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Effect of high-pressure treatment on microbial activity and lipid
oxidation in chilled coho salmon
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This work studies the effect of a previous hydrostatic high-pressure (HHP) treatment on chilled farmed
coho salmon (Oncorhynchus kisutch). Three different HHP conditions were applied (135 MPa-30 s,
170 MPa-30 s, and 200 MPa-30 s for treatments T-1, T-2, and T-3, respectively) and compared to
untreated (control) fish throughout a 20-day chilled storage. Microbial activity and lipid oxidation devel-
opment were analyzed. Assessment of aerobe, psychrotroph, Shewanella spp. and Pseudomonas spp. counts
and trimethylamine formation showed a marked inhibitory effect (p ,0.05) of HHP treatment on micro-
bial activity, with this effect increasing with the pressure value employed. Related to lipid oxidation
development, higher peroxide mean values (day 10–20 period) were found in control samples and fish
treated under T-1 condition when compared to their counterparts corresponding to T-2 and T-3 treat-
ments. On the contrary, quantification of thiobarbituric acid-reactive substances and fluorescent interac-
tion compounds showed higher levels (p ,0.05) in fish samples corresponding to T-2 and T-3 treatments.
In spite of the lipid oxidation development found, polyene index and tocopherol isomer (a and g) content
did not provide differences (p .0.05) as a result of previous HHP treatment.

Keywords: Chilling / Coho salmon / High pressure / Lipid oxidation / Microbial activity

Received: July 30, 2009; accepted: October 7, 2009

DOI 10.1002/ejlt.200900173

362 Eur. J. Lipid Sci. Technol. 2010, 112, 362–372

Practical applications

This study focuses on a fish species (coho salmon; On-
corhynchus kisutch) that has recently received great attention
because of its increasing farming production and availability
to elaborate different kinds of commercial products. Previous
research has shown quality losses during its traditional ice
chilling. In the present study, the effect of a previous hydro-
static high-pressure (HHP) treatment was tested and com-
pared to untreated fish during a 20-day chilled storage. A
comparative study of the microbial activity and lipid oxidation
was performed. As a result of the two highest pressure condi-

tions tested, microbial activity was partially inhibited in chilled
fish, while a higher secondary and tertiary lipid oxidation
compound formation was observed. However, such rancidity
development did not lead to significant changes in PUFA and
tocopherol isomer contents. It is concluded that previous
employment of HHP conditions can provide a quality and
safety enhancement during the chilled storage of this farmed
species.

1 Introduction

Fish species are known to deteriorate rapidly postmortem. To
slow down the mechanisms involved in quality loss, the fish
should be refrigerated immediately after capture. Flake ice has
been the most often employed method to cool and store fish
products and partially inhibits detrimental effects on the
commercial value. In spite of such efforts, significant dete-
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rioration of sensory quality and nutritional value has been
detected in chilled fish as a result of different damage path-
ways, such as endogenous enzymatic activity, microbial
development and lipid oxidation [1, 2].

As a result of an increasing consumer demand for high-
quality fresh products, fish technologists and the fish trade
have developed different advanced processing systems.
Among them, hydrostatic high-pressure (HHP) technology
has been shown to maintain sensory and nutritional proper-
ties, while inactivating microbial development and leading to a
shelf life extension and a safety enhancement [3, 4]. This
technology has shown potential application in the seafood
industry for the surimi and kamaboko production [5, 6], as
assisting thawing [7] and for the cold-smoked fish preparation
[8].

An additional positive effect of HHP treatment is that
deteriorative molecules, such as hydrolytic and oxidative en-
dogenous enzymes, can be inactivated for a further storage/
processing of the fish product [3, 4]. However, HHP has been
reported to damage membranes, denature proteins and cause
changes in cell morphology; although covalent bonds are not
broken, weak energy bonds like hydrogen and hydrophobic
bonds can be irreversibly modified, leading to important con-
sequences for the secondary, tertiary and quaternary struc-
tures in proteins [9–11]. In addition, HHP treatment has been
reported to induce oxidative changes in lipid matter of fish
products, so that an important loss of rancidity stability has
been mentioned [3, 12].

Among cultivated fish, coho salmon (Oncorhynchus
kisutch), also called silver salmon, has received great attention
because of its increasing production in countries like Chile,
Japan and Canada [13], in parallel to important capture pro-
duction in countries such as USA, Russian Federation,
Canada and Japan [14]. Previous research related to the
chilled storage of this species accounts for the development of
different spoilage pathways and quality loss [15, 16]. In the
present work, the effect of a previous HHP treatment on
chilled storage of this species was investigated. The study
focuses on the microbial activity and the lipid oxidation
development.

