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Abstract

Fillets and cooking yields, water holding
capacity, textural properties, colour, proximate
composition, collagen and fatty acids of five
strains (IT1, IT2, IT3, USA, UK) of rainbow
trout, Oncorhynchus mykiss, reared in three
farms (F1, F2, F3), were measured before and
after cooking. Physico-chemical parameters of
the strains greatly differed both in raw and
cooked state. IT2 and USA recorded the high-
est yields. IT2 distinguished from the other
strains, showing lowest values of hardness,
chewiness, gumminess and springiness. It
also had brighter and less pigmented flesh
with low fat, mainly in the raw state. USA
strain showed the most valuable traits in terms
of texture and colour, and had higher fat and
collagen content in flesh. The physico-chemi-
cal profile of each strain was differently modi-
fied by cooking. USA strain maintained a posi-
tive texture and colour profile after cooking
and its quality was the best.

Introduction

Rainbow trout, Oncorhynchus mykiss, is a
Pacific trout of the Salmonidae family. It is
widely farmed in many countries around the
world due to its rapid growth and high nutri-
tional value (Fallah et al., 2011).
Oncorhynchus mykiss is the main freshwater
fish species farmed in Italy (ISMEA, 2010),
mainly in the North-East regions, where
Trentino Alto Adige is historically a major area
of traditional high-quality production. Since it

is widely reported that genetic differences
affect the sensory qualities of the flesh of var-
ious salmonids (Johnston et al., 2000;
Johnston, 2001), the possibility of improving
the commercial and physico-chemical quality
of rainbow trout fillets by genetic selection has
recently been studied (Kause et al., 2002, 2003,
2004; Quillet et al., 2005; Tobin et al., 2006). In
the same vein, genetic selection programmes
have been promoted in many countries. Italy,
however, is not among these countries as no
complete programme has been proposed yet.
Important quality characteristics of meat of

land and aquatic species are the ability to
retain water and textural and colorimetric
attributes (Hyldig and Nielsen, 2001; Huff-
Lonergan and Lonergan, 2005; Steine et al.,
2005; Bugeon et al., 2010). In fish, these attrib-
utes are affected by factors such as nutritional
status, water temperature, physical activity,
muscle structure and composition, post-
mortem shrinkage and fibre proteolysis
(Andersen et al., 1997; Hyldig and Nielsen,
2001; Ginés et al., 2004; Huff-Lonergan and
Lonergan, 2005).
Unacceptable water holding retention caus-

es loss of saleable weight and proteins (Huff-
Lonergan and Lonergan, 2005). Water reten-
tion is also important for fish texture since
higher water content in muscle reduces its
mechanical strength (Hultmann and Rustad,
2002). Over-soft or mushy fillets are not
favoured by consumers (Rasmussen, 2001)
and softness is also a problem for the fish
industry (Hultmann and Rustad, 2002). Lipids
and collagen likewise play an important role in
texture profile, influencing firmness, juiciness
and palatability (Hyldig and Nielsen, 2001;
Rasmussen, 2001; Fallah et al., 2011).
Besides these parameters, the uniformity of

flesh colour is an important quality criterion,
especially in salmonids with pigmented fillets
(Bugeon et al., 2010). Consumers seem to pre-
fer red flesh and it has been shown that red-
ness significantly contributes to the overall
enjoyment of cooked salmon (Steine et al.,
2005).
Cooking is known to affect physico-chemical

parameters of fish, causing disintegration of
muscle fibre, water loss, pigment loss and pig-
ment oxidation. Thermal changes to myofibril-
lar proteins increase toughness, whereas heat-
induced transformation of collagen to gelatin
[starting at 35 to 40°C, according to Schubring
(2008)] makes the flesh more tender since the
layered myotomes tend to slide away in
response to compression (Hyldig and Nielsen,
2001; Mørkøre et al., 2006;
Aussanasuwannakul et al., 2010). For
salmonids conflicting effects of cooking have

been reported, namely a decline (Mørkøre et
al., 2006; Aussanasuwannakul et al., 2010) and
an increase (Ginés et al., 2004; Mørkøre et al.,
2006; Larsen et al., 2011) in hardness after
cooking.
The aim of the present study was to investi-

gate major physico-chemical traits of five
strains of rainbow trout farmed in Trentino-
Alto Adige: three Italian strains and two genet-
ically selected foreign strains. Considering the
absence of a complete genetic selection pro-
gramme in Italy, our research aimed to high-
light similarities and differences between local
and highly selected foreign strains to deter-
mine which of them had the best qualitative
profile.

Materials and methods

Five rainbow trout strains were obtained
from local (IT1, IT2, IT3) and foreign (UK and
USA) suppliers. Eyed-stage eggs were bought
and incubated until hatching. Juveniles of the
five strains were transferred to three trout
farms (FA, FB, FC) with different environmen-
tal and managing conditions in Trentino-Alto
Adige, North-Eastern Italy. In each farm, every
strain was reared in a different tank (Table 1).
The water flow of each tank was individually
regulated with the aim to maintain the dis-
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solved oxygen (DO) level in outlet water
always higher than 5 ppm, modifying it during
the rearing phase, according to water temper-
ature and metabolic needs of the fish biomass.
All fish lots were kept at the same density (50
fish/m3) and fed the same commercial feed. In
the finishing period, from live weight 350 g to
marketable size (700-800 g), feed composition
was as follows: moisture 9%, crude protein
42%, crude fat 24%, N-free extractives 17.2%,
crude fibre 1.8%, and ash 6%. The content of
feed in astaxanthin was 100 mg/kg. The fish
were fed six days a week. When they reached
marketable size, fish of each tank were slaugh-
tered by asphyxia in the same farm where they
were reared, then transported to the same
plant where they were processed after about 2
h after catching. Ten fish of each strain and
farm (50 fish per farm) were randomly sam-
pled for analyses. Only females have been
utilised and the animals did not show evident
differences in their maturation state. The
modified average daily gain (ADGm) of fish
was calculated as final weight (g)/age (days)
at slaughtering. 
The morphometric traits measured on the

