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Response of Tomato Root Systems to Environmental Stress under
Soilless Culture Systems

Yuka NAKANO

Synopsis

Effects of root-zone environment, humid atmosphere and nutrient solution on activity and structures of

tomato roots were investigated. Root systems exerted morphological plasticity in response to stresses

(water, temperature and anoxia). Fractal analysis was valid for quantification of root morphology. The

roots in the humid atmosphere would adapt more readily to high or low temperature than did those in the

solution. Those adaptations occurred only through physiological responses in the short-term, and

additively morphological responses in the long-term. The effects of flow of nutrient solution were evaluated

for its contribution to acceleration of root respiration and nutrient uptake. The root system having both

parts in the humid atmosphere and solution was found to be available for stable growth of tomato plants.

These observations of root responses to environmental stresses will be valuable for product development and

use of soilless culture.

Key words: Nutrient absorption, Root structure, Root-zone temperature, Root respiration, Soilless

culture, Tomato
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1T BEOERREBEORELRNK

WA (Soilless culture) &, THEAffbHI I
T 25 2k TH 5. BRAEEE OB LR, W
AV Z Y PP AF L TDOT 2T ALHITBNT,
T % K THBE U 7cili iR s h T B, 28IRAkEE 352
ARG EREE L GRs 201, TERRECK TR
R EDO RIS 2B LT 5 1920 FEHN S TH -
7z, 1930 4EREIDITIE, AU T 4 V=T K¥D Gericke
12 & - TIkBHE (Hydroponics) 2SFEHHIEIIKE S h,
Z OINFEPED & & L RFAREOHIC B 5 A H PGl
ah7c (ReEsH, 1993). ZDHEITERMIZB WL TREIT
HRDBIEE 5> 72Did, 1910 4EICTF =707 m—%
vihick s TR I ey 7Y — kLA FY 2D
CooPEr (1973) 1T & » THE I N7z NFT (Nutrient
Film Technique ; #BK#F) HXELEEL LT3,
BUE, +F v TRIFRAEFEDKIES BB TiTh
nTeOH, 1996 FDFHATIE 2,728ha ITEL T 5
(Van Os, 2000).

—7, HARIZE 2 BEORBARKRERR, 1999

FEDOFPA TIZ T66ha I L T3 (Fig. 1-1) (kK
PER BRPE B 25 R I SRR AR, 2000). AR 1307
B o im0k 2.0% (1999 45) & I —f#B%& ko
BITTEIMOA, T ORI R A OHMK 0 b
BHETH B, i, BWEOIEAEHRED 1985 4 LIKRIRD
O—@EEW > THBHT, EHTREBIRTH 5.
HIRENT B T 5 BBAEEG L, Hx m 0 EE
BTRELTE, 1946 0 HHHEIC X 2 4D
2 HAy & U 7o R B3 22, 1960 4R o B2
MR R O8I L RO W M SR E - 72,
Z D%, BO[ANTHES MM [ 5 72912, 1964
FOIEER X O WA KBS (Deep Flow Technique;
DFT) ox#74 L, EHEOHMHBMNEAN. ZDk
1980 4ERHI D ITBERIN A & NFT R E o v 7 7 — gk
AN, MR R Ute, BEROKBHE B S3E 0 28ioRksy
HONTHALE THICKRKDORE M % D T &7,
WABRIZEE LT3, ECIRATIEE v 7 7 — Ut
oO¥MMENLD. £, EBOFROEBEPEKI R b -
HEWER MG HAnZ BRI, ThZHUNRIET
HHrWER LTS (Fig. 1-2).
BRI B BB EH L, BFES T0%5 % 5o,
ZDHH M MA4AT%, VNN 15%, R FEM9%E
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Fig. 1-1 The area cultivated for vegetables (A),
protected cultivation and soilless culture
(B) in Japan. X ; Planted area, A;
Protected cultivation (glasshouses and
plastic film greenhouses are included),
@®; Soilless culture.
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BT 5 (Fig. 1-3). £0flty, 1 F9, #55F, *a
T, vV, koL yvyy, avvy s lEEREOS
L on 5.
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Fig. 1-2 The area of each soilless culture system
in Japan. €; Deep Flow Technique, A;
Nutrient Film Technique, @ ; Gravel
Culture, l; Sand Culture, O; Rockwool
Culture, X; Other solid media, [ ]; Mist
Culture, <; Others.
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Fig. 1-3 The cultivated area of vegetable crops in
soilless culture in Japan. A; Tomato,
® ; Cucumber, € ; Strawberry, O;
Honewort, X ; Leaf lettuce, [ ]; Welsh
onion, <; Perilla, I ; Radish bud, H;
Others.

THEE R EE N, REPREE O @RI & 0 BB
BPEZEIT OO THIML « L viETH 2 2 &, 2)
FERE I TR H 2 THEE LB o s T s, ks
BHO<T = 27 WLDHRETH 5 2 &, 3) TIEEYetk
O REPHEFER L S0 HEAE( AN TE S 2 &,
4 AvEL—FIEDQBAITL DK - HEEEREEE
UL TE 32 LR EXZDRENDH B, U ko kS5
B2 S, WBCRENTHT BN LEREL, Ui
U, HEE~NOERIIBENONBIRTH B, TDFIN &
LT, § 112, FUREDPEO%ORIEEEICET 5 5%
BORESNHIFOoND, FINEE TR OEER
BRS - EbEMENRL, NFT Loy 7o —bHin
FFEETH 5 (Table 1-1) (K, 1997). F7z, $iHs
HHELUT, MoK OBEA, B8R O UGS
TN 0D B BRCPHENE & DFERRE 3 B &
DREV. S SITEF, BRERENOREDIZ®D, K
O LRSS D & AR E A OB 1T 2 KD
SNTHD, FBKOMEERFIH D0 DR, MR E
WHEOKRERESSKZ IR MINORN L H 5.
55202, BB B T A HRREROML S H S
SN 5. FREHEDIRVIKPELA L 2 BIFE I, /)
SHUR T S AE TS 5 i, BIRBRE O M 12 &%
WBEET S, Tabb, FEROBES pH, BE, A
TFRRRIAPE S EAMEM OB ICE B A2 52, K
PELLALPT V. £, BEARFHICBOL TS LHEiE
DORENEREINZI ST, LAV S TLATRENR
A U7 B3 T BRERE AR 0, RS EEK
3 EMZ (PauLITz, 1997). & <IT, ok #HEw
NFT # 0 & 5 ichr gk 2 L E 2k TiiBi s ¢ 52 /7T
i, BETE ST D KREN U TGS 205 HE O &Ik
9 5 fEEERE Y (MENZIES 5, 1996).

Table 1-1. Construction costs of each soilless
culture equipment per 10 ares’.

Soilless culture Construction costs

Applicable crops

system (310,000)
Deep Flow Fruit vegetables 960 ~ 990
Technique Leaf vegetables 1,200 ~1,500
Nutrient Film Fruit vegetables 480 ~ 810
Technique Strawberry 660 ~ 870
Rockwool Leaf vegetables 630" ~1,140
Culture Fruit vegetables 480” ~ 750

Z The values provide a summary of recommended retail
costs and actual results.
¥ except for wiring work and plumbing.
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3 MSERFIEL AT LOREE

BUE, HATHEPLES N T2 EERETT 3 40
LA 2 (AR, 199%a). Th o2 K& ST
5 &, Fig. 1-4 O XS5 BB, K¥fo 2 FRHE 2
5. TNS 3RO RE IHFHEE S, S OIHIE
OFEMZ XD ISETES. ZhodH b, FHEICYR
T b E N KRBIBISEZIC & - T, @ EEEEA T
bz BN E Ui h=ld, RENRE LD SRR I
AEh, KB &HEML TS, Lhl, 202 3%

ED M THIRENRE <, HREFEOMHOIEN.
ZIT, KiEB L UHEEE ORI R MEPER O
MREBFREEE > TH5,

IAERARE SN S R R T E LT, 7l
JER AR H L7505, BUKMED AT %2 LW BE
IKFtOSR BRI TR ENH 5. BRI ClE, BifEny
77—V bR LT BT v 7 T —IUL K BER
BB RoMESERSNTWS, 22T, oy 77 —1L0
B ML & LTk 2 WEMMPBRET ST 5, bET
JAINTOAEREE LT, I—ay XTHELLTH
5E—FEX (BUNT, 1984) $/¥—F 1 I (GRILLASS,
2001) DA, HUEEIRTHS 6405 KT o6, 1999),
PRAFE FEARS, 1999) ENH 3.

—77, BEKFT O SRBEIICIE, R E T miE
R (VoorL &, 1992), k> — b#F (%S,
1999), JEMMERMEE K CGubs, 1997, EBELPE
IREHCRE: (RIS, 2000) 75 EHMEHRE SN TS
I slSRITRZ, ROEEE :zb@ﬂﬁﬁmﬂ®%
EITBOTHEREFHI SN TS, Chon i
MRO—IBEZEQPICHE M S5 2 LTk - THREM
BEERL, EYOAELRETEIEENRNS>TNS
(PR, 1989). WFRD—EEZEGHICEHSE S 2 &I
& - TIRRIEENRZHALT 5 (Scuwarzo, 1995). L

Circulation system

r ?eez Flow —E Aeration system
echnique Solution level fluctuation system
[ Hydroponics ——

Nutrient Film Technique
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_ & Capillary hydroponic system
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Fig. 1-4 The classification of soilless culture in Japan.

ML, TOXSBRILZEEE S ORROAI R A
MBS Uicbgeid s, & QIBRICSET 211
FROBREM SRR A KIS h AR ED iKIZ X D
HSMIZT 5 Z &id, fSTARIREE Y AT LK 51K
2 N THhOREMBAFEL D STHlT AT 2 ET
EBETH 5.

4 EREECEIZ2ELIBEOROEE-
EIKHR
IR (1986) (F AR FEEICHB 15 b= b OWRES
U, [k SR3EERPICRELTRELLMRT
Ho, MHEKRPHR] &1, KR TRAREOZELSHIC

EHR

BHUTRELUMREER L, T0bb, MFEBER
FNEMBEI BBREE TR S N, KPR T OBk ER

%, BSRUPHRIZAESTT OB R A BRI 5. AIFET
3, RO ERICHL, WP E KOKPRENS H
ARV, Rl U7 il S R T, Atk 0
RIZBb00, —HOWBERFICHELLTED, Wb
W3 [T Z2ERL, [KPHR] SE&bitkrn
AR ICHEEE U T RSO AE B E LA T B EF X
5N 5. BT EKTOMIIKE JEENEID, Fi
ZORMEEENRL S EEZ SN TS (de LINT
5, 1986). L L, Z0OXI)BWRRIEED A K
Bas U7ciEgE 7.

KR, < SHEY SRR EIIITE O KBR TH L
5N BEBEIREFITB TN TH -7 (STourTH, 19
39 ; CLEMENT 5, 1974). FEMHOFEBIRIE B T
b, HRAKBEE EKRPRETEKT 2 FHCBET 52 0
Wshe 5. A, HBIEMRTE (ZERONIS, 1983 ;
WARS, 1975), BEBWEEL pH (LIS, 1976 5 &
M, 1962), MRIBEE (A S, 1995 FH 5, 1995 ;
THOMPSON &, 1998), JEXIE (&5, 2000) 75 &H
HY, ENETNEE LORBEAII DL TlESIh TS

—J7, BRI L ToWBFEAm 0, BRTRO
vk o @Rt 2 b~ 7ol & LT, ALE (1953) &1l
IgF (1986) ®&D»d 5. M, LR LF 2
) M7 MR EDOUIMMRIZES F TKRF D 2~3 (5D
FWPOEEZ RS Z L2l LT s. IR, FEH7
F—ZFRLTOHELLDOD, HBETHIZIREDFEN
Z <, BEMSE MBS, BERORE, pH iR
FEisxtd 2 @ISmEABR U, AHREMAEDm 255
DR EDORENDIT O EIRNTO S, RIRERE I
ZHIGTES RO &0 D BT RO TEE IE, WS ICE
1} B HUIR O BREEHITE OB Sk « K3 X MEETRFRIZT 5
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EWFEst B, —J5, ZIMMERMANN & (1998) &, &
SUAR &K HR 0 NEBIE T & Wk B RS 12 BE U T Lk £ 17
W, I A MHFOBKUPHRIZAKTR K D SAKE#ETESK L,
ZDRERE A X/ —aif DR ENTBREE D ZALIZDH
BEZBHELTNA, Zhid, BRPRKTRED &K
EHWKZAPVREZFITOWAE I EERELTWS, L
MoT, BIGTORBERBITENETOW Y 1 7OMRD
BERE A D AR D 5T 5.

b BERHECEIT3RERIER b L XEZOHIH

BRRFHIC B 0T, RS A IR 7 R RE L
g2 ETHEMRRE & ORRBITERENE LT 5 2 &N
T& 5. B, [H UHEN TR O BREE S 3
UThhi, BRHETLD b b EIT S &
D 20~25%HMNd 5 EnbhT% (ResH, 1993).
UL LEBEEREE Oz hZ2ho SR, WpRicE
Ky EBEFEEHICEBALB L BZ 3D TRNEEN
T3 500, MEBEEICEOTRITHT 22 L an
HEUBZE@mTEREL., EXICRAEBET 30008
e (EERHD) o 72 WFEEKEEe NFT 5 &0 AT,
RIIREREO T VEFERTICEES S shTEB D, WE
IEEHE B SN ETH B, £DHIT, B0
R, pH, W, MRBEELEZOHAMNE=FY
v Eh, filflEhTns,

—J5, tHEEEOBA 1R, HEPICE T B IEY ORI
ML, FRENOLEIZZOFBOLE» S b
EZTBECIHMEDS - TV, IR EO WYL -
(bt o AR A RIS U Tl IR ITE 51 %
7o, TEWE, BhE, #KPREEL EnfTbhbhs. £
I UIc ABIIHITENZ &b 597, TEEHIR1 32345,
Ko DAL ZERIY, FERIICAE—Th b, RidTh
ZhoBLNIEMTHE U THRZEL, BEET EEK
GEWINT B2 ERMONTNS, fe&ZIiE, IR
ORI Z LIS T o/ b POREMRN 5755 241
R, HERICE U TBKE KOWRIED R 2 Z(L S &
T3 & UNR, 1998), SiREO#ES =it shic
HRUTAKILIE O 23 BRBEIC 5 2 MR M TR WIS s
B2 & (JACKSON S, 1990) X EDHENH 5. <
D& H1T, MRIFREREEICL U TRR 2R H 2 0 I3
M7s it ERRE 2 2L S A 1HE, Tabbnltr s -
T3, 3517, nflEOREIIA ML AN EZEL
MRLTWBEEZONTHS (AT S, 1996).

—J, BRIEFICBOTE, BERENE—TH Y
EMBZ I, TOY—MEERITEBIT 5 R b L REIEHEE

OBMRIZ DN T ORI S0, ZEENEER a2
N DR B A PR T 2 7odiid, RIERED
D i S 12 B RO BREEINE OMGEDS AT TH 5.

6 REBICETZEERMLZX

BB TROECPTORBEREDOZ L 2DV &
o, WIBKEEOEETH S, BikiETlR, LR
D & O IR AR DS B & LK, s
PRt = N 7o b D REHP BRI IS AR A LT
B0, RWREPHEHOREORELEEZ T 5. bh
[ D B A pE IR, iRk i O B R % 58D 5 72D A
IZiibh T, fimiE, HiZ40ChnEiRic, £
BOKE FICET BRI ENH D, TDcw,
TR IZ L 2RO FIEICINA T, BIKomAE (k%
Ko, 1989) i (BUGBEES, 1984) AffEiEah T
W5,

R I HEE A QRO BRSNS 0, = D= &
ZBEEPERIZS S AN &, e nEThREEZT
5. MURERIC X 2 #KGBIRPAE (HoEMmoz 5,
1992) ICEBHEE A KIFT E L BIT, EEOARE
BF Yoneg 5, 1994), A EYON=ER LU &ME
(ATHANASIOS 5, 1983) IZ b BT 5. T TOR
IR ERIEC T 2B, b B ik oo
WTEME 7z plnZ i (£S5, 1996 ; KRN S, 1978).
—75, 1R (1986) 1%, ESUTARIEKHRIC A TRE
ZATH T B #EIGEN L EE TS, UL, =h
EHMAFBERNT -7 13T EAESADICSTT,

7 WEICEITZEREX LR

BRI 2650 EDDOREM A MU AR, BRI
DIBFBIEDIK T TH 5. AR Ui o MR H I
BB MiRE L TE D, WIS RR 3R P O%
FEERITIRIFL TV S, L LEBHM oS IZX W IRA
MRy FRICANT 5 &, MPBEHERZIZHD T,
T, KPOBRGFEHREREIKESHVEERDT 30
T, BEICHHRRZICLBEHEPEELPLT L. 22T,
B8R D ISR TR IR IE & EW D E 2 AKX & o B
Riz2nT, ZLOMENBIN TS (DURELL,
1941 ; MoRIMOTO 5, 1989 ; FHH S, 1996a; HH 5,
1996b). #E: RiIcB LT HIBEFBRBE OMR £ EX
LR ENTNS, ZOXI BRI Ens, KEE
Z NV ZDERMEN S A B &, KPHREL O bEKATRO
T BZETH A, Lich->T, WHEOMHREREENS A
Bl Lo RIIONT, ERMICTET 2488 H 5.
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an

8 BRBIEICLHITBEDRE

WHKHBE, NFT #s SRR BRI E GRS 5 X
IZBWT, FrARR O RE)IPBITN T 5 B UL &2 H i &
EEMPEMD 2 EMASN TS, UL, HERO
TR FE SEME B 1T RIZ TR B S WLTI IR B A
. HHE O (1990) i b= MoK EHI B N T, Bk
WAEFLIRBIZT 2 LAEBMIHISh, KERBSE2
LimflBREMEOAEBEET S EERELTNS, &
DR, EAFRERIRE & RYARIEE &S OMICREVIED
MR ED szl Eh o, BREORIZIRRIRG,
S DT DIEF A L, Fragmkh o MR 2B s
HBEIEILHBEZERELTNS,

%7z, CHENS (1997) iF, NFTHcB W THITHKE
BEBRSETL Y RE/RE LA, MR ERO 1/10
DAL T S BPBIPCEE R KR KT L - 7o &
WL TOS, 0O & ITHER OB A EE R OB
MosTEEL, WOAA VIRIUHEEEEZ 52 &3
RSN TV B, TRENEE OB L E RIS~
BB DO,

9 IROEEDFME

IhETIT, ERBIRFETAOHRERBEICBLT, M
BRSO SR SHRE S0, <=2 T7kEhT
W5, UL, 2hsDEREBERTCINEDWTT — 5
DSBS TH 0, BB ORE A H R
FTOBIEMIRZ O b O ORI SO T
3780, EEEORKESH T, Bofom, WkEs s
DOTHEINTHEI L TWBITT SR, 207w, B
LR ULRAELBBROEEIZONT, £DOFKES M
K95 ERWETH 5. T/, HBROBmIZEL
Th, WMORIE, S A7l ARG 7 <, BRFE X
OFFEEE AW 5 L TxfEAE R LTn5, Lichis
T, MEERORBEEEZT T AIEYRZDO DD
B Z AT « 3E 3 2 A ED D 5.

