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based on soy protein concentrate

Shusaku Takagi • Hisashi Murata • Takanobu Goto •

Hideo Hatate • Makoto Endo • Hirofumi Yamashita •

Hisashi Miyatake • Masaharu Ukawa

Received: 21 August 2010 / Accepted: 23 December 2010 / Published online: 3 February 2011

� The Japanese Society of Fisheries Science 2011

Abstract This study was conducted to investigate the

mechanism of green liver symptom induction and the effect

of dietary taurine supplementation on growth performance

in juvenile red sea bream fed non-fishmeal diets based on

soy protein concentrate (SPC). Juvenile fish (initial BW

72 g) were fed for 20 weeks on SPC diets supplemented

with taurine at levels of 0, 1.0, and 2.0%. In the taurine-

unsupplemented SPC diet group, specific growth rate (SGR)

and feed conversion ratio (FCR) were significantly inferior

(P \ 0.001), and incidence of green liver was observed in

70% of fish. In this group, hepatopancreatic and plasma

taurine concentrations were lowest (P \ 0.05), hepatopan-

creatic content of bile pigments was highest (P \ 0.05), and

osmotic tolerance of erythrocytes was inferior (P \ 0.05)

among the dietary treatment groups. Serum osmolality of all

treatment groups was at similar levels. These physiological

abnormalities as well as SGR and FCR were improved by

dietary taurine supplementation. These results indicate that

the mechanism for induction of green liver symptom is bile

pigment overproduction due to increased hemolysis because

erythrocytes become osmotically fragile due to dietary

taurine deficiency. Taurine supplementation of SPC diets is

essential for maintaining normal physiological condition

and growth performance in juvenile red sea bream.

Keywords Bile pigment � Green liver � Hemolysis �
Non-fishmeal diet � Red sea bream � Soy protein
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Introduction

Fish harvested from aquaculture are increasingly important

as a source of good quality animal protein for human

consumption [1]. Cultured marine fish species are mainly

of high economic value and are generally carnivorous.

Hence, formulated feeds for these fish species contain high

levels of fish meal (FM) as the protein source [2]. In recent

years, however, the demand for FM has been heavy

worldwide, and thus the development of feeds containing

lesser amounts of FM is needed for the sustainable devel-

opment of the aquaculture industry [2]. Previous studies

have demonstrated that FM in fish feed can be partially
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replaced with alternative protein sources, while excessive

replacement of FM results in inferior growth performance

together with physiological abnormalities [3]. In red sea

bream Pagrus major [4] and yellowtail Seriola quinqu-

eradiata [5], important mariculture species in Japan, fish

fed lesser amounts of FM diets including larger amounts of

alternative proteins experienced inferior growth perfor-

mances and physiological abnormalities, such as anemia

and so-called green liver syndrome in which the liver has a

green discoloration. Green pigment in the liver originates

from biliverdin, which is a bile pigment produced by heme

metabolism [6]. In fish, biliverdin is excreted into the bile

as is or converted to bilirubin, and bilirubin conjugates

mainly with taurine to elevate the polarity prior to excre-

tion [7].

Taurine (aminoethylsulfonic acid) is one of the sulfur

amino acids and has diverse and important physiological

roles [8, 9]. Generally, mammals produce taurine via

metabolism of methionine and cystine. However, taurine

is a dietary essential nutrient for kittens [10] and infants

[11, 12], since the activity of taurine synthesis enzymes

in kittens and infants is inadequate. Previous studies

have demonstrated that the capacity for taurine synthesis

is different among fish species, and the ability is mark-

edly lower in carnivorous fish species [13, 14], while

taurine is the most abundant extract component in fish

tissues [15].

