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Abstract: This study aimed to evaluate microbial growth, pathogen presence, and histamine
production in rainbow trout and mackerel stored on flaked ice over their shelf life. A total
of 72 fish samples (rainbow trout and mackerel) were analyzed across four storage intervals
(day 1,3,9,12/11) on flaked ice. TVC increased from 2.59 to 5.04 log cfu/g in rainbow trout
and from 3.18 to 4.88 log cfu/g in mackerel over the storage period. Significant increases
were observed in Pseudomonas, Aeromonas, and Enterobacteriaceae populations, especially
after the ninth day. Microbial identification revealed spoilage-associated bacteria, such
as Pseudomonas fluorescens and Aeromonas salmonicida, as well as opportunistic pathogens,
including Francisella tularensis, Yersinia spp., and Chromobacterium violaceum. Histamine
levels rose with storage time but remained below toxic thresholds (<200 mg/kg), peaking
at 1.56 mg/kg in trout and 1.87 mg/kg in mackerel. A strong positive correlation was
found between TVC and histamine levels (Pearson’s r = 0.85 for trout, 0.82 for mackerel).
Proper hygiene and storage are crucial, and consumption is recommended before day 9 of
storage on flaked ice. Hygiene measures remain essential to minimize contamination risks
and preserve product safety.

Keywords: microbial spoilage; histamine; rainbow trout; mackerel; chilling storage;
microbial characterization; safety

1. Introduction

Despite the challenges confronting the aquaculture industry, including climate change
Fish is
a valuable source of lean protein, omega-3 fatty acids, and essential minerals, making it

and resistant pathogens, the demand for fish continues to be substantial [1].

particularly beneficial for pregnant women, children, and the elderly [2]. Therefore, it
is crucial to be aware of its potential to carry pathogenic microorganisms. In Romania,
although fish is an integral part of the diet, its consumption is still relatively low compared
to the European average, despite the country’s rich aquatic resources [1]. Raising awareness
of the health benefits of fish, coupled with improvements in hygiene standards throughout
the production process to ensure safety across the entire supply chain, could promote
higher consumption in Romania and beyond.
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The microbiota present on freshly caught fish is primarily influenced by the micro-
bial content of the water in which the fish are caught or stored, as noted by various
researchers [3-5]. Pollution in the waters, particularly fecal contamination, can signifi-
cantly increase the microbial load, with a higher concentration of harmful bacteria such as
Enterobacteriaceae being commonly found in polluted waters [6,7].

The microbial composition of fish varies depending on their habitat, with temperate
water fish primarily harboring Gram-negative bacteria from genera like Flavobacterium,
Pseudomonas, Vibrio, Escherichia, and Aeromonas [8-10]. Some Gram-positive bacteria,
including Bacillus, Micrococcus, and Staphylococcus, can also be present [11,12]. Ma-
rine fish, in particular, are dominated by bacteria from the genera Vibrio, Acinetobacter,
and Escherichia [13,14], whereas freshwater fish tend to harbor species like Aeromonas,
Pseudomonas, and Vibrio [15,16]. This microbial diversity highlights the potential risks
associated with seafood consumption, as these bacteria could have implications for human
health, especially in cases where water quality is compromised.

Histamine production in fish is linked to the presence of histamine decarboxylase,
an enzyme produced by certain bacteria [17]. Not all bacteria on fish produce this en-
zyme, and it is used by bacteria to maintain an optimal intracellular pH under acidic
conditions [18]. The enzyme exists in two types, depending on whether the bacteria
are Gram-positive or Gram-negative, with Gram-negative bacteria producing pyridoxal
phosphate-dependent histidine decarboxylase and Gram-positive bacteria producing
pyruvoyl-dependent histidine decarboxylase, especially in spoilage-associated bacteria [5].
Various bacteria found on fish, including Proteus morganii, Escherichia coli, Vibrio alginolyticus,
Salmonella spp., and others, are known to produce histamine decarboxylase, with certain
species like Proteus morganii and Escherichia coli being particularly efficient at producing
histamine [17]. This can lead to scombroid poisoning in consumers [17].

In live, healthy fish, bacteria are not present in the muscle tissue, but after death,
bacteria proliferate and invade the flesh [19]. The rate of bacterial invasion is influenced by
the temperature and the level of bacterial contamination on the fish’s skin. The muscles
near the gills are most likely to contain histamine-producing bacteria, which could be
transferred from the gills or digestive tract [20]. Contamination can occur at various stages,
from fishing and processing to transport and consumer handling. Elevated temperatures
during storage and transport, or when fish are kept in nets for extended periods, promote
bacterial multiplication and histamine production [21].

