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Abstract The intensification of warming-induced mass-
mortalities in invertebrate populations including in temper-
ate regions is a critical global issue.  Mesophotic zones (30–
150 m depth) have been suggested as potential refuges from 
climate change for gorgonian populations, offering hope for 
reseeding damaged shallow populations. Using a proteomic 
approach, we investigated the responses and acclimatization 
ability of the yellow gorgonian Eunicella cavolini along an 
environmental gradient following reciprocal transplantations 
between shallow (20 m) and mesophotic (70 m) zones. Our 
findings indicate that yellow gorgonians from mesophotic 
waters exhibit a greater plasticity when transplanted to shal-
low waters, compared to shallow gorgonians transplanted to 
the mesophotic zone at 70 m. Transplanted colonies from 

mesophotic to shallow waters showed an increasing level 
of proteins involved in immune response but displayed no 
signs of necrosis or apoptosis, highlighting the acclimation 
potential of mesophotic populations. These results suggest 
that Eunicella cavolini populations may exhibit physiologi-
cal plasticity in response to future climate change, allow-
ing natural colonization from mesophotic populations. This 
analysis offers valuable insights into gorgonians’ cellular 
and molecular responses to environmental changes.

Keywords Deep sea refugia hypothesis · Eunicella 
cavolini · Global change · Molecular phenotype · 
Physiological plasticity · Reciprocal transplantations

Introduction

Marine communities are facing one of the worst periods 
in their recent history. Human activities, including pollu-
tion, habitat modification, and overfishing, have significantly 
impacted these ecosystems. The situation is further aggra-
vated by climate change, which is causing rising seawater 
temperatures and extreme climatic events like marine heat 
waves (MHW, Oliver et al. 2018). MHWs globally impact 
marine ecosystems (Garrabou et al. 2009; Smith et al. 2023), 
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harming various organisms (from corals to fishes) and habi-
tats. The Mediterranean Sea is highly vulnerable to warm-
ing and MHWs (Garrabou et al. 2009; Aurelle et al. 2022). 
With its semi-enclosed temperate warm nature, it undergoes 
pronounced seasonal stratification and experiences elevated 
and fluctuating summer temperatures in shallow waters. In 
recent decades, MHW-associated mass mortality events have 
significantly impacted marine rocky benthic communities 
across extensive coastal regions, reaching depths of up to 
30 m in the NW Mediterranean. Notable occurrences took 
place at the end of the summers of 1999, 2003, and 2022, 
spanning thousands of kilometers (Garrabou et al. 2009, 
2022; Grenier et al. 2023).

Several gorgonian species, such as Paramuricea clavata 
and Eunicella cavolini, have been impacted by these mor-
tality events (Garrabou et al. 2001, 2009; Linares et  al. 
2008; Estaque et al. 2023). Gorgonian species, as ecosystem 
engineers, play vital roles in benthic systems by serving as 
habitats, nurseries for fishes, and promoting high biodiver-
sity (Enrichetti et al. 2019). Their decline or disappearance 
has severe consequences for the diversity and functioning 
of hard-bottom habitats (Enrichetti et al. 2019; Gómez-Gras 
et al. 2021). However, the impact of environmental stress-
ors on these organisms is not spatially uniform, and certain 
areas may serve as temporary or long-term climate refuges, 
partially protected from warming disturbances (Glynn 1996; 
Bongaerts et al. 2010; Bramanti et al. 2023). Glynn (1996) 
proposed that mesophotic populations (30–150 m) could 
serve as climate refuges, with cooler and more stable condi-
tions that are less impacted by thermal stress. This suggests 
the potential for reseeding shallower zones.

Experimental studies on Mediterranean octocorals have 
yielded mixed findings regarding thermotolerance levels. 
Non-symbiotic species like Corallium rubrum and Euni-
cella cavolini, with shallow populations (exposed to greater 
variability and potentially stressful conditions) exhibiting 
higher thermotolerance than mesophotic populations (up to 
40–50 m depth; Haguenauer et al. 2013; Ledoux et al. 2015; 
Pivotto et al. 2015). Contrastingly, symbiotic white gorgo-
nian Eunicella singularis showed stronger stress signals in 
shallow populations compared to mesophotic populations 
(15 vs. 35 m; Ferrier-Pagès et al. 2009), while both popula-
tions had similar necrosis threshold temperatures (Pey et al. 
2013). Disentangling the respective contribution of plasticity 
and genetic adaptive capacity in these gorgonian responses 
would require further investigation. Indeed, studies focusing 
on genetic structure between depths in Mediterranean octor-
allian revealed species-specific results. While, Corallium 
rubrum displayed strong patterns of genetic structuring along 
depth (Ledoux et al. 2010; Costantini et al. 2011), low genetic 
differentiation was observed between shallow and mesophotic 
populations of Eunicella cavolini (20 vs. 40 m, Pivotto et al. 
2015). Displaying a low genetic structuring along depths and 

higher thermolerance, a wide bathymetric distribution from 
ca. 5 m to more than 100 m (Sini et al. 2015) and being a non-
symbiotic gorgonian, Eunicella cavolini revealed itself as a 
great model for studying plasticity of mesophotic and shallow 
populations in a context of climate change.

