BhpES 1308

Bk 7T~ 2 (BT~ R) OV KT D AT =K I

IR/ NI G S T I = T N 1 B o 2

BB R R BE K EER A ERE, *EE IREEEWI AR, SR R OKPE IR

B B USRIV IIvRO—HFETHLN, EEWIAKRITK 50 MBS0 KIS REZIZE A LR
T2l EEN TS, LinL, ZDAEFFRAT = X NI THD, FIOWK~OMHIEIZIZAD Na', K'-ATPase
(NKA) 2NEEREZH TN D, NKA ITHERENR o & p V7 =y MnBR5H, 4R, a 1Zid ala & alb EFEENRS
T T EATDIEEL, ENEIRAKBLEE AR CHHZ EARIBE T, T, 7 BHEIZBW T, ilEHR/LEY (GH)
EVF VA NKA TEMHE R L OMER OGS REZ 7] ESHDZERHDILTND, ARBFFETILAE NKA LN W%
IZE H L, EUSADOUEK RS D AT =X LSS HZ A AELE,

P IR K PE R BRSEE S CRIE S QB T~ 2 (RITHE) 0 4Ef L7 <= (BKIC M) 0 4E£ . 3 KOG
B ET - /KK ERBRG I TRB ST 77~ A RISk 1| e iElc AV, £3°, SRR
W 7 1 AR 2 aE BRI BRI L . NKA JEPEE nkaala & alb mRNA £ (U7 V5 A LEHE PCR) ZIE LT, KIZ,
BERE I CHD 5 HIZ, EUVRIZ GH L2V T Y VAR LUIEA B G- L, a7, Fo, Ve 5%,
70% N LHEARIZBATL T, A AR E D ZAEDDIEIRL ~ L O KIS RES R T2, SHIC, BV v AEH T T~
DO - BEHERE O R =2 LT )V B OB & i~ Tz,

PO T7wAET 2 AXENE O REHERIAE NKA G2 NSRS nkaalb mRNA &% ERA-SH7203, B U<
TIHEMECTHERR L, L ~L TS iER FASE QRN E 2 -, —F . BV RIZ GH LaLF Y L z#h
L7-E2 A, fENKA TEMED FRLUT-, ZL T, AVEEEHIZ 70% N THEAKICBITTHE, 2L F Y LB RHC BT
MHFRIY 23 LU B A A IR EE DA BATARAE L 720 | B RL ~ L COWKE N RED [A] EARD DTz, EHIZ, H7
TV ALE T~ AD [ BRI O . p =L F Y L B A E LT, fER. BRI O Y77~ A TIIR R LT L0
ERRELNTHOD, EUSATIIEDIH 72— 21 3BEES N2 o7z,

PLEDZENG, BT~ ADREHREN KIS RE A FEES W \DIE, /LB RN RIEE L THAZ e —
RCThiHEE 2B,

1. B L 1 FROKNBATHD, —H . EUTR
2T~ A (Oncorhynchus masou) 1%, BB ENZFEBWT (Oncorhynchus masou subsp.) (FEEETAKZ DAL E,
AEENSIUNFE ETHAML , FHIROBREICEEIC L, 2=—0RAEREZFFD, 77200 EU~RIAEE
WISLTZREE (P T~A, 7T~waReU~R) R0 (Fig. U2 1 4R B ORI TIEe<ilickEy, —AE2KmT
1a), 2B, BT ARELRPRSI TR, difEL -~ ST, AFIEK 50 TEM, EEWICEE Sh &L
ML TVDEEZLN TV Y $7F7<2 HESND | 20T BRI B ThiKEISRE
(Oncorhynchus masou masou) |3)1| CAEFNT=121Z, L IFEAERESERNEENTNAE Y, Lol ET= AN
ETIEE 2 FHORICHKEISREEZEGLERE TS MKICHEIS CERWAEIRFZRI A = A LT35> TR
(Fig. 1b), 7~= (Oncorhynchus masou ishikawae) | <74 VY,
INEE AN A B L ARTES F7- BT 203, BEIfE WEKE G REDOHEHI I, fillD Na',K'-ATPase (NKA)

67



(b)

2+
{ Sp Fall

Masu Ocean
| Sivering
T SwW adaptatioi']
Amagol River River |
Silverling !
SW adaptation i
Biwa LRiver Lake R|
. Silverling ' '

Fig. 1. Distribution (a) and life-history patterns (b) of masu,

amago and Biwa salmon.

