
A multi-molecular biomarker 
assessment of thermal 
preconditioning in two 
scleractinian coral species
Yohan Didier Louis1,2,4,6, Enrico Montalbetti1,2,4,6, Valerio Isa1,2,5, Davide Maggioni2,3, 
Ludovico Pravettoni1, Rebecca Pollutri1, Jacopo Gobbato1,2, Simone Montano1,2,4, 
Ivan Orlandi3, Marina Vai3, Silvia Lavorano5, Paolo Galli1,2,4 & Davide Seveso1,2,4

Coral reefs face escalating threats from rising sea temperatures, triggering widespread mass bleaching 
and mortality events. Thermal preconditioning, a process in which corals exposed to sublethal 
thermal stress become more tolerant to subsequent thermal stress, is increasingly recognised as a 
promising strategy for restoration purposes. However, its underlying mechanisms remain unclear. 
Furthermore, species-specific responses to thermal preconditioning must be understood to ensure its 
broad applicability. In this study, we conducted a comprehensive multi-molecular biomarker analysis 
to investigate the physiological and molecular effects of thermal preconditioning on two coral species, 
Pocillopora damicornis and Stylophora pistillata, by exposing them to a sublethal thermal stress 
of + 3 °C above ambient temperature, followed by an acute stress of 32 °C (+ 8 °C). In both species, 
preconditioned corals showed delayed bleaching, maintaining chlorophyll a and c2 concentrations, 
along with Symbiodiniaceae density, for longer periods compared to non-preconditioned corals. 
At the molecular level, this increased thermal tolerance could be linked to the higher activity of 
antioxidant enzymes measured, suggesting enhanced protection against oxidative stress and 
consequently lower levels of lipid peroxidation (LPO) damage. Preconditioned corals also exhibited a 
slower downregulation of Hsp70 or sustained Hsp70 expression above basal levels during acute heat 
stress, possibly reflecting prolonged cellular homeostasis. Additionally, they demonstrated delayed or 
reduced hsp70 gene expression, indicating a less immediate response to thermal stress. Furthermore, 
the acquired thermal tolerance lasted longer in P. damicornis, highlighting a species-specific 
response to thermal preconditioning. Our study provides crucial molecular insights into the complex 
mechanisms of thermal preconditioning, which will be essential for developing more effective and 
species-targeted preconditioning protocols for practical application in coral reef restoration efforts.
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Coral reefs, recognised as some of the most functional and biodiverse ecosystems on the planet, are increasingly 
at risk due to climate change related rising sea temperatures, which have triggered widespread bleaching events 
and substantial coral mortality1. It is projected that by mid-century, 70–90% of global coral populations could be 
lost2. In response, numerous interventions have been implemented, including carbon dioxide emission reduction 
treaties, the establishment of marine protected areas, and habitat restoration efforts3. One such intervention is 
coral farming, a widely adopted restoration technique, which involves cultivating coral fragments in controlled 
environments before transplanting them onto degraded reefs, aiding in reef recovery4,5. However, as climate 
change apace rapidly, mass bleaching events, which have already increased in their frequency and intensity in 
the last decades6,7, are anticipated to occur annually across most coral habitats by 2030–20608–11. This presents 
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a significant challenge, as transplanted corals may not survive the increasingly frequent temperature extremes 
predicted12. To overcome this, innovative strategies such as selective breeding, assisted gene flow, and coral 
microbiome manipulation are being explored to enhance coral resistance and resilience13.

Thermal preconditioning involves subjecting corals to non-lethal heat stress to increase their thermal 
tolerance14–17. Field evidence suggests that corals exposed to previous thermal stress, bleaching events or 
fluctuating temperature regimes exhibit greater tolerance to subsequent heat stress, potentially indicating 
a form of stress memory18,19. Experimental studies further support the efficacy of thermal preconditioning, 
demonstrating significant improvements in coral tolerance to bleaching conditions20. Despite these encouraging 
findings, the underlying mechanisms and optimal thermal preconditioning protocols remain poorly understood. 
Many experimental studies on preconditioning have focused on observable outcomes, such as reduced bleaching 
and improved physiological performance20–24, as well as the determination of optimal temperature regimes25. 
Further research has aimed to elucidate the mechanisms underlying this acquired thermal tolerance across various 
biological levels. For instance, studies on Acropora millepora26, Acropora nana27, and Montipora capitata28 have 
examined changes in gene expression as potential contributors to enhanced thermal tolerance. The involvement 
of bacterial and algal symbionts in this process has also been explored, particularly in A. millepora29. Other studies 
have focused on the coral antioxidant responses triggered by thermal preconditioning, such as the increased 
in glutathione reductase (GR) that accompanied increased in tolerance in Pocillopora acuta following thermal 
preconditioning30. Similarly, Huang et al. (2024) reported increased antioxidant enzyme activity (catalase and 
superoxide dismutase), along with enhanced ammonium assimilation (glutamine synthetase) and elevated 
apoptosis markers (lipid peroxide and caspase-3). Additionally, Majerová et al. (2021)  demonstrated that in 
preconditioned P. acuta, the ratio of pro-survival genes (pa-Bcl-2 and pa-BI-1) to pro-death genes (pa-BAK 
and pa-BAX) increased, correlating with significantly reduced bleaching. Other aspects such as the nutrient 
metabolism in preconditioned corals were also investigated31, further contributing to our understanding of the 
complex mechanisms involved in coral preconditioning.

However, even with over a decade of research, the preconditioning process remains insufficiently 
understood24,32. This is largely due to (1) the complexity of biological pathways involved in coral bleaching 
susceptibility and thermal tolerance33, and (2) the reduced number of coral species investigated make it 
challenging to generalise findings across broader taxonomic groups, as not all coral species may benefit equally 
from thermal preconditioning. To reach a consensus on the efficacy and mechanisms involved in thermal 
preconditioning, further research is needed across a diverse range of coral species and should target different 
cellular and molecular pathways involved in the acquired thermotolerance.

