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ARTICLE INFO ABSTRACT

Keywords: Anisakis is a zoonotic parasite found in the stomach of marine mammals. Its eggs are released into the sea and
Pulse?l electric fields ingested by fish and cephalopods. Humans accidently become hosts when they consume raw or undercooked fish,
Pf‘r:‘fl‘_te or cephalopods, leading them to suffer from intestinal syndromes and allergic reactions. In Europe, the officially
lelkel ity prescribed methods for inactivation of Anisakis are heat treatment or freezing, both of which can affect fish
R quality. Several studies have demonstrated the effectiveness of PEF for the inactivation of Anisakis; however,
Quality . - N o N
Shelf-life none of them have featured naturally infected samples. This study focuses on 1) the inactivation of Anisakis by

PEF in naturally infected hake belly fillets (as hake is one of the most parasitized species in Europe) and 2) the
evaluation of the quality of fish samples during their shelf life after PEF treatment. Results showed that it was
necessary to apply higher PEF intensities of up to 5 kV/cm to inactivate Anisakis when it is naturally parasitized
in comparison to artificial scenarios or when the parasite is present in water. The degree of inactivation increased
over time when the samples were stored after PEF treatments in a modified atmosphere containing 50% CO.
After PEF treatments, quality analyses during shelf-life indicated that fish microbiota evolved similarly to un-
treated samples; however, the modified atmosphere limited the growth of the microbiota. In PEF-treated sam-
ples, quality parameters (drip loss, moisture, water holding capacity, and cooking loss) were closer to those of
fresh hake and superior, in terms of quality, to the values obtained in frozen/thawed samples during their entire

shelf-life.

1. Introduction

Hake is one of the most common fish species in the North East
Atlantic and the Mediterranean Sea (Pascual et al., 2018). In Spain, hake
is one of the most highly consumed fish varieties; moreover, it tends to
be consumed fresh rather than frozen (Mercasa, 2022). However, the
percentage of Anisakis spp. in hakes is also high, thus making potential
consumer rejection a critical economic issue (ELIKA, 2023; Llarena-R-
eino et al., 2015). In hake, the Anisakis spp. parasite is mainly found in
the gonads; once the fish dies, it migrates to the muscle (Santos et al.,
2022; Simat et al., 2015). Anisakis are parasitic nematodes belonging to
the phylum Nemathelmintes, class Nematoda, Ascarida order, suborder
Ascaridina, superfamily Ascaridoidea, Anisakidae family and subfamily
Anisakinae (Aibinu et al., 2019; Murata et al., 2011).

As Anisakis is a zoonotic parasite, it can raise notable food safety
issues. Humans become accidental hosts by ingesting raw, undercooked,
or improperly processed seafood products (Aibinu et al., 2019; Chai
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et al., 2005), thereby leading to nausea, vomiting, abdominal pain, or
allergic manifestations ranging from urticaria to anaphylactic shock
(EFSA, 2010; Hochberg & Hamer, 2010). According to European legis-
lation (EU Commission Regulation, 2004), fishery products that have
not undergone heat treatment guaranteeing the death of the parasite and
which are intended for raw consumption (marinated, pickled, brined,
smoked, or cold-smoked) must be kept frozen at a temperature of —20 °C
or lower for a period of 24 h, or at a temperature of —35 °C or lower for a
period of 15 h. Freezing has proven to be an effective technology for the
inactivation of Anisakis. However, it has a considerable impact on the
quality of the product: water holding capacity decreases, drip loss in-
creases, the texture is softer, and significant changes in the flavor and
color of the fish can be observed (Chai et al., 2005; Leygonie et al.,
2012).

In recent studies, Abad, Alejandre, et al. (2023) and Onitsuka et al.
(2022; 2024) demonstrated the efficacy of Pulsed Electric Fields (PEF) as
a method for inactivation of Anisakis in water and in fish. Treatment via
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Pulsed Electric Fields consists in applying high-intensity electric fields
(between 0.5 and 30 kV/cm) to a product immersed in an aqueous so-
lution and placed between two electrodes by intermittently applying
pulses of short duration (in the order of microseconds), causing only a
minimal increase of the product’s temperature (Raso et al., 2022; Raso &
Heinz, 2006; Zhang et al., 1995). Studies by Onitsuka et al. (2024; 2020)
and Abad, Alejandre, et al. (2023) have demonstrated that the per-
centage of immobilized parasites, associated with inactivation, increases
with the number of pulses applied, field strength, and energy applied per
pulse in artificial parasitization of horse mackerel (Trachurus japonicus),
salmon (Oncorhynchus keta), or hake (Merluccius merluccius). The para-
site’s location within the fish also had a significant impact; moreover,
the electrical conductivity of the treatment medium conditioned the
survivability of Anisakis after applying PEF (Onitsuka et al., 2022,
2024). Quality analysis of PEF-treated fish samples immediately after
application of PEF treatments, versus control and frozen/thawed sam-
ples, indicated that PEF had a lower impact on quality parameters than
freezing and thawing. Despite the value of these studies, further data is
required regarding the inactivation of Anisakis present in naturally
infected fish as well as the impact of PEF on fish quality not only just
after the PEF treatment but also during its shelf life. Our study’s
objective was to investigate the inactivation impact of PEF on Anisakis,
evaluating several PEF parameters and using hake belly, which is one of
the most heavily parasitized parts of hake, with the purpose of
comparing this “worst-case scenario” with results previously obtained
via artificial parasitization. Additionally, since hake fillets are usually
packaged in modified atmosphere (MAP) to extend their shelf life, we
evaluated the combined effect of PEF and MAP storage on Anisakis
survivability as well as on fish quality during shelf life at cooling
temperatures.

