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Cold-water corals are threatened by global warming, especially in the
Mediterranean Sea where they live close to their upper known thermal
limit (i.e. 13°C), yet their response to rising temperatures is not well
known. Here, temperature effects on Lophelia pertusa and Madrepora oculata
holobionts (i.e. the host and its associated microbiome) were investigated.
We found that at warmer seawater temperature (+2°C), L. pertusa showed
a modification of its microbiome prior to a change in behaviour, leading
to lower energy reserves and skeletal growth, whereas M. oculata was
more resilient. At extreme temperature (+4°C), both species quickly lost
their specific bacterial signature followed by lower physiological activity
prior to death. In addition, our results showing the holobionts’ negative
response to colder temperatures (−3°C), suggest that Mediterranean corals
live close to their thermal optimum. The species-specific response to temp-
erature change highlights that global warming may affect dramatically the
main deep-sea reef-builders, which would alter the associated biodiversity
and related ecosystem services.
1. Introduction
Human activities have increased the atmospheric CO2 concentration by up to
40% [1], leading to an increase in sea temperatures [2]. The deep sea is also
impacted as the effect of climate change has been observed down to several
hundreds to thousands metres depth [3,4]. The Mediterranean Sea, an almost
land-locked sea, is particularly exposed to the effects of global warming [5],
and deep-water temperatures may increase by 1.5°C by the end of the century
[2,6]. Climate change will thus impact deep-seafloor ecosystems and may well
influence the distribution of suitable habitats for a number of species in the
deep ocean [7,8].

Among deep-sea habitats, the reefs formed by cold-water corals (CWCs)
provide niches and nursery grounds for a variety of species, including commer-
cial species [7]. Accordingly, these deep-sea engineers of high ecological and
economical values require specific conservation strategies. Unfortunately,
CWC reefs are threatened by direct anthropogenic activities, and the increase
of CO2 concentrations that acidifies and warms up seawater. The impacts of
ocean acidification and warming on coral physiology, and particularly for cal-
cification, have been studied recently [9–11]. The integrative effects of climate
change at different biological scales in the coral holobiont are, however,
poorly known. Additionally, tolerance to temperature changes could differ
between species, as suggested by the opposite responses in calcification rates
observed for Dendrophyllia cornigera and the solitary cup coral Desmophyllum
dianthus [10,12].

The main deep-sea engineers Lophelia pertusa (recently synonymized to
Desmophyllum pertusum [13]) and Madrepora oculata exhibit different ecological
strategies in terms of growth, nutrition, reproduction and bacterial community
composition [14–16], suggesting different responses to environmental changes.
The impact of climate change on the two species is still debated, as fossils and
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recent analyses of corals from the Mediterranean Sea and the
Atlantic Ocean have suggested a higher temperature toler-
ance for M. oculata compared to L. pertusa [17–20], while
short-term aquaria experiments have described lower ther-
mal acclimation potential for calcification and respiration
[21].

Compared to their shallow-water counterparts, the study
of global warming effects on reef-building CWCs is still in its
infancy. For tropical corals, higher seawater temperatures
impact colony calcification and induce expulsion of symbiotic
zooxanthella (so-called coral bleaching), with the emergence
of diseases leading to significant mortality rates [22]. More
recently, studies on tropical octocorals and scleractinians at
the holobiont level revealed the role of the microbiome for
coral resilience to changing environmental conditions
[23–25]. A novel holobiont approach would be useful for
deep-sea corals and might provide clues to determine their
resilience to future changes.

