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Abstract

This study investigated the efficacy of three commercially relevant packaging methods (vacuum with water glazing VAC-
G; vacuum with seawater VAC-S; shatter-layer packaging SL) to improve frozen storage stability of mechanically filleted
Atlantic mackerel at — 25 °C, in comparison to water glazing alone (GL) and storage as whole unglazed, block frozen fish.
Besides proximate composition and pH of raw material, quality changes were analysed by free fatty acid content (FFA),
water holding capacity (WHC), cooking yield, lipid oxidation (lipid hydroperoxides, PV; non-protein bound thiobarbituric
acid reactive substances, TBARS) and sensory profiles of cooked samples after 3.5, 8, 10 and 12 months of frozen storage.
Vacuum-packaging was effective in mitigating the PV and TBARS as well as rancid odour and flavour. The inclusion of
seawater in VAC-S altered the sensory textural attributes of the mackerel fillet to be more juicy, tender and soft and increased
the attribute of salty flavour in the sample. SL delayed rancid odour and flavour by 2 months compared to GL. Processing of
mackerel under industrial conditions, including filleting, handling, double-freezing and glazing accelerated the formation
of FFA as well as losses of WHC and cooking yield in the fillet regardless the packaging methods.
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Introduction

Mackerel is a good source of protein, fat soluble vitamins
and minerals as well as long chain n-3 polyunsaturated
fatty acids (LC n-3 PUFA), including EPA and DHA. Cur-
rently, few Atlantic mackerel is being processed (filleted)
prior to export from the northern European countries, and
frozen blocks of whole or headed and gutted mackerel are
thawed and processed into fillets at international proces-
sors. A series of national initiatives are being undertaken
in the Nordic countries to process mackerel into high
valued frozen fillets, thus to achieve more sustainable
biomass utilisation and value creation through the utilisa-
tion of rest raw materials into e.g. fish meal and fish oil.
Mackerel muscle is highly susceptible to lipid oxidation
during frozen storage because of its low post-mortem pH,
high PUFA content and abundance of pro-oxidants [e.g.
haemoglobin (Hb) and myoglobin (Mb), metallic ions such
as iron and copper] [10, 25]. Further, mechanical dam-
age and increased exposure to oxygen upon filleting make
PUFA-rich mackerel fillets highly susceptible to oxidative
degradation [2, 4]. The rate and extent of quality loss of
mackerel muscle during frozen storage may be influenced
by storage temperature [26], season, feeding state [4, 29],
total fat content, lipid composition [18], and concentra-
tions of endogenous anti- and pro-oxidants [23, 25].
Additions of both synthetic and natural antioxidants
have been extensively studied using mackerel mince [32].
Secondary processing of mackerel species, e.g. sou-vide
cooking, smoking and use of other advanced technologies
such as ultrasound and high-pressure treatment are well
dealt with in the recent literature [7, 9, 15, 22]. However,
other means of shelf life extension, which are also suitable
for intact fillets, remain under-researched despite com-
mercial relevance and importance for product quality and
acceptance. For example, glazing of mackerel fillets with
water is used commercially, e.g. when fillets are exported
from a processing country to a consumption market, while
its effects and potential application have not been fully
investigated within research [24]. Vacuum packaging
have been evaluated to limit lipid oxidation and enhance
storage stability of mackerel fillets [31, 37] but not tested
for mackerel mechanically filleted under industrial set-
tings. Moreover, bulk vacuum-packaging with seawater
is widely used in the Norwegian pelagic industry to store
mackerel and herring fillets intended for secondary pro-
cessing such as canning. Shatter layer packaging is com-
monly used onboard Icelandic white fish freezing trawlers
with polyethylene sheets wrapping fillets to prevent them
from sticking together. Despite these applications within
industry, as well as the scattered research studies, no one
has, to the best of our knowledge, systematically compared
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the abovementioned packaging methods for mackerel fil-
lets processed under industrial conditions. The objec-
tive of this study was to investigate the efficacy of three
packaging methods (vacuum with water glazing VAC-G;
vacuum with seawater VAC-S; shatter-layer packaging SL)
for improving frozen storage stability of mechanically fil-
leted Atlantic mackerel fillets at — 25 °C, in comparison to
water glazing alone (GL) and storage as whole non-glazed
block frozen fish (WF). In addition to proximate compo-
sition and pH of the raw material, quality changes were
analysed by free fatty acid content (FFA), water holding
capacity (WHC), cooking yield, lipid oxidation (PV and
TBARS) and sensory profiles of cooked samples at 3.5, 8,
10 and 12 months of storage.

