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ABSTRACT

A series of experiments were carried out to characterize sulfur amino acid metabolism in lish, in particular
taurine formation from sulfur amino acids. Rainbow trout was used as the experimental fish. Results of both
feeding and a tracer expenmeot indicated that cysteine is the main starting substance for taurine biosynthesis, and
this is metabolized through cysteittesulfinatc as an intermediate to hy potaurine, taurine, and sulfate in rainbow
trout. Cysteine dioxygcnase  CDO! which catalyzes the oxygenation of cysteine to form cysteioesu.lfinatc was
considered to play a regulative role of the cysteine ntetabolism in rainbow trout. On the other hand. a large dose
of cysteine showed a serious toxicity to rainbow trout. Considering the rapid rise of the hepatic CDO activity
after the cysteine intake, this enzyme presumably plays a role in detoxication by converting cysteine into non-
toxic cysteinesulfinate.

INTRODUCTION

Because of the liinited global supply of
fishineal and its high price, many fish nutritionists
have searched for suitable alternal.ive sources of
protein for fish feed  Watanabe 1994}. Soybean
meal may be utilized first, which affords a relatively
large supply of cheaper protein, However, soybean
protein ts low in sulfur airiino acids, especially
methionine, which is known as one of the essential
amino acicLs for fish  Nose and Murai 1990}, Many
studies, therefore, have been performed on sulfur
amino acid requirements for several species of
cultured fish  Ketola 1982, Moon and Gati in 1991}.
In previous investigations on sulfur amino acid
requirements for fish, little attention has been paid
to sulfur amino acid metabolisin including its
regulatory mechanism.

There are numerous reports of analysis of
free amino acids and amino acid-related substances
in fish and shellfish, some of which are known as
amino acid metabolites in mammals  Sakaguchi
1994}. It has been frequently tnentioned that some
of these amino acids and ainino acid-related
substances vary greatly iii content with species,
organ, age of fish. seasons, and physiological
condition of f ish. In particular, taurine is present at
a considerably high concenlration in fish. Taurine

was first discovered in bovine bile, and it is a
generally accepted idea that taurine is one of the
final inetabolites of sulfur amino acids in mainmal s
 Griffith 1987}. This sulfur-containing substance
is considered to have such physiological futtctiotts
in tnammals as membrane protection.
detoxification, and antioxidation  Wright et al. 1986!.
Taurine also has attracted many fisheries
biochemists with regard to its physiological function,
particularly its participation in the osmotic regulation
and its origin, because of its high concentration in
fish tissues  Sakaguchi and Murata 1988!.
However, there has been little study on the
metabolism of sulfur amino acid in fish, especial! y
on that of cysteine; only a few studies suggested
that taurine in fish body originated from dietary
sulfur amino acids  Walton et al, 1982, Cowey ct
al, 1992}. The inetabolic pathway of sulfur amino
acids in fish is still far from being understood.
Investigation on sulfur amino acid metabolism in
fish, of course, must be important in thc
improvemettt of the fish feed,

In this paper, the author describes the
results of some experiments that were carried out
to elucidate sulfur amino acid metabolism,
especially cysteine ~lism, in fish fiom the point
of view of sulfur amino acid nutrition and that of
taurine formation as well. Rainbow trout was used
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Table 1 Composition of experimental diets  '8!  Vokoyama and Nakazoe 1992!.

Diet No.
3

tngredient
Casein
L.Methionine
t,-Cystlne
Taurine
«-starch
Dextrin
l.ipid'
Cellulose
Mineral mixture
Vitamin mixture

50 50 50 50 3
15
10

10 5 5
2

50

1

15
12

10 5 5
2

1
15

I
10
5
5
2

15
1310 5 5 2

15
1210 5 5 2

siu}fur amino acid content�/4!t
Methionine 1.2
Cystine 0.2
Taurine

2.2
0.2

1.2
1.2

1.2
3.2

1.2
0.2
1.0

~ Soybean oil: Pollock liver oil = 3: 2
t The values were calculated from amino acid composition of casein and supplemented amino acids.
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METABOLIC FATE OF CYSTEINE

Diat t Diiet 2 Diet 3 Diet 4 Diet 5

as thc experimental fish. All of the rearing
experiments were conducted at 15'C.

To confirm the metabolic fate of cystcine
in rainbow trout, both tracer and feeding
experirnems focusing on the metabolic pathway
from cysteine to taurine in rainbow trout were
conducted.

Accumulation and excretion of taurine in fish
fed diets supplemented with methionine,
cystine, and taurine

The efFects of the amount of sulfur amino
acids administered on the tissue levels of the
coiiesportding arltino acids and their rnetabolites, and
on the arrount of raurinc excreted were examined as
a preliminary study to look into the pathway from
~~ve sul amino acids to taurine. Rainbow
~t weighing about 10 g werc fed with casein-based
diets supplemented with methionine, cystine, and
taurtne for 1> days. The composition of experimental
diets is given in Table l.

ln fish fed the methionine-supplement&
diet  diet 2!, methionine and cystathiorun«ontents
in the liver were observed to be about 25 and
times higher respectively, than those in the liver of
the fish in the other four dietary groups  Table 2!,

Figure t. Taurine content of whole body of rainbow trout
fed five different diets  Yokoyama aod t'ai~ 19921.
See Table 1 for the composition of five diets given in
the figure.

However, the levels of cysteine and cystine showed
only a slight change in ail dietary groups, The taurine
content in the liver increased to some extent in all

dietary groups. In the whole fish body, there was
little difference in taurine content between the

control group  diet 1! and the 1% rnethionine group
 diet 2!  Fig, l!. On the other hand, the taurine
level in the fish fed either the 1% cystine diet  diet
3! or the 3% cystine diet  diet 4! was significantly
higher than that of the control fish Consequently,
the fish fed cystine- or taurine-supplemented diets
accumulated taurine at a high level in their bodies.
Administration of sulfur amino acids and taurine
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Table 2 The free amino acid and glutathione levels in the liver  pmoUg tissue! of rainbow trout fed diets
differin in sulfur amino acid contents Yoko arne and Nakazoe 1992!.

Diet No.
3 4 5Amino acid

Methionine
Cystathioninc
Cysteme
Cystine
Taurine

0,05+0.01 1.21+0,86 0,05+0.01 0,0&0,D I 0.05M.D I
0,15&.07 0.43+0.06 0.21+0,11 0,17+0,05 0.17+0,05
0.21+0,03 0.22+0.03 0.2&0.03 0.4�0.02 0.2&0.04

tr. tr. tr. G.D I+0.00 tr.
23.40+2.52 26.84+4.87 29.31+8.59 25.4&2.34 31,45+3.04

Ghttathi one 3.0%0.36 3.01&.34 2,96s:0.48 2,8 I+0.40 2,6~.51

3.15+0.39 2.74+0,17 2,81M.40 3.07+0.62 3.0 IW.43

The vatues are means of five individual tneaswements + standard deviation.
tr: trace amount.

for the cystathionine biasynthesis, although no
analysis was made in this study for hamacysteine,
which is another substitute for cystathianine
formation. These facts also imply that cystathionine
biosynthesis proceeds relatively rapidly, while
cysteine biosynthesis from cystathianine proceeds
very slowly. Therefore, both cystathionine and its
precursor methionine might be accuniulated in the
tissues of rainbow trout when the fish is fed excess

dietary methionine. In any event, it is evident that
the excess methionine ingested was not used
efficiently for cysteine biosynthesis in the liver, and
did not lead ta apparent accumulation of cysteine
and taurine.

Hosokawa et al. �988! observed for rats
that taurine excretion into urine increased

remarkably when a high level protein diet was
administered. As can be seen in Table 3, the
amount of ordinary amino acids excreted from the
rainbow trout for 24 h after final feeding did not
differ greatly between the control fish  diet I ! and

showed no apparent effects an the levels of the
non-sulfur amino acids in the liver and muscle

except that of serine.
According to Finkelstein and Martin

�986!, the methionine level in the rat liver was as

Iow as 0.08 pmoVg, even when the rat was fed a
diet containing 3% methionine for 7 days. In the
present study, however, the methionine content in
the liver of fish fed the 1% rnethionine diet was

estimated to be as high as 1.2 pmoVg, Similar high
metkianine levels in the serum  Nose 1974! and
the liver  Walton et al. 1982! of rainbow trout were
reported for the fish fed a diet suppletnented with
excess methion inc. The relatively high content of
cystathionine in the liver observed in this study
suggests that this ainino acid was synthesized from
the excess rnethionine via hornocysteine. Since
serine is one of the raw materials for cystathionine
biosynthesis  Finkelstein and Martin 1986!, the
decrease in free serine content of the liver might
be attributable to the consumption of free serine

Aspltic acid
Threonine
Serine
Glutamic acid
Glutamine
Proline
Giycine
Alanine
Valine
1soieucine
Leucine
Tyrosme
Phenylalanine
Tryptophan
Lysine
Histidine
Arginine

1.10+0.30
0.48&.12
0.3 8+0.11
3.78*1.14
0.63+0.54
2.51k 1.00
I.QH:0.15
5.72+0.83
1.17M.23
0.50sO.13
0.9trt0.25
O. I ILtO.05
0.1&F0.02
0,05M.DG
0,26-sO.G7
1.37+0. 14
0.0&0.02

0.5&0.04
0.33tO. I 0
0.07+0.05
2.73*0.42
0.43M.32
1,62+0.67
I.D&0.16
4. 7&s0. 65
1. G3+0. 16
0.43~0.06
0.78M.11
0.13M.Dt
0.4&F0.04
0.05M.O I
0,18+0,04
1.37M.08
0.01*0.00

0.8�0.55
0.45&.10
0.3&0.07
3.90%2,52
G. 56s:0. 54
3.21+1.57
1.63&0.34
5.86+1.15
1.31+0.38
0.57&.16
1.07sO. 30
0.1 &0.02
0. 16s:0.0 I
0,05aO.O'I
0.36+0,25
I.4&0.12
0.02*0.02

0.65xG. I 8
0,55*0.4S
0.3&0.13
3.77&L89
0,71'.53
1.94M.55
1.70s:0.17
5.53+1.01
1.34M.36
0.5320,09
0,9&0,12
0,14+0.04
D. ItitO.D3
0.04+0.01
0,53+0.47
1.2&0.20
0.0&0.10

0,86j.0.24
0.53s-0.07
0.38+0. 10
3,07s-.0,42
0,58s=0.17
2.49*0.85
1.7�0,30
5.55+0.87
1.18&.15
0,5Ze0,05
0.97+0. 10
0.12s:D.D2
0, 14&.DI
0.04M.D2
0.19s:0.04
1. 34+0.09
O.DIM.DD
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Table 3 Amino acid excretion of the rainbow trout fed diets supplemented with sulfur amino acids  pmoUg body
weight/day!  Yokoyama and Nakazoe 1 992!.

Diet No.

2 3 4 5Amino acid

Tnunne 0.23 0.35 1.31 1.31 2.37

Aspartic acid
Thleonnle
Senne
Glutamic acid
Glycine
Alanine
Vatioe
Cystine
M ethionine
holcucine
Leucine
Tyros ate
Phenylatanine
I.ysioe
Hintidine
Arginine
Anunonia

0.08
0.22
0.42
0.38
0.25
0.45
0.49

0.25
0.38
t.l2
0.69
0,52
0.95
0.17
0.56

26.50

0.09
0.20
0.42
040
0.20
0.47
0.46
ND

0.76
0.39
1.33
0.85
0.71
0.97
0.16
0.63

27.10

0.10
0.21
0.33
0.43
0,43
0.53
0.53
0.04
0,18
0.26
0.74
0.32
0.6
0.48
0.10
0.32

22.70

0,1 I
0.3 5
0.54
0.51
0.42
0.63
0.63
0.01
0,31
0,53
1.15
0.56
0.44
0.93
0.23
0. 50

24.00

0.07
0.15
0.20
0.41
0.27
0.38
0.38
0,18
0.12
0.25
0.54
0.20
0.15
0.35
0.08
0.22

23.80

the fish administered methionine  diet 2!, cystine
 diet 3 and 4! or taurine  diet 5'!, with the exception
of slightly increased methioninc excretion from the
methionine-administered fish, Fish fed the 1%

methionine diet excreted almost the same levels of

taurine as fish fed the control diet, whcrcas, fish
fcd the cystine- and taurine-suppletnented diets
excreted a large amount of taurine. Taurine
excretion of the fish fed cystine-supplemented diets
was four times higher than that of the fish fed
rnethionine-supplemented diets. Clearly, the higher
the taurine content of the whole body, the larger
the excretion. This suggests that the taurine
excretion becomes active when thc net

accumulation of taurine in the fish body exceeds a
certain level.

