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Algal symbiont genera but not
coral host genotypes correlate
to stony coral tissue loss disease
susceptibility among Orbicella
faveolata colonies in
South Florida
Allison M. Klein1*, Alexis B. Sturm1, Ryan J. Eckert1,
Brian K. Walker2, Karen L. Neely2 and Joshua D. Voss1*

1Harbor Branch Oceanographic Institute at Florida Atlantic University, Fort Pierce, FL, United States,
2Halmos College of Natural Sciences and Oceanographic Nova Southeastern University, Davie,
FL, United States
Stony coral tissue loss disease (SCTLD) has spread throughout the entirety of

Florida’s Coral Reef (FCR) and across the Caribbean, impacting at least 30 coral

species. The threatened hermatypic coral, Orbicella faveolata, demonstrates

intraspecific variation in SCTLD affectedness with some colonies experiencing

chronic disease lesions, while other nearby O. faveolata colonies appear

unaffected with no disease signs over long monitoring periods. This study

evaluated potential genotypic underpinnings of variable disease responses to

SCTLD by monitoring and sampling 90 O. faveolata colonies from southeast

Florida and the lower Florida Keys. High resolution analyses of >11,000 single

nucleotide polymorphisms (SNPs) generated from 2bRAD sequencing indicated

there were no SNP loci or genetic lineages significantly associated with O.

faveolata SCTLD affectedness. Genotypic differences may still contribute to

SCTLD susceptibility; however, these differences were not captured using this

reduced representation sequencing approach. Algal symbiont community

structure characterized from 2bRAD data revealed that the presence of

Durusdinium spp. corresponded with SCTLD-affected colonies as compared to

unaffected colonies, suggesting that algal symbiont community make-up may

play some role in SCTLD resistance. Data generated by this study will be

combined with complementary molecular and physiological approaches to

further investigate the complex drivers of intraspecific SCTLD susceptibility

and resilience.
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Introduction

Florida’s Coral Reef (FCR) has experienced drastic declines in

coral cover and reef accretion related to many stressors including

thermal anomalies and coinciding bleaching events driven by global

climate change (Ruzicka et al., 2013; Kemp et al., 2014; Toth et al.,

2018), nutrient pollution (Lapointe et al., 2019), and disease events

(Porter and Meier, 1992). In 2014, a novel white disease termed

stony coral tissue loss disease (SCTLD) emerged and, due to its

rapid lesion progression, high mortality rate, large number of

affected species, and extensive spatial and temporal persistence,

became the most detrimental Caribbean coral disease to date

(Precht et al., 2016; Florida Coral Disease Response Research &

Epidemiology Team 2018; Alvarez-Filip et al., 2019; Meiling et al.,

2021; Dobbelaere et al., 2022; Hayes et al., 2022). SCTLD was first

observed in Miami-Dade County, Florida in 2014, Florida and by

2020 had spread throughout the entirety of FCR and other parts of

the Caribbean (AGRRA, 2023). By early 2023, 22 countries and

jurisdictions were affected by SCTLD ranging from the Bahamas in

the northeast, to Grenada in the southeast, to the coasts of Mexico,

Belize, and Honduras on the western edge of the Caribbean basin

(AGRRA, 2023). This highly transmissible disease affects at least 30

coral species, and following the SCTLD outbreak, the northern

portion of FCR experienced a 59% decline in live coral tissue area

(Hayes et al., 2022). Monitoring efforts of 4 reefs spanning over 10

kilometers in the Middle Keys revealed that within just one month

of its initial detection at a singular site, SCTLD had rapidly spread to

all four monitoring sites, underscoring the disease’s remarkable

capacity for rapid transmission (Sharp et al., 2020). Further south,

SCTLD has also affected hundreds of kilometers of reef throughout

the Florida Keys with severe losses in coral cover (Muller et al.,

2020; Williams et al., 2021).

Coral species vary in their susceptibility to SCTLD, and are

categorized into three susceptibility groups: high, intermediate, and

low (Meiling et al., 2020; Florida Coral Disease Response Research

& Epidemiology Team 2018). Highly susceptible species such as

Dendrogyra cylindrus, Dichocoenia stokesii, and Meandrina

meandrites succumb very rapidly to the disease, with total colony

mortality occurring within one week to two months of initial disease

onset (Florida Coral Disease Response Research & Epidemiology

Team 2018). Low- susceptibility species such as Acropora

cervicornis and A. palmata are rarely affected during an outbreak

(Florida Coral Disease Response Research & Epidemiology Team

2018). Intermediately susceptible species include important reef-

builders such as Montastraea cavernosa, Orbicella annularis, O.

faveolata, O. franksi, and Siderastrea siderea. These species have

relatively high disease prevalence but relatively slow disease lesion

progression across the colony (Florida Coral Disease Response

Research & Epidemiology Team 2018).

