since it
automatically yields a value of one.

Unique multilocus genotypes (without clonal replicates)
were clustered using the program STRUCTURE v. 2.3.4 to
estimate the number of different populations of host and
symbiont in the dataset (Pritchard et al., 2000). After initial
testing, the admixture model with no location prior was
used with correlated allele frequencies. The prior number of
populations (K) was set from 1 to 6 with five replicate runs
per K, a burnin of 100,000 and 1,000,000 Markov Chain
Monte Carlo repetitions after the burnin using the package
‘PARALLELSTRUCTURE’ (Besnier and Glover, 2013) in R v. 3.4
(R Development Core Team, 2017). The optimal value for K
was identified using the 1K method (Evanno et al., 2005)
implemented in the online program STRUCTURE HARVESTER
(Earl, 2012). CLUMPAK was used to identify the consensus of
inferred clusters for the different replicates of each K-value
and to visualize the results (Kopelman et al., 2015). Additional
estimators of the number of optimal populations (posterior
probability, MedMeaK, MaxMeaK, MedMedK, and MaxMedK)
were applied (Pritchard et al., 2009; Puechmaille, 2016). Because
uneven sampling has been shown to underestimate the true
K (Puechmaille, 2016), larger populations were randomly
subsampled to create more even sample sizes across the
five regions (see Results). The K value chosen by the most
estimators was identified as the optimal number of populations.
Global FST , or the proportion of genetic variation between
subpopulations (Wright, 1951), was calculated using GENODIVE
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(Meirmans and Van Tienderen, 2004) and the dataset with clonal
replicates removed. The FST value adjusted for the maximum
amount of within-population diversity (F′ST) was also obtained
from GENODIVE. Pairwise FST values between each of the five
regions were calculated using GENALEX v. 6.5. The congruence
of population structure and clonal reproduction in D. cylindrus
and B. dendrogyrum, as well as the extent of clonal propagation,
were compared. In cases where the symbiont population clusters
identified by STRUCTURE did not correspond to geography,
the symbiont species identity was confirmed by sequencing
the Si15 microsatellite flanker region (Finney et al., 2010;
Lewis et al., 2018).

Analysis of molecular variance (AMOVA) was employed to
test the null hypotheses of an absence of population structure
for the host and symbiont (Excoffier et al., 1992). Samples were
grouped by region (identified using STRUCTURE and the optimal
K value) and location (Belize, Florida, Turks and Caicos Islands,
USVI, and Curaçao). The AMOVA option in GENALEX v. 6.5 was
used to partition genetic variation from a distance matrix between
regions and locations, using 9,999 permutations and assuming an
Infinite Allele Model.

Global positioning system coordinates for all Florida colonies
were used to create a geographic distance matrix, which was
compared to the genetic distance matrix for D. cylindrus. Mantel
tests of isolation by distance and spatial autocorrelation analyses
were conducted in GENALEX v. 6.5.

Because of the small number of samples, a finding of no
population structure could be due to a lack of power. Thus,
simulations were conducted in POWSIM v. 4.1 to assess the
power of the microsatellite data set to detect low levels of
population differentiation. POWSIM estimates the lowest level
of differentiation (FST) that can be detected in a simulated
population with a minimum of 90% accuracy (Ryman and Palm,
2006). Significance was determined using Fisher’s exact test.

Population Demographic Modeling
The modeling software MIGRAINE v. 0.5.24 was used to test
for past changes in population size in the Florida D. cylindrus
population. Samples from other locations were not grouped
with Florida because population structure within a dataset yields
inaccurate demographic parameter inference (Leblois et al.,
2014). Additional unique multilocus genotypes were included
for this analysis to increase the power of detecting historical
population size changes (n = 95 total). The null model assuming
a constant population size (OnePop) was run to estimate
pGSM, which was close to 0.3. This parameter describes the
geometric distribution of mutation step size under a generalized
stepwise mutation model (GSM), which is most appropriate
for microsatellite markers (Leblois et al., 2014). When we
ran the model assuming one past change in population size
(OnePopVarSize), we fixed pGSM at 0.3 and inferred the current
(2Nµ) and ancestral (2Nancµ) population sizes, as well as the
duration of the contraction or expansion event (Dg/2N) and the
ratio of current to ancestral population size (Nratio). We assumed
a mutation rate (µ) of 5 × 10−4 per locus per generation, a

