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Effect of ice stunning versus
electronarcosis on European sea
bass (Dicentrarchus labrax) muscle
structure, ultrastructure and
quality traits

Pedro L. Castro%2*, Ignacio Martin'2 & Rafael Ginés'2

In recent years, the aquaculture industry has seen an increasing concern regarding the welfare of
fish, particularly the slaughter and stunning processes, one of the most significant wellbeing issues.
Despite the critical role of stunning methods in fish processing, studies examining theirimpact on the
structural integrity of muscle tissue and the overall quality of fish have been relatively scarce. In this
context, the current study subjected adult European sea bass with an average weight of 693.8+71.6
to two distinct stunning methods prior to slaughter: immersion in ice water and electronarcosis

(with a voltage of 40 V and frequency of 50 Hz for 15 s) to examine their effect on muscle and quality
parameters. Immersion in ice water resulted in better and more preserved muscle organization.
Electronarcosis exhibited higher K values (p <0.05) and a softer texture (p <0.05) with less gumminess
(p<0.05), including changes at electrolyte levels (P: p<0.001; K: p <0.036). No significant differences
were found in plasma stress biomarkers, including cortisol (814 vs. 966 ng/mL for ice-water and
electronarcosis, respectively), glucose (7.34 vs. 7.28 mmol/L), and lactate (9.12 vs. 10.12 mmol/L).

In conclusion, stunning in ice water seemed to induce minimal effects on the muscle structure and
ultrastructure and maintain product quality, while electronarcosis appeared to diminish quality traits.

Ensuring fish welfare is a critical concern in aquaculture, both for ethical and practical reasons. Among the
most significant stages in the production process is slaughter, particularly the method of stunning used prior to
killing!. For a stunning method to be considered humane, it must render the animal unconscious and insensible
before death? This step is not only ethically important but also commercially relevant, as optimal stunning
contributes to the high quality of fish as a food source®.

Currently, two primary stunning methods are employed in aquaculture: immersion in ice water and
electronarcosis. However, there is no European regulation recommending one method over the other?. EFSA
(2009)° has advised phasing out ice-water immersion due to welfare concerns. Despite this, the absence of
specific regulatory frameworks allows aquaculture facilities to continue using ice-water immersion as a practical
method®. A critical limitation of this approach is the extended time required to induce complete unconsciousness.
Previous research has shown that immersing fish in ice water lowers body temperature and reduces brain activity
until unconsciousness is achieved*. Cold-tolerant species like rainbow trout (Oncorhynchus mykiss) exhibit
prolonged post-mortem processes*, compared to warm-water species such as gilthead seabream (Sparus aurata)
and European sea bass (Dicentrarchus labrax)®. Seasonal variations also influence intra-specific responses, as
ambient water temperature fluctuations modulate post-mortem biochemical and physiological kinetics’.

Rapid temperature changes can induce stress, elevate plasma cortisol levels, and disrupt plasma osmolality®.
Increased physical activity before unconsciousness raises heart rate and lowers muscle pH*?, promoting
detachment of myofibres from adjacent structures and contributing to reduced muscle integrity and texture'’.
Post-mortem biochemical changes are critically influenced by ATP depletion, which is closely linked to pH
decline. This acidification, driven by lactic acid accumulation from anaerobic glycolysis, inhibits glycolytic
enzymes and impairs ATP synthesis!!. Reduced ATP availability accelerates rigor mortis and structural
degradation, ultimately affecting muscle texture and quality'?. Despite its limitations, ice-water immersion
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remains widely used across species?, and is the standard technique for assessing muscle alterations in European
sea bass.

Electronarcosis, by contrast, is suitable for large-scale operations and has been shown to induce immediate
and irreversible unconsciousness in fish, as confirmed by electroencephalogram recordings!®. Electrical
stunning, when applied immediately after harvesting, is considered efficient and humane!?. It is fast, seemingly
causes less suffering, and allows fish to remain in water until unconscious or dead. However, the stun duration is
short and must be followed quickly by a killing method®. The technique works by passing sufficient current into
the brain to induce loss of brain function!®, resulting in immediate unconsciousness that persists until death.
This method stimulates muscles'®, causing strong contractions'® and lowering pH'”. It requires skill, and there is
limited information about its effects on fish and flesh quality!'®1°.

Although electrical stunning has been extensively investigated and is currently regarded as the benchmark
method for ensuring humane slaughter in aquaculture species, it often fails to induce consistent unconsciousness
across species>!4, raising concerns about both welfare and product quality. Moreover, key structural aspects such
as sarcomere integrity, perifibrillar detachment, and intrafibrillar damage remain underexplored, especially in
relation to stress-induced biochemical shifts?’. Addressing these gaps is essential to align industry practices
with evolving ethical standards and consumer expectations. The implementation of effective, specific stunning
regulations is essential to ensure the use of humane slaughter practices. Such measures would not only prevent
prolonged suffering and pain in fish but also uphold ethical standards and enhance product quality and
sustainability. This is particularly relevant considering growing consumer awareness and concern regarding the
welfare of animals used for food production!.

Stress during stunning and slaughter is known to affect flesh quality, leading to early onset of rigor mortis®,
texture softening??, gaping®’, drip loss?!, and reduced shelf life?>. However, practical knowledge about how
current stunning methods influence muscle structure and quality traits remains limited. This is largely due to a
historical focus on post-mortem product evaluation, which has hindered the development of welfare-conscious
protocols.

The irreversible binding and degradation of actin-myosin complexes during rigor mortis critically affects
muscle texture and quality. Stress induced by slaughter methods can accelerate these proteolytic processes?®?”.
Consequently, the breakdown of myofibrillar proteins has become a central focus in understanding muscle
softness?, with implications for developing new ingredients or meat products based on actin functionality®.
HSP70 is a key biomarker of stress in fish, responding to environmental and handling stressors by aiding in
protein repair and cellular protection. Its upregulation reflects physiological strain and can be used to assess both
welfare and postmortem muscle quality>*3!.

In the current study, we evaluated how electronarcosis influences muscle preservation and quality traits
throughout shelf life when used alongside the primary stunning method in aquaculture for European sea bass—
immersion in ice water. A comprehensive histological analysis, including actin degradation, heat shock proteins,
and ultrastructure, along with biochemical parameters, sensory assessment, K value, and texture, helps clarify
the connections between pre-mortem stress, post-mortem metabolic progression, and potential alterations in
fish muscle quality indicators.

Material and methods

Ethical statement

The animal experiments comply with the guidelines of the European Union Council (2010/63/EU) for the use of
experimental animals. The procedures carried out have been positively informed by the Animal Experimentation
Ethics Committee (CEEA) of the University of Las Palmas de Gran Canaria (ULPGC; Canary Islands, Spain) and
authorized by the Department of Agriculture, Livestock and Fisheries of the Government of the Canary Islands
(OEBA-ULPGC-07/2023). Given the severity of the project, upon its completion, a retrospective evaluation of
the procedure was submitted to the competent authorities. In addition, the study was carried out in compliance
with the ARRIVE guidelines (https://arriveguidelines.org).

Stunning protocol

The experimental fish were reared in the Aquaculture Facilities of the Scientific and Technological Park
Foundation of the ULPGC. The experimental fish were obtained from the stock of this species maintained in the
facilities. Fifty fish, with an average weight of 693.8 £71.6 g, were divided into two batches of 25 individuals. The
sample size was calculated using the G*Power 3 statistical software, based on a Cohen’s d of 0.8—indicative of a
large effect size—a significance level (a) of 0.05, and a statistical power (1-f) of 0.80. This calculation indicated
a minimum of 21 fish per group. To account for potential contingencies, the number was increased to 25 fish
per group. One batch was stunned by thermal shock (TS), simulating the current methodologies employed
by European sea bass producers in Spain, adjusting the conditions following the Guide to Correct Practices
for Slaughter—Fish Farming UNE 17330032 Thus, the fish were introduced into a 300-1 stunning tank with
a seawater/ice ratio of 1:1 (v/v) which maintained the temperature of the slaughter medium below 2 °C after
the fish were introduced. This ensured that death occurred by hypothermia rather than asphyxiation, as no
individuals became trapped in the ice. The electrical stunning (ES) batch was made using a prototype supplied by
the company Fish Management Systems (Belfast, Northern Ireland), designed and manufactured according to
the specified characteristics referring to the size of the bass to be stunned. Before this study, various combinations
of voltage (30, 40, 60, and 70 V) and pulse duration (5, 15, and 20 s) were tested at a constant frequency of 50 Hz
to determine the optimal parameter configuration. The final selected parameters—50 Hz, 15 s, and 40 V—were
chosen to ensure immediate stunning that lasted long enough to result in the animal’s death, thereby preventing
any recovery of consciousness during the killing process. Additionally, these conditions did not cause adverse
effects on the external appearance of the fish, such as reddening of the head and abdomen or persistent opening
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of the mouth and operculum. Fish were introduced individually into the stunning tank and subjected to 40 V
at 50 Hz for 15 s, conditions that ensured immediate stunning and were maintained for a sufficient duration to
culminate in death, thus guaranteeing no recovery of consciousness during the killing process. The confirmation
of loss of consciousness during the stunning process, as well as its potential recovery, was assessed through
behavioral monitoring, focusing on opercular movement, response to caudal puncture, and the presence of the
vestibulo-ocular reflex*. After stunning, the fish were slaughtered in a tank with a seawater/ice ratio of 1:1 (v/v).

Sampling procedures
Twenty-five farmed European sea bass per treatment were analyzed for plasma biochemistry parameters.
Afterwards, the samples were packed as whole ungutted fish with flaked ice into polystyrene boxes with holes
for drainage and stored at 4°C for 14 days postharvest (dph) at the High Specialization Aquaculture and
Biotechnology Service (SABE) at the ULPGC (University of Las Palmas de Gran Canaria). At 0, 2, 6, 9 and
14 dph, five fish per stunning method, randomly chosen, were removed, and individually subjected to Quality
Index Method (QIM), Texture Profile Analysis (TPA) and K-value.

