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Nutrient pollution can increase the prevalence and severity of coral disease and bleaching

in ambient temperature conditions or during experimental thermal challenge. However,

there have been few opportunities to study the effects of nutrient pollution during natural

thermal anomalies. Here we present results from an experiment conducted during the

2014 bleaching event in the Florida Keys, USA, that exposed Agaricia sp. (Undaria) and

Siderastrea siderea corals to 3 types of elevated nutrients: nitrogen alone, phosphorous

alone, and the combination of nitrogen and phosphorus. Overall, bleaching prevalence

and severity was high regardless of treatment, but nitrogen enrichment alone both

prolonged bleaching and increased coral mortality in Agaricia corals. At the same time,

the elevated temperatures increased the prevalence of Dark Spot Syndrome (DSS),

a disease typically associated with cold temperatures in Siderastrea siderea corals.

However, nutrient exposure alone did not increase the prevalence or severity of disease,

suggesting that thermal stress overwhelms the effects of nutrient pollution on this disease

during such an extreme thermal event. Analysis of 78 Siderastrea siderea microbial

metagenomes also showed that the thermal event was correlated with significant shifts

in the composition and function of the associated microbiomes, and corals with DSS

had microbiomes distinct from apparently healthy corals. In particular, we identified shifts

in viral, archaeal, and fungal families. These shifts were likely driven by the extreme

temperatures or other environmental co-variates occurring during the 2014 bleaching

event. However, no microbial taxa were correlated with signs of DSS. Furthermore,

although nutrient exposure did not affect microbial alpha diversity, it did significantly

affect microbiome beta-diversity, an effect that was independent of time. These results

suggest that strong thermal anomalies and local nutrient pollution both interact and

act independently to alter coral health in a variety of ways, that ultimately contribute to

disease, bleaching, and mortality of reefs in the Florida Keys.
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INTRODUCTION

Ocean warming and coastal pollution are two of the most
widespread threats to coral reefs. Increases in sea surface
temperatures of just a few degrees can exceed the thermal
tolerance of many tropical corals, causing coral bleaching and
warm-water associated epizootics that together threaten up to
one-third of all coral species (Carpenter et al., 2008). Although it
has been widely publicized that the frequency of coral bleaching
will increase over the coming century (e.g., Magris et al.,
2015; van Hooidonk et al., 2016), increasing frequency and
severity of coral diseases may pose a greater threat to reefs
than bleaching events (Maynard et al., 2015). At the same
time, nutrient enrichment in nearshore waters is one of the
major anthropogenic forces altering coastal ecosystems (Halpern
et al., 2008) and can drive the increased prevalence of coral
diseases and bleaching on reefs worldwide (Vega Thurber et al.,
2014; Maynard et al., 2015). For example, field surveys suggest
that the prevalence of coral disease is often correlated with
nutrient concentrations (Haapkylä et al., 2011; Kaczmarsky and
Richardson, 2011).

While the effects of coastal nutrient pollution on bleaching
tolerance and disease have garnered a great deal of interest (e.g.,
Bruno et al., 2003; Wooldridge and Done, 2009; Wagner et al.,
2010; Vega Thurber et al., 2014; Wooldridge, 2016), little is
known about the interactions between nutrients, temperature
stress, and coral diseases. Troublingly, large increases in coastal
nitrogen loading are projected to occur alongside ocean warming
as a result of climate change (Sinha et al., 2017), adding urgency

to our need to understand the interactive effects of nutrients and
temperature stress on coral health.

Nitrogen (primarily as nitrate) and phosphorus are two major
nutrient pollutants in terrestrial run-off (Howarth, 2008), and the
effects of each of these nutrients on coral physiology are distinct.
Enrichment with nitrogen causes Symbiodinium to rapidly
proliferate (Hoegh-Guldberg and Smith, 1989; Muscatine et al.,
1989; Marubini and Davies, 1996; Cunning and Baker, 2013),
disrupting the translocation of nutrients between Symbiodinium
and their coral hosts, and thus compromising the animal’s
energy budget (Shantz et al., 2016). Furthermore, nitrogen
enrichment can result in limitation of other important nutrients.
For example, nitrogen-induced phosphorus limitation is linked
to reduced thermal tolerance in corals (Wiedenmann et al.,
2013). Because the ability of corals to survive bleaching events
is influenced by, among other things, a coral’s energy reserves
(Schoepf et al., 2015), nitrogen enrichment also reduces coral
resilience in the face of bleaching events by jeopardizing coral
energy budgets.

In contrast, surplus phosphorus increases stress tolerance in
corals (e.g., Beraud et al., 2013; Wiedenmann et al., 2013). Under
typical conditions, the impacts of phosphorus enrichment on
coral physiology are small (Shantz and Burkepile, 2014; Ferrier-
Pagès et al., 2016). However, under thermal stress, phosphorus
uptake rates increase as phosphorus is required to maintain
symbiont density, photosynthesis, and carbon translocation
(Ezzat et al., 2016). Thus, while coastal pollution can impact coral
physiology, the interactive effects of pollution and warming are

likely mediated by the ratio of nitrogen:phosphorus delivered to
the environment.

Less is known about the relative impacts of nitrogen and
phosphorus on coral diseases, such as Dark Spot Syndrome (DSS)
in scleractinian corals. DSS is one of themost common diseases of
corals in the Florida Keys, representing 71% of all diseased corals
and typically afflicting 26% ofMontastrea annularis colonies and
8% of Siderastrea siderea colonies on most reefs (Porter et al.,
2011). DSS is identified by darkened pigmentation of the coral
tissue resulting in purple, black, or brown lesions that can either
be circular or elongate (Weil, 2004; Gochfeld et al., 2006). A
necrotizing disease, DSS can cause affected tissues to die at a
rate of 4.0 cm/month in S. siderea corals (Cervino et al., 2001).
Though it is often not obviously deleterious to whole coral
colonies, it is a known marker for more aggressive diseases such
as Black Band Disease and Yellow Band Disease (Richardson,
1998; Cervino et al., 2001). Additionally, DSS affected corals are
more likely to bleach than their healthy counterparts (Brandt and
McManus, 2009).

Nutrient loading increases the severity of coral diseases
(e.g., Bruno et al., 2003; Voss and Richardson, 2006) and in
some instances, may cause disease outbreaks. For example,
Vega Thurber et al. (2014) showed that combined nitrogen
and phosphorus enrichment increased both the severity and
frequency of DSS in S. siderea, an abundant coral on reefs
in Florida. Substantial evidence exists showing that nutrient
enrichment drives changes in the microbial communities
associated with corals (e.g., Thompson et al., 2015; Zaneveld et al.,
2016; Shaver et al., 2017), and these changes are often associated
with increases in pathogenic bacteria and the appearance of
disease signs (for review see, McDevitt-Irwin et al., 2017).
However, the relative role of nitrogen vs. phosphorus in shaping
disease susceptibility and the coral microbiome is currently
underexplored. To date, we are not aware of any studies that have
investigated how phosphorus modifies the susceptibility of corals
to diseases.

In the summer of 2014, an anomalous thermal event occurred
in the Florida Keys, providing the opportunity to study how
nutrient pollution interacted with thermal stress to impact coral
bleaching and disease. We evaluated how increases in two
nutrients (nitrate and phosphate) separately and in combination
can exacerbate the effects of thermal stress on coral disease
and bleaching. To test this question, we exposed individuals
of two species of corals, Siderastrea siderea, and Agaricia sp.
(Undaria) in the field to nitrogen alone, phosphorus alone, and
the combination of each, in addition to control corals with no
nutrients, for 6 months while following the visual health of
corals throughout the experiment. Furthermore, we evaluated
the microbial ecology of the control and exposed corals before,
during, and after nutrient enrichment and thermal stress.

