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—HRICHE Y O W B, R (drought escape) , HZMEBJEE (dehydration
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RNBOM ERZT ONE, ARMEN LS L, RRBEMETT2 Bz nT, &
ﬂ%ﬁ%ﬁ@%%iﬁb&&ﬁ;%3#%@*@%%%%L1mﬂm%$%ﬁiéﬁé

(Tumner 1986). 7z, [AUSTAELD, KAMICBE LRV R4k iBLk 2+
DI ETHARBHRIIERT S, G212, BEREICHITE7 57 590 v 1 20%
WL F 7 ZRBEMHT 5 (Kramer and Boyer 1995). —HC, &7 5 DokiE LS
WL, KRT VU VOERT RGN N7 BEI0 b, BB LR O i
BIE Lo THRERRERET D2 LT, BATBROKFBADROETIME S5,

L, B —0OEME L LTEXBND DI, WKERE L TEL T4 7k 2 4t
?é:&f%é.ﬁ%m,mzbVX%#TKB“T%%K%%%K*%&%?ékb
K,ﬁ%dﬁ%%%%?é%ﬁmkﬁ%%,&m%x%%am#béﬁﬁo%&,%%m
RLLTWD (Sperry et al. 2002). Tumer (1986) 1%, WAKDEIANZ K BS54 5 =H &
LT, IREEE, RIRMER X OWEAERO 3 5225 CW 5 (Figure 1-1).

1) REHEELFERE (B9 L OERNER)

KA PURRHET TR, TP, B HREBICHEET DAL AAKEREL LV £ &
ﬁTé:&ﬁE%T%é.m§%§®%MHl0ﬁmﬁ&wot%ﬁm,%@i@u%
TORBRITHFTHD (T 1995, /M 1995, T 1993). Kz, AREESE DA
ERIBME & AR L, TREB I BV CRERESNT 284120, Wk AHEE (R
®END (NER 1999).

2) @KiEH (EMER)

IREMER L UVRIEIT & B12, KR b L ASHFCORKDORES SET 2 EEA
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Figure 1-1. Factors related to dry matter production.



FETHD. Lo, 2o O L BKE & ORIZKRBRIBD b ng
BRH L. THL, BAKERE VI ROEMERDBBKEDNCHELZRIETI2HOTHD
(Sperry et al. 2002, Steudle and Peterson 1998). E/KEHLOMEMNIL, FEH~DOKH#HEE
HIRRL, FEHKRT v VKT X5 (Tumer 1986, Singh and Sale 2000). #FlZx
AR Y ALTERY 2@ ARERLOBINE, EEOBEAKBELHBD TERTS¥2 (Sperry
etal. 2002). /KA b VAT TILBEAKEHOEMEZMGIT 5 2 & T, BAKREE <
HEFF SN S, RRED OIS E TOKRMEREICI T 2BAKEHUIL, EH Ok RE
HERPES L TR, £ o DOBEITEYMOMEIEICR S 2% 2 RTT.
2. REHBORAN G- bFREEDm E

THELAEIZ B 2 A BABERHA L NC SN DI T, HDEOREBREOMK A,
W O EAEIC B 2B EICHEL RIEFT I ENRENTE T (Table 1-1) . #] x21F,
U UBOBRILY VA LERICB T VEREEZREL, BREREEN R LW
% (Alkaraki et al.1996). WKEBENDRNORD L, BTA M w—N—~D ) EEff
R, REEEOREMBEEMBOTERIZ X o THRAKZ{EET 5 (Singh and Sale 1998,
Singh and Sale 2000). V VEEMEAILE 7, BALEROBAVZHEL, Xy T —Ta v
RERZETSEDZ LT, @AEICHREELXRIFT (Harvey and van den Driessche
1997). B U U AW, A AXRLPILET O FAZE L M _E S8 (Andersen et al. 1992,
Eakesetal. 1991), ¥£7z, N—/L I Ly b TIREHFOREWEICH S LTS (Ashrafet
al. 2001). ATV UAIEIZT B URT Y RI A L OERICHEEE X, EHD

RERBICES L TWR 2N sFR b yEnad R THEIN TS (Nayyar



Table 1-1. Summary of effects of nutritional elements on the drought tolerance of plants.

Element Effect on physiological traits Drought tolerance

Nitrogen Accelerate N, fixation in nodule +1

Increase transpiration due to increase in leaf area and in
stomatal density

Phosphorus Increase proline concentration (osmotic adjustment) +
Increase hydraulic conductance in conduit tissue +
Potassium Enhance root development +
Increase root longevity +
Calcium Activate of antioxidant #

1) +, - these keys mean positive or negative effect on drought tolerance.



2003a, Nayyar 2003b, Sadiqov et al. 2002). fHDEFEHEI & ITRA2Y, ERITEITHEY
DIHEMELET ST MEEFT L5 Tha. FIZIERTTICBNT, AFESHRD
f&T (Siegwolf et al. 2001) °HEL D ABA ¥EAEDHIN  (Liu and Dickmann, 1992), 3 %
VI, oy BT =Y a URARO BN X % @K D EAL (Harvey and van den Driessche,
1997) Z2H b T2 ERBESN TV B,

SO OBFRERIL, REEEEZBEOCHAT S LT, AKX FLREHETCLIER
DKRGTREE BIFICHERS T2 £ 5 AT L2 HE LD 2 &, HBVE, AR
EELSHIERZMHILAL 2 L 2R LTW5, BETID, KRS -k
MIOTHFEAEEZ R ESED LD, REFENT 70 —F B THEI EE2RLTINE,
RUEHI D% IFRIE LENCAIE LT\ 3700, BRFEWR L USENWERICE T, #
WA RO FRAB 252\, AR OFRI LRI b 5 5P, s
WETH D DITH LT, BB 22 TR0 - B 1A B O BE CHNE 1215 A M ATRE T
Ho. oI, MEEMHEDELZ LT, BEENICED N EMOEE &k
MIZSHIZED DI ELABETHD EELLNB.

3. UABRAI X DR o et

REER LM ORSER & OBMRICE R LB, ZRER) VLV o —H0%
BLATRICHETIMRBIKRES 2 ED S, —F T, MPOVEATRE TN &b,
BEORE THHENRE LTRY LIFbh3 2 e B0 Ao mE b BN 5. or
A% (Silicon, Si) FEDL I BERD—2THD. 1 RiITHEFICEEICK TS

<ﬁ&¢6ﬁ$f%é(mawm)ﬁ,E%®%ﬁﬁ$aLTm%b6h1wtw(Ma



and Takahashi 2002). —5C, 7 A RITIIEHOBRER N L ATiE% & 5520133

LNTEY, (FIOEEEOM EART 2 EBRESN TS (Ma2004). 4 EiTid
WA BOR TR EN DD, A XEBRTYY ) SRR Y, 74 BELBICR
I, BT MBI A BEY LR END. TNLOS A BBEMIL, A BEOE
IR L THRERISEERTIERALNTVS, X, 4%, "oEoas o
TEEBERIDBAXRHCB L, S A BERARESKE VDI E0nd, &1 BRI BREN VAT
REMINDZEDBDD. FABERC L2 X M RAHER ESRICOWTIE, 41 B
Y (Fth 1987) OAH2 5T, HE/EY (Adatia and Besford 1986, Kanto 2002) %45
T2 O THE SN TV 5. il X 13, B E (Matoh et al. 1986, Ahmad et al. 1992,

Liang et al. 1996, Liang 1998), =ik (Agarie et al. 1998b, 7 1969a, 1969b), {&if (Larcher
etal. 1991), 7/ = L% (Hammond et al. 1995, Galvez and Clark 1991), JKEE

(Datnoff et al. 2002), FASLERIZ L ZWEMR ML R (B 1987) L\\\of, FEix
DEMIIR LUREMBI R A P VAT T, A BERIC L 2E OWER L2 0
AFRBENBRE I N T .

T A BBMEM OMBAEIZ RIS THEBIZ OV T Y, Bon0RENRZINA TS, B
DEFERIEINC L > TEH DO OKBENPE LVBE, 72 & X REIC+ 072K HEE 2T
HUTVTS, EMEFKSREZA ML RAIZBREND (Tumeretal. 1984). HMH (1965)
i, TABERA LA R CTIIEBEIBO LT, 20k 5%2K2 MU ANERSNS
SEEHE L. B (1965) [3E, A REFRKTABLE I F 7 INRKEICER

DTHRIZEWEEE (7F77-V ) W ZEB) WERENDIZERRAL, 7



AW & DRBEOB L, COBMECL > Ty F 7 SEEIMH SN2 =0THS
Lidam L7c. FRED (1991) 134 REH BT B 7 F 27 SHRBOEE X RIE L, FH (1965)
DFNC—HT DREREF/TZ. —F T, Agarie et al. (1998a) 1E, £ RIZBWVTHBER
FAXTREE 72 & DFBREOEMICH T A RASE ERE LIRERLD, 7F25-2)
AZEHEOBEEMZEM LD, RBOBL 2 b b T EERIRLa L #7400
ADBWLTHD LG LT, E80E, Maetal (2004) 13, A BEREAIXX=2YVIC
BOTHAMEEZETIEZL28E L, 2OXERIKALILF 7 ¥V 2ADOHD
THHEBELL, ZOX5, —EOWMRBERBIBONTE LT, hroEBH 20
HRFEATIE D 2, /A BEASERBEECRILa L 77 2 v A TEEBT 50 L 055
SNTW3B,

T, RENRE LIRHIZOFELD G, 7 A BB OTHEMEICES LTV
BEMED RSN TND., A SRRV AT L, 2 AXREDA ZBHEHORTIL, 74 BER
ROPNB A OPAIEE#EE (Inner Tangential Wall, ITW) 2, FEREOEET Y & LTk
BT OEEPTEHON TS (Parry and Kelso 1975, Sangster and Parry 19762). = Dt
& {3 silicon deposition”d % \ i “silicon aggregation” (AL TILLAT, = Otz 4
A BRILAE LIEE) EFEEN, LV DI AT ARENSE L LTEL OWERThNTE
7z (Parry and Kelso 1975, Sangster and Parry 1976a, b and ¢, Hodson and Sangster 1989a, b,
1993). Maitietal. (1984) i%, YT ATINT, RESMEITTHETMELE 70 B
WEDRE & 2BE ST CHRELIER? D, 7 BILEN ITW 2RI L <

WREHEEZ R Lz, Luxetal. (1999, 2002) X, A XBIYAH AZBNT, #



AMEBEORBHER LR LIERRNS, /A BIbEIT]) TR -T4EL 3
IROWERIREGE D b PO L BRI R T 2588, HB VL, 2) HEERTCEL
2, RDE LRI % Yy BENHT BHBEIC X > C, WM OmENEZEE LT
D ATRetE 2R L7s,

ZOEDE, BIEDOHENS, &4 BiEASEMOREEC S LTV B iR R
BRINTVS. LeLRRb, WTFNOBRE L IEMOREDE DIITE S S Y T
FEYIRBRFRET LR, 207, MR Bz hshado 2 ABEUMEIL, S 7 A28
Z<BRENTIZEETHS (Hodson and Sangster 2002, Table 1-2). THELME 425304 5 B
i, RV ASATOKKIC 1 hvb 5 I E 2 GFERICRET L2 uEn & 20,

4. AIFFEDOBEH

AR T, KA NV REETIZBPNIAEM DK LTI RIET & A B 0%
Z/KIRIR, K, KBROBAR» LRERITRETL, ZOEBMMIEREL T3
ZLEBAME L. HRAMELE LTIV AW A (Sorghum bicolor (L) Moench) % 3&IR
L7c. YVH LSRG, EAEOEIBIRICB T A EEEMTHY, TUOTHLIVY
Z I ACBNTHAOREERDON 80% 2 EH T3 (FH 2002). #g&HTFcE
CREBTOND Z &b, ZOMEMED AR T 2 ESHELEETHS.
WD, VT LFA FBHEBITB LT B Z Ehh, 4o BRI B 5520 b bl
WBEETHL L TFREIND. NOOBEEND, YT A, BRBOEMERICRT
2T A OFEMELRIET 272D OHRMEL L LTELTWBE VWL B,

AMETIZTETEHRRICE T, YA BRANKAR LA TFICEE T3 VLT A



Table 1-2. Summary of studies on the effects of silicon on abiotic stresses.

Abiotic stress

Studies on ameliorative Understanding of mechanism(s)

effects of Si of silicon effects
High temperature +D +
Chilling - =
Freezing + +
Wind ++ ++
Low light intensity + +
Waterlogging - -
Salinity ++ +
Heavy metals ++ +
Manganese ++ ++
Aluminium +++ +
Drought — =

Adapted from Hodson and Sangster (2002)

1) +++, ++, +, -; these keys mean considerable, moderate,

respectively.

.10-

some and little/none,



RETRHEE, WHEELAFAOBA»ORELE (B2E). ®ROT, DERRO
BRPD, FABPHEZRIE LI B2 DN ABNBE LR L, @RI 21T
ofc. RAMICH, H3ETEIARROBANS, BAEHICESY S TT, $-54
B THIROKERER L OEABEOHE OB AN, TN Ik E L BES RITTH

EEOHBIEICERZ Y TT, ZNFRNLITo-. FRROBREFZI T, B5=

o

T, YT LOTRAEIZ )i 2 A FRAIBIEIC RIS T 7 A Bl OB 2 A HgIc 2

T

217,

.11.



28 TRERZ FVARGTICRITE AT LAORHAER, KAFAZIRE IO

WKBEINZ RIET 7 A B D5

TABRIZITRE 2 DA LUHEY R b LR 2EHOmMELZR ES¥ 5
PMRPFED O TV S (Ma2004, Table 1-2). R b LADHIE LTI, EHEEE (Matoh
et al. 1986, Ahmad et al. 1992, Liang et al. 1996, Liang 1998), iR (Agaric et al. 1998b, [
A 1969, 1969b) , i@ Al (Larcher et al. 1991), = 7"k L7 A% (Jarvis and Jones 1987),
7 =7 LFEME (Hammond et al. 1995, Galvez and Clark 1991), #%/EE (Datnoff et al.
2002) 72 EVBFEFOND. £, ZOX DR PLRIIKT B EGUER ESRIE, A
FRHEY) (FfE 1987) IZIR BT, 2 DL OBEEH THR W 5TV % (Adatia and Besford
1986, Kanto 2002). & H (1965) i, 4 RENDF A BOKTONEERLEOREL X
Oi%7a &, ZRBIRORMICINT, ROV Y A SV E LTERSND Z &b,
TA BT ENTEBMIREETHEZ LE2RB L. F0RY, B LER ML
AEHUER ESRIT, S A BOYECENREBIC I EEX LN TV, Filx,
HESLAEOWEDRAEREOM L3, EHRFICERE LA B X 20BN
BICERT 2. £, T M) U ALFURERA T CHT BTHEDR LI, MM EA
HDVIFHERICBNT, A BEEFN L DA T EEEEAZRET LTREMET 2
ZEWERTLEZEZONTEL (BD 1998, Yeoetal. 1999). L2xL7272% 5, HFZEH
ELITHONT, 7 A BN AETRAIBE I E % RIT L TV AEHIS R E N T E 7. fil 2,

A DV AGRETICERT B vEBER DOiEMED EF (Liang 1999, Schmidt 1999) <°#Hi%E

.12.



