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The direction of eye movement in Pleuronectiformes is species-specific. In farmed flounder, deviations in eye direc-
tion can reduce marketability. Therefore, we explored the effects of genetic and environmental factors on the direc-
tion of eye movements in the starry flounder Platichthys stellatus to address this economic challenge. Four pairs of
female and male starry flounder broodstock, with eyes positioned to the right or left, were used in a mating experi-
ment. The experimental groups were established with breeding seawater temperatures set at 10, 14, and 18°C for the
water temperature experiment. Whole-body samples of juveniles were collected to analyze the expression of genes
related to eye movement and direction. The mating experiment results showed no significant differences in abnormal
eye movement. In the water temperature experiment, the rate of abnormal eye movement was significantly higher at
32.19+1.33% in the 18°C group than in the 10 and 14°C groups. Genetic analysis of eye movement related to water
temperature revealed that the expression of eye migration genes was significantly higher at 10°C. Moreover, no sig-
nificant differences were observed in mating experiments. In conclusion, water temperature and not mating affected
the eye movement of starry flounder.
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7Yt} (Platichthys stellatus)y= 7FA}7]5(Pleuronectiformes)
712k 2H(Pleuronectidae)oll &8t= oFo=, e ALt
SE| Ae]zyo} gto]] o] 2= 2| AX Bxdl= AR &
2A Sleh. Z1n| 2 ofse] 714 2 Wl SR uT R
2, A A Q1 F3} Zfo] Al7]of| A Z|o|7| 2 Aok HE] 2
59k 9% ok} gle] o] o] o] Zofzlek. ek ol o] ofa)

Apu| 50 Qb o] Foll tigt MBEA 7Hd 2 Ho] I5 W A
Al Y52 031 317 H-S K| A"lo] 7P fElaitt x| R
A4 o F2 Ho] 5o W AlZHY shetulrt éﬂwl
afiol] At 7 70O o] 1% ol uIth YA FEf =
Z3hE A 02 ok # th(Schreiber, 2006). A 4] o] 5-2] %2 o
ol A3 A BHEZFET} 47 o] 72 (Orcutt, 1950), Al
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79 S7F A3 5 Sototo] ARE-she A aFe] 971 wiel
SYoIA He o 57t Fr=7E et Mool Fake v 4
11 dHHHDe Groot, 1971; Gibson et al., 2014).

S At FH O thE AR R Ho] SEe] Y
= 7 Sl=tl, Y fIA7F S22 FRkE wiE ThsAd ol
Ao, FA =2 u ek SR =efn| o] 9x|ef Ao] Afol= 7k vt
o= 3Hsh= Yol Y= nA 4= Jlth(Bergstrom and
Palmer, 2007). o] B|thA) /- 2] o] o] Hel| 1452t o] o] 4]
=, tE AFsE 2] 7R HE 7]t okt
Z(axis)1} Wjo](inner ear)?] 4% wtil2]TH(horizontal semi-
circular canals)o] A= 2|02 3FstA| EHHA WAl
F= sh= Y4 ol (pelagic fish)2t =] A4/ o F(ben-
thic fish)®] ZH3}E P59 o] o]Fo]d = QUri(Graf
and Baker, 1983). 71 ¢]o] 7}A}0| & Ulo] 9] Z5&1|(Meyer et
al., 1981)2} o]4(otoliths of inneri)2] HIHAHAIE o]of 7]
Stk A+ A3 Qlch(Helling et al., 2005; Schreiber et al.,
2010). 3552 o} TAY Fetol] SHake W 7]ahe] B
o] o] R X X0t 7PAm| = ASsE T LSkl vio
Ay Fof Bl W2 7= o 7= (Youson, 1988), L 50|
of thgt of ] =43} 7Hdo] o=l 7|7F F4F AtE o] Bk
a1 Qltk(Policansky, 1982; Brewster, 1987; Okada et al., 2001,
2003a, 2003b; Friedman, 2008; Guerrero-Pena et al., 2024).

7HAR] 9] Qb o] F el thigt WAYES WelA FA=
o] BitfA A o] =9 o] F FEqh= 7HE O] Atoll A= H]
i A Q1 FZ ol whef Qb A2 3Hremodeling) 7} 2HAY 5}
o =3 &) §JA|7} ol 55t 7ol thsl HarE Slth(Sch-
reiber, 2006; Sale et al., 2006). T2 A2 = HE] A 59
T O Hog ol bt sl 229 A2 FA]o] =
9] o] 5-& FrEdl= T8 AAYUS AAStE A7 =34 =9)
tH(Bao et al., 2011; Schreiber, 2013; Sun et al., 2015; Shao et
al,, 2017). 2ok} 2210) Al F43} Betet vjciape] ool
K] 245 2.2 thyroid hormone, TH)o] o]2f3t Al 544
Qo5 E315H: Aol ol 2 Ao A ). et
A TH oA A7} Qo] Bkt o 53t ch 421 el 2o
E =T F 20| 1w ck(Schreiber, 2013; Campinho
etal., 2015, 2019; Shi et al., 2023). Z| o] = SRt A
B4 B8 7P 9] bt of50] Bolehs fUAEE U
3| 112} 5H= A7) o] Fo] 2| 1 §) © 1 (Shao et al., 2017; Bao,
2023; Guerrero-Peiia et al., 2024), Q+}s) A3 5-4]31} ¥ 51
o] splicing factor arginine/serine rich-3 (SFRS3) (Bao et al.,
2005)°]u} prolactin (PRL) (Si et al., 2021)0] & A -4
A= A A= ATt £3] prolactin®] 73-9- 7w Fo] 7] whE
ol A e 1 Bk Al 2 FAS FAI8kAL TH A3 2418510
Qb ol 5 F= T 4= ok ¥ A7) wfZell(Si etal., 2021),
ofe] SRtEE52] Aol AlAREAL Sk, 7hAbu] o] ot o]
& 718 ekl del7] sl 2ek oA EAF f-4 st

5o
T o

o)

2 o] o|277HA] W& dAtell e EEekaL, o /3] 7kRbm]
7o Qb o Fof gt AEkel WiAY S EeA] ¢t 9l
7R ol F 53] Zrerhels BlAAA ] ok ke
7HRL A7 gho] =@t wizell, SFE7F 1ol Qli=(sinis-
tral morph) 7JA|Q} @ EZ0] ¢li=(dextral morph) 7}|#] & T}
4= EAfske] Qo] wieko] Uk o] 2] krt(Hubbs and Ku-
ronuma, 1942; Orcutt, 1950; Forrester, 1969; Boklage, 1984;
Bergstrom and Palmer, 2007). o+ 2] B8R 71xbu] Fujc) of
A9 F ol A et of 22 TR 2R ESds SR
UERAL ItH(Munroe, 2005). o] 217k QF12] T 3R 4]
olo] we} th=A veh=d], A2 yof ¢k A& (sinis-
tral)} 2 2Z(dextral)o] 50% Bl&o|m, T 25 23t
F&ol AdtolA= A& /35 AWA7E AL 100%0] 77k
H]£-& ¥ It Hubbs and Kuronuma, 1942; Bergstrom, 2007;
Bergstrom and Palmer, 2007; Kang et al., 2012; Kim et al.,
2013). Zr=rhel= 2000t ZRHERE oAl FAITA of
FTow tfif A o] T2 S A ARloll A HAIE A
T U ofF o2 FEIAL gl o, Ao 4] Hlo] 44]o] 715
Skl Aol ZFalf FHAf AakeFe] S7FskaL Gl FAlolth(Lim
et al., 2013; Lim, 2016; Shin and Lee, 2023). Z|Loll&= &4
Sk A AL 71so] S Eof A i ofF o Azt
AL Lo, QISA Q1 R Ar g ofl A B A A QL Qb Wk
= 7 WA Blgo] F7kskaL itk ol A= SR e &