Fish meal contains approximately 4 mg/g of taurine, but

plant protein sources do not contain taurine [16]. Hence,

we deduced that green liver syndrome in yellowtail and red

sea bream fed diets with lesser amounts of FM might be

caused by an abnormality in the excretion and production

of bile pigments due to dietary taurine deficiency. In

juvenile yellowtail [17–19] and yearling red sea bream [20,

21] fed low or non-FM diets based on soy protein con-

centrate (SPC), green liver syndrome was observed in a

large percentage as was inferior growth performance, and

these conditions were improved by dietary taurine sup-

plementation. In red sea bream, however, it is well known

that green liver syndrome is observed frequently during

periods of low water temperature [22]. In addition, green

liver syndrome has been observed in the mature stage of

fish (H. Murata, pers. comm., 2000). Thus, previous studies

on yearling red sea bream do not exclude the effects of low

water temperature and maturation of fish on the appearance

of green liver syndrome.

To develop high quality diets with lesser amounts of

FM, it is important to clarify the roles of taurine in the

physiological condition and growth performance of fish.

Therefore, this study was conducted to investigate the

mechanism for induction of green liver syndrome and the

effect of dietary taurine supplementation on improving

growth performance in the juvenile red sea bream fed

non-FM diets based on SPC under warm water conditions,

to exclude the influence of maturity and low water tem-

perature on the occurrence of green liver syndrome.

Materials and methods

Experimental diets

Non-FM diets containing 55% SPC (Danpro A, Aarhus

Olie, Denmark), 1.27% L-lysine hydrochloride, and 0.86%

DL-methionine were supplemented with taurine at levels

of 0% (0TAU), 1.0% (1.0TAU), and 2.0% (2.0TAU)

(Table 1). The diets were made into steam dry pellets and

were stored at –20�C until use. Proximate composition,

methionine and cystine contents of all the experimental

diets were similar. Taurine content of the diets increased

proportionally with dietary taurine supplementation, and

the content (mg/g diet) was 0.01 in 0TAU, 9.79 in 1.0TAU,

and 20.8 in 2.0TAU.

Fish and feeding conditions

Juveniles of red sea bream were obtained from Ehime

Prefectural Fish Farming Center (Uwajima, Ehime, Japan).

Fish with an initial mean body weight of 72 g were allotted

to duplicate 500 l tanks for each dietary treatment, with

each tank being assigned 15 fish. The fish were fed the

experimental diet to satiation twice a day, 6 days week-1

for 20 weeks. The tanks were supplied with sand-filtered

seawater at a flow rate of 9.8 l min-1. The water temper-

ature during the feeding trial was in the range of

17.4–25.7�C. After the water temperature fell below 18�C,

the water was warmed gradually using an aquatron (Marine

Catcher SCW-20, Ryomei Kogyo, Aichi, Japan) and

maintained at about 22�C for 5 weeks prior to sampling at

the end of the feeding trial, to prevent the incidence of

green liver due to low water temperature [22].

Sampling and analytical methods

Five fish from each tank were sampled at the end of the

feeding trial. Fish were starved for 48 h prior to sampling

and anesthetized with 0.4 ml/l 2-phenoxyethanol at the

time of sampling. Anatomical observations were made to

check for the presence of green liver syndrome. Hemato-

logical and hemochemical variables [19], hepatopancreatic

and plasma taurine concentrations [23], hepatopancreatic

and biliary bile pigment concentrations [24], serum

osmolality, and osmotic tolerance of erythrocytes (EC50

value) [18] were measured. In addition, histological

examinations of the hepatopancreas and spleen of three fish

from each tank were also conducted at the end of the
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feeding trial. Hepatopancreas samples were stained with

hematoxylin-eosin to look for the stagnation of bile and

occlusion of bile duct in the tissue. Spleen samples were

stained with Berlin blue to check for hemosiderin deposi-

tion in the tissue, which indicates an increase in hemolysis

[25].

Statistical analysis

Data are presented as means of two replicate tanks in each

treatment group. All data were subjected to one-way

ANOVA using 4 Steps Excel SQC (OMS, Saitama, Japan),

and when appropriate, the statistical significance of the

differences among treatment groups was analyzed using a

Tukey-Kramer test and assessed at a 5% level of proba-

bility [26].

