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l口introduction

Environmcntal stress factors such as air pollutants, agricultural che■licals, water

deficit,chilling,and UV light can affcct the health of plants(Larcher 1995;

Kramer and Boyer 1995;Yunus and lqbal 1996;De Kok and Stulen 1998).The

first symptoms to appear arc decreascs in photosynthesis and gro、vth.  Later

symptoms include visible ittury Of leaves and withering.In recent ycars forest

dectine,  、vhich  may  be  due  to  environmental  strcss  factors  including

metcorological changcs,has been widely reported(SChulze et al,1989;Larcher

1995;Sandermann et al,1997).

Recent advances in ilnaging of physiological functions of intact plants to

diagnosc early abnormal symptoms are remarkable(OmaSa and Aiga 1987;Omasa

1990,2000;Hashimoto et al。 1990;Hader 1992,2000;Lichtenthaler 1996).For

cxamplc,thcrmal imaging(OmaSa and Aiga 1987;Omasa and Croxdale 1992;

Omasa 1994,this volumc;JOnes 1999),whiCh gives information on stomatal

rcsponsc and gas cxchange,including transpiration,photosynthcsis,and absorption

of air pollutants,has bccn applicd to rcmote sensing of outdoor trees and to spatial

analysis of physiological functions of leaves in indoor experirnents. Multispectral

imagc analyses of lcaf rcncction(omasa and Aiga 1987;Omasa 1990,2000;
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Wessman 1990;Chappdle et調 .1992;Renxz 1999),and steady―state nuorcscence

(Lichtenthaler 1996;Kim et al,1996,1997,this volume;Saito et al.1997)have
been used for early detectlon of alteration and bleaching of plant pigments related

t o  p h o t o s y n t h c t i c  i t t u r i e s . L a s e r‐i n d u c e d  d u o r e s c e n c e ( L I F ) m a y  b e  e f f e c t i v e  f o r

obtaining specific inforrllation on changcs in cell 、valls bound by phcnolics,

compounds in vacuoles,and othcr fluorophores in living inesophylls in addition to

the foregoing inforination.

Meanwhile,originally developcd by Omasa ct al。 (1987)and Daley ct al.

(1989),the techniques of imagc analysis of chlorophyll(Chl)α  nuOrcsccnce of

plant leaves in situ has been、vidcly uscd as a sensitive and nondestructive、
vay to

assess thc functional state of thc photosynthctic apparatus. These techniques arc

used for carly detection of changcs in pをitChy stomatal response and photosynthetic

activity caused by abiotic strcss fをlC10r、、uch as air pollutants,low conccntrations

Of 02,Water dencit,uv light,chillinと ,tind agricultural chemicals(Omasa et al.

1987, 1991, 2001; Daley ct al, 1989;()111をlsa and Shilnazaki 1990; Siebke and

Weis 1995a;Rolfe and Scholcs 1995;Takayama ct al.2000)and biOtic stress

factors(Balachandran et al。1994;Os〕11()nd ct til,1998).TheSe techniqucs can also

bc used to analyze thc dcvclopnlcnt()1｀thc Pholosynthetic apparatus of attached

leavcs and culturcd tissucs(Crox(ltilc tin(1 011ltisa 1990a,1990b;Omasa 1992).

Recently,field―portable imaging sy、 tcill、(1)tilCy 1995;Osmond et al.1998;this

volume)and the LIF imaging systcnl(Onla、 ■|()ぷ思,1998)for rCmOte measurement

of Chi fluorescence induction havc bccil(lcvci()|)c(l.

In the follo、ving section, cxをinlplc、 〔)1 `lllc ditiB1lo、1、 ()f photosynthetic

dysfunction of plants causcd by cnvironillclltそ11 tヽrc、、1t`ict()r、、tichをlS air pollutants

and agricultural che,licals usinB tcchili(1、lc、 ()1 `111lilBc tintilysi、 of Chl α

fluorescence are revlewed.

2B Chlorophy‖ a Fluorescence

2.l Chiorophy‖ Fluorescence lnduction

Figure l shows an excitation and e■lission matrix of steady―state fluorcscence of a

healthy cucumber(C″c″れな sα″,ソ″sL.cve Sharp7)leafe When the leaf is

irradiatcd with visiblc rays of light(abOut 380 to 600 nm),nuOrescence with very

strong intensity in the spectral range of about 660 1o 770 nm is e■litted from Chi α.

