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Smolt Specific Protein : Changes in the Serum Levels During
Smoltification and the Effect of Thyroxine on the Serum Levels

in the Masu Salmon, Oncorhynchus masou
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＊1 and Kohei YAMAUCHI
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Abstract:  Antiserum against the smolt specific protein (MW: 80,000) was obtained by immuno-
logical methods in the masu salmon, Oncorhynchus masou. Using this antiserum, changes in the 
concentration of smolt specific protein were investigated during smoltification. The levels of smolt 
specific protein increased as smoltification progressed, and peaked at the time of full-smolts. The 
serum thyroxine levels followed closely the changes in the specific protein levels. Thyroxine treat-
ment led to a significant increase in the serum smolt specific protein levels. These results suggest 
that smolt specific protein is one of specific indicators for assessment of smolt quality, and that it is 
synthesized under the control of the thyroid hormone.
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The masu salmon, Oncorhynchus masou, is an 
important coastal fisheries resource in Japan. 
Unfortunately, however, there has been a steady 
decrease in natural stocks of masu salmon, 
therefore the fisheries has become largely 
dependent on release program undertaken 
(Yamauchi et al. 1985).

Masu salmon is distributed throughout Japan 
except in Kyushu, Shikoku and Pacific site of 
central and southern Honshu (Kubo 1980). In 
Hokkaido, masu salmon smoltify as yearling 
fish in spring following stay in fresh water, then 
migrate to the sea, after one year stay in the 
ocean, the fish comes back to its native river 
in spring, followed by spawning in autumn 
(Machidori and Kato 1984).

During smoltification (parr-smolt transforma-
tion) in salmonids including the masu salmon, 
morphological, physiological and behavioral 
changes occur by cue of the endocrine system. 
Endogenous levels of thyroid hormones, growth 
hormone, prolactin and cortisol change in dis-
tinctive patterns. However, the exact mecha-
nisms of endocrine control in numerous events 

occurring during smoltification are still unclear.
There are still many problems to be elucidated 

in the hatchery management of smolt, among 
them is the release of incomplete smolt. To 
solve the problems, the smolt quality remains 
to be studied. Smolt quality has been assessed 
by serum protein profiles. In Atlantic salmon, 
Salmo salar, smolt, Johanning and Bradley 
(1989) observed the existence of novel pro-
teins in the plasma which could be utilized as 
indicators of smoltification. Similarly, Ura et al. 
(1994a) reported other specific proteins in masu 
salmon smolt. This paper describes changes 
in the concentrations of smolt specific protein 
accompanying smoltification in the masu salmon. 
In addition, the effects of thyroxine on these 
changes were examined.

Materials and Methods

Fish and sampling
In the present study, yearling masu salmon 

reared at the Nanae Fresh-Water Laboratory 
Field Science Center for Northern Biosphere, 
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Hokkaido University, were used. They were 
maintained in outdoor concrete ponds supplied 
with a continuous flow of artesian well water 
and/or river water at ambient temperature and 
photoperiod. Fish were sampled once or twice 
a month from January to May and three times 
in June. The body weight and fork length of 
the fish were recorded at sampling. The fish 
condition factor was calculated according to 
the formula K＝ (weight/fork length3)×100. 
Following anaesthesia, fish were severed the 
caudal peduncle and collected blood into test 
tubes. The serum was separated by centrifuga-
tion (10,000 g × 20 min), and stored at －20℃ 
until analysis.

Assessment of smolt
Using the criteria, melatonic pigmentation of 

the dorsal fin margin and silvering of the body 
(Kubo, 1980), fish were divided into the fol-
lowing three stages : (1) pre-smolts, the early 
stage in which parr marks appear through 
light silvering and dorsal fin margin in slightly 
pigmentated ; (2) mid-smolts, in which the pig-
mentation of dorsal fin margin is rarely com-
plete, and the parr marks are less distinct ; (3) 
full-smolts, fully smoltified stage in which parr 
marks have become fully masked by the deposi-
tion of guanine.