Results

Growth and feed performance

Palatability of the experimental diets was not influenced by

dietary treatments, but the feeding activity of the 0TAU

group that received the taurine-unsupplemented SPC diet

declined slightly with prolonged experimental period. Fish

in the 1.0TAU and 2.0TAU groups that received the taurine-

supplemented SPC diets fed actively throughout the course

of this study. Mortalities of all the treatment groups were

3.4% (Table 2). Specific growth rate of the 0TAU group was

the lowest and feed conversion ratio of this group was the

highest among the treatment groups. Daily feed intake of the

0TAU group was the lowest among the treatment groups. In

contrast, these parameters were significantly improved by

dietary taurine supplementation and were not significantly

different between the 1.0TAU and 2.0TAU groups.

Hepatopancreatic and plasma taurine concentrations

Hepatopancreatic taurine content of the 0TAU group was the

lowest among the treatment groups (Table 3). The taurine

content was significantly increased with dietary taurine

supplementation, and the taurine contents were significantly

different in the different groups. Plasma taurine concentra-

tion of the 0TAU group was the lowest among the treatment

groups. The taurine concentration significantly increased

with dietary taurine supplementation, and the concentration

of the 2.0TAU group tended to be higher compared to the

1.0TAU group, although the difference was not significant.

Incidence of green liver and bile pigment concentration

Incidence of green liver of the 0TAU group was 70%, and the

syndrome was not observed in the 1.0TAU and 2.0TAU

groups (Table 4). Hepatopancreatic biliverdin and bilirubin

contents of the 0TAU group were the highest, and thus the

total bile pigment content of this group was the highest among

the treatment groups. The biliverdin, bilirubin, and total bile

pigment contents decreased with dietary taurine supple-

mentation, and the contents of these substances between the

1.0TAU and 2.0TAU groups were not significantly different.

Biliary biliverdin concentrations of the treatment groups

were at similar levels and were not significantly different

from each other (Table 5), although the hepatopancreatic

biliverdin content of the 0TAU group was the highest

among the treatment groups (Table 4). Taurobilirubin

concentration of the 0TAU group was the highest among

the treatment groups. Bilirubin concentration of the 0TAU

group was significantly higher than that of the 2.0TAU

group. Bilirubin monoglucuronide and bilirubin digluc-

uronide concentrations of the treatment groups were not

Table 1 Formulation and composition of the experimental diets

Components 0TAU 1.0TAU 2.0TAU

Soy protein concentratea (%) 55 55 55

Wheat flour (%) 26 26 26

Feed oilb (%) 6 6 6

Vitamin mixturec (%) 4 4 4

Mineral mixtured (%) 2 2 2

Feeding stimulante (%) 0.5 0.5 0.5

L-Lysine HCl (%) 1.27 1.27 1.27

DL-Methionine (%) 0.86 0.86 0.86

Taurinef (%) 0 1.0 2.0

a-Cellulose (%) 4.37 3.37 2.37

Proximate composition

Crude protein (% on dry basis) 47.9 48.9 49.9

Crude fat (% on dry basis) 7.7 7.6 7.4

Crude sugar (% on dry basis) 27.1 28.3 27.3

Crude ash (% on dry basis) 6.4 6.1 6.1

Methionine (mg/g) 13.9 14.3 13.9

Cystine (mg/g) 8.24 8.84 9.20

Taurine (mg/g) 0.01 9.79 20.8

a Danpro A; Aarhus Olie, Aarhus, Denmark
b Riken Vitamin, Tokyo, Japan
c Vitamin mixture (g/kg): thiamin nitrate 0.431, riboflavin 0.35,

