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Abstract We examined the effect of docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA) on the rates of
abnormal morphology in juvenile brown sole Pseudopleu-
ronectes herzensteini. Larvae during the D-E stages (15—
24 days post hatching) were fed live food containing vari-
ous amounts of DHA and/or EPA prepared using emulsified
oils (DHA ethyl ester, EPA ethyl ester, and corn oil). Larvae
during the F-I stages were fed Arfemia enriched with a
commercial diet supplement. We found that DHA and EPA
promoted larval development and improved the incidence
of morphological abnormalities in brown sole juveniles to a
similar extent. However, DHA was more effective than
EPA in preventing the appearance of morphological
abnormalities in brown sole. The incidence of normal
morphology was clearly improved by an increase of the
DHA content in brown sole larvae at 25 days post-hatching.
These results suggest that it is important to promote larval
development and feed larvae with live food containing high
levels of DHA during the D-E stages to prevent morpho-
logical abnormalities in brown sole juveniles.
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Introduction

Abnormalities in ocular-side pigmentation (pseudoalbi-
nism) and eye position are commonly observed in hatch-
ery-reared brown sole Pseudopleuronectes herzensteini [1].
It has recently been proposed that these abnormalities are
caused by abnormal mechanisms of metamorphic asym-
metry [2—4] but, to date, technological tools for preventing
morphological abnormalities in brown sole have not been
established. In addition, very little information is available
on the correlation between essential fatty acids (EFAs) and
the incidence of morphological abnormalities in brown
sole. Previous research carried out by the authors has
shown that the docosahexaenoic acid (DHA) requirement
of brown sole larvae is approximately 0.6% on a dry weight
basis (DWB) for the rotifer-feeding period and 1.6-2.8%
(DWB) for the Artemia-feeding period in terms of survival
and growth [5]. It has also been determined that the
developmental stages when the DHA content of live food is
likely to be the most effective in preventing morphological
abnormalities in brown sole are the D-E stages [6].

It has recently been suggested that the effect of both
DHA and eicosapentaenoic acid (EPA) on pigmentation
differs between flatfish species [7—10]. Although the inci-
dence of morphological abnormalities in brown sole is
reduced by feeding larvae with Arfemia enriched with
commercial enrichment materials [11], it is not clear
whether this preventative effect of the commercial
enrichment materials is caused by DHA only or also by
other nutritional factors. In addition, the effect of the
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contents of DHA and EPA in live food on the development
of abnormal morphology of brown sole has not been
investigated. Thus, in the study reported here, we have
examined the effect of live foods enriched with various
amounts of DHA and/or EPA on the incidence of mor-
phological abnormalities in brown sole during the D-E
stages in order to determine the effect of these compounds
on normal morphology at the juvenile stage in brown sole.

Materials and methods
Live food treatments

Larval brown sole during the D-E stages [15-24 days post-
hatching (dph)] were fed rotifers and Arfemia nauplii in
five different feed compositions (Table 1). Rotifers and
Artemia nauplii were enriched with various amounts of
corn oil (Wako Pure Chemical Industries, Japan), DHA
ethyl ester, and EPA ethyl ester (Taiyo Yushi, Japan) to
give the following experimental treatments: (1) control; (2)
EPA; (3) DHA < EPA; (4) DHA > EPA. As commercial
enrichment material, the rotifers and Artemia were fed
“Super V12~ (1 1/1000 individuals/1000 I culture medium
at 20-23°C for 48 h; Chlorella Industries, Japan.) and
“Super capsule” powder (70 g/t culture medium at 20°C
for 17-23 h; Chlorella Industries), respectively. The purity
of the corn oil and of the DHA and EPA ethyl esters was
99, 95 and 95%, respectively. The final volume of the
enrichment oils was adjusted to 500 pl with corn oil, and
1000 rotifers/ml or 100-150 Artemia/ml were placed in 5-1
enrichment tanks. Then, 0.05 ml of chicken egg yolk and
varying amounts of corn oil, DHA, and EPA ethyl esters
(Table 1) were added to the enrichment tanks after being
emulsified using a household mixer and enriched at 24°C
for 17-23 h.

