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Abstract 

Background  Climate change has accelerated the occurrence and severity of heatwaves in the Mediterranean Sea 
and poses a significant threat to the octocoral species that form the foundation of marine animal forests (MAFs). As 
coral health intricately relies on the symbiotic relationships established between corals and microbial communities, 
our goal was to gain a deeper understanding of the role of bacteria in the observed tissue loss of key octocoral spe‑
cies following the unprecedented heatwaves in 2022.

Results  Using amplicon sequencing and taxon-specific qPCR analyses, we unexpectedly found that the absolute 
abundance of the major bacterial symbionts, Spirochaetaceae (C. rubrum) and Endozoicomonas (P. clavata), remained, 
in most cases, unchanged between colonies with 0% and 90% tissue loss. These results suggest that the impairment 
of coral health was not due to the loss of the main bacterial symbionts. However, we observed a significant increase 
in the total abundance of bacterial opportunists, including putative pathogens such as Vibrio, which was not evident 
when only their relative abundance was considered. In addition, there was no clear relation between bacterial sym‑
biont loss and the intensity of thermal stress, suggesting that factors other than temperature may have influenced 
the differential response of octocoral microbiomes at different sampling sites.

Conclusions  Our results indicate that tissue loss in octocorals is not directly caused by the decline of the main 
bacterial symbionts but by the proliferation of opportunistic and pathogenic bacteria. Our findings thus underscore 
the significance of considering both relative and absolute quantification approaches when evaluating the impact 
of stressors on coral microbiome as the relative quantification does not accurately depict the actual changes 
in the microbiome. Consequently, this research enhances our comprehension of the intricate interplay between host 
organisms, their microbiomes, and environmental stressors, while offering valuable insights into the ecological impli‑
cations of heatwaves on marine animal forests.
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Background
Marine heatwaves (MHWs), characterized by episodes 
of prolonged abnormally high sea surface temperatures 
(SST), have increased in frequency, intensity and length 
in the world’s oceans in recent decades, fueled by global 
warming [19, 59]. In particular, the Mediterranean Sea 
is turning into one of the fastest-warming seas on Earth, 
with temperatures rising 20% faster than the global aver-
age [14, 52, 66] and a high occurrence of MHWs over 
the past two decades [18, 19, 39, 60]. In 2022, between 
three and seven record-breaking MHWs hit the Medi-
terranean Sea between May and September, with SST 
anomalies locally reaching 4.3 °C above the summer aver-
age, exceeding the previous maximum of +2–3 °C during 
the 2003 MHWs [33, 73, 92]. Recurrent MHWs have had 
devastating effects on community structure and health of 
marine animal forests (MAFs) [11, 32], which are among 
the most biodiverse assemblages in the Mediterranean 
Sea [61, 65, 81].

MAFs are unique habitats and important hotspots of 
biodiversity [9, 71, 78], creating macro- and microhabi-
tats that provide shelter for a wide variety of marine spe-
cies [69]. They also provide a range of valuable benefits 
to local populations, from fisheries to coastal protec-
tion and tourism [65, 81, 103]. Shallow and upper-mes-
ophotic Mediterranean MAFs (< 60  m deep) are mainly 
composed of sponges and octocoral species including 
the gorgonians Eunicella cavolini (Koch, 1887), Euni-
cella singularis (Esper, 1791) and Paramuricea clavata 
(Risso, 1826), as well as the red coral Corallium rubrum 
(Linnaeus, 1758). Particularly vulnerable to disturbances, 
octocorals are being highly affected by MHWs that have 
caused outbreaks of microbial diseases and mortality epi-
sodes, which can affect up to 90% of the colonies in cer-
tain shallow populations [11, 29, 30, 35, 69, 95].

Octocoral mortality events following MHWs may 
result from a combination of the direct impacts of ther-
mal stress on animal physiology and the disruption of the 
symbiosis between the host and its microbial commu-
nity, consequently affecting the functioning and overall 
health of the host [5, 56, 96]. Corals indeed form a meta-
organism called holobiont, which comprises the animal 
host and its associated microorganisms (i.e., protists, 
fungi, bacteria, archaea, and viruses) that can provide a 
wide range of benefits. These latter include nutritional 
provisioning and recycling [44, 48, 75], tolerance to envi-
ronmental stress [67] and protection from pathogens by 
producing antibiotic compounds [41, 57, 77]. Mediterra-
nean octocorals harbor a specific microbiota that is sta-
ble across seasons, geographic locations, and depths. For 
gorgonians (Paramuricea and Eunicella genera), bacteria 
from the Endozoicomonas genus dominate the microbi-
ota (representing up to 96% of the bacterial community; 

[3, 99]), while bacteria from the Spirochaetaceae family 
are the main bacterial symbionts associated with the red 
coral C. rubrum (representing up to 70% of the bacterial 
community; [98, 99]).

Disturbances such as heat stress can induce changes in 
the octocoral microbiota by exerting a downward pres-
sure on the survival of beneficial symbionts, thereby 
affecting the stress tolerance of the host, and promot-
ing temperature-dependent bacterial diseases. How-
ever, there is currently limited research available on the 
response of the microbiome of Mediterranean octocorals 
to temperature anomalies representative of MHWs, and 
none of these studies can explain the extended mortal-
ity and tissue loss of octocorals observed during the 2022 
MHWs [13, 90, 91]. They reported different responses 
depending on the octocoral species, sampling depth and 
colony, with no clear relationship between tissue loss, 
thermal stress intensity, and microbiome changes. In the 
laboratory experiments of Tignat-Perrier et  al. [90, 91], 
decreases in the relative abundance of the major sym-
bionts (Endozoicomonas or Spirochaetaceae) following 
heat stress (24 °C for several weeks) were associated with 
tissue loss  in Paramuricea clavata, but not in Eunicella 
cavolini or Corallium rubrum. These findings were par-
tially consistent with in situ data from gorgonian and red 
coral colonies during the 2011 MHWs [13], where it was 
observed that deep colonies of C. rubrum (70 m) exposed 
to heat stress also had a lower relative abundance of the 
main symbiont Spirochaetaceae. However, such changes 
in the bacterial community were not observed in shal-
low C. rubrum populations (30 m), despite their exposure 
to greater increases in sea temperature [13]. Altogether, 
these observations suggest that further studies are 
needed to explore changes in the microbiome of temper-
ate octocorals following MHWs, with a broader inves-
tigation that includes multiple locations, species, and 
health states of octocorals. Because changes in the rela-
tive abundance of key symbionts cannot explain changes 
in holobiont health, other measurements, including abso-
lute abundance of symbionts and putative pathogens, 
may help to better understand the symbiont/pathogen 
relationships.

To address the above gaps, we investigated how the 
microbiota associated with the gorgonian P. clavata and 
the red coral C. rubrum responded to the 2022 MHWs, 
some of the warmest heatwaves ever experienced by 
octocoral species in the Mediterranean Sea. To this 
end, we conducted an extensive sampling of ninety-six 
colonies of two key octocoral species, with different vis-
ual health states (0% and 90% of tissue loss) from 15 to 
35 m depth. Samples were collected in two marine pro-
tected areas in the Western Mediterranean Sea, the Cal-
anques National Park (France) and the Portofino Marine 
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Protected Area (Italy) where MAFs are protected from 
most commercial and recreational activities. These areas 
experienced different MHW intensities, with extreme 
temperatures reaching 27  °C and 26  °C at 15  m depth 
[15], in the Calanques National Park and the Porto-
fino Marine Protected Area, respectively. By assessing 
the composition of the bacterial communities associ-
ated with the octocorals using amplicon sequencing and 
taxon-specific qPCR analyses of the 16S rRNA gene, we 
aimed to characterize actual changes in the octocoral 
microbiota in relation to the visual health status, collec-
tion site and depth of the colonies. This study provides 
important information on how octocoral-associated 
microbiota respond to thermal stress as well as how the 
bacterial symbionts contribute to the octocoral’s health. 
The results obtained will enable better conservation and 
protection of Mediterranean MAFs.

Methods
Study areas, temperature regimes and impacts 
on octocorals
Octocoral samples were collected at different locations 
in two marine national parks of the Northern Mediter-
ranean Sea during the 2022 MHWs (Fig.  1). The first 
sampling campaign was conducted in the core area of the 
Calanques National Park (Marseille, France; 43  500  ha 
surface area) between August 31 and September 3, 2022, 
with the consent of the Calanques National Park (France). 
Among the six sampling sites, two were located in a no-
taking zone where commercial and recreational navi-
gation is prohibited (total surface area of the no-taking 
zones in the park: 4 634 ha). The second sampling cam-
paign was conducted on September 5, 2022, in the Porto-
fino Marine Protected Area (Portofino MPA, Italy) where 
commercial and recreational activities are controlled. 
Only P. clavata was collected in the Portofino MPA. Con-
sidering the relatively small size of the latter (346 ha sur-
face area), coral sampling was conducted at only one site 
(Fig. 1) with the consent of the Portofino MPA. The col-
lection depth ranged from 15 to 35 m depending on the 
collection site (Fig. 1).

In 2022, the Mediterranean Sea experienced record 
sea surface temperatures from May to September, 
although temperature regimes varied by location dur-
ing the MHWs. Hourly measurements of seawater tem-
perature at Riou Sud (Calanques National Park, France) 
over the past two decades, and at Portofino (MPA, 
Italy) from 2019 to 2022 have been extracted from the 
T-MEDNet database (www.t-​mednet.​org) (Fig.  2 and 
Fig. S1). In the Northwestern Mediterranean Sea, ther-
mal anomalies are either characterized by short periods 
(a few days) at temperatures reaching 27 °C or by long 
periods (several days and weeks) at warm and stable 

temperatures of 23–24 °C in shallow waters [15, 23]. We 
thus chose to graph temperatures ≥ 23 °C on Fig. 2 and 
Fig. S1 as 23  °C starts to be an abnormally warm tem-
perature for the region if largely observed during the 
summer. During the 2022 MHWs, the seawater tem-
perature at Riou Sud exhibited unprecedented records, 
with measurements reaching 27  °C and 26  °C at 15  m 
and 30 m depth, respectively (Fig. 2A). The temperature 
regime is characterized by upwelling events of dense 
and cold water coming from the deep, that occurred 
periodically during the MHWs (Fig. 2A). These events, 
that occur due to strong North-West winds, can lower 
seawater temperatures by up to 10  °C within a few 
hours before rising again [54, 58] (Fig.  2A). In 2022, 
Riou Sud experienced an exceptional frequency of days 
with temperatures exceeding 24  °C at both depths (17 
and 3 days at 15 m and 30 m depth, respectively), sur-
passing any previous observations recorded in the past 
two decades (Fig. 2BC).

In Portofino (MPA, Italy), temperatures reached 26 °C 
and 21  °C at 15  m and 30  m depth, respectively (Fig. 
S1A), which correspond to 1  °C and 5  °C difference 
compared to those observed in Riou Sud (Calanques 
National Park, France) at the same depths (Fig. 1A). In 
Portofino, the number of days where abnormally warm 
temperatures (> 24  °C) were observed was not greater 
than the previous 3 years (Fig. 1B), suggesting that the 
2022 MHWs did not exhibit unprecedented records 
at this location. Furthermore, at the sampling depth 
(35 m), the temperature only reached 19.8 °C, which is 
comparable to what has been observed in the three pre-
vious years (Fig. S1).

