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Senegalese sole (Solea senegalensis) is a high-value commercial species with increasing importance
in aquaculture. The aim of this work was to study the quality changes of this species during chilled
storage under refrigeration, through sensory and chemical methods. In particular, the optimization of
a quality index method (QIM) scheme was proposed as well as the definition of sensory and chemical
quality criteria. A shelf life of 15 days was reported, and a QIM scheme based on a total of 22 demerit
points (dp) was proposed. Biogenic amines were never detected, and the usual spoilage indicators,
such as TVB-N and TMA-N, were not significantly produced during the period of sensory-acceptable
quality (15 days). On the basis of the significant correlations (p < 0.001) between sensory data and
Ki values, a quality index (QI) e 7 dp and a Ki e 12% correspond to a fresh fish, whereas a QI > 19
dp and a Ki > 40% indicate unacceptable quality of iced Senegalese sole.
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amines; Senegalese sole

INTRODUCTION

The type and rate of fish quality loss during postharvest
handling and storage are specific for each species and depend
on several conditions, such as the nutritional status of the fish,
its biological state, and the temperature of storage (1). Therefore,
knowledge of the specific deterioration pattern of each species
is essential for better fish handling and the establishment of
quality criteria. The commercial value of a fish species is
associated with its excellence, which is regarded as freshness
quality. The freshness of fish is related to all sensory properties
(flavor, odor, texture), but the general raw appearance is
extremely important because it determines its marketability and
price. For that reason objective and harmonized criteria, as well
as experienced panelists in fish assessment, are required to yield
more objective, simple, and rapid evaluation schemes. Such
schemes are particularly needed at auctions and in the fish-
processing sector, as well as in the retail market, to substitute
the European Union (EU) freshness grade actually used (2).

The quality index method (QIM), first developed by the
Tasmanian Food Research Unit (3), is the latest scheme to
overcome these difficulties and has been applied to iced whole
and gutted fish, and also to other fishery products, including
cephalopods, raw fillets, frozen/thawed fish, and cooked fish/
shrimp (4,5). QIM is a sensory scheme based on well-defined
changes of fishery products during storage. Each attribute
(quality parameter), such as the appearance (format/brightness
of eyes, gill color in the case of fresh fish) and odor, is described
by a maximum of four descriptors, and respective scores are

associated (5). The descriptors that correspond to high freshness
are scored with 0, whereas higher scores correspond to lower
quality, at a maximum of 3 demerit points (dp). The descriptors
should be very simple and clear to avoid misunderstandings.
The scores of all attributes are summed to give an overall score,
which is the quality index (QI). As a result, the theoretical
evolution of the QI initiates at 0 or at low values and increases
during storage, achieving the maximum when the fish should
be rejected (3,5).

One difference between the QIM and other traditional sensory
schemes is that the first is based in specific descriptors for each
product or species, which implies the development and opti-
mization of one particular scheme for each fish species or
product in specific storage conditions (chilled, frozen) (3, 5).
In parallel, the assessment of cooked fish is needed to establish
the fish rejection and estimate the shelf life in the specific
storage conditions (5).

In the case of iced fish, the linear relationship of the QI with
storage time permits the prediction of the number of days that
the fish was in ice [predicted storage time (PST)]. Because the
shelf life in ice [estimated shelf life (ESL)] was estimated on
the basis of the assessment of cooked fish, it will be possible
to estimate the remaining shelf life (RSL), defined as the time
in which the fish is still acceptable for human consumption (RSL
) ESL - PST) (3, 5). It is important to note that the estimation
of RSL is affected by some uncertainty due to the effect of
several factors such as fish handling and storage conditions, in
particular, the temperature.

QIM schemes have already been developed for several farmed
fish species (4, 7), including some flatfish such as brill
(Scophthalmus rhombus), turbot (Psetta maximus), and sole

* Author to whom correspondence should be addressed (telephone
+351213027036; fax+351213015948; e-mail amparo@ipimar.pt).

3452 J. Agric. Food Chem. 2007, 55, 3452−3461

10.1021/jf0632942 CCC: $37.00 © 2007 American Chemical Society
Published on Web 04/07/2007



(Solea solea) (5). Nevertheless, development and optimization
for other species are still needed. Senegalese sole (Solea
senegalensis) is an emergent species in aquaculture, and little
information is available regarding the quality changes during
chilled storage, even for wild species. Although the production
of this species is still not well-established, it has a high
commercial value due to its delicate texture and flavor. For that
reason, the primary aim of the present work was to study the
sensory changes of Senegalese sole during ice storage to
optimize a QIM scheme for this species. Considering the
usefulness of some chemical methods as freshness/quality
indicators (1, 6), the nucleotide degradation products, the volatile
nitrogen compounds (TVB-N, TMA-N), and biogenic amines
were also evaluated to contribute to a full characterization of
the quality changes of this species and to establish some
chemical freshness/quality indicators.

