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Viruses, microbes, and host macroorganisms form ecological units
called holobionts. Here, a combination of metagenomic sequenc-
ing, metabolomic profiling, and epifluorescence microscopy was
used to investigate how the different components of the hol-
obiont including bacteria, viruses, and their associated metabolites
mediate ecological interactions between corals and turf algae. The
data demonstrate that there was a microbial assemblage unique
to the coral-turf algae interface displaying higher microbial abun-
dances and larger microbial cells. This was consistent with previ-
ous studies showing that turf algae exudates feed interface and
coral-associated microbial communities, often at the detriment of
the coral. Further supporting this hypothesis, when the metabo-
lites were assigned a nominal oxidation state of carbon (NOSC),
we found that the turf algal metabolites were significantly more
reduced (i.e., have higher potential energy) compared to the corals
and interfaces. The algae feeding hypothesis was further sup-
ported when the ecological outcomes of interactions (e.g., whether
coral was winning or losing) were considered. For example, coral
holobionts losing the competition with turf algae had higher
Bacteroidetes-to-Firmicutes ratios and an elevated abundance of
genes involved in bacterial growth and division. These changes
were similar to trends observed in the obese human gut micro-
biome, where overfeeding of the microbiome creates a dysbiosis
detrimental to the long-term health of the metazoan host. Together
these results show that there are specific biogeochemical changes at
coral–turf algal interfaces that predict the competitive outcomes
between holobionts and are consistent with algal exudates feeding
coral-associated microbes.
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Coral and algae holobionts are assemblages of the macro-
organisms and their associated viruses, bacteria, archaea,

and protists (1). The microbial portion of the holobiont, the
microbiome, is often species-specific, temporally stable, and
distinct between microhabitats within the host (2–9). The
microbiome performs a wide array of functions that influence both
host physiology (10–12) and the biogeochemical cycling of matter
and energy (13–22). The health of the holobiont is linked to the
composition of its microbial constituents, which can be disrupted
by various stressors and lead to dysbioses (23, 24). Host-associated
microbes may also increase holobiont resistance and resilience to
both local and global stressors (25). For instance, viral and bac-
terial symbionts may ward off potential pathogens through lysis,
niche exclusion, and production of antibiotics (26–28). These
interacting biological entities will influence the chemistry of hol-
obionts, which will be reflected in the metabolites.
Understanding the roles of holobionts in ecosystem function

has become increasingly important as many reefs that were formerly

dominated by coral have been shifting to systems dominated by
turf and fleshy macroalgae (29–33). Turf algae are among the
most abundant algal competitors that corals face (34–36) and, as
such, play an important role in initiating algal phase shifts on coral
reefs. Competition with turf algae is known to alter the microbial
communities associated with corals (37). However, the role of the
microbiome and its associated metabolome in determining the
outcome of these events (i.e., whether a coral wins or loses against
its algal competitor) is still relatively unknown.
To examine how microbial diversity, metabolic capacity, and

biochemistry affect ecological interactions between macroorganisms,
both surface-associated water (n =18) and tissue (n = 36) samples
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were taken at a centimeter-scale spatial resolution across in situ
coral–turf algal interactions from reefs on the island of Curaçao.
All of these interactions involved turf algal holobionts interacting
with either Diploria strigosa or Orbicella faveolata (formerly Mon-
tastraea faveolata) corals. Tissue samples were processed for
metagenomic sequencing and metabolomic profiling, and the
surface-associated samples were analyzed by epifluorescence mi-
croscopy (SI Appendix, Supplementary Methods). Microbial and
viral abundance in the holobiont were directly quantified through
microscopy. The microbiome was taxonomically and functionally
profiled through metagenomic sequencing, and the molecular
composition of the holobiont was assessed by untargeted metab-
olomic analysis. A machine learning approach was applied to
identify which bacterial taxa, functional genes, and metabolites
were most important for determining whether a coral was winning
(i.e., had no algal overgrowth and no visible signs of paling or
necrosis) or losing (i.e., had algal overgrowth and had visible signs
of paling or necrosis) against its turf algal competitor.
The results of this study show that there are specific functional