Although Tateishi et al. �977! reported
for the rat that hepatic g la tathione plays a role as a
cysteine reservoir, there was no obvious change in
the glutathione content of cithcr liver or muscle in
any experimental group, This agrees well with the
results reported by Walton et al. �982!. At least
for rainbow trout, glutathione does not seem to serve
as a cysteine reservoir when fish are fed excess
amounts of sulfur amino acids such as methionine

or cystine.

Metabolites derived front L-[ 'S]cysteirte
injected into the peritoneal cavity

When cystine was given to the fish, the
content of taurine tnarkedly increased; when
methionine was given, no such increment was
observed. This meatus that cysteine is the main
starting material for the taurine biosynthesis in
rainbow trout, Therefore, the fate of cysteine was
traced by injecting radiochemically-labeled cyste inc
into the peritoneal cavity of rainbow trout,
Metabolites derived from the radioactive cysteine
werc examined from whole fish body and the
excreta. Each of the fish weighing about 10 g was
kept in an Erlenmeyer flask containing 1 Lof water
for an of appropriate amount of L-PS]cysteine.
The whole body of the frozen fish sample was cut
into small pieces and homogenized with 4 volumes
of distilled water. The homogenate was separated
into a protein fraction and a soluble fraction. Thc
soluble fraction was further fractionated into
several tnetabolitc fractions by the method of
Yamaguchi and Veda �976! with minor
modification. The water in which rainbow trout
was reared was fractionated in a similar manner
as above.

Irt vivo composition of radioactive
substances derived froin L-[" S]cysteinc injection
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Table 4 Distribution of "S substances in the whole body of rainbow trout which were injected with two

different dose levels of L-[ S!cysteine  Yokoyarna et al. 1997!

"S Substances  corno Vg body weight!Dose of

L-[ S]cysteine

Taunne Hypotaurine Sulfate Protein Others /rmoVg body weight! Total

0450 0.108 0.041 0.068 0.157 0,0761.50

0,067 0.011 0.004 0.008 0.035 0.0090.15

Table 5 Excretion of "S subsiaoces into the water where ihe rainbow trout was kept for 24 h alter Ihe i:

["S!cysteine injection  Yokoyama et al. 1997!.

S Substances Qrnol/g body weight/day!Dose of

L-["S]cysteine

QmoVg body weight! Total Taurine Hypotaurine Sulfate Others

1.50 0,107 0.251 0212 0.426

0.15 0.079 0,014 0.020 0.022 0,023

and that in the rearing water were tabulated in
Tables 4 and 5, respectively. When the fish was
injected with 1.5 lirnol L-[isS Jcysteine/g fish body
weight, one-third of the total radioactivity was
retained, whereas one-half remained in the fish
injected with 0.15 p.rnol/g. In both cases, the
remainder of radioactivity was recovered from the
rearing water. From the data in Table 4, taurine,
hypotaurine, and sulfate can be said to be the major
metabolitcs present in the sohrble fraction of fish
body regardless of the dose size, though a relative! y
large amount of radioactivity had been incorporated
into the protein fraction. Even though it is not clear
that the radioactive cysteine is incorporated into
the protein inolecule eirher as a disul fide linkage or
as a constituent part, this fact indicates that thc
incorporation of cysteine into the protein molecule
occurred very rapidly.

A considerably large amount of the

rnetaholites such as taurine, hypotaurine, and sulfate
was found to be excreted into the rearing water
within the 24-h experimental rearing. Howcvcr.
in the case of 1.5 lrmoVg body weight injection, the
amount of radioactive substances corresponding
to about one-third of the total activity could noi be
identified  Table 5!. A part of the injected
L-[-"S]cysteine is likely excreted directly into the
water, because the proportion of the unidentifirxl
activity was much greater in the large dose than in
thc small dose From the resuhs given in Tables 4
and 5, the total amounts of taurine, hypotaurine,
and sulfate formed from injected L-cysteine were
calculated as 14, 19, and 19% of a dose of 1.5
lrmoVg body, respectively, Regardless of the dose
size, more than 50% of L-cysteine was mctabol ized
within 24 h after injection. Evidently, a large portion
of the cysteine administered was metabolized
rapidly to taurine vio hypotaurine, and the pathway
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is accompanied by sulfate formation, although the
details of pathway had not necessarily been clarified
by this experiment.

Oxidation of cysteine to cysteinesul finate
is believed to be the major step of cysteine
catabolism in mammals, particularly when cysteine
availability is high  Wheldrake and Pastcrnak 1967,
Yamaguchi et al. 1973, Stipanuk 1979!.
P-sulfinylpyruvate, a product of cysteinesulfinate
transamination reaction, decomptxses spontaneously
into pyruvate and sulfite; sulfite is further oxidized
by sulfite oxidase to sulfate  Griffith 1987!. The
formation of taurine, hypotaurine, and sulfate from
L-cysteine suggests that rainbow trout has the
L-cysteine-metabolic pathway similar to that of
mammals where cysteinesulfinate plays a key role
as the intermediate,

The mechani sm of conversion of

hypotaurine to taurine has not been elucidated yet.
Both enzyinatic  Oja and Kontro 1981, Kontro and
Oja 1985! and non-enzyinatic  Fellrnan and Roth
1985! reactions, however, have been considered
to be involved in the taurine formation. On the

other hand, as for rainbow trout, much of the

hypotaurine was observed to be excreted into the
rearing water, i,e�a considerable amount of
hypotaurine is excreted without being converted
into taurine.

Changes in tissue level of the major eysteine
etabolltes by the continuatiott of oral

adtnlntstration of excess cystlne
An attempt was made to ascertain that

taurine is originated from dietary cysteine by
exainining the effect of the oral administration of
cystine on the tissue contents of the major
metabolites. A feeding experiment was conducted
using the 50% casein diet supplemented with 1%
cystine, Contents of hypotaurine, taurine, and
cysteinesulftnate in the tissues of rainbow trout
were periodically measured throughout the 8-day
feeding. The change in hypotaurine content m four
different tissues is given in Figure 2. The hepatic
hypotaurine level at the start of the ex~nt was
about 1 pmoUg tissue, Excess ditxary administration
of cystine brought about the hypotaurine
accumulation both in the liver and the kidney within
the first 2 days. The accumulation in these tissues
reached a maximum level  about 4 tunol/g! after 2

~ 8
00

O
6

t v 4

0 C4 0
Days

Figure 2. Changes in hypotaurine contents in several tissues
of rainbow trout during feeding on cystine-supplemented
diet  Yokoyama and Nakazoe t998!. Results are ex-
pressed as the mean s standard deviation of five indi-
viduals.

to 4 days. The hypotaurine content in the muscle
tissue was almost zero at the very beginning,
increasing gradually during feeding. The max iinum
level in thc muscle, however, was only one-eighth
of that in the liver,

Changes in taurine and cysteinesulfinate
contents in several tissues are shown in Figures 3
and 4, respectively A large amount of taurine
existed in the kidney and the liver at a level of
about 25 limo Vg tissue; the content was very low
in the muscle and plasma. The taurine content
appeared to be constant throughout the feeding
period. The levels of cysteinesulfinate tended to
increase in the liver and kidney by the cystine
administration. However, these values were

extrelncly low compared with those of taurine and
hypotaurine; even at the maximum on the 4th day,
cysteinesulfmate was only 0.015 tunoUg. ln the
muscle tissue and plasma, there was no change in
the cysteinesulfinate content.

The cysteinesulfinate content remained
low throughout the experimental period, although
it was considered to be affected by the excess
cystine administration, This fact suggests that in
rainbow trout the cysteine metabolism is controlled
mainly at the cysteine oxidation step rather than at
the step of cysteinesulfinate breakdown.
Therefore, the cysteine oxidation enzyme must
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40

O 30

20
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Days

Figure 3. Changes in taurine contents in several tissues of
rainbow trout during feeding on cystine-supplemented diet
 Yokoyama and 1Vakazoe 1998!. Results are expressed as
the incan a standard de isation of five individuals.

0. 04

4 ~0. 03

btt 0. 02

O.Cl

V 0 0 2 4 6 8
Days

Figure 4. Changes in cystetnesu!ftnate contents in sevend
tissues of rainbow trout during feeding on cystine-supple-
mented diet  Yokoyama and Nakazoe 1998k Resuhs are
expressed as the incan u standard deviation of five indi-
viduals.

have fundamental significance in cysteine
metabolism in the fish,

Hypotaurine is regarded as an antioxidant
by scavenging highly reactive hydroxyl radicals,
and to play an important role in preventing the
attack by oxidants tn viva  Aruoma et al. 19881.
Since taurine is the oxidative product of hypolaurine,
the oxidation of hypotaurine to taurine in fish should
prove to be interesting regarding physiological
protection against the attack of radicals. The
physiological role of hypotaurinc should be
investigated in the future in conjunction with the
biological function of taurine.

CYSTEIWE DIOXYCrENASE  CDO!
ACTIVITY AS A DOMINANT FACTOR IN

CYSTEINE METABOLISM

Cystcinesulfinate is a key intermediate
both in the catabolic pathway to pyruvate and
sulfate, and in the metabolic pathway to taurine in
inammals  Griffith 1987!. CDO [EC 1.13.11.20!
catalyzing the oxygenation of L-cystcine to L-
cysteinesulfinate plays an important role in
mamtnalian cystei ne metabolisrn  Yarnaguchi and
Hosokawa 1987, Kohashi et al. 1978!.

It has become apparent that cysteine was
metabolized into cysteinesulfinate as the very first
step in rainbow trout, as in the case of mammals.
Most probab!y, this enzyme participates in cysteine
metabolism in rainbow trout as well. Since no

information about CDO in fish has yet been
availablc, response of CDO activity in the liver to
the level of sulfur amino acid administrated was
investigated to confirm the participation of thc
enzyme in this oxidation reaction.

Enhancement of CDO activity by dietary
supplementation of sulfur asniuo acids

Since CDO was considered to function in

the initial step of cysteine metabolisin, the tissue
distribution of CDO activity and the effects of a
large excess of sulfur amino acids in the diet on
CDO activity in the tissue were examined. The
fish were fed 1% sulfur amino acid-supplemented
40% casein diets for 10 days,

The activities in the liver of both the fish

fed either methionine- or cysteine-supplemented
diets were significantly higher than those of the
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control group, This enhancement in the liver
suggests that a high sulfur amino acid intake induced
the hepatic CDO. On thc other hand, no such
remarkable rise in CDO activity was observed in
other tissues  Fig. 5!, This finding implies that a
cysteine catabolic pathway to taurine via
cystcinesulfinatc exists in the liver, and the system
works in concert with dietary sulfur amino acid
levels as ascertained in mammals  Kohashi et al.
197 S!.

Enhancement of hepatic CDO activity by
intraperltoneal injection of sulfur amino acids

lt was observed that CDO occurs in the

liver of rainbow trout, and its activity was enhanced
by dietary supplementation of an excess amount
of both methionine and cystine. These findings
suggest that the sulfur amino acid metabolism is
control!ed by this enzyme in rainbow trout. ln order
to ascertain if the CDO activity is controlled by
the sulfur amino acid level in the fish, and thc
enzyme is specific to cysteine, the effect of the
dose size of cysteine and some different kinds of
sulfur-containing compounds on hepatic CDO
activity was examine by intraperitoneal injection.

p
Liver Brain !teart K.idncy Xluaeie

Hgttre 5. Cysteine dioxygenase activity in the dssue of rain-
bow trout fed experimental diets having different sulfur
amino acid contents  Yokoyama and N skate t 989!. The
activity of liver is expressed as mean + SD of seven fish.
Others are the measurements of the pooled samp!e of seven
fish. One unit  Ul of enzyme activity was defined as the
amount of enzyme prOducing One rrmnle Of cysteinesulfmate
in! hat37 C.

