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Impact of seawater warming and
nutrient deprivation on the
physiology and energy
metabolism of corals
Chloé A. Pupier1,2,3*, Renaud Grover1, Cécile Rottier1

and Christine Ferrier-Pagès1*

1Marine Department, Coral Ecophysiology Team, Centre Scientifique de Monaco, Monaco, Monaco,
2Sorbonne Université, Collège doctoral, Paris, France, 3UPF, ILM, Ifremer, IRD, UMR 241 SECOPOL,
Punaauia, Tahiti, French Polynesia
Seawater temperature and the availability of dissolved inorganic nutrients (DINut)

have a major influence on the stability of the symbiosis between corals and

Symbiodiniaceae. In particular, seawater warming or DINut depletion can lead to

coral bleaching, the loss of Symbiodiniaceae from coral tissue. However, the

combined effects of heat stress and DINut deficiency on the coral energy

metabolism are still understudied. Here, we investigated the physiological and

energetic responses of the octocoral Heteroxenia fuscescens and the hexacoral

Stylophora pistillata exposed to two levels of inorganic nutrients in seawater

(control, depleted) and two temperatures, 25°C (control) and 30°C (high

temperature), in a crossed factorial design. Our results show that thermal and

DINut stress both decreased the photosynthesis to respiration ratio of the two

species and induced bleaching in H. fuscescens. While nutrient deprivation had

little effect on the corals’ energy metabolism, heat stress led to higher

concentrations of macromolecules such as carbohydrates and lipids, as well as

anaerobic metabolism, and decreased ATP production in H. fuscescens. Given

that the intensity and frequency of marine heatwaves will significantly increase in

the future, there is an urgent need to investigate the processes by which corals

can overcome starvation.
KEYWORDS

ocean warming, nutrient limitation, energetics, stress, biomarker
1 Introduction

Tropical shallow-water reefs harbor a remarkable diversity and abundance of marine

life, although they are characterized by low nutrient concentrations in seawater (Hoegh-

Guldberg and Dove, 2008; Knowlton et al., 2010). To cope with the nutrient-poor

conditions, most corals live in mutualistic symbiosis with dinoflagellates from the

Symbiodiniaceae family (LaJeunesse et al., 2018). These symbionts cover most of the
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host’s energy requirements by efficiently taking up dissolved

inorganic nutrients (DINut) from seawater and translocating

photosynthates to their host (Muscatine et al., 1984; Tremblay

et al., 2014; Schubert et al., 2017). This autotrophic nutrient

source can be supplemented by heterotrophy, the capture by the

host of particulate (detritus and particles of different sizes ranging

from bacteria to microzooplankton) and dissolved organic matter

(reviewed in Houlbrèque and Ferrier-Pagès, 2009 and

Goldberg, 2018).

Autotrophic and heterotrophic nutrients are mainly converted

into three major macromolecules- proteins, lipids and

carbohydrates- which are used for biomass and structural

material building as well as for energy production and storage

(Rodrigues and Grottoli, 2007; Kochman et al., 2021). While most

carbohydrates are rapidly respired to meet the basic energy

requirements for the maintenance and productivity of coral and

symbiont cells (Davies, 1991; Kochman et al., 2021), they can also

be incorporated into biomass or transformed into lipid via

lipogenesis (Chen et al., 2017). Lipids are either structural (such

as phospholipids in membranes) or used as the primary energy

reserve. Such reserve can be consumed during periods of high

energy demand (Grottoli et al., 2004; Rodrigues and Grottoli, 2007;

Anthony et al., 2009) because they have energy-rich bonds that

generate via oxidation ATP substrate, which is the primary energy

currency in cells (Hardie et al., 2003). Finally, proteins are mainly

used to build coral biomass, but can also be respired when

carbohydrates and lipids are depleted (Lesser, 2013). Lipid and

protein stores in coral tissue can be greatly increased when corals

have access to a mixotrophic diet (Grottoli et al., 2006; Treignier

et al., 2008). Under optimal living conditions, energetic homeostasis

is maintained by a functioning symbiosis between corals and

Symbiodiniaceae. However, when energy requirements are too

high, animals can switch to anaerobic respiration, which takes

place in the cytoplasm of the cell, yields far fewer ATP molecules

than aerobic respiration and also produces lactate (Berg et al., 2002).

In recent decades, reef ecosystems have been impacted by a

variety of environmental stressors ranging from local disturbances

to global threats, including ocean warming, acidification,

overfishing and pollution (Zaneveld et al., 2016; Hughes et al.,

2017; Guan et al., 2020). Seawater warming is one of the greatest

threats and the first cause of coral bleaching, the loss of

Symbiodiniaceae and/or their photosynthetic pigments (Heron

et al., 2016; Hoegh-Guldberg et al., 2019). At the organism level,

bleaching leads to coral starvation, because they are deprived from

their main source of autotrophic nutrient acquisition. Therefore,

corals may undergo metabolic depression during heat stress (i.e.,

decreased cellular respiration and calcification) to reduce their

energy costs (Guppy, 2004; Jacobson et al., 2016). They are also

able to increase their reliance on energetic reserves (Rodrigues and

Grottoli, 2007; Grottoli et al., 2017; Kochman et al., 2021), and/or

predation on zooplankton depending on the heterotrophic

capabilities of each coral species (Grottoli et al., 2006; Houlbrèque

and Ferrier-Pagès, 2009). It has therefore been demonstrated that

corals with high lipid reserves (Rodrigues and Grottoli, 2007;