genes, microbial taxa, and metabolites which distinguish coral,
turf algae, and interface communities and that these functions,
taxa, and metabolites are also linked to the competitive out-
comes of these interactions. Specifically, the data demonstrate
that there is an emergent microbial community that forms at the
interface between coral and turf algae, which is characterized by
larger and more numerous bacterial cells, a greater proportion of
Bacteroidetes, and a lower proportion of Firmicutes, as well as
an enrichment in genes involved in bacterial cell growth and
division. Furthermore, the same taxa and functional genes (i.e.,
Bacteroidetes, Firmicutes, and bacterial cell growth and division
genes) are also significant predictors of whether the corals in
these interactions were winning or losing against their turf algal
competitor (i.e., whether the coral in the interaction was being
overgrown by algae and showed visible signs of paling and/or tissue
necrosis). In sum, the data presented here provide a compre-
hensive multiomic analysis of in situ coral–turf algal interactions,
which illustrates the ecological role of the holobiont in organismal
interactions in one of the most diverse and economically valuable
ecosystems on Earth: coral reefs.

Results
Site Selection and Water Chemistry. All samples were collected
from the Caribbean island of Curaçao in November 2015 (SI
Appendix, Fig. S1, Table S1, and Supplementary Methods). Site-
level water chemistry data including inorganic nitrogen, phos-
phate, and dissolved organic carbon (DOC) concentrations are
shown in SI Appendix, Table S2. No sites were identified as
outliers in the dataset for any of the measured water chemistry
parameters, and these parameters were not significantly different
between coral species (n = 6, all ANOVA P values ≥0.34) or
competition outcome (n = 6, all ANOVA P values ≥0.27) (SI
Appendix, Table S2).

Concentrations of Surface-Associated Viruses and Microbes Across
Coral–Algal Interactions. Samples for microscopic direct counts
were taken by suctioning water and mucus directly off the surface
of the coral, the turf algae, and the coral–turf algal interface with
a syringe (Fig. 1A). There was a general trend for the interfaces
(4.80 × 106 ± 2.46 × 106 cells·mL−1; mean ± SEM) to exhibit a
higher microbial abundances than corals (1.45 × 106 ± 2.12 × 106

cells·mL−1; mean ± SEM) or turf algae (2.50 × 106 ± 5.19 × 106

cells·mL−1; mean ± SEM (Fig. 1B). Coral-associated (8.24 × 106 ±
1.56 × 106 VLPs·mL−1; mean ± SEM) and interface-associated
(9.64 × 106 ± 2.44 × 106 virus-like particles [VLPs]·mL−1; mean ±
SEM) samples had a significantly higher concentration of viruses
than turf algal-associated (4.04 × 106 ± 2.14 × 106 VLPs·mL−1;
mean ± SEM) samples (Fig. 1C). Furthermore, coral-associated
(6.270 ± 2.222; mean ± SEM) samples had a significantly higher

virus-to-microbe ratio (VMR) than the interface-associated
(2.465 ± 1.156; mean ± SEM) or turf algae-associated (1.674 ±
0.470; mean ± SEM) samples (Fig. 1D). Overall, VLPs and mi-
crobial cells exhibited a significantly positive correlation (R2 =
0.116, P = 0.0008) with a slope of less than one (m = 0.268), and
the VMR showed a significantly negative correlation (R2 = 0.495,
P = 0.0016) with microbial cells (Fig. 1E), indicating a reduced lytic
production of viruses at higher microbial concentrations.
Epifluorescence micrographs were also used to determine

microbial cell size (SI Appendix, Supplementary Methods), and the
results showed that there were significantly larger microbes (P <
0.001) associated with the coral–algal interface (0.351 ± 0.0094
μm3; mean ± SEM) when compared to the microbes associated
with either the coral (0.212 ± 0.0134 μm3; mean ± SEM) or the
turf algae (0.248 ± 0.0146 μm3; mean ± SEM) alone (Fig. 1F).
Cell sizes were used to calculate a predicted community meta-
bolic power output via metabolic theory of ecology (MTE). MTE
calculations demonstrated that the combination of cell size and
concentration yielded a significantly (P < 0.001) higher predicted
community power output at the coral-algal interface (280,389.167 ±
140,518.682 W·m−2; mean ± SEM) (Fig. 1G).