R OMEEHFRIZER U2V RIREESE (Zeyen 2002, Rodriguez et al. 2002) 72 &7
RHESNTWD. INOOHEL, FABERAIZL DX bURRER RIS, £2<0
AR L OB FERIES LT 2 TRetEZ R LT 5.

MRCPEN S AE T 7 A BERE S R DV T ORISR, T & CTH S E NSRRI D4
BERPETONTELD, SITEFRRICERB LA BOMBHNREETHI L5
ZoNTWiz, TR2bb, FABERAIZE 24 XEFDOKRT Vv VHERIRIL, 3E
BREWCERSND 7 F 7 5- Y W _EBNREOFKELET I, BRI F7
FERBOIHI SN D Z LICERT 2 EZEx 6N Tz (FHH 1965, MEES 1991). L
PULIRA D, Agarieetal. (1998, 1999) 1, A BEMEAIC X DA RO OEER
SR 7 ZADERTICH D L 2B L, A BAKILBAAOSEHICHEL R
EFTZ e eWmE L. £, Maetal (2004) X, EHRRIZFABBIERILIZW
EBEZBNDF 2T ) THEEMEERASRO b Z L2HBE L, ZORRABIKIL=
VEI B SADBINCH D L ERBE L. UED X DIZ, T BB SRR X
SDTRILIVE T F U AREBEE L Vo B EL RIETONEIREA S NI
SN TV,

T D FLME & fim 5 D12 1L, AT TR~z & 512, KBRO B2 b Tk Ak,

=,

KX DZENENIZOWTEIENICRTTT 2LENH D, 0L D REAND, AHFE
TR A BRBMERA S Y VT LD RETHEL LS EANCHE L, ZOAHENEESL
HONCT DI L2 AL L., MIROBKICHEY, RETIE, T/ BEAick

OMEAER EZNRB YN T DB N TREI NI DM EERNCER L TRIEL

.13.



oo RWT, 7 A BRIERZR 2 AR AERLWRART OBAL LA L.

MER L OHE

1. HEHE, BRERGR IO BOE

MHRLED RS 2 DY VT LGTE, bbb, et ATE Gadambalia & EIRR
St L FE Tabat & BEEB B & L CHV 2. Gadambalia (X 2 — & > DFERFETH VD, Tabat
FARA—=F U CHEBBRICER SN R THD. 28, MSMREIL A —F D Soil & Water
Research Center, Agricultural Research Corporation 7> 5 435 & #L7z. B BFEDAK R k L R (T
4D RER) B L OB 2R D&V L, Salihetal. (1999), Tsujietal. (2001) ¥k
U Tsujietal. (2003) X VEESHTWS.

W AT 2 W I BIERR & BREIRF R v 7 — EBREHERNIC B
TT>T. ZI9AF v 7Ry MZ15kg DERB ERZFEL, Ay MIEZT LI &
ANTHBLTHFICE ARy NAHEO EF 28502, BIEE LTER, VB, b
VOL%dRy P ZNEN 10, 1.0B8L 33 g AL, OB, B U TADK
BELTTrABIY O LE2MALZRE+SIK, b ) T A2 A LERA-SiKE L
T 4SIKIZBITER Yy MY A BERARIL 5.0 g ICHEY TS, MEERIIEEE
BEBAWT, MgO, MnO B XU B,0; %, ZHLFENRy FY7b 315, 675 BL U675
mg AL, BV ULARKRICER T2 0BERXE O pH OZREZHIET 5725, ¥

ARIREAWTEEpH 2 76 I L. YNTLBTERy 47D SRIEREL, &

-14-



fEt% 12 A BIC 1 EEICRMEI . BRE% 23 BEIC, +SiIROFHRy MerABy ) v
LK (100mgl") ZKIEE LT 100ml B 27, Si RICIIEBOH Y 7 A5 STl
B YU LERE 100 ml 5x 7. WTROKEIRS pH & 5.5 (ST L% Him LT
HEMEITEEZ S0 BB ETHRESEE.
2. KA ML R4AH

R 24 BB ETHO2MEKEITY, BE% 25 AEPLKR ML ALEEBIEL
e, Tiabh, KA MVALE L L CIERK SBEK &0 TABREZ®IT, FhER
THREKILZER 003 8L 1U00.08gg! ICHELE. By hOHER@IC LT L I B
SNETTRT 4y s o— M elE, HEREALAEUDASBEELIME L.
3. MARGEEE, HEMITR X OUKRIRZ%E

HEHOEE, RBORE, KL &7 %0 23 LUHIARIIA CO, BEE 4, HEsmI A
PR BRI E S (LI-6400, LI-COR Inc., Lincoln, Nebraska, USA) % FAVNTHRIE L=
HERBEEFEORETLUE 3 MOTLERELHRE L, S ThH-oHEER 9B
LU 40 HEDRH 10—-14 BEORIZIT o 7=, #HE 46 B B D 10-14 BEORIC, YAk
AEICHLEEEEZRRE LT, Ly v —F % 23— (Model 1000, PMS Instrument
Co., Corvallis, Oregon, USA) # W CEHKRF v L E2RE L. EEZ 50 BEIC
MR DOINEZ T~ 2. HEEBIIIETmAET (AAL-410, HET, ) 2HVTEEL
. BMEIE 80°C T 72 MERLL LR S W IR L. BALER L b AT 3 Mk &
L.

KA M RHIMT O EEROERERNT 5720, KX b L ARERIZICHT 5

-15-



MBS L OFEIEDOEIZE SO CTREMFT 21T o /2. M AEESE (Relative growth

rate, RGR), #E{L3R (Net assimilation rate, NAR) 35 X UEEFIfEEL (Leaf area ratio,

LAR) ([ZLATORFERZ AWTHE L.
RGR = Inw,~Inw, @-1)
=1,
NAR=Y2"" InL,-InL, (22)
L,—1, L,-1L,
LAR = Inw, —Inw, L, -1, (2-3)
w, =W, InL,~InL,

ZIT, wy BEVL ZENZNRM 41081 2REME (g) LERE (m») THY,
h BEU 6  ZENENKR DL RAOBEBBRIAATH B L OKR MV RNEZKE (%
SOHE) &Y.
il 49 HRIZ, ANy FEOHBELZRMEL, Ky PALEART 2 ABLIO
HAIREMOI Y ABEEO BB LM Ls. THART v Vi3 k& B
(1983) |2 & 2 B ER O KSR 2 FVT, #y PRNEERO-EE KA 6B

BT
KA v 2B TR O KFIfZNE  (Water use efficiency, WUE) 1%, LA FO= % A

WTHEH L.
(2-4)

W, — W,

WUE =
SIT, T AR b LRI R AR A R T

.16.



4. TABRRE
+SiKE L U-SIKDENENICIB VT LD RIS 7 B GEE N &, BoKFRELE

(Nonaka and Takahashi 1988) iZ LV EIEL7Z. T72bb, 00mEFDORY =F L 5
HFC, FREBERNLEINL7210g OREMI %260 mOKBEKEREL, 40CIHFE-T=
A rFa =N BRKE L. —BRRIC BB M BBRELZT ) 7T TV
—EIZ X DRIE Lz

LML DELRAED & 1 BRRE T Lux et al. (2002) - TRIE L=, T72b
b, LALEMLOE RSN H & 5T L, 19300 mg S00COBR v 7 MIFA TS5
R ELEURAL L7z, IRAE#%, #9100°CIZANEL L7=HCI (1:1, 10ml) " CEAE L, HCIHBHEK
FETDETMET 2 TREZ3EH VR Lk, HFUHC (1:1, 15ml) %1% TH100CIZ
MEAL, T ABEEERNT FAVT v 7 No6TE#KEZ VTR Lz, BRICE--W
L, BRI EHESDIZIZAN, S0CHOER~ v 7/VFETS BEKIL LTZ. REtES
DIENILE TV ABEEZAEL, R L -EHECESE, Y BRELXEH L.
5. BUEHARHT

FRERERITI B BB TR L O E BRI & 0 BRI ART L7z,

MR

L 385 L OSER O 7 A FEIREE

ST W OFERME T o BERLIREE)I3-Si KT 211 mg kg o+ Th o 7228, & A fefi
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ICED 306 mgkg' BTN L7z (Table2-1). FEHITBIT 57 A BEIEITAKX b L
ASUERDAF TN 200 b A B FHIC & o TN L7 (Tables 2-2 and 2-3). i FEE T
BT A BRRECAERERETRD bhizh o
2. WEREDN

KA bV R ERBAERT DR EITIT T A BREAOREIRD oo (F—%
FEARE) . KA NV RALEB AT, FEWHORTE OETICHE > Tr A BEEAZIRARD
Hivie (Figure2-1). #&FET% 50 B BICRIT BEMEIL, BMRKOY A BRI (+Si/dry
) THE, BUREK D & A BRI A X (-Si/dry K) 12~ I HEN L7z (Table 2-2 and 2-3).
T2, -Sidry RKICB T 2 B EIL-Si/wet KIZEEBE LT 77-80%04> L7=DIzxt L,
+Si/dry K DR EI3+Si/wet RIZELER U T 53-54% DI & EE o7, BEE T A
FEfi A O S TR EIZRBIIR Y bR d o7 (Tables 2-2 and 2-3). &7z, -Si/dry K
W R L CHSi/dry KT B I B3/ T (S/R) Hed3 Ao 7= (Tables 2-2 and 2-3).
TE X T S/R LR 2 & A Bl FH O B3R B o o, PAE O bt 5 7
Il L TRD b, # EEEMEIC OV Tid Gadambalia 23R0RCHARER & 1 B
BEERLIE

WX T, 7o BHEMIL RGR ICHEE RIF S 720327 (Table 2-4). H4RIXK TiHi
PRI LB LT RGR A5 LTas, &4 BHiAIC X » CTRAOBESFECBRE s

(Table 2-4) . LAR r+Si/dry Kz Hbis U C-Si/dry K THIAN L7-. BLE oo fdi i SR iz

B L TRD b,

.18.



Table 2-1. Silicon dissolving capacity of Tottori
sand dune regosol.

Silicon dissolving capacity

Treatment . .
(mg SiO, kg dry soil!)
+ 8i 30,6 +0.8
- Si 21.1+03
Level of significance i

Data were obtained by flood extraction method
and represented as means and S.E. (n = 3).
** . significant at 1 %.
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Table 2-2. Effects of silicon application on shoot dry weight (SDW), root dry weight (RDW), total dry weight
(TDW), S/R ratio and silicon concentration (%) in leaves of Gadambalia.

Treatment SDW (g) RDW (g) TDW (g) S/R ratio Si concentration (%)

+ Si, Wet 43,930 2502 69.0°2 1.76 8 1.852

- Si, Wet 374¢% 2262 60.02 1.662 1.09b

+ Si, Dry 19.2°% 13.1° 3220 1.502 1.56 #

- 8i, Dry 8.6 3.7¢ 12.3¢ 241% 0.61¢
ANOVA

Dry *%kk 2) % ok k sk kK % %

Silicon * * * NS. ok ok

Dry * Silicon N.S. N.S. N.S. * N.S.

Data are means of three replications.
1); Different alphabets indicate significant differences at 5%.
2); ¥** * N.S.: significant at 0.1 and 5% levels and not significant, respectively.
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Table 2-3. Effects of silicon application on shoot dry weight (SDW), root dry weight (RDW), total dry weight
(TDW), S/R ratio and silicon concentration (%) in leaves of Tabat.

Treatment SDW (g) RDW (g) TDW (g) S/R ratio Si concentration (%)

+ Si, Wet 38821 3272 715 125 2.032

- Si, Wet 36.0 2 3382 69.8 2 1.10 % 1.09 b

+ Si, Dry 14.7% 18.0% 32.7% 0822 1.59

- Si, Dry 9.30b 6.4° 15.8¢ 1.44% 0.98¢
ANOVA

Dry *kk 2) *okok hokok N.S. N.S.

Silicon NS. N.S. * N.S. **

Dry * Silicon NS. N.S. N.S. * N.S.

Data are means of three replications.
1); Different alphabets indicate significant differences at 5%.
2); ¥xx % % N.S.: significant at 0.1, 1 and 5% levels and not significant, respectively.
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Figure 2-1. Effect of silicon application on the growth of sorghum
under dry condition. Sorghum plants (cv. Gadambalia) were grown
in silicon applied soil (left) and not-applied soil (right). Plants were
47-day-old (22 days after the initiation of the dry treatment).
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Table 2-4. Effects of silicon application on relative growth rate (RGR), net assimilation rate (NAR) and leaf area
ratio (LAR) during the dry treatment in two sorghum cultivars differing in drought tolerance.