A parallel survey of octocoral mortality was con-
ducted to assess the percentage of colonies affected by 
the 2022 MHWs at the different sites in the Calanques 
National Park. The survey was performed according to 
a widely used method based on quantification of the 
proportion of affected colonies [29, 30] and described 
in detail in Estaque et al. [23]. A colony was considered 
affected if tissue loss represented at least 10% of the 
colony surface area. One or more dives were conducted 
at each site to enumerate the affected colonies among 
a hundred colonies (Table S1). Overall, C. rubrum suf-
fered less from the 2022 MHWs than P. clavata (45% 
and 81% of colonies affected on average for C. rubrum 
and P. clavata, respectively), and octocoral popula-
tions were affected differently among sites (Fig. 3A and 
Table S1). Colonies of C. rubrum collected in Grotte à 
corail (83% of affected colonies) and Pharillons (51% 
of affected colonies) were the most affected, while P. 
clavata populations in Pharillons have suffered the 
most from the heatwaves with 100% of affected colonies 
(Fig. 3A).

http://www.t-mednet.org
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Sample collection
A total of ninety-six samples were collected from colo-
nies of the red coral C. rubrum and the gorgonian P. clav-
ata with different health status based on visible tissue loss 
(Figs. 1 and 3B). Samples of 3 cm were taken from colo-
nies that showed no sign of tissue loss (0% of tissue loss) 
and from colonies showing 90% of tissue loss based on 
colony surface area. In the last case, the remaining tissue 

was sampled. While both C. rubrum (six samples per 
condition and site) and P. clavata (six samples per con-
dition and site) colonies were sampled in the Calanques 
National Park, only P. clavata was collected in the Porto-
fino MPA (six samples per condition; Fig. 1). Immediately 
after collection, samples were placed in separate Ziploc® 
plastic bags containing natural seawater. On board, they 
were transferred to Eppendorf tubes, fast-frozen in a dry 

Fig. 1  Species and number of samples collected at the different geographical locations. Collection depths (in brackets) and the number of samples 
per condition (blue for 0% tissue loss and red for 90% tissue loss) are indicated next to the names of the sites
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shipper containing liquid nitrogen (~ 190  °C, ©CX100 
Worthington Industries) and then stored at − 80 °C in the 
lab until further processing.

DNA extraction
DNA was extracted using ~ 1.5  cm of octocoral sample 
and the DNeasy PowerBiofilm kit (QIAGEN, Hilden, 
Germany) 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 h, followed by 
2  min of bead beating using the CryoMill (Retch, Ger-
many) at a frequency of 30 Hz and at room temperature. 
DNA concentration was measured using a Qubit fluo-
rometer and DNA was stored at − 20 °C.

MiSeq amplicon sequencing of the 16S rRNA gene
Library preparation and sequencing
Extracted DNA samples were sent to STAB VIDA (Portu-
gal) for a paired-end sequencing (2 × 300 bp, 600 cycles) 

with the V3 chemistry on Illumina MiSeq platform. 
Amplicon library preparation was conducted using Illu-
mina’s standard “16S Metagenomic Sequencing Library 
Preparation” protocol [37]. The V3-V4 region (~ 550 bp) 
of the 16S rRNA gene was amplified using the forward 
primer 341F 5’-CCT​ACG​GGNGGC​WGC​AG-3’ and 
the reverse primer 785R 5’-GAC​TAC​HVGGG​TAT​CTA​
ATC​C-3’. The fastq files containing the raw sequenc-
ing data have been deposited in the NCBI’s Short Read 
Archive (SRA) under the BioProject accession number 
PRJNA991959.

Bioinformatics data processing
The 16S rRNA gene amplicon data were processed using 
the DADA2 pipeline (version 1.16; https://​benjj​neb.​
github.​io/​dada2/​index.​html; [8]. The sequencing of ten P. 
clavata samples and one C. rubrum sample was cancelled 
as no amplification was detected during the library prep-
aration (amplicon PCR). On the 85 remaining samples, 

Fig. 2  Temperature regime in 2022 and in the past 20 years at one of the collection sites (Riou Sud, Calanques National Park, Marseille, France). 
Seawater temperature at 15 m and 30 m depth from January to September 2022 (A), and number of exposure days at temperatures between 23 °C 
and 27 °C at 15 m (B) and 30 m depth (C) over the past 20 years

https://benjjneb.github.io/dada2/index.html
https://benjjneb.github.io/dada2/index.html
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sequencing resulted in 14,363,708 reads ranging from 
42,720 to 264,000 reads per sample (Table S2). Before 
any further analysis, read quality profiles were inspected 
and reads were filtered and trimmed with the following 
settings: truncLen = c(290, 250), maxN = 0, maxEE = c(2, 
2). Primer sequences were also trimmed at the 5′-end 
of each read (17  bp and 21  bp on the reads R1 and R2, 
respectively). Error rates were computed and used for 
sequence inference. An amplicon sequence variant (ASV) 

table was constructed based on de-noised and merged R1 
and R2 reads. Sequences smaller than 390 bp and longer 
than 450 bp were removed. Chimeras were detected and 
removed from the table using the removeBimeraDenovo 
function. The number of reads and sequences passing 
the different steps of the pipeline per sample is presented 
in Table S3. Taxonomy was assigned to the 12 509 ASVs 
using the assignTaxonomy function and the SILVA SSU 
reference database (version 138.1). The ASV table, the 

Fig. 3  Impact of the 2022 heatwaves on coralligenous reefs of the Calanques National Park (Marseille, France). A Average percentage of P. clavata 
and C. rubrum colonies affected by tissue loss at the different sampling sites. B Colonies of C. rubrum (a) and P. clavata (b) exhibiting tissue loss 
(August 2022); Coralligenous assemblage before (c) and during (d) the heatwaves. Credit: Septentrion Environnement 
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sequences of each ASV and the metadata are available as 
Tables S4, S5 and S6, respectively.

Analysis of 16S rRNA gene sequencing data
All statistical analyses were conducted in the R envi-
ronment (version 4.2.1) using the R-package phyloseq 
[50]. Observed species richness and evenness (Shannon 
index) were calculated using the R-package vegan [22]. 
Given the fact that rarefaction curves mostly reached the 
plateau (Fig. S2) and the current debate concerning the 
applicability of unrarefied versus rarefied data [51, 101], 
we conducted our alpha diversity analyses on the unrar-
efied ASV count table. Potential differences in observed 
richness were explained by constructing a generalized 
linear model (GLM) using a negative binomial distri-
bution and considering site and tissue loss condition as 
fixed factors without taking into account the interaction 
as its effect was not significant (formula = Observed rich-
ness ~ Condition + Site; Table S7  ). Post-hoc tests were 
performed to identify potential pairwise differences 
(R-package emmeans [45]). Compositional data analy-
sis (CoDA) [31, 74] was used to investigate the changes 
in the composition of the microbiota of C. rubrum and 
P. clavata. The raw ASV abundances were centered log-
ratios (clr) transformed using the R-package composi-
tions [4], after imputing zero counts based on Bayesian 
multiplicative replacement (Bayes-LaPlace BM method 
of the cmultRepl function in the R-package zComposi-
tions; [63]). An Aitchison distance matrix was gener-
ated by computing Euclidean distance between samples 
using the clr-transformed data table. Principal compo-
nent analyses (PCA), permutational multivariate analysis 
of variance (using functions adonis(); R-package vegan) 
were conducted to evaluate differences in the bacterial 
community structure between sites and conditions based 
on the percentage of tissue loss for each octocoral spe-
cies (formula = Aitchison matrix ~ Condition + Site; Table 
S8). Potential pairwise differences were then considered 
(using the function permanova_pairwise(); R-package 
ecole [86]) adjusting the p-values with the false discovery 
rate correction (p.adjust( function; R-package stats; Table 
S8. Differential abundance analyses were performed to 
identify ASVs that were differentially abundant between 
health conditions (0% versus 90% of tissue loss and col-
lection sites when the number of samples was sufficient 
using the R-package ANCOM-BC ([46]; ancombc2() 
function using prv_cut = 0.30 and alpha = 0.05; version 
02–2023; Table S9).

Quantitative PCR (qPCR)
Comparative qPCR was used to track changes in the 
abundance of total bacteria as well as the abundance 

of bacteria belonging to the Spirochaetaceae family, 
Vibrio genus and Endozoicomonas genus in octocoral 
cells. Four primer pairs targeting the 16S rRNA gene 
were used including universal primers (total bacteria; 
[26]) and primers specific to the Spirochaetaceae group 
[36], Vibrio genus [89] and Endozoicomonas genus 
(modified from [83]) (Table S10). To test the specific-
ity of the taxon-specific primers on our octocoral sam-
ples, the amplification products obtained from four 
samples (two per octocoral species) were sequenced 
using the Sanger technology (Eurofins genomics, Ger-
many) and aligned on the nr database using the blastn 
algorithm. For primer pairs targeting a sequence in the 
V3-V4 region of the 16S rRNA gene, primer sequences 
were aligned on all the ASV sequences annotated as the 
targeted taxon (58 ASV for Endozoicomonas and 190 
ASV for Vibrio using Clustal Omega (default param-
eters; [84]) and sequence complementarity was verified 
(Tables S11 and S12). Two pairs of primers targeting 
the beta actin gene of C. rubrum and P. clavata were 
designed using Primer3 (http://​prime​r3.​sourc​eforge.​
net/) and the host genomes, as internal controls (Table 
S10).

For all primer pairs, efficiency was evaluated using 
different primer concentrations and doing an amplifica-
tion of a series of tenfold dilutions of a mix of all DNA 
samples as template. The specificity of the product was 
assessed from a melting curve program. The amplifica-
tion results were plotted as Ct  vs. log10[DNA] and the 
amplification efficiencies were calculated using for-
mula E = 10(1/slope) [68]. Primer concentrations and effi-
ciencies for each targeted gene are given in Table S10.

qPCRs were carried out on all samples in duplicate 
on a QuantStudio3 qPCR machine (Applied Biosys-
tems). Amplification reactions contained 0.4 µL of each 
primer (concentrations in Table S7), 10 µL of Sensi-
FAST SYBR master mix (ThermoFisher) and 2 µL of 
diluted DNA (1/20) in a final volume of 20 µL. Amplifi-
cation was done using standard cycling conditions, i.e., 
95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s 
and 60 °C for 1 min. The relative quantification of each 
selected gene was determined in comparison to the 
beta actin reference gene based on the Pfaffl method 
[68]. Fold changes (or relative expression ratio) of the 
different genes in the 90% tissue loss condition were 
calculated and expressed in comparison to the 0% tis-
sue loss condition.

Two-way non-parametric Kruskal–Wallis analyses 
were performed to test differences in the total concen-
tration of bacteria and the abundance of Spirochaeta-
ceae, Vibrio and Endozoicomonas bacteria per host cell 
between the health conditions and the sampling sites 
for each octocoral species (Table S13).

http://primer3.sourceforge.net/
http://primer3.sourceforge.net/


Page 8 of 19Prioux et al. Microbiome          (2023) 11:271 

Results
Bacterial richness associated with octocorals with different 
tissue loss conditions (0 and 90% tissue loss)
In colonies with 0% tissue loss, the bacterial species rich-
ness was site-specific in C. rubrum, with Grotte à corail 
and Pharillons showing higher richness values (average 
observed richness of 361 and 562 ASVs, respectively) 
compared to Boulegeade and Riou Sud (average observed 
richness of 129 ASVs and 113 ASVs, respectively; (post-
hoc tests 0.0001 < p < 0.004, Fig.  4 and Table S7)). No 
difference was observed between sites in P. clavata (post-
hoc tests 0.46 < p < 1, Fig.  4 and Table S7). Species rich-
ness increased by 4 and 3.3 times on average in colonies 
of C. rubrum and P. clavata with 90% tissue loss com-
pared to colonies with no tissue loss (Estimate Std. = 1.4; 
Error = 0.19; z-value = 7.3; p = 2.9 × 10–13 and Estimate 
Std. = 1.3; Error = 0.23; z-value = 5.9; p = 3.01 × 10–9 for 
C. rubrum and P. clavata, respectively; Fig.  4 and Table 
S7). Consequently, colonies with 90% tissue loss showed 
higher species richness in Grotte à corail and Pharillons 
compared to Boulegeade and Riou Sud for C. rubrum 
(post-hoc tests 0.0001 < p < 0.004), while no difference 
between sites was observed for P. clavata (post-hoc tests 
0.38 < p < 1, Fig. 4 and Table S7).