pyridoxine HCl 0.425, nicotinic acid 1.25, Ca pantothenate 1.359,

inositol 15.0, biotin 0.015, folic acid 0.075, choline chloride 57.615,

cyanocobalamin 0.0005, L-ascorbyl-2-phosphate-Mg 5.4, a-tocoph-

erol acetate 3.0, menadione sodium bisulfite 0.24, rice bran meal

914.8395
d Mineral mixture (g/kg): MnSO4 2.748, Fe fumarate 24.34, CoSO4

0.016, CuSO4 0.495, ZnSO4 4.955, KIO3 0.075, KH2PO4 206.0,

Ca lactate 141.0, CaH2PO4 309.0, wheat flour 311.371
e Feeding stimulant (g/kg diet): proline 1.77, alanine 1.16, inosine 50-
monophosphate 2.07
f Ajinomoto Takara, Tokyo, Japan
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significantly different from each other, although the con-

centrations of the 0TAU group tended to be higher com-

pared to the 1.0TAU and 2.0TAU groups.

Hematological and hemochemical variables

Red blood cell count (RBC) of the 0TAU group was the

lowest among the treatment groups (Table 6). Hemoglobin

concentration (Hb), hematocrit value (Ht), mean corpus-

cular hemoglobin concentration (MCHC), and mean cor-

puscular hemoglobin (MCH) of the 0TAU group tended to

be low compared to the 1.0TAU and 2.0TAU groups,

although the differences were not significant. Mean cor-

puscular volumes (MCV) of the treatment groups were at

similar levels and did not differ significantly.

The activities of the plasma enzymes, glutamic oxalo-

acetic transaminase (GOT), glutamic pyruvic transaminase

(GPT), c-glutamyl transpeptitase (GGT), and alkaline

phosphatase (ALP) were at similar levels between treat-

ment groups and were not significantly different from each

other (Table 6).

Serum osmolality and EC50 value

Serum osmolality of all the treatment groups showed similar

levels regardless of the dietary taurine supplementation

(Table 7). EC50 value decreased with the dietary taurine

supplementation, and the value of the 0TAU group was

significantly higher than that of the 2.0TAU group (Table 7).

Histological studies

In the hepatopancreatic tissue, neither stagnation of bile

nor biliary obstruction was observed in any of the treatment

groups (Fig. 1a–c). In the spleen tissue, hemosiderin

deposits, which indicate increased hemolysis, were not

observed in any of the treatment groups (Fig. 2a–c).

Discussion

In the present study, dietary taurine supplementation pre-

vented green liver syndrome and markedly improved

growth performance of juvenile red sea bream fed the SPC

diets supplemented with methionine and lysine. Here, we

examine the mechanism of induction of taurine deficiency-

dependent green liver symptom in juvenile red sea bream

Table 2 Growth and diet utilization of juvenile red sea bream fed the experimental diets for 20 weeks

Diet Mean body weight (g) SGRa (%) Feed conversion ratio Daily feed intake (%) Mortality (%)

Initial Final

0TAU 72.5 138a 0.46a 1.99a 0.87a 3.4

1.0TAU 71.6 215b 0.79b 1.49b 1.06b 3.4

2.0TAU 71.8 221b 0.80b 1.48b 1.10b 3.4

Pooled SEMb 0.773 0.881 0.005 0.012 0.008 2.369

Probability 0.858 \0.001 \0.001 \0.001 0.001 1.000

All values are the means of duplicate tanks each containing 15 fish. Different letters within the same column indicate significant differences

(P \ 0.05)
a SGR = 100 9 [(ln final wt.) - (ln initial wt.)]/days
b Pooled standard error of the means

Table 3 Hepatopancreatic and plasma taurine concentration of

juvenile red sea bream fed the experimental diets for 20 weeks

Diet Taurine concentration

Hepatopancreas (mg/g) Plasma (lg/ml)

0TAU 3.97a 56.6a

1.0TAU 7.45b 199b

2.0TAU 8.79c 271b

Pooled SEMa 0.159 18.069

Probability 0.001 0.021

All values are the means of duplicate samples each containing 5 fish.