INEETHY Y | WP B CIE BRI AT TG
bF 5%, NKA 1, #ICF Tl HEMAL o fl EC
(ZAFAEL . ATP OIIKMRIZEVFON DT RN X —%ff
VN, 32D NaA A ZflifasdT, 250 KA ZAEW
T 550, Fiz NKA (E, BREMICIZ a LB D 2D
DY 7 2=y NCHERSIVe~T e B EZ L T0D
©D AR, =P~ A (Oncorhynchus mykiss) ({23 TS
DoV T 2=y DT AV 75 —2(ala, alb, alc, a2 FBL
W o3) BFERENZY, 2055, ala L alb iX, KN
WK ~BAT T DL NE NP BIOEINT 228000,
YAKBLEB L OV AKBLEE 2 5 Cd Y, LosL, BrilfirE
OB T~ RZH11H NKA OIEHRLNT al TAY 7+
—ADEALII AR TH D,

& A/VEY (growth hormone, GH) &=/LF Y /Lid,
NKA OIEMALAFRETL TR0, i PEd- 7 B Ik
R 72 D b i i BS54 F 2, WL
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ZEH G-I HIEICED | EERIR DI R JOERL ~ L
DA ISREDS A L3 D2 EN SN TNB) ) L
L. B RIZBWTINGDRNVE DR FE T~ 1)
TR,

AWFTETIL, BT~ ADNEKI TG TV AERLE)
AN =R DEFHRDHZEE BHEL T, 3 R o 4
D NKA {EHERBLE RN ala & alb © mRNA ExFH7-, F
7o IR T =IO D NKA DOZEKIZO0
THI AR L7z, RIZ, BRI O T~ 212 GH B4
VT VaEFEL, i NKA 5L ala BED alb
mRNA =TT D REF T, Fio, e
DYV~ A% N THEARITEATU , A A R BE OO SO
DIOAEARL ~L DK S RE A TR~ T, SHIT, BT <A
DRI O L AR LB RO ZAL AT AT
KR D AN = A L BE LT,

2. ARAE
2.1 ALy )0y

LRI, R ROKPE R B B 835 - CRE
SNZRUSRET <D 0 FfaE AV, FEIL EN
\ICRESN KM Z W, R ZEC T 12°CoiEK
ZNFTIRL Ti T2z, BV~ AL 3 A0S 7 HETH 7
BRSOV TV T U, £T MERERL /1%, %
BRI 72, WL 723342 T 0.7 ml @ RNA later
(Ambion, Austin, TX, USA) 12z L, —Wt 4 CTH{EL
725, AT T B E T30 CTIRGF LTz, Tz, fll NKA fE5R
TEPEH O 7 G BB T2, NKA JEPERIE F O fifEt
TE, f8FRE 130 2 mm BRETHRMH%. RIAT7T A RIS
TGS, T2 ET-80°CTIRIFLTZ, £727
~= 0 FfE 10 A0DESE 2 AETHER 7 T o0
TV AR R AR T,

A HEE A A FE A K EERF SR A ST E 9 - K
K PEE BRI E M S S I B S Qe 77
~AVFEME2 A 6 AETHA 7TEEE 7Y
L. 857 H EEERIE T OB 152,

2.2 RILEVIREERER

5 AT, B K ERBR GRS TR B I T
WEE <A CERE 62 £ 02 cm) &7~ (62 + 0.1
cm) D 0 FEfAZE TV, RILVEL G EBRAIToT-, 5 2
TR BRI AR 8 BI04 20 [BAT > BEIL, B



#t% 2.3 HHDDIKE g H720 2%D# 21772, BV

VALT A% 4 BRSO TC, ENE T X GH (Sigma, St

Louis, MO, USA; 8 ng/g f&H) . =/LF >/ /L (Sigma; 40
ng/g KH) . GH LavF YL (HAEHRE) | £-iddLE
AR Fx GeF ) ZIERENIZR G- L, 1 BLON 2 H
BICERE T IR T STV 7L AT,
2. 3 ETRADRILE R BKIBITEER