Changes in the structure of the bacterial communities 
associated with octocorals with 90% tissue loss
Differential abundance analyses based on compositional 
data
Overall, the bacterial communities associated with 
the colonies with 0% tissue loss were dominated by 

ASV1- Spirochaetaceae (72%), ASV5- Spirochaetaceae 
(11%) and ASV7- Flavobacteriaceae (6.1%) in C. rubrum, 
and by three Endozoicomonadaceae, ASV2, ASV6 and 
ASV4 (78%, 9% and 4% on average, respectively) in P. 
clavata (Figs. 5 and S4). For C. rubrum, no site-specific 
differences were observed in the structure of the bacte-
rial communities associated with 0% tissue loss colonies 
(post-hoc tests 0.18 < p < 0.62; Figs. 5A, S3, S4 and Table 
S8). In P. clavata, the structure of the bacterial commu-
nities associated with 0% tissue loss colonies collected in 
Portofino and Ile verte were significantly different from 
the other sites (post-hoc tests 0.02 < p < 0.03, Figs. 5B, S3, 
S4 and Table S8).

For both species, overall, the structure of the bacte-
rial communities significantly differed between the two 
health (tissue loss) conditions (F = 3.2; d.f. = 1; p = 1 × 10–4 
and F = 1.5; d.f. = 1; p = 0.002 for C. rubrum and P. clav-
ata, respectively) (Fig. 5 and Table S8).

Additionally, the bacterial communities associated with 
C. rubrum colonies showing 90% tissue loss displayed 
distinct structural patterns between all sites (post-hoc 
tests 0.02 < p < 0.05; Table S8), except between Pharillons 
and Boulegeade (post-hoc test p = 0.11; Table S8). Con-
sidering all sites together, 53 ASVs were differentially 
abundant, with 41 ASVs less abundant and 12 ASVs more 
abundant in the 90% tissue loss condition compared to 
the 0% tissue loss condition (Fig.  6). Among the domi-
nant ASVs that significantly decreased, the ASV1- Spiro-
chaetaceae and ASV5- Spirochaetaceae decreased by two 
to three times in the colonies with 90% tissue loss (ASV1: 
average relative abundance of 60% and 25% in the 0% and 

Fig. 4  Estimation of the bacterial species richness in C. rubrum (left) and P. clavata (right) depending on the collection site and the colony health 
status (0% and 90% tissue loss). Statistical significance levels of differences between octocorals experiencing tissue loss or not are indicated by stars 
(*** for p < 0.001)
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90% tissue loss condition, respectively, and ASV5: aver-
age relative abundance of 10% and 3% in the 0% and 90% 
tissue loss condition, respectively; Figs.  5 and 6A). The 
ASVs whose abundance increased in the samples with 
90% tissue loss were composed of 42% of Rhodobacte-
raceae, including ASV29 and ASV57 which were 39 times 
more abundant on average (average relative abundance 
of 0.015% and 0.36% in colonies with 0% and 90% tissue 
loss, respectively; Figs. 5 and 6A). When the differential 

analysis is conducted by site, Grotte à corail and Pharil-
lons showed a larger number of differentially abundant 
ASVs between tissue loss conditions (390 and 140 ASVs, 
respectively) compared to Riou Sud and Boulegeade (41 
and 12 ASVs, respectively; Fig.  6B). Moreover, around 
15% of the differentially abundant ASVs in Grotte à corail 
and Pharillons belonged to the Rhodobacteraceae family, 
while this percentage dropped to 0.09% in Riou Sud and 
0% in Boulegeade.

Fig. 5  Relative abundance of the ASVs associated with C. rubrum (A) and P. clavata (B) depending on the collection site and the percentage 
of tissue loss (0% and 90%)
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Fig. 6  Bacterial ASVs differentially abundant between C. rubrum colonies with 0% and 90% tissue loss. A Difference in relative abundance 
calculated as log fold change (natural log) in the 90% tissue loss condition compared to the 0% tissue loss condition, all sites combined. B Venn 
diagram of the bacterial ASVs differentially abundant between tissue loss percentages and common between sites (‘ + ’ in red and ‘-’ in blue 
indicating a significant increase or decrease of the ASV in the 90% tissue loss condition, respectively)
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In P. clavata, differential abundance analyses identi-
fied 14 ASVs, including 7 Endozoicomonadaceae, that 
were significantly less abundant in the 90% tissue loss 
condition compared to the 0% tissue loss condition 
(Fig. 7 and Table S9) The first two differentially abun-
dant ASVs, ASV2- Endozoicomonadaceae and ASV6- 
Endozoicomonadaceae, both decreased by two times 
(ASV2: average relative abundance of 62% and 29% 
in colonies with 0% and 90% tissue loss, respectively; 
ASV6: average relative abundance of 7% and 3% in 
colonies with 0% and 90% of tissue loss, respectively; 
Figs. 5 and 7 and Table S9). Only ASV55-Rhodobacte-
raceae was found to be 44 times more abundant in P. 
clavata colonies with 90% of tissue loss compared to 
the colonies with 0% tissue loss (Fig. 7 and Table S9). 
Differential abundance analyses were not done per site 
due to the insufficient number of samples in certain 
sites and conditions (≤ four samples).

Comparative absolute quantification of specific bacterial 
taxa based on qPCR analyses
For C. rubrum, the total concentration of bacteria per 
host cell significantly increased in the colonies with 90% 
tissue loss compared to the colonies showing no tis-
sue loss in Grotte à corail (p = 0.003; 4 times higher on 
average in the 90% tissue loss condition) and Pharillons 
(p = 0.005; 70 times higher on average in 90% tissue loss 
condition) (Fig. 8 and Table S13). For P. clavata, the total 
bacterial concentration only increased in the 90% tissue 
loss colonies collected in Ile Verte (p = 0.005; 2.8 times 
higher on average in the 90% tissue loss condition; Fig. 8 
and Table S13).

For both octocoral species, the concentration of Vibrio 
per host cell was higher in colonies showing 90% tissue 
loss compared to colonies with 0% tissue loss in all sites 
(p values < 0.05; Fig.  8 and Table S13), increasing up to 
313 times (Riou Sud) and 3126 times (Portofino) in C. 
rubrum and P. clavata, respectively, in the 90% tissue loss 
condition.

Fig. 7  Bacterial ASVs differentially abundant in colonies of P. clavata with 0% and 90% tissue loss, all sites combined. The difference in relative 
abundance is calculated as log fold change (natural log) in the 90% compared to 0% tissue loss condition
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Fig. 8  Relative expression ratio (fold change) between the 90% and 0% tissue loss conditions of the different targeted genes. Concentration 
per host cell of the total bacteria (A), Vibrio bacteria (B), Spirochaetaceae (C) and Endozoicomonas bacteria (D) per site. Graphs are presented 
in logarithmic scale. Statistical significance levels of differences between octocorals experiencing tissue loss or not are indicated by stars (* 
for p < 0.05 and ** for p < 0.01)
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The concentration of Spirochaetaceae per host cell 
was higher in colonies with 90% tissue loss compared 
to the colonies with no tissue loss in C. rubrum at the 
sites Grotte à corail (p = 0.003; 2.7 times higher on 
average in the 90% tissue loss condition) and Pharil-
lons (p = 0.005; 2 times higher on average in the 90% 
tissue loss condition) (Fig. 8 and Table S13).

Only in colonies of P. clavata from Portofino, the 
concentration of Endozoicomonas per host cell was 
lower in colonies with 90% tissue loss compared to the 
colonies with no tissue loss (p = 0.01; 14.3 times lower 
on average in the 90% tissue loss condition) (Fig. 8 and 
Table S13).

Discussion
The aim of this study was to get a clearer picture of 
the impact of MHWs on MAFs, particularly on the 
intricate relationship between the tissue loss of Medi-
terranean octocorals  and the observed changes in 
their associated bacterial microbiome. Therefore, we 
investigated changes in the microbiota of octocorals 
following record-breaking MHWs that hit the West-
ern Mediterranean Sea in summer 2022 [32, 39, 73], 
affecting up to 80% of the colonies of the red coral 
C. rubrum and 100% of the colonies of the gorgon-
ian P. clavata depending on the site. In this study, we 
collected samples of C. rubrum and P. clavata with 
either 0% or 90% tissue loss at different sites. Using 
taxon-specific qPCR analyses, we demonstrated that 
the absolute abundance of the dominant symbionts 
(Spirochaetacae and Endozoicomonas in C. rubrum 
and P. clavata, respectively) did not change with ther-
mal stress, suggesting that colony tissue loss was not 
associated with a diminution of their abundance in the 
microbiome. However, the relative abundance of these 
symbionts decreased in corals with 90% tissue loss due 
to a significant increase in the total abundance of other 
bacteria, including putative pathogens such as Vibrio 
and Rhodobacterales. Taken together, our study sug-
gests that octocoral tissue loss during MHWs is due to 
the combination of heat stress and overgrowth of puta-
tive pathogenic bacteria. Finally, we found a site- and 
species-specific response of the octocoral microbiome 
to heat stress. While C. rubrum was more affected 
at the shallowest (and warmest) depths, the great-
est changes in the microbiome of P. clavata were not 
related to temperature alone. These findings contrib-
ute to our understanding of the intricate relationships 
between host organisms, their microbiota and envi-
ronmental stressors, and provide valuable insights into 
the impact of MHWs on MAFs in the Mediterranean 
Sea.

The 2022 Mediterranean heatwaves: the worst ever 
recorded
An analysis of seawater temperature records in Riou Sud 
(Marseille) at 15 and 30 m depths shows that the summer 
of 2022 was the warmest in the last 20 years. While tem-
peratures above 24 °C had never been measured at 30 m 
depth before 2022 and only on a maximum of 4 days per 
year at 15  m depth (in 2009 and 2012), the year 2022 
showed 3 and 10 days with temperatures above 24  °C 
at 30 and 15  m depth, respectively, indicating that the 
water column warmed for the first time on record down 
to 30 m depth in Marseille. Laboratory experiments have 
identified a temperature of 23–24 °C as a thermal thresh-
old for many Mediterranean octocoral species, above 
which tissue loss and mortality have been observed [10, 
34, 72, 90, 91, 93]. Thus, after several months (from May 
to September 2022) of exposure to MHWs, many octo-
coral colonies showed impaired health and tissue loss 
throughout the Northwestern Mediterranean Sea [23, 
32]. A significantly higher percentage of affected colonies 
of octocorals has been observed at shallower depths than 
at greater depths in the Calanques National Park (Mar-
seille) [23], suggesting that octocoral tissue loss is closely 
related to the duration and magnitude of thermal stress 
as observed in tropical corals [1, 24, 43]. However, visual 
observation of the tissue showed that not all colonies 
were in the same state of health, as some showed 90% 
tissue loss or were dead, while other colonies showed 
0% tissue loss. Within a population, this could be due to 
small-scale differences in water flow and ‘perceived’ tem-
perature [6], food availability [25] or host genotype [40, 
62]. To explore whether changes in the bacterial micro-
biome could explain the observed tissue loss in Medi-
terranean octocorals, we examined bacterial abundance 
variations in colonies with 0% and 90% tissue loss. Even 
if the observed microbiome changes could be either 
responses to environmental shifts or the tissue loss itself, 
or potentially drivers of the tissue loss, the results sug-
gest that the microbiome may influence host resilience 
or recovery, ultimately contributing to an explanation for 
the observed tissue loss in Mediterranean octocorals.