MATERIALS AND METHODS

Fish Source.Three different batches of Senegalese sole, fasted for
24 h before slaughter, were obtained from two Portuguese fish farms,
in three different periods: July, August, and October 2005. Average
length and weight were, respectively, 29.3( 1.8 cm and 304.4( 55.4
g. The fish were slaughtered by hypothermia, in an ice-water slurry.
After death, fish were packed in expanded polystyrene boxes, covered
by a thin plastic film, with crushed ice on the top, and transported to
the laboratory.

Storage Experiments and Sampling.The delivery of fish to the
laboratory occurred approximately 18 h after slaughter. Fish were
conditioned in polypropylene boxes with perforated bottoms, covered
by a thin plastic film with crushed ice on top. The boxes were stored
under refrigerated conditions at 1.5( 0.8 °C, and the ice was
replenished as necessary.

During the chilled storage samples were taken for sensory assessment
as follows: July, August, sampling after 1, 3 or 4, 7, 9, 11, 14, and 16
days in ice; October, sampling after 1, 4, 7, 11, 15, and 17 days in ice.
Samples for proximate composition were taken only at the reception
day (1 day in ice). Sampling for other chemical analyses was done
initially (1 day in ice) and after 4, 9, and 16 or 17 days of storage,
except in the case of volatile compounds and biogenic amines, for which
samples were collected initially and when the fish was sensory rejected.

Chemical Analyses.All chemical analyses were done on the fish
muscle (without skin), previously minced. A minimum of three and
up to five fish samples per batch were used in each sampling day.

Proximate Composition.The ash, moisture, crude protein, and fat
contents were determined at day 1 by the reference methods, described
in AOAC (8). Ash was determined by incineration of fish muscle
(previously dried) in a furnace at 500( 25 °C until to constant weight
(method 942.05).Moisturewas determined by the air-drying method,
during 12-16 h at 105( 2 °C in an air oven (method 950.46).Crude
proteinwas determined by the Kjeldahl method, and the percentage of
protein was calculated as total nitrogen× 6.25 (method 981.10).Total
fat was extracted with diethyl ether solvent in a Soxhlet apparatus
(method 991.36). Sample was refluxed during 7 h atadjusted temper-
ature. Fat was determined by weight after drying to constant weight in
a 105( 2 °C air oven.

Total Volatile Base Nitrogen (TVB-N), Trimethylamine Nitrogen
(TMA-N), and Trimethylamine Oxide Nitrogen (TMAO-N). Volatile
compounds were determined in extracts from 25 g of fish mince
homogenized with 50 mL of 10% trichloroacetic acid (TCA) by a
microdiffusion method (9).

Biogenic Amines.Determination was done in the previous TCA
extracts by high-performance liquid chromatography (HPLC) (10), in
a LKB Biochromma LC system (Pharmacia), on a reverse phase column
(Spheri-5 RP18 5µm, 220× 4.6 mm) by a gradient elution (two sodium
acetate buffers, 0.1 and 0.2 M, pH 4.5; flow rate) 1.0 mL/min),
followed by postcolumn derivatization witho-phthaldialdehyde. Detec-
tion was made in a fluorescence spectrophotometer (Perkin-Elmer LC-
1) with excitation at 340 nm and emission at 455 nm. The system
permits detection of histamine (Him), cadaverine (Cad), putrescine (Put),

tyramine (Tyr), and agmatine (Agm). Identification and quantification
were done by comparison with specific standards (Sigma) through
calibration curves, using the software EZChrom Chromatography Data
System, version 6.7 (Scientific Software).

Nucleotides and Nucleotide Catabolites.Extracts were prepared
from 5 g of fish mince homogenized with 25 mL of 0.6 M perchloric
acid, and the separation was done by HPLC in an Agilent 1100 Series
LC System, as described in ref11 on a reverse phase column
(Lichrosorb 100 RP-18 10µm, 250× 4.6 mm). Phosphate buffer (0.1
M, pH 6.95) composed the mobile phase; elution was isocratic (flow
rate) 1.6 mL/min), and detection was done at 254 nm. Compounds
were identified and quantified by comparison with specific standards
(Sigma) through calibration curves, using the Agilent ChemSation
software G2170AA (Agilent Technologies).

