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Fish gels are generally made by mincing fish muscle tissue, washing 3-5 times to remove
water-soluble materials, adding relatively high concentrations of sodium chloride �-3%! and
heating. During the last wash, a low concentration of sodium chforide, e.g. 0.15%, is usually
added to aid in de-watering. For a product that is to be frozen, sucrose, sorbitol and sodium
tripolyphosphate are added to stabilize, It has been generally accepted that the purpose of
adding 2-3% sodium chloride is to solubilize contractile proteins �,7,13,16!; these then form a
continuous network after partial denaturation and aggregation caused by heating �,11,19,21!.

We have demonstrated that good protein gels can be prepared from fish muscle tissue in the
absence of high levels of sodium chloride �,3,18!. If it is essential for proteins to be at least
partially soluble to form gals, then it could be predicted that the proteins of washed fish muscle
tissue might be soluble at low ionic strength. The objective of this work was to investigate
possible relationships between the solubility of fish muscle proteins and their ability to form gels
in the absence of high concentrations of salt.

MATERIALS AND METHODS

~Mat ~ri I

Whole fish were purchased from a fish processor in Gloucester, MA the same day of catch
during the period ofMarch- - September, I990. The fish were transported on ice to the University
of Massachusetts in Amherst where they were hand- skinned and filleted on the day received. The
fillets were then placed immediately in polyethylene bags and held on ice for subsequent
processing and testing, Three species were usually processed at a time. The order of testing

PN

purchased as high quality product became available.

Pr ti n f t r min
Grinding, washing and de-watering were carried out as previously described �!. Two

hundred~ram batches of de-watered mince were chopped in a cold room �'C! using a
pre-chilled  - 20'C! Robot Coupe set at low speed for 2 min, The temperature of the chopped fish
was kept below 8'C. The purpose of chopping was to simulate the process whereby salt is
ordinarily added although no salt was added here. The material after chopping will be referred
to as the 'paste".
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Extraction of the fish muscle paste was also carried out in more concentrated salt solutions,
This was done byhomogenizing in a commercial blender with NaCI �, 0.5, 1.5 or 2.5%! or with
1.G M LiCI  S.D. Kelleher and H.O. Hultin, J. Food Sci., 1991  in press!!. The homogenate was
then centrifuged as above and protein concentration determined in the supernate.

Protein content of the paste and supernatant fractions was determined by a modified Lowry
procedure  9!; pH was measured by a glass electrode. Per cent moisture was determined by
drying. Approximately 2 gm of fish sample was distributed evenly on weighed aluminum weighing
plates and driied in a Fisher lsotemp vacuum oven at 30" of Hg and 70'C for 20 hr. Fold test
scores were determined as described by Kudo et al, �! with a score of 5 the most elastic and
one the least A torsion technique was used to measure stress and strain at breakage �0!.

Each species was evaluated at 3 different times during the course of these experiments. Protein
extractions from each batch were performed in quadruplicate. Results are reported as mean +
standard deviation, Linear correlation coefficients, and the sign Tiicance of each, were calculated
as outlined by Steel and Torrie � 5!.

RESULTS AND DISCUSSION

Recently, a survey has been completed in our laboratory on the ability of 16 species of
Northwest Atlantic fish to form gels in the absence of high concentrations of added salt  H.
Bakir, personal communication!. Six species from those assayed were chosen for the present
study including those that formed good gels In the absence of sodium chloride, those that did
not, and those that were intermediate. A summary of some of the properties of the fish gels from
the chosen species with or without the addition of 3% added sodium chloride are shown in Table
1. A cryoprotectant mixture was not used since the samples were not stored frozen. We also
wanted to minimize the number of variables. All species formed a top grade gel as determined
by the fold test in the presence of sodium chloride; in the absence of added salt only red hake,
cod and dab had a fold-test score of 5. The fold-test score for pollock and haddock was 3 while
the value for mackerel, which formed a very poor gel without salt, was 2. The ratio of strain at
breakage in the absence and presence of sodium chloride is also given.

Table 1. Properties of fish gals from various species with and without 3% added NaQ

Ratio ofTrue Strain
-NaQ/+ NaCISpecies -NaQ +NaQ

red hake
cod

dab

pollack
haddock
mackerel

5 5 0.89
5 5 0.92
5 5 0.85
3 5 0.85
3 5 0.74
2 5 0.59

Extraction f s I bl rot in

Extraction of the fish paste at low salt concentrations was carried out by first dispersing the
paste as thoroughly as possible in a small portion of the extracting solution, The rest of the
extracting solution was then added to give a final concentration of 1 part of paste to 2G parts of
extracting solution, The sodium chloride concentration in the extracting solution was either 0,
0.025, G.05, 0.10, or 0.15%. The slurry was then incubated in a shaking water bath �75 rpm! at
4'C for 20 min. The slurry was centifuged at 4'C at approximateiy 3000xg for 20 min.
Supernatant fractions were taken for protein analysis.
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There was a rough correlation between this ratio and the fold- test score in most cases.
However, the strain ratio in the absence and presence of sodium chloride for pollock was the
same as that for dab, although pollock had a poorer fold-test score than did dab. It is not
uncommon that fold test scores and strain at breakage do not correlate  H. Bakir, T. Lanier,
personal communication!,

The protein extractable from the 6 species of fish at 1.0 M LiCI appeared to roughly correlate
to their ability to form gets in the absence of salt  Table 2!.

Table 2. Protein extracted from washed, de-watered minced fish by buffered 1M LiCI

Species g protein per 10g dry wt

red hake

cod

dab

pollack
haddock

mackerel

8.01 � 0.18

6,43 � 0.49

6,20 � 1.31

5.94 � 1.10

5.28 � 0.63

4.81 � 0.22

Solubility at high salt concentrations, however, may have little relation to the gelling
behavior of fish muscle proteins extracted in the presence of low concentrations of salt, Thus,
experiments were run varying the concentration of sodium chloride in the extracting medium,
Lithium chloride is used in our laboratory as a more efficient extractant of fish muscle proteins
than is sodium chloride  S.D. Kelleher and H.O. Hultin, J. Food Sci.,I991  in press!!, However,
for these experiments it was considered desirable to use NaCI since this is the salt used to make
fish gels. Results for red hake showed a high extractibility with no NaCI added to the extracting
medium  Fig. 1!, This decreased to a low value at 0.5% NaCI and then increased as the NaCI
concentration was increased up to 2.5% which was the maximum used. This decrease and
increase in protein extractibility was observed in all cases. In some species of fish, the amount
of protein extracted at 0% added NaCI was less than it was at the 2,5% level, but a nadir was
always present between the values obtained at low and high concentrations of salt.

