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Fig. 2-3. Epiphytic marine Bangia (B. gloiopeltidicota) on the red alga Gloiopeltis furcata (2007. Apr)



Fig. 3-3. Natural freshwater Bangia (B. atropurpurea)
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HUFE D DEEARE T A7 CTYUIBRL, PES B5H CHLEG &
LI E L T DI E 2 K7L — M TR ET
HZETHBE(LAETT -7, K/KFE Bangia atropurpureall
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— DIEVIHKEERE TITAPEATANBE S TR
RThoD, i, HMoIX., EHAN O EFREB.
fuscopurpurea &4 /K PEFE (IR 43 PE) B. atropurpurea @
L=V U E ORI BB AR b R R 24T
72N ATAE RO BANRIKFERE 24 + 4 (B R32) ITXEL 1
PEFECIT 1343 (5 K19) &K 2 5805224 WmEL T
Do Box ', WEFERE (BA OB E) LK ERE (BRI
WIRGE) (DWW TRRGET L7223 | BREE T ED R0 72
FEROBERNIEF (R EETH 7= (Fig. 4-2), Fi=, £+
FEIROFUL, EB R G4 B REH]) SRR T
TIX A DD ATREMEL H 50D T WD —i%H)72
PRI IEE U TERALIZDW T L2,

A D R A 15 A BB T CREMRICBIR L2824,
RO BRZERNHDZLIZRN DV, 1
PEFEDIERL AR ITARIL D B I AT ISR P LR ALK I
FTHOITx L, WK PFERE CIIBERE R AL 2RI IR 3 -
7oz R UTz (Fig. 4-2) . XTI, MFEDREHE IR DI
MR T ELIERRDO TR A AN R LTS, AR E
D RIREER TIIZ DTS HITEIREL T,

F2, WREOMALO GFIFERRIZIE O A U A (R
th) THDON, ZLDOBKREBILE T 5T TEOMFED
D72 72 R HZ LIZR M DW= (Fig. 4-1), B
Wy YedEE & - AR ORI A T MV A JIE L
LT A, BRI ERE LS K EREC7 ¢
2= RY > (R-Phycoerythrin) OFExH & B2V EIZ@EWZ
EMREH (Fig. 4-3), WIR COBIZRE AT, =
D 7EFNTRIRBEAR LV & 3558 Bk TR &< e > 7z (Fig.
4-3) , WFEDEFHIAE AL AN 72 2 D CT—HEIZIT i C& 7
W AR PR TSI BERR IR DT HEL (.56 5 B ODE
VX, RIKPERR LR FERE D 3 B OMFSEIZ BV TR A T 4%
TEAHLHLDEE DD,
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Absorbance

B. atropurpurea

Fig. 4-2. Morphology of marine (left) and freshwater (right) Bangia
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Fig. 4-3. Absorption spectra of freshwater (blue) and marine (orange) Bangia
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3. 5 Bangia BiR/KEBDLETLDERE

[0 SCRRAE 121, g PERE Bangia fuscopurpurea O/
TG SR DS FER SRRl S AL T3 | ROKEEREIC D
WM AETE DS RSV EDRERBR R H AT TH
%o ETT, Fox BMER LT EERE (BRI N IRE) D%
F& 1 Bangia atropurpurea % FH\ T AT S B e D B 22
TR 0T, T DORER AR OM R R (R 7 W)

(XU CIE A OS24 LRl (R 5 2t A 7L 7=

Ry E2 50k | ZHEARD RAE 1T, it L7z
faF-HOF I, 728 BT O K B 42 CRERS L
7= (Fig. 5-1), L)L, ZNETOLEZAFMATAOBILIT
MERRTE TR, Fo, AR OBRETEX ELTH
B&MGER /ER)ZMRELIZM, BEETOLIAM
S CEITALNT | BIEEENHLH—EDORIITDHE
AT DR B EDRER Th o7 (B :Fig. 5-2),

3. 6 Porphyra BOBERIZHEITAHIEREKRENE

Porphyra yezoensis HG-4 kD HEIRAZ E 4.5 mmD
MIZIRICZV IR —F —TOIDERE | K Z A4 KT
AT HZET100% (HE/KIEH) 7250% CREEHR AR
T2 ZRBEK) ORI AR L TR TR 2 8 [
BEBREATO ZOMORREZIERIERO mEAE N HHE LT,
ZORE, FEUE PES KFHICUSIN T 258 O IR B 1A R
WK CH— BB IR,

T DRER . 100%IEK D6 & H~60~80%F2 & D Ay
BRI P CTORELRNK 14 f5E8ORERPELII, 72
721 80%IfE K H T O H U RN BERAR D iV EEE T
KAt 2B N RONT=DO TELITHFTT 58110355,
3. 7 Bangia BBERBLKRKEBOREIZBITHIEER

EREF
3. 7. 1 Bangia B REREERIEEDKRET
Bangia J&IT AR HA DR C— I R AR

L AT 5L 251 (2 - 351) OB/ Bl 12 TR L |

HEREEE D A2 0 B % i i 975 (B R Fig. 5-1),
AWFGECIIRG R O 70 Rl o3 % 28 2 T2 355 D Ak
FEEZ T 20ENHY | FEARNERDO RS ZfRE
IR REELTHWAZEIZLT,

F7°. 1 - 2 HEOEEEROHM P IZE DI &
IRY— TR IO FARREEAT o T, PRAFRD S BAT

TREED FEAR DY Z RN, RO RS 3 EEEREFIL

EREZK 2 BEBHLZ (Fig. 5-2), TiRmatons:

LU T, KBEDRE R IZ BV THIERDN DA R TH DL
SO TODARUEAK (1/4) & iz, ZORE T, FEERRR
% OTH B ETIE 3 FEIREBITNEF2 M R R D
A7zo LAL10 B & DO FHAIRFIZIZ AR D — R AL |
TER LT B 1D F O SIRBEAR D — SRS iR L 7= 72
0, REEFREL LR B IEMIC G A BTz,
LU, RS FIE AT R D—E 4 T ED, 130 B
DFHAICIT M RRRE OREE A 517 (Fig. 5-2), L2
T, KV IEMEZR R B OFHANZ IS O RO &0
BELL 72 15 & - SR O FH S L THD &#IJ
Wrsiiz, £, %3 28912, Bangia O BRI TR IDEE
DIER[E 7R T2 D %Eﬂ’ﬂﬁiﬁﬁﬁibf:?’ﬁ%b IXHHI A BE X AT
T5H, TDT, JEDOBIEIZEB T, BEIEDILRE
B T % Ao R RE (énﬂf;&)ﬁ% DY HEL
NHEHErETz,
3. 7. 2 Bangia B KEROREIZEITS
%
% =r73/r /1) Bangia atropurpurea (77K FERE) D%
(2T DI E DARAEME A FRIT U T, RIRUEAK AR — 2R
(AR L B A28 2 7= 5511 (0, 25, 50, 75, 100%ifF
) % AT, K91 H Rl (R AR BB L 7z
(Fig. 6-1), TDHER, 75%. 100%E/K 0% /K D5 H
TIHEEAERE LD o7, —H . 25%~50%1E K DK
T IE . T SEBR AR ICBE R 2Rl B N Bl S Tz,
Bangia J& DAL, FIIREEDE =D AL ASFEIR L T
SRARAR DA HREE) 132D EFFRD, Ml %« OHIfIE
FEPRNZ AN EERRAR TP D YA LB DN 3 iR - TR T2,
25%<°50%fE /K CABS B IRAROBEME T E TIX I1F
EAE DRI KE IR D FHZ U | BERRARSCH 2
EIRIETHLZED B TET- (Fig. 6-1, FTEOEH),
— 75, 0%=<C100%fE/K FClyr A AR SE7-#8A T
VFEAE DRIRLD YA AR AT DTH I LRI FEPR L 7= &
FIWrE T, —EROMIBIEAREAE R CODH, IEHF 724
R DEFHEITERY | TR ClEfEL 727 1= R
RS IVTNTFE S TODH O EHERIS T, T5%HEK T
TIE, BB AELEL TODATREMEL 3D A3 K0
HARIFEIR 7=, K91 A B DR E AT OV N T oM I B (K A7
Ma7Z7 TR (Fig. 6-2, HfA),

BREKE
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3. 7. 3 Bangia BEEBOREICBITAEREKRGFE  J0b. 75%~50%F2EIZAR L 72K COREEEN

4 /1) Bangia fuscopurpurea (MEEEFE) (2O Th, A7z (Fig. 6-2), BATDIRFRECIE, W)IRORER
FROYPKPER R CHE AR A SR E R 2 ICKDRKDRANRI DL DD, THREBZ R TH
TR AT, BREHRE (ERE) O 1T-72 (Fig. o7z, — 7, WKERNIAE 2 A E 2R LI225%E K
6-2, FEf0), T ORER, MBEFE DL AT RINMEAK (100%) TIEEHEEE IR,

spore young thallus uniseriate (cell division) multiseriate matured
thallus thallus thallus

N J

release of spores

Fig. 5-1. Growth and non-sexual reproduction of freshwater Bangia atropurpurea

R E (mm)

0 1 2 3 4 5 6 7 8 9 10 1 12 13
IEFEHAR (day)

Fig. 5-2. Elongated growth of freshwater Bangia atropurpurea
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Fig. 6-1. Effect of salinity on growth of freshwater Bangia
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Fig. 6-2. Effect of salinity on growth of freshwater and marine Bangia
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3. 8 Bangia BAKEROARICETEINILSILD
IES

Z=r73/r /) Bangia atropurpurea (#$/KpEFE) D1EHE
(2, — RIS T DMK B EE L (BG1172L) T
IEREENFEAE BLNIRNE DO | BT D IO AR
KEFRNDEHRIITHDLZENALIN o7, RiE
KX, B R N K e B R CHERF T~ A5 e LT
FRERAIZ DD TS| RHIM OB &R CIRAFR DA
FHIIRED DT, Fo, FAD VRV EXII2E D
WAL (B IEALEL) OAFFRIZI W TH B A HID K E S
FRFTS AL, AKOREFEN B\ N2 E DFLHN R oD, 22T,
ERNI DX =734 V) B RO W R )72 BR B 1 (il
FEDOKE ., AIRAEMHE72E) 2 SZT, EOEVIART
V74 —4— (Contrex, COURMAYEUR) Z i L 7-LZ A,
BRI W TG DL EDOBEE R RN bl X
FTNT A —H—HTIL, 20 - 25%DARIEARE A 2
L EOR R E A~ UT- (Fig. 7-1, Fig. 7-2), =R
DRI R ICB N THOIRT VY +—F — IR RAY T,
I3 RN DIZ0E =027 2 DR BRSO S TITHE
FFCETW5, — 45, 50 - 75% A BRI K H COA B D BHE
T MEPERED Y /7 /U Bangia fuscopurpurea (Z-o\>
Th, BOTEOIRT NI+ —F—HTCOREEMERLT-
23, TAREY AR ISR L TZ (Fig. 7-2) .

PLEDFESRMND | YKER ¥ =7 >/ /Y Bangia
atropurpurea O EEZIIIRT N T A —F—IZEFENDHA
F U RO BBER R RIRE R R THDEE 2 b,
FI T IRXTNT A —F—ZF R U B TR R 2 E
THZET, RALDDORBNGFLNDLLDEE X T, D
FER, 1/10~13012A IR 721 TV 4 —H —ClIpk

WIEEAE ROIVT | FEEDAT LGy (VT LEDUN
1T NI L) PR DHERFICEI 5T 522D AF UK
S DBEEHERIS 472 (Fig. 7-3) 6
WIZRIRIRTNT —H— DR ED LI N TIFRT
N g — B —DIERRE AT, TR D70 E ik
SOBFHEBRECTH-T-, T D584 N THEK
(ASN-II K5H#l) oIV MR EZ 2 TRERIZE- X
DA LT, ZOERBRTIX, MR BRI EET
137 RO OBILE - FHEA T2\ Mg D1
FHEAE % OFBRROAFLIRAE (BFHN D, 1IE% | IR bEHE,
FEWRD 3 BRPEIC ) 2T LT, ZOREE K 5
mg/100 mLEL F DAL ATl M2 R
AP T D2 EDBA LN 257 (Fig. 8-1),
3. 9. Bangia B /KERDFERMARINL
INETOEERERNG, RKERI=DU 7 /Y
Bangia atropurpurea @ EDHERHIII LT LRED
FEE DA R 5T e IS, 22T,
RN O A FLIRBBA R T D720, =02 VORI
)5y QAT NT 4 — S —DUREE) 228 2 T BR DA DA
R EE | RIGRF-O TS EEE L (R vy =k
WFFEDIER) NBRFELT-~A 2/ =—7 2R L= E
FEFNARZ M VHITELEE (e k 50 GHz) THIELZ, £ D
FER BEBMAT ML AN O LR E O IRRE
DR O QAT NI A —F —DIREEIEZ D) LPRIZE
0, BT DR RS RENTZ (Fig. 8-2), 5DEZA,
ZOTALDERECHEAE R E DT AR TH DAY, Bk
\CEENDT L TERT W E O ERE DIFEIRRE
DEEHI DA A ARG E L TEELTZb O EHERIL T
%
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Fig. 7-1. Effect of salinity on growth of freshwater Bangia
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Fig. 7-2. Effect of Mineral water on growth of freshwater and marine Bangia
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ca* Tdays 14days

0.468pg/ml 164 (154.16) 184 (180.32)
0.156pg/ml 145  (145) 175 (169.75)
0.047pg/ml 113 (96.05) 237 (210.93)
138 138 0.016pg/ml 135 (126.9) 135 (0)
100 0.005pg/ml 103 (26.78) 109 (0)
MW (0.468pg/ml) 146 (141.62) 424 (419.76)
25%SW (100pg/ml) 120 (112.8) 270 (256.5)
ral 1/3 /10 1/30 1/100 MW 25%SW
Fig. 8-1. Effect of Ca®" concentration on growth of freshwater Bangia
100 . MBI 100 . . MEBN o
—— purewater [ [ e B/ 1) MW1%
Tz et s BN

[EiE#  [GHz]

AE¥ [GHz]

Fig. 8-2. Analysis of high frequency dielectric relaxation spectra of freshwater Bangia

4. &

AHFFE TIXEPE BEFA D AT B MRS IE DR D 720D | i
J£ T Bangia fuscopurpurea & ¥ /K £ FE Bangia
atropurpurea O )57 2MFEAE T D JF IR A T T VAITHIFGE
LD BT, BEFDOREER RN ED ST T2 | ABFFED
HC A AROFAE, BIROBRE | BB ROD R E1T
Tpote, Fio, FRCRKBEREIZ DWW TR H iAo
DBEAFENOATIR, IO L E LT R BB LR AR D
MESLITR LT,

AP IR D HARE L7 D SRR B D E T, AR

KR EETH D BARD RN HIHTE A, i
PRV ZROCHIC B AN T B 32 | BEISEE C OB A
HTHHRE | B EECEER KB L (T R R DT
FORENRS 2 BTz, UL, KERIZOWTIEIF
TN =R =% _R—R LT BN L E LT E T &5
ERRFNANRT I | IR RE AR MV 7R E D
[, AL RIS RTRRIC /R o7,

YK BERE D REZERR DIENT L1538 D2 TEAIZ 26 DEIE
EERLUT-T2  YOKER DB EHER OV TS FL
L TOFENTIZIXEE AR IAD IR T3 REIE DA 1k,
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WA ENTRENT, D7 — o EERSE R )
DRFTEDYKEREEA~EN - BEISL TSR EL T, EF
HDKITE FNDRFE R LB G- L TND &
O THD,

/K PERE Bangia atropurpurea OESEERRE -k~
IRIRMT A D 2T & T FBRD AR ML 1T E DV H5H A
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Bbihsd,

5. SEDFRE

AFFETIERITE I 08538 TR Sl R A
ST 2D TR T, Fn, R TR A PR
DFFFTHELIZ AR TRY  FFEDAT o3 B E DI
BIH2DNEASHABINNIT DT ETHD, BE, RKE
i Bangia atropurpurea {22V T ORER /i YA~k
NELLIEE AT R — RIS TN RIES oA

DL RITL CD, — 7, ENDOAFEREEEEEL T
WD HIERSF AH L 72 8 DK FERL DI R R RO
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VWD HFHI T,
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No. 05B1 - 07B1

Halophilicity of Freshwater Bangiacean Red Algae

Akio Murakami

Kobe University Research Center for Inland Seas

Summary

More than 95% species of macrophytic algae live in marine coastal environments, and can be regarded them as
halophilic organisms. But some species of macrophytic algae live in the upper intertidal/splash zones or estuaries,
where salinity and other environmental conditions periodically and drastically fluctuate. These species are highly
tolerant to low salinity or dehydration. A few rare species of macrophytic algae are found in freshwater
environments in high altitudes such as mountain streams or springs in limestone areas. Stable water quality or
some specific components must be essential for growth and reproduction in such freshwater species.
Morphological and molecular phylogenetic analyses indicate that some freshwater and marine species are very
close relatives. Therefore some freshwater species are valuable for study on halophilicity of macrophytic marine
algae.

