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Abstract We examined the docosahexaenoic acid (DHA)
requirement during the sensitive period (D-E stages) to
prevent abnormal morphology in juvenile brown sole
Pseudopleuronectes herzensteini. Rotifers and Artemia
nauplii containing three graded levels (low, mid, and high
level) of DHA were made by respective enrichment with
oil emulsion. Larvae at 15 days post hatching (dph) (D
stage) were fed for 10 days with rotifers and Artemia
nauplii containing respective amounts of DHA. During F-I
stages, larvae were fed Artemia nauplii enriched with a
commercial supplementary diet. The DHA requirement to
prevent morphological abnormalities in brown sole juve-
niles was estimated to be 1.7-3.2% in rotifer and 1.4-2.8%
in Artemia nauplii on a dry weight basis. Moreover it was
clearly demonstrated that DHA enrichment of rotifers is
superior to that of Artemia nauplii for this purpose in larval
brown sole during D-E stages.
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Introduction

Abnormalities in the ocular-side pigmentation (pseudoal-
binism) and eye position are commonly observed in
hatchery-reared brown sole Pseudopleuronectes herzen-
steini [1]. It has been established that these abnormalities in
flatfish species are caused by disruption of left-right dif-
ferentiation during metamorphosis [2—4]. However, the
incidence of morphological abnormalities in brown sole
has not been established.

It is well known that larval marine fish exhibit a distinct
need for docosahexaenoic acid (DHA, 22:6n—3) [5, 6].
Therefore, numerous studies on the DHA requirements of
many larval fishes have been conducted to determine the
optimum DHA level in rotifers or Artemia nauplii enriched
with commercial enrichment materials [5, 6].

So far we have studied the relationships between the
incidence of morphological abnormalities and DHA or ei-
cosapentaenoic acid (EPA, 20:51—3), since only limited
information is currently available on those of brown sole.
Our previous research revealed that the dietary DHA
requirements of brown sole larvae was approximately 0.6%
on a dry weight basis for the rotifer feeding period (C-D
stages) and 1.4-2.8% on a dry weight basis for the Artemia
feeding period (E-I stages) in terms of survival and growth
[7]. In addition, it has been concluded that the develop-
mental stages when the DHA content of live food is likely
to be most effective in preventing morphological abnor-
malities in brown sole are D-E stages [8]. However, the
DHA requirement during D-E stages in larval brown sole
has not been demonstrated. Characterization of the DHA
requirement during D-E stages in brown sole larvae should
be clarified for this species throughout metamorphosis so
that nutritional enrichment methods and graded feeding
regimens for satisfying DHA requirements can be
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established. Thus, in this experiment, the DHA requirement
to prevent morphological abnormalities in brown sole
juvenile was examined during D-E stages.

Materials and methods
Live food treatments

Larval brown sole during D-E stages (15-24 days post
hatching, dph) were fed rotifers or Artemia nauplii pre-
pared by six different treatments (Table 1). Before
enrichment, rotifers were extensively cultured with Chlo-
rella vulgaris (Fresh Chlorella V12, Chlorella Industry,
Tokyo, Japan), and Utah Artemia nauplii were previously
hatched. DHA enrichment of rotifers and Artemia nauplii
was conducted using DHA oil (DHA70: DHA 70.7%, EPA
5.2%, vitamin E 0.3%, Taiyo Yushi Corp., Tokyo, Japan)
at three levels: a low level (DHA-L: 200 pl), a mid level
(DHA-M: 600 pl), and a high level (DHA-H: 1,000 pl).
The final volume for enrichment oils was adjusted to
1,000 pl with corn oil (Wako Pure Chemical Industries
Ltd., Tokyo, Japan). Rotifers at 1,000/ml or Artemia nau-
plii at 100-150/ml were placed in 10-1 enrichment tanks.
Then, 0.1 ml chicken egg yolk and different proportionate
amounts of corn and DHA oils (Table 1) were added to the
enrichment tanks after being emulsified using a household
mixer and enriched at 24°C for 17-23 h. Unenriched rot-
ifers were cultured with Fresh Chlorella V12 for 17-23 hin
a 10-1 tank, while unenriched Arfemia nauplii were pro-
duced by the starvation of Arfemia nauplii for 17-23 hin a
10-1 tank.

