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Abstract

The most important factor for increasing shelf life is the product temperature, and since fish is more highly perishable than meat, the
temperature is even more important. In the present study, portions of fillets of farmed Atlantic salmon (Salmo salar) were superchilled at
two temperature levels, �1.4 and �3.6 �C. Texture, drip loss, liquid loss, cathepsin activities and protein extractability were investigated
during storage and compared to ice chilled and frozen references. Drip loss was not a major problem in superchilled salmon. Textural
hardness was significantly higher in superchilled salmon fillets stored at �3.6 �C compared to those stored at �1.4 �C, ice chilled and
frozen references. Cathepsins B and B + L were not deactivated at the selected storage temperatures. The storage time of vacuum packed
salmon fillets can be doubled by superchilled storage at �1.4 �C and �3.6 �C compared to ice chilled storage.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Fish farming provides an opportunity to obtain a sea-
sonally independent supply of fresh fish to the market,
and the demand for fresh salmon is rapidly increasing at
the expense of frozen salmon (Norwegian Seafood Export
Council, 2005). Since the shelf life of fresh fish is lower than
that of frozen fish, the need to develop methods for main-
taining good postmortem quality of the fish on its way to
the market increases. Extending the shelf life of fish will
increase profitability, both because product prices in the
fresh market are higher than in the frozen market and by
reducing the amount of product becoming unacceptable
for sale.

The most important factor for increasing shelf life is the
product temperature, and since fish is more highly perish-
able than meat, the temperature is even more important.
Superchilling is often used to describe a process, where
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food products are stored between the freezing point of
the products and 1–2 �C below this. The surrounding tem-
perature is set below the initial freezing point of the food,
which is between �0.5 �C and �2.8 �C (Fennema, Powrie,
& Marth, 1973), and depending on the method used some
ice is formed in the outer few millimeters. For many food
products, superchilling results in better quality when com-
pared to conventional chilling (Einarsson, 1988).

When some of the water freezes out, the concentration
of solutes in unfrozen solutions increases. This may lead
to increased enzymatic activity, denaturation of the muscle
proteins and structural damage of membranes, which can
result in increased drip loss, loss of water holding capacity
and textural changes (Foegeding, Lanier, & Hultin, 1996).
The shelf life of superchilled food is far shorter than that
of frozen food, but the lower amount of water frozen out
will lead to less change in microstructure and a lower
degree of freeze denaturation and less drip loss (Einars-
son, 1988). However, freeze denaturation was found to
take place in superchilled cod fillets (Duun & Rustad, in
press).
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Superchilled salmon stored at �2 �C in combination
with modified atmosphere packaging (MAP) maintained
good quality with negligible microbial growth for more
than 24 d based on both sensory and microbial analyses.
Superchilled salmon stored in air had a 21 d sensory shelf
life, whereas MAP and air-stored fillets at chilled conditions
spoiled after 10 d and 7 d, respectively (Sivertsvik, Rosnes,
& Kleiberg, 2003). Superchilled cod showed increased shelf
life, based on reduced growth of sulphide producing bacte-
ria compared to that of ice chilled. Drip loss was lower, but
liquid loss by low-speed centrifugation was higher in super-
chilled cod fillets compared to ice chilled. This is due to
freeze denaturation of muscle proteins (Duun & Rustad,
in press). In the superchilling temperature range, small vari-
ations in temperature cause large variations in ice content
and large variations in product quality. A steady storage
temperature is, therefore, of great importance to secure
the ice content at an optimal and constant level.