In this study, we searched for the experimental organisms to reveal the halophilicity of macrophytic algae, and
found that Bangiacean red algae Bangia are useful organisms because of their simple morphology and their fast
growth. However, morphologically similar Bangia species are divergent in marine and freshwater habitats. In
our analyses marine Bangia showed maximum growth rate in 50-75% seawater medium with additional nutrients,
while freshwater Bangia showed maximum growth rate in 25% seawater medium. Furthermore, we found that
some ingredients in the mineral water (high hardness) sustained favorable growth of freshwater Bangia. These

results are suggestive to elucidate the halophilicity of macrophytic marine algae.
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&S 05B2 - 07B2

WM EE R Phaeodactylum tricornutum oD #F-Ha PR oD fiF B

X #AT, AT R, pRE 4R

R e R B LA A e R R
PHUTE A FRERTEM B En A T T AT R 2 —

B B ESIREEICROTERDERL COSBECTHY  MEICRT 5 —IRAEFE RO 5% HDHEWhil T,
WECEMEEERE Phaeodactylum tricornutum (XAFHEMEIEAZ B L QWD ZENRHFEHRE LOZIVE TOMF NG RBIILTND
D3, HEIRFE DAR T ~ OIS EE I OV I I E THIES IV TR o T, K7 0y =7 MFFECIL, MEMEEEREIZ 3517
DU MR A R 5282 BEL T, HSE MR {5 1% cDNA-AFLP (Amplified Fragments Lengths Polymorphism)
EE RO TR ORI L | 2 OMREZ I <D C ERREOAHENMED 4y TR A DML TS, F-E ARENS
PEZRFFLTe T FaA NIRA HBEL | £ OISR T 2O EE T 22T, A AR FE DI AF A B 500
LT,
T 7 2 A RO E M

P. tricornutum % 0.5 M NaCl Z 5 e AN DRI THE R L IRIRE F 2 O CHAERAE 22 L CE B EIE A (R FF
L7eF TaA Rz L | p-BQ 2 AL L T PSIL OIFHARIE LTz, 208 PSILEMEIL NaCl, NaF, LW
Na,SO, DI L > TH KL 7223, NaBr, Nal, Cholin-Cl, Cholin-SO, DU TIIBEIN/eh 7=, ZOFERIL P.
tricornutum PSII {EPEAS Na™ IC 8-> CEBHEES NI L2RTHOTHD,
cDNA-AFLP it

P. tricornutum % 0.5M NaCl Z & T A\ AEKIC TER R L AT AR B 2T AT oM 2154 (0.1 M
NaCD 2L, 2 HIFAEBE B IHIS DO BES - IRES ay 7 /)  IREALERRT, 2 H ORI 2> 78], X
LN EDIERIENE A DOANED cDNA T4 7 FVZERIL | cDNA-AFLP fRATIZ IV, RS, ZOTFIEICED
74 OYEISEMBRE T 2MRL, 7a—=27 Uiz, 2055 14 1XREFENE, 40 DMEMES 2> 75580, L0020 MK
HHIEDOBIG T THY ., 21D 74 DD 40%D B 5 T IIEEREE BARDBIE T ChoTn, £-. & Cayr) FltE(s
T-OHIZIE Na'/solute symporter <> Na'/H" antiporter 2 ¢ 11 FEOERIEAEE 75 5 F4v, EEMAZ LN Na',
pH. A2 BRIE DR A AR L A ARG ER B IS U CRIBAN CHERFL QDI EDVRIBES N, AR AGEMEEIR
THEEE T ARIEEREE DRI C o TARV A LGRS TS ZEDVRIBE LT,

1. 5 &% (Greenway and Munns, 1980; Kuwabara and Murata, 1983;
FRIT BAF T BIch FRAFEL, ESEMHMIC Gaxiola et al., 1998; Allakhverdiev et al., 2000) , 1]z 1

R TIIA I 7 OBV ENEL TERT 5260 WAKMED LT 377V | fkig, BLOE Y CIE

HHINTNWD, TRIT LA ORRATEY AL TR ~D  200mM ZH82 5 E#RED NaCl (X Na'/H' iﬂnﬂiﬁﬂéﬁx@
FBEIZNETICHLSHARDNTEY, ZOMBTHEFZSL  IHEEEAEFL, SO TR BLOMNR SO E 5

TN —T = EL T ERE Z LN TET ZRHETHZEN BTV D (Blumwald et al., 2000;
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Allakhverdiev et al., 2005), F7=, BRIOF KT LA
DOAIEA~OVEATTIE BN 2R ELL . & OfE Rl
SRTNAZ L DBIETRT AL TEIR B2 LI

SH TS (Niu et al., 1995; Hasegawa et al., 2000), — 75,

HEFEAAATT NI AT AR R BT HEFS
WTC, HIRERN pH Z#ERF T2 2 —T =4 LT E
(Gaxiola et al., 1998) | JAb2 R DOMEFEIE AR DIEMEICH
B THHZELREALTUS (de Paula et al., 1986), Zi
SO TIE— AN T NI AAF U AN AT Tl A 3%
BR° Na'/H' etk R o G ANEFRITR D ZEbHBIL
TV % (Erdmann and Hagemann, 2001; Tuteja, 2007) . Z4L1
SO, M E[Na [IcSbanse, Znaffast
~HPEHBHDWNTHIEN TH R 2282k o T e
T D EERLTND,

ISR AT XS RGP XL LR A3 K MDA ST,
KEBEYSEAE LTS EMD OB RENLEDTH
0. AR E BT e LA MBS TH D, i
ZATHFLEA I LD LT 28AIL, EOMIEN DR A
FABL AT BT ATEEE B EE DF N LA
A BRI EE L, £, T T o
TR AAF L T a il B EREE T H—FES X AFET
Do ZNHOEWTIL, FIREDFTNT LA A DI 5k
SOPEHEMERE L DT A — L 7 A PR G D IE 72 3
BUCHHDEE R RIZL TODLDEE 2 BN,

gk BICAERT DMNREBAEMOIL | LIRS A
F~ 2% HODLDILEEMY ThD, —J7, WHERE DK
BB T DR T T TN DA F < AL EIRD 1%
BT, LU DF OF YA pE % thi 35
& b FABERLFITERD CO, [EE A UL
Lo THUTO N TWAZEDN T HFEHLNE/ o> TWNAD
(Treguer et al., 1995; Falkowski et al., 1998), H CH i E
PEEERSEI IR D BRL QDT L —T ThHY, HIERERD
CO, [HEEDK 25%EH-STNDHEEZ LN TV, 2D
IO, MR B AN e AT HETESRJE CIE
BEIRIEB RREAT V., ZOHW— 22 | TGEIZHEED
HE 8 AW E R S5 “EMRL 7 OBEIE R
72U, HiEk EOWEIEERICE b CHEERMEZ LD
EWRETHD,

372U T, SAUBVEREI AR BT A R B — IR AR PER
WK HIZERAT 95 500 mM TV R AAA AR T

ED X7 AR Z D> TRHAL, HAWITZERIHL
TWADTHAIN ? WFEEIE BT IS e A D 5k
ARE e A B O A A L OB DVITBEARA TH D,
ZOABEREEL, ELOMEE THMD F/o KRS D
K~ R 2 IS LT FEERERA DT L, EEMR
SERAR M I T SRR B A R A L R 5 D1
DMEBUELZ TR TOD FTREMEA DD | BLERTZR N, A
2Tl METEPEEE R O — i TdH % . Phaeodactylum
tricornutum % FN T, & 7o R 12 31T DA DO HE
B, £ A RED R AR EF T 747
AR, VEHEVEEE R O SR BR E AS B oot 2 28 Eh A B
L. ZOEWREELZTHIEEABNELT,

2. IEMHBEELUVAE
2.1 EEOES

FEBRAEHZ T M EEESE Phaeodactylum tricornutum
UTEX640 % AV /-, 552813 Guillard @ F ¥ (Guillard
and Ryther, 1962; Harrison et al., 1980) 4y DJ#E TN
TSI D #EK, F2ASW Z~_X—2L, NaCl i
FERRZE L= N LiE k% VT, 20°C., e (60 - 100
umol/m?/s) b T CI o7z,
2.2 RERUEEDRIE

P. tricornutum OfMfEZ 5 LB CULHEL . F2ASW
TUEH% . YRS 2R L 72 F2ASW (CHISRE LT, R
YA RRGHFE 33 L ORI 2 =S b 5% T OTE R
TVX YT — 7RIk M (Hanzatech) 35 X1 PAM2001 &
JEHE R (Waltz) 2 IV -, iR 51T 400 uE m™ s,
20CT 5mM @ HCO; fF/EF pH 7.0 TIT\>, 0.5 mM
1,4-p-benzoquinone (BQ) D s INFs L OFEFRIN R4 CHIE
w1157, BQIRINIRFOEEFRFE R % PSITE &L TRt
L7z, Fiz, PSIH{EMIZ ANV T T A7 VA LB R 2 -
THHRIEL 72, PAM2001 OF%ENL, 30 43RO T ALELD
B MENEL IV 4, TIF =0 WEL~L 7, 2L T
fafeaL L 11 LT, JIEIE 20°C T o7z,
2. 3 RNA DFEHFE KU cDNA S1TS)—DIERK

ECHALER R, ARIE BRI 36 L OV I ORI A BB L
O EECHED T2, TNDEIRINEBIFAE T CTHREL .
RNeasy Plant Mini Kit (QIAGEN) @~ 12 ha— L ZfiE>C
42 RNA ZHE8 L7, £5541724 RNA 1ZxLAY= dT (8
~12 B\HR) T ITA~—F H TG S 21T
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sscDNA (single strand ¢cDNA) 7 A7 U —Z{ERLL 7=
(RT-PCR ), F7=, AV= dT (10 i) D 5° N7~
=B HN LT 7 T A~ —% O TR G S 21T
U sscDNA 747 7Y —Z B L7- (cDNA-AFLP i), 155
N7 272 — M7 A7 7Y — 2% L Tl Terminal
deoxynucleotidyl transferase (TAKARA)Z MV NT 3 iz
RN G &Lz, EEticxf LT, A V= dC(17 HEL) o
SN T =AML T4~ —%& T
DNA Polymerase [IGaATUNHARMGIT & 7 42—l b %
f3AIL7= dscDNA (double strand cDNA) 717 ZU—%AE
LTz, 7H 72— L THERL T 7 T A ~—t& v b
Z VT PCR 1TV, LR THELILZ dseDNA 747 7Y
—ZHIRL T2, %89 % cDNA-AFLP fEATIZIZZ b
L7z dscDNA 747 7V —%& Hu iz,
2. 4 cDNA-AFLP f##f

cDNA-AFLP fi# #1 Fi @ 3 %} 13X AFLP Microbial
Fingerprinting Kit (Applied Biosystems) %, 3o FET
FHEELTZ dscDNA A7 TV =T HZE T o7z, 7’1
I —/UZHEWFREE L 72 PCR FE# % DNA o — 7/ A
PET N A RNTHBEL, AA—=TT FI7A4F =% TN
YROBEREINT T HZETIT T, BRASURIZEEN
% ¢DNA &, T/ NADLEIR LW &2 n—=0 27
HTETENLDONHES DNA BLAIZfERL ., Thba s /I
7 — X X — Z ( http://genome.jgi-psf.org/Phatr2/Phatr2.
home.html) Z FWCRIE LT,
2. 5 RT-PCR

FRRICREL I IR TRALEOMIAN S RNA 245, Z
(ZX%F LT, cDNA-AFLP AT Dl B 5 i 7o 4 o il
cDNA (TR R T T4~ — Dy M AW TE &R
RT-PCR Uiz 4T702o72, WHMEHEIZIT glyceraldehydes
-3-phosphate dehydrogenase #1{x 7 gapC2 M\ 7,
2. 6 EFmEEHERFELE-FIOMMEDOHRE

HWE D F2ASW CTHE Loz = 0 k> T
O, AR FE &R (1 M glycine-betain, 50 mM MES
(pH 6.5), 10mM MgCl,, 5mM CaCl,) |2 CHE4 L=, 2D
AR A KR AR A AR R R L PR L, 1.5 ml 372407 L
7ot WRARZEFE CHFEL -80°C CIRTEL T, ZOaE 21
TEEATIZAEERL , DB > THED =L 0%, E G
EEMARF LT 7R M E L THUE,

2.7 FIAARRER= PSIEIERIE

FIaANIEEE L2 PSIL IEMERIE AR (0.01 M
Tris HCI, pH 6.8) IZHREL | £k % 72 A A4 L IRIIBREE T C,
77— BIRF B I, 20°CIT 30T DIE 58 A i
ZRELTC, BFZAMAEELT 0.5 mM p-benzoquinone
(p-BQ) 2 i\ 7z,
2.8 =ZRHEETFR

PSII K-, PsbO 35K UM PsbU D7 /B 51|24k 4 72
SERAR AW TCH L | £ D2 N7 RAE BAE ) wEisk
DERYELE 36 LORIEMEAWRFEL 72, = RIS THIE
PSIL O X #f i ESBEIC > TWDT B T
elongatus @ PsbO D& (mmdbld:36695) &7 7L —
7 —& LU CHEE T~ 22 2 Geno3D (http:/ geno3d
-pbil.ibep.fr/cgi-bin/geno3d _automat.pl?page=/GENO3D/ge
no3d_home.html) ZH\ \TIT57,
2.9 HERIAUOERLEE

HERLPN TR DA A D e R B A & LT, 50
ugmL" @ Sodium Green (Molecular Probe) % iV /=, 7=,
B N R A A O R BAAE R A& LT 6-methoxy-N
-ethylquinolinium iodide (MEQ, Molecular Probe) D57 1t
TR THD, PERRRE | mg mL' V., BROEE% 24
%9 % MEQ DS NIERA A L ZAEak § 5 A7 Lk
W, FTo, A EIEB AR OHEE D 29\ <O DAA
RS A o, SRR L2 O SRS R ISR
K
2. 10 LY —RZ v U7 HERBERBEHREE LU

O Az T RSB HIREE

BEREARE Y, Sodium Green, 35T MEQ D@21
— W — I TBAMEE (Carl Zeiss, LSM510 Meta) 31 0
I a=r 7w S (Applied Precision, Delta Vision)
(&> THT o7,

3.4 B
3.1 Na' AEEBEDEEICEZ 58E

HEPED MR FE CTdnD 0.5 M NaCl &2&rte A Tk
F/2ASW-0.5 M NaCl THi & L7 EEEE#E | P
tricornutum ORI Z KR EE (0.1 M NaCl) (228 L= A
THFKIZB LR LIZEZ A K 2 HIAEE IS
(X 1A), MIRORLE TR L~V ORIRE Chieb B
T, 1L.OM FEEED SR L NaCl £ TAE TE7- (K 1A,
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1x 10
A * Na'/Cl :0.5M/0.6M

* Na'/CI ‘0. 1M/0.2M
* Na'/Cl 1.0MM . 1M
* Na'/Cl :1,0M/0,2M

=
>

_
2

Cell concentration [celisiml]

"
>
—

1'!- =T
W12 3458678 9 10

Time [days]

X 1.P. tricornutm ORCERESIERIE. A, B4 72 NaCl 2510 FRASW (ZRITHaE R, B, 1, 0.1 M NaCl; 11, 0.5
M NaCl; IIT, 1.0M NaCl; IV, 0.5M Na,SO,4 125175 2 B OFE R, V., 0.1 M NaCl + 0.45M Tris-SO, F/2ASW; VI,
0.1 M NaCl + 1.0 M choline-Cl F/2ASW; VII, 0.1 M NaCl + 0.2 M LiCl F/2ASW; VIII, 0.1 M NaCl + 1.0 M Sorbitol
F/2ASW. C, I, 0.5M NaCl; II, 0.1 M NaCl; I, 1.0 M NaCl 7#7E F OffifafzfE. D, 0.2M LiCl 8¢\ MNE 0.2 M KCIFAE i
Na,SO, NNz 7= 2 EMEEIK O 1, 2, 3 OFFITNENEALIEED Na’ 23 1.0, 0.5, 0.1 M.
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B), —J7. TNIDAAF % NaySO, ELTZHE . 1.0 M
DF N DA APRPE THUEAK L~V ORI & [R5
DOAEBERLUZ (K 1A, B), T, REREIIB L% O
B FE CITFSER OIS ERUCIRREELL TV D
DOIFHEREINT= (K 1C) . ZOZEMD, HEEVEEERED G
KL~V D YR FE 22 O TEF 7 A BB L OB RED
HEFFICLELLL QWA EDRIB ST, F2, UTF U LA
T BLOIIT AT OIFEIL 02 M FRETHIER I
FEREL RO BENEEALE RSN -T2,
ZIZ NapSO4 RIS DL IREARIFINZ NS F A
DEBMREICRIL TRERZIRZ R L (K 1D),
HATR<ELRT DM ARH L LT, Fox 1R 1
DIRAIIRFAD T RENEZ % % T& T, A AV - 325
T, Fo MNIBSER AR E B O PSI{ENED 0.5~1.0 M D
Na' fF7E FCIEHEALS, K Na' BR5E CIRTE AR F 2k
ZFIE BLO CL I3 AL VL, EDEEE ThHE
Na" O#RAEFRZL, K Na'" 825 Chiug CI i PSITIG
PR L CE L BRERNTEISH RsEHin7z (X 2) .

Na* [M}/ CI-[M]

0.5/06 0.1/02 1011 1002 0111 01/02 0.1/0.2

2
o Il Net rate of Oz evolution
2L [ Rate of Oz evolution with added BQ
E O Fv/Fm
k3]
[
Q
©
=
=3
) 1 I Tod |t ]
o
=
o
<
Q
[
=
&
Q
o
0 -
~ N ~ v o S ~
§ & & & & 9
N L L & g N
N S & 3 § 3 =
Q' @ A,
& ~ Q S c"f S >
NS N ~ K S N .
(o3 ) *
% >

2. Kkx MR BT DG B, TR Eh IR
SN TUVD NaCl JEED F2ASW TREARIEEARIEL
7= AR 4 EoRIEICEL T, 0.1 M NaCl 28t
FRASW (ZZNZENOIEANZTIUTZ. BTy Mg %
AR LA p-BQAFE FOmEFFE AL, HIXPSIT
DRYT T ITIF LR A% RwT .

