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Abstract

The aim of this study was to determine the influence of the fillet structure on the deboning
force required to remove salmon and trout pin bones. Salmon and trout fillets with differing
fillet structure were used, in order to study the importance of the fillet structure on the
deboning process. In the first test naturally gaping and non-gaping fillets were compared. To
confirm the role that the collagen plays within the fillet structure, the fillets underwent series of
treatments. Fillets were put into (i) a collagenase solution to remove the collagen in the fillet
and (ii) a calcium chloride solution to determine if collagen was the main influential factor.
Both treated salmon and trout fillets were again compared to untreated fillets from the same
batch. The results indicate that collagenase and calcium chloride have a large interaction on
deboning force compared to water or no treatments.

Keywords Fillet structure - Deboning - Trout - Salmon - Gaping - Collagen - Texture - Calcium
chloride
Introduction

Fish is a major part of the human diet that contains important nutritive substance that
have a positive effect on human health and have been shown to negate certain diseases
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(Fuentes-Gandara et al. 2018). Salmo salar (Atlantic salmon) and Oncorhynchus mykiss
(rainbow trout) contain a relatively similar protein content of 20% and provide all
essential amino acids that are required to maintain the human body (Fuentes-Gandara
et al. 2018). As with most foodstuff, consistency in the chemical composition differs due
to the fish species, sex, age, environment, diet and season of harvest (Hernandez-
Martinez et al. 2013).

Rigour mortis is an important phase in which the flesh of the fish turns into meat and takes
approximately a maximum of 5 days (to conclude) for Atlantic salmon (Skjervold et al. 2001;
Kiessling et al. 2006). The fillet size shrinks by 10 to 15% due to muscle contractions during
rigour mortis, which leads to a firmer structure of the fillet and a darker red colour (Einen et al.
2002). Texture defects like gaping and muscle softness can occur after the rigour mortis
process due to the different pre- and post-mortem treatments (Skjervold et al. 2001; Cheng
et al. 2014), in the case of this study, post-mortem treatments.

Collagen is the structure protein in fish and serves as the scaffold of the fish muscle
(Tierney et al. 2009). It is found in the skin, bones, tendons, teeth and blood vessels of the fish
(Suphatharaprateep et al. 2011). Collagen plays an important role in the texture and structure of
the flesh as it is responsible for the stability of the muscles (Cheng et al. 2014), represents 30%
of the total protein content of the fish and is the main structural component of the connective
tissue (Darmanto et al. 2014). Fish collagen is different from mammalian collagen as it has a
lower temperature of denaturation and lower hydroxyproline content (Safandowska and
Pietrucha 2013). The important characteristics of fish collagen are its thermal stability and
mechanical strengths (Tierney et al. 2009).

Gaping occurs through the collapsing of muscle fibrils and connective tissues, which
affects the structure of the fillet (Skjervold et al. 2001; Cheng et al. 2014). The
collapsing originates from the disconnection of muscle fibres and can be affected by
seasonality, the rapid growth of the fish and maturity of farmed fish, temperature during
rigour and the muscle activity of the fish (Skjervold et al. 2001; Roth et al. 2006). Often,
these factors often occur in combination; this increases the gaping within the fish muscle
and therefore affects the quality of the saleable fish (Roth et al. 2006). Jacobsen et al.
(2015) showed that leaving blood and other contaminate in the abdominal area post
rigour would leave to higher gaping than any other factor.

Balaban et al. (2015) investigated the removal of pin bones from salmon, kahawai and red
snapper and found that a method using a texture analyser to remove pin bones and record the
force required and the force required to break pin bones was a good way of providing
qualitative data on the removal of pin bones from species. Information on the removal of
pin bones is very limited. The aim of this study is to understand if treatments with collagenase,
calcium chloride or water treatments and the fillet structure (gaping or not gaping) affect the
deboning force of salmon and trout species.