In addition to the interspecific variation in SCTLD

susceptibility, intraspecific variation has also been observed,

especially within the intermediately susceptible coral species

category (Aeby et al., 2021; Kelley et al., 2022; Walker et al.,

2023). Long-term SCTLD monitoring studies tracking individual,

conspecific colonies suggest that variations in disease susceptibility

may have genotypic underpinnings (Brunelle, 2020). SCTLD is
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transmissible through the water column and sediment (Aeby et al.,

2021; Dobbelaere et al., 2022; Studivan et al., 2022), suggesting that

all neighboring colonies on a reef are exposed to SCTLD and

variances in disease resistance may be driven by intrinsic

differences among colonies. For example, in southeast Florida and

the lower Florida Keys some O. faveolata colonies exhibit multiple

SCTLD lesions either simultaneously or overtime, in some cases

resulting in whole colony mortality. However, other nearby O.

faveolata colonies on the same reef consistently appear unaffected

by SCTLD with no lesions or tissue loss observed. Orbicella

faveolata is an important reef-building coral in the Caribbean

that contributes significantly to the three-dimensional structure

and reef framework along FCR. Members within the Orbicella genus

have relatively slow growth (0.76 cm/yr) and a long lifespan,

making it difficult to restore these populations with current

outplanting techniques or for populations to naturally recover to

pre-disturbance levels of live coral cover (Gladfelter et al., 1978).

Micro-fragmentation of boulder corals such as O. faveolata has

been shown to lead to rapid growth and colony fusion, however

restoring new colonies to historic sizes (exceeding 2 meters)

remains time intensive (Forsman et al., 2015; Page et al., 2018).

Due to extreme die-offs, O. faveolata has been listed as a threatened

species under the Endangered Species Act (NMFS, 2014).

Investigation into the genetic framework of O. faveolata is

important as genetic variation within a species can serve as the

basis for their physiological responses or capacity to withstand

stressors such as disease or thermal anomalies (Yetsko et al., 2020;

Cunning et al., 2021; Drury et al., 2022). A. cervicornis corals in

Panama have variable disease responses to white band disease

(WBD) suggesting that disease resistance may have an underlying

genetic basis. Similarly, in the Florida Keys 12.5% of A. cervicornis

and 17% of A. palmata genotypes were resistant to an

uncharacterized tissue loss disease (Miller et al., 2019). Recent

research found disease resistance in A. cervicornis to be polygenic

with 10 genomic regions and 73 loci identified to be associated with

disease resistance (Vollmer et al., 2023).

Differences in disease prevalence and resistance have also been

linked to varying abundances of algal symbionts. Increased algal

symbiont densities within the host in O. faveolata have been linked

to a reduction in overall host immunity (Fuess et al., 2020). More

recent research has proposed a hierarchy among the four dominant

symbiont genera, Symbiodinium, Breviolum, Cladocopium, and

Durusdinium and their influence on susceptibility to SCTLD

(Dennison et al., 2021). This hierarchy from least to highest

susceptibility is tentatively ranked as Breviolum >> Cladocopium

>> Durusdinium >> Symbiodinium (Dennison et al., 2021). Due to

the complexity of the coral holobiont and challenges associated with

identifying a causative agent of SCTLD, holistic investigation into

the internal and external drivers of host susceptibility and resistance

are needed.

To investigate if coral host genotype is driving varying

resistance to SCTLD in O. faveolata colonies along FCR, we used

a high-resolution 2bRAD single nucleotide polymorphism (SNP)

genotyping approach (Wang et al., 2012). This method allows for

the generation of thousands of SNP markers dispersed throughout

the genome that can quantify O. faveolata genomic diversity and
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genetic structure among the varying resistance levels and across

collection sites. This type of sequencing can potentially link host

genotype to SCTLD susceptibility and resistance. RAD-sequencing

techniques can also allow for algal symbiont sequences to be aligned

to genomic references available from the four dominant algal

symbiont genera known to associate with scleractinian hosts,

generating a proxy of algal symbiont community structure

(Manzello et al., 2019). Although 2bRAD’s resolution for algal

symbionts is limited to genus level, it is comparable to genus-level

community structure characterized by other sequencing markers

such as ITS2 amplicon sequencing (Sturm et al., 2022; Eckert et al.,

2023). Assessing corals’ algal assemblages can be beneficial for

understanding coral holobiont ecology and for examining the

potential relationship between algal symbiont community

variation and SCTLD affectedness. This may be especially helpful

as histopathological findings have linked SCTLD lesion emergence

with a breakdown of the host-zooxanthellae relationship

(Landsberg et al., 2020). More recent research into SCTLD

pathology suggests an infection of the Symbiodiniaceae itself

rather than the coral host, furthering the need for investigation

into both host and holobiont disease dynamics (Beavers

et al., 2023).