2 Materials and methods

2.1 Raw fish, processing and sampling

Coho salmon specimens (50–52 cm length; 2.8–3.0 kg
weight) were obtained from an aquaculture facility (Aqua-
chile, S. A., Puerto Montt, X Región, Chile). Individuals were
sacrificed in the plant by a sharp blow to the head, the gills cut,
bled in a water-ice mixture, headed, gutted and transported to
the laboratory during 24 h under slurry ice conditions (40%
ice and 60% water; –1.0 7C) at a 1 : 1 fish-to-ice ratio. Then,
the fish was filleted, cut into pieces (weight range: 125–150 g)
and placed in flexible polyethylene bags.

HHP treatment was performed in a cylindrical loading
container at room temperature in a 2-L pilot high-pressure
unit (Avure Technologies Incorporated, Kent, WA, USA)
using water as the pressurizing medium. Three different
HHP conditions (135 MPa for 30 s, 170 MPa for 30 s and
200 MPa for 30 s: treatments T-1, T-2 and T-3, respectively)
were applied to fish and compared to untreated fish (control,
treatment C). Fish was then kept under chilling conditions
(traditional flake ice) in a refrigerated room (4 7C). Sampling
was carried out on salmon white muscle at days 0, 6, 10, 15
and 20 of chilled storage. For all kinds of samples, three dif-
ferent batches (n = 3) were considered and analyzed sepa-
rately.

A different response to HHP treatment has been reported
to occur according to different factors in marine species and
products such as species nature, chemical composition and
size [4, 17]. Accordingly, a preliminary study was undertaken
before choosing the HHP treatment range to be applied in the
present experiment. Then, two independent variables were
considered (pressure to be applied and holding time) and their
effect on visual analysis of salmon fish (color, gaping, elasticity
and firmness) was carried out. Pressure and holding time
conditions corresponding to the best visual appearance
obtained were selected for the actual research. Such HHP
conditions are in agreement with the optimized conditions
previously recommended for farmed turbot (Scophthalmus
maximus) fillets as not contributing to important physico-
chemical modifications [18].

2.2 Microbial analyses

All samples were analyzed for counts of aerobic mesophilic
and psychrotrophic microorganisms, Pseudomonas spp. and
H2S-producing bacteria (Shewanella spp.). Of each sample,
10 g was obtained aseptically and homogenized with 90 mL of
chilled maximum recovery diluent (Oxoid, Basingstoke, UK)
for 60 s. Further, decimal dilutions were made with the same
diluent and duplicates of at least three dilutions were plated on
the appropriate media, according to the following procedures.

In order to enumerate the aerobic mesophilic and psy-
chrotrophic microorganisms, 1 mL of each dilution were
pour-plated in Long and Hammer’s medium with 1% NaCl,
as described by Van Spreekens [19]. After incubation at 30 7C
for 72 h (for mesophilic counts) and at 7 7C for 10 days (for
psychrotrophic counts), plates with 30–300 colonies were
counted.

To count the Pseudomonas spp., 0.1 mL of each dilution
were spread on the surface of Pseudomonas CFC-selective
medium (Oxoid). After incubation at 25 7C for 2 days, plates
with 30–300 colonies were counted and five colonies with
different morphological aspects were purified on Trypticase
Soy Agar (TSA; Difco, Detroit, USA), and further confirmed
to be isolates of Pseudomonas spp. by checking for production
of cytochrome oxidase [20] and the ability to utilize glucose in
the oxidation-fermentation test [21]. Results on total counts of
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Pseudomonas spp. were based on the percentage of colonies
tested that were identified as Pseudomonas spp.

For the H2S-producing bacteria count, 1 mL of dilution
was inoculated into 10 mL Iron Agar Lingby (Oxoid) and,
after mixing and solidifying, each plate was covered with a
layer of the same medium. After incubation at 25 7C for
3 days, plates with 15–150 characteristic colonies (black
colonies due to precipitation of FeS) were counted and five
randomly selected typical colonies were purified on TSA, and
further confirmed by establishing the following morphological
and biochemical properties as described by Gram et al. [22]:
gram negative, motile rods with positive catalase and oxidase
reactions, oxidative glucose metabolism, and H2S producing.

Microbiological data were transformed into logarithms of
the number of colony-forming units (CFU/g muscle).

