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Abbreviations

2-mercaptoethanol

Light-saturated rate of photosynthesis at a pCi of 20 Pa
Light-saturated rate of photosynthesis at a pCi above 60 Pa
RuBP carboxylation-limited rate of photosynthesis
Adenosine-5’-diphosphate

Electron transport-limited rate of photosynthesis
Analysis of covariance

Pi regeneration-limited rate of photosynthesis
Adenosine-5’-triphosphate

Coomassie brilliant blue

Chlorophyll

Cryptochrome

Cultivar

Cytochrome

Dithiothreitol

Dry weight

Enzyme Commission number

Ethylenediamine-N, N, N’, N’-tetraacetic acid
Fructose-6-phosphate

Fructose-1,6-bisphosphate

Fructose

Initial slope of the PPFD-response curve of electron transport rate

Gravitational acceleration



GI1P

Ge6P

Glc

I

HEPES

LA

LAR

LDS

LED

LHCI

LHCII

LSU

LWR

MES

NADP"

NADPH

NAR

NR

PAGE

Glucose-1-phosphate

Glucose-6-phosphate

Glucose

CO; compensation point in the absence of mitochondrial respiration
2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid
Incident PPFD

Electron transport rate

Maximum electron transport rate

Michaelis-Menten constant of Rubisco for CO,
Michaelis-Menten constant of Rubisco for O,

Leaf area

Leaf area ratio

Lithium dodecylsulfate

Light-emitting diode

Light-harvesting Chl a/b-binding protein of PSI
Light-harvesting Chl a/b-binding protein of PSII

Large subunit of Rubisco

Leaf weight ratio

2-(N-morpholino)ethanesulfonic acid

Nicotinamide-adenine dinucleotide phosphate, oxidized form
Nicotinamide-adenine dinucleotide phosphate, reduced form
Net assimilation rate

Nitrate reductase

Probability

Polyacrylamide gel electrophoresis



pCa
pCi
PFD
Prr
PGA
phot
phy
Pi
PPFD
Ppi
PSI
PSII

ProtaL
PVDF
.

Ry
RGR
Rubisco
RuBP
SDS
SLA
SSuU
Suc

TNC

T,

Ambient CO, partial pressure
Intercellular CO,; partial pressure
Photon flux density

The form of phytochrome absorbing maximally far-red light
3-phosphoglyceric acid

Phototropin

Phytochrome

Orthophosphate

Photosynthetic photon flux density
Pyrophosphate

Photosystem |

Photosystem 11

Total phytochrome

Polyvinylidene difluoride
Coefficient of determination
Mitochondrial respiration in the light
Relative growth rate
Ribulose-1,5-bisphosphate carboxylase/oxygenase
Ribulose-1,5-bisphosphate

Sodium dodecylsulfate

Specific leaf area

Small subunit of Rubisco

Sucrose

Total non-structural carbohydrate

Rate of triose phosphate export



Tris

VPD
Vc'max
v/v

w/v

Tris(thydroxymethyl)aminomethane

Convexity of the PPFD-response curve of electron transport rate
Enzyme unit

Vapor pressure deficit

Maximal Rubisco carboxylation rate

Volume per volume

Weight per volume
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FEEHIL, BEEVDOREERCEEOEBOALR LT, XEMSLEDE
EILLHEERREL?RETHOBRERS THD. BEEXVBEEEALEE D&
B RITTEEICETAMEDOREABEVZOIX, 1817 £D Poggioli 12X 5,
FEZONBENFELIIGWKRELZAETOIILORRTHL. TO®, StE
MLAC L, Rl - FEOMERRE, EFRA, B8V X L8, EREEML
EE), [ILBEO, REAMEREEORED, FAtCLoTHIEEL TS Z
ENRBHLMNE RS, BETH, TNULOREBRRLEEOEHICEDL D
cryptochrome (cry) , phototropin (phot) , FKFl1 %22 Y O F &K ZHFEK 5 F
(Briggs and Huala 1999, Christie and Briggs 2001, Lin 2000, Imaizumi et al. 2003)
R0, VU FNVAGEMERE (Lin 2000, Liscum et al. 2003) , X HI2IXEN 5 DIEE
DAEBIER (B 21E, Zeiger et al. 1981, Kasahara et al. 2002, Takemiya et al.
2005) ICEDHET, ZLOHMENFFEL TND.

HEMBEDEAERSCEMEEICRITTEZEICEAT 2851, McCree (1972)
< Inada (1976) IZ LD HEMDIER AN PLVOREICL > TRESERL
7. 1980 ERITIIATHEZRHENRFR L L CHAT 2EMEERR BRI SN
U, SFIERKFELAVTCEDOBERBRB TN (B 21F, Tibbitts
et al. 1983) . £ L C, BEHBRPEHOKBTIIRETERLERSIND LD
ol ZOXH BT, BFREKOP THHICHEFENBENLYEEICH
ERTFOEEL»RIFTTZ ENEE SN, Hl 21X Britz and Sager (1990) i3,
FEHEDEE LK RS BEST NI DLAT U TEHIERRL LTH A XE2FK
TAHE, AEERNITICHEL T, XERAEDNEFREE (PPFD) IR LT
LEMAEENMEI SN Z L ERE L. FEEEHD PPFD WEOLHFA
KHBEFHREE (PFD) OFE (FAXLE) MEVIZEBEEZHELIBD T



5 Z LM, AU LYY (Hanyu and Shoji 2000b) =L # X (Dougher and
Bugbee 2001) TEEIN-. X5z, FBEEF A A —F (LED) LHEX%E
# PPFD @ 1-10% OWETHML TRHMMBHR T &L, REEMR TR
TODIHBLT, EHWEPELENT L2 L RBEOEDEL H 7=/ 5t
5B 5202 &7z (Brown et al. 1995, Goins et al. 1997, Yorio et al. 2001) . L
WL, BR2FENBETCHE LEEVOEMEEOEL LI- LT ERICH
WTEHBRELHLMIZIA TV, ATXFAAR O A ERZRIZB VT,
BURARLRAFELHA NI LT, RESNZZRAFTTICBOTHERY
BRHMEEZITO ZENFARETHD. RENREAXBANEYAEEICEDLD
RFICRIEFTEELZHMCT L2 L1E, 20X R RFECHAKEOERIR - AR
WZORMBDLDEERD.

s, BRI, FEAREIFHOKRLAICL>TREL D (Smith
1982) . F7=, MYEIFEAZLIIRIRT 2720, EHEKEO LT L THO
HREBEBOBIZIZIZE L WVWHFAXBEDOENRE D LD (Smith 1982) . LMo
T, YR POFABELRANT LI LT, BERMICEST 5 EHE
DHBELZDHEL, TRIEEL TV DAREERH S, BRBETICKIT2H
BEOERMICEAL T, FEENENX - BRI T I2RIBEMEELFEST L2 7
Tl L TE E WS EFNIRE I T2 (Senger and Bauer 1987, Anderson
et al. 1995) . Z Z THRIE(EE LI, RBEREOLBETFTIZCB VTR XL
FEHRISHAGRPERICFAT A DITEIBN RTIEEDOZ L2+, L
ML, PR ABELXRET L2000 7L LT, BEETOFGLES
DEELEAMLTVDL0M, HL2VEHFAKBELRML THDE2OIIONT
NIRRT O, FEXRE LB EORE L OBFRICET S
MEZ, HELICBTL2FEEOIERICEBT 2H8LERNLZMED 1| 5 TH
D, ZOMRITEMERKIELD A D =X LOBHIIERTILDOTHD LEZ



%.

LITARBILTIE, RERBLUEWEEICHTIFAXOIERICET S
2 DOMEEIToT2. 1 DiF, REX~DEKBEOFECKOMFMIAHEY D &
MAEEZRETDEVIBRBIIERLY T, TOUMEEREL L - O T ER
EHRODIZTLLOOMBETHD. 5 1 i, [HFEENKEROBEE - 53
ML OB ICEE L TWD ] EWHRBIZEL T, FREHEE L LIE(GE
DREELOBBIZOVTHRHL, FEXICHTIEDOREOEBNERED —
A ONITHZ EERAFHFETHD.



2. KX DR

REwIT 4 Enbhy, £ 1 BEIHES, £ 4 BARETHD. F 2 B
T, REXE~OFEAXOMMI L2 EMEERECER ZFA 2. KRB
FORFREABFATTHELIZARXRERANT, BEEOKGHEEL L (B
2 fi) BLOEEMRE L (B 3 #i) © 2 SOV THRITZITo72. &
3ETE, THFEEITIAEGHROENE - BHRXIEMRICEHET D] &V ) REDOMKEE
ELT, ALY Y UORIBIEEICB T H2EFAKXRREDCERIZOVTH-.
# PPFD R L THFANBREORLLIBMHAXLT TRy LY U EEMRL, @
ELLORIBRISE (B8 2 &) LEELLONRIBEE (8 3 #) o
WTHEST L7, BRRETHILE 4 BT, FRXEREL, SBOBRZEIZO
WTalR 72, 228, BEFEOHREICOVWTIE, § 1| ECIIBHRICMhDICE L

O, FMEENENOEOFRICEVTRET LI & & Lk,



¥ 2 =

IREIE~DF BICOF M A R DY EFEIZ KI5



LED %, #OBITICHBR L T, Fank<, HRICH, BENHHOE R~
ATHLHeE, NIAFAROEDAEERZOLRICEL-BEX*AT S
(Bula et al. 1991) . R IZ/"f LED 21X, O E D LED &8 L TEMET
HLZLDOHRRLT, HEMRICENLERBIZE T 2R RN A% T &
DHbENI L, SHICHBEREDRKAEKEETH S chlorophyll (Chl) O
WE =722 EREDFIERHD. ZhbDZ Lhd, Y TESTEHR
TYariREONTHFIARED EERGICR TS5 KRE LED OB EE
LIERERBRMTOATE /2. 20T, R LED OX % KEEL L THEY L #
BYLILNAETHDHI LN, LY X (Bulaetal. 1991), hyHF5, *a
¥ U (Schuerger and Brown 1994) IZBWTHEEFEEN7-. Lo L, #fE LED ©
HEROCTHE LEEYOBES 2 VI3 EEEmER, QEEETOAZ L
NTZARTTREOBENRFELRHCVTEE L-EMOEFN LV ELLIEL,
BEL 2-6 LD L LB LML o7- (Brown et al. 1995, Goins et al. 1997,
Yorio et al. 2001) . Brown et al. (1995) i, H# O RERCHEFRRKIZITHE K
P TRFOARLERCAPRELKELRIET L2 EELT, £HOFK
B LED ICETOHF A ENITE - 1LERE LED 248 bE CHRET R
BRETHTZ. TOMKRE, RE LED ICHFBH T E2AMLEFCRELE b
A7 OBELMEIL, AXNVNTA KT TEBETTOEYEICITRITA N
bOD, R LED OLOBFXLTCHRBELIZ NI IS OHEHE LY ELL
K&, M 15 Ferole. BEXAOFEOKRKERIT 1% BETH-7-2 L0
L, BRETHo TLRMFARPIFEEANEENTVE Z L REMAEEL(RE
THLIENHALMNL o7z, EBIT, T ALF (Goins et al. 1997) , KLV

v, A4 a3, LA R (Yorio et al. 2001) I\ T4, #f LED BEKIZE



B E 1-10% OB THML TERE L-BEEOELHED, RE LED HMHE
HTFTHRIELEBAEOEZMED 1427 FERDI2IEMNBEINTZ. ZhbHD
HWEX, R LED ICETOFAEEMMT D LN, MPOEMEELSD
HETHEDH THHIEETTELELIZ, FEALNSE OEMEICBWTEMAE

CELIERFIAONOEERERERT I LETRBLTND.

FENICHMOBERELV BRAELZ L VBAD ST S/EAMNH S (Sharkey and
Raschke 1981, Karlsson 1986) . Goins et al. (1997) 1%, RGN IZHFEN %
LEEBHETICBNT, 2 AXEEOAEGRFEELRILT L F 7 X AOEME
BELTBY, Tho0EMBEEFEOEYMAEEDREIZEHD > TD LHEEL
TW5. i}, Yorioetal (2001) iX, L # XIZBWTIX, FREKICHFENL N
MLEEHET TENESLORILZ X7 2 A3EMT 500, FERE
FEREMLANIEEZREL TS, 20X )12, REX~OFEXOMMIC
LOEMAERERER LTLLRILI VA7 A AL ->ThEbEn
EREBEEOHMTHEATE A b0 TIEARW. £, MHEL2BEXTLEOF
BRIRE L, HEMICEADIERLF N7 EDE (Leong and Anderson 1984a,
Lopez-Juez and Hughes 1995) , B L UMEIKDOEE DO EHR (Britz and Sager 1990)
BRECHEEEZRIFTERESNLTVS. L, ZRLOA{CERNBERKE
RERBME DO, BEOEMAEERECLED L S ICELD OOV TIZH
HMITEN TV,

T ITARETE, FEXCEKBEOFEAZMML CRYBBHA T2 L
CEDEMEEORECEOLLIBEREZALNCTHIEHFBEME L. (3%,
FREKFEIEIRFREGE (FREAXLEFEKXD PFD i 4 1 1) BEHTTH
I »y AMIKBE SR, ZLC, FTREMEESBRAEOLERENEZ, TAXK
BBE EERESTICL > TR (B 2 8) . KIC, RERBITBLUESY

~D N GFEICETLIMEELTo7 (B 3 ) . RBERME L LTA 123



RU-HEHBIE, fcORELL CLRE, BE, CO, BERE) IxLT, @
ENREAB L NALRLEEEEL L TEDOIIEEL THETZ2 02501 T,

Z< OMBENEE I TS (for a review, see Makino 2003) 728 Th 5.



2. RENBIOREFRE LK T THRE LioA REDOL G

2.1 I U BIZ

WHOEM ORI EREDICEKXT L. AHTEET, Feaxt~o
FENXOMMIEDEMEEREICES EBLoTWVD L FRENIEDHKEK
WEHBR LT

INETIE, REMLREELBANLEROEMENFEICEELRITT
TLERELEHAERVLS ONDD. HEERKXITRF T TRE LIZEHETIT,
FREHLITBH T TRE LZEL LB LT, Chl ab HAEL (for a review,
see Senger and Bauer 1987) , X{bFH Il OEXT VT FF LRI ETHD
light-harvesting Chl a/b-binding protein of photosystem II (LHCII) ¢ Chl & 7=
W & (Leong and Anderson 1984a) E£7-13&% /X7 EEH -V OE (Eskins
et al. 1991) %<, Chl &EH7- VY OEBEF=EEMEN® < (Leong and Anderson
1984a) , HE M@ & 7= ¥ O ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco, EC 4.1.1.39) {&M23F V> (Eskinsetal. 1991) . L22L, ZDO X5 AL E
B OFELBFICL2EROE(FNFEOE(LR, REKITHFEKXEM
ML TRHMBHLEZEEOKERI AZBBEOELEZRATELLOTH
LMEIFRHATH L.

T ZTARETHE, RAX~OFBXOMMMAEED N EREMEICRIETE
BZOoOVWTHAL., £9, HEXT, #HE 27°C) , B XX CO, #E
(pCa) T (36 Pa) IZHBWT, MERKE LIZIEF L PPFD TR XX T T
DHEREELEZME L. KIZ, C; XERTETT /L (Farquhar et al. 1980,
Farquhar and von Caemmerer 1982, Sharkey 1985a) (33U 7= Y& A& BE O I E

2KV, XERERETHENID IS CO, AERE & RuBP BAEERN %

-10-



AEERNLUVTEME L7, £, XERERET 2ENICED 2 ELFRHRF
£ LT, Rubisco &, Cyt f &, Chl &, LHCIl E2E& L, FRENEMEH
£ %L HREREAABRAIOBONEHREEDED, ELFHEFEOETH
HTX5LDTHINZOVWTHARE. C EKRET VI OWVWTIIARE 2. 2
TEEMICHAT 5.

