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A B S T R A C T   

Sessile benthic organisms can be affected by global changes and local pressures, such as metal pollution, that can 
lead to damages at different levels of biological organization. Effects of exposure to marine heatwaves (MHWs) 
alone and in combination with environmentally relevant concentration of copper (Cu) were evaluated in the reef- 
forming tubeworm Ficopomatus enigmaticus using a multi-biomarker approach. Biomarkers of cell membrane 
damage, enzymatic antioxidant defences, metabolic activity, neurotoxicity, and DNA integrity were analyzed. 
The exposure to Cu alone did not produce any significant effect. Exposure to MHWs alone produced effects only 
on metabolic activity (increase of glutathione S-transferase) and energy reserves (decrease in protein content). 
MHWs in combination with copper was the condition that most influenced the status of cell homeostasis of 
exposed F. enigmaticus. The combination of MHWs plus Cu exposure induced increase of protein carbonylation 
and glutathione S-transferase activity, decrease in protein/carbohydrate content and carboxylesterase activity. 
This study on a reef-forming organism highlighted the additive effect of a climate change-related stressor to 
metals pollution of marine and brackish waters.   

1. Introduction 

Heatwaves (MHWs) are transient periods of anomalous and extreme 
ocean warming related to global climatic changes which can occur at the 
regional level (Sen Gupta et al., 2020). In particular, MHWs can be 
described as distinct periods characterized by abnormally warm water 
persisting at a specific location. Quantitative definitions of MHWs rely 
on ocean temperatures surpassing a set threshold, which may be fixed 
(Frölicher and Laufkötter, 2018), seasonally adjusted (Hobday et al., 
2016), or cumulative (Eakin et al., 2010). 

There is a growing concern with the rapid increase in frequency, 
magnitude, and severity of these events worldwide and during the last 
century an increase higher than 50 % in the annual number of marine 
MHWs days occurred (Laufkötter et al., 2020). The rising interest in this 
rapidly developing threat is also due to the high potential to exacerbate 
the degradation of ecosystems and associated biodiversity (Smale et al., 

2019). Furthermore, in the Mediterranean Sea, the situation could be 
worse than expected. Due to its semi-enclosed nature, warming could 
occur very quickly (Kuglitsch et al., 2010). Shallow-water communities, 
such as biogenic reefs, are the first to experience these impacts, with 
effects such as tissues necrosis, reduced fertility, changes in feeding 
behavior, more susceptibility to diseases, bleaching, reduced growth 
and fitness due to starvation, oxidative stress and can even lead to death 
(Dias et al., 2019a; Bezuidenhout, 2021). Several studies have reported 
episodes of mass mortality of these organisms associated with high 
temperatures during summers in the Mediterranean since the 90s, with 
mortality triggered by increases of 1–2 ◦C above the average sea tem-
perature (Kružić, 2014). Consequently, these events are expected to 
become more frequent, causing significant changes in the species 
composition and structure of marine communities (Rivetti et al., 2014). 

In addition to global climate changes, sessile invertebrates face 
threats from local factors like chemical pollutants, including metals 
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(Marangoni et al., 2017). Copper (Cu), a vital trace metal for cell and 
organism functions such as enzyme activity (Rainbow, 2002), is also 
known as a highly toxic cation and aquatic contaminant (Viarengo et al., 
2002). Cu contamination stems from sources like agricultural runoff, 
mining, antifouling paints, and industrial discharges, contributing to 
widespread aquatic copper pollution with detrimental effects on aquatic 
life and ecosystems (Maria and Bebianno, 2011). High copper concen-
trations act as a significant physiological stressor, disrupting key meta-
bolic processes, inducing oxidative stress, DNA damage, and other toxic 
effects in aquatic invertebrates (van Dam et al., 2011; Schwarz et al., 
2013). 

The exposure of the mussel Mytilus galloprovincialis to Cu increased 
metallothionein (MT) gene expression (Dondero et al., 2005; Zorita 
et al., 2007) and lipid peroxidation (LPO) levels (Maria and Bebianno, 
2011). Patella vulgata limpets showed high sensitivity to copper, with 
significant effects at 6.1 μg Cu/L, while Carcinus maenas crabs were 
affected significantly only at 68.1 μg/L Cu (Brown et al., 2004). 
Regarding early life stages, spermiotoxic effects in the polychaete Fico-
pomatus enigmaticus (Fauvel, 1923) were detected after short-term 
exposure to 40 μg/L Cu (Cuccaro et al., 2021). 

Copper concentrations in the Mediterranean Sea can vary signifi-
cantly depending on the location, from 0.2 to 50 μg/L in the proximity of 
point sources (UNEP, 1996). In the present work, it was decided to 
expose the organisms to a copper concentration of 50 μg/L to evaluate 
whether there were any effects of this contaminant at an environmen-
tally relevant concentration and based on the bibliographic research on 
impacts on invertebrate organisms as described above. The choice to 
select the highest copper concentration, remaining within the environ-
mental ranges, was driven by our specific research objective, which is to 
investigate the influence of heat waves on the toxicity of metals. 