Since there appeared to be sign Tiicant solubility at very low ionic strengths and since we were
interested in the phenomenon of gel formation at these low ionic strengths, we next examined the
solubility of fish muscle proteins in the presence of very low concentrations of sodium chloride.
Results of one trial with cod, haddock and mackerel are shown in Fig. 2. The results with cod and
haddock were typical of all the white- fleshed fish. There was a large decrease in protein
solubility as the extracting solution changed from 0% added sodium chloride to 0.025%; after
this, the decrease was more gradual. The initiaf value for mackerel was very low, and it did not
change much with increasing concentrations of sodium chloride.

A summary is given of the averages of all the trials for all of the species giving the amount
of protein extracted in water and in 0.15% sodium chloride  Table 3!. Normally 0.15% NaCI is
present in our washed, de-watered minced fish samples. When the fish paste was extracted with
water, a larger amount of protein became soluble from red hake than all of the other species
while the water-soluble protein of mackerel was less than that from all the other species. There
appeared to be some greater extraction of protein by water from cod and dab which form good
gels in the absence of salt compared to pollock and haddock whose gel-forming ability in the
absence of salt is less than that of the former two species. One would expect that protein
solubility in the presence of 0.15% sodium chloride should be a better reflection of the gel-forming
ability of the washed minces than protein solubility in water since the former refiects the amount
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of salt that was normally present when we made our gels. Protein extractibllity for all species was
quite low at 0.15L NaCI.

Table 3. Protein extractable from fish pastes in water or 0.15% NaCI

xtr ct I r t in 1

water 0,15% NaCIspecies

red hake

cod

dab

pollack
haddock

mackerel

2.9 1,2 0.51 0.31

1.6 0.29 0,30 + 0.09
1.7 + 0.07 0.33 0.06
1.2 + 0.42 0.26 0.20
1.1 + 0.20 0.17 0.04
0.38 0.07 0.26 0.01

ln our studies, the level of salt with "0 added" sodium chloride was calculated to be
approximately 1 to 1.5 mM. This was estimated based on the fact that the tissue was de-watered
in the presence of 0.15% sodium chloride, and the sample was extracted after a twenty-fold
dilution. A concentration of sodium chloride in the range of only 5-6 mM �.025% added salt!
reduced protein solubility by one half or more.

When the data of Fig, 2. were plotted as soluble protein vs. the log of the concentration of
added sodium chloride, a straight line relationship was observed  Fig. 3!. We define the negative
value of the slope as the first order lnsolubillzation constant, ki. The average values of these
constants and their standard deviations are presented for all species in Table 4.

Table 4. Average values of first order insolubillzation constants ki!

k,  %NaCI!species

1.6 0.76 .

0.82 + 0.22
0.86 0.01
0.57 + 0.14
0.61 + 0.06
0.09 + 0.03

red hake

cod

dab

pollack
haddock

mackerel

The ratio of protein soluble in water compared to that in 1M lithium chloride  Tables 2 and 3!
ranged from 0.36 in red hake, about 0.25 in cod, dab and pollock, about 0.2 in haddock, to less
than 0.1 in mackerel. The solubility of myofibrillar proteins in water has been observed previously.
Matsumoto � 0! first observed this phenomenon in squid mantle muscle. Stanley � 4! found that
the extractibility of actomysin from horseshoe crab musde at very low ionic strengths depended
on degree of purity, concentration of protein, the ionic strength of the extracting solution, and
substances such as Ca', Mg+, ATP and possibly other compounds. More recently, Trevino et
al. � 7! reported data indicating that the solubility of protein from sardine surimi was high in water,
rapidly decreased at low salt concentrations and increased again as the salt concentration was
further increased. They attributed the solubilization in water to the fact that the extractions were
done at pH 9.0, In all cases where protein extractibllity by water has been observed, including
this study, the tissue has been extensively washed. We observed ln this study that very low
concentrations of salt can prevent the solubilization of fish rnyofibrillar proteins. Extensive
washing of the muscle may be necessary to decrease the normal concentration of salt in the
tissue to levels low enough to allow myofibrillar proteins to be extracted by water.
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When the log of water-soluble protein was plotted against the moisture content of the paste,
a linear relationship was observed with a correlation coefficient of 0.945  Fig. 4!. It is possible that
the factor s! responsible for good water-binding ability is also the reason why the protein can be
extracted from the tissue. Such a factor could be minimum protein denaturation.

A comparison of the average moisture contents of the fish pastes prepared from the 6
dNerent species with the initial pk values of the muscle samples is given in Table 5. These
parameters follow closely our observations on the ability of these species to form good gels in
the absence of high concentrations of NaCI. What relation a high initial muscle pH might have to
protein solubility in water or water retention in the pastes is not known, It is, however, known that
pH is an important variable in the stability of the fish muscle proteins  8!.

Table 5, Moisture content of fish pastes and pH of minced muscle

species % water pH

red hake

cod

dab

pollack
haddock

mackerel

83.8 0.9 7.08 0.03
78.2 + 1.2 7.03 +'0.17
79.6 + 0.9 7.09 + 0.10
77.3 + 1.5 6.66 0.03
76.0 + 0.5 6.83 0.14
69.5 1.6 6.34 0.34

The data Indicated that more protein was extractabie, i.e., soluble, from the various fish pastes
when the extracting medium was water than when a low salt solution was used. If protein
solubility Is a requirement for the formation of good gels, one would expect that reducing the
amount of sodium chloride In the sample would lead to improved gel formation. We tested this
hypothesis by preparing washed minced cod musde which was then 'de-watered" by pressing
in the presence of a variety of agents  Table 6.!