WOHEE LT, 1) KPESGOMA & L~ O
%, 2) ARILAMO BB KOS, 3) FMLED Ok
i, 4) XEMOXFBEBHFOoNDE (TR, 1998).
HHOWDOEENZ, ChoDOZHBREHHOBAIELT
HESNERETH BN, ZhoxH—0 kTl
BZEREMTH B, T, THhoDOREEHSHOM
RAKRELUTOMEE, 2 OROBEREMFEIINZ T,
MROEPIER, EHESERETE, RO REIRTE
Lk THIEEZNS. Mot EEEOMRIIHEETHD,
BRRBZ B T TeokE 2Rk bRICRKLI S

LOBREEL > TNBEEZZSNTS (LyNcH, 1995).
L7ehioT, MokEN, <oBRENNE S L IEER
MF D ZNZENIZDONTIGT 25T H 5.
RIEEE T K& AL B e 0 &EDE LT,
DFEIKIEGERED D 5. £ OERIFHMIZ OV TIE,
ROEKPBIGEE EARROEERDNUIT LIV EEZ S
N3, WMOFBEOFMEE LT, BKIRNDOIHOT
FNVF—HIRETH PR D 5 D IFEHELBEE & O
MEOFELEMET S, a—FT7FIVT I VERILSP b
V7 2= F M5V UYL 054 K (TTC) &l
BHSNTHS (R, 1998). LoaL, ThosofilE
HIWRRO 2R ET 5720, Hix BEHECHOM
M ORERE N B R O EIIG AT 5 & & I3HEL L,
—J, RREEREHFHRE UERE LT, 14 00K
DO (YAMAGISHIS, 1988), M (Van VUUREN 5,
1996), i GEH S, 2000) & EMAE I TE /.
b BEEFIE SR B 20K E U TOWRR DA B PE
EFHIT % 7213, MRRAEREGFR & 5 FHL R
WEER D, Fibb, AR ORI, K
BLOWRKZ LW TREETTL, H LI 4 E PIL
2EOMRIIOVWTERTILENH S EFZ 6N 5.
WREOFHMIZ>WTIE, FHEE ICB L TZ OFEMN
RS hTE e, RROBRBIYMEIZOWT, LYE,
¥, B, B, KH, REETE, Hkr BEEBRIEE
NUPFE I TED (ATKINSON, 2000), FTIETIEFZN
SOREIZT Y E 2 — 52O EGRIT ARSI S
Loz -7 (U, 1993). 51T, 75377 b
Koo —oMWEEZINH U BEA g (58, 1995 ;
IzuMI 5, 1996) 12Xk - T, MRILEOLEKMGEDHEHES
MEHTEXZ I EDRENTW S, LR TIIAPHES
Be, W, TIERE EORMENAE - OEEHK
W ew, EMREIENERD AT 2 S DEREIC
ot U TR OS2 B bs v 5. Hlzid, 1%
IR E ST 5 SEROEICE S ORPBHT 5 S
& (Ia s, 1991 %, ##53K53 D2 WG TR
PSP d %5 2 & (Van VUUREN &, 1996) 73 &
BHEIN TS, ZokHig, Hoks, EE, EM
FiisLDo<wRELTOMEITMA, Zh 56O M
PR E RO EELAGT S EBAISN TS,
—J7, AR SRS EREE & i — i L S %
72, ABR D BE PRI B 1 B ARE O % # & Hig iy
KB HIENTES, S5IT, FidD X5 IicH#E
WA ITB VT HIRERENAY—THE84E, £2T
BRI 2R HOBEICNE LR E LTRY
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—BIRRIEEE LB, Lihi-T, BEHRIICEWLTR
BB Ok RO BB IS OO TS 5 2 &
& - T, BEITHT 2RO BKERDOINEZY S
MITT B ENTE, 20F— 5 3 EFEEIC BT
XB5LEEZB.

10 HFROBMEARRBILDER

UbotsLM@Esombzils 2, AT, #
WARFH T B IS L LOBHRBEEDOZ ML 2T 3
k=< N ORORIGERRE SJEROMD SIS ML, £
DHEFATFE D W THRIBERBE I D 5 S AL & A2 D &5EAL
WWET 22 EAHMNE L, FRITEBRAP EKPENS R
15 5 USRS 2 b2, IRk Y — MRS Bk REE b
I ZODOERBIEHREL DB, ThEho itk
WCRET AN 2 DDIR, THb BRI E
KPIRICHES 2 H T, F7, BRESNCHGOHST
H 7B, FKGOMARHEE &MRIT K 2 WIEEE & O BIfR %
ERIITHT U, IROBEREFEBLIT 3 2 ARIE SR EE 0 s 28
EREIL LS & L7

A D MFTIE, TERIEM SN TS L5 2k
ROBHERZ M L ZEILTEDO K & S 2MGEET 5720, A
HAR &K P AR D IR 106 B IR 1T DU T AT 247 -
7o, F9, AR EKTIROERBO RS %, IR I
RUNNVOEESEDTRIT Lic, 318bBb, Kz
T 2 BEBKBHC B 1 2RO FES, KEPLRROD
Wis K OSNTERBIC G 2 2 84, BATREEKT
BERKY — MM LTS h I L, 2o kT, &
JEBRBE IS 9 2 iR 0 RIS E & BRISEIT S0
T, WROEFENES K PEROm» Sk Lz, 20
B2, MROFEMICE U/ TR D0 T HRET L.

M T, #KD O EESIROBEREIC S Z 5 8
IZDWTHRAES 70, B OB #EE 22 Ls & T
RO FEKSWI A JE Ute, BERIIZIE, ETFIVERT
BB ORHP R AP N, FEOREHTL V&M TR E
IR DB I % IR L 7.

NETRIINSDORRERE AT, BIMKEICKIT 5
HHFZ b L ZBRER E LT, AR SRR EZHE b
OIRREEKT 52 HTAERBL, £ ORREMGEL 72,
THbL, RRNIEKTREKTREZFE D M= b
CBWT, IROMRE X O#RIGEYE, M HBEE B
JUORENEOHNS, ZODRLZWOEENSONT
et L.

RBITBABEITB LTI, AU TR S iigER
B LR E K OCABEERRIC I U 2I0E D 5, HUEER

Uy

Bim b < MEMKICH BT BEHBRICIOWTEEL,
O BREEME IR TED & A 7o TR O S PRI D U0 TR
L7z,

I BSPRELVKFIRDOEERIEIC
xtd BIHE

JIAERRE AR &4 5 b~ b OBREHE TR, AEE
JEEMETICHE T 2INES LCHEOMENEE LR ET
b5, BEFETIHEORHE X CLFEOMEE LI
K O HUSTRE = BRI ICHI T & 528, BEra X b
FNF—HEOBEBOEMSZEN S OMERTE 57
TYEZ T2,

M NOEFIZHT 2O EIZH 255CTH D, 10
CUT H 5 0IE30°CUL oI E, H EEkE %
L, IGRZEZRT 2 b Tind (Daviss, 1961).
Rl A 0k D HEE 9 5 MR 0 il HE P 13, SR
(GOSSELIN 6, 1983) ®##y Dz (BUGBEE S, 1984)
BEQHERNITE > TEAT 2 EMREINATHE, &
ST, FHUEMIZ X - THAEFITNT 2 MR 0 2%
MBI ENEMEINTHS (BIFES, 1971). LK
(1986) 1, HWHIRIFICB U 2 RIBREE & 2 S ICRET
BAROAFIEEAE D BIfR A BT 5 LHEOHT, SIS
Bk hn s “GRLATPHRT EAEPIERES NS Ok
M7 TN T, B pH 12 & OMIBREEZ LITH T B
WIS EBRTWSE, 25 LkBZHITEDE,
TBRHROIE R % X U 7o BHHRR 7 =50 < D ip B S
I, MKEROBSLPAEY O RMEZHIRE H
JFTwad (UFs, 199%; %FFs, 197). LaL, &
S[PAR O BB IL T2 B 2 KB T — 7 1313 L AL
HHicoin, £ ITERIETIE, (NIRORGARGES %
7o, MIROBEEREICHT 5 b bOBKHMRE LU
KR DOIEES & CHEEDIRE I DWW TR L 7z,

1 ROHNEE L UAETEREDHEEH

a #& §

s &okrTid, kG < IR BERTS EZ K OYEE .
LRI O TRENFET 5. L L, RotKsE
PIERICERE ST ERBIPAMHETE L. £9, K
GERMEIZOVTH S &, KPIRETE KT 2 Rk
(Deep Flow Technique: DFT) &Ml LT, EHHE
T 5 RK Y — MHE (Wet-sheet Culture: WSC)
T, HROFEHOES B LUK WDIEN T Enf5ET
H5. FHTHEABMOEENDAICLZPKTE F
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< P OIRRICHT 2 BEFER PRI 2 IR0 o, R
T GEE S, 1993) F o — 7HKOFM (LT 5,
1995) T EDTRMBMA o, IEFIEFIEI LI L
MRS TNS, KIZ, BIFRERFIIOVLTAS L,
DFT TREBHIWNE DIz L, WSC TRERIZTHEL
RELSEHT . Lnl, KEITREBOREEMTT
MR OBl 2 Th I IC i Z 2 i 2 2 & & Ui,
—Ji, BBEFITONTH B EREAERNH S, DFT
T, SRR O T BRI IS ppm &K<,
RIS B 1) 2 T OB FRARE IR TP, EFH®R
T B 1 2RO RO HRS E1C & 0 HITRZ O &R
bz GBS, 1997). —J WSC TiE, HIFoEH
PRSP SRS LRV (B 21%) EEnTcD,
ART BENITT.

WRDIERE &2 OBEEDRNITIXE B MG MRD 0, HiY
ERbNICEBFRED b E TR KOBEEERIT 27200
IR RIEEERESEEEEZ 5N 5 (MILLER,
1986). ROERE & BERE & OBIRIZ DO TIEE  OBFSE
WG H D, RIEEREICK > THREL SN B RERRL
BEEZoNTVAS, £, MOMNPERIZOWLTIE,
TP D & 5 ITES IR S NI BREE TR DO S D
T PMEORENEETH 5 & (HACKETT,
1969), FEAFE: D & 5 1R H AR BIRTH 2541
BROKELRMEPIEE THSLEEZI LN TS
(RUSSELL, 1977). 1L (1986) 13, MBS HMRAE LB
B#IGEEE SOOI, REOFRBEICK SMAKRIHDOH
KIZE 2 b0 EHER L THBH, WEHOFHNLE .
AR, WMRBEIVE2—F7 —ITHiBE LT IAA,
RN X O RO E S P BRI & OGRS T §E
Lot (U, 1993). 51T, 7537 9 IVBLU<
WF TS50 ZIVITIZ & - T, RO EHRG08 M
SR TCELIIENMRINTHSE (T8, 1999 ;
KETIPEARACHCHI 5, 2000). #&RoME& T, BREL
DA —15 T B 1) 2 EW DR 0 % 08 fAb T
BT, 757 ZIIVENIBHWoN TS, —F, &
WAREH T BT, RIENICB Y 2 BELFDIES D&
ALY, BESTHICOWTHAET 5 E:IT/NhS 0.
ULnL, 7357 7V, OED0RREMKT 5
WMOMBI Y — v ARKIT 2, Z0kcd, HOES, K
IO RS, WL E, e RERTRES
N5, RO [HERE ] BEIASNEEEE2 60T
W3 (58, 1999). L7chi-T, BHIRIFICBT 2IB%
W77 ZVIBITAEBAT A EILL-T, EOKHIE
EREOMBDVERENIZEN TS D, EWHIBELSD

EHEiiE L Bbn s,

T/, MOKEOREER) 7= v ik#57s & NEEE
WKOFEBIEIZKE B, Hl2IE, BERZITLS
FavURNEEDY 7=V ik DBBOKEE DK T % O &
BT EnfEashTtns (FHs, 1998). b= b
F 2 VIZHARTHIS ORI 5 RS2 08
, MOBEMENELL (385, 1997, LaL, #
WOMFBEFMEN < POMRIEREBICHA 2 EEICO>NT
FHAMWoMTENTH D,

Z 2T, BEREICHT S e oA B L Uk
T OIEE 2T 2011, < MOWRIEREIC KT
BREOEBEW ST B EE B, b M
T % RK & — M EE K ORERUKEE B Tl
BFICBOTRE L, BRI NICliRRONE « NETE
AR L,

b MEELUAE

1) BERFITEE

MEELTh< b (Lycopersicon esculentum Mill.)
BRI %07z, By 77 —)VHIRIRE &35 b7 128 1t
WLV REXTT BIRICHEREL, 75 RRENTH
Wil7z, WK FEEMEE COKEKEETSZ, T
WRMARKIE 1L 4 BEORE A W HEEK (NOs-N 240
mg-L™' (LI FHALFE L), NH,-N25 P52, K298, Ca
164, Mg45, Fe2.7, Mn 1.2, B0.5; EC0.75dS*m ")
EIEEAEEICED 1 H 1~2[5 2 2. K3 5
WO 2 AW EEE (360X120X Tem; 300L) 1T 29.6
PRem OB TEML . WCREEE R, KSR
FX E LA KH (DFT), ESinfFiREX &
LTDFTizz7—R>7 (Na4000, =vv—) THK%E
mA7zdo, BXURKY—MF (WSC) 03 k&L
(Fig. 2-1). V#, ZhoouBX4Ezhnzh DFT X
DFT+Air X, WSC X&EWd 5. Efififh DR 2K E M
i, L72REDOKKE AN#EK (EC1.35dS'm ) %
HWTITY, AKX & SiTkfR 27 (NP-90, i)
% 15 53 d72D 2 43 MEIL LR R IR E 6B S H 2.

AL 20004E 4 H 18 H, 20014E6 H 22 H, [H4E9
H 14 B2 506k 3 4T - 7. B 1 THRZS O mi{g T
%, FEBR 2 TIREBICNIEROBIE L, FEH3 TR
ROV 7= VOB AETT - 2. KRB L O XOMR
BIREOMER, TEESEZHOTT -2, BERKR
13528k 1 T 16.2~38.4°C, 9Bk 2 T 18.8~39.9C, HHk
3T9.0~35.0CTHER L7z, FZB 1 TD WSC X DRI
W 20.7~31.3°C, DFT X @ R 1% 21.9~28.0
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Tomato plant

Air pump

Irrigation tube

\CO

ump Air stone

DFT DFT+Air

Nutrient solution | Non-woven fabric
Styrene foam

WSC

Fig. 2-1 Schematic diagrams of deep flow technique without aeration (DFT), DFT with
aeration (DFT+Air) and wet-sheet culture (WSC) for the cultivation of tomato.
Nutrient solution in each container is circulated by a pump.

CTHR L, REREOTFHHKZES WSC X4 DFT
KEDbR&EMoT, FER2BLVFZITBNTHRBKD
AR S h, P HEZEE WSC XTI 12.2C (R
2) BXU227C (B3 ER&Eh->DiTHL

DFT XT3 7.3°C (928 2) BLT19.6°C (FBr3) &
INEIn o 7z, DFT 281 28538 K O AR RIRE O
WEE, #aMH DO £ —% — (A-801, fEET 1)
EHOTIT» 72, RN OB EFRERER, O
FTHNORIER T DFT X TIlX IO 45~62%
(3.6~5.3ppm ; FE 1), DFTH+Air K T3 fHIE D
91~96% (7.1~8.1ppm ; E 1) THB L. 1k,
WM OMELXIZH W T &R & - ThI IR D24
BWRESELE LR M-,

2) RREGOIWYAH (KB 1)

ERETR 8 HH® b~ MEMIEEFIX KD 20 k9 D8R
U, Hi B EMRITYID 73 Uictk, 58 (1995) @k
IZHE U TR L e, ST IR R 2R TR CAER, —
RAR B L OS2 SRR O AL TIT - 7. 153,
VDt TRAER & —RAMREXFIEF, £658
—KAIMR E L&KL, £9, FAARK (60% ¥
J—=)v BERE ARV = ) =905 :5) ITHRARE L
& U7z, 0.25% Coomassie Brilliant Blue R /KA
T1~2 MG Ll, 20BKEL TEFOBEREZRE
Lic, TO&EI I LciRE, f A=V 2F v
(CanoScan600, Canon) @ FIZ{EWWZT 7 UJLsXy b
(29¢m X 20em X 1.2em) 1247 0.5cm DES DK% AN T
JLVF, 300DPI D fifg g, 256 7 VARHTAF + L
T, XV AT VY IVEREID AAT,

3) RRONFHEDETA (EB&1)

MRS EIERE D FHNNE, WG fEr Y 7 b (NIH
image 1.6) ZMWT, —RKMAMRD S K, ZKAGR %

Yo =g, AROREEXBIE 1T - 72 MR,
9, EHIC HECLIE AT > TR B EE P 5 U0
W o 721k, MIBMLER A0, T 2 & LSl S E L
TRDZ., ARBEEIEER, FU < 2 ML g 4 m#H
M SR U7c, IO FEERE, LitoME oM
P miRE D OB L7,

MRD 7 Z5 7 7 )Vikot (D) & Box-counting 7%
WTCEHIL 72 (TarsuMIS, 1989). 9, A il
1bEig %2 —Ur DIELEOMBETES . MRGEERHEKST
ZHAEN—ITELEEIN2MHOBMOBHN 252 5.
r DM % 0.08mm (FHHEGEOEEY A X)) »o
21.67Tmm % TEALEH, ZOEEXDON (1) 2R 5.
COBE, WMFETA X r EAWFET A XITBT BN
EDOMIZN=K «r " OBIFRBIK D LB, faEDHEM
Wo7 575 Vkoe (D) 1TSS, 7527 5L
“¥1&, MANDELBROT (1983) IZX VRIS b DT,
737 7 NVIRTLEKEDO o8ROt & LT
L0, HOEHBEEZ $ORBICEWTRD S 2 &M
T&5., HBEN2KILOVHTHEEEX, D126 2
O OfiEED, DRRKREVIZERENEMTH S Z
ERERMITRT. B8, WRO KIS E KT 2 MR
WD 777 5 NVIKILE, RREEROFHIEL D & X0 3
MEMREREORMLEEZ R TEE2 LN TS
(LyNcHS, 1993).

4) RE, VI VERBLUROABEEDEE

(82, 3)

FEREE 12 HE GREBZH), W19 HE (NERE
BN, BLUREITHE (V7= 850 1T, K
X0 M2 b3~ BKRT ORI, M REBAE TR, AR
Rip 6RO e —RARE ZhEh 3 KT 0 i
L, B, WEEES IO 7= v EROBEITH L.
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WEBLIOY V= VEKEBEHAORIZ, B2 S 5em TXOMEIZKE <, E5% 2 TiE DFT+Air X234 2

MIZ7Z b7 b—4 (MT-3, HAREALZWELE
B TEZ 250 um OREWIHIR 2B U7c. Jeseeaniss
(BX50, AV X2 H¥ETHE) FTTUROEAITHT

V7= VR ORI,
HCl## (RuziN, 1999) ik o Rl ) 7= v 2Kl
U7z, WEEREBIEM ORI, WEEH» S Sem HI2Y] b
G 7ctk FAA BIRICRIE - EHEL, 77/ Ey b
(7100, Kulzer) ZHCaiL Lz, I/ 8 b—LTHE
S 10 pm OBEWTYI 2B, 0.1% MV Y v TIb—
WIRIC X DQpta Ui, 20 oD 1E, JEHEMEE T T
BEREXUFHNEIT -2, ShosOFHINZHER LR R
iE, )= bFZ2F +F— (Hawker f1) 12 & DB E %M
&L,
5) EmE (£8 2 BLUMLINEMEDA (E
1, 2
EREE 12 HH (28 2) ITARBBIZEMITRIL 724
X 4D b= MZDOWTT VI IV FATEOHEZEEG
WU, HEE T (AAC-400 8, HMET) <, 2
e Rk FRE (SPAD-502 %), I/ IIVF A4 F) ZHL
THE LI, £, TR E2TRILA b= MZoW
T, WK% RS SRR, 80°C T 48 WREAkE L
EimEl - 7.

& 5 (T phloroglucinol-

c & &

D EYEOBRE (&1, 2)

W Lo yEE, Fl, 2 &I DFT+HAIr K&
WSC X EIERIFEETH - 7o, DFT XiZ/h&h -7
(Table 2-1). RO EIE, WSC X >DFT+ Air X >
DFT KO MFIZ K& M - 7o, i BB &R oY E
(S/R ) i3, 928k 1 T3 DFT+ Air K >WSC X >DF

K& R&EMo-7, 28543 DFT+Air K >WSC X >D
FT XDMEIZ K& > 72, EHEEE DFT+AIr X &
WSC X & RFRETH - 7ch, DFT XizEh 05
BE LN ot 0, FEOITIILBEXENICERIT A
SNTIEIN - T,

2) ERBITICLDIRRTEEOERE (% 1)

WBHRE S X OB, WX ES SR
A SN o7 (Table 2-2). MROFHEEEE DFT X
Mk b K& <, WSCIX, DFT+Air KOIETH - 7.
PRIz >0 T, —RURE S X 2RO FEEE S
R THELERIASNLE D 12D, 757 5 IVIRIE
(D fi)) o F#fiEid WSC X >DFT X >DFT+ Air XD
MLz R & 2 - 72,

Wiz, HROES & DIEOFESHIZ DO TS 5.
9, IROEIRBVLITNOMNIEKIZEONTEREAE
sk -7 (Fig. 2-2). UL, 40cm LI T ORI
D531 #l 4 1% DFT + Air X T 3~8%, WSC X T 4~9
WEINSD 52D L, DFT KTt 4~15% & K& -
fo. I, RO DIEOSEMiEA B L, LThOWL
FIX & B ED - 7ehs, MEXICK > TE— MEDRLE
MEL 57 (Fig. 2-3). WSC Kid DFT+Air KE L U
DFT RICHANT DEOZEB AN {, 1.25~1.4 %/RT
MR OB LS MBEF 5% EREh o, T DFTH
Air Xi¥, WSC X% DFT Kiclk~xT K& D (D
>1.4) % &DOMIRD LD 2 H & DIsh - 7.