3. 2 BEFmERMERELEFIO/NEDRE

F/2ASW-0.5 M NaCl CAH L7z iz Lo 2 &
TEEWD | Al RRA IR BT T L7z, Z oo ie 2 i
B IR PR R L, IR 22 38 TR L -80°C TFR
FFLTz, ZORUEHE L | HOCBRMERBI SR 21T o728
A, B RE e Bl ST (X 3) . 2o E R
EHRIIRE L, A BT 95L 0.5mM p-benzoquinone 17
1E T CORIARIFH 28 H BN RS AT,

X 3. HAEEAREICIOERIL G T a2 & el
Fa. A, BB B, 3EkAE Y. A —L 38— 10 pm.2
DT VR — T a TR IR BRI R R A E LR
o7,

3. 3 FAEFSOAARD PSIl FHICHT I LEBEL
VIEAA> DEE

PSII Al E FH I E P A% ET# 0.01 M Tris HCl (pH
6.8) IR L . ZZITHR A GBI B/ A 22 T
PSII {EMERIE LT, ORGSR NaF ZIRINLI=54
NaCl EFERIET- IR EE AR AFAO72 PSIL {E MO RN SR8
BlERsI= (X4, A) . NaF BN X DR Faid, fEIREE
0.5 M LA ECHBEZEICBIEIS L, LI 1.0 M ECIRIEKRTE
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I CTH-T= (X 4, A) . Z0 0.5~1.0 M DRIDIEFPEEHER)
ROWERLFIEL NaCl DA LI~ L= (X 4, A),
—J7.CI ®° F J0b 0 HEEORER A 0T AF T
H% Br BELOT @ Na fiEUINUIZGE . IRERITR7:
PSIIEPEAREE IBIES LT, e LA ETEMEZ R LT (X
4,A), £7-. PHEZFIE Nal D57 NaBr (25 L CTHEIC
ENZEIRSITZ,

WA, DA IR I E RN T =4 ThD SO~
BELUYNO; @ Na" HARIL CRBRO EERAI 7782
7. NaSO4 DIFMNZEST 0.1 M FREDIKEEHE
PSII {EMAEERN 2R L. ZAUT 1.0 M DL oD i B 1
FETIRERFITHINUT, ZOMRERILFRICIRED
NaCl OFINZHL T 2 f52L ETh-72 (K 4, B), —F.
NaNO; /N % 7235813 NaCl K0 b EE 3 il s
(4 4, B), LD2L72235, NaNO; DIEEERE E5HIC0H.,
PSIL{EMEI IR 2 IS @ £ R 72572 (K 4, B),

NaCl 31T Na,SO, D PSILIEMEA LN B A MR D 412,

Na & & £\ A7) —AThD, Cholin HEAERIMLIZE
25, SOF BLONCT (THREEMK AT PSITE (12
ERLNARD -T2 (X 4,C)
3. 4 REE PSI AV R—RrDELGI| LLESEAT

PSII D/LV—AANEAER T DRAEL L X7 EELTHID
NARIATFRDHG P, tricornutum 7 /2 EIZIE, =
—R7 @ PsbH, O, P, Q. UBLOEERRIAR=—R D PsbV
DRSSz, ZNHD FRISIA IR EL , #/3\2k
KOS T 7T )7 TRRIZH <B4 TD PSIT #AEX
OB OMEIER L TRFEL | RIEBM O~y T
ZATo7c&ZA, PsbH, P, Q. VICBWTHRIDZNLE P,
tricornutum FHSEOESTIIRE /@ NI RO o7z,
—7J7. PsbO BL U IZRBT, P. tricornutum Hi SROEH
TR T CEERSER RI & 35 2 DI RFE oo T,

PsbU L O Ofthod PSIT #2737 E O AR
REREALEHEE L, T OB % LT L= 25,
PsbU |23\ T PsbO ED#E G T B FEITUZ TRV N IE FE AT

Concentration of SO,* [M]
0 0.1 02 03 04 0i5

A B
(-o—e) : + NaCl

(-o—e) : + NaCl

C

(-o—e-) : + NaCl

Relative oxygen evolution activity (H,O to p-BQ)

35¢ (o-w):+ NaF

0

[ (-o-w): +Na,SO,

S E ]

" (o-w):+Na,SO,

(-a-4): + NaBr (-a-a) : + NaNO, (<#) 1+ CholinSO, |
3| (ee):i+Nal (-a-%) : + Cholin-Cl ~ /
a r o
_EJ-" [ ] n [ ]
" a "
o =%
‘A u o™ .

Concentration of Na™ [M]

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1

Concentration of Cl- [M]

4. BRSAREIZ LV, P. tricornutum F7 A RIEORE % 72 A4 AFAE TICH615 5 PSILTEYE. A, 4 FEO/ A
A Na & MZT-RE B, HFRAF % 2 FOIENA Ry FMEAFAZEBLTZHIE ;C, Na™ 23 ER AR

Muiz=sba— 328k, 2 [BORER 2R
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EHTD Arg FREEN ZOFET DL o7 (K5,
A) o FTz, PsbU D43 RAMING, EEEEREI TR AL HEEAH
ERICZL—RERL T (1% 5, B),

PsbO {22V Th [AIERIZ PSIT R AEX /X7 E L O BAE
RN EE O 7 I FERC S 2 | OISR AR A OB D &
L7222 A, D2 X2/ 7B XU PsbU LA AE 352

EDENDIVTWDREIAS, FR [ CRAAMED D TR Z D
D RLEL L 737 L DFER TR TILPRAFMED D T
WZEDIRESNTZ (K 6, A), IEIRAFREIE (X 6, A Low
conserved region) (ZIL7 WA RRT ANT XU PRIRE

DOERVEFRIENEZLE F - TODBIEIVRENTZN (K 6, A)

HFIZ P. tricornutum TIXERMERE O BT A XTX RO E|

AMREL Z0XT A A TODIEEE PO

PERESRZ TR L T2 (K 6,A),
PsbU L[Alfk, PsbO JAAS

Zianfg

IRE S I SER Ry

A

Pt 91:LA IA‘?NL"PYNh‘U
Tp-1 91:RAR-GHIVTHGF f
Tp-2 107 :RA-GEIASHGP A
Tp-3 114 :SAAGLIASHGPEY 3

Cc :

GJ
No7120
Sy7002

Sy307
Syg81l02
Sy6803

Te

Bmdlng regions with F’s'bO:

St ERICZL—RIZJEL W= (X 6, B), 7=, #2737
BOFE RGP ANIETA ARRAFTED Pl ITEESAT
LD 7= (1% 6,B).,
3. 5 PshO H& U PshU DI ABELRETI /DY
{E:1

#7237 )7 Thermosynechococcus elongatus
@D PsbO BLNU(X 7, A, B) =88 L1 T P. tricornutum
D PsbO BLNUDNEET NELNZIUEEL (K7, C,
D) el U7 5, B A PRI Z R W TR ME T X/ IR DS
LTV I T D2 S22 B8N ThH R IC B4
IZHEEHLTHY (M 7, C, D), EHIZENTNOEBALIL
PsbU (235U TiE PsbO EDFEEHIAL, PsbO 12U T
D2, PsbU LDFEATRNLEAR > TNDFLAN) v I ATHLHIE
PRSI (® 7,E, F),

148
:I 148
ST 163
ST 171
155
153

149

Cyanidium caldarium

Griffithsia japonica

—i: Phaeodactylum tricornutum
Thalassiosira pseudonana PsbU-1

Thalassiosira pseudonana PsbU-2

L Thalassiosira pseudonana PsbU-3

Synechacoccus sp. PCC 7002

0.1

X 5.PsbU 7 /ERECHID ELEFEAT. A, PsbO O B/EH BB EET

Synechacystis sp. PCC 6803
Nostoc sp. PCC 7120

Thermosynechococcus elongatus

{ Synechacoccus sp. RCC307
Synechacoccus sp. WH 8102

BIFD—I U AT TARA N, BT WA

B ARETORT. IO IEBM OB Asp IZKTORT. AEMT I/ BE KGR, %%ﬁa§17®§ﬁu\7 /@&

Arg Z KT CORY. FETRR, PsbO AHANEMIGEIR. A FAR, FEAD o7 22 TR DRk, EAEMIE B |

PsbU FEA25 7= R A8
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T

[ I L I N
L= UV I E N SO T o

(RN RN T N T o

f

us
X

(
1

1

|—|_ Phaeadac!ylum tricornutum 4.79 367
|_|— Hererostgma akashrwo 4.83 433
— Cyanid'iosch_vzon merolae 525 6.90

[ Porpiyra yezoensis 5.08 4.84
L—— Volvox carteri 471 690

465 3.97

481 441

483 4.41

i VEITS 571 441

Nostoc sp. PCC 7120 467 425

L Synechococcus sp. PCC 7002 431 405

I Thermosynechococcus elongafus 4.74  9.97
0.1 Synechococcus sp. WH 8102 4.35 4.03

l 6 Pst T RSN D ELRENT. A, RAEZ L/ B EAERTEIIC T 50— 2 AT FA AR, IEEMT IR

BHUZ ARECRT. e IEFBM O Asp I1EKFTRT. ABEMT I BEIKEAHCRT. RbABMOBNTI/
E&Arg ERFCRT. R TR ENTHhO PSIH 2 R — R he O EAERRER. B ARERTERE. A T RR, (RORAFAE
AN DA 7 AR A R T, EIRAEMIT B ICUARLTZ. B, PsbO BFIS R7- Rkt 1227374 (Full)
BIOELAY 7 25885 (helix) O BRERS% S B4R T



0
—— Y L

Pt:QADYVI-D FNNG
Te: TALVEGGD YNNG

X 7.PsbO BLOU OFHMET I/~ 7. A, B, T. elongatus @ PsbU L0 0; C, D, T. elongatus @ PsbU F5 &
O ZHRL LT~ P. tricornutum @ PsbU LN O. A~B D EEEEMIILZ L 2\ EF BARTEL, FRITT A 8FF
B, EU NI WA, FIXT VX =0 KEIRY T B FIRENENPsbU L0 DX /7 AR RS A LK
L= ET VK.

3. 6 CDNA-AFLP EICKD+MBEMIRIBSEMELR 7%\ T cDNA-AFLP f#HrE1T o7, TOREE, K
FRIGEN RN ARG 2y 78N, BRI OMREIMHIMEEE 2

W OHERSE (0.5 M NaCl) | K avy27F (01 M BIDEE FOFEMNZE R HS -, AFLP figiros
NaCl (22 ) AEHEIEE#% (0.1 MNaCl T2 HEL ) D ADBWAZEINL, 20 DNA BiFA2iER% .. ZnH0
HIfZY TV 7L, ZRBLIHEELTZ dscDNA 747 WNERELSIZ L EITHiT-Ic T T4~ —%a% it L, T OB T
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OIS E MOV TE R RT-PCR O FEA T
AL (K 8), Dl R MBI B RS LT
BT-EUCL KRS R T 14, (R 3y /i
57 40, BIOMEHEIIHEEIR 7 20 235%-7- (X 8),

SRR 7L, b —hay s 7772 — (HSF) &
T, kR, FERHESR . BEIOCBEGRFEOHON

B EEERERET — 1418

Ron=(4 9), - ARG av 7F 8 EE 230
I3 HSF 07 AV E VR A GRS 7R S 21X U | Bk
RCHERHAR OB TR (K 6), —J5, (KGN
HIMEE R IEI AT —BT T /o vF ) —+8
7R EV BRI SR & DS RS T2 03, <k REA KN

DA F ThH-72 (X 9),

B : {EEIEALAT
S B gyt
A BIEIR{E

Gene | Annotation Protein 1D B § A
Isi-8 | Sugar transporter superfamily 49722

Isi-14 | Heat shock factor (HSF)-type, DNA-binding 45113

(JiEE S 3 RBLRIET — 401

Gene | Annotation Protein ID

Issi-2 | Na*/H* antiporter (NhaD type) 28573

Issi-3 | GDP-Mannose 3',5'-Epimerase 45434

Issi-30 | Heat shock protein DnaJ 18233

W EiEmstEREF — 20H8

Gene | Annotatoin

ProteiniD | B S A

Isr-2 | Casein Kinase I £ subunit

29145

Isr-3 | Adenosine Kinase

49946

8. HUCEMER s T

KIS HNH 1% 27%

HRE R 12 {15 Dl 1%
YLEeEER 3 IGRIETF
A B 2

s & 1

DAt 2

&t 20

| Emmwn |

Witk 3

T 3

T 2

HSF 1
RSB 1

EEERT 1

BIRET 1

204t 2

it 14

B avoBEEE |
WHERE 16 BREF 1
[T7pE3rN 8 DNAETE 1
r#MHFR 5 HEEF 1

VLELEER 3 Fofh 4

HSP DnaJ 1
Hy 40

B 9. (RSB MBS T DM
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3.7 FRIDLBFIUERAT O DEHE

WKL~V ORI (0.5 M Na®, 0.6 M Cl) THEBL
72 P. tricornutum Gl Sodium green 33X TUNMEQ D 2
T F N INEBICEERAR S ORI E R L CBIZRSh
AR 3 LU B ClIaEa/e st LoBlE S e -
72 (B4 10) . ZVERIEROHOERTEDMEIEIREE (0.1 M Na',
02 M CI) CAEBLMiachEizEs (K 10), —75.
IR (1.OM Na', 1.1M CI) CAEBL/ZHIAL T 7
DI T F NV DNFERMBRES LT FERIA— N =T
TLTRY, ZNLOFHERENRANEZIZREL TNDHIE
Mootz (X 10), [FERD RTED E T MY LA AR
HHEAA LV BREE (1.0M Na', 0.2M CI) TAEBLAMIT
HEIZESN2(X10) . ZOHIETIEMEQ D7 F /L
WIHTH-7= (X 10),

B am s E NS AT, B K CTAEE
7= P. tricornutum (23317 % Sodium green 335 TN MEQ D Jr)
TEA IR~ e U7, 2 OfE R, ZER A E D
& BZSMAI D PH £ Tl e 7 L sl STz (1K
11, A), FERARE B L OB AA A RE DA A%
wra=U TRIEL ., SHREBR AL B AA—T AR

VA AL THE S 2 38 L7 B AR L 72, 2 Dl

R HOCITZERKIR D NEBICT T34 R OR &4 f L
TWBHEE X LNONERDIRE B> TRIES DI
L (1K 11, B) . Sodium green 33108 MEQ (3 35k A
ZalBaAte Jo7eRIcBl g S - (X 11, B),

Z D R TE BRI IERR AR A I SR E S 2 st G o e
% SRR LBy a=0 7 g L0 H U
FTHILICE o TEhICHMEIRSNIZ (K 11, C), 72

B BERREO T LIS ETF T aAREIED O TEY,

Sodium green LN MEQ X\ 9 23U BRI HE Y62 HY

P IR NEZ > TRTEL TRY, Ahr~IZidb

TN RN -7 (K 11, ©),

3.8 AAUVREICHT SRR IGAA LR AR D
&

A BREFHEIAIE LT Na/H SR D7 vy J1—C
&5, 5-(N-ethyl-N-isopropyl)-amiloride (EIPA) Z &R FE 1
mM T, Na'/K'-ATPase 7‘\11ij —T&D ouabain (OU) %
HIREE 360 uM T, S —h Na' Fr L7 myii—d
tetradotoxin (TTX) %n’@/}%}; 60 uM T, CI' Fr> /71

— {EH 2 #] 77 T % % indonyloxyacetic acid-94
(IAA 94) Z ¥ YR E 30 pM T, T =4 1% i B E A
disodium-4,4’-diisothiocyanatostilebene-2,2’-disulfonate
(DIDS) Z#RFE 0.5 mM T, 88X Na’ A A4 /747
monensin (Mon) Z #& & 20 uM T, Gl F g KA E
JAlcFBITHNa" BEOCI DREEBIZE LT, TTX L
DIDS %<4~ TOHAILIL T, FERRRID AR~ Na*
BLOCr ORERTRITHELEZ (X 12)  EIPA BLO
Mon ZLEE78 Na™ 3800 CI D R EA Ml 2RI iR C
WHIDITH AL (K 12) —77T, OU LU IAA-94 ALPE
XA~ ICA A A PEBL TV D Io i ilgzs iz (M
12), F72, OU BLUIAA-94 AL ClE Sodium green 7
FARBRELTWDEZ 2L (K 12), TTX BV
DIDS (ZHLDALECIE, MHOES 7 T VO eI A I
RBNIRI T8 Z OFREETEEAL PO A H~TH
BN (K 12),
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[Na*] and [Cl'] in growth medium

0L5M:0.6 M 0.IM:0.2M .OM: 1.1 M .OM:0.2M

10. B2 eI EEBR R CAB LIRS BT 5 NI AB L UMEHEA A O JFTE. HBIK PO T LB LU0
AT DB A e LR
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B 11 @EEKCTETUCMRICSIT TN Y LB L OCRRAA VRO a=y TAA=IZE DR ET V)
M. A, ZEBIAGLE | SERAHOE, Sodium green, MEQ D7 A R a—ar (A=Y BIU~—I A A=Y, B, &l
HAA=D DRV ACLIRENR. SEFET T 60° T OBERSETND. C, A O~ —VHlIBITRUI R THIV HLZ
GIF OWTIE, G113 90° RSB 7o Wrihi X 27~ L T 5.
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Chl. Na' Cl-
- - - -
- - - -
DIDS

X 12. @K CTHRE LZMc B2 Mo LB IO EA A FEICH T AK AL ik Ty 2L — 2 — A
DE. DIDS A DUV TR Biffg 25 T D.
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4. % &
4.1 ¥A&#Na" Y—ATFIZHIT5 PSIiENE

AW HUFLEMEEESE P, tricornutum (X Na™ & CI
BREETEONGBIEMEZHE KL, PSIT ANEMLEZ TS
AL ChHZEN RSN (K 1), Fo, EHEEREE T Tl
HERIN D Na® MRIERRIRICTA T HZEpvRmesinz (K
10), ZDOZ &L, P. tricornutum O YA Ak as B 23 E Na®
I CI BREECIEME(LEI NS ATREME 2 RIB L TN D, 3772
Db, BEAEOHY) xR IS S A A L CTRY, Ml
WAL DO VBRI T MY LA a BT 5288
SRORIBRI N, Ziu, MO REZELC AR AR
MHYXFFSNDIERLRST (K 1), Tebb, EEEi
FRlX S EER ST T CIIAlERE ) O i O PRIRTL L 75 7223
R I CSbINDE, PEG A | BWITEEL, &
ERIDICREIZ /2> CLESTZ, SBIT, VTF T LAF A
U LA DEBEFEMEIZH LT, TR LM LD
TRERFRLOBRINBIER ST, 2SO RS RIT I EE
FEREDMFEME R A L QAT LR RORIEL TUVVD,

AT TIIIDHIZ, FTaARED PSIEMERIEES H

W, Bk & 7aNa" ) — A%k 2 7Rl B CISINLTZ, DR,

NaCl 7213 T72<, NaF & PSII iGHAREN RAH DL
o3t (K 4), L, ZRED S RO K E7ea
P UATAFAE T T PSITIEYEA~O L EZ R A RKE N
EMB BT A ATRITY PSIT IR CRRERIZfE)
&, Na" OIS REMET2HbDLBE 2D, N1
FUoAT U DADHRIE, AA L EROREIITHESTK
XD, ZNBT =F L OHA a7 PSI
GBI EF A ED RS,

ZOZLIFEBIZIEI T My I EDEA G TH D
SO OF MY L& AW A ICSHICHHE Th -T2,
Na,SO, DUHNZ LT PSIHEM:IE NaCl DU L~ T
2ERREDTEMALZ R LT (K4) s ZOZMFITIHIZ0.5M
LB NapSO, BN Th IR BTN CBIZE S L7z, Lol
7235, NaNO; 12X > TCEZ D I zh RIZ RS0
72725 (4 4) . Na,SO4 @ PSII RN 1% SO D7 F
HA Ry 7 NFALDFTREMED B 2 BTz, LR
5. SO DHDOEFNITIL PSIIHMEREI T 2 Z 57227
STZEMB (K 4), PSIT 1L Na® ([2k->TiEE kS, C
LD AF T PSIT KL CRLEMICEIK EvH
AVFE COIGRA R RSN DGR L7257,