Materials and methods

Fresh fish samples of Salmo salar (Atlantic salmon) and Oncorhynchus mykiss (rainbow trout)
were obtained from Dawnfresh Seafoods Ltd. and were classified industrially into the 4-5-kg
weight range, all samples were female triploids. Each farmed fish sample were fileted but not
deboned and was provided post rigour and analysed before 6 days from harvest. All samples
were quality-assessed industrially and analysed in triplicate.
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A TAXT plus texture analyser (Stable Microsystems, Surrey, UK) with a friction rig
attachment and 50-kg load cell was used to measure the force required to remove pin bones
from the fish fillet. The test mode was tension, with a pre-test speed of 2 mm/s, test speed
1 mm/s and post-test speed at 10 mm/s. The distance travelled stopped measuring at 20 mm.

Gaping analysis

This test measured the force of four gaping and non-gaping fillets of salmon and trout 4—
5 kg. The gaping fillets were chosen based on previous experiences and following
methodology set out by Espe et al. (2004). The puller was adjusted to the top of the
texture analyser and the sample holder was adjusted to the bottom. The fillet was added
to the cutting board and pin bones were manually counted and were numbered from the
tail to the neck starting at the tail at pin bone—29 for salmon and 31 for trout. The fillet
was placed on the sample holder and a tensile grip was used to fasten the fillet to the
sample holder. The puller was attached to the first pin bone and then connected to the
sample holder so that the puller was at a horizontal force for pulling the pin bone in the
fillet, after which the puller was tightened. The test was started and the measurement
recorded, until each pin bone was measured and recorded. This was repeated three times
per species of fish (trout and salmon) and between gaping and none gaping fillets. The
data presented show the mean force (N) per fish bone.

Collagenase and calcium chloride

For the collagen analysis, salmon and trout fillets were as follows: (A) left untreated, (B)
placed into deionised water, (C) in a 12-mM calcium chloride solution (CaCly) or (D) in a
collagenase and calcium chloride solution. The collagenase solution was prepared with one
litre of deionised water, 12 mM CaCl,, in a 1.2% PBS buffer, into which 0.5% of the enzyme
collagenase A was added (each piece of fish was added to 500 ml of solution). The excess side
and tail parts of the fillets were removed and the fillet was cut into two halves; it was deemed
that pin bone 20 was the optimum area for splitting the fish fillet for all fish samples, due to
size of the fillet and surface area to water ratio. Each sectioned piece was placed into the
solution until the fillets were completely covered. The samples were placed into an incubator
for 2 h at 37 °C, which allowed collagenase to react, and therefore, each solution was tested
this way. The fillets were then removed from the solution and the measurement of force was
undertaken using the same methodology as the gaping analysis.

Statistical analysis

All error bars shown represent the standard deviation from the mean. The data was
analysed by various statistical methods in IBM SPSS version 24; firstly, data between
gaping and none gaping fish fillets were analysed using a one-way ANOVA, a T test for
species differences and a two-way ANOVA for analysing the treatments of water,
calcium chloride and collagenase. There were three null hypotheses of interest—(a)
gaping of fillets had an effect of the force required to extract a pin bones, (b) pulling
force did not differ between fish species, (c) treatments of water, collagenase and calcium
chloride had no effect on force required to extract the pin bone.
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Results and discussion
Gaping analysis

Figure 1 shows the results from the gaping analysis completed for gapped and none gapped
salmon fillets—(a) none gapping flesh and (b) gaping flesh. None gapping fillets’ highest
pulling force was 7.55 N for pin bone 23 and the lowest was 4.12 N for pin bone 3. Pin bones
21 to 24 of the gaping salmon required the highest pulling force for deboning. Gaping salmon
fillets require less pulling force for deboning when compared with none gaping salmon fillets.
The highest pulling force was 4.95 N for pin bone 21 (gaping fillets) and the lowest force was
pin bone 27 at 2.73 N.
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Fig. 1 Mean force (N) required removing pin bones from salmon a none gapping flesh and b gaping flesh, each
salmon side was analysed in triplicate
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Figure 2 shows the results between (a) none gaping and (b) gaping trout fillets showing that
the lowest pulling force for the non-gaping trout was measured for pin bone 12 with 2.43 N
while it was 1.91 N at pin bone 12 for the gaping trout. The pin bones in the back area of the
trout require more pulling force for deboning (pin bones 21 to 29 for both none gaping and
gaping fillets). Gaping trout fillets required more pulling force to debone than fillets for non-
gaping trout from pin bones 13 to 30, where pin bone 31 of non-gaping trout fillets required
slightly higher pulling force to remove the pin bones than the gaping trout.