RO DEEMOBE (R, Rk Mg s)
Loz, EOMHBEMRED S BEAERZ L (5
1995). AEEBRTS, MR DEEMRE, DIEEHE
i & OMICITHEZEOHBNHED Shic (7— 7 HHR).
WENOUHEXDEERIZENT S, £h 5 OHBIREIE
0.495~0.592 E1KWAS, 1% VRV THERETH - 7.

Table 2-1. Effects of root-zone environment on the growth of tomato seedlings (Expt. 1and 2).

Hydroponic  Dry weight (geplant™) i Stem diameter  Leaf area .,
system Shoot Root S/R (mm) (em*splant ™) SPAD
DFT 1.29 b¥ 0.25Db 5.0¢ — — —
Expt. 1* DFT+ Air 1.79a 0.28 ab 6.3a - - -
WSC 1.73 a 0.30 a 56b — — —
DFT 2.84 b 0.40 b 7.2Db T4c 413 b 40.8 a
Expt. 2* DFT+ Air 5.7l a 0.63 ab 9.1a 9.5a 987 a 46.4 a
WSC 6.49 a 1.05a 6.4b 8.6b 1081 a 46.0 a

Z Shoot dry weight/root dry weight.

Y Values were measured with a chlorophyll meter (SPAD-502, Minolta).
X Data are shown as the mean of 20-21 samples at 8 days (Expt. 1) or 4 samples at 12 days (Expt. 2) from transplanting.

W Values followed by the same letter within a colomn are not significantly different at P =0.05.
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16 3) REOREH (82
DFT

WTFNORIEXIZE LTS, —RURORE EORE
B FI ARG S 5~10em DAL T {, WAL
FEEBIZILNERRE TR 15 5 72 (Fig. 2-4). WSC X1
il £ oo EALIZ 80T DFT K DFT +Air X & O 12
BEMNL L, AT 250 um ORI 24720
18~50 A% E L Tk, —JF, DFT XB X
DFT+Air KiZix KTHHI 30 ALbamoic g, &

Frequency (%)

s 12 L DFT+Air NS DFHIT — 7 2 —IRMIR 1 A2 72 D ITHE L 7RE
5‘ i, DFT X T 172574, DFT+Air X T 17,116 X T
[

g 8 HH, WSCXTid 39,346 K& fh 2 KiTH~NTHEIZZ
g Motz (Table 2-2).
w 4
4) IROANEFRE (28 3)
0 — KPR & X O RAEAREEE O, MgiiaEo
16

IS WSC 3 r EDFT

~ 12 r 2 DFT+Air
> 30 | :

) ; COIWSC
o 8 ~ 25 |
3 =
o % 20 | 4
s 4 g ‘A’

2 S 15 | /M7
QG "?é\fﬁlr,m”,, ~ g ’ ».
0 N AN\ A \ Lt 10 | a ‘
10 100 1000 / ;i :;
5t W Y| W 7i
Length of lateral roots (cm) . A ;I A I A

. o 115 12 125 1.3 135 14 145 15 155
Fig.2-2 The frequency distribution of total

length of individual lateral roots of to- Fractal dimension (D)
mato seedlings grown in different
hydroponic systems. The lateral roots
mean first order laterals including
higher order laterals. Details of treat-
ments are described in fig. 2-1.

Fig. 2-3 The frequency distribution of fractal
dimension (D) measured in individual
lateral roots of tomato seedlings grown
in different hydroponic systems. Details
of treatments are described in fig. 2-1.

Table 2-2. Effects of root zone environment on external structure of tomato roots (Expt. 1 and 2).

Lateral roots Number of
Total Average .
. Total root . Number of root hairs on
Hydroponic projected root . .
length . first order Mean a first order
system .~ rootarea  diameter D (SD)”

(meplant ) (em’eplant™)  (mm) lateral roots length (m) lateral root

P (plant ) (lateral root )
DFT 43.1a" 154 a 0.43 a 53.7Ta 0.73a 1.295ab  (0.090%) 7258 b
DFT+Air 57.7a 183 a 0.34 b 54.3 a 1.02a 1.277Db (0.076) 17117 b
WSC 44.2 a 168 a 0.39 ab 44.2 a 0.99 a 1.317a (0.067) 39346 a

Data are shown as the mean of 6 samples at 8 days (Expt. 1) from transplanting, except for the number of root hairs on

first order laterals (mean of 3 samples at 12 days (Exp. 2) from transplanting).

Z The fractal dimension, describing complexity of fractal architectures, are caliculated using the box-counting method.
(cf. Tatsumi, J. 1995).

¥ Values followed by the same letter within a column are not significantly different at P =0.01.

* Standard deviations of entire data sets from each plot (n=265 to 322).
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Fx, BXUOPOLOHEOERERE, wind WSCKXT
DFT+Air KE XU DFT K& D b AEICKE M- 72
(Table 2-3). —7Jj, BJEMNEEEIC 3K THE
BwERBEAONKE M-/, DFT XTI, BB LS D
#1173 0—RMMRT, Wign S 10em OARLE THRO H
ORI R R s BlZ s h e (Fig. 2-5). —H,
WSC X Ti3, DFT+Air K& XU DFT K& 0 & 445
ZBG A 7= omENE LM (Fig. 2-6).

d & =

1) BKPIRE L CKPRONEFEE

b= b oM Bk E X, WSC X% DFT+Air X &
Wiz LT, DFT KR THZICHY L. BRIk E
DH b, REPKLEZ ERNDIZEICIONTIE WSC
XizB 1 2K LRl OAMIC X 5 HEB AR
HoNIEd -7z, CHERIFS (1997) &, #EH/ABHE
WT b M 12 HIEEK THEE T 5 &, MRoHEREN
WAL, ZoI EaH LEAEE 2T 2 FEHRTH 5

60 - —e—DFT
—O—DFT+Air
50 ——WSC

40

30

of lateral axes

20

Number of root hairs in slices

10

0 5 10 15 20 25 30

Distance from root tip of the first
order laterals (cm)

Fig. 2-4 Numbers of root hairs in a slice (250 £ m)
of lateral root of tomato seedlings grown
in a different hydroponic systems.
Vertical lines indicate SD (n=3).

EWBELTO B ARFERTIE, WHLHAPPHE NI &
@ HMH) HEBROHERICLVEBERTH-TbH 2
BESOBRBIEICHEFESA I LItk -T, HoER
WCEMKIT KB EBBE N Tt EBZ 6N S,
DFT XTiZ, MIROFEEIFIMDX &EZERNILIN > T2
B, HOMIRO 5D 2 EENKRED -2 LS, IR
MESHES L TO I NSNS,

—%, WSC K& XU DFT+Air KTiF, WHE b
DIEHRFMIDERITH LT TH - EBZ 5N 5.
W IR E R — D AR 2R Loy, RO
iz, S/R HiE WSC X438 DFT+Air K& b /h&
notz. Fi1z, WSC X Tld DFT + Air KiZHl~XTHRD
T 57 ZIVIRILISKRE D -T2, O 757 5 IVIRITIE,
WOEE, REPHBEOFEEPHS, BEREEBR
BlLTn3dEEZoNTHS (58, 1995; TATSUMIS,
1997). UL7edi-> T, AJBD WSC XiE, DFT+Air
AT TR 28 BN RE <, HROFEEL
TR ERR L T LR s h 3.

2) BKHPIRE & UIKHIRD AR EE

WEDOFRAEL L, BAHRAKREERLTEh -
fo. WEOEMIL, MK, Jb RS RE, pHis L
Ik > TEIML, TOMENERICO>OLTRELZT4M
ST 5T L, LhL, KkGEETFTE MY E
03y OMEFRAEMEE SN, RINEAH 2 518N
52 & (MACKAY 5, 1985) #, K pH Kra&ik THks L
oLy 23, WEHA TS, Mo K& %
Hebid 322 & (INOUES, 2000) 225, HREBOHNNIE
R DILRIZ & » THEAGEIITK E S HIRT 5 EEZ
SNTWE, 51T, WBREROBALHEETHD,
BARERITDHERL T R IVF—RD S LY R EREOIT
We S fEfR 9 5 (BHASKAR &, 1993 ; CONNOLLY 5,
1996) WL HHEN S H 5. WKATIRICE T 2 IREDOHEK
SRINEEDO K & SIFAYWTH 528, BAHRITEB T 511
EOWMIL, FRIT A TEAKSBIG T RV F — %44
FETHMBBREICHT 2N EEZZ 5N B, BRI

Table 2-3. Effects of root zone environment on internal structure of tomato roots (n=3).

Hydroponic Diameter of M(?taxylem Thickness of .Stele Number of cortical
lateral root diameter cortical cell diameter cell layers
systems (um) (em) layers (um)  (um) (No. of section™)
DFT 83.3 b* 24D 22.6b 32.7 ab 14.0a
DFT+ Air 81.3b 2.5b 22.3b 29.8b 15.0a
WSC 118.1a 34a 34.0a 379a 15.5a

z Values followed by the same letter within a column are not significantly different

at P =0.01.
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Fig. 2-5 Transection of tomato roots stained with toluidine blue. The sample was prepared
from the first order lateral roots developed in different hydroponic systems (x400).
Asterisk shows the development of aerenchyma.a, Deep flow technique without
aeration; b, Deep flow technique with aeration; ¢, Wet-sheet culture.

Fig. 2-6 Transection of tomato roots with phlo-
roglucinol staining of lignin lamellae
(arrowheads) within exodermal walls.
The sample was prepared from the first
order lateral roots developed in different
hydroponic systems. a, Deep flow tech-
nique without aeration (X 200); b, Deep
flow technique with aeration (X 200); c,
Wet-sheet culture (X< 200); d, Wet-sheet
culture (xX400). The rectangle (d) in cis
the area of d.

KB 2 BROEME, MONTHAEOKE SITHER
FERAERNT 1) - 7278, X TO A HULFED T
FaA Rk MR m B s e, REEEEM P T, R
DR EPHLHEOMIER S Z & K WEZF L YOI
KOS 22 ENZ L OMIEMTHRESINTED
(JUSTIN G, 1987), Z DR E U TS N MBI
WSS LTHBEL T3 EEZ o TS, KIR
THo NI S, M@ X 2 RIE 0 KRR KRE
X BB IE EBZ 5N B,

—7, BEHRO—KMR T, KPR XD &EEH

FaE O S, GRS O ER & CHUED B
KEMoToted, HOERMKE M-, &5I1T, EBK
PR TIR, S ORI ) = L DtENBIE STk
ARG B W P AF ORI, TRB L CHRENE
BEARRIC B 2 ARE MRS NS 2 & (GALAMAY 5,
1992) %, WHZEHTHE L by E DI Y OROHEIC
ZNY 15 EQBUKEYE DS U7zl 2N ) —Hasd
WoNnb I E (ZIMMERMANN 5, 1998) M &sh T
W3, RokEBRER, BbhER I RICHEim T Ak
B OB & > THESH, D ROEBKRMSA
WECcoOHHOES, 2) #ANY —HOEK, V7=
VELUZRY VORBITL->TETFT S E0bR T
% (MIYAMOTO &, 2001). —JF, [H—RFRHFD A %D
WIS 0 5RO ER, TUOHEOBER, B - fHE
O EDMITIE, FOIEDHBIBGRASEEL JIH S,
1979), RWRIFZEEVEVLSBBRBHZZ EMS, K
OHNIE EERBEENRE , BERED DR ENZ O
feDIEREARE W IS TO B (BIE, 1998).
Lo T, B&RHHRTIE, K0P mnBEETtL,
RIEHIE DR ) 7 = A5 I & > THEA D IKE
WAE TS 2HEE L5/, B - HEORECE
D, Hi A DKL & FEED S OSLEREEY DR A
ERGIZLTWEEEZ OGNS,

VI EORERING, FIFHE 7 IR O Mg 4k 0
WiE, RoRMELEbSTEEBIT, RN, RE
s, NIEREI EDZALALET S 2 LI SMITiE -7,
KHARTIE, HBRROBELRIARIZL->T, MROMELD
hlEh, ReoicsOTHRBBERAE RS, Hk
WoLBFRMESN, —F, BRPRTEDZNEK
SR 2 BILORE R, KHARIZENT S/R KoK
T, MEREORE, MATHHEOERELTY F=2
WAEREMEL, M IO ERH R SN EBZLoN5.
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2 ROBKSENEFLEECRZTTEHREEEDTE

a #& B

T8 T 3SR SR IR O TR PRI D W TR
U7, RIBBREZAANDIROINEIZHE T 5 T & TOHI
Fns, MOEEEEEORICIERESHAMGEN®S 2
LRI N TS, £ I TAREITIE, ROEKFIRITE
REZ MR O E PR O PR & U T AUTPR &K ARIT 63
2 ARSI D S B A AT L 7e.

REIR I, KOMERLHEAEAREZEC, BRI
FIKGWI (ALIS, 19940 B X R (KLOCK 5,
1997) ICHEEKIFT. & 51T, WMOKE (HAARMANN
5, 1999; MH, 1972), & KEY O @ik «
(HUurREWITZ 5, 1983;DUS, 1994) ¥ L OHl# = IV E
DA (ALIS, 1996) 7 &, Wit T5H 50 51E
HIZEs 5, FH)I (1991 13, RESA FTOHAR
TERNC BT 930 A BRI IS A U, Wokds L ORIk
Xt B N S S EE RO LA U RIS
BIZMFTEELTNS, £2T, AERITBELTS,
MR HEIEERE I 2 HI IR OB L, EHROD
ZALE b7 6 RIS BICIX I L TH A 7.

BN, BRTREEKT 24Ky — MG &kd
WRATERT 5 KBz 0T, FI o ARSI
JUBRAS b= N ShREY DR DRI 5 5 8%
B9 aZ ik, MR &K ORI B E
2B B IR I O O 2 RRET U7,

b #R&ELUAE

1) b7 bOFERZE

F< b (Lycopersicon esculentum Mill.) ‘BEKEE %,
1 i & FAED T THREE U7z, FEF%, Mok, KR
35.0°C (J2),722.5°C (#%), BJE T0%RH, Sts&fiE 400
gmol e m 2esec! (AZINSAKSUT), 12 Kl
HE (7:00~19:00) IZHE L ATLAREIIBNT
Fbr Urc, BliP ok 18 & RBRIZT - 7o, RIES
3R O A W 2 KB (Deep flow tech-
nique: LI'F DFT, # & 1900ml) 8 X K S — bk
#2 (Wet-sheet culture: LI'F WSC, # & 750ml) @
TV IVESEEE AR Y b (9.8X9.8X19.8cm) 1T 1 fEKT
DML, HALKZEENTHER Lz (Fig. 2-7). DFT
TREBRBETICERENRIET 272D, TT7—RV7
(N a4000, = v V=) & 2B THEERT ORI
RiEE T HERF L7z, WSC T3, 2B - R
e LicE LERTICRESNS. Th s ORERSE,
B & CHKOR B E AN T ST v 75 07

(B0L) T Ah, KAy T (NP-90, i) % 15435
720 2 S USRI 2 RER S . AAFHIRTh oK
B X KX OHUKIREOREL, T BEEHOTT -
fo. BN 225 (]R) ~35.0 (%) °C, DFT #RiK
WA 24.2 () ~30.7 (&) °C, WSC HISRE X
22.5 (&) ~32.2 (&) CTHEB L, WISEEDFHH
7413 WSC 28 DFT & 0 &8y 3CR&E - 7o, T IR
WoER% I~11 HEIZ, UTO XS AEEMNT3
B D MRS L AL B % 4T o 7.

2) RERETEATICE T EEREKRES

RIS EE R NI 81 2 Wk 36 & O R WRIGH FE o A+
V54 VEHIID fo o 1 O F B R LR 2 £ Fig. 2-8
WRT. WML, WERTH O 17 1 00 ICHiE 7 7 1)
VSRR R v MTRERR Lo E E, ATARENITHREL
PRI NI B Ute, ARERRTIE, TEERAKAE O R
A& 1T°C, 27°C, 33°C, 45°CO 4 BB & L7z, 17°C

Irrigation
ranular rockwool tube P Cgmy-proof sheet

| Rubber

|~ stopper ~
Girculation
pump

Overflow hole

Nutrient ——§
Z 3 solution
Non-woven fabric sheet
crylic plastic pot

Sty{sne foam

Plastic tank
DFT Wwsc
Fig. 2-7 Tomato seedlings were raised in two
hydroponic systems, deep flow technique
(DFT, left figure) and wet-sheet culture
(WSC, right figure).

Fhyummm

¥
EI 'irr-\.lrrl

Fig. 2-8 Schematic diagram of control system of
root zone temperature in hydroponics.
Arrows show flow direction of nutrient
solution. The constant nutrient flow (32
mlemin ') into hydroponic system was
achieved with drip infusion.
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XBLU2TCXTRBHEZD, O Zh T H ORI E
WELABIG L, 33°CXE LU 45CKX TR IE 27C,
BHDT:00 52N ENOREME ARG L. Uk,
IhoDUEXAEZNEH WSC—17CX, DFT—27C
Xz & EmT 5, 77 VIVEBERERy NI, TofeB X
Uk vEROTHRIEEN G EZER L., Ky PN
DORIFIZIE, K A WFHR#EE (EC0.25dS°.m™) %,
E#EM S F 2 —7 (TS-A400LK, TIVE ; Fikk 32
mlemin ") Z# U THEKS 7 (G00mD » 5 %Rt
Bl RBEOEBKEIRY) 2 AT (5058, 1V
7w 7)) ICKOERRTIL, BEKRSY v 7ICR LK,
TIL BRI, WEERY V7, T2V IVEERER Y
F, RYUZRFTELTIZL > TOEDDOHBZROF THHER
T35, LT, ¥BRY v 7 NOBRDED S,
b= MROBIKRE AL S,

HAESHD 8:30 25 151 30 IThiF THROFIKS
OKBEIIZ DO TEPER A D 17 1 00 524 H 15 1 30
D) B XCMHERINOFH%1T - 72, WOBKIZOH
T, \EREICK - TEHIIL, &0 OoWkEE A% H
Lz, $bb, H#EKsS v 7 OREREZE L RFICEX
DEMIIL, avEa—FiTA 54 TABLI, Fi2,
R D h R B 22 R IPGRE (IR R T O R EE R IR IE &
HWER,LSFH U, Thbb, MEKEPcEE LYY
v VT 90 ST Aml TORERKAETRL, 1A 78
~ 757 (LC-VP, EEBUERT) 12X - THEIRES
FRIBEAWE Lc. —7, DFT XIZk i 2 ROMEHD
WU 13, B ARy N N ORI i 3O g R G
(FO-960, A—hr=F v 7 v ATL)H—F) ZFHAL
THRBES LOREEZAL V54 VEHIIL, HERPO
BHRBEOE LRI SE M LUz G5H, 2000). 72
B, WSCKiZB 1 2P iR OmMABRPLEE L, + >~
Y OZEL N TORER LR 72 HFHIITE 2D - 72,

MEKRTH, (5, EEBIUCXoEBEML,
MG & ks (AAC-400 8, #ET) <, FEOrIER
Fit (SPAD-502 %, X /¥ A AS) ZHOTHIEL
7o, Fi, V= bR F v F— (Hawker £1) 12X DR
RAWE Utc, RBRICERALII DR E 2 0E L 7e.

c & &
1D BKHIRE L UKPIRICK 2 EKSBEE IR
FISREEEDOLE
R EFERICH O b~ MEWIKROREZEY E R,
DFT, WSC K\ 3'h by 3g LHETH -7 (Table 2-
4. Mo HEIZ WSC X T DFT KITHXTHEIZKR

&<, ZOfR, H B E R E R, WSC
XT3.52 & DFT XD 6.40 iz%f L THEIT/NES r o 7z,
W L O E, EMRE, (R X CERICEMXIC
BEENA SN -7z, REIE WSC X T DFT XiZ
RTHEIZKRE» - .

