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Thermal stress increases community diversity, community variability, and the abundance
of potentially pathogenic microbial taxa in the coral microbiome. Nutrient pollution,
such as excess nitrogen can also interact with thermal stress to exacerbate host
fitness degradation. However, it is unclear how different forms of nitrogen (nitrate vs.
ammonium/urea) interact with bleaching-level temperature stress to drive changes in
coral microbiomes, especially on reefs with histories of resilience. We used a 13-month
field experiment spanning a thermal stress event in the Austral summer of 2016 on
the oligotrophic fore reef of Mo’orea, French Polynesia to test how different forms of
nitrogen (nitrate vs. urea) impact the resistance and resilience of coral microbiomes. For
Acropora, Pocillopora, and Porites corals, we found no significant differences in diversity
metrics between control, nitrate-, and urea-treated corals during thermal stress. In fact,
thermal stress may have overwhelmed any effects of nitrogen. Although all three coral
hosts were dominated by the bacterial clade Endozoicomonas which is a proposed
beneficial coral symbiont, each host differed through time in patterns of community
diversity and variability. These differences between hosts may reflect different strategies
for restructuring or maintaining microbiome composition to cope with environmental
stress. Contrary to our expectation, post-stress microbiomes did not return to pre-
stress community composition, but rather were less diverse and increasingly dominated
by Endozoicomonas. The dominance of Endozoicomonas in microbiomes 10 months
after peak sea surface temperatures may suggest its ability to utilize host metabolic
products of thermal stress for a sustained competitive advantage against other microbial
members. If Endozoicomonas is a beneficial coral symbiont, its proliferation after warm
summer months could provide evidence of its ability to mitigate coral holobiont dysbiosis
to thermal stress and of resilience in coral microbiomes.
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INTRODUCTION

Coral reef ecosystems are exceptionally vulnerable to rapid
increases in sea surface temperatures. Driven by climate
change, coral bleaching events are increasing in frequency
and intensity, inspiring extensive efforts to understand the
breakdown of the symbiotic association between the coral host
and its photosynthetic dinoflagellate endosymbionts of the family
Symbiodiniaceae (Bourne et al., 2008; Hughes et al., 2018;
Sully et al., 2019). Similarly, bacterial members of the coral
holobiont are sensitive to changing environmental conditions but
have been evaluated less extensively under increasing seawater
temperatures. Research on bacterial community dynamics under
temperature stress demonstrates shifts to more disease-associated
states, increases in community variability, compromised function
of beneficial microbiota, and selection for potentially pathogenic
bacteria (Ritchie, 2006; Bourne et al., 2008; Thurber et al., 2009;
Mouchka et al., 2010; Maher et al., 2019). Given that coral
microbiota are thought to play an important role in nutrient
cycling and antimicrobial protection (Ritchie, 2006; Wegley et al.,
2007), it is important to understand how their response to
thermal stress events can mitigate or exacerbate host survival and
ecosystem resilience.

Nutrient enrichment resulting from human activities is an
important contributor to coral reef decline (Szmant, 2002;
Fabricius, 2011). Elevated inorganic nutrients (i.e., nitrogen
and phosphorus) can induce profound changes in the benthic
communities of coastal ecosystems, fostering the growth of
macroalgae and increasing the prevalence of coral diseases
(McCook et al., 2001; Burkepile and Hay, 2006; Vega Thurber
et al., 2014). In addition, nutrient enrichment may affect coral
physiological traits, such as growth and reproductive effort and
may impair coral thermal tolerance to bleaching (Wooldridge,
2009; Cunning and Baker, 2013; D’Angelo and Wiedenmann,
2014). That said, recent studies indicate these effects may
depend on the chemical form (i.e., nitrate, ammonium, urea)
and source of nitrogen, as well as on the stoichiometry of the
N:P (Wiedenmann et al., 2013; Shantz and Burkepile, 2014).
Both laboratory and field experiments show negative effects of
elevated nitrate levels derived from anthropogenic sources on
coral growth rate, bleaching prevalence and duration—especially
when coupled with low levels of phosphorus (Wiedenmann et al.,
2013; Ezzat et al., 2015; Burkepile et al., 2019). In contrast,
fish-derived nutrients such as ammonium and urea have either
neutral or beneficial effects on coral growth, photosynthesis, and
bleaching tolerance (Béraud et al., 2013; Shantz and Burkepile,
2014; Ezzat et al., 2015; Allgeier et al., 2017; Burkepile et al., 2019;
Ezzat et al., 2019b).

While the effects of excess nitrogen levels on coral physiology
have been well-documented, less is known about their potential
to alter coral-associated bacterial communities, especially when
combined with stressors such as ocean warming. For corals
maintained in aquaria, both nitrate and ammonium were
sufficient to destabilize the coral-associated bacterial community,
although ammonium-treated corals remained more similar
compositionally to controls than nitrate-treated corals (Maher
et al., 2019; Rice et al., 2019). In the Florida Keys, nitrogen

and phosphorous enrichment made corals more susceptible to
mortality from predation, above-average seawater temperatures,
and bacterial opportunism (Zaneveld et al., 2016). In fact, during
that multi-year experimental enrichment, nutrient loading
increased both the prevalence and severity of coral disease and
bleaching (Vega Thurber et al., 2014).

To understand the interacting effects of nutrients and
bleaching on coral microbiomes in a coral depauperate reef, we
previously enriched corals with nutrients during a 2014 bleaching
event in the Florida Keys (Wang et al., 2018). The Florida Keys,
like many Caribbean reefs, have experienced deterioration since
the 1980s leading to phase shifts from coral- to algal-dominated
reefs that show little evidence of reversibility or recovery (Rogers
and Miller, 2006; Maliao et al., 2008). From Siderastrea siderea
coral metagenomes, we found that nutrient enrichment alone
increased microbial community beta diversity throughout the
bleaching event but had no interacting effects with temperature.
This supports mounting evidence that microbial community
diversity increases with stress (McDevitt-Irwin et al., 2017)
potentially reflecting microbiome destabilization or dysbiosis
(van Oppen and Blackall, 2019). In sharp contrast to the Florida
Keys which remain in a state of low total coral cover, the fore
reef of Mo’orea, French Polynesia, has recovered from numerous
landscape-scale perturbations within about a decade with total
coral cover reaching ∼50% in 2019 (Adjeroud et al., 2002, 2009;
Berumen and Pratchett, 2006; Penin et al., 2007; Adam et al.,
2011, 2014; Trapon et al., 2011; Holbrook et al., 2018). Mesocosm
experiments on Pocillopora meandrina microbiomes in Mo’orea
showed that while nutrients and the interaction between nutrient
enrichment and high temperature had an effect on individual
members of the microbiome, temperature alone had the strongest
effect on alpha and beta diversity overall (Maher et al., 2019).
However, the temperature stress applied in the experiment was
not sufficient to induce bleaching or mortality (Rice et al., 2019).
To extend this previous work to a natural system, we assessed the
response of coral microbiomes to combined nutrient and thermal
stress in situ on the historically resilient fore reef of Mo’orea.

