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ARTICLE INFO ABSTRACT

Keywords: The aim of this study was to quantify and identify biogenic amines in vacuum packed dry-cured salmon,

Bl?ge“{c amines swordfish and tuna, stored under dynamic abuse temperature conditions during their shelf life. The same samples

Microbiomes were also submitted to shotgun metagenomic sequencing to characterize their microbiome in terms of taxonomic

Fish . . . . . . X . . .

b . groups and functional genes linked to biogenic amines production. In tuna and swordfish, the biogenic amines
Ty-curin, g . .. . .

Sthf life & were always below the quantification limit. In salmon, cadaverine was 6.98 mg/kg at TO and increased up to

535.69 mg/kg. Histamine, tyramine and putrescine were detected from day 32-61. The salmon microbiome was
mostly represented by Photobacterium up to 19 days and then replaced by Latilactobacillus. Both genera included
species, such as Photobacterium phosphoreum and Latilactobacillus curvatus, producing biogenic amines. The tuna
microbiome was stable over time, while in swordfish Staphylococcus increased from day 32, becoming the most
represented genus at the end of the shelf life. The functional genes associated with biogenic amines metabolism
were more abundant in salmon than in tuna and swordfish, thus reflecting their biogenic profile. The results of
this study highlight the importance of preventing the presence of biogenic amines in raw fish before to the dry-
curing process, in order to avoid their accumulation during shelf life. Moreover, they may inform risk assess-
ments and support the development of comprehensive regulatory standards for biogenic amines in dry-cured fish
products.

1. Introduction

Foodborne outbreaks due to high concentrations of histamine (up to
thousands mg/kg) have been reported in fish products (Colombo et al.,
2018; Prester, 2011; Visciano et al., 2020). According to the Rapid Alert
System for Food and Feed (RASFF), in Europe the main source of his-
tamine intoxication is tuna (belonging to Scombridae family), followed
by mackerel (Scombridae), anchovy (Engraulidae) and sardine (Clupei-
dae). Histamine is one of the biogenic amines (BAs), basic nitrogenous
compounds produced in foods because of the decarboxylase activities of
specific microorganisms, which, starting from certain amino acids, lead
to the production of carbon oxygen and corresponding biogenic amine.
Besides histamine, deriving from histidine, the main BAs found in foods
are agmatine (derived from arginine), cadaverine (lysine), tryptamine

(tryptophan), putrescine (ornithine), 2-phenylethylamine (phenylala-
nine) and tyramine (tyrosine). Spermine and spermidine are polyamines
deriving from further metabolic activity, involving putrescine
(Ruiz-Capillas & Herrero, 2019).

Biogenic amines affect numerous physiological functions in different
organs and their excessive dietary intake can lead to pathological states.
The BAs with the most acute effects are tyramine (causing clinical states
referred to as ‘cheese reaction’) and histamine (responsible for the so-
called ‘scombroid poisoning’) (McCabe-Sellers et al., 2006; Hunger-
ford, 2010). The latter is certainly the most dangerous BA, as it can cause
adverse effects in very low concentrations. For all BAs, the undesirable
effects are not only related to their concentration but also to the con-
sumer’s health state (EFSA, 2011).

Although the risks associated with the presence of BAs have been
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acknowledged (EFSA, 2011), histamine remains the only BA for which
maximum levels have been legally established in fish and fishery
products, as stated in European legislation (EC, 2005) and international
regulatory frameworks (FDA, 2020). This regulatory focus is primarily
due to the high concentration of free histidine naturally present in some
fish species (e.g., tuna, mackerel, sardines), which can be decarboxy-
lated into histamine by bacterial enzymes under inadequate storage
conditions (Biji et al., 2016; DeBeer et al., 2021). Several foodborne
outbreaks caused by excessive levels of histamine, or other BAs, have
been associated with the consumption of swordfish, amberjack, marlin,
and salmon (Feng et al., 2016; Prester, 2011; Visciano et al., 2020).

The accumulation of BAs in fish products, and in foods in general, is
primarily influenced by the growth of microorganisms with decarbox-
ylase activity due to improper handling post-harvest, thermal abuse, or
prolonged storage (Arulkumar et al., 2023). To assess the microbiolog-
ical quality of seafood products, Veciana-Nogues et al. (1997) proposed
the BA Index. When microbial populations are reduced through thermal
treatments, such as sterilization, the presence of significant concentra-
tions of BAs may reveal inadequate treatments because BAs are ther-
mally stable and can persist in food products even after
high-temperature processing, such as canning (Altafini et al., 2022;
Houicher et al., 2021; Wilson et al., 2012).