WIHNOMEXIZB TS, ARy MNOREIRE
I OB & » TRUEISIED Liko, B &<
NZNOHPANTIEZDOELRELRITH - 72 (Fig. 2-
9. 22T, WHPDS 510 :00~14 : 30 DEIZDNT,
BEAR IR DR U T b B AR D & Z AR O WK &
L, gl

R 72 0 Mok, [ Ui T3 5 &l 750
ORICHERZERIA SN h -7 (Fig. 2-10). —J,
HNCARGE Y 72 D OWOKEREE L, W h DR ELELC
BOTHDFTXTWSCX&D b R&EM-T, e,
T & 2 WKHEEDZALIE, WSCXTDFT K& D
HINE o Tz,

RN 72 0 BRWIPGEE 1L, 17CHh 5 33 CE TOM
T3 DFT X & WSC KO BICH E 8351378 - 7208
45°CHLEETI1d WSC X TDFT K& D b HREIZKE 2 -
to (Fig. 2-11). A5°CHLEE o> Tl il W D i % 33°CALEE &
N3 &, DFT K TR AT%IE T Licoicxt L, WSC
XT3 16%DADIETICEEE 7. —7, WEY
272 D RS ER R GR T 1E, 27°CLBE B & O 33°CALEE T
[ DFT X T WSC X & D bFEICKE - 72h, 17C
JLEL S K O A5 CALEE TR M X IC 2R3 a7z 33°C

[
1200 | Dark . L Light )
- P «
1000 y=-2.16x + 1168.9
C] r = —0.9260%kkx
5 -
S 800 T
5
3
o 600 |
c
8
£ 400 |
2 @y =-21.24x+1168.9
r = —0.9944%kkx
200 |
0 1 1 1 1 1 1 1 1
0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00

Time of day

Fig. 2-9 Time-course change of weight of nutrient
solution in the control system. The curve
was fitted with two regression lines dur-
ing night @ and day @. ****indicates
significant differences at P =0.001.
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WLER D RS R WP 4 3 5 A5 CALER O [l D (X T
H&1E, DFT X THI60% &ER&h -7zt L, WSC
XTI 3T% E/NSh -7z,

2) KPROFFRCKIZTHIRGEEDLE

DFT KIZ % i %Kil P is A IRR IR 51, DUSE Bis
kgD 8 130 12id 1T°CLEET 7.2~9.1ppm, 27°CHLEET

6.5~7.5ppm, 33°CHLELT 5.7~7.0ppm, 45CHLELT
5.3~6.6ppm TH D, LWIFN & EFIEED 80~95% &
BN LANIVTH - 7o, D ORIRE RO I ERR
MThbh, ZOMED»SWOMEE 2RD2, £ Ok
R, DFT XicH 1 2 KPR O FIa#E 1L, 33CE TR
HIFIRE SR OIE ERE VBRI A SN fods, 45 CRE]

Table 2-4. Growth of tomato seedlings in the two hydroponic systems.

S Dry weight (geplant™) Stem Root
Hydroponic gype leafarea o oth length  SPAD
systems Total Leaf Stem Root (em?) (cm) (m)
DFT 3.06" 2.13 0.51 0.42° " 6.40" 563 21.1 4.2 50.8
WSC 3.26 1.93 0.60 0.73 3.52 406 25.0 114.6 51.5

z DFT: Deep flow technique, WSC: Wet-sheet culture.
¥ Shoot dry weight/root dry weight.

X Values were measured with a chlorophyll meter (SPAD-502, Minolta).
W Data are shown as the mean of 15—16 samples at the end of measurement. *, ** and ***
indicate significant differences at P =0.05, 0.01 and 0.001, respectively.
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Fig. 2-10 Effects of root zone temperature on
water absorption rates of tomato seed-
lings in the two hydroponic systems.
Data are shown as the mean of 3or5
samples. Water and nitrate absorption
rates were measured during the period
from 10:00 to 14:30. NS, * ** and ***
indicate nonsignificance and signifi-
cance in difference at P =0.05, 0.01 and
0.001, respectively.
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Fig. 2-11 Effects of root zone temperature on
nitrate absorption rates of tomato seed-
lings in the two hydroponic systems.
Data are shown as the mean of 3 or 5
samples. Water and nitrate absorption
rates were measured during the period
from 10:00 to 14:30. NS and * indicate
nonsignificance and significance in
difference at P = 0.05, respectively.
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T3 2T°CHLIR & RIS/ E o 72 (Fig. 2-12).
—77, RO Y70 oWk, @iESETd
AR SN (Fig. 2-10). 75k, WSC XOME%
RERH20%EBERMUERETCHER L (74
).

d & =

WSC K & U DFT K i3 1Z12[H— o L4 E 2
Licoicxt U, Mmool aniiz, S/R ik
MWSCXTDFT K& D b/hapsic, Tho0B
Fl1ficaonicboEMETHY, WSC Xid DFT
RAZHATHRISH T 20 AR E S, KoLK
MREEKL T LRSI B,

REMIAR D ZEHBMGEE L, (EPEF AT —VFITL -
THRLZN, HIAREETTRRENGVIFEREL, &
HEBRHSELS 22 LB T2 (Dus, 1994). F7g,
b= b DOERBIIGEE D i KE I3 28°C (MOORBY 5,
1980), 25~30°C (NKANSAH®S, 1995), THONTE
D, KEEBO DFT KOFBRE—H LT3,

DFT RIC B 2 BT IA B RELER, LWIho
BEIZBOLTHEROLLURLTH Y, HTHTOBEBERDOR
PVIFFIFEBITH -7 WARS (1975) 13, < MR
D WP R R, B IR O AAEE R IR DS 1ppm Wi #4 &
TOMBEECELSTIFIEETH > EHMEL T
5. IhoDZ &S, DFT K TREFER ORTEE
FREIROMPREFRL T/ EFZ 6N 5.
JANES S (1988) 13, 10°CH S 50°C D #1523 iRJE Dk
BRI b < MRE 30 SHIAN, 40~45°C TR O T

200 1.2 5
- ®a , o8
N~ T [-%
87150 | % ab S &
S F b 108¢§
"6"'-; 3. =4
c 2100 106 &5
53 : 3
® a ]
£4 b 10470 3
@5 50 b ® 8
®E 102 3%
g3 S8
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Fig. 2-12 Effects of root zone temperature on root
respiration rate and water absorption
per respiration in deep flow technique
(DFT). Values are the mean of 3 to 4
measurements = SD. Different letters
represent significant differences at

P=0.05.

WEMNRKREBZ L EER LI, LAL, KLOK S
(1997 &, b= MROWREE L, 36°C o iR
0~8 HH E THRT 5208, LBSBICEPTE &%
AL, RFERICBOLTE, FHRED 4HCUETH
WOMEGEEE R Lic, Liedis T, @Eiddao R
(LIZpE, IROFREEIZ S SIK T2 &5 605,

—J7, HROWPREY 720 OWKRIZ, SRIEEIETS
B BA SNz MOBIKBRMEKD KA T v v v
WKk ->THEiEN BN, TxVF—2EET 2HEE197
AN BEHE & FET 5 (HIRASAWA S, 1992). SHISHIDO
5 (1994) 13, MRBREICE T 5 b= FOWKEOHE
KA FE o #n & i U THISRHIgI/N S 0 & & 23
HLTVS, F27)VORIZBOTEHBRIZXDKT S
DIiF ATP EEED R WY 7 VIR TH », L0
Wiz ks F M7 o AFROREFIIEKTTSIE (Du
5, 1994) HEIN TS, Lich-T, H5 il
U EOEHRIREEIC XD, TXVF—ITKFE LR
oK s h, EWEAERIIKTT5EE26N05.

72, ARFEE TSR O W A A E U722 -
rehs, FHEEHS WAL, 1999) FIRKY — Mk L O
WA CTEBTI S b oYM OLT, iR 45
CTHM (120 430D AR O FFRGEEE X, BT
TARFMED bRENT EERDI.

VU EDORERE D, 17~33°CORIICEH 1T 2 HIKEE D
O, DK LB HEE O i EI o BT,
TSR B & UK HR D 387K 73 DGR 12 3 A s 22 5
ZRIFIBNEBHSMER ST, UL, 45COHE
MR & 0, KPR K 0 bR RIGE
FEORTFTBREN -7z, ZHU, KPR ORI A v
IZE D R&E I SN, —xIVF—MEdod Ui
HEZEZOND,

3 ROEEEMLEECRIITETEEOHE

a # §B

W T, 17°C~45°C DEIER & U 5 Lhi % i
O HIFIR LI > WO TG U, IBSUTR &K R o 2
IR IR E N DS B AW S iz Lz, BIIMICE L3
AEEN DM, FRIRE K OIKHR D # K 5%
W FE AR D A 4l U 7 R 78 AR B RE N D S B %
HZ % LR s,

RIS 2RO SIIZ DN TIIZE OGN
HBH, ROFERBOISITHEH LG EIHTNTH 5.
ME (1972) &, b= b OGRO M EMERITH 26°CT
HY, 6°CLLFOEE 36°CLL Lo mik Tl il
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T5EWRELTWS. £, Hurewitzo (1983) i
183 CUTFOHEMTHE Lic b= boMiF, KB4
BOVRNIEEBELTHS., Z0k51T, BoE
PR, WHRFEELS ST 2iREOFBIEIRE VW ES
Zonsh, FEHBBOBHARKTICE T 5 b= DR
TERED i RS I B9 2 A I3 180,

LT, BRIMREKITREZAZNFEO S 5TE
BAEEDZEEZHOMIL, £, ThoDEEBOE
L, REBICHRENEL ETREINIIBROMBE K
DY, 7575 IVIRILE L OIIREOHIE > 7E EH%R
DR 2 £ TIRIEIC X > THIEIOR S W,

Z 2T, AHiTR, EBOBISITE T B IR 25
U, B hc 2 EBREOEOD, BLAPHRE X O
IR BTG PE & RBIC BT TR DL TR L 7z,

b ME&EIUVHE

1) ERREEES I VEERE

b= & (Lycopersicon esculentum Mill.) “BERES %,
18I & RO HIE TR L 7. 38, RIEHRED R
ZATRBENTHRE L, BEREIEEXELT
15°C, ##IX &L T25°C, milaX & LT 35°Co 3 Bk
EL, HHRER 0%, St EEF MY Y LS T
(520 umolem *ssec ' PPFD) T 12 KFfEIEI & U7z,
Bt Ok 18 & RIBRITIT - 7o ARZEHS 3 2R AN
DA ERIK Y — PR (Wet-sheet culture: WSC)
B L O A ST (Deep flow technique: DFT) @
FWIRFESEE (70X 50X 20cm ; 60L) 1T 16 KT > 5E
L7z, Uk, ChooUEEX % 15°CWSC X 50 id
25CDFT X732 & &Frdg 5. WSC X Tid, HERITFEN
NICRTARF o — )V LI G, —N—T7o—, PiRiE
Ky —roEICER, Z0 R b7 POLRREBKS
TR U (%S, 1999). 51T, # .
RO I DI A F o — IV THE Y, BIKOWRE %1212
100961288 » 7o.—5, DFT XTI 2R 0K B K
SNt EMEBORERERT, 172 BREDOKREK AW
FEROTTY, X E s ITkdpRY 7 (NP-90, ff
#e) % 15435720 2 53 ML LA v FNOEEEK % 1
BRI, MUK B 2 BB OBFBRRBED
HEE, #4aH DO A —% — (A-801, SEETT.3)
ZROT - 72, EFEHET O DFT Xtk 5+
FlEAIEE L, 15°CTI3 9.2~10.4ppm (FaFIEE D 94
~100%), 25°CT i 7.3~7.8ppm ([ 90~96%), 35°C
Ti¥ 6.5~6.7ppm ([d] 92~95%) O TH - 72. X
B L X ORRIEOWE L, T BESEHNTIT-

7225 CITRE LI ATARENTIE, BFilik) 5958
KT E TOXMRIT 22.2~27.6°C, 7 il O K HbiR 1%
23.4~26.6°C, EMitED WSC X OARIK (RRFEm) 5
13 23.0~26.0°C, DFT X @RI 1Z 23.3~25.3°C T
R U, ARISUREE o P H i 213 WSC X238 DFT X &
DER&Eh-7c, IBCBELTBCEUETIZENTHH
HofmniEon, FH A2 WSC XTI 3.7C
(15°C) B&LUV 44C B5C) ER&EMh-cDiTHtL,
DFT XT3 3.3C (15°C) 8K 1.5C (35°C) &/h&
VIS

B E b I RBRENTH D, EFEIT X B R R
DINSVIRRETH 5, AIE 5 BRI LUT ORIE %17 -
2. CORT—VETOEBTHREETIREIC L DRI
v, 15°C, 25°C, 35CTEhENEME 12 HH, 61
H, SHHT®H 7. 72k, WSC X & DFT X Thitik
DEDQREE I ERAD SNEL -T2 (F— 7 HI).
2) HiREEDRAE

HHCEE O RE IARM S (20000 O fikTIT -7,
B 7 B 30 4124 6 K I DWW TEEL OB ITH S
Jem DEHESTEEYM LA, SohUoEREENEL
TEWEBERAET Y DI TTEZ—VETHEHY,
I LTREE U7, 4 KefH 30 438 @ 1B il 4 & [
U, BIERi%OERE(D S M EERD, MR %
BH U7,

3) ROMFREHEDAIE

% 6 R ZH RIS EHICYI 0 EEL e B, YINR O W
W IEE SR A RIE U, B O IR R PR O B 1 O,
7y 7525 — (100F %, TAITEC) %M 7c (%
5, 1996). O.7 v 77 27 —OIEREIZ, HHIh
TGS Es (500mD) HOMMNEET AR OREE, K
BNOHREDOWVEPSWET 2D TH 5. JIER
DIREEMIAEFRE (15°C, 25CHE LV 3C) &M
—& L, MIBEHBONEIEEThENEBREEAR L TR
SH sk PE LK. BB, MERBICAN SR
HEE T 1.0 g I 2T A /.

4) RREZROERYIAH

B D JISE 24T - 724 6 iKW T, 1HiE
BROTTETHEGE « Jetats, RAF v F TV I VITIRRS
KOG ARV AAT. 51T, FEHREID S —RAMR
Y03, ZhEhomigzE AT,

5) IRRFEEEDEHR
WREREOFINE, 1Hi& RO TET, WiggT
7 b (NIH image 1.6) ZH W TRE, REEms L
O EEEAFHI L 72,
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WREEKD T 57 7 VIRILOEHIE, Box-counting
FEICX D 1HERBRITIT - 70 (88, 1999).

HARRCHEETE200EDZ IE, HE—k (non-
uniform) 7757 ZVi#EE S, RO RFTRIG
(D) DEFIZEVHEHMNTONE LS TVTF TS S
VOWERbD, RO LAV F TSI/ 5NV THY, R
125 MRIEEE S BN SE LA Dy DA RTHE
NH5 (58, 1999). L7chi-TRZRLEKROIEELE R
T2690EDDT T 7 FIIVIKIEE LT Diew DFHili AR
W72, Dia®WELE, KETIPEARACHCHIS (2000) O J5ik
ICEOMRREMG LAEPLELIONSBIAAZDT V-4
(65X65 E7 &) ITEHE N B HRMEKEREEMREL
T, Mg kTS >4 402 500 [mFHIIL TRD <

6) EHES L UVEZMEDAE

R B & AR D FFIRIETE D RIE 21T - 7245 12 11
Ric>WT, 1Rk L THER, SEmkE R
BLORowYRZEN - 72,

c #& 2
1) WEmEoOKE
o B d L OO EIX, X TOMREMBE SN

IZBNTWSCXTDFT X& D K& -7z (Table 2-5).
WSC/DFT kg, Hi LEEMETIE 1.2~1.4 £5 & Mg
NS otz —F, REZYED WSC/DFT Hix, 25
COII/mEENTIECBLIUIHCTIRENZEN 1.9
&, 16z oEMIAL T, TORE, Hh-E
CHRoETWER (S/R ) &, §XTOREQMX T
DFT XA WSC XKk W K& <, FFIT I5CTIRARAE
Thoto., BRI ThORESELET TS WSCKT
GEICKED -7, T, ERBEBRESTOIZER
B AMHHAINA SN Th, WSC X & DFT KIZzER (T
A HNILI» -T2,

2) HREE EROMERESE

AN 72 0 O H#EEE, 15°CE L 35°CTiE WSC
XDF 7 DFT X & 0 @nfiig R Lichs, 25°C TRl
ICEERBERA SN N 7 (Table 2-6). 7z, Hifii
R\ 72 ) OIEOIREE T 5700, BAMRE Y2 ) D
HidEABH L& 2 A, 15°C& 35°CTid WSC X
EDFT KiIZIFIE% L - e, 25°CTid WSC KT
DFT K& O HEIEWETH - 7z,

WAL DO IR HE X, 25°C Tk DFT KT WSC X
FOREXBMEARLUIH, 15CEB LT 3B CTIHMHHEIT

Table 2-5. Effects of growing temperature on the growth of tomato seedlings in the two types of

hydroponic systems’.

) Dry weight (geplant ") . Leaf area
Hg;;;(;l;;g,lc Total Shoot Root S/R (em’eplant ™) SPAD
15C 25C 3T 15C 25C 35C 15C 25C 35C 15C 25C 35C 15C 25C 35C 15C 25C 35C
WSC 1.56 1.13 0.81 1.31 1.00 0.72 0.25 0.13 0.09 54 6.6 9.2 273 268 139 31.5 34.0 46.7
DFT 1.03 0.86 0.66 0.91 0.76 0.61 0.13 0.10 0.05 7.3 6.8 104 140 210 125 31.9 34.5 45.7
Significance” k%% >k X ockskk Xk ko ckkk kk sk * NS NS k%% sk * NS NS NS

z Data are shown as the mean of 12 samples.
¥ WSC; Wet-sheet culture, DFT; Deep flow technique.
¥ Shoot dry weight/root dry weight.

W Values were measured with a chlorophyll meter (SPAD-502, Minolta).
V' NS, *, ** and ** indicate nonsignificance, significance in difference at at P =0.05, 0.01 and 0.001, respectively with

Fisher’s PLSD test.

Table 2-6. Effects of growing temperature on the bleeding rate of xylem sap and root respiration of
young tomato seedlings in the two types of hydroponic systems’.

Bleeding rate”

Root respiration rate

Hzftyi;g);;nc mgeplant '<hr’ mgeroot length (m) "hr'  xmol O:*root 'hr ! wmol O;»mgDW 'shr
15°C 25°C 35C 15°C 25°C 35C 15°C 25°C 35°C 15°C 25°C 35C
WSC 460 414 140 15.3 12.9 7.3 22.9 13.5 14.4  0.093 0.102 0.164
DFT 191 339 69 12.8 9.6 5.2 19.8 262 124 0.156 0.266 0.221
Significance Kokok NS koK NS * NS NS * ok NS ok ok koK *

z Data are shown as the mean of 5 or 6 samples.

¥ Average of the bleeding rate measured during the period from 7:30 to 12:00.

Other symbols are the same as in Table 2-5.
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FERBRZZHE SN -7, —F, HARZMENSZO O
MOWFREEZ, WIFhoRESMHETF TS DFT X T
WSC Xk D R&EM-7.

3) RROFEE

Fig. 2-13 I FREUHE AN T TR s ik b= MR
WO —H AR Ui, 7, Fig. 2-14 ICHUHX 0
FRBLOMREEZR U, 25CEHE T TR, BIRE,
FHREBLIOCMUREICHX TERZISAONE M-, B
MEF 15CH L 35CHEM T Tk WSC X T DFT X0
ZhZEN 1945, 14fEER&Eh -7, FMER, 35°C
ZUTFTOAWSCKXTDFTRED b RKEM -T2, —
WMAREF 15CE&FTods WSCKTDFT K& D &
R&EL, ZRBIUCZRMBEE, 15CH X0 35C4
PEFIZBNT WSC X TDFT K& b RKEMmo72,
THOMHXIZB TS, WED I8%L LMIRIZ X -
THEIREh T, RO NFRIZMBEEIC X > TR
oThk, THbB 15°C, 25CO WSC KB & U
DFT XT3, BREICHED 3 kE L= RAEOH
B8 T6%~81% & K& 72Dtk L, 35CWSC X T
2 72%TH Y, 35°CDFT XTI 61% &fkb/hal, 4
DR DHIIIZS > T,

T/, —RAMBORIZ, 15°CEM T TIE WSCXT%
<, 35°CEMF TR DFT K TEZHh -7 (Table 2-7).
—RAROFHER, 15CELVBCEMETIZBNT
WSCKXTDFTR& Y bARBICKEM T, 51T,
— KRR D EARBN B 1 2 HER, 3BCEMLETTDA
DFT KT WSC K& D450 R&EBMHEENS 7, M
OFHERE, WTNORET b RN W 0252
BRhoro, Fi, MOMBBREmEL, 15°CL 35°CE
TR TIE WSC XTDFT K& h K& k.

Ry 7 ZETRD I BERIE (D) &, 35CHMT
TIE DFT KO 8K & -7 (Table 2-8). Zhid,
T 7 5 7 5 WIRIED M (Diea) E1E PP RS
Bhti% & 572, D ld, 15°CEHTFTIE WSC KTAX
{, WIT3BCEMETTIDFTRTREN -T2, Bk,
DB & O Doy EEME EOMHBRE ) BZzhZh
0.649 B L8 0.757, MEICREmBED r 3ZhZEh
0525 BL 0475 TH Y, 1%BLRNIVTHETH-1C
(F— A,

d & =

1) FEEREZHETICEITZIREDIEKEEN

k< MEMEO KRR, WITNORERETICENT
b, WSCXTDFT XX DHEETH -7 (Table 2-5).