2. Material and methods
2.1. Anisakis spp. larvae and fish samples

All samples of hake (Merluccius merluccius) were supplied by Scanfisk
Seafood S.L. (Zaragoza, Spain). Fillets were received with the belly,
which was separated from the fillet; both portions were stored in sepa-
rate trays covered with aluminum foil at 4 °C until use.

2.2. PEF treatment of Anisakis spp. larvae in the belly

Bellies containing the parasites were cut into pieces of 4 cm (length)
x 2 cm (wide). The pieces were introduced into the PEF treatment
chamber, which contained a salty solution of 0.7-1 mS/cm at 4+1 °C.
The electrical conductivity and temperature of the treatment medium
was measured with a conductivity probe (Almemo FYA641LF series,
Alhborn, Germany).

The treatment chamber consisted of two parallel circular stainless-
steel electrodes with a 5 cm radius. The pulse generation equipment
used in this study was the EPULSUS-PM-10, 2 kW from Energy Pulse
System (Lisbon, Portugal), which applies square wave pulses with a
pulse width of 1-200 ps and a maximum frequency of 200 Hz. The
system’s maximum voltage is 10 kV, and the current is 180 A. This
equipment has a touch screen for selecting voltage, pulse width, number
of pulses, and frequency. Processing parameters were recorded using an
oscilloscope (Tektronix, TDS 220, Wilsonville, OR, USA) to which a
voltage probe (Tektronix, P6015A, Wilsonville, OR, USA) and an
amperage probe (Stangenes Industries Inc. Palo Alto, CA, USA) were
connected.

After each PEF treatment, five batches of 10 Anisakis larvae were
extracted from each piece of belly, distinguishing between Anisakis
larvae located in the outer belly layer and Anisakis situated in the deeper
belly tissue. Each PEF treatment condition was applied at least in trip-
licate. Once the larvae had been extracted, they were stored in a 0.85%
NacCl saline solution for 3 h at 4 °C. Previous studies indicated that the
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viability of Anisakis after PEF did not vary after 3 h (Abad, Alejandre,
et al., 2023). We monitored the viability of Anisakis using the mechan-
ical stimulation technique recommended by EFSA (2010), according to
which L3 larvae are considered alive if they move when mechanically
stimulated by forceps.

To evaluate the influence of PEF parameters (field strength, pulse
width, and specific energy) on the viability of Anisakis in fish belly, a
central composite experimental design was applied. The ranges of the
evaluated parameters were as follows. Electric field strength: 3-5 kV/
cm; specific energy: 10-30 kJ/kg; and pulse width: 10-30 ps. These
conditions resulted in treatment times varying from 571 to 4800 ps,
applying from 19 to 158 pulses of energies per pulse ranging from 0.06
(i.e. 3kV/cm; 10 ps) to 0.53 kJ/kg (i.e. 5 kV/cm; 30 ps), depending on
the pulse width and the applied specific energy. To calculate the specific
energy, Equation (1) was used:

t
1
W=— /cEZdt
m

0

(Equation 1)

where o is the electrical conductivity of the treated medium or product
(S/m), E is the electric field strength (V/m); dt is the total time (s) during
the electric field strength is applied, and m the weight of the treated
medium. Finally, immediately after PEF treatments, temperature of the
center of the treated fish pieces was measured using a thermocouple K
(NiCr-Ni-sensor FTA 15 P1, Almemo series, Alhborn, Germany). The
temperature of the piece of fish never exceeded 10 °C after the most
intense PEF treatment (5 kV/cm; 30 kJ/kg).

Once the parasite’s viability had been measured after several
different combinations, we performed a multiple regression in which
non-significant values (p < 0.05) were eliminated. This step was carried
out with the Design-Expert 6.0.6 software package (Stat-Ease Inc.,
Minneapolis, MN, USA). The obtained equation was validated with new
experimental data of Anisakis inactivation in hake belly (up to 15 new
conditions) measured in laboratory within the range of the equation. To
determine the final equation’s accuracy, we applied R%, R?-adjusted, and
root mean square error (RMSE) (Baranyi et al., 1999).