In non-fermented fish, the main responsible for the accumulation of
histamine are bacteria belonging to the microbiota of the fish. In
particular, skin, gills and gastrointestinal tract are reservoirs of micro-
organisms which contaminate the muscles during fish processing,
especially when hygienic practices are inadequate (Austin, 2002). Gram
negative species common in aquatic environment, such as Pseudomonas,
Moraxella, Acinetobacter, Shewanella, Aeromonas, Vibrio, Photobacterium,
include species that may produce histamine and are characterized by
psychrothrophic aptitudes (Houicher et al., 2021). Both Gram positive
and negative bacteria can produce histamine, even if the histidine
decarboxylase presents different characteristics between the two groups.
While in Gram negative bacteria the enzyme has a pyridoxal phosphate
as a cofactor, in Gram positive bacteria the prosthetic group is a cova-
lently bound pyruvoyl moiety (Landete et al., 2008).

Beside histamine, other BAs can be present in fresh fish and fishery
products as reviewed by Arulkumar et al. (2023). The presence of the
gene clusters responsible for the formation of BAs is not considered to be
species characteristics but rather strain characteristics. Among Gram
negative bacteria, the more efficient histamine producers mostly belong
to Enterobacteriales (e.g., Morganella, Citrobacter, Klebsiella, Escherichia,
Hafnia), Vibrionales (e.g., Photobacterium, Aeromonas, Vibrio) and
Pseudomonadales (Pseudomonas) (Biji et al., 2016; Oktariani et al.,
2022). Among lactic acid bacteria (LAB), which are known to be the
major producers of tyramine (Marcobal et al., 2012), many homo- and
hetero-fermenting lactobacilli have this capacity, along with cocci such
as Streptococcus, Lactococcus and Leuconostoc (Landete et al., 2008).

Despite increasing interest in food safety and quality of dry-cured
fish, comprehensive data on the formation of BAs in dry-cured fish
products remains limited, particularly under fluctuating temperature
conditions during storage. Moreover, there is a lack of microbiome
studies characterizing the microbial populations and functional genes
associated to BAs production. Therefore, the aim of this study was to
quantify and identify the BAs in vacuum packed dry-cured salmon,
swordfish and tuna, under dynamic storage temperature conditions
during their shelf-life. The fish samples tested for BAs were also sub-
mitted to shotgun metagenomic sequencing to characterize their
microbiome in terms of taxonomic groups and functional genes possibly
linked to the BAs production. Understanding shifts in microbial pop-
ulations and functional genes during storage can help identify critical
control points to mitigate BA-related food safety risks.
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2. Materials and methods
2.1. Dry-curing processes and sample preparation

The fish species analyzed in this study included Salmo salar (Atlantic
salmon), Xiphias gladius (swordfish) and Thunnus albacares (yellowfin
tuna). These species were selected due to their commercial relevance
and different susceptibilities to BA accumulation, as suggested by
different food safety alerts. The salmon and tuna were sourced from the
Atlantic Ocean (FAO zone 34), while the swordfish originated from the
Pacific Ocean (FAO zone 87). One fillet of approximately 2.5 kg of
salmon was submitted to a dry curing process for 166 h, while two fillets
of swordfish and yellow tuna, of approximately 2.5 kg, were submitted
to a dry curing process for 240 h. The details of the process for each fish
species have been described in Savini et al. (2024). Briefly, for all species
the process entailed a curing phase of 48 h at 2 °C and a short dripping
followed by drying and ending with 72 h of aging. The different steps
were characterized by distinct combinations of time, temperature and
relative humidity (Supplementary Table S1). The flavoured powder
mixes, intended for the production of cured raw fish, contained salt,
sucrose, dextrose and a low concentration of aromatic herbs. At the end
of the dry curing process, each of the three fillets was vacuum-packaged
and shipped refrigerated within 24 h to the laboratory. At the arrival (i.
e., TO) each fish fillet was cut into pieces of 10 g, 25 g and 50 g, in sterile
conditions. Each piece was placed in a sterile polyethylene stomacher
bag (VWR, Radnor, PA), vacuum packaged and then stored within a
fridge (Velp, Usmate, Italy) at dynamic abuse temperature conditions
selected based on the values of the ISO 20976-1:2019 (ISO 20976-1,
2019). The temperature was monitored by a BL 30 Climate Data
logger (Trotec). The temperature was recorded every 10 min and a
maximum fluctuation of 0.5 °C was registered throughout the process.
During storage, samplings were performed at 10 (T1), 19 (T2), 32 (T3),
45 (T4) and 61 (T5) days, the latter corresponding to the end of the
product shelf life.

2.2. Sample processing

At each sampling time, for each fish species, 3 samples of 10 g were
used for the enumeration of total aerobic counts (TBC); 3 samples of 10 g
each for superficial pH measurement; 3 samples of 10 g each for
measuring superficial water activity (a,,). Additionally, one sample of
25 g was used for shotgun metagenomic sequencing for the microbiome
characterization. Moreover, at TO, T3 and T5, one sample of 50 g was
submitted to BAs analysis. At each sampling time, the samples for
shotgun metagenomic sequencing were flash frozen in liquid nitrogen to
preserve the DNA integrity and stored at —80 °C and the samples for BAs
were stored at —40 °C until further processing. Sample processing and
experimental workflow are schematically reported in Supplementary
Fig. S1.

