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I. Introduction 
Coral reefs and coralligenous ecosystems are some of the most biodiverse ecosystems in the 

world (Roberts et al. 2002; Barlow et al. 2018; Casas-Güell et al. 2015). Tropical reefs are home 

to an astonishing variety of organisms, and there are likely still millions of undiscovered species 

living in and around these ecosystems (Fisher et al. 2015). Species associated with 

coralligenous areas in the Mediterranean in turn account for an estimated 15-20 % of the 

biodiversity (Casas-Güell et al. 2015; Coll et al. 2010). These biodiversity hotspots are also of 

high economic value, as they provide habitat for populations of fishes and their juveniles, thus 

contributing to commercial and subsistence fisheries. They also present business opportunities 

along with jobs through tourism and recreation (Worm et al. 2006).  

 

Corals (phylum Cnidaria and class Anthozoa) form the 3-dimensional structure of these 

ecosystems. Scleractinian corals (subclass Hexacorallia), also called hard corals, provide the 

framework of coral ecosystems by building large calcium carbonate (CaCO3) skeletons. 

Octocorals (subclass Octocorallia) mainly include soft corals and gorgonians, which do not 

have a calcareous skeleton but form flexible tree-like colonies. Because of this structural 

complexity, corals create macro- and micro-habitats that act as a shelter for many benthic and 

nektonic organisms (Piazzi et al. 2021). Corals also play a major role in the benthic-pelagic 

coupling (i.e. processes that connect the 2 zones through the exchange of energy, mass, or 

nutrients), by capturing large quantities of plankton and thereby regulating the primary and 

secondary productions of coastal food chains (Rossi, Rizzo 2021).  

 

Although corals have been extensively studied, most of the research has focused on 

Scleractinians. Octocorals have been much less studied in terms of their physiology, 

distribution, reproduction and association with microbial symbionts (Schubert, Brown, Rossi 

2017; van de Water, Allemand, Ferrier-Pagès 2018). As all multicellular organisms, corals are 

holobionts, in that they form complex interactions with a range of microorganisms, such as  

protists, fungi, bacteria, archaea, and viruses  (Knowlton, Rohwer 2003). These microbial 

symbionts play an important role in the health of their host. The best-known coral-microbe 

interaction is the symbiosis between corals and endosymbiotic algae from the family 

Symbiodininiaceae. This relationship is, however, exclusive to corals living in waters where 

light levels are sufficient for photosynthesis, allowing the algae to produce carbon-rich 

compounds (Muscatine, R. McCloskey, E. Marian 1981) that they share with the coral host to 

meet its nutritional needs. Other microbial symbionts, such as bacteria, are involved in other 

services such as nutrient provision through e.g. nitrogen fixation (Lema, Willis, Bourne 2012), 

carbon acquisition (Matthews et al. 2020) and sulphur-cycling (Raina et al. 2009), as well as 

protection against harmful microbes via antibiotic production (Kvennefors et al. 2012; Ritchie 

2006; Nissimov, Rosenberg, Munn 2009) or the exclusion of pathogens by occupying available 

microbial niches  (Rypien, Ward, Azam 2010).  

 

The coral microbiota is composed of microbes that are consistently associated with a host 

species called “core microbiome” (Ainsworth et al. 2015), as well as transient microbes whose 

presence depends on local conditions  (Hernandez-Agreda et al. 2016; van de Water et al. 2018; 
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2017a). These conserved ‘core microbiomes’ suggest the existence of a phylosymbiotic signal, 

i.e. a link between host evolutionary history and microbiome diversity  (Lim, Bordenstein 

2020). However, the composition and function of the microbial community may change under 

changing environmental conditions, which could lead to the emergence of pathogens and 

resultant disease  (Bourne et al. 2009), but may also lead the coral to uptake beneficial microbes 

that may help it to survive stressful events  (Peixoto et al. 2017). Assessing how symbiotic 

microbial communities are changing in response to climate change and seawater pollution is 

critical to the conservation of these important ecosystems. Considering this, it is essential to 

explore whether evolutionary relationships exist between corals and their microbes, or whether 

corals select their microbial communities based on the functions they possess and what the coral 

needs.  

 

So far, few studies have been conducted on the microbiota of octocorals, and mostly on 

populations in shallow waters (van de Water, Allemand, Ferrier-Pagès 2018). Populations 

living in the mesophotic zone (30 – 150m depth), where light levels are low, remain largely 

unexplored, especially below 60 m depth. These sites are difficult to access and can only be 

reached by specialized divers or Remotely Operated Vehicles (ROV) (Wilkinson 2008). Its 

distance from the surface makes the mesophotic zone a more protected area from extreme 

events (storms with waves and swell) and human pressures (e.g maritime traffic, noise 

pollution, developments, fishing, pollution, boat anchoring). Furthermore, its depth provides 

more stable conditions: below 60 meters, the temperature in the Mediterranean Sea is the same 

all year round, whereas near the surface it can vary by more than 12 °C between summer and 

winter (Shaltout, Omstedt 2014). As global warming is likely to intensify, shallow water corals 

may experience more frequent bleaching episodes and/or disease outbreaks, leading to a loss of 

biodiversity. The colder deep waters, which have greater inertia as the water warms at the 

surface, would give ecosystems more time to adapt. Thus, because of their particularly remote 

and stable conditions, mesophotic ecosystems may represent a potential refugium for coral 

species, i.e. a reservoir of conserved biodiversity that can re-populate the degraded areas 

(Kahng et al. 2010). Because host-microbiome relationships of corals in these areas are not or 

only slightly disturbed by physical and anthropogenic factors, mesophotic ecosystems are an 

ideal environment to study evolutionary links between corals and their microbiota, i.e. a 

phylosymbiotic signal.  

 

During the Gombessa V (2019) & VI (2021) expeditions and the ENCOR campaign (2019), 

192 samples of 14 Octocorallia species from the Alcyonacea order were collected from the 

mesophotic zones (between 60 and 150 m depth) of the temperate Mediterranean Sea and 

tropical Red Sea. This dataset encompasses both depth specialists (living only in deep or 

shallow zones) and depth generalists (living along a depth gradient from shallow to deep). 

Using amplicon sequencing of the 16S rRNA gene (metabarcoding), this study aims (1) to 

investigate the composition of the bacterial communities associated with these corals and (2) 

explore whether an evolutionary link between the corals and their microbiota exists.  

 



10 
 

II. Material and methods 

1. Biological material 

Figure 1 provides an overview of the morphology of most Octocorallia species of interest for 

this study in their natural habitat.  

 

 

Figure 1: Octcorals species of interest a. Eunicella cavolini, b. Paramuricea clavata bicolor, c. Paramuricea clavata, d. 

Alcyonium coralloides, e. Eunicella verrucosa, f. Corallium rubrum g. Eightfold body symmetry in Corallium rubrum, h. 

Mesophotic gorgonian forest ecosystem, i. Sarcophyton glaucum, j. Sclerites (indicated by the arrow) inside the tissue of 

Sarcophython glaucum k. Paralemnalia thyrsoides, l. Klyxum utinomii 
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Corals are solitary or colonial animals (called polyps), which belong to the phylum Cnidaria 

and the class Anthozoa. Anthozoans can be further divided into 2 sub-classes: 

- The Hexacorallia (Haeckel, 1896), presents a 6-fold symmetry and includes, among other 

orders, the Scleractinians or hard corals. Scleractinians are responsible for the reef framework 

as they produce large calcium carbonate (CaCO3) skeletons.  

- The Octocorallia (Haeckel, 1866) exhibit eight-fold symmetry (Figure 1.g). It is composed of 

3 orders Alcyonacea, Helioporacea and Pennatulacea.  Alcyonacea include the "soft corals" and 

"gorgonians". They form tree-like organisms with no hard skeleton and live on top of the 

calcareous structure. All Alcyonacea have tiny CaCO3 structures embedded in the tissue called 

sclerites that support the structure (Figure 1.j). In addition, gorgonians have a central axis 

composed of proteins (gorgonin) or aragonite (only in the Coralliidae family) that allows them 

to maintain an upright position. Because of the 3-dimensional structures they create, they play 

an important role as ecosystem engineers. The coral bushy forests create specific environmental 

conditions in terms of light, currents, sedimentation, etc., which provide habitats for hundreds 

of necto-benthic organisms (Ponti et al. 2014), as shown in Figure 1.h. 

 

Gorgonians are found in the Alcyonacea order in several suborders as described in figure 2, 

showing the summarized taxonomy of the species of interest for the following study. This 

diagram has been simplified for understanding purposes, providing the taxonomy classification 

only of the species studied here. The length of the branches does not correspond to a 

phylogenetic distance. 

Figure 2: Summary of the taxonomy of coral species of interest (Source: Taxonomy annotation of WORMS) 
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Octocorals are holobionts forming relationships with a range of microorganisms such as 

bacteria, fungi, protists, archaea and viruses that provide them with different services (Figure 

3). They can also host endosymbiotic algae from the Symbiodininiaceae family, which 

photosynthesize and provide the host with most of its energy and respiratory needs  (Davy, 

Allemand, Weis 2012). However, many Octocorallia do not possess algal symbionts, especially 

for the Mediterranean species (van de Water, Allemand, Ferrier-Pagès 2018). Bacterial 

communities associated with octocorals have received more attention than fungi or viruses and 

this study will only focus on bacterial microbiota. Previous studies have shown that bacterial 

richness and diversity are lower in octocorals than in Scleractinian corals  (Bayer et al. 2013), 

making them potentially suitable models for studying the co-evolution of host and microbial 

communities. Analyses of Holaxonia species revealed that their bacterial communities are 

highly dominated by Proteobacteria and in particular by the Oceanospirillales genus 

Endozoicomonas, that can make up to over 96 % of an octocoral’s bacterial assemblage  (Bayer 

et al. 2013; van de Water et al. 2017b).  

 

Spirochaetes have previously received little attention in the field of coral microbial ecology, 

due to their low abundance in tropical hard corals (Ainsworth et al. 2015), cold-water corals  

(Kellogg, Lisle, Galkiewicz 2009), sea pens (Porporato et al. 2013), and deep-sea soft corals  

(Gray et al. 2011; Penn et al. 2006). However, since the discovery that the bacterial 

communities of the red coral Corallium rubrum are consistently composed of up to 70 % 

Spirochaetales (genus Spirochaeta, and Leptospira (van de Water et al. 2018; 2016)), their 

importance is now also increasingly recognized in other coral species. Other bacterial taxa are 

to be found in our samples depending on the coral species, sampling location and other biotic 

and abiotic parameters, which will be discussed later in this report.  

Figure 3: Schematic representation of the coral holobiont (Source: Peixoto et al. 2017) 
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2. Sampling process 

The samples in this dataset come from several scientific campaigns conducted at different 

locations, the 2 Gombessa expeditions in the temperate Mediterranean Sea and the ENCOR 

expedition in the Red Sea, a tropical environment. A summary table of the different surveys 

and their characteristics is provided later in this section (Table 1).  

a. Gombessa expeditions V and VI 

Samples were collected by deep divers of the Gombessa team using a combination of saturation 

diving and electronically controlled rebreather diving with the permission of the Direction 

Interrégionale de la Méditerranée (DIRM). The divers remained pressurized for 28 days inside 

a 10m2 “Bathyal station” in an atmosphere of helium and oxygen (24 days of exploration + 4 

days of desaturation at the end). The pressure in the station was adjusted to the depth of the 

sites to be explored and varied from 1 bar (surface pressure) to 15 bars (pressure of the deepest 

site). At each dive, the divers went to the lift-module, which deposited them at the site to be 

explored (Figure 4). At each site, fragments of ~20cm were collected from 6 colonies per 

species (see Figure 6 and table 1). Fragments were individually placed in a plastic bag filled 

with ambient seawater and brought back to the surface.     

b. ENCOR expedition 

Corals were sampled near Eilat (Israel) in October 2019 between 65 and 120 m depths (see 

Figure 6 and Table 1), under the permits of the Israel Nature and Parks Authority. Colonies of 

around 25–30 cm2 were collected for each species with a ROV (ECA H800), equipped with an 

HD video camera (VS300 Eca Robotics), and a manipulative arm for sampling (Figure 5). The 

ROV was operated from a boat using a fiber-optics umbilical cable.  

a 

c b 

Figure 4: Images from the Gombessa expeditions a. Diver in the lift module, b. The lift module that lowered the 

divers to the desired depth, c. The “Bathyal station” (Source: L. Ballesta) 
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All samples were rinsed twice with 0.2-μm filtered seawater to remove exogenous, loosely 

associated microorganisms and stored in RNAlater (an aqueous storage solution from 

ThermoFisher Scientific) at 4 °C. In addition, between 2-30L of seawater were collected next 

to each octocoral colony and filtered sequentially through 0.2-μm Whatman Nuclepore Track-

Etched filters (Sigma-Aldrich), and the retentate was kept in RNAlater at 4 °C. 

  

Figure 6: Map of the sampling sites for each survey (Source: Personal illustration) 

N 

Figure 5: Images from the ENCOR expedition a. ROV operated from the boat, b. Manipulative arm of the ROV taking 

a coral sample, c. ROV going down from the boat, d. ROV reboarded after use 

a b 

c d ©Marcos Schonholz 

©Marcos Schonholz 

©Marcos Schonholz 

©Marcos Schonholz 
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Table 2: Summary table of the survey sample’s information 

Survey Date Sampling site Species Number 

of samples 

Gombessa 

V 
July 2019 

- Le massif du Raventurier (Antibes) 

(70 m)  

43°33'13.6"N 7°08'54.0"E 

- St Martin (77 m) 

43°44'15.1"N 7°28'17.2"E 

- Le tombant des Américains Est 

(103 m) 

43°41'04.5"N 7°18'18.7"E 

- Corallium rubrum 

- Paramuricea clavata 

- P. clavata bicolor 

- Eunicella cavolini 

- Eunicella verrucosa 

10 

10 

13  

14 

14 

Gombessa 

VI 
July 2021 

- Capense (80 m) 

43°57'30.5856”N 9°18'57.5928”E 

- Scalo (100 m) 

43°55'20.1504”N 9°19'57.8712”E 

- Palagaccio (100 m) 

43°43'45.3828”N 9°29'4.362”E 

- Cap Corse 8A (90 m) 

43°7'50.9592”N 9°31'14.952”E 

- Nord 1 site 1 (100 m) 

43°17'10.8888”N 9°26'0.3228”E 

- Anneaux site A (105 m) 

43° 10' 59.4588”N 9° 30' 50.1588”E 

- Anneaux DC (90 m) 

43° 14' 43.3788”N 9° 29' 56.1588”E 

-  Corallium rubrum 

 - Paramuricea clavata  

- Eunicella cavolini 

- Callogorgia verticillata  

- Alcyonium coralloides 

11 

16 

16 

12 

5 

ENCOR 
October 

2019 

Eilat (65-120m) 

29°30'03.1"N 34°55'20.4"E 

- Klyxum utinomii 

- Sinularia eilatensis 

- Sinularia loyai 

- Sinularia mesophotica 

- Sinularia vrijmoethi 

- Sinularia polydactyla 

- Paralemnalia thyrsoides 

- Ovabunda spp.  

- Sarcophyton glaucum 

4 

9 

3 

3 

13 

2 

10 

15 

12 

 

Metadata for each sample (location, species and depth) is available in supplementary table 1. 

3. DNA extraction and sequencing  

The most commonly used method for microbes’ identification and classification is 16S rRNA 

gene sequencing (Weisburg et al. 1991; Bharti, Grimm 2021). This gene encodes the RNA of 

the small ribosomal subunit of prokaryotic cells. While highly conserved in all bacterial 

organisms, the 16S rRNA gene also presents 9 variable regions that are used to distinguish 

bacterial species (Figure 7). Extraction of DNA from samples and subsequent sequencing of 

variable regions of the 16S rRNA gene allow the identification of bacterial species from 

complex bacterial communities. 
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a. DNA extraction 

DNA was extracted using the DNeasy PowerBiofilm kit (Qiagen) with the following 

modifications: during the cell lysis step, 2 μL of Proteinase K (600 U/ml) was added to the 

sample and incubated at 60 °C for 2 hours, followed by 2 min of bead beating using the 

CryoMill (Retch, Germany) at a frequency of 30 Hz. Negative extraction control samples (i.e., 

extraction without sample material) were processed at the same time as the coral samples in 

order to account for contaminants. DNA concentration was measured using a fluorimeter 

(BioTek) and DNA was stored at −20°C. 

b. Sequencing  

There are many sequencing techniques available today. However, it is important to distinguish 

the old Sanger sequencing method and the newer NGS (Next-generation sequencing) methods 

such as Illumina. In principle, the concepts behind the 2 technologies are similar: sequencing-

by-synthesis. Here, a DNA polymerase is used to sequentially attach fluorescent 

complementary nucleotides to a growing DNA template strand. Then the instrument can 

determine the nucleotide sequence based on the fluorescent signal emitted at each sequencing 

cycle. The main difference between Sanger sequencing and NGS is the number of samples that 

can be processed simultaneously. While the Sanger method can only process a single DNA 

sequence at a time, NGS can sequence millions of different sequences simultaneously. To 

investigate multiple microbial species in a sample, Illumina sequencing is the most appropriate, 

efficient and cost-effective method. However, to construct a phylogenetic tree of the hosts, 

Sanger sequencing of some specific genes of the corals is sufficient.  

