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The results indicated that SPP contains both cysteine and serine protease
inhibitors and effectively inhibits autolysis in both PW surimi and salmon mince. As
little as 0.25% SPP inhibited PW surimi autolysis by about 90%, suggesting that low
concentrations SPP could be effective when added to PW surimi. In addition, both
cysteine and serine protease inhibitors in SPP exhibited good thermal, pH and salt
stability. As little as 0.5% addition of SPP significantly improved the gel strength of
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before rapidly heating to 90°C in order to isolate protease enzyme activity. Analysis
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CHAPTER 1
GENERAL INTRODUCTION

Fish blood represents an underutilized resource for the food industry.
While mammalian blood, such as from cows and pigs, has been used in the meat
industry for its binding properties in addition to being used as a color enhancer,
emulsifier, fat replacer, and meat curing agent (Ofori & Hsieh, 2012), fish blood
has so far remained a relatively unused by-product of the seafood industry.
There also exists limited research on the functional properties of fish blood as a
food additive, although Saguer, Fort, & Regenstein (2006) reported that trout
blood exhibited good emulsifying and foaming properties, as well good texture
when forming a heat induced gel. It has also been suggested that fish blood
could serve as a substitute for mammalian blood in dishes such as black pudding
(Rustad, Storro, & Slizyte, 2011).
The relative abundance of unused fish blood makes it a logical source of
by-product utilization. In 2013, Alaska alone produced 200,000 tons of salmon
(ADR, 2014). Since salmon has about 5% blood by weight (Saguer et al., 2006),
this equates to around 20 million pounds of blood every year that is simply
regarded as waste. If this blood is utilized instead of entering the waste water
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stream, costly waste treatment programs can be avoided and the risk of
environmental contamination by fish blood can be minimized.
Blood plasma has been extensively studied in the past for its ability to
inhibit protease enzymes found at elevated levels in certain species of fish used
to make surimi as well as for its own gelling ability in surimi products (Benjakul,
Srivilai, & Visessanguan, 2001; Kang & Lanier, 2005; Rawdkuen, Lanier,
Visessanguan, & Benjakul, 2007b; Seymour, An, Morrissey, & Peters, 1997).
However, most of the early focus was on bovine plasma protein, which can no
longer be used in surimi manufacturing due to the outbreak of bovine
spongiform encephalopathy. Further research has mainly been conducted on
blood plasma from land animal sources, especially chicken and pig plasma. While
some research exists on the function of trout blood plasma on the gelation of
Alaska pollock surimi (Li, Lin, & Kim, 2008a), there are no studies at the present
time on the effect of fish blood on Pacific whiting surimi, which contains much
higher levels of texture softening protease than Alaska pollock (An, Weerasinghe,
Seymour, & Morrissey, 1994b; Chang-Lee, Pacheco-Aguilar, Crawford, & Lampila,
1989).
In this study, Chinook salmon blood plasma collected from the Klaskanine
Fish Hatchery was tested for its ability to inhibit protease enzymes found in
Pacific whiting surimi as well as salmon fillets. Salmon has also been found at
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times to contain protease enzymes which negatively affect flesh texture (StHilaire, Hill, Kent, Whitaker, & Ribble, 1997; Yamashita & Konagaya, 1990a). This
research could lead to a novel use for blood plasma in salmon products, such as
injection into whole fillets or incorporation into burger patties in order to
improve texture. The effect of salmon plasma on the gelation of Pacific whiting
surimi using various ohmic cooking procedures to isolate enzyme activity was
also investigated.
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CHAPTER 2
LITERATURE REVIEW

2.1

Overview of Protease Enzymes in Seafood
Protease enzymes are used for a variety of purposes such as meat

tenderizers, protein recovery from bones, and biomedical applications. In
general, they are the most important type of enzyme out of all the enzymes.
Proteases important in food can be classified into four different categories: acid
proteases, which are stable at relatively low pH values; serine proteases, which
cleave serine residues in the catalytic site; cysteine proteases, which cleave
cysteine residues in the catalytic site; and metallo proteases, which depend on
the presence of bound divalent cations. Metallo proteases are not common in
most marine animals but have been found in squid (Park et al., 2003). Proteases
in marine animals tend to have low thermostability, high pH optimums, and low
temperature optimums (Simpson, 2000).
Despite their usefulness, proteases also present problems, especially in
the surimi industry where high proteoytic activity can lead to excessive texture
softening. As the fish dies, the unavailability of oxygen leads to an inability to
produce ATP through aerobic pathways. ATP production continues for a time
through anaerobic means, resulting in a buildup of lactic acid and a lowering of
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the pH. When ATP production ultimately stops, the muscle goes through rigor
and stiffening occurs. Rigor is resolved through the action of endogenous
protease enzymes, which hydrolyze the muscle protein, leading to texture
softening. Softening continues because without ATP, the system is unable to
create new proteins to replace those that are hydrolyzed. This process is
referred to as “muscle autolysis” (FAO, 2014). If this process is left unchecked in
certain fish species, it can lead to an undesirable texture.
Among proteases found in marine animals, cathepsins are of the biggest
concern to surimi producers in the Unites States (An, Morrissey, Fan, & Hartley,
1995; An et al., 1994b; Yongswatdigul, Hemung, & Choi, 2014). Cathepsin
enzymes are mostly cysteine proteases and are synthesized in the lysozome.
They are responsible for protein turnover in the lysozome. Cathepsins have been
categorized into several different types including A, B, D, E, G, H and L. Of these
A and G are serine proteases while D and E are acid proteases. B, H and L are
cysteine proteases and B and L are the cathepsins most associated with
proteolytic degradation in fish muscle. Cathepsin B has been found to have an
optimum pH level of level of 3-6.5 and an optimum temperature of 55-60°C
(Yongswatdigul et al., 2014). Serine proteases, mostly alkaline, have also been
known to cause proteolytic degradation in marine animals, particularly tropical
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fish (Benjakul, Visessanguan, & Leelapongwattana, 2003; Yongsawatdigul, Park,
Virulhakul, & Viratchakul, 2000).
Protease levels have been shown to vary from fish species to fish species.
For example, trout and carp have been found to have higher proteolytic activity
than gilthead sea bream, European eel, goldfish, and tench. These particular
proteases were found to be more active at alkaline pH values (Hidalgo, Urea, &
Sanz, 1999). In one study, cathepsin B and L levels were shown to be higher in
Pacific whiting and arrowtooth flounder than in Alaska pollock and Pacific cod.
Additionally, B and L levels were much higher in Pacific whiting than in
arrowtooth flounder. The study further showed that Alaska pollock had the
highest level of cathepsin H (a protease that is not significantly involved in post
mortem tissue softening) while cathepsin D activity was low in all four species
(Porter, Koury, & Stone, 1995). In addition, spawning chum salmon has been
shown to have elevated levels of cathepsin B, D, L and H. This rise in activity is
only seen in the white muscle, not the red muscle (Yamashita & Konagaya,
1990a). Because Pacific whiting has such high cathepsin B and L levels, a large
portion of research on fish proteases and protease inhibition has been dedicated
to Pacific whiting and its surimi.
Much research has been done in the past to purify and characterize
proteases found in Pacific whiting, particularly cathepsin L. An et al. (1995) found
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through activity staining that the cathepsin L band in Pacific whiting was the
most active protease band and that it had a molecular weight of 39.5kDa.
Further purification showed that there are two forms of cathepsin L in Pacific
whiting with optimum pH levels of 5.5 and 6 and optimum temperatures of 55
and 60°C, respectively. It was also shown that this protease is myofibrillar bound,
meaning it is not easily removed by washing, as in surimi production (Seymour,
Morrissey, Peters, & An, 1994). Interestingly enough, cathepsin L activity was
found to be more elevated in Pacific whiting caught in the ocean as opposed to
the Puget Sound (An et al., 1995). High protease activity in Pacific whiting has
also been associated with infestation of kudoa parasites in the fish muscle
(Yongswatdigul et al., 2014).
Besides cathepsins, alkaline proteases also pose a concern in the seafood
industry. Alkaline proteases have been found to be the major proteases
responsible for texture softening in tilapia (Yongsawatdigul et al., 2000), Bigeye
snapper (Benjakul et al., 2003), silver carp (Cao et al., 2004), and menhaden
(Boye & Lanier, 1988). These proteases are serine proteases and can be found in
either the sarcoplasmic fluid or the myofibrils (Yongswatdigul et al., 2014). The
optimum temperature of these proteases tends to be higher than that of
cathepsin enzymes (around 60-70°C compared to 55-60°C). This may be a
reflection of the types of fish that harbor these enzymes, which typically live in
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warmer water than fish that contain high amounts of cathepsin enzymes, such as
Pacific whiting. Therefore, in areas such as SE Asia and India, where surimi is
produced from tropical fish, alkaline serine proteases are of more concern than
cathepsins.

