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Abstract

To investigate leaf age dcpendence in the rcsponses of photosynthctic functions to water stress,the

changes in nuorcscence parametcrs of bean(Pん αSCθルSッタrgα/な L.)leaVes wcre examincd whilc thc

leaF water potential(7LW)WaS gradually decrcascd by withholding watcr supply to the soll;leavcs

of three ditterent ages、戸ere used froln cach plant,  No signincant leaf agc dependcnce、was dctected

in any fluorescencc parameters、vhcn the ψ
′
Iンw、vas higher than -0。9臣IPa,the point at、Ⅳhich the nct

C02 uptake rate approached zero. However,at ψ
′
Iッw lowcr than-0.9 NIIPa,both the maximurn PS

II photochcrllical cttciency(Fv/FM)and the quantun■ yield of non―cycllc electron transport in PS III

(φc)dCCreascd with decrcasing ψ
′
LW・ The decreases in bothゴ v/FM and φ c Were larger in younger

leavcs.  Wiore conspicuous leaf agc dependencc was detected in the response of the steady,state

nonphotochc■ 1lcal qucnching cocnicient(?N)・   Water strcss― induccd changcs in all thcsc nuorcs_

cence parameters rccovercd to pre― stress levcls within a day aftcr rewatcring.  Thc rcsults showed

that the changes in the nuorescence paramctcrs did not result rrom damagc to thc phOtosynthctic

systems,but frorl changes in physiological conditions caused by the ccssation of CC)2 Supply to the

stroma or changes in stromal、 vater status.  It、was concluded that leaF age is an irllportant factor in

dctcrrllining the rcsponscs of auorescence parametcrs to watcr stress.

Key wordsi Chlorophyll auorescencc, Leaf agc,Pん αscο′初sックをα/な L., Photosynthcsis, Water

strcss.

1. Introduction

Water stress causes stomatal closurc even before

the leaf water potential begins to decrease(Davies

and Zhang, 1991),thus increasing the rcsistancc of

CC)2 entering the leaves,  Reduccd C02 Supply to

thc chioroplasts invokes light energy dissipation to

avoid damage caused by generation of surplus

reductivity(Walker,1992;Smirnoi 1993).In ad―

dition, water stress can bring about decreases in

photosynthetic capacity by inhibiting electron trans―

port,phOtophosphorylation and metabolic proccsscs
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in the chloroplasts(Kaiser,1987;Lawior,1995).

Fluorescence analysis has been applied to evaluate

the ettects of water stress on photosynthctic func―

tions  in  leaves (c・go  Stuhifauth ですαた,  1988;

Stuhifauth cr αた, 1990;Schcucrmann cr α た, 1991;

Jetteries, 1994;Biehler and Fock, 1996). Gcnty cr

α' (1987)and SCheuermann cけ αよ (1991)ShOWed

from fluorescence measurcments that responscs of

photosynthetic Functions of leaves to 、 vatcr strcss

difFer among specics.  However, difFerences in the

respOnses of photosynthetic functions of leaves of

dittcrent ages to water strcss arc not clcarly undcr一

stood,

An individual plant compriscs leaves of a wide agc

range and thesc are arranged vcrtically at difFerent

positions on the stem.  Leavcs oF ditterent ages cx―

hibit ditterent photosynthctic functioning (Jenkins

and Woolhouse, 1981;Somersalo and Aro, 1987;

C r o x d a l e  a n d  O m a s a , 1 9 9 0 ) .ヽ在O r e O v e r , w h e n  t h e
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plant is water― stressed, the leaves show ditterent

water relations depending on leaf age(Ackerson and

Hebert, 1981;Attorgan, 1984;Zhang and Davics,

1989).  TherefOre,water― stressed leaves in individu―

al plants can show′  age―dependent responses of

photosynthetic functions.

The airn of the research presented here was to

compare changes in lluorescence parameters of

lcavcs of difFerent ages within individual plants of

bean(Pん αSCο′″sッタrgα/な L.)when the leaf watcr

potential(ζ /1″w)was gradually decreased by with―

holding 、vater supply to the soil.  The study in―

cluded an exalnination of the responses of fluores―

cence during the recovery frorn water stress.