The results were subjected to a one-way between subjects ANOVA and significant differ-
ences were observed (F'=26.25 [p<0.05]). However, using a post hoc analysis (Tukey)
revealed Salmon non-gaping fillets were significantly different to those that were gaped, and
both trout samples (gaping and none gaping) p <0.05. Salmon fillets that were gaping were
significantly different to non-gaping salmon fillets and gaping trout fillets (p <0.05). Trout
none gaping fillets were significantly different to trout gaping and salmon none gaping
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Fig. 2 Mean force (N) required removing pin bones from trout a none gapping flesh and b gaping flesh, each
trout side was analysed in triplicate
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(p <0.05), but were not significant compared with salmon gaping fillets (p >0.05). In this
study, trout gaping fillets were significantly different to all other samples (p < 0.05).

There is no significant difference between the gaping and non-gaping trout. It is noted that a
large variance in the data for gaping fillets maybe due to the gaping area within the fish fillet.
As an example, pin bone 9 (trout gaping fillets) had an average force value of 2.86 N, which is
calculated using the measured pulling force of 3.72 N, 2.33 N, 4.43 N and 0.96 N. It is clear
that pin bone 9 from fillet 4 was affected from the gaping while the others were not. It was
observed that none of the analysed gaping fillets were badly gaping in the back pin bone area.
The gaping occurred mostly in the neck or belly area of the fillet. The results for trout thus
confirm the observation that gaping trout fillets require less force in the deboning process.

The results confirm that gaping has an influence on the deboning force required for salmon
and trout. It also depends on the intensity of the gaping as pin bones in highly gaping areas can
be removed with nearly no effort while the force required to remove the pin bones is only
reduced for other areas. The gaping analysis suggests that the firmness of the fillet may have an
important role in the force needed to debone salmon and trout; therefore, collagen may act as
the scaffold and structural protein of the fillet, and it could play an important role on the
deboning process (Shoulders and Raines 2009). It is however rare that the entire fillet is
affected by gaping, as gaping is usually only evident on a few areas of the fillet (Jacobsen et al.
2015). For this reason, salmon and trout fillets were placed into various treatments to reduce
the deboning force required to remove pin bones. The enzyme, collagenase A, was used to
reduce the collagen concentration within the fillet; a calcium chloride solution and a water
solution were also used. The results were compared with the deboning force of an untreated
fillet.

Treatments for reducing pin bone pulling force

The results from the collagenase and calcium chloride experiments (Table 1) for salmon show
that of the 28 pin bones analysed, the treatments showed four significant changes in the fillet,
mainly colour loss, size shrinkage, softness of the fillet and gaping. It can be observed that the
collagenase-treated salmon requires lower pulling force than the untreated salmon in order to
remove pin bones through the fillet. Pin bone 1 measured a force of 2.84+1.45 N for the
untreated salmon and 3.11£0.92 N for the collagenase-treated salmon, this could be an effect
of bones closer to the neck being more embedded within the fillet than other pin bones.

The untreated salmon shows a peak pulling force at pin bone 25 of 5.17+1.40 N. The
pulling force required to remove the following pin bones (26-28) slowly decreases. The lowest
force was measured for pin bone 15 (2.74 £ 1.13 N) compared with the highest deboning force
for collagenase treated salmon pin bone 1 (3.11 £0.92 N) and pin bone 28 being the lowest
(0.75+0.00 N). Apart from pin bone 1, the pulling force for collagenase samples was
consistently lower than untreated salmon fillets, where they range from 0.97 £0.14 to 2.20
+0.03 N. The data suggests that the collagenase-treated salmon reduces the peak shown from
pin bones 17 (4.00 £1.42) through to 27 (4.15+2.51) where pin bone 25 has the highest
pulling force required to remove the pin bones on the untreated salmon fillets.