Sampling intervals (0, 2, 6, 9, and 14 dph) were selected based on reported changes in quality parameters:
a sharp decline in texture occurs between 0-2 dph®*, metabolite accumulation begins around 6 dph®*, and 14
dph marks the typical shelf-life limit for farmed specimens. Fish carcasses and fillets were visually inspected for
assessment of spinal damage and incidence of hemorrhages. Each dph, muscle samples of 2 x 1.5 cm, including
skin, from under the central lateral line were removed for morphological muscle studies. In the same location,
samples of type IT muscle were collected for ultrastructural analysis.

Morphological studies

For histochemical and immunohistochemical studies, after 48 h in 4% paraformaldehyde at 4 °C, muscle samples
were dehydrated, embedded in paraffin, and sectioned at 3 um. Samples were stained with hematoxylin and
eosin (HE*) for general examination including artifacts, fixation, representativeness, muscle fibres arrangement
or integrity, with Phosphotungstic Acid Hematoxylin (PTAH%) to evaluate muscle striations (banded fibre
arrangement), with modified Gomori for collagen or connective tissue®” labelling and with periodic acid-Schiff
(PAS?®) to evaluate glycogen storage.

For immunohistochemistry, actin (diluted 1:50, Invitrogen, Carlsbad, CA, USA) and Heat shock protein
70 (HSP 70, Biorbit 1/300) antibodies. The antibodies were selected for working in fish, and the suitability for
European sea bass was assessed via BLASTp, comparing human epitopes with European sea bass orthologs.
High sequence similarity suggested likely cross-reactivity. After antigen retrieval (High pH, Dako, Denmark),
immunohistochemical staining was carried out using an anti-rabbit EnVision + System (Dako, Denmark). AEC
(3, 3 amino-etil-carbazol) (Dako, Denmark) was used as chromogen, counterstaining with Mayer hematoxylin.
Negative controls were processed simultaneously by replacing primary antibodies with primary antibody
diluent, and a section of European sea bass liver for HSP70 sections was used as a positive control. The stained
sections were scanned with a MoticEasyScan Pro digital scanner (Motic, Xiamen, China) run using the Motic
DS Assistant software (Motic VM V1 Viewer 2.0). Six sections per stunning method including muscle type I
and II, diet and experimental dph were compared. Changes in the muscle structure: glycogen, actin and HSP70
immunolabeling were quantified, utilizing the analySIS® software package for Windows (Image Pro Plus® V.
4.5.0.29) (Media Cybernetics, Silver Spring, MD, USA).

Three independent assessors, blinded to experimental treatments, conducted a semi-quantitative evaluation
of the tissue sections. They assessed features such as fibrillar cracks, endomysium, and eosinophilic deposits
using a predefined scoring system based on labeling intensity: 0 (not present), 1 (weak), 2 (moderate), and 3
(strong). Prior to the assessment, the assessors participated in a calibration session to harmonize scoring criteria
and reduce subjectivity. Inter-rater reliability was confirmed through the intraclass correlation coefficient. From
each treatment group, a representative section was chosen and included in the figure panels.

Samples for ultrastructural studies of type II muscle were cut into small pieces and immediately fixed for
24 h at 4 °C in 2.5% glutaraldehyde in 0.2 M phosphate buffer (pH=7.2). Afterwards, post fixed for 1 h in
2% osmium tetroxide in 0.2 M potassium ferrocyanide, dehydrated in graded acetone series and embedded
individually in an Epon/Araldite resin block. Ultrathin (50 nm) sections were qualitatively evaluated with a Field
Emission Scanning Electron Microscope (FESEM; Carl Zeiss, Sigma 300 VP), using the transmission mode with
STEM in BF detector at the Advanced Confocal and Electron Microscopy Research Service (SIMACE) of the
ULPGC. Samples were evaluated for sarcomere integrity, collagen organization, and mitochondrial preservation.
Sarcomere integrity was considered preserved when muscle fibres exhibited clear, uninterrupted striations
with well-aligned Z-lines, without disruption, fragmentation, or swelling. Collagen organization was defined
by the presence of densely packed, parallel collagen fibres with minimal waviness, disarray, or fragmentation.
Mitochondrial preservation was assessed by the presence of intact membranes and cristae, with uniform shape
and size, and without swelling, vacuolization, or fragmentation. FESEM micrographs of European sea bass type
II muscle were descriptively analyzed across multiple fields per sample (25 fields). Representative fields were
selected to illustrate typical morphological features as well as any observed alterations.

Plasma biochemistry

After stunning and before killing, blood was collected from the caudal vein, immediately chilled on ice, and
centrifuged at 3000 g at 4 °C for 5 min to obtain plasma stored at — 80 °C until further analysis. Plasma glucose,
lactate, pH, calcium, phosphorus, magnesium, potassium, sodium, and chlorine were determined by an
automated analyser SMT-120VP (Seamaty, Chengdu, China). Serum cortisol was measured by using Vcheck
V200 Veterinary Immunoassay Analyzer (Bionote, Minnesota, USA).
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Sensory assessment
At0,2,6,9and 14dph, five randomly chosen fish per stunning method were obtained and individually subjected
to QIM. Six laboratory-trained panelists with prior experience in fish quality assessment were selected and
trained according to ISO 8586-2:2009 guidelines. Sensory evaluations were conducted blindly, unaware of
stunning treatments and using the species-specific QIM protocol*’, which includes 10 parameters scored on a
22-point demerit scale”.

K value

The ATP-related breakdown compounds (adenosine-5’-diphosphate ADP, adenosine-5’-monophosphate, AMP,
inosine-5’-monophosphate, IMP, inosine, HxR and hypoxanthine, Hx) were determined by high-performance
liquid chromatography using a 1260 Infinity II LC System (Agilent Technologies, Santa Clara, USA) according
to Ozogul et alil. 5 g of fillet were homogenized in 25 ml of 0.6 M perchloric acid for 2 min at 0°C. The
homogenized sample was centrifuged at 2 °C at 3000 rpm for 10 min; the supernatant was neutralized to a pH
of 6.7-6.9 and stored at -80°C until analysis. The K value is expressed as a percentage and is calculated using the
following formula: K value % =100 x (HXR+Hx) / (ATP + ADP + AMP + IMP + HXR + Hx). The K value allows
for classifying and grading the freshness of fish: below 20% indicates excellent freshness, values up to 40% denote
good freshness, and values above 60% suggest the fish is no longer recommended for consumption®!42,

Texture profile analysis

The TPA was made using a TA.XT2 Texture Analyzer (Stable Micro Systems Ltd., Surrey, UK). The left fillet of each
fish was unskinned and divided into three-square pieces (cranial, central, and caudal, 2.5%2.5x 1.5 cm) above
the lateral line, to account for variation in muscle structure and fat distribution in the different fillet regions. Due
to potential variation in muscle fibre structure and fat distribution along the fillet, it is recommended to collect
samples from the cranial, central, and caudal regions to obtain representative texture values. This approach
helps ensure a more accurate and consistent assessment of overall fillet texture. The force-deformation curve
was analysed to determine texture parameters. The compression plate and speed were 100 mm @ and 0.8 mm/s,
applying a deformation of 60% of the fillet thickness*.

Statistical analysis

Data was analyzed with IBM SPSS Statistics for Windows, Version 26.0 (Armonk, NY: IBM Corp.). Plasma
biochemical, QIM, K value and texture variables were checked for normality and homogeneity of variance using
the Kolmogorov-Smirnoff and the Levene’s test, respectively. To evaluate the effects of treatments, pairwise
comparisons were conducted using t-tests. A significance level of p<0.05 was used for all statistical tests.
Morphological data assessed in a semi-quantitative scale were compared by the non-parametric Kruskal-Wallis’s
test, considering P <0.05 as the level of significant differences.

Results

Morphological studies

No fractures or paravertebral and fillet hemorrhages were observed during the sampling process. With HE, on
the Oth day post-hatch (0dph), histological examination revealed that cross sections of type II fibres exhibited
a distinctive mosaic pattern with balanced distribution of fibre types with consistent size, shape, and spacing,
without clustering or irregularities. This pattern was characterized by diffuse myofibrillar microtears revealing a
cracked appearance with discontinuities or fissures in the muscle fibre structure, comparing treatments (Fig. 1a,
e, i). In ES, the cracks were less evident (Fig. 1b, p <0.05), and in contrast, some eosinophilic deposits appeared
within dispersed fibres, but this was not significant. In type I fibres comparable findings were detected (Fig. 1c-
d). This outcome was also noticeable with PTAH in type II fibres (Fig. 1e-f), as well as in type I fibres (Fig. 1g-h)
where the cracked appearance was marked on TS (p <0.05) (Fig. 1g). ES changes were less noticeable and only
in isolated fibres. With Gomori staining (Fig. 1i-1), the endomysium seemed slightly more detached and spaced
between fibres. The collagen of the interfibrillar septa, endo and perimysium appears stained green, especially
visible with ES (Fig. 1j, I). Stunning with ES, in type I and II fibres, frequent images of isolated fibres (p <0,05)
with a greenish intrafibrillar infiltrate (Fig. 1j, 1) were noticeable. PAS staining (Fig. Im-p) revealed a greater
amount of glycogen noticeable in the type II fibres of the fish stunned with TS treatment (p <0,01) (Fig. 1m).
The PAS positive depots were also visible in the transition zones between type II and type I muscle, termed pink
muscle (IIb) with intermediate characteristics (Fig. 1m; white arrows). This result was also marked for type I
muscle (Fig. 10), where large groups of PAS positive fibres were found (p <0.05).