Colony tissue loss is not associated with a decrease 
in the abundance of the main bacterial symbionts
The bacterial microbiome of colonies with 0% tissue loss 
showed a high relative abundance of the main symbionts, 
comparable to non-stressed or healthy colonies, which 
are dominated by Endozoicomonas in P. clavata [42, 76, 
99] and Spirochaetaceae in C. rubrum [98, 100], regard-
less of depth, season, or geographic location. The absence 
of tissue loss or significant changes in the microbiota 
suggests that these colonies were potentially healthy at 
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the time of sampling, even if they should have suffered 
from heat stress, as thermal anomalies were recorded 
to depth of 30  m. It would have been interesting to tag 
these colonies and revisit them after the MHWs to assess 
their overall well-being. If they continued to show no tis-
sue loss later in the season, these colonies may represent 
heat stress resistant genotypes that warrant in-depth 
characterization.

In octocoral colonies with 90% tissue loss, we observed 
a significant decrease in the relative abundance of the 
main symbionts compared to those with 0% tissue loss 
(47% and 38% decrease for C. rubrum and P. clavata, 
respectively). This is in agreement with previous observa-
tions of a decrease in the relative abundance of the domi-
nant bacteria in the microbiome of heat-stressed corals 
[62, 91, 97, 102]. However, this pattern is not always asso-
ciated with tissue loss, as evidenced in recent studies of 
[90, 91] and Corinaldesi et  al. [13] on Mediterranean 
octocorals. This inconsistency is maybe due to the fact 
that the relative quantification of the symbionts does not 
accurately reflect actual changes occurring within the 
microbiota [16, 28], and the quantification of the abso-
lute abundance of symbionts is necessary to understand 
microbial dynamics.

A limited number of studies have investigated the 
response of coral symbionts by absolute quantification 
of microbiota members, primarily due to the challenge 

of designing taxa-specific primers caused by the lack of 
knowledge regarding the genomes of most symbionts 
[70, 83]. In this study, the use of primers specific to the 
16S rRNA gene of Spirochaetaceae and Endozoicomonas 
revealed that colonies with 90% tissue loss did not exhibit 
a significant decrease in the abundance of their domi-
nant symbionts. Instead, our study provides compelling 
evidence that the decline in the relative abundance of the 
dominant symbionts within colonies of C. rubrum and P. 
clavata experiencing tissue loss is, in most cases, due to 
the proliferation of opportunistic bacteria (saprophytic 
or commensal) on the octocoral tissue (Fig. 9). This pat-
tern is largely observed in colonies sampled in Marseille. 
However, P. clavata colonies collected in Portofino actu-
ally showed a decrease in the absolute abundance in 
Endozoicomonas as well as the most significant changes 
in bacterial community composition, despite being at the 
deepest and coldest collection site. This suggests that P. 
clavata populations from Portofino might be more sus-
ceptible to heat stress, or that other factors could have 
altered their microbiota. For example, Vibrio bacte-
ria, which has been monitored by qPCR, increased 120 
times more in P. clavata colonies collected in Portofino 
in comparison to the ones sampled in Marseille, suggest-
ing that the overgrowth of opportunistic bacteria could 
have been more important in the Portofino population. 
P. clavata has been identified as particularly sensible to 

Fig. 9  Differential responses of the octocoral microbiota to the marine heatwaves of 2022. By providing complimentary qPCR-based data 
to amplicon sequencing information, our study brings valuable insight on the microbiota changes occurring in two octocoral species experiencing 
the marine heatwaves of 2022. Biological and environmental factors were also identified as putative drivers of the differential responses
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stress-related diseases, which may explain this over-
growth of opportunistic bacteria, and the higher impact 
of the MHWs [2, 72, 91] on this coral species. Addition-
ally, the Portofino Marine Protected Area is known to be 
exposed to various anthropogenic stressors, including 
water contamination and organic matter enrichment [21, 
55, 64], which could have represented additional stress-
ors for P. clavata colonies during MHWs. In Marseille, 
none of the octocoral colonies showed a decrease in the 
absolute abundance of the dominant symbionts after the 
2022 MHWs. Changes observed in the microbiome were 
directly related to the thermal stress intensity. Indeed, 
the colonies of C. rubrum which displayed the most sub-
stantial changes in the composition of the bacterial com-
munities between colonies with 0% and 90% tissue loss 
as well as the highest alpha diversity in both 0% and 90% 
tissue loss conditions, were sampled in the shallowest 
sampling sites (Grotte à corail-15  m depth and Pharil-
lons-23 m depth), which were also the warmest.

The lack of substantial decrease in the absolute abun-
dance of the dominant symbionts (Spirochaetaceae in 
C. rubrum and Endozoicomonas in P. clavata) in the 
Marseille populations suggests that there is a promising 
potential for these octocorals to restore their microbiota 
to a ‘healthy’ state after the MHWs, if their functions 
remain unaffected. This recovery process may occur rap-
idly in colonies with 0% tissue loss, or within the remain-
ing tissue in colonies with 90% tissue loss. Future studies 
should consider the recovery of microbiota after MHWs 
to identify potential reversals, in microbiome community 
composition but also in their functions. Functional profil-
ing of the microbiome (e.g., metagenomic and metatran-
scriptomic analyses) would allow to document changes in 
gene presence or expression and identify actively partici-
pating members of the microbiome.

Octocoral tissue loss is associated with a relative increase 
in Rhodobacterales and site‑specific bacterial opportunists
In colonies with 90% tissue loss, we observed a significant 
increase in bacterial diversity, which is likely attributed 
to the proliferation of opportunistic bacteria. The shift 
towards a more diverse bacterial community is a com-
monly observed phenomenon in heat-stressed organ-
isms [20, 82, 87, 90, 91], including octocorals and may 
be a consequence of the temperature-induced changes in 
the bacterial growth dynamics and/or the octocoral loss 
of control over the microbiota [38, 49, 82]. Among the 
opportunistic bacteria, Vibrio sp. have been shown to fre-
quently increase in the microbiota of heat-stressed cor-
als [47, 91, 94]. Although the sequencing results did not 
reveal an increase in the relative abundance of Vibrio sp. 
in octocorals with 90% of tissue loss, we observed a sig-
nificant increase in the qPCR based-absolute abundance 

of these bacteria (464 and 487 times increase on aver-
age in C. rubrum and P. clavata, respectively), regardless 
of the sampling site. The impact of the proliferation of 
Vibrio sp. on coral stress tolerance and mortality however 
remains largely unknown, but some Vibrio sp. have been 
shown to be pathogenic for corals [47, 88]. Additionally, 
we observed a higher relative abundance of Rhodobacte-
rales in the microbiome of P. clavata and C. rubrum col-
onies with 90% of tissue loss in the Calanques National 
Park (Marseille). Rhodobacterales have a widespread 
distribution in various oceanic regions and are particu-
larly prevalent as primary surface colonizers in temper-
ate coastal waters [17]. They exhibit a capacity to thrive 
and multiply during phytoplankton blooms that often 
occur during heatwaves, as they can use newly generated 
organic matter by attaching themselves to marine parti-
cles [7]. Furthermore, Rhodobacterales have been impli-
cated in coral diseases, including tissue loss diseases that 
affect stony corals [12, 27, 79, 80]. Hence, the potential 
relative increase of these bacteria, if confirmed to corre-
spond to an actual increase in absolute abundance, could 
potentially contribute to the observed tissue loss in our 
colonies. However, further research is necessary to con-
firm this hypothesis.

Bacteria that proliferated within the microbiome of 
colonies exhibiting 90% tissue loss were site-dependent, 
suggesting that both the surrounding physicochemical 
conditions and the seawater microorganisms may play 
a role in the observed bacterial changes. It also suggests 
that coral tissue loss is not associated to specific patho-
gens. The variation in seawater bacterial communities 
and the prevalence of specific bacteria in the vicinity 
of the colonies might have influenced the diversity of 
opportunistic bacteria that thrived within the stressed 
octocoral microbiota. Indeed, no Rhodobacterales were 
observed in Portofino samples, although P. clavata colo-
nies lost their tissue to the same extent as those sampled 
in Marseille. In particular, the microbiota of the Porto-
fino gorgonians showing tissue loss was characterized by 
a large increase in the relative abundance of Alteromon-
adales and Flavobacteriales, a group of species associated 
with tissue loss in tropical corals [49, 53, 80].

Conclusion
Our study sheds light on the complex dynamics of the 
coral’s microbiota in response to the 2022 MHWs, 
which severely affected Mediterranean octocorals down 
to 30 m depth. The results highlight the importance of 
considering both relative and absolute quantification 
methods when assessing the effects of thermal stress on 
the coral microbiome. Based on the measurements of 
the absolute abundance of the total bacteria and spe-
cific taxa, we showed that the abundance of the main 
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symbionts was not affected in most colonies showing 
90% tissue loss, and we suggest that octocoral tissue loss 
was probably the consequence of both heat stress and 
the proliferation of  putative pathogens. Still, further 
studies should investigate the functional changes in the 
microbiota using a combination of metatranscriptom-
ics and metagenomics, as heat stress might alter the 
microbiota’s functions, for example by down-regulat-
ing genes related to metabolic functions that normally 
benefit the host and the holobiont. The loss of the main 
symbiont Endozoicomonas in P. clavata population in 
Portofino, while exposed to smaller thermal anomalies, 
suggests that additional factors (surrounding physico-
chemical factors, seawater microorganisms, host geno-
types) than heat stress might have contributed to the 
observation of more drastic changes in the microbiota. 
Considering the above suggestions, future studies are 
urgently needed to elucidate the underlying processes 
that confer higher thermotolerance to some individu-
als and populations as the frequency and intensity of 
MHWs are expected to increase [85], threatening the 
survival of MAFs in shallow and mesophotic habitats.

Abbreviations
MAF	� Marine Animal Forest
MHW	� Marine Heat Wave
C. rubrum	� Corallium rubrum
P. clavata	� Paramuricea clavata
MPA	� Marine Protected Area

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40168-​023-​01711-x.

Additional file 1: Figure S1. Temperature regime in 2022 and in the 
past 20 years in Portofino. Seawater temperature at 15 m, 30 m, and 35 
m depth during the 2022 heatwaves (A), and number of exposure days 
at temperatures between 23°C and 27°C at 15 m (B), 30 m depth (C) and 
35 m depth (D) over the past 3 years. Figure S2. Rarefaction curves for 
all the samples of the two coral species. Figure S3. Principal component 
analysis of the Aitchison distance matrix based on the composition of 
the bacterial community (ASV level) associated with P. clavata (A) and C. 
rubrum (B) grouped according to the site and health state of the corals. 
Figure S4. Relative abundance of the ASVs associated with C. rubrum (A) 
and P. clavata (B) depending on the samples, collection site and the colony 
health status based on the tissue loss percentage (0% and 90%).