EHIT, REREEL, XEMRICEET ZE(LFENERFEDR, EH N B
FPOrOBRBBRIIHLINICLEBLE. G MPEOKEREEIIERED -
DO N BICKE<IEFET D (for a review, see Evans 1989) . Z i, EHIZ
GEND N OF 80% BDHEMEITHIH ThH HEMRKIZHKTEL (Makino and
Osmond 1991b) , TDEL BHEREESF "7 HE L THRELTWLZ LA
K L Tu'% (Evans and Seemann 1989) . & 512, W DO EIZ LT,
IR EEII LT, B N B2 Lk ¥ 20400 F, XEREER
FEDO N DEEZ2 LB TSET D EHEIN TV D (Seemann et al. 1987,
Terashima and Evans 1988, Hikosaka and Terashima 1996) . Zh5bDZ & % 5%
Z, REXICEEXEMAML TREHMBH T LICI VA LEAEREED
EN, EEH N BOEIZLDON, HHWVITHAEHKBERFEO N DB OZE
WL B0 EFML-. FLTEEIC, BONEHERICESWT, EBOKE

REOKETICK IO HEMHEEIIET L2EREEZIT I,

-11 -



2.2 C; RBRKEF L

BN EC AR PEEORGRBFEICRETRELFMT 27201211,
HEBRFENED LI BRAFICL o THEIN TV O ERERETILERS B,
Farquhar et al. (1980) ¥ X O} Farquhar and von Caemmerer (1982) {2 & - THEME
ST C RERETVE, TRICEHAET 2E< OEGRB, EIEMHEIZLD,
C, EMEDOHERERET DR FLHALNICINTE -,

ZDFET IV, Rubisco DEEFRHIMEE (kinetics) IZHE DWW THEINL TN 5.
IOETNLOBMEIEKROBY THD., THEBE, FEMEET TCOREOKRE
BOEE T, € CO, WETTRRIANLERE A ba~vETD CO, DILE L
Rubisco ® CO, AEHEEIZL-T, £7-/ CO, BIET CIEAAME FIniE
HEICL>TRESESND RuBP BAEREIZL - T, ZhEnFEEIN 5.
P, TOETLOERBHIC, RuBP BAEREIL, ETEEFEREDH D VITH
BRI FEY TH D sucrose (Suc) - starch EFEICHE D BB Y B (LI1%, Pi)
ODHAEFREOWTANI Lo TEEIND, L®WRIN TS (Sharkey
1985a) . £/-FX T TONXERHIIT, KEFORNEKLETFNE, ThbbE
KRG EEOT-EFREEREICL > THEHEIND (Sage 1990, Hikosaka and
Terashima 1995, Evans 1996) . LA Ex#F L2 L, EEOKERIL, 1) Chl %
DHEERBARIZEL) TRV XELHRETIENES, 2) AERETHERIC
Ko THZRXNLFD ATP, NADPH # &7 5 EF=ZERES, 3) KE1 D
EZkERA ba<E£TO CO, #L# A & 7= Rubisco ® CO, EERES, 4)
Suc - starch EFEIZE D Pi BAEERESN, O 4 DOBENITL>THEEIND Z
Lz b,

wiz, BEAZREXICOVWTHEIRIZA Y. Rubisco ® CO, BEHE, EF

CEHEE, Pi BAEFEEICL > TREINDOIREHREE Ac, 4j, Ap 13, *

S12 -



nen,

C-T.)-V.
C+K(,-(1+J
(c-1.)-u
- _R 2
' 4C + 8T, 4 @
A,=3T,-R, (3)

& RSN D (Farquhar et al. 1980, Farquhar and von Caemmerer 1982) . = = T,

Vemax ¥ Rubisco D& K carboxylation #E, K. & K, IT#HN FH Rubisco
D CO, & O, iIZxF % Michaelis-Menten E#, [ i3I b2y U 7 MEg &
BELB\R L LEONEHREED CO, fEA, C & 0 FFNPTHERKR
hr~®D CO, & O, RE, J IZBEF-EEE, T, 13 Pi BEEEE, R, 1T

O hay N TRREEE CTHDL. X510 J T,

R N
- 20

(4)

EREND (von Caemmerer 2000) . Z Z T, ¢ I& PPFD-B 1 {mEdE g o
N RE, | X AF PPFD, Jou EBRKEFEEEE, 0 (X PPFD-BF5iE&
EHBROMETHD. X (1) - @) FO ¢ Jnoo Vemao T, B, FHENENL
HE), EFIZ#ERES), Rubisco O CO, BEERES, Pi BAEEEN & KB4 53
TA—ITHD. ZOETNVOEIFRNAZBERE Fig. 1 12, £72X (1) -
4 CESWIEAEREEDEN CO, BEB L PPFD KEM OB AR %

Fig. 2 127

-13 -



INETOREERICEY, EHO2REL( (PPFD, CO, HJE, BER
EYIIRTOHREREEDIRENRZDET ML > THEATEXZ-LNELD
C; B THeNLDOOLNTEY (FlZE, von Caemmerer and Farquhar 1981, 1984,
Evans 1986, Makino et al. 1988 72 &) , BEETIIZ DETFTILOZ LML 3R
HDOENTND., TOETIICESWERITA21TH Z L2k v, BHNAFEEY
D, REMERET D EORNIEEBLZRIETONMIOWTHRKEICT S -
EWTED.

AREFETIE, ZOEFNVEZFIH L THEIT%4T -7~ Makino et al. (1994) OFF
REBEIZLT, LERERHETIERDEEBNLLTHEMLI. T7hbb,
FAFE T2V T, #EN CO, HE (pCi) 20 Pa 3 LT 60 Pa UL EDOEHET T
HEREEEZREL, THENERNICBT S CO, EERE I LV RuBP
HAEERENDELTIFHMLE. S5, REMEBRETIRIOEBEL £ 541k
FHRFZERBLE. EXRENEZEOIAGEBLCZ R 2EL LT Chl
(Gabrielsen 1948, Hikosaka and Terashima 1995) 3 X O LHCII (Evans 1988,
Hidema et al. 1992) %z, EF R EDOHEFICEDLLI LV RXI7ED | DL LT
cytochrome (Cyt) f (Evans 1987, Price et al. 1998, Sudo et al. 2003) %, CO, EE
D#EREF & L T Rubisco (Evans 1983, Makino et al. 1983b, von Caemmerer and
Quick 2000) Z T EFNEE L. 228 Pi BAERENICELTIZ, & 0, &
B/ & &S F LvdE CO, 2/ET (Sharkey 1985b, Sharkey et al. 1986) &%
72 XIRME T (Labate and Leegood 1988) 72 K DMENHAZBIE T4 X, ~ Dk
L THERDPBEESNDHEIIH TH S (Socias et al. 1993, Makino et al.
1994) . ZOZ &L, REAKICHEAXEMAML CRHEMBHRT I ZLICLS
ELAERER B PI BAERNOEAEbL> TWARESEIIEVWEEZEZ LR
DT, AMETIIZ ORI DIEE L 2 5 £ FHRFICE L TOREIZITH

oo 7=,

-14 -



Cell wall . .
Plasma membrane ﬁ/ﬁ Light Light

Thylakoid

Triose-P/Pi
transporter

Stomatal resistance

Internal resistance

ATP  ADP + Pj <z (
PGA Triose-P -~ Z o> Triose-P
| 3) Rubisco 4 l
e/ N CO, - v
\ RuBP F6P FBP
* ..... » Pi -
v
Ge6P 4
* e F?P
UDP-
Starch ¢<— ADP-Glc ¢ GIP DP-.“GIC A
v > Suc-P
PPi ATP 2Pi Fey Py
P v
Stroma .. - Suc

\

Epidermis Stomata Chloroplast

Fig. 1 Schematic diagram of four biochemical processes limiting photosynthesis of C,
leaves, based on a model developed by Farquhar et al. (1980) and Sharkey (1985a). Solid,
dashed, and dotted arrows represent processes limited by electron transport, RuBP
carboxylation, and Pi regeneration, respectively. In the present study, Chl and LHCII (1),
Cyt f(2), and Rubisco (3) were determined as key components of the capacities for light
harvesting, electron transport, and RuBP carboxylation, respectively. ADP: adenosine-5’-
diphosphateF6P: Fru-6-phosphate; FBP: Fru-1,6-bisphosphate; G1P: Glc-1-phosphate;
G6P: Glc-6-phosphate; LHCI: light-harvesting Chl a/b-binding protein of PSI; PGA: 3-
phosphoglyceric acid; Ppi: pyrophosphate; PSI: photosystem I; PSII: photosystem II.
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Fig. 2 Modeled rates of photosynthesis based on the model of C, photosynthesis. (A) Net
photosynthetic rate under a saturating light condition as a functions of pCi. (B) Net
photosynthetic rate under a normal atmospheric CO, condition. Solid, dashed and dotted
lines represent electron transport-limited (4)), RuBP carboxylation-limited (4,) and Pi
regeneration-limited (4,) rates of photosynthesis, respectively. Bold line represents the
minimum rate that is the actual rate of net photosynthesis. Under light-limiting conditions,
photosynthesis is limited by 4. Under light-saturating conditions, photosynthesis is limited
by 4, at low pCi, and 4, and/or 4, at high pCi. Net photosynthetic rates were calculated
using equations (1) - (4) (see the text) with model parameters taken from von Caemmerer
(2000).
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2.2 MEIB L OVHE

2.2.1 HEEWB LORE &K

MY 1T A R (Oryza sativa L. &fE: =2 %) 2. E+%
Uy — LR THEEHAKEK (L, KEK) IZRBEL, ZoYr—L i2KiA
30°C, EFchEHIOIEIRZEMNIZ 36-48 h §RE LWK, EFEIE/HEZ. XY For
LR E (L: 190 mm x W: 330 mm x H: 230 mm) {2, 2 mol L' HCl % AW T
pH % 53 + 0.1 \CHABEL-KEKLmZ L, AEfFEH T 0%y b (L 180
mm x W: 300 mm) &7, EBEFEL-EFEY T oy P EICEEL, A
TRREANT 21 BEIBE®E L. ALKEBEITHGEKLT (FLRIIOH-EX-N/A-
H WEIA47 v 7 (BR) ®) BLIUKERZEHRE (SAP-V22B, =T (k)
By 2HEZTWAH. ALKEENIT PPFD: 320 pmol m™2 s™', EARSE#A: B
16h/ BEH#A 8h, IR: BA#A 25 £2°C/ BEHI 20 +2°C IZFHE L7-.

% 21 BRICHKE ORI - 7= @& (E#H: 3.6-3.9, EX: # 12 cm, % 4
EOEHSR: K 6 cm) & 36-40 EEREK L. Z2OFLEICHKRDO KR (4 20
mm) % BT 7-AEEK S00mL OF U =F L o RAEEER RV (¢ 75 mm x
H: 150 mm) 12, 1 R bbbz 2 BHETSO2BELE. WO EEH 1cm O
LB L o ME2EE, EMEDRRMNLOROMBTYLH UHMICk>TX
BaInsds Lo, BEBAMND, LED X%/ (LHP0364-040, HIHESK
(B) ) 274 Fa~—4 (MIR-553, ={EER (b)) &, HEERmH
#0.25 m?) W TABHETHE L. LED %/ (L: 300 mm x W: 300 mm x
H: 110 mm) ¥, ¥— 27K 650 nm O LED 1,296 L v — 27 & 470
nm OFE LED 648 52 5.

BEEPOIEABE LML L. HNELEKIE, REAXOHEBET D5
Mo R K&, RERGELZRHNTS RB X (REXEFEYXD PFD tiz

-17 -



4 : 1) OF 2 BEXE L. EHRELEXDOSSY PFD % Fig. 3 277, #
BB IUEFEEE PFD I, TERERERE GHER () &) 28T,
% LED (CHMS IR T 2ERICL - THEE L7-. # PPFD I/l g 0B
X&HiZ 240 umol m?s' L L7m. £ 0 FaN—FNOZFOMOBEESE T,
BARE A BAM 12 h/ BEHE 12 h, RIR: AR 27 + 1°C/ B# 20 + 1°C, A%t
M. BAE 75 £ 10% / BEHA 90% LA EIZFHET L7-. PPFD (Z¥ETFTH 10 cm
THE L, TOMEICHEYER FERAMET DL 512, EHOREICELET
RENVEBEZWMOMEL T, F-2fR0OLBHRPOBESHELY
—IYLEMT, 1 B 1 ERMOMEBEE ANEZZ. Fig. 4 124 %=
N—FNOBREFROMESL, Fig. 5 KA v FaX—FANTOEE 7T, &
MR EIIBESN -2 2402 0) BLXUREEE T o —F
(THP-B4AT, 8% (BF) &) #FHVWTHIE L. BEEL VY 7o — 7 IXREE
R (THT-BI21, 5% (BF) &) ICHEFHE L. BEd B L OREELSHRED
HAOMEIZRE - ##HE S = —/L (CRI0, #EFE Campbell Scientific #L#l) |z
LoTRELL., A 0Fa"—F2RNCHREBELE-BETEMESE (ML-200S, FFH
BT (K ) 2k, AHOMMEEBEMEEY 75% &+54 4 7HE%
Tol=. Wik 30 L min' O=T7RUFEZHNT, 84 A L Fax—FHIC
fitfa L7-.

AKEFHRIZ, 2mol L' HCl T pH5.3+0.1 (ZFEE L7-/KE 27+ 1°C DAKE A
EZRWTHRE L7, KSR OMAEKIT Mae and Ohira (1981) (2 L7243 > 7=, {E#
BREDOKBE DM A Table | 1277 . KBEOBEIMMEORE I CHbE
TEREMICRE L7, #E% 21 FES LV 28 ABOKBHRITIEHREE O
173, 35 BRI 1/2, 42 BEIX 2/3, 49 B ALK EgERE L L. HEKL
42 RBELEE, KBEO N BELIZEBED 14 %, | FRL0 4 % &

itk 49 BREDO N BEEZZENLEN 05, 20 BLDV 80mmol L' ) &35 N

- 18-



WEZAT o T,

TR, EE% S6 BELUBOR EEERBEE (5 8, 9 ¥) + H
Wiz, —RICA X EFOREREEREF ICEENIAEREEY XV HE
BELON &3, HERBRAXZENL, EHFOT2RARCIZITRECE—
Mz, EE L HIZHEAT D (Makino et al. 1983b, 1984, Hidema et al. 1991) .
EWmoZEICERT2EEHRONEREE, HEMEES /7 EEBLU N
BOEZERBT 2720, $ 07V U IIROEBNIZEI-ELRDL LD, &£EK
CEWTHEMBNBIBLE 8083 0L XI2H 8 Ex, FHEHBMPBLE 9.093
DL EIZE 9 LAY LT LIz, Chl, Rubisco, LHCII, 8L UV#ESH N
DEBDIZODY T, BEHFEZEHNOUVEEL®R, THAONICHME
CERBEAUMELRYV = F LMY T IRy TICAR, EBICHT S F
T -80°C CTHFEHRFEL. Cyt f EEROY T NIE, BEHZEHNLLHY
BEL%R, TH0°NCHMELEGELAEL, £ELTEICH L. EmHE
ORE T EBEMEEF (AAM-9, HEL (%) &) 2V /-,

2.2.2 HBRESRMK

PPFD ORIEIZ X EF & ¥ (LI-190SA, LI-250, X[E LI-COR #t%l) %
Fuvv/=. 43% PFD 1, A~XZ7 b A—4% (MSR-7000, (%) #+ 7 ~ VU H—F
B ZHWTHIELZ Inm ZEOHNBAERL VKD,

43t PFD &, Gardner and Graceffo (1982) Oz & 50723 (1) (Hanyu
etal. 1996) 7306, F#MiME~T « b7 8 L (phy) X FE (Prr / Protal) DB % EH
L7z, Per / ProtaL (%, FTHMEZRT 2 phy (Protar) FITEH O DIEMR phy

(Per) DEIETHD.
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800 -1

Z E, O

300

Peg [ Protar =| 1+ 55— (%)

ZE}J "ORii

300

ZIT, E3EBRE BT ONEBEFREE, opy BELY oy TENEFR
Prp BELD Pr DR § 1B 2L EFE (photoconversion cross-section)
Thd. NEBBEEZ 714 L5X0BR phy ZHVTKRDONZ 2 nm =
& OfE (Sager et al. 1988) Z FH U /-,

B S P/ Proar fEIE, R X T 089, RB X T 0.88 &, HEMLEKX
WELTIRERLTH-Z. TOZENDL, RENMBXBICEWT, "
phy DEROERIERTEZLLEZOLND.

2.2.3 B ROEE RIE

HAZHEEORIEIZ, KB 22 + 2°C DEBENICBWNT, BRROES
FNG RZABGEE B EREE (L1-6400, K[E LI-COR ##, LIk, XEmHE
WE) ZHANTUTo 72, Fr o NZIEMERT v 23 (6400-11, K[E LI-COR
HEh ARV R, FroNNEHEICEESNE 35W BN g T
~ 7 (JRI2V35WKW/3GZ4, 7x=v 7 AEH (%) &) 2BV, EHICE
75 PPFD OARY—HOBRELXRBIE LD, "aF 707 LERED
MICEBZBHORI = F Lo v — 2BV, RERATEB~MHETHIERD
AR X 15-17°C & L7,

A A TR E O BIESM1%, 1) PPFD 250 pmol m™? s™',  pCa 36 Pa, 2) 3t#8
fn, pCa 36 Pa, 3) Xfafn, pCi20 Pa, 4) ¥fafn, pCi60Pa LALE, & 4 DT
HbH., BEFRETIZEBVWT, REANEFKREBIZETS2ETHEL (15-30 min) ,

EFRREIZBITDHNAZHRNT A —F ek L. ZOXERRMEEEIL, U
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AT A —H OFEIZ von Caemmerer and Farquhar (1981) DR % Ty
5. WTROEREICZBVTYH, HEERIX 27.0 £ 1.0°C, #83(3 1.1 + 0.1 kPa I
FEIL. pCi 2—E & THHIEIE, pCi 2E=F YT LMD pCa F
B CHET DL LICLVITo7. Kfafnl 25 PPFD X, THEBROEEH
5 1,600 pmol m? s & L7z, BEXD PPFD ORI, ~uF 57

EHREOMICEBGW R LIZEITo .

2.2.4 AA{LFEDHT

RERTFLTRBWEY V%, FEEED 10 & (1 g XL T 10 mL)
DER: buffer T, KEIZEWHKEAELHOTERL, ZNEHEBEK
& L7, BEFr: buffer i, 5% (v/v) glycerol &, a5 7 —EHREH L LT 2
mmol L' Na-iodoacetate (kE Aldrich %), BTH & LT 0.8% (v/v) 2-
mercaptoethanol (2-ME, = h 4 7 227 (#) &) 2 &%, 50 mmol L' Na-
phosphate buffer (pH 7.0) T& 5. LLF, ZoOHMHKO—EE%/SE L, Chl,
Rubisco, LHCIl B L UV'EH N OEE*IT>7-.

