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Production performance of Pacific bluefin tuna 

Thunnus orient，αlis larvae and juveniles fed 

commercial diets and effects of switching dieお

Jeonghyeon CHo1, Yutaka HAGA1'*, Yuji k品IIIMURA2,

Atsushi AKAzAwA2, Akira lToH3 and Shuichi SATOH1 

Abstract: Survival rate of PBT from hatch to juvenile is less than 2%. One reason of lower sur-

vival could be due to limited supply of prey fish such as Spangled emperor Lethrinus nebulosus 

and Japanese parroぜ1shOplegnαthus fasciatus. In order to solve this problem, this study aimed to 

determine suitable formulated commercial diet to replace prey fish. We evaluated the dietary utility 

of CMl, CM2 and CM3, commercially available, and control prey Spangled emperor fish larvae to 

Pacific bluefin tuna larvae and juveniles. PBT larvae at 21 days post-hatch with mean total length of 

20.2 mm were fed prey自由 larvaeand the CMl diet during the first four days of the feeding仕ial

and weaned onto each diet to examine the effect of switching diets on feed acceptance. Survival 

and growth were compared after day 11 of the feeding trial. Among the test diet groups, the high-

est survival occurred for CMl, followed by CM2 and CM3. Of the groups, the CM3 group had sig-

nificantly greater total length and body weight. These results suggest that PBT larvae and juveniles 

can readily acclimate to formulated commercial diets once they are successfully weaned onto a 

suitable formulated diet such as CMl. 

Key words: Pacific bluefin tuna larvae; Formulated diet 

Over the past decade, the high value of blue-

fin tuna at fish markets in Japan and the rising 

populariザofhealthy foods in Western countries 

has led to farming and fattening of bluefin tuna 

in various Mediterranean countries (Miyake 

et al. 2010; Metian and Pousil 2014). Bluefin 

tuna farming accounted for 18% of global blue-

fin tuna production (8,954 metric tons) during 

2011 a, and over the same period, tuna accounted 

for 4% of global seafood production for human 

consumptionb. Japan consumes over 75% of 

global bluefin tuna landings (Patridge 2013). 

Because the production of cultured bluefin tuna 

mainly depends on wild-captured young fish, an 

increased exploitation of young fish threatens 

the bluefin tuna natural resource. Therefore, it 

is necessary to replace wild-caught young tuna 

with hatchery-produced juveniles to sustain 

the tuna farming indus仕y. There have been 

efforts to establish Pacific bluefin tuna (PBT) 

aquaculture in Japan since the 1970s. In 1979, 

fertilized PBT eggs were incubated, and the 

•Food and Agriculture Organization (2013) Fishstat Plus: Universal Software for Fishery Statistical Time Series. In 
Aquaculture Production: Quantities 1950-2011, Aquaculture Production: Values 1984-2011; Capture Production: 1950-2011; 
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Rome, Italy・
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Department, Rome, Italy. 
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larvae survived until 47 days post-hatch (dph) 

(Kumai 2012). However, between 1983 and 

1994 no successful spawns of PBT in captivity 

were achieved. Spawns were first successfully 

produced in 1994 and in the three subsequent 

years, more than 13,000 PBT fry were produced 

at the Fisheries Laboratory of Kinki University, 

Wakayama, Japan (Sawada et al. 2005; Kumai 

2012). In 2002, Kinki University became the 

first facility worldwide to complete the PBT 

life cycle in captivity (Sawada et al. 2005). 

Subsequently, the closed life cycle of PBT was 

accomplished at other commercial companies 

from 2010 to 2014 (Kusano and Shirasu 2010). 

The increase in hatchery production of PBT 

juveniles has increased the demand for live feed 

such as yolk-sac larvae of prey fish. During 

hatchery production, PBT are fed rotifers from 

their mouth-opening stage until they reach 

15 mm total length and Artemia nauplii from 6 

to 30mm to阻llength (Sawada et al. 2000, 2005). 

From 10 to 40 mm total length, the PBT larvae 

are fed yolk-sac larvae of other species such as 

Japanese parro姐shOpleg仰 thusfasciatus or sp組問

gled emperor fish Lethrinus nebulosus (Sawada et 

al. 2000, 2005). Their diet is supplemented with 

minced sand lance Ammo砂tidaepersonatus from 

15 mm total length. Because of the highly pisciv-

orous nature of PBT, to avoid the risk of canni-

balism, it is essential to offer a sufficient amount 

of prey fish larvae. However, this requirement 

is difficult and laborious to provide because 

the broodstock of the prey fish must be continu-

ously spawned to obtain sufficient yolk-sac larvae 

during the entire period of PBT juvenile produc-

ti onα1iyashita 2002; Sawada et al. 2005). The 

nu凶tionalvalue of minced sand lance and yolk-

sac larvae is not always stable但agaet al. 2010). 

Thus, development of formulated diets to replace 

prey fish and sand lance might increase the pro-

duction of tuna farming. 

The advantages of formulated diets include 

freedom of choice in the ingredients and a 

range of pellet size and nutritional content. 

Such diets have been extensively studied for 

seed production of PBT larvae, thereby yield-

ing much useful information for further feed 

development, such as optimal C: P ratio, fatty 

acid requirements, and the need for vitamin C 

〔Biswaset al. 2006, 2013; Seoka et al. 2007; Takii 

et al. 2007a, 2007b; Ji et al. 2008; Haga et al. 2011; 

Takeuchi and Haga 2015). PBT do not read-

ily digest宣shmealcompared with the closely 

related species Spanish mackerel Scomber J~ゆon

icus; however, they do show high digestibility 
of enzyme-:仕eatedChilean fish mealぐfakiiet al. 

2007b). In light of these findings, a diet based 

on enzyme-:treated Chilean fish meal has been 

widely used as a replacement for chopped sand 

lance at PBT juvenile farming sites in Japan. 