Because Chi α fluorescence is the reerlisslon of light energy trapped by antcnna

chlorophyll and is not used in the photocheHlical reaction,fluoresccncc intcnsity

depend on the magnitudc of the photochemical reaction(PapagCOrgi()u1975;

Lichtenthaler 1988;Krause and Weis 1991;Govinttcc 1995).Rapid changcs in

the intensity of Chl α  fluoresccncc(pcak Wavelength,683 nlll)Crllittcd fr()m

photosystcm II(PSII)antenna chlorophyll during a dark― light trtill、ition(Chi
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Fig. 1. Matrix of cxcitation and crnission of stcady―statc nuOrcsccncc of a healthy

cucumbcr lcaf mcasured by a nuorcscencc spectrophotomcter(HitaChi F-4500)

Ruorescence induction, CFI)reflect the various reactions of photosynthesis,

especially those of the photosynthetic electron transport system. This phenomenon

is wellknown as the Kautsky effect(Kautsky and Hirsch 1931),

Figure 2 shows CFI transients of a healthy cucumber(C″ C″初お sαすル冴sL,cv.

Natsusairaku)leaf under diffcrent intcnsities of actinic blue― green light,These

measurements clearly revealed the typical CF]I transients 、vith inflection points

labeled as O,I,D,P,S,M,and T(PapageOrgiou and Govinttee 1968;Munday

and Govinttee 1969a,1969b)under light intensities from 50 to 200ぃmol photons
m‐

2s-1,The nuorescence increases from O(origin,not shown)tO I(innection or

intcrlllcdiary peak),decreases to D(dip),and increases to P(peak);thiS iS Called

thc&lst phase.The fluorescence decreases from P to S(quasi― Steady state),and

dcclincs to T(terminal steady state)via M(a maXimum)(Govindee 1995);thiS iS
callcd thc sk)、v phase,

The fast phase takes a maxilnum of a few seconds after the start of irradiation

、vith actinic light,although the appearance is faster with increased light intensity.

It is ciosely correlated with the redox reactions of QA(Krause and Weis 1991).

Bccause QAiS the prirnary electron acceptor of PSII,1luorescence intensity is io、v

WhCn QA iS OXidized,and high when QA iS reduced,in the fast phase of CFI.The

transient OI represents the photoreduction of oA by the PSII reaction center; ID

represents rapid oxidation of QA by plastoquinone(PQ)p001 and photosystem I
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Fig.2.Chiorophyll Ruoresccncc induction(CFl)tranSiCnts of a small arca(abOut l mm2)

of a hcalthy cucumber icaf rneasured undcr dilltrcnt intcnsitics of actinic bluc―grccn light

(OmaSa d』.1987)。intCndtics of actinic light(①,2(〕0;△ ,150;●,10o;▲,50 μmol

photons m~2s-1)wcrc changed by xcnon lamps witil bluc giass ilters(380 to 620 nm).

Fluorescencc was measurcd by a CCD camcra systcm with an intcrttrcncc niter(683 nm;

half―band width,10 nm)(SCC Fig,4)

(PSI);and DP indicates the photoreduction of QA by thc PSH rcacti〔)n linkcd to the

water―splitting enzyme system.  The transient from P to T in thc sk)、v phasc

requires  a couple of Hlinutes.   The change  includes two componcnts,

photocheHlical quenching and nonphotocheHlical quenching. It rllay also rcflcct an
interaction between electron transport and carbon fixation,

The CFI transient represents a complcx polyphasic proccss inヽVhich the details

depend on expcrilnental conditions.  Wc should note that thc CFI transient is

influcnced by(1)PSII Cooperativity,(2)PSH heterOgeneity,(3)sizc Of thC PQ

pool and rate of its reoxidation,(4)rate Of electron transport beyond PSI inctuding
carbon metabolism,and(5)rate Of eにctron donation to P+6M)(Krause and Wcis

