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Abstract
The present study aimed to evaluate suitable protein sources of formulated diet to replace prey fish. Regarding the test diet, 
the two dietary treatments (FM: Peruvian anchovy fish meal, and ETFM: enzyme-treated Chilean fish meal) were employed. 
Prey fish (PF; spangled emperor fish Lethrinus nebulosus) was used as a control. FM and ETFM diets are fed together with 
a limited amount of PF to Pacific bluefin tuna (PBT) larvae having an initial mean total length of 17.9 mm and body weight 
of 52.8 mg at 20 days post-hatching during the weaning period. Survival and growth were compared after 10 days of the 
feeding trial. Survival was significantly higher in the PF group than the FM and ETFM group. The PF group had significantly 
greater growth performance than the other groups. Between FM and ETFM groups, fish in the FM group showed signifi-
cantly better growth than the ETFM group. Regarding the essential amino acids of the carcass, similar amino acid content 
was recorded in all treatments. However, carcass docosahexaenoic acid in the PF group was significantly higher than in the 
other groups. These results suggest that Peruvian anchovy meal without enzyme digestion can be used as the protein source 
in the formulated diet for juvenile PBT.
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Abbreviations
ANOVA	� One-way analysis of variance
CF	� Condition factor
DHA	� Docosahexaenoic acid
EPA	� Eicosapentaenoic acid
ETFM	� Enzyme-treated fish meal
FM	� Fish meal
IMP	� Inosine-5′-monophosphate
LC-PUFA	� Long-chain polyunsaturated fatty acids
PBT	� Pacific bluefin tuna

PF	� Prey fish
SGR	� Specific growth rate
WG	� Weight gain

Introduction

The high market value of Pacific bluefin tuna (PBT) stocks 
has led to intensified fishing pressure that, in turn, has 
resulted in a drastic reduction in population abundance in all 
ocean waters where this fish is found. High prices sustained 
by strong market demand also create opportunities for tuna 
ranching, which is arguably the most profitable form of fish 
farming in the world (Buentello et al. 2016a, b). Therefore, 
the demand for this species is gradually increasing. The first 
effort for farming PBT was carried out in Japan during the 
1970s (Miyashita 2002). In 2002, the full-cycle culture of 
PBT in captivity was achieved by the Fisheries Laboratory 
of Kindai University with the first successful spawning of 
first-generation broodstock (Sawada et al. 2005).
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Farmed PBT was first commercially harvested (900 t) 
in 1993 in Japan, and tuna farming was similarly adopted 
globally (Tada 2010). The total production of PBT in 
Japan gradually increased from 2000 t in 2000 to 13,413 
t in 2016 (JFA 2015; MAFF 2016). Further, PBT farm-
ing production was the third-highest in marine fish aqua-
culture of Japan after yellowtail Seriola quinqueradiata 
and red sea bream Pagrus major, showing a tendency to 
increase the production of PBT over the years (MAFF 
2016). Because juvenile PBT are grown to a market size 
of 30–50 kg over around three years by farming (Masuma 
et al. 2011), a large amount of mature PBT was caught in 
the ocean. However, management for purse seine fisheries 
targeting PBT operated by fishing vessels were set in 2015 
as follows: voluntarily restricting the annual catch to less 
than 4500 t for the small pelagic purse seine fishery catch-
ing juvenile PBT of less than 30 kg in body weight which 
operates in the East China Sea and Sea of Japan (JFA 
2015). Therefore, large commercial companies, among 
others, have invested in PBT hatcheries and are now pro-
ducing commercial quantities of juveniles (Masuma et al. 
2011).

At present, production of juvenile PBT in commercial 
hatcheries still depends on the supply of live prey such as 
rotifer, Artemia, yolk-sac larvae and minced fish meat. How-
ever, this practice is difficult, costly, laborious and time-con-
suming to maintain efficiently and often nutritionally incom-
plete (Seoka et al. 2007; Haga et al. 2010). Even though 
several efforts have been made to advance and stabilize the 
production technique for this species, the survival rate from 
hatch to juvenile is still less than 2% (Sawada et al. 2005; 
Buentello et al. 2016a, b). One reason for the lower survival 
rate could be the limited supply of prey fish such as spangled 
emperor Lethrinus nebulosus and Japanese parrotfish Ople-
gnathus fasciatus. It is necessary to replace these feed items 
with formulated diets for larvae and juvenile PBT.

PBT does not readily digest fish meal compared with the 
closely related species chub mackerel Scomber japonicus 
(Takii et al. 2007a); however, they do show high digestibility 
for enzyme-treated Chilean fish meal (Takii et al. 2007b). 
Further, Ji et al. (2008) solved this problem by enhancing 
the digestibility of fish meal by enzyme-treatment. In 2008, 
a feed company (Marubeni Nisshin Feed Co., Ltd., Tokyo, 
Japan) developed a formulated diet based on enzyme-treated 
Chilean fish meal, and it has been widely distributed in PBT 
seed production. The merits of the enzyme-treated fish meal 
include higher digestibility and absorption of dietary protein 
components due to their low molecular weight. However, 
the enzyme-treated fish meal depends on high-quality fish 
meal from Chile. Also, due to the limited supply of Chilean 
fish meal, the fish meal price increased (Oil World Annual 
2019). With this situation, the availability of high-quality 
enzyme-treated Chilean fish meal has decreased.