In this study, we evaluated whether any effects of copper were 
influenced by heatwaves. The combined effects of global climate change 
and local impacts on aquatic organisms are undergoing increased in-
terest recently (Sokolova and Lannig, 2008), since in their natural en-
vironments’ organisms are exposed to numerous and combined other 
local human-related stressors that can determine additive or multipli-
cative effects, larger than those caused by each stressor alone (Halpern 
et al., 2008, 2015). Specifically for the two stressors considered in this 
study (increasing temperature and copper contamination), Fonseca et al. 
(2017) showed that the combination of them reduced the photosyn-
thetic capacity, displayed an unbalanced enzymatic activity, and led to a 
reduction in LPO in the south Atlantic reef-builder coral Mussismilia 
harttii (Verrill, 1868), presenting a synergistic effect. A similar effect was 
described in the same species by Fonseca et al. (2019), who found a 
severe inhibition of the activity of energy metabolism enzymes. Fonseca 
et al. (2021a), found that the increased temperature, compared with Cu 
exposure, was the factor that most influenced the trophic behavior of 
M. harttii. Exposure to high temperature and to Cu combined induced in 
this coral oxidative damage (Fonseca et al., 2017; Fonseca et al., 2021a, 
2021b). 

F. enigmaticus, a tubeworm serpulid capable of forming reef-like 
structures in brackish environments, has been used as a model organ-
ism in ecotoxicological studies due to its sensitivity to pollutants and 
metals (Oliva et al., 2018, 2019; Vieira Sanches et al., 2020; Cuccaro 
et al., 2021, 2022). Most research on this species has focused on its early 
life stages and short-term exposure (Oliva et al., 2018, 2019; Vieira 
Sanches et al., 2020; Cuccaro et al., 2021), with fewer studies addressing 
chronic exposure (28 days) in adults (De Marchi et al., 2019; Cuccaro 
et al., 2022). To date, only one study on adults was carried out consid-
ering the effects of global climate changes: Bezuidenhout (2021) 
exposed for 3 days F. enigmaticus to decreased pH and increased tem-
perature, to test the feeding behavior. There is an existing lack of 
knowledge on this topic, emphasizing the needing for investigations that 
encompass both global and local stressors within the context of climate 
change. This study aimed to examine the synergistic impacts of rising 
temperatures (MHWs) and copper exposure on the health status of adult 

reef-building tubeworms (F. enigmaticus). A multi-biomarker approach 
under different conditions was used for investigating effects in term of 
oxidative status, cellular damage, biotransformation activities, energy 
reserves, neurotoxicity and DNA integrity. 

2. Materials and methods 

2.1. Experimental set up 

Colonies of Ficopomatus enigmaticus were collected at the S. Rossore- 
Migliarino Massaciuccoli Regional Park in Pisa, Italy. Samples were 
scraped out from a wharf. The serpulid colonies were then collected in 1- 
l polypropylene jars filled with local water and transported to the lab-
oratory. The colonies were rinsed with natural filtered (0.45 μm) 
seawater (NSW) and placed in a glass aquarium containing seawater (80 
L), with salinity adjusted to match that of the original sampling site. 
Throughout the acclimation period, the polychaetes were fed with a 
suspension of Isochrysis galbana (3 × 105 cells/mL). Salinity was grad-
ually increased each day (up to a maximum of 3 units per day) using 
NSW until reaching a salinity of 30, while other environmental param-
eters were maintained to mimic conditions at the sampling location 
(dissolved oxygen >90 % saturation, temperature 22 ± 1 ◦C, pH main-
tained at 8.1 ± 0.1, and a photoperiod of 10:14 h - light: dark cycle. 
Following the acclimation phase, approximately 100 g of calcareous 
colonies (equivalent to ~200 individuals, with 3 replicates per condi-
tion) were distributed into separate 1-l glass containers and subjected to 
different conditions over a period of 28 days as outlined in Table 1. 

Pure copper from a certified material Copper AA Standard (Agilent) 
was used. The experiment was semi-static as the water and the 
contaminant were renewed every week. 

Colonies were submitted to MHWs, following a ramp described in 
Fig. 1. To mimic the ephemeral and intermittent nature of MHWs 
occurring in the sea, two unique scenarios of short-lived, repeatedly 
occurring MHWs were created. Two MHWs lasting 4 days each were 
simulated with a temperature increase of 5 ◦C compared to the control 
temperature (20 ◦C). Each temperature increase/decrease ramp (1 ◦C/ 
day) lasted for 5 days. 