2.3. Effect of MAP storage on survivability of Anisakis spp.

Three PEF treatments of 3, 4, and 5 kV/cm but with the same specific
energy and pulse width (20 kJ/kg and 30 ps) were applied to pieces of
parasitized bellies. After the treatments, samples were removed from the
treatment chamber, dried with paper, placed in polystyrene trays (23 x
25 x 8 cm), and packaged in a thermosealing machine (ULMA, SMART-
400, Gipuzkoa, Spain). Three trays were prepared for each treatment,
containing three belly pieces each. The trays were packed using different
atmospheres: without MAP (atmospheric air), 100% N3, and 50% CO, —
50% N». After packaging, the samples were stored at 4 °C for 5 days. We
evaluated the survivability of thirty Anisakis larvae on days 0, 2, and 5,
following the same protocol described above. These tests were per-
formed in duplicate.

2.4. Evaluation of fish microbiota after PEF treatments

Microbiological analysis of control and PEF-treated hake fillets free
of parasites and bones provided by Scanfisk Seafood S.L. was performed.
The PEF treatment was 4 kV/cm, 20 kJ/kg and 30 ps which was the
maximum treatment intensity applicable with the available PEF
equipment.

Hake fillets were cut into 4 x 2 cm pieces (10 g + 2.5 g) under the
most possible sterile conditions, and then introduced into the treatment
chamber previously immersed in 70% isopropyl alcohol, and washed
with sterile water. The fillets were covered with a sterile salty solution
(0.7-1 mS/cm) at 4+1 °C, and the PEF treatment was applied. As pre-
viously indicated, under these conditions, the temperature of the piece
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of fish never exceeded 10 °C after the applied PEF treatment.For control
samples, the same protocol without applying the PEF treatments was
applied; the samples were nevertheless also introduced in the PEF
treatment chamber. Samples were removed from the treatment chamber
with sterile clamps, placed in a tray, and packaged (ULMA, SMART-400,
Gipuzkoa, Spain) without atmosphere and with 50% CO5 — 50% N, at-
mosphere. The trays were stored at 4 °C for 7 days, and samples were
taken on days 0, 2, 4, and 7. On each sampling day, pieces weighing 10
+ 0.3 g were taken, placed together with 90 mL of sterile buffered
peptone water (APT, Oxoid, Basingstoke, UK) in sterile Stomacher
plastic bags (VWR, Radnor, USA), and homogenized for 60 s at 230 rpm
in a Stomacher® 400 Circulator (Sweard, Worthing, UK). Microbial
groups, agar, temperatures, times and incubation conditions are
described in Table 1, including the plating method, similarly to the
procedure described in Antunes-Rohling et al. (2019c¢). Analyses were
performed in triplicate; each replica contained two pieces of 10 g.

2.5. Evaluation of fish quality after PEF treatments

For fish quality analysis, we used the same raw material and applied
the same protocol previously described for microbiota evolution, but
using pieces weighing 20 g. In this case, sample points were days 0, 4,
and 7 of storage at 4 °C under packaging in MAP (50% COg2 — 50% N5). As
in the case of the microbiota assays, a PEF treatment of 4 kV/cm, 20 kJ/
kg, and 30 ps was applied.

To determine impact on hake quality after PEF treatments, an indi-
rect study of the treatments’ effect by measuring a series of properties
associated with fish meat quality was conducted: drip loss, moisture,
water holding capacity (WHC), and cooking loss (CL). PEF samples were
compared with untreated samples, and with samples frozen for 5 days at
—20 °C then thawed. All samples were stored at 4 °C under MAP. The
—20 °C/5 days freezing conditions we chose were based on recom-
mendations provided by the Spanish Authority of Food Safety (AESAN,
2023) for clients using a domestic freezer. Seven samples of fish meat
were used in each procedure. All analyses were performed in duplicate
for each sample.

2.5.1. Drip loss

Pieces of hake were weighed before and after applying each tech-
nology (PEF, freezing/thawing, control) at day O as well as after the
corresponding storage time, after previous removal of external moisture
with paper on the day of analysis. Drip loss was calculated using
Equation (2):

Pi—Pf

Drip loss % = R 100

Equation 2

where Pi and Pf are the initial and final weight in grams.

2.5.2. Moisture
Samples weighing 6 + 0.5 g were placed in an oven at 105 °C for 24 h
(AOAC, 2022). To calculate moisture content, Equation (3)was used:
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Pi—Pf

Moisture % = x 100

Equation 3

where Pi is the initial weight in grams and Pf is the final weight in grams.