EQIT, EBICEBAEEEZSNS 15CH ST 35C
T TiE WSC X T DFT X & 0 #IxtHic iR o ki E &
MREM-7To, FHHRIE U b= M TR, RoME
I U 7RISR I 26 C~30CTh B 3T b
(HUREWITZ &, 1983). M EHEZ 65N 5 25°CTIE,
£, BgmE, FHEEEE LD, WThoBEIZED
Td WSC X & DFT XOMIZZERIZA S NIEHh - 72,

Wi & DKL 15°C TR, BAPREAT 5 WSC Xic
BOTHROBE LCESHDFT K& D K&, HBIR

15 Wit 15 OFT

2EC Wik

5T WED I5C DFT

Fig. 2-13 Digitized imaes of tomato root systems
grown at 15, 25 and 35°C in the two
types of hydroponic systems. WSC;
Wet-sheet culture, DFT; Deep flow tech-
nique. Each bar in the figures indicates
ocm.
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2-14 The lengths of taproot and lateral roots

of tomato seedlings exposed to different
temperatures (15, 25and 35°C) in the
two types of hydroponic systems.
“Total” indicates the sum of TR+
First+Second+Third. “TR” indicates
taproot. “First” and “Second and third”
indicate the Ist order laterals and the
sum of 2nd and 3rd order laterals.
Vertical bars indicate standard error of
the mean. NS, * ** and ** indicate
nonsignificance, significance in differ-
ence at P =0.05, 0.01 and 0.001, respec-
tively with Fisher’s PLSD test. Other
symbols are the same as in Table 5.

EBXOBERBEORMAEbS Lic, #k D &0
35°C T, WSC KiZB W\ T—RM DA DFT X &
OIS o TS, BERP—RAURAEL, BREB LT
BB ARM Uz, Lichi- T, @& RIZ 15CH
FU3BC LD NHEIREFEMAITE TS0 RN
bEoMEIShiEvoIT U, KPR SRS O E
MRENENZ B,

73577 0WkoE (D) &, < ARHEWIZBLTIRE
PR EOMICHWHMMKRERT LI TVS

(32, 1995) 7%, KERTOMHMEKZPPENLEDT
Hote. DIF, K HI/MNZ K - THZ DX HF

MWThHsEOHIMHEEGODKEI DL TRD SN, HL
MMy — v ORBOEMS OREERT. DI, R
ECRBEEMBEOATEIERLTERVROBRESRE
(R R 72 0 ORR) RoECEE CBfRo R

D EARD A L), A (O ERO BRI 5 M
EME) BLoEmEZ AT, flAE, 3B5CITHBNT
WSC X & v & DFT KT DfisiiRk Lz, FHE
BB LU EEEOHMERM LI bDEEZL S B,
LA L, 35°CDFT K Tid, D OHIK & [RIFFICHE D&
EHEMED LT b, MROIEKITHET 20T
L3V ABL. —F, BCIKBVWTDFTX LD
WSC X T DAEMSHM U 7c D3, —RAKRD 535 13
DFT X &A% TdH 5720, RO E L OE S AEm
LicZ &L T35,

UboZ Eno, @BKPii, 15T 35TH DR
BIRERETICB LTI, BKPWIROE; &R 5% %
TERT 2N PKPIRED B ENZ 5.

2) REEEXRHETICETZROEEREHE

AREB TR, WOEMEHOREE LT, HKEEE
W i A JE U 7o, IR ISARIEIC K& 5 AR K
KRS EBZONTO SN, REOREIZOVLTIEAR
ZraicmmEn Ty (g, 1995). KRAMER
(1983) 13, WMEFHL2REBRLTHYTESLELT
W5, —J, HFHES (2000) 1 HEFRAEICL - T
FHLULETT B &, HEZREBIRTIEEL, %
OGRS P2RKH OBKIZEL->TED, RO
AETEMEOIRIEE L IG5 B2 T 5, R,
BCTRAETEEN-bOD, TNTORIESLMIC
BT WSC XTDFT K& K& -7 (Table 2-6).
LLl, TONBREFEIZE-> TRE T, 74D
5, 15CE L 3BHCTHE, WSCXTDFT K& 641
ENK&M -7 (Fig. 2-14) ©T, WX HEAAREY 7
DO ICBERNE M- E0Z B, —J, 25°C
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Table 2-7. Effects of growing temperature on the number of first order lateral roots, total projected
root area and average root diameter of tomato in the two types of hydroponic systems’.

First order lateral roots

Average root Total projected

ey N o) S e o)t o)

15C 25°C 35°C 15°C 25°C 35°C 15°C 25°C 35°C 15°C 25°C 35C 15°C 25°C 35C
WSC 108 112 89 6.0 55 65 40 47 57 0.8 043 043 179.7 123.1 76.7
DFT 80 107 111 46 6.1 4.6 5.2 213 0.58 043 044 794 142.3 53.1

Significance * NS * * NS =x% NS

NS *x% NS NS NS *xx NS %

z Data are shown as the mean of 5 or 6 samples.
Other symbols are the same as in Table 2-5.

Table 2-8. Effects of growing temperature on the
fractal dimension using the box-
counting method (D) and the aver-
age of the local fractal by mass-radius
method (Dww) in tomato roots in the
two types of hydroponic systems”.

Hydroponic Do Dioear
systems 15 25 35 15 25 35

WSC 1.63 157 156 1.74 1.66 1.59

DFT 1.60 156 1.59 1.68 1.63 1.64

Significance NS NS * * NS *

% Data are shown as the mean of 5 or 6 samples.
Other symbols are tha same as in Table 2-5.

T, WXOMEICIERBED 2D T, WSCXT
EHAIRE Y72 0 O HBERERKRED - TcE VWA B, i
B, MRITHRBRENE M EHEEER RS, (LN
5, 1995) 7%, AFERTR I5COHMN2BCLD b AX
MHKEETH -7z, —7;, HIKEERREORS I L
EWVIEOFBNH 5 2 EFHIS N TS (FEH S, 2000).
ZIT, WXOMRE (RE My HE) 2itHT 5 &,
#1Z 13 15°CWSC X T 1.29m+g !, 25°CWSC X T 2.25
meg &% D, I5COHMWNS W (F—=7HMK). T75b
b, FURESOROGYWEIT 1I5CWSC XD JiH 25°CWS
CREDHREN, Liei->T, WXicEi 3 HEED
RS, MEZPEOERICLE D EMEINS,

—J, RREEROMHHE L, 15CBLVU3BCTIE
WSCXTRED - bODOFERAERETIIEL, 25°C
X Tz DFT X TKAK &M -7 (Table 2-6). RO
WERINTNOREIZE TS WSCXKTDFT K& D
bR&ED e, DFT XTRHEMREZYEY 72D O
IR SR E o Fodc EWNE B, AEBRTIE, T
D HUFEREE & % U DIBKUT K UK T s % E
U7z, 8o (1987) 13, Ry b THBHERE: Lok inm

DOIFEE A, Kbk X CEBSPTRIE L, W&
LLOWEREGELTNS, LedisT, KERIZENTH,
FEWE O HUFEREE I 36 1 % W 5 D AR O WP & SRl T
b i EINS. UL, I THONIEN#
Eofiix, EECHBREE T EEmERIZLTED,
RO E L THOWBICRASBORE 25T 5.
158, REBRIZB O TIEMRIRDORIE I TH 5D -
fo. UL, R WSC X T DFT K& b HREICK
<, EOMIIFIERAETH -7 (Table2-5). D
Lo, BREINEIT WSC XTEh -7 2 LR S
N5, LikhioT, MRY7 0 DFEKSWIPGER 3K T
WEDESHIROTBREN-TLEDEZZ SN S,
UbkoZ Ens, BERPHRIE, 15CP3BCREDA
BREFETICENTS, HKEEORESITRENS
KO WMEOAEMREEAMRE L TO0E I Mgt L
b T, AT, AERESETICB0T bR
EEFRME AR T R 2o, H IR o HIHI A/
ImotcEtEZoNS, Tbb, (L (1986) D~
o, TRSRHARIZ K PR I e TR ST 05 5
ISMEAYR N &V S g E, FRIICHERT 2 2 LTS
7o, SHUIEREE BRI A TEHEETH Y, kBRI »
TR 2 — IR § 21T RV F =P T X Mhsis
MBS, RAKY—MITREE) LiciiEsd Lsd EbLEE
HNZ AR 23 5 S EMTREIE S LARIEL TN S,

3) RRFEEDFEEEZE

Table 2-91Z, ROEELHEAEICP T 2 KD/ XF A —
Y LR EOHE, SFUEXOT—% £2ABIZLT
R ER T L TR o 7 HBIR S 2 s L7z, s
BB LXOROEREIZET 2T XTONRT 4 —5T, Hil
R E B K OAREZHE & OIC B WO THBMRED D -
fe. BB, WEN B Dy & Y D & OFIBRE D 5055
<, RANRICAE TS0 & D IERE S MR B RE O STAth A3
afEEEZ o, o, HISIREEENKE QR



WP EEORERIC B U B b v MR DEREINE 79

Table 2-9. Correlation coefficients among several
parameters of roots characteristic vs
growth parameters of tomato grown

in the two types of hydroponic
systems under various temperatures®.
Parameters Shogt dry ROOF dry
weight’ weight
Root activity
Bleeding rate 0.663 0.916
Respiration rate 0.324" 0.460
Root structure
Root dry weight 0.895 -
Total root length 0.845 0.679
Total projected root areas 0.614 0.880
Do 0.692 0.616
Dioear 0.785 0.658

z Fitted by linear regression lines calculated with the whole
data for all the temperatures.

¥ Each value in the table has a significant difference at
P=0.01 (n=35), except the values with “NS” symbol.

BAEMTCTEALIRTRONIHERTH 205 MO
AEEEFMIT 2 L TEBICRBEEELONSE, 2iEL
D LML B X MR & oMBIREIR, chE
THEHREOE THE SN T AME (58, 1995) XD
bINEdp ot Thid, AFEBRTIEIE CAH BRI DA
DT =5 DAEHOCTHRIT LTSI L, HT S
(1994) B L U5E (1995 &, EHFEEORL ZHAEKD
F=SEEELEODTHMITLTNBE I LITLBENEEZLDS
Nn5, i, %ES (1996) i b= FOBEERIFITE L
T, BKGPMEETHMMBTEEITLD, SR
METHHETEBFNAETH S LBNTNE, Lichis
T, MOBRERBIN, ROEREIT TR, HIE~DHE
KGOS RE DO BEAE S Z I 51D THBEEZL LN
3. $ubb, BEGREE TR, TR X TIREER
B ETh 572, HROILK « FEERE DR H3HE
MAROEERICEHEKBS W Z LI &M, DIEEKE
BEOHBMZTO T B UREEDH 5.

U7ehio T, FERBITRO @A RIETED FAM 217 5 B
&, D Ro#ER, R, KT ZIlEshaEk
SRR OBEDOREE, 2) 757 ¥ VIR ETHEN L
5 BHCRDFEERE, 3) HikEE R RO WokEE)) %=
AEIEREDO RS2 EDOIBEABEEIIRIATRETH A
5. IS DR T NTHEORRIE, HFEDBRET
ChbEHlicEs b LN, XL, Tho
DI A G P ORMIADZ N % TR L RIEEREE 0
BREAERTSDTH S, ORISR ERAND

CEOREERDNS.

M MEHDOHRES KL UEKSRINICK
X TIEERRENDEE

M TR SN & 51T, KPREEERR T OKIEE
BEICRKIGLTZOREBEZLSESH, R ML RHH
WEAIZ BB TR L, BAKSINEEZ 1 U
ETABREMNKT L, EFEMEESNS. Lich-T,
BEFEH L, B OBERRIREERCHERTs 2L
ICEREL S BERH 5. 2 0K TIE, KK
SRR RMIR AT O 7o, I ERIBAR T &%
Wofld, &v7EXy FHETHEREEZBRIGRS ST
Wh, B ORI, HBICHBERCEENSEETL
EATOMRITINA, BERERE S €5 2 EITXB%R
MRENI ERHONTNBEN, ZDOERNLHTIZR
SINTWEL, 22T, KETIE, 22K O HE
HMOBEHEIZ 52 2 BIZ OV THREET 572, BRI O
B S AR D FRIK RN A3 U TR R D iR i 5 A
DEBAFMU LS &L, £9, TFIVRER TR
DEPENPEET N, 517, EBOREITITOE TR
RO TRENRN R A S iz Ui,

1 BEROD
a &
BRI T B 2R EORENE, KL, o OBt

HOREPCROREITE U 2ERHAE#C TSI LICE
D, BIZKEMEBRNERGIZT 2K 08H5EE5Z5

nTuwad (AR, 1986). UL, HEiiiEozhRic

DNTIE, TEMOAEE « IR « SWEICHT 2ERHR &
LTEs Aoty GEbk, 1989) 320, KikH)

720 ORI R A ARG & O BIR T mIITHRIT U 7ot

M 50,

BRFEEE TR, 2o K BB ET OV THROHE
KT BRITAHD D RAFITHRIBICMHE 2 2 &R
WKAMRETH b, LW I TN & AR T HE B A
BEMRLD 5. L cRAEFomic o Eo
BODWRESNBGENEZ 0N, BN TR RS
WD ENOHBIZEZ o h, £ ORERBERREE
LK OEIT B, TabL, FEROWEIZTTS NFT £
WEBOKBE 72 & TRIKRE QR AE ICHa sh, oy
77— U &9 5 BRI T3 R SR O
R e vEd > 1 HEEMR S 5. Cuens (1997)
(F, NFT S CTHRIBORBKRZERSE5 2 LickD,

HEE LR DEIK S RIGEE

il [
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MEOWME XD HIKRECHSOKEREMIFcE5 2
EEWEL., o X51T, FEROREME O KD
WP IR BB A 52 5 2 L3RBT SN TN 3.
Z 2T, KR OB RO KW K IE 3 e
AT A 70w, KRR 2 BN ISR O B i E &
ez, HWOVENGHEEE B K O KRIGEEE 1T KI5
ZA T,

b #MERUFE
1) BROBHEEN b MROFREFEICRITTHE
(E&& 1D

b= & (Lycopersicon esculentum Mill.) ‘BEKER” @
M, vy 7 U —UihRZ RS D7 128 )XV b LA
WC—REETTRBIRCEREL, RENTHEHZIT- 7.
WK TR E TROKEKEBETEZ, TERERZ
3174 8E (EC0.75dS*m ™) ORIK A W HE#ER %
JEH#AIKIEIC L 0 1 H 1 G A 7o, K4 4 ZEREH T 04
Wik, 777 AMEBENICEE U 7oK o &5
LEEITER U7, @Rl 10~15 H BTk ZERILL,
0.7y 7T7A5— GBHE, #47v7) ZHOT, KX
NS g PR OD 5 TR D #0228 2 TR O I ok 22
E U, i R S U] L e R 0.6g DR %
50mM U R B (pH6.8, 350ml) & A7 KL
SR L, FEPHICRELICRY — 5 — TRz
U7, BHPEEOREICE, <VFRI—F— (R —
Z—MS-101 %, 2> bo—75—M-3 8, FHNERE)
ZRHV, HiE (EE 7~8mm, £& 3ecm) O [nliE#
B % 500, 700, 900, 1200rpm O 4 BEFEIZHAE L. W
el 1%, 180 pMIOFHIT — % =W TCEIHE L7z, &%
7o, PEBHIG 15, 30, 125, 185, 215, 585 sric#dr
DO A —%— (A-801 &, SE®ETLH THEREKRTD
DAL 2 FH U 72,

2) EEROBBREEN MY FOFEKSBINICRIZT

22 (E%2

b= b BERER ORT- KR 1 &RERD FLETRHERE
L, MENTHEMEIT > 7. 3 W %ok #t Lo
BIRFEEEEEICRMEL, BempERsg, Ri» 5
3~4 HRIZ, ATSREMNITHKIE L7 FRETE O R
(AL E—=7—) ICHiEB L. #HoFamkESI3tL
TR E Y 0.38g, HL T EBEZERY 0.083g Th - 72,
BREAEAE T PN LR AEEE 7 ) v 4 (10.2atom % N)
= aLEER (NOs-N 496mg-L (HALIZ UL TR,
NH.-N 24, P41, K313, Ca?214, Cl1378, S62, Mg
47, EC2.4dS'm ") %2 IL 2 AN, ATLREEN

DB, &R 25°C, HE 12 BER, AR 50~
60%, Y| A% 550 £ molem *esec ' (FEF MV
LT ) THoi,

B E U CHBRROBIPEEEALZ 70 4 KERTE L
7o, BHEEE R T o mERE <V F RS —F —T 0,
500, 700, 900rpm IZFAHE U CTHEE L7c, HrEM o L
ICREZI 3em ORWRAFu—IIV#loOT7 7 2@ %, P
22 T b= MEIIARZEE U7, 48 Kl O Bk
%, b~ MEVIKREERICL, S5 DR A RIE U7,
Z QRO IR & S i3 LI E 0.70g, Hh R
YHE 0.156g TH - 7. FFEWi#h D £ — 7 — NEFRK O Ik
VA b MEYEROAKBRIRE & Ui, F I ERRIIC
DNTIRAEEICEIN S Wi "N & SRz, N i
BEWX, IV =V Rtk T a<iEITL DA R LL,
N7+ 744 — (N—151 %, HASL) THIELK.
BB, FERIEWHX 7T RETIT - 7.

c & )
1) BOBBEREN T MEOFIREECRITTEE
(=B 1)

PIEEE 25 N O REEHR D PR A ng % 12 >h, M
OIFPGEE M U7z (Fig. 8-1). —JF, BIE T O #%ff
TR OEAFIRARIRE L, BRI 500rpm OB, W i
@ 8.1ppm M 5 125 43#4121% 0.8ppm £ TAMBITIKTF L,
Z D% 10 Rtk & TR~ 1K T L (Fig. 3-2, A).
R E 1200rpm O A 1E, BEEREE 500rpm £ 0 A
A RIBIE DK FosiEn fc s, SRS IZFEMETH -
7o, 2O XD ISR I IE TR & (b L
2, MROMEFRMEERE 2R T EAOMS 3, MEkh

020
o £015 |
"
<3
2 ®ol0 f
-E..N
83

Eu%;;l'

3

0.00
500 700 900 1200

Stirring rate of buffer solution (rpm)

Fig. 3-1 Effect of stirring rate of buffer solution
on respiration rate of young tomato
roots.  Vertical bars represent SD.
Temperature was maintained at 25°C.
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FiEF—icfficn T, BU, BRERNEEE SHEE
B 1200rpm @ /5% 500rpm & O K& » -7 (Fig. 8-2,
B).

2) EEROBBREEN T FOEKRSBIGEEIC K

FTE (E%2

FEBRBALAIE D BRI P ISAE IR R IR, LW h oL
X% 7.5ppm TH - 7z, 48 K[ O K FEK T IRFIZ 1T,
R T 500rpm 2 S 900rpm £ TORICB WL TIE, #
FPREEEAVR & WIF SRR RIRE R i - 7o (Fig. 3-3).
UL, EEEX i, ##F#E 500rpm & ¢ 700rpm
KO ROEFBRBEE R U, e MEWKIZ X 5K
W G FE (3 R R 900 rpm TR & X T/h &
Moo, 500rpm & 700rpm OFEFIE A SN - T2
(Fig. 3-4). F7z, PN RIGHEE L, ###EE 700rpm
F TIRIBHHE OB RIS > TR U 7o s, iRl
700rpm & 900rpm O [ TIZHK R ZERED SN ish -
7= (Fig. 3-5).

d & =
FB 1 TRKOMIPRIEZZL A, ROWFRITH S 55
MR B D 8 % BRI R Uic, IR O SHF3E o Hmic

9 —— 1200 rpm (A)
8 —O— 500 rpm
c
e 7
5~ 8
£ 5
28 4
a 3
o 2
1
0
12 (B)
——1200 rpm
10

—O— 500 rpm

Oxygen consumption
by tomato roots (mlO,)

0 100 200 300 400 500 600
Time (min)

Fig. 3-2 Time-course of change in concentration
of dissolved oxygen in buffer solution
(A) and rate of oxygen consumption by
young tomato roots (B) at two stirring
rates.

