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Photoperiod Manipulation Modulates Growth, Somatotropic Axis-Related
Genes and Hematobiochemical Responses in Atlantic Salmon Salmo salar
Parr
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Photoperiod manipulation is commonly practiced in aquaculture to synchronize the photoperiod with the circan-
nual rthythms of Atlantic salmon Salmo salar. Here, the effects of different photoperiod regimes within recirculating
aquaculture systems (RAS) on growth, hematological parameters and stress responses in Atlantic salmon parr were
determined. Fish (initial weight, 14.1+4.89 g) were reared for 22 weeks under three photoperiod treatments: 12L, 24L
and WS. All treatment groups has increased body weight by week 22; however, the rates of weight gain and specific
growth did not significantly differ among the treatment groups. Interestingly, the WS group exhibited a significantly
greater fork length than the 24L group and showed signs of smoltification. Pituitary growth hormone and hepatic
insulin-like growth factor 1 (IGF-1) levels increased in a time-dependent manner. Notably, hepatic IGF-1 expression
was significantly higher in the 24L and WS groups than in the 12L group. Additionally, antioxidant gene expres-
sion and plasma stress indicators increased temporarily in the 24L and WS groups at week 11. Therefore, although
photoperiod manipulation in RAS does not affect overall weight gain, it can modulate growth and smoltification in
Atlantic salmon.
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AN 2 24 9] &g =3)3tcH(Bjornsson et al., 2000; Churova et al.,
2020). T A9k 1 of(Salmo salary= g0l A K3kt F LA Al
H25 20 A (growth)e 5ol A wjot sl A 712 A1 sje ol Este] el ThA] AlRkS §18] TR
Al2) o} 7|t 2Ho] FAElul, A2] A7)0k B0 Z Boet A5H4 o] F(anadromous species)o|th. o] 2 43
7Foh= A=A Bdolt). 53], M dEolwel A48 9 AR B ol 4] Aofi= AEESKsmoltification) b= 53]
A ol ofs) A, Yeubgo A L BT W ol W2 S AR ABESE 35 28-S 9l AE]
¥o] 7184 (food availability)oll @} Aol R A5 2, 0] Al7] Fok Al fol Yejshal, Aeista W sty
7]+ WA gl(endogenous thythms)& =5} zeitgeber H5LE sHlsk=g], o= SRl o3t Yliu] A o] Bu|x
24 S %25}31(Endal et al., 2000), A4 Z(somatotrop- A3} )5 g Q1 Afo] o] AFEak-gof o]F] Yol dTh(Bjérnsson et
ic axis)oll 2174 ¢l P&FS v| | = A=Y (photostimulation) & al., 2011). 3742 ALY, & 2 A8 =)o 23] thy-
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Y3%7] 2780] hHaklo] pamol 1A= el g 51

roid hormone (thyroxine, T, ¥ tri-iodothyronine, T,), growth
hormone (GH) ¥ insulin-like growth factor 1 (IGF-1) 5 38
Wt =20 1] W o] o] Fofx|n, o] 5 Fof A &
S 2ol A 9 o] 2 24 52 5 TR YA 7]5& 7HA
7| Ftk(Bjo6rnsson et al., 2000).

B7le 7HE Sast o A=0m AHg-5to] AYA| 2 cir-
cadian rhythm) 2 #24/d ] vh3-2 2k, ] A 9]
F9 291 AAFSHE-E] 5144 <5(hypothalamus-pituitary axis,
HP-axisy& "7l = sto] AEES 9 AR o] J3kS mXtk
(Zydlewski et al., 2014). 0} 7F-E H|5&3F A 5552 A2 A
) Z(somatotropic axis)Ql GH/IGF A]2H]o oJ3)] 24 =r,
GH/IGF-1 &2 =|5lA ol A 4] &= GHEeF =2 Thof|A] A
A &)= IGF-10.2 A EtDuan, 1997). GHE= A4S 271
St 78 7% o= Ak A 24, WY & ot A
o) S v]A = tpHEA S 25 (pleiotropic hormone)©]
t}. GHE 324 22]9] AlxZuto] Q1= GH receptor (GHR)O||
Agsto] Az Asdg 9 FAA dde 93 ik A
4 9H-S-(phosphorylation cascade)2 =3 H(Zhu et al., 2001;
Caputo et al., 2021). o] I o4 GHR-2 A|222 W €] Janus
kinase JAK)E ZA5IA] 7] 1L, o]+ t}A] signal transducer and
activator of transcription (STAT) protein, STAT5E S1AFSHA|
7 g 3)sict BA43hE STATS: do & o|Eslo] 4 &
AL HAARE 248k A A Q1 &S ghok(Dinerstein-Cali
et al., 2000). ©]¢} 5-Aloll, mitogen-activated protein kinase
(MAPK) 7 2¢} phosphoinositide 3-kinase (PI3K) 7 = 5 T}
£ A5 09 A Eak 245 o) GHel B2l Azl 7]
52 FE%HHSun et al., 2014).

53], olF GHE AIZ 54 © 2512 AFs}o] 28 4% %
£, 4HE 20 12 ofrju] W) ws} 5 cloket B2 e
(anabolic processes)s o= A02 LA Ith(Fuentes
et al., 2013). 7k GHol| &J&£319] 7|52 243l 8 %
2o}, Hlo] k= A UER] Ao e Hetsto] wehpA| 9|
GH £H4]& 23 2Z 3k (Komourdjian et al., 1989). W-|3}
FA| S (light-pituitary axis)ye- 53l =|o}A| 9] 4FE 2 &
H| Al 3Z (somatotrophs) ol 4] GH| ?Hd & #H| & F2I5hH, &
H ¥ &% GHE= 7] IGF-1 S etz i 44 £3 &
T2 o]oj AT} AA| 2 FEX|7H41(Oncorhynchus mykiss) 1
TLo A A 3==7](long photoperiod) Z710] &% IGF-1 %
TE FosHA F7HAA A SXIgko] HaEglew, vy
g etw] oK Oreochromis niloticus)o| A= J5717F 4% & &
H FdAke] A7) 25 (daily thythm)& 28sh= A0 2 1t
EFRTH(Fu et al., 2022). SHA|RE 2] 2|8k 7] o2 F57] =4
Slol| A 9] AR EHA AR (reactive oxygen species, ROS)
e FAsto] At AEFAE 67| = fhel(Wei et al.,
2019).