Species impacted by climate change often display modi-
fications in their physiology, distributions, and phenology 
(Hughes 2000). Despite the large number of studies on 
monitoring mass mortality events (Garrabou et al. 2001, 
2009, 2022; Estaque et al. 2023), the molecular and physi-
ological mechanisms underlying this variety of thermotol-
erance remain poorly understood (but see Pratlong et al. 
2015 for red coral). The physiological response to stress is 
indeed complex and many metabolic pathways and proteins 
are presumably involved in this process. Recent molecular 
technologies have extended the definition of the phenotype, 
as the composite of an organism’s observable characteris-
tics, to include measurable molecular characteristics, such 
as gene expression levels. This corresponds to the molecular 
phenotype (Ranz and Machado 2006). Transcriptional pro-
filing is widely used to study the response of an organism 
to an extrinsic or intrinsic stressor, however, targeting only 
gene expression may be limiting. Indeed, many studies have 
shown a poor correlation between mRNA and protein lev-
els (Abbott 1999; Mayfield et al. 2016). Proteomics appears 
as an appropriate approach to gain further insight into the 
molecular and cellular basis of stress response by directly 
measuring the abundance of proteins, i.e., the ultimate func-
tional molecules.

We conducted a reciprocal transplant experiment to 
examine the molecular phenotypic plasticity of mesophotic 
and shallow gorgonian populations using proteomics. Colo-
nies of the non-symbiotic yellow gorgonians Eunicella cavo-
lini were reciprocally transplanted between shallow (20 m 
depth, experiencing increasing water temperatures during 
summer) and mesophotic habitats (70 m depth, below the 
thermocline where temperatures remain stable throughout 
the year (Bensoussan et al. 2010). Using a shotgun prot-
eomic approach this study investigated (1) whether colonies 
from distinct shallow and mesophotic environments exhibit 
distinct molecular phenotypes (Ranz & Machado 2006)? If 
local adaptation or acclimation occurs, protein expression 
profiles of shallow vs mesophotic colonies are expected to 
diverge; (2) do colonies from these two contrasted environ-
ments show different acclimatization capacity? We inves-
tigated the molecular phenotype of transplanted colonies 
compared to colonies of their origin or destination depths. 
High plasticity will be reflected by an important shift in 
molecular phenotype between transplants and their con-
trols; and (3) what are the underlying molecular processes 
involved in local adaptation or acclimation? We investigated 
the molecular pathways differentially expressed between 
transplants and controls, and discussed their implication 
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regarding climate change (Reusch 2014) and the deep-sea 
refuge hypothesis (Glynn 1996).

Materials and methods

Contrasted environmental conditions along depth 
and reciprocal transplant experiment

From late autumn to winter (December–March), seawater 
temperatures, in the Marseille area, northern Mediterranean 
Sea, slowly decline, reaching a minimum in March of about 

13 °C along the entire water column, before rising slightly 
until the formation of the thermocline (Fig. 1, Bensoussan 
et al. 2010). In summer, above this thermocline (~ 20–30 m 
depth), strong temperature oscillations may reach 12 °C 
(Pivotto et al. 2015), and very low nutrient concentrations 
have been described in open sea (Pasqueron de Fommervault 
et al. 2015). On the other hand, mesophotic waters (below 
the thermocline, 30–150 m) display more stable thermal 
regime (Bensoussan et al. 2010), with potentially higher 
nutrient concentration but higher-pressure conditions (e.g., 
8 bars at 70 m).

Fig. 1  In situ thermal regime. a Time series of daily maximum sea-
water temperature of the station Riou Sud, located at a distance of 
600  m to the transplanting site Imperial du large at Marseille data 
(provided by T-MedNet.org) (NW Mediterranean Sea) over a year 
(January 2021–2022). The reciprocal transplantation experiment 
began mid-June and ended mid-November 2021 (white dotted lines). 
Black contour represents temperatures exceeding 25  °C. Data were 

provided by the regional temperature observation network T-MED-
Net, https://www.t-mednet.org, site Marseille Riou-sud, Dorian Guil-
lemain, OSU Institut Pytheas UMS 3470. b Number of days present-
ing a temperature over a given value between 20 and 25  °C (daily 
maximum temperature) at 5  m (purple), 20  m (orange) and 40  m 
(green) depth along the experiment

www.t-mednet.org
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A reciprocal transplant experiment was performed from 
June to November 2021 (spanning over the summer and the 
beginning of autumn period during which MHW mortal-
ity events usually occur) with specimens from two yellow 
gorgonian populations inhabiting the rocky coast around 
Marseilles (NW Mediterranean Sea). The water temperature 
was relatively homogeneous along depths at the moment 
of the transplantation, and for about two weeks at sam-
pling (Fig. 1). The populations were sampled from shal-
low and mesophotic waters around the Impérial du Large 
(43°10′11.5″N 5°23′40.0″E): 20 m (shallow population) 
and 70 m depth (mesophotic population). Considering the 
limited dispersal abilities of larval stages in Mediterranean 
octocorals (Martínez-Quintana et al. 2015; Masmoudi et al. 
2016), colonies were sample at a distance of 20–30 m from 
each other in order to encompass a wide range of geographic 
and genetic diversity at each depth. The experiment included 
four different treatments: two control colonies transplanted 
at their native depth (Control Shallow  (C20) and Control 
Mesophotic  (C70)) and two transplants, transplanted at either 
20 m or 70 m (Mesophotic to Shallow  (T70→20) and Shallow 
to Mesophotic  (T20→70); Fig. 2). A single colony (identical 
genotype) provided one fragment control (C) and one frag-
ment transplants (T).