Holobiont and Interface-Specific Bacterial Taxa, Functions, and
Metabolites. Biopsies for multiomic analysis were taken using an
underwater power drill in a transect perpendicular to the coral–
turf algal interface (Fig. 1A) and processed for metagenomes (see
SI Appendix, Table S3 for details on metagenomic libraries) and
metabolomes (SI Appendix, Supplementary Methods). Ward’s hi-
erarchical clustering method was used to distinguish trends in the
bacterial taxonomic and functional composition of metagenomes
as well as for metabolomes. Overall, samples clustered by mac-
roorganism (Fig. 2). Functional genes (Fig. 2A), bacterial taxa
(Fig. 2B), and metabolites (Fig. 2C) showed the strongest support
for two groups, namely, coral and noncoral (i.e., turf algae plus
interface). Functional genes and bacterial taxa also showed sup-
port for two subgroups within both the coral and noncoral clusters.
Within the coral cluster, the two different species of coral studied,
D. strigosa and O. faveolata, were observed as distinct groups.
Within the noncoral cluster, there was a subclustering of in-
teraction interfaces versus turf algae (Fig. 2 A and B). These
trends were recovered from the functional annotations at both
level 1 (SI Appendix, Fig. S2) and level 3 (Fig. 2A and SI Appendix,
Fig. S3) of the SEED database (38), and the taxonomic trends
were observed at both the phylum (SI Appendix, Fig. S4) and order
(Fig. 2B and SI Appendix, Fig. S5) levels. No trends were observed
in clustering by sample site.
Two-way cluster analysis showed that the interaction interface

group was not merely a mix of the coral and algal groups, but
rather had its own unique functional, taxonomic, and metab-
olomic profiles (SI Appendix, Figs. S2–S6); however, the inter-
face samples were more similar to the algal samples than to coral
samples. The unique microbiome at the interface had a signifi-
cantly higher relative abundance of Bacteroidetes, specifically
those in the order Flavobacteriales (P < 0.0001), and a signifi-
cantly lower relative abundance of Firmicutes (P = 0.003) when
compared to the coral or turf algal microbiome (SI Appendix, Fig.
S7). Functional gene annotations demonstrated that there was a
significant overrepresentation of genes involved in cell cycle and
cell division (P < 0.0001) and a significant underrepresentation of
genes involved in protein metabolism (P = 0.006) at the interface
(SI Appendix, Fig. S8).
In the metabolomic dataset, 182 molecules were significantly

more abundant at the interface relative to both coral and turf
algae. All of these molecules were unknown (i.e., there were no
spectral matches to the reference libraries) except for ceramide
18:1/16:0 (P = 0.0039; Fig. 3A). This was a level 2 annotation
according to the 2007 metabolomics standards initiative (39–41)
(SI Appendix, Fig. S9). Ceramide 18:1/16:0 and its less saturated
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form, ceramide 18:2/16:0 (level 2) were found in coral and in-
terface samples but were completely absent in turf algal samples.
The less saturated (18:2/16:0) form was found in equal abun-
dance in both coral and interface, whereas the more saturated
form (18:1/16:0) was found to be significantly higher at the in-
terface (Fig. 3 A and B and SI Appendix, Fig. S10).
To further investigate the metabolomic samples, each metab-

olite was assigned a nominal oxidation state of carbon (NOSC)

and a Gibbs free energy of carbon oxidation under standard
conditions (ΔGo

Cox) based on their putative molecular formula
(with mass accuracy of <1 ppm) (SI Appendix, Supplementary
Methods). Overall, 7,751 of the total 8,427 features (i.e., ∼92%)
were assigned a putative molecular formula using SIRIUS4,
with a mass accuracy cutoff of 0.0020 ppm. Metabolites in turf
algal samples had significantly lower NOSCs and significantly
higher ΔGo

Cox values than did interface or coral samples (NOSC
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P = 0.0486; ΔGo
Cox P = 0.0201) (Fig. 3 C and D). This indicates

that the biochemical compounds in turf algal samples were more
reduced and were thus more energy rich. No difference in NOSC
or ΔG was found between interactions where corals were win-
ning or losing the competition with turf algae.