To further our understanding of SCTLD dynamics, 90 O.

faveolata colonies with varying disease susceptibility were

sampled along Florida’s Coral Reef (Figure 1) and analyzed using

a high-resolution 2bRAD single-nucleotide polymorphism (SNP)

genotyping approach. This approach generated a suite of thousands

of SNP markers dispersed throughout the genome (Wang et al.,

2012) providing insight about the roles of both host genetics and

symbiont community on SCTLD affectedness.
Materials and methods

Preliminary site and colony determination

As SCTLD spread across southeast Florida (SEFL) and Florida

Keys reefs, intervention efforts included treatment of large priority

O. faveolata colonies along with consistent follow-up monitoring

(Neely et al., 2021; Walker et al., 2021). Colonies within the ECA

were monitored monthly since 2018. Colonies in the Lower Keys

were monitored semi-monthly since February 2019 (Looe Key) and

October 2019 (Sand Key). Additionally, the proportion of times

each monitored colony was observed with active SCTLD lesions

was recorded (Supplementary Table 1). Observed intraspecific

differences in SCTLD susceptibility from these efforts led to the

development of the SCTLD Resistance Research Consortium

(RRC), in which multiple collaborators are using complementary

multidisciplinary approaches to evaluate the potential biological

drivers of variable SCTLD susceptibility among O. faveolata

(Walker et al., 2023). Tracked colonies were classified into

resistance groups based on the observed frequency of SCTLD

lesions across multiple monitoring events. Orbicella faveolata

colonies that were never observed with active lesions and

appeared completely unimpacted by the disease were

characterized as SCTLD-unaffected. Colonies that were affected at
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least once or colonies that regularly developed new SCTLD lesions

over time were characterized as SCTLD-affected.

Corals from two regions were sampled and analyzed. The first

lies within the Kristin Jacobs Coral Reef Ecosystem Conservation

Area (Coral ECA) in Broward County, just north of where SCTLD

was first observed in Miami (Precht et al., 2016) (Supplementary

Figure 1). At the time of sampling in 2021, SCTLD had been present

in the Coral ECA for seven years, and overall prevalence had

declined since the initial outbreak (Walker et al., 2021; Hayes

et al., 2022). Tissue samples in the Coral ECA region (n=45) were

collected from O. faveolata colonies in shallow (< 10m) nearshore

habitats in the Broward-Miami coral reef ecoregion (Walker, 2012)

within the Coral ECA. In the Lower Keys region, O. faveolata tissue

samples came from colonies at both Looe Key (n=24) and Sand Key

(n=21) within the Florida Keys National Marine Sanctuary

(FKNMS) (Supplementary Figure 2). Within each region, 30

SCTLD-affected colonies and 15 SCTLD-unaffected colonies were

sampled. At the time of sampling, SCTLD had been present at Looe

Key for three years and at Sand Key for two years.

Colonies were monitored throughout sampling and data from

this monitoring has been included in this manuscript as of August

2023. The number of times a colony was actively diseased when

monitored was recorded (Supplementary Table 2).
Sample collection

Tissue and upper skeletal cores were taken from O. faveolata

colonies by SCUBA divers using 1 cm diameter leather punches.

Photos of each colony were taken before and after sampling. Depth,

location, and orientation of the core location were recorded. Voids

from sample punches were plugged with modeling clay to aid in

colony recovery. Coral cores were placed in whirl-paks and

immediately transferred to the surface after sampling. At the

surface, core samples were placed into sterile 5 ml tubes with ~3

ml of Zymo DNA/RNA shield preservative and kept on ice while

transported back to the lab where they were stored at -80°C until

genomic DNA extraction.
Genomic DNA extraction and 2bRAD
library preparation

Orbicella faveolata coral cores were halved using a hammer and

chisel and genomic DNA was extracted using a modified dispersion

buffer extraction optimized for increasing DNA quality

and downstream 2bRAD library preparation success following

current protocols (Sturm et al., 2021). Extracted DNA was

purified using the Zymo DNA Clean and Concentrate Kit

following manufacturer’s protocols and eluted into 20 µl of

nuclease free water. Purified DNA quality was then quality

checked on a NanoDrop 2000 (Thermofisher) and quantified on

a Qubit 4.0 fluorometer (Thermofisher). DNA concentrations were

then normalized to 25 ng µl-1 as a template for SNP genotyping

using the 2bRAD RAD-seq method (Sturm et al., 2021). 2bRAD

libraries were prepared using an existing protocol with the
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summarized modifications (Wang et al., 2012). Digestion of 100 ng

DNA was completed using the type IIB restriction enzyme BcgI.

Unique in-line index adapters were ligated onto digested DNA

fragments and subsequent dual indices were added to pooled

ligations via PCR. Digestion, ligation, and PCR amplification were

performed in triplicate on three samples as a method for identifying

naturally occurring clones (Manzello et al., 2019). Pooled, uniquely

indexed libraries were sequenced on a single lane of the Illumina

NovaSeq using a S1 SR-100 flowcell. Sequence data were

demultiplexed into eight pools by the sequencing facility based on

their unique indices, further demultiplexed using their in-line index,

then quality-filtered and trimmed using custom Perl scripts (https://

github.com/z0on/2bRAD_denovo).
Coral host genotyping

Along with DNA from the coral host, DNA from the algal

symbionts is also co-extracted and prepared into 2bRAD libraries.