Anti-actin antibody (Fig. 2a-d) displayed different immunostaining comparing experimental methods
(p<0.05). TS treatment showed a greater proportion of fibres with a fingerprint pattern resembling muscle bands
(p<0.05) (Fig. 2a, c). The stress protein HSP70 (Fig. 2e-h) with TS presented a diffuse distribution and a higher
number of fibres showing expression in type II muscle (p<0.01) (Fig. 2e). With ES, the expression was local,
more focused on particular fibres following the configuration seen with the modified Gomori (Fig. 2f). In type
I muscle the HSP70 distribution was reduced and not showing differences comparing treatments (Fig. 2g-h).

The ultrastructure of the type Il myofibres showed that at 0dph, myofibres retained its myofibrillar arrangement
(Fig. 3a-h). In the transversal sections (Fig. 3a-b), the interdigitated myofilaments of actin and myosin composing
the sarcomere displayed an intact, regular structure. In myofibres subjected to ES treatment, an intermittent
presence of band remnants, describing deteriorated, fragmented or partially visible sarcomeric bands, was
observed (Fig. 3b). In the longitudinal Sects. (3c-d), the myofibrils exhibited intact, well-organized bands and
parallel alignment. Sarcomere structures, including the M-line, Z-line, A-band, and I-band, were maintained
clear and intact in TS samples (Fig. 3c). With ES treatment, the Z and the M-line appeared deteriorated, less
marked and somewhat blurred (Fig. 3d). Slight gaps in the endomysium between myofibres were observable, but
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Fibres type I  Fibres typel  Fibres type I  Fibres type I
TS ES TS ES TS ES TS ES
Hematoxyline Eosine . | PTAH

Fig. 1. 0 days postharvest. European sea bass muscle fibres histochemistry. HE in muscle type II and type I
fibres. PTAH in muscle type IT and in type I fibres. Modified Gomori in muscle type II and I. PAS in muscle
type II and type I fibres. White arrows show intrafibrillar deposits. Scale bar 100um.

not frequently. Well-arranged collagen remained visible and continuous (Fig. 3e-f). The examination revealed
the presence of abundant, compressed into an irregular shape, subsarcolemmal mitochondria ranging between
0.5 and 1um (Fig. 3g-h). Double-layered membranes were observable in most of the mitochondria, retaining
an intact, undamaged and uniform shape. The cristae compartments displayed a compact and well-organized
structure. In both treatments, scarce interfibrillar mitochondria and lipid droplets were present.

Throughout the shelf life, on the 2dph, the histochemical pattern demonstrated consistency, maintaining
distinct fibrillary microtears patterns across both experimental treatments. The wider interfibrillar detachment
was only found on type I fibres, particularly with HE (Fig. S1d) and PAS stain (p <0.05) (Fig. S1p). With PAS the
TS treatment preserved a larger glycogenic storage (p <0.05) (Fig. S1m, o).

Actin showed an increase in immunostaining, which was less specific and displayed a less marked fingerprint
pattern in TS type II fibres (Fig. S2a-d). HSP70 positivity was almost absent in type II fibres and residual in
type I fibres, with no noticeable differences (Fig. S2g-h). With TEM, the myofibrils’ actin-myosin pattern on
transversal sections mirrored that of the 0dph (Fig. S3a-b). The remnants of the bands from the ES treatment
persisted, although becoming increasingly diffuse (Fig. S3b). Similarly, the sarcomere longitudinal pattern in
both treatments (Fig. S3c—d) showed signs of deterioration, with the ES treatment particularly displaying a
broader Z line and a less evident M band (Fig. S3d). After two days of storage, the collagen packing appeared
less compact (Fig. S3e-f). The mitochondrial morphology was slightly impacted by membrane loss and cristae
alterations, with early indications of a few dense granules (Fig. S3g-h), but no differences attributable to the
treatments were observed.
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Fibres type II  Fibres typel  Fibres type 11 Fibres type I

Fig. 2. 0 days postharvest. European sea bass muscle fibres immunohistochemistry on 0 dph. Anti-actin
expression in muscle type II and type I fibres. Anti-HSP70 expression in muscle type II and type I fibres. Scale
bar 100um.

Fig. 3. 0 days postharvest. European sea bass muscle fibres electron microscopy. Type II muscle fibres
transverse plane (a-b); type IT muscle fibres longitudinal plane (c-d); endomysium collagen (e-f);
subsarcolemmal mitochondria (g-h). Magnification is x 15,000 (Scale bar 1um). Z line white arrows, M line
black arrows, collagen white arrowheads, mitochondria black arrowheads, nucleus white star.

On the 6dph, the patterns observed through histochemical analysis on day 0 and the 2dph remained consistent,
demonstrating an ostensibly preserved fibrillar structure. The disparities observed with the histochemical
techniques (Fig. 4a—p) were attenuated, resulting in a more unified appearance of fibres in both treatments.
The intrafibrillar infiltrate identified with Gomori stain was less pronounced (Fig. 4i-1). The accumulation of
glycogen, as detected using PAS staining, diminished in visibility but remained significantly prominent (p <0.05)
in TS type II muscle fibres (Fig. 4m).

Immunohistochemistry for actin in type II fibres persisted, displaying a conserved fingerprint outline in TS
(Fig. 5a) than in ES (p <0.05) where the pattern was absent (Fig. 5b). In type I fibres, the fingerprint arrangement
was better preserved (Fig. 5¢c-d). HSP70 positivity was lacking in type II fibres and residual in a few scattered
type I fibres (Fig. 5e-h).

At 6dph, the ultrastructure continued to exhibit the remnants of transversal bands, which were increasingly
deteriorated, less defined in the ES treatment (Fig. 6b) than in TS (Fig. 6a). With the ES treatment, the M-band
was nearly inexistent (Fig. 6d) compared to TS (Fig. 6¢). In both transverse and longitudinal planes, expanding
gaps between myofibres indicated the deterioration of connections between adjacent myofibres (Fig. 6b, d, e-h).
Collagen packaging at this stage was dispersed over extensive spaces (Fig. 6e-h). Mitochondrial features appeared
swollen with discontinuous membranes, damaged in some areas (Fig. 6g-h). The cristae were elongated, tubular,
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Fibres type II  Fibres typel  Fibres type Il  Fibres type I
TS ES TS ES TS ES TS ES

Fig. 4. 6 days postharvest. European sea bass muscle fibres histochemistry. HE in muscle type I and type I
fibres. PTAH in muscle type I and in type I fibres. Modified Gomori in muscle type II and I. PAS in muscle
type II and type I fibres. White arrows show intrafibrillar deposits. Scale bar 100um.

disorganised, and had nearly vanished in some mitochondria. The matrix exhibited a more electron-lucent
appearance with an increased presence of dense granules, and images of fusion of nearby mitochondria were
frequent. The treatments did not result in any noticeable variations.

On the 9dph (Supplementary Fig. S4), the patterns previously described were maintained, albeit with a
progressively deteriorating structure. The disparities observed with all the histochemical techniques (Fig. S4a—p)
were attenuated, resulting in a more consolidated and homogeneous appearance of fibres in both treatments.
The primary changes observed were an increased detachment of fibres with separated myocommata in the ES
treatment (p <0.05) with HE and PTAH (Fig. S4b, d, f, h). These modifications were also detected with Gomori
(Fig. S4i-1). Enhanced PAS positivity with TS (p <0.05) (Fig. S4m-p) were also notable. Immunohistochemistry
for actin was pronounced, like that observed on the 6dph (Fig. S5a-d), displaying a more preserved fingerprint-
like appearance in TS than in ES, where the pattern was lost. In type II fibres, the pattern was better preserved,
although no significant differences were found. HSP70 marking was absent, as seen from the 2dph onwards, with
sporadic positivity, especially in type I fish muscle (Fig. S5g-h).

At 14dph, muscle fibre preservation was greater than expected. (Fig. 7a-p). At this juncture, the cracked
appearance was not evident, with possible remnants in ES with HE, PTAH, and Gomori (Fig. 7a-1), accompanied
by a presence of detachment. The intrafibrillar infiltrate with Gomori stain, previously noted in ES, was absent
(Fig. 7i-1). The connective tissue remained marked with PTAH and Gomori but slightly faded. PAS glycogen
storage was preferentially maintained in TS, albeit was only noticeable in type I fibres (Fig. 70).
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Fibres type I Fibres typelI  Fibres type I  Fibres type I
TS ES TS ES TS ES TS ES
HSP 70

Fig. 5. 6 days postharvest. European sea bass muscle fibres immunohistochemistry. Anti-actin expression in
muscle type IT and type I fibres. Anti-HSP70 expression in muscle type II and type I fibres. Scale bar 100um.

Fig. 6. 6 days postharvest. European sea bass muscle fibres electron microscopy. Type II muscle fibres
transverse plane (a-b); type I muscle fibres medial plane (c-d); endomysium collagen (e-f); subsarcolemmal
mitochondria (g-h). Magnification is x 15,000 (Scale bar 1um). Mitochondria black arrowheads.

Immunohistochemistry for actin exhibited persistent positivity (Fig. 8a-d), but similar to the 9dph, the
fingerprint outline was almost negligible, more preserved in TS than in ES where the pattern was lost in both
type Il and I fibres (Fig. 8a, ¢). HSP70 positivity was absent in both type II and type I fibres (Fig. 8e-h).

Plasma biochemistry

The results of the plasma samples analysis are presented in Table 1. No significant differences were observed
in stress markers, such as cortisol, glucose, or lactate, when comparing experimental methods. However,
statistically significant variations were detected in the levels of phosphate and potassium, with the highest values
observed in fish subjected to ES.