2.5.3. Water holding capacity (WHC)

Samples weighing 6 + 0.5 g were wrapped in gauze and placed in a
50 mL Falcon tube with 5 glass beads. The tubes were centrifuged at
1300 rpm for 15 min (MEGAFUGE 1.0 R, Kendro, Germany). After
centrifugation, samples were removed from the gauze, dried with paper,
and weighed (Trout, 1988). WHC was determined according to Equation
4):

Pi— Pf

WHC % =100 —
bi

x 100

Equation 4

where Pi and Pf are the initial and final weight of the sample (in grams),
respectively.

2.5.4. Cooking loss (CL)

Samples weighing 6 + 0.5 g were placed in a 50 mL tube and
immersed in boiling water until a temperature of 75 °C was reached
inside the sample (Honikel, 1998), according to measurement with a
temperature sensor (ALMEMO® R2E4, Holzkirchen, Germany) at the
product’s thermal center. The sample was recovered, superficial water
was removed with paper, and the sample was weighed. Equation (5) was
used to determine CL:

Pi— Pf

CL %= x 100

Equation 5

where Pi and Pf are the initial and final weight of the sample (in grams),
respectively.

2.6. Statistical analysis

GraphPad PRISM® program (GraphPad Software, San Diego, CA,
USA) was used to determine whether there were statistically significant
differences between the different parameters under study by performing
one-way ANOVA with Tukey’s post-test. Error bars in the figures
correspond to the standard deviation of the mean.

3. Results and discussion
3.1. PEF survivability of Anisakis in hake belly

Two previous investigations, Abad, Alejandre, et al. (2023) and
Onitsuka et al. (2022), studied the inactivation of Anisakis in saline so-
lution and in artificially parasitized pieces of hake or horse mackerel.
Recently, Onitsuka et al. (2024) evaluated the survivability to PEF of
Anisakis that had naturally burrowed into the meat after the larvae had
been artificially embedded in cut salmon. Since Anisakis in hake are

Table 1
Recovery conditions for the microbial groups under study.
Microbial group Agar Temperature Time Atmosphere Plating
Aerobic Psychrotrophes LH Agar® 7°C 10d Aerobic Spread
Anaerobic Psychrotrophes LH Agar® 7°C 10-12d Anaerobic Spread
Pseudomonas GSP Agar” 25°C 24-48 h Aerobic Spread
Shewanella Iron Agar® 25°C 3-4d Aerobic Spread
Lactic Acid Bacteria Elliker Agar ¢ 25°C 24-48 h Aerobic Pour
Enterobacteriaceae VRBG Agar © 37°C 48 h Aerobic Spread (double layer)

# Long and Hammer Agar (Broekaert et al., 2011).

b Glutamate Starch Phenol Red Agar (Sigma-Aldrich, Steinheim, Germany) + Penicillin G (Sigma-Aldrich, Steinheim, Germany).

¢ Iron Agar (Lingby) (Conda, Madrid, Spain).

4 Elliker Broth (Sigma-Aldrich, Steinheim, Germany) + Bacteriological Agar (Oxoid, Basingstoke Hants, UK).

¢ Violet Red Bile Glucose Agar (VRBG) (Oxoid, Basingstoke Hants, UK).
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encysted and remain attached to internal tissues (Angeles-Hernandez
et al., 2020), our study has explored the inactivation of the parasite in
naturally parasitized hake. We used the belly area of the hake because it
is the portion with the greatest concentration of Anisakis L3 (Roepstorff
et al., 1993) after capture. Moreover, one of our study’s aims was to
determine whether the inactivation resistance of Anisakis is different
when compared to artificial parasitization.

Fig. 1 shows the percentage of survivors to PEF treatments of
different electric field strengths (from 1 to 5 kV/cm), pulse widths (from
10 to 200 ps), and specific energies (10 and 20 kJ/kg). As can be seen,
lethal efficacy mainly depends on electric field strength. With a treat-
ment of 1 kV/cm, 20 kJ/kg, and 10 ps (28 ms of total treatment time),
hardly any inactivation occurred, but when the electric field was raised
to 5 kV/cm for the same energy and pulse width (1.1 ms total treatment
time), survivability decreased to 30%. Pulse width also affected the
survival rate of Anisakis. Thus, at 2 kV/cm, the percentage of survivors
varied from 85%, in the case of 10 ps pulse width, to 50% for pulsed
widths of 200 ps. Although wider pulse widths can have certain ad-
vantages, they tend to cause long-term deterioration of the electrodes
(Ho and Mittal, 2000; Pataro et al., 2014). In this study, we could not
apply long pulses at higher field strengths due to limitations of the PEF
system. Lastly, the specific energy applied to the parasites located in the
meat also conditioned their viability. As shown in Fig. 1, the percentage
of survivors after an electric field strength of 3 kV/cm with pulses of 30
ps was 80% with a specific energy of 10 kJ/kg (1.6 ms) and 65% with 20
kJ/kg (3.2 ms). Independently of all these results, Fig. 1 shows that the
maximum inactivation of Anisakis obtained in hake belly reached
around 90-80% by applying PEF treatments of 5 kV/cm, 20 kJ/kg, and
30 ps (1.1 ms of total treatment time).