Additional file 2: Table S1. Mortality study. Table S2. Sequencing results. 
Table S3. DADA2 pipeline outputs. Table S4. ASV table. Table S6. Meta‑
data. Table S7. Alpha diversity results and statistical analysis. Table S8. 
PERMANOVA outputs. Table S9. ANCOM-BC outputs. Table S10. qPCR 
primers information. Table S13. qPCR results and statistical analysis.

Additional file 3: Table S5. Fasta file containing the sequences of each 
ASV.

Additional file 4: Table S11. Fasta file containing the alignments 
between qPCR primers targeting Vibrio and ASV sequences.

Additional file 5: Table S12. Fasta file containing the alignments 
between qPCR primers targeting Endozoicomonas and ASV sequences.

Acknowledgements
We thank CHANEL and the Government of the Principality of Monaco for 
financial support. We thank Solène BASTHARD-BOGAIN, Tiffany MONFORT et 
Margaux FARGETTON (Septentrion Environnement), Nathaniel BENSOUSSAN 
(AMU), Pauline VOURIOT et Patrick BONHOMME (Parc national des Calanques) 
and Joaquim GARRABOU (ICM-CSIC) for their participation in the collection 
of octocorals. We thank the members of the Coralligène Consortium, Marc 
BALLY et Didier AURELLE (MIO-AMU), Stéphane SARTORETTO (IFREMER), Jean-
Baptiste LEDOUX (CIIMAR) for their fruitful discussions. We also thank Dorian 
GUILLEMAIN (Institut Pythéas, CNRS), Valentina CAPPANERA (Portofino Marine 
Protected Area) and T-MEDNet for providing seawater temperature data in the 
Calanques National Park (France) and the Marine Protected Area in Portofino 
(Italy).

Authors’ contributions
The study was designed and coordinated by TE, AC, DA and CFP. Field work 
in Marseille was performed by QS, BM, AB, JR and OB. BM was also in charge 
of the application for authorization to sample from the Parc national des 
Calanques. Field work in Portofino was performed by SR, EB, MIM, and OG. 
Samples were processed by CP and OG who then analyzed the data with RTP. 
The manuscript was written by CP, RTP and CFP with feedbacks and inputs 
from all co-authors.

Funding
This project is part of a research project funded by the Scientific Center of 
Monaco and the CHANEL company on the biology of precious corals, and 
supported by the Government of the Principality of Monaco.

Availability of data and materials
The datasets generated and analysed during the current study are available in 
the NCBI’s Short Read Archive (SRA) under the BioProject accession number 
PRJNA991959. Measurements of seawater temperature have been extracted 
from the public T-MEDNet database (www.t-​mednet.​org).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Collège Doctoral, Sorbonne Université, Paris, France. 2 Unité de Recherche 
sur la Biologie des Coraux Précieux CSM - CHANEL, Centre Scientifique 
de Monaco, 8 Quai Antoine 1er, Monaco MC‑98000 Monaco, Principality 
of Monaco. 3 Centre Scientifique de Monaco, 8 Quai Antoine 1er, Monaco MC 
98000, Principality of Monaco. 4 Septentrion Environnement, Campus Nature 
Provence, Marseille 13008, France. 5 MARBEC, Univ. Montpellier, CNRS, IFREMER, 
IRD, Sète, France. 

Received: 21 July 2023   Accepted: 27 October 2023

References
	 1.	 Aichelman HE, Bove CB, Castillo KD, Boulton JM, Knowlton AC, Nieves 

OC, Ries JB, Davies SW. Exposure duration modulates the response 
of Caribbean corals to global change stressors. Limnol Oceanogr. 
2021;66(8):3100–15. https://​doi.​org/​10.​1002/​lno.​11863.

	 2.	 Bally M, Garrabou J. Thermodependent bacterial pathogens and mass 
mortalities in temperate benthic communities: a new case of emerging 
disease linked to climate change. Glob Change Biol. 2007;13(10):2078–
88. https://​doi.​org/​10.​1111/j.​1365-​2486.​2007.​01423.x.

https://doi.org/10.1186/s40168-023-01711-x
https://doi.org/10.1186/s40168-023-01711-x
http://www.t-mednet.org
https://doi.org/10.1002/lno.11863
https://doi.org/10.1111/j.1365-2486.2007.01423.x


Page 17 of 19Prioux et al. Microbiome          (2023) 11:271 	

	 3.	 Bayer T, Arif C, Ferrier-Pagès C, Zoccola D, Aranda M, Voolstra CR. 
Bacteria of the genus Endozoicomonas dominate the microbiome of 
the Mediterranean gorgonian coral Eunicella cavolini. Mar Ecol Prog Ser. 
2013;479(avril):75–84. https://​doi.​org/​10.​3354/​meps1​0197.

	 4.	 Boogaart KGvd, Tolosana-Delgado R. “Compositions”: a unified R pack‑
age to analyze compositional data. Comput Geosci. 2008;34(4):320–38. 
https://​doi.​org/​10.​1016/j.​cageo.​2006.​11.​017.

	 5.	 Bourne DG, Morrow KM, Webster NS. Insights into the coral micro‑
biome: underpinning the health and resilience of reef ecosystems. 
Annu Rev Microbiol. 2016;70(1):317–40. https://​doi.​org/​10.​1146/​annur​
ev-​micro-​102215-​095440.

	 6.	 Brown KT, Eyal G, Dove SG, Barott KL. Fine-scale heterogeneity 
reveals disproportionate thermal stress and coral mortality in ther‑
mally variable reef habitats during a marine heatwave. Coral Reefs. 
2023;42(1):131–42. https://​doi.​org/​10.​1007/​s00338-​022-​02328-6.

	 7.	 Buchan A, LeCleir GR, Gulvik CA, González JM. Master recyclers: features 
and functions of bacteria associated with phytoplankton blooms. 
Nat Rev Microbiol. 2014;12(10):686–98. https://​doi.​org/​10.​1038/​nrmic​
ro3326.

	 8.	 Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 
DADA2: high-resolution sample inference from Illumina amplicon data. 
Nat Methods. 2016;13(7):581–3. https://​doi.​org/​10.​1038/​nmeth.​3869.

	 9.	 Casas-Güell E, Teixidó N, Garrabou J, Cebrian E. Structure and 
biodiversity of coralligenous assemblages over broad spatial and 
temporal scales. Mar Biol. 2015;162(4):901–12. https://​doi.​org/​10.​1007/​
s00227-​015-​2635-7.

	 10.	 Cau A, Bramanti L, Cannas R, Moccia D, Padedda BM, Porcu C, Sacco F, 
Follesa MC. Differential response to thermal stress of shallow and deep 
dwelling colonies of Mediterranean red coral Corallium rubrum (L., 
1758). Adv Oceanogr Limnol. 2018;9(1). https://​doi.​org/​10.​4081/​aiol.​
2018.​7275.

	 11.	 Cerrano C, Bavestrello G, Bianchi CN, Cattaneo-vietti R, Bava S, Morganti 
C, Morri C, et al. A catastrophic mass-mortality episode of gorgonians 
and other organisms in the Ligurian Sea (North-western Mediter‑
ranean), summer 1999. Ecol Lett. 2000;3(4):284–93. https://​doi.​org/​10.​
1046/j.​1461-​0248.​2000.​00152.x.

	 12.	 Clark AS, Williams SD, Maxwell K, Rosales SM, Huebner LK, Landsberg 
JH, Hunt JH, Muller EM. Characterization of the microbiome of corals 
with stony coral tissue loss disease along Florida’s coral reef. Microor‑
ganisms. 2021;9(11):2181. https://​doi.​org/​10.​3390/​micro​organ​isms9​
112181.

	 13.	 Corinaldesi C, Varrella S, Tangherlini M, Dell’Anno A, Canensi S, Cerrano 
C, Danovaro R. Changes in coral forest microbiomes predict the impact 
of marine heatwaves on habitat-forming species down to mesophotic 
depths. Sci Total Environ. 2022;823(juin):153701. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2022.​153701.

	 14.	 Cos J, Doblas-Reyes F, Jury M, Marcos R, Bretonnière P-A, Samsó M. 
The Mediterranean climate change hotspot in the CMIP5 and CMIP6 
projections. Earth Syst Dyn. 2022;13(1):321–40. https://​doi.​org/​10.​5194/​
esd-​13-​321-​2022.

	 15.	 Crisci C, Bensoussan N, Romano J-C, Garrabou J. Temperature anoma‑
lies and mortality events in marine communities: insights on factors 
behind differential mortality impacts in the NW Mediterranean. Édité 
par Simon Thrush. PLoS One. 2011;6(9):e23814. https://​doi.​org/​10.​1371/​
journ​al.​pone.​00238​14.

	 16.	 Damhorst GL, Adelman MW, Woodworth MH, Kraft CS. Current capabili‑
ties of gut microbiome-based diagnostics and the promise of clinical 
application. J Infect Dis. 2021;223(Supplement_3):S270–5. https://​doi.​
org/​10.​1093/​infdis/​jiaa6​89.

	 17.	 Dang H, Li T, Chen M, Huang G. Cross-ocean distribution of Rhodobacte-
rales bacteria as primary surface colonizers in temperate coastal marine 
waters. Appl Environ Microbiol. 2008;74(1):52–60. https://​doi.​org/​10.​
1128/​AEM.​01400-​07.

	 18.	 Darmaraki S. Past variability of Mediterranean Sea marine heatwaves. 
Geophys Res Lett. 2019;46(16):9813–23. https://​doi.​org/​10.​1029/​2019G​
L0829​33.

	 19.	 Darmaraki S, Somot S, Sevault F, Nabat P, Narvaez WDC, Cavicchia 
L, Djurdjevic V, Li L, Sannino G, Sein DV. Future evolution of marine 
heatwaves in the Mediterranean Sea. Clim Dyn. 2019;53(3–4):1371–92. 
https://​doi.​org/​10.​1007/​s00382-​019-​04661-z.

	 20.	 De Castro-Fernández P, Ballesté E, Angulo-Preckler C, Biggs J, Avila C, 
García-Aljaro C. How does heat stress affect sponge microbiomes? 
Structure and resilience of microbial communities of marine sponges 
from different habitats. Front Mar Sci. 2023;9(janvier):1072696. https://​
doi.​org/​10.​3389/​fmars.​2022.​10726​96.

	 21.	 Di Carro M, Magi E, Massa F, Castellano M, Mirasole C, Tanwar S, Olivari 
E, Povero P. Untargeted approach for the evaluation of anthropic 
impact on the sheltered marine area of Portofino (Italy). Mar Pollut Bull. 
2018;131(juin):87–94. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2018.​03.​059.

	 22.	 Dixon P. VEGAN, a package of R functions for community ecology. J Veg 
Sci. 2003;14(6):927–30. https://​doi.​org/​10.​1111/j.​1654-​1103.​2003.​tb022​
28.x.

	 23.	 Estaque T, Richaume J, Bianchimani O, Schull Q, Mérigot B, Bensoussan 
N, Bonhomme P, et al. Marine heatwaves on the rise: one of the strong‑
est ever observed mass mortality event in temperate gorgonians. Glob 
Change Biol. 2023;septembre:gcb.16931. https://​doi.​org/​10.​1111/​gcb.​
16931.

	 24.	 Evensen NR, Bateman TG, Klepac CN, Schmidt-Roach S, Barreto M, 
Aranda M, Warner ME, Barshis DJ. The roles of heating rate, intensity, 
and duration on the response of corals and their endosymbiotic algae 
to thermal stress. J Exp Mar Biol Ecol. 2023;567(octobre):151930. https://​
doi.​org/​10.​1016/j.​jembe.​2023.​151930.

