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Abstract: Global warming is influencing marine dynamics, with marine heat waves
(MHWs) threatening the survival of several species. After observing mussels’ massive
mortality for three consecutive years (2022–2024) along the Italian Mid-Adriatic Coast, the
present study aimed to evaluate, from an ecological and molecular perspective, the evolu-
tion of the health state of the Mediterranean mussel (Mytilus galloprovincialis) population
facing the effects of summer heatwave in 2024, in situ. Three MHWs were recorded over
the summer, with the second being 41 days long and having temperatures higher than
30 ◦C. In both sites considered (at the Tronto River mouth and the Frana San Nicola) inside
the Piceno coast, the mussel beds experienced a clear decrease in individual density from
April (the reference month) to August, with the total mortality recorded in September. The
transcriptional levels of the molecular biomarkers analyzed during this time span revealed
a state of heat stress with HSP70 (heat shock protein 70) and HSP90 (heat shock protein
90) upregulated in July and August. The apoptotic signal measured through the branchial
transcript quantification of p53 and caspase 3 is less clear. The occurrence of MHWs is
reshaping the local macrozoobenthonic community structure: the permanent mussel beds
that characterized the intertidal and shallow submerged reef along the Mid-Adriatic coast
are shifting to a temporary population that renovates yearly.

Keywords: massive mortality event; molecular biomarkers; Mytilus galloprovincialis; Adriatic
Sea; climate crisis

1. Introduction
As a component of the climate crisis, ocean warming alters global evaporation rates,

precipitation, and local factors like salinity [1]. One of the ways ocean warming exerts
its effects is through Marine Heat Waves (MHW), anomalously warm water events [2].
Temperature anomalies are considered MHWs when they exceed a threshold of the 90th
percentile for at least 5 days during a climatological period of 30 years [3]. The duration,
magnitude, and frequency of extreme events like MHWs are exacerbated by the surge of
the climate crisis [4,5].
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In recent decades, local marine ecosystems have been particularly affected by MHWs
worldwide, influencing local ecological dynamics [3]. Marine species respond differently
to the impact of the climate crisis, which is often not uniform over time and space, as
they have different levels of vulnerability, exposure, sensitivity, and adaptation [6]. The
synergic action of extreme events like MHWs and other abiotic or biotic factors like ocean
acidification or infection/parasitism challenge the resilience of marine habitats and the
ecosystem services they provide [4,5,7,8].

Coastal environments are subjected to the most significant ecological impact by MHWs,
like changes in local species composition and abundance [9] or sessile species mass mortality
events (MME), like sponges, gorgonians, or mussels [10–12]. Indeed, mobile species can
migrate toward waters with more favorable conditions when MHWs hit their habitat and,
being active, may have a higher thermal tolerance. On the contrary, sessile species are
unable to escape [5] and are consequently subjected to stress conditions [10–12].

A semi-closed basin like the Mediterranean Sea is particularly susceptible to the climate
crisis. Indeed, the warming rate, caused by extreme temperatures and the numerous,
more frequent, and higher magnitude MHWs of this area are more intense in a global
scenario [10,13–15]. Within this geographical context, the effects of the climatic anomalies
are observed more quickly in the Adriatic basin due to its shallow depths (in the northern
and central parts) and its semi-closed conformation that allows a slow water turnover with
the rest of the Mediterranean through the 70 km-large Otranto channel [13,16]. Numerous
Italian rivers discharge their flow along the Adriatic western side, with the Po river being
the main contributor of the high productivity of Adriatic waters. However, the increase of
drought occurrence in the Mediterranean scenario pushes organisms’ lives to their limits of
tolerance and affects the Adriatic marine food web [16,17].

