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Chapter II. Muscle deterioration occurring in chum 
salmon during spawning migration 

Muscle deterioration, i.e., the changes in proximate composition (decrease in 
protein and lipid) and the activation of protease, which occurred during chum 
salmon spawning migrati·on has been a great problem in the utilization and process­
ing. However, little information is available concerning the causes of muscle 
deterioration. This chapter discusses the relationship between muscle deterioration 
and the physiological state of the fish. 

Section 1. Changes in muscle proximate composition 

Pacific salmon (Oncorhynchus spp.) are typical anadromous fish that grow in the 
ocean and breed in fresh water. Pacific salmon appear in the North Pacific Ocean 
at certain times of the year, enter their natal rivers for spawning, and then die. It 
is considered that this biological feature governs patterns of changes in their 
chemical composition. 

There have been a number of detailed reports describing the biochemical 
changes of sockeye salmon (Oncorhynchus nerka) during spawning migration (Idler 
and Tsuyuki, 1958; Idler and Bitners, 1958, 1959, 1960; Duncan and Tarr, 1958). 
However, there have been very few reports on the changes of proximate composition 
during spawning migration of chum salmon (Oncorhynchus keta). Taking the Amur 
chum salmon as an example, Pentegoff et al. (1928) have established that as the fish 
move from the estuary to the spawning grounds, the moisture content in the muscle 
increases and the lipid and protein contents decrease. They have not discussed in 
detail, however, the relation between the changes of proximate composition and the 
physiological state of chum salmon during spawning migration. 

The aim of the investigations reported in the present section is therefore to 
clarify the characteristic changes in chemical composition during spawning migra­
tion of chum salmon with regard to their physiological state. 

Materials and Methods 

Materials 

Chum salmon specimens (Oncorhynchus keta) in four different physiological 
states were used as the materials (Table 1). Three males and 3 females were 
analyzed for each sample group. These samples were kept at -20°C until use. 
Only dorsal muscle was analyzed for the proximate composition. 

Blood was collected from the caudal vasculature of live salmon and left at room 
temperature for several hours. The clotted blood was centrifuged to obtain the 
serum. Sera thus obtained were stored at - 20°C until use. 

Proximate composition 

The dorsal muscle was analyzed in duplicate for moisture, protein and ash 
according to the usual methods (Horwitz, 1965). Lipid extraction from the dorsal 
muscle was carried out by the method of Bligh and Dyer (1959). 
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Materials and Methods 

Materials 

The same chum salmon muscles as shown in Table 1 were used as materials. 

Lipid analyses 

Procedures used for lipid extraction and lipid composition analysis were as 
previously described (Section I). 

Fatty acid composition was analyzed as follows. A portion of lipid was 
applied to preparative TLC (Wakogel B-O). The plate was sprayed with a 
Rhodamine 6G reagent, and non-phospholipid and phospholipid were detected 
under ultraviolet light. Fatty acid compositions of non-phospholipid and phos­
pholipid were analyzed by gas-liquid chromatography (GLC) after methylation with 
methanol containing anhydrous hydrogen chloride (Prevot and Mordret, 1976). 
GLC analysis was performed with a Hitachi 063 gas chromatograph equipped with 
a hydrogen flame ionization detector, using a glass column (3 mm i.d. and 3 m 
length) packed with Unisol 3000 on a Uniport C (80-100 mesh). 
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Fig. 10. Lipid composition of dorsal muscle. Abbreviations: PL, phospholipid; PG, 
partial glyceride; ST, sterol; FFA, free fatty acids; TG, triglyceride. 
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Results 

Changes in lipid composition of dorsal muscle at different migration stages 

Figure lO shows the changes in lipid composition during spawning migration. 
Total lipid in muscle markedly decreased during spawning migration, in particular, 
the triglyceride. Free fatty acid gradually increased, while phospholipid was 
maintained at a constant level during spawning migration. 

Changes in fatty acid composition of dorsal muscle at different migration stages 

The relative ratio of monoenoic fatty acids to total lipid gradually decreased, 
while that of polyenoic fatty acids gradually increased during spawning migration. 
No significant difference in the relative ratio of saturated fatty acids to total lipid 
was found (Table 3). These results might suggest that monoenoic fatty acids in 
total lipid were selectively consumed during spawning migration. 

However, the relative ratio of phospholipid to muscle lipid markedly increased 
(Fig. 10). It was proved that phospholipid was mainly composed of polyenoic fatty 
acids (Table 5). This might be the reason for the relative increase of polyenoic 
fatty acids during spawning migration of chum salmon. The changes in fatty acid 
compositions of non-phospholipid (Table 4) and phospholipid (Table 5) during 
spawning migration were smaller than those of total lipid (Table 3). 