1 9 9 1 )・

2日2 Chiorophy‖ Fluorescence Quenching

Under continuous light, fluorescence intensity shows a lo、vcr value than its

maxilnum. “ Chi fluorcscence quenching'' denotes all processcs that lower the

fluorescence intensity.  The quenching consists of photocherlical and

1 00.1

illlagc instrumcntation of Chiorophyll α Fluorcscencc

nonphotochernical components. Photocherlical quenching is closely corrclated

with the oxidation state of QA・ NonphotocheHlical quenching is an index of the

ability of the photosynthetic apparatus to generate a high rrα″s―thylakoid pH

gradient, to sustain clectron transport, and to 、vaste excess excitation energy as

hcat. By means of a saturation light pulse,it is possible to quantitativcly estimate

both photochemical and nonphotochemical quenching(Quick and Horton 1984;

Schreiber et al. 1986; Krause and Weis 1991; Siebke and Weis 1995a, 1995b;

Govinttcc 1995)。ThiS nuOrescencc analysis is called thc saturation pulsc mcthod.

Figure 3 sho、vs a schematic diagranl for incasuring both CFI images and pulse―

saturated fluorescence iFnageS,  After l h dark, the leaf is irradiated 、vith the

saturation tight pulse,and Fm image is lneasured. After thc leaf is kept in the dark

f o r  3 0  m i n , C F I  i m a g c s ( n u o r c s c c n c c  i n t c n s i t i c s : F I  a t  I , F D  a t  D , F P  a t  P , F s  a t  S ,

FM at M,and FT at T)are measured under actinic light,After conirmation of

steady―state nuoresccnce under actinic light,F and Fm'imagcs are measured just
before and during irradiation of the saturation light pulse,respectively.

As quenching parameters,qP,qN,NPQ(nonphOtochemical quenching),and

ΦPsII(quantum yield of PSH electron transport)have been widely used(SChreiber

e t】。1 9 8 6 ; B l l g e r  a n d  t t b r k m a n  1 9 9 0 ; K o o t e n  a n d  S n e l  1 9 9 0 ; K r a u s e  a n d  W e i s
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absorbed in an essentially identical manner by Chl, rclative fluoresccncc yield

images(ΦFm,ΦF,and ΦFm')are Calculatcd by

ΦFm ttFm/弘L                  (1)

ΦF ttF/LAし                    (2)

ΦFm'ミFm'/喚L                   (3)

Where Fm iS the maximai nuorescence intensity(dark),F is thc steady―state

紙 灘 樹 鯛 雛 祥 盤 鼠 齢 鮒

l播 S拙

柵

PhotocheHlical quenching is caused by thc Oxidizcd statc of thc prilnary

acceptor(QA)Of PSH. Thc cOefficicnt for photochcmical quenching, qP,

represents the proportion of excitons capturcd by opcn traps and being converted

ユ1:‖認 :培yen e r g y  h  m e  P S H  t t a t t o n  c c n t e rは

muS e  a n d  W d s  1 9 9 1 > q Pも

qP =(Φ Fm'~ΦF)/(ΦFm ~`Φ
日),)

=(ΦFm'~ΦF)/(ΦFm'~0。2xΦ Fm)               (4)

WherC ΦFm iS the maximai nuorcscencc yicid(dark),that is,nuorescence yield

with all PSII reactiOn centers c10sed(qP=0)and aH nOnphotochemical quenching

盟栖盤走J‖培酷瞥増柵辮灘開せ‖科格計営
糖淵櫂群淵乱樹七郎桃鮒稽酬:lt罷ち鮒総艦棋
too weak to mcasurc with the ordinary video system. Therefore, Φ

Ft)' iS nearly
constant and apprOximately O.2 x ΦFm(SChreiber et al。1986;Dalcy et al.1989;

Osmond et al.1998).

Nonphotochcnlical quenching is caused in vivo by several mcchanisms.