whole fish were total weight (TW) and total
length (TL); condition factor (CF) was calcu-
lated as 100×TW (g)/TL3 (cm). After automatic
sectioning, head, frame and both fillets were
obtained and weighed to calculate their per-
centage of TW. Fillet yield (FY) was calculated
as 100×[fillet weight (g)/TW (g)]. The fillets
were sent to the laboratory in refrigerated
boxes and weighed 24 h after slaughtering.
Left fillets were analysed raw, while right fil-
lets were wrapped in aluminium foil, placed on
a tray immersed in water in a fish-steamer,
boiled (at 98-100°C) for 10 min and then
cooled at room temperature and weighed.
Cooking yield (CY) was calculated as
100×[cooked fillet weight (g)/raw fillet weight
(g)]. Water holding capacity (WHC) and col-

orimetric and texture analyses were carried
out on raw and cooked fillets. Analyses of prox-
imate composition, total lipids and collagen
were performed on raw and cooked fillets with-
out skin, homogenised and freeze-dried prior
to analysis.

Water holding capacity, texture and
colour
Water holding capacity was measured by the

compression test on filter paper according to
Grau and Hamm (1953), measuring the area of
released fluid.
Texture analyses were carried out using a

Zwick Roell® 109 texturometer (Zwick Roell,
Ulm, Germany) with Text Expert II software,
equipped with a 200 N load cell. The Warner-
Bratzler (WB) shear test was performed on a
sample of 5×5 cm surface area, taken from the
central part of the fillet (one measurement for
each fillet), including both the hypaxial and
epaxial regions. A straight blade (width of 7
cm), perpendicular to muscle fibre direction,
was used at a crosshead speed of 30 mm/min to
50% of total deformation. Maximum shear
force, defined as maximum resistance of the
sample to shearing (Veland and Torrissen,
1999) was determined.
Texture profile analysis (TPA) was carried

out on a sample of 5×5 cm surface area, taken
from the epaxial part of the fillet, from the cra-
nial insertion point of the dorsal fin. Two com-
pression test cycles were conducted using a 10
mm diameter cylindrical probe at a constant
speed of 30 mm/min to 50% of total deforma-
tion. Six texture parameters were calculated,
as suggested by Veland and Torrissen (1999)
and Ayala et al. (2010): hardness (peak force of
the first compression cycle), cohesiveness
(ratio of positive area of the force during the
second compression compared to that obtained
during the first compression), resilience (ratio
of upstroke area to downstroke area during the

first compression cycle), springiness (height
of sample recovered between the two compres-
sion cycles), gumminess (hardness multiplied
by cohesiveness) and chewiness (hardness
multiplied by cohesiveness multiplied by
springiness). All measurements were made at
room temperature. All parameters were deter-
mined from the plot of force (N) compared
with deformation (%).
A Spectro-color®116 colorimeter (Bell

Technology Ltd., Auckland, New Zealand),
using Spectral qc 3.6 software, was utilised for
colorimetric measurement in the CIELab sys-
tem (Commission Internationale de
l’Éclairage, 1976). In this system, lightness
(L*) is expressed on a 0 to 100 scale from black
to white; redness index (a*) ranges from red
(+60) to green (-60) and yellowness index
(b*) ranges from yellow (+60) to blue (-60).
Colour was measured in duplicate on epaxial,
ventral and caudal positions on fillets and
expressed as mean.

Proximate composition and collagen
Moisture, crude protein (Nx6.25) and ash

contents were determined according to AOAC
(2000) 950.46, 976.05, and 920.153 methods,
respectively. Total lipid extraction was per-
formed according to a modified Folch et al.
(1956) method. Freeze-dried samples, recon-
stituted fresh by adding distilled water, were
homogenised with a 2:1 chloroform-methanol
(v/v) solution and filtered. The filter was
washed several times, and distilled water with
0.88% KCl was added to the filtrate up to a
[chloroform:methanol]:water ratio of 4:1.
Tubes were stirred and a biphasic system was
obtained by standing overnight. The lower
phase containing lipids dissolved in chloro-
form was siphoned off and recovered. Total
lipid content was determined gravimetrically,
after removal of the solvent (chloroform) by
evaporation under vacuum and lipid resuspen-
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Table 1. Rearing conditions in each farm. 

Farm                                               Facility                                        Altitude,                     Water temperature°,°C              Inlet DO, ppm                     Outlet DO, ppm
                                                  characteristics                                    m asl                                              

FA                                             Shape: squared                                     200                                           11-14                                        10.18                                         6.31
                                             Material: fibreglass                                                                                                                           (O2 Sat.:97.6%)                     (O2 Sat.:60.4%)
                                                  Volume: 12 m2                                          
FB                                         Shape: rectangular                                  400                                            9-11                                          8.25                                          7.36
                                             Material: fibreglass                                                                                                                          (O2 Sat.:76.83%)                    (O2 Sat.:68.7%)
                                                  Volume: 7.8 m2                                         
FC                                         Shape: rectangular                                  700                                            4-14                                         10.35                                         8.13
                                              Material: concrete                                                                                                                           (O2 Sat.:96.57%)                    (O2 Sat.:76.2%)
                                                  Volume: 43 m3                                          