METHODS

Nutrient Enrichment Experimental Design
To evaluate the effects of nutrient enrichment on natural
coral colonies, we conducted an in situ nutrient enrichment
experiment at Pickles Reef (N24.99430, W80.40650) in the
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Florida Keys from July 14th 2014 to January 12th 2015 (Figure 1).
Along two 30m transects, approximately 20m apart, at a depth
of ca. 5–6m, we haphazardly selected 20 Agaricia sp. (Undaria)
and 20 Siderastrea siderea colonies at least 10 cm2 in area and
visually deemed to be in good health. Individual coral colonies
were randomly assigned to a nutrient treatment with either (1)

nitrogen and phosphorus, (2) nitrogen, (3) phosphorus, or (4) left
untreated to serve as controls, with five replicates per treatment.

To achieve our enrichments, we deployed nutrient diffusers
constructed from PVC pipes with holes drilled throughout that
were filled with either slow-release nitrate (150 g, 12% NO3),
phosphate (45 g, 40% PO4), or both, and wrapped in mesh as

FIGURE 1 | Experimental design and temperature profile from field site. (A) Data from NOAA Molasses buoy show that mean monthly sea surface temperatures in

2014 were significantly elevated both in the winter and summer months (red lines) compared to the monthly means from 1987–2008 (blue lines). Error bars indicate

the standard error of means of all temperature data available for that month. (B) During this summer, we monitored control and nutrient exposed Agaricia corals for

bleaching prevalence, severity, and recovery as well as tissue loss from July (pretreatment) to January 2015. Photos I and II represent Agaricia corals from July and

September, respectively. Siderastrea control and nutrient exposed corals were also monitored for disease prevalence and severity across the course of the

experiment. Photos III and IV represent Siderastrea corals from July and September, respectively. Siderastrea mucus samples for metagenomes (indicated by the

stars) were only collected at the pretreatment time point (July 14, 2014) and three post treatment months: August 13th, Sept 14, and October 14th.
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described in Zaneveld et al. (2016, Supplementary Figure 1).
We stationed each nutrient diffuser 10 cm from the target coral,
and replaced the fertilizer monthly. We have successfully used
this method in the past to enrich sections of the reef (e.g.,
Vega Thurber et al., 2014; Zaneveld et al., 2016). Water column
NO3 and PO4 concentrations collected near the diffusers 24 h
after deployment were ca. 4.5- and 2.4-fold higher in N and
P respectively than concentrations at control sites (3.18µM
NO3 and 0.34µM PO4 vs. 0.71µM NO3 and 0.14µM PO4).
Per previous experiments, the nutrients from these apparatuses
were shown to diffuse within approximately 1m from the
experimental area.

Disease and Bleaching Surveys
From July 2014 to January 2015, corals were surveyedmonthly by
SCUBA to track changes in their health throughout the course of
the experiment (Supplementary Table 1). For each coral, divers
recorded whether bleaching or disease symptoms were visually
present and photographed the coral from a fixed position with an
object of known length. Using ImageJ (v1.50), we analyzed photos
from each monthly survey to estimate the total surface area of
each coral, as well as the area of each colony afflicted by disease
or bleaching (Abramoff et al., 2004). A portion of a coral was
considered bleachedwhen it no longer retained any pigmentation
and the white coral skeleton was visible through the tissue.
Bleached or diseased areas were divided by total surface area to
calculate the percentage of the total colony surface afflicted as
measures for disease and bleaching severity. In addition, tissue
mortality was estimated from each coral by comparing the area
of live tissue on each coral with the coral’s initial live tissue area
from our pre-treatment surveys. At the end of our final round of
surveys in January, we also estimated bleaching recovery as the
proportion of bleached tissue that had regained pigmentation.
Although we recorded both bleaching and disease measurements
for both coral species, here we only report measurements of DSS
in S. siderea and bleaching in Agaricia sp.; only a single colony
of Agaricia sp. ever showed disease, and only a single S. siderea
colony showed signs of bleaching (data not shown).

Coral Mucus and Seawater Sampling
Coral mucus from each colony, as well as seawater samples, were
collected by divers at four time points to generate microbial
metagenomes. A pretreatment sample was collected in July of
2014, followed by monthly samples in August, September, and
October. To investigate the role of microbes and viruses in the
etiology of DSS, metagenomes were only made for the Siderastrea
siderea corals. Agaricia sp. (Undaria) mucus samples were not
explored using metagenomes due to the high mortality rate of
our Agarcia specimen that ultimately resulted in low replication
over time and treatment.

Surface coral mucus was collected by gently agitating the
colony surface with a sterile syringe, as detailed in Zaneveld
et al. (2016). Specifically, on all corals, we agitated the top of
the animal, collecting mucus across the entire surface. We chose
to sample mucus due to the benign effect of sampling upon the
coral, and due to its role in providing a barrier for the coral from
pathogens (Zaneveld et al., 2016). Mucus samples were brought

back to the boat, where they were transferred into sterile 15mL
falcon tubes, immediately frozen on dry-ice for transport, and
then stored at −80◦C prior to nucleic acid extraction. Seawater
samples were collected in duplicate 50mL falcon tubes from 1m
above each transect and stored frozen as described above.

We also used mucus samples from a previous enrichment
experiment (Zaneveld et al., 2016) to generate comparative S.
sideraea metagenomes. In August of 2012, 25 apparently healthy
and 25 DSS afflicted corals were selected from within control
and nutrient enriched plots. In this enrichment experiment,
only combined nitrogen and phosphorus was used to mimic
nutrient pollution (for details see Vega Thurber et al., 2014).
Mucus samples were collected in the same manner as described
above and processed in the exact same manner for metagenome
generation and analysis as described below.

Microbial Metagenome Library Generation
and Sequencing
Thawed mucus and seawater samples were pre-filtered through
5.0µm pore-size EMD Millipore Millex (Millipore) syringe
filters to remove larger particles. Viral and microbial size-
particles from resulting filtrates were further concentrated
using the 30 kDa cutoff Amicon Ultra-15 centrifugal filter

units (Millipore). DNA from microbial concentrates was then
extracted using the MasterPure Complete DNA purification kit
(Epicenter, Illumina). Purified DNA extracts served as input
for the NexteraXT DNA library preparation (Illumina) to
generate multiplexed metagenome libraries for high-throughput
sequencing, following the manufacturer’s recommendations.
Multiplexed sample libraries were cleaned using AMPure XP
magnetic beads (Agencourt) and checked for quality and size
distribution on a Bioanalyzer 2100 (Agilent), prior to being
pooled in equimolar concentrations for sequencing. Whole
genome shotgun sequencing was conducted on the HiSeq2000
platform (Illumina) at the CGRB facility at the Oregon State
University, yielding 2 × 100 bp long paired-end reads. This
approach resulted in 86 metagenomes including 6 seawater
samples, and 80 coral metagenomes that spanned 4 time
points, 4 treatments, and 5 replicate colonies per treatment
(Supplementary Table 2). Two metagenomes were removed from
the analysis due to their low number of reads and one seawater
sample from August and one seawater sample from September
were lost during shipment. The resulting 84 metagenomes
had an average of 4,753,686 reads, with about 77% of reads
remaining after quality-control. These metagenomes are freely
and publicly available online at the Sequence Read Archive
(SRA; #SRP133535 for the 2014 metagenomes and #SRP133699
for the 2012 metagenomes) and our own websites: http://files.
cgrb.oregonstate.edu/Thurber_Lab/NOAA_SSids/, and http://
files.cgrb.oregonstate.edu/Thurber_Lab/DSS/.