The aim of this study was to investigate the effects of sea-
water temperature changes on the main deep engineer coral
species, L. pertusa and M. oculata, from the Mediterranean
Sea, where they live close to their upper known thermal
limit (i.e. 13°C). We tested whether cooler (10°C) or warmer
seawater temperatures (15°C and 17°C) had an effect on the
coral-associated microbial communities, behaviour (prey cap-
ture rates and polyp activity), energy budget (total organic
matter (TOM) and lipid, protein and carbohydrate tissue con-
tents), skeletal growth rates and polyp survival. We
conducted investigations on CWCs at the holobiont level
for the first time, to provide a more complete view of the
physiological pathways that could be affected by global
warming, at short (one week) and longer (two and six
months) timescales. A species-specific response to seawater
temperature changes could in turn change the composition
of CWC communities in the deep sea.
2. Material and methods
(a) Coral sampling
Specimens of L. pertusa and M. oculata were collected at 540 m
depth from the Lacaze-Duthiers canyon in the Gulf of Lion, in
the northwestern Mediterranean Sea (42°3207200 N, 03°2502800 E)
using the remotely operated vehicle (ROV) Super Achille from
the R/V Janus II ship (COMEX Company). Three distinct living
colonies of each species were sampled within a small area (less
than 70 m2) explored earlier [15,16]. Coral fragments were then
transported to the sea surface using thermally insulated polypro-
pylene boxes that maintain the ambient seawater temperature (i.e.
13°C) and transferred on board into aerated 30 l seawater tanks
maintained at 13°C using a chiller. Once at the laboratory (Banyuls
Oceanological Observatory), coral colonies were cut into nubbins
that contained 4–25 living polyps for L. pertusa and 6–30 living
polyps for M. oculata. The nubbins were glued onto cement
blocks using an aquatic epoxy resin and then maintained in
tanks for three months prior to the start of the experiment. This
ensured a full recovery of the corals from the stress caused by
the collection and cutting, and allowed acclimatization to labora-
tory conditions. During that time, coral nubbins were placed in a
dark thermoregulated room at 13°C in aerated 80 l tanks that
received continuous flow (1.5 renewal day−1) of filtered (5 µm)
Mediterranean seawater pumped from 10 m below the surface.
They were fed alternatively three times per week with Artemia
and MarineSnow plankton diet (ratio 2 : 1, respectively).
(b) Experimental design
Experiments were conducted in four different tanks to maintain
corals at 10°C, 13°C, 15°C and 17°C (electronic supplementary
material, appendix and figure S1), where 13°C represented the
in situ temperature (= control). The tank at 15°C represented
the temperature forecast by the IPCC [2] for the end of this cen-
tury in the deep Mediterranean Sea, and 17°C simulated the
extreme warmest conditions. Finally, 10°C was used to investi-
gate if corals maintained their health conditions at colder than
present Mediterranean temperatures. This temperature corre-
sponds to the thermal conditions of North Atlantic corals that
thrive at 10°C. It also allows a direct comparison with earlier
studies on the response of L. pertusa and M. oculata’s oxygen
consumption and calcification at 10°C [11,21].

Experiments were conducted following the recommendations
made in Orejas et al. [26] for CWC aquaria studies. Coral nubbins
from three different colonies of each species were transferred and
randomly distributed in 36 l experimental tanks. A total of 62 nub-
bins (32 for L. pertusa and 30 for M. oculata) were placed in each
tank, with enough distance between nubbins to avoid any contact
among the polyps [26]. These 62 nubbins contained overall 280
polyps of L. pertusa and 350 polyps ofM. oculata. Each experimen-
tal tank was equipped with a small water pump to maintain a
constant flow (3 cm s−1), and placed in a larger water bath tank
to ensure stable temperature regulation. The temperature was
maintained bya temperature controller (Biotherm,HOBBY, precise
at 0.1°C), coupled with titanium resistances or chillers, depending
on the conditions. An additional acclimation period of one
month in the experimental aquaria was applied to the nubbins
prior to temperature changes. Then, the experimental tempera-
tures were linearly achieved over 7 days to avoid physiological
shock following the protocol described by Naumann et al. [21].
The temperature in each tank was monitored every 10 min using
an autonomous IBUTTON probe and manually taken twice a
day using a digital thermometer. The pH and oxygen concen-
trations were measured manually every week (pH between 8
and 8.2 and oxygen concentration over 90% saturation).