DO, dissolved oxygen; O2 Sat., oxygen saturation. °Data are expressed as range of water temperature during the whole rearing period (data recorded in continuous mode); values refer to water entering
the tank (mean of recordings in the sampling period).
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sion in a known volume of chloroform (5 mL).
Lipid content was weighed in a crucible (gross
weight minus tare) after complete evaporation
of chloroform. The hydroxyproline content nec-
essary to quantify total collagen was obtained
by hydrolysing samples with 70% perchloric
acid (HClO4) for 4 h at 100°C and diluting it
into a flask, as suggested by Galasinski et al.
(1978) and Bonnet and Kopp (1984).
Quantities for hydrolysis (1.5 g out of 7.5 mL)
and dilution volume of hydrolysed sample (50
mL) were one-half those suggested by Bonnet
and Kopp (1984). Diluted samples were then
filtered with 413-VWR no. 516-0816 filter
papers. For the colorimetric reaction, hydrox-
yproline standard solution, with concentra-
tions ranging from 2 to 20 �g/mL, was included.
Aliquots of 0.1 mL of standard and filtered sam-
ples were transferred to Eppendorf tubes (2
mL) and 0.2 mL acetate/citrate buffer (pH 6)
was added. Samples were neutralised with 1.8
M NaOH. According to Bergman and Loxley
(1963), an oxidant solution composed of 1 vol-
ume of Chloramine-T at 7% (w/w) and 4 vol-
umes of acetate/citrate buffer (pH 6) was
added to the tubes and left to react for 25 min
at room temperature. Erlich’s reagent solution
was prepared according to Bonnet and Kopp
(1984) by dissolving 20 g p-dimethylaminoben-
zaldehyde in 30 mL HClO4 and mixing 3:13
(v/v) with isopropanol. One mL of this solution
was added to the tubes. Tubes were held at
60°C for 25 min in a water bath (Bergman and
Loxley, 1963). Absorbance was measured at
558 nm using a spectrophotometer (Perkin
Elmer-Lambda EZ 150; Perkin Elmer, Waltham,
MA, USA). Total collagen content was calculat-
ed assuming a conversion factor of 17.8
(Montero et al., 1990).

Statistical analysis
Data was analysed using SAS Proc GLM

(SAS, 2007) with the following model:

Yijk=µ+Si+Fj+(S*F)ij+b*Xijk+Eijk

where: Y=kth observation of the ith strain and
the jth farm; S=strain effect (i=1…5); F=farm
effect (j=1…3); X=independent variable (body
weight); E=random error effect.
For the texture parameters, fillet thickness

was used as a further covariate. Differences
between least square means were tested with
Student’s t-test. All the statistical analyses on
meat traits were performed separately for raw
and cooked fillets.
The coefficients of the residual (after the

above model) correlation between physical and
chemical traits were also calculated. Physical
and chemical parameters also underwent
Principal Component Analysis (PCA) (Naes et
al., 1996), using SAS Proc FACTOR (SAS,
2007) with Varimax Rotation and the first
three factors underwent ANCOVA analysis
with the above model. Finally, discriminant
analysis (SAS, 2007) was performed to dis-
criminate fish of different strains or farms on
the basis of physical and chemical traits.

Results and discussion
Characteristics of raw and cooked
fillets
Since fish from each tank were sampled at

marketable size, the age of fish when they
were sampled differed between strains and
farms (Table 2). Total weight and ADGm also
differed between strains and farms and conse-

quently all parameters analysed were covaried
by TW.
As shown in Table 2, the morphometric

traits and yields proved to be greatly influ-
enced by genetic and rearing factors.
Specifically, IT2 and USA strains recorded the
highest FY, while USA also had the highest CY.
On the contrary, the lowest FY and CY were
found in fish of IT1 strain, characterised by a
significantly higher head incidence, and UK
strain, slightly shorter and stockier in shape as
highlighted by CF. However, a significant
strain×farm interaction was found for all mor-
phometric traits, with changes sometimes
occurring in rank of genotypes in the different
farms. However, UK and USA always registered
the highest and the lowest CF respectively,
while USA showed the lowest head incidence
and the highest FY in two of the three farms
analysed.
The results of physical parameter analyses

of raw and cooked fillets are shown in Tables 3
and 4. The five strains differed significantly in
all parameters and their pattern often varied in
relation to farm, as the significance of interac-
tions indicated. Such genetic differences are
confirmed by the literature. In particular,
genetic factors are known to affect muscle
structure, since many authors report that cell
size and fibre diameter vary between popula-
tions of salmonids (Valente et al., 1998, 1999;
Johnston et al., 2000). Genetic diversity may
therefore influence water loss from cell com-
partments (Huff-Lonergan and Lonergan,
2005), endurance of force (Hurling et al., 1996;
Hyldig and Nielsen, 2001) and optical proper-
ties (Johnston et al., 2000; Johnston, 2001) of
fillet muscle.
Table 3 shows WHC and texture parameters

in raw and cooked fillet in greater detail.

                                                                                 Strains and farms effect on trout fillets

Table 2. Morphometric characteristics and marketable yields of fish estimated at an average weight of 775.3 g.

                                                                                                    Strain                                                                  Significance                                                      RSD

                                                         IT1                 IT2                 IT3                  UK           USA                      Farm       Strain       Farm×strain      Weight°                              

Age, days                                    642.66d          618.33b           607.66a           657.00e     627.00c                      **             **                      -                        -                                12.22
Weight, g                                     723.4a             783.0a             774.0a             725.5a       870.9b                        *              **                    ns                      -                               162.90
ADGm, g/day                                1.14a               1.28b               1.28b               1.10a         1.39b                        **             **                     *                        -                                 0.26
Trait                                                                                                                                                                                                                                                                                  
     Length, cm                           37.11b            37.16b             37.58b             36.36a       38.30c                       **             **                    **                 **(+)                           0.946
     CF                                            1.50b              1.49b               1.44b               1.58c         1.36a                        **             **                    **                 **(+)                           0.111
     Head, %                                 17.09c             16.77c            15.85ab            16.61bc      15.37a                       **             **                    **                  **(-)                            1.557
     Frame, %                               14.46a             14.48a             15.37b             14.47a       15.11b                       ns             **                    **                  **(-)                            0.929
     Raw left fillet, g                   195.9a             199.6a             198.4a             197.6a       206.5b                       **             **                    **                 **(+)                           9.212
     Raw right fillet, g                 196.1a            209.3bc            205.5b             195.9a       212.1c                       **             **                    **                 **(+)                           9.172
     FY, %                                      50.28a            52.44bc            51.94b             50.44a       53.52c                       **             **                    **                 **(+)                           2.269
     CY, %                                      83.23a             84.16a             83.59a              84.4a        86.43b                       **             **                    ns                     ns                               3.500