Tubeworms from CTRLs and treated conditions were sampled and 
extracted from the calcareous tubes by breaking them at the end of the 
exposure. Next, the individuals were collected, pooled (approximately 
70 individuals, totaling around 2 g), and thoroughly mixed in a 1:2 ratio 
(weight to volume) with ice-cold phosphate buffer (50 mM, pH 7) using 
a Potter Elvejem homogenizer. The resulting homogenized samples were 
then subjected to centrifugation at 10,000 ×g for 30 min. The obtained 
supernatants were subsequently portioned into aliquots and preserved at 
− 80 ◦C until they were utilized for the determination of biomarkers. 
Additionally, a portion of whole individuals (0.5 g) was assembled into 
pools for chemical analyses. 

Table 1 
Experimental design: CTRL (control unexposed), Cu (copper exposed), MHWs 
(marine heatwaves exposed as shown in Fig. 1), Cu + MHWs (exposure to 
combination of Cu + MHWs). The experiment was semi-static as the water and 
the contaminant were renewed every week.  

Condition Copper concentration 
(μg/L) 

Temperature 
(◦C) 

Time of Exposure 
(days) 

CTRL  0 20  28 
Cu  50 20  28 

MHWs  0 
MHWs as in  

Fig. 1  28 
Cu +
MHWs  50 

MHWs as in  
Fig. 1  28  

V. Vellani et al.                                                                                                                                                                                                                                  



Marine Pollution Bulletin 201 (2024) 116269

3

2.2. Chemical analysis 

Analyses of copper contents in waters were carried out following the 
method EPA 620B: 2014, by direct injection of ultrapure water-diluted 
samples (acidified at pH <2 with nitric acid) in an inductively coupled 
plasma mass spectrometer (ICP-MS) Agilent 7850. The copper content in 
worms was determined by the methods EPA 3051 A 2007 (digestion) 
and EPA 6010D 2018 (spectrometry analysis). Pools of whole worms (1 
g corresponding ~35 individuals) were dried at 40 ◦C and the dried 
tissues samples were ground by porcelain mortar. Samples were then 
digested and mineralized in a microwave oven ETHOS easy FKV with 35 
% hydrogen peroxide (1 mL), 65 % nitric acid (5 mL) and 2 mL ultrapure 
water. Digestions samples were diluted to 25 mL with ultra-pure water 
and analyzed for copper content in ICP-MS (tissue samples: recovery =
96.90 %, LOQ = 0.1 mg/Kg; water samples: recovery = 106.5 %, LOQ =
0.1 μg/L). 

2.3. Biochemical parameters 

Biochemical analyses were carried out in triplicate by spectropho-
tometric/spectrofluorometric methods using a micro-plate reader Bio-
Tek Synergy HT. Biomarkers of cell membrane damage [lipid 
peroxidation (LPO) and protein carbonylation (PC)], enzymatic anti-
oxidant defences [superoxide dismutase (SOD) and glutathione peroxi-
dase (GPx)], metabolic activity [carboxylesterase (CE) and glutathione 
S-transferase (GST)], energy reserves [total protein(PROT) and carbo-
hydrate (CARB) content], neurotoxicity [acetylcholinesterase (AChE)], 
and DNA integrity [DNA single strand breaks (DNAssb)] were analyzed. 

2.4. Cell membrane damage 

The assessment of Lipid Peroxidation (LPO) levels was conducted 
through the quantification of thiobarbituric acid reactive substances 
(TBARS), following the protocol outlined by Ohkawa et al. (1979). This 
method relies on the generation of malondialdehyde (MDA) as a 
degradation by-product of polyunsaturated lipids. MDA subsequently 

reacts with 2-thiobarbituric acid (TBA), forming TBARS. The amount of 
MDA generated was measured at 532 nm using an ε value of 1.56 × 105 
M-1 cm-1. The levels of LPO were expressed as nanomoles of MDA per g 
of fresh weight (F.W.). 

The assessment of Protein Carbonyl content (PC) was determined in 
accordance with the method described by Mesquita et al. (2014). This 
method is based on the reaction between 2,4-Dinitrophenylhydrazine 
(DNPH) and the carbonyl group. Absorbance readings were taken at 
both 450 nm and 750 nm, and the results were reported as nanomoles 
per mg of protein. 

2.5. Enzymatic antioxidant defences 

The activity of the SOD enzyme was measured following the method 
described by Magnani et al. (2000): it is based on the ability of cop-
per‑zinc SOD (Cu–Zn) to inhibit the autoxidation of pyrogallol, which is 
50 % in the presence of ethylenediaminetetraacetic acid (EDTA) at pH 
8.2. The absorbance was read at 420 nm, at the initial time (t0) before 
the addition of pyrogallol, and 1 min after its addition (final time t1). 
Results were expressed as U/mL, where U represents the amount of 
enzyme required to induce 50 % inhibition of pyrogallol autoxidation. 

The activity of the GPx enzyme was determined using t-butyl hy-
droperoxide (TBH) as substrate by the method described by Badary et al. 
(2005). Results were expressed as nmol of NADPH oxidized per min per 
mg of protein. 