2.3. Measurement and statistical analysis of microbiological and physico-
chemical parameters

The TBC was enumerated using the international standard protocols
ISO 4833-2:2013/AMD1:2022 (ISO 4833, 2022). Moreover, a,y, was
measured in triplicate using an a,-meter (Aqualab CX 4-TE, Decagon
Devices Inc., Pullman, WA, USA), following ISO 18787:2017 (ISO
18787, 2017). Finally, pH was measured in triplicate using a portable
pH meter (Mettler-Toledo, USA) equipped with a penetration probe, in
accordance with ISO 2917:1999.

2.4. DNA extraction and shotgun metagenomic sequencing
Each sample for microbiome characterization was thawed at 4 °C for

4 h and diluted 1:1 in 25 mL of sterile molecular biology-grade water.
Homogenization was performed using a stomacher (MAYO HG 400 V,
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Italy) at standard speed for 1 min, followed by centrifugation at 9980xg
for 20 min at 4 °C. Total DNA was extracted from the resulting pellet and
from one aliquot of nuclease free water for molecular biology (Sigma,
Milan, Italy) (i.e., negative control) using a bead-beating protocol in
combination with the PowerFood® Microbial DNA Isolation Kit (MO
BIO-Qiagen) following the manufacturer’s instructions. The quality and
quantity of the extracted DNA were assessed using a BioSpectrometer®
(Eppendorf, Milan, Italy). DNA libraries were then prepared by frag-
mentation and adapter ligation using the Nextera XT DNA Library
Preparation Kit (Illumina, San Diego, CA, USA). The libraries concen-
trations and lengths were quantified using the 5200 Fragment Analyzer
System (Agilent, Milan, Italy). Shotgun metagenomic sequencing was
performed on the NovaSeq 6000 (Illumina) in paired-end mode with a
read length of 2 x 150 bp. All shotgun metagenomic sequences gener-
ated in this study have been deposited in the SRA-NCBI data portal and
are publicly available under the BioProject accession number
PRJINA1264756.

2.5. Biogenic amines analysis

For BAs quantification, 50 g of fish sample were used. From each
sample, three aliquots of 10 g were obtained. Each aliquot was subjected
to an extraction with 5 % trichloroacetic acid (TCA) according to Bar-
bieri et al. (2024). The extracts were then derivatized with
dansyl-chloride (Sigma Aldrich, St. Louis, USA) and injected into HPLC
Agilent Technologies 1260 Infinity with an automatic injector (G1329B
ALS 1260, loop of 20 pl), equipped with a UV detector (G1314F VWD
1260) set at 254 nm, according to Barbieri et al. (2024). A C18 Waters
Spherisorb ODS-2 (150 x 4.6 mm, 3 pm) column was used for the
chromatographic separation to detect the presence of the principal BAs
(histamine, tyramine, putrescine, cadaverine and 2-phenylethylamine).
The amounts of amines were expressed as mg of BA per kg of fresh
sample, with reference to a calibration curve obtained through aqueous
dansyl-chloride-derivatized amine standards. The detection limit for all
the amines was 3 mg/kg of the sample under the adopted conditions. All
analyses were performed in triplicate.

2.6. Statistic and bioinformatic analysis

Statistical analysis of TBC, a, and pH results was performed using
Microsoft® Excel® (version 16.88 for Mac OS) and JASP (Version
0.19.1). Differences in enumeration and physico-chemical results be-
tween sampling points were investigated using ANOVA to determine
whether there were statistically significant variations. When significant
differences were identified, a Tukey post-hoc test was applied to
pinpoint specific pairwise differences between means. All analyses were
conducted assuming a level of significance of p < 0.05.

The conversion software bcl2fastq (RRID:SCR_015058) was used to
demultiplex data, to convert BCL files to FASTQ file formats and to trim
the sequencing adapters. The cleaned reads were then mapped against
the respective host genomes (Ssal_v3.1 for salmon, GCF_016859285 for
swordfish, and GCF_914725855 for tuna) using the Bowtie 2 algorithm
(Langmead & Salzberg, 2012). Unmapped reads were subsequently
analyzed with the Kaiju pipeline (Menzel et al., 2016) to determine
taxonomic abundance by comparing the metagenomic reads against the
db_nr_euk database.

Taxonomic profiles were reported as relative abundances, while
bacterial species and genera of interest were quantified using RPM
(reads per million). Diversity indices were calculated to assess microbial
diversity within and between samples. The Shannon alpha diversity
index and Bray-Curtis beta diversity were computed using the R func-
tions diversity and vegdist from the vegan package, respectively. Beta
diversity was visualized through principal coordinate analysis (PCoA),
implemented using the R function cmdscale from the stats package.
Hirarchical clustering was performed using the R Bioconductor Com-
plexHeatmap package (method: ‘ward.D’; distance: ‘euclidean’)
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distinctly on all the species with>2 RPM in at least one sample and on
the species known to be biogenic amine producers (Biji et al., 2016;
Oktariani et al., 2022).

