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Abstract

Coral reefs are marine biodiversity hotspots that provide a wide range of ecosystem
services. They are also reservoirs of bioactive compounds, many of which are produced
by microbial symbionts associated with reef invertebrate hosts. However, for the
keystone species of coral reefs—the reef-building corals themselves—we still lack a
systematic assessment of their microbially encoded biosynthetic potential, and thus the
molecular resources that may be at stake due to the alarming decline in reef biodiversity
and cover. Here, we analysed microbial genomes reconstructed from 820 reef-building
coral samples of three representative coral genera collected at 99 reefs across 32 islands
during a two-year expedition throughout the Pacific Ocean (Tara Pacific). By
contextualising our analyses with the microbiomes of other reef species, we found that
genomic information was previously available for only 10% of the 4,224 microbial species
overall and for less than 1% of the 645 species exclusively identified in Tara Pacific
samples. We found reef-building coral microbiomes to be host-specific and their
biosynthetic potential to rival or even surpass that found in traditional targets for natural
product discovery, such as sponges and soft corals. Fire corals were not only
particularly diverse in microbially encoded biosynthetic gene clusters (BGCs), but also in
BGC-rich bacteria, including Acidobacteriota spp., which have been recently highlighted
for their promising natural product repertoire. Together, this study unveils new candidate
sources for bioactive compound discovery, prioritises targets for microbial isolation, and
underscores the importance of conservation efforts by linking macro-organismal
biodiversity loss to host-specific microbiomes and their biotechnological potential.

Main text

Coral reefs are one of the most biodiverse and productive ecosystems on Earth. Despite
covering less than 0.2% of the ocean floor, they are home to a third of all named marine
multicellular species’2. Coral reefs provide a wide range of ecosystem services to millions of
people around the globe, such as food, livelihoods, and coastal protection, and they serve as a
source of bioactive compounds®*. However, climate change, emerging diseases, and other
anthropogenic stressors have caused a decline in live coral cover by more than 50% since the
1950s*°. Given the projections of further reef decline®, there is a pressing need to capture what
is at stake under this continued biodiversity loss.

The biodiversity, productivity, and structural complexity of reef systems are fundamentally linked
to the ecological functions provided by calcareous skeleton-forming (reef-building) corals, such
as stony and fire corals®. Like other organisms, these sessile invertebrates depend on a diverse
community of microorganisms (microbiome)’. The microbiome of corals provides its host with
vital nutrients, such as carbon, nitrogen and phosphorus, as well as vitamins and essential
amino acids®'°. Additionally, it supports its host in coping with changing environmental
conditions™ and can protect it from infectious diseases'®"®. Furthermore, microbes associated
with reef-building corals are suggested to produce bioactive compounds to fend off pathogens,
predators, and competitors'>'. However, such compounds have been mainly discovered in
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other reef invertebrates®, such as sponges and soft corals, and include examples of
antimicrobial'®, anti-inflammatory'®, and antitumour'” agents, with some undergoing clinical
trials™®°.

The discovery of bioactive compounds has typically relied on screening chemical extracts from
either the invertebrate host, which may depend on the supply of unsustainable amounts of
animal biomass?, or from microbial producers isolated from their hosts'’. The latter approach is,
however, generally constrained by our limited ability to cultivate microbial symbionts under
laboratory conditions?'. Furthermore, both methods are prone to the persistent challenge of
rediscovering the same or similar compounds?. As a more recent strategy, metabolic pathways
linked to biosynthetic gene clusters (BGCs) that encode the synthesis of bioactive compounds
can be discovered by screening reconstructed genome sequences®*?. These genomes may
originate from microbial culture collections?' as well as from uncultivated single cells or whole
microbial communities (metagenomes) from, in principle, any environment or host organism?-2,
However, for the microbiome of reef-building corals, such genomic information remains
scarce®"?,

We thus aimed to systematically explore the genome-resolved diversity and host-specificity of
reef-building coral microbiomes, assess the novelty of its BGC-encoded biosynthetic potential,
compare it to the microbiomes of other hosts (such as sponges) and the surrounding
environment, and determine whether corals host any BGC-rich lineages as promising targets for
microbial isolation. To this end, we reconstructed >13k metagenome-assembled genomes
(MAGs) from reef-building coral samples collected as part of the Tara Pacific expedition®
(Suppl. Table 1) and from publicly available coral reef metagenomic datasets (Suppl. Table 2).
For almost 90% of the 4,224 microbial species in total, or >99% of those from Tara Pacific
samples, for which we reconstructed MAGs, no genome-resolved information was previously
available. Coral and sponge microbiomes were largely host-specific and we found the
biosynthetic potential (per microbial species) in reef-building corals (particularly fire corals) to be
as rich, or even richer than in sponges or the surrounding waters. By detecting new
biosynthetically rich bacterial lineages, including some within the phylum Acidobacteriota for
which the first natural products were reported only recently®', our work underscores exemplarily
not only the value of reef-building corals from a biotechnological perspective, but also the
implications of their potential loss.