The use of the term "de-water' is somewhat of a misnomer since it was not possible to
effectively de-water washed minced cod with our equipment without the use of salt. Since it was
desired to keep the moisture content relatively constant in the samples, we adjusted all samples
to be equal to that with the highest rnositure content. To de-water we used 0.15% sodium
chloride; this is the amount generally used in our laboratory. This was compared to 0.11% UCI
which is equivalent In rnolarity to 0.15% sodium chloride. Uthlum chloride was added because
we had previously obtained data Indicating that lithium chloride was less likely to denature the
proteins of red hake muscle than was sodium chloride  S.D. Kelleher and H.O. Hultin, J.Food ScL,

The value of k; is dependent in part on the solubility of the fish paste proteins at 0% added
NaCI. Red hake had the highest k, value, cod and dab were next, pollock and haddock were
slightly lower, and mackerel had a very low value, This last was not statistically significant from
zero; there was, however, a clear decrease in solubility of mackerel muscle proteins between
extraction with water and the lowest salt concentration �.025%!. In some of the species, the
standard deviations were very low. In some they were high; this was particularly true of red hake.
Where the standard deviations were large, it was due primarily to large differences amongst the
three different batches of each species of fish; quadruplicate samples from the same batch of fish
were reasonably constant. The linear correlation coefficients were generally high for the semi-
logarithmic plots for all species of white fish; only one sample of cod had a coefficient less than
0.90, Correlation coefficients for mackerel were considerably lower than the others and not
statistically significant from zero. This was due in part to the low solubility of the mackerel muscle
proteins when the paste was extracted with water.
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1991  in press!!. Two different sugar solutions, 2.5% sucrose and 4% sucrose plus 4% sorbitoi,
were also used, In additional samples, nothing was added at the finai washing step. Samples
that were "de-watered" in the absence of salt

Table 6. Effect of dewatering agent on gel-forming ability of washed, minced cod in the
absence of 3% added salt

Fold True

1% H>O Test Strain
Stress

 pka!

dewatering
agent

0.15% NaCI

0.11% LICI

2.5% Sucrose

4% Sucrose +

4% Sorbitoi

None

21.0

20.3

14.8

86.5 3,5 1.5
86.5 3,0 1.4

86.9 5.0 1.8

5.0 1.9

5,0 1.7
10.6

19.6

86.3

86.7

produced superior fold test scores and higher values of true strain at breakage. Since both of
these parameters are measures of the quality of the protein in the fish gel �!, there appeared to
be an improvement in the quaiity of the gel when salts were omitted from the de-watering step.
Park and Lanier �2! recently reported that 3% salt destabilizes and 8% sucrose stabilizes the
proteins of washed fish muscle during heating. There was no difference among the gals with
respect to fold-test scores or values of strain at breakage when the various sugar solutions or
only water was used. Both of the samples treated with the sugar solutions had lower stress at
breakage than did the samples washed with either salt or with water, Ail of the stress vaiues were
low due to the high moisture content of the samples.

CONCLUSIONS

A significant proportion of the contractile proteins of five species of fish were soluble in
solutions of very low ionic strength, i.e., approximately 0.001. This solubility decreased with
increasing NaCI concentrations to at least 0.15%  ionic strength equal to about 0.027!.

When sodium chloride or lithium chloride was omitted from the final washing step, the quality
of the gels produced from the fish tissue improved.

The extent of "water-solubility" may be related to several factors including solubility in 1 M
LiCI, the initial pH of the fish muscle tissue, the percentage moisture in the de-watered washed
mince, and the ability of the fish proteins to gel in the absence of 2-3% added salt.
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INTRODUCTION

A major health benefit of fish leading to their increased consumption has been the presence
of omega-3 fatty acids. In addition, fish have a relatively low total fat content and serve as a source of
high quality protein �!. Research during the last decade has associated the omega-3 fatty acids with
beneficial effects related to the etiology of atherosclerosis, coronary heart disease and other
pathophysiological diseases �3!. Addis and Romans �! reviewed the role of omega-3 fatty acids,
particularly eicosapentaenoic acid  EPA!  C20:5! and docosahexaenoic acid  DHA!  C22:6!, in relation
to coronary heart disease. Ackman �! suggested that high fat fish are those which can contribute at
least 2000 mg of C20 plus C22 omega-3 fatty acids per 100 grams of fish consumed.

Ocean is a fatty fish. The edible portion constitutes more then 50% of its body weight �5!. Several
factors: season, geographic location, sex, maturity, and feeding affect the composition of the fish.
Mackerel exhibit seasonal variation in its proximate composition, showing minimum lipid content in the
months of March and April and maximum levels in the months of September thru November. The fat
content of Atlantic mackerel was found to range from 5.1 to 22.6% for the dressed fish �5!. Ackman
�! cited the distribution of Atlantic mackerel lipids in the edible parts as 11.3% polar lipids and 74.2%
neutral lipids. Atlantic mackerel lipids contain about 70% unsaturated fatty ackls of which 30% are
polyunsaturated �5!. The C20:5 and C22:6 were over 50% of the polyunsaturated lipids �!.

Lipkl oxidation is a inajor quality deterioration problem in mackerel stored frozen, especially
when stored as mince. The factors which Influence lipid oxidation include the fatty acid composition
of the lipids, their disposition, the presence or absence of activators and inhibitors, and external factors
such as storage temperature, time, light, oxygen pressure, and packaging conditions �2!. Mackerel
easily develop rancid Savors and odors from the oxidation and hydrolysis of its highly unsaturated
lipids and that leads to a decrease in the storage life and limits its use.

The species is considered underutilized mainly because the cost of a directed fishery for this
fish may be almost as high as for currently caught species which have a better market price �6!.
Extended use of mackerel mince to create high nutritional value food without having an obvious fish
character, as suggested by Regenstein �6!, combined with means to protect the lipid portion of the
fish from rancidity, might Increase the consumption of this underutillzed species. The ininced fish can
easily be combined with seasoning to create products, as weII as with chemicals to help to maintain
the quality and to protect the mince from rancidity, Another advantage of minced fish is the elimination
of the bony character of the fish.

Since oxygen is an essential reactant in lipid oxidation, the control of oxygen availability is a
critical variable  9!. Elimination of oxygen from the packaged fish with vacuum and/or antloxidants of
the oxygen scavenger type might be used. Santos and Regenstein �7! found that erythorbic acid,
worked well as measured by the TBA test. They found that the exdusion of oxygen from the package
by applying a vacuum was more beneficial than the use of the antioxidant ln retarding lipid oxidation.
Hwang and Regenstein �0! using several antloxidants including ascorbic ackl and erythorbic acid
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and/or vacuum for menhaden  another fatty species! minces had similar results. Sweet �9! reported
on the application of some antioxidants in stabilizing fresh ground fish flesh, TBHQ was beneficial with
salmon and TBHQ, BHA and PG with trout. The addition of a metal chelator was helpful with salmon
due to the high metal ion content in marine fish. Ascorbic acid �00 ppm! did not show any protection
effect, Deng et al.  8! found that ascorbic acid, ascorbic acid + TBHQ, and ascorbic acid + NazEDTA
protected mullet fillets from rancidity. They found that combinations of ascorbic acid and/or TBHQ with
vacuum packaging gave the best protection to skin-on mullet fillets.