In this study, we focused on Stylophora pistillata and Pocillopora damicornis, two widely distributed tropical 
coral species that are among the three most used in coral restoration4. Despite their widespread distribution 
and use, these species have been relatively understudied in terms of thermal preconditioning. We conducted 
a comprehensive multi-molecular biomarker analysis to better understand whether and how thermal 
preconditioning may enhance bleaching tolerance in these two coral species. We exposed both species to a 
sublethal thermal stress of + 3 °C above ambient temperature, followed by an acute stress of 32 °C (+ 8 °C). By 
measuring gene, protein, and enzyme levels, we aimed to provide a thorough understanding of the molecular 
mechanisms underlying thermal tolerance. This multi-biomarker approach could be more advantageous 
because it allows for the simultaneous assessment of multiple cellular and molecular responses, including 
the interactions between pathways that contribute to thermal tolerance. In this context, many studies have 
highlighted the critical role of heat shock proteins (Hsps) and antioxidant enzymes in enhancing coral tolerance 
to heat stress and bleaching15,34. Heat shock proteins act as molecular chaperones to maintain protein structure 
and functionality under stress conditions, while antioxidant enzymes, such as superoxide dismutase (SOD), 
catalase (CAT), and glutathione reductase, mitigate the harmful effects of reactive oxygen species (ROS), over-
produced during heat stress events35,36. By investigating these critical molecular biomarkers simultaneously, 
together with coral bleaching proxies such as the photosynthetic symbiont (Symbiodiniaceae) density and 
chlorophyll concentration, our study could offer a more holistic understanding of thermal preconditioning.

Results
Thermal preconditioning delays bleaching in both P. damicornis and S. pistillata
Coral nubbins were exposed to thermal preconditioning: a sublethal thermal stress of + 3  °C above ambient 
temperature (25 °C), followed by an acute stress of + 8 °C (32 °C). A non-preconditioned group was exposed 
directly to the acute stress, while the control group was maintained at ambient temperature throughout the 
experiment. Biomarkers were measured at four time points: before acute stress, Day 1, Day 3, and Day 10 after 
reaching the acute thermal stress of 32 °C (Fig. 1).

Rapid visual assessment of coral colonies revealed that non-preconditioned (NPC) corals of both species 
bleached earlier than preconditioned (PC) nubbins (Fig.  2). For P. damicornis, non-preconditioned corals 
showed sign of bleaching as early as Day 1 following thermal stress, while preconditioned corals showed signs 
of bleaching only by Day 10. Similarly, non-preconditioned S. pistillata nubbins exhibited bleaching on Day 3, 
whereas preconditioned ones did not bleach until Day 10 (Fig. 2). Necrosis was also observed on Day 10 for both 
preconditioned and non-preconditioned S. pistillata.

To quantify the observed extend of bleaching, the concentrations of chlorophyll a (Chl a), chlorophyll c2 
(Chl c2), and Symbiodiniaceae density were measured. In P. damicornis, both Chl a and c2 concentration and 
Symbiodiniaceae density showed significant differences between the different treatments (PC, NPC and Control; 
Supplementary Information, Table S1). Moreover, the concentration of Chl c2 significantly changed between 
the different sampling time points (Before stress, Day 1, 3 and 10) and as a result of the interaction of both the 
investigated factors (Treatment x Time) (Table S1). The latter also significantly affected the Symbiodiniaceae 
density (Table S1). Specifically, the concentrations of Chl a, Chl c2, and Symbiodiniaceae density remained 
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stable in the control group throughout the experiment (Fig. 3a,c,e). In non-preconditioned corals, however, a 
significant decrease in Chl a, Chl c2, and Symbiodiniaceae density was observed already on Day 1 post-acute 
heat stress compared to controls, with this decline persisting until Day 10 (Table S2). By Day 10, Symbiodiniaceae 
density had increased relative to Day 3 but remained lower than both the control group and before stress.

Conversely, preconditioned corals did not show a significant decrease in Chl a or Symbiodiniaceae density 
until Day 3 compared to controls (Table S2). However, Chl c2 concentration was significantly lower than in the 
control group on Day 3, though it remained higher than in non-preconditioned corals (Table S2). By Day 10, 
Chl a, Chl c2, and Symbiodiniaceae density levels had decreased relative to controls and were similar to those 
observed in non-preconditioned corals.

In S. pistillata, a different trend was observed compared to P. damicornis (Fig.  3). Overall, in S. pistillata 
a significant effect of treatments, sampling time points and the interaction of both factors was recorded for 
Chl a and c2 concentrations, and Symbiodiniaceae density (Table S3). In particular, in non-preconditioned S. 
pistillata colonies, neither the Chl c2 concentration nor Symbiodiniaceae density showed a significant decrease 
on Day 1 compared to controls. Chl a was significantly lower than in the control corals but showed no significant 
difference compared to the preconditioned corals (Table S4). However, by Day 3, all three parameters were 
significantly lower than controls. The concentrations of Chl a, Chl c2 and, Symbiodiniaceae density continued to 
decline through Day 10 (Fig. 3b, d, f; Table S4).

In preconditioned corals, no significant decrease in Chl c2 nor in Symbiodiniaceae density was observed on 
Days 1 and 3 compared to controls, only a decrease in Chl a was observed on Day 3 (Table S4). A significant 
reduction in all three parameters was observed after 10 days. However, these levels remained higher compared 
to non-preconditioned corals. In the control group, concentrations of Chl a and Chl c2 remained relatively stable 
throughout the experiment (Table S4).

Fig. 2.  Rapid visual bleaching assessment of P. damicornis and S. pistillata nubbins under three different 
treatments at specific time intervals (before stress, and after 1, 3, 10 days after acute thermal stress), with a 
representative sample shown for each time point. Bleaching was considered to have occurred at a given time 
point when at least 7 out of 8 coral nubbins within a treatment group exhibited visible signs of bleaching. This 
rapid visual assessment was then validated through quantitative bleaching measurements.

 

Fig. 1.  Temperature profiles and sampling points used in the experiment.
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Fig. 3.  Concentrations of chlorophyll a (Chl a), chlorophyll c2 (Chl c2), and Symbiodiniaceae density in P. 
damicornis(a, c, e) and S. pistillata(b, d,f) under three different treatments (C, PC and NPC) at specific time 
intervals (Before stress, Day 1, Day 3, Day 10). Asterisks indicate statistically significant differences (p < 0.05) 
from the control group (C) at the corresponding time points, as determined by the two-factor univariate 
PERMANOVA followed by pairwise comparisons. Error bars represent the standard error of the mean. Full 
PERMANOVA pairwise comparisons are provided in Table S2 and S4 (Supplementary Information).
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Preconditioned corals maintained higher antioxidant enzyme activities
To assess the antioxidant capacity of corals in countering ROS produced during heat stress, the activities of three 
key antioxidant enzymes, superoxide dismutase (SOD), catalase (CAT), and glutathione reductase (GR) were 
measured (Fig. 4). Similar patterns were observed in both coral species. The activity of the three investigated 
antioxidant enzymes remained relatively constant in the control groups throughout the experiment.