Grottoli et al., 2017; Kochman et al., 2021), or benefiting from

increased heterotrophy (Towle et al., 2015; Levas et al., 2016;
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Grottoli et al., 2006; Palardy et al., 2008) can be more resistant

and resilient to stress. In particular, heterotrophy helps in restoring

the translocation of photosynthates from the Symbiodiniaceae to

the coral host (Tremblay et al., 2016). However, heterotrophy is

species-specific, some corals being more heterotrophic than others

(Conti-Jerpe et al., 2020), and depends on plankton availability

(Anthony et al., 2009). Seawater warming notably reduces the

availability of plankton and DINut in shallow waters. This

reduction occurs because of water column stratification, which

limits the mixing of deeper waters with the surface layer (Coma

et al., 2009). Additionally, increased productivity in the warmer,

stratified surface waters exacerbates DINut depletion, further

contributing to coral starvation (Ezzat et al., 2019). A minimum

level of DINut such as nitrogen (N) and phosphorus (P) in seawater

is also necessary for an optimal coral health (Rosset et al., 2017;

Godinot et al., 2011; Béraud et al., 2013). Béraud et al. (2013) have

demonstrated that corals supplied with 2 μM ammonium presented

a limited bleaching state and were able to maintain photosynthesis

and chlorophyll pigments during heat stress. In addition, a

complete lack of P or an imbalanced N:P ratio can enhance

bleaching (Rosset et al., 2017; Ezzat et al., 2019; Blanckaert et al.,

2023; Crehan et al., 2024).

The use of energy reserves during heat-stress has mainly been

studied in fed scleractinian (hexacoral) species (e.g. Rodrigues and

Grottoli, 2007; Grottoli et al., 2017; Cziesielski et al., 2019; Kochman

et al., 2021; Kochman-Gino and Fine, 2023). To date, only two

studies have investigated the energetic response of corals to the

combined stressors of elevated temperature and zooplankton

depletion (Rivera et al., 2023), or DINut depletion (Ezzat et al.,

2019). In addition, the energetic response to thermal stress of coral

classes other than Hexacorallia, such as Octocorallia, has also hardly

been investigated (Imbs and Yakovleva, 2012; Lõhelaid et al., 2015;

Farag et al., 2018; Sikorskaya et al., 2020; Travesso et al., 2023),

although corals with different trophic strategies can use their energy

reserves differently. For example, most octocorals have lower rates

of DINut acquisition by symbionts, either because they are unable

to fully exploit this nutrient source or because their nutrient

requirements are met through heterotrophy (Pupier et al., 2019a,

b, Pupier et al., 2021a, b; Ferrier-Pagès et al., 2022; Hill et al., 2023).

In the latter case, a depletion of DINut in seawater should not affect

them to the same extent as hexacorals with high DINut uptake rates

(Pupier et al., 2019b, 2021b). Therefore, how hexacorals and

octocorals can react to nutrient deficiencies caused either by

bleaching due to heat stress or by DINut deficiency in seawater

still remains unclear.

In this experiment, the physiological and energetic response of

the sc leract inian coral Sty lophora pis t i l la ta and the

malacalcyonacean coral Heteroxenia fuscescens (respectively

referred to as hexacoral and octocoral hereafter) to stress induced

by high temperatures and DINut starvation was compared.

Zooplankton starvation was not tested as these species are mainly

autotrophic in shallow waters (Bednarz et al., 2012; Levas et al.,

2016; Tremblay et al., 2016; Vollstedt et al., 2020). Corals from the

Red Sea are known for their extreme thermal resistance (Fine et al.,

2013), though several episodes of bleaching have been observed in

the Southern part of the Red Sea (Osman et al., 2017; Fine et al.,
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2019). Although Red Sea corals can sustain relatively high

temperature conditions when they are fed, they can be more

susceptible when facing DINut depletion (Ezzat et al., 2019). It is

therefore of major interest to investigate how they use their

energetic reserves under multi-stress conditions. Our study also

aims to determine whether the two species respond similarly to

thermal stress and DINut deficiency, at the physiological and

metabolic levels. We hypothesized that the combination of these

two stressors would be more detrimental than either stressor alone.

The results help to better understand the ability of corals to survive

periods of nutrient deficiency.
2 Material and methods

2.1 Experimental design

Twelve mother colonies of the octocoral Heteroxenia fuscescens

(Xeniidae family) and six mother colonies of the hexacoral

Stylophora pistillata (Pocilloporidae family), originally sampled in

the Gulf of Aqaba (Northern Red Sea) under CITES permit no.