However, there is as yet no information available on 
the utility of Peruvian anchovy meal and enzyme-treated 
Chilean fish meal in the diet of PBT larvae and juveniles. 
The main objective of the present study was to investigate 
whether a formulated diet could replace prey fish without 
compromising the growth of PBT. Commercially available 
Peruvian anchovy meal and enzyme-treated Chilean fish 
meal were used, and the resultant growth performance and 
changes in fish body composition were evaluated.

Materials and methods

Experimental diets

Two test diets were formulated with two kinds of fish 
meal (FM: super prime grade Peruvian anchovy meal, 
and ETFM: enzyme-treated Chilean fish meal) provided by 
Marubeni Nisshin Feed Co., Ltd., Tokyo, Japan. Spangled 
emperor larvae Lethrinus nebulosus was used as a control 
diet (PF prey fish). Fertilized eggs of spangled emperor 
fish were kept in 200 L tanks, and hatched before feed-
ing. Defatted horse mackerel meal, blood meal, DHA70E, 
chicken egg lecithin, fish oil, taurine, α-starch, monobasic 
calcium phosphate, vitamin mixture, mineral mixture, cho-
line chloride, vitamin E, sodium ascorbic acid and inosine-
5′-monophosphate (IMP) were commonly included in test 
diets. These ingredients were mixed with 50% distilled 
water (w/w) at 40 °C for 2 h using a mixer, and pelleted 
through the meat chopper machine (AB-120, AKIRA Co., 
Hyogo, Japan). The size of the pellet (ca. Ø 750 µm) was 
adjusted using sieves. The diets (sinking pellets) were 
freeze-dried in a freeze dryer (RLE-206II, Kyowa Vacuum 
Engineering, Co., Ltd., Saitama, Japan) for 12 h, then were 
stored in a freezer at −30 °C until use.

The moisture of the formulated diets was 5.2–9.2%, and 
that in the control diet (PF) was 93.3%. The crude protein 
and lipid content of formulated diets was approximately 
60% and 18%, respectively (Table 1). These values were 
determined based on the nutritional requirements of PBT 
juveniles by Biswas et al. 2009a. The ETFM diet contained 
the highest total amino acid (482.6 g/kg, dry-weight), fol-
lowed by PF and FM diet (PF: 480.6 g/kg, dry-weight., 
FM: 448.6 g/kg, dry-weight). Regarding free amino acid 
content, the FM diet had threefold higher histidine level 
(4.4 g/kg, dry-weight) than the other diets (ETFM: 1.6 g/
kg, dry-weight., PF: 1.3 g/kg, dry-weight, Table 2). PF had 
the highest docosahexaenoic acid (DHA) level (17.8% of 
total fatty acid), followed by ETFM and FM diets (ETFM: 
10.1% of total fatty acid, FM: 9.6% of total fatty acid, 
Table 3).



163Fisheries Science (2022) 88:161–172	

1 3

Fish, experimental design, and sampling protocol

PBT was allowed to spawn in cages, and fertilized eggs 
were raised in tanks at Amami Fish Farm, Amami, 
Kagoshima, Japan. Before the experiment, PBT larvae 
were fed rotifers Brachionus rotundiformis and Artemia 
nauplii until they reached 10 mm in total length. Then, 
they fed yolk-sac larvae of spangled emperor fish Lethri-
nus nebulosus up to 18 mm in total length. A total of 1800 
PBT larvae with an initial size of 17.9 ± 2.6 mm and body 
weight of 52.8 ± 2.6 mg (20 days post hatching, dph) were 
transported and randomly distributed into six 500-L circu-
lar polycarbonate experimental tanks, resulting in 300 fish 
per tank, and subjected for three different feeding treat-
ments with duplicate (Table 4).

The first 3 days of the trial were designated for wean-
ing the PBT (20–22 dph), and the subsequent 7 days were 
designated for sole feeding of the test diets (23–29 dph). 
During the weaning period, formulated diet (FM or ETFM; 
provided hourly between 07:00 and 19:00) and PF (provided 
three times daily at 07:00, 13:00 and 19:00) were fed by 
hand. During the period of sole feeding, fish were fed diets 
72 times a day (6 times/h), 10–15 g diet/tank (Table 4). The 
amount of PF was provided to apparent satiety but reduced 
gradually, with decreasing ratios of PF: PBT larvae (ind.: 
ind.) of 140:1, 100:1, and 60:1, to promote the weaning of 
PBT larvae onto the test diets. Fish in the PF group were fed 
yolk-sac larvae to apparent satiety throughout the feeding 
trial. The feeding trial was terminated on the seventh day 
of the sole feeding of test diet period to obtain sufficient 
numbers of survivors for chemical analysis. The flow rate 
of seawater was adjusted to 1200% of the tank volume per 
day. The average water temperature and oxygen concentra-
tion were maintained at 27.3 ± 0.3 °C and 7.1 ± 0.4 mg/L, 
respectively (Table 4). Black tape was placed on the tank 
walls in a lattice arrangement to avoid collision with tank 
walls (Ishibashi et al. 2013).

Prior to each sampling, feeds were withheld from the fish 
for 12 h to ensure excretion of intestinal content. One hun-
dred fish were sampled at the start of the feeding trial and 
kept frozen at −80 °C until analysis. Fish were also sampled 
three times at 4, 7, and 10 days after the initiation of the 
feeding trial (24, 27, and 30 dph) to evaluate growth perfor-
mance. Five and 40 fish were collected at 4, 7, and 10 days 
(24, 27, and 30 dph), respectively for the measurement of 
total and fork length. Body depth was also determined using 
an electronic micrometer (DT-150, Niigata-Seiki Co., Ltd., 
Niigata, Japan). At the same time, the wet weight of the 
whole body was weighed using a balance (AUW220D, 
Shimadzu Co., Kyoto, Japan). The carcasses were stored at 
−80 °C and were transferred to the Laboratory of Fish Nutri-
tion, Tokyo University of Marine Science and Technology 
for chemical analysis.

