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Abstract Lipid changes related to quality loss were

evaluated during frozen storage of coho salmon for up to

15 months. Biochemical indices concerning lipid hydro-

lysis (free fatty acids, FFA) and oxidation (peroxide va-

lue, PV; thiobarbituric acid index, TBA-i; fluorescent

compounds, FR; polyene index, PI) were determined and

compared to sensory (odor and taste) and endogenous

antioxidant (tocopherol isomers and astaxanthin) assess-

ments. As a result of the frozen storage, lipid hydrolysis

was shown to develop according to the increase in FFA

content (p < 0.05). However, most biochemical lipid

oxidation indices (PV, TBA-i and FR) led to a low degree

of rancidity development (p < 0.05) when compared to

other fatty fish species under similar frozen storage con-

ditions. The PI value decreased (p < 0.05) at month 10

but then remained unchanged until the end of the exper-

iment. Rancid odor and taste development were shown to

be low throughout the experiment, according to the bio-

chemical indices mentioned above. However, a progres-

sive decrease (p < 0.05) in the original fresh odor and

taste of salmon fish flesh occurred with increasing frozen

storage time, such that fish samples had the poorest scores

by month 15. Endogenous antioxidants were remarkably

stable throughout the experiment and which might con-

tribute to the oxidative stability of frozen farmed coho

salmon lipids.
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Introduction

Marine foods have recently attracted more attention from

consumers as sources of nutritional components that have

positive benefits in human health and nutrition [1]. How-

ever, in recent years the fishing sector has suffered from

dwindling stocks of traditional species as a result of dramatic

changes in their availability. This has prompted fish tech-

nologists and the fish trade to pay more attention to aqua-

culture as a source of fish and other seafood products [2].

The importance of aquaculture production of fish is best

represented by the increasing production of coho salmon

(Oncorhynchus kisutch) or silver salmon. Increasing pro-

duction of this salmon in countries such as Chile, Japan and

Canada has been reported [3]. This source is an important

supplement to capture production in countries such as

USA, Russian Federation, Canada and Japan [4]. Most

research on this fish species has been carried out on genetic

aspects and farming conditions during aquaculture pro-

duction [5, 6]. However, previous composition or quality

research is scarce. The composition studies related to fatty

acid distribution [7, 8] and lipid changes related to quality

loss during chilled storage [9].

The unusual rapid rate of deterioration of seafood

quality has been recognized for many years. The role of

spoilage may be characteristic of individual species or re-

lated to the mode of preservation thus a large range of

metabolites related to quality loss have been proposed [10].
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Freezing and frozen storage of fish have largely been em-

ployed to retain sensory quality and nutrients [11]. How-

ever, marine species with both highly unsaturated lipid

composition and prooxidant molecules suffer from enzy-

matic and non-enzymatic rancidity and quality loss [12,

13]. Under frozen conditions, lipid oxidation compounds

have been shown to facilitate protein denaturation [14] and

nutrient losses [15].

The objective of this work was to evaluate biochemical

and sensory changes in coho salmon produced via aqua-

culture during frozen storage.

Experimental Procedures

Raw material, Processing and Sampling

Farmed coho salmon (Oncorhynchus kisutch) samples used

in this study were cultivated in a single tank by EWOS

Innovation Research (Colaco, Puerto Montt, Chile). Sand-

bed-filtered seawater (salinity range: 3.13–3.31 g/100 g)

was supplied to the tank over a temperature range of 11.2–

12.8 �C. Feeding to satiety was carried out during the

lighted period (photoperiod: 5.8–7.8 h) by employing a

commercial diet (Tables 1, 2) from EWOS Innovation

Research.

The fish samples (weight range: 3.0–3.4 kg) were sac-

rificed by a sharp blow to the head, the gills cut and bled in

a water-ice mixture, headed, gutted and kept in ice for 24 h

until they arrived at our laboratory. The fish were then

frozen at –40 �C in individual polyethylene bags. After

3 days, the fish were placed at –20 �C. In addition to

starting analyses with fresh fish, frozen individuals were

taken for analysis on months 0, 4, 6, 8, 10, 12 and 15 of

storage at –20 �C. Five different fish were analyzed sepa-

rately at each sampling time (n = 5). According to lipid

distribution variation in fish tissues [16], biochemical and

sensory assessments were carried out on the dorsal muscle

from the anterior part of the fish body.

Chemicals used in the present work (solvents, reagents)

were reagent grade (Sigma Chemical Co., St Louis, MO,

USA).