Sensory assessment

The Quality Index Method (QIM) scoring for European sea bass at 0dph, when subjected to the electrical
stunning (ES) protocol, revealed the highest values (p <0.05), indicating reduced quality (Fig. 9). Over the course
of shelf life, these values gradually increased, and the differences between ES and TS methods persisted as the
storage period advanced. The highest scores were consistently observed in the ES group, although they were not
statistically significant.
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Fig. 7. 14 days postharvest. European sea bass muscle fibres histochemistry. HE in muscle type II and type I
fibres. PTAH in muscle type II and in type I fibres. Modified Gomori in muscle type IT and I. PAS in muscle
type II and type I fibres. White arrows show intrafibrillar deposits. Scale bar 100um.

K value

The K value did not differ significantly between the stunning methods during the initial sampling at 0 and 2dph
(Fig. 10). However, starting from 6dph, significant differences (p <0.05) were observed both across days (as
expected) and when comparing the stunning methods. The lowest K values, indicative of the highest freshness,
were consistently found in fish stunned using the TS method.

Texture profile analysis

Only hardness and gumminess are reported, as other TPA parameters showed no significant differences between
treatments. The maximum compression force required to deform the fillet to 60% of its thickness (hardness)
was higher in fish stunned by the TS method (p <0.05) (Fig. 11). Interestingly, this difference persisted not only
immediately after slaughter but also throughout the shelf life. Notably, the loss of resistance to compression
decreased significantly at 2dph in fish stunned with ES (p<0.05), while those stunned with TS showed a
progressive reduction in fillet hardness up to 9dph. Beyond that day of ice storage, no differences were observed
between the stunning methods. Similarly, the gumminess values were higher in fish stunned using the TS
method (p<0.05) (Fig. 12).

Discussion

Morphological studies

Postmortem degradative changes in fish muscle have economic implications, as they lead to a decline in overall
fish quality*!. Some of the observed differences in muscle properties can be attributed to muscle stimulation
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Fig. 8. 14 days postharvest. European sea bass muscle fibres immunohistochemistry. Anti-actin expression in
muscle type II and in type I fibres. Anti-HSP70 expression in muscle type I and in type I. Scale bar 100um.

TS ES P-value
Cortisol 814.34+257.99 | 966.69+221.94 | 0.169
Glucose 7.34+1.77 7.28+1.79 0.922
Lactate 9.12+1.78 10.12+1.19 0.098
pH 7.35+0.1 7.36+0.1 0.913
Calcium 3.47+0.25 3.66+0.28 0.064
Phosphorus 3.51+0.44 4.08+£0.39 0.001
Magnesium 1.91+£0.60 1.59+0.14 0.054
Potassium 5.83+0.76 6.37+0.52 0.036
Sodium 151.38£2.45 150.55+2.44 0.359
Chloride 170.25+8.48 172.26 +£4.45 0.438

Table 1. Plasma parameters in European sea bass (mmol/l except cortisol in ng/ml) according to the stunning
protocol (mean +SD).

by electrical current and muscle contractions, which trigger metabolic processes, accelerating rigor mortis.
Electrical stimulation primarily depletes energy reserves in type II muscle fibres but also affects type I fibres,
resembling the effects of escape swimming or forced exercise®®, as effectively labelled using the PAS technique.
Notably, acute local electric stimulation has been associated with a significant decrease in glycogen content in
muscle fibres’®. Additionally, muscle post-mortem acidification occurs due to glycogen conversion to lactate?’, a
phenomenon observed in sea bass studies by Zampacavallo et al.5. This process also results in a notable reduction
in initial pH levels in type I muscle fibres'>®. Likewise, in farmed Atlantic cod (Gadus morhua), electrical
stunning can induce an early onset of rigor mortis*®.

The presence of fibrillar cracks observed throughout the shelf life in fish muscle samples embedded in
paraflin, suggests variations in fibrillar costameric or sarcomere protein cohesion. This observation, together
with the pronounced perifibrillar space in ES samples, may reflect ultrastructural alterations in the Z line that
compromise myofibrillar cohesion. Such changes can weaken the structural integrity of the muscle, reduce
water-holding capacity and increase drip loss*, critical factors for shelf-life, potentially affecting market value
and consumer acceptance™.

Additionally, the presence of oedema, a common occurrence after stunning®*?, was noticeable through
Gomori staining in the perimysium. Oedema may compromise muscle integrity by increasing tissue fluid
content, which can weaken structural cohesion and assist enzymatic and microbial activity. This contributes to
muscle degradation, negatively affecting texture® and reducing shelf life>*>>. Notably, despite these changes, the
overall structure of the muscle fibres remained relatively preserved in both treatments, with minimal detachment
of muscle fibres from the myocommata. The degradation of transversal cytoskeletal actin filaments can lead
to sarcolemma detachment from the basal lamina and the extracellular matrix network®, compromising the
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Fig. 9. QIM evolution during ice storage days in the electrical stunning (ES) and thermal shock stunning (TS).
Different letters in the same day denote significant differences among stunning method (p <0.05).
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Fig. 10. K-value evolution during ice storage days in the electrical stunning (ES) and thermal shock stunning
(TS). Different letters in the same day denote significant differences among stunning method (p <0.05).

muscle’s structural integrity’”. Throughout storage, persistent actin staining in the cytoplasm of muscle fibres
underscores the robust resistance to proteolysis exhibited by actin filaments. However, proteinaceous concretions
observed with the Gomori stain may be associated with microscopic-scale leakage facilitated by electroporation,
as observed in electrofishing®®. Electrical stunning before slaughter induces muscular and vascular spasms that
can lead to muscular and vascular damage in broilers®. In the context of this fibrillary damage, fish exhibit
adaptive mechanisms, including HSP70, which help them cope with stressors and maintain homeostasis™.
HSP70 activation depends on the stress situation, but its expression decreases after postmortem changes, as
observed in the present study. HSP70 plays a crucial role in cellular protection and repair mechanisms under
stress conditions, including postmortem muscle degradation. Its upregulation has been linked to enhanced
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Fig. 11. Hardness evolution during ice storage days in the electrical stunning (ES) and thermal shock stunning
(TS). Different letters in the same day denote significant differences among stunning method (p <0.05).
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Fig. 12. Gumminess evolution during ice storage days in the electrical stunning (ES) and thermal shock
stunning (TS). Different letters in the same day denote significant differences among stunning method
(p<0.05).

muscle integrity and recovery following stress or injury®. In fish, HSP70 expression is associated with adaptive
responses to environmental stressors, including temperature and chemical exposure, which can influence
muscle texture and quality. For instance, elevated HSP70 levels have been correlated with improved tolerance
and cellular repair in fish exposed to stress, suggesting a protective role in maintaining muscle quality®’. Thus,
HSP70 has been identified as a key biomarker in fish muscle, reflecting physiological responses that may impact
postmortem characteristics such as tenderness and structural integrity®. In seabream®, immunohistochemistry
with an inducible HSP70 antibody revealed moderate reactivity in skeletal musculature, but only in fry or adults
of stressed fish during a three-hour transport.

Ultrastructure observations on day 0 were consistent with previous studies in sea bream, which described the
good preservation of muscle myofilament fillets at 0dph®*-%%. No marked ultrastructural differences were found
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in the sarcomere structure as fish sarcomeres are favored by major stability than mammalian. While fish I bands
are seldom broken®, the less densely packed Z line could influence the microscopic appearance of myofibres,
which also correlates with texture results. In this context, collagen and the rupture of the myocommata have
also been suggested as determining factors for the textural attributes of fish flesh, particularly regarding
fracturability®*. Papa et al.% studying sea bass muscle ultrastructure found that at 1dph most of the sarcolemma
appeared detached, although myofibres appeared almost unchanged.

In fast-twitch type II muscle, the limited occurrence of interfibrillar mitochondria and intracellular
lipid droplets suggests reduced aerobic activity, which is more frequent in type I red-slow muscle, reflecting
differences in locomotor style. Researchers studying changes in myofilament structure in fish muscle have also
described variations in mitochondrial morphology during shelf life. For instance, in European sea bass® and
gilthead sea bream fillet®”, swelling of mitochondria and sarcoplasmic reticulum was observed 3 h postmortem.
Similarly, Roy et al.% reported altered mitochondria with swollen cristae in Pacific bluefin tuna (Thunnus
orientalis) muscle cells on day 0. As shelf life progressed, mitochondria continued to swell, exhibiting disrupted
membranes and dense granules within the mitochondrial matrix by 6dph. Ayala et al.*” also noted granular
intramitochondrial structures from 5 days postmortem in gilthead sea bream. These dense granules result from
the accumulation and precipitation of calcium in the mitochondrial matrix®. During cell death processes,
disturbed calcium homeostasis leads to massive calcium entry into the mitochondria®. Initially, this influx
causes organelle swelling, followed by the precipitation of calcium as insoluble phosphate and hydroxyapatite,
contributing to mitochondrial damage and cell death®”°. Despite these changes, mitochondrial activity persists
during ice storage, albeit with a decreasing trend under postmortem conditions, with the increase in storage
duration correlated with an increase in mitochondrial swelling’®7!. Alterations in mitochondria are sensitive to
the length of storage, suggesting that the modifications in mitochondria occurred concurrently with the changes
in myofibrillar structural proteins’?, indicating a close relationship between mitochondria and tenderness?.
Exploring the interplay between mitochondrial function, sarcoplasmic reticulum integrity, and storage is crucial
for enhancing seafood quality?®. These ultrastructural changes reflect postmortem cellular responses that may
also be influenced by pre-slaughter physiological conditions. To further explore this relationship, we examined
plasma biochemical parameters as indicators of stress and metabolic activity associated with different stunning
methods.