As a preliminary test, L-cysteine was
injected intraperitoneally to rainbow trout in doses
of 2.5, 5.0, and 10.0 !into!/g of fish body weight,
Eighteen hours after injection, the hepatic CDO
activity was measured, The hepal.ic CDO activity
of the fish given by injection in a dose of 2.5!tntol!
g of body weight rose as much as two times that
of the control fish injecled only with saline solution
 results not shown!. However, the fish gi ven doses
above 5.0 1trnol/g of body weight died with hcavy
hemorrhage within 30 min after injection.
Considering the toxicity of excess dosage of L-
cysteine for rainbow trout, 2.5 !tmol/g of body
weight was employed as the dose level for the
subsequent experiments on the response time. As
shown in Figure 6, the activity of hepatic CDO of
rainbow trout increased rapidly within the first 4 h
after the injection. The activity reached a
tnaximurn level at 4 h, and the activity was about
2.5 times that at the beginning, lt increased rapidly,
ltassed through the maximum, and fell off gradually
within the subscqucnt 1 g h. Next, the experimental
condition was re-designed to examine the dose-
response, The activity was measured 4 h after
injection of different doses. The results are shown
in Figure 7. The activity of hepatic CDO increased
in proportion to the increasing dtise in the very
limited dose range, i,e., below 1.5 pinoVg of body

P 4 8 I? I6 ig 24

hours

Figttre 6. Effects of L-cysteine injection on hepatic cysteine
dioxygenasc acuvity in rainbow trout  Yokoyama and
Nakazoe. 1996!, Curve was fitted to represent the meso
values ~ SD for the six sample fish.
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Figure 7. Effects of L-cysteine dose level on the hepatic
cysteine dioxygenase activity in rainbow trout  Yokoyama
and Nakazoe 1996!, Values are means of measurements
made on six fish per treatment,

weight, and there was no additional increase in the
activity above a dose of 1,5 pmoVg of body weight.

To elucidate how the hepatic CDO is
induced and how its activity is controlled by sulfur
amino acids per se, different forms of sulfur amino
acids were injected into the peritoneal cavity of
rainbow trout. The specificity for the induction of
hepatic CDO was examined. Based on the above
mentioned results of the dose-response
experiments, the dose and the induction period were
fixed as 1.5 pmol/g of body weight and 4 h,
respectively. L-cysteine and its analogues which
have a similar chemical structure to L-cysteine
were selected as the substances. The relationship
between inductive activity and Inolecular structure
was determined. Results are shown in Figure 8.
Among these substances, L-cysteine and S-methyl-
L-cysteine showed the strongest induction of the
enzyme activity, and other cysteine analogues such
as D-cysteine, S-carboxymethyl-L-cysteine,
cysteamine, N-acetyl-L-cysteine, and L-cysteic
acid did not induce the activity. Further studies
with other intermediates of sulfur amino acid

metabolism and related compounds were
perfortned. Results are shown in Figure 9. L-
methionine did not affect the activity at all, and
neither L-cysteinesulfinic acid produced from L-

Figure 8, Effects of injection of L-cysteine and its deriva-
tives on hepatic cysteine dioxygenase activity in rainbow
trout  Yokoyama and Nakazoe 1996!. Mean values not
sharing a common letter are significantly different  p<0,05!,

cysteine by CDO, nor taurine, the final substance
of sulfur amino acid metabolic pathway, induced
the activity. L-homocysteine which has the
structure similar to that of L-cysteine and is an
intermediate involved in methioninc metabolism to

cysteine  transsulfuration pathway! also showed
negative effects.

The activity of hepatic CDO increased
linearly with the increasing dose of L-cysteine, and
the response was rapid and significantly specific
to L-cysteine. These facts strongly indicate that
the hepatic CDO activity, i.e., cysteine metabolism,
Inight be controlled by the tissue concentration of
sulfur amino acid, precisely of L-cysteine, in
rainbow trout as in the case of rats  Kohashi et al,

1978!. Excess intake of cysteine upon both oral
administration and intraperitoneal injection brought
about the induction of hepatic CDO activity, and
cysteine might be metabolized to cysteinesulfinate
as the intermediate product. This also suggests
that the cysteine level might be kept at a low level
in rainbow trout body. Therefore, there Inust be a
regulative mechanism in the cysteine metabolism
of rainbow trout similar to that of mammals.
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Figure 9. Effects of injection of sulfur amino acids involved
in sulfur amino acid metabolism on hepatic cysteine
dioxygenase activity in rainbow trout  Yokoyama and
Nakazoe 1996!. Mean vaiues not sharing a connnon letter
are significantly different  P<0,051.

Influence of dietary protein levels on hepatic
CDO activity

A feeding experiment of rainbow trout was
conducted by use of either the diets containing
some different levels of egg white albumin, or casein
as a sole dietary protein source, because these
proteins differ in amino acid composition. The
relation between the hepatic CDO activity in
rainbow trout and the dietary protein level was
determined. Either egg white albumin denatured
with hot ethanoi under reflux for 6 h, or vitarnin-
free casein was employed as a sole dietary protein
source.

Rainbow trout weighing about 17 g were
divided into 12 experimental groups of 18
individuals. Body weight gain of rainbow trout fed
the experitnental diets for 10 days is shown in
Figure 10. The maximum growth rate obtained by
feeding casein diets was somewhat lower than the
Inaximum growth rate observed in fish fed the
albumin diets.

As shown in Figure 11, the activity of CDO
in the liver of rainbow trout fed egg white albumin
diets increased exponentially from 0.2 U/mg protein
to 0.9 U/mg protein as dietary protein level
increased up to 51%. The unit U denotes one unit

Dietary protein  %!
Figure 10. Effect of dietary protein levels on percent weight

gain of rainbow trout  Yokoyama et al. I994! ~: egg white
albumin diets, 0; casein diets.

Figure ll. Effect of dietary protein levels on hepatic cys-
teine dioxygenase activity of rainbow trout  Yokoyama et
al. 1994!. Values are means ~ SD of five fish. ~: egg white
albuinin diets, 0: casern diets.

of enzyme activity defined as the amount of enzyme
producing one ljmole of cysteinesulfinate in 1 h at
37 C. Also, the CDO activity in the dietary groups
of casein increased with the increase of the dietary
protein level up to 26%, while further increase in
the casein level failed in enhancing the activity.

Hosokawa et al. �988! observed that the
hepatic CDO activity in rats, which were fed a



Yoknvama 169

Figure 12. Optical microscopic images of the gill tissue of rainbow uout administrated with and without L-cysteinc by injecuon
 Yoltoyama and Saitaguchi 1996!. A, Fish injected with 10.0/rmol L-cysteine/g body weight; B, Control fish which were injected
with only 0.9% saline solution. Bars indicate 100 pm.  Reproduction permitted from the lapanese Society of Fisheries Sciences!.

toxicity of cysteine injected into peritoneal cavity

THE FUNCTIONAL SIGNIFICANCE OF

THE CATABOLIC PATHWAY OF

CYSTEINE WITH RESPECT TO

DETOXICATION OF CYSTEINE: Acute

casein diet or soybean protein diet, was boosted
by supplementing methionine which is the first
limiting amino acid of those proteins, but the activity
was lowered by supplementing lysine, the first
limiting amino acid to wheat gluten diet. In this
experiment, the activity of CDO in the liver
increased along with the increasing level of egg
white albumin. However, the activity in the fish
fed the casein diets remained low. Total sulfur

amino acid content in egg albumin was almost twice
as high as that in casein. The marked increase in
activity of hepatic CDO observed in rainbow trout
fed the egg albumin diets probably reflects the rise
in dietary levels of sulfur amino acids, and the rise
might depend on the cyst e!ine level rather than
the protein level per se. That is to say, the hepatic
CDO may be involved in the regulation of sulfur
amino acid metabolism, reflecting the sulfur amino
acid balance in dietary protein in fish. Therefore,
there is a possibility that the hepatic CDO activity
is a useful index for evaluating the appropriate
sulfur amino acid content in feed for rainbow trout.

As mentioned before, cysteine
administration by injection caused heavy toxicity
to rainbow trout, although this amino acid is one of
the physiologically important amino acids. There
have been some papers that pointed out the toxicity
of cysteine to animals  Anderson arid Meister 1987,
Griffith 1987, Olney et al. 1990!; however, scarce
information is available on the toxicity of cysteine
for fish. The functional significance of the pathway
of cysteine catabolisin in rainbow trout is
investigated in connection with its toxicity.

A dose of L-cysteine �,5 to 10,0 pmol/g
body weight! was injected to ten individuals each
to estimate LDse by probit analysis, A large dose
of cysteine led to mortality of rainbow trout with
serious hemorrhage. LD,a values within 2, 3, and
4 h were 7.5, 4.8, and 4.5 limol/g body weight,
respectively. A histological observation was made
with several tissues of rainbow trout which died of

an injection. No appreciable histological change was
observed in the tissues examined except for the
gill tissues. Figure 12-A is the photograph of the
most typical change observed in the gill tissue
 Figure 12-B is the photograph of the gill of control
fish!. The epithelia of secondary lamellae of the
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Table 6 Effect of the injection of sulf'ur amino acids on the degree of bleeding in the gills  Yokoyatna and
Sakaguchi. l 996!.

Anuno acid

L~sle inc

OD+,Ix10

3,5
5.0
7.1

10,0
5.0

10.0
10,0
10.0
10,0
10.0
10,0
10.0
4.0
4.0

0. I &!.0
0.8W.2
0.7'.3
2,2W.5
0.6&,2
1,~.6
0.~.0
0.3W. I
0.~.0
O,Ot0'.0
0.~,0
0.Otal 0
0.2MO
0, M.O

o-Cysteine

iV-Acetyl-L-cysteine
S-Methyl-L-cyste inc
L-Cysteinesulfinic acid
t.Wysteic acid
Hypotaurine
Taurine
Glutathi one
L-Methionine

t pmol dose per kg body weight.
f The degree was expressed as the optical density of rearing water at 413 nm,

Values are means of eight individual measurements * standattl error.

CON CL US ION

gills swelled markedly. Bloodstains were also
observed all over the gill, The control fish showed
no sign of such histological change. This anomalous
heavy hemorrhage might be accounted for by a
functional disorder of cell membrane: the declined
osmoreguhtion function of the epithelial membrane
brings about the swelling of the cell, resulting in
the destruction of thc capillary vessel,

Next, the acute toxicity of several cysteine
analogues was examined, For the sake of
convenience, the toxicity was determined by the
extent of bleeding, because this method is simpler
and mare reproducible than the ~ using mortahty.
The fish injected werc kept in I L of water with
aeration, Thirty minutes after the injection, the
degree of bleeding was measured as the optional
density of the water at 413 nm where hemoglobin
shows its absorption maxima. The readings were
corrected for the body weight of 30 g. Results are
shown in Table 6. The degree of bleeding  OD at
413 nm! was almost proportional to the L-cysteine
dose in the range of 3.5 to 10 0 pmoVg of body
weight. Bleeding was observed in the gills within
30 trun after injection even though the dose was
only 3.5 pmal. This dosage is less than LD ~ for 4-
h lethal time. D-cysteine showed similar toxic effect
to that of L-cystcine. N-acetyl-L-cysteine showed
hemorrhagic effect but S-methyl-L-cysteine did

not, Other sulfur amino acids, L-cystcinesulfinic
acid, hypotaurine, and taurine involved in the
cysteine catabolic route also showed no
hemorrhagic effect. Large doses of L-methionine
and g Jutathione which is a tripeptide having a free
SH group could not be adrninistcred to fish due to
their poor solubility in water. However, glutathione
showed a slight toxic effect even in a small dose.
Neither L-methionine nor L-cysteic acid showed
any effect. These findings indicate that the
sulfhydryl group in the molecule might be involved
in toxicity to rainbow trout.