Water and Lipid Contents

Water content was determined by the difference between

the weight of fresh homogenized muscle (1–2 g) and the

weight recorded after 24 h at 105 �C. Results are expressed

as g water/100 g fish muscle. Lipids were extracted by the

Bligh and Dyer method [17]. Quantification results are

expressed as g lipid/100 g fish muscle.

Table 1 Composition of the diet employed

Feed component Content

General composition (g/100 g)

Protein 40.0

Fat 28.4

Moisture 7.5

Ash 6.0

Crude fiber 1.6

Carbohydrates 16.5

Antioxidants (mg/kg)

Ethoxyquin 22.0

Astaxanthin 70.0

BHT 3.0

Alpha-tocopherol 280.0

Gamma-tocopherol 22.4

Ascorbic acid 150.0

Fish supplier’s data

Table 2 Fatty acid composition of the total lipids included in the diet

employed

Fatty Acid g/100 g FAMEa g/100 g diet

C 12:0 0.12 0.03

C 14:0 6.81 1.77

C 16:0 20.20 5.23

C 18:0 4.77 1.24

C 20:0 0.32 0.08

C 22:0 0.23 0.06

C 24:0 0.09 0.02

Total saturated 32.54 8.43

C 14:1 0.45 0.12

C 16:1 6.28 1.63

C 18:1 16.89 4.38

C 20:1 n9 2.38 0.62

C 22:1 n9 0.33 0.09

C 24:1 0.64 0.17

Total monounsaturated 26.96 6.99

C 18:2 n6 6.52 1.69

C 18:3 n6 0.73 0.19

C 18:3 n3 1.78 0.46

C 20:2 n6 0.29 0.07

C 20:3 n6 0.00 0.00

C 20:3 n3 0.00 0.00

C 20:4 n6 0.95 0.25

C 20:5 n3 12.94 3.35

C 22:5 n3 2.12 0.55

C 22:6 n3 14.83 3.84

Total polyunsaturated 40.16 10.40

Fish supplier’s data
a FAME fatty acid methyl esters
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Lipid Damage Analysis

Free fatty acid (FFA) content was determined by the Lowry

and Tinsley [18] method based on complex formation with

cupric acetate-pyridine followed by spectrophotometric

(715 nm) assessment. Results are expressed as g FFA/

100 g lipids. The peroxide value (PV), expressed as meq

oxygen/kg lipid, was determined by the ferric thiocyanate

method [19]. The thiobarbituric acid index (TBA-i) was

determined according to Vyncke [20]. Results are ex-

pressed as mg malondialdehyde/kg fish muscle.

The formation of fluorescent compounds was deter-

mined with a Perkin Elmer LS 3B fluorimeter by mea-

surements at 393/463 nm and 327/415 nm, as previously

described [21]. The relative fluorescence (RF) was calcu-

lated as follows: RF = F/Fst, where F is the fluorescence

measured at each excitation/emission maximum, and Fst is

the fluorescence intensity of a quinine sulfate solution

(1 lg/ml in 0.05 M H2SO4) at the corresponding wave-

length. 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 [17].

Lipid extracts were converted into fatty acid methyl

esters by employing acetyl chloride and then analyzed by

gas chromatography according to a previous procedure

[22]. The polyene index (PI) was calculated as the fol-

lowing fatty acid ratio: C 20:5 + C 22:6/C 16:0.

Endogenous Antioxidant Assessment

Tocopherol isomers were analyzed according to the

method of Cabrini et al. [23]. Both alpha and gamma iso-

mers were detected in the subject salmon samples, and

their content was expressed as mg/kg fish muscle.

Astaxanthin content was measured according to Shee-

han et al. [24]. Absence of 9Z- and 13Z-isomers was

confirmed; only E-isomers were detected in the present

salmon samples. Results are expressed as mg all-E-asta-

xanthin (AX)/kg fish muscle.

Sensory Analyses

A quantitative descriptive analysis (QDA) was used to

assess the expected rancid odor and taste development, as

well as the loss of the original fresh odor and taste of

salmon flesh. For it, ten panelists were selected. Prior to the

study, panelists were trained by employing individual sal-

mon of different degrees of quality [25].

At each sampling time, five fishes (n = 5) were cooked

in polyethylene bags in a water bath and then submitted

independently to the sensory panel. Rancid odor and taste

development was evaluated using a 10 cm unstructured

lineal scale from 0 (stage of no rancidity) to 10 (stage

where no increase in rancidity is possible). Original fresh

salmon odor and taste were also evaluated using a 10 cm

unstructured lineal scale from 0 (stage where the original

odor and taste are no more noticeable) to 10 (stage of full

original odor and taste of salmon flesh). In all cases, score

5.0 was considered the borderline of fish acceptability.