Fish, in addition to spoilage microorganisms, can harbor pathogens such as
Listeria monocytogenes, Clostridium botulinum, Vibrio spp., Yersinia spp., E. coli, and Salmonella
species [22-25]. These pathogens are typically classified into two groups: those native
to aquatic environments and those resulting from water pollution and human activities,
including poor hygiene during capture, handling, and transportation [26]. Some of these
pathogens, like Listeria monocytogenes, Clostridium botulinum, and Vibrio vulnificus, are asso-
ciated with serious, potentially fatal diseases. Listeria monocytogenes and Yersinia spp. pose
a greater risk due to their ability to survive outside a host for extended periods [23]. The
absence of heat treatment in most fish products before consumption further increases the
risk of foodborne outbreaks. Good hygiene practices (GHPs) are crucial to ensuring the
safety of fish and fish products [21].

The aim of the study was to conduct a microbial risk assessment for contamination in
rainbow trout (Oncorhynchus mykiss) and mackerel (Scomber scombrus) stored on flaked ice,
focusing on spoilage microorganisms and pathogens, as well as histamine production. The
study objectives included determining total viable counts, Enterobacteriaceae, Pseudomonas,
and Aeromonas counts; isolating bacterial populations; detecting antimicrobial and virulence
genes in pathogens; and measuring histamine levels using the HPLC method.
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2. Materials and Methods
2.1. Sample Collection

The experiment was conducted on whole fish stored on flaked ice throughout their
shelf life, at an average temperature of —0.5 °C. Between March and April 2024, 36 trout and
36 mackerel samples were purchased from a specialized retailer. The average size of trout
was 350 g with an average length of 30 cm, while for mackerel, the average size was 300 g,
and the average length was also 30 cm. For rainbow trout, four storage durations were
selected, ranging from one to twelve days on flaked ice, at three-day intervals. For mackerel,
storage times ranged from one to eleven days under the same conditions and intervals. As
a result, fish were analyzed on the first, third, ninth, and final day of shelf life on flaked
ice. For each storage time, three individual samples of mackerel and three of rainbow trout
were analyzed. In addition, 12 rainbow trout samples were stored at —18 °C for 6 months
in order to assess the microbial load and histamine production for this category of food.
For each storage time, the three fish were sampled for the microbiological analysis and
were then frozen at —18 °C before being sent to the laboratory in order to determine the
histamine level. The entire experiment was replicated three times (12 samples/replicate).

2.2. Total Viable Count

A tenfold dilution series was made in the range of 10~! to 10~ for each sample. Test
tubes were filled with 9 mL of buffered peptone 0.1% and 0.85% sodium chloride. Plate
count agar (PCA) agar (Oxoid, UK) was used for the enumeration of the total viable count.
Using sterile pipettes, 1.0 mL from every serial dilution was aseptically transferred onto
the surface of two petri plates, and then 15 mL of molted PCA agar (Oxoid, UK) (47 °C)
was poured in the plates and gently homogenized. The plates were incubated for 48-72 h
at 30 = 1 °C. Detection limit in the case of total viable count was 1 log cfu/g.

2.3. Pseudomonas/Aeromonas Count

A tenfold dilution series was made in the range of 107! to 10~ for each sample. Test
tubes were filled with 9 mL of buffered peptone 0.1% and 0.85% sodium chloride. Glutamate
starch agar (GSP agar) (Merck, Darmstadt, Germany) was used for the enumeration of
Pseudomonas and the Aeromonas count. Aeromonas spp. colonies were identified on the
glutamate starch agar as yellow colonies, while Pseudomonas spp. were identified as
red colonies. In the case of the Pseudomonas/Aeromonas count, 0.1 mL of inoculum was
transferred onto the surface of GSP agar (Merck, Darmstadt, Germany). The inoculum was
spread rapidly over the entire agar surface using a thin bent glass rod. The glass rod was
sterilized by placing it in 96% ethanol or methanol and then flamed until all the alcohol
had evaporated. The plates were incubated for 48-72 h at 30 &= 1 °C. Five specific colonies
for both Aeromonas and Pseudomonas were used for the confirmation based on cultural
morphology (Gram staining), oxidase, and biochemistry using VITEK® 2 Compact system.
Detection limit in the case of total viable count was 1 log cfu/g.