Results of both feeding experiments and a
tracer experiment indicated that cysteine seemed
to be the actual starting substance for taurine
biosynthesis in rainbow trout. Cysteine was
metabolized through cysteinesulfinate as an
intermediate to hypotaurine, taurine and sulfate.
Cysteine dioxygenase which catalyzes the
oxygenation of cysteine to form cysteinesulfinate
was considered to play a regulative role in cysteine
metabolisrn. Thus, it was suggested that the
enzyme activity in the liver can be used for
evaluation of sulfur amino acid availability in diets
for the fish. On the other hand, cysteine had serious
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toxicity for rainbow trout, Considering hoth the
rapid response of hepatic cysteine dioxygenase
activity to cysteine and low toxicity of
cysteinesu]finate, this enzyme prcsurnab]y plays a
role in detoxication by converting cy stcine into norl-
tox ic cysteinesu]fin ate.
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ABSTRACT

The effect of stocking density on the growth of rwo size classes of]uveoile summer flounder was studied in
experiments which lasted for 40 and 58 days. In each experiment, density treatments of 100. l50, and 200% fish
coverage of tank bottom surface area were tested. Fish were fed to satiation and randomly sampled tor length,
weight, and ventral surface area. Resuhs from this study tndicated tha  small  approx. l g, approx. 50 mm!
juvenile summer flounder were unaffected by stocking density of at least 200% over 40 days. Larger tapprox. 10
g, approx. lOOnunl juveriile summer flounder were affected by the nominal stocking densities, with fish initially
stocked at 100% coverage growing to slightly larger sires during the 58-day experiment.

INTRODUCTION

METHODS

With an increasing detnand for high quality
Ratfiish in dorncstic and overseas seafood tnarkets,
the summer flounder Paralichrhys dertratus has
become a new and promising candidate for
worldwide fish farming. Its potential has been
studied in the United States for several years, and
commercial cultivation has been initiated in several

locations along the east coast, Early research has
focused on larval development and production
 Bisbal and Bengtson 1991a,b, Malloy and Targett
1991, Bisbal and Bengtson 1993, Keefe and Able
1993, Bisbal and Bengtson 1995a,b.c!, but. less
research has been directed towards issues

associated with ju venile grow-out. The ability to
raise the fingerling s at a relatively high density, thus
maximizing water usage and fish production, is of
particular importance to commercial operation.
However, parameters which affect growth and
survival, such as feeding efficiency, disease, and
water quality, should be considered when
determining an optimal stocking density for a
particular system. Studies examining high rearing
densities of several salmonid species attribute
growth inhibition to reduced feed consumption, poor

feed conversion, aggressive behavior, and oxygen
depletion  Refstie and Kittelsen 1976, Refstie 1977,
Vijayan and Leathcrland 1988, Holm et al. 1990,
Kindschi and Koby 1994!, Similarly, for flatfish
species like Japanese flounder Paralichrhys
olivaceous, turbot Scophrhalrrtus maximus, and
Atlantic halibut Hippoglossus hippoglossus, there
appear to be some effects of higher stocking
densities on growth rate and feed efficiency
 Martinez-Tapia and Fernandez-Pato 1991, Jcon
et al. 1993, Bjornsson 1994, Chang et a.l. 1995!.
To date, few studies have demonstrated optimal
stocking density for juvenile flatfish under 50 g in
weight, and none have examined juvenile summer
flounder stocking density. This research was
undertaken to estimate the optimal stocking density
of early juvenile summer flounder in an
experitncntal recirculating system. Two size
groups, with initial weights of 0.7 and 7.8 g, were
examined in two separate experiments.

The recirculating system
The experimental recirculating system

consisted of l4 round, 190-L, fitberglass tanks
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Day 40Day 0

Nominal % cover 200too 150100 150 200

43 43 43

0.7 0.7 0.7

Mean length  rnm!

Mean weight  g!

243

9.8 14.7 19.81.1 1.7 2.2

Table 1. Sumnmy oi'data for experiment 1  e/-> is standard deviauoo.

associated with a 26-L biological filter. Water
flowed  gravity! from the biological filter, which
contained "Bio-Fill" media and nitrifying bacteria,
through an ultraviolet light sterilizing unit to a
distribution manifold above the tanks. Overflow
from the tanks went into a central collection channel
that was filled with a coarse polyester fiber mat
for the removal of large particulate waste. This
partially clarified water fell into a suinp tank, and
was then pumped through two cartridge filters �5
pm! back to the biofiltcr. Water flow to the tank
was rcgulatcd using valves, and each tank was
gently aerated. The systein was inoculait:d with
nitrifying bacteria and run for 6 weeks prior to the
introduction of any fish. After the system was
established, salinity, tcinperature, ammonia, and
nitrite werc ineasured daily. while dissolved oxygen
and alkalinity were measured periodically.

Relating total length to ventral surface area
Fish density was measured as percent

coverage of the tank bottom, Fish ventral surface
area was estimated by tracing live, anesthetized
speci mens from several different size classes onto
a 1 cin x 1 cm paper grid, and counting the number
of cm" grids within each outline Total length was
also measured for each speciinen, The curvilinear
relationship between fish length and ventral surface
area was determined using regression analysis.

Mean surface area  crn2! 635 635 635

Observed mean % cover 100 150 200

Because the rrlationship had a high coefficient of
determination  Ra = 0.957!, it was possible to usc
each fish's total length  mm! to estimate its ventral
surface area  cm'!.

Experiment l - group 1 juveniles
Newly weaned juvenile» were stocked

into white, plastic, 20-L aquaria, each with a bottom
surface area of 506 cm-'. Each aquaria was set
into the larger tanks of t.hc recirculating system
and supplied with seawater  lg C!. Mean fish
length, weight, and surface area was 43 mrn, 0.7
g, and 6,35 cin', respectively  Table 1!. The three
density treatments of 10' �.1 kg/rn'!, 150% �,7
kg/m"-!, and 200% �.2 kg/m'-! coverage of tank
bottom were established by stocking 80, 120, «nd
160 individuals into each of the three rcplicates
per treatment, respectively  Table l !. As mortality
occurred through the course of the experiment, fish
were replaced to maintain nominal stocking
densities. All fish were fed to satiation twice a
day using Moore-Clark% formulated feed. The
experiment was terminated after 40 days, and 25
individual~ froin each replicate were weighed and
measured. Final stocking density  percent cover!
was determined for each replicate by multiplying
the number of fish by the incan ventral surface
area of the fish. This total fish surface area value
was then expressed as a percentage of the surface

84  e/-16.7! 84 e/-15.9! 82  ei-19.4!

6.2  +/- 3.45! 6.3  +/- 3,43! 6.3  +/- 4.58!

15,38 15.38 14,94
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Day 0

150 3X!tv'ominn! % tsMr

! 28 a-252! 122�- 153! ! 24 +'- !.! 5! 155�'.153! �9 t/.4'! �8 i 458!Mean len8th ntm! 0 8 8!

24� 1 12! 20�-.067! 211+- ! .42! 465 +/-! 56! 35.! I+ ! 65! 4!.1�4 '1!7.8 7.8 7.8

3' 34.1 35 5Meanstr!at@atra ai
! 2! '! 2
 2! '

96�-4.6! 78 i/-8.4! 96�-75! 77 +-88!IVhe!Xtunnanvivn! !C! !Ki l I

2@52!811 n 13.! 1533.7 55 75

Tabk 2, Sonttnary of data for experiment 2  +/-! is standard deviation.

area of the bottom of the experimental aquaria.
Biomass per unit area  kg/m'! was determined for
each replicate by multiplying the mean fish weight
by the number of fish. Mean total biomass pcr
treatment was expressed as a proportion of the
surface area  m-'! of the bottotn of the experimental
aquaria. Data were analyzed using one-way
analysis of variance  ANOVA!.

Experiment 2 - group 2 juveniles
3uveniles were stocked into gray, plastic,

20-L aquaria, each with a bottom surface area of
962 crn'. Each aquaria was set into thc larger
tanks of the recirculating system and supplied with
seawater �8 C!, Initial mean fish length, weight,
and surface area were 89 nun, 7.8 g, and 21.2
crn', respectively  Table 2!. The three density
treatments of 100% �.7 kg/m-'!, 150% � 5 kg/
m'!, and 200% �.3 kg/rn'! coverage of tank bottom
were established by stocking 45, 68, and 90
individuals into each of the three replicates per
treatment, respecti vely  Table 2!. Mortalities
 probably due to handling and transfer stress! were

replaced only during the first week of the
experiment. The flounder were fed Moore-Clark N
formulated feed twice daily to satiation. Random
samples of fish were measured and weighed on
day 27 and at the conclusion of the experiment on
day 58. Stocking densities  percent cover! at days
27 and 58 were determined for each replicate by
multiplying the number of fish by the meMt ventral
surface area of the fish, This total fish surface

area value was then expressed as a percentage
of the surface area of the bottom of the

cxpcrirnental aquaria. Biomass per unit area  kg/
m'-! was determined for each replicate by
multiplying the mean fish weight by the number of
fish. Total treatment biomass was expressed» a
proportion of the surface area  rn'-! of the bottom
of the experimental aquaria. Data were anal! zed
using ANGVA, followed by Tukey's multipl~
comparison tests when significant differences wei e
found.
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Figure r. Relationship between total length and ventral surface area in juvenile summer flonttder. Repession equation is based on
59 individuals.  The term ' denotes multiply by.!

RKSULTS

Relationship between fish length aud surface
al'ea

Curvilinear regression analysis was used
to relate total fish length to the ventral surface area
of the f ish  Fig, 1!. The equation which describes
this relationship, for summer flounder ranging froin
approximately 50-200 mm total length, is;

Surface area  cm'! = 2,720 x lpottos'~ ~'

Experiment 1 - group I juvernles
A total of ]9 fish were replaced among

replicates of the 100% treatment, and 17 fish
among replicates in each of the 150 and 200%
treatments Additionally, a replicate was lost in
the 200% coverage treatment due to accidental
stoppage of water and subsequent depletion of
oxygen Mean lengths, weights, surface areas, and
densities are reported in Table 1. Mean lengths
and we'ghts increased by approximately 40 mm

g 'n each treatment. Fish density increased
y about 140% in each treatment as juveniles grew

both in length and weight over the 40-day
experimental Period Final coverage of the tank

bottom was 243, 361, and 466%. Estimates of
biotnass per unit area at the end of the experiment
were 9,8, 14.7, and 19.8 kg/m' for stocking densities
of 100, 150, and 200%, respectively, These
represent 7 to 8 fold increases over the course of
the experiment. Even at these high final densities,
no significant differences  Po0.05! io total length
or wet weight were found between juveniles in
any of the three treatments.

Experiment 2 - group 2 juveniles
Mean lengths, weights, surface areas, and

densities are reported in Table 2. Following
mortality replacement in the first week, final incan
survivals were 100, 96, and 78% for treatments of
100, 150, and 200% coverage, respectively. At
the end of this 58-day experiment, incan fish
densities had reached 355, 399, and 493% bottom
coverage. Final estitnates of biomass per unit area
were 21.8, 23.7, and 29.5 kg/m' for the 100, 150,
and 200% treaunents, respectively. At day 27,
fish initially stocked at 100% coverage were
significantly  P<0,05! larger, both in length and
weight, than those initially stocked at 150 and 200%
coverage  Table 3!, There was no significant
difference  P>0.05! in either length or weight



Day 27

LengthWeight WeightLength

l 00 vs. 15IH 

100 vs. 200% ns ns

150 vs 200% ns ns

'1!tb]e 3. Results from orre way analysis of variance  AisiOVA! comparing mean lengths and weights from
treatments in experiment 2. ns = noi significant  PA!.05!;* =  p<0.05!.