To investigate the genetic variations that could lead to the differ-
ences in the BAs profiles between the three types of fish samples, the
reads were first annotated with KEGG identifiers (Kanehisa & Goto,
2000) using eggNOG-mapper v2 (Cantalapiedra et al., 2021). Then, the
relative abundances of the common genes were compared between fish
species using a pairwise permutation test as follows: for each gene the
true average abundance (TAA) was calculated by averaging the values
across the six time points for each fish species. To establish a baseline for
comparison the random average abundance (RAA) was computed by
randomly shuffling the original abundance values. Then, the true and
random pairwise mean differences for each pair of fish species was
calculated pair, using TAA and RAA values, respectively. This random-
ization process was repeated 100 times to generate a distribution of
random pairwise differences. A p-value was then computed by
comparing the observed pairwise differences against this distribution.
Finally, the genes having a significant difference (p.value<0.01) in
terms of abundance between fish species were used to run a pathway
enrichment analysis (PEA) via clusterProfiler R package v4.12.6 (Yu,
2024). All the details about the tool’s usage were reported in Supple-
mentary Table S2.

3. Results

3.1. Microbiological and physico-chemical parameters of fish fillets
during the shelf life

The TBC quantified at the arrival of the dry-cured fish in the labo-
ratory (TO) was 2.36 + 0.21 (Log;o CFU g_l) for salmon, 4.50 + 0.17
(Log1o CFU g’l) for swordfish and 3.85 + 0.07 (Log1o CFU g’l) for tuna.
At the end of shelf life under dynamic abuse temperature conditions
(T5), the TBC increased to 9.09 + 0.09 (Logio CFU g_l) in salmon with
an exponential growth already from the first sampling points. At the
final sampling point, for swordfish a slight growth was observed,
reaching 5.88 + 0.12 (Logio CFU g~ '), while in tuna the counts
decreased to 3.06 + 0.03 (Log;o CFU g’l) (Table 1). The initial a,, values
on the surface of dry-cured salmon, swordfish, and tuna were 0.936
(£0.025), 0.942 (+0.001), and 0.914 (£0.003) with no relevant fluc-
tuations (p > 0.05) during the shelf life (Table 1). Similarly, a high pH
stability was observed, with initial values for salmon, swordfish, and
tuna of 6.09 (£0.06), 5.65 (+0.01), and 5.90 (+0.01), respectively

Table 1

Values of total bacteria counts (TBC), water activity (ay) and pH in the salmon,
swordfish and tuna fillets investigated at the arrival of the samples (T0) and at 10
(T1), 19 (T2), 32 (T3), 45 (T4) and 61 (T5) days of shelf life.

Sampling TBC (Log1o aw pH
Point (day) CFU g™

Salmon TO 2.36 (£0.21) 0.936 (£0.025) 6.09 (+0.06)
T1 (10) 5.98 (+0.13) 0.949 (+0.012) 6.10 (+0.05)
T2 (19) 6.00 (+0.00) 0.939 (+0.019) 6.07 (+£0.04)
T3 (32) 7.91 (£0.15) 0.942 (£0.023) 6.08 (+£0.09)
T4 (45) 8.81 (+0.09) 0.946 (+0.010) 5.69 (+£0.16)
T5 (61) 9.09 (+0.09) 0.944 (£+0.008) 5.43 (+£0.11)

Swordfish TO 4.50 (£0.17) 0.942 (£0.001) 5.65 (+0.01)
T1 (10) 3.57 (+0.38) 0.939 (£0.000) 5.84 (+0.05)
T2 (19) 5.42 (+£0.07) 0.934 (£+0.005) 5.83 (+0.05)
T3 (32) 4.51 (+£0.14) 0.938 (+0.002) 5.92 (+0.02)
T4 (45) 4.83 (£0.09) 0.951 (£0.002) 5.98 (+0.02)
T5 (61) 5.88 (+£0.12) 0.942 (+0.048) 5.78 (+£0.01)

Tuna TO 3.85 (+0.07) 0.914 (£0.003) 5.90 (+0.01)
T1 (10) 3.56 (£0.35) 0.913 (£0.003) 5.86 (+0.01)
T2 (19) 3.56 (+0.12) 0.888 (+0.000) 5.86 (+0.05)
T3 (32) 3.09 (+0.12) 0.905 (+0.003) 5.92 (+0.01)
T4 (45) 3.24 (+£0.25) 0.909 (+0.003) 5.84 (+0.00)
T5 (61) 3.06 (£0.03) 0.906 (+0.008) 5.81 (+0.01)
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(Table 1).