	 25.	 Ezzat L, Maguer J-F, Grover R, Rottier C, Tremblay P, Ferrier-Pagès C. 
Nutrient starvation impairs the trophic plasticity of reef-building corals 
under ocean warming. Édité par Katie Field. Funct Ecol. 2019;33(4):643–
53. https://​doi.​org/​10.​1111/​1365-​2435.​13285.

	 26.	 Fierer N, Jackson JA, Vilgalys R, Jackson RB. Assessment of soil microbial 
community structure by use of taxon-specific quantitative PCR assays. 
Appl Environ Microbiol. 2005;71(7):4117–20. https://​doi.​org/​10.​1128/​
AEM.​71.7.​4117-​4120.​2005.

	 27.	 Gajigan AP, Diaz LA, Conaco C. Resilience of the prokaryotic microbial 
community of Acropora Digitifera to elevated temperature. Microbiolo‑
gyopen. 2017;6(4):e00478. https://​doi.​org/​10.​1002/​mbo3.​478.

	 28.	 Galazzo G, van Best N, Benedikter BJ, Janssen K, Bervoets L, Driessen 
C, Oomen M, et al. How to count our microbes? The effect of different 
quantitative microbiome profiling approaches. Front Cell Infect Micro‑
biol. 2020;10(août):403. https://​doi.​org/​10.​3389/​fcimb.​2020.​00403.

	 29.	 Garrabou J, Coma R, Bensoussan N, Bally M, Chevaldonné P, Cigliano 
M, Diaz D, et al. Mass mortality in Northwestern Mediterranean rocky 
benthic communities: effects of the 2003 heat wave. Glob Change Biol. 
2009;15(5):1090–103. https://​doi.​org/​10.​1111/j.​1365-​2486.​2008.​01823.x.

	 30.	 Garrabou J, Gómez-Gras D, Medrano A, Cerrano C, Ponti M, Schlegel R, 
Bensoussan N, et al. Marine heatwaves drive recurrent mass mortali‑
ties in the Mediterranean Sea. Glob Change Biol. 2022;28(19):5708–25. 
https://​doi.​org/​10.​1111/​gcb.​16301.

	 31.	 Gloor GB, Macklaim JM, Pawlowsky-Glahn V, Egozcue JJ. Microbiome 
datasets are compositional: and this is not optional. Front Microbiol. 
2017;8(novembre):2224. https://​doi.​org/​10.​3389/​fmicb.​2017.​02224.

	 32.	 Grenier M, Idan T, Chevaldonné P, Pérez T. Mediterranean marine key‑
stone species on the brink of extinction. Glob Change Biol. 2023;jan‑
vier:16597. https://​doi.​org/​10.​1111/​gcb.​16597.

	 33.	 Guinaldo T, Voldoire A, Waldman R, Picart SS, Roquet H. Response of 
the sea surface temperature to heatwaves during the France 2022 
meteorological summer. Ocean Sci. 2023;19(3):629–47. https://​doi.​org/​
10.​5194/​os-​19-​629-​2023.

	 34.	 Haguenauer A, Zuberer F, Ledoux J-B, Aurelle D. Adaptive abilities of 
the Mediterranean red coral Corallium rubrum in a heterogeneous and 
changing environment: from population to functional genetics. J Exp 
Mar Biol Ecol. 2013;449(novembre):349–57. https://​doi.​org/​10.​1016/j.​
jembe.​2013.​10.​010.

	 35.	 Huete-Stauffer C, Vielmini I, Palma M, Navone A, Panzalis P, Vezzulli 
L, Misic C, Cerrano C. Paramuricea clavata (Anthozoa, Octocorallia) 
loss in the Marine Protected Area of Tavolara (Sardinia, Italy) due to a 
mass mortality event: P. Clavata loss in the MPA of Tavolara. Mar Ecol. 
2011;32(avril):107–16. https://​doi.​org/​10.​1111/j.​1439-​0485.​2011.​00429.x.

	 36.	 Husmann G, Gerdts G, Wichels A. Spirochetes in crystalline styles of 
marine bivalves: group-specific PCR detection and 16S RRNA sequence 
analysis. J Shellfish Res. 2010;29(4):1069–75. https://​doi.​org/​10.​2983/​
035.​029.​0409.

	 37.	 Illumina I. 16S metagenomic sequencing library preparation. 2013.

https://doi.org/10.3354/meps10197
https://doi.org/10.1016/j.cageo.2006.11.017
https://doi.org/10.1146/annurev-micro-102215-095440
https://doi.org/10.1146/annurev-micro-102215-095440
https://doi.org/10.1007/s00338-022-02328-6
https://doi.org/10.1038/nrmicro3326
https://doi.org/10.1038/nrmicro3326
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1007/s00227-015-2635-7
https://doi.org/10.1007/s00227-015-2635-7
https://doi.org/10.4081/aiol.2018.7275
https://doi.org/10.4081/aiol.2018.7275
https://doi.org/10.1046/j.1461-0248.2000.00152.x
https://doi.org/10.1046/j.1461-0248.2000.00152.x
https://doi.org/10.3390/microorganisms9112181
https://doi.org/10.3390/microorganisms9112181
https://doi.org/10.1016/j.scitotenv.2022.153701
https://doi.org/10.1016/j.scitotenv.2022.153701
https://doi.org/10.5194/esd-13-321-2022
https://doi.org/10.5194/esd-13-321-2022
https://doi.org/10.1371/journal.pone.0023814
https://doi.org/10.1371/journal.pone.0023814
https://doi.org/10.1093/infdis/jiaa689
https://doi.org/10.1093/infdis/jiaa689
https://doi.org/10.1128/AEM.01400-07
https://doi.org/10.1128/AEM.01400-07
https://doi.org/10.1029/2019GL082933
https://doi.org/10.1029/2019GL082933
https://doi.org/10.1007/s00382-019-04661-z
https://doi.org/10.3389/fmars.2022.1072696
https://doi.org/10.3389/fmars.2022.1072696
https://doi.org/10.1016/j.marpolbul.2018.03.059
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1111/gcb.16931
https://doi.org/10.1111/gcb.16931
https://doi.org/10.1016/j.jembe.2023.151930
https://doi.org/10.1016/j.jembe.2023.151930
https://doi.org/10.1111/1365-2435.13285
https://doi.org/10.1128/AEM.71.7.4117-4120.2005
https://doi.org/10.1128/AEM.71.7.4117-4120.2005
https://doi.org/10.1002/mbo3.478
https://doi.org/10.3389/fcimb.2020.00403
https://doi.org/10.1111/j.1365-2486.2008.01823.x
https://doi.org/10.1111/gcb.16301
https://doi.org/10.3389/fmicb.2017.02224
https://doi.org/10.1111/gcb.16597
https://doi.org/10.5194/os-19-629-2023
https://doi.org/10.5194/os-19-629-2023
https://doi.org/10.1016/j.jembe.2013.10.010
https://doi.org/10.1016/j.jembe.2013.10.010
https://doi.org/10.1111/j.1439-0485.2011.00429.x
https://doi.org/10.2983/035.029.0409
https://doi.org/10.2983/035.029.0409


Page 18 of 19Prioux et al. Microbiome          (2023) 11:271 

	 38.	 Jessen C, Villa Lizcano JF, Bayer T, Roder C, Aranda M, Wild C, Voolstra 
CR. In-situ effects of eutrophication and overfishing on physiology and 
bacterial diversity of the Red Sea coral Acropora Hemprichii. Édité par 
Jack Anthony Gilbert. PLoS One. 2013;8(4):e62091. https://​doi.​org/​10.​
1371/​journ​al.​pone.​00620​91.

	 39.	 Juza M, Fernández-Mora À, Tintoré J. Sub-regional marine heat waves in 
the Mediterranean Sea from observations: long-term surface changes, 
sub-surface and coastal responses. Front Mar Sci. 2022;9(mars):785771. 
https://​doi.​org/​10.​3389/​fmars.​2022.​785771.

	 40.	 Kavousi J, Denis V, Sharp V, Reimer JD, Nakamura T, Parkinson JE. Unique 
combinations of coral host and algal symbiont genotypes reflect 
intraspecific variation in heat stress responses among colonies of the 
reef-building coral, Montipora digitata. Mar Biol. 2020;167(2):23. https://​
doi.​org/​10.​1007/​s00227-​019-​3632-z.

	 41.	 Kvennefors ECE, Sampayo E, Kerr C, Vieira G, Roff G, Barnes AC. Regula‑
tion of bacterial communities through antimicrobial activity by the 
coral holobiont. Microb Ecol. 2012;63(3):605–18. https://​doi.​org/​10.​
1007/​s00248-​011-​9946-0.

	 42.	 Rivière La, Marie JG, Bally M. Evidence for host specificity among domi‑
nant bacterial symbionts in temperate gorgonian corals. Coral Reefs. 
2015;34(4):1087–98. https://​doi.​org/​10.​1007/​s00338-​015-​1334-7.

	 43.	 Leggat W, Heron SF, Fordyce A, Suggett DJ, Ainsworth TD. Experiment 
Degree Heating Week (EDHW) as a Novel metric to reconcile and vali‑
date past and future global coral bleaching studies. J Environ Manag. 
2022;301(janvier):113919. https://​doi.​org/​10.​1016/j.​jenvm​an.​2021.​
113919.

	 44.	 Lema KA, Willis BL, Bourne DG. Corals form characteristic associa‑
tions with symbiotic nitrogen-fixing bacteria. Appl Environ Microbiol. 
2012;78(9):3136–44. https://​doi.​org/​10.​1128/​AEM.​07800-​11.

	 45.	 Lenth RV. emmeans: estimated marginal means, aka least-squares 
means. 2023. https://​CRAN.R-​proje​ct.​org/​packa​ge=​emmea​ns.

	 46.	 Lin H, Peddada SD. Analysis of compositions of microbiomes with bias 
correction. Nat Commun. 2020;11(1):3514. https://​doi.​org/​10.​1038/​
s41467-​020-​17041-7.

	 47.	 Martin Y, Bonnefont JL, Chancerelle L. Gorgonians mass mortality dur‑
ing the 1999 late summer in French Mediterranean coastal waters: the 
bacterial hypothesis. Water Res. 2002;36(3):779–82. https://​doi.​org/​10.​
1016/​S0043-​1354(01)​00251-2.

	 48.	 Matthews JL, Raina J-B, Kahlke T, Seymour JR, Oppen MJH, Suggett 
DJ. Symbiodiniaceae-bacteria interactions: rethinking metabolite 
exchange in reef-building corals as multi-partner metabolic networks. 
Environ Microbiol. 2020;22(5):1675–87. https://​doi.​org/​10.​1111/​1462-​
2920.​14918.

	 49.	 McDevitt-Irwin JM, Baum JK, Garren M, Vega Thurber RL. Responses of 
coral-associated bacterial communities to local and global stressors. 
Front Mar Sci. 2017;4(août):262. https://​doi.​org/​10.​3389/​fmars.​2017.​
00262.

	 50.	 McMurdie PJ, Holmes S. Phyloseq: an R package for reproducible 
interactive analysis and graphics of microbiome census data. Édité par 
Michael Watson. PLoS One. 2013;8(4):61217. https://​doi.​org/​10.​1371/​
journ​al.​pone.​00612​17.

	 51.	 McMurdie PJ, Holmes S. Waste not, want not: why rarefying microbiome 
data is inadmissible. Édité par Alice Carolyn McHardy. PLoS Comput 
Biol. 2014;10(4):1003531. https://​doi.​org/​10.​1371/​journ​al.​pcbi.​10035​31.