While MHWs occurred in the Adriatic area [18], the first MMEs of the Mediterranean
mussel Mytilus galloprovincialis were reported only recently [10,14,15]. A massive die-off of
M. galloprovincialis along the Central Adriatic coast characterized the coastal reefs during
the late summer of 2022 [10] and once again in the late summer of 2023 (unpublished
observation by the same authors). Analyzing the climatic data (temperature, precipitation,
river flow) that influenced that region, these authors suggested that the mussel MME
may be due to prolonged anomalously warm water combined with reduced nutrient
supply. Indeed, this benthic species, which often dominates intertidal and subtidal zones, is
exposed to a variety of harsh marine and terrestrial conditions, like MHWs, that could affect
their survival [19]. The Mediterranean mussel is a eurytherm species with wide optimum
thermal limits between 9 ◦C and 25 ◦C for optimal physiological processes [20–22]. In
fact, Ref. [20] suggests that natural populations of Mediterranean mussels already live in
conditions close to their thermal acclimation limits during the summer season.

In addition to behavioral changes like valve opening, mussel metabolism and tran-
scriptome are factors negatively affected by MHWs [23]. Transcriptome modulation is
indeed an early indicator of the physiological response to stress. Molecular investigations
on bivalves exposed to artificially induced but realistic MHWs in a controlled setting
demonstrate the activation of the cellular stress response, with the regulation of molecular
biomarkers such as chaperones and molecular protector heat-shock proteins (HSPs) or
genes associated with apoptotic processes like caspase or p53 [23–26].

The present study aimed to assess in situ the response of the Mediterranean mussel
Mytilus galloprovincialis to real MHWs and detect any transcription alteration of molecular
biomarkers of exposure in this species from natural populations inhabiting coastal habitats
of the Italian Central Adriatic Sea from Spring 2024 to the end of Summer 2024. The
chaperones (HSPs) and the regulators of the cell cycle and apoptosis (p53 protein and caspase
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3) are the biomarkers selected due to their wide use in MHW studies [23,24,26]. Molecular
profiles are supported by ecological and climatic data.

2. Materials and Methods
2.1. Study Area

The study was conducted along the Piceno Coast (Central Adriatic Sea, Italy) from
February to September 2024. Mussel bed coverage and individuals were collected in situ
from natural populations inhabiting submerged reefs. Figure 1 shows the two sampling
stations, identified as “Frana San Nicola a mare” (FSN) in Grottammare (AP) Municipality
(43◦00′01′′ N, 13◦52′21′′ E—33T), and “Tronto” (TRN) at the mouth of the Tronto river,
between San Benedetto del Tronto (AP) and Martinsicuro (TE) Municipalities (42◦53′36′′ N,
13◦55′11′′ E—33T). The area is characterized by shallow sandy bottoms where the sea
temperatures are almost constant throughout the shallow water column. The FSN site
consists of a natural reef, while in TRN the mussel beds insist on artificial anti-erosion
barriers. In the study area, the Mediterranean mussel forms vast and dense monospecific
beds at a level ranging from the surface to around −3 m depth.

 
Figure 1. Location of studied sites; the right figure represents the zoom of the area delineated in
the left picture. FSN stands for Frana San Nicola and TRN for Tronto River, SCI stands for Site
Community Importance.

Both sites do not exceed 4.5 m in depth. With respect to the previous study [10], these
two sites were selected on the basis of their differences: one (TRN) is an artificial reef at
the river mouth (potential temperature mitigation and good food availability actions by
riverine freshwater), and the other one is a natural reef not influenced by riverine inputs.
Both sites deal with marine Natura 2000 network sites; FSN is included in IT5340022, and
TRN is close to the southern limit of IT5340001.

2.2. Environmental Data and Analyses

MHWs are defined as periods during which temperatures exceed the threshold of
the 90th percentile relative to long-term local climatology for at least five days [3]. The
analysis of the last summer (2024) of our study area was based on data exported by
three official sources: 1. The Italian Institute for Environmental Protection and Research
(ISPRA) San Benedetto del Tronto meteo-marine station (42◦57′18′′ N, 13◦53′22′′ E—33T);
2. The meteoclimatic station provided by regional civil Protection, close to URDIS campus,
(42◦55′58′′ N, 13◦53′25′′ E—33T); 3. Copernicus Marine Environment Monitoring Service.