The analysis was repeated with a calcium chloride solution and a loss in colour was
observed. The highest force measured for the salmon after the calcium chloride treatment
was 2.48 £0.09 N at pin bone 10. The lowest force value was measured at pin bone 25 (1.00 +
0.21 N). When comparing with untreated salmon, the highest force was for pin bone 25 (5.17
+ 1.40 N) and the lowest force was for pin bone 15 (2.74 £ 1.13 N). Salmon placed simply into
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Table 1 Mean force (N) for treated salmon fillets using water, calcium chloride and collagenase, + represents the
standard deviation from the mean

Pin bone number ~ Salmon untreated (N)*  Salmon water (N)*  Salmon CaCl, (N)*  Collagenase (N)*

1 2.84+1.45 1.83+0.03 2.23+0.00 3.11+£0.92
2 3.57+2.41 1.94+0.11 2.14+0.13 1.97+£0.68
3 3.17+1.83 1.95+0.10 1.82+0.31 1.45+0.06
4 3.17+£1.77 1.79+0.18 1.60+0.00 1.36+0.06
5 3.37+2.08 1.81£0.12 1.81+£0.3 1.46£0.20
6 3.01+£1.62 1.90+0.04 2.09+0.09 1.71£0.15
7 3.39+2.71 1.34+0.19 2.30+0.21 1.70£0.17
8 3.14+1.81 1.71£0.20 2.36+0.13 1.68+£0.14
9 3.15+2.00 1.97+0.33 2.34+0.10 1.56+0.30
10 3.80+£2.22 2.38+0.21 2.48+0.09 1.69+£0.49
11 3.44+1.87 2.64+0.73 245+0.15 1.96+0.11
12 355+1.83 2.67+0.58 2.29+0.07 2.03+0.21
13 3.52+2.13 1.95+0.09 1.61+£0.90 2.20+0.03
14 329+1.21 1.96£0.68 1.24+0.38 1.97+0.36
15 2.74+1.13 1.59+0.49 1.44+0.09 1.47+0.34
16 3.54+£2.26 1.82+0.18 1.55+0.24 1.05+0.26
17 4.00+1.42 2.61+0.54 1.51+0.30 0.97+0.14
18 371+14 2.00+1.03 1.4+0.14 1.08 £0.02
19 3.78+0.43 236+1.58 1.31+0.26 1.40+0.43
20 438+1.51 222+1.55 1.36+0.34 1.60+0.15
21 3.79+0.81 3.19+0.04 1.36+£0.34 1.82+£0.47
22 447+1.69 3.56+0.40 1.12+0.01 2.12+0.05
23 4.71+2.04 4.01+1.05 1.05+0.12 1.86+£0.30
24 4.17+2.39 3.60+1.59 1.05+0.13 1.76 £0.15
25 5.17+1.40 437+0.27 1.00+0.21 1.83+0.05
26 4.69+2.88 3.69+1.46 1.11+0.37 1.79+0.01
27 4.15+2.51 336+1.39 1.28+0.14 1.26+0.73
28 3.47+2.05 2.42+0.58 1.42+0.34 0.75+0.00

water for the same period of time showed a bridge between the untreated and treated samples;
of note, pin bone 7 had the lowest pulling force (1.34 +0.19), whereas pin bone 25 showed the
highest pulling force (4.37 +0.27).

The results from the collagenase and calcium chloride treatments for trout are shown
in Table 2. In general, the untreated trout required a higher deboning force than the
collagenase-treated trout. Pin bone 1 was an exception; trout untreated had a lower
pulling force than the rest of the bones within the fillet (1.57 +1.79), but the variance
within the sample was large. The highest values for the trout with the collagenase
treatment were however measured for pin bone 28 (2.54 +£0.36). The highest force for
the untreated trout was measured at pin bone 22 (5.31+£0.88 N) and pin bone 1 the
lowest, a decrease in the pulling force was observed for pin bone 2 (1.90 +1.53 N). Not
considering pin bones 4 and 5 (0.27 £+ 0.38), the lowest value for the force was pin bones
6 (0.58+0.82) and 8 (0.76 £0.20 N).