2.4. Enumeration of the Enterobacteriaceae

A tenfold dilution series was made in the range of 107! to 10~ for each sample. Test
tubes were filled with 9 mL of buffered peptone 0.1% and 0.85% sodium chloride. Violet red
bile glucose agar (VRBG agar) (Oxoid, Basingstoke, UK) was used to isolate and enumerate
the Enterobacteriaceae. A total of 1 mL of each dilution was aseptically transferred with
a sterile pipette to a petri plate, and 15 mL of molten violet red bile glucose agar (VRBG)
(Oxoid, Basingstoke, UK) was added. VRBG was kept before use in a water bath at 50 °C.
The agar and the inoculum were carefully mixed in a circular fashion and allowed to
set for 15 min for solidification. The plate was then incubated at 37 & 1 °C for 24-26 h.
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Five specific colonies for Enterobacteriaceae were used for the confirmation based on
cultural morphology (Gram staining) and oxidase and glucose test. The detection limit in
the case of the Enterobacteriaceae count was 1 log cfu/g.

2.5. Classical Isolation Protocol for Potential Pathogen Strains
2.5.1. Isolation of Salmonella spp.

The isolation protocol for Salmonella spp. followed strictly the steps recommended by
the International Organization for Standardization (ISO) 6579 [27]. Briefly, the fish samples
(25 g) were previously homogenized in buffered peptone water (225 mL) with a laboratory
blender (Stomacher 400, Seward Ltd., Worthing, UK). The incubation was performed for
24 h at 37 °C, followed by inoculation on Rappaport-Vassiliadis (RV) green broth (LabM
Limited, Heywood, UK) and incubated for 24 h at 42 °C. The second pre-enrichment broth
used was selenite cysteine (SC) broth (LabM Limited, Heywood, UK), and the incubation
was again at 37 °C for 24 h. From both enrichment broths obtained, 1 mL was streaked onto
brilliant green-phenol red-lactose-sucrose (BPLS) agar (Merck, Darmstadt, Germany) and
xylose lysine deoxycholate (XLD) agar (Oxoid, Basingstoke, UK). Following the incubation
at 37 °C for 24 h, presumptive Salmonella colonies were selected for DNA extraction and
molecular confirmation. The identification of Salmonella spp. was also performed by
biochemical testing on the Mini Vidas Automated analyzer (Biomerieux/Craponne, France)
(Biomerieux/Craponne, France) according to the manufacturer’s instructions.

2.5.2. Isolation of Listeria spp.

The bacterial isolation protocol was performed according to the horizontal detection
and counting method for L. monocytogenes [28]. Briefly, 25 g of each sample investigated
was inoculated in 225 mL of selective supplement half Fraser broth (Sharlau, Sentmenat,
Spain) and then incubated for 25 + 1 h at 30 & 1 °C. Afterward, a second enrichment was
performed, which consisted of adding 0.1 mL of the broth culture in 10 mL of full-strength
Fraser broth (UVM II Selective Supplement Scharlau/Spain) and incubation at 37 °C for
24 + 2 h. A loopful of each of the half- and full-strength Fraser broths was plated on the
chromogenic agar ALOA (Scharlau/Spain) and Oxford agar (Merck, Darmstadt, Germany).
All the plates were incubated in aerobic conditions at 37 °C for 2448 h.

The identification of Listeria monocytogenes was also performed by biochemical testing
on the Mini Vidas Automated analyzer (Biomerieux/Craponne, France) according to the
manufacturer’s instructions.

2.6. Microbial Population Isolation Using the VITEK® 2 Compact System

This automatic method was used to analyze the microbial population of the fish sam-
ples examined, and the protocol followed specifically the instructions of the manufacturer.
Briefly, from each specific colony developed on PCA, GSP, and VRBG media, a suspension
of microorganisms was prepared, and then brought to a convenient density, which differs
depending on the bacteria we want to identify. The sterile plastic tubes were placed in a box
equal to the number of samples to be identified, in which sterile saline was added. With
the help of a sterile pipette, a small amount of bacterial culture was collected, which was
homogenized in the saline test tube. The turbidity was then checked using the DensiCheck
turbidimeter (Biomerieux/Craponne, France). After preparation of the suspension, the
cards are inoculated with the suspension of microorganisms using a vacuum apparatus.
Each sterile tube containing the suspension of microorganisms is placed in the box, and in
the neighboring slot, the identification card is placed by inserting the transfer tube into the
prepared suspension. Both Gram-negative bacteria and Gram-positive cards were used for
bacterial identification.
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2.7. Mini Vidas Automated Analyzer for the Detection of Pathogenic Strains