Weather data from ISPRA had a variable time step between 10 and 60 min, which is in
line with recommendations from the 2008 World Meteorological Organization guide [27,28].
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We focused on data from 1 January 2012 to 31 December 2024, with the only exception of a
very short recording gap; the monitoring climate signal was really considered homogeneous
because the data are derived from the monitoring of a meteo-marine station that has not
moved at all. At the same time, the signal is continuous because it has no temporally
extended recording gaps of more than 10 percent of the total data.

The 90th percentile of the sea surface temperature (SST) for each day from 15 April to
15 September was extracted from San Benedetto del Tronto ISPRA meteo-marine station
while for the same period, daily data are available for the Copernicus dataset, consider-
ing the 30-year period from 1994 to 2023 (CMEMS—Reprocessed (REP) Mediterranean
(MED) dataset—see SST_MED_SST_L4_REP_OBSERVATIONS_010_021 product). After
conducting a nesting operation, we cross-referenced these data with the hourly data noted
above [29].

We referred to the University of Urbino Bulletin of coastal waters [30] to estimate the
seawater trophic situation of the study area.

2.3. Mussel Bed Coverage

Visual methods were used to obtain an accurate representation of the percentage
cover of the mussels in colonizing a specific reef block (1.5–2.5 m depth) in each of the
two sampling stations [31]. A 50 × 50 cm quadrat was placed randomly on 10 different
points of the reference rocks. Each 10 × 10 cm square of the quadrat completely covered
in mussels counted as 4% coverage, while if mussels occupied ¾ of the square, it was
considered a 3% coverage, etc. [31]. Data from each of the 10 quadrat replicas were used to
estimate the percentage of the total mussel bed coverage in each station. The presence of
seaweed, like Ulva lactuca, that could cover the presence of the bivalves, made it difficult to
use digital analyses of the pictures; for this reason, the data were acquired visually by the
two underwater operators.

2.4. Mussel Collection and Processing

To evaluate the evolution of M. galloprovincialis populations, individuals of this species
were collected at a depth of 1.5–2.5 m from each sampling station from a reef block adjacent
to the area taken as a reference for the visual assessment of the bed coverage. After
gently cutting the byssus thread, the bivalves were kept at a stable temperature during the
immediate transfer to the laboratory. The valves of 90–100 mussel individuals from each
station were measured over the months in order to observe the morphological dimension
dynamics of the considered populations. A batch of 10 individuals was used for molecular
analyses. After cutting the posterior adductor muscle, the gills were dissected using
sterilized scissors and forceps and stored in Trizol Reagent (Thermo Scientific, Waltham,
MA, USA) at −80 ◦C until later RNA isolation.

2.5. Molecular Analyses

Total RNA was extracted from 50 mg of gill tissue using the Trizol Reagent (Thermo
Scientific) according to the manufacturer’s protocol (Invitrogen, Waltham, MA, USA). The
concentration and quality of RNA were achieved using Qubit™ 4 Fluorometer (Thermo
Fisher Scientific) with the Qubit RNA BR Assay and the Qubit™ RNA IQ Assay Kits
(Thermo Fisher Scientific). Purified RNA was reverse transcribed into cDNA using the All-
In-One 5X RT Master Mix according to the manufacturer’s instructions (Applied Biological
Material, Richmond, BC, Canada). The mixture was incubated at 37 ◦C for 15 min for
genomic DNA removal, followed by 60 ◦C for 10 min for cDNA synthesis. The reaction
was stopped by heating at 95 ◦C for 2 min.

SYBR green-based real-time PCR with specific primer pairs (Table 1) was used for
assessing the transcription profile of the chaperones heat shock protein 70 (HSP70) and HSP90,
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selected for their role in maintaining the protein conformation stability [32], the pro-
apoptotic factor p53 [33] and the apoptotic executor caspase 3 (Cas3) [34] target genes, and
18S ribosomal RNA as a housekeeping gene.

Table 1. List of RNA primers used in this study.