As recently described by Onitsuka et al. (2024), the location of
parasites in the fish, specifically in salmon, could be a determinant factor
in their survivability to PEF treatments. Following a similar concept,
Fig. 2 shows the survivability of Anisakis when hake bellies were treated
with PEF, according to whether the parasite was naturally located on the
surface of the muscle or in the meat. As observed, survivability was
generally higher (10.9 % =+ 1.4 higher) in larvae situated deeper inside

100
90
80—
70—
60—
50
40-
30
20—
10

0 T T ] ] I
0 1 2 3 4 5

Field strength (kV/cm)

Fig. 1. Influence of electric field strength on the percentage of Anisakis survi-
vors after the application of PEF treatments of different pulse widths and spe-
cific energies: 20 kJ/kg and 10 ps (@), 10 kJ/kg and 30 ps (v), 20 kJ/kg and 30
ps (&), 20 kJ/kg and 100 ps (M), 20 kJ/kg and 200 pis (@).

Survivors (%)
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Fig. 2. Influence on the percentage of Anisakis survivors based on their posi-
tion: on the surface (continuous lines) or inside the meat (dotted lines) of hake
bellies after the application of PEF treatments of 30 ps and different specific
energies and field strengths: 3 kV/cm (@), 4 kV/cm (l) and 5 kV/cm () (n
=5).

the meat. This higher degree of survivability might be due to lower field
strength inside the muscle, based on differences in electrical conduc-
tivity among the different compounds of the meat structure compared to
those located on the surface (Abad, Grasa, et al., 2023). In the future, it
would thus be advisable to conduct PEF inactivation studies of Anisakis,
taking into account the PEF resistance of parasites located inside the
meat.

Considering this point and in order to further explore the impact of
PEF parameters (in which E = electric field strength; W = specific en-
ergy; P = pulse width) on the survivability of Anisakis when treated in
hake belly, a central composite design was implemented. Table 2 shows
the inactivation effect of different PEF combinations on Anisakis, eval-
uating the survivability of parasites located on the surface or in the in-
ternal part of the belly. As observed, inactivation under most of the
evaluated conditions was higher for parasites located on the surface of
the belly: they were 11.5 % =+ 5.03% less resistant to PEF (similarly to
the results displayed in Fig. 2). Independently of the parasites’ location,
inactivation generally increased in parallel with the three parameters;
however, it was difficult to evaluate the importance and impact of each

Table 2

Central composite design evaluating the survivability of Anisakis L3 larvae when
located inside the hake belly and on the surface after PEF treatments of different
field strength, pulse width, and specific energy.

Field Pulse Specific Inside Surface
Strength Width Energy (kJ/ survivability survivability (%)
(kV/em) (ps) kg) (%)

3 30 10 86,9 71,3
3 10 20 76,7 65

3 20 20 78,1 72,9
3 30 20 67,7 64,5
3 20 30 81,5 40

4 30 10 57,3 48,7
4 10 20 61,7 46

4 20 20 42,5 36

4 20 20 42,5 36

4 20 20 40 38,8
4 20 20 45 34

4 30 20 50,5 28,6
4 20 30 51,9 22,5
5 30 10 47,5 42,5
5 10 20 33,3 33,6
5 20 20 28,3 30

5 10 30 21,9 6,3
5 20 30 14,8 0
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parameter separately. Using multiple regression analysis, polynomial
equations for the two locations were developed (Equations (6) and (7)).
Table 3 shows the obtained polynomial equations, including the co-
efficients for each parameter, their statistical significance (p value), and
the 95% confidence limits of each coefficient. In addition, the equation’s
goodness of fit in terms of R?, R%-adjusted, and RMSE are indicated.
Similar equations were obtained for both data sets and for all three
parameters affecting the parasites’ resistance to PEF. Field strength and
mainly the specific energy were the main parameters affecting survival
rates. Although we were able to obtain an equation for each location, we
focused on the equation related to parasite survivability inside the fish
meat (Equation (6)), as parasites located inside the meat showed a
higher degree of resistance to PEF. Based on that equation, the influence
of pulse width (Fig. 3A), field strength (Fig. 3B), specific energy (Fig. 3C)
and treatment time (Fig. 3D) of PEF treatments on the survivability of
Anisakis L3 larvae located inside hake belly was predicted. Fig. 3D has
been plotted based on the predictions done by Equations (6) and (7) and
transforming the resulted specific energy by the number of pulses
applied depending on the applied pulse width and the specific energy
per pulse. In all figures, for comparison purposes, we include an esti-
mation of the case in which parasites would be located on the surface of
the belly (thicker line). In addition, the standard deviation of the pre-
dictions are included as grey (for inside inactivation) and blue (super-
ficial inactivation) shadowed area at both sides of the prediction lines.
As previously indicated, the predictions display that the most influential
parameters are electric field and specific energy. Maximum inactivation
in hake bellies (parasites internally located) would be achieved with 5
kV/cm, 30 ps, and 30 kJ/kg requiring processing times of 1.7 ms. These
treatments would be stronger than the ones measured when treating
Anisakis in salty solution or in artificially parasitized fish (Abad, Ale-
jandre, et al., 2023), Abad, Grasa, et al., 2023nd as observed when
parasites are located on the surface of the belly (the blue lines in
Fig. 3ABCD). The observed inactivation in hake belly resulted slightly
lower to that described by Onitsuka et al. (2024). For a complete inac-
tivation, those authors required 3.75 kV/cm and energies of around
42.6 kJ/kg in a cut salmon where Anisakis had naturally burrowed into
the meat after larvae had been artificially embedded. The slightly higher
inactivation could be both to different fish species were treated which
could be affecting the lethality of PEF and high energy levels were used
by the other authors. In our study, the maximum specific energy was 30
kJ/kg, which resulted in an increment of fish meat temperature of less
than 7 °C. Higher specific energies might negatively affect the product’s
temperature and, consequentially, its quality (Abad, Alejandre, et al.,