This procedure applies to the detection of microbiological contamination with bac-
teria of the pathogens in products intended for human consumption through the ELFA
(enzyme-linked fluorescent assay) technique using the Mini Vidas automated system
(Biomerieux/Craponne, France). The VIDAS® Salmonella (SLM) automatic EIA test for the
detection of Salmonella and Listeria in food and environmental samples employs a mix of
highly specific capture antibodies against both O and H antigens. This allows for the de-
tection of both motile and non-motile Salmonella species. Sample preparation—Salmonella
detection: Transfer 500 pL of the M broth into the well of the VIDAS SLM reagent strip.
Keep the remaining broth (MKTT and RVS) at 2-8 °C to confirm positive results if needed.
Listeria detection: Transfer 500 pL of Fraser broth into the well of the VIDAS LMO2 reagent
strip. Once the sample is placed in the VIDAS system, the process is automatically con-
trolled by the computer. Fluorescence is measured for each sample twice in the reading
cuvette of the reagent strip. Baseline reading of the substrate cuvette occurs before the
introduction of the cone into the substrate. Measurement occurs after the substrate has
incubated with the enzyme remaining inside the cone. Result calculation: The relative
fluorescence value (RFV) is calculated by subtracting the baseline reading from the final
reading. Results interpretation: The outcome is reported as either positive or negative
for the tested sample. Each sample is analyzed based on 25 g (or 25 mL) of the product
under examination.

2.8. Histamine Determination by High Performance Liquid Chromatography

Each sample was frozen and then sent by transporter to the National Sanitary Veteri-
nary and Food Safety Laboratory in Tulcea County (Romania) for analysis. The determi-
nation of histamine was performed using the reference method [29]. Briefly, an aqueous
solution is made from homogenized solid samples. Both the suspended samples and the
liquid samples are purified by treatment with perchloric acid. After filtration and dilution
with water, the extracts are analyzed by liquid chromatography on a column to determine
biogenic amines, having as the mobile phase a phosphate buffer solution with pH = 6.00.
Histamine (and other primary amines) is determined quantitatively by post-column deriva-
tization with o-Phthalaldehyde (OPA). Peaks separated by histamine are measured by
fluorescence (excitation at 330 nm and emission at 465 nm). From each fish, 10 g of sample
was taken with a precision of 0.001 g, located 3 cm behind the gills as it was shown to be
a site of predilection for histamine-producing bacteria [30,31]. The entire experiment was
replicated three times. The HPLC system (Tosoh, Liege, Belgium) used an ALKION cation
exchange column, an ALKION pre-column, and a post-derivatization system. A mobile
phase chromatogram was performed for 22 min. The picks of histamine were recorded and
then quantified by integration. Calculation of the results was performed using the formula
histamine (mg/kg) = (HistC x 100)/m, where CHist = histamine concentration (mg/kg) of
the injected solution and m = mass of the sample taken (10 g in our study).

2.9. PCR Confirmation of Pathogen Strains

The DNA extraction was performed directly from specific colonies developed on VRBG
agar (for pathogenic E. coli detection), XLD agar (for pathogenic Salmonella detection), and
ALOA agar (for Listeria monocytogenes detection). The DNA extraction protocol followed
strictly the steps described by Mihaiu et al., 2014 [32].

For Salmonella spp. confirmation, the identification of ompC was performed in a final
volume of 25 pL containing 25 pmol of each primer, 12.5 pLof MasterMix (Bioline, London,
UK), 4 puL of DNA template, and 6.5 pL PCR water grade (Sigma, Saint Louis, MO, USA).
The PCR conditions were initial denaturation at 95 °C for 4 min, followed by 35 cycles of
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denaturation at 95 °C for 30 s, annealing at 58 °C for 30 s, and 1 min at 72 °C, and final
elongation at 72 °C for 5 min. A PCR multiplex protocol was used also for identification of
possible Salmonella Typhimurium and Salmonella Enteritidis. The primer sequences used
and PCR amplification protocol were previously described by Mihaiu et al., 2014 [32]. For
the positive control, Salmonella Typhimurium ATCC 14028 and Salmonella Enteritidis ATCC
13076 strains were used.

For Listeria monocytogenes identification, we followed the steps previously described
by Duma et al., 2024 [33]. Briefly, the 25 uL PCR reaction consisted of 2.5 uL bacterial
DNA, 12.5 uL of 2 x QIAGEN Multiplex PCR Master Mix (Qiagen, Hilden, Germany), and
10 pL of primers mix formed by 0.4 uM (forward and reverse primers) for Imo1118, 0.4 uM
for Imo0737, orf 2819 and orf 2110, 0.1 uM for prs and 0.2 uM for prf A. The multiplex
PCR comprised a step for pre-denaturation and polymerase activation at 95 °C for 5 min,
a step of 40 amplification cycles (denaturation at 95 °C for 20 s, hybridization at 54 °C
for 40 s, and elongation at 72 °C for 90 s) followed by a final step at 72 °C for 7 min for
elongation. The electrophoresis gel was prepared from 2% agarose (Bioline, London, UK)
in TAE (Bioline, UK). Electrophoresis was performed for 1 h and 30 min at 100 V, using
10 uL of DNA ladder (Promega, Southampton, UK) and 10 pL of amplicons, all of them
mixed with 2 pL of 6 x dual-action nontoxic fluorescent nucleic acid stain and loading dye
(RedSafe, Bioline, UK).

