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ABSTRACT Gorgonians are important habitat-providing species in the Mediterranean
Sea, but their populations are declining due to microbial diseases and repeated mass
mortality events caused by summer heat waves. Elevated seawater temperatures may
impact the stress tolerance and disease resistance of gorgonians and lead to disturbances
in their microbiota. However, our knowledge of the biological response of the gorgonian
holobiont (i.e., the host and its microbiota) to thermal stress remains limited. Here, we
investigated how the holobiont of two gorgonian species (Paramuricea clavata and
Eunicella cavolini) are affected throughout a 7-week thermal stress event by following
both the corals’ physiology and the composition of their bacterial communities. We
found that P. clavata was more sensitive to elevated seawater temperatures than E. cavo-
lini, showing a greater loss in energy reserves, reduced feeding ability, and partial mortal-
ity. This lower thermotolerance may be linked to the ;20� lower antioxidant defense
capacity in P. clavata compared with E. cavolini. In the first 4 weeks of thermal stress, we
also observed minor shifts in the microbiota of both species, suggesting that the micro-
biota likely plays a limited role in thermal acclimation of the holobiont. However, major
stochastic changes occurred later on in some colonies, which were of a transient nature
in E. cavolini, but were linked to partial colony mortality in P. clavata. Overall, our results
show significant, but differential, effects of thermal stress on the holobionts of both E.
cavolini and P. clavata and predict potentially severe impacts on gorgonian populations
under future climate scenarios.

IMPORTANCE In the Mediterranean Sea, the tree-shaped gorgonian corals form large
forests that provide a place to live for many species. Because of this important ecolog-
ical role, it is crucial to understand how common habitat-forming gorgonians, like
Eunicella cavolini and Paramuricea clavata, are affected by high seawater temperatures
that are expected in the future due to climate change. We found that both species
lost biomass, but P. clavata was more affected, being also unable to feed and showing
signs of mortality. The microbiota of both gorgonians also changed substantively
under high temperatures. Although this could be linked to partial colony mortality in
P. clavata, the changes were temporary in E. cavolini. The overall higher resistance of
E. cavolini may be related to its much higher antioxidant defense levels than P. clav-
ata. Climate change may thus have severe impacts on gorgonian populations and the
habitats they provide.

KEYWORDS antioxidant, coral, gorgonian, microbiota, octocoral, physiology, thermal
stress, upwelling
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The Mediterranean Sea is one of the regions in the world most vulnerable to sea-
water warming due to its small size and enclosed configuration (1–3). It is therefore

a relevant study area to investigate the impacts of climate change on marine benthic
organisms, such as gorgonians. These corals (Octocorallia) can form dense “animal for-
ests” thereby providing critical habitat for other species on the typical Mediterranean
coralligenous habitats. Over the last decades, shallow populations of gorgonians have
already been impacted severely (4, 5) due to microbial diseases and mass mortality
events caused by climatic anomalies in summer (6, 7). In fact, two types of thermal
anomalies can occur: heatwaves (i.e., up to 27°C during a few days) or long periods of
above-threshold temperatures (i.e., .24°C) that may be interrupted by upwelling
events of dense and cold water coming from the deep sea (7, 8). During an upwelling,
the temperature of the top 50 m of the water column can decrease by 10°C within a
few hours, and then gradually increase back to high temperatures within a few days
(9). While these upwelling events induce large and fast temperature fluctuations
potentially inducing additional stress to gorgonians, they may also bring short-term
relief.

The biological response of gorgonians to thermal stress is currently not well under-
stood, and the effects of upwelling events on the gorgonian physiology have not been
studied yet. So far, only short- and long-term continuous exposures to high seawater
temperatures have been tested (10–13), and these studies have shown species- and
population-dependent responses to thermal stress (14, 15). Under both short- and long-
term stress, tissue necrosis was observed in colonies of Paramuricea clavata and
Corallium rubrum, whereas Eunicella cavolini and Eunicella singularis displayed greater
thermotolerance with no obvious signs of necrosis (14–16). However, tissue discoloration
and reductions in spicule calcification and lipid energy reserves have been reported for
heat-stressed Eunicella spp. (12, 15). Differential adaptive or acclimation abilities have
been shown to depend on the depth at which coral species live, their thermal history,
and their genetic drift (10, 16–20). The antioxidant capacity is an important component
of the stress tolerance in anthozoans (21–25), and may be one of the adaptive or accli-
mation abilities that play a key role in the differential thermotolerance of gorgonians.
Levels of cellular reactive oxygen and nitrogen species (ROS and RNS, respectively) often
increase under stressful conditions. As ROS and RNS can damage lipids, proteins, and
DNA (26, 27), anthozoans produce a wide range of enzymatic and nonenzymatic antioxi-
dant molecules to protect themselves against these damaging impacts (21, 23).
However, when the production of ROS and RNS exceeds the antioxidant capacity of an
organism, oxidative stress occurs.

Temperature changes may also induce shifts in the gorgonian microbiota. Gorgonians
engage in symbiotic relationships with microorganisms, including bacteria, fungi, archaea,
and viruses, which together form an entity called a “holobiont” (28). Previous investiga-
tions of several Mediterranean gorgonian species highlighted a dominant and species-spe-
cific core microbiota, suggesting that the host selects for microorganisms of certain taxa
that may be of importance to the overall health of the holobiont (29–31). The most domi-
nant bacterial symbiont is Endozoicomonas, which is a widespread symbiont of marine
invertebrates and is believed to be involved in nutrient acquisition and provision, and the
structuring of the host microbiota and the prevention of pathogen proliferation through
the production of quorum-sensing and antimicrobial molecules (32). While the extent of
their functions remains to be further investigated, gorgonian-associated microorganisms
may also be implicated in the stress tolerance of their host, as has been described for
some scleractinian corals (33–35). For example, antioxidant compounds may be produced
by some microbial symbionts of corals (35, 36).