	 52.	 MedECC. Climate and environmental change in the Mediterranean 
basin – current situation and risks for the future. First Mediterranean 
assessment report. Zenodo; 2020. https://​doi.​org/​10.​5281/​ZENODO.​
72248​21.

	 53.	 Meyer JL, Castellanos-Gell J, Aeby GS, Häse CC, Ushijima B, Paul VJ. 
Microbial community shifts associated with the ongoing stony coral 
tissue loss disease outbreak on the Florida Reef Tract. Front Microbiol. 
2019;10(septembre):2244. https://​doi.​org/​10.​3389/​fmicb.​2019.​02244.

	 54.	 Millot C. Wind induced upwellings in the Gulf of Lions. Oceanol Acta. 
1979;2(3):261–74.

	 55.	 Misic C, Castellano M, Harriague AC. Organic matter features, degrada‑
tion and remineralisation at two coastal sites in the Ligurian Sea (NW 
Mediterranean) differently influenced by anthropogenic forcing. Mar 
Environ Res. 2011;72(1–2):67–74. https://​doi.​org/​10.​1016/j.​maren​vres.​
2011.​05.​006.

	 56.	 Mouchka ME, Hewson I, Drew Harvell C. Coral-associated bacterial 
assemblages: current knowledge and the potential for climate-driven 

impacts. Integr Comp Biol. 2010;50(4):662–74. https://​doi.​org/​10.​1093/​
icb/​icq061.

	 57.	 Nissimov J, Rosenberg E, Munn CB. Antimicrobial properties of resident 
coral mucus bacteria of Oculina patagonica. FEMS Microbiol Lett. 
2009;292(2):210–5. https://​doi.​org/​10.​1111/j.​1574-​6968.​2009.​01490.x.

	 58.	 Odic R, Bensoussan N, Pinazo C, Taupier-Letage I, Rossi V. Sporadic 
wind-driven upwelling/downwelling and associated cooling/warm‑
ing along Northwestern Mediterranean coastlines. Cont Shelf Res. 
2022;250(2):104843. https://​doi.​org/​10.​1016/j.​csr.​2022.​104843.

	 59.	 Oliver ECJ, Donat MG, Burrows MT, Moore PJ, Smale DA, Alexander LV, 
Benthuysen JA, et al. Longer and more frequent marine heatwaves over 
the past century. Nat Commun. 2018;9(1):1324. https://​doi.​org/​10.​1038/​
s41467-​018-​03732-9.

	 60.	 Omneya I, Bayoumy M, Hazem N. Spatial variability and trends of 
marine heat waves in the Eastern Mediterranean Sea over 39 years. J 
Mar Sci Eng. 2021;9(6):643. https://​doi.​org/​10.​3390/​jmse9​060643.

	 61.	 Orejas C, Carreiro-Silva M, Mohn C, Reimer J, Toufiek Samaai A, Allcock 
L, Rossi S. Marine animal forests of the world: definition and character‑
istics. Res Ideas Outcomes. 2022;8(novembre):96274. https://​doi.​org/​10.​
3897/​rio.8.​e96274.

	 62.	 Palacio-Castro AM, Rosales SM, Dennison CE, Baker AC. Microbi‑
ome signatures in Acropora Cervicornis are associated with geno‑
typic resistance to elevated nutrients and heat stress. Coral Reefs. 
2022;41(5):1389–403. https://​doi.​org/​10.​1007/​s00338-​022-​02289-w.

	 63.	 Palarea-Albaladejo J, Martín-Fernández JA. Zcompositions — R package 
for multivariate imputation of left-censored data under a compositional 
approach. Chemometr Intell Lab Syst. 2015;143(avril):85–96. https://​doi.​
org/​10.​1016/j.​chemo​lab.​2015.​02.​019.

	 64.	 Paliaga G, Luino F, Turconi L, De Graff JV, Faccini F. Terraced landscapes 
on Portofino promontory (Italy): identification, geo-hydrological hazard 
and management. Water. 2020;12(2):435. https://​doi.​org/​10.​3390/​
w1202​0435.

	 65.	 Paoli C, Montefalcone M, Morri C, Vassallo P, Bianchi CN. Ecosystem 
functions and services of the marine animal forests. In: Rossi S, Bramanti 
L, Gori A, Orejas C, editors. Marine animal forests. Cham: Springer 
International Publishing; 2017. p. 1271–312. https://​doi.​org/​10.​1007/​
978-3-​319-​21012-4_​38.

	 66.	 Pastor F, Valiente JA, Khodayar S. A warming Mediterranean: 38 years 
of increasing sea surface temperature. Remote Sens. 2020;12(17):2687. 
https://​doi.​org/​10.​3390/​rs121​72687.

	 67.	 Peixoto RS, Rosado PM, de Assis Leite DC, Rosado AS, Bourne DG. Ben‑
eficial Microorganisms for Corals (BMC): proposed mechanisms for coral 
health and resilience. Front Microbiol. 2017;8(mars). https://​doi.​org/​10.​
3389/​fmicb.​2017.​00341.

	 68.	 Pfaffl MW. A new mathematical model for relative quantification in 
real-time RT-PCR. Nucleic Acids Res. 2001;29(9):45e–45. https://​doi.​org/​
10.​1093/​nar/​29.9.​e45.

	 69.	 Piazzi L, Atzori F, Cadoni N, Cinti MF, Frau F, Pansini A, Pinna F, Stipcich P, 
Ceccherelli G. Animal forest mortality: following the consequences of 
a gorgonian coral loss on a Mediterranean coralligenous assemblage. 
Diversity. 2021;13(3):133. https://​doi.​org/​10.​3390/​d1303​0133.

	 70.	 Pogoreutz C, Oakley CA, Rädecker N, Cárdenas A, Perna G, Xiang N, 
Peng L, Davy SK, Ngugi DK, Voolstra CR. Coral holobiont cues prime 
Endozoicomonas for a symbiotic lifestyle. ISME J. 2022;16(8):1883–95. 
https://​doi.​org/​10.​1038/​s41396-​022-​01226-7.

	 71.	 Ponti M, Turicchia E, Costantini F, Gori A, Bramanti L, Di Camillo C, 
Linares C, et al. Mediterranean gorgonian forests: distribution patterns 
and ecological roles. 2019. https://​www.​resea​rchga​te.​net/​publi​cation/​
33234​4511.

	 72.	 Previati M, Scinto A, Cerrano C, Osinga R. Oxygen consumption in 
Mediterranean octocorals under different temperatures. J Exp Mar Biol 
Ecol. 2010;390(1):39–48. https://​doi.​org/​10.​1016/j.​jembe.​2010.​04.​025.

	 73.	 Quade G. Record-high marine heatwaves in the Mediterranean Sea, 
summer 2022. Mercator Ocean (blog). 26 septembre 2022. 2022. 
https://​www.​merca​tor-​ocean.​eu/​en/​news/​marine-​heatw​aves-​medit​
erran​ean-​summer-​2022/.

	 74.	 Quinn TP, Erb I, Richardson MF, Crowley TM. Understanding sequencing 
data as compositions: an outlook and review. Édité par Jonathan Wren. 
Bioinformatics. 2018;34(16):2870–8. https://​doi.​org/​10.​1093/​bioin​forma​
tics/​bty175.

https://doi.org/10.1371/journal.pone.0062091
https://doi.org/10.1371/journal.pone.0062091
https://doi.org/10.3389/fmars.2022.785771
https://doi.org/10.1007/s00227-019-3632-z
https://doi.org/10.1007/s00227-019-3632-z
https://doi.org/10.1007/s00248-011-9946-0
https://doi.org/10.1007/s00248-011-9946-0
https://doi.org/10.1007/s00338-015-1334-7
https://doi.org/10.1016/j.jenvman.2021.113919
https://doi.org/10.1016/j.jenvman.2021.113919
https://doi.org/10.1128/AEM.07800-11
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1038/s41467-020-17041-7
https://doi.org/10.1038/s41467-020-17041-7
https://doi.org/10.1016/S0043-1354(01)00251-2
https://doi.org/10.1016/S0043-1354(01)00251-2
https://doi.org/10.1111/1462-2920.14918
https://doi.org/10.1111/1462-2920.14918
https://doi.org/10.3389/fmars.2017.00262
https://doi.org/10.3389/fmars.2017.00262
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.5281/ZENODO.7224821
https://doi.org/10.5281/ZENODO.7224821
https://doi.org/10.3389/fmicb.2019.02244
https://doi.org/10.1016/j.marenvres.2011.05.006
https://doi.org/10.1016/j.marenvres.2011.05.006
https://doi.org/10.1093/icb/icq061
https://doi.org/10.1093/icb/icq061
https://doi.org/10.1111/j.1574-6968.2009.01490.x
https://doi.org/10.1016/j.csr.2022.104843
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.3390/jmse9060643
https://doi.org/10.3897/rio.8.e96274
https://doi.org/10.3897/rio.8.e96274
https://doi.org/10.1007/s00338-022-02289-w
https://doi.org/10.1016/j.chemolab.2015.02.019
https://doi.org/10.1016/j.chemolab.2015.02.019
https://doi.org/10.3390/w12020435
https://doi.org/10.3390/w12020435
https://doi.org/10.1007/978-3-319-21012-4_38
https://doi.org/10.1007/978-3-319-21012-4_38
https://doi.org/10.3390/rs12172687
https://doi.org/10.3389/fmicb.2017.00341
https://doi.org/10.3389/fmicb.2017.00341
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.3390/d13030133
https://doi.org/10.1038/s41396-022-01226-7
https://www.researchgate.net/publication/332344511
https://www.researchgate.net/publication/332344511
https://doi.org/10.1016/j.jembe.2010.04.025
https://www.mercator-ocean.eu/en/news/marine-heatwaves-mediterranean-summer-2022/
https://www.mercator-ocean.eu/en/news/marine-heatwaves-mediterranean-summer-2022/
https://doi.org/10.1093/bioinformatics/bty175
https://doi.org/10.1093/bioinformatics/bty175


Page 19 of 19Prioux et al. Microbiome          (2023) 11:271 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	 75.	 Raina J-B, Tapiolas D, Willis BL, Bourne DG. Coral-associated bacteria and 
their role in the biogeochemical cycling of sulfur. Appl Environ Micro‑
biol. 2009;75(11):3492–501. https://​doi.​org/​10.​1128/​AEM.​02567-​08.

	 76.	 Ransome E, Rowley SJ, Thomas S, Tait K, Munn CB. Disturbance to 
conserved bacterial communities in the cold-water gorgonian coral 
Eunicella Verrucosa. FEMS Microbiol Ecol. 2014;août:n/a. https://​doi.​org/​
10.​1111/​1574-​6941.​12398.

	 77.	 Ritchie KB. Regulation of microbial populations by coral surface mucus 
and mucus-associated bacteria. Mar Ecol Prog Ser. 2006;322(septem‑
bre):1–14. https://​doi.​org/​10.​3354/​meps3​22001.

	 78.	 Roberts CM, McClean CJ, Veron JEN, Hawkins JP, Allen GR, McAllister DE, 
Mittermeier CG, et al. Marine biodiversity hotspots and conservation 
priorities for tropical reefs. Science. 2002;295(5558):1280–4. https://​doi.​
org/​10.​1126/​scien​ce.​10677​28.

	 79.	 Rosales SM, Clark AS, Huebner LK, Ruzicka RR, Muller EM. Rhodobac‑
terales and Rhizobiales are associated with stony coral tissue loss 
disease and its suspected sources of transmission. Front Microbiol. 
2020;11(avril):681. https://​doi.​org/​10.​3389/​fmicb.​2020.​00681.