DCI/89/32 and then cultured at the Monaco Scientific Centre, were

used to prepare a total of 72 nubbins per species (6 and 12 nubbins
Frontiers in Marine Science 03
per colony respectively). H. fuscescens and S. pistillata were,

respectively, in symbiosis with Durusdinium glynnii and

Symbiodinium microadriaticum, which was determined by Ezzat

et al. (2016) and Levy et al. (2016) following the protocol of Santos

et al. (2002). The assignment (formerly Symbiodinium clade D1 and

A1, respectively) corresponds to the updated nomenclature for

Symbiodiniaceae (LaJeunesse et al., 2018). Nubbins (of 5-6 big

polyps) of Heteroxenia fuscescens were attached to individual plates

while nubbins of S. pistillata (ca. 17 cm2) were individually hung on

nylon threads. Nubbins were randomly distributed in twelve

experimental 20 L tanks (i.e., n = 6 per species per tank) and

were left to recover without being fed (i.e., no supply of particulate

organic matter) for one month prior to starting the experiment

(Figure 1A). The tanks received a continuous supply of oligotrophic

Mediterranean seawater, which was filtered through sand filters

before being delivered to the aquaria. Therefore, very little

particulate organic matter reached the corals. DINut levels were

regularly measured (once a week) using a AA3 Seal autoanalyzer

according to Aminot et al. (2009). Control DINut concentrations

were PO4 = 0.22 ± 0.03 μM, NO3 = 0.84 ± 0.12 μM, NH4 = 0.17 ±

0.05 μM. These concentrations were similar to natural oligotrophic

reef conditions, which are generally <1 μM for dissolved inorganic

nitrogen sources and <0.3 μM for phosphate concentrations
FIGURE 1

Overview of the experimental design applied to the coral species Heteroxenia fuscescens and Stylophora pistillata. Corals were not supplied with
particulate organic matter (POM) for one month (A) prior to starting the dissolved inorganic nutrient (DINut) depletion in half of the tanks for another
month (B). Temperature was then gradually increased in the high-temperature tanks until reaching 30°C. Corals were maintained under these
conditions for three additional weeks (C). Arrows indicate the sampling time. C25 = DINut control water, 25°C. C30 = DINut control water, 30°C.
D25 = DINut depleted water, 25°C. D30 = DINut depleted water, 30°C.
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(Silbiger et al., 2018; Kim et al., 2022). Seawater was continuously

renewed at a flow rate of 20 L h-1. In the tanks, seawater was mixed

using mini-pumps (404 L h-1, Newa, Loreggia, Italy), and kept at a

temperature of 25°C with submersible resistance heaters (300 W

Titanium, Schego, Offenbach, Germany). Light level was set up to

200 μmol photons m−2 s−1 (12:12) using metal halide lamps

(Philips, HPIT 400 W, Distrilamp, Bossée, France). After the

recovery, half of the tanks were supplied with water depleted in

DINut until the end of the experiment (Figure 1B). For this purpose,

each depleted tank was connected to a 100 L re-circulating water

reservoir at a flow rate of 20 L h-1. To deplete the water in DINut,

water was passed through a biological filter (Fluidized bed filter BF-

700, Otto, Australia). It was entirely renewed once a day to keep the

salinity (37‰, salinity probe, Ponsel-mesure, France) and pH (8.1,

pH probe, Ponsel-mesure, France) constant in the tanks. DINut

concentrations were decreased by 30% in these depleted conditions,

with PO4 = 0.17 ± 0.01 μM, NO3 = 0.51 ± 0.04 μM, NH4 = 0.10 ±

0.01 μM. After exposing the nubbins to depleted or control water

treatment for one month, water temperature was gradually

increased (+0.5°C every two days) in half of the tanks per

treatment until reaching 30°C. Nubbins were then maintained in

these conditions for three additional weeks (Figure 1C). This

resulted in four different treatments, with triplicate tanks per

treatment: control conditions at 25°C (C25) and 30°C (C30), and

DINut depleted conditions at 25°C (D25) and 30°C (D30). At the

end of the experiment, 4 to 6 nubbins of each species per treatment

were sampled in the different tanks for the measurements of the

physiological parameters while the remaining nubbins were flash-

frozen and kept at -80°C for the determination of the

energetic parameters.
2.2 Physiological and tissue parameters

2.2.1 Physiological measurements
Oxygen fluxes were measured in the dark (respiration) and at

200 μmol photons m-2 s-1 (net photosynthesis) for 20 min following

a 15 min acclimation period. Nubbins (n = 6 per condition for S.

pistillata and n = 4 per condition for H. fuscescens) were

individually placed in closed chambers, continuously mixed with

a stirrer, filled with a known volume of 0.45 μm-filtered seawater

corresponding to the right DINut and temperature conditions.

Chambers were equipped with a Unisense optode oxygen-

sensitive minisensor connected to the Oxy-4 software (Channel

fiber-optic oxygen meter, PreSens, Regensburg, Germany). Optodes

were calibrated prior to each incubation with air-saturated (100%

oxygen) and nitrogen-saturated (0% oxygen) seawater. Gross

photosynthesis (Pg) was calculated by adding the oxygen

production to the absolute value of oxygen consumption.