Gene Primer Sequence Forward Primer Sequence Reverse Reference

Caspase 3 GATCTTGGAAGTGGTGTAGAACG CACTGCTAGGAAATCTGCTTCAT [35]

p53 CCAACTTGCTAAATTTGTTGAAGA TTGGTCCTCCTACACATGAC [36]

HSP70 CCGTCCACACCACCCACC GTGAGGTTAGCTGACAATGGTGG [37]

HSP90 AAGCTGATCTGGTCAATAACCTGG AACCTACACCAAACTGTCCAATCA [37]

18S rRNA AGAAACGGCTACCACATCC TGCCCTCCAATAGATCCTC [38]

The PCR reaction included 5 µL yourSIAL® Green Mix 2X, 0.5 µL of each forward
and reverse primer (10 µM), 2 µL template cDNA, and 2 µL DEPC-H2O. Thermal cycling
temperatures were 95 ◦C for 2 min, followed by 40 cycles at 95 ◦C for 5 s and 60 ◦C for
30 s. Dissociation curve analysis indicated the production of a single amplification product.
Results were normalized to 18s rRNA and expressed as fold changes with respect to the
April group.

The selection of April (surface seawater T = 19 ◦C) as the reference month for normal-
izing raw PCR data was based on the fact that mussels exhibit their optimal physiological
performance at approximately 18–20 ◦C [8,23].

Data were assessed with GraphPad prism v 8.0.2 software (GraphPad Software Inc.,
La Jolla, CA, USA). Statistical analysis was performed using one-way ANOVA followed
by Dunnet’s test for comparisons with respect to the control group (i.e, April). Differences
with p < 0.05 were considered statistically significant.

3. Results
3.1. Climatic Analysis

The SST historical series, related to more than 1.41 mln of numerical data (period
15 March–15 September 2024), was analyzed in detail. For the time series under study, the
maximum sea temperature was 31 ◦C and was registered on 20 July. As shown in Figure 2,
four MHWs occurred during this period, and only one of them (in June) had temperatures
below 30 ◦C. The other three MHWs were particularly intense both in duration and intensity;
in fact, they had a total duration of 52 days, in which the temperature always exceeded
30 ◦C. Note that while the MHW of July and the first MHW of August appear separated
in Figure 2, those are actually the same event, characterized by a 41-day time span. Only
two days, during which the temperatures recorded were slightly lower (29.6 and 29.7 ◦C),
separate the last MHW from the previous one.

Figure 3 shows the flow of the Po river, the most important Italian river basin, reg-
istered the second-highest average runoff in the past 50 years. Based on a dominant sea
current that runs southward and transports the principal Italian rivers’ runoff along the
Italian Adriatic coast, the trophic status of the sea waters in the studied area depends
mainly on what happens in the upper Adriatic basin [10,39,40].
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Figure 2. Marine heat waves (MHWs) occurred in the study area in the 2024 year; in red the MHWs
in which the temperature was higher than 30 ◦C; MHWs below 30 ◦C were presented in white. The
second heat wave of August also incorporates the first two days of September.

Figure 3. Flow river comparison between the years 2023, 2024 and two previous periods, at Ponte-
lagoscuro (FE) station (data source [https://simc.arpae.it/dext3r/] accessed on 7 February 2025).

3.2. Mussel Coverage and Growing

Table 2 enlists the mussels’ percentages of coverage observed in the two sites during
the period February–September 2024. For the TRN site, there was a strong coverage
percentage of the mussel bed starting from the first sampling month.

Table 2. Mussel coverage percentages in the two considered sites from February to September 2024
in the Tronto river mouth (TRN) and Frana San Nicola (FSN) sites.

Site February March April June July August September

TRN 90 90 95 95 75 20 0
FSN 50 95 95 85 70 5 0

Interestingly, the coverage percentage value in February in the FSN site was almost
half compared to the other site; furthermore, in FSN, the decline of mussel coverage begins
earlier and with greater intensity.