During the experiment, the corals were fed three times a
week alternately with freshly hatched Artemia salina nauplii
(350 l−1) and with MarineSnow plankton diet (Two Little Fishies
Inc., Miami Gardens, USA, 5 ml per flume), to provide a rich
nutrient supply.
(c) Skeletal growth, behaviour and energy reserves
The skeletal growth, behaviour and energy reserves were
measured for each temperature condition. The skeletal growth
was assessed through the polyp linear growth rate, based on
the use of calcein staining [27] easily recognized under fluor-
escent light microscopy (electronic supplementary material,
figure S2), following the protocol described in Chapron et al.
[28]. Skeletal growth was also monitored with the measures of
calcification rates from the buoyant techniques [29]. The detailed
protocols of both polyp linear growth rate and calcification
rates from the buoyant weight are provided as electronic
supplementary material.

Behaviour was assessed by measuring prey capture rates and
polyp activity at the start of the experiment (T0), at one week,
and every month until the end of the six-month experiment.
The prey capture rates for each coral species were estimated
using the protocol described by Purser et al. [30] by assessing
Artemia salina nauplii concentrations in the seawater before
(350 l−1) and after feeding, and by normalizing to the number
of polyps (electronic supplementary material). Polyp activity
was inferred from video survey of tentacles movement during
feeding, based on a method modified from Chapron et al. [28]
(electronic supplementary material, figure S2). Briefly, we com-
pared pictures extracted from the video and highlighted the
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number of changing pixels that register tentacle movements
electronic supplementary material).

The energy reserves were measured as the TOM and the
three main classes of compounds (lipids, proteins and carbo-
hydrates) at the start of the experiment (T0) and at two and six
months. The TOM, lipids, proteins and carbohydrates were
extracted from the freeze-dried nubbins (electronic supple-
mentary material). The TOM weight represents the difference
between the weight before and after combustion at 450°C.
Lipids were quantified following the colorimetric assay devel-
oped by Barnes & Blackstock [31] with cholesterol as standard,
proteins were determined by the Bradford method [32] with
serum albumin and γ globulin as standard, and the carbo-
hydrates were determined according to Dubois et al. [33] with
glucose as standard (electronic supplementary material).

(d) Coral bacterial communities
Coral bacterial communities for each temperature condition were
assessed from three polyps (including tissues, gut and mucus)
per colony at the start of the experiment (T0) and at one week,
two months and six months. One litre of aquarium seawater
was sampled at the same times, and filtered on 0.22 µm filter
after prefiltration through a 3 µm pore-size polycarbonate filter
(Millipore). Coral samples and the 0.22 µm filters were flash
frozen in liquid nitrogen and then stored at −80°C until nucleic
acid extractions. For DNA extraction, individual polyps were
crushed using a sterile hammer and tissues were homogenized
in tubes containing a garnet matrix (Lysing Matrix A without
the large ball, MP, Biomedical, Santa Ana, CA, United States),
and lysed mechanically using a FastPrep Instrument (MP,
Biomedical) (adapted from Galand et al. [34]). DNA extraction
was performed using the Maxwell Blood DNA Purification
Kit LEV and the Maxwell 16 MDx Instrument (Promega,
Madison, WI, United States) following the manufacturer’s
instructions. The same protocol was applied for the seawater bac-
teria community after cutting the filters in small fragments before
mechanical lysis.