Materials and methods
Raw material and processing

Atlantic mackerel caught in August 2016 in the waters
southeast of Iceland (northeast Atlantic Ocean—FAQO no
27) by amid-water pelagic trawl of a modern purse seiner
(Borkur NK 122) was kept in a tank with refrigerated sea-
water (— 1.5 °C) for 2 days. Upon landing and sorting, whole
fish was superchilled in 15% brine at — 10 °C for 15-30 min
or until the core temperature of the fish was in the range of
— 1.0 to — 1.5 °C. The ratio of fish and brine was 1:2. The
superchilled fish was mechanically filleted (MK11-M120,
Arenco VMK, Sweden). Immediately after filleting, individ-
ual fillets were placed on the conveyer belt and transported
to an IQF freezer (Skaginn, Akranes, Iceland) at — 42 °C
(air speed at 15-20 m/s). Whole mackerel were frozen using
an automatic plate freezer (Skaginn, Akranes, Iceland) at
— 45 °C into typical industrial frozen blocks (16 kg). The
frozen blocks were thereafter stored at — 25 °C.

Glazing and packaging of mackerel fillets

Frozen fillets were divided into four groups correspond-
ing to water glazing (GL), vacuum-packaging with water
glazing (VAC-G), vacuum-packaging with seawater
(VAC-S) and shatter layer packaging (SL), respectively.
GL and VAC-G fillets were individually glazed by dip-
ping in a container with iced water for 3—4 s. Ice was
added to the water to ensure the low temperature. Imme-
diately after glazing, GL samples were randomly packed
in LDPE plastic bags (Kivo, Volendam, Netherland) and
corrugated cardboard boxes (390 X 190 X 170 mm, Smurfit
Kappa Norpapp AS, Dublin, Ireland). Six glazed fillets
were vacuum packaged (Supervac RP 00791, Wien) in
each 0.130-mm thick polyamide/polyethylene (PA/PE)
bag (300 X 550 mm) for VAC-G. Unglazed SL fillets were
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arranged systematically on a LDPE plastic film and placed
in LDPE plastic bags and corrugated cardboard boxes. For
VAC-S, seawater at 0 °C was added into a 75-pm thick
LDPE bag with unglazed fillets to obtain a seawater:fish
ratio of 1:4. The bags were vacuum-packed at 92% (Super-
vac RP 00791, Wien) and frozen using an automatic box
freezer at — 25 °C (Skaginn, Akranes, Iceland). Following
packaging, all samples were loaded on pallets and trans-
ported frozen (— 20 °C) to the laboratory for subsequent
frozen storage at — 25 °C.

The physicochemical and sensory analyses were per-
formed after 3.5, 8, 10 and 12 months of frozen storage. At
each sampling point, one frozen block of WF were thawed
at room temperature (21 °C) for 17 h and filleted manually
prior to analysis. Six fillets of GL, VAC-G, VAC-S and SL
samples were thawed at 0 °C for 12 h in an open carton
box covered with a plastic film. For the PV and TBARS
analyses, frozen WF and fillet samples were thawed in
a sealed plastic bag under cold running water. For each
physicochemical analysis, 3 thawed fillets (i.e. N=3) were
pooled into a mince using a food processor (Braun Elec-
tronic, type 4262, Kronberg, Germany) and 2-3 samples
from this mince were subjected to the respective analysis
(thus, a=2-3). The mince was stored at — 80 °C until
the physicochemical analyses. In the sensory analyses, the
belly and the tail parts of the fillets were trimmed off, and
the centre section was used as described below in “Cook-
ing yield”.