This study investigated how the availability of different
types of nitrogen (nitrate vs. urea) influenced the community
composition of coral microbiomes during a bleaching event on
the oligotrophic fore reef in Mo’orea, French Polynesia. We
included coral genera susceptible to thermal stress, Acropora
and Pocillopora, and a more resistant genus, Porites (Burkepile
et al., 2019). Over 13 months, we sampled members of each
species from plots that were either maintained as controls
or continuously enriched with nitrate or urea. We used high
taxonomic resolution based on sub-operational taxonomic units
to assess the compositional variability of Acropora, Pocillopora,
and Porites microbiomes before, during, and after a bleaching
event in the 2016 Austral summer. The goal of our study was
to evaluate how different nitrogen sources interact with seawater
warming to drive changes in bacterial community dynamics. We
hypothesized that stress would lead to dysbiosis of the microbial
community resulting in increased diversity and between-sample
variability, and that communities would demonstrate resilience
by returning to their initial state after the stress event.
Additionally, we expected nitrate to exacerbate community
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dysbiosis induced by increased seawater temperatures compared
to ambient nutrient conditions, while urea would have no
interacting effects with temperature.

MATERIALS AND METHODS

Design of the Nutrient Enrichment
Experiment
To test how temperature stress interacted with nitrate and urea
enrichment to reorganize coral microbiomes, we conducted
a 13-month enrichment experiment at 10 m depth on the
north shore of Mo’orea, French Polynesia (17◦30′S, 149◦50′W)
(Burkepile et al., 2019). Mo’orea is a high-relief volcanic island
at the eastern end of the Society Island archipelago with a
well-developed lagoon and barrier reef formation. Conditions
on the fore reef are relatively oligotrophic (0.28 ± 0.19 µM
DIN (mean ± SE); 0.14 ± 0.05 µM SRP; Alldredge, 2019)
with coral cover approaching 50% at the study site when
our experiment began (Holbrook et al., 2018). The coral
community was dominated by Acropora spp. (primarily Acropora
retusa, Acropora hyacinthus, Acropora globiceps), Pocillopora spp.
(primarily Pocillopora verrucosa, Pocillopora meandrina, and
Pocillopora eydouxi), and Porites lobata complex; therefore we set
out to examine the impacts of enrichment on the microbiome of
representative corals from each of these three genera.

In January 2016, we enriched small sections of the benthos
around individual focal corals with polymer coated, slow-release
nitrate (Multicote 12-0-44, Haifa Chemicals Ltd.) or urea (Apex
39-0-0, JR Simplot Company) fertilizers. To achieve localized
enrichment, we created “nutrient diffusers” by drilling holes in
4 cm diameter PVC tubes which we then wrapped in window
screen and filled with either 200 g of nitrate fertilizer or 62 g of
urea fertilizer. Different amounts of each fertilizer were used to
standardize the total amount of N delivered in both treatments.
Nutrient diffusers were secured to the bottom within 15 cm
of focal corals with cable ties attached to stainless steel all-
thread posts or eyebolts drilled into the reef framework and
epoxied in place. Empty diffusers containing no fertilizer were
also deployed next to control colonies to account for any effects
the diffusers may have had that were unrelated to the fertilizer. To
ensure continuous enrichment, diffusers were exchanged every
10–12 weeks from January 2016 to September 2017. As described
in Burkepile et al. (2019), nitrogen concentrations of enrichment
treatments were quantified each week over a 10-week period
following the deployment of a fresh nutrient diffuser at a subset
(n = 5) of control, nitrate, and urea plots.

Plots for enrichment were haphazardly selected between 10
and 12 m depth by identifying areas where Porites, Pocillopora,
and Acropora were all growing within a 0.5 m radius of a central
point where a diffuser could be deployed. However, because not
all of the plots contained all three genera of corals, the total
replication for our treatments differed by genera. For Pocillopora,
replication was n = 70 for nitrate, n = 63 for urea, and n = 67
for controls. Acropora colonies were present in n = 35 nitrate
plots, n = 32 urea plots, and n = 40 control plots. Porites
colonies were present in n = 59 nitrate, n = 55 urea, and n = 65

control plots. To facilitate re-sampling, focal corals were marked
by epoxying stainless steel, numbered cattle tags at the base of
each colony. All diffusers were separated by at least 1–2 m and
spread over approximately 11,000 m2. Sea water temperature was
recorded every 2 min via two thermistors deployed at opposite
ends of the site.

Tissue Sampling for Microbial
Communities
To track changes in the coral microbiome we collected tissue
samples from a subset of the study’s focal corals in January,
March, May, and July of 2016 as well as January of 2017. For
Pocillopora and Acropora spp., divers used bone cutters to clip off
∼1 cm sections of branches from each focal coral. For massive
Porites,∼1 cm2 sections of tissue and skeleton were removed
from focal colonies with a hammer and chisel or leather punch.
Samples were collected underwater in individually labeled, sterile
whirlpaks and transferred to the boat. On board the boat, the
water was drained from each whirlpak and the samples were
placed on ice, transported ∼10 min to shore, and stored at
−80◦C until analysis.