Table 1   Formula and proximate composition of the test diets, and 
prey fish (g/kg dry matter (DM) basis)

a FM fish meal (super prime grade), ETFM enzyme-treated fish meal, 
PF prey fish, spangled emperor larvae Lethrinus nebulosus
b Peruvian anchovy meal (CP 67.1%, CL 12.3%)
c Enzyme-treated Chilean fish meal (CP 71.1%, CL 13.1%, molecu-
lar weight of peptide: more than 90% was < 10  kDa, BioCP®Jack 
Mackerel, LANDES Co., Santiago, Chie) was kindly provided by 
Marubeni Nisshin Feed Co., Ltd., Tokyo, Japan)
d Defatted horse mackerel meal (CP 78.6%, CL 2.9%)
e Porcine blood meal (71.9%, CL 1.3%)
f Mineral mixture (mg/kg diet): Na (as NaCl) 197; Mg (as 
MgSO4·7H2O) 735; Fe (as FeC6H5O7·5H2O) 258; Zn (as 
ZnSO4·7H2O) 40; Mn (as MnSO4·5H2O) 18; Cu (as CuSO4·5H2O) 
3.9; Al (as AlCl3·6H2O) 0.56; Co (as CoCl2·6H2O) 0.15; I (as KIO3) 
0.89; α-cellulose carrier
g Vitamin mixture (amount/kg diet): thiamine hydrochloride, 60  mg; 
riboflavin, 100  mg; pyridoxine hydrochloride, 40  mg; cyanocobala-
min, 0.1 mg; ascorbic acid, 5000 mg; niacin, 400 mg; calcium pan-
tothenate, 100 mg; inositol, 2000 mg; biotin, 6 mg; folic acid 15 mg; 
p-aminobenzoic acid, 50 mg; vitamin K3, 50 mg; vitamin A acetate, 
9000 IU; vitamin D3, 9000 IU
h Feeding stimulants; inosine 5′-monophosphate
i Values of proximate composition are presented as means of triplica-
tion

Ingredients (g/kg) Treatmenta

FM ETFM PF

Peruvian anchovy mealb 452.0 – –
Enzyme-treated Chilean fish mealc – 406.0 –
Defatted horse mackerel meald 200.0 200.0 –
Porcine blood meale 92.0 92.0 –
DHA70E 10.0 14.0 –
Chicken egg lecithin 34.0 37.0 –
Fish oil 83.0 64.0 –
Taurine 12.0 13.0 –
CMC 21.0 21.0 –
α-Starch 21.0 21.0 –
Monobasic calcium phosphate 10.0 10.0 –
Sodium ascorbyl phosphate 1.0 1.0
Vitamin E (50%) 1.0 1.0 –
Choline chloride 8.0 8.0 –
Mineral mixturef 15.0 15.0 –
Vitamin mixtureg 30.0 30.0 –
IMPh 10.0 10.0 –
Cellulose – 57.0 –
Proximate composition (g/kg DM basis)i

 Moisture 52.0 92.0 933.0
 Crude protein 602.0 607.0 701.0
 Crude lipid 185.0 184.0 185.0
 Crude ash 125.0 84.0 95.0
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The tank bottom was cleaned daily to maintain good 
water quality, and the number of dead fish collected was 
recorded to estimate the survival rate. The number of sur-
viving fish was calculated by subtracting the total num-
ber of dead fish from the initial number of fish. Weight 
gain (WG), specific growth rate (SGR), condition factor 
(CF), and survival rate were calculated using the follow-
ing formulae:

WG (%) = [final wet weight (g) − initial wet weight (g)]/
initial wet weight (g) × 100.

SGR (%) = [ln final wet weight (g) − ln initial wet weight 
(g)] × 100/time (days).

CF = wet weight (g)/fork length3 (cm) × 1000.
Survival rate (%) = number of fish at harvest/number of 

fish stocked × 100.
PBT juveniles show continuous cruise swimming and cir-

cling in round shape tanks. Diets were fed just ahead of their 
swimming direction. They did not feed diets that floated on 
the water surface or had fallen to the bottom of the tank, 
but only fed diets drifting in the water column. With this 
situation, we had to maintain frequent feeding by hand in 
order to achieve satiation feeding of diets. However, it was 
difficult to collect uneaten diets to determine the exact feed 
intake. Therefore, we had to give up determining the daily 
feed intake in the present study. The present feeding trial 
followed a standard operating procedure approved by the 

Table 2   Total and free amino 
acid content of the test diets and 
prey fish (g/kg dry matter (DM) 
basis)

a Values are presented as means of triplication
b Tr. trace (< 0.01)

Total amino acid Free amino acid

FM ETFM PF FM ETFM PF

Essential amino acidsa

 Arginine 26.1 31.1 35.6 5.0 1.2 6.0
 Histidine 21.1 14.9 15.4 4.4 1.6 1.3
 Isoleucine 20.1 11.9 14.4 3.0 4.0 3.0
 Leucine 36.6 38.1 38.1 5.0 1.1 6.0
 Lysine 34.6 36.7 41.2 6.0 7.0 1.0
 Methionine 7.1 11.5 10.6 1.0 2.0 4.0
 Phenylalanine 20.0 21.0 20.3 3.0 5.0 6.0
 Threonine 17.9 21.1 24.2 3.0 4.0 5.0
 Valine 18.9 18.9 18.6 4.0 5.0 5.0
 Tryptophan 7.7 2.4 5.5 Tr.b Tr. Tr.