RSD, residual standard deviation; ADGm, modified average daily gain [=final weight (g)/age (days) at slaughtering]; CF, condition factor (=100×weight/length3); FY, fillet yield; CY, cooking yield. °Sign of
linear regression coefficient is provided within brackets. a-eP<0.05; *P<0.05; **P<0.01; ns, not significant. 
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Strain did not significantly influence WHC val-
ues recorded in raw muscle. After cooking the
differences became significant (P<0.01): IT1
recorded the lowest water losses, although it
did not show systematically the lowest value in
all farms. UK and USA strains had the highest
water losses in two of the farms. Heating
induced an increase in the amount of water
released by disintegrating cell structures in all
strains, as reported by Ofstad et al. (1993) and
Rørå et al. (2003).
As raw fillet is concerned, differences

among strains were registered in WB-shear
force values, with lower values in USA and IT2
that were the strains with the highest ADGm
(Table 2). The previous strains were the lowest
and the highest, respectively, for the
resilience. Any differences for hardness and

cohesiveness among strains were found while
for the gumminess, mathematically derived
from these two texture parameters, a clear
influence by strains was highlighted. Despite
the differences observed for springiness, the
strains had similar chewiness. Strain×farm
interaction still led to changes in rank position
of the strains in each farm, even if UK always
had the highest gumminess, while IT2 the
highest resilience and the lowest gumminess
in two farms out of three.
By inducing myofibril disintegration, cook-

ing can determine variation in texture param-
eters. In cooked fillets, WB-shear force and
hardness followed a similar trend, although
significant differences (P<0.001) between
strains were only detected for hardness. On
average, the IT2 strain had the softest flesh

and IT3 the hardest even if this behaviour was
detected in two of the farms, while differences
were not significant in one farm. Differences
in resilience, gumminess and springiness
among strains were maintained after heat
treatment, that determined also a difference in
chewiness, not found in raw samples. Cooked
fillets of IT2 had the lowest gumminess,
springiness and chewiness, showing the mini-
mal values in two farms out of three. 
With regard to the relatively constant cohe-

siveness values both in raw and cooked fillet,
certain authors (Bhattacharya et al., 1993;
Larsen et al., 2011) observed that unlike other
parameters, this parameter did not change
with different cooking temperature and meth-
ods. Table 4 shows the colour parameters of
raw and cooked fillets. The five strains differed
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Table 3. Water holding capacity and texture parameters in raw and cooked fillets estimated at an average weight of 775.3 g.

                                                                                                   Strain                                                                   Significance                                                           RSD

                                                         IT1                 IT2                IT3              UK             USA                        Farm       Strain       Farm×strain      Weight°                              

WHC, cm2                                                                                                                                                                                                                                                                        
    Raw fillets                               9.74               10.52             11.04           10.35           10.27                          **             ns                    **                     ns                               1.872
    Cooked fillets                       13.72a            14.57ab          14.70ab         15.99c         15.75bc                         **             **                    **                     ns                               2.391
Texture parameters                                                                                                                                                                                                                                                     
    Raw fillets                                                                                                                                                                                                                                                                  
       WB-shear force, N             6.04b               5.14a             6.55b            6.07b            4.79a                           *              **                    ns                     ns                               1.696
       Hardness, N                         4.31                3.89               4.31             4.51             3.56                           **             ns                    **                     ns                               1.339
       Cohesiveness                      0.31                0.31               0.30             0.29             0.30                           **             ns                    **                     ns                               0.054
       Resilience                          0.067cd            0.076d           0.058bc        0.047ab         0.045a                         **             **                    **                     ns                               0.024
       Gumminess, N                   1.27ab              1.06a              1.08a            1.55c            1.32b                          **             **                    **                     ns                               0.407
       Springiness, mm               5.38bc              4.63a              5.44c           4.69ab           4.48a                           *               *                     ns                     ns                               1.379
       Chewiness, N×mm            6.44                5.62               6.68             5.98             4.94                           ns             ns                     *                    *(-)                             2.505
    Cooked fillets                                                                                                                                                                                                                                                            
       WB-shear force, N              6.13                5.93               6.66             6.53             5.83                           ns             ns                    **                     ns                                1.46
       Hardness, N                        4.07a               3.75a              5.41c            4.75b            4.02a                          **             **                    **                     ns                               1.223
       Cohesiveness                      0.39                0.39               0.37             0.36             0.36                           ns             ns                     *                      ns                               0.059
       Resilience                           0.120b            0.110b           0.093a          0.093a          0.091a                          *              **                    **                     ns                               0.025
       Gumminess, N                    2.19b               1.41a             1.98b            2.20b           2.04b                          **             **                    **                     ns                               0.658
       Springiness, mm                5.07c               4.10a             4.40ab           4.83bc          4.58ab                          ns              *                     ns                     ns                                1.09
       Chewiness, N×mm            8.59c               6.09a              9.18c           8.43bc          6.65ab                           *              **                    **                     ns                               3.391

RSD, residual standard deviation; WHC, water holding capacity; WB, Warner-Bratzler. °Sign of linear regression coefficient is provided within brackets. a-dP<0.05; *P<0.05; **P<0.01; ns, not significant. 

Table 4. Colorimetric attributes of raw and cooked fillets estimated at an average weight of 775.3 g.