4.2 SAEENSRIZEERED PSIL—AA

AFFED, WKL~V L OB NaCl Bg5ECl, Na'
DEEREERNICEA T D2 EDVRIBRS I, Zhs PSIT O%
TEALBWTIEHAIC T 5T 22 EM BB END,
PSI OFEFFE ARG A A T2 TREMER B 2 5
iz 7 DGR DB PSIT 20 7R — R MRS
o, B T. elongates @ PSII A& EFM &L CIL RS E%
TRILTRER, 2 OMREMEDDIEF ICHEE DR WEB 2
DNDOIMEIEET VARG HZENHIRTZ (K 7). £
DFER = AANFLEZ 7 BE D > PsbO BL
U ([ZBWWTC, BT BRFR LD 2\ IS RS, 2
DNLARKEE T2 P. tricornutum @ PSII Tl PsbO 35
XU xRy —2 I EAE RO R H Mo
MNLRRAEMOZNLLVB IR THH LN E 2 bz,
BEMET S BRTR S B AR A D & o B FR IS
AHND T, Na™ 7E F TV VB DK
2 IV ZENLT D, ZOZEIL, PsbO & PsbU D D2 #
YRTEASOEBER IO AEAD Na® (71
TCTLLALENTHIEEZREELTEY, PSIL {EHED
Na" RO FHK D —D>THHEEZHND,
4. 3 cDNA-AFLP ZIZKBEIEFEHETTFRER

WEAEFEIZ 5| &#i& . cDNA-AFLP 7£% W TR
MBI AR LIZE DA, 74 OB FEIETERT &L
THERTHZEN KT (K 8, 9), ZrudmtSii- 2
A 598 DIHLDORK 12%7% 5D TR ARMEERELIZ I T
12%FEEE D BB HBIND T ELZ T DL o7, Z
NHOHIH K 75%I2 4725 54 OBE IR K
HWay/ THESNLLOTHY R Tl
AR LOBIEADNTE DT, 2D FIZIE Na'/solute
symporter %> Na'/H" antiporter & €9 11 FEHOHFIE{AE
fBfbE i, BRI Na'| pH, A4 3REED
TRAT ALY AR BRI L ORI HERFL T
HZEWMAZ D, — T ARSISEMEBE T 05 K 40%
\ZHTDBIE T NE DT —HX—RLHRERY — RS
PRWNEEBE B 208 s T Ch oo, TOZ LT EEEEN
MH OIS B A L TS ATREME 2 RIR L TR0 4
B OREL L CTHIBEZE,

F7, HSF °7 AL e VR RGHR OB SR B IR 1O
MR CRON T2 | IR ER BRI EE R L
STARNAREL TRABSINLTWBZ e RIB SN,
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4. 4 FR)DLAFVEEBRAA D OHMIABEIZDOL
T

AHBFZETHVZ Sodium green 35X MEQ 13Z 124
F R LB L O FA A O B HOCETRF Th 5,
ZDT | TNHBOEORIEIXENENDA A DIFENL
EEZRLTNDHEE 2 b, BURRNZ2IZZib A4
D JAEIRHE AR IR EEL ~L PUT O MR E CIE3E R D
BEBIZEP L TRY, ZOMHEIC A ST DA
NHDHZEN RS- (X 10, 11), FISEWERE Tl
ZOFERITROHILT |, AR~ NIZH A2 D3 ADIA L
TWHEEZBNTZ (K 10), BEEaIE RIEBTHY, =
DT N—T VR O EIERHMARREA G 35, dt
FERIED RN, WKL ~VRRE ETOMIREREE T
TIHZOZEBERETE AL T, 2o A4 2R,
HLREE ABLATER L, ARE~NOFRIT AAF PR E S
TEPEIZHERFL WD ATREMEDN B 2 LT,

Z DS IR ANE R ~DA T TR B 555 T A
A=A LTBUEARY THLH), TTX L0 DIDS LS DA
A BmREIET Y 2l — X — BN EA T REICRE

TR R 2 TG (K 12) ZEDD, WL OO REEFIE
IRDSBEBN I A A L D EERIRJE L T OJRE A ELIE A%
BN TWDZENRE ZHLND, ZHUTHL TN AT
Y FNRT =AU T FIVTIERRRE D ~DA A
JRTEITHEBEL TRV ZEAVRIBE T2, OU DSRFEICK
R EBEEZLEIEDL, IRLAL VY RTE
Na/K'-ATPase 73> TWAZERRIRBS T,

SEHE
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Characterization of Salt Response Mechanisms in the Marine Diatom

Phaeodactylum tricornutum

Dr. Yusuke Matsuda, Dr. Yuji Tanaka, and Takuya Kanda

Department of Bioscience, School of Science and Technology, Kwansei-Gakuin University

Summary

Diatoms are the most dominant phytoplankton in the ocean and contribute to a quarter of the global primary
production. In this study, responses of critical cell physiology and biochemical processes to salt concentrations
were investigated in the marine diatom, Phaeodactylum tricornutum. Salt responsive genes were also screened
and isolated by using the amplified fragments lengths polymorphism (cDNA-AFLP) technique. Cell of P.
tricornutum could grow in a wide range of NaCl concentrations from 0.1 to 1.0 M. However cells exhibited a
benthic oval form when grown in 0.1 M NaCl whereas in 0.5 and 1.0 M NaCl a floating fuciform was observed.
In the presence of low (0.2 M) CI', Na" showed mitigation effects against Li" and K" stresses in a concentration
dependent manner. Na' also stimulated PSII activity whereas CI" was inhibitory to the PSIL. The active
thylakoid membrane was prepared by freezing in liquid nitrogen and thawing cells grown in 0.5 M NaCl-ASW.
pBQ-dependent-O,-evolution rates were measured as the PSII activity. The PSII activity was stimulated by the
addition of NaCl, NaF, or Na,SO4 whereas there was no stimulation by the addition of NaBr, Nal, Cholin-Cl, or
Cholin-SO,. These results indicate that the PSII in P. tricornutum is directly stimulated by Na‘. P. tricornutum
cells were grown in artificial seawater containing 0.5 M NaCl (0.5 M NaCIl-ASW). Cells at mid-logarithmic
phase were transferred to 0.1 M NaCI-ASW. A growth lag for 2 days was observed after starting low-salt
treatment. Cells were harvested before the low-salt treatment, during 2 days of the early acclimation period, and
the late acclimation period to low-salt after 4 days of the treatment. c¢DNA libraries were constructed from cells of
each stage and cDNA-AFLP analysis was carried out using these cDNA libraries. As a result of cDNA-AFLP
analysis, 74 low-salt responsive genes were screened and cloned. Of these, 40, 14, and 20 genes were identified as
inducible at the early acclimation stage, the late acclimation stage to low salt, and repressive under low-salt
condition, respectively. 40% of these 74 genes were found to be diatom-specific genes. Within the low-salt
inducible genes, there were 11 transporter genes including Na'/solute symporter and Na'/H" antiporter, suggesting
that marine diatom cells actively maintain Na', pH, and ionic homeostasis in response to low salt. ~Also, there
were significant numbers of stress responsible genes. These results suggest that low salt environment is
recognized as a stress by marine diatom cells. Finally, localization of intracellular Na" and CI” by using specific
fluorescent indicators, Sodium green and MEQ, showed that these ions are likely to accumulate in the
four-layered-membrane system surrounding the chloroplast when cells were grown in the ordinary and low-salt

seawater.
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&S 05B3 - 07B3

I HEVEEE SR D UFERNEAT) = X D Ze FEZERIICRI 975

fk  IEME, A RS, Uk BET, H £k

VPN - Slfast /) e/t v o

B B OAWIER, AT 2 ER T DUEE S NV EE T DA MR SR IC B € [IBRER BB CH DA
DSRFOMRBRAR 1% PEFEZIE DT ) LWV BEED T | AFENERER DIFHENMEAT = X D% 3 F L~V TR 220 %
BryEL7z,

e BE AP I AT IC 2 M BL LRI Z VB | ZDOREE DL LITD 7KL 1 M ELEDHE 22N E3 R
ZHRAET D, — 7, AR EIE 0.2 M~ B3 &K LV DIE IR BR BT CA B FIREC, E ORI TR 2 THRERR
HORHENHDITIN RS D7 E SEX FRBIKFNEZ RS, — 77 Z<OBHFEWHROBFEIL, | MEBEOE DS
CTEPEDS PRSI, H0ITBEREL 2 72\, RT Y =7 MO BHAARE AU CTAFEMERE SR ITERNE T BRI E A, R RER I
NCH TGSy FHRER D~ AT AREBIMR S TN T, TODEW AN EZ R CHTREZ KL, £ @B
RN TUTHERBREVESMITE DU TH AP PR I X B 310D TR I R AR IE A R R - B 35 ) LV fF
AL, ZRDBIHEMW A =X LDORE ThHEE R LT DINIART vy = 7 MFFRIZIB W TZORGRA IELL
ZERFRELTET,

(1) 11 4 M B >R 0D nucleoside diphosphate kinase (NDK) % His-tag 2 {195 Z L2 o TRIGEIZIB W THID TR
RS E XA AR E AT ISR P LT, ZORER, TAEYE AR EOFFERT v/ W m A Il X | Zhulh i
DOTRYATF R EHORE I ZIEAEME A R OLOLFEAE DT BT /BRI TR Tl Tl B S
UTUN=,

(2) " B 4 # 1 3k NDK (HaNDK) 185 1% B fS U R RO Y 2 9 8 L= & 2 A FEAFHEMERI T Pseudomonas
aeruginosa PAO1 #£?® NDK (PaNDK) &7 3 /BERCSIC i\ A EA 7R L7z (identity 78%, similarity 89%)., HaNDK &
PaNDK DV 1% DA [EIE 03 % Ll 3~ 5 Z 8 Ko TR D A = X BB R LT, BVEMER O - TEED 7]
WiMER BT MEEENTERITKIET D 80°C THERZIRRL . —ERFHFBEITY 7V 7L OK RITEE, 2Dk
FEFRIEMEA T E L 72, HaNDK 13, ZEPEIREE T 60 43 DOPRIE TH 80%DIEMEA 7R L7223, PaNDK IXE HIZKIELT,
HaNDK (%, 80°C CIE—HEMET 203, K L THEIT 2SI k> TS TR MR RIE L= 0 LB 2 B, FEEL
HEME A SRR O L I AT )SERO DT, PaNDK IFEEERZED | R AWM - TR L72b D E 2 HN5,

(3) HaNDK 3916 T —&iHEETHHZ LM 5y >7=, HaNDK O 134 % H D Glu % Ala (24 2 52 8128->C HaNDK
XU RRIZZEHAL | 312 PaANDK @ Ala % Glu (228 2. 5281250 PaNDK O WUEARA — EARICEHL 72850, 134 % H
FRIEH B R — MU B WA SR CATED o7, EHIZPaNDK O 1353 H D Alah Glu (2252 % (PaNDK/EE)
&, 20 PaNDK £ S4 (K% HaNDK E[RIFREDAFEMEAES LT, ZDXHIZ, C REDHO T I/ BEES| &7 = M
TERUFHE M Z B L CHleD TR HFH B BIR MG DTz,
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1. ARDEREEW

AHFFETIL, BHE AN ETHA B TERNVII 72 MR
BRI Cb /R CTED TBRERE AW ) O —FE THOAFHEH
&L BN EFET DU IR SRICBIL | TREREE A=
D3RR CUOVHDIRIRAE /1% FE S TTE DT 1 LW ol B AR D
128 | MR MEFE R O RN A =X a5y - L~V TR
452 % B L CTRFSEZ D T,

U HEMERE R OWFIEIEL. B AR ANDBAEIFITRER N

IR « S0 C O LD ML £ i & O B CHLIR 2SR 724,
LIRS E BE L~V DAL FRINFFEN 2 ST,

BFHEPEAT =X DRI DITIT B> TR LT, IT4E, &
BT L~V OB FENEASIT, #7270 1L L OHF
N AIHBIC /2o T T, A IXZOT BV 2 7R AX—h
FHRERIZEN T, IR IOV TEL T O (1) ~ (3)
(ORUT- EBRE R A1, TN BT ENEA T =X WAL
BAEREL, 20 3 OOy = MIFSETEDRERD
RRREEFER b E G- T&ETZ, T,

(1) eI, (2O EMEICEREE A R,
RS RNREECTHD | VIR T NBLETEL | Haxt)
(CREMEITHR A BR T D L 5o C& 7 i B A 4R 1 ok
DE%5E (nucleoside diphosphate kinase, HSNDK) (2350 T
U 72122 O BE A4 1 RSB I B\ T AR
PERESR 1T 0T LA EMEICER T, ShIC, HER
REBRSEILIZLS T, @AM HROREFE N R T2
ERTEIpORD TH A (T2l 20X, B ICHit 2
Dt e L) 22k B

(2) ZL O EER BB T2 BEL . OB R 11
WA WD LTI | I PERESE O@ A R COKE
B K ENGRNFRETHY | A HEIERER O AR A =
X EDIRIR, ZDOFEERFIRICIE A c&nze B

(3) EIEME ChHPEHE R, 02 M A DAafof
HEERBEE T W TR AW ER BE IS I L CAEB T,
BLRIR WEE 2R3 28,

IREDOFERIY | ThHEIERER IR BRI E F, 8
HEERIASTH ST 13 03~ A T Al Bl A
S>THEY, 2O @V AEMEE R TR AT
KL EBEEEEICE S UTERAAEWEMICEI T
b AEMERER I E O E W RIEMEO - O EHEE T A
BRBE NI B LA D Tl RIS s Rk A i 2 [
REFT 2 1 SV A TSI L, 2R PEA =X

LOKETHDHEE R N AT =X 5 | DS
AR E L CTHRBLT,

BAEE O BARRZFSE BRI,

P E R - AR MRS HsNDK. O R E
(2T DR EFBL - K- G LD HEMRAT

% AR H T EE A Halomonas sp.H 3k NDK
(HaNDK) EFEaFsEm & Al Pseudomonas aeruginosa
H12kD NDK (PaNDK) D #3740 B LR E 24TV
FRRE SR B R A B SR L RRRE RS S T
FHINEIDDIFGE,

B EEH EREEMES b TELEE LN
DT, ET/VEEHR NDK W Tl EESE PaNDK (Z
MM A 5 L, 2ol ERERZ L0 Eiee k32,

LU AR F2RA L7z,

2. IRAE
2.1 KBHEIZHTS His-HSNDK DXEHKIR. KER
&l

N- K2 His-tag (MGSSHHHHHHSSGLVPRGSH A41))
ZfHHNL 7= His-HsNDK $§8{-~<7%— pET15bHisHsNDK
Z KB BL21 (DE3) I JPE#A#L 72, His-HsNDK D&
%% IPTG Tk, 428 L. 50 mM U2 buffer, pH 8.0,
2 mM MgCl,, 3 M NaCl, 0.1 mM PMSF &%+ T35
L7, 0.5 M NaCl, 10 mM imidazole (ZFH%L |
Ni-NTA Z7 AT 72, 0.3 M NaCl % & ¢ buffer THZ
LEUEEH . 250 mM imidazole CEBAEAZIRHL, &
Hi43% 10 mM HEPES, pH 7.0, 2 mM MgCl,, 0.3 M
NaCl (2% HTL ., 4 CTHRIFLTZ,
2. 2 HsNDK M#E&1t

ftimnibiX, 18°C, Crystal Screen 1, Crystal Screen 2.
Index Screen Z AV, N XL TRy S ETI T2, &5
|2 Additive Screen &N TEAMRFTILT-, EE LD I
falE. 2-5 mM @ nucleoside triphosphate T74£ [ CT{ 777,
F7-. #5410 mM nucleoside solution (Zi=iE L CIERIL
72
2. 3 thEEHE Halomonas sp. 593 ¥kHEEER

nucleoside diphosphate kinase (HaNDK)®¥&
®qgmFyOo——=29

0 FE LM B R HSNDK P76 I €, HaNDK

H ATP 7 A=A T I AETHEB A ATP T LK
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DERDAY ) — =0 7 UG A AT T, BAFTRERA D
R G 26 B A R FR L 72 S Halomonas sp. 593 BEAS
HaNDK ORI IH L TWODIENHIAL, L FZ o
ERAEE LT,

HIEEFRWZ 02 M NaCl 5T E-N\v 77— (50 mM
Tris-HCl (pH 8.0), 2 mM MgCl,) TWr{k L7z ATP-7 77
11— 2 (Sigma 2767) 77 L0 F, 0.2 M NaCl BL U
4102, 0.5, 1.0 mM ATP Z 5 AUTZ E-2X 7 7—C, ATP-
THa—AfEAE AR Sz, EHIZ, ATP BT AT
FE#LL7- HaNDK % 2 M (NH,),SO4-V g/ 77— (pH
7.0) (\Z&EHT#% . TSK GEL Phenyl-5PW (TOHSO) 77 A2
23T, 0.5 ml-min™ O CHEZEHEEE AR CIRHL, %)—
IR AR T,

BRI 7= B R - A< E A W T N-SRs 72/
BRECHIZREL, T —F—_R—RL W L2 A,
Pseudomonas aeruginosa PAO1 #£? NDK (PaNDK) &
80% TV MARIMEZ R LIZZ &G, 7 AMEFTIC L > TH
FERCSAVEIBIL TS PaNDK Efn 147 o—7 1A
THHFLNATY, an=—,A7 V2LV HaNDK #Efs 1
Bou—=7 LT,

2. 4 His-HaNDK. HaNDK_. His-PaNDK, PaNDK ®X
BEICEITAXRERI - B - ERE

#5372 HaNDK 3550 PaNDK 38z 1-% pET15b 335
O pET3a ~I X — TR AT 14 N-RlZ His x
6 X7 IMEINE7= His-HaNDK, His-PaNDK 33X 0" His
A7 MEINEFLTUVeV Y HaNDK, PaNDK. O KIS #IZH
(TDIBANYH—EAEGL LT, E. coli BL21 (DE3) IZ/PE
HRfAL | KA R A RERBISEC, ATP 7 T —
AN T L IV TRERIL 72,

2. 5 GRS ORI, 7R — EBEELF TR
EL W

2. 6 HaNDK BXUOPaNDK @ 134 FH . 135 FH DT
SUBMBRELMAABEELERIETHEL, B RIK
HaNDK/AE . HaNDK/EA ., HaNDK/AA . ¥ X O
PaNDK/EA . PaNDK/AE, PaNDK/EE % {ERkL 7=, NDK/
DRI 134 % H | 135 F BEREOTIBRENAR — U738
FLTELTWA, 21X, HaNDK/AE 1%, E134A 2 %%
Ffo7- HaNDK ZE BUARESR 2 BIEL CTD, ZIUHARR
DY 7 2=y MEEIL, {LFREH ethyleneglycol

-bis(succinic acid-N-hydroxysuccinimide ester) CZE% .