Photosynthesis to respiration ratios (P:R) were calculated by

dividing the gross photosynthesis over 12h by the respiration over

24h. A subsample of these nubbins (n = 3 per treatment and species)

were also used (after a 20 min-dark acclimation) to determine the

maximum quantum yield of photosystem II of the symbionts (Fv/

Fm) using Pulse Amplitude Modulation fluorometer (dual-PAM/F,

Walz, Germany). These measurements being not destructive, the
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nubbins were then frozen at -80°C for the subsequent

determination of ash-free dry weight (AFDW) and protein

concentration, with a subsample (n = 3 per condition and

species) also used for the measurement of Symbiodiniaceae

density and chlorophyll concentration.

2.2.2 Tissue descriptors
Soft coral samples were freeze-dried, weighed to obtain their dry

weight (DW) and crushed into powder. For hard coral samples, the

tissue was first removed from the skeleton using an air brush and

directly homogenized in distilled water with a potter tissue grinder

prior to the freeze-drying step. For both coral groups, a first

subsample of the powder was dissolved into distilled water and

homogenized with a potter tissue grinder. To determine protein

concentration, 500 μL were sampled from the homogenate and

assessed using the method described by Smith et al. (1985) with a

BCAssay Protein Quantification Kit (Uptima, Interchim) and a

Xenius spectrofluorometer (SAFAS, Monaco).

The Symbiodiniaceae density was quantified by sampling

another 500 μL from the homogenate and using a Coulter

Counter (Beckman Coulter, France).

The remaining homogenate was used for the determination of

the total chlorophyll concentration, which was measured as

described in Pupier et al. (2018). Briefly, the homogenate was

centrifuged for 10 min (at 8000 g at 4°C). The symbiont pellet

was kept and treated with 5 mL of acetone (100%) amended with

magnesium chloride (Sigma-Aldrich, Germany) to extract the

chlorophyll over 24 h in the dark (at 4°C). After centrifugation at

11 000 g for 15 min at 4°C, absorbances were measured at 750, 663

and 630 nm using a Xenius spectrophotometer (SAFAS, Monaco)

and chlorophyll concentrations calculated according to Jeffrey and

Humphrey (1975).

For the determination of the AFDW, the remaining of the

powder was first weighed, and then combusted at 450°C for 4 h in a

muffle furnace (Thermolyne 62700, Thermo Fischer Scientific, the

United States). AFDW was determined as the difference between

the dry weight and ash weight of the subsample and extrapolated to

the total weight of the nubbin. All data are expressed per g-1 AFDW.

For S. pistillata, skeletal surface area was measured using the wax

dipping technique (Veal et al., 2010), allowing the data to also be

expressed per cm-2 of skeletal surface area.

Finally, a correlation was established between protein content

and AFDW to extrapolate the AFDW of carbohydrate, lactate and

ATP samples from their protein content, as these measurements

were destructive. Similarly, this approach was also used to

determine the surface area of S. pistillata skeletons for these

specific samples.
2.3 Energetic parameters

2.3.1 Lipids
Total lipids were extracted twice from three freeze-dried nubbins

(n = 3 per species and treatment) in a 2:1 dichloromethane:methanol

solution followed by stirring and ultrasonication for 10 min,

according to Bligh and Dyer (1959). The lipid extracts were
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collected after centrifugation (2000g; 10 min), filtered and washed

with dichloromethane and water (1:1). The liquid was evaporated and

the two aliquots from both extractions were pooled for gravimetric

quantification of the dried lipid extracts. Data are expressed as mg

lipids g-1 AFDW, with the AFDW of the nubbins being quantified

from a subsample of the freeze-dried powder, as described in the

previous section. For S. pistillata, data are also expressed as mg lipids

cm-2, determined as described in the previous section.

2.3.2 Sample preparation for the
biochemical assays

Prior to the determination of carbohydrate, lactate and ATP

concentrations, small coral pieces (n = 3 per condition and species)

were cut (ca. 0.5 cm²) and homogenized using 250-300 μL of the

buffer corresponding to the measured parameter (see below) in ice

by ultrasound (frequency 70 kHz, Vibra-CellTM 75, 185, Bioblock

Scientific, France). After sonication, the homogenized solution was

centrifuged and used for analysis. Total protein concentration of

each sample homogenates was determined using Coomassie

Brilliant Blue Assay (23,200, Thermo Scientific, USA) according

to Bradford (1976). This step is essential to ensure that the same

amount of material is used for all samples when measuring

carbohydrate, lactate and ATP levels.

2.3.3 Carbohydrates
Carbohydrates, which are major energy reserves in corals, were

quantified according to the pheno-sulfuric acid method (Dubois

et al., 1956) by using a Total Carbohydrate Assay Kit (MAK104,

Sigma-Aldrich, USA) with glucose as standard. Data are expressed

as mg carbohydrates g-1 AFDW and also as mg carbohydrates cm-2

for S. pistillata.