                                                                                                   Strain                                                                   Significance                                                             RSD

                                                         IT1                 IT2                IT3              UK             USA                        Farm       Strain       Farm×strain      Weight°                              

Raw fillets                                                                                                                                                                                                                                                                       
    L*                                            34.86b            41.22c           33.41ab         31.68a          36.42b                         **             **                    **                     ns                                5.17
    a*                                             10.66b             7.83a             9.68ab          10.27b          9.84ab                          **              *                     ns                 **(+)                            4.08
    b*                                             12.92b            10.40a           14.27b          14.32b         14.24b                         **             **                    **                 **(+)                            3.20
Cooked fillets                                                                                                                                                                                                                                                                
    L*                                             58.13a             69.42c           66.54b         68.14bc        68.94bc                        **             **                    **                     ns                                4.06
    a*                                              10.65               9.06               8.71             9.33             9.05                           **             ns                    ns                  *(+)                             2.87
    b*                                             13.65a            16.33b           16.90b          19.00c          16.83b                         ns             **                    **                     ns                                2.15

RSD, residual standard deviation; L*, lightness index; a*, redness index; b*, yellowness index. °Sign of linear regression coefficient is provided within brackets. a-cP<0.05; *P<0.05; **P<0.01; ns, not sig-
nificant. 
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significantly in colour characteristics but the
results were still dependent on the farm, as
revealed by the interaction. Raw fillets of IT2
strain showed a different colorimetric profile
from the other strains, being brighter and less
pigmented in two of the farms while in the
third farm the differences among strains were
not significant. After cooking all strains
showed a brighter and yellower appearance
and differences were highlighted even
between fillets with similar colour when raw,
however the strains were no longer differenti-
ated in red component. The yellowest flesh was
that of UK strain in all the three farms and the
least yellow was IT1 strain. Increased L* and
b* components in cooked compared to raw fil-
lets were presumably due to heat-induced oxi-
dation of conjugated double bonds of
carotenoid molecules, which leads to discolor-
ing of flesh (Choubert and Baccanaud, 2006).
Cooking led to a downward trend in a* compo-
nent, in line with the results of various authors
(Mørkøre et al., 2001; Choubert and
Baccanaud, 2010). In line with our findings,
Larsen et al. (2011) found that cooked salmon
fillets were lighter and more yellow than when
raw. Protein aggregation probably increases
opacity and the light that enters the surface
has less chance of being selectively absorbed
(Larsen et al., 2011). Conversely, Choubert and
Baccanaud (2010) found a decrease in L* and
b* after dry and moist cooking of rainbow trout
and associated it with loss of yellow compo-
nent. It has been demonstrated that colour
attributes are influenced by pigment deposi-
tion in the flesh of salmonids (Storebakken
and Kyoon No, 1992). Pigmentation may have
been partly genetically determined, since it
has been demonstrated that salmonid strains
differing in growth rate, sexual maturation,
age at slaughter, structure and chemical com-

position of muscle, show variations in pigment
deposition (Storebakken and Kyoon No, 1992;
Bjerkeng, 2000). Ytrestøyl et al. (2006) found
that in salmon the fast growth was associated
with lower muscle concentrations of astaxan-
thin due to lower pigment digestion. Indeed,
the slowest-growing strains (Table 2), IT1 and
UK, were the reddest (Table 4). IT2, which is
among the fastest growing strains (Table 2),
differed from the others in having faintly
coloured flesh (Table 4).
Proximate composition of raw and cooked

fillets is shown in Table 5. Raw fillets from IT2
strain were the leanest, while those from IT1
had the highest lipid content in two of the
farms. No significant differences in collagen
content were detected between strains,
although IT1 had marginally less and USA
more (Table 5). Variations in lipids, ash and
moisture content among strains were main-
tained after cooking.
In IT2 strain, the leaness of the flesh may be

a concomitant factor influencing low redness
and yellowness indexes, since carotenoids are
lipid-soluble. Although many authors have
reported a positive relationship between lipid
and L* in salmonids (Rørå et al., 1998;
Mørkøre et al., 2001; Bugeon et al., 2010), IT2
showed significantly higher L* component but
the leanest flesh. Presumably, other important
factors including anatomical structure (Larsen
et al., 2011) and surface ultrastructure of the
muscle, carotenoid deposition, neutral lipid
accumulation, and oxidation/oxygenation of
muscle pigments exerted a stronger influence
on light absorption than fat content.

Correlation
Table 6 shows the residual correlation coef-

ficients between physical and chemical traits
of raw and cooked fillets. The coefficients

express the link between traits within the
main factors strain and farm, as reported in
the statistical model. Water holding capacity
was not significantly correlated with the other
traits in raw and cooked fillets. The absence of
a link between WHC and TPA parameters is in
disagreement with the results of Hultmann
and Rustad (2002) in salmon and cod. These
authors found that the amount of water
released from muscle reduced its mechanical
strength.
Regarding the relationship between TPA

parameters, high positive relationships were
evident, partially due to the mathematical link
between certain parameters (i.e. gumminess
with hardness and cohesiveness; chewiness
with gumminess and springiness). In detail,
shear force was positively correlated with
hardness only in raw flesh and springiness
was the most independent trait. Though cohe-
siveness was well below one (Table 3) indicat-
ing that only part of the deformation induced
by compression was recovered, flesh that
recovered original fillet thickness better also
showed a higher speed and force of recovery as
expressed by resilience (r=0.65 and 0.78, in
raw and cooked fillets, respectively).
Concerning the link between texture and

chemical composition, the results showed that
the lipid percentage in muscle was not signifi-
cantly correlated with texture parameters in
raw and cooked fillets, except for shear force
and hardness that were positively correlated.
The latter did not agree with the findings of
several other studies which revealed that rain-
bow trout fillets with high fat content have a
softer consistency compared to fillets with
lower fat content (Andersen et al., 1997;
Mørkøre et al., 2001, 2006; Aussanasu -
wannakul et al., 2010). Comparison of strains
(Table 3) partially confirmed this lack of rela-
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Table 5. Chemical composition (% on wet basis) of raw and cooked fillets estimated at an average weight of 775.3 g.