2.2

Effect of Protease Enzymes on Fish Fillet and Surimi Gel Quality
The effect of protease enzymes on fish fillet and surmi gel quality has

been most thoroughly studied on Pacific whiting. As previously mentioned,
cathepsin enzymes are the main proteases responsible for texture softening in
Pacific whiting. In Pacific whiting fillets, cathepsin B was found to be the most
active protease enzyme. However, in surimi, cathepsin L was the most active (An
et al., 1994b). This is because cathepsin B is associated with the sarcoplasmic
fluid while cathespin L is associated with the myofibrilar fraction (Yongswatdigul
et al., 2014). Because of these associations, cathepsin B (as well as cathepsin H)
is easily removed by the washing process in surimi manufacturing while
cathepsin L remains tightly bound to the myofibrils and is unaffected by washing.
Due to the difference in the optimum temperatures of cathepsins B and L
(25-35°C and 55-60°C, respectively), Pacific whiting fillets will undergo softening
at lower temperatures than surimi made from Pacific whiting. Pacific whiting
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fillets were found to have unacceptable softness after four hours of iced storage
due to cathepsin B activity. In addition, 56.3% of protease activity was removed
by washing. However, surimi gels still had poor texture due to cathepsin L
activity when heated slowly (Chang-Lee et al., 1989).
Surimi made from arrowtooth flounder has shown even lower gel
strength then Pacific whiting surimi due to protease enzymes. This high protease
activity has made arrowtooth flounder essentially unusable in the seafood
industry (Porter, Koury, & Kudo, 1993).
Cathepsin L mainly works by hydrolyzing the myosin heavy chain, leaving
actin relatively unaffected (An et al., 1994b). However, purified cathepsin L was
found to also degrade troponins as well as the myosin light chain (An, Peters, &
Seymour, 1996). Because this protease is active at elevated temperature, texture
softening only occurs upon heating. Pacific whiting surimi cooked at 60°C for 30
min before being cooked to 90°C did not have a measurable gel strength, and
the myosin heavy chain was found to be completely destroyed (An et al., 1996).
Cathepsin enzymes have also been implicated in texture softening of mackerel
muscle, leading to subsequent gel softening in mackerel surimi. These enzymes
were found to be very stable, as up to 80% of the activity remained after 8 weeks
of storage at -40°C. In addition, substantial gel softening occurred in mackerel
surimi after holding for 2 hr at 55°C (Jiang, Lee, Tsao, & Lee, 1997).
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Elevated protease activity in Pacific whiting has been associated with
infection by kudoa parasites. In the past, it has been noted by visual inspection
that fish with visible parasite infection (“black spots”) tend to have a softer
texture than fish that do not have this infection. Indeed, it has been found that
Pacific whiting infected with black psuedocysts showed higher activity than fish
without black psuedocysts (Chang-Lee et al., 1989). However, a stronger
correlation was found between protease activity and Pacific whiting with white
pseudocysts. In addition, parasite levels were found to be higher in Pacific
whiting than other fish that do not suffer extensive texture softening, such as
rockfish and squawfish (Chang-Lee et al., 1989; Kudo, Barnett, & Nelson, 1987).
White pseudocysts are difficult to see by inspection however and the exact
relationship between protease activity and parasite infection remains unclear.
Soft texture due to kudoa parasite infection has also been seen in farmed
Atlantic salmon (Dawson-Coates et al., 2003; St-Hilaire et al., 1997).
While cathepsin enzymes are generally active at post mortem pH levels,
another class of proteases, mainly those affecting warm water species, are active
at alkaline pH levels (Wasson, 1993). A serine type alkaline protease completely
destroyed the myosin heavy chain in tilapia surimi when incubated at 65°C
(Yongsawatdigul et al., 2000). Lizardfish surimi also suffered from a significant
decrease in gel strength when incubated at 65°C due to a similar protease
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(Yongsawatdigul & Piyadhammaviboon, 2004). Alkaline proteases have also been
found to reduce the quality of surimi made from carp (Cao et al., 2004),
menhaden (Boye & Lanier, 1988), and bigeye snapper (Benjakul et al., 2003).

2.3

Enzyme Inhibition
Enzyme inhibitors can be generally classified into two categories:

reversible and irreversible. Irreversible inhibitors are called such because they
tightly bind to the active site while reversible inhibitors rapidly dissociate.
Furthermore, inhibitors can be classified as competitive, noncompetitive and
uncompetitive. For competitive inhibition, the inhibitor resembles the substrate
and binds to the active site of the enzyme. This type of inhibition can be
overcome by increasing the amount of substrate in the reaction mixture.
Uncompetitive inhibitors bind to the enzyme-substrate complex once the
substrate is already bound to the enzyme, making it so the enzyme cannot
hydrolyze any further substrate. This type of inhibition cannot be overcome by
adding more substrate. In non competitive inhibition, the inhibitor and the
substrate bind to different sites of the enzyme and the inhibitor serves to
decrease the functionality of the enzyme. Like uncompetitive inhibition, this type
of inhibition also cannot be overcome by adding more substrate (Berg, 2012).
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In addition to mechanism, protease inhibitors can be categorized by the
types of proteases they inhibit. In the surimi industry, serine and cysteine
protease inhibitors are the most important. Blood plasma for example, has been
found to contain a variety of cysteine protease inhibitors (Kang & Lanier, 1999; Li,
Lin, & Kim, 2008b; Rawdkuen, Benjakul, Visessanguan, & Lanier, 2007a) while
egg whites have been found to contain mainly serine protease inhibitors
(Weerasinghe, An, & Morrissey, 1996a).
In the past, enzyme inhibitors in blood plasma have been the primary
interest to the surimi industry. Blood plasma has been found to contain a variety
of protease inhibitor such as kininogens (cysteine protease inhibitors) and α2
macroglobulin (Seymour et al., 1997). Alpha 2-macroglobulin is of particular
interest because it inhibits proteases of all classes. It works by a unique “trapping
mechanism” by which the protease cleaves a bait region in the molecule,
covalently bonding it to the inhibitor. Since α2-macroglobulin is a relatively large
molecule, the enzyme is then unable to reach its substrates to steric hindrance.
ecause of the way it functions, α2-macroglobulin requires at least 2 subunits.
Human α2-macroglobulin has been found to be tetrameric (Enghild, Salvesen,
Thogersen, & Pizzo, 1989). In addition to being a protease inhibitor, α2
macroglobulin has also been found to increase covalent cross linking in surimi,
leading to a stronger gel texture (Seymour et al., 1997).
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Because of these inhibitors as well as other proteins that increase
gelation, bovine blood plasma was used as an additive in surimi. This is no longer
the case, however, due to the outbreak of Bovine Spongiform Encephalopathy.
Blood plasma from other sources continues to be a source of research. A 55 kDa
low molecular weight kininogen was found in pig plasma that inhibited both
cathepsin B and cathepsin L but not trypsin (Lee, Tzeng, & Jiang, 2000) and a
fraction was found from chicken plasma that contained a cysteine protease
inhibitor (Rawdkuen et al., 2007b). In addition, a noncompetitive cysteine
protease inhibitor was isolated from the plasma of chum salmon (Li et al., 2008b).
Currently, the surimi industry is using dried egg whites as a protease
inhibitor. In a study comparing egg whites, bovine plasma, and potato powder,
egg whites were found to have the highest rate of serine inhibition. Egg white
reduced trypsin activity (a serine protease) by as much as 99%. In this study,
bovine plasma was found to have the highest cysteine inhibitory activity while
both egg white and potato powder were found to exhibit more serine protease
inhibition than cysteine protease inhibition (Weerasinghe et al., 1996a).
Although egg whites mainly contain serine protease inhibitors, a cysteine
protease inhibiting cystatin has been purified from egg whites (Anastasi et al.,
1983). Cysteine protease inhibitors have also been purified from other sources
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such as soy (Akpinar & An, 2005), tomato leaves (Wu & Haard, 2000) , and chum
salmon eggs (Yamashita & Konagaya, 1996).

2.4

Control of Proteolytic Activity in Surimi Processing
The main way that proteolysis is controlled in surimi processing is

through the addition of food grade protease inhibitors. In order for an additive
to be useful to the industry it must be safe, functional, and cost effective.
Because bovine plasma protein (BPP) is no longer being used, the industry has
mainly turned to using dried egg whites (DEW) as an inhibitor. However, with the
rising price of DEW, potato extract (PE) and whey protein concentrate (WPC)
have also been used with varying degrees of success. Other inhibitors have thus
far either proven to be too expensive, less effective, or too difficult to obtain in a
sanitary manner for practical use.
In Pacific whiting surimi gel cooked in a 90°C water bath, DEW have been
shown to improve gel strength at a higher rate than PE, although not as high as
BPP. This same pattern was also observed when gels were incubated at 60°C for
30 min before cooking to 90°C. In addition, DEW showed greater inhibition of
autolysis in Pacific whiting surimi than PE. However, PE showed greater
inhibition than DEW in Pacific whiting mince. Effects of DEW and PE were
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concentration dependent up to 4% while minimal improvement was seen from
BPP above 1%. (Morrissey, Wu, Lin, & An, 1993). In another study, PE, DEW, and
BPP were all found to improve the gel strength of Pacific whiting and arrowtooth
flounder surimi to an equal degree. They were also all found to be effective
inhibitors of crude muscle protease extracts in both species (Porter et al., 1993).
WPC at levels of 3% inhibited autolysis in Pacific whiting surimi by about
86% while a 4% addition of WPC was needed to obtain the highest gel values
(Weerasinghe, Morrissey, Chung, & An, 1996b). Furthermore, WPC (as well as PE)
at higher concentrations have been found to be a suitable substitute for BPP in
heat set gels, but not in suwari gels (Akazawa, Miyauchi, Sakurada, Wasson, &
Reppond, 1994). However, when WPC is used at these levels (>3%), the
whiteness of the gel significantly decreased (Rawdkuen & Benjakul, 2008).
The effect of food grade protease inhibitors has also been studied in
tropical fish. In lizardfish, DEW inhibited autolysis to a lesser degree than WPC. 4%
DEW addition was required to inhibit autolysis above 70% while the same
addition of WPC showed 90% addition. However, DEW more effectively
increased the gel strength of lizardfish surimi as compared to WPC
(Yongsawatdigul & Piyadhammaviboon, 2004). This demonstrates the fact that
food grade inhibitors not only serve to decrease proteolysis in surimi gels, but
also have their own gelling abilities that can also affect the gel strength of the
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final product. WPC was also shown to inhibit autolysis in bigeye snapper,
goatfish and threadfin bream in a concentration dependent manner. Gel
strength of surimi made from these tropical species (as well as lizardfish)
increased as WPC was added (Rawdkuen & Benjakul, 2008).
To summarize these findings of the available food grade inhibitors, DEW,
PE, and WPC all inhibited autolysis to a similar degree. However, DEW gives
greater gel strength at lower concentrations than PE or WPC. In addition, none
of these additives are equal to BPP in either autolysis inhibition or gel strength
improvement. DEW, PE, and WPC all must be used at greater levels than BPP to
be effective.
In addition to food grade inhibitors, handling and processing conditions
play a role in preventing proteolytic degradation of surimi products. In general,
there is higher protease activity in the liver and kidney of the fish than in the fish
muscle (Su, Lin, & Lanier, 1981). When even small amounts of digestive organs
become mixed in with surimi, it can lead to a significant reduction in gel quality.
Therefore, care must be taken during processing to make sure muscle is
effectively separated from the digestive organs.
Heating method also plays a role in texture softening of surimi products
due to protease activity. Because protease enzymes are active at slowly elevated
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temperatures, autolysis can be reduced or even eliminated through the use of
rapid heating methods, such as ohmic heating (Park, Yongsawatdigul, & Kolbe,
1998). Rapid heating deactivates the protease enzymes before any activity can
occur. Consequently, ohmic heating has been shown to be an effective method
for controlling proteolysis in both Pacific whiting surimi (Yongsawatdigul, Park,
Kolbe, Dagga, & Morrissey, 1995) and tropical fish surimi (Tadpitchayangkoon,
Park, & Yongsawatdigul, 2012). Ohmic heating mimics the heating process used
in crab stick manufacturing, which uses steam and/or gas to rapidly heat thin
sheets of surimi.
2.5