Chl EETIE, FTHMHERE 100 pL 28 ERBREFICROVFEEL, 05 mL
K, 2.4 mL acetone *MA L<BEWH L. TN EKFIZ 30 min HE L -,
1,800 x g, 4°C, 15 min OFELEITV, FOFELLEED 645 nm B LV 663
nm (ZBITOIRNELZRE L. ZRDOENENDS Armon (1949) DOFHER
ZHWT Chla BLU Chl b DEXHEM L, Chl & (Chla & Chl b ORE)
& Chl a/b thxROTZ. BREEOREIZIL, UEBEBICHYORVWES, 47
VB — LGRS (V-530, BASE (%) ®) AW,

Rubisco @ F & IX, sodium dodecylsulfate-polyacrylamide & & 7k & (SDS-
PAGE) , coomassie brilliant blue (CBB) 4%, Rubisco ¢ large subunit (LSU)

& small subunit (SSU) OFE AN REYIDHL, £ZOEFESY formamide THiH
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LULBEET S Makino et al. (1986) D Fik%x Hv /=, HEIHKE 495 uL (2,
BIBE 0.1% (viv) L7225 X 512 10% (v/v) Triton X-100 2%, L<@ELF
7 34 FERIZKEE L72 Rubisco % FI¥E{k L 7= (Makino and Osmond 1991a) .
15,000 x g, 4°C, 5 min OE Lk, LiE% 180 uL B L, REEFT 1.2%
(w/v) lithium dodecylsulfate (LDS) , 2.4% (v/v) 2-ME {272 % X 912, 15% (w/v)
LDS & 2-ME ZiNx7=. ##%, HEAK®EIZXLY 100°C, 90 s @ LDS {k*
TV, Z# % Rubisco EEBRADY 7Lt Lz, LDS {bL7=H v FALTER
KB EZITH ET -20°C THERBFELL. ERKBII=RS THESIKE R
B (=787 47380, BEASF - Ty R THRT =X () )
ERHOWT Tz, BESLVBLODBESAOT 7Y LT I FBEIRX, #hFh
3% (w/v) &£12.5% (whv) & L, £Oft, k8 buffer 72 EDOMAIT Laemmli
(1970) DFEIZ LR > THELE., EXRKBBOBRIZEER (XKL
DX, RSV 10 mA, TEES L 15 mA) L LT KEIBOAS I, 0.25%
(w/v) CBB R-250, 50% (v/v) methanol, 10% (v/v) acetic acid BT T 2 h Luf
#%, 20% (v/v) methanol, 70% (v/v) acetic acid WK T T—HKBKE L=, Bk
D75, Rubisco @ LSU & SSU %2479 L, 2 mL formamide (74 7 A
T A7 () ®) T CBB R-250 # i L7=. X, BEFET, 50°C, 5 h B &
ILBMRBAITY, TDH 595 nm BT HREELBE L. EHEL L Y
B IZi¥, Makino etal. (1983a) D E% —H kB L7- Ishida et al. (1997) O Kk
WX o THB L7 b~ FE Rubisco #HV /-, Rubisco BEZEF &, Rubisco
Bx 5 N7 ERE 6.25 (Makino et al. 1983b) T4 Z Lic L v ko7-.
LHCII ®7E &%, Rubisco E& & [AEkIZ, SDS-PAGE, CBB &%, LHCII
DN FEEOVHL, ZORFE% formamide THIH LB EE L. HihH
& 100 uL % 47HBL, Chl BEZHE L. RIZEY OHEBHED > HH 2 mL

A MEROHT—ETABL, TOA A% 1,800 x g, 4°C T flash LT
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starch Z BV RV M7-1%, 1800 x g, 4°C, 3 min OELEITWVILEE S 2E D7,
F O BRE 5 R E buffer 2%, 1,800 x g, 4°C, 3 min OFELEZITNED
FEAETH L THHBRE Y ZBEE L2, BB buffer 1X, 5% (v/v) glycerol
%%%r 50 mmol L' Tris/HCI buffer (pH 7.2) T&H 5. EE#EEL 2 EIHEVIEL
T, F7aA FE2EULABEHEOBE S G-, ZOREBEH®ES%Z, 150 pL O
B8 buffer THREBE L. ZOBEBKRMD 20 pL 257 B L, BEKRF O Chl
B FEREL. Chl TEIX, "ERLAEZBE®KIZ 380 pL OK & 1.6 mL O
acetone Mz, UBIZEROFIEBIZ LN -7, EY OBREBEND 120 pL
SERL, KBET 2.5% W/N) £25 X912 25 uL D 15% (w/v) LDS # 1% 7-.
15,000 x g, 4°C, S min OEL#%, EIE%E 60 pL 7EL, HERET 2% (v/v)
2-ME (2425 X912 12 pL @ 2-ME &Mz 7-. B#%, BEKBIZLY
100°C, 90 s @ LDS k%17, ZH% LHCH EEAOY T & L.

LDS {k L7zH# v T VITBERKE 21T 5 £ T -20°C THMERF L2, SDS-
PAGE, CBB #:fa, fifaiX Rubisco EE & RO FNETIT>7-. LHCI ¥
NRIBOY¥7Ta=y hONRY R, LHCH ORY 7 a—F L fifks —KHiE
LT, 45/ 7ay MEICXVERLZ. U LHCH Hikz 3o miEiE, o
FERER LHCH 2k > THREI NS ¥ 5 Hidema et al. (1992) D F ik
WEkoTHELNTE., A5/ 7 ay MEEX, ey MNEIZ PVDF RZHWEZ Z
L &R %, Towbin et al. (1979) O FE%E — LB L 7= Ishida et al. (1997) O F
BIZ LD o0, RENEAVRE 4 2THY, ZOHIBH AT Y —Tho
722 OORYXFF K% LHCII L LTEELL. 7FE~—D (03-064, T
7o (BR) B, BIUV P7002S, *¥[E BioLabs #t#) # HWTHEINT-ZEN
LOSFEIT, 27 BLU 25 kDa Thotz. ZhboaFEIT, BREORE
WZHBFBH LHCH o N7 B Ta=y hOgFELIFIE—HKLE (for a

review, see Jansson 1994) . LHCIl EEHOY I L & k#hk e - Bl
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FEAnbENRL 2 DOy REGYHEL, 2 mL formamide (74747 27
(Bk) #1) T CBB R-250 #fH L7=. #ifiE, BT, 50°C, 5 h &RE H LAk
STV, FOH% 595 nm ICBITIRNMELZBE Lz, BES 7 HIZE,
o MmET AT I (BSA, KE Sigma t#HH) AV, HEEO Chl &
FPAGHESBEBIERO Chl EnoF 7 aA( FEOEIREELKRD, EHFO
LHCII EZHH L 7.

#EH N OEEIL, Kjeldahl 57 f#1%, Nessler REZHWTHEAEET S H
B2 0 iTo7-. HEHE 100 pL 2 Ay VEIZIROVFELZ. ZHIZ 100
L ®60% H,SO, (EESHA) #Mx, Kjeldahl 53#% (140-260°C % TEPERY
CEER B, BEYEFAENICE, —BEERITTHRAL, DREERTHD
H,0, % 2 WMLy L. fgt%, KT 5mL &L, 1,800 x g, 15 min
OELHEITV, FOLEE 0.5 mL % Nessler #EICffiL72. EVE 0.5 mL 2 50
pL @ 2.5 mol L™ NaOH, 100 pL @ 10% (w/v) Na, K-tetrate #&i%, 4.25 mL O
A, L 100 pL @ Nessler REZ Mz, K EHLE 420 nm (BT P
EEABIE L7-. Nessler RZ X, 10% (w/v) Hgl, & 4.5% (w/v) Nal &% 5
mol L' NaOH B ThH 5. EEEERIZIT NHCl BREMHW, YTV LFE
BEIZ Kjeldahl 2y f#1%, Nessler RETRAIE, TORNKENLFEEHRE
YR L 7.

Cyt f ® &%, Evans and Terashima (1987) OE{LBTEBAEZEA Y b
Uik F —H e B L7 Ohashi et al. (1998) O FEIZ Liedofc. AELHHE
DI10fEE (1 g (=t LT 10 mL) OBEER: buffer T, K EICEW-H#k L HLHE
TERL, “nrHEMEKE Lz, BfE buffer I, 5% (v/v) glycerol &, &
£ & LT 2 mmol L' dithiothreitol (DTT) % &%r, 50 mmol L' Na-phosphate
buffer (pH 7.0) TH 5. HMHIK 100 pL Z4E L, Chl BEZHE L. KIZ

B OHMEEDO S HH 2 mL % 4 HEROT—ETAHAEBEL, TOLEE
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1,800 x g, 4°C T flash L T starch ZHY R\ 721, 1,800 x g, 4°C, 3 min
DFELEIT>TTF T aA FEZEORBHOB Y 2B, ZOREEES %,
10 mmol L' NaCl, 5 mmol L' MgCl,, 2 mmol L' EDTA-2Na, 100 mmol L
sorbitol % & e 200 pL @ 50 mmol L™' MES/NaOH buffer (pH 6.5) TRE®E L 7-.
ZOREEND 20 pL 2B L, BEHEFO Chl B2 EE L. Chl EEIT,
SHEL7-RREWIZ 380 pL DK E 1.6 mL @ acetone #H1%, LT ERDEIE
WCL7edotz. R OB, HIRBETH 250 mgChl L' &7 5 X 5T 50
mmol L' MES/NaOH buffer (pH 6.5) % 7-. Z ®#) 250 mgChl L' DB
200 L [CHRBET 1% (viv) 785 5 912 10% (v/v) Triton X-100 %1% T,
Cytf #a[yE{b & t7-. Z LT 15000 x g, 4°C, 5 min OFELEITV, EIEH
FERWT, BIEBLBERAEEAT MLEIZLY Cyt f OFEBE2{TH7-.
Tbb, EEBESE 100 pL 72 2 BOF a2 Xy b (BI/7ur75vr <
AR WHEL, FTLE— LN HER (UV-1600, (FF) BEBERTHRL
O RHEBA, REHAIF L ZIC AL, TR —)L 0.03 T 530-570 nm O EE L
RODEANT PNLEBRELZ. RICXHEMF 2~y M2 2.5 uL @ 50 mmol
L' K;Fe(CN)s %, EBHAIF =Xy M 2.5 uL @ 50 mmol L™ C¢Hy(OH), % %
NENMZ THEEL, BIELBEORERAEEZEAXR PLVERIELR. 2L T,
540 nm TEBREELSIVZRAEZE (AS40 nm) 75, KER 1 om, BE |
mmol L' &7 Y O ZER 4R E 20 (Bendall et al., 1971) ZA T Cyt f B4 K
iz, HMERD Chl &L ABEHESEEBRKO Chl ENbF T a4 FEOE
IWEEZRD, EHO Cytf BE#EH L~

2.2.5 HEtLE
WENLBXOEHEBOFEERTEIL t REICLVEEKE 5% TT-7-.
—ROBENFFERXOENRRES L ORERZIIE /D ZREICL VRO~
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HEWBEXOEIFHFBERAO y UAFBOBEZRE XH£7BSHT (ANCOVA)
X W HEBEKE 5% TIiTo7. HEOBIZIIHEHENT Y 7 U =7 (IMP Ver.
6.0.0, KE SAS #H) BLOKRFHE Y 7 b7 =7 (Microsoft Office Excel

2003, K[E Microsoft #L-84) % FHu 7-.
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Fig. 3 Relative spectral photon-number distributions of treatments R (A) and RB (B).
Light was provided from red and blue LEDs. The number of photons was counted for
every | nm.
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Fig. 4 Schematic diagram of the cultivation apparatus used.
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(B) RB

Fig. 5 Picture images of the incubators for treatments R (A) and RB (B) containing 56-d
old rice plants.
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Table 1 Elements, compounds used for the hydroponic solution and element
concentrations at the standard strength for rice.

Element Compound Element concentration
[ mmol L]
N NH,NO, 2.0
P NaH,PO, 6.0 x 10!
. K K,SO, 6.0 x 10!
Major Mg MgCl, 6.0 x 10-!
S K,SO, 3.0x 10!
Ca CaCl, 3.0x 10!
B H,BO, 5.0 x 102
Fe Fe-EDTA 4.5 x 102
Mi Mn MnSO, 9.0x 107
nor Cu CuSO, 3.0 x 104
Zn ZnSO, 7.0 x 104
Mo Na,MoO, 1.0 x 104
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2.3 /R

2.3.1 B

9, REREDO PPFD &LIZIER L PPFD O T (250 pmol m™? s') B
F OB T (1,600 pmol m? s ) KB DERMBH - OHEE AEE %
FELE. BIETAGYT, @ED pCa (36 Pa) FTIT-7/-. 2B, HEXTFT
MEINDHEREEIL, REREOREFICKTOHEMEE L ITRLRDN,
BRI LA EOEBIIHEKT TOREGHMIIRBMEND EEXOND. KER
$# LIZIEM L PPFD FTOMMEEREEIT, WTho N LEXIZEWNTY
RB X" R KOBLE 15-1.6 FLHFEICHE N> (Fig. 6A) . F7-, fafn
KT TOMEEREE, ThbLbLIEGHENDL, WTHLDO N LEXTYH RB
XA RRXOBLE 1.8-19 FLAEILEHN 7 (Fig. 6B) . X5HiZ RB KT
X, BEHOEBEHLZVDO N EBEL R KLV EEIZEN»-T= (Fig. 6C) .

WIZ, REREELESY N BELOBBKRIZIOVWTHARNS D, £2THO N L
BERXOBAEOHATRBLOMEMATOMESHREEL, EH N BRI LTF
oy hL7. BATFTCOMEABREET, SHRELERIZEVWTEY N B
DOEIZEWIEDHEMNSH - 7= (Fig. 7A) . ANCOVA (2 XV EUREBRIZEIT S
HERIV y UROFEHEZRELLEZ A, EHRELEX OEIRER DM
EEBLC y URICABRRZRRDONR o7, Thbb, MAELEXOD
7uy MIF—OERICER I, BMAT COMAESREEICB VTS,
ENELBXTEEY N BELORBIICEWVWECHEBENR® bz (Fig. 7B) .
ANCOVA OFfER, MHXELBEXEOBIRERD y UUAIZIIFEREVNRED L
N-boOD, ZOEFOLI N THo7-. ZHHLORRIL, RB KIZBITH5HK
TELVOEMAET COXREGREEDOEMA, BHICES N BEOBMTHH T

EHZEETLTND.
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SHavF s A LEE N BEOBEKRER-LIAS, AIXATEIN
BHETF T PPFD TIZB W TH, [Llar ¥ 72 R 3EHS N EDS
WEEIZLCEL 2 ABEMmIZH -7~ (Fig. 8A, B) . 7 pCi 1L, WTho
PPFD FIZBWTHES N BICIOTIIE—ETHY, RELEXHEICAE
REEBRD LN, -7 (Fig. 8C, D) . ZDOZ LiX, RB KOEWKE HEHE
N, THa vy 2 AOEMCES pCi OEIMIZE->THebENTZH D
TRV EERLTND.

Wiz, Cy; ¥%&HRE T /L (Farquhar et al. 1980, Farquhar and von Caemmerer
1982, Sharkey 1985a) (ZE &, A£ENICEIT D CO, EERENIE LT RuBP
BAFERDOEEL LT, pCi20 Pa THRLW 60 Pa LLEDOEKHET TOMAE
FOEE (A BEL dugg) ZZNENRE LT, 4y & Aseo TV THH RB
KOHMN RKXKEVEZIZEL, 20 mmol L' & N LEX D 4y & A 1
R KTIXFENFRN 2.99+0.741 & 9.5+ 1.81 pmolCO, m?s™', RB K TiXZ4L
R 677 + 0969 & 123 £ 1.27 pmolCO, m? s' Thote. ZD L 57 RB
KICHITDHE Ay, Aogo TEEH N BOEMIZE-S T (Fig. 9) . ZOFE
Bk, RB ROAEERNICEITS CO, BERNII LT RuBP BAEERENIL,
R XLH#LT, B N EX#EMLEZZECHFETHRLELEZLDEEZ LN

7.

2.3.2 XEmBES R HE
FEX~OFEXOAMB N EREES o X BEEERBEESY 7
BRICE TS N SEICKRIETEE 4 L. Rubisco &, Cytf &, Chl &
B L LHCH &, Wb RBRIZBWT REXVAEICEN-TZ
(Table 2) . Chl a/b F:iZiF, R X (3.20 + 0.028 mol mol™') & RB X (3.26 +

0.029 mol mol™) L DRICEERZIRD LI RroT-. HEREES /17
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HELES N BLOBERKRICOVTHARILE IS, RB REBITLZE0LDY
VR BEBROBMNE, HEREEOHEMEEKRIC, BLIZESY N BOHEMIC
A4 DTH 7= (Fig. 10) . Rubisco, Chl B LY LHCH IRV TiX, i
BABRBOBIRERD y UFICHEFEEZERROONEZ. ZTOZ L, Inb
DY LNRTE~D N SEPSHELEXM CRRDAREEZIRT . Lo,
HELNBEXHTRENCEY N B2 AT 5EEHKL V2L, MAELEXMET
oy FOERLBEENENSL. ZOZEND, RB RKITEIT D HEHKEE
B BREOEMN, BHIZES N BOENOATHATELI0,, 5
VI ERICM A THRARBEES N BRIZBIT S N SEROE(BE I > T

WABDOMIZHOWTIE, AEDOT —Z L IIRMEICIE R bR T,
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Net photosynthetic rate [ pumolCO, m=2 s ]

Leaf N content [ mmol m2 ]

Lighting treatment and N application [ mmol L ]

Fig. 6 Net photosynthetic rate at a PPFD of 250 (A) or 1,600 (B) pumol m2 s7! and leaf N
content (C) per unit leaf area in rice leaves. Plants were grown hydroponically under R or
RB at a N concentration of 0.5, 2.0 or 8.0 mmol L-'. Gas-exchange measurements were
made at a pCa of 36 Pa, a leaf temperature of 27°C, and a leaf-to-air VPD of 1.1 + 0.1 kPa.
Light for measurements was provided from a white halogen lamp. Vertical bars represent
standard errors of the means (n = 6-12). Means with an asterisk (*) are significantly
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different by ¢ test (P < 0.05).
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Fig. 7 Net photosynthetic rate at a PPFD of 250 (A) or 1,600 (B) pmol m=2 s-! versus leaf
N content per unit leaf area in rice leaves. Plants were grown hydroponically under R (open
circle) or RB (closed triangle) at a N concentration of 0.5, 2.0 or 8.0 mmol L.
Measurements were made at a pCa of 36 Pa, a leaf temperature of 27°C, and a leaf-to-air
VPD of 1.1 + 0.1 kPa. Light for measurements was provided from a white halogen lamp.
For (A), y = 0.238x — 6.27, ¥ = 0.739 (R and RB). For (B), y = 0.413x — 12.7, > = 0.663
(R); y = 0.310x — 5.37, r2 = 0.444 (RB). Separate regression equations were given for R
and RB where the slopes and intercepts were significantly different by F test in ANCOVA
(P < 0.05); otherwise a single regression equation was given.
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Fig. 8 Stomatal conductance (A, B) and pCi (C, D) at a PPFD of 250 (A, C) or 1,600 (B,
D) umol m2 s-! versus leaf N content per unit leaf area in rice leaves. Measurements were
made at a pCa of 36 Pa, a leaf temperature of 27°C, and a leaf-to-air VPD of 1.1 £ 0.1 kPa.
Light for measurements was provided from a white halogen lamp.
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Fig. 9 Net photosynthetic rate at a pCi of 20 Pa (A) or above 60 Pa (B) versus leaf N
content per unit leaf area in rice leaves. Measurements were made at a PPFD of 1,600 pmol
m2 s, a leaf temperature of 27°C, and a leaf-to-air VPD of 1.1 + 0.1 kPa. Light for
measurements was provided from a white halogen lamp. For (A), y =0.323x — 11.4, r* =
0.659 (R); y = 0.275x — 7.48, ¥2=0.562 (RB). For (B), y = 0.398x — 8.91, 2 = 0.659 (R and
RB). Separate regression equations were given for R and RB where the slopes and
intercepts were significantly different by F test in ANCOVA (P < 0.05); otherwise a single
regression equation was given.
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Table 2 Amounts of Rubisco, Cyt £, Chl and LHCII per unit leaf area in leaves of rice plants grown
hydroponically at a N concentration of 2.0 mmol L.

