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Abstract

Sensory, proximate composition, microbiological analyses and fatty acid profiling, com-
bined with omic analyses, were employed to examine qualitative changes in the fillet of
fresh European anchovies (Engraulis encrasicolus), caught in September of years 2020, 2021,
and 2022 in the North Aegean Sea (Greece), and stored for 72 h in a salt-containing ice slurry
(sub-chilled conditions). Sensorially, the quality of the whole fish decreased significantly
(p < 0.05) at the end of the storage period. However, total microbial viable counts remained
relatively stable (<10° CFU), as did the proximate components of the fillet, as well as the
fatty acid profile of the total fat, with the main differences noted only in the distribution of
the DHA and EPA in the lipid classes. Histamine levels remained at trace levels during
storage and, from the proteomic analysis of the 2021 sample, significant differences were
observed only in actin «la, out of 27 major muscle proteins examined. The 16S rRNA gene
analysis indicated important inter-annual changes in the anchovy’s microbiota, with no
obvious pattern regarding the presence or changes in relative abundance of genera with
spoilage potential during the storage period. Overall, the results suggest that short-term
sub-chilled storage preserves to a large extent the nutritional and biochemical integrity of
the anchovy fillets.

Keywords: European anchovy; spoilage microbiota; proximate composition; biogenic
amines; proteomics; fatty acid analysis

1. Introduction

Freshness is the most important quality of fish products, and its loss is associated with
both internal and external factors. Internal factors include autolytic and oxidative processes,
i.e., the release of endogenous enzymes that result in both protein and lipid degradation [1].
Microbial proliferation is the main external factor for loss of freshness [2], and it can act in
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tandem with the autolytic and oxidative processes to accelerate tissue degradation, leading
also to the production of endotoxins, rendering unsafe the consumption of the fish [3].
Furthermore, the onset and extent of the autolytic and microbially driven spoilage depend
on the species, with the flesh texture and its chemical composition (moisture, protein and
fat content) playing an important role in the process [4]. The geographical origin of the
fish is also an important factor, as different environmental conditions influence the diet
composition and feeding regime of the fish, as well as the qualitative and quantitative
characteristics of the local marine microbiota, and thereby the physiological condition of
the fish [4,5]. Important as well is the post-harvest handling of the fish, with the storage
temperature being the most critical factor [1,6].

As fish are highly perishable, extending their shelf life remains a significant challenge.
This is particularly important when the preference for fresh, locally caught seafood is
culturally driven. In that case, the consumers’ perceptions of fishery products are an
important parameter influencing their marketability. Such is the case for the European
anchovy (Engraulis encrasicolus), a species of high commercial and economic importance
in the Mediterranean region, where it constitutes an integral part of the local diets, with a
large part of the catch sold and consumed fresh [7].

The European anchovy (referred to as anchovy therein) is a small pelagic fish of
the Engraulidae family, found on the continental shelf of the Eastern Atlantic, from the
southern coasts of Norway to South Africa, and throughout the Mediterranean, Black, and
Azov Seas [8]. They constitute heavily exploited fisheries, especially in the Mediterranean
and Black Seas. According to the most recent data (average of years 2022 and 2023), the
combined catches in these two areas amounted to approximately 400,000 tonnes, of which
282,000 tonnes are from the Black Sea alone. For the same period, the total Mediterranean
catches amounted to 78,300 tonnes, of which over 52,000 tonnes were from the Adriatic Sea
and Eastern Mediterranean and the remaining 26,000 tonnes from the Western and Central
regions of the Sea [9]. In the eastern Mediterranean, the most important anchovy fishing
grounds are in the northern part of the Aegean Sea (Thracian Sea) [10]. Currently, five
genetically distinct anchovy populations are recognized in the Mediterranean, i.e., that of
the Aegean Sea, of the Adriatic Sea (two distinct populations in the northern and southern
parts of the Sea, respectively), of the western Mediterranean, and of the Alboran Sea [11,12],
which are also distinct from the Black Sea anchovy population [13].

In addition to its economic importance, anchovy, as an omnivorous planktivore,
plays a crucial role in the flow of energy between primary producers (i.e., phytoplankton)
and higher trophic levels [14]. Within this flow of energy, of particular interest are the
highly unsaturated fatty acids of the n-3 series, specifically the eicosapentaenoic (EPA) and
docosahexaenoic (DHA) acids, with their well-known health benefits. Seafood, particularly
marine fish, is the primary source for these beneficial fatty acids in the human diet [15].
The cumulative content of EPA and DHA in the total fat of Mediterranean anchovies has
been reported to range from 30 to 40% [16].

The main fishing gear for anchovy fisheries in Greece and throughout the Mediter-
ranean and Black Seas is the purse seine. However, fishing practices and post-harvest
handling of the catch may differ between regions. The purse seine fleet of Kavala (Re-
gion of Eastern Macedonia-Thrace, Greece) has, in recent years, participated in a Fisheries
Improvement Project (FIP) aimed at Marine Stewardship Council (MSC) certification [17]
and, therefore, serves as a reference concerning the fishing and post-harvest practices for
anchovy in Greece. Specifically, on board, the fish are transferred directly from the net
to basins containing ice and seawater (40-50%). After 10-15 min in the ice-water bath,
the fish are placed in watertight expanded polystyrene (EPS) containers (10 kg capacity)
with a small quantity of ice and seawater (~1 kg ice and 0.5 L water). As purse seiners
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usually operate at night and the distance from the port to the fishing grounds rarely exceeds
30 nautical miles, the fish are landed at the fishing harbor of Kavala in the early morning
hours, 3-5 h after the catch. The fish are then auctioned either to local retailers (fish shops)
or to wholesalers. At the local fish shops, the fish are usually sold and consumed on the
same day. The fish distributed to distant markets in Greece or neighboring countries are
made available to consumers on the following day, at the earliest. To ensure the freshness
of the fish destined for distant markets, the fish are transferred to new EPS containers (7 kg
of fish/box) along with a slurry consisting of two kg of ice in one L of a refrigerated 3.5%
NaCl solution in tap water, resulting in uniform, sub-chilled (<0 °C) storage conditions.
The tightly sealed containers are then transported to their final destinations in refrigerated
trucks. Based on experience and feedback from customers of the packing plant at the
fishing harbor of Kavala, this procedure ensures that the fish retain a fresh-like appearance
for two to three days post-harvest, before visible alterations become obvious (e.g., bloody
operculum, occasional belly bursting), and the marketability of the product is reduced.

Presently, published information on the efficacy of ice, with or without salt, for the
short-term storage of fresh anchovies is limited to four studies, using different protocols,
with each one also being different from that described above for the anchovies from Kavala.
Specifically, in two studies concerning European anchovies from the Atlantic, the fish were
either stored in ice only (1 kg ice to 7 kg fish) and kept at 1 °C for up to 12 days [6], or in
25% w/w ice, with or without the addition of 5% w/w NaCl, and kept at 4 °C for up to
12 days [18]. In the two other studies, in which anchovies from the Mediterranean were
used, the fish were stored either in flake ice (unspecified quantity of fish and ice) and kept
at 4 °C for up to 7 days, with daily replacement of ice [19], or with flake ice (unspecified
amount in 10 kg of fish) and kept at 0 °C for up to 7 days with occasional re-icing [16].
Furthermore, it is unclear whether any of these protocols are actually used in large-scale
commercial processes, as is the case with the Thracian Sea anchovies from the port of
Kavala. Additionally, the varying environmental conditions (biotic and abiotic) prevailing
in the areas from which the fish originated cannot be overlooked, as these can influence the
physical condition of the fish and potentially affect the rate of spoilage [20-22].

In this study, we tested the hypothesis that short-term (72 h) sub-chilled storage
of Thracian Sea anchovies can effectively inhibit microbial proliferation and autolytic
processes. We anticipated this method would preserve muscle integrity and nutritional
value, despite observable visual deterioration of the product. To test this hypothesis and to
evaluate and understand potential quality changes taking place, we applied conventional
analytical chemical, biochemical, and microbiological methods in combination with next-
generation technologies (microbiome and proteomic analyses). Additionally, to examine
potential year-to-year variations in fish quality, the analyses were performed in the same
month of three consecutive years (September 2020, 2021, and 2022). Exceptions to this
are the proteomic and biogenic amines analyses, which, in the case of proteomics, were
performed only on the 2021 sample, and in the case of biogenic amines, on the 2021 and
2022 samples only.

2. Materials and Methods
2.1. Sampling

Anchovy samples were collected on board a commercial fishing vessel (purse seine)
operating in the western part of the Gulf of Kavala, Greece (W-NW of Thasos Island,
Figure S1), on the nights of 8 September 2020, 13 September 2021, and 15 September 2022.
The fish, approximately 10 kg, packed by the vessel’s crew in closed EPS cases containing
flake ice and seawater, were transported to the laboratory immediately after landing, i.e.,
approximately 3—4 h after capture. In order to reproduce the conditions used in the packing
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plant at the fishing harbor of Kavala, 7 kg of fish were transferred to new EPS cases to which
a mixture consisting of 1 L of a refrigerated (1 °C) 3.5% NaCl solution in tap water and
2 kg of flake ice was added, thus lowering the sample temperature to approximately —1 °C.
The samples were then stored for a further 72 h in a cold room at 1 °C. The remaining
freshly caught fish (DO sample) were used for sensory, proximate, calorimetric, fatty acid,
classical microbiological, microbiome, and proteomic analyses. Specifically, one fillet from
each fish (minimum three, maximum six, depending on the analysis) was removed for
proximate, fatty acid profile, lipid class, biogenic amine, and calorimetric analyses. These
samples were pre-weighed before being frozen in liquid nitrogen and stored at —80 °C.
For the typical microbiological analyses, whole fresh fish were used. Microbiome analyses
were performed on fresh fillet samples and, separately, for the head along with the viscera.
The same sampling procedure was followed for the fish stored for 72 h (D3 samples). The
temperature of the fish was monitored regularly through the storage period to ensure that
it remained below —0.5 °C.

2.2. Sensory Analysis

To assess changes in the sensory quality attributes of the sub-chilled anchovies during
the specified storage period, the Quality Index Method developed by Massa et al. [23]
was used. A panel of five trained assessors examined four fish at each time point: freshly
caught anchovies (D0) and anchovies stored sub-chilled for 72 h (D3). The final score was
calculated as the sum of all parameters described in the method.

2.3. Proximate Analysis and Calorimetry

Moisture, crude fillet protein, crude fat, and ash were determined according to the
AOAC methodology [24], and all values were expressed as g/100 g of fillet. The calorific
value (energy density) of the fillets was measured via adiabatic bomb calorimetry with
an automated IKA C5000 Bomb Calorimeter, (IKA-Werke GmbH & Co. KG, Staufen im
Breisgau, Germany). For the analysis, one (1) gram of lyophilized fillet was used, and
values were recorded as k] /kg dry weight and, after accounting for the moisture of the
pre-weighted fillets, were expressed as kJ /kg wet weight. The analysis was performed on
fillets from three fish (n = 3).