EbEL, ROMPIGEE R ERMICEMm U (Fig. 3-D.
— I BGIR T OEFEERIBIE S, SHPEREICEb ST,
WN5E 1z 8.1ppm 7> 5 1ppm AikiICEF TRE K F L
7%, AT OHIC & BRI EEE L 2 h T h O #Hks
Flics T3 —gickiencunik (Fig. 3-2). #AKS
(1975) 13, b= MEOMFREEERE L, BRI OB
HFEEFRIEE (DO) 7 lppm Hitk £ TOMIZEE TR b
STRIBF-ETH-TEREL TS, ZDLHWI L&
Mo AT, RIEE TR 2 RIE U7z 180 4 i,
W DIEEIBFRIRIE DK T IZAR D FRIR 1K & 75 2
ERIFES UM EEZL OGNS, —T, T TRERD

4 a
ab
i be
& 3
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Fig. 3-3 Effect of stirring rate of nutrient solu-
tion on concentration of dissolved
oxygen. Values are the means of 4 to 7
measurements. Vertical bars represent
SD. Different letters indicate significant
differences at P =0.05.
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Fig. 3-4 Effect of stirring rate of nutrient solu-
tion on rate of absorption of water by
tomato seedlings. Values are the means
of 4 to 7 measurements. Vertical bars
represent SD. Symbols are the same as
in Fig. 3-3.
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Fig. 3-5 Effect of stirring rate of nutrient solu-
tion on rate of "N absorption by tomato
seedlings. Values are the means of 4 to 7
measurements. Vertical bars represent
SD. Symbols are the same as in fig. 3-3.

PEBORE I ESP ORI 178400 LN EMHTISH TN
% (HA b4, 1993). WOBESEENEVES, &
HRFRREPTHROFETTH > Th, BEHOMHRE
RO T A IFTLNVICETIET L, R
OWERZFEE L Ic b0 LR EN .

FEhR 2 TIE, BRI O EIE S IEK SR RIT T R
EIA U, EBRETROBRR T ORMEBARER,
BHERE AR E VI ERED - 7oy, HHHEX TR
#JE 500rpm X% 700rpm K& D K& h -7 (Fig. 3-3).
R O ISR RIEIE L, W © O ZE P O U R
HE SRR O W & B ERIMEEED /N T v itk -
TRESINS. - T, WHHFEXD DO A% 500rpm X+
700rpm [X & U @ < 75 - 72 EK % Fig. 3-1 & Fig. 3-2 i
SEET 5 &, HEHEX TSP D S O D R H
MK &0 PR/NE R, 2N IR O R E
RK&lflanicicvtEiZons,. —F, 900rpm X
T DO MEHHEX ERIBEICRE 2 - JJRIE, R
DWW IR FE DRGSR A & D ZE P R TR D I
MRED STl EEZEZOND.

N < MEPIRIZ & BKkEB LT PN OBIGEE X, ik
HENEMT 212 ER&E B AHEANA LN (Fig. 3-
4, Fig.3-5) M, @& B EREE DRI HES ]k
SrRIPGEE ORI, BAEREEOGKREZLTLS
—HUiadp ot —7, BbEEOHRMNCX D, RO
R M U7, 370bn, ROWFREE ISR EE R
BEICL > THESNE P72, Lich-T, HtEED
BRIZE O BRI PNGEEEN R E - 72 DI, RO VR i
DOHERPFRGPPINEEE Uicew EHiggah s, ik,

IKPA T > DIRD T ~D L HIOE FEAFR K 53 L& (gt U
TAREtE b T EZ oNS. LIchi-T, ROBHHRDORE
AR DR LS DA & A & 2 3K RN D MITHNC X
MUTEHIg 2 2 &%, SROBETHSS.

2 EEROR
a #&
FIET, Rk O R s N3 %13 AR O W s

[ X OFRPRNCRE SRS 5 2 L2 ST Ui,
UL, WIhbEUEHROLEOFRETH D, FEEEOIRK

T TEh o OREITRd 2 2R A2MGEd 2 A E D

bB. 2T, KEITE, BB OERAREE

EROCTHERBKOREE AL Z T, b Mk

PAEER -7 o RV

TR E L MR ORER

Com) S

b #MHRUFGE

M b CBRKES ofTE, 1 & RO LT 1999
AE4H 16 HICHRRE L. #E#2IHED 5 H 7T HIZ,
SIEWINI &, #5 AMEMITHE Ltk #t i R0
BORKEREE I, 3190k « m OB E TEM L. &
flit% 12 1,72 )% (EC 1.35dS*m ) O KIF A MLJjH%E
WA, 14 BRI Uk,

BIRIREEE L, R Fo— VEEEERY P (F
15em X £ & 360cm X £ & Tem, & 37.8L) EE:EIK
g vy (L) o555, BRKE LTy FNOE#E
WOFREERE AL Z 72 3 XK AZFRE Lic, mEh#EEE, /K
K ThoDkikRE% 0.35, 1.50, 3.60Lemin <R

THRE LK. Uk, ZhooMBEX% 0.35L X, 1.5L
X, 3.6L K &EME3: Hiaiid, 3MELX DNy K Fhim
SlE—D 4 v 7 ICHREF S, KPR T7TRy KD
LD, JKED S lem EEE OB SR, T2
bbb, MEEEUSN OREEREEEE LTS5, [H
—OEEREFERS S, £y NIZES 3em O %
2 F o — )VELERII AR, b MEgIREEE L7,
HEFUE T ORENSIRIE 14.8°C~40.4°C, BrEikiEl
19.0°C~33.5°C THER L 72.

iR 11 A5 H18 HER 14 HHD 5 H 21 HiZ
HEHEREET -7 £X 10~20 FAEZRIL, XE,
TR, RREEHNL, S 2 AR (AAC-400 %Y,
WERT) T, #EEiERkkit (SPAD-S02®, I/ 1%
HAZ) EMCTRE Uk, £7z, ERALAI O E %
E L, 5 H 18 HITIHEREL L 72 10 #kD 5 & 3 kD Y]
WRIZDNT, 0.7 v 77 257 — %0 TR E %
WE Ui, 753, RUSHE N OREE IR O #EE &I
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1200 rpm & U7z, F72, 5 H 18 HD 9:00, 12:00, 16:00
IZHEH T DO X — & — & TR I O IR R R
JE A& RE U7,

c & B

AR 11 H H OB B OB AR A IRIE R, KO
FHEENRENZIEFVEINH O, BFORKER
0.35L X T 1.1~3.4ppm, 1.5L X T 1.8~4.4ppm, 3.6L
X T 2.6~5.8ppm DO HPHTHER L7z, I L 7 9:00,
12:00, 16:00 @ 2 BRFZIAE NI CIRFIERIEE &K -
fo. ek, BWEENy N REE & PRI B B IR AE R R
BEOEIR SN T,

k< b OREICEHZ B RARR O REEE OB, E
R H B EDIZON TRE (M -7, Table3-11Cid
Efi% 14 HHO 7 — 7 &2Rd. H RIS E, RH)
HEMARE I ERMUL, BoEYES, 1.5L KK
U 3.6LIXTO0.3L XKL FAREICKEN -7, M B
Y& R EE (S/R ) &, 0.35L X T6.90 &K
&<, 1LXKU 36LXTIZEBITH9HiIRE/NS D -
7o, HEHBEZEEDS ISL XKV 36LKTAZEL,
0.35L K T/h&EMh o7z, ZRIT36LIXTHOX X DA
BICK&EBMEER LU, —7, O 0.35L KTfio
XEb@Emr-7c, FEHIZSUEXMOZEZ R Shih- 7.
EREE 11 H H 0RO PR E, REEE AR E
ZERE M o7 (Table 3-2). I Ofa[iid HALARFZH Y
720 Th, RN THRETH - 72,

d & £

1) BERRBICLSEVEROEFTIRE

I 5 T OBEHOKBHT B0 T, BB IR O it s L
N P DORRICKIT B A UK, B
REOIFEH AR, MTHMESITEFTNEEEL >/
(Table 3-1). —Jj, iE@EELAHE L 0.35L X T S/R K

MREB 722 EDS, TOXTRBNDIEEKEN D
S3MX & AR THIRIIZIRD LT 2 Ennn s,
A E R O IAEIE R IRIE X, B O FREh R s K
SWFEECHER L, AFERTE, MYWRBHKY70
WET Ig i ENy FEE (BRY47cb 1.64L) ot
LT TUNES D - 7icd, IROFIRNERRNERIZEL -
THEMFRERIBEICGZ 2B NS h - o EHEllSh 5.
50T, Ny MIEIC K 2IEEBRIBEDOENA ST
Molel NS, REIFEEDENZ X D KIHD S OiER
BRERIEDEAL L, ZDI DT FBERIEIEMED
bDEEZONE. LIchi-T, KERTHEHEINL
WMEEXENC 31 % b < MEOIRIERE O8I, BT
FIRE ERIBICB T 2 BRKIKH O OHBEILEL S D
LHtrEhs, UL, 18T~k ROMFRK
WL R FRIRIE X D SREEITH T 2 i35 D Lk
JHEORBEREAZTEEZZ oMb, KERICE
WTIE DO & D &R T Ok 5k O 3L HGE ¥ O 528 h
REh-fcboBlbnsg, £/, FifiE R, KH
HENRE DT EBRPBIGEE AL EEZ 60
5. EBEOKEEICEBNT, BEROMBRRDOZ WEHIC
TEIOEF IR E 2 2 ENMoh TS (Ea K,
1996). L7chi-T, HBKOWHMIZELS F< bOEEF
TRAE L, WEFR D AR DHLHGEE OB & - THRO PR

Table 3-2. Effect of flow rate of nutrient solution
on respiration rate of young tomato

roots.
Flow rate Respiration rate
(Lemin ) (gzmolO,mg DW hr") (gmolO,root '+hr ™)
0.35 0.132¢ 58.8¢
1.5 0.299 b 149.9b
3.6 0.357 a 204.4 a

Values are the means of 3 to 5 measurements. Respiration
was measured at 25°C. Different letters within the same
column indicate significant differences at P =0.05.

Table 3-1. Effect of flow rate of nutrient solution on growth of tomato seedlings (14 days after transplanting).

Flow rate Dry Weigi}llt Leaf area Stem Leaf number ‘Stem
(Lemin ) (geplant ) S/R’ (cneplant ) length ver plant diameter ~ SPAD’
Shoot Root (em) (mm)
0.35 477 ¢ 0.68Db 6.90 a 949 b 31.2b 8.0a 9.3b 477 a
1.5 5.95b 1.02 a 5.94Db 1225 a 34.4a 8.3a 10.1b 44.5b
3.6 6.36 a 1.10a 5.89b 1340 a 339a 84a 10.6 a 43.2b

z Shoot dry weight/root dry weight

Y Values were measured with a chlorophyll level counter (SPAD-502, Minolta).

Values are the means of 9 to 12 measurements.

Values followed by the same letter within the same measurements are not significantly different at P=0.05.
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PEEESN D EEBIT, 14 ORADIEHGHE OB
X BERSBINDIEE S A U Tl LR S h 5.
2) MMREERBR] OEZA

Ulbol &ips, ROFKGWIIXEF 2 EEHEK D it
B - FHEOREITIE, OWROMPREED KGE2HIEST 2
BPRFRIRENDO B L, QKR H~OWER « 1+ D
RN I T B Wb IE RN IS O 2 FE O ZR
FEhTHWEEEZoNS, wilis (1996) &, K&K
TEHELMEMORAKEBT S &, FiBhoRh R 2B
IZBlz S &L, 2R, LY XMWk oBEEE %
KR&ELT5E, milERRR (EA0s1728E N
121ppm) TILBBEHEEIC & 5 & & S5 B REHIER N
MU, KRR (R 174, 1748 IR ¢
N 61ppm, 5ppm) TIIAEFRESA SN, Lichi-
T, BBRW OGBS R L, B o BRIk L
TWaEEZZoN5, ThoOERIE, BEmEmngikL
TOBABHITEL 2 EEZ oA ROKIEEIZE T 5
3 « BOOKBRENE, bbb, MMREERE] 5
B iREIC &k > Tl B0, RITKBMEE - #5WIN
MEEINEZEERBELTHS, HITk s 1EESD
WD TIE, v RX 70— &MmHuc L 3 HEN S D%
St A = T IUET 2 ABTFTbNTE D, WILLIAMS
5 (1996) 1%, HINTHRE Y70 O O FE PRI 1% L

WMEMOEDREN R S EELTENTHSE LTS,

KBRS VLTS, RRRE) SIREROESEE LD
Bt %2 € 7L L, FEMAR O K FRIPIT X3 5 32K
BOMREERIT 5 ENEHROPETH A9, 1B,
BB DIRBI MU 52 2R R BII >0 T h, &
b TR 208N H 5.

IV BRHEBEICEITZEIHIREKPIR
DHENR

OFEICBWT, 2225 HURERE TR S h 2 s
EokpiE, TERER KO CRE 2 MEE O &
M SMNIE 7z, Thbb, KPR, BEsLOE
JEEMEMEIEICRIZN 2 5/101F, NSTRETRLE
IKGWINGEZ R T 58, TN 6 DD S iz
56, MOKEMRES KOBEETSE L. —F, &
KPR, RO IER, RES X CRKMIRO 7
HITE > TREBWREIEELL, HAMRE YD DK
SRR DS, AR S B BRI 75 ik 13
K&,

FRIEHTHBWT, RRNOERSKHR &Ktz [

SURKL I ERERDEZEITL-T, (EMDOEBENE
FALT B L > TOBHANBHER ST B Bk
1996b). =T, AT, BEKREEICH T BHIK 2
ML AR E LT, KR SRR Z S & DR %R
ERKT 2 R ERAE L. Tb 5, HOMEE LU
FPINGHE, H A E B L CRFNEOH D, S, i
K EKkP LN ZoDRL ZBEETEREN S RONK
BN OV THRET L.

1 "N ORIXESENDHIRESHIR & KFIROBEEE

5338

a ¥ §

AE—5 TERE P ilTE, ZhZhoi
5 OEREEGMITHIE U TIROJEREE A Z, T OBEREE T
4 5. Ozawa (1999 &, F—MEEKITAERD 575
3 ODRFRERKSE, B2 2REORFERT THEE
SHET A, WEOWKE L OELRWIGHREIZHEITD
IRGF W 2 0 5 MR R & 2250 % 40 5 RZR ICHE RS H
N5 ExRE Ui, R—HRRMNICESUT RS LTk
W2 & O85h, IR I WAL SF DR SAIC
BY U T & OREFE IR SN TL B uREPEN S 5.
ZIT, AWFETREKRY = MHHTBOTIRZRE 4 L
K& TTIC R S, il 212 PN ARk O (7Y
v L) EHEL, "N ORNE LK UZD%DIKRNGEIC
DT U7,

b #RELUFHE

< & (Lycopersicon esculentum Mill.) ‘FRKER O
A%, 20004FE 6 H 5 HiZa vy 7 o—IVHIR =550 7
128 IV b LA IR B EICT BRI R Lic, ki
TR TRKEKEET SR, THEBHZIEIRE
AW REER (NOy-N 240 mg « L' (LI FHALRF L),
NH.-N 25, P52, K298, Cal64, S172, Mg45, Cl
10, Fe2.7, Mn 1.2, B0.5) ® 174 EE#EK (EC0.75
dSem ) ZEHEMHEEICED 1 H1MEGZ 2, HHEk
I6 HH®D 6 H 21 HiZ, AFEIERRMOE %=, 775
ZWENITERE Lk y — MEAEC (REF S, 1999)
O FEREEE (22X20X 12em) O HFRFEBIT 1 BRT D E Al
U7c (Fig. 4-1D. FEEMNITIZ 17.5X7.5X6cm O K &
IDTI2F v rFERMICANTRBIREEE L (DL
K ENET), &9 —HIZES 2em ORWAF o —)b
WA FED T LIS (P ¢ L/ — K 72108, HPEHD)
EFitRZEK Y — b (BKS0812, M) 2B TilK
WELe (UF, BRAEBENET)., EMkIRRKRE L
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TRE AW 172 EK (EC1.35dS*m™) =MW,
BB LKTEIcEh TN RE LKk F 2 =71
o TIRERMRY O 3 BRI 21TV, B0 ORI T
TR ORI A —N—To—87. 6 R
H123 6 H 27 BRI 10 Kz, N AR A Y 7 L
(K °NOs ; 3.11 atom% °N) Zh§lE 1 A i & U hiag
# (NO:-N112mg-L ' (LI FHUALR L), NH-N 28,
P20, K313, Ca80, S32, Mg25, Cl142, Fe2.7,
Mn 1.2, B0.5) ZfE&KL, 34 kD k< bk
(3t 600mD & 5 W3S (R 1300mD D EFFEK
EANBZ . Utk Ch o OB 2K PRIEEX B
FOBKPIRMEEX SR 5. M ORI, Ak
DFEEE A ) 7 L& O TR U 7 R AR D ALK D B3 383K &
U7z, 50 B O S 2 T b 3 EIRE & L
7o, T2 R @ 6 H 30 HAFRT 10 REIT 4y 34 {4 %2 £7
U, MREZKPR, AP RE X ORHPR (EHCH
Wica y 7 — VKRR o) 1280 47, 8 AR

%2%\ ﬁ Tomato plant
%\ /ﬁGrﬂnular rockwool
-

o
(‘/

g ‘ \ v\Root—pmof sheet

s g—0verﬂow hole

Nutrient
solution

; o
x

.\/ Nutrient solution Styrene foam

Irrigation tube

on—woven fabric

Fig. 4-1 Schematic diagrams of the experimental
divided root culture system for the feed-
ing of "N-labelled potassium nitrate to
different parts of the tomato roots.

IZ20WTO0, 7y 77 X% — (100F #, TAITEC) &
D RO PP A2 U (RS, 1996). 350 @ 26
R0 TE, BOT Y —2X—=2H0 "N £ET
A7, WK TH 10 2 [EBEH Lok, ARKTTT L
72, ZD% 80 COW IR T C3 HMEEL, 2N AR
Fv a0V —IViETRD . PN B, v
¥ — VoI & G U, Dumas I & O 7 2L L 724,
SN FIEs TR (NIA-1, JASCO) THIE L7z (O
B 5, 1974).

F7, WSS EKPEBDO R O BEWRTIIIC K B RARIK
OBBOGEIZONT, 0.1% A F L v T IV—ERIZEK
BIERER AT - 72, TORER, BROBHITRAHE
KHEOMB TR A SN - eds, By 77—
IVEEHI THERR S Nte. 207, FEBRFEEOWR D £ &
WITH T - T, B E R A S b TRIT L
7. Bz THE U7 AR E I o &R 13 22.2°C~37.5
C, MBOBEEIZAKPIT 23.0C~31.4°C, ERIBT
23.4°C~32.2°CTHER L7z,

c ¥ B

FHETRED b~ b O REHEYEIL 1.56 g TH -
7o, WROMEARY 72 b sz El, KPR 73 mg, BT
104 mg, B 119 meg TH D, WRANOES HRIZ
KPR E Y bERITKED -7 (Tabled-1D. F/z, B
DR, BREBFHR, BIUOERGHERE, WIhd
e iR > IR > K PRI TS - 72,

FEERHE TR DARR Y 72 O DI L, KHR TR
FIROK 2 5 EFAREITKE D - 72 (Table4-2). —4,
HRARE Y 72 ) QRO R EE & Mk Emicasd v, K
PR TSRO 3 LIStz DB REDN - 2.

PNIRER, WINOERXICEWTHHEGMRTRS

Table 4-1. Dry weight and nitrogen content of tomato roots grown in the solution,
humid atmosphere and rockwool at the end of the "N feeding experi-

ment (n=30).
Position of root Dry weight Dr;;;z;‘:;cer Nitrogen titI;l]O Eitrigzn
. -1 0
system (mgeplant™) content(%DW) (mgeplant )
Solution 73 b’ 4.1c 0.38 ¢ 0.25¢
Humid atmosphere 104 a 5.1b 1.52b 1.67b
Rockwool 119a 76a 2.26 a 1.89a

z Solution; roots in the nutrient solution, Humid atmosphere; roots in the humid atmosphere
between root-proof sheet and stylene foam, Rockwool; roots in the rockwool used as nursery

medium.

¥ Values followed by the same letter within same columns are not significantly different at

P =0.05.
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ml, ROTHL RS, FFESROIETSH - 72 (Table 4-
3). KPHEEX TS & PN EEICK X 72380
Aonty, RQTRMEEXTE, B EKPRITIE
RSO EE TR S he.

WL & Nz PN IE 72 B IR R ICHERE L, KA AR gt
HXTiE589 ng, MKATMRBLGXTIE382 png bk
AT U7 (Tabled-4). HMIZAEN S "NEGHE%:

Table 4-2. Respiration rate of tomato root seg-
ments developed in the solution or in
the humid atmosphere. Measurement
was carried out at the 7-leaf stage
(n=298).

Respiration rate

Root system status ¢ mol Oqe ©mol Oy
root '*hr' mg 'DWehr'
Solution 23.6 0.45
Humid atmosphere 12.3 0.15
Significance® * kK koK ok

z ** indicates significant differences at P=0.001.

Table 4-3. * N abundance (atom % excess) in
various parts of the tomato plant 72
hrs after the feeding of "N-labelled
potassium nitrate to the roots in the
solution or in the wet atmosphere
(n=9t012).