[R5 C. 5 AICRLEVEEHDE Y v 2%
70% N\ LK (A2 AX A —2 % ; NAPQO, Tokyo)
BB KBATEREI T2, £, _EOEBREFEIC
7% GH, 2/VF V)V, GH VTV v, F2idsvEr
AR D % BEIENIC e - LT, & 503b— B #I2,
BV~ 2% 70% N THEK TR 72 LT R ORI LT,
BATDH 1, 2 BLO3 BT RS>V 7L,
il & i R A 45 7
2.4 MHBLFVILEDRIFEIL

M=V F N EEETHD, EUARET VT~
ZB MBI 21572, BT~ A, B R a5
WCCEBESNZ 0 iz fnie, o773, 2,405
BIO6 Bl To70, 7 T7~AiL, AWEEST £ K
1 K PE SRR A 1 i S8 0 B B S TR Sl R %
W=, 7V 2713, 2 A 6 HETHEAIT-T-,
2. 5 Na',K'-ATPase (NKA) ;EM 0D BIE

NKA %1% Quabins et al'” 5k (BRI EHRT 7
ISAAFAEFEAFAE R TD ATP Sy fiRfes L) &2 —Ehik
L TAT o720 NKA (G EAREL T 2720 A ERETT
VY, umol/Pi/mg/hr &L THRIRLIZ,
2. 6 Total RNA Dt FH KUV cDNA DERL

Total RNA 1%, ISOGEN (Nippon gene, Tokyo) %

V2, mRNA E &M cDNA 1, #3547 total RNA
Z #5711 C SuperScript VILO™ c¢DNA Synthesis kit
(Invitrogen, Carlsbad, CA, USA) IZJWA L7z,
2. 7 Real-Time £ PCR

Real-Time /E & PCR AP nka ala & alb D7 F7A<—
DELY% Table 1 (27~ T, ala, alb IB3L N ef-la cDNA O
HEg LA 7 L O HIE . ABIPRISM 7000 6 L< I
7300 Sequence Detector (Applied Biosystems) & F\ " C1T
o7z, FIEEL T, £9° Micro Amp™ Optical 96-Well
Reaction Plate (Applied Biosystems) |~ Power SYBR®
Green PCR Master Mix (Applied Biosystems) , Forward &
Reverse 7' 74~ —, 77 L —h, &5 Nuclease-free
water ZHSHL7-1% . Micro Amp™ Optical Adhesive Film
(Applied Biosistems) T —U> 7 L7z, PCR I, 1A
WIZ50°CT257, iV TISTTI0 0 DIISEATT244
95 CTISHOBEMELLI 60 C T DT ==V 7%
1 A2 ELT, 40 P AT NATHT,
2. 8 MHAAAVREDRE

MHF R DAF PRI B KT RS
Ao B TR I K R ROGEIC IV EE S L,
WHRAZ PR EDOWEIL Chloride assay kit (Biochain,
Newark, CA, USA) & W TIT o7z,
2.9 Mmea)LFVILEDBRIE
LT N EORIENE, Cortisol express EIA Kit (Cayman,
Ann arbor, MI, USA) 2\ MTo7=, WIEIZNH,
FN =T % AN TSNS AT AR/ ORI
AT, TN BORER, FXy My EO7 rh=
— W M T -T2,

Table 1. Primer sequences used for real-time PCR

Gene Direction Primer sequence (5'-3") Product size (bp)

nka ala Forward CTTCGCTGCTGTTGTGATTGC 134
Reverse GAGCCAGGGCGGATTCTGA

nka alb Forward GGTACATTTCAACCAACAACATT 77
Reverse CCATCACAGTGTTCATTGGAT

ef-la Forward GAATCGGCCATGCCCGGTGAC 142

Reverse

GGATGATGACCTGAGCGGTG




2. 10 #faEtfEsT BN LOBERZ Bl L=, P<0.05 ICBWTH EEDA
FERIZALDOFERIZOUVNTIX, One-Way ANOVA 217> #HELZ,

THEMAZMEF LT-#IZ., Fisher @ Protected Least

Significant Difference (PLSD) (ZJWEERI ALl L7z, 4L 3. BAZRHEER

UG ERBIOMABITEROMRICOWTL, £ 3.1 BRI NKA DZEL

PEELUT-RVE O (GH L F Y 0) 25N 3. 1.1 il NKA B

%735 A—#|ZL1= Three-Way ANOVA %47~ CH &M VI TwALT IO NKA {EMEIL, 22 oM

AL, A EAER RO OS54, Fisher O PLSD it Wil ThHLREMK~AITHINL 7= (Fig. 2a,b) . — 57, EV