AFS} AEY 2 Al W ROS7F A8t 21 79 A

SHA Bz, ofoll th-g-5t7] Sl FHAtst wh-go] e,
AR a0 e 24N 2L WAYEF S Z ROSS| 24|
o]Fo] A t}(Costantini, 2019). ©]5F+= nuclear factor erythroid
2-related factor 2 (NRF2)/kelch-like ECH-associated protein
I (KEAP1) 728 F4°2 3 ahish wol 7128 24s)
A7 superoxide dismutase (SOD), catalase (CAT)2} 22 &
& AR WS friest, o] 2 Histo] uhE el A
AEF A WSS A5 o] 393 A Fo|th(Tonelli et al.,
2018).

A FA = 27 Hstol| uf$- T17HeHA| §Hg-3l= ©F(sen-
sitive species)°|th. 2, F7] X A& Foll 2 Hu|A
2 A2 gkgo] 3A dEpd 4= 9lom, o]fgt 852 i
Ao WEnlA 24 9 Aef A 7)ol 2420 3

et al., 2011; Melo et al., 2014). A =] thA|kedo] oFAle
Y Lteh(eyed ege)e 71REe. 2 A Holj7|E defsh=

wpaloloz, Soluel 87 Z7do] HHFE AL, TRESS
Ttk Ao] 4Fd ) A& #-9-5k= F a3t dpA|ol o) whet
A =] ol A o] th kel o] 24 g zdat o A
A W8 ] 918 7] A77} Al sic. e glolet 2
< A FAo o] =2 ikl A= FF7] 24 (photoperiod
manipulation)S 22 © & -8-51o] AL FFAFA 7] 1L Q)
TH(Ytrestoyl et al., 2023). o] 7]&-S @dd37|(12L:12D)E
£ 019]2) 0 2 A& A% (winter signal) S F-oi 3t 5], ¢14:2]
2 2UHF7](24L:00D)2 Hgkate] Slofo] 4T ABEs)
£ 2215}= A o|tkSkjold et al., 2024). o] = T3l A2 21 A
Ao] AHefef A Hloju} A% QH 4121 off-season smolt A 4tHo]
7Festl o, Aol FAY aedS g7|Hes JiAl
S15ICH(Fjelldal et al., 2009). s}A9F 7] 2] AYz|aha
A= Aol R] grom, AL AT E 4-85k= A1 9] oA
17\ (body size)L} AH% 523} 22 el RelSTe| Abs
2tgel ofsl 7 A7} Hekd 4 olehs o] 2 A7 E Bl
915 A tH(Pino-Martinez et al., 2024). o] 2| gt vl 7 of| A, =23}
T4 5 A B 200S AU Alod 4= Yl e Eo ek
A A] 2 H](recirculating aquaculture system, RAS)2 €4 317
O] Aok Haxslstal dofo] A4 A ES SHstel AE
B8 342 Yo fEe 4 oliz ATl tike.z 1
AF51al ¢ltk(Hamilton et al., 2022).

oo & A= FAIE RAS 7 ol A 225:719] A= &
#277] 2710] pare B o] chajeretole] A 2ol Bofa)
+ GH/IGF-1 axis A S8 7} Bl o] 2] 2B A 2|3
Q1 EA 9 7hx 2] o ket 2o vl A= ok w45
o] 5 Foto] i A= = RAS 27 of| A thAfekedof o] 214

S 5L off-season smolt2] O 2] ¢l AYAS: 93 1}
a}20] ZARRE AN 5 Stk

(¢}
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52 4ge B urdstn 58

3 5291 ¥ 3] (Institutional Animal Care and Use Committee)
o] Sl 2 &4 A3 whet 4234 = 2l eHApproval No.

GWNU-2025-9). A9 7 AEHAA| = F3 Ao 925 U]
FHAIAE A A Zldstict. Aol ARgel tiAgAo =
Ago] AJ2E7] A7FA] 24L:00D 357] 224 ARESL
ouf, A8 AR E 517 23] vhE S5kl B AlF
14.10+4.89 g9 parr th A FA o] 900012]E 6719 500 L ¢35
F2ol| 1500t 4=8-5ko] 7 At 2R 0 & FLAL9] Hl

A8H3ck AF-S RASOIA 2R om, 48 1510£0.11
°C, &4k (dissolved oxygen)= 9.85+0.62 mg/L, pH=

7.0540.16, 522 W U OHNH,-N) 5% 0.01 mg/LE &
A5}
M 7;|

1O

=
A= FF717F iAol Aol nA= =
171 9190 670) 1540t deelo] S Sakglz vl
o, F7] A v 37 5] 2o 13st
SArh(Fig. 1): 24L:00D (24L, 244|7k S0t 2|48 ¢l Wl 27,
12L:12D (12L, 12417+ g 4=71) Y winter signal (WS). ©]
< WS A& AHdA| 9] AlE Hgks mistr] 93l 371
2 gA A7 WAL 27] 1155 24 2 AL §4519
11, 0|5 4537k 121 Z A0l =2 A A winter signal-S 03519
ok ubERo 2 75 ot Thl 24L 270 Hetsle] ARE
2 A7) Asheh 1 ol ARe 225 59 oY B
7] 2205 A Fee ZF = 103 cm 9]of] LED
(Philips, Amsterdam, Netherlands)E- 4 %] 510 535} % T} =

n>
oo

e

=]
U

ofi

ol
o)

A
ay
ol

lo

5k - o7 - o]

o A]2] 2L 500 luxi AAsHcE. ol ThAIeyelole] %
ARl A% 9 ARESIE fmellol] S8 Wz ool
#] 1tk(Stefansson et al., 1993). A A 7Lof] k= 43 lux O]
Ao 2k 2712 iAol o] A E AR 24 75l 74
gk 2ol & Y A] 5o, 500 lux 9] 2= daf &4
oLt WA Q1 AEF A UGS F-EoHA] ¢ QhASH YR
B v} Qlck(Stefansson et al., 1993; Migaud et al., 2007;
Handeland et al., 2013b). whe}A], E Lo A= 500 luxS A
A4 RAS oA 9 HAA a&/dat o] 7o el 4 34
= FAO FFAE 4= = 2 0 & e o] A8-519] ) A
9 717k 5ot R Ho] {-9& Apdsty] flel HE e o
< AR, 2 FF7] e E A2 AR Alo] AlAH
&l FUstA Aol = et

A= &F

B7] 2ol w2 dAelole] el we g £
7] el AE HAIL(0 week), AE THALDRZEE ZF 115
weeks), 1555(15 weeks) & 22722 weeks)7} A AlH
543 AL QST W £ 5w S 9%
AL AETE A U B 91979 akeA] 242 33
ShQlTh. 22 A3 A 247 F9F AR E FEokA] kAL =
A 2 FH A A % o]+ 2-phenoxyethanol (Junsei Chemical
Co. Ltd., Tokyo, Japan)Z t}3slo] ol 2 2218 23313
t}. gl ma] A (caudal blood vessel)ofl Al ukel 2]
I mL 4715 Agste] 2 Alg okt 10vke) 4 Aee