Sample Selection, DNA Extraction, 16S
Library Preparation and Sequencing
For library preparation and sequencing, a subset of the focal coral
samples was chosen to include only individual corals sampled at
all five time points and within each nutrient treatment. Therefore,
this subset only included corals with no observed mortality either
due to bleaching or some stochastic process for the duration of
the experiment (280 samples total). See Supplementary Table 1
for replication by treatment. Subsamples of frozen fragments
were taken and preserved in individual bead-beating garnet
tubes from MoBio PowerSoil R© DNA Isolation Kit (now QIAgen
PowerSoil R© DNA Isolation Kit). DNA was extracted from each
sample according to the MoBio PowerSoil R© DNA Isolation Kit
protocol. To target bacterial and archaeal communities, the V4
region of the hypervariable16S rRNA gene was amplified via 2-
step PCR coupling forward and reverse primers 515F (5′-GTG
YCA GCM GCC GCG GTA A-3′) (Parada et al., 2016) and 806R
(5′-GGA CTA CNV GGG TWT CTA AT-3′) (Apprill et al., 2015).
First-step reactions (12.5 µl reaction volume) included 6.25 µl
AccuStart II ToughMix (2X), 1.25 µl forward primer (10 µM),
1.25 µl reverse primer (10 µM), 0.5 µl sample DNA, and 3.25
µl PCR-grade water. Sample DNA concentrations ranged widely
from 0.07 to 10.0 µg/mL. Thermocycler reaction protocol was
performed with 3 min denaturation at 94◦C; 35 cycles of 45 s
at 94◦C, 60 s at 50◦C, and 90 s at 72◦C; followed by 10 min
at 72◦C and a 4◦C hold. Amplified products were run on a
1.5% agarose gel and manually excised. Following gel purification
using Wizard R© SV Gel and PCR Clean-Up System (Promega),
products were barcoded with dual indices with custom multiple
amplicon adapters in a 12-cycle PCR reaction (12.5 µl AccuStart
II ToughMix (2X), 9.5 µl PCR-grade water, 1 µl (10 µM) each of
forward and reverse barcodes, 1 µl of gel-purified DNA). After
pooling amplicons in equivolume ratios, we used Agencourt R©

AMPure XP beads in a final clean-up step on the single resulting
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pool. Libraries were sequenced at Oregon State University (OSU)
by the Center for Genome Research and Biocomputing (CGRB)
with v.3 reagent 2× 300 bp read chemistry on Illumina MiSeq.

Quality Control, and Initial Data
Processing
A total of 280 samples were sequenced, quality filtered, and run
through the Deblur workflow (Supplementary Table 1). Raw
reads were first demultiplexed using the fastq-multx tool from
ea-utils1 resulting in a total of 12,079,654 reads. Then reads were
trimmed of primers and adapters using Cutadapt v1.12 (Martin,
2011). The following quality control steps were conducted using
VSEARCH v2.8.1 (Rognes et al., 2016). Sequences were truncated
at the first position having a quality score ≤10, and paired-end
reads were merged resulting in 5,989,931 reads. Next, sequences
with a total expected error >1 per base or with >1 N were
discarded. The resulting 5,388,863 reads underwent the Deblur
workflow to trim quality-controlled sequences to 250 base pairs,
to identify exact sequences with single-nucleotide resolution,
and to filter de novo chimeras (Amir et al., 2017). The Deblur
workflow is a novel method for obtaining sequences that describe
community composition at the sub-operational taxonomic unit
(sOTU) level using Illumina error profile (Amir et al., 2017).
A total of 1,110,070 reads remained across the 280-sample dataset
with 2,016 unique sequences from the Deblur workflow. The
loss of ∼80% of reads in the workflow likely reflects the large
proportion of host coral mitochondrial sequences (<250 base
pairs) amplified by the primers, which is a known issue in using
the 515F-806R primers on coral tissues.

The resulting sOTU table from the Deblur workflow was
processed in QIIME 2 2019.7 (Bolyen et al., 2019). Taxonomy
was assigned with the q2-feature-classifier plugin (Bokulich et al.,
2018) which employs the classify-sklearn naïve Bayes taxonomy
classifier against the Silva 132 99% OTUs reference sequences
from the 515F/806R region (Quast et al., 2012). Next, sOTUs were
removed from the dataset if they annotated as mitochondrial or
chloroplast sequences or were only present in a single sample
further reducing the number of reads per sample to a median
value of 1,210 with a variance of 1.2.

The remaining sOTUs were aligned with mafft (Katoh et al.,
2002) (via q2-alignment) and used to construct a phylogeny
with fasttree2 (Price et al., 2010) (via q2-phylogeny). Alpha
rarefaction curves were visualized using the q2-diversity plugin
to pick a minimum frequency of 881 reads per sample
as a sufficient rarefying depth (Supplementary Table 1 and
Supplementary Figure 1). The sOTU table was rarefied resulting
in 159 remaining samples with unbalanced replication across
treatments and coral hosts (Table 1) using the package phyloseq
(v1.28.0) (McMurdie and Holmes, 2013). Alpha diversity metrics
including Faith’s phylogenetic diversity (Faith, 1992), Chao1
statistic (Chao and Chiu, 2016), and Simpson’s diversity index
(Heip et al., 2001), and beta diversity metrics including weighted
UniFrac (Lozupone et al., 2007), unweighted UniFrac (Lozupone
and Knight, 2005), Binary Jaccard distance, and Bray-Curtis
dissimilarity were calculated after log-transformation in phyloseq.

1http://code.google.com/p/eautils/

Statistical Analyses
To improve normality of alpha diversity metrics, Chao1 and
Faith’s phylogenetic diversity were square root-transformed,
while Simpson’s index was arcsine-transformed. Experimental
group effects on each alpha diversity metric were assessed
with linear mixed effect models (LMM) using lme4 (v1.1.21)
(Bates et al., 2014) with month, coral genus, and nutrient
treatment as fixed effects and factorial interaction terms and
individual colony as a random effect. Multiple comparisons
were performed with estimated marginal means (EMMs)
using the emmeans (v1.4) package. For beta diversity metrics,
Permutational Analyses of Variance (PERMANOVA; Anderson,
2001) were conducted to test differences in bacterial community
compositions between groups and group factorial interactions.
In addition, Permutational Analyses of Multivariate Dispersions
(PERMDISP; Anderson, 2006) were used to test for homogeneity
of multivariate dispersions between groups. PERMANOVA and
PERMDISP were performed using the functions adonis and
betadisper in the package vegan (v2.5.5) followed by a pairwise
analysis of variance with pairwiseAdonis (v0.01) and permutest in
vegan, respectively, with FDR adjusted p-values. The betadisper
command also was used to calculate the distance to centroid for
each sampling group.