Thermal stress may induce changes in the microbiota by exerting a downward pres-
sure on the survival of beneficial microorganisms, which could influence the stress tol-
erance of gorgonians and thereby promote temperature-dependent bacterial diseases.
Shifts in the microbiota of some tropical reef-building coral species have indeed been
observed during and after thermal stress that may be used to predict host tolerance
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(33, 37, 38). On the contrary, the microbiota of other scleractinian coral species have
been shown to be stable and inflexible despite changes in the physiological state of
the host (39–44). The gorgonian microbiota might contribute to the response of the
holobiont to environmental stress and thus impact its stress tolerance and disease re-
sistance. However, no investigations have been conducted on the dynamics of the gor-
gonian microbiota under thermal stress.

In this study, we investigated how the holobionts of two common Mediterranean gor-
gonian species (Eunicella cavolini and Paramuricea clavata) respond to a simulated summer
thermal regime with elevated temperatures interrupted by upwelling events. These two
species with similar depth distribution ranges (10–100 m) are known to exhibit differential
responses to prolonged events of warm temperatures, but are both characterized by a
Endozoicomonas-dominated microbiota (30). By assessing the dynamics of the gorgonian-
associated bacterial community along with the hosts’ physiological state, including total
antioxidant capacity and energy metabolism, we aimed to evaluate the impact of thermal
stress on the gorgonian holobiont and to link host response to changes in microbiota.

RESULTS
Host physiological response to thermal stress. Under control conditions, the pro-

tein and carbohydrate contents per mg ash free dry weight (AFDW) were on average
higher in P. clavata compared with E. cavolini (P = 2.6 � 1023 and 2.1 � 1026, respec-
tively). E. cavolini exposed for 7 weeks to thermal stress had 20% lower protein
(P = 5.2 � 1023) and 30% lower lipid (P = 1.0 � 1022) reserves than under control tem-
perature conditions. The lipid and carbohydrate reserves of P. clavata were 55%
(P = 2.1 � 1025) and 58% (P = 2.0 � 1022) lower in thermally stressed fragments (Fig. 1
and Table S1 in the supplemental material). Lactate concentrations were on average
lower in P. clavata colonies that experienced thermal stress than those under control
conditions (P = 1.8 � 1024). Lactate was not detectable in E. cavolini.

From time point T4 onwards, polyp inactivity (i.e., absence of a response from po-
lyps to food supply) was visible on all stressed P. clavata fragments, and tissue loss was
visible on colonies 1, 3, and 6 (see pictures in Fig. S2), while no visual impacts were
observed on fragments under control conditions. E. cavolini did not show any sign of
polyp inactivity and tissue loss in both conditions.

Total antioxidant capacity (TAC) per mg AFDW did not increase during thermal
stress (at T4, T5, and T6) in both E. cavolini and P. clavata (Fig. 2). However, the intercol-
ony variance was large in both treatments. Overall, E. cavolini had ;20 times higher
TAC compared with P. clavata (P = 2.3 � 1026).

Changes in bacterial community composition during thermal stress. Chao1 esti-
mated richness was on average higher for E. cavolini (143 6 62 operational taxonomic
units [OTUs] on average based on the control colonies) than for P. clavata (115 6 40
OTUs; P = 3.8 � 1024; Table S1 and S2). E. cavolini colonies that were exposed to ther-
mal stress conditions showed on average higher Chao1 richness estimations (246 6

154) compared with the same colonies under control conditions (144 6 63)
(P = 1.5 � 1026). For P. clavata, higher Chao1 estimations were also observed in the co-
lonies under stress conditions compared with the colonies under control conditions at
T4 and T6 (P = 5.2 � 1023 and 3.0 � 1024, respectively).

The bacterial communities of both E. cavolini and P. clavata were dominated by
Endozoicomonas bacteria under control conditions, although they were characterized by
different OTUs of Endozoicomonas (Fig. 3 and Fig. S3). The most abundant OTUs were
OTU1-Endozoicomonas (89.2%), OTU2-Endozoicomonas (4.8%), OTU10-Verrucomicrobia
(1.6%), OTU9-Rickettsia (0.80%), and OTU8-Apicomplexa (0.62%) for P. clavata, whereas
OTU2-Endozoicomonas (80.2%), OTU3-Endozoicomonas (9.9%), OTU7-BD1-7 clade (2.2%),
OTU20-Thalassomonas (0.85%), and OTU13-Aquimarina (0.64%) were dominating the
microbiota of E. cavolini. However, the relative abundance of these OTUs varied depend-
ing on time and colony (Fig. S3).

Beta diversity analyses of the bacterial communities showed that the microbiota of
colonies of P. clavata under control conditions were similar, grouping tightly together,
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and were significantly different from the microbiota of colonies exposed to thermal
stress conditions (P = 2.9 � 1023), whose dispersion was also significantly higher
(P = 1 � 1024; Fig. 4A; statistical results Table S3). Besides, differences between time
points were observed (P = 1 � 1024), but there was significant variability among colo-
nies (P = 1 � 1024). Similar patterns were observed in E. cavolini (thermal condition
P = 3.9 � 1023; time point P = 1 � 1024; dispersion: P = 6 � 1024), with significant vari-
ability between colonies (P = 1 � 1024) (Fig. 4B; statistical results Table S3).

