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Abstract The objective of this study was to identify and
kinetically study the most high-pressure (HP) resistant deteri-
orative factor of gilthead seabream (Sparus aurata) fillets
aiming in their shelf life extension using in pack cold pasteur-
ization technology. Fillets were HP processed (600 MPa,
25 °C, 5 min) and stored at 15 °C for 15 days, until spoilage.
Lactobacilli were isolated from the spoiled fillets and were
identified and classified as Pediococcus spp. The necessary
HP process conditions for Pediococcus spp. cells inactivation
were studied at various combinations of pressure (150–
600 MPa) and temperature (20–40 °C) for appropriate time.
The D values were calculated at all pressure–temperature
combinations. The effect of temperature (zT) and pressure
(zP) was estimated at all pressures and temperatures, respec-
tively. According to the developed model for Pediococcus
spp. inactivation, HP treatment of seabream fillets at
600 MPa and 25 °C for 5 min seemed to be capable for a 6-
log10 reduction of the initial microbial load, potentially pro-
viding shelf life extension. Shelf-life experiments were con-
ducted for validation. Untreated and HP treated at 600 MPa
for 5-min samples were stored at 0, 5, 10 and 15 °C. Quality
indices (colour, texture, microbial growth, sensory scoring)
were monitored and kinetically modelled. Temperature depen-
dence of quality loss rates was modelled by the Arrhenius
equation. Microbial growth was well correlated with the sen-
sory indices. HP treatment led to significant shelf life exten-
sion of fillets. Based on sensory scoring, the shelf life of the
untreated samples was 11, 7, 4 and 3 days while for the HP-
treated fillets 37, 27, 17 and 10 days after storage at 0, 5, 10
and 15 °C, respectively.
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Introduction

New non-thermal food processing methods or combinations
of them are continually being investigated by the industry in
the pursuit of producing better quality foods with extended
shelf life. High hydrostatic pressure (HP) is considered as a
high-scored technique in the Technology Readiness Level
(TRL>7) scale, already applied world widely in various food
industries producing meat products, juices, fruit preparations,
etc. HP is mainly used to inactivate microorganisms in certain
foods without the need of high temperatures, providing a cold
pasteurization technique, while significantly increasing the
shelf life of perishable products without compromising sen-
sory quality (Hoover et al. 1989). The advantage of high-
pressure treatment over traditional thermal processing rests
on a better retention of nutritional and sensory properties.
Generally, products are subjected to high-pressure in the range
of 100–1,000 MPa (Knorr 1993).

Fresh fish is a perishable food as compared to other food
commodities (Gram and Huss 1996). The short shelf life is a
commercial drawback and methods of extension are being
investigated. Research on the effects of HP on fish tissues
has established the issues and drawbacks of this technology
(Ohshima et al. 1993; Murchie et al. 2005). Several studies
evaluate the potential use of HP on different fish species, such
as cod (Angsupanich and Ledward 1998), tilapia (Ko and Hsu
2002), salmon (Lakshmanan et al. 2003; Gudbjornsdottir et al.
2010), sea bass (Chéret et al. 2005) and tuna (Ramirez-Suarez
and Morrissey 2006). It is also applied to seafood such as
abalone (Briones-Labarca et al. 2012), squid (Paarup et al.
2002), shrimp and clams (Büyükcan et al. 2009; Narwankar
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et al. 2011). The effect on quality parameters such as colour,
lipid oxidation, textural properties, microbial growth, biogenic
amines and water-holding capacity is evaluated and presented
in most of these studies. Potential detrimental changes in
appearance, texture and chemical parameter in HP products
are dependent on the processing conditions, mainly to the
applied pressure and processing time (Ohshima et al. 1993).
According to Ramirez-Suarez andMorrissey (2006), HP treat-
ment (275 and 310MPa for 2–6min) can prolong the shelf life
of the minced albacore muscle even longer than 22 days at
4 °C. Paarup et al. (2002) reported shelf life of HP (400 MPa,
15 min) treated squid mantle of 28 days, compared to 7 days
of untreated samples stored at 4 °C.

According to previous studies, the main spoilage microor-
ganisms of seafood after HP treatment were found to be either
lactic acid bacteria including Pediococcus spp. (Gram-
positive bacteria) or Pseudomonas spp. (Gram-negative
bacteria) (Tryfinopoulou et al. 2002; Gram and Huss 2000),
depending on the type of packaging. HP treatment at 450MPa
and 25 °C for 15 min was found capable to cause 1–2 log10
reduction in the initial total microbial flora of tuna and squid
samples, while 400 MPa for 5 min resulted in 5-log10 reduc-
tion in total microbial flora of oysters (Shoji and Saeki 1989;
López-Caballero et al. 2000; Bremner 2002). In another study,
the initial spoilage microflora of red mullet samples
(psychrotropic and mesophilic bacteria) was reduced below
the detection limits after HP treatment either at 300 MPa and
3 °C, or at 220 MPa and 25 °C for processing time of 5 min
(Erkan et al. 2010).