4https://kimura.univ-montp2.fr/∼rousset/Migraine.htm

value typical for microsatellite loci (Estoup and Angers, 1998).
In addition, we also ran the OnePopFounderFlush model,
which assumes two past changes in population size and infers
a founder population size (2Nfounderµ) and two additional
population size ratios (NcurNfounder ratio and NfounderNanc ratio).
Significant population size changes were detected using 95%
confidence interval estimates of the population size ratios. If
the value 1 (indicating the current and ancestral population
sizes were identical) was outside of the 95% confidence
interval, then the size change was significant. MIGRAINE
uses sequential importance sampling algorithms (De Iorio and
Griffiths, 2004a,b) to estimate parameters of past demographic
changes from population genetic data. We used 2,000 points,
2,000 trees, and four iterations per run for the models with
population size changes. The null model was run using 2,000
points, 100 trees, and three iterations. Two independent runs
were conducted per model by changing the estimation seed.
Additional model settings are included in the supplement
(Supplementary Table 4).

Through the course of this study, we witnessed a severe decline
in Florida D. cylindrus (Neely et al., unpublished data). During
the summers of 2014 and 2015, water temperatures rose above
30.5◦C in the Florida Keys5, triggering a multi-year thermal
stress event (Manzello, 2015; Lewis et al., 2017). After some
coral colonies bleached in 2014, many contracted a tissue loss
disease (Precht et al., 2016). This thermal stress-related disease
outbreak led to a massive loss of Florida pillar corals. Some
areas experienced higher disease prevalence than others (Neely
et al., unpublished data). In Broward County (Figure 1B), 86%
of the known colonies were lost in 2 years (Kabay, 2016). Severe
hyperthermal events such as this one are expected to occur
annually by 2042 on average under Representative Concentration
Pathway (RCP) 8.5 (van Hooidonk et al., 2017), although
there is projected heterogeneity along the Florida Reef Tract
(van Hooidonk et al., 2015).

Prior to the most recent event, extensive coral bleaching from
hyperthermal stress in the Caribbean occurred in 1997–1998,
2005, and 2010 (Eakin et al., 2010; Heron et al., 2016). If we
assume that thermal stress events such as the 2014–2015 event
in Florida occur twice per decade up until the estimated timing of
annual severe bleaching (2042), we can estimate how many years
are left before local extinction of D. cylindrus for each of three
representative percent decline scenarios (80%, 50%, and 20%).

If we extrapolate our data on the number of coral genotypes
and symbiont strains in our sample of 161 D. cylindrus
colonies to the estimated total Florida population of 610
colonies (Lunz et al., 2016), we would expect to find 212 coral
genotypes and 110 symbiont strains. Using our data on the
D. cylindrus genotype frequencies and B. dendrogyrum strain
frequencies, we simulated the decline of Florida D. cylindrus
with future thermal stress-related disease events. We generated
610 D. cylindrus colonies using the statistical software R and
assigned each colony a coral genotype and symbiont strain
based off of the frequency distribution we observed in our
sample of 161 colonies. For simplicity, we only assigned one

5http://coralreefwatch.noaa.gov
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strain per colony whereas in reality some colonies host more
than one strain.

Because we do not know the actual rate of decline from the
most recent thermal stress event and associated disease losses for
all of Florida, we simulated a range of scenarios where 80%, 50%,
and 20% of colonies survive each hyperthermal event. This model
assumes that there is no sexual reproduction (a valid assumption
for D. cylindrus, see section “Discussion”), no establishment of
new clonal fragments, and no successful restoration. We also
assume that each high temperature event is equally damaging,
resulting in the same percent loss of colonies as the previous
event. After running 100 simulations for each of the three rates
of decline, we identified the number of thermal stress events
that would cause local extinction of D. cylindrus in Florida.
D. cylindrus was considered to be locally extinct once the average
number of colonies (across the 100 simulations) remaining after
a stress event was below one.

RESULTS

Genetic Diversity of de novo Dendrogyra
cylindrus Microsatellite Markers
The microsatellite markers developed for Dendrogyra cylindrus
ranged in allelic diversity from 6 to 15 and in effective allelic
diversity from 2.047 to 6.849 (Table 1). Observed heterozygosity
levels ranged from 0.399 to 0.954, expected heterozygosity within
subpopulations (e.g., Florida, USVI) ranged from 0.533 to 0.888,
and total heterozygosity ranged from 0.686 to 0.895 (Table 1).
The total heterozygosity adjusted for sampling a limited number
of populations ranged from 0.724 to 0.897 (Table 1). The
heterozygosity values for all markers were relatively high (closer
to the maximum value of 1), indicating high genetic variability

for our samples (Table 1). Variability among inbreeding measures
for the 11 markers were between −0.19 and 0.361, with most
values close to zero (Table 1). The markers differed in their
genetic variability, with D15 showing the lowest differentiation
across all four measures (Table 1). D716 and D48 showed the
most variability. Markers were tested for deviations from Hardy–
Weinberg equilibrium and linkage disequilibrium, if applicable
(see Supplementary Text).