2.4. Microbiological Analysis

Two to three whole fish (total weight ca. 25-30 g), from each day of storage (D0 and
D3), were placed in Stomacher bags along with sterilized Buffered Peptone Water solution
(Oxoid Ltd., Basingstoke, Hampshire, UK), at a ratio of 1:10 w/vol. Homogenization was
performed in a Stomacher Lab-blender 400 (Seward Ltd., Worthing, West Sussex, UK) for
1 min at high speed. Aliquots of the homogenized samples (1 mL) were subjected to 10-fold
serial dilutions, which were plated in triplicate on the non-selective Tryptic Soy Agar (TSA)
for aerobic mesophilic bacteria and on the Cephaloridine, Fucidin, Cetrimide Agar (CFC
plus CFC supplement) for Pseudomonas spp. The plates were subsequently incubated at the
temperature/time conditions recommended by the manufacturer (Oxoid). Specifically, the
incubation conditions for the mesophilic bacteria (TSA agar) were 48-72 h at 25 °C and for
Pseudomonas spp. (CFC agar) 48 h at 25 °C.

2.5. Microbiome and Bioinformatic Analyses

For the extraction of microbial DNA for microbiome analysis, essentially the protocol
described in [25] was used. Specifically, fillets from five fish from each storage day (DO
and D3) were placed in Stomacher bags along with the double volume of sterilized double-
distilled water (2 mL H,O/g of fillet) and were homogenized in a Stomacher Lab-blender
400 (Seward) for 2 min at medium speed. The homogenate was transferred to 50 mL tubes
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and was centrifuged at 124 x g (800 rpm) for 1 min at 20 °C in an Eppendorf 5810 R refriger-
ated centrifuge equipped with an A-4-62 rotor (Eppendorf AG, Hamburg, Germany). From
the supernatant, two aliquots of 8 mL each were then transferred to 10 mL tubes and subse-
quently centrifuged for 15 min at 2500 g, following which the pellet was resuspended in
3 mL of sterilized ddH,O. The DNA was extracted from 200 uL of the suspension using
the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Inc., Norcross, GA, USA) according to the
manufacturer’s protocol. Following purification, the DNA concentration was measured
with a Qubit™ 4 Fluorometer (Invitrogen™, Thermo Fisher Scientific, Waltham, MA, USA),
using the Qubit™ dsDNA BRAssay Kit, and its integrity was evaluated using 1% agarose
gel electrophoresis. DNA samples were stored at —20 °C until library construction. The
same procedure for DNA extraction was followed for head and viscera (H/V) samples.

Total bacterial composition in the fillet (F) and head-viscera (H/V) samples was
assessed through 16S rRNA amplicon (V3-V4 hypervariable regions of the 165 rRNA
gene) sequencing, following the instructions of Illumina’s “16S Metagenomic Sequencing
Library Preparation” (15044223 B) protocol, and paired-end sequencing (2 x 300 cycles)
was performed on an Illumina MiSeq (Illumina, Inc., San Diego, CA, USA) platform, as
previously described [26].

Raw 16S rRNA amplicon sequences were imported into the QIIME2 platform
(amplicon-2024.10) [27] and were processed with the DADA2 plugin [28]. Quality con-
trol and generation of the Amplicon Sequence Variants (ASVs) was conducted using the
‘denoised-paired” method of DADA2. ASVs were classified up to the genus taxonomy
level using a V3-V4 region-specific classifier trained on the SILVA v138.1 database [29].
Taxonomy-based filtering was applied to remove non-bacterial and unclassified sequences.
Data visualization was performed in R v4.5.2 [30] by combining functions of the phy-
loseq [31], ggplot2 [32], and ampvis2 [33] packages. The ‘amp_heatmap’ function of
ampvis2 was used to generate a heatmap of relative abundances of bacterial taxa across
samples. Rarefaction curves were generated using the ‘ggrare’ function from the ranacapa
package [34] to assess sequencing depth and sampling completeness. Alpha diversity
analysis was conducted with the ‘estimate_richness’ function of phyloseq. Good’s coverage
was calculated for each sample based on the ASV count table. Beta diversity analysis was
performed based on the Bray—Curtis dissimilarity matrix generated from ASV abundance
data. Principal Coordinates Analysis (PCoA) was conducted using the ampvis2 package.

2.6. Biogenic Amines

Standard amine compounds of putrescine, cadaverine, spermidine, spermine, and
histamine were obtained from Sigma-Aldrich (Sigma-Aldrich Co. LLC, St. Louis, MO,
USA) in the form of hydrochloride salt powder. Standard aqueous solutions (0.1 mg/mL)
of free amines were prepared by dissolving their salts in HPLC-grade water. The benzoyl
derivatization of the standard amine solutions was performed as described in [35]. For the
extraction of biogenic amines from the muscle tissue of anchovy from the 2021 and 2022
samples, 5 g of tissue from three fillets (n = 3) were homogenized with T 25 basic ULTRA-
TURRAX® disperser (IKA-Werke GmbH & Co. KG, Staufen im Breisgau, Germany) in
20 mL of 6% TCA and subsequently centrifuged for 30 min (3200 g, 4 °C). The supernatant
was filtered through a Whatman No. 2 filter paper (Cytiva, Freiburg im Breisgau, Germany),
and the volume was adjusted to 25 mL with HPLC-grade water. Benzoyl derivatization
was performed as described above for the standard compounds, using 2 mL of the extracts.
Biogenic amines were detected and quantified using a JASCO HPLC system equipped
with a PU-980 Intelligent Pump, an LG-1580-02 Ternary Gradient Unit, an MD-1515 Mul-
tiwavelength Detector, an 860-CO column oven (JASCO Corporation, Hachioji, Tokyo,
Japan), and a ZORBAX Eclipse XDB-C18 column (Agilent Technologies, Santa Clara, CA,

https://doi.org/10.3390 /jmse14151435


https://doi.org/10.3390/jmse14151435

J. Mar. Sci. Eng. 2026, 14, 1435

6 of 29

USA). For the elution of the biogenic amines, the flow rate was set at 1.0 mL/min, and
the gradient elution program with water (A) and acetonitrile (B) was as follows: 0 min
30% B, 8 min 40% B, 11 min 70% B, and maintained at this concentration until the end of
the run (13 min). Detection of amines was monitored at 254 nm. Calibration curves for
each standard benzoylated amine (0, 5, 10, 20 pg/mL solutions) were used to quantify the
corresponding amines in the muscle tissue of anchovy. Sensitivity was assessed based on
signal-to-noise (S/N) ratios, and the limits of detection (LOD) and quantification (LOQ)
were calculated using the equations LOD =3 x (S/N) and LOQ = 10 x (S§/N), respectively.
The LOD and LOQ values were determined to be 0.15 and 0.50 pg/mL (0.15 ppm and
0.5 ppm), respectively. All amines exhibited good linearity, with correlation coefficients
(R?) > 0.99.

2.7. Proteomic Analysis

Due to a lack of samples and limited resources, the proteomic analysis was limited
to the 2021 sample. Dorsal white muscle tissue from three fish (1 = 3) of each storage day
was snap-frozen in liquid nitrogen and ground to a fine powder using a mortar and pestle
under cryogenic conditions. Approximately 250 mg of tissue powder was dissolved in
lysis buffer {4% w/w SDS, 0.1 M Tris-HCl, 0.1 M DTE, pH 7.6} and lysis was performed
in a water bath sonication apparatus. After complete solubilization, centrifugation was
performed for 10 min at 12,000 rpm, and cellular debris was discarded. The supernatant
was precipitated with a combination of ice-cold methanol and ice-cold chloroform for
24 h at —20 °C. The precipitate was centrifuged for 30 min at 3000 rpm, and the protein
pellet was dried under vacuum. Extracted proteins were resuspended in lysis buffer, and
protein concentration was determined using the Bradford assay [36]. The protein extracts
were reduced in 0.1 M DTE for 30 min and subsequently alkylated by addition of 0.05 M
iodoacetamide in 8 M urea and 0.1 M Tris-HCl pH 8.5 for 25 min at room temperature in
the dark. Afterward, trypsin solution was added at a trypsin-to-protein ratio of 1:100, and
digestion was performed overnight at 36 °C. The next day, peptides were subjected to spin
filtration (Amicon Ultra 30 kDa centrifugal filter units, Millipore, Molsheim, France) and
the peptide solution was vacuum-dried. The pellet was re-dissolved in 100 uL of HPLC
phase A (99.9% water with 0.1% formic acid). The final peptide mixture was cleaned from
impurities using a Millex syringe-driven filter unit (Merck KGaA, Darmstadt, Germany)
and subsequently subjected to nanoLC-MS/MS analysis.

Peptide separation was performed using a reversed-phase analytical C-18 column
(75 um x 50 cm; 100 A, 2- um-bead-packed Acclaim PepMap RSLC (Thermo Fisher Scientific,
Waltham, MA, USA) coupled to an Ultimate-3000 nanoLC system (Dionex, Thermo Fisher
Scientific) connected online to an LTQ-Velos Orbitrap Elite mass spectrometer (Thermo
Fisher Scientific). Initially, 6 uL of peptide mixture was loaded onto a C-18 pre-column
at a constant flow rate of 5 uL/min in phase A. After 4 min of desalting, the valve was
switched online, allowing the sample to pass through the analytical column previously
equilibrated with phase A. Total elution time for all runs was 360 min using a 2-35% gradi-
ent of phase B (99.9% acetonitrile, 0.1% formic acid) at a constant flow rate of 300 nL/min.
Different desalting times and gradient profiles were evaluated to optimize peptide recov-
ery and chromatographic separation according to the biochemical characteristics of the
sample’s proteins.

Mass spectra were collected using an Orbitrap Elite mass spectrometer fitted with
a nano-spray ion source. The instrument was operated in data-dependent acquisition
mode using XCalibur™ v2.2 SP1.48 software (Thermo Scientific). Full-scan MS data were
acquired in the 300-2000 m/z range at a resolution of 60,000 with a maximum injection time
of 100 ms. Data-dependent tandem mass spectrometry for the 10 most intense precursor
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ions per survey scan was performed using higher-energy collision dissociation (HCD)
fragmentation in the Orbitrap at a resolving power of 15,000 and a normalized collision
energy of 36%. An additional MS/MS acquisition method targeting the 20 most intense
ions per scan was also performed, and the resulting datasets were merged for downstream
analysis. Fragment ions were analyzed in the Orbitrap at a resolving power of 15,000
and a maximum injection time of 120 ms. Internal calibration was performed using m/z
445.120025 as lock mass. Dynamic exclusion of 45 s was applied to minimize repetitive
sequencing of the same peptide ions. The resulting MS/MS data were processed using
Proteome Discoverer software (version 1.4.0.388, Thermo Scientific). MS2 spectra were
searched with the SEQUEST engine against the *Engraulis encrasicolus* protein database
retrieved from UniProtKB. Search parameters included up to two missed tryptic cleavages,
oxidation of methionine as a variable modification, peptide mass tolerance of 10 ppm, and
fragment ion tolerance of 0.05 Da. Validation of peptide spectral matches was performed
using the Percolator algorithm based on g-values at a false discovery rate (FDR) of 0.5%.
Additional peptide filtering was applied based on Xcorr versus peptide charge values
(maximum Delta Cn set at 0.05). Xcorr thresholds of 2.2 and 3.5 were applied for doubly
and triply charged peptides, respectively. The minimum accepted peptide length was set
to six amino acids.