The apical tips (8  cm) of four fragments (two repli-
cates) per colony were randomly sampled via closed-circuit 
rebreather and fixed underwater on experimental plates (see 

ESM1). Overall, the experiment involved sixteen colonies 
from two populations (eight shallow and eight mesophotic), 
shared among eight plates (two plates per treatment). Sam-
pling occurred mid-November (five months post-transplan-
tation). Tissues were removed, frozen immediately in liquid 
nitrogen, and stored at − 80 °C until further analysis.

Quantitative shotgun‑proteomics analysis

Procedures for sample preparation, nanoLC-MS/MS anal-
ysis, and mass spectrometry data analysis are detailed in 
ESM2. Samples were analyzed on a nanoUPLC-system 
(nano-Acquity, Waters, Milford, MA, USA) coupled to a 
quadrupole-Orbitrap hybrid mass spectrometer (Q-Exactive 
HF-X, Thermo Scientific, San Jose, CA, USA). Two samples 
were excluded from the proteomic analysis due to unsatis-
factory protein extraction. Two additional individuals (one 
 T70→20 and one  T20→70) were removed because of a high 
number of missing values. Altogether, 28 samples were 
analyzed.

Protein functional annotation

We used ORSON https:// gitlab. ifrem er. fr/ bioin fo/ workfl ows/ 
orson for sequence similarity search (PLAST, Noël et al. 
2021), functional prediction using InterProScan (Quevillon 

Fig. 2  Reciprocal transplant design. In June 2021, 16 colonies of E. 
cavolini were reciprocally transplanted between shallow (20 m) and 
mesophotic zones (70  m). At the end of the experiment (Novem-
ber 2021), 4 treatments were obtained: colony fragments retained at 

native depth  (C20 and  C70) and colony fragments transplanted in shal-
low/mesophotic zones  (T20→70 and  T20→70). A single colony provided 
one control (C) and one transplant (T)

https://gitlab.ifremer.fr/bioinfo/workflows/orson
https://gitlab.ifremer.fr/bioinfo/workflows/orson
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et al. 2005) and Blast2GO to extract GO-terms (Conesa et al. 
2005).

Statistical analysis

Data were filtered to retain proteins present in at least 70% 
of individuals in each treatment, resulting in a set of 2610 
expressed proteins. 1620 missing values (2% of the dataset) 
were imputed using the random forest method. This method 
showed strong performance and proved to be the most suit-
able approach for label-free proteomic studies when the miss-
ingness mechanism is not fully understood (Jin et al. 2021). 
Analyzes were performed in R v.4.1.1 (R Core Team 2021).

Molecular phenotypic plasticity

To investigate the molecular phenotype of the control groups 
 (C20 and  C70), a discriminant analysis of principal compo-
nents (DAPC, Jombart et al. 2010) from the ‘adegenet’ pack-
age was performed on the scaled protein intensities matrix. 
This analysis retained the first six principal components 
(PCs) that accounted for 70% of the total variance. The first 
discriminant function (LD1) served as a measure of molecu-
lar phenotype divergence. To quantify plasticity upon trans-
plantation, we projected both transplanted colonies within 
the same multivariate plan and compared both transplanted 
treatments to their respective controls. The magnitude of 
these shifts in mesophotic and shallow gorgonians is pro-
portional to the lengths of the blue and yellow arrows in 
Fig. 2. These effect sizes were inferred using Markov chain 
Monte Carlo linear mixed models, with individual genotype 
specified as random effect and analyzing 1800 samples of 
parameter estimates to derive P-values for population-spe-
cific differences (‘MCMCglmm’ package).

Co‑expression network and functional enrichment 
analyzes

Gene co‑expression network

Using a Weighted Gene Coexpression Network Analy-
sis (WGCNA) (Langfelder and Horvath 2008) on log-
transformed proteins abundances matrices, proteins were 
grouped into modules. The soft threshold for network con-
struction was chosen to ensure that the constructed net-
work closely fit a true biological network state (beta = 6; 
R2 = 0.91). The default setting of a minimum of 30 proteins 
per module ensured sufficient protein representation for 
subsequent functional enrichment analysis. Proteins that 
did not fall within any modules, indicating low co-expres-
sion, were grouped into a separate gray module. Then, we 
investigated whether module’s eigengenes correlate with 

treatment conditions (i.e., Controls:  C20 vs.  C70; Trans-
plants against native depths:  T70→20 vs.  C70;  T20→70 vs. 
 C20 and Transplants against destination depth:  T70→20 vs. 
 C20;  T20→70 vs.  C70).