2.3.4 Lactate
L(+)-Lactate, which is a byproduct of anaerobic metabolism and

indicates that corals are experiencing hypoxic conditions, was

quantified using the Lactate Assay kit (MAK064, Sigma-Aldrich,

USA), which results in a fluorimetric (lex = 535, lem = 587 nm)

product proportional to the lactate present in the sample

homogenates. Following the manufacturer instructions, samples

were first deproteinized with a 10 kDa Molecular Weight Cut-off

(MWCO) spin filter, to avoid the degradation of lactate by the

lactate dehydrogenase. Data are expressed as pg lactate g-1 AFDW

and also as pg lactate cm-2 for S. pistillata.

2.3.5 ATP
ATP concentration, which is the primary energy currency in

cells, and directly reflects the cell’s metabolic activity, was

determined by phosphorylating glycerol using the ATP Assay kit

(MAK190, Sigma-Aldrich, USA), which results in a fluorimetric

(lex = 535, lem = 587 nm) product proportional to the amount of

ATP present in the sample homogenates. Following the

manufacturer instructions, samples were first deproteinized with a

10 kDa Molecular Weight Cut-off (MWCO) spin filter, to avoid the

degradation of ATP by enzymatic activities. Data are expressed as

μg ATP g-1 AFDW and also as μg ATP cm-2 for S. pistillata.
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2.3.6 Energy storage
Total stored energy values were calculated by multiplying the

mean of each macromolecule per condition by its combustion

enthalpy (Gnaiger and Bitterlich, 1984) and summing them

(Grottoli et al., 2017).
2.4 Statistical analysis

Analyses were performed using R version 4.3.1 software.

respectively, generalized linear models (family = Gaussian) were

performed on each species separately (with temperature and nutrient

level (DINut) as fixed factors) on all of the measured parameters.

Compliance with the assumptions of a normal distribution of the

model residuals and homoscedasticity was verified using, respectively,

Shapiro-Wilk’s and Levene’s tests, as implemented in the R-package

car (FoxandWeisberg, 2018).Datawere log-transformed tomeet these

assumptions when necessary.When a factor or the interaction of both

was significant (p-value< 0.05), Tukey’sHSD testswereperformedasa

posteriori testing using theR-packagemultcomp (Hothorn et al., 2008).

Statistical tests were not performed on the total energy storage since

lipids and carbohydrates were measured on different samples.

Student’s t-tests were used to test for differences between species

under the control condition (C25).
3 Results

3.1 Comparison of the physiology of
H. fuscescens and S. pistillata under
the control condition

Under the control condition (C25), there was no significant

difference between the two species regarding Symbiodiniaceae

density (Figures 2A, 3A and Supplementary Table S1),

chlorophyll concentration (Figures 2B, 3B and Supplementary

Table S1) and the P:R (Figures 2F, 3F and Supplementary Table

S1). S. pistillata, however, exhibited ca. five-fold higher gross

photosynthesis (Figures 2D, 3D and Supplementary Table S1) and

respiration rates (Figures 2E, 3E and Supplementary Table S1). The

Fv/Fm was slightly lower in S. pistillata (-16%, Figures 2C, 3C and

Supplementary Table S1). There was no difference between species

for the concentrations of lactate (Figures 4E, 5E and Supplementary

Table S1) and ATP (Figures 4F, 5F and Supplementary Table S1).

A very different composition in macromolecules was observed

between the soft and hard coral species since S. pistillata had ca.

two-fold higher protein concentrations than H. fuscescens

(Figures 4A, 5A and Supplementary Table S1), while this latter

had 2.5-fold more carbohydrates (Figures 4B, 5C and

Supplementary Table S1) and ca. five-fold more lipids

(Figures 4C, 5B and Supplementary Table S1) than S. pistillata.

This translated into 2.6-fold higher energy stored in H. fuscescens

than in S. pistillata (Figures 4D, 5D). The above trends

remained similar in the other conditions of temperature and

DINut depletion.
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3.2 Effect of high temperature and DINut
depletion on H. fuscescens

High temperature significantly affected the Symbiodiniaceae

density and chlorophyll concentration of H. fuscescens, resulting

in respective decreases of -23 ± 3% (Figure 2A and Supplementary

Table S2) and -22 ± 4% (Figure 2B and Supplementary Table S2) in

average as compared with 25°C. DINut depletion alone led to lower

Fv/Fm (-14 ± 3%, Figure 2C and Supplementary Table S2) and P:R

(-21 ± 8%, Figure 2F and Supplementary Table S2). While there was

no significant effect of high temperature or DINut depletion on the

rates of gross photosynthesis (Figure 2D and Supplementary

Table S2) and respiration (Figure 2E and Supplementary

Table S2), the interaction of these two factors significantly

affected the chlorophyll concentration (Figure 2B and

Supplementary Table S2), gross photosynthesis (Figure 2D and
Frontiers in Marine Science 06
Supplementary Table S2) and P:R (Figure 2F and Supplementary

Table S2). Particularly for the latter, the highest value was observed

in the control (C25) treatment compared to all others Figure 2F and

Supplementary Table S2).