However,rnost of nonphotocherllical quenching has been found to bc cOrrclatcd to

抗温を岳キダ
Z祥
譜品猟盟皓辞塔総 cだ淋:ぷヽ椎1品緒培R,S肥群盤品督縦

proportion of the nOnphotochc■lical quenching in ali fluorescence qucnching. qN

lrllagc lnstrumcntation of Chlorophyll α Fluorescence

is computed by

qN=1~(Φ「m,一ΦRメ)/(ΦFm~ΦRD

筆(ΦFm~Φ Fm')/(0.8xΦFm) (5)

w h c r c  Φ田) i s  t h e  m i n i m a l  a u o r e s c e n c e  y i e l d ( d a r k ) , t h a t  i S , n u o r e s c e n c e  y i e l d  w i t h

all PSII reaction centers open 、vhilc thc photosynthetic membrane is in the

nonenergized state(dark‐Or low‐light―adapted qP=l and qN=0),nearly constant,

a n d  a p p r o x i m a t e l y  O 。2  x  Φ F m  a S  Φ鳳) i s  e q u a l  t o  Φ田) , ( S C h r e i b e r  e t  a l . 1 9 8 6 ; D a l e y

c t  a l , 1 9 8 9 ; O s m o n d  e t  a l . 1 9 9 8 ) .

Kno、vledge of OF()'iS indispensable in order to calculate qP and qN・ HOWever,

the deterrlination of(DF()'may bc problematic,particularly under field conditions.

Hence,NPQ as a nonphotochcnlical quenching parameter which does not require

the determination of Φ田),was dcvclopcd.NPQ is computed by

NPQ=((D「m―(I)Fml)/(I)ifnド                    (6)

Furthcrinore,quanturll yield of PSII cicctron transport,ΦPsH,as a parameter for
the assessment of the proportion of light cncrgy そlbsorbcd by PSII and used in

photosynthetic electron transport、vas developcd。(1)F)ヽH Can bc also calculated by
thc fo1lo、ving expresslon without deterinining(DFO'・

ΦPslI=(ΦFm'~ΦF)/ΦFm)

=2 ΦF/ΦFm'                     (7)

The product of ΦPsH and irradiancc is linearly related to C02 aSSiTllilation ratc
undcr suitable mcasuring conditions. ΦPsll is used as an indicator of the rate of

photOsynthesis(Genty et al.1989)。

3.lrnage instrumentation System

Figure 4 shows a diagram of the laser"induced fluorescence(LIF)image

instrumentation systerl for analyzing Chi fluorescence and photographs of

scanning argon laser. This systerl can be used to measure CFI images by

stirnulating the photosynthetic apparatus、vith actinic light from a scanning argon

lascr(457.9,514.5 nm)in addition to halogen or xenon iamps with blue giass

filters(380 to 620 nm).In the scanning iaser system,a beam from an argon laser

(800 mW)iS SCanned hodzontaltt by a pdygon iaser scanner(4 m Fig.4)and
v e r t i c a l l y  b y  a  g a l v a n o m e t e r  s c a n n e r ( 6 ) . T h e  S C a n  r a t c  i s  c o n t r o l l e d  b y

synchronization with the signal from a camera controller or a computer system.

Thc maximum scanning rate is 30 s-1.Anothcr galvanometer scanner(3)and a
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Fig. 4. Diagram and photOgraphs of lascr‐ induced fluoresccncc(LIF)imagc

i n s t r u m c n t a t i o n  s y s t c m  f o r  a n a l y z i n g  C F I  t r a n s i c n t s ( O m a S a  1 9 8 8 , 1 9 9 8 )

solenoid shutter(2)are uSed tO remove the retracc line in the vertical scan.The

left―hand photOgraph in Fig. 4 shows the scanning iaser and the xenon lamp

prttectOr,and the right―hand photograph shows a plant irradiated by the scanning
laser. The scanning laser enables measurement of plants from a greater distance

than with the xenon lamp.

Figure 5 shows a comparison between CFI transients of a small area(abOut l

！戦

Computer system

IInagc lnstrumentation of Chlorophyll α  Fluorcsccncc

mm2)。f a healthy sunaower ttθ′'α脅筋″sα″″″″sL.cv.Russian Mammoth)leaf
measured in situ with the argon lascr(LIF)and CFI transients measurcd with blue―

green actinic light from the xenon iamp prttectOrs at three different intensities of
actinic light. Before the CFI measurement,the plant leaf was placed in the dark

and allowed to adapt for 20 1nin. The nuorescence was continuously lneasured by

a highly sensitivc CCD(chargeLCOupled device)camera with uniform sensitivity,

afterimage suppression through an interference niter(683 nm;half‐ band width,10

nm)and a red‐ pass filter(>650 nm).A series of images was recorded on a
computer or on a digital video recorder and then analyzed by the computer. These