Different letters within the same column indicate significant differ-

ences (P \ 0.05)
a Pooled standard error of the means

Table 4 Incidence of green liver and hepatopancreatic bile pigment

contents of juvenile red sea bream fed the experimental diets for

20 weeks

Diet Green

liver (%)

Total bile

pigments (lg/g)

Biliverdin

(lg/g)

Bilirubin

(lg/g)

0TAU 70 2.45a 1.15a 1.30a

1.0TAU 0 1.02b 0.46b 0.56b

2.0TAU 0 0.57b 0.24b 0.32b

Pooled SEMa – 0.160 0.077 0.083

Probability – 0.020 0.020 0.020

All values are the means of duplicate samples each containing 5 fish.

Different letters within the same column indicate significant differ-

ences (P \ 0.05)
a Pooled standard error of the means
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fed non-FM diets based on SPC compared with the cases of

yearling red sea bream [20, 21] and juvenile yellowtail

[17–19]. Furthermore, we discuss the effect of taurine

supplementation in alternative protein diets on improving

the growth performance of red sea bream.

Mechanism for induction of taurine

deficiency-dependent green liver symptom

In fish, green liver syndrome is observed in the mature

stage (H. Murata, pers. comm., 2000). In addition, it is

well-known that green liver syndrome of red sea bream is

frequently observed during periods of low water tempera-

tures. In the rearing experiment of juvenile red sea bream,

incidence of green liver syndrome was high under the low

water-temperature conditions of about 10�C, but the inci-

dence was remarkably reduced by warming the water to

more than 18�C for 5 weeks [22]. In the present study, the

influences of both maturation and low water temperature

on the occurrence of green liver were excluded by using

immature juvenile red sea bream and maintaining the fish

at about 22�C for 5 weeks prior to the sampling at the end

of the experiment. As a result, in fish fed the taurine-

unsupplemented SPC diet, the incidence of green liver

syndrome was high. In these fish, the hepatopancreatic and

plasma taurine concentrations were the lowest and the

hepatopancreatic bile pigment contents were the highest

among the treatment groups. In contrast, in fish fed the

taurine-supplemented SPC diets, incidence of green liver

syndrome was not observed, as the taurine concentrations

of tissues significantly increased together with a significant

decrease in hepatopancreatic bile pigment contents with

dietary taurine supplementation. Hepatic tissues of fish fed

the taurine-unsupplemented SPC diet were not markedly

affected, as shown in the activities of hepatic function

enzymes in plasma. Therefore, green liver syndrome of

juvenile red sea bream fed the taurine-unsupplemented

Table 5 Biliary bile pigment concentrations of juvenile red sea bream fed the experimental diets for 20 weeks

Diet Total bile

pigments (lg/ml)

Biliverdin

(lg/ml)

Type of bilirubin (lg/ml)

Bilirubin Taurobilirubin Diglucuronide Monoglucuronide

0TAU 73.5 29.6 3.66a 34.9a 0.50 4.79

1.0TAU 41.9 32.9 1.93ab 4.74b 0.20 2.12

2.0TAU 38.8 28.9 1.52b 5.46b 0.11 2.76

Pooled SEMa 4.759 1.334 0.249 3.105 0.157 0.976

Probability 0.061 0.394 0.044 0.026 0.512 0.458

All values are the means of duplicate samples each containing 5 fish. Different letters within the same column indicate significant differences

(P \ 0.05)
a Pooled standard error of the means

Table 6 Hematological and hemochemical variables of juvenile red sea bream fed the experimental diets for 20 weeks

Diet Red blood cell

count (106/mm3)

Hemoglobin

concentration

(g/100 ml)

Hematocrit

value (%)

MCV

(lm3)

MCHC

(%)

MCH

(pg)

Plasma enzyme activity (IU/l)

GOT GPT GGT ALP

0TAU 2.16a 5.2 23.7 110 21.7 23.8 0 0 1 38

1.0TAU 2.73b 6.9 29.7 108 23.8 25.2 2 0 1 39

2.0TAU 2.83b 7.2 30.5 108 23.9 25.3 0 0 0 38

Pooled SEMa 0.063 0.232 1.702 4.689 0.679 0.446 0.658 0.122 0.314 5.765

Probability 0.023 0.060 0.240 0.967 0.337 0.385 0.501 0.465 0.599 0.999

All values are the means of duplicate samples each containing 5 fish. Different letters within the same column indicate significant differences