Gadambalia Tabat
Treatment RGR NAR LAR RGR NAR LAR
(g g'day") (g m?day’) (x10%m?g) (g g'day") (g m2day)) (x104m?g')
+ Si, Wet 0.157:1) 28.32 5592 0.1602 29.4 @b 5508
- Si, Wet 0.1492 25.1% 59.53 0.1712 3438 51.12
+ §i, Dry 0.126% 21.3% 5958 0.127% 2420 52.7
- 8i, Dry 0.083 ¢ 10.9¢ 76.5V 0.106 ¢ 15.0¢ 70.6%
ANOVA
Dry *k%k 2) sk ok %k %ok ok *%k *
Silicon *okk ** *ok N.S N.S. &
Dry * Silicon *ok * * *k * *

Data are means of three replications.
1); Different alphabets indicate significant differences at 5%,
2); ¥*x %% ¥ NS significant at 0. 1, 1 and 5% levels and not significant, respectively.
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3. WAREE LR XI5 R

KA BV RIZE D NAR DB, 7 A BEREA I X o THEICER S 7t (Table 2-4).
LA L7225, BEK TiE NAR (27 A B o EIIRD bhizdof. B 10-14
REORNCRIE LI G BGREE, ARBORE, [RiLa ¥ 7 7R, -Sidry Kz LT
+Si/dry R THBIZHE o7 (Figures 2-2 and 2-3) . -Si/dry RIZEBIT AT HE D87 A—
# (3-Silwet KD#) 30-40% @ Eixdso=dlzxt L, +Si/dry K Tid+Si/wet XD 75%LL
EEMER LTV, GIZiL, KA PLRBIO A BEAOFEIZ L 5EBITFED LN
o to. LLEOBR X SREICIE L CERY 67z (Figures 2-2 and 2-3).
4. KRIAZIEIL L UKSIRE

AFIAZIREWAEL b, BEXKE Y bEREK THEEICRP 2722 (P<0.05), RiE
KB LI PHEREDOWTNIZBWTH 7 A BiEHOREBIIRD bhieh o7 (Figure 2-4).
THART v ds LUFKBOERRE O B 2{kiX, +Siddry K &-Si/dry K & T2 5680
%7~ L7z (Figure 2-5 and Table 2-5). 472 b, +Sildry RO EHEART & v /L, 9-11
W 1E-Si/dry KICHEBE L TRRET L, 0% 13 BLIETIIRELETFTLE. Ll
RSB EFKRRT e VBEWVIC S 230 b, +Si/dry K TiE-Si/dry RIzbel# LT
MVREGEE 2R Lic. BHART ¥ % /Uid+Sidry K &-Sildry K& OB TIRRAEE S
EZREIBD NN 272 b 0D, +Sidry KiZBWTh I #EV MEA %77 Lz (Figure
2-6), BEXTIIERE XY LIEEKRT U VRED T8, A BREOKEX
W bNphole, THKRT vV, BBEESTHKRT vy Lo B EIZH

OISR B TH o .
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Figure 2-2. Effects of silicon application and dry treatment on net photosynthetic rate

(Py), transpiration rate (T), s

tomatal conductance (g) and intercellular CO,

concentration (C,) in the third-last fully expanded leaf of Gadambalia (drought tolerant
sorghum cultivar). Data are means of three replications. Different alphabets indicate

significant differences at 5%.
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Figure 2-3. Effects of silicon application and dry treatment on net photosynthetic rate
(P,), transpiration rate (T), stomatal conductance (g,) and intercellular CO,
concentration (C) in the third-last fully expanded leaf of Tabat (drought sensitive
sorghum cultivar). Data are means of three replications. Different alphabets indicate
significant differences at 5%.
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Gadambalia Tabat

Figure 2-4. Effects of silicon application and dry
treatment on water use efficiency of two sorghum
cultivars differing in drought tolerance. Data are
means of three replications. Different alphabets
indicate significant differences at 5%.
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Figure 2-5. Effects of silicon application and dry treatment on diurnal changes in
transpiration rate per unit leaf area and soil water potential in Gadambalia (drought
tolerant sorghum cultivar). The soil water potential was calculated from the weight of
pots. The transpiration rate was derived from loss in pot weight and total leaf area. Data
are means of three replications. Vertical bars represent the LSD (0.05) for each
measurement. PWP: permanent wilting point.
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Table 2-5. Effects of silicon application and the dry treatment on leaf area (LA), water uptake (WU) and
transpiration rate per leaf area (T) during 9:00 -13:00 in two sorghum cultivars differing in drought tolerance.

Gadambalia Tabat
Treatment LA wu T LA wuU T
(m? plant-) (molH,Oplant1h1) (mmol H,O m2s1) (m? plant-1) (mol H,0 plant1h1) (mmol H,0 m<2 s1)
+ i, Wet 0.249 2D 4792 5352 0.259 2 4402 4.73
—Si, Wet 0.242 4400 5.07%® 0.243 2 4100 4,682
+8i, Dry 0.105° 1.65°¢ 436" 0.093 1.42°¢ 4232
—Si, Dry 0.066 © 0.644 2.70¢ 0.072 ¢ 0.754 2.90°b
ANOVA
Dry kodok 2) *kok ok Fokk *kokk *kk
Silicon *k Fokok *¥k * *kk *ok
Dry * Silicon i * * N.S. N.S. *k

Data are means of three replications.
1); Different alphabets indicate significant differences at 5%.
2); ¥¥x %% % N.S.: significant at 0.1, 1 and 5% levels and not significant, respectively.
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Figure 2-6. Effects of silicon application and dry
treatment on leaf water potential. Leaf water potential
was measured at 46 day-after-sowing (DAS) with the
same leaves for photosynthetic measurement. Data
are means of three replications. Different alphabets
indicate significant differences at 5%.
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EE

A RIEEEPICBBRIRNTERIFET IR THD. LiL, FAROEF
DL EHE LTHFEELTEY, EOBRIRTE 2O T A BRIZA . RERIC
BVWTHLRBORINAIRERTERED 7 A Bk Y VT LMRE e LICRER, YT L
F0E DI ABEERIL L7 (Table2-1). +Si/wet X & -Si/wet X & O THEMHEICER
BREDLNRNSTZ Db, BBAEKET TR AMBIIRFICEELZREST, b1,
Si RKICR LTHY vb b & bichR SNERITIE, YT LOKRE 2 #f§ 51ER
Aol EWRBE N, AR T, FABEMMEIcEAT 228 T, KX b
VAT OEMEERNEMNT 5 Z LR Sz (Tables 2-2 and 2-3, Figure 2-1) .
IOXHIE, BBEGTIES A BEROEENLLNT, KA MVARET TOREE
BN A BEHERZIR BB DT &b, A BRIIEMOMAREICBEDL S#ER D
FTh, FICKR P L AEZBETIZEPNIEHEICEEL L T 2ERICREZ RIFLT
WBTZ EDRBENTL. LT TR, FABRED X S RBEL I U CHMAEEH DOWE
CEERL TW20OnERETT 5.

KA D VAKGET TR, 74 BRI X - CEHEH B L7 (Tables 2-2 and 2-3).
FERFENT ORER, — DEMEORMIL, +Si/dry K RGR 23-Si/dry KIZEE L TV 2
SIZEA LTz (Table 2-4). % LTHEV RGRIZEV NARIZ L D & D TH o 7= (Table
2-4). -Si/dry K TiE+Si/dry KIZH#: LT LAR 8@ M- 7225, 0 LAR OB EY

AERICIIREBFRIF LTV AP T,
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Passioura (1977) W& XauiE, WMpoEMmAERIIAFAZDR L AERE (FREE)
ORECHRESND. AT, ML bIC TR X > ORMAZ R A E L7,
BEK S L USRI BT, 74 A KRIARICRIETRRIIRD O
mote (Figure 2-4). ZOZ &, +Sidry K TER SNWEEROEMAS, KH
AR TR ANBROEMIBER L TWEI L E2FBRLTWD. $72bh, +8ilK
THAR FVARETTORAI U F 7 Z U ABED o T2, REBEE &OEE BEE
RELHEHFENTWEEE b (Figures 2-2 and 2-3). RILa ¥ 7 & AT EIL
# 5 DASIREBIARET 2720, UT TR ABEANED X IR arF 7 ¥R
WEEE FIE L0 e L.

AR ORI 331 2+Si/dry K OZBOEE 13-Si/dry KOZHUZHE L TR
7= (Figures 2-2, 2-3 and 2-5, Table 2-5). -Si/dry RIZHBT 2R DAKKRT ¥ VL, H
33k #-2.0 MPa £ CIEF L7 (Figure 2-6). YV H AZBWTITEHE KR T ¥ v v
7320 MPa fHiEE CIE T2 L QILAENE - S (GED 2003). AZEERTII+Sidry X
DEZHART v % ME-Siddry K &L 0 & < 72 B8 % 7R L7z (Figure 2-6) . Z O T & i
+Siidry KT, KA R VRGBT TY BHFOBEWABERIZAS > ZBABTHIT
WEZEERBELTEY, IAREGKRET Vv VOBERET &, ZHIZHE-TE
CAKHMEEAMEI LWL Ex bz, T72bbh, +Sidy KRTBEINZAENR
Lav gy xR REEEY, BAEED LRICERLTW=Z LamRshi. K
AEED LR B LEERO—>E LTI, SR ERMELR-LZEBREFLND

(Tables 2-2 and 2-3). +Si/dry KI5 % SR EEDETIZ XY, FEEBEH Y ORKE
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%ﬁ%%btﬂ%ﬁﬁ%b,i@%@miéﬂmwﬁTﬁﬁﬁéhtfﬁéﬁ&%i%
n7- (Sperry etal 2002). £7, & BFEOFIEHIE O IFHEY K OKEERERIZE
T AEAKERICEBEE XD ERMbNTEY (Passioura 1988), AKRTH /A B
Wi FR DS BRI A M U TR AKIC R S X TR L E X b D, KA b
VASBTICRINR, 20X A BEBASNROBIELZHALNIT 5720, &
b B EBARRMRIIERLETHS.

b A BRI & 0 AR EOEEE A ER L7- (Figure 2-2, 2-3 and 2-5, Table 2-5) &\ 9 A3
BROBRIL, BEOHE L —HK LRV, BEOCHREICBV T, 1 RICx 27 1 B
i, RERRNCET B2 Fr 5.0 ) H ZEBOBREN L TES Db ORB LB
S, EEARET VU RN EBHETHLEXLN TV (FE 1965, HEEDL 1991).
AERIZBNTY, YA EBERAICL-TrFor 7-v IV _EBHERSN, 7577
EEOME SN TOETREEEZONS. L LD, BIEHEMTH S R
LT, BRHMEEOY AT LTI F7 SBRb LB ERELTVWDED, 7F7TK
BNEE ) O ORABBICRIETHEI NS eBAXOND. £OTD, 7577
REDOFANT, A BRI K ARAKEEICERT 2 [RILEBROEMZ &> THTHHES
NieeZxbhs.

AERCIEIMEHEDO RS HMED Y AT LR L2, HEAKR L RTXHT S
IS, SR e X, FIRZRZERSERD b 72d> o7 (Tables 2-2 and 2-3, P<0.01).
Salih et al. (1999), Tsuji et al. (2001) 33 & U Tsuji et al. (2003) 12[E) U = ghFED 2 VA LI

DT, AR b L REMICRT AR L ORIBNRGEOERERE L. BIEE
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BT T, HBVIREROKRE VB EZ AW TUTh I b O RRERIC LT, mdasfl
R OTHEME D RIT T HREEH» b ORAKBICER T 5 2 LB RRSNTND. AE
Bz TIE, ERICAVWERy hoRESB/ NS <, REPHIRI L TWEED
o, BRAOEHMEICER T Z2RIITHHEh, MAE L bRAERZKOREIRTCTH
ote, FOTY, AEBRICBWTIEHAR b VAR T TORMEEIZMERZRNE

LNt EZOND. AERICBVTH—EBE SN SHEMZERIISR KOER
Thofc. Tabat £ Y b Gadambalia T S/R iR & 22072 2 & 225, Gadambalia % Tabat
(el L CEEE D 7 ) OREREES/NE o7 THAHH (Tables 2-2 and 2-3) . ZREGE
BRI BV TIRIER U Th o7 (Table2-5) Z &A2H, Gadambalia TIXHNZIRE
EAEY 70 OWAKEESI D Tabat &V bW EEX bND. FABRERIIE T 2REICD
WO, SRR TIER o7, L LR, KR NV AFET TOEME
ERELEMEED L0 A BEADRIIAEICED LT b7 (Tables 2-2 and
23). TOTZ B, BARYATLGRBIIENT, KX D VRAFET TORMEEDRE

MER2ET, FABOERPAEHTHD I EE2TRRLTND.
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W

Z— K VIBRBED YA L2 5T (A% Gadambalia, HARHEZNEMTE Tabat) %
DEEEE L, TEERA R VR LS A B OFEREE OREICKETREICOWVT
%ﬁbt.:ﬂ%w%#KﬁTézﬁﬁwﬁmKﬁﬁim&<,&T@EDT%ot.
Firbb, TEERR N UVASKMET T, o BEAEEIERABERICES, A Y
A L AEMAEEORS BB ENE, —F, TEEERI N VADRVEAET T,
A BORAPERIIEED b ole, TREHRA LV AKGTTIE, 7 BRiEA
(B i3 S P B RV BT H B M TR, MOKEMRES NI, T, 7
A BRI TEEER P L ARET TRV 7 Z U ABE MRS, A b
LRI & BB R R L USRERE DR TP Rh o 7o, AFABRICONTE, 7
A B A T 3 B SER IR bR o e MR & THUKRT v oy L0 BE
A3 &, 4 A BEKE FE (A 1 S 0 8 (AR S R K R 2 TR AR T o v p VRIETITR W T
LR TE DD LR LE, ZNbDREEND, 7 A BICIEY VA LORIKEES &
FERBAZLERBUT, TEEHR N VR X BEHAERERN OKRT 28T 2R

LR N NV Y g Wil
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w38 BBEER DVARETICRT 2 YN AOFRBOEEE, BAEGR L ORAKHEE

WCRIET A BRA O

W D FRBOR BE 1L — AT IIEN — RRF O KRR OB ERIC L > THESND
(Kramer and Boyer 1995). 7-7° L, Mi#h OB IT L8 — M — K&#E KR
(Soil-Plant-Atmosphere Continuum, SPAC) #EHT 2729, LEHEMEZ D DK
DFENICHTBEACL > THORESNBZ LW ORERH S, EEE, SPAC h DK
nicxtT 2 BAEH S EME DI EE L, RRCBVTEOERAR W Z LA ER SN
TW3 (ER 2001). #i2, MBRTRECEBARZRY, REORESHFETRVE
T CIRAEDEOEIN K E <72% (Passioura 1988).

BTETE, KA M VAR INEIAT A ABERBTHZ8ICE 5T, BHOD
ARRZBEDSEMEND & L BVICRBEESCRILIVF 7 Z U ARHER S, R ERE
BADKRTRBRBENDZ L &RLE., 22T, VA LAOEDELZEMSEDL 7 AR
DRAZED, KR PV RBRSNEBGAICOLBEINIZI LIIERTNETHD.
IO iR, AR FLARETIRBWTY LY AOREZEETHIER, T72bbilE
ST 2 KDOBISHEDS A BRI L > THEIND Z & T, WAERENF <
HREINDZLERBLTWS., ¥ ABEHA LY VA LTI, FABREZER L2
STEEATATERVEESER LB CRBVTORABAETH -T2 b,
KA DL RAGMETICBIT B EMAEEOREER & 72 DBAKEAB 7 A BIZ L > THE

THEEZ BN
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i, WEEDSBEET I v/ 2 () BEFREBCHD &FnE, T o5
DAETF VU wNVE (ENER gy & ys) B F 2B T 2 (driving force) £729,
FOLEDFERRD L ICRTENTE D, $7205,

Fzﬂifi (3-1)

- 7T, RIZHEHN OIS E TOKGEERIR T BEAEHEZ R FHOKBRESE
ZCH, TEH»LREEE TOABEICK T HIEANEE TE D7), RITHEBDEHO
SEFICE L 2D, ZOREBLETSZ LT, B2 MMM CHEBETOKDOEY L
FXEHBTHI LN TEXS (Hirasawa and Ishihara 1991, Tyree 2003). —J7, ZHIC
¥ B KA BLISHE & WAKEE DR E LEFATRB VT, THOKRT v
REAIETT 5. FABICYNAVT LORKENZEDDHMRBH D LT, KA B
L AL T BV CEAEFESME  HERF SN TV RRBERES X 6N D5,

7 ZTAETHE, rABKERABEEEA ML AEETICRET 5 VAT JCRIETH

W KB & RAKBES OBLAN ORI LT, X T, F2EDELITEV TR

D b, BEDHOKBRICEIT B2 F 7 FRHUOHEBCOVTHERET 1.