Methods of Evaluating the Effectiveness of Protease Inhibitors
One of the most fundamental methods of evaluating the effectiveness of

a protease inhibitor involves incorporating the inhibitor into an enzyme activity
assay for a specific enzyme or enzyme source. Most commonly, inhibitors are
tested for inhibition against papain (a cysteine protease) or trypsin (a serine
protease). For each assay, the inhibitor is mixed with the enzyme and a substrate
is added. After a specific reaction time at a specific temperature, the reaction is
stopped and the total activity is measured, generally by spectrophotometric
methods. For the papain assay, a common synthetic substrate that is used is Nα
Benzoyl-DL-arginine β-naphthylamide hydrochloride (BANA) (Abe, Domoto, Arai,
Abe, & Iwabuchi, 1994), while for trypsin Nα-Benzoyl-DL-arginine 4-nitroanilide
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hydrochloride (BAPNA) is commonly used (Smith, Hitchcock, Twaalfhoven, &
Megen, 1980). Alternatively, azocasein can be used as the substrate for either
papain or trypsin (Sarath, 1989). For all of these assays a chromogenic portion of
the substrate is cleaved by the enzyme, leading to an increase in absorption at a
specified wavelength that is proportional to the enzyme’s activity. The stronger
the inhibition, the lower the absorption that is recorded.
Enzyme inhibitor assays can also be performed using crude protease
extracts as an enzyme source. For Pacific whiting, “fish juice” obtained by
centrifugation of minced muscle is commonly used (An, Seymour, Wu, &
Morrissey, 1994a). Fish juice can be further concentrated by heating at 60°C for
3 min (An et al., 1995), as well as further precipitation and concentration by
ammonium sulfate and freeze drying (Kang & Lanier, 1999). Inhibition assays
using protease extract are performed in a manner similar to the papain and
trypsin assays. Azocasein may be used as a substrate, leading to a direct increase
in absorption or casein may be used, followed by centrifugation and
determination of the total protein content in the supernatant (An et al., 1994a).
Another method used to evaluate the effectiveness of protease inhibitors
in surimi, developed by Morrissey et al. (1993), looks at the inhibition of
autolysis in the surimi system. For this assay, surimi mixed with inhibitors is
incubated at a target active temperature (such as 55 or 60°C for Pacific whiting)
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for about 60 min. After incubation, the reaction is stopped with 5%
trichloroacetic acid (TCA). The resultant mixture is then homogenized, allowed to
stand at refrigerated temperatures for about 15-20 min, and then centrifuged.
Since only small oligopeptides, the products of autolytic degradation, are soluble
in 5% TCA (Yvon, Chabanet, & Pelissier, 1989), the amount of protein in the
supernatant is related to protease activity. Protein is measured using the Lowry
method (Lowry, Rosebrough, Farr, & Randall, 1951) with tyrosine as a standard.
Protease inhibition can then be measured using the following equation:
% Inhibition = (TC-TCb) - (TS-TSb)*100
TC – TCb
TC=tyrosine of control (no inhibitor) incubated at target temperature
TCb=tyrosine of control (no inhibitor) kept on ice
TS=tyrosine of sample (with inhibitor) incubated at target temperature
TSb=tyrosine of sample (with inhibitor) kept on ice

In addition to the autolysis assay, the incubation can also be stopped with SDS
instead of TCA and the protein pattern can be evaluated by SDS PAGE
(Rawdkuen et al., 2007b).
The most conventional method of evaluating the effectiveness of a
protease inhibitor involves cooking the surimi gel and evaluating the texture and
also the protein pattern by SDS PAGE. Often, gels are prepared by first cooking
them at the protease’s active temperature (around 60° for Pacific whiting and
65°C for most tropical fish) for about 30 minutes followed by cooking to 90°C.
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The resultant gel strength compared to a control without inhibitor added is
related to the ability of the additive to inhibit proteolytic degradation. This
method has been used to evaluate the effectiveness of DEW (Morrissey et al.,
1993; Yongsawatdigul & Piyadhammaviboon, 2004), WPC (Rawdkuen & Benjakul,
2008; Weerasinghe et al., 1996b), PE (Akazawa et al., 1994) as well as other
inhibitors. Many researchers have also looked at the protein pattern of gel using
SDS PAGE to evaluate the degree of degradation of the myosin heavy chain
(Benjakul & Visessanguan, 2000; Morrissey et al., 1993; Rawdkuen et al., 2007a).
When used together, the methods described above help to gain a clear
understanding of the functionality and effectiveness of various protease
inhibitors.
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3.1

Abstract:

The effect of salmon plasma (SP) from Chinook salmon on proteolytic inhibition
was investigated. SP was found to inhibit both cysteine and serine proteases as
well as protease extracted from Pacific whiting muscle. SP was found to contain
a 55 kDa cysteine protease inhibitor through SDS-PAGE inhibitor staining. Freeze
dried salmon plasma (FSP) and salmon plasma concentrated by ultrafiltration
(CSP) were tested for their ability to inhibit autolysis in Pacific whiting surimi and
salmon mince at concentrations of 0.25%, 0.5%, 1%, and 2%. Pacific whiting
surimi autolysis was inhibited by an average of 89% regardless of concentration
while inhibition of salmon mince autolysis increased with concentration (P<0.05).
CSP performed slightly better than FSP at inhibiting salmon mince autolysis
(P<0.05). Serine protease inhibition decreased when SP heated above 40°C but
was stable across a broad NaCl and pH range. Cysteine protease inhibitors
exhibited good temperature, NaCl, and pH stability.

Keywords: salmon plasma, protease inhibitor, surimi, Pacific whiting, autolysis
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3.2

Introduction

The Pacific whiting (Merluccius productus) fishery is the largest fishery by
biomass in the state of Oregon (ODFW, 2013). Despite being an abundant
resource, Pacific whiting suffers from a high concentration of endogenous
proteases caused in part by infection of myxosporidian parasites (Patashnik,
Groninger Jr, Barnett, Kudo, & Koury, 1982). Pacific whiting muscle has been
reported to have high levels of cathepsins B, H and L (Yongswatdigul et al., 2014).
Unlike cathepsin B and H, cathepsin L is especially problematic for surimi
manufacturers because it is not effectively removed by washing and it has an
optimum temperature of around 60°C (An et al., 1994b). This protease damages
myofibrillar proteins during slow heating of surimi based products causing
softening of the final product, leading to an unacceptable texture. This
proteolytic degradation caused by cathepsin enzymes can also lead to texture
softening in salmon fillets (Dawson-Coates et al., 2003; St-Hilaire et al., 1997).
Blood plasma contains a variety of protease inhibitors (Travis & Salvesen,
1983), including α2-macroglobulin, a protein that inhibits several classes of
proteases through a bait and trap mechanism (Barrett, 1981). In the past, surimi
manufacturers used bovine blood plasma as an additive in Pacific whiting surimi
in order to inhibit proteolytic degradation for slowly cooked surimi test gels, but
this practice has been discontinued due Bovine Spongiform Encephalopathy. The
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surimi industry currently uses dried egg whites as a protease inhibitor, but this is
less effective than blood plasma since egg whites contain mainly serine protease
inhibitors while cathepsin L is a cysteine protease (Weerasinghe et al., 1996a).
Blood plasma from other sources has been investigated for protease
inhibitory activity. Park reported pork plasma protein performed slightly better
than beef plasma protein in slowly cooked Pacific whiting surimi (2005). Pig
plasma was found to inhibit autolytic degradation and improve the gel strength
of bigeye snapper surimi (Benjakul et al., 2001), and a cysteine protease inhibitor
containing fraction of chicken plasma was found to inhibit proteases in both
Pacific whiting and arrrowtooth flounder muscle (Rawdkuen et al., 2007a). In
addition, protease inhibitors from fish sources have been investigated. Rainbow
trout plasma was found to increase gel strength in Alaska pollock surimi (Li et al.,
2008a) and a cysteine protease inhibitor was isolated from chum salmon plasma
(Li et al., 2008b).
Fish blood from the commercial fish processing industry is not currently
being utilized. In 2013, 200,000 tons of salmon were processed in Alaska alone
(ADR, 2014). Based on the fact that blood represents about 5% of the weight of a
salmon (Halliday, 1973) and if fish are individually bled immediately following
harvest, this equates to about 20 million pounds of blood entering the waste
stream every year. If this blood water does not undergo costly waste water
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treatment, it can lead to contamination of the marine environment, raising the
biochemical oxygen demand, leading to algae bloom and other deleterious
effects (Islam, Khan, & Tanaka, 2004). For economic and environmental purposes,
this blood can be removed from the waste stream. The objective of this study
was to investigate the ability of blood plasma obtained from Chinook salmon to
inhibit proteolytic degradation in Pacific whiting surimi and salmon mince.