• Illumina MiSeq sequencing of the 16S rRNA gene 

The V3-V4 region (~ 460 base pairs) of the 16S rRNA gene of the coral samples and negative 

control samples were sequenced using the NGS Illumina MiSeq technology. Amplicon library 

(amplification of the region of interest) was prepared using Illumina’s standard “16S 
Metagenomic Sequencing Library Preparation” protocol (Illumina I. 2013). Primers 341F 5'-

CCTACGGGNGGCWGCAG-3’ and 785R 5'-GACTACHVGGGTATCTAATCC-3 were 

bonded to the sequence of interest, to specifically target the V3-V4 region with Polymerase 

Chain Reaction (PCR). Then Illumina barcodes, to label the samples for the company were 

attached to the sequenced region in a second PCR process. 

Figure 7: Schematic representation of the 16S rRNA gene (Source: Personal illustration) 



17 
 

 A summary chart of the principle and steps of the protocol is presented below (Figure 8). DNA 

was sent to STAB VIDA sequencing company (Portugal). The amplicon library was paired-end 

(2x300 bp (base pairs), forward and reverse) sequenced on an Illumina MiSeq platform with 

the V3 chemistry. Base call data were converted to fastq files containing the raw sequencing 

data and sequence quality information.   

 

• Sanger sequencing of specific genes of the octocoral species  

Exploring whether an evolutionary link between the corals and their microbiota exists requires 

studying the phylogeny of the octocoral hosts. To this end, the sequences of 3 different genes 

present in the genomes of all coral species were used to establish the phylogenetic relationships 

between the different hosts (McFadden et al. 2011; McFadden, van Ofwegen 2013). PCRs on 

these 3 genes were done on three samples per species and negative control samples were 

processed at the same time to check for the absence of contaminants. Primers used to 

specifically target the 3 genes and their respective hybridization temperature (The temperature 

required to ensure proper bonding of the primer to the DNA) are given in the table below (Table 

2). 

 

Gene 
Sequence 

length 
Primers 

Hybridization 

temperature 

COI ~1080 bp 
COII8068xF 5’-CCATAACAGGRCTWGCAGCATC-3’ 

COIOCTR 5’-ATCATAGCATAGACCATA-3’ 46°C 

MutS ~870 bp 
ND42599F 5’-GCCATTATGGTTAACTATTAC-3’ 

MUT3458R 5’-TSGAGCAAAAGCCACTC-3’ 58°C 

12S ~600 bp 
12SF 5’-GTGCCAGCHNAHGCGGTYA-3’ 
12SR 5’-RAGDYGACGGGCRRTTTGT-3’ 62°C 

Figure 8: Summary chart of the Illumina amplicons preparation (Source: Personal illustration made in Biorender.com) 

Table 2: Information table on the Sanger sequencing conducted 
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DNA samples were amplified following the 3-steps protocol recommended by the Phusion™ 
High-Fidelity DNA Polymerase kit (ThermoFisher™). The Table 3 and Figure 9 below 

summarize the PCR steps. 

  

Cycle steps Temperature Time 
Number of 

cycles 

Initial denaturation 98°C 30 s 1 

Denaturation 98°C 10 s 

30 Annealing Hybridization °C 30 s 

Extension 72°C 15-30 s/kb 

Final extension 72°C 5-10 min 1 

Hold 4°C Hold Hold 

An electrophoresis was performed on the PCR products to check if the PCR reactions worked. 

DNA fragments with the expected size were excised from gel and purified using the GFX™ 
PCR DNA and Gel Band Purification kit (Illustra™). DNA amplicons were sent to Eurofins 
Genomics (Germany) for Sanger sequencing. 

4. Bioinformatic data processing 

a. Illumina sequences processing 

The 16S rRNA gene amplicon data were processed using the USEARCH v11 software (64-bit 

version, https://drive5.com/usearch/). MiSeq technology produced 300 bp fragments called 

reads. Because the length of the gene region of interest is usually longer than this, it is sequenced 

in both directions, forward (from 5’ to 3’) and reverse (from 3’ to 5’) to get the entire sequence 

of interest by merging them.  On the 198 samples, a total number of 22, 911, 242 reads were 

produced ranging from 158 to 508, 818 reads per sample. Negative controls produced 29, 535 

reads ranging from 82 to 7, 030 reads per sample.  

Table 3: PCR steps following the ThermoFisher kit guidelines 

 

Figure 9: PCR protocol (Source: Personal illustration made in Biorender.com) 
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Illumina sequencing technology provides fastq files, which contain both the read sequences and 

the sequencing quality for each base. The base quality is given in the form of a score called the 

“Phred score” or “Quality (Q) score”. The Q score is an integer ranging from 2 to 40 that is 
related to the probability that the base call is incorrect using this relation: 𝑃 = 10− 𝑄10  ⇔  𝑄 = −10. log  (𝑃) 

As an example, Q=2 corresponds to an error probability of 63 %, meaning that the designated 

base is more likely to be wrong than right. Quality of the reads was checked before any further 

data manipulation. Figure 10 shows an example of quality check graphs that can be produced 

with the FastQC program.  

To ensure that high quality reads were used for the following steps, reads were truncated when 

the quality of the reads dropped below Q=20, corresponding to an error probability of 1 %. 

Reads were truncated using the USEARCH -fastx_truncate function. No base pairs were cut 

from the forward reads and 90 bp were cut at the end of the reverse reads (3’). Forward (also 
called R1) and reverse (R2) reads overlap and can be merged together in order to get the entire 

sequence of interest. It was made using the USEARCH -fastq_mergepairs function. The quality 

was a bit low for some samples and the following parameters were added to ensure a satisfying 

merging ratio: a minimum and maximum length of the merged sequence of 400 bp and 510 bp, 

Figure 10: Average Q score for each base of (a) the forward reads and (b) reverse reads in a Corallium rubrum sample 

 

 
a 

b 
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respectively, and a minimum and maximum base-pair difference of 15 bp. Final merging ratios 

are available in supplementary table 2.  

The forward and reverse primer sequences (~23 bp) were removed from the merged sequences 

using -fastq_truncate. The resulting sequences were quality filtered based on the expected 

number of errors (E). It is defined as the mean number of errors that would be observed in a 

very large collection of sequences where the error rate at each position is given by its quality 

score (Qi), assuming that errors at different positions occur independently. According to the 

demonstration in Edgar and Flyvbjerg (2015)  (Edgar, Flyvbjerg 2015), E is the sum of error 

probabilities (pi): 

 𝐸 = ∑ 𝑝𝑖 = ∑ 10− 𝑄𝑖10𝑖𝑖  

As recommended in their publication, the sequences were filtered allowing a maximum of one 

expected error using -fastq_filter, obtaining a total of 15, 862, 422 sequences with a range of 

sequences per sample of 3, 028 to 379, 407 sequences.  

Unique sequences (identical over the full length) were identified using the USEARCH -

fastx_uniques command and then denoised (removing sequence errors from amplicon reads) 

using the UNOISE3 algorithm, obtaining 17, 474 unique sequences. Operational Taxonomic 

Units’ (OTUs) can be defined here as groups of bacterial sequences closely similar to one 

another. For this study, an OTU will be considered as an approximation of a bacterial species 

found in the sample. An OTU table, relating the number of reads of each OTU found in every 

sample, was generated by clustering sequences with an identity similarity value of 99 % using 

-otu_tab command. Then the OTUs in the table were taxonomically annotated using the 

SINTAX algorithm and the SILVA reference database (version 138) with an assignment 

confidence cutoff of 0.8. The bioinformatic pipeline is available as supplementary script 1.  

b. Sanger sequences processing 

For the 3 different genes, Sanger sequences were first aligned, i.e., arranged to identify regions 

of similarity that may be a consequence of functional, structural, or evolutionary relationships, 

using the ClustalW Multiple Alignment program in the BioEdit software. Due to technical 

limits of the sequencer, beginnings and ends of a sequence are often unreliable as the machine 

cannot detect with certainty the right nucleotide. Approximately 20-25 nucleotides were cut on 

each sequence on both sides to ensure a good quality. As we had 3 replicates per species, a 

consensus sequence of each species was created by selecting for each nucleotide position the 

one base which occurs most frequently in the 3 sequences. For each species, the consensus 

sequence of COI (746 bp), MutS (779 bp) and 12S (583 bp) were concatenated to create a single 

sequence to use for the construction of the phylogenetic tree. The phylogeny software PhyML 

(Guindon et al. 2010) was used to create the host phylogenetic tree on the maximum-likelihood 

principle. Maximum likelihood method searches for the tree with the highest probability to look 

like the dataset given an evolutionary distance model. It first computed the best fitted 

nucleotides’ substitution model. Indeed, the evolutionary distance between the sequences is not 
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exactly equal to the number of observed substitutions between nucleotides as they might have 

been substituted more than one time. Such models allow to estimate the actual evolutionary 

divergence from the observed substitutions. They use the distribution of the nucleotide 

frequencies πA , πT , πG , πC and Q, a 4x4 transition matrix giving the rate for each nucleotides 

transition. Akaike’s Information Criteria (AIC) was used to choose the Gamma-distributed 

General Time-Reversible (GTR) model for a range of adjusted models (Supplementary table 

3). It allows exchangeability rates to differ from one another. To ensure statistical consistency, 

1000 bootstrap replications of the test were done, giving access to a bootstrap value for each 

split, defined as the proportion of the replicate trees that recovered that particular split.  

5. Bacterial community analysis  

The following analysis was run in the R environment under version 4.1.2 (2021-11-01). The R 

script is available in supplementary information (Script 2).  

a. Data preparation 

The R-package decontam (Davis et al. 2018) was used to identify contaminant OTUs in the 

samples based on the negative control samples (isContaminant function). 2, 386 of the 17, 474 

OTUs were identified as contaminants and were removed. 4244 OTUs annotated 

“k_Unknown”, “f_Mitochondria” and “o_Chloroplast” were removed from the dataset as it was 
not possible to identify clearly if it was from bacterial origin.  

b. α-diversity analysis  

First, species richness of each sample was evaluated (α-diversity). Sequencing methods do not 

give an exhaustive vision of the bacterial community diversity so α-diversity was estimated 

using Chao1 estimator, calculated using the R-package vegan (Oksanen et al. Version 2.6-2, 

2022). Chao1 index is a nonparametric estimator based on mark-release-recapture methods. It 

considers the proportion of species that have been observed before (“recaptured”) to those that 
are observed only once. A correction factor to the observed number of species is added as 

described in the following formula  (Hughes et al. 2001):  

𝑆𝐶ℎ𝑎𝑜1 = 𝑆𝑜𝑏𝑠 + 𝑛122𝑛2 

An ANOVA model was built to test if α-diversity was similar between species. 

Homoscedasticity was checked and did not give satisfying results (see in supplementary Figure 

1). A log transformation was used to fit the model assumptions (see normality graphs in 

supplementary Figure 2). Post-hoc Tukey’s test was performed to identify potential pair-wise 

differences.  

c. Bacterial community composition analysis 

To go further in the analysis, we examined β-diversity to quantify differences among the coral’s 
bacterial compositions, detect unique OTUs and similarities between related species and 

locations. Because the samples were not sequenced with the same depth (the same number of 

times that a nucleotide in the given sequence has been read), the dataset was rarefied, i.e. cutting 
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the same number of sequences per sample using the R function phyloseq_mult_raref_avg with 

a threshold of 9000 reads. Sinularia mesophotica was removed from the dataset for this section 

as the number of sequences obtained after sequencing was below 9000. Then a distance matrix 

was generated by calculating the Bray-Curtis dissimilarity index (Bray, Curtis 1957) on the 

composition of the samples. It can be defined as: 

𝐵𝐶𝑖𝑗 = 1 −  2𝐶𝑖𝑗𝑆𝑖 + 𝑆𝑗 

Where 𝐶𝑖𝑗  is the sum of the lesser values between the 2 compared coral samples for only OTUs 

in common between both samples. 𝑆𝑖 and 𝑆𝑗 are the total number of specimens counted in both 

samples. 

Based on the distance matrix, principal component analyses (PCA), as well as permutational 

multivariate analysis of variance (PERMANOVA) and dispersion analysis (PERMDISP) were 

used to assess differences in bacterial community diversity and dispersion between the coral 

species using 9999 permutations (vegan R-package). A pairwise test was also performed to 

identify species having significantly different bacterial community compositions. In 

anticipation of the search for phylosymbiosis and to better visualize similarities and differences 

in the bacterial community composition between species, hierarchical cluster analyses were 

used to create a dendrogram (pvclust R-package) using the Bray-Curtis distance and averaging 

agglomeration method (also known as UPGMA). P-values were computed for each of the 

clusters via multiscale bootstrap resampling. To identify OTUs that were differentially 

abundant between species, analyses were performed using the R-package Aldex2. OTU relative 

abundance was considered significantly different considering an expected Benjamini-Hochberg 

corrected p-value of < 0.1. 

6. Phylosymbiotic signal detection 

To assess the existence of a co-evolutive signal between the host phylogenetic tree and the 

clustering based on the bacterial community composition, the most commonly used methods 

are topological comparison metrics, such as the Robinson–Foulds distance and the more robust 

and sensitive matching cluster distance (Brooks et al. 2016; Kohl, Dearing, Bordenstein 2018; 

2018; 2018; Claverie, Abergel 2018; Leigh et al. 2018; O’Brien et al. 2020; Ross et al. 2018). 
Robinson–Foulds calculates the distance between two trees as the smallest number of 

operations required to convert one topology (i.e. tree structure) to the other (Robinson, Foulds 

1981). Matching cluster metric is a more refined computation considering congruency at the 

subtree level and therefore taking into account small topological changes that can affect 

incongruence (Bogdanowicz, Giaro 2013). The two metrics have been computed and 

normalized by dividing the result by the total possible congruency scores for the two trees, 

giving values ranking from 0 (complete congruence) to 1 (complete incongruence). Statistical 

significance of the distances was evaluated by comparing the host phylogenetic tree to 100 000 

randomized dendrograms with equivalent topologies and estimating the p-value as the 

proportion of random trees giving an equivalent or more congruent result than the bacterial 

dendrogram. Distances, random trees and p-values were computed with an adapted Python 
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script (supplementary information Script 3) from Brooks and al. (Brooks et al. 2016) and the 

TreeCmp program (Bogdanowicz, Giaro, Wróbel 2012). Mantel tests were also performed to 

assess significance of the correlation between the bacterial composition distance matrix and the 

cophenetic distance matrix of the host tree, i.e., the matrix of the height of the tree where the 

two branches that include two species merges into a single branch. A positive r-value, i.e., a 

positive correlation between the matrices, indicates a potential phylosymbiosis link.  

 

III. Results 
1. Differences in the composition of the bacterial communities between 

corals and seawater 

Before any further analysis, bacterial composition of the seawater samples was compared to the 

composition of the rest of the dataset. A significant difference allowed to assert that the 

observed bacterial composition is not from the surrounding water of the coral samples. 

PERMANOVA results showed that there is a significant difference in bacterial composition 

between seawater and coral samples (p-value = 0.001 < 0.05). Considering this, water samples 

were removed for the following analysis, removing 2287 OTUs (13 % of the total) being 

exclusively present in seawater. Principal Coordinates Analysis (PCoA) was used to plot an 

ordination plot on Bray-Curtis matrix distance presented below (Figure 11) and illustrates the 

compositional differences between seawater and coral samples. Seawater samples from the Red 

Sea and the Mediterranean Sea are noteworthy separated on the ordination plot.  

 

2. Estimation of bacterial richness  

Figure 2: Ordination plot of a PCoA on sample type (Seawater or coral sample) 

Figure 11: PCoA on Bray-Curtis distance matrix showing ordination of seawater and coral samples 
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The number of microbial species (α-diversity) within the microbiome of each coral species was 

estimated using the Chao1 index (Figure 12). Significant differences in α-diversity between 

species were observed (p-value = 5.588.10-10).  Overall, α-diversity was low and did not differ 

significantly between coral species. However, Tukey’s HSD test (Supplementary table 4) 

showed that the bacterial microbiome of Sinularia polydactyla, was more diverse than the 

bacterial microbiome of other species except Alcyonium coralloides, Klyxum utinomii, 

Ovabunda sp. and Callogorgia verticillata.   