SDS-PAGE C/#rL7z,

2.7 BFREHEE. ARAE B (CD) 247, SDS-R
Y72 ILT IR IVERIKEN (SDS-PAGE) . &H
BEDEELGE

NDK EEZIEHEORIE ., CD JlEIZENZE Tk

- EE T o 2

SDS-PAGE %, Laemmli 0 776 & AHE & &%
Lowry O {EEC1 172,

3. IRBREER
3.1 THERRE. SEIFEMERLVSFEHROIEIR

WA HOR OB T, SR AL T TSR
FLESILD, BlZIX, 7202 RU 7 O Malate
dehydrogenase <> i Saccharomyces cerevisiae @
a-Glucosidase (X, 1 M NaCI{EE F CIHAAAE F ORI 50%.
2M NaCl fF/E F Tl 9 20%DIEHELDVRS 2, 25
DMV EPE T DA RN ERESR T, 3~4 M NaCl f77E
TTH 100~70%FEEDIEMEZ R,

AFHEMERE SR I TR BRI @IS L T2 0T SR A
RTHO, TROLEABEMEE L EIR DT L
FURTHH D, DL HBITND, FRZ, @AM
HHIEHRDIZEA L & TOE EFERER T, RIER
1 M YA EDHOIAF T Tl L2 s A& 2 R T
KIET D,

e ld, JOMRIAV IR BRI, T70h | BURIRYZR4f
HEPERER DN RIE L CLUEMRIR IR B BR BE T 22 E ClE
R AP VERE SR O Bt AT L. KR IR FE MM/ 47 M
PERESS | LV IERREFRIB L TS (Fig. 1), ZOFEDEES
VL BERTE MRS EIRE O RRE R LI/ F7 Tlk, — Rl
HEMERESR LDV A 508, BER R PS5
WOFBIIME TREERD, T705, MR T,
MEIFFE T D LIEREDMENEZ AN ERE THLHIS,
SOITEWEIR AR T bR A ENEMEZ R B | C
BDHDITKIL T, Frx D3y BEU T AR IR B e/ A R
FT, [BELEEWEIRE (~2 M BLE) BE#E ThHHAF
HEMERE R DS AR IR L THIE A R T REOMIEL E
PEZLRS>TODIER | THDHEE R DD,

i FE I VE T A Halobacterium salinarum  F ko
nucleoside diphosphate kinase (HSNDK) /&, =i B4 B i
K THHZE D DD T I T CTHIEME R T H0D
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Fig. 1. Schematic illustration of low-salt resistant/ highly halophilic enzyme

TOEEFETHD (Fig. 2), HSNDK 1%, Dt RE S
THDHTHD OO THIFFE T T L EMETEEE R
FTEVHOMEEINL, B AHEERE R ORISR E S T T
HE AR AD LD TH 7B CH D,

__ 100 -
g 80 ‘/' v\ﬂ
> 60 [
= 40 |
S 20
<
0
0 1 2 3 4
NaCl (M)

Fig. 2. Enzymatic activity of nucleoside diphosphate kinase
(HsNDK) in the presence of salt from extremely haliphilic
archaon, Halobacterium salinarum. HsNDK activity was
measured in the presence of 0 - 3.8 M NaCl.

3. 2 His-HsNDK O XZEIZHTHHER

HsNDK (%, HIEFFAE FCHIEMA RT3, Wolz
PETHEZDERERIC im/ﬁfwffgz\%&a“é[7] A
ST NVBEZRDEMEIFAE T THIEEA > TERY, 20
ZEMD HsNDK (T, ZEMETE IR A R U723,
B AR IE DTG T R LR A R D AR MERE R C
&%, Lo T HsNDK %l M Cho RIGEZME L
CHBLSECHE QI YRR 3 ISR BLEN DY, IE
PEFF->THELT | ELEKREEZ L TNz é
NEZBNTZ, EZAN, ZOKIGEZE AW REIZB W
T, HsNDK 0 N-R##Z His-tag Z ML TR B AR T-
LZA BV ZEIC, ELLEIRIEEZ AL TEMEE IR
FRL7ZIRRECRBISNAZ % RHLT- (Fig. 3),

A HsNDK
(kDa)
E N
21 e mHENDK
MW 1 2
0 4.0 | NaCKM)
E E Fraction

B His-HsNDK

(kDa])
k3

iy

P

MW 1 2 3 4
0 0 40 4.0

FT E FT E

Fig. 3. His-HsNDK expressed in E. coli bound to ATP agarose
column. E, elution with ATP; FT, flow through fraction.

Fig. 3A |TRL72491C HsNDK |3 FEFFAE T Tl ATP
T BITFEE LR (EVEZFFTZ720) 23, Fig. 3B 1T
£91Z His-HsNDK (L, HEFEF(E T Th ATP U7 AITHER
L native 72l A REFL QWD LN o7z, His-tag D
ZhEIT in vitro DEZ R LUERR CHIER TXTz, 372bb,
Fig. 4 {2773 291Z, His-HsNDK (a)l XL VAL — R THRE
FRAHH3, His-tag A0 CTHJVEEL 72 digested-HsNDK
(b)I%. HSNDK ()& [RIERDIENVALY — R THREXRE ST,
His-tag %575 &0 ) il B 40 C il S A 4 1A PR Sl D 2

HE ISR S K O CHIE M2 S S 7ol CRILTES
ZEERUIEENIOFITHY | BERE A O K ERFEIEE
BHCZEMNTET,
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Fig. 4. His-tag facilitated the refolding of HSNDK in vitro

3. 3 HsNDK M#Efib& X fREEMT

His-HsNDK % KIGE CRERKBL, KEFHL | His-tag
EAIINLTZEEDIREESL His-tag ZFRELTZIREE, IDIT,
FLE (CDP) 43 125 A LTIRREE L TRV R BT, A
e (AL SO i Doy FEHEIC I S &
(RO E R E LT, HEE T N-R G5 B-AiE L a-~V
V7 ZREEDED IR o/p IREAUEE CTH D,

HsNDK O B K O AT /341 % Fig. 5 (A, B 55

(A)

HsNDK

72X C, EbRZ) IR LT, ®HFREL TN NDK %
(B, #i0°5) & (D, E235) 127”743, HsNDK K fil, ~A
F A E (IR IZE A TWAHIE, BN NDK 1, ZHUZk
AT, (AR B LT T T ARE () IC8bhTn
DL LN EZRL TS, BBIET I ERIC KD~ AT
A EIZE A TWDIEIE, AHEMERER DR THDH,
HsNDK [E—WkHiE b skt Bb 2o E4R->T
WHZEDMERR TET,

SV CDP LD DTS % Fig. 6 (2”3, CDP
EOREACR G- 27 I Wik I L2 DR AR OKFERS
BEF . BB, 77 T AT — L A AAE IS, -
AB % T IIREAD KA TRLUTH D, CDP DU FEIT,
Mg AL ZNLT Gluss &, EiEPEF L His119 &%
ALTWD,

Fig. 7 \Zhk % 72480 NDK O 7 2 /RS2 R LT
%o — % EOFIH HSNDK T, & BIZHITY / AMRHTH
T ULIZRICL B E R E TH5 Haloarcula marismortui
D NDK Z7RL, BL TR Ch DB LA R,
JFRAEM KD NDK 2R CD, JREGTEY O ST
EZAIE, TRTO NDK (ZHH@AR 7 /IR L THY | A
FED TP H S A WD AR (3 S0 TFRL

Human NDK

Fig. 5. Electrostatic potential of HSNDK and human NDK. Red, negative; positive, blue. (A) and (C), HsNDK; (B) and (D),

human NDK.
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Fig. 7. Alignment of NDKs. Filled in red, identical amino acid residues; red character, highly conserved. Green box, high

content of acidic amino acid residues.

- 44 -



TWVD, Bk RoE CRNmREIROA RIMEIMENZ & 0381
LBIND, R CHHATZE ML, AR MER H 2R NDK (230
T, FRICEEME T IBRICE ATV AIEIRA R L TRY, C-
KimD a8, a9, al0 ZFA LML, BEAFINDL N-E
Sl D 03, a4 Z 5 ATZFEBTHY | B DY 16/39 = 41%.
BFI /14 = 50% OFPET I ERFE A EA 1L TVD,
BRGNS, TF LGB AERE IS LEL T
WAZEN DD, Marg BIX, IR BE~0 5 1
{bD—D>DFELL T, FFAFEMEOEAEIC, BT/
FRFE RIS IET I AT BN T F REAI O AZTRREL
TWDH, ZOFEIRGZAUT YT DH DG LIV, >
(Z HsNDK @ N-Kifignss 122 & H £ TO—RES %, &
NLARED T I FRRL A &2 L L C A B LRl ORI/
FR s BIE~17%E — XA aF SRS 38 AR FRAFi
PEDOHBOIZITNAS, $F 1L 35%E D Tk, & V2R
D~ AT AEICKEB G LD, HsNDK 23K
JECHLERDOIL, FEUFHEME NDK 2B ERET R /R
IZE IO AICLY —ZRUTHE L TETB b LI
7200,

Fig. 8 |2, A AIIABNZ L7z HSNDK DS 7 FRiEA D
/\‘y%‘l?**/éj\ TTICHEENTWELar gy oD
ENEBEREDE X ER U, BB BRO &
EDEWD 03, a4 % 08, 09, al0 OFEEL ZDIFEAE D

O NERDES>TWD, 37205  AIBHOMED KE/R
HRWTHNDS T, 2O IR —r OfEITRLS—

HsNDK and DmNDK

Fig. 8. Superimpose of HsNDK and Drosophila NDK crystal
structures. Ribbon model, HsNDK; thin line model, Drosophila
NDK.

L CWDTZENI D, IR UL, AHEMEAE
XSRS O EAITEE T ek i 8 8 R AL E
LTWHEWNIZEITD, ZDOTEIX, I m F R
ZOESERME T X WRFR B A AL E AU, i A A
HLUERR SN BER AR CE D ATREME 2RI L C
AN
3. 4 HEWFIEE Halomonas sp.593 HRHEKEXR
nucleoside diphosphate kinase (HaNDK)® #&
H-EEFrOo—=29

2M NaCl Z& ¢ Nutrient Broth T L= A Z 8BS
WL, 2D LEE Y% ATP BT LT, J7HEOE
(R FE TR L7, ZOmnEHED, SHIZBKY
FLTHESRIL . SDS-PAGE THa 4|l —7p 4 L 7 B A i,
ST, 2O N-Kim7IBESNEZRELTZEZA
Pseudomonas aeruginosa PAO1 1 NDK (PaNDK) &t
FARMED o7z, 2T, P. aeruginosa 7€y — A
DNA Z 8L, 7/ Lt CHIBIL TV V5 PaNDK B 51
% PCR CHINE/YBIEL 7=, ZDWr % pET15b <7 % —|Zif
fEL. 20 DNA #7'a—7\ZHWC, B fgiréan=
—/~A7VC HaNDK /{5 - DB 2 Eh U, ZoXk
BBz E L, PaANDK EDT T AL A REAT, D5 R
% Fig. 9 \IRUT=, K9 80%D T/ ERMIF—D T/ FEN
720K 90%D T RN BT T B ClhoT- b )
VWA Z 7R LT,

W D7 X TR A L3 2 & BLIR RV NS 5273 1] B
U7z, —f%IC, AFHEVERESR IRt 7 B & B <, 5
B AMENEWE A 3 EN S TND, [0 O FEFH A ES
53K 30 T/ MIRIL THR T DL BT S BR O Rl
HaNDK 7% 9 &, PaNDK 7% 10 fE&IFEAE I—JU//\/I/C“
BOHM MHNET I B O E BT, HaNDK Tik 1 f#l,
PaNDK Tl 6 fEl& HaNDK “C H 37> THE M T I /i’
IR ENSy o7 (Table 1), KoC, ZOHEAFHEE
FSREESR 1L, BRPE T B B BN\ VD K01, R

TIEEBEMENI LI LT, B EENTWAEE 2

Bo BIRFNZT I BERLS D HFH R LT %8 AU, HaNDK
75 4.6, PANDK 78 5.4 & 0.8 [FE DEWD D5,
3. 5 His-HaNDK, HaNDK, His-PaNDK, PaNDK M X
ERE. KEHFR

R EE C O iR O R EFEH - KRG RAE HEL T,

K& {5 1% pET15b HLLIL pET3a 7 & —|Zff AL,
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Fig. 9. Alignment of HaNDK and PaNDK amino acid sequences. 593, HaNDK; PAO, PaNDK.

Table 1. Characteristics of amino acid composition of HaNDK and PaNDK

Total AA Acidic amino acid

Basic amino acid Acidic/Basic in non

pl

(D+E) (K+R) homologous portions
HaNDK 141 23 14 10/1 4.56
PaNDK 143 22 19 9/6 5.36
BL21 (DE3) Rk CHBLSHE . Ni- W7 A, HLLIT ATP AT 4 (a) Optimum NaCl concentration
TR 7=, F5HRIAE 50> SDS-PAGE % Fig. 10 (Z7RL7Z, 120 —
FNE NI TERC& T, [ LR 3%D SDS-PAGE L 100¥ —e——_pwoK]
TORNFOBBEL, ARO T ENLTIUTNEL, § 80 acian, 4
4 60 1 -
FDNF O F&EITFERIVH RELA D (L—2 1,2 vs 6, - 40 ]
( _—
5)0 20 ‘\‘h*;_?‘—l
0 i i i
c}é&c}‘@ 0 1 2 3 4
@- NaCl (M)
;‘ﬁ & ‘55\ * , .
(kDa) e @& St (b) Optimum reaction temperature
& o [T
68 90 7
80 \
5 ~ 70 \PaNDK
£ 6o
31
£ 50
—— 5 40
21 T < 30
14 20
10 HaNDK
0 *
30 40 50 60 70 80 90
MW 1 2 3 4 5 6 Temperature (°C)

Fig. 10. SDS-PAGE of purified NDK proteins. 593, HaNDK;
His593, His-tag-HaNDK; HisPa/593Chimera, His-tag-593/Pa
chimeric NDK; His593/PaChimera, His-tag-Pa/593 chimeric
NDK; HisPa, His-tag-PaNDK; Pa, PaNDK.
3. 6 HaNDK & PaNDK DEBERGIERE . XUV E#E
RISRE

Hh 2 A H TR koD HaNDK. L 5l B Dk o> PaNDK
(ZRWNT, BTG VRIS R T DI DR AT~ T, K5 Rx
Fig. 11a lZ7”"9, 0~0.5M FREEDORHR & ClX HaNDK

Fig. 11. Optimum salt concentration and reaction temperature
for enzymatic activity. The enzymatic activity of HaNDK and
PaNDK was measured at 30°C in the presence of various NaCl

concentrations (a) or at 30-90°C in the presence of 0.2 M NaCl

(b).

DIFHIDBABINT EOFEHEMEZ /R L, BEERES 50
mM EO TN AR Uz, L, miERELEW
Mt M e < i EE AR T Ok, RARITIEME DR T 23
FROIVT, HEE A M T OO AR AR S 130720 O e YR T
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\ZEET 505, MR PN IEIR L 1, & U i LT iR g
ThHILERBET HREREZ Z DD, ZiE SO R,
HaNDK 7% 40°C THHDIZx LT, PaNDK % 60°C &
B2 EMEA R UTZ (Fig. 11b),
3. 7 HaNDK & PaNDK Q47 1= yhEE

BIEE T, 77 LRI kD NDK X3~ T &
REESTVD, Halomonas, Pseudomonas &7 2
G THHDO T, TOY 7 2=y ML BIARL T
Wiz, 22T VIEE — JEBELFHI LY o1 & A
TEL T4, HaNDK % 30.72 kDa, PaNDK (% 63.46 kDa
L7 PRUZK LT, PaNDK (XU #{KCTHSHAHY, HaNDK
X EETHLENHZEDHIAL (Fig. 12), &K T
IEMEZHRF 72 NDK (3O B THY | fized THIBEZE,
3. 8 HEMFEMHEROBEIERHE

IHEMERER 1T, B~ AT A EE BICER T 55V
AERMEE DD BUKAOZ M B AR S R @< BRI B
NTHHEE NI, IR AT 2R B R 2 ED S,
BV MELE R EE R T LWV Db LD RRGET D

(a) HaNDK

Light scattering signal (arbitrary units)

Elution time (min)

R signal (arbi vary units)
(M)

0 5 10 15 20 25

o
Lh]

Elution time (min)

10 15 20 25

728 | SR DB MR O TS RTPE A RRET L 72 (Fig.
13), MEEENTERITEEMET D 80°CTHRIEL, 20 4315
(B AL, Kk ECHREISEERTEEZRIE LD
7. 0.2 M NaCl f£7£ FIZ3V Tl HaNDK |3 60 43 JL#
T 80%. 100 3 ALEEE TH 60%DIEMEZRLTZAN,
PaNDK (%, &<JFMEE RS-l — 7, 2MEWVI E R
FESAFAE B CIE, MR LB IR A R & e ol

0.2 M NaCl EWHRHENR S FCld, TAEEBD
HaNDK [ &\ A2 R L72, 2 M NaCl f7(£ FC
V. AEA RS T R A R R A TR LT85 %
HIDA, ZAUZ, EiREEAFAE FICHB VT, HaNDK
EVERS O~ AT AFFEEILD IR INZ BT
L& EDIT, EERE TR 28T R LD BUKT
FHEAERAREDOITRE R, N AT 2R B R 2 TR L
TEbDEFEZBND,

PaNDK D513, MHEIRESRME TIZBW T, EBITAR
A BRI ZTERL L TR Z RS T=b o &b
Do

(b) PaNDK

mhe

Light scattering signal (arbitrary units)

0 5 10 15
Elution tima (min)

8

RI signal (arbitrary units)

0 5 10 15 20 25
Elution time (min)

Fig. 12. Molecular mass determination by SEC-MALLS. One hundred micro grams of HaNDK and PaNDK at 1.0 mg ml™ in

standard buffer solution was used in each injection. The same sample was analyzed at least three times, and the average

molecular mass was determined. Upper panel, light scattering signal. Lower panel, refractive index signal. Note that the

majority of the injected protein eluted at 20 min and some aggregates at ~ 11 min were also present at such a small quantity

that they were detectable only by light scattering.
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\i\‘i 7 e
80 H\—— e
Y T8 | @ Hanok acio2my
= &0 5‘\ g O HaNDK (NaCl 2.0 M)
- B PaNDK (NaCl 0.2 M)
Z 5\ ] PaNDK (NaCl 2.0 M)
20 \‘
b R TR
0 i = SR e —

) Incubatic;n time a{ 50“0 {min)

Fig. 13. Time course of residual activity after incubation at
80°C. HaNDK and PaNDK proteins (25 pg/50ul standard
buffer solution) were incubated at 80°C for 0- 100 min in the
presence of 0.2 or 2.0 M NaCl, ice-chilled for 2h, and measured

for residual enzymatic activity.