Gilthead seabream (Sparus aurata) is a Mediterranean fish
of high commercial value. Although usually sold as whole fish,
filleted products are of high interest but suffer from significantly
short shelf life. Products like chilled fillets frommarine cultured
Mediterranean fish have high commercial potential if their shelf
life can be extended through packaging or minimal processing
(Tsironi and Taoukis 2010). For fresh fishes and fillets (such as
gilthead seabream), an increased shelf life may only be obtained
if processed with non-thermal technologies, since conventional
thermal treatment denatures fish proteins resulting in changes to
the colour, flavour and texture.

The objective of this work was to identify and kinetically
study the most HP-resistant spoilage factor of seabream fillets
and to investigate the shelf life extension of fresh, chilled
fillets of marine cultured gilthead seabream (Sparus aurata)
treated with HP.

Materials and Methods

Colony Isolation of HP Resistant Species

Raw gilthead seabream fillets were pressurized at 600 MPa
and 25 °C for 5 min and stored for 15 days at 15 °C. The

process conditions selected for HP treatment of fish fillets
targeting in microbial inactivation were based firstly on pre-
vious works conducted in our laboratory for various food
products, in which most of the endogenous microorganisms
are inactivated (at these process conditions), and secondly as
the more intense process conditions in terms of pressure and
temperature that could be achieved using an industrial scale
equipment available in the market. The microflora in the
spoiled fillets was enumerated using the appropriate
growth media (De Man-Rogosa-Sharpe Agar, Merck,
Darmstadt, Germany) and found to be approximately
105 cfu/g. Identification of the three colonies enumerated
in the highest dilution of the microbial analysis from three
different spoiled fillet samples was conducted using micros-
copy methods, oxidase- and catalase- tests, Gram stain and
test API 50CHL (Biomerieux, France). Colonies were
renewed in MRS broth with addition of 2 % glycol solution
(Merck, Darmstadt, Germany) and stored at −40 °C until use.
This mixture was used as the inoculum of Pediococcus spp..

Preparation of Growth Medium

Frozen gilthead seabream fillets were thawed at ambient tem-
perature and cut into pieces. A proportion 1:5 of fish meat to
ionized water was homogenized in a bag mixer (Bag Mixer ®
Interscience, France) for 5 min. Sample was centrifuged at
3,000 rpm for 5 min and the supernatant was vacuum-filtrated,
sterilized and stored at −30 °C until use.

Preparation of the Inoculum and the Final Sample

Bacterial cells were renewed at least three times in MRS broth
(Merck, Darmstadt, Germany) before use. The inoculum was
centrifuged at 3,000 rpm for 10 min, the supernatant was
removed and a proportion of 10 mL of sterile growth
medium was added to the precipitate. Sample was washed
out one more time by centrifugation of the inoculum and
addition of 100 mL of sterile growth medium with pH
value of 6.16 (the initial pH value of the fillets), followed
by aggregation. The initial counts of the tested microor-
ganisms were approximately 108 cfu/mL (end of exponen-
tial phase). This final sample was used for HP inactivation
kinetic experiments.

Raw Materials-Gilthead Seabream Fillets

Marine cultured gilthead seabream (Sparus aurata) fillets
(weight, 90±10 g; capture zone: Aegean Sea, Greece) were
provided by a Greek aquaculture unit. After being ice
shocked, fish was put into ice (0 °C), size sorted and
transported to the filleting line in the market facilities within
10 h after catch. Fillets were vacuum packed in packages of
two fillets per pack and were transported directly to the
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laboratory in polystyrene boxes with appropriate quantity of
flaked ice (0 °C) within 2–3 h.

HP Experiments

High-pressure treatments were carried out using a laboratory
pilot scale HP equipment with a maximum operating pressure
of 1,000 MPa (food pressure unit FPU 1.01, Resato
International BV, Roden, Holland) consisting of an operation
high-pressure unit of 1.5 L in volume, which was used for the
treatment of the fillets, and a multivessel system consisting of
six vessels of 45-mL capacity each, which was used for the
inactivation study of Pediococcus spp. All high-pressure
vessels were surrounded by a circulating jacket connected
to a heating-cooling system. The pressure transmitting
fluid used was polyglycol ISO viscosity class VG 15
(Resato International, BV, Roden, Holland).