The different treatments had no impact on the protein

concentration of H. fuscescens (Figure 4A and Supplementary

Table S2). However, carbohydrate (+94 ± 9%) and lipid (+37 ± 5%)

concentrations were significantly higher under high temperature,

regardless the DINut condition (Figures 4B, C and Supplementary

Table S2). This resulted in a steep increase in total energy storage

under high temperature (+37 ± 4%, Figure 4D). On the contrary, the

ATP concentration declined of -41 ± 3% under the high-temperature

treatments (Figure 4F and Supplementary Table S2). DINut depletion

had no significant impact on macromolecule or ATP concentrations

(Figures 4A–C, F and Supplementary Table S2). However, lactate

concentration was affected by both temperature and DINut
FIGURE 2

Physiological parameters measured in the soft coral Heteroxenia fuscescens exposed to different nutrient conditions and temperature treatments.
(A) Symbiodiniaceae density, (B) chlorophyll concentration, (C) photochemical efficiency of the photosystem II (Fv/Fm), (D, E) oxygen fluxes, (F) gross
photosynthesis to respiration ratio (P:R). AFDW = ash-free dry weight. C25 = DINut control water, 25°C. C30 = DINut control water, 30°C. D25 = DINut
depleted water, 25°C. D30 = DINut depleted water, 30°C. Upper-case letters indicate significant main effects of temperature (A, B) and DINut (C, D) as
determined by generalized linear models. Pairwise significant differences resulting from Tukey’s HDS testing are displayed by lower-case letters (P < 0.05).
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conditions (Figure 4E and Supplementary Table S2), leading to an

increase of +129 ± 42% under D30 compared with C25 and D25.
3.3 Effect of high temperature and DINut
depletion on S. pistillata

Temperature and DINut depletion had no significant effect on the

Symbiodiniaceae density (Figure 3A and Supplementary Table S3),

chlorophyll concentration (Figure 3B and Supplementary Table S3)

or on the Fv/Fm (Figure 3C and Supplementary Table S3) of S.

pistillata. However, they both affected respiration rates and P:R

(Figures 3E, F and Supplementary Table S3). Their interaction led

to increased rates of gross photosynthesis (+101 ± 24%, Figure 3D

and Supplementary Table S3) and respiration at D30 (+152 ± 2%,

Figure 3E and Supplementary Table S3). This resulted in significant
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differences between P:R, with the higher ratio measured in the control

(C25) condition (Figure 3F and Supplementary Table S3).

While there was no difference between treatments regarding the

protein (Figure 5A and Supplementary Table S2) and lipid (Figure 5C

and Supplementary Table S3) concentrations of S. pistillata, the

concentrations of carbohydrates were higher under high

temperature (+22 ± 1%, Figure 5B and Supplementary Table S3).

Overall, this resulted in a total energy storage of +20% at C30 and

D25, and +16% at D30, as compared to C25 (Figure 5D). Finally, the

concentration of lactate was significantly affected by temperature and

DINut conditions, and their interaction led to higher values at C30 as

compared with the other conditions (+54 ± 7%, Figure 5E and

Supplementary Table S3). The concentration of ATP remained

statistically unchanged (Figure 5F and Supplementary Table S3).

Similar trends were observed for the physiological

(Supplementary Figures S1A–D and Supplementary Table S4) and
FIGURE 3

Physiological parameters measured in the hard coral Stylophora pistillata exposed to different nutrient conditions and temperature treatments.
(A) Symbiodiniaceae density, (B) chlorophyll concentration, (C) photochemical efficiency of the photosystem II (Fv/Fm), (D, E) oxygen fluxes, (F) gross
photosynthesis to respiration ratio (P:R). AFDW = ash-free dry weight. C25 = DINut control water, 25°C. C30 = DINut control water, 30°C. D25 = DINut
depleted water, 25°C. D30 = DINut depleted water, 30°C. Upper-case letters indicate significant main effects of temperature (A, B) and DINut (C, D) as
determined by generalized linear models. Pairwise significant differences resulting from Tukey’s HDS testing are displayed by lower-case letters (P < 0.05).
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energy (Supplementary Figures S1E–I and Supplementary Table S4)

parameters normalized to the skeletal surface area of S. pistillata.
4 Discussion

Although Red Sea corals have unusual high thermal tolerance

and typically bleach only at much higher temperatures than

elsewhere (e.g. Bellworthy and Fine, 2017; Grottoli et al., 2017;

Voolstra et al., 2021; Evensen et al., 2022), this study shows that

both temperature stress and DINut depletion reduced the autotrophic
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capacity of the two coral species investigated. There was indeed a