Discussion 

Selective consumption of some specific fatty acids during progressive spawning 
migration starvation has been suggested for many years (Lovern, 1934; Zama and 
Igarashi, 1954; Ota and Yamada, 1971, 1974a, b). As described above, however, it 
was proved that the changes in fatty acid composition of total lipid during spawning 
migration depended upon lipid composition. Therefore, in order to ascertain the 
possibility of selective consumption of fatty acids, the fatty acid contents of muscle 
lipid were estimated on the basis of the following assumptions: 

1) Total lipid in muscle is composed of non-phospholipid and phospholipid. 
2) Non-phospholipid is composed of partial glyceride (monoglyceride and di­

glyceride), sterol, free fatty acid, and triglyceride. 
3) Phospholipid is composed of phosphatidylcholine. 
4) Fatty acid compositions of partial glyceride, free fatty acid, and triglyceride 

are the same of non-phospholipid. 
5) Fatty acid composition of phosphatidylcholine is the same of phospholipid. 
6) Mean molecular weight of fatty acid in non-phospholipid is calculated from 

the fatty acid composition of non-phospholipid. 
7) Mean molecular weight of fatty acid in phosphatidylcholine is calculated 

from the fatty acid composition of phospholipid. 
Based on the result of Fig. lO and above assumptions, fatty acid contents of 

total lipid during spawning migration of chum salmon were estimated as shown in 
Table 6. It was apparent that consumed fatty acid contents, which were induced 
from the result of Table 6, were higher in females than in males (Fig. 11). This 
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Determination of protein composition and SDS -polyacrylamide gel electroplwresis 

Muscle protein was fractionated using a procedure shown in Fig. 12. The 
protein and non-protein fractions were determined using the biuret (Gornall et al., 
1949) and micro-Kjeldahl methods, respectively, and protein composition was 
calculated. Portions of the protein fractions were used for electrophoretic analysis. 

SDS-polyacrylamide gel electrophoresis was carried out in a 10% poly­
acrylamide gel using a slab gel apparatus according to the method of Laemmli 
(1970). 

Measurement of autolytic activity 

Muscle autolytic activity was determined according to the method of Konagaya 
(1982). Muscle tissue was homogenized with 3 vol. of distilled water. The reaction 
mixture, consisting of 1 ml of muscle homogenate and 1 ml of McIlvaine's buffer 
(pH 2.2-8.0) was incubated at 37°C for 4 hr. After this time, 2 ml of 5% (w Iv) 
trichloroacetic acid (TCA) was added. The mixture was allowed to remain for 1 hr 
at room temperature and then filtered through a Toyo No.3 paper. Blank mixtures 
were not incubated but the muscle homogenate, TCA and the buffer were mixed in 
this order. The TCA-soluble products in the filtrate were determined by Cu-Folin 
(Lowry et al., 1951) and ninhydrin methods (Yemm and Cocking, 1955). Specific 
activity was expressed as JLmoles tyrosine equivalent released from the reaction 
mixture in 4 hr in the presence of 1 mg of protein from muscle homogenate, and 
tissue activity as that released per g of muscle. 

Muscle 
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centrifuged (S,OOOxg. 15 min) 

supernatant 
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Fig. 12. Fractionation procedure of dorsal muscle proteins of chum salmon. I = ionic 
strength. 
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Measurements of acid and neutral proteinase activities 

Muscle proteinase activity was determined according to the method of 
Makinodan et al. (1983). Muscle tissue was homogenized in 2 vol. of cold 33 mM 
phosphate buffer (pH 7.2). After standing for 3 hr at 4°C, the homogenate was 
centrifuged at 13,000 X g for 30 min. The crude enzyme solution was prepared by 
dialyzing the supernatant overnight at 4°C against 33 mM phosphate buffer (pH 7.2). 

A 5% (w Iv) solution of hemoglobin was made by dissolution in 0.06 N hydro­
chloric acid and overnight dialysis against distilled water. The pH of the hemoglo­
bin solution was adjusted to 3.0 with 1 N hydrochloric acid for acid proteinase assay, 
and to 7.0 with 1 N sodium hydroxide for neutral proteinase. 

The reaction mixture for acid proteinase activity, consisting of 1.5 ml of 
McIlvaine's buffer (pH 2.2-5.0), 0.5 ml of hemoglobin solution, and 0.5 ml of crude 
enzyme solution was incubated at 3TC for 1 hr. Then, 2.5 ml of 5% (w Iv) TCA 
was added. The mixture was allowed to stand for 1 hr at room temperature, and 
then filtered through a Toyo No.3 paper. Blank mixtures were incubated separate­
ly from the other components of the reaction mixture and then combined after the 
addition of TCA. Cu-Folin value was measured by the method of Lowry et al. 
(1951). Specific activity, and tissue activity were expressed as described for 
measurement of autolytic activity. 

The same procedure described above was used for neutral proteinase activity 
except that it was incubated using Kolthoff's buffer (pH 6.2-8.0) for 2 hr. The 
TCA-soluble components were determined by ninhydrin method (Yemm and Cock­
ing, 1955). 

Preparation of acid proteinase with Triton X -100 

The same procedure described above was used except that it was homogenized 
in 2 vol. of cold 33 mM phosphate buffer (pH 7.2) containing 0.2% (v Iv) Triton 
X-lOO. 

Results 

Changes in protein composition 

Table 9 shows the changes in protein composition of dorsal muscle during 
spawning migration. It was noticeable that sarcoplasmic protein markedly de­
creased during spawning migration. In contrast, no change in myofibrillar content 
was found during spawning migration. Gel fraction protein which was fractionated 
from myofibrillar protein, however, gradually increased from samples ascending the 
river. Alkali-soluble and insoluble protein contents did not greatly change during 
spawning migration. 