 

3. Analysis of the bacterial community composition 

Taking both the number of OTUs and their relative abundances into account, the β diversity of 
the bacterial microbiota of corals was investigated.  

a. Differential composition between seas and coral species 

Overall, the composition of the coral-associated bacterial communities differed between the 

Red and Mediterranean Seas (p-value = 1.10-4) and between coral species (p-value = 1.10-4). 

Non-metric multidimensional scaling (NMDS) was used to plot an ordination plot on Bray-

Curtis matrix distance presented below (Figure 13). It illustrates the compositional differences 

between Mediterranean and Red Seas as well as between species. 

Figure 12: Bacterial richness estimation (Chao1) per coral species 
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Pairwise PERMANOVAs (supplementary table 5) were then used to test between which species 

the microbiota composition differed. All species from the Mediterranean Sea had significantly 

different bacterial community composition (p-value < 0.05) except for Callogorgia verticillata 

and Corallium rubrum (p-value = 0.063) even if they belong to different suborders according 

to WORMS taxonomy (see Figure 2 in the previous chapter II). In corals from the Red Sea, 

some species had no significant differences between their composition, especially between 

Klyxum utinomii, Paralemnalia thyrsoides, Sarcophyton glaucum and some of the Sinularia 

genus. Alcyonium corralloides, a Mediterranean species from the suborder Alcyoniina did not 

have a significant different composition than Sinularia loyai and Sinularia polydactyla, two 

Red Sea species also belonging to this suborder.  

b. Dendrogram classification of the dataset 

To better identify (dis)similarities in the composition of the coral-associated bacterial 

communities, a dendrogram (Figure 14) was built. Most of the dendrogram clusters matched 

with the octocoral taxonomy presented in II (Figure 2) as overall, the suborders Holaxonia, 

Calcaxonia, Scleraxonia and Alcyoniina are clustered separately. It is especially the case for 

the Mediterranean species. The sub-order of Holaxonia, Eunicella verrucosa, Eunicella 

cavolini and Paramuricea clavata clustered in the same branch. Callorgorgia verticillata from 

the Calcaxonia sub-order and Corallium rubrum, belonging to the sub-order of Scleraxonia 

were separated from the rest of the gorgonians. Alcyonium coralloides from the Alcyoniina sub-

order was surprisingly not clustered in the same branch as the tropical Red Sea soft corals but 

with the red coral, a completely different taxonomic group. This correlation between bacterial 

communities’ composition and taxonomy is further investigated in a later section after the 

construction of the phylogeny of the species based on the coral samples.  

 

Figure 13: NMDS on Bray-Curtis distance matrix showing ordination of coral samples (MED = Mediterranean Sea 

and RED = Red Sea) 
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Figure 14:  UPGMA hierarchical cluster analysis of the Bray-Curtis dissimilarity matrix based on the 

bacterial community composition of the coral samples 

Alcyoniina 

Scleraxonia 

Calcaxonia 

Holaxonia 
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c. Bacterial community composition 

Specific composition of the bacterial community has been investigated by grouping OTUs 

belonging to the same taxonomic classification (Figure 15).   

Figure 15: Bacterial community composition for each species per location 
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The Mediterranean gorgonians from the Holaxonia suborder had a very specific bacterial 

community, mostly dominated by members of the genus Endozoicomonas (52 % to 98 % of the 

bacterial composition), which are Gammaproteobacteria from the order Oceanospirillales. 

These bacteria were also found in the microbiota of some other Mediterranean and Red Sea 

octocoral species but in smaller proportions. In contrast, the composition of the microbiota of 

Corallium rubrum was driven by the phylum Spirochaetota especially from the Spirochaetaceae 

family (48 % to 67 % of the bacterial composition). Smaller proportions of Spirochaetota were 

found in Callogorgia verticillata (21 %), Alcyonium corralloides (15 %) and some Red Sea 

species. We also noted the presence of Firmicutes in Corallium rubrum, Alcyonium coralloides, 

Callogorgia verticillata and some Red Sea species. In the Red Sea species, the taxonomic 

diversity seemed higher than in the Mediterranean species as many different taxonomic groups 

are composing their bacterial communities.  

4. Identification of differentially abundant OTUs 

Because some species were clustering together, we investigated their similarity in bacterial 

community composition at the OTU level to determine on how many OTUs they differed.  We 

first looked for differences in OTUs in the surprising cluster between Corallium rubrum and 

Alcyonium coralloides but also between the gorgonians Eunicella and Paramuricea. The 

abreviations p., c., o., f., and g. correspond respectively to Phylum, Class, Order, Family and 

Genus taxonomic levels.  

a. Differences in OTUs abundance between Corallium rubrum and Alcyonium coralloides  

Aldex t-test and Benjamini-Hochberg corrected p-value < 0.1 highlighted the presence of 5 

OTUS significantly less abundant in Corallium rubrum (-) than Alcyonium coralloides and 2 

OTUs significantly more abundant (+) as presented in table 4. 

Table 4: List of OTU significantly different between C.rubrum and A.coralloides, (-) less abundant in Corallium rubrum 

than Alcyonium coralloides and (+) the opposite 

OTU Taxonomy 
B-H p-

value 
Effect 

OTU 73 
p.Proteobacteria, c.Gammaproteobacteria, o.Thiomicrospirales, 

f.Thioglobaceae, g.SUP05_cluster 
1, 9.10-9 - 

OTU 382 
p.Proteobacteria, c.Gammaproteobacteria, o.Oceanospirillales, 

f.Endozoicomonadaceae, g.Endozoicomonas 
0.08 - 

OTU 1476 
p.Spirochaetota, c.Spirochaetia, o.Spirochaetales, f.Spirochaetaceae, 

g.Spirochaeta_2 
1, 3.10-2 - 

OTU 3022 
p.Firmicutes, c.Bacilli, o.Mycoplasmatales, f.Mycoplasmataceae, 

g.Mycoplasma 
1, 6.10-2 - 

OTU 10169 
p.Proteobacteria, c.Gammaproteobacteria, o.Thiomicrospirales, 

f.Thioglobaceae, g.SUP05_cluster 
2, 6.10-4 - 

OTU 4 p.Spirochaetota, c.Spirochaetia, o.Spirochaetales, f.Spirochaetaceae 0.09 + 

OTU 16 p.Proteobacteria, c.Gammaproteobacteria, f.BD72BR169 0.09 + 
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The 2 high abundant Spirochaetaceae and Gammaproteobacteria BD72BR169 OTUs were 

significantly higher in Corallium rubrum than is Alcyonium coralloides. A SUP05_cluster 

genus was found higher abundant in Alcyonium coralloides. The other OTUs were relatively 

low abundant (OTU identification number indicates the relative abundance). We noted the 

significant higher presence of a low abundant Spirochaeta_2 genus in Alcyonium coralloides.  

b. Differences in OTU abundance between Eunicella cavolini and Eunicella verrucosa 

Aldex t-test and Benjamini-Hochberg corrected p-value highlighted the presence of 3 OTU that 

were significantly more abundant (+) in Eunicella verrucosa than Eunicella cavolini as 

presented in table 5.  

Table 5: List of OTU significantly different between E.verrucosa and E.cavolini, (+) : significantly more abundant  in 

Eunicella verrucosa than Eunicella cavolini 

 

We noted the presence of a differentially higher abundant taxa Endozoicomonas in Eunicella 

verrucosa which was not present in Eunicella cavolini. The 2 other OTUs, from the genus 

Synechococcus were also relatively high abundant.  

c. OTU differences between Paramuricea clavata and Paramuricea clavata bicolor  

Only one very low abundant Endozoicomonas (OTU 16757) was found significantly higher 

abundant in Paramuricea clavata bicolor.   

d. OTU differences between Paramuricea clavata and Eunicella cavolini 

Both Paramuricea and Eunicella species had a high abundance of Endozoicomonas. It was 

interesting to compare if the same OTUs were found in their bacterial compositions. Aldex t-

test and Benjamini-Hochberg corrected p-value highlighted the presence of 8 Endozoicomonas 

OTUs that were significantly more abundant (+) in Paramuricea clavata than Eunicella 

cavolini and 2 OTUs less abundant (-) as presented in table 6.  

  

OTU Taxonomy 

B-H 

corrected 

p-value 

Effect 

OTU 8 
p.Proteobacteria, c.Gammaproteobacteria, o.Oceanospirillales,  

f.Endozoicomonadaceae, g. Endozoicomonas 
0.043 + 

OTU 45 
p.Cyanobacteria, c.Cyanobacteriia, o.Synechococcales, 

f.Cyanobiaceae, g.Synechococcus_CC9902 
0.006 + 

OTU 50 
p.Cyanobacteria, c.Cyanobacteriia, o.Synechococcales, 

f.Cyanobiaceae, g.Synechococcus_CC9902 
0.08 + 
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Table 6: List of OTU significantly different between Paramuricea clavata and Eunicella cavolini, (+) : OTUs significantly 

more abundant  in Paramuricea clavata than Eunicella cavolini, (-) : the opposite 

 

5. Phylogenetic tree construction 

Overall, the phylogenetic tree constructed from the sequencing of the 3 genes COI, MutS and 

12S seemed to be consistent with the taxonomy defined in chapter II (Figure 2). The suborders 

were correctly separated except for the Scleraxonia (Corallium rubrum) and Calcaxonia 

(Callogorgia verticillata). Inside the Alcyoniina suborder, species distribution did not well 

follow the taxonomy especially Ovabunda spp. and Paralemnalia thyrsoides that should have 

been separated from the other species as they belong to different families. The tree is presented 

on the left part (1) of the figure 15 in the following part 6.  

6. Phylosymbiosis signal detection 

a. Search for phylosymbiosis considering all coral species 

Abundance of each OTUs was averaged for samples from the same species to get a consensus 

bacterial composition for each species and build a simplified dendrogram to compare with the 

phylogenetic tree of the coral hosts as presented in the figure 16.  

 

OTU Taxonomy 

B-H 

corrected 

p-value 

Effect 

OTU 2 
p.Proteobacteria, c.Gammaproteobacteria, o.Oceanospirillales, 

f.Endozoicomonadaceae, g.Endozoicomonas 
4, 0.10-10 + 

OTU 3 
p.Proteobacteria, c.Gammaproteobacteria, o.Oceanospirillales, 

f.Endozoicomonadaceae, g.Endozoicomonas 
2, 0.10-8 + 

OTU 8 
p.Proteobacteria, c.Gammaproteobacteria, o.Oceanospirillales,  

f.Endozoicomonadaceae, g. Endozoicomonas 
4, 4.10-6 + 

OTU 12 
p.Proteobacteria, c.Gammaproteobacteria, o.Oceanospirillales, 

f.Endozoicomonadaceae, g.Endozoicomonas 
1, 8.10-12 + 

OTU 5255 
p.Proteobacteria, c.Gammaproteobacteria, o.Oceanospirillales, 

f.Endozoicomonadaceae, g.Endozoicomonas 
0.03 + 

OTU 8992 
p.Proteobacteria, c.Gammaproteobacteria o.Oceanospirillales, 

f.Endozoicomonadaceae, g.Endozoicomonas 

1, 2.10-4 

 
+ 

OTU 9277 
p.Proteobacteria, c.Gammaproteobacteria, o.Oceanospirillales, 

f.Endozoicomonadaceae, g.Endozoicomonas 
4, 5.10-4 + 

OTU 15611 
p.Proteobacteria, c.Gammaproteobacteria, o.Oceanospirillales, 

f.Endozoicomonadaceae, g.Endozoicomonas 
0.02 + 

OTU 5 
p.Proteobacteria, c.Gammaproteobacteria, o.Oceanospirillales, 

f.Endozoicomonadaceae, g.Endozoicomonas 
1, 3.10-4 - 

OTU 35 
p.Proteobacteria, c.Gammaproteobacteria, o.Cellvibrionales, 

f.Spongiibacteraceae, g.BD1-7_clade 
0.02 - 
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Robinson-Foulds distance (0.68 with a p-value = 3.3.10-4) and matching cluster distance (0.85 

with a p-value=0.045) were close to 1 and suggested that there were no signal of phylosymbiosis 

considering all coral species.  Mantel test between the cophenetic distance matrix gave similar 

results with a r-value= -0.024 close to 0, indicating no significant correlation in the structure of 

the 2 matrices.  As the structure of the data suggests more correlation within some suborders, 

such as for the Mediterranean gorgonians, a phylosymbiosis signal was also studied considering 

separately the Mediterranean and Red Sea coral species. 

b. Search for phylosymbiosis within the Mediterranean Sea coral species 

Robinson-Foulds distance (0.28 with a p-value = 0.01) and matching cluster distance (0.32 with 

a p-value=0.001) were closer to 0, suggesting a phylosymbiotic signal within the Mediterranean 

coral species. Mantel test between the cophenetic distance matrix gave similar results with a r-

value of 0.44 (p-value = 0.05), indicating a better correlation in the structure of the two matrices. 

1 2 

Figure 16: Juxtaposition of species phylogeny (1) and microbiome dendrogram (2) 
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A phylosymbiotic pattern was thus observed within the Mediterranean coral species, as most of 

the species matched their microbiome composition, except Alcyonium coralloides and 

Callogorgia verticillata whose position between the host phylogeny and microbial composition 

was "reversed”. Corallium rubrum and Alcyonium coralloides bacterial community 

compositions were still clustered together even if their position was distant in the phylogeny 

(Figure 17). 

c. Search for phylosymbiosis within the Red Sea coral species 

There is no clear identification of a phylosymbiosis pattern within the Red Sea species. Both 

phylogenetic tree and microbiome dendrogram are shown in supplementary figure 3. Robinson-

Foulds distance (1.08 with a p-value = 0.99) and matching cluster distance (0.85 with a p-

value=0.11) were close to 1, potentially indicating no phylosymbiotic signal within the Red Sea 

species but regarding the p-values, no conclusion can be provided.  Mantel test between the 

cophenetic distance matrix gave similar results with a r-value= -0.23 closer to 0, indicating no 

strong correlation in the structure of the 2 matrices. 

  

Figure 17: Juxtaposition of Mediterranean species phylogeny (1) and microbiome dendrogram (2) 

1 2 
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IV. Discussion 

1. Octocorals are associated to specific bacterial communities 

The α-diversity was measured for each coral species, and summarized the structure of the 

bacterial community in terms of its richness (number of taxonomic groups). The low index 

obtained for most species means that only a small number of OTUs (around 1500-3000 OTUs) 

was present in the community composition of each coral. In comparison, the seawater samples 

had around 6800 OTUs. PERMANOVA confirmed that the bacterial community composition 

of corals differed from that of seawater, as shown previously (van de Water et al. 2018; Haydon 

et al. 2022), suggesting that corals have a specific bacterial community and exert some control 

over it (van de Water, Allemand, Ferrier-Pagès 2018; Dunphy et al. 2019). Although corals are 

associated with a restricted community of bacteria, differences in the number of associated 

bacterial species (or OTUs) can be observed among different coral species. For example, in the 

Mediterranean Sea (Chao1 mean = 235.22), Callogorgia verticillata had the most diverse 

bacterial microbiome (Chao1 = 497.046 ± 299.659). Compared to the other species, it is a depth 

specialist and the only representative of the suborder Calcaxonia. Therefore, its bacterial 

association could be due to a different evolutionary pattern than the other Mediterranean 

species. Sinularia polydactyla had the highest α-diversity index (Chao1=1089.53 ± 407.05), 

with most bacterial taxa representing less than 2% of the total abundance. This species is known 

for its strong antimicrobial defense against colonizing marine organisms (Eskander et al. 2018). 

This antimicrobial activity could increase competition among potential bacterial associations 

and explain the high bacterial diversity of this species. Overall, Red Sea octocorals had a 

broader range of taxa in their bacterial communities than Mediterranean octocorals, with many 

taxa occurring at very low abundance. This could be explained by a thick layer of mucus around 

their tissues, which has its own bacterial community, that differs from that of the animal tissue 

(Glasl, Herndl, Frade 2016; Hadaidi et al. 2017; Kooperman et al. 2007). Indeed, the mucus is 

composed of polymeric glycoproteins and lipids (Bythell, Wild 2011), which provide a highly 

nutritious medium on which a diverse assemblage of microbes can grow. 

Detailed analysis of the bacterial community showed that mesophotic octocorals from the 

Mediterranean, particularly gorgonians of the Holaxonia family, had a high abundance of 

Endozoicomonas, as observed in shallow populations at different locations and seasons (van 

de Water et al. 2017c; Bayer et al. 2013b; La Rivière, Garrabou, Bally 2015; Ransome et al. 