DISCUSSION

between the 150 and 200% treatments at this time

 Table 3!. At the end of the experiment  day 58!,
fish initially stocked at ]00% coverage were still
significantly longer and heavier than those in the
150% coverage treatrncnt  P�,05!, but not longer
or heavier than those in the 200% coverage
treatment  P�.05!. At day 58, there was no
difference in the lengths and weights of fish in the
150 and 200% coverage treatments  P>0.05!
 Table 3!.

Results from experiment 1 in this study
indicate that small, recently weaned summer
flounders  initial si ze of about 1 g and 40 mm! can
be stocked at densities of at least 200%, and raised
for at least 40 days without negative]y affecting
growth. In fact, wc recorded densities greater than
400% coverage ar the end of this experiment  Table
I! and saw no indication that growth was being
impaired. Resu]ts from this experiment prevent us
from suggesting an upper limit on stockmg densitic.s
for tish of this size, but it is certainly greater than
200% coverage. We are unaware of any other
density studies that have been done with flatfish of
this size.

Results from experiment 2, however,

which began with larger fish  initial size of about 8
g and 90 mm! and ran for a longer time, indicate
that stocking density does affect the growth of these
]arger individuals. In this instance, fish stocked at
the lowest density  l00% coverage! grew faster
than those in both of the other treatments from the

start of the experiment until day 27, During this
time, the mean length of fish in this treatment
increased by about 44%, which was slightly higher
than increases seen in the 150% �7% increase!
and 200% �9% increase! treatments. Similar ly,
mean weight of fish in the 100% density treatment
increased by about 208%, which was dramatical]y
higher than the increases seen in the 150% �56%
increase! and 200% �68% increase! treatments,
It has been suggested that high stocking densities
can ]cad to poor water quality  high ammonia, ]ow
oxygen! which in turn can lead lo reduced growth
performance  Brett 1979, Pickering and pottinger
] 987, Kebus et a], 1992, Kindschi and Koby 1994.
Wagner et al. ]995!. It is extreme.ly unlikely that
poor water quality was a factor in this study. F"
because all treatments were associated with the
same recirculating water and bio]ogical ft]ter, water
quality was probab]y identical in al] treattnents.
Second, we found that nonionized arnrnonia never
ex.ceeded 0,05 ppm and dissolved oxygen never
fell below saturation. Lastly, we observed no loss
of appetite in any of rhe treatinents that cou]d
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indicate poor water quality and/or stress. Thus,
our recirculating systein and biological filter werc
capable of maintaining ammonia below, and
dissolved oxygen above. normally stressful levels.
In cffcct, the system in which we conducted the
cxpcrirnent eliminated two of the variables  high
ammonia, low oxygen! that arc often associated
with high stocking densities. Aside from water
quality issues, food consumption and feeding
behavior may also bc affected by stocking density
 Holm ct al, 1990, M artinez- Tapia and Fcrnandez-
Pato 1991!. In such instances, "crowding"  high
number of fish pcr unit area! can cause an increase
in agonistic leeding behavior, which in turn
increases stress and decreases growth. It is
possible that these factors contributed to thc results
we found. Summer floundcr arc known to be
aggressive feeders  Bigelow and Schroeder 1953!,
and wc occasionally observed aggressive feeding
behavior  c,g, chasing, tail biting! in this experiment.
If such behavior increased with numerical density,
it ts possible that fish in thc lowest stocking density
 l00%!, which contained only 45 fish in each
triplicate, benefited from low numerical abundance,
The fact that we saw no density efTect in experiment
I, which was dane with smaller fish, suggests that
this mechanism, if applicable, may not operate until
the fish are somewhat older and larger. Density-
dependent behavioral changes are wd1 docu inc n ted
 Fenderson and Carpenter 1971, Refstie and
Kittelsen 1976!, and Wagner et al. �996! found
that agonistic behavior in rainbow trout fry
increased with age. These studies support our
contention that behavioral mechanisms, which may
change with fish size, were responsible for the
differences we observe. At the end of experiment
2 {day 58!, fish in the 100% density treatment were
still larger than fish in the 15G% treatment, but not
the fish in the 200% treatment. The parity of fish
in the 100 and 200% density treatments at the end
of the experiment, but not at day 21, is an indication
that a size convergence occurred between days
21 and 58. Thus. it appears thai fish stocked at
densities of 100 and 200% grow at different rates
for a period of time  the first half of this
experiment!, but fish held at the higher density
�00%! were able to "ratch up"  compensatory
growth! as time went on  the second half of this
experiment!. If, as speculated above, agonistic

brhavior increases with numerical density, which
in turn increases stress and reduces growth rate, it
is possible that a reduction in agonism over time
explains the compensatory growth we observed.
In thc 200% density treatment, the mean number
of fish per replicate decreased from 90 to 69, thus
possibly reducing aggressive, agonistic mteractions.
Alternatively, the fish at the higher density �00%!
simply could have become more "accustomed' to
this density as time progressed, thereby reducing
stress and resulting in compensatory growth. A
third possible explanation is that suminer flounder
respond differently to stocking density as they
increase in size. If, f' or example, larger fish are
morc tolerant ofhigh density at larger sizes, then it
would explain why fish at the higher density �00%!
exhibited compensatory growth during the second
part of this experiment.

Fish held at the intermediate density
�50%! were significantly smaller than those at
100% on days 27 and Sg, but not different from
those at the 200% density on either day. These
results partially support our hypothesis that
numerical abundance and associated agonistic
feeding behavior may be affecting the growth of
juvenile summer flounders. Because of mortaIities
in replicates of the 200% treatment, mean
numerical abundance in the 150% treatment  nW5!
was nearly identical to that of the 200% treatment
 n=69!. These similarities would explain why
growth was nearly identical in the 150 and 200'7t:
treatments, and why fish in both of these higher
density treatments were smaller than those m the
100% density treatment which had a lower mean
numerical abundance  n=45!. The fact that fish in
the 200% treatment deinonstrated compensatory
growth, while those i n the 150% treatment did not,
is difficult to explain. It is possible that ihe loss of
fish in the 200% treatment triggered the
compensatory growth we observed, and that this
did not occur in the 150% treatment because
numerical abundance was relatively stable
throughout the experiment. This is very
speculative, and additional research would be
needed to address this issue.

Our results are similar to those. of the few
stocking density studies which have been done with
other flatfish species. Jeon et al. �993!, who
worked with young Japanese Hounder



Paralichthys olivaceous, evaluated stocking
densities of 33, 50, 100, 200, and 300% bottom

coverage, and found that the highest feeding rate
and growth occurred at 200% coverage Similarly,
Chang et al. �995!, who worked with larger �0-
7S mm! Japanese flounder, in a semi-closed,
recirculating seawater system, reported final
densities as high as 260% �6.3 kg/m'-'!. Although
our experimental fish were not grown to harvest
size at our nonunal stocking densities, results with
both turbot Scophthalrnas maximus and Atlantic
halibut Hippoglossus hippoglossus suggest that
larger sized Hatfish can be grown at relatively high
densities. Martinez- Tapia and Fernandez-Pato
�991! found no ill effects at a stocking density of
68 kg/m' for turbot, and suggested that specific
growth and food conversion were greater at h.igher
densities. Bjornsson �994! conducted research
with relatively large halibut  initial size 1.8-3.2 kg!
at stocking densities of 50, 100 and 160% coverage.
Although he observed a maximum coverage of
215%  95 kg/m'!, he indicated that growth rate
was reduced in the highest coverage �60%!
treatment, and that optimal stocking density was
somewhere between one and two layers of fish on
the tank bottom.

This study, as well as those with halibut,
Japanese flounder, and turbot indicate that Hatfish
species are able to grow effectively at stocking
densities of 100-200%  one to two layers thick on
the tank bottom!. Indeed, in this study we observed
that fish, when not feeding, would crowd and
overlap one another even when empty space was
availablc, and that this occurred at all stocking
densities. Similar "layering" behavior has been
observed in halibut  Bjomsson 1994!. Further,
bioinass densities can be relatively high. In this
study, with relatively small fish, biomass densities
reached only 29,5 kg/m', but work with Japanese
flounder  Chang et al. 1995!, turbot  Martinez-Tapia
and Fernandez-Pato 1991!, and halibut  Bjornsson
1994! suggesi. that biomass densities of 36.3, 68.0,
and 9S kg/m2, respectively. were possible. The
combination of layering, and tolerance of high
biomass densities, suggest that flounders can be
raised at high densities. This could be an enormous
advantage to the grow-out farmer, provided that
the recirculating system is capable of supporting
these high biomasses, Results of this study suggest

that recently weaned summer flounder ca.n be
stocked at densities of at least 200%, but that
stocking density should be reduced to 100% for
larger juveniles, at least for several weeks. and
that densities could then be allowed to increase as

the fish grow in size. Further observations and
research, which develop with the commercial
summer flounder industry, will undoubtedly refine
our understanding of optimum stocking density.
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IMPORTANCE OF DIETARY LIPIDS IN FLATFISH

Akio Kanazawa

Kagoshima University, Faculty of Fisheries
4-50-20 Shirnoarata, Kagoshima 890-005ft, Japan

ABSTRACT

Constderab!e anenuon has been focused on the n-3 po!yunsaturatcd fatty acid  PUFA! ret!uiretnents of
marine fish larvae. To clarify the physiologica! role of dietary eicosapentaenoic acid  EPA! and
docosahexaenoic acid  DHA! in the body of fish larvae. accumu!ation of dietary EPA and DHA in the eye
including retina, brain, and !iver of Japanese flounder was analyzed. Dietary DHA was rapidly incorporated
into phospholipids of retina, hrain, and liver suggesting that DHA may play an iinportant role foi' fish
!arvae. On the albinism in the ocular side of flatfish, which resuhs from the deficiency of pigmems, and
widely occurs during the process of seed production, l found that albirusm resu!ts when ! 0-day-o!d larvae
were fed w!th nutritionally deficient experimenta! microparticu!ate diets. ! suggest that. the rhodopsin
formation of the eye retina was hindered when fat-so!uble vitamin  vitainin A! and n-3 high!y unsaturated
fatty acid  DHA! were deficient. in foods, resu! ting io the interruption of h! ac!t pigment  mc! anin! formation.
On the effect of dietary phospho!ipids on the stress to!erance of Japanese flounder investigated using
feeding trials, I studied thc tolerance of Japanese flounder to various stress factors such as changes in water
tempei ature and salinity, and exposure to !ow dissolved oxygen, and noted that dietary soybean !ecithin and
kri!! phospholipid were effective m increasing the tolerance of flatfish to the various suess condinons.

INTRODUCTION

Dietary lipids are important sources of
energy and essential fatty acids for all animals,
The n-3 fatty acid such as eicosapentaenoic acid
 EPA, 20:5n-3! and docosahexaenoic acid
 DHA, 22�n-3! are highly unsaturated fatty
acids  HUFA! that are commonly found in
marine organisins. The useful roles and
beneficial effects of these fatty acids have been
recognized for marine animals and human health.
It has be.cn demonstrated that EPA is

biosynthesized by phytoplankton and it then is
assimilated by zooplankton of which a part of
EPA is bioconverted into DHA. Both n-3 HUFA

are deposited a.nd accumulated tn marine fish.
Accumulation of dietary EPA and DHA in brain
and retina of Japanese flounder, nutritional
mechanisms involved in the occurrence of

abnormal pigmentation in h a tch ery -reared
Japanese flounder, and effect of phosholipids on
stress tolerance of Japanese flounder were
studied to illustrate the importance of dietary
lipid s in flatfish.

ACCUMULATION OF DIETARY EPA

AND DHA IN BRAIN AND RETINA OF

JAPANESE FLOUNDER LARVAE

Introduction

Considerable attention has been focused

on the n-3 HUFA requirements of marine fish larvae
 Kanazawa 1985!. Studies on species such as
Scnprhalmus maximus  Witt et al, l 984!, Spanrs
aurata  Koven ct al. 1989!, Cnryphaertahi ppurus
 Ostrowski and Divakaran 1990!, and Oplegrmrhus
fasciatus  Kanarawa 1993a! larvae have shown
that DHA is strongly retained and is essential for
these marine fish. When turbot Scnptharmus
maximus larvae were fed on a pcllcted diet
containing 13-fold mote DHA than Arremia, DHA
is rapidly incorporated into the brain phospholipid,
particularly in the phosphatidylcholine  Mourente
and Tocher 1992!.