For the sequencing, the V1–V3 region of the bacterial 16S
rRNA genes were amplified using the primers 27F AGRGTTT
GATCMTGGCTCAG and 519R GTNTTACNGCGGCKGCTG
with a single step and 28 cycles of polymerase chain reaction
(PCR) using the HotStarTaq Plus Master Mix Kit (Qiagen, Valen-
cia, CA, United States). Amplicon fragments were PCR-amplified
using the high-fidelity Phusion polymerase under conditions of
30 s at 98°C, 16 cycles of 98°C for 10 s, 60°C for 30 s, 72°C for
80 s and final extension for 5 m at 72°C. Following the PCR, all
the amplicon products from the different samples were mixed
in equal concentrations and purified using Agencourt Ampure
beads (Agencourt Bioscience Corporation, MA, United States).
The DNA library was prepared using the purified PCR products
following the Illumina TruSeq DNA library preparation protocol.
All the samples were sequenced on the same Miseq Illumina
sequencer run using Miseq reagent kit V3 (Illumina) producing
2 × 300-bp long reads. PCR and sequencing were conducted in
a commercial laboratory (Integrated Microbiome Resource,
Halifax, Canada). All sequences were deposited in GenBank
under SRA accession number PRJNA648865.

Sequence analysis was performed with DADA2 in ‘R’ to ana-
lyse and correct Illumina-sequenced amplicon errors [35]. We
applied the standard pipeline with the following parameters:
trimLeft = 21, truncLen = c(290, 250), maxN = 0, maxEE = c(5,5),
truncQ = 2. The sequences were filtered, dereplicated, and chi-
meras removed, to obtain amplicon sequence variants (ASVs).
ASVs were classified against the SILVA v. 128 database [36] for
taxonomic assignment. An additional BLAST [37] search was
performed on the ASVs selected by SIMPER analysis from the
vegan package. Samples containing less than 100 reads were
removed (17 samples).
(e) Statistical analysis
Tests for normality of variancewere performed using the Shapiro–
Wilk test with the R software (v. 3.4.3). The distributions were not
normal for prey capture rates, polyp activity and skeletal growth
rates ( p < 0.05), so a multiple comparison non-parametric
Kruskal–Wallis (K–W) test was used to test possible statistical
differences among thermal conditions and sample times for each
parameter. For the energy storages, the distribution of TOM,
lipids, proteins and carbohydrates were normal allowing a
multiple factors ANOVA analysis. Tukey Post hoc tests were
performed to determine differences among conditions.

To enable comparison of the bacterial community compositions
and diversities, the sequence data were normalized by dividing
counts for each sample by the sample’s size to obtain a relative
abundance (average of 2500 reads per sample). Comparison of bac-
terial community compositions was assessed by correspondence
analysis (CA) with the phyloseq package [38] in R. The Bray–
Curtis index and the Shannon diversity index were computed
between and within samples with the vegan package [39]. The bac-
terial diversity data were compared among coral species,
temperature and time of exposure using analysis of similarities
(ANOSIM). ANOSIM is a non-parametric test that uses a dissimi-
larity matrix as input to determine if there are significant
differences in the microbial community composition between
groups of samples. A simper testwas appliedwith the plyr package
[40] to identify the ASVs that characterized the different samples.
3. Results
(a) Polyp survival
There was no polyp mortality for either of the two species at
10°C, 13°C and 15°C during the whole experiment. At 17°C,
polyp survival of L. pertusa decreased to 54 ± 14% at one
month, then to 20 ± 8% at six months. For M. oculata, polyp
survival decreased gradually with 30 ± 2% at one month to
0% at six months (figure 1).