Table 3

Polynomial equations describing the percentage of survivability (S) of Anisakis
when located inside (upper table) or on the surface (lower table) of hake belly
after PEF treatments of different electric field strength (E), specific energy (W),
and pulse width (P). Statistical significance (p value) and the 95% confidence
limits of each parameter are included.

%S internal = by + by X E + by x W+ bg x P + by x E¥*W + bs x W*W (Equation (6))
R2 = 0.942; R? adjusted = 0.918; RMSE = 5.944

Coefficient  p value CL (-95%) CL (+95%)
by 167.08 0.000105  102.79 231.37
b, -10.87 0.00959 —23.98 2.241
b, —2.484 0.00164 -6.131 1.164
bs -0.577 0.04637 -1.143 —0.01090
bs —0.706 0.02521 —1.309 —0.104
bs 0.107 0.00062 0.03658 0.177

%S surface = by + by x E + by x W+ bs x P + b, x E*E (Equation (7)) R? = 0.930; R?
adjusted = 0.909; RMSE = 6.027

Coefficient  p value CL (-95%)  CL (+95%)
by 284.16 3.461 x 10°° 184.42 383.91
b —74.99 0.00619 —124.66 —25.31
b,  —2.054 4.0543 x 10°®  —2.640 —1.468
bs; -0.778 0.00868 -1.271 —0.284
bs 6.857 0.03245 0.669 13.04
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2023).

In order to more specifically elicit the effect of parasite location in
fish on a parasite’s resistance to PEF, and based on Equation (6)
(Table 3) corresponding to internal survivability, we plotted Fig. 4. It
shows the relationship between the estimated inactivation based on
eEquation 6 and the observed inactivation of Anisakis when located in-
side the meat (triangles). Fig. 4 shows that the developed equation
adequately describes the new set of experimental data obtained to plot
the figure. However, Fig. 4 also includes the relationship between the
survivability obtained with Equation (6) (the one for the internal sur-
vivability) and the experimental inactivation of Anisakis when located
on the belly surface (open squares) or immersed in saline water solution
(circles). Data corresponding to the inactivation in saline solution are
the values obtained by Abad, Alejandre, et al. (2023). In these cases, the
developed Equation (6) for internal survivability to PEF underestimated
the inactivation data for Anisakis when the parasite was located closer to
the belly surface; this resistance at the surface was more similar to the
values obtained when parasites had been treated in saline solution.
These results confirm the higher resistance of parasites when they are
located internally in the meat; then it can be concluded that the obtained
equation could be used to predict Anisakis inactivation by PEF in a
worst-case scenario. Thus, Equation (6) obtained to predict the internal
survivability of parasites can be regarded as a reliable equation for
purposes of defining PEF treatment conditions to achieve a desired level
of Anisakis inactivation in the studied range of conditions. Therefore,
and based on that equation, PEF treatments of 5 kV/cm and 30 kJ/kg
applying pulses of 20-30 ps would reduce the survivability of Anisakis
located inside the belly to 10% and almost completely inactivate the
parasite when it is situated on the surface.