3.3

Materials and Methods
3.3.1Materials

Pacific whiting surimi produced on May 18, 2013 without the addition of egg
white was obtained from American Seafoods (Seattle, WA, USA). Chinook salmon
were obtained at a local hatchery (Klaskanine Fish Hatchery (Astoria, OR, USA)
during spawning season in September 2013. Pacific whiting were obtained from
Da Yang Seafood (Astoria, OR, USA). Surimi, salmon, and Pacific whiting were
kept at -30°C until used. Papain (from papaya latex), trypsin (from bovine
pancreas), hammarsten casein, Nα-Benzoyl-DL-arginine β-naphthylamide (BANA),
Nα-Benzoyl-L-arginine 4-nitroanilide hydrochloride (!PN!), and ρ
dimethylamino-cinnamaldehyde were purchased from Sigma Chemical Co (St
Louis, MO, USA). Protein markers and other electrophoresis chemicals were
purchased from Bio-Rad Laboratories (Hercules, CA, USA). Dry egg white (EW)
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was obtained from Henningsen Foods (Omaha, NE, USA). All other chemicals
used were of reagent grade.
3.3.2 Collection of salmon blood and preparation of plasma
Whole blood was collected at the Klaskanine Fish Hatchery (Astoria, OR, USA)
from female Chinook salmon immediately before roe collection. Blood was
collected from bleeding fish into bottles containing 3.8% sodium citrate (as an
anti-coagulant), and gently mixed at a ratio of 9:1 (v:v) blood to sodium citrate.
Blood was kept on ice and transported back to the Oregon State Seafood
Laboratory (Astoria, OR, USA) where it was centrifuged for 15 min at 1,500 × g at
4°C using a Beckman J6-MI centrifuge (Beckman Coulter, Fullerton, CA, USA). The
supernatant was regarded as salmon plasma (SP) and concentrated (see below)
or kept at -80°C until used.
A portion of the frozen SP was then lyophilized in a Labconco freeze drier
(Kansas City, MO, USA). Freeze dried salmon plasma (FSP) was stored at -80°C
until used.
3.3.3 Salmon plasma concentration
Concentration was carried out in a 4°C cold room. SP was concentrated using a
Labscale Tangential Flow Filtration System (Millipore, Billerica, MA, USA). Plasma
was re-circulated through a Pellicon XL50 Biomax 30 kDa membrane (Millipore,
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Billerica, MA, USA) at a feed pressure of 30 psi and a retentate pressure of 10 psi
until the permeate flow was very low. The system was then cleaned using 0.1N
sodium hydroxide warmed to 45°C and flushed with distilled water. The process
was repeated once more to further concentrate the plasma.
3.3.4 Trypsin inhibition assay
Trypsin inhibition was determined according to the method of Smith, Hitchcock,
Twaalfhoven and Megen (1980) with some modification. Four different inhibitor
solutions (SP, CSP, FSP, and EW) were diluted to varying concentrations with
distilled water. 150 μL of inhibitor solution was added to 300 μL of bovine
pancreas tryspsin (20 μg/mL) and 150 μL of distilled water and pre-incubated at
37°C for 10 min. 750 μL of 0.4 mg/ml BAPNA in 50 mM Tris-HCl buffer (pH 8.2)
containing 20 mM CaCl2 and pre warmed to 37°C was then added and the
reaction mixture was incubated at 37°C for 10 min. The reaction was terminated
by adding 150 μL of 30% (v/v) acetic acid. Absorbance was read at 410 nm and
the inhibitory activity was expressed as the percent decrease in OD 410 compared
to the control.
3.3.5 Papain inhibition assay
Papain inhibition was determined according to the method of Abe, Domoto, Arai,
Abe, and Iwabuchi (1994) with some modification. To 2 mL of 0.25 M sodium
phosphate buffer (pH 6.0) containing 2.5 mM EDT! and 25 mM β

28

mercaptoethanol (βME) was added 0.1 mL of papain solution (100 μg/mL) in 25
mM sodium phosphate buffer (pH 7.0) and 2 mL of inhibitor solution. After
preincubation at 37°C for 5 min, 0.2 mL of 2 mM BANA was added to initiate the
reaction. After 10 min of incubation, 1 mL of cold 2% HCl in ethanol was added
to stop the reaction. 1 mL of 0.06% ρ-dimethylamino-cinnamaldehyde was then
added to develop color. Absorbance was read at 540 nm and the inhibitory
activity was expressed as the percent decrease in OD540 compared to the control.
3.3.6 Pacific whiting protease inhibition assay
Pacific whiting protease inhibition was determined according to the method of
Benjakul and Visessanguan (2000) using fish juice that was heated to 60°C for 3
min and centrifuged at 7,800 × g for 15 min according to the method of An,
Morrissey, Fan, and Hartley (1995) as an enzyme source. Enzyme activity was
determined using casein as a substrate according to the method of An, Seymour,
Wu, and Morrissey (1994a). The substrate mixture consisted of 2 mg casein in
0.625 mL of 0.2 M McIlvaine’s buffer (0.2 M sodium phosphate and 0.1 M citric
acid, pH 5.5) containing 0.1 mM βME adjusted to 1.25 mL with distilled deionized
water. 100 μL of inhibitor solution was added to 100 μL of enzyme and
preincubated at 55 °C for 5 min. The enzyme-inhibitor mixture was then added
to the substrate mixture (prewarmed to 55 °C) and incubated for 10 min. The
reaction was stopped by the addition of 200 μL of cold 50% trichloro acetic acid
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(TCA). The mixture was centrifuged at 8,000 × g for 5 min (Sorvall Biofuge fresco,
Kendro Laboratory Products, Newtown, CT, USA) and the TCA-soluble peptides in
the supernatant were measured by the method of Lowry, Rosebrough, Farr, and
Randall (1951). Inhibitor activity was expressed as the percent decrease in
protease activity compared to the control.
3.3.7 Inhibitor staining
Inhibitor staining of SP, CSP and FSP was conducted on 5% stacking gel and 10%
running gel according to the method of Garcia-Carreno, Dimes, and Haard (1993)
with slight modification. Sample was mixed with buffer without the addition of
βME. 30μg of sample were applied to 3 identical gels without prior heating.
Proteins were separated using a Mini-Protean III unit (Bio-Rad Laboratories,
Hercules, CA, USA) at a constant current of 30 mA for 90 min while on ice. A
control gel was fixed and stained with Coomassie Blue R-250 and the other gels
were soaked in 2.5% Triton X-100 for 15 min to remove SDS. Gels were then
rinsed in distilled water and incubated in 50 mL of either papain (0.2 mg/mL) in
0.1 M phosphate buffer (pH 6.0) containing 1mM EDTA and 2 mM cysteine, or
trypsin (0.2 mg/mL) in 0.05 M Tris-HCl buffer (pH 8.2) containing 20mM CaCl2 at
4°C for 30 min. Gels were then rinsed with distilled water and incubated in a 1%
casein solution in either 0.1 M phosphate buffer (pH 6.0) for papain inhibitor
staining, or 0.05 M Tris-HCl (pH 8.2) for trypsin inhibitor staining. Gels were then
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rinsed with distilled water, fixed, and stained with Coomassie Blue R-250.
Inhibitory zones were determined as dark bands on a clear background.
Molecular weights were determined by comparison to a molecular weight
standard.
3.3.8 Autolysis inhibition
The moisture content of CSP and FSP was measured using AOAC methods (AOAC,
2000). CSP and FSP (reconstituted in water to the same moisture content as CSP)
were tested for their ability to inhibit autolytic degradation in both Pacific
whiting surimi and salmon mince according to the method of Morrissey, Wu, Lin,
and An (1993) with slight modification. Inhibitors were mixed with surimi or
salmon mince to final concentrations of 0, 2.5, 5, 10, and 20 mg solids per g
sample. Distilled water was then added to the sample so that equal volumes of
liquid were added to each sample. The sample (1.5 g) was then incubated at
60 °C for 60 min and a sample blank was kept on ice. In our preliminary study,
60 °C was determined to be the temperature at which maximum autolytic
activity occurs in both Pacific whiting surimi and salmon mince (Fig 3.1). The
reaction was terminated by the addition of 13.5 mL of either cold 5% TCA or 5%
SDS (85°C). Samples were then homogenized for 1 min on speed 15 (Tissue
Tearor Homogenizer, Biospec Products Inc, Bartlesville, OK, USA) and either
centrifuged at 5,200 × g for 20 min followed by incubation at 4 °C for 15 min
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(TCA samples), or heated at 85 °C for 1 h (SDS samples). TCA-soluble peptides
were measured in the supernatant of the TCA samples by the method of Lowry
et al. (1951) using tyrosine as a standard. Percent inhibition was determined by
the following equation:
% Inhibition = (TC-TCb) - (TS-TSb)*100
TC – TCb

TC=tyrosine of control (no inhibitor) incubated at 60°C
TCb=tyrosine of control (no inhibitor) kept on ice
TS=tyrosine of sample (with inhibitor) incubated at 60°C
TSb=tyrosine of sample (with inhibitor) kept on ice