QT o] ThE A9 (022 213 ARl A% 7HI7H
slEslaL ArEAd o] A slEth(Seikei, 1991; Kang et al., 2012;
Kang and Kim, 2024).

wHebA] 2] o} 7ol M= W I o] it A oleS o=
=3} Aol 71g o= whedsto] A 3 A Ash= AHlo] 44
O o]Fo]A Qb ol HHALASL Mo S AL oA
of7te] ZAA|A o] Z71al1 Sk, 2 AT A= At
Falof A ] olefRt BAIA EAIE sdste] FA AAAE AN
AL, Bo] ZJmrke] A|ojof He oA Qb+ o] F1t 1
Bhgfol| holsh= 231& vs] L ahodck. wheba] oFA] mck
22 tharo.2 A4k ofmle} ] Ak ofm| o] il AT AR 4
KeN

kel
129 179) 9] 5201 W5 UL 20133 P stellatuss ©]
4ot FEAY 59l wokon, Bxgisty FEAFHAA ]
£9193]9] FEAEAE AojTgol wet ujd Aj2d A1
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Z-z]0] 0] ARGAIF L Hapdie ofZa] BAG o] 92|38t 74
wrte] FA; uj el Al AT aul A S g A
che] AT =4 ofu)(Hak H% 34.08+0.81 cm, Ft &
477 £1.14 g)= 3G v oFdol A ARSE AAES AR5
] ARS: Yol £E 725 53 (Suhyup, Seoul, Korea)S
g3kl o 2ok A 50.0% o)A}, 2R 10.0% o)AF, 23]
17.0% ©]3}, 24 3.0% o]a}, 2l 2.7% o|a}sich e A%
T2 Y%t Adecte] e w3 g uelgel Al g 427
TS ARgSoTt wnl) Aol 9., et oFAlat
Z ofnlol| A 42t Afigh W Y-S sho] Qg A &, 5
2o 7F A9t W& JLEE 200 L o2of J4leta et &
22 7R ZE e dHv|obs ATt AR mi g2
TOlSHHA] ARSI o A A, ke R

2 [0 ol H

L
[e)
o}
=

4> i o

ox

d

2 FUATHPAOR 52 AYT W THE 200 L 520 ¢
Ashgic. AET 8 BARAS 919 242 52 344 w5
o A19& At
mHY A

Qo] ThE 48 242} AR Aste] QE4AS A
Ashgich. g4 ol o] AL B4 SIL0 R Bhlste] A4
SRS ARSI QHe] 91X Rt

o A1ETe] TS A B, C U D AFTE Lhrglon], A
AFTE AE) A YD) 2L TS, B
AP PAHEE) AT P QER) 222 wHlel
o C ARTE A 28) AT ARE) A o)
SH93, D AB T WA EE) AT B AN RE) 4
2SN A7 SHE SRS B 2B S
Aohim, 2 AT MR S5 S T8 200 LAzl A] 4l
@02 Pelshich St 5 AE AL 7Y (A0 19

shoton] §A2 242 93 2ol o 100 mgS 2 mL cryovial
(Thermo, MA, USA)°l RNAlater (Invitrogen, MA, USA)E
H0] 24A|7H591 4°Col 3 3 RNA (ribonucleic acid)F2 A]
7HA) A A 2(-196°C)ell H7ksF .

wiefalgo] BT 27k Shadl FrA: T AET 3
2 1000k2]%) o] o] Ho} 3114 2H33ko] Image] (LOC;
University of Wisconsin, Madison, WI, USA) ¢H- Wk v]£-
< sholstgiet.

A
2582 10°C, 14C, 2 IRCRRFSt £-2.2 44517 9]
o Eleks slEet EaEslE A

o
Hul
re
o
X
119
=
N

¢

] of BiE] A Fet ofm| o] QFE9R| 9 ALs 4=2-0]
2|09 Q- fA|of| w| A= 9142l P Tefstr] flsted,
ofFoll A St x|} FAAF Hde] Bt £ RARE AA
511, Ttoh et al. (2010), Wei et al. (2017) =52 2F315}0],
BmprlB, FGF7, Six, TgfBr2, Diol, Dio2, Dio3, Otx2, Wntl
< 2453t QRT-PCRO|| AR8-E|+= Zato] = Table 1] 1t
ERfa 9t} A3 AbgE Zalo]w= National Center for
Biotechnology Information (NCBI) GenBank®] 5-5%]¢] ¢}
= H71A GBS AHE-sto] AjEksteiTt.

Total RNA+= TRIzol® = 2 & Z(Invitrogen)& A&-5F0] A}
Z) o] Y Zo) A 2= Qi) Zeche] A2 o]2 ImL TRIzol®
Seoll A 7|2 FE3}stal chloroform 200 uL& 71t
of 20°ColA] 557F A7) 3, 12,000 pm, 4°ColA 153
b AR star At 9] isopropanal ¥} =gt}
o] 1087 HHSAIZiT) 41Ee] F AFEoLS 47181 80% o
2 100 L 7Hsto] WAl S AL, ofgh&-e Q4lse
715 AHgsto] &8 AlA S £, 100 uL2] DEPC waters 3
7tstie

DNA 242 WA]5}7] 913l DNase I (Qiagen, Hilden, Ger-
many) A28} 1L, 1%2] of7k= A Ao A RNA &5f 9 @
9L H7I51E ¢cDNA (complementary deoxyribonucleic
acid)+= Maxima First Strand cDNA 34 7] E(Thermo, MA,
USA)E ARg-3Fo] AA9 total RNARKE] FAJEQlch RT-
gPCR (real-time polymerase chain reaction, PCR)2 |3
Maxima Enzyme Mix 2 L, 5x Reaction Mix 4 uL, RNA
14 uLE 3519k ¢cDNA g2 105 52t 25°C, 30
£ 52 65°C, 52 53 85°Crt. 3 H ¢DNAE Nanodrop
One C (Thermo, MA, USA)E Al-3lo] AEFs}E ¢l om, o] &
-80°Cofl A Hatshqict.