Water, lipid, protein and salt content

Water content was determined by the difference in weight
of homogenized muscle samples before and after drying for
4 h at 102-104 °C (ISO, 1999). Results were calculated as
g water per 100 g muscle. Total lipids (TL) of the muscle
samples were extracted according to the method of Bligh
and Dyer [6]. The lipid content was determined gravimetri-
cally, and the results were expressed as g lipid per 100 g
of muscle. The total protein content of the fish muscle was
estimated by the Kjeldahl method (ISO, 1997) with the aid
of a Digestion System 40 (Tecator AB, Hoganas, Sweden)
and calculated using total nitrogen (N) X 6.25. Salt content
was determined by the method of Volhard according to the
AOAC Official Methods of Analysis (2000).

pH

The pH of fish muscle was determined using a pH meter
with a glass electrode (Knick, Berlin, Germany) by inserting
the electrode directly into the mince (Braun Electronic, type
4262, Kronberg, Germany).

Fatty acid profile

The fatty acid profile of the samples was measured on the
TL extract by gas chromatography of fatty acid methyl esters
(FAMESs) (Varian 3900 GC, Varian, Inc., Walnut Creek,
CA, USA), according to the AOCS method (AOCS 1998).
The Varian 3900 GC equipped with a fused silica capil-
lary column (HP-88, 100 0.25 pm film), split injector, and
flame ionization detector with a Galaxie Chromatography
Data System (Version 1.9.3.2 software, Varian Inc., Walnut
Creek, CA, USA) was used. The temperature in the oven was
held at 100 °C for 4 min and increased to 240 °C at a rate
of 3 °C/min for 15 min. The temperature of the injector and
detector was 225 °C and 285 °C, respectively. Helium used
as a carrier gas had a column flow of 0.8 mL/min, and a split
ratio 200:1. The program was based on the AOAC-996.06
(2001) method.

Free fatty acids content

The free fatty acid (FFA) content was determined as
described by Bernardez et al. [S] with a modification using
the method of Lowry and Tinsley [17]. The absorbance of
the solution was read at 710 nm (UV-1800 spectrophotom-
eter, Shimadzu, Japan) and the amount of free fatty acids
was determined from a standard curve prepared from oleic
acid in a concentration range of 2—22 pmol. Results was
expressed as grams FFA per 100 g of total lipids.

Water holding capacity

Water holding capacity (WHC) of the samples was deter-
mined by a centrifugation method [11]. The WHC was
expressed as the percentage of retained weight after cen-
trifugation (1350 rpm, 5 min) at 4 °C, divided by the initial
sample weight and multiplied by 100.

Cooking yield

Trimmed fillets as described in “Sensory analysis” were
weighed and steam-cooked at 95-100 °C for 8 min in a
Convostar oven (Convotherm, Elektrogerate GmbH, Eglfing,
Germany) before they were drained for 15 min and weighed
again. Cook loss was calculated as the percentage of the
weight loss to the initial weight.

Lipid oxidation

Lipid hydroperoxides (PV) and thiobarbituric acid
reactive substances (TBARS) were determined in the
polar and the non-polar phase, respectively, after a
chloroform:methanol extraction. Eight g sample and
80 mL ice-cold chloroform:methanol (2:1; 0.05% BHT)
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Table 1 Twenty-one sensory attributes and their description for odour, flavor and texture as evaluated by GDA

Sensory attribute [short name] Scale Description
ODOUR
Fresh oil [O.OIL] none |l much Fresh fishoil odour

Metallic [ O.METAL)]
Sweet [O.SWEET]

Acidic [O.ACIDIC]
Earthy [O.EARTH]
Butiric acid [O.BUTIRIC]
Frozen storage [O.FROSEN.STR]
Rancid [0.RANCID]
FLAVOUR

Fresh oil [F.OIL]

Metallic [FMETAL]
Sweet [F.SWEET)]

Acidic [F.ACIDIC]

Salty [F.SALTY]

Earthy [F.EARTHY]
Bitter [F.BITTER]