Given the significant variability among colonies, hierarchical cluster analyses were
performed, which revealed that the high level of dispersion among samples from ther-
mal stress conditions was driven by samples from a few colonies (Fig. S4). These results
were then used to objectively assign colonies to either (i) the A group containing colo-
nies whose microbiota showed major significant changes under thermal stress or (ii)
the B group containing colonies whose microbiota changed to a small but still signifi-
cant extent under thermal stress. Using this analysis and the definition that at least
two samples from different time points (T4, T5, and/or T6) from the same colony
should fall outside of the main cluster of the clustering tree (Fig. S4) to be considered
“large change,” colonies 1, 3, 6, and 9 of P. clavata and colonies 1, 5, 6, and 9 of E. cavo-
lini were assigned to the A group.

Taking into account these two groups, the effect of thermal condition and time
points were assessed (statistical results Table S4). Changes in the microbiota appeared

FIG 1 Impact of 56 days of thermal stress on host tissue composition. Protein (A; in mg of proteins per mg of AFDW), lipid (B; in mg of
lipids per mg of AFDW), carbohydrate (C; in mg of carbohydrates per mg of AFDW), and lactate (D; in nmol of lactates per mg of AFDW)
concentration in the tissues of E. cavolini and P. clavata under control and thermal stress conditions at T6. Lactate was not detected in E.
cavolini. Asterisks indicate significant differences (P , 0.05) between conditions.
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in both species after time point T2, i.e., after prolonged thermal stress and not immedi-
ately after the temperature increase. At T3, thermal stress had a small but significant
impact on the microbiota of P. clavata (P = 7 � 1024) and E. cavolini (P = 2.3 � 1023),
but no differences between the A and B groups were observed yet (Fig. S6A, E). More
significant impacts were observed between T4 and T6. Specifically, no temporal
changes or group differences were observed in P. clavata (Fig. S6B–D) under control
conditions during this time period, but the microbiota of their paired fragments
exposed to thermal stress were consistently different from controls (all time points
P, 0.0042) and showed clear group-dependent differences (P = 9 � 1024). Under ther-
mal stress, the microbiota of the corals from the A group showed large dispersion at all
time points and were significantly different from the B group, which was tightly clus-
tered at T4 (P = 0.0171) and T5 (P = 0.0087). At T6, however, significant changes in the
microbiota of the B group occurred in comparison with T4 (P = 0.0678, but large dis-
persion differences P = 0.0071) and T5 (P = 0.0229), thereby also increasing the disper-
sion and overlapping with the A group (P = 0.603; dispersion P = 0.1323). In E. cavolini,
no significant differences between the A and B groups were observed, but there were
changes in the microbiota over time in both control and thermally stressed corals. In
addition, thermal stress had a significant impact on the microbiota of E. cavolini (Fig.
S6F–I) at all three time points (T4 P = 0.0067; T5 P = 0.0016; T6 P = 0.0013), showing
also higher dispersion in the beta diversity of the microbiota of thermally stressed cor-
als (T4 P = 0.0294; T5 P = 0.0048; except T6 P = 0.2165 due to one highly divergent con-
trol sample).

Next, differential abundance analyses were performed to assess which OTUs were dif-
ferent between either the A or B group and their respective controls at the three differ-
ent time points. The differential abundance analyses identified significant differences in
the abundance of numerous OTUs between the control and thermal stress conditions
(Fig. S7 and S8). In P. clavata, most of the OTUs whose relative abundance significantly
changed between the control and stressed colonies were common in both A and B
groups. However, the relative abundance of some of these OTUs changed more in

FIG 2 Total antioxidant capacity of gorgonians during the second simulated upwelling event. Total antioxidant capacity in mM of
CRE (copper reducing equivalents) per mg of AFDW of P. clavata (A) and E. cavolini (B) under control and thermal stress
conditions before (T4), during (T5), and after (T6) the second simulated upwelling event. Asterisks indicate significant differences
(P , 0.05) between conditions. The green bar is at 0.1 mM CRE in both graphs, emphasizing the interspecies differences.
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colonies from the A group. For example, the relative abundance of the Endozoicomonas
genus was lower in stressed than in control colonies. Still, there was a larger decrease in
OTU2160-Endozoicomonas in the A group of colonies at T6 (A group: reduced by 67% in
stressed colonies; B group: reduced by 28% in stressed colonies; Fig. S7). In E. cavolini,
the differences in OTU changes between the two groups were less pronounced. Still, the
relative abundance of some OTUs such as OTU30-Ruegeria increased to a larger extent in
colonies from the A group than from the B group (A group: increased by 88% in stressed
colonies; B group: increased by 63% in stressed colonies; Fig. S8).