Preparation of antisera
A polyvalent antiserum against serum pro-

teins from smolt masu salmon was prepared 
by immunizing a  rabbit w i t h  pooled smolt  
serum as described by Hara (1976). The spe-
cific antiserum was prepared by first absorb-
ing the polyvalent antiserum with an equal 
volume of pooled underyearling parr serum. 
The absorbed antiserum thus obtained reacted 
only with smolt serum but not with parr serum 
when by the double immunodiffusion method 
(described below).

Electrophoresis and immunological procedure
Sodium dodecyl sulfate (SDS) 5－22% poly-

acrylamide gradient gel electrophoresis (SDS-
PAGE) was carried out using a Tris-glycine 
buffer system (Laemmli, 1970). Serum proteins 

were reduced by treatment with 1% SDS, 10% 
glycerol and 0.01% bromphenol blue with 1% 
2-mercaptoethanol (2-ME) for 2 min at 100℃. 
Molecular weights of proteins were estimated 
in SDS-PAGE using the marker proteins 
(Pharmacia).

Immunoelectrophoresis (IEP) was carried 
out according to the procedure of Grabar and 
Williams (1953) with 1% agarose in 0.05 M bar-
bital buffer, pH 8.6. Plates were washed, dried 
and then stained with Amido black 10B in 7% 
acetic acid, and destained with 7% acetic acid.

Double immunodif fusion was per formed 
according to the procedure of Ouchterlony 
(1953) with 1% agarose (HGT, Nacalai) in 0.05 M 
barbital buffer, pH 8.6. Single radial immunodif-
fusion (SRID) was carried out according to the 
procedure of Mancini et al. (1965).

Western blotting
Proteins separated by SDS-PAGE were elec-

troblotted onto nitrocellulose membranes (Bio-
Rad) as described previously Fuda et al. (1992).

Serum thyroxine and smolt specific protein
Serum thyroxine (T4) concentrations were 

measured by radioimmunoassay according 
Suzuki and Suzuki (1981). Serum smolt spe-
cific protein was measured by (SRID) using the 
absorbed antiserum described above.

T4 treatment
Underyearling masu salmon, weighing 15.4
±0.7 g, were exposed to T4 for 5 weeks in 
October. Fish were maintained under natural 
photoperiod in a 50-liter fresh water tank (10
－12℃) containing 200 mg/L L-thyroxine (T4) 
sodium salt (Sigma Chemical) and fed com-
mercial diets once daily until satiation. All T4 
concentrations refer to the free acid prepared as 
a stock solution in 5 ml 0.1 N sodium hydroxide 
solution. Control fish were maintained in fresh 
water containing 5 ml 0.1 N sodium hydroxide 
only. Tank water was renewed every 2 days, and 
T4 was replenished accordingly.

Statistics
The data presented are expressed as mean±
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SE. Statistical evaluation was done by analysis 
of variance (ANOVA). Values of p＜0.05 were 
considered statistically significant.

Results

Condition factor and smoltification
No significant changes in the condition factor 

were observed from January to May. In mid-
June, the factor significantly decreased to a 
minimum value, followed by an increase in late-
June (Fig. 1). Fish were judged pre-smolts from 
March to late-April. They developed into mid-
smolts from late-April and become full-smolts in 
June.

Detection of smolt specific protein in the serum
Figure 2 shows the pattern of double immu-

nodif fusion and IEP. A single precipitin line 
was formed only between smolt serum and the 
absorbed antiserum, indicating the serum smolt 
specific protein (Fig. 2A). Further analysis, by 
IEP revealed a single precipitin line in γ-globulin
region (Fig. 2B).

SDS-PAGE and immunoblotting analysis of 
serum protein

Serum protein profiles of parr and smolt by 
SDS-PAGE are shown in Fig. 3A. Smolt serum 
displayed one main band and a minor band 
corresponding to MW of 80,000 and 43,000, 
respectively (Fig. 3A, arrow and arrowhead). 
In Western blotting analysis, however, only the 
MW 80,000 band was immunostained in smolt 
serum using absorbed antiserum (Fig. 3B, 
arrow).