Free amino acids (FAA) were extracted with a solution of 10%
TCA in a ratio of 1:10 (fish muscle/TCA) followed by a centrifugation
step (12). FAA were separated by ion exchange liquid chromatography
in an automatic analyzer Biochrom 20 (Amersham Pharmacia Biotech
AB) equipped with a Peek polymeric cation exchange column (200×
4.6 mm), using three sodium citrate buffers (pH 3.20, 4.25 and 6.45;
Amersham Biosciences) and three different temperatures (50, 58, and
95 °C). The detection of amino acids was done at 440 and 570 nm
after reaction with ninhydrin reagent (Amersham Biosciences). Amino
acid identification and quantification were done by comparison with
specific standards (Sigma) through calibration curves, using the software
EZChrom Chromatography Data System, version 6.7 (Scientific
Software).

Sensory Evaluation.The sensory evaluation was carried out in a
special room equipped with individual booths by a sensory panel
composed of four to six experienced assessors. A minimum of three
and up to five fish samples per batch were used in each sampling day.
In total, 24, 24, and 25 fish samples were assessed in the trials of July,
August, and October, respectively.

Raw Assessment and QIM Optimization.Each panelist assessed
one fish (whole raw), but also observed the other fish samples in order
to be familiar with the fish variability. Despite the experience of the
panelists in sensory assessment of fish, in particular using QIM schemes,
a preliminary experiment was done to train the panel on the quality
parameters and descriptors for Senegalese sole and also for some
adjustments in the original QIM scheme, which was first developed
for sole (Solea solea) (5).

Sensory Assessment of Cooked Fish.After the raw assessment,
the fish were gutted, headed, and washed with tap water. Each fish
sample was wrapped with perforated aluminum foil and cooked for
7-8 min at 100°C in a saturated steam oven (Rational Combi-Master
CM6 Cross Kuchentechnik GmbH, Landsberg a. Lech, Germany). Each
panelist evaluated all of the fish samples and gave an average score.
In October cooked fish was not assessed on days 4 and 17. The panel
evaluated the odor and flavor using the Torry scale for lean species
(13), which was also slightly modified (Table 1) during the preliminary
experiment. In addition, the panelists were asked their opinion about
the texture of the fish flesh (only in qualitative terms).

An average score ofe5.5 for odor and flavor is usually used as the
limit of acceptability (5), and the shelf life of Senegalese sole was
defined on the basis of this sensory criteria together with the autolysis
level of the viscera of whole raw fish.

Viscera Evaluation. The status of the viscera was qualitatively
evaluated by three assessors immediately before the gutting of fish.

Statistical Analysis. The statistical treatment of the results was
performed using Software Statistica, vers. 6.1 (Stat Soft, Inc., Tulsa,
OK). ANOVA analysis and the Tukey multicomparison test of different
batches and storage days were done. A time-dependent linear regression
analysis was performed for each quality parameter/descriptor and QI.
Comparison of the several regression equations was done according to
the method described in ref14. Correlations between sensory and
chemical variables were also done. Significance was tested atR ) 0.05
(p < 0.05).

RESULTS AND DISCUSSION

Proximate Composition.Significant differences among the
three independent fish batches were detected only for fat content,
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in which the fish of the later two experiments presented the
highest fat level (Table 2). The influence of nutrition in the
composition of fish flesh is well-known (15), and the proximate
composition of marine farmed fish generally reflects the diet
composition, in particular, the fat level and composition (16,
17). Values in the range of 1.0-1.8% were reported for the
muscle of farmed turbot fed different dietary fat levels (16),
whereas levels within 0.5-9.6% were found for the muscle,
fillet, or flesh of wild pleuronectiformes, turbot and Atlantic
halibut (18).

Sensory Assessment of Cooked Fish.A gradual decrease
of the odor and flavor scores was observed during the storage
in ice, and significant differences among the three experiments
were not observed (ANOVA two-way,p > 0.05); the storage
time was responsible for the main differences reported. In
general, slightly higher scores were reported for odor, but this
attribute and the flavor were positively correlated (r2 ) 0.8056,
r ) 0.8976, p < 0.001), and a significant negative linear
correlation between the average scores of odor/flavor and the
storage time was reported (Figure 1). Initially (1 day in ice),
the fish was very fresh (average scores of 9.8 for odor/flavor)
and was characterized by a weak sweet odor, insipid to fairly
sweet flavor, and slightly bitter/sour aftertaste (Table 1). During
the further 4 days of storage a slight decline of freshness was
observed, and an average score of 8.9 was reported on the fourth
day. Differences between scores became significant only at the
seventh day (ANOVA,p ) 0.0388), and between days 7 and
11 the scores slightly decreased from 7.8 to 7.3, corresponding
to acceptable grade of quality (regarded as musty odor and
neutral flavor;Table 1). On days 14 and 15 the scores were
very close to the limit of acceptability (5.5) (3), and slightly
sour odor/flavor and off-flavor traces were perceived by the
panelists; 75% of the scores reported on the 14th day weree6.5,
of which 50% weree6.0, whereas on the 15th day 75% of the
scores did not exceed 5.9, of which 50% weree5.5. On day
16 the average score was 5.2, and 50% were below 4.8;
undoubtedly, the fish was rejected. In October the panelists
rejected the fish on day 15 due to its raw appearance and on
the 17th day cooked fish was not assessed.