2.10. Statistical Analysis

The results were analyzed statistically using the Origin 8.5 program, using the ANOVA
single-factor categorical analysis system. The mean (X) value and standard deviation (SD)
were calculated individually for total viable count parameters and histamine level. A linear
regression fit (TVC versus histamine) was also plotted, supported by statistical indicators
including Pearson’s correlation coefficient (r), R2, and adjusted R? values. The level of
significance used in this research was p < 0.05.

3. Results
3.1. Results Total Viable Counts

The microbial load of rainbow trout stored on flaked ice throughout its shelf life is
shown in Figure 1. The total viable count increased from 2.59 + 0.11 log cfu/g on day 1 to
5.04 £ 0.27 log cfu/g by day 12. Significant differences were observed between the total
viable count on day 1 and day 3 (p = 0.00016), and between day 3 and day 9 (p = 0.0189),
but no significant difference was found between the counts on day 9 and day 12. The
Enterobacteriaceae count also rose over the shelf life, from below 1.0 log cfu/g on day 1 to
2.56 £ 0.072 log cfu/g on day 12. Significant differences were noticed between the counts on
days 3 and 9 (p = 0.0092), and on days 9 and 12 (p = 0.011). The Pseudomonas count increased
from 2.63 + 0.03 log cfu/g on day 1 to a peak of 5.11 & 0.18 log cfu/g on day 9. Significant
differences were found between days 1 and 3 (p = 0.000001) and between days 3 and
9 (p = 0.012), but no significant differences were observed between days 9 and 12 (p = 0.3).
The Aeromonas count increased from below 1.0 log cfu/g on day 1 t0 2.93 £ 0.13 log cfu/g
on day 12. Significant differences were noted between days 3 and 9 (p = 0.003), but no
significant differences were observed between days 9 and 12 (p = 0.15). For frozen trout
samples (n = 12), the total viable count was 3.36 £ 0.037 log cfu/g, the Pseudomonas
count was 3.34 + 0.04 log cfu/g, and the Aeromonas count was 1.99 £ 0.044 log cfu/g. No
Enterobacteriaceae were detected in the samples.
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] Aeromonas count

Figure 1. Total viable count, Enterobacteriaceae, Pseudomonas, and Aeromonas count in the case of
rainbow trout on flaked ice (Oncorhynchus mykiss) during the shelf life (n = 36, 12 samples/replicate).
2 Significant differences (p < 0.05) when 1st day compared with the 3rd, 9th, and 12th day.

The results regarding the microbial load of the mackerel on flaked ice during its
shelf life are depicted in Figure 2. Total viable count increases during the shelf life, from
3.18 + 0.17 log cfu/g on the first day to 4.88 £ 0.44 log cfu/g on the eleventh day. Sig-
nificant differences were recorded between the first day and the third day (p = 0.016)
and between the third and the ninth day (p = 0.0088), but no difference was noted
between the ninth and the eleventh day (p = 0.587). The Enterobacteriacea count in-
creases during the shelf life, from below 1.0 log cfu/g on the first day to a maximum
of 2.2 £+ 0.15 log cfu/g on the ninth day. Significant differences were recorded between
the third and ninth day (p = 0.0103), but no significant differences were noted between
the ninth and eleventh day (p = 0.072). The Pseudomonas count increases during the shelf
life, from 3.19 =+ 0.18 log cfu/g on the first day to 5.2 & 0.13 log cfu/g on the twelfth day.
Significant differences were recorded between the first and third day (p = 0.022), between
the third and ninth day (p = 0.002), and between the ninth and eleventh day (p = 0.034).
The Aeromonas count increases during the shelf life, from below 1.0 log cfu/g on the first
day to 3.23 £ 0 to 15 log cfu/g on the twelfth day. Significant differences were noted
between the first and third day (p = 0.0029), between the third and ninth day (p = 0.0026),
and between the ninth and eleventh day (p = 0.017). Regarding sensorial changes, at the
end of the experiment, both species (trout and mackerel) exhibited a thin layer of slime
on the skin surface and a reddish-greyish discoloration of the gills; however, no off-odor
was detected.
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Figure 2. Total viable count, Enterobacteriaceae, Pseudomonas, and Aeromonas count in the case of mack-
erel on flaked ice (Scomber scombrus) during the shelf life (n = 36, 12 samples/replicate). * Significant
differences (p < 0.05) when 1st day compared with the 3rd, 9th, and 11th day.