All analyses were initially conducted on all microbiome data
controlling for host taxa so that patterns of change driven by time
and treatment were assessed across all samples with coral genus
(Porites, Acropora, or Pocillopora) as an independent variable.
When there was a significant interaction between treatment and
coral genus, analyses were repeated for each individual host
genus to discern differences in main effects between coral genera
that may have been masked when all genera were combined.
Due to the opportunistic nature of field sampling, replication
across coral genera, treatment, and month vary widely with
Acropora corals having the highest replication and Porites corals
having no samples from January 2016 (Table 1). Samples from
January 2016 were collected pre-treatment and were therefore
analyzed as controls.

Additionally, changes in the abundance of different bacterial
genera across month and treatment in all three corals combined,
and within each coral genus were assessed with analysis of
composition of microbiomes (ANCOM) with controls for false
discovery rate (Mandal et al., 2015). For differential abundance
analysis with ANCOM, an unrarefied sOTU table was used
including samples with 881 or more reads. While treatment and
the interaction between month and treatment were assessed in
ANCOM models, significant differentially abundant taxa were
only identified in the ANCOM model with month as a single
predictor and individual colony as a random effect.

RESULTS

Sea Surface Temperatures, Thermal
Stress, and Nitrogen Exposure
The 2015/2016 El Niño event increased the probability that corals
would experience thermal stress and bleaching, providing us with
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TABLE 1 | Sample sizes and mean daily sea surface temperature (SST) with standard error across months, coral hosts, and nutrient treatments.

Month SST Mean and SE Treatment Acropora Pocillopora Porites

January 2016 28.4 ± 0.15◦C Control 6 4 0

March 2016 29.0 ± 0.08◦C Control 7 6 2

Nitrate 6 6 3

Urea 6 3 3

May 2016 28.4 ± 0.02◦C Control 6 1 5

Nitrate 6 0 3

Urea 7 2 5

July 2016 26.9 ± 0.02◦C Control 6 7 2

Nitrate 5 4 2

Urea 4 4 4

January 2017 28.9 ± 0.05◦C Control 5 3 4

Nitrate 5 4 3

Urea 5 2 3

an opportunity to test the effects of nutrient enrichment and
bleaching on the coral microbiome. As reported in Burkepile et al.
(2019), the daily average sea surface temperature (SST) at our
experimental site peaked in late March at 29.7◦C, and remained
at or above 29◦C through May of 2016. These temperature
thresholds correlate with thermal stress and coral bleaching in
Mo’orea (Pratchett et al., 2013). Thus, for a total of 45 days,
including 37 consecutive days from mid-March to mid-April,
corals at our site experienced thermal stress sufficient to cause
bleaching. Average monthly SST is reported in Table 1 and a
graph of average daily temperatures during the experiment can
be found in Supplementary Figure 2. Of the corals analyzed here,
only seven colonies bleached (Acropora: n = 6, Porites: n = 1) in
May 2016 all of which had no signs of bleaching in July 2016
(Supplementary Table 1). Due to this low sample size of bleached
corals and the absence of bleaching-induced mortality in the
dataset, bleaching was not included in statistical analyses.

Over a 10-week period, nutrient diffusers in nitrate and
urea plots increased the concentrations of nitrogen in the
surrounding seawater compared to control plots (Burkepile
et al., 2019). Analysis of concentrations in Burkepile et al.,
2019 showed that nitrogen exposures in nitrate and urea plots
were similar and significantly distinct from control plots, and
treatments were consistent throughout the 10-week diffuser
deployment. Total water-column nitrogen concentrations ranged
from approximately 1–3 µM, 3–8 µM, and 3–11 µM Nitrogen
for control, urea, and nitrate plots, respectively, over the 10-week
period (see Figure 2 in Burkepile et al., 2019).

Bacterial Community Composition
Varied Over Time
The dominant bacterial taxon in the dataset (n = 159)
belonged to the genus Endozoicomonas (mean relative abundance
0.448 ± 0.033 SEM); this genus was present in all but 21 samples
(Figure 1). The next most abundant taxa across the dataset
belonged to the genera Vibrio (0.060 ± 0.011), Acinetobacter
(0.059 ± 0.008), Pseudomonas (0.049 ± 0.006), and Candidatus
Amoebophilus (0.038 ± 0.011). Generally, Endozoicomonas
relative abundance was lowest in March (0.277 ± 0.050)

and July 2016 (0.186 ± 0.047) and highest in January 2017
(0.817 ± 0.058) for all corals combined. Despite low replication
for Pocillopora samples in May of 2016 (Table 1), coral
samples from all three genera had high relative abundance
of Endozoicomonas. The decrease in relative abundance of
Endozoicomonas in March, May, and July coincided with an
increase in the relative abundance of minor taxa including
Vibrio, Pseudomonas, Staphylococcus, and Halobacteriovorax, all
of which decreased or disappeared in January 2017 (Figure 1).
In contrast, other taxa such as Acinetobacter, Candidatus
Amoebophilus, and Corynebacterium were present throughout
the sampling period. Figure 1 does not reflect the high variance
in relative abundance across samples, for instance, taxa such
as Spiroplasma, Halomonas, and Tenacibaculum dominated a
single sample within a genus/treatment/month combination
(Supplementary Figure 3).

Patterns in Microbiome Alpha Diversity
Differed Among Coral Host Genera
During Thermal Stress
Analyses of bacterial species richness and evenness suggested
seasonal variation in alpha diversity, although the patterns varied
by coral host genus (Figure 2). Pooled by coral genus, Porites
corals had the highest Chao1 diversity index (mean 33.983± 2.88
SEM, n = 39) and Faith’s phylogenetic diversity (4.289 ± 0.302)
compared to Acropora (27.910 ± 2.211 and 3.643 ± 0.211,
respectively, n = 74) and Pocillopora (21.085 ± 1.806 and
3.118 ± 0.225, respectively, n = 46). By contrast, Acropora had
the highest Simpson’s diversity index (0.679 ± 0.027) compared
to Pocillopora (0.580 ± 0.050) and Porites (0.557 ± 0.046).
In LMMs with nutrient treatment, month, and coral genus as
fixed effects, nutrient treatment was not a significant predictor
for Chao1 [p = 0.470, F(2,64.7) = 0.765], Simpson’s diversity
[p = 0.085, F(2,122) = 2.516], or Faith’s phylogenetic diversity
[p = 0.694, F(2,58.3) = 0.368] (Supplementary Table 2). Instead,
the interaction between month and coral genus was a significant
predictor for Chao1 [p < 0.01, F(7,109.4) = 3.133], Simpson’s
diversity [p < 0.01, F(8,122) = 3.469], and Faith’s phylogenetic
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FIGURE 1 | Relative abundance of dominant microbial genera varies over time across all corals. Data are organized by month, coral host (ACR: Acropora, POC:
Pocillopora, POR: Porites), and nutrient treatment (C, Control; N, Nitrate; U, Urea). Only genera with a mean relative abundance greater than 0.10 are included.
Sample sizes are reported in Table 1.