2.3 Chemical analyses

Total volatile base-nitrogen (TVB-N) values were measured
by a distillation-titration method, according to the Aubourg et
al. [23] method: Fish muscle (10 g) was extracted with 6%
perchloric acid and brought up to 50 mL. Then, steam dis-
tillation of the acid extracts rendered alkaline to pH 13 with
20% NaOH was carried out. Finally, the TVB-N content was
determined by titration of the distillate with 10 mM HCl. The
results were expressed as mg TVB-N/kg muscle.

Trimethylamine-nitrogen (TMA-N) values were deter-
mined by the picrate method, as previously described by
Tozawa et al. [24]. This technique involves the preparation of
a 5% trichloroacetic acid extract of fish muscle (10 g/25 mL).
The results were expressed as mg TMA-N/kg muscle.

Moisture content was determined by the difference be-
tween the weight of fresh homogenized muscle (1–2 g) and
the weight recorded after 4 h at 105 7C, according to the
AOAC method [25]. Results were expressed as g water/kg
muscle.

Lipids were extracted by the Bligh and Dyer [26] method,
by employing a single-phase solubilization of the lipids using a
chloroform/methanol (1 : 1) mixture. Quantification results
were expressed as g lipid/kg muscle.

The peroxide value (PV) was determined by peroxide
reduction with ferric thiocyanate, according to the Chapman
and McKay [27] method. Results were expressed as meq
active oxygen/kg lipids.

The thiobarbituric acid index (TBA-i) was determined
according to Vyncke [28]. This method is based on the reac-
tion between a trichloroacetic acid extract of the fish muscle
and thiobarbituric acid. The content of thiobarbituric acid-
reactive substances (TBARS) was spectrophotometrically
measured at 532 nm and the results were expressed as mg
malondialdehyde/kg muscle.

The formation of fluorescent compounds was determined
by measurements at 393/463 nm and 327/415 nm as de-
scribed by Aubourg et al. [29]. The relative fluorescence (RF)
was calculated as follows: RF = F/Fst, where F is the fluores-

cence measured at each excitation/emission maximum, and Fst

is the fluorescence intensity of a quinine sulfate solution (1 mg/
mL in 0.05 M H2SO4) at the corresponding wavelength. The
fluorescence ratio (FR) was calculated as the ratio between the
two RF values: FR = RF393/463 nm/RF327/415 nm. The FR value
was determined in the aqueous phase resulting from the lipid
extraction [26].

Lipid extracts were converted into fatty acid methyl esters
(FAME) by employing acetyl chloride and then analyzed by
gas chromatography, according to Aubourg et al. [29]. FAME
were analyzed by means of a Perkin-Elmer 8700 chromato-
graph employing a fused-silica capillary column SP-2330
(0.25 mm i.d.630 m; Supelco, Bellefonte, PA, USA). Nitro-
gen at 10 psi as carrier gas and a flame ionization detector
(FID) at 250 7C were used. Peaks corresponding to fatty acids
were identified by comparison of their retention times with
standard mixtures (Qualmix Fish, Larodan, Malmo, Sweden;
FAME Mix, Supelco). Peak areas were automatically inte-
grated, with 19:0 fatty acid being used as internal standard for
quantitative analysis. The polyene index (PI) was calculated as
the following fatty acid ratio: (20:5n-3 1 22:6n-3)/16:0.

Tocopherols were analyzed according to Cabrini et al.
[30]: Lipophilic antioxidants were extracted from the muscle
with hexane, brought to dryness under nitrogen flux, dis-
solved in isopropanol and injected for HPLC analysis. An
ultrasphere ODS column (15 cm60.46 cm i.d.) was
employed, by applying a gradient from 0 to 50% isopropanol.
The flow rate was 1.5 mL/min. Detection was achieved at
280 nm. a-, g- and d-isomers were detected in farmed sal-
mon samples, with their contents being expressed as mg/kg
muscle.

2.4 Statistical analysis

Data (n = 3) obtained from the different microbial and
chemical analyses were subjected to the ANOVA method
(p ,0.05) to explore differences in two different ways: high-
pressure effect and chilled storage effect (Statsoft, Statistica,
version 6.0, 2001); comparison of means was performed
using a least-squares difference (LSD) method. Correlation
analysis among parameters (chilling time, microbial counts
and chemical indices) was also carried out.

3 Results and discussion

3.1 Analysis of microbial activity by microbial and
chemical parameter assessment

Total aerobe (Fig. 1) and psychrotrophic (Fig. 2) counts
showed increasing (p ,0.05) values throughout the chilled
storage for all fish samples, with this increase being lower in
the last period of the experiment (days 15–20); accordingly, a
good logarithmic fitting was obtained with chilling time in all
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Figure 1. Comparative aerobe count assessment in chilled salmon previously treated under different HHP conditions. Mean values of
three (n = 3) independent determinations are given. Standard deviations are denoted by bars. Treatment abbreviations: control (C),
135 MPa for 30 s (T-1), 170 MPa for 30 s (T-2), and 200 MPa for 30 s (T-3).