Bioinformatic Analyses of Metagenomic
Data
We used the program Shotcleaner (https://github.com/sharpton/
shotcleaner) to filter out host and symbiont sequences and low-
quality reads with quality scores below 25. This program also
trimmed Illumina adapters and combined duplicate sequences.
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Shotcleaner is a workflow program that integrates an ensemble
of programs such as Trimmomatic v0.35 (Bolger et al., 2014),
Bowtie2 v 2.3.2 (Langmead and Salzberg, 2012), and FastQC
(Andrews, 2010). For this analysis, the coral, Acropora digitifera
(RefSeq NW_015441057.1) was used as the reference host,
as the Siderastrea siderea genome is not currently available.
Sequences from the coral endosymbiont Symbiodinium were
filtered out using the Symbiodiniumminutum genome (GenBank
DF242864.1). Host and symbiont genomic reads were filtered
out using Bowtie2, which aligned the metagenome reads to the
host and symbiont genomes. Bowtie2 was run using default
“end-to-end” parameters set to “-sensitive.” In short, both the
read and its reverse complement were aligned end-to-end to
the host and symbiont genomes. Mismatch penalties ranged
from a minimum of 2 and a maximum of 6, depending on
the quality value of the read character. A lower quality score
would lead to a lower penalty to the overall alignment score
in the case of a mismatch. Gap penalties were 5 to open a
gap, and 3 for a gap extension, for both the read and reference
sequences.

We used the program Kraken (v.0.10.5) to conduct taxonomic
assignment of the filtered metagenomics reads (Wood and
Salzberg, 2014). Paired-end reads were analyzed using the “-
-paired” option, which concatenates the pair and increases
classification sensitivity (Wood and Salzberg, 2014). Then
a custom MiniKraken database was built, comprising all
Archaea, Bacteria, Fungi, Protozoans and Viruses RefSeq released
genomes, using the k-mer length of 25. The resulting database
contained all k-mers and the lowest common ancestor of
genomes that possess any particular k-mer. Annotations were
made by alignment of metagenomic reads to k-mers in the
database. The Kraken output was then transformed into a
taxonomy table using kraken-translate, with the option “--mpa-
format.”

We also used the program ShotMAP for functional
annotations (Nayfach et al., 2015). ShotMAP utilizes Prodigal
(https://doi.org/10.1186/1471-2105-11-119) to predict genes in
unassembled shotgun reads ab initio, and compares the predicted
protein coding sequences against a protein family database using
alignment algorithms. For this analysis, KEGG (release 73.1)
was used as the reference database (Kanehisa and Goto, 2000).
ShotMAP was run using the option “–ags-method none,” as the
genome size estimation tool was not compatible with this dataset.
ShotMAP outputs for all 85 metagenomes were combined using
compare_shotmap_samples.pl.

ShotMAP outputs were sorted by KEGG identification
numbers and grouped via KEGG BRITE functional hierarchies
to level B (excluding the categories drug development, human
diseases, and organismal systems). Given that KEGG ID numbers
are often associated with multiple pathways, we calculated the
ratio of the average count of unique KEGG IDs in a pathway
and the sum of unique average counts for that KEGG ID in all
pathways. The average count of unique KEGG IDs is the average
count of all instances in each sample in which a pathway is
associated with a unique KEGG ID. The original counts in the
ShotMAP output count table were then replaced with the new
unique average counts.

The unique averages were summed for each KEGG ID (added
up unique averages of all pathways that are assigned to that
KEGG ID). Then, the unique average of each pathway assigned
to a KEGG ID was divided by the sum of unique averages of
pathways in that KEGG ID. This determines which pathways
are more abundant in the metagenomes, relative to all other
pathways that also were assigned to that KEGG ID. This approach
therefore results in a ratio that determines howwell-represented a
pathway is relative to other pathways associated with that KEGG
ID in the sampling environment. The unique average count/sum
of unique average count ratios for each KEGG pathway were used
for all subsequent analysis and statistics.

Statistical Analyses for Environmental and
Metagenomic Data
Comparisons of mean monthly temperature data from the
NOAA Molasses Buoy (a station approximately 5 km from the
experimental site) in the Upper Florida Keys were performed
using a Kruskal-Wallis and Dunn’s post-hoc test in SigmaPlot
Version 11 (Supplementary Table 3). Differences in bleaching and
disease prevalence were analyzed using generalized linear mixed
models with a binomial distribution and logit link function in
the lme4 package (Bates et al., 2015) in R (R Core Team, 2016).
To assess significance, fitted models were tested against a null
model that included only time and the random colony effect via
likelihood ratio tests.

We analyzed the effects of enrichment on bleaching and
disease severity using mixed-effects models. For these models,
we used the logit-transformed severity scores as the response
variable and included nitrogen, phosphorus, and date as
interacting fixed factors and a random effect for coral colony.
When significant effects were present, we conducted Tukey’s post-
hoc analyses using the glht() function in the multicomp package
(Hothorn et al., 2008). Treatment and time were considered fixed
effects, and a random effect was included for coral colonies. For
analyses of bleaching and disease prevalence and severity, we
excluded July data points, as July was the start of the experiment
and corals were deliberately selected to have no signs of disease
or bleaching. Additionally, we used data from our final surveys
to test for differences in the recovery of bleached tissue and tissue
mortality using two-factor ANOVA that included nitrogen and
phosphorus enrichments as interacting factors. Both the recovery
andmortality data were logit transformed tomeet assumptions of
parametric statistics.

Prior to statistical analysis, we first normalized metagenomic
taxonomic raw results to relative abundance. Differences in
taxonomic relative abundance between nutrient treatments and
over time were tested using generalized linear mixed models
using the lme4 package in R, with treatment and time as fixed
effects, and individual corals as random effects (Bates et al., 2015).
Post-hoc tests were conducted using the multicomp package in
R (Hothorn et al., 2008). Statistical analysis comparing relative
abundance of functional pathways found in the metagenomes
over time and among treatments were also done as described
above. All metagenomic data graphs were visualized using
ggplot2 (Wickham, 2009).
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We used the indicator species analysis function in Mothur
v1.39.3 (Schloss et al., 2009) to generate microbial Operational
Taxonomic Units (OTUs) indicative of the microbiome of
apparently healthy or diseased S. siderea. We used the indicator()
command with a shared OTU table and a design file containing
the relevant metadata. An indicator value, ranging from 1 to
100, decides the indicator status of an OTU in a group of pre-
determined sites or samples. The indicator value of an OTU is
a calculation of its abundance and fidelity in a group of sites
(how often the OTU is present in all sites of a group) (Dufrêne
and Legendre, 1997). Ten thousand random permutation of
sites among groups tests the statistical significance of an OTU’s
indicator species status. We used a cutoff indicator value of 30
to obtain the strongest indicators of any group. This threshold
ensures that an OTU is present in over half of the samples in a
group, and that its relative abundance in that group is at least
50% (Dufrêne and Legendre, 1997).

To check for effects of time and treatment on microbial
diversity indices, alpha and beta-diversity were measured for
both time and treatment separately and together using the
Phyloseq package in R, with the estimate_richness() function for
Chao1 calculations, and the distance() function on normalized
data for Bray-Curtis indices (McMurdie and Holmes, 2013).
Chao1 values were compared over time and between treatments
using Kruskal-Wallis and Dunn’s post-hoc test (Supplementary
Table 4). Bray-Curtis data were further analyzed using the
Adonis function in the Vegan package in R, and post-hoc
testing was performed using the RVAideMemoire package
using pairwise.perm.manova(), which conducts pairwise tests on
matrix data using Adonis (Hervé, 2017; Oksanen et al., 2017).