~
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=
=
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S

e 2 =

AIEI(4C, 3,500 g 10 min)stel B4-& Helsect.
yue =%

2t AR 1001218 A9l Alsto] e o A
S =484 o, vTkE (condition factor), €Y 5H| = (av-
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Fig. 1. Schematic diagram of the experimental design. The experiment was conducted for 22 weeks under three different photoperiod re-

gimes: constant 12L:12D (12L), continuous light (24L:00D, 24L) and a winter-signal protocol (WS). Arrows indicate the sampling points

at0, 11, 15 and 22 weeks.
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erage daily weight gain, DWG), €& A& = (average daily
length gain, DLG), 5A|&(weight gain rate, WGR) ¥ H|4J
A-E(specific growth rate, SGR)-2 th2-2] 543 AR8-5]0f AF
=53k

ZA o] ti M g0l parrefl vl A= A4 HhS- 53

gDNA Eraser (Takara Bio Inc.)E ARE-3}¢] total RNA F=&
W cDNA 34 Aaaakinh. ol 7} A& el wage
TB Green® Premix Ex Taq™ II (Takara Bio Inc.) ¥ Thermal
Cycler Dice™ real-time PCR system (Takara Bio Inc.)& A&
sho] BAET) 2+ 9 qu}g] H}EEEO. 0-AACT Bl O & AA}

o|uj BWf 2 BLf= 274
27 N2 A A%

K=100 x (BW/BL?)

DWG (g/day)=(BWf-BWi)/Day
DLG (cm/day)=(BL£-BLi)/Day
WGR (%)=100 x (BWF-BWI)/BWI

SGR (%)=100 % [(In BWF-In BWI)/Day]

T2 A AT A, BWi 2 BLi=
SLAP, BWIE 27] A%, BWFE 25 A

<+, BWE A5, BL2 A1, K= HITH=S o v|3ie),

FEX gl 24

iAol A w21
gl A+ F
hydrogenase 1 (NQO1), SOD, catalase (CAT) %
peroxidase (GPX)2| zeto|HE

72l GH 9 IGF-13F ~AE
KEAP1, NRF2, NAD(P)H quinone de-
1 glutathione

clARQIsto] 2t 7] 2710]

Z=}el

2 §A A EAHSITHTable 1). 0|5 $13) 2 5
7] 2004 AL Aokl o] 7k 9 wlaiden] 218 A

stof -80°Cell Hast3iTt.

0]3- RNAIso plus reagent (Takara

Bio Inc., Shiga, Japan) 2 PrimeScript™ RT reagent kit with

Table 1. Primers used in this study

o, A&l HaAFS ALlslr] ¢l ribosomal protein

L32 (RPL32)E #x&
gen, 2001).

S sholsly| 93 Pl Asket B
%ﬂi

B57) 240] gAakelole] a9l 22
YSEe)

A2 AM8-3F9 ch(Livak and Schmitt-

7l w4
Ayt £4 4

total protein (TP), glucose (GLU), aspartate ami-

notransferase (AST), alanine aminotransferase (ALT), blood

urea nitrogen (BUN) &

creatinine (CRE) & 6719 3-&-2

AFo g2 BA5HITE R E 248 Fuji-DRI Chem NX700 A5
A5tk B4 7] (Fyjifilm Co., Tokyo, Japan)E AR8-510] X184 &

e, A

S8

L= delge A4

&l /\]—o] 57;“;(4 x}o]a A% 111
= 98 U EAHLA(One-way ANOVA)S A&t
o] 2220 P<).052 A5+, ANOVA £4] 12

2A}e] Zr BT et B

gatgto.

o:{o_

R

2 9o o)k G A9 Tukey®] AFHHS F718 0

Z AN e

27 24 914 S SPSS 4 E ¢|of(SPSS

version 29.0; IBM Corp., Armonk, NY, USA)E A-8-5}% Tt

Gene Full name Sequence (5'-3") Accession No.
GH Growth hormone o I CAT M21573.1

IGF-1 Insulin-like growth factor 1 O A e TOoTATTG XM_014153327.2
KEAP1 Kelch-like ECH-associated protein 1 E:: ?TGJI gﬁ%ﬁgg{g?&g%gg XM_045691058.1
NRF2 Nuclear factor erythroid 2-related factor 2 E:: ?g%ﬁgi’éiig?@g&%%%g@r NM_001139807.1
NQO1 NAD(P)H quinone dehydrogenase 1 A dicia XM_014176646.2
SOD1 Superoxide dismutase 1 E:: ?gﬁgggg%%ig&%%ﬁ NM_001123587.1
s W
GPX1a Glutathione peroxidase 1a E:: ﬁgggrgﬁ%fg Eégﬁ&g XM_014133872.1
RPL32 Ribosomal protein L 32 F: GCCCTCAGACCTCTTACTAAAC XM_014134920.2

R: CTGACCCTTAAACCGCCTG
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Fig. 2. Changes in body weight (a) and fork length (b) of Atlantic salmon Salmo salar parr reared under different photoperiod regimes. Data
are presented as the mean+standard deviation (SD). Different letters above the bars indicate significant differences among the groups at the

same sampling time (P<0.05).
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A AE AR-OFHY Eet Ale 2 ARE 24
14.10+4.89 g, 11.01 £1.10 cm@oH, AF F& A%<l 2
Fapo] ot AES WS Aglto] 80.75+13.65 g0 & 052t
e} vlasto] ofF 5.73uf st on], e AW 5 7P =
2 WGRE Yehfolt} 121 A¥#e 77.14+13.58 go.&
OF 5.474), 24L AFLLS 70.39+13.96 gO & 4.994) Z7}5}
o, e AT Ato] AR oAb 2Rl EA] sttt
(Fig. 2a, Table 2). TRF AIF9] 7% 22582} 12L, 24L, WS
Aol 7F7F 19.33+0.84, 18.30+1.29, 19.77+0.98 cm&
1.7-1.88) A%} ch(Fig. 2b). 53] WS A2 24L A%
w3t Hlaske] oA B 71 A-S et o] et AlS F
7F ol@]of] AEELL WE FA ] FRE = AS gl
k. ZF Al o] g AAE B4 A AR e o st
7} 2= QI Th(Table2). HIRFE 9] AL 27] ZHS 1.02+0.10
of| Al Al&Fate, 155FA71A] Bt 1.10+0.072 HE AE
A relgt ZFol 7t gl eH(Table 2). 12fuf 22552 WS Aed<
o] H|PHEL 1.04+0.060.2 5-0l817 7HAslgl o, 241 4
FaH(1.14 0112 Bl 2L sHS off fofshA| W2 A& vet
Wl