Plasma biochemistry

Previous studies have demonstrated that both stunning methods can alter stress parameters measured in
blood. However, our results showed no significant differences in blood levels of cortisol, lactate, or glucose
when comparing these experimental stunning methods. During slow stunning, insensibility is gradually
induced®?, and the struggle movements may influence muscle activity, potentially leading to an accumulation
of metabolites, including plasma lactate’. In European sea bass subjected to electrical stunning, no differences
in plasma cortisol levels were found compared to those stunned on ice”*. Contrarily, Poli et al.”* reported that
electrically stunned sea bass had higher cortisol levels when compared to other stunning methods. This response
was attributed to the procedure being conducted in air rather than in a saline water medium. Under those
conditions, the electrical current was transmitted through the residual film of saline water remaining on the fish
post-capture, rather than via full immersion, potentially intensifying the physiological stress response. European
sea bass has shown higher basal cortisol levels compared to other Mediterranean aquaculture species”>”°. This
physiological stress response, related to aquaculture practices, has led to this species being considered sensitive””.
In our study, we found that the handling process before stunning, specifically fish crowding and capture prior
to introduction into the stunning tank, had a more significant impact on the stress response than the stunning
practices themselves. Therefore, our results support the notion that ice stunning, despite not being associated
with an immediate loss of consciousness, does not elicit a greater stress response, as evidenced by the levels of
stress metabolites measured in blood.

Plasma electrolyte concentrations can vary in response to exogenous factors, such as stress’®. For instance,
long-term low-lipid diets have been associated with elevated plasma phosphorus and potassium levels, which
correlate with poor growth and physiological stress”. Likewise, acute stress has been observed to reduce plasma
calcium and potassium concentrations following confinement®. In the present study, we found that electrical
stunning increased plasma potassium and phosphorus concentrations. This is likely due to the altered cellular
homeostasis caused by the electrical shock and heightened neuromuscular excitability. Most potassium is
located intracellularly, with only a small proportion present extracellularly, necessary for maintaining membrane
potential differences. High-frequency muscle cell stimulation has been found to reduce potassium concentration
in T-tubule membranes, resulting in extracellular hyperkalemia®!.

Sensory assessment

The impact of stunning procedures on sensory attributes stems from the fact that rigor mortis is established
and resolved earlier in fish subjected to electrical stunning®%3. This effect is likely due to the higher stress
conditions experienced by muscle during electrical stunning. Other potential changes related to electrical
stunning include variations in the eyes of electrically stunned sea bass'?, where the eyes appear less dark and less
convex. Interestingly, throughout the subsequent storage period on ice, the spoilage processes exhibit similar
performance regardless of the two stunning methods utilized. These findings align with other research exploring
various electrical stunning protocols for this species®*. The evaluation of spoilage, and consequently the
acceptability of the fish during ice storage, exhibited a strong linear correlation between the mean QIM scores

recorded for each storage day and the duration of storage in ice®‘.

Scientific Reports |

(2025) 15:45526 | https://doi.org/10.1038/s41598-025-29702-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

K value

The delayed onset of rigor mortis in fish stunned with thermal shock compared to electrical stunning helps
preserve cellular energetic reserves at the time of death®. Consequently, fish stunned by electricity exhibit a
faster initial rate of ATP degradation and enter rigor mortis earlier*®. Considering that ATP decomposition plays
a predominant role in fish muscle changes after death®, electrical stunning may have a more negative impact
on maintaining fish freshness during ice storage than thermal shock. Zampacavallo et al.® previously reported
differences in K value in sea bass after electrical or thermal shock stunning, with a higher accumulation of HxR
and Hx in the muscle of fish stunned with electricity during ice storage. This process evolves throughout the
shelf life**, with ATP degrading to inosine monophosphate (IMP) soon after death, while Hx is not detected
until 6dph. From this point, European sea bass stunned by electricity consistently exhibit significantly higher
K values than fish stunned by thermal shock. On day 0dph, ATP depletion and elevated levels of IMP do not
significantly differ between sea bass stunned by electricity or ice slurry’, following a similar reduction pattern in
both stunning procedures during ice storage. However, as the accumulation of HxR and Hx progresses and the
K value reaches around 30%, the effects of stunning become evident. Notably, in the results reported by Knowles
et al.?°, no differences in K value between electrical and thermal shock were detected. Possible variations in
stunning methodologies or handling operations before stunning could explain these effects, leading to stress-
related accumulation of HxR and Hx compared to the total pool of ATP and related compounds, resulting in a
higher K value®’.

Texture profile analysis

Texture is considered one of the most critical quality attributes of fish, valued by producers, processors, and
consumers alike®®. It is also a crucial factor in assessing the quality of raw fish products during ice storage,
particularly freshness®. While flesh texture is primarily determined by muscle fibres, intramuscular connective
tissue, and intramuscular fat”, the degradation of these structures during shelf life is influenced by the
procedures of stunning and slaughter. In this context, electrical stunning has shown a negative impact, requiring
less force to compress the fillet compared to thermal shock stunning. This has been previously described in sea
bass”? and other species such as turbot®”. The rapid onset and resolution of rigor mortis in electrically stunned
fish result in an earlier loss of myofibrils’ structural integrity, promoting the enzymatic degradation of proteins
involved in intermyofibrillar linkages and linkages between myofibrils and the sarcolemma®. This effect is
particularly noticeable when determining the energy needed to disintegrate the muscle structure, showing a
dramatic fall between 0 and 2 days post-mortem?®. Connective tissues, particularly collagen-rich structures
such as the perimysium and endomysium, play a critical role in maintaining muscle integrity and texture.
During postmortem storage, especially under iced conditions, these tissues undergo enzymatic breakdown due
to the activity of endogenous and digestive proteases, including collagenases®!. This degradation contributes
to the softening of muscle and the development of mushiness, directly influencing sensory attributes such as
gumminess and hardness. For instance, the breakdown of collagen reduces structural resistance, leading to
decreased hardness and increased gumminess, as the muscle becomes less cohesive and more deformable®.
Particularly in the case of gumminess, the differences observed between fillets according to the stunning method
persisted throughout the entire ice storage period. This behavior, in which gumminess differs slightly from the
other texture parameters, as previously observed when comparing sea bass fillets from feeding treatments that
may alter the normal structure and strength of connective tissue40, is influenced by the loss of cohesion between
muscle fibres caused by electrical stunning.

In conclusion, our findings indicate that electrical stunning had a greater impact on muscle quality than
thermal shock. It altered muscle structure at the microscopic level, showing distinct patterns of intrafibrillar
cracks, eosinophilic deposits, and perifibrillar detachment. These changes were associated with early onset
of rigor mortis, likely due to energy substrate depletion and ultrastructural disruptions in sarcomere and
connective tissue integrity. However, mitochondrial morphology suggested that cellular respiration and
energy production were not significantly impaired. Plasma stress parameters—including cortisol, glucose, and
lactate—showed elevated levels overall but did not differ significantly between stunning methods, suggesting
that pre-stunning handling may have had a greater influence on physiological stress. Minor differences were
observed in electrolytes related to neuromuscular excitability. Quality traits were negatively affected by electrical
stunning, with higher QIM scores at 0 dph and increased K values from 6 dph onward. The decline in hardness
and gumminess impacted sensory quality throughout shelf life. In contrast, ice-water stunning had minimal
effects on the evaluated parameters. The reduced shelf life associated with electronarcosis may have economic
implications for the aquaculture industry. Future studies should explore the long-term effects of electrical
stunning on consumer acceptability and investigate alternative stunning techniques that better preserve muscle
quality while maintaining welfare standards.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.

Received: 20 July 2024; Accepted: 18 November 2025
Published online: 27 November 2025

References
1. dela Rosa, I., Castro, P. L. & Ginés, R. Twenty years of research in seabass and seabream welfare during slaughter. Animals 11(8),
2164. https://doi.org/10.3390/ani11082164 (2021).

Scientific Reports |

(2025) 15:45526 | https://doi.org/10.1038/s41598-025-29702-y nature portfolio


https://doi.org/10.3390/ani11082164
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

. Clemente, G. A. et al. Farmed fish welfare during slaughter in Italy: Survey on stunning and killing methods and indicators of

unconsciousness. Front. Vet. Sci. 10, 1253151. https://doi.org/10.3389/fvets.2023.1253151 (2023).

. Dong, Z., Saikumar, P., Weinberg, ]. M. & Venkatachalam, M. A. Calcium in cell injury and death. Annu. Rev. Pathol. 1, 405-434.

https://doi.org/10.1146/annurev.pathol.1.110304.100218 (2006).

. Bermejo-Poza, R. et al. Effect of ice stunning versus electronarcosis on stress response and flesh quality of rainbow trout.

Aquaculture 538, 736586. https://doi.org/10.1016/j.aquaculture.2021.736586 (2021).

. EFSA (European Food Safety Authority). Scientific Opinion of the Panel on Animal Health and Welfare on a request from the

European Commission on welfare aspect of the main systems of stunning and killing of farmed seabass and seabream. EFSA J.
1010, 1-52 (2009).

. Zampacavallo, G. et al. Evaluation of different methods of stunning/killing sea bass (Dicentrarchus labrax) by tissue stress/quality

indicators. J. Food Sci. Technol. 52, 2585-2597. https://doi.org/10.1007/s13197-014-1324-8 (2015).

. Gonzilez-Garoz, R. et al. Rainbow trout welfare: Comparing stunning methods in winter and summer. Fish Physiol. Biochem. 51,

110. https://doi.org/10.1007/s10695-025-01526-7 (2025).

. Reid, C. H. et al. An updated review of cold shock and cold stress in fish. J. Fish Biol. 100, 1102-1137. https://doi.org/10.1111/jfb.

15037 (2022).

. Acerete, L., Reig, L., Alvarez, D., Flos, R. & Tort, L. Comparison of two stunning/slaughtering methods on stress response and

quality indicators of European sea bass (Dicentrarchus labrax). Aquaculture 287, 139-144. https://doi.org/10.1016/j.aquaculture.2
008.10.012 (2009).