RESULTS

Time and Treatment Variably Affect
Agaricia sp. Bleaching
In 2013–2014, the Florida Keys experienced the warmest winter
and summer on record up to that date (Manzello, 2015). These
anomalously high temperatures were likely the main driver
of the 2014 bleaching event as portions of the Florida Keys,
including our study site, reached between 6 and 12 Degree
Heating Weeks (NOAA and Coral Reef Watch, 2014; Barnes
et al., 2015). Our experiment began on July 14th, 2014, just
preceding the NOAA bleaching alert warning for the study
area (Figure 1). The average hourly temperature on July 14th
was 29.8◦C. By August, the Upper Keys surpassed the thermal
stress thresholds (max monthly mean sea surface temperature
+ 1◦C) and significant bleaching occurred (Manzello, 2015).
During this time, the maximum mean monthly temperature at
our site was 30.8± 1.1◦C in August, with the warmest time point
within our experimental time period falling on August 15th at
31.9◦C (Figure 1). The mean daily temperature in August was
significantly higher than all other months during metagenome
sampling (Kruskal Wallis, p < 0.05).

The thermal stress event in 2014 induced severe bleaching
in our Agaricia sp. corals (Figure 2). While no corals showed
signs of bleaching in July, all corals began to bleach in

FIGURE 2 | (A) Proportion of Agaricia spp. in each treatment experiencing

bleaching during our monthly surveys. (B) The average severity of bleaching,

calculated as the percentage of colony surface area with no pigmentation,

during each survey point. (C) The average percentage of previously bleached

tissue in each colony that had regained pigment and recovered from bleaching

by January, 2015. P-values are from a two-factor ANOVA. (D) The average

percentage of each coral’s surface area that died between pretreatment

surveys in July, 2014, and final surveys in January, 2015.
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August. By early September, 100% of the Agaricia sp. corals
were bleached to some degree, regardless of nutrient treatment
(Figure 2A). However, 4 months later, in January 2015, the
control Agaricia sp. corals had mostly recovered with only
1 out of 5 control corals remaining bleached. In contrast,
bleaching prevalence in surviving enriched corals remained
between 50 and 66% depending on the treatment, however,
this effect was not statistically significant [χ2

(3)
= 1.475, p

= 0.692] Similarly, we were unable to detect an impact of
nutrients on bleaching severity in Agaricia sp., as upwards
of 90% of the surface area of all colonies were bleached
by September (Figure 2B). Interestingly, nitrogen tended to
impede recovery of bleached coral tissue (Figure 2C), although
differences were not statistically different from other nutrient
treatments [F(1, 15) = 4.053, p = 0.06]. Furthermore, reduced
recovery in nitrogen alone enriched corals coincided with
increased mortality in these corals. By January, mean tissue
loss for the control Agaricia was 67 ± 12% vs. 92.5
± 3.2% of tissue lost in nitrogen alone exposed Agaricia
(Figure 2D).

Thermal Stress Associated With Dark Spot
Syndrome in Siderastrea siderea
Across all treatments, the average prevalence of DSS in the
experimental corals increased from 0% in July, to >40% in
August, and peaked at >60% by September (Figure 3A). All
of the nitrogen alone and combined nitrogen and phosphorus
treated corals exhibited signs of disease by September. By
October, half of the diseased corals in the control treatments
had recovered (e.g., 80% in September to 40% in October) while
more than 60% of the nutrient-enriched corals showed signs of
DSS from October until January, suggesting that, like bleaching,
nutrient exposure prolongs disease signs (Figure 3A). Overall,
while a trend existed, we again did not detect a significant
effect of enrichment on DSS prevalence [χ2

(3)
= 6.25, p =

0.09].
Throughout the experiment, disease severity was lowest in

August (3.9%, p < 0.001) and highest in November (14.9%) and
December (14.8%) (Figure 3B). Disease severity in November
and December were statistically higher than in August (p <

0.001), September (p= 0.02, p= 0.005), and October (p< 0.001).
Amongst treatments, disease severity again tended to be higher
in the nutrient exposed corals, with the controls exhibiting the
lowest mean disease severity (5.4%) compared to nitrogen alone
(7.3%), phosphorus alone (12.1%), and nitrogen and phosphorus
combined (17.2%) diseased tissue levels. However, despite a
visual trend there were no statistical differences in disease severity
among nutrient types.

To track how time, treatment, or the interaction shifted
overall diversity metrics of the microbiome, we generated
shotgun metagenomes for all of the S. siderea and compared
the community structure and function among the different coral
microbiomes. There was a significant change in microbial alpha
diversity metrics overtime (Figure 4A). Post-hoc tests showed
that alpha diversity differed between August and September
(p < 0.01), September and October (p < 0.01), and July

and October (p = 0.01). September samples, which had the
highest amount of DSS recorded, had the highest overall alpha
diversity, with an average Chao1 OTU index of ∼5,277 ± 71.29
OTUs, compared to July (4,888 ± 203.44), August (4,420 ±

203.66), and October (4,130 ± 204.58) (Figure 4A). Nutrient
exposure had no significant effect on alpha-diversity (p > 0.01,
Figure 4A).

Although nutrients did not alter coral microbiome alpha
diversity, nutrient enrichment did increase microbial beta-
diversity, or sample to sample variation (Figure 4B; p = 0.01).
As visualized on an ordination plot, control samples clustered
together, while the phosphorus enriched samples were aligned
along Axis 1, and the nitrogen enriched samples were aligned
along Axis 2 (Figure 4B). Post-hoc tests showed significant
differences between the combined nitrogen and phosphorus
samples compared to control and nitrogen enriched samples (p
= 0.04 & p = 0.03, respectively). Surprisingly there were no
differences in beta-diversity over time (Adonis, p= 0.11), nor was
there a significant interaction of time and nutrient treatments on
beta-diversity (Adonis, p= 0.96).

Siderastrea siderea Microbiome
Community Structure Shifts
In addition to alpha and beta-diversity analysis, we conducted
metagenomics analysis to determine if different taxa, groups
of taxa, or functions were differential affected by time,
treatment, or the interaction. Hierarchical taxonomic and
functional analysis showed clear effects of time but few
effects of the nutrient additions on different individual or
groups of microbial organisms (Table 1). Overall the mean
number of microbial and viral annotations within the coral
metagenomes were: 3.66% Archaea, 21.19% Bacteria, 1.14%
Virus, and 61.24% Eukarya (excluding the host and symbiont).
Archaea were composed of 82.90% Euryarchaeota, 10.35%
Crenarcheota, and 6.06% Thaumarcheota. The Bacteria were
composed primarily of Proteobacteria (36.10%), Firmicutes
(28.52%), Bacteroidetes (16.15%), Actinobacteria (4.19%), and
Cyanobacteria (2.84%). The top five viral families consisted of
Myoviridae (25.98%), Siphoviridae (9.26%),Mimiviridae (7.89%),
Baculoviridae (7.61%), and Poxviridae (5.81%). Approximately
half of all the Eukaryotic reads (32.11%) were assigned as
Fungi, consisting of the following top five phyla: Ascomycota
(75.22%), Basidiomycota (17.75%), Microsporidia (1.56%),
Chytridiomycota (0.64%), and Entomophthoromycota (0.04%).
An average of 12.75% of the metagenome reads were unclassified.
While time significantly affected the composition of the
microbiome, (see below) there were no significant differences at
any taxonomic level in relative abundance of different taxonomic
groups among nutrient treatments (p > 0.01; Supplementary
Figure 2).