CFI transients clearly displayed the typical CFI pattern(see Fig.2;Papageorgiou

1975;Govinttee 1995).The fluOrescence intensity of each transient level and the

amplitudes of I)P,PS,and M'r increased as the light intensity increased,and were

almost idcntical in spite of the difference in light source,  Figure 6 shows CFI

i m a g e s  h d u c c d  b y  t h e  s c a n n i n g  l a s e r  t a k e n舟O m  a  p e t u n i a  o P 2す″″' α々ノb r ,冴αL . c v

Tytan White)plant・ These results confirm that the scanning iaser enables clear

CFI imaging from a distance.

By the procedure shown in Fig。3,the system can also be used to analyze Chl

fluorescence quenching images as weH as CFI images by irradiating with a

saturation blue‐green light puise(4000 μmol photons m‐
2s‐1)in addition to the

XenOn iamp

-20o″ motm 2st

本 150

-EL100

Laser scanner

S M  =留 Hm。1百2s a

0●01    0日 1 1.0      10.0     1oo

Time (s)

Fig.5。Comparison bctwccn CFI transients of a small area(l mm2)。f a healthy sundower

lcaf mcasured in situ using thc scanning lascr(HF)and CFI transicnts measurcd using

xcnon lamps at different light intcnsitics(OmaSa 1988,1998).Thc ratc Of lascr scanning

、vas 30 sl
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Fig.6.CFI images at charactcristic transient lcvcls(1,P,M,and T)Of a pCtunia plant

measured with the scanning lascr((荒lasa 1988,1998)

blue―green actinic light(300 μmol photons m‐
2s‐1)frOm halogen lamps,although it

is suitable only for small areas.

4口Diagnosis of Environmental Stresses

4.l Ettects of Air Po‖utants

Air pollution affects the health of plants growing in urban areas and forests(Yunus

and lqbal 1996,Sandermann et al.1997;De Kok and Stulen 1998),Decreases in

photosynthesis and growth appear initially and are followed by visible ittury Of
leaves and withering. We used CFI analysis for early detection of the cffects of

mttOr air p01lutants such as S02 and OXidants(OmaSa et al.1987;Omasa and
Shimazaki。1990).

Figurc 7 shows CFI transients and intensity ilnages at characteristic transient

levels(I,P,M,and T)of an attached sunflower(百 冴'α″筋″ざα″乃″sL.cv.Russian

Mammoth)leaf just a■ er fumigation with l.5ぃ11-l S02 fOr 30 min.Du五 hg the

fuHligation,half of thc lcaf bladc was covered with aluHlinunl foll to shicld the leaf

frOm S02・ ThiS procedure allows comparison betwecn a fumigated arca(F)and an

unfumigated arca(UF)of the Same leai ln the unfumigated area,CFI clearly

showed the typical IDPSMT transients(Papageorgiou 1975;Govinttee 1995),

！齢
　
Ｆ
　
齢

一一一！！

IInagc lnstrumcntation of Chlorophyll α  Fluorescence

Because the CFI transients observed on dark―light transition of the leaf reflect the

partial reactions of photosynthesis,we can detect alterations in the photosynthetic
apparatus caused by S02 frOm the changes in CFI transients(Fig.7A).As shown

in Fig.71ちthe image intensity in thc fu■ligated areas differed strikingly from those

in the unfumigated areas. Fluorescence intensity in the funligated area was higher

at I, rnarkedly lowcr at P, and higher at T. The amplitude of fluorescencc
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Fig.7.CFi transicnts(A)and intCnsity images(B)at characteristic transient levcls(1,P,M,

and T)Of an attachcd sunflower lcafjust atcr l.5伴11-l S02的migation for 30 min(Omasa
ct al.1987).Fumigatcd area(F):●,intervdnal dte l;▲,site 2,ncar a largc vttn;■,dtc
3,ncar a veinlet.Unfumigated area(UF): ① ,intCrvcinal site 4.Thcrc was no visible

ittury(C)

0.1 1 0



298 K.Omasa and K.Takayama

８。

６。

４。

２。

。

．
一Ｏ
Ｌ

．　
ぁ
だ
０
こ
ｏ
ギ
Ｅ
一
〇
Ｏ
Ｅ
ｏ
０
０
０
Ｌ
Ｏ
コ
一」

0.01 100
Time(3)

Fig.8.Rccovery of CFI transients(A)and intensity imagcs(B)Of the sun8owcr lcaf kcpt

in clcan air for 6 h from disturbances by thc S02 fumigation shown in Fig.7(Omasa et al.