qRT-PCRZ QHols Igoll A 2444 a.2lef ot
A A= w2448 913 crocoSTARTM 96 Real-
Time PCR System (TaKaRa, Kusatsu, Japan)=- A8-5}o] <=4
=}tk ¢cDNA Fx+ 500 ng/uL2 2435190, 7k Al= 9]
.2 7} szato]m(10 pM)2] 0.5 ul, cDNAS] 2 uL, H4
9] 9 uLE =3 TB Green® Premix Ex Taq™ (Tli RNaseH
Plus), Bulk (TaKaRa, Kusatsu, Japan)E A8} 2 uL2] gk
2ek 3K =459t} qRT-PCR %2712 95°Col|A] 30%,
95°CollA] 5%, 60°CollA] 3022 40 Ato]Z & AAste] 43
319t} Housekeeping +4Z= GAPDH (glyceraldehyde3-
phosphate dehydrogenase)& AFE-51 1L, Sl Hl B HA (-4
Apo] Wbl e AR o] A Al AAPE s Ct gk
O 2 AbEshet| AR E Y om], W S Bt CtgbS ARS
5ko] 2-AACE W o = ALFE Qe

E

o=
=Xl

e
[T off

il
['-?L'>.
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Table 1. Primer sequences used in this study

Gene

Accession number Primer (5-3’)

Bone morphogenetic protein receptor type-1B- like (Bmpr1B)

Fibroblast growth factor7- like (FGF7)

Homeobox protein six 1- like (Six1)

Tgf- beta receptor type-2-like (TgfBr2)

lodothyronine deiodinase type-1 (Dio1)

lodothyronine deiodinase type-2 (Dio2)

lodothyronine deiodinase type-3 (Dio3)

Ortgodenticle homeobox2 (Otx2)

Wingless-type MMTYV integration site family. member1 (Wnt1)

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

F: TGAAGGGTCGGTAGGAACTG
R: GTCTCGTCCAGAACCTCTGG
F: TTGTAGGTTTCCTCGCCTTG
R: AGTCGGTGGCATCTTGAGTC
F: TTGAGGACGCTCTCGTTCTT
R: CCACTTGCTCCTGCGTAAAG
F: CTCGTCCTGTGGGAGATCAT
R: AGCATGAAGGACAGCGTTCT
F: AGGCTACGCTGAGATTTG

XM_020101059.1

XM_020099474.1

XM_020084923.1

XM_020102424.1

AB362421.1
R: AGCAGTTATAGACGGAGGT
F: CTGGTGCCAGGATGCGAAAT
AB362422.1
R: AAGTCCTCAACCAACTGTCG
F: GGATTTCTTGTGCATCAGGA
AB362423.1

R: GGGACTCCAAGGTGAACATC
F: CTGCATGCAGAGGTCCTACC
R: GGTAAGAGCCGCAGTCCATG
F: CCAAGAACGTGCAGTTGGTC
R: GCCACTTGCACTCCTTTATG

F: CCAGAACATCATCCCAGCTT

R: GGCCTTCACAACCTTCTTGA

NW_017859650.1

NW_017859655.1

MH588515.1

S| 24
2k A Poldl ZAghS Fat E£0 3 mean+ SE)
2 BASEON, SIS Aole] §oI% T SPSSEA

L2 T (version 26)2 ©]-835}¢] one-way ANOVA, Duncan's
multiple range test= AR A5 THP<0.05).

a

I

_m§

Al8lof| obA], Zrha] Z2FAAE A]of| HhAYE|= oL vl
P s} AR SAA 0B Akt akgi ARl A
%O 7, oot thEA @ EFof| =0| 9|2
71y s =8 J £ 2ALsl7] flske] 2020L4 295
B 3€7HA] ] Zherhe] oFAEol A 713 HlES 2AVSHS
oh A, AR 9 Al XYY o/i. FEolAl ke A4
OFEL Q2 & xAVEF Auh, 0 22 o] Zolzh 718 A=
Bt 74£2.0% Hl&E 2Rl M"/P(Table 2).

FO2 o] AaEiglon, 2zte] 1
2 QR 45 kel o] QLRSI (1% B 0 2 X0 up

=

o) ) 4% *ﬂ%& 2y aﬂ S-S 717} 44%, 52%,
56%, 56%=2 YEFGFon =452 63%, 67%, 66%, 69%=
shelw giet.
Zhrke] I AR To) Fl Kofo] 27} Shael 3 o 3, 4
A AT F1 AAAIe] 9 Ware S1gk 2H Fig, 19] 1
BRI BAHRE) A T AHQE) SAL IHTFA UET

Table 2. Abnormal rate of eye position in starry flounder Platich-
thys stellatus (n=300)

Aquaculture farm Location Abnormal rate (%)
A Jeonbuk Buan-gun 10.4
B Jeonbuk Gochang-gun 43
C Jeonbuk Gochang gun 8.6
D Jeonnam Goheung gun 7.7
E Jeju 5.3
F Jeonanm Yeosu 6.3
G Jeonbuk Buan-gun 9.0
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Eye deformity rate depend on broodstock's eye position
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Fig. 1. The eye deformity rate in F1 juveniles varies based on
the eye position of the broodstock. LXL, left-eye femalexleft-
eye male; LXR, left-eye femalexright-eye male; RXL, right-eye
femalexleft-eye male; RXR, right-eye femalexright-eye male. Dif-
ferent letters indicate significant differences based on ANOVA fol-
lowed by Duncan’s multiple ranged test (n=300, P<0.05).

Q2Z0 20| Qb o] F HIE(71 ¥ E)°] 26.52 £2.18%°] %
o, B (EE) G v HEER) S wHR B A
T 25.13+0.52%, HI /(285 dAT A5 T A&
WHIEE C AE L= 28.9+1.65%, HIHAH(L.22) 713} v]H
AHLBZ) 718 WHSHD A9 = 33.02 +0.13%2 22l s
AUtk 2= AY Ayte] gt #E24E AMESho] SPSS
ZA L2 (version 24)% one-way ANOVAS} Duncan’s
multiple range testE =333t A}, 471 A 1kl b 713
EollA o3t 2tol= UERA] 23k EHn=300, P>0.05).

2

lo rr

Al&
=

1

A % 7ce] P 15 2 914 e 241
a2 10C HETY MPHOER) 4T AA Hge
14,54+ 1.62% 1L, 14°C A7 T4 27.65+3.92%, 18°C A
T 32,19+ 133%2 UeldThFig. 2). 4 4 23}, 10°C
A5l ol vl 14°C2H 18°C Aol Al o) H o ¢t 713
EO] 2 2107 IRIE|ITh(P<0.05).