diversity [p < 0.01, F(7,106.8) = 3.108], suggesting that patterns
across time differed between coral genera (Figure 2). For this
reason, we evaluated patterns of alpha diversity across time with
LMMs within each coral genus. Due to loss of samples during
bioinformatic filtering, replication varied widely between time
points (Table 1).

Temporal Patterns in Alpha Diversity
Were Similar to Patterns in the Relative
Abundance of Endozoicomonas
In Acropora samples, month was a significant predictor of
Chao1 [p < 0.001, F(4,57.9) = 18.476], Simpson’s diversity
[p < 0.001, F(4,69) = 7.483], and Faith’s phylogenetic diversity
[p < 0.001, F(4,57.5) = 23.265, Supplementary Table 3]. In
pairwise comparisons, the last time point, January 2017, was
significantly lower than March, May, and July of 2016 for
both Chao1 and Simpson’s diversity and was significantly lower
than all other time points for Faith’s phylogenetic diversity
(Figure 2). Initially, in January 2016, before bleaching, Acropora
samples had a mean Chao1 of 19.724 ± 2.671 which increased

significantly to 40.844 ± 4.275 in May 2016 and decreased
significantly to 9.586 ± 1.045 in January 2017 (Figure 2A).
Similarly, Acropora samples had the lowest Simpson’s diversity
in January 2017 (0.465± 0.048), although January, May, and July
2016 were variable with some low diversity samples (Figure 2B).
These patterns closely mirrored the temporal pattern in relative
abundance of Endozoicomonas in Acropora samples where
initial mean relative abundance of 0.747 ± 0.143 decreased to
0.277 ± 0.079 in July 2016 and increased to 0.972 ± 0.011 in the
final sampling point (Figure 1).

Porites samples showed similar patterns to Acropora with
month as a significant predictor of Chao1 [p < 0.05,
F(3,35) = 4.354], Simpson’s diversity [p < 0.05, F(4,26.2) = 5.105],
and Faith’s phylogenetic diversity [p < 0.001, F(3,35) = 8.203,
Supplementary Table 4]. All three diversity metrics significantly
decreased from May or July to January 2017 in Porites (Figure 2).
Similar to the pattern displayed by Acropora, the highest relative
abundance of Endozoicomonas was during the month with lowest
diversity in January 2017 (0.533± 0.136) (Figure 1).

In contrast to Acropora and Porites, Pocillopora exhibited
low alpha diversity in May 2016 as well as January 2017
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FIGURE 2 | Microbiome alpha diversity varies by time and between coral genera. Due to a significant interaction effect between month and genus, significant
differences were determined between months within each coral genus using linear mixed-effects models and pairwise comparisons. Boxes sharing a letter are not
significantly different from one another and are only comparable within genus. (A) Chao1 index vs. month. (B) Simpson’s diversity index vs. month. (C) Faith’s
phylogenetic diversity vs. month.

(Figure 2). Month was a significant predictor of Chao1
[p < 0.001, F(4,41) = 11.724], Simpson’s diversity [p < 0.001,
F(4,41) = 17.740], and Faith’s phylogenetic diversity [p < 0.001,
F(4,35.85) = 18.986, Supplementary Table 5]. For all three

measures, alpha diversity significantly decreased from March to
May, increased from May to July, and decreased from July to
January 2017 (Figure 2). The low replication in May compared
to March and July for Pocillopora samples may contribute to this
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FIGURE 3 | Coral microbiomes are distinct across month and between coral genera. The bacterial community data were first log-transformed and dissimilarity was
calculated using weighted UniFrac. NMDS ordination of (A) All corals combined by genus, (B) Acropora samples by time, (C) Pocillopora samples by time, and
(D) Porites samples by time.

pattern. However, all three samples from May were consistently
dominated by Endozoicomonas (0.960 ± 0.026) as in January
2017 (0.875 ± 0.109), compared to March (0.143 ± 0.072) and
July (0.105± 0.064) (Figure 1).

Thermal Stress and Recovery Produced
Distinct Microbial Communities in All
Three Coral Hosts
PERMANOVA results, with month as the predicting factor,
showed the presence of distinct microbial communities for all
four measures of community dissimilarity. Month explained the
most variance using weighted UniFrac distances (PERMANOVA;
p < 0.001, R2 = 0.270, Supplementary Table 6), and pairwise
comparisons showed that all months were significantly different
from one another. Coral host genus (p < 0.001, R2 = 0.072,
Figure 3A) and the interaction between genus and month
(p < 0.001, R2 = 0.074) were also significant using weighted
UniFrac distances. In fact, all four dissimilarity measures found
month, host genus, and their interaction significant for predicting
distinct microbial communities. Nutrient treatment did not
produce distinct communities for any dissimilarity measure.

For all four dissimilarity measures, month produced
distinct communities in Acropora corals, while treatment
and the interaction between month and treatment did not

(Supplementary Table 7). Month explained the most variance
with weighted UniFrac distances (PERMANOVA; p < 0.001,
R2 = 0.403), and pairwise comparisons showed that all pairwise
comparisons of month were different (Figure 3B). Likewise,
month produced distinct communities for Pocillopora (p< 0.001,
R2 = 0.427, Supplementary Table 8) and Porites (p < 0.001,
R2 = 0.249, Supplementary Table 9) samples using weighted
UniFrac distances (Figures 3C,D). All four months were
significantly different from each other for Porites samples from
pairwise comparisons. For Pocillopora samples, January 2016 was
not different from May 2016, nor were March and July 2016 or
May 2016 and January 2017.