Changes in protein composition were detected by SDS-polyacrylamide gel 
electrophoresis (Fig. 13). The degradation 'of myosin heavy chain was apparently 
observed, while sarcoplasmic protein electrophoretograms were not changed, during 
spawning migration. 
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Preparation of myofibril and actin 

Myofibril and actin were prepared from the chum salmon muscle at the feeding 
migration stage according to the methods of Katoh et al. (1977) and Seki et al. 
(1973), respectively. Myofibril and actin, dialyzed thoroughly against cold water, 
were successively washed with 10% (w Iv) trichloroacetic acid (three times), acetone, 
and diethyl ether (three times). The resulting residue collected by centrifugation 
was dried, weighed, and then subjected to hydrolysis with 4 N methanesulfonic acid 
at 115"C for 24 hr. 

Amino acid analysis 

Amino acids of the muscle extracts and the hydrolysate of myofibrillar protein 
were measured with a Hitachi 835 automatic amino acid analyzer. 

Results 

Amino acid composition of muscle extracts 

The amounts of total extractive nitrogen in the muscles are shown in Table 12. 
The total extractive nitrogen tended to increase during spawning migration. 

Profiles of free amino acids are given in Table 13. The level of histidine 
displayed a unique changes: The level at feeding migration stage was characteristi­
cally high, whereas it fell one tenth the initial level at upstream migration stage. 
At this stage, high contents of serine, glutamic acid, glycine, and alanine were 
detected instead. So was roughly the case with spent salmon. No MeHis was 
detected in the muscle extracts during spawning migration. 

Detection of MeHis in muscle extracts 

No MeHis was detected in the muscle extracts by the usual method, as shown 
in Table 13. Therefore, ion-exchange column chromatography was applied to 
detection of MeHis in the muscle extracts. After elution of acidic and neutral 
amino acids with 0.2 M pyridine, the fraction containing MeHis, if any, was eluted 
with 60 ml of 1.0 M pyridine (Table 14). 

Table 12. Total extractive nitrogen in the muscle of 
chum salmon. 

Stage 

Feeding 
migration 

Upstream 
migration 

Spent 

Sex 

Male 
Female 

Male 
Female 

Male 
Female 

Total extractive nitrogen 
(mg/IOO g muscle) 

- 31-
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Table 13. Free amino acid composition of chum salmon muscle extracts during spawn­
ing migration (mg/100g muscle). 

Asp 

Thr 

Ser 

Glu 

Gly 

Ala 

Cys/2 

Val 

Met 

Ile 

Leu 

Tyr 

Phe 

Lys 

His 

Trp 

Arg 

Pro 

Feeding migration stage Upstream migration stage Spent 

Male Female Male Female Male 

0.18 0.27 0.33 0.44 2.33 

3.24 3.71 7.05 6.90 7.65 

2.88 1.25 7.92 17.33 13.10 

8.38 3.79 21.67 11.89 21.45 

9.60 3.77 18.96 43.64 28.15 

13.06 11.44 42.51 28.35 17.48 

0.28 0.25 0.37 0.62 0.40 

3.02 3.93 7.12 7.49 17.74 

1.06 1.62 2.51 4.67 10.44 

1.31 1.81 4.47 5.06 13.33 

1.90 2.90 6.71 8.24 20.20 

1.49 1.80 2.09 3.80 10.24 

1.34 0.86 2.36 3.68 12.32 

3.34 0.92 12.88 4.04 8.61 

86.17 57.50 7.03 1.02 8.97 

0.88 0.00 0.71 0.24 4.04 

0.97 0.60 1.49 1.39 1.13 

5.27 1.74 6.94 5.07 8.86 

Table 14. Retention volumes of amino acids with a Dowex 50W-X8 
(pyridine form) column. 

Eluate 

0.2M pyridine 

1.OM pyridine 

Retention volume 
(ml) 

150 

0-60 
60-110 

110-170 
170-240 

* N"-Methylhistidine. 

Amino acids 

Acidic and neutral amino acids 

Trp> MeHis* > Ser > His> Gly 
His> Ser> Cys/2 
His 
Ser> His> Gly> Cys/2 

Female 

0.61 

2.39 

9.64 

14.48 

19.06 

8.86 

0.32 

4.86 

9.99 

2.99 

5.15 

3.05 

2.97 

0.94 

6.67 

0.00 

0.00 

1.75 

Figure 19 shows the concentration of MeHis in the muscle extracts. MeHis 
levels markedly increased during spawning migration of chum salmon, reflecting 
directly in the degradation of myofibrillar protein. MeHis levels of female fish 
generally were higher than those of males. 

Amino acid composition of myofibril and actin 

A trace of MeHis was detected in myofibril, while this amino acid was clearly 
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Extractive MeHis can thus be regarded as a useful index of the degradation of 
muscle protein in fish as well as in mammals. 

Section 5. Changes in serum protease inhibitory activity 

It has been reported that protease activity of muscle is enhanced during 
spawning migration of chum salmon (Konagaya, 1982, 1983, 1985a, b; Nomata et 
al., 1985a) and sockeye salmon (Mommsen et al., 1980). In Sections 1 and 3 of the 
present chapter, the same phenomena as described above have been confirmed and 
the close relation between protease activity and physiological state of chum salmon 
has been pointed out. High levels of protease activity in salmon muscle have been 
found at acidic region (around pH 3). However, high levels of acid protease 
activity were not caused by the injury of lysosomal membranes (Table lO). Then, 
why is the protease of chum salmon muscle activated during spawning migration? 