Functional enrichment

Functional enrichment analysis was performed following two 
complementary methods: (1) for each module that correlated 
with a treatment, we investigated whether the proteins within 
belonged to specific molecular pathways (Gene Ontology 
(GO) terms), and (2) independently of modules we assessed 
whether proteins displaying high level of GS association with 
a treatment belonged to specific molecular pathways (GO 
terms) (Langfelder and Horvath 2008). In both approaches, 
the “background” for the enrichment analysis was the func-
tionally annotated proteome of Eunicella cavolini, which 
consisted of 20,420 proteins. This subset represents around 
40% of the 51,038 predicted proteins (including isoforms and 
potential protein “fragment”) for this species (see ESM2 for 
further details about the predicted proteome). This compre-
hensive background ensures a robust assessment of functional 
enrichment relative to the entire proteome and is particularly 
noteworthy given that E. cavolini is a non-model species (Heck 
and Neely 2020). GO term delta rank represents the differ-
ence between the mean ranks of the proteins belonging to the 
specific GO term and the mean ranks of all proteins that the 
considered GO term do not include. Positive delta ranks indi-
cate an increased tendency, while negative delta ranks indicate 
a decrease tendency of the GO term considered. It has been 
tested using (i) Fisher’s exact tests on binary response for mem-
bership to the module and ii) using two-tailed Mann–Whitney 
U test when considering GS. We used the package ‘GO_MWU’ 
particularly suitable for non-model organisms (https:// github. 
com/ z0on/ GO_ MWU) (Dixon et al. 2015). Enriched GO terms 
are displayed in a dendrogram plot. Distances between GO 
terms reflect the number of shared proteins. Global network 
visualization was done using Cytoscape V3.9.1 (Shannon et al. 
2003) in ClueGO v2.5.9 (Bindea et al. 2009).

Functional comparison between transplants

In order to compare the functional response similarity 
between treatments, their respective GO term delta ranks 
were plotted against each other. The strength of the relation-
ship indicates the similarity of enrichment. It is important to 
note that these plots do not represent a formal statistical test 
since the data points (gene ontology categories) are not inde-
pendent, as they often include overlapping sets of proteins. 
Nevertheless, they provide insights into functional similarity 
or dissimilarity in enrichments.

https://github.com/z0on/GO_MWU
https://github.com/z0on/GO_MWU
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Results

At the end of the experiment, no necrosis nor mortality were 
observed in any of the four treatments (Control Shallow, 
Control Mesophotic, Mesophotic to Shallow, and Shallow 
to Mesophotic).

Transplantation reveals plastic protein expression

Molecular phenotypes between control mesophotic and 
control shallow gorgonians were well discriminated (low 
overlap between solid distributions, Fig. 3) by the first 
eigenvector LD1 explaining 43% of the total variance. 
The molecular phenotypic shift of the two transplanted 
treatments were assessed by projecting their respective 
molecular phenotype within the same multivariate plan 
(light distributions, Fig. 3). The magnitude of this shift 
represents a quantitative measure of protein abundance 
plasticity. Gorgonians transplanted from mesophotic to 
shallow habitats exhibited a significantly larger molecu-
lar phenotype shift than shallow gorgonians transplanted 
to mesophotic habitats (PMCMC = 0.04, blue arrow). The 
former resulted in a nearly perfect match with the control 
Shallow molecular phenotype (light blue, Fig. 3), while 
the latter mostly remained in between the two controls 
(light yellow, Fig. 3).

Weighted gene co‑expression network analyzes

To delve into the underlying molecular mechanisms of 
Eunicella cavolini’ plasticity, we performed a weighted 
gene co-expression network analysis (WGCNA). The 
analysis assigned all 2,610 log-transformed protein abun-
dances to ten co-expression modules of 31–732 proteins 
(designated by colors, Fig. 4). Eight module eigengenes 
displayed significant and strong correlations with treat-
ments (Fig. 4).

Mesophotic versus shallow

The comparison between the two control groups  (C20 vs. 
 C70) correlated with two modules (green and purple) that 
did not show any functional enrichment.

Transplant versus origin

Four modules (magenta, pink, turquoise and purple) cor-
related with the comparison  T70→20 versus  C70. However, 
Gene Ontology (GO) enrichment analysis of proteins in 
these modules revealed no enriched GO terms.

The opposite transplant  T20→70 versus  C20 also showed 
significant correlation with four modules (green, purple, 
brown and blue). Among these modules, only the brown 

Fig. 3  Protein expression plasticity in transplanted gorgonians 
based on DAPC analysis on the scaled matrix of protein intensities 
(all identified and filtered proteins). The x axis is the direction along 
which the difference between control Mesophotic and Shallow gor-
gonians is maximized (discriminant function which explained 43% of 
total variance). The curves are density plots of the four treatments. 
Blue and Yellow indicate gorgonians originating from mesophotic 
and shallow reefs respectively; solid fills indicate control groups, 
whereas transparent fills represent transplants. Arrows indicate the 
extent of protein expression shifts upon transplantation

