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Abstract

Stony coral tissue loss disease (SCTLD) remains an unprecedented disease outbreak due to its high mortality rate and rapid

spread throughout Florida’s Coral Reef and wider Caribbean. A collaborative effort is underway to evaluate disease intervention

strategies that mitigate the spread of SCTLD across coral colonies and reefs. We conducted an in-situ experiment in Southeast

Florida to assess molecular responses among SCTLD-affected Montastraea cavernosa pre- and post-application of the most

widely-used intervention method, CoreRx Base 2B with amoxicillin. Through Tag-Seq gene expression profiling of apparently

healthy, diseased, and treated corals, we identified modulation of metabolomic and immune pathways following antibiotic

treatment. In a complementary ex-situ disease challenge experiment, we exposed nursery-cultured M. cavernosa and Orbicella

faveolata fragments to SCTLD-affected donor corals to compare transcriptomic profiles among clonal individuals from unexposed

controls, those exposed and displaying disease signs, and corals exposed and not displaying disease signs. Suppression of

metabolic functional groups and activation of stress gene pathways as a result of SCTLD exposure were apparent in both

species. Amoxicillin treatment led to a ‘reversal’ of the majority of gene pathways implicated in disease response, suggesting

potential recovery of corals following antibiotic application. In addition to increasing our understanding of molecular responses

to SCTLD, we provide resource managers with transcriptomic evidence that disease interventions with antibiotics appear to be

successful and may help to modulate coral immune responses to SCTLD. These results contribute to feasibility assessments of

intervention efforts following disease outbreaks and improved predictions of coral reef health in Southeast Florida.

Introduction

Since its first observation near Miami, Florida in 2014, stony coral tissue loss disease (SCTLD) has spread
throughout Florida’s Coral Reef and to at least 25 jurisdictions across the wider Tropical Western Atlantic
(Kramer et al., 2019; NOAA, 2018; Precht et al., 2016). The disease affects at least 24 scleractinian species
and is characterized by subacute to acute tissue loss leading to colony mortality, often with formation of
rapidly-progressing focal or multifocal lesions (G. Aeby et al., 2021; G. S. Aeby et al., 2019; Landsberg et
al., 2020; NOAA, 2018). The pathogen(s) have not yet been identified, though examination of microbiomes
of diseased samples suggest a bacterial (Becker et al., 2021; Meiling et al., 2021; Meyer et al., 2019; Rosales
et al., 2020, 2022; Studivan et al., 2022; Ushijima et al., 2020) and/or viral (Veglia et al., 2022; Work et
al., 2021) consortium. Antibiotic treatments have shown high rates of success in halting the progression of
disease lesions, and in some cases, the quiescence of visible disease signs on treated colonies (Forrester et al.,
2022; Neely et al., 2020; Shilling et al., 2021; Walker et al., 2021). Attempts to treat SCTLD-affected corals
with chlorinated epoxy, which was hypothesized to affect more potential pathogenic taxa relative to targeted
antibiotics, have been largely unsuccessful (Shilling et al., 2021; Walker et al., 2021). The mechanisms by
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which antibiotic application affects disease progression are unknown, particularly the potential impacts on
the coral host and its microbiome in processes such as recovery and potential antibiotic resistance.

The molecular mechanisms underlying coral immune responses to SCTLD are poorly understood relative
to other diseases (Traylor-Knowles et al., 2022). A recent study utilizing an untargeted metabolomic ap-
proach identified several lipid and tocopherol classes of Symbiodiniaceae origin that distinguished healthy
and diseased corals, providing further evidence of algal symbiont involvement in SCTLD (Deutsch et al.,
2021). Transcriptomic approaches have also been used to examine gene expression of disease lesion tissue in
the coral speciesMontastraea cavernosa and Orbicella faveolata , finding differential expression of numerous
genes implicated in stress, extracellular matrix rearrangement, immunity, and apoptosis pathways (Traylor-
Knowles et al., 2021). Relatively few similarities, however, were observed between coral species, indicating
a need for additional cross-species comparisons to identify consistent disease response mechanisms. To date
no transcriptomic studies of SCTLD, or any coral disease, have focused on the effects of intervention meth-
ods, identifying a critical need to understand the potential consequences of antibiotic treatment of host and
symbiont responses.

To address this knowledge gap, we conducted paired ex-situ transmission and in-situ intervention experi-
ments, and examined whole-transcriptome gene expression patterns of corals in response to disease exposure
and antibiotic treatment, respectively. These experiments focused on the coral species M. cavernosa and
O. faveolata due to their ongoing use in field-based disease intervention and monitoring efforts (Shilling et
al., 2021; Walker et al., 2021), ecological importance as primary reef-builders (González-Barrios & Álvarez-
Filip, 2018; Walton et al., 2018), and growing use in reef restoration (Koval et al., 2020; Rivas et al., 2021).
Through these experiments, we 1) identified transcriptomic responses to SCTLD exposure in a controlled lab
setting, 2) compared responses to disease exposure between species, 3) examined transcriptomic modulation
following antibiotic treatment in a field-based time series, and 4) compared trends between diseased and
treated corals in lab and field settings. In doing so we seek to better understand coral immune responses to
SCTLD, and to provide transcriptomic resources to the development of disease exposure diagnostics. These
experiments also evaluated disease intervention effectiveness at the molecular level and identified potential
patterns of recovery following treatment of SCTLD-affected wild colonies with antibiotics.