H}t&

LAE REAL &

o FAZF 9o} RE F%
U e ek 2gou, FEeke] Xole] &) A
7191 14203} 289 BEL o) 72 4719 Bl §24 2
2 BAslgch

14903 oA BT H A L B
BmpriBE AU/ OhE AgPu} tha:
9ik(Fig 3). ¥Ho] Fef7, Six, 9 TefBr2 £

b

2kl
e
%

2
t}
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Eye deformity rate depend on water temperature
50
__ 40}
X a a
-~ T
[0
‘@ 30
©
E 20
2 b
Qo
<
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0 1 1
10°C

14°C 18°C

Fig. 2. Eye deformity rate of F1 juvenile depend on rearing wa-
ter temperatures. Different letters indicate significant differences
based on ANOVA followed by Duncan’s multiple ranged test
(n=300, P<0.05).

mlLXL sLXR oRXL oRXR

S 2
o
< F b
a
Ty -
Q8
[0]
C
S 12!
-
& a alb
B 08 [,2% b2
5] a atfaty,
3 a a a
%’ P b2 b biib
o 0471 aa a bba
2 b
©
g o |
BmpriB FGF7 Six1 TgfBr2 Diol Dio2 Dio3 Ot2 Wntl

Fig. 3. Relative expression of genes in different breeding experi-
mental groups (A, B, C, D) at 14 days, focusing on genetic factors
influencing eye migration. The genes analyzed include BmpriB,
FGF7, Six1, TgfBr2, Diol, Dio2, Dio3, Otx2, and WntI. Difterent
letters indicate significant differences based on ANOVA followed
by Duncan’s multiple ranged test (n=9, P<.05).

Aol vlsl CAEF oA e Ede Bylom,
22 AAF-4A1 Diol-304= 7t

Abs3iTt. Otx2= /(&) 213 alfEt A, CA
oh2 Aol vlal W S Bglon, wnt

Ao ¢ =

Jo for rln

o
ju

(P>0.05).

287 ABo 4 AIET H $AA WG vl BAG A,
14213}l ]3] 2} § 24715 0] o] tha ol A 2 4
9191k Fig. 4). BmprB, Fef7 2 Six1 §71210] %4 CART
oA T Alg TS o] ]s] W MES 19l Diol o Witl
GAHAE BRI W Ba e 1otk 1 o] iAol
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ulLXL @LXR oRXL oRXR

ba
16 | b0

12

08

04 | al® b
C

Relative expression of gene (2" A ACQq)

BmpriB FGF7 Six1 TgfBr2 Dio1 Dio2 Dio3 Otx2 Wnt1

Fig. 4. Relative expression of genes in different breeding experi-
mental groups (A, B, C, D) at 28 days, focusing on genetic factors
influencing eye migration. The genes analyzed include BmpriB,
FGF7, Six1, TgfBr2, Diol, Dio2, Dio3, Otx2, and WntI. Different
letters indicate significant differences based on ANOVA followed
by Duncan’s multiple ranged test (n=9, P<0.05).

£ B GAREEES Bk 14039} upr b 2 28U AY
Fo A= wil A A 7] AR S §-0 4 <l Afo = Hol
A SEAEHP>0.05).

1494712} 28U A M ENA 57 frAzte] Wdols AE
kAol 7k Aot FAHLZ 2231 Apol= LA &
SAEHP>0.05). Qb o] 5t ko]l ul A= 24 919l =&
of ot ¥ S0 U WakE W] 98, ) ol &
FEAIUATA] AR ofe} Aol E Wy R 2 A
L v A5

BmprIB f7212] 749 7)o B A@TolA tha £
B Bgd Blou FAp7) Aabdel wheh HAh st
© %S BOITKFig. 5). 74 1493t A = 10°C, 14°C,
I8°CE 20] 3715 A o2 A5HUd He ¢
HAI21GA=10°C, 14°CoNl A frofohAl w2 TS =
I(P<0.05), 49U Ao A 14°C A7} oh2 AHFEC H =
S LHS B O, 2147 o] % Qo= o2 Q] Afo| 5 Kol
Al %5 kTHP>0.05).

FGF7 {7304 e o 79, 10°C2F 18°C A d ol A 22t
70l TR A o] Erirh Alko] AakstHAl HAt 2
SHAL, 14°C ARlte TUAHTE 4997 w2 e B
tF A fashs S HATKFig. 5). 79AHE 289
A2 22447HA10°C A&7} 14°C2F 18°C Ao H]
of FojH o2 A Ao, 49U} ol A= 14°C L3+
7 e AR O H 07 52 WS HATHP<0.05).

Six1 F344F AEH] 45, 10°Cet 18°C AFolA F3h &
2710 tha A Wdo] ik ARt Aol whal sl
L, 14°C Ao 49%Akl 71 7 Edshe Bad B
TH(Fig. 5). 142822} 21420 A 10°C, 14°C L 18°C 24 2 4=

32 o

B B

S 3@

£0] E24E ATUALS BT, TU 35U 4 10°C A
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THETHF-04 0 & A W E G m(P<0.05), T Aol A]
= o Ako| & Kol x| AUTHP>0.05).

Diol 44+ &9 7, HE AFollA] 27]of o =
A kg o] Echrh AR} 3HAshs BG5S B h(Fig. 5). 744}
FE 242704 10°C AEA7F 14°C2 18°C A LHT
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(P>0.05).
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(Fig. 5). 144 2}ol| 10°C AE 7} o2 Aol vlal] fol 4 2
2 =7 FEE g o 35U ell= 18°C AR o AE T
of wlsf Wago] FoJH 08 =2 207 UEITHP<0.05).

£ TR A 2l fAR EE ] o35t 2fo| & Kol A
SFOITHP>0.05).

Dio3 44 el ] 79, 10°C AF17F 219704 tha =
A o] Elthrh Jab sk S AL, 14°C 18°C
A= 22 35Ukt 290l 7P w2 TS Bl
U o] Hap gk B HAlthFig. 5). 74, 214, 42
Aol A 10°C AFTF7H14CoH 18T AP TRt )4 0%
7 BHE E] 9l 0w, 35U R} of| A= 18°C of| A 23] -2 it
= HSITH(P<0.05).

Otx2 712} 2 o] 29, 10°C A FollA] 73t 57U}
1443te] =4 rdo] =oir Ade] AaidsE F4sHA &
43H= o] el on], 14°C2 18°C A = o S
UEPATHFig. 5). 144A7HA]= 10°C A7 Aot &
2 S B9 0m(P<0.05), Th2 FAlA = Flgt Afol&
10]2] ATHP>0.05).

Watl §2H= BE Ag-rol| A 23 & Z7]of thas A W
ol Hlthr} 2t sl Mg-S B thFig. 5). 74, 144 21
o, 3542 A 10°C A 71 14°CoH 18°C AR -2 o} 725}
A2 HES RPN, 14Ul A =AY 2 EE A5Ud
<= HATHP<0.05).
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Fig. 5. Relative expression of eye migration gene normalized to GAPDH in starry flounder Platichthys stellatus at different temperatures
(10°C, 14°C, 18°C) over 49 days. Different letters indicate significant differences based on ANOVA followed by Duncan’s multiple range
test (n=7, P<0.05). Asterisks indicate significant statistical differences between experimental groups on the difference temperature (n=9,

*P<0.05). GAPDH, Glyceraldehyde3- phosphate dehydrogenase.