Most of the studies on superchilling, have focused on
microbiology, sensory analysis and spoilage indicators such
as TVB-N (Olafsdottir, Lauzon, Martinsdottir, Oehlensch-
lager, & Kristbergsson, 2006; Sivertsvik, Jeksrud, & Ros-
nes, 2002; Sivertsvik et al., 2003; Zeng, Thorarinsdottir,
& Olafsdottir, 2005), and have only, to a minor extent,
investigated the effect of superchilling on biochemical pro-
cesses and how they influence quality parameters, such as
loss of juiciness and negative textural changes. The colour
and texture are two of the most important quality charac-
teristics of farmed salmon. The colour of farmed salmon is
particularly important as salmonids normally accumulate
astaxanthin, which provides the desirable reddish-orange
flesh colour, from their natural diet (Higuera-Ciapara,
Felix-Valenzuela, & Goycoolea, 2006). Astaxanthin may
be lost both during freezing (Regost, Jakobsen, & Rora,
2004) and chilled storage (Gobantes, Choubert, & Gomez,
1998). The texture of fish meat is influenced by several fac-
tors. Among these are the rate and extent of postmortem
muscle shortening (rigor mortis), the rate and extent of
postmortem pH decline and the rate and extent of proteol-
ysis causing myofibril breakdown (Haard, 1992). Tissue
softening in salmon has been observed both during frozen
(Einen, Guerin, Fjaera, & Skjervold, 2002) and ice chilled
storage (Hultmann, 2003). The postmortem protein degra-
dation in ice chilled storage, resulting in tissue softening,
was caused by endogenous proteases.

The aim of this study, was to investigate the effects of a
superchilling process at two different temperatures on
selected quality parameters of salmon. Two superchilling
temperatures were chosen in order to study differences in
muscle properties caused by different levels of ice content.

2. Materials and methods

2.1. Raw materials and processing

Twenty-one Atlantic salmon (Salmo salar) from a fish
farm in mid-Norway, were slaughtered (stunned by a blow
to the head, bled and gutted) and transported on ice to the
laboratory in October, 2004. After three days of ice chilled
storage, the salmon were headed, filleted and trimmed.
The fish had an average weight (±SD) of 4713 ± 319 g
and the length was 76 ± 2 cm. Two portions of 469 ±
46 g were cut from the middle of each skin-on fillet, vac-
uum packed and labelled. The samples were subsequently
cooled in a freezing tunnel at a temperature of �30 �C and
air velocity of 2 m/s. The duration of the cooling was
based on previous experiments and simulations (Hardar-
son, 1996). After cooling, the core temperature was
approximately �1.0 �C. The samples were immediately
transferred to a cold storage room at �1.4 ± 0.4 �C or
�3.6 ± 0.3 �C for temperature equalization and storage
for up to 34 days. The day of processing was defined as
day 0. Air temperature was recorded every 2 min during
the superchilled storage by loggers with internal sensor
(Optic StowAway� Temp logger, Onset Computer Corpo-
ration, Mass, US). References were kept on ice for up to
17 days or frozen at �40 �C for 37 days, respectively.
Prior to analysis (1–2 h depending on fillet thickness) sub-
zero stored samples were transferred to room temperature
for thawing.

Calorimetric quantification of ice were performed imme-
diately after superchilling. Simple calorimeters (1 m3) based
on an insulated and waterproof storage chamber, instru-
mented with 10 thermocouples (±0.1 �C) to measure exact
product and water temperatures, were used for ice fraction
measurements. The superchilled samples were submerged
in the centre of the chamber (27 l) with a defined volume
of water. Sample and water temperatures were measured
continuously as the samples were tempered and the water
was cooled. The temperature changes were, together with
information about the samples thermal and physical prop-
erties, used to estimate the amount of ice in the samples.
Analyses were performed on three samples for each storage
temperature.

2.2. Sampling

Superchilled samples at �1.4 �C were analyzed on day 2,
6, 9, 16, 20, 23, 27, 30 and 34, while superchilled samples at
�3.6 �C were analyzed on day 2, 7, 10, 16, 20, 23, 27, 30
and 34. Ice stored references were analyzed on day 0, 6,
9, 14, 17 and 21 and frozen references stored at �40 �C
were analyzed on day 37. Two samples were analyzed on
each of the sampling days, except at day 0 and 37, where
four samples were analyzed.