Scores among panelists were averaged.

Statistical Analyses

Data from the different biochemical and sensory analyses

were subjected to one-way analysis of variance (p < 0.05)

and to correlation analysis; comparison of means was

performed using a least-squares difference (LSD) method

[26]. Factor analysis (principal components) was carried

out with all quality parameters; a Varimax normalized

rotation was employed for factor rotation [26].

Results and Discussion

Water and Lipid Contents

The water content of salmon muscle ranged between 69.5

and 71.5% and extractable lipid matter fell within the range

3.5–5.5%. Variations in contents of both constituent (water

and lipids) may be explained as a result of individual fish

variation, and not arising from the frozen storage time.

Water content was less than in the case of leaner fish

species, according to an inverse ratio between water and

lipid matter [9].

Lipid Hydrolysis

FFA increased (p < 0.05) during the storage indicating that

lipid hydrolysis continued even at low temperatures

(Table 3). This increase was found markedly higher during

the first stage of the experiment (months 0–4), which

agrees with previous research [21, 27]. This behavior has

been explained as a result of a maximal lipase release from

liposomes during the first month [28], which then facili-

tates closer proximity between enzyme and substrate. After

that time, hydrolysis would develop more slowly because

component migration is less likely to occur during frozen

storage [21, 27]. From the present results, a fair logarithmic

fitting was obtained between the FFA formation and the

storage time (r2 = 0.81).

While the formation of FFA itself does not lead to

nutritional losses, its assessment is deemed important when

considering the development of rancidity. Thus, a pro-

oxidant effect of FFA on lipid matter has been proposed

and explained on the basis of a catalytic effect of the
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carboxyl group on the formation of free radicals by the

decomposition of hydroperoxides [29]. In addition, FFA

have shown to interact with proteins leading to texture

deterioration [14].

Lipid Oxidation

Different and complementary biochemical lipid oxidation

indices were employed to evaluate the development of

rancidity in the present experiment. Only a moderate per-

oxide formation was detected during the frozen storage

period (Table 3), except for the end of the experiment

when the highest mean value was obtained. However,

values obtained throughout the experiment were relatively

low when compared to fish species including a similar fat

content and stored under the same frozen conditions [27,

30]. A marked development of primary oxidation cannot be

verified in the present experiment.

Similar results were obtained for the secondary lipid

oxidation assessment. Thus, a very low thiobarbituric acid

reactive substance formation could be inferred in the 0–

12 month period (Table 3), that was followed by a marked

increase at the end of the storage. However, even the value

obtained at month 15 (0.54 ± 0.27) can be considered

relatively low if we compare it with results obtained on fish

species with a similar fat content and kept frozen under

similar conditions [21, 27, 31].

Complex formation as a result of interaction between

oxidized lipids and nucleophilic molecules (mainly pro-

teins) was measured by fluorescence (Table 3). Fluores-

cence detection provided very low mean values during the

0–8 month period. Then, a marked increase was obtained

at month 10, followed by a sharp increase at month 15,

which agrees with the increases in PV and TBA-i at the end

of the storage. FR values obtained were lower than those

observed for fish species (sardine, mackerel) including a

similar fat content and kept frozen under similar conditions

[21, 27].

As in the case of the FFA assessment, a fair correlation

with the storage time was obtained (r2 = 0.89, quadratic

fitting) for the FR value. However, both indices (FFA and

FR) showed a different behavior throughout the experiment

in the sense that the first (FFA) showed the highest increase

in the first stage (months 0–4) of the experiment (loga-

rithmic fitting), while the FR increased markedly in the last

stage (months 10–15) of the study (quadratic fitting).

Damage to polyunsaturated fatty acids during frozen

storage was measured by the PI value, which was not sig-

nificantly different during the 0–8 storage period (Table 3).

Then, a decrease was observed at month 10, which also

corresponds to PUFA damage produced by lipid oxidation.

After this time, no more differences throughout the

remaining storage time were observed. An inverse rela-

tionship could be inferred from the PI decrease and the FR

increase throughout the present study. As a good correlation

value was obtained between both indices (r2 = –0.88).

Sensory Analysis

As expected, a progressive sensory quality loss was ob-

served as a result of the frozen storage time. A significant

(p < 0.05) rancid odor and taste development was observed

in salmon fish (Fig. 1). Both parameters (odor and taste)

led to very good correlation values with the storage time

(r2 = 0.95 and r2 = 0.96, respectively; both quadratic fit-

tings). However, even at month 15, rancidity scores were

found to be very low for both sensory parameters, showing

a good agreement with the conclusions obtained from the

lipid oxidation biochemical indices (Table 3). Fair corre-

lation values for both rancid odor and taste assessments

were obtained with the FR value (r2 = 0.82 and r2 = 0.88,

respectively).