Coral-Associated Viral Consortia Shift
During Thermal Stress
Among the highest hierarchical categories, three taxonomic
groups significantly changed with time: viruses, Archaea, and
Fungi (Table 2). For example, viral annotations showed shifts
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FIGURE 3 | Prevalence (A) and severity (B) of Dark Spot Syndrome in Siderastrea siderea corals during the course of study. Measurements taken in July were taken

prior to nutrient treatment, while August, September, and October measurements were taken post treatment. Disease prevalence was calculated as the proportion of

diseased individuals at each time point. Disease severity was calculated as the proportion of diseased tissue in each individual.

FIGURE 4 | (A) Alpha diversity of the microbial communities associated with Siderastrea siderea over time, calculated using the Chao1 index. Microbial alpha diversity

in September was statistically different from alpha diversity metrics in August and October (Kruskal-Wallis test: p < 0.01; FDR-corrected Games-Howell post-hoc test:

p < 0.01). (B) Beta diversity was calculated using a Bray-Curtis dissimilarity matrix and plotted on an MDS (multidimensional scaling) graph. Beta-diversity metrics

were not different over time, but were instead significantly different between treatments (Adonis, p = 0.01). Pair-wise comparisons showed that the beta-diversity

metrics were different between control sites and combined nutrient sites, and nitrogen and combined nutrient sites (Adonis, p = 0.042 and 0.03).

in the early part of the coral collections, with September
corals consisting of a significantly higher relative abundance
of viral annotations compared to July (p = 0.01) and August
(p = 0.006) (Figure 5). The relative abundance of viral reads
went from 1.07% in July, to 1.24% in September, declining
again to 1.12% in October. A large part of this increase in
viral annotations came from the order Caudovirales (dsDNA
bacteriophages) which were significantly higher in September
compared to July (p = 0.005) and August (p = 0.03) (Table 2).
These September samples contained a higher abundance of
annotations assigned to the family Myoviridae than July (p =

0.002) and August samples (p = 0.007) where they increased
from∼25% in July and August to 29.34% in September (Table 2).
Around 70% of the Myoviridae annotations were unclassified,
while 23.11% were classified as T4-like viruses. In October,
Myoviridae annotations decreased back to 25.58%, similar to
those in July (23.61%) and August (23.73%) samples (Table 2).
Of the eukaryotic viral families, only the Poxviridae were found
to change over time. Annotations to these nucleocytoplasmic
large DNA viruses were highest in July, but then decreased in
relative abundance in September (p = 0.03) and October (p =

0.013).
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TABLE 1 | Mean relative taxonomic composition and standard error of the mean of different microbial groups identified from Siderastrea siderea coral metagenomes.

Month Treatment Archaea (%) Bacteria (%) Fungi (%) Protozoan (%) Virus (%) Unclassified (%)

July Control 3.61 ± 0.05 21.09 ± 0.24 32.16 ± 0.15 29.39 ± 0.17 1.1 ± 0.02 12.66 ± 0.25

July Nitrogen 3.71 ± 0.09 21.89 ± 0.92 30.62 ± 0.46 29.97 ± 0.66 1.05 ± 0.01 12.76 ± 0.49

July Nitrogen + Phosphorus 3.87 ± 0.04 22.48 ± 0.42 32.23 ± 0.42 28.32 ± 0.31 1.11 ± 0.02 11.99 ± 0.21

July Phosphorus 3.57 ± 0.07 20.72 ± 0.52 31.99 ± 0.23 29.49 ± 0.42 1.07 ± 0.02 13.16 ± 0.35

July Seawater 3.88 ± 0.1 33.76 ± 1.27 22.6 ± 0.56 24.19 ± 0.32 1.59 ± 0.03 13.99 ± 0.46

August Control 3.62 ± 0.04 20.94 ± 0.23 31.94 ± 0.19 29.56 ± 0.21 1.11 ± 0.02 12.82 ± 0.31

August Nitrogen 3.6 ± 0.08 20.82 ± 0.23 31.85 ± 0.48 29.44 ± 0.19 1.12 ± 0.02 13.17 ± 0.6

August Nitrogen + Phosphorus 3.49 ± 0.04 21.08 ± 0.89 32.69 ± 0.62 28.5 ± 1.25 1.03 ± 0.04 13.21 ± 0.31

August Phosphorus 3.58 ± 0.07 20.46 ± 0.29 32.08 ± 0.34 29.78 ± 0.22 1.06 ± 0.01 13.04 ± 0.46

August Seawater 3.72 ± NA 31.67 ± NA 21.09 ± NA 25.61 ± NA 1.68 ± NA 16.23 ± NA

September Control 3.8 ± 0.05 22.74 ± 1.64 30.8 ± 1.67 28.32 ± 0.93 1.56 ± 0.39 12.78 ± 0.54

September Nitrogen 3.76 ± 0.06 21.14 ± 0.15 32.42 ± 0.15 29.23 ± 0.07 1.17 ± 0.02 12.28 ± 0.28

September Nitrogen + Phosphorus 3.8 ± 0.05 22.9 ± 1.69 30.71 ± 1.87 28.16 ± 0.81 1.47 ± 0.29 12.97 ± 0.68

September Phosphorus 3.67 ± 0.04 20.98 ± 0.19 32.84 ± 0.36 28.83 ± 0.38 1.14 ± 0.02 12.55 ± 0.16

September Seawater 3.58 ± NA 20.32 ± NA 32.07 ± NA 29.75 ± NA 1.12 ± NA 13.16 ± NA

October Control 3.64 ± 0.02 20.67 ± 0.13 32.41 ± 0.23 29.63 ± 0.2 1.14 ± 0.02 12.51 ± 0.2

October Nitrogen 3.66 ± 0.08 20.65 ± 0.26 32.55 ± 0.31 29.37 ± 0.13 1.15 ± 0.02 12.63 ± 0.43

October Nitrogen + Phosphorus 3.59 ± 0.11 21.01 ± 0.36 34.1 ± 1.07 28.15 ± 1.05 1.04 ± 0.06 12.1 ± 0.35

October Phosphorus 3.64 ± 0.08 20.78 ± 0.31 32.97 ± 0.47 29.15 ± 0.37 1.1 ± 0.02 12.35 ± 0.45

October Seawater 3.73 ± 0.01 27.24 ± 0.72 22.84 ± 0.36 26.45 ± 0.2 3.67 ± 0.24 16.07 ± 0.07

Data are separated by time (month of sampling) and treatment (control, nitrogen alone, phosphorus alone, and nitrogen and phosphorus combined).

TABLE 2 | Statistically significant shifts in taxonomic groups across time in Siderastrea siderea metagenomes as measured by generalized linear mixed models with

Tukey’s post-hoc test.

Taxonomic Shifts July (%) August (%) September (%) October (%) Pairwise comparisons

ARCHAEA

Thermoplasmata 2.78 ± 0.025 2.91 ± 0.053 2.85 ± 0.027 2.84 ± 0.069 *July < August

Thermococci 6.17 ± 0.094 6.45 ± 0.091 6.20 ± 0.093 6.68 ± 0.119 **July < October; *September < October

Desulfurococcaceae 1.38 ± 0.018 1.45 ± 0.022 1.39 ± 0.018 1.41 ± 0.022 *July < August

FUNGI

Agaricales 3.27 ± 0.028 3.24 ± 0.027 3.33 ± 0.023 3.33 ± 0.025 **August < September; **August < October

Magnaporthales 1.25 ± 0.0084 1.25 ± 0.011 1.25 ± 0.0085 1.30 ± 0.013 *August < October; *September < October

Tremellales 1.59 ± 0.014 1.57 ± 0.017 1.60 ± 0.012 1.62 ± 0.019 **August < October

VIRUS

Caudovirales 39.17 ± 0.27 40.05 ± 0.68 45.35 ± 2.43 40.35 ± 0.54 **July < September; *August < September

Myoviridae 23.67 ± 0.20 24.15 ± 0.35 28.99 ± 2.06 24.60 ± 0.46 **July < September; **August < September

Poxviridae 6.39 ± 0.15 5.82 ± 0.19 5.39 ± 0.22 5.71 ± 0.15 *September < July; *October < July

*p < 0.05; **p < 0.01.