Autolytic patterns of the myofibrillar proteins were determined from the SDS
samples using SDS-PAGE by the method of Laemmli (1970).
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Figure 3.1 – Autolytic activity of Pacific whiting surimi (A) and salmon mince (B)
as affected by temperature
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3.3.9 Stability of inhibitors
Heat, salt, and pH stability of both cysteine and serine protease inhibitors in SP
were determined by the method of Rawdkuen, Lanier, Visessanguan, and
Benjakul (2007b). SP was subjected to 3 different treatments: 1) Diluted in
distilled water to give 40-60% inhibition and heated for 30 min at various
temperatures followed by immediate cooling in ice water; 2) Incubated at room
temperature for 20 min in the presence of NaCl solutions of various
concentrations; 3) Incubated at room temperature for 20 min at various pH
levels in either McIlvaine’s buffer (pH 3-8) or 0.1 M glycine-NaOH buffer (pH 9
10). The SP solutions were then subject to both the papain inhibition assay
(cysteine protease assay) and the trypsin inhibition assay (serine protease assay).
Residual inhibitory activity was reported as the percent inhibitory activity
remaining compared to untreated samples.
3.3.10 Determination of protein concentration
Protein concentration of samples was determined using a Bio-Rad protein assay
kit (Bio-Rad Laboratories, Hercules, CA, USA).
3.3.11 Statistical analysis
For each experiment, the average of three replicates was subjected to analysis of
variance (ANOVA). Comparison of means was carried out by Tukey test (Ramsey
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& Schafer, 2012). Statistical analysis was done by Sigma Plot software package
(Sigma Plot 12.5, Systat Software Inc, San Jose, CA, USA).

3.4

Results and Discussion
3.4.1 Salmon plasma concentration

SP had a protein concentration of 23.88 ± 1.07 mg/mL. It was concentrated to a
concentration of 36.66 ± 0.36 mg/mL. Since blood was taken from salmon
during the spawning phase, the plasma protein concentration was lower than
would be normally expected. Fletcher, Watts, and King (1975) reported that
plasma protein concentration in sockeye salmon fell from a maximum of about
80 mg/mL to below 20 mg/mL during the spawning phase.
3.4.2 Protease inhibition assays
SP inhibited papain (Fig 3.2A), trypsin (Fig 3.2B), and Pacific whiting protease (Fig
3.2C) effectively. For all proteases, the amount of inhibition increased as the
concentration of inhibitor increased (p<0.05). This is due to the fact that blood
plasma contains a variety of both cysteine and serine protease inhibitors (Travis
& Salvesen, 1983). Similar results were found with blood plasma collected from
cows (Weerasinghe et al., 1996a), pigs (Benjakul & Visessanguan, 2000) and
trout (Li et al., 2008a). Compared to EW, SP was a much more effective inhibitor
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of both papain and Pacific whiting protease but EW was more effective than SP
at inhibiting trypsin. EW has been found to contain mostly serine protease
inhibitors (Weerasinghe et al., 1996a). EW achieved nearly complete inhibition of
trypsin (a serine protease) at low concentrations (Fig 3.2B) while inhibiting
papain (a cysteine protease) by less than 8% at the highest concentration used
(Fig 3.2A). The low inhibition of Pacific whiting protease, compared to SP (Fig
3.2A), suggests that Pacific whiting is composed of mainly cysteine proteases.
The major proteases responsible for autolytic degradation in Pacific whiting have
been found to be cysteine proteases such as cathepsin B and cathepsin L
(Yongswatdigul et al., 2014). However, surimi made from tropical fish has been
found to be more susceptible to degradation by serine proteases (Yongswatdigul
et al., 2014). This suggests that EW may be a more effective additive in tropical
fish surimi than Pacific whiting surimi. We have observed the majority of tropical
surimi is commercially produced with dried EW at 0.1% or higher.
For the papain inhibition assay (Fig 3.2A), when the inhibition was in the linear
range (20-87%), SP and CSP performed slightly better than FSP (p<0.05). No
difference was observed between SP and CSP. For the trypsin inhibition assay
(Fig 1B), when the inhibition was in the linear range (25-81%), SP performed
better than FSP (p<0.05). SP also performed better than CSP at concentrations of
1 and 1.5 mg/mL (p<0.05). Above 1.5mg/mL there was no difference between SP
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and CSP. When proteins are lyophilized followed by reconstitution in water,
conformation changes can occur, which may affect the activity of the proteins
(Prestrelski, Arakawa, & Carpenter, 1993). This may be the cause of the overall
lower inhibition of both trypsin and papain by FSP as compared to CSP and SP.
However, there was no observed difference between SP, CSP, and FSP in the
inhibition of Pacific whiting protease (Fig 3.2C) at any concentration. Since the
observed differences between SP, CSP and FSP in both the papain and trypsin
inhibition assays were small (less than 10%), this may be due to differences in
sensitivities of the assays.

A

B

C

Figure 3.2 – Inhibition of papain (A), trypsin (B), and Pacific whiting protease (C)
by SP, CSP, FSP, and EW. Bars represent the standard deviation of 3
determinations. SP: salmon plasma; CSP: concentrated salmon plasma; FSP:
freeze-dried salmon plasma; EW: dried egg white
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3.4.3

Inhibitor staining

Samples were loaded under non-reducing conditions in order to preserve the
activity of the plasma proteins, which are often stabilized by disulfide bonds
(Hogg, 2003). A band of estimated molecular weight of 55 kDa was present after
soaking in papain that was not present after soaking in trypsin (Fig 3.3). This
indicates the presence of a cysteine protease inhibitor in this region that does
not inhibit serine proteases. This may be similar to the cysteine protease
inhibitor found in chum salmon plasma by Li and others (2008b) that was found
to have a molecular weight of 55 kDa under non-reducing conditions. A cysteine
protease inhibitor in chicken plasma was found to have a molecular weight of
116kDa (Rawdkuen et al., 2007b) while an inhibitor of both cysteine and serine
proteases with a molecular weight of 60kDa was found in pig plasma (Benjakul &
Visessanguan, 2000). These results demonstrate that while both fish blood and
mammalian blood contain protease inhibitors, they differ in biochemical
properties and molecular weight. There were also bands detected in the high
molecular weight range that inhibited both papain and trypsin. α-2
macroglobulin (A2M) is a known inhibitor of a broad range of proteases,
including cysteine and serine types that has a molecular weight of 718kDa
(Barrett, 1981). Also in this high molecular weight zone are a number of
polymerized proteins which are resistant to proteases (Weerasinghe et al.,
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1996a). The A2M band may be obscured by these proteins. A band was also
detected around 170kDa that may be an inhibitor of both papain and trypsin.
There was no noticeable difference after soaking in both papain and trypsin
between SP, CSP, and FSP, indicating the preservation of the proteases inhibitors
can be done by either concentration or lyophilization. These results suggest the
presence of multiple inhibitors of both serine and cysteine proteases in SP.

Figure 3.3 – SP, CSP, and FSP stained for inhibitory activity against trypsin and
papain at 37°C under non-reducing conditions. SP: salmon plasma; CSP:
concentrated salmon plasma; FSP: freeze-dried salmon plasma; EW: dried egg
white. 1 = molecular weight marker; 2-4 = SP, CSP, FSP without enzyme
treatment, respectiviely; 5-7 = SP, CSP, FSP soaked in papain, respectiviely; 8-10
= SP, CSP, FSP soaked in trypsin, respectively.

3.4.4 Autolysis inhibition
Addition of inhibitor to Pacific whiting surimi inhibited autolysis by an average of
89% for all concentrations used (Fig 3.4). This is comparable to bovine blood
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plasma which was found to inhibit autolysis in Pacific whiting surimi by 90% at a
concentration of 1% (Morrissey et al., 1993). For Pacific whiting surimi,
increasing inhibitor concentration from 0.25% to 2% did not lead to greater
inhibition of autolysis (p>0.05). This indicates that SP is an effective inhibitor of
proteases found in Pacific whiting surimi even at very low concentrations. In
addition, there was no difference between CSP and FSP (p>0.05). This indicates
that the level of inhibition at the concentrations used was sufficiently high so
that the difference between processing treatments was negligible.

Figure 3.4 – Autolysis inhibition of Pacific whiting surimi by CSP and FSP. Samples
were heated at 60°C for 60 min. Bars represent the standard deviation of 3
determinations. CSP: concentrated salmon plasma; FSP: freeze dried salmon
plasma.
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Autolysis inhibition in salmon mince (Fig 3.5), however, increased as inhibitor
concentration increased (p<0.05). Additionally, CSP performed slightly better
than FSP in inhibiting salmon mince autolysis (p<0.05). Inhibition by CSP
increased from 46% to 89% as concentration was increased and inhibition by FSP
increased from 40% to 86%. Lower inhibition in fish mince as compared to
surimi was also found by Morrissey et al. (1993), who reported that 1% addition
bovine blood plasma inhibited autolysis in Pacific whiting surimi and mince by 90%
and 76%, respectively. Additionally, pork plasma protein was found to be a more
effective inhibitor of washed bigeye snapper mince as compared to unwashed
mince (Benjakul et al., 2001). During the rinsing process in Pacific whiting surimi
manufacturing, proteases such as cathepsin B and H are mostly removed, leaving
cathepsin L as the main protease responsible for proteolytic degradation (An et
al., 1994b). In contrast, spawning salmon muscle has been found to contain a
variety of proteases, including cathepsin B (Sawada, Sester, & Carlson, 1993),
cathepsin L (Yamashita & Konagaya, 1990b), as well as cathepsin D and cathepsin
H (Yamashita & Konagaya, 1990a). The presence of multiple proteases could
account for the overall lower inhibition of autolysis in the salmon mince as
compared to Pacific whiting surimi.
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Figure 3.5 – Autolysis inhibition of salmon mince by CSP and FSP. Samples were
heated at 60°C for 60 min. Bars represent the standard deviation of 3
determinations. CSP: concentrated salmon plasma; FSP: freeze dried salmon
plasma.