2.8. Fatty Acid Analysis

Total fillet fat was extracted according to the Folch method [37], and one milligram
was used for the transesterification of fatty acids, as described in [38]. Fillet fatty acid
composition was determined by gas chromatography on a Hewlett Packard 5890-Series 11
chromatograph equipped with an SGE-BPX 70-0.25 (60 m x 0.25 mm x 0.25 um) capillary
column and an FID detector, as previously described [39]. For peak identification, reference
compounds (37 Component FEA.M.E. mix standard, Sigma-Aldrich) were analyzed under
the same conditions as the samples. The contribution of each identified fatty acid was
expressed as the percentage of its peak area to the total area of all peaks eluted in each
chromatogram. Peak areas were calculated with the Hewlett-Packard GC ChemStation
software (Agilent). The identity of the peaks of interest was further confirmed by GC-MS
using a HP6890 chromatograph equipped with a DB-1ms column (30 m X 2.5 mm x
0.25 pm) and coupled to an Agilent HP MSD 5973 mass spectrometer.

2.9. Lipid Class Separation and Analysis

For the separation of the lipid classes, a two-solvent Thin Layer Chromatography
(TLC) system was used according to the protocol described in [40]. Briefly, 20 x 20 cm
TLC plates (Silica Gel on TLC Al foils, Sigma-Aldrich) were used for the separation and
isolation of the polar and neutral lipid classes. A total of 12 mg of total fat was spotted
on the plates (12 spots/plate). The first solvent, consisting of methyl acetate, isopropanol,
chloroform, methanol, and 0.25% aqueous KCl at a ratio of 25:25:25:10:9, respectively, was
left to migrate 8 cm from the origin. At that point, the plate was removed from the TLC
chamber, was air-dried and placed in a chamber containing the second solvent (isohexane,
dieyhyl ether, and acetic acid at a ratio of 80:20:1, respectively) and was left to migrate
for another 8 cm. After air drying, the lanes from both ends of the plate were cut off,
stained with a solution containing 3% cupric acetate in 8% phosphoric acid, and were
used as markers for the migration of the different lipid classes in the non-stained part
of the TLC plate (Figure S2). For the identification of the different lipid classes, their
migration pattern was compared to that reported in the literature using similar separation
systems [40-43]. The classes analyzed in the neutral fraction were the triacylglycerols
(TAG) and the free fatty acids (FFA). In the polar fraction, the analyzed classes were
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phosphatidylethanolamine (PE), phosphatidylserine (PS), and phosphatidylinositol (PI), as
well as the phosphatidylcholine (PC) and sphingomyelin (SM); however, as the latter two
could not be efficiently separated by the system used, they are collectively referred to as
SM-PC, with the contribution of the PC fatty acids considered most important, as this is
the most abundant phospholipid in cellular and organelle membranes [44]. Subsequently;
the corresponding areas of the plate were cut off, the silica gel was scraped off, transferred
to 20 mL of chloroform: methanol solution (2:1), and stored at —20 °C for 16 h. Following
centrifugation to remove the silica gel, the solvent was evaporated in a rotary evaporator,
and the lipids were resuspended in chloroform: methanol (2:1) and processed for fatty acid
methylation and gas chromatography as described above. Total neutral and total polar
lipids were similarly excised from the areas of the plate between the origin and the first
solvent front (polar lipids) and between the first and second solvent fronts (neutral lipids).

2.10. Statistical Analysis

Statistical significance of storage-day differences in the sensory, proximate composition,
microbiological, biogenic amines, proteomic, and fatty acid analyses was tested using One-
Way ANOVA. Data were initially tested for normal distribution (Shapiro-Wilk test and
Q-Q plots) and homogeneity of variance (Levene’s test). Samples conforming to the Null
Hypothesis (p > 0.05) were analyzed with Fisher’s One-Way ANOVA and the Tukey post
hoc test. For samples or variables failing the Null Hypothesis (p < 0.05), Welch’s One-Way
ANOVA was used with the Games-Howell post hoc test. All analyses were performed
with the Jamovi version 2.6.44 software [45]. Effect size (Cohen’s d, 7?) for the proteomic
samples was calculated with an online calculator.

3. Results
3.1. Sensory Analysis

For both the 2020 and 2021 samples, the statistically significant inverse increase in
total sensory score, from 3.6 on DO to ~10 on D3, was mainly due to changes in surface
appearance (loss of skin brightness, bleeding from the operculum), eyes (cloudy cornea, dull
pupil), and consistency (soft/elastic texture, soft abdomen) of the fish (Table 1, Figure S3).
For the 2022 sample, the gills (colour and, to a lesser extent, smell), eyes, and consistency
attributes, which also presented higher D0 values compared to the other two samples, were
the main determinants of quality in the D3 fish (Table 1). Nevertheless, the total quality
score in all three yearly samples was well below 18, which is considered the rejection point
by this particular quality index, although it was developed and validated for a different
anchovy species (Engraulis anchoita) [23].

Table 1. Quality assessment of freshly caught anchovies (D0) and of anchovies stored at sub-chilled
conditions for 72 h (D3) in September samples from 2020, 2021, and 2022, according to the Quality
Index Method proposed by Massa et al. [23]. Values represent the mean sum of all descriptors in each
attribute, as scored by a panel of five evaluators. Single and double asterisks (*) indicate significant
differences at p < 0.05 and p < 0.001, respectively.

Sample Appearance Eyes Gills Consistency Total
2020 DO 08+1.0 1.0£1.1 0.8 +0.9 1.3£11 3.6+0.7
2020 D3 35+08* 28+£12* 1.5+ 1.0 28+£12% 107 £2.7*
2021 DO 1.0+0.7 0.6 £0.5 0.8+0.8 1.2+0.8 36£13
2021 D3 3.0+£07* 24+£13* 1.8 +0.8 26£09* 98+£15*
2022 DO 1.6 £1.5 1.6 +1.3 08+11 1.6 £ 0.5 48+13
2022 D3 3.0+0.7 32+0.8 32+13*% 30+£07* 116+1.1*
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3.2. Proximate Composition

In the DO fillets, the moisture content ranged from 76.4% to 77.3% (lowest value
observed in the 2022 sample), the crude protein ranged from 19.5% to 21.0% (lowest in
2020, highest in 2022), the fat ranged from 1,8% to 2.1% (highest in 2021), and the ash from
1.6% to 1.8% (highest in 2022). The energy density of the DO samples ranged from 4.5 to
5.0 kJ /g wet weight, with the lowest value in 2020, possibly resulting from the low crude
protein content of this sample (Table 2).

Table 2. Proximate composition (g/100 g, wet weight) and energy density (kJ/g wet weight) of the
fillet of freshly caught anchovies (D0) and anchovies stored at sub-chilled conditions for 72 h (D3)
in September samples from 2020, 2021, and 2022. Values represent the mean =+ standard deviation
of independent experiments on fillets of three different fish (n = 3). Significant differences (p < 0.05)
between days of storage are indicated by an asterisk (*).

Sample Moisture Protein Fat Ash kJ/g

2020 DO 771 +0.7 19.5£0.2 1.8£02 1.7 £0.1 4.5+ 0.04
2020 D3 787 +£05* 187+0.1* 1.8 £0.1 1.7£02 43+0.15
2021 DO 773+ 14 201 +£04 21+04 1.6+02 4.8 +0.30
2021 D3 775+ 0.6 19.1 + 0.6 1.9+0.0 1.5+0.1 4.6 +£0.06*
2022 DO 764+ 04 21.0+0.1 1.8 £03 1.8 £0.0 5.0+ 0.15
2022 D3 773+01* 193 £0.7* 1.7 £0.1 1.8£02 4.6 +0.40

Storage resulted in a significant moisture increase in both the 2020 and 2022 D3
anchovy fillets, resulting also in a significant decrease in protein content in these two
samples. (Table 2). However, this was not accompanied by a significant decrease in energy
density of the fillets in the corresponding samples. Furthermore, no significant differences
in fat and ash content were observed in any of the yearly samples.

3.3. Microbiological Analysis

No significant differences (p > 0.05) were observed between storage days in either the
TSA or the CFC growth media and in any of the yearly samples (Table 3). Specifically, on
DO, the TSA bacterial counts (logjp CFU) were 3.65 &+ 0.49, 4.57 + 0.76, and 4.10 £ 0.58
for years 2020, 2021, and 2022, respectively, as compared to 4.31 & 0.41, 5.30 & 0.29, and
5.09 &+ 0.39 on D3. The D0 CFC counts for years 2020, 2021, and 2022 were 2.75 £ 0.56,
3.33 £0.19, and 2.49 + 0.41 log1g CFU, respectively, while on D3, the corresponding values
were 3.64 £ 0.40, 3.65 £ 0.36, and 3.08 £ 0.23. Consequently, between the yearly samples,
the TSA counts presented no significant differences on either storage day, while those of
CFU were significantly different on DO only between the 2021 and 2022 samples (p = 0.01).

Table 3. Total aerobic plate counts (TSA agar) and Pseudomonas spp. counts (CFC agar) in freshly
caught anchovies (D0) and anchovies stored at sub-chilled conditions for 72 h (D3) in September
samples from 2020, 2021, and 2022. Values are presented as logyg cfu/g & SD from three different
replicates (n = 3).

2020 2021 2022
TSA CEC TSA CFC TSA CFC
DO 365+049 275+056 457+£076 333+0.19 410+£0.58 2494041
D3 431+041 3.64+040 530£029 3.65+036 5.09£039 3.08+0.23
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3.4. Microbiome Analysis

Following quality filtering and ASV inference, a total of 812 bacterial ASVs were
identified across all samples (Table S1). Among these, the 80 most abundant ASVs, spanning
8 phyla and 73 genera, accounted for 91.5% of the total bacterial relative abundance across
the dataset (File S1). Alpha diversity analysis indicated some patterns of variation in
bacterial diversity according to sample type, storage duration, and sampling year (Table S1).
Head /viscera samples generally showed a tendency toward higher richness and diversity
compared with fillet samples, while storage-related trends differed among sampling years.
Rarefaction curves reached a plateau for all samples, indicating that the sequencing depth
was sufficient to capture the majority of the bacterial community diversity (Figure S4).
Principal Coordinates Analysis (PCoA) based on Bray—Curtis dissimilarities showed no
clear separation of bacterial communities, indicating high similarity in overall community
composition during sub-chilled storage (Figure S5). Twenty-three of the above genera
contain species with spoilage and/or pathogenic potential [46-69] and with a relative
abundance >0.1% in either the fillet or the H/V in the three yearly samples (Figure 1).