When comparing the addition of calcium chloride to the fillet compared with untreated trout
samples, the highest force required to remove a pin bone was at pin bones 3 and 2 (0.58 £ 0.08
and 0.75+0.67, respectively), as the pin bones were not as well connected to the fillet. The
highest pulling force for the calcium chloride-treated trout was for pin bone 31 with a value of
2.26£0.00 N. Water treatment, similarly to the salmon fillets showed a bridging effect on the
fillets, whereby the highest pulling force was 4.35+0.75 (pin bone 25) and the lowest was
1.68 £1.02 (pin bone 1), but also contained a large variance in the data.
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Table 2 Mean force (N) for treated trout fillets using water, calcium chloride and collagenase, =+ represents the
standard deviation from the mean

Pin bone number  Trout untreated (N)*  Trout water (N)*  Trout CaCl, (N)*  Trout collagenase (N)*

1 1.57+1.79 1.68+1.02 0.42+0.06 0.66+0.94
2 1.90+1.53 1.68 +1.06 0.75+0.67 1.23£0.14
3 2.00+1.07 2.37+0.66 0.58+0.08 0.56+0.80
4 2.05+041 2.40+0.83 1.06+£0.64 0.27+0.38
5 2.85+0.58 2.53+0.32 1.04+0.18 0.27+0.38
6 3.22+0.40 2.30+0.05 0.79+0.25 0.58+0.82
7 3.52+0.67 2.71+£0.77 1.20+0.41 1.03+0.19
8 3.63+£0.25 2.91+0.83 1.24+0.39 0.76 +0.20
9 3.58+0.31 3.32+£0.95 1.62+0.19 0.99+0.53
10 3.35+0.30 3.10+£0.51 1.49+0.03 1.38+£0.02
11 3.39+0.08 3.18+0.88 1.49+0.38 1.29+0.14
12 3.57+0.27 2.71+0.61 1.67+0.28 1.49+0.43
13 2.35+0.37 3.00+0.46 1.19+0.04 1.94+0.20
14 2.57+0.04 3.47+0.40 1.96+0.13 2.32+0.34
15 3.13+£0.56 2.49+0.57 1.54+0.53 2.51+0.07
16 3.34+1.08 2.91+0.43 1.89+0.22 1.55+1.29
17 3.69+1.45 3.20+0.46 2.12+0.28 1.21+0.81
18 4.55+0.21 3.66+0.63 2.04+0.44 1.79+0.01
19 4.97+0.16 4.07+0.91 2.19+0.19 1.99+0.28
20 420+0.42 4.06+0.91 1.77+0.83 2.13+0.08
21 3.96+0.49 4.31+0.77 1.60 +0.64 2.23+0.22
22 5.31+0.88 3.57+0.47 1.35+0.25 2.07+0.45
23 4.57+0.70 3.65+0.92 1.49+£0.48 1.53+0.31
24 4.26+0.30 4.38+0.44 1.65+0.17 1.77+0.66
25 391+0.31 4.53+0.75 1.87+0.08 2.23+0.01
26 3.22+0.50 3.74+0.42 2.00+0.34 2.22+0.01
27 2.51+0.66 3.77+£0.52 2224041 2.50+0.41
28 4.50+0.00 3.27+0.57 2.13+0.15 2.54+0.36
29 4.11£0.00 2.66+0.87 2.38+0.18 1.96+0.47
30 4.70+0.00 3.48+0.00 2.02+0.00 1.58 +£0.06
31 4.95+0.00 3.10+0.00 2.26+0.00 1.54 +0.00

Using an independent 7 test to understand significant differences between the two varieties
of fish and the measured forces of different treatments showed a significant difference between
the two varieties of fish (p <0.05). Treated salmon and trout fillets were subjected to a two-
way between subjects ANOVA and significant differences were observed (p <0.05) F'=5.712.
A post hoc analysis revealed that trout and salmon fillets showed a significant difference
between each other (p <0.05). Calcium chloride and collagenase were significantly different
when compared with the water and none treated salmon and trout fillets (p <0.05). When
comparing salmon calcium chloride and collagenase together, there were no significant
differences (p > 0.05), similar to that of salmon and trout non treated and water-treated fillets
(p>0.05). When compared against each other, only one significant difference was observed,
this being untreated fillets and species (p < 0.05), all other treatments and species did not show
significant differences (p < 0.05).