The flavor was the attribute that most influenced the rejection
of fish, although the texture (qualitatively assessed) was also
an important trait for the sensory panel. Generally, the texture
was considered to be somewhat mushy, and this feature became
more intense during the storage, in particular in the August trail,
which corresponded to the fish with the highest fat content
(Table 2). The available data about the effects of dietary fat on
the organoleptic properties of fish flesh are somewhat contradic-
tory, and some authors did not report any effect of dietary fat
level on the texture of farmed turbot (16). In the present work,
such a study was not done, but the difference reported for fat
content between the three fish batches suggests that influence
could be imperceptible. On the 15th and 16th days the fish
presented a very soft flesh and the brownish coloration along
the fins evidenced some oxidation (which was also noted by a
fairly rancid odor). At this time, the tenderness of fish flesh
was visible even in the raw fish because in some individuals
the bones were easily separated from the muscle.

These results are concordant with the viscera evaluation. At
the beginning of storage the viscera were individualized and
bright, but after 4 days they lose some brightness. The first signal
of autolysis was noted on days 14 and 15, and on the 17th day
the viscera were moderately dissolved.

Considering all of the above results, in particular the sensory
assessment, a shelf life of 15 days was defined for Senegalese
sole stored in ice at proper conditions (temperature below 3
°C). Similar results were found for other flatfish species, and
shelf lives of 13, 14, and 15 days in ice were estimated,
respectively, for whole turbot, brill and sole (5), and gutted wild
turbot (average weight of 525.93 g) (19). On the contrary, a
higher shelf life of 19 days was reported for iced farmed turbot,
for which weight ranged between 1400 and 1900 g (20-22).

Sensory Assessment of Raw FishsQIM Optimization.
Despite the low numbers of fish assessed in the preliminary
experiment, it allowed the first modifications to be introduced
to the original QIM scheme, developed for sole (5), mostly
related with the texture, gill coloration, and flesh color. This
modified scheme (Table 3) was used in the further three
independent storage experiments, and additional changes were
made as was necessary to adjust the scheme.Figure 2 illustrates
the evolution of all the quality parameters during the chilled
storage. In general, the majority of the selected parameters were
useful in reflecting the quality changes of Senegalese sole, and
significant linear correlations with the storage time were
observed for most of them. Significant differences between the
regression slopes were found only for gill odor of August and
October, but it was mainly related with the high variability
reported in the former experiment. An enhancement of the
adjustment of the linear model to the data (higher coefficient
of determination,r2) was observed for some quality parameters
during the three experiments. This was the case for the

Table 1. Sensory Scores for the Assessment of Cooked Farmed Senegalese Sole [Modified from Howgate (13)]

odor flavor score

initially weak odor of sweet, starchy,
followed by strengthening of these odors

insipid; initially no sweetness but flavors with slight
sweetness may develop; slightly bitter/sour aftertaste

10

weak odor of sweet, boiled meat, slightly starchy sweet, without bitter/sour aftertaste 9
loss of odor, neutral sweet and characteristic flavors but reduced in intensity 8
woodshavings, musty neutral 7
boiled potato insipid 6
slightly sour slight sourness, off-flavors traces 5
lactic acid, sour milk, fishy odor (TMA) slight bitterness, sour, off-flavors 4
lower fatty acids (e.g., acetic or butyric acids),

decomposed grass, soapy, turnipy, tallowy
strong bitterness, rubber, slight sulfide 3

Table 2. Proximate Composition of the Flesh of Raw Farmed
Senegalese Solea

proximate composition
(g/100 g of flesh) July August October

ash 1.31 ± 0.07 1.31 ± 0.01 1.32 ± 0.05
moisture 77.2 ± 0.5 74.8 ± 1.2 75.6 ± 0.7
fat 0.7 ± 0.2 a 2.4 ± 0.8 b 1.7 ± 0.1 b
protein 20.6 ± 0.3 20.3 ± 0.1 20.9 ± 0.3

a N ) 5 fish analyzed. Values with different letters are significantly different (p
< 0.05).
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appearance of the blind side and the body mucus, for which
low r2 and slopes were reported for the first two experiments.
Generally, the mucus was more visible in the blind side due to
its white coloration.