Figure 4 shows the frequencies of individuals for six size classes. In the TRN site, there
were adult individuals during the first sampling in February, who were then joined by
juveniles in June (two modes in histograms: 10–20 mm and 30–40 mm). In the FSN site,
only specimens smaller than 5 mm were observed on the rocky substrate in February and
March. The number of individuals decreased significantly in August (also confirmed by
the percentage coverage), dropping to zero in September (see also Figure S1 and Video S1
in Supplementary Materials).

https://simc.arpae.it/dext3r/
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Figure 4. The dimensional evolution of mussel populations in the two considered sites from February
to September 2024, studied considering six size classes. The February and March graphs for the FSN
site do not report any data, as small specimens (<5 mm long) were not collected, and September for
both sites, do not report any data as a complete mortality was recorded.

3.3. Transcription Modulation over the Months

HSP70 transcripts in the gills isolated from the Mediterranean mussels inhabiting
the TRN site revealed significantly higher values in July and August (2.44 and 2.94-fold
respectively) than those collected in April, the reference month, and June (Figure 5a).
Similarly, individuals from the FSN site expressed 1.5, 2.04, and 2.38-fold-higher levels of
this gene in June, July, and August, respectively, with respect to April (Figure 5b).
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Figure 5. Relative gene expression of heat shock proteins 70 (HSP70) (a,b), HSP90 (c,d), p53 (e,f) and
caspase 3 (g,h) in the gills of the Mediterranean mussel Mytilus galloprovincialis individuals from the
Tronto River mouth (TRN) and Frana San Nicola (FSN) sites. April was considered the reference
month. Asterisks indicate significant differences respect to April (p < 0.05; n = 8–10).

The gene expression levels of the chaperone HSP90 showed a gradual and significant
upregulation in mussels from the Spring months (April/June) to the summer months
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(July/August), with a similar trend in both stations, with August transcription levels being
4.99 and 3.73 times higher than April levels, in TRN and FSN, respectively. No significant
differences were observed between June and the reference month (Figure 5c,d).

The pro-apoptotic factor p53 transcription levels increased 6.40 times in the gills of
bivalves collected in June in TRN site, with respect to the control, and were found to be
not significantly modulated during all the other months (Figure 5e). Mussels from FSN
site collected in June and August had a 6.78 and 4.18-time higher mRNA content of p53
with respect to the gills of mussels from the reference month, a difference not observed in
individuals collected in July (Figure 5f).

On the contrary, the caspase did not appear differently modulated by MHWs, neither
in mussels from TRN nor in those from FSN (Figure 5g,h).

4. Discussion
This study examined the monthly gene expression profile in wild Mediterranean

mussel populations inhabiting submerged reefs of the Piceno Coast (Central Adriatic Sea)
and aimed to search for a significant relation with environmental conditions related to the
MHWs. We observed a clear upregulation of the HSPs in mussels collected in the summer
with respect to individuals collected in April, the reference month. The mussel coverage
gradually reduced while approaching the end of summer 2024, when the total mortality
was recorded in early September.

4.1. Ecological Observation at the Population Level

MHWs can impact the biological compartments of marine environments at different
levels and with different magnitudes [2]. Seawater temperature seems not to affect the
ability of Mytilus ssp. to filter food particles [41], and M. galloprovincialis may potentially
maintain a positive energy balance at SST below 29–30 ◦C [22]. However, M. galloprovincialis
is an eurytherm species with wide optimum thermal limits between 9 ◦C and 25 ◦C for
optimal physiological processes [20,22]. Indeed, extreme SST higher than 29 ◦C may define
the Mediterranean mussel (M. galloprovincialis)’s geographic distribution of this species [22].

Mussel mortality can be observed at an environmental temperature of 26 ◦C: Ref. [20]
recorded a 5% death rate at this temperature within 5 days from the exposure start and a
20% death rate after 30 days. The same authors [20] also observed that 20% of the mussels
reared at 28 ◦C died after 5 days from the experiment start, and in groups exposed to 30 ◦C,
the mortality reached 80% after 15 days. In our case, that is an in situ study, the mussel bed
coverage percentage in the two sites shifted from 95% in April (monthly temperature from
15.6 to 18.7 ◦C) to 5% (FSN) and 20% (TRN) in August (monthly temperature from 29.3 to
30.9 ◦C), reaching 100% mortality in early September. As described in Bracchetti et al. [10]
we exclude the intraspecific competition. In the study area, in fact, the predatory pressure
is not strong enough to justify a quick, intense and massive population decline that leads
to a complete mortality in such a vast area. On the basis of what is described above in
terms of high temperature effects on the mussels’ mortality, the occurrence of severe and
prolonged MHWs challenges their survival. In our observation, during August–July 2024
the seawater temperature was above 30 ◦C for over 50 days, of which 41 were consecutive,
pushing mussels’ thermal stress to the highest levels.