These results were confirmed by SDS PAGE analysis (Fig 3.6). For Pacific whiting
surimi, the myosin heavy chain (MHC) band was completely destroyed by
heating at 60°C for 60 min. Addition of both CSP and FSP at all concentrations
resulted in an MHC band comparable to that of the control. For salmon mince
the MHC band was not completely destroyed by heating, indicating less overall
proteolytic degradation in salmon mince as compared to Pacific whiting surimi.
There is, however, a visible increase in MHC band intensity as CSP and FSP
concentration increase, indicating an increase in autolysis inhibition as inhibitor
concentration increases. The actin band in both Pacific whiting surimi and
salmon mince was not visibly affected. This confirms previous studies stating
that MHC is the main protein affected by proteolytic enzymes (An et al., 1994a).
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Figure 3.6 – Protein pattern of (A) Pacific whiting surimi and (B) salmon mince
mixed with various concentrations of CSP and FSP and heated for 60°C for 60
min. CSP: concentrated salmon plasma; FSP: freeze-dried salmon plasma.
1 = molecular weight marker; 2 = control sample kept on ice; 3 = no inhibitor
added; 4 = 0.25% CSP; 5 = 0.25% FSP; 6 = 0.5% CSP; 7 = 0.5% FSP; 8 =1% CSP; 9 =
1% FSP; 10 = 2% CSP; 11 = 2% FSP; MHC = myosin heavy chain; Ac = actin

3.4.5 Stability of inhibitors
SP was tested for its residual inhibitory activity against both papain and trypsin
after treatment at various temperature, NaCl, and pH levels (Fig 3.7). Activity
against papain was stable up to 70°C. Activity against trypsin, however,
decreased by about 50% after heating beyond 40°C. These results suggest that
cysteine protease inhibitors present in SP are generally more heat stable than
serine protease inhibitors. Since Pacific whiting surimi mainly contains cysteine
proteases, SP could be effectively used in Pacific whiting surimi at temperatures
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where the protease is active. Residual inhibitory activity against both cysteine
and serine proteases remain stable across all NaCl concentrations used. Trypsin
inhibitory activity increased with increasing NaCl concentrations, peaking at 2.5%
NaCl. Salt affects proteins by electrostatic screening, which influences unfolding
of the protein (Date & Dominy, 2013). In general, proteins have optimum salt
concentrations where they are most stable. Papain and tyrpsin inhibitory
activities were both stable across a broad pH range with the exception of the
most acidic pH levels (3 and 4), where activity was lost in both cases. Changes in
pH can protonate or deprotonate chemical groups, disrupting molecular
structure. Proteins have optimum pH levels at which activity is maximized (Berg,
Tymoczko, & Stryer, 2012).
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Figure 3.7 – Temperature (A), Salt (B), and pH (C) stability of papain and trypsin
inhibitors in SP. Bars represent the standard deviation of 3 determinations.

3.5

Conclusion

SP was found to contain both cysteine and serine protease inhibitors and was an
effective inhibitor of proteolysis in both Pacific whiting surimi and salmon mince.
SP protease inhibitors exhibited good temperature, salt, and pH stability over a
broad range, although serine protease inhibition was limited at temperatures
above 40°C. CSP was found to be slightly more effective than FSP at inhibiting
proteolysis in salmon mince. SP may effectively be used at concentrations as low
as 0.25% in surimi manufacture or be injected into salmon fillets to inhibit
protease mediated texture softening. Future studies will focus on these
applications.
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4.1

Abstract

The effect of salmon blood plasma (SPP) on the gelation of Pacific whiting surimi
under different ohmic heating conditions was investigated. SPP was found to
significantly increase gel strength in gels heated ohmically to and held at 60° for
30 min followed by heating ohmically to 90°C. SPP at a level of 1% was also
found to increase gel strength in gels held at 25°C for 2 h prior to ohmic heating.
This increase was not seen in gels where EDTA was added to inhibit the activity
of endogenous transglutaminase (ETG). SPP also created a more pronounced
setting effect as measured by dynamic rheology and SDS-PAGE. SPP was found to
effectively inhibit protease activity through TCA-soluble peptide analysis.
Scanning electron microcopy revealed a loosely arranged gel network caused by
protease enzymes. It was reversed by the addition of SPP as well as setting at
25oC due to ETG.

Keywords: salmon plasma, Pacific whiting, surimi gelation, ohmic heating,
transglutaminase, protease
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4.2

Introduction

In the United States, surimi is made from two types of fish: Alaska pollock (AP)
and Pacific whiting (PW). Unlike AP, PW contains a high amount of protease
enzymes that degrade the quality of the surimi gel when heated slowly (Klesk,
Yongsawatdigul, Park, Viratchakul, & Virulhakul, 2000). The major protease
enzymes found in PW are cathepsins B, H, and L. After PW has gone through the
rinsing step of surimi manufacturing, most of cathepsin B and almost all of
cathepsin H proteases are removed. However, cathepsin L, a protease
associated with myofibrillar proteins, is not removed during the washing process
and was found to be the main protease responsible for degradation of the surimi
gel (An et al., 1994b). Cathepsin L is a heat activated cysteine protease, having an
optimum temperature of around 55-60°C (Seymour et al., 1994; Visessanguan,
Benjakul, & An, 2003). Incubating PW surimi around this temperature range for
30 min before heating to 90oC will result in a complete disappearance of the
myosin heavy chain as well as an inability to form a gel network (Morrissey et al.,
1993; Rawdkuen et al., 2007a). Surimi that is heated at a slow rate (such as in a
water bath) also suffers protoeolytic degradation (Yongsawatdigul et al., 1995).
In the past, bovine blood plasma (BPP) was added to PW surimi as a protease
inhibitor. This practice was discontinued however due to public fear of Bovine
Spongiform Encephalopathy (BSE). Since then, BPP has been replaced by dried
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egg white (DEW), which contains mainly serine protease inhibitors
(Yongswatdigul et al., 2014). Since DEW is not as effective as BPP at inhibiting
cysteine proteases, such as cathepsin L (Yongswatdigul et al., 2014), finding an
alternative inhibitor that can be used at small concentrations would be beneficial.
Blood plasma from other sources, such as pork (Benjakul et al., 2001;
Visessanguan, Benjakul, & An, 2000) and chicken (Rawdkuen et al., 2007a;
Rawdkuen, Lanier, Visessanguan, & Benjakul, 2004; Rawdkuen et al., 2007b),
have been found to be effective inhibitors of protease enzymes found in surimi.
In addition to protease inhibitors, blood plasma also contains other proteins that
may enhance the gelation of surimi. Blood plasma proteins such as fibrinogen
exhibit their own gelling ability upon heating (Davila, Pares, Cuvelier, & Relkin,
2007). Also, blood plasma has been shown to contain endogenous
transglutaminase (ETG) enzymes (Lorand, 2007). ETG is a naturally occurring
enzyme in PW and other species of fish. ETG is a calcium dependent enzyme that
mediates covalent cross linking of myofibrillar proteins, resulting in a higher gel
strength (An et al., 1996). Since endogenous PW and AP ETG has an optimum
temperature of around 25°C, leaving surimi paste at room temperature for 1 or 2
hr before heating results in stronger gels. This ETG mediated formation of nondisulfide covalent cross links before heating is known as “setting”. !ddition of
calcium and calcium containing compounds to surimi has been shown to
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increase the effect of setting (Lee & Park, 1998) and the addition of calcium
chelating compounds, such as EDTA, has been shown to completely inhibit
setting (Kumazawa, Numazawa, Seguro, & Motoki, 1995). Since blood plasma
contains ETG, it may also contribute to the setting phenomenon when added to
surimi in sufficient amounts.
The activity of these two different types of enzymes (proteases and ETG), pose a
problem when evaluating the quality of PW surimi gel. Traditionally, surimi is
heated in a water bath to 90°C before conducting gel texture measurement. This
slow heating allows for the activity of both ETG (enhances gel strength) and
proteases (lowers gel strength). Surimi crabstick, however, is manufactured in a
thin sheet under gas and/or steam heating, which quickly deactivates both types
of enzymes and does not allow for any activity beyond 75oC. Therefore, these
testing methods do not accurately assess the quality of the surimi seafood being
produced in a thin sheet under fast heating. Rapid heating methods, such as
ohmic heating, allow for a better assessment of surimi containing protease
enzymes (Yongsawatdigul et al., 1995). The objective of this study was to isolate
the activities of both proteases and ETG at various heating rates under ohmic
heating, and evaluate the effect of salmon plasma protein (SPP) on the gelation
of PW surimi in combination with these enzymes.
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4.3