Community Dispersion Varied Among
Coral Hosts Over Time
Across all corals, community dispersion was significantly
different over time but only for the Binary Jaccard
presence/absence measure (PERMDISP; p < 0.01, F = 3.609).
Dispersion varied by coral genus with weighted UniFrac
(p < 0.01, F = 4.766, Figure 4A), Bray-Curtis (p < 0.01,
F = 4.911), and Binary Jaccard (p < 0.01, F = 5.880).
Additionally, there were no differences in dispersion by
nutrient treatment across all coral hosts and any dissimilarity
measure (Supplementary Table 10). Dispersion differed
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FIGURE 4 | Microbiome dispersion varies by coral host and over time. (A) All corals combined by genus, (B) Acropora corals by time, (C) Pocillopora corals by time,
(D) Porites corals by time. Boxes sharing a letter are not significantly different from one another. Dispersion was not significant for Pocillopora samples, but was
significant for Porites samples, although there were no significant pairwise differences.

significantly among sampling periods for Acropora corals based
on the weighted UniFrac distances (p < 0.001, F = 13.009,
Figure 4B), but was not significantly different among nutrient
treatments (p = 0.386, F = 0.964, Supplementary Table 11).
Pairwise comparisons showed that community dispersion in
January 2017 was significantly less than in all other months and
dispersion in May 2016 was significantly less than in January
2016 (p < 0.01). Dispersion did not significantly differ among
months for Pocillopora samples (p = 0.671, F = 0.591, Figure 4C).
Dispersion was also significantly different between months for
Porites samples (p < 0.05, F = 3.459, Supplementary Table 11)
with May having the lowest dispersion and January 2017 having
the highest although no pairwise comparisons were significant
after correction (Figure 4D).

Differentially Abundant Taxa Increased
During Thermal Stress and Decreased
During Recovery
Differential abundance analysis with ANCOM was performed
on Acropora, Pocillopora, Porites, and combined coral samples
to assess if specific bacterial genera significantly changed
in abundance relative to other genera in the community.
There were no differences in taxon abundance by nutrient
treatment for combined and individual coral communities.
However, there were differentially abundant bacterial genera
between months (p < 0.05, W = 0.9). A total of 14
bacterial genera were significantly differentially abundant in
all coral samples combined (Figure 5A and Supplementary
Table 12). Acropora corals had 11 differentially abundant taxa
with month, while Pocillopora and Porites corals had 2 and
3 differentially abundant taxa, respectively (Figures 5B–D).
Endozoicomonas was differentially abundant across all corals
combined, Acropora alone, and Pocillopora alone, but not Porites
corals alone. Candidatus Amoebophilus was only differentially
abundant within Pocillopora samples, while Streptococcus was
only differentially abundant within Porites samples and all corals
combined. Interestingly, Pseudoxanthomonas was differentially
abundant for Acropora alone and all corals combined and
was found exclusively in May 2016 (Figures 5A,B). Based

on relative abundance (Figure 5), differentially abundant taxa
across all samples appear to fall into three categories: (a)
moderate decreases in May 2016 and severe decreases in
January 2017 compared to March and July (i.e., Acinetobacter,
Pseudomonas, Corynebacterium), (b) nearly exclusive occurrence
in May 2016 (i.e., Paenibacillus, Alteromonas, Reyranella,
Pseudoxanthomonas), (c) increased abundance and occurrence in
January 2017 (i.e., Endozoicomonas).

DISCUSSION

We tracked the composition and stability of microbiomes
associated with Acropora, Pocillopora, and Porites corals
throughout a thermal stress event under ambient nutrient
conditions and nitrogen enrichment. We found that
microbiomes varied widely across months, potentially due
to the temperature fluctuations that contributed to the
stress event. Periods of thermal stress were accompanied by
increased alpha diversity and community heterogeneity. Coral
microbiomes returned to a state of reduced diversity, dominated
by Endozoicomonas, some months following the event. Neither
nitrate nor urea exposure had any effects on community diversity
or abundance of individual taxa despite experimental evidence
that nitrate and urea diffusers increase the concentration of
nitrogen in the surrounding seawater over a 10-week period
(Burkepile et al., 2019). Contrary to our hypothesis, nitrogen
did not interact with month, which is inherently connected with
seawater temperatures. Instead, temperature likely overwhelmed
any effects of nutrients. Although conclusions presented here are
limited by reduced sample sizes in some groups (Table 1), our
data demonstrate the importance of collecting time series datasets
across several coral hosts and with sufficient sampling periods to
capture the dynamics of microbiome recovery post stress.

Alpha Diversity Changes Under Seasonal
Thermal Stress Vary Between Coral
Genera
Microbiome species richness of Mo’orean corals varied
significantly among months and host genus. SST peaked in March
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FIGURE 5 | Differentially abundant taxa across month identified by ANCOM. Significant taxa were identified for (A) all samples combined, (B) Acropora samples only,
(C) Pocillopora samples only, and (D) Porites samples only. Cells are scaled by the relative abundance and white cells indicate an absence of that taxon in the
sample.

2016 and decreased slightly but maintained bleaching-level
temperatures until May. Interestingly, mean microbial species
richness peaked in May 2016 for Acropora and Porites corals.
A similar result was found in a study of Agaricia corals in the
Florida Keys, where microbial species richness was highest in the
month following temperature and bleaching highs (Wang et al.,
2018). This could suggest that the colonization or establishment
of temperature-sensitive opportunistic taxa into a stressed coral
microbiome may be delayed following peak thermal stress. Two
putative examples of such opportunistic taxa are Paenibacillus

and Reyranella, which occurred almost exclusively in May in
both Acropora and Porites corals (Figures 5B,D). Alternatively,
opportunistic taxa may become established stochastically
throughout the duration of stress events, with species richness
gradually increasing as long as the event lasts. To distinguish
between these patterns, future microbial time series will be
required which span bleaching events with sufficiently fine-scale
repetitive sampling.