Frozen storage [F.FROSEN.STR]
Rancid [F.RANCID]
TEXTURE

Soft [T.SOFT]

Juicy [TJUICY]

Tender [T.TENDER]
Mushy [TMUSHY]

none |l much
none |l much
none |l much
none |l much
none |l much
none |l much

none |l much

none |l much
none |l much
none || much
none || much
none |l much
none |l much
none |l much
none |l much
none |l much

firm Il soft
dry Il juicy
tough Il tender

none |l much

Metallic odour

Sweet characteristic odour of fresh mackerel
Acidic odour, fresh

Earthy odour, freshwater fish, arctic charr, salmon
Butiric acid, smelly feet

Cold storage, frozen storage odour

Rancid odour

Fresh fishoil flavour

Metallic flavour

Sweet characteristic flavour of fresh mackerel

Acidic flavour, fresh

Salty taste

Earthy flavour freshwater fish, arctic charr, salmon
Bitter flavour

Cold storage, frozen storage flavour, cardboard, rancidity
Rancid flavour

Softness in first bite

Dry: draws liquid from mouth. Juicy: releases liquid when chewed
Tenderness when chewed

Mushy, porridge like texture

The short names are in brackets

was homogenized (Ultra Turrax T18 basic, IKA Works,
Wilmington, NC) for 60 s at 14 000 rpm, followed by the
addition of 25 mL ice-cold 0.5% NaCl, vortexing for 30 s,
and centrifugation (2000xg, 6 min, 4 °C). Lipid hydroper-
oxides were determined in the chloroform phase with the
ferrithiocyanate method described by Undeland et al. [38].
Quantification was determined using a standard curve pre-
pared from cumene hydroperoxide. Results were expressed
as mmol lipid hydroperoxides/kg muscle (a=3). 1 mmol
lipid hydroperoxides/kg muscle is equivalent to 2 meq O,/
kg muscle. Non-protein bound TBARS were determined
in the methanol-water phase according to the method by
[30]. Propyl gallate and EDTA was added to the TCA-TBA
solution at a concentration of 0.1% (w/v) to avoid possi-
ble oxidation during analysis. The absorbance of the TBA-
complex was measured with a spectrophotometer at 532 nm.
Quantification of TBARS was made with a standard curve
prepared from 1,1,3,3-tetracthoxypropane (TEP). Results
were expressed as pmol MDA-equivalents/kg mince (a=3)".
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Sensory analysis

The descriptive attributes (Table 1) of cooked mackerel fil-
lets were determined using a sensory evaluation (generic
descriptive analysis; GDA) [34]. Each fillet was trimmed
by removing the belly and the tail and cut in two to three
portions. The portions were cooked at 100 °C for 6 min in a
pre-heated steam oven (Convotherm Elektrogeridte GmbH,
Eglfing, Germany) and served to the trained sensory panel
(ISO, 1993) at the serving temperature at 6575 °C. Each
panellist evaluated the samples in duplicates served at a
random order. A computerized system (FIZZ, Version 2.0,
1994-2000, Biosystemes) was used for data recording.

Statistical analysis

Statistical analyses were performed using the SPSS sta-
tistics software package version 25 (SPSS Inc., Chicago,
IL). Two-way ANOVA was used to examine the significant
effects of filleting, packaging method and storage time. One-
way ANOVA and Duncan post hoc test were performed to
test simple main effects and for the pair-wise comparison,
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respectively. The significance level cut-off was set at 95%
(p <0.05). Principal component analysis (PCA) was per-
formed using the R program (The R Foundation for Sta-
tistical Computing, Vienna). The average scores at 3.5 and
8 months were subjected to the analysis as the sensory evalu-
ation of GL was terminated after 8 months when the aver-
age GDA score for the attributes rancid odour and/or rancid
flavour reached above 20 and most of the panellists deemed
the sample unpalatable. The data were centred, and a PCA
bi-plot was obtained to visualize how the packaging methods
and the storage time were related to change in the sensory
attributes of the samples.