2.6. Metabolic activity 

The enzymatic activity of GST was determined according to Habig 
et al. (1974) by measuring the increase in absorbance at 340 nm due to 
the conjugation reaction of CDNB (1-Cl-2,4-dinitrobenzene) with 
reduced glutathione (GSH). Results were expressed as nmol/min/mg of 
protein. 

CE activity was determined according to Hosokawa and Satoh 
(2001): the p-nitrophenyl butyrate (p-NPB) is a substrate for this 
esterase and its hydrolysis produces the chromophore 4-nitro-phenol. 

Fig. 1. MHWs ramps. Temperature spikes during 28 days of experimental trial.  
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Formation of 4-nitro-phenol was recorded for 3 min at 415 nm (with ε =
18 mM-1 cm-1). Carboxylesterase activity was expressed as nmol/min/ 
mg of protein. 

2.7. Energy reserves 

Protein (PROT) content was assessed using the protocol outlined by 
Lowry et al. (1951), utilizing bovine serum albumin (BSA) as standard. 
Absorbance readings were taken at 750 nm, and the results were 
expressed in mg per gram of F.W. 

Carbohydrate (CARB) content was determined using the sulfuric acid 
method as described by DuBois et al. (1956), employing glucose as 
standard at concentrations ranging from 0 to 2 mg/mL. Absorbance was 
measured at 540 nm, and the CARB content was expressed in mg per 
gram of F.W. 

2.8. Neurotoxicity 

The enzymatic activity of AChE was evaluated according to the Ell-
man’s method (Ellman et al., 1961). AChE hydrolyzes the substrate 
acetylthiocholine iodide (ATChI) forming thiocholine iodide base, 
which reacts with 2,2′-dinitro-5,5′-dithiodibenzoic acid (DTNB) to 
generate 5-thio-2-nitrobenzoate (TNB, an anion), which is yellow in 
color. The enzymatic activity was recorded for 5 min at a wavelength of 
412 nm, taking into consideration the molar extinction coefficient of 
TNB (ε) equal to 136,000 mM-1 cm-1 and the activity was expressed as 
nmol/min/mg of protein. 

2.9. DNA integrity 

DNA integrity as DNA single strand breaks (DNAssb) was evaluated 
by the fluorometric assay Fast-Micro-Method® (Schröder et al., 2006). 
The principle of the method is based on the ability of the specific fluo-
rochrome Pico488 (Lumiprobe GmbH) to form a very stable complex 
with dsDNA (double-stranded DNA) in the presence of a highly alkaline 
medium (pH 12.4). The procedure consists of a cell lysis phase of the 
sample in the presence of urea, sodium dodecyl sulfate (SDS), and EDTA 
at pH 10 so that the interaction between the fluorochrome and the DNA 
can be generated, subsequently followed by a phase of denaturation of 
the DNA at pH 12.4 following the addition of NaOH. Samples were 
incubated in the dark for 1 h with lytic solution (0.1 % sodium dodecyl 
sulfate SDS, 9 M urea, 0.2 M ethylenediaminetetraacetic acid EDTA) at 
pH 10, containing the fluorochrome Pico488. Subsequently, 1 M NaOH 
and 20 mM EDTA solutions were added, favoring the denaturation of the 
DNA. The denaturation kinetics was determined by monitoring the 
decrease in fluorescence of the complex formed by the fluorochrome 
(already present in the lysis solution) and by the DNA, in a minimum 
period of 20 min (excitation 485 nm/emission 520 nm). Results are 
normally expressed as strand scission factors (SSF), calculated by the 
formula: 

SSF = -log10(fluorescence units of samples)/(fluorescence units of 
control). For a simpler data representation, DNAssb was expressed as a 
percentage, where values below 100 % correspond to loss of DNA 
integrity. 

2.10. Statistical analysis 

The results were presented as mean ± standard deviations (SD). To 
ensure the validity of the statistical tests, normality and homogeneity of 
variances were assessed using Shapiro-Wilk and Bartlett’s tests, 
respectively. In cases where necessary, data transformation was applied. 
Once these assumptions were met, comparisons were made to elucidate 
the effects of different conditions on F. enigmaticus. This was achieved 
through One-way analysis of variance (ANOVA), followed by Tukey’s 
post-hoc test for multiple comparisons, using GraphPad Prism 7.00 
software (Windows version, GraphPad Software, La Jolla California, 

USA, www.graphpad.com). The null hypotheses under investigation 
were: i) MHWs do not influence the biochemical status of F. enigmaticus; 
ii) Copper has no impact on the biochemical status of the species under 
examination; iii) The combined exposure to both MHWs and copper 
does not lead to any effects on the biochemical status of the tubeworm. A 
significance threshold level of p = 0.05 was set. Statistically significant 
differences in comparison to controls and among conditions were 
denoted by different letters in the figures. 