Materials and Methods
4.3.1 Materials

Pacific whiting surimi (FA grade) without the addition of egg white, 2 months old,
was obtained from American Seafoods (Seattle, WA, USA) and kept at -30°C until
used. Protein markers and other electrophoresis chemicals were purchased from
Bio-Rad Laboratories (Hercules, CA, USA). All other chemicals used were of
reagent grade.
4.3.2 Collection of salmon blood and preparation of plasma
Whole blood was collected at the Klaskanine Fish Hatchery (Astoria, OR, USA)
from female Chinook salmon immediately before roe collection. Blood was
collected from bleeding fish into bottles containing 3.8% sodium citrate (as an
anti-coagulant), and gently mixed at a ratio of 9:1 (v:v) blood to sodium citrate
(Li et al., 2008a; Rawdkuen et al., 2007b). Blood was kept on ice and transported
back to the Oregon State Seafood Laboratory (Astoria, OR, USA) where it was
centrifuged for 15 min at 1,500 × g at 4°C using a Beckman J6-MI centrifuge
(Beckman Coulter, Fullerton, CA, USA). The supernatant was then lyophilized in a
Labconco freeze drier (Kansas City, MO, USA) and regarded as salmon plasma
protein (SPP). SPP was stored at -80°C until used.
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4.3.3 Surimi gel preparation
Paste and gels were prepared according the method of Poowakanjana, Mayer,
and Park (2012) with various heating methods. Partially thawed surimi was
chopped at 1,800 rpm for 1 min using a silent cutter (UM 5 universal, Stephan
Machinery Corp, Columbus, OH, USA). After a 2% addition of salt, surimi was
chopped for an additional 1 min at 1,800 rpm. Moisture content was then
adjusted to 78% using ice. At this time SPP (0, 0.5 or 1%) as well as EDTA (0 or
0.1%) was added. A preliminary study conducted in our laboratory indicated that
0.1% EDTA was sufficient to completely inhibit ETG activity in PW surimi (data
not shown). Following the addition of ice and other dry ingredients, surimi was
chopped again for 1 min at 1,800 rpm. Chopping was then continued at 3,600
rpm under vacuum (40-60 kPa) for an additional 3 min and a total chopping time
of 6 min. Care was taken so that the final temperature of the surimi paste was
less than 15°C. Paste was packed in a polyethylene bag and subjected to vacuum
to remove any air pockets developed during packing. The paste was then stuffed
into a 15 cm x 3 cm nylon tube. 3 different heating methods were used: 1. Ohmic
(rapid) heating to 90°C at a voltage gradient of 12.62 V/cm with settings of 250 V
and 10 kHz to prevent the activity of both ETG and proteases (OH); 2. Ohmic
heating to 60°C followed by ohmically holding at 60°C for 30 min before
ohmically heating to 90°C to prevent the activity of ETG and maximize the
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activity of proteases (60/OH); and 3. Holding in a 25°C water bath for 2 h (to
maximize the activity of ETG) followed by ohmic heating to 90°C to prevent the
activity of proteases (25/OH). Two sausages were made per heating method.
Following heating, gels were placed in a plastic bag, submerged in ice water for
15 min, and stored overnight at 4°C.
4.3.4 Oscillatory dynamic measurement
Surimi paste was subjected to a temperature sweep using a CVO rheometer
(Malvern Instruments Ltd., Worcestershire, UK) using a cone (4° and 40 mm
diameter) and plate geometry with a gap of 150 μm. Surimi gels prepared as
described above were thinly cut to a thickness of 2 mm and subjected to a
frequency sweep using parallel plate geometry (20 mm diameter) and a gap of 1
mm. Surimi gel (3 cm diameter) was trimmed to 2 cm using a small knife and
moisture trap containing a moistened sponge was used to minimize drying of
sample. Temperature sweeps were conducted from 10 °C-90 °C at a heating rate
of 2 °C/min at a fixed frequency of 0.1 Hz. Frequency sweeps were conducted
from 0.1 to 10 Hz at a fixed temperature of 25 °C. A shear stress of 50 Pa,
determined by stress sweep to be in the linear viscoelastic region, was used.
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4.3.5 Fracture gel evaluation
The day after heating, gels were removed from refrigerated storage and held at
room temperature for 2 h prior to testing. Gel samples were cut into 30 mm
lengths and the breaking force (g) and penetration distance (mm) were
determined using a texture analyzer (TA-XT plus, Texture Technologies Corp, NY,
USA). Gels were punctured with a spherical probe (5 mm diameter) at 1 mm/sec.
4.3.6

Color analysis

L*, a*, and b* values of surimi gels were determined from 30 mm samples using
a Minolta colorimeter (CR-310; Minolta Camera Co. Ltd., Osaka, Japan). The
instrument was standardized using a Minolta calibration plate and a Hunter Lab
standard hitching file according to the method of Park (1994). Whiteness was
calculated using the equation L*-3b*.
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4.3.7 Determination of TCA soluble peptides
Eighteen mL of 5% trichloroacetic acid (TCA) was added to 2 g of sample
followed by homogenization for 2 min at 15,000 rpm using a Tissue Tearor
homogenizer (Biospec Products Inc., Bartlesville, OK, USA). Homogenate was
then held at 4 °C for 1 h before centrifugation at 8,000 × g for 5 min using a
Sorvall RC-5B centrifuge (DuPont Instruments, Newton, CT, USA). The TCAsoluble peptide content of the supernatant was measured by the method of
Lowry et al. (1951) using tyrosine as a standard and expressed as μmol tyrosine/
g sample. Samples were measured in triplicate.
4.3.8 SDS PAGE
Surimi gels were examined for protein patterns based on their molecular weight
according to the method of Laemmli (1970). Gels were solubilized in 5% sodium
dodecyl sulfate at 90 °C according to the method of Morrissey et al. (1993). A 4%
acrylamide (w/v) stacking gel and 10% acrylamide (w/v) separating gel were used.
Gels were fixed and stained in 0.125% Coomassie R-250 (Bio-Rad, Richmond, CA,
USA), and de-stained in a 50% methanol, 10% acetic acid solution. Molecular
weights of bands were determined by comparison to a molecular weight
standard (Protein Plus All Blue, Bio-Rad Laboratories, Hercules, CA, USA).

55

4.3.9 Scanning electron microscopy
Gels were cut into 2 mm x 2mm sections and rinsed two times in distilled water
for 30 min prior to fixing for 2 hr in a 0.1 M cacodylate buffer containing 2.5%
glutaraldehyde and 1% paraformaldehyde. Samples were then dried through
serial acetone dilutions (10, 30, 50, 70, 90 and twice in 100%) followed by critical
point drying. Samples were then coated with gold and palladium (40:60 ratio)
and examined in a Quanta 600 FEG field emission scanning electron microscope
(FEI Inc., Hillsboro, OR). This microscopy work was done at the Oregon State
University Electron Microscope Facility (Corvallis, OR, USA).
4.3.10 Statistical analysis
Data were subjected to analysis of variance (ANOVA). Comparison of means was
carried out by Tukey test (Ramsey & Schafer, 2012). Statistical analysis was done
by Sigma Plot software package (Sigma Plot 12.5, Systat Software Inc, San Jose,
CA, USA). Two batches were made for each treatment and all experiments were
repeated.
4.4

Results and Discussion
4.4.7 Oscillatory rheology

The maximum elastic modulus (G’) of surimi heated at 2°C/min decreased as
more SPP was added (Fig 1A-1C). Visessanguan et al. (2000) found that the
addition of pork plasma protein to Pacific whiting actomyosin also decreased G’.
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It was postulated that this was due to plasma proteins having different thermal
stabilities and gelation properties than fish muscle proteins. The formation of
two different gel networks (plasma protein and fish protein) with different
properties may lead to the observed decrease in G’. However, for pastes with 0.5%
SPP (Fig 1) and 1% SPP (Fig 1), the maximum G’ was higher for samples
containing no EDTA than samples containing EDTA. This difference was not
observed in the control containing no SPP. The difference between samples with
and without EDTA is attributed to the setting effect due to the action of ETG.
This activity, however, may be offset by proteases active in the control paste
that are inhibited in the samples containing SPP. Therefore, the influence of
setting during heating at 2°C/min is more pronounced when SPP is added. In
addition, ETG and calcium present in SPP may serve to enhance the setting effect.
Yin & Park (2014) found that adding calcium containing nano scale fish bone to
surimi also increased gel strength. The small elastic modulus peak observed
around 40°C is related to the initial unfolding of light meromyosin (Visessanguan
et al., 2000). This peak did not appear to be significantly correlated with SPP or
EDTA addition.
Rheological properties of the final gel were also evaluated by frequency sweep
(Fig 1D). The G’ of the control sample held at 60° before ohmic heating showed
a significantly higher frequency dependence than the control sample ohmically
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heated directly to 90°C. Samples containing both 0.5% SPP and 1% SPP and held
at 60°C before ohmic heating showed similar frequency dependence as the
control heated to 90°. G’ values of less cohesive gels exhibit higher frequency
dependency. Therefore, G’ increases at a higher rate as frequency increases than
is observed in a more cohesive gel (Picout & Ross-Murphy, 2003). These results
indicate that adding SPP to surimi to inhibit proteases lead to a less frequency
dependent, more cohesive gel network in the finished product.
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Figure 4.1- Storage modulus of Pacific whiting surimi paste as affected by
temperature sweep and 0, 0.5% and 1% SPP additions (A, B, and C, respectively)
and gel as affected by frequency sweep (D) after various treatments. SPP =
salmon plasma protein, Control = 0% SPP addition, OH= ohmic heating, 60/OH =
rapid heating to 60°C followed by 30 min holding before rapid heating to 90°C
4.4.8 Fracture gel evaluation
Both breaking force (Fig 2A) and penetration distance (Fig 2B) of 60/OH gels
were greatly increased by the addition of 0.5% and 1% SPP with or without the
addition of EDTA (P<0.05). There was no difference for this heating method
between 0.5% and 1% SPP. This heating condition maximized the action of
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endogenous proteases while minimizing the activity of ETG to less than 10%
(Park, Ooizumi, & Hunt, 2014). This indicates SPP at a level of 0.5% is sufficient
for inhibiting protease activity and no added benefit in this regard is seen from
increasing concentration.
25/OH gels without EDTA showed a greater breaking force and penetration
distance than OH gels (P<0.05). This heating method was favored by ETG and the
activity of protease enzymes was not significantly noted. Therefore, this increase
of gel strength is due to the setting phenomenon. In addition 25/OH gels without
EDTA and containing 1%SPP showed the highest breaking force and penetration
distance of all samples (P<0.05). It may be postulated that transglutaminase
present in SPP contributed additionally to enzyme-mediated covalent cross
linking during settings. Both OH and 25/OH gels containing no SPP decreased
moderately and significantly, respectively, in breaking force and penetration
distance when EDTA was added (P<0.05). EDTA chelates calcium, which in
addition to being a cofactor for ETG may also play other roles in gelation (Lee &
Park, 1998). However, both OH and 25/OH gels containing EDTA showed a higher
breaking force and penetration distance with the addition of SPP as compared to
the control (P<0.05), indicating a significant role of SPP as a gel enhancer. In
addition to transglutaminase being present in SPP, it may also be a source of
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additional calcium (Heaton & Pomare, 1974; Maye, Keaton, Hurst, & Habener,
1979), leading to greater gel strength.
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Figure 4.2-Breaking force (A) and penetration distance (B) of Pacific whiting
surimi gel as affected by SPP concentration, EDTA, and heating method. Error
bars represent the standard deviation of 6 determinations.