The majority of the OTUs differentially abundant between the control and thermal stress
conditions were common to all colonies under thermal stress. However, colony-specific
changes were observed for several OTUs, likely underlying the high levels of dispersion
observed. For example, only in P. clavata colony 1, increases in the relative abundance of

FIG 3 Relative abundance of the most abundant bacterial OTUs over time. Structure of the bacterial communities associated with the control colonies (A;
relative composition averaged over the control colonies); one representative colony that was exposed to the thermal stress condition and showed minor
changes in its bacterial community (B; colony 7 for both P. clavata and E. cavolini belonging to the A group), and one representative a colony that was
exposed to the thermal stress condition and showed large changes in its bacterial community (C; colony 1 for both P. clavata and E. cavolini belonging to
the B group).
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OTU9-Rickettsia (from 0.2 to 23.5%) and OTU25-Leucothrix (from 0.002 to 2.5%) were
observed under thermal stress at T6. And in P. clavata colony 3, similar observations were
made for OTU19-Terasakiellaceae (from 0.006 to 18.2%) and OTU24-Terasakiellaceae (from
0.002 to 3.5%) (Fig. S3). For E. cavolini, thermal stress caused an increase in the relative
abundance of OTU13-Aquimarina (from 0 to 3.0%) and OTU42-Bacteroidia (0 and 2.6%) in
colony 1 at T5, whereas OTU7-BD1-7 clade (2.0 and 5.1% at T6) and OTU18-SAR324 clade
(0.071 and 2.6%) increased in colony 6 (Fig. S3).

No link was observed between the changes in the microbiota and the changes in
the physiology or TAC of the gorgonians based on dbRDA analyses. However, for P.
clavata, most of the colonies that showed large changes in their microbiota also
showed polyp inactivity and tissue loss (Fig. S2).

DISCUSSION
Importance of antioxidants for the thermotolerance of gorgonians. Results

from this study suggest that the antioxidant capacity of each species may be important
in gorgonian stress tolerance, as previously observed in other anthozoans (21, 23, 45).
Under thermal stress, cellular reactive oxygen and nitrogen species (ROS and RNS) lev-
els often increase and may cause damage to lipids, proteins, and DNA. The production
of enzymatic and nonenzymatic antioxidant molecules is crucial to defend against
ROS/RNS and prevent oxidative stress-induced damages during thermal stress (21, 23).
Our results show a differential antioxidant capacity between the two gorgonian spe-
cies studied here, with E. cavolini having a 20 times higher antioxidant capacity than
P. clavata. The antioxidant capacity in P. clavata did not increase under thermal stress
and remained thus likely insufficient to neutralize oxidative stress and prevent tissue
damage after 7 weeks of heat stress. It should, however, be noted that as we did not
measure ROS and RNS levels but only the antioxidant capacity, it is not certain whether
these gorgonians experienced oxidative stress. In E. cavolini, the antioxidant capacity
did not increase under thermal stress either, but the high basal levels likely prevented
excessive oxidative stress and hence tissue necrosis during our experiment. The differ-
ential investment in antioxidant defense capacity between E. cavolini and P. clavata
may explain the species-specific impacts of the heat stress on their energy reserves.
While P. clavata had more energy reserves than E. cavolini at the beginning of the
experiment, the significant reduction in lipid (58% in P. clavata and 30% in E. cavolini)
and carbohydrate (58% in P. clavata and 45% in E. cavolini) reserves over time may
indicate that P. clavata allocated significant energy resources to repair tissue damages
likely caused by oxidative stress. In addition, the presence of lactate under control

FIG 4 Beta diversity of the bacterial community of the gorgonians under control and thermal stress conditions.
Principal component analysis based on the Aitchison distance matrix showing the distribution and dispersion
of the samples (A: P. clavata; B: E. cavolini).
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conditions may suggest that P. clavata has relatively inefficient energy production
mechanisms leading to the buildup of potentially toxic end-products (e.g., lactate).
This could have significant impacts when conditions change and an organism must
rely on anaerobic ATP generation for survival, as potentially lethal levels of lactate that
damage its tissues may be reached. The observed decrease in lactate levels in P. clav-
ata under thermal stress may, however, be linked to the dramatic drop in carbohydrate
(e.g., glycogen) stores and indicate a depletion of its energy reserves leading to starva-
tion of the tissues that may have already suffered from lactate-induced damage.

Besides, P. clavata did not feed due to polyp inactivity shortly after the experimen-
tal thermal stress levels were reached, despite an abundance of planktonic prey in the
seawater, and was therefore unable to fill up its energy reserves needed to repair its
tissues. Overall, this may explain the partial mortality observed in P. clavata. In contrast,
E. cavolini continued to feed throughout the experiment regardless of temperature,
and its energy reserves were therefore also less impacted. This may thus be one of the
reasons why E. cavolini is more thermotolerant than P. clavata and did not suffer any
tissue loss in our experiment.

The different levels of thermotolerance between gorgonian species and even
between individuals has already been shown in the literature, based on measures of
necrosis, polyp activity, oxygen consumption and calcification rates. However, these
measures were unable to fully identify the mechanisms involved in thermotolerance
(14, 16, 17, 46). Depth optimum distribution at which species live, thermal history, and
genetic drift have been suggested to play a role in the thermal tolerance of gorgonians
(10, 16–20). Although E. cavolini and P. clavata were collected from the same depth in
this study, the observed differences in antioxidant capacity between these two species
might be related to their different optimal depth distributions. E. cavolini usually lives
at shallower depths (10–70 m), where thermal fluctuations are larger than at greater
depths where P. clavatamore commonly lives (35–80 m) (14, 47). In addition, E. cavolini
has been shown to have a faster coenenchyme regeneration capacity than P. clavata,
suggesting that E. cavolini may be more adapted to rapidly recover from stress-related
injuries (14).

Here, we documented significant differences in the impacts of elevated seawater
temperatures on the physiology of two gorgonian species, indicating particularly that
the basal TAC levels may be a predictor for sensitivity to thermal stress. To further
investigate the differences in thermotolerance, it may be interesting to study how
energy resources are exactly allocated within these gorgonian holobionts under stress-
ful conditions and which processes may be affected using molecular techniques.