Nonessential amino acids
 Alanine 33.4 35.7 30.8 9.0 1.3 1.1
 Aspartic acid 44.8 49.3 51.0 2.0 3.0 5.0
 Glutamic acid 56.0 66.6 75.2 5.0 7.0 2.9
 Glycine 34.8 42.6 27.4 3.0 6.0 1.1
 Proline 22.6 27.2 20.6 3.0 5.0 3.0
 Serine 20.7 25.1 27.0 2.0 3.0 8.0
 Tyrosine 12.7 14.6 20.2 3.0 4.0 1.6
 Taurine 17.2 16.3 10.0 10.9 11.0 8.2

Table 3   Fatty acid composition (area% of total lipid) of the test diets 
and prey fish

Values are presented as means of triplication
a PUFA, polyunsaturated fatty acids; Σn-3PUFA: 18:3n-3, 18:4n-3, 
20:4n-3, 20:5n-3, 22:5n-3, 22:6n-3
b LC-PUFA, long-chain polyunsaturated fatty acids; Σn-3LC-PUFA: 
18:4n-3, 20:4n-3, 20:5n-3, 22:5n-3, 22:6n-3

FM ETFM PF

14:0 5.3 3.7 2.9
16:0 20.2 16.0 26.7
16:1 6.6 5.1 3.5
18:0 5.8 4.9 9.3
18:1n-9 14.5 21.6 14.0
18:1n-7 2.8 3.2 3.2
18:2n-6 4.5 6.7 2.0
18:3n-3 0.4 1.4 0.4
20:1 2.0 3.3 0.6
20:5n-3 7.5 5.6 3.4
22:1n-11 5.3 5.3 0.6
22:1n-13 0.5 0.5 0.1
22:5n-3 1.0 1.2 1.1
22:6n-3 9.6 10.1 17.8
Others 12.1 11.1 14.2
Σn-3PUFAa 19.9 19.4 23.6
Σn-3LC-PUFAb 19.5 18.0 23.1
DHA/EPA 1.3 1.8 5.3
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animal care and use committee of the Tokyo University of 
Marine Science and Technology, Japan.

Chemical analyses

Diets and fish samples were analyzed by standard methods 
for moisture, crude protein and ash (AOAC 2000), and all 
chemical analyses were performed in triplicate and averaged. 
Crude lipid was determined by using a mixture of chloro-
form and methanol (2:1, v/v) for extraction (Folch et al. 
1957). The fatty acid methyl ester was prepared, according 
to Morrison and Smith (1964). It was diluted with n-hexane 
and injected onto a gas chromatograph (GC-2025, Shimadzu, 
Tokyo, Japan) equipped with a SUPERCO-WAX10 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 °C/min and then maintained at 
250 °C. The area percent of each peak was determined with 
a digital integrator (C-R8A Chromatopac; Shimadzu Co., 
Kyoto, Japan). Each fatty acid methyl ester in samples was 
identified by comparison with those prepared from fish meal. 
Total amino acid content was determined using an automatic 
amino acid analyzer (JLC-500/v; JEOL Co., Tokyo, Japan), 
following the methods of Boonyoung et al. (2012). For free 
amino acid analysis, samples were homogenized for 90 s 
(Polytron PT10-35; Kinematica AG, Tokyo, Japan), and 
deproteinized with 10 mL of 2% (w/v) sulfosalicylic acid 
(Wako Pure Chemical Industries, Osaka, Japan). Next, the 
samples were centrifuged twice in a high-speed refriger-
ated centrifuge (SRX-201; Tommy Co., Tokyo, Japan) at 
1610×g for 15 min at 4 °C. The upper layers were decanted 
and passed through a 0.45 µm membrane filter (Millipore, 
Corp., Darmstadt, Germany), and injected into the automatic 
amino acid analyzer.

Statistical analyses

Growth performance and initial and final carcass composi-
tion data were analyzed by using the IBM SPSS 19 soft-
ware package for Windows (SPSS Inc., Chicago, IL, USA). 
Data were evaluated for assumptions, including normality 
and homogeneity of variance, using the Shapiro–Wilk and 
Levene’s tests, respectively, and no violation was detected 
(P > 0.05). Statistical analyses of data were conducted using 
ANOVA with a 95% significance level (P < 0.05). When a 
significant treatment effect was detected, the Tukey’s hon-
estly significant difference (HSD) test was used to assess 
significant differences among means.

Results

Survival and growth of PBT juveniles

The survival rate decreased during the period from 1 to 
4 days (weaning period: 1–3 days, 20–22 dph) in all treat-
ment groups. Thereafter, however, the rate in all groups 
remained (Fig. 1). During the whole test period, the high-
est survival at the final day was recorded in the PF group 
(52.2%), followed by FM and ETFM groups (FM: 24.0%, 
ETFM: 17.3%, Fig. 1). During the post-weaning period 
(4–10 days, 23–30 dph), also in the same manner, the high-
est survival rate on the final day was recorded in the PF 
group (91.9%) followed by the FM and ETFM groups (FM: 
63.9%, ETFM: 52.4%, Fig. 2). The survival rates in the FM 
and ETFM groups remained in this period. However, the 
rate in the PF group decreased after 8 days. Survival was 
significantly higher in the PF group than the FM and ETFM 
group (P < 0.05, Fig. 2).