NA A h D>
viasu Amago Biwa
81 3 ] 1
| @ a (b) (c)
z 97 5 a a _
z = b
S
5 2P | b _
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Fig. 2. Seasonal changes in gill Na" K'-ATPase (NKA) activity (a,b,c), and nka ala mRNA (d,e,f) and nka alb mRNA
(g,h,i) in masu (a,d,g), amago (b,e,h) and Biwa (c,f,i) salmon. Values are expressed as means SE (n = 6-7). Symbols sharing
the same letters are not significantly different from each other (one-way ANOVA followed by Fisher’s PLSD test, P < 0.05).

Shaded bars indicate periods of active downstream migration in wild populations.
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~AD NKA JEMEIL, BRI ChHARITA BN
fERRSIVT, B F IR 28 U IRV Vi THER L 7= (Fig,
2¢),
3. 1.2 f8nkaala& alb mRNA 2

YT~ ADM nka ala mRNA 1%, 2 A5 HET
HEREI DT85, 6 Al Uiz (Fig. 2d), 7~
2TIE, 12 HICHIRO A SR METZ 7203, BiifEis
HNCE 72 -7 (Fig. 2e), BV~ AIZEW T, 3 A
(R EZ R LTZAS D% LRI 22k L7
-7z (Fig. 2f), f nka alb mRNA (X, H 77~ RAZHNT
BRI, 3 A0S 5 AIZoNT TEVWMEE 7,
ZD 6 A AT LT (Fig. 2g) . 7~= Tl 1 H
FTIRVMETH-7223, 2 AL (Fig. 2h), —J7,
U~ ADHE nka alb mRNA 1%, BRI EINEF,
fl B IR 2l U TR CHERE L 7= (Fig. 2i) .
3. 2 RILEVIRESEER
3. 2.1 fENKAGEHE

T<IBLOE T~ ADME NKA &L, St &5
(O C ES-L7= (Fig. 3a, b), EU~ATH&E 1 H
BT, IV FYNREBIOEERICEB W T, RIREEE
L CHEICEWMEE e 7z, 722 B TlX, GHEER
FOBABHCR VTR S 1 A RZICHERIN @ EZHE
FrL, R} E BICED -T2,
3. 2. 2 fBnkaala& alb mRNA 2

T<dBLOE T~ AOME nka ala mRNA X, /LT
WLPRIZ > THBERZIT AL/ 2h -7 (Fig. 3¢, d),
7 ~ADME nka alb mRNA 1%, #5-1 HE TLFV L
FLEETHCB W TARIC LA L FRCEAHETIZ 2 B
BIZBWTH EfEZ R LT (Fig. 3e), EV~ADME nka
alb mRNA [T, %5 1 HZIZBWTHLEARGHE TR
VMETANT T2 23 A B 721372 > 72 (Fig. 31)
3. 3 RILEVEE-EKBITER

3.3.1 BITROER
EUS A FROFLEAR ST A 70% A L
HEAKITBATUIZEZ A, BAT 3 BRI, (REEC 2 B, £

7=GHEET 1 BT L., — ., VT Y L EEB LU
ARECIIECERIT A Deho72,
3. 3.2 M+ ERE

AR DA PR 70% A THEKICBITLT-
ETORTBAT 1 BHZIZHINLT- (Fig. 4a), kHHRIES X

71

Y GH BB Z B W TIRBA TR IV MEAAERF L T2, — 7.
DVF NG IS TR T NIT AL F R EITAE
WAL, BT 3 HERICRWTH BRI L TR
ARV M L7272 (Fig, 4a) .