Coral-Associated Archaea Shift in
Abundance During Warming
Along with the viruses, there were shifts in the Archaea
associated with the Siderastraea corals. At the class level, the
Thermoplasmata had lower abundance in July (2.78%) than in
August (2.91%; p = 0.02). In the case of Thermococci, the
October metagenome contained higher relative abundance of
6.68% compared to 6.16% in July (p < 0.001) and 6.20% in
September (p = 0.02). This class consisted solely of the order
Thermococcales, and within that, the family Thermococcaceae.

Additionally, the relative abundance of Desulfurococcaceae in
July (1.38%) was lower than that in August (1.45%) (p= 0.045).

Coral-Associated Fungi Shift Across the
Thermal Stress Event
Within the Eukaryotes there was a statistically significant
change in fungal orders over time, with several orders of
low relative abundance fungi becoming more abundant in
the October metagenomes. Agaricales, a Basidiomycota, had
a relative abundance of 3.24% in August and increased to
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FIGURE 5 | Taxonomic distribution of Siderastrea siderea coral microbiomes from metagenome analysis over time. Results are normalized as the relative abundance

of each taxa at every time point. The microbiome composition among domains remained relatively stable throughout time, except for viral annotations. The relative

abundance of viral annotations was higher in September, compared to July (p = 0.01) and August (p < 0.01). *p ≤ 0.05; **p ≤ 0.01.

3.33% in September (p < 0.001) and October (p = 0.008).
Another Basidiomycota, the Tremellales, also had higher relative
abundance in October, 1.62%, compared to August (1.57%;
p = 0.001). The Sordariomycetes order, Magnaporthales, had
a higher relative abundance of 1.30% in October compared
to 1.25% in August (p = 0.03), and 1.25% in September
(p= 0.01).

Indicator Species of Healthy Coral
Microbiomes
We conducted indicator species analysis on healthy and diseased
S. siderea microbial metagenome samples to find the taxa
most indicative of either healthy or diseased states. The
indicator species of apparently healthy S. siderea included
solely fungi and viruses. Fungal indicators include Olpidium
brassicae, an unclassified Entomophthoromycete, Polychytrium
aggregatum in the order Polychytriales, and Pluteus saupei,
in the order Agaricales. Fourteen virus families also showed
up as indicator taxa in healthy S. siderea microbiomes.
These include Astroviridae, Baculoviridae, two OTUs within
Betaflexiviridae, Bromovoridae, Circoviridae, Closteroviridae,
two OTUs within Geminiviridae, Nyamiviridae, two OTUs
in Polyomaviridae, Potyviridae, Secoviridae, two OTUs within
Siphoviridae, Tombusviridae, and two OTUs within Totiviridae.
Interestingly, we found no taxa indicative of diseased S. siderea
microbiomes.

Coral Microbiome Function Is Altered
During Thermal Stress
One advantage of metagenomes is the ability to quantify shifts
in both the taxonomic structure of a microbiome as well as the
functional potential of that community. Overall the functional
potential of the coral microbiome showed the following
distribution of classified functions: 9.77% Cellular Processes,
14.75% Environmental Information Processing, 24.23% Genetic
Information Processing, and 51.25% Metabolism. We found
that the functional potential of the coral microbiomes shifted

across time but not with treatment (Table 3). Within the
broadest hierarchical level, KEGG category 1, there was a
higher abundance of genes for “genetic information processing”
in October (24.75%) compared to July (23.91%; p = 0.008).
This category houses the subcategories of “transcription,”
“translation,” “folding,” “sorting and degrading,” and “replication
and repair.” Genes for “translation” were more abundant in
October (9.51%) compared to July (9.29%) (p = 0.02), and
genes for “replication and repair” were found to be lowest,
at 6.76%, in July, compared to 6.92% in August (p = 0.04),
6.98% in September (p < 0.001), and 6.95% in October (p <

0.001).
In contrast, genes for “amino acid metabolism” were lower

in October (9.05%) than July (9.66%) (p = 0.03) and September
(9.89%) (p = 0.04) while genes for “metabolism of cofactors and
vitamins” were also lower in October (6.62%) compared to July
(6.84%) (p= 0.02). Lastly, genes for “xenobiotics biodegradation
and metabolism” were more abundant in July (1.25%) and
September (1.21%) compared to August (1.18%) (p = 0.02) and
October (1.13%) (p < 0.001, p= 0.01).

Within the highest resolution KEGG categories, the
subcategory “genetic information processing” showed that
only a few genes increased in abundance over time while
many were reduced. For example, genes for “homologous
recombination” were higher in October (1.52%) than in
July (1.45%; p < 0.001) while “nucleotide excision repair”
genes were more abundant in September (1.49%) than in
October (1.36%; p = 0.007). But genes assigned to functional
subcategories within “environmental information processing,
cellular processes, and metabolism” tended to be more abundant
in July compared to later months with “ABC transporter”
genes higher in July (4.89%) than September (4.77%; p =

0.001) and October (4.81%; p = 0.04), and genes for the
“two-component system” also being elevated in July (3.03%)
compared to September (2.86%; p = 0.001). “Photosynthesis”
genes were more abundant in July (0.26%) than in August
(0.23%; p = 0.008), and genes for “alanine, aspartate, and
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TABLE 3 | Statistically significant shifts in functional assignments across time in Siderastrea siderea metagenomes as measured by generalized linear mixed models with

Tukey’s post-hoc test.

Functional Shifts July (%) August (%) September (%) October (%) Pairwise comparisons

KEGG 1

Genetic information processing 23.91 ± 0.22 24.34 ± 0.18 24.01 ± 0.28 24.75 ± 0.09 **July < October

KEGG 2

Amino acid metabolism 9.66 ± 0.14 9.50 ± 0.16 9.89 ± 0.33 9.05 ± 0.10 *October < July;

*October < September

Metabolism of cofactors and vitamins 6.84 ± 0.042 6.71 ± 0.051 6.87 ± 0.073 6.62 ± 0.055 *October < July

Replication and repair 6.76 ± 0.052 6.92 ± 0.050 6.98 ± 0.021 6.95 ± 0.036 *July < August;

**July < September;

**July < October

Translation 9.29 ± 0.089 9.42 ± 0.050 9.28 ± 0.050 9.51 ± 0.043 *July < October

Xenobiotics degradation and metabolism 1.25 ± 0.026 1.18 ± 0.019 1.21 ± 0.011 1.13 ± 0.027 *August < July;

**October < July;

*October < September

KEGG 3

ABC transporters 4.89 ± 0.019 4.81 ± 0.024 4.77 ± 0.022 4.81 ± 0.030 **September < July;

*October < July

Alanine, aspartate, and glutamate metabolism 1.43 ± 0.027 1.40 ± 0.036 1.46 ± 0.042 1.30 ± 0.026 **October < July;

**October < September

Homologous recombination 1.45 ± 0.014 1.49 ± 0.009 1.49 ± 0.008 1.52 ± 0.019 **July < October

Nucleotide excision repair 1.43 ± 0.020 1.43 ± 0.017 1.49 ± 0.035 1.36 ± 0.019 ** October < September

Two-component system 3.03 ± 0.058 2.90 ± 0.036 2.86 ± 0.023 2.92 ± 0.039 **September < July

Photosynthesis 0.26 ± 0.023 0.23 ± 0.017 0.26 ± 0.034 0.23 ± 0.015 **August < July

*p < 0.05; **p < 0.01.

glutamate metabolism” were higher in July (1.43%; p = 0.007)
and September (1.46%; p = 0.007) compared to October
(1.30%).