Ascorbic acid and erythorbic acid are both water soluble oxygen scavengers. Would an
oil-soluble antioxidant similar to ascorbic acid prevent or delay rancidity in fatty fish better by being in
better contact with the fish lipids? L-Ascorbyl-mono-stearate, commercially sold as Extract C-100, is
an oil soluble antioxidant, which might substitute for ascorbic acid in the oil phase. This antioxidant is
approved for use in foods in Japan.

The objective of this work was to compare the use of L-ascorbyl-mono-stearate against
ascorbic acid in preventing rancidity of mackerel minces at -7C as well as to evaluate the contribution
of the packaging material  barrier vs non-barrier!, the atmosphere  vacuum vs air! and the combination
of vacuum packaging and antioxidants.

MATERIALS AND METHODS

R w m teri I r in Two sets of experiments were conducted, one using mackerel
caught in November, treated with ascorbic acid  AA! and ascorbyl mono-stearate  AMS! and the other
using mackerel caught in February, using AA and vacuum packaging. Fresh mackerel, headed and
gutted, were filleted. The skin and most of the visible fat were carefully removed, then the fillets were
minced in an Hobart  model N-50, Troy, OH! meat grinder, plate size 0.2".

Th N v m r k r I min: The minced fish was dMded into 5 portions; each received
a different antioxidant treatment. Anti~l~nt: The antioxidants were AA  Pfizer inc., New York, NY!
and AMS  Ogawa Co. Ltd., Osaka, Japan!. The concentrations of the antioxidants were calculated on
the basis of the fat content and on the basis of sample weight  i.e� two different sets of experiments
for each antioxIdant!. Each portion was treated separately with a different antioxidant or without
antioxidant  control!. Antioxidant concentrations chosen were: 1! 0.5% of the fat content assuming
12% fat. This level was found suitable for AA in the previous work with fatty fish �0!. In order to
compare the two antioxidants, AMS was also used at this concentration. 2! 0.1% of the sample weight,
This concentration was recommended by the AMS distributor  Arvold C.H., Avron Resources, Oakland,
CA, personal communication!. AA was also used at this concentration. Antloxidants were used on an
equal molar basis, since the active part of the molecule is the same for both. ~P~kai~in: After mixing
the antioxidants, the minced fish samples were packed in 1 oz Nafgene  Sybran Nalge Co., Rochester,
NY! plastic containers. The minced fish was carefully put into the containers to minimize air spaces.
Some head space was ieft. +~I~ Samples were coded using AAH for ascorbic acid at a
concentration of 0.5% of fat content, AMSH for ascarbyl-mono-stearate at a concentration which
matched AA at 0.5% of the fat content, AMSL for ascorbyl-mono-stearate at a concentration of 0.1%
of the sample weight, AAL for ascorbic acid at a concentration which matched AMs at the level of 0.1%
of the sample weight, and B for the control.

Th F k r ml was divided into 2 lots. Ant~lxitf~ AA was used at a
concentration of 0.58% of the fat content assuming 12% fat. AA at the above concentration was added
to one lot while the other lot served as a control for the antioxidant treatment. ~h~lg: The treated
minced fish was shaped into patties weighing 2641 g each. Patties were frozen in a walk-in freezer
 -20C! for 2 hr.~Pi~jiniL The patties were packed in plastic bags. One portion was packed in B-bags
 barrier bags, Cryovac, Duncan, SC! and the other portion In L-bags  non-barrier bags, Cryovac!.
Those which were packed in B-bags were vacuum sealed on a KOCH Multlvac AGW machine  Kansas
city, MO!. Vacuum was set an 5  almost -1 bar! and sealing time was set on 6. Some of the L-bags
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were also vacuum seaied, while the rest were air sealed, using the sealing time set on 5.5. ~co es:
Samples were coded using B for barrier bags, L for non-barrier bags, V for vacuum sealing, A for air
sealing, and AA for the ascorbic acid treatments.

Storage: Samples were stored at -7C  i.e�a mild frozen storage abuse temperature! and were
analyzed periodically.

ANALYTICAL METHODS

~Ft ~ntent: The A.O.C.S. fat extraction method �! was used with some modifications. The
extractor used was a Soxhlet type, modified for extracting large volumes of materials, The samples
were dried in an oven � 00-105C, 18 hr!. A mixture of chloroform-methanol �:1! was used to extract
the fat. After 6 cycles of extracting, thimbles with extracted samples were removed from the extractor,
dried in an oven �00-105C, 2 hr!, cooled in a desiccator, and weighed. Fat content was calculated as
follows:

% fat =  weight of dry sample - weight of extracted sample!*100/weight of wet sample.

TBA: The TBA test was adopted from Lemon �4! using a ratio of 1:12.5 fish to extracting
solution. The absorbance of the samples and the standards were measured at 530 nm in a Hitachi
model 100-60 spectrophotometer  Tokyo, Japan!. TBA values were calculated as follows:
itmoles MA/g sample=0.065 absorbance at 530 nm*25/g sample.

FFA: The titrimetrlc method of Ke and Woyewoda �1! was used to determine the free fatty
acid content of the fish fat. Fat extraction used the procedure of Bligh and Dyer P! modified for
mackerel. A 20 g fish sample was weighed into a pint Mason glass jar and was blended with 50 ml of
chloroform, 50 ml of methanol and 40 ml of water using the Sorvall Omnimixer model 17182  DuPont
Co. ~ New Town, CT!. The homogenized mixture was then centrifuged �2 min, 3000 rpm at 4-5C in a
Sorvall superspeed RC2-8 centrifuge! and the liquid phase was decanted into a separatory funnel. The
chloroform extract  bottom layer! was separated and collected in an Erlenmeyer flask after filtering
through Whatman k1 filter paper  Whatman International Ltd., Maidstone, England! on which was
placed 10 g of sodium sulfate to absorb any water residue. The FFA content was calculated as follows:
FFA  itimoles/g sample! = S-B!*1000'N 2/g sample
Where S = Volume of titrant for sample  ml!