Although these studies imply that the per-

formance of enzyme-treated Chilean fish meal-

based feed is be抗erthan other feed, there are 

no reports comparing the performance when 

fed to PBT larvae. We also examined feed 

acceptance by PBT larvae when their diet was 

switched from a weaning diet to another single 

diet, because feed acceptance is of fundamental 

importance when testing the feed performance 

of a particular diet. Because fish often refuse to 

accept a new diet without an acclimation period, 

this period is necessary when examining the 

effects of diet. In PBT, aggressive behavior 

such as biting was often observed in a large 

tank where the main句rpeof food was switched 

(Ishibashi 2012）.百ierefore,an unsuccessful 

switch in diet could stimulate aggressive behav-

ior and lead to high mortality. It is thus import-

ant to determine the effect of switching diets 

on growth and survival of PBT. To date, there 

appe訂 Sto have been no a仕emptsto report 

the effect of switching diet on the production 

performance of PBT larvae. Therefore, in the 

present study, we examined the effect of switch-

ing from a single commercial diet plus yolk-

sac larvae during the weaning period, to solely 

one of three commercial diets after the weaning 

period, on the survival of PBT larvae. 

Materials and Methods 

E唾eγimentaldiets 

百ireecommercial diets of marine fish, CMl, 

CM2, and CM3, were selected as test diets 

for the feeding trials. These are widely dis-

tributed in Japan and used in various marine 
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日shhatcheries. Yolk-sac larvae of the spangled 

emperor fish L. nebulosus (PF), which is com・
monly used for juvenile PBT production, were 

used as血econ仕ol.

The proximate composition of test diets is 

shown in Table 1.τbe crude protein content was 

approximately 60% in all test diets. Crude lipid 

content was approximately 18% in all test diets 

except for CM2, which had slightly lower lipid 

content (14.5%）.官官 controldiet (PF) contained 

66.0% crude protein and 17.5% crude lipid. 

The total amino acid content of test diets is 

shown in Table 2. Cysteine and cystine were 

not detected in any of the diets, including PF. 

The test diets had higher glycine and glutamic 

acid levels than PF. CM3 had the highest tau-

rine level (2.62 g I 100 g dry-weight), whereas 

Table 1. Proximate composition of the test diets (percentage 
dry-weight). Values are averages of quadruplicate samples 
企omeach test diet 

CMl CM2 CM3 PF 

Moisture 2.5 6.4 4.8 94.0 
Crude protein 57.6 58.9 61.1 66.0 
Crude lipid 18.0 14.5 17.4 17.5 
Crude ash 9.5 14.0 12.2 17.5 

Table 2. Total amino acid content of出etest diets (g/100 g 
dry-weight). Values are averages of quadruplicate samples 
企omeach test diet. 

CMl CM2 CM3 PF 

Essential amino acids' 
Arginine 2.43 2.22 2.46 2.57 
Histidine 1.43 0.95 0.78 1.23 
Isoleucine 0.93 0.80 0.96 0.93 
Leu cine 2.82 2.46 2.84 2.80 
Lysine 2.93 2.55 2.70 2.76 
Methionine 1.05 LOO 1.08 1.04 
Phenylalanine 1.52 1.41 1.61 1.73 
Threonine 1.65 1.46 1.62 1.66 
Valine 1.16 0.87 1.10 1.11 
Tryptophan 0.47 0.40 0.37 0.56 

Non-essential amino acids' 
Alanine 2.97 2.57 2.63 2.62 
Aspartic acid 4.18 4.17 4.08 4.21 
Glutamic acid 5.88 5.50 6.29 2.60 
Glycine 3.27 2.83 2.83 1.59 
Pro line 1.90 1.73 1.85 1.50 
Tyrosine 1.24 1.20 1.38 2.05 
Serine 1.98 1.91 2.04 5.79 
Ta urine 0.50 0.42 2.62 0.91 

1 Cysteine and cystine were not detected. 

PF had the highest serine level (5.79 g I 100 g 

dry-weight). 

The free amino acid content of the test diets 

is shown in Table 3. PF had the highest free 

amino acid content, followed by CM3, CMl, and 

CM2 (4.64, 3.65, 3.10 and 1.53 g I 100 g dry-

weight, respectively). CM2 contained lower 

levels of arginine, phenylalanine, leucine, isoleu-

cine, valine, alanine, tyrosine, glutamic acid, and 

aspartic acid than the other dietsぐTable3). CMl 

contained more histidine (0.63 g I 100 g dry-

weight), whereas CM3 contained more taurine 

(1. 70 g I 100 g dry-weight) than the other diets. 

The fa町racid composition of the test diets 

is shown in Table 4. The most abundantly 

observed fa町racids were palmitic and oleic 

acids in CMl, CM2, and PF, except for CM3 

where a significant proportion of linoleic acid 

was observed. Docosahexaenoic acid (DHA) 

levels were similar among all test diets (7-8% 

of total白町racid). However, PF had higher 

DHA (19.1 %) and lower eicosapentaenoic acid 

(EPA) (3.1 %) levels than all test diets. PF was 

also unique in terms of a very high amount of 

DHAlevel (19.1%). 

Table 3. Free amino acid content of the test diets (g/ 
100 g dry-weight). Values are averages of quadruplicate 
samples from each test diet. 

CMl CM2 CM3 PF 

Essential amino acids' 
Arginine 0.22 0.12 0.25 0.22 
Histidine 0.63 0.37 0.05 0.21 
Isoleucine 0.11 0.02 0.10 0.11 
Leu cine 0.30 0.04 0.21 0.25 
Lysine 0.22 0.04 0.18 0.11 
Methionine 0.08 Tr.2 0.04 0.16 
Phenylalanine 0.14 0.02 0.10 0.36 
Threonine 0.09 0.03 0.09 0.14 
Valine 0.13 0.03 0.12 0.16 
Tryptophan Tr.2 Tr.2 Tr.2 0.11 

Non-essential amino acids' 
Alanine 0.22 0.10 0.21 0.23 
Aspartic acid 0.07 0.02 0.06 0.10 
Glutamic acid 0.13 0.07 0.12 0.51 
Glycine 0.08 0.08 0.14 0.15 
Pro line 0.03 0.12 0.10 0.14 
Tyrosine 0.13 0.02 0.11 0.61 
Serine 0.05 0.02 0.06 0.24 
Ta urine 0.46 0.40 1.70 0.81 

1 Cysteine and cysteine were not detected. 
2Tr.：・.trace （く0.01).
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Fish, experimental design, and sampling 

PBT were allowed to spawn in cages, and fer-

tilized eggs were raised in tanks at Amami Fish 

Farm, Amami, Kagoshima, Japan. PBT larvae 

were fed the rotifers Brachionus rotundiformis 

and PF until the start of the feeding仕ialat 21 

dph. PBT larvae with an initial size of 20.2 ± 

0.3 mm were randomly distributed into eight 

500 l circular experiment tanks at a stocking 

density of 300 individuals per tankぐTable5). 

