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Abstract To study the relevance of density and

background color to stress response, appetite, and

growth in olive flounder, Paralichthys olivaceus, we

reared two duplicate groups of juveniles (total length

4.46 ± 0.06 cm, body weight 0.77 ± 0.03 g) in flat-

bottom aquaria with dark-green (control) and white

backgrounds for 120 days. We measured cortisol and

glucose levels in blood and calculated the daily food

intake, food conversion efficiency, survival rate, and

growth rate. To study the relevance of density and

background color to malpigmentation (hypermelano-

sis) on the blind side, we also compared malpigmented

ratios and prepro-melanin-concentrating hormone

mRNA activities in the brain between the dark-green

and white background groups, as well as between a

relatively lower density (60 days) and higher density

(120 days). Although we measured relatively higher

levels of cortisol and glucose in the white background

group and over 200 % of coverage area [PCA]), the

bright background failed to induce an acute stress

response of more than 20 ng/ml cortisol and 40 mg/dl

glucose both in 60 days and 120 days, but did enhance

appetite and growth. Also, a bright background color

delayed hyperpigmentation only at a low density

below 200 % PCA, but did not inhibit malpigmenta-

tion at a high density of more than 200 % PCA.

In addition, below 200 % PCA, expression of MCH

mRNA was significantly higher in the white group, but

the level was reversed and was lower in the white

group at more than 200 % PCA. In conclusion,

although did not induce a high stress response over

200 % PCA, the bright background color resulted in a

moderate increasing of cortisol level in blood below

20 ng/ml and enhanced appetite and growth. More-

over, at a density below 200 % PCA, the bright color

inhibited hypermelanosis with high MCH mRNA

activity, but at more than 200 % PCA did not inhibit

malpigmentation, and the fish showed low MCH

mRNA activity, indicating that the inhibitory effect of

a bright background color on hypermelanosis is

density dependent.

Keywords Density � Background color � Stress �
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Introduction

Olive flounder, Paralichthys olivaceus, is a heterosomat-

ic pleuronectiformes. This fish is bilaterally symmetrical

after hatching but becomes laterally asymmetrical after

metamorphosis in the wild. The epidermal skin is

asymmetrically pigmented only on the eyed side at the

peak of metamorphosis (Seikai et al. 1987; Seikai 1992);

the non-eyed (blind) side remains unpigmented because

of the consistent cytolysis of chromatoblasts. The high

commercial value of olive flounder makes it a promising
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species for aquaculture and resource enhancement in

Korea. Only two or three decades have passed since the

domestication of olive flounder began in earnest in China,

Japan, and Korea. However, domestication in artificial

facilities limits the genetic or instinctive traits of the fish,

altering innate physiological phenomena and even caus-

ing morphological malformations, such as blind-skin

malpigmentation (Venizelos and Benetti 1999; Bolker

and Hill 2000).

The blind-side malpigmentation (hypermelanosis)

exhibited by domesticated flounders is characterized

by an excess of pigment cells on the blind side (Haga

et al. 2002). However, many questions remain unan-

swered, such as (1) is this symptom manifested in the

same way on the ocular side, (2) what factors initiate

this process, (3) what mechanism is involved in the

manifestation, and 4) is it hereditary? This symptom is

rarely observed in wild olive flounder (Tomiyama et al.

2008) but is very common in domesticated flounder

that are reared at high densities (Yamanome et al.

2005). It is thought that ambicolored fish in pleuro-

nectiformes are influenced by various environmental

factors, including burring substratum (Ottesen and

Strand 1996; Iwata and Kikuchi 1998), density

(Takahashi 1994), nutrition (Haga et al. 2002), and

light (Iwata and Kikuchi 1998). Therefore, it should be

possible to inhibit this symptom by manipulating these

factors. However, it is unclear which environmental

factor is the most important, and we do not know

whether it is possible to efficiently control these factors

during seedling production in artificial hatcheries.

Yamanome et al. (2005), using barfin flounder,

Verasper moseri, and Yamanome et al. (2005), using

olive flounder, proposed that bright background colors

(white or yellow) could help inhibit hypermelanosis in

pleuronectiformes by increasing the expression of

melanin-concentrating hormone (MCH) mRNA in the

brain. MCH, a cyclic peptide synthesized in the

hypothalamus, consists of 17 amino acids and is related

to physiological color changes through the aggregation

of melanin granules (Kawauchi 1989; Kishida et al.