Matenstls and Methods

To clarify the physiological role of dietary
EPA and DHA in the body of fish larvae.
accumulation of dietary EPA and DHA in the brain,
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NUTRITIONAL MECHANISMS
INVOLVED IN THE OCCURRENCE OF
ABNORMAL PIGMENTATION IN
HATCHERY-REARED JAPANESE
FLOUNDER

Introdu ebon

The depigmentation {albinism! in the ocular
side of flatfish, which resuhed from the deficiency
of pigments, has widely occurred during the process
of seed production. Although many researchers

g/1 I g diet
Ingredient Free DHA 2% EPA 2%
DHA'
EPA'

Oleic acid'

Soybean lecithin
Basal ingredients'

O.G
7.0
6.0

97,0

2.3
0.0
4,7
6.0
97,0

0.0
73

4.7
6.0

97,0

'Ethyl estcrs: purity 87%
'Basal ingredients  g/100 8, diet!: casein, 20.0; wite fish meal, 18.0; squid meal, 20.0;
dextrin, 6 3; vitamin tnixture,' 5,3; rnincrd inixture,'~ 5,0; activated gluten, 8.0; lysine HCl,
2.2; tryptophan. 0,7; attiactants,~~' 1.5.

'Vitamin mixture  mg/100 g diet!: p-amino benzoic acid 144.48, biotin 2,18, inositol
1450.69, nicotinir. acid 290.11, Ca-pantotbmate 101.57, pyridoxine HC1 17.28, riboflavin
72.51, ttuanun HC1 21.76, metutdione 1728, vitamin A palmitate 71.00, «-tocopherol 145.09,
eyanctcobalaminc 0.03. calciferol 3.65, APM 25.31, folic acid 5.44, choline chloride 2965.31.
"Mineral mixture  mg/100 g dict!: U.S.P. JGI No. 2: NaCI 183.8, MgSG, 7H,O 685.0,
NaH,PO, 2H,O 436.0, KHp%, 1199.0, Ca HJ%,!, H 0 679.0, Fe citrate 148.5, Ca lactate
1635.0; trace elements  J.E. Halver!: A1Cl, 611,0 0.9, 7<S,O 7H,O 17 9, CuC1 0,5,
Mn S04 4H:0 4.0, KC1 G. 8, CoC1 5.0.
"'Attractmes {g/100 g diet!: ala@inc 0.3, glycine 0,3, taurine 0.3, proline 0.3. betaine 0.3.

'tttbte t. Cotnposition of rett diet containiag eicosapeutaettoic acid  EPA! or docnaatteaaenoic acid iDHA! for Japanese flotnwter.

eye including retina, and liver of Japanese flounder
Paralichfhys olivaceous was analyzed. A feeding
experiment was carried out using seini-purified
microparticuiate diets containing 2% of either EPA
or DHA, The protein sources in the diet were
casein, white fish meal and squid meal, and gluten
was used as the binder. The diet was a dry pellet
type and thc basal diet composition is given in Table
1. The ingredients were added in the following order
and mixed well in every addition: {1! protein
sources, water-soluble vitamins, minerals, activated
gluten, etc.; �! fat-soluble vitamins, soybean
lecithin, EPA or DHA, oleic acid; �! water at 30
ml/100 g dict, The well-mixed dough was pelletized
three times by a meat mincer with 2.5 mm die. Thc
pellets were then oven-dried at 40'C for 8 h,
steamed for 90 sec, broken down into 1.9-mrn
particle sizes, and stored at -20'C. Pellets were
txioled to toom temperature before feeding, Twenty
P. olivacerrs larvae, 30 days after hatching  total
length 35.32 ~ 2.18 mm; weight 0 35 + 0.05 g!,
were stocked in a 100-L tank, Seawater was
allowed to flow at 2.4 Dmin with temperature
ranging from 15 to 18'C. Fish were fed three times
a day.

Results

After 30 days, EPA and DHA contents in
brain, retina, and liver of flounder larvae fed with
EPA or DHA diets were compared with those fed
a HUFA-free diet. The brain and liver accumulated
morc EPA and DHA in the polar lipid than in the
neutral lipid  Figs. 1, 2!. In the retina, EPA was
accumulated in both neutral and polar lipids;
however, DHA was higher in polar than in neutral
lipid fraction  Fig. 3j. Dietary DHA was rapidly
incorporated into phospholipids of brain, retina, and
liver suggesting that DHA may play an important
role for the larvae of this species.
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HUFA free dietHUFA free diet

2% DHA diel2% OHA diet

2ss EPA diet
2'll, CPA diet

320 tv0!2001DG
300  yg!100 200

EPA content in tsretn
EPA content in liver

HUFA tree diet

2% DHA diet

2% EPA diet

300 lee l100 2 DO

rHIA conlent ie liver
DHA content In brain

Table X. Fish used and rearing tnethods for tbc abnormal pigmentation study

HUFA free diet
5 PL

2'!a OHA diet

2% EPA diet

0 100 200 300  ug!

Ftgttre l. Eicosapentaenoic acid  EPA! aud docosahexaenoic
acid  DHA! contents  p.g/tng! in polar  PL! and neutral
lipids  NL! in the brain of Japanese flounder fcd on EPA
or DHA diet for 30 days. Data are the mean of three
repi icates.

Fish used

Age
Total length
Number of fish

Rearing and feeding methods
Feeding period
Tank

Water temperature
Flow rate

Feeding frequency
Type of diet

Figure 2. EPA and DHA contents  !tg!mg! in polar IPL! and
neutra! ltpids  HL! in the hvcr of Japanese f!ounder fed on
EPA or DHA diet i or 30 days. Data are the mean of three

rephc ales.

JapaneSe flOUnder
4 days after hatching
4,2 inm

890/tank

65 days
100 L

15.0-20.0 C

0.2-1.0 L/nun

10 times/day
Micxoparticulate diet
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HUFA free diet

2'5 D HA diet

2' KPA diet

100 200 300

EPA content in retina

app  trgl

HUFA free diet

2% DHA diet

2', Er Ad et

100 200 300

OHA content In retina

a 00  JJ g!

Diet Abnormal +

partial abnormal  %!

23,1"

83.4'

43.2~

533

Complete
n-3 HUFA-deficient

Fat-soluble vitamin deficient
Live food  rotifer and Artemia!

a Values with the same superscripts are significantly different at 5'Y» level ~.05!
Each treatment was conducted in triplicate groups.

'l|tbie 3. Depigmentation of Japanese flonn der fed with nit tritionally deficient diets

Ftgttre 3. EPA and DHA contents  itg/mg! m polar  PL! and
neon al lipids  NL! in the retina of Japanese flounder fed on
EPA or DHA diet for 30 days. Data are the mean of three
replicates.

have investigated the incchanisms of
depigmentation, little is known in this field. The
author found that depigmentation resulted when
l0-day-old larvae were fed with nutritionally
deficient experimental microparticulate diets. It
was suggested that the rhodopsin formation of eye
retina was hindered when vitamin A, DHA, and
phospholipid were deficient in foods, resulting in
the interruption of black pigment melanin! formation
 Kanazawa 1993b!,

Materials and Methods

Newly hatched Japanese flounder P.
ali vacetrs larvae were fed with rotifers for 4 days.
Thereafter, 800 fish were divided into experimental
groups, and fed with inicroparticulatc diets reared
under conditions listed in Table 2. The
microparticulate diets werc mainly composed of
vitamin-free casein, dextrin, lipids, mineral mixture,
and vitamin mixture. As the binder, k-Carrageenan
was used. The experimental treatments were: diet
l, complete diet; diet 2. n-3 HUFA- deficient diet;
diet 3, fat-soluble vitainin deficient diet; diet 4, live
food  rotifer and Arrerrtia!. The appearance of
albinism in the ocular side of P. olivaceus was
determined 65 days after feeding with thc various
test diets.

Results and Discussion

Albinism  completely abnormal and
partially abnormal! in flatfish was 23.1% in the
group fed with the complete diet, but 83.4% in the
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J span ese fi ounder
35. 13 i 0. 36 mnt
042& 0 I2 g
20 fish/tank

Fish used
Total length
Body weight
]4umher of fish

40 days
100 k
500-600 mtimin
16.5+ 0.3'C
4 times/day
5%%d of body weight
Dry pellet
Diameter 1.6 mrn

Phosphol ipid

 as soyhean
lecithin

Phospho lipid 1'Yi
 as krill

phosphohpid!

Pbosphohpid
Pro

20

llaw salinity �5 to 0 ppt!
'1'une  min! when 5 P%%d of fish
group laid down

1 1 l.683.tJ 278.3

Low dissolved oxygen  to 0.80 tnl/L!
Time  min! when 5%< of fish group
laid down

]2,17. 7 15. 6

Values are the mean of three replieates.

Table 5. To]erance of ]apanese flounder to stress due to increased temperature, reduced salinity, and dissolved oxygen

n-3 HUFA-deficient diet and 43.2% in the fat-

soluble vitamin deficient diets  Table 3!. It has
been suggested that DHA in lhe n-3 HUFA and
vitamin A in the fat-soluble vitamins were essential

in the reduction of albinisln in hatchery-reared
Japanese flouttder  Kanazawa 1995!, Rhodopsin
in the rod cells conducting vision in the dark is
composed of opsin  protein!, retinal  vitamin A
aldehyde!, and phospho!ipid  phosphatidylcholine!
i nclu ding DHA.

Rearing and feeding methods
Fling periods
Tank
Flow rate
Water temperature
F ceding frequ«ney
Feeding level
Type of diet
Size of diet

Table 4. Fish used and rearing methods for ihe stress study

Survival  '%%d! at tetnperature
Rise fiorn 16.5 to ~U.O C

and kept at 22 O'C far 30
mtn

Rise from 22.0 to 27.0 C
aad kept at 27 0 C for 30

Rise fmm 27.0 to 33,0 C
and kept at 33.0'C for 30

]tise from 33,0 to 34,0'C
and kept at 34.0 C for 30

The author assumed that in flatfltsh, thc
rhodopsin formation of the retina is interrupted when
vitalnin A, DHA, and phospho lipid are deficient in
initial foods after hatching of the eggs. For this
reason, visual transmission from the retina is not
transferred to the central nervous system, so that
the melanophore-stimulating hormone from the
endocrine organ does not secrete, resu!ting in the
interruption of the black pigment formation.
Therefore, when microparticul ate diets or rotifers
enriched with vitamin A. DHA. and phospholipid
 soybean lecithin! are fed on flatt tsh 10 days after
hatching, the prevention of albinism is possible.