For inactivation kinetic experiments, the inoculums were
placed into 5-mL pouches (laminate film: PP/aluminium/PE)
and inactivation experiments were conducted in duplicate at
various combinations of pressure (150–600 MPa) and tem-
perature (20–40 °C) for appropriate process times.

The desired value of pressure was set and after pressure
built-up (approximately 20 MPa s−1), the pressure vessel was
isolated; this point defined the zero time of the process.
Pressure of the vessel was released after a preset time interval
by opening the pressure valve (release time <3 s). The initial
temperature increase during pressure build-up (about 3 °C per
100 MPa) was taken into consideration in order to achieve the
desired operating temperature. Pressure and temperature were
constantly monitored (intervals of 1 s) and recorded during the
process.

Shelf Life Kinetic Study

Two replicated storage experiments were carried out with
untreated and HP-treated (600 MPa, 25 °C, 5 min) fish sam-
ples. Two fish fillets were placed per package. The non-
processed (control) samples were stored aerobically. HP-
treated samples were packed in vacuum, based on previous
experiments resulting in similar shelf life of gilthead seabream
fillets packaged aerobically or under vacuum and also
supported in the literature for fish from temperature
marine waters (Gram and Huss 1996). The aim of the
study was to investigate the shelf life extension of the
commercial aerobically packed raw gilthead seabream
fillet by in pack cold pasteurization technology.

HP-treated fillets and Control samples were stored at con-
trolled isothermal conditions of 0, 5, 10 and 15 °C in high-
precision (±0.2 °C) low-temperature incubators (Sanyo MIR
153, Sanyo Electric, Ora-Gun, Gunma, Japan), monitored
with electronic, programmable miniature data-loggers (COX
TRACER ®, Belmont, NC). Samples were taken in

appropriate time intervals, depending on treatment and storage
temperature, to allow for efficient kinetic analysis of quality
deterioration. All measurements were carried out on three
different single fish fillets. Sampling frequency for microbio-
logical analysis was based on the obtained results. For control
samples, analysis was conducted every 2 days for storage at
0 °C, every day for samples stored at 5 and 10 °C and twice a
day for 15 °C. For HP-treated samples, the corresponding
sample days were once per week for 0 °C, twice per week
for 5 and 10 °C and every 2 days for 15 °C.

Microbiological Analysis

Total aerobic viable count was enumerated on Plate Count
Agar (PCA, Merck, Darmstadt, Germany) after incubation at
25 °C for 72 h. Pseudomonas spp. were enumerated on
Cetrimide Agar (CFC, Merck, Darmstadt, Germany) after
incubation at 25 °C for 48 h. For Lactobacillus enumeration
the pour-plate method on De Man-Rogosa-Sharpe Agar
(MRS, Merck, Darmstadt, Germany) was used, followed by
incubation at 25 °C for 120 h. Two replicates of at least three
appropriate dilutions were enumerated for three fillet speci-
mens (Koutsoumanis et al. 2002).

Colour Measurement

Quantification of the colour change was based on measurement
of CIELab values (L value: lightness, a value: redness and
greenness, b value: yellowness and blueness), using a CR-
Minolta Chromameter® (Minolta Co., Chuo-Ku, Osaka, Japan)
with an 8-mm diameter measuring area. The instrument was
standardized under “C” illuminant condition according to the
CIE (Commission International de l’ Eclairage) using a stan-
dard white reference tile (calibration plate CR-200, L=97.50,
a=−0.31, b=−3.83). Measurements were conducted for fish
flesh at three different points of the fillet.

Texture Analysis

Texture parameters were defined using a texture analyser with
a load cell of 5 kg (TA-XT2i, Stable Micro Systems,
Godalming, Surrey, United Kingdom). A compression alu-
minium plate of 75-mm diameter was selected. Double com-
pression was applied to construct the texture profile analysis
(TPA) parameters of three different specimens. The alumini-
um plate approached the sample at the speed of 0.5 mm/s and
distance of 2 mm into the fish flesh. Then the force was
reduced and the sample was allowed to rebound 5 s before
the second compression. Force-time curves were obtained and
texture parameters (hardness, cohesiveness and adhesiveness)
were determined using Texture Expert Exceed Application
(Version 2.64, Stable Micro Systems Ltd) (Sigurgisladottir
et al. 1999; Jin et al. 2014). Hardness was calculated as the
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peak force (N) of the first compression cycle. Cohesiveness
was calculated as the positive area during the second com-
pression divided by the area during the first compression.
Adhesiveness was defined as the negative area (N·sec) for
the first compression.