Zhang, B., Cao, H., Wei, W. & Ying, X. Influence of temperature fluctuations on growth and recrystallization of ice crystals in
frozen peeled shrimp (Litopenaeus vannamei) pre-soaked with carrageenan oligosaccharide and xylooligosaccharide. Food Chem.
306, 125641. https://doi.org/10.1016/j.foodchem.2019.125641 (2020).

Daskalova, A. Farmed fish welfare: Stress, post-mortem muscle metabolism, and stress-related meat quality changes. Int. Aquat.
Res. 11, 113-124. https://doi.org/10.1007/s40071-019-0230-0 (2019).

Matos, E., Gongalves, A., Nunes, M. L., Dinis, M. T. & Dias, J. Effect of harvesting stress and slaughter conditions on selected flesh
quality criteria of gilthead seabream (Sparus aurata). Aquaculture 305, 66-72. https://doi.org/10.1016/j.aquaculture.2010.04.020
(2010).

Lambooij, B. et al. Evaluation of electrical stunning of sea bass (Dicentrarchus labrax) in seawater and killing by chilling: Welfare
aspects, product quality and possibilities for implementation. Aquac. Res. 39, 50-58. https://doi.org/10.1111/j.1365-2109.2007.01
860.x (2008).

Hjelmstedt, P. et al. Assessing the effectiveness of percussive and electrical stunning in rainbow trout: Does an epileptic-like seizure
imply brain failure?. Aquaculture 552, 738012. https://doi.org/10.1016/j.aquaculture.2022.738012 (2022).

Roth, B., Imsland, A., Gunnarsson, S., Foss, A. & Schelvis-Smit, R. Slaughter quality and rigor contraction in farmed turbot
(Scophthalmus maximus): A comparison between different stunning methods. Aquaculture 272, 754-761. https://doi.org/10.1016
/j.aquaculture.2007.09.012 (2007).

Cabrera-Alvarez, M. J. et al. Stunning and slaughter methods in gilthead seabream: Animal welfare and muscle quality. Aquaculture
611, 742963. https://doi.org/10.1016/j.aquaculture.2025.742963 (2026).

Saraiva, J. L. et al. Welfare of rainbow trout at slaughter: Integrating behavioural, physiological, proteomic and quality indicators
and testing a novel fast-chill stunning method. Aquaculture 581, 740443. https://doi.org/10.1016/j.aquaculture.2023.740443
(2024).

Qin, N. et al. Effects of different stunning methods on the flesh quality of grass carp (Ctenopharyngodon idellus) fillets stored at
4 °C. Food Chem. 201, 131-138. https://doi.org/10.1016/j.foodchem.2016.01.071 (2016).

Baldi, S. C. V. et al. Effects of different stunning/slaughter methods on frozen fillets quality of cobia (Rachycentron canadum).
Aquaculture 486, 107-113. https://doi.org/10.1016/j.aquaculture.2017.12.003 (2018).

Nemova, N. N., Kantserova, N. P. & Lysenko, L. A. The traits of protein metabolism in the skeletal muscle of teleost fish. J. Evol.
Biochem. Physiol. 57, 626-645. https://doi.org/10.1134/50022093021030121 (2021).

Prestes dos Santos, S. et al. Respiratory and muscular effort during pre-slaughter stress affect Nile tilapia fillet quality. PLoS One 19,
€0306880 (2024). https://doi.org/10.1371/journal.pone.0306880

Braitenbach Cavali, J. et al. Pre-slaughter stunning methods influence the meat quality of Arapaima gigas fillets. Animals 14, 1155.
https://doi.org/10.3390/ani14081155 (2024).

Skare, M. et al. A comparative study on quality, shelf life and sensory attributes of Atlantic salmon slaughtered on board slaughter
vessels against traditional land-based facilities. Aquaculture 540, 736681. https://doi.org/10.1016/j.aquaculture.2021.736681
(2021).

Fantini, L. E. et al. Resting time before slaughter restores homeostasis, increases rigor mortis time and fillet quality of surubim
Pseudoplatystoma spp.. PLoS ONE 15, €0233636. https://doi.org/10.1371/journal.pone.0233636 (2020).

Mercogliano, R., Avolio, A., Castiello, F. & Ferrante, M. C. Development of welfare protocols at slaughter in farmed fish. Animals
14, 2730. https://doi.org/10.3390/ani14182730 (2024).

Barido, F. H. & Lee, S. K. Changes in proteolytic enzyme activities, tenderness-related traits, and quality properties of spent hen
meat affected by adenosine 5’-monophosphate during cold storage. Poultry Sci. 100, 101056. https://doi.org/10.1016/j.psj.2021.10
1056 (2021).

Hussain, M., Nauman, K., Asghar, B., Igbal, S. & Rashid, M. A. Effect of low voltage electrical stimulation and chilling on microbial
safety and quality attributes of Beetal Bucks and Lohi Rams carcass. Small Rumin. Res. 196, 106315. https://doi.org/10.1016/j.sma
llrumres.2020.106315 (2021).

Hematyar, N., Policar, T. & Rustad, T. Importance of proteins and mitochondrial changes as freshness indicators in fish muscle
post-mortem. J. Sci. Food Agric. 105, 5163-5172. https://doi.org/10.1002/jsfa.14044 (2025).

Tu, X. et al. Understanding the role of filamentous actin in food quality: From structure to application. J. Agric. Food Chem. 72,
11885-11899. https://doi.org/10.1021/acs.jafc.4c01877 (2024).

Vargas-Chacoff, L., Munoz, J. L. P., Ocampo, D., Paschke, K. & Navarro, J. M. The effect of alterations in salinity and temperature
on neuroendocrine responses of the Antarctic fish Harpagifer antarcticus. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 235,
131-137 (2019). https://doi.org/10.1016/j.cbpa.2019.05.029

Peng, L. et al. A comprehensive review of the mechanisms on fish stress affecting muscle qualities: Nutrition, physical properties,
and flavor. Compr. Rev. Food Sci. Food Saf. 23, €13336. https://doi.org/10.1111/1541-4337.13336 (2024).

. AENOR. UNE 173300; Pisciculture. Guide to Good Practice for Sacrifice. AENOR, Madrid, Spain (2016).
. Caballero, M. J. et al. Postmortem changes produced in the muscle of sea bream (Sparus aurata) during ice storage. Aquaculture

291, 210-216. https://doi.org/10.1016/j.aquaculture.2009.03.014 (2009).

. Alasalvar, C. et al. Freshness assessment of cultured sea bream (Sparus aurata) by chemical, physical and sensory methods. Food

Chem. 72, 33-40. https://doi.org/10.1016/S0308-8146(00)00196-5 (2001).

. Luna, L. G. Manual of Histologic Staining Methods of the Armed Forces 3rd edn. (McGraw-Hill, London, 1968).

. Bancroft, J. D. & Stevens, A. Theory and Practice of Histological Techniques 4th edn. (Churchill Livingstone, London, 1996).

. Dubowitz, V., Sewry, C. A. & Oldfors, A. Muscle Biopsy: A Practical Approach 5th edn. (Elsevier Health Sciences, UK, 2020).

. McManus, J. E A. & Cason, J. E. Carbohydrate histochemistry studied by acetylation techniques: I Periodic acid methods. J. Exp.

Med. 91, 651-656. https://doi.org/10.1084/jem.91.6.651 (1950).

Scientific Reports |

(2025) 15:45526 | https://doi.org/10.1038/s41598-025-29702-y nature portfolio


https://doi.org/10.3389/fvets.2023.1253151
https://doi.org/10.1146/annurev.pathol.1.110304.100218
https://doi.org/10.1146/annurev.pathol.1.110304.100218
https://doi.org/10.1016/j.aquaculture.2021.736586
https://doi.org/10.1007/s13197-014-1324-8
https://doi.org/10.1007/s10695-025-01526-7
https://doi.org/10.1111/jfb.15037
https://doi.org/10.1111/jfb.15037
https://doi.org/10.1016/j.aquaculture.2008.10.012
https://doi.org/10.1016/j.aquaculture.2008.10.012
https://doi.org/10.1016/j.foodchem.2019.125641
https://doi.org/10.1007/s40071-019-0230-0
https://doi.org/10.1016/j.aquaculture.2010.04.020
https://doi.org/10.1111/j.1365-2109.2007.01860.x
https://doi.org/10.1111/j.1365-2109.2007.01860.x
https://doi.org/10.1016/j.aquaculture.2022.738012
https://doi.org/10.1016/j.aquaculture.2007.09.012
https://doi.org/10.1016/j.aquaculture.2007.09.012
https://doi.org/10.1016/j.aquaculture.2025.742963
https://doi.org/10.1016/j.aquaculture.2023.740443
https://doi.org/10.1016/j.foodchem.2016.01.071
https://doi.org/10.1016/j.aquaculture.2017.12.003
https://doi.org/10.1134/S0022093021030121
https://doi.org/10.1371/journal.pone.0306880
https://doi.org/10.3390/ani14081155
https://doi.org/10.1016/j.aquaculture.2021.736681
https://doi.org/10.1371/journal.pone.0233636
https://doi.org/10.3390/ani14182730
https://doi.org/10.1016/j.psj.2021.101056
https://doi.org/10.1016/j.psj.2021.101056
https://doi.org/10.1016/j.smallrumres.2020.106315
https://doi.org/10.1016/j.smallrumres.2020.106315
https://doi.org/10.1002/jsfa.14044
https://doi.org/10.1021/acs.jafc.4c01877
https://doi.org/10.1016/j.cbpa.2019.05.029
https://doi.org/10.1111/1541-4337.13336
https://doi.org/10.1016/j.aquaculture.2009.03.014
https://doi.org/10.1016/S0308-8146(00)00196-5
https://doi.org/10.1084/jem.91.6.651
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

. Knowles, T. G. et al. Effect of electrical stunning at slaughter on the carcass, flesh and eating quality of farmed sea bass (Dicentrarchus
labrax). Aquaculture Res. 38, 1732-1741. https://doi.org/10.1111/j.1365-2109.2007.01846.x (2007).