Table 1 Design of experimental treatment

Test fish and rearing methods

Fertilized eggs were obtained using broodstock caught on
the coast of Tomakomai City, Hokkaido, in June 2006 and
transported to the Hokkaido Mariculture Fisheries Station
in Muroran, Hokkaido. Naturally spawned fertilized eggs
were placed in a 200-1 tank and incubated at 15°C until
3 dph. These hatchlings were reared in a 4000-1 tank until
14 dph and fed rotifers enriched with Super V12. Experi-
mental fish (2000 larvae at 15 dph) were then each
placed in a separate tank for each treatment. The experi-
ment was conducted in duplicate (EPA, DHA < EPA and
DHA > EPA treatments) and in triplicate (control and
commercial treatments). Feeding experiments using live
foods for each experimental treatment were conducted
during 15-24 dph. After 24 h starving at 25 dph, Artemia
enriched with Super capsule powder was fed to the fish of
all groups until 50 dph. Water temperature was set at 15°C.
The conditions for the rearing period are shown in Table 2.

Assessments of growth, development, and morphology

Larvae were sampled from each experimental tank at 14
(n = 30), 26 (n = 20), and 50 dph (n = 15) for the mea-
surement of body length (standard length). In addition, 20
larvae were sampled from each experimental tank at 14 and
26 dph for classification of the developmental stages. As
reported previously [5], the standard established by Aritaki
and Seikai [12] was used to classify developmental stages
and abnormal morphology. In brief, developmental stages
were classified into five categories (stage C: preflexion
larva, mouth open; stage D: preflexion larva; stage E:
flexion larva; stage F: postflexion larva, onset of meta-
morphosis; stage G: post flexion larva, early phase of
metamorphosis). Approximately 400 fish from each
experimental treatment were then sampled at 50 dph in

Experimental treatment

Enrichment (pl/5 1 culture medium) of the experimental oil emulsion

In rotifer In Artemia nauplii

DHA® EPAP Corn oil® DHA® EPAP Corn oil®
Control 0 0 500 0 0 500
EPA 0 500 0 0 250 250
DHA < EPA 100 400 0 250 250 0
DHA > EPA 400 100 0 500 0 0
Commercial enrichment material Super V124 Super capsule®

# Docosahexaenoic acid ethyl ester (purity 97%; Taiyo Yushi Corp, Tokyo)

° Eicosapentaenoic acid ethyl ester (purity 95%; Taiyo Yushi Corp, Tokyo)

¢ Purity of oil is 99% (Wako Pure Chemical Industries, Japan)

41 1/1000 individuals./1000 1 culture medium (Chlorella Industries, Japan)

€ 70 g/t culture medium (Chlorella Industries, Japan)
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Table 2 Rearing conditions for larvae of brown sole (Pseudopleu-
ronectes herzensteini)

Parameters Conditions
Tank volume (1) 200
Initial number of fish 2000

Body length of initial fish (mm) 6.1

Water temperature (°C Mean £ SD) 153 £03
Water exchange (%) 100-300
Feeding frequency Twice/day
Density of live food (ind./ml)

Rotifer 5

Artemia nauplii 0.1-1.0
Experimental period (days post hatching) 15-50

order to observe the morphological types (type A: normal
fish; type B + B’: pseudoalbino fish; type C: ambicolorate
fish). Values for both trials were expressed as the mean.

Fatty acid analysis

The enriched rotifers and Arfemia nauplii used in the
experiments were sampled twice during the rearing period.
For the fatty acid composition analysis, 500 larvae were
sampled at 25 dph and the data pooled from each experi-
mental treatment. These samples were stored at —80°C in a
freezer prior to analysis. The fatty acid composition was
analyzed as reported previously [5, 6, 11].