Figure 2. Comparative psychrotroph count assessment in chilled salmon previously treated under different HHP conditions. Mean values
of three (n = 3) independent determinations are given. Standard deviations are denoted by bars. Treatment abbreviations as given in Fig. 1.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ejlst.com



366 S. P. Aubourg et al. Eur. J. Lipid Sci. Technol. 2010, 112, 362–372

kinds of samples for both microbial group counts (r2 = 0.93–
0.94). Comparison of data corresponding to day 0
(Figs. 1, 2) showed a higher (p ,0.05) value in control fish
when compared to fish treated under T-2 and T-3 conditions,
so that an inhibitory effect on microbial values could be
concluded according to previous research on different kinds
of marine species and products [11, 17, 31, 32]. At this time
(day 0), no differences (p .0.05) could be assessed among
samples corresponding to the different HHP conditions.
When the chilling time is considered (day 6–10 period), a
progressive mean microbial count decrease could be assumed
as a result of increasing the pressure applied according to
previous research [11, 17, 33]; indeed, higher aerobe and
psychrotrophic values (p ,0.05) were present in control fish
when compared to fish from T-2 and T-3 conditions. At the
end of the experiment, all kinds of samples showed aerobe
and psychrotrophic counts around 7.0 log CFU/g muscle,
which is the acceptable microbial limit in fresh and frozen
fish (The International Commission on Microbiological
Specifications for Foods). In this sense, sensory rejection of
fish products has typically been recognized at the 7.0–8.0 log
CFU/g muscle range [2]. Such lack of difference at the end of
the experiment is in agreement with previous research [33]:
Sea bass fillets were treated under different HHP conditions
(from 100 to 500 MPa) and then kept chilled; when an
advanced stage of deterioration was attained (day 14), no
differences among the different HHP-treated samples were
observed in the microbial counts [33].

Microbial development analysis was complemented by the
count assessment of Shewanella spp. and Pseudomonas spp.,
two known gram-negative microbial groups. Both kinds of
microorganisms (Table 1) showed an important increase

(p ,0.05) with time in all kinds of samples, with this increase
being specially marked at day 6. As for the aerobe and psy-
chrotrophic counts, good logarithmic fittings were obtained
for all kinds of samples with chilling time (r2 = 0.90–0.94). An
inhibitory effect of HHP treatment could be assessed, since no
presence of both spoilage groups could be detected in high-
pressure-treated fish at day 0, independently of the HHP
conditions applied. It is concluded that all pressure-time con-
ditions tested in the present experiment were valuable in order
to eliminate the initial loads of Shewanella spp. and Pseudomo-
nas spp. During the last storage period (days 15–20), com-
parison among treatments showed higher (p ,0.05) levels in
control samples than in pressure-treated fish for Shewanella
spp. counts; additionally, an important partial inhibitory effect
of the pressure value could be observed for the same period,
so that fish corresponding to the T-1 treatment showed higher
(p ,0.05) levels than their counterparts from the T-2 and T-3
conditions. Related to the presence of the Pseudomonas genus,
comparison among fish samples did not provide clear ten-
dencies throughout the day 6–20 period; however, higher
mean values were obtained in most cases for samples corre-
sponding to control fish during the day 0–15 period. At the
end of the experiment, no differences (p .0.05) were
observed among samples.

Fish and shellfish are known to be generally spoiled by
gram-negative bacteria. Previous research has shown that
gram-negative bacteria are less resistant to HHP than gram-
positive bacteria, and so are spores [34]; this has been
explained as a result of the complexity of gram-negative cell
membranes. The present results agree with this gram-negative
susceptibility to HHP treatment, so that an important micro-
bial inactivation was attained.

Table 1. Shewanella spp. and Pseudomonas spp. assessment (log CFU/g muscle)§ in chilled salmon that was previously treated under
different HHP conditions.

Chilled storage time [days] Shewanella spp. Pseudomonas spp.