Colony-dependent changes in the microbiota of both gorgonian species under
heat stress. In our heat stress experiment, the composition of bacterial communities
showed minor or major changes depending on the colony in both P. clavata and E.
cavolini. In P. clavata, all colonies showed minor changes in the composition of bacte-
rial communities during the first 4 weeks of heat stress, when gorgonian colonies likely
mounted a defense against the negative impacts of heat stress and the holobiont tried
to acclimate to the new conditions. From time point T4 onwards, however, the compo-
sition of bacterial communities showed major changes in a few colonies of P. clavata
(A group) whose tissues were damaged, which appeared following a prolonged period
of reduced feeding and thus likely led to a significant depletion of energy stores under
thermal stress. Changes in the microbiota that only occurred when the host is in a
poor physiological state have also been observed for coral species whose composition
of the bacterial communities shows normally little changes under stressful conditions
(48). The reduced energy reserves may have led to a reduced investment in antimicro-
bial defense and microbiota regulatory capacities by the coral host. Previously, ener-
getic constraints along with elevated temperatures have also been linked to the devel-
opment of mortality events in P. clavata (49). Altogether, these observations suggest
that a loss of control of the microbiota by the host may be the underlying cause of the
major changes observed in the composition of the bacterial communities. The other
colonies of P. clavata (B group) showed a delayed (about 1 week) onset of large
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changes in their microbial community structure and no tissue damage. This shows that
they were more tolerant to thermal stress than their conspecifics from the A group,
but that ultimately the host is also significantly impacted. As we only assessed the
energy reserves at the end of the experiment, it remains to be investigated what may
explain the differences between the A and B groups.

In E. cavolini, a minor shift in the microbiota also appeared in all colonies under
thermal stress, yet transient major changes in the composition of the bacterial com-
munities were observed in a few colonies under both thermal conditions. However,
these colonies did not visually appear to be more affected by the heat stress than the
others. As these transient changes appeared under both control and thermal stress
conditions, they were not linked to the heat stress. While the cause of these shifts
remains unknown, they might be rather naturally occurring transient changes within
the holobiont of this species.

Both minor and major changes observed in the composition of the bacterial com-
munities of E. cavolini and P. clavata under heat stress were linked to an increase in
bacterial diversity as most frequently observed in the literature (36, 50). Shifts in the
microbiota may also be related to the acclimation potential of a coral species.
Recently, the term “microbiome flexibility” was coined after identifying coral species
that maintained a stable microbiota with its beneficial functions in metabolism and
protection regardless of the environmental conditions (microbiome regulators) and
those that adapt their microbiota by introducing new microbes with beneficial func-
tions for rapid holobiont acclimation to environmental changes (microbiome conform-
ers) (51). The extent of “microbiome flexibility” is thus highly species-specific. Recently,
the gorgonian E. cavolini was identified as a “microbiome regulator” (52), which is con-
sistent with our results showing primarily minor changes in the microbiota under ther-
mal stress. This suggests that the native microbiota of these species may provide some
beneficial functions for the acclimation to elevated seawater temperatures. To further
investigate which microbial functions may contribute to a gorgonian holobiont’s accli-
mation potential and which microbes are involved as well as the implications of the
observed stochastic changes on holobiont functioning, future studies would benefit
from functional analyses of the microbiota, including metatranscriptomics in combina-
tion with metagenomics analyses (53).

Because of the dominance of Endozoicomonas (up to 95%) in the microbiota of
both gorgonian species, changes in the bacterial community composition were charac-
terized by a general decrease in the relative abundance of Endozoicomonas bacteria.
Given their importance in coral health through provision of nutrients and microbiota-
structuring properties, such decreases in the abundance of Endozoicomonas may have
adverse implications for holobiont health.

Consequently, an increase in the relative abundances of various other bacterial taxa
was observed. The role of these bacteria is, however, unknown as it was not possible
to identify the species using the present methodology. Although functions may be
inferred, the bacteria that increased in abundance under thermal stress belonged to
genera such as Vibrio, Pseudoalteromonas, and Ruegeria, which have previously been
implicated in disease (54–56) but have also been considered putative symbionts of cor-
als (30, 57, 58). Metagenomics approaches will allow us to further investigate the func-
tional traits of the bacteria whose relative abundance changed under thermal stress
and formulate hypotheses on their specific roles in the holobiont response to thermal
stress or whether they are pathogens.

While some bacterial taxa tended to increase in thermally stressed colonies, such as
Pseudoalteromonas, most of the major changes in the bacterial communities appeared
colony-specific, explaining the great dispersion in beta diversity observed. As a result,
we were unable to identify the microbe(s) responsible for the necrosis. This observa-
tion is in line with the Anna Karenina principle (59), which posits that the dysbiotic
state of corals is the result of stochastic changes rather than unidirectional shifts, lead-
ing to more variation among stressed than healthy colonies. Directional shifts would
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rather be expected in the case of a role of the microbiota in the acclimation of the hol-
obiont to changing conditions.