8 = Volume of titrant for blank  rnl!
N = Normality of NaOH solution.

PV: The fat extracts from the fish samples were prepared by the same procedure as for the
FFA determination. The PV for the extracted fat was determined by A.O.A.C. and A,O.C.S. official
method �,6!. The PV of the fish samples was calculated as follows:
PV  milliequivalents of peroxIde /1000g! = S-B!'N*1000 5/g
Where S = Volume of titrant for sample extract  ml!

8 = Volume of titrant for blank  ml!
N = Normality of Na>SzO> solution.

'*" ' '' " " *
of variance using Minitab  Release 7.1, Minitab inc., State Collage, PA!. Comparisons among means
of the treatments combinations were done to find significant differences between the various treatments
�S!.

RESULTS AND DISCUSSION

W r I v t I nti x' nt Two dIferent antioxidants, ascorbic acid  AA! and
ascorbyl-mono-stearate {AMS!, at three different concentrations for the AA and two concentrations for
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the AMS were tested. The first goal was to compare the protection achieved with AMS to that with AA.
The tatter is already known to be a good antioxidant in many foods including fish. Since fish contain
large amount of moisture �0-80%! �5!, AA  which is water soluble! was dissolved immediately and
easily in the minced fish. AMS  which is oil soluble! tended to dissolve at a slower rate, although
mixing seemed to help.

Results for the oxidative parameters  i.e., for PV and TBA values! showed that storage time
affected rancidity for all treatments with the highest values being the controls  Fig. 1 and Fig. 2!. AA
at the concentration of 0.56% of the fat content  AAH!, contributed the most to minimizing oxidative
changes. PV  Fig. 1! was the lowest for AAH during most of the storage time. AA at the lower
concentration  AAL!, which matched 0.1% of the sample weight for AMS, showed less protection
against oxidation, AMS at a level above the recornrnended value, i,e�at a concentration to match the
0,5% AA  AMSH!, protected the minced fish about equal to AAL AMS at the recommended
concentration, 0.1% of sample weight  AMSL!, generally showed the poorest protection. TBA values
 Fig. 2! basically showed the same trends with some advantage being shown by AAL as compared to
both AMS at the higher and lower concentrations.
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Fig. 1; Changes in peroxide values of the November mackerel during Sterage at -7G.

The fat content of the fish samples was found to average 12.5% for the November mackerel
and 5.9% for the February fish. For the earlier experiment, the actual fat content was dose to the prior
fat level assumed in calculating additive weights on a fat basis. In fact, we actually added AA at a level
of 0,56% of fat content instead of 0.5%. In the later experiment using February fish, fat content was
about half that assumed. The actual added level of AA was then 1.2 A of the fat content, i.e., more then
twice as much as planned.
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Results for hydrolytic rancidity  i.e., FFA! showed that storage time led to an increase in FFA
values  Fig. 3!. None of the treatments was significant in preventing or delaying hydrolytic rancidity.
These results agree with those of Hwang and Regenstein �0! for menhaden minces, where they found
the temperature to be the only factor affecting hydrolytic rancidity.
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Fig. 2: Changes in TBA values of the November mackerel during storage at -7C.
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Fig. 3: Changes in FFA values af the November mackerel during storage at -7C.
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Results from this experiment suggested that AA at a concentration of 0.56% of the fat content
was the best protection against oxidative rancidity. AMS was inferior as compare to AA, maybe
because of difficulties in getting the reagent into the oily phase or because the antioxidative activity was
needed in the aqueous phase.

These antioxidants, which are oxygen scavenger, failed to protect against hydrolytic rancidity,
probably because oxygen does not play a major role in this deterioration process.

Packa in material and the inside atmo here: Two different plastic bags, barrier and
non-barrier, vacuum and air sealed, with and without antloxklant were tested ln order to identify the
treatments that gave the best results in terms of preventing or delaying oxidative rancidity in mackerel
mince.

Eff ct of anti xidant: Results for PV and TBA  Fig. 4 and 5! were lower for samples treated with
AA  BVAA, LVAA and LAAA! when compared to those without AA  BV, LV and LA!. During storage, very
small changes occurred in the AA treated samples, probably because of the relatively high
concentration of the antioxidant �.2% based on a fat content basis! which could then better protect
the fish for a longer time against oxidative deterioration compared to the November experiment,
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Eff ct of k in meth m t I Results showed an advantage for the B-bags, which
was very clear when samples without AA are compared  Fig. 4 and 5!. PV and TBA values were lower
for the B-bag samples as compared to both air and vacuum sealed L-bags  BV vs LV and LA!, No
advantage was noticed for the vacuum sealed L-bag samples as compared to the air seated L-bag
samples  LV vs LA!. The same trends were detected for those samples treated with AA  BVAA, L.VAA
and ISA!, but values for the oxidative parameters were much lower. It seemed to be that the
presence of AA minimized to some extend the effect of the packaging material.
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Fig. 4; Changes in peroxide values of the February mackerel during storage at -7C.
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The combined effect of ck s and anti xidant: Fish patties without any protection  LA and
even LV! were more sensitive to oxidative rancidity  Fig, 4 and 5!. It seemed that the use of the
antioxidant was important to protect the fish. The packaging materials were important, especially when
no antioxidant was used, but were less important when AA was used. It can be seen that either B-bags
without AA  BV! or L-bags with AA  LVAA and LAAA! protected the patties fairly well, but results
suggested that the combination of B-bags and AA  BVAA! was the best protection against oxidative
rancidity. TBA values were found to be significantly lower for BVAA as compared to the results for all
the other combinations of treatments and as compared to BV, LVAA and LAAA in particular  two
different comparison tests!. BVAA also seemed to be the best according to the PV results, but no
significant differences were found.
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CONCLUSIONS

Results suggest that the use of antioxidants and/or vacuum is Important in controlling the lipid
oxidation. AA is a better antioxidant for mackerel minces than AMS. The higher the concentration, the
better the protection within the range tested. Vacuum packaging in bamer bags is another good way
to control iipid oxidation. It seems that the combination of vacuum and AA gives the best protection.
For commercial applications, it is possible that either AA or vacuum might provide protection,
depending on the shelf life expected and the packaging/distribution system used.
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THERMAL AGGREGATION QF MYOFIBRILLAR PROTEINS
FROM COD, HERRING AND SILVER HAKE

Julian Chan and Tom Gill, Ph.D.
Department of Food Science and Technology

Technical University of Nova Scotia
P,O. Box 1000 Halifax

Nova Scotia, Canada B3J 2X4

The commercial importance of gelied fish muscle proteins  kamaboko! has dramatically
increased during the past decade. In times of diminishing fish stocks, wider use of under-utilized
species in making kamaboko would provide another means to utilise such species for human
consumption, and the fish processing industry would undoubtedly benefit from such an opportunity.