Methods

Transmission experiment

The ex-situ transmission experiment was conducted in the Experimental Reef Laboratory at the University
of Miami’s Cooperative Institute for Marine and Atmospheric Studies over a period of two weeks in March
2020. The disease transmission apparatus consisted of 80, 0.5 L coral vessels with independent flow-through
water sources maintained at local ambient temperature (24 ) and light conditions (PAR of 250 μ mol m-2

s-1; Studivan et al., 2022). Twenty fragments each of disease-naive O. faveolata and M. cavernosa were
sourced from the land-based nursery at Mote Marine Laboratory. Each fragment was split into two equal
subfragments for healthy/disease exposure genotype pairs (N = 80 total) and allowed to recover for eight
days prior to the disease challenge. A disease donor colony of M. cavernosa with visible SCTLD lesions was
collected from Broward County, Florida (26.1479, -80.0939) two days prior to the start of the experiment, and
was cut into ˜1 x 4 cm fragments using a diamond band saw with each fragment containing a portion of active
lesion. Coral fragments in the disease-exposed group were maintained in direct contact with diseased tissue
fragments, where disease donor fragments were replaced as needed following total loss of tissue. Genotype
pairs in the healthy group were not exposed to any other corals. Corals were observed daily over the course
of the experiment to quantify the number of days to onset of disease lesions, as well as to observe the gross
signs of lesion formation and tissue necrosis. Following progression of lesions across approximately 50% of
the fragment area, coral fragments and their corresponding healthy genotype pair were sampled via a small
tissue scrape from near the lesion, which was preserved in TRIzol and flash-frozen in liquid nitrogen. Corals
remaining at the end of the experiment were processed in the same manner. Herein, coral fragments are
characterized as “healthy” for all samples in the control group, “diseased” for samples in the disease-exposed
group exhibiting lesions, and “NAI” (no active infection) for samples in the disease-exposed group that

2



P
os

te
d

on
11

F
eb

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
67

61
16

85
.5

65
84

82
4/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

showed no visible signs of disease lesions by the end of the experiment.

Intervention experiment

The in-situ intervention experiment was conducted at long-term monitoring site BC1 (mean depth 5.8 m) in
Broward County, Florida (26.1479, -80.0939; Combs et al., 2021; Shilling et al., 2021) over thirteen days in
April–May 2020. Fifteen colonies of M. cavernosa with visible SCTLD lesions were tagged and small tissue
scrapes were collected 5 cm from the disease lesion and preserved as described previously. Nineteen visually
healthy colonies of the same species were also tagged and sampled. Following the initial sampling, diseased
colonies were treated with amoxicillin in CoreRx Base 2B as described in Shilling et al. (2021), with the
exception that trenching of the coral skeleton in advance of the disease lesion was not conducted. Colonies
were then revisited thirteen days later, and tissue sampling was repeated.

Tag-Seq library preparation, sequencing, and bioinformatics

Total RNA was extracted from samples from both experiments using modified versions of protocols for the
Zymo Direct-zol RNA Miniprep and Zymo RNA Clean & Concentrator-5 kits (Studivan, 2022d). RNA was
quantified on an Agilent Bioanalyzer 2100 and analyzed for purity on a Nanodrop 1000, where samples with
RIN scores <4, or poor purity ratios, were re-extracted. All successfully-extracted samples were normalized
to 60 ng/μL and shipped to the University of Texas at Austin Genome Sequencing and Analysis Facility
for library preparation and sequencing. Tag-Seq library preparation was performed in duplicate using 600
ng of initial RNA for M. cavernosa samples and 100 ng for O. faveolata samples due to initial issues with
inhibitory compounds. Following successful amplification of all samples, libraries were pooled and sequenced
on a NovaSeq 6000 S2-XP flow cell generating 1 x 100 bp reads with 20% PhiX spike-in, for a target read
depth of ˜10 million reads per library (˜20 million reads per sample).

Raw sequences were processed according to custom Perl scripts in a GitHub repository release (Studivan,
2022d) to deduplicate, trim (FASTX-Toolkit; Gordon & Hannon, 2010), align (Bowtie 2; Langmead &
Salzberg, 2012), and quantify gene counts for each sample. Dominant symbiont genera were determined by
aligning sample reads to a reference containing Symbiodiniaceae 28S sequences across the four main genera
(Symbiodinium spp., Breviolum spp., Cladocopiumspp., and Durusdinium spp.). Orbicella faveolata samples
contained a majority of Durusdinium spp. alignments (93.4%), andM. cavernosa samples were dominated
by Cladocopium spp. (99.7%); hence, the respective species datasets were aligned to the dominant symbiont
references. Cleaned reads were mapped to separate host (M. cavernosa, Kitchen et al., 2015; O. faveolata,
Pinzón et al., 2015) and algal symbiont (Cladocopiumspp., Davies et al., 2018; Durusdinium spp., Shoguchi et
al., 2021; respectively) reference transcriptomes sequentially to remove cross-contaminated sequences in both
host and symbiont transcriptomes. Transcriptome annotations for host and symbiont references were created
according to GitHub repositories for O. faveolata(Studivan, 2022b) andM. cavernosa(Studivan, 2022a) using
eggNOG-Mapper (Huerta-Cepas et al., 2016, 2018).

Following deduplication, the mean number of reads across all samples was 24.6 ± 0.9 million, with 5.8 ± 0.2
million reads remaining following trimming and cleaning. Alignment rates for O. faveolata samples were 60.3
± 1.6% for host and 15.6 ± 0.8% for symbionts, resulting in 81,960 and 39,854 isogroups, respectively. For
M. cavernosasamples, alignment was 61.2 ± 0.7% for host and 6.5 ± 0.3% for symbionts, with 82,594 and
32,862 isogroups, respectively. The original version of the M. cavernosa transcriptome was chosen over the
updated, genome-derived version (https://matzlab.weebly.com/data–code.html) due to low alignment in the
latter (28.0 ± 0.3% for host and 7.1 ± 0.4% for symbiont) and poorer representation of isogroups (24,850
and 32,932 isogroups, respectively) for downstream differential expression analysis.