Thermal Stress Shifts the Microbiomes of
DSS Afflicted Corals
Although there is no ascribed etiological agent responsible for
DSS, by subdividing the data into corals with and without
DSS, we found metagenomic evidence that corals experiencing
DSS are unique microbiologically. Like nutrient exposure, DSS
samples exhibited increased beta-diversity (Adonis, p = 0.011)
compared to apparently healthy ones (Figure 6A). However,
there was no significant difference in alpha diversity (Chao1
index) between DSS and non-DSS coral microbiomes (Welch’s
T-test, p = 0.24). To test if the thermal stress event altered
the microbiomes, we compared only the August 2014 DSS (n
= 10) and apparently healthy samples (n = 8) to another
metagenomic dataset (n = 42) from coral mucus collected in
August 2012. The 2012 samples (23 DSS and 19 apparently
healthy) came from S. siderea corals that were either exposed to
nutrient enrichment or control conditions. Compared to 2014,
the 2012 samples were only experiencing moderate thermal
stress (∼6 DHW) (Zaneveld et al., 2016). The 2012 DSS and
apparently healthy corals had indistinguishable microbiomes
regardless of treatment and disease, and they clustered separately
from the 2014 microbiome samples (Figure 6B, Adonis,
p ≤ 0.001).

DISCUSSION

In 2014, corals in the Florida Keys experienced severe thermal
stress of 6–12 degree heating weeks depending on location. We
found that this thermal anomaly was associated with increased
bleaching and disease alongside changes in the alpha diversity
of the microbiome and distinct shifts in different groups of taxa
associated with the corals, particularly fungi and viruses. Shifts
in the function of the microbiomes were also correlated with
time. Nutrient exposure, on the other hand, only caused clear
shifts in beta-diversity of the microbiomes, a finding that was
independent from time, and thus likely not a result of the thermal
anomaly.

Nutrient Exposure May Prolong
Temperature-Mediated Bleaching in
Agaricia Corals
Nutrient exposed corals were more likely to remain bleached 5
months after thermal stress compared to control corals. Though
all Agaricia spp. corals bleached after the thermal stress event
in August, recovery trended in favor of the corals in ambient
conditions (80% recovered), compared to the corals in nutrient-
stressed conditions (less than 50% recovered) (Figure 2A). All
corals experienced high bleaching severity after thermal stress
in August, however, only control corals and corals exposed to
phosphorus completely recovered by January; corals exposed
to nitrogen alone, or nitrogen and phosphorus did not fully
recover by the end of the experiment (Figure 2B). Though not
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FIGURE 6 | (A) Multidimensional scaling graph of beta diversity of microbial communities of Siderastrea siderea samples broken into diseased and healthy groups.

The microbiome of the diseased corals was statistically different from the microbiome of the healthy corals (Adonis, p = 0.01). (B) Multidimensional scaling graph of

beta diversity of microbial communities of Siderastrea siderea corals. The 2012 data points were taken from Siderastrea siderea microbial metagenome data from a

nutrient-enrichment experiment conducted in August of 2012. The 2014 data points were metagenomes from the current dataset sampled in August of 2014, which

was subject to nutrient enrichment and high water temperatures. There was no statistical difference between the diseased and healthy microbiomes in 2012 and

2014, but there was a difference between the 2012 and 2014 samples (Adonis, p < 0.01).

of statistical significance, likely due to our low replication within
each category, these trends suggest that nitrogen and phosphorus
behave in different ways to influence susceptibility and resilience
to bleaching.

Corals Disease Linked to Thermal Stress
Disease prevalence in all S. sideraea corals (Figures 3A,B) went
from 0% in July 2014 to ∼80% within 2 months. DSS declined
by October to 40% in the controls but remained steady at
this level until January when we ended the experiment. This
was a somewhat unexpected finding, as although a single
study has also found that DSS prevalence can increases with
higher water temperatures (Gil-Agudelo and Garzón-Ferreira,
2001), DSS generally peaks in the winter months, not the
summer (Borger, 2005; Gochfeld et al., 2006). Interestingly, the
prevalence of disease also remained above 50% from September
to the conclusion of the experiment for all nutrient treatments,
suggesting only in the presence of elevated nutrients do such
thermal events reduce coral resilience by prolonging disease
and/or preventing recovery.

Siderastrea siderea Disease and Microbial
Diversity
Diversity within the S. siderea microbiome changed significantly
across time with alpha diversity peaking in September across all
treatments. Interestingly, the September alpha diversity metrics
also had low variability compared to samples from other months.
In contrast to microbial alpha diversity, the beta diversity of
the metagenome samples varied with both nutrient treatment
and disease status. In particular, we found that beta-diversity
in the combined nitrogen and phosphorus enriched corals
differed from both the control and the nitrogen-treated corals.

Similarly, DSS-afflicted coral microbiomes clustered separately
from healthy colonies, linking DSS with the coral microbiome,
although it is unclear if this is a cause or an effect. Yet this increase
and difference in beta diversity in the microbiomes of stressed
and diseased corals aligns with the Anna Karenina principle,
which states that the microbiomes of stressed animals are usually
in an unstable dysbiosis, due the host being unable to regulate its
microbial community (Zaneveld et al., 2017).

We used metagenomics instead of 16S analysis because we
and others had previously found no correlation in microbial
taxa shifts associated with DSS using 16S analysis. (Borger, 2005;
Kellogg et al., 2014; Meyer et al., 2016). Using this approach, we
again found no single taxon or groups of taxa that were associated
with the disease. Yet in a study focusing on Stephanocoenia
intersepta, the microbes of healthy and diseased patches of coral
were characterized and found to differ among health states (Sweet
et al., 2013). In DSS lesions, but absent in healthy tissue, four
types of pathogenic bacteria were identified (Corynebacterium,
Acinetobacter, Parvularculaceae, and Oscillatoria) along with the
pathogenic fungi, Rhytisma acerinum, implicating that DSS in
S. intersepta is caused not by a single pathogen but rather by
a collection of taxonomically diverse microbes (Sweet et al.,
2013). More recently, the transmission of DSS between S. siderea
individuals was also experimentally tested, but there was no
evidence of direct or indirect (water-borne) transmission of DSS
symptoms, suggesting that DSS is not an infectious disease but
rather a physiological one (Randall et al., 2016).

We have now extensively analyzed two metagenomic datasets
of apparently healthy and DSS afflicted S. siderea from two
different years (2012 and 2014) that were significantly different
in terms of the ambient conditions present. Our indicator species
analysis showed a plethora of viral and fungal taxa associated with
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a healthy coral microbiome, but no indicator species was found
for DSS-afflicted coral samples. This provides further evidence
that there is likely no pathogen responsible for DSS, although
these negative results could be due to the low power of our
experiment design. However, given that we find increased beta-
diversity in the DSS microbiomes, it is not surprising that we
found no taxa or group of taxa that are exclusively associated
or significantly elevated in DSS corals. These collective data
contribute to the growing body of thought that the signs of
this disease are likely manifestations of an alteration of host
physiology as a response to severe temperatures and nutrient
pollution and that one is manifested as increased instability of
the microbiome.