4.4.3 Color gel analysis
Whiteness decreased markedly as SPP concentration increased (P<0.05) (Fig 3D).
Increase in SPP was also associated with a lower L* value (less lightness) (Fig 3A),
more negative a* value (more redness) (Fig 3B) and a higher b* value (more
yellowness) (Fig 3C). The decrease in color quality is due to hemolysis in the
blood plasma. When blood is collected and plasma is processed, damage to the
red blood cells can result in plasma containing a pinkish hue as opposed to a
straw yellow color (Field, Elvehjem, & Juday, 1943; Li et al., 2008a). In addition,
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as salmon is a cold water species, blood plasma may exhibit lower thermal
stability and therefore be more susceptible to hemolysis than blood plasma from
mammals. This issue may be partly intervened by the fact that SPP is needed
only at very low levels (maximum of 0.5% as shown by the results in Fig 2) in
order to prevent proteolysis in PW surimi. It is suggested however that further
studies be conducted to determine collection and processing methods that will
reduce hemolysis. In addition, 60/90 gels showed greater L* values, less negative
a* values, and higher b* values than other gels (P<0.05). However, overall
whiteness was not affected by heating conditions.
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Figure 4.3-L* (A), a* (B), b* (C), and whiteness (D) values of Pacific whiting surimi
gels as affected by SPP concentration, EDTA, and heating methods. Error bars
represent the standard deviation of 6 determinations.

4.4.4 TCA soluble peptide content
At a TCA concentration of 5%, all proteins except for small oligopeptides are
insoluble (Yvon et al., 1989). Since small peptides are the result of the action of
endogenous proteases on PW muscle, the protein content in the 5% TCA
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supernatant after centrifugation is related to total protease activity in the surimi.
Control 60/OH gels with or without EDTA had significantly higher TCA soluble
peptide content compared to other gels (P<0.05) (Fig 4). The addition of SPP to
these gels showed a significant decrease in TCA soluble peptide content (P<0.05).
There was no difference between 0.5% and 1% SPP. Besides 60/OH gels, no
difference was seen in TCA soluble peptide content between other treatments
and 60/OH gels containing SPP. This confirms the fact that an SPP concentration
of 0.5% is sufficient to inhibit protease activity and no additional inhibition is
seen from increasing concentrations. In addition, this confirms that the fast
heating treatments (OH and 25/OH) effectively eliminate protease activity.
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Control

0.5% SPP

1% SPP

2

1

0

Figure 4.4-TCA soluble peptide contents in Pacific whiting surimi gel as affected
by SPP concentration, EDTA, and heating method. Error bars represent the
standard deviation of 3 determinations.
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4.4.5

SDS PAGE

For OH gels, there was no discernible difference in protein pattern between gels
prepared without EDTA (Fig 5A) and gels with EDTA (Fig 5B). Among this group,
SPP also had no noticeable effect on protein pattern. This is because the OH
treatment eliminated the activity of both protease enzymes and ETG, therefore
there was no setting effect or degradation of the myosin heavy chain. For the
25/OH samples, however, a protein band is visible in the high molecular weight
range (>250 kDa) for gels treated without EDTA that is not present for gels
treated with EDTA (dotted line in Fig 5A). Yin and Park (2014) found that ETGmediated cross linking in surimi led to the appearance of high molecular weight
bands. This band is due to the crosslinking of myosin heavy chain proteins,
leading to higher molecular weight proteins (Kamath, Lanier, Foegeding, &
Hamann, 1992). The disappearance of this band in the EDTA samples confirms
the inhibition of ETG by EDTA. The high molecular weight band is also darker for
1% SPP than the control, indicating that SPP might have played a role in the
setting phenomenon as transglutaminase is one of various proteins present in
blood plasma (Folk, 1980).
The 60/OH group showed no difference between samples with and without
EDTA. In this treatment, only protease enzymes are active and the action of ETG
was eliminated. This heating treatment completely destroyed the myosin heavy

65

chain band in the control samples due to the activity of proteases. When SPP
was added at 0.5% however, the myosin heavy chain band remained intact.
Increasing SPP concentration did not affect the intensity of the myosin heavy
chain band. This confirms that 0.5% SPP is sufficient to inhibit proteases and
prevent myosin heavy chain degradation.

Figure 4.5-SDS PAGE pattern of surimi gels without (A) and with (B) 0.1% EDTA as
affected by SPP concentration and heating methods. MW=molecular weight
marker, C=control, 0.5=0.5% SPP, 1=1%SPP, MHC=myosin heavy chain, Ac=Actin,
20-250=molecular weight in kDa.

4.4.6 Scanning electron microscopy
The 60/OH gel with no SPP added showed the greatest number of voids and the
least compact structure among the samples tested (Fig 6B). This is consistent
with the results from the puncture test as well as the TCA-soluble peptides. This
confirms that protease enzymes active at this temperature serve to break up and
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weaken the gel structure. 60/OH gel with 1% SPP (Fig 6E) showed a significantly
more orderly and continuous gel structure with less voids than the 60/OH gel
with no SPP present, indicating effective inhibition of protease enzymes.
However, there were a greater number of voids present in this gel than in the
OH gels (Fig 6A and 6D), indicating residual protease activity. 25/OH gels without
and with 1% SPP (Fig 6C and 6F, respectively) had a more compact and
continuous structure compared to OH gels without and with 1% SPP (Fig 6A and
6D, respectively). This is due to the addition of extra covalent cross linking in the
gel structure due to the action of ETG. In addition, 25/OH gel with 1% SPP had a
more compact structure with less voids than the 25/OH gel without SPP. This
may be due to transglutaminase present in SPP in addition to ETG of surimi,
leading to additional cross linking during setting. 25/OH sample containing no
SPP and 0.1% EDTA (Fig 6G), had a greater number of voids than the OH samples.
The purpose of EDTA addition was to chelate calcium in order to prevent the
activity of ETG. However, these results indicate that calcium may play other roles
in gelation in addition to being a cofactor for ETG.
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Figure 4.6 – Scanning electron microscope image of surimi gels. A = Ohmic
heating with no SPP added; B = 60°C holding for 30 min followed by ohmic
heating with no SPP added; C = 25°C holding for 2 hr followed by ohmic heating
with no SPP added; D = Ohmic heating with 1% SPP added; E = 60°C holding for
30 min followed by ohmic heating with 1% SPP added; F = 25°C holding for 2 hr
followed by ohmic heating with 1% SPP added; G = 25°C holding for 2 hr followed
by ohmic heating with no SPP added and 0.1% EDTA. Magnification = 10,000x.
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4.5

Conclusion

SPP was found to effectively inhibit endogenous proteases in PW surimi at levels
as low as 0.5%. Higher concentrations of SPP may also aid in transglutaminase
mediated gel setting, leading to an increase in gel strength. However, increasing
SPP concentrations also led to a decrease in the elastic modulus as well as a
decrease in whiteness. This balance must be kept in mind when formulating
surimi with SPP. Holding at 25°C before ohmic heating was found to optimize
ETG activity while controlling protease activity. Rapidly heating to and holding at
60°C before ohmic heating to 90°C was found to optimize protease activity while
minimizing ETG activity.
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CHAPTER 5
GENERAL CONCLUSION

Salmon blood plasma was found to contain both cysteine and serine
protease inhibitors which effectively inhibited proteases found in Pacific whiting
surimi and salmon mince. Relatively low levels of blood plasma were needed, as
0.25% addition by weight inhibited autolyis in Pacific whiting surimi by around
90%. In addition, freeze drying and concentrating were found to have a minimal
affect on the overall functionality of the protease inhibitors. These findings open
the door for many future studies, including purification and characterization of
various inhibitors found in salmon blood plasma as well as an investigation of the
affect of salmon blood plasma on the texture of salmon fillets and salmon burger
patty products.
Salmon blood plasma was also found to impart favorable characteristics
to the gelling properties of Pacific whiting surimi. Additions as low as 0.5%
effectively reduced autolytic activity and increased the gel texture in gels heated
at a method which maximized the activity of protease enzymes. Salmon blood
plasma also had an enhancing effect during setting, and increased the gel
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strength to a level beyond that achieved by setting in the absence of salmon
plasma. This could indicate the presence of transglutaminase in the blood
plasma.
These finding show that salmon blood plasma could be used as a suitable
replacement for egg whites in the surimi industry, and at much lower levels than
egg whites are currently being used. This could be a cost saving measure for the
industry, as the price of egg whites continue to rise. In addition, novel uses for
salmon blood plasma, such as incorporation into salmon fillets and burger
patties, could be explored.
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