1987),Symb01S arc as in Fig.7

transients DP,PS,and MT,indicating photosynthetic activity,was reduced in the

fuHligated areas of the leaf. The changes in intensity and amplitude varied with the

location on the leaf surface: the effects of S02 Were more severe betwcen veins

and near veinlets than near large veins.  Contrary to the perturbation in the

photosynthetic apparatus shown,there was no visible ittury in the whole surface of
leaf atthe end of S02 treatment(Fig.7C)and 2 days later.

The signincance ofthe changes in CFI induced by S02 fu■ligation is as fo1lo、vs

1 0

騒
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(OmaSa et al.1987).Because nuOrescence intensity in the early induction

phenomena is rcgulated by the redox state of QA(PapageOrgiou 1975;Krause and
Weis 1991;Govindee 1995),the elevated l level suggests that QA WaS brought to
the reduced state by SC)2 funligation. Because the DP rise in CFI reflects

photoreduction of OA thrOugh the reductant frorn H20,a dilninished rise of】 DP

、vas consistent with inactivation of the water― splitting enzyme system. As PS

decline involves energy― dependent quenching, its suppresslon suggested the

depression of formation of the rrα ″s―thylakoid proton gradient was probably

caused by the inactivation of the water‐ splitting enzyme systcm. However, the

possibility that the PS decline was affected by the inhibition of electron flow from

QA tO PSI cannot be excluded because PS decline partly reflects the oxidation of

QA by PsI. Suppression of MT decline was probably caused by the inhibition of

the rrα″s_thylakoid proton gradient formation in addition to unidentified reactions

in chioroplasts. Although the extent ofthe SC)2 effeCt on CFI differed from area to

area on a single leaf, the mode of S02 aCtiOn was essentially the same.

The fuHligated plants were then placed in clean air under darkness for 6 h.

Monitoring of CFI showed plant recovery(Fig.8).Near the large veins,where the

change in CFI was relatively small,the CFI recovered completely,as shown by its

IDPSMT transient,  Near the veinlets, CFI recovered almost completely.

However,the fluorescence cHlitted froln the interveinal area was still affected: P

reappeared but its intensity was still low,and l was elevated. The elevated l level

suggests that the PSH reaction centers in the chloroplasts were irrevcrsibly ittured.

In contrast,the elevated T level in the quasi―stationary state became normal in this

area.Despite these results,however,no ittury Was visible at the end of the S02

treatlnent nor at 2 days after the treatinent,  Thus, CFI ilnaging can reveal

photosynthetic damage before symptoms are visible.
On the other hand,CFI responses to peroxyacetyi nitrate(PAN)were different

飾om those to S02・ Petutta?2r″ 所αりう/Jttα L.cv.Tytan white)Jants Were

fuHligated with O.06ぃ l l-l PAN for 3 h. The CFI transients and fluorescence

intensity trnages observed within l h after the fuHligation were not affected,

indicating that photosynthetic activity was早Ot yet damaged.No visible ittury waS

observed at this tilne. After the measurement,half of the leaf blade was covered

with aluHlinum foil to prevent light illunlination and the plants were allowed to

stand under light(130ぃ mol photons m-2s_1)fOr 12 h.Consequently,both CFI

change and visible ittury prOgressed according to the time elapse(Fig.9)・ Figurc

10 shows a photograph and CFI images at characteristic transient levels(I,P,M,

and T)after the 12 h light treatment.The fluorescence intensities were depressed

markedly at visibly ittured sites in the trradiated area(a),but Were virtually

unaffected h the unirradねted area(b)・ ThS phenomenon hdttates that hght

played an ilnportant role in the phytotoxicity of PAN and that photosynthetic
ittury depends on bleaching of plant pigments,that is,destruction of cells.
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Fig.9.Changcs in intcnsity imagc at peak P of CFl of an attached pctunia leaf aftcr O.06 μ
l