Fig. 4.  Enzymatic activity of SOD (a, b), CAT (c, d), and GR (e, f) in P. damicornis and S. pistillata under 
three different treatments (C, PC, NPC) at specific time intervals (Before stress, Day 1, Day 3, Day 10). Data 
are expressed as units per milligram of protein (U/mg protein) and are presented as means ± SEM. Asterisks 
indicate statistically significant differences (p < 0.05) from the control group (C) at the corresponding time 
points, as determined by the two-factor univariate PERMANOVA followed by pairwise comparisons. Error 
bars represent the standard error of the mean. Full PERMANOVA pairwise comparisons are provided in Table 
S2 and S4 (Supplementary Information).

 

Scientific Reports |        (2025) 15:34785 5| https://doi.org/10.1038/s41598-025-18617-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Superoxide dismutase activity
In P. damicornis, the different treatments and their interaction at the different sampling time points significantly 
affected the SOD activity (Table S1). SOD activity remained stable in preconditioned corals until Day 3, 
increasing by Day 10 (Fig. 4a). In contrast, non-preconditioned corals showed no significant changes in SOD 
activity compared to the control or preconditioned corals on Day 1 (Table S2). However, by Day 3, SOD activity 
significantly decreased in non-preconditioned corals relative to controls, and this reduced level persisted through 
Day 10 (Table S2).

In S. pistillata, all the investigated factors and their interaction significantly changed the activity of SOD 
(Table S3). SOD activity was comparable across all treatments, with no statistically significant differences on 
Day 1 of acute heat stress compared to control group (Fig. 4b). On Day 3, however, SOD activity increased 
in preconditioned corals and it was higher compared to both non-preconditioned and control groups (Table 
S4). By Day 10, SOD activity in preconditioned corals remained stable, while in non-preconditioned corals it 
significantly dropped below the control levels.

Catalase activity
In both coral species all the investigated factors and their interaction significantly affected the activity of 
CAT (Tables S1 and S3). In P. damicornis, both preconditioned and non-preconditioned corals exhibited a 
significant increase in CAT activity compared to controls on Day 1 (Table S2). On Day 3, CAT activity was 
sustained in preconditioned corals, while in non-preconditioned corals CAT activity began to decrease (Fig. 4c). 
Preconditioned corals continued to maintain higher CAT activity level through Day 10, whereas CAT activity in 
non-preconditioned corals continued to decline and was significantly lower compared to both preconditioned 
and control corals (Table S2).

Similar patterns were observed in S. pistillata (Fig. 4d). CAT activity was higher in preconditioned corals 
compared to non-preconditioned and controls on Day 1, although the difference was not statistically significant. 
This elevated activity persisted, and by Day 3 and Day 10, CAT activity was significantly higher than in non-
preconditioned and control corals (Table S4). In non-preconditioned corals, CAT activity initially increased 
following acute heat stress and ultimately decreased below control levels by Day 10.

Glutathione reductase activity
In P. damicornis, GR activity showed significant changes across the different treatments and sampling time points 
analysed (Table S1). Both preconditioned and non-preconditioned P. damicornis corals exhibited a similar, 
increase in GR activity compared to controls after Day 1, although it was not statistically significant (Fig. 4e; 
Table S2). GR activity remained elevated in preconditioned corals from Day 3 through Day 10 compared to both 
non-preconditioned and control corals. In contrast, non-preconditioned corals showed a significant decrease in 
GR activity after Day 3, with activity remaining below that of both control and preconditioned corals by Day 10 
(Table S2).

In S. pistillata, significant differences in GR activity were detected only at different time points (Table S2). In 
particular, in preconditioned S. pistillata corals, GR increased following acute heat stress and remained elevated 
compared to both non-preconditioned and control corals from Day 3 through Day 10 (Fig. 4f; Table S4). In 
non-preconditioned corals, GR activity was not significantly different from controls throughout the experiment 
(Table S4).

Preconditioned corals show lower lipid peroxidation levels
To assess oxidative damage within coral cells, lipid peroxidation (LPO) was quantified by measuring 
malondialdehyde (MDA) content (Fig. 5). In the control groups of each species, MDA levels remained relatively 
constant throughout the experimental period, indicating the physiological baseline. In P. damicornis, MDA 
concentration showed significant change between treatments, sampling time points and following the interaction 
of both factors (Table S1). In particular, non-preconditioned P. damicornis colonies exhibited a marked increase 
in MDA levels compared to both control and preconditioned corals as early as Day 1 following the onset of acute 
heat stress (Fig. 5a; Table S2). This increase persisted, with MDA levels rising to 2.24-fold higher than those 
observed in preconditioned corals by Day 3 (Table S2). After Day 10, MDA levels in non-preconditioned corals 
declined to values below those of the control group. In contrast, preconditioned corals maintained MDA levels 
comparable to the controls on both Day 1 and Day 3 (Table S2). By Day 10, MDA levels in preconditioned corals 
had decreased to levels below those observed in the control group (Table S2).

In S. pistillata, only the different treatments significantly affected MDA levels (Table S2). In non-preconditioned 
S. pistillata colonies increased progressively as the acute heat stress continued, reaching 1.58-fold higher than 
control levels by Day 3 and 1.63-fold higher by Day 10 (Fig. 5b; Table S4). In contrast, preconditioned corals 
maintained MDA levels similar to those of the control group throughout the experiment, including on Day 10 
(Table S4).

Preconditioned corals exhibited higher levels of Hsp70 protein and delayed upregulation of 
the hsp70 gene following thermal stress.
Hsp70, a crucial molecular chaperone, plays a key role in cytoprotection by maintaining protein integrity under 
heat stress induced bleaching37,38. P. damicornis nubbins modulated Hsp70 differently, both between and within 
the different treatments and the sampling times (Table S1). In particular, Hsp70 levels remained stable in the 
control group throughout the experiment, indicating consistent baseline modulation. Before acute heat stress, 
Hsp70 levels were similar across all treatment groups (Fig.  6a). However, on Day 1, preconditioned corals 
showed a significant increase in Hsp70 levels compared to control group (Table S2). Notably, Hsp70 levels in 
preconditioned corals were even higher (1.5-fold) on Day 3 compared to non-preconditioned corals (Table 
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S2), indicating a sustained or enhanced protective response. Although Hsp70 levels decreased by Day 10, they 
remained significantly higher than in both control and non-preconditioned corals (Table S2).