3.2. Microbial Diversity Characterisation

Th microbial population in the frozen rainbow trout is depicted in Figure 3. The
two most prevalent bacteria were Pseudomonas fluorescens and Aeromonas salmonicida, each
representing 33.33% of the total bacterial population.

33.33%

11.11%

11.11%
11.11%

33.33%

\:| Aeromonas salmonicida

I Bordet ella hinzii

- Francisella tularensis

- Pseudomonas fluorescen s

- Sphingomonas pauci mobili s

Figure 3. Microbial population in the case of frozen rainbow trout (Oncorhynchus mykiss) during the
shelf life (n = 12).

These bacteria were followed by Bordetella hinzii, Francisella tularensis, and
Sphingomonas paucimobilis, with 11.11% each. In the rainbow trout with one day of ice
storage, we identified four species of bacteria (Figure 3). The two most prevalent bac-
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Bl Yersinia enteroc olitica

teria were Aeromonas salmonicida and Pseudomonas fluorescens, with 33.33% each. Then
came Acinetobacter lwofii, with 22.22%, followed by Yersinia kristensenii, with 11.11%. In
the rainbow trout with twelve days of ice storage, we identified ten species of bac-
teria (Figure 4). The two most prevalent bacteria were Aeromonas salmonicida and
Pseudomonas fluorescens, with 21.05% each. Then came Pseudomonas fragi, Kocuria rosea,
and Brevundimonas diminuta vesicularis, with 10.53% each. These were followed by
Escherichia coli, Pantoea spp., Chromobacterium violaceum, Stenotrophomonas maltophilia, and

Yersinia enterocolitica at 5.26%.

21.05% 2143%

21.43%
10.53%

14.29%

5.26%

5.26%
7.14%
7.14%

21.05%
7.14%
21.43%

[} Aeromonas sal monici da
-C hromobacternum viola ceum
- Francis ella tul are nsis

Bl Pseudomonas fluorescens
Il Pseudomonas putida

- Sphingomo nas pau cimobilis
- Yersini a rucken

@) (b)

Figure 4. Microbial population in the case of rainbow trout (a) (Oncorhynchus mykiss) and mackerel
(b) (Scomber scombrus) on flaked ice in the last day of the shelf life (n = 18).

In the mackerel with eleven days of ice storage, we identified seven species of bacteria
(Figure 4). The three most prevalent bacteria were Aeromonas salmonicida, Pseudomonas putida
and Sphingomonas paucimobilis, with 21.43% each. Then was Pseudomonas fluorescens, with
14.29%, followed by Chromobacterium violaceum, Francisella tularensis, and Yersinia ruckeri,
with 7.14% each.

3.3. Pathogens Detection in Mackerel Samples

Three samples showed specific Salmonella spp. colonies after incubation on XLD and
Rambach agar, but none of them were positive for Salmonella enteritidis- or Salmonella
thyphimurium-specific sequences. In the case of Listeria spp., colonies developed after
incubation on ALOA and Oxford agar and based on chemical confirmation, Listeria innocua
was detected in 5.55% (two samples) and Listeria welshimeri in 3.33% (one sample).
Listeria monocytogenes was not detected in any of the samples analyzed and was negative at
PCR for specific sequences.

3.4. Histamine Production

The results regarding histamine levels in the rainbow trout on flaked ice during
the shelf life are depicted in Figure 5. Histamine levels increase from the first and the
third day, where no histamine was detected, to the twelfth day, with a histamine level of
1.56077 £ 0.49254 mg/kg. The results regarding histamine levels in the mackerel on flaked
ice during the shelf life are depicted in Figure 5b. Histamine levels increase from the first
and the third day, where no histamine was detected, to the eleventh day, with a histamine
level of 1.86667 &+ 0.10693 mg/kg. In both trout and mackerel samples, statistical differences
were noticed between the ninth and the last day of the experiment (p < 0.05).
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Figure 5. Mean histamine level in the case of rainbow trout (a) (Oncorhynchus mykiss) and mackerel
(b) (Scomber scombrus) on flaked ice during the shelf life (n = 36, 12 samples/replicate). 2 Significant
differences (p < 0.05) when compared with the 9th and 11/12th day.

T
Trout 9th day Trout 12th day Mackerel 1st day Mackerel 9th day Mackerel 11th day
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The correlations between the total viable count and the histamine level in the case of
the rainbow trout and mackerel on flaked ice are depicted in Figure 6a,b.
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Figure 6. Positive correlation between total viable count and histamine values in the case of rainbow
trout (a) (Oncorhynchus mykiss) and mackerel (b) (Scomber scombrus) on flaked ice during the shelf life.