The feeding trial was conducted in duplicate. 

The seawater exchange rate in each tank was 

adjusted to 400-1000% of tank volume per day 

Table 4. Fa向racid composition in total lipids of the test 
diets (percentage area). Values are averages of quadruplicate 
samples from each test diet. 

Experimental diets 

Fa向racid CMl CM2 CM3 PF 

14:0 5.3 8.4 2.1 2.6 
16:0 17.2 21.5 20.1 28.6 
16: ln-7 6.9 6.9 2.6 4.7 
18:0 3.7 4.1 3.5 7.8 
18:1n・9 16.3 12.9 14.1 17.8 
18:2n-6 7.4 4.8 29.9 2.4 
18:3n-3 1.4 1.1 3.0 0.4 
20:1n-11 2.5 2.3 1.8 0.3 
20:5n-3 6.5 8.8 3.8 3.1 
22: ln-11 5.5 3.0 1.3 0.1 
22:5n-3 1.3 0.9 0.5 1.1 

22:6n-3 7.8 7.1 7.6 19.1 
22:6n”3/20:5n-3 1.2 0.8 2.0 6.2 
Others 9.9 11.7 8.0 9.5 
エn・3PUFA1 18.9 20.6 15.6 24.3 
Ln-3HUFA2 17.5 19.5 12.7 23.9 
1 PUFA, polyunsaturated fa均racids; Ln-3PUFA: 18:3n-3, 18:4n-
3, 20:4n-3, 20:5n-3, 22:5n-3, 22:6n-3. 
2Ln-3HUFA: 18:4n-3, 20:4n-3, 20: 5n-3, 22:5n-3, 22:6n-3. 

(PF group) or 1100-1300% of tank volume per 

day (test diet groups) (Table 5）.百ieaverage 

temperature and oxygen concentration was 

maintained at 27.0 ± 0.5℃ and 8.1 ± 0.1 mg/l, 

respectively (Table 5). 

The first four days of the trial were desig-

nated for weaning the larvae (21-24 dph), and 

the subsequent seven days were designated 

for feeding with only the test diets for juve-

niles (25-31 dph). During the weaning period, 

CMl (hourly between 7: 00 and 19: 00) and PF 

（制止cedaily, 13: 00 and 19: 00) were provided 

to all treatment groups. The amount of PF pro-

vided was reduced gradually, with sequentially 

decreasing ratios of PF to PBT larvae of 150: 1, 

120: 1, 90: 1, and 60: 1, so as to promote the 

weaning of PBT juveniles onto the test diets. 

After a four司 dayacclimation period, PBT juve-

niles were fed only one of the test diets (CMl一

CM3). Fish in the PF group were fed yolk-

sac larvae to apparent satiety at each feeding 

throughout the test period. The feeding trial 

was terminated on the seventh day of出efeed-

ing period to avoid the increasing risk of colli-

sion deaths during prolonged rearing, as well 

as to obtain sufficient numbers of survivors for 

chemical composition analysis. 

Fish were sampled at the start of the feeding 

trial and kept frozen at -80 °C until analysis. 

Fish were additionally sampled three times at 5, 

8, and 11 days after the initiation of the feeding 

trial to measure growth performance. At these 

sampling periods，日vefish were collected from 

each tank and measured for total length using 

Tc五hie5. Rearing conditions for feeding trial of Pacific bluefin tuna (PBT) juveniles 

Average fish size (mm) 1 20.2 ± 0.3 
Age of initial fish (days post hatching) 21 
Tank volume (l) 500 

Number offish (ind./tank) 260 
Rearing period (day) Weaning period 4 

Feeding amount of test diet (g/tank/ day) 
Water tempera加re（℃）2 
pH2 
Dissolved o可gen(mg/l)2 

Photoperiod (h: h) 
Exchange rate of sea water(% tank volume/day) 
Aeration (ml I min) 
1 Mean± standard deγiation (SD) (n = 100). 
2Mean ±SD (n=8). 

Sole feeding of CM period 7 
10-15 

27.0 ± 0.5 
8.1 ± 0.1 
6.7 ± 0.6 

12L: 12D (light, 7: 00-19: 00) 
1000-1300 

500 
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an electronic micrometer (Dτ150, Niigata-Seiki 

Co. Ltd., Niigata, Japan) and body weight using 

a balance (AUW220D, Shimadzu Co., Kyoto, 

Japan). The carcasses of these fish were saved 

for later chemical analysis. The tank bottom 

was cleaned daily to maintain good water qual-

ity, and the number of dead fish collected was 

recorded to estimate survival. The survival was 

calculated by subtracting the total number of 

dead fish from the initial number of fish. 

At the end of the feeding trial, the remaining 

fish were stored at -80。Cand transferred to the 

Laboratory of Fish Nutrition, Tokyo University 

of Marine Science and Technology, for chemical 

analysis. 