In non-preconditioned corals, Hsp70 levels were significantly higher compared to controls at both Day 1 and 
Day 3 after heat stress, but lower than those observed in preconditioned corals (Table S2). After Day 10, however, 
Hsp70 levels in non-preconditioned corals decreased considerably, dropping to levels lower than those of the 
control samples (Table S2).

In S. pistillata, the expression of Hsp70 was significantly affected by treatments and sampling time points (Table 
S3), and a similar pattern of expression to that of P. damicornis was observed (Fig. 6b). Hsp70 levels remained 
stable in the control group throughout the experiment. Preconditioned corals showed higher Hsp70 levels after 
acute heat stress, particularly on Day 3 (1.7-fold) and Day 10 (6.7-fold) compared to non-preconditioned corals 
(Table S4). By Day 10, no statistical difference in Hsp70 levels was observed between non-preconditioned and 
control corals. Additionally, following stress, preconditioned corals of both species had a slower rate of Hsp70 
downregulation over time (Table S4).

To understand the transcriptional responses associated with the observed Hsp70 protein dynamics, we 
investigated the corresponding expression patterns at the gene expression level. A similar trend in hsp70 gene 
expression was observed across both species, which showed significant changes in hsp70 gene levels based on 
treatments, sampling time points and the interaction of both factors (Tables S1 and S3). In control groups of both 
species, hsp70 expression remained stable throughout the experimental period (Fig. 6).

In P. damicornis, non-preconditioned corals showed a significant upregulation of hsp70 expression after Day 
1 of acute heat stress (2.99-fold), with further increase observed after Day 3 (3.5-fold; Table S2). In contrast, 
preconditioned corals exhibited no change in hsp70 expression after Day 1 but a 4.2-fold increase after Day 3 was 
observed (Fig. 6c). No significant differences were detected between preconditioned and non-preconditioned 
corals on Day 3 (Table S2). By Day 10, hsp70 expression in non-preconditioned corals remained elevated (2.31-
fold), while it decreased in preconditioned corals, returning to levels comparable to those of the controls (Table 
S2).

In S. pistillata, non-preconditioned corals exhibited a significant increase in hsp70 expression, reaching an 
18.7-fold rise after Day 1 (Fig. 6d; Table S4). This increase continued, reaching a 326-fold rise after Day 3, before 
returning to baseline levels comparable to the control group after Day 10. In contrast, preconditioned corals 
showed a minor, non-significant increase in hsp70 expression after Day 1 (Table S4). However, after Day 3, hsp70 
expression in preconditioned nubbins was significantly upregulated to 103-fold, though still lower than in non-
preconditioned corals (Table S4). By Day 10, hsp70 expression in preconditioned corals decreased, aligning with 
levels observed in other treatments.

A cascade of protective responses delaying bleaching

In both species, preconditioned corals displayed earlier and/or sustained activation of protective 
mechanisms, notably elevated antioxidant enzyme activity (SOD, CAT, GR) and Hsp70 protein expression 

Fig. 5.  Levels of lipid peroxidation in P. damicornis (A) and S. pistillata (B) under three different treatments 
(C, PC, NPC) at specific time intervals (Before stress, Day 1, Day 3, Day 10). Data are expressed as µmol of 
MDA per µg of proteins, and as mean ± SEM. Asterisks indicate statistically significant differences (p < 0.05) 
from the control group (C) at the corresponding time points, as determined by the two-factor univariate 
PERMANOVA followed by pairwise comparisons. Error bars represent the standard error of the mean. Full 
PERMANOVA pairwise comparisons are provided in Table S2 and S4 (Supplementary Information).
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(Fig.  7). This response helped limit oxidative stress and supported longer-term cellular homeostasis, 
resulting in prolonged retention of chlorophyll pigments and Symbiodiniaceae. Notably, in P. damicornis, 
oxidative damage (LPO) remained low in preconditioned corals, whereas non-preconditioned colonies 
showed a pronounced spike in LPO. In S. pistillata, LPO remained relatively stable in preconditioned 
colonies, while it gradually increased under stress in non-preconditioned ones. In both species, hsp70 gene 
expression increased rapidly in non-preconditioned corals following stress, whereas in preconditioned 
corals, hsp70 expression was delayed, suggesting an enhanced capacity to cope with thermal stress.

Fig. 6.  Expression of Hsp70 protein and hsp70 gene in (a,c) Pocillopora damicornis and (b,d) Stylophora 
pistillata under three different treatments (C, PC, NPC) at specific time intervals (Before stress, Day 1, Day 
3, Day 10). Panels (a,b) show Hsp70 protein levels, expressed in arbitrary units. Panels (c,d) show hsp70 gene 
expression, normalised and expressed as 2–ΔΔCt relative to the “Control group” at the “Before Stress” time point. 
Asterisks indicate statistically significant differences (p < 0.05) from the control group (C) at the corresponding 
time points, as determined by the two-factors univariate PERMANOVA followed by pairwise comparisons. 
Error bars represent the standard error of the mean. Full PERMANOVA pairwise comparisons are provided in 
Table S2 and S4 (Supplementary Information).
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Discussion
This study investigated the effects of thermal preconditioning in two of the most used coral species in coral 
restoration using a multi-biomarker approach. Overall, our findings suggest that thermal preconditioning 
increases the thermal tolerance of the studied corals, bringing further evidence of its potential utility in 
improving the thermal tolerance of these species in coral reef restoration programmes. In particular, our results 
revealed that in both species, thermally preconditioned corals exhibited delayed bleaching, as evidenced by 
prolonged retention of chlorophyll a and c2, as well as Symbiodiniaceae. These preconditioned corals maintained 
sustained enzymatic activity of key antioxidant enzymes (SOD, CAT, GR) and showed elevated levels of Hsp70 
protein as well as lower post-stress Hsp70 downregulation, indicating enhanced protection against oxidative 
stress and better maintenance of cellular homeostasis. Additionally, these corals exhibited lower levels of lipid 
peroxidation (LPO), suggesting reduced oxidative damage within their cells, and a lower expression of the 
hsp70 gene, indicative of a lower immediate stress response. Overall, PERMANOVA analyses supported these 
patterns, revealing significant effects of preconditioning and time on the measured physiological and molecular 
biomarkers.