To isolate coral host sequences from algal sequences, high-quality

2bRAD reads were first mapped to a concatenated Symbiodiniaceae

metagenome using the Symbiodinium microadriacticum (Aranda

et al., 2016), Breviolum minutum (Shoguchi et al., 2013)

Cladocopium goreaui (Liu et al., 2018), and Durusdinium trenchii
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(Shoguchi et al., 2013) genomes with the software package Bowtie 2

(Langmead et al., 2009). These reads were then aligned to the O.

faveolata genome (Prada et al., 2016). Sequence reads that mapped

to both the Symbiodiniaceae metagenome and the O. faveolata

genome were discarded from subsequent analyses as the sequence

origin could not be determined.

High-quality reads that aligned uniquely to the O. faveolata

genome were used for downstream population genetic analyses. The

program ANGSD was used to identify SNP loci from sequencing

reads using the following filters: minimum mapping quality scores

of 20, minimum base quality scores of 30, p-value of 10-5 for

variable locus, a baseline of at least 80% of non-missing genotypes

across samples, minimum p-value of 10-5 for Hardy Weinberg

equilibrium, minimum p-value of 10-5 for strand bias, minimum p-

value of 10-6 for polymorphic sites, minimum allele frequency of

0.05, and a filter that removed tri-allelic SNPs. ANGSD also

generated genotype likelihoods and created an identity-by-state

(IBS) genetic distance matrix which was used to create a cluster

dendrogram identifying patterns of genetic similarity (Korneliussen

et al., 2014). A minimum genetic distance threshold for clonal

groups was defined by the lowest level of genetic similarity among a

set of technical replicates; any sample clusters that fell below this

threshold were identified as natural genetic clones (Manzello et al.,

2019). One member of each clonal group was kept for subsequent
FIGURE 1

Map of Florida’s Coral Reef (FCR) with O. faveolata sample sites denoted by dots, colored by site. Kristen Jacobs Coral Reef Ecosystem Conservation
Area (ECA) and Florida Keys National Marine Sanctuary boundaries are shown as red and purple polygons, respectively. The box in the bottom right
shows an insert of the ECA cluster site.
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analyses based on the highest number of reads and coverage. Three

samples later identified as O. franksi were removed from all

subsequent analyses.

Two distinct O. faveolata lineages were observed in the

clustered dendrogram. To avoid ascertainment bias, ANGSD was

run on each lineage separately using the same filters as above. SNP

sites were extracted from each lineage to find common SNPs across

lineages, then ANGSD was re-run on both lineages together using

only these common sites. A new genetic distance IBS matrix was

created and used to conduct a Principal Coordinates Analysis

(PcoA). An Analysis of Molecular Variance (AMOVA, 99

permutations) was conducted using the program poppr v2.9.2,

and adegenet v2.1.4 on the BCF file produced by ANGSD, using

both SCTLD affectedness and region as factors (Jombart and

Ahmed, 2011; Kamvar et al., 2014).

Pairwise fixation index (FST) values between each SCTLD

disease status as well as between sampling regions were calculated

using the package STAMPP v1.6.3, and heatmaps of these values

were generated (Pembleton et al., 2013). Heterozygosity was

calculated across all SNPs using ANGSD v0.933 and a custom R

script (Manzello et al., 2019). Inbreeding and relatedness

coefficients for all samples were calculated using the software

NgsRelate (Korneliussen and Moltke, 2015). Differences between

heterozygosity, inbreeding, and relatedness coefficients across

populations were assessed using one-way ANOVAs. Tukey tests

were run as post hoc analysis for significant ANOVAs using the

package rstatix v0.7.0 (Kassambara, 2021).

Population structure was assessed using NGSadmix for K = 1−8

(the number of populations sampled plus 3 to identify potential

sub-population structure; Skotte et al., 2013). The programs

Clumpak and StuctureSelector were then used to assess K

likelihoods. Clumpak uses the Evanno method, and Structure

Selector uses the Puechmaille method (Kopelman et al., 2015;

Puechmaille, 2016; Li and Liu, 2018). Using two different but

complementary programs to assess population structure is a

common practice in population genetic studies as multiple

methods can help validate the consistency of population structure

inference (Puechmaille, 2016). The program BayeScan was used to

identify any outlier SNPs (50,000 burn-in, 5,000 iterations; Foll and

Gaggiotti, 2008).
Algal symbiont typing

High-quality reads that aligned uniquely to the concatenated

Symbiodiniaceae metagenome were used to determine the

dominant algal symbiont type for each sample. Relative alignment

rates to each of the four symbiont genomic references were used as a

proxy for the relative abundance of the four algal symbiont genera

associated with each colony. A permutational multivariate analysis

of variance (PERMANOVA, 999 permutations) was run using a

beta diversity metric to assess differences in the population structure

across differing disease susceptibility status as well as across sites.