Conclusion. Gorgonians are of high ecological value as they create structural com-
plexity in the benthic communities and thereby in the habitat of many species in the
Mediterranean Sea. Elevated seawater temperatures may, however, threaten gorgo-
nian populations and their ecological importance. In this study, we investigated the
response of the holobiont of two Mediterranean gorgonian species during a thermal
stress event, by following their physiology and the composition of their bacterial com-
munities. Our results show a difference in thermotolerance between the gorgonians P.
clavata and E. cavolini, which could be linked to their investment in antioxidant
defense capacity and the differential impact on their energy reserves. This is consistent
with field observations following mass mortality events. The gorgonian-associated bac-
terial community likely played only a minor role in holobiont acclimation to elevated
temperatures in both species as only some minor shifts were observed in the initial
weeks. This suggests that both E. cavolini and P. clavata are primarily “microbiome reg-
ulators,” trying to maintain a stable microbiota under stressful conditions. However,
the significant depletion of energy stores and the inability to feed after prolonged ther-
mal stress may have led to a reduced defense and microbiota regulatory capacity and
ultimately major stochastic changes in the microbiota of P. clavata and partial colony
mortality. Changes in the microbiota were primarily reflected by the significant reduc-
tion in the relative abundance of the coral’s main bacterial symbiont Endozoicomonas.
Consequently, this likely impacted the beneficial functions in nutrition and defense
that it provides to its host, which may have led to additional adverse impacts on holo-
biont metabolism and resilience, allowing opportunistic bacteria to proliferate. In con-
trast, the more tolerant E. cavolini continued to feed regardless of thermal stress, which
likely contributed to a slower decrease in energy reserves during stress, and its higher
antioxidant defense capability likely sufficiently protected against the adverse effects
of thermal stress, allowing this gorgonian to maintain relative stability within the holo-
biont and prevent mortality. Although changes in the microbiota were observed, they
were of a temporal nature, showing that the holobiont was capable of reverting poten-
tially adverse shifts. Overall, our results suggest that gorgonian species are differen-
tially impacted by thermal stress events, and that significant differences in stress resil-
ience exist among individuals. Given their high ecological importance, higher than
usual seawater temperatures due to climate change may thus induce major shifts in
benthic community structures in the Mediterranean Sea.

MATERIALS ANDMETHODS
Biological material and summer thermal regime at collection site. Nine colonies of both the gor-

gonian species Eunicella cavolini and Paramuricea clavata (15 cm long and 30 cm wide) were collected
on SCUBA from populations at 35 m depth at Cap Caveau (43°15.615'N/5°17.357'E) and Tiboulen du
Frioul (43°16.834'N/5°17.139'E; Marseille, France), respectively, on the 13th of July 2020. Fragments of
gorgonian colonies were collected with the authorization of the Direction Interrégionale de la Mer
Mediterranée (France).

The gorgonians were brought to the aquarium facility at the Centre Scientifique de Monaco, and
maintained for 2 days in several large (100 L) open flow aquaria in the dark at 15–16°C, before being dis-
tributed over the experimental setup as described below.

The temperature of the seawater surrounding the gorgonians was 15°C at the time of collection,
based on the dive computers of the divers. At this depth, the seawater temperature may increase to
;24°C between mid-July and the end of August (Fig. S1). Temperatures $ 24°C are considered as ther-
mal anomalies in the Mediterranean Sea. Besides, upwelling events of dense, cold water coming from
the deep occur periodically because of the wind conditions at the site of collection. This may decrease
seawater temperatures by up to 10°C within a few hours, and it can then slowly warm up again over a
period of a week (7, 8, 60) (Fig. S1).

Experimental design. To assess the impact of thermal stress on the gorgonian physiology and
microbiota, gorgonians were exposed to two thermal conditions. Under control conditions, the tempera-
ture was kept at 15–16°C throughout the experiment, consistent with the temperature at the time of col-
lection. Thermal stress conditions mimicked the in situ seawater temperature changes observed at the
site of collection in summer: temperature was gradually increased from 16°C to 24°C in 11 days, main-
tained at 24°C during the subsequent 11 days, and was followed by two simulated upwelling events
with a 15-day interval (Fig. 5A). A thermal stress temperature of 24°C was chosen as this has previously
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caused mortality in gorgonian populations in situ (7, 8) and experimental conditions (61) and is of eco-
logical relevance for the populations at 35 m depth from which our corals were sourced.

The experimental setup consisted of 12 25-L aquaria, which were kept in the dark for the duration of
the experiment. The aquaria received a continuous flow (15 L/h) of seawater pumped from 50-m depth,
which was filtered through a 5 mm filter and a charcoal filter and treated with UV light to eliminate
microbes. In each aquarium, a pump ensured continuous mixing of the seawater, and a heater, con-
trolled by a temperature controller, maintained a constant seawater temperature. Both gorgonian spe-
cies were fed with cyclops, red plankton, and artemia, and the aquaria were cleaned once a week.

Six aquaria were assigned to each gorgonian species, with three aquaria for each thermal condition.
The two gorgonian species were kept in separate tanks to avoid interspecies interactions and competi-
tion (62). Each colony was cut into two equal-sized fragments, and the fragments were divided over the
two temperature conditions, ensuring that for each thermally stressed coral a paired control sample was
present, allowing statistical corrections for colony (Fig. 5B). The fragments were then distributed over
the aquaria, ensuring one fragment per colony per thermal condition and three fragments per aquarium
(Fig. 5B). The gorgonians were kept at 16°C for 1 week to acclimate prior to the start of the experiment

FIG 5 Experimental setup. Experimental temperature regime for Control (16°C) and Stress (24°C with upwelling)
treatments applied to the gorgonians, with the sample collection time points (T0–T6) for physiological ( and

for total antioxidant capacity and coral energetics measurements, respectively) and molecular biology (
analyses indicated) (A). For each gorgonian species (Paramuricea clavata and Eunicella cavolini), nine colonies were
cut into two equal-sized fragments. Paired fragments were divided over the two temperature conditions (“Control
16°C” and “Stress 24°C with upwelling”), with a maximum of three different colony fragments per tank (B).
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(Fig. 5A). Samples from each fragment were taken at seven time points over the course of the experi-
ment (Fig. 5A) for physiology and molecular biology analyses as detailed below.