MAHEFAARELETORETEBIT | BRI
7= (Fig. 4b) , xt FREEE GHEEIC I W TSR A A IR B
BAT2 B ETHIINL, 3 AL :iow\f%%b\ﬂ_%ﬁﬁﬁb
Too WVFYNRECHIMHPHERAA L IREIL, BIT2 B
FTHILZ25, 2 BLO3 A B CHRIFRBEC L CH &
ARV MEZ /R LT, BARETIE, BAT2 B DATIREEE
R UA Bl b s b, 3 B CHHE RIZIRVWMET
&7 (Fig. 4b)
3.4 MmfalLFJILE

B rF<ADMF=VF YL 3 b 4 HICHE
WZHEINL 7= (Fig. 5a), 72, 5 A2\ T @l Mz HERE
L. 6 AICBA T @A Aoz, —F, EU~vAOaL
FVIVELE, 2 ATEEE ~72b0D 4 AL, B
RFHIC U TR MIETHERE L 72 (Fig. 5b) o

4. &,

AWFFENZIBNT, Y7 T7~vARET <X, ENENORE
W THLIHEB LUK ~LITH NKA JEMHLE alb
mRNA BZHINESETo, ZOZEND, BeiEmlEa A5
RO 7T~ AET =T, AKEE FIZB W TR
FL UL T NKA ZiEME ST =EE b, — 5.
BT~ ADFENKA EPEE alb mRNA i, B <5
HEIZBNTHZ LT T, 7T~ AL L TR ME T
W LT, ZOZENE, BRI Y ~ 2D ffl NKA 13,
2N E B L ONEE L~V T EREAITIEMEL LN
ZENTRENT,

WHRYED 7 B T RO D R O NKA OTE
PEARIZIE, GH £V FY AN EETHS (3, 4,9, 1), A
WRIECIE, B - BRMEREIC NKA 251 b0y
<AL JEMHALSE AT~ GH LarF VA E RS,
Uiz, £9 7~ 2BV T NKA IEEIZ=L T 0
wHIZIY ER L, F72. 7 ~2D nka ala & alb
mRNA %, VF VNG E BTN, — 77,
GH #ERETIE, 2007 AV 74— AKX T DR ES
B H5-OMBITFRD DI -T2, IRICET < RAITBNT,
il NKA 151ME1T, GH v T VBSOS L CHENL
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Fig. 3. Effects of GH and cortisol on Na',K"-ATPase (NKA) activity (a, b), and nka ala mRNA (c, d) and nka alb mRNA (e,
f) in amago salmon (a, ¢, ¢) and Biwa salmon (b, d, f). Values are expressed as means SE (n = 6-7). Asterisks (*) indicate
overall main effect or interaction (three-way ANOVA, time effect is not shown). Symbols sharing the same letters are not

significantly different from each other (one-way ANOVA followed by Fisher’s PLSD test, P < 0.05).
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Fig. 4. Changes in serum soidum (a) chloride (b) ion
concentrations in Biwa salmon after treatment with hormone
and transfer to 70% seawater. Values are expressed as means
SE (n =
(three-way ANOVA, time effect is not shown). Crossed

6-7). Asterisks (*) indicate overall main effect

marks (1) at data points indicate significant differences
between control (Sham) and hormone treatment groups
(one-way ANOVA followed by Fisher’s PLSD test, P <
0.05).

Too ZOTEMND, BT RIISNRIMERV T ORIFL &
HUE NKA 1EME EFSEHNDZ R0 ORSE,
—J5 . nka ala & alb mRNA 1%, FR/VEAR GG LR
DaoTo, ZOZEND . FEEHC LA NKA ORTE(LIL. &
PRTBEL AV IS ET R FLAVLIZEB W TENDE
Zz b,

FVEAEEERIZIY, B UL GH BLO=LF
VIR LU THE NKA 15 E EFSE5NAZEM 550
ST, FITE T~ AERVE LR 5512 70% N THEKIC
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Fig. 5. Seasonal changes in plasma cortisol

concentrations in masu (a) and Biwa (b) salmon in
freshwater. Feb/Mar: sampled on February 28. Values
are expressed as means SE (n = 6-7). Symbols
sharing the same letters are not significantly different
from each other (one-way ANOVA followed by
Fisher’s PLSD test, P < 0.05). Shaded bars indicate
periods of active downstream migration in wild