Machine Learning to Identify Bacterial Taxa, Functions, and Metabolites
that Best Predict Competition Outcomes. Coral–turf algal interac-
tions were classified as winning (i.e., coral winning) or losing
(i.e., coral losing) based on the criteria proposed in Barott
et al. (35). Briefly, losing corals were classified as those corals
that had significant algal overgrowth along with visible paling
and/or tissue necrosis, whereas winning corals were corals that
did not have algal overgrowth and did not show any signs of
paling or necrosis. To distinguish which holobiont variables
were linked to the competitive outcomes of the interactions, a
random forests classification analysis was used. Random for-
ests analysis showed that there were important functional
genes (SI Appendix, Figs. S11–S13), bacterial taxa (SI Appen-
dix, Figs. S14–S16), and metabolites (SI Appendix, Figs.
S17–S19), which distinguished winning and losing interactions.
The top 10 most important variables in each analysis (SI Ap-
pendix, Figs. S11–S19) were used to construct a two-way hi-
erarchical dendrogram (Fig. 4) to visualize distinguishable
groups of winning and losing corals, interfaces, and algae.
Using these important taxa (Fig. 4 D–F and SI Appendix, Table
S4), functional genes (Fig. 4 A–C and SI Appendix, Table S5),
and metabolites (Fig. 4 G–I), samples clustered significantly by
winning or losing interactions. Notably, all of the bacterial
orders associated with losing interfaces were from a single
bacterial phylum, Bacteroidetes.
To further elucidate the taxonomic and functional mecha-

nisms involved in winning and losing coral–algal interactions,
one-way ANOVAs were performed on all bacterial phyla and
level 1 SEED metabolic categories followed by Tukey post hoc
analysis on all significant variables (ANOVA P values ≤0.05).
This analysis revealed that there were only two phyla and two
SEED subsystems that were significantly different at the interface
relative to both coral and turf algal samples (i.e., ANOVA P
value ≤0.05 and Tukey P value ≤0.05). The phylum Bacteroidetes
was significantly enriched in interface samples, while the phylum
Firmicutes was significantly depleted in the interface samples
(Fig. 5A and SI Appendix, Fig. S7). Functionally, genes involved in
cell division were significantly enriched in interface samples
(Fig. 5B and SI Appendix, Fig. S8). The taxonomic shift toward
Bacteroidetes and concomitant enrichment in cell division-related

genes, as observed at the interface, was also observed on coral
tissue of losing colonies (Fig. 5A and SI Appendix, Fig. S7). These
results demonstrate a significantly higher Bacteroidetes-to-Firmi-
cutes ratio at the interface and in losing corals (Fig. 5A). Regression
analysis showed that the Bacteroidetes to Firmicutes ratio was sig-
nificantly correlated with genes involved in cell division (Fig. 5C)
(R2 = 0.560, F(1,16) = 20.4, P = 0.0004) as well as being significantly
correlated with total microbial biomass (Fig. 5D) (R2 = 0.402,
F(1,16) = 10.76, P = 0.0047). Taken together, these results suggest
that an increase in Bacteroidetes is linked to an increase in cell
division, greater bacterial cell size, and total biomass and that this
shift toward faster growing, larger Bacteroidetes is linked to
whether corals win or lose in their competitive interactions against
benthic algae.

Discussion
The data presented herein illustrate that there are significant
differences in the size, abundance and community composition of
microbes across in situ coral–turf algal interfaces (Fig. 1). These
differences show there is an emergent community that forms at the
interface between coral and turf algae, which is characterized
by larger and more numerous bacterial cells, a higher pro-
portion of Bacteroidetes, a lower proportion of Firmicutes, an
enrichment in genes involved in bacterial cell growth and di-
vision, and an increase in the potentially proapoptotic compound
ceramide 18:1/16:0.