Fillet Head and Viscera (H/V)
Delftia B 24 o3 19 28 B2 19 | o1 0 02
Photobacterium 0.2 0 20 1.3 237 0.9 0.3 0.1 0.1 00 EeN 18
Vibrio 02 04 0 o0 53 BEEEM o1 03 15 04 19 |98
Catenococcus 0 0.0 0 0 0.5 04 01 09 0 27 85
Pseudomonas 43 7.8 4.0 3.0 46 2.7 0.3 35 1.1 0.1 0.3 0.6
Acinetobacter 33 24 5.0 35 0.1 23 0.3 0.5 0.4 0.1 0.0 04 Relative
Cutibacterium 1.5 29 37 S0 0.5 0.5 04 31 0.7 0.0 0.1 0.2 abundance (%)
Arthrobacter 0 0 0 9.8 0 0.0 0.0 0 23 3.1 0 0 100
Oceanimonas 0 0 0.1 0.0 0.2 1.5 0.0 0 1.0 0.2 04 <A
Secundilactobacillus 0 0.1 0 0 0.6 0.0 0.3 1.3 0 0.0 6.4 37 80
Psychrobacter 0 04 0.1 24 0.6 34 0.3 23 04 0.5 0.2 0.6
Myroides 0 0 0 0.2 0.1 7.7 0.0 0.1 0.2 0.0 0 1.9 60
Staphylococcus 0.2 2.0 0.8 3.9 0 0.6 0.2 0.5 0.3 0.0 0.0 0.1
Janthinobacterium 0 2.6 0 0 3.6 0.6 0 1.2 0 0 0.3 0.2
Streptococcus 1.1 1.0 18 |33 0 0.6 0.1 00 02 00 00 01 40
Shewanella 0.3 0.2 0.6 0.2 0.6 3.8 0.5 0.1 0.2 0.0 0.0 0.9
Corynebacterium 03 06 28 13 00 0.1 0.3 0 05 00 00 00 20
Vagococcus 0 0.3 0 0.7 0 0.1 0.1 26 0.3 1.3 0.2 0.1
Flavobacterium 0.1 0.2 0.1 1.1 0.2 0.4 0.2 0.1 14 0.0 0.0 0.0 0
Escherichia-Shigella 0.1 0.6 0.3 0.1 0.6 0.0 0 0.5 0 0 0.0 0.0
Pasteurella 0 0 0 0 0 0 0 0 0 0 0 2.1
Peptostreptococcus 0.1 0.2 0 0.2 0 0 0.0 1.2 0.0 0.2 0.0 0
Proteus 0 0.1 0 0.0 0 1.2 0.0 0.1 0 0.1 0 0.2

Remaining taxa 510 | 570 | 636 | 633 | 587 934 | 788 | 866 | 938 | 705 | 65.1

TDO T.D3 T.DO T.D3 T.DO T.D3 G.D0 G.D3 G.D0O G.D3 G.D0O G.D3

2020 2020 2021 2021 2022 2022 2020 2020 2021 2021 2022 2022
Figure 1. Heatmap of genus-level bacterial community composition in Fillet and Head and Vis-
cera (H/V) samples at day 0 (D0) and day 3 (D3), over three consecutive years (T = Tissue/Fillet,
G = Gut/Head-Viscera). Cell values indicate the relative abundance (%) of aggregated amplicon
sequence variants (ASVs) assigned to each genus. Taxa with specific spoilage and/or pathogenic
potential and a cumulative mean relative abundance > 0.1% across all samples are displayed; taxa
below this threshold were grouped as “Remaining taxa”.

These genera represent from ~50% to 80% of the total relative abundance in the fillet
of the anchovy and from ~27% to 35% in the H/V, illustrating important inter-annual shifts
in dominant genera in all samples (Figure 1, File S1). Specifically, in the fillet, Delftia was the
predominant genus in 2020 at both days of storage (37.3% at DO declining to 21.2% at D3).
Delftia also had a significant presence at DO of 2021 (15.1%), but it declined considerably
by D3 (2.4%). In contrast, in 2022, where Delftia was much less abundant, Photobacterium,
a specific spoilage organism (550), was the predominant genus at DO (23.7%). Its sharp
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decline at D3 (0.9%) coincided with an important increase in relative abundance of Vibrio
(5.3% at DO, 26,5% at D3), Catenococcus (0.5% at D0, 19.4% at D3), as well as in Oceanimonas
(0.2% at DO, 7.5% at D3), and the SSO Myroides (0.1% at DO, 7.7% at D3). Notably, none of
the above genera had a significant presence in any of the other samples. Regarding the
other SSOs, Pseudomonas was consistently present across all three years, with its relative
abundance increasing only at D3 of 2020 (4.3% at DO, 7.8% at D3); Psychrobacter exhibited an
increasing trend in all three samples, while Shewanella and Acinetobacter increased in relative
abundance only in 2022 (0.6% at D0, 3.8% at D3 and 0.6% at DO, 3.4% at D3, respectively).
In terms of relative abundance, Janthinobacterium increased in 2020 but decreased in 2022,
and Flavobacterium increased only in 2021 (Figure 1). With the exception of Acinetobacter, the
mean relative abundance of the above SSOs across all samples and both storage days was
<1%. Additionally, the spoilage-associated Arthrobacter showed an isolated spike at D3 of
2021 (9.8%) and was absent or at trace levels in all other samples. Also notable is the relative
abundance of Staphylococcus across all samples, with increasing values at D3, as well as of
Escherichia—Shigella, which, however, remained consistently low across all samples.

Compared to the fillet, the H/V microbiota, with the exception of the 2022 sample,
was dominated by the non-spoilage, non-pathogenic BD1-7_clade, Cyanobium_PCC-6307,
Synechococcus_CC9902, and 2013Ark19i genera (File S1). In 2022, Photobacterium, along with
BD1-7_clade and Cyanobium_PCC-6307, were the predominant genera at DO. As was the
case in the fillet of the 2022 sample, the abundance of Photobacterium decreased sharply at
D3 in H/V, concomitant with the increase in Vibrio, Catenococcus, Oceanimonas, and, to a
lesser extent, Myroides (Figure 1). Regarding the other SSOs in the H/V, Pseudomonas was
consistently detected in all samples, exhibiting the highest value at D3 of 2020 (3.5%), as was
also the case in the fillet of that sample. Acinetobacter was also present in all samples, but
with lower abundance compared to the fillet samples. Similarly, Psychrobacter was present
in all three samples, exhibiting an increasing trend at D3, particularly obvious in 2020. Both
Janthinobacterium and Shewanella mirrored the pattern observed for these two genera in the
fillet, albeit at much lower abundance (Figure 1). Among the other genera with spoilage
potential, Secundilactobacillus and Vagococcus were more prominent in the H/V than in the
fillet. Arthrobacter was detected on both days of storage only in 2021, while Pasteurella,
which was absent in all fillet samples, accounted for a 2.3% relative abundance at D3 of the
2022 H/V sample. Also noteworthy are the low levels of Staphylococcus, Streptococcus and
Escherichia—Shigella in all H/V samples.

3.5. Biogenic Amines

The presence and quantities of putrescine, cadaverine, spermidine, spermine, and
histamine were determined for both days of storage (D0 and D3) in the fillets of samples
2021 and 2022. In the 2021 sample, statistically significant changes during storage were
observed in all amines, with the exception of histamine, which was not present in measur-
able quantities on either day (Table 4). As a result, the total biogenic amine concentration
increased from ~14 ppm (1.4 mg/100 g) in DO to ~29 ppm (2.9 mg/100 g) in D3. In
contrast, in the 2022 sample, putrescine and cadaverine were the only amines exhibiting a
statistically significant increase, although a higher mean value at D3 was observed for sper-
midine as well. As in the case of the 2021 sample, histamine was not present in measurable
quantities on either storage day. Consequently, the total biogenic amine concentration in
this sample increased from ~8 ppm (0.8 mg/100 g) in DO to ~17 ppm (1.7 mg /100 g) in D3.
The between-sample differences in total biogenic amines, at both days of storage, result
from the higher spermidine and spermine values of the 2021 sample, as well as from the
particularly low initial cadaverine concentration of the 2022 sample.
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Table 4. Changes in biogenic amine concentrations in the fillet of freshly caught anchovies (D0) and
anchovies stored at sub-chilled conditions for 72 h (D3) in September samples from 2021 and 2022.
Values (ppm) represent the mean =+ standard deviation of independent experiments on fillets of at
least three different fish. Significant differences (p < 0.05) between days of storage are indicated by an
asterisk (*).

Sample Putrescine Cadaverine Spermidine Spermine Histamine Total
2021 DO 1.62 £ 0.29 1.28 £0.34 5.51 +0.56 518 £ 0.81 ND 13.6 £2.0
2021 D3 379 £0.82* 261 £0.19* 11.28+141* 1134+£035* Trace 29.02 £2.8*
2022 DO 2.17 £0.29 0.16 £ 0.06 204 £1.44 3.98 £ 0.96 ND 835+25
2022 D3 593 £1.68* 254 +151* 4.35£1.05 3.74 £ 041 Trace 16.56 + 4.7 *

3.6. Proteomic Analysis

The nano-LC-OrbiTrap-based bottom-up proteomic analysis of the anchovy’s dorsal
white muscle was performed on D0 and D3 fish from the 2021 sample. Collectively,
from all DO and D3 specimens examined, peptide sequences presenting homology to
over 800 known proteins, mostly derived from the genome of herring (Clupea harengus),
were recorded (File S2). However, most of these presented low scores and coverage,
as well as small numbers of peptide spectrum matches (PSM), thus requiring further
confirmation of their correct identification. Furthermore, only a limited number of the
identified proteins were present in all three specimens examined on each of the days
of storage, and an even smaller number was present in all specimens across both days
(File S2). Given the above, a subset of 27 proteins was considered for the determination
of potential degradation of the anchovy’s muscle proteins during the storage conditions
of the present study. These proteins were selected according to the score, coverage, and
PMS criteria mentioned above, as well as by their presence in all specimens examined
from both days of storage. This subset consisted of both sarcomeric and sarcoplasmic
proteins, including five fast skeletal myosin heavy chain-like isoforms (mhc-fs-1), two
myosin heavy chain isotypes (myh-4-1 and myh-7-1), three myosin light chain isotypes
(mlc 1, 2, and 3), actin «la (act «la, the primary actin skeletal muscle isoform), two
tropomyosin « isoforms (tpm1 and tpmo), troponin 1 (tpn1), two creatine kinase muscle
isoforms (ckma and ckmb), calcium transporting ATPase 1 (atp2al), pyruvate kinase
(pk), aldolase A (aldoa), phosphoglycerate mutase (pgam), triosephosphate isomerase 1a
(tpla), glycogen phosphorylase muscle isotypes A and B (pygma and b), as well as of
two isoforms of glyceraldehyde-3-phosphate dehydrogenase (gapdh and gapdh-1) and of
[-enolase/enolase 3 (b-eno and eno3) (Table 5). Importantly, these proteins, despite being
limited in number, represent >25% of the total peptide peak area of each sample, i.e., a
significant portion of muscle’s total protein content. According to our analysis (One-Way
ANOVA), out of these 27 proteins, only actxla exhibited a statistically significant change
in expression between DO and D3 (p = 0.04, 52 = 0.712), showing an important decrease
in abundance. Interestingly, the gapdh-1 protein also displayed an important decrease in
abundance, although it failed to reach statistical significance (p = 0.06, 7% = 0.63). However,
the combination of the observed high inter-individual variability in protein abundance and
the small replicate size (1 = 3) limits the power of the statistical analysis, which can either
mask or exaggerate the significance of the differences observed.
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Table 5. Protein abundances in the dorsal muscle of freshly caught anchovies (D0) and anchovies
stored at sub-chilled conditions for 72 h (D3) in the September 2021 sample. The mean (% =+ SD) of
normalized peak values of the nano-LC OrbiTrap analysis is presented, along with the probability (p)
and effect size (Cohen’s d, #2). Protein abbreviations are as in the Text. The NCBI GenBank accession
numbers against which the above proteins were identified are given below their abbreviations.