populations.
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ZIFETCORERNS, EUSAD NKA TEM:E KIS
REIX, IV TF YN HIZION B3 22803 hotz, 20
ZEiE, B U AR AR E OV T T
T DHREN AR L QDI EE R L CD, AT AN
HNCHE IS LOMERL ~ L TR I REZ [A] ESH720 o
& NIRIHED =V FY L D53 W Z O RFNIE (L L 72
WD THDHIENE 2O, FfERITIIREZ20 3,
AWFFETIX, EU~AD GH &K (GHR) =L T/ )1
ZRROFEBURNTHIT o7, KR, BV~ ZDOFIZI U
THE ghr mRNA SEIEMREENIIE L Wb DD, 2L
FI N a9 5L EHLT- (Data not shown), ZALHD
FEEND . ghr 1 TARVE NI DR MR LT
WHHOD | BRI N R E DL T L D538 E
HLTHRW=DIIEHEL LN e RS LTz, Z0D
IRFRARRRE T D728 | RBFE TIESHICBEHIR Ov Y
~YADVF Y NV EERIEL, TR LT, ED
FER, T~ AOLT L BTSN LT,
—J7, BT ATIEBEHRE A0 TR Ml CHERB L
WIRMEZL T AT LD RPN E DR S AT,

P ARBFZEIZ IV T, BT~ AR NKA
O bR E ST RE D[] & RN 22355
ST LU, SMEPED AL DIEEIZ LY NKA TEMHEE
ERIEAE, EBIZVT Y IO ERL ~L TR
WS EEZ ] EEEATENFATRETHDLE ol — .
WETH IR B D N R =L L B AR CHER L=, 4
BOTENG, BT~ AD3 R R VK S RE A FE S
BRVDIE, AVEFWRPAE L THDZEN—K]
ThiHEE 2D,

5. §&NDRE

ARRFGETIEE T ~ ADUE KA S HED — [K 23 N 43 Wk
FRORNEEAICH D EBRUTD, BEEORBEITEES
FRLANNTEELNMITL TCWAEEZLNS, B2,
ET < AIHMAEAR VB T 55 Ll NKA TEMEDS B
T 20, EOESWIRER OV 77~ AT RDH LR
<\ Ee mRNA LYV TSR RSN o7, AVE
VAEER I THHENI DL L TWDHEB DI
B, Nka alb @in1 D7 ot —F—FHIRICE RN AT T
WA RIEEHER S D, T70bh, 7o' —4 — IR FET
HEBZBNDVT Y VIRERSNRE T < A BT
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HIEBE AL E TRY, T MUSHERFHK 2> TS
MHLAR, BIE, Fex OBFES L —7"Tld, BT <A
D Nka alb E5F D7 0E—4—FBIROENT 217> TH
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ONEHLNIZL TV TETHD,
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Summary

The ability of anadromous salmon to adapt to seawater is an important phenotypic trait subjected to natural
selection. Landlocking of salmon relaxes selective pressures on hypo-osmoregulatory ability (seawater
adaptability) and may lead to the abandonment of its physiological system. Biwa salmon is a strain/subspecies of
Oncorhynchus masou that has been landlocked in Lake Biwa for an exceptionally long period (about 500,000
years) and has low ability to adapt to seawater. We investigated the physiological basis of its seawater
inadapatability.

We first compared gill Na" K -ATPase (NKA) activity of landlocked Biwa salmon (spring migrant) with
those of anadromous masu (spring migrant) and amago (fall migrant) salmon during their downstream migration
periods. The activity of gill NKA in masu and amago salmon increased during their migration periods while that
in Biwa salmon remained low in spring, suggesting that Biwa salmon has no inherent seasonal rhythm of increased
seawater adaptability. We next examined effects of exogenous growth hormone (GH) and cortisol on gill NKA
activity and its subunit mRNA levels. Treatment with the exogenous hormones increased gill NKA activity both
in Biwa and amago salmon, while nka alb, a seawater subtype of NKA a-subunit, was unchanged in Biwa salmon.
Cortisol was also improved the whole-body seawater adaptability of Biwa salmon. We further measured
circulating levels of endogenous cortisol in Biwa and masu salmon during their downstream migration periods.
Masu salmon showed a peak in circulating cortisol but endogenous cortisol levels remained low in Biwa salmon in
spring.

The present results indicate that Biwa salmon can improve its seawater adaptability by exogenous hormonal
treatment and hormone receptors are capable of responding the signals. However, secretion of endogenous
hormone (cortisol) was not activated during downstream migration period, which explains, at least in part, their

low ability to adapt to seawater.
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