DWG #4] A}, A3 27191 0F:3HH 1IFAIA] = BE
Ao A o2 F& AFES Bt o] A7l WS A
39 DWG=0.30 g/day= 12L (0.26 g/day) @ 24L (0.24 g/
day) A%l tH] 22} 15.3%, 25.0% &8 4% S ey gl
;AR SRR TR0l A 1553} Afolofli= 241 AR+
9] o] FEHFL sl 717k 24L AHTS] DWG= 0.66
g/day= 71 =& A5 Uehl glon], WS 9 120 A3t
Hlasto] Zk2F 46.6%, 60.9% & &0l Sick. W, A

\S)

o

155FA ] 2252} Ato] 7tof A= 12L 9 WS A9
Zo| 7hakE A AaHelch. DWGZF0.64 2 0.63 g/day
Z7)(0-1152p) e} v ws}ke] ZFzF oF 210% 2 200% 3F
2 2 E Btk DLG +4 23} 1IFA7H] = A8
ol wlulatg ok, AF FHRH(11-15 2210l 24L 4
2 0.08 c/day @ %7] tfju] 2v] Z7}3t Wb, 120 9 WS
A2 0.05 co/day =, A3 Z2HHRQF HAFF 528 G135}
%CHTable 2). A7 SHHA(15-2252)oll= 241 AHL9] 4
ZFo] E=310.03 cm/day) ¥ ¥HH, 120 2 WS A2 0.07 cm/
day= /dpo] 7H&3te= Akd 43S 29k WGR2 7
7+ 472.05+13.58,427.46+13.96 4 503.00 + 13.650] 912
SGR-2 77} 40.94+13.58, 36.55+13.96 U 43.28 +13.65%
SAE A 22570f) Al A3o] WGRSF SGRYLT -2t
Apo| & Hol x| ¢SlTh(Table 2).

BT 22 AEES Ao AP A 9y HIkE f st
A Ch(Fig. 3). 12L ¥ 24L A2 155244 € 220k (parr
mark)7} @o| A= S B ok, A T8 A-R2FAN 7t
A 8] A EA] ohgkom, S3lsilvering) Aol U 7Y
Ao Agt TaE] Qlck, WhH, WS AF o] A9 155215 E )
Enta7} PAS] AR AL A o] MO g7 Wk 5l &
3t @Afo] vpebt o, of2fgh My A Ql A
THA] 2|44 0 & fA| = STt
GH/IGF-1 axis XA 2ol EM

5} GH 2 7F 22 IGF-1 mRNA W e M Ze A3
g2 EAT A, F7] 2700] uhE FE1g 2fo| 7h k| gl
th(Fig. 4). 31424 GH mRNA= A9 27] 357]°] 7175t
A Wg-5kod, 1155210 WS & 241 A g Fto] 121 thH] 525}
Al ZF2E 11790, 1.098) =2 WdeFg B ook 155:4ko= 121
Aot vlarste] 241 W WS AE ol A folohA =2 |
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Table 2. Condition factor, average daily weight gain, average daily length gain, weight gain rate and specific growth rate in Atlantic salmon
Salmo salar exposed to different light conditions for 22 weeks

Parameter 12L:12D 241.:00D Winter signal
Week 0 14.1+4.89
) Week 11 34.35+5.55 32.79+8.86 37.29+7.32
Body weight (g)
Week 15 45.90+6.92 51.37+12.68 49.94+5.87
Week 22 77.14£13.58 70.39£13.96 80.75+13.65
Week 0 11.01£1.10
Week 11 14.55+0.79 14.32£1.12 14.99+1.03
Body length (cm)
Week 15 16.07+0.83 16.66+1.62 16.48+0.75
Week 22 19.33+0.84% 18.3+1.292 19.77+0.98°
Week 0 1.02+£0.10
. Week 11 1.11£0.05 1.09+0.06 1.1£0.11
Condition factor (K)
Week 15 1.1+0.08 1.09+0.05 1.11+£0.04
Week 22 1.0620.08= 1.1410.11° 1.04+0.06°
. . . Week 0-11 0.26 0.24 0.30
g‘;gg’;f)’e daily weight gain ek 11.15 0.41 0.66 0.45
Week 15-22 0.64 0.39 0.63
Week 0-11 0.05 0.04 0.05
Average daily length gain )
(cmiday) Week 11-15 0.05 0.08 0.05
Week 15-22 0.07 0.03 0.07
Week 0-11 26.30+5.20 24.27+0.72 30.12+3.47
Weight gain rate (%) Week 11-15 41.25¢15.15 66.36+13.89 4518+3.23
Week 15-22 63.76+11.08 38.82+1.13 62.88+3.90
Week 0-11 1.15+0.15 1.10+0.02 1.26+0.09
Specific growth rate (%) Week 11-15 1.03£0.33 1.60£0.27 1.040.06
Week 15-22 1.06+0.14° 0.64+0.022 0.98+0.05%

Different letters indicate significant differences among the groups at the same sampling time (P<0.05).

Tl BT, AN 1464, 1360 & FATL U 24 A DAL, oot 222 UL WS 4
S5 A8 DAl B A1 oI 0 S 0R o 15l A 27 (Up-regulation)®l 0] 5 1
ol ¢gkeh. ZF AFE W] AT Aol W WSS AR, o] AR F7HE 00, 2T L S0l o

121, 24L 9 WS A3 72 0522} v 11TX}°ﬂ e gfo] 35
2 o 7 Z7}sto] 747} 68,800-80,7008) =2 42| E ERY S

Qi) AupH oz Ag 2 AH(22%)0] 24L D WS A
A O] IGF-1 & -2 052 thu] 242} 1,080 21,1504 =

o} 22 o] 3 120 9 WS AT 11TXPTE1 22527714
F7HA Q1 f-olgh Hs} glo] Wl o] §AE Qe 24L A
& 11530 Z718H Walwo] 1554704 -4 =t 225
Aol ThA] -2J5HA| Ad5ate] 05:2ket vl awste] F 155,0004H
S7FeEA L, A A G A W oS B S tHFig. 4a).