1989; Suzuki et al. 1995) as a functional antagonist of

a-MSH (Baker 1993). Although a great deal of research

has been conducted on the relationship between MCH

and physiological color changes in fishes, few studies

(Sugimoto 2002; Leclercq et al. 2010) have focused on

the relationship between morphological color change

and MCH activity. In addition, it is not yet clear

whether morphological color changes, such as the

differentiation and apoptosis of pigment cells in the

skin, are affected by MCH. In flounder, hypermelanosis

on the blind side, which is a morphological color

change, can be inhibited by presenting a bright

background color (Takahashi et al. 2004, 2007; Yama-

nome et al. 2005; Amiya et al. 2005, 2008), suggesting

that endogenous MCH inhibits blind-side hypermela-

nosis in pleuronectiformes. However, because these

studies on the effects of background color on hyper-

melanosis in pleuronectiformes were carried out in

laboratory settings at low fish densities, we investigated

whether bright background colors can be used as an

inhibiting method in commercial hatcheries where fish

are cultured at ultra-high densities.

Also, MCH is considered to be among the most

downstream peptidergic neurons involved in the chain

of hypothalamic signals that regulate food intake and

energy homeostasis (Lin et al. 2000; Shi 2004). This

hormone acts in the regulation of food intake and

energy homeostasis, just as the two peptides are

mutually antagonistic on pigment cells in fish (Prit-

chard et al. 2002). Initial observations of the relation-

ship of MCH with food intake were made using rats

and mice (Qu et al. 1996; Della-Zuana et al. 2002;

Abbott et al. 2003; Ito et al. 2003), but, recently, a

series of studies have established the role of MCH

signaling in the regulation of food intake and energy

balance in fish (Takahashi et al. 2004; Matsuda et al.

2006). However, although the effects of MCH on food

intake and feeding behavior in fish have been inten-

sively studied, its effect on skin melanophore produc-

tion remains unexplored.

In the present study, we evaluated the possible

relationships between density and background color

with respect to stress response, appetite, growth, and

blind-side hypermelanosis in olive flounder, Paralich-

thys olivaceus, in high-density farming. We also

investigated the relevance of endogenous MCH to

blind-side hypermelanosis and food intake in domes-

ticated olive flounder.

Materials and methods

Experimental fish and rearing conditions

The experimental fish used in this study were 55th-day

fry hatched from eggs from captive broodstock spawn in

the hatching facility of the West Sea Fisheries Research
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Institute, NFRDI, Incheon, Republic of Korea. The fish

were reared in gray, 20-m3 concrete tanks at a density of

200 fish/m2 (or fish/m3) using flowing natural seawater

(mean temperature 18.3 ± 2.4 �C, salinity 30.7 ±

0.4 %, and dissolved oxygen [DO] 7.1 ± 0.5 mg/l)

with artificial and natural lighting. To assess the effects

of background color on hypermelanosis on the blind side

in olive flounder, 800 size-matched fry (total length

[TL] 4.5 ± 0.1 cm, body weight [BW] 0.77 ± 0.03 g)

that were not entirely stained on the blind side were

selected. The fry were randomly divided into two groups

to create densities of 200 fish/m2 (percentage of

coverage area, PCA, 40.6 ± 0.2 %: % = mean body

surface area 9 fish number/base surface area; total

biomass, 0.15 ± 0.01 kg/ton) per tank and were trans-

ferred in duplicate to 1,000-l fiberglass-reinforced

aquaria that were either dark-green (control group) or

white (white group) plastic. To prevent creating envi-

ronmental stress for the fish, we reared the fish for

120 days with gentle aeration in indoor flow-through

systems supplied with filtered seawater (onefold to

fivefold water exchange rate per day depending on the

biomass). We also fed the fish twice a day and cleaned

the flat bottom of each tank by siphoning for 30 min

after each feeding. The water in each tank was cleaned

once a week by a complete exchange of seawater. The

average water temperature was maintained at 19.9 ±

4.2 �C, with 30.4 ± 1.1 % salinity and 7.7 ± 0.1 mg/l

DO. The aquaria were exposed to artificial and natural

lighting (2,000 lux, 12L/12D).