Statistical analysis

All statistical analyses were conducted in the R statistical environment (R Core Team, 2019). Analysis scripts
and outputs can be found in a GitHub repository release associated with this manuscript (Studivan, 2022c).
Transmission metrics from the transmission experiment (time to onset of disease lesions) were analyzed for an
effect of species using an ANOVA of Box-Cox transformed data, and with a fit proportional hazards regression
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model in the packages survival(Therneau, 2021) andsurvminer(Kassambara et al., 2021) to determine the
relative risk of developing disease lesions between species.

Gene counts were first separated by experiment, species, and host/symbiont datasets, then pre-filtered to
remove isogroups with a cumulative count <10 across all samples. Data were subsequently transformed using
a variance stabilizing transformation in the DESeq2 package (Love et al., 2014), and examined for outlier
samples using the packagearrayQualityMetrics(Kauffmann et al., 2009). Samples violating the distance bet-
ween sample arrays criterion (S a) were removed from the respective experiment and host/symbiont datasets
(Table 1; Table 2). Significance testing for each experiment dataset was performed with PERMANOVAs using
1e 6 permutations, and sample dispersion was visualized using PCoAs of Manhattan distance in the package
vegan(Oksanen et al., 2015). Differential expression analyses were conducted usingDESeq2 models for the
respective experiments. For O. faveolata in the transmission experiment, the model genotype + exposure
group (control, sctld) was used, whereas for M. cavernosa , the model genotype + disease status (healthy,
diseased, NAI) was used since not all fragments exhibited disease signs. For the intervention experiment, a
single-factor concatenated treatment (control, SCTLD) and time (0,1) model was used. Contrast statements
to conduct pairwise comparisons for each of the experiment datasets as described in the GitHub reposi-
tory release (Studivan, 2022c). Visualization of differentially expressed genes (DEGs) was done using the
pheatmap package (Kolde, 2019).

Functional enrichment analyses with Mann-Whitney U tests were conducted for each experiment’s pairwise
comparisons using the packagesGO-MWU (Wright et al., 2015) with an alpha cutoff of 0.05 and KOGM-
WU (G. B. Dixon et al., 2015) for full gene ontology (GO) and eukaryotic orthologous group (KOG) annotati-
ons, respectively. To identify correlational relationships between gene modules (genes with similar expression
patterns) and experimental variables, weighted gene co-expression network analyses (WGCNA; Langfelder &
Horvath, 2008) were conducted as described in the associated GitHub repository release (Studivan, 2022c).
Module-associated genes were then exported for GO enrichment analysis to examine any relationships bet-
ween gene expression patterns and additional sample traits beyond diseased versus healthy status.

Finally, DEGs unique to and shared between species and experiments were determined using the VennDia-
gram package (Chen & Boutros, 2011). For the transmission experiment, common DEGs (orthogroups) and
associated GO/KOG annotations for diseased/healthy comparisons inO. faveolata and M. cavernosa were
identified by blast annotations using OrthoFinder (Emms & Kelly, 2015, 2019), and visualized by heatmaps
and KOG classes. For comparison of DEGs in M. cavernosa samples from the transmission and intervention
experiments (e.g., to compare DEGs in disease-exposed transmission samples to antibiotic-treated samples
in the intervention experiment), matching gene and KOG annotations were examined in the same fashion as
the cross-species comparisons.

Results

Transmission experiment

There was a significant difference in the number of days to the onset of visible disease lesions between
species (ANOVA:F 1,29 = 6.22, p < 0.019), withO. faveolata significantly more likely to develop SCTLD
lesions compared to M. cavernosa (log-rank: z 1,29= 3.569, p < 0.001; Figure S1). Transmission rates in
the disease-exposed treatment at the conclusion of the experiment were 95% for O. faveolata with lesions
occurring at a mean of 3.1 ± 0.5 days, while 55% of M. cavernosa fragments exhibited lesions at a mean
of 5.4 ± 1.0 days (Table 1). No controls in either species developed lesions. Signs of SCTLD were similar
between species, with tissue necrosis and lesion formation/progression being the most common (Dataset S1).

Two-way PERMANOVAs identified significant effects of coral genotype and disease status for M. caver-
nosa and associated Cladocopiumdatasets, while the effects of genotype and exposure group were mar-
ginally insignificant for O. faveolata (p = 0.057 andp = 0.056, respectively) and nonsignificant for asso-
ciatedDurusdinium symbionts (Table 3). Pairwise differential expression tests with DESeq2 indicated the
majority of differentially expressed genes (DEGs) to be attributed to diseased versus healthy samples for M.
cavernosa (3,890 upregulated and 3,878 downregulated), with 1,820 DEGs between diseased and samples
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not exhibiting visible disease signs following exposure (NAI; 960 upregulated and 860 downregulated), and
115 DEGs between NAI and healthy samples (43 upregulated, 72 downregulated). Few DEGs were identified
for any pairwise comparisons in Cladocopium symbionts, with five in diseased versus healthy samples and
two in NAI versus healthy samples.Orbicella faveolata showed moderate numbers of DEGs between diseased
and healthy samples (385 upregulated and 188 downregulated), with no DEGs for Durusdinium (Table 4).
Ordination with PCoAs demonstrated that diseased samples were distinct from all other samples for M.
cavernosa , while NAI and healthy samples were more similar (Figure 1). This relationship was reversed for
Cladocopium data, where diseased and NAI samples were more closely related to each other than to heal-
thy samples. Both O. faveolata and Durusdiniumsamples showed similarities between healthy and diseased
samples, with little differentiation between exposure groups in the ordination space (Figure 1).