Chemicαlαnαlヲsis

The proximate compositions of test diets 

and carcasses were analyzed using standard 

methodsc. Crude protein was measured by the 

Kjeldahl method （悶eltec2400, FOSS Japan Co., 

Tokyo, Japan). An empirical factor of 6.25 was 

used to convert the amount of nitrogen mea-

sured into protein. Crude lipid was extracted 

according to Folch et al. (1957). Total amino 

acid content was determined by an automatic 

amino acid analyzer (JLC-500, JEOL Co., Tokyo, 

Japan) following the methods of Boonyoung et 

al. (2012）.百iemethods for determining free 

amino acid content are detailed below. Samples 

(0.1 g) were placed into plastic tubes to which 

10 ml 2% sulfosalicylic acid was added. Samples 

were then homogenized for 90 s (Polytron PTlO-

35, Kinematica AG, To匂o,Japan）.百ieplastic 

tu bes were cen仕組1gedtwice in a high-speed 

refrigerated cen仕泊Jge(SRX-201, Tommy Co., 

Tokyo, Japan) at 1610 g-force for 15 min. 百ie

upper layers were pooled, adjusted to 50 ml, and 

injected into the automatic amino acid analyzer. 

Fa句racid methyl ester was obtained according 

to methods of Morrison and Smith (1964). Fa町r

acid methyl ester was diluted with n-hexane 

and injected onto a gas chromatograph (GC・

2025, Shimadzu, Tokyo, Japan) equipped with a 

SUPERCO－~直XlO column (30 m × 0.32 mm; 

Sigma-Aldrich Co., Ltd., St. Louis, MO, USA). 

The column oven temperature was increased 

from 170℃ to 250 °C at a rate of 2℃／min, and 

then maintained at 250。C.The percentage area 

of each peak was determined with a digital inte-

grator (C-R8A Chromatopac; Shimadzu). 

Stαtisticαl anαlysis 

Growth performance and initial and final car-

cass composition data were analyzed by one-

way analysis of variance （釧OVA)followed by 

Tukey’s multiple range test to identify mean d品

ferences at a significance level of Pく 0.05(SPSS 

Statistics 19, IBM, Armonk, NY, USA). 

Results 

Suγ匂ivαlαndgγowth of PBT Iαγ匂αe

The highest survival of PET larvae to the final 

day was observed in the PF group (65.3%), fol-

lowed by the CMl (42.8%), CM2 (40.0%), and 

CM3 (37.0%) groups (Fig. 1). 

Fig. 2 presents PET survival data for only the 

posιweaning period when experimental fish 

were fed the test diets.τ'he highest survival 

during this period occurred for the CMl group 

(76.7%), followed by the PF (74.3%), CM2 

(70.2%), and CM3 (70.2%) groups. 

The growth performance of PET juveniles 

over the entire rearing period is shown in Figs. 

3-5. Among the groups, total length and body 

weight of fish in the CM3 group were signifi-

cantly greater by the end of the experiment, 

followed by those in the CMl, PF, and CM2 

100 

90 

80 

70 
（ ポ 60
、句〆

- 50 
同〉

ー【 40
ー←PF〉』

コ 30
・-a-CM!Uつ

20 
一合一CM2

10 
一様一CM3。。 2 3 4 5 6 7 8 9 10 11 

Rearing period (day) 

Fig. 1. Survival of Pacific bluefin tuna (PBT) juveniles fed 
different test diets (PF; prey fish and CMl-3; commercial 
dietl-3) during the rearing period. 

c Official Methods of Analysis, 17th edn (1993) Association of Q所cialAnalytical Chemists, Arlington, USA. 
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groups (Figs. 3 and 4). The growth curve for 

body depth for the PF group was different from 

the test diet groups (Fig. 5). At 32 dph, body 

depth was significantly greater in the CM3 

group than in the PF group (Fig. 5). 

Pγoχimαte chemical compos悩onof the caγcαSS 

百ieproximate chemical compositions of juve-

nile PBT carcasses at吐iebeginning and at the 

end of the feeding trials are presented in Table 6. 

Among the PF and CMl一CM3groups, all groups 

100 

90 

80 

70 

fヌ、，「〆 60 

ち〉 50 

一←PFα~ コ 40 30 -o-CMl 

20 ー←CM2
JO ー トCM3。

4 5 6 7 8 9 10 II 

Post-weaning period (day) 

Fig. 2. Survival of PBT juveniles fed different individual 
test diets (PF; prey fish and CMl-3; commercial dietl 3) 
during the post-weaning period. 

8 12 

Rearing period (day) 

Fig. 3. Total length of PBT juveniles fed different diets 
(PF; prey fish and CMl-3; commercial dietl-3) during the 
rearing period. Different superscript letters indicate sig-

nificant differences among the dietary groups (P< 0.05, 
Tukey’s test; n = 10; day 8, n = 10; day 12, n = 55). 

had similar moisture content. No signi自cantdi壬

ference was observed in protein content among 

the groups. However, lipid composition was 

significantly higher in the CMl and CM3 groups 

than in出eCM2 and PF groups. 

Amino acid profiles are shown in Table 7. 

Significant differences among出e 廿eatments

were observed for arginine, leucine, phenyl-

alanine, alanine, proline, tyrosine, and taurine 

ぐTable7). High aspartic acid and glutamic acid 

contents were observed among the examined 

1250 

戸ヘ 1050
Oil 

5 850 
」コ
.!:.1l 650 
Ill 

E符
’u s 250 

50 

ー←PF

-o-CMI 

-+-CM2 

-x-CM3 

b 

b 

5 8 12 
Rearing period (day) 

Fig. 4. Body weight of PBT juveniles fed different diets 
(PF; prey fish and CMl-3; commercial dietl-3) during the 
rearing period. Different superscript letters indicate sig-
nificant differences among the dietary groups (Pく 0.05,
Tukey’s test; day 5, n = 10; day 8, n = 10; day 12, n = 55). 

II 

10 
→－PF 
-o-C孔11 a ~~c 
一金一CM2

..c 8 -x-CM3 

~ 7 

主凶0 : 

4 
5 8 12 

Rearing period (day) 

Fig. 5. Body depth of PBT juveniles fed different diets (PF; 

prey fish and CMl-3; commercial dietl-3) during the rear-
ing period. Different superscript letters indicate significant 
differences among the dietary groups (P < 0.05, Tukey’s 
test; n = 10; day 8, n = 10; day 12, n = 55). 