Day N Mean SD 2 p Day N Mean SD #? p

e e 3 2o oo 000 057 e Y ba oos 011 05
ARSI D3 3 235 070 012 00 soiEives D3 3 o1 oo 04 018
NGRS D3 3 221 070 01 0% iy s 3 om o1 00 06
ADAGPIWCZ7 Dy 3 1w o7 0B 034 AATEIWSE? D3 3 s oz 004 069
Algigg;ég’)?' Dy 3 247 o 000 0% ADAGPSWSB1 DS 3 om o0z 02 034
ACARPICENS D3 3 113 o4 001 088 AOA6¥’1§V]W2 D 3 01 oo 031 025
AOIX%%?LLV?) gg g (1)?; 8:?? 016043 AOAE}%%%M gg g ﬁg 8:% 0.04 0.0
Gz by 3 06 o 0 03 AN Dy 3 0m ox 015 0%

G D3 3 1 0w 02 00 80, D5 oy oo 001 08

Gowss D3 3 oss o5 0% 02 BN D5 g on 06 006

SiAs Do 3 13 os0 070 0% aondivNo D3 3 o om0 022

AOAGDEFSPS DB 3 071 0% 008 080 oRENLv Dy 3 0% o1 042 016
AVAGPIWGS! D3 3 1w ost 001 08 A D3 3 029 o1 041 017
AOAGISFDHS D3 3 o7 ogs 047 013 Temlpeakama pp 5 00 Gy 009 083

3.7. Fatty Acid Analysis

A total of 13 fatty acids were considered in this analysis and included the saturated
fatty acids myristic acid (C14:0), pentadecanoic acid (C15:0), palmitic acid (PA, C16:0),
heptadecanoic acid (C17:0) and stearic acid (SA, C18:0), collectively referred to herein
as SAFA; the monounsaturated fatty acids palmitoleic acid (C16:1n7), oleic acid (OA,
C18:1n9), vaccenic acid (VA, C18:1n7), and neuronic acid (C24:1), collectively referred to
herein as MUFA; the n-6 series polyunsaturated fatty acids linoleic acid (LA, C18:2n6)
and arachidonic acid (AA, C20:4n6), collectively referred to herein as n6; and the n-3
polyunsaturated fatty acids eicosapentaenoic acid (EPA, C20:5n3) and docosahexaenoic
acid (DHA, C22:6n3), collectively referred to herein as n3. The above fatty acids constituted
>90% of the total peak area of the chromatograms and were consistently present in all
specimens examined on both days of the yearly samples (Tables 6 and S3).

Accordingly, in the fillet, across all three yearly samples and on both days of storage,
DHA was the dominant FA, followed by PA. Although decreased mean values were
observed for DHA and n3 at D3, these were not statistically significant. Similarly, the
increased mean values of PA and SAFA at D3 were also non-significant. In fact, the
only significant difference observed concerned the né6 in the 2021 sample (p = 0.001). At
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the individual fatty acid level, significant differences were not observed in any of the
fatty acids between DO and D3 in any of the three yearly samples, except for SA in 2021.
Notably, the n3 content of the fillet ranged from 46% to 50% on D0 and from 43% to 46%
on D3. Consequently, the mean polyene index, i.e., the EPA + DHA (n3) to SAFA ratio, an
indicator of oxidative rancidity in fishery products [70], was >1 on both days of storage
(Tables 6 and S3).

Table 6. SAFA, MUFA, n3, n6, PA (C16:0), and DHA contents in the total fat of the anchovy fillets from
the three yearly samples. Values (%) represent the mean (+SD) from at least three individuals (1 > 3).
In each group of fatty acids and lipid class, asterisk (*) denotes significant differences (p < 0.05)
between days of storage in each yearly sample.

SAFA MUFA né n3 C16:0 DHA
DO0(n=4) 3571+494 1139+£226 2574+052 5033+£671 2429+295 4450+ 8.43
2020 D3(n=4) 38.04+£138 1260+£0.53 293+0.12 4644+085 2576+156 40.55+£0.62
E 21 DO(n=3) 3726£3.61 1231142 327+034 4716+4.64 2642+224 41.35+4.02
g D3(n=6) 39.61£132 13.65+121 3.62+0.06* 4324+212 27323+0.82 37.23+£217
DO(n=3) 3776181 1250+1.86 358+0.73 4617 +3.80 24.49+256 39.67 £+ 4.93
2022 D3(n=6) 39.71+£3.60 12.61+£125 3304047 4438+423 2675+321 38.35+£4.09

3.7.1. The Fatty Acid Profiles of Lipid Classes
Neutral Lipids

In the neutral lipid fraction and on both days of storage, the major fatty acid was PA,
followed by SA in the 2021 and 2022 samples, while in the 2020 sample, the second most
abundant fatty acid was DHA (Table 7). Interestingly, DHA in both the 2020 and 2022
samples appeared to be increasing at D3. In contrast, it remained stable between storage
days in 2021, where the lowest value for this fatty acid was recorded. Also notable was the
significant decrease in PA at D3 of the 2020 sample, which contributed to the significant
decrease in the SAFA group, as well as the significant increase in the LA content, which led
to higher D3 values for the n6 group of the sample. In contrast, no significant differences
were observed between days of storage in any fatty acid group of either the 2021 or the 2022
samples. However, it should be noted that in the 2021 sample, SA significantly increased
while VA significantly decreased on D3. Between the yearly samples in this lipid class,
significant differences were observed in the SAFA and n3 groups (p = 0.004 and p = 0.005,
respectively) on D3 of the 2020 and 2021 samples. In the case of SAFA, this difference was
due to higher values of all fatty acids within this group of the 2021 sample. In the case of
the n3 group, it was due to the low DHA content in that same sample. (See Table S3 for
levels of aforementioned fatty acids on both storage days in each yearly sample).

Triacylglycerols (TAG)

In the TAG class, the dominant fatty acid was PA on both days of storage, followed in
content by DHA, with both OA and SA also contributing significantly. Importantly, the
EPA content in this lipid class matched that of total fat and exceeded that of the neutral
lipids on DO across all yearly samples (Table S3). No significant differences were observed
between storage days for any of the fatty acid groups in either year. At the individual fatty
acid level, significant differences were limited to increased DHA content and decreased
OA on D3 in the 2021 sample (Tables 7 and S3). Between the yearly samples, significant
differences concerned the SAFA and n3 groups (p = 0.023 and p = 0.048, respectively) on D3
of 2020 and 2022. The differences in the SAFA group were due to higher PA and SA values
in the 2022 sample, while those in the n3 group were due to both EPA and DHA values
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significantly increasing in the 2020 sample compared to 2022. Furthermore, while the TAG
DHA appeared to increase on D3 in both the 2020 and 2021 samples, mean values for this
fatty acid decreased in 2022. However, it should be noted that the 2022 sample presented
very high intra-specimen variations in the abundance of most fatty acids in this lipid class
(Tables 7 and S3).

Table 7. SAFA, MUFA, n3, n6, PA (C16:0), and DHA contents in the total neutral lipids and in the
TAG and FFA classes of the anchovy fillets from the three yearly samples. Values (%) represent the
mean (£SD) from at least three individuals (n > 3). In each group of fatty acids and lipid class,
asterisk (*) denotes significant differences (p < 0.05) between days of storage in each yearly sample.

SAFA MUFA né6 n3 C16:0 DHA

DO (n =3) 53.82 £ 1.66 18.16 £+ 3.49 3.04 £ 0.12 2498 £ 4.67 30.38 £ 1.09 20.28 £3.85

O 2020 D3(n=3) 43.68+3.05* 18.86+2.80 4.04+043* 33.42 +5.38 24.60 +1.95 2515+ 3.01
é DO (n =3) 63.02 £2.10 17.36 +2.29 4.09 £ 0.61 15.52 + 3.06 3441 +£1.04 12.74 £ 1.41
E 2021 D3 (n=3) 67.63 £ 3.51 13.25 £ 1.57 4.32 £ 0.506 14.80 + 3.59 35.42 £2.46 11.53 £2.20
z DO (n=3) 59.58 +£17.29 14.09 £ 6.53 5.29 £ 2.09 21.03 +£9.20 31.72 + 4.82 16.25 £+ 3.93
2022 D3 (n=6) 55.88 £ 8.12 13.71 £+ 3.66 452 £ 091 25.89 £5.74 3023 £1.71 20.48 £1.92

DO (n =3) 48.00 £ 3.05 22.89 £4.52 4.29 £1.07 2479 £2.48 27.03 £0.49 19.35 £ 2.06

2020 D3 (n=23) 4397 £2.17 19.05 £ 4.15 4.16 + 0.37 32.90 + 5.08 25.40 + 0.98 2435+ 3.21

&) DO (n =3) 53.34 £ 0.53 22.57 £ 0.67 4.16 £1.06 19.93 + 041 30.79 £ 1.58 14.47 +0.40
ﬁ 2021 D3 (n=4) 50.25 £ 3.41 19.27 £ 2.17 4.78 £0.89 2571 £1.67* 28.86 £ 1.54 18.05 +1.48*
DO (n =3) 53.29 £15.11 17.18 £3.51 428 +1.51 25.25 +10.66 30.66 + 7.39 18.57 £7.62

2022 D3 (n=3) 52.94 £ 5.58 20.70 £ 4.36 6.76 + 2.98 19.61 +£7.71 28.36 £ 3.15 14.22 £+ 5.66

DO (n =3) 59.31 £2.13 19.21 +4.92 2.59 + 048 18.86 + 2.85 31.68 £ 3.83 16.85 +1.98
2020 D3 (n=23) 6648 +=044* 14.10+ 048 3.64 £0.15* 15.77 £ 0.30 36.47 +2.53 12.38 £1.54 %

§ 01 DO (n =3) 78.78 £+ 2.52 12.11 +£1.89 3.92 +0.30 5.19 £ 0.81 4047 £1.76 3.70 £ 0.67
= D3 (n=6) 7449 £ 5.78 857 +1.76 % 6.12 + 4.33 10.83 + 2.65 * 39.71 £ 2.65 853 +215*

DO (n=3) 79.78 +10.54 9.83 + 6.26 5.40 £ 3.03 499 +2.22 3944 +1.11 3.77 £ 1.69
2022 D3(n=6) 5959 +6.19* 13.42+435 6.33 + 2.09 20.66 £10.09*  34.03 + 3.00 * 16.26 +7.94 *

Free Fatty Acids (FFA)

In the FFA class, and as in the case of TAG, the dominant fatty acid was PA, which
remained relatively stable between storage days (Table 7). High values were also recorded
for SA, which on DO of the 2022 sample matched those of PA, although it decreased
significantly at D3. Consequently, the SAFA content was 60% on D0 in 2020 and on D3 in
2022, and 79% on DO in both the 2021 and 2022 samples. In contrast, low DHA values were
observed in this lipid class, especially on DO of the 2021 and 2022 samples. Although the
DHA content was significantly reduced on D3 of the 2020 sample, which had the highest
content for this fatty acid at DO, it increased significantly in the other two samples. The
EPA content of this class was significantly lower on both days of storage compared to that
of either the total fat or the neutral lipids, exhibiting, however, an increasing trend on D3.
These differences were reflected in the between-years comparison of the SAFA and n3 fatty
acid groups (Table 7). (See Table S3 for levels of aforementioned fatty acids on both storage
days in each yearly sample).