Functional enrichment analysis using gene ontology (GO) identified 434 GO terms across three categories
(molecular function [MF]: 38; biological process [BP]: 287; cellular component [CC]: 109) for diseased versus
healthy M. cavernosa samples, and 45 GO terms forO. faveolata (MF: 9; BP: 20; CC: 16; Table S1). The
majority of enriched GO terms were negatively represented in diseased M. cavernosa , while the opposite
was true for O. faveolata . For diseased versus NAI M. cavernosa , 371 GO terms were significantly en-
riched (MF: 50; BP: 244; CC: 77), while only 8 terms were significantly enriched for NAI versus healthy
samples (BP: 2; CC: 6; Table S2). No GO terms were significantly enriched forCladocopium or Durusdinium
symbionts, however. Functional enrichment of eukaryotic orthologous groups (KOGs) demonstrated similar
patterns between diseased versus healthy and diseased versus NAI samples for M. cavernosa (Figure S2),
where metabolic and transport mechanisms were generally downregulated in diseased samples, and nuclear
structure and translation-related pathways were upregulated. Some nuclear structure and membrane pa-
thways were positively enriched in NAI versus healthy M. cavernosa , with down regulation of translation,
cytoskeleton, and extracellular pathways. Cladocopium diseased and NAI samples showed mild enrichment
of most pathways relative to healthy controls, with nuclear structure as the most positively enriched, and cell
motility as the most downregulated. Similar trends were observed for diseased versus healthy O. faveolata as
compared to M. cavernosa , while Durusdinium showed an inverse pattern of KOG enrichment in diseased
samples relative toCladocopium (Figure S2).

Weighted gene coexpression network analysis (WGCNA) identified ten modules with significant correlations
to experimental factors (disease status and the time to onset of lesions). In general, modules that were
negatively correlated with healthy samples were positively correlated with diseased samples (Figure S3).
Several modules were also correlated with NAI samples that demonstrated similar expression to diseased
samples (‘darkorange2’) and the time to transmission (‘thistle1’ and ‘darkorange2’), or inverse relationships
with healthy samples (‘navajowhite1’). Of the modules correlated with NAI samples, only ‘darkorange2’
showed significant GO enrichment to the mRNA metabolic process (BP) and peptidase, cytosolic, and
ribosomal complexes (CC; Table S4). Four modules were found to have significant trait correlations for
Cladocopium , with similar expression patterns between NAI and diseased samples relative to healthy controls
in the ‘pink’ module, but no significant GO enrichment (Table S4). The O. faveolata dataset had six modules
with significant correlations to disease status and the time to onset of lesions; most of these were inversely
related between diseased and healthy samples, apart from the ‘tan’ module that was inversely related between
NAI and healthy samples (Figure S3). There were no significantly enriched GO terms for the ‘pink’ or ‘tan’
modules correlated with NAI samples. WGCNA was not successful in assigning modules to the Durusdinium
dataset. Module hub genes (i.e., genes with the highest module membership) were largely unannotated for
the respective reference datasets, with no apparent relationship between coral species or among associated
symbionts (Table S3).

Orthofinder identified 681 orthologous DEGs in diseased versus healthy samples; of these, 438 showed similar
expression patterns between species (272 upregulated and 166 downregulated), and 243 showed inverse
expression (Figure 2). While expression of individual genes was in some cases inversely related between
species, the corresponding KOG annotations demonstrated that the number of DEGs within each KOG class
that was up- or downregulated was relatively similar, suggestive of an overall similar function response to
disease exposure between M. cavernosa and O. faveolata . Likewise, examination of GO categories in diseased

5
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versus healthy samples indicated 21 GO terms (MF: 2; BP: 11; CC: 8) that were commonly enriched in the
same direction between species (Table 5; Figure 3).

Intervention experiment

PERMANOVAs indicated no significant effect of time or treatment on the gene expression of M. cavernosa or
associated Cladocopiumsymbionts (Table 3). Visualization with PCoA revealed overlapping sample dispersion
in the coral and symbiont ordinations (Figure 4). Differential expression analyses, however, identified DEGs
associated with pairwise treatment/time comparisons, with a high number of DEGs between diseased and
healthy corals at t0 (410 DEGs: 284 upregulated and 126 downregulated), as well as between amoxicillin-
treated corals at t1 and their original diseased state at t0 (241 DEGs: 48 upregulated and 193 downregulated;
Table 4; Figure 4). There were few differences between treated and healthy corals at t1 (5 DEGs: 4 upregulated
and 1 downregulated) and temporal shifts in gene expression were evident (e.g., 248 DEGs in t1 versus t0
healthy corals). Few DEGs were identified across pairwise comparisons forCladocopium (Table 4; Figure 4).

Functional enrichment analysis identified 46 significantly enriched GO terms in diseased versus healthy
corals at t0 (MF: 9; BP: 10; CC: 27), 39 GO terms in treated versus diseased corals (MF: 6; BP: 14; CC: 19),
and 7 GO terms in treated versus healthy corals at t1 (MF: 1; CC: 6; Table S5). Similar to M. cavernosa
samples from the transmission experiment, the majority of enriched GO terms were negatively enriched
in diseased versus healthy corals. Conversely, treated corals showed positive enrichment of most GO terms
relative to healthy controls at t1. KOG enrichment in diseased versus healthy corals at t0 was similar to
the trends observed for the transmission experiment, where several metabolic and transport pathways were
negatively enriched (Figure S4). Notably, the nuclear structure KOG class was highly negatively enriched in
diseased corals, where it was shown to be positively enriched for both diseased M. cavernosa and O. faveolata
samples from the transmission experiment. Comparison of treated versus diseased corals demonstrated an
opposite response in the same pathways as compared to diseased versus healthy corals, showing an increase in
metabolic, transport, and nuclear structure classes. No KOG classes were strongly enriched when comparing
treated and healthy corals at t1. Cladocopium KOG enrichment was similar in diseased versus healthy corals
to the transmission experiment samples, with strong positive enrichment of the nuclear structure class and
negatively enrichment of cell motility. Following treatment with amoxicillin, those patterns were reversed,
even when comparing treated to healthy corals at t1 (Figure S4).