Rancid odor development has been shown to be the

limiting factor of acceptability for most wild fatty fish

species under the same freezing conditions, where 7 months

shelf-life were obtained [27]. However, according to the

Table 3 Assessment of biochemical indices related to lipid damage during frozen storage of coho salmon

Frozen storage time (months) FFA PV TBA-i FR PI

0 1.04 a (0.58) 2.31 a (1.25) 0.10 a (0.05) 0.31 a (0.07) 1.31 bc (0.05)

4 5.03 b (1.75) 3.58 a(0.90) 0.09 a (0.02) 0.28 a (0.08) 1.37 c (0.09)

6 5.03 b (1.60) 4.26 a (1.58) 0.16 a (0.09) 0.32 a (0.04) 1.29 bc (0.16)

8 6.77 bc (3.39) 5.20 ab (2.79) 0.20 a (0.13) 0.37 a (0.13) 1.37 c (0.19)

10 6.66 bc (2.16) 5.45 ab (2.90) 0.29 a (0.15) 0.71 b (0.24) 1.06 a (0.11)

12 7.46 bc (2.42) 4.60 ab (2.12) 0.23 a (0.15) 0.89 b (0.24) 1.15 ab (0.12)

15 8.11 c (2.14) 8.59 b (2.06) 0.54 b (0.27) 1.39 c (0.55) 1.03 a (0.08)

Abbreviations: FFA free fatty acids, PV peroxide value, TBA-i thiobarbituric acid index, FR fluorescence ratio, PI polyene index

In each column, mean values (n = 5) followed by different letters are significantly (p < 0.05) different. Standard deviations are indicated in

brackets. Starting fresh fish values: 0.59 ± 0.32 (FFA), 1.43 ± 0.37 (PV), 0.05 ± 0.06 (TBA-i), 0.23 ± 0.07 (FR) and 1.29 ± 0.13 (PI)
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present results, rancid odor development was not found to

be markedly relevant as it is during the frozen storage of

other farmed salmonoid species such as rainbow trout [32]

and Atlantic salmon [33].

The loss of the original fresh odor and taste of salmon

fish flesh was also evaluated (Fig. 2). In this case, a marked

(p < 0.05) quality loss was obtained with storage time. The

odor value was less than 5.0 even at the end of the

experiment indicating poor quality. Good correlation val-

ues were obtained for the odor and taste assessments with

the storage time (r2 = –0.87 and r2 = –0.95, quadratic and

linear fittings, respectively). When compared to biochem-

ical indices, the best correlation values of original freshness

(odor and taste) loss were obtained with the FR value

(r2 = –0.78 and r2 = –0.70, respectively).

Multivariate Analysis

In order to segregate the different parameters (biochemical

and sensory indices) into different factors, principal com-

ponent analysis (PCA) was carried out. Thus, 78.97% of

the variability of the variables under study could be

explained with two factors. Following a Varimax rotation

(Table 4), it was found that Factor 1 alone accounted for

64.04% of the variability. Factor 1 had relatively high

loadings (0.85–0.93) for the four sensory parameters, and

fair loadings for the biochemical indices (0.62–0.83).

Factor 2 accounted for only 14.94% of the variability.

Results obtained by PCA indicated that sensory deter-

mination was more accurate than biochemical assessment

to evaluate the degradation in quality of coho salmon

during frozen storage. This conclusion agrees with the

above mentioned results where sensory parameters affor-

ded better correlation values with time than the biochem-

ical indices.

Endogenous Antioxidant Assessment

Tocopherol isomer assessment is expressed in Fig. 3. The

content of such compounds provided some differences

throughout the experiment that could be explained as a

result of differences from fish to fish and not as a result of

the frozen storage. Both isomers (alpha and gamma)

showed similar results to those obtained when studying

other cultivated fish species such as rainbow trout [34] and

Atlantic salmon [35]. In the present experiment, both

tocopherol isomers did not decrease significantly

(p > 0.05) with the storage time, although previous re-

search indicates important losses in both isomers during the

frozen storage of other farmed species such as blue and red

tilapia [36] and channel catfish [37].

Different tocopherols (a-, b- ,c- and d-tocopherol) have

been identified in plants and all have been found in most

seaweeds and unicellular algae. However, a-tocopherol has

been reported to be the only tocopherol, which accumulates

in higher marine animals from natural diets that presum-

ably originally included all four tocopherols [38, 39].