Genome-resolved resources for coral reef microbiomes

To fill the gap in the availability of microbial genome data from reef-building corals, we collected
820 metagenomes from two stony coral genera (Porites and Pocillopora) as well as fire corals
(Millepora) around 32 islands (99 reefs) throughout the Pacific Ocean as part of the Tara Pacific
expedition from 2016-2018% (Fig. 1ab; for details on coral host lineages see*?). Furthermore, to
facilitate a comprehensive assessment of reef-building coral microbiomes for their
phylogenomic novelty and biosynthetic potential, as well as to contextualise this information
across different coral reef-inhabiting species (such as sponges and soft corals), we compiled a
reef metagenomic dataset (Fig. 1c; Suppl. Fig. 1). This dataset included, in addition to those
from the Tara Pacific expedition, previously available metagenomes from 412 coral samples
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(from 29 genera, including 22 stony and five soft coral genera, as well as from black and fire
corals) and 371 sponge samples (from 32 genera) (Fig. 1d; Suppl. Table 2).

Applying a previously benchmarked bioinformatic workflow?® on this dataset, we reconstructed
13,446 coral- and sponge-associated MAGs from bacteria and archaea (Fig. 1ef, Suppl. Fig. 2).
Of the 2,046 coral-associated MAGs, 1,964 were from reef-building corals and 1,524 originated
from the Tara Pacific expedition®*. With 57% (1,171) of all coral-associated MAGs, fire corals
contributed more microbial genomes than stony (39%; 793) and soft corals (4%; 72) combined
(Suppl. Table 3). Focusing on the Tara Pacific samples (equal sampling effort across coral
hosts), we reconstructed 1,170 genomes from Millepora samples, 305 from Porites samples,
and 48 from Pocillopora samples. Linking these genomic data to transmission electron
microscopy images, we found the high number of MAGs from fire corals to correspond to a high
load of extracellular microorganisms (Fig. 1g; Suppl. Fig. 3).

Overall, our efforts increased the number of available coral-associated MAGs tenfold (Suppl.
Table 3). The data analysed in this study, which also includes 103 available isolate genomes
(Methods; Suppl. Table 4), can be interactively explored through the Reef Microbiomics
Database (RMD; https://microbiomics.io/reef/), enabling the scientific community to study the
microbiomes of reef organisms.

Novelty and host-specificity of the coral microbiome

Establishing the RMD enabled us to systematically capture the number of microbial species we
reconstructed genomes for and to assess the degree to which these species lacked prior
genomic information. Specifically, we annotated all genomes using the Genome Taxonomy
Database (GTDB; r207) toolkit* and clustered genomes using a 95% whole-genome average
nucleotide-identity threshold®®, which defined 4,224 species-level clusters (species). Close to
90% (3,774) of all species, and 99% (638) of the 645 identified in Tara Pacific corals, were not
present in the GTDB (Fig. 2a; Suppl. Table 3). Three-quarters of the species represented in the
RMD had their genomes reconstructed from sponge metagenomes (3,206 vs. 971
reconstructed from coral metagenomes) and less than 1% (36) of all microbial species were
shared between sponge and coral metagenomes (Fig. 2a; Suppl. Table 3). Within corals, we
reconstructed genomes from 516, 460, and 26 microbial species from stony, fire, and soft
corals, respectively (Fig. 2b). Stony and fire corals shared as few as 37 microbial species, and
no species were shared with soft corals. More specifically, 95% of microbial species were
unique to a particular host genus (Suppl. Table 3).

Beyond reconstructing genomes, we sought to validate this pervasive host-specificity by
comparative compositional profiling of the host-associated microbial species identified here. To
this end, we used a single copy marker gene-based method*® to determine the species-level
taxonomic composition of all (1,603) host-associated metagenomes, 387 seawater
metagenomes collected during the Tara Pacific expedition (Fig. 1b)* and 84 seawater
metagenomes from previous coral- and sponge-focused studies that we included in our analysis
(Methods). Overall, the microbial species profiles of coral metagenomes were clearly distinct
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from those of seawater metagenomes (Fig. 2c and Suppl. Fig. 4) as well as among each other
(Fig. 2d).

Finally, we used the Tara Pacific dataset to test the detectability of coral-associated
microorganisms in seawater sampled at increasing distances from their host, that is,
coral-surrounding water, reef water, and open ocean water. As a result, we detected as little as
20% of all microbial species from the coral metagenomes in the water samples. Furthermore,
both the number and relative abundance of the detected species decreased with distance from
the sampled coral colony within the reef, and they were barely detected in the open ocean (Fig.
2e).

Together, our results complement previous metagenomic efforts to reconstruct microbial
genomes from diverse environments®33° greatly expand the number and diversity of reef
host-associated microbial taxa with genomic information available, and—besides enabling us to
investigate their functional potential—support earlier marker-gene-based reports*®**? by
demonstrating a high degree of host-specificity based on genome-resolved data.

Functional and biosynthetic potential of the coral reef microbiome

To determine whether the phylogenomic novelty of the reef microbiome also correlated with an
uncharted functional and biosynthetic potential, we used previously established methods*® to
generate a reef microbial gene catalogue (RMGC) based on the protein-coding genes predicted
for all genomes from the 4,224 species represented in the RMD. This resulted in 16.3 M
non-redundant genes (genes), that is, a mean of 3,857 genes per species. By comparison, a
recently published microbial gene catalogue from the open ocean (OMGC; derived from the
Ocean Microbiomics Database (OMD))®, built from almost twice as many microbial species
(8,304), contained substantially fewer genes per species (2,135). The higher gene richness
encoded by reef host-associated microbial species was also reflected in a larger estimated
genome size per species (3.6 vs 2.2 Mbp for the reef vs ocean microbiome; Suppl. Fig. 5). This
difference might stem from lower streamlining pressure or vice-versa higher gene-maintenance
pressure acting on microbial genomes in the nutrient-rich, complex host-associated ecological
niche*¢_ In addition, compared to the open ocean microbiome, the reef microbiome contained
a higher fraction (34% vs 16%) of as-yet uncharacterised genes (Fig. 3a).

For the microbial genome collection in the RMD, we predicted BGCs with antiSMASH (35 k
BGCs from 13 k genomes) to map and contextualise the reef biosynthetic potential and to
compare its magnitude and diversity with that found in open ocean microbial genomes (40 k
BGCs from 35 k genomes). To ensure comparability, we grouped the antiSMASH-predicted
BGCs into biosynthetic gene-cluster families (GCFs), identified pathways predicted to encode
similar natural products*’, and accounted for the inherent redundancy (the same BGC encoded
in several genomes) as well as the fragmented nature of metagenomic assemblies (Methods)*.
We found that the reef microbiome encoded a richer (6,612 GCFs or 1.57 GCF/species)
biosynthetic potential than the ocean microbiome (5,877 GCFs or 0.71 GCF/species) (Fig. 3b).
The two environments shared less than 10% of GCFs (411), and the proportions of the detected
natural product classes also varied. For example, the reef microbiome contained a higher
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proportion of ribosomal natural product pathways (0.31 vs 0.174) and Type | polyketide
synthases (0.107 vs 0.036), and a lower share of terpenes (0.215 vs 0.282) and other classes
(0.161 vs 0.279), including aryl polyene, homoserine, beta lactones, or siderophores (Fig. 3c).
These shifts may represent adaptations in the metabolism of reef invertebrate-associated
microorganisms compared to free-living ones, and are in contrast to previous reports that found
relatively fewer ribosomal natural products pathways in sponges compared to aquatic
ecosystems (Suppl. Table 5)%.

Comparing the GCFs detected in coral reef microbiomes to biochemically characterised
(MIBiG*°) and predicted (BiG-FAM®) pathways, we found as little as 0.3% (21) overlap (Fig. 3b)
and 64% to be newly identified in this study (Fig. 3d). To further support the notion that reef
host-associated microorganisms represent a rich and unique source to discover new
biosynthetic enzymes and natural products, we tested whether GCFs found in coral-associated
microorganisms were also detected in the reef seawater; which, however, was the case for only
25% of them (which echoes the 20% overlap between corals and seawater microbiomes at the
level of microbial species).

Given that reef-building corals, as opposed to sponges (followed by soft corals), have received
relatively little attention as sources of marine natural products®'°?, we compared the biosynthetic
potential of the RMD across these different groups of hosts. Overall, we recovered fewer GCFs
from corals than from sponges (2,817 vs 3,920 GCFs; Fig. 3e). However, once we normalised
by sampling effort, the coral microbiome was richer in GCFs both per genome (2.9 vs 1.2
GCFs/species) and per microbial species (1.4 vs 0.3 GCFs/species). In addition, although the
coral microbiome encoded fewer ribosomal natural product pathways (25% of all GCFs in corals
compared to 36% in sponges), the coral microbiome harboured a larger share of the
biotechnologically important class of nonribosomal peptide synthetases®® than the sponge
microbiome (25% compared to 9%).

Among corals, our analyses revealed the fire coral microbiome (which has so far only been
taxonomically characterised’**) to be particularly BGC-rich. We detected almost twice the
number of GCF per species in fire corals (4.0 GCF/species) than in soft corals (2.1
GCF/species), with stony corals (2.7 GCF/species) in-between. Although, the RMD still contains
relatively few genomes from soft corals (72 MAGs) and other coral reef species, our results
highlight that the microbiome of reef-building corals, and fire corals in particular, encodes an
immense and yet untapped source of novel biosynthetic enzymes and natural products (Suppl.
Fig. 6-8).

BGC-rich microbial lineages in reef-building corals

Biosynthetically rich microorganisms (BGC-rich; 215 BGCs) are particularly valuable targets for
isolating natural products. Such talented producers (or superproducers) hold tremendous
biotechnological promise?®*® and isolating their natively produced metabolites is experimentally
advantageous to subcloning and heterologously expressing single BGCs, particularly for the
biotechnologically important, large multi-modular polyketide synthases and non-ribosomal
peptide synthetases®. Previous natural product research revealed, for instance, Candidatus
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Entotheonella and Candidatus Poriflexus as sponge-associated BGC-rich lineages®*. To
identify such BGC-rich microbial lineages in our reef dataset, we screened the coral and sponge
metagenomes: we mapped the taxonomic distribution of the biosynthetic potential across the
RMD and, after manual curation (Methods), identified 33 BGC-rich microbial species (three
times more than across the OMD?®) from seven phyla, including Acidobacteriota, Cyanobacteria,
Proteobacteria, and Myxococcota (Fig. 4a; Suppl. Table 6). However, none of these 33
BGC-rich species was represented in the GTDB, suggesting these as candidate new species
(and 16 of these even candidate new genera and one a candidate new family).

Similar to the biosynthetic potential, we compared the distribution of BGC-rich microbial
lineages across stony corals, fire corals, soft corals, and sponges. Our analysis of hundreds of
metagenomes and thousands of microbial genomes showed that reef-building corals harbour a
higher proportion of BGC-rich lineages (1.4% and 3.9% of all species for stony and fire corals,
respectively) than soft corals (none identified) or sponges (0.3% of all species) (Fig. 4b). Fire
corals in particular host many BGC-rich lineages (18, or one every 11 metagenomes) compared
to sponges (11, or one every 138 metagenomes). Based on these findings, this study reveals
additional potential sources in the search for novel bioactive compounds from reef invertebrate
microbiomes.

The recent attention that Acidobacteriota spp. have received as candidate natural product
superproducers?*?”%® motivated us to assess their prevalence and abundance across
reef-building corals. To this end, we explored their distribution across the Tara Pacific 16S rRNA
amplicon dataset” (812 samples) that matched the Porites, Pocillopora or Millepora
metagenomes studied here. All Acidobacteriota spp. from which we recovered BGC-rich
genomes were abundant in and prevalent across the three coral genera (Methods; Fig. 4c). We
also detected with a 99.5% identity match of the 16S rRNA gene, a close relative of the
Acanthopleuribacter pedis strain, from which we recently characterised the first acidobacterial
natural products (phorbactazoles, 21-methoxy calyculinamide, and acidobactamides)?".
Phorbactazoles and 21-methoxy calyculinamide are cytotoxins with ICs, in the micro- and
nanomolar ranges, respectively, and synthesised by complex trans-acyltransferase polyketide
synthase (trans-AT PKS) pathways, which are known to produce complex and unusual
compounds®. Furthermore, we identified two microbial genomes (reconstructed from coral
metagenomes—Millepora and Goniastrea) from uncharacterised Acanthopleuribacteraceae
spp. that encode unusual trans-AT PKS pathways (along with many other BGCs) (Suppl. Fig. 9;
Suppl. Table 6).

Together, these observations suggest that reef-building corals host biosynthetically rich bacterial
lineages, including Acidobacteriota spp., that emerge as new targets for isolation given their
untapped yet promising potential to yield new natural products.

Conclusions

The systematic, basin-scale sampling effort of the Tara Pacific expedition facilitated access to a
wealth of host-specific, previously unavailable genome-resolved information for coral-associated
microbial species. Comparative analyses, enabled by establishing a reef microbiome-wide
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database for key coral reef organisms, revealed stony and fire corals as particularly rich in
novel, microbially encoded BGCs as well as BGC-rich microbial lineages. On the one hand, this
enormous, largely untapped biosynthetic potential of reef-building corals, which have so far
contributed only a minimal portion of the diversity of marine natural products®°?, represents a
promising prospect for sustainable, efficient, and non-redundant bioprospecting®. This outlook
is particularly striking considering that our work focused on only a small fraction of the globally
described number of extant reef-building coral species (current estimates: >750)%° and their
associated microbial diversity’, the vast majority of which is yet genomically undescribed. On
the other hand, our findings highlight what is at stake under the continued, anthropogenic
pressure-driven decline of coral reefs and the unique microbial diversity they support.
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Figure 1: The Tara Pacific expedition sampled coral reefs across the Pacific
Ocean
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(a) The Tara Pacific expedition (2016—2018) included the sampling of corals at 99 reefs across
32 islands throughout the Pacific Ocean. (b) At each reef, Millepora, Porites, and Pocillopora
colonies (*plus, exceptionally, two Heliopora specimens at one reef in Tuvalu) were sampled®,
resulting in a total of 820 reef-building coral-associated metagenomes (Suppl. Table 1). In
addition, the plankton microbiome was collected from the water surrounding Pocillopora
colonies (C: coral-surrounding water), from representative water within each reef (R: reef water),
as well as from oceanic water (O: open ocean water)*, resulting in 387 metagenomes (Suppl.
Table 1). The inset shows a transmission electron microscopy image of a Millepora tissue
sample, with bacteria-sized cells in the ectoderm indicated by stars (see Suppl. Fig. 3 and
Methods for details). (c-d) To contextualise the data generated from the Tara Pacific expedition,
we aggregated a total of 412 coral (from 29 genera) and 371 sponge (from 32 genera)
metagenomes from 15 and 16 publicly available datasets, respectively (Suppl. Table 2). (e)
From this metagenomic dataset, we reconstructed 13,446 metagenome-assembled genomes
(MAGs), 1,524 from Tara Pacific metagenomes mostly from fire corals. (c-e) In addition, we
collected 103 isolate genomes from 26 studies (Suppl. Table 4). (f) We compiled all genomic
data to generate the Reef Microbiomics Database (RMD), which is available at
https://microbiomics.io/reef/.
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Figure 2. The microbiome of reef invertebrates is genomically uncharacterised
and host-specific

(a) By grouping the 13,549 genomes in the RMD at the species-level (95% average nucleotide
identity), we found them to represent 4,224 microbial species. Taxonomic annotation with the
Genome Taxonomy Database (GTDB r207) showed that close to 90% (3,774) of all species,
and 99% (638) of those reconstructed from Tara Pacific corals, represented new species or
clades at higher taxonomic ranks. (b) The species displayed high specificity for the different
types of corals (stony, fire, and soft corals) (¢) A Jaccard distance-based Principal Coordinate
Analysis of the microbial species we detected across the Tara Pacific coral and seawater
metagenomes showed a clear separation between the microbiomes of corals and seawater
(PERMANOVA, p-value<0.001, R?>=0.31). (d) Likewise, the coral metagenomes from the three
coral genera (Porites, Pocillopora, Millepora) targeted during the Tara Pacific expedition were
significantly different among themselves (PERMANOVA, p-value<0.001, R?=0.18). (e) The
number and abundance of coral-associated microbial species decreased in seawater samples
as a function of distance to the coral host.
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Figure 3: The reef microbiome harbours a high degree of functional and
biosynthetic novelty

(@) The microbiomes of reef invertebrates represented in the Reef Microbiomics Database
(RMD) harboured 18% fewer characterised genes than the global open ocean microbiome
(gene catalogue representatives annotated using eggNOG) (RMD: 16.3M gene representatives;
Ocean Microbiomics Database (OMD): 17.7M gene representatives). (b) We found the Gene
Cluster Families (GCFs) detected in the reef microbiome to be clearly distinct from those
previously detected in the open ocean®® and only 21 of them to overlap with biochemically
characterised ones (MIBIiG). (¢) The proportion of predicted natural products for the reef and
open ocean microbiomes reveals an increased representation of Ribosomally synthesised and
Post-translationally modified Peptides (RiPPs) and Type | Polyketide Synthases (T1PKS) in the
reef microbiome. NRPS, Non-Ribosomal Peptide Synthetases; T2/3PKS, Type Il and Il
Polyketide Synthases. (d) Most of the GCFs from the reef microbiome are new compared to
previously sequenced BGCs (BiG-FAM, Methods). (e) The GCFs detected in reef invertebrates
are largely specific to the different host types (stony, fire, soft corals, and sponges).
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Figure 4: Stony and fire corals harbour BGC-rich microbial lineages

(a) Taxonomy and biosynthetic potential of the 33 candidate natural product superproducer
species (that is, BGC-rich lineages) identified in the RMD. None of these species have
representatives in the GTDB (r207). Light grey indicates BGCs located at the edge of a contig
(Methods). (b) Fire corals host a particularly high number of BGC-rich species compared to
other reef invertebrates (and we detected none in soft corals), a difference even more striking
when normalising by the sampling effort. Compared to both sponges and soft corals, the
microbiomes of reef building corals host a higher proportion of BGC-rich species. (¢) We used
the Tara Pacific 16S rRNA gene amplicon dataset (812 matching samples) to explore the
abundance of Acidobacteriota and the taxonomic groups containing BGC-rich species (that is,
the Subgroup 21 class, the Vicinamibactraceae and Acanthopleuribacteraceae families, and the
Thermoanaerobaculaceae/Subgroup 10 genus) based on taxonomic annotations (Methods). In
addition, we detected close relatives of the two isolated strains from the
Acanthopleuribacteraceae family (Acanthopleuribacter pedis and Sulfidibacter corallicola),
which recently led to the characterisation of phorbactazoles, 21-methoxy calyculinamide, and
acidobactamides as the first acidobacterial natural products®'.
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Methods

Metagenomic data generation from Tara Pacific samples

The Tara Pacific expedition collected coral and seawater samples from 99 reefs across 32
islands throughout the Pacific Ocean®. The detailed sampling protocols are presented in
Lombard et al.*’. Based on morphology, we targeted three reef-building corals: the stony corals
Pocillopora meandrina and Porites lobata, and the fire coral Millepora cf. platyphylla. However,
because corals within the same genus can be difficult to differentiate by eye, results were
aggregated at the genus level (Pocillopora, Porites, and Millepora). Population genomic analysis
of the sampled morphotypes revealed the presence of five, three, and one putative species for
P. meandrina, P. lobata, and M. cf. platyphylla, respectively®*. In addition, two samples of
Heliopora were collected at one site.

Samples from three colonies per species were collected for metagenomic analysis at each site
using hammer and chisel. The fragments were stored underwater in individual Ziploc bags and
preserved in tubes with DNA/RNA shield (Zymo Research, Irvine, CA, USA) at —20 °C once on
board the schooner Tara. Additionally, plankton was collected on 0.2-3 um filters by filtering
100L of open ocean water with a pump offshore, 100 L of reef water with a pumping system
and tubing within the reefs, and 50 L of coral-surrounding water with a pumping system and
diver-held tubing from two Pocillopora colonies per reef. All filters were preserved in cryovials in
liquid nitrogen. The sample provenance and environmental context are available on Zenodo®'.

DNA was extracted with commercial kits after mechanical cell disruption and metagenomic
sequencing was performed on a NovaSeq6000 or HiSeq4000 Illumina sequencer (lllumina, San
Diego, CA, USA) in order to produce 100 M of ~150 bp paired-end reads per sample. The
detailed protocols are provided in Belser et al.®2.

Transmission electron microscopy images of coral tissue samples

The Tara Pacific expedition also enabled the microscopical inspection of coral tissue. For this,
0.1 g of coral was separated using bone cutters and immediately preserved on board in
EM-grade glutaraldehyde. In the lab, the coral fragments were decalcified in 500 yL of 10%
EDTA, pH 7. Once decalcified, the samples were rinsed with 0.1 M sodium cacodylate buffer
and embedded in agarose for post-fixation staining with 1.5% potassium ferrocyanide and 2%
osmium tetroxide in water. Osmium tetroxide staining was followed by uranyl acetate and lead
nitrate staining®. Next, the samples were dehydrated in serial acetone baths (10, 30, 50, 70, 90,
95, 100%) for 10—-15 min each before being infiltrated with araldite resin and sectioned using a
RMC ultramicrotome. Samples were imaged on a FEI Helios Nanolab 650 microscope in
scanning transmission electron microscopy mode at the Oregon State University Electron
Microscopy Facility.
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Inclusion of publicly available sequence data from other corals and sponge
microbiomes

We complemented the newly generated Tara Pacific metagenomic dataset with publicly
available ones. Specifically, we searched the European Nucleotide Archive (ENA) biosamples
database (December 2022) to identify metagenomic datasets from coral or sponge samples.
Upon literature review, we included metagenomic data from 15 coral®"® and 16 sponge®’ "%
focused studies (Suppl. Table 2). In total, these datasets included 412 coral (from 29 genera,
including 22 stony and five soft coral genera, as well as black and fire corals) and 371 sponge
samples of global distribution (Suppl. Fig. 1). An additional 103 microbial genomes from
cultivated coral-associated strains, reported across 26 studies?'*"%"3 were included (Suppl.
Table 4).

Metagenomic data assembly and binning

Metagenomic data processing was performed as described in Paoli et al.?2. Briefly, sequencing
reads from all metagenomes were quality filtered using BBMap (v.38.79) by removing
sequencing adapters from the reads, removing reads that mapped to quality control sequences
(PhiX genome), and discarding low quality reads using the parameters trimq =14, maq= 20,
maxns =1, and minlength =45. Downstream analyses were performed using quality-controlled
reads or, if specified, merged quality-controlled reads (bbmerge.sh minoverlap =16). For
host-associated metagenomes (that is, excluding seawater samples), quality-controlled reads
from Tara Pacific metagenomes were normalised (bbnorm.sh target =40, mindepth =0) and all
metagenomes were assembled individually with metaSPAdes (v.3.14.1 or v.3.15 if required)"“.
The resulting scaffolded contigs (hereafter scaffolds) were filtered by length (=1 kbp).

The 1,603 metagenomic samples were grouped into several sets and, for each sample set, the
quality-controlled metagenomic reads from all samples were individually mapped against the
scaffolds of each sample. Publicly available metagenomes were processed by study, while the
Tara Pacific coral metagenomes were processed by host (creating several sets of approximately
100 samples within each host genus). Reads were mapped with BWA (v.0.7.17-r1188)"°,
allowing the reads to map at secondary sites (with the -a flag). Alignments were filtered to be at
least 45 bases in length, with an identity of 297% and covering 280% of the read sequence. The
resulting BAM files were processed using the jgi_summarize_bam_contig_depths script of
MetaBAT 2 (v.2.12.1)"® to provide within- and between-sample coverages for each scaffold. The
scaffolds were finally binned by running MetaBAT 2 on all samples individually with parameters
--minContig 2000 and --maxEdges 500 for increased sensitivity.

Quality evaluation of metagenomic bins and additional genomes

The quality of each metagenomic bin and external genome was evaluated using both the
‘lineage workflow’ of CheckM (v.1.1.3)""" and Anvi'o (v.7.1)""®. Metagenomic bins and external
genomes were retained for downstream analyses if either CheckM or Anvi'o reported a
completeness/completion (cpl) of 250% and a contamination/redundancy (ctn) of <10%.
Completeness and contamination were averaged across both tools and the selected genomes
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were further attributed a quality score (Q) as follows: Q= cpl -5 xctn. Based on the quality
score, the bins were classified as MAGs of different quality levels according to community
standards™® as follows: high quality: cpl290% and ctn<5%; good quality: cpl=70% and
ctn £10%; medium quality: cpl=250% and ctn < 10%; fair quality: cpl <50% or ctn =10% (edge
case due to the average between the CheckM and Anvi'o).

Species-level clustering of the genome collection

The genomes were subsequently grouped into species-level clusters on the basis of
whole-genome average nucleotide identity (ANI) using dRep (v.3.0.0)'* with a 95% ANI
threshold®'?" (-comp 0 -con 1000 -sa 0.95 -nc 0.2). Whenever mentioned, a representative
genome was selected based on the maximum quality score defined by dRep
(Q"=cpl-5xctn +ctn x (strain  heterogeneity)/100 + 0.5 x log[N50]) for each species-level
cluster.

Taxonomic and functional genome annotation

Prokaryotic genomes were taxonomically annotated using GTDB-Tk (v.2.1.0)** with the default
parameters and the fulltree option using the GTDB r207 release’??. The taxonomic annotation of
a species is defined as the one of its representative genome.

Each genome was functionally annotated by first predicting complete genes using Prodigal
(v.2.6.3)'®, Barrnap (v.0.9) and Aragorn (v.1.2.41)'* with the taxonomy parameter specified
based on GTDB annotations, where appropriate. The predicted proteins were used to identify
universal single-copy marker genes with fetchMGs (v.1.2)'®. The gene sequences were
additionally used as input to identify BGCs in the genomes using antiSMASH (v.6.1.1)* and a
minimum contig length of 5 kbp.

Species-level profiling with mOTUs

Genomes were added to the database (v.3.1) of the metagenomic profiling tool mOTUs'® to
generate an extended mOTUs reference database. Only genomes with at least six out of the ten
universal single copy marker genes were kept. The resulting 10,511 genomes grouped into
3,673 mOTUs species-level clusters, 3,588 (98%) of which represented new clusters in the
extended database. The difference in the number of species-level clusters reported by mOTUs
(3,673) and dRep (4,224) can be explained by a more stringent filtering of the genomes (10,511
instead of 13,549) and a different clustering strategy, yet, these two independent methods
yielded very similar clustering patterns with a V-measure of 0.99, a homogeneity of 0.99, and a
completeness of 0.98. Profiling of the 2,074 metagenomes was performed using the default
parameters of mOTUs (v.3.1).

To assess the distribution (detection, abundance) of microbial species across host and seawater
samples, the resulting profiles were filtered to retain the 3,673 mOTUs for which genomes were
available. We subsequently removed mOTUs that were detected in less than 10 samples and
samples that had a total scaled abundance of three or less. The resulting matrix was used to
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compute Jaccard distances between samples. These were visualised by a Principal Coordinate
Analysis (PCoA) (package ape'® in R) and the statistical significance was tested using
PERMANOVA. In case of unbalanced groups (for instance, 337 sponge metagenomes vs 47
sponge-associated seawater metagenomes), a random subsample (here 50) of the larger group
was selected to perform the PERMANOVA and the statistics were derived from 100 repetitions.

Functional profiling

Similar to the methods described previously?®43'?" we clustered the >37 million protein-coding
genes at 95% identity and 90% coverage of the shorter gene using CD-HIT (v.4.8.1)'%® into
16.3 million gene clusters. The longest sequence was selected as the representative gene of
each gene cluster. The representative genes were annotated by assigning them to orthologous
groups with emapper (v.2.1.7)'?° based on eggNOG (v.5.0.2)"*°, and by performing queries
against the KEGG database (release 2022-04)"*'. This last step was performed by aligning the
corresponding protein sequences using DIAMOND (v.2.0.15.153)"2 with a query and subject
sequence coverage of 270%. The results were further filtered on the basis of the bitscore being
>50% of the maximum expected bitscore (query sequence aligned against itself) in accordance
with the thresholds implemented in the NCBI Prokaryotic Genome Annotation Pipeline'.

The 1,603 host-associated and 471 seawater metagenomes were then mapped to the cluster
representatives with BWA (v.0.7.17-r1188) (-a) and the resulting BAM files were filtered to retain
only alignments with a percentage identity of 295%, an alignment length of 280% of the query
length and 245 bases. Gene abundance was calculated by first counting inserts from best
unique alignments and then, for ambiguously mapped inserts, adding fractional counts to the
respective target genes in proportion to their unique insert abundances. These abundance
profiles were subsequently length-normalised based on the length of the gene representatives
and sequencing depth-normalised using the total mOTUs counts from the corresponding
sample.

Clustering of BGCs into GCFs

All BGCs predicted across all genomes, along with those from the OMD?* and MIBiG*® (for
contextualisation), were grouped into Biosynthetic Gene Cluster Families (GCFs) using
clust-o-matic with a threshold of 0.5'** based on the comparison of biosynthetic genes. This
sequence identity-based clustering was previously shown to perform similarly to BiG-SLIiCE*,
yet to provide an alternative that is less sensitive to BGC fragmentation. Each GCF was
attributed a natural product class on the basis of antiSMASH annotations of the individual
BGCs, as defined in BiG-SCAPE™®. The fraction of new GCFs was estimated based on the
distances to databases of computationally predicted (the RefSeq database within BiG-FAM)*
and experimentally validated (MIBiG 2.0)* BGCs.

Acanthopleuribacter pedis and Sulfidibacter corallicola genomes

The genomes of A. pedis and S. corallicola were downloaded from the NCBI genome database
using the accessions GCF_017377855.1 and GCF_017498545.1, respectively.
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Tara Pacific 16S rRNA dataset

To further explore the distribution of selected microbial lineages across the coral hosts sampled
by Tara Pacific, we used the Tara Pacific 16S rRNA gene (16S) dataset (v1.1)” available on
Zenodo (https://zenodo.org/record/4451892)' and selected the 812 samples that matched the
820 coral metagenomes. The species for which MAGs were reconstructed in this study were
matched to the 16S-based OTUs by (1) recovering, whenever available, the genomic 16S
sequences directly from the genomes or (2) identifying the 16S sequences from related
representatives in the GTDB and matching them to the 16S-based OTUs. These sequences
enabled us to match whole-genome and 16S-based taxonomies to identify the corresponding
16S-based OTUs belonging to candidate BGC-rich lineages.

Statistics and reproducibility

Statistical analyses were performed in R (v.4.2.2-4.3.1). Wherever appropriate, correction for
multiple testing was performed using false-discovery rate correction. Wherever appropriate and
if not specified otherwise, statistical tests performed were two-sided. UpSet plots were
generated using the R packages UpSetR (v.1.4.0)"*” and ComplexUpset (v.1.3.3)'%8'3° Boxplots
were generated using ggplot2 (v.3.4.2) and defined as follows: the bottom and top hinges
correspond to the first and third quartiles (the 25th and 75th percentiles). respectively, the top
and bottom whiskers extend from the hinge to the largest or smallest value no further than
1.5 xIQR from the hinge, respectively (where the IQR is the interquartile range, or distance
between the first and third quartiles). Outliers (data points beyond the end of the whiskers) are
plotted individually. Wherever possible, individual data points are displayed, except, for instance,
for coral samples in Figure 2e, owing to the large number of points and space constraints.

Data availability

The metagenomic data generated in this study was submitted to the ENA at the EMBL
European Bioinformatics Institute under the Tara Pacific Umbrella project PRIEB47249. Sample
provenance and environmental context are available on Zenodo
(https://zenodo.org/doi/10.5281/zenodo.4068292)5'. The publicly available metagenomic data
used in this study were downloaded from the ENA and a summary of their accession numbers is
provided in Supplementary Table 1. The MIBIiG and BiG-FAM databases can be accessed at
https://mibig.secondarymetabolites.org/ and https://bigfam.bioinformatics.nl/, respectively. Other
supporting data were deposited on Zenodo
(https://zenodo.org/doi/10.5281/zenodo0.10182966)'*° and the RMD can be interactively
accessed online (https://microbiomics.io/reef/). Additional material generated in this study is
available on request.

Code availability

The code used for the analyses performed in this study is accessible at GitHub
(https://github.com/SushiLab/reef-microbiomics-paper/) and archived on Zenodo
(https://zenodo.org/doi/10.5281/zen0d0.10201847).
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Supplementary Figure 1: The coral reef metagenomes used in this study are
distributed across the globe

We generated a genomic resource with global representation, by integrating the 820 coral
metagenomes sampled by Tara Pacific (orange) with publicly available coral metagenomes
(412) from 15 studies (pink) and sponge metagenomes (371) from 16 studies (purple).
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Supplementary Figure 2: The reconstructed genomes display a high degree of
completeness and little contamination

We attributed each metagenome-assembled genome (MAG) a quality score based on its
completeness and degree of contamination (Methods). For each dataset, at least one third of all
MAGs were of high quality (completeness = 90% and contamination < 5%) and more than two
thirds were of good quality or higher (completeness = 70% and contamination < 10%), which
compares favourably to previous large-scale efforts focusing on other microbiomes?-8,
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Millepora

Pocillopora

Supplementary Figure 3: Transmission electron microscopy images show a high
load of extracellular microorganisms in Millepora

By comparing the transmission electron microscopy images of the three coral genera (A)
Millepora, (B) Pocillopora, and (C) Porites (sampled in Guam in 2016), we find differences in the
number of microbial cells present as well as in the niche the microorganisms colonise.
Annotations denote possible: (*) extracellular bacteria/archaea, (**) CAMAs (Coral-Associated
Microbial Aggregates), (+) intracellular bacteria/archaea, (X) Symbiodinaceae (symbiont,

including intracellular thylakoids), (N) coral nuclei.
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Supplementary Figure 4: Corals and sponges host microbial communities that
are distinct from those in the seawater

(left) A clear separation between the microbiomes of corals and seawater is found based on a
Jaccard distance-based Principal Coordinate Analysis of the microbial species detected in coral
and seawater metagenomes from publicly available coral studies (PERMANOVA,
p-value<0.001, R?=0.17, see Methods). (right) Similarly, the sponge metagenomes harbour
microbial species that are distinct from those found in seawater metagenomes, although the
difference is weaker than what was observed between coral and seawater metagenomes
(PERMANOVA, p-value<0.001, R?=0.08).
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Supplementary Figure 5: The estimated genome size of microbial species
detected in the reef microbiome is larger than that of the ocean microbiome

After correcting the genome size estimates?® of any microbial species represented by at least
one genome of more than 70% completeness, we found the median genome size of microbial

species associated with reef invertebrates to be 3.6 Mbp, which was larger than that of the open
ocean (2.2 Mbp; Wilcoxon-test p-value<2.2e-16).
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Supplementary Figure 6: For all host groups, the number of GCFs depends on
the sequencing depth

We sought to investigate the impact of the sequencing depth (as captured by the total mOTUs
count, a proxy for the number of bacterial and archeal cells sequenced) on the number of GCFs
identified in a metagenome across host groups. The higher number of GCFs identified in
sponge metagenomes can be attributed to a higher number of microbial cells sequenced. The
overall trends are similar across host groups after normalising by the sequencing effort (the 95%
confidence intervals of the slope estimates overlap).
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Supplementary Figure 7: Increasing the geographic coverage would unvell
additional GCFs

The rarefaction curves of the number of gene-cluster families (GCFs) identified across coral
genera sampled by Tara Pacific (Millepora, Pocillopora, Porites) against the number of islands
sampled (based on 500 randomisations) do not reach saturation and therefore suggest that we
can uncover additional GCFs by further increasing the geographic range of sampling. The

higher variation in Porites may indicate that the biosynthetic potential of its microbiome is more
geographically heterogeneous.
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Supplementary Figure 8: Sampling additional host species would unvelil
additional GCFs

The rarefaction curves of the number of gene-cluster families (GCFs) identified against the
number of coral/sponge genera sampled by previous studies (based on 100 randomisations) do
not reach saturation and therefore suggest that we can expect to uncover additional GCFs by
increasing the host diversity range. The higher variation across soft and stony corals may
suggest that the biosynthetic potential of their microbiome is more heterogeneous between
genera. However, this higher variation may also result from the variable sampling effort and the
various sampling protocols used (as they originate from many different studies) across genera.
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Supplementary Figure 9: Complex trans-AT PKS clusters identified in an
uncharacterised Acanthopleuribacteraceae species reconstructed from a fire
coral (Millepora) metagenome

Two examples of architecturally wunusual frans-AT PKS-NRPS BGCs from the
Millepora-associated Acanthopleuribacteraceae MAG. The assembly lines comprise 10 and 24
modules, respectively, with a repeated occurrence of domains of unknown function (DUF)
adjacent to pyridoxal phosphate-(PLP)dependent domains. Adapted from Leopod-Messer,
Chepkirui et al., 2023*. All predicted BGCs for genomes from the two
Acanthopleuribacteraceae spp. are listed in Supplementary Table 6.
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