Clonal Structure and Spatial Analyses
Along the Florida Reef Tract
Clonal structure analyses for the coral host revealed that the
sampled colonies of D. cylindrus along the Florida Reef Tract
were highly clonal when multiple colonies were present at
a site. After genotyping 161 colonies from 51 different sites,
we only found 56 unique multilocus genotypes. The Florida
population of the coral host also had low values for genotypic
richness, diversity, and evenness (Figure 2). The majority of
sites contained only one colony. High genotypic diversity at
a site usually occurred only when there were few colonies to
sample at that site (Figure 3A). The sites where D. cylindrus was
locally abundant (at least 10 colonies) have genotypic diversity
values very close to zero. This indicates that within each site,
the Florida coral colonies were predominantly the product of
asexual reproduction. Genotypic evenness values calculated for
sites with at least five genotyped samples revealed that most sites
had values equal to 1 (Figure 3B). Most of these sites yielded an
evenness of 1 because all sampled ramets belonged to the same
genet. The host probability of identity values for all sampling
regions were less than 1.0 × 10−10, indicating a low probability
of misidentifying closely related individuals (full siblings) as
clonemates. The probability of identity values for the symbiont
were all reasonably low (Waits et al., 2001), with the exception

TABLE 1 | Summary statistics per locus for 11 de novo microsatellite markers for Dendrogyra cylindrus.

Locus Na Neff Ho Hs Ht H′t Gis
†Gst

‡G′st (Nei) § G′st (Hed) ∗Dest

D15 15 6.849 0.891 0.888 0.895 0.897 −0.004 0.008 0.010 0.091 0.083

D345 13 3.704 0.772 0.759 0.815 0.829 −0.017 0.069 0.085 0.339 0.290

D745 10 3.375 0.749 0.731 0.789 0.803 −0.025 0.073 0.090 0.322 0.268

D119 7 2.977 0.611 0.694 0.749 0.763 0.119 0.074 0.091 0.284 0.227

D430 9 3.421 0.721 0.736 0.761 0.767 0.021 0.032 0.040 0.145 0.116

D48 9 2.454 0.399 0.625 0.787 0.828 0.361 0.206 0.245 0.636 0.541

D520 13 5.861 0.865 0.862 0.882 0.887 −0.004 0.022 0.028 0.197 0.178

D559 6 3.036 0.732 0.696 0.758 0.773 −0.052 0.082 0.100 0.316 0.255

D397 11 3.865 0.690 0.774 0.795 0.800 0.109 0.027 0.033 0.140 0.117

D634 11 4.486 0.954 0.802 0.815 0.818 −0.190 0.016 0.020 0.098 0.083

D716 6 2.047 0.506 0.533 0.686 0.724 0.051 0.223 0.264 0.541 0.409

Overall 10.00 3.825 0.717 0.736 0.794 0.808 0.026 0.072 0.089 0.325 0.273

SE 0.894 0.432 0.050 0.030 0.018 0.016 0.038 0.021 0.026 0.064 0.052

†Gst is a measure of genetic differentiation among populations that is generalized for markers with multiple alleles, and is analogous to FST. ‡The adjustment to this
statistic formulated by Nei corrects for sampling a small number of populations (Nei, 1987). § Hedrick’s G′st is standardized relative to the maximum level of differentiation
based on the heterozygosity within subpopulations (Hedrick, 2005). ∗Contrastingly, Jost’s measure of population differentiation is independent of the within subpopulation
diversity (Jost, 2008). Na, number of alleles; Neff, effective number of alleles; Ho, observed heterozygosity; Hs, heterozygosity within populations; Ht, total heterozygosity;
H′ t, corrected total heterozygosity; Gis, inbreeding coefficient; Gst, fixation index; G′st(Nei), Nei, corrected fixation index; G′st(Hed), Hedrick, standardized fixation index;
Dest, Jost’s D differentiation. Standard errors were calculated by jackknifing over loci. All metrics were calculated using Genodive (Meirmans and Van Tienderen, 2004).
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FIGURE 2 | (A) Photo of multiple colonies of Dendrogyra cylindrus, including a recently fragmented colony with new pillar growth in the foreground (photo credit:
Iliana Baums). (B) Summary of the clonal structure of Dendrogyra cylindrus and its dominant algal symbiont Breviolum dendrogyrum in Florida. Genotypic richness
(Ng/N), diversity (Go/Ge), and evenness (Go/Ng) are plotted on the x-axis and the value of the diversity index is plotted on the y-axis. Ng, number of genotypes; N,
number of colonies sampled; Go, observed genotypic diversity; Ge, expected genotypic diversity.

of the Turks and Caicos Islands region (Curaçao: 0.0036, USVI:
0.015, Florida: 1.5× 10−5, Belize: 0.003, Turks and Caicos: 0.092).
Because sampling was biased toward increasing the number of
unique genotypes in all regions except Florida, clonal structure
could not be described elsewhere.