It has been well known that protease inhibitors in serum are to control 
proteolysis of cells and tissues (Heimburger, 1975; Travis and Salvesen, 1983). 
ai-Proteinase inhibitor in serum has been isolated and characterized not only from 
man (Pannell et al., 1974) but also from several mammals, such as rabbit (Koj et al., 
1981), mouse (Takahara and Sinohara, 1982) and rat (Kuehn et al., 1984). There 
are very few reports about proteinase inhibitors of fish serum, except for the latest 
study of Hjelmeland (1983). 

A relation between protease inhibitory activity and physiological states of 
silkworm has been suggested (Eguchi and Kanbe, 1982). It may be conceivable 
that muscle protease activity of chum salmon during spawning migration is 
controlled by protease inhibitors in serum. It was, therefore, of interest to clarify 
the relation between muscle protease activity and protease inhibitory activity in 
serum of chum salmon during spawning migration with regard to their physiological 
state. 

Materials and Methods 

Materials 

The same chum salmon muscles and sera as shown in Table 1 were used as 
materials. 

Assay of trypsin inhibitory activity 

The reaction mixture for trypsin inhibitory activity of serum, containing 2.0 ml 
of Kolthoff's buffer (pH 7.6), 0.5 ml of 0.02% trypsin (Sigma Chemical Co.) solution, 
and 0.5 ml of serum was preincubated at 3TC for lO min. Then, 1.0 ml of 5% 
casein (Wako Pure Chern. Ind. Ltd.) solution was added to the reaction mixture. 
After incubation at 3TC for 30 min, the reaction was stopped with 2.0 ml of lO% 
trichloroacetic acid (TCA) and the absorbance at 278 nm of the supernatant fraction 
was measured. Blanks were incubated separately from the other components of the 
reaction mixture at 3TC for 40 min and then combined after the addition of TeA. 
Trypsin inhibitory activity was expressed as the percent of inhibition against the 
protease activity with no serum as lOO%. 

- 35-





1986J ANDo: Food biochemical studies on spawning-migrating chum salmon 

Fig. 22. Relationship between muscle 
protease activity and serum trypsin 
inhibitory activity during the spawn­
ing migration of male (.) and female 
(0) chum salmon. (A), serum trypsin 
inhibitory activity; (B), muscle 
protease activity at pH 3; (e), muscle 
protease activity at pH 6. Feeding migration Upstream migration 

Spawning migration Spent 

Effect of serum on autolytic activity of chum salmon muscle at the upstream 
migration stage 

The autolytic activity of muscle homogenate from the upstream migration stage 
decreased following the addition of serum (Fig. 23). The inhibition of autolytic 
activity in muscle homogenate by serum was appreciably found at acidic region. 

Discussion 

In Section 3 of the present chapter, it has been shown that autolytic activity of 
muscle homogenate markedly increased during spawning migration of chum salmon. 
No relation was found between high levels of muscle protease activity and the injury 
of lysosomal membranes, while a close relation between protease activity and serum 
sex steroid hormones was suggested. A control of proteolysis of cells and tissues by 
protease inhibitors in serum has been suggested in mammals (Travis and Salvesen, 
1983) and in insects (Eguchi and Kanbe, 1982). However, no possibility on the 
control of proteolysis by serum protease inhibitors has been obtained in fish so far. 
The relationship between muscle protease activity and serum protease inhibitor will 
be discussed below with regard to the physiological state of chum salmon. 

The results of the present section strongly suggest the relationship between 
muscle protease activity and protease inhibitory activity in serum. The autolytic 
activity of chum salmon muscle markedly increased, while the trypsin inhibitory 
activity in serum markedly decreased during spawning migration (Fig. 22). This 
might suggest that the decrease of protease inhibitory activity in serum was the 
reason for the high levels of muscle protease activity during spawning migration. 
The possibility on the control of muscle protease by serum protease inhibitor was 
also shown in Fig. 23. It has been suggested that the protease inhibitor in muscle 
may derived from the serum (Hjelmeland, 1983). It was therefore considered that 
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the integument becomes dark yellow or red after entering a river. These changes in 
muscle or integument color may be closely associated with the physiological state, 
probably controlled by sex steroid hormones, of the fish (Idler et al., 1961; Fager­
lund and Donaldson, 1969; van Overbeeke and McBride, 1971; Yamazaki, 1972). 

The present chapter describes the nuptial coloration occurring in chum salmon 
during spawning migration. 

Section 1. Serum carotenoid-carrying lipoproteins 

Kitahara (1983) has reported that carotenoids, mainly astaxanthin, in chum 
salmon muscle are transported into integument and gonads via the blood serum. 
However, no further information is available as to what kind of serum proteins 
transport astaxanthin, except for preliminary reports by Nakamura et al. (1985a, b). 
The presence of lipophorin has recently been demonstrated in insects, which trans­
ports such lipids as diacylglycerol, cholesterol, hydrocarbons, and carotenoids (Chino 
and Downer, 1982). Lipophorin is high density lipoprotein and the color is pale or 
deep yellow due to the presence of carotenoids (Chino et al., 1969). 