Table 4   Rearing conditions for 
feeding trial of Pacific bluefin 
tuna larvae and juveniles

a Mean ± standard deviation (SD) (n = 100)
b Mean ± SD (n = 6)

Average total length of initial fish (mm)a 17.9 ± 0.3
Average body weight of initial fish (mg)a 52.8 ± 2.6
Age of initial fish (day post hatching) 20
Tank volume (L) 500
Number of fish (ind./tank) 300
Rearing period (days) Weaning period 3

Sole feeding of test diet period 7
Feeding amount of test diets (g/tank/day) 10–15
Water temperature (°C)b 27.3 ± 0.3
pHb 8.2 ± 0.1
Dissolved oxygen (mg/L)b 7.1 ± 0.4
Photoperiod (h:h) 12L:12D (light, 07:00–19:00)
Exchange rate of seawater (% tank volume/day) 1200
Aeration (mL/min) 700
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The PF group attained the greatest total length and 
body weight, and these parameters were significantly 
higher than all groups (P < 0.05, Figs. 3, 4). Among the 
test diet groups, significantly higher total length and body 
weight were observed in the PBT juvenile fed FM diet 
than those fed ETFM diet (P < 0.05, Figs. 3, 4). However, 
no significant difference was found in body depth among 
the PF, FM and ETFM groups (P > 0.05, Fig. 5). Regard-
ing CF, fish fed FM and ETFM diets showed significantly 
higher CF than those fed PF (P < 0.05, Table 5). Signifi-
cantly higher final body weight, weight gain and SGR 
were observed in fish fed the PF than those fed the ETFM 
diet (Table 5). However, they were not significantly dif-
ferent from those of the FM group.

Proximate chemical composition of PBT

Significantly higher moisture content was found in the 
PF group (P < 0.05, Table 5). However, no significant 
difference was found between the PF and ETFM groups 
(P > 0.05, Table 5). No significant difference was observed 
in protein content among the groups (P > 0.05, Table 5). 
On the other hand, the highest carcass lipid content was 
observed in PBT in the FM and ETFM groups (Table 5). 
Carcass lipid content was significantly higher in test diet 
groups than that of the PF group (P < 0.05, Table  5). 
Among the essential amino acids, similar amino acid 
content was recorded in all groups (Table 6). There were 
no significant differences among the test diet groups 
(P > 0.05, Table 6).
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Fig. 4   Body weight of PBT juveniles fed different diets (FM fish 
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n = 10; day 10, n = 80; 20–30 dph)
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Percentage of the 18:1n-9, 18:2n-6 and 20:1 of car-
cass lipid were significantly higher in the fish-fed test diet 
groups than those fed PF (Table 7). Percentages of 20:5n-3 
(eicosapentaenoic acid, EPA) of the carcasses of the FM- 
and ETFM-fed groups were significantly higher than the 
PF group. However, carcass 22:6n-3 (docosahexaenoic 
acid, DHA) in the PF group was significantly higher than 
other groups. The highest ratio of DHA/EPA was obtained 
in the PF group, followed by the ETFM and FM groups; 
the high DHA/EPA ratio in the latter diets resulted from 
lower EPA (Table 7). The Σn-6 was significantly higher in 
the FM and ETFM diet groups than PF group. In contrast, 
Σn-3 and n-3/n-6 ratios were lower in the PF group but 
higher in the diet group (Table 7).

Discussion

A part of mortality was caused by extrinsic factors related to 
responses of juvenile PBT to rearing conditions, inevitable 
trauma caused by collision against tank wall, jumping out 
of a tank and biting on the caudal or pelvic fin. Further, a 
high frequency of collision was reported to be observed after 
PBT reached 4 cm in total length (Miyashita 2002; Sawada 
et al. 2005). The PBT juveniles used in the present study 
did not reach this size 10 days (30 dph) after initiation of 
the feeding. These phenomena indicate that rearing trials on 
juvenile PBT should be shorter. Also, many previous studies 
demonstrated that acceptable growth could be obtained even 
in less than two weeks, and that estimation of suitable feed 
by comparing growth performance was capable (Miyashita 
2002; Takii et al. 2007b; Seoka et al. 2007, 2008; Biswas 
et al. 2009a, b; Cho et al. 2016). In the present study, the 
survival and growth of PBT were significantly different in 
the 10 days of the feeding trial (30 dph). When one tries 
to determine the nutrient requirements for fish, the juve-
nile is used because of faster growth and higher nutrient 
requirements. Yellowtail Seriola quinqueradiata is known 
as a relatively high-growth species and a SGR of around 5.7 
was recorded for juveniles under optimal conditions (Wata-
nabe et al. 2000). However, PBT juveniles grow faster than 
yellowtail, and SGR of 18.6–19.3, roughly double that of 
yellowtail, was recorded (Ji et al. 2008; Biswas et al. 2009b). 
For this reason, even a shorter period of growth trial for 10 
days provides reproducible results and is thus sufficient for 
determining a suitable diet for PBT.