Breviolum dendrogyrum is likely haploid, and thus all samples
with more than one allele were considered to be multiple
infections. There was no spatial pattern in samples with
single versus multiple infections along the Florida Reef Tract
(Supplementary Figure 1). However, we could not assign a
strain identity in samples with multiple alleles per locus or use
these samples in population genetic analyses. After removing
samples with multiple infections (n = 98) and samples that failed
in one or more of the 15 microsatellite markers (n = 97), we
obtained a subset of samples (n = 111) with complete multi-locus
genotypes. Only 30 unique genotypes were found in Florida, with
most strains confined to single reefs. The values for genotypic
richness standardized to sample size (Ng/N), genotypic diversity
(Go/Ge), and genotypic evenness (Go/Ng) were all higher in
the algal symbiont compared to the host (Figure 2B). The
richness values were the most similar, indicating that we found
a similar number of unique genotypes of host and symbiont
relative to the number of samples we genotyped for each species.
The values for genotypic diversity were low in both host and
symbiont (albeit, slightly higher in the symbiont), demonstrating
that both species reproduced mostly asexually within a site. As
was true for the coral host, due to the rarity of D. cylindrus
and the frequency of multiple infections, few symbiont strains
were genotyped per site. When examining genotypic diversity
by site (Figure 3A), the sites with larger sample sizes had
the lowest diversities. This again points to the dominance of

asexual reproduction within a site. Genotypic evenness was
higher in the symbiont relative to the host (Figure 2), meaning
that the host population was dominated by relatively few
highly replicated coral genotypes. Fewer samples with the same
strain of B. dendrogyrum were identified compared to the host,
partially because a strain genotype could not be called for many
samples due to multiple infections and failures in one or more
microsatellite markers.

For the coral host, all of the ramets belonging to the same genet
were contained within a single collection site. This indicated that
the dispersal abilities of asexual fragments of D. cylindrus were
limited, with only one genet extending beyond 80 m (Figure 4).
A single coral genet dominated most of our sites, however, three
sites had two genets and one site contained three different genets
(Supplementary Figure 2A).

A test of isolation by distance including only genets
of D. cylindrus along the Florida Reef Tract revealed no
significant correlation between genetic and geographic distance
(r2 = 0.0001). Spatial autocorrelation analysis using the complete
dataset of D. cylindrus genotypes (including clones) in Florida
(n = 180) revealed significant positive spatial autocorrelation
up to distances of 60 m (Supplementary Figure 3A). However,
when clones were removed, there was no significant spatial
autocorrelation (Supplementary Figure 3B). These results
indicate that the cause of the correlation between genetic distance
and geographic distance over small distance classes is a result of
asexual reproduction, likely via fragmentation, in D. cylindrus.

The genotype of the algal symbiont often corresponded with
the genotype of the coral host when multiple colonies were
present at a site, meaning that all of the ramets belonging to
the same host genet were often symbiotic with the same clonal
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FIGURE 3 | Plots of genotypic diversity by Florida site for the coral host (circles) and symbiont (triangles) (A), and a plot of genotypic diversity vs. evenness for the
coral host (B). Only sites with multiple genotyped colonies were included, with symbols scaled to sample sizes in (A). For panel (B), only sites with at least five
samples genotyped were included. Sites are colored by region as in Figure 1.

strain of B. dendrogyrum (Figure 5). There were exceptions
to this observation. For example, in the Pillar Coral Forest
site in the Upper Keys, all of the colonies sampled were
ramets of the same coral host genet. However, while 10 ramets
associated with identical B. dendrogyrum strains, two ramets
associated with distinct strains of B. dendrogyrum (Figure 5C
and Supplementary Figure 2). The reverse was also observed,
with the same symbiont strain found associated with different

coral genets, although there was only one example of this pattern
found within a site (Figure 5B). More often, the same symbiont
strain was found in different coral genets at different sites, with
dispersal distances ranging from tens of meters to a maximum of
3.44 km (Figure 4). However, no symbiont strains were shared
between Florida regions (Figure 1B). We also sampled the same
coral colony in different locations (e.g., top, middle, and base) to
assess symbiont diversity. Of the five colonies that were sampled

Frontiers in Marine Science | www.frontiersin.org 8 May 2019 | Volume 6 | Article 218

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