Statistical analysis

Average survival rate, body length, and incidence of each
morphological pattern were analyzed by one-way analysis
of variance (ANOVA), followed by Tukey—Kramer’s
multiple comparison test using a 5% level of significance.
Comparative data were analyzed after inverse sine trans-
formation [13].

Table 3 Crude lipid and fatty acid contents in rotifers and Artemia

Results
Fatty acid composition of live food and larval body

The fatty acid compositions in the live food are shown in
Table 3. Total lipid content was 16.8-21.9% for rotifers
and 22.6-27.7% for Artemia nauplii,. The highest EPA
content was found in live food of the EPA treatment, fol-
lowed by the DHA < EPA treatment and the DHA > EPA
treatment, in decreasing order. The EPA content in live
food of the commercial treatment was 0.2% in the rotifer
and 2.1% in Artemia nauplii. The DHA content in the live
food was highest for the DHA > EPA treatment, and there
was no significant difference between live food in the
DHA < EPA and commercial treatments. The DHA and
EPA contents in live foods were directly affected by the
content of EPA and/or DHA ethyl esters in the enrichment
material in each treatment.

Table 4 shows the results obtained for the lipid and fatty
acid contents of the reared larvae at 14 (initial) and 25 dph.
Total lipid content in the larvae at 14 dph was 19.5% and
that in the larvae of all experimental treatments at 25 dph
ranged from 17.0 to 20.5%. The EPA content of larvae in
treatments EPA and DHA < EPA at 25 dph was higher
than the initial values. The EPA content in larvae reared in
the EPA treatment at 25 dph was the highest of all the
experimental treatments, and there was no apparent dif-
ference between the EPA content of larvae in the
DHA > EPA treatment and those in the commercial
treatment at 25 dph. The DHA content of larvae reared in
the DHA > EPA treatment was the highest of all the
experimental treatments at 25 dph; in contrast, the DHA
content of larvae reared in the control and EPA treatments
at 25 dph was considerably decreased compared to initial
value, while that in the DHA > EPA treatment only
increased. There was no marked difference between the
DHA content in larvae reared in the DHA < EPA treat-
ment and that in the commercial treatment at 25 dph. The
DHA/EPA ratio in the DHA > EPA treatment at 25 dph

Experimental treatment

Control EPA DHA < EPA DHA > EPA Commercial enrichment
Rotifer  Artemia  Rotifer  Artemia  Rotifer  Artemia  Rotifer  Artemia  Rotifer Artemia
Crude lipid (% DWB)  19.2 22.6 21.5 25.5 21.9 26.9 21.5 27.7 16.8 26.0
Fatty acids (g/100 g DWB)
EPA 0.0 0.5 4.7 6.2 3.6 5.8 1.3 1.8 0.2 2.1
DHA 0.0 0.0 0.0 0.0 0.7 2.6 2.5 3.5 0.6 1.8
DHA/EPA 0.0 0.0 0.0 0.0 0.2 0.4 1.9 1.9 35 0.9

DWB Dry weight basis, EPA eicosapentaenoic acid, DHA docosahexaenoic acid
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Table 4 Crude lipid and fatty acid contents in the whole body of brown sole larvae at 14 and 25 dph

Crude lipid and fatty acid contents 14 dph 25 dph
Initial Control EPA DHA < EPA DHA > EPA Commercial enrichment
Crude lipid (% DWB) 19.5 17.3 17.2 235 17.0 20.5
Fatty acids (g/100 g DWB)
EPA 1.6 0.6 6.0 2.1 1.1 1.2
DHA 1.7 0.4 0.6 1.6 22 1.5
DHA/EPA 1.1 0.7 0.1 0.7 2.0 1.3

dph Days post-hatching, DWB dry weight basis, EPA eicosapentaenoic acid, DHA docosahexaenoic acid

was the highest among all treatments. The DHA and EPA The development of larvae in the EPA, DHA < EPA, and
contents in larvae at 25 dph were clearly reflected by those =~ DHA > EPA treatments was clearly faster than that of the

in the live food. control treatment larvae. There was no clear difference in
terms of the composition of developmental stage between
Survival and growth treatments EPA, DHA < EPA, and DHA > EPA (Fig. 1).