(b) Skeletal growth
Overall, L. pertusa had a significantly higher polyp linear
growth rate than M. oculata (average of 2.5 ± 2.8 mm yr−1 and
0.6 ± 0.4 mm yr−1 respectively, table 1, electronic supplemen-
tary material, figure S3, K–W, n = 295, p < 0.01). Lophelia
pertusa apical polyps, namely those produced at branch sum-
mits and which drive the linear extension of the colony
(electronic supplementary material, appendix and figure S4),
grew faster than their subapical polyps (average of 3.7 ±
3.5 mm yr−1 and 1.4 ± 1.2 mm yr−1, respectively, table 1, elec-
tronic supplementary material, figure S3, K–W, n = 87, p =
0.001). Lophelia pertusa polyp linear growth rate was signifi-
cantly lower at 10°C compared to 13°C, when considering
both apical and subapical polyps (K–W, n = 87, p = 0.02).
When considering only apical polyps, the polyp linear
growth rate was statistically lower at both 10°C (K–W, n = 44,
p = 0.02) and 15°C (K–W, n = 44, p = 0.04), compared to 13°C.
For M. oculata, no differences were observed among tempera-
tures (K–W, n = 208, p > 0.05) and polyp position (K–W,
n = 208, p > 0.05). The 17°C data could not be used due to the
high mortality observed already after two months leading to
the absence of biological material at six months for M. oculata.
For L. pertusa, the few remaining living polyps were used to
assess coral bacterial community composition.

Based on the buoyant weight data, overall, L. pertusa
had a significantly higher calcification rate than M. oculata
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Table 1. Average polyp linear growth rates ± s.d. (mm yr−1) of L. pertusa and M. oculata for all, apical and subapical polyps, under different temperature
conditions after six months of incubation. The number in brackets represent the number of replicates.

all polyps (mm yr−1) apical polyps (mm yr−1) subapical polyps (mm yr−1)

Lophelia pertusa all 2.5 ± 2.8 (87) 3.7 ± 3.5 (44) 1.4 ± 1.2 (43)

10°C 1.6 ± 2.3 (31) 2.7 ± 2.9 (14) 0.7 ± 0.9 (17)

13°C 3.6 ± 3.3 (26) 4.9 ± 4.1 (13) 2.3 ± 1.3 (13)

15°C 2.6 ± 2.7 (30) 3.5 ± 3.3 (17) 1.4 ± 0.7 (13)

Madrepora oculata all 0.6 ± 0.4 (208) 0.5 ± 0.3 (58) 0.6 ± 0.4 (150)

10°C 0.6 ± 0.4 (62) 0.6 ± 0.3 (17) 0.7 ± 0.4 (45)

13°C 0.6 ± 0.3 (75) 0.5 ± 0.2 (19) 0.7 ± 0.4 (56)

15°C 0.5 ± 0.4 (71) 0.5 ± 0.4 (22) 0.6 ± 0.4 (49)
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(average of 0.023 and 0.015 G % day−1, respectively, K–W, p <
0.05, n = 116, electronic supplementary material, appendix
and figure S5). Within both species, there were no significant
differences in calcification rates among temperatures.
(c) Behaviour
Lophelia pertusa had significantly higher prey capture rates
and polyp activity compared to M. oculata (figure 2, K–W,
p < 0.05, figure 3). Under control temperature condition
(13°C), these parameters did not change during the whole
experiment for L. pertusa and M. oculata (K–W, p < 0.05).

At 10°C, significantly lower values compared to control
were observed at six months for L. pertusa (K–W, p < 0.05,
figure 2). For M. oculata, prey capture rates and polyp activity
were significantly lower than control (K–W, p < 0.05) during
the first four months then the values increased to reach
control condition levels.

At 15°C, the prey capture rates were at their lowest at
one week for both species, and then increased gradually to
be significantly higher than the control after three months
(figure 2; K–W, p < 0.05). The same pattern was observed
for L. pertusa’s polyp activity, in contrast to M. oculata’s that
decreased gradually the first four months, and then increased
to reach control values after five months (K–W, p > 0.05).
At 17°C, both species showed significantly lower prey
capture rates and polyp activity than control from one
week to the end of the experiment (figure 2; K–W, p > 0.05).
(d) Energy storage
The TOM content did not differ between species during the
whole experiment (electronic supplementarymaterial, appendix
and figure S5, ANOVA p> 0.05). No difference was observed at
10°C compared to control values. TOM contents were signifi-
cantly lower at six months for 15°C (electronic supplementary
material, appendix and figure S5, ANOVA p < 0.05), and lower
at two months for 17°C (electronic supplementary material,
appendix and figure S5, ANOVA p < 0.05).