C T-1 T-2 T-3 C T-1 T-2 T-3

0 a1.96y

(0.16)

a0.00z

(0.00)

a0.00z

(0.00)

a0.00z

(0.00)

a1.30y

(0.13)

a0.00z

(0.00)

a0.00z

(0.00)

a0.00z

(0.00)
6 b3.15

(0.16)

b2.66
(0.39)

b3.51
(0.69)

b3.22
(0.09)

b3.46y

(0.06)

b2.74z

(0.43)

b2.48z

(0.06)

b3.58y

(0.29)
10 c3.74

(0.14)

c3.55
(0.34)

bc4.06
(0.66)

c4.00
(0.28)

c4.94x

(0.24)

c3.94zy

(0.45)

c3.99z

(0.11)

c4.52yx

(0.53)
15 d5.31x

(0.09)

d4.69y

(0.03)

c4.40z

(0.08)

cd4.46z

(0.18)

cd5.24y

(0.06)

d5.19zy

(0.22)

d4.81z

(0.16)

cd5.11zy

(0.14)
20 e5.90x

(0.06)

e4.83y

(0.04)

c4.57z

(0.09)

d4.59z

(0.07)

d5.41
(0.13)

e5.58
(0.07)

e5.49
(0.29)

d5.63
(0.15)

§ Mean values of three independent determinations (n = 3) are given. Standard deviations are indicated in brackets. For each microbial quality
index and for each chilling time, mean values followed by different letters (z, y, x) denote significant (p ,0.05) differences among treatments.
For each microbial quality index and for each treatment, mean values preceded by different letters (a–e) denote significant (p ,0.05) differences
as a result of chilling time. No letters are included in cases of no significant (p .0.05) differences.
Treatment abbreviations: control (C), 135 MPa for 30 s (T-1), 170 MPa for 30 s (T-2), 200 MPa for 30 s (T-3).
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Microbial activity was also measured by chemical indices
such as nitrogen from total volatile amines and trimethyla-
mine. With some exceptions, the TVB-N content (Table 2)
showed a progressive increase throughout the chilled storage
in all kinds of samples, in agreement with the above-men-
tioned microbial parameters. However, the TVB-N content
did not provide a satisfactory correlation with time (r2 = 0.67–
0.81, quadratic fitting) or the microbial parameters (r2 =
0.55–0.87, linear fitting) throughout the chilled storage. The
TVB-N content found can be considered low when compared
to other fish species under similar conditions [1, 29]; however,
previous research has already shown a low TVB-N formation
for the present species when kept under chilling conditions
[16]. No differences (p .0.05) could be assessed among the
samples at day 0, so that no effect (p .0.05) of previous HHP
treatment could be assessed on the TVB-N content. Then,
higher mean values could be observed in control fish indi-
viduals than in their corresponding pressure-treated counter-
parts in the day 15–20 period; however, comparison of the
different HHP-treated samples did not provide a clear effect
throughout the chilled storage. On the contrary, an inhibition
of total volatile amine formation was observed in chilled octo-
pus that was previously pressure treated [10]; in that case,
higher pressure and holding time conditions were applied.

For all kinds of samples, the TMA-N content (Table 2)
showed important increases (p ,0.05) throughout the chilled
storage (r2 = 0.94–0.95, logarithmic fitting). These increases
were specially marked at day 6, according to values obtained
for microbial count parameters (Figs. 1, 2; Table 1). Thus,
good correlation values were obtained between the TMA-N
content and the microbial parameters throughout the chilled
storage for all kinds of samples (r2 = 0.91–0.94, linear fitting).
As for the TVB-N values, the contents of TMA-N at day 0

did not provide an inhibitory effect of HHP; for both chemical
parameters, it can be argued that the values obtained corre-
spond to those already present in the starting raw fish
employed. Later on (days 6–20 of storage), comparison
among the different fish samples showed a decreasing TMA-
N mean content as long as the pressure previously applied was
higher; in most cases, lower (p ,0.05) TMA-N values were
obtained in fish samples corresponding to T-2 and T-3 condi-
tions when compared to control fish. An inhibitory effect of
previous HHP treatment on trimethylamine formation during
chilled storage was also found in minced hake muscle [31].

3.2 Lipid analyses related to lipid oxidation
development

The lipid content of the employed salmon white muscle was
included in the range of 42.5–77.5 g/kg muscle, while the
moisture value ranged between 695 and 725 g/kg muscle.
These values are in agreement with previous research on this
farmed fatty fish species [15, 35].

Primary oxidation (peroxide formation; Fig. 3) showed a
progressive formation (p ,0.05) throughout the chilled stor-
age time for all kinds of fish samples (r2 = 0.89–0.94, linear
fitting). Data obtained at day 0 revealed a low peroxide for-
mation (,3.3 meq active oxygen/kg lipids) and no differences
(p .0.05) among samples corresponding to the different
treatments, so that no peroxide formation could be concluded
after the HHP treatment. On the contrary, previous research
[3] showed that the primary oxidation compound (peroxides)
content would increase as a result of pressure treatment;
however, higher pressures (200–600 MPa) and longer holding
times (15–30 min) were employed in such cases when com-
pared to the conditions of the actual research. In the present

Table 2. TVB-N and TMA-N content (mg/kg muscle)§ in chilled salmon that was previously treated under different HHP conditions.