Experimental fish and rearing methods

Fertilized eggs were obtained using broodstock caught off
the coast of Tomakomai City in June 2007, Hokkaido, and

Table 1 Design of the experimental treatments

transported to the Hokkaido Mariculture Fisheries Station
in Muroran, Hokkaido. Naturally spawned and fertilized
eggs were placed in a 200-1 tank and incubated at 15°C
until 3 dph in July 2007. These hatchlings were reared in
three 500-1 tanks until 14 dph and were fed rotifers enri-
ched with Super V12 (Super Fresh Chlorella V12, Chlo-
rella Industry, Tokyo, Japan). Experimental fish (1,800 fish
larvae at 14 dph) for each treatment were then placed
separately in each tank. The experiment was conducted in
duplicate. Feeding experiments using live foods for each
experimental tank were conducted during 15-24 dph.
Brown sole larvae feed on rotifers and Artemia nauplii
during D-E stages [9]. In order to clarify the effect of DHA
enrichment of rotifers or Artemia nauplii to prevent mor-
phological abnormalities in brown sole juveniles, fish in
treatment nos. 1, 2, and 3 were fed on rotifers enriched with
DHA-enriched oil and unenriched Artemia nauplii, while
treatment nos. 4, 5, and 6 were fed on Artemia nauplii
enriched with DHA-enriched oil and unenriched rotifers
(Table 2). After 24 h starving, larvae at 25 dph in all
treatments were fed with Arfemia nauplii enriched with
Super Capsule Powder (Chlorella Industry, Tokyo, Japan)
from 26 dph for 24 days. Water temperature was set at
15°C; other conditions during the rearing period are shown
in Table 3.

Assessment of growth, development,
and morphogenesis

Larvae were sampled from each experimental tank at 14
(n = 30), 24 (n = 20), and 50 dph (n = 15) for measure-
ment of body length (standard length), placed in Petri
dishes, and euthanized using MS-222. Length was mea-
sured using a contour projector. In addition, larvae were
sampled from each experimental tank at 14 (n = 30) and
24 dph (n = 20) to classify developmental stages. As
reported previously [7, 8, 10], the standard classification

Experimental Abbreviation

Enrichment (ul/10 1 culture medium) of the experimental oil emulsion

treatment no.

In rotifers In Artemia nauplii
DHA oil® Corn oil® DHA oil® Corn oil”
1 DHA-L 200 800
2 DHA-M 600 400 Unenriched
3 DHA-H 1,000 0
4 DHA-L 200 800
5 DHA-M Unenriched 600 400
6 DHA-H 1,000 0

4 DHA 70 (DHA 70.7%, EPA 5.2%, vitamin E 0.3%. Taiyo Yushi Corp. Tokyo)

b Purity is 99%; Wako Pure Chemical Industries Ltd., Japan
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Table 2 Feeding schedule during experimental period

Experimental 15-25 dph* 26-50 dph
treatment no.

Rotifers Artemia Artemia

nauplii nauplii

DHA-L

DHA-M Unenriched
3 DHA-H

Commercial®

4 DHA-L
5 Unenriched DHA-M
6 DHA-H

* Days post hatching. All experimental treatments were starved at
25 dph

° Artemia nauplii enriched with commercial enrichment material
(Super capsule powder, Chlorella industry, Tokyo, Japan)

Table 3 Rearing conditions for larval brown sole

Tank volume (1) 200

Initial number of fish 1,800

Body length of initial fish (mm) 6.0

Water temperature (°C) 155 +£03

Water exchange (% per day) 100-300

Feeding frequency Twice/day

Density of live food (ind./ml) Rotifers 5
Artemia® 0.1-1.0

Rearing period (days post hatching) 15-50

? Artemia nauplii

established by Aritaki and Seikai [11] was used to classify
developmental stages and morphological abnormality. In
brief, developmental stages were classified into five cate-
gories (stage C: preflexion larva, mouth open; stage D:
preflexion larva; stage E: flexion larva; stage F: postflexion
larva, onset of metamorphosis; stage G: postflexion larva,
early phase of metamorphosis). Values for both experi-
mental treatments were expressed as means. Survival rate
and morphological pattern were assessed at the end of the
experiment (50 dph). Survival number was enumerated
using a counter. Fish (400-918) from each experimental
treatment were sampled at 50 dph in order to distinguish the
morphological types (type A: normal fish; type B + B’:
pseudoalbino fish; type C: ambicolorate fish). Values for
both experimental treatments are expressed as means.