Fig. 4  Hierarchical clustering dendrogram of module eigengenes 
and heatmap of spearman’s correlations coefficients between mod-
ule eigengenes (rows) and treatment (columns). Values with module 
names indicates the number of proteins belonging to each module
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module displayed a significant GO enrichment. It included 
enrichment of eight GO terms related to metabolism, notably 
lipid metabolism and catabolism (e.g., cellular lipid meta-
bolic process (GO:0044255), long-chain fatty acid metabolic 
process (GO:0001676) and regulation of cellular catabolic 
process (GO:0031331), Fig. 5a), as well as cell organiza-
tion (e.g., regulation of cell-substrate junction organiza-
tion (GO:0150116), regulation of cell–matrix organization 
(GO:0001952) and negative regulation of smooth muscle 
cell proliferation (GO:0048662), Fig. 5a). Within these 
eight enriched GO categories, six were under-represented in 
transplanted colonies compared to their control (z-score < 0, 
Fig. 5b), while two displayed little to no change (equivalent 
number of proteins with increased and decreased abundance, 
white rectangle, Fig. 5b).

Transplant versus destination

T20→70 versus  C70 displayed a significant correlation with 
the brown module described above. The same response was 
observed with the  T20→70 versus  C20 comparison displaying 
a general under-representation of the eight enriched GO cat-
egories in the transplanted colonies (ESM5). Finally,  T70→20 
versus  C20 revealed positive correlation with three modules 
(turquoise, blue and red) without any significant functional 
enrichment.

Enrichment with gene significance

GO enrichment analysis based on the Gene Significance of 
each protein (correlation with a specific treatment) enabled 
the discovery of pathways that were significantly enriched, 
regardless of the module to which they were assigned. These 
results are displayed in Fig. 6.

Shallow versus mesophotic

The comparison of the two control treatments  (C20 vs.  C70) 
exhibited a significant enrichment in seven GO, mainly 
related to metabolism and cell structure (cell part morpho-
genesis (GO:0032990), ESM6, Fig. 6). Notably, four out 
of these seven GO over-represented in  C20, were similarly 
found in the comparison between  T70→20 and their controls 
 C70 (ESM6).

Transplant versus origin

T70→20 vs.  C70 rank-based functional enrichment analyzes 
based on Gene Significance, highlighted an enrichment in 
fourteen GO categories, mainly involved in metabolic path-
ways (e.g., cellular amide metabolic process (GO:0043603), 
carbohydrate metabolic process  (GO:0005975)) 
and immune response (e.g., innate immune response 
(GO:0045087), immune system process (GO:0002376)) 
(Figs. 6, 7a). Proteins involved in immune pathways dis-
played a general decreasing abundance (z-score < 0) while 
biosynthetic and metabolic GO terms were over-represented 
(z-score > 0) except “carbohydrate metabolic process” which 
was under-represented in  T70→20 (Fig. 7c). By opposition, 
enrichment analysis for  T20→70 vs.  C20 displayed four of the 
same metabolic and biosynthetic GO terms differentially 
represented although under-represented (Fig. 7b, d).

Transplant versus destination

While comparison between  T70→20 and  C20 colonies revealed 
no functional enrichment, the comparison  T20→70 versus 
 C70 exhibited twenty one enriched GO categories mainly 
involving cell organization and adhesion pathways (e.g., 
cell adhesion mediated by integrin (GO:0033627), cellular 

Fig. 5  Gene Ontology (GO) enrichment analysis of WGCNA protein 
in “brown” module for  T20→70 versus  C20. a Hierarchical clustering 
of enriched biological process gene ontology terms among proteins 
in the brown module. *FDR < 0.1, **FDR < 0.05, ***FDR < 0.01). 
Fractions indicate the number of proteins that are differentially 

regulated. b Enrichment analysis of the 8 enriched GO terms. Blue 
dots show a protein underexpressed in colonies  T20→70 vs  C20, 
red dots indicate protein overexpressed. Z-score = (upregulated–
downregulated)/√(upregulated + downregulated)
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developmental process (GO:0048869), external encapsulat-
ing structure organization (GO:0045229), ESM7, Fig. 6). 
All enriched categories were under-represented in  T70→20 
compared to  C20 (ESM7).

Comparison of the delta-rank values between  T70→20 ver-
sus  C70 and  T20→70 versus  C20 revealed a low but significant 
negative correlation (cor = − 0.20, p < 0.01), highlighting 
similarities in the processes involved, displaying opposite 
responses to transplantations.

Discussion

Climate change affects a number of physiological and 
metabolic changes in cnidarians, as already well-studied in 
hexacorals (Brener-Raffall et al. 2019; Dixon et al. 2020). 
Our study is the first to compare the proteomic patterns in 
temperate octocorals inhabiting contrasting mesophotic and 
shallow zones. The choice of a cnidarian that does not host 
algal symbionts (Symbiodiniaceae) allowed us to overcome 

the effect of algal symbionts on stress response and on 
adaptation/acclimation to local environment. After trans-
plantation of E. cavolini colonies to different depths (i.e., 
Mesophotic to Shallow compared to Control Mesophotic and 
Shallow to Mesophotic compared to Control Shallow), we 
detected physiological responses that involved similar meta-
bolic pathways and specific biological processes depending 
on the depths of origin or transplantation (albeit they were 
not similarly regulated). We also highlighted processes that 
were specifically affected after transplantation in shallow 
water.