Chilled storage time [days] TVB-N TMA-N

C T-1 T-2 T-3 C T-1 T-2 T-3

0 a289.6
(13.5)

a282.8
(29.2)

a286.2
(5.8)

a289.6
(8.9)

a1.3
(0.1)

a1.8
(0.0)

a1.3
(0.1)

a1.6
(0.2)

6 ab307.5
(8.5)

ab301.4
(1.6)

ab307.5
(33.0)

a295.2
(8.5)

b20.6x

(0.4)

b18.1y

(0.1)

b13.0z

(1.2)

b13.9z

(0.3)
10 ab313.1y

(10.1)

a289.6z

(12.1)

a308.6zy

(11.8)

b319.9y

(14.7)

c24.0y

(2.3)

bc20.6zy

(3.9)

c17.8z

(1.9)

c17.6z

(2.8)
15 b313.5y

(8.9)

ab304.2zy

(22.4)

a291.8z

(9.7)

ab294.1zy

(15.6)

d31.1y

(2.5)

c27.2zy

(6.2)

d22.7z

(1.5)

cd21.6z

(3.1)
20 c352.4y

(1.9)

b335.0zy

(17.6)

b338.4z

(2.4)

b333.2z

(7.8)

d34.0y

(5.1)

c28.8zy

(3.0)

e29.9zy

(4.7)

d24.9z

(3.7)

§ Mean values of three independent determinations (n = 3) are given. Standard deviations are indicated in brackets. For both quality indices and
for each chilling time, mean values followed by different letters (z, y, x) denote significant (p ,0.05) differences among treatments. For each
quality index and for each treatment, mean values preceded by different letters (a–e) denote significant (p ,0.05) differences as a result of
chilling time. No letters are included in cases of no significant (p .0.05) differences.
Treatment abbreviations as given in Table 1.
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Figure 3. Comparative PV assessment in chilled salmon previously treated under different HHP conditions. Mean values of three (n = 3)
independent determinations are given. Standard deviations are denoted by bars. Treatment abbreviations as given in Fig. 1.

study, comparison among the samples throughout the chilling
time (day 10–20 period) showed lower mean values for indi-
viduals corresponding to the T-2 and T-3 treatments than for
their counterparts from the two other conditions, with this
difference being significant (p ,0.05) at day 15.

Secondary lipid oxidation (Table 3) showed a progressive
formation (p ,0.05) of TBARS throughout the chilled stor-
age for all kinds of samples (r2 = 0.86–0.90, quadratic fitting).
This result is in agreement with the above-mentioned increase
of peroxide formation (Fig. 3). The TBARS content at day 0
showed an important effect of pressure treatment so that an
increasing TBA-i value was obtained by increasing the applied
pressure. Throughout the chilled storage (day 6–15 period),
higher (p ,0.05) values were obtained for samples corre-
sponding to the highest pressure treatment (T-3) when com-
pared to control fish, so that a pro-oxidant effect of pressure
could be concluded in chilled fish. No differences (p .0.05)
among the samples could be outlined at the end of the
experiment.

An increase of the secondary lipid oxidation compound
(TBA-i) content as a result of HHP treatment has also been
observed for carpet fillets [36] and turbot fillets [18], both
showing an increasing effect with holding time. Previous re-
search also accounts for an increase in TBARS content as a
result of HHP treatment followed by a further fish storage/
processing; this was the case for chilled rainbow trout [17],
cold-smoked salmon [8] and refrigerated (4 7C) cod muscle

[12]. Opposite results were obtained, however, by Ramírez-
Suárez and Morrisey [11] when minced albacore muscle was
HHP treated and then refrigerated at 4 7C; thus, a lower
TBARS formation was found in HHP-treated fish than in
control ones.

The results obtained in the present experiment for tertiary
lipid oxidation compounds are shown in Table 3. An increas-
ing (p ,0.05) formation of fluorescent compounds could be
observed for all kinds of samples throughout the day 0–10
period of chilled storage (Table 3). This result is in agreement
with the above-mentioned results concerning PV (Fig. 3) and
TBA-i (Table 3), and can be explained as a result of chemical
reaction between primary and secondary oxidized lipids
(namely, electrophilic compounds) and protein-type mole-
cules (namely, nucleophilic compounds) present in the sal-
mon muscle. According to the FR values, no effect (p .0.05)
of HHP treatment could be detected at day 0. However,
comparison among the different kinds of samples provided
differences in the day 10–20 period; thus, control samples and
those treated under the lowest pressure conditions (T-1)
showed a lower (p ,0.05) FR value than their counterpart fish
belonging to the T-2 and T-3 treatments.