A o) M Thobe RIS o
CReFRE HIA A 7NA| 7} ok g star
o M= e 2ole] = 91217} ¢

ZrEstar wjse e g A7 OP@L
3 AlAsE7| w<zol *lﬁ’“‘ﬁxﬂﬁc’ 34 H% A
el T ol A kol 54
3} ola) 2sHA E]l:}. E]%(Scopba]mus maximus), Solea
senegalensis & -2 7HAI|F- 2] Qb WFRES Fof| whet th=
a1 AR 0] F Yo A % THE 4= 9lrh(Xing et al., 2020). 22 ¢
Folq Az The SR wet o) 55

o o1 ol 5
o

w%%ﬁq;%ﬁﬂﬂ

o] ol
4 Zoleka oSk et AR 3= 917el YRt f7H2]
Aut o5 BE st

5 Ao A k] Xole] SFL o) W] B v]

A A2 A 89S AR Sl A 24 } wHy A
d, e A W A B4 s E} ]2
- ol T2 78 5 of 24U 0] A= Al7]of| o] Fo| Tk 7]
9] A (Iwanicki et al., 2017; Gao et al., 2022)E 715}
e skt

U ek ARl RE o S S ER =
A AT, 2850 ol YRR 718 MAlE Bt 74£2.0%2
UERRAL, o= ZJ=rke] oF4] I oA 4 Wl w4 N

A7E A% 0.2 WARES AL, olefeh vl AL A &
A WES Sol7] 913 etol BRdE ANt

s A A, 242 Hor et 9ol 7S shal ke g
2 SR AR 0150 4 ol 7| Bol felula
o]zt LbehiA) gigkom], el §24 ¥ 5 mE A



FErtE] 9] Qhol g nl A= 2 8.4l 455

So17<) Aol B 4= QA 44 T Se] BaFgw 4
&8 A-D 7} AR Aol Holx] ggron], g o
SE2 vt A1 A-D ZH2F 26.52 £2.18%, 25.13 £ 0.52%,
28.90+1.65%, 33.02+£0.13%2.2 $2A}C 2= C2} DAY
TollA B 2 oh HAAE Blou AR R FoF 2
Apol= HolA| ol TRt Qb rol 5 A EN RAAEE A
T ATS HolA] ghht. o] Qo o5 wakell Tt x4
fRlo] Y& pIAA] ghethes A S AR

Wi ARt FAR Hols B fARRIA 14YatE
28Y Aol A o) WEo] W adhe BGS & 4 AUith 14
Urpol A= 22 gk A-DAFE A WollA] A= oE dd
S 24tk BmprlB, Otx2& A oA W walS B
3L FgF7, Six1, TgfBr29] -31212] Z-¢- CHE ol A W
e HARTE 970 O] Aol A ZF ARl 7ol f1-oJjE Zfo]
= Ho|A| gkt 28 YA e A = CA Lo A BmprlB 5 374
o] FAAA - WS Bl om. BHET A% Diol,
Wntlof| A w2 2dlS Blek 71 9] f-3x oAl = Blsseh 2
Ao HATE 1442 Ayt nixbziA| = A g gkl #-2lgt
Apo)= Hol x| ghglhrt.

T2 A S B3l QHol s HIES 2RIgE A, 10°CoflA] A
SH F1 %[ o]9] ot 7| &2 14.54+1.62%= 7 Wk,
H] 2] 220] =2 14°C, 18°C7} 10°CH.L} ¢Ht o] % H|-g-0]
Z¥7F 27.65+3.92%, 32.19+1.33%° 2 320|514 =7 YEr
Wk ol =2 0] S VIR ES ST ¢ e s
Be AN 4= Stk 2 AT A SOl A St o2t
¥ 442 wd A3, BmprlB, FGF7, Six1, TgfBr2, Diol-3,
Otx2 9 Wntl G-3A=0] Z[ofof Hhd 27| ghA|of| 4] 42
ufe} ksl HRES S 4 Qeeh 10C AP TolA =
7] W @A A =& R R o] TEE o H, o] = W2
2ol 7] Wgel 3784 e 1A 4 S AR

5], Bmpr1B= AA 2] Q1 A7 7|7F 49U71A] F-2Jn] gt Z}o]
UAIRE10°Cofl A 9] W& o] 14°C, 18°C Ko} vf =4 ve}
< & 4 9Ith BmprlBE &4 4 ©dE 27 7]
BT, &E A, o R A, =& R W S g
Aoz Qlef 27 F3FS dh=t}(Haga et al., 2011). Bolla and
Holmefjord (1988)+= Hippoglossus hippoglossus A1 2] I 2
7| o] 2=t w=EaE T Wol WAL Huskgich &
ARlolM = 257t =545 BmprlBo] WA UdE Ae 1
of &7} 5248 247150 o3t ShpolEol o F7hohe
Aoz AZbET), Yo AN Ee] Bah} o] 917 114 W 3
oofl Thofsh= Wntl, FGF7, Six1, Ot th2 3450 =
ek Aol o) wie] % ol A7) Tolu 228907
oA folH o' 14°C, 18°C7} 43T

Ao ARE-E]IE Wat, Otx @] Rx 50 2}= ddh A58 Al 2
O P A= o] gt 7HA| Sa3t 75 - 3eith
A7 22 oAl Wnto] Z 271 EAto] sl A =H 417 <uj