3.2. Taxonomic profile of the microbiomes of salmon, swordfish and tuna
fillets during the shelf life

The microbiome composition of salmon, swordfish and tuna was
investigated along the shelf life at all taxonomic levels. The Shannon
alpha diversity index, reflecting the genera richness and evenness,
showed the lowest values in salmon, among the time points, while the
highest values were reached at TO up to T3 in swordfish (Supplementary
Fig. S2A). The Beta diversity analysis, performed at genus level, clearly
showed that the microbial community was similar among time points for
tuna and swordfish, while for salmon the genera colonizing samples at
TO, T1 and T2 were well separated from those detected at T3, T4 and T5
(Supplementary Fig. S2B).

Both the alpha and beta diversity results become clear looking at the
top 10 most abundant genera identified in each dry cured fish species at
different sampling times (Fig. 1). In salmon samples, at TO, T1 and T2
Photobacterium was the most abundant genus (mean = 58.5 %) and it
decreased at T3, T4 and T5 when Latilactobacillus replaced Photo-
bacterium as most represented genus (mean = 68.0 %). The swordfish
samples displayed comparable genera at all sampling points, but
Staphylococcus took over the other genera starting from T3 and more
clearly at T4 and T5. The taxonomic composition of tuna was similar
throughout all samplings, with Bradyrhizobium and Bacillus representing
the most abundant genera.

The species-level taxonomic analysis showed the presence of reads of
foodborne pathogens, such as Listeria monocytogenes and Staphylococcus
aureus, or potentially pathogenic bacteria, as Escherichia coli, in tuna at
the last sampling time (i.e., 61 days of storage). On the contrary,
swordfish samples showed reads of E. coli at all sampling points and
reads of S. aureus at T4 and T5. Reads of E. coli were also quantified in
salmon at all sampling times at very low abundance (Fig. 2).

3.3. Biogenic amine profile of salmon, swordfish and tuna fillets during
the shelf life

In tuna and swordfish all the investigated BAs were below the
quantification limit of 3 mg/kg during the observation period. On the
contrary, in salmon cadaverine was already present at the beginning of
the shelf life (TO) at a very low concentration (about 7 mg/kg) and

100

Relative Abundance

-

To T T2 T3 T4 T5 To Tt T2 T3

T4
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sharply increased at T3 (317.7 mg/kg), reaching a maximum concen-
tration of 535.7 mg/kg at the end of the shelf life (Table 2). The con-
centration of histamine was under the detection limit at the beginning of
the shelf life (T0). However, at T3 it was detected at 157.4 mg/kg and at
the end of the shelf life was quantified at 250.6 mg/kg. Tyramine and
putrescine were also quantified starting from T3 and at the end of the
salmon shelf life, reaching a concentration around 150 mg/kg.

3.4. Biological hazards involved in BA production detected in salmon,
swordfish and tuna fillets during the shelf life

The bacteria which can be involved in BAs production include
different species (Supplementary Table S3). Fig. 3 shows the reads per
million (RPM) of bacteria species detected in the tested samples and
known to produce BAs. For the salmon samples, the results confirmed
the most abundant genera displayed in Fig. 1 (i.e., Photobacterium and
Latilactobacillus). For swordfish and tuna, the genera Vibrio and Klebsiella
highlighted in Fig. 1, were not included in the top 10 genera of the
microbiome.

In the samples where BAs were detected, additional species, with >2
RPM in at least one sample were identified, including Lactobacillus sakei,
Lactiplantibacillus plantarum, Lacticaseibacillus rhamnosus, Lacticaseiba-
cillus paracasei, Liquorilactobacillus hordei and the Latilactobacillus phage
TMW 1.1393 P1. This result suggests that the listed species might be also
involved in BAs production.

3.5. Functional genes related to biogenic amine production

The presence of genes coding for enzymes involved in the BAs (and
their precursor) biosynthesis (Yang et al., 2023) (Supplementary
Table S3) was detected in salmon samples, while in swordfish was
highlighted only after 32 days (Fig. 4). In salmon, the genes identified
were compatible with the BAs quantified in the tested samples, except
for the genes coding the enzymes involved in the phenylalanine pro-
duction, precursor of the BA 2-phenylethylamine, not identified in the
samples. In swordfish, the genes coding the enzymes producing
phenylalanine, lysine (precursor of cadaverine), ornithine (precursors or
of putrescine), putrescine, tyrosine (precursor of tyramine) and histidine
(precursor of histamine) were identified, while any BAs was detected in
the samples. In tuna, neither genes or BAs were detected.

A total of 36 genes were detected as significantly different between

Other
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Fig. 1. Top 10 genera with the highest relative abundance (%) quantified in salmon, swordfish and tuna, vacuum packaged and stored at 7 °C for 34 days and 10 °C
for 27 days. Samplings were performed at the arrival of the samples (T0) and at 10 (T1), 19 (T2), 32 (T3), 45 (T4) and 61 (T5) days of shelf life.
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Fig. 2. Reads per million (RPM) of E. coli, L. monocytogenes and S. aureus quantified in salmon, swordfish and tuna, vacuum packaged and stored at 7 °C for 34 days
and 10 °C for 27 days. Samplings were performed at the arrival of the samples (T0) and at 10 (T1), 19 (T2), 32 (T3), 45 (T4) and 61 (T5) days of shelf life.