Fatty acid analysis

The enriched live foods used in the experiment were
sampled twice during the rearing period. For the fatty acid
composition analysis, 500 larvae were sampled at 25 dph
and pooled from each experimental treatment. These

samples were stored at —80°C in a freezer until analysis.
The fatty acid composition was analyzed as reported pre-
viously [7, 8].

Statistical analysis

Average survival rate, body length, developmental stage,
and incidence of each morphological pattern were analyzed
by one-way analysis of variance (ANOVA), followed by
Tukey multiple comparison test using a 5% level of sig-
nificance. Comparative data were analyzed after inverse
sine transformation [12], and linear dependence between
independent data sets was evaluated by calculating sample
correlation coefficients.

Results
Fatty acid composition of live food and fish

The crude lipid content of live foods was approximately
20% in rotifers and 21-24% in Artemia nauplii on a dry
weight basis (Table 4). The EPA contents of rotifers and
Artemia nauplii among the experimental treatments were
less than 1% on a dry weight basis, excluding DHA-H
Artemia nauplii. The DHA contents in live foods clearly
reflected the DHA oil enrichment, and contents of DHA-H
rotifers and DHA-H Artemia nauplii were higher than those
of the other experimental treatments.

The contents of crude lipid and fatty acids in brown
sole larvae at 25 dph are shown in Table 5. The crude
lipid contents of larvae ranged from 15.1% to 21.7% on a
dry weight basis. The EPA contents of larvae among the
experimental treatments were 0.82—-1.39% on a dry weight
basis. Interestingly, the DHA contents of larvae fed DHA-
M rotifers and DHA-H rotifers were significantly higher
than those of the other experimental treatments and there
was no significant difference between the DHA contents
of larvae fed DHA-M rotifers and DHA-H rotifers. The
DHA content of larvae fed DHA-H rotifers was 1.54
times higher than that of larvae fed the DHA-H Artemia
nauplii. The DHA/EPA ratios of larvae fed DHA-M and
DHA-H rotifers were significantly higher than those of
the other experimental treatments. The DHA/EPA ratio of
larvae fed DHA-M rotifers was slightly higher than that
of fish fed DHA-H rotifers. The fatty acid contents in
larvae at 25 dph clearly reflected the contents of the live
foods.

Survival and growth

No significant differences in survival of fish at 50 dph were
observed in any of the experimental treatments (Table 5).
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Table 4 Crude lipid and fatty acid contents in rotifers and Artemia nauplii

Rotifers Artemia nauplii

Un-enriched DHA-L DHA-M DHA-H Un-enriched DHA-L DHA-M DHA-H
Crude lipid (% d.b.") 11.2 19.8 20.2 20.3 20.6 229 243 21.1
Fatty acids (g/100 g d.b.)
EPA ND" 0.20 0.33 0.67 0.79 0.72 0.82 1.59
DHA ND" 0.73 1.67 322 0.02 0.66 1.40 2.82

EPA eicosapentaenoic acid, DHA docosahexaenoic acid
? Dry weight basis
® Not detected

Table 5 Crude lipid and fatty acid contents in larval brown sole at
25 dph

Experimental treatment no.

1 2 3 4 5 6
Rotifers Artemia nauplii

DHA-L DHA-M DHA-H DHA-L DHA-M DHA-H

Crude lipid 15.1  18.1 166 212 217 18.5
(% d.b.2)

Fatty acids (g/100 g d.b.)
EPA 0.82 0.84 1.10 0.91 1.06 1.39
DHA 1.06 2.26 2.62 0.73 0.97 1.70

EPA eicosapentaenoic acid, DHA docosahexaenoic acid
? Dry weight basis

The body length in larvae at 24 dph fed DHA-L rotifers or
DHA-L Artemia nauplii was significantly smaller than
those in the other experimental treatments. There was no
significant difference of the body length in fish at 50 dph
among each experimental treatment (Table 5).

Composition of developmental stage

In larvae at 14 dph, the developmental stage in all of the
experimental treatments reached the D stage. Develop-
mental stage in larvae at 24 dph in each treatment is shown
in Fig. 1. The rate of the development in larvae fed DHA-L
rotifers or DHA-L Artemia nauplii was the slowest among
all experimental treatments. There was no clear difference
between the composition of developmental stage in larvae
fed DHA-M live foods and DHA-H live foods. E stage was
the predominant stage in all of the experimental treatments
(60-82%).