The continuous exposure to extremely high summer temperatures that occurred
yearly, starting in 2022 [10], has determined a change in the benthic community structure,
characterized by a shift from a permanent mussel bed [42] to a transitory bed in the FSN site.
These bivalves colonize the substrate the first months of the year (i.e., January/February),
grow until the summer months, and then die in late summer ([10] and direct observation
from the authors in 2023). This phenomenon is clearly visible in Figure 4, in which the
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frequencies of the size classes of the samples collected in situ are reported. No individuals
were collected in February and March for molecular analyses due to the small dimensions
(<5 mm).

On the contrary, the presence of adult individuals was observed in the TRN site since
the beginning of sampling, together with juveniles that settled on the substrate during the
winter months (Figure 4); this means that the mortality rate in this site was not total in 2023,
as observed in the FSN site the same year.

Indeed, while the temperature peaked at 30.7 ◦C in the summer of 2023 (22 July), only
two very short MHW occurred (the first in June with T < 30 ◦C and the second in July
with T > 30 ◦C) that never exceeded 6 days in time span [28]. These conditions have been
critical for the FSN mussel population but not for the TRN population, where the riverine
freshwater may have locally reduced the harsh effects of the sea warming. This possible
mitigation effect was probably not enough in 2024, during which the seawater was highly
warm for a long period of time (Figure 2). In 2022 we hypothesized that a combination of
environmental factors such as increased heat and low trophic load would have been the
causes of the mussel mortality [10]. However, the chlorophyl level was within a normal
range in 2024 and so the mussel mass mortality event recorded in 2024 seemed to be caused
exclusively by the severe and prolonged (more than 50 days) MHW conditions [10].

4.2. Modulation of Molecular Biomarkers

Biochemical mechanisms contribute to defining organisms’ optimal level of perfor-
mance within a window of thermal tolerance, which is reflected in behavioral and ecologi-
cal traits. For the Mediterranean mussels, the upper thermal limit has been identified at
25 ◦C [20,21]. Indeed, thermal stress is one of the main factors promoting protein denat-
uration [21]. Among the molecular biomarkers of exposure considered valuable tools to
determine the heat-stress response in bivalves, the HSPs are the most used [20,23,24,43].
HSPs are chaperones with a protective mechanism for protein conformation stability and
a three-dimensional structure remodeling activity of denatured proteins [32]. HSPs are
induced by several kinds of stress conditions like hypoxia, toxicant exposure, and high
temperatures, with HSP70 and HSP90 being the HSP families most considered in MHW
studies [20,21,23,24,43]. Ref. [21] identified 25 ◦C as the temperature threshold for inducing
HSP70 synthesis in M. galloprovincialis. Our results show that mussels from both TRN and
FSN sites increased their branchial HSP70 and HSP90 transcription activity over time, with
a significant difference between April (T = 19 ◦C) and July/August (T = 29–31 ◦C) 2024.
Indeed, the 41-day MHW occurred in July and lasted until August. Similarly, Ref. [14],
during an in situ study that aimed to analyze the molecular response of farmed M. gallo-
provincialis in a Mediterranean scenario, showed how HSP70 mRNA levels significantly
increased in individuals collected in the summer (July/August; T = 26.5–29.5 ◦C) compared
to specimens collected in late Spring (May; T = 18 ◦C).

Our results are consistent with other studies showing that the Pacific oyster exposed
to a 28 ◦C temperature activated HSP transcription in the gills just after three days from
the beginning of exposure and it remained high for the following days [24]. Interestingly,
these authors found that both HSP70 and HSP90 can be activated in a temporally different
manner in bivalves, with HSP70 immediately transcribed and HSP90 activated later (even
after 10 days from exposure to the high temperatures). In this regard, it has been suggested
that the requirement for the high cellular concentration of HSP70 family proteins may
inhibit the production of HSP90 [24].