Both treated salmon fillets show no increase in the force measured in the back area of the
fish, unlike the two untreated salmon samples (water solution and no solution). Consequently,
both solutions have an impact on the fillet’s texture and the deboning force required. The
results show that the removal of collagen by collagenase has a higher impact on the fillet
structure and therefore collagen plays an important role in the deboning process. Similarly to
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salmon, but more pronounced, were the results from the treatments of calcium chloride and
collagenase for trout samples, these results showed that pin bones require less force than pin
bones in water-immersed or non-treated fillets. Collagen is known to act like scaffold to the
bones within the muscle (Song et al. 2006; Ferreira et al. 2012) and mineralise to form pin
bones in fish, but some studies have shown the importance of collagen as a mechanism for
holding pin bones in fish physiology (Summers and Long 2005).

It is assumed that pin bones towards the neck area were not affected by the collagenase
solution, which may be explained by the depth of muscle and exposure to the pin bone area
during treatment. Generally, the force does not increase significantly when fish fillets are
subjected to collagenase and the back pin bone area and did not have the highest values in the
force required to remove the pin bones (a drop in force was observed). The trend of the
collagenase-treated salmon when compared to untreated salmon shows different effects (the
collagenase samples require less force than untreated samples). The results suggest that the
collagenase solution had a substantial influence on the deboning force required to remove the
pin bones and that gaping originates from collagen collapse.

Surprisingly, calcium chloride solution showed interesting data which suggest further
optimisation to fully understand its role in reducing deboning force in salmon products.
Collagen has been shown to prefer to chelate calcium ions in solutions and these subsequently
form nucleation sites. Carbonyl groups on the surface of collagen are readily the nucleation
sites of calcium phosphate (producing in this case calcium phosphate crystals). Although this
data was gathered using calcium phosphate, this could be a reason as to why differences were
observed between water and calcium chloride solutions, where the calcium within solution
binds with collagen and reduce deboning force (Zhang et al. 2003).

The magnitude of the difference between the means depends on the treatment but not the
fish, as the use of a two-way ANOVA between subjects showed interesting results. The results
showed a significant difference between the treatments—calcium chloride but not between the
species of fish. Water and untreated fish samples were similar to each other, indicating no affect
from the pre-soaking of fillets within the testing. Interesting is the impact of calcium chloride
and collagenase on the fillet structure, collagenase uses the same solution as calcium chloride,
so if the effect it has is an issue of collagenase as well as the calcium chloride (Table 3).

Overall, the results show that the chemical composition of the fish has an impact on the
force required for the deboning process. The chemical composition of fish is, however, not
constant as it depends on various factors (Hernandez-Martinez et al. 2013). Due to the different
genetics and life environments of the fish, the chemical composition develops differently and
both factors influence the anatomical development and appearance on the fish (Thielemann
et al. 2007). This may explain the reason behind the large variances in data noticed as the
standard deviation from the mean, and this could prove to be problematic when running
similar tests in the future. However, standardising the experiment as well as the treatments can

Table 3 Representation of significant differences (two-way ANOVA)

Treatment Altogether* Salmon* Trout*
Untreated * NS NS
Water

Calcium chloride * NS NS
Collagenase

*These categories are significantly different to each other; NS not significant
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only do so much; one has to understand the differences in the fish products, where they grow
to the conditions of feed, environment and many other quality factors. What would be of
interest and could have affected this experiment is the date from harvest (quality is known to
decrease post rigour), temperature of water, stress within the fish at time of harvest and many
other factors. This project was based on the industrial processes within industry; industry
seldom have the opportunity to control every variable and when developing a deboning
process, it has to be adjusted for all types of fish farming practises.

It is nearly impossible to adjust the deboning process to meet the requirements of every fish.
Nevertheless, it would be beneficial to further evaluate and optimise the pre-treatments for
deboning fish, as these practices may reduce the likelihood of bones being present in the final
product. Collagenase and calcium chloride solutions seem to be a good start to reduce the pulling
force required to remove the pin bones from fish fillets; however, further work is required to
optimise the effects of these to reduce colour and texture impacts on the final fish fillet.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and repro-
duction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were made.
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