Thermal Anomaly Associated With
Taxonomic and Functional Microbiome
Shifts
Although there was no significant shift in microbial taxa from
nutrient exposure, we did find shifts in certain virus, Archaea,
and Fungi over time. Because changes in time and temperature
in this experiment were inherently connected, we hypothesize
that these taxonomic shifts were directly related to changes
in seawater temperatures or some covariate(s). We found a
higher proportion of the virus order Caudovirales in September
metagenomes compared to other months. Phages targeting
bacteria and archaea are the most abundant viral types found
in scleractinian corals (Vega Thurber et al., 2017). These phages
are crucial in shaping the coral microbiome and controlling
microbial populations. Phages serve as a lytic barrier against
potential pathogens (Sweet and Bythell, 2017) and have been
described as non-host-derived immunity (Barr et al., 2013).
The viral order Caudivirales has consistently been found in
coral viromes (Wood-Charlson et al., 2015; Vega Thurber
et al., 2017; Weynberg et al., 2017), with its top three families
being Siphoviridae, Podoviridae, and Myoviridae. Most of the
Caudovirales reads from this experiment were assigned to the
Myoviridae family, which consisted mainly of T4-like viruses.
The abundance of these lytic phages suggests a high turnover of
the microbial community, and may also have obscured any shifts
in the bacterial community, including any potential pathogens.

The family Poxviridae had a higher relative abundance in
July, the start of the experiment, compared to September and
October, but there was no dominating viral genus within this
family. Members of Poxviridae infect insects and terrestrial
vertebrates such as humans and birds, but have also been found
in dolphins, whales, and sea lions (Bracht et al., 2006). Marine
Poxviridae often make up the top five viral families found in
coral viromes (Vega Thurber et al., 2017; Weynberg et al.,
2017). These eukaryotic viruses either infect the coral host or
eukaryotic members of the microbiome, yet this taxon tends to
be more abundant in healthy coral viromes compared to diseased
or bleached viromes (Vega Thurber et al., 2017), which may
explain the decline of the relative abundance of Poxviridae in S.
sidereametagenomes as thermal stress increased and coral health
declined. Interestingly, neither Myoviridae nor Poxviridae were
identified as indicator species for a healthy S. sidereamicrobiome.

However, the plethora of viral OTUs found to be indicative of
the microbiome of a healthy coral host show the importance of
viruses in shaping the coral-associated microbial community.

The Archaeal members of the S. siderea holobiont consisted
mainly of Crenarchaeota and Euryarchaeota. While they are
not known to form species-specific symbioses with their coral
host, they are hypothesized to participate in nutrient cycling
(Wegley et al., 2004). For example, it is hypothesized that the
Crenarchaeota turn over nitrogen via ammonia oxidation (Siboni
et al., 2008). In this study, we did not find any correlation
between Archaeal communities and nutrient exposure. Instead,
we found three Archaeal members of the microbiome to
shift across time. Both the Euryarchaeota, Thermoplasmata,
and the Crenarchaeota, Desulfurococcaceae, had higher relative
abundance in August, when seawater temperature reached its
peak.

Fungi, particularly endolithic fungi, have long been
acknowledged as endemic members of the scleractinian
coral holobiont (Bentis et al., 2000; Ainsworth et al., 2017).
Though most marine fungi are thought to be opportunistic, with
the exception of Aspergillus sydowii, the confirmed pathogen of
Caribbean sea fans (Smith et al., 1996), the role of endolithic
fungi in coral tissue has yet to be confirmed. These fungi are
hypothesized to participate in nutrient cycling by participating in
symbiotic relationships with nitrogen-fixing bacteria. One early
metagenome study of the Porites astreoides holobiont found
fungal reads to make up the majority of classified eukaryotic
sequence sequences (Wegley et al., 2007). Most of these fungal
reads consisted of Ascomycota, which are in many healthy coral
holobionts (Wegley et al., 2007). Similarly, Ascomycota made
up 75% of the fungal reads in this study. Ascomycetes also
dominated the fungal community in another coral metagenome
study of the Porites compressa holobiont (Vega Thurber et al.,
2009), but in that study, nutrient enrichment did not affect
the composition of the fungal community. Again, we saw the
same result in this study, in which certain fungal orders shifted
with time and temperature, but not with nutrient addition.
Other hypothesized roles of these fungi include competition
with algal members of the holobiont, contribution to coral
resistance to disease and bleaching, and parasitism upon the
coral host (Yarden, 2014; Ainsworth et al., 2017). In this study,
we found an Entomophthoromycete, a Chytridiomycete, and
an Agaricomycete as fungal indicator species of healthy S.
siderea, showing that at least some fungal species exist in
either a commensal or mutualistic relationship with the coral
host.

Functional analysis of the S. siderea microbial metagenome
showed several contrasts between the start of the nutrient
enrichment experiment in July, and the end of metagenome
sampling in October. Prior to the bleaching event there
was a higher relative abundance of genes for metabolism of
cofactors and vitamins, and metabolism of amino acids—in
particular alanine, aspartate, and glutamate. Additionally, prior
to the thermal stress there was a higher relative abundance
of photosynthesis genes (compared to August), two-component
system genes (compared to September), ABC transporter genes
(compared to September and October), and genes for xenobiotics
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biodegradation and metabolism (compared to August and
October).

In contrast, microbial metagenomes of the latter months
showed distinct functional potential. This manifested in the
higher abundance of genes in October metagenomes for
translation, replication and repair, homologous recombination,
and a higher abundance of genes for nucleotide excision repair
in September. The elevation of these genes categories could be
interpreted as a shift in the community to more stress resistant
taxa as a result of the thermal anomaly.

CONCLUSIONS

We conducted an in situ nutrient enrichment experiment in the
Upper Florida Keys on Agaricia sp. and Siderastrea siderea corals
in 2014, which coincided with a bleaching event due to a thermal
anomaly. These unique environmental conditions allowed us to
study the effects of high temperature and nutrient pollution on
these corals. Elevated temperatures resulted in higher bleaching
prevalence and severity of Agaricia sp. regardless of nutrient
treatment and resulted in higher disease prevalence and severity
in Siderastrea siderea. In the Siderastrea siderea metagenomes,
there were several shifts in viral, archaeal, and fungal families
across sampling time points, most notably a severe increase in the
Myoviridae viruses associated with the aftermath of the thermal
anomaly. Interestingly, we found no microbial taxa correlated
with DSS.

Experimental Design Considerations and
Future Work
Due to the low number of replicates in each coral category,
there was a likelihood of Type II errors (false negatives). For
example, many statistical tests failed to meet the standard p-
value requirements after multiple corrections tests, especially
since many animals died during the experiment. Trends in our
data are thus likely suggestive of important patterns that should
be tested and confirmed in the future. Repeat experiments with
a higher number of replicates are suggested to provide better
statistical power. Additionally, we acknowledge that many of
our statistically significant results show shifts in the relative
abundance of taxonomic or functional assignments of less
than 3%. Whether these shifts are biologically significant and
meaningful is debatable. However, for some groups, even small
changes that occur in the background of host and symbiont
genetic information is likely to be biologically important. In

particular, viral genomes are typically many orders of magnitude
shorter in length than bacterial or eukaryotic genomes, thus
they make up a very small percentage of any host associated
metagenome. Additionally, in other systems, it is well established
that presence and absence of rare taxa have been found to
be significant due to potentially high metabolic activity of low
abundance bacteria and fungi members of microbial consortia
(Kurm et al., 2017). Therefore, any statistically significant shift
in the taxonomic composition of viruses could have meaningful
consequences in the microbial community. Yet for shifts we
discovered within fungi and Archaea, interpretations of such
small shifts in the relative abundance of genes associated with
these taxa should be tempered.

Lastly, to confirm the hypothesis that DSS is a physiological
stress response, and not caused by a disease agent, we
suggest future work to include transcriptome analysis of
DSS-infected S. siderea, and the transcriptome analysis
of the Symbiodinium associated with DSS-infected S.
siderea. Studying differential gene expression in DSS-
afflicted and healthy corals and Symbiodinium can provide
answers for disease symptom initiation, progression, and
restriction.
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