2014). Endozoicomonas OTUs were present in gorgonians at varying abundances, as also 

observed previously (van de Water et al. 2017c), with some OTUs very abundant and present 

in all samples (OTU 1, OTU 2, OTU 5, OTU 6) and some very rare and present only in some 

samples. Some soft corals of the Red Sea, Klyxum utinomii, Ovabunda spp., Paralemnalia 

thyrsoides, Sarcophyton glaucum, Sinularia eilatensis and S. vrijmoethi had also some 

Endozoicomonas OTUs but much less abundant than in gorgonians. Their constant presence in 

the core microbiome of most octocoral species (Haydon et al. 2022; Keller-Costa et al. 2022; 

Park et al. 2022) underscores their importance as symbionts. Endozoicomonas bacteria are 

symbiotic organisms of numerous marine hosts, from simple invertebrates such as corals to 

complex vertebrates such as fish. Yet, their function in the holobiont remains poorly understood 

(Neave et al. 2016). They may be involved in the digestion of complex molecules (Speck, 
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Donachie 2012), nutrient cycling (Pogoreutz et al. 2022) and sulfur cycling 

(dimethylsulfoniopropionate transformation, Tandon et al. 2020). They may also play a role in 

coral health, as lower abundance of Endozoicomonadaceae has been found in diseased corals 

compared to healthy corals (Ransome et al. 2014; La Rivière et al. 2013). It has also been 

hypothesized that Endozoicomonas, as important architectural microbes, may structure the 

composition of the microbiome by regulating bacterial colonization of the host through the 

production of bioactive secondary metabolites or probiotics to eliminate competing pathogenic 

bacteria (Jessen et al. 2013; Porporato et al. 2013b; Morrow et al. 2015). 

Another bacterial taxon, Spirochaetaceae dominated the community of the Mediterranean 

Corallium rubrum and was also abundant in the tropical Klyxum utinomii, Sarcophyton 

glaucum, Sinularia polydactyla, S. eilatensis and S. vrimoethi. The exceptionally high 

abundance and persistence of these bacteria in the microbiome of Corallium rubrum 

distinguished this species within the Anthozoans class (van de Water et al. 2016b). These 

bacteria may also play an important role in host physiology, although their function in the 

holobiont is still not well understood. Some Spirochaetes have been shown to be involved in 

nitrogen fixation in termite guts and freshwater sediments (Lilburn et al. 2001), but this remains 

to be investigated for corals. 

The other low abundant bacteria (less than 2 %), which may represent all together up to 82 % 

of the total bacterial community depending on the coral species, are largely unknown. These 

low-abundant bacteria may also have important functions in the holobiont, or may present 

different tolerance levels to environmental factors (van de Water et al. 2017). This range of 

different bacteria available could allow corals to switch OTUs to maintain certain functions in 

response to changing conditions that affect their physiological needs. 

 

2. Octocorals present similarities and dissimilarities in their bacterial 

community composition according to their location and taxonomy 

The dendrogram based on the composition of the bacterial communities showed a clear 

separation between the Mediterranean and Red Sea samples (bootstrap value of 0.88), which 

was confirmed by the PERMANOVA results. These findings suggest that the bacterial 

microbiome of octocorals, even within the same suborder, may have evolved differently 

depending on environmental conditions. For example, species of the same suborder Alcyoniina 

exhibited a different bacterial community composition depending on their origin 

(Mediterranean Sea-Alcyonium coralloides and Red Sea - Eilat samples). The Mediterranean 

and Red Sea were separated for millions of years before the opening of the Suez Canal in 1869 

(Hamza, Abdel-Latif 2003) and their connection remains tenuous today. The light, temperature 

and salinity conditions in these two seas are completely different, which may contribute to the 

observed differences in the microbiome. A significant effect of the environmental conditions 

on coral microbiome has often been observed in studies on tropical coral species (Lima et al. 

2020; Roder et al. 2015), favoring the occurrence of different bacterial taxa according to the 

conditions (Pantos et al. 2015).  
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The dendrogram however showed similarities in the bacterial composition of several coral 

species, namely between the two Eunicella spp (only 0.1% difference in OTUs) between 

Corallium rubrum and Alcyonium coralloides (only 0.4% difference in OTUs) and between the 

two Paramuricea clavata colormorphs. The colormorphs shared a very similar bacterial 

community composition, with only one (out of 2676 shared bacterial taxa) significantly more 

abundant Endozoicomonas in the bicolor colormorph. Overall, very similar OTUs in these 

groups of coral species explained their close grouping in the dendrogram (Figure 14) and 

suggests that the microbiome was conserved during their evolution. The presence of similar 

OTUs between Corallium rubrum and Alcyonium coralloides and the close clustering of their 

bacterial community compositions in the dendrogram (Figure 13) is however surprising. The 

two species belong to very different taxonomic groups with no clear relationship in their habitat 

and physiology (Alcyonium coralloides is an encrusting epibiont of gorgonians (McFadden 

1999) while Corallium rubrum grows its colonies directly on rocky surfaces).  

Although the taxonomic composition of the bacterial community of Eunicella cavolini and 

Paramuricea clavata appeared similar, with a strong dominance of Endozoicomonas, 

differences in the Endozoicomonas genus, resulted in separate clustering in the dendrogram 

(72% of bootstrap replications). Since these two species are phylogenetically close, this fits the 

idea expressed above of ancient conservation of their bacterial microbiome, this time within the 

suborder Holaxonia.  

3. Unclear signals of phylosymbiosis in octocorals are driven by multiple 

factors 

Composition of the bacterial communities of the octocorals appeared to be species-specific, 

with taxa systematically associated with the same species (core microbiome). However, 

similarities among suborders were also found. This suggests the existence of a phylosymbiotic 

signal, i.e. a link between host evolutionary history and microbiome diversity  (Lim, 

Bordenstein 2020). Such signal have already been observed between Scleractinians in 

Australian reefs (Pollock et al. 2018). According to the topological comparisons and Mantel 

tests based on both microbial communities and host genotypes, there is however no clear 

phylosymbiotic signal between the octocoral species studied here when all species are 

considered. However, signs of phylosymbiosis were evident to some degree in the temperate 

Mediterranean octocorals, and even to the species level in the suborder Holaxonia, suggesting 

that the bacterial communities might structure their composition in concordance with their host 

phylogeny. As these Mediterranean species, especially gorgonians, have a very specific 

microbiome stable in time and space as previously described, they are probably among the 

“microbiome regulators”, which exert a strong control on their microbial community (Ziegler 

et al. 2019). As their microbiome probably evolved closely with the host phylogeny, this type 

of behavior could have contributed to the clear pattern of phylosymbiosis observed in the 

Mediterranean group. This also suggests possible vertical transmission (maternal inheritance) 

of bacterial communities between coral generations, as suggested by van de Water et al. (2018). 

Vertical transmission of the microbiota has already been observed in brooding scleractinian 

octocorals such as Porites astreoides (Sharp et al. 2012), as well as for photosynthetic octocoral 

symbionts belonging to the Symbiodiniaceae (Forcioli et al. 2011)+. The vertical transmission 
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of the microbiota in octocorals is favored by the fact that octocorals are brooders (larval 

development inside the colony), and larvae are in direct contact with the mother colony and its 

microbiome. Further studies on this topic in gorgonians would greatly contribute to 

understanding the evolutionary relationship of octocoral symbiosis. 

Unlike Mediterranean octocorals, tropical octocorals do not exhibit any phylosymbiotic 

relationship with their microbiome. These species, particularly Sinularia spp., may belong to 

what has been defined as “microbiome conformers” (Ziegler et al. 2019; Lu et al. 2020; Haydon 

et al. 2022). Conformers are flexible in their choice of microbial partners and therefore have 

the potential for dynamic adaptation of the microbiome to environmental change. The fact that 

tropical soft corals can readily change the composition of their microbiome depending on 

location, time and environmental conditions explains why there is likely no link between host 

phylogeny and bacterial community evolution. Tropical octocorals also produce large amounts 

of mucus. Coral mucus harbours a dynamic microbial community that changes in composition 

between new and aged mucus (Glasl, Herndl, Frade 2016) and under environmental changes 

(Kooperman et al. 2007). Coral tissue samples are often contaminated by coral mucus, which 

could affect the bacterial community composition of the Red Sea octocorals. It would be 

interesting to conduct different studies with the same octocoral species, specifically targeting 

different anatomical regions of the coral hosts to determine if this would result in different 

phylosymbiosis patterns.   

Another reason for the lack of phylosymbiosis could be the underrepresentation of the Red Sea 

octocoral suborders. All Red Sea species belong to the suborder Alcyoniina and originate from 

the same location, whereas Mediterranean species have a wider geographical range and include 

three suborders. Debelius et al. (2016) and Lim and Bordenstein (2020) emphasized the 

importance of the size of the dataset for studying microbial ecology and advocated for large-

scale studies that shed light on which variables have broad effects on the microbiome. 

Expanding the dataset to include more octocoral species from different locations and suborders 

in the dataset could improve the analysis.  

In addition, the phylogenetic tree of the coral hosts does not agree with the known taxonomy 

concerning the suborder Alcyoniina. In particular, some gene sequences of Ovabunda spp. have 

been identified as belonging to Sinularia vrijmoethi. These species are closely related 

genetically, and the sequenced genes COI, MutS and 12S may not be well suited for the 

identification of species in the Alcyoniina suborder.  

V. Conclusion 

The bacterial microbiome of Mediterranean octocorals was relatively stable at mesophotic 

depth, and was found to be dominated by two taxonomic groups, Endozoicomonas in the 

gorgonians and Spirochaetaceae in the red coral Corallium rubrum. Mediterranean Octocorals 

probably behave as “microbiome regulators”, which exert a strong control over their bacterial 
communities. Therefore, a phylosymbiotic signal was observed among these Mediterranean 

samples. 
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A higher taxonomic diversity in the bacterial communities was observed in Red Sea octocorals 

species, suggesting that they are more “microbiome conformers”, flexible in the composition 
of their microbiome. As a consequence, among other factors, no phylosymbiotic signal could 

be observed, either within Red Sea octocorals or between all samples. Expansion of the dataset 

to include more diverse samples, encompassing representatives of multiple Red Sea suborders, 

would be necessary to improve our understanding of host-symbiont dynamics and 

phylosymbiosis associations in tropical octocorals. It would also be interesting to sample 

several sites in order to have a more representative view of the bacterial communities of the 

Red Sea.  

The bioinformatics methods used in this study are part of the standard approach in microbial 

ecology. Recent publications have proposed new approaches, particularly in relation to the 

statistical treatment of microbial diversity and composition, that takes into account the 

compositional nature of microbiome datasets (CoDa i.e Compositional Data Analysis) and 

propose tools to get rid of methods such as the questionable rarefaction principle (Gloor et al. 

2017). Bioinformaticians are increasingly using denoising methods that generate amplicon 

sequence variants (ASVs) to replace the sequence identity-based clustering approach that 

generates OTUs. The choice of method to study microbial biodiversity appears to have a major 

impact on diversity measurement, even more important than the threshold for rarefaction and 

OTU identity (Chiarello et al. 2022; Jeske, Gallert 2022). It would be interesting to apply these 

new methods in the future in the frame of a publication.  

Beyond phylosymbiosis, finer tests of host-microbe cophylogeny, as proposed in Lawler et al. 

(2016), could allow the identification of specific microbial lineages (e.g., in Endozoicomonas 

or Spirochaetacae) that may have co-evolved with their hosts. This would support the notion 

that these microbial families perform important host functions and have formed stable 

symbiotic relationships over time. 
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Supplementary data 

Table 1: Metadata for the samples (location, species and depth) 