EFFECT OF PHOSPHOLIPIDS ON STRESS

TOLERANCE OF JAPANESE FLOUNDER

Introduction

Marine fish larvae were found to have a

requirement for phospholipids on growth and
survival  Kanazawa ct al.1985, Kanazawa 1993c,
Kanazawa 1997!. The present research was
conducted to determine the effect of phospholipids
on stress tolerance such as the changes in water
temperature and salinity, and exposure to !ow
dissolved oxygen  DO!.
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Materials and Methods
Japanese flounder P. ofivaceus were fed

diets containing soybean lecithin �% as
phosphatidylcholine! and krill phospholipid �% as
phosphatidylcholine! under the conditions listed in
Table 4, The diet was mainly composed of vitamin-
free casein, defatted squid meal and white fish
meal, dextrin, lipids, mineral mixture, and vitamin
mixture. Activated gluten was used as the binder
 see Table 1!,

Results

After the feeding experitnent, Japanese
flounder werc tested as to their response to stress
due to low dissolved oxygen, low salinity, and
increased water temperature  Table 5!. Japanese
flounder in increased water temperature  at
33,0'C! showed that those fed with the soybean
lecithin and krill phospholipid diet had higher
tolerance than thc phospholipid-free diet. When
Japanese flounder were exposed to low dissolved
oxygen and low salinity, dietary soybean lecithin
and krill phospholipid were effective in increasing
the tolerance of fish. Phospholipids were not only
indispensable nutrients for the growth of fish, but
were effective in increasing their tolerance to the
various stressful conditions.
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ABSTRACT

The Southern flounder IParafichrhvs ferhosrigritrt! is a euryhaline flatfish with a natural range that extends from
North Carolina to Mexico. Since adult flounder are commonly found in freshwater ~ound~ and rivers, it appears
that there is potential for culture in fresh water. A series uf studies was conducted to determine the eflects of! ow
salituiy on growth and survival of flounder from metamorphosis through the advancedjuvenile stage. Survival of
larval flounder was significantly lower  P<0.05! when exposed to salinities below 20 ptn during metamorphosis.
but postmeiarnorphic flounde werc noi adversely affected by saliniues as low as 0 ppt. Two separate studies
were conducted to determine the growth rate and survival of Southern flounder stocked in low salimty water and
fed pelleted feed. ln itic first study, juvenile flounder with an average weight of approximately 7.0 g were grown
in salinities of 0, 5, and l0 ppi water for 84 days. 1 n the second study, advanced juvemle fl ounder with an average
weight of approximately 32,0g were grown in salinities of 0, 5, IO, and 20 ppt for 58 days. The speciflc growth
rate < SG R! of juvenile flounder ran ged from ] .0 to 1.09%/day and was noi sifpiiftcantly diiTerent among tseaunents.
SGR of advanced juvenile flounder ranged from 1.6 to I.71%/day and was not significantly different between
beatnients  Po0.05!. Protein efficiencv ratio, feed conversion efficiency  FCE! and daily feed consumpuon
 DFC} values were not significantly different  Po0.05! between veaunems, These results indicate that Southern
flounder can be grown in salinities as low as 0 ppt withm days afler completing metamorphosis without affecting
growth or survival.

INTRODUCTION

The salinity of culture water is a critical
parameter that directly affects fish growth. Fish
that expend energy in osmotegulation to compensate
for extremely high or low saline conditions have
less energy available for growth  Gran et al. 1994!.
Defining the salinity range needed for optimum
growth is important for achieving maximum
performance of cultured fish,

The Southern flounder {Paralichfhys
Ierhosrigma! is a euryhaline flatfish with a natural
range that extends from North Carolina to northern
Mexico, There is considerable interest in the

potential culture of Southern flounder because of

its high market value and apparent tolerance of
low salinities. Postinetarnorphic Southern flounder
are commonly caught in freshwalcr sounds arid
rivers  Reagan and Wingo 1985!, Premctamorphic
Southern flounder have been found in salinities as

low as 17 ppt  Burke et al. 1991!, and juvenile
Southern flounder appear to spend most of their
time in water at less than 20 ppt salinity fStokcs
1977!, Flounder only tnigratc out to the ocean to
spawn once they reach sexual maturity. Culturing
Aounder in low salinity water offers several
advantages for US mariculture; I l the facilities for
flounder culture can be located away from high-
cost coastal land, 2! competition for limited coastal
space and water resources is reduced thereby
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lessening multi-user conflicts, and 3! di sease
causing parasites such as Atrty/oditttttrt sp. and
toxic algae such as Pfisreria piscicida can be
avoided in water with less than 3 ppt salinity.
Hovyever, little information is available on the
growth performance of Southern flounder in low
sa]inity water. This information would be useful
for evaluating the potential for raising flounder in
inland areas.

MATERIALS AND METHODS

Four studies were conducted on different
]ife stages of Southern f]ounder to determine the
effects of ]ow salinity on growth and surviva].

Hatchery-reared larvae were obtained from
strip-spawned broodstock  Berlinsky et «]. 1996!
and cultured according to methods described by
Daniels et al. �996! . Larvae  day 25! werc stocked
into 20-L glass aquaria with water containing 30
ppt salinity at a density of I fish/L, The salinity of
the water was gradual]y reduced over a 5-day period
with fresh water from a well �00 mg/L total
hardness and 350 mg/L total a]ka]ini ty! until target
salinity levels of 0, 10, and 20 ppt were reached.
Three replicates were used per treatment, Fish wei e
harvested, measured to the nearest 0,5 mrn and
counted on day 60 posthatch.

Recently metamorphosed fl ound er  day 60
posthatch! were stocked at a density of I/L into
20-L aquaria containing water with 30 ppt salinity.
The salinity levels were abrupt]y reduced within a
six hour period to 0 ppt by rep]acing saline water
with fresh water. Aquaria were harvested after 5
days and fish were counted to determine survival.

Southern flounder juveniles weighing
approximately 5 g were caught by trawl in the
Pam]ico Sound and weaned onto pelleted feed over
a three-week period. Fish werc then stocked into
nine, I 0L, plastic tanks at a density of eight fish
per tank containing water with 30 ppt salinity.
Sa]inities were gradually lowered to 0, 5, and 10
ppt over a two-week period by rep]acing saline
water w'ith fresh water. Three repiicates werc used
per treatment Tanks at each salinity were in a
sep mu- 'c]used ttecircu]ating system. Temperature
was maintained at 20 C. Fish were fed a
«mmercia] extruded pe]]eted feed �2% protein;
couth in States. Fartnville, North Carolina, USA!

RESULTS AND DISCUSSION

Tolerance to low sa] inity increased as soon
as fish comp/ eted metamorphosis, Fish exposed to
sal inities of 0 to 10 ppt during metamorphosis had
significantly lower survival than those in the 20
and 30ppt treattnents Table I!. All the fish in the
0 ppt treatment died within 24 h of reaching this
salinity. But postrnetamorpic flounder at day 60
posthatch were able to withstand an abrupt drop in

Sabnity  ppt! Survival  %! Standard
length  mm!

l 2.5a29b10

I 1.] aS9c20

30 S2c 1].2a

rVteans rauowed try different letterS between groupr or
treateinents are significantly difrerent tpcO.OS!.

Table 1. Mean percent survival and final length of southern
Hounder Paralichrhys iethrrsbgrrur exposed to difl'cram
sattntues during metamorphosis.

twice daily at a total of 4% body weight, Fish
werc weighed weekly to the nearest 0.1 g then
harvested after 84 days.

Advanced juvenile flounder weighing
approximately 30 g each were stocked into nine
10-L plastic tanks containing water with 30 ppt
salinity at a density of three fish per tank, Salinities
were reduced to 0, 5, 10, and 20ppt over a I-week
period by replacing seawater with fresh water. Each
treatment had three rcplicates in separate closed
recirculating systems. Water temperature was
maintained at 25 C with heat pumps  Aquanetics
model AHP-D!, Fish were fed twice daily with a
commercial pelleted feed �5% protein; Corey Feed
Mill, New Brunswick, Canada! at a daily feed rate
of 3% ofbody weight, One hour after each feeding
uneaten pellets were counted and removed to
estimate feed consumption, Fish were weighed
weekly to the nearest 0,1 g and harvested after 58
days.
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!naia 1 Salinay lppt! Survival  %!

10

20

30 80

Table 2. Mean percent survival of postmctamnrphtc southern
flounder Paralichrltys lerhostigma exposed to 0 ppt salinity
after a 6-h acclimation period.

salinity from 30ppt to0 ppt within a six-hour period
without a significant  ~.05! reduction in survival
when compared to fish in the other treatments
 Table 2!. Fish in a!! treatments showed few signs
of stress after the rapid acclimation; most fish were
feeding and swimming actively within a few hours
of reaching 0 ppt salinity. Burke et al. �991!
reported that prernetamorphic Southern flounder
were found in North Carolina sounds and estuaries

Salinity  ppt!

7.57.7

17,017,0 20,0

10.0 ! 0.2 12.5

96

1.2

2.2 2.0

67 91

Dai!y feed consumption  %
bw/day!

1.41.3

' pmtein efrtebm:y ratint  wejpe gaitldbnuy pmteit intake!
" .Feed conversiMt efficietx:y  weight ~ intake x 1001

Table 3. production variable for juvenile southern flounder Paralichrhys lerhosrigma grown at different sahnities dunng an g-'t-day
period.

Variable

Initial wt  g!

Final wt  g!

Gain  g!

S~  %!

Specific growth rate  %/day!

Pxytein eflicency ratio'

Feed conversion ef!ici ncy  %!

in salinities as low as � ppt, hence the survival of'
some fish at ! 0 ppt is to bc expected. Lasswcll ct
al, �977! reported survival rates of �0' for
postrnetamorphic flounder exposed to 0 ppt salinity
after only a thrcc hour acclimation period, so the
high survival rates observed in this study are not
surprisi ng.

The results of thc two growth trials ai Iow
salinities showed similar trends  Tables 3 and 4!.
Growth and feed conversion efficiency were not
significantly different  Po0,05! between any of the
salinities although total weight gain for juvenile and
advanced juveniles was slightly higher in the 10
ppt treattnent. Survival was not affected by the
long-term exposure to low salinities in either of the
studies, The mortality of advanced juvenile fish in
the 5 ppt treatment was caused by a mechanical
fai!ure that resulted in a loss of water circu!ation

to some of the test containers, With the exception
of the loss of this one container of fish, there were
no mortalities during either of these studies.

These results indicate that salinities as low as

0 ppt are as effecti ve as higher salinities on growth
and survival of postmetamorphic Southern
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Salinity  ppt!

0 5 10 20Variable

' Protein etliciency ratasn  weight gain/di:tary protest intake!
' -Feed converskrn e�cency  weight gain/feed intake x l00!

Table 4, Production variable for advancedjuvenile sotrtherm llounder Paraiichrhys ierhosrigmrs grown at different salinitieo during a
58-day period.
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ABSTRACT

Methods were developed to determine dietary preferences  acceptability! by first-feeding larval fish during a
single feeding event These methods involved:  t! detertruning the feeding incidence and �! ineasuring the
cross-sectional optical area of the bolus using irnagc analysis. Both methods followed a short, defined feeding
period. Both methods were used to determine spray-dried feedstuff preferences for larval rebraftsh ftruchydanio
rerio and microparticulate diet formulation preferences for larval goldfish Cararsius aurasus. Feeding incidence
was 100% for all diets with both species; however, diets differed significantly  p<0.05! in mean holus sir~,
indicating that larvae of these two species vary feeding rates with diet type even when diets are similar in
formulation and manufacturing process.

1NTRODUCTION

A key impediment to intensive rearing of
many altricial larvae of tnarine and freshwater fish
is the lack of high quality microparticulate diets
that are acceptable, digestible, and which meet the
nutritional needs of the larvae. As aquaculture
and fishery enhancement efforts grow, thi»
impediment will become more acute, especially in
the marine fish culture industry.

There are a variety of feeding strategies
currently used for first-feeding larval and juvenile
fish, These strategies include use of live diets,
formulated diets, or a combination of live and
formulated diets, intensive systems often rely on
cultured or wild caught live feeds for rearing fish
larvae in tanks. Available live foods for intensive

culture are litnited to those which can be easily

reared or captured from the wild. The most
cornrnon live feed cultured for larval fishes is the

brine shrimp Arremia  Lavens et al. 1986!.
Although Arremia i» adequate for some fishes
 Lavens et al. 1986!, it is nutritionaBy deficient for
many other species  Dendrinos and Thorpe 1987!,
Culture of zooplankton for feeding fish larvae is
labor intensive, expensive, and prone to sudden
"crashes." The uncertainty and expense of live
diets provide motivation to develop formulated diets
that are nutritionally cotnplete, highly digestible,
palatable, inexpensive, and easy to feed.