The present section describes the isolation and characterization of such 
carotenoid-carrying lipoproteins in the serum of chum salmon at various migration 
stages. 

Materials and Methods 

Materials 

Blood was collected from the caudal vasculature of live salmon at each 
migration stage (Table 16) and left at room temperature for several hours. The 
clotted blood was centrifuged to obtain the serum. Sera thus obtained were stored 
at - 20'C until use. 

Table 16. Characteristics of chum salmon specimens". 

Date and locality 
Stage Sex Age of collection 

Feeding Male 03-04 July 2, 1984. 
Lat. 44°00'N 

migration Female 03 Long. 155"01'E 

Spawning Male 03-04 Oct. 16, 1984. 
Yakumo coast of 

migration Female 03-04 Hokkaido 

Upstream Male 03-04 
Nov. 16, 1984. 
Lower reaches 

migration Female 03-05 (1.8 km) of Yurappu 
River, Hokkaido 

Nov. 21, 1984. 
Male 03-04 Lower reaches 

Spent 
Female 03-05 (1.8 km) of Yurappu 

River, Hokkaido 

" Values represent the mean of three samples. 
* (Gonad weight/Body weight) x 100. 
** (Liver weight/Body weight) x 100. 
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Fork Body 
length weight 
(cm) (g) 

59 2860 

59 2630 

69 3510 

68 3630 

75 4410 

77 4770 

69 3250 

67 2820 

Gonadoso- Hepatoso-
matic matic 
index' index" 

1.5 1.3 

2.0 2.0 

5.4 1.7 

15.3 2.8 

3.9 2.0 

18.8 1.3 

1.1 1.5 

2.3 1.4 
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thus eluted was put on a Toyopearl HW-55 column (1.5 X 81 cm) equilibrated with 
0.5 M NaCl in 0.05 M phosphate buffer (pH 6.0) containing 0.005% EDTA and 
0.02% NaN3 to find the molecular weight. 

Binding of astaxanthin to carotenoid -carrying lipoproteins 

Serum was obtained from the male salmon at the feeding migration stage. A 
small amount of astaxanthin-containing acetone was added to 4.75 ml serum 
containing 1.9 g of KBr and mixed for 30 min at 4°C. An equal amount of 0.9% 
N aCl was gently layered over 4.75 ml serum and centrifuged at 218,000 X g at 10°C 
for 5 hr. At the end of a run, the tubes were removed from the rotor and serum 
fractions were collected from each tube by pipette. The levels of proteins and 
carotenoids in each fraction were measured. Control serum without astaxanthin 
was worked up in a similar manner as above. 

Electrophoresis 

Electrophoresis in 5% polyacrylamide gel was done at pH 8.3 and 2 rnA per 
tube, as described by Davis (1964). SDS-slab-15% polyacrylamide gel electropho­
resis (PAGE) was done in the presence of 0.1% SDS, by the method of Laemmli 
(1970). Polyacrylamide gel isoelectric separation was done in the presence of 
Ampholine (pH 3.5-10) as carrier (Wrigley, 1971). After electrophoresis, gels were 
stained with Coomassie Brilliant Blue for protein and Sudan Black B for lipid. 
The electrophoretogram was measured by a Costno F-808 densitometer at 625 nm, if 
necessary. 

Amino acid analysis 

The amino acid composition of the delipidated carotenoid-carrying lipoprotein 
was found on a Hitachi model 835 automatic amino acid analyzer after hydrolysis 
with 4 N methanesulfonic acid at 115°C for 24 hr. 

Measurement of proteins 

Protein was measured by the biuret method (Gornall et al., 1949), using bovine 
serum albumin as the standard. 

Results 

Coloration and absorption spectra of the serum at each migration stage 

The serum became bright orange during spawning migration, suggesting the 
presence of carotenoids (Fig. 24). Each spectrum has two absorption maxima, one 
at 410-415 nm and the other at 470-480 nm. The latter absorption gradually 
increased during spawning migration, while the former was highest during the early 
stage of migration. The absorption at 410-415 nm might be derived from trans­
ferrin (Hara, 1984) or hemolysis (Nakamura et al., 1985a, b), since this absorption 
was hardly affected by treatment of the serum with 25 vol. of cold ethanol-diethyl 
ether (3 : 1, v Iv). The absorption at 470-480 nm disappeared upon the same treat­
ment, indicating that carotenoids are associated non-covalently with serum proteins. 
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absorption spectra of HDL and 
VHDL, fractions from the serum of 
upstream migrating male chum 
salmon. A, before treatment; Band 
C, apoprotein and lipid fraction, 
respectively, obtained from each frac­
tion by treatment with cold ethanol-
diethyl ether. 

mainly contained in the middle fraction (Fig. 25), suggesting the presence of ca­
rotenoid-carrying lipoprotein in the male serum. Similar results were obtained for 
the serum of female salmon at the upstream migration stage. 

Distributions of protein, lipid, and carotenoids in serum lipoproteins 

Sequential ultracentrifugation was done on the serum from chum salmon of 
different physiological state, since the carotenoids were associated with lipoproteins 
(Fig. 25). The protein content of serum slightly increased at the spawning migra­
tion stage, and then greatly decreased during the upstream migration. The serum 
protein was mainly distributed in HDL, VHDL j , and VHDLz fractions. LDL was 
detected as a minor fraction, and greatly decreased during spawning migration (Fig. 
26A). The lipid content of the serum, particularly of LDL fraction, greatly decreas­
ed during spawning migration. The serum lipid was mainly in the HDL fraction 
during spawning migration (Fig. 26B). Carotenoids of the serum greatly increased 
during the upstream migration, and over 80% was in the HDL fraction at the 
upstream migration stage (Fig. 26C). 