WER X O HE
1. bt et
RECIFoT-—EOERTH, HPREE LTE 2 EBCTHWEMEME Y VT L dfE

Gadambalia % i3 L 7=.
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2. BEBEER MV ARBTIZBIT 2 I VA ADiEKED

1) RN

Gadambalia DFET ZRFRESEMT, 30°CT 20 RERMIEL72%, #HRE% 3 BBIC, 14
A L 72 Hoagland and Amon KEHE % 77 2AF v 7Ry b (FE3D 2= L,
BEATEE L. Ry Mooy 3fEEk s Lz, BE% 9 B BIC 1/23EE, 12 A BITE
HERREE & 72 D & D ICERIBAOITK PR OBREE A FE L 7. #ETEX 16 B BICoEM A AT
K= (type GC-A, Fuji Electric Co. Ltd., ¥R) ~BEIL7z. AIKKEZJERER LT
HRMEEZZNZIAT 28C, 40%, KM 23°C, 50%& L7z, H& 14 K¢, i LT
BRI A NAR BB TFHEEITH 450 pmol m? s & L7z,

2) T ABLAEE LUEZEEA L AN
BREZIBANOAKRBHRP O A BEORER 0, 2.5, 12.5, 25, 50 ppm D 5 B
Hil7., T ABBEOFRETIEB LEH (1961) OFEIZHEY, LLTOM®YIiTo 7.
T, FABT ) ULAGEKR FoeMEIERRSH, KK 2EZBKTHRL, KRV
T, BA A5 Hkiils (72 8—F 4 FIR120B, ANAH /HRRE&H, BR) ZFkEL
AT LEBBIRTHR) VAL F U ERELE. ZOREBIZAEKTHRL, BT
EDRE L 725 X 5 ICHFQBE OKEHRI IR Lz,

BEZ 15 BE»D, RV TFL 7Y a—16000 (PEG 6000) (Foyeslisk T3m
Rft, KIR) E2ABHRICEAS L COHEMICERBER NV A2 527, BEEA LR
T3, #%f% 18 B B ETEZNLUBOKBHROKRT ¥ Vi, ZZEh-04 MPa

BLU06MPa & L=, dBRTIE, KEHKIC PEG 6000 N2 20 » 7. FOBXIZ
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BPNWT, FTABBEZ L3Ry M OREEZRITE.
3) AR, ABURESR X OEAKERORAE
HRE 30 H B OMBARUTANC 7 F 2 FERBGEE (To) %, £, BARKTE 6-10FF

RICBIT D HEBEE (Py), KRILav &7V R (g), REEE (T) 2#EFEXA

o>

R O BE I E 3518 (LI1-6400, LI-COR Inc., Lincoln, Nebraska, USA) & AV THIE L 7z.
BEL, R ERBREEAXNR L L UTo 2. BEXI BRIV M BIREO0 38X T50 ppm
ROZNENICINT, EBORE (T) EEFKRT v r e ztnZnHlEL, (-1
R bR OB AKIEFEZFHH Lz, KRR OWERE IS TEWIZ®, @K
DHETIE, HBROKBEOKRT vl ywk 0 EIRELE., £, KRTF ¥
P VOBEECH LEES NS 10 em> DY) —T7F 4 A7 28BL, BHOU v 7 ZARE
DREWCHLZ. Uy 7 RBEDORIEL Bames et al. (1996) OFEIZE -T2, 7720
L, £F, V—=TF 4 X7 10em’ &7 nud/Ls 10 mliZ 60 ERES Y, Dy s A
PR LEZ. ROT, 7 R T w7 Nob IERERAVWTHEEEZEGL, BIETTY
OO gL AR FTRICERRE S, ARAMBOMEREROEIOEEEHIIV U v 7
AREAZBEM L. Uy 7 ABEORIER, HiEMEZIEL, 80CT 72 KLl LR
BLUTEMHEZEH L. ZNOORETORMEILI & L.

3. BEEAR M VAKBETIRBITSD VT ADKPK

1) BkE4itE

Gadambalia fEF % 30°C, BB T T2 FFREIMIF L, %4 BEIC, ATRRE

PICBEIL, BIROBEY AR 2iTo. ALKSETEERS L CHEARELZZN
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ZnHH26C, 30%, &M 20°C, 40%& L7z, B 16 B, BEmEICEIT 2 A AD
Y EFHEIIA 350 pmol m? s & L7z,

2) A BB I UREEX b L ROE

BREX 11 HRD2D, KBHEF 7 A BIREZ 25 ppm ICAE L= A BEEAX &, 0 ppm
CLETABERAXE D2 DBRERTZ. 2R, MABRRICBWT, KEHE
DKRRT v Vi 3 BFICHRE L. $72b5, PEG 6000 % KEHKI\CIRE L TARH
BOKRT 2 V02 BL T -0.4 MPa \ZFFE L7- 2 MBI &, PEG 6000 &M% 72
Moo BE & D, F3ABXA2RITT-.

3) ZABOEE, WOKEER X UKINK

BEK 172621 BRI T, FLEBRMALENEN4BEERDHL, REEEL
Rl CRELRL DAKBHE Z M7z L7 AR Y =F L o538 (B S500ml) ICB L7z, 2 DORF
ERVWTUTOX S ICEABBLUOBAEEZBE L. T72bb, Figure 3-1 138 LT
£91Z, KPR I UEMEOEEEEZTNEN | DB T 70 2MEEL, ST
DA VTS 72 ) ORBOEE (T) 38 X OWRAKEEE (U) 28 H L7 (EBF S 1999).
U=ArAu

T=A+Br-(Au1+By)

KL, ABEUBIL, Mt 2REOBBY 2K T (Figure 3-1). HIERFIHE
BN & 0 AKBHERE 2 b OERBEB S L LB, T2 Y AMRTHIEL AT L2 BoT
ATKHENORIC & 5B 2 B L7, FREEE R & O AGEEE 3 37400 b BIER 44

B30 S TIHERE LR 2R Ui, BIEKR THESICHED A2 INHE | CERRERS &
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Light
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Balance A Balance B

S S S
Figure 3-1. Schematic design of the measurement

system with two balances for the determination of
transpiration and water uptake.
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UHREZRIE Lz, REORER & OB ITEMIEREH ) TR L. HER 23
HBIZAMERE MY OSEMEZ I L, i EREmE, EEEES LORREAIE
L. BHIEE b4RELE L.

4. GEEHRAT

AP ERE B ZInE B AW R L OB BB ERIC & Y RERICART L7

P S

1. SARGHE, REGEER X UTKRT vy WMCRIET 7 A BRI O
FABKBITREER NVAKETO Y NVH LAY ELEMS T (Table 3-1). %
=2 ORI, KBHE T & A BEYEEE DI £ - THIHE & 72 o 7= (Figure 3-2, Table 3-1)
¥72, BBEER b VAR ENRD o ZBEE, A BIEAZRPTED e Tz,
B HICHIE LI A OB, RBOEER L ORI a v ¥ 7 ¥ o A TR E L REROEM
ERUED, 7ABRIRE 25 ppm M ETHITHICR BB A LN (Figure 3-3). &
T, A BBEChID LY, KEREE LTIV ¥ 7 2 R EOBEREIIEIC—E
Tho7 (Figure 3-4). AEIZBWTHPICHE LEEEFKRT 3 v TH-05 26
-5 MPa TH oM, ZOKRT V¥ VOREATIE, EHKRET Uy reRilar
BU 2Rl QOBMRMET 7 A Bl A OB bz -7 (Figure 3-5).
2. A BSEAERICE TR

KER & A BEIREE 0 35 X T8 50 ppm KICEWN T, AR LB kHT v o b
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A) Not stressed

Figure 3-2. Effects of different levels of silicon in culture solution and
osmotic stress on the growth of sorghum. A) Control and B) osmotic stress
treatment. The values in the boxes in both photos represent the silicon
concentration in culture solution.
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Table 3-1. Effects of different levels of silicon in culture solution and osmotic stress
treatment on the shoot and root dry weight of solution culture-grown sorghum.

Silicon concentration Shoot dry weight (g) Root dry weight (g)
in culture solution

(ppm) Not stressed ~ Stressed Not stressed Stressed
0 41530 0.902 1338 0252
2.5 3.57° 0.72% 1252 0.20°
12.5 421¢® 1.18 % 1.14¢ 030
25 4612 1.62 be 1.40° 0.44 b
50 4692 1.76 ¢ 1362 0.45¢
ANOVA N.§.2 *ok N.S. *

Data are means of three replications.
1); Different alphabets indicate significant differences at 5%.
2); ** * N.S.: significant at 1 and 5% levels and not significant, respectively.
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Figure 3-3. Effects of different levels of silicon in
culture solution and osmotic stress on net
photosynthetic rate (P,), stomatal conductance (g)
and transpiration rate (T,) of sorghum. Data are
means of 3 replications. Different alphabets indicate
significant differences at 5%.
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:En 6‘0
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Figure 3-4. Relationship between net photosynthetic rate

(P,) and stomatal conductance(g,) of sorghum grown
with different levels of silicon application.
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g, (mol H,0 m?s™)

0 0.1 0.2 0.3
0 L L] 1
;c:" © Without silicon
3 ® With silicon
3
3
2 -1t
5
=
E y =3.25x - 1.65
R2=0.5798
2 L

Figure 3-5. Relationship between stomatal conductance
(g,) and leaf water potential of sorghum. Data were from
Experiment 1; sorghum grown with (50 ppm) or without
( 0 ppm) silicon, and Experiment 2; sorghum grown with
(25 ppm) or without (0 ppm) silicon. Data from sorghum
grown without silicon are represented by open circles (O)
and sorghum grown with silicon were represented by
closed circle (@).

.47-



i, BBER PLAIIBENTZ & TET LA, 50 ppm K THE T ORED /NS D
57 (Figure 3-6). 7=, XBEXTIIABRERIBD bRz, (1) XAV
CHEH U BAESUE, & A BRI E 0 ppm K TIIBBER bV RIZE - THMLT. Xt
BE9IZ, 50 ppm KT A N L ALMET CHxBK & REREDMEHER L Tz (Figure
3-7).
3. FA MK JIET

R S 7o 0 O AGEEE 1 X OVEBOHEEE ORIF L% Figure 3-8 IR L7z, MXHET
i LTBE, rABEAOEEC»HD LT, BEEX FLRICRENDEILT, R
A3 & UBRBOEEE A L (Figure 3-8). ¥7-, -02 8 X004 MPa XTI, 71
AKX LV bR R B TR ORENKE ot BREMIZ OV TAIEE L
B AGEEE IV TR O KIZ W T b EICITE—EOME THER Lz olost LT, Ko
BB A b L ARICR THIR L, BARACRKHRE & RREE TR LERICE
& L7 (Figure 3-8). WA HARBOEE 22 L3I< T & THH L BAERRH T
D OARINE I, A BRAR TR, MENBZE L QKR Ee, HDHVIEHT
ITIEDE % #FF LT\ 7= (Figure 3-9). —F T, 7 A BEMHAX CILREEAR LA
RIZBW T, BEOBB L & bItP a3 TV - 72203, BIESM ORISRV T
BOMETHE LT,

Hh EEEMERS L OREIC S, Wk & UEEORE L REROEm A Z b (Figure
3-10). Thbb, BBEA M ALETIIEWT, 74 BEAR TIHEHERS L UTR

EORLBERNS ot DI U, 7o BREHE A K C s REKIZHE L TARICET
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Silicon concentration in

culture solution (ppm)
0 50
~ 0
&
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g
5 2
3 a
R o-1f
bt
g b
E - [J Not stressed
oL Stressed

Figure 3-6. Effects of silicon application and
osmotic stress on leaf water potential of sorghum.,
Data are means of three replications. Different
alphabets indicate significant differences at 5%.
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(MPa m? s mmol"! H,0)

Figure 3-7. Effects of silicon application and
osmotic stress on hydraulic resistance to water
flow in sorghum. Data are means of three
replications.  Different alphabets indicate
significant differences at 5%.
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Figure 3-8. Effects of silicon application and osmotic stress on water uptake
rate (left) and transpiration rate (right) per unit leaf area of culture-grown
sorghum. Data are means®=S.E. (n=4).
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o Si 25 ppm

-0.2 MPa

-0.4 MPa

Water balance per unit leaf area (mmol H,O m2 s)

0 10 20 30 40 50 60 70
Time (min)
Figure 3-9. Effects of silicon application and
osmotic stress on leaf water balance of unit leaf area

of culture-grown sorghum. Data are means*S.E.
(n=4).
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Figure 3-10. Effects of silicon application and osmotic stress on
shoot dry weight and root length. Data are means of four
replications. Different alphabets indicate significant differences
at 5%.
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L. — 5T, EEMLIRE L ORI, 7 BRAOREITRY bhis o7 (Figure
3-11).

4. 7F 7 TEBET v I ARE

BETCHE LY F7 FRBEE R, BBEA ML AQEIZ & > THEREICED LT
B (P<0.001), 7ABEMERAOKEIRD bRM o7 (Table3-2). F7z, HFOHKHK
HEWCRT 757 TRBEEDEA Y, FABEROKEIRBOLN RN
(Table 3-2). EH U v 7 RBEIZ, HABREKIZBVWTOEL, FABRREDO ERICH-T
Uy 7 APEEENFDT BHERDED b, BEE AR b U RSRET TS A B A S

BIIRD b2 ot (Figure 3-12).

L5

1. 74 B% 5 xEEKCBIT 2BWAKRDORH

AT o 72 KHHEBR TIE, PEG 6000 # KHHRICIES L TEMMOBERT ¥y /b
PIRT&E, YT LORKEESIET S (Figure 3-8, 7/ BRERMAK). Ll
RS, A BEAROBEETE, RbRVEBEEA L A%E5272-04MPa K THK
KEE XD TNICET LEIGRE ahoTz, 28, AKBZORIEZ B L IcERIZHE,
b A BT DA H3 b b TIRAEE S RBOEE L BET L7 (Figure 3-10). Z
D—BFE R ET I, MR ERES AT LA~BR L7 & TRKREESHEZZIT

A U= mTREED B B, LEEAs-> T, MUTF TIIMEZBM L T b 30 57 LAEDOR
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Figure 3-11. Effects of silicon application and
osmotic stress on root length per unit leaf area.
Data are means of four replications. Different
alphabets indicate significant differences at 5%.
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"E 015 [0 Not stressed
; Stressed

‘E’ 0.1r

5

=

g 0.05

-3

Gt

L

0 25 125 25 50

Silicon concentration in
culture solution (ppm)

Figure 3-12. Effects of different levels of silicon in
culture solution and osmotic stress treatment on leaf
wax content of sorghum. Data are means of three
replications. Different alphabets indicate significant
differences at 5%.
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Table 3-2. Effects of different levels of silicon in culture solution and osmotic stress on
cuticular transpiration rate (T ) and its ratio (%) with normal transpiration rate (T)).