At the start of the experiment, both species had higher
concentration of lipids and then proteins, compared to carbo-
hydrates (figure 3). At 10°C, the lipid concentrations were
significantly lower than control at six months for L. pertusa
but not for M. oculata. Both species exhibited the same
trends for warmer temperatures (figure 3a,b), with lower
lipid and protein concentrations compared to control at six
months for 15°C, and at two months for 17°C (with the excep-
tion of lipids from L. pertusa due to a high standard deviation
value). For both species, lipids were the dominant component
of the TOM at the beginning of the experiment, then proteins
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became the most abundant component at the end for
all temperatures for L. pertusa, and at 15°C and 17°C for
M. oculata (figure 3a,b). For carbohydrates, there were no
differences among temperatures for either species (figure 3c).
(e) Coral bacterial communities
The seawater bacterial communities were similar between all
tanks at the start of the experiment (T0), and differed from
the coral bacterial composition (figure 4; electronic sup-
plementary material, appendix and table S1). At the start of
the experiment (T0), L. pertusa and M. oculata had different
bacterial communities (figure 4; electronic supplementary
material, appendix and table S1, ANOSIM, p < 0.01).

Under control conditions (13°C), the coral bacterial commu-
nity compositions for both species L. pertusa andM. oculata did
not change significantly through time (figure 4; electronic
supplementary material, appendix, ANOSIM, p > 0.01).

Under experimental conditions, at one week, no change in
bacterial community composition was observed in both
L. pertusa and M. oculata (electronic supplementary material,
appendix and table S2, ANOSIM p > 0.05). At two months,
the microbiome of L. pertusa at 15°C and 17°C became similar
to each other, separated from 10°C to 13°C microbiomes,
and converged in their composition with the microbiome of
M. oculata at 17°C (figure 4; electronic supplementarymaterial,
appendix and table S2). At six months, L. pertusa’s microbiome
at 10°C, in turn, became similar to the microbiome at 15°C and
17°C. By contrast inM. oculata, the microbiomes at 10°C, 13°C
and 15°C were similar to each other and did not change with
time (figure 4; electronic supplementary material, appendix
and table S2). No data were available for M. oculata after six
months at 17°C as all polyps were dead.

The bacterial communities always showed higher diversity
in L. pertusa than in M. oculata (Shannon diversity index,
ANOVA p < 0.01). This diversity increased through time at
each temperature for L. pertusa, while it remains stable for M.
oculata, except at two months for 17°C, where an increase
was observed (electronic supplementary material, appendix
and figure S7).

At the start of the experiment and in control condition,
the ASV1 (order Cellvibrionales) was the most abundant in
L. pertusa (14%) and the ASV6 (Spirochaetales) was the most
abundant in M. oculata (15%). Most of these ASVs were
most closely related to sequences previously retrieved from
shallow-water coral species (electronic supplementary
material, appendix and table S3).

At 10°C, the ASV1 and ASV42 (Rhodobacterales) were the
most abundant at one week in both coral species, then
the ASV12 (Rhiziobiales) at two months, and the ASV49
(Rhodobacterales) at six months (electronic supplementary
material, figure S8).

At 15°C and 17°C, both L. pertusa and M. oculata bacterial
communities were dominated by the ASV1 and ASV24
(order Rhodobacterales) at one week. Then, they were domi-
nated by the ASV4 (order Rhodobacterales) and ASV3 (order
Acidimicrobiales) at two months, with significantly higher
abundances at 17°C (electronic supplementary material,
figure S8 and table S3). The ASV23 (Epsilonproteobacteria)
also increased in relative abundance at 17°C for both species
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at two months. The ASV24 is 100% similar to sequences
found in bacteria growing on living [41] or inert surfaces [42].