Lipid oxidation development is recognized as a complex
process where different kinds of molecules are produced, most
of them unstable and susceptible to breakdown, leading to
lower-molecular-weight compounds or reacting with other
molecules (mostly of nucleophilic type) present in the fish
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Table 3. TBA-i and fluorescence ratio assessment§ in chilled salmon that was previously treated under different HHP conditions.

Chilled storage time [days] TBA-i
[mg malondialdehyde/kg muscle]

Fluorescence ratio

C T-1 T-2 T-3 C T-1 T-2 T-3

0 a0.35z

(0.09)

a0.40zy

(0.07)

a0.47zy

(0.17)

a0.61y

(0.15)

a0.22
(0.01)

a0.23
(0.06)

a0.19
(0.05)

a0.22
(0.08)

6 b0.58z

(0.06)

b0.62zy

(0.13)

a0.56zy

(0.10)

ab0.83y

(0.19)

bc0.39
(0.09)

ab0.33
(0.09)

a0.27
(0.06)

a0.34
(0.06)

10 b0.50z

(0.02)

b0.77y

(0.10)

a0.62zy

(0.09)

ab0.79y

(0.16)

c0.51z

(0.04)

b0.41z

(0.06)

b0.64y

(0.05)

b0.60y

(0.04)
15 b0.71z

(0.21)

b0.78zy

(0.28)

a0.63z

(0.18)

b0.95y

(0.12)

bc0.45z

(0.03)

b0.41z

(0.08)

b0.67y

(0.13)

b0.68y

(0.06)
20 c1.63

(0.10)

c1.61
(0.12)

b1.58
(0.03)

c1.62
(0.15)

b0.40z

(0.03)

b0.42z

(0.07)

b0.67y

(0.11)

b0.64y

(0.02)

§ Mean values of three independent determinations (n = 3) are given. Standard deviations are indicated in brackets. For each chemical quality
index and for each chilling time, mean values followed by different letters (z, y) denote significant (p ,0.05) differences among treatments. For
each quality index and for each treatment, mean values preceded by different letters (a–c) denote significant (p ,0.05) differences as a result of
chilling time. No letters are included in cases of no significant (p .0.05) differences.
Treatment abbreviations as given in Table 1.

muscle. This would be the case for peroxides, which have
been widely reported to breakdown and give rise to secondary
and tertiary lipid oxidation compounds [29, 37–39]. The
present results concerning lower peroxide contents for fish
samples corresponding to T-2 and T-3 conditions agree with
this behavior, so that higher TBA-i and FR values were
attained for such chilled samples and, accordingly, a higher
lipid oxidation development could be inferred. This conclu-
sion also agrees with a reported damage that HHP can induce
in protein structure [9, 11], leading to an increasing reactivity
of proteins towards electrophilic compound formation [37–
39].

HHP treatment has been reported to increase fish muscle
lipid oxidation during further storage/processing [3, 12].
However, isolated extracted lipids have been shown to be
relatively stable against oxidation under HHP conditions and
during further storage. Additionally, the pro-oxidant effect of
HHP treatment on muscle lipids was shown to be eliminated
if a previous water washing of the muscle was applied or if a
complexation compound (EDTA, for example) was added
[3, 12]. Consequently, iron-bound protein denaturation dur-
ing HHP treatment has been reported to facilitate an increase
in the free metal ion content and to be responsible for this
lipid oxidation development in fish meat after HHP treat-
ment. Since no previous washing was applied to the salmon
muscle in the present study, this explanation would agree
with the lipid oxidation development found in the actual
research.

The PI (Fig. 4) and the tocopherol isomer content
(Table 4) were analyzed. Both kinds of parameters did not
provide differences (p .0.05) as a result of the previous HHP
treatment; this conclusion could be observed at day 0 and later

on (day 6–20 period) during the chilled storage. A PI ranging
between 1.50 and 1.65 was found in all cases and can be con-
sidered similar to that previously reported for the same
farmed species [15, 35].