Abundances of each symbiont genera were square root transformed

for this PERMANOVA to minimize influence of the most abundant

symbiont group. An Indicator Species Analysis (999 permutations)
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was conducted using the package ‘indiscpecies’ in R to identify

potential taxa associated with SCTLD affectedness.
Results

Population genetic structuring

The 2bRAD sequencing approach produced 248 M raw reads

before filtering. After trimming, quality filtering, and removal of

PCR duplicates, 165 M reads remained with an average of 1.8 M

reads per sample. Three samples dropped out in sequencing; one

was a unique sample, two were technical replicates in which 2

replicates remained. This left 93 libraries for analyses of the original

96 libraries (90 samples plus 3 sets of replicates). Samples that

exhibited high levels of genetic similarity to one another near to the

level of technical replicate groups were identified as naturally

occurring genetic clones (Pembleton et al., 2013). We identified a

total of 16 clones among six clonal groups (Figure 2A). There was

one clonal group with five individuals, one clonal group with three

individuals, and four clonal groups with two individuals

(Figure 2A). Clonal groups occurred in both study regions; within

clonal groups, all samples were from the same region, yet there was

varying disease affectedness within some clonal groups (Figure 2A).

There was no visual separation into genetic clusters based on

disease affectedness and AMOVA did not attribute any significance

among variation in disease affectedness (p = 0.71). Branches

produced by the dendrogram were mixed with both SCTLD-

affected and SCTLD-unaffected individuals (Figure 2). After the

removal of clones and technical replicates, two outgroups remained

(Figure 2B on the left). One group consisted of three colonies from

Sand Key, which had the highest genetic distance from the rest of

the samples. These samples were subsequently identified as colonies

of the congener O. franksi, based on further in situ observations and

review of photographs. The O. franksi samples were removed from

the dataset for all subsequent analyses. The second outgroup cluster

included colonies that were all sampled from a tight cluster of

colonies at the northernmost collection site in the Coral ECA. These

O. faveolata colonies are a distinct lineage from that of the rest of

the colonies sampled and deemed Lineage 1 ECA (L1_ECA).

Both Clumpak and StuctureSelector K selection approaches

identified the optimal number of genetic clusters as K = 2

(Figure 3). The genetic cluster indicated in yellow represents 12

colonies collected at the northernmost ECA collection site,

L1_ECA. These colonies make up a cluster patch along FCR and

all reside within 10m of one another. All other colonies were

dominated by a second genetic lineage indicated in blue

(Figure 3). Colonies in the blue lineage were from both the coral

ECA and the Lower Keys; Lineage 2 ECA (L2_ECA) and Lineage 2

Lower Keys (L2_LK). The same analysis was re-run with L1_ECA

colonies removed as a quality check and no genetic structuring

among remaining colonies was observed. Outlier SNPs were not

detected when populations were defined by sampling region,

lineage, or disease affectedness.

After clones, technical replicates, and O. franksi samples were

removed, ANGSD was re-run using common SNP sites between
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the two lineages and a total of 2,623 SNPs were identified. Two

tight clusters were identified by PCoA, the first consisting of

L1_ECA and the second consisting of Lineage 2. (Figure 4A). To

better visualize potential differences among these lineages, two

separate PCoAs were conducted; one with just L1_ECA, and one

with all Lineage 2 colonies. Neither PCoA showed distinct

differentiation or clustering among individuals according to

disease affectedness (Figures 4B, C). The AMOVA indicated

significant differentiation among regions, explaining 5.90% of

the total genetic variation across samples (p = 0.01), however,

there was no significant differentiation between disease

affectedness. Pairwise FST values indicated that colonies from

Lineage 1 were significantly differentiated (post FDR-correction,

p < 0.05) from all other colonies in both regions (Figure 5), which

is consistent with the clustering exhibited in the PCoA. Pairwise

FST values demonstrated no significant differentiation among

colonies of differing disease affectedness.

To further visualize potential relations of individuals with

differing disease status, colonies were assigned rankings based on
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the percentage of monitoring visits during which a colony was

actively diseased (Supplementary Table 2). There was no visual

separation into genetic clusters based on these disease affectedness

rankings in the modified dendrogram (Supplementary Figure 3) nor

the PCoA (Supplementary Figure 4).
Heterozygosity, inbreeding,
and relatedness

No significant differences in heterozygosity (F(1, 73) = 0.894) or

inbreeding (F(1, 73) = 0.171) were identified between SCTLD-

affected and SCTLD-unaffected O. faveolata (ANOVA, Figure 6).

Lineage 1 ECA had significantly higher levels of heterozygosity

across SNPs than both Lineage 2 regions (one-way ANOVA,

F(2,72) = 2049, p < 0.001). Lineage 1 also had significantly lower

levels of inbreeding (one-way ANOVA, F(2,72) = 19.46, p < 0.001)

among colonies compared to Lineage 2.
A

B

FIGURE 2

Dendrograms identifying clusters of samples based on Identity-by-State matrix calculations; (A) dataset with clones, (B) clones-removed dataset.
Regions are denoted by shape; disease affectedness is denoted by color. The dashed red line indicates the minimum genetic distance threshold for
clonal groups. Technical replicates denoted by “*”, clonal groups denoted by letter. Orbicella franksi colonies are labeled and were later removed
from further analyses.
FIGURE 3

Population structure model (K = 2) generated by admixture analyses using genotype likelihoods. Genetic clusters are represented by the colors blue
and yellow. Site denoted on x-axis.
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Algal symbiont analyses

The PERMANOVA analysis revealed that dominant symbiont

type had a significant effect on disease affectedness (PERMANOVA

F(1,89)= 3.687, p < 0.01). Overall, the majority of reads that aligned

to the algal symbiont genomes aligned to Breviolum (Figure 7).