HSPs have an important role in the activation of pro-apoptotic factors such as p53.
Indeed, the chaperone family of HSP70 can selectively recognize and bind p53 proteins [33].
As a consequence, HSP expression may follow the same trend as p53 in bivalves [24],
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and, in Mediterranean mussels specifically, we observed a different tendency of the two
biomarkers, whose gene expression with respect to April was upregulated in June (the first
MHW) and August (in FSN site) but not in July. Mussels from TRN site on the other hand
only showed a significant modulation of the p53 branchial gene in individuals collected
in June, when the first MHW was recorded. Ref. [24] showed a time pattern modulation
of the p53 gene, that was overexpressed after 10 days from the start of the heat stress
(28 ◦C) in their controlled setting, and later, at a 30 day timepoint, reduced its transcripts.
Interestingly, the first MHW recorded in June 2024 started exactly 9 days before the mussels
were collected from the field, and similarly to [24], the p53 gene was upregulated only
during this month and not in July, thus indicating a rapid return to the basal level after the
end of the first MHW. Data also suggest that starting from the second MHW, p53 expression
increased again, reaching a significant level in August compared to April (FSN site). The
role of the increased heat as a stressing factor affecting the cellular p53 transcript levels is
also confirmed by [44], who observed an upregulation in mussels during the summer.

p53 can be activated in case of DNA damage: by binding the DNA it promotes the tran-
scription of a number of genes involved in DNA repair, cell cycle arrest, or apoptosis [45].
For this cellular function, p53 expression is used as a molecular biomarker to assess cell
stress [46].

Extensive cellular damage that cannot be properly repaired leads to programmed cell
destruction aimed at maintaining tissue homeostasis, with caspases playing a key role in
this apoptotic pathway and contributing to the disassembling of important architectural
components of the cell [34,47]. In situ assessments by [14] of the molecular response of the
Mediterranean mussel showed an upregulation of cleaved caspases in individuals collected
in the summer (July/August; T = 26.5–29.5 ◦C) with respect to those analyzed in May
(T = 18 ◦C), suggesting the activation of the apoptotic apparatus that leads to extensive
mortality of this population. The transcriptomic results presented in the present work did
not show a clear modulation of caspase 3, the main executor of the apoptotic cascade [34],
used as a biomarker of cell death to assess the response to the MHWs. On the contrary,
Ref. [23] observed a significant gills downregulation of this gene during the artificial MHWs
(T = 25 ◦C) in Mytilus edulis and also recorded a restored transcription activity at the end of
their long-term experiment during the recovery phase. Another congener, Mytilus coruscus,
showed an upregulation of caspase 3 protein at 26 ◦C and a downregulation of the same
gene at 33 ◦C [48]. Overall, the available data indicate a controversial role of caspase 3 as a
molecular biomarker of early response to heat stress in mussels.

5. Conclusions
After three years of observation of the study area in the same sites ([10] and direct

observation of the authors), we conclude that the mussel mass mortality event is mainly
caused by the magnitude and duration of the MHWs that pushed the Mediterranean
mussel to its physiological limits, as also observed by the gene expression analyses. This
phenomenon has ecological consequences on the Piceno coast by reshaping the benthic
community structure and by moving from a permanent to a transient mussel bed.

Most of the investigations aiming to assess the biological implications of MHWs
on marine ecosystems are conducted in controlled conditions, where only one or few
parameters are taken into consideration [23–25,49]. However, in situ studies are needed in
order to assess the real physiological and molecular state of an organism.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d17060385/s1, Figure S1: Quadrat underwater photos capturing
the change of mussel bed coverage in the Frana San Nicola a mare site (FSN) from Apil to September
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2024; Video S1: Underwater video showing the change in mussel bed coverage in the Frana San
Nicola a mare site (FSN) from April to September 2024.
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