Time series should also consider including multiple coral host
species, since the patterns in diversity observed in Mo’orea varied
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by host (Figures 2, 3). Contrary to the response of Acropora
and Porites microbiomes, Pocillopora microbiomes experienced
a drastic decrease in alpha diversity following peak temperatures
(Figure 2). The reduction in observed species richness was
accompanied by a much higher relative abundance of the putative
coral symbiont Endozoicomonas (Figure 5). This pattern could
be the result of an active regulatory response to exclude heat-
associated opportunists, possibly mediated by Endozoicomonas
(Neave et al., 2016). However, it is also possible that drastically
increased absolute abundance of Endozoicomonas outcompeted
the rest of the community (with unknown implications for host
health), or even simply overwhelmed signatures of other taxa
with relative abundances too low to detect at our sequencing
depths. If an active regulatory mechanism were responsible, the
increased diversity in July could reflect the eventual failure of
this response to exclude or reduce opportunists such as Vibrio,
Pseudomonas, and Staphylococcus, which subsequently increased
in relative abundance at that time (Figure 1). If a drastic
increase in Endozoicomonas absolute abundance was responsible
for the patterns, these opportunists could have been present
throughout March, May, and July but gone undetected in May.
Distinguishing between these possibilities could be a target of
future studies that sequence samples to much greater depths.

Dynamics of Endozoicomonas
Abundance Drive Community Variability
and Resilience
Our results add to mounting evidence supporting the importance
of Endozoicomonas in shaping coral microbiomes (Neave et al.,
2016; McDevitt-Irwin et al., 2017; Pollock et al., 2018; Maher
et al., 2019). For both Acropora and Pocillopora corals, the
abundance of Endozoicomonas significantly changed over the
thermal stress event (Figures 5B,C). Most notably, January 2017
samples of both corals were dominated almost exclusively by
Endozoicomonas. For Acropora corals, this was accompanied
by a significant reduction in the sample-to-sample variability
(Figure 4B). Pocillopora samples also appear to be less variable
during January 2017, although low replication may have
prevented us from detecting a response in dispersion (Figure 4C)
(Anderson and Walsh, 2013). In contrast, Porites samples during
this time point were highly variable (Figure 4D). Interestingly,
Endozoicomonas abundances in Porites did not significantly
change over the thermal stress event (Figure 5D). Experiments
and surveys on Porites lobata in Mo’orea have shown a
similar community response under various stressors, including
mechanical wounding, predation, corallivore feces deposition,
and combinations of stressors (Ezzat et al., 2019a, 2020). In
these experiments, Hahellaceae (family of Endozoicomonas) was a
dominant member of the coral microbiome but was generally not
differentially abundant with stress. Hahellaceae only decreased
significantly 3 h after corals were exposed to feces, but recovered
to control levels within 48 h (Ezzat et al., 2019a). This suggests
that while the dominant symbiont Endozoicomonas fluctuates
in abundance during stress for Acropora and Pocillopora corals,
this taxon is generally less variable in Porites corals. However,
the relative proportion of this taxon did still change in

Porites samples, particularly in July (Figure 1). Thus, despite
lower variability, these changes could still result in shifts in
the relative contribution of Endozoicomonas to microbiome
function in Porites.

The dynamics of Endozoicomonas throughout this
experiment combined with evidence of its involvement in
holobiont sulfur cycling suggest its potential functional
role in microbiome resilience (Bourne et al., 2016). The
dominance of Endozoicomonas at the final month for Acropora
and Pocillopora corals may be explained by sulfur cycling
processes in the coral holobiont. Corals are significant sources
of dimethylsulfoniopropionate (DMSP) and dimethylsulfide
(DMS) in reef waters (Broadbent and Jones, 2004). Research
shows that coral DMSP and DMS production is upregulated
during oxidative stress, such as warming events and bleaching
(Lesser, 2006; Deschaseaux et al., 2014). Some Endozoicomonas
species can metabolize DMSP to DMS, using DMSP as a
carbon source for growth and survival (Tandon et al., 2020).
Increased DMSP production during stress could provide
substrate for Endozoicomonas to proliferate and confer the taxon
a competitive advantage over other coral-associated taxa. This
could explain the dominance of Endozoicomonas by January
2017 to levels that surpass those of pre-bleaching communities.

The increase in abundance of Endozoicomonas during
oxidative stress could confer benefits to their coral host that
may provide resilience during thermal stress. For instance, the
breakdown of DMSP to DMS by Endozoicomonas produces
carbon (Tandon et al., 2020) which could provide the coral with
an alternative carbon source during recovery from thermal stress
to partially compensate for the loss of energy-supplying algal
symbionts. Furthermore, the coral pathogen Vibrio coralliilyticus
uses DMSP as a strong cue to find heat-stressed hosts through
chemotaxis and chemokinesis (Garren et al., 2014). The increased
metabolism of DMSP by growing Endozoicomonas populations
after thermal stress could reduce the amount of chemoattractant
for Vibrio spp. to detect, potentially helping to alleviate Vibrio
infection. However, we did not find any evidence Vibrio spp.
abundance was influenced by Endozoicomonas and the idea that
Endozoicomonas provide benefits to their coral hosts remains
speculative. Future investigation is warranted to determine what
role Endozoicomonas plays in holobiont sulfur cycling and overall
health during temperature stress.

Dynamics of Opportunistic Microbiota
Differentiate Hosts’ Responses to Stress
The number of bacterial genera that significantly fluctuated
throughout the thermal stress event may provide evidence for
coral host-specific mechanisms for coping with environmental
change. For instance, Acropora samples had more differentially
abundant bacterial taxa than Pocillopora or Porites. This could be
related to the fact thatAcroporawere also the most sensitive of the
three coral genera to bleaching (Burkepile et al., 2019). Acropora
corals have been described as microbiome conformers by
adapting to changing environmental conditions while Pocillopora
corals were described as microbiome regulators by remaining
stable through change (Ziegler et al., 2019). For instance,
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Ziegler et al. (2019) found the microbiome of A. hemprichii to be
readily “responding” and variable across different anthropogenic
impacts and flexible upon transplantation. It remains to be
determined whether microbiome restructuring is a deterministic
mechanism for beneficial holobiont adaptation or plasticity or
if it is a stochastic response to dysbiosis. However, Acropora
corals were less variable than Pocillopora or Porites corals
(Figure 4A) suggesting that more deterministic changes were
driving Acropora community dynamics (Zaneveld et al., 2017).
Based on our evaluation of the number of individual bacterial
taxa that changed in abundance, Porites may fall closer to
the “microbiome regulator” side of the two proposed stress-
response mechanisms. However, differentiating conformers from
regulators may require a closer look at the identity and function
of those individual bacterial taxa.