However, all coral samples dominated by Durusdinium (n=7) fell

under the SCTLD-affected category (Figure 7A). The Indicator

Species Analysis found that Durusdinium was a notable indicator

species in SCTLD-affected colonies as compared to SCTLD-

unaffected colonies (Indicator value: 0.281, p < 0.001). Clonal

groups also had variation in dominant symbiont taxa (Table 1).

Clonal group ‘a’ had three individuals dominated by Breviolum and

two samples dominated by Cladocopium, in which one sample

dominated by Cladocopium was SCTLD-affected while all other

clonal members were unaffected. Clonal group ‘e’ had one
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individual dominated by Breviolum and one individual dominated

by Durusdinium. Both clones were affected by SCTLD (Table 1).
Discussion

Results from this study suggest that there are neither uniquely

SCTLD-susceptible nor SCTLD-resistant genetic lineages within O.

faveolata in South Florida. Rather, across the sampled populations,

each genetic lineage identified included both SCTLD-affected and

SCTLD-unaffected colonies. Even within clonal groups we observe

both SCTLD-affected and unaffected colonies. Complementary FST
results indicated no significant differentiation among SCTLD-

affected and SCTLD-unaffected colonies. In the PCoA with

L1_ECA removed, a scatter of points along the second axis was

observed, however the pairwise FST analyses indicate that this
A

B C

FIGURE 4

Principal coordinates analysis showing clustering of samples by disease affectedness (color) and region (shape). Individual samples are represented by
transparent points. Population centroids are indicated by solid points. Percent variation is explained by each axis is indicated. (A) shows all samples,
(B) shows Lineage 1 ECA, (C) shows Lineage 2 ECA and Lower Keys.
FIGURE 5

Pairwise fixation index values (FST) for all sample sites displayed as a heat map. Statistically significant values are bolded (post FDR-correction, p < 0.05).
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A B

DC

FIGURE 6

Box and whisker plots displaying heterozygosity and inbreeding coefficient values. Top row displays values for each resistance level, bottom row
displays values for each lineage/region. (A, C) Heterozygosity values were calculated using only SNPs and (B, D) inbreeding coefficients. Asterisks are
used to denote significance (p < 0.0001).
A

B

FIGURE 7

Bar plot representing the proportion of algal symbionts for each coral sample based on mapped reads to genomes of four different genera of algal
symbionts, Symbiodinium, Breviolum, Cladocopium, and Durusdinium. Groupings are separated out by disease affectedness (A) and lineage/region (B).
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differentiation was not significant. There were also no significant

differences in heterozygosity, or inbreeding levels between disease

affected and unaffected colonies. Similar results were found in a

study in which M. cavernosa from the Flower Garden Banks

National Marine Sanctuary were genotyped using the 2bRAD

method and their susceptibility to pathogenic Vibrio was

subsequently assessed (Kelley et al., 2022). Although individual

genotypes had no significant effect on resistance, differences in

predictive gene expression to Vibrio infection were observed,

suggesting that disease resistance may be driven not by genotypic

differences but by differences at the gene expression level (Kelley

et al., 2022).

Since this study was conducted in situ, it is impossible to know

the exact exposure each colony had to SCTLD. However, compiled

research along the Florida Reef Tract has shown corals in close

proximity to one another have similar disease exposures. The

SCTLD pathogen is likely waterborne and coastal currents appear

to be the primary driver of its spread within a region (Precht et al.,

2016; Dobbelaere et al., 2020; Muller et al., 2020). Patterns of

SCTLD spread appear to be site-wide, for example, Sharp et al.,

2020 monitored sites 10km apart in the Middle Keys prior to

SCTLD exposure. Once SCTLD was observed to be present at one

site, all 4 neighboring sites had signs of the disease in less than a

month. Given the proximity of the corals within sample sites, it

seems likely that once SCTLD was present on the reef, all sampled

colonies were exposed to the disease. Given the assumed equalized

exposure, our results indicate that none of the O. faveolata genetic

lineages identified show complete resistance to SCTLD.
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Notably, the 2bRAD method is a reduced-representation

approach that targets a relatively small subset of the entire

genome and does not specifically target gene regions. Therefore,

we cannot rule out other genomic regions that may underlie disease

resistance status that may not have been captured. Future efforts

could specifically target gene regions with known involvement in

coral immunity or employ increasingly cost-accessible whole-

exome or whole-genome sequencing approaches for genome-wide

association studies. However, based on the results generated from

this 2bRAD approach we find that SCTLD affectedness is not driven

by host genetic lineage. Other factors including epigenetic,

transcriptomic, metabolomic, or holobiont interactions and

environmental stressors must be assessed individually and in

combination. All of these factors are presently under investigation

in tandem with this study as part of the SCTLD Resilience

Research Consortium.