3. 9 HaNDK $&U PaNDK D= E{F — S AL A
H=X L

7T LEMEE sk NDK OV 7 = Mii& 24 B (4%
WEIZESITETZ, L L THICFEL72891Z, HaNDK [
BEIREE IS TV, &G, X TONDK O
FEARRETHY, ZOZENBH 258 HaNDK (3 &5
ZOEFS TN EERE OHRFEMAO OB TE Y
DRV DEEZ X DAL, 2 CHE—S S AT 2
SHL TS Myxococcus HIKRIUER NDK Ozt &2
BLRELUIZLZA, Fig. 14 1R T I, ZFT C &R ED
LOMHAAERL T EAEE AL CODEHEES L,

HaNDK & PaNDK {22\ Clk, FATX L X7 DR

FERIRE DD C R SIS HE ChHDHZ LN 303072,
OO 8 HOT I EEESE L THHE R T

NERESRENIT, 134 FHE 135 FHOTIBEFREE

TV, HaNDK D413 EE THY, PaNDK DA 1L AA

Too7c, BE EVIOBENET I BROW ONTAF TS 7 5

LCWHATREMLHY ., 2D — DD T I/ROEWICE B L

T, Z 5K NDK Z1ERkL 7=, HaNDK OIGIX E % A IS

Z5 4 (B /£ EE \2%FLC, EA, AE,AA) L, —J5, PaNDK

DAL A% E I (B4 AA T3 C, EA, AE, EE)
EVERLL ALZERBIC L > T 7 2=y M2 E 8L T,
fili Rl Fig. 15 (Z7RL7225, M NDK & 134 #7550 E

DOEEIT T8I A OBEA TN ERERLUZ, ZOZED

. HaNDK 330" PaNDK D - #:Ak — U841, 254 n]

BETHY ., ZIUL 134 BFEIIZ > THEEIN THBEN)

BPR7R gl R brn ot Pl

3. 10 BEEBRANDOFEHMSICLIBERRIOSHE

BeikE

U HEPERE R IE, O RIR EEAAE T CRSERET 528
R0, VM AR A RO LV O BRI 2 R TV,
Fo T EEEBER I EEE M 595 28Ik Toh
SOFFIZRMEE A B F IR ITE 2, Kol Ekkne ) LBt
ORI E BT,

ATEDEER T, A ITHERENZ LI DWW, 37
b, Fig. 15 BLO Fig. 16 ([TRT LT, 134 FRLIO
135 FFRIEN e T /e %A% & SDS-PAGE | To
B RIS R O ENE N D Sy 1 BeA R BB
(ZHATEELARD | ZAUTHF IR ORI E L TR 2 3

Ha/Pa chimers c=——x"'" L L :
i s 3 Pa Ha :
1 at p2 a2 B3 o3 ad b
N — [ - s — - C
MIXNDK | ]
N 7
' & pd \
Ve p2 N _~~ C-erminal \
HaNDK K ----S AYFFEESE
paNDK K ----8 AYFFAATE
MxNDK R----8§ AYFFRETE

Fig. 14. Sequence comparison of various NDKs. Top, structure of chimeric molecules of HaNDK and PaNDK. Ha, HaNDK; Pa,
PaNDK. Middle, structure motif in MxNDK[8]. N, N-terminus; C, C-terminus. Bottom, sequence alignment of HaNDK, PaNDK

and MxNDK in the N- and C-terminal region involved in dimer-dimer interaction of MxNDK.
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Fig. 15. SDS-PAGE analysis of HaNDK, PaNDK and various mutants.

HaNDK and its mutants (A) and PaNDK and its mutants (B) were

cross-linked and analyzed by SDS-PAGE.

(A) HaNDK and HaNDK/AA

1

Ha
T |n.|lll

{ t
TN

— T
" . “
HaAA !‘”\.H_ "\\
(mutant) S
~y
v S ™

B

Activity (%)

" "l “r (5 "

NaCl (M)

Fig. 16. SDS-PAGE analysis of wild type and
mutant NDKs. MW, molecular weight marker;
Ha, HaNDK/EE wild type; Pa, PaNDK/AA
wild type; HaAA, HaNDK/AA mutant; PaEE,
PaNDK/EE mutant.

(B) PaNDK and PaNDK/EE

- \}

PaEE
{mutant)

Activity ("/n
<
3
f’f
/
p—ﬁ—1
J
/
'

L] ap a2 na nd

NaCl (M)

Fig. 17. The NaCl concentration dependence of enzymatic activity. The concentration of KCl in the reaction mixture was 50
mM in this experiment. (A) HaNDK/EE (Ha) and its mutant HANDK/AA (HaAA) are shown. (B) PaNDK/AA (Pa) and its

mutrant PANDK/EE (PaEE) are shown. The vertical bars show the standard deviation of six measurements.
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Fig. 18. The refolding efficiency of NDK proteins from heat-denaturation. NDK proteins at protein concentrations of 0.25, 0.4,
0.8, and 1.0 mg/ml were heat-treated at 85°C for 5 min, cooled and kept on ice for 30 min, and then measured for enzymatic
activity at 30°C. (A) The gray and black bars represent the HaNDK/EE wild type and HaNDK/AA mutant, respectively. (B)
The gray and black bars represent the PANDK/AA wild type and PaNDK/EE mutant, respectively. All of the experiments were

carried out more than three times and the average values are shown.
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Fig. 19. The effects of 0.4 M NaCl on the dilution-induced inactivation of NDKs. NDKs were incubated at 30°C for the time
period (6 ~ 60 min) described in the figure, in the presence (black bars) or absence (gray bars) of 0.4 M NaCl. The enzymatic
activity immediately after dilution was taken as 100%. Lane (1), HaNDK/EE (Ha); lane (2), PANDK/EE (PaEE); lanes (3) and
(5), PaNDK/AA (Pa); lanes (4) and (6), HAINDK/AA (HaAA). Average values of more than three experiments are shown.
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Table 2. Net charges and pI of NDK proteins

His was not included. as it is deprotonated and hence uncharged at the
experimental pH of 7.5. The net charges calculated based on the Arg. Lys. Glu. and Asp
contents were identical to those calculated from the theoretical titration curve.

NDK proteins pI

HaNDK (Halophilic) 4.56
HaNDK/AA (Non-halophilic) 4.70
PaNDK (Non-halophilic) 5.36
PaNDK/EE (Halophilic) 5.01

Arg + Lys Glu + Asp Net Charges
14 23 -9
14 21 -7
19 22 -3
19 24 -5
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Halophilic Mechanisms and Industrial Application of Enzymes from Halophiles

Masao Tokunaga, Matsujiro Ishibashi, Hiroko Tokunaga, and Mayumi Miyauchi

Applied and Molecular Microbiology, Faculty of Agriculture, Kagoshima University

Summary

We have studied halophilism of enzymes from extremely halophilic archaeca and moderately halophilic
bacteria. Extremely halophilic archaea require salt concentrations greater than 2 M for their growth, and almost all
enzymes from these organisms require at least 1 M salts for their stability and activity. Moderately halophilic
bacteria can grow in a much wider range of salt concentrations, e.g., from 0.2 M NaCl to saturation and enzymes
from these bacteria also show the wide range of salt concentration-dependent characteristics.

Most halophilic enzymes are highly acidic and negatively charged under the physiological conditions. In fact,
the amino acid composition of nucleoside diphosphate kinase (NDK) from the cytoplasm of extremely halophilic
archaeon (HsNDK) and enzymes from extracellular or periplasmic spaces of moderately halophilic bacteria were
characterized by an abundant content of acidic amino acids. We have proposed a working hypothesis for the
mechanisms of enzymatic halophilicity as follows: the highly acidic molecular nature of halophilic proteins
generates a high solubility and hence tolerance against salting out effects of higher concentration of salts. This
property also ensures highly efficient renaturation without irreversible aggregation after heat- or urea-denaturation.
This denaturation-resistant property as well as higher activity and stability in the presence of high salt
concentrations make halophilic enzymes attractive for the industrial application. Following data were obtained in
this three years project:

(1) The crystal structure of HsSNDK was solved to a resolution of 2.2 angstrom and the electrostatic surface
potential of HsNDK was found to be highly negative as expected from its high contents of acidic amino acid
residues.

(2) We have isolated NDK and its gene from moderately halophilic bacterium, Halomonas sp. 593 (HaNDK)
and compared the enzyme to its counterpart from non-halophilic bacterium, Pseudomonas aeruginosa PAO1
(PaNDK).

(3) We demonstrated that HaNDK formed a dimeric structure and this is the first isolation of active dimeric
subunit structure of NDK.

(4) Charged state of two residues that are located in the C-terminal region (134th and 135th residues) of
HaNDK and PaNDK plays a critical role in determining halophilic characteristic, and we succeeded in donation of

halophilic properties to the non-halophilic enzyme, PaNDK.
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Fig. 2. Dielectric properties of plant leave and pure water.
Water content of Suaeda japonica and Cucurbita pepo was
89.8% and 89.5% respectively
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LT T DA R EOKI - TR B E T &0
BN XA D0 LRy,

BRSO 00O T FEENITEAL
LU, HDVNTEIINL /=2 b, EME OB
BRSIIE Qs A AN AN A ST A RSV 2 ey gl
HOWTHINL 722813, FFERA NS RE2H6 T
DT I BRRR S N ENR O E MR LT E S L
TR ICHE A RIS N2 8RB L T D (Pethig,
1984) ,
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Fig. 3. Changing of permittivity &' and loss factor &" by plants
adaptation responses to salinity environments.
A &'= ¢' (after adaptation) - &'(control)

A g" = &" (after adaptation) - £" (control)
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Fig. 4. Relationship between dielectric properties of plant
leaves and water potential under saline environment.

(@) Control, (M) 50 mmol L" NaCl, (A) 100 mmol L" NaCl,
(¢) 200 mmol L' NaCl, (¥) 300 mmol L' NaCl, (%)

Seawater.
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51L& BREESGEZFAL-SANEIEREYDO RIS EDHRFE

I—A FHIEOKRBIRENRILUVIDOBRRERERDICEADZE

1. [XCHIC

WRIE OO UL . B AR TR L 7- 3 RS T4
i = e Q173 o e 57 o O 1135 L - e M oL/ e =
E3F, Ca, Mg, K, Na 72 E DA 4 2 8 E I
& e (Terai et al., 2006) , T-HEH OEHANERSA A DT
Na AZ U NIVER D KGR EE 5y DI A 15 F L

PR ER R ZEENREAETDHIEDD (Iwata, 1984) |

TR RIS 2R E LT, B L CRIHEND
(Jinno and Ida, 1988)

— 7T AR YT DRSS T, RIEZ i U) e R
BICT Lo TRE SR (Morishita et al.,
1984) . 0.2 mol L™ ¢ NaCl i’ CAKEDIE K ELEDE
HDEFT LA SN TS (Robinson et al., 1983)

Flo. RTL YT TIIARAR ARLIKIE AR R 728D
BREEARL AIZTH G 9 DA CT AL E U O MtE A 4
IMERLZENHBTEY (Okano et al., 1991; Tamura,
2004) | /R EEREE CHIT T2 8IZE o T AIZES
TR R AR B o O REHERF A 2D 72 B REME Rl 40 2 1
MESFL LR, WEL NS ELZENTEDEE LI
7200,

AMFFE I, T4 T ORI L5 S I fE s
UL DREE FTREME AT D720 | A A KIZED

KL TR T OKEEA T 2R ST,

N LK (Marine Art SF-1, Tomita Pharmaceutical Co.,
Ltd., Japan) Z NaCl &H#25C 3 BefEICAIRL . D&
KEKEGE | BOBRNTHZET, BEHYEOEEE
BEPES TR AR 20 B THRERLIcRY L
I DRIR LR DB LA TR A LT,

2. MEBFUERRAE

MEREL T, ALV (Spinacia oleracea L.) % v 2
1—AF 73— (KG-50HLA, Koito Co., Ltd., Japan) C 7
W PR L7, 10 b/14 h (B8, /W5 40) | =15 20°C. A%}
TRJE 55%, AR & R SR 45 C PPF 250 pmol m™2 s OBREE
S TR U, T, T HREORFEEN RO L Y
VDR 2 D5 AT T 5728 0.001 m” Neubauer

pot [ZEBRO LIS TR H O fE AP S L FIT 23.5 g m2 Hit
LERA U T A R URRR L, #FE 3 HEIC
N L¥fE/K (Marine Art SF-1, Tomita Pharmaceutical Co.,
Ltd., Japan) % NaCl #¢E#4%C 0, 0.05 and 0.10 mol L™
WAL, Ay MNOFH O e KK &S5 1 Bl
FIIMUTz, AU LY BEEREEICEIS L% 7 WA IS
INHEL R R DIE K OVRER R 53 DM aAT o1, s
A A8 U CERERO TR D 138K 55 & 40%&
R Z72 DTN EAT ST,

TR T, RIS TR O EER ORI — Ll
SN TORWEFT O E DD 19 em OIRSETO 154
BRI L7z, BRI 72 B3Ok E R T
5:1 LA B CREEBAE L7,

FHh HHEOHRBREE LRI L I DA A L AT
g, 7aly | AIEVEREE, -7 AL ek, R T ) —
I HEBAA V| 2T BBOA G BEORBREFEMF AL
77

3. BRBLUER

NaCl IR LRTL YT DR O BEGREZ R,
1 EER &M N ER O R 0.05 mol L NaCl 2 THAS )
(ZHEANL 7= (at 5% Tukey’s HSD Test) , Morishita (1984) &
<> Mimura (1995) 23, K BFEEF L7-ARw L2V C NaCl 2
J£0.025 mol L™ 7% 0.10 mol L™ TNaClIZLHL L2\ A
FJOLREN BRI THT-ZE WAL QD L
L7=doic, FH EEICB W THE bR T ehvL
IYDTIREDMEES LD Z LN 0Tz,

NaCl RINREELRT LY IEEROA A & H D
B£2% Table 1 (2R3, AR7L V70D Na A4 OWRILD
BINELHIC K, Ca, Mg A4 BT HZEM G S
LTS3 (Osawa, 1961) . ABFFETIX Ca, Mg, K X° Fe
AT OFMENTFBO HIZe o7, FEEFERLD ., T
RIS SR L Yl O T T HRIE S
NIzART LV (Kagawa, 2007) KJ0H RKREDGAA %
Gl LMo,

NaCl FRIMNBELRTL Y TEEOVIETI R,
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GABA (y -Amino butyric acid) . 72V & E&OERE
Table 3 (TR, RUL Y UEEHORMET I /g EL T
m 3 NaCl #AREOENE LB Iz, 7 al)
XZ <O DR EREE L CTEL T En
FNHIL TS (Stewart and Lee, 1974) , GABA 1%, i)+
FAIFENEREAR ZMERAER DD DEW DIV, AHICH
72 BEREMERR Sy D— 2L THILIL TS (Uzawa et al.,
2002; Abdou et al., 2006) , T# HHETHEES N IART L
VX, B OB TR S DXL IEF I KED
GABA (%7200 %) & 4L C\ /= (Murayama et al., 2004) ,
NaCl iININPLE LR T L Y D BEER D Al sPERERE, -7 A=
BV, RV T = )=V E A RORR% Table 4 IR,
ROV YRR O REMEREIL NaCl WO E O
IMTEENEEIN U=, 38H DR L w7 O Al MR &
0.20 g/100gfw (Takebe et al., 1996) & L@ L T 027
g/100gfw L2 B D PN RZ G AT 5280337z,
L-7ALE RO & B, NaCl HINEEIZL-> T
EAE AL L2378 190 mg/100gfw LA EA &AL TV
oo BEDRIL YT NEITMT 22 L g
( L-ascorbic acid ) & e b M 7 X 2 v ¥
(dehydroascorbic acid) Z & 7L CTE BT 20 mg/100gfw,
AT 60 mg/100gfw THHZ LMD (Kagawa, 2007) , +
R CHIE LR L 73D TE&ED L-7 AL
EURE G T HIEN T,

RU7 /) — X, i btz m T E 2 F O U
TER, IiEaL 270 — R FIEHEZ R T2 EMb AR
EEEREE BT AORER S ELTHERESALTWD
(Tsushida, 2000), RVL Y THELOR) T = ) — L DE
AT NaCl FINEED ERHLEHITHINL ., @% Dry

LY 7795 392 pmol/100gfw (Fujie et al., 2001) THAHDIZ
%L 490 umol/100gfw LA EEKREITR) 7 = /) — V& f
THZENGIoT,

Table 5 |2 NaCl iiSIIREE LART L oy O BEE DR EA A
&V AUBRAT L BOBRE TS, Bl OMERA A
LAV BAT I N ORFEICH FETHLHIENALN
TV % (Takebe et al., 1995, 1996; Yoneyama, 1982), L
T, AIEMES 2 U BRIE R WS <5 (Izumi, 2004; Takebe
et al., 1996), > =V FEEH HI% NaCl ML rIVEE
BEJE 0.05 & 0.10 mol L™ b Uiz, fHlEA A S T
NaCl USSR E LFEBABILRIT e o Te, LnLZedis,| igle
A ®i%, EU OfEIEA 4 & f o HEHEL =Lz
(Maximum level: 250 mg/100gfw harvested 1 April to 31
October and 300 mg/100gfw harvested 1 November to 31
March) (Official Journal of the European Communities,
2002) , A 27 BA A DG BIE, NaCl i
OEIMEFIZID %R L 0.05 mol L Tl 7potz, 7
L DKRARN A Lo T a U B E A B3 b
TAHZENIME SN TIY (Watanabe et al., 1987) . NaCl 4L
BSART LT DY 2T WS A RO L2203
ZRFODIB LI,

4. FEH

AWFFENL, T T EROMEEREE 2 H L7z i AN i
PEM OO FEPERTREMEA HFR LT, ol F2BRs I3 i b07e
TP ORETE M52 Licio TRy LYY
DULTE B DRI LA N O BEER AT HI 72 B Re oy
DHINENF ORI A E 2B ST DD &[RRI 5281
T RS T IEO IR ATRENE AR LT,