(@)

The storage timeline begins with the first day at the bottom left, showing a histamine
value of 0 mg/kg and a TVC of 2.59 log cfu/g. The next point, representing the third
day, is slightly above, with a histamine value of 0 mg/kg and a TVC of 3.96 log cfu/g.
On the ninth day, the data point to the right shows a histamine value of 1.09 mg/kg
and a TVC of 5.01 log cfu/g, and finally, the twelfth day is marked at the top right with
a histamine value of 1.56 mg/kg and a TVC of 5.04 log cfu/g. A positive correlation
between TVC and histamine is observed (Pearson’s r = 0.85054; Adj. R-Square = 0.58512),
indicating that an increase in TVC is associated with a rise in histamine levels. Similarly, the
correlation between total viable count and histamine levels in mackerel on flaked ice, shown
in Figure 6b, starts with the first day at the bottom left, with a histamine value of 0 mg/kg
and a TVC of 3.18 log cfu/g. The third day is represented by the next dot above, with
a histamine value of 0 mg/kg and a TVC of 3.64 log cfu/g. The ninth day shows a histamine
value of 0.69 mg/kg and a TVC of 4.86 log cfu/g, while the twelfth day is marked at the
top right, with a histamine value of 1.87 mg/kg and a TVC of 4.88 log cfu/g. There
is a positive correlation between TVC and histamine here as well (Pearson’s r = 0.82403;
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Adj. R-Square = 0.51853), reflecting that an increase in TVC is accompanied by a rise in
histamine levels.

4. Discussion

Our study observed a consistent increase in microbial populations in both rainbow
trout and mackerel as storage time on flaked ice progressed. This is consistent with previ-
ous findings that bacterial proliferation begins immediately after fish death, even under
refrigerated conditions [34,35]. However, some species-specific differences in microbial
growth dynamics and histamine accumulation were noted, likely influenced by intrinsic
properties such as fat content, habitat (freshwater vs. marine), and initial microbial flora.

The total viable count (TVC) reached a maximum of 5.04 log cfu/g in rainbow trout
and 4.88 log cfu/g in mackerel by the end of the storage period. While both remained
under the acceptable spoilage threshold of 107 cfu/g [36], the slightly higher microbial load
in rainbow trout may be attributed to its leaner flesh, which tends to be more susceptible
to rapid bacterial colonization due to lower levels of antimicrobial lipids compared to
fatty fish like mackerel. The detection of Enterobacteriaceae, particularly Escherichia coli after
twelve days of storage, suggests the fish may have been improperly handled, caught in
polluted waters, or stored with contaminated ice [37,38]. On the other hand, mackerel,
being a fatty marine species, may have initially had a different composition of spoilage-
associated microbiota, influencing its slightly slower microbial increase despite being more
prone to lipid oxidation and associated spoilage mechanisms.

Specific spoilage organisms such as Pseudomonas and Aeromonas were prevalent in
both species, yet their abundance was higher in rainbow trout, particularly after day
9. These bacteria are known to dominate in freshwater environments and may have
found more favorable conditions in trout due to lower competitive marine microbiota
and different skin/mucus characteristics. Conversely, the presence of Listeria innocua
and Listeria welshimeri exclusively in mackerel samples suggests potential differences in
environmental contamination routes or handling practices specific to marine fish, possibly
related to post-harvest processing or storage in marine-sourced ice. Our findings revealed
that all bacteria in the sample were Gram-negative, except for Kocuria rosea, the only Gram-
positive bacterium identified. This is consistent with studies on fish from temperate waters,
where Gram-negative bacteria predominate [39-41]. Similar to the previous literature,
we found that the dominant spoilage bacteria in ice-stored fish were Pseudomonas and
Aeromonas spp. However, unlike other studies, we did not detect Shewanella putrefaciens,
another known major spoilage bacterium [42].

We also identified bacteria typically found on fish, some of which are considered
fish pathogens. These included Aeromonas salmonicida, Pseudomonas spp., Francisella spp.,
and Yersinia spp. Aeromonas salmonicida, a pathogen in fish found in both fresh and salt-
water that has been associated with human diseases [42]. Pseudomonas spp., represented
by P. fluorescens, P. fragi, and P. putida, is ubiquitous in soil and water and can be found
in refrigerated foods. These bacteria are known to be pathogenic in both fish and hu-
mans [42-45], and a correlation has been suggested between P. fluorescens in the human
gastrointestinal tract and Crohn’s disease [46,47]. Francisella spp. are fish pathogens [48,49],
and Francisella tularensis can infect humans through various routes, including ingestion
and inhalation, with a low infectious dose [50-52]. Yersinia spp., including Y. ruckeri,
Y. enterocolitica, and Y. kristensenii, are also of concern as they may cause fish diseases
and pose a zoonotic risk [53-57].