                                                                   Strain                                               Significance                                                               RSD

                                                         IT1                 IT2                IT3              UK             USA                        Farm       Strain       Farm×strain      Weight°                              

Raw fillets                                                                                                                                                                                                                                                                       
    Total lipids                              6.21c               5.04a             5.94bc           5.56b            6.10c                          **             **                    **                  *(+)                            0.994
    Protein                                     20.63              21.05             20.97           20.68           20.97                          **             ns                    **                  *(+)                            0.818
    Ash                                            1.32a              1.36ab             1.34a            1.32a            1.40b                           *               *                     ns                     ns                               0.108
    Moisture                                 72.71a             73.76c           72.61a          73.22b         72.37a                         **             **                    **                  **(-)                            0.997
    Collagen                                   0.65                0.77                  -                0.73             0.82                           ns             ns                    ns                     ns                               0.143
Cooked fillets                                                                                                                                                                                                                                                                
    Total lipids                              5.92c               4.97a             5.55bc           5.17ab          5.53bc                          **             **                    **                 **(+)                           0.793
    Protein                                    25.38b            25.32b           24.75a         25.02ab         24.69a                         **             **                    **                     ns                               0.903
    Ash                                            1.33a               1.34a             1.45b            1.34a            1.34a                          **             **                    **                     ns                               0.091
    Moisture                                 68.69a            69.78bc          69.39bc         69.84c         69.23ab                         **             **                    **                  **(-)                            1.093
    Collagen                                  0.68ab             0.73ab                -               0.68a            0.80b                          ns              *                     ns                  *(+)                            0.094

RSD, residual standard deviation. °Sign of linear regression coefficient is provided within brackets. a-cP<0.05; *P<0.05; **P<0.01; ns, not significant. 
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tionship, since both the fattest strains, IT1 and
USA, and the leanest strain, IT2, had the soft-
est flesh.
A significant negative correlation was found

between total protein and shear force (r=-
0.34), hardness (r=-0.32), resilience (r=-0.22)
and chewiness (r=-0.19) of raw flesh and with
cohesiveness (r=-0.26) and resilience (r=-
0.27) of cooked fillets. According to Li et al.
(2005) there is no significant relationship
between total hydroxyproline content and
hardness of raw salmon fillets, suggesting a
negligible contribution of total collagen to tex-

ture compared to collagen cross-links. In line
with this, we found a non-significant correla-
tion between texture parameters and collagen
content in raw fillets. Cooking weakens muscle
structure by converting collagen to gelatin
(Aussanasuwannakul et al., 2010). Although
the contribution of connective tissue to texture
is known to be negligible in cooked fish (Hatae
et al., 1986), in this study we found a negative
correlation between TPA parameters and colla-
gen, which was not significant except for
chewiness (r=-0.34). The influence of collagen
on chewiness can be explained by the fact that

cooked flesh of fish having higher collagen
content dissolved readily into flakes, becoming
softer and providing lower resistance to masti-
cation. An inverse relationship between
cooked flesh firmness and collagen content
was also observed by Bugeon et al. (2010).
As for colour, the intensity of redness and

yellowness increased with decreasing L* (r=-
0.67 and r=-0.31, respectively) in raw fillets,
showing a pattern partially in line with that
observed by Einen and Skrede (1998); a posi-
tive correlation was found between yellowness
index and redness index (r=0.63) and lipid
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Table 6. Residual correlation coefficient between physical and chemical parameters of raw (above the diagonal) and cooked fillets
(below the diagonal).

                                  WHC    WB-shear     Hardness     Cohesiveness     Resilience    Gumminess   Chewiness    Springiness  L*       a*        b*      Lipids   Protein     Ash      Moisture  Collagen°
                                                       force                                              

WHC                                -              0.04                -0.09                  -0.15                   -0.10                 -0.02                -0.02                 -0.03      -0.06    0.05      0.12      -0.09        0.12         0.03          -0.01            0.15
WB-shear force         0.03              -                   0.39*                  -0.02                    0.11                  0.15                0.28*                -0.01       0.13   -0.19*   -0.04     0.18*     -0.34*     -0.16*        -0.01           -0.12
Hardness                   -0.07          0.02                    -                     -0.38*                   0.08                  0.04                0.65*                 0.01       0.36*  -0.47*   -0.01     0.17*     -0.32*     -0.17*         0.06            -0.10
Cohesiveness            0.04           0.02                0.36*                     -                      0.65*                0.52*                0.04                  -0.03      -0.10    0.08     -0.08      -0.07       -0.03        0.01           0.06            -0.02
Resilience                   0.05           0.07                0.23*                 0.78*                      -                    0.41*               0.37*                 0.01        0.08   -0.21*  -0.23*    -0.11      -0.22*      -0.08         0.21*           0.05
Gumminess                0.02          -0.00               0.79*                 0.62*                  0.33*                    -                   0.29*                 0.02      -0.19*   0.10     -0.03      -0.04        0.09         0.05          -0.01            0.13
Chewiness                  0.05           0.06                0.74*                 0.61*                  0.48*                0.73*                   -                    0.60*     0.21*  -0.29*   -0.04      -0.04      -0.19*      -0.12         0.25*           -0.17
Springiness                0.05          -0.03                0.03                    0.08                     0.15                 -0.00               0.50*                    -           0.01     0.03     -0.05      -0.15        0.02        -0.00         0.22*           -0.06
L*                                 0.12           0.02                -0.02                   0.07                     0.16                  0.03                 0.08                  0.11           -      -0.68*  -0.31*    0.19*     -0.32*     -0.17*        -0.01           -0.05
a*                                  0.02          -0.10               -0.01                 -0.19*                 -0.20*               -0.03                -0.11                 -0.08      -0.08       -       0.63*     -0.04       0.39*       0.13         -0.22*           0.01
b*                                 0.00          -0.02               -0.06                  -0.03                   -0.06                 0.01                 -0.11                 -0.10      -0.12    0.09        -         0.19*       0.00        -0.10        -0.27*           0.19
Lipid                             0.05          0.19*                0.04                    0.02                     0.11                  0.10                 -0.04                 -0.05      -0.07   -0.06     0.03          -          -0.28*     -0.24*       -0.79*           0.12
Protein                        0.01           0.05                 0.13                  -0.26*                 -0.27*               -0.04                -0.04                 -0.09      -0.06   0.28*    -0.09      -0.09           -          0.30*         -0.14          -0.31*
Ash                               0.08           0.00                 0.02                   -0.11                   -0.09                 -0.00                -0.02                 -0.12       0.03    0.25*    -0.07    -0.32*     0.47*          -              0.05            -0.07
Moisture                    -0.10          -0.13               -0.04                   0.11                     0.01                  0.09                 0.07                  0.12       -0.01   -0.11    -0.02    -0.74*     -0.45*       0.01              -               0.02
Collagen°                   -0.15          -0.11               -0.24                  -0.21                   -0.23                 -0.24               -0.34*                -0.08     -0.34*  0.30*    0.18       0.16        -0.04        0.13          -0.09               -