l-l pcroxyacetyl nitratc(PAN)fumigatiOn for 3 h.Numerals(1,3,6,12)show thC elapsc of

timC(h)aicr the cnd Of fumigation.A,area irradiated under 130 μmol phOtOns m-2s-1

after the fuHligation;B,unirradiated arca

4.2 Effects of Herbicides

Many herbicides inhibit photosynthetic functions of plants. HCterogcneous

distribution of photosynthetic inhibition in leaves caused by herbicides has been

widely investigated by Chi nuorescence analysis(Daley et al。 1989;Genty and

Meyer 1995;Rolfc and Scholes 1995;Takayama et al。 2000,Omasa et al.2001).

Figure ll shows CFI and quenching ittages obtained by a sequence,shoWn in

Fig。3,of kidney bean oP力 αSCθ′″sソ″′gαrお L.cv.Shhedogawa)leaves ater

treatment with 1/1000 diluted solution of a herbiCide,Nekosogi‐ ace(Rainbow

Chemicals),including 6,0%3‐ (3,4-dichlorophenyl)-1,1‐dimethylurea(DCMU),

3.0%2,6-dichlorothiobcnzamide(DCBN),and 19070 3‐ (5‐rcrサ
ーbutylisoxazol‐3-yl)―

1,1‐dimethylurea(isourOn)frOm the leafstalk for 20 min.Although the

fluorescence intensity was relatively uniform all over the leaf surface before

treatment,it Was remarkably increased at mesophyll celis around the mttor veins

in several images of CFI and puise‐saturated auorescence after the treatinent.

B e c a u s e  D C M U  b 1 0 C k S  e l e c t r o n  t r a n s f e r  f r o m  Q A  t O  P Q , p r o b a b l y  b y  b i n d i n g  t o

the QB Site ofthe Dl protein,the fluorescence rise frorn O to P in CFI transients is

Imagc lnstrumentation of Chlorophyll α Fluorescence

Fig.10.A photograph(A)and CFI images(B)at Characteristic transicnt lcvels(1,P,M,

and T)OfthC attachcd pctunia leaf at 12 h aftcr the cnd of PAN fumigation shown in Fig,9

(OmaSa and shimazaki 1990)。 Symb01s are as in Fig。9.Visible ittury was observcd in
irradiatcd area only(A)
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1.00

1.00

Fig.11.CFI imagcs(A)at charactcristic transient levels(1,D,P,S,M,and T)and

qucnching images(B)Obtaincd by a sequcncc shOwn in Fig.3 of a kidncy bcan leaf aftcr

trcatmcnt with 1/1000 dilutcd solution of a hcrbicide,Nckosogi―
acc(Rainbow Chemicals),

including 6.0%DCMU,3.0%DCBN,and l.0%isouron,from the leafstalk for 20 min

(OmaSa ct al.2001).Therc was no viSiblc iniury just aftcr thc trcatment(C)
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aboutthe same sites around the m可or Veins as inhibition sites in CFI images.This

result indicates decreased electron transport from PSII caused by DCMU and

consequently inhibition of rrα″s_thylakoid proton gradient formation and decrease

in C02 aSSimilation(Schreiber et al.198Q Krausc and Weis 1991,Sttbke and

Weis 1995句 Omasa et J.2001),HOWever,DCMU hhb北 おn was not deady

detected in the ilnages of qP and ΦPsH.  This result shows that qP and ΦPsH
calculated by Eqs, 4 and 7 are lirnited as indicators of photochelnical inhibition

and C02 aSSilnilation rate, Consequently,silnultaneous usc of images of CFI and

quenching parameters enables detailed diagnosis of itturies Of the photosynthetic
syste■1,especially in photocherlical inhibition.