(P \ 0.05)
a Pooled standard error of the means

Table 7 Serum osmolality and EC50 value of juvenile red sea bream

fed the experimental diets for 20 weeks

Diet Serum osmolality (mOsm/kg) EC50 valuea

0TAU 389 0.69a

1.0TAU 393 0.60ab

2.0TAU 389 0.59b

Pooled SEMb 5.701 0.011

Probability 0.923 0.039

All values are the means of duplicate samples each containing 5 fish.

Different letters within the same column indicate significant differ-

ences (P \ 0.05)
a EC50 value indicates sodium chloride concentration (g/100 ml) at

50% hemolysis
b Pooled standard error of the means
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SPC diet is concluded to be caused by dietary taurine

deficiency. Green liver syndrome appears to be due to an

increase in hepatopancreatic biliverdin content, which is a

bile pigment and is green in color [6]. An increase in he-

patopancreatic bile pigment contents is caused by (1) a

decrease in bile pigment excretion from the hepatopancreas

into bile and (2) an increase in bile pigment production.

As for bile pigment excretion, neither hepatobiliary

obstruction nor bile pigment stagnation in the hepatopan-

creas occurred in any of the treatment groups as shown in the

Fig. 1 Photomicrographs of

histological sections of

hepatopancreas in juvenile red

sea bream fed non-FM diets

based on SPC supplemented

with taurine at levels of a 0%,

b 1.0%, and c 2.0%. H&E stain.

Neither the stagnation of bile

nor biliary obstruction was

observed in any of the treatment

groups

Fig. 2 Photomicrographs of

histological sections of spleen in

juvenile red sea bream fed non-

FM diets based on SPC

supplemented with taurine at

levels of a 0%, b 1.0%, and

c 2.0%. Berlin blue stain.

Hemosiderin deposits, which

stain blue and are an index of an

increase in hemolysis, were not

observed in any of the treatment

groups
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results of the histological study. In red sea bream fed the

taurine-supplemented SPC diets, bile pigments were

excreted from the hepatopancreas into the bile mainly as

biliverdin, which has a high polarity [7], as observed with

yearling red sea bream fed the FM diet [20]. On the other

hand, in red sea bream fed the taurine-unsupplemented SPC

diet, bile pigments were excreted from the hepatopancreas

into the bile as biliverdin, and in addition hepatopancreatic

biliverdin that exceeded the capacity of excretion was

reduced to bilirubin, which has a low polarity [7]. Then,

bilirubin conjugated with taurine and/or glucuronic acid,

which are synthesized in vivo to elevate polarity, and was

excreted into the bile. Moreover, in the present study, biliary

bile pigment concentration increased with the increase in

hepatopancreatic bile pigment contents, and pronounced

atrophy of the gallbladder was not observed in the treatment

groups. These results indicate that bile pigment excretion in

juvenile red sea bream is not markedly affected by dietary

taurine deficiency as in the case of yearling red sea bream

[20, 21]. This differs from the case of yellowtail [17–19]. In

yellowtail, the ability of taurine synthesis is lower compared

with red sea bream [13, 14], and bile pigments are excreted

from the liver into the bile mainly as taurobilirubin [7, 17,

19]. Hence, in yellowtail fed taurine-unsupplemented SPC

diets, bile pigment excretion is markedly reduced because

bilirubin could not conjugate with taurine due to dietary

taurine deficiency [17–19].