Roots "N fed
Solution 1.94%+0.71" a* 0.44%0.269 b
Humid atmosphere+rockwool 0.49%0.226 ¢ 1.00%0.63 a
Shoot 1.20£0.521b  0.64%+0.095b
Significance* * ok *

Root system status

z Standard deviation

¥ Values followed by the same letter within the same
columns are not significantly different.

X *and ** indicates significant differences at P=0.05 and
P=0.01, respectively.

Wigd % &, KPREESX TR PIRE D KRB
S ORI HRICB N THBEICRE Mo, ZhITHLT,
ISR T, BREHR > B AR > KRR o JiE
N ABHEBEZ D>, "NGRETHS &, KR
HEHX 3 K BRI GIX & i, H B0 R
MR 2% EFEh -7, BADHRERIR, WX ESITK
I 1% LU & 72 <, BAUPIRE X OB iz 2
hZh 3~4% Lz < s hic,

Wiz, EEIE T OO N W IGEE O SEEE %,
Table 4-3 D&M LHXITH 1 2 A Y 72 D D PN BRI &
MmO U7 (Table4-5). N WI# (&K AR Tl
K[HHITHEARTRE WE DB A Shrchs, GEEETIE
Bhote, —Ji, WEHEY 720 O "N BIGEE 3k H
WTRATRICENTHEIIRED . 1h, A¥ER
TRERKTORF "N ®REZME L TOHRLN, 52k
PN % 72 BRI o BTSN S iz PN o El A, UK
PR X T 15.3%, EATIREEXT4.6%TdH - 72
(F=24EM). Likh-T, WFhot5EXiZEWhTh
Bt o "N @ o siRkFE LTl o, ERthoks
BIPOREEACIE 12K B N WIGEE ~ DL/
M- EEZIOLNS,

FARDSHFBUZIRIL U 72 N O K NB B 2 HfEE 4 5 729,
N D E~ D&, WINARIZEB T 2 REFEEB X O
WD ARZTable4-3 D7 — 7 oEH L (Fig.
4-2). Nofiisi, #HERICX-> TRIREhz N O
35, MOEMAMIIBE LIz D& L (TATSUMI S,
1980). MrcofRFERIE, RN SWIL 7 N &in
SHOEAANDEHEEZE LT cbD & Lic, RAD
N OFEARE, fhoftG5M» SRS h7z NI BIE
HEERICBE Licbo & Ui, Ubo X BEHEOREE,
KRR BRSSPI &L D M E~D N Ot A K
Ehote, —F, WIRIZE T 3 N ORFik L b
B o OMARER, WK 0 KR TKRIEID

Table 4-4. Distribution of "N in the tomato plant 72 hrs after the feeding of
“N-labelled potassium nitrate (n=9 to 12).

Amount of "N (ug * plant )

Distribution of *N (%)

Solution Humid Solution Humid
atmosphere atmosphere
Solution 6.1Db 2.3Db 1.0 0.5
Humid atmosphere 19.7a 17.0a 3.1 4.1
Rockwool 270 a 15.4 ab 4.2 3.7
Shoot 588.5 382.1 91.7 91.7
Total 641.3 416.8 100 100

z Values followed by the same letter are not significantly
analyses were conducted only within the roots.

different at P =0.05. Statistical
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Table 4-5. Average "N absorption rate of the
roots in the solution or in the humid
atmosphere. Data  were calculated
from the data in Table 4-4 ("N absorp-
tion rate per root=amount of "N in
total plant,feeding period (72hrs)).
Data are shown as the mean == SD of 9
to 12 samples.

Nitrogen absorption rate

Root system status per root per root DW
(ggeroot*hr™)  (ggrmg DWehr™)
Solution 8.91£2.67 0.129+0.032
Humid atmosphere+rockwool ~ 5.79%0.69 0.027£0.013
Significance® NS *ook ok

N

NS and ***indicate non-significance and significance in
difference at P=0.001, respectively.

10 ¢ (A)

Exported
(°N ggg'DW-hr'"

Roots in the humid
atmosphere +
rockwool

Roots in the solution

“ =

nd
(S,
T

—_
o
T

Imported and Retained
(°N pg g 'DW-hr")

(8)

15 -

Fig. 4-2 Translocation of the absorbed nitrogen
by the roots in the solution and in the
humid atmosphere. (A), exported N
([D; (B), imported N (M) and retained
N (E¥). The amounts of “exported”,
“Imported” and “retained” N in each
root part were calculated from the data
in Table 4. Exported N= (amount of "N
taken up by the fed roots) — (amount of
"N remaining in the fed roots). Re-
tained N=amount of "N remaining in
the fed roots. Imported N=amount of
PN not in the fed roots.

Mot b5, KURTIRHE L R REARE DK
250 5 TH - 72, LT TIRK 8 FFICT &7 o 7e,

d & =

KA &R D PN IR & il x ik 3 5 7o,
HIRN DK B L MR O BERERSH T b= METEE
L, R—BR%E S LEA, BEATRIZKFRI
D & NEMHEET, ROEMEMNRELS 72, 61T,
B RIZAKPRIZ AT, 2R, ERAGEBIV
EREFENKE L1, IETAONILEIIT, 2K
FREKFH B 0IFEKATICEERS 84, BRPRIE
KA E O SPENKRELLDD, EBRTREAT 54
WKIZ S/R MOIE F A o605, Lichi-T, K¥ER
D& ITHRRNITBNTSH, WK 2 OMRIRBELIZ
WG U, RO R AMEIEKT 5 EEZ 6N 5.

—J5, WROHEMEHE Y72 ) ORI B & 0N K
POREE I, BETIRE D KPR TRED - 72, RO
A A DI R IV F—A2FL, TORETH B
MO DOWEEEDEF LT D, AERTE, vl
BETS EDEMEIHMADIKEIZ E » TH#YTH - 7cic o,
RO PR E DK & 15K TIE, BEg A A o R
gEitatrzxvF—sfthanicLsBans, —J
TSR B K OB AR 0 FULAREE 2 72 O o PN I
B, KPR PN IRIGEE DK 175 Th - 7. B
P OMRITFEFARBI O HEB AT & LI KORN 512D, £
DEKSEINFEE HF O RESBEEZZ OIS, £ 2
T, RITERHRASXIZE T 5 "N BRINO 3§~ THNE
SHPRICEZDTH -7 EAKL LTS, £0 N I
RE T 0.0523 L gemgDW 'ehr ' TH b, HKkELTK
RO 0% RETH 5. —7, MoOEREIETHEAK
FRED b REMoTeZ EMD, MOMAYS/ ) TAHS E
R E K P RIIHIZ R %0 "N I TH - 7z,

NBEIOTNOFERKIZENLTS "N #f5H T8
WEZRL, D30T BB, JEftERE S 2o
&3, BEALOMRITIIL L 72 N @ 909% L 1% Hi 158
ICHEHR S B — 7 (Tabled-4), HE5BHIAH 72 R T
REFLTWBE I EA2RT, 4B, HEMEGMRIZET S "N
DAFFELE, D EREL DRI U 72 "N A3l b5 % %% B
U TR GG 52 2 & (385, 1980) Z/mRMEL T
W3,

BAFHR I A SR U7 N ORF KPR X 0
b2 <, KPHREKDO N ORARL S -7, — 4,
KRR H S DRI U7z N O KB4 (99%) %Mo
st U, AP iREko N o AP s - 7.
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37

R B DIEIRE T~ D GO HIGR, FPAH R

Frth OWEIE 1 A VIR, b RESRME LIk > THRE
% (ANDREWS, 1986). —fkO[W¥i&lETA 5 3 #ibH
DSR4 VIBE T T Lo b= b TR, WS
RIS NIAEEE A A~ D 5 BH 10% R THEILES N T
T3 /BEITIED, RO DRy 90% DREEE A A L 3EE &
BHUTEABITL, £ CEuiMbahzik, Ml
THHEN3 EHMEEh T3 (Lorenz, 1976). &
51T, MIRDOTHEA A VB ORI, H EEBOT
LN OFGHRII EAHT 5. RERIZBLTS, K
B EBATHRO VT RO, SRR E N *N &, £
DXL Hi LEBAERH L T, £/, 4 X OFRITM
FRICHER N %2, BESRI LN L0 b i, o5
ORERZB LU THER LT 3 JBRICZ IKEL T
L35 (S, 1980). =517, HiEEEH S HUFHS
ARG U7 N 28, R ORI iR s 2 2 & b Al

5NTW3 (OKANOS, 1983). AFBRIZE LT, K
R SEBRAPFIRIZZ K O "N B L Tunic 2 &, 5
R EH SN L BHDZ K 2 RFFL T2 &b,
TSR H B O EFRBICRIT D220, KRR O I
THERGMAHL THEIIKEL T EEZI 6N 5.

AREERTREEBTEN OB S IT >V THRETEIT-> T
. HRRY IO O KPR TRATIR L D &K
ooy, MOVYE, ZHELIVOERBEOVLT
NHWATHRTKRIIRE D b RE D 72, HEY O R
BTHbh2EWFEND S B, K 25% D HE 2%
g Sh, B BESGROIHITfibin s EHEE SN
T3 (AMTHOR, 2001). L7z~ T, EAHIRIL,
IRHAR & RTINS b 00, RENKREH
729, TOREEB L OHRHZZ  OeG K FEMLEEY) & 2
75 LIS,

UboZ &ps, RN TR RS X @K
ToKPIRER & OB G, W IIIRRN TR 2 HH
EHLTWEEEZONS. THbb, KPHIZHNE
Prttc ) OZEFRBIGEE K & <, BKDIBERE D %h
Ri@|o, —F, BRPRE, KRBT EL
DA TREED) EWINER 2 E 2 U TRREZILAL, AL
WS D OBRPIGEE /NS Wb 00, ZOMED
REZIT L TRIUZEHBRL T 5 LRSI 5. RE
MRENT EFAT U S ZIROBERM: & RS S0,
i, WY, EHERYE S & O BRBTi P UIEY © S
Bs & L RBORGERE & ORISR RN S B
EhEEh T s (B, 1996). M#iTBWLT, b
T MZBLTHRBAHTRERT 2561, KihlEHT

%

b & HEK U TRRPIRRENS T W TAHEEREN
EDERSIN TS, b o HERETITBLTY,
VRO HROBKGIEGAD LD, HRPRE
DORELUILRKEBRACE > THEB PO R #KT %
HWIG S/ 2 HM, RIFITAA S NI WRE A FED T FE
TharENH (B, 199D, Licdi-> 7T, RIFOkE~
IR LRI » THAMREY 72 D OIGHEMET L7
A, BATHRO LS BREBRREFT LI LITL-
TIROKREZHERF T X 2 RN H 5. & 51T, EKH
R D WERE 75 1R (3 AR 12 36 1 2 R O A it %
HmswsLEions, WORERELY A M1 =
VIR EDER R E DR, WP LEBREX ML XD
RESERIVE VAEKREDOMZRE EITO0TIE, 5%
ORFHETH 5.

%)
%)

2 BRREADESEEIKPEDLEN 7 FOEBFRY
INEICRITTHE

a & =
NEBLVMETA SN LSS, KIPREEKT 3
HEOKBHZ BT, IR OEER MR RS L E
BEThD, IR M ELFBOERMHOTEE LT,
AFITEONy FNOREZIET S &, RAEEPIE
g hikind s (e K, 1996). RO IFTREE L
BRAHPEKPTREBERZIBWEEZ NS GRS,
1987). Uan L, B5RP OB RELESET U7
G, WMOBEKITHNTEEROWENVIEOEE, K
FROBEBIGEE K TS 5. —h, BEIEOXD
VBT TR, Wit tamomERs s h 5w,
MUK DR RZIZ & > THROMMEAPLE S 1 2 ] ferkiE
v, Ledi- T, BERP oK RICIERZ A MU
ADSINI - P8 fy, HRSR N O AR O FAAE (3 SR X
I oA R T Y (2

BB 0T, A RRMNICE R 3 L UK AR A
PHET 2854, BRHARIZK PRI e~ THAR Y 72
D OIROWFGHEE I & O PN BIPGEEEAVNE <, filidik
BKHARD SRS 2B HRICKE IRFEL T B Ll
L7z, Ukedio T, MERNOERSTRYS, 2K
HETBESI/NENENZLE, UL, TETALH
7o & D AR I B U A BREOMERF T &, RIS
BIFBEA ML RITHT2HEIGEOREZITL-T, %R
RO BERE A LEAL T B A RETEDS B 5.

o &S wEs oy, FHAITR
KA (IF S, 1995, NK BEA#E GLilis, 1997),
BXORAKY — M QA S, 1998 ; Mi%F S, 1999) 7%
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ENH D, Zhon TR, KIPREBL TR LE
EMICHE L, BREIOBRAEFEMEETES L
DHER SN TS, MARNOWEDH &2 DAY
HNZOWT OB MFTRIFEA LR ESh TV, £2T
ARHEITE, WRPNTEIT KPR SR ROBEI AW S
MITT B, FEHABBORKY — MR b~ b —B
RORETBOT, WMREANOESTHREK PR LR E
EABIEILK-T, WWERDOER, RINELIOHD
MR G RS E D & S 122 LT B hvai A Lz,

b #RELUHE

1) b7 bOFEFE

< & (Lycopersicon esculentum Mill.) ‘BEKES @
M4, 199943 H 16 Hiza v 7 7 — )VHIRHE &2 3k o
72128 R b LA IC—RESICTRIRICHE L7, #
RIT TR £ TIRKEKEZ B, THEREMZI
L/4 REDORG A T8 (EC0.75dS m™) %K
HARIEIC LD TH 1 MEBZ /2, %2 HHD 4 H
THIZ, AEAERAHOL M%Z, 77 AMENICHRE
Lichky — b0 (W% S, 1999) @ 2 v 7+ 38k
B (64X39X13em) 1TEME L 7.

ERE DR ERAE I, L 2REOKREKE A LT =/
WTAT - 7o, M BEBIE LRk IR D 43 FEGIL, B AT
FIZH 1 B R 235 LT BB 2RO L, EFRd~
THRELTBEOFREE LK., SH1IHA~THIZEL
A6 L% 3 fEMBIE L d©, FRIEEHR (F< b
k= 100 %) & L.

2) HIEZEBES LUVREX

AWHgETRHO IR Y — M RO BBCRRE S O &
AHsrh AFig. 4-3 12RY. 75 AF v 7 avFFok
MIZEME R, Z0 RIJES 2mm O (Vv
L7 — R 72108, HEERD EBitREK Y — b (BKS0812,
WEER) 2o RIBOTEER, ER STEE £ TOH
Hi TR T, B3 v 7 PIcEE Uiokiie »

H— (BIF &, FLwoy) TI VT FHNDKMN—EF
PHNIZER e B & 9, EKF 2 —7 (ZN—7o—#uk
A A, A Thilhoir-7. REWRIE D

YFFUEHOA =N =T u—REOPH L, 3T F
1% 30mm JEDFH 2 F o — VI THE L, FEEKR O KR
RS EERERT O,

AMEBRIX & LT, 37 F RIS B ERS Ok
W (R %2, EMAORELZ S LITk-
TEhZh 0%, 25%, 50%, 75%, 100% & L, 4
HR E KR DR AL Z 72 5 KA H T 72 (Fig. 4-4).
Utk, chooX%zE 0%X, 25%X, 50%X, 75%X,
100% X &8s, 7088, 0% X I8 A F o — Uiz K
IEPRBIETHRE L, RO THEERTITHEL.
25~T5% X TR HITATE DA RK > — ki, RO
SIS ISR Ue. 7, 100% X o34
THRAKY — b RichE U7, Btk kY — b kicihE
U 7oA ZIRSAR, RS i iR U 7oA KR & &
29, ROLYREIT LD 2EKATROEZIRE, H
AEMTiE 25, 50, TB%XTEhZEh 67, 87, 87%, =
TN iE 2 £ 87, 85, 91% &7 -7z, EHM
I O &1 11.6°C~37.2°C, Rk IE 14.4°C~28.4
°C, PRy — MEEREIL 14.2°C~26.2°CTHER L. £

Tomato plant

T3> Multi-hole tube

Granular rockwool

Plastic container
| Overflow hole
4

[¢]

Level sensor

utrient solution / Root-proof sheet
Non-woven fabric

Styrene foam

Culture bed

Fig. 4-3 Wet-sheet culture (WSC) system for the
cultivation of single-truss tomato.

0% 25 % 50 %

75 % 100 %

Fig. 4-4 Schematic diagrams showing the ratio of atmosphere/solution spaces in the root zone.
0% plot: whole roots are submerged in the nutrient solution, 100% plot: whole roots
developed on the wet sheet and exposed to the atmosphere.
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E35

7o, BRI OBEAEERIREE 1.9~3.3ppm O HiH T
» -7,

3) EBESLUVEETHORE

EHEHAR, EME T HEICERER K UEHIZONT
1T tc. Bk OsERRIBEOME R, 0%z
WT4HI12HESH1THICHEEWH DO £ — 4% —
(A-801, BURBEFTLIE) 2MOTIT- 72,

BALERIIAD 4 H 27~28 H CiERfsk 19~20 HH) 124
X 8 fEfAERICL, i EEEMRICYIv 3R LIcDD, i
B 2mEEE (AAC—400, MEL) ZHOTHE L.
F 72, YIKRIZ DU TERALGI 0 WPIRE P & e o % U E
L7z, MOFFRIEMHEOEIZO.T v 77 X ¥ — (5B 4,
TAITEC) ZHWw7z (WS, 1996). MET 2R3,
KRR & PRSI A U, [T & b 2RITIT O AR O H
0D 5K 6em YW U, Rini D ARG AL
A 7z,

RENWRBIO 5 H 31 HiT, #HaHeamk « ZABHE
% (LI-6400, LI-COR) % HlWTix RALZE D [l E

GRGREE R U, ARESMEE, ZER 25°C, d@xuE
J&% 500 £ mol * sec”!, JEH ARG KEE (PPFD)
1000 £ mol « m™ « sec™, FHXIREERY 48%, COLiEERY
370ppm & L7z,

4) RERE

6 H8HMS 14 HITh W CREAZKRIREIERL
TEREEZNHEL, ERFIOWVTHIEE EEEROSL
W EMAE L7z, £, K& I Dhi- 75892 15 ki
DT, BALETTOBALLRIIH—ETABL,

JR#rEt (N—1, 74 3) k0¥ Brix i) %, T
e (Pagk, 1997) & 7 T UBERAENE Ui, B
Fho MBS ERIE, Hio LR RFEREZE—T—ICA
, 80°C T 48 Wfltliz)g, FHMEs M E: b, 1997), 7
7 X RO EE (SPSTT00, 4 2 —4 XY
WA ) Tk OPE L (SPIERS &, 1983).

c #& =R

1) WEMHEORER

B, R 20 HHE TR OBXTHIX & » 2%
K& otels, UBEEXEBIZIFELIE -k, o
B B & O 1 AL O BERIIc 0T, EEX
EREDONLL -1 (F—FEW). —J7, BHAEBLL
K, 0%XIZHOTHD EREEENA SN,

BHAEI O B R 13 25%~T5% X TR E <, 0%KX &
100% X TRAZIT/NES o7 (Table 4-6). 7z, UHE
WosEmEL, %X F TIHERBILROB KIS T
B U7chs, 100% XTI 25%~50% X & [ 2R/ & A o
7.

Ho PRz 1 BB T LR X B TR 2272 » 72,
IHE T IIBR PR AR E SR 72T X TORX T O0%IX &
DREM-7 Lal, BRAHROAD 100%X TiE
EBXOZXOWWEN BUX L O/NE LI 5@[?7»
Shic, WROYEIZFAEN, Y & &I EBILR
DREVXTHINT M TH - 72, M B RO
#wEE (S/R ) | RS RKE T ENSL,

Z O FFHL CTHETH - /2.

’/JL

Table 4-6. Effects of atmosphere/solution space ratios in the root-zone on the
growth of single-truss tomato in Wet-sheet culture.

Percentage of

Dry weight (geplant )

Leaf area ,
Growth stage  atmosphere (cm®~plant) Leaf Stem Root S/R?
space
0% 917 b” 3.7Ta 1.7a 0.7c 8.0
25% 1373 a 4.4 a 2.0a 1.4b 4.5
Flowering* 50% 1188 a 4.2a 1.7a 1.3b 4.6
5% 1207 a 43a 1.7a 1.8a 3.4
100% 912b 3.7Ta l4a 1.8a 2.9
0% 1658 ¢ 10.0 ¢ 7.9b T3¢ 2.5
25% 2928 b 14.8b 9.7a 10.8b 2.3
Harvest™ 50% 3183 ab 18.7a 95a 12.2Db 2.3
5% 3674 a 20.7Ta 10.3 a 12.9a 2.4
100% 3128 b 18.9a 8.9 ab 14.3 a 1.9

z Shoot dry weight/root dry weight.