Table 6. Proximate composition of Pacific bluefin tuna (PBT) juveniles at the beginning and end of the feeding trial 
(wet-basis, percentage wet-weight). Values are means ± standard deviation (SD) (n = 4). Different superscript letters 
indicate significant differences among the dietary groups (Pく0.05,Tukey’s test). 

Initial Final (32 dph) 

(21 dph) CMl CM2 CM3 PF 

Moisture 84.1 ± 0.8 81.9 ± 0.1 82.1 ± 0.5 81.8 ± 0.6 82.5 ± 0.5 

Crude protein 12.7 ± 0.8 13.8 ± 0.3 13.5 ± 0.3 14.2 ± 0.4 14.1 ± 0.7 

Crude lipid 1.7 ± 0.1 2.2 ± 0.1 a 1.7土 0.1b 2.0 ± 0.1 a 1.3±0.lc 

Crude ash 2.6 ± 0.2 2.7 ± 0.1 b 3.2 ± 0.3・ 2.7 ± 0.2b 2.8 ± 0.1 ab 
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amino acids (fable 7）.百ieCM3 group had 

significantly higher arginine, phenylalanine, and 

leucine contents出anthe other dietary groups. 

Iρw EAA index was recorded in the CM2 group. 

High EAA index was recorded in the PF group. 

A considerable difference was observed in free 

amino acid composition of PET between the PF 

group and test diet groups. In PF, the levels of 

Table 7. Proteinaceous amino acid content in Pacific bluefin加na(PBT) juveniles at the beginning and end of the feeding 
trial包／100g dry-weight). Values are means ±standard deviation (SD）企ひmquadruplicate car℃ass samples from each 
group. Different superscript le仕ersindicat廷 significantdifferences among the dietary groups伊く0.05,Tukey’s test). 

Initial Final (32 dph) 

(21 dph) CMl CM2 CM3 PF 

Essential amino acids1 

Arginine 2.3 ± 0.2 2.2 ± o.2•b 1.9 ± 0.3b 2.4 ± 0.2" 2.5 ± 0.0" 
Histidine 0.7 ± 0.1 0.7士0.2 0.7 ± 0.2 1.0 ± 0.1 0.9 ± 0.2 
Isoleucine 0.9 ± 0.1 0.9 ± 0.1 0.8 ± 0.2 1.0 ± 0.1 1.0 ± 0.0 

Leu cine 2.6 ± 0.2 2.1 ± o.2•b 2.4 ± 0.4 b 3.0 ± 0.2" 2.9 ± 0.1 ab 

Lysine 2.8 ± 0.2 3.1 ± 0.4 2.6 ± 0.6 3.4 ± 0.2 3.4 ± 0.2 
Methionine 0.8 ± 0.1 0.8±0.lb 0.7 ± 0.1 b 0.8±0.lb 1.1 ± 0.1 a 

Phenylalanine 1.4 ± 0.1 1.5 ± 0.1 ab 1.3 ± 0.2b 1.6±0.1" 1.6 ± 0.1 a 

τbreonine 1.7 ± 0.1 1.8 ± 0.1 1.7土 0.3 2.0 ± 0.1 1.8 ± 0.1 
Valine 1.1 ± 0.2 1.1 ± 0.1 1.0 ± 0.2 1.3 ± 0.2 1.1 ± 0.1 
Tryptophan 0.4土 0.1 0.2 ± 0.2 0.1土 0.2 0.1 ± 0.1 0.2 ± 0.1 

Non-essential amino acids1 

Alanine 2.3 ± 0.2 2.4 ± o.2ab 2.2士0.2b 2.7 ± 0.1 a 2.7 ± 0.1 a 

Aspartic acid 3.8 ± 0.2 4.2 ± 0.3 3.8 ± 0.4 4.4 ± 0.2 4.3 ± 0.2 
Glutamic acid 5.3 ± 0.3 5.7 ± 0.4 5.4 ± 0.7 6.1±0.3 6.1±0.2 
Glycine 2.6 ± 0.1 2.6 ± 0.3 2.5 ± 0.2 2.8 ± 0.2 2.8 ± 0.1 

Pro line 1.7 ± 0.1 1.7 ± 0.1 ab 1.5 ± 0.2b 1.9 ± 0.1 a 1.8 ± 0.1 ab 

Serine 1.9 ± 0.1 2.0 ± 0.2 1.9 ± 0.2 2.2 ± 0.1 2.2 ± 0.1 

Tyrosine 1.2土 0.1 1.3土 0.1ab 1.2 ± 0.2b 1.4 ± 0.1 a 1.4土 0.1a 

1 Cysteine and cystine were not detected. 

Table 8. Free amino acid content in Pacific bluefin tuna (PBT) juveniles at the beginning and end of the feeding trial 
(g I 100 g dry-weight). Values are means ± standard deviation (SD) from quadruplicate carcass samples from each group. 
Different superscript letters indicate significant differences among the dietary groups伊く0.05,Tukey’s test). 

Initial Final (32 dph) 