7k 22 Y IGF-1 mRNA &8 35+ A A3 717 5ok 337)
Z 70| w2 g3t ol g e ITh(Fig. 4b). 11524}, 155

© 422 7|83k,

SIS IR R 24

o

chret we7] 2700 Hfe A 0] Ames HeS
7¥al7] Hall, 7F 22|04 AksE AEd A(oxidative stress) 2
A|3E A (cellular homeostasis)?t A% -FHZXHKEAPI,
NRF2, NQO1, SOD, CAT % GPX)2] ¥ H.45}%]t(Fig.

l-

o=/ v
29l 2258340) BE B4 AN RLAFZ L 4L I WS D).
Ao vls) fo3HA R wae Bk AW A4 KEAPL 3217 @& 05249} lasto] 11530 = wE

17 uhg el AR, 12 AW 022 o] 1173
of W] F7kste] 1554714 A 9oLt 2257pel o]

AT A R Aol S
AFoIA RSP 4 =

Ho|A] QEOrOLY, 1557 o) F RE
AE|IcFig. Sa). 53] 2254}
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Fig. 3. Morphological changes in Atlantic salmon Salmo salar parr
reared under different photoperiod regimes. Representative images
show the external appearance of fish from the 12L, 24L and WS
groups at weeks 0, 11, 15 and 22. 12L, 12 h continuous light; 24L,
24 h continuous light; WS, Winter signal protocol.

24L ARl A 71 2 AR U 9l o, 0554} T H]
oF 20l F7kek =% o]t

AL o] o 2AJAR] NRF2 9 4 §42191
NQO1& A& fARSE W3l 3e eIk NRF2 444 o
-2 1152100 241 2 WS Aol Al 052F oiju] Zkzf 2uf) 2
199} ol slA 7okl th(Fig. 5b). SHAIRE 15F2H-E 072}
PO AL, 225 AHA] 32 = Stk NQOT #+77¢
e T 02k} vl arsto] 115:2¢e] 241 2 WS A3 tof| A]
272,94 & 328 F71519 oL, 1554} o] 5 hasto] 223
Aol g AT RO g Aol & VrEh | A] (Rt Th(Fig. Sc).

ol LAl el F7H= T8 AL 54 {7AHSOD,
CAT % GPX)ol| A= 352 22 #2Eglct ROSE oA
7)== 5401 SOD SAHA= 11322}9] 241 U WS A8 Lo 4]
052} thu] zFzk 9.57v) @ 9.22u) Z7}5}¢ich(Fig. 5d). CAT
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Fig. 4. Relative mRNA expression levels of growth hormone (GH)
in the pituitary (a) and insulin-like growth factor-1 (IGF-1) in the
liver (b) of Atlantic salmon Salmo salar parr. Gene expression
was analyzed at weeks 0, 11, 15 and 22. Data are presented as
meantstandard deviation (SD). Different letters indicate signifi-
cant differences among the groups at each sampling time (P<0.05).
12L, 12 h continuous light; 24L, 24 h continuous light; WS, Win-
ter-signal protocol.

9 GPX 707} HHel 3t SODS} SARG AL Lehfolis
dl, CATE 115:3}0] 053k 2} 1] mafe] 241 Wl WS Al 20 4
Z}2F 12,94 9 1514, GPX G- A= 717 8 6Hj) L 8.4u)) =
7¥SLAH(Fig. Se, 5. et o5 Al 7bA a4kt fids A%
L 153 F25 gashnh WS 2 241 A
157345 8 Wego] 7haste] 23 7] 07442 5
3 422 rehRglct.

ELCIRTELESICIE

BT 2o 2 e A A Aot 22 V)5S ¥
7Val7) 9)8) 9 A Ayaksl 2 m(GLU, TP, AST, ALT,
BUN % CRE)E #4591 ch(Fig. 6).

AAA] At E A& AEH A0 %] B4 Y GLU &
£ A A 7 Eet FEr) 20| e (2%t 4] Wsks
HSthFig. 6a). 11552}, 24L AP L 67.3 mg/dLY] 52 &
UFERYH 12L (55.2 mg/dL, 2F 1.28H) 2 WS (45.8 mg/dL, <F
1.50)) At vlwste] fosHA| =2 =215 e Sl
15522 oli= ZF ARl Abo] folgt xfo]7h §lgl oL, 2254}
#Fo] 27191 24L (58.2 mg/dL) 2 WS (63.4 mg/dL) A& to]




7] 2] tiAeFeo] parrol vl A= Al A vkg- 57

(@ 25
e
o 2 F cd cd d
g: be cd be
s 1.5 F T
=
; ’ _ab a a
S T T
w
0.5 ¢
0
0 |12L24L WS|12L 24L WS|12L 24L WS
1 15 22
() 45
4
35 | o 2 be
: T
g 51 bc p be be D
o 2T
9 1.5 Mg T
1 F
0.5
0
0 |[12L24L WS[12L 24L WS|12L 24L WS
11 15 22
(e) 25
20 ¢ b
o b '|'
2
s 15t I
£=
(&)
T 10
(5]
[
5 @ a a g a 2
a
0
0 |12L24L WS[12L 24L WS|[12L 24L WS
11 15 22
Week

(b) 3
2.5 b b
5 T 1 a 8
a
1.5 . a o a
T T
0.5
0
0 |12L24L WS|12L 24L Ws|12L 24L WS
11 15 22
(d) 25
20 ¢
C
15 | T 1
10 |
5t b b
0
0 [12L24L WS|12L 24L WS|12L 24L WS
22
f 14
12 |
10 : T
8T b
6 n
4 |
2 ta 3 : - a
0
0 [12L24L Ws|12L 24L Ws|12L 24L WS
11 15 22
Week

Fig. 5. Relative mRNA expression levels of oxidative stress-related genes in the liver of Atlantic salmon Salmo salar parr. The expression
of KEAP1 (a), NRF2 (b), NQOI (c), SOD (d), CAT (e) and GPX (f) was analyzed at weeks 0, 11, 15 and 22. Data are presented as the
meanztstandard deviation (SD). Different letters indicate significant differences among the groups (P<0.05). 12L, 12 h continuous light; 24L,

24 h continuous light; WS, Winter-signal protocol.

12L A% <4(32.1 mg/dL)X.c} 7z} 1.88) 9 2,08 -2J5}A] &
2 25 Btk TP - 115:440] 121 A9 (4.22 g/dL)
o|WS A& +(3.62 g/dL) =t} +-oJ5HA| =t 1554 o] %
FE= AW Abo] -3k Afo| & Ve A] ¢ESkTh(Fig. 6b).
2k 22 9] 4f o s Ve = 23890 4 W AST Y ALT
FEEA AT}, 1154 AST+ 121 9 241 Al9l<tol|A] Zhzh

420.8 U/L ¥ 401.3 U/LE WS A2(275.0 U/L) B} 525}
Al =2 $2E Y QoW 15337 = =27t st
BE AFT Ao] 5o Aol ol x| ektrh(Fig. 6¢). ALT
A 115:3¢ol] WS Ag oA 194 ULRE 7H W2 45
LR Qlth(Fig. 6d). o= 12L (23.1 U/L) & 24L (24.8 U/L)
A2} vl aato] Zhzt 0,848 W 0,785 W 23] o, Al
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Fig. 6. Changes in plasma biochemical parameters of Atlantic salmon Salmo salar parr reared under different photoperiod regimes. Glucose
(GLU) (a), total protein (TP) (b), aspartate aminotransferase (AST) (c), alanine aminotransferase (ALT) (d), blood urea nitrogen (BUN) (e)
and creatinine (CRE) (f) were measured at weeks 0, 11, 15 and 22. Data are presented as the meantstandard deviation (SD). Different let-

ters indicate significant differences among the groups at the same sampling time (P<0.05). 12L, 12 h continuous light; 24L, 24 h continuous

light; WS, Winter-signal protocol.