The most important functional property of the raw material for kamaboko, surimi, is its gel-
forming ability. There are a number of factors that determine the gel-forming ability, such as freshness,
fishing method, season, size and species �!. Recent studies indicated that fish myosin determined
the gel-forming ability of the fish muscle proteins �-5!. In addition, it was suspected that the
differences in the gel-forming abilities among the muscles of various fish species might be attributed
to the differences in the cross-linking of myosin heavy chain �4!.

EDC �-ethyl-3-I3- dimethylamino!-propyljcarbodiimkle! isa chemical crossdinker and has been
used in the study of the structure of the actin-myosin interface  9-11!. Recently, there were a number
of attempts to use EDC in the study of the changes in the activity of carp myofibrillar ATPase  Konno,
1987, quoted from �2!!; on the thermal gelation of oval fiileflsh muscle proteins �2! and the thermal
aggregation of cod muscle proteins �!. Gill and Conway �! reported that about 50% of the cod
myosin heavy chain was cross-linked by EDC to form a polymerized complex before the involvement
of actin, regulatory proteins or the myosin fight chains when the cod myofiibril solution was heated at
50'C. In this study, the EDC cross-linking approach �! was also employed to verify that myosin heavy
chain was the main myofibrlllar protein involved In the heat-induced transitional changes during setting
at 40 C of 3 fish species, Including cod  Godus morhua!, herring  C/upea harengus! and silver hake
 Mefiuccius bilinearis!; and the gel-forming ability of the fish muscle proteins was related to the
mechanism of the myosin heavy chain crossdinking.

MATERIALS AND METHODS

~M~ti~ri I

Cod were normally purchased on the same day of catch from a local market in Halifax.
Herring were purchased from local fishermen on the same day of catch in the late spring. Silver hake
were obtained in May 1989 from a Japanese factory freezer ship.

Pr ti n fihm i rll m in
The preparation of myofibrils was carried out according to the method of Oison et al. �3!,

while myosin was prepared by the methods of Mackle and Connell �4! as well as Watabe and
Hashimoto �5! but with the indusion of 1mM ATP In all buffers used to wash the tissue. Extracted
myofibrlls and myosin were stored in 50%  v/v! glycerol at M C.
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Fish myofibrils � mg/mL! or myosin �.5 mg/rnL! dissolved in the deaerated assay buffer

�.6M NaCI,0.05M imidazole, pH 6,5! were placed in a plastic cuvette  light path iength, 1 cm! and
covered with paraffin. The turbidity measurement was performed on a PU 8800 spectrophotometer
 Pye Unicam Cambridge, England! equipped with a thermocontrolled cell. The protein solution was
heated at 40 C for 40 minutes and the changes in absorbance at 350 nrn were measured continuously
as the heating proceeded,

H ttr t nt ffihrn fi rill r r t i
The EDC cross-linking approach developed by Gill and Conway �! was adopted with some

modiTications to study the time profile of thermal aggregation of the fish myofibrils and myosin during
heating at 40 C. The results of the protein thermal aggregation was monitored by electrophoresing
the heat-treated fish muscle proteins either on 10% polyacrylamlde or 1.8% acrylamide/agarose
composite gels.

For the heat-treated fish myofibrillar proteins being electrophoresed on 10% polyacrylarnide
gels, the fish myofibrils � mg/mL! or myosin �.5 mg/rnL! in 0.6 M NaCI,0.05M imidazole buffer at pH
6.5 was heated at 40 C for 0 to 50 minutes, After the predetermined heating time, 50 gL of 0.505M
EDC  Sigma E-7750! dissolved in the assay buffer was added to the fish protein solution to obtain a
final concentration of 4.5mM; and the mixture was further incubated at 40 C for 5 more minutes. The
incubation was stopped by adding 1 inL of a quenching solution containing 5% 2-mercaptoethanol,
2.5% SDS, 8M urea  pH 8.8!. An internal electrophoretic standard, catalase  Sigma ~! which had
been dissolved in the quenching solution �.04 mg/ml 0.5 mL!, was added to all samples and
immediately heated at 95 C for 30 minutes. Samples were diaiysed and electrophoresed on cylindrical
5 mm x 115 rnm 10% polyacrylamlde gals as described by Porizo and Pearson �6!.

For the heat-treated myosin being electrophoresed on 1.8% gels, the experimental procedures
were the same as above except the final concentration of EDC was 10rnM instead of 4.5mM and no
internal electrophoretlc standard was added. The preparation of 1.8% acrylamide/agarose composite
gels with 0.5% agarose was as described by Peacock and Dingman � 7!.

mi tin r rti r

After staining with Commassie Brilliant Blue R250  Biorad!, the protein bands in the 10% gels
were measured densitometrically on the PU 8800 spectrophotometer with gel scanning and peak
Integration equipment. The intensities of all protein bands in a given gel were first normalized to the
Intensity of the catalase in the same gel. The degree of cross-linking was then calculated by
comparing the normalized densitometric areas of the protein bands of the cross-linked samples with
those of the appropriate controls. The molecular weights of the protein bands on the 1.8% gel were
estimated by using cross-linked phosphorylase b  Sigma PIGS! as a weight marker.

Protein concentration of each sample was determined by the Bradford method �8!.

RESULTS

The turbidity of the protein solutions was monitored by measuring the absorbance of the
solutions at 350 nm at half minute intervals. When the myofibrll and myosin solutions of the three fish
species were heated at 40 C for 40 minutes, the solutions changed from dear to turbid, and their
turbklity curves were sigmoidal in shape  Fig, 1!. Similar turbidity curves  absorbance vs heating time!
were also reported in other heat-treated fish myosins or myosin subfragments suspended In solutions
of different pH and/or Ionic strength and heated at different temperatures as was done previously in
the case of mackerel �9! and carp �0-21! etc.
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The turbidities of the heat-treated fish myofibril solutions of the three fish species were
significantly different from each other. The cod myofibrils had the highest turbidity, followed by silver
hake and then herring  Fig. 1a!. The turbidities of the heat-treated cod and silver hake myosin
solutions were much higher than those of herring  Fig, 1b!. The cod and silver hake myosin solutions
had similar turbidities for the first 10 minutes of the heat treatment, but after that, the turbidity of the
cod myosin solution was slightly higher than that of the silver hake. The extent of thermal aggregation
of the myofibrils and myosin solutions was indeed species-dependent.