e Jim

ol I
flo
AN

o} o= of FRk of e} ol 2] A= Fo = W T8
gk kS stet v 245 2 Y = B4 2 7159
& Zafight). 2=of Y13t medaka®) 7% 2%
3 aclem QIgh Rx3 A4S AL oA Al = /o] 2t
Al =AY FAo] o] Fol A A] ok FAMo| 7} Ap HhAYRt)
(Balley et al., 2004). o] ¢1-tofl<= oo 2| 2] QAT A
o AMESFAH AL RAAEY] Walo] vt P HEle
B2, 90 2 Ju| el A Rx3eh Wit, Otxe] 4548 o
ShAt7E 2ad Ao BRlrk FGF E3E 9 4 AEFY A
5 QI3 W= of Danio rerio®] 112|2] A 7} ghAdhe= &
2 7193} s W5 e] 7|9 AR o) 8 Lo
Ao fHA Mg o= R kS w2 A o= o 4HT
(Connolly, 2008).
TH A F-4xF 23] £4] A}, Diolof| A Bief 27]
o 10°C7} +&-0] 2 14°C, 18°C o} F-2ju|aHA| =7 9d
%31, Dio2, 3 T35t AP R 10°Co A 9] Hdo] o] =7 Lt
EFgtTh TH= §Ftol ol ofsh= B4 24-o|ti(Manchado
et al., 2008). THE= 25559 44, g A AIXAS] +=
{8 xAEAo|H o] 79| 27| Wi @S ulRT(Marchand
et al., 2004; Walpita et al., 2007). Little et al. (2013)+= &2 =
oA AR zebrafish Danio rerio7} W2 oA ARSE
zebrafish Xt} THo| thaff RIZH6HA WHg-6FGivkaL 2 arskgich
E2 2L A9 AW THEES<] 87 ¥sto] &-3-5h= o] 79
Ae| 2ol A2l 9 )R Aoleki AZHEI). ERHTH
W FHEAQ] propylthiouracil (PTU), tetrabromobisphenol-A
(TBBPA)+= zebrafish 2] ©] 9] =&] A} #3}of| o] 733t ok
] H = A7) ¢loj(Baumann et al., 2019), TH7| o]
AR F23 S & 4 S-S et ool &
ofsh= A1) WE-2 4297 o] Fofl= A 1He] ol
Apol= VrEfLEA] oFotet. g Alg o] A & Xeysto]| uhe}
AR E3F AL At FAIE E AL, ThE ofFoll A
T AJFbo] Aol wheh A gFo] Zharsl= A3 Holth 2
T-o] Ao} mp7EA| &2 ok 4 FAofl Tofshe f-42k
O] A 27] W] Igol| A A EA = QAL HeE 7 SubAk
ol Gagith= Hil(Bao, 2023)9F o] 27] Aks 5 A
Sh= o g 2HE0] ol 713 9] Yelo] H= Aoz Az E
2 A A3, k] 2]0] 9 ot o] F kel £-414] aQl
Hob= 8744 29181 o] & FFS vA= Aoz Uyt
B 2OlA S Bl Aol SUshE AR Eyle, 3
44 01521 Coregonus lavaretuss | A= ~2-0] 9°C=2 227}k
A} Aol A HE 7|50l 36%E S7FHAL HARE 3t 5
7¥stoAeh. 719 T3k 7= vfjote] moll A A E Gl o m 2% =
o] ZHA L} =ofl A4 A 2H-e- 2 ¢ tH(Cingi et al., 2010).
ol A oA 2 e E Bl 71 S =Y o A



456 el - AEA - akE

L Rs S HolRlch 4 AL Fol A 52
9 7eh B RS o] el uleh webd 4 9l
2 Selsteon, ofeldh §AIAFE] QLT o]l At e
2 94 9182 A web A, ke QpAlo) A 2 e
22 A3k Flo] AT HIA ANE Foln IS
ol Y FRT B4R 44T 4 IS A0 AY2Hh Eah,
I ol oA ol et B TAHRL K 1 8 el

o]
1_. T

7b B asi, ol2fet 7 g wrke) 8 )e Al
G4 S Eole d 71 = Sl Aotk

302 42 ol5 o] Ak pol5o] it A 24T glo.
], ok §:0212) 2.2k WS WA kA 2 o
Ao WEH WY I f AR HE F ¢kt ol s 0] o] F
o] A AN A AbeF 2 H = leh= ¢ (Guerrero-Pefia et al.,
2024)0} 272 A AAA(B-MM)E QtekA]of 2?45}51 A}
7R A o] Aol whef Qhtolgo] EojE3ithe A+ 5Ol
B E It Gao et al., 2022). o]2]3t AFLEL 70| 79| &
o]F WAYZl =& A+ WS AlgsliE 4= & #utof
Yzl A AR o] ol Al 71| AL AAEe] A Aol 2

o]3l& & Zlolefal sk h

B4 9lof et A EIF 142 Wik oLz 2 che}
bafF 2 2AoA ] At 2ok Ao g Kl Xt
G2 SFAI Bl 2 o)A folEo] o 7o) Al I
] 2] 1 9] . ™(Gavilk and Specker, 2004; Kim et al., 2015;
Wen et al., 2013; Xiao et al., 2023), | FAHISI2 Q13E pHH
sish 942 Sl zrlgel ool AT ol5el UL 2

flo & ek

2> Q17| wjiLol|, 235 thoket sjjoF Ao A Q] 27} oLy} B
a3t
Al A

o EE Bt Ao F|pATalr 4 F )
A& dro =3 H AT AYTHRS-2022-KS221671, ~ARS
A4k T A HA17| S,

References

Bailey TJ, El-Hodiri H, Zhang L, Shah R, Mathers PH and
Jamrich M. 2004. Regulation of development by Rx
genes. Int J Dev Biol 48, 761-770. https://doi.org/10.1387/
1jdb.041878tb.

Bao B. 2023. Genetic basis for eye migration in flatfish. In: Flat-
fish Metamorphosis. Springer, Singapore, 249-267. https://
doi.org/10.1007/978-981-19-7859-3_9.

Bao B, Ke Z, Xing J, Peatman E, Liu Z, Xie C, Xu B, Gai J,
Gong X, Yang G, Jiang Y, Tang W and Ren D. 2011. Pro-
liferating cells in suborbital tissue drive eye migration in
flatfish. Dev Biol 351, 200-207. https://doi.org/10.1016/].
ydbio.2010.12.032.

Bao B, Yang G, Liu Z, Li S, Wang Z and Ren D. 2005. Isolation
of SFRS3 gene and its differential expression during meta-
morphosis involving eye migration of Japanese flounder
Paralichthys olivaceus. Biochim Biophys Acta Gen Subj
1725, 64-70. https://doi.org/10.1016/j.bbagen.2005.04.032.

Baumann L, Segner H, Ros A, Knapen D and Vergauwen L.
2019. Thyroid hormone disruptors interfere with molecular
pathways of eye development and function in zebrafish. Int
J Mol Sci 20, 1543. https://doi.org/10.3390/ijms20071543.

Bergstrom CA. 2007. Morphological evidence of correlational
selection and ecological segregation between dextral and
sinistral forms in a polymorphic flatfish, Platichthys stel-
latus. J Evol Biol 20, 1104-1114. https://doi.org/10.1111/
3-1420-9101.2006.01290.x.

Bergstrom CA and Palmer AR. 2007. Which way to turn? Effect
of direction of body asymmetry on turning and prey strike
orientation in starry flounder Platichthys stellatus (Pal-
las) (Pleuronectidae). J Fish Biol 71, 737-748. https://doi.
org/10.1111/1.1095-8649.2007.01531 .x.

Boklage CE. 1984. On the inheritance of directional asymmetry
(sidedness) in the starry flounder, Platichthys stellatus: Ad-
ditional analyses of Policansky's data. Behav Brain Sci 7,
725-730. https://doi.org/10.1017/S0140525X00028326.

Bolla S and Holmefjord I. 1988. Effect of temperature and light
on development of Atlantic halibut larvae. Aquaculture 74,
355-358. https://doi.org/10.1016/0044-8486(88)90379-1.

Brewster B. 1987. Eye migration and cranial development
during flatfish metamorphosis: A reappraisal (Teleostei:
Pleuronectiformes). J Fish Biol 31, 805-833. https://doi.
org/10.1111/1.1095-8649.1987.tb05281 x.

Campinho MA. 2019. Teleost metamorphosis: The role of
thyroid hormone. Front Endocrino 10, 448915. https://doi.
org/10.3389/fendo.2019.00383.