Sample Depth ExactDepth Location Species Expedition 

AC1S4 deep 81 CapCorse8A Alcyonium_coralloides GombessaVI 

AC2S4 deep 81 CapCorse8A Alcyonium_coralloides GombessaVI 

AC3S4 deep 81 CapCorse8A Alcyonium_coralloides GombessaVI 

AC4S4 deep 81 CapCorse8A Alcyonium_coralloides GombessaVI 

AC6S4 deep 81 CapCorse8A Alcyonium_coralloides GombessaVI 

CR1S2 deep 62 Scalo Corallium_rubrum GombessaVI 

CR2S2 deep 62 Scalo Corallium_rubrum GombessaVI 

CR4S2 deep 62 Scalo Corallium_rubrum GombessaVI 

CR5S2 deep 62 Scalo Corallium_rubrum GombessaVI 

CR1S4 deep 81 CapCorse8A Corallium_rubrum GombessaVI 

CR2S4 deep 81 CapCorse8A Corallium_rubrum GombessaVI 

CR3S4 deep 81 CapCorse8A Corallium_rubrum GombessaVI 

CR4S4 deep 81 CapCorse8A Corallium_rubrum GombessaVI 

CR5S4 deep 81 CapCorse8A Corallium_rubrum GombessaVI 

CR6S4 deep 81 CapCorse8A Corallium_rubrum GombessaVI 

CV01S11 deep 116 AnneauxSiteA Callogorgia_verticillata GombessaVI 

CV03S11 deep 116 AnneauxSiteA Callogorgia_verticillata GombessaVI 

CV04S11 deep 116 AnneauxSiteA Callogorgia_verticillata GombessaVI 

CV05S11 deep 116 AnneauxSiteA Callogorgia_verticillata GombessaVI 

CV16S11 deep 116 AnneauxSiteA Callogorgia_verticillata GombessaVI 

CV21S11 deep 116 AnneauxSiteA Callogorgia_verticillata GombessaVI 

CV1S12 deep 105 AnneauxDC Callogorgia_verticillata GombessaVI 

CV2S12 deep 105 AnneauxDC Callogorgia_verticillata GombessaVI 

CV3S12 deep 105 AnneauxDC Callogorgia_verticillata GombessaVI 

CV4S12 deep 105 AnneauxDC Callogorgia_verticillata GombessaVI 

CV5S12 deep 105 AnneauxDC Callogorgia_verticillata GombessaVI 

CV6S12 deep 105 AnneauxDC Callogorgia_verticillata GombessaVI 

EC2S1 deep 72 Capense Eunicella_cavolini GombessaVI 

EC3S1 deep 72 Capense Eunicella_cavolini GombessaVI 

EC6S1 deep 72 Capense Eunicella_cavolini GombessaVI 

EC1S2 deep 62 Scalo Eunicella_cavolini GombessaVI 

EC2S2 deep 62 Scalo Eunicella_cavolini GombessaVI 

EC3S2 deep 62 Scalo Eunicella_cavolini GombessaVI 

EC4S2 deep 62 Scalo Eunicella_cavolini GombessaVI 

EC5S2 deep 62 Scalo Eunicella_cavolini GombessaVI 

EC2S4 deep 81 CapCorse8A Eunicella_cavolini GombessaVI 

EC4S4 deep 81 CapCorse8A Eunicella_cavolini GombessaVI 

EC6S4 deep 81 CapCorse8A Eunicella_cavolini GombessaVI 

EC1S5 deep 95 Nord1_site1 Eunicella_cavolini GombessaVI 

EC2S5 deep 95 Nord1_site1 Eunicella_cavolini GombessaVI 



EC3S5 deep 95 Nord1_site1 Eunicella_cavolini GombessaVI 

EC4S5 deep 95 Nord1_site1 Eunicella_cavolini GombessaVI 

EC6S5 deep 95 Nord1_site1 Eunicella_cavolini GombessaVI 

NC1H3 Negative Negative Negative Negative GombessaVI 

NC2D8 Negative Negative Negative Negative GombessaVI 

NC3E10 Negative Negative Negative Negative GombessaVI 

NC4F10 Negative Negative Negative Negative GombessaVI 

PC3S1 deep 72 Capense Paramuricea_clavata GombessaVI 

PC4S1 deep 72 Capense Paramuricea_clavata GombessaVI 

PC5S1 deep 72 Capense Paramuricea_clavata GombessaVI 

PC6S1 deep 72 Capense Paramuricea_clavata GombessaVI 

PC2S4 deep 81 CapCorse8A Paramuricea_clavata GombessaVI 

PC3S4 deep 81 CapCorse8A Paramuricea_clavata GombessaVI 

PC4S4 deep 81 CapCorse8A Paramuricea_clavata GombessaVI 

PC5S4 deep 81 CapCorse8A Paramuricea_clavata GombessaVI 

PC6S4 deep 81 CapCorse8A Paramuricea_clavata GombessaVI 

PC1S5 deep 95 Nord1_site1 Paramuricea_clavata GombessaVI 

PC2S5 deep 95 Nord1_site1 Paramuricea_clavata GombessaVI 

PC3S5 deep 95 Nord1_site1 Paramuricea_clavata GombessaVI 

PC4S5 deep 95 Nord1_site1 Paramuricea_clavata GombessaVI 

PC5S5 deep 95 Nord1_site1 Paramuricea_clavata GombessaVI 

Seawater1S1 deep 72 Capense Seawater GombessaVI 

Seawater2S1 deep 72 Capense Seawater GombessaVI 

Seawater3S1 deep 72 Capense Seawater GombessaVI 

Seawater4S1 deep 72 Capense Seawater GombessaVI 

Seawater1S2 deep 62 Scalo Seawater GombessaVI 

Seawater2S2 deep 62 Scalo Seawater GombessaVI 

Seawater3S2 deep 62 Scalo Seawater GombessaVI 

Seawater4S2 deep 62 Scalo Seawater GombessaVI 

SeawaterS3 deep 88 Palagaccio Seawater GombessaVI 

Seawater1S4 deep 81 CapCorse8A Seawater GombessaVI 

Seawater2S4 deep 81 CapCorse8A Seawater GombessaVI 

Seawater4S4 deep 81 CapCorse8A Seawater GombessaVI 

Seawater3S4 deep 81 CapCorse8A Seawater GombessaVI 

Seawater5S4 deep 81 CapCorse8A Seawater GombessaVI 

Seawater6S4 deep 81 CapCorse8A Seawater GombessaVI 

Seawater1S5 deep 95 Nord1_site1 Seawater GombessaVI 

Seawater2S5 deep 95 Nord1_site1 Seawater GombessaVI 

Seawater3S5 deep 95 Nord1_site1 Seawater GombessaVI 

Seawater4S5 deep 95 Nord1_site1 Seawater GombessaVI 

Seawater5S5 deep 95 Nord1_site1 Seawater GombessaVI 

Seawater6S5 deep 95 Nord1_site1 Seawater GombessaVI 

Seawater1S12 deep 105 AnneauxDC Seawater GombessaVI 

Seawater2S12 deep 105 AnneauxDC Seawater GombessaVI 

Seawater3S12 deep 105 AnneauxDC Seawater GombessaVI 

Ovabunda1 deep 44 Eilat Ovabunda ENCOR 



Ovabunda2 deep 44 Eilat Ovabunda ENCOR 

Ovabunda3 deep 44 Eilat Ovabunda ENCOR 

Ovabunda4 deep 44 Eilat Ovabunda ENCOR 

Klyxumutinomii5 deep 44 Eilat Klyxum_utinomii ENCOR 

Sarcophytonglaucum6 deep 44 Eilat Sarcophyton_glaucum ENCOR 

Sarcophytonglaucum7 deep 44 Eilat Sarcophyton_glaucum ENCOR 

Sarcophytonglaucum8 deep 44 Eilat Sarcophyton_glaucum ENCOR 

Klyxumutinomii9 deep 44 Eilat Klyxum_utinomii ENCOR 

Sinulariavrijmoethi10 deep 43 Eilat Sinularia_vrijmoethi ENCOR 

Sinulariaeilatensis11 deep 43 Eilat Sinularia_eilatensis ENCOR 

Sinulariavrijmoethi12 deep 40 Eilat Sinularia_vrijmoethi ENCOR 

Ovabunda13 shallow 12 Eilat Ovabunda ENCOR 

Ovabunda14 shallow 12 Eilat Ovabunda ENCOR 

Ovabunda15 shallow 12 Eilat Ovabunda ENCOR 

Ovabunda16 shallow 6 Eilat Ovabunda ENCOR 

Sinulariavrijmoethi17 deep 44 Eilat Sinularia_vrijmoethi ENCOR 

Sinulariavrijmoethi18 deep 44 Eilat Sinularia_vrijmoethi ENCOR 

Sarcophytonglaucum19 deep 44 Eilat Sarcophyton_glaucum ENCOR 

Ovabunda20 deep 44 Eilat Ovabunda ENCOR 

Sinulariapolydactyla21 deep 44 Eilat Sinularia_polydactyla ENCOR 

Paralemnalia22 deep 43 Eilat Paralemnalia_thyrsoides ENCOR 

Klyxumutinomii23 deep 43 Eilat Klyxum_utinomii ENCOR 

Sinulariapolydactyla24 shallow 18 Eilat Sinularia_polydactyla ENCOR 

Ovabunda25 shallow 18 Eilat Ovabunda ENCOR 

Ovabunda26 shallow 12 Eilat Ovabunda ENCOR 

Sinulariavrijmoethi32 shallow 18 Eilat Sinularia_vrijmoethi ENCOR 

Sarcophytonglaucum33 shallow 18 Eilat Sarcophyton_glaucum ENCOR 

Sinulariaeilatensis34 shallow 18 Eilat Sinularia_eilatensis ENCOR 

Sarcophytonglaucum35 shallow 17 Eilat Sarcophyton_glaucum ENCOR 

Sarcophytonglaucum36 shallow 17 Eilat Sarcophyton_glaucum ENCOR 

Sarcophytonglaucum37 shallow 18 Eilat Sarcophyton_glaucum ENCOR 

Sinulariaeilatensis38 shallow 18 Eilat Sinularia_eilatensis ENCOR 

Sarcophytonglaucum40 shallow 7 Eilat Sarcophyton_glaucum ENCOR 

Sinulariavrijmoethi41 shallow 20 Eilat Sinularia_vrijmoethi ENCOR 

Sinulariavrijmoethi42 shallow 21 Eilat Sinularia_vrijmoethi ENCOR 

Sinulariavrijmoethi43 shallow 21 Eilat Sinularia_vrijmoethi ENCOR 

Sinulariavrijmoethi44 shallow 21 Eilat Sinularia_vrijmoethi ENCOR 

Paralemnaliathyrsoides45 shallow 20 Eilat Paralemnalia_thyrsoides ENCOR 

Paralemnaliathyrsoides46 shallow 18 Eilat Paralemnalia_thyrsoides ENCOR 

Paralemnaliathyrsoides47 shallow 18 Eilat Paralemnalia_thyrsoides ENCOR 

Paralemnaliathyrsoides48 shallow 17 Eilat Paralemnalia_thyrsoides ENCOR 

Paralemnaliathyrsoides49 shallow 7 Eilat Paralemnalia_thyrsoides ENCOR 

Sinularialoyai51 shallow 7 Eilat Sinularia_loyai ENCOR 

Sarcophytonglaucum52 shallow 6 Eilat Sarcophyton_glaucum ENCOR 

Sarcophytonglaucum53 shallow 6 Eilat Sarcophyton_glaucum ENCOR 

Sarcophytonglaucum54 shallow 8 Eilat Sarcophyton_glaucum ENCOR 



Sinularialoyai55 shallow 5 Eilat Sinularia_loyai ENCOR 

Sinularialoyai56 shallow 5 Eilat Sinularia_loyai ENCOR 

Sinulariavrijmoethi57 shallow 9 Eilat Sinularia_vrijmoethi ENCOR 

Ovabunda61 shallow 19 Eilat Ovabunda ENCOR 

Ovabunda62 shallow 18 Eilat Ovabunda ENCOR 

Ovabunda63 shallow 19 Eilat Ovabunda ENCOR 

Sinulariaeilatensis64 shallow 12 Eilat Sinularia_eilatensis ENCOR 

Paralemnaliathyrsoides65 shallow 11 Eilat Paralemnalia_thyrsoides ENCOR 

Paralemnaliathyrsoides66 shallow 10 Eilat Paralemnalia_thyrsoides ENCOR 

Paralemnaliathyrsoides67 shallow 10 Eilat Paralemnalia_thyrsoides ENCOR 

Leptoseris1 deep 79 Eilat Leptoseris ENCOR 

Leptoseris2 deep 81 Eilat Leptoseris ENCOR 

Leptoseris3 deep 82 Eilat Leptoseris ENCOR 

Leptoseris4 deep 79 Eilat Leptoseris ENCOR 

Leptoseris5 deep 81 Eilat Leptoseris ENCOR 

Leptoseris6 deep 92 Eilat Leptoseris ENCOR 

NC9E Negative Negative Negative Negative ENCOR 

SinulariaeilatensisS1 deep 67 Eilat Sinularia_eilatensis ENCOR 

SinulariaeilatensisS2 deep 67 Eilat Sinularia_eilatensis ENCOR 

SinularialeptocladusS3 deep 64 Eilat Sinularia_leptocladus ENCOR 

SinulariamesophoticaS4 deep 61 Eilat Sinularia_mesophotica ENCOR 

SinulariavrijmoethiS5 deep 60 Eilat Sinularia_vrijmoethi ENCOR 

SinulariaeilatensisS6 deep 63 Eilat Sinularia_eilatensis ENCOR 

SinularialeptocladusS7 deep 64 Eilat Sinularia_leptocladus ENCOR 

KlyxumutinomiiS8 deep 53 Eilat Klyxum_utinomii ENCOR 

OvabundaS9 deep 54 Eilat Ovabunda ENCOR 

SinulariavrijmoethiS10 deep 50 Eilat Sinularia_vrijmoethi ENCOR 

SinulariavrijmoethiS11 deep 43 Eilat Sinularia_vrijmoethi ENCOR 

ParalemnaliathyrsoidesS12 deep 48 Eilat Paralemnalia_thyrsoides ENCOR 

SinulariaeilatensisS13 deep 56 Eilat Sinularia_eilatensis ENCOR 

SinulariaeilatensisS14 deep 59 Eilat Sinularia_eilatensis ENCOR 

SinulariamesophoticaS15 deep 62 Eilat Sinularia_mesophotica ENCOR 

SinulariamesophoticaS16 deep 65 Eilat Sinularia_mesophotica ENCOR 

Seawater1E deep 80 Eilat Seawater ENCOR 

Seawater2E deep 80 Eilat Seawater ENCOR 

Seawater3E deep 80 Eilat Seawater ENCOR 

Seawater4E deep 80 Eilat Seawater ENCOR 

Seawater5E deep 80 Eilat Seawater ENCOR 

Seawater6E deep 80 Eilat Seawater ENCOR 

CR1AntibesS89 deep 70 MassifDuRaventurier Corallium_rubrum GombessaV 

CR4MonacoS97 deep 77 SaintMartin Corallium_rubrum GombessaV 

EV6AntibesS105 deep 70 MassifDuRaventurier Eunicella_verrucosa GombessaV 

PC2AntibesS113 deep 70 MassifDuRaventurier Paramuricea_clavata GombessaV 

PCb4AntibesS121 deep 70 MassifDuRaventurier Paramuricea_clavata_bicolor GombessaV 

EC4MonacoS129 deep 77 SaintMartin Eunicella_cavolini GombessaV 

EV1NiceS137 deep 103 TombantdesAmericains Eunicella_verrucosa GombessaV 



EC5NiceS145 deep 103 TombantdesAmericains Eunicella_cavolini GombessaV 

NC1S153 Negative Negative Negative Negative GombessaV 

CR2AntibesS90 deep 70 MassifDuRaventurier Corallium_rubrum GombessaV 

CR5MonacoS98 deep 77 SaintMartin Corallium_rubrum GombessaV 

EC1AntibesS106 deep 70 MassifDuRaventurier Eunicella_cavolini GombessaV 

PC3AntibesS114 deep 70 MassifDuRaventurier Paramuricea_clavata GombessaV 

PCb5AntibesS122 deep 70 MassifDuRaventurier Paramuricea_clavata_bicolor GombessaV 

EC5MonacoS130 deep 77 SaintMartin Eunicella_cavolini GombessaV 

EV2NiceS138 deep 103 TombantdesAmericains Eunicella_verrucosa GombessaV 

PCb1NiceS146 deep 103 TombantdesAmericains Paramuricea_clavata_bicolor GombessaV 

NC2S154 Negative Negative Negative Negative GombessaV 

CR3AntibesS91 deep 70 MassifDuRaventurier Corallium_rubrum GombessaV 

ESAntibesS99 deep 70 MassifDuRaventurier Eunicella_singularis GombessaV 

EC2AntibesS107 deep 70 MassifDuRaventurier Eunicella_cavolini GombessaV 

PC4AntibesS115 deep 70 MassifDuRaventurier Paramuricea_clavata GombessaV 

EV1MonacoS123 deep 77 SaintMartin Eunicella_verrucosa GombessaV 

PC1MonacoS131 deep 77 SaintMartin Paramuricea_clavata GombessaV 

EV3NiceS139 deep 103 TombantdesAmericains Eunicella_verrucosa GombessaV 

PCb2NiceS147 deep 103 TombantdesAmericains Paramuricea_clavata_bicolor GombessaV 

NC3S155 Negative Negative Negative Negative GombessaV 

CR4AntibesS92 deep 70 MassifDuRaventurier Corallium_rubrum GombessaV 

EV1AntibesS100 deep 70 MassifDuRaventurier Eunicella_verrucosa GombessaV 

EC3AntibesS108 deep 70 MassifDuRaventurier Eunicella_cavolini GombessaV 

PC5AntibesS116 deep 70 MassifDuRaventurier Paramuricea_clavata GombessaV 

EV2MonacoS124 deep 77 SaintMartin Eunicella_verrucosa GombessaV 

PC2MonacoS132 deep 77 SaintMartin Paramuricea_clavata GombessaV 

EV4NiceS140 deep 103 TombantdesAmericains Eunicella_verrucosa GombessaV 

PCb3NiceS148 deep 103 TombantdesAmericains Paramuricea_clavata_bicolor GombessaV 

NC4S156 Negative Negative Negative Negative GombessaV 

CR5AntibesS93 deep 70 MassifDuRaventurier Corallium_rubrum GombessaV 

EV2AntibesS101 deep 70 MassifDuRaventurier Eunicella_verrucosa GombessaV 

EC4AntibesS109 deep 70 MassifDuRaventurier Eunicella_cavolini GombessaV 

PCbAntibesS117 deep 70 MassifDuRaventurier Paramuricea_clavata_bicolor GombessaV 

EV3MonacoS125 deep 77 SaintMartin Eunicella_verrucosa GombessaV 

PC3MonacoS133 deep 77 SaintMartin Paramuricea_clavata GombessaV 

EC1NiceS141 deep 103 TombantdesAmericains Eunicella_cavolini GombessaV 

PCb4NiceS149 deep 103 TombantdesAmericains Paramuricea_clavata_bicolor GombessaV 

NC5S157 Negative Negative Negative Negative GombessaV 

CR6AntibesS94 deep 70 MassifDuRaventurier Corallium_rubrum GombessaV 

EV3AntibesS102 deep 70 MassifDuRaventurier Eunicella_verrucosa GombessaV 

EC5AntibesS110 deep 70 MassifDuRaventurier Eunicella_cavolini GombessaV 

PCb1AntibesS118 deep 70 MassifDuRaventurier Paramuricea_clavata_bicolor GombessaV 

EV5MonacoS126 deep 77 SaintMartin Eunicella_verrucosa GombessaV 

PC5MonacoS134 deep 77 SaintMartin Paramuricea_clavata GombessaV 

EC2NiceS142 deep 103 TombantdesAmericains Eunicella_cavolini GombessaV 

PCb5NiceS150 deep 103 TombantdesAmericains Paramuricea_clavata_bicolor GombessaV 



 

Table 2: Final merging ratios after bioinformatic treatment to the dataset 

Number of 

pairs 

Percentage 

of merged 

sequences 

Percentage of 

alignments with 

zero differences 

Percentage of 

alignments with > 

15 differences 

No alignment 

found 

Mean 

alignment 

length 

22.9M 78.66 % 39.27 % 15.41 % (> 15) 3.82 % 52.81 bp 

 

 

NC6S158 Negative Negative Negative Negative GombessaV 

CR1MonacoS95 deep 77 SaintMartin Corallium_rubrum GombessaV 

EV4AntibesS103 deep 70 MassifDuRaventurier Eunicella_verrucosa GombessaV 

PCAntibesS111 deep 70 MassifDuRaventurier Paramuricea_clavata GombessaV 

PCb2AntibesS119 deep 70 MassifDuRaventurier Paramuricea_clavata_bicolor GombessaV 

EC1MonacoS127 deep 77 SaintMartin Eunicella_cavolini GombessaV 

PCb1MonacoS135 deep 77 SaintMartin Paramuricea_clavata_bicolor GombessaV 

EC3NiceS143 deep 103 TombantdesAmericains Eunicella_cavolini GombessaV 

NC7S159 Negative Negative Negative Negative GombessaV 

CR2MonacoS96 deep 77 SaintMartin Corallium_rubrum GombessaV 

EV5AntibesS104 deep 70 MassifDuRaventurier Eunicella_verrucosa GombessaV 

PC1AntibesS112 deep 70 MassifDuRaventurier Paramuricea_clavata GombessaV 

PCb3AntibesS120 deep 70 MassifDuRaventurier Paramuricea_clavata_bicolor GombessaV 