Rearing performance

Except on the sampling day, we fed the fry twice each

day (10:00 and 16:00) to satiation (until most fish did

not show feeding behaviors) with a diet of commercial

pellets (SCF, Incheon, Korea; Table 1). The fish were

not fed 24 h prior to sampling. The mass of food fed to

each group was recorded, and the mass of food

consumed was calculated using the following formula:

food intake = total mass of fed diet—total mass of

siphoned uneaten diet. On the last day, daily food intake

(DFI: total mass of diet fed/[days 9 fish], mg/fish/day)

and the food conversion ratio (FCE: body mass gain/

mass of diet fed 9 100, %) were determined. We kept

records of daily mortalities and calculated the survival

rate of each group. TL and BW of each animal

were measured at 0, 60 (TL 10.5 ± 0.3 cm, BW

11.7 ± 0.7 g), and 120 days (TL 20.8 ± 0.5 cm, BW

91.7 ± 6.5 g) using a digimatic vernier calliper (CD-

12’’PSX; Mitytoyo, Kawasaki, Japan) and an electronic

balance (DE/EW 4200; Kern & Sohn, Balingen,

Germany), respectively. Condition factor (CF = final

mass/(total length)3 9 103) was also calculated.

To assess the progression of abnormal pigmenta-

tion on the blind side, 30 flounder were randomly

collected from each tank (n = 60 fish per group) at 0,

60, and 120 days using a net. The fish were euthanized

after anesthesia for 10 min with 2-phenoxyethanol (1:

1,000 dilution, 0.3–0.4 mg/l). We rinsed the fish in

distilled water to remove any salt and then preserved

them in 5 % formalin. The blind side of the sampled

flounder was photographed with a digital camera

(Dimage A2; Konica Minolta, Tokyo, Japan). The

ratio of the pigmented blind area (% = pigmented

area/total blind area 9 100) was calculated using a

micro-imaging analysis system (QWin; Leica, Solms,

Germany).

Because malpigmentation on the blind side is

obvious using the naked eye when greater than 1 %,

individuals with [1 % pigmentation were defined as

ambicolored fish and were counted in each sample to

calculate the proportion of ambicolored fish (% = am-

bicolored fish/total fish 9 100).

Stress response

To assess differences between the dark-green and

white background treatments with respect to stress

responses, we selected size-matched flounders (mean

TL 20.8 ± 0.5 cm, mean BW 91.7 ± 6.5 g) from the

two groups at 120 days. The fish (n = 10/group) were

not fed for 24 h prior to sampling. The fish were taken

from the tanks and anesthetized with 2-phenoxyeth-

anol, and blood was collected from 10 fish per group in

5-ml syringes coated with ammonium heparin. After

Table 1 Proximate composition (% of dry matter) of basal diet

Component Composition

Protein B50.0

Lipid B10.0

Ash B18.0

Moisture B7.5

Crude cellulose B2.0

Potassium B1.2

Phosphate B2.7
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centrifugation for 5 min at 12,000 rpm and 4 �C,

plasma was collected for measurement of plasma

glucose (GLU) and cortisol concentrations. Separate

aliquots were frozen for each measurement. Total

GLU was measured (n = 20) using the Fuji Dri-Chem

3500i system (Fujifilm, Tokyo, Japan) and commer-

cial kits (Fujifilm). The GLU kit, used according to the

manufacturer’s instructions, yielded measurement

ranges of 10–600 mg/dl. The intra- and inter-assay

coefficients of variation for GLU were 3.1 (n = 10)

and 3.5 (n = 10), respectively. The total amount of

cortisol in the heparinized plasma was measured

(n = 10) after running a parallelism test by time-

resolved fluoroimmunoassay (TR-FIA) using com-

mercially available FIA kits (PerkinElmer, Turku,

Finland). The FIA kit for cortisol was used according

to the manufacturer’s instructions based on competi-

tion between plasma hormones and EU-labeled hor-

mone tracers for binding to a specific anti-hormone

antibody coated onto the well. The intra- and inter-

assay coefficients of variation for cortisol were 4.31

(n = 10) and 3.64 (n = 10), respectively.