Polar Lipids

In the polar fraction of the fat, DHA was the major fatty acid across both days of
storage. However, its content significantly decreased on D3 in both the 2020 and 2021
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samples, while it also presented a lower mean value in 2022 (Table 8). This decrease was
reflected in the total n3 fatty acid content, which was also affected by decreased EPA values
on D3 in all three yearly samples (significant for 2020 and 2021). The decrease in n3 content
was concomitant with an increase in SAFA, mostly due to the rise in SA in the 2020 and
2021 samples. Also notable was the increase in the MUFA group in the 2020 sample, which
resulted from higher levels of both C16:1 and OA. Despite these changes, no significant
differences were observed between any of the yearly samples in any of the fatty acid
groups. (See Table S3 for levels of the aforementioned fatty acids on both storage days in
each yearly sample).

Table 8. SAFA, MUFA, n3, n6, PA (C16:0), and DHA contents in the total polar lipids and in the PE, PI,
PS and SM-PC classes of the anchovy fillets from the three yearly samples. Values represent the mean
(£SD) from at least three individuals (n > 3). In each group of fatty acids and lipid class, asterisk (*)
denotes significant differences (p < 0.05) between days of storage in each yearly sample.

SAFA MUFA né n3 C16:0 DHA
DO (n =3) 33.46 £2.99 10.73 £ 0.51 3.16 £0.29 52.66 £+ 3.34 22.57 £2.50 49.00 £ 3.61
2020 D3(n=3) 4832+£090* 1477+1.26*% 274 £0.25 3417 £1.58 * 26.17 £ 1.45 31.09 £ 1.74 **
% DO (n =3) 41.94 £3.32 991+273 3.33+0.24 45.09 £ 5.51 2722 £1.84 40.72 £5.14
§ 2021 D3(n=6) 4859 +£333* 1249+ 349 4.10+£0.92 34.82 £5.53 * 29.05 £ 0.92 31.62 £5.52*
DO (n =3) 38.89 +£4.28 1228 £ 1.76 329 £0.70 45.54 +5.05 26.32 £ 4.16 39.56 +£4.72
2022 D3 (n=6) 43.77 £ 3.96 13.11 + 2.49 3.46 + 0.64 39.66 £ 5.54 * 28.07 £2.98 34.82 £5.59
DO (n =3) 30.22 £1.87 11.42 +1.02 347 +0.11 54.89 £2.99 18.94 +1.24 52.82 +£3.10
2020 D3 (n=6) 33.39 £ 1.57 10.68 + 1.42 321 £0.37 52.71 £3.15 19.37 £2.39 50.36 £2.91*
- DO (n=3) 36.53 £ 080 13.11 £ 0.81 3.32+0.23 47.04 £1.80 19.44 + 2.26 44.59 £1.32
=~ 2021 D3(n=5) 4230£216* 1279+3.17 3.69 + 0.56 4121 £3.22* 2381+£1.03* 39.08+3.34*
DO (n =3) 40.00 +=4.90 10.86 + 2.05 3.51 £0.27 45.64 + 6.36 22.64 £3.71 43.45 +5.84
2022 D3 (n=6) 45.61 £5.73 12.20 £ 2.53 3.83 £ 0.79 38.35 £ 6.97 25.24 £ 3.00 36.27 £7.00
DO (n =3) 48.70 £ 4.09 12.60 £ 0.62 3.38 £ 0.72 35.32 £ 3.94 11.80 + 0.14 33.57 £3.43
2020 D3 (n=23) 5493 £2.75 14.25 + 0.11 3.45 £ 0.08 2736 £2.71* 1994+166* 2533 +343*
. DO (n =3) 56.83 £5.18 13.40 £ 1.39 4.47 £0.89 25.30 £ 4.85 30.76 £ 4.38 23.53 £4.48
a 2021 D3 (n=6) 5799 £6.02 1737 £245* 7.42 4 3.84 17.22 £ 7.03 3143 £2.15 15.33 & 5.54
DO (n =3) 55.06 £+ 6.48 12.40 +2.84 4.19+0.43 28.35 £ 3.22 27.34 £2.11 26.92 £2.73
2022 D3 (n=6) 63.09 &= 8.94 13.07 = 6.19 541 +£2.22 18.42 + 6.45* 29.13 £ 4.34 16.80 £ 6.29 *
DO (n =3) 45.77 £ 4.36 13.58 &+ 2.07 1.60 £ 0.46 39.05 £ 3.91 18.90 + 0.98 38.00 £ 3.81
2020 D3 (n=3) 58.79 £+ 8.00 17.60 + 4.51 2.15+0.38 2146 £3.69* 2697 £501* 19.31 £5.06 *
. DO (n =3) 57.39 £ 4.20 13.00 = 1.62 430 +£0.79 25.30 +4.85 29.99 £ 5.02 23.53 +-4.48
a 2021 D3 (n=6) 57.84 £6.10 1838 £3.37* 7.38 £ 3.85 16.40 + 8.38 31.23 £2.11 14.50 £ 6.98
DO (n =3) 67.30 £ 3.02 947 £1.29 3.69 £ 048 19.53 £ 3.11 30.44 £ 0.31 17.80 + 2.68
2022 D3(n=5  73.04+10.76 8.68 £3.17 313 £0.73 15.15 £ 9.47 34.81 £ 4.31 13.36 + 8.66
DO (n=3) 35.87 £ 2.36 10.02 £ 0.60 2.88 +0.21 51.23 £2.81 29.92 +£1.84 44.79 £ 2.65
2020 D3 (n=23) 42.53 + 3.34 9.85 £ 0.98 2.66 = 0.03 44.96 + 4.35 33.40 +£2.43 39.31 +4.08
E DO (n =3) 43.83 £+ 5.47 11.66 = 0.74 3.00 £ 0.59 41.51 + 6.46 36.12 & 4.65 35.35 £ 6.19
%I 2021 D3 (n=5) 46.34 £ 3.50 10.43 £ 1.77 3.76 + 0.28 * 39.47 £2.43 33.37 £ 1.65 33.31 £1.84
DO (n =3) 44.81 + 4.46 9.75 £ 0.90 297 +£0.24 42.47 +3.43 32.36 £1.15 36.16 £ 2.55
2022 D3 (n=6) 48.32 + 3.50 11.22 + 3.06 4.09 =+ 1.69 36.38 & 5.08 33.42 £+ 2.86 30.76 = 4.54
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Phosphatidylethanolamine (PE)

In the PE class, the dominant fatty acid was DHA, exhibiting values that exceeded
those recorded for the total fat, as well as those of the polar fraction in all three samples
and on both days of storage. It remained stable between D0 and D3 in the 2020 and 2022
samples, but it decreased significantly in 2021 (Table 8). As in the case of the total fat and
its polar fraction, the second most abundant fatty acid was PA, which also remained stable
during storage in the 2020 and 2022 samples but, in contrast to DHA, significantly increased
on D3 in 2021. Significantly higher values were also observed on D3 for the minor SAFA
C14:0 and C15:0 in both the 2020 and 2021 samples. Notable in this lipid class was the low
but stable EPA content across all samples, at values comparable to those observed in the
FFA (See Table S3 for levels of aforementioned fatty acids on both storage days in each
yearly sample).

Phosphatidylinositol (PI)

In this lipid class, DHA and SA exhibited comparable values on DO, while on D3 a
decreasing trend was observed for DHA (significant in 2020 and 2022), with SA remaining
stable (Tables 8 and S3). Low values for PA were recorded on DO in the 2020 sample, but
they increased significantly on D3. In the other two samples, the PA content remained
stable during storage. A significant increase during storage was also observed for OA in
both the 2020 and 2021 samples, which significantly affected the total MUFA content only
in 2021. As in PE, the EPA content in this lipid class was low but stable between storage
days, with values comparable to those observed in the PE and FFA classes. (See Table S3
for levels of aforementioned fatty acids on both storage days in each yearly sample).

Phosphatidylserine (PS)

High SA values were also recorded in this lipid class, with this fatty acid being the
major SAFA on DO in the 2020 and 2022 samples. In contrast to PA, which exhibited
an increasing trend during storage, SA values remained relatively stable. Conversely,
except for DO in the 2020 sample, DHA exhibited values lower than SA or PA, as well as a
decreasing trend during storage (Table 8). A significant increase in OA was also observed
on D3 in the 2020 and 2021 samples, which significantly affected the total MUFA content
in the latter (Table 8). Similar to PE and PI, EPA exhibited low but stable values during
storage across the yearly samples. (See Table S3 for levels of aforementioned fatty acids on
both storage days in each yearly sample).

Sphingomyelin-Phosphatidylcholine (SM-PC)

In this mixed class, DHA was the most abundant fatty acid in all three yearly samples
and on both days of storage. However, a decreasing, albeit non-significant, trend in the
values of this fatty acid was observed on D3 in all samples (Table 8). Conversely, the PA
values remained stable during storage, as did the other fatty acids examined, with the
notable exception of SA, for which a significant increase was observed in the 2020 and 2021
samples. In contrast to the other polar lipid classes, high EPA values were recorded in the
SM-PC fraction of all three samples, comparable to those of the total fat. (See Table S3 for
levels of aforementioned fatty acids on both storage days in each yearly sample).