Sensory Analysis

The sensory characteristics of raw and cooked fish fillets were
evaluated by a trained sensory panel of eight, selected accord-
ing to ISO 8586–1 (1993) standard. Discriminative tests, such
as triangle test, were used to determine differences between
fish fillets of different spoilage levels (Botta 1995). Gilthead
seabream fillets were cooked individually, wrapped in alumin-
ium foil, at 180 °C for 20 min, in preheated oven (dry-heat
cooking). Panellists developed a list of profiling attributes
concerning appearance and odour of raw fillets and appear-
ance, odour and taste of cooked samples. The sensory param-
eters were evaluated using descriptive terms and recorded in
appropriate forms, reflecting the organoleptic evolution of
quality deterioration. A preference/acceptance test was also
conducted. Scoring was assigned separately for each parame-
ter on a 1 to 9 descriptive hedonic scale (9 being the highest
quality score and 1 the lowest). A score of 5 was considered as
the acceptability/non-acceptability threshold.

Data Analysis

The kinetic parameters (k andD values) were calculated using
the Baranyi Growth Model (Baranyi and Roberts 1995). For
curve fitting the in-house program DMfit of IFR (Institute of
Food Research, Reading, UK) was used. Kinetic parameters
such as, the rate constant (k) of the microbial inactivation or
growth and the decimal reduction time (D) were estimated.

Temperature dependence of the rate constants, k, was
modelled by the modified Arrhenius Eq. (1)

lnk ¼ lnkre f � Ea

R

� �
⋅

1

T
� 1

T re f

� �
ð1Þ

where; kref is the quality loss or growth rate constant at a
reference temperature, Tref is a reference temperature (e.g.
4 °C for refrigerated foods), T is the temperature in kelvin, R
is the universal gas constant and, Ea is the activation energy,
which was estimated from the slope of Arrhenius plots of lnk
vs. (1/Tref−1/T) by linear regression (Taoukis et al. 1997).

Statistical Analysis

The parameters of the mathematical model, which described
the inactivation of HP-resistant species as a function of pres-
sure–temperature combinations, were calculated using non-
linear regression (SYSTAT 8.0 Statistics 1998, SPCC Inc.,

USA). The experimental D values were correlated to the
predicted from the model ones using the statistical software
package SigmaPlot (v 8.0, SPCC Inc., USA).

Analysis of variance (ANOVA) at a significance level
of 95 % was used for the analysis of quality degradation
rates of untreated and HP-treated gilthead seabream fillets
(STATISTICA® 7.0, StatSoft Inc., Tulsa, USA). Significant
differences were calculated according to Duncan’s multiple
range test (α=0.05).

Results

Identification and Inactivation of HP Resistant-Species
as a Function of Pressure and Temperature

According to the API 50CHL test, the HP-resistant isolates
were classified asPediococcus spp. The effect of processing at
various combinations of pressure (150–600 MPa) and tem-
perature (20-40 °C) on the inactivation of Pediococcus spp.
was studied as a function of time. In Fig. 1, the effect of
process temperature at 600 MPa on the reduction of
Pediococcus spp. counts and, in Fig. 2 the effect of pressure
processing at 30 °C on the reduction of Pediococcus spp.
counts are illustrated. HP inactivation of Pediococcus spp.
was described by the Baranyi model (R2 ranged from 0.91 to
0.99). The D values were estimated at all pressure and tem-
perature combinations studied (Table 1). The D values de-
creased with increasing processing pressure and temperature
at all temperature and pressure levels tested, respectively,
indicating the synergistic effect of temperature and pressure
on the inactivation. Moreover, this microorganism seemed to
be more resistant when studied in the fish model system than
in phosphate buffer where the needed time for a 4-log10
reduction at 600 MPa and 23 °C was found equal to 1.7 min

Fig. 1 Pediococcus spp. inactivation during HP processing at 600 MPa
combined with temperatures in the range of 20–40 °C (black square
20 °C, white triangle 30 °C and black circle 40 °C; mean values of
triplicate measurements ± standard deviation)
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(Panagou et al. 2007) compared to 2.4 min in this study (value
estimated using the data received in 600 MPa and all the
studied temperatures).

At each temperature, the effect of pressure on the inactiva-
tion was expressed through the zP value. These values ranged
from 171 to 198 MPa (R2 from 0.89 to 0.93).

At each pressure, the effect of temperature on the D values
of Pediococcus spp. was expressed by the zT value. These
values ranged from 23.5 to 33.7 °C for the tested range of
processing pressures (R2 from 0.92 to 0.96), with no definite
trend when the applied pressure is increased, which is in
agreement with previous studies for a wide range of tested
microorganisms, growth media or processing conditions
(Reyns et al. 2000; Mallidis et al. 2003; Katsaros et al.
2010). In all the obtained curves, a tailing was observed with
further processing significantly increasing the inactivation of

microorganisms. For pressures up to 450 MPa, the tailing was
observed at 2.8–3.1 log10 cfu/mL, while for higher pressures
(600 MPa) the inactivation reached 1.0±0.4 log10 cfu/mL
(Fig. 2).