Finally,photosynthetic inhibition of intact plants caused by different hcrbicide

trcatment was compared,Figure 12 shows Fm,Fm',and NPQ images of an attached

cucumber(CttC″ 初お S″ル″sL.cv.Sharp7)leaf befOre(A),and after(B)the

application of 1/1000 diluted solution of Nekosogi―ace in soil.After 2 days ofthe
herbicide treatment,mesophyll sites around the mttOr vcins showed a remarkable
increase in Fm'as compared with nonittured SitCs.On thc other hand,no itturieS
were detected in the Fm image. The NPQ value shOwed a decrease in the sites

located near the vein.

Figure 13 shows Fm,Fm',and NPQ ilnages of an attached cucumber leaf taken

before(均 ,and aier(B)treatment of a foliar application― type herbicidc,Roundup

Fig。12.Fm,Fm',and NPQ imagcs of an attached cucumbcr

(B)application of 1/1000 dilutcd solution of Nekosogitacc
Therc was no visiblc ittury at 2 days after thc treatment

NPQ

leaf before(A)and 2 days aicr

in soil(Takayama et al.2000).

0             1.1
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(MOnSantO),including l.0%卜(phosphOnOmethyl)glyCine(glyphosate).At 24 h
after the treatment,mesophyll sites around the mttor Veins showed a remarkable
decrease in Fm and Fm'as compared With nonittured Sites,an early symptom Of
dysfunction in photOSynthetic apparatus in these sites. In the NPQ ilnage,the sites
around the mttor veins showed a decrease in NPQ, HOWever, the sites
surrounding the low NPQ siteS and branches of veins showed a local rise in NPQ.

Photosynthetic inhibition caused by the two types of herbicides、vas estilnated

using NPQ irlages.The manner of appearance of the Syrlptoms differed for the

two herbicides,as shoWn by Figs,12 and 13. This difference was attributed to the

difference in the components of the two herbicides and the lmethods of application.

It、vas also proven that the inhibition spreads froHl the sites along the veins for

both methods of applicationo Low values of NPQ in the sitcs around the mttor

veins predicted low assimllation rates(Daley et al.1989,Siebke and Weis 1995a;

Omasa et al.2001)and the inhibition of the ability of chloroplasts to generate a

rrα″s―thylakoid pH gradient,to sustain electron transport,and tO dissipate excess

excitation energy as heat in these sites(OSmOnd et al.1998).HoweVer,we cannot

explain、vhy the NPQ values increased at the sites surrounding the loW― NPQ siteS

and branches of veins,as shown iR Fig.13.

F'm        NPQ

Fig.13.Fm,Fm',and NPQ imagCS Of an attached cucumbcr leaf beforc(A)and 24 h after

(B)treatment of a foliar application―type herbicidc,Roundup(MOnSantO),including l.0%

glyphosate(Takayama ct al.2000).ThCre was no visible injury at 24 h aftcr the treatmcnt

Fm

Irrlage lnstrumcntation of ChiorophyH α  Fluorcsccncc

5口Conclusions

We have introduced an image instrumentation systenl for diagnosing the effects of

environmental stress factors such as air poHutants and agricultural chemicals

(herbたides)on phO崎Synttαた ad市 itt and dtes of hhb附on h meph。 的synthetic

apparatus of attached leaves. By usc of the scanning laser in addition to halogen

or xenon lamps, this system cnabled diagnosis of photosynthetic functions of

plants at a distance frorn the instrumentation system. In this systenl,two methods
of Chi α fluorescence irnaging analysis were introducedi CFI analysis and the

saturation pulse method.   The saturation pulse method can analyze the

photosynthetic itturieS mOre quantitatively than by CFI analysis.However,the
saturation pulse method requires an evenly distributed high level of photosynthetic

active radiation(PAR),whiCh makes it difficutt to apply to a large leaf area.In

contrast,CFI analysis does not require such a high level of PAR for rneasurements

and is easier to use for exaHlining a large leaf area, Silnultaneous use of images of

CFI and quenching parameters cnables detailed diagnosis of itturieS Of the

photosynthctic systenl, especially in photochenlical inhibition.  Although CFI
analysis and the saturation pulse method are effective as nondestructive assays of

photosynthetic itturieS,they arc affected by the plant materials and mcasurement
conditions, including pigment contents, leaf age, and surrounding environment.

Therefore,it is necessary to use the■l for accurate assays with other rnethods such

as rneasurement of CC)2 uptake by assilnilation chamber and bioche■lical analysis,
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