Castro, P. L., Torrecillas, S., Montero, D., Izquierdo, M. S. & Ginés, R. Effect of combined fishmeal and fish oil replacement on
growth performance, flesh quality and shelf life of European sea bass (Dicentrarchus labrax). Aquaculture 560, 738452. https://doi
.org/10.1016/j.aquaculture.2022.738452 (2022).

Ozogul, E, Taylor, K. D. A., Quantick, P. C. & Ozogul, Y. A rapid HPLC-determination of ATP-related compounds and its
application to herring stored under modified atmosphere. Int. J. Food Sci. Technol. 35, 549-554. https://doi.org/10.1111/j.1365-26
21.2000.00405.x (2000).

Ozogul, Y., Ozogul, F. & Gékbulut, C. Quality assessment of wild European eel (Anguilla anguilla) stored in ice. Food Chem. 95,
458-465. https://doi.org/10.1016/j.foodchem.2005.01.025 (2006).

Ginés, R., Valdimarsdottir, T, Sveinsdottir, K. & Thorarensen, H. Effects of rearing temperature and strain on sensory characteristics,
texture, colour and fat of Arctic charr (Salvelinus alpinus). Food Qual. Prefer. 15, 177-185. https://doi.org/10.1016/S0950-3293(03
)00056-9 (2004).

Germond, A. et al. The effects of postmortem time on muscle trout biochemical composition and structure. Foods 12, 1957. https:
//doi.org/10.3390/foods121019572 (2023).

Erikson, U. et al. Conditions for instant electrical stunning of farmed Atlantic cod after de-watering, maintenance of
unconsciousness, effects of stress, and fillet quality—A comparison with AQUI-S™. Aquaculture 324, 135-144. https://doi.org/10.
1016/j.aquaculture.2011.10.011 (2012).

Uno, H. et al. Belt electrode tetanus muscle stimulation reduces denervation-induced atrophy of rat multiple skeletal muscle
groups. Sci. Rep. 14, 5848. https://doi.org/10.1038/s41598-024-56382-x (2024).

Tulli, F. et al. The effect of slaughtering methods on actin degradation and on muscle quality attributes of farmed European sea bass
(Dicentrarchus labrax). J. Food Sci. Technol. 52, 7182-7190. https://doi.org/10.1007/s13197-015-1829-9 (2015).

Digre, H., Erikson, U., Misimi, E., Lambooij, B. & van de Vis, H. Electrical stunning of farmed Atlantic cod Gadus morhua L.: A
comparison of an industrial and experimental method. Aquac. Res. 41, 1190-1202. https://doi.org/10.1111/j.1365-2109.2009.0240
6.x (2010).

Goodband, R. Functional properties of fish proteins. In Seafoods—Quality, Technology and Nutraceutical Applications (eds
Alasalvar, C. & Taylor, T.) 73-82 (Springer, Cham 2002). https://doi.org/10.1007/978-3-662-09836-3_7

Chan, S. S., Roth, B, Jessen, E, Jakobsen, A. N. & Lerfall, J. Water holding properties of Atlantic salmon. Compr. Rev. Food Sci. Food
Saf. 21, 477-498. https://doi.org/10.1111/1541-4337.12871 (2022).

Mahmoud, M. A. et al. Evaluation of electrofishing adopted by Egyptian fish farmers. Aquaculture 498, 380-387. https://doi.org/1
0.1016/j.aquaculture.2018.08.036 (2019).

Robb, D. H. F. & Kestin, S. C. Methods used to kill fish: Field observations and literature reviewed. Anim Welf. 11, 269-282. https:
//doi.org/10.1017/S0962728600024854 (2002).

Taylor, R. G., Fjaera, S. O. & Skjervold, P. O. Salmon fillet texture is determined by myofiber-myofiber and myofiber-myocommata
attachment. J. Food Sci. 67, 2067-2071. https://doi.org/10.1111/j.1365-2621.2002.tb09502.x (2002).

Li, H. et al. Dynamic changes in postmortem quality of grass carp (Ctenopharyngodon idella) muscle: From the perspectives of
muscle degradation and flavor evolution. Food Chem. X 23, 101751. https://doi.org/10.1016/j.fochx.2024.101751 (2024).

Tang, Y., Zhang, M. & Li, M. New insights into oxidative damage to yellow catfish (Pelteobagrus fulvidraco) muscle by acute
ammonia stress. Aquaculture 596, 741850 (2025).

Ouali, A. et al. Biomarkers of meat tenderness: Present knowledge and perspectives in regards to our current understanding of the
mechanisms involved. Meat Sci. 95, 854-870. https://doi.org/10.1016/j.meatsci.2013.05.010 (2013).

Kee, A. ], Gunning, P. W. & Hardeman, E. C. Diverse roles of the actin cytoskeleton in striated muscle. J. Muscle Res. Cell Motil. 30,
187-197. https://doi.org/10.1007/s10974-009-9193-x (2009).

Kranen, R. W,, Lambooy, E., Veerkamp, C. H., Van Kuppevelt, T. H. & Veerkamp, J. H. Histological characterization of hemorrhages
in muscles of broiler chickens. Poult. Sci. 79, 110-116. https://doi.org/10.1093/ps/79.1.110 (2000).

Barton, B. A. Stress in fishes: A diversity of responses with particular reference to changes in circulating corticosteroids. Integr.
Comp. Biol. 42, 517-525. https://doi.org/10.1093/icb/42.3.517 (2002).

Yamashita, M., Yabu, T. & Ojima, N. Stress protein HSP70 in fish. Aqua BioSci. Monogr. 3, 111-141 (2010).

Rangaswamy, B., Kim, W.-S. & Kwak, L.-S. Heat shock protein 70 reflected the state of inhabited fish response to water quality
within lake ecosystem. Int. J. Environ. Sci. Technol. 21, 643-654. https://doi.org/10.1007/s13762-023-04971-0 (2024).

Poltronieri, C. et al. Quantitative RT-PCR analysis and immunohistochemical localization of HSP70 in sea bass (Dicentrarchus
labrax) exposed to transport stress. Eur. J. Histochem. 51, 125-136. https://doi.org/10.4081/1134 (2007).

Ayala, M. D. et al. Muscle tissue structure and flesh texture in gilthead sea bream (Sparus aurata L.) fillets preserved by refrigeration
and vacuum packaging. LWT Food Sci. Technol. 44, 1098-1106. https://doi.org/10.1016/j.lwt.2010.11.008 (2011).
Delbarre-Ladrat, C., Chéret, R., Taylor, R. & Verrez-Bagnis, V. Trends in postmortem aging in fish: Understanding of proteolysis and
disorganization of the myofibrillar structure. Crit. Rev. Food Sci. Nutr. 46, 409-421. https://doi.org/10.1080/104083905910009293
(2006).

Papa, I. et al. Dystrophin cleavage and sarcolemma detachment are early post mortem changes on bass (Dicentrarchus labrax)
white muscle. J. Food Sci. 62, 917-921. https://doi.org/10.1111/j.1365-2621.1997.tb15006.x (1997).

Ayala, M. D. et al. Structural and ultrastructural changes in muscle tissue of sea bass (Dicentrarchus labrax L.) after cooking and
freezing. Aquaculture 250, 215-231. https://doi.org/10.1016/j.aquaculture.2005.04.007 (2005).

Ayala, M. D. et al. Muscle tissue structural changes and texture development in sea bream (Sparus aurata L.) during post-mortem
storage. LWT Food Sci. Technol. 43, 465-475. https://doi.org/10.1016/j.1wt.2009.10.005 (2010).

Roy, B. C., Ando, M., Itoh, T. & Tsukamasa, Y. Structural and ultrastructural changes of full-cycle cultured Pacific bluefin tuna
(Thunnus orientalis) muscle slices during chilled storage. J. Sci. Food Agric. 92, 1755-1764. https://doi.org/10.1002/jsfa.5542
(2012).

Wolf, S. G. et al. 3D visualization of mitochondrial solid-phase calcium stores in whole cells. Elife 6, €29929. https://doi.org/10.75
54/eLife.29929 (2017).

Tie, H. et al. Profound changes of mitochondria during postmortem condition used as freshness indicator in grass carp
(Ctenopharyngodon idella) muscle. Food Biosci. 48, 101749. https://doi.org/10.1016/.fbio.2022.101749 (2022).

Cléach, J. et al. Mitochondrial activity as an indicator of fish freshness. Food Chem. 287, 38-45. https://doi.org/10.1016/j.foodche
m.2019.02.076 (2019).

Wang, L.-L., Han, L., Ma, X.-L., Yu, Q.-L. & Zhao, S.-N. Effect of mitochondrial apoptotic activation through the mitochondrial
membrane permeability transition pore on yak meat tenderness during postmortem aging. Food Chem. 234, 323-331. https://doi.
0rg/10.1016/j.foodchem.2017.04.185 (2017).

Papaharisis, L., Tsironi, T., Dimitroglou, A., Taoukis, P. & Pavlidis, M. Stress assessment, quality indicators and shelf life of three
aquaculture important marine fish, in relation to harvest practices, water temperature and slaughter method. Aquac. Res. 50,
2608-2620. https://doi.org/10.1111/are.14217 (2019).

Poli, B. M., Parisi, G., Zampacavallo, G., Scappini, P. & de Francesco, M. The effect of slaughter methods on European sea bass
(Dicentrarchus labrax) behaviour, rigor onset, plasmatic and tissue stress indexes and quality. In Proceedings of the First Joint Trans-
Atlantic Fisheries Technology Conference (TAFT), 33rd WEFTA Meeting, 388-389 (2003).