Modelling Inactivation of Pediococcus spp. as a Function
of Temperature and Pressure and Selection of HP Cold
Pasteurization Conditions

A single multi-parameter equation was applied to describe the
effect of pressure and temperature process conditions on theD
value of the tested microorganism, combining the aforemen-
tioned effect of pressure on the zT values and considering that
the effect of process temperature on the zP values was small
(Table 1) and followed no clear trend (Eq. 2):

D ¼ Do⋅ exp �2:303⋅R⋅T ⋅T re f

ZT
⋅ exp −A P−Pre fð Þ½ �⋅ 1

T
� 1

T re f

� �
þ 2:303

ZP
⋅ P � Pre fð Þ

� �� �−1

ð2Þ

where,Do the decimal reduction time at reference conditions of
pressure and temperature at 300 MPa and 30 °C, respectively.

The parameters of Eq. (2) were determined by non-linear
regression (Table 2), with a satisfactory statistical fit (R2=0.99).
The model gave satisfactory results with the predictions. The
R2=0.98 for the regression line y=x indicated that there was a
good agreement between predicted and observed Pediococcus
spp. decimal reduction times (D).

According to the developed model in order to achieve a 6D
reduction of the initial load of Pediococcus spp., process time
of almost 3 min, at 600 MPa and 25 °C, is sufficient. This
treatment will lead to a maximum inactivation of lactic acid
bacteria down to approximately 1 log10 cfu/g due to the tailing

effect which was observed in all tested conditions. Taking into
account the time needed to build up and stabilize the process

Fig. 2 Pediococcus spp. inactivation during HP processing at 30 °C
combined with pressures in the range of 150–600 MPa (black diamond
150 MPa, white triangle 300 Mpa, black circle 450 MPa and asterisk
600 MPa; mean values of triplicate measurements ± standard deviation)

Table 1 Decimal reduction times, D (min), of HP-treated Pediococcus
spp. in juice of seabream fillet. zP and zT values are also presented

Pressure 20 °C 30 °C 40 °C zT

150 MPa 205.0±361a 138±82a 50.5±1.43a 32.9±6.2e

300 MPa 8.70±1.121b 5.00±0.942b 1.54±0.153b 26.7±5.2 e

450 MPa 3.59±0.471c 0.92±0.112c 0.50±0.033c 23.5±4.5 e

600 MPa 0.82±0.181d 0.29±0.042d 0.21±0.042d 33.7±8.6 e

zP 197.6±36.54 170.9±25.64 196.1±39.34

Means with different superscripted lowercase letters (a, b, c, d, e) in each
column indicate significant differences between different pressure during
HP treatment (P<0.05)

Means with different superscripted numbers (1, 2, 3, 4) in each row
indicate significant differences between different temperature during HP
treatment (P<0.05)

Table 2 Parameters of the model of Pediococcus spp. inactivation as a
function of pressure and temperature for Tref=30 °C and Pref=300 MPa
(R2=0.998)

Parameter Value

Do (min) 4.98

zT (°C) 40.5

zP (MPa) 135

A (MPa−1) −0.006
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conditions (pressure–temperature), the practically recom-
mended process time for the 6D reduction of initial microbial
load is approximately 5 min.

Effect of HP on Microbial Growth of Gilthead Seabream
Fillets

The exponential growth rates of total viable count,Pseudomonas
spp. and lactic acid bacteria in untreated and HP-treated gilthead
seabream fillets stored at 0, 5, 10 and 15 °C are presented in
Fig. 3a–c.Microbial growthwas significantly inhibited in treated
samples at all storage temperatures (P<0.05). Initial micro-
organism load of fillets was also significantly decreased after
HP treatment (P<0.05). Pseudomonas spp. count was initial-
ly 3.7 log10 cfu/g while after HP treatment they were below
detection limit (less than 2 log10 cfu/g). HP led to more than
2.9 log10 cfu/g reduction to the initial count of lactic acid
bacteria (final load was below the detection limit, i.e. lower
than 1 log10 cfu/g). This is in agreement with previous
results reported for HP-treated tuna (Ramirez-Suarez and
Morrissey 2006), rainbow trout and mahi mahi (Yagiz
et al. 2007), squid (Paarup et al. 2002), and shrimp and

clams (Büyükcan et al. 2009). Gómez-Estaca et al. (2007)
observed that treatment with 300 MPa for 15 min led to
significant inhibition of total plate count and lactic acid
bacteria growth in cold-smoked dolphin–fish fillets.