Fig, 2 illustrates the change in turbidity per unit time  OA/min! as a function of the heating time
at 40 C. There were more than one transition point in the curves of each individual fish myofibril
solution  Fig, 2a!. It was most probably due to the presence of a number of myofibrillar proteins in the
solution. The curves shown in Fig. 2a consist of 3 different regions: a rapid increase in the first 5 to
10 minutes, followed by a slow decline in the next 10 minutes and then a constant region with little
change for the last 20 minutes of the heating. A similar profile was also found in the heat-treated
solutions of fish myosins except in the case of herring myosin which showed little change in the rate
of turbidity change during the entire heat treatment  Fig. 2b!. The increase in the turbidity of the heat-
treated solutions of fish proteins was mainly due to the formation of protein aggregates which were
large enough to reduce light transmission. Therefore, the rate of turbidity change would reflect the
pattern of the fish protein aggregate formation. For example, the thermal aggregation of both the cod
and silver hake myosins might involve at least 2 steps: a rapid formation of large sized aggregates
which slowly continued to increase in size and/or to link up with each other to form a network, On
the other hand, the herring myosin would appear to aggregate in an one-step fashion with a slaw build-
up of small sized aggregates during the heat treatment. Undoubtedly, the mechanism of thermal
aggregation of the herring muscle proteins must be different from the other two fish species.

DS-PA E fh t-tr t fi hin I r t in n10%
It has been known that EDC Is a zero4ength cross-linker which can cross-link proteins

covalently when the carboxyl and amino groups of the protein are juxtaposed �-5 A! and will not
cross-link non-interacting proteins. It is generally believed that the mechanism of protein cross-linking
with EDC involves formation of an adduct, an 0-acylisourea derivatives, between the EDC and the
carboxyl group of GIu or Asp followed by a nucleophilic substitution with an amino group �2!.
Pedemonte and Kaplan �3! reported that the reaction was time and concentration dependent and
displayed first order kinetics with respect to time. In our study, it was also found that more protein
cross-linking occurred as a result of increasing the EDC concentration in heated solutions of cod
rnyofibrils  Fig. 3!. In addition, our previous study showed that degree of cross-linking was related to
incubation time �!. In the present study, both concentration of EDC and Incubation time  at 40 C!
were kept constant in all experiments in order to assure that any protein crossdinking resulted only
from the protein thermal aggregation.

The electrophoretic data  Fig. 4! showed that myosin heavy chain  MHC! of the three fish
species was found to be the major myoflbrlllar protein being cross-linked to form a polymerized
complex, and the complex could not enter the 10% polyacrylamlde gel. Cross-linking of the MHC was
observed prior to any other myoflbrillar proteins during the heat treatment. There was about 90% to
100% of the MHC that were cro~inked with each other during the entire heat treatment. Gross-linking
of the iow molecular weight myoflbrillar proteins, Including troponins, tropomyoslns and myosin light
chains, was not observed in any of the three fish species. There was around 20 to 25% cross-linking
of actin ln the cod, 30 to 50% in the sliver hake and 20 to 70% ln the herring; and the crossdinking of
actin was increased with the heating time  Fig. 5!.

As reported previously in our laboratory, about 50% of the cod MHG was cross-linked before
the involvement of actin, regulatory proteins, or the myosin light chains �!. Any discrepancy between
this work and that of Gill and Gonway �! was mainly due to the use of higher concentration of EDG
and constant incubation time used in this study. The progressive cross-linking of the MHG during
heating at 404c was also reported in the cod myoflbrlls �!, Alaska pollock surimi �,7!, PacNic
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mackerel actomyosin �!, and salted meat paste from threadfin bream  8!. Differences in gel-forming
ability among various fish species have been described in the past �!. In addition, it has been
suggested that there is a positive correlation between the cross-linking of the MHC and the gel-forming
ability of the surimi from Alaska pollock and threadfin bream �,7!.

The present study indicates that for all three species studied, the MHC becomes cross-linked
at a very early stage in heating, Nevertheless, differences exist. It may be that the reduced turbidities
observed in the heating of herring myofibrils and myosin resulted from differences in the size of
aggregates between herring and the other two species.

DS-PA E fh t-tr t fi hm in n1. % m' ro om ite I
In our preliminary work, it was found that a group of MHC polymers  n>10! was sometimes

observed when the heat-treated silver hake myosin was electrophoresed on 1.8% acrylamide/agarose
composite gals  Fig. 6!. These MHC polymers  n>10! disappeared when the upper reservoir buffer
contained 10mM 2-mercaptoethanoi. Thus, it was concluded that boiling samples in SDS, urea and 2-
mercaptoethanol prior to electrophoresls as described by Porzio and Pearson �6! is not adequate to
ensure the complete reduction of myoflbrillar proteins. All subsequent electrophoretic experiments
incorporated 2-mercaptoethanoi in upper reservoir buffers.

Fig. 7 illustrates the electrophoretic patterns of the heat-treated myosin solutions of the three
fish species, The conditions of the heat treatment were the same as before except that the EDC
concentration was 10mM instead of 4.5 mM. Tailing of the protein bands on the 1.8% gels was so
great and problematic that it was difficult to do any densltometric quantitation. MHC polymerization
was observed in all three fish species, and polymerization increased with the heating time. The
molecular weights of the MHC polymers were estimated by using cross-linked phosphorylase as
molecular weight marker. Two to four MHC polymers  bands! were commonly found on 1.8% gels
when the heat-treated myosins of the three fish species were electrophoresed. The apparent molecular
weights of these MHC polymers were estimated to be 200,000  MHC!, 400,000   MHC!z!, 600,000
  MHC�! and 1,600,000 dalton   MHC!g, When the cod and silver hake myosin solutions were heated
at 40 C, monomers,dimers and trimers of MHC were found in the first 20 minutes and dimers, trimers
and octamers of MHC were observed in the last 20 minutes of the heating. For the heat-treated herring
myosin solutions, only monomers and dimers of the MHC  with a trace of trlmers! were found during
the entire heating period.