Other bacteria identified in the study are not commonly found in living fish but
are typically environmental, including Sphingomonas paucimobilis, Brevundimonas diminuta,
Chromobacterium violaceum, Acinetobacter lwoffii, Kocuria rosea, Pantoea spp., and Steno-
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trophomonas maltophilia. These bacteria are mostly opportunistic pathogens, often causing
infections in immunocompromised individuals [47,58-60]. For example, S. paucimobilis
is a low-virulence bacterium mainly associated with nosocomial infections [59], while
Brevundimonas species have been isolated from various environments and are opportunistic
pathogens [61,62]. Acinetobacter species, commonly found in water and soil, are part of
the normal flora but also cause nosocomial infections [63]. Kocuria rosea has been linked
to human infections in recent years [64,65]. Pantoea spp. are opportunistic pathogens
associated with nosocomial infections [66], while Stenotrophomonas maltophilia is another
opportunistic pathogen that has been linked to nosocomial infections [67].

In contrast to our findings, Jamali et al. (2015) [68] reported higher contamination
levels, with a prevalence of Listeria innocua at 35.3%, while Malakar et al. (2020) [69] found
lower contamination (16.21%) in fish and meat samples. Though Listeria innocua is non-
pathogenic to humans, it has been implicated in cases of listeriosis, highlighting its zoonotic
potential [70]. The presence of E. coli, Listeria innocua, and Listeria welshimeri in some
mackerel samples suggests potential contamination during processing or storage, with
variations in microbial load due to differences in handling and environmental conditions.

Histamine production increased in both fish species over time but remained well
below the maximum limit (<200 mg/kg) [71]. Notably, mackerel showed a slightly higher
peak histamine level (1.87 mg/kg) compared to rainbow trout (1.56 mg/kg), possibly
due to its higher histidine content, a known precursor to histamine. The fatty nature of
mackerel may also support certain histamine-producing bacterial species better than lean
fish. A strong positive correlation between TVC and histamine was observed in both
species but more markedly in trout (r = 0.85 vs. r = 0.82), suggesting potential differences
in the dominant histamine-producing microbiota. While both species showed microbial
and chemical spoilage trends aligned with the general storage behavior of chilled fish,
these nuanced differences underscore the importance of tailoring post-harvest handling
and storage strategies according to fish species. The lean and freshwater characteristics
of rainbow trout may predispose it to faster microbial proliferation, while the fatty and
marine nature of mackerel influences both spoilage microbiota and histamine dynamics in
distinct ways.

According to the literature, toxic levels of histamine require a bacterial load of
108 cfu/ g [72,73], which is higher than the maximum total viable count observed in our
samples (5.04 log cfu/g for rainbow trout and 4.88 log cfu/g for mackerel). Our findings
align with a study by Dawood et al. (1988) [74], which showed that rainbow trout stored at
0 °C for twelve days after temperature abuse had histamine levels below those necessary
for intoxication. Interestingly, a positive correlation between total viable count and his-
tamine was not found in the literature. For example, Kim et al. (1999) [75] did not observe
histamine in fish stored in ice for up to 18 days, and other studies suggest that establishing
a correlation between viable count and histamine is difficult due to the involvement of
various factors, such as the initial histamine-producing bacteria and the diverse species of
bacteria responsible for histamine production and degradation [76].

5. Conclusions

This study demonstrated that both rainbow trout (lean, freshwater) and Atlantic
mackerel (fatty, marine) stored on flaked ice experienced progressive microbial growth and
increased histamine formation over time. Despite differences in fat content and origin, both
species remained within acceptable microbiological and chemical safety limits throughout
the studied shelf life. However, rainbow trout showed slightly higher microbial loads,
while mackerel had marginally higher histamine levels by the end of storage.
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These differences are likely rooted in the distinct biological and environmental vari-
ations and highlight the importance of species-specific handling protocols and storage
conditions to maintain fish safety and quality.

Based on microbial and histamine trends, both species should ideally be consumed
before the ninth day of storage on flaked ice. Implementing good hygiene practices (GHPs)
and hazard analysis and critical control points (HACCPs) tailored to the specific risks
associated with each species remains essential to mitigate contamination and spoilage risks.
Further comprehensive studies are necessary to evaluate the safety of fresh fish stored on
flaked ice that is intended for public consumption.
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