T A0l 22521 WS A8 9] ALT 3%+ 33.6 U/L7HA|

}5}@1 om(] 1;&;4 o] oF 1.734)), o] 24L (26.6 U/L) A
T H WSS wf B A A o= [-0JjE Afo] & HGiTt.

A1 7152 B7Fsh= #1391 BUN == 11522k 120 A
¥ +(3.72 mg/dL)°] 24L (5.02 mg/dL) 2 WS (5.15 mg/dL) Al
dEh 7#;‘ 1.354l, 1.38Hl {257 ‘ZkE}(Flg 6e). & tF

A%k 7158 Ve %] 391 CREQ] < 115:3}0] = 241
o] 0. 62 mg/dLE, 12L A 3(0.50 mg/dL)=ch oF 1.24
oAl =2 215 e UtKFig. 6f). W, 225319
WS A%-0] 0.46 mg/dLE, 241 2 121 (2+2} 0.42 mg/dL)

nEL OlN OFN

M = mz ru

AR o 119 §olahA) £ 4212 Uen i),
n F
77| Z0| T2 MU0 AE EX Ha}

A FAe] FAlabg ol = Aolel dAxt A 25 (circan-
nual rhythms)ef| w2} & 2 A 7Hphotoperiod)S Q19402 =
Aole 7]wo] EHA 02 AMS-HtK(Thrush et al., 1994; Ber-
rill et al., 2003). YHFA] 0 &2 A2l 4 2](long-day)+= 72| Ak
2 A7 A7k ZTA7]T GH 2u)S Shyekao 24 off
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9] S 2R5H= Aog dHA Qlck(Fielder et al., 2002;
Biswas et al., 2005). 5, Ao]3} o] FokA o A= T A2
(short-day)= #A& 2 WS 5§ FUA 2 Agtow
W AR AEESE aH o g FXskaL o] = QIsfA off-
season smolt AJAHS- 715317 glth(Stead and Laird, 2002;
Handeland et al., 2013a). & Aol A] thA|FA o] 2|o](Z7]
Bt Als 14.10£4.89 g)= 22557 AR A3t HE AR
At Q1 072} T B] of Al F-o] oF 6u) F7ksksih. et A
A T8 A 22572 0| A ZF AR 7E o Al 52] 7o A 4l &}
o] 5 UEhA] ghSltt. ol= 7]E0] U A AL} ditE =
Z1i}o|t}. Imsland et al. (2014)1} Morro et al. (20192
4] A 2~Hl(flow-through system)of| 4] 24L Z710] A F7]
55 A& A3 (winter signal) A ¥t ETE 28 AAES =91
ch1 1 15}l e RAS A4 v chAfopeto] Tt oo,
2 43 Pino-Martinez et al. (2021)2] A2 = 2 A2}k
SAleH B77) A2lol W 2% A% okt e
219kt ol RAS B7] BA4 24 423} F33t Fol7}
QoA A B ek, B Aol W 4 AT )
A S7HEHA = 4l 2oz AetElthPino-Martinez
etal., 2021).

ZLeup AP Blvbe, Z1e| i Skl A4k 2] 32(DWG, DLG)
204 57 Helo] e Al Aol BakE ) 2
ol A 22520l WS ARdto] 241 ARt} 71 A &
SHTE S Btk o]l = A& AS T A4Y 27 0 2.9] Xgho|
oA Fedo] o oA & Tt Al A e 52 Hrk= 4= A3
WAE =7 A (skeletal growth)oll 2] 2] o[ 2] 7} 9-414]
02 B3l E = E 223 AJARGHH(Pino-Martinez et al.,
2021). BF 170 A% A 32(DWG, DLG) 24 o) 4] 24L 4
dto] AR F71(11-1552h0] AIA ] 715 Hel 5 St
F (152252l E3Hd @2 A4 AE A5 o] H=
el AEESPL feE]A] Hotal 4% ago] Aat AnE
#1412 4= 9lth(Pino-Martinez et al., 2021). 222 0 &
RAS g7 ol A A F o] o] A2 Ale S7HER of et =
A 7 4 FejshA] ks FRtA o= Jrefsfof gttt & A
A= AS AT E 2R FT7] 240 A% FF7](240) =
2ol vlsfl, thAFA ol 442 AEE Agtol f-elgh Wake

GHE %57 wiste g5kl a4 % /b 41451
dolxtz, ABEs 3ol A 519) U] &

(McCormick, 2001; Handeland et al., 2013a).
2 Aol A W WskeA GH % 7F £2] IGF-1 mRNA
o] vhe HakL A9k o] o] A4 Z(somatotropic axis)©|

7] Ae] 220 whet o qA] ZHfl(energy allocation)2} A 2]
A 22 gdefsto] BASHE S AR B2 A
A 0522} tfB] 115:2; 9 2220 A 3h2hel 43 W57}
(68,800-80,700%}/130,000-155,0004 = A& =7](0FxH <]
w2 714 W (basal level)o] 4l g =H(fold change)®] 71
Zor AgHd uet AR = FEF A2 )4
Fth(Taylor et al., 2010). E3F o] 3t =22 §42 7<ts}
tl2te o= thA o7t AT AeA] B TR YR
o= HolEth AR 27](0-11573h)o)] B AgatolA 24l
= GH ¥ IGF-19] AA} &A13l= Handeland et al. (2013a)3}
Pino-Martinez et al. (2021)2] R 118} Zro] F.7] 2]&%{ 0] Ak
2 Bleh, 1153} A 71 5 At 27021 24L D WS
Aol 3% HAL BABR RAS ) 21t A8 87(
48 8 F 43k ool A o] f7HE% 2713040 g; 2 A
o i 27-51 ol weate] upel UjE] Fo] 5oz 3
s 208 ozl Aol A X64R) 3 Ao] 7|24 olahe
ste17] o]k, 471ke] A2 H54A12] somatotroph
2 2502 Astol ALY Hth L FAL Gt A4
SHE-Y5lrA| &2 vl 7f 2 31o] somatotroph U 2] MAPK E
= STATS AT A AAE BEseen ANEde =2
T0 2[R A0 2 g ti(Komourdjian et al., 1989,
Dinerstein-Cali et al., 2000; Chang and Wong, 2009; Sun et
al,, 2014). A 74 9] thAfeFdol= 419 JXA dxF 5
7ol BHE A A E1] 2le5 FAsHAINE 2 Ao gl 24
2 Q1912191 o] Wil el 52 M stebAL 51815
zeitgeber= 4| 24-8-5t0] A2 2710 =3t A o= HhH
tH(Endal et al., 2000; Handeland et al., 2013a). A3 £= A|H
(227F2he] K= Aol A GH Hra ol lof 1-9J3t ato] 7}
ol = 241 A7l Al Al A7 ol AlRtA el qiet. o] =
GH & 2tol7} REEA] 24 Qo2 A4 R R] 952 AlA
gt} X AlFol A AE
3|