For quantification of the drip loss, the sample was
removed from the vacuum bag and the liquid left in the
bag was weighed. Mean values were calculated from two
replicates. Water content in the drip liquid was determined
by drying sample of �2 g at 105 �C for 24 h in duplicate.

A commercial visual test (ColiFAST, Colifast AS, Nor-
way) was used for a rapid detection of growth of sulphide
producing bacteria (SPB) (Skjerdal, Lorentzen, Tryland, &
Berg, 2004). During growth on a medium containing
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ferricitrate and cysteine, SPB forms H2S resulting in a
black precipitate of FeS. The growth of SPB can thus be
enumerated by counting black colonies on iron agar
(Gram, Trolle, & Huss, 1987) or by observation of colour
change in liquid medium from yellow to black at different
times, depending on the amount of viable SPB (Skjerdal
et al., 2004). Two muscle samples (1 � 1 � 1 cm), were
aseptically cut from the surface (location A on Fig. 1) of
the fillet after opening the vacuum bag and each sample
were transferred to a medium vial. Samples were incubated
at 30 �C and observed after 5, 8, 10, 12 and 14 h to detect
the time of colour change. The analysis was performed only
at selected points at day 1, 9, 10, 17, 20 and 31.

Textural analyses of the fillets were performed by the
method of Einen and Thomassen (1998) on a TA.XT2 Tex-
ture Analyzer (Stable Micro Systems, UK) equipped with a
load cell of 5 kg and a flat-ended cylindrical plunger
(12 mm diameter) (Hultmann & Rustad, 2002). The plun-
ger was pressed downwards twice at a constant speed of
1 mm/s into the fillets until it reached 60% of the sample
height with a holding time of 5 s. Texture profile analysis
(TPA) was performed, recording the resistance force of
the fillets starting at 1 g for calculating textural parameters
(fracturability = force at first breaking point and hard-
ness = maximum force at first depression) as described by
Bourne (1978) using the Texture Expert Exceed Applica-
tion (Stable Micro Systems, UK). Six measurements were
run on each fillet just above the mid-line (location C on
Fig. 1).

Colour was determined by measuring lightness (L*), red-
ness (a*) and yellowness (b*) by the method of CIE (1979)
using a Spectrophotometer 948 (X-Rite, USA). The instru-
ment was calibrated against a white standard at the same
light conditions and temperature (4 �C). The analysis was
performed four times on each fillet surface.

Samples of white muscle for analyses of pH, water con-
tent and liquid loss (LL) were cut from one area above the
mid-line (location B on Fig. 1) of each fish sample. The
sample was minced for 10 s in a small food mill and kept
on ice.
Fig. 1. Sampling locations. A: sulphide producing bacteria, B: water
holding capacity, protein and moisture content, C: texture analysis and D:
protein extractability and enzymatic activity. All analyses were performed
on ventral side of fillet.
Determination of pH was carried out on approximately
2 g of minced sample, mixed with an equal amount of
0.15 M KCl. Mean values were calculated from two
replicates.

Liquid loss (LL) was determined on minced white mus-
cle by low-speed centrifugation as described by the water
holding capacity method of Eide, Borresen, and Strom
(1982). A centrifugal force of 210g was used instead of
1500g (Hultmann & Rustad, 2002). The LL is expressed
as the percentage of weight of the mince lost during centri-
fugation of �2g of sample for 5 min. The analyses were run
in quadruplicate. Water content in the mince was deter-
mined by drying minced sample of �2g at 105 �C for
24 h. The analyses were run in duplicate.

Total N was determined by a C/N elemental analyzer
(NA 1500, Carlo Erba Instruments, Italy) on lyophilized
muscle sample (Kirsten, 1979) and protein was estimated
by multiplying total N by a conversion factor of 6.25. Mea-
surements were performed in quadruplicate.