Treatment Rubisco* Cyt f* Chl= LHCII:
[gm?] [ pmol m ] [ mmol m= ] [gm?2]

R 0.71 £0.076 0.37 £ 0.026 0.311 £ 0.0083 0.197 £ 0.0112

RB 1.00 £ 0.079 * 0.52+0.027 * 0.350 £ 0.0084 * 0.266 £ 0.0164 *

: Means + standard errors of the means (#» = 6-12). Means in each column with an asterisk (*) are
significantly different by ¢ test (P < 0.05).

-38 -



Rubisco content [ gm 2]

Chl content [ mmol m 2 ]
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Fig. 10 Rubisco (A), Cyt f(B), Chl (C) and LHCII (D) contents versus leaf N content per
unit leaf area in rice leaves. For (A), y = 0.0269x — 0.535, 2 = 0.602 (R); y = 0.0271x —
0.406, 2 = 0.786 (RB). For (B), y = 0.0136x — 0.269, 2 = 0.446 (R and RB). For (C),
y = 0.00458x + 0.0916, > = 0.747 (R); y = 0.00385x + 0.140, r> = 0.690 (RB). For (D),
y = 0.00396x + 0.0161, 2 = 0.345 (R); y = 0.00442x — 0.0349, r> = 0.602 (RB). Separate
regression equations were given for R and RB where the slopes and intercepts were
significantly different by F test in ANCOVA (P < 0.05); otherwise a single regression
equation was given.
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Fig. 11 Net photosynthetic rate at a pCi of 20 Pa (4,,) versus Rubisco content per unit leaf
area in rice leaves. Measurements were made at a PPFD of 1,600 pumol m=2 s!, a leaf
temperature of 27°C, and a leaf-to-air VPD of 1.1 £ 0.1 kPa. Light for measurements was
provided from a white halogen lamp. y = 10.5x — 3.77, »> = 0.882 (R and RB). Separate
regression equations were given for R and RB where the slopes and intercepts were
significantly different by F test in ANCOVA (P < 0.05); otherwise a single regression
equation was given.
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2.4 B

RB X Ti%, EH N BEOHEMIZE->T, R KLY HEHE pCa TIZBITD
AR T ORERBOEE N E I - 7= (Fig. 6A, 8B) . RB RIZBIT H8FIXT T
DHEREEOEMIEOLARFE LT, FTKIVLENMBEMEBE TO
CO, ILHIZODWTR TADZ L. fAFETIIBT ORI ¥ 27 ¥ T RB
XDFREM-> 7D (Fig. 8A) , pCi ITHELEXICE LT 2ToBEFETIZIE
B UL{ETdH-o7- (Fig. 8C) . ZDOZ L2 b, RB KON T TOXE HKEE
OEMY, KENOLENMBEMBRE TO CO, IEHOEEIZERERT 26 O Tk
MWEWZR D, KRIL, RERERETDEAND S B, CO, BERE L RuBP
BAERERAICOWVWTEZD. CO, MERNDIEETHD 40 &, RuBP BA
ERNDOEETHD A 1T, WTNHEH N BEOHEMIZHE-T RB K TH
hs-7- (Fig. 9A, B) . £/ RB X TiX, Rubisco ®X°, RuBP BAEOEHIZ
BMbaRFD 1| »ThHhd Cyt f BEEZED, BIELILEREES 7 HE
ODWTNHLESE N BEOHEMIIE> THEMLTWE (Fig. 10) . ZhbnZ &
22b, RB RIZB T AT TCOXRAREEDOHEME 726 L-ERIL, ¥
B N BEOEMIIE-> THERBESY N EEBEML, £ZO/KR CO,
TFHES & RuBP BAERND, TNOLDOBOART AR LI-EEmEL
ErlizhBrEEBEILND.

Arp (CEEE RIETHFITIX, Rubisco ELLAMI, Rubisco D L& & &M
kEBndH b, £, ENMBRMBE, S Rubisco ¥4 FETD CO, HLHUZED
ZNE =z & 2 Z A (von Caemmerer and Evans 1991, Loreto et al. 1992) 23 #&
MTERWVWEEIZIE, 40 IR X7 X2 RATHEESZTD. £2T,
HENEBRED 4,y OEIZRHTIINODORTFOEBEWET D720, Ay
% Rubisco BIZ L TFa vy hLImEZ A, 4y EIHELEBEXIZELLT
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Rubisco B EWIEOMRBEICH > 7 (Fig. 11) . ZOZ L%, XELEXE O
Ay DEMNEHIZ Rubisco BNDETHH TE LT &, 745 Rubisco HiE
MLEMIERBLIUORNPBa L I X ADET 4y DEEZLT-HTIFE T
NI EERLTWS. L7 ->T, RB XD 4 OB, BHIZESE N
BEOHEIMIZMH D Rubisco BEOBIMIZERT 2D THD LV D.
FHTFTICBTDHEREE S, B TICEITDHEGHEE L RKIC, ¥
B N BEOBMIE-T RB KTHEML TV (Fig. 7A) . —#&iZ, BIERHFD
PPFD D METFT 21T L7243 » T, HEMEELE N BOEREROEE M
Wt B ERMBLAL TV D (Hirose and Werger 1987) . Z OfH[EIX, XK TF T
DHEREENPLTLHE N BIEKFETLI2DTTEHR2NILERLTWVD
(Hirose and Werger 1987, Makino et al. 1997¢) . L 2L 725, Makino et al.
(1997b, 1997¢) DA FDF —# Tix, PPFD 350 pmol m?2 s THIE L= XA K
WELESY N BEOBRICBWT, EES N BEOEEK (60-130 mmol m™ 2
E) WWIBRELEOHEBEPED LN TS, KiFFETIE, R XE RB X2
TOEEDOESE N B 40-80 mmol m™ DO#EEMNICH -7~ (Fig. 7). ZDX
2T, EH N BABHKELEXE bITheho/mZ &2, RB ROEH N
BEOWIMIHESSBATONREHRBEEDOHME G726 LD L.
AR TIL, KERFEOREZI T ATHEA N VEBHTTIT-oTH
h, EEORBEREOHKRETIZBITL2BIEIITHLR1-72. R XL RB XIiZ
BIA2EBORBRET COXRAREEIL, ABATTRELEE R DA
REMENREZOND. RERAEROBFAAORENRRDLZLIZL>THEL K
TRhEEAPZTLIRTFELT, [iLla v Fr 2o 2AnEzTohsd. AEXTT
X, EBRELIZIFRA L PPFD 250 pmol m™ s 1B T BEHa 7 ¥R
X RB KOFHMH R XL VW@Emnoiz (Fig. 8A) . HAXIIRILOBE D 2 EE T

HZDT, EREORBTRETIZBITA RXE RB ROKHLavFr a2 2anE
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X, BEXATTOHEROELY bREIRDLEEZLND. C XEKET
MZENE, FBRATOXRERERET D 4, FERKEND CO, BEN ERT
HIZ Lo TR mMT 50T (X (2), Fig. 2A 8B) , KL= 4
78 ADOEIMIED pCi OEMITF[H AT CONXEREEL HHBEHEM X
HHHDOLHEIND., Z0ZEhb, EEORBFTRETCBVWTHEREE
FRELESHED, REREEIL RB KOFN R KLV HEL, EHIZZD
EFHEATTHEINEZUELRIZO TRV EHEBINS.
UEXY, RERGAEABHETTHE LIZAXRIE, REANXEMBHRTTRE
LicA RICHBE LT, BAXETRBLIORERELIZEEL PPFD OFH KT O
WTFNTOLEWEEREEL T T ehbholz. EFRFRENERBHLE
A XTI, CO, MEREN L RuBP BAERAPELEL TV, ZD X572k
EREERIUREREEETHENOM L, BHLICES N BEOBM,
FRIZHEI REHRBEESY VXV EOBMZIL2bD0ThHo7n. EEEBEOKRE
BEOKETICBITA2REMEEDL, REREEBHTTCEL»27THAI &
WEIN:-.
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3. REBXBLIOFRFEALBH TICBT A1 XOKE

3.1 LI

BIEIICRWT, RERBAALBH T ORE LA XED, RELEMORBA
FCHREL-ELV LBV EEREEZRT I LAbhroTe. ZOBEDNK
SFGEEORMIT, BHLICES N BEOHEM, BIXOUENITEDS LEREES
VR BEOEMIIEALDTHo. ZOLIREEREDIY OHEKERE
oMM, REXICHEFELEZMMNT I LI 2EZMEEREICED TWD
AREMEN B D .

—FT, BEOWEICLY, BEOREEEIEEORGHEEDH TL
FLLBATEA LD TRV LA RIS N TE - (Stitt and Schulze 1994,
Lawlor 1995, Poorter and Nagel 2000) . —fRIZEEOKEEE IEALZYWED
-0 OEATERE, 3725 RGR (Relative Growth Rate, fAXtRRHE) &
LTHFEN D (Stitt and Schulze 1994) . RGR X, KD 2 DD/T A —F DF

ELTRTZLENTED.

RGR = NAR x LAR (6)

NAR (Net Assimilation Rate, #EF{LEE) 1%, | BAOHKBMTHE LM
KEETOMEEREE AHOKEKREAHB LIUOEHORRLEE) &,
B0, EEORERGHEDLIZV TRLELDOTHD. ZOZENLHLN
7ok 912, NAR HEETOH 5 —HAICBWTHE L-BEEDOREREE E
LPE LSBT 5O T2V, LAR (Leaf Area Ratio, EMEFELL) 1%, BEEE

MEICHTIREREOUR TH . REKICHFELLMAML TRHAMEH S
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B LICLARBEEEOMMAE L LTEREZALNIITHDICE, BEED
S SRGEE T TR, NAR & LAR 2OWTHARNDILELRDD.

LAR FEXSICLTFD 2 DONRIFTA—FDEL L TRIND.

LAR = LWR x SLA (7

LWR (Leaf Weight Ratio, &) IBEFAEZHERICHD I EFEMEOEH G
T Y, SLA (Specific Leaf Area, HIEFEMH) IEFELMEDH - OREEMT
b5 TOLIC, EHNEHIZENETAAAAYRAERE L), X0
NA A Ao TCEREIEBYBELENCOWT Y, GEMAEEICKEL
RETHFLELTCHETILELDD.

F7-, BERMRRRE, BE, CO, BERLOREEMIMT 4RO
SRR T, A FIEEL LV TES~O N REREZEX DI LI
LT, BEESEOKEMNRLHAML T D LEMHS L TWVD (Makino et al.
1997a, 1997b, Nakano et al. 1997, Ohashi et al. 2000) .

- TAES T, RAXBIVOFRERAELBH T THE LA FORERAE
WLES~DO N HEICETLIAELITo-. £, BAR5EMO N E
Rubisco B Lt Chl BIZOWT LR, ZHLO/RERND, REKX~D
HEIEOMMIC L DY AEERECEDLBEEHEL ALV TOERICOVWTEREL

7z
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3.2 MBI R L U5k

3.2.1 MY, KEFRGBLIOCRRESRE
AL A R (Oryza sativa L. fLfE: BAKE, Y4 =v%) 2H\-

B GRE, RELERX, FFEBBIUXRBEREICO VT, AE 2. 2. 1
BRO 2,22 LREKE L. RELEFOK PPFD II@EHELER & HIC
380 pmol m™> s™' & L7z, ¥ PPFD MWAESF 2 it R 50DlX, LED 041k
WEDLDOTHD. MAEELERXE T, # PPFD 240 pmol m? s' & 380
pmolm? s L OMICHEELRBTOERRIBESINT, ZO#HEBEOH PPFD O
ETEETELI2Hb0LEZON. ABROER N BREIEERE EBREK%

49 HAIZ 2mmol L', Tablel1 M) & L7/-.

3.2.2 ERMITEB L UERER

% 21 BEA2D 7T BEZLIZ, HAMBGHEKN 6 h Rl 7T v 7%
1Tol-. EYEKEESY, ¥, Ricbl), FREBIUREEHELAEL-
% 80°C T 3-7 HMlFcfe s ¥, EMELXBELZ. WTIONXELERXIZE
WTh, RBRUIBZE L TEORZEIRDOON RN o7,

BHEt% 35 AR L 56 BRCKBIT2BRBEHNNEMELLORERR OB EE
RAWT, EEORREMIT AT >7-. RGR, NAR, LAR, LWR B X * SLA

i, LTO LI ICEREINLSD (Radford 1967) .

RGR;:EHL_L (8)
da W

NAR:d_W._]_ 9
d A
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LAR == (10)
L

LWR = — 11
W (1)

A
SLA == 12
7 (12)

T, WIIEAREME, 4 IRERME, [ TIESGEZYE,  IFETH
. EBIZIE, W, 4, L PEEBORBEE &L ICHEEBEEMICEMNT I LV

KEZFLE, RORXXVRKRDT- (Peterson and Neofotis 2004) .

InW, -InW
RGR:_P__Zin' (13)
L4
- 1 -1
NAR:WZ W, Ind, -In 4, (14)
L A, — 4,
A, - A InW, —InW
LAR = —2~4 %2 77, (15)
In 4, —In 4, W, -w,
-L InW, —InW,
Lwr = 2~ 0 InW ZIn (16)
InL,—InL,  W,-W,
A, — A InL,—InL
LAR=—2"4 M 7mh (17)

In4,-In4, L,-1L,

IIT, W BEU W, A4 BEY 4, L BEV L 3, ThERRY
nBXO L KB ARGEYE, REGHE, EFUPETHD.

BEH N EEOED, EBEOEZMY > TR E ERKR—L I (MM301,
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M [E Retsch GmbH #:8) # AW THHAL, £ 10 mg A Yy VEICHE
L7z, ZHIZ 100 pL @ 60% H,SO, (FEESITH) Mz, XE 2.2. 4 IZ8
i L7 58 & FERIZ, Kjeldahl 43 f#1%, Nessler EIC XD Y7o N &
EEL. 72720, Kjeldahl fE, L% O LE%L, EH TIX 100 pL, ZFEH
BLUHRRTIT 150 uL 4B L, FHIZ 1% H,SO, FEESATH) X 500 pL

& L, Nessler iEIZfEL 7~

3.2.3 AL FESHT
EEE BV TER 8.0-83 DB (¥EMERK 56-63 HE) (2, ERE 6-8
HEOBEBEFEMAMNCY T 7L, AE 2.2.3 KRB LIZFETES N,

Rubisco 3L Chl #EE&L 7-.