Results and discussion
Raw material characteristics

The average water and lipid content of the mackerel raw
material were 59.0+2.2% and 21.1 +2.8%, respectively, and
neither was significantly affected by storage time nor pack-
aging method. The average values obtained were comparable
to earlier reported values for mackerel caught in the Icelan-
dic waters, where significant geographical and annual vari-
ations have been reported [26,27, 29]. VAC-S had a signifi-
cantly higher salt content (0.78 +£0.13%) than the other fillets
(GL, VAC-G, SL) (0.28 +£0.044%) and WF (0.38 +0.084%),
possibly due to increased contact with water during the fillet-
ing and glazing operations. The muscle pH of the raw mate-
rial (average 6.3 +0.1) was not influenced by storage time or
the packaging methods. The obtained pH-value was higher
than post-rigor pH reported for mackerel species (~pH 6)
[13, 14]. This could be related to differences in capture/
slaughter, post-mortem handling and storage, influencing
post mortem depletion of adenosine triphosphate (ATP) and
level of glycogen and lactate in mackerel muscle following
slaughter [35].

The fatty acid profile of the raw material was charac-
terised by the dominant monounsaturated fatty acids
(MUFA, average 40.0+1.02 g/100 g lipids), followed
by PUFA (30.9+1.07 g/100 g lipids) and saturated fatty
acids (21.4+1.19 g/100 g lipids). Docosahexaenoic acid
(C22:6n-3, DHA) (12.3+0.53 g/100 g lipids) and eicosap-
entaenoic acid (C20:5n-3, EPA) (6.85+0.34 g/100 g lipids)
were among the most abundant PUFA in agreement with
earlier studies [18, 29]. The total PUFA content in the sam-
ple was slightly lower than those previously reported for
mackerel caught in the Icelandic waters at the beginning of
the heavy feeding period (end of July) (33.9+0.8%) [26],
possibly reflecting a natural variation in e.g. feed availabil-
ity/composition and ocean temperature [12].

Lipid hydroperoxides (mmol/kg 3>

3.5 8 10 12
Storage time (months)

100
80
60

40

20

MDA-equivalents (umol/kg muscle) 0@

3.5 8 10 12
Storage time (months)

Fig.1 a Average lipid hydroperoxides (mmol/kg mince)=+ stand-
ard deviation of samples at 3.5, 8, 10 and 12 months of storage at
— 25 °C. The respective samples are represented by a solid line: GL;
dotted line: WF; open circle: VAC-G; closed circle: VAC-S; open tri-
angle: SL. Error bars show analytical variation (a=2-3). b Average
thiobarbituric acid reactive substances TBARS (MDA-equivalents
umol/kg muscle) +standard deviation of samples at 3.5, 8, 10 and
12 months of storage at — 25 °C. The respective samples are rep-
resented by a solid line: GL; dotted line: WF; open circle: VAC-G;
closed circle: VAC-S; open triangle: SL. Error bars show analytical
variation (a=2-3)

Effects of filleting and packaging method
on storage stability and quality of mackerel

Lipid oxidation

The PV and TBARS values of the samples are presented
in Fig. la, b, respectively. The levels of PV and TBARS in
WF were comparable to those of GL after 12 months, with
a peak observed in both PV and TBARS measurements at
10 months. These results contradict earlier studies demon-
strating that storage as whole fish mitigated the increase in
PV and TBARS along with the loss of endogenous antioxi-
dant (a-tocopherol) in mackerel at — 20 °C up to 12 months
[2, 4]. Vacuum-packaging decreased lipid oxidation in mack-
erel fillets as indicated by the significantly lower PV and
TBARS values in VAC-G and VAC-S compared to GL. The
PV and TBARS values of these fillets remained relatively

@ Springer
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Fig.2 Average free fatty acid content (g FFA/100 g lipids) + stand- B
ard deviation of samples at 3.5, 8, 10 and 12 months of storage at 100
— 25 °C. The respective samples are represented by a solid line: GL;
dotted line: WF; open circle: VAC-G; closed circle: VAC-S; open tri- = 9
angle: SL. Error bars show analytical variation (a =2-3) S
3 9
>
g
stable. The results are in agreement with others reporting 28
the efficacy of reduced-oxygen packaging for mitigating the ] 0
lipid oxidation in mackerel [31, 37]. The inclusion of the
seawater in vacuum packaging led to a significantly higher 75