The extractions of proteolytic enzymes were performed
at 4 �C, as described by Hultmann, Rora, Steinsland,
Skara, and Rustad (2004). White muscle (10 g) (location
D on Fig. 1) was homogenized in 15 ml cold distilled water
using an Ultra Turrax homogenizer. After centrifugation
(20 min at 9700g, 4 �C), the supernatant was filtered
through glass wool and the volume was made up to
25 ml with distilled water. The extraction procedure was
carried out once on each fillet and the extracts were frozen
and stored at �80 �C until analysis.

After thawing the extracts were centrifuged (7840g, 4 �C
for 10 min). Samples were diluted with distilled water. The
activities of cathepsin B and cathepsins B + L were mea-
sured against synthetic fluorogenic substrates, Na-carbo-
benzoxy-L-argininyl-L-arginine-7-amido-4-methylcoumarin
and Na-carbobenzoxy-L-phenylalaninyl-L-arginine-7-amido-
4-methylcoumarin (Sigma, St. Louis, MO, USA), respec-
tively (Barrett & Kirschke, 1981). Enzyme extract
(0.15 ml, suitably diluted) was incubated with 0.15 ml sub-
strate (0.0625 mM in 105.26 mM bis-Tris, 21.05 mM
EDTA, 4.21 mM dithiothreitol, pH 6.5) at 4 �C. The reac-
tion was arrested after 10 min by adding 3 ml 1% SDS in
50 mM bis-Tris, pH 7.0. A blank was prepared by adding
distilled water instead of enzyme extract to the reaction
mixture. When the enzymes cleave the synthetic substrate,
7-amino-4-methylcoumarin (AMC) is liberated. Fluores-
cence of AMC was measured at 440 nm (5 nm slits) after
excitation at 370 nm (10 nm slits) (Perkin–Elmer 3000
Fluorescence Spectrometer, Perkin–Elmer Inc., Bucking-
hamshire, UK). Increase in fluorescence intensity was used
to calculate the activity, given as the increase in fluores-
cence per g wet weight � min during incubation. The anal-
ysis were run in triplicate.

Extractions for investigation of protein solubility were
performed in two steps resulting in a water soluble and a
salt soluble fraction by a modification of the methods of
Anderson and Ravesi (1968) and Licciardello et al.
(1982). Approximately 4 g of minced white muscle was
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Fig. 2. Relative quantity of drip loss in farmed salmon during storage.
Iced and frozen references and superchilled samples at �1.4 and �3.6 �C
are represented by filled and open triangles and open and filled diamonds,
respectively. Values (percentage of initial sample weight) are given as
mean ± SEM. N = 2.
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homogenized in 80 ml of buffer 1 (50 mM KH2PO4, 0.5%
triton X-100, pH 7.0) at 4 �C using an Ultra Turrax and
centrifuged (20 min, 9700g, 4 �C). The supernatant was
decanted through glass wool and the volume was made
up to 100 ml with buffer 1. This was the water soluble frac-
tion. The sediment was re-homogenized in 80 ml of buffer 2
(50 mM KH2PO4, 0.5% triton X-100, 0.6 M KCl, pH 7.0)
and re-centrifuged. The supernatant was decanted through
glass wool and the volume was made up to 100 ml with
buffer 2. This was the salt soluble fraction. The procedure
was conducted once for each fillet sample. The amount of
protein in the extracts was determined by BioRad protein
assay, using bovine serum albumin as a standard (Brad-
ford, 1976). The analyses were run in triplicate.

The amount of free amino acids was determined in the
water soluble protein extracts by the procedure of Osnes
and Mohr (1985) and analyzed with reverse phase high per-
formance liquid chromatography (RP-HPLC) using the
method of Lindroth and Mopper (1979) as modified by
Flynn (1988). Glycine/arginine and methionine/trypto-
phane were determined together, as their peaks merged.
The analysis was performed in duplicate on each extract.
Total amounts of free amino acids were calculated as
mg/g wet weight.