In terms of multivariate analysis, a matrix encompassing all 
biochemical measurements (including LPO, PC, SOD, GPx, CE, GST, 
PROT, CARB, AChE, and DNAssb) for various conditions (CTRL, Cu, 
MHWs, MHWs+Cu) was utilized to generate a Euclidean distance sim-
ilarity matrix using PRIMER v6 (Anderson et al., 2008). This similarity 
matrix was then simplified by calculating the distances among centroids 
based on the tested exposure conditions. Subsequently, multivariate 
analysis was carried out employing Principal Coordinates (PCO) anal-
ysis. Pearson correlation vectors corresponding to the biochemical de-
scriptors (with r > 0.75) were included as supplementary variables 
superimposed on the PCO graph. 

2.11. Integrated biomarker response (IBR index) 

The Integrated Biomarker Response (IBR) index is a straightforward 
multivariate graphical method that enables the visual integration of a 
series of early warning responses assessed through biomarkers. The IBR 
index, along with its corresponding star plot, was determined for all 
biomarkers under consideration following the original methodology 
proposed by Beliaeff and Burgeot (2002), as well as the modifications 
outlined by Devin et al. (2014). In summary, the data processing steps 
were carried out as follows (Beliaeff and Burgeot, 2002): I) Computation 
of the overall mean (m) and standard deviation (s) for each biomarker 
using the values from all treatments and time points. II) Standardization 
of the data for each biomarker using the formula: Y = (X - m) / s, where Y 
represents the standardized value of the biomarker and X is the mean 
value of a biomarker from each treatment and time. III) Calculation of Z 
= -Y or Z = Y based on the expected biological effect (inhibition or 
activation, respectively). IV) Determination of an S score for each 
biomarker using S = Z + |Min|, where Min signifies the minimum value 
observed for each biomarker across all treatments and time points. V) 
Plotting of all Si values on a radar diagram, and computation of IBR as 
the total area enclosed by the diagram (sum of the areas of all triangles). 
The expressions employed for IBR calculation were as follows (Devin 
et al., 2014): Ai = Si * Si + 1 * sin(2π/k) / 2, thus yielding IBR=

∑k
i=1Ai. 

Higher IBR values indicate a stronger response in polychaetes. In the 
computational analysis, the biological effects obtained, whether inhi-
bition or activation, were determined for each biomarker while 
considering the control condition. 

3. Results 

3.1. Chemical analysis 

The quantification of copper in the experimental water confirmed 

Table 2A 
Levels of copper in experimental water spiked with Cu at 50 μg/L. Semi-static 
experiment with weekly renewal of water plus contaminant. Temperature con-
ditions were 20 ◦C and marine heat waves (MHWs). Results are expressed as 
mean ± SD of three independent samples.   

T0 
CTRL 

T0 Cu T7 
CTRL 

T7 Cu T7 
MHWs 

T7 
MHWs+Cu 

mean ±
SD μg/ 

L 
3.11 

± 0.14 
48.84 
± 0.23 

5.02 
± 0.57 

12.07 
± 0.73 

4.99 ±
0.68 

10.76 ±
0.40  
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the nominal concentration (Table 2A). At the end of experiments, 
copper-exposed tubeworms (T28 Cu and T28 MHWs+Cu) revealed a 
significant, even if slight, bioaccumulation in both conditions respect to 
control (T0) (Table 2B). 

3.2. Biochemical parameters 

3.2.1. Cell membrane damage 
A statistically significant increase of 2-fold was observed in PC values 

when exposed to a combination of MHWs and Cu contamination 
compared to the control (Fig. 2), while no significant variations in LPO 
levels were observed among conditions tested (Fig. 2). LPO control 
levels were 4.22 ± 0.31 nmol MDA/g F.W. 

3.2.2. Enzymatic antioxidant defences 
No statistically significant differences were found in the values of 

both SOD and GPx (Fig. 2). Control levels of SOD activity were 2.28 ±
0.28 U/mL; control levels of GPx activity were 4.56 ± 0.42 nmol/min/ 
mg protein. 

3.2.3. Metabolic activity 
F. enigmaticus samples exposed to MHWs alone and in combination 

with Cu showed levels of GST activity significantly higher in comparison 
to control (26 % and 30 % increase, respectively) and Cu exposure 
conditions (Fig. 2). Control levels of GST activity were 12.78 ± 1.02 
nmol/min/mg protein. 

In terms of CE activity, significantly lower values were observed in 
the MHWs and Cu combined condition in comparison to all the other 
conditions (Fig. 2). A decrease of 20 % was observed, compared to the 
control. Control levels of CE activity were 14.55 ± 1.14 nmol/min/mg 
protein. 

3.2.4. Energy reserves 
The PROT content showed a significantly lower amount (around 50 

% lower) when exposed to MHWs alone or combined with Cu compared 
to control and to Cu contamination condition alone (Fig. 2). Measured 
control levels of PROT total content were 10.03 ± 0.14 mg/g F.W. 