This delay in bleaching among preconditioned P. damicornis and S. pistillata corals highlights the effectiveness 
of thermal preconditioning. The prolonged retention of chlorophyll a, chlorophyll c2, and Symbiodiniaceae 
density implies that preconditioned corals were able to maintain their vital symbiotic relationship with 
their  Symbiodiniaceae and preventing bleaching for a longer period under thermal stress. This enhanced 
capacity to retain Symbiodiniaceae and photosynthetic pigments suggests a robust acclimation response that 
helps mitigate the adverse effects of elevated temperatures, leading to improved survival under thermal stress. 
Similar studies such as Bellantuono et al. (2012a, b) and DeMerlis et al. (2022), found that preconditioned 
A. millepora and A. cervicornis colonies maintained high Symbiodiniaceae density and delayed severe stress 
responses, suggesting a protective effect. Similarly, Bay and Palumbi (2015) reported extended chlorophyll a 
retention in preconditioned A. nana, while Majerová et al. (2012) observed that P. acuta exposed to sublethal 
temperatures exhibited slower bleaching compared to non-preconditioned corals. Conversely, other studies, 

Fig. 7.  Visual comparison of multi-biomarker responses in preconditioned and non-preconditioned colonies 
of P. damicornis (a,c) and S. pistillata (b,d) under thermal stress. Fold changes were calculated relative to 
controls at each time point and presented as log2 fold change.
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including Middlebrook et al. (2012) and Gibbin et al. (2018), found that preconditioning had limited or negligible 
effects on thermal tolerance in A. millepora and P. damicornis, respectively. These inconsistent outcomes may be 
due to differences in experimental protocols across studies.

Moreover, our findings revealed that the effectiveness of thermal preconditioning varies among coral species, 
partly due to their inherent differences in naive thermal tolerance. In P. damicornis, non-preconditioned corals 
exhibited bleaching on Day 1, while preconditioned corals showed a 9-day delay, bleaching only on Day 10. In 
contrast, S. pistillata non-preconditioned corals, which already exhibited greater naive thermal tolerance, began 
to bleach on Day 3, while preconditioned S. pistillata corals experienced bleaching on Day 10, reflecting a 7-day 
delay. This suggests that, while preconditioning improved thermal tolerance in both species, P. damicornis had 
a more pronounced response to preconditioning. This disparity underscores the species-specific nature of coral 
thermotolerance39 and highlights the challenge of applying general conclusions across different coral taxa.

In general, heat shock proteins are typically basally expressed in corals but are upregulated in response to 
thermal stress, playing a key role in stress tolerance. When stress exceeds a certain threshold, Hsp expression 
can be downregulated, potentially leading to cellular damage and reduced resilience. Thermotolerant corals, 
however, have been found to maintain higher levels of heat shock proteins compared to more thermally 
susceptible colonies, suggesting a link between heat shock proteins expression and stress resilience. Thermally 
preconditioned corals exhibited higher levels of Hsp70 protein compared to non-preconditioned corals in both 
species. This observation aligns with numerous studies reporting elevated Hsp70 levels in bleaching-tolerant 
corals compared to those more susceptible to bleaching37,40–42. Notably, Louis et al. (2020) demonstrated 
that corals naturally thermally preconditioned in an environment with greater temperature variability had 
increased Hsp70 levels. In addition, preconditioned corals exhibited a slower rate of Hsp70 downregulation 
following acute heat stress. This is an indicator of enhanced thermal tolerance, as observed by Seveso et al. 2014, 
2016, 202037,43,44, who reported that more thermotolerant corals consistently show a delayed downregulation 
of heat shock proteins after stress. These findings strongly suggest that preconditioning effectively enhances the 
thermal tolerance of corals. The role of Hsp70 in heat tolerance is well-documented; as a molecular chaperone, 
Hsp70 helps prevent protein denaturation and loss of functional conformation during heat stress, thereby 
maintaining cellular integrity and homeostasis45–47. Furthermore, Hsp70 is essential in corals for preserving 
protein homeostasis during oxidative stress induced by different stressors38,48,49. These findings underscore the 
importance of Hsp70 upregulation as a key factor contributing to enhanced thermal tolerance in corals.

In contrast, our hsp70 gene results exposed complexities not captured by protein expression analysis. Notably, 
no significant changes in gene expression were detected in both species during the preconditioning phase, which 
is consistent with Bay and Palumbi (2015) who also found no changes during preconditioning. Similarly, Seneca 
and Palumbi (2015) reported transient increases in the expression of 19 hsp genes shortly after heat stress, with 
only a few genes remaining elevated after extended periods (> 20 h). This may suggest that the three-day recovery 
and the sampling period used in our study might have been too long to capture the initial gene upregulation 
following sub-lethal stress. Additionally, hsp70 in preconditioned corals showed a muted reaction to heat stress, 
with non-preconditioned corals exhibiting a faster and more pronounced response. This observation aligns with 
Bay and Palumbi (2015), who noted that preconditioned corals demonstrate a less pronounced stress response. 
In this context, Barshis et al. (2013) proposed that reduced stress responses in tolerant corals might be due to 
higher constitutive levels of stress-indicator proteins, or that such reduced responses could signify resilience 
rather than causation. For instance, more heat-tolerant corals could have experienced lower physiological stress, 
leading to smaller expression changes in stress-indicator genes. This perspective is also supported by Louis et al. 
201741, who identified hsp70 gene as an early responder to stress, reinforcing the complex relationship between 
stress responses and thermal tolerance.

While Hsp70 protein levels and hsp70 gene expression offered important perspectives, the analysis of the 
antioxidant enzyme activity provides additional insights into how corals improve their tolerance following 
thermal preconditioning. It is known that under thermal stress, the photosynthetic Symbiodiniaceae produce 
reactive oxygen species (ROS) at levels that exceed the host’s cellular capacity, leading to cellular damage, necrosis, 
or detachment48,50. Excessive ROS triggers signalling pathways that result in the degradation or expulsion of the 
symbionts, causing coral bleaching and, under prolonged stress, coral death due to starvation51,52. To prevent 
bleaching, corals increase the activity of antioxidant enzymes as SOD, CAT, and GR to combat oxidative stress53. 
Enhanced antioxidant enzyme activity in response to thermal stress has thus been extensively documented in 
corals48,54–57. In our study, consistent changes in three key antioxidant enzymes SOD, CAT and GR in both P. 
damicornis and S. pistillata following heat stress was observed. In particular, antioxidant enzymatic activities 
increased after just one day of heat stress and remained elevated in preconditioned corals. In contrast, non-
preconditioned corals initially showed increased levels of SOD, CAT, and GR, but these levels decreased over 
time, eventually falling below control levels. Therefore, we suggest that non-preconditioned corals were unable 
to sustain or further boost their antioxidant defences as heat stress persisted. Hawkins and Warner (2017) found 
no significant differences in SOD activity between preconditioned and non-preconditioned sea anemones and 
highlighted the need for careful interpretation due to small sample sizes. In contrast, Majerová and Drury 
(2022)  observed that preconditioned corals, with greater thermal tolerance and reduced bleaching rates, 
exhibited higher GR activity compared to non-preconditioned corals.