3.2. Effect of MAP storage on the PEF inactivation of Anisakis in hake
belly

Previous studies have shown that the survivability of Anisakis after
PEF treatments decreases with time (Onitsuka et al., 2022, 2024). This
would indicate possible damage to the parasite due to PEF, as occurs
with bacteria (Pillet et al., 2016). In bacteria, such damage results in
higher inactivation levels when combined with other preservation
strategies: such hurdle combinations, in turn, make it possible to reduce
the intensity of the PEF treatment. However, such a combined effect has
not yet been investigated in the case of parasites subjected to PEF
treatments. As hake fillets packaged in a modified atmosphere (MAP)
composed of 50% CO; and 50% N are one of the main retail varieties of
hake available for consumer consumption in Spain (Antunes-Rohling
etal., 2019a, 2019b, 2019c¢), PEF combined with MAP could represent a
thoroughly effective synergistic combination for the elimination of
Anisakis. Fig. 5 shows the percentage of Anisakis survivors after the
application of PEF (3-4-5 kV/cm, 20 kJ/kg, 30 ps) to pieces of hake belly
packed with three different kinds of modified atmospheres (without
MAP, 100% Ng, and 50% CO; — 50% N3) and stored at 4 °C during 5
days. As observed, when the MAP contained 50% CO-, the survivability
of Anisakis decreased with storage time and was more pronounced at 3
kV/cm. Thus, inactivation increased from 30% at day 0, to 40% and 60%
after 2 and 5 days of storage, respectively, after having applied PEF at 3
kV/cm. An additional degree of inactivation of the order of 20% and
10% was observed when the treatment was of 4 and 5 kV/cm, respec-
tively. In cases of control and MAP with 100% of N, there was no effect
on Anisakis inactivation. Based on these results, after a PEF treatment of
5 kV/cm, 20 kJ/kg, and 30 ps where the survivability was around 15%,
storage in MAP (50% CO3 — 50% Ny) at 4 °C decreased the number of
survivors to under 10%.

Since the observed effect was only occurring in the presence of CO»,
this gas can be regarded as an essential factor behind the observed effect.
However, CO by itself has not been shown to affect Anisakis surviv-
ability. The impact of an atmosphere with a high percentage of CO5 on
the inactivation of Anisakis was not described in the studies carried out
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Fig. 4. Relationship between the estimated inactivation based on the obtained
equation shown in Table 3 corresponding to the internal survivability and the
experimentally observed survivability of Anisakis when located inside the meat
(a), on the surface of the belly ([7), or immersed in saline water solution (@,
data from Abad, Alejandre, et al., 2023).

by Guan et al. (2021) and Pascual et al. (2010). The only effect they
observed when using a high CO; concentration was a noticeable
migration of the parasites from the inner parts of the fish to the surface
(Pascual et al., 2010). Based on these results, one could infer that the
storage of Anisakis in a COy-rich atmosphere after PEF treatments had a
synergistic lethal effect on Anisakis, resulting in a higher degree of
inactivation. This is the first time such an effect has been described in the
literature; practical implications for the application of PEF technology

are of considerable interest. More research is necessary to evaluate the
mechanism of action exerted by this combined effect.

3.3. Evaluation of fish microbiota after PEF treatments and storage in
MAP

Fig. 6 shows the evolution of microbial groups under study, including
Aerobic (Fig. 6A) and Anaerobic Psychrotrophic microorganisms
(Fig. 6B), Pseudomonas (Fig. 6C), Shewanella (Fig. 6D), lactic acid bac-
teria (Fig. 6E), and Enterobacteriaceae (Fig. 6F), in untreated hake pieces
and in pieces treated with PEF (4 kV/cm; 20 kJ/kg; 30 ps), followed by
storage at 4 °C with and without MAP (50% CO2 — 50% Ny). The initial
counts of each microorganism were quite similar to those of the samples
analyzed by Antunes-Rohling et al. (2019a, 2019b, 2019c¢). Aerobic and
Anaerobic Psychotropic bacteria always had the highest initial counts;
their subsequent growth had high similarities. In contrast, the lowest
initial counts were of Enterobacteriaceae, as observed by other authors
(Antunes-Rohling et al., 2019a, 2019b, 2019c).

In PEF-treated samples (continuous lines in Fig. 6), the evolution of
microbiota was similar, thus indicating that PEF did not affect the initial
counts of microbiota or their growth. On the other hand, MAP slowed
down growth during storage of the microbiota under study, regardless of
whether the samples were PEF-treated or untreated. Such a growth rate
slowdown in MAP was also observed by Ordonez et al. (2020), using an
atmosphere featuring a CO5 concentration similar to the one used in this
investigation. In the specific case of Pseudomonas, which is generally
regarded as one of the primary agents responsible for the spoilage of fish
species stored under aerobic conditions (as Pseudomonas is a strictly
aerobic microorganism), storage under modified atmosphere without
oxygen limited the bacterium’s growth (Fig. 6C).