Exposure at MHWs combined with Cu produced a significant effect 
with a decrease in CARB content in comparison with the control and the 
increased Cu condition (− 39 % and − 98 %, respectively), while MHWs 
alone showed a significant decrease (− 45 %) compared to the Cu 
contamination condition (Fig. 2h). Measured control levels of CARB 
total content were 61.71 ± 5.34 mg/g F.W. 

3.2.5. Neurotoxicity 
AChE levels did not show any significant differences for the condi-

tions assessed (Fig. 2). Control levels of AChE activity were 3.89 ± 0.67 
nmol/min/mg protein. 

3.2.6. DNA integrity 
F. enigmaticus DNA integrity was not affected by any of the tested 

treatments (Fig. 2). 

3.3. Multivariate analysis 

The results from PCO analyses, based on biochemical responses in all 
tested conditions, were reported in Fig. 3. 

In detail, the first principal component (PCO1), which accounted for 
54.7 % of the total variability, clearly separated MHWs and MHWs+Cu 
conditions (on the positive side), from CTRL and Cu conditions (on the 
negative side). The variables PC, GPx, AChE, SOD and GST were found 
to be the most influential in explaining the positive side of PCO1. The 
most relevant correlation was found between MHW + Cu and PC, while 
other biomarkers explaining the positive side of PCO1 are weakly 
correlated with assessed conditions. Regarding the negative side of 
PCO1, the main correlation can be found between CARB and CTRL. A 
peculiar condition is represented by MHW which seems to be correlated 
with both SOD (positive side) and LPO (negative side). On the other 
hand, PCO2 explained 37.3 % of the total variance among conditions, 
distinguishing Cu and MHWs+Cu conditions and DNAssb, AChE and PC 
variables on the positive side, while the negative side consisted of CTRL 
and MHWs conditions and CARB, CE, LPO, SOD GST and GPX variables. 

3.4. Integrated biomarker response (IBR) 

The IBR radar diagram is presented in Fig. 4 together with the global 
scores of the measured parameters (bar graphs). Bar graphs showed that 
MHWs+Cu condition scored the highest IBR index respect to the other 
conditions (4.03, about 2-fold higher than Cu condition). The radar di-
agram clearly depicted scores how, in particular, PC, CE and GST 
contributed to the overall score of MHWs+Cu condition. Moreover, GST 
appear to similarly contribute to all three assessed conditions, while CE 
contributes specifically to MHWs+Cu and PC shows a decreasing in 
contribution with the highest to MHWs+Cu, followed by MHWs and, 
lastly, by Cu. 

4. Discussion 

One of the most widespread threats to reef-forming ecosystems is the 
increase in temperature (Halpern et al., 2008), which has caused several 
mass mortality events also in the Mediterranean. In addition to the ef-
fects of climate change, sessile organisms are also impacted by local 
threats, such as pollutants. Ocean warming has a significant impact on 
several marine organisms at various levels of biological organization e.g. 
cellular, physiological, ecological, and evolutionary (Kong et al., 2019). 
A lesser number of studies has focused on the effects of extreme weather 
events such as the MHWs (Minuti et al., 2021; Xu et al., 2022). The 
potential of MHWs to disrupt the homeostasis of organisms, the 
balanced equilibrium of marine ecosystems and socio-economic condi-
tions (Smale et al., 2019), have revealed it as a serious threat. Moreover, 
since it is expected that MHWs will occur more frequently in the short 
term, it is interesting to understand how marine organisms can coun-
teract these extreme events after experiencing them. In this study, we 
examined the biochemical responses of the reef-forming serpulid 
F. enigmaticus after exposure to copper and MHWs, alone or in 
combination. 

4.1. Biomarker responses 

Although F. enigmaticus has been described as a model organism 
(Oliva et al., 2018), there is a scarce availability of information about the 
biochemical responses of this species versus stressors related to climate 
change. Furthermore, scarce information is available on how these 
stressors can affect the uptake and bioaccumulation of pollutants in 
organisms (De Marchi et al., 2017e; Moleiro et al., 2022). Some authors 
demonstrated synergistic effects of temperature and copper in the 
biochemical responses of the Atlantic coral Mussismilia harttii (Fonseca 
et al., 2017, 2019, 2021a, 2021b). Fonseca et al. (2021a) showed that 
temperature increase had a more significant impact on the trophic 

Table 2B 
Levels of copper in tissues of F. enigmaticus at T0 and T28 (end of experiment) in 
different tested conditions. Results are expressed as mean ± SD of three inde-
pendent samples. Units are mg/Kg of dry weight (D.W.). Data in bold represent 
significant differences (p < 0.01) respect to T0 (one-way Anova, Dunnet’s test).   

T0 T28 MHWs T28 Cu T28 
MHWs+Cu 

mean ± SD mg/Kg 
D.W. 