WGCNA returned 8 modules significantly correlated with treatments/time points, with the strongest pat-
terns of correlation reversal between healthy corals at t0 to t1 (modules ‘darkred’ and ‘salmon;’ Figure S5).
Modules ‘greenyellow’ and ‘purple’ showed inverse correlations between diseased and healthy corals at t0, and
only the ‘pink’ module showed an inverse relationship between treated and diseased corals. Only the ‘dar-
kred’ module contained significantly enriched GO terms, all of which were related to endoplasmic reticulum
complexes (CC; Table S4). One module had a significant correlation to experimental traits inCladocopium
, but it was driven by one sample and therefore disregarded. Visualization of expression patterns for the
30 most significant DEGs in modules ‘greenyellow’ and ‘grey60’ demonstrated a shift in expression patterns
from the original disease state being distinct to healthy controls, to overall similarities between treated and
healthy corals (Figure S5). Of the module hub genes with annotations, none matched among reference tran-
scriptomes for the transmission experiment, although the ‘green’ module hub gene belongs to the heat shock
protein 70 family (Table S3).

Cross-experiment comparisons

Comparison of diseased versus healthy samples from the transmission and intervention experiments revea-
led 1,458 genes that were shared between experiments. The majority of common genes showed the same
directionality between experiments (452 upregulated and 489 downregulated), while 517 genes showed in-
verse relationships between experiments (Figure 5). When comparing diseased versus healthy samples in
the transmission experiment to treated versus diseased corals in the intervention experiment, however, the
majority of genes were found in inverse relationships between experiments (1,041 genes), whereas only 285
genes were found to share the same direction of expression (121 upregulated and 164 downregulated). Gene
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representation within KOG classes was largely similar across experiments, with the exception of unannotated
genes that contributed to variability between experiments and among disease status/treatment comparisons
(Figure 5).

Discussion

Strong transcriptional responses to SCTLD exposure in both coral species

Exposure to stony coral tissue loss disease in these experiments caused evident transcriptional responses in
both coral species. In general, we observed a depression of host metabolic pathways and a corresponding
increase in expression of stress response genes and nuclear processes (Figure S2). This is unsurprising given
consistency in transcriptomic responses to myriad stressors, a phenomenon characterized as a conserved
stress response among diverse coral taxa (G. Dixon et al., 2020; Wang et al., 2009). While there was evi-
dence of a strong transcriptional response to disease exposure in host corals, there was little variation in
the transcriptional response of symbionts in both experiments. This may be due to lower alignment rates
to the symbiont transcriptomes relative to the coral hosts (6.5 ± 0.3% forCladocopium and 15.6 ± 0.8% for
Durusdinium versus 61.2 ± 0.7% for M. cavernosa and 60.3 ± 1.6% for O. faveolata , respectively), or com-
paratively poor annotations in symbiont references. Therefore, we have focused primarily on interpretation
of the coral host datasets to minimize speculation with the symbiont datasets.

Through comparative analyses between coral species in the transmission experiment, we found consistent
overlap in transcriptional responses following exposure to SCTLD. There were 681 DEGs and 21 GO terms
shared between disease-exposed M. cavernosa and O. faveolata(Figures 2; 3), which may be an underestima-
tion of orthologous genes between species, since some orthogroups had different gene-level annotations. The
majority of DEGs (˜64%) and all GO terms were expressed or enriched in the same direction in response
to SCTLD exposure, suggesting that there are many conserved pathways among coral species functioning
in the same roles. This relationship has been corroborated in a recent study by MacKnight and colleagues
(2022), which examined transcriptional responses of seven coral species (including our study species) to white
plague disease. They reported expression of immunity and cytoskeletal arrangement gene pathways across
all species following disease exposure, with variation in intracellular protein trafficking pathways related to
differences between disease susceptibility among and within species. Similarly, we observed higher enrichment
of protein trafficking GO and KOG terms in M. cavernosa , which is less susceptible to SCTLD than O.
faveolata(Figure 3; Figure S2) (Meiling et al., 2021; NOAA, 2018).

Conversely, a minority of DEGs showed inverse relationships between species following exposure to SCTLD
(Figure 2). Despite this, functional enrichment of GO and KOG terms were largely similar between species
(Figure 3; Figure S2), potentially indicating modulation of conserved gene pathways between M. cavernosa
and O. faveolata (i.e., different species using the same gene pathways in different ways). This modulation
may be indicative of plasticity related to disease susceptibility (e.g., MacKnight et al., 2022), and warrants
additional investigation with other species affected by SCTLD.

Traylor-Knowles and colleagues (2021) identified differentially expressed gene processes implicated in coral
immunity following exposure to SCTLD. In this study, we observed 26 DEGs in SCTLD-exposed M. ca-
vernosa associated with these same immune processes, and 19 DEGs in O. faveolata . These included two
apoptosis regulation pathways that were differentially expressed inM. cavernosa only, which are implicated
in cell death and necrosis (D’Arcy, 2019; Fuess et al., 2017). Extracellular matrix genes (four forM. cavernosa
and three for O. faveolata ) were generally downregulated in both species, and are hypothesized to be related
to wound healing and the prevention of lesion progression (Traylor-Knowles et al., 2021; Young et al., 2020).
Four transforming growth factor-beta (TGF-β) DEGs were downregulated in M. cavernosa only, which are
likely part of the coral’s immune response (Fuess et al., 2020; Traylor-Knowles et al., 2021). Two NF-?B
activation genes for each species were upregulated (though one M. cavernosa DEG was downregulated),
where this transcription factor is well-known for its role in immune activation and potentially in regulation
of the coral-algal symbiosis (Voolstra et al., 2009; Williams et al., 2018). This is perhaps related to the
hypothesis that SCTLD may be a virus targeting Symbiodiniaceae (Veglia et al., 2022; Work et al., 2021),
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but this observation requires further study.