Campinho MA, Silva N, Roman-Padilla J, Ponce M, Manchado
M and Power DM. 2015. Flatfish metamorphosis: A hypo-
thalamic independent process?. Mole Cell Endocrinol 404,
16-25. https://doi.org/10.1016/j.mce.2014.12.025.

Cingi S, Keindnen M and Vuorinen PJ. 2010. Elevated water
temperature impairs fertilization and embryonic develop-
ment of whitefish Coregonus lavaretus. J Fish Biol 76, 502-
521. https://doi.org/10.1111/1.1095-8649.2009.02502 x.

Connolly MH. 2008. Stress-induced variation in zebrafish (Da-
nio rerio): The influence of heat shock on the development
of the phenotype. Zebrafish 5, 364+

de Groot SJ. 1971. Bothriocephalus scorpii (Miiller) (Cestoda:
Pseudophyllidea) in turbot Scophthalmus maximus (L.) and
brill S. rhombus (L.) from the southern North Sea. J Fish
Biol 3, 147-149. https://doi.org/10.1111/j.1095-8649.1971.
tb03658.x.

Forrester CR. 1969. Sinistrality in Platichthys stellatus off Brit-
ish Columbia. J Fish Board Canada 26, 191-196. https://doi.
org/10.1139/£69-023.



FErtE] 9] Qhol g nl A= 2 8.4l 457

Friedman M. 2008. The evolutionary origin of flatfish asym-
metry. Nature 454, 209-212. https://doi.org/10.1038/na-
ture07108.

Gao L, Huang Y, Sun M and Bao B. 2022. The role of autophagy
on eye migration during the metamorphosis of Paralichthys
olivaceus. Cell Dev 169, 203751. https://doi.org/10.1016/].
cdev.2021.203751.

Gavlik S and Specker JL. 2004. Metamorphosis in summer
flounder: Manipulation of rearing salinity to synchronize set-
tling behavior, growth and development. Aquaculture 240,
543-559. https://doi.org/10.1016/j.aquaculture.2004.07.007.

Gibson RN, Stoner AW and Ryer CH. 2014. The behaviour of
flatfishes. In: Flatfishes: Biology and Exploitation. Gibson
RN, Nash RDM, Geffen AJ and van der Veer HW, eds. John
Wiley & Sons, Ltd., Hoboken, NJ, U.S.A., 314-345. https://
doi.org/10.1002/9781118501153.ch12.

Graf W and Baker R. 1983. Adaptive changes of the vestibulo-
ocular reflex in flatfish are achieved by reorganization of
central nervous pathways. Science 221, 777-779. https://doi.
org/10.1126/science.6603656.

Guerrero-Pefia L, Suarez-Bregua P, Sanchez-Ruiloba L, Mén-
dez-Martinez L, Garcia-Fernandez P, Tur R and Rotllant J.
2024. Unraveling the transcriptomic landscape of eye mi-
gration and visual adaptations during flatfish metamorpho-
sis. Commun Biol 7, 253. https://doi.org/10.1038/s42003-
024-05951-x.

Haga Y, Du SJ, Satoh S, Kotani T, Fushimi H and Takeuchi T.
2011. Analysis of the mechanism of skeletal deformity in
fish larvae using a vitamin A-induced bone deformity mod-
el. Aquaculture 315, 26-33. https://doi.org/10.1016/j.aqua-
culture.2010.11.026

Helling K, Scherer H, Hausmann S and Clarke AH. 2005. Oto-
lith mass asymmetries in the utricle and saccule of flatfish.
J Vestib Res 15, 59-64. https://doi.org/10.3233/VES-2005-
15201

Hubbs CL and Kuronuma K. 1942. Hybridization in nature be-
tween two genera of flounders in Japan. Mich Acad Sci Arts
Lett 27, 267-306.

Itoh K, Watanabe K, Wu X and Suzuki T. 2010. Three mem-
bers of the iodothyronine deiodinase family, diol, dio2 and
dio3, are expressed in spatially and temporally specific pat-
terns during metamorphosis of the flounder, Paralichthys
olivaceus. Zool Sci 27, 574-580. https://doi.org/10.2108/
7s).27.574

Iwanicki TW, Flamarique IN, Ausi6 J, Morris E and Taylor JS.
2017. Fine-tuning light sensitivity in the starry flounder
(Platichthys stellatus) retina: Regional variation in photore-
ceptor cell morphology and opsin gene expression. J Comp
Neurol 525, 2328-2342. https://doi.org/10.1002/cne.24205.

Kang DY and Kim HC. 2024. Functional relation of agouti sig-
naling proteins (ASIPs) to pigmentation and color change
in the starry flounder, Platichthys stellatus. Comp Biochem

Physiol A Mol Integr Physiol 291, 111524. https://doi.
org/10.1016/j.cbpa.2023.111524.

Kang DY, Lee JH, Kim WJ and Kim HC. 2012. Morphologi-
cal specificity in cultured starry flounder Platichthys stella-
tus reared in artificial facility. Fish Aquat Sci 15, 117-123.
https://doi.org/10.5657/FAS.2012.0117.

Kim KS, Shim JH and Kim S. 2015. Effects of CO,-induced
ocean acidification on the growth of the larval olive flounder
Paralichthys olivaceus. Ocean Sci J 50, 381-388. https://doi.
org/10.1007/s12601-015-0035-z.

Kim SK, Yoon SC, Youn SH, Park SU, Corpus LS and Jang IK.
2013. Morphometric changes in the cultured starry flounder,
Platichthys stellatus, in open marine ranching areas. J Envi-
ron Biol 34, 197-204.

Lim HK. 2016. Effect of exogenous hormones on ovulation and
gonadal steroid plasma levels in starry flounder, Platichthys
stellatus. Aquac Int 24, 1061-1071. https://doi.org/10.1007/
$10499-016-9971-6.

Lim HK, Min BH, Kwon MG, Byun SG, Park MS, Jeong MH,
Kim YS and Chang YJ. 2013. Blood physiological responses
and growth of juvenile starry flounder, Platichthys stellatus
exposed to different salinities. J Environ Biol 34, 885-890.

Little AG, Kunisue T, Kannan K and Seebacher F. 2013. Thy-
roid hormone actions are temperature-specific and regulate
thermal acclimation in zebrafish (Danio rerio). BMC Biol
11, 26. https://doi.org/10.1186/1741-7007-11-26.

Manchado M, Infante C, Asensio E, Planas JV and Canavate
JP. 2008. Thyroid hormones down-regulate thyrotropin 3
subunit and thyroglobulin during metamorphosis in the
flatfish Senegalese sole (Solea senegalensis Kaup). Gen
Comp Endocrinol 155, 447-455. https://doi.org/10.1016/].
ygeen.2007.07.011.

Marchand O, Duffraisse M, Triqueneaux G, Safi R and Laudet
V. 2004. Molecular cloning and developmental expression
patterns of thyroid hormone receptors and T3 target genes
in the turbot (Scophtalmus maximus) during post-embryonic
development. Gen Comp Endocrinol 135, 345-357. https://
doi.org/10.1016/j.ygcen.2003.10.012.