Host physiological parameters. (i) Coral energetics. (a) Sample preparation. Samples of around
6 cm were collected at the end of the experiment (T6 in Fig. 5A) from each fragment and immediately
flash frozen and stored at 280°C until further processing. Frozen samples were lyophilized overnight
(Christ Martin Alpha Freeze dryer, Fisher Scientific). The tissue was removed from the skeleton and
crushed into a powder. The total dry weight (DW) of the gorgonian tissue (i.e., excluding the proteina-
ceous skeleton) was determined. Subsamples with a known weight were then used to perform the dif-
ferent analyses described below.

Ash free dry weight (AFDW) was used to normalize the physiological parameters and for interspecies
comparisons (63). For this purpose, a correlation curve between DW and AFDW was established for each
gorgonian species. Subsamples with different DW (from 2 to 15 mg) were weighed before and after
being burned at 450°C for 4 h to remove all the organic material. The difference between the two meas-
urements (total dry weight and ash) corresponds to the AFDW.

(b) Total protein, lipid, carbohydrate, and lactate concentration. Proteins were extracted from
5 mg of dry tissue in 200 mL of 1 M sodium hydroxide and heated at 90°C for 30 min. Total protein con-
centration was measured using the Pierce BCA Protein assay kit (Thermo Fisher Scientific) following the
manufacturer’s instructions and expressed in mg of proteins per mg AFDW.

To extract lipids, 10 mg of dry tissue was added to 1.5 mL of chloroform/methanol (2v:1v) in Pyrex
tubes and incubated at room temperature for 20 min on an orbital shaker. The tubes were centrifuged
at 1,000 g/min for 5 min to remove debris, and 1 mL of extract was subsequently evaporated in a dry
bath at 90°C. Total lipid concentration was measured using a protocol based on the sulfo-phospho-vanil-
lin reaction method from Barnes and Blackstock (64). The net absorbance values at 520 nm were read
using a spectrofluorometer (Xenius, SAFAS, Monaco) and were compared with a standard curve made of
known concentrations of cholesterol (65). Total lipid concentrations were expressed in mg of lipids per
mg AFDW.

Total carbohydrates were extracted from 15 mg of dry tissue by sonication (20 pulses) in 200 mL of
cold 1� PBS on ice. Total carbohydrate concentration was measured using the Total Carbohydrate assay
kit (Sigma-Aldrich). Kit standards were diluted in cold 1� PBS. The net absorbance values at 490 nm
were read using a spectrofluorometer (Xenius, SAFAS, Monaco) and were compared with a standard
curve made of known concentrations of d-glucose. Total carbohydrate concentrations were expressed in
mg of carbohydrates per mg AFDW.

Lactate concentration was measured in 10 mg of dry tissue using the Lactate assay kit
(SigmaAldrich), which uses lactate dehydrogenase enzyme activity to convert lactate into pyruvate fol-
lowed by the colorimetric detection (net absorbance values read at 570 nm). Lactate concentration was
expressed in ng per mg AFDW.

(ii) Total antioxidant capacity (TAC). Samples of 2 cm were collected from each colony at T4, T5,
and T6 (i.e., before, during, and after the second simulated upwelling event; Fig. 5A). Samples were
flash frozen and stored at 280°C. Frozen samples were put in a 1.5 mL Eppendorf tube containing 200
mL of cold 1� PBS (Phosphate-Buffered Saline), and tissues were lysed by sonication (20 pulses at
70 Hz; Vibra-Cell, Bioblock Scientific, France) on ice. To normalize TAC values, the protein concentra-
tion in 5 mL of sample was also assessed using the Bradford Protein assay kit (Thermo Fisher). The
lysate was diluted to the same protein concentration, and the total antioxidant capacity (or oxyradical
scavenging capacity) was determined using the OxiSelect Total Antioxidant Capacity assay kit (Cell
Biolabs Inc.). The net absorbance values at 490 nm were read using a spectrofluorometer (Xenius,
SAFAS, Monaco) and were compared with a standard curve made of known concentrations of the anti-
oxidant uric acid. The results are expressed as mM Copper Reducing Equivalents (CRE) normalized per
mg of protein.

(iii) Data analyses. All graphical and statistical analyses were carried out in the R environment (ver-
sion 4.0.0). Generalized linear mixed effects models (R-package lme4) (66) were fitted including treatment
and/or time as fixed factors and experimental tank and colony as random factors to assess whether an
effect of tank and/or colony existed in the measured physiological parameters (protein content, lipid
content, carbohydrate content, TAC concentration). As no significant random effects were observed, all
data were analyzed using generalized linear models (GLM) with treatment and/or time as fixed factors.
Normality and homoscedasticity of the residuals were verified using the Shapiro’s and Levene’s tests (R-
package car) (67), respectively. In case the distribution of residuals did not follow a normal distribution,
a Box Cox-based transformation was applied prior to model fitting. In case of multiple hypothesis test-
ing, a Bonferroni correction was applied and an a of, 0.025 was used.