2. NIaterials and NIethods

2,l  Plant l■aterials

BCan (Fち んαScθ′″s ッ″rgα/為 L.cv.Shin― edogawa)

plants were used for the experilnents.  The seeds

were sown in pots containing l.6 r of artincial soil

(miXture Of vermiculite,peat,perlite and ine gravel,

2:2:1:l v/v)。 After emergence, the seedlings

were thinned to one plant per pot to increase their

uniForrllity.  These plants wcrc grown in an cn―

vironmentally controlled greenhousc(tCmperature:

25℃ /20℃ in day/night,relative humidityi 60%).

The plants were watered every day and supplied with

nutrients twice a week.  The plants were used for

the experilnents 4-5 weeks after sowing when they

had 6-7 fully expanded leaves`

2.2  A/1easurements

Five to ten plants were transferred to an en―

vironmentally controlled growth cabinet(tcmpCra_

ture:25° C;relative humidity:70%)the day before

the  arst  measurements.  The  plants  were  ll―

lurninated from above with stannous halide vapor

lamps(photOSynthctic photon flux density(PPFD)

on the upper portion of plants:450μ  mol m~2s-1;

light  pcriod:6:00-18:00).  These plants were

water―stressed by withholding water supply to thc

soil,but two or three plants wcre watered every day

as controls.  After withholding watcr for 5-12d,

water supply to the soil was resumed.  During the

course of these treatments, gas―exchange rates and

fluorescencc paramcters were measurcd cvcry day

using the same three leaves difFering in age in each of

two water―withheld plants or onc water―withheld and

one control plant. Leaf watcr potential(ψ
′
LW)WaS

measured every day in three leaves difFering in age;

the leaf samples were selected frorll leaves of three to

seven water―stressed plants.  Thc measurements of

ψ
'I,w,gas―

exchange rates and auorcscence were lnadc

during 9:00-10:00,9!00-12:00 and 9:00-17:00,

respectively; rewatering the water― strcsscd plants

was done at about 17:00.  The above experirnent

was repeated six tirlles,  In addition to these experi―

ments, in ordcr to invcstigate the rccovcry frOm

water stress precisely,plants werc not watered for 5

d, thcn re、 vatercd at about 9:00.  Subsequent

changes in fluorcscence in their young leaves wcrc

then measured.

Three leaf samples difFering in age、rere selected as

f0110ws:young leaves were selected fro■ l the 6th一

7 th leaves having leaF areas of 20-30 crl12;rniddle―

aged leaves wcrc selected from the 4 th-5 th leaves

having the largest leaf area; old leavcs、vere selected

from the prilnary leaves.  The terrninal leancts of

the trifoliates were used for the young and■ 1lddle―

aged leaf sannples.

Fluorescence measurements were made at about

25°C using the pulse amplitude modulation(PAM)

chiorophyll auorometer(PAM 101,102,103,Walz,

EfFcltrich,Gcrmany)on the adaxial lcaF surFaces of

attachcd intact leaves following thc method of

Schrcibcr α αI(1986).PriOr tO the measuremcnt,

the leaf was keptin the dark for 20 rnin,and thereaft―

er maximal(FM)and Variable(ダ v)auorescences

wcrc rneasured to deterrnine lnaxirnum PS I photo―

chemical emciency(Fv/FM)(Butler and Kitttima,

1975).Then the actinic light was llluminated.

The saturation pulse of 700 rns was also radiated at

20-s intervals with the actinic light for the deterrnina―

tion of induction and steady― state values of photo―

chernical and nonphotochernical quenching coefi中

cients(?P and?N,reSpectively). Further,quantum

yield of non― cyclic electron transport in the PS Ⅱ

(φc ) W a s  c a l c u l a t e d  a c c o r d i n g  t o  G e n t y  c r  α及( 1 9 8 9 ) .

The incident PPFD on the leaf surface of the 100

kHz―pulsed measuring light,thc actinic light and the

saturation pulse were l.5, 40, 2,200μ  mol m~2s-1,

respectively,

Net CC)2 uptake and transpiration rates were

mcasured in the cabinct under PPFD of 450μ  mol

m-2s l with a small open― iow gas―cxchange chaln―

ber(Shimazu, SPB― H2), whiCh allows measure―

ments of gas exchange rates of both sides of a leaf on

a6.25 cm2 reCtangular area.ψ
′
LW WaS measured

with an isopiestic psychrometer(BOyer and Knipl―
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lng, 1965)using excised leaF samples.