WHC, water holding capacity; WB, Warner-Bratzler; L*, lightness index; a*, redness index; b*, yellowness index. °Of raw and cooked fillets, 58 and 57 samples were considered, respectively. *P<0.05.

Table 7. Results of factor analysis for physico-chemical parameters in raw and cooked fillets.

                                                                                                              Raw fillets                                                                                          Cooked fillets

                                                                                Factor1                  Factor2                 Factor3                                     Factor1                 Factor2                          Factor3

Eigenvalue (variance explained)                       2.96                         2.63                        2.20                                            2.69                       2.24                                 1.95
% of total variance                                                 21.1                         18.8                        15.7                                            19.2                       16.0                                 13.9
Loadings                                                                                                                                                                                                                                                               
    WHC                                                                     0.016                      -0.275                    -0.186                                         0.044                     0.138                               0.175
    WB-shear force                                                 0.226                       0.585                     -0.110                                         0.259                     -0.133                              0.099
    Hardness                                                            -0.217                      0.805                     -0.381                                         0.697                      0.256                                0.05
    Cohesiveness                                                     0.180                      -0.225                     0.854                                          0.705                     -0.269                             -0.180
    Resilience                                                          -0.027                      0.008                      0.879                                          0.538                     -0.464                              -0.164
    Gumminess                                                       -0.051                      0.207                      0.045                                          0.523                      0.267                              -0.460
    Chewiness                                                         -0.151                      0.806                      0.310                                          0.939                      0.139                              -0.003
    Springiness                                                        -0.043                      0.335                      0.446                                          0.420                     0.078                               0.035
    L*                                                                         -0.548                      0.052                      0.163                                          0.040                     -0.102                              0.843
    a*                                                                          0.726                      -0.427                     0.135                                         -0.090                    -0.425                              0.005
    b*                                                                          0.831                      -0.145                    -0.094                                        -0.101                     0.142                               0.794
    Lipid                                                                     0.768                       0.222                      0.151                                         -0.011                    -0.702                             -0.210
    Protein                                                                 0.187                      -0.662                     0.284                                          0.046                     -0.519                              0.483
    Moisture                                                             -0.812                      0.143                     -0.230                                        -0.044                     0.883                              -0.125

WHC, water holding capacity; WB, Warner-Bratzler; L*, lightness index; a*, redness index; b*, yellowness index. Loading coefficients >0.4 as absolute values are in italics.
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content (r=0.19), as reported by Einen and
Skrede (1998), Rørå et al. (1998) and Mørkøre
et al . (2001, 2006) in Atlantic salmon.
In this study, redness index was correlated

with protein content in raw and cooked fillets
because the reddish pigments, carotenoids
and myoglobin, are primarily associated with
muscle protein (Storebakken and Kyoon No,
1992; Bjerkeng, 2000). Consequently, redness
index was negatively correlated with some tex-
ture parameters (shear force, hardness,
resilience and chewiness in raw fillets; and
cohesiveness and resilience in cooked fillets). 

Principal Component Analysis 
In order to analyse the joint behaviour of

physico-chemical traits, PCA was applied to the
dataset using the Varimax Rotation that opti-
mises and balances variance partition between
defined factors (SAS, 2007). Because of the
reduced number of samples analysed for colla-
gen content, collagen was excluded from PCA.
Table 7 reveals that the first three Factors
explained about 57% of the total variance of
the parameters in raw fillets and almost 49% in
cooked fillets.
In raw fillets, Factor1 associated the vari-

ables colour, moisture and lipids. In particular,
lipids, a* and b* were positively associated and
showed similar loading values, in the opposite
direction to moisture and L*. No significant
association was found between the abovemen-
tioned parameters and the texture indicators
that influenced Factor2, where shear force,
hardness and chewiness were linked and
showed similar high loading values. These
parameters were closely linked to protein and
a* but in the opposite direction. Significantly,
resilience, cohesiveness and springiness were
not linked to other textural parameters, and
were the parameters that most influenced
Factor3. In cooked fillets, Factor1 was influ-
enced by the texture parameters which were
all positively associated, unlike in raw fillets,
while increase in moisture and decrease in

protein, lipids and a* value were associated in
Factor2 together with decrease in resilience.
For this reason, contrary to what is found in
the raw fillet, Factor1 became a descriptor of
texture attributes and Factor2 became, prima-
rily, a descriptor of composition. Factor3 com-
bined high values of L*, b* and protein content
with low gumminess. Unlike in the raw state,
the chromaticity indexes a* and b* were no
longer linked, probably because the red compo-
nent was due to carotenoid content, while the
yellow component was indicative of carotenoid
loss during cooking (Birkeland et al., 2006).
As shown in Table 8 all three Factors were

affected by strain and farm, both in raw and
cooked fillets. In raw fillets, Factor1 differenti-
ated IT2 from the other strains. IT2 and USA
showed similar values for Factor2, which was
influenced mainly by parameters associated
with texture. The similarity between these

strains was enhanced by cooking, as shown by
the values of all three Factors.
Concerning the effect of farm, in raw fillets

all farms differed from each other in Factor1,
whereas FA was characterised as different
from FC in Factor2 that associated textural
properties. The difference in texture between
these farms was confirmed in cooked fillets, as
the pattern of Factor1 shows. After cooking, FB
and FC showed no differences in Factor2,
whereas the specificity of FA for the parame-
ters synthesised in this Factor was confirmed.
The plot of the first two Factors highlighted

the spatial distribution of the loading values
and the averages for each strain and farm.
Figure 1 shows the pattern for raw fillets. IT2
strain plotted in the third quadrant of the fig-
ure, next to L* and opposite lipids, confirming
the greater lightness and leanness of fillets of
this strain. IT1, IT3 and UK showed similari-
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Table 8. Effect of strain and farm on the three factors in raw and cooked fillets.