3.2. 4 #EHALE

HEVBXOFEERTEIL t REICLVAEEBEKE 5% TITom. ML
\ZIXHEEHRT Y 7 b7 =T (JMP Ver. 6.0.0, K[E SAS #8) % FHuv /-,
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3.3 fER

3.3.1 KE

V=X B LOEAEO, FELEMKEA EEZ 21 AE) UEO/EE
EMER L OREGEOXRELLE Fig. 12 (277, #HE% 35 BHE £ TH,
FH = FBLOBARKLE bIC, BALEYE L BREDRICILELEXRICA
EhERIRDOLN N, EEK 42 BELURE, ¥V =TI RB X
DEKEYE L RERHEN, $-AARFETIE RB KOKREBmHEN, ThTN
RELVABICHEMLZ. AABOBEGEEZDET, BER 42 BEBLV 49
AEOWTNICEWTH N ELABXBICEEREZEIRD LR 2T2H OO0,
RBXOF2D RELYbRKEWVEMICH 7. RELEEHER EEEK 56
HE) ® RB KOBEEEHEIL, R KOZNLEBELT, ¥ ¥ = F T
20%, BARETIX 33% ZnFh K&Eno7-. 72 RB KOKBREEHEIL, ¥
=X TIE REED 30%, BARBETIEI R KXV 35% FAfh KR&EnoTl-.
1EFE% 56 REOBRE O yELE Table3 7T, 9 =%, AKEL
HiZ, B~OEHHEOEIRILZ RB RIZBWTHEILEL, EH~0E &I
RB KIZBWTE LI E»roTle. BHE~OEMTEOEI ST, PH=FCE
WTHAEBZEER2VWLOO, WEEE HIZ RB KOFAEWVERBIZSH - 72,
ST ES LONRELEXICE O THERER 56 HREETIZIIEE LR
7. RB KOEEIIEMAEL HICHEMEE 56 HRICHB VT 82-83 THY, R
XD 78-79 L b RKEWEHRICH -T2, #EER 56 BEOEXIT, 9=
¥ TIE R X (64.4 £ 088 cm) & RB [X (64.5 + 0.90 cm) ORI H B e Id 7
<, BAMTIZT R X (69.8 +0.55) ®F» RB X (67.2 +0.92) LVEFEIZK

ot
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3.3.2 AT

% 35 HE L S6 HEOREMAAVWCHEOKRERTZITo7-. =
DEEIZEB W THREMIT 2T o= 0, RELBIZ L2 EEEYE - RETHE
DENERER 35 BEURBEEIN, 56 BRBIZHEICL ST RB Ko\ T
BEICRELL RO THS. RGR [EHH = F L HEABOWTRIZEW
TH, RB ROEFN R XEVAEEIZEN-T (Fig. 13A) . RB RKIZBIT 35
VL RGR (21, MidnfE & HIZE VW NAR 23%F 5 L TuwW/= (Fig. 13B) . LA L,
Z® NAR 2L, ¥ ¥ = F TR HRELBXBICEERENRRD bNIZDIZ
LT, HABCTRAEREREZEIRD N ho., VY=o iz TIE
LAR & RB X T&<, RGR OF LIZ&E#@ L T\ (Fig. 13C) . Z® LAR
DT, LWR & SLA OWVWTFHR LML Z LIZLBE5bDTH -7 (Fig.
13D, E) . ZAHLDFRERIL, RB ROV H =%, R KEHBELTIYIEL
BOESEFBRALTCWAEZEEZRLTWS. i, BABTIZ, ¥ ¥=sFT
BEINT LI RBENREETIBREINR N >7-. LWR I RB KO FHHR
REXVHLEEBIZELSTZHDOD, SLAIEZ R EOFMN RB KLY K&\
ffmicd >7= (Fig. 13D,E) . ZDZ XX, RB RKOHAEHEN R XLV HEW

EEAERTDHEBIZHoT-Z 2R LTS,

3.3.3 EEHE

Fig. 14 (2, @EHZHV DO N £HE, EHOEEEH-VO N &, BLIW
EHOEMEH-V DO N B2 T. @EHYVO N EHFHEIL, v¥=%
EHABONTRIZBWTS, RB XKOKFB R RLWVAEEICENL-T- (Fig
14A) . EH~O N SEOE AL, RB KOV H =% (654 + 1.09%) , H
ABE (66.1 £0.37%) &£ HIZ, R KOV H =% (59.1 £2.02%) , BHAM (60.0

+ 121%) LV LFEICENL-T-. BHEOLEGTEH L-E@mEHZVDO N
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B3, P =X CHAEHHICAERERZIRVHLOO, FMHAEL LIZ RB K
DFHFMN R KLY HLEWHBIZH >~ (Fig. 14B) . = FIZEBWT, RB
XOEBEHZVO N BEOHEMIT, EFEMEHHVO N BEOBEMIZLD
LD THY (Fig. 14C) , EEEH -V OELME (SLA OFE) I L 5 RB
KTHAOLTWE (R X:195+033gm?, RB [X:184+031gm?”) . fhf,

AARIZHITS RB ROEEEHZY O N BOBEINIE, EHFEZMEH-Y
O N EOHM (Fig. 14C) &, EEEH YV OEME DT EM R X:

19.7+034gm?, RB [X:20.5+047gm”’) OBEEFIZLDHDTH I,

3.3.4 ¥R DOEFKE, Rubisco B L Chl &

Fig. 1512, ¥ %= %% 8 ¥, BLUOBAME 8, 7, 6 EOERED
W N &, Rubisco &, Chl E%/~7. #HMEHE 56 HREIZKWT, RB KT
1E 8 EAE FUEEEHETHoMN, R KTIHEZOHKABHKIZE 8 EHR
E2BEMLA. £ T R KTIHEER S6 BE»H 63 BEOMIZY 7Y
VI RTFo. Y =UXE 8 EOEH N &, Rubisco BB LT Chl EiX
RB XOFMN R REKELVLEEICE I -7 (Fig. 15) . BEABOZENMIZBIT

LZnb0BEIIVTNRS RB XOKFN R REIVW LEEEICEN- T (Fig. 15) .
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g 300 —
s (A) Sasanishiki * (B) Nipponbare *
(=8
E" 250 o R -
— 200} 4RB -
=
=
o
z 150 -
*
£
= 100 -
S
5 SO -
©
'§ o L L | l ! I
80
(C) Sasanishiki *

Total leaf area [ cm? / plant ]

21 28 35 42 49 56

21 28 35

Time after germination [ d ]

42 49 56

Fig. 12 Time courses of whole-plant dry weight (A, B) and total leaf area (C, D) of two
cultivars (Sasanishiki: A, C; Nipponbare: B, D) of rice plants. Plants were grown
hydroponically under R (open circle) or RB (closed triangle) from 21 d after germination.
Vertical bars represent standard error of the means (» = 4). Means with an asterisk (*) are
significantly different by ¢ test for each day (P < 0.05).
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Table 3  Ratio of dry matter allocated to each organ at final harvest (56 d after

germination).

Dry matter allocation [ % ]

Cultivar Treatment
Leaf blade- Leaf sheath? Root=
Sasanishiki R 48.6 = 1.03 40.0+0.67 * 11.5+£0.50
RB 51.0+0.83 36.1 £ 0.83 129+ 0.17 *
Ni b R 51.0+0.32 38.7+0.30%* 10.3 £ 0.26
ipponbare RB 52.3+0.43 * 35.0+0.30 12.7 4025 *

2 Means + standard errors of the means (# = 4). Within each cultivar, means in each

column with an asterisk (*) are significantly different by # test (P < 0.05).
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Fig. 13 Relative growth rate (RGR; A), net assimilation rate (NAR; B), leaf area ratio
(LAR; C), leaf weight ratio (LWR; D) and specific leaf area (SLA; E) of two cultivars
(Sasanishiki and Nipponbare) of rice plants between 35 and 56 d after germination. Plants
were grown hydroponically under R or RB from 21 d after germination. Vertical bars
represent standard errors of the means (n = 4). Within each cultivar, means with an asterisk
(*) are significantly different by ¢ test (P < 0.05).
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Fig. 14 Whole-plant N content (A), leaf N content per unit leaf area (LA) (B) and leaf N
content per unit dry weight (DW) (C) of two cultivars (Sasanishiki and Nipponbare) of rice
plants at final harvest. Plants were grown hydroponically under R or RB from 21 to 56 d
after germination. Vertical bars represent standard errors of the means (n = 4). Within each
cultivar, means with an asterisk (*) are significantly different by ¢ test (P < 0.05).
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Fig. 15 Leaf N (A, B), Rubisco (C, D) and Chl (E, F) contents per unit leaf area in rice
leaves at different positions on the main culms. Plants (Sasanishiki (A, C, E) and
Nipponbare (B, D, E) were grown hydroponically under R or RB from 21 d after
germination. Leaves were numbered from primary leaf after cotyledon. The 8th leaves
were the youngest and fully expanded. Vertical bars represent standard errors of the means
(n = 6). Within each cultivar, means with an asterisk (*) are significantly different by 7 test
(P <0.05).
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3.4 2

RB XiZEIF 2 RGR DA k& EEXEZHEOCHEMIZIL, NAR OF EAXAEFSE
L CuW7= (Fig. 13B) . NAR DA ki, BEED NG pEE O8I E 7~ 13 0% E
EORDY, H2WVWIEEOWEICEI>TH7b3IN%. RB XTiE, HH =1,
AAFL GBI, BELAVICEBIT2EREDZY DES N EBNL -7 (Fig
14B) . AABEZHAWVWTEMAINDOREELZITo LA, HEL VBT DLE
WS OES N BEOBMIZHE, FOEMIIBWTHLERHEL-Y O3E
F N BENEZL, F-FAKICERMEDZY O Rubisco X Chl BEHLE - 72
(Fig. 15B, D, F) . ¥V = FTCHELEVNEZE2RBBEEOCALNFATIA
WH DD, HAKELRKROBEMNBERO Lz (Fig. 15A, C,E) . Th bR
X, WTROGEIZEWTYH, RB ROEREH- Y ONREMEED, R KX
DH@mMNoTo Z L ETBLTWD., BREREEICOWTIY, AR TIEAEIZ
Thhhote. 7/ EBEERE TIX, WEREEITANTOBRNEONLE
WCEBEZIT RN ERBMEIN TV D (Sebo et al. 1995) . F7-, —fKiTA
FEH O EEIIRBLZ 12umolm? s TH D (HlxiF Sato and Kim 1980,
Makino et al. 1988 72 &) . Z OfEiX, BERE & IZIEFEELD PPFD (250 pumol
m?s"y FCOMEEGREEICHRTHEY (Fig. 6 BHR) . 20O Lhb,
RIZHELEXEOMREEORICH DBREOENH L LTH, HAEME
BEOEEZBTIZEOLOTIERVWEHEIND. Z0OZ LD, RB ROFHN
NAR 1L, XREREEOHEHMILLD2bDTHLZ LRI TBEIND.

RB RICBT2EEHEH-VOES N BEOHEMIL, BE2ED N £HE
DEME, BHOENESH-V D N BEOEMZILD2bDTHo. O &
Mo, REBHICEBKEMMT LT, N ORIRDHWVITETHEE S,
ZOZENFROICETBEDH-VDOES N BEOBEMNEZ L6 LD TN

-57-



MEBEIND. —&IZ, HFOEBFIZE > TRIADOH A D{ELE (Sharkey and
Raschke 1981, Karlsson 1986) <CHiESR SLEEF (nitrate reductase, NR) & D1
K (Sasakawa and Yamamoto 1979, Ohashi et al. 2006) B Z 25 Z LA LN T
BY, ZROLOBEEN N ORICOETOREICEBSTZAEENLELLND.
H+4 = % TlX, LAR O#EML RB XIZHiT25 RGR OHEMIZEBL TW
7~ (Fig. 13C) . Z® RB RIZRBITHEHFDO LY K& RERIIL, EH~D A
A ABGEEOEM (Fig. 13D) &, "A A RXb= ) OEBmBEOILK (Fig.
13E) LA LTV, ZOX)hBEHLEES, BEOKREROEMIZE
boTWieEZLND., LMALAABICENTIE, FALICI-TEF~OD
NAF 2 ABEERNEL RDIEBEIROONTLOD, BRWERORRAL
W IS EITBIE S N o 7= (Fig. 13C) . Schuerger et al. (1997) X, ~ 7
BT ERWT, BELDTOFEABENES VT LERAMBORKE S @GS
ML, FRICHESTEOEILEMT L2 LE2RELTVD. £/, F
EXFESE LR EETHRVBHAETIZHEWT SLA BEMT LW IEER, ¥
4 X (Britz and Sager 1990) = k7 4/ 7+ (Brown et al. 1995) 2BV THRH L
NTWa., ZOZEnD, REVEORFIIRITTEZRIL, EWERCRER
CE-oTRAZZHLDEEZOND. ZRETIL, EORIREDOFERKZ H
W 2FELZTAEERIR DD > TWARY. FEAEZEMRE cryl, cry2, photl %
RIBLIZVEAXFT AT RREREY, RBEISCUTCEDESEZEADLI L
MNTX 2% (Weston et al. 2000) Z &b, TNHLDOFEXXFRIEDESID
HEIZIZED > TRV EDEEZLND.

Makino et al. (1997b) & Ohashi et al. (2000) X, ¥EH~D N REXRZ&FHD
e, EELAILTORERE®mDD ETHEERISETHD LEHL TV
%, BHFETIE, WThoSEIZB W TES, RB XOFH? R KED HES~

I N 2BETAIEEE2TLTWE., 20X RIEELEBEOXRGHRSEY
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AEAMAESEDLZLICEML TV EEVZ S,

UELY, REXICEEXEMMLTEHMBHR LA RCBNT, K
HEMBE LV LEMAEEMEET D Z LN TFEINZ. ZTHIZIEBHIZ NAR
OEENFES LTV, FAEXOMMIZESD NAR O EiE, 9= FL
HAW TZEFORMEOREZEZR>TIWNWZHOD, WFhOREIZEWNTHE
Z o Tz, NAR OEMIEEL_AVOEERHEHZY O N BEOEMEH-
THY, EH N BEOHMIT Rubisco BF LN Chl BEOHME HF - Tuiz.
IV =X T, BEHrECLSBATOIRELEZMAEER LIZFS LT
Wiz, FBABETIEZEO L) RBEENLREREIRDO O o7, 51T,
BebfE & HIZ RB RKIZBWTEHE~DO N RERBEMLTEY, ZH0Z L
LEMAEREICADLIRFDO 1| D ThHoT.
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AETH, FEXEBREOFELLMAML TCRYMBHRIT I LICLS
EMAEEREZLTZOLTERZBALNIIT A, A1 X&2MEE LT, BEED
tEREE B 2 #) BIOEERE B 3 &) LoV TR,

BEONERBMEORITORER, REXITHFEXEMAML TRET 2L, &K
EREMBHICHEBELT, 41 XEHD N EXAEML, FRICHE-STHAAET
TOXEREEPEM L. T, S N BEOBME L bIiZ, KERBEE
FURIJERLMLEZLIZLDZLOTHDIEEZ LN, EHREBOKE
BEOKETIZIBITA2HAEREEDL, RB RKOFREN-EZTHASH LHEES
nr-.

EERC R DT OFRER, REX~DFEEXOMAIMIIK D A RO EERE
(2%, NAR ORENRESFETLHILEBHALNER T2, £ =%
T, FEXOMMILILZBEL XL TOEBDOILRLEHEEM LICFS L
TWo., AR TIEIZOL ) REEBHRICETRD O rsT2. ZO X5,
HYAEEREIIHT LIRENBEEOFLEIL, 1 XOHKBICL-TREALDLZZ LN
Dirol. EHIIZ, BEXOMAMZIEY, AELVASLVICBEWTESE~D N &
BRP/EM LT, COZELEMEEREIFLETIERD 1 2 Thots.

B2 EICEWT, EBEORBBRETICEITAHEDOLARBE R, REX
WCHEAKEMMUIZEZBETICBNTENP ST THAI EBRLEN, T L)
REEBHEHT-Y OXEREEDOHEM L BEEOCEMEEORE L OREERKRIZO
WTIEEE 2 BT 2 o7z, & 3 HiloBWT, REX~OFBXOAM
ISR DEMEFEOREIZ NAR OEMAEERL Tl tnb, BEOXRE
BOREEDORMT, BEEOEHEEMREIZERLIZE VI D.

-60 -



53 E

By LYy ORIERISEIZRT 5 EREOEHR

-61 -



1. Fim

EHNICEFELEZBH L TORESE YL, FAEXEZBHELTORKTS®
TZHEY L DORICIE, EORERBEUCHEEICV Oh OB BN ERNER S
nNo. FELBATCTRE LZEHETIE, RELBFICEBELT, BE%D
ST TRIE L7 G REE N & (Atriplex triangularis: Leong and Anderson
1984a, A RXZ v « FF LFX + FUE w3 Bukhov et al. 1995, o 5 4 /SHH&
R E: Sxbo et al. 1995) . 7=, HFOEBH T CREL-EHE BT,
Chl a/b 3% < (Lichtenthaler et al. 1980, Leong and Anderson 1984a, Eskins et
al. 1989, Lopez-Juez and Hughes 1995) , Cyt f & (Leong and Anderson 1984a,
Lépez-Juez and Hughes 1995) ¥ & TF Rubisco & (Eskins et al. 1991, Lopez-Juez
and Hughes 1995) "% W2 & bME SN TV S, S SITHEIZHICIE, FEX
BAETTHELEEOSY, FEXBHT TRELLZELY L, ERNMBROLE
DIE X HE < (Schuerger et al. 1997) , EEHEH -0 DEHEHEN K X |
(Britz and Sager 1990, Brown et al. 1995, Hanyu and Shoji 2000a, 2000b, Dougher
and Bugbee 2001) Z & bHONTWVD., HFEXEH T CREL-EIIBVWTE
BINDINOORKMIT, AEEET CREL-EMEORBIZEL LT,
REXBHT CTREL-EDEORBIIAEHAT TRE L-EoZNIZEL
LTWD., ZoOZEhs, FaXPEIEMEZFET L7 FLE LTERT
DTEHRODE WD REFATRE I LTV D (Senger and Bauer 1987, Anderson et
al. 1995) . —MRIZHKMELISE L iF, ML EREONKMEIIS L TH R
BAEE, EEROALENEE, FERMEE, SEHEEICHT 2R &% 51
SHEDIEDZ & &4 T (for reviews, see Boardman 1977, Bjérkman 1981,
Anderson 1986) . NJE/L/SEIL, KRERBEOAEETICBVLW TR RAX S

DRI SHEGRRERIZHAT 72O OBEBHRIGETHDIEEZOLNT VD
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(for reviews, see Evans 1989, Terashima and Hikosaka 1995) .

INETORRDOELLIE, BERKLITIIARFET AN ZBHEGDETLLD
EHRBICHNTWEZ., 20700, MOPRFEXPICEENDIFENOFEL K
HMTD00, HOIWVEEEABRELZEKMT 20N OVTITHARBEICL > TR
AN

ZFITARETIE, FENLEELRIBERSELDOEBZHLONMNIT LI LA
Hige L7-. #RAWEMICH YL Y &2 HWT, PPFD XE U (300 pmol m™
sy CTHE¥ PFD ®REA S (0, 30, 100 £721% 150 pmol m? s7') KREFERA
HBREXTTH | »y ARKREIE-. BHEONKIEIZIE, AMELEKRICZFRA
CHRf LED W, ZORBFEEZHNDZLIZXY, FEX PFD & &
PPFD 2N ICFHE T A ENARTHD. ZOXIREFEFTFTTREIHFK
TLryY oo, EELASLVORIERICED DB (B 2 f) BIUEEKLAN
LVOFIBILIZBE D 2R (BB 3 8h) WOV THN. 2LT, BFEELEBE
WXt AHEHMOIRE L, FRITIEL L -EY TEREINDICE L OFEUM
lEAEL LT, RIEICEBT2FEEOERICOVTHRI L. RIERME
ELTHRY LYY UERERLUZERIT, FHERIZXY, EHETRELLHRK
£2 5> PPFD (300 pmol m™ s™") {¥E D& PPFD D& T b YME{L IS % 73 B I

WCBEENnNZ-DThD.
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2. HEXBE LAV LY UOMEEL ~LIZBT D RIERGE & DR

2.1 I Iz

BEEDFRICBVWT, FEABEELZRIZTT L INDIRIBEHLEEZTBLIC
BEEOHERBEECHECEHTILOTHD. TITREMTIEET, FENXMA
ELEZEL )L TORIERISE & OBBREZR~T.