Silicon concentration Not stressed Stressed
in culture solution .
T, Ratio with T, T, Ratio with T,
(ppm) (mmol H,0 m? s1) (%) (mmol H,0 m?2 s1) (%)
0 0.34 6.71 0.12 5.64
2.5 0.28 5.68 0.06 2.77
12.5 0.28 543 0.11 2.65
25 0.46 8.69 0.11 2.09
50 0.39 7.70 0.28 5.96

Data are means of three replications.
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EEERNRE L TEREEDD. T A BERA L2 @E T, BKB X UERBEEDO W
FTHHIFE—EDETHR Lz, Zhicx UTr A BIERAEG T, WAEE L4
BRI AT EE TRV K IETHERS U, 2> DERHUR B 1 IR AGER BE & [RIFREE IS 72 B % Tl
L7z (Figure3-8). ZDZ &1k, A BEARK CIIABEEIZRA>T-RAKBTETH
ST DR LT, EHREAXOMEE CIIABREICRA > RAKRERBONT, HRE
LT [RARAREIC LD ARBEELZRD S8, BAKEELDOOVEVERE I LI E
EEWLTWD., £/, KETIToERTIE, yAMBEEAICL > TERKEH-Y DR
RICERITBO N 2h o7z (Figure 3-11). LR -T, 74 BAEIZ X > TRAE
EREmE-oTERE, Rk, H2WVITROREEOILKTIERL, BOKEESHZY O
WAREED LRICHoTme 25,

(3-1) R&Y, ROKEMED 7= ORAGEEE IIZARBURIC XT3 2 HEES & dAkEH &
L THRESND. REBROMENIEM L EF L OKRT VY VERIZE-TE
ZbD. A B X OB IR X OBRIZ A TS OKET s v V2S5 H
o7 (Figure 3-6). 72, 7 A BHEARX & MARAKX L CTIHEHOKRT vy VR L
WZ EnD, HEHBFEIZIS A BERARIZBOTHREL, #EHDOEWIZ L > TR
KEEDENEZHAT D Z LIITERV. —F, & BERARXOMETIE, BEER
N R X o TEABRPAZITEMN L 20l st U, A K CIu@AEm S s RX &
BEICHERF LTV (Figure 3-7). T72bbh, FABEAMAT A2 LI12 X » T
W2 D < DABURITS T 2IEHIV N S S HERF S, MKBENBE L M S h 5 2 L 231

SV PR oY
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r

2. A BRI X 2 EHERMORKN

MIETHLBRESNE X I, BARZHIRYT 2 ERA2VHREKICE W TIREHEILS
B A B OBERED LN T-DIH L, R MV AEEZIERTIRT A B
PR B 2 LI K o TRAROEE R EH AN L 7= (Figures 3-2 and 3-3, Table 3-1)
Mz T, 74 BHAROESAKRETF v v VTERARX L X THERIC R MR ST
(Figure 3-6). TIRELBAM TRERBEA M LV AFRET TR, RFRD D EFA~DK
BHSEE DR T OHSEER & 72 5. EH ORBMERICRE o ASHEMTON R VEE,
EHABRT Yy VOIET & 2ICRET 2 [ILBSEMNAE C 5. [ALOPRASIIIEAMI
~DZBALRBEOIE A HIRT 5 2 L THAREEDRT 2 b7 b7, K5I, AL
=, b BRI & BWAKEES D ki, AKEEORIRE BT 5 LT, KALMAHD
AR L OO ICESTHEELLND. ZOZLE, RV FIIVARE
FURSHOEEN 7 A BHERICRE L THEMLEZZ b brmgand (Figure 3-3).
—%5, WM OB AEEREIRFEORLEEIC L > THRESND. BEEXFVAD
KBRS O 7 A BRIRE TR R RAREE LR a v F 7 R ET Ry b
Lk 2%, WikT2A—Z0RCiE, ) CHERIEDHBERIHRY b (Figure
3-4). DI e, KILTVF Y 2 UABRBRE CTHIUE, FHORGERE bRZET
BB L, Tibb, 7 BERICE > TESORLEEIIESENICEERERI RN
LERLTOWA. B, KRF Uy r Mo T aRa 47 8 v AOMEIZET A B
Wi OEEIC L AEERED NP b b, A BB, BEDOKRT

VA ABETFTLTHELa X7 ZVAZETLILK T2 X5 RERNIEADRH 5
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riEEZONRDoT. LR T, FABOBATY VT LD EE SHEAD
Vo, EMORKBEA DM EIC X o THBERA L RICEDARZZEML, KL=
VEI R VAR, EBILEINAHEENELMEREINI D THD EfEmOITbhD. £
DBBIZBWT, ¥ A BRET S, MWEROEKERZEHERT 2/EABERRLT
Wb EBEZLND.

3. JF 7 ZHRBOMBBR

A FERCEEAEORE (FES 1991, M 1965) TRENX D72, 7 BRiEH
ok BT F U FEEMEIDRIE, AT LB THRD b o7z (Table 3-2).
MIETEZLEL DI, YN LMLBEEYOA RIZEBR LTI F7 FRBPREEL TR
D, JFI5-VY HEBORBIIINSNEEZIONDS. ERIIAEICBWTRIEL
EINH LD Y F 7 5ERBEER, HFROERBEEDOKN 29%RETHY, £, 74
BEMi OMEIIRD bied o7 (Table 3-2). —JF7, BEEFEOBETIE, 7 BRENHA
DAFR, BEOCHABMBEA LA RZBNWT, 7F7 FEBEEOEI ST ENL
39%B LN 25% CTh o= (HHED 1991). EHREDOT v 7 AREDL T F 7 TREITH
W72 ERNREBINTWAA (0'Toole et al. 1979), BEFEER R L ARKIZBW TS
A BEHE DB EITRD b e o= (Figure 3-12). T oD &iX, YNVHTL~DT
BRI, A FEIZREDAH =X A, TRODANE L & 5 REKEADOREE

b itk oT, BEARTF VU LVOHFCERL TCONEZEEZTLTVD.
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R

KBEEES U7 Y VA A2 PEG 6000 # IV TIREBEA VA2 5%, JeEmk, KHEL
WARE EOKINZOBA» DT A BEARERE L. REEA PVATTRIAB
BRI L 2 TR MV RIZKZ2EHEORAN, 7 BERREEKFL TEBSNE.
—FT, BEEA N RAEEZ 2P0 T2HRE T A BER ORI N2 T,
WHEREEIRILa 7 Z R AL, iz, KRV F 7 Z RTEFKRT
VA MRTE LT e, ZOBRMER, S A BOFECL > TELLE o7, T A8
R CIREEAEOEE, fILa v ¥ 7 Z v ANERARIC B L CEho 7208, i
X, A X RETHLNTWE I F 7 TEBOMBITIER L, BARD(REIZ X 2EEHAKKR
TV )VOHERRBES L CWB EE X b, A B & i X & ClkiEh
R UERER, BEEA FLAFHETIZENT, VA BERARXTIEA bV AFEED
EAETLOEIMASIH S Tz 2 3R STz, Wokds & UFRBUERE DRRIRFE(LDZE
BERAE LR rABREAR CHEERAKIZHE LT, 2 PVRARFETTHRAE
FOERBOEE QR TREN/ NS ot REEEIRAEREIZRE D KO IC#B LS
Linh, EHARSRT Ve MZEHBE L TWEEERFRAKEE CTH 722 & 07REEE
ht.:h6®%%#6,EEEXFVX%#TKﬁﬁéywﬁA®&§ﬁ74Mm%
WX > TRESNZD, BAKBEDOM EIZ X BFEHKRT ¥ ¥ VOMEFHIERT S
TE, BXO, RAKEAOHEIZITRFEER VAT TOBRKEGEMOMEIAES L

TWB Z e nmgahiz,
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BAE YNV LMROMRAER LBEHE OB, 5 MREE DY IR &

T A B O

F2EICRBNT, HRA NUVAKHET TR, rABRAEEIERERAEEL Y b SR
EAES, BELERRZAL W, F1ETERALL I, BHRESRGT TR
BAMEZEET S LY LIREBREOBWINC X - TiRER - TEMOKOBENE 2K
DEEDFH, BEANCRAKBEEZEMS TS LA TE S, UT4E Hossain et al. (2002a,
2002b) L, AR DA BMEAN, BEHEROMEMRTFIC RV CHInsE R RE
MY, BEHOMEREIZFEL WA E2HE L. %72, loblolly pine DI
FIZRBWTS, A B & 0 MiRRER BRI 2 2 & B REN TV 5 (Emadian
and Newton 1989). #fE D& iZ, LATIZRT Lockhart (1965) DX TERT Z &3
TE 2.

%zm(t//,, -Y) (4-1)
2L, VIiSMEOERE, 3R, midfmEERE Ml mENE), UidMao
BAE, Y IZMIaEE S T AR+ 2 D DOEDCRBE (BRE) THY, #FIiT>Y
T& 5 (Hsiao and Xu 2000, Mohr and Schopfer 1992). T 72dbbH, B{7ERH 70 DM
IREFEOEM (720) ISMREEMmEN, IR L UBRREORM TR SN, BENSKNR
FZ R =5Ha, MBS CeMERENEL D, MEBRA FUVALGTT
I DOEERET T2 2 & CROMERESHIR SN 5720, MR

ROMEREICSOTEEZ%EE 2871 (FR 2001, Wu and Cosgrove 2000). L7
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L7223 b, BEICAROMIQEEM BRI RET 7 A B ORELRE L ®ETR Y-
22/4AR

—%, WK ITW 28T 57 A BIEE Iz OWTIE, B 1 BT~ X5 I Rs 28
DM ZRAIZEA T T & = (Luxetal 2003, Figure 4-1). PEABIZHRICIEE L
HIRREEZ F D, ROBHSFMOAKBEMCRSWTEERBAKERZERT S & LI,
FOHAN DA Z RET 2HEEL2 0. ZO7), WK ITW 28T 5 71 BRiLE
F B OB 28 U C, TERERIC X 2 WERIE D OB ERR A RE L <
WD AREEAS RIS LTV 2 (Lux et al. 2002) . BEAARKOIBEBIC L o TEABEEN &
bhdZ &, BEA PV ARBETIZBWTEMMTH Y, 7 BILEIC X 2HBAH
RITIRAKBEEDHERFIZIB W TEETH S, L LERBD, MBS L 2B HA
EWERRE ST R o CGEA LS IIRY - 50,

ULDBRM?D, AETIE, BOMEREOMRE, BIOCBREMAGORECZTNLEN
DERIHT D7 A BEAIRE, MEOHBEICERZY T TRIETS 2 L2 B/

il Ol

MER L UHE

L HERIBTEHS X UMRBS R
AR T > L EBRTHE, MR L LTH 2 £ TRV Y A A&

Gadambalia #f##t3 L7=. Gadambalia DFEFZIERLMT, 27°CT 4 RMEFE LE. #
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Figure 4-1. Electron-microscopic images of inner
tangential cell walls of sorghum root endodermis
covering the stele. Seminal roots of 5-day-old-plants
were observed with an environmental scanning clectron
microscope after peeling the peripheral tissues. Scale bar,
50 pm. (a) Root of plants grown in a medium containing
silicon. (b) Root of plants grown in a silicon-free medium.
Modified from Lux et al. (2003).
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fif% 4 BRI, #HEMOKRENER T, EHIREAD 50-70 mm OEEEZRE L, 12 &
BE @ Hoagland and Amon KFHE 27~ L1277 AF v 7Ry b (FRE3D I, ¥y b Y
720 10EESOBME L. ZORIIATRREA (type GC-A, Fuji Electric Co. Ltd.,
) TOKPEE L L, ALERRIFRESIUCHAMEEZ ZNEh BT 35C,
30%, &M 25°C, 40%& Liz. A& 14 K, FREIZEBIT 2 HEEA IR FRE KX
#7450 pmol m?s? & L7z,
2. A BT

Y IVH B OKPEERERIZ 1L 1/2 38 @ Hoagland and Amon /KFHR & i . & 1 BEALER
LT, KPR ABBREZ 100 ppm ICFREB LAESIK &, ABHEPIZ A A B2 & F
2V-81 K& ZRITTZ. KBHED 7 A BRREIL, AiEERKC, BRELEE (1961) O
FE - THRE L=, KEHE D pH IE, KOH $ 5\ X HCl ZFAVTHER 6.0 IZFHEL
7o, BREMGEOT-HOBERIT, JIROEMIZLY Y AT LAROMBMEICITL SERELT
DR H D T-DITOR D) o7, ROV ICKBHERZBEERN T2 &L TIROBRERRZ
ZlEEE L7, AKPHRICBRERE 5 BRI, HESORFICRERRONT, BFRER
170-220 mm DHEPHIZH D EEZBH L CNHE L7z, ERE LIS, RO 3 DO,
T72%, B 0-10mm  (Apical Elongation zone, AE &), #B¥%i4>5 20-30 mm  (Apical
Maturation zone, AM ) 3 X UMD EEEAH> 5 20-30 mm  (Basal Maturation zone, BM )
DENENDDG, 10 mmEOYFZ2E)0 B L7z BME b &8 O30T,
Bty PEAWTEREBIUCKRBHEBEREL, ROEEAK ITW OL08F & L

T2, BT, BEB I OKREMHZBE LU A% BML, BEE2{Th2R) > =8/ % BM2
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PESZ & T B ROEEMNLENY B LEEIRITEBICA Z /= VIZREL, 80T,
300 FORAE DR L Clik, BE L. BESEFRRA S/ —L T2 8EE L. 0%,
B AZ ) —VCBELEEE, MEEOHEMEREOEMNE THERE (4C) il
RAF Lo, ARaEE Bt OBIE L 1 SRERY 72V 30-40 OEIA 2L, BIEILET 2 [E
1To7-.
3. ROMIBES IR FHE O BIE
1) 7V — 7Rk O R