Table 1. Effects of NaCl concentration on spinach growth

NaCl (mol L™) Shoot (gfw) Root (gfw)
0.00 (Control) 231 + 5.1 59 = 26
0.05 296 = 4.7 * 87 + 23 *
0.10 241 + 23 43 £+ 1.1

Mean + SE (N = 6), *significant at 5% (Tukey’s HSD Test)
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Table 2. Effects of NaCl concentration on cations in spinach

Cations (mg/100gfw)
NaCl (mol L™)
Ca Mg K Na Fe
0.00 (control) 113 + 28 169 + 7.8 1,302 + 125 66 =+ 0 36 £ 33
0.05 127 + 4.6 180 + 18 1,426 + 125 143 = 20 22 £ 19

0.10

126 £ 1.5 167 + 29 1,105 =+ 2 190 + 41 * 40 + 0.6

Mean £ SE (N = 12), *significant at 5% (Tukey’s HSD Test)

Table 3. Effects of NaCl concentration on essential amino acid, GABA and proline in spinach

Amino acid NaCl (mol L™)
(mg/100gfw) 0.00 (Control) 0.05 0.10
Ile 281 + 55 342 + 5.8 370 + 8.1
Thr 277 + 132 324 + 112 337 + 194
Val 422 + 182 499 + 196 403 + 19
Phe 187 £ 175 230 + 63 215 + 136
Lys 260 + 6.7 310 + 62 306 + 121
Leu 39.1 + 149 490 + 167 496 + 238
Trp 00 + 00 00 = 00 00 =+ 00
His 93 + 0.1 121 + 15 122 + 28
Met 24 + 33 00 + 00 00 + 00
""" Total 1935 2316 2246
GABA 2257 + 358 2132 + 90 2201 + 3.1
Pro 248 + 1.0 509 + 262 692 + 191 *

Mean+SE (N = 12), *significant at 5% (Tukey’s HSD Test)

Table 4. Effects of NaCl concentration on soluble saccharide, L-ascorbic acid and polyphenol in spinach

NClary e Labioid el
0.00 (Control) 027 £+ 0.03 196 + 43 491 + 12
0.05 030 + 0.04 190 + 35 491 =+ 3
0.10 041 = 0.09 202 + 47 615 + 13 ok

Mean=SE (N = 12), *significant at 5% , **significant at 1% (Tukey’s HSD Test)

Table 5. Effects of NaCl concentration on nitrate ion and oxalic ion in spinach

NaCl (mol L) Nitrate ion (mg/100gfw) Oxalic acid ion (mg/100gfw)
0.00 (Contorl) 225 + 103 720 £ 226

0.05 224 =+ 45 541 £+ 108 ok
0.10 215 + 55 565 + 95 *

Mean+ SE (N = 12), *significant at 5%, **significant at 1% (Tukey’s HSD Test)
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1—B EME(ZLEERMAOL O FIEHMTORZ

1. [FL®IC

IKARL ZRHE AR ZAD JH B EE AL A% b~ D 19
IAEIZ 52528 T, Eani bt CREDOEBEEAL) 213
D ETVERN AT O TE T, ZOIO7FEY DERIFEA

R R B 2 I L 7 i A IR =2 EE#) D 22 PE T

KRAHE DB A FEIRAN ZAEZFIHTHZENG,
BLNEDNT A RBTDIOICAN AE 525
CTEENZRAAIL T L UV AR RARBEDHERF D3I
WICEEIIRD,

AT DFELNE, RESEZESDEMNRH D, F 1 B

(. TERED DS F T ORMRD SLBE DT LS LD B

55 11 BERRI 32014 . RFEZDTERES IV, REREIT R M
TERKSH | AR D IR 2 B 2 B D) % L 20 R )
ThD, HIMEFEL, Ry FETHBINEETOM T, —
AV IR AR 2% 5.2 D2 LD, &7 BFEZDOK
TXOMEE AL ER O B AR E ST Db E
MM THD,

A lElE, AR U7 Aa s o A A B B i o B
BEBEMEL, AN RE 525527 % 85 1 B

T ULAR R TEARRZR S B DN R TN LT B

B MEOBHAARCE X 181721 NaCl 2 & Te/k & #Af
FTHZEITED, AL AL D AT D E L B A1 T
ST, FIFFEROFERNG ., FERPLHNWGILTVAH KA
RAZFIH L7 FIEE G T, REORESSCHER
EONBIZ TR E R E AT O B2 FEEBLT
HIENTE AN RERIH LT AR O EbE AL Tk
DIEFNAH N THDHZEN DT,

2. MHRUAE

A EIDOFRE IR, Rif R G RGBS OIRE T
1ToTz, AR O EFEIT, X3 TF T HA LR SRS
) & A AFTHIE O FEF U R+
Tote, RALEZ ORI AT, BEE L 65%, YL —h
25%. N—Z7HEAE 10%E LTz, toEITAR 1 #RHTZD 22
L, #ERIIE 450 mm &L72,

A TRATEIAN R% 5.2 22 A 71%, B
PEBRARIF Cnd, 2 BLPEBRARIEC . L, &K 0
mmol/L G# & DKAR-R) (30 mmol/L (1,800 ppm) ., 60

mmol/L (3,500 ppm) . 90 mmol/L (5,300 ppm) . 120
mmol/L (7,000 ppm) ® NaCl /K¥EiE AR 1 #kd7-0 3 L
IO FORL AL BB PSR &) 5
R Tt Anr OREEABIE L3 bl OEIKIZL DM
KaATole, — AT, B COHKEITIVETH
0, XUFORUANOHEKITIRD -T2 80, Bl
THRDIZFEAE T, RUTFHO EHIZEESTNDEE X
HID, FRERXDATAT 12 BRELT,

Av e KARL AR AR AD I LS
T A0 DABRIREEA 355 15 FEO R (IR,
)| SPAD % 7 H ZLIClE L 7=, SPAD fEIZZERT D
run” VEO L THY, EkFRit (/RS
SPAD-502) THIZEL 7=,

KEEEBIORALar 272 AORIERR., BEF
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Fig. 1. Relationship between growth of leaves and timing of stress treatments
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Fig. 2. Relationship between SPAD of leaves and timing of stress treatments
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No. 05B4 - 07B4

Development of a Quantitative Evaluation Method of Plant Response

in Salt Stress for High-Quality Crop Production Using Microwave Sensing

Takashi Shimomachi

The Faculty of Environmental Studies, Nagasaki University

Summary
Part |

Quantitative estimation method of plant adaptation responses to saline environment using microwave
sensing.

In this study, in order to develop an estimation method of plant adaptation responses to a saline environment
using microwave sensing, plants which have different salinity tolerances were examined after being grown
hydroponically and exposed to a saline environment for 2, 4 or 6 weeks. Experimental results showed the
dielectric relaxation spectra changed as the plant leaves adapted to the saline environment, and there were three
main types of spectral change pattern. The plants associated with each of the three types of spectral change
pattern did not correlate with the conventional classification of salinity tolerance of the plants (as sensitive crop,
moderately sensitive crop, moderately tolerant crop and tolerant crop), suggesting there are patterns of spectral
change peculiar to each variety of plant. The patterns of change in dielectric properties on the Cole-Cole plots
showed that the dielectric properties of all plant materials changed toward those of a halophytic plant after exposure
to a saline environment, as if the plants tried to become halophytic plants. The relationship between dielectric
properties of plant leaves and water potentials also showed a similar phenomenon. In addition, the relationship
between loss tangent and water potential had a nearly linear relationship. Experimental results showed the
potential of using microwave sensing for quantitative estimation of plant adaptation responses to a saline

environment and the degree of salinity of the environment in the rhizosphere.

Part 11

Development of a quantitative evaluation method of plant response in salt stress for high-quality crop
production.

1.  Effect of residual salinity on spinach growth and nutrient contents in polder soil.

In this study, the effect of residual salinity in polder soil on plants was investigated, in order to develop a
value-added plant production method. Spinach plants were subjected to a saline environment by adding diluted
artificial seawater to the soil of reclaimed land with 23.5 g m? ammonium sulfate at NaCl conversion
concentrations of 0, 0.05 and 0.10 mol L.  Diluted seawater equal to the amount of the maximum water holding
capacity of the soil was added to the soil three weeks after germination. Afterward, the moisture content of the
soil was maintained at about 40% during the experiment. The plants were harvested 4 weeks after starting the

saline treatment. The growth of the plants, measured by parameters such as leaf width and number of leaves, was
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almost the same, and the fresh weight of both shoots and roots increased compared to the control plants at NaCl
treatment concentration of 0.05 mol L'. Na ion in spinach increased with increase in NaCl treatment
concentration, but K, Ca, Mg and Fe ions showed little change. Spinach grown in polder soil contained a large
amount of cations, soluble saccharide, L-ascorbic acid and polyphenol compared with field cultivated spinach.
Essential amino acid content increased with increase in NaCl concentrations compared with the control. It is well
known that the effect of y-amino butyric acid (GABA), an inhibitory neurotransmitter in humans, has physiological
functions such as relaxation, increasing immunity and reducing blood pressure. Spinach cultivated in polder soil
contained extremely large amounts of GABA, about 200 times compared with field cultivated spinach regardless of
NaCl treatment concentration. Nitrate ion and oxalic acid ion decreased at NaCl concentrations of 0.05 and 0.10
mol L™, and that nitrate ion level was less than EU standards (250 mg/100gfw harvested 1 April to 31 October and
300 mg/100gfw harvested 1 November to 31 March). In conclusion, experimental results showed that spinach
plants cultivated under the appropriate residual salinity in polder soil might have potential to increase the amount of

production and nutrients and to decrease components harmful to humans at same time.

2. Production of high quality muskmelons using salt stress treatments.

The objective of this research is to develop a new method to produce high quality muskmelon fruits using
plant adaptation responses to a saline environment. Muskmelons (Cucumis melo L. ) were grown in soil culture
on a strawberry bench in a greenhouse to determine the optimum strength and timing of the salt treatment.
Muskmelon growth from seeding to harvest was divided into three stages, Stage I (transplanting to pollination),
Stage 11 (pollination to fruit net development) and Stage III (fruit net development to harvest). In this study, the
salt treatment was conducted at Stage III, because the basic quality of the muskmelons was almost determined
during Stage II. In the salt stress treatment six different levels of NaCl concentration were used, with 3 liters of
solution per plant: 0 mmol L™ (water stress treatment), 30 mmol L™ (1,800 ppm), 60 mmol L™ (3,500 ppm), 90
mmol L (5,300 ppm) and 120 mmol L' (7,000 ppm). The salt stress treatment was conducted only once,
immediately after the end of Stage II. Experimental results showed that the salt stress treatment of 60 mmol L™
produced the best quality muskmelons, which had highest sugar content. The external quality, size and weight of
fruits were similar compared with the case of water stress treatment. All salt stress treatments achieved higher

sugar content than with the water stress treatment.

Part 111

Development of nondestructive plant stress sensor.

The low-cost nondestructive plant stress sensor which had simple structure and operability was developed.
Experimental result showed that this plant stress sensor could detect the degree of salt stress and water stress in

tomato plants quantitatively. Concerning this invention, two patents were applied.
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Fig. 1. Application of high salinity stress to roots in the soil-less culture for production of value-added vegetables
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7=V (HIRE, BERRAR, b RUT 7o E) ITE(EL . H%%
FROMACIR T E OB E TIE IR F A BRI
ZHFThD, T uﬁ@ﬂfﬂﬁ%%’?@ééf%xww
FXURT =4 (O, A== X R T 4 ALK —
£ (SOD; Super oxide dismutase) (2T, FE5E L2 L
KFE (H,00) (23RS D, SHIT, R k|
T Aa)LE R (ASA; Ascorbic acid) &7 ALE AR
NVAF 2 —8 (APX; Ascorbate peroxidase) (24~ CiE
TLENTKIT2 D, ZDWE, ASA [TFALSAVTEAEALT 2
LB i% (DHA; Dehydro ascorbic acid) (ZZ{b3 573,
TeRr7 Az e gL ¥ 7% — € (DHAR; Dehydro
ascorbate reductase) 72 E 128> CETTSNE AT % (Asada,
1999; Bowler et al., 1992; Foyer et al., 1994; Shalata and
Tal, 1998), 2D L5707 AR EHERECHURR LA RED it
FECHEASNOA MWEO IR ERRIC I8 DS
DB OIEDNT | ARERICA E 2 (REIRC 27 1)
DARIUZ LD i T e & 2 515 (Fig. 1),

ZOXHNT, T DIEAR RIS o TR
*’x&éﬁb%ﬁﬁﬁ{ﬁf%ﬁb%%ﬁéﬁé_k ZEoT, bvhREZE
DO EAIMIE LA S 7o T 2 ERF S D03, BRI O
HEAR LB (1) FFEOMHR /N EAL, (2) FFE~
? Ca DERARIZEIDABIDLFE, (3) RO,
(4) BB DK T2l 25 | FE 2T 2 LA E: LoRMEIC /e
27TV V% (Ho, 1996; Cuartero and Fernandez-Munoz, 1999;
Dorais et al., 2001), =2 T, ZNHOFE: EORESD
PRV R F6 L ONRMEIRFRE K O FAHESL T, b~
FEDNE KI5 R O I 720 B 2 R IR e T TR
Rz % s E b~ FARBERIS AR ETL T0D (B
b, 2005; JLEFS, 2006; ALEFS, 2007; Kitano et al., 2008;
F&5, 2006ab) . Z DM CTABFIEIZ, IAMEEELERE K

ESNBL vt

ORI I LD HEA R A O A B Zh R D A =
A WG HEAR AN T HHE IR OB RE & WO 8L

PO T HEEB IS B R EZ ML 3528
ZHBEL TV,

PHEED 2005 FEIZIBTCIE, MO RTGE A A3
KU AR KBS S AT LEAREET DL H I, HOF
HAIRE A ED TR MR SR VE £ R LR & TR HIEE DY
F. RE~OFHWE B, Ix7/V, iB{bw'E, FEEE
PET R L) OERER LORRO & BAVFHIEE EA
L. EEK N~ b @A IIELIZ DU TRIi Tz, 2006 4
FEIZRWW T, HEAR 2D S R ALEL ) 0 3K L ] fEZR
KBRS AT 2% = 4 Bef B2 CL AL IR
D H 7 BT AR K U AR R ALPE R H o
AN ZAERAE AL | REA R 1ZEEJHHIREE, fuig
{bBERE. RE~OHHWE (B, I3V, HiR{LWE,
BEREME T X /W72 L) OEERE, BB IO DOIIER
ENTHRTT DN R LR LT, S AR IE D 2007 -1
BT, 4 B O K BEO R AT 3 Bl IR AN
ARVER A NG DAk A A RFEO B fE LI
KFT 220 A R IR E e A N L A LR & el | C FEEEL |
JEFEARERHEE L TIRE LT,

2. HRAE
2.1 BEOSFINMEEILDETFE
2.1.1 MHEBIUHIEAE

MBI L CIE, b=k (Lycopersicon esculentum Mill.)
SRR T ZBRORERR ) 22 O HERAR > S (10 L) 12 & 27K 8k
et a i Tie otz B 1 RBEO LA 2 HiTROL, 5 1R
BORFA 4 EICHIBL, BEBIREL TT, KEANT A
SA M5 %A BEAEE (EC) 1.0 dSm™ IZL7=b 0%
7o JABRX LU TIE 3 FED F/p DA AALBRX LHTE AR
L AL A U7 X (Control [X) 2521777, FALERX 3%
IEI 4 IR (4 Ry &L, G 16 Bk (16 AR k) 24k
BrL7-, 3 FBOBARN AX L TIE, TRE KX (DSW
[X) ., FEAKX (SSW X) BLOEHEX (NaCl [X) 5% 177,
HEARL 2% )3T 720y Control (X Cld, INHERFET EC 1.0
dS m! OFFETHIEL-, BHEAR AKX TIL, Ca RIEIC

LD RGNS R ENE CRIE T DR FEER W DAL

L ASLERARET | BIAET 3 31 B D 2 O R IR K i
BT AN R 28 AL (R85, 2006
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Kitano et al., 2008; F1l555, 2006ab) . 72t DSW X
CIXIRMEEEGE R K (B R =P TR ) %, SSW X T
EREMEK (B A R TFRE MR A, F72 NaCl X Tl
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ML BEIR DIRBRT v L BEED H D KRT
UV ERIRRETA2 DI, ECE 15dSmT £TED,
2 M O AR 24 1T Control K& [FIUEEEHRIZ R
L7z, Table 1 |2, IRHMEHRFEIRIE K, KK IS O
DOFX DR D EC. K", Na', Mg*'| Ca*" 277,
RAEETERIE A IR BRI A4 RN 1.5 (552
FE@h T2, DSW X TiE, NaCl [XEht K, Mg*', Ca**
BEDEL, FRC=H RSO Mg™ ORRE ER0BEET
HoTo, Fl-, DSW XE SSW X EFHE 2 EITRRD b
7phote, 22T, K IR DR % i RE I B 5
LM iZ=HUDERS T, K" EEBICRED FIRIC
BI5-LTnD eVt Tng (5)11,2002) , F72, Na' (3
KDOERKSTHY, Ca¥ ITHREEIMEDT-DIC R FE~DE
FERRIZE S TRIBIBFIAE T DAL TUW D (Saure,
2001),
2. 1. 2 BEKEOTEERFH

U2 DA X D52 DO T4 8 53 ERHL
SAEZSHTEE, B2 E ., BERE BREE | I T VIREE, Pk
BERE, 7BRIREE OREAMIC, 3 B2 ARICL DB iERER
WHEL, BFE 8 LU Xk Eo 2 Y& 1
FHEL ToHOMralBr e L7z, BEEE (Brix) 38 K OREE DOHIE D
T2 I Y — TR —IZ R D FTRE A DY B
FERGIRBERE 3 (PAL-1, ATAGO) BLOWREA 7 L—Y
FAH—(SFT-1, S upE) CRIEL-,

RFEND K, Na', Mg™", Ca®" IBEDHRIEDT-DIZ,
HEIEEEH A I — T L 724, 0.5 g Z AU (600°C)
T 12 WRRIBEAIU TR 2 AR S (Ml il - Ak =3:1:1)
RO, SR ZENNZ T 100 mL FRICL Todmatkle L
Too S HTICIE, T - fEMIRIR & 3 e (SPCA-6210, /55
ARLUERT) 2 v, Mg?t & Ca¥ ITRFIOEEE T K &
Na' [ZZETRIE LT,

AN 2R > THEMIRIZH T bEanH e B 2 b
DIG MR 2 bAkaE (Fig. 2) IZBAD2EHED
GRS SENOEIN I/ E= AN - Y522 Ve £ SEAtab SPANE T
L7z £T IEMERBEO R CHROLZFEAET LD T
WADA—N—FF R T =42 (0y) s 5E Limia K HE
(Hy00) IZEZ CARIEAL T DA —/R—FF T R T =4 R
TE{bB% 3 (SOD) DOIEMEZ FHM L 72, FFEAHIZ1X. SOD
Assay Kit-WST ([F] AMbE2E0FFERT) &7 L — R — 4 —
(NJ-2300, T X T A B —Fa) ) R0, K

ﬁ ASA
P =~

Fig. 2. Reactive oxygen species and antioxidants in plants. O,",

superoxide anion; SOD, superoxide dismutase; H,0O,, hydrogen
peroxide; APX, ascorbate peroxidase; ASA, ascorbate; DHA,
dehydroascorbate; DHAR, dehydroascorbate reductase.