Meyer DL, Seydlitz-Kurzbach UV and Fiebig E. 1981. Bilater-
ally asymmetrical uptake of [14 C] 2-deoxyglucose by the
octavo-lateralis complexes in flatfish. Cell Tissue Res 214
659-662. https://doi.org/10.1007/BF00233505.

Munroe TA. 2005 Distributions and biogeography. In: Flat-
fishes: Biology and Exploitation, 1st edn. Gibson RN, ed.
Blackwell Science, Ltd., Ames, 1A, U.S.A., 42-67. https://
doi.org/10.1002/9781118501153.ch3.

Okada N, Takagi Y, Seikai T, Tanaka M and Tagaw M. 2001.
Asymmetrical development of bones and soft tissues during
eye migration of metamorphosing Japanese flounder, Para-
lichthys olivaceus. Cell Tissue Res 302, 59-66. https://doi.
org/10.1007/s004410100353.

Okada N, Takagi Y, Tanaka M and Tagawa M. 2003a. Fine



458 e - AR -

structure of soft and hard tissues involved in eye migration
in metamorphosing Japanese flounder (Paralichthys oliva-
ceus). Anat Rec A 273A, 663-668. https://doi.org/10.1002/
ar.a.10074.

Okada N, Tanaka M and Tagawa M. 2003b. Histological study
of deformity in eye location in Japanese flounder Paralich-
thys olivaceus. Fish Sci 69, 777-784. https://doi.org/10.1046/
j-1444-2906.2003.00686.x.

Orcutt HG. 1950. Fish bulletin No. 78. The life history of the
starry flounder Platichthys stellatus (Pallas). Ph.D. Desser-
tations, University of San Diego, San Diego, CA, U.S.A.

Policansky D. 1982. Flatfishes and the inheritance of asymme-
tries. Behav Brain Sci 5, 262-265. https://doi.org/10.1017/
S0140525X0001181X.

Sele O, Smaradottir H and Pittman K. 2006. Twisted story of
eye migration in flatfish. J Morphol 267, 730-738. https://
doi.org/10.1002/jmor.10437.

Schreiber AM. 2006. Asymmetric craniofacial remodeling and
lateralized behavior in larval flatfish. J Exp Biol 209, 610-
621. https://doi.org/10.1242/jeb.02056.

Schreiber AM. 2013. Chapter six-Flatfish: An asymmetric per-
spective on metamorphosis. Curr Top Dev Biol 1-3, 167-
194.  https://doi.org/10.1016/B978-0-12-385979-2.00006-
X.

Schreiber AM, Wang X, Tan Y, Sievers Q, Sievers B, Lee M and
Burrall K. 2010. Thyroid hormone mediates otolith growth
and development during flatfish metamorphosis. Gen Comp
Endocrinol 169, 130-137. https://doi.org/10.1016/j.yg-
cen.2010.08.008.

Seikai T. 1991. Influences of fluorescent light irradiation, ocu-
lar side pigmentation, and source of fishes on the blind
side pigmentation in the young Japanese flounder, Parali-
chthys olivaceus. Suisanzoshoku 39, 173-180. https://doi.
org/10.11233/aquaculturescil 953.39.173.

Shao C, Bao B, Xie Z, Chen X, Li B, Jia X, Yao Q, Orti G, Li
W, Li X, Hamre K, Xu J, Wang L, Chen F, Tian Y, Schreiber
AM, Wang N, Wei F, Zhang J, Dong Z, Gao L, Gai J, Saka-
moto T, Mo S, Chen W, Shi Q, Li H, Xiu Y, Li Y, Xu W, Shi
Z, Zhang G, Power D M, Wang Q, Schartl M and Chen S.
2017. The genome and transcriptome of Japanese flounder
provide insights into flatfish asymmetry. Nat Genet 49, 119-
124. https://doi.org/10.1038/ng.3732.

Shi Y, ShiY, Ji W, Li X, Shi Z, Hou J and Fu Y. 2023. Thy-
roid hormone signaling is required for dynamic variation in
opsins in the retina during metamorphosis of the Japanese
flounder (Paralichthys olivaceus). Biology 12, 397. https://
doi.org/10.3390/biology12030397.

Shin SP and Lee J. 2023. Infection of Enteromyxum leei in cul-
tured starry flounder Platichthys stellatus. Fish Aquat Sci
26, 234-240. https://doi.org/10.47853/FAS.2023.e20.

Si Y, Li H, Gong X and Bao B. 2021. Isolation of prolactin
gene and its differential expression during metamorphosis

involving eye migration of Japanese flounder Paralichthys
olivaceus. Gene 780, 145522. https://doi.org/10.1016/].
gene.2021.145522

Sun M, Wei F, Li H, Xu J, Chen X, Gong X, Tian Y, Chen S and
Bao B. 2015. Distortion of frontal bones results from cell
apoptosis by the mechanical force from the up-migrating
eye during metamorphosis in Paralichthys olivaceus. Mech
Dev 136, 87-98. https://doi.org/10.1016/j.mod.2015.01.001.

Walpita CN, Van der Geyten S, Rurangwa E and Darras VM.
2007. The effect of 3, 5, 3"-triiodothyronine supplementation
on zebrafish (Danio rerio) embryonic development and ex-
pression of iodothyronine deiodinases and thyroid hormone
receptors. Gen Comp Endocrinol 152, 206-214. https://doi.
org/10.1016/j.ygcen.2007.02.020.

Wei F, Chen J, Chen X and Bao B. 2017. Comparative analysis
of the neurula transcriptomes of two species of flatfishes:
Platichthys stellatus and Paralichthys olivaceus. Gene 596,
147-153. https://doi.org/10.1016/j.gene.2016.10.020.

Wen W, Huang X, Chen Q, Feng L and Wei L. 2013. Tempera-
ture effects on early development and biochemical dynam-
ics of a marine fish, Inimicus japonicus. ] Exp Mar Biol Ecol
442, 22-29. https://doi.org/10.1016/j.jembe.2013.01.025.

Xiao Z, Cao L, Liu J, Cui W and Dou S. 2023. pCO2-driven
seawater acidification affects aqueous-phase copper toxicity
in juvenile flounder Paralichthys olivaceus: Metal accumu-
lation, antioxidant defenses and detoxification in livers. Sci
Total Environ 858, 160040. https://doi.org/10.1016/j.scito-
tenv.2022.160040.

Xing J,Ke Z, Liu L, Li C, Gong X and Bao B. 2020. Eye loca-
tion, cranial asymmetry, and swimming behavior of differ-
ent variants of Solea senegalensis. Aquac Fish 5, 182-186.
https://doi.org/10.1016/j.aaf.2019.11.003.

Youson JH. 1988. 2 First Metamorphosis. In: Fish Physiology.
Vol. 11. Hoar WS and Randall DJ, eds. Academic Press,
Canbrudge, MA, U.S.A., 135-196. https://doi.org/10.1016/
S1546-5098(08)60214-9.