Based on these results, PEF treatments applied to reduce the sur-
vivability of Anisakis in hake did not affect the evolution of microbiota
during storage at cooling temperatures and packaged with atmospheric
air or in MAP with 50% CO3 — 50% N». In the latter case, only the MAP
was responsible for growth limitation of the microbiota present in hake.
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3.4. Evaluation of fish quality after PEF treatments and storage in MAP

To evaluate the impact of PEF treatments on fish quality during
storage at 4 °C in MAP (50% CO, — 50% Ny), drip loss, moisture, water
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holding capacity (WHC), and cooking loss (CL) of pieces of hake after
applying PEF treatments of 4 kV/cm, 20 kJ/kg, and 30 ps was measured.
Those quality parameters of PEF-treated samples were compared with
those of control samples (fresh hake non-PEF treated), and with samples
that had been stored for 5 days at —20 °C and subsequently thawed.
Results are shown in Fig. 7, where Fig. 7A represents drip loss of the
samples; Fig. 7B shows the moisture content; Fig. 7C, the water holding
capacity; and Fig. 7D, cooking loss of pieces of hake that were either
PEF-treated, frozen/thawed, or fresh.

Fig. 7A shows that weight losses due to drip loss were more pro-
nounced in frozen/thawed samples on all tested days. PEF-treated
samples also showed higher losses compared to control, but the differ-
ences were not statistically significant. For all tested days, the losses in
PEF-treated samples were lower compared to frozen samples.

Similarly to drip loss, moisture measurement is an important
parameter for the assessment of water content in muscle before and after
a treatment. In general, sample moisture decreased during the storage
period for all treatments, with the exception of day 7 for the control and
PEF samples, but not to a statistically significant extent (Fig. 7B). As
shown in Fig. 7B, PEF treatments did not affect water content, but water
content was significantly reduced in the case of the frozen/thawed
samples. These results, together with those shown for drip loss (Fig. 7A),
infer that the eventual electroporation of muscle cells would not be
sufficiently significant to produce a loss of water as great as the loss
observed in frozen pieces.

WHC indicates the loss of the capacity of fish muscle to retain water
after centrifugation, which gives an idea of the juiciness of the flesh
(Offer et al., 1989). Fig. 7C shows that the samples” WHC generally
tended to decrease during the storage period for all treatments. The PEF
samples showed WHC values similar to control samples throughout
storage except for day 4, where a statistically significant difference could
be observed. In other words, the electroporation that PEF could instill in
the muscle cells would not affect water retention capacity. On the other
hand, the frozen samples showed the greatest differences compared to
control, therefore indicating that freezing would tend to affect WHC
more than PEF. This implies that the juiciness of fish treated with PEF
would be more pronounced than that of frozen/thawed fish and similar
to that of fresh samples.

Finally, cooking loss indirectly measures the level of damage suffered
by proteins after treatments and subsequent cooking (Toldra, 2010).
When samples are subjected to high temperatures (75 °C), the affected
proteins become denatured and can no longer retain the water they
previously contained (Skipnes et al., 2007). Fig. 7D shows that PEF and
control samples behaved similarly, with higher values of CL for
PEF-treated samples at day 0. During storage, the CL values of frozen
samples were slightly higher than control and PEF samples on days 4 and
7.

Results obtained on day 0 of storage in our study are in agreement
with those of Abad, Alejandre, et al. (2023) in hake pieces. In horse
mackerel, Onitsuka et al. (2022) did not observe any impact of PEF
treatments on fish quality. Our study describes quality parameters of
hake during shelf-life in MAP. In general, we conclude that PEF-treated
samples would tend to be of superior quality than frozen ones and
similar in quality to untreated samples.

4. Conclusions

Inactivation of Anisakis in naturally parasitized hake bellies was
highly dependent on PEF parameters, among which the two most
important were field strength and specific energy. In addition, Anisakis
survivability depended on the parasite’s location, as it was more resis-
tant to PEF when located inside the fish meat. Based on these observa-
tions, a mathematical equation was developed that enabled to estimate
the survivability of Anisakis under worst-case circumstances. Complete
inactivation of the parasite in hake belly was achieved with a treatment
of 5 kV/cm and 30 kJ/kg, applying pulses of 30 ps. Since the belly is the
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hake portion containing the highest amount of parasites, lower PEF in-
tensities would be required for a complete Anisakis inactivation in hake
fillets which are much less parasited. On the other hand, PEF technology
combined with the storage of samples in a MAP containing CO», appears
to have a synergistic lethal effect, thereby further increasing the po-
tential degree of inactivation of Anisakis.

PEF treatments did not affect the microbiota of hake fillets; however,
the presence of CO; limited the growth of microbiota during storage at
4 °C. In addition, quality parameters of PEF-treated hake were thor-
oughly similar to those of fresh samples and superior to those of frozen/
thawed ones, even after a storage time of 7 days in MAP (50% CO3 - 50%

N32). These results suggest that PEF could represent a promising alter-
native to freezing as a strategy for the elimination of Anisakis in fish,
specifically in hake. In any case, further studies on other fish species
would be required to support this conclusion.
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