Figure 27 shows the absorption spectra and PAGE and male serum lipoproteins 
at the upstream migration stage. It was noticeable that serum carotenoids were 
present not only in the HDL but also in the VHDLz fraction. This result was 
supported by the data in Fig. 28, which showed the effects of delipidation with 
ethanol-diethyl ether on the compositions of HDL and VHDLz fractions. The 
absorption maximum of HDL fraction appeared at 480 nm, while VHDLz had two 
absorption maxima, one at 4lO nm and the other at 480 nm. The absorption of both 
fractions at 480 nm disappeared upon the delipidation treatment, indicating that 
carotenoids were associated non-covalently with HDL and VHDLz. PAGE of 
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Table 17. Amino acid composition of the carotenoid­
carrying lipoprotein from the upstream migrating 
male chum salmon. 

Amino acidsa Carotenoid-carrying 
lipoprotein HDL of pink salmonb 

Asp 62.6 

Thr 40.1 

Ser 33.5 

Glu IS2.6 

Pro 45.7 

Gly 50.2 

Ala llS.4 

Cys/2 Tr. 

Val 76.4 

Met 34.3 

Ile 36.4 

Leu 104.2 

Tyr 4S.0 

Phe 16.5 

His 13.6 

Lys 93.0 

Arg 44.3 

Trp 0.0 

Total 999.S 

a Residues per 1,000 amino acid residues. 
b Nelst)n and Shore (1974). 

Discussion 

6S.5 

47.3 

44.3 

IS0.6 

43.2 

46.3 

ll4.0 

Tr. 

74.S 

33.5 

35.9 

103.5 

45.4 

17.1 

16.6 

90.7 

39.0 

0.0 

1000.7 

There are very few reports as to carotenoid-carrying lipoproteins in the serum. 
Chino and Downer (1982) have demonstrated the presence of lipophorin in insects, 
which transports diacylglycerol, cholesterol, hydrocarbons, and carotenoids. Lipo­
phorin is a HDL and the color is pale or deep yellow due to the presence of 
carotenoids. Ashes et al. (1984) have reported the presence of a HDL component as 
a carrier of p-carotene in bovine plasma. Nakamura et al. (1985a, b) have recently 
found that astaxanthin, which is the main carotenoid in chum salmon muscle, is 
exclusively transported by the HDL fraction in the serum of the upstream migrating 
chum salmon. The results of the present section clearly showed that the serum 
astaxanthin of chum salmon was present not only in the HDL but also in the VHDL2 

fraction, although isolation and characterization of the carotenoid-carrying lipo­
protein from the latter remain to be done (Figs. 27 and 28). 

As shown in Fig. 26B, the serum lipid content greatly decreased during spawn-
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Table 18. Lipid composition of the whole serum and the carotenoid-carrying lipo­
protein from the upstream migrating male chum salmon. 

% Weighta 

Component Chum salmon Pink salmonc 

Whole serum Carotenoid-carrying 
lipoprotein Whole serum HDL 

Protein 58.6 46.0 _b 39.9 

Total lipid 41.4 54.0 - 60.1 

Cholesteryl ester 30.5 26.4 28.6 30.5 

Triglyceride 5.0 15.0 10.7 11.4 

Free fatty acid 2.7 6.2 8.2 2.8 

Cholesterol 15.0 9.2 5.0 5.3 

Partial glyceride l.l 0.2 - -

Phospholipids 45.8 42.8 46.9 49.9 

Phosphatidyl-
choline (82.8) (85.5) (82.5) (83.0) 

Phosphatidyl-
ethanolamine ( 4.5) ( 2.8) ( 2.2) ( 2.3) 

Lysophosphatidyl-
choline ( 3.2) ( 4.3) ( 4.2) ( 3.1) 

Sphingomyelin ( 7.7) ( 7.5) ( 6.6) ( 6.7) 

aLipid fraction are expressed as percentages of the total lipid. Each phospholipid is 
expressed as percentage of total phospholipids in parentheses. 
b Not determined. 
C Nelson and Shore (1974). 

ing migration and the LDL fraction disappeared after spawning. Patton et al. 
(1970) have found the decrease of serum lipid in pink salmon during spawning 
migration. Nelson and Shore (1974) have reported that serum LDL disappeared at 
the pre-spawning migration stage and lipid was transported through serum HDL at 
the upstream migration stage of pink salmon. It was noticeable that no direct 
relation was found between the serum lipid content and serum carotenoid content 
during spawning migration (Fig.26B and C). This result might suggest that the 
transport of carotenoids in salmon serum is not simple. 