Differential phenotype between depths

Relying on “Gene Significance” GS, we evidenced func-
tional enrichment in metabolism pathways between colo-
nies from different depths in basal condition (control treat-
ments:  C20 vs.  C70). Higher temperatures in shallow waters 
compared to 70 m (Fig. 1) could lead to increase energy 
metabolism in shallow colonies compared to colonies that 

Fig. 6  ClueGO analysis of biological process significantly enriched (FDR < 0.1) in at least one treatment comparison. Node size correspond to 
the statistical significance (FDR)
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stayed at 70 m. These results highlight that environmental 
conditions at each depth act on protein regulation. Such 
modification may reflect local genetic adaptation or accli-
mation leading to different molecular phenotype. Con-
sidering protein regulation as a molecular phenotype, we 
therefore demonstrated that phenotypes are significantly 
different in individuals inhabiting different depths. This 
may provide insights into the underlying molecular pro-
cesses contributing to the observed variations in the lev-
els of thermotolerance (survival/necrosis) within the same 
area for E. cavolini up to a depth of 40 m (20 m vs. 40 m; 
Pivotto et al. 2015).

On the whole‑proteome level, are mesophotic colonies 
more plastic than their shallow counterparts?

At the whole-proteome level, we observed a substantial plas-
tic convergence of mesophotic colonies when transplanted 
in shallow waters (Fig. 3). Interestingly, our analysis sug-
gests that gorgonians from mesophotic waters may exhibit 
a more plastic response to being transplanted into shallow 
waters, compared to native shallow gorgonians transplanted 
at 70 m. Although this result should be taken with caution 
in regard to the large number of protein considered and the 
rather low number of individuals, it is consistent with func-
tional enrichment (KOG and GO). Altogether it shows that 
transplants “Mesophotic to Shallow” presented the same 
molecular phenotype as colonies staying at 20 m (no GO 

Fig. 7  Gene Ontology (GO) enrichment analysis using protein’ 
Gene Significance. a and b Hierarchical clustering of enriched bio-
logical process gene ontology. *FDR < 0.1, ** FDR < 0.05, *** 
FDR < 0.01. Fractions indicate the number of proteins that are dif-
ferentially regulated. c and d GO circle plot displaying enrich-
ment analysis for the first 10 GO terms with lowest FDR. Blue dots 

showed a protein underexpressed in colonies  T20→70 c  T20→70 d to 
their respective control, red dot indicated protein overexpressed. The 
outer to inner layers of gray circles indicated the relative fold-change 
of gene expression (from higher to lower). Z-score = (upregulated–
downregulated)/√(upregulated + downregulated)
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categories and nor KOG were significantly enriched ESM3 
and ESM4), whereas transplants “Shallow to Mesophotic” 
showed an intermediate phenotype (Fig. 3). Indeed, shallow 
colonies placed at 70 m fall short of displaying the protein 
expression of control mesophotic colonies. This difference 
may be attributed either to a lower phenotypic plasticity or 
to a lower constraining environmental change. Building on 
this idea, an additional explanation would be that the five-
months duration of our study was not sufficient for these 
colonies to establish a molecular phenotype similar to con-
trol individuals at 70 m. Alternatively, individuals at shallow 
depths where temperature fluctuations are of higher magni-
tude during summer (Fig. 1) may be under stronger environ-
mental constraints and therefore display local adaptation. As 
a consequence, being well adapted to shallow water could 
constrain their phenotypic plasticity as we observed when 
transplanted at 70 m. Enrichment analysis of the transplan-
tation to mesophotic waters revealed a general decrease of 
proteins abundance involved in cell structure and cytoskel-
eton (compared to control mesophotic treatment). Manual 
curation of the E. cavolini proteome revealed biominerali-
zation “tool-kit” proteins (Drake et al. 2013), including cal-
cium-binding proteins and skeletal organic matrix proteins 
(i.e., myosin, tubulin, actin etc.). Similarly, Tambutté et al. 
(2015) suggested that corals may increase levels of skeleton 
organic matrix proteins to promote calcification under less 
favorable calcifying conditions (such as higher temperature 
and lower pH) as it is partially the case in shallower water 
in the Mediterranean sea. This could explain the decreas-
ing level of proteins involved in calcification for colonies 
transplanted to a more stable habitat at 70 m. While the 
identification of cytoskeleton proteins may be influenced by 
their abundance in eukaryotic cells, our finding aligns with 
previous works highlighting that cytoskeleton is emerging as 
a common target of stresses from multiple origin (Tomanek 
2014). It can also hypothesize that this under-representation 
is a physiological acclimation of native shallow colonies 
confronted to higher pressure condition at 70 m. Reduced 
abundance of proteins involved in calcification could sug-
gest a decrease in growth rate of these transplanted colo-
nies. Assessing ultimate fitness would help disentangling 
the mechanism involved and their long-term consequences 
which call for further research.