significant decrease in the P:R ratio at elevated temperature and

under DINut deficiency. In terms of energy metabolism, the two coral

species responded primarily to seawater warming. Both species

engaged into anaerobic metabolism under elevated temperature,

with a decrease in ATP production in H. fuscescens, but none of

them catabolized their energy reserves. Overall, the combination of

the two stressors in our experiment did not intensify their individual

effects, except for 1) the oxygen fluxes in S. pistillata, and 2) the lactate

concentration in H. fuscescens, both of which showed an increase

under the combined stress of high temperature and DINut depletion.
FIGURE 4

Energy reserves and metabolic compounds measured in the soft coral Heteroxenia fuscescens exposed to different nutrient conditions and
temperature treatments. (A) protein concentration, (B) carbohydrate concentration, (C) lipid concentration, (D) total energy storage, (E) lactate
concentration and (F) ATP concentration. AFDW = ash-free dry weight. ATP = adenosine triphosphate. C25 = DINut control water, 25°C.
C30 = DINut control water, 30°C. D25 = DINut depleted water, 25°C. D30 = DINut depleted water, 30°C. Upper-case letters indicate significant
main effects of temperature (A, B) and DINut (C, D) as determined by generalized linear models. Pairwise significant differences resulting from
Tukey’s HDS testing are displayed by lower-case letters (P < 0.05). Statistical tests were not performed on the total energy storage since lipids and
carbohydrates were measured on different samples.
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4.1 Differences in basal maintenance
between H. fuscescens and S. pistillata
under similar culture conditions (C25)

Under similar control culture conditions (DINut control and

25°C), without external particulate organic matter supply, the

average P:R was above the compensation threshold (P:R = 1.0) in

both species, indicating that the energy produced by photosynthesis

compensated for the energy consumed by respiration over the

course of a day. However, photosynthetic rates were up to 5-fold

higher in S. pistillata than in H. fuscescens, despite similar

concentrations in total chlorophyll and symbionts. This difference

can be due to a different pattern of symbiont distribution within the

host tissue, with a homogeneous versus a heterogeneous

distribution of symbionts in S. pistillata (Loussert-Fonta et al.,
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2020) and H. fuscescens (Benayahu et al., 1989; Yoffe et al., 2012),

respectively. In addition, while the tissue layer surrounding the

skeleton of S. pistillata is relatively thin, soft corals exhibit a low

surface area to volume ratio due to their thick tissue, which does not

favor light exposure or gas and nutrient exchange throughout the

colony (Wangpraseurt et al., 2014). Such morphological features

could thus partly explain the observed differences in oxygen

production, along with the different Symbiodiniaceae species

hosted by the corals (Starzak et al., 2014; Ros et al., 2020) or the

presence of a skeleton in the hard coral species, that enables

multiple light scattering towards the symbionts (Enrı ́quez
et al., 2017).

H. fuscescens and S. pistillata also exhibited completely different

tissue composition under the same culture conditions. Despite

lower photosynthetic rates, H. fuscescens had two-fold more
FIGURE 5

Energy reserves and metabolic compounds measured in the hard coral Stylophora pistillata exposed to different nutrient conditions and temperature
treatments. (A) protein concentration, (B) lipid concentration, (C) carbohydrate concentration, (D) total energy storage, (E) lactate concentration and
(F) ATP concentration. AFDW = ash-free dry weight. ATP = adenosine triphosphate. C25 = DINut control water, 25°C. C30 = DINut control water,
30°C. D25 = DINut depleted water, 25°C. D30 = DINut depleted water, 30°C. Upper-case letters indicate significant main effects of temperature
(A, B) and DINut (C, D) as determined by generalized linear models. Pairwise significant differences resulting from Tukey’s HDS testing are displayed
by lower-case letters (P < 0.05). Statistical tests were not performed on the total energy storage since lipids and carbohydrates were measured on
different samples.
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carbohydrates and five-fold more lipids per tissue biomass than S.

pistillata, indicating that the soft coral could allocate more energy to

build up energy reserves. Furthermore, hard corals have additional

maintenance costs due to the calcification process. The energy stored

byH. fuscescens is also of better quality, as lipids, which have a higher

energy value than carbohydrates and proteins (Gnaiger and Bitterlich,

1984), accounted for most of the energy storage (80%), compared to

45%forS. pistillata. The tissue compositionofH. fuscescens agreeswith

Schlichter et al. (1983), who emphasized that the highest proportion of

photosynthetically derived carbon in this species is contained in lipids.

In S. pistillata, the tissue composition is consistent with what is usually

found in hard coral species, with lipids accounting for 10-40% of the

total biomass (Imbs and Dembitsky, 2023). Moreover, when

normalized to skeletal surface area, the physiological and energy

parameters of S. pistillata were in the same range than samples

collected in the Gulf of Aqaba (Kochman et al., 2021; Kochman-

Gino and Fine, 2023).
4.2 Metabolic responses of H. fuscescens
and S. pistillata to heat stress and
DINut depletion

The symbionts of the two species exhibited different responses to

stress. In H. fuscescens symbionts, DINut depletion and elevated

temperatures impaired the photosynthetic machinery by reducing

the efficiency of the photosystem II (PSII) and lowering chlorophyll

concentration (i.e., bleaching). These factors are crucial for capturing

and converting light energy. The lack of dissolved inorganic nitrogen

and phosphorus in seawater hinders the production of pigments and

proteins essential for photosynthesis (Wiedenmann et al., 2012).