Serum T4 and smolt specific protein
Changes in serum T4 concentrations were 

measured from January to June (Fig. 4). The 
serum T4 concentrations indicated low levels 
of 0.19－0.70 ng/ml between Januar y and 
early-March, and increased thereafter to 6.52
±0.55 ng/ml (p＜0.01, compared to values 
from January to March) in early-June, followed 
by a sudden decrease to 3.82±1.21 ng/ml 
(p＜0.01, compared with the peak value) in late 
June.
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Fig. 1.  Changes in the condition factor in hatcher y-
reared masu salmon during smotification. Vertical bars 
represent the mean ± SE.

Fig. 2.  Double immunodiffusion (A) and immunoelectrophoresis (B) between absorbed antiserum and masu salmon 
serum. P, S, a-smolt and asp represent, parr serum, smolt serum, polyvalent antiserum to smolt masu salmon serum proteins 
and absorbed antiserum, respectively.
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The level of smolt specific protein revealed 
by SRID are shown in Fig. 4. The squared 
diameter of a precipitin ring was directly pro-
portional to the amounts of smolt specific pro-
tein present in the sample. According to this 
method, the levels of specific protein gradually 
increased from late-April, and reached at a 
maximum in mid-June (p＜0.01, compared to 
values from January to early-April), followed by 
a sudden decrease in late-June (p＜0.01, com-
pared with the peak value).

Fig. 3.  Gradient SDS-PAGE (A) and Western blottin (B) pattern of serum proteins of parr (1) and smolt (2). Number in the 
left margin represent molecular weight. Arrow and Arrowhead indicate the protein bands with MW of 80,000 and 43,000, 
respectively.
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Fig. 4.  Changes in serum concentration of thyroxine (T4) 
and smolt specific protein in hatchery-reared masu salmon 
during smoltification. Vertical bars represent the mean ± 
SE.

Fig. 5.  Changes in concentrations of serum thyroxine 
(T4) (A) and the levels of smolt specific protein (B) after 
T4 treatment. Vertical bars represent the mean ± SE.
＊, ＊＊ : Significantly different from control (p＜0.05, p＜
0.01).
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Effect of T4 on smolt specific protein
After the T4 treatment, serum T4 levels in 

control fish were 1.42±0.28 ng/ml. In con-
trast, T4 levels in treated fish were 25.41±
2.07 ng/ml, indicating a significant increase 
in comparison with that of control fish (p＜
0.01) (Fig. 5A). Levels of smolt specific protein 
increased significantly (p＜0.01) in treated fish 
relative to controls (Fig. 5B).

Discussion

Smoltification (parr-smolt transformation) in 
anadromous salmonids is a complex phenom-
enon which includes various morphological, 
physiological and behavioral changes (Hoar 
1988). Morphological changes involve the devel-
opment of silvery pigmentation and a decrease in 
the condition factor (Staley and Ewing, 1992; Ura 
et al. 1993a, 1994b). To date, these factors have 
been utilized as criteria for the assessment of 
developmental stages in smoltification (Fessler 
and Wagner 1969; Gorbman et al. 1982; Staley 
and Ewing 1992; Ura et al. 1993a, 1994b). Ura 
et al. (1994b) observed that the concentrations 
of guanine in both serum and skin increased 
as smoltification progressed, and peaked at the 
full-smolt stage, suggesting a close relationship 
between the developmental stages of smolt and 
body silvering. In the present study, external 
appearance of body silvering and condition factor 
indicated that fish reached the peak of smoltifica-
tion in mid-June.