A
3

ZFFolgt 2ol 7L gl ol = B
Skl 241 AR Ttoll A BEE A o2 52 vhE e} Zhe
A2 Bjornsson et al. (2011) ¥ Pino-Martinez et al. (2021)
O] B} AA5HA|, A 2710 AFESH T 32 T
oMY AEFE A AEH L7 FEFeS AR

7ol 2lol A9l 2- AR HEkrA| GH 4l o 4] 24
el 7ke & M= o] IGF-19] HalS f=gteh B3 1F 22 9]
IGF-1 332 A5 Es by F 4d 57100 ek A&t =
7] A% A o]} 44 )1 W&H] upA o] th(Pino-Martinez
et al,, 2021). 1533} o]= 24L 2@ WS A& 9] IGF-1 23
ol o7t Akol7}k flslol= EtekaL, WS Ao Alnt
Pk 23t wakE Ak AL AT Uit A3 9
A4 ik W9 RS Aste Al7]1A 241
2 A e AR o] 70 -2 2 fafl o] A AL (sys-
temic) IGF-1425F ofu 2} 5 5 ek 2 2]0| 4] =722 (local)
o7 YArE= IGF-10] ofsire A% 2dFthMatthews,
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1997). Castillo et al. (2004) 2 Li et al. (2014)°]] 2]3}H, WS
ATolA FHE oA e AT S7HET 25 ES
LAl =4 Aol A4z wilRE S 7FsAol Jle
o, o= Aol M BIE 54 2X(FF, olrbu] 5) f
oA =44 IGF-1 ¥Eo| FFxdd e mn A1l oy A
7t e A Aghel] A os AN ETHE 7 KTk A2)g
(Yan et al., 2013). 2 Ao A= 7F 2] U IGF-1 %81 S &
3 AAIR 24 B35S oL} T o Lo A= 2 AL} of
7hu) 5 A7) 4 27 oﬂw 24 IGF-1 %@ 2 7o w2
ak9) A5 Heke] 22 Bo|H S FYsHE F7HH9l A
7} 2 a5}t
RA0MS] AERA A FTXL

r

207 ke B27] =
AL

2 51l 4] AH4 3t opeiolo] A
717 1ol 2t 24 vjel sk A2~ 5 94
12K KEAPI, NRF2, NQOI1, SOD, CAT 2 GPX) 2
Askack 419 2710 SEal o)
, 0 3 A|7ro| Axpsto| whe) Zraste] -4 dlE= A3
E} Wei et al. (2019)©] =-5-{(Carassius auratus)s TZH“'
& AolA] Hat ue} o], X|4H24L) 2AL 121
7] Z70| vlg) 7+ 22 Y 3415 a4 mRNA 93-S &
% 2483 ol= Y7I(dark period)7} gl A 2
of A )5 0] Weke zefoto] IS} w0 BATE §
7] wj&o]ch(Tian et al., 2019). 11532744] Us1A &
&34 2ol =E =Y 2418 WS Aol s A7t
7 et Ae AEAQ F o] A REe S7HA
7]_]_ A}-ﬁ]-x% /\E‘LL"/\E OEQ}—I\‘% 7]__<k] e) qu_,_]:]- Lush-
chak et al. (2005)2 5%5-°1(C. auratus)E t/4o.2 #8121
Akzx(hyperoxia) =E A 3ol A 27]0f 15l A1 5-9f 22
A 8415} F2(SOD, CAT 2 GPX 5) 3H 7} chl 2 7}EE
d(protein carbonyl) ¥} 72 AFed &4 X 2 7HA SR L
A &H 07 AL 3ol mZAlol= ThA] 27] f2F 08 El
Sobrhe BAE BIstelm, o] % XA 415} Asa Aot
-5 Hh3(transient oxidative stress and adaptive response)©. 2
ARG 2, 2710 ST A ool A5
T} B} 24 wro] S SIE AR, U A7) Zatel
W ojs w40 Zo) B8 A4 9 Al ARo] e B
M2 54 HE A (steady-state ROS level)of] =3t 70|
tH(Lushchak, 2011). & Aol 4] 115=2¢e]] 2 1A} 4
o 27 ol 155ANE Wrelpo] Zhaeln] Qhysle ATk
S RAS W] 357] B0 1S5S olnlatet.
dF7| g0t VIS et &E 4
N 2 A5k d/deteH(clinical chemistry)2 4| U]
o, Ak, B4 B Asd FeE S5k HIHGA
o 2

%
ok B E sk -89 Swolt

{m

0_|..

ﬂllO :10
o AL 2

o o fo Iz lo @ it I>
%NW;RLES%&{

HoA
ol
ol
é

MBIEH X|H B2A
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(Braceland et al., 2017). 243F doishz] 9 AYlsha] HAR=
A7) 7159 Wk} tiAl ol S& etsked 71ofshH, o]
£ 53l 54 AR T AdElol HiRt WA S die AR

E AT dRtd o R 23 A2e G A EaE

frotaL Qlom, Alszdf =4k A] o] AAEo] @RE FEHH
mebs] G5 54 aasl] Wl 53] B4 HE Holu
= A2 22 &4 A5 Wtk AR A EE ARS-HT
(Braceland et al., 2017). & ¢17-o)| A= 4% TP, GLU, AST,

ALT, BUN 9! CRE Fo] th£2]<1 oot} of2|gh ek ¢l
HH 7bE ool = A AT St #E TR EEZE 9| &
HE|3L Q) oL, o] oFA] Fopol Ao A 7| A4 E sl
2|39 g 7hsAdoll theh Hs A7t 52381 o] Fol x| A ¢F
S¥th(Braun et al., 2015).