Fish fed PF showed a decrease in survival after 8 days of 
the beginning of the feeding trial compared to those fed a 
formulated diet. According to Sawada et al. (2000) during 
hatchery production, PBT larvae are fed yolk-sac larvae such 
as spangled emperor fish Lethrinus nebulosus or Japanese 
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Fig. 5   Body depth of PBT juveniles fed different diets (FM fish meal 
diet, ETFM enzyme-treated fish meal diet, PF prey fish) during the 
rearing period. Different superscript letters indicate significant dif-
ferences among the dietary groups (P < 0.05, day 4, n = 10; day  7, 
n = 10; day 10, n = 80; 20–30 dph)

Table 5   Proximate composition, 
growth performance and 
biological indices of Pacific 
bluefin tuna fed the different test 
diets for 10 days

Values are means ± standard error (SE) of 3 (proximate composition), 2 (growth performance), or 80 (bio-
logical indices) group of fish

Initial 10 days (30 dph) P-value

(20 dph) FM ETFM PF

Proximate composition (g/kg, wet-weight)
 Moisture 817 ± 2 814 ± 4b 816 ± 1ab 824 ± 1a 0.043
 Crude protein 128 ± 2 135 ± 1 135 ± 3 135 ± 4 0.973
 Crude lipid 23 ± 2 21 ± 5a 20 ± 4a 13 ± 2b 0.002

Growth performance
 WG (%) 1165.4 ± 2.5ab 1012.6 ± 53.7b 1416.9 ± 56.3a 0.018
 SGR (%) 25.4 ± 0.0ab 24.1 ± 0.5b 27.2 ± 0.4a 0.019

Biological indices
 CF 8.5 ± 0.1 8.1 ± 0.1a 8.1 ± 0.1a 7.7 ± 0.1b 0.002
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Table 6   Essential amino acid 
content of Pacific bluefin tuna 
juveniles fed the different test 
diets for 10 days (g/kg, dry-
weight)

Values in a same row with different superscript letters are significantly different (P < 0.05)
1 Values are presented as means ± SD of triplication

Initial 10 days (30 dph) P-value

(20 dph) FM ETFM PF

Essential amino acids1

 Arginine 34.2 ± 3.9 33.1 ± 2.4 31.2 ± 1.2 32.8 ± 5.4 0.828
 Histidine 17.4 ± 2.5 25.6 ± 2.6 21.1 ± 1.5 21.8 ± 4.6 0.404
 Isoleucine 15.5 ± 2.4 15.7 ± 0.6 12.3 ± 2.4 13.3 ± 2.5 0.366
 Leucine 38.7 ± 3.9 31.4 ± 3.4 33.8 ± 1.9 34.5 ± 5.1 0.887
 Lysine 41.3 ± 4.2 41.3 ± 4.3 39.4 ± 1.2 41.5 ± 7.4 0.941
 Methionine 15.4 ± 1.1 16.9 ± 1.3 14.8 ± 1.2 16.9 ± 2.3 0.426
 Phenylalanine 21.1 ± 2.5 20.2 ± 2.9 20.9 ± 0.6 20.4 ± 3.1 0.991
 Threonine 24.8 ± 2.9 24.0 ± 2.8 23.3 ± 1.2 23.6 ± 3.1 0.867
 Valine 19.1 ± 3.5 18.4 ± 1.3 16.3 ± 2.1 16.1 ± 2.2 0.400
 Tryptophan 7.0 ± 1.7 6.6 ± 1.1 6.5 ± 1.5 7.5 ± 2.0 0.053

Nonessential amino acids
 Alanine 32.3 ± 2.1 31.1 ± 3.8 30.7 ± 0.0 31.0 ± 4.8 0.966
 Aspartic acid 5.2 ± 4.0 50.1 ± 6.5 49.5 ± 1.1 50.3 ± 8.6 0.982
 Glutamic acid 73.7 ± 6.4 74.5 ± 7.3 72.1 ± 0.5 72.1 ± 11.2 0.965
 Glycine 3.2 ± 2.9 30.9 ± 2.4 29.3 ± 0.6 28.7 ± 2.8 0.607
 Proline 2.7 ± 3.1 20.7 ± 0.8 19.0 ± 1.1 20.8 ± 4.0 0.909
 Serine 26.7 ± 2.3 26.3 ± 3.5 25.0 ± 1.0 25.6 ± 4.8 0.982
 Tyrosine 19.8 ± 2.5 18.0 ± 1.1 17.1 ± 1.6 18.4 ± 3.8 0.850

Table 7   Fatty acid composition 
(% of total lipid) of whole body 
of Pacific bluefin tuna juveniles 
for 10 days

Values are presented as means of triplication
Values in a same row with different superscript letters are significantly different (P < 0.05)
1 Σn-6: 18:2n-6, 20:4n-6, 22:5n-6
2 Σn-3: 18:3n-3, 18:4n-3, 20:4n-3, 20:5n-3, 22:6n-3