3. 】Results

Changes in leaf water potential and gas‐

exchange rates

After water was withheld,the ψ
′
LW deCreased by a

mean ratc ofabout O.1い 江Pa d~1,andビ Lw was aIInost

the same among the three leaves difFering in age in

individual plants.  Beforc the ぜ Lw began to de―

crease, 軍Lw had been about O.1い 江Pa lower in the

young leaves than in thc old and lniddle― agcd leaves

of the same plants. The lower ψ
′
LW Of nOn―stressed

young leavesis an artefact caused by cutting growing

tissuc(CosgrOveで すαl, 1984).ConSequently, in

this report,gas― exchange rates and fluorescence pa―

rameters of leaves difFering in age were presented as

functions of ttLw of rlliddle―agcd leaves(Fig. 1-4).

Changes in net C02 uptake and transpiration rate

with decreasing ψ
′
LW are Shown in Fig.l for thc

three leaves of diIFerent ages.  Both the gas―

exchange rates decreased with decreasingぜ Lw from
-0.3 to-0。 9 MPa and were near zero when 7LW

was below -0.9 MPa.  The gas_exchange rates of

thc young leaves approached zero at lower ttLw than

those of the older leaves.  The old leaves showed

lower gas―exchange rates than the younger leaves at

higher ψ
「
LW・

3.2  Changes in steady口 state rluorescence

Figures 2-4 show changesin tuorescence parame―

ters with changing ψ
rLW・

 When ψ
rLW WaS higher

than-0.9 MPa,none ofthe changes was prorninent,

and no signiflcant agc dependence was detectable in

thcse parameters,except that the old leaves showcd

sllghtly lower φcthan the younger leaves.  However,

at ψ
rLW 10Wer than -0.9 MPa,Fv/FM,φ

c and?N

changed with decreasing撃 屯w,and leaves difFering in

age showed difFerences in the nuorescence parame―

ters.The decrcase in Fv/FM was less for the old

leaves than for the younger leaves(Fig.2)。 Also,

the decrcase in φe Was lnost pronounced in the young

leaves and slmallest Sor the old ones(Fig.3). For

steady―state quenching coefFlcients (Fig.4), ?N

rcsponded difFerently depending on the leaf age,

while?P was lnaintained near i over the entire range

of ttLw.  In the young leaves,?N WaS alIコ ost con―

stant when the 7LW WaS higher than-0。 9 MPa,but

with further decrcase in ttLw, it initially increased

and subsequently decreased.  Changes in?N in the

old leaves, however, were less conspicuous;these

-0.7  -0.9  ‐1.1  ‐1.3  -1 5

ΨLW(MPa)

-0.7 -0 9 -1 1  -7.3

WLW ( MPa)

-0 3  -0.5  -0.7  -0.9  -1.1  ‐1 3  -1.5  -1.7

WLW ( MPa)

Fig. 1.  Changes in net CC)2 uptake and transpl―

ration rate with decreasing leaf water potential

in young (a), Hllddle― aged (b) and 01d (C)

l e a v e s . S y m b o l s● a n d  o  r e p r e s e n t  m e a n s  o f

3-1l replicates of net CC)2 uptake rate and tran―

sPiration rate, respectively;solid and dotted lines

show changes in net CC)2 uptake and tran―

spiration rates, respectively.  Error bars indicate

90%  conidence intervals.  The gas― exchange

rates were mcasured under a PPFE)of 450μ mol

m-2s-1.  Thc horizontal axis represents the leaf

water potential of the lniddle―aged leaves.
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Fig。2. Changes in F17/FM with decreasing leaf

water potential。  (a),(b)and (C)COrrespond to

changcs in the young, Iniddle― aged and old

leaves, respectively, Values of ゴ v/FM of the

samc leaves are connectcd with solld lines.  The

horizontal axis rcprcscnts the lcaf watcr potcntial

of the rniddle―aged leaves.

=0 3  -0 5  -0,7  -0.9  -1 1  -1.3  -1 5  -1 7

比 w(MPa)

Fig, 3.  Changes  in  thc  quantun■   ytcld  of

non―cyclic electron transport in the PS II(φc)

with decreasing leaf water potential.(a),(b)

and (C)COrreSpond to changes in the young,

Iniddle―aged and old leaves,respectivelyt  Values

Of φc Of thC Samc lcavcs arc conncctcd With solid

lines.  Thc horizontal axis rcprcscnts thc lcaf

watcr potcntial of thc rniddlc―agcd lcavcs.
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showed a steady slow increase with decreasing ψ
′
LW・

For the lniddle,aged leaves, some showed the samc

changes as the young leavcs and others exhibited thc

samc tendency as thc old leaves.

For all tested leaves, these water stressぃ induced

changes in the lluