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Mass mortality events in populations of the iconic red coral Corallium rubrum have been related to
seawater temperature anomalies that may have triggered microbial disease development. However,
very little is known about the bacterial community associated with the red coral. We therefore aimed to
provide insight into this species’ bacterial assemblages using lllumina MiSeq sequencing of 16S rRNA
gene amplicons generated from samples collected at five locations distributed across the western
Mediterranean Sea. Twelve bacterial species were found to be consistently associated with the red
coral, forming a core microbiome that accounted for 94.6% of the overall bacterial community. This core
microbiome was particularly dominated by bacteria of the orders Spirochaetales and Oceanospirillales,
in particular the ME2 family. Bacteria belonging to these orders have been implicated in nutrient
cycling, including nitrogen, carbon and sulfur. While Oceanospirillales are common symbionts of
marine invertebrates, our results identify members of the Spirochaetales as other important dominant
symbiotic bacterial associates within Anthozoans.

The economically valuable red coral Corallium rubrum is an important habitat-forming species that provides
structural complexity to benthic communities in the Mediterranean Sea. While commercial over-exploitation for
use in jewellery is one of the main threats, ocean acidification’ and elevated seawater temperatures” may also pose
arisk to C. rubrum populations. High seawater temperatures are known to cause changes within coral microbial
communities resulting in a higher abundance of potential pathogens®*, which may partially explain the mass
mortality events of gorgonians documented throughout the Mediterranean Sea®*. While two studies have pro-
vided initial efforts to identify bacteria associated with the red coral®’, the composition of bacterial assemblages
associated with this species in situ is still largely unknown.

Several studies have identified members of the order Oceanospirillales, in particular those from the genus
Endozoicomonas, as major bacterial associates (up to 90%) of temperate gorgonians®!'!, as well as other
Anthozoans'?"!* and marine invertebrates'>!6. While this suggests Endozoicomonas spp. may be symbionts, as
has been described for scleractinian corals'®', it is unknown what the role of this genus is in the red coral®.
Given the increasing pressures on C. rubrum populations, it is important to assess in detail the natural bacterial
assemblages associated with C. rubrum as this may help to understand their potential function within holobiont
health and provide a basis for understanding the causes of population declines. In this study, we therefore inves-
tigated the spatial diversity of the bacterial communities associated with C. rubrum colonies within the western
Mediterranean Sea.

Results and Discussion
Initially, we confirmed that microbial communities associated with C. rubrum were significantly different
from bacterial communities in the seawater based on alpha diversity metrics (p < 0.0001; Table 1), bacterial
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Cap de Creus 352431 0.010£0.003 554469 1.93+0.27 234427 29
Cassis 350+31 0.013£0.002 547 +91 2.29+0.20 236+ 16 45
Majorca 376 +39 0.013+£0.001 479 +£115 2.3740.35 272+25 68
Porticcio 359+28 0.011+£0.002 584+77 2.06+0.27 236+15 41
Portofino 422+34 0.008 +£0.003 693+99 1.63+0.32 272437 34
Seawater 1058 +177 | 0.016+£0.005 | 1189+197 5.98+0.37 8544147

Table 1. Overview of alpha diversity metrics (average 4 s.d.) for each sampling location.
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Figure 1. Overview of the composition of the microbiomes associated with Corallium rubrum showing
relative spatial stability. The contribution of each taxon to the microbiome at each location is indicated in
percentages (%).

species (classified as Operational Taxonomic Units (OTUs) with at least 97% similarity) present (p < 0.0001;
Supplementary Fig. S1A,C) and community structure (p < 0.0001; Supplementary Fig. S1B,D), indicating host
specificity. The microbial communities associated with the red coral were dominated by bacteria belonging to
the orders of the Spirochaetales (68.0% =+ 9.3) and Oceanospirillales (25.4% + 7.7) at all locations (Fig. 1). The
low evenness found within the communities (Table 1), despite a high number of OTUs (250 =+ 20) present, sug-
gests the dominance of only a few OTUs. Further analysis revealed that C. rubrum possesses a substantial and
highly conserved core microbiome, which we define as the bacterial community consistently associated with
C. rubrum (i.e. OTUs present in all samples regardless of location). The core microbiome of the red coral encom-
passes 94.6% (£2.65) of the entire microbial community (Supplementary Table S1) and is represented by 12
OTUs (Fig. 2, Supplementary Table S2). No differences in the microbial community associated with C. rubrum
were observed between 4 of the 5 locations, showing that the relative abundances of these OTUs within the core
microbiome were relatively stable on a spatial scale (Figure S2). However, red corals near the island of Majorca
harboured significantly different microbiomes in comparison to the other locations (Figure S2). This dissimi-
larity in microbial community composition could largely (>80%) be attributed to changes in the abundances of
members within the core microbiome (Supplementary Table S3), rather than a change in microbial community
membership (Supplementary Fig. S3). Particularly, there was a shift towards a lower relative abundance of the
generally most dominant Spirochaetales (KT964897) and Oceanospirillales (KT964893) OTUs, while the sec-
ond most abundant Spirochaetales (KT964901) and Oceanospirillales (KT964903) OTUs increased in numbers
(Fig. 1; Supplementary Table S3). Overall, this indicates that acclimation of the C. rubrum-associated microbial
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Figure 2. Overview of the composition of the core microbiome associated with Corallium rubrum. The
contribution of each taxon to the core microbiome is indicated in percentages (%). All taxa are represented by
a single Operational Taxonomic Unit (OTU), except Spirochaetaceae (4 OTUs) and Oceanospirillales from the
family ME2 (4 OTUs).

community to local conditions is largely regulated by restructuring of an otherwise stable core microbiome.
Conversely, we found that, on a local scale, the red coral harboured communities of locally stable microbial asso-
ciates (i.e. species present in all samples from a given location) of which the membership was distinct at each loca-
tion (Supplementary Fig. S4). These spatial differences in membership could, however, primarily be attributed to
numerous bacterial species that were either very low abundant or absent, as they did not contribute significantly
to the dissimilarity in the overall microbial communities. While the role of these very low abundant locally stable
associates is unknown, it may suggest local specificity possibly due to selection of the microbial community to
local conditions by the red coral or the transient uptake of locally present bacterial species'®. Taken together, the
significant portion of the microbial community represented by the members of the core microbiome and the
stability of the interactions between these bacterial species and C. rubrum show their importance to host health
through strong associations.

We show that members of the order Spirochaetales are the predominant bacterial associates of the red
coral, which is in stark contrast to the Endozoicomonas-dominated bacterial communities described in other
Anthozoans®'*. While Spirochaetales harbours several species that cause disease in vertebrates, in some inver-
tebrates, such as arthropods, molluscs and oligochaete worms, Spirochaetes are known abundant endosymbi-
onts'21. The Spirochaetes present in termite guts are the best studied and have been found to be involved in
the breakdown of lignocellulose20 and nitrogen fixation®2. In tropical corals, however, the role of these bacteria
is unclear as they have been found at low abundance associated with both diseased?*-?* and healthy corals?>?6%7,
In addition, several reports have found associations between Spirochaetes and the cold-water coral Lophelia per-
tusa, the deep-sea bamboo coral Isidella tentaculum?®® and the gorgonian Thouarella superba®, but Spirochaetes
are only present at relatively low numbers in these organisms. Interestingly, unclassified sequences that closely
match with our Spirochaetes OTUs (identity match of 96-100%; Supplementary Table S4), were recently observed
at low abundance (5.3%) in the red coral®. Transient changes in gorgonian-associated microbiomes, as reported
for Paramuricea clavata®, may explain the differences between these studies. However, it cannot be excluded that
differences in sequencing methodologies and depth give rise to some of these discrepancies.

Phylogenetic analysis of the Spirochaetales OTUs observed in the red coral core microbiome in our study
showed that four OTUs, potentially belonging to the family Spirochaetaceae, clustered primarily with clones
previously isolated from C. rubrums, I. tentaculum?® and T. superba®® (Fig. 3; Supplementary Table S4). The
Leptospiraceae OTU clustered with bacterial clones retrieved from the hard corals L. pertusa and Montastrea
faveolata®, and cold water environments (Fig. 3; Supplementary Table S4). While two Spirochaetaceae OTUs
(KT964897, KT964901) were highly abundant, the other Spirochaetales core microbiome members were present
at low numbers (Supplementary Table S2). Their consistent presence, however, suggests that they probably play
an important role in host physiology?®. While the functions of these bacteria in the red coral are unknown, sym-
biotic Spirochaetes have been shown to be involved in the fixation of nitrogen®? and carbon® for use by the host
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NCBI
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Corallium rubrum (red coral)

DQ395500  Uncultured organism clone ctg CGOAB15 Isidella tentaculum (bamboo coral)
DQ395452  Uncultured organism clone ctg CGOAA84
DQ395466  Uncultured organism clone ctg CGOAB96
DQ395417  Uncultured organism clone ctg CGOABO7

95 X93928 Spirochaeta africana

63 X93926 Spirochaeta asiatica
99 X93927 Spirochaeta alkalica Environmental

99 AF373921  Spirochaeta americana
M88722 halophila
M88720 i i

AM236337
4|68 E M71239
99 NR 074741

J: FJ380060
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Olavius algarvensis spirochete endosymbiont
Olavius algarvensis spirochete endosymbiont
Olavius itunic i iont

Olavius loisae endosymbiont 4

Uncultured bacterium clone 6203-B80
Uncultured bacterium clone 6206-B54
Uncultured Spirochaetaceae sp.

Uncultured bacterium clone Cr2-C4
Uncultured bacterium clone Cr1-A2
Uncultured bacterium clone 4746K1-41
Treponema medium subsp. bovis

Exilispira thermophila

Brevinema andersonii

Uncultured Spirochaetales bacterium Spiro A2
Uncultured Spirochaetales bacterium Spiro 13
Uncultured Spirochaetales bacterium Spiro A1
Spirochete symbiont of Mixotricha paradoxa mp5

Olavius loisae endosymbiont 1
Uncultured bacterium clone Cr1-E3
Uncultured bacterium clone Cr2-A2
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Deferribacter thermophilus
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“Outgroup”

Figure 3. Phylogeny of Spirochaetes. A 16S ribosomal RNA reconstruction of the Spirochaetes created
based on the maximum parsimony model. Percentages of 1000 bootstrap replicates are indicated next to the
tree nodes if they are >50%. Sequences from the present study are in bold and italic. The tree is rooted using
sequences from the phylum Deferribacter as the outgroup.
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and its associated microbial community. Consequently, the red coral-associated Spirochaetaceae may provide
the host with similar symbiotic functions as Symbiodinium and nitrogen-fixing bacteria in tropical reef-building
corals. Although Spirochaetales may be common associates of cold water gorgonian species, their particularly
high abundance within the red coral’s core microbiome shows that C. rubrum has a distinct microbiome within
the Anthozoans.

The other major group of bacterial associates of the red coral found in this study were bacteria belonging
to the order of Oceanospirillales. In particular, OTUs belonging to the ME2 family made up a large portion
of the core microbiome (20.3%), but the functions of bacteria from this taxon are currently unknown. Most
Oceanospirillales OTUs identified in our study were closely related to those previously found in the red coral
(Supplementary Fig. S5; Supplementary Table S4). In contrast to other Anthozoans, the role of Endozoicomonas
spp. in C. rubrum (3.4% of the core microbiome) appeared to be relatively minor, but may still be highly relevant
to host physiology?. These results emphasise the unique, but conserved microbiome associated with the red coral.

The highly spatially stable and unique association of the red coral with the members of its core microbiome
raise questions about the acquisition of these microbial symbionts. As C. rubrum is a brooding species, it is likely
that the red coral inherits its core microbiome through vertical transmission from the brooding parental colony
to the planulae®, explaining the high geographic stability of the red coral microbiome. The three most abundant
OTUs (KT964893, KT964897 and KT964901) in the core microbiome (Supplementary Table S2) were also found
to be present in very low numbers (0.08, 0.22 and 0.06%, respectively) in the surrounding seawater at some loca-
tions. While this may indicate that the red coral sheds bacteria in order to regulate its microbial community®*, it
is tempting to speculate that, similar to Symbiodinium, these potentially symbiotic microbes have both associated
symbiotic stages and free-living stages.

Here, we provide an in-depth analysis of the Corallium rubrum-associated microbiome. Overall, we show that
the red coral has a highly distinct microbiome composition within the class of Anthozoa, ubiquitously dominated
by bacteria from the order Spirochaetales and a relatively unknown family within the order of Oceanospirillales.
The high spatial stability of a core microbiome consisting of 12 OTUs suggests strong and specific associations
between the red coral and its core resident microbes. Further research is required to elucidate the physiological
contributions of these microbial symbionts to host health and the stability of the associations on a temporal scale.

Methods

Sample collection. Between April and June 2013, samples of Corallium rubrum were collected at 30-40 m
depth at five locations: Cap de Creus, Spain (42°18'N 3°18’E), Majorca island, Spain (39°57'N 3°12’E); Cassis,
France (43°12'N 5°28'E); Porticcio, Corsica Island, France (41°50'N 8°45E); Portofino, Italy (44°18'N 9°12E).
Samples were collected from five visually healthy colonies at each location, with the exception of Majorca, where 3
colonies were sampled. Each sample was rinsed twice with 0.2 um filtered seawater to remove exogenous, loosely
associated microorganisms and stored in ice-cold RNAlater (ThermoFisher Scientific) at 4°C. At each loca-
tion, thirty litres of seawater were collected and filtered sequentially through 8 pum, 3 pm and 0.2-pm Whatman
Nuclepore Track-Etched filters (Sigma-Aldrich) and the retentate was kept in RNAlater at 4°C.

DNA extraction and 16S rRNA gene amplicon library preparation.  Tissues and associated microbes
were removed from the skeleton using an airbrush with 5mL 0.2M EDTA, and filter retentates were bead
beaten prior to DNA extraction. Tissue slurries were centrifuged, and DNA was extracted from the pelleted
C. rubrum tissues and seawater filter retentate using the Genomic DNA Buffer Set and Genomic-tip 20/G columns
(QIAGEN) according to the manufacturer’s sample preparation and lysis protocol for tissues. 16S rDNA amplicon
libraries were generated using the 8F/338R primer set®, which covers the V1-V2 hypervariable regions of the
bacterial 165 rRNA gene, in a 50 pl volume containing 0.2 uM of each primer, 2.5mM dNTP, 5% v/v dimethyl sul-
foxide (DMSO), 10 ng template DNA, 1x AccuBuffer and 0.5u1 ACCUZYME DNA polymerase (Bioline GmbH).
The PCR protocol consisted of an initial denaturation step of 95°C for 3 min followed by 15 amplification cycles
(denaturation at 98 °C for 105, annealing at 55 °C for 10s and extension at 72 °C for 45s). Of this reaction, 1l
was used as a template in a secondary PCR reaction performed under the same conditions, with the exception
that primers were replaced by primers designed to overlap the compatible adaptors, barcodes and indexing for
lumina multiplexing sequencing® for 20 cycles and a final extension at 72 °C for 5 min. Final PCRs were dried in
a vacuum centrifuge concentrator (SpeedVac, Thermo Scientific), re-suspended in 30 pl of double-distilled water
and separated on a 2% agarose gel. PCR products of the correct amplicon size were extracted using the Qiaquick
Gel Extraction Kit (QIAGEN). Libraries were sent for paired-end sequencing on the Illumina MiSeq platform
(version 3 chemistry - 2 x 300 bp, 600 cycles) at the Helmholtz Centre for Infection Research (Braunschweig,
Germany). Image analysis and base calling were performed using the Illumina Pipeline (version 1.7).

16S rRNA gene amplicon data analysis. The QIIME pipeline® was used for data processing. MiSeq
sequencing produced 3,536,820 reads. Forward and reverse reads were joined using the fast-join method and
the resulting .fastq file was used to generate quality (.qual) and reads (.fasta) files for further processing. The
split_libraries.py script was used to remove low quality (Phred <25) sequences, reads <200 bp or >500 bp in
length, primers and barcodes, and to assign each read to its respective sample. Chimeric sequences were identified
(on average 5.6%) against the curated SILVA reference database (version 119)* and removed using UCHIME?.
Operational Taxonomic Units (OTUs) were defined at the level of 97% similarity followed by taxonomy assign-
ments against the SILVA reference database (version 119) using the UCLUST algorithm®. Singletons, unassigned
OTUs, and OTUs classified as chloroplast or mitochondria were removed from the dataset. Overall microbiomes
(rarefied to 24,509 reads for each sample) as well as the community of locally stable microbial associates (OTUs
present in 100% of the samples at each sampling location; rarefied to 23,940 reads for each sample) and the core
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microbiome (OTUs present in all samples; rarefied to 23,890 reads for each sample) were determined. Alpha
diversity metrics (total observed number of OTUs, predicted species (chaol), Shannon-Wiener diversity index,
Simpson’s Evenness and species richness estimate®’) and beta diversity UniFrac distance matrices were generated
from OTU tables using the QIIME pipeline. The complete dataset has been deposited in the NCBI Sequence Read
Archive (SRA) with accession number SRP071002.

Statistical Analysis. Differences in alpha diversity metrics among sampling locations were analysed using
an Analysis of Variance (ANOVA). To visualise differences in OTU membership between C. rubrum-associated
bacterial communities, principal coordinate analysis (PCoA) was performed on unweighted UniFrac distance
matrices. To visualise differences in microbial community structures based on species abundances, Bray-Curtis
dissimilarity matrices were generated from OTU tables and subsequently subjected to PCoA. Homogeneity of
multivariate dispersions between locations were tested using Permutational Analysis of Multivariate Dispersions
(PERMDISP), and were only found to be significant for unweighted UniFrac distance matrices (p < 0.03).
Permutational Analysis of Variance (PERMANOVA) and pair-wise comparisons were performed under Type
III partial sums of squares and 9999 permutations under the unrestricted model using Monte Carlo simula-
tions to test for differences among bacterial communities at different locations on the unweighted UniFrac
and Bray-Curtis dissimilarity matrices. To determine the OTUs driving the observed differences between red
coral-associated microbial communities at different locations, Similarity Percentage (SIMPER) analyses were
applied to the OTU tables. All beta diversity analyses were conducted using PRIMER 6 & PERMANOVA+
(PRIMER-E Ltd)*.

Phylogenetic analyses of gorgonian associated microbes. The QIIME pipeline*® was used to identify
the most representative sequence of each Spirochaetales OTU. An initial phylogenetic tree was built based on the
published full-length 16S rDNA sequences available from GenBank, using the Maximum Parsimony approach in
MEGAG6*, and the representative sequences from this study were added to build the final tree, based on a 300 bp
alignment matrix. The bootstrap consensus tree was inferred from 1,000 replicates. Sequences of core microbi-
ome OTUs were deposited in the GenBank database under the accession numbers KT964892 - KT'964903.
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