Four peroxidases were upregulated in M. cavernosa , but ten DEGs had variable expression levels in O.
faveolata . Peroxidases have been shown to be a component of the innate immune response to disease and
thermal stress (Mydlarz & Harvell, 2007; Palmer, 2018). Protein tyrosine kinase (PTK) genes, which promote
inflammatory responses to pathogens in corals (Fuess et al., 2016), had variable expression levels (nine in
M. cavernosa and three inO. faveolata ), corroborating that cytokine production may play a role in the
response to SCTLD exposure (Traylor-Knowles et al., 2021). Finally, one WD-repeat gene per species was
downregulated, which is likely involved in apoptotic and immune responses (Aranda et al., 2011). While these
genes do not provide the complete picture of coral’s transcriptomic responses to SCTLD, their differential
expression in both studies provides evidence of their importance in the immune response to this disease and
may be useful in the identification of biomarkers of disease exposure in wild corals.

Effects of antibiotic treatments on coral transcriptional patterns

Treatment of corals with amoxicillin appears to result in a ‘normalization’ of transcriptional pathways as-
sociated with the response to SCTLD. When comparing expression profiles across all genes, treated corals
appeared more similar to apparently-healthy controls than they did their original diseased state (Figure 4).
Comparisons of diseased versus healthy samples in both transmission and intervention experiments revealed
mostly similar patterns, with downregulation of metabolic pathways and upregulation of stress response,
immune, and nuclear processes (Figure S4). The majority of shared DEGs between diseased individuals
in both experiments were expressed in the same direction (˜64%), however, examination of treated versus
diseased colonies showed an inverse relationship of expression patterns across the majority of shared DEGs
(˜76%, Figure 5). This implies a reversal of the same transcriptomic mechanisms involved in the immune re-
sponse to SCTLD following treatment with amoxicillin, and provides evidence that disease intervention may
be beneficial to the coral beyond removal of potential pathogens and co-occurring opportunistic microbes
that may be affecting host transcription. As studies evaluating the effectiveness of antibiotic treatments on
diseased corals often focus on visible observations (i.e., lesion progression and/or quiescence; Forrester et al.,
2022; Neely et al., 2020; Shilling et al., 2021; Walker et al., 2021) or shifts in microbial communities (Sweet
et al., 2011, 2014) as a means of assessing treatment success, this hypothesis requires further testing to elu-
cidate the impacts of antibiotic treatment on other members of the holobiont including the coral host. For
example, antibiotics have additional immune-modulating and anti-inflammatory impacts on humans beyond
alteration of associated microbial communities (Pradhan et al., 2016), which may prove beneficial to corals
affected by SCTLD.

Examination of the SCTLD-associated immune responses described by Traylor-Knowles and colleagues
(2021) in our datasets also corroborated the reversal of transcriptional patterns following amoxicillin treat-
ment. Eleven immune-related pathways were differentially expressed in diseased versus healthy corals, with
fourteen in treated versus diseased corals. While overlap was minimal between treatment comparisons (four
identical DEGs), expression patterns were often inversely related among immune classes. Four extracellular
matrix genes were upregulated in treated colonies compared to downregulated in diseased samples from the
transmission experiment (no DEGs were observed for diseased versus healthy colonies in the intervention
experiment). Two NF-?B activation DEGs were found for each treatment comparison and were upregu-
lated in diseased versus downregulated in treated colonies. Three PTK genes were upregulated in diseased
colonies while two matching genes (and one additional) were downregulated following treatment. TGF-β
and WD-repeat DEGs were also inversely-expressed between diseased and treated colonies, indicative of a
shift in immune responses following antibiotic treatment.

Evaluation of antibiotic treatment as an SCTLD intervention

Amoxicillin is effective at slowing or halting SCTLD lesion progression on individual colonies, including in
a field setting (Forrester et al., 2022; Neely et al., 2020; Shilling et al., 2021; Walker et al., 2021). There
are multiple limitations of antibiotic effectiveness on broad-scale disease intervention efforts, including that
this approach often requires multiple re-treatments, continuous monitoring, and is labor-intensive (Neely et
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al., 2020; Walker et al., 2021). The time investment is especially important when considering reef systems
with substantially more corals than southeast Florida, such as the Flower Garden Banks that recently
experienced its first potential signs of a SCTLD outbreak (Johnston et al., 2023). While application of
amoxicillin shows a high rate of success (˜95%) in halting individual lesions, it does not necessarily prevent
the formation of new lesions on a treated colony through time (e.g., Shilling et al., 2021). Finally, it is
currently unknown what impacts antibiotic application may have on diverse coral reef ecosystems, notably
potential antibiotic resistance in microbial communities (Griffin et al., 2020; Liu et al., 2020). Antibiotic
treatment may additionally have negative impacts on healthy coral microbiomes, potentially increasing
susceptibility of corals to other stressors such as elevated temperatures (Connelly et al., 2022).

Alternative treatment approaches are therefore warranted for further investigation in the mitigation of
SCTLD, as well as future coral disease outbreaks. In particular, probiotic treatments are gaining research
interest due to their potential benefits to coral survival following disease exposure (Peixoto et al., 2021),
thermal stress (Doering et al., 2021; Santoro et al., 2021), and exposure to pollutants (Silva et al., 2021).
Probiotic treatments are in development for SCTLD (Deutsch et al., 2022), and field trials are necessary to
assess treatment effectiveness in a reef environment (Peixoto et al., 2021). Phage therapy also shows promise
for the treatment of bacterial pathogens that affect corals (Jacquemot et al., 2018; Teplitski & Ritchie, 2009;
Thurber et al., 2020), but many of these approaches are not yet fully operational.