Scientific Reports |

(2025) 15:45526 | https://doi.org/10.1038/s41598-025-29702-y nature portfolio


https://doi.org/10.1111/j.1365-2109.2007.01846.x
https://doi.org/10.1016/j.aquaculture.2022.738452
https://doi.org/10.1016/j.aquaculture.2022.738452
https://doi.org/10.1111/j.1365-2621.2000.00405.x
https://doi.org/10.1111/j.1365-2621.2000.00405.x
https://doi.org/10.1016/j.foodchem.2005.01.025
https://doi.org/10.1016/S0950-3293(03)00056-9
https://doi.org/10.1016/S0950-3293(03)00056-9
https://doi.org/10.3390/foods121019572
https://doi.org/10.3390/foods121019572
https://doi.org/10.1016/j.aquaculture.2011.10.011
https://doi.org/10.1016/j.aquaculture.2011.10.011
https://doi.org/10.1038/s41598-024-56382-x
https://doi.org/10.1007/s13197-015-1829-9
https://doi.org/10.1111/j.1365-2109.2009.02406.x
https://doi.org/10.1111/j.1365-2109.2009.02406.x
https://doi.org/10.1007/978-3-662-09836-3_7
https://doi.org/10.1111/1541-4337.12871
https://doi.org/10.1016/j.aquaculture.2018.08.036
https://doi.org/10.1016/j.aquaculture.2018.08.036
https://doi.org/10.1017/S0962728600024854
https://doi.org/10.1017/S0962728600024854
https://doi.org/10.1111/j.1365-2621.2002.tb09502.x
https://doi.org/10.1016/j.fochx.2024.101751
https://doi.org/10.1016/j.meatsci.2013.05.010
https://doi.org/10.1007/s10974-009-9193-x
https://doi.org/10.1093/ps/79.1.110
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.1007/s13762-023-04971-0
https://doi.org/10.4081/1134
https://doi.org/10.1016/j.lwt.2010.11.008
https://doi.org/10.1080/104083905910009293
https://doi.org/10.1111/j.1365-2621.1997.tb15006.x
https://doi.org/10.1016/j.aquaculture.2005.04.007
https://doi.org/10.1016/j.lwt.2009.10.005
https://doi.org/10.1002/jsfa.5542
https://doi.org/10.7554/eLife.29929
https://doi.org/10.7554/eLife.29929
https://doi.org/10.1016/j.fbio.2022.101749
https://doi.org/10.1016/j.foodchem.2019.02.076
https://doi.org/10.1016/j.foodchem.2019.02.076
https://doi.org/10.1016/j.foodchem.2017.04.185
https://doi.org/10.1016/j.foodchem.2017.04.185
https://doi.org/10.1111/are.14217
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

75. Samaras, A., Papandroulakis, N., Costari, M. & Pavlidis, M. Stress and metabolic indicators in a relatively high (European sea bass,
Dicentrarchus labrax) and a low (meagre, Argyrosomus regius) cortisol responsive species, in different water temperatures. Aquac.
Res. 47, 3501-3513. https://doi.org/10.1111/are.12800 (2016).

76. Samaras, A. et al. Allostatic load and stress physiology in European seabass (Dicentrarchus labrax L.) and gilthead seabream
(Sparus aurata L.). Front. Endocrinol. 9, 451. https://doi.org/10.3389/fend0.2018.00451 (2018).

77. Cheyadmi, S. et al. Primary and secondary physiological stress responses of European sea bass (Dicentrarchus labrax) due to
rearing practices under aquaculture farming conditions in Mdiq bay, Moroccan Mediterranean: The case of sampling operation
for size and weight measurement. Life 13, 110. https://doi.org/10.3390/1ife13010110 (2023).

78. Chen, H. & Luo, D. Application of haematology parameters for health management in fish farms. Rev. Aquac. 15, 704-737. https:/
/doi.org/10.1111/raq.12753 (2023).

79. Chen, Y. et al. Dietary protein, lipid and insect meal on growth, plasma biochemistry and hepatic immune expression of lake
whitefish (Coregonus clupeaformis). Fish Shellfish Immunol. Rep. 5, 100111. https://doi.org/10.1016/j.fsirep.2023.100111 (2023).

80. Biswas, A. K., Seoka, M., Takii, K., Maita, M. & Kumai, H. Stress response of red sea bream (Pagrus major) to acute handling and
chronic photoperiod manipulation. Aquaculture 252, 566-572. https://doi.org/10.1016/j.aquaculture.2005.06.043 (2006).

81. Fauler, M., Jurkat-Rott, K. & Lehmann-Horn, F. Membrane excitability and excitation-contraction uncoupling in muscle fatigue.
Neuromuscul. Disord. 22, S162-S167. https://doi.org/10.1016/j.nmd.2012.10.004 (2012).

82. Scherer, R. et al. Effect of slaughter method on postmortem changes of grass carp (Ctenopharyngodon idella) stored in ice. J. Food
Sci. 70, 348-353. https://doi.org/10.1111/j.1365-2621.2005.tb09965.x (2005).

83. Pulcini, D. et al. Effect of different stunning methods on rigor mortis, shape, energetic status and physical characteristics of Salmo
carpio fillets. J. Sci. Food Agric. 103, 2037-2046. https://doi.org/10.1002/jsfa.12341 (2023).

84. Sveinsdottir, K., Hyldig, G., Martinsdottir, E., Jorgensen, B. & Kristbergsson, K. Quality Index Method (QIM) scheme developed
for farmed Atlantic salmon (Salmo salar). Food Qual. Prefer. 14, 237-245. https://doi.org/10.1016/S0950-3293(02)00081-2 (2003).

85. Poli, B. M. et al. Traditional and innovative stunning slaughtering methods for European seabass compared by the complex of
the assessed behavioural, plasmatic and tissue stress and quality indexes at death and during shelf life. In Proceedings of the 34th
WEFTA Conference, 58-63 (2004).

86. Cheng, J. H., Sun, D. W,, Zeng, X. A. & Liu, D. Recent advances in methods and techniques for freshness quality determination and
evaluation of fish and fish fillets: A review. Crit. Rev. Food Sci. Nutr. 55, 1012-1225. https://doi.org/10.1080/10408398.2013.76993
4(2015).

87. Morcel, M. & van de Vis, H. Effect of the slaughter method on the quality of raw and smoked eels (Anguilla anguilla L.). Aquac.
Res. 34, 1-11. https://doi.org/10.1046/j.1365-2109.2003.00754.x (2003).

88. Hyldig, G. & Nielsen, D. A review of sensory and instrumental methods used to evaluate the texture of fish muscle. J. Texture Stud.
32, 219-242. https://doi.org/10.1111/j.1745-4603.2001.tb01045.x (2001).

89. Cheng, J. H,, Sun, D. W,, Han, Z. & Zeng, X. A. Texture and structure measurements and analyses for evaluation of fish and fillet
freshness quality: A review. Compr. Rev. Food Sci. Food Saf. 13, 52-61. https://doi.org/10.1111/1541-4337.12043 (2014).

90. Wang, Z. et al. The flesh texture of teleost fish: Characteristics and interventional strategies. Rev. Aquac. 16, 508-535. https://doi.o
rg/10.1111/raq.12849 (2024).

91. Sriket, C. Proteases in fish and shellfish: Role on muscle softening and prevention. Int. Food Res. J. 21, 2 (2014).

Acknowledgements

This work was funded through grants co financed con el Fondo Europeo Maritimo y de Pesca (FEMP) 2014ES-
14MFOPO001. Spanish Ministerio de Agricultura, Pesca y Alimentacién. Subdireccion General de Acuicultura,
Comercializacion Pesquera y Acciones Estructurales.

Author contributions

Conceptualization and methodology: P.L.C., LM. and R.G; validation, PL.C. and R.G; formal analysis, PL.C.,
LM. and RG; data curation, PL.C. and R.G.; writing—original draft preparation, P.L.C. and R.G.; writing—re-
view and editing, PL.C. and R.G; visualization, P.L.C. and R.G; supervision, P.L.C. and R.G; project administra-
tion, R.G.; funding acquisition, R.G. All authors have read and agreed to the published version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/541598-025-29702-y.

Correspondence and requests for materials should be addressed to PL.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:45526 | https://doi.org/10.1038/s41598-025-29702-y nature portfolio


https://doi.org/10.1111/are.12800
https://doi.org/10.3389/fendo.2018.00451
https://doi.org/10.3390/life13010110
https://doi.org/10.1111/raq.12753
https://doi.org/10.1111/raq.12753
https://doi.org/10.1016/j.fsirep.2023.100111
https://doi.org/10.1016/j.aquaculture.2005.06.043
https://doi.org/10.1016/j.nmd.2012.10.004
https://doi.org/10.1111/j.1365-2621.2005.tb09965.x
https://doi.org/10.1002/jsfa.12341
https://doi.org/10.1016/S0950-3293(02)00081-2
https://doi.org/10.1080/10408398.2013.769934
https://doi.org/10.1080/10408398.2013.769934
https://doi.org/10.1046/j.1365-2109.2003.00754.x
https://doi.org/10.1111/j.1745-4603.2001.tb01045.x
https://doi.org/10.1111/1541-4337.12043
https://doi.org/10.1111/raq.12849
https://doi.org/10.1111/raq.12849
https://doi.org/10.1038/s41598-025-29702-y
https://doi.org/10.1038/s41598-025-29702-y
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Effect of ice stunning versus electronarcosis on European sea bass (﻿Dicentrarchus labrax﻿) muscle structure, ultrastructure and quality traits
	﻿Material and methods
	﻿Ethical statement
	﻿Stunning protocol
	﻿Sampling procedures
	﻿Morphological studies
	﻿Plasma biochemistry
	﻿Sensory assessment
	﻿K value
	﻿Texture profile analysis
	﻿Statistical analysis

	﻿Results