RAD-sequencing is commonly used to identify even fine-scale

population genetic structure across spatially variable or

heterogeneous environments, and in this study, it identified

significant patterns of genetic structure across Florida’s Coral

Reef, particularly the differentiation between Lineage 1 and all

other colonies across both regions. Population structuring

analysis including pairwise FST comparisons identified no

significant differentiation across colonies within Lineage 2

suggesting that there are high levels of gene flow among these

populations. These findings are in line with other larger scale

population genetics studies of O. faveolata throughout the

Caribbean that also identified high levels of genetic connectivity
TABLE 1 Table displaying 6 identified clonal groups with disease status, collection site, and dominant symbiont taxa for each individual noted.

Clonal Group Sample ID Disease Status Region Dominant Symbiont

a

OF_029 SCTLD Unaffected Coral ECA Breviolum

OF_037 SCTLD Unaffected Coral ECA Breviolum

OF_038 SCTLD Unaffected Coral ECA Breviolum

OF_044 SCTLD Affected Coral ECA Cladocopium

OF_045 SCTLD Unaffected Coral ECA Cladocopium

b

OF_071 SCTLD Affected Sand Key Breviolum

OF_076 SCTLD Affected Sand Key Breviolum

OF_078 SCTLD Affected Sand Key Breviolum

c
OF_002 SCTLD Affected Coral ECA Breviolum

OF_025 SCTLD Affected Coral ECA Breviolum

d
OF_053 SCTLD Affected Looe Key Breviolum

OF_069 SCTLD Unaffected Looe Key Breviolum

e
OF_050 SCTLD Affected Looe Key Durusdinium

OF_052 SCTLD Affected Looe Key Breviolum

f
OF_066 SCTLD Unaffected Looe Key Breviolum

OF_067 SCTLD Unaffected Looe Key Breviolum
frontiersin.org

https://doi.org/10.3389/fmars.2024.1287457
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Klein et al. 10.3389/fmars.2024.1287457
across large (>100 km) spatial scales (Rippe et al., 2017; Manzello

et al., 2019; Alegrıá-Ortega et al., 2021).

A larval connectivity modeling study of another broadcast

spawning coral species, M. cavernosa, predicted that modeled

larvae sourced from the Lower Keys are frequently transported to

the outer reef shelf and carried northward by the Florida Current

where they commonly settled in northern parts of FCR (Frys et al.,

2020). Larval competency in O. faveolata can be up to 30 days

(Miller, 2014), and given the velocity of the Florida Current, it

would be possible for larvae from the Lower Keys to travel to and

successfully recruit in the Coral ECA. Countercurrent eddies

spinning off from the Florida Current can also contribute to

population connectivity of larval organisms from Broward

County to the Florida Keys (Lee and Williams, 1999; Drury et al.,

2018; Frys et al., 2020).

High levels of connectivity may play a crucial role in the

potential recovery of O. faveolata populations following SCTLD

driven mortality events. The loss of large numbers of colonies to

SCTLD will reduce the reproductive potential of the population and

may exacerbate Allee effects (Aalto et al., 2019; Watt-Pringle et al.,

2022). Apparently resistant colonies from the Lower Keys may have

the potential to act as population refugia and sources for

downstream regions. It’s unknown if SCTLD resistance would be

conferred to the offspring of these SCTLD-unaffected adult colonies.

Along FCR, SCTLD-unaffected colonies likely play an increasingly

important role in the potential recovery and persistence of future O.

faveolata populations in this region. Understanding which

populations can serve as potential refugia and sources of genetic

diversity to others will be critical for implementing effective policy

and resource management.

Along with coral host genetics, the present study also

investigated variation within the endosymbiotic algal community.

Most colonies sampled were dominated by the genus Breviolum.

However, Durusdinium was a notable indicator species in SCTLD-

affected colonies as compared to unaffected colonies. Breviolum has

historically been the dominant symbiont genera associated with O.

faveolata, however shuffling to D. trenchii has been well-

documented (Kemp et al., 2014). D. trenchii is known to be

thermally resilient, surviving through large temperature

fluctuations and demonstrating resistance to disassociation with

their coral host. This tolerance may come at physiological and

energetic costs to the host with tradeoffs including reduced growth,

reduced fecundity, reduced calcification, reduced carbon

acquisition, and higher disease susceptibility (Jones and Thornber,

2010; Cunning et al., 2015; Pettay et al., 2015; LaJeunesse et al.,

2018; Shore-Maggio et al., 2018; Cunning and Baker, 2020). Other

members within the genus Durusdinium have also been linked to

increased disease susceptibility. Montipora capitata in Hawai’i,

dominated by Cladocopium spp. were more susceptible to

bleaching, but had lower incidence of disease (Shore-Maggio

et al., 2018). Meanwhile, M. capitata colonies dominated by

Durusdinium had higher resistance to bleaching, but increased

disease susceptibility. In a transmission experiment, M. cavernosa
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colonies that harbored higher abundances of Durusdinium were