Table 2
Concentration of BAs in salmon at the arrival of the samples (T0) and at 32 (T3) and 61 (T5) days of shelf life.
Sampling Time Histamine (mg/kg) Tyramine (mg/kg) Putrescine (mg/kg) Cadaverine (mg/kg) 2-phenylethylamine (mg/kg)
TO ND* ND ND 6.98 + 0.23 ND
T3 157.39 + 25.31 50.79 + 4.05 54.33 + 3.58 317.67 £+ 31.89 ND
T5 250.59 + 34.79 151.15 £ 15.96 148.53 £ 12.16 535.69 + 52.50 ND

2 ND: not detected (i.e., lower than the detection limit of 3 mg/kg).
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Fig. 3. Heatmap showing the reads per million of bacteria species known to be involved in the BAs production in salmon, swordfish and tuna vacuum packaged and

stored at 7 °C for 34 days and 10 °C for 27 days. Samplings were performed at the arrival of the samples (T0) and at 10 (T1), 19 (T2), 32 (T3), 45 (T4) and 61 (T5)
days of shelf life.

fish species by the permutation test (p < 0.05). However, the pathway
enrichment analysis didn’t result in significantly enriched metabolic
pathways. Therefore, the functions of these genes were investigated
individually to find their associations with BAs production. The genes

associated with the metabolism of BA precursors, namely, tyrosine,
lysine and phenylalanine, which are the precursors of tyramine,
cadaverine and phenethylamine, respectively (Gao et al., 2023) (full
lists of the genes and their functions are provided as supplementary
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Fig. 4. Barplots representing the abundance in reads per million (RPM) of genes coding for enzymes deputed to the biosynthesis of biogenic amines and their
precursors in salmon, swordfish and tuna vacuum packaged and stored at 7 °C for 34 days and 10 °C for 27 days. Samplings were performed at the arrival of the

samples (T0) and at 10 (T1), 19 (T2), 32 (T3), 45 (T4) and 61 (T5) days of shelf life.

data) were more abundant in salmon samples as compared to tuna and

swordfish (Fig. 5).

4. Discussion

The commercialization of processed fish products is steadily

increasing among restaurants
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and small to medium-sized enterprises.

Salmon Vs Tuna
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However, there is a significant gap in data concerning the microbio-
logical safety of these products (Indio et al., 2024). To begin addressing
this gap, we combined microbiological results, physicochemical mea-
surements, biogenic amine quantification, and microbiome analysis to
provide a comprehensive understanding of dry-cured fish spoilage dy-
namics over the shelf-life. In our study only one fillet of each tested fish
species was tested. Although this limited our ability to quantify intra-lot

Tuna VS Swordfish
.
e
0 5000 10000 15000

Fig. 5. Fold change (FC) of the abundance of the genes significantly different between the three fish species. In green salmon vs tuna; in red salmon vs swordfish; in
blue tuna vs swordfish. 3-Dehydroquinate synthase (K01735), tyrosinase-related protein 1 (K00506) and acetaldehyde dehydrogenase (K04072) are associated to
tyrosine metabolism. UDP-N-acetylmuramoyl-L-alanyl-D-glutamate-2,6-diaminopimelate ligase (K01928) and UDP-N-acetylmuramoyl-tripeptide-D-alanyl-D-
alanine ligase (K01929) to lysine metabolism. 3-Dehydroquinate synthase (K01735) to phenylalanine metabolism.
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variability, testing multiple fillets in parallel was not feasible. We
therefore prioritized testing different species over testing multiple lots of
the same species.

Savini et al. (2024) investigated the physical chemical parameters of
salmon, tuna and swordfish along the dry-curing process to assess the
behaviour of Listeria monocytogenes. Both pH and a,, quantified in our
study are in agreement with those reported by Savini et al. (2024) for the
same products at the end of the production process (starting point of this
study). Furthermore, our pH and a,, values are in line with those of other
similar Ready To Eat fish products, such as smoked, gravad and salted
fish (Giménez & Dalgaard, 2004; Lakshmanan & Dalgaard, 2004;
Mejlholm & Dalgaard, 2007).

In salmon samples, the microbiome results showed that the genus
Photobacterium was the most abundant up to T3, accounting for more
than 50 % of the whole microbiome composition at TO and more than 45
% at T2. Photobacterium spp. are bioluminescent psychrothrophic bac-
teria belonging to Vibrionaceae. Members of this genus are common in
marine environments, but also on the surfaces and in the intestinal
content of marine animals (Betts, 2006). They are often involved in
spoilage of fishery products, including several species of fish and crus-
taceans (such as lobsters and shrimps) (Odeyemi et al., 2018). Photo-
bacterium spp. have optimal growth temperatures between 18 and 25 °C
and require 1 % NaCl for growth. For this reason, this genus is difficult to
quantify using conventional culture-dependent media and protocols.
Thus, the concentration of this genus in fish-based foods may be
underestimated (Nieminen et al., 2016).