Prepro-MCH mRNA expression

To compare the effect of background color on MCH

mRNA activity in the brain, we performed real-time

qPCR using whole brains from juvenile olive flounder

collected on days 60 and 120. Ten individuals were

randomly collected from each group at 60 (TL

10.5 ± 0.3 cm, BW 11.7 ± 0.7 g) and 120 days (TL

20.8 ± 0.5 cm, BW 91.7 ± 6.5 g) using a net and

were euthanized after anesthesia for 10 min with

2-phenoxyethanol (1:1,000 dilution, 0.3–0.4 mg/l).

We rinsed the fish in distilled water to remove any

salt and then sampled the whole brains. The brains

were immersed in liquid nitrogen (-180 �C) immedi-

ately after extraction and stored at -75 �C until total

RNA extraction. A total of 1 lg of total RNA from

each brain was used for reverse transcription with an

iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA,

USA). Primers were designed from the sequence for

olive flounder MCH (GenBank accession no.

EU232720). The sequence of the forward primer [50-
TACCCATGGCCAAGACTGAA-30] was based on

nucleotides 152–171; the sequence of the reverse

primer [50-CTCCTCAGGATGGGGATGTT-30] was

based on nucleotides 412–431. For real-time PCR, we

used IQ SYBR Green Supermix (Bio-Rad) with b-actin

as a housekeeping gene. The mixture (10 ll) was

transferred to a 0.2-ml thin-walled tube with 8 ll

sterile water, 0.5 ll (250 nM) of each primer, and 1 ll

cDNA. The mixture (20 ll) was then placed in a

MiniOpticon Real-Time PCR Detection System (Bio-

Rad). The experimental protocol was as follows: an

initial period of 3 min at 95 �C for iTaq DNA

polymerase activation followed by 50 cycles of 15 s

at 95 �C, 20 s at 60 �C, and 30 s at 72 �C. We verified

the specificity of the fluorescent signal after each run

using melting curve analysis. The amount of fluores-

cence produced by SYBR Green in the reaction at the

completion of each PCR cycle was recorded by a

computer program (MJ Opticon Monitor 3.1.32; Bio-

Rad). These data were used to produce real-time

amplification curves for prepro-MCH by plotting the D
normalized reporter against the cycle number. Cycle

threshold (cT) values, the cycle at which a statistically

significant increase in reported fluorescence could be

detected above the baseline (set at D Rn = 0.2), were

determined for prepro-MCH. The cT values were

applied to the comparative cT method described in the

User Bulletin (Bio-Rad) for relative quantification. We

evaluated b-actin mRNA expression in each product as

a control. The expression levels of the two tissues were

normalized with respect to the b-actin signal and

expressed as relative expression levels. The intra- and

inter-assay coefficients of variation for pre-pro MCH

were 6.1 (n = 10) and 5.5 (n = 10), respectively.

Statistical analyses

To determine differences between the mean values

from each group, we used Student’s t tests (significant

p value = 0.05) for TL, BW, the ratio of the pigmented

blind area, and the proportion of ambicolored fish

(n = 60/group). We used Mann–Whitney U tests

(significant p value = 0.05) for DFI, FCE, survival

(n = 2/group), cortisol, glucose, and MCH mRNA

activity (n = 10/group). All tests were conducted

using SPSS 7.0 K (IBM Corp., Armonk, NY, USA).

Results

Appetite, survival, and growth

DFI was significantly higher in fish reared with a white

(0.64 ± 0.06 g/day) compared to a dark-green background
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(0.56 ± 0.05 g/day; p \ 0.05). FCE and survival were

not significantly different between the two groups

(Table 2). Growth in all fish increased in both groups

with time. However, on day 60, we did not find a

significant difference in growth between the groups.

Nevertheless, the fish in the white group were signifi-

cantly heavier from day 90 onward and were signifi-

cantly longer on day 120 than those in the dark-green

group (p \ 0.05; Fig. 1). The CF of the bright back-

ground group was significantly lower than that of the

dark-green background group (p \ 0.05; Table 2).

Stress response and pMCH mRNA activity

As for the stress level of the flounder, plasma cortisol

was significantly higher in the white than in the dark-

green treatment at both 60 and 120 days, as was GLU

(p \ 0.05; Fig. 2). Cortisol and glucose levels

increased with time during the experimental period

in both groups. Also, in both groups, stress was

significantly higher after 120 days than on day 60

(p \ 0.05; Fig. 2). However, during the entire exper-

imental period, cortisol and glucose levels remained

below 20 ng/ml and 40 mg/dl, respectively.