—RRIT, BRICIE(L Lo E (FRIE(LE) TiE, BOLICIER L -EmE
GREIE(LEE) I LT, EHRMEHZVDO N ENDRL, ZICHE- THEE
FCTONE BOEE MYV (Hirose and Werger 1987, Walters and Field 1987, Sims
and Pearcy 1989, Makino et al. 1997b) . SFKIE(LEIZB W TEEESH/-V DO N
ENLARVWI i, BLIEREOLEZVOEMEN/ NS WI LIZERT S
(Sims and Pearcy 1994, Evans 1996, Niinemets 1997, Evans and Poorter 2001) . #
HHEH-VOEMBEIZEOESORELIN TS, Thbb, T TIIE
»EL, FONEREIVIESKERTS. 2oL O, EWITHEEICH LT
BEGHEHTVONREREELZEDLI L, FRIIH LTI AEZED X
I T IR EETY.

FREGKEORKMEL LT, BHIE(ETIE, BEELECEBRL T, A
BICERRISICED D & XV BENEL, LEREFRECEDDL X VN7
&ML 72 (Leong and Anderson 1984b, 1984c, Evans 1987, Terashima and
Evans 1988, De la Torre and Burkey 1990a, 1990b) . F 72 %, HEMITHIREIZ
TR U THERRBEL VX7 EMO N SEREEIED. ZOKEIX, BHETT
DOHERAYEETIENRRS (B 2 E2. 1 BLOV Fig. 1, 2 2R) IxfL T
EN%ELD N EEETHZET, BATILBITIREHOMKRETD LS &

T ANETHAEMREINTWVWD. 2B CO, EERNOHEEZETH S Rubisco
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~D N HEIZIE, SBXEDEBCEDE ORIZIZILALEZTRD LAWY
(Makino et al. 1997b, Hikosaka 2005, Miyake et al. 2005) .
UbLZ25FE2ZAREHTE, BR2FEAENXBET TRBLERY L Y UEC
BWT, fAfMIE T CONXEGHREE, EEHEH-VO N &, EOREZ, BLWV
EHXRFLEFEERRAFHO N A (Table 4) Z BT 252 LT, HEL
NN TONIMBIEEICBIT I EAROIERAZFMmT 52 L & L.
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Table 4 Representative acclimation responses of higher plants to growth irradiance at the
single-leaf level.

Trait Low irradiance ~ High irradiance
Light-saturated rate of photosynthesis? Decrease Increase
Leaf N content per unit leaf area* Decrease Increase
Leaf thickness” Decrease Increase
N allocation to light-harvesting components * Increase Decrease
N allocation to electron-transport components * Decrease Increase

: Alocasia macrorrhiza (Sims and Pearcy 1989), Colocasia esculenta (Sims and Pearcy
1989), Solidago altissima (Hirose and Werger 1987), Piper auritum (Walters and Field
1987), Piper hispidum (Walters and Field 1987), rice (Makino et al. 1997b).

v Alocasia macrorrhiza (Sims and Pearcy 1994), Alocasia odora (Noguchi et al. 1996),
spinach (Terashima and Evans 1988, Noguchi et al. 1996).

* Barley (De la Torre and Burkey 1990a, 1990b), pea (Leong and Anderson 1984b, 1984c,
Evans 1987), rice (Makino et al. 1997b), spinach (Terashima and Evans 1988).
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2.2 MEIB X OHE

2.2.1 R B L ORLE &HF

HRWEMICIZ R T L Y U (Spinacia oleracea L. 5hfE: A H V) AW,
RY 7oL BASR (L 190 mm x W: 330 mm x H: 100 mm) FD/S— I F 2
SA MCHEEL, ZHEERHAE®ENT (FPLSSEX-L, HIKER (%) ®) &= 1F
ZT-A v Fa—4F (MIR-553, Z¥E# (%) ®) AT 7 BAB®@ELEZ. 4
V¥ 2~ — & WX PPFD: 150 pmol m™ s™', PARF/EHRA: B 12h/ BEH) 12 h,
KIR: BI# 25 £ 1°C / BEHA 20 £ 1°C (CFABI L. 1 B 1 [E# 500 mL DK
EAREEAK L. EEE 7 AEBICKBEORI - -EE (EX: £ 5om, FEER:
# 3 cm) & 1824 HERK L. E2EOFLEHIZARDOR (4 20 mm) BT
~NEEN S00mL OFRY =F L o BAERER L (4 75 mm x H: 150 mm)
2, 1 R HEY | HETOERBMELE. HE#HOFEDOTEA 1 cm Of
BIZO LA U MESEE, HUERE FLVOROMETY LE ML - TXF
EhakoicLiz. BEANLL, ZHEREAGENLITE721T LED XL (&
BES () ®) A4 FaX—FNTKBHECHEE L. LED XV
X, Hf LED OfE%KN 1,296 ETHHLUMT, B 2 ETHWZ LD LRk
Thd.

HBE% 7 BELOKRALEABRB L. RAERKXIE, PPFD ORLZ 2 HEN
*BRETHIHBXE, ¥ PPFD IR U CHEY PFD ORI FFRE %
BETI23FEXLEX AR T, FBXIE, 90 umol m? s O HENE BT
A WL X&, 300 pmol m? s' OHEXEZRE TS WH KOFH 2 AKX L
L. $-HEXLERIZ, HE% / KREX PFD % 0/ 300 pmol m~ 5™ &
+% B0 X, 30/270 pmolm™>s” &35 B30 X, 100/200 pmol m?s™' &F

% BI100 X, 3L 150 / 150 pmol m? 7' 93 B150 KDFt 4 LEX L
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L7-. # PPFD 134 R_RTOFENLLEKX T 300 pmol m? s' TH 5. Fihi
HX D45 PFD % Fig. 17 1273 d. 72k, HEHEXIT D 400-500 nm OFE
HEHFBIIBELE 11% THY, WL KBELU WH KOFEN PFD 3£ ¥
10 BEY 33 pmol m?2 s THotz., TOMDOA U FaXR—FNOREE
FITHREES: B 12 h / B 12 h, KIE: B 20 £ 1°C / BFH 15 + 1°C
\ZFAET L=, PPFD JIXIETA 10 cm W CHAEIL, BT OMEBICHEMIEE
FEAMEBET S LI, HOREBICELE TR M ZEETMOMESL T
-, Fr2EFOLBRMPOBESAELY—ICTS2EHNT, 1 B 1 BNR

FLVOMEE ANEXT-. Fig. 16 TFAXLEXDOA v F a2 X—FZRNHFDE
BEA2FRT. A FaX—2NOKBBLCHEMEECREILE 2 £ 2. 2.
ERROFETIT o7, MBEOHEIXITHLAR2 o7, & 30 L min™' O
TT R TERNT, AAREA U Fa_X—FZRNICHGE L.

AB#IZ, 2mol L' HCl T pH6.0+0.1 {ZFAEE L7=/KIR 20+ 1°C OKEK
FRAWCHRM L. ABEROMEKIZ, N EBE% 8 mmol L' (6 mmol L' NaNO;
F LU 1 mmol L' NHNO3) & L7=BIShE, Makino et al. (1988) (2 L7243 > 7=.
ERREOKBKROME A Table 5 (IR T. KBHROBEL, HMEDOKEIZ
HOETERMMICHRLE. BEBIOKBMKIIEERED 12, BHE% 5 B
B UL IZAEREREE & L7z,

Yoz, BE% 32 BEUROK EMNE2BRE (F 2, 3 ®) #H
Wio. EHOEICERT 2EERMOXEREE, KERRF VN EEBIW
N BOEXEBEES2D, FEEFECBVTHRETIEOREIA 10-15 cm
BEOCLXICY L TY 7 L. LHCH BEXOEH N OFEEDT-OHOH
T, BEEMROLOLYVBELE®, TAHAHCHBELEGHELZAELRY =
FLUBHS TV TNy TIZAR, EREICHT DX T -80°C THHEHRFEL

7. Cyt f EBAOY T, BEEMPLOOVBEL 2%, THMNICHE
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ELEEMAREL, AELERICHLL. EEROREICIIE BEMAEE
(AAM-9, HRET (¥k) ®) Z2H 7.

2.2.2 RBRESHE

PPFD O BIEIC T EF & ¥ (LI-190SA, LI-250, %[E LI-COR #t#) %
7. &% PFD X, A7 hbua A —# (HR-2000, k([E Ocean Optics )
FRAVWTHRIEL 04-050mm ZEDOHEKBHERLIVELR LA (Fig. 17) .

w2 E 222 LAKOFIETEL L P/ Proma. OfEIX, WL KRB EIO
WH X T 0.85, BO X T 0.89, B30 X T 0.88, B100 X T 0.88, BI50 X T
087 ThV, RELBXICILTIZFIERIL Thot. ZOZEnb, KEL

HEXMEICEBWT, "#tE phy OEROZRITEHTELLEZ20ND.

2.2.3 REREERAE
HAZBBEEOREILIS 2 F 2. 2.3 LRAKOXERAETHEL AT
1T-7=. BIFEIX, PPFD: 1,800 pmol m? s', # & CO, 47/E: 36 Pa, FER: 25.0

+1.0°C, f37:1.1+0.1kPa ODEHET TITo7=.

2.2.4 EALFESH

HERELTRBWEY TV E, FIED 9 FE (1 g LT 9mL) O
BER: buffer ©, KEWCEBW-HEABELZHOTERL, ZhzlmbHEe
L7-. BEEF: buffer 1355 2 2 2. 2. 4 LB LABOLEKTHD. LT, Z
OHMHEO—EBEZPERL, 2 ¥ 2.2 4 IERBLEFELRROFE

T, EH N, Cytf BELO LHCII 2EE&EL7-.
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2.2.5 WErLHE

HBEOEHEMOBERERERX t MEICKY, FLFEMLERXOFEY
BROEEEREIX Tukey ® HSD REIZL Y, WTFNHLHEEKE 5% T
To7-. MELBITITHEHMITY 7 b =7 (JMP Ver. 6.0.0, K[E SAS fHH)

AW,
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Fig. 16 Picture images of the incubators for treatments B0 (A), B30 (B), B100 (C) and
B150 (D) containing 17-d-old spinach plants.
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Table 5 Elements, compounds used for the hydroponic solution and element
concentrations at the standard strength for spinach.

Element Compound Element concentration
[ mmol L]
N NH,NO, 2.0
NaNO, 6.0
Major P KH,PO, 8.0 x 10!
K KH,PO, 8.0 x 10!
Mg MgSO, 5.0 x 10!
S MgSO, 5.0 x 10!
Ca CaCl, 6.0 x 10!
B H,BO, 5.0x 1072
Fe Fe-EDTA 5.0 x 102
Minor Mn MnSO, 9.0 x 103
Cu CuSO, 3.0x 10
Zn ZnSO, 7.0 x 104
Mo Na,MoO, 1.0 x 104
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Fig. 17 Spectral PFD distributions of white-light control and blue-light treatments. White
light was provided from white fluorescent lamps at PPFDs of 90 (WL, A) and 300 (WH, B)
umol m=2 s, and mixtures of blue and red light were provided from blue and red LEDs at
blue/red PPFDs of 0/300 (B0, C), 30/270 (B30, D), 100/200 (B100, E) and 150/150 (B150,
F) umol m2 s-'. PFD per unit wavelength was measured for every 0.4-0.5 nm.
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2.3 RBIOVOEE

HEXOBIMET CHIELZAEGREEZ, SRXTIE WL KOF28 WH
KIWbELIELS, BX%E 12 THo7- (Fig. 18A) . 7, KEMEE L
BAELC, WL RCIHEGEH-YO N BELELIEBA L= (Fig. 18C) . H&
FAFXIZE WV TIE, R TICBT 2 EMEEIT BI00 X205 B0 K&
HFEEANRENMETT HICO>NTIET L7z (Fig. 18B) . B100 KDED K& KIE
BEVX, BISO KOEDZNLIZFERILThH-72. EEEHZVO N &b, 3t
BRGERE LRI, FEEEED 100 pumol m? s LU FO#MEAT, FEILBE
MEVIEEIE T T AMEMAICH -7~ (Fig. 18D) . B150 KOEHEHEH Y O N
BOMEIX, BI00 ROBEE Y b hicbhnotz. ZOX5IC, HEEDN 0
100 pmol m? s OEWHIZE T, KFEXBE T TRELIEMEL,
AT TCONABEERCERES- VO N BEO R THEEDIELU L

EHEEH-VDO N B, EEMEO-VOELZMEL, EEMEDLZVODO N
BlICbITT, SHICHBE 2T, MBX T, EEEHLVOELZMEID
WL XA WH ROEBELE 112 LELINE o7y, BEMESHTZVO N
BIIWL KTh$nc#md 2@EmizdH -7 (Fig. 19A, C) . ZTHOZ &iE, 53
RMEICB T2 ERBEDZV O N BEOBDIE, BHICEREORD LV IFE
BB THRATESZLEZRL TS, i, FEEBEIKFL CEEH
Hi-v D N BOEE, EREOE(LELT LHEMEEL TV (Fig
19B) . B0 RO#EERMEH-V D N B B30 KOZENLVK 35% B LI
D, FRICIHEREOZV OEZHEORD (K 20%) CELMEDHTZY O
N BEORAD (8 15%) oW TFhbMnFES L Tz (Fig. 19B, C) . 7= B30
X & Bl100 X3 L U BI150 ROEHRBESH-Y O N &EDE (Fig. 18D) I, &

LICEEMEHT-YVO N BOECERT 260 TH-7 (Fig. 19D) . ZDO X
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I, BEAEEIKFEL-EEEO -V OEXDEOLLIE, XEHEHY
O N BOE{IZOTNMIFEELTW b0, ZOFSEOBREIIIELIZE
WTBEINIFEORELEBRLTELI/NEom., ZOZ Lk, Fig.
18B, D THOLN-FEIHFE 0-100 pmol m™ s DOHEIZIIT 5 HERE
ERXLEREHTZVO N BEOELD, REMISELITHARERNILEZEKRL
TWn5%,

Wiz, BHXRFELEFRERRFHEDO N DEIZOWTHAXR. EFmErE
BETL2RFO 1 DTHD Cyt f &, EXARKICELLIRKRIREFTH D
LHCH #E&L, TAOLOEDERZEFCEREFLEARFHMO N 4
DIEEL L=, *BX TIX, Cyt f/ LHCI i WL KOF 2 WH KL 0 b
AEBICELS, WL KTIIHEMICEXRRFICEDVZ<DO N 25T DHZ &M
MR I N2 (Fig. 20A) . ER2FENBET CHRE LIZEHICE WV TIE, Cyt
f/ LHCII ttix B100 X225 B0 XETHFEXMENMEK T T HIZLIZN->TZ
ERIZILT L7 (Fig. 20B) . B100 X & B150 XL OMICITFERZER
oo, ZDOX I, 100 pmol m? s UTO&HEIZEWTIX, &
FEREDMEVMT E Cyt f/ LHCIHL LEABHMED I E S EMIZH -T2, 2D
EnD, FEXEBXIBLLOBROENXKFLEFLHERRFEO N FEELIC
M5 L TWAHRREENTRBINT.

Dbk, EBEOFEKX RHEDOEMET TIL 100 pmol m™ s™ BLTF) 23,
KIBLICBOWTERENO X XV EEEZRE L, EREOHELR2SRESED
B> TWATREMEN R INT-. L, FEXIE, XIBELOBEOED
BEXOEIZEFEbo T D EEZX L. BEFEOHAEIZL > T, EHE
ELRULTORIERE, BEORBL NV TORIBRIETRRDI A= LIZL-
THIE SN TWVWD ATEEME N RIR XL TV 5 (Murchie and Horton 1998, Weston et

al. 2000, Yano and Terashima 2001) . HFENXHE X, BRI TIERKEL X
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NDHNEEDHFIZEE L TNDHD0 s LIV,

IRETIZ, FEEUMTEL, RIEO AT =X LIZEE LTV D ATRENH
DHLIZRFOFENTBRIN TS, XEXRETFTHEROBLLETIRE
(redox state) X, X HEE X T DG AN RIHERILERNHEIE (non-
photochemical quenching) DOFRBEICE Do TV D LR IN TS (Gray et al.
1997, Huner et al. 1998) . F7=, HMIZEIIEENLIWBBELZE=FTDH L
T, TOENBIPAL TV IABRELZRERL TV DIAREELTIBRINATND
(Ono et al. 2001, Terashima et al. 2005) . I H|Z, YWV TIE, THLEHD
b EMTE~NRECET D2EREBET DO, REREDE LT T VIRE
WMEELTHALTWDAREELIREBIN TS (Yano and Terashima 2001) .

5%, TNOLORFEFEXRLEOMEERIZOVWTHARILERHD.
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Fig. 18 Light-saturated rate of photosynthesis (A, B) and leaf N content per unit leaf area
(LA) (C, D) in spinach leaves grown under WL or WH (A, C) and under B0, B30, B100 or
B150 (B, D). Gas-exchange measurements were made at a PPFD of 1,800 pymol m2 5!, a
pCa of 36 Pa, a leaf temperature of 25 °C, and a leaf-to-air VPD of 1.1 + 0.1 kPa. Light for
measurements were provided from a white halogen lamp. Vertical bars represent standard
errors of the means (n = 4-6). Means with an asterisk (*) and with different letters are
significantly different by ¢ test and by Tukey’s HSD test, respectively (P < 0.05). For
treatment codes, see Fig. 17.
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Fig. 19 Leaf dry weight (DW) per unit leaf area (LA) (A, B) and leaf N content per unit
DW (C, D) in spinach leaves grown under WL or WH (A, C) and under B0, B30, B100 or
B150 (B, D). Vertical bars represent standard errors of the means (n = 4-12). Means with
an asterisk (*) and with different letters are significantly different by ¢ test and by Tukey’s
HSD test, respectively (P < 0.05). For treatment codes, see Fig. 17.
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Fig. 20 The ratio of Cyt f content to LHCII content in spinach leaves grown under WL or
WH (A) and under B0, B30, B100 or B150 (B). Vertical bars represent standard errors of
the means (n = 3-4). Means with an asterisk (*) and with different letters are significantly
different by 7 test and by Tukey’s HSD test, respectively (P < 0.05). For treatment codes,

see Fig. 17.
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3. EEXBELRY LYY VOREE VAT T D RIBRIEE & O BE%

3.1 (L DI

AIEICIE, HFEXBELBEELXALTORIEMIEE EOBFRERAN-. £
DOFER, KREOFEAALKIBICBITIENXRFLEFRERRFEO N
SEDOEACICED D RTREME DS R I 7.