The composition of the salt soluble protein fractions was
investigated using sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS–PAGE) according to Laemmli
(1970) using PhastGel gradient 4–15 gels, SDS buffer strips,
high and low molecular weight standards. The gels were
stained with Coomassie Brilliant Blue. All equipment for
electrophoresis was delivered from Amersham Biosciences
(Uppsala, Sweden). The analyses were carried out accord-
ing to the instructions from the manufacturer.

2.3. Data analysis

Microsoft Excel was used for data processing and Mini-
tab for statistical analysis. The significance level was set at
95% (p < 0.05).

3. Results and discussion

3.1. Estimates of ice content of superchilled samples

Immediately after superchilling, the amount of ice in the
samples to be stored at temperatures of �1.4 �C and
�3.6 �C, was 32 ± 2% and 49 ± 5% (mean ± SEM),
respectively. The high ice content of the samples to be
stored at �1.4 �C, may be explained by a slightly too long
duration of the cool down procedure, since the ice fraction
curve is very steep in this temperature area. The fillets
stored at �3.6 �C had a firm, frozen appearance.

3.2. Drip loss

The drip loss was found to be larger, and to vary more
in samples stored at �1.4 �C than in the other storage
groups (Fig. 2). The highest recorded value was 1.6% of
sample weight after 34 days of superchilled storage at
�1.4 �C. However, values of 1–2% drip loss cannot be
regarded as high (Dalgaard, Gram, & Huss, 1993; Einen
et al., 2002) and therefore cannot be considered as a major
problem in superchilled salmon. Samples stored at �3.6 �C
and ice chilled or frozen references all lost less than 0.3% of
the weight during storage. The drip loss in superchilled sal-
mon at �1.4 �C was comparable to the drip loss on super-
chilled cod at �2.2 �C. The drip loss of ice chilled cod was
higher than that of superchilled salmon fillets (Duun &
Rustad, in press). In earlier studies of Atlantic cod stored
at 0 or �3 �C, it has been found that free drip increased
during storage, and the increase was largest for partial fro-
zen samples (Simpson & Haard, 1987). Their samples were
superchilled at �3 �C, which also resulted in some degree
of freeze denaturation. Drip loss contains both water and
substances leaking from cells as these are ruptured during
processes such as cooling, storage and thawing. Super-
chilled samples at �1.4 �C were found to have the lowest
amount (14.6–20.8%) of dry matter in the drip loss and
those at �3.6 �C had the highest (22.1–35.3%). Ice chilled
and frozen samples had from 22.6% to 24.8% and 21.5%
of dry matter in the drip loss, respectively. The proportion
of dry matter in the drip, decreased with increasing drip
loss. The drip loss was correlated to pH, liquid loss and
extractability of salt soluble proteins (p 6 0.01) and hard-
ness (p 6 0.05).

3.3. Muscle pH and liquid loss

During storage the pH in the fillets increased slightly
from the initial 6.13–6.20 to 6.28–6.30 (Table 1), which is
in agreement with results from other studies (Sigholt
et al., 1997). This increase was delayed in superchilled
(day 16–20) compared to ice chilled (day 9–17) fillets.

At day 0, the liquid loss (mean ± SEM) was 7.2 ± 1.4%
of wet weight (Fig. 3). In superchilled samples stored at



Table 1
Changes in dry matter content of drip loss and muscle, and muscle pH during storage

Storage time
(days after
processing)

Iced* or frozen# references Superchilled at �1.3 �C Superchilled at �3.6 �C

Dry matter in
drip loss
(%(w/w))

Dry matter
in muscle
(%(w/w))

pH Dry matter in
drip loss
(%(w/w))

Dry matter
in muscle
(%(w/w))

pH Dry matter in
drip loss
(%(w/w))

Dry matter
in muscle
(%(w/w))

pH

0 – *32.3 ± 0.6 *6.17 ± 0.01
2 – 32.2 ± 0.6 6.18 ± 0.01 – 31.5 ± 0.2 6.18 ± 0.01
6 – *32.1 ± 1.2 *6.20 – 33.9 ± 0.0 6.20 ± 0.06
7 31.7 32.5 ± 1.2 6.16 ± 0.01
9 *24.8 ± 2.5 *33.5 ± 0.6 *6.19 ± 0.01 21.0 ± 3.7 34.5 ± 0.1 6.18 ± 0.02