(21 dph) CMl CM2 CM3 PF 

Essential amino acids1 

Arginine 0.23 ± 0.04 0.40 ± o.oob 0.47 ± 0.05" 0.30 ± 0.05c 0.07 ± 0.01 d 

Histidine 0.70 ± 0.04 1.48 ± 0.02" 1.12土 0.06b 0.56土 0.02d 0.74 ± o.02c 

Isoleucine 0.12 ± 0.02 0.17 ± 0.01 b 0.21 ± o.02a 0.12 ± o.02c o.o4 ± o.ooa 

Leucine 0.24土 0.04 0.35土 o.oob 0.43 ± 0.05" 0.25 ± 0.04 c o.os ± o.ooa 

Lysine 0.24 ± 0.03 0.34 ± 0.02b 0.44 ± 0.05a 0.31 ± 0.05b 0.06 ± 0.01 c 

Methionine 0.11±0.02 0.11 ± o.oob 0.20 ± o.02a 0.13 ± o.02c o.o4 ± o.ooa 

Phenylalanine 0.15 ± 0.03 0.22 ± o.oob 0.28 ± 0.03a 0.17 ± 0.03c o.os ± o.ooa 

Threonine 0.17 ± 0.02 o.1s ± o.oob 0.21 ± 0.02" 0.14 ± 0.01 c 0.06 ± o.ooa 

Valine 0.19 ± 0.03 0.20 ± o.oob 0.24 ± 0.03a 0.15 ± o.02c 0.01 ± o.ooa 

Tryptophan 0.04 ± 0.02 0.10 ± 0.01 a 0.12 ± O.Ql a 0.06 ± 0.03 b 0.01 ± o.ooc 

Non-essential amino acids1 

Alanine 0.42 ± 0.04 0.44 ± 0.01 b 0.51 ± 0.05a 0.32 ± 0.03c 0.16 ± o.ooa 

Aspartic acid 0.29 ± 0.04 0.32 ± 0.01 b 0.40 ± 0.05a 0.25 ± 0.03c 0.09 ± 0.01 d 

Glutamic acid 0.40 ± 0.04 0.44 ± 0.01 b 0.53 ± 0.06b 0.35 ± 0.04 c 0.16 ± 0.01 d 

Glycine 0.18土 0.01 0.16 ± o.oob 0.18 ± 0.01 a 0.14 ± 0.01 b 0.10 ± o.ooc 

Pro line 0.18 ± 0.03 0.18 ± 0.02" 0.21土 0.03a 0.13土 0.01b 0.04 ± o.02c 

Serine 0.25 ± 0.02 0.26 ± 0.01 b 0.31 ± 0.03" 0.19 ± o.02c o.o9 ± o.ooa 

Tyrosine 0.16 ± 0.03 0.23 ± o.oob 0.29 ± 0.03" 0.17 ± 0.03c o.os ± o.ooa 

Taurine 1.20 ± 0.07 0.85 ± 0.02b 0.57 ± 0.07c 1.10 ± 0.05" 1.08 ± 0.04 a 

1 Cysteine and cystine were not detected. 
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Table 9. Fa町racid composition in to凶 lipidof Pacific bluefin tuna (PB1) juveniles at the beginning and end of the feeding 
trial (percentage area). Values are means± standard deviation (SD) from quadruplicate carcass samples 企omeach group. 
Percentage data for PBT fatty acid composition was arcsine-transformed before testing for signi宣cantdifferences between 
groups. Different superscript letters indicate significant differences among the dietary groups (Pく0.05,Tukey’s test). 

Initial 。1dph) 
14:0 0.6 ± 0.0 
16:0 29.6 ± 0.9 
16:1 2.1 ± 0.1 
18:0 11.8 ± 0.2 
18: ln-9 14.0 ± 0.2 
18: ln-7 3.6 ± 0.2 
18:2n・6 1.7 ± 0.0 
18:3n-3 0.1土 0.0
18:4n-3 0.2土 0.0
20:1 0.5 ± 0.1 
20:4n-6 3.0 ± 0.1 
20:4n-3 0.2 ± 0.0 
20:5n-3 2.8 ± 0.1 
22:1 0.1±0.0 
22:5n-3 1.0 ± 0.1 
22:6n-3 20.9 ± 1.0 
22: 6n-3/20: 5n-3 7.4 ± 0.2 
エn・61 5.6 ± 0.2 
Ln-32 24.2土 1.1

n-3/n-6 4.3 ± 0.1 
18: 13 /22: 6n-3 0.8 ± 0.1 
18: l3/n-3HUFA 0.7 ± 0.0 
1 Ln-6; 18: 2n-6, 20: 4n-6, 22: 5n-6. 
2 Ln-3; 18: 3n-3, 18: 4n-3, 20: 4n-3, 20: 5n-3, 22: 6n-3. 
318: 1; 18: ln 9, 18: ln 7. 

CMl 

2.2 ± 0.2・ 
22.3 ± l.3b 
5.3 ± 0.4 a 
7.6 ± 0.1 c 
17.1 ± 0.4 a 
4.4 ± 0.2b 
7.1±0.2b 
o.s ± o.ob 
0.6士0.1a 
4.5土 0.5・
1.2 ± 0.1 b 
0.4 ± 0.1 a 
5.3 ± 0.3b 
2.1 ± 0.1 a 
1.4 ± 0.1 a 
11.9 ± l.7b 
2.2 ± 0.2c 
9.7 ± o.ob 
19.0士2.0b
2.0土 0.2c
1.8 ± 0.3・ 
1.1 ± 0.1 a 

all the amino acids examined, except for glycine 

and taurine, were as low as nearly one third of 

those of the other groupsσable 8). Although 

the essential amino acid level of free amino acids 

in PBT was always higher in the CMl and CM2 

groups than that of the initial fish, histidine，出re-

onine, and valine levels in PBT of the CM3 group 

were lower than those of the initial fishぐfable8). 
The taurine level in free amino acids of PBT was 

significantly higher in出ePF and CM3 groups 

than出eCMl and CM2 groups. 

Carcass fatty acid profiles are shown in Table 

9. The 18: 0 of the PF group was significantly 

higher than those of test diet groups. The high-

est 18: ln-9 was observed in the CMl group, 

significantly higher than test diet groups. The 

carcass 20: 5n-3 (EPA) was signi宣cantlyhigher in 

the CM2 group than in the test diet groups. The 

22:6n-3のHA)was signi宜cantlyhigher in the PF 

group出anin血etest diet groups.τbeDHA:EPA 

and n-3 : n-6 ratios were significantly higher in 

the PF group than in the test diet groups. 