Microbial and Viral Abundances. The highest viral abundance was
in the coral holobiont. The increased viral abundance in the
coral-surface holobiont may be due to the bacteriophage adherence
to mucus (BAM) dynamics described in Barr et al. (42). BAM dy-
namics imply that bacterial viruses (bacteriophage or phage) adhere
to mucus glycoproteins through noncovalent interactions with capsid
proteins. Corals may use these mucus-attached phages to defend
against invading bacterial pathogens. The combination of the dif-
ferences in viral and bacterial abundances leads to a significant dif-
ference in the VMR across the interface, where coral holobionts have
the lowest microbial load but the highest VMR (Fig. 1D). Further-
more, metagenomic analyses demonstrated higher levels of prophage
in algal samples (SI Appendix, Fig. S20), where VMR was the lowest
(Fig. 1D). Taken together, these data suggest a trend toward a de-
crease in lytic activity and an increase in viral lysogeny at higher
microbial concentrations (Fig. 1E and SI Appendix, Fig. S20). A
similar trend has been seen in other environments (43, 44), including
the water column of tropical coral reefs, and has been described
as Piggyback-the-Winner dynamics (43). Piggyback-the-Winner posits
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that when VMRs are low, such as in interface and turf algal samples,
there are more bacterial cells harboring lysogenic phage. This means
that the bacterial assemblages at the interface and turf algae harbor a
higher proportion of phage-encoded genes, which has been linked to
increased pathogenicity of the overall community (45–50). These
microbe-phage dynamics may be another mechanism at play in the
complex interactions of coral and algal holobionts.

Microbial Biomass and Energetics. The results also demonstrate
that there are significantly larger microbial cells at the interface

between coral and turf algae (Fig. 1F). This change in cell size
coupled to the cell concentrations leads to a higher predicted
metabolic power output at the coral–algal interface (Fig. 1G).
This trend of higher power output has also been reported using
calorimetry in controlled laboratory experiments (22). A higher
microbial power output at the coral–algal interface means that the
microbial populations here are using energy at a faster rate and are
dissipating more of that energy as heat (22, 51). The increase in
metabolic rate at the interface may be responsible for the reported
decreased oxygen levels at the interface (22, 52–55). Understanding
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the direct links between bacterial taxa, cell size, power output, and
biological oxygen demand may provide a more complete conceptual
model of the way bacterial metabolism is involved in competitive
interactions between benthic macroorganisms.

Emergent Microbiome and Metabolome at the Coral–Turf Algal
Interface. Metabolomic samples showed clear differences be-
tween coral and noncoral holobionts. The interface exhibited a
unique chemical signature, however, the metabolites driving dif-
ferences at the interface were mostly unknown compounds. One
known compound (level 2 according to the metabolomics standards
initiative) was the potentially proapoptotic molecule, ceramide 18:1/
16:0 (Fig. 3A). Other bioactive lipids and proapoptotic in-
flammatory modulators have previously been shown to play a role in
the coral holobiont (56–58), suggesting that nonself-recognition
among some of the oldest extant holobionts (i.e., corals) involves
bioactive lipids identical to those in highly derived taxa like humans.
The data here further strengthen the hypothesis that major players
of the immune response evolved during the pre-Cambrian era (59).
Furthermore, turf algal metabolites were found to have more
negative nominal oxidation states of carbon and higher ΔG of
carbon oxidation (Fig. 3 C and D), suggesting that the biochemicals
in the turf algal holobiont are more reduced and, thus, more energy
rich. It may be the combination of naive coral microbes being
exposed to high-energy turf algal compounds at the interface,
which leads to the increase in size and power output of the bac-
terial cells at the interface (Fig. 1 F and G). The feeding of coral
microbes on turf algal metabolites at the interface may also be in
part responsible for the decrease in oxygen levels previously ob-
served at the coral–algal interface (22, 53). Thus, we propose the
“algae feeding hypothesis” where reduced, high-energy turf algae
exudates feed interface and coral-associated microbial communi-
ties, often to the detriment of the coral animal.
The metagenomic and metabolomic data show that there are

specific bacterial taxa, functional genes, and metabolites that
distinguish coral, turf algae, and interfaces (Fig. 2), as well as
winning and losing interactions (Fig. 4 and SI Appendix, Tables
S4 and S5). Furthermore, these data indicate that the interface is
not merely a mix of coral and turf algal holobionts, but rather has
its own emergent signature (SI Appendix, Figs. S2–S6), which is
more similar to the turf algal holobiont than the holobiont of coral
(Fig. 2). Specifically, members of the Bacteroidetes clade are
overrepresented at the interaction interface, while the phylum
Firmicutes is underrepresented at the interface (Fig. 5 and SI
Appendix, Fig. S7). A similar trend is observed in coral samples,
where Bacteroidetes are enriched in losing corals and Firmicutes