Incidence of abnormal morphology
Incidence of morphological types of each treatment is
shown in Table 5. The incidence of type A was signifi-

cantly higher in fish fed DHA-M rotifers and DHA-H
rotifers than in fish fed DHA-L rotifers, while that of fish

@ Springer

fed DHA-H Artemia nauplii was significantly higher than
that of fish fed DHA-L Artemia nauplii. The incidence of
type B + B’ was significantly higher in fish fed DHA-L
live foods than in fish fed DHA-M live foods and DHA-H
live foods. No significant differences were observed
between the occurrence of type A or type B + B’ in fish
fed DHA-M rotifers and DHA-H rotifers. The incidence of
type A in fish fed DHA-H rotifers was significantly higher
than that in fish fed DHA-H Artemia nauplii. Type C was
not found in all experimental treatments.

Finally, a highly significant (P = 0.000) correlation
(R = 0.951) existed between the DHA content in fish at
25 dph and the proportion of type A of brown sole juve-
niles (Fig. 2). There was no significant correlations
between EPA content in fish at 25 dph and the proportion
of type A (R = —0.207, P = 0.519) (Fig. 2).

Discussion

DHA requirement during D-E stages in larval brown
sole

In brown sole, as well as other flatfishes [13, 14], mor-
phological abnormalities including body color aberrations
and abnormal eye position are often observed in hatchery-
reared fish [1]. Enrichment of live foods with DHA, a well-
known essential fatty acid for marine fish species, has been
reported to be effective for preventing morphological
abnormalities in flatfish species, including Japanese floun-
der Paralichthys olivaceus [15], turbot Scophthalmus
maximus [16], Atlantic halibut Hippoglossus hippoglossus
[17], and marbled sole Pseudopleuronectes yokohamae
[18]. In order to prevent abnormal morphology in brown
sole, it has been demonstrated that the developmental
stages when the DHA content of live food are likely to be
most effective is the D-E stages [8], and that DHA is
superior to EPA in this regard [19]. Moreover, it has been
suggested that the DHA requirement of brown sole larvae
during C-D stages (rotifers feeding period) might be 0.6%
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3 80 P=0.000 abnormalities in brown sole.
3 60+
§2)
=40+ Critical factors for preventing morphological
© abnormalities in brown sole
20 |
0 s ! ! ! ! ) So far, it has been suggested that the incidence of normal
0.0 0.5 1.0 1.5 2.0 2.5 3.0

DHA content (g/100g d.b.) m larve at 25 dph

Fig. 2 Correlations between incidence of type A (normal morphol-
ogy) and DHA or EPA contents in fish fed live food enriched with
experimental oil emulsions

on a dry weight basis, while that of larvae during E-I
stages (Artemia nauplii feeding period) might be 1.4-2.8%
on a dry weight basis, based on the survival rate of larvae
under different treatments [7]. However, the DHA
requirements during D-E stages in larval brown sole to
prevent morphological abnormalities in brown sole have
not been previously demonstrated. The present results
clearly show that the DHA requirements during D-E stages
may be 1.7-3.2% in rotifers and 1.4-2.8% in Artemia
nauplii on a dry weight basis, to mitigate abnormal

morphology in juvenile brown sole is not strongly corre-
lated with survival and growth until the completion of
metamorphic development [8, 19]. This study also
observed a similar tendency between the incidence of
normal morphology and survival or growth.

It has been found that the incidence of normal mor-
phology in brown sole may be affected by the progression
of development [11]. In our previous paper, we summarized
that the two important factors for normal morphology in
brown sole are promotion of larval development and feed-
ing high-DHA-content live foods during D-E stages in
larval brown sole [19]. The present study also shows that the
normal morphology and regular progression of larval
development in brown sole is caused by feeding live foods
enriched with optimum level (mid or high) of DHA, sug-
gesting the importance of these two factors.
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Table 6 Survival rate, body length, and morphological patterns in each treatment

Experimental treatment no.

1 2 3 4 5 6
Rotifers Artemia nauplii
DHA-L DHA-M DHA-H DHA-L DHA-M DHA-H

Survival rate
at 50 dph (%)
Body length (mm)?