— 7, EIEEATICEWT, EEREETERBHELZIERT 2 EOEE S
RYZEMNMBN TV D (Crookston et al. 1975, Inada and Nishiyama 1987,
Makino et al. 1997b) . Makino et al. (1997b) %, BHFIBIT AL XOKE %
FNTFERDPS, A RITRYPWLGFAICKH LT, EEORAERFEELZE(LSE
TIEETDLEW &0, DLABELANAVCEBWTERAZIERIEE R ER
BE2ZESED LT, BROREEFELZEGHMERLTVWALEERLE. Z0
LORBHATICBTIERBOILKIT, Z<OEHBEIZBVWTEHEINLTWS
(for a review, see Bjorkman 1981) . Z D Z &mb, 4 XUNDOBZERMIZE N
ThH, BEAFEOMKEFOEELAAICET HEENS, HELGEE LTEE
ThdLEZLND. ZITERETHE, FEERESEELLORIELEE
WCRIETHEBIZOWTHN-.

— I, FIEITNE(L L 7AEW Tix, BOLIZNEL L7-fE% &t LT LAR 28
B> (Walters et al. 1993, Sims and Pearcy 1994, Makino et al. 1997b) . £ 7-35%
YT, EEE2EDO N OIL, BIZEEEIND N OEENEHWEMIZH
% (Makino et al. 1997b) . ZHhid, KEHBE THAIEICLIVEZI D N 2#
ET252LT, BEREOKRERDELDLTHTLEOLI ETIEETHS
EEZLNTWVWD., SLICHNEYTIX, EOHEHERRAKIEY (TNC) &2

% L <72y (Noguchi et al. 1996, Makino et al. 1997b, Poorter et al. 2006) . =
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i, AT TRIHEREDEZEREE T, DEIRRCFALTVWSZ L%

RBLZEDTHD LRI TV D (Makino et al. 1997b) .
UEZSEAAETIE, BR2BELBETTRELEAY LYY O

LAR, #~D N &&FE, BLUED TNC B (Table 6) #t#k+ 5 & T,

BEL NV TORIMEREEICBTI2EFCEOIEREFMTL L L LT,
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Table 6 Representative acclimation responses of higher plants to growth irradiance at the
whole-plant level.

Trait Low irradiance High irradiance
Leaf area ratio* Increase Decrease
N investment in leaves” Increase Decrease
Amounts of photosynthates in leaves* Decrease Increase

= Alocasia macrorrhiza (Sims and Pearcy 1994), Betula alleghaniensis (Walters et al.
1993), Betula papyrifera (Walters et al. 1993), Ostrya virginiana (Walters et al. 1993),
rice (Makino et al. 1997b).

¥ Rice (Makino et al. 1997b).

* Rice (Makino et al. 1997b), spinach (Noguchi et al. 1996).

-82-



3.2 BB L UG

3.2.1 HERHEY, BRGSO HRRESRME

M IR U L ) U (Spinacia oleracea L. fhfE: A5 h ) AW,
RCE S, WEX, BERESIUOAREMNEICOVWTIEIARE 2.2. 1 BIWV
2.2.2 L[EEkkRE LT

3.2, REREBLIVOZERER

HBHE% 32 BREOHAMKTRICY 7 ) v 7 21To7. WEHEELE, %
WEXE, RIZOT, FIHERLIUCREEDHEMNER 80°C T 3-7 BRAIEBRSE,
EMELZEIEL. LAR I3 2 E 3. 2.2 oKX (10) L WEHLE. &BE
DEWY TN ERIR—L I (MM301, #[E Retsch GmbH #t8) % /A
WTH R L=, LLF, ZoMmBLiciamY o 7V o—FE&EmERL, Bk
N, fHEERE N, TNC OEE%21To7. B N OFEEIX, F 2 ¥ 3. 2.2
ERIBRDFETIT- 7.

FEEAEE N O E&IT Cataldo et al. (1975) OFIEIZ LieB o7, ML -E
MYy 7% 10 mg BERBRETICREEL, 2.5 mL @ 80% (v/v) ethanol &R
Mz T 80°C, 12 min ME L, NO; 2 EEm FHE o ZME L. 1,500 x
g, 5 min OFELEFTV, EEZ ) LAAXBERBRECBL, RREBRER
(TC-8F, # AT v 7 (£) B) T ethanol #EFE I H/-. I, BEENIC
B2 2.5 mL ® 80% (v/v) ethanol %% T 80°C EMHBIEEXITo7/=. =
OEfEL 4 B YR L. ethanol # B IE7-%, AEAKEMZ 500 pL &
L, 1,5000 x g, 4°C, 15 min OELE{To7=. Z O EFEEED FE &5 HE
ELm. BOFEOMHEKEZ, ERIURTIE S FIC, EWEETIE 25 %
WATHRL, 25 pL 2RBREFIT/H/BW L. T4 100 pL D 5% (w/v)
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salicylic acid O ERBRIEKRZM %, EIE T 20 min HEL/7-. 0%, 2.5 mL
® 2mol L' NaOH #iRMLBHE L. &56I1Z 20 min HFEL, REHEEN=R
BIZTAo72%, 410 nm BT 2B NEZRE L. BEHBRIIA A7
v N7 T T RAMBEEREER FOLMETE ) ) 2V THER L.

3.2.3 RARIEMER

A EMERE (glucose (Gle), fructose (Fru) 3 LU Suc) DEEIL, Murchie et al.
(1999) D FHEEZSEIZL TiTo 7. Lo ESFEOBEREZ 1-10 FRE
WHER L% 100 pL 9B L, £HIZ 5mmol L' MgCl,, 0.5 mmol L™ DTT, 1
mmol L' ATP (4 V = ¥ /VEERF T ¥ (#%) &) , 0.8 mmol L' NADP™ (4 VU =
A NLVERT¥ () #) , 2 kU L' hexokinase (EC 2.7.1.1, from yeast
overproducer, A A A Roche Diagnostics %) , 20 kU L' Glc-6-phosphate
dehydrogenase (EC 1.1.1.49, Grade Il from yeast, A A A Roche Diagnostics %)
&% 1.0 mL ®50 mL HEPES/NaOH buffer (pH 7.5) #M0% 7=. 25°C, 5 min
OGS ®Ttk, F7VE—L5NRER (UV-1600, (FF) BERERR) 2 M
W 340 nm DR KEEEZPEL, NADPH OXEER 1 cm H72h, BE |
mmol L' H7= 0 OWNIEH 622 T Gle BXEH L. KIZ, ZOE
WIZHBET 2 kU L' &725 X 912 phosphoglucose isomerase (EC 5.3.1.9,
from yeast, A A A Roche Diagnostics ft#) %M %, 25°C, 20 min /&S &
721, 340 nm ORAELZREL, Fru BXZEHL. I HIZ, ZOBRICK
BET 40kUL"' &7225 X 91T invertase (EC 3.2.1.26, from baker’s yeast, ¥[H
Sigma-Aldrich #) &A%, 25°C, 20 min K& &H 7%, 340 nm O E
ZHEL, Suc EXEM L7, invertase LISV D, FELILBRORETHEALL
HEEF L, 15,000 x g, 4°C, 5 min O@ELEITV, EFEZBRVWTHLERL .

TS5 o7, By FESRMBEORDVICAKEFRAWEZLD L LT,
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starch O E & (X Nakano et al. (1995) D FEIZL=RN o7, LD 80% (viv)
ethanol BRI TREMOREBE Y % —REBIEH%, 1.5 mL ® 0.5 mol L™
KOH %%, 40°C, 45 h 4 % 2~— LT starch xHHL7=. £OHH
I 100 pL @ 21% (w/v) MES W% MZ =%, £® pH % 0.5 mol L
HCIO, W (%9 1.5 mL) T 5 fHiicfAE L. £ 2 KET 10 min HER,
1,800 x g, 4°C, 5 min OELEITVY, KCIO, ZILE w7, EOEFE»S—
TEAZSE L, starch EEM S4mgL' LN E725 X 52 100 mmol L' Na-
acetate buffer (pH 48) THMRL 14 mL & L7Z. ZHiZ 14 mL O
amyloglucosidase (EC 3.2.1.3, from Rhizopus sp., #[E Sigma-Aldrich ##) o
100 mmol L' Na-acetate buffer (pH 4.8) Ak (20 kU L") /0%, 40°C, 4.5h,
starch ZfN7K453#E L 7=. amyloglucosidase (IH LN UHPEHABRE TR Y F
L (PD-10, 2% = —5  GE Healthcare %) THE L T OEM L. N
KIETHOY T % 100°C, 7 min MALERLEREIEL. 0%
1,800 x g, 5 min # DL, O LEED Glc % Somogyi-Nelson ¥ (Somogyi
1952y Ik W HEBEEELE. £9 07 mL oL EFEZHBREIC/SBRL, k¥
THHGH L%, 07mL © 7TA0 UMARELZMZ, TAIKA LV TEL
LT HIEREIC 10 min B L. FhikkdhTaml, BRI TRELILE,
07mL DEEEY 7T UBAELMZ LERL, 15 min LEHELTHS
500 nm (CBITAZ|NELZBE L. 77 2712iF, amyloglucosidase BE#K &
KE, TN EREBRICNE, EOLZEEEZAV. BEEHRIEERRED
Glc ‘z’éf&f?’rﬁ‘/i/vkﬁaﬁc%éé@<1’ﬁﬁi L7-. starch &iX Glc &I 09
PEUTCEHLE

3.2.4 RLATALER

HEXOEHEMOFEERET t REILLY, FLFEAXLEROEY
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EMOEEEREIL Tukey @ HSD REIZLY, WIFNbLEEKE 5% T
1To7. BEFLBICITHEFMN Y 7 U =7 (JMP Ver. 6.0.0, XK[E SAS L)
ool LAY
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3.3 RBIUEBE

% 32 BEOBEGEHES LORERME Fig. 21 IR ¥. FRE T,
BAEZMESLORERHEL BIZ, WL K28 WH REVBELI/MEN-T.
FOAXLEX T, EEREZHELRERHEOVTRLICBNTY, B0 KALEO
fhod 3 RICHBLTELLL/IEL, 12 BETH-7-. B30 X, BI100 X
LU B150 RO THX, EAEHELBEGHES HIZ, BI00 KTHOTMNIIK
XWMEBICH-T-bOD, BERET o7, HHERK 32 BEOEEKEYE
CHREmBEMAOLERD T LAR X, IBXTE WL KIZBWT WH KLV b
HEIZEN-T- (Fig. 22A) . L L, FEEQMEX TIX, LAR [TLEKXEIZ
HEREEIRD LN -7 (Fig, 22B) . ZORRIE, "y L Y voHEk
NI BT DEROTIERKE W IREIL, FEAEPEELTWVWARNWILEZRLT
W5,

SRR OMEH Y OFTE N EFEEIT WL KOFD WH REXVLEE
iz 7e < (Fig. 23A) , fEEH 0 OMEEE N £FEEL WL ROFHAD a0
fEmIC & » 7= (Fig. 23C) . BEXLERX T, BEH-V ORTE N £FEE
X B0 Xvhod 3 KLY & EFEICALRN -7 (Fig. 23B) . @& H -0 OHEEE
BE N £ 23, B0 X, BI50 X, B30 X, B100 RODJEIZA 722> 7= (Fig.
23D) . Zo ko, EEkeEo N EFECHLT, FALEE, KFIFQ
KA DOEENEELRIETEMICH 2. M5, BEEEOETE N O)
LECRESNDETLE N OFGIE, RXTiE WL KOG WH K&
HOENTE N -2 (Fig. 24A) . LL, FEXLEBRX TIX, BIIREIND
BITE N OFAIILERBICIIAEERZIRO LN o7z (Fig. 24B) . =
DEHIZ, BRIBELICBITIE~D N EEOHEME WO IREIL, FEXNE
B4zt amgd aHAITBE IR T
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Fig. 25 IZ, EOEMESHT-Y ® TNC %77 . TNC (%, Glc, Fru, Suc
BEW starch DRETHD. MBXLFEXLUELEFOLE2TOLBXIZE
T, TNC @ 80% LA E2S starch AR THo7-. ®MBXTIX, TNC &iT WL
KoOFH WH KLD BBEEFICADR o7, i, FEELEXIZBV T,
TNC &I BO KTHHEL, HENXEMENS 0 205 100 pmol m™? 57" L EHL
BRHDIZLTER > THATHHEmICH 7. BI00 K& BI1SO K& OMIZITAE
REIROLONRE o7, ZOEIIT, EOEMEDH-D D TNC BIZEBWNT
b, BAEHLIERFEXLBET CRE L-ED L OMIZELREED bR
Mo Tz.

UED X5z, BELVLVORERIEEE LT, LAR, EBH~D N REB
FVED INC BIZOVWTHELEZLOD, WTFROEBIZBWTHEEICIE
Ll L IRFALEBET CTHRE LI-HEY L ORIZELUMEEIRED N2 -o
7. ZO&IT, KR THNEGHE T, FEEVPEELLORIELILE
CHEET 5 ERT T 2GR oI,

REDZBEEXRBRETICEWT, ALY 7R EDLIBEELEATY
OTHAI) . EEOEMEEDL, FEELEFTERVEBREETIZEBNT
ELIMEl Sz (Fig. 21) . ZOFRIT, REXEBEBHTCERELLA X
DOEMED, FEAXIIEFEEAEZMMUILIZBRHATIVLABEICETIO/ERL
FEOHEMTH S (B 2 E Fig. 12) . 41 XOBE, REXEMBHTICLT
HEMEEORD L, BUICKEEREHZV OXERFEEDOHA L, LAR O{X
TIZEELTW:. LML, FEXAESEEERVREALTIIBITIZFRY LY
Yy OEEEMEORDIL, A FXDOHELFEROREETHHAN S DO TIER
Motz BENXETFTCHELRL, ERE PPFD (300 pmol m™ s™") FiZ&IT5
ROV VEOMNEEREREIX, 1 (Fig. 6) LITRLRY, FAXLEKX

MICEBRENRED LR -T2 (BO X: 6.88 + 0.459 pmolCO, m™? s™', B30
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[X:6.79 £ 0.256 pmolCO, m % s™, B100 X: 7.41 + 0.258 pmolCO, m™ s™', B150
[X: 7.60 £ 0.350 pmolCO, m?s™") . ¥/, LEEKAOHLORIEMBTIEH 5,
ALY UO LAR IZHFELLEBXMICEITRD bven o7 (Fig 22) .
HEEHEDAEERVBHRETICBV TR LY Y UOEMEEITH SN D
EHRIZOWTIE, BEATERHATHS. HHOKEIL, RERIZL-TER
FPUORELBELENEVI AT TR, BHELERIFLZVICHREL K
BIZAALENE W) BICHLEEE TS5 (Schulze et al. 1991, Stitt and Schulze
1994) Z L inh, KREMEHVORE~OFABDEORKTLLENERLTNDO

Mh Liv7gv,
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Fig. 21 Whole-plant dry weight (A, B) and total leaf area (C, D) of spinach plants grown
under WL or WH (A, C) and under B0, B30, B100 or B150 (B, D) at final harvest (32 d
after germination). Vertical bars represent standard errors of the means (n = 3-4). Means
with an asterisk (*) and with different letters are significantly different by # test and by
Tukey’s HSD test, respectively (P < 0.05). For treatment codes, see Fig. 17.
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Fig. 22 Leaf area ratio (LAR) of spinach plants grown under WL or WH (A) and under
B0, B30, B100 or B150 (B) at final harvest (32 d after germination). Vertical bars represent
standard errors of the means (n = 3-4). Means with an asterisk (*) and with different letters
are significantly different by ¢ test and by Tukey’s HSD test, respectively (P < 0.05). For
treatment codes, see Fig. 17.
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Fig. 23 Whole-plant reduced N (A, B) and nitrate N (C, D) contents of spinach plants
grown under WL or WH (A, C) and under B0, B30, B100 or B150 (B, D) at final harvest
(32 d after germination). Vertical bars represent standard errors of the means (n = 3-4).
Means with an asterisk (*) and with different letters are significantly different by # test and
by Tukey’s HSD test, respectively (P < 0.05). For treatment codes, see Fig. 17.
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Fig. 24 The ratio of leaf reduced N content to whole-plant reduced N content of spinach
plants grown under WL or WH (A) and under B0, B30, B100 or B150 (B) at final harvest
(32 d after germination). Vertical bars represent standard errors of the means (n = 3-4).
Means with an asterisk (*) and with different letters are significantly different by ¢ test and
by Tukey’s HSD test, respectively (P < 0.05). For treatment codes, see Fig. 17.
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Fig. 25 Leaf total non-structural carbohydrate (TNC) content per unit leaf dry weight
(DW) in spinach plants grown under WL or WH (A) and under B0, B30, B100 or B150
(B) at final harvest (32 d after germination). TNC is the sum of glucose, fructose, sucrose
and starch. Vertical bars represent standard errors of the means (n = 3-4). Means with an
asterisk (*) and with different letters are significantly different by f test and by Tukey’s
HSD test, respectively (P < 0.05). For treatment codes, see Fig. 17.
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4. FE&

ARETIE, THEaXD, EHORIELEELFET L7 L ToER
EHETD) EVWHRBORIELX B, BEEALEET CRELEZEDOEHK
IR L LT DR L OFRMELZEMEREL LT, AU LY UDOME
EL-UL (B2 ) BLOEGKELL (B 3 8) OXIERIEEIZ OV THEAN
-

BEELSXLVOHIELEEIZOWTHARE/ER, BEREOCFEXN, XIE
BT LENAFELEEFRERRFREO N SEOCHEICEE T 5 AIREENT
mEhi. RIERICET2EOESOE(ICKH LT, FEXOBEEEIRD S
nighhoi.