10 35.3 ± 5.0 33.9 ± 0.6 6.13 ± 0.01
14 *24.3 ±1.7 *33.6 ± 0.5 *6.24 ± 0.05
16 18.6 ± 1.7 34.8 ± 0.5 6.14 ± 0.02 22.1 ± 1.3 30.7 ± 0.1 6.16 ± 0.00
17 *24.5 ± 1.5 *32.4 ± 0.9 *6.31 ± 0.02
20 17.1 ± 0.4 33.6 ± 0.4 6.30 ± 0.03 33.2 ± 7.0 33.1 ± 1.1 6.28 ± 0.02
21 *22.6 ± 1.5 *32.0 ± 0.1 *6.30 ± 0.01
23 15.9 ± 0.1 33.2 ± 0.2 6.29 ± 0.02 23.0 ± 0.9 34.1 ± 0.4 6.23 ± 0.01
27 14.6 ± 0.4 33.1 ± 0.6 6.34 ± 0.04 23.8 ± 1.9 33.4 ± 0.3 6.23 ± 0.02
30 17.2 ± 0.8 35.4 ± 0.3 6.28 ± 0.05 26.6 ± 1.4 34.3 ± 0.2 6.17
34 20.8 ± 6.4 34.5 ±0.1 6.24 ± 0.02 25.5 33.7 ± 0.2 6.19 ± 0.01
37 #21.5 ± 0.8 #33.2 ± 0.7 #6.24 ± 0.01

Values are given as mean ± SEM.
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Fig. 3. Changes in liquid loss in farmed salmon during storage. Iced and
frozen references and superchilled samples at �1.4 and �3.6 �C are
represented by filled and open triangles and open and filled diamonds,
respectively. Values (percentage of sample weight) are given as mean ±
SEM. N = 2.
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�1.4 �C the amount of liquid loss decreased during the first
two weeks and was at its lowest at 3.8 ± 0.1% after 16 days
of storage. During the remaining storage period, the liquid
loss in samples stored at �3.6 �C, was at least 0.7% higher
compared to those stored at �1.4 �C. The water content in
muscle (mean ± SD) was 66.8 ± 1.3% and the protein con-
tent was 19.9 ± 2.0%, and no significant differences were
observed between the groups. Therefore, the differences
in liquid loss cannot be explained by differences in water
content. Fish with a higher water content, has a higher pro-
portion of loosely bound water which can result in higher
liquid loss (Duun & Rustad, in press).

In ice chilled salmon fillets, the liquid loss (5.9–7.3%)
was lower than that of cod fillets (8.6–14.5%). In super-
chilled salmon fillets, the liquid loss was generally much
lower (3.8–9.3% at �1.4 �C and 5.4–7.3% at �3.6 �C) than
in cod fillets (20.5–29.8% at �2.2 �C) (Duun & Rustad, in
press). These results are supported by Ofstad, Kidman,
Myklebust, and Hermansson (1993), who found the liquid
loss in coarsely chopped cod muscle to be more than twice
as high as for salmon muscle.

3.4. Bacterial status

The bacterial status measured by the rapid test, gave
results of the classifications ‘‘very good”, ‘‘good”, ‘‘mar-
ginal” and ‘‘unacceptable” corresponded to a load of
<1 � 103, 1 � 103–5 � 105, 5 � 105–5 � 106 and >5 � 106

sulphide producing bacteria per g of sample, respectively.
Our results (Table 2) confirm low growth of spoilage bac-
teria during superchilled storage (Duun & Rustad, in press;
Sivertsvik et al., 2003). Both ice chilled and superchilled fil-
lets stored at �1.4 �C held good or very good quality with
respect to growth of sulphide producing bacteria. Sulphide
producing bacteria were not detected in superchilled fillets
stored at �3.6 �C or in frozen fillets. This confirms that the
raw material was of high microbial quality.