20.26 ±
0.80 

22.63 ±
0.47 

29.75 ± 
0.44 28.80 ± 0.83  
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Fig. 2. Biomarkes responses. Measured biomarkers in CTRLs and Cu-, MHWs-, MHWs+Cu-exposed F. enigmaticus in 28 days experiment. Values (mean ± SD of three 
independent experiments, 3 pools/~70 individuals) of SOD, GPx, GST, AChE and CE were expressed as nmol/min/mg protein.; PC as nmol/mg protein; LPO as nmol 
of MDA/g F.W.; PROT and CARB as mg/g F.W.; DNAssb as % (where <100 % represents strand breaks). p = 0.05 was set as the significance threshold level. 
Statistically significant differences respect to controls and among conditions were expressed with different letters in the figures. (one-way ANOVA, Tukeys’s test). 
MDA: malondialdehyde; F.W.: fresh weight. 
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behavior of this species compared to copper exposure. These findings 
agree with our results, in which the temperature as MHWs played a more 
substantial role. The combined exposure to temperature and copper 
produced a dysregulation of 5 analyzed biomarkers (PC, GST, CE, PROT 
and CARB). Moreover, the IBR was found to be strongly related to this 
combined condition, which is the treatment that shows a higher 
response regarding IBR scores (Fig. 4). In contrast, exposure to copper 
alone did not produce significant effects in our study. It is important to 
observe that, for the experimental purposes of this research, we inten-
tionally selected a copper concentration of 50 μg/L. This concentration, 
although relevant from an environmental point of view, is considered 
relatively high (being a concentration that has been recorded close to 
the emission sources). This choice was motivated by our specific goal of 
evaluating the potential influence of temperature on copper toxicity. It 
should be noted that the dose of copper selected is less than half the 
emission limit values for surface water and sewage discharges estab-
lished by Italian legislation, which is defined as 100 μg/L (D. Lgs. 152/ 
06, Part Three, Annex 5, Table 3). 

PC is an indicator of ROS-mediated protein oxidation and thus this 
biomarker can be considered indicative of proteins modification that can 

be responsible for loss of function (Carney Almroth et al., 2005). 
Increased levels of PC were detected in several heat-stressed marine 
invertebrates as the Atlantic sea urchin Arbacia punctulata (Lamarck, 
1816) (Johnstone et al., 2019), the hydroid Hydractinia echinata 
(Fleming, 1828) (Eder et al., 2018) and the polychaete Hediste diversi-
color (O.F. Müller, 1776) (Valente et al., 2022). The findings from this 
study emphasized that neither heat-stress alone nor copper exposure 
alone were sufficient to induce PC. Differently, the increase of PC was 
detected when the heat-stress was combined with copper exposure. In 
this scenario, heat-stress could act as a triggering factor that enhances 
metabolism, leading to intensified responses when combined with cop-
per exposure. 

Relatively to biotransformation biomarker, GST, the increase of its 
activity coupled with the decrease of PROT in F. enigmaticus-MHWs 
exposed could be interpreted as early signals of increased metabolism. 
On one side, the rise in GST levels correlated with increased metabolic 
and biotransformation activity. Conversely, the decline in PROT indi-
cated an expenditure of energy to cope the increased metabolism trig-
gered by stress, as also stated by Knochel (2017). This expenditure 
becomes more pronounced when tubeworms were exposed to the 

Fig. 3. PCO analysis. Centroids ordination diagram (PCO) measured in CTRL and Cu-, MHWs-, MHWs+Cu-exposed F. enigmaticus. Pearson correlation vectors are 
superimposed as supplementary variables, namely biochemical data (r > 0.75): LPO; PC; SOD; GPx; GST; CE; PROT; CARB; AChE, DNAssb. 
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MHWs+Cu condition, as evidenced by the observed decrease in CARB 
levels. It is known that stress factors can generally lead to changes in 
energy distribution in invertebrates (Bednarska et al., 2013; De Coen 
and Janssen, 2003). It has been observed, for F. enigmaticus, other 
polychaetes and bivalves, a reduction of energy reserves in terms of 
proteins (PROT) and glycogen content, when exposed to pollutants such 
as carbon nanomaterials, organic and inorganic UV filters (De Marchi 
et al., 2017a, 2017b, 2017c, 2017d, 2017e, 2018, 2019; Cuccaro et al., 
2022). Rosic et al. (2014) described an increased GST activity in 
Acropora aspera (Dana, 1846) coral adults after a short thermal stress 
exposure at increased temperature (6–7 ◦C above ambient temperature) 
in order to underline the relationship between heat stress and meta-
bolism. An increase in this biomarker response was also detected in nine 
Indo-Pacific scleractinian coral species after exposure at elevated tem-
perature (30 ◦C) and low salinity (Dias et al., 2019b). Prolonged expo-
sure (12 days) at 26.6 ◦C also produced an increase in GST in the Atlantic 
coral M. harttii (Fonseca et al., 2021b). 

CE resulted significantly inhibited in MHWs+Cu condition only. CEs 
are a superfamily of serine esterase with several function ranging from 
the metabolism of xenobiotics to the involvement of metabolism and 
homeostasis of lipids (Solé and Sanchez-Hernandez, 2018). The inhibi-
tory effect of several metals, including copper, was observed both in 
bivalves and fish (Morais et al., 2023; de Lima et al., 2013). The obtained 
results could reflect a situation of generalized dysregulation of meta-
bolic activity following the heat stress leading to an inhibition of CE 
activity. 