BV~ DHNECISEIZ DOV TR/ ER, RIEOROERmORERR,
EAD N BE, BEORKIEEODT LY A XOELHIZHH LT, FEENEDL-
TWLHZEERRT T2 3BT,

FRRTICEBNT, BEEAEOLZVONREHNFEEDKT 2 #E LEKOKE K
REMAEEYEHEFT L2 LI LTI, £XICEDLLIEF~D N B %
WMMSEThERBELEHET DLV S, SLA R LAR 2HH DL L TR
BABHOT N, 2OFENRE L < KE W (Makino et al. 1997b, Evans and
Poorter 2001) . T2bb, EHXHFLEFEERKRFEO N SEOE(LIL,
REREOABEIZSE THREROMBLZHMESE DL ETHT LLEERISE
EIEWV RV, ZOZENDL, EENOEELNLE TOHIBLEEZBRER
R A% EI2E, FEXrEicd L TATHEREIRE<E RV ENED.
[FAXDKIBEELFETLL 7T AL L TH<] LWV ORBN, ERE
FUoNRNIBEBORBICLDERMEOHEEORE L VD, —HONIE(EEIZD

HFBERTEDLILDTHDLZLERLERICBWT, AEIEEHDI LD LEE
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1. KB L DKRIE

ANIHFIHBOMYAEERR CIE, HEAOFELHBEIARIEKFTS.
EHH A FEXRBRHAPEDOKXERPCEARICKIETERICET OIMAE, €O
L9 RBERICENT, TRAXEHEHCHAT D0 O@EY LR RALE
DER - FRIZEAMLELILOTHD

M, BAOBRBETTL, FAXMEIFHCHRAIL > TELTD
FARELRETHREOMTLEALBEIZ LI RS, EYPKFERIC
LEH+THRBEARBL, TOXRRECEST I LT, FEABRELLEOEER
HROBHREY EOLSICHBALTVENIIOWTHD Z L ITEYMERFRIH
BREL.

AewwiE, kEkB L CEMEEID DHEEBHROERICEAT H%EE L
T, FEBE~OEXBEOFAXOMMILIAN ROEMEEREL LZLT
EROMIT L, F7 LY UORIBREECRTDHFEROIEHORT£1T -
FLOTHD. B2 BETE, REX~OFCAKOMMIIA X ONEREES
BEe, BiED N £HER 28 LsE, ThoBAEEORYEEREICHE
boTWAHIEaRLE., ZORKRIT, HHEECTDOANTHREL L THE
LED W HEXRFELMAET LY CTHEAT L Z LoAMMEIL, EBFENEAD
OB EE5E2ALDE LTHELZLDEVED. £728 3 ETIE, AU
LY iz BnT, BEELSLORIEREEICRFTFELTEESLANEZZLD
nNobL00, RIELOBEOERES 7 EEOFEIIT L EAY K TR E O &
ODEHEAENE LA AREEELTLE. 20X ICHIBRIZBSWTHEERLBERT
HIEECIEREAT O RELXEEOHALY GREL TRLEZZ LI, tIE
ieBT2HFEXOIERELMAT I LTERENLOLEZD. ULED LI
A%0iE, NIBRETICBIEDEEODERN LBLICBRRETICEIT S
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HEHOBRBILEORMOBMEIZFET 2, RERSLYAERE OFANIEEIZH
TOEMOM AR L.

Fig. 26 |12, R FEAXRA N AERRLEWAEICEALAIRFIZRIET
HELIATFHOBBRICET 2@RER2ET VORAR Y ~T. ERCTHEINIE
BEIAMEICL > TREHEN-HFERSETHY, BB CEHEN-EB LR
DFRCL->TBEINTZHFERIEETHD. BEEEAMFLEBEIAFRICE
WTHEOHEDEE - IIHBEIIBVWTOABEINIEETHD. REITZERE
BICHEL RITTLHEINIBREZ T LTEY, RHOMEPNEELZITD
flxET. ZORPLLND LI, BRI AGRSLEWAEEICEDL LT
WCEBMICOEEMNICLREELRITIL, TAOLOMAERAPEHDEE~DOEE
ELTERNDbDEEZOND. ZORTHALEKEBRIE, BB TIIRE
SRHERIZE ST NS, BEAPLERSEMEE IR I THELTFENIC
BT 5720100, HICSEMORRBRICESLZ LS TTHELED HLEN
HD., IHIZENLOBFEHICENBARAFETIZBVWTLED LS RABNESR
ARTDHOMNIONT, KRR TR LERIBREBZEUAOBE AL LHRET
HZULENRSHSS. £, NLRBAZHOE-ROLENEEDO - DIZIT, BE
SNTEHFENICEIZESVWTHEYE - MEAT -V ZLICKRBERBHELRE
ToHE0, BENRENEREBE LILCHFELRDON .
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Fig. 26 A model of the actions of blue light on physiological and morphological factors
directly or indirectly related to dry matter production of a whole plant. Factors in solid-

lined boxes are phenomena found in the present study and tho

se in broken-lined boxes are

observations in published literatures. Arrows indicate expected direct effects. Factors with
an asterisk (*) are responses observed in certain species or cultivars. 1) Sharkey and
Raschke (1981), Karlsson (1986). 2) Sasakawa and Yamamoto (1979), Ohashi et al. (2006).

3) Sawbridge et al. (1994), Thum et al. (2001).
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AFBLOFTL Y TONTRIZBWVWTY, RAEXCEKBEOFELEY
ML CTREMICEBRT2ZLICEY, RAXOHLOBEIZHEL T, B
TCRIEL-AEHREENERT LI EDPALNE o/, LAL, EEOK
BRETIZBT D2 HEREEDREIZIAMETITITLR N7, RN LER
HBIFICLDAEREBHOHEMIEREORERETICBITAREREREICH X
MMEIN2bDLHEINDD, TOREFREBEBIORFREARBRFE TIZBT
HDHEAREEDOERMZL > TEIETLHLELDA .

g, REX~OFBKXOMMILY, A XBLIVFVL Y TOWTR
BN TH, EHEH-VO N EBMEBIVEOEMELH-VDO N BEXEE
CHEMLE. ZoZ i, BRECFENKIENO N RIND 5 W IL&E T %
ET 2RO LFAEMEETEL TS, FEKXICES N BINRLETORE
ZH O HEELE LT, [ABABOREICHS> BBREOHEMP, N RHICH
D% NR REOEHEMBRERNEZOND. 5B INALOHRICERBLT, #
EHXOEBRIMERAZBRTILENDD. ZABREOHEMIZLS N RIIXOBEM
DRI STNEINENERARDL-DICE, REREORETIZE T 2EEHEE
BER L N EFR A2 A7 PNH,S, "NOy BULEEREZTHILERD D
EEZOLND. MG, NR [EMHOEMIEL T, ¥ TIREHNFALRK
WRBREL~LTO NR BERICRIEZTEEREDFAILNTEY, EHHIC
ITHF @D NR EHEEH D T EBRIN TV D (Ohashi et al. 2006) . 4 7%
X, ZOXOREHL NR EHEOENY, RENL2FAXRBHIZLS N
BITOEME 2O LTWDINENTOVWTHRIETHILEND D.

FANMCEOABMNERICEL T, RIE(SE L OBELZ R LEFER,
EREOHMEDOFEADKIBCDOBROERE S L XV ERBOFAFHICEET 5 A
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RRMEMNTHINT. %%, BR2FEAXABMETCRE LI-ENOHBEL /-3
ELZRNTHOMEITI 2 LIZRY, ERESZ NIV EEIZOWTE D FEMA
BN FRRE D THAD. £z, HEXN Cyt f BLV LHCIH 22— KT
HBEFOBESLHREO Tt RIIRETRHEIOVWTHARDLZ LT, HIE
CIZBITHDFRNOEROSFA D= ALOBIZT SIS I ENTEE LEZ
bid. Zoficiy, FEX L, FEXUMIKIELDO AN =X LB - T
WD EESNDEHERETRERD redox state LCHEBRE 2 EOR T2, KIEL
DL 7 TN ELTEDEIICTREIGEL TV 8 BEREVHZE
BETho.

EHFETIE, RERENXPOFEARELRAHGT T2 L THEAXOIERE
AR, ZOXIREFHETIEBVWTREIN-FAXOERLBEARETICE
TL2HFEAXOERLIZRLRDIFEENBEZOND. Hl2IE, FEXN, EIR,
RfEst, EREXREOMOERM S EEEHWITERT L2 AREENET LN S.
S%iT, KBXEAEEL L TREEORRMEMREEL TS LMHTE5 LED #
ARG KA > 2T L (Fujiwara and Sawada 2006) 72 & #FIA LT, EHREME

FTIBITIFAXOERIZOWTRHNTAIZELEETHA .
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B 1E HR

HEENIT, BEEMONRTFERKOAL LT, BHEECLBHEERERE
EiET. Lol, BRRoHEAKBETFTCRE LEMOEHEEDEL LD
TERIIBERKIC > Ty, ADRAHAROEYEERR T, RELOHF
GBI RFIKET D, T, RENARFEALBHNEEGHKL LD
WAEEICELIEFICRIETEELALNCT DI LT, RESNIRLF
FTIoB T 2RO REHEED DO, BUIZRGCIRERLBAEOER - FHREICO
RRDHLDEEZD., KRITIIET, REAX~DEREDOFELOMMHIE
WOEMEERIRETDHEVIBRRICERL, EWAEERECEHDOLIEREZH
S N N B TNl = I - 0 Bl O

BAREICEWTYH, FOABEIZTHOBLAICL > TRRY, E-EDEE
HOEHETHREDOETHLELVWEYRHD. EHIIHFANLBRELZREMT DL L
T, BERMCESTIEABEORRELRBML, TORRREIIEEL TWDHHE
MR HD. £ TKRIC, THEERKBE~DOIELISECEHEST D] &)
R RIEL, FEXCEOEABNERED —WMEMBRAT LI L 2RAAT.

H2E FREAX~OFELOMMBPA ROEMEE I RITTER

WY THERLTHAT — v a VBT H2EMFEEONFEE LT, RE LED O
FIANBREINTEL. ZOF T, R LED ORFHIICETOFEERL (K
PPFD @ 1-10% FE) ZfHM+ 5 &, #f&E LED BEMBBH I~ TEEEZY
EAZELLMMT A2 LARBENT. BN FALBHIIILOBA &R
ET AN, BEHHREALREICL2EmEENREX, [JILRADOREIZE
RT3 HEREEDOEMOATHRHATED HOTERY. I T, ZORMNE
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EORE* LELTERY, BEOKEGHEMEL L LEFKER LR
THRA-. HREYICIIA 22 AWz, LED 2#FBERE L LT, REtOH
(R ) £-I3AHFRENE RB X, RENXEFELD PFD i 4:1) 2B
LTH 1 7 ARKBEESE L.
EFTHEEORERFEE LT, #HRLHBZY Y= F2HWVWT, # PPFD
240 pmol m?* s' TER L. BREMEEBREONEGHEE Z AT TH
FL7. ERELIFERL PPFD (250 pmol m™ s7') T OMNEAE BEE X
RB KOKHMN R XKL@Emnor-. £ (1,600 pmol m? s™") FOHNE
BOEE (EAREN) b RB RIZBWTEHEM>7. ZhbHd RB RICRIT 5
kEREEOHEMT, EHOERBMD-Y N BOBEMICE- TV, EHIC
HEND N OF 80% IXEREIZBEL, TOEI N REGHREES V7 E
BRELLTHIET S ZENmbLN TS, XEREES X7 EL LT, CO,
EE O§BEEFE TH D Rubisco, REMEFTEOCHEERFD | 2 THD Cyt f,
ENXFIEEES Chl BLW LHCII OBERARIE A, £ bid0ninb
HEH N BOBMIEST RB KTHEMLTW., ZOXIRES N BEOH
MY R EKRBEE Y 7 EEOHEM,, RB KOFHE TR L UEFETIZ
BIAHEREEOEMEL-LLELOEEZOLND. EEEREORETRE
DHRETIZBITOIHEREESD RB ROAFREMN2T-THAH) LHEEIND.
BEOEHAEEL, BEOKEREEIIMAT, EELILTENRLITE
EEESBERTLINEV) RICHLRESEEEZTD. 2, /A RTNEHE
BETHLHES~D N BERE2EZDZLIZED, RBERETICBT 2@ED
ERDBREREGE T I LRESINR TS, 22 TRICBEEOKRERT & EH ~
D N BERL2FAR. HREBE = F L BERELZHAWVT, # PPFD
380 pmol m? s' THER L. #HHE% 56 BEOBAFLYELRERGHEIT, W

FTHOLETYE R KICH_T RB XTHEML-. &% 35 HE L 56 B HE
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OREBEAVTHREBRT2IT>7-& 25, RGR IIMMAFEE b ICRBX THEM
L7. Z® RGR O#EMIL, BABTIEIAEEZIRVHOD, NAR DEMA
HHELTWE. £/ RB RTHAEHZ TEHYL-EGBHEDZY N ENE,
REE2BRELEO LM 3 BOEMHOES N &, Rubisco &, Chl &
X, WThoOEMTE RB XTHEMLTWE., Z0Z &b, RB KiZET
ZEHOHAREEOHMIBELAE TR~ TZbDEEZLND. HH =
X TIiX RB XT® LAR O/t RGR Oom EIzFHEG L TWwW/2h, BHAET
EFEDO LD RIEBIIRO N hoT-. HHE% S6 BEOEEH-V O N £
HMEEI@ESHEL HIZC RB ROFN R XKEYVEL, 205 bEHIIRESND
N OE&H RB RKOFREMN-T-. ZOLIREHE~D N BEEOHEME
UAEER LICERRLIZbOE N ZD.

LUbXvn, RENICHFELEMML CEHBBR LA XTIX, REXHE
WEBEICH AT, 5 N BOBMMICH > THEORSREENEMT 5 2 L
Bbhhotz., £, HFEEXOMMIZ XL D2EMAEEREITIT NAR OBEMA K
E<EMLTWE., P =X TREBOLRLEMAEEREIZFEL TV,
BESEREBEREOEREZMETE LD L, BEXOMMCLDEMERE
REDERN NAR ThHho7=Z &h b, BEONEHEE DOHEMMSEMERE
REICEBLIZE VR D.

B 3E ALY UORIBLREEICRIT2ECKROIEM
FEAXBHRTTHRE L-EDIL, FREXLBFICH T Chl a/b EDBEL,
ERE VR Y, BAEZIEL LB TREIN LIV ODOREETTZ &N
MOHNTWS., Z0ZEND, HEAENBELH LI T 2 RIECELZFE
THEWIRAPBBEEINTWVS., ZZTHRIEEZELIZ, REREORBE

CBWTHRZ RNV EDRISAEGHRSLERICFAT 2O ICED DT TIE
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EOZEERET. BEOMETIE, EORBHACEEINLIFEILOFEELRK
T 500, HHENVIEFAHROBELXRANTLONIAHATHL-Z. £ T,
EEQYHRE T THRE LEDORBYM L FRICIEL LI EYO B L OBk
RAMEEUE L LT, SIEICB T 2 EALOERERI L. ML, BV
ANOLDGE EEE L R DRBEIZ DN TITo ., HEES T THEER THIA
(LISAERHBICEE SN Ry L Yy (B AH by) AV BEE
X OFRE LED 2T, H@&N/FREN PFD %0/300, 30/270, 100/200,
150/150 pmol m 2 s™" & L7=BBE T THK 1 » A RAKBHE LIz,

FPEELNLVORIENRISE LB, —BRICTHHIELCTETIE, FCIE(L
I RT, BRI T TOREREENMES ETB RS-V N BBV, Z
NIBLICENE N L ICERT . RELBLEZAY LY Y UETE, KE
BMOFGEBEDETICHEI KEREELEGELZY N BOBDBRD L
nr. LnlL, BEORIOEETHIEEEL - VENECIFRLAREOR
WITIT LA CRDONRM T, F—RICTHRIE(LETIE, HEANIIELER
BICEDEZEF~DO N SEOEENEL, LEREFEEIHLOLIE S ~D

SEROBEAENENZ ELRDOND. T I THRELEXM T, £XEFL
BFGEZREAFEO N HEOHEZE L LT Cytf/LHCI thx b8 L7z, Cytf/
LHCII i3 FEYEEDN 100 umol m? s VKL RDIZONTREBIZET
L, $3%IE(LED Cytf/ LHCI HiZiE 3 < HmAED bz,

WA LSO RNE S E 2 AN —RICHEED BV T, it
EWICH < T, LAR O, E~0 N BEXEOHEM, EORK LY T -
YA XOBWDE VST BB BEESINS. LL, LAR EE~O N RER
HATHOFALEREICEEBLZ T R holz. &b, BOEMEDL Y R
R EIZ, SELHREOKRTE L bICHEMT 2EmMICH 2. 20X
Yz, EE LV ORIBSE BN TR, KEAXBET TRELILED L
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55 eFEY & ORICEBIM IR b Tz,

UEED, ALy it T, KBEDOFELENHIELDOROENKA
FLEFEERRFEO N HEOREICEET > AREATRENT. )7,
EOE S LEE LA OMEONIEICE L T, AR THNLRY, FE

OB ERTT -3/ OoNRh T

B4 E fEE

F N~ DIERE DF O M K ERFFESCTE, BE0 N £FHER
PERELSYE, FRAOAEKOEMEERECED TSI L2/ REZH
TEBRIMICTL, EWEEDOT-OOANLHKFEL L THRE LED ZFEXKRE
HAEDLELZ LOENEICAEBRFENRBIEE .. AT LY TICE
W, EBEOHEOFALNBRIBOBOEREY X7 HEOFEICH
boTWAFMENLEML, RIERCBTI2FAXOEROESERRAIIET D
mREEME L.

PlEDEdic, KXok, NLBRBETICB T 2EMEEOHERN LS
FUOHRBETICBI2ENOBRENEOEBBOTMEIIHFE T D, HERE L

VEMEEOFCISECET 2 EROMAN o N,
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