In the case of flesh texture, although some improvement was
observed, a satisfactory linear correlation was not achieved (low
values of r2 for two experiments). This parameter evolves
slowly, and some variability was reported (Figure 2), even after
the adjustment of the maximum score to 2 dp (October). Further
evaluations will demonstrate the essentialness of this charac-
teristic in the QIM scheme.

The earliest and most evident changes were found in the skin
appearance (in particular the ocular side) as well as in the
appearance/form of the eyes (Figure 2), which were the

attributes that better correlated with the storage time (highest
r2 and slopes). The maximum scores were attained at the
rejection time of cooked fish (15 days in ice). The skin
depression along the spinal column (Table 4) was visible in an
earlier stage of storage (after 3-4 days in ice), and this
descriptor was consolidated in the two last experiments. Another
useful descriptor was the blue/whitish spots that were particu-
larly visible in very fresh fish. During the storage these spots
became less visible, and at the same time the skin lost the
brownish pigmentation and became pale and purple discolored
(Table 4).

Some fluctuation in the gill odor scores was observed (Figure
2), and the panel did not identify the descriptor “seaweed odor”;
instead, they considered the fish to have an initial neutral odor

Figure 1. Linear relationship between the average scores of odor/flavor (cooked fish) and the storage time in ice for whole raw farmed Senegalese sole
based on the data of three independent storage experiments (1.5 ± 0.8 °C). Score 10, very fresh fish; score 3, putrid fish.

Table 3. Initial Quality Index Method (QIM) for Freshness Assessment of Whole Raw Farmed Senegalese Sole during Iced Storage at 1.5 ± 0.8 °C
[Modified from (5)]

descriptors/demerit points

quality parameters 0 1 2 3

skin appearance ocular side fresh, bright rather dull or pale, somewhat
shrunken skin

dull, pale, some green or
purple discoloration

dull, green and purple
discoloration, very
shrunken skin

blind side bright white some purple discoloration at
the edges of the fins

dull, purple, yellow discoloration
at fins and in the middle

yellow and purple dis-
coloration

mucus clear, not clotted slightly clotted and milky clotted and slightly yellow yellow and clotted

texture (ocular side) firm, elastic less firm, elastic soft very soft

eyes form flat, eye socket convex slightly sunken, eye socket
shrunken

sunken and or swollen, eye
socket shrunken

brightness black and clear, golden
rim around the
pupil

rather matte, faint golden
rim around the pupil

matte, purple/ reddish

gills odor fresh, seaweedy neutral, metallic, rubbery musty, sour rotten, sour, sulfurous
color bright, light red slightly discolored discolored yellowish, green/blue

discoloration
mucus no mucus clear milky, slightly clotted yellow, thick, clotted

flesh color translucent, bluish slightly yellowish yellow, discolored waxy, opaque, yellow

quality index (QI) range: 0−28 demerit points
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or a somewhat “earth odor”. As a consequence, the descriptors
were adjusted as presented inTable 4.

Regarding the color of gills, although changes were evident,
the mean scores never attained the maximum of 3 dp, even after
17 days of storage (Figure 2). The mucus seems to be the
mainly responsible for the bad appearance of gills because it
was always scored with higher values than the color (Figure
2). Even at the rejection time of cooked fish (15th day) the
maximum scores reported for the gill color were 2 dp. Therefore,
the maximum score was changed to 2 dp (Table 4).

The flesh color (Table 3) was excluded from the QIM after
the July experiment, in which the maximum score was not

attained even after the rejection of cooked fish (results not
shown). Furthermore, the evaluation of this parameter requires
the cutting of the fish surface, which compromises the sale of
fish in a real market.

The successive modifications introduced in the QIM scheme
allow a better adjustment of QI. In October a value around 20
dp was reported at the 15th day (rejection of cooked fish), in a
total of 23 dp (Figure 3). On the contrary, in the previous
experiments QI values close to 19 and 20 dp were obtained, in
a total of 28 and 25 dp, respectively, for July and August.
Nevertheless, significant differences among the three QI were
not observed, which reflects well the loss of freshness through-

Figure 2. Evolution of raw quality parameters of farmed Senegalese sole during the iced storage at 1.5 ± 0.8 °C. Each data point is the mean value
of three to five fish assessed (standard deviation e 1.0). DP, demerit points; score 0, high freshness; score 3, unacceptable quality; YJ, YA, YO,
regression equations for the experiments of July, August, and October, respectively.
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out the rise of total scores. A significant linear correlation
between the QI and storage time was observed, and the three
regression equations were coincidental (identical slopes and
intercepts,p < 0.05).

Therefore, the best estimation of the quality changes of raw
fish using the QI is given by the model that considers the data
from the three independent storage experiments (Figure 4).
These results are quite similar to those obtained for sole (r2 )
0.91, QI) 0 + 1.85× days in ice), brill (r2 ) 0.872, QI) 0
+ 1.3108× days in ice), and turbot (r2 ) 0.890 QI ) 0 +
2.205× days in ice) (5).