                                                                                           Strain                                                                                                           Farm                                                        RSD

                                            IT1                     IT2                 IT3                 UK                   USA                               FA                           FB                            FC                              

Raw fillets                                                                                                                                                                                                                                                                    
    Factor1                       0.182b                -0.814a           0.266b            0.168b               0.198b                          0.608a                     -0.475b                     -0.132c                      0.644
    Factor2                       0.285b                -0.373a           0.203b            0.193b               -0.308a                         -0.266a                     0.060                       0.207b                      0.860
    Factor3                       0.223cb               0.369cb           0.031b            -0.441a             -0.183ab                         0.769a                     -0.276b                      -0.493                      0.662
Cooked fillets                                                                                                                                                                                                                                                             
    Factor1                        0.215a                -0.370b           0.238a             0.205a               -0.359b                          0.258a                      0.039a                      -0.340b                      0.904
    Factor2                       -0.714a                0.009b           0.224bc            0.394c               0.148bc                         -0.797a                     0.329b                      0.505b                      0.646
    Factor3                       -0.844a               0.244bc           0.119bc            0.448c               0.082b                          0.431a                     0.112b                      -0.513c                      0.419

RSD, residual standard deviation. Within criterion, a-cP<0.05. 

Figure 1. Loading plot of raw fillets.
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ties in quality traits, first of all texture, since
they clustered on the positive axis of Factor2
where certain textural parameters had a posi-
tive loading. With regard to farm effect, FA was
differentiated from FB and FC, being located in
the positive part of Factor1 and in the same
area as lipids, a* and b*.
In the plot of the first two Factors of cooked

fillets (Figure 2) a different response to cook-
ing was evident between strains. IT1strain dif-
fered sharply from the others. It plotted at the
bottom of the second quadrant, in the negative

sector of Factor2 next to lipids, protein and a*.
IT2 and USA were well defined by the first
Factor and plotted opposite texture parame-
ters. This means that the two strains devel-
oped a similar softer texture after cooking
through a decrease in all textural parameters.
Concerning farms, FA also differentiated great-
ly from FB and FC after cooking. Like raw fil-
lets, FA plotted next to lipids and a*, suggest-
ing that fish reared in FA had higher lipid con-
tent and redness index after cooking.
Discriminant analysis (Table 9) of physico-

chemical parameters revealed that the differ-
ent strains could be clearly distinguished from
each other. For raw fillets, the correct classifi-
cation percentage for strain in the whole sam-
ple was 58%. The best classified strains were
IT2 and USA, which were correctly classified in
more than 66% of cases, indicating their good
separation in terms of physico-chemical
parameters. Again for raw fillets, overall classi-
fication accuracy of the discriminant functions
for farm was 83.3%, even higher than for
strains, indicating that physico-chemical
parameters were also affected by specific rear-
ing conditions of these farms (Table 1). In par-
ticular, fish reared in FC was more clearly dis-
tinguished from fish reared in the other farms
(86% correct classification). Cooking
enhanced the accuracy of classification, since
the correct classification percentages were
higher, both for strain (67%) and farm (86%).
In contrast to raw fillets, the best scores for
strain classification were obtained for IT1 and
IT3, whereas the best score for farm classifica-
tion was obtained for fish from FB.

Conclusions

This study shows that genetic differences
among rainbow trout strains, affecting growth
performance and efficiency of feed utilisation,
had a strong influence on qualitative traits of
fillets. The five strains gave different respons-
es depending on the farm they were reared in.
IT2 and USA proved to be the most valuable
strains in terms of market traits, since they
recorded the best FY and CY. Despite this, raw
and cooked fillets of IT2 strain differed from
USA, showing mediocre texture and colorimet-
ric profile, considering that in general con-
sumers prefer firm and elastic flesh and a red-
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Figure 2. Loading plot of cooked fillets.

Table 9. Classification results using linear discriminant function for strain and farm (% correctly classified).

                                                                     Raw fillets                                                                                                                 Cooked fillets

                              Resubstitution                                             Crossvalidation                                               Resubstitution                                      Crossvalidation

Strain                               58                                                                   41.3                                                                    66.7                                                           52.1
    IT1                               50                                                                     30                                                                      73.3                                                           66.7
    IT2                               70                                                                     70                                                                      64.3                                                           60.7
    IT3                              56.7                                                                  33.3                                                                    76.7                                                           46.7
    UK                              46.7                                                                   20                                                                       60                                                            36.7
    USA                            66.7                                                                   53                                                                       60                                                              50
Farm                              83.3                                                                  75.3                                                                    86.3                                                           75.6
    FA                                82                                                                     76                                                                       80                                                              70
    FB                                82                                                                     76                                                                       90                                                              84
    FC                                86                                                                     74                                                                      77.1                                                           72.9
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dish tint. However, the leanness and low colla-
gen content of IT2 fillets are a positive charac-
teristic of this strain, since a need to lower the
lipid content of farmed fish and to avoid the
unpleasant softening effect induced by gelatin-
isation of collagen is recognised. Such advan-
tages over the USA strain should be investigat-
ed by sensory analysis to determine whether
differences in chemical parameters between
strains can be spotted by consumers.
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