After 60 days of rearing, the relative expression of

prepro-MCH mRNA compared with b-actin was

significantly higher in the white group than in the

dark-green group (p \ 0.05). However, after 120 days

of rearing, the relative activity of prepro-MCH mRNA

compared with b-actin was significantly higher in the

dark-green group than in the white group (p \ 0.05;

Fig. 3). Also, MCH mRNA activation decreased in

both groups with time during the experimental period,

and activation at 120 days in both groups was

significantly lower than on day 60 (p \ 0.05; Fig. 3).

Morphological features and ratios of blind-side

malpigmentation

Blind-side skin features in both groups on days

60 (a) and 120 (b) are shown in Fig. 4. At 60 days

in the dark-green group, the blind-side color was a

Table 2 Daily food intake (DFI), food conversion efficiency (FCE), condition factor (CF), and survival rates of olive flounders

reared in dark-green and white FRP aquariums for 120 days

Aquarium color DFI (g/day)a FCE (%) CF Survival (%)

Dark-green 0.56 ± 0.05 130.0 ± 1.4 1.03 ± 0.01* 91.8 ± 0.53

White 0.64 ± 0.06* 129.5 ± 0.6 1.00 ± 0.01 89.8 ± 3.01

Each value represents the mean ± SE. Statistical significance test was determined with a Mann–Whitney U test (n = 2;

p value = 0.05)
a Value with asterisk within the same column is significantly different (p \ 0.05)
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significance test was

determined with a Student’s
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distinctive white, but black pigmented spots composed

of melanophores were evident and widespread around

the trunk next to the rear dorsal fins, eye vestiges, and

anus on the blind side of many fish. However, in the

white group, black spots appeared only around the

anus and the eye vestiges on the blind side of a few fish

(Fig. 4a). On day 120 in all fish groups, the spots and

pigmented area on the blind side had darkened and

increased dramatically compared to day 60, and black

spots were found around the pectoral fin and front

trunk beside the dorsal fins, anus, and eye vestiges on

the blind side (Fig. 4b).

The ratio of the pigmented blind-side area (starting

value 0.04 ± 0.052 %) increased in both treatments

by day 60, at which time the ratio was higher in the

dark-green (4.44 ± 0.47 %) tank than in the white

(0.37 ± 0.05 %) tank (p \ 0.05). However, the ratios

increased significantly in both groups from 60 to

120 days, during a period of rapid growth. On day 120,

although the area ratio was higher with the white

background (43.73 ± 1.84 %) than the dark-green

background (38.69 ± 0.61 %), the ratio was not

significantly different between the groups (p [ 0.05;

Fig. 5). The prevalence of ambicolored fish, none of

which were observed at the start of the experiment,

had increased in both groups by day 60 and was

significantly higher with the dark-green (78.4 ±

1.2 %) than with the white background (23.4 ±

4.7 %) (p \ 0.05). However, by day 120, the ratio in

the white tank group had increased significantly;

consequently, the ratio was not significantly different

between the groups. In both groups, 100 % of the fish

were ambicolored (Fig. 5).

Discussion

During our experiment, FCE and survival did not vary

with background color. However, although the bright

background caused a reduction in CF, possibly arising

from an increase in skeletal growth relative to body

weight increase, the white-group flounders ate more

and grew faster than the fish in the dark-green group.

This is consistent with the results of Takahashi et al.

(2004), Amiya et al. (2005, 2008), and Yamanome

et al. (2005, 2007), who examined the effects of back-

ground color on growth in flounder, which are

heterosomatic teleosts. The effects of bright back-

ground colors on growth have also been reported in

symmetric teleosts, including Atlantic salmon

(McCormick et al. 1998); scaled carp (Papoutsoglou

et al. 2000); red seabream, Pagrus pagrus (Rotllanta

et al. 2003); Atlantic cod, Gadus morhua (Monk et al.