Pseudomonas spp. dominated spoilage in control samples
and this was in agreement with previous studies on aerobically
stored gilthead seabream (Koutsoumanis and Nychas 2000;
Tsironi et al. 2009; Tsironi and Taoukis 2010). Pseudomonas
spp. counts in HP-treated fillets were below detection
limits (<100 cfu/g) for the whole storage period, i.e.
60 days at 0 and 5 °C, 35 days at 10 °C and 25 days
at 15 °C. Lactobacilli counts showed a slow increase in
treated samples but remained below the spoilage level of
6 log10 cfu/g, that has been reported for vacuum or
modified atmosphere packed fish (González-Rodrigez
et al. 2002; Stamatis and Arkoudelos 2007; Pantazi et al.
2008; Tsironi and Taoukis 2010). Total viable counts in
HP-treated samples reached maximum counts of 6.5–7.0
logcfu/g after 35 and 22 days of isothermal storage at 5
and 10 °C, respectively. The maximum TVC loads for
untreated fillets were 8.0–8.5 logcfu/g and were achieved
after 7 and 4 days at 5 and 10 °C, respectively. Under this
context, HP treatment may result in more than threefold
shelf life extension of gilthead seabream fillets, cold pas-
teurizing the products, by reducing the initial load and
delaying microorganisms’ growth.

The temperature dependence of the growth rates was
modelled by Arrhenius equation (R2>0.96, for control
and HP-treated samples). The activation energies and the
estimated growth rates at reference temperature 4 °C are
shown on Table 3.

Fig. 3 Exponential growth rates of (a) total viable count, (b) Pseudomonas spp. and (c) lactic acid bacteria in untreated and HP-treated (600MPa, 5 min,
25 °C) gilthead seabream fillets stored at 0, 5, 10 and 15 °C (mean values of two independent experiments ± standard deviation)

Table 3 Parameters and statistics of the Arrhenius model for total viable
count, Pseudomonas spp. and lactic acid bacteria exponential growth
constants of untreated (control) and HP-treated (600 MPa, 5 min) gilthead
seabream fillets stored at 0, 5, 10 and 15 °C

Treatment Ea (kJ/mol) kref(4°C) (d
−1) R2

Total viable count

Control 58.4±3.9a 0.44±0.07a 0.99

HP 73.2±7.5 0.07±0.02 0.93

Pseudomonas spp.

Control 58.7±2.1 0.43±0.04 0.99

HP Below detection limit

Lactic acid bacteria

Control 68.6±9.8 0.31±0.11 0.96

HP 83.7±5.1 0.07±0.01 0.99

a Fitted parameter values ±95 % confidence intervals based on the statis-
tical variation of the kinetic parameters of the Arrhenius model—regres-
sion analysis

Table 4 Colour parameters (L, a and b value) of gilthead seabream
fillets before and after HP treatment (600 MPa, 5 min) (mean of three
measurements±standard deviation)

Treatment L value a value b value

Control 44.77a±0.82 4.75a±0.27 −1.76a±0.06
HP 81.78b±0.63 0.11b±0.01 4.30b±0.16

Means with different lowercase letters (a, b) in each column indicate
significant differences between different treatments (P<0.05)
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Effect of HP onAppearance and Colour of Gilthead Seabream
Fillets

The HP process increased (P<0.05) the lightness of the fillets,
measured by the L value (Table 4). The fillets were slightly
translucent with a gray tinge, and when treated at 600 MPa for
5 min, there was loss of translucency. The gray tinge was also
lost and the fillets became more white and opaque. The a
value, an index of visual redness, decreased after HP treatment
(P<0.05), as shown on Table 4. The b value increased
(P<0.05) after HP treatment. Similar results have been report-
ed for other species, such as rainbow trout, mahi mahi (Yagiz
et al. 2007), cod, mackerel (Ohshima et al. 1993) and tuna
(Ramirez-Suarez and Morrissey 2006). Ohshima et al. (1993)
reported significant increase in a value and no significant
changes of b value of mackerel after HP treatment. These
changes may be attributed to globin denaturation and/or to
heme displacement or release (Cheftel and Culioli 1997).
According to Chéret et al. (2005) these changes of fish colour
by HP processing may be attributed to modifications of pro-
tein matrix.