Additionally, elevated temperatures can disrupt the function of

photosynthetic components, such as photosystems (Warner et al.,

1999) and thylakoid membranes (Tchernov et al., 2004), and inhibit

the repair of photodamaged PSII (Takahashi et al., 2004), further

reducing the overall capacity for photosynthesis. Despite these

stressors, the photosynthetic apparatus in H. fuscescens symbionts

remainedefficient inconvertingabsorbed light intochemical energy, as

photosynthesis rates were not affected and even tended to increase at

D30. In contrast, the photosynthetic efficiency of PSII in S. pistillata

symbionts remained unaffected and comparable to that of corals from

the Gulf of Aqaba under C30 (Voolstra et al., 2021). The differing

responses between S. pistillata andH. fuscescens could be related to the

genotype of the symbionts harbored by each coral species, despite both

symbiont species being thermally tolerant (Krämer et al., 2012;

Silverstein et al., 2017).

When exposed to DINut deficiency, high temperatures, or their

combined effect, both species exhibited a common pattern where

photosynthesis could not meet respiratory demand over a day. This

resulted in a significant decrease in P:R ratio (P:R < 1.0), indicating

stress, since autotrophy alone could not sustain the elevated coral

metabolism in the long-term.

Surprisingly, our study found that heat-stressed corals had more

energy reserves (carbohydrates across the two coral species and lipids

in H. fuscescens) per ash-free dry weight tissue compared to those at

lower temperatures (25°C). This is contrary to the general observation
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that corals under stress, and in absence of external particulate organic

matter supply, are forced to rely on their stored energy reserves (e.g.

Grottoli and Rodrigues, 2011; Imbs and Yakovleva, 2012; Tignat-

Perrier et al., 2022; Rivera et al., 2023). However, some studies have

already found a significant increase in energy reserves in various host-

symbiont associations exposed to thermal stress (Hoadley et al., 2015,

2019). Such discrepancies in the coral energetics can be due to a

reduced loss of energy in the form ofmucus (Ferrier-Pagès et al., 1998;

de Goeij and van Duyl, 2007; Bythell and Wild, 2011), an increased

reliance on dissolved organic matter (Lange et al., 2023), or even a

carbon-nitrogen negative feedback loop (Cui et al., 2023).

Symbiodiniaceae and coral gastrodermal cells can also accumulate

lipids as a survival mechanism under stress, likely due to limitations in

ATP production (Hillyer et al., 2017; Petrou et al., 2018; Al-Hammady

et al., 2022). This mechanism is probably at play in our study, as ATP

concentrations in H. fuscescens significantly decreased under thermal

stress, and the concentrations of lactate, the major end-product of

anaerobic metabolism (Sokolova, 2013), increased in both species.We

hypothesize that the reduced ATP production was likely due to the

induction of anaerobic glycolysis. This process consumes

carbohydrates instead of lipids and is less efficient than aerobic

metabolism, producing significantly fewer ATP molecules (Sebens,

1987; Shick et al., 1988; Lesser, 2013) and generating lactate as a

byproduct (Berg et al., 2002).

The activation of anaerobic pathways for energy production in

response to thermal stress has been poorly studied in cnidarians,

although few studies have documented this phenomenon (e.g.

Marangoni et al., 2020; Nevarez-Lopez et al., 2020; Linsmayer et al.,

2024). In our study, we did not detect the oxidation of carbohydrates,

which typically leads to energy production (Sokolova et al., 2012).

However, an increased lactate concentration may indirectly indicate

destructive processes in the mitochondrial membranes (Marangoni

et al., 2020). Thus, we propose using lactate concentration as an

indicator of energetic stress in corals. Despite compensatory ATP

production through both aerobic and anaerobic respiration, ATP

depletion was not prevented in H. fuscescens. In contrast, S. pistillata

maintained cellular homeostasis. S. pistillatamay utilize phosphagens

other than ATP to produce energy during stress (Fonseca et al., 2017),

possibly through stimulating the pentose phosphate pathway (Lauer

et al., 2012), which was not measured in this study.
5 Conclusions

Long-term tolerance to environmental stress depends on the

sustained provision of nutrients and energy, both of which support

essential physiological processes (Pan et al., 2015). Corals are,

however, subject to nutrient restriction during heat stress, when

rising sea surface temperatures impair coral photosynthetic capacity

and increase stratification in shallow waters, limiting the supply of

essential nutrients from deeper waters (Moore et al., 2013). The

metabolic response of corals to nutrient limitation and thermal

stress may be species dependent, due to different feeding strategies

(e.g. Derviche et al., 2022), different associations with

Symbiodiniaceae (e.g. Ziegler et al., 2019) or different utilization

of energy reserves (e.g. Grottoli et al., 2017). All together, these
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differences underline the need to find proxies for coral health that

are also the same for all corals. In this study, we observed that H.

fuscescens and S. pistillata exhibited distinct physiological responses

to heat stress and DINut depletion, yet both species experienced a

significant decline in P:R ratio. Additionally, both corals showed a

similar metabolic response, with a notable increase in lactate

concentration under heat stress. These findings suggest that these

two parameters warrant further investigation as potential indicators

of stress in corals. Our study thus contributes to improving

knowledge of the factors that may be important for the survival

and resilience of corals during heat stress and DINut deficiency. It

may therefore be interesting to further investigate the conditions

that trigger the accumulation of reserves (e.g. Nielsen and Petrou,

2023) and the involvement of anaerobic metabolism in corals, to

better understand how corals cope with stress.
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