Most of these dominant ASVs characterizing lower
or higher temperatures were not related to sequences pre-
viously found on corals (electronic supplementary material,
appendix and table S3).
4. Discussion
Present Mediterranean CWCs are found at approximately
13°C, but deep-water temperatures are forecasted to increase
by 1.5°C [2,6]. The absence of polyp mortality at 15°C
suggests that both L. pertusa and M. oculata should tolerate
the temperature expected at the end of this century. However,
a 2°C increase significantly impacted L. pertusa at the holo-
biont level, with lower skeletal growth, energy reserves
(except for carbohydrates, which are not a major component
of the total energy storages in corals), altered behaviour
and changes in coral microbiome. These changes appeared
less pronounced for M. oculata, which may influence coral
community composition in the future deep sea.

The reduced growth rate of L. pertusa at warmer tempera-
tures may be due to an alteration of the coral metabolism as
suggested by the reduction of their energy reserves at six
months, even though they increased their prey capture rate
through a higher polyp activity. This behavioural compensa-
tory response to increase food intake is noteworthy and
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supposed tomaintain vital energy levels [8,25]. It was observed
earlier for L. pertusa, which maintained its skeletal growth
despite an increase in temperature from 8°C to 12°C [43]. In
our experiment, however, the higher prey capture rates did
not appear to mitigate the increase in metabolic demand as
seen by the decrease in energy reserves and skeletal growth.
When lipid storage becomes depleted, proteins can increas-
ingly be used as an energy source [44,45], as observed here
with the progressive adjustment from a lipid dominated cata-
bolism to a higher degree of protein breakdown, leading to a
physiological shift since corals invest mostly in survival
rather than growth [46,47]. Thus, despite the absence of mor-
tality, future temperature (15°C) may reduce the capacity of
L. pertusa to produce large reef structures.

Themicrobiome of L. pertusawas also affected at 15°C, with
a change in microbial community composition within two
months. These early changes in the microbial communities
indicate that dysbiosis (change in bacterial community compo-
sition, including opportunist species) can occur rapidly with
increasing temperature. This may impact themetabolic activity
and energy acquisition of the host, as associated bacteria are
involved in key host physiological functions such as immune
response [48,49] and nutrient acquisition [50]. We observed
the dominance of bacteria from the Rhodobacterales class,
which could be opportunists and/or pathogens that invade
the host when temperature increases. Rhodobacterales have
been seen earlier growing on various submerged surfaces
[42] and were linked to stress and/or coral diseases [51,52].
Their increase in abundance may thus reflect that the
host, or its microbiome, are not able to control invading
microorganisms.

Our dataset at the holobiont scale could indicate that 15°C
is a threshold temperature for the maintenance of L. pertusa
fitness. This assumption is consistent with previous obser-
vations made on L. pertusa from the Gulf of Mexico [53]
suggesting that 15°C could be the upper thermal limit for
this species. Our results are also in line with experiments
on a closely related Mediterranean species, the solitary coral
D. dianthus, which show lower calcification rates when the
temperature reaches 15°C [10]. However, the stability of the
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bacterial communities during the first week of the experiment
supports the idea that L. pertusa can tolerate short-term
exposures to 15°C, as suggested through thermal tolerance
curves established for specimens from the Arctic and boreal
reefs [54].

Conversely, M. oculata’s skeletal growth was not affected at
15°C, even though patterns in prey capture rates, polyp activity
and energy reserves were similar to L. pertusa, including the
change from lipid dominated to much less efficient protein-
dominated metabolism.Madrepora oculata’s strategy to increase
food intake and use lipid reserves seems to handle the increas-
ing metabolic demands and sustain colony growth.
Interestingly, no significant change in microbial community
composition was registered at 15°C, suggesting that M. oculata
has a more robust microbiome than L. pertusa. The stability of
M. oculata microbiome under thermal stress, although some
opportunistic bacteria (e.g. Rhodobacterales) were also observed,
may reflect a good health status and/or a higher resilience to
environmental changes as observed for shallow-water tropical
corals [23–25]. A higher temporal and geographical stability
M. oculata microbiome compared to L. pertusa has already
been observed in situ and in aquaria [16,34,55]. Part of the
core bacterial community of CWCs could represent a food influ-
enced microbiome [56,57], and its persistence may support the
metabolic activity of the coral. Higher tolerance to warming for
M. oculata than L. pertusamay explain the current distribution of
these two specieswith the dominance of the former at shallower
depths in the Mediterranean Sea, [18–20], where temperatures
increases frequently to 15°C due to dense water shelf
cascades [58–60].