3.5. Fillet colour

The colour of Atlantic salmon is influenced by its stor-
age, with the concentration of astaxanthin decreasing with
frozen (Regost et al., 2004) and chilled storage (Gobantes
et al., 1998). In the present study, no differences in red or
yellow colour were found between samples stored at differ-
ent temperatures (results not shown). However, in super-
chilled fillets, white spots emerged after equalization of
temperature (e.g. first few days of storage). Superchilled fil-
lets stored at �3.6 �C showed more intense spots than
superchilled fillets stored at �1.4 �C. Lightness values of fil-
lets stored at �3.6 �C were generally higher than of those
stored at �1.4 �C (Fig. 4). The higher values might be



Table 2
Visual colour change due to sulphide precipitation caused by sulphide
producing bacteria (SPB)

Storage
time
(days)

Ice
chilled
storage

Superchilled
storage at
�1.3 �C

Superchilled
storage at
�3.6 �C

Frozen
storage at
�40 �C

0 Very
good

– – –

9 Good Very good – –
10 – – Very good –
17 Good – – –
20 – Good Very good –
21 Very

good
– – –

30 – Very good Very good –
34 – Very good Very good Very good

Analysis performed by the method of Skjerdal et al. (2004) with a com-
mercial ColiFAST� test kit. N = 2.
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due to the more intense white spots of fillets stored at
�3.6 �C. The origin of similar white spots on cod fillet sur-
face may be caused by drip channels (Duun & Rustad, in
press).

3.6. Textural profile analyses

The texture of fish is an important quality characteris-
tic, and soft fillets are a problem for the fish industry
(Haard, 1992; Hultmann & Rustad, 2004; Sigholt et al.,
1997). The hardness values were significantly higher in
superchilled fillets stored at �3.6 �C compared to super-
chilled fillets stored at �1.4 �C, ice chilled fillets and fro-
zen fillets (Fig. 5). Results showed that the hardness
values of salmon superchilled at �3.6 �C, decreased during
the first two weeks of storage. During the entire storage
period, the hardness values of superchilled fillets stored
at �1.4 �C were significantly higher than that of the ice
chilled or frozen fillets. Textural hardness values of ice
chilled and frozen salmon were in the same range or
higher than found in earlier studies (Hultmann & Rustad,
2004; Morkore, Hansen, Unander, & Einen, 2002; Skjerv-
old et al., 2001). An increase in the maximum penetration
force in ice stored post rigor filleted salmon, has also been
observed (Skjervold et al., 2001), which agrees with the
present results. After three weeks of superchilled storage,
the textural hardness values stabilized. At the end of stor-
age, the hardness values of the frozen references were
lower compared to 0 days, while the values of superchilled
samples were higher.

3.7. Protein stability

The muscle proteins are important for quality character-
istics such as textural properties. Differences were not sig-
 or 21 23 27 30 34 or 37
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nificant between groups with respect to the water soluble
proteins (Fig. 6). Extractability of salt soluble proteins
from samples stored at �1.4 �C declined during storage
compared to the other groups. This indicates a higher
degree of protein denaturation in these samples. A higher
degree of freeze denaturation can also explain the correla-
tion with drip loss (p 6 0.01) and was also observed in
superchilled cod fillets (Duun & Rustad, in press). The
extractabilities of water and salt soluble proteins were also
correlated (p 6 0.05) to the liquid loss. Previous reports
have proposed that stabilization of myofibril proteins is
directly related to better fish quality (Martinez, Friis, &
Careche, 2001; Rodriguez, Barros-Velazquez, Pineiro, Gal-
lardo, & Aubourg, 2006). Results from SDS–PAGE of salt
soluble protein fraction (Fig. 7) verify a higher degree of
protein denaturation in samples stored at �1.4 �C. The
band of the myosin heavy chain is weaker in this storage
group compared to the corresponding samples stored at
�3.6 �C for 20 days and ice chilled (0 days) and frozen
(37 days) references.