Final (32 dph) 

CM2 CM3 PF 

1.9 ± 0.4 a o.7 ± o.ob 0.5 ± o.oc 
26.8 ± 3.3・ 23.0土 0.4ab 26.9 ± 2.3・ 
3.9 ± 0.5b 1.9 ± 0.1 c 1.9 ± 0.3c 
9.9 ± 0.5b 8.0 ± 0.2c 13.0士0.4a 
13.5 ± 0.7b 12.9 ± 0.4 b 13.3土 0.5b
4.9 ± 0.1 a 3.1 ± 0.1 c 3.3土 0.2c
3.9 ± 0.1 c 24.7 ± 0.3・ 1.5 ± 0.1 d 
0.4 ± o.oc 1.4 ± o.o・ 0.1 ± o.oa 
0.6±0.1・ o.3 ± o.ob 0.1 ± 0.1 c 
2.8 ± 0.2b 1.2 ± 0.5c 0.5 ± 0.1 d 
1.3 ± 0.2 b 1.1士0.1b 3.5 ± 0.2・ 
0.3 ± O.Ob 0.1土 o.oc 0.1 ± o.oc 
6.s ± o.s・ 3.3 ± 0.3c 2.4 ± 0.2c 
1.4 ± 0.6b 0.5 ± 0.2c 0.1土 o.oc
1.2 ± 0.3 ab 0.6 ± o.oc 0.8 ± 0.1 be 
14.5 ± 3.2b 13.9 ± l.9b 24.6 ± 2.1 a 
2.1 ± 0.2c 4.2 ± 0.3b 10.1 ± 0.4 a 
6.3 ± 0.3c 26.4 ± 0.2・ 5.8 ± 0.3d 
22.6 ± 4.0b 18.9 ± 2.1 b 27.4 ± 2.4 a 
3.6 ± 0.4 b 0.7士0.1d 4.7 ± 0.2・ 
1.3 ± 0.3 b 1.2土 0.2b 0.7 ± 0.1 b 
0.8 ± 0.2bc 0.9 ± 0.1 ab 0.6±0.lc 

Discussion 

Different growth pa抗erns were apparent 

in the PBT fed test diets and the PF. In the 

PF group, PBT grew almost linearly through-

out the trial in terms of total length and body 

weight. In apparent contrast, PBT fed test 

diets showed higher growth r抗es,particularly 

between day 8 and 12 of the trial (28-32 dph). 

In terms of body depth, the growth rate of the 

PF group was depressed toward the end of the 

rearing period. Conversely, as with total length 

and body weight, growth of PBT fed the test 

diets was rapid between day 8 and 12 (28-32 

dph）.官邸 differencecould reflect the d百ferent

moisture content between the test diets and PF 

diet, where a 14. 7・foldhigher moisture content 

was observed in the PF diet. This considerable 

difference might be attributed to the differ-

ences in nutrient contents among the PF and 

test diets, and consequently resulted in higher 
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protein and lipid consumption in the test diet 

groups. Considering that PBT showed rapid 

growth at approximately 25 dph when fed test 

diet. At this age PBT was observed to change 

from larvae to juveniles (Miyashita 2002) hence 

switching to compound feed from PF larvae 

is recommended. Among the groups, by the 

end of the feeding trial, the highest increase 

in total length was observed in fish fed CM3. 

Biswas et al. (2009) suggested that a protein 

and lipid imbalance in formulated diets results 

in slightly lower growth performance of PBT 

juveniles, whereas well-balanced feed yields 

sufficient growth potential and feed conversion 

ratios (FCR), with suitable haematological and 

biochemical parameters (Martide Castro et al. 

1997; Geirsdottir et al. 2007; Huynh et al. 2007; 

Zlatanos and Laskaridis 2007). Furthermore, 

Biswas et al. (2009) suggested that a formu-

lated diet with 61.9% crude protein and 17.9% 

crude lipid could ensure good growth in PBT 

juveniles. In our experiment, the CM3 diet wi出

61.1% crude protein and 17.4% crude lipid con-

tained the protein and lipid proportions closest 

to those recommended by Biswas et al. (2009). 

Therefore，仕ieCM3 diet should be feasible as a 

formulated diet for growing PBT juveniles. 

The survival of fish fed both the test diets 

and the PF tended to decrease after day 8 of 

the feeding trial, when PBT juveniles were 

observed to collide with the wall of the rear-

ing tank. The relatively lower survival rate 

reported for PBT juveniles compared to 

other species can be attributed to their panic 

response to external stimuli and the inevitable 

仕aumawhen fish comes in contact with the 

tank walls (Miyashita 2002). We observed no 

clear relationship between dietary treatments 

and injures that were most likely due to colli-

sions with the tank wall. 

The levels of seven amino acids (arginine, 

leucine, phenylalanine, alanine, proline, tyro白

sine, and taurine) in PBT were different after 

being fed the test diet for seven days. This 

suggests that these amino acids are affected 

by the dietary amino acid profile. High aspar-

tic acid and glutamic acid were detected. This 

finding is in agreement with a previous study 

on yellow曲land bigeye tuna (Peng et al. 2013). 

High alanine, histidine, and taurine were 

reported in juvenile yellow宣ntuna (Buentello 

et al. 2011). In the present study, the CMl 

and CM3 groups showed higher growth per-

formance than the other dietary groups at 32 

dph. The CMl and CM3 diets contained higher 

glutamic acid, glycine, and aspartic acid levels 

than the other diets. According to Wu (1998), 

dietary glutamic acid, glycine, and aspartic acid 

collectively form the major energy source in 

intestinal mucosa, and are responsible for pro-

viding血enecessary energy for ATP-dependent 

metabolic processes in marine fish. According 

to Kohbara et al. (2006), PBT juveniles have 

higher electrophysiological taste responses to 

alanine, isoleucine, leucine, methionine, proline, 

and valine. In the present studぁhigherfeeding 

acti吋tywas observed in fish offered CMl, CM3, 

and PF; these diets had higher alanine, isoleu-

cine, leucine, methionine, and valine levels as 

free amino acids in relation to CM2. The total 

content of these free amino acids in these diets 

(0.84 g, 0.68 g, and 0.91 g I 100 g dry-weight for 

CMl, CM3 and PF, respectively) were higher 

than出atin CM2 (0.19 g I 100 g dry-weight). 