DISCUSSION

Turbidity measurements have been found to correlate well with some textural measurements
of muscle protein gels, e.g. gel strength and hardness �4,25!. In addition, the turbidity of heat-treated
fish myosin solutions was found to increase with conformatlonal changes of the myosin molecules �7!.
Therefore, turbidity measurement has been shown to be useful to correlate the extent of thermal
aggregation with the gel-forming ability of the fish muscle proteins. When the fish protein solutions
were heated at 40 C for 30 minutes, both the extent and reaction rate of turbiditles were much higher
and faster in the cod and silver hake than In those of herring. It was reasonable to expect that the
heated muscle gel of cod and silver hake would have better textural properties than that of the herring.
Hastings et al. �7! reported that the functional properties of sunmi and kamaboko gals from cod were
much better than those of herring, In addition, the recent research in our laboratory showed that the
gel propeities of cod and silver hake surimi were superior to that of herring  Table 1, personal
communication with K.E. Spencer!. Consequently, the turbidity measurements of the fish protein
solutions could reflect the gel-forming abllty of the proteins heated at 40 C. The species specific
differences in turbklity for heat treated myofibrlllar or myosin solutions may be due to the size and/or
composition of the aggregates formed. During the heat treatment, both cod and silver hake myosins
were able to form large aggregates which would further cross-link with each other to form a network,
However, electrophoretic evidence Indicated that herring myosin faned to form such large protein
aggregates.
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Fig. 6 : SDS-PAGE pattern of silver hake myosin on 1.8%
gels after heating at 40'C for 40 minutes including
incubation with 10mM EDC for 5 min. No 2-mercaptoethanol
was added into the upper reservoir buffer during
electrophoresis. Numbers indicate the heating time. M,
myosin heavy chain; MP, myosin heavy chain polymers; T,
tracking dye.
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Fig.7a : SDS-PAGE pattern of cod myosin on 1.8% gels
after heating at 40'C for 40 minutes including incubation
with 10mM KDC for 5 minutes. The upper reservoir
contained 10mM 2-mercaptoethanol. Numbers indicate the
heating time. M, myosin heavy chain; B2 to B4, myosin
heavy chain polymers; T, tracking dye.
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Fig.7b : SDS-PAGE pattern of silver hake myosin on 1.84
gels after heating at 404C for 40 minutes including
incubation with 10mM EDC for S minutes. The upper
reservoir contained 10mN 2-mercaptoethanol. Numbers
indicate the heating time. M, myosin heavy chain; B2 to
B4, myosin heavy chain polymers; T, tracking dye.
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Fig.7c : SDS-PAGE pattern of herring myosin on 1.84 gels
after heating at 40'C for 40 minutes including incubation
with 10m' EDC for 5 minutes. The upper reservoir
contained 10mN 2-mercaptoethanol. Numbers indicate the
heating time. 8, myosin heavy chain; 40, myosin heavy
chain dimer; T, tracking dye.
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308

Table 1: Textural properties of cod, herring and silver
hake surimi cooking at 40/90

PROTEIN TORSION TEST GEL.
CONTENT STRESS STRAIN RIGIDITY STRENGTH

 %!  kPa!  kPa!  g,cm!

FISH

SPECIES

15.98

0.80
33.97

1.45
559.80

168.80

110.60

7.82
3.26

0.25

Silver

hake
14.52

0.13
64,46

4.66
3.39

0.08
18.98

0.98
331.73

128.40

Herring 13.08

0.13
59,72

4.09
2.82

0,18
21.2 I

0.93
325.20

60.97

* 30 minutes at 40 C and another 30 minutes at 90 C.
* standard deviation of six replicates

The myosin heavy chain was dearly the principal myofibrifiar protein responsible for the
formation of the targe protein aggregates during the heat treatment. Numakura et al. m reported that
there was an exponential loss of MHC and a relative increase in cross-linked MHC during setting of
Alaska pollock surimi at 10 C over a 50.hours period. No changes in other myofibrillar proteins were
observed. A simi/ar observation was also reported in the heat-treated actomyosin solutions of a
number of fish species �!, and was suggested that there might be reduced crossdlnking of the MHC's
of hard to set species. However, the present study showed that for herring, It was the extent of MHC
cross-linking which was important rather than the existence of cross-links'.

At least two types protein-protein interaction have been reported during the heating of fish
musde proteins: hydrophobic interaction �, 4-5, 28! and formation of disulfide bonds �9,30!. The
relative importance of each is still disputable. This study showed that there were at least two types of
protein-protein interactions occurring during the fish musde thermal aggregation. In the eariy stages
of heat treatment, MHC polymers  ns3! were found In aN the three fish species, but only the heat-
treated cod and silver hake fish protein solutions had high turbidity. In other words, formation of the
MHC polymers  n<3! was caused by one type of chemical interaction that was present in aN the three
fish species. However, the observed high turbidities in the heat-treated cod and smver hake protein
solutions resulted from another type of interaction. It ls speculated that the latter interaction could
bring the MHC polymers  ns3! together to form large aggregates and build up a 3<imensional protein
network. In addition, this second interaction was much more pronounced in the later stages of the
heating. Further studies on the types of protein-protein interactions among the MHC molecules are
being carried out in our laboratory.

The electrophoretic data �.8% acrylamlde/agarose composite gels! revealed that degree of
MHC polymerization at 40 C depended upon the time of heating, Figure 7 illustrates thb fact that the
thermal aggregation phenomenon at 40 C was due to interaction of the MHC with itself rather than
through protein modification mediated by EDC. The polymerization of cod and silver hake MHC was
similar and could be divided into 2 stages:  i! the formation of MHC dimers and trimers In the first 20
minutes of the heating at 40 C;  N! formation of MHC octamers in the last 20 minutes. The
polymerization of herring MHC was slower and restricted to the formation of dimers. Turbidity
measurements confirmed the two different reaction rates in the absence of EDC.
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CONCLUSION

Cross-linking ability of the myosin heavy chain accounted the differences in the gel-forming
abilities of the three fish species. Good textural properties found in the heated musde gels of cod and
silver hake were attributed to the fact that fish MHC molecules were able to polymerize in a two-step
fashion to form large protein aggregates and build up a protein network during setting at 40 C. The
reason for the poor gel-forming ability of the herring muscle proteins is thought to be due to the
absence of higher MHC polymers.
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