L value of Control and HP-treated fillets decreased during
storage and was found to be adequately modelled by an
apparent zero-order reaction (Eq. 3), as shown in Fig. 4a–b:

L ¼ kL ⋅ t þ Lo ð3Þ

where kL is the colour change rate constant at temperature T
and L, Lo the values at storage times t and zero, respectively.
The kL values increased with storage temperature and were
higher for the control fillets (kL,contol=0.407±0.026, 0.902±
0.056, 1.404±0.178 and 2.174±0.459 days−1 for isothermal
storage at 0, 5, 10 and 15 °C, respectively), indicating that
flesh colour in untreated samples deteriorated faster than in
the HP-treated fillets (kL,HP=0.076±0.008, 0.122±0.009,
0.176±0.010 and 0.332±0.030 day−1 for isothermal storage
at 0, 5, 10 and 15 °C, respectively). Temperature depen-
dence of the kL values was adequately described by Arrhe-
nius kinetics (R2>0.97, for control and HP-treated sam-
ples). The estimated Ea values were 71.7 (±7.3) and 62.5
(±5.3) kJ/mol for untreated and HP-treated samples, respec-
tively, indicating similar temperature dependence of the
colour change rates (P>0.05).

Effect of HP on Texture of Gilthead Seabream Fillets

Texture parameters were also affected by HP treatment.
Hardness increased significantly (P<0.05) after HP process-
ing (Table 5). Yagiz et al. (2007) reported higher hardness
values on HP-treated rainbow trout and mahi mahi when
compared to untreated fish muscle and attributed this to myo-
fibrillar protein denaturation and gel formation (Ohshima et al.
1993; Cheftel and Culioli 1997). Increased hardness has been
also reported for HP (500MPa, 5 min) treated sea bass (Chéret
et al. 2005; Angsupanich and Ledward 1998) reported signif-
icant increase in hardness of cod treated with 400 and
600 MPa for 20 min and attributed this to the formation of
hydrogen-bonded networks in the fish muscle. Cohesiveness
increased after HP treatment (Table 5), being in agreement
with Yagiz et al. (2007), who reported significantly higher
cohesiveness for rainbow trout and mahi mahi treated at
600 MPa, compared to untreated samples. Adhesiveness was
lower in HP-treated fillets (Table 5), compared to the control
samples, as also reported by Yagiz et al. (2009) for HP-treated
salmon, but these changes showed no dependence on storage
time and temperature.

Texture parameters in treated samples remained almost
stable during preservation at all storage temperatures.
Hardness of untreated samples increased significantly
(P<0.05) during storage, reaching values of 40±3.2 N after
1-week storage at 5 °C. Cohesiveness showed a progressive
decrease during storage of Control fillets, reaching values of
0.21±0.03 at the end of storage period (Fig. 5a–c). Ramirez-
Suarez and Morrissey (2006) also reported that texture of HP-
treated (275 and 310 MPa for 6 min) minced albacore tuna
was not affected during refrigerated storage at 4 °C.

Fig. 4 Changes of colour
(L value) of (a) untreated and (b)
HP treated (600 MPa for 5 min)
during storage at bold dash 0,
black square 5, black triangle 10
and white circle 15 °C (mean
values of three measurements in
three different samples ± standard
deviation)

Table 5 Texture parameters (hardness, cohesiveness and adhesiveness)
of gilthead seabream fillets before and after HP treatment (600 MPa,
5 min) (mean of three measurements ± standard deviation)

Treatment Hardness (N) Cohesiveness Adhesiveness (N·sec)

Control 13.2a±1.1 0.39a±0.02 −0.12a±0.01
HP 68.6b±2.3 0.65b±0.03 −0.36b±0.02

Means with different lowercase letters (a, b) in each column indicate
significant differences between different treatments (P<0.05)
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Sensory Evaluation of Gilthead Seabream Fillets and Shelf
Life Determination

The characteristics of freshness (appearance, odour and taste)
for the untreated samples were strong for only 3–4 days when
stored at 5 °C. Fresh fish had a sweet seaweed-like odour,
which developed into a strong fishy odour. The sensory spoil-
age characteristics were sour, fish and putrid off flavours and
discoloration of fish flesh. HP-treated samples showed signif-
icantly lower rates of organoleptic degradation compared to
untreated fillets (P<0.05). Off-flavours were evident to HP-
treated samples after approximately 3 weeks at 5 °C. A score of
5 for overall impression was considered as the limit of accept-
ability equivalent to slight off odour and off taste development.

Overall acceptability scores were modelled by apparent
zero order lines (R2>0.94), as shown in Fig. 6a–b, and the
rates of sensory deterioration were described by the Arrhenius
equation (R2>0.98). The activation energy values were simi-
lar to the respective ones for microbial growth (61.6±6.7 and
57.4±5.6 kJ/mol for the untreated and the HP-treated samples,
respectively).