TBARS value in VAC-S than VAC-G after 8 months, indi-
cating that the increased salt content turned mackerel muscle
more prone to lipid oxidation during storage [1, 27]. NaCl
can be pro-oxidative e.g. via activation of myeloperoxidase
and by-displacing Fe?* from protein, liberating more low
molecular weight iron [16, 19]. The seawater in the packag-
ing may also have increased the exposure of the mackerel
muscle to pro-oxidative compounds in e.g. blood. SL sig-
nificantly delayed the development of lipid oxidation until
8 months, followed by an increase in both PV and TBARS
values to those comparable of GL at 12 months. The results
indicated a moderate protective effect of the shatter layer
packaging on the lipid oxidation, though not as effective as
vacuum packaging.

Free fatty acids (FFA)

The average FFA values of samples are presented in Fig. 2.
The level of FFA in the muscle increased during storage for
all samples. The average FFA concentration at 3.5 months
was 1.58 +£0.30 g/100 g lipid, comparable to those reported
for the mackerel caught in the Icelandic waters [28, 29]. The
FFA value of WF showed a sharp increase up to 8§ months
and remained relatively stable until the end of the storage
period. The FFA formation in the VAC-G, VAC-S and SL
fillets reached a peak at 10 months before it decreased at
12 months. Similar patterns of FFA development were
reported during the frozen storage of Atlantic mackerel [4]
and horse mackerel [31, 37]. WF was found to be most effec-
tive in preventing the formation of FFA compared to GL,
though this outcome may have been season dependent [4].
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3.5 8 10 12
Storage time (months)

Fig.3a Average water holding capacity (WHC; %) + standard devia-
tion of samples at 3.5, 8, 10 and 12 months of storage at — 25 °C. The
respective samples are represented by a solid line: GL; dotted line:
WF; open circle: VAC-G; closed circle: VAC-S; open triangle: SL.
Error bars show analytical variation (a=2-3). b sAverage cooking
yield (%) + standard deviation of samples at 3.5, 8, 10 and 12 months
of storage at — 25 °C. The respective samples are represented by a
solid line: GL; dotted line: WF; open circle: VAC-G; closed cir-
cle: VAC-S; open triangle: SL. Error bars show analytical variation
(a=2-3)

Further, VAC-S significantly mitigated the lipid hydroly-
sis when compared to GL after 8§ months, likely due to the
increased salt content in muscle [3]. VAC-G did not reduce
the formation of FFA when compared to GL after 8§ months.
FFA development in SL followed that of GL indicating that
the additional layer provided was not sufficient to allevi-
ate the FFA formation in mackerel muscle. Tzikas et al.
[37] reported the preservative effect of vacuum packaging
on FFA increase in skinned horse mackerel fillets only up
to 3 months at — 18 °C. Besides catching season and geo-
graphical variation [4, 29], storage time and temperature [27,
28], raw material/sample composition [8, 33], temperature
fluctuation [26] has been shown to account for an acceler-
ated increase in FFA during storage. Similarly in this study,
processing of mackerel including filleting, handling, dou-
ble-freezing and glazing may have promoted the subsequent
hydrolytic activity of the lipid constituents possibly due to
the associated temperature fluctuation, accounting for the
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Fig.4 PCA biplot constructed 0.2 0.0 0.2 0.4
from the average sensory | | | |
scores of the GL, WF, VAC-G, TSOFT | <
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and 8 months in light gray and VAC‘S
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higher levels of FFA in the fillets than the whole fish regard-
less the packaging methods.