more susceptible to SCTLD than M. cavernosa colonies harboring

Cladocopium, further suggesting that symbiont communities can

play a significant role in a coral’s susceptibility and resistance to

SCTLD (Titus et al., 2022) Conversely, ex situ research on

manipulated colonies found that corals associating predominantly

with Cladocopium and Durusdinium were significantly less likely to

contract SCTLD and form lesions than colonies associating

predominantly with Breviolum (Dennison et al., 2021). Orbicella

faveolata colonies sampled in Florida in 2015 were mostly

Durusdinium dominated. It is hypothesized that repetitive

bleaching events were driving symbiont shuffling to Durusdinium

domination not previously observed in the region (Manzello et al.,

2019). It is possible that O. faveolata colonies in this study that

acquired Durusdinium may have potentially been more bleaching

resistant but also consequently increased their susceptibility to

disease. Direct tests would be required to evaluate this hypothesis.

Clonal O. faveolata groups harboring different dominant symbiont

genera further suggest algal symbiont rather than coral host may be

linked to SCTLD susceptibility in O. faveolata. Orbicella faveolata are

known to harbor multiple symbiont genera simultaneously across

different areas of the colony (Kemp et al., 2008). Ongoing research

within the SCTLD Resilience Research Consortium is investigating

how a mosaic algal symbiont community structure may be impacting

SCTLD susceptibility in O. faveolata and further characterizing algal

symbiont community structure to the sub-genus level with ITS2

markers (Buckley et al., 2022). It is also plausible that SCTLD

susceptibility is driving dominant symbiont state within a coral host,

however this would need to be evaluated experimentally and was

beyond the scope of this study.

Ultimately, no significant link between host genetic lineage and

SCTLD affectedness was identified in this study. However,

evaluation of symbiont communities suggests that holobiont

dynamics may be a more significant driver in overall SCTLD

susceptibility. This project identified genetic connectivity among

O. faveolata colonies in southeast Florida and the Lower Florida

Keys. As SCTLD continues to spread throughout the Caribbean and

impact reef ecosystems, understanding connectivity of species

within a region can provide valuable information for population

maintenance and replenishment following a disease outbreak. At all

sites, both SCTLD affected and unaffected colonies were present,

indicating diverse disease responses throughout the study regions.

This experiment was conducted due to the unexplained nature of

variable responses O. faveolata colonies exhibited to SCTLD. We

acknowledge that the methods implemented in this in situ study

may not be the most optimal way to tease apart the underlying

cause for a coral host’s resistance to disease. Expanding preemptive

molecular sampling of corals and maintaining consistent

monitoring across Florida’s reefs is essential to establish a more

comprehensive baseline in preparation for future reef disturbances.

Consistent monitoring will allow for early detection of deviation

from this established baseline which can help inform and advance

both disease mitigation efforts and reef restoration strategies.
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SUPPLEMENTARY FIGURE 1

Map of sample colonies within the Coral ECA. Left panel highlights Lineage 1,
right panel highlights Lineage 2. SCTLD affectedness is indicated by color,

Lineage indicated by shape, clonal group indicated by triangle. The grey

background is hill shaded lidar topography.

SUPPLEMENTARY FIGURE 2

Map of sample colonies within the Lower Keys region. Top panel highlights

Looe Key, bottom panel highlights Sand Key. SCTLD affectedness is indicated
by color, Lineage 2 indicated by circles, clonal group indicated by other

shapes. O. franksii colonies indicated by ‘+’. The grey background is hill

shaded lidar topography.

SUPPLEMENTARY FIGURE 3

Dendrograms identifying clusters of samples based on Identity-by-State

matrix calculations, classed by the percentage of monitoring visits during
which a colony had active SCTLD lesions; (A) dataset with clones, (B) clones-
removed dataset. Regions are denoted by shape; disease affectedness

rankings are denoted by color. The dashed red line indicates the minimum
genetic distance threshold for clonal groups. Technical replicates denoted by

“*”, clonal groups denoted by letter.Orbicella franksi colonies are labeled and
were later removed from further analyses.

SUPPLEMENTARY FIGURE 4

Principal coordinates analysis showing clustering of samples by disease
affectedness rankings (color) and region (shape). Rankings were assigned

based on the percentage of monitoring visits during which a colony was

actively diseased (0 = 0%, 1= >0-25%, 2= >25-50%, 3= >50-75%, 4=>75-
99.9%, 5 = 100%.) Individual samples are represented by transparent points.

Population centroids are indicated by solid points. Percent variation is
explained by each axis is indicated. (A) shows all samples, (B) shows

Lineage 1 ECA, (C) shows Lineage 2 ECA and Lower Keys.

SUPPLEMENTARY TABLE 1

Table displaying information about collection date, and angle, depth, and
orientation of where sample was taken on parent colony.

SUPPLEMENTARY TABLE 2

Table displaying number of times a colony was visited and the percentage a
colony was viewed to have disease. Rankings were assigned based on the

percentage of monitoring visits during which a colony was actively diseased

(0 = 0%, 1= >0-25%, 2= >25-50%, 3= >50-75%, 4=>75-99.9%, 5 = 100%.).
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