The mean value of survival rate in larvae fed control live  Incidence of abnormal morphology

foods was lower than those in the other treatments,

although there was no significant difference among all ~ The incidence of morphological types of each treatment is
treatments (Table 5). The body length of larvae reared in ~ shown in Table 5. The incidence of type A in the
the commercial treatment was the highest at 26 dph among = DHA > EPA treatment was significantly higher than that
all experimental treatments, while that of the control in the control and EPA treatments. Conversely, the inci-
treatment was the lowest; at 50 dph, the body length of  dence of the type B + B’ morphological type in the
larvae was highest in those reared in the DHA < EPA  DHA > EPA treatment was significantly lower than that in

treatment (Table 5). the control and EPA treatments. No significant differences
in terms of the occurrence of type A and type B + B’ larval
Composition of developmental stage morphological types were observed between treatments

DHA < EPA, DHA > EPA, and commercial. The mean
At 14 dph, all larvae in all experimental treatments had  value of type A morphology in the EPA treatment tended to
only reached the D developmental stage. At 26 dph, the  be higher than that observed in the control treatment,
development of the larvae in the control treatment was the  although there was no significant difference between these
slowest among all experimental treatments, while that of  two treatments. Type C larval morphology was infre-
those in the commercial treatment was the fastest (Fig. 1). quently observed in all of the experimental treatments.

Table 5 Survival rate, body length and morphological patterns in each treatment

Experimental treatment

Control EPA DHA < EPA DHA > EPA Commercial enrichment
Survival rate at 50 dph (%) 27.4 + 6.4 39.3 31.3 43.2 275 £ 11.9
Body length (mm)
26 dph 75+ 0.7"b 80£0.7b 79 £08b 79+ 07D 85+£0.7a
50 dph 134+ 240 135+ 22b 156 £23a 142+ 200 145+ 24b
Morphological type®
A 35.2°¢ (34.9,33.2,37.4) 50.7b,c (47.9,53.4) 69.4ab (68.5,70.3) 75.6a(73.4,77.8) 63.4a,b (73.6, 58.5, 58.0)
B + B 63.2 ¢ (63.5, 64.7, 61.4) 47.1 b (49.3,44.8) 299a,b (304,29.4) 23.5a(25.6,21.4) 35.8 a,b (25.8,40.9, 40.7)
C 0.5b (0.3, 0.7, 0.6) 1.7 a (2.0, 1.4) 0.2 b (0.3, 0.0) 0.3 b (0.0, 0.5) 0.5b (0.6, 0.3, 0.7)

? Values (Mean + SD) followed by different letters in the same line are significantly different (p < 0.05)
® Each classification of morphological pattern (A, B + B’, C) was modified from Aritaki and Seikai (2004) [12]

¢ Mean value of incidence of morphological types in each treatment. Individual data are presented in parenthesis
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Fig. 1 Composition of developmental stages at 26 dph in each
treatment. Developmental stages (D-G) were modified from Aritaki
and Seikai [12]. EPA Eicosapentaenoic acid, DHA docosahexaenoic
acid

DHA>EPA Commercial

Discussion

Survival, growth, development, and normal
morphology

To date, many studies have been conducted to determine
the effects of DHA and EPA as EFAs on the life-cycle
parameters of various marine fish species [14—16]. For
larval Japanese flounder Paralichthys olivaceus, the effects
of DHA and EPA are similar as those of EFAs in terms of
survival and growth [17, 18]. In our study, we found that
not only DHA but also EPA improved survival and growth
and that there was no clear difference between DHA and
EPA as EFAs in terms of survival and growth in larval
brown sole. These results are in agreement with those
obtained in an earlier study in which only commercial
enrichment products were used [11].