Water holding capacity (WHC) and cooking yield

The average WHC and cooking yield of the samples are pre-
sented in Fig. 3a, b, respectively. The WHC of the samples
(average 86.8 +£5.3%) decreased during storage. WF was
most protected against loss of WHC as indicated by a higher
WHC (78.0+0.75%) at 12 months than those of the fillets
(mean range 58.5-68.6%). WF maintained a significantly
higher level of the cooking yield at 12 months, while none
of the packaging methods mitigated the decrease in WHC or
cooking yield when compared to GL. The results indicated
that the fillets were subjected to extensive degradation e.g.
of the proteins upon filleting, handling and frozen storage.
Mitigation of lipid oxidation by e.g. packaging and/or addi-
tion of antioxidants may not always result in improved WHC
and oxidative stability of muscle proteins in mackerel [20,
21]. Brining at low NaCl-concentrations has been shown to
improve the WHC and cooking yield of fish muscle (e.g.
with a salt content~ 1%) due to salt-induced swelling [27,

PC1(81.6%)

36], but this positive effect of the salt was not observed for
VAC-S, which contained on the average 0.78 +0.13% NaCl.

Sensory analysis

Rancidity is the primary cause for sensory rejection of fatty
fish such as mackerel, especially in the case of a frozen
product. The average scores for rancid odour and flavour in
VAC-G and VAC-S were both well below the detection limit
(<20) after 10 months, indicating that vacuum packaging
was effective in mitigating rancid odour and flavour during
frozen storage. SL delayed the rancidity detection limit by
2 months when compared to GL, providing a sensory shelf
life of 10 months. In the PCA bi-plot (Fig. 4), the largest
variation in the sensory data (PC1, 81.6%) accounted for
the increase in rancid odour and flavour (O.RANCID and
F.RANCID), which were found to the right on PC1 near
8 months GL, SL and WF. The fillets at 3.5 months were
found on the opposite side of PC1 closely related to sensory
attributes such as fresh fish oil odour/flavour (O.OIL and
F.OIL), metallic flavour (FFMETAL) and sweet characteristic
flavour of fresh mackerel (F.SWEET), reflecting loss of these
attributes with the increase of rancid odour and flavour over
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time. Deviation from this was observed in WF and VAC-
S. The position of WF at 3.5 months may be explained by
a relatively high score of rancid odour (average 14.2 +12)
and flavour (19.2 + 14) with a large standard deviation. This
may indicate a large batch-to-batch variation in raw mate-
rial e.g. composition and on-land operation and transport
affecting the storage stability of WF during the subsequent
storage. VAC-S at 3.5 and 8 months were found to the left
along PC1, which indicated that the vacuum-packaging with
seawater allowed the samples to retain the positive sensory
attributes associated with the samples at 3.5 months (O.OIL,
F.OIL, FEMETAL and F.SWEET). This did not agree with
the development of lipid oxidation measured as TBARS,
where a significantly higher value was obtained in VAC-S
compared to VAC-G at 8 months. Indeed, the fact that sam-
ples were cooked prior to the sensory analyses, but not prior
to the TBARS analyses can be an underlying factor changing
the profile of secondary oxidation products. VAC-S at 3.5
and 8 months were also closely associated with the textural
attributes such as juicy (T.JUICY), tender (T.TENDER),
soft (T.SOFT) as well as with the attribute of salty flavour
(F.SALTY), indicating that this treatment altered the sen-
sory attributes of the mackerel fillets. PC2 (8%) seemed to
account for this variation in the data.

Conclusions

Vacuum-packaging of mackerel fillets was effective in mit-
igating lipid oxidation monitored as PV, TBARS as well as
rancid odour and flavour, achieving a sensory shelf life of
more than 10 months at — 25 °C, while that of the glazed
fillets ended at 8 months. Use of shatter layer packaging
provided a moderate protection against lipid oxidation and
delayed the development of rancid odour and flavour by
2 months. The inclusion of seawater altered the sensory
textural attributes of the mackerel fillet to be more juicy,
tender and soft and increased the attribute of salty flavour
in the VAC-S sample while masking rancid odour and fla-
vour. Processing of mackerel including filleting, handling,
double-freezing and glazing under industrial conditions
increased the formation of FFA as well as the loss of WHC
and cooking yield in the mackerel fillets regardless the
packaging methods.
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