The PST (number of days that the fish was in ice) can be
predicted through the equation PST) (QI - 0.8354)/1.1405.

This prediction could be done at 95% confidence level through
the association of confidence limits, and the PST (PSTL1 and
PSTL2) would be calculated by the equation (23, 342-344)

whereXMean and YMean are the mean values of days in ice (X
data) and QI (Y data) from the regression model,b is the slope
of the regression equation,YiMean is the mean QI value ofm
fish assessed,n is the number of data points comprising the
regression model,m is the number fish assessed,t ) tR(2), (n +
m - 3) is the critical value oft Student distribution atR level
of significance (usually 0.05) and (n + m - 3) degrees of
freedom,K ) b2 - t2(S2

b)′, (S2
b)′ and (S2Y.X)′ are the variances,

respectively, of the slope andY values (residual mean square),
Σx2 is the sum of squared deviations from theXMean, and PSTL1
and PSTL2 are, respectively, the minimum and maximum days
in ice estimated.

As a result of the application of confidence limits to the PST,
the remaining storage days in ice (defined as RSL) ESL -
PST) is obtained by

These limits could be updated when new data are available,
and then its usefulness could be truly tested.

The QI significantly correlated with the changes of odor/flavor
of cooked fish (r2 ) 0.8317,r ) -0.9120,p < 0.001), which
evidence the utility of the QIM scheme. Moreover, ANOVA
analysis demonstrated significant differences for QI values
sooner than for Torry scores (respectively after 4 and 7 days of
storage, ANOVAp ) 0.015 andp ) 0.0388). This result
suggests a higher efficacy of QIM to detect the earlier storage
alterations than the assessment of cooked fish.

Table 4. Final Quality Index Method (QIM) Scheme for Freshness Evaluation of Iced Whole Raw Farmed Senegalese Sole

descriptors/demerit points

quality parameters 0 1 2 3

skin appearance ocular side bright brown pigmentation,
blue/whitish spots
evident

rather dull or pale, somewhat
shrunken skin (fair skin
depression a long the
spinal column)

dull, pale, slight de-
pigmentation, some
purple discoloration
at the edges of dorsal
and anal fins,
shrunken skin evident

pale, extensive depigmentation
and purple discoloration
at the edges of fins, much
shrunken skin

blind side bright white some purple discoloration at
the edges of the fins

dull, purple/ yellow dis-
coloration at fins
and in the middle

yellow and purple discoloration

mucus abundant and clear,
not clotted

slightly clotted, milky clotted and slightly yellow yellow and clotted

texture (ocular side) firm, elastic, pressure signs
disappear immediately

less firm, elasticity reduced soft, presence of pressure signs

eyes form eye socket convex slightly sunken, eye socket
shrunken

sunken and/or swollen,
deformed

clarity/bright-
ness

clear, black pupil, golden rim
around the pupil

rather matte, faint golden rim
around the pupil

matte, purple/reddish,
milky pupil

gills odor neutral or earth odor, fresh metallic, rubbery musty, sour rotten, sulfurous
color bright light red, lamina

perfectly separated
slightly discolored discolored, yellowish, lamina

adhered
mucus no mucus clear milky, slightly clotted yellow, thick, clotted

quality index (QI) range: 0−22 demerit points

Figure 3. Quality index evolution of whole raw farmed Senegalese sole
during the iced storage at 1.5 ± 0.8 °C. Each data point is the mean
value of three to five fish assessed (standard deviation e 1.0). DP, demerit
points; score 0, high freshness; score 28, unacceptable quality; July,
total 28 DP; August, total 25 DP; October, total 23 DP; YJ, YA, YO,
regression equations for the experiments of July, August, and October,
respectively.

XMean+ [b(YiMean - YMean)/K] (

(t/K) x(S2
Y.X)′[(YiMean - YMean)

2/Σx2 + K(1/m+ 1/n)]

15 - PSTL2 e RSL e 15 - PSTL1
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Nucleotide Degradation and Ki Value. The changes of
nucleotide amounts and degradation products are shown in
Table 5. The differences reported were mainly due to the effect
of storage time (ANOVA two-way), and therefore the mean
values of the three experiments are presented. Adenosine
triphosphate (ATP), adenosine diphosphate (ADP), and adenos-
ine monophosphate (AMP) were not detected, and this result is
related to the rapid post-mortem dephosphorylation and deami-
nation of adenine nucleotides throughout inosine monophosphate
(IMP) by autolytic process (1,6).