Initial 10 days (30 dph) P-value

(20 dph) FM ETFM PF

14:0 1.4 ± 0.2 1.6 ± 0.2a 0.9 ± 0.0b 0.5 ± 0.1b 0.004
16:0 30.6 ± 2.7 24.3 ± 1.3 21.6 ± 0.3 24.4 ± 0.3 0.068
16:1 2.8 ± 0.3 3.3 ± 0.2a 2.1 ± 0.0b 1.2 ± 0.1c 0.001
18:0 11.0 ± 0.3 10.1 ± 0.4b 9.9 ± 0.2b 12.7 ± 0.1a 0.003
18:1n-9 12.7 ± 0.3 13.5 ± 0.2b 18.1 ± 0.3a 10.7 ± 0.3c 0.000
18:1n-7 3.1 ± 0.0 3.4 ± 0.1a 3.1 ± 0.0a 2.6 ± 0.1b 0.000
18:2n-6 1.6 ± 0.1 3.0 ± 0.1b 5.0 ± 0.1a 1.5 ± 0.0c 0.010
18:3n-3 0.2 ± 0.0 0.2 ± 0.0b 0.5 ± 0.0a 0.1 ± 0.0c 0.000
18:4n-3 0.3 ± 0.0 0.5 ± 0.0a 0.3 ± 0.0b 0.1 ± 0.0c 0.000
20:1 0.9 ± 0.0 3.5 ± 0.1a 3.2 ± 0.1a 0.6 ± 0.0b 0.000
20:4n-6 2.9 ± 0.2 2.7 ± 0.0b 3.0 ± 0.1ab 3.4 ± 0.2a 0.000
20:4n-3 0.3 ± 0.1 0.2 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 0.075
20:5n-3 3.4 ± 0.2 5.6 ± 0.2a 4.0 ± 0.2b 3.0 ± 0.1c 0.002
22:1 0.1 ± 0.1 2.9 ± 0.2a 2.2 ± 0.0b 0.1 ± 0.3c 0.000
22:5n-6 0.8 ± 0.6 1.2 ± 0.1a 1.2 ± 0.0a 0.9 ± 0.1b 0.008
22:6n-3 18.8 ± 2.9 14.6 ± 1.3b 14.3 ± 3.7b 24.9 ± 0.7a 0.009
22:6n-3 / 20:5n-3 5.5 ± 0.7 2.6 ± 0.1c 3.6 ± 0.1b 8.3 ± 0.4a 0.000
Σn-61 5.2 ± 1.0 6.8 ± 0.0b 9.2 ± 0.0a 5.9 ± 0.2c 0.000
Σn-32 23.6 ± 4.2 21.2 ± 1.2b 19.3 ± 1.4b 28.4 ± 2.2a 0.000
n-3/n-6 4.5 ± 0.0 3.1 ± 0.2b 2.1 ± 0.1c 4.8 ± 0.2a 0.002
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parrotfish Calotomus japonicas until they reach 10 to 40 mm 
of total length. Then, they were supplied with minced sand 
lance Ammodytidae personatus from 40 mm total length 
onward. Because of the highly piscivorous nature of PBT, it 
is essential to offer a sufficient amount of PF larvae and/or 
minced sand lance to avoid the risk of cannibalism (Miyash-
ita 2002). In the present study, the mean total length of the 
PF group was longer than 40 mm at 8 days. It was thought 
that the increased number of PBT experiencing suboptimal 
nutritional condition occurred due to insufficient nutri-
ents in PF in this stage. However, fish fed formulated diets 
(Peruvian fish meal, FM; enzyme-treated Chilean fish meal, 
ETFM) tended to mitigate the mortality from the 5 days after 
initiation of the feeding trial. One possible explanation is 
that formulated diet contains higher protein and lipid con-
tent than PF in a dry matter basis; it could provide sufficient 
nutrient compared to PF.

Ji et al. (2008) reported the dietary utility of enzyme-
treated fish meal for juvenile PBT. In their trial 1, the 
growth and feed performance of juvenile PBT fed a Chil-
ean enzyme-treated fish meal-based diet were significantly 
higher than those fed Peruvian fish meal diets (Peruvian vs 
Chilean: final mean body weight, 3.92 g vs 4.95 g; SGR, 
13.9% vs 17.2%; FE, 74.9% vs 126%, respectively). In the 
present study, however, juvenile PBT fed a Peruvian fish 
meal diet did not show inferior growth compared to those 
fed an enzyme-treated diet. It should be noted that there 
was difference in the fish size between the studies. Ji et al. 
(2008) reported that fishes with an initial weight of 1.48 g 
were grown for 7 days and reached 4–5 g of the final weight. 
However, the fish used in the present study (initial weight: 
52.8 mg) reached 587.5–800.9 mg of the final weight. In 
the logical context, it could be considered that because our 
experimental fish were smaller in size at the initiation of 
feeding trials, the fish fed Peruvian fish meal have achieved 
sufficient growth. However, normally smaller fish had less 
digestive ability. Apparently, Peruvian fish meal does not 
contain higher levels of peptide than enzyme-treated Chilean 
fish meal. Thus, it is very unlikely that smaller PBT could 
efficiently utilize less digestive Peruvian fish meal. Another 
explanation is feeding frequency. Our trial examined a wean-
ing diet and extensive feeding was conducted to achieve suf-
ficient feeding on a formulated diet. Unfortunately, we could 
not determine the exact amount of successfully fed diet for 
PBT; higher feed frequency could be one of the possible 
causes of the difference in terms of growth between Ji et al. 
(2008) and our present study.

Different growth patterns were apparent in the PBT fed 
the formulated diet and the PF. PBT fed formulated diets 
showed higher growth rates compared to fish fed PF, par-
ticularly between 7 to 10 days of the feeding trial (Figs. 3, 
4, and 5). Tanaka et al. (2007) suggest that the PBT juvenile 
grows faster from 27 to 33 dph and even more rapidly from 

33 to 35 dph. They also suggests that protein content per 
individual PBT and protein synthesis increased during the 
accelerated period of growth. This difference could reflect 
the different moisture content between the formulated diet 
and PF, where around 6.5-fold higher moisture content was 
observed in the PF. This considerable difference might be 
attributable to the differences in nutrient content among 
the formulated diet and PF, which consequently resulted in 
higher dietary energy and nutrient intake in the formulated 
diet groups (Cho et al. 2016).