百iisdifference seemed to affect readily recog-

nition and/ or high palatability of the diets and 

eventually induced higher survival and growth 

of CMl, CM3 and PF出anCM2. Higher EAA 

indices and be仕ergrowth performance was 

observed in CMl-3 diets. Although highest EAA 

index was observed in PF group, grow出 ofthe 

PF group was inferior to CM3 group. This could 

be due to very high moisture content in PF. 

Deficiencies of these essential amino acids 

in diets may have affected the growth perfor・

mance of PBT in the present study. Free amino 

acid is thought to be utilized more efficiently 

during the early life stage of fish (Fhyn and 

Serigstad 1987; Fhyn 1989). Tuna and skip-

jack have large dark muscle and contain rel・

atively high histidine compounds there than 

the other fishes (Suyama et al. 1973, 1986). It 

was suggested that histidine compounds have 

antioxidant activities and play a role in protect-

ing negative impact of reactive O勾genspecies 

generated by continuous swimming. The high 
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histidine content in free amino acids in the CMl 

diet could have been one of the reasons for出e

high survivals observed in this group. On the 

other hand, the CM2 diet contains one third 

to one fifth of the levels of isoleucine, leucine, 

lysine, phenylalanine, threonine, and valine 

compared to the other diets. The deficiencies 

of these six essential amino acids in f陀eamino 

acids in CM2 could be one of the causes of 

lower survival and growth in this group. 

PET showed the best growth in the CM3 

group, particularly after 8 days post initiation of 

feeding when growth moved beyond出atof the 

PF group. Considering lower histidine, thre-

onine, and valine among the free amino acids of 

PET fed the CM3 diet, these amino acids should 

be consumed and utilized to support rapid 

growth after 8 days post initiation of feeding. 

Several studies have reported that both n-3 

and n-6 fa句racids are necessary for larvae and 

broodstock of cultured marine fish (Takeuchi 

et al. 1980; Furuita et al. 1996; Bessonart et al. 

1999; Bell et al. 2003), whereas the require-

ments of most juveniles are satisfied with 

n・3fa向racids. Marine fish species require 

essential fa町racids such as dietary n・3highly 

unsaturated fatty acids (HUFA), EPA, and DHA 

(Sargent et al. 1999). High amounts of DHA 

were detected in several tuna species including 

PET (Seoka et al. 2008; Biswas et al. 2009; Haga 

et al. 2010, 2011; Peng et al. 2013). For PET 

juveniles, dietary n・3HUFA, especially D HA 

is highly accumulated in the body lipid. PET 

and yellowfin tuna selectively accumulate and 

retain DHA in their tissues (Ishihara and Saito 

1996; Saito et al. 1996). Similarly, in the present 

study, higher DHA and EPA proportions were 

observed in the whole bodies of PET than in 

their diets. This suggests that PET selectively 

accumulate these fa向racids in their bodies. 

The PF group contained the highest DHA and 

unsaturated fa均racid proportions compared 

to fish in the test diet groups; this appears to 

be a reflection of the higher dietary D HA level 

of PF. Furthermore, the DHA levels of the 

PET in the CMl一CM3groups at 32 dph were 

lower than that at the start of the experiment at 

21dph. Conversely, the DHA level at 32 dph of 

PET fed PF was higher than that at 21 dph, sug-

gesting that performance of PET larvae could 

be affected by difference of DHA. However, 

similar or even higher growth was observed 

at 32 dph in PET fed CMl一CM3and those fed 

PF, implying that由eDHA level in the test diets 

was sufficient in terms of growth promotion. 

Therefore, our results do not provide a clear 

estimate of the DHA requirement of PET larvae, 

and determination of the DHA requirement of 

PET larvae is a subject for future s加dy.Seokaet 

al. (2008) have suggested the importance of仕ie

DHA:EPA ratio for the growth performance of 

marine fish larvae and juveniles. In the present 

studぁthehighest DHA: EPA ratio was observed 

in the PF diet (6.2), followed by CM3, CMl, and 

CM2 (2.0, 1.2, and 0.8, respectively). A high 

DHA:EPA ratio has been reported for marine 

宣sheggs, larvae, and wild copepods that have 

been considered the natural food of marine fish 

larvae and juvenilesσocher and Sargent 1984; 

Drillet et al. 2006). Bell et al. (2003) reported 

that these food organisms have a DHA: EPA 

ratio > 2, which is closest to the ratios observed 

in CM3 (2.0) and PF (6.2) in the present study. 

In the present study, feeding with CMl 

during the weaning period did not appear to 

negatively affect acceptability of feed, even 

after the larvae were switched to another diet. 

In general, it is difficult to evaluate effect of 

feed on fish performance when fish does not 

consume the test diet well. Therefore, less 

palatable diet is not suitable for weaning from 

live feed such as PF to compound diet. In 

app訂 entcontrast, the present result suggests 

that once PET were weaned onto CMl, they 

readily accepted the other diets. Collectively 

consideration of the present results therefore 

suggests that PET larvae can easily acclimate 

to a formulated diet once they are successfully 

weaned onto a different formulated diet with 

high pala旬bility.
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クロマグロ仔稚魚、の飼育成績に及ぼす各種配合飼料の有効性

ならびに飼料の切り替えの影響

曹貞鎧・芳賀穣・神村祐司・赤津敦司・伊藤暁・佐藤秀一

クロマグロ仔稚魚、に対する市販配合飼料 CMl, CM2および CM3の有効性を，天然餌料のハマフ

ェフキ僻化仔魚、（PF）を対照に検討した。騨化後21日齢，全長20.2mmの仔魚に PFとCMlを4日間

与えて配合飼料に馴致した後， 7日間 CMl～ 3および PFを単独給餌して飼育し，生残，飼育成績

および配合飼料への切り替えについて調べた。単独給餌期間の生残率は CMl, PFおよびCM2・3区

の順に低下した。終了時における全長および体重は， CM3区が他の飼餌料区より有意に優れていた。

以上の結果から，クロマグロ仔稚魚、を CMlのような晴好性が優れた配合飼料に一旦馴致することで，

成長段階に応じて他の配合飼料への切り替えを容易にすることが示された。
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