 When ROS levels exceed the host’s ability to maintain cellular homeostasis, they cause various forms of 
cellular damage, as a result of lipid peroxidation, protein oxidation, enzyme inhibition, and damage to nucleic 
acids58–60. To assess oxidative damage and dysfunction in coral cells especially due to thermal stress, lipid 
peroxidation (LPO) was commonly used as a stress biomarker38,48,55,61, quantified by measuring malondialdehyde 
content. MDA is widely used as a marker for lipid peroxidation because it is one of the most prevalent and 
stable byproducts formed during the degradation of polyunsaturated fatty acids (PUFAs) in cell membranes 
under oxidative stress62. Therefore, higher MDA levels indicate greater membrane degradation. Our results 
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showed significantly higher lipid peroxidation in non-preconditioned corals compared to preconditioned corals. 
Specifically, LPO level in non-preconditioned corals increased with the duration of thermal stress, whereas 
LPO level in preconditioned corals remained comparable to those in control samples. These results suggest 
that in both species preconditioned corals experienced less oxidative damage than their non-preconditioned 
counterparts. This reduced oxidative damage in preconditioned corals may be attributed to their higher levels 
of antioxidant enzymes and Hsp70, which likely contribute to enhanced cellular protection and stress resilience. 
Our results are consistent with those of Huang et al. (2024) who observed decreased LPO and caspase-3 activity 
in acclimated corals, suggesting a delayed apoptotic process that enables corals to withstand extreme heat stress. 
They suggested that acclimated corals experience less reactive oxygen species (ROS) damage compared to 
unacclimated corals.

Our findings contribute to a broader understanding of stress response cascades and stress memory in corals. 
We observed that thermal preconditioning may promote initial physiological adjustments and some degree of 
molecular preparedness, as preconditioned corals showed elevated Hsp70 expression and antioxidant enzyme 
activity during acute thermal exposure. These changes appeared to enhance cellular protection and support 
homeostasis. As a result, preconditioned corals experienced reduced oxidative stress, as indicated by better 
retention of chlorophyll and symbionts. This is consistent with previous studies showing that preconditioning 
can mitigate oxidative damage through enhanced antioxidant responses30,63. Notably, Majerová & Drury (2022) 
also reported that non-preconditioned corals accumulated DNA damage (oxidized guanine species, 8-OHdG), 
whereas preconditioned corals did not. The improved protective state appeared to help preconditioned corals 
better tolerate subsequent severe thermal stress, with a delayed onset and reduced magnitude of stress responses, 
as indicated by lower hsp70 gene expression and diminished oxidative damage during later stress events. 
Moreover, preconditioned corals maintained symbiosis stability for longer and showed slower rates of bleaching 
compared to non-preconditioned corals.

In a similar multibiomarker study, Gardner et al. (2017)suggested a stress-response cascade in S. pistillata 
following thermal stress, with early antioxidant activation followed by declines in chlorophyll content, symbiont 
density, and photosynthetic performance, ultimately leading to bleaching. In contrast, the present study shows 
that preconditioning shifts this cascade by delaying bleaching onset and sustaining higher chlorophyll and 
symbiont densities. Antioxidant responses (SOD, CAT, GR) also remained elevated for a longer duration in 
preconditioned corals, indicating extended protection against oxidative stress. These findings suggest that 
preconditioning modifies the typical reaction sequence.

Overall, our results support previous research suggesting that thermal priming can enhance thermal tolerance 
by allowing the coral’s cellular machinery to respond more effectively to repeated stress, potentially improving 
resilience to future stressors26,29,30,64. However, the efficiency of thermal preconditioning in corals depends 
on the specific temperature regime applied. Ferrara et al. (2025) found that variable thermal regimes slightly 
outperformed stable ones, improving thermal tolerance and recovery. In contrast, Drury et al. (2022) showed 
that only constant high and pulse exposures enhanced thermal tolerance in Montipora capitata. Both studies 
highlight the importance of the intensity, duration, and variability of preconditioning treatments. Additionally, 
species-specific traits and genotypic differences significantly influence the outcomes of thermal acclimation.

In addition to controlled experimental preconditioning, naturally occurring thermal fluctuations may 
similarly influence coral stress responses in the field. Degree Heating Weeks (DHW) are widely used to predict 
bleaching, yet our results suggest that moderate thermal anomalies (e.g., DHW < 4 °C-weeks) preceding more 
severe heat events (DHW > 8 °C-weeks) could promote physiological adjustments and molecular preparedness 
similar to experimental preconditioning. This indicates that corals experiencing mild thermal stress may enter 
subsequent heatwaves with increased level of thermal protection. Integrating such natural thermal histories and 
potential stress memory effects into predictive bleaching models could improve their precision and better reflect 
coral responses under fluctuating environmental conditions.

In conclusion, our study offers a comprehensive analysis of how thermal preconditioning could possibly 
enhance coral tolerance to heat stress, at both molecular and cellular levels. Preconditioned corals exhibited 
reduced oxidative stress, as shown by improved retention of chlorophyll and symbionts. This increased bleaching 
tolerance is linked to enhanced thermal protection and maintenance of the cellular homeostasis through elevated 
levels of Hsp70 expression and antioxidant enzyme activity. Consequently, preconditioned corals showed 
fewer signs of cellular stress, such as lower hsp70 gene expression and reduced oxidative damage. P. damicornis 
displayed a more pronounced response to thermal preconditioning, highlighting species-specific differences. The 
use of a multi-biomarker approach could be pivotal in revealing the complex molecular adaptations triggered 
by thermal preconditioning, offering new insights beyond studies that have typically focused on isolated 
stress response components. This study highlights the intricate and multifaceted nature of coral tolerance and 
suggests directions for future studies, including exploring additional molecular pathways, testing other coral 
species, refining preconditioning protocols for greater effectiveness, and validating these findings in natural 
environments. Overall, our study confirms the effectiveness of thermal preconditioning in enhancing coral 
tolerance to thermal stress, positioning it as a vital technique to be incorporated into coral restoration efforts in 
response to rising ocean temperatures driven by global warming.