The initial IMP content was is in the range of 6-13 µmol/g
reported for several wild and farmed fish species (7, 24-26).
Lower initial IMP values (1.0-4.0 µmol/g) were reported for
wild flatfish species from the Gulf of Alaska (27). The high
variability for initial nucleotide contents is associated with
differences among species, season, catching gear, stress during
fish death, water temperature, and the time elapsed between
catch/slaughter and storage (1,6).

During the chilled storage, the IMP levels of Senegalese sole
progressively decreased, attaining significantly lower contents

Figure 4. Linear relationship between the quality index and the storage time in ice for whole raw farmed Senegalese sole, based on the data of three
independent storage experiments (storage at 1.5 ± 0.8 °C). Score 0, high freshness; score 24, unacceptable quality.

Table 5. Chemical Changes of Whole Raw Farmed Senegalese Sole during Iced Storage at 1.5 ± 0.8 °C

days in ice

1 4 9 16−17

chemical parameters Na mean ± SDb N mean ± SD N mean ± SD N mean ± SD

nucleotides (µmol/g of flesh)
IMP 10 6.5 ± 0.8 a 3 6.9 ± 0.8 a 3 6.1 ± 0.2 a 6 3.7 ± 1.2 b
Ino 10 0.0 ± 0.0 a 3 0.4 ± 0.0 b 3 0.8 ± 0.2 c 6 0.9 ± 0.3 c
Hx 10 0.1 ± 0.1 a 3 0.4 ± 0.0 ab 3 0.7 ± 0.1 b 6 1.1 ± 0.3 c
Ki value (%) 10 2.3 ± 2.4 a 3 10.8 ± 1.4 b 3 20.0 ± 1.9 c 6 35.3 ± 4.6 d

volatile compounds (mg of N/100 g of flesh)
TVB-N 12 11.9 ± 2.7 nac na 8 12.7 ± 3.2
TMA-N 12 <0.7d na na 8 <0.7d

TMAO-N 12 2.9 ± 2.1 na na 8 4.0 ± 3.2
biogenic amines (mg/kg of flesh) 6 <1.1d na na 6 <1.1d

free amino acids (g/100 g of flesh)
histidine 4 0.04 ± 0.01 na 3 0.03 ± 0.01 3 0.04 ± 0.00
lysine 4 0.02 ± 0.01 na 3 0.01 ± 0.01 3 0.01 ± 0.00
arginine 4 0.01 ± 0.00 na 3 0.01 ± 0.00 3 0.01 ± 0.00
other FAA 4 0.26 ± 0.02 na 3 0.26 ± 0.01 3 0.23 ± 0.01
ΣFAA 4 0.34 ± 0.05 na 3 0.31 ± 0.03 3 0.30 ± 0.02

a Fish samples analyzed. b SD, standard deviation. In each row, values with different letters are significantly different (p < 0.05). c Not analyzed. d Detection limit.
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when the fish was already sensory rejected (16-17 days,Table
5). A significant production of the IMP breakdown products,
inosine (Ino) and hypoxanthine (Hx), was reported during the
storage, and values around 1.0µmol/g of flesh were reported
for both compounds at the end of the storage period. Slightly
lower Hx values were found by other authors, for iced farmed
and wild sea bass and sea bream, at the limit of sensory
acceptability, but higher amounts of Ino (around 3.0µmol/g
flesh) were reported (7,25).

The rate of nucleotide degradation is usually shown by the
K value (%) ) {[Ino] + [Hx]} × 100/{[ATP] + [ADP] +
[AMP] + [IMP] + [Ino] + [Hx]} (28) because it reflects the
formation of Hx and Ino and the decrease of the nucleotide
levels, giving in general a good freshness indicator. However,
other ratios such asKi, G, P, H, and Fr have been also used (7,
25) due to their good correlation with fish freshness. In the
present workKi, H, and Fr ratios were calculated because ATP,
ADP, and AMP were not detected, but the evolution of theKi

index (%)) {[Ino] + [Hx]} × 100/{[IMP] + [Ino] + [Hx]}
(29) was the most reliable. In fact, despite the variability in the
initial values (Table 5), mainly due to the variability of Hx
levels, theKi index significantly increased during the entire
storage period (r2 ) 0.9597,r ) 0.9796,p < 0.001,Ki ) 0.4273
+ 2.1228× days in ice), attaining a value around 35% after
16-17 days in ice. Other researchers found analogous initial
values for theK index of farmed turbot (21,22), but much higher
values (around 70%) were found for rejected fish, after 19-20
days, and considerable changes were not observed until the end
of iced storage (30-40 days). SimilarKi andK values (close
to 80%) were also reported for unacceptable wild turbot, after
15 days of iced storage (19). Values in the range of 60-100%
were obtained for some wild flatfish species and wild ground
and pelagic fish, after 7 and 15 days of ice storage, respectively
(27, 24). These results suggests a slow degradation from IMP
to Hx [mainly due to microbial action (1, 6)] during the edible
period of iced Senegalese sole stored at temperatures below
3 °C.