Deposition of different tocopherol molecules (primarily

Fig. 1 Rancid odor and taste detection during coho salmon frozen

storage. Bars denote standard deviations of the mean (n = 5). Starting

fresh fish values: 0.0 for both parameters

Fig. 2 Detection of original fresh odor and taste during coho salmon

frozen storage. Bars denote standard deviations of the mean (n = 5).

Starting fresh fish values: 10.0 for both parameters

Table 4 Factor loadings from principal component analysis of bio-

chemical and sensory parameters measured in frozen coho salmon

Parameter Factor 1 Factor 2

Free fatty acids 0.702 –0.525

Peroxide value 0.633 –0.643

Thiobarbituric acid index 0.755 –0.230

Fluorescence ratio 0.824 0.354

Polyene index –0.622 –0.627

Rancid odor 0.926 0.158

Rancid taste 0.931 0.209

Original fresh odor –0.852 –0.032

Original fresh taste –0.884 0.114
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a, c) in farmed fish did occur and could be strongly influ-

enced by the feed provided [40, 41].

Recent demands for new sources of feed constituents

have been addressed by oils from terrestrial plants, so that

the presence of a large range of bioactive substances such

as the different tocopherol isomers would guarantee a po-

sitive effect on the fish health and growth [42]. However, a

lack of the long chain polyunsaturated fatty acid content

(x-3 series, particularly) has been recognized as a major

disadvantage. Therefore, finishing diet strategies for fish

have been developed, where diets based on plant oil are fed

during the growing phase and then replaced by a fish oil

diet in the final months prior to slaughter [42].

Similar conclusions can be obtained from the astaxan-

thin (AX) content analysis (Fig. 4). Again, content differ-

ences during storage can be explained as a result of fish to

fish variation, and not from the frozen treatment. Values

range (8.0–10.0) was similar to the one obtained previously

for cultivated coho salmon [9], but higher than the one

determined for wild coho salmon [43]. Compared to other

cultivated fish species, the actual starting fish value

(8.6 ± 1.4) was higher than that reported in previous

research on Atlantic salmon [35, 44] and rainbow trout

[32, 34].

Previous research has shown that AX can deteriorate

either due to non-enzymatic degradation, e.g., by light,

heat, oxygen, or to enzymatic degradation, e.g., lipoxy-

genase, peroxidase [45]. In the present case, a decreasing

tendency in AX content was not observed with frozen

storage time, according to a previous research carried out

on a chilled storage experiment on coho salmon [9]. In

contrast, previous studies have shown an AX content de-

crease during the frozen storage of Atlantic salmon [32]

and rainbow trout [34] and as a result of post-harvesting of

Atlantic salmon [35].

Marine lipids are constituted of highly unsaturated fatty

acids that are known to be very prone to oxidation, leading

to an important effect on fish quality loss [12]. However,

according to biochemical lipid damage indices closely

related to rancidity development (PV, TBA-i and FR),

such a damage pathway was found to be slow in frozen

farmed coho salmon, and values attained were low when

compared to other fatty fish species kept under the same

storage conditions. This result was corroborated by the

rancid odor and taste development, which was still very

low even after 15 months of frozen storage. However, an

important quality loss was observed by the sensory panel

according to the loss of the fresh odor and taste that were

initially present in the salmon flesh; such scores led to

non-acceptable fish at the end of the experiment.

Accordingly, a quality loss pathway other than rancidity

development may account for the sensory changes in the

present experiment.

Carotenoids and tocopherols are known as endogenous

antioxidants that can act as scavengers of free radicals, so

that protection against the very early stages of lipid oxi-

dation would be favored [34]. In addition, AX is well

known as the main pigment responsible for the pink color

of salmonoid fish species, so that its retention during pro-

cessing should be very important to guarantee consumer

acceptance and retain the commercial value of the product.

Since relatively high tocopherol isomers and AX contents

in salmon muscle were maintained throughout the present

experiment, their presence is likely most responsible for the

lipid stability observed in this study.
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Fig. 3 Tocopherol isomers present during coho salmon frozen

storage. Bars denote standard deviations of the mean (n = 5). Starting

fresh fish values: 11.0 ± 0.5 and 3.3 ± 0.4 for alpha and gamma

isomers, respectively

Fig. 4 Astaxanthin present during coho salmon frozen storage. Bars
denote standard deviations of the mean (n = 5). Starting fresh fish

value: 8.6 ± 1.4
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