Bacterial community analysis. (i) DNA extraction. Samples of 2 cm were collected from each col-
ony at all time points (Fig. 5A) and kept in RNA later at 4°C until further processing. DNA was extracted
using the DNeasy PowerBiofilm kit (Qiagen) with the following modifications: during the cell lysis step, 2
mL 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, Germany) at a frequency of 30 Hz. Negative extraction
control samples (i.e., extraction without sample material) were processed at the same time as the sam-
ples of gorgonians to account for contaminants. DNA concentration was measured using a fluorimeter
(BioTek), and DNA was stored at 220°C.

(ii) Illumina MiSeq 16S rRNA gene amplicon sequencing. DNA was sent to STAB VIDA (Portugal) for
amplicon library preparation using Illumina’s standard 16S Metagenomic Sequencing Library Preparation
protocol (68). The V3-V4 region of the 16S rRNA gene was amplified using the forward primer 341F 59-
CCTACGGGNGGCWGCAG-39 and the reverse primer 785R 59-GACTACHVGGGTATCTAATCC-39 (69). Libraries
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were pooled in equimolar ratios and paired-end (2 � 300 bp) sequenced on the Illumina MiSeq platform
with V3 chemistry. The .fastq files containing the raw sequencing data have been deposited in the NCBI’s
Short Read Archive (SRA) under BioProject accession numbers PRJNA746505 and PRJNA748844.

(iii) Bioinformatics data processing. The 16S rRNA gene amplicon data were processed using the
USEARCH v11 software (64-bit version, https://drive5.com/usearch/) (70). MiSeq sequencing produced
24,054,550 reads, ranging from 20,762 to 169,948 reads per sample, and 4792 and 4938 reads in the neg-
ative extraction control samples. Reverse reads were truncated using -fastx_truncate with a base quality
threshold of .Q20 to ensure that high quality reverse read (R2) data were used for merging. Forward
read (R1) and reverse reads (R2) were merged using -fastq_mergepairs with the following settings: a
minimum and maximum length of the merged sequence of 410 bp and 500 bp, and a minimum and
maximum overlap length of 20 bp and 100 bp. The primer sequences were removed from the merged
sequences using -fastq_truncate, and the resulting sequences were quality filtered allowing a maximum
of one expected error using -fastq_filter, obtaining 9,163,472 sequences of 427 bp on average. A total of
500,997 unique sequences were identified and subsequently denoised using the UNOISE3 algorithm,
obtaining 2512 zero-radius operational taxonomic units (zOTUs). zOTUs were annotated using the
SINTAX algorithm with an assignment confidence cutoff of 0.6 based on the SILVA SSU reference data-
base (version 138) (71). OTU tables were generated by clustering sequences with an identity similarity
value of 0.985 using -usearch_global algorithm. The OTU table, the sequences of each zOTU, and the
metadata are available as supplemental data.

(iv) Data analyses. The R-package decontam (72) was used to identify putative contaminant OTUs in
the samples based on the negative extraction control samples (isContaminant function). Nineteen of the
2,196 OTUs were identified as putative contaminants and were removed. Chao1 estimations of the richness
were calculated using the R-package vegan (73), and analyses of variance (ANOVA) were used to test if
Chao1 estimation richness was similar between thermal conditions and gorgonian species (Table S1). For
beta diversity analyses, raw OTU abundances were transformed by calculating the centered log-ratios (clr) as
implemented in the R-package compositions (74) after zero counts were imputed based on Bayesian multipli-
cative replacement (Bayes-LaPlace BM method of the cmultRepl function of the R-package zCompositions)
(75). Clr-transformed count data were then used as inputs for multivariate hypothesis testing (76, 77). First,
an Aitchison distance matrix was generated by calculating the Euclidean distances between samples based
on the clr-transformed data table. Based on the Aitchison distance matrix, principal-component analyses
(PCA), as well as permutational multivariate analysis of variance (PERMANOVA) and dispersion analyses
(PERMDISP) as implemented in PRIMER6 1 PERMANOVA (78, 79), were used to assess differences in beta di-
versity and dispersion between the two thermal conditions and sampling time points. The PERMANOVA
model included Thermal Condition and Time (nested in Thermal Condition) as fixed factors and Colony as a
random factor to account for repeated measures, and the analysis was performed under Type III partial sums
of squares under a reduced model with 9,999 permutations. In addition, as changes in the bacterial com-
munities appeared to be colony dependent, hierarchical cluster analyses (WardD2 method) were used to
objectively identify colonies that showed large or minor changes in the microbiota and assign those to two
different groups (A and B). Taking into account the two groups, PERMANOVA and dispersion analyses were
performed to test for differences in beta diversity of the microbiota due to treatment at different sampling
time points (T4–T6) and for temporal effects within thermal treatments.

Distance-based redundancy analyses (dbRDA) were also carried out to evaluate whether links existed
between coral host physiological parameters (i.e., protein, lipid, carbohydrate concentration, and TAC)
as well as biomass loss (i.e., percentage of protein, lipid, and carbohydrate lost between control and
stress colonies), and the differences in the bacterial community structure at time point T6.

Differential abundance analyses were performed to identify OTUs that were differentially abundant
between treatments in both groups (i.e., A and B groups) at time points T4, T5, and T6 using the R-pack-
age ANCOMBC, excluding OTUs with a proportion of zeroes greater than 0.6 and considering OTUs differ-
entially abundant when a , 0.01 (80).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 3.8 MB.
SUPPLEMENTAL FILE 2, XLSX file, 1.3 MB.
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