are depleted in losing coral samples (SI Appendix, Fig. S7). Thus,
the data demonstrate that the Bacteroidetes-to-Firmicutes ratio is
a significant predictor of whether a coral will win or lose in a
competitive interaction with algae. The ratio of Bacteroidetes to
Firmicutes is also a significant predictor of health status in other
systems such as the human gut where this ratio has been linked to
obesity (60) and in the human lung where it is linked to disease
states in cystic fibrosis patients (61). The Bacteroidetes-
to-Firmicutes ratio was a significant predictor of the amount of
cell division genes and total microbial biomass in these holobionts
(Fig. 5D). Studies in mice and humans have shown that the change
in the Bacteroidetes-to-Firmicutes ratio can have significant im-
pacts on energy output and biomass of microbial communities,
with Bacteroidetes having an increased capacity to harvest energy
from reduced compounds (62). Given that the abundance of
Bacteroidetes and the Bacteroidetes-to-Firmicutes ratio was
higher at the interface and in losing coral samples, we propose a
working model (Fig. 6) whereby the reduced metabolites released
by turf algae select for an increase in Bacteroidetes relative to
Firmicutes, which, in turn, leads to a faster growing bacterial
community with larger cells and higher energy use rate. These fast-
growing microbes can outcompete the corals for resources such as
oxygen, which weaken the coral and lead to eventual algal over-
growth. This link between the energy content of algal metabolites,
bacterial taxonomic composition, community metabolism, and
coral health provides interesting insight into the ways that differ-
ent components of the holobiont affect the outcome of ecological
interactions and eventually shape entire community assemblages.
Despite the current progress in the field, it is worth noting that

environmental multiomics still has a long way to go. Metab-
olomics databases are sparsely populated in regard to environ-
mental metabolites making annotation difficult and leaving the
majority of compounds unclassified. As this work and others
(e.g., ref. 63) have demonstrated the need to consider all com-
ponents of the holobiont, it is clear that new methods and in-
creased sequencing efforts will be needed to provide the amount
of microbial coverage necessary to properly describe the roles of
the less abundant components of the holobiont such as archaea
and viruses. Thus, we highlight that future work is needed to
provide more robust analyses of the coral and algal holobionts
and their associated metabolites.

Conclusion Statement
Overall, this study demonstrates that there are differences in
both the surface-associated microbial community and the total
holobionts of coral and turf algae, and that when these organisms
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interact, there is an emergent interface community. We hypothesize
that this emergent community is driven by the coral microbiome
feeding on the energy-rich exudates released by the adjacent turf
algae, a phenomenon we term the algae feeding hypothesis. The
data also show that specific bacterial groups such as Bacteroidetes
and Firmicutes play a role in determining the competitive outcome
of coral–turf algae interaction events. However, what this role is
remains an open question and will require further investigation. In
sum, we emphasize the role of host-associated microbial commu-
nities in ecological processes and highlight that the holobiont plays
an important part in determining the outcome of coral–turf algal
interactions and overall reef health.

Methods Overview
All samples were collected from in situ coral–turf algal interactions by divers
on SCUBA around the Caribbean island of Curaçao in November of 2015.
Surface-associated water samples and tissue biopsies were collected to assess
the surface-associated epibiont and the tissue-associated microbial communi-
ties of corals and turf algae in direct competitive interactions with one an-
other. Surface-associated water samples were processed for microscopy using
both SYBR Gold and DAPI stains to quantify the abundance of bacteria and

virus-like particles as well as the size of bacterial cells. Tissue biopsies were
processed for metagenomics sequencing on a MiSeq platform and untargeted
metabolomics via liquid chromatography tandem mass spectrometry. A ma-
chine learning approach was applied to metagenomic and metabolomic
datasets to identify which bacterial taxa, functional genes, and metabolites
were most important for determining whether a coral was winning or losing
against its turf algal competitor. See SI Appendix, Supplementary Methods for
a detailed explanation of all methods.

Data Availability. Metagenomic sequence data from this study has been
deposited into the Sequence Read Archive under the study accession code
PRJNA597953.

Metabolite library spectra files are available through the GNPS at
the following link: (https://gnps.ucsd.edu/ProteoSAFe/result.jsp?task=
7d1e1045428548bbad575ff12445a48c&view=advanced_view).
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