Table 1. Electric conductivity (EC) and concentrations of ions in the concentrated deep seawater, the surface seawater and the

nutrient solutions under the different salt stress treatments

EC [K']  [Na] [Mg'] [Ca']

(dSm') (mgL') (mgL') (mgL') (mgL")

dce(:;c::x;fi 705 63x10°  12x10°  1.7x10°  7.6x10°
Surface seawater 47.5 50x10°  0.8x10*  1.1x10°  5.3x10°
Control 1 10 14 63
DSW 15 262 2370 329 173
SSW 15 252 2350 275 170
NaCl 15 2690 14 63

Control, the non-salt stress treatment; DSW, the salt stress treatment with the concentrated deep seawater; SSW, the salt stress

treatment with the surface seawater; NaCl, the salt stress treatment with pure NaCl.
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RET—DRREZHETE T HT-DIT, HREFER O R R
AR OFE R LHEEE (Brix) L2 EE ORI EHE D BIFRE T~
720 SHIZ, BWRICEAT 2 RKRBROFERE BRI 53
LT (T IVEI R, TARTX U R) OIEFE L OB
LTz,

Stress Stress Stress
<> <> <>

2. 2 EHIRREYIRLIER ML RALIBF HE %

MBHEE LTI, 2. 1TEFRBRIZI AT APERRR ) 2 VY,
B =LA ATV T NFT K AT 2% VT 4 Bk
e liroT, BrllTHEEEL 72 NFT <R (4t 1/70,
FX10m, 1§ 30 cm) D 3 FIDFENEIUT 40 [EIETSE
AL, %5 4 B0 EAL 2 HiCTHiLL T, BE S0 R 55K
% 4 EIZHIBRL 72, BEARSRIREL Tid, KEAT R A AL
T BRI E (EC) 1.0dS m™ (ZFHEE L TRV, 3 4]
@D NFT Xy RO—2>%%fHX (Control X) &L, ERED D
INHEE T EC 1.0 dS m™ OFEARREHRIKOFETHIE L,
FOD 2 Ny REHEAN BRI L, 2006 4FI238VV TR
IR K — B i 52812 k- T, —
T DY AN 2L PR % — A i R CIBTse AL 3 [E1#8RD
I3 R AR R U AR ZRLER X (DSW-S  [X) & iife
HIZ = 1 1 A 9~ 2 & 390 T e fgd B A b L X AL BRI
(DSW-L [X) Z#%177- (Fig. 3),

AN ZALPRIT, 56 1 B OB DO FIEZ BT 5
TeOIZE 1 REOX R 2 BH%HERMELTZ, DSW-S X
TlE, # 1 REOREFEERDTEI/2D528) 2 B#%)
S 1AM C, BRIEOKRT vV ISBED KR T
TV E[RIRRFE T2 D SO IR ME R I K & AR B R K LT
WAL, EC % 1.0 dS m™ 7°5 15 dS m™M 2@ 7= (L&D,
2006; ALEFS, 2007; FujED, 2006a) , 22 EBeAET T, 1 4E
R I B2 D38 E BRSO R BB RIRHCFET 2D T,
DSW-S X CI3& RFE T T AR ZAD R L[E1H0H3
He0 1 REEE 2 REIT 1 BEOEARN 2L

Stress

N IDSW=S

1st truss

Fruit growth

1st truss
4th truss

Weeks after pollination

1 | S | 1 1 Y IS I I
01234567 89101112 0123456 7289101112

Weeks after pollination

Fig. 3. Schematic diagram of time course of the short-term salt stress treatment (DSW-S) and the long-term salt stress

treatment (DSW-L) with the concentrated deep seawater. The gray zone indicates the period of the salt stress treatment: The

one-week salt stress treatment was applied three times with intervals of one week.
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Table 2. Electric conductivity (EC), osmotic potential (¥rr) and ion concentration of the nutrient solutions under the different

salt stress treatments: Control, the non-salt stress; DSW-S, the short-term salt stress with the concentrated deep seawater;

DSW-L, the long-term salt stress with the concentrated deep seawater.

EC ¥, [NO;] [POS] [K] [Mg"] [Ca¥] [NaT
Treatment  (dSm™) (MPa) (mgL"') (mgL") (mgL') (mgL") (mgL"') (mgL™")
Control 1.0 -0.26 397 62 129 14 63 10
DSW-S 15.0 -0.88 284 44 262 554 217 4550
DSW-L 9.0 -0.61 324 50 214 361 162 2929

3\ 3 RFET 2 ELE 4 RET 1 EETRITT
DSW-L XTI, % | REOSH 2 %G E 4 REO
IHEE T, IR RE K FEARESIRIRICIRINL | 55481 O
EC% 1.0dSm™ 715 9 dSm™ (25, EC AR 2D
HIMEDFED DSW-S X ERIFREEICA2 D IO LT, A ALER
[X(Control [X, DSW-S [X, DSW-L [X) DH:2E1RIL, 1
FECHT LS DOIZHHTL 72, Table 2 (AR X OF5 3%
RDOREEA R T, IRMREERIE K OIRINC L > T, K588
ROBBRT VMBI T L, Na', Mg™, Ca™',
K" ORENFL LA L NOy & PO ORI, HffE
RIEKRDOBEINC L DA RN R L > TR LT,

BT, FALAFEEED 2007 FFEEIZIBV T, BRR IR
1% 2006 4EEELRITACL, Fig. 4 (R4 XIS, TN EE
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Fig. 4. Schematic diagram of time course of the short-term salt

stress treatment (DSW-S) with the concentrated deep seawater.

The gray zone indicates the period of the salt stress treatment:

The one-week salt stress treatment was applied five times with

intervals of one week.
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NEIN 6 BI0.6% THT-03, MR KON HIZE
STHBITHEMLU T, DSW K TIEZhEh 9 BEID 1%
LA FIZEEL ., Control K& SSW X0 A EIZE LR o7,
FERE LI DWW TR LB X [ CH B ZEITRD bR
ST, A RO > MR 31T D IR MR E /K O it A
ZhiiE, ALEFS (2005) BLOFED (2006a) D NFT <~ R
HEEORERLIFT B8, W ERBOIEER R
NFT R R CHIE L MK E Th-72,

Fig. 6 [ZA LB X OULHER FZN D K', Na™, Mg™" BX
O Ca*" BEZ R, REOBWRICBE G-I Db T
% K& Mg> ORGSR KO IZ LT
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R F. A TOEARN ZXIZIBUNT, Na© O LT VDT (Araki et al., 2004) | AR AT TR~
I —RRICE LML, Ca® OREEIXFELLBA L, D Ca¥" OEBMELIMHSNIZEEZ DD, LnL7z
Ca®" [THEMAN TIXEEBEINE CEICEBE ZIEREEE 255, ABFZE T, RIENSEENE TRIET DR ER
U CTRENAEEINDIDN, b MREOL A REA~B] KO (8% 2 ) OMEAN BB T 727212,
T AEE R REITM R R TE LD (Ho et WTNOHEAN ZHLX BT RSO IE TR
al., 1987) . LI bIEENORAUTIEAN 2D EEEZT ool

. 200 10
5150 L2 s 8} b ¢ pebe
g e b b S 6l 2
= 3 100] - b %
c & £ 4}
8 o 50| a 5
- 3
w 0 1 L L 0 L L '
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Fig. 5. Fresh weight, dry weight, dry matter ratio, Brix, acidity and ratio of Brix to acidity of harvested tomatoes. Means of
five fruits are shown with the standard deviations. Among the four treatments, means with same letter are not significantly
different by the least significant difference (LSD) at P = 0.05. Control, the non-salt stress treatment; DSW, the salt stress
treatment with the concentrated deep seawater; SSW, the salt stress treatment with the surface seawater; NaCl, the salt stress
treatment with pure NaCl.
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Fig. 6. Concentrations of K', Na", Mg*" and Ca”" in harvested tomatoes. Means of five fruits are shown with the standard
deviations. Among the four treatments, means with same letter are not significantly different by the LSD at P = 0.05. Control,
the non-salt stress treatment; DSW, the salt stress treatment with the concentrated deep seawater; SSW, the salt stress
treatment with the surface seawater; NaCl, the salt stress treatment with pure NaCl.
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Fig. 7. Activities of superoxide dismutase (SOD) of harvested
tomatoes. Means of five fruits are shown with the standard
deviations. Among the four treatments, means with same letter

are not significantly different by the LSD at P = 0.05. Control,

the non-salt stress treatment; DSW, the salt stress treatment
with the concentrated deep seawater; SSW, the salt stress
treatment with the surface seawater; NaCl, the salt stress

treatment with pure NaCl.
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Fig. 8. (ASA) and
dehydroascorbate (DHA) of harvested tomatoes. Means of five

Concentrations  of  ascorbate
fruits are shown with the standard deviations. Among the four
treatments, means with same letter are not significantly
different by the LSD at P = 0.05. Control, the non-salt stress
treatment; DSW, the salt stress treatment with the concentrated
deep seawater; SSW, the salt stress treatment with the surface

seawater; NaCl, the salt stress treatment with pure NaCl.
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Fig. 9. Concentrations of glutamic acid, asparatic acid, y-aminobutyric acid (GABA) and proline in harvested tomatoes.
Means of five fruits are shown with the standard deviations. Among the four treatments, means with same letter are not
significantly different by the LSD at P = 0.05. Control, the non-salt stress treatment; DSW, the salt stress treatment with the
concentrated deep seawater; SSW, the salt stress treatment with the surface seawater; NaCl, the salt stress treatment with pure

NaCl.
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Fig. 10. Sensory evaluations of harvested tomatoes by tasting.
Means of five fruits are shown with the standard deviations.
Among the four treatments, means with same letter are not
significantly different by the LSD at P = 0.05. Control, the
non-salt stress treatment; DSW, the salt stress treatment with
the concentrated deep seawater; SSW, the salt stress treatment
with the surface seawater; NaCl, the salt stress treatment with

pure NaCl.
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Fig. 11. Relationship of sensory ranking in flavor and ratio of
glutamic acid to asparatic acid of harvested tomatoes. Means of
five fruits are shown with the standard deviations. Among the
four treatments, means with same letter are not significantly
different in the flavor ranking and in the ratio of glutamic acid
to asparatic acid by the LSD at P = 0.05. Control, the non-salt
stress treatment; DSW, the salt stress treatment with the
concentrated deep seawater; SSW, the salt stress treatment with
the surface seawater; NaCl, the salt stress treatment with pure
NaCl.
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Fig. 12. Time courses of water potential, osmotic potential and
turgor pressure of leaflets under the non-salt stress treatment
(Control) and the short-term salt stress treatment (DSW-S).
The gray zone indicates the period of the salt stress treatment.

Means of eight leaflets are shown with the standard deviations.
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Fig. 13. Time courses of activity of superoxide dismutase
(SOD) in fruits and leaflets under the non-salt stress treatment
(Control) and the short-term salt stress treatment (DSW-S). The
gray zone indicates the period of the salt stress treatment.
Means of four fruits and eight leaflets are shown with the
standard deviations.
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Fig. 14. Time course of sugar content (Brix) of fruits on the
first truss under the non-salt stress treatment (Control) and the
short-term salt stress treatment (DSW-S). The gray zone
indicates the period of the salt stress treatment. Means of four

fruits are shown with the standard deviations.
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Fig. 15. Fresh weight, dry weight and dry matter ratio of the
harvested tomatoes on the 1% to the 4™ truss under the different
salt stress treatments: Control, DSW-S and DSW-L are
explained in Table 1. Means of five fruits are shown with the
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standard deviations. Among the three treatments, means with
the same letter are not significantly different by the LSD at P
=0.05.
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Fig. 16. Sugar content (Brix) and acidity of the harvested
tomatoes on the 1% to the 4™ truss under the different salt stress
treatments: Control, DSW-S and DSW-L are explained in Table
1. Means of five fruits are shown with the standard deviations.
Among the three treatments, means with the same letter are not
significantly different by the LSD at P =0.05.
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Fig. 17. Concentrations of K', Na*, Mg®", Ca’* of the harvested tomatoes on the 1% to the 4™ truss under the different salt stress
treatments: Control, DSW-S and DSW-L are explained in Table 1. Means of five fruits are shown with the standard deviations.
Among the three treatments, means with the same letter are not significantly different by the LSD at P =0.05.

Table 3. Incidence of blossom-end rot (BER) on the 1* to 4™ truss under the different salt stress treatments: Control, the
non-salt stress; DSW-S, the short-term salt stress with the concentrated deep seawater; DSW-L, the long-term salt stress with

the concentrated deep seawater.

Incidence of blossom-end rot (%)

1st truss 2nd truss 3rd truss 4th truss
Control 0 0.9 1.4 22
DSW-S 0 2.0 1.6 0
DSW-L 0 3.0 4.4 8.4
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Fig. 18. Activities of superoxide dismutase (SOD) of the
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Fig. 19. Concentrations of y-aminobutyric acid (GABA) and
proline of the harvested tomatoes on the 1" to the 4™ truss
under the different salt stress treatments: Control, DSW-S and
DSW-L are explained in Table 1. Means of five fruits are
shown with the standard deviations. Among the three
treatments, means with the same letter are not significantly

different by the LSD at P =0.05.
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Fig. 20. Fresh weight, dry weight and dry matter ratio of
harvested tomatoes on the 1% to the 4™ truss under the different
salt stress treatments of the non-salt stress condition (Control),
the short-term application with the concentrated deep seawater
(DSW-S) and the long-term with the concentrated deep
seawater (DSW-L). Mean of four fruits are shown with the
standard deviations. Among the three treatments, means with
the same letter are not significantly different by the LSD at P
= 0.05.

Fig. 20 [ZIFER OB R, WM E, LR~ T, &
RFBOHHAN ALERX OFfEER L, XX L0/ 7o
7o LU R U X O R, FF1C, 5 1,2. 3
WA TIX 100 gLl 720 | R E oM/ N EF E
WES AU, AU I IR UG FIEORFEE 2B
Do — 7 1 REUNORFEOGEIL, AN AL
BUZ X TR T DB RO, B FEORANL,
BREEDOWD LR TE LN ThH T2, ZORER, K H
FBOUFEREOGFIT, AN AP X2 Lo Tkl
MR IV EIC ER U7oAs, A0 i U A X & & 1T
HgE X E DNV B 2D RO IR T,

Fig. 21 |ZUXFE R OMEFE LFRFE 2 7R3, IUHEROBERL T,
FALHRX | S RFCHBNT 6%LL 70| BRI, IR
J& K Jite FH DA R AR X Cdr % | FE ] R0 I Uit
X, R e i X33 10%LL EEle o7z, BREEIC
BT, EMIREGH X ORFEIXT T 0.5%2L E
E720 | IR IR UG K CHE 1| RENDH 3 R E

s mControl EDSW-S mDSW-L

<
)
]
St
M
<
S
2
B
Q
<
1 2 3 4
Truss number

Fig. 21. Brix and acidity of harvested tomatoes on the 1" to the
4™ truss under the different salt stress treatments of the non-salt
stress condition (Control), the short-term application with the
concentrated deep seawater (DSW-S) and the long-term with
the concentrated deep seawater (DSW-L). Mean of four fruits
are shown with the standard deviations. Among the three
treatments, means with the same letter are not significantly
different by the LSD at P = 0.05.
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Fig. 22. Concentrations of K, Mg>", Na” and Ca>" in the harvested tomatoes on the 1% to the 4™ truss under the different salt
stress treatments of the non-salt stress condition (Control), the short-term application with the concentrated deep seawater
(DSW-S) and the long-term with the concentrated deep seawater (DSW-L). Mean of four fruits are shown with the standard
deviations. Among the three treatments, means with the same letter are not significantly different by the LSD at P = 0.05.
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Fig. 23. Concentrations of superoxide dismutase (SOD) of
harvested tomatoes on the 1% to the 4™ truss under the different
salt stress treatments of the non-salt stress condition (Control),
the short-term application with the concentrated deep seawater
(DSW-S) and the long-term with the concentrated deep
seawater (DSW-L). Mean of four fruits are shown with the
standard deviations. Among the three treatments, means with
the same letter are not significantly different by the LSD at P
=0.05.
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Fig. 24. Sensory evaluation of the harvested tomatoes on the 1* to the 4™ truss under the different salt treatments of the
non-salt stress condition (Control), the short-term application with the concentrated deep seawater (DSW-S) and the long-term

application with the concentrated deep seawater (DSW-L)
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Summary

The concentrated deep seawater has been discharged abundantly in the processes manufacturing many kinds of
goods from the deep seawater. In this study, a suitable application of the concentrated deep seawater for the high
quality tomato production was examined by analyzing effects of the short-term salt stress treatment with the
concentrated deep seawater on plant physiological functions and fruit quality with special reference to osmotic
adjustment, antioxidation and sensory properties of fruits. Tomato plants (Lycopersicon esculentum Mill.) with
four fruit trusses were grown in the NFT system with the intermittent applications of the short-term salt stress and
the continuous application of the long-term salt stress, where the concentrated deep seawater was applied to the
standard nutrient solution. The short-term (one week) salt stress was applied three times to the respective fruit
trusses of 1% to 4™ at one-week intervals. This three times intermittent applications the short-term salt stress to
each fruit truss significantly affected osmotic adjustment and antioxidation in tomato plants and brought the
value-added high quality tomatoes enriched in sugar, minerals, antioxidants and flavor etc. Furthermore, the
intermittent applications of the short-term salt stress showed the possibility to improve the extreme depression of
fruit growth, the higher incidence of blossom-end rot and the depression in plant vigor which were caused by the
continuous long-term salt stress treatment. In this study, a new methodology to produce value-added vegetables

was demonstrated by applying the natural resource, the environmental stress and plant adaptive functions.
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