Such dysregulation was not observed for the oxidative status of cell 
membranes (LPO) and for the antioxidant defences (SOD and GPx). The 
absence of increased LPO levels and antioxidant enzymatic defences 
could be explained by the increased activity of GST (biotransformation 
enzyme) that was enough to counterbalance the deleterious effects of 
ROS on lipids, as suggested by Dias et al. (2019a, 2019b). 

Results related to DNA integrity indicated that adult organisms 
exposed to all tested conditions did not exhibit any alteration. In 
contrast, Cuccaro et al. (2021) observed a loss of DNA integrity on 
F. enigmaticus sperm at this concentration. This aligns with the general 
biological assumption that early life stages are typically more sensitive 

than adults (Mohammed, 2013). In contrast to our results, Marangoni 
et al. (2017) detected significant DNA lesions at apurinic/apyrimidinic 
(AP) sites in adult coral M. harttii after 12 days of exposure to 4.8 and 
6.7 μg/L copper, with a dose-dependent increase. In certain in-
vertebrates, temperature has been identified as a factor influencing DNA 
integrity. For example, in M. galloprovincialis, higher damages were 
observed during summer (Almeida et al., 2011). Similar observations 
were made in Mytilus californianus (Conrad, 1837) and oysters (Yao and 
Somero, 2012; Rahman et al., 2023). However, the effects of high 
temperatures on DNA damage, such as strand breaks, in temperate reef- 
forming organisms are not extensively documented. In Indo-Pacific 
corals, thermal stress has been shown to affect this biomarker (Fitt 
et al., 2009). Utilizing a combination of different genotoxicity assays, 
such as the Fast Micromethod, comet assay, and micronucleus test, may 
enable the assessment of early and cumulative pollutant effects (Mon-
serrat et al., 2007). 

The neurotoxicity biomarker (AChE activity) appeared unaffected in 
F. enigmaticus by exposure to copper, MHWs, or their combination 
(MHWs+Cu). This observation is consistent with the findings in the 
earthworm Eisenia fetida (Savigny, 1826) (Bednarska et al., 2017), 
where AChE activity was not affected by similar exposures. However, 
other authors reported an increase in AChE activity in embryo and larval 
stages of M. galloprovincialis when subjected to combined stress from 
temperature and metals (Boukadida et al., 2022). These data primarily 
pertain to early stages of development, necessitating further analyses to 
understand how this biomarker responds in reef-forming organisms to 
the combined stress of temperature and metals. 

4.2. Multi-biomarker approach implications 

The application of a multi-biomarker approach, integrated with the 
IBR index, enabled a more comprehensive view of the effect of MHWs 
and copper contamination on the reef-forming tubeworm F. enigmaticus. 
The temperature was found to be the factor with the highest impact on 
the biochemical level of this bio-builder, while copper had no significant 
effect, although bioaccumulation was noted. Regarding the interaction 
between copper and MHWs, this exposure condition showed the highest 

Fig. 4. Integrated Biomarker Response (IBR) assessment. Integrated Biomarker Response (IBR) radar diagram (panel A) and IBR score (panel B) for all assessed 
biomarkers (ten) in F. enigmaticus after exposure to Cu, MHWs and MHWs+Cu conditions. 
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IBR index, with high CE, GST, PC and GPx relative area in the star plot, 
indicating an enhanced effect if compared to both stressors (copper and 
MHWs). This observation indicates how toxicity of legacy contaminants, 
such as copper, should be re-evaluated in light of global change sce-
narios, in order to identify additive and synergistics effects of these 
different sources of stress (Dinh et al., 2022). 

5. Conclusion 

Results presented and discussed in this research work pointed to an 
enhanced toxic effect exerted by copper, intended as legacy contami-
nant, when under specific global change events, namely heat waves. 
While the selected copper concentration, as single stressor, exerted 
negligible effects on F. enigmaticus adult biochemical parameters, the 
exposure of animals to MHWs alone or in combination with the same 
copper concentration, showed clear effects on several biochemical pa-
rameters. However, despite MHWs, as extreme events related to tem-
perature increase, being one of the major problems for intertidal sessile 
benthic organisms, information on their effects on reef-formers, either 
individually or in combination with additional stressors, is still scarce. 
Furthermore, the individuation of biochemical and physiological 
implication of these events, which constantly increase their frequency 
and magnitude, on different calcifying organisms, may represent 
important knowledge for future preservation of more sensible species, 
such as hard corals. In fact, integrated biochemical/physiological ap-
proaches, as suggested by the Marine Strategy Framework Directive 
(MSFD 2008/56/EC) at the European level, are key-tools for early 
individuation of hazard affecting endangered ecosystems. 
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