While treatment of individual coral colonies with antibiotics is not intended to be a long-term solution
to curbing the spread of SCTLD, it may represent a feasible method of mitigating impacts on high-value
conservation and restoration targets, particularly ecologically-important, rare, and reproductively-viable
members of the population. This is of particular importance while disease diagnostics are still being de-
veloped for SCTLD and other diseases. Disease diagnostics, when operational and scalable, may instead
allow broad mitigation of pathogen transport via disease vectors and sources, potentially eliminating the
need for colony-level disease intervention. Continued examination of gene mechanisms and functions will
also improve understanding of coral immune responses (Traylor-Knowles et al., 2022), facilitating targeted
treatment approaches in future disease outbreaks. Disease response efforts focusing on identification and
diagnosis, mitigation of spread, and treatment of affected individuals require a holistic understanding of coral
immunity and resilience at the individual level in order to maximize conservation and restoration success at
the population level.

Conclusions

Through complementary studies examining the transcriptomic responses of corals to SCTLD and subsequent
antibiotic treatment, we identified a consistent signature of immune responses in both coral species examined.
Further, we observed evidence of a reversal in immune responses related to disease exposure when corals
were treated with amoxicillin, suggestive of a recovery process that may be occurring at the host level.
Continued fate-tracking on treated corals is warranted to determine whether such gene expression patterns
continue, with treated corals resembling a healthy, pre-diseased state. Further investigation is also needed
for early stages of disease exposure to investigate immune responses associated with lesion formation prior
to cell necrosis and death. Such efforts will allow the identification of gene pathways involved in coral and
algal responses to SCTLD exposure, similarities (and differences) in immune responses among species, and
will facilitate the comparisons of diseased and treated corals to determine the potential for recovery and/or
antibiotic resistance following disease intervention efforts.

Acknowledgements

We acknowledge Victoria Barker, Emily Osborne, and Katharine Egan for programmatic support in the
development of this study, and Ian Combs and Matt Roy for assistance in field sampling. Coral colonies were
monitored, sampled, and treated under permits from the Florida Fish and Wildlife Conservation Commission
to Joshua Voss (Special Activity Licenses SAL-19-1702-SRP and SAL-19-2022-SRP). High performance
computing was provided by Research Computing Services at Florida Atlantic University. This study was
funded by the NOAA OAR ‘Omics Program to Joshua Voss and Michael Studivan, with additional funding

9



P
os

te
d

on
11

F
eb

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
67

61
16

85
.5

65
84

82
4/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

support from the Florida Department of Environmental Protection to Joshua Voss and the NOAA Coral
Reef Conservation Program to Ian Enochs and Michael Studivan (#31252). This is contribution XXXX
from Harbor Branch Oceanographic Institute at Florida Atlantic University.

References

Aeby, G. S., Ushijima, B., Campbell, J. E., Jones, S., Williams, G. J., Meyer, J. L., Häse, C., & Paul, V. J.
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Tables

Table 1. Sample sizes and transmission metrics for the transmission experiment including proportion of
individuals exhibiting disease lesions (transmission rate) and the time to onset of lesions (mean time to
transmission). Treatment sample size denoted byn treat and the number of samples exhibiting lesions as
n lesion, with samples used for host and symbiont differential gene expression analyses asn host and n sym,
respectively.

Species Treatment ntreat nhost nsym n lesion Transmission Rate Days to Transmission (Mean ± SEM)
Montastraea cavernosa Control 20 20 18 0 0% N/A

SCTLD 20 19 18 11 55% 5.4 ± 1.0
Orbicella faveolata Control 20 19 20 0 0% N/A

SCTLD 20 18 14 19 95% 3.1 ± 0.5

Table 2. Sample sizes for the intervention experiment, wheren treat denotes treatment sample sizes,n host
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and n sym denote the number of samples used for host and symbiont differential gene expression analyses,
respectively.

Time Point Treatment ntreat nhost nsym

2020-04-21 Healthy 19 15 15
(t0) Diseased 15 15 15
2020-05-04 Healthy 19 15 14
(t1) Treated 15 15 13

Table 3. PERMANOVA test statistics for differential gene expression analyses by experiment, host species,
and associated symbionts across treatments (disease status: healthy, diseased, nai; exposure group: control,
sctld). Nonsignificant p values denoted as ns.

Experiment Species Factor df F R2 p
Transmission Montastraea cavernosa colony 19 1.9550 0.6282 <0.001

status 2 2.4890 0.0842 <0.001
Cladocopium spp. colony 19 1.1746 0.5607 0.024

status 2 1.7443 0.0876 0.002
Orbicella faveolata colony 19 1.2049 0.5641 0.057

treatment 1 1.6927 0.0417 0.056
Durusdinium spp. colony 19 1.1000 0.5945 ns

treatment 1 1.2558 0.0357 ns
Intervention Montastraea cavernosa time 1 1.2422 0.0222 ns

treatment 1 0.9615 0.0172 ns
time:treat 1 0.8250 0.0147 ns

Cladocopium spp. time 1 1.2322 0.022 ns
treatment 1 0.9554 0.0171 ns
time:treat 1 0.8264 0.0148 ns

Table 4. Differentially expressed genes (DEGs) by experiment, host species, and associated symbionts
across treatment pairwise comparisons. Up denotes DEGs with higher relative expression in treatment x /
treatment y, and Down denotes lower relative expression.