¥ Different letters within the same column indicate significant differences at P =0.05.
X Mesurements were carried out on 27 April. Values are the mean of 8 repetitions.
W Mesurements were carried out on 15 June. Values are the mean of 16 repetitions.
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2) RENESLURE

B O REIE, 100%X T 4.4 & 0~T5%IX
O AHIZHRTRRE D - 72 (F— 7 A, IR,
50% X & TIZIRUB AR ORI, > THIN L 7248, 50
%Y LOWNHEXBE TRMAELSZEZRD o NNk
(Fig. 4-5). %7z, —RELIE L FAROMBM T - 72,

REOWHHHRIZ, BREBLRDO/NES 0 0%X P 25%X
Trid, 50%RUULEDORTIHED - 72, AT, FEEER
0%XT6.8 &E<, 26%XT5.9, 50%XL EOXTIE
5.1~5.4 L& -7 (Tabled-7). 7 = UIRa®RIT 50%
XD K iz e TR R{ENMEAR T H - 72,

BEOHEEE 100g 472D AV T L, VY, ALY
T LAEARE, I HUIXETENRED SN -
7o (Fig. 4-6). —Ji, 1 R4 0G5HRIT TH%XE T
RGBS EE B Ic O TH L7243, 100% X T
ik U,

FEERLEIA 1, 50%X, T5% X LT 100% X7 &ED
BB LB RO F O X Tl 3~119% &K - 72 A3,
0%[X, 25%XTIX 15~1T% LA TEb -7 (F—5 4
W), FEEROMEELT, BHER, Frv 7R M
JENRMA ST, WRER &K RmERRE & O
BRI SNTII D - T2,

3) EDKEMERE LIROTFREM

REE K O EALFED Se i s 1, 18R
2% EOXTHIN b 25~30 £ molCOyem *esec ' &
K7 -7 (Table4-8). UL, 0%X DAk
B, Mo X o 6 FIFEE & AKD - 7.

BHAEWI O RO IWFGHEE X, WIFNDX &EDHFITE
VIR DHEA ST T/NE {, RO O AT OEBALIZ
EREVHEN TS -7z (Fig. 4-7). W 2 AL
Wigd 2 &, ik &AM X B2 23780 5 7273,
R YLD S I T TORDIMENGRIE E, B
BORFOWXTKREMD 7, F72, 100%XIZE T 5 HER
PN 096X & FEEEIT R - 72,

AL DR O PFRGREE D S, TSR &K R o IR
EERE U ETig. 4-8 ITR L7, MRRAEKD W
I BB TIROREL, 0BXTIRE/NSI Do,

d & =

1) KPROHDIRRICE T B RES

R RN REPICRES O, KPROSZEFD 0
WX T, BEOALOMEREEIN/NS { (Fig. 4-T), D
R E LT, WMREEROIFREI/NES 27 (Fig. 4-8).
O#=ICH T 39T, 3.6~5.3ppm DIEIFMRFIEE L

PR THEF Uc b= boKRIE, ERR 8 HEIN TR
DR E SN, 16 H LN THRO AR THA: Hi
Btk S i ARERTIE 1.9~3.3ppm & WD KR
BESET ISR 2 »r HEB O Tz Z & s, FEEIC
RO ER L CIEHE OR#AHE SN, BIKSWILFED
EFLTWwWiEEZOoNSE. T2, (WX THONIR
F O R OPEEOEMNE, BIHT 27K « mfBHA
MU ZOHEIZL > TlEZ 2815 (EHRET S, 1986 ;
ApAMS, 1991 ; SAKAMOTO &, 1999) &—FH LT 3.
51T, 0BXITHBNT ALK T L (Table 4-
8), o LEKESRED Shic. WKWELET TR, ¥
A M4 VEBROBYBLXSLF L 2T TV U
DEFIEEDRVE VEFITED, EOKRADMHP L

RIEEMEZ % (BRADFORD 5, 1981). L7Zchi- T,
1400 F
L 1 200
1200 ILSDZ R
~ 1000 | oW
T {150 g
S 800 K]
Q
) £
~ 600 100 @
o [
° S
> 400 £
5 50 e
& 200
0 0

0% 25% 50% 75% 100%

Percentage of atmosphere space

Fig. 4-5 Effects of atmosphere/solution space
ratios in the root-zone on fruit yield and
weight of single-truss tomato. W, fruit
yield; @, fruit weight. Vertical bars
represent LSD at P =0.05. “LSD on fruit
weight. *LSD on fruit yield.

Table 4-7. Effects of atmosphere/solution space ratios
in the root-zone on fruit quality of single-
truss tomato in Wet-sheet culture.

Percentage of Soluble solids ~ Citrate
atmosphere Dry mattoe ' content content
space percent (%) (Brix %)  (mg+100 ml™")
0% 7.1 a’ 6.8"a 574* a
25% 6.0b 5.9b 587 a
50% blc 5.1d 481 Db
5% blc bdc 528 ab
100% 5.3¢ 5.4c¢ 528 ab

z Values are the mean of 15 to 19 fruits.

¥ Different letters within the same column indicate signifi-
cant differences at P=0.05.

X Values are the mean of 5 to 8 fruits.
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BERZTICEPNIc 0% X DR T, FFBREEDOK T 6
IZHeWO TREBESET U, ROTBKREDIRD B KT T
£
Ny R L . E st
FRIVE MFFITK > TRALDHBH L, S RsEEEH T
- N [a]
rboLffiEEEns. oL iT, WOLHEEOET S W
S L
&, TNITRKNT 53K WIEE & LA R E DK T @ g -
X
BB & - T, K E LTRIMROIT Fig.45) 3 )
© L
o N . = [ o%
EREOMMAS EHROMYD (Fig. 46) LE-78
@ ) e
° % bt
o) ® 8 g 328
c 1r s b
b ot
700 oot Lbedd
I o] Ragesy
250 [ LsDT a0 | [K] [ bbe
T 200 | £ 500 0 e ¥y bEps
£ 5 400 ABC ABCD ABCDE
.8- 150 % 300
2o 5’ 200 Percentage of atmosphere space
* 50 | 100
! 0% 25% 50% 75% 100%
0
Fig. 4-7 Effects of atmosphere/solution space
R (7] I w | [f] I ratios in the root-zone on respiratory
E wl —E 60 rate of tomato root segments. KX, roots
H B in the atmosphere space; [, roots in the
E | .
a ) solution space. Measurement was car-
0 ried out at flowering stage. Roots were
divided in 6cm intervals from the basal
15
- I part of stem. A, 0-6cm; B, 6-12cm; C,
E T_%,o 12-18cm; D, 18-24cm; E, 24cm-. Values
g 2
T ¥ are the mean of 3 to 5 measurements
E =
K 83 + SD.
[
0% 25% 50% 75%  100% 0% 25% 50% %% 1
Percentage of atmosphere space Percentage of atmosphere space 6
a
. . (oo
Fig.4-6 Effects of atmosphere/solution space g 5F So5ss
. . . fetat b
ratios in the root-zone on mineral con- £ t:i:i:i
. . ey I ¥
tents of tomato fruit. A, fresh weight 2e 4 R
. . . . £ ]
basis; B, whole fruit basis. Vertical bars g E 1) ?;gig:
represent LSD at P =0.05 (n=21). §S 3} K528 R
g2 s I
£ s O
| N S|
Table 4-8. Effects of atmosphere/solution space ratios 2 ° seet ::i:i:i
. . <] b e
in the root-zone on photosynthesis.” « e %
1t elels
Percentage of Photosynthesis
_ . 0
atmosphere space (fzmol COym** sec ) o8 254 508 75% 100%
0% 19 3»’ bx Percentage of atmosphere space
25% 274 a Fig. 4-8 Effects of atmosphere/solution space
50% 29.1a ratios in the root-zone on respiration of
75% 27.7a whole root. KX, roots in the atmosphere
100% 28.6a spaces ; [, roots in the solution spaces.

z Measurements were conducted on the uppermost leaves
during fruit development.

¥ Values are the mean of 12 leaves.

¥ Different letters within the same column indicate signifi
cant differences at P=0.05.

Measurement was carried out at the
flowering stage. Values are the mean of
3 to 5 measurements. Different letters
represent significant differences at
P=0.05.
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DEFZOLND,

2) BRPROADIRRICE T B RHES

WRAEGRMELICE AN TR 100%XKIZB W T,
MERROREDL>TITEhb ST, ROMFERKEN
WX L O /NEH - 72 (Table 4-6, Fig. 4-8). %7z,
RIEOMMKSERE S 50%X & 5% Xz lbik LT
Whote (Fig. 4-6). kY — b EoE&HRiE, 18
B DFGIREELANZ, PREMICORFF S N 238K 5 D A1
WELTHWA, INFS (1995) 1F, ARFEER &R UAKEA
ZEHIE LT b= P OBKEEEITL, kG EE T
5 EMKNBETFL, b bo LEEMNS S &
W LT 5B, Fi, EOWYEITHEENED - 720,
TR 50% X & T5%XITH~RT 100% X T/hE £ 75 -
7o, KA DL REZG IRMIETIE, ROBEA ELES
1% (SPONCHIADO S, 1989) & & HiT, FETHB LTI,
WHEILD SEMBE O MAEEF TSN B
(MICHELENA &, 1982 ; iR 5, 1985) Z &EMAISNT
W5, KEBICEWTE, FXOKZ ML REEDFH
AT - 728, 100% X T3 EsH o oK Ty A3k 53
BRI A HIRER &80, HAREDOKZ b LA
o T EEZ NS,

3) EKHFREKFROBELREZOEENESR
ARG T, BRI 2B TROLRN < O
HBITHZ 3R BAWSMILES & L. HEowyE
EIEmFE, BT Tl 25~T75% D ALER X P 24 1% 73
Mo fo s, IHEIIZIE 50% X & T5% X T 25% IX 12t
TKRKEL B 57 (Table4-6). Fi, —REELWEICE
WTh, 50%X & T5%X T 25%KITHNTRE M -7
(Fig. 4-5). &51T, REOWWERL JUOMELEOE
BRIZOW T, FBEOMHINTH -7 (Tabled-7, Fig.
4-6). MEEKOMEIERIZ XX THRAERLD, 25%
X & S50% XD TIEZEMNASNLED - (Fig. 4-8).
F IR D IR L o> D WFGE R E, 0% X B £ U 100
%X &EHNT, B~T5%XKTrim -7 (Fig. 4-7). —H
oA BB I IE &G IR 25% Ll EO X2 2213 A 5 h
79 > 72 h8 (Table 4-8), S/R HIF{EKI RS K & »
FE/NEM o7 (Tabled-6). LI EOERENS, < b
O E AR YE b © A 7o 1 1E 75 i S R 13 50% ~
HBROMIZH 2 LRI N 5.

TR SRR SR S 1 B RIS, AR s
EMBRE L, BKGOBNSRESNE I EiTkD, H
IO SRS &R D, REIEK ENEBS DERH
TILLEELONS. KPROADE G, KIEHRE
R X IR0 IPIANH S RIAH O 70, Bk &3k

SORIZEBNTARTH S, —7, BRTROL DY
G, BEBRMICEOTEIAEMTH S0, KA MLZRD
T2 OFEIKGFWINASHIR SN B HE50H 5.

D& BROFEN S, OED>OMRARTITKTRE
BRPHRE NS V2K CRET 2 2 & T, FFRIR R
BEoflizirbisd s, MERZPKA N ZORHM
ZhETEX25DEHEZL NS,

V BEeEER

AWFETIE, BRERIFCHB T3 b~ FOROBREILE
BT L, REMTSAFEET S 7o DEANBARICE T 5
CEEHAME L, BRAhEKBENS B ZBREICE
WTIBKSh 2% & 0 HIF, KBS XOEDHD S
MHEORMAEWN SN Lz, 561, BLKTENET 3
Lxh B EEMEICHE (LR, 1986) 122\ THET L7,
F7, AR TR SN o HURBREE OB S X O AR
BRAEIC B 2IRED S, MIMBREED b < MEYEIZR
THEHHERII DWW TEZ Lc (Fig. 5-1).

1 BKHPRE L CKFRIROERMEFHEN D A TR RIK

KOEE

kY — MHFCIERR & N 5 ISR & IR EE TR K
ShaKRPRIZONT, Roks, K, EHE BX
G757 7 IVIRoe%E O ICEHEITIc & 28k s, W
TR O BEIMERBIER 1T K 0, BRI o U BB 1
B2 EBITHEK L TEK SN2 ROERWSTEREDO R
ARSI Lz, —T, WU, HREE R Lot
v oA vEHNE O IR RIUEEE D EH 21T,
NSEREE L THHEOMROBERRIZ DO TR L 72,

TR > — MR B 28K I, BEROKFRC B
AR HEG L 0 b0, F, BRI EE
RIS U TIREDSHIINIZ K & <, FEHLEED IR
BIOY r= v ER EOMEICHEARLTEREEG LT
BO, WROSEELTWENEZ P -7z (Fig. 5-1. E5X
ARIZ C D & 95 RIS S IERER G DGR, HLATARE Y
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Fig. 5-1 Whole-plant physiological responses to environmental stress.
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NZN EHERE S BRI E S MATEZL S 2 EMT
&5, THEREROMUREREL S, —AICTEBEEE XD bR
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W ARBORERIC B T B b v MILROBEEISE 95

HRO WAL AT H BN S, KD B LOBEDORN%
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FerE LEREE R SR T E A ch B A S hik.

UboZ Eno, RERBORETZ ORI X -
TREL R, BRI O R 23K RIT E
B EL 2, RUNICEBOREROZELEEL
MRS EENRE N EZZ Shie, FRI (199D



96 PR TER el 35

b, AR AT A F TR O R X CWKAE
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WOIKIR S 5 VIR A N L 2T 3 EBEE O
Syatilick & LT, MR E & O b HHBOEEASE L TO B,
LoL, Bido X5, BoRISRIELENES 2 Eho,
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WG LTSN, ROBREEROBREIZEIL TH
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Response of Tomato Root Systems to Environmental Stress under
Soilless Culture Systems

Yuka NAKANO
Summary

The response of tomato grown in soilless culture to root-zone environment was investigated in
terms of structural and functional aspects. We demonstrated that the growing system exerts an
adaptive response and would be effective in stable production. DFT (Deep flow technique) and WSC
(Wet-sheet culture), that are different in their root-zone environments, were adopted. This study
was focused on the characteristic roots of these systems, one in solution and the other in humid
atmosphere.

It 1s known empirically that roots in the humid atmosphere are more highly adaptive to the
nutrient concentration, pH and temperature than in the solution. There is no applicable observation
for practical use. In the present study, we analyzed structure and function of those two root systems
under practical conditions.

First, oxygen and temperature stresses, that tend to be problems in year-round production by
soilless culture, were verified. Young tomato plants were grown in the wet-sheet culture (WSC), in
which all roots were developed in humid atmosphere, or hydroponically in the deep flow technique
(DFT) with or without aeration.

Effects of root-zone environment on external and internal structures of tomato roots were observed.
Growth of tomato plants in the DFT + Air and the WSC were more vigorous than those in the DFT.
No differences in the total lengths and surface areas were observed among the three plots. The
fractal dimension, describing complexity of fractal architectures, of lateral roots in the WSC was
higher than those in the DFT+ Air. The number and mean length of first order lateral roots were
similar among the three plots, whereas the DFT had a large proportion of shorter laterals.
Aerenchyma was observed in the stele in the DFT. The WSC had more root hairs, larger cortical
cells, metaxylem, stele, and larger deposits of lignin lamellae at the exodermis than the DFT. These
changes in external or internal structures of the roots are interpreted to be adaptive responses to the
root environment, e.g., anoxia in the DFT and water deficit in the WSC.

Short-term differences in water and nitrate absorption between tomato roots in the WSC and DFT
were compared at four-root temperatures; 17, 27, 33 and 45°C. Root dry weight in the WSC was
larger than in the DFT, whereas whole plant weights in both systems were equal. Water absorption
rates on whole root were almost equal in both systems at all temperatures. On the other hand,
nitrate absorption was greater in the WSC than the DFT at 45°C, but no significant differences were
observed at other temperatures. Root respiration in the DFT showed an increase as the root

temperature increased from 17°C to 33°C, but decreased at 45°C. We suggested that roots in the wet
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atmosphere would be more tolerant to supraoptimal temperature than those in the solution, in part
because of its higher activity.

We analyzed long-term effects of root-zone temperature on root development. Tomato seedlings in
the WSC or in the DFT were grown in growth chambers kept at a constant 15, 25 and 35°C for 6 to 12
days. The adaptability of the root systems in the WSC and DFT to high or low temperature was
evaluated by comparing the root activity and structure of the systems. At all temperatures, tomato
plants in the WSC grew larger than did those in the DFT. The bleeding rate per whole root was
higher in the WSC than in the DFT at 15°C and 35°C, the root respiration rate per dry weight was
higher in the DFT than in the WSC at all temperatures. The root systems in the WSC had more first
order laterals and higher projected areas than had in the DFT at 15°C and 35°C; root growth in both
systems were similar at 25°C. The fractal dimensions of root systems, known as an index for
describing root system morphology, were higher in the WSC than in the DFT at 15°C. These results
indicate that roots in the atmosphere would adapt more readily to high or low temperatures than did
those in the solution.

Therefore, these data showed that function and morphology of tomato root changed in response to
their environment. On the other hand, promotion of root activity by nutrient supply was observed.
The effects of increased flow rate of nutrient solution on growth and ion uptake by tomato seedlings
cultivated by the DFT were investigated. The respiration rate of the roots increased with the stirring
rate of the solution. Even though the level of dissolved oxygen (DO) dropped rapidly, it stayed at
a constant value. Absorption of water and "N also tended to increase with increasing stirring rate,
and this increase in absorption was independent of DO.

The higher flow rate stimulated growth of tomato plants in the DFT in the greenhouse. Changes
in the flow rate of the solution may affect plant growth through changes in 2 factors: (a) the level of
DO in the solution, and (b) the transfer rate of oxygen and ions close to the root surfaces, where the
diffusion process is dominant. These results support the hypothesis that a so-called ‘root boundary
-layer’ may exist on the root surface.

To cope with root-zone stresses, we propose a soilless culture system that develops both type of root,
part in humid atmosphere and part in solution. Absorption and distribution of "N by a divided
tomato root, part immersed in nutrient solution versus the other part in humid atmosphere, were
composed. Dry weight, the percent of dry matter and nitrogen content, and nitrogen concentration
were significantly higher in roots in the humid atmosphere than those in the nutrient solution.
Respiration and "N absorption rates were faster in roots in the nutrient solution than those in the
humid atmosphere. Roots in the humid atmosphere exported less "N to other parts of the plant than
did roots in the solution; the former retained more of "N that they absorbed and imported more “N.
In the case where the root system is split so that part is immersed in the nutrient solution and the
rest in the humid atmosphere, roots in the solution absorbed and supplied nitrogen more efficiently
than did roots in the humid atmosphere. The large accumulation of dry matter by roots in the humid
atmosphere may increase nitrogen absorption, even though the efficiency is low.

Effects of percentage of humid atmosphere and solution spaces in the root-zone on vegetative
growth and fruit yield of tomato were investigated. Percentage of the atmosphere space in the

root-zone were: 0% (whole roots were submerged in the nutrient solution), 25%, 50%, 75% and 100%
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(the entire root system is developed on the wet sheet and exposed to the humid atmosphere).
Enlarging the gas phase area in the root-zone up to 50% increased the dry weight of shoots and roots.
Leaf expansion was suppressed both at 0 and 100% gas phases. Fruit yield and weight were heavier
when the gas phase exceeded 50%, whereas the percentage of dry matter and soluble solids decreased.
Photosynthetic rate of leaves was significantly lower at the 0% gas phase, while total root
respiration increased as the gas phase was increased to 75%.

Tomato roots in the non-aerated nutrient solution were injured by oxygen deficiency, whereas roots
maintained only in the humid atmosphere suffered from water stress. Partial exposure of roots to
humid atmosphere promoted physiological activity of the whole root system, grew vigorous, and
increased yield. Hence, for stable growth of tomato plants, their roots need exposure to both
environments.

We therefore undertook a series of experiments in which the support root had large plasticity in
response to root-zone environment. The root in humid atmosphere was adapted to mild water stress
by changing in morphology and function. Those changes were effective to super optimal temperature
stress. The large root developed in the humid atmosphere, namely, an influx of a large amount of
photoassimilate, would be correlated with stress adaptability. When several stresses overlap
coincidentally, various responses would interact with each other and, hence, total functions of the
root would be determined. Therefore, a balance between costs and benefits should evaluate stress
adaptability of the root. These observations would be available for establishment of a new growing

system for high-yield and stable production from the point of view of stress adaptability of plants.