AEBRTIE, YN ABOMREERFEORIEIZ, 7 U —7REtEEHR% (Tanimoto
etal. 20000 ZFAVZ. 7V —HEREMAEHANE &1, MIQBEIC —E O E Z —ERF
F, 0%, BECHELZEOICRET LV IBREERITY, T0L & OMIBEOME &
AR 31T BB D, MIMBEOREMEEMTT 2 HETH L. AERTIE, RO
FERPEARAT S (Figure 4-2 ; Rheoner I Creep meter (AT, 7 V—7A—%—), |UE
(BE), BF) 2RV, BbnrMEEOMBEOR LY V-7 ERMR LTINS
B (Figure4-3 (C)) TERTIZ &NTE D, Tz, ZOMBROFTHENEEIT, 3
DONFKE 3 ODF v 2Ry FEEHBE DT Kelvin-Voigt-Burger D 6 ERE TV
LLTCEREINS (Figure 43 (A)). ZOETIZENT, AR THABEETH Y,
—EBOMNCF L THRHFICHELTHEAEL, PR RAROF y Va2 Ry MIEERE
KThHy, —EDPNDL L TH—EERETHRETHHELHETS. ZhbD/ RDMA
ey vafy MNOKEOBS DHRAEGLRIZE 2T, 7 ) —7ER#MBROEH

WESILD., 27U — RS, 2 DOFERETFLICHE, Figured-3 (C) @
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Computer

Detail of clamping
a specimen

} Upper clamp ] 3"5 T

—————— Cell wall specimen ---#» 5.0 mm
} Lower clamp =

2.5 mm

LC :Load cell
MP :Microprocessor
SM : Stepping motor

Figure 4-2. Schematic illustration of the Rheoner II creep meter and position of
clamping the cell wall specimen. The microprocessor (MP) controls the up-down
movement of the lower clamp which is driven by a stepping motor (SM). The
movement is regulated by reading the digitized signal from the load cell (LC). The
mode of these feed-back movements and the creep analysis of data obtained are
conducted by a computer system connected with the creep meter. The apical and
basal 2.5 mm-zones were pinched by the upper and lower clamps of a creep meter,
respectively. The cell wall specimen was kept in a drop of MES buffer during the
measurement. Modified from Tanimoto et al. (2000).
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EISCOCIaStF model (B) | six element equation

_ B P, ol To b 0
(A) | Kelvin-Voigt-Burgers e = E, - E, [1-em]Y E, (1-e'% ) Tlo t
six element model

&(t) : Deformation, P,: Constant load
m=E, X1, n,=E, X1, t:Time
E, E,, E,, E, : Elasticity modulus

Mo My» M, ¢ Viscosity coefficient

M 1,, T, : Delay time (Time required for Py/E, and

S— P,/E, to increase (1-1/e) times)

© Creep extension curve

M2

Nonlinear def, Linear def.

I
| c
o et e ] e e e O P g ] s } (---'
g | 1V a-==
] 9 e T T e s i e e e e e
& Ext,
g
L;j | Total Ext.
: F
]
| [Pasices JT| y
0 300 480

Time (s)

Figure 4-3. A viscoelastic model and the equation for the creep extension analysis. (A): The Kelvin-
Voigt-Burgers’ six-element model comprises of one Hookean spring (E,), one Newtonian dashpot (n,)
and two viscoelastic components (E,, 0, and E,, n,). (B): The equation for the six-element model.
Deformation ( & (t)) of such a model under a constant load (P,) is simulated by the equation of four
members. (C): A typical creep extension curve during 300 s extension and 180 s shrinkage. The
extension curve was analyzed by the method of Kamata et al. (1988). Linear mstantaneous
deformation (A-B), nonlinear deformation (B-C) and final linear deformation (C-D) were simulated to
the equation (B) and physical parameters of elastic moduli and viscosity coefficients were calculated.
Total extension, plastic extension and elastic extension were also determined by reading the extensions
at 300 and 480s, respectively. Modified from Tanimoto et al. (2000).
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& 9 22 FEATE O HRREE i 2R T2 2 Figure 4-3 (B) 1Z7R 415 Six Element Equation &
FENZHNTHLENCRE L, FERER K OBERLMBIT T2 5 ETH D, Ak
DX RIV-TERHMBRITL 6, HEIVIESBERET NV EWVIEL DHFENET
NEBTIDTERT 22 R TEDN, FHRRRICBWT, YAVTLAMROUIAICE
FRMBOFEENT 6 ERETNICL o TRBEEL SN, AERTIT 6 ER
ETFNVEERALE.

2) MRRBERR M OB E

FUAREE M RAE O BIE 1L Tanimoto etal.  (2000) DFIEILES TiTo72. T72b5, H
FEENZ, YT LMBOY G AEZ ) — L i2REL, —& pH OBEE & Tt 5
=12, 0CITIf- 72 MES £&fE# (10mM, pH6.0) FIZ# L. »72< &b 1058k
BELLE, FROBEZL S —ERVIRLE. YIFOWEELED 2O, EXBEK
BEERHVWTHEHREZRE LEE, 7V -7 2A—F—IZRVFiT7=. GIRELTEREN
25mm &7 V= A—=F =0 Z U FIZEEL, PRED 5 mm ZREORGR L Lz,
BIEIX|IETITVY, MES BERZEEE S LT ZBY, SAORBRIZIVALS
WEEDOBLEHNTE (Figure4-2). G127 5V FICBEELER, 7V —TA—F—
WCEXBBBENIT 7T M XV RIE#IToM. 7 V=7 A—F =37 n /T LADFHER
Wk oT, RO THMEBEL TWE 2 V72 THIIBEISESZ & T, UIFICHE
BNz 5o TS, THAOBEEEIIRKRTOSmms' THY, BIFITH
MBRMENR—EILRD I, 7V =T A= —NOu— FELBIRRATF vV 7E

— X=X THEEMATM SN, YR SWHERL, THARICEWL TR 2
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it 2 I TREMT L CLE STEEFS, ZOR/RCESVWTUTOL S CRELE. T
rbb, YA ORKEEE lmm® H72Y, AERIZIE20g, AM EIZiL 50 g DFFEZ 2T
. EEowfs (BM1 BLUBM2) 12oWTiE, MEENBE U CTHBESED LT
WEED, 1 mm’*H7EY TR, FEAIC—HETS0 g OWMELZMRZ. BFHY
50 g DTEIL 1mm’ H7= 0 1800 g DHFEIZAEY L, MREECK L CHERZRWES 72
A, BB, ZOWEILI-THLNDZ V—TERBRIZE - T, MEEEDR;H
MEZBABRICEHRITE 2 2 ERIMRF a5, BIERFHIL 480 F & L, &AID 300 ROR T
EX 52 CHRZMBIE%, BREHICWELIRYERE, f< 180 B T 2 IUHE
SRz R ORBELONMBORF Iz Pa—22ANnToSH I LIcR&EL, £
DIEWZEDSNT Y Y — 7 BRI % fER L 7=, BIERR AR 300 B O RIS T 28/ O
BREK, BLU480 B ORERIZEIT 2EMEEND, YIH ORMR & 21T HD 5P MK
R (BEPERYRR) 36 & OVR Ao R (FTEERMR) OFIE 2K 7 (Figure 4-3 (C)).
Tz, Bohizs V—TEREROT —& %, Kelvin-Voigt-Burgers DREHMEE 7 V% H
WTayEa—& TR L, Figure4-3 (B) & HAWT, Figure4-3 (A) DFERICK
T DREMERE (o, M, M) BX UM (B, E, E) ZHE{HLEZ ZhbonNT
A—BTET, 7V =T RA—F—ZARENca s Ya—FT7ns 7 L2HVT,
Kamata et al. (1988) #3JX 0" Tanimoto et al. (2000) DHIEZHWVTEHE Liz. 71 BRAL

BORBEHIT 5700, WEMS L OFHEEE AT ORI & SHBHIRIT 2175 7.
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R

1. oA BEALERI 2 Al faBE {4t oD 88 0
RO3ISOBRLZZEHM»SELNZERICET 2 HIREEMREES, Figure 4-4 IZR L
2. +8i KTt AE #6172 MIRBEMBMESTRICEM LU, Thbb, B X
OFERMEN TN ENH 9 B L 15%EM L, #MHERIL 12%EML 72 (P<0.01). AM
EHICBW T ERRIC, HMRREERERMEIL S A BAERIZ L > THEM L7 (P<0.05). RO
HEER & IR REVIZ, BM1 Tt A BEAEIC X - THilRREMBEESF RIS Lz, §
b, HHERE X OREARER ENENM 26 BI U 21%E L, #BiHRIT 23%R
AUtz (P<0.01). OB ERE L2 -7 BM2 WIA TIX, 71/ BABEOHFEZ X
SERRERITIRD N2 o7,
2. BRI K USHMERE

oA BESVERAS Y VA AR O RERREE A BRAY R RIS TR EIZ OV, Figure 4-3 (B)
RIC X VRO FHIER (B, E), B BIURAERE (o, M, M) DFIAEBRZEIZ
Bl AEBMBLICAMEICEIT 2 b DT A —F OfEid Table 4-1 12, BM1
{2 DWW Tk Table 4-2 12, TR EFIR L2, 728, BM2 IZDOWTIET A BRAAE DN
ROLNRNo OB LT, ZNbDRTA—=FIIRIFT T A BABOEEIT,
Figure 4-5 R L7z, BMERE JTUNMEREIZ L biZ, £ b DOER/NSWEEITMIE
BEDMBMENAKREV @OV ZEERL, EBREWE X ITHIABED MR/ S

W O(BW) ZEERT. INODOREDI DL, n & B DIED HIRLEE D MEREIZ B bR
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Figure 4-4. Effects of silicon on cell wall extensibility of different parts of a seminal roots. Total
extension was separated into plastic extension and elastic extension. The root zones and the load applied
to each zone were as follows; AE: Apical Elongation zone loaded 20 g mm=2(n = 48 and 39 for silicon
plus and minus treatment, respectively), AM: Apical Maturation zone of root (20-30 mm from root tip)
loaded 50 g mm-2 (n = 50 and 39, respectively), BM1: Basal Maturation zone of stele covered by ITW
endodermis loaded 50 g segment! (n = 24 and 23, respectively), BM2: Basal Maturation zone without
any tissue removal loaded 50 g segment! (n = 26 and 20, respectively). Data are means of 20-50 roots
indicated by “n =" in each and vertical bars represent S.E. N.S. : Not significantt. * and ** : Significant
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Table 4-1. Effects of silicon application on the distribution of six viscoelastic parameters in AE zone (apical part of
root) and AM zone (subapical part, 20-30 mm from root tip).

Si0, = - »
Zone  concentration 0 1 2 Mo M M,
(ppm)  (X105Nm?) (X10'Nm?) (X10’Nm?) (x10°pasec) (X10%pasec) (X 10%pa sec)

0 2.63+£0.11 2.12+0.08 2.39+0.10 1.18 £ 0.06 8.02 £ (.33 1.01 £0.05
AE
100 2.38£0.08 1.83+0.06 2.05+0.08 0.96 £ 0.04 6.71 £0.25 0.83+0.04
* * ok * * % * sk * %
0 1268040 11.12+0.53 13.62+0.81 8.61+0.63 4569+254 6.60+0.42
AM
100 11.97+039 9.76+0.31 12.41+0.51 6.93+£0.34 37.63+ 147 5.62+0.27
N.S. * N.S. * * % *

N.S.: not significant; *, ** ; significant at 5 and 1 % levels, respectively.
Data are means + S.E. (n = 39-50)
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Table 4-2. Effects of silicon application on the distribution of six viscoelastic parameters in BM1 segments (stele
covered by inner tangential wall of endodermal cells).

Si0, & = . : 5 -
Zone concentration ) 1 2 0 1 2

(ppm) (X107Nm?) (X108Nm?) (X105Nm?) (%10 pasec) (*10'%pasec) (X 10°pa sec)

0 8.50+0.34 2.97+0.16 2.68+0.19 1.56 £ 0.07 1.10+0.10 1.00 £ 0.09
BM
100 9,68 +0.49 430+0.35 4.63+£0.48 2.36 £ 0.24 1.73+0.19 1.96£0.25
* * % * ¥ * ¥ * % # &

* %k - gignificant at 5 and 1 % levels, respectively.
Data are means = S.E. (n= 24 and 23 for silicon plus and minus treatment, respectively).
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Figure 4-5. Effects of silicon on the six viscoelastic
parameters of different root zones. AE: Apical Elongation
zone, AM: Apical Maturation zone and BM: Basal
Maturation zone. The extension curve of each root was
analyzed by the six-element model in Figure 4-3. The
reciprocal values of six parameters were calculated to show
that the greater the values the higher the extensibility of cell
walls. The relative values (% of control in silicon-minus
treatment) were indicated. Data are means of 20-50 roots and
vertical bars represent S.E.
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WrBEXDHZEBRMBNTVS (Tanimoto et al. 2000) .

a) AE 3 Z T AM I3 1T 5 Btk R L URHEREL

AEZRIZBVTIE, 7 A BELIRIZ X o T 6 D2 TONRT A —Z BB LTz (Table
4-1, Figure 4-5) . AM ZIZ BN\ Tid 4 A BRUE O ER XA, E & E2R<£
TONRT A= BED U, 7 A BB OB RITHIER I D bREREUZIV THMT
bHot. BT, Mold A BEREIZ XY 20%HP LT=DIZxt L, Eold 5-10% DD IZH
F ol BHERIZRIET 7 A BLCEORET, R b QBB 51250 TH<
RAERBR LN,

b) BMiizIeiT 2 HtERE L USRS

FEB I ORBAMZERE L7 BML H1F 128\ T, AE B3 KUV AM 8 & i3t
BT, A BEALERIZ Ko Tn& E 238N L7 (Table 4-2, Figure 4-5). 7 A BRALE D
BITE, LV bn BV THBETH -T2, Thbb, FABEMICK > TE A 14%,
Nolk 52%, FNENBEMLZ. —F T, Eibny, BEVE, En 2§ 25 A BRILED

MRIIRIEBE THo T,

1. {Ri2BIT 5 7 A BILE O%E
S R AXITRT B A BOBAY, RhERFEEm ESE, BEFOEYAK

R RS APREN D D, H EIMOREMBICIIT B A BROERIL, MMROHEBIISRE
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ERDDZETES ORRBRHRZERI LTI EXMONTWS. F A BEITE T,
RBONEARED ITW ICBWTHRET S, BICBIT 25 1 BRILE OABB 2 BBV E
B S TV AL, Maitietal. (1984) 33X O Luxetal. (1999) i, PIEZ ITW
BT DT ABRILE S 7, ABROMRAIEREZEB L T, RELHRECLEIBRIC LD
VBN 2 BED» DHEETEMZ RET 2MRELFOZ L 2R LTS, Maiti et al.
(1984) |FIRFAME DRI Y VT MRIBAT DB, RECKBHEMICIIRELX
FRVD, FABRIEEPAEC2NEMBRICL > THIESNDZ L E2®E L. AERT
. POERIT ITW (RIS 7 A BRILEORELFMT 570, BM HOEF 0¥
BiZoWT, REBLUERBARZERE LI-RICHEEORIEIZMR L., 71 BRas
XN DDA THMER (B) X UMEHERE (n) S8EINL7% (Table 4-2). =
DZ &iE, YIVHLROERIZBNTIE, FABEEIZL > THRLER K URWK ITW
WL RO Z 2R LTWD, 7 A BRLERIZ & - TEE M LIRS A —
ZOEMA D, 7ABEREL, MIQEEDR AR 72 (R 26 LT DR 2
MEEZZLETITW EZEL LTWeZ &R S 7 (Tanimoto et al. 2000). 7 BRIE
Bk~ THIREBEDOTLAH bz Z L1k, BEEOMEIFHI 2B R (Sangster and
Parry 1976a and b) & X< —FH L7z, BREBIORBHEMREZERE LR o R O
AT, 7ABUEOFEIIL2ERLREZREIRD N o7, AERIZB VT,
A BIEEDNAE CRVWERRE XU EARISIROBE O 80%% 5D T, b
DR DOMBIEDR BN K E Moo, FABILEICL S [TW ORES B