Concerning tocopherol isomers, three of them (a-, g- and
d-tocopherol) were detected in the different salmon samples.
However, the d-isomer was found in very low concentrations
(,1.0 mg/kg muscle) and could not be quantified satisfacto-
rily. Values obtained for the a-isomer were included in the
range of 3.2–7.2 mg/kg muscle, being lower than the values
found in previous research concerning the same farmed spe-
cies [35]. In the case of g-tocopherol, the values obtained
(2.6–4.0 mg/kg muscle) agree with previous results [35].
Large fish-to-fish variations in tocopherol contents were
found, especially in the case of the a-isomer.

Previous research has shown an important effect of lipid
oxidation development on the PUFA content loss (PI de-
crease) [29] and on the endogenous antioxidant (tocopherol
isomers) content decrease [40] during chilled storage. How-
ever, in the present study, in spite of the increasing values
found throughout the chilling time for the different lipid oxi-
dation indices (primary, secondary and tertiary), no effect on
polyenes and tocopherol isomers could be outlined.

4 Conclusions

The present research provides a valuable employment of
HHP technology in order to partially inhibit microbial devel-
opment throughout a further chilled storage of coho salmon.
Since the pressure-holding time conditions employed were
chosen as corresponding to the best visual analysis (color,
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Figure 4. Comparative PI assessment in chilled salmon previously treated under different HHP conditions. Mean values of three (n = 3)
independent determinations are given. Standard deviations are denoted by bars. Treatment abbreviations as given in Fig. 1.

Table 4. a- and g-tocopherol content (mg/kg muscle)§ in chilled salmon that was previously treated under different HHP conditions.

Chilling time [days] a-Tocopherol g-Tocopherol

C T-1 T-2 T-3 C T-1 T-2 T-3

0 a5.57
(0.83)

ab6.15
(1.20)

ab5.92
(1.05)

7.05
(1.52)

a2.57
(0.24)

a2.58
(0.40)

a2.70
(0.32)

2.83
(0.32)

6 b7.65
(0.57)

b7.62
(0.92)

b7.20
(0.77)

6.58
(1.21)

b3.72
(0.18)

b3.59
(0.34)

b4.03
(0.52)

3.30
(0.54)

10 a3.94
(1.95)

a5.22
(0.97)

ab4.99
(2.30)

5.62
(0.40)

a2.71
(0.48)

ab3.22
(0.97)

a2.63
(0.34)

2.58
(0.50)

15 a5.24
(1.12)

ab6.25
(1.75)

a5.23
(1.12)

4.80
(1.25)

a3.02
(0.34)

b3.72
(0.40)

ab3.55
(0.67)

3.24
(0.24)

20 a5.14
(1.75)

ab6.22
(0.98)

a5.13
(0.90)

4.76
(1.47)

ab3.19
(0.66)

ab3.16
(0.55)

ab3.32
(0.79)

2.89
(0.37)

§ Mean values of three independent determinations (n = 3) are given. Standard deviations are indicated in brackets. For each tocopherol isomer
and for each treatment, mean values preceded by different letters (a, b) denote significant (p ,0.05) differences as a result of chilling time; no
letters are included in cases of no significant (p .0.05) differences. No significant differences (p .0.05) were obtained as a result of previous
high-pressure treatment.
Treatment abbreviations as given in Table 1.

gaping, elasticity and firmness) scores found, a good agree-
ment can be denoted between sensory acceptance and micro-
organism inhibition for this farmed species.

Examination of previous research shows that lipid oxida-
tion analysis has been scarce when compared to the number of
studies focusing on the microbial activity and the protein

deteriorative changes as a result of HHP technology employ-
ment in fish products; in addition, a single lipid oxidation
index has been checked in most cases.

In the present study, the lipid oxidation progress was
evaluated at different stages, so that a wide knowledge of the
effect of HHP treatment on the lipid oxidation mechanism
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could be attained. Thus, the assessment of primary, secondary
and tertiary lipid oxidation compounds has shown a lipid oxi-
dation development in all kinds of samples by increasing the
chilling time. However, a greater lipid oxidation development
could be outlined in chilled fish corresponding to the two
highest pressure conditions (T-2 and T-3), since higher sec-
ondary (TBA-i) and tertiary compound (FR) values could be
observed when compared to their counterpart fish corre-
sponding to control and T-1 conditions. Meanwhile, the pri-
mary oxidation compound (PV) content was found lower for
T-2 and T-3 fish, according to a reported breakdown process
that may favor the secondary and tertiary lipid oxidation
compound formation. In spite of this lipid oxidation develop-
ment, no effect on the PI and on the tocopherol isomer con-
tent was attained. Accordingly, it can be considered that T-2
and T-3 HHP conditions would contribute to the lipid nutri-
tional value preservation in addition to the quality and safety
loss inhibition during chilled storage of farmed coho salmon.
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