Mictoparticulate diets that are uniform both
in size and nutritional quality can ~cally i~
the rearing su~» of species such as lake whitefish,
Coregortntrs clttpeaformis  Zitzow and Millard
1988!, carp, Cyprinus carpio  Lubzcns et aL 1984!,
smalltnouth bass, Micropferus dolomietst'  Ehrlich



et al, 1989!, and tnuskellunge, Essox masquinangy
 Zitzow 19&6!. Survival in production hatcheries of
larval walleye Sti ostedion vitreum fed only
microparticu]ate diets averaged approximate]y 60%
after 30 day»  Bariows and Ellis 1996!, Striped bass,
!Hotione saxatilis, has not been successfully reared
on any formulated diet. In spite of success with some
species fed exclusive]y micropaiticu late diets, survival
during the early larval period generally has not been
as good as when larvae are fed on live diets,

Our understanding of larval fish feeding is
limited. Currently available techniques that have
been used with larger fish to determine feeding
responses are not appropriate for use with larvae.
Elucidation of the deve]opmenta] sequence of
feeding response and the development of methods
to assess the nutritional needs of ]arval fish are
important to the scientific coininunity, feed
companies, hatcheries, fishery managers, and
aquacu]turists. The differences in success among
species fed solely microparticulate diets, and
between live and microparticulated diets for a given
species, may be related to differences in diet
acceptability, digestibility, or composition. Before
inicroparticulate diet digestibility or nutrient
composition studies can proceed, the diet inust first
be ingested by a high percentage of the larvae in
the tank. There is a need for a method to distinguish
among dietary treatments that is quick and not
compromised by cannibalism and low survi val rates
common to larval feeding trials.

Effective inicroparticulate diets need to:
�! efficicnt]y retain small, soluble nutrients after
the particles are suspended in water, �! possess
physical and chemical characteristics that result in
their ingestion by fish larvae; �! bc readily digested
and assimilated by larvae; and �! consist of an
optimal nutrient composition for maxi inurn larval
survival, development, and growth. Before nutrient
digestion can occur, inicrocapsules must first be
ingested by the larval fish.

This research describes a method to

differentiate ainong microparticu]ate diets based
upon the amount of diet ingested  degree of fullness!
by larval fish over a short time frame. This method
will help to develop microparticulate diets that
satisfy the second aspect of an effective
microparticu]ate diet listed above. Although the
method was devel oped wi th zebrafish

Brachvdanio rerio and goldfish Carassius
aiiratus, methods are applicable to other species
with transparent larvae. The method is illustrated
with two experiments: the first to determine
feedstuff preferences for larval zebrafish, and the
second to define thc optiinal kri]1 meal: fish meal
ratio for larval goldfish.

MATERIALS AND MFTHODS

Near first-feeding, 6-day post-hatch �.5
intn! zebrafish or 9-day post-hatch  9.0 mm!
goldfish larvae, both produced in our laboratory,
were selected at randoin frotn holding tanks and
stocked five larvae/tank into clear plastic tanks
containing ]00 inl of 5 pm filtered cu]ture water.
A]1 tanks werc then placed in a water hath held at
28'C. Larvae which had been feeding were left
without food overnight to allow any residual feed
to pass through the gut prior to the start of each
trial,

Three tanks were randoinly assigned to
each dietary trcatrnent. The zebrafish trial used a
commercial dict  FFKB-250, Kyowa Hakko Kogyo
Co., Ltd, Tokyo, Japan! known to produce good
growth and survival as a positive control; unfed
larvae served as a negative control. For the goldfish
trial, live Artemia were used as the positive control
and unfed larvae served as the negative control.
Zebrafish test diets were spray-dried
 approximately 100 12 average size! chicken meat,
egg, or liver  American Dehydrated Foods, Inc�
Springfield, MO!. The experiinental diets for
goldfish varied in the kri1 1 meal and fish meal content
 Table I!. Kril] meal varied in 10% increments
frotn ] 4% to 54%, while herring meal varied from
6% to 46% of the diet.

The diets fed to the goldfish were produced
using the micro-extrusion/marumerization  ME1Vf!
inethod  Barrows et al. ]993!. Maruinerization is
a pmcess of shaping and smoothing an extrudate
achieved by using a cylindrical machine in which
the bottom of the cylinder rotates at very high
speeds. The rotational forces within the machine
result in a smoothing and densification of the
surface of the extrudate. This process involves
two pieces of equipinent for the production of
particles. An LCI, Inc. system  Charlotte, NC!
included a radial discharge  EXDC F!S-60!
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extruder and a QJ-400 marumerizer. All ingredients
were combined and inixed in a 1Vlarion ribbon mixer

prior to addition of the fish oil, Thirty-two percent
water was added to the mix before extrusion

through a 500-pm screen. The mash was extruded
at an auger speed of 19 rprn to form wet noodles.
These noodles were then placed in the trtarurnerizer
which consists of a cylindrical chainber with a
rotating plate on the bottoin. The pl ate was grooved
to imp«rt energy from the rnarumerizer to the feed.
This energy breaks the noodles, reshapes, and
densifies the particles, The marumerizer is
equipped with a variable speed motor to allow for
a range from 300 to 1210rpm. Thc noodles of all
diets were first processed at 1060 rpm for 10 sec
followed by about 90 sec at 500 rprn. The shaped
particles were then placed in an ambient
temperature  about ]7'C! forced-air dryer until
moisture levels were less than ] 0%, Moisture was

determined using a 30-minute cycle of 125'C on
an Oh«us MB 200 moisture analyzer, The feed
was then ~ifted to the proper sizes and stored in
nitrogen-f]ushed, vacuum-packed plastic bags and
stored at room temperature until used.

Each tank was then fed 0,1 g of the
appropriate feed. After 1.5 h, the larvae were
anesthetized with MS-222  Massee et al. 1995!
and videotaped using a dissecting microscope with
a video recording systetn. Larvae were oriented
on their sides so that the bolus was visible through
the transparent larvae as a cross-section, A stage
micrometer was positioned so that a readable section
of the micrometer was visible in each image.

Each image on the tape was then printed
and the cross-sectional area of the bolus, and

pre-flexion  standard! length was measured.
Cross-sectional area of the bolus provides an index
of the ainount of feed ingested by each larva.
Cross-sectional optical areas were determined
using a planirneter The appropriate conversion
factor for each measureinent was determined by
measuring the image of a I-mm- 'area on the
micrometer coverslip which was in view in each
of the printed images. Data was reported as the
cross-sectional optical area of material in the gut
 mm-'!. Statistical significance was determined
using analysis of variance and means separated
using Fisher's Protected Least Difference
Significant  PLSD! method  Zar 1984!,

Feeding incidcncc was determined f' or
each dietary treatment by counting the number of
fish in each image with and without feed visible in
the gut and expressing the ratio as a percentage
feeding. No further analysis of feeding incidence
data was undertaken as all larvae fed diets had

visible feed in their guts after 1.5 h of feeding,

RESULTS

For both species, feeding incidence was
100% for all treatments receiving diets, while feed
con suinption differed significantly among diets. ln
the zebrafish trial  Fig, 1!, spray-dried egg �.141
~ 0.016 mm-, mean+ standard error! and chicken
�.138 a 0.014 mm'! were consumed at.
significantly higher rates  pc0.05! than the liver
�,104 ~ 0.012 mm-'! or positive control dieLs �.098
~ 0.007 trun' !. Significant difference  p<0.028!
were found between all groups and the negative
control group �.002 ~ 0.007 mm'!,

In the goldfish trial  Fig, 2!, acceptability
of live A rremia �,81 a 0.01 mm-! was significantly
greater  pc0.05! than all other diets. The diets
containing 46% fish meal �,59*0,05 mm'! were
significantly more acceptable than diets contaiiung
]ess than 26% fish meal. The diet containing 36%
fish meal �.49 ~ 0,04 mm'! was not significantly
different than any other fish meal-containing diet.

DISCUSSION

Zebrafish larvae consumed al] three

spray-dried products at levels equal to or greater
than the commercial diet, indicating potetuial for
spray-dried products as feedstuffs for larva] fish
diets. Further mals using other species and other
feedstuffs are needed to determine if these materia]s

are widely acceptable, Ry testing the same diets
with other species, it will be possible to determine
if zebrafish are a suitable surrogate for other
hard-to-obtain species. Once highly palatable
feedstuffs are identified, then ii wi]1 be easier to

formulate diets that are high]y acceptable.
Goldfish larvae preferred diets high in fish

meal and low in kril] meal, These results appear to
be in contrast to surviva] data obtained using the
same diet formulations with larval walleye
 Harrows ]994!. Larval walleye fed diets
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containing krill meal levels as low as 24% had
survival rates equivalent to fish fed diets containing
54% kril I, Reducing the krill content of thc diet to
14%, with 46% herring resulted in a decrease in
survival. Survival was greater for the fish fed the
four high krill meal diets than fish fed a commercial
larval dict, Barrows �994! suggested a beneficial
effect of including at least 24% krill in larval
walleye diets. It could not be determined in that
30-day feeding study if the effect was nutritionaJ
or due to the acceptability of the diet. Combining
fling incidence and bolus measurement data with
the survival data would have been beneficial and

may have been able to pinpoint the reason for the
differentia! survival.

Differences among dietary treatments
could not be determined with feeding incidence data
for either species  all except the unfed treatments
werc 100%!. While the feeding incidence method
provides a coarse evaluation of diet acceptability,
it does not work when feeding incidence is uniformly
high, such as was the case with zebrafish and
goldfish, Measurement of the bolus provided an
index which was more sensitive to smaller

differences in diet acceptability, Conversely, under
conditions where feeding incidence is low or
variable, measurement of the bolus may not provide
meaningful data. This is because samples consist
only of feeding larvae and are not a good
representation of all the larvae being fed.

Both methods are useful to determine diet

acceptability over a very short time. Studies that
determine differences over a short time are not

compromised by high mortality rates common to
larval feeding trials. Since diet composition and
nutrient bioavailability are clirninated as potential
causes for mortality or poor growth, acceptability
trials using feeding incidence and/or bolus size as
indices can yield tneaningful data with species that
cannot currently be cultured intensively.

The method for determining boJus size
lends itself to computer-aided image analysis. We
have successfully measured the bolus
cross-sectional area in larvae using a Macintosh
8100AV  Apple Computers, Cupertino, CA!
computer with NIH-image software, NIH-image
is a free software package developed by the
National Institutes of Health and is available a  their

web site   http: //rsb.info.nih.gov/nih-imagd!. Other

programs and computer systems can alii> be used.
An additional benefit of using a

computer-aided measurement system is that the
cross-sectional area can be rotated in space to
produce an estimate of volume. For a more accurate
estimate of volume, a standard curve can be
produced by intubating a known volume of colored
liquid into the larval gut  Rust et al,1993a, h! and
determining the cross-sectional area of thc liquid
droplet contained within the gut. The resulting
regression will describe the relationship between
cross-sectional area and bolus volume for a given
species at a given developmental stage. This
information may bc useful for determining
consumption and developing bioenergetic models.

No quantitative requirement for any
nutrient has yet been determined for the larval stage
of any species of fish. Diets are formulated based
upon the composition of the fish larvae or the
composition of zooplankton, Unfortunately, this
approach assumes that thc bioavailability of dietary
nutrients are equal, an assumption that docs not
hold for altricial larvae  Rust et al. 1993c, Rust
1995!, Quantitative and qualitative nutrient
requirements for larval fish will be difficult to
determine until a microparticulate test diet that is
high! y acceptable to Jarvai fish is developed. The
first step toN ard determining requirements may be
to develop such a test diet using the methods
outlined here.

Vision and chemoreception are the two
most important sensory systems used by
first-feeding larvae to Jocate and ingest food
 Blaxter 1988, Noakes and Godin 1988!. In order
for rnicroparticulate diets to be ingested, they must
be attractive and visible to the larvae and must be

presented under the proper environmental
conditions. Fish larvae are primarily visual feeders,
though taste buds and olfaction are often also
functional at this time in most species  Noakes and
Godin 1988!. The microparticulatc dict
acceptability methods developed provide means to
determine optimal environmental {light! and
chcmicaJ  taste, olfaction! properties for successful
larval feeding.

Once optimal feeding conditions are
defined and a highly acceptable nucroparticulate
test diet is availabJe for the larvae of a species,
then work can proceed more quickly nn
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deterinination of requirements. It is necessary to
first  I! ensure that the feeds wc are developing
are being eaten by the larvae, and �! understand
the digestibility of those diets, before drawing
conclusions as to larval nutrient requirements,
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