4. Discussion

The proximate composition in the fillet of freshly caught anchovy (D0) across all
yearly samples is in good agreement with the values reported for anchovies from other
Mediterranean areas [71-76], as well as from European Atlantic Ocean waters [6,77]. Thus,
in samples from these areas, the moisture content ranged from a low of 72% to a high of
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79%, the Bay of Biscay and the Adriatic Sea, respectively [74,77], while the corresponding
mean value of the three yearly samples of the present study was ~77%. The protein content
in the fillet of anchovy ranged from 18% in the Gulf of Cadiz [6] to 23% in the Gulf of
Catania [72], as compared to the ~20% mean value of the three yearly samples presented
herein. Anchovy fillet fat content has been reported to range from 1% in both the Gulfs of
Catania and Lions to 4.3% in the Central Adriatic [71,72,74], compared with the present
study’s overall mean of ~1.9% for the three annual samples. However, at the local level,
important variations in these values were observed when samples from different months
or seasons were analyzed, as in the case of the Gulf of Cadiz, Bay of Biscay, and Central
Adriatic [6,74,77], suggesting that the environment can significantly affect the quality
characteristics of the fish. Relative to this, it is interesting to note that Black Sea anchovies,
although of the same species, have a very different proximate composition, with moisture
content < 70%, protein content between 17% and 19%, and fat content ranging from 10%
to 18% [76,78,79]. Whether these differences are due to the low salinity of the Black Sea
(18-19 ppt), as compared to the Mediterranean Sea or the Atlantic Ocean (35-38 ppt) [80],
or to other environmental (e.g., trophic conditions, diet composition) or genetic factors,
remains to be established.

Regarding the energy density of the anchovy fillet, this parameter has been determined
in four other studies, of which two concern fish from the Bay of Biscay [77,81], one from
the Northwestern Mediterranean [82], and one from the Thracian Sea [83], with the latter
conducted in an area very proximal to the sampling sites of the present study. The energy
density of the Bay of Biscay anchovies ranged from 21 to 24 kJ /g dry weight (=5 to 6 kJ/g
wet weight), while for the Mediterranean anchovies it was ~5 kJ /g wet weight, which is
very similar to the values obtained in the present study.

The marginal differences in proximate composition and energy density that we ob-
served between the D0 and D3 samples suggest that the fillet preserves most of its “crude”
characteristics during storage, under the conditions used. This may appear to contrast
the results of the sensory analysis, where the quality of the product dropped significantly
at D3. However, the proximate composition analysis records the “crude” protein and fat
content of the tissue, while during spoilage both protein and fat can be transformed or
degraded by exogenous (microbial) or endogenous (autolytic) processes. Thus, as long as
the transformation or degradation products remain within the tissue and given that the
moisture content does not change dramatically, the proximate composition is not expected
to differ significantly.

Microbial-caused spoilage is considered the most important factor in the spoilage of
fish products, and microbiological assays are extensively used to assess fish and, more
generally, seafood freshness and safety. Thus, total viable counts (TVC) ranging from 107 to
10% cfu/ g, for either entire or filleted fish, are indicative of freshness, while counts exceeding
107 cfu/g indicate spoilage [84-86]. According to the results presented herein, the bacterial
counts at both days of storage were well below the acceptable limits mentioned above. In
addition, the initial TVC counts of all samples were comparable to those reported for fresh
anchovies from the Northwestern and Central Mediterranean [19,87]. Furthermore, the
TVC and Pseudomonas DO and D3 counts reported herein were similar to those of fresh
anchovies from the Adriatic Sea stored in ice in polystyrene boxes [16], although apparently
higher than those of Central Mediterranean anchovies stored in ozonized slurry ice [87].

While microbiological analysis using general-purpose media is undeniably useful for
evaluating the total bacterial load of the fish samples, it presents significant limitations in
characterizing the microbiota composition, especially regarding genera with spoilage or
pathogenic potential. To some extent, this also applies to the Pseudomonas CFC medium,
on which other bacterial genera (e.g., Shewanella, Enterobacteriaceae, Vibrio) can grow [88].
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Furthermore, only a small fraction of the total microbiota from environmental samples
can be recovered using classical microbiological techniques, as many species either require
specialized growth media or are presently unculturable. Culture-independent molecular
applications overcome the above limitations and are presently widely used to evaluate the
role of microbiome dynamics in the shelf life of foods, including seafood, under different
storage conditions [25,64,65,89]. Our 16S rRNA gene analysis of the fillet microbiota in-
dicates that the anchovies in the study region harbour a variety of bacterial genera with
spoilage and/or pathogenic potential. However, with few exceptions, no obvious pattern
was observed regarding either the presence of these genera in the three yearly samples,
or their changes in relative abundance during the storage period. Specifically, from the
SSOs identified, Photobacterium, Pseudomonas, Acinetobacter, Psychrobacter, Shewanella, and
Flavobacterium were consistently present in all samples, but the changes in their relative
abundance during storage varied widely between years. Furthermore, apart from Photobac-
terium, Pseudomonas, and Acinetobacter, the relative abundance of the remaining SSOs was
in most cases particularly low. However, it should also be noted that 16S rRNA amplicon
sequencing provides information on the relative taxonomic composition of the bacterial
community rather than on absolute bacterial abundance or metabolic activity; thus, an
increase in the relative abundance of a given taxon might reflect either an increase in
its absolute abundance or a decrease in other community members [90]. Hence, relative
fluctuations in the abundance of specific SSOs should be interpreted with caution, as they
do not necessarily reflect an increase in their absolute numbers or spoilage potential. In
the present study, the microbiome shifts observed during storage likely represent changes
in community structure rather than direct evidence of advanced spoilage, particularly
considering the low culturable bacterial loads.

From the fillet samples, that of 2022 clearly stands out, as on D3 the relative abundance
of the spoilage-associated genera represented 80% of the total. This was due to the sharp
increase in the abundance of Vibrio, Catenococcus, Oceanimonas, and Myroides, while the SSOs
Psychrobacter and Shewanella also exhibited the highest values among the fillet samples,
though this, with the exception of sensory traits, did not obviously impact the qualitative
traits of the fillets examined. The increased relative abundance of the above genera on D3
coincided with the drastic decline of Photobacterium, which was the predominant SSO genus
on DO. Since Photobacterium is a cold-tolerant genus [91], it is unlikely that this decline was
due to storage temperature alone. Notably, Photobacterium, Vibrio and Catenococcus belong
to the Vibrionaceae family, share similar habitats in the marine environment and utilize the
same resources [92]. Therefore, it would be of interest to examine whether the above ob-
served effect results from antagonistic relationships between these genera, or if other factors
-environmental or microbial- may also contribute the observed community dynamics.

The presence of Staphylococcus and of Escherichia—Shigella in all fillet samples, together
with the increasing trend in relative abundance for Staphylococcus during storage, is of
particular concern. Although members of these genera have frequently been associated
with post-harvest handling and hygiene-related contamination in seafood, their detection
by 165 rRNA amplicon sequencing should be interpreted with caution, as this method
provides genus-level taxonomic assignments and does not distinguish between pathogenic
and non-pathogenic species, nor between viable and non-viable cells. Nevertheless, their
detection in fillet samples highlights the importance of hygienic handling practices through-
out harvesting, transportation, and sample processing. Specifically, Staphylococcus is nor-
mally absent in wild fish populations [66,93], while humans are the primary reservoir of
Escherichia—Shigella [67].

As expected, the microbiota of the H/V is largely dominated by genera that are
normally associated with the gut and gills of the fish, such as BD1-7_clade, Cyanobium_PCC-
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6307, Synechococcus_CC9902, and 2013Ark19i [68,69,94,95]. This results in a lower relative
abundance of the spoilage- and pathogen-associated genera, although their presence in the
H/V samples partially reflected patterns observed in the fillets. Thus, as in the fillet, the
co-occurrence of Photobacterium, Vibrio, and Catenococcus in the 2022 H/V sample suggests
comparable microbial dynamics in both sample types. In contrast to the fillet, Staphylococcus
was detected at low relative abundance levels in the H/V samples, while Escherichia—Shigella
was almost completely absent. The results support the notion that the presence of these
genera in the fillet samples was due to contamination during fish handling.

Overall, the results of the 165 rRNA gene analysis indicate that sub-chilling prevented
SSOs from significantly increasing in relative abundance within three days post-harvest, in
agreement with the microbiological results. Additionally, as illustrated by the differences
between the three yearly samples, the local environmental conditions and/or sampling
period are important drivers of microbiota composition and may influence the overall
quality of the fish.

Biogenic amines are naturally present in fish where they perform diverse biological
functions [96]. However, they tend to accumulate during spoilage, because of proteolysis
and decarboxylation of amino acids, either by endogenous enzymes or by bacteria pos-
sessing amino acid decarboxylase activity [97]. The occurrence of high concentrations of
biogenic amines in fresh fish is associated with the risk of food poisoning. Histamine is
the primary causative agent, although the presence of other amines, such as cadaverine
and putrescine, can potentiate its action [96,98]. Currently, histamine is the only biogenic
amine for which acceptable limits in fresh fish have been defined by various countries
and international organizations, with 100 mg/kg being the maximum acceptable value in
the European Union [99]. The absence of histamine in the anchovy fillets of the present
study agrees with the results of other studies that have shown negligible formation of this
biogenic amine in fish stored at 0 °C or below [97]. Specifically, in anchovies, it has been
shown that histamine formation takes place after two days in fish that were iced prior
to being stored at 4 °C [100]. Regarding the increased concentration of spermidine and
spermine in the 2021 sample, it should be noted that these polyamines are of endogenous
origin and are not synthesized by microorganisms. Therefore, their concentrations would
be expected to decrease over time, if they change at all, rather than increase [101]. Thus, the
spermine and spermidine 2021 concentration levels likely reflect an effect of the sample it-
self rather than of storage, as previously proposed for European hake stored in ice [102]. On
the other hand, putrescine and cadaverine formation has been correlated with the presence
of Shewanella [102] as well as with Enterobacteriaceae and Pseudomonas [98]. However, the
data of the microbiome analysis do not point towards a correlation between the presence of
Enterobacteriaceae in our samples (i.e., Escherichia-Shigella and Proteus) along with Shewanella
and Pseudomonas, and the formation of putrescine and cadaverine, within this short-term
storage period. This is because the relative abundance of these genera did not exhibit an
increasing trend across all the yearly samples.

As mentioned above, sensory changes and texture properties are closely linked to
fish freshness, with tissue tenderization being an important factor in determining the final
quality attributes of the product. Because muscle tenderization results from the enzymatic
degradation of proteins, proteomic analysis can help clarify the underlying biochemical
processes and potentially contribute to improving the shelf life of fresh fish. However,
muscle remains a challenging tissue for proteomic analysis, as it is dominated by the
contractile proteins of the sarcomere, while several enzymes of energy metabolism are
also highly abundant in the sarcoplasm [103]. As a result, the over-represented proteins
render the detection of the low-abundance ones difficult, leading to incomplete proteome
characterization [103,104].
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Currently, the application of comparative proteomics to study the post-mortem
changes in the muscle of fish species during cold storage is limited, and our study repre-
sents the first such attempt on the European anchovy. Relevant studies on other species
employed mainly 2-dimensional electrophoresis (2-DE) to detect protein degradation in
cold-stored fish muscle. Specifically, 2-DE and immunoblotting were used to study pro-
teome changes in sea bass dorsal muscle after storage up to 96 h in ice [105]. According
to the results of that study, the myofibrillar protein abundance remained stable during
the storage period, with the major observed changes limited to two low-molecular-weight
proteins, one of which was later identified as nucleoside diphosphate kinase [4]. The 2-DE
analysis was also used to elucidate changes in the muscle proteins of cod stored on ice for
up to eight days. Accordingly, several changes in protein spot intensities were observed,
with the proteins involved not being identified [106]. In a more recent study, also on sea
bass muscle stored at 1 °C for five days, 2-D Difference Gel Electrophoresis (DIGE) coupled
to MS analysis revealed significant degradation of several proteins including myosin heavy
chain, myosin light chain 2, GAPDH, and glyceraldehyde mutase [1]. The fact that no such
differences were observed in the anchovy muscle in the present study could, among other
factors, reflect species differences in muscle consistency, storage period and conditions, as
well as the initial load of spoilage bacteria in the samples, which was not examined in any
of the above studies. However, the possibility cannot be excluded that the small replicate
size and high inter-individual variability may have obscured potentially important changes.
Interestingly, and in contrast to the above studies, storage significantly affected the relative
abundance of actin «la. Actin is the second most abundant protein in muscle and is an
indicator of post-mortem proteolytic degradation as it serves as a substrate of endogenous
cathepsins (B, D, L) [4,107].