HP processing of gilthead seabream fillets led to significant
shelf life extension (P<0.05) as compared to untreated fillets.
The shelf life of the untreated samples calculated by the
Arrhenius model (limit=5 score for overall acceptability)
was 11, 7, 4 and 3 days while for the HP-treated fillets shelf
life was estimated at 37, 27, 17 and 10 days at 0, 5, 10 and
15 °C, respectively. Paarup et al. (2002) reported shelf life 7
and 28 days for untreated and HP-treated (400 MPa for
15 min) vacuum-packed squid mantles, respectively, during

storage at 4 °C. HP improved also the shelf life of minced
albacore tuna muscle for more than 22 days (Ramirez-Suarez
and Morrissey 2006) and for 12–14 days for shrimp and
clams, during refrigerated storage at 4 °C (Büyükcan et al.
2009). Lower pressures (220–330MPa) for 5–10min resulted
in limited shelf life extension at 4 °C for gilthead seabream
fillets (18 for HP-treated vs. 15 days for control fillets) and the
process conditions were selected based on chemical indices
(TMA-N, TBARs) and colour changes (Erkan and Üretener
2010). In the present study, the processing conditions
(600 MPa, 5 min) were selected based on the inactivation of
the most resistant microorganisms found in the microflora of
fish resulting in significant inhibition of microbial growth at
refrigerated conditions.

Pseudomonas spp. growth was a good index for quality
deterioration of aerobically packed untreated fillets, as also
reported for Mediterranean fish species (Taoukis et al. 1999;
Koutsoumanis and Nychas 2000; Koutsoumanis et al. 2002;
Pantazi et al. 2008). Limit of sensory shelf life, coincided with
a Pseudomonas spp. level of 106 cfu/g. Based on microbial
growth, shelf life of control samples was estimated at 12,
7, 4 and 3 days at 0, 5, 10 and 15 °C, respectively,
similar to the values estimated by sensory evaluation. In
HP-treated samples lactobacilli, usually used as spoilage
index of vacuum-packed fish (González-Rodrigez et al.
2002; Stamatis and Arkoudelos 2007; Pantazi et al.
2008; Tsironi and Taoukis 2010), did not reach the spoilage
level of 6 log10 cfu/g during the whole study. Textural changes
together with rancid taste were the dominant reasons for
sensory rejection of treated samples.

Fig. 5 Texture parameters (a) hardness, (b) cohesiveness and (c) adhesiveness of untreated gilthead seabream fillets stored at 5 °C and
10 °C and HP-treated (600 MPa, 5 min) samples stored at 5 °C and 10 °C

Fig. 6 Overall acceptability for
(a) untreated (control) and (b) HP
treated (600 MPa for 5 min)
during storage at bold dash 0,
black square 5, black triangle 10
and white circle 15 °C (mean
scores of 8 panellists ± standard
deviation)
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Conclusions

Pressure and temperature appeared to act synergistically in
Pediococcus spp. inactivation. HP inactivation of Pediococcus
spp. was described by the Baranyi model. To serve as a tool for
calculation of adequate process conditions, a composite mathe-
matical model was developed. The model describes the decimal
reduction times of Pediococcus spp. as a function of pressure
and temperature process conditions, taking into account the
effect of pressure on the zT values and considering that there
was not observed an effect of process temperature on the
zPvalues. The developed model was validated by shelf life
experiments of seabream fillets. Results indicated that the
application of HP led to improved quality stability during
subsequent refrigerated storage and significant shelf life
extension, in terms of microbial growth and organoleptic
degradation. Based on sensory scoring, the shelf life of the
untreated samples was 11, 7, 4 and 3 days and for the HP-treated
fillets 37, 27, 17 and 10 days at 0, 5, 10 and 15 °C, respectively
(limit equal to 5 /9 for overall acceptability scoring).

Several technologies, including packaging, have been in-
vestigated for their potential to extend the shelf life of gilthead
seabream, such as osmotic dehydration (Tsironi et al. 2009;
Tsironi and Taoukis 2010), vacuum impregnation (Andrés-
Bello et al. 2014), light salting (Goulas and Kontominas 2007)
and modified atmosphere packaging (Tsironi et al. 2011).
Limited shelf life is obtained or the sensory characteristics of
the fish (mainly taste and odour) are influenced, as reported by
Goulas and Kontominas (2007) for the addition of oregano
essential oil to the surface of fish fillet. The results of the
study show the potential of using HP for marine cultured
gilthead seabream fillet cold pasteurization, by inactivating
the dominant microbial factor that causes quality deterio-
ration. The proposed process conditions for gilthead
seabream fillets are 600-MPa pressure, at ambient temperature
(25 °C) for 5 min, leading to more than threefold shelf life
extension during storage at 5 °C.
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