2008); and jundiá, Rhamdia quelen (Barcellos

et al. 2009). Previous studies in mammals (Schwartz

et al. 2000; Kauffman and Rissman 2004) and fishes

(Matsuda et al. 2006; Amiya et al. 2008) have assumed

that this effect is the result of complex interactions
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Fig. 2 Cortisol and glucose doses in plasma of olive flounders,

Paralichthys olivaceus reared in dark-green and white back-

ground aquariums for 60 and 120 rearing days. Each value

represents the mean ± SE. Statistical significance test was

determined with a Mann–Whitney U test (n = 10; p value =

0.05)
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between various neural-hormonal responses (cortico-

trophin-releasing factor [CRF], cortisol, MCH, neu-

ropeptide Y [NPY], proopiomelanocortin, etc.) that

occur when bright color information is transmitted to

the brain and that these interactions affect biochemical

processes related to metabolism.

For fish growth, in particular, cortisol is recognized

as one of the most critical substances involved in

evaluating individual well-being (Pickering 1993;

Bonga 1997; Papoutsoglou et al. 2000). Many studies

have reported that cortisol can reduce fish growth

through interactions with growth hormone, gonadal

hormones, and others (Farbridge and Leatherland

1992; Foo and Lam 1993; Papoutsoglou et al. 2000).

Papoutsoglou et al. (2000) proposed correlations

among tank color, cortisol, and growth in carp.

Background color can cause either positive or negative

stress effects on food consumption and overall energy
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Fig. 3 Relative activities of prepro-MCH mRNA of olive

flounders, Paralichthys olivaceus reared in dark-green and

white background aquariums for 60 and 120 rearing days. One

microgram of total RNA prepared from the brain was reverse

transcribed and amplified using olive flounder MCH-specific

primer by real-time PCR. We evaluated the expression

of b-actin mRNA in each reaction product as a control. The

expression level of two tissues was normalized with respect to

the b-actin signal and expressed as relative expression level.

Each value represents the mean ± SE. Statistical significance

test was determined with a Mann–Whitney U test (n = 10;

p value = 0.05)
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Fig. 4 Photographs of the blind side of randomly sampled fry olive flounders, Paralichthys olivaceus reared in dark-green and white
background aquariums for (a) 60 days (scale bar = 10 cm) and (b) 120 days (scale bar = 20 cm)
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metabolism in teleosts by accelerating the synthesis of

endogenous cortisol (Farbridge and Leatherland 1992;

Foo and Lam 1993; Papoutsoglou 1998; Bernier et al.

2004). Cortisol in the blood is synthesized by outside

factors, and when it is excessively released into the

blood, it can negatively affect growth in teleosts

despite normal food intake (De Boeck et al. 2001;

Bernier et al. 2004). However, moderate releases and

low cortisol levels can slowly promote food consump-

tion by stimulating NPY (Bernier et al. 2004),

inhibiting CRF (Cavagnini et al. 2000), inhibiting

prolactin, and causing the release of growth hormone

(Uchida et al. 2004) in several birds, mammals, and

fishes. In the present study, although we did not find a

serious stress response of flounder to background

color, fish living among a white background showed

significantly higher cortisol levels for the entire

period, ate more, and grew faster than fish living

among a dark-green background. The high appetite

and faster growth rate of flatfish on a bright back-

ground was probably caused by the moderately high

doses of cortisol in their blood (\20 ng/ml) due to the

bright background color. Thus, bright colors and

cortisol may have positive effects on the food

consumption and growth of fish.

Growth performance could also be related to MCH

interactions with growth, gonadal, and other hor-

mones. In mammalian MCH, a functional antagonist

of a-MSH plays a major role in the control of feeding

behavior and energy homeostasis as an orexigenic

molecule (Qu et al. 1996; Lin et al. 2000; Shi 2004). In

teleosts, the role of MCH in appetite control has only

recently been reported, but several studies have

verified (Takahashi et al. 2004, Kawauchi and Baker

2004; Kawauchi 2006) that the hormone is also

involved in improving appetite in fish. This appetite

stimulation may follow a similar pathway as in

mammals. In addition, in rainbow trout (Kishida

et al. 1989; Suzuki et al. 1995) and tilapia (Gröneveld

et al. 1995), MCH expression in the brain and in blood

plasma is more active and growth is accelerated in

white tanks compared to black tanks. These observa-

tions suggest that the MCH stimulated in the brain by

white backgrounds enhances appetite and, in turn,

ultimately accelerates growth in fish. This assumption

is supported by Takahashi et al. (2004) who found that

fasted flounder kept in black-colored tanks had greater

numbers of detectable MCH-immunoreactive cell

bodies in the hypothalamus than fed control animals;