The evolution of theKi index follows the loss of freshness,
as evidenced by the significant correlations between this index
and sensory data (r ) -0.9638,p ) 0.0005;r ) 0.9883,p )
0.00003, respectively, for odor/flavor and QI). In particular, both
QI andKi values significantly increased after 4, 9, and 16-17
days (Figure 3;Table 5), which allows the proposal of some
freshness/quality criteria present inTable 6.

Volatile Nitrogen Compounds (TVB-N/TMA-N). TVB-N
and especially TMA-N are associated with seafood spoilage,
and in general they are considered unreliable for the measure-
ment of spoilage during the first 10 days of chilled storage of
several fish species (1, 6). The determination of these com-
pounds at the time of sensory rejection appears to be adequate
to evaluate the spoilage level of fish. In the present work,

significant formation of these volatile compounds was not
observed (Table 5). In particular, the nonformation of TMA-N
[which is a result of the bacterial reduction of TMAO (1, 6)] is
corroborated with the constancy of TMAO-N values (Table 5)
and with sensory assessment, because the panel did not perceive
the typical fishy odor (associated with high TMA-N levels of
spoiled fish) in any of the three experiments. Levels around
10-15 mg of TMA-N/100 g of flesh were used as the limit for
fresh fish aerobically stored (30), and the TVB-N limits were
fixed in the range of 25-35 mg of N/100 g for some fish species
(31); in particular, the limit of 30 mg of N/100 g of flesh was
established for the Pleuronectidae family [with the exception
of halibut (Hippoglossusspp.)].

These results suggest a limited spoilage of farmed Senegalese
sole during a period of 17 days in ice, at appropriate conditions,
and are in accordance with others obtained for farmed turbot,
in which significant TVB-N/TMA-N formation was not ob-
served within the sensory acceptable period, and even after 40
days in ice the TMA-N contents were below 4 mg/100 g (20,
22). The same pattern was found for other farmed species such
as sea bass (32).

In further experiments, it will be interesting to evaluate if
the limited spoilage of Senegalese sole is due to the low levels
of TMAO in its flesh [values of 38-64 mgN/100 g of flesh
were found for turbot and lemon sole (33)] or to the pre-
sence of specific spoilage bacteria other thanShewanella
putrefaciens, which is associated with the reduction of TMAO
to TMA in marine fish species (34) or a combination of both
factors.

Free Amino Acids (FAA). Low amounts of FAA were
reported (Table 5); in particular, the precursors of biogenic
amines, such as lysine, histidine, and arginine, were below 0.05
g/100 g of flesh over the storage period.

Biogenic Amines.These chemical compounds are the result
of the decarboxylation of FAA, mainly through decarboxylase
enzymes of bacterial origin (1, 35). Like TVB-N and TMA-N,
the formation of biogenic amines is measurable mainly during
the later stages of chilled storage and is usually used as a seafood
quality indicator (1,35). In this work their levels were below
the detection limit (Table 5), probably due to the low amounts
of FAA. Another reason could be the bacteria profile of
Senegalese sole (which was not studied in the present work).
Other researchers reported the production of biogenic amines
during the chilled storage of wild turbot and farmed sea bass
(19, 36). In the former, concentrations of 19 and 14 mg/100 g
were reported, respectively, for Put and Cad, at the limit of
acceptability (15 days), whereas lower values (3 mg/100 g for
Put and 6 mg/100 g for Cad) were found for unacceptable sea
bass (15-16 days in ice).

In conclusion, a shelf life of 15 days was defined for whole
raw farmed Senegalese sole stored in ice at proper conditions
(up to 3°C). The optimized QIM scheme contains a total of 22
demerit points and several quality parameters to discriminate
the freshness of this species and to predict its remaining shelf
life in ice. TheKi value significantly correlated with sensory
data and appears to be a useful chemical freshness indicator of
iced Senegalese sole. Periods longer than 16-17 days seem to
be needed for the spoilage of this species. Further studies should
be done for a better comprehension of the spoilage pattern of
this species during the chilled storage and to validate the results
obtained in this work.

Table 6. Quality Criteria Proposed for Whole Raw Chilled Farmed
Senegalese Sole

criteria

quality grade quality indexa (0−22 dp) Ki valueb (%)

very fresh e3 e5
fresh 4−7 e12
acceptable 8−14
borderline 15−18
unacceptable >19 >40

a Demerit points. b Ki value (%) ) {[Ino] + [Hx]} × 100/{[IMP] + [Ino] + [Hx]}.
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