INEL 72, BM2 TR A BRABOEENRD N2 RoT2LE 2 b (Figure
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4-4). ZHVETIZ, WHORIZINT, 7 A BOLEOFEIZ XD PR O HifiasE O
RUENET DI &%, MENLRESIT2F> THRE Lz, S9HEIE, 718
SLERAS VOV AT DAREEES O MR EE DORSMERREE K OEMERB A M5 2 2R L
BEROIOBETHDLNZD. £, RERTELNAMRIL, BEOHAZHREL D
MR L > TRRENTE e, A BROWLEBIROMEEIZELG LTV WO REBLE
EMfiTH56D0THY, Maitietal. (1984) FBL TV Lux etal. (1999) 2 X5, RIZEITD
A BRICE AR D OMIAOERICRET DEEEL L THEELTVS &V D A
THLDOTHD.
2. rA BRI X 2 MBEEORM
INETITERTZL ST, AEROBIEMR (Table 4-2; BM1) I, 7 BRI
STHBBAHRINDZ LR L. L LaRG, BROKHE (AE 3 X UV AM &)
WRW T RENT, 7 A BRAAERIZ X » THIKERED BN HEAN L7- (Table 4-1, Figure
4-4). Z D3RI, Hosasinetal (2002a) (2K 5, 7 A BEMEAIIEES OB VMO
MlEE 2 S ¥, BMBRRGT CHRE LA XEFORBLRESI D2 L 2R L]
HE—BLTWDS. MfaEEDfMEN: L ROMRER & ORICITRVEBEBRRH D Z &
7> % (Tanimoto 1994, Tanimoto and Yamamoto 1997, Tanimoto and Huber 1997, Tanimoto et al.
2000), 7 A BRALERIC X D EREMLIC IS T 2 MIaRE M REOHE ML, ROMBIRLEICRE
B3 H5BERIZRDITHAD. ARICBNWTIE, FABERAIC L 2ESETOMmEEE
PEDIEM & RIS, EH OMERMEEE X7 (Hossain et al. 2002a). & A BEIZ L B &

FREDMRE SN SBBIITATH DA, D& 5 2RI, ROLRTOESERRLE
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D, RERTEVEBIZBRONTWD. ZILbDEVHERBIE, 7By 7= ln
WE LA T RIBES A U TV eV (Sangster and Parry 1976a), Fedk 72 — R HiaRE % F¢
STW5. 20D, MERERPOF VM TREINT, 7 BERIZ & 5 Mgk
HREMEDOBEINT, —RMIaEZ N A KOESCEBEMENTEEZITICI EITRERLT
WL E X B35 (Hossian et al. 2002b) . AFEBRTIE, REMMTIE, 7 BAEIZL
- TRLFRIHBE L D bR ALERHEBSBEE M U7 (Figure 4-4) . MFREE DR PIHHY
IR RITKERRE () RIS hTRY, EFEEOMIBEEOH/ LM IBERL T
5 ERTY RUDROMIBEEIZS W THRE SN TS  (Tanimoto et al. 2000). A%
RCBR SN/ BFEOMBIEENG, SO, BFEEEOMEERERE
DFWANTEE L TSR H 5. 7 A BEFEMEO R MR RO BN BT 5 A H
HIBSIEIZ R CTdH 523, Hossainetal. (20022) (XA REHIZRBWT, TAL Y AEDO~
TNV —REZICKBSOTABBER SN TV Z L 2WE L. £z, EHEKA
WCIFET D7 A BRI, — ISR A BRI ORI L > TRHETDW TV DA (F
F 1965, Mannetal 1983, E& 1999), Schwarz (1973) X° Scurifield etal. (1974) i3,
RIFUETAMEPRFEE LRI LB EL TS, A RFHEBICBIT 5~ kR
—RABLUORY F U, RTPHEEDRA XBLSOETFERY & B LT, ZOEFR
LIRS B2 D, A XEHEH OMIaREL, ~I A —REEKT I ~T R
v —ThHhBT I )XV UNEBER—FT, RV F BT ERI T 7Y Bk
WZZ LW EW ) B &R (Carpita 1996). ~I A B —RAB LU Fui3—RkAMla

BEOTERERERTHY, ZLOLOBSLHFVA XIMOKEF L L bICEET D
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(Tanimoto and Huber 1997, Tabuchi and Matsumoto 2001) . X2 F 253 23 MERAEE D ¥
AORHEIC R A 5 X TV D ATREME BRI STV % (Chanliaud et al. 2002). Z D Z & %>
b, FABE~I L —RDEE, HBEVIETABE LT F U OMEPROMIBEEY
BRI R A RIE LTV R ATEEENE X b 1L D . A FEHEY IR E 5> b BRI
A BERRNTIERAZF>TRY, BP0 A BREITIHFFIZHY (Ma and
Takahashi 2002). £ REHEMIOKNTIE, Z0O X 527 A BARE S W 2RESRK X
NDBZ LG, 7L MIREEERME & ORI TLERN R EERA C 2 mrRetEdim
WeEZLND.

AR RBEIIRBATH DN, IYVTLIKT 275 BOBAIE, ROEHMTIE
ITW 2458 L, ROERT TIIMRELZRILITEE L) 2 2DRL2SEMEZRLEL.
BEABEOREL LOROMBREICFETHLELXDOND IO 2 RO T A BRIAHE
FEIL, FIRA N VARGT COTABRAR, Y NVTLOKRRIZETHRETSHD

ZLETRTOILDTHD.
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WE

FLREEZBNT, FABEAR TIIBOREMEE SN b, 74 BEiiAE
OB R ELZRIEL, MERELRE L TWMEEREL b, $7,
INHLRONE TTW 12381F 27 A BEIEE 1L, NEEZBBEICHR LT, B
TROBEP GYBERIIREE L TVDE EEILNTVS. TROLDAEHELMCT BT
B, TABRORRAN Y VA SROMIEE BRI RIS T REY, 7 ) — 7R
BEEZRVWTRELL. YA 29MMEE, FABEEt, H3VITE TRV ASHE
THEEE L, RO 3 EFT, 7720 BRI (R 0-10 mm) , REA> 5 20-30 mm DESY,
BEIORER (FE#A5 20-30mm) 55 10 mm £ OMPEEY) 258 L, HEagsts
ZRE L7z, REMICBOTIE, A BEMIC X > THE ITW OREBHESED L.
HEPER L URERES S A BRI X > THEIMLAEZ 20D b, A BN oM
BOBLAE LTI EWRENT. TNEORREND, 74 BETLE SN 21
THZ LT, BMEMBEREL TV D EBTERA SN, RER L IR, BO%
SEICIV TR, 7 BRIEAIC X 2 MITBE (R RAE ORI &, BRI L OB ERE DM
D EDRBD DN ROMERIALICIIT B, &4 BEHEMEOMIEE BRI, 1B

DHMEREDREIIEET A THSS.
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BSE  REBE

1. THEAER EICXS 2 7 A BO$ER & hoRBEEEOZ & O
H2BEEEITETRANLL I, 7y A BMEAIIKR b VRIZE B VLY OB ARE
BEOBWDZBWIEED (Tables 2-2, 2-3 and Table 3-1) 75, KR LR ZHES W2 VES
Kﬁ%ﬁbt%%ﬁ%b%h&mot.?V%E%WU?AEEED%éﬁﬁ%ﬁ%@
WHEztEZ M LSS LM UESNTVWS (Egillaetal 2001, Lietal 2003). LAxL, —h
OIEBOBRIL, MEMEDH EIHR L b D TR, BMAEENZNE KO
HDLENRD. TROL, I L OB AREERE OEE PR R ORG O (R
2 EWC LY, HEOKGIRIEIZ D3 BT EEORRE % # K X ¥ (Rodriguez et al. 1996),
RE LTMEMEZM ESEE0THS. Lrl, A BOBPEIL, ko X 5 12kX
FLARMETTORBH N, EAMAPRICHEST (Figure 2-4), S IR
AUE T IR LRBEE L OBRRESKRT L w L ERIL AV A s AR ED
BIFRIZ OB Z BTS2\ (Figures 3-4,3-5). 29 LA bR B E, 7L BRITMOYE
BREREZRRDERAELZ L OLEZ OGNS, FABITAR ML AT CHENIZRH
BEEETLER, 720 HARRIN /KRS B L BE AT 2 8 2 5 - T
HEHEIND.

2. A BRI X DiRetEm oA i

REBFDOMA T, BLMEESCKS ARV EICHE*RIST I L 25E 0T,

MHEAEORM L2 B2 6F. FABbEZOL I RERERO—2 LWV 2, WMEMOm
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EELELTABRMBECONTE, ThETOLEIATFICMASIN TN
(Hodson and Sangster 2002). #5 1 E T~z X 912, WYHOMEIEIL, Btk - 5o
BIENE « BLARIE D 3 REEIC KB &4 (Turner 1986, Fitter and Hay 1981), H#riZ{F4
IRV I SREN & RTESEE Th 5. RBEME &3, R T VASRM
TTHLEFOBRAZEE, XARB L UREREMEEFTOMHETHY, THIIXIFI7 7
A OWMFIRLAKFARROM L, BROFKFERERENBEELTND. VAT AT
5 ABOBRAMRIL, EHOBKERHCHD Z L 2R LD (Figure 3-6), FHidK
FIRBRRy F 0 SHRER Y, EHPLOKBROMFICET 2O THERP-
(Figures 2-4, 2-5 and 3-12, Tables 2-5 and 3-2). ABEOERN O, FABHEAICLDY
WA B O EEEDR EIXBARES O %@ Ul i@gBEEDOm EL WS T LR TE
5.

FBIETHRAZL DI, BAKEAEZRET H2ERICIIREEE, FIRMES X OHEH A
NOBAEFDH D (Tumer 1986). WHRRERI L OKBRBROBERN L, 7 BHEH
FECBRAEREBEEE LICEAE LT\ & 23R &7z (Tables 2-2 and 2-3,
Figure 3-7). UTF, TNOLOREIZZrABREDOL I ICEE LTVt BET 5.

1) EAKEG

KA BV RAEGT TR, BRI THBART YUy VDRREITET L, G-D
HAR Lz KEE DHEE ) DMET T 2 72 DBK B REEC 22 5. & DHEES) DI % il
THIZREFDOKRT V¥ Ve SOIETSEDLZ ENBELRD. LirL, FHK

HT L ADHEEEAE T 5 &, SR TIRBUKICERT 5 8B OB B
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BIROLKHAE L, BAFI%OREARAIRRICE D ERERD 5. M ORERERN
PRI, ZOEBREITIH 2RERBSND D, TR THLEIAKRT oy LORKT
WZERERVATBHED . —0, FABIIIKA P L RICX D FE SN D @A OH
Mzt 2R3 ok (Figure 3-7). (3-1) X LEMEINB X H1T, BAK
MBS HERF SN, BHDOKRT Vv v LB LB B0, xR/ S e
DFTHRWERKEELERTES. ZORT, Y1 BOMAIZIEFTICENTHD &
A 5. BAKEPUCITEE ORIOER, BEILCEABEOER, KF ¥ o RAEER ENE
54252 &h b (Sperry etal. 2002), A BEMBIZIZ N O OBEICT T ZDREE 2
TAREERSH D, F4BETRENE, A BRI X 5 MREEOWEME DL 81X
MR OBRICBWTEECEILOBERICEELRITL TV AAEERE X b 5.
WA T 2BEOBE T, Y VBORAIIEEOKCERE, BALKEOERE,
KF % U RNVOEER SV EL RIE L CEAKEREZBY S85 & LTVW5 (Singh and
Sale 2000, Harvey and Driessche 1997). ZERMAIXZ 1L & 13HIT, =R U X AftED
T2 U CEAERZ RIS (Harvey and Driessche 1997). 7=, HAT 7 AD
FERIAKTF ¥ RNV OFEEZ R T S TEABENZEKEE S (Gerbeau et al. 2002).
O XD ICHOFRERER bEKERICEELRITT. 7/ B L MORREE - OMEE
RIZB LT, EAD ) B OFZIME % Bdift S % Z & (Ma and Takahashi 1991),
REOREZE C-HRARIC LV EHEROBRBELZET IR L (EH 1992),
FIR7ZHIRIC L VMR D I VL O MREZIKT S¥ 5 Z & (Ma and Takahashi 1993)

REBRDNTWD. 7 A BRI & 2 @Ko s Mz B i 2 A AOKIE 2 A7
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TRWLHEL 2T, MORBER L OMEERICSVWTHLERTILEND B,
IRONBAURKIIAEE L7 MIRRE 2 L TR D, Z07dMIEEDBEAMEIME. L
Ao T, NEGERIISA 2 b 8B 12 B 2RO B H M OKBENC 11} 5 EEREAER
£722T % (Steudle and Peterson 1998) . % I, PNAZARMKIZBAIEHIA KZ T &
Mo, FLSHRUALTBRIBNTEL S, 855 TE~DKORHZE CHiesr &4
DEBRALNTNG. BOLEH~OKBEDOBAH D, Luxetal (2002) i3, 1<
R LICHBICBNTAEL D, |6 HE~OKERR, WK ITW I281F 5 71 Bk
B Lo T S 2 FTREMEIC DWW TR LTV 3. B, Figure 4-1 lR L7 & 512,
7 A BRULAE SN BOMIR DBFE D572 0 OS2 5, FEED b BT~ DK BE %
WERICHRL TV D LI HX B, £, HERBMHTICOMR LTV SR LK
APVAICHB LR TWVRER T, 7 A BEEREETHE I LRRESh TS,
=, BNEIERRY , RIEIA OBASEIL T A BEILAETREENEV = & (Sangster
and Parry 1976a) 3, Luxetal. (2002) OIRETHEIMIBE-o TV B EEZIBND. L
2L, 1) ROOERA~DKBENECZ0EE, EBRERBBOTETLT,
D hydrostatic ZRHEEENAKTET B KA IZITE LT 2K M H 5\ TR ILEASRS
WKRESNDZ L, BIV 2) AMFITENT, FABMERE L Y L0 ATmbskes,
KBHBIEONTIUCENTH HPOERBERNE L, KRZICIIT 3 K& REENBE
KENTWZZ ED2DDOBEAND, YLHAIBNTIET A BILENZ 5 U
RICTRIREMEIZ D2V E T Sz, 72721, RS HE~OKBEORER, BAE