The DHA levels in live food have a marked effect on the
development of larval brown sole [5, 6]. Our results
demonstrate that not only DHA but also EPA in live food
promoted the development of larval brown sole and that
DHA and EPA were similar as EFAs on the basis of larval
development. In comparison, larval development in the
Commercial treatment was clearly faster than that in
treatments EPA, DHA < EPA, and DHA > EPA, sug-
gesting that also other nutritional factors, in addition to
DHA or EPA, promote the development of larval brown
sole.

Docosahexaenoic acid has been reported to be effective
in preventing morphological abnormalities in flatfish spe-
cies, including brown sole [6], marbled sole Pseudopleu-
ronectes yokohamae [19], turbot Scophthalmus maximus
[20], Japanese flounder [21], and Atlantic halibut Hip-
poglossus hippoglossus [22]. In our study, the fatty acid
composition of the whole larval fish body reflected the
composition of the live food (Tables 3, 4). The incidence

of normal morphology (type A) was significantly improved
by an increased DHA content in larvae at 25 dph (Tables 3,
4). The incidence of the type A morphology in the
DHA > EPA treatment was significantly higher than that
in the EPA and control treatments, although the mean value
in the EPA treatment was 15% higher than that in control
treatment. At 25 dph, the DHA content in fish fed control
and EPA live foods was considerably lower than the initial
value, while that in fish fed DHA-enriched live foods was
the same or higher than the initial value. These findings
clearly demonstrate that DHA is superior to EPA in pre-
venting morphological abnormalities in brown sole.

It has recently been reported that the EPA contents of
Artemia given to Senegal sole Solea senegalensis contrib-
uted to normal pigmentation, while DHA did not [6, 7].
Our results show that EPA is effective in preventing
morphological abnormalities, although the efficacy of EPA
is inferior to that of DHA. It is thus likely that in flatfish,
the efficacy of DHA and EPA may vary in terms of the
prevention of morphological abnormalities. Future studies
in this area should focus on the EFA efficacy of morpho-
logical abnormalities.

The average incidence of type A morphology in the
commercial treatment was about 12% lower than that in the
DHA > EPA treatment. In terms of the DHA content of
brown sole larvae at 25 dph, larvae in the commercial
treatment had 0.7% less DHA content than those in the
DHA > EPA treatment. These results suggest that a DHA
level that is higher than that provided by the commercial
diet may improve the morphological abnormalities of
brown sole juveniles.

Key factors for the prevention of morphological
abnormalities in brown sole

It has been suggested that the incidence of normal mor-
phology in the juvenile brown sole is not strongly affected
by survival and growth until the completion of metamor-
phic development [6]. We also observed a similar corre-
lation between the incidence of normal morphology and
survival and growth.

The incidence of normal morphology in flatfish species
may be affected by the rate of development [12, 23].
Studies on this topic have been carried out using DHA-
enriched live foods [12, 23]. In a previous study, we also
reported that normal morphology and the progression of
larval development of brown sole is promoted by feeding
larvae live foods containing high level of DHA during the
D-E stages—the so-called DHA window [6]. The results of
our study demonstrate that DHA and EPA promoted larval
development in a similar fashion and improved the inci-
dence of morphological abnormalities in brown sole,
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although the effect of DHA on the prevention of morpho-
logical abnormalities in brown sole was superior to that of
EPA. Therefore, we conclude that the two important fac-
tors affecting the normal morphology of brown sole are the
promotion of larval development and the feeding of live
foods containing high levels of DHA during the DHA
window in larval brown sole.

In Japanese flounder, histological studies found that the
retro-orbital vesicle and the pseudomesial bar are essen-
tially important components for right eye migration [24].
The quality of the live food affects ossification and eye
migration in Atlantic halibut larvae [25]. Moreover, Hamre
and Harboe [26] reported that feeding Artemia enriched
with high n-3 highly unsaturated fatty acids may improve
the impaired eye migration. However, the relationship
between histological development during eye migration
and the nutrition of metamorphosing larvae has never been
investigated in brown sole. Further research is necessary to
identify the mechanisms underlying how DHA is utilized
for the normal left-right asymmetrical development during
metamorphosis.
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