The molecular weight of carotenoid-carrying lipoprotein isolated from chum 
salmon was estimated to be from 30,000 to 500,000 by gel filtration, with a peak at 
70,000. The carotenoid-carrying lipoprotein was split into two subunits (molecular 
weight 24,000 and 12,000, the molar ratio of 1: 1) after reduction with 2-
mercaptoethanol. However, fractions obtained by Toyopearl HW-55 gel chroma­
tography gave rise to essentially the same PAGE patterns. These results suggested 
that carotenoid-carrying lipoprotein had a basic unit consisting of one mole each of 
24,000 dalton and 12,000 dalton subunits. The molecular species of 70,000 dalton 
could have two basic units and that of 500,000 dalton 14 basic units. Serum HDL 
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Fig.3 1. Polyacrylamide gel isoelectric sepa­
ration of the carotenoid-carrying lipo­
protein. 

Fig. 32. Distribut ion of density and pro­
teins in the fractions from the feeding­
migrating male serum (A) control; B) 
astaxanthin added) and the upstream 
migrating male serum (C) after 
ultracentrifugat ion at 218,000 X 9 for 5 
hr. Shadowed areas show the pres­
ence of carotenoid. 

. 00 
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fraction contains species of various particle sizes (Chapman, 1980; Ashes et al. , 
1984) . Thus the carotenoid-carrying lipoprotein isolated here was considered to be 
a cl uster of lipoproteins of various particle sizes. 

Subunits of the carotenoid-carrying lipoprotein treated with only SDS were 
identical with those treated with SDS and 2-mercaptoethanol, indicating that there 
was no disulfide bond between the two subunits. It was considered that the HDL 
fraction at the feeding migration stage had the same carotenoid transport ability as 
the counterpart at the upstream migration stage, because both of them showed the 
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Fig. 33. Absorption spectra of serum frac­
tions with the density of 1.14 g/ml (c 
and d) from the feeding migration 
stage. a, whole serum; b, astaxanthin ; 
c, control; d, astaxanthin added. 

The carotenoid-carrying lipoprotein as described above was considered to 
transport astaxanthin, which is the main carotenoids in the muscle, into the integu­
ment and ovaries. However, carotenoid composition in chum salmon integument 
are very complex: e.g., salmoxanthin, antheraxanthin, zeaxanthin, and doradex­
anthin in addition to astaxanthin have so far been detected in the integument 
(Kitahara, 1983). Ashes et al. (1984) have demonstrated the presence of HDL as a 
carrier of p-carotene in bovine plasma. The present results, along with these 
findings, might suggest that the carotenoid-carrying lipoprotein had the ability to 
transport not only astaxanthin but also other carotenoids. In the present section, it 
was proved that carotenoid-carrying lipoproteins were present in chum salmon 
serum, HDL and VHDL2 • 

Section 2. Carotenoid transport associated with serum vitellogenin 

Vitellogenin has been known as a sex-specific serum protein in amphibia, and 
is the immediate precursor of egg yolk proteins (Wallace, 1970; Redshaw and 
Follett, 1971). Vitellogenin is also present in fish, and is related to the gonadal 
maturation of eggs (Aida et al., 1973; Hara, 1975; Hara et al., 1983). Hara (1976, 
1978) and Hara and Hirai (1978) have reported that fish vitellogenin is related to 
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solution and mixed in an automixer for 1 min. The mixture was then incubated 
with shaking at 3TC for 1 hr. After incubation, 0.5 ml of n-hexane was added to 
each reaction mixture, the whole mixed in an automixer for 1 min, and centrifuged 
at 3,000 rpm for 5 min to remove the upper layer containing untreated carotenoids. 
To the lower layer was added 10 ml of acetone to extract bound carotenoids, and 
then the sample was studied by spectrophotometry. A portion of the lower layer 
was also examined by polyacrylamide gel electrophoresis (PAGE). 

Other analytical methods 

Procedures used for carotenoid analysis, PAGE, and serum protein concentra­
tion were as previously described (Section 1 in the present chapter). 

Results 

Changes in carotenoid levels of muscle and serum during spawning migration 

Figure 34 shows the changes in the level of muscle carotenoids of chum salmon 
caught at different stages of migration. Carotenoid content markedly decreased at 
the upstream migration stage. 

Serum carotenoids markedly increased during spawning migration (Fig. 35}. 
Vitellogenin was to a large extent responsible for the high carotenoid level in serum 
of females at the spawning migration stage. 

1 

1 
300 400 500 600 300 400 500 600 

Wavelength (run) Wavelength (run) 

Fig. 36. Absorption spectra of serum and serum fractions at the spawning migration stage. 
Protein concentrations were: whole serum from male (a), 5.0 mg/ml ; the water­
soluble fraction obtained from a (b), 5.1 mg/ml ; whole serum from female (c), 7.9 
mg/ml; the water-soluble fraction obtained from c (d), 4.3 mg/ml ; the water­
insoluble fraction obtained from c (e), 13.7 mg/ml. 
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and 24% of the carotenoids in serum of females was bound to vitellogenin. There 
was no water-insoluble protein in whole serum from males. The carotenoid level 
(24%) calculated from the absorption of vitellogenin solution at 480 nm was near 
that (27%) found by extraction from vitellogenin (Fig. 35). This finding suggests 
that the absorbance of vitellogenin solution at 480 nm reflected the carotenoid level 
of vitellogenin. Absorption spectra of carotenoids extracted from whole serum and 
vitellogenin had almost the same patterns, with absorption maxima at 480 nm. 
Astaxanthin was the main carotenoids bound to these proteins from the result of 
TLC (Fig. 38). 