Many strains of species belonging to the genus Photobacterium are
known to be efficient histamine producers. The presence of histidine
decarboxylase is not considered a species characteristic
(Bjornsdottir-Butler, Leon, et al., 2016); however, this enzyme is widely
diffused among the species P. phosphoreum, P. damselae, P. angustum, P.
kishtanii, P. aquimaris, etc. (Bjornsdottir et al., 2009; Bjornsdottir-Butler
et al., 2016b, 2018; Trevisani et al., 2017). Morii and Kasama (2004)
demonstrated the presence of two histidine decarboxylases (one
constitutive and one inducible) in P. phosphoreum and their activity was
relevant in cell free extract also in harsh conditions (e.g., at 0 °C or at 5
% of NaCl). By contrast, the ability of cells of the same species to produce
histamine was limited by increasing salt concentration (Kanki et al.,
2007).

According to the literature, all the species of Photobacterium identi-
fied in salmon in this study can produce histamine and, in addition, the
decarboxylases can maintain their activity independently of the cell
viability. In addition, the production of putrescine has been described in
P. phosphoreum (Wunderlichova et al., 2014). Due to these characteris-
tics, it is not surprising that Photobacterium has been associated with
histamine outbreaks in dried sardines, mackerel and tuna (Kanki et al.,
2004; Mercogliano & Santonicola, 2019; Prester, 2011). Photobacterium
phosphoreum strains have been also identified as responsible to produce
histamine in vacuum-packed cold-smoked salmon (Jgrgensen et al.,
2000).

From T3 onwards the genus Latilactobacillus was dominant in
salmon. Lactobacilli replaced Photobacterium which cannot survive at
low ay. Moreover, the growth of Lactobacillus was probably supported
by the increase of the storage temperature from 7 to 10 °C. The two
dominant species (Lat. sakei and Lat. curvatus) are psychrothrophic
bacteria able to grow at temperatures lower that 4 °C but the increase in
storage temperature certainly supported their fitness. While the species
Lat. sakei generally is not known as BAs producer, many Lat. curvatus
strains may have an active tyrosine decarboxylase and, thus, may be
involved in tyramine accumulation (Bassi et al., 2022). In addition,
these LAB, in the absence of fermentable sugars, take an energetic
advantage from the presence of arginine through the arginine deiminase
pathway (Barbieri et al., 2022; Rimaux et al., 2011; Ztniga et al., 2002).
The main by-product of this pathway is ornithine, which is the precursor
for putrescine production and can be used by Lat. curvatus, other LAB
and other microbial species (including Gram negative) for the
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accumulation of this BA. Other authors identified strains of L. curvatus as
histamine producers (Bover-Cid et al., 2008; Moniente et al., 2021).

The microbiome associated with swordfish samples was quite stable
during sampling times. However, up to T3 Acinetobacter was the most
represented genus, while from T3 it was replaced by Staphylococcus. In
tuna the microbiome displayed the same profile along the sampling time
with Bradyrhizobium and Bacillus representing the prevalent genera.

The presence of BAs was quantified in dry-cured salmon, swordfish
and tuna, vacuum packaged after the production process and then stored
at abuse temperature conditions to assess the impact of abuse temper-
atures before the end of the fish shelf life, lasting at 61 days. The use of
dynamic storage temperatures (7 °C followed by 10 °C) reflects common
domestic and retail storage conditions, enhancing the in the field
applicability of our findings.

In swordfish and tuna, BAs were always below the detection limit,
while in salmon samples cadaverine was quantified at the beginning of
the shelf life. The presence of this BA is mostly attributed to Enter-
obacteria (Pircher et al., 2007) and in fish and crustaceans may be the
result of poor handling practices and/or thermal abuses (Visciano et al.,
2020). Cadaverine increased at T3 and reached a maximum concen-
tration at the end of the shelf life, indicating relevant spoilage activities.
At T3, in salmon we also quantified 157.4 mg/kg of histamine. This
value is lower than the maximum concentration of histamine listed in
the Regulation EU 2073/2005 for fishery products which have under-
gone enzyme maturation treatment in brine, manufactured from fish
species associated with a high amount of histidine (i.e., 200 mg/kg) and
for fish sauce produced by fermentation of fishery products (i.e., 400
mg/kg). However, it is higher than the lower limit of the food safety
criteria (i.e., 100 mg/kg) as set by European Regulation (EC) No
2073/2005, amended by Regulation (EU) No 1019/2013 (European
Commission, 2005, 2013).