An increase of 4°C (i.e. 17°C), rapidly led to high polyp
mortality for both L. pertusa and M. oculata. Our results thus
suggest that the main reef-builders in the deep sea are not resi-
lient to larger thermal changes. Short-term experiments with
L. pertusa from the Gulf of Mexico also reported low survival
for such warmer temperatures [53]. The responses that we
observed contrast, however, with other CWC scleractinians,
such as D. cornigera, which tolerate temperatures beyond
17°C [61,62], but with alterations of physiological parameters
(i.e. growth rate, calcification, respiration, total organic
carbon release) at longer exposure times [63]. Interestingly, sev-
eral health alerts occurred prior to death for both species with
prey capture rates and feeding activity fell rapidly, and became
insufficient to mitigate the metabolic demands, leading to
reduced energy reserves. Both holobionts lost their original
species-specific microbial communities that became similar to
each other. Bacteria known to be associated with stressed or
diseased corals (Rhodobacterales, Acidimicrobiales, Epsilonproteo-
bacteria) [51,52] invaded the host rapidly (since one week),
which might lead to coral dysbiosis and death. Dysbiosis
appeared prior to changes in host physiology and themicrobial
signature could, therefore, be used as a promising sentinel of
coral health [64].

Surprisingly, our holobiont approach suggests that colder
temperatures (10°C) are not associated with better health, as
both species acquired bacteria associated with stressed corals
(e.g. Rhodobacterales) [57]. The physiological response between
hosts differed, however, with a stronger impact on L. pertusa’s
energy reserves and skeletal growth. Previous studies on
L. pertusa have reported lower calcification, respiration,
ammonium and nitrogen excretion rates when the temperature
decreases [11,54,61]. This suggests that even though this
species tolerates a wide range of temperatures, Mediterranean
specimens live close to their optimum temperature (i.e. 13°C).
Further research is required to investigate if this optimum is
strictly thermo-dependent or rather reflects regional
adaptation processes. Our findings need nevertheless to be
considered with caution as they originate from laboratory
experiments in which the replicates for each colony and con-
dition were maintained in the same tank. In addition, this
study does not allow inferences regarding the dynamics of
the microbiome and energy reserves between sampling times.
5. Conclusion
This is the first CWC study on thermal stress conducted at the
holobiont level. We showed that warmer seawater tempera-
tures alter the physiology and the microbiome of both L.
pertusa and M. oculata. The predicted future temperature of
the deep sea (15°C) strongly affected L. pertusa, while M. ocu-
lata appeared more resilient, although both species collapsed
at 17°C. The cost for survival, which involves switching to
different metabolic pathways and behaviour, appeared to
limit L. pertusa’s growth, and thus, ultimately, reef extension
and habitat-forming ability for the associated biodiversity.
Madrepora oculata exhibited stable microbiome and growth,
which could mitigate thermal stress. However, the occurrence
of dysbiosis at 15°C suggests that the persistence of the future
temperature in the Mediterranean Sea may impact both
species. Considering the fundamental role of the Mediterra-
nean Sea as a refugium (e.g. during glacial times) [65] and
as a source for coral dispersion in the Atlantic, changes in
Mediterranean CWC community composition with rising
temperatures could impact deep ecosystems over a broad
geographical scale [66].
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