38.7 (26.4,51.0)  48.2 (40.9, 55.4)

41.1 (36.1, 46.0)

28.8 (22.8,34.8)  45.1 (47.2,42.9)  47.6 (45.7, 49.5)

24 dph 7.1 4 05b° 74+04a 73+ 04a 70+ 04b 73+03a 76+ 04a

50 dph 125 £ 2.1 122 £ 2.3 12.7 £ 2.0 12.7 £ 2.3 120 £ 2.5 124 £ 25
Morphological type'*

A 58.4 b® (55.5, 61.3) 79.9 a (79.4, 80.4) 88.7 a (90.5, 86.8) 37.2 ¢ (32.2, 42.2) 48.1 bc (47.9, 48.2) 56.8 b (56.7, 56.8)
B + B 41.6 b (44.5,38.7) 20.2c (20.7,19.6) 11.4c (9.5,13.2) 62.8a(57.8,67.8) 51.8 ab (51.7,51.8) 43.3 b (43.3,43.2)
C 0 0 0 0 0 0

! Mean values of survival rate and the incidence of morphological types in each treatment. Values in parentheses indicate the rate for each

replicate trial
> Mean + SD

3 Values having the different letters in the same line are significantly different (P < 0.05)
4 Each classification of morphological pattern (A, B + B/, C) was modified from Aritaki and Seikai [11]

This study showed that the incidence of normal mor-
phology (type A) in fish fed DHA-H rotifers was signifi-
cantly higher than that in fish fed DHA-H Artemia nauplii,
although there was no significant difference between the
rate of developmental stage in fish fed DHA-H rotifers and
that in fish fed DHA-H Artemia nauplii. DHA enrichment
of rotifers showed superior efficiency to that of Artemia
nauplii in terms of preventing morphological abnormalities
in brown sole. Since the DHA content of fish fed DHA-H
rotifers was about 1% higher than that of fish fed DHA-H
Artemia nauplii (Table 5), the DHA contents in larvae may
affect the difference of the incidence of normal morphol-
ogy between these two treatments.

The present study clearly demonstrates the DHA
requirement to prevent morphological abnormalities in
brown sole. It has been shown that DHA in diet affects
brain development of Japanese flounder larvae [22].
Recently, Suzuki et al. [23] hypothesized that asymmetrical
formation of tissues in flatfishes is linked to asymmetry of
brain development. Further research is needed to clarify the
specific role of DHA in relation to brain development of
brown sole.

Proposed feeding schedule to achieve normal
morphology for brown sole

Considering the DHA requirement of larval brown sole, the
proposed feeding schedule to achieve normal morphology
for brown sole can be concluded as follows:

@ Springer

1. Larvae during C-D stages should be fed rotifers
enriched with a low level of DHA (approximate 0.6%
on a dry weight basis) [7]. It has been demonstrated
that DHA in live food promotes larval development,
but survival is clearly depressed in larvae fed rotifers
with high percentages (3.3%) of DHA [7].

2. It was suggested that the D-E stages of larval brown
sole form a DHA-sensitive window for the preven-
tion of abnormal morphology [8], similar to in
Atlantic halibut [24, 25]. The present study demon-
strated that during D-E stages larvae should be fed
live foods enriched with 1.7-3.2% DHA in rotifers
and 1.4-2.8% DHA in Artemia nauplii, and that
DHA enrichment in rotifers is superior to that in
Artemia nauplii in terms of effectiveness of prevent-
ing morphological abnormalities. The DHA require-
ment for larval brown sole during D-E stages was
also suggested to be higher than that of larvae
during C-D stages on the basis of survival in this
study.

3. Larvae during E-I stages should be fed Artemia nauplii
enriched with 1.4-2.8% DHA [7].

These feeding schedules based on the DHA requirement
of this species are summarized in Tables 6 and 7. The
morphological abnormalities of brown sole can be dra-
matically reduced by using these feeding schedules. In fact,
during seed production of brown sole in 2008, we con-
firmed that it was clearly possible to reduce morphological
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Table 7 Proposed feeding schedule to achieve normal morphology for brown sole

Artemia nauplii

Rotifers and Artemia nauplii

Rotifers

Feeding schedule

25-50
~1

4................’

15-24

D-E

3-14

C-D

Days post hatching

Developmental stage

DHA window?

>

<

4....................»

Ineffective

Effective®

Low requirement for survival

0.6

1.4-2.8

Rotifers: 1.7-3.2

DHA requirement (g/100 g d.b.)

Artemia nauplii: 1.4-2.8

# Feeding period of DHA affects normal morphology

® High requirement for normal morphology

¢ See the footnote of Table 4

abnormalities to about 10%, with a rate of normal mor-
phology of 90-94%, by using these methods.
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