EC3MonacoS128 deep 77 SaintMartin Eunicella_cavolini GombessaV 

PCb3MonacoS136 deep 77 SaintMartin Paramuricea_clavata_bicolor GombessaV 

EC4NiceS144 deep 103 TombantdesAmericains Eunicella_cavolini GombessaV 

NC8S160 Negative Negative Negative Negative GombessaV 

EcPortMay1 deep 70 Portofino Eunicella_cavolini PortofinoSurvey 

EcPortMay2 deep 70 Portofino Eunicella_cavolini PortofinoSurvey 

EcPortMay3 deep 70 Portofino Eunicella_cavolini PortofinoSurvey 

EcPortMay4 deep 70 Portofino Eunicella_cavolini PortofinoSurvey 

EcPortMay5 deep 70 Portofino Eunicella_cavolini PortofinoSurvey 

EcPortMay6 deep 70 Portofino Eunicella_cavolini PortofinoSurvey 

EcPortNov1 deep 63 Portofino Eunicella_cavolini PortofinoSurvey 

EcPortNov2 deep 63 Portofino Eunicella_cavolini PortofinoSurvey 

EcPortNov3 deep 63 Portofino Eunicella_cavolini PortofinoSurvey 

EcPortNov4 deep 63 Portofino Eunicella_cavolini PortofinoSurvey 

EcPortNov5 deep 63 Portofino Eunicella_cavolini PortofinoSurvey 

EcPortNov6 deep 63 Portofino Eunicella_cavolini PortofinoSurvey 

SeawaterPortMay1 deep 70 Portofino Seawater PortofinoSurvey 

SeawaterPortMay2 deep 70 Portofino Seawater PortofinoSurvey 

SeawaterPortMay3 deep 70 Portofino Seawater PortofinoSurvey 

SeawaterPortNov1 deep 63 Portofino Seawater PortofinoSurvey 

SeawaterPortNov2 deep 63 Portofino Seawater PortofinoSurvey 

SeawaterPortNov3 deep 63 Portofino Seawater PortofinoSurvey 



Table 3: Table with the AIC and BIC criterion for a range of nucleotides’ substitution models 

Model Decoration K Llk AIC BIC 

GTR "+R" 44 -8135,5433 16359,0867 16610,3554 

GTR "+G" 39 -8140,8579 16359,7158 16582,4313 

GTR "+G+I" 40 -8140,8681 16361,7362 16590,1624 

TN93 "+R" 41 -8142,7543 16367,5085 16601,6453 

GTR "+I" 39 -8247,033 16572,0659 16794,7814 

GTR 
 

38 -8448,7505 16973,501 17190,5058 

 

Table 4: Tukey’s HSD test results after ANOVA on Chao1 index 

Comparison Species.diff Species.lwr Species.upr Species.p.adj 

Callogorgia_verticillata-Alcyonium_coralloides 0,331416 -1,17512 1,837951 0,999993 

Corallium_rubrum-Alcyonium_coralloides -1,03112 -2,46034 0,398104 0,471138 

Eunicella_cavolini-Alcyonium_coralloides -1,39492 -2,76033 -0,02951 0,039746 

Eunicella_verrucosa-Alcyonium_coralloides -0,97331 -2,4527 0,506073 0,634146 

Klyxum_utinomii-Alcyonium_coralloides -0,49621 -2,34133 1,348913 0,999902 

Ovabunda-Alcyonium_coralloides -0,39353 -1,86192 1,074854 0,999906 

Paralemnalia_thyrsoides-Alcyonium_coralloides -0,84183 -2,40988 0,726218 0,887679 

Paramuricea_clavata-Alcyonium_coralloides -0,7846 -2,19384 0,62463 0,856079 

Paramuricea_clavata_bicolor-Alcyonium_coralloides -0,4702 -1,96218 1,021773 0,99933 

Sarcophyton_glaucum-Alcyonium_coralloides -1,07033 -2,57686 0,436209 0,499066 

Sinularia_eilatensis-Alcyonium_coralloides -0,94164 -2,53956 0,656277 0,79463 

Sinularia_loyai-Alcyonium_coralloides -1,22196 -3,21492 0,770996 0,742767 

Sinularia_mesophotica-Alcyonium_coralloides -2,19449 -5,11188 0,722905 0,395678 

Sinularia_polydactyla-Alcyonium_coralloides 1,23649 -1,02331 3,496291 0,871902 

Sinularia_vrijmoethi-Alcyonium_coralloides -0,97057 -2,46255 0,52141 0,652802 

Corallium_rubrum-Callogorgia_verticillata -1,36254 -2,31535 -0,40972 0,000174 

Eunicella_cavolini-Callogorgia_verticillata -1,72634 -2,58046 -0,87221 5,1E-09 

Eunicella_verrucosa-Callogorgia_verticillata -1,30473 -2,33126 -0,2782 0,001795 

Klyxum_utinomii-Callogorgia_verticillata -0,82762 -2,33416 0,678911 0,868388 

Ovabunda-Callogorgia_verticillata -0,72495 -1,73556 0,285664 0,48155 

Paralemnalia_thyrsoides-Callogorgia_verticillata -1,17325 -2,32388 -0,02261 0,040592 

Paramuricea_clavata-Callogorgia_verticillata -1,11602 -2,03858 -0,19346 0,004122 

Paramuricea_clavata_bicolor-Callogorgia_verticillata -0,80162 -1,84621 0,242973 0,360363 

Sarcophyton_glaucum-Callogorgia_verticillata -1,40174 -2,46702 -0,33646 0,000953 

Sinularia_eilatensis-Callogorgia_verticillata -1,27306 -2,46408 -0,08204 0,023496 

Sinularia_loyai-Callogorgia_verticillata -1,55338 -3,23774 0,130978 0,10754 

Sinularia_mesophotica-Callogorgia_verticillata -2,5259 -5,24185 0,190041 0,10004 

Sinularia_polydactyla-Callogorgia_verticillata 0,905074 -1,08788 2,898031 0,970294 

Sinularia_vrijmoethi-Callogorgia_verticillata -1,30198 -2,34658 -0,25739 0,002519 

Eunicella_cavolini-Corallium_rubrum -0,3638 -1,07272 0,345119 0,919141 

Eunicella_verrucosa-Corallium_rubrum 0,057806 -0,85148 0,967091 1 

Klyxum_utinomii-Corallium_rubrum 0,534912 -0,89431 1,964136 0,995457 

Ovabunda-Corallium_rubrum 0,637586 -0,25369 1,528863 0,486564 



Paralemnalia_thyrsoides-Corallium_rubrum 0,189287 -0,85809 1,236663 0,999999 

Paramuricea_clavata-Corallium_rubrum 0,246516 -0,54352 1,036549 0,999404 

Paramuricea_clavata_bicolor-Corallium_rubrum 0,560915 -0,36871 1,490545 0,764626 

Sarcophyton_glaucum-Corallium_rubrum -0,03921 -0,99202 0,91361 1 

Sinularia_eilatensis-Corallium_rubrum 0,089476 -1,00211 1,181064 1 

Sinularia_loyai-Corallium_rubrum -0,19084 -1,80642 1,424736 1 

Sinularia_mesophotica-Corallium_rubrum -1,16337 -3,8372 1,510467 0,979824 

Sinularia_polydactyla-Corallium_rubrum 2,26761 0,332431 4,202788 0,006746 

Sinularia_vrijmoethi-Corallium_rubrum 0,060552 -0,86908 0,990182 1 

Eunicella_verrucosa-Eunicella_cavolini 0,421605 -0,38367 1,226882 0,906182 

Klyxum_utinomii-Eunicella_cavolini 0,898712 -0,4667 2,264124 0,633434 

Ovabunda-Eunicella_cavolini 1,001385 0,216498 1,786271 0,001679 

Paralemnalia_thyrsoides-Eunicella_cavolini 0,553086 -0,40538 1,511557 0,819108 

Paramuricea_clavata-Eunicella_cavolini 0,610315 -0,05738 1,278015 0,115897 

Paramuricea_clavata_bicolor-Eunicella_cavolini 0,924714 0,096534 1,752894 0,013404 

Sarcophyton_glaucum-Eunicella_cavolini 0,324593 -0,52953 1,178718 0,99467 

Sinularia_eilatensis-Eunicella_cavolini 0,453275 -0,55332 1,459871 0,972443 

Sinularia_loyai-Eunicella_cavolini 0,172957 -1,38645 1,732368 1 

Sinularia_mesophotica-Eunicella_cavolini -0,79957 -3,43984 1,840708 0,999582 

Sinularia_polydactyla-Eunicella_cavolini 2,631409 0,742868 4,51995 0,000304 

Sinularia_vrijmoethi-Eunicella_cavolini 0,424351 -0,40383 1,252531 0,92007 

Klyxum_utinomii-Eunicella_verrucosa 0,477107 -1,00228 1,956494 0,999124 

Ovabunda-Eunicella_verrucosa 0,57978 -0,3899 1,549461 0,776497 

Paralemnalia_thyrsoides-Eunicella_verrucosa 0,131481 -0,98337 1,246336 1 

Paramuricea_clavata-Eunicella_verrucosa 0,18871 -0,68882 1,06624 0,999995 

Paramuricea_clavata_bicolor-Eunicella_verrucosa 0,503109 -0,50194 1,508155 0,933177 

Sarcophyton_glaucum-Eunicella_verrucosa -0,09701 -1,12354 0,929518 1 

Sinularia_eilatensis-Eunicella_verrucosa 0,03167 -1,12482 1,188161 1 

Sinularia_loyai-Eunicella_verrucosa -0,24865 -1,90877 1,411472 1 

Sinularia_mesophotica-Eunicella_verrucosa -1,22117 -3,92215 1,479807 0,971439 

Sinularia_polydactyla-Eunicella_verrucosa 2,209804 0,237287 4,18232 0,012811 

Sinularia_vrijmoethi-Eunicella_verrucosa 0,002746 -1,0023 1,007792 1 

Ovabunda-Klyxum_utinomii 0,102673 -1,36571 1,571061 1 

Paralemnalia_thyrsoides-Klyxum_utinomii -0,34563 -1,91368 1,222426 0,999993 

Paramuricea_clavata-Klyxum_utinomii -0,2884 -1,69763 1,120837 0,999997 

Paramuricea_clavata_bicolor-Klyxum_utinomii 0,026003 -1,46598 1,517981 1 

Sarcophyton_glaucum-Klyxum_utinomii -0,57412 -2,08065 0,932416 0,994514 

Sinularia_eilatensis-Klyxum_utinomii -0,44544 -2,04336 1,152485 0,999847 

Sinularia_loyai-Klyxum_utinomii -0,72575 -2,71871 1,267203 0,996604 

Sinularia_mesophotica-Klyxum_utinomii -1,69828 -4,61567 1,219113 0,809158 

Sinularia_polydactyla-Klyxum_utinomii 1,732697 -0,5271 3,992499 0,361848 

Sinularia_vrijmoethi-Klyxum_utinomii -0,47436 -1,96634 1,017618 0,999258 

Paralemnalia_thyrsoides-Ovabunda -0,4483 -1,54852 0,651919 0,989208 

Paramuricea_clavata-Ovabunda -0,39107 -1,24993 0,467787 0,969594 

Paramuricea_clavata_bicolor-Ovabunda -0,07667 -1,06545 0,912113 1 

Sarcophyton_glaucum-Ovabunda -0,67679 -1,68741 0,333823 0,604102 



Sinularia_eilatensis-Ovabunda -0,54811 -1,6905 0,594277 0,952485 

Sinularia_loyai-Ovabunda -0,82843 -2,47875 0,821898 0,931711 

Sinularia_mesophotica-Ovabunda -1,80095 -4,49592 0,894019 0,607744 

Sinularia_polydactyla-Ovabunda 1,630024 -0,33426 3,594305 0,233698 

Sinularia_vrijmoethi-Ovabunda -0,57703 -1,56582 0,41175 0,806249 

Paramuricea_clavata-Paralemnalia_thyrsoides 0,057229 -0,9627 1,077157 1 

Paramuricea_clavata_bicolor-

Paralemnalia_thyrsoides 

0,371628 -0,75988 1,503137 0,99892 

Sarcophyton_glaucum-Paralemnalia_thyrsoides -0,22849 -1,37913 0,922142 0,999998 

Sinularia_eilatensis-Paralemnalia_thyrsoides -0,09981 -1,36775 1,168126 1 

Sinularia_loyai-Paralemnalia_thyrsoides -0,38013 -2,11973 1,359466 0,999993 

Sinularia_mesophotica-Paralemnalia_thyrsoides -1,35265 -4,1032 1,397889 0,941926 

Sinularia_polydactyla-Paralemnalia_thyrsoides 2,078322 0,038465 4,11818 0,040941 

Sinularia_vrijmoethi-Paralemnalia_thyrsoides -0,12874 -1,26024 1,002774 1 

Paramuricea_clavata_bicolor-Paramuricea_clavata 0,314399 -0,58419 1,212993 0,997802 

Sarcophyton_glaucum-Paramuricea_clavata -0,28572 -1,20828 0,636838 0,999454 

Sinularia_eilatensis-Paramuricea_clavata -0,15704 -1,22232 0,908241 1 

Sinularia_loyai-Paramuricea_clavata -0,43736 -2,03528 1,160563 0,999878 

Sinularia_mesophotica-Paramuricea_clavata -1,40988 -4,07308 1,253319 0,898325 

Sinularia_polydactyla-Paramuricea_clavata 2,021094 0,100632 3,941556 0,028324 

Sinularia_vrijmoethi-Paramuricea_clavata -0,18596 -1,08456 0,71263 0,999997 

Sarcophyton_glaucum-Paramuricea_clavata_bicolor -0,60012 -1,64471 0,444473 0,824005 

Sinularia_eilatensis-Paramuricea_clavata_bicolor -0,47144 -1,64399 0,701114 0,990542 

Sinularia_loyai-Paramuricea_clavata_bicolor -0,75176 -2,42311 0,919592 0,972722 

Sinularia_mesophotica-Paramuricea_clavata_bicolor -1,72428 -4,43218 0,983615 0,686898 

Sinularia_polydactyla-Paramuricea_clavata_bicolor 1,706695 -0,27528 3,688672 0,182854 

Sinularia_vrijmoethi-Paramuricea_clavata_bicolor -0,50036 -1,52385 0,523126 0,944619 

Sinularia_eilatensis-Sarcophyton_glaucum 0,128682 -1,06234 1,319702 1 

Sinularia_loyai-Sarcophyton_glaucum -0,15164 -1,83599 1,53272 1 

Sinularia_mesophotica-Sarcophyton_glaucum -1,12416 -3,8401 1,591783 0,98742 

Sinularia_polydactyla-Sarcophyton_glaucum 2,306815 0,313858 4,299773 0,008088 

Sinularia_vrijmoethi-Sarcophyton_glaucum 0,099758 -0,94484 1,144351 1 

Sinularia_loyai-Sinularia_eilatensis -0,28032 -2,04689 1,48625 1 

Sinularia_mesophotica-Sinularia_eilatensis -1,25284 -4,02052 1,514838 0,971131 

Sinularia_polydactyla-Sinularia_eilatensis 2,178134 0,115226 4,241041 0,027244 

Sinularia_vrijmoethi-Sinularia_eilatensis -0,02892 -1,20148 1,143629 1 

Sinularia_mesophotica-Sinularia_loyai -0,97252 -3,98559 2,040545 0,999116 

Sinularia_polydactyla-Sinularia_loyai 2,458452 0,076412 4,840492 0,035476 

Sinularia_vrijmoethi-Sinularia_loyai 0,251394 -1,41996 1,922744 1 

Sinularia_polydactyla-Sinularia_mesophotica 3,430976 0,235134 6,626818 0,022264 

Sinularia_vrijmoethi-Sinularia_mesophotica 1,223918 -1,48398 3,931815 0,971518 

Sinularia_vrijmoethi-Sinularia_polydactyla -2,20706 -4,18903 -0,22508 0,013898 

 

  



Table 5: Pairwise PERMANOVA results on bacterial composition 

Comparison R2 F df p p.adj 

Alcyonium_coralloides.Callogorgia_verticillata 0,381306 8,628294 1;14 0,0008 0,002471 

Alcyonium_coralloides.Corallium_rubrum 0,175553 4,684569 1;22 0,0002 0,000875 

Alcyonium_coralloides.Eunicella_cavolini 0,081021 3,791054 1;43 0,0001 0,000525 

Alcyonium_coralloides.Eunicella_verrucosa 0,487967 12,38898 1;13 0,0006 0,001969 

Alcyonium_coralloides.Klyxum_utinomii 0,492741 4,856904 1;5 0,028571 0,042254 

Alcyonium_coralloides.Ovabunda 0,353977 9,314845 1;17 0,0001 0,000525 

Alcyonium_coralloides.Paralemnalia_thyrsoides 0,252229 3,710382 1;11 0,0013 0,00325 