	 80.	 Rosales SM, Huebner LK, Evans JS, Apprill A, Baker AC, Becker CC, 
Bellantuono AJ, et al. A meta-analysis of the stony coral tissue loss 
disease microbiome finds key bacteria in unaffected and lesion tissue 
in diseased colonies. ISME Commun. 2023;3(1):19. https://​doi.​org/​10.​
1038/​s43705-​023-​00220-0.

	 81.	 Rossi S, Bramanti L, Gori A, Orejas C, editors. Marine animal forests: the 
ecology of benthic biodiversity hotspots. Cham: Springer International 
Publishing; 2017. https://​doi.​org/​10.​1007/​978-3-​319-​21012-4.

	 82.	 Rubio-Portillo E, Ramos-Esplá AA, Antón J. Shifts in marine inverte‑
brate bacterial assemblages associated with tissue necrosis during a 
heat wave. Coral Reefs. 2021;40(2):395–404. https://​doi.​org/​10.​1007/​
s00338-​021-​02075-0.

	 83.	 Shiu J-H, Yu S-P, Fong C-L, Ding J-Y, Tan C-J, Fan T-Y, Lu C-Y, Tang S-L. 
Shifting in the dominant bacterial group Endozoicomonas is independ‑
ent of the dissociation with coral symbiont algae. Front Microbiol. 
2020;11(juillet):1791. https://​doi.​org/​10.​3389/​fmicb.​2020.​01791.

	 84.	 Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez R, et al. 
Fast, scalable generation of high-quality protein multiple sequence 
alignments using Clustal Omega. Mol Syst Biol. 2011;7(1):539. https://​
doi.​org/​10.​1038/​msb.​2011.​75.

	 85.	 Smale DA, Wernberg T, Oliver ECJ, Thomsen M, Harvey BP, Straub SC, 
Burrows MT, et al. Marine heatwaves threaten global biodiversity and 
the provision of ecosystem services. Nat Clim Chang. 2019;9(4):306–12. 
https://​doi.​org/​10.​1038/​s41558-​019-​0412-1.

	 86.	 Smith R. ecole: school of ecology package. 2021. https://​github.​com/​
phyto​mosaic/​ecole.

	 87.	 Strano F, Micaroni V, Thomas T, Woods L, Davy SK, Bell JJ. Marine 
heatwave conditions drive carryover effects in a temperate sponge 
microbiome and developmental performance. Proc R Soc B Biol Sci. 
2023;290(2000):20222539. https://​doi.​org/​10.​1098/​rspb.​2022.​2539.

	 88.	 Sun X, Li Y, Yang Q, Zhang H, Nuo X, Tang Z, Shishi W, et al. Identifica‑
tion of quorum sensing-regulated Vibrio fortis as potential pathogenic 
bacteria for coral bleaching and the effects on the microbial shift. Front 
Microbiol. 2023;14(février):1116737. https://​doi.​org/​10.​3389/​fmicb.​2023.​
11167​37.

	 89.	 Thompson JR, Randa MA, Marcelino LA, Tomita-Mitchell A, Lim E, Polz 
MF. Diversity and dynamics of a North Atlantic coastal Vibrio com‑
munity. Appl Environ Microbiol. 2004;70(7):4103–10. https://​doi.​org/​10.​
1128/​AEM.​70.7.​4103-​4110.​2004.

	 90.	 Tignat-Perrier R, van de Water JAJM, Allemand D, Ferrier-Pagès C. Holo‑
biont responses of mesophotic precious red coral Corallium rubrum to 
thermal anomalies. Environ Microbiome. 2023;18(1):70. https://​doi.​org/​
10.​1186/​s40793-​023-​00525-6.

	 91.	 Tignat-Perrier R, van de Water JAJM, Water D, Aurelle D, Allemand D, 
Ferrier-Pagès C. The effect of thermal stress on the physiology and 
bacterial communities of two key Mediterranean gorgonians. Appl 
Environ Microbiol. 2022;février:aem.02340-21. https://​doi.​org/​10.​1128/​
aem.​02340-​21.

	 92.	 T-MEDNet. Marine heatwaves. 2023. https://t-​mednet.​org/​visua​lize-​
data/​marine-​heatw​aves.

	 93.	 Torrents O, Tambutté E, Caminiti N, Garrabou J. Upper thermal thresh‑
olds of shallow vs. deep populations of the precious Mediterranean red 
coral Corallium rubrum (L.): assessing the potential effects of warming 

in the NW Mediterranean. J Exp Mar Biol Ecol. 2008;357(1):7–19. https://​
doi.​org/​10.​1016/j.​jembe.​2007.​12.​006.

	 94.	 Tout J, Siboni N, Messer LF, Garren M, Stocker R, Webster NS, Ralph PJ, 
Seymour JR. Increased seawater temperature increases the abundance 
and alters the structure of natural Vibrio populations associated with 
the coral Pocillopora damicornis. Front Microbiol. 2015;6(mai). https://​
doi.​org/​10.​3389/​fmicb.​2015.​00432.

	 95.	 Verdura J, Linares C, Ballesteros E, Coma R, Uriz MJ, Bensoussan 
N, Cebrian E. Biodiversity loss in a Mediterranean ecosystem due 
to an extreme warming event unveils the role of an engineering 
gorgonian species. Sci Rep. 2019;9(1):5911. https://​doi.​org/​10.​1038/​
s41598-​019-​41929-0.

	 96.	 Vezzulli L, Previati M, Pruzzo C, Marchese A, Bourne DG, Cerrano C, 
the VibrioSea Consortium. Vibrio infections triggering mass mortality 
events in a warming Mediterranean Sea: Vibrio infections triggering 
sea-fan mass mortality. Environ Microbiol. 2010;12(7):2007–19. https://​
doi.​org/​10.​1111/j.​1462-​2920.​2010.​02209.x.

	 97.	 Voolstra CR, Valenzuela JJ, Turkarslan S, Cárdenas A, Hume BCC, Perna 
G, Buitrago-López C, et al. Contrasting heat stress response patterns of 
coral holobionts across the Red Sea suggest distinct mechanisms of 
thermal tolerance. Mol Ecol. 2021;30(18):4466–80. https://​doi.​org/​10.​
1111/​mec.​16064.

	 98.	 Water JAJMvd, Melkonian R, Junca H, Voolstra CR, Reynaud S, Allemand 
D, Ferrier-Pagès C. Spirochaetes dominate the microbial community 
associated with the red coral Corallium rubrum on a broad geographic 
scale. Sci Rep. 2016;6(1):27277. https://​doi.​org/​10.​1038/​srep2​7277.

	 99.	 Water JAJMvd, Melkonian R, Voolstra CR, Junca H, Beraud E, Allemand D, 
Ferrier-Pagès C. Comparative assessment of Mediterranean gorgonian-
associated microbial communities reveals conserved core and locally 
variant bacteria. Microb Ecol. 2017;73(2):466–78. https://​doi.​org/​10.​
1007/​s00248-​016-​0858-x.

	100.	 Water JAJMvd, Voolstra CR, Rottier C, Cocito S, Peirano A, Allemand D, 
Ferrier-Pagès C. Seasonal stability in the microbiomes of temperate 
gorgonians and the red coral Corallium rubrum across the Mediter‑
ranean Sea. Microb Ecol. 2018;75(1):274–88. https://​doi.​org/​10.​1007/​
s00248-​017-​1006-y.

	101.	 Willis AD. Rarefaction, alpha diversity, and statistics. Front Microbiol. 
2019;10(octobre):2407. https://​doi.​org/​10.​3389/​fmicb.​2019.​02407.

	102.	 Woo S. Bacterial community composition change in temperate octoc‑
oral, Scleronephthya gracillimum responding to season and heat stress. 
In: KMB 2021 48th annual meeting & international symposium, juin. 
2021. p. 105.

	103.	 Worm B, Barbier EB, Nicola Beaumont J, Duffy E, Folke C, Halpern BS, 
Jackson JBC, et al. Impacts of biodiversity loss on ocean ecosystem 
services. Science. 2006;314(5800):787–90. https://​doi.​org/​10.​1126/​scien​
ce.​11322​94.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1128/AEM.02567-08
https://doi.org/10.1111/1574-6941.12398
https://doi.org/10.1111/1574-6941.12398
https://doi.org/10.3354/meps322001
https://doi.org/10.1126/science.1067728
https://doi.org/10.1126/science.1067728
https://doi.org/10.3389/fmicb.2020.00681
https://doi.org/10.1038/s43705-023-00220-0
https://doi.org/10.1038/s43705-023-00220-0
https://doi.org/10.1007/978-3-319-21012-4
https://doi.org/10.1007/s00338-021-02075-0
https://doi.org/10.1007/s00338-021-02075-0
https://doi.org/10.3389/fmicb.2020.01791
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1038/s41558-019-0412-1
https://github.com/phytomosaic/ecole
https://github.com/phytomosaic/ecole
https://doi.org/10.1098/rspb.2022.2539
https://doi.org/10.3389/fmicb.2023.1116737
https://doi.org/10.3389/fmicb.2023.1116737
https://doi.org/10.1128/AEM.70.7.4103-4110.2004
https://doi.org/10.1128/AEM.70.7.4103-4110.2004
https://doi.org/10.1186/s40793-023-00525-6
https://doi.org/10.1186/s40793-023-00525-6
https://doi.org/10.1128/aem.02340-21
https://doi.org/10.1128/aem.02340-21
https://t-mednet.org/visualize-data/marine-heatwaves
https://t-mednet.org/visualize-data/marine-heatwaves
https://doi.org/10.1016/j.jembe.2007.12.006
https://doi.org/10.1016/j.jembe.2007.12.006
https://doi.org/10.3389/fmicb.2015.00432
https://doi.org/10.3389/fmicb.2015.00432
https://doi.org/10.1038/s41598-019-41929-0
https://doi.org/10.1038/s41598-019-41929-0
https://doi.org/10.1111/j.1462-2920.2010.02209.x
https://doi.org/10.1111/j.1462-2920.2010.02209.x
https://doi.org/10.1111/mec.16064
https://doi.org/10.1111/mec.16064
https://doi.org/10.1038/srep27277
https://doi.org/10.1007/s00248-016-0858-x
https://doi.org/10.1007/s00248-016-0858-x
https://doi.org/10.1007/s00248-017-1006-y
https://doi.org/10.1007/s00248-017-1006-y
https://doi.org/10.3389/fmicb.2019.02407
https://doi.org/10.1126/science.1132294
https://doi.org/10.1126/science.1132294

	Unveiling microbiome changes in Mediterranean octocorals during the 2022 marine heatwaves: quantifying key bacterial symbionts and potential pathogens
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Study areas, temperature regimes and impacts on octocorals
	Sample collection
	DNA extraction
	MiSeq amplicon sequencing of the 16S rRNA gene
	Library preparation and sequencing
	Bioinformatics data processing
	Analysis of 16S rRNA gene sequencing data

	Quantitative PCR (qPCR)

	Results
	Bacterial richness associated with octocorals with different tissue loss conditions (0 and 90% tissue loss)
	Changes in the structure of the bacterial communities associated with octocorals with 90% tissue loss
	Differential abundance analyses based on compositional data
	Comparative absolute quantification of specific bacterial taxa based on qPCR analyses


	Discussion
	The 2022 Mediterranean heatwaves: the worst ever recorded
	Colony tissue loss is not associated with a decrease in the abundance of the main bacterial symbionts
	Octocoral tissue loss is associated with a relative increase in Rhodobacterales and site-specific bacterial opportunists

	Conclusion
	Anchor 26
	Acknowledgements
	References