2 AFolA= 8 ARES EEsto] 24 F7] =
E Aol 9] e 4 vhg-& H7FskeiTh @4 GL U~ o]
F7} 97 2}=o] ¥1-3-3F w) hypothalamus-pituitary-interrenal
(HPI) &-& &3l +H|=|5= cortisol 2] 2H-8-2} 17 W3}t of
U2 339 A 12 g 2e-grk(Jentoft et al., 2005). 11522}
of| 24L Ao A UeRt F-2J5HA 2 GLU &%= A&
Ap=o] o] 78] A4 Esat thARE FIAIA A= 21t old

A Y 72 "HEA7] Aol Lushchak, 2016; Wei et al.,
2019). T3t 225 3}0]l 24L E WS A @ ol A B GLU 43
7F 12L A vlaste] {oJ8HA =30t ol 54 F+
7] 2710] tiA g0l 9] S SAsshe Ao g AHgs)
Ak, 1 AJ-E A2 2ol wet 2tol7t §leE Bl
o}, 4% AaK(Table 2, H]ukE, DLG S)olA 2 = 9lio], o
2] 3t o 2] vl 0] Zpo] 2 QIsA] 24L =7 X524 Q1 3 2 }
= A5 At k] of A& Q1 A AR F3S 28, W
20& 54 A D AFES AR of B =2 thAF A

i =21

ot

I

mlo
:10

AST Y ALT+= & 7HA|3Zof] EAsk= aaR, @5 429
71 7h 9] Aol TIARE: AR}, 71 7159] o]4F of
B2 2ol d) AHLEth(Zhang et al., 2007). £3] AL
AST°ﬂ H|3] =2 7HA|E(hepatocytes)ol] T So]% o & K
sto] @5 ALT 23] 9] S7H= M4 22 S48 o vl v
3lth(Kasarala and Tillmann, 2016). & ¢1Lo)| 4] AST =27}
Z7] 2B A o] 5 2G5 Qb StE] = Ak HAlth ol
ol 57t Al B0l AP 4 0 m g ek By o sfalg
% g]cK(Barton, 2002). L2} 7F E0] 0] T 28 ALTE 22
Z3j0] 12L 8 WS Adeld §oJst Z7hstelrh, Qb
O 2 ALT /52 1A 8] &4 ofnfshA|el, 2 dAtollA=

ol gt Ato] thal| AZEIE fI9E TF 229 thARA] A+-d
(metabolic reorganization) ¥ % UER= LA Z 9l A2 4]
HES-© 2 f4 ¥ ch(Zhang et al., 2007; Kasarala and Tillmann,
2016). tiAlFHol] T2 AEESLY] a3t AL 24 7]
0 B 23S 93 A U AT 5 4 o] o] 5ol

[‘Il‘
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A, o] Ao A LAH o7 FF ALT /o] 4T 4= 9)
TH(Seear et al., 2010; Harvey et al., 2024). 3}A]9F, 24L A&+
& AFES A = Y SHA] tal, ah= whA| o] thAL A
HE57] Wizoll ALT =27} 7161 A] o2 Ao = ke
BUN} CRE&= 717} ¢l ol & A A2, o] 59 €
T Fes A o1} 7|5 vkt 53] ol& 119 &
7He A% 71 Ash B 4 X HHE offe] A
12 Wb gof ek o] QAollA] WA el AEd A el
T2A, 7154 &4 AT 5 e T8 Ao XAt
31 Qltk(Harper and Wolf, 2009). & 1o 4] tjAoFdo]2]
@74 W CRE 2= 241 9 WS A g ol A 27]of S713ict
7} HE Aol A Bl s AEE Bk o= fEEel(C
auratus)o| A 27201 AEH A7} AL (golmeruli) Ak
Th(renal tubule) <=/-& st @4 Wf CRE A& S7H
Zth= A7KDing et al., 2023)9} B w ek o 2 1] thA|F
ol 27| 2B AR QI A UAA BHESHE A%l
U, 7] ALl H A2 Brol HTH 02 HIPSe
HolEeh dupA o g A4 foat= 2AE o, ALTE
A LJet o] 2] F= Sandnes et al. (1988)0] A|A|gF A7}
3k Aol o] AAF H9(GLU 56-135 mg/dL, TP 3.0-5.5
g/dL, AST 150400 U/L, ALT 3-10 U/L, BUN 2.8-11.2 mg/
dL, CRE 0.2-0.6 mg/dL) Woll &Rt} o= 2zt F5=7] 27

of fLolat AElE] W3- RSO, ol R ] GRS Wik
SH elot A AR olof XA RgheS olnld

of 420 B oM Selsl Bol Asiahd ¥E-S oA
k2lo] 7t ) RAS o] 219l el #27] Bel 5 el
S(acclimation) ¥} A EE S-S X 8is= T4 of| A WA=
2] 4 v]-8(physiological cost)e] A= a4 Hc}.

2 Qi hebe W) Z7d0] ghAdole] 44 Fa
=5 A1 GH/IGF-1 & 42 v AE | A ghg-of v
FFE THHOE gl WA 24L W WS 22
2749] 4191 GH/IGF-1 & 7 stA &/ 3tste] 444
wateltt. GHe F57] 240 vkgato] 71 WA AR5t
(McCormick, 2012), €443t GH AlS+= F4x2)Q k=
© &2 A= o] IGF-12] %412 (systemic) 2-8-of] 23] A4
= B A AEE S 9t YA 7Rk nFAEES]
A 4 Gick B3] Aol BE7] WSS HHE WS 27
= AEESRY 29 541 A% Al (elongation) ) 212 vl
axAlo] B Aol Hlal 7 =R S| UEbEiT. o] = thA S
dolo] AEESL whes] AU 27lof ATt k= A
o] of e}, F=7] 9] ks A5ty o v x| BullE &4 4%
© &2 Agksh= Jugt 24 2P Z AARITH AEH A NS
2 FHASlelA] B S Fof thAFA ] 2017 RAS W ¢19]
A9l F77] oA 7] AEHAE SESHL i REY A
214 7]5& A o fAI5H =8 g ofl 2353 a=
sRlskgit. dE2 o2 WSeF 2h& F5=7] 24L& 51U RAS

i
oz M~

4

o ox
do o rr =

P

A g

Al AL

o L 2025HT HPFAR HUCE SopAlTS}
ST AURS2022-KS221670, 2454} 02 5% Sohs
FE)T20259E DEE L FAS AN =] A0 2 3
RISEAIE] ] X2 ot =348 | JSAZA] thatA| 2Al A
(RISE)?] A7}91(2025-RISE-10-004).
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