Alcyonium_coralloides.Paramuricea_clavata 0,221947 7,416765 1;26 0,0001 0,000525 

Alcyonium_coralloides.Paramuricea_clavata_bicolor 0,225613 4,370163 1;15 0,0013 0,00325 

Alcyonium_coralloides.Sarcophyton_glaucum 0,279534 5,043882 1;13 0,0004 0,001448 

Alcyonium_coralloides.Sinularia_eilatensis 0,328366 3,911242 1;8 0,0057 0,011735 

Alcyonium_coralloides.Sinularia_loyai 0,63235 6,879925 1;4 0,066667 0,085366 

Alcyonium_coralloides.Sinularia_polydactyla 0,712665 9,921012 1;4 0,066667 0,085366 

Alcyonium_coralloides.Sinularia_vrijmoethi 0,288376 4,862838 1;12 0,0011 0,003122 

Callogorgia_verticillata.Corallium_rubrum 0,068751 2,214801 1;30 0,0439 0,063144 

Callogorgia_verticillata.Eunicella_cavolini 0,128205 7,500019 1;51 0,0001 0,000525 

Callogorgia_verticillata.Eunicella_verrucosa 0,444497 16,80356 1;21 0,0001 0,000525 

Callogorgia_verticillata.Klyxum_utinomii 0,282485 5,118081 1;13 0,0027 0,006163 

Callogorgia_verticillata.Ovabunda 0,381675 15,43178 1;25 0,0001 0,000525 

Callogorgia_verticillata.Paralemnalia_thyrsoides 0,241186 6,039078 1;19 0,0002 0,000875 

Callogorgia_verticillata.Paramuricea_clavata 0,297018 14,36541 1;34 0,0001 0,000525 

Callogorgia_verticillata.Paramuricea_clavata_bicolor 0,250871 7,702325 1;23 0,0001 0,000525 

Callogorgia_verticillata.Sarcophyton_glaucum 0,285588 8,394821 1;21 0,0001 0,000525 

Callogorgia_verticillata.Sinularia_eilatensis 0,261249 5,658171 1;16 0,0001 0,000525 

Callogorgia_verticillata.Sinularia_loyai 0,298857 5,114915 1;12 0,0119 0,020484 

Callogorgia_verticillata.Sinularia_polydactyla 0,33205 5,965405 1;12 0,0112 0,0196 

Callogorgia_verticillata.Sinularia_vrijmoethi 0,283839 7,926666 1;20 0,0001 0,000525 

Corallium_rubrum.Eunicella_cavolini 0,065953 4,165952 1;59 0,0001 0,000525 

Corallium_rubrum.Eunicella_verrucosa 0,169744 5,92897 1;29 0,0007 0,002227 

Corallium_rubrum.Klyxum_utinomii 0,094967 2,203578 1;21 0,0272 0,0408 

Corallium_rubrum.Ovabunda 0,212346 8,896546 1;33 0,0002 0,000875 

Corallium_rubrum.Paralemnalia_thyrsoides 0,109307 3,31348 1;27 0,0014 0,003419 

Corallium_rubrum.Paramuricea_clavata 0,150863 7,462004 1;42 0,0001 0,000525 

Corallium_rubrum.Paramuricea_clavata_bicolor 0,082263 2,778729 1;31 0,0133 0,021485 

Corallium_rubrum.Sarcophyton_glaucum 0,140001 4,720958 1;29 0,0002 0,000875 

Corallium_rubrum.Sinularia_eilatensis 0,10648 2,860073 1;24 0,0059 0,011913 

Corallium_rubrum.Sinularia_loyai 0,117582 2,665007 1;20 0,0044 0,009429 

Corallium_rubrum.Sinularia_polydactyla 0,116901 2,647517 1;20 0,0094 0,017017 

Corallium_rubrum.Sinularia_vrijmoethi 0,128514 4,129045 1;28 0,0003 0,001167 

Eunicella_cavolini.Eunicella_verrucosa 0,090822 4,994731 1;50 0,0001 0,000525 

Eunicella_cavolini.Klyxum_utinomii 0,029499 1,276626 1;42 0,2006 0,226484 

Eunicella_cavolini.Ovabunda 0,090524 5,37488 1;54 0,0001 0,000525 

Eunicella_cavolini.Paralemnalia_thyrsoides 0,042086 2,108867 1;48 0,0077 0,0147 



Eunicella_cavolini.Paramuricea_clavata 0,065985 4,450745 1;63 0,0004 0,001448 

Eunicella_cavolini.Paramuricea_clavata_bicolor 0,037928 2,050025 1;52 0,0163 0,025545 

Eunicella_cavolini.Sarcophyton_glaucum 0,052801 2,787211 1;50 0,0012 0,00325 

Eunicella_cavolini.Sinularia_eilatensis 0,046119 2,175714 1;45 0,0073 0,014194 

Eunicella_cavolini.Sinularia_loyai 0,049552 2,137533 1;41 0,0011 0,003122 

Eunicella_cavolini.Sinularia_polydactyla 0,036998 1,575196 1;41 0,0479 0,06706 

Eunicella_cavolini.Sinularia_vrijmoethi 0,05059 2,611 1;49 0,0019 0,004534 

Eunicella_verrucosa.Klyxum_utinomii 0,296591 5,059775 1;12 0,004 0,00875 

Eunicella_verrucosa.Ovabunda 0,347213 12,76542 1;24 0,0001 0,000525 

Eunicella_verrucosa.Paralemnalia_thyrsoides 0,268525 6,607803 1;18 0,0001 0,000525 

Eunicella_verrucosa.Paramuricea_clavata 0,148059 5,73508 1;33 0,0013 0,00325 

Eunicella_verrucosa.Paramuricea_clavata_bicolor 0,100957 2,470477 1;22 0,0451 0,063993 

Eunicella_verrucosa.Sarcophyton_glaucum 0,285026 7,97305 1;20 0,0001 0,000525 

Eunicella_verrucosa.Sinularia_eilatensis 0,311829 6,796908 1;15 0,0005 0,001694 

Eunicella_verrucosa.Sinularia_loyai 0,407793 7,574597 1;11 0,0123 0,020831 

Eunicella_verrucosa.Sinularia_polydactyla 0,359947 6,186069 1;11 0,0133 0,021485 

Eunicella_verrucosa.Sinularia_vrijmoethi 0,278213 7,323549 1;19 0,0001 0,000525 

Klyxum_utinomii.Ovabunda 0,032958 0,545306 1;16 0,6517 0,657966 

Klyxum_utinomii.Paralemnalia_thyrsoides 0,120258 1,366968 1;10 0,1473 0,175756 

Klyxum_utinomii.Paramuricea_clavata 0,033773 0,873846 1;25 0,5602 0,582386 

Klyxum_utinomii.Paramuricea_clavata_bicolor 0,122504 1,954495 1;14 0,0526 0,070808 

Klyxum_utinomii.Sarcophyton_glaucum 0,082661 1,081321 1;12 0,3414 0,36162 

Klyxum_utinomii.Sinularia_eilatensis 0,146833 1,204723 1;7 0,3018 0,328964 

Klyxum_utinomii.Sinularia_loyai 0,501249 3,01503 1;3 0,2 0,226484 

Klyxum_utinomii.Sinularia_polydactyla 0,172968 0,627431 1;3 0,6 0,617647 

Klyxum_utinomii.Sinularia_vrijmoethi 0,047601 0,549778 1;11 0,7459 0,7459 

Ovabunda.Paralemnalia_thyrsoides 0,139406 3,563735 1;22 0,0159 0,025295 

Ovabunda.Paramuricea_clavata 0,056236 2,204736 1;37 0,0522 0,070808 

Ovabunda.Paramuricea_clavata_bicolor 0,211832 6,987889 1;26 0,0003 0,001167 

Ovabunda.Sarcophyton_glaucum 0,093793 2,48402 1;24 0,0552 0,073367 

Ovabunda.Sinularia_eilatensis 0,197987 4,690391 1;19 0,0048 0,01008 

Ovabunda.Sinularia_loyai 0,225974 4,379185 1;15 0,0295 0,043021 

Ovabunda.Sinularia_polydactyla 0,029426 0,454774 1;15 0,6384 0,650796 

Ovabunda.Sinularia_vrijmoethi 0,112897 2,927095 1;23 0,0259 0,039413 

Paralemnalia_thyrsoides.Paramuricea_clavata 0,115339 4,041681 1;31 0,001 0,003 

Paralemnalia_thyrsoides.Paramuricea_clavata_bicolor 0,11443 2,584322 1;20 0,0033 0,007372 

Paralemnalia_thyrsoides.Sarcophyton_glaucum 0,089145 1,761661 1;18 0,0839 0,102436 

Paralemnalia_thyrsoides.Sinularia_eilatensis 0,104441 1,516076 1;13 0,1046 0,126241 

Paralemnalia_thyrsoides.Sinularia_loyai 0,122381 1,255016 1;9 0,2666 0,294663 

Paralemnalia_thyrsoides.Sinularia_polydactyla 0,1634 1,757831 1;9 0,0715 0,089375 

Paralemnalia_thyrsoides.Sinularia_vrijmoethi 0,10182 1,927165 1;17 0,0509 0,070322 

Paramuricea_clavata.Paramuricea_clavata_bicolor 0,107859 4,231484 1;35 0,0013 0,00325 

Paramuricea_clavata.Sarcophyton_glaucum 0,082006 2,947934 1;33 0,0129 0,021485 

Paramuricea_clavata.Sinularia_eilatensis 0,141775 4,625485 1;28 0,0003 0,001167 

Paramuricea_clavata.Sinularia_loyai 0,14841 4,18259 1;24 0,0021 0,0049 

Paramuricea_clavata.Sinularia_polydactyla 0,033937 0,843113 1;24 0,3444 0,36162 



Paramuricea_clavata.Sinularia_vrijmoethi 0,086896 3,045308 1;32 0,0089 0,016395 

Paramuricea_clavata_bicolor.Sarcophyton_glaucum 0,144825 3,725741 1;22 0,0001 0,000525 

Paramuricea_clavata_bicolor.Sinularia_eilatensis 0,129535 2,529792 1;17 0,0061 0,012085 

Paramuricea_clavata_bicolor.Sinularia_loyai 0,160348 2,482606 1;13 0,0087 0,016313 

Paramuricea_clavata_bicolor.Sinularia_polydactyla 0,153361 2,354834 1;13 0,0112 0,0196 

Paramuricea_clavata_bicolor.Sinularia_vrijmoethi 0,136807 3,328265 1;21 0,0005 0,001694 

Sarcophyton_glaucum.Sinularia_eilatensis 0,133846 2,317928 1;15 0,0224 0,034588 

Sarcophyton_glaucum.Sinularia_loyai 0,144505 1,858055 1;11 0,1786 0,208367 

Sarcophyton_glaucum.Sinularia_polydactyla 0,111693 1,383099 1;11 0,1667 0,196669 

Sarcophyton_glaucum.Sinularia_vrijmoethi 0,066127 1,345389 1;19 0,2341 0,261495 

Sinularia_eilatensis.Sinularia_loyai 0,237829 1,872252 1;6 0,0689 0,087163 

Sinularia_eilatensis.Sinularia_polydactyla 0,285264 2,394708 1;6 0,0747 0,092276 

Sinularia_eilatensis.Sinularia_vrijmoethi 0,073784 1,115268 1;14 0,3039 0,328964 

Sinularia_loyai.Sinularia_polydactyla 0,856905 11,97675 1;2 0,333333 0,357143 

Sinularia_loyai.Sinularia_vrijmoethi 0,205915 2,593113 1;10 0,0591 0,077569 

Sinularia_polydactyla.Sinularia_vrijmoethi 0,130895 1,506096 1;10 0,1871 0,215885 

 

 

Figure 1: Homoscedasticity checking graphs for the “raw data” ANOVA model  



Figure 2: Homoscedasticity checking graphs for the log transformed ANOVA model  

 

Figure 3: Juxtaposition of Red Sea species phylogeny (1) and microbiome dendrogram (2) 



Figure 4: Poster presented during the International Coral Reef Symposium (ICRS) in Bremen 

(Germany) from 3rd to 8th July 2022 



Script 1: Bioinformatic pipeline for the Illumina sequences 

#!/bin/bash 

#create a file to check if the steps are done or not 

#touch 1checkpoints.txt 

 

#Unzip the files 

#gunzip *.gz 

 

###Preparation des donnees 

#rename the files (preparer un fichier names.txt avec le nom original a droite et en face le nom qu'on veut mettre) 

if ! grep Rename "1checkpoints.txt" ;then 

  while read a b; do mv "$a" "$b"; done < namesV3V4.txt 

  for i in *.fastq*; do    #retirer les ? qui se mettent a la fin du fichier 

     mv "$i" "${i%?}" 

     done 

  echo "Rename" >> 1checkpoints.txt 

fi 

 

#### quality check (sur Fastqc) 

 

if ! grep QualityCheck "1checkpoints.txt" ;then 

  for i in *.fastq ; do 

    /media/ecolo/home/camille/usearchv11 -fastq_eestats2 ${i} -output 

/media/ecolo/home/camille/dataset/V3V4/QualityCheck/"$i"eestats2.txt -length_cutoffs 50,*,50 

    fastqc -f fastq ${i} -output /media/ecolo/home/camille/dataset/V3V4/QualityCheck/eestats.txt 

    unzip $i 

    done 

    echo "QualityCheck" >> 1checkpoints.txt 

fi 

 

#juste une petite boucle pour regarder les infos sur les reads (le nombre de pb principalement) 

#for i in *.fastq ; do 

  #/media/ecolo/home/camille/usearchv11 -fastx_info ${i} 

  #done 

 

#### Truncate the sequence when the quality drops 

 

if ! grep Truncate "1checkpoints.txt" ;then 

  for i in *.fastq 

    do 

    if [[ $i =~ "_R2" ]] 

      then 

        /media/ecolo/home/camille/usearchv11 -fastx_truncate ${i} -stripright 90 -fastqout ${i/%.fastq/.fq} 

      else 

        /media/ecolo/home/camille/usearchv11 -fastx_truncate ${i} -stripright 0 -fastqout ${i/%.fastq/.fq} 

    fi 

    done 

    echo "Truncate" >> 1checkpoints.txt 

fi 

 

#### Process 

 

if ! grep Processing "1checkpoints.txt" ;then 

 

  #### Merge R1/R2 



  /media/ecolo/home/camille/usearchv11 -fastq_mergepairs *R1.fq -reverse *R2.fq -fastq_maxmergelen 510 -

fastq_minmergelen 400 -fastq_maxdiffs 15 -report 

/media/ecolo/home/camille/dataset/V3V4/Process/ReportMerging.txt -fastqout 

/media/ecolo/home/camille/dataset/V3V4/Process/merged.fq  -relabel @ 

 

  #### Cut the primers (faut couper des deux cotes selon la taille des primers) 

  /media/ecolo/home/camille/usearchv11 -fastx_truncate 

/media/ecolo/home/camille/dataset/V3V4/Process/merged.fq -stripright 23 -stripleft 23 -fastqout 

/media/ecolo/home/camille/dataset/V3V4/Process/merged_truncate.fq 

 

  #### Quality filtering 

  /media/ecolo/home/camille/usearchv11 -fastq_filter 

/media/ecolo/home/camille/dataset/V3V4/Process/merged_truncate.fq -fastq_maxee 1 -fastaout 

/media/ecolo/home/camille/dataset/V3V4/Process/merged_truncate.fasta 

 

  #### Uniques sequences (trouver les sequences uniques et en combien d'exemplaires elles sont) 

  /media/ecolo/home/camille/usearchv11 -fastx_uniques 

/media/ecolo/home/camille/dataset/V3V4/Process/merged_truncate.fasta -fastaout 

/media/ecolo/home/camille/dataset/V3V4/Process/uniques.fasta -sizeout -relabel Uniq 

 

  #### denoise the uniques sequences 

 

  /media/ecolo/home/camille/usearchv11 -unoise3 

/media/ecolo/home/camille/dataset/V3V4/Process/uniques.fasta -zotus 

/media/ecolo/home/camille/dataset/V3V4/Results/zotus.fasta -tabbedout 

/media/ecolo/home/camille/dataset/V3V4/Process/unoise3.txt 

 

  #### OTU table construction 

  /media/ecolo/home/camille/usearchv11 -otutab 

/media/ecolo/home/camille/dataset/V3V4/Process/merged_truncate.fq -zotus 

/media/ecolo/home/camille/dataset/V3V4/Results/zotus.fasta -otutabout 

/media/ecolo/home/camille/dataset/V3V4/Results/otutab.txt -mapout 

/media/ecolo/home/camille/dataset/V3V4/Results/zmap.txt -id 0.99 

 