Methods
Experimental setup
Coral sample preparation and acclimation
At the Aquarium of Genoa (Italy), 96 small coral nubbins (~ 10 cm each) of P. damicornis and S. pistillata were 
fragmented from eight large mother colonies of each species. To ensure consistency during the experiment and 
avoid variations in results based on the most abundant genus of microalgal endosymbionts (Symbiodiniaceae) 
hosted by the corals, the genus of Symbiodiniaceae in the mother colonies was determined prior to the experiment. 
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Specifically, DNA was extracted from the eight mother colonies of each species with the DNeasy Blood and 
Tissue Kit (Qiagen,  Germany), a portion of the ITS2 region was amplified using the primers SYM_VAR_5.8S2 
and SYM_VAR_REV, as described in65,66, and PCR products were sequenced with an ABI 3730xl DNA Analyser 
(Applied Biosystems,  USA). The obtained sequences were compared to the NCBI database using the Basic Local 
Alignment Search Tool (BLAST) and were finally deposited in GenBank with the accession numbers PP264470-
PP264485. Nubbins were sourced from mother colonies hosting the same Symbiodiniaceae genus: P. damicornis 
nubbins from colonies predominantly hosting genus Cladocopium (GenBank accession numbers: PP264470-
PP264477) and S. pistillata nubbins from colonies predominantly hosting genus Symbiodinium (GenBank 
accession numbers: PP264478-PP264485). All 96 nubbins were acclimated in the same tank for two weeks at 
the control temperature of 25 °C and light: dark period of 11:13 h. The irradiation in acclimation tank was equal 
to 250 PAR (m−2 s−1 µmol photons). Technical details of the flow-through aquarium setup, based on Isa et al. 
(2024), are reported in Supplementary Material S1.

Temperature treatments and coral sampling
The corals used in the present study were cultivated at an optimum temperature of 25 °C. Prior to the experiment, 
preliminary trials were conducted to determine the bleaching temperature thresholds of the two species, both 
of which were found to bleach at 32 °C. Following the acclimation period, nubbins were randomly distributed 
across three distinct temperature treatments in duplicated aquaria (Fig.S1). In the control (C) tanks, the 
temperature was maintained consistently at control temperature (25 °C) throughout the entire duration of the 
experiment (Fig. 1). In the preconditioning (PC) tanks, the temperature was gradually increased to 28 °C at a 
rate of + 1 °C per day and maintained for seven days. This preconditioning temperature which is + 3 °C above 
the control temperature, was selected based on the methodology described by Majerová et al. 202163. Following 
the preconditioning phase, the temperature in the preconditioning tanks was gradually decreased by −1 °C per 
day until it returned to 25 °C, where it was maintained for an additional five days for recovery. Subsequently, the 
temperature was increased by + 1 °C per day until it reached 32 °C, which corresponds to the experimentally 
determined bleaching threshold of the samples. This temperature was maintained for ten days. In this study, 
we refer to this phase as the acute stress treatment (as it represents the bleaching temperature of the samples). 
In the non-preconditioned (NPC) tanks, the temperature was increased directly from 25 °C to 32 °C at a rate 
of + 1 °C per day, without a preconditioning phase. Upon reaching 32 °C, this temperature in the NPC tanks 
was maintained for ten days. Each temperature treatment consisted of two duplicated tanks, each containing 16 
nubbins of the same species, for a total of 32 nubbins per treatment per each species.

Degree Heating Week (DHW) was calculated following the approach described by Ferrara et al. (2025). 
Cumulative heat stress was quantified by summing daily temperature anomalies exceeding the bleaching 
threshold, defined as 1 °C above the maximum monthly mean (MMM). For this experiment, the MMM was 
considered 25 °C, based on the stable-ambient baseline temperature of the facility where the corals have been 
cultured for over a decade. Accordingly, the bleaching threshold was set at 26 °C. During the preconditioning 
phase, corals were exposed to a cumulative heat stress of 2.43  °C-weeks (DHW < 4  °C-weeks is below the 
bleaching threshold). During the subsequent acute thermal stress phase, the cumulative heat exposure reached 
11.57 °C-weeks (DHW > 8 °C-weeks corresponds to severe thermal stress, expected to cause widespread coral 
bleaching and potential mortality).

Four different time points were set during the experiment: (1) prior to the initiation of the acute heat stress 
ramping phase (before stress), (2) one day after reaching the maximum stress temperature of 32 °C, and (3) 
three days, and (4) ten days following the onset of acute heat stress (Fig. 1). Before sampling at each time point, 
coral fragments were quickly photographed out of water against a white background using the same camera and 
consistent lighting conditions (Fig. 2), then immediately returned to their respective tanks to minimise stress. 
Bleaching was considered present when at least 7 out of 8 fragments within a treatment group exhibited visible 
paling or loss of pigmentation. At each time point, four random nubbins per duplicated tank were collected (n = 8 
per treatment), with concurrent sampling performed in the control tanks matching the PC and NPC treatments. 
The collected nubbins were fragmented in half, with one half stored at −20 °C for bleaching assessments and 
the other half immediately snap-frozen in liquid nitrogen and stored at −80 °C for molecular biology analyses.

Quantification of bleaching
Chlorophyll a and c2 quantification
Coral tissue was blasted off from coral fragments (stored at –20 °C) using filtered compressed air67. Chlorophyll 
was extracted from tissue following Isa et al. 2024 and Louis et al. (2016). Absorbance of acetone extract was 
measured at 630, 663, and 750  nm. Chlorophyll concentration was calculated using dinoflagellate-specific 
equations68 and normalised to coral surface area. The surface area of the coral fragments was determining using 
the paraffin wax dipping method, following the procedure outlined by Isa et al. (2024) and Veal et al. (2010). The 
detailed methodology is reported in Supplementary Material S2.

Symbiodiniaceae density
Symbiodiniaceae cells were counted from six independent hemocytometer (Improved Neubauer) counts, using 
an optical microscope (Leica Company, France). Cell density was calculated from the surface area of respective 
fragments69,70.

Analysis of the enzymatic activities
Protein extraction
Approximately 1 g of frozen coral fragment was cut from each nubbin stored at −80 °C. Each coral fragment was 
ground using a pre-chilled mortar and pestle and homogenised in 750 µl lysis buffer (Tris–HCl 50 mM, pH 7.4, 
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NaCl 150 mM, glycerol 10%, NP40 detergent 1%, EDTA 5 mM) containing 1 mM phenylmethylsulfonylfluoride 
(Sigma-Aldrich). Total protein content was extracted and quantified as per Montalbetti et al. (2021). The detailed 
methodology is reported in Supplementary Material S3.