The appearance of specific plasma proteins 
at the time of smoltification has been examined 
in order to assess smolt quality in salmonids. 
Bradley and Rourke (1984, 1988) observed the 
existence of smolt specific proteins in plasma 
proteins of Chinook salmon, O. tshawytscha, and 
steelhead trout, O. mykiss, during smoltification 
by electrophoretic method. Ura et al. (1994a) 
demonstrated the existence of smolt specific 
proteins in the serum of masu salmon, using 
electrophoretic and Western blotting methods. 
In the present study, however, the antiserum 
obtained by absorbing the polyvalent antiserum 
against smolt serum proteins with underyear-
ling parr serum proteins indicated crossreac-

tion with the protein (MW: 80,000) only, but not 
with the protein (MW: 43,000). This suggests 
strongly that the serum protein (MW: 80,000) is 
the smolt specific protein which appeared newly 
at the time of smoltification.

The concentrations of the smolt specific pro-
tein (MW: 80,000) increased as smoltification 
progressed, and reached a peak at the time of 
full-smolts in June. Interestingly, changes in this 
specific protein were similar to those of gua-
nine in the serum and skin (Ura et al. 1994b). 
In addition to serum and skin guanine levels, 
therefore, the smolt specific protein seems to 
be another indicator of smolt.

However, physiological roles of serum pro-
teins, similar to t h e  smolt specific protein 
observed in the present study, during smoltifica-
tion remain to be examined. Ura et al. (1993b) 
detected four guanine-binding proteins in the 
serum of masu salmon. As the present smolt 
specific protein was distinctly dif ferent from 
them, it seems that, at least, the smolt spe-
cific protein is not involved guanine transport. 
Moreover, Johanning and Bradley (1989) 
observed novel plasma proteins (MW: 57,000
－63,000) in Atlantic salmon smolts. They sug-
gested that smolt specific proteins may partici-
pate in adaptation to the marine environment. 
In contrast, Ohkawa et al. (1987) observed an 
increase in the ratio of albumin-like protein to 
total serum protein concentration in seawater-
adapted rainbow trout, and suggested that it has 
function as an osmotic regulatory factor. More 
investigations are required in order to deter-
mine whether or not this albumin-like protein is 
really an osmoregulator.

Changes in the concentrations of the serum 
smolt specific protein followed closely that of 
serum T4 levels. This suggests close relation-
ship between smolt specific protein and T4. 
In the present study, in vivo treatment of T4 
caused an increase in smolt specific protein 
levels. In salmonids, there are many reports 
indicating the involvement of thyroid hormones 
in synthesis of protein (Bhattacharya et al. 
1985; Sullivan et al. 1985). Our previous report 
showed, however, that T4 did not stimulate 
the synthesis of albumin-like protein which is 
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one of the main proteins in the serum of masu 
salmon (Ura et al. 1993b). Instead, T4 caused a 
decrease in total serum protein levels. Judging 
from all findings, it is likely that among the 
serum proteins, at least, the smolt specific pro-
tein as detected in the present study is synthe-
sized under the control of the thyroid hormone.

In summary, serum smolt specific protein 
levels increased as smoltification progressed, 
and peaked at the time of full-smolts. In addi-
tion, T4 induced an increase in the levels of cir-
culating smolt specific protein, suggesting that 
thyroid hormone is involved in its synthesis. 
Smolt specific protein then, could be used as 
one of specific indicators for smolt quality.
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銀化特異タンパク質：サクラマスの銀化変態に伴う血中量の変化
および血中量に及ぼす甲状腺ホルモンの影響

浦　和寛・原　彰彦・山内晧平

 サクラマスの血清タンパク質において，銀化変態時に出現する分子量約80,000の銀化特異タンパク
質を免疫生化学的手法により検出するとともに，このタンパク質に対する特異抗体を得た。抗体を用
いてサクラマスの銀化変態期における銀化特異タンパク質の血中量の変化を調べた。その結果，銀化
変態期に血中甲状腺ホルモン量の変化に伴い銀化特異タンパク質の血中量は増加し銀化最盛期に最大
値を示した。また，銀化前の稚魚に甲状腺ホルモンを投与すると，この銀化特異タンパク質の血中量
は増加した。これらの結果から，この銀化特異タンパク質はサクラマスの銀化度合いを調べるための
生物学的指標の一つになる可能性が示された。また，このタンパク質は甲状腺ホルモンにより合成さ
れることが明らかとなった。
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