Concerning bile pigment production, in fish fed the tau-

rine-unsupplemented SPC diet, Hb and Ht were lower, RBC

was significantly lower, and osmotic tolerance of erythro-

cytes was inferior as shown in the EC50 value compared with

fish fed the taurine-supplemented SPC diets. These results

indicate that hemolysis progresses in fish fed the taurine-

unsupplemented SPC diet because the erythrocytes become

osmotically fragile due to dietary taurine deficiency. A

previous study demonstrated that in juvenile yellowtail fed

taurine-unsupplemented SPC diet, hemolysis increased due

to a decrease in osmotic tolerance in erythrocytes, and n-3

highly unsaturated fatty acids (n-3 HUFA) content in the

biomembrane of erythrocytes was lower [18]. Hence, it is

considered that the same phenomenon occurred in the red

sea bream as in the case of yellowtail. In contrast, osmotic

tolerance of the erythrocytes together with n-3 HUFA con-

tent in the biomembrane of erythrocytes increased, and

hemolysis was prevented by taurine supplementation to the

SPC diets for juvenile yellowtail [18]. Taurine has a bio-

membrane stabilization role [8, 9]. In addition, docosahex-

aenoic acid, one of the n-3 HUFA, affects the fluidity and

rigidity of the cell membrane structure [27]. Previous studies

have also suggested that stability of erythrocytes is related to

the n-3 HUFA content in the biomembrane of erythrocytes

[28–30]. Digestive absorption of lipid is promoted with bile

acid, and bile acid conjugates with glycine and/or taurine

prior to secretion [31]. Particularly in fish, bile acid conju-

gates with taurine [31, 32]. Hence, erythrocytes of fish fed

taurine-deficient diets might become osmotically fragile

because the n-3 HUFA content of erythrocytes decreases

with a decrease in digestive absorption of lipid via a decrease

in bile acid secretion.

In the present study, hemosiderin deposition, which

indicates increased hemolysis [25], was not observed in the

spleen tissue of juvenile red sea bream fed a non-FM diet

based on SPC, although a marked hemosiderin deposition

was observed in the spleen tissue of yearling red sea bream

[21] and juvenile yellowtail [17] fed such diets. The dif-

ference in the results between juvenile and yearling red sea

bream might be influenced by the stage of maturation and

water temperature, since the rearing periods of the studies

were similar in juvenile (week 20) and in yearling (week

22) fish. The difference in the results between red sea

bream and yellowtail might be reflected in the difference in

their taurine synthesis ability [13, 14] and in the require-

ment for taurine to maintain the physiological conditions as

mentioned above.

On the other hand, serum osmolality of all the treatment

groups was at similar levels, although the plasma taurine

concentration significantly increased with taurine supple-

mentation to SPC diets. Hence, it is considered that the

dietary taurine content does not influence serum osmolality

in juvenile red sea bream as in the case of yearling fish

[21], although taurine plays an important role in osmo-

regulation of fish [8, 9, 33], and serum osmolality of

juvenile yellowtail is highly correlated with the plasma

taurine concentration [18].

From these results, the mechanism for induction of taurine

deficiency-dependent green liver symptom in red sea bream

fed non-FM diets based on SPC is as follows: in red sea

bream fed the taurine-unsupplemented SPC diets, hemolysis

increases gradually because the erythrocytes become

osmotically fragile due to dietary taurine deficiency, he-

patopancreatic biliverdin content increases, and this induces

the green liver symptom. On the other hand, in yellowtail fed

taurine-unsupplemented SPC diets, severe green liver

symptoms occur by both a decrease in bile pigment excretion

and an increase in hemolytic bile pigment production due to

taurine deficiency [17–19]. Therefore, the influence of tau-

rine deficiency on physiological condition is different among

fish species, since the capacity for taurine synthesis and the

need for taurine for bile pigment excretion and osmoregu-

lation are species-specific.