Protein source is the most important component in fish 
feeds, because it is the most expensive feed ingredient and 
highly required in carnivorous fish diets (Wilson 2002). In 
the present study, two kinds of test diets were used to explore 
optimal protein sources for formulated diet for PBT juve-
niles to replace PF. According to Ji et al. (2008), the ETFM 
is more easily digested than conventional fish meal and it 
has been commonly used in formulated diet for PBT juve-
niles (Biswas et al. 2009a, b). Satoh et al. (2002) reported 
that the treatment of fish meal with protease increases the 
amount of water-soluble protein and soluble nitrogen (N). 
The soluble N component is mainly peptide with a molecu-
lar weight of 10,000 or less (Haard et al. 1985). Further, 
Cahu et al. (1999) suggested the induction of trypsin secre-
tion in European seabass Dicentrarchus labrax larvae fed 
the diet containing protein hydrolysate, demonstrating that 
dietary supplementation of fish protein hydrolysate facili-
tates the maturation of the digestive function of larval fish 
and enhances their growth and survival. Collectively, these 
reports suggested that protein sources rich in water-soluble 
protein/peptides are a better dietary component than intact 
protein for juvenile and larval fish. We, therefore, also 
assumed that an ETFM diet could show better results than an 
FM diet in the present study. However, in apparent contrast, 
the FM group was better than the ETFM group in terms of 
growth performance in the present study. Similarly, juve-
nile PBT fed the diet in which fish meal was replaced with 
a non-enzyme-treated soybean meal diet had significantly 
higher growth than those fed enzyme-treated soybean meal 
diet (Biswas et al. 2011). We thought that this difference in 
growth performance was derived from the nutritional con-
tent of feed ingredients because the growth difference from 
feeding of different diets can be finally attributed to variation 
of chemical components in the diets.

Histidine is one of the essential amino acids in fish spe-
cies (Ketola 1982). Tuna and skipjack have large amounts 
of dark muscle and contain relatively higher free histidine 
compounds there than the other fishes. It was suggested that 
histidine compounds have antioxidant activities and play 
a role in protecting from the negative impact of reactive 
oxygen species generated by continuous swimming (Suy-
ama et al. 1973). Further, it was suggested that dietary sup-
plementation of histidine improved growth of yellowtail 
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Seriola quinqueradiata (Yokoyama et al. 2010; Yamamoto 
et al. 2019). In the present study, the high free histidine level 
(4.4 g/kg, dry-weight) in the FM diet could have been one of 
the reasons for the high survival and growth. On the other 
hand, the low level of free histidine (1.6 g/kg, dry-weight) in 
ETFM could be one of causes of lower survival and growth.

Regarding the essential amino acid content of the car-
cass, fish fed an FM diet had a higher essential amino acid 
content than those fed ETFM diet and had higher histidine, 
isoleucine, lysine, methionine and threonine compared to 
the initial body. Histidine, lysine, methionine, isoleucine 
and threonine are classified as glycogenic amino acids and 
used in gluconeogenesis for energy production (Young and 
Ajami 2001; Brosnan 2003). Higher essential and glyco-
genic amino acid content in the FM diet implied the higher 
dietary value of this diet compared to the ETFM diet.

Dietary EPA, DHA and n-3 long-chain polyunsaturated 
fatty acids (LC-PUFA) affect the physiological process and 
subsequent normal growth of marine fish (Sargent et al. 
1999). However, most marine fishes are unable to synthe-
size DHA in their body, and they require it in their food as 
an essential fatty acid, so they may selectively accumulate 
it through the food chain (Zlatanos and Laskaridis 2007). 
In the present study, the PF group showed greater growth, 
particularly in body weight, than in the other groups, and 
the PF diet had higher DHA by 1.8-fold, and n-3 LC-PUFA 
by 1.2-fold. These findings indicate that the growth of PBT 
juveniles is influenced by the dietary fatty acid content. 
Although some studies on PBT have been conducted, very 
little is known about the detailed lipid and fatty acid require-
ments of tuna. The content of saturated fatty acids (e.g. 14:0, 
16:0 and 18:0) tended to increase with increasing dietary 
fatty acid content (Tables 3 and 7). According to Cejas et al. 
(2004), the fatty acid composition of lipid from fish tissue 
reflects the fatty acid content of the lipid in the diet. The 
FM group had higher 16:0 (palmitic acid) content than the 
ETFM group. 16:0 is known for being a predominant source 
of potential metabolic energy in fish during growth (Huynh 
et al. 2007), and it is the predominant saturated fatty acid in 
the main feed source of the farmed tuna (Huynh et al. 2007; 
Zlatanos and Laskaridis 2007). Økland et al. (2005) have 
demonstrated that there was an inverse relationship between 
the amount of the n-3 fatty acids and the total lipid content. 
The n-3/n-6 ratio for carcass of this experiment was 4.8 (PF 
group), 3.1 (FM group) and 2.1 (ETFM group), respectively. 
A high accumulation of n-3 LC-PUFA in fish fed PF could 
indicate the importance of the health benefits of these fatty 
acids for PBT. The higher n-3 LC-PUFA in the FM group 
compared to the ETFM group suggests that the relatively 
high n-3 LC-PUFA content seems to be a result of consum-
ing saturates and monoenes as energy sources.

Enzyme-treated fish meal is very expensive and not com-
mercially available for the industrial culture of PBT. This 

study suggests that Peruvian fish meal without enzyme 
digestion can be used as the protein source in formulated 
diets for juvenile PBT. In conclusion, here we demonstrated 
that the growth rate of fish in the formulated diet group in 
the last 3 days was better than that of the PF group, although 
the growth of the final fish was inferior in the fish in the for-
mulated diet group than the PF group. However, this study 
lasted only 10 days. Thus, a future study is required to test 
the feed performance of a Peruvian fish meal-based diet in 
a longer feeding trial. There are few studies on the develop-
ment of formulated diets for the early stage of PBT with the 
fish size used in the present study (Cho et al. 2016). Further 
research is needed in the near future.
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