The high microbiome flexibility in Acropora may leave the
host-associated community vulnerable to the loss of important or
beneficial symbionts and their corresponding functions or to the
acquisition of pathogens. For instance, bacterial genera present in
March and/or May 2016 including Pseudomonas, Acinetobacter,
Sphingomonas, Corynebacterium 1, Alteromonas, and Vibrio have
each been association with various coral stressors including
elevated seawater temperature and ocean acidification (Grottoli
et al., 2018), hyper-salinity (Röthig et al., 2016), bleaching
(Koren and Rosenberg, 2008), bacterial challenge (Wright et al.,
2017), and coral disease (Sweet et al., 2013). However, these
associations with stress are not always consistent across studies
and stressors. For example, Acinetobacter, Corynebacterium 1,
andVibrio have been found both in association and not associated
with Dark Spot Syndrome (Sweet et al., 2013; Meyer et al.,
2016) and Acinetobacter has also been found in high abundance
with healthy corals (Cai et al., 2018). Similarly, Pseudomonas
was found to be positively associated with hyper-salinity but
negatively associated with bleaching (Ritchie et al., 1994; Röthig
et al., 2016). The coarse classification of bacterial taxa to the
genus-level in these studies as well as the study presented here
limit our ability to detect finer scale functional differences, for
instance at the species or strain level. Although these taxa are
associated with thermal stress in this study, future functional
analysis at the sOTU level would better discern their potential
positive or negative contributions to holobiont health.

In contrast, although taxa changed in relative abundance, we
did not detect differentially abundant stress-associated bacterial
taxa in Pocillopora corals (Figures 1, 5). This may be due
to our reduced replication for Pocillopora samples in May
2016. Alternatively, this may represent the coral host’s or
microbiome’s ability to strategically maintain a stable and robust
microbial community during stress. That said, abundance of
the dominant symbiont Endozoicomonas changed throughout
temperature stress despite evidence that the globally conserved
association between Pocillopora verrucosa and Endozoicomonas
remains unchanged during bleaching or mortality (Pogoreutz
et al., 2018; Maher et al., 2019). However, evidence from
previous studies is based on short-term (<1 month) aquaria
experiments that may not reflect microbiome dynamics on the
reefs over realistic timescales (Pogoreutz et al., 2018; Maher
et al., 2019). Additionally, the abundance of the taxon Candidatus

Amoebophilus which has been associated with diseased and
healthy corals (Apprill et al., 2016) significantly changed in
Pocillopora with decreases in abundance and occurrence in
March and May (Figure 4). This taxon is a member of the
core microbiome for Australian corals and an intracellular
symbiont of eukaryotes with genomic evidence of a symbiotic
lifestyle (Schmitz-Esser et al., 2010; Pollock et al., 2018). Its
reduction in March and May could reflect an interaction
with Symbiodiniaceae within the coral tissue (Apprill et al.,
2016) which are then lost during thermal stress. The decrease
of putative symbionts in Pocillopora corals contrasts sharply
with the increase of potential opportunists in Acropora and
Porites corals further supporting differential host responses
to thermal stress.

Effects of Temperature May Overwhelm
Those of Nutrients
Elucidating the combined effects of nitrogen pollution and
thermal stress on corals is critical to predicting how coral
reefs will respond to increasing levels of anthropogenic stress.
Previously, a superset of the corals evaluated in the present study
were surveyed for bleaching response over the mild bleaching
event during the austral summer of 2016 in Mo’orea, French
Polynesia. This study found that, compared to corals in ambient
conditions, Acropora and Pocillopora corals that were exposed to
nitrate exhibited more frequent bleaching, bleached for longer
duration, and were more likely to die (Burkepile et al., 2019).
In contrast, we found that under combined and prolonged
heat and nitrogen stress, enrichment with either ammonium
or nitrate had no discernable effect on the composition of the
coral microbiome. Previous work supports the hypothesis that
the coral host and microbiome have parallel responses under
stress (Ziegler et al., 2017). Our selection of samples that survived
the 2016 bleaching event may have inadvertently biased our
dataset to corals that did not bleach (bleached n = 7). This
may have prevented us from detecting any effects by nitrogen
on the microbiome that parallel the significant interaction
between temperature and nitrate and the significant differences
between nitrate and urea observed in the coral host response
(Burkepile et al., 2019).

Our results suggest that thermal stress likely overwhelmed
the coral microbiome such that additional nutrient stress had
no measurable effect. We found no significant interactions
on microbiome diversity between nitrogen enrichment and
increased seawater temperatures. This corroborates work on
Pocillopora meandrina in tanks in Mo’orea and Agaricia spp.
on the reef during severe bleaching in the Florida Keys (Wang,
2006; Maher et al., 2019). Importantly, this result is consistent
on the coral reefs studied regardless of disturbance history
and during both moderate and severe bleaching events. We
show that even under a mild thermal stress event, nutrients do
not differentially affect the coral microbiome. However, since
few bleached corals were included in our study and because
we could not control for temperature, we cannot eliminate
the possibility that bleaching response itself may impose some
stress-exposure threshold that allows for interactions with

Frontiers in Ecology and Evolution | www.frontiersin.org 12 October 2020 | Volume 8 | Article 555698

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-08-555698 October 10, 2020 Time: 18:56 # 13

Maher et al. Coral Microbiomes Under Thermal Stress

nutrients and temperature in terms of changing microbial
community dynamics.

Future Research Implications
With thermal stress events increasing in severity and frequency,
future research should investigate if and how the homogenization
of coral microbiomes after thermal stress will prepare coral
holobionts for future stress events. After exposure to a warmer,
more variable environment, Acropora corals in American Samoa
were themselves more tolerant to a subsequent acute heat stress
in the laboratory, exhibiting a robust and stable microbiome
(Ziegler et al., 2017). This suggests that corals surviving one
heat stress may have increased tolerance to future heat stress
events. Whether tolerance of the host coral is conferred or
promoted through microbiome composition remains to be
determined (Ziegler et al., 2017). Burkepile et al. (2019) observed
nitrate-treated Acropora corals in Mo’orea bleaching for longer
duration in the more severe 2017 bleaching event. Evaluation of
microbiome dynamics in time series over repetitive stress events
could help determine if microbiome tolerance can be developed
through stress exposure and if an Endozoicomonas-dominated
community plays a role in microbiome tolerance.
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