Experiment Species Comparison Host DEGs Host DEGs Host DEGs Sym DEGs Sym DEGs Sym DEGs
Up Down Total Up Down Total

Transmission Montastraea cavernosa diseased healthy 3890 3878 7768 4 1 5
nai healthy 43 72 115 2 0 2
diseased nai 960 860 1820 0 0 0

Orbicella faveolata diseased healthy 385 188 573 0 0 0
Intervention Montastraea cavernosa diseased0 healthy0 284 126 410 0 0 0

treated1 diseased0 48 193 241 0 0 0
treated1 healthy1 4 1 5 0 0 0
healthy1 healthy0 183 65 248 8 4 12
treated1 healthy0 269 246 515 5 7 12
diseased0 healthy1 128 137 265 1 1 2

Table 5. Matching enriched gene ontology (GO) terms across species for the transmission experiment,
separated by GO categories Molecular Function (MF), Biological Process (BP), and Cellular Component
(CC). FDR-corrected p values correspond to results of Mann-Whitney U tests on pairwise contrasts of
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diseased / healthy samples for each species.

GO category GO name Montastraea cavernosa Montastraea cavernosa Montastraea cavernosa Montastraea cavernosa Orbicella faveolata Orbicella faveolata Orbicella faveolata Orbicella faveolata
GO terms p value Direction Genes GO terms p value Direction Genes

MF RNA binding GO:0003723 9.25E-05 Up 139 GO:0003723 0.033 Up 64
MF structural constituent of ribosome GO:0003735 0.001 Up 45 GO:0003735 1.47E-14 Up 20
BP cytoplasmic translation GO:0002181 3.51E-09 Up 44 GO:0002181 1.05E-15 Up 19
BP DNA metabolic process GO:0006259 1.41E-09 Down 130 GO:0006259 0.035 Down 51
BP establishment of protein localization to membrane GO:0090150 1.82E-07 Up 52 GO:0090150 0.002 Up 18
BP intracellular protein transport GO:0006886 1.01E-15 Up 170 GO:0006886 0.001 Up 70
BP meiosis I cell cycle process GO:0061982;GO:0007127 4.24E-05 Down 30 GO:0061982 0.031 Down 17
BP nuclear-transcribed mRNA catabolic process, nonsense-mediated decay GO:0000184 4.01E-05 Up 28 GO:0000184 0.001 Up 11
BP peptide biosynthetic process GO:0006412;GO:0043043 5.60E-07 Up 95 GO:0006412;GO:0043043 3.11E-06 Up 37
BP peptide metabolic process GO:0043604;GO:0006518 0.001 Up 145 GO:0043604;GO:0006518 0.001 Up 60
BP protein targeting GO:0006605 3.94E-07 Up 75 GO:0006605 0.019 Up 23
BP protein targeting to membrane GO:0006612;GO:0045047;GO:0072599;GO:0070972 1.59E-08 Up 48 GO:0006612 7.02E-05 Up 11
BP translational initiation GO:0006413 1.60E-08 Up 42 GO:0006413 0.001 Up 16
CC cytosolic large ribosomal subunit GO:0022625 3.65E-06 Up 30 GO:0022625 8.00E-13 Up 13
CC cytosolic part GO:0044445 6.45E-06 Up 63 GO:0044445 9.78E-07 Up 30
CC cytosolic ribosome GO:0022626 1.60E-07 Up 46 GO:0022626 2.71E-15 Up 20
CC cytosolic small ribosomal subunit GO:0022627 0.010 Up 15 GO:0022627 8.96E-06 Up 6
CC large ribosomal subunit GO:0015934 0.001 Up 32 GO:0015934 1.25E-08 Up 15
CC polysome GO:0005844 0.001 Up 21 GO:0005844 0.035 Up 13
CC ribonucleoprotein complex GO:1990904 2.75E-06 Up 145 GO:1990904 0.009 Up 69
CC ribosome GO:0005840;GO:0044391 0.0002 Up 54 GO:0005840;GO:0044391 1.91E-10 Up 26
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Figure 1. PCoAs of coral species and associated symbionts from the transmission experiment, visualizing
sample variation among treatments (control and SCTLD-exposed; shapes) and disease status (healthy, no
active infection [NAI], and diseased; colors). Percentages indicate the amount of variation explained by the
respective axis.

Figure 2. A) Common genes (orthogroups) in diseased versus healthy corals compared between M. caver-
nosa (Mcav) and O. faveolata (Ofav) samples from the transmission experiment, denoting higher relative
expression in diseased/healthy as red (up), and lower expression as blue (down). B) Heatmap of most sig-
nificant genes (cutoff 1e -6) across disease state and species. C) Representation of eukaryotic orthologous
groups (KOGs) across common genes for relative expression levels (up, down) and species.
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Figure 3. Bubble plot of matching enriched gene ontology (GO) terms across species (Mcav: M. cavernosa
; Ofav: O. faveolata ) for the transmission experiment. The size of the bubble corresponds to the number of
genes enriched within the GO term, the color denotes the direction of enrichment, and panels separate GO
categories Molecular Function (MF), Biological Process (BP), and Cellular Component (CC).
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Figure 4. A) PCoAs of M. cavernosa samples and associated symbionts from the intervention experiment,
visualizing sample variation among treatments (healthy, diseased, and treated; color) and sampling time
points (t0 and t1; shapes). Percentages indicate the amount of variation explained by the respective axis.
B) Venn diagrams of common DEGs across pairwise comparisons of treatments/time (H1/H0: Healthy
t1/Healthy t0; D0/H0: Diseased t0/Healthy t0; T1/D0: Treated t1/Diseased t0; T1/H1: Treated t1/Healthy
t1).

Figure 5. A) Common genes across pairwise treatment comparisons between transmission and intervention
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experiments, denoting higher relative expression in diseased/healthy or treated/diseased as red (up), and
lower expression as blue (down). C) Representation of eukaryotic orthologous groups (KOGs) across common
genes for relative expression levels (up, down) and treatment comparisons (Mcav: M. cavernosa ; D0/H0:
Diseased t0/Healthy t0; T1/D0: Treated t1/Diseased t0).
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