Antioxidant enzyme activity assay
Superoxide dismutase activity (SOD) was assessed according to Vance et al. (1972) and Montalbetti et al. (2021). 
Catalase (CAT) activity was assessed by considering the peroxidase function of the enzyme. The method is 
based on the breakdown of hydrogen peroxide (H2O2) by the enzyme, as previously described in Bergmeyer et 
al. (1983). The enzymatic assay of glutathione reductase (GR) was performed according to Wang et al. (2001). 
Results are expressed as units (U) of enzyme per mg of proteins. The detailed methodology is reported in 
Supplementary Material S3.

Lipid peroxidation
Approximately 1 g of frozen coral fragment was cut from each nubbins stored at −80 °C. Each coral fragment 
was ground in a pre-chilled mortar and pestle and homogenised in 1 ml of 20 mM phosphate buffer, pH 7.4. To 
prevent sample oxidation, 10 µl of 0.5 M butylated hydroxytoluene in acetonitrile were added to 1 ml of tissue 
homogenate. Lipid peroxidation levels were measured by assessing malondialdehyde (MDA) concentrations 
following Montalbetti et al. (2021) and using the commercially available MDA assay kit (Bioxytech LPO-586, 
Oxis International, USA). The detailed methodology is reported in Supplementary Material S4.

Analysis of the Hsp70 expression
Protein extract Preparation and western blot analysis
Approximately 1 g of frozen coral fragment was cut from each nubbin stored at −80 °C. Each fragment was then 
ground using a pre-chilled mortar and pestle and homogenised in SDS-buffer (0.0625 M Tris–HCl, pH 6.8, 10% 
glycerol, 2.3% SDS, 5% 2-mercaptoethanol) containing 1 mM phenylmethylsulfonylfluoride (Sigma-Aldrich), 
and complete EDTA-free protease inhibitors cocktail (Roche Diagnostic). Western Blot analysis was carried out 
as previously described by Seveso et al. (2012; 2020). The detailed methodology is reported in Supplementary 
Material S5.

Gene expression analysis
Total RNA was extracted as described in Isa et al. (2024). Briefly, for each sample, a coral fragment (0.3–0.5 g) 
was cut from each nubbin stored at −80  °C. Coral tissue was blasted off the coral fragment in a pre-cooled 
mortar, using filtered compressed air for a maximum of 3 min67. RNA extractions were then continued using 
the Qiagen RNA Mini kit (Qiagen, Germany) following the manufacturer’s instructions for purification of total 
RNA from animal tissues. DNA contamination was removed using the DNase I Set (Zymo Research, USA) 
in combination with the RNA Clean & Concentrator-25 kit (Zymo Research) according to the manufacturer’s 
protocol. RNA quality was checked by examining with gel electrophoresis for clear, sharp bands of ribosomal 
RNAs. RNA concentration was estimated using Qubit (RNA Broad Range Assay Kit, Thermo Fisher Scientific). 
Real-Time qPCR was performed using the QuantiNova SYBR Green RT-PCR Kit (Qiagen, Germany) according 
to the manufacturer’s instructions. Reactions were performed, in triplicate, and as described in71. The detailed 
methodology is reported in Supplementary Material S6.

The ef gene has been widely employed as an internal control in numerous studies due to its consistent 
expression levels across various experimental stress conditions, including heat stress in P. damicornis71–73. 
Similarly, 18 S rRNA has been validated as a reliable internal control under similar conditions in S. pistillata74. 
The sequences of the PCR primers used are detailed in Table 1. Primer efficiency was assessed through a serial 
dilution (ranging from 1 in 10) of a mixed RNA sample, with efficiencies consistently falling between 0.94 and 
1.10. Relative changes in gene expression were quantified using the 2−ΔΔCt method78. All calculations were 
performed in R Studio, and gene expression results are presented as log2 fold-changes relative to the control 
group prior to the onset of acute stress.

Species Gene Primer Sequence 5’ To 3’ Reference

P. damicornis

hsp70
F: ​A​T​C​C​A​G​G​C​A​G​C​G​G​T​C​T​T​G​T 75

R: ​T​C​G​A​G​C​A​G​C​A​G​G​A​T​A​T​C​A​C​T​G​A 71,76

Elongation Factor (ef)
F: ​C​G​C​T​G​G​C​A​A​A​G​T​G​A​C​A​A​A​G​G 72

R: ​C​A​G​A​C​T​T​G​C​G​A​T​G​A​A​A​T​A​G​A​T​A​G​G​A 71,73

S. pistillata

hsp70
F: ​A​G​G​C​A​A​C​T​C​T​C​A​A​C​C​C​A​A​A​C​A

77

R: ​A​G​G​C​A​A​C​T​C​T​C​A​A​C​C​C​A​A​A​C​A

 18 s rRNA
F: ​A​A​C​G​A​T​G​C​C​A​A​C​T​A​G​G​G​A​T​C​A

77

R: ​G​G​T​T​T​C​C​C​A​T​A​A​G​G​T​G​C​C​A​A​A

Table 1.  Primer sequences of GOI and internal control gene used for qPCR analyses. In primer sequence 
column, F and R indicate the orientation (F: forward; R: reverse).
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Statistical analyses
To assess whether the duplicate tanks in each treatment group differed significantly (“tank effect”; Seveso et 
al. 2016), statistical tests were performed. One-way ANOVA was used for normally distributed data, and non-
parametric tests for non-normal data. Since the tank effect was not significant for all three treatments, data from 
duplicated tanks were combined and analysed as a single dataset (n = 8 per treatment per time point).

All molecular and physiological biomarkers data were analysed by a two-factor univariate PERMANOVA, 
using a resemblance matrix based on Euclidean distance and treatments (C, PC, NPC) and sampling time points 
(Before stress, Day 1, Day 3, Day 10) as fixed factors. The PERMANOVA was run using 9999 permutations 
with partial sum of squares and unrestricted permutation of raw data to obtain P values using the Monte Carlo 
method.

Following PERMANOVA, pair-wise comparison PERMANOVA tests were conducted for each biomarker 
analysed to assess significant differences between sampling times in C, PC and NPC treatments, and between 
treatments Before stress, at Day 1, 3 and 10, using the Monte Carlo method.

Analyses were performed using the statistical package PRIMER-E v.788 with the permutational multivariate 
analysis of variance (PERMANOVA) + add on89.

Data availability
Sequencing data related to this study are available on NCBI (Accession number: PP264470 - PP264485).
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