3.8. Cathepsin activities

Cathepsin B is a lysosomal cysteine protease that hydro-
lyses a wide range of proteins and has an important role in
the hydrolysis of tissue proteins (Barrett & Kirschke, 1981).
Cathepsin B + L activity is the combined activity of
cathepsin B and cathepsin L. Activities of cathepsins B
and B + L at 5 �C and, 20 �C were relatively stable during
the storage period (Fig. 8) in all storage groups. This means
that these enzymes are not deactivated at the selected stor-
age temperatures and may, therefore, lead to softening dur-
ing subsequent chilled storage. As expected, the activity
values of cathepsins B + L was higher than that of cathep-
sin B, and higher at 20 �C than at 5 �C. The cathepsin B
activities of ice chilled samples were similar to those of
Hultmann and Rustad (2004).

3.9. Amount of free amino acids

In the iced or frozen reference fillets and for the first two
weeks of superchilled storage, the content of free amino



0

1000

2000

3000

4000

5000

6000

0 7 14 21 28 35
Storage time [days]

Δi
nt

/ (
g 

w
et

 w
ei

gh
t ×

 m
in

)

 

0

1000

2000

3000

4000

5000

6000

0 7 14 21 28 35
Storage time [days]

Δi
nt

/ (
g 

w
et

 w
ei

gh
t ×

 m
in

)

0

1000

2000

3000

4000

5000

6000

0 7 14 21 28 35
Storage time [days]

Δi
nt

/ (
g 

w
et

 w
ei

gh
t ×

 m
in

)

Fig. 8. Cathepsin B and B + L activities in farmed salmon during storage.
The panels display activities in iced or frozen references (day 0–21 or day
37, respectively) (upper), superchilled at �1.4 �C (middle) and superchilled
at �3.6 �C (lower). Cathepsin B + L activity at 20 �C and 5 �C and
cathepsin B activity at 20 �C and 5 �C are represented by open and filled
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mean ± SEM of (increase in fluorescence intensity)/(g wet weight � min).
N = 2.
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Fig. 9. Changes in the amount of free amino acids in farmed salmon
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acids varied between 1.2 and 1.8 mg/g wet weight (Fig. 9).
This is in accordance with the findings in iced salmon
(Hultmann & Rustad, 2004) and lower than for super-
chilled cod (Duun & Rustad, in press). Between two weeks
and one month, the values increased by up to 2.4–2.5 mg/g
wet weight for the superchilled samples. Increases in the
content of free amino acids, indicate exoproteolytic activity
during storage, which can be due to increased enzyme con-
centrations when part of the water is frozen.

4. Conclusion

Ice chilled reference fillets from farmed salmon of pre-
mium grade, maintained good quality up to 17–21 days.
The storage time of vacuum packed salmon fillets can be
doubled by superchilled storage at �1.4 �C and �3.6 �C
compared to ice chilled storage.

Drip loss cannot be regarded as a major problem in
superchilled salmon and the liquid loss was generally much
lower than in cod fillets.

Textural hardness was significantly higher in super-
chilled salmon fillets stored at �3.6 �C compared to those
stored at �1.4 �C, ice chilled and frozen references. The
extractability of salt soluble proteins from samples stored
at �1.4 �C decreased during storage compared to the other
groups, indicating a higher degree of protein denaturation
in these samples which was supported by a higher degree of
myosin denaturation in samples stored at �1.4 �C.

Activities of cathepsins B and B + L at 5 �C and 20 �C
were relatively stable during the storage period in all stor-
age groups. These enzymes may therefore lead to softening
during subsequent chilled storage.

Based on the present findings, it is recommended that
vacuum packed superchilled salmon fillets should be stored
at a superchilling temperature somewhere between �1.4
and �3.6 �C. Salmon is considered better suited for super-
chilling than cod.
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