Changes in carotenoid level of the ovaries during spawning migration 

The ovary of chum salmon matured rapidly during spawning migration (Fig. 
39A). The carotenoid level per 100 g of ovaries was highest at the feeding migration 
stage, and markedly decreased during spawning migration (Fig. 39B). However, 
the amount of carotenoids in each whole ovaries markedly increased during spawn­
ing migration, indicating that much carotenoids accumulated there in this stage 
(Fig. 39C). 

The absorption spectra of carotenoids extracted from the ovaries at different 
physiological state resembled each other, with absorption maxima all at 480 nm. 
TLC showed that astaxanthin was the main carotenoids of the ovaries (Fig. 40). 

Carotenoids binding by vitellogenin 

The binding of carotenoids by vitellogenin markedly increased with the amount 
of carotenoids added (Fig. 41). This was also shown by PAGE: the mobility of 
vitellogenin tended to change as carotenoids were added. 

Discussion 

Vitellogenin, a precursor of yolk proteins, that is synthesized by hepatocytes, 
accumulates in serum of non-mammalian vertebrate females during oocyte growth, 
and is therefore specific to females (Wallace, 1970; Redshaw and Follett, 1971). 
Vitellogenin has also been found in fish with regard to the gonadal maturation (Aida 
et al., 1973; Hara, 1975; Hara et al., 1978). Hara (1976, 1978) and Hara and Hirai 
(1978) have found that the vitellogenin in fish also binds iron. Kitahara (1983) has 
reported that the amount of carotenoids in chum salmon ovaries increases during 
spawning migration. It was interested in whether this compound is involved in 
transporting carotenoids to the ovaries. 

The present section suggested the possibility that some of the muscle ca­
rotenoids is transported into the ovaries by the vitellogenin. The carotenoid level 
in muscle markedly decreased during spawning migration, so muscle carotenoids 
might be transported elsewhere, such as into the blood serum, integument, and 
ovaries (Fig. 34). Carotenoid level in blood serum markedly increased during 
spawning migration (Fig. 35). This suggests that muscle carotenoids were in fact 
transported into blood serum. Only the serum obtained from female salmon at the 
spawning migration stage gave rise to a precipitate when diluted with cold water 
(Fig. 36, Table 19). In addition, the carotenoids, which seemed to be astaxanthin, 

- 55-



Mem. Fac. Fish. Hokkaido Univ. [XXXIII, 1/ 2 

!'. L 

-, -

Amoun t of carotenoid added ()Jg) 

Fig.41. Carotenoid binding by vitellogenin , 
as seen by spectrophotometry (sol­
vent; acetone) and polyacrylamide 
gel electrophoresis. A, vitellogenin 
(4.5 mg) without carotenoids; B, 
vitellogenin (4.5 mg) plus 0.521'g of 
carotenoids; C, vitellogenin (4.5 mg) 
plus 1.691'g of carotenoids. P, pro­
tein staining; L, lipid staining. 

were found in the precipitate (vitellogenin). The carotenoid level of vitellogenin­
free serum protein from females at the spawning migration stage was almost the same 
as that of serum protein at the upstream migration stage (Fig. 35), indicating that 
some of the muscle carotenoids was transported by vitellogenin. 

The amount of carotenoids per whole ovaries markedly increased during spawn­
ing migration, although that per 100 g of ovaries decreased. This suggests that 
much carotenoids accumulated in the ovaries during the spawning migration of these 
salmon. It was considered that some other lipoproteins in serum are related to 
carotenoid accumulation into the ovaries at this time; vitellogenin and some lipo­
proteins are related to this accumulation during the upstream migration, because 
vitellogenin was detected in the serum during the spawning migration but not 
during the upstream migration. Vitellogenin can bind carotenoids (Fig. 41). 

Section 3, Egg yolk proteins associated with carotenoid­
carrying lipoproteins 

The results presented in Sections 1 and 2 on carotenoid-carrying lipoproteins in 
the serum of chum salmon, demonstrated that: (1) the muscle carotenoids are 
transported into the integument and gonads through the serum ; (2) the main 
carotenoid-carrying lipoprotein in the serum is isolated from HDL fraction; (3) the 
other carotenoid-carrying lipoprotein is present in VHDL, fraction; and (4) vitel­
logenin in the serum of the spawning migration stage is related to the transport of 
carotenoids from muscle into ovaries. 

There have been a number of detailed reports describing the characteristics of 
egg yolk proteins in fish (Ito et al. , 1963; Markert and Vanstone, 1968, 1971 ; Mano, 
1970 ; Hara and Hirai , 1978). The carotenoid composition of fish eggs has also been 
examined and astaxanthin is the main carotenoid of eggs of chum salmon (Miki et 
al. , 1982; Kitahara, 1983) . However, no further information is available as to 
which kinds of egg yolk proteins, lipovitellin and/ or phosvitin, are associated with 
astaxanthin, except for the reports by Nakagawa and Tsuchiya (1969, 1971). They 
have investigated the natures of protein, lipid, and carbohydrate in the immature 
egg of rainbow trout (Salmo gairdneri irideus). The present section describes the 
presence of carotenoids bound to an egg yolk protein with regard to the characteris­
tics of egg yolk proteins in chum salmon. 
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