The concentration of histamine quantified in salmon exceeded the
30-50 mg/kg threshold suggested by some authors as an indicator of
deterioration (Muscarella et al., 2013). This increase was particularly
pronounced towards the end of the shelf life, especially when the
products were stored at abuse temperatures between 7 and 10 °C, con-
ditions known to enhance the activity of bacterial decarboxylases
responsible for histamine formation (Muscarella et al., 2013; Visciano
et al., 2020). Besides histamine, our findings indicates that other BAs
may also play a significant role. These results may inform risk assess-
ments and support the development of more comprehensive regulatory
standards for BAs in dry-cured fish products.

By using a targeted approach, the bacterial species identified in
salmon samples as BA producers matched the top 10 most abundant
genera (Fig. 1). On the contrary, in swordfish and tuna this was not
observed, except for Klebsiella in tuna. This result is due to the low
relative abundance of Vibrio in swordfish and tuna (0.52 and 0.06,
respectively) and to the low abundance of Klebsiella in swordfish (i.e.,
0.42). In this analysis L. curvatus displayed a pattern overlapping with
the concentration of BAs quantified in the samples. However, applying
the unsupervised analysis additional LAB unknown as BAs producers
were also identified and will be further investigated.

The presence and behaviour of foodborne pathogens in dry-cured
fish is poorly analyzed but the results of our study showed that very
few reads of foodborne pathogens were quantified in the tested fish
fillets, both during and at the end of the shelf life at dynamic abuse
temperatures. The microbiological safety of dry cured fish is the result of
an appropriate dry-curing process in close cabinets at the correct tem-
perature, time, ventilation and relative humidity conditions, as provided
by the cabinet manufacturer. Furthermore, good manufacturing prac-
tices and good hygienic conditions must be also implemented during the
manipulation of the fish before and during the dry-curing process. All
the reads detected in our study belong to biological hazards as
L. monocytogenes, S. aureus and potentially pathogenic E. coli linked to
environmental contamination, fish manipulation and faecal contami-
nation, while they are not directly associated with the raw material.
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Indeed, the number of reads in Fig. 2 are very few in the salmon fillet in
comparison to the other fish fillets which are more manipulated.

The functional genes of the metagenomic dataset were analyzed by a
targeted and untargeted approach. The results of the targeted approach
showed a lack of correspondence between the detection of genes coding
for enzymes involved in the BAs and their precursors biosynthesis and
the quantification of some BAs. This result can be due to a lack of
expression of those genes and to the fact the additional genes are
involved in the BAs biosynthesis. The functional genes identified
applying the untargeted approach and associated to BA metabolism
were more abundant in salmon samples than in tuna and swordfish,
whereas the latter differed only in two genes (K00710 and K08074) and
this matches their biogenic profiles (Table 2).

The main drawback of this study is the lack of Metagenome-
Assembled Genome (MAG) analysis of the sequencing reads, which
was not performed due to the limited computational resources available.
The use of MAG would have allowed to reconstruct the single genomes
within the shotgun metagenomic dataset and clarify the specific genera
hosting genes coding for BA precursors. Hu et al., 2021 applied the MAG
approach to identify the hosts of different BA genes in bacteria colo-
nizing sufu, a traditional fermented soybean curd which has been used
for thousands of years in China and other Asian countries, commonly
consumed as a flavor enhancer and appetizer. The genomic analysis
resulted in the identification of 34 MAGs and 23 of those included at
least one gene involved in BA production. In particular, the genera
Enterococcus, Lactobacillus and Lactococcus were mostly involved in
histamine production (Hu et al., 2021), while Bacillus, Chryseobacterium,
Kurthia, Lysinibacillus, Macrococcus and Streptococcus in tyramine pro-
duction (Ahmad et al., 2019; Barbieri et al., 2019; Tittarelli et al., 2019).
Since the biosynthesis of putrescine is more complex than that of other
BAs, the association between putrescine production and specific genera
is more uncertain. The MAG analysis of Hu et al., 2021 associated the
putrescine production from arginine via ornithine decarboxylase (ODC)
to Lactobacillus and Veillonella, while the putrescine production from
arginine via agmatine deaminase (AGDI) to Sphingobacterium and un-
classified Flavobacteriaceae. The latter genera and Veillonella have not
been reported as putrescine producers in any paper so their rule as BA
producers should be further investigated in silico and in vivo. In addition,
the mere presence of genes associated to BAs production does not
guarantee their expression or enzymatic activity, underscoring the need
for transcriptomic or proteomic analyses to validate their functional
roles.

All in all, our findings suggest that the presence of biogenic amines in
raw fish, particularly salmon, may significantly impact product safety
during storage, highlighting the need for preventive measures prior to
dry-curing. Moreover, shotgun metagenomic sequencing provided in-
sights into microbial community dynamics and potential associations
with BA production. This study is among the first applying shotgun
metagenomic sequencing to dry-cured fish products, enabling simulta-
neous taxonomic and functional profiling of microbial communities
associated with biogenic amine production. Further studies will be
organized to quantify the impact of intra-lot and inter-lot variability on
microbiome results and BAs production, along with the impact of
appropriate refrigeration temperatures.
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