moreover, the level of MCH expression in the brains of

the starved flounder was twofold greater than that in

the control group. These observations support the

hypothesis that an MCH signaling system is involved

in regulating food intake in teleosts. Such a role might

explain the markedly increased development of

hypothalamic MCH neurons in lampreys following

metamorphosis (Bird et al. 2001), when filter feeding

is replaced by the ingestion of more abundant solid

food. In addition, this hypothesis has been supported

by the studies of Amiya et al. (2005) and Yamanome

et al. (2005), in which barfin flounder reared in a

bright-colored tank showed increased MCH mRNA

expression in the brain (Amiya et al. 2005), more

observable MCH-immunoreactive cell bodies in the

hypothalamus (Yamanome et al. 2005), and faster

growth than did individuals in a dark-colored tank,

suggesting that MCH signaling is related to feeding

control in pleuronectiformes. However, a few studies

have reported that MCH may suppress food intake as

an anorexigenic factor or may not play a critical role in

the regulation of feeding in fish (Matsuda et al. 2006;

Shimakura et al. 2008). Indeed, we did not find a
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Fig. 5 Ratios of pigmented blind area and ambicolored olive

flounders, Paralichthys olivaceus reared in dark-green and

white background aquariums for 120 days. Each value repre-

sents the mean ± SE. Statistical significance test was deter-

mined with a Student’s t test (n = 60; p value = 0.05)
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distinct relationship between MCH and appetite

(growth) in olive flounder cultured at a high density.

Although appetite and growth were more accelerated

in the white tank than in the dark-green one, signif-

icantly higher MCH activity was found in the white

tank at 60 days and in the dark-green tank at 120 days,

suggesting that MCH does not act as an orexigenic

factor in cultured olive flounder. However, consider-

ing the type of MCH we studied, we cannot exclude

the relevance of MCH to appetite in fish. Recently,

Berman et al. (2009) found that zebrafish genomes

encode two distinct MCH peptides, one (MCH1)

similar or identical to salmonid MCH and the other

(MCH2) bearing a striking resemblance to mamma-

lian MCH. These two hormones take functional charge

of different roles in the body: MCH 1 participates in

skin pigmentation, whereas MCH 2 activates appetite.

Indeed, MCH1 has been reported to regulate physio-

logical color change in fishes (Kishida et al. 1989;

Suzuki et al. 1995; Kawauchi 2006) and MCH 2 may

be involved in food intake (behavior) and energy

homeostasis in mammals (Lin et al. 2000; Pritchard

et al. 2002; Shi 2004; Pissios et al. 2006). Therefore,

we do not rule out the possibility that flounders have

two forms of precursors that mature. As the MCH that

we surveyed was the salmonid type, we hypothesize

that the MCH in the present study participated only in

skin color change, but did not act as an orexigenic

peptide. Although MCH has been intensively studied

for its role in appetite in mammals, the action of MCH

on food intake and feeding behavior in fishes remains

to be explored.

Our test results indicate that blind-side hypermel-

anosis develops with increasing total biomass (or

PCA) among fish growing in a limited space, indicat-

ing that the increasing density caused by growth

results in the spread and aggravation of hypermelano-

sis in both bright- and dark-background groups. The

acceleration of bilateral body pigmentation of olive

flounders induced by high density is partially consis-

tent with results reported by Takahashi (1994) that

suggested that abnormal pigmentation increases with

stocking density. The apparent influence of density on

the speed of malpigmentation on the blind side of

flatfish may be due to a stress stimulus induced by

increased PCA (crowding). Also, our results indicate

that a bright background color fully inhibits blind-side

hypermelanosis in olive flounder at low density under

200 % PCA but that the inhibitory ability of the bright

background color is diminished by fish growth (or

increased PCA), with relatively low and decreasing

MCH mRNA expression in brain. Thus, we conclu-

sively determined that blind-side hypermelanosis of

flounder is density-dependent.

The background color of the living space is an

important factor in determining the skin color of

symmetrical teleosts (Fujii 2000; Papoutsoglou et al.