Effect of taurine supplementation in alternative protein

diets on improving growth performance

We previously reported that growth performance of juve-

nile red sea bream fed low-FM diets based on SPC was

Fish Sci (2011) 77:235–244 241
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improved by dietary methionine and lysine supplementa-

tion, but the performance was slightly inferior compared

with fish fed the FM diet [34]. In addition, growth per-

formance of red sea bream fed low-FM diets based on SPC

supplemented with methionine and lysine was improved by

dietary taurine supplementation to a level comparable to

the fish fed an FM diet [20]. In the present study, in

juvenile red sea bream fed a non-FM diet based on SPC

supplemented with methionine and lysine, tissue taurine

concentration was lower and growth performance was

inferior. In contrast, tissue taurine concentration was

increased and growth performance was significantly

improved with taurine supplementation to the SPC diets.

Therefore, inferior growth performance of red sea bream

fed the taurine-unsupplemented SPC diet is concluded to

be caused by dietary taurine deficiency. The inferior

growth performance due to dietary taurine deficiency is

considered to be a result of the following: Feeding activity

of juvenile red sea bream fed the taurine-unsupplemented

SPC diet declined with prolonged experimental period, and

this resulted in decreased energy intake. In addition, the

supply of oxygen to the cells is insufficient due to increased

hemolysis, and this means a decrease in energy production,

since absorbed macronutrients are oxidized during the

process of metabolism in the cells [35, 36]. An increase in

hemolysis might induce an increase in energy consumption

for increases in both bile pigment excretion and hemato-

poietic function. Furthermore, digestion and adsorption of

dietary lipids and n-3 HUFA are considered to decrease

with decreased secretions of bile acids, since the amount of

bile acids conjugated with taurine is insufficient. Accord-

ingly, one of the causes for inferior growth performance of

juvenile red sea bream fed the taurine-unsupplemented

SPC diets might be the insufficient energy supply and the

increase in energy consumption for recovering abnormal

physiological condition due to dietary taurine deficiency.

In mammals, herbivores can synthesize taurine in vivo,

but most omnivores and carnivores cannot generally syn-

thesize sufficient taurine in vivo [8]. Hence, the supply of

taurine in omnivores and carnivores is dependent on feeds.

Kittens [10] and infants [11, 12] require taurine as an

essential nutrient. In fish species, the capacity for taurine

synthesis is species-specific, and in highly carnivorous

species such as bluefin tuna Thunns thynus, yellowtail,

Japanese flounder Paralichthys olivaceus, and red sea

bream it is markedly low or negligible [13, 14]. In addition,

the taurine requirement of yellowtail [37] and Japanese

flounder [38, 39] juveniles fed FM-based diets is more than

10 mg/g diet and about 15 mg/g diet, respectively, and for

juvenile red sea bream fed a casein-based diet, it is 5 mg/g

diet [40]. It is reported that dietary taurine supplementation

improved growth performance of glass eel Anguilla

anguilla [41] fed casein-based diets, and of cobia

Rachycentron canadum [42], European sea bass Dicen-

trarchus labrax [43], and common dentex Dentex dentex

[44] fed diets where FM was partially replaced with

alternative protein sources. Therefore, in carnivorous fish

species, taurine supplementation is essential in diets where

FM is partially or totally replaced by plant protein sources.

Furthermore, recent studies have reported that growth

performance of rainbow trout fed plant protein–based diets

was improved by dietary taurine supplementation regard-

less of methionine supplementation [45, 46], although this

fish species has a comparatively high ability to synthesize

taurine [13, 14].

The results of the present and previous studies demon-

strate that, compared with fish fed FM diet, one of the

causes for the inferior growth performance in fish fed

alternative protein diets supplemented with essential amino

acids is dietary taurine deficiency. Taurine supplementation

improves the nutritive value of alternative protein diets

supplemented with essential amino acids. This indicates

that the paradox of rearing fish by feeding them on other

fish can be overcome. In other words, the production of fish

will become possible by feeding them diets based on plant

protein sources and thereby providing good quality animal

protein for human consumption. These results are useful

for the development of a sustainable aquaculture industry.

Taurine has various physiological roles, however, eluci-

dation of the roles in fish species has been limited and

fragmented. Hence, further studies on the physiological

roles and requirement for taurine in fish species are nec-

essary to develop high quality diets with reduced amounts

of FM.
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