(CRIZTIROMENER 2 SOV TLRETSITHBA SN TWRW 0, 7o BRkE
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DB OV THETIRSRIEL T LER S B,
2) IRORHFRLE

TROKRT v V501 92502 MPa L FILIET T 5 &, ORISR
BB L, TERERKRE L OMOKOBBEASRKEEET IRROERITR S

(Kramer and Boyer 1995). Z D X 5 R&MET T, WMHEFOBAERLZETEE3
06, REREEZHERSEIFP IV PHRNCRKEZHMSEE 2 LITEMNS

(Kramer and Boyer 1995). KHRRBR TITMBANEITAK LB LTV 7=, HHLBE
& DR OBEESUTER LS5 . BHRR L ASRB L OMIZRO b Y AT LD
WARIH T D7 A BISE DERIT, BRERMOBNMNILZbDOEEX NS, TR,
BHABRICBN T, 7 BOEAILEAEROBREZMEIT2 L L bic, REBEL
RO TEBEKOBEEROK T2 b bT L0V ), 2 0DERAZE U TRARES DM L
WCBETIbDLEXLND. F 4 FETIE, Lockhart (1965) @ (4-1) REHAWS &,
HALRH ST ) OMIBERE ORI S MIasEMREME, WES L UOBRECEE TRENS
TLEERMLIZ. KR PLVAZBTIZBOTIE, KIRRICE VEEMET L TR M
RERENTHIEND. LeRoT, BAKEBINAT ) LOIITREBELHENSE S
VEPHD. BLEIRENTUL, BFZFLILIEKRRET VUV ARET LEZEAICY,
7 A BEHER X TR AATRE Tdh o 7= (Figure 2-5). ZIITIE, A BERRIZ X 2B D
BEREDPRE CBboTWebEX b (Tables 2-2 and 2-3). 51, RO
JEAE & BB O & DBIfRE (Tanimoto et al. 2001) =2, ROMEHFITEIT HHEA

B EART vy v & ORBFEME (Hsiao and Xu 2000) 72 SICESWC, AS4AEB &
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U BE M B R ME D IR 0> & & A BEME RV 2 3Tl S B T F L 2 M504 2 LB
H5D.

L, AFRICEY, T ABOBRILY VY LAOHEMEZM ES¥2 2 L RRHEN
e, $2bb, KA MVAZHETERETHHEGTH XA BERIZLY, BHOART
VURNBREET T2 LR BRPBERICEEN, TOKRLE L THHAED
BHERFSILZ. ST, 1) BAERORMMEEZEINZ 5, BLU2) BROKE 2R
ETD, LV) 2 00HRICEY, BAEREDETAEREND Z EICESNTWE,
T, ENOOFRITH LT, A BRI X 5ROMISEEHMEHEDEAESE LT

D AIREME D R S T
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i SCHA

ROMR - PRLRHIR T, LA ORRBEMAEORROEEER & 25T 5.
Lo TIEMAE DR L RELEZ K 5121E, EROWEMEDOR AR D20, it
RARI k2 RERDPBEDL Z EBRESN TV, BICRBEBEICERLTARS L,
VUBE, DY UL, FABRERENRTNICYE. 205 b7 BEIZOWTi
DFEFUT AR THREN D2, LML ENLIIENOBERE L OBROLEH LY
DTHD. TDIZW, A BEEMOMEENE & OBRIZ OV TIERERRA L AL,
T I TAMZEL, RO EEZM TH D VT L ERNRIT, 7o Bl AR+ Otk
DR EIZRIETHEL ZOEBOBEIC DLW THONITAZ L2AWNE L, T8
BRIITROBEBY TH B,

1. HREMRR P VAEMTICRITE IAH AOEMAER, AFASRE L URAKE
B RIET A BRH 0K

A—FVIRED Y VT L2 TR (AT Gadambalia, FEMRREZAERTE Tabat) %
WG L, TRERZ P LR Lo A B RA OFENEE ORE ICRIETEEICONT
HAELIL. ThODORMIZHT S 2 BEORKRICIIZERIIRL, UTOEY Thotx.
Tbb, TEREMRA P VAKHT T, rA BREAERTEEABEICES, R L
A L DEMEERBOBO PR ENT-. —F, TEEHRA NV AORVEHET T,
TFABORADRIIELBD G20, HIBEHRR N VARG T T, ¥ BHA

B8 (AT e A B R T B TR AN &S <, IRORERRE SN TV &
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PR ENTE. E, A BERAERIIERERR PV ARMTTORILa VS 2
ZDETREMNS L, REREER X UHRBEEDRT bR I W . KMAZRIZ
DVWTHE, T BEAOFEIC L 2ERIIRBH b o Te, FREBEE & KR T
T NDREMND, T BRAEAE, SR E R3S RKEER R T v r v
FIZBWTHBRAKTELZ EBHBA L. ZNHORERERNPD, 7ABRIZE, Y VTLD
WKEES R XS R LRBUT, TEERX VAT X DEMAEERNOET 28
BT 2RV HDZ EBRFRRINT.

2. BEEA FVAKMTICBITD YA AORKRBOEEE, BAKEHI X UTRAGEREIZ K
9 A B D%

A Lz Y v A (fhfE Gadambalia) 2R Y =F L7 Y =—L 6000 2V
TEEER PV AE 5 X, BR2DIBE DY A BERANEAER, RB0EER L UBKE
BlRIETEELZRAE L. ROTBERA NV AEREFLL, BEEAXAMVATT
XEAEPE R LA, MR Uiz s A BERE ORI, £ ORISR S
ni. —%, BEER FLVADORWERET TR, A BERDRIILIRBO o2
. FABBERBIEBEER b LVAOFE»2DL LT, MEREE LKL ST
LA, BEOSIa v F I ¥ R EEH KRBT VY1 M TN NIEDHEBIRR A
EHbN. BBEER P LVARETIZBWTIE, 74 BEHARKOAREE, ARBOEE
BLIUOELa U F 7 20 R, WIS ERHKICHS TR o7, Ziud s A B
KOEZART X VREBAK L V@O LICER L TV, BEEAR b VALK

TIEBWTIL, & A BiEA X O@AEROBMEE /NS <, SRR TR E»o 7.
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F iz, WAGEE & ZRBORE ORRRELA b, RBOREIIRAGEEIBR L THBT 5
TP LT, AXTHREINTWS, FABERICL D7 F 7 TRBIMGIZIRIL Y
WA LTERBONRD-Te. THhODRERNPDL, BEBER P VAFHETIZRBNT, ¥
WTT b DEMAEBERDOED M7 A BRI L > TEB I NI, 74 B RAKERO
EMEBERT 52 & TRAKEEDERTE2EE, R LTERKRT /Uy AAE < #
FahkZ LicEks< vz,

3. YNH LROMRRER &EEHRORERIECET D 2 W RHEC KT 5 1 Bl
210} -7

BOMBEREICT 27 A BEADHRE LU A BILEIC X 2 @SR OB
MR E, MREEOMEHNFRMEOCBRNORIE L. 7ABE2E0, H2VIFEERN
ARBHETHIZ L=V A (B Gadambalia) OFEFIRIZEWT, 3 DDRZRHEML
(HR¥%iH>5 0-10 mm, 20-30 mm 38 X UMREH 2> 5 20-30 mm DOFEAL) 7> & HFIEED) Fr
ZEE L, 7 ) —7REEFHANE IS & o THIlREEOWERVRMEZ RIE L 72, RIREIC
BWTIE, 7 BRAIC X 2 MEEEfRBIEDRMNE, BRI X URERE OB 158
W bhTo. MBI, BET T A BRAIC L > THOER X U R OMRaEE R
B L, £z, EEMIOBMERR L URMERBESEM L. ChbDfERPL, 74
BEREFR 1T, IROMRFICE O TITHREEZ kL S8, IRENIZIV TR % i1k

SEDLZ LML,

L, RFFICXY, TA ORI VT AOMEMEEZM ESEL 2 LEARBEN
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o, $7bbh, KR ML ARG TERETHBETH 7 A BERIZE Y, EEYOART
YURNVPRESETTEZ LR HARPERICEEN, TORRE L THEMAES
BHERE S NC. ThUL, 1) BAEROMMBELE LD, BEW2) BORE 2R
#TD, V) 2O00MBICLY, BAERECETIREEND Z L2V Tk,
o, TNODOMRTH LT, A BREAIC X 2ROMInEEMBMEOELIES LT

D ATREMEAS RS STz,
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AREDOT =<2 EXTTEY, EROFTLORIDEVEL YD, HEELLT
DEZFET, ik, BEITRLHEEE L HHHE 25 - 7= B S ERHIEY » &
—HIR K BEEICHL, DLV ELELE LTS, 7, WP KRR ERRREE
A FEHRMEL, R X A & EME,S DI, R TICHVE DG
HREREE, #BS, MEzB-o7-. OEVESR L LTS,

AHBHSIREHF A48 8+, 2o %7, Comenius KEHIE Alexander
Lux ##+, RC< X2/3%7, Institute of Botany ® Luxova Miroslava fi+, =3
HETHRER W EEEL, FUTKEHE 20 BEEL, RXEF W L,
PEBFRAK LRRRETREE B KEEL, RZE 8 BEELTORMMICE, Sk
WO DHMSERL OHEE, HBS 2B/, £/-, WD KRFEEF A ke
T, MHEFHEPORIOERY £ L DET, FERFTICH0ZL OMEE, ¥
ZEVWC FOILI VOB ERT. £, IEORFTICH D MigHE, Hens,
WHA TN, BRI v ¥ —FB¥d2 Anthony E. Eneji i+, COE HF
KR EA FEEL AP BEL, 2 R4, EBEORNB I 0EY
VI —DFRE, GOSN L, ESEHE L LTS, £, ABFEO—IHIcxt
LT@ﬁﬁﬂ&AEK%ﬁE@%IDﬂ%%ﬁﬁ%%ot.%wﬁ@%K@%Ta

VWOBLEDPS AT TT I o RBREOEK KK SA, Bk HEFIA, ME
AWH| OFAK —F - 7Ia@RE, 2LT, i B, ZH BERE2E LD T3,
ATAERETAETHIGE L AR, FE REORRC, TOBLEY TEE

AL L EF S, &BIC, MEOEVCEEAR L EEICR LT0 X VSR LT3,
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Summary

Crop production in arid and semi-arid areas is most limited by insecure water supply. In

these areas improvement in the drought tolerance of crop has been recognized as one of the

most important factors to increase and stabilize production. Previous studies have revealed that

various minerals such as phosphates, potassium salts and silicates are related with plant drought

tolerance. Because of the comparatively few and fragmentary studies on silicates, their effects

on drought tolerance have remained unclear. The objectives of the present study were to

determine how silicon could enhance drought tolerance in sorghum, and to monitor the

physiological responses of sorghum to silicon application under water stress. To meet these

objectives, three experiments were conducted.

In the first experiment, drought tolerant and sensitive sorghum cultivar, cv. Gadambalia

and Tabat, were grown under drought stress with or without silicon fertilizer application to
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verify the effects of silicon on their drought tolerance based on dry matter production, water use

efficiency and water uptake. Regardless of their drought susceptibility, both sorghum cultivars

showed almost similar responses to silicon application. Silicon application ameliorated the

reduction in dry matter production under drought stress but had no effect under wet condition.

Under drought stress, silicon-applied sorghum had a lower shoot/root ratio, indicating

facilitation of root growth and maintained a higher photosynthetic rate and stomatal

conductance than plants grown without silicon application. Water use efficiency was not

influenced by silicon application. Diurnal determination of transpiration rate indicated that the

silicon-applied sorghum could extract a larger amount of water from a drier soil to support a

higher stomatal conductance. These results suggested that silicon application could be useful to

improve the dry matter production of sorghum under drought stress by enhancing water uptake.

In the second experiment, solution-cultured sorghum plants (cv. Gadambalia) grown with

or without silicon were subjected to osmotic stress and the effects of silicon on their
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transpiration rate, hydraulic resistance to water flow and water uptake rate were investigated.

Under osmotic stress, silicon application alleviated the reduction in dry weight depending on

application levels. In contrast, no silicon effect was observed when sorghum plants were grown

without osmotic stress. Regardless of silicon application levels or osmotic stress, the

photosynthetic rate increased in proportion to increasing stomatal conductance which also

changed depending on leaf water potential. Thus, growth promotion by silicon application was

likely attributed to the higher leaf water potential due to silicon. Comparison of the hydraulic

resistance to water flow between silicon-applied or silicon-deficient sorghum revealed that

silicon application could ameliorate stress-induced increases in hydraulic resistance. Without

silicon application the hydraulic resistance increased under osmotic stress. Data on water uptake

rate and transpiration rate indicated that the latter changes in response to former. Silicon

application had no effects on cuticular transpiration rate in sorghum unlike in the case of rice as

previously reported. These results indicated that 1) the ameliorative effect of silicon on the
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reduction in dry matter production under osmotic stress was attributed to the higher leaf water

potential following the acceleration of water uptake caused by silicon, and that 2) silicon

accelerated water uptake by maintaining a lower hydraulic resistance under osmotic stress.

In the third experiment, the effects of silicon on cell 'wall physical properties related with

root elongation rate and mechanical reinforcement of stele for the protection of its conductive

function in water-stressed conditions were investigated. Sorghum seedlings (cv. Gadambalia)

were grown in a nutrient solution with or without silicon. The mechanical properties of cell

walls were measured in 3 separate root zones: basal, apical and subapical. Silicon treatment

decreased cell wall extensibility in the basal zone of isolated stele tissues covered by

endodermal inner tangential walls. The silicon treatment increased cell-wall extensibility in the

apical and subapical zones with a concomitant decrease in elastic moduli (E) and viscosity

coefficients (n). In contrast to the apical zone, the silicon-induced hardening of cell walls was

also measured with an increase in E and 1. The silicon-enhanced cell wall extensibility in the
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growing zone may be one of the causal factors for the silicon-promoted root elongation. In addition,

silicon deposition might protect the stele as a mechanical barrier by hardening the cell walls of stele

and endodermal tissues.

The overall results of the present study revealed that silicon application to sorghum

ameliorated stress-induced reduction in leaf water potential, leading to grater dry

matter production under water stress. This advantageous effect of silicon is attributed

to the increase in water uptake by sorghum due to improved plant hydraulic resistance

and accelerated root elongation. There are possibilities that silicon-induced changes in

cell wall extensibility might affect these factors.
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