Our results lend additional support to an emerging insight 
that protein expression plasticity may play a substantial role 
in migrants’ adaptation to novel environments. Kenkel & 
Matz (2017) subjected mustard hill coral (Porites astreoides) 
to a reciprocal transplant experiment across a temperature 
gradient, and likewise found transcriptomic convergence of 
migrants toward residents. A large body of existing studies 
suggest that increased plasticity occur in temporally or spa-
tially heterogeneous habitats (Baythavong 2011). Our result 
present an intriguing puzzle as we observe greater proteomic 

plasticity in gorgonians from mesophotic population, despite 
their seemingly more stable habitat. Mesophotic environ-
ment still remain poorly studies especially in coastal areas 
and its local environment may vary in other ways (biotic 
and abiotic; food, sediment…) potentially affecting molecu-
lar phenotypes. Altogether this definitely urges for further 
investigation of the mesophotic ecosystems (Bramanti et al. 
2023).

Transplantation into non‑native habitats reveals static 
and plastic protein expression

The set of pathways enriched in both transplanted colonies 
(Mesophotic to Shallow and Shallow to Mesophotic) sug-
gests a common response to transplantation with opposite 
regulation patterns. While energy metabolism pathways 
were all over-represented in the colonies Mesophotic to 
Shallow (vs. Control Mesophotic), those same functions 
were under-represented in the opposite treatment (Shallow 
to Mesophotic vs. Control Shallow). As previously sug-
gested, elevated temperatures in shallow waters is expected 
to upregulate energy metabolism. Notably, this increase did 
not encompass carbohydrate metabolism as it was under-rep-
resented. Accordingly, Tignat-Perrier et al. (2022) described 
in the same species and a close relative (the red gorgonian 
Paramuricea clavata) a significant reduction of carbohy-
drates reserves at the end of a seven week of experimental 
thermal stress (− 58% in P. clavata and − 45% in E. cavo-
lini). This under-representation may be amplified by the low 
nutrient concentrations in shallow water compared to meso-
photic waters during summer (Pasqueron de Fommervault 
et al. 2015). While a high metabolism can lead to elevated 
levels of Reactive Oxygen Species (ROS) and cellular dam-
age (Lesser 2006), the response to oxidative stress and the 
apoptotic process remained unaffected in our study unlike 
previous results reported for S. pistillata being transplanted 
from 60 to 20 m (Malik et al. 2021). Simultaneously, we 
observed a decrease in the abundance of proteins associ-
ated with the calcification process in colonies transplanted 
to shallow waters in comparison to colonies from the con-
trol Mesophotic treatment. Accordingly, a downregulation 
of genes involved in calcification in colonies from another 
octocoral Pinnigorgia flava exposed to heat stress was previ-
ously observed (Vargas et al. 2022).

Colonies transplanted at 70 m displayed an opposite 
response with a global under-representation in all enriched 
metabolism pathways. Simultaneously, shallow to meso-
photic colonies revealed decreasing level of proteins related 
to lipid metabolism and transport (compared to their control) 
in accordance to reduced energy metabolism. Previous stud-
ies quantifying respiration responses have highlighted that 
mesophotic zooxanthellate corals exhibit depressed meta-
bolic rates compared to their shallower conspecifics (Lesser 
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et al. 2010; Cooper et al. 2011). These findings align with 
our observation in non-symbiotic octocoral and call for fur-
ther research to characterize their local abiotic and biotic 
environment. Characterizing local stressor and positive driv-
ers of growth and maintenance will aid in understanding 
underlying mechanisms and ultimate fitness consequences of 
the local environment on the resilience of this sessile species 
to climate change.

One of the main results of our experiment was a decreas-
ing level of proteins involved in immune response in 
colonies transplanted from mesophotic to shallow zones. 
Environmental stressors have already been linked to immu-
nosuppression in other invertebrates such as oysters (Raftos 
et al. 2014) and patterns of immunosuppression in corals 
have been observed in zooxanthellae hexacorals during and 
after bleaching (Pinzón et al. 2015). These immunosuppres-
sive response has been suggested to result from the increase 
in new diseases and disease prevalence after bleaching (Raf-
tos et al. 2014) and may be induced by increasing pathogens 
prevalence in close related species during MHW (see Prioux 
et al. 2023 for an example in Paramuricea clavata). How-
ever, the absence of necrosis and of typical molecular stress 
pathways in this present studies (e.g. reduction of riboso-
mal representation, increased levels of heat shock proteins 
and antioxidants (Desalvo et al. 2008, 2010; Császár et al. 
2009)) leaves the door opens to alternative hypotheses. The 
absence of common molecular response to stress might be 
attributed to the timing of sample collection, which occurred 
considerably after the onset of potential stress responses. 
Indeed, in our study the proteomic response was assessed 
five months after reciprocal transplantation and at least two 
weeks after the water temperature dropped below 21 °C 
(Fig. 1). This timeframe contrasts with other studies that 
have examined physiological responses within few days 
of exposure to stressful conditions. Secondly, the immune 
system that undergoes suppression may allow to reallocate 
resources to other metabolic demands (Deerenberg et al. 
1997; Demas et al. 1997) such as cytoskeleton modulation, 
as evidenced by an increasing energy metabolism in this 
study. This hypothesis posits trade-offs between immune 
system and other primary functions, suggesting that sig-
nificant energy savings can be achieved by suppressing the 
immune system. However, further investigation is needed, 
particularly focusing on the associate microbiome and its 
dynamic after transplantation. Alternatively, immunosup-
pression might occur as the organism’s attempt to mitigate 
autoimmune damage in times of stress (Råberg et al. 1998). 
In our case, transplantation led to cytoskeleton modifica-
tions, potentially altering the self-antigen repertoire and 
triggering an immune response akin to that observed in tis-
sues damaged by disease. As previously suggested, optimal 
functioning might involve suppressing immune responses 
to avoid immunopathology (Bagby et al. 1994). Monitoring 

immune function and cytoskeleton on a shorter time scale 
(e.g., monthly) during the summer would enhance our 
understanding of the trade-offs and progressive acclimation 
occurring in this species.