2000; Sugimoto 2002; Doolan et al. 2007, 2009;

Leclercq et al. 2010). In asymmetrical flatfishes, the

living space background color affects both skin color

formation on the eyed side and the differentiation of

pigment cells on the blind side. Amiya et al. (2005)

and Yamanome et al. (2005, 2007) showed that, when

flounders are reared in laboratory tanks at low

densities, bright-colored tanks suppress hypermelano-

sis on the blind side by increasing MCH mRNA

expression. However, the results of our study with

juvenile olive flounder demonstrate that a bright

background color did not continually inhibit blind-

side hypermelanosis by increasing MCH mRNA

expression. During the first 60 days of the experiment

(under 200 % PCA), the bright background color

suppressed blind-side pigmentation by increasing

MCH mRNA expression, as shown by Yamanome

et al. (2005, 2007), but the effect was not maintained

until the end of the experiment (after an additional

60 days), as shown in Figs. 2, 3, and 5. However, the

relative activity of MCH mRNA was consistently

higher in the white group at 60 days and in the dark-

green group at 120 days, which showed a low ratio of

staining area on the blind side. This suggests that the

expression of MCH in the brain of olive flounder is

related to the inhibition of blind-side pigmentation, as

was found in previous studies (Amiya et al. 2005;

Yamanome et al. 2005). Our results also indicate that a

relatively high biomass (density) following fast

growth in the white group accelerated malpigmenta-

tion on the blind side of the flounder during the final

60 days of the study (Takahashi et al. 2004). Also, in

the present study, the pigmented area on the blind side

expanded with biomass and increased with time

throughout the experimental period in all fish in both

groups. We speculate that this is the result of

increasing pigmentation on the blind side because of

decreasing MCH activity to protect individuals from

more frequent contact with other fish, as the density

increased in each treatment. Additionally, by compar-

ing our results with those of Yamanome et al. (2005,
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2007), we found that the number of fish and total

biomass per unit of bottom area was far higher in the

present study than in their studies, which could

account for the different results. Yamanome et al.

(2005, 2007) showed that a bright background color

suppressed aberration in cultivated juvenile barfin

flounder (TL 8.5 ± 0.1 cm and BW 8.5 ± 0.4 g) and

olive flounder (TL 5.6 ± 0.1 cm and BW 1.6 ±

0.1 g), but these flatfish were reared at a density of

15 fish/0.5 m3 for 9 and 5 months, respectively. In the

present study, we cultivated juvenile olive flounder

(TL 4.46 ± 0.06 cm, BW 0.77 ± 0.03 g) for 4 months

at a high density of 200 fish/m3, which is similar to the

rearing densities in commercial culture facilities. Takah-

ashi (1994) and Kang et al. (2011) showed that density is

a key factor in blind-side pigmentation in flatfish.

Therefore, we hypothesize that the main reason for the

difference between our results and those of Yamanome

et al. (2005, 2007) is the difference in population density.

In conclusion, although a bright tank background

color failed to induce strong stress of more than 20

ng/ml of cortisol and 40 mg/dl of glucose in flounder,

we determined that a rearing tank with a bright

background had a positive effect on appetite and

growth, but did not effectively inhibit blind-side

hypermelanosis of flounder at a commercially high

density. Malpigmentation was inhibited by a bright

background color during the initial 60 days, but the

inhibitory action of the bright background vanished

when self-protection from more frequent contact with

other fish increased with density after 60 days. There-

fore, we hypothesize that the bright background color

did not affect hypermelanosis on its own. Instead, we

partly attribute the effect to the density increase

resulting from growth in body size and suggest that

background color is not the only factor inducing

hypermelanosis; rather, it is a subsidiary factor, and

more than one environmental factor induces hyper-

melanosis in flounder. In addition, we found that a

bright background significantly increased the expres-

sion of MCH mRNA in the brain during the initial

60 days, when the population was at a relatively low

density, but that the effect of MCH mRNA activity was

offset by increasing density following somatic growth

during the final 60 days, indicating that MCH is not

directly related to appetite and growth, but may be

relevant to malpigmentation on the blind side in this

teleost. Future studies of hypermelanosis in olive

flounder should consider various environmental

factors, including population density, tank bottom

type, and light. In addition, experiments using exog-

enous MCH should be conducted to determine its

effects on cultured olive flounder.
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