In our study, as well as in all the others mentioned above, the dorsal muscle of the
fish was used, an obvious choice as it represents the major part of the fillet. Additionally,
it is less likely to be contaminated by other tissues, as would have been the case if the
hypaxial muscle were to be used. Therefore, the small or no changes observed in our
study concern solely the dorsal part of the fillet. In the abdominal muscle, more important
differences would be expected, as it is more exposed to the highly active endogenous
digestive enzymes. Clearly, the fish muscle proteome analysis needs further refinement to
overcome the challenges mentioned above. Further analytical challenges stem from the
complexity of fish genomes, which have undergone three rounds of duplication in the
Teleostei lineage [108]. Relevant to this is the identification of multiple fast skeletal myosin
heavy chain-like proteins (mhc-fs-1) in the anchovy proteome. Specifically, 11 different
isoforms were identified, although only five were present in all specimens examined
(Table 5). Chen et al. [109] reported 14 different genes potentially encoding for fast skeletal
mhc-fs-1 proteins in the genome of the Chinese perch (Siniperca chuatsi), while in the
herring genome (Genome assembly Ch_v2.02) 40 loci in eight different chromosomes were
identified for this particular myosin heavy chain type. Similarly, a search in the recently
made available European anchovy genome (Genome assembly IST-EnEncr_1.0) led to
the identification of 31 mhc-fs-1loci in five different chromosomes. Importantly, as our
results suggest, their expression pattern differs even among individuals from the same
catch. However, even when the total mhc-fs-1 content of the samples was considered, no
significant differences were observed between the storage days (File S2).

Along with protein degradation, lipid hydrolysis is a major factor contributing to the
deterioration of fresh fish quality during storage. Enzymatic lipid hydrolysis (lipolysis)
occurs by the action of either endogenous or psychrotrophic bacteria-derived lipases and
phospholipases and leads to the formation of free fatty acids. These, in turn, are highly
susceptible to oxidation, a process that can alter flavour, texture, and colour of the fish [110].
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According to the results presented here, the mean content of DHA and EPA in the
fillet lipid of the fresh (D0) anchovies from the Thracian Sea was generally higher than
that reported for anchovies from other Mediterranean areas [72,111-113] but comparable
to Adriatic Sea anchovies [75,114]. Similarly, the Thracian and Adriatic Sea anchovies had
higher SAFA content than those from the other regions but lower MUFA content. The
above suggest that environmental conditions, and mainly diet composition, in different
areas or seasons of sampling, can determine the fatty acid profile of fillet fat.

The results from the three yearly samples also suggest that the short-term storage
of anchovies at sub-chilled conditions largely preserves the fatty acid profile in the total
fat of the fillet, which is in line with the proximate analysis results regarding crude fat
content. To our knowledge, only one other study has examined the changes in the fatty
acid profile in the fillet of anchovy during cold storage [16]. As in the case of our samples,
the authors observed small decreases in DHA and EPA with a concomitant increase in PA
and, therefore, in SAFA, after storing the fish on ice for three days.

The total fat analysis provides useful information regarding the relative abundance of
the different fatty acids therein but does not allow one to conclude whether the lipid classes
that comprise the fat remain intact during storage. Our results regarding the fatty acid
profile of the total neutral lipids, as well as that of the two major classes in this lipid fraction,
i.e., TAG and FFA, demonstrated that there is an increasing trend in the abundances of
DHA and EPA during storage, across the three yearly samples, in both the TAG and the
FFA. Regarding the EPA, TAG appear to be the main depot site for this fatty acid in the
neutral lipid. The rise in DHA and EPA in these two classes likely stems from the enzymatic
hydrolysis of both neutral and polar lipids. In the case of TAG, the highly unsaturated
EPA and DHA are apparently spared from the action of endogenous and/or exogenous
lipases, due to the steric hindrance created by their rigid structures, which prevents the
enzyme’s active site from easily accessing the target ester bond [115-117]. In contrast, the
more flexible structure of the esterified SAFAs and MUFAs renders them more susceptible
to enzymatic hydrolysis, decreasing their relative abundance, while increasing that of EPA
and DHA in this lipid class. On the other hand, phospholipases, and particularly those
with high specificity for PUFA-containing phospholipids, such as PLA; [114,118], are likely
to be responsible for the observed rise in abundance, especially of DHA and to a lesser
extent of EPA, in the FFA class in two of the three yearly samples.

The fatty acid profile of the total neutral lipids in the muscle of fresh anchovies has
also been studied on samples from the Gulf of Lions, Northwestern Mediterranean [71]. As
compared with our DO results, across all three yearly samples, the most notable differences
are significantly lower contents of PA, SA, and OA, alongside higher EPA and DHA contents
in the total neutral lipids of the anchovies from the Gulf of Lions. These differences highlight
the effects of the local environment and diet composition in determining the anchovy fillet
fatty acid profile.

According to the results presented here, the polar lipid fraction constitutes the main
depot of DHA and EPA in the anchovy fillet fat, with PE and SM-PC being the main
contributing classes. Especially for EPA, SM-PC appears to be the main storage site of
this fatty acid in the polar lipid. However, the relative abundance of these n-3 PUFAs
decreases significantly during storage, apparently due to the action of phospholipases,
mainly on DHA, as discussed above. Interestingly, it appears that the PS and PI classes are
more prone to the hydrolysis of DHA, despite their initial low content in this fatty acid. In
contrast, in all the polar lipid classes, the relative abundance of both the SAFA and MUFA
remains unchanged, if not increasing, during storage. Another interesting feature of the
polar lipids is the high content of SA in all but the SM-PC classes, and especially in PI and
PS. Regarding the latter, a previous study characterized the phospholipid molecular species
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in the fillet of anchovies from the Adriatic Sea [114]. According to their results, in the PI
and PS classes, the most abundant molecular species were 18:0/22:6, i.e., SA/DHA, and
16:0/22:6, i.e., PA/DHA, with the sum of these corresponding to 74% in the PI and to 64%
in the PS. In contrast, in the PE class, the 18:0/22:6 species represented only 13.5% of the
total, with the 16:0/22:6 amounting to 38.5%, while in the PC class, the 18:0/22:6 species
represented only 1.4% of the total, and the 16:0/22:6 the 32%. These results are in good
agreement with the abundances of these fatty acids in the polar lipid classes of our fillet
samples (Table 52). It is noteworthy that the fatty acid profile of the total fillet fat exhibited
high similarity across these two studies.

5. Conclusions

To our knowledge, the present study represents the first attempt to combine 16S
rRNA gene sequencing, bottom-up proteomics, and lipid class analyses, along with stan-
dard sensory, proximate and microbiological analyses, to evaluate changes in the fillet of
European anchovies stored under sub-chilled conditions. The results demonstrate that
storage under such conditions effectively preserves the nutritional value of the fish, as
evidenced by the stability of proximate composition, energy density, and overall fatty acid
profiles of the fillet. Microbiological analyses, supported by 165 rRNA gene sequencing,
showed that the relative abundance of spoilage-associated bacterial genera did not increase
substantially during the storage period and, consequently, histamine was absent in all
samples, while the concentrations of the other biogenic amines remained low. However,
the notable interannual differences in microbiota composition point to the role that pre-
and post-harvest environmental factors play in shaping the anchovy microbiome, which
could potentially affect product quality. Furthermore, under the conditions examined,
limited protein degradation was observed in the dorsal muscle proteome. In contrast, lipid
class analyses indicated that selective hydrolysis processes affected the distribution of the
health-beneficial fatty acids DHA and EPA among neutral and polar lipid fractions.

Future studies should investigate longer sub-chilling storage periods, while work
focusing on abdominal muscle tissue, where endogenous enzymatic activity is expected to
be greater, may provide further insights into post-mortem proteolytic processes. Integrating
microbiome, proteome, lipidome, and sensory data under different environmental and
seasonal conditions would further contribute to the development of more accurate shelf-
life prediction models and optimized post-harvest handling strategies for the European
anchovy as well as for other small pelagic fish species.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /jmse14151435/s1, Figure S1: Location of sampling sites. The
sampling sites of 8 September 2020 (circle, 40.693083 N, 24.459667 E), 13 September 2021 (Diamond,
40.725278 N, 24.485556 E), and 15 September 2022 (triangle, 40.657833 N, 24.480183 E) are indicated.
The depth of the sea (m) at the sampling points is also given; Figure S2: Separation of the lipid
classes from total anchovy fillet fat by a two-solvent TLC system. I: Unseparated Sphingomyelin
and Phosphatidylcholine (SM-PC); II: Phosphatidylinositol (PI); III: Phosphatidylserine (PS); IV:
Phosphatidylethanolamine (PE); V: Free Fatty Acids (FFA); VI: Triacylglycerol (TAG); C: Cholesterol;
CE: Cholesterol esters; SF: Solvent front; ORI: Origin; Figure S3: Effects of storage in sub-chilled
conditions for 72 hours on the appearance of anchovies. Panel A: Freshly caught anchovies (September
2020 sample). Panel B: The same batch of anchovies as in (A) after storage; Figure S4: Rarefaction
curves of ASVs of replicates analyzed. G: head/viscera samples; T: fillet samples; Figure S5: Principal
Coordinates Analysis (PCoA) plot based on Bray-Curtis dissimilarities. Colors indicate the different
yearly samples. G: head/viscera samples; T: fillet samples; Table S1: Alpha diversity (Shannon,
Simpson, Inverse Simpson) and Good’s coverage estimates across 16S rRNA gene sequencing samples;
Table S2: Number of total read, DADA?2 filtered reads, reads after after taxonomy filtering, and final
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observed reads for each sample; Table S3: The fatty acid profile of total fat and of the different neutral
and polar lipid classes in the DO and D3 anchovy fillets from the three yearly samples. Values (%
of the sum of listed fatty acids) represent the mean (£SD) from at least three individuals (n > 3).
Significant differences (p < 0.05) between days of storage within each sample, are marked in red;
File S1: Microbiome data; File S2: Proteomic data.
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