Implications for gorgonian acclimation to climate 
change

The molecular shift in mesophotic colonies transplanted to 
shallow waters (i.e.,, overall increasing metabolism) sug-
gests capacity for acclimation. This finding demonstrates 
that the E. cavolini populations examined in this study dis-
play physiological plasticity in response to environmental 
stress, at least over the time scale of our study (i.e., five 
months). Nevertheless, the metabolic remodeling of E. cavo-
lini in shallow waters involved an increased abundance of 
energy metabolism-related proteins. This aligns with the 
hypothesis that such acclimation is energetically demand-
ing, raising questions about its effectiveness in coping with 
thermal stress, such as a marine heatwave. A rigorous evalu-
ation of this hypothesis would require direct measurements 
of respiration rates, energy reserves and ultimate impact on 
fitness, underscoring the need for further research in this 
area.

Furthermore, despite immunosuppression, the colonies 
displayed no signs of necrosis or apoptosis, emphasizing 
the acclimation capacity of this species. Notably, heat-
shock protein homologues (five HSP70, one HSP60, one 
HSP90 and two HSP10) were detected at both depths, but 
their abundance did not show significant differences. While 
this contrasts with short term experimental stress on the 
Mediterranean red coral (Coralium rubrum) where HSPs 
were involved in stress response (Haguenauer et al. 2013), 
it also suggests that several months of exposition may be 
sufficient to recover HSP levels to baseline. Alternatively, 
these results could be attributed to the absence of massive 
thermal anomalies in the Marseille area during that specific 
year (Fig. 1). Seawater temperature did not reach 24 °C at 
20 m that summer (Fig. 1b), the critical temperature for 
two other Mediterranean gorgonian species being 25 °C (P.
clavata and C.rubrum, Ledoux et al. 2015; Garrabou et al. 
2022). Additionally, E. cavolini did not exhibit necrosis 
when experimentally reared at 23 °C (~ 100% of necrosis 
at 27.5 °C for 36 days; Pivotto et al. 2015). Nevertheless, 
further research on the physiological signature of organisms 
presenting necrosis is needed to identify the underlying cel-
lular processes involved.

Overall, our findings suggest a significant capacity of E. 
cavolini to cope with potential stressful conditions, aligning 
with previous reports (Previati et al. 2010; Tignat-Perrier 
et al. 2022). However, a recent episode of mass mortal-
ity during the summer of 2022 in NW Mediterranean Sea 
affected gorgonians, resulting in mortality rates of up to 80% 
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between 0 and 30 m of depth for P.clavata and to a lower 
extent for E.cavolini (10–30%) (Estaque et al. 2023). Ongo-
ing proteomic analysis of individual identified as “resistant” 
vs. “vulnerable” in this region following this mass mortal-
ity event will provide insights into the molecular phenotype 
of necrotic individuals and the potential proteins involved 
in the differential responses of colonies and populations to 
thermal stress.

There is currently limited information on genetic con-
nectivity between mesophotic and shallow gorgonian popu-
lations (but see Ledoux et al. 2010, Costantini et al. 2011, 
Haguenauer et al. 2013 for C.rubrum), representing a critical 
gap in understanding the role of mesophotic population in 
reef resilience. Nevertheless, given the escalating pressures 
on coral reefs, particularly at shallow depths (< 30–40 m) 
(Bak et al. 2005; Bramanti et al. 2023), the findings of this 
study suggest the absence of physiological barrier to recolo-
nization (but see Pivotto et al. 2015 for an experiment on 
thermotolerance). This reinforces the crucial role of meso-
photic ecosystems as a potential source of recruits for their 
affected shallow counterparts. While our study clearly iden-
tified different response patterns between shallow and meso-
photic populations, it is important to note that it focuses on 
a limited geographic area of the Mediterranean Sea. There-
fore, there is a need to extend such approaches at a large 
geographic scale to validate our observations.

Conclusion

This pioneering study compares proteomic patterns of a 
temperate octocoral across individuals from diverse envi-
ronmental conditions. By extending such approaches to an 
octocoral in a field where hexacorals are predominantly stud-
ied, it sheds lights on the potential acclimation of cnidar-
ians to climate change. The observed expression patterns in 
mesophotic colonies transplanted to shallow waters indicate 
acclimation and highlight the molecular plasticity of E. cav-
olini populations in responses to environmental challenges. 
Importantly, this study suggests the absence of physiological 
barrier hindering natural recolonization from mesophotic 
colonies. It underscores the significance of mesophotic areas 
and emphasizes the need for further scientific investigation 
and careful consideration of these zones in the management 
plans of protected and exploited areas.
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