  /media/ecolo/home/camille/usearchv11 -otutab_stats 

/media/ecolo/home/camille/dataset/V3V4/Results/otutab.txt -output 

/media/ecolo/home/camille/dataset/V3V4/Results/report.txt 

  echo "Processing" >> 1checkpoints.txt 

fi 

 

#### Taxonomy predictions 

 

if ! grep Taxonomy "1checkpoints.txt" ;then 

  /media/ecolo/home/camille/usearchv11 -sintax /media/ecolo/home/camille/dataset/V3V4/Results/zotus.fasta -

db /media/ecolo/home/camille/reference_databases/silva_16s_v138_NR99_noEuk_v11.udb -tabbedout 

/media/ecolo/home/camille/dataset/V3V4/Results/taxonomy.txt \ 

  -strand both -sintax_cutoff 0.8 

  echo "Taxonomy" >> 1checkpoints.txt 

fi 

 

#### Taxonomy predictions with eukaryotes 

 

if ! grep Taxonomy "1checkpoints.txt" ;then 

  /media/ecolo/home/camille/usearchv11 -sintax /media/ecolo/home/camille/dataset/V3V4/Results/zotus.fasta -

db /media/ecolo/home/camille/reference_databases/SILVA_138_ProEuk_v11.udb -tabbedout 

/media/ecolo/home/camille/dataset/V3V4/Results/taxonomyPROEUK.txt \ 



  -strand both -sintax_cutoff 0.8 

  echo "Taxonomy" >> 1checkpoints.txt 

fi 

#### Taxonomy predictions with eukaryotes 

 

if ! grep Taxonomy "1checkpoints.txt" ;then 

  /media/ecolo/home/camille/usearchv11 -sintax /media/ecolo/home/camille/dataset/V3V4/Results/zotus.fasta -

db /media/ecolo/home/camille/reference_databases/SILVA_138_Eukaryotes_v11.udb -tabbedout 

/media/ecolo/home/camille/dataset/V3V4/Results/taxonomyEUK.txt \ 

  -strand both -sintax_cutoff 0.8 

  echo "Taxonomy" >> 1checkpoints.txt 

fi 

 

#Tree building 

 

/media/ecolo/home/camille/usearchv11 -calc_distmx 

/media/ecolo/home/camille/dataset/V3V4/Results/zotus.fasta -tabbedout 

/media/ecolo/home/camille/dataset/V3V4/Results/DMX.txt -maxdist 0.2 -termdist 0.3 

 

/media/ecolo/home/camille/usearchv11 -calc_distmx 

/media/ecolo/home/camille/dataset/V3V4/Results/zotus.fasta -tabbedout 

/media/ecolo/home/camille/dataset/V3V4/Results/DIST.tree -format phylip_lower_triangular 

 

/media/ecolo/home/camille/usearchv11 -cluster_aggd 

/media/ecolo/home/camille/dataset/V3V4/Results/DMX.txt -treeout 

/media/ecolo/home/camille/dataset/V3V4/Results/TREE.tree -clusterout 

/media/ecolo/home/camille/dataset/V3V4/Results/CLUSTERS.txt -id 0.8 -linkage min 

 

/media/ecolo/home/camille/usearchv11 -draw_tree /media/ecolo/home/camille/dataset/V3V4/Results/TREE.tree 

-output /media/ecolo/home/camille/dataset/V3V4/Results/TREE.txt 

 

Script 2: R script for bacterial communities’ analysis 

                                                        #####Library loading##### 

 

library(biomformat) 

library("phyloseq") 

library("plyr") 

library("ggplot2") 

library(decontam) 

library(vegan) 

library(tidyverse) 

library(ggpubr) 

library(rstatix) 

library(MASS) 

library(car) 

                                                         

                                                      #####Dataset preparation##### 

 

setwd("C:/Users/cprioux.CSM/Desktop/Bioinfo/Results/V3V4") 

 

#import metadata 

MD <- import_qiime_sample_data("MetaData.txt") 

 

#import otutable with taxonomy 

myData <- import_biom("otuMDProEuk.biom", "TREE.tree") 



colnames(tax_table(myData)) <- c("Kingdom", "Phylum", "Class", "Order", "Family", "Genus", "Species") 

taxtable <- as.data.frame(tax_table(myData)) 

 

#merge otu table with metadata 

myData <- merge_phyloseq(myData, MD) 

 

#decontamination of the dataset 

OTU_dec <- otu_table(myData) 

OTU_dec <- as.matrix(OTU_dec) 

neg=c(rep(FALSE, 105), rep(TRUE, 13),  rep(FALSE, 134)) 

decontam <- isContaminant(myData, neg=neg, threshold=0.1) 

 

indices_decontaminated <- which(decontam$contaminant==FALSE) 

decontaminated_otu <- as.vector(rownames(OTU_dec)[indices_decontaminated]) 

 

#Prune negative controls 

myDataD <- prune_taxa(decontaminated_otu, myData) 

myDataD <- subset_samples(myDataD, Type != "Negative") 

myDataD <- prune_taxa(taxa_sums(myDataD) > 0, myDataD) 

 

                                            ####PERMANOVA sur abundance entre samples et SW#### 

#Rarefaction 

library(metagMisc) 

min(sample_sums(myDataD)) #choose minimum number of read as threshold : 3021 

myDataDraw <- phyloseq_mult_raref_avg(myDataD, SampSize = 3021, MinSizeThreshold = 3021, iter = 10, 

replace = T) 

 

otu_table_decontamRaw <- as.data.frame(otu_table(myDataDraw)) 

otu_table_decontamRaw <- t(otu_table_decontamRaw) 

otu_table_decontamRawMD <- merge(otu_table_decontamRaw, MD, by = 'row.names') 

 

#Bray-curtis distance matrix 

otutab_RawDist <- vegdist(otu_table_decontamRaw, method = "bray") 

 

#Permanova 

Perm_OTU_SW <- adonis2(otutab_RawDist~as.factor(otu_table_decontamRawMD$Type), 

data=otu_table_decontamRawMD, permutations = 999) 

plot(Perm_OTU_SW) 

 

#Ordination with PcoA 

Ord <- ordinate(myDataD, "NMDS", "bray") 

plot_ordination(myDataD, Ord, type="samples", color="Type", shape="Sea") + geom_point(size=4) 

 

####We can remove seawater samples and OTU that are not bacteria 

myDataD <- subset_samples(myDataD, Type != "SW") 

myDataD <- subset_taxa(myDataD, Order!="o__Chloroplast")  

myDataD <- subset_taxa(myDataD, Kingdom!="k__Unknown")  

myDataD <- subset_taxa(myDataD, Family!="f__Mitochondria")  

myDataD <- prune_taxa(taxa_sums(myDataD) > 0, myDataD) 

 

                                                  #####Alpha diversity : Chao1 richness estimation##### 

 

otu_table_decontam <- as.data.frame(otu_table(myDataD)) 

otu_table_decontam <- t(otu_table_decontam) 

 

#Chao1 estimation 



Richness <- as.data.frame(estimateR(otu_table_decontam), header=T) 

 

#merge metadata to richness table 

Richness <- as.data.frame(t(Richness)) 

Richness <- merge(Richness, MD, by = 'row.names') 

Richness <- subset(Richness, select=c("samples","Species","S.chao1", "Type")) 

Richness <- subset(Richness, Type == "sample") 

 

#explore dataset 

 

RichnessStatsSpecies <- Richness %>% 

  group_by(Species) %>% 

  get_summary_stats(S.chao1, type = "mean_sd")  

 

library("writexl") 

write_xlsx(RichnessStatsSpecies,"RichnessStatsSpecies.xlsx") 

 

windows() 

library(ggpubr) 

g <- ggboxplot(Richness, x = "Species", y = "S.chao1", fill="lightblue") 

 

#ANOVA to assess differences in Chao1 richness between species 

 

#model.null  <- lm(S.chao1 ~ Species, data = Richness) 

#anova(model.null) 

#plot(model.null) #residuals are not normally distributed 

 

model  <- lm(log(S.chao1) ~ Species, data = Richness) 

ANOVA <- anova(model) 

plot(model) #residuals are much more normally distributed 

 

#Tukey test to see who is different 

a1 <- aov(model) 

posthoc <- TukeyHSD(x=a1, 'Species', conf.level=0.95) 

Tukey <- as.data.frame(posthoc[1]) 

names <- rownames(Tukey) 

rownames(Tukey) <- NULL 

Tukey <- cbind(names,Tukey) 

write_xlsx(Tukey,"Tukey_Chao1_ANOVA.xlsx") 

 

 

                                                      #####Beta diversity : Standard approach##### 

 

#Rarefaction 

library(metagMisc) 

min(sample_sums(myDataD)) 

myDataD <- phyloseq_mult_raref_avg(myDataD, SampSize = 9000, MinSizeThreshold = 9000, iter = 10, 

replace = T) 

 

otu_table_decontam <- as.data.frame(otu_table(myDataD)) 

otu_table_decontam <- t(otu_table_decontam) 

otu_table_decontamMD <- merge(otu_table_decontam, MD, by = 'row.names') 

 

#Bray-curtis distance matrix 

otu_table_Dist <- vegdist(otu_table_decontam, method = "bray") 

otu_table_MD <- merge(otu_table_decontam, MD, by = 'row.names') 



#Ordination plot of Bray-curtis distances 

library(ggplot2) 

ordu = ordinate(myDataD, "NMDS", "bray", weighted=TRUE) 

p = plot_ordination(myDataD, ordu, color="Species", shape="Sea", axes =1:2) 

p = p + geom_point(size=5) 

p + ggtitle("NMDS on Bray-Curtis distance") 

 

#Permanova to assess differences of abundance between species and between RED and MED 

library(tidyverse) 

otu_table_MD <- data.frame(otu_table_MD[,-1], row.names=otu_table_MD[,1]) 

Permanova <-adonis2(otu_table_decontam~as.factor(Sea)+as.factor(Species), data=otu_table_MD,  

permutations = 9999, method="bray") 

 

dispersion <- betadisper(otu_table_Dist, group=otu_table_MD$Species) 

perm <- permutest(dispersion) 

summary(perm) 

anova(dispersion) 

windows() 

plot(dispersion, hull=T, ellipse=F, PlotInd =F, LabelInd =TRUE) 

library(phyloseq) 

 

 

#paire-wise permanova  

library(devtools) 

# devtools::install_github("vmikk/metagMisc", force = TRUE) 

library(metagMisc) 

 

MetaData <- read.table("MetaData.csv", sep=";", header=T) 

otu_table_DistMD <- as.matrix(otu_table_Dist) 

remaining <- as.list(rownames(otu_table_DistMD)) 

MDpairwise <- droplevels(subset(MetaData, subset=MetaData$Sample %in% remaining)) 

MDpairwise$Species <- as.factor(MDpairwise$Species)  # Change to Factor, as it is required for 

adonis_pairwise 

 

Pairwise <- adonis_pairwise(x = MDpairwise, dd = vegdist(otu_table_decontam, method = "bray"), group.var = 

"Species") 

 

Pairwise_tab <- Pairwise$Adonis.tab 

Betadisper.tab <- Pairwise$Betadisper.tab 

library("writexl") 

write_xlsx(Pairwise_tab,"Pairwise_tab.xlsx") 

write_xlsx(Betadisper.tab,"Betadisper.tab.xlsx") 

 

 

                                                                   #####Dendrogram construction##### 

library(stats) 

##On the entire sample dataset 

#Bootstraps p-value calculations 

library(pvclust) 

library(vegan) 

library(downloader)  

library(tidyverse) 

 

#Bray-curtis was not available for pvclust but I found a function that does : 

source_url('http://raw.github.com/nielshanson/mp_tutorial/master/taxonomic_analysis/code/pvclust_bcdist.R') 



otu_table_decontamMerge <- otu_table_decontamMD %>% remove_rownames %>% 

column_to_rownames(var="Names") 

otu_table_decontamMerge <- otu_table_decontamMerge[,c(2:8572)] 

 

Dendrogram_UPGMA_BrayCurtisBT <- pvclust(t(otu_table_decontamMerge), method.hclust="average", 

method.dist="bray", n=1000) 

plot.pvclust(Dendrogram_UPGMA_BrayCurtisBT, print.pv=F, print.num=FALSE, cex=1.3) 

 

 

#By merging species 

merge_samples_mean <- function(physeq, group){ 

  group_sums <- as.matrix(table(sample_data(physeq)[ ,group]))[,1] 

  merged <- merge_samples(physeq, group) 

  x <- as.matrix(otu_table(merged)) 

  if(taxa_are_rows(merged)){ x<-t(x) } 

  out <- t(x/group_sums) 

  out <- otu_table(out, taxa_are_rows = TRUE) 

  otu_table(merged) <- out 

  return(merged) 

} 

 

myDataMerge = merge_samples_mean(myDataD, "Species") 

 

#Bootstraps calculations 

Dendrogram_merge_UPGMA_BrayCurtisBT <- pvclust(otu_table(myDataMerge), method.hclust="average", 

method.dist="bray", n=1000) 

plot(Dendrogram_merge_UPGMA_BrayCurtisBT, print.pv="bp", print.num=FALSE, col.pv=c(bp=1)) 

 

#Write phylo tree in Newick format 

library(ape) 

otu_tab_merge <- t(otu_table(myDataMerge)) 

otu_merge_dist <- vegdist(otu_tab_merge, method = "bray") 

tree_merge_BC <- hclust(otu_merge_dist, "average") 

plot(tree_merge_BC) 

 

tree_merge_BC <- as.phylo(tree_merge_BC) 

write.tree(tree_merge_BC, file = "mt.newick", append = FALSE, 

           digits = 10, tree.names = FALSE) 

 

Script 3: Pipeline for the phylosymbiosis analysis 

• tree_random.py : Generate random phylogenetic trees to compare to the bacterial 

composition dendrogram  

#!/bin/python2.7 

### IMPORT UTILITIES ### 

################################################# 

################## TREES ######################## 

# Randomize Input List Function 

import random 

def randomize(a): 

    b = [] 

    for i in range(len(a)): 

        element = random.choice(a) 

        a.remove(element) 

        b.append(element) 



    return b 

 

### RANDOM TREE TOPOLOGY GENERATOR ### 

from ete3 import Tree 

import numpy 

def tree_random_generator(numTrees, numLeafs, leafIds, outDir): 

    for i in numpy.arange(numTrees): 

        t = Tree() 

        leafIds = randomize(leafIds) 

        t.populate(numLeafs, names_library=leafIds) 

        print(outDir+'tree_'+str(numLeafs)+'_'+str(i)+'.newick') 

        #print(t) 

        t.write(outfile=outDir+'tree_'+str(numLeafs)+'_'+str(i)+'.newick') 

 

 

tree_random_generator(numTrees=1, numLeafs=15, 

leafIds=['Ec','Ev','Pc','Pcb','Cr','Ac','Cv','Ku','Ov','Pt','Sg','Se','Sl','Sp','Sv'], outDir='corals') 

 

• command.sh : Calculate scores by comparing random trees to the dendrogram  

#!/bin/bash 

################################################################################ 

##### PREPARATION ##### 

conda activate EnvironmentCamille 

 

#to download the whole gitHub 

#wget https://github.com/awbrooks19/phylosymbiosis/archive/refs/heads/master.zip 

#pour autoriser l'excecution du fichier java 

chmod u=rwx TreeCmp/bin/TreeCmp.jar 

 

##### GENERATE RANDOM TREES ##### 

#generated on python with the script tree_random.py (see precedent step 1) 

 

folderIn=corals 

cd ./media/ecolo/home/camille/Phylosymbiosis/corals 

unzip random_trees.zip 

cd /.. 

cd ./media/ecolo/home/camille/Phylosymbiosis 

for i in $folderIn"/random_trees/"* 

do 

    echo $i 

    cat $i >> $folderIn"/random_trees.newick" 

done 

#rm -rf $folderIn"/random_trees/" #delete the file with all the trees 

 

#####CALCULATE SCORES#####Cmp.jar file was imported from the GitHub link 

# Input the host and microbiome trees and calculate scores 

methodIn="rf" #Robinson-Foulds metric #or methodIn="mc" #matching cluster metric 

 

folderIn=corals;refIn="$folderIn"/ht.newick;compareIn="$folderIn"/mt.newick; 

outIn="$folderIn"/treecmp_"$methodIn".txt; 

java -jar TreeCmp/bin/TreeCmp.jar -r $refIn -d $methodIn -i $compareIn -o $outIn -N #& 

compareIn="$folderIn"/random_trees.newick; outIn="$folderIn"/treecmp_"$methodIn"_stochastic.txt; 

java -jar TreeCmp/bin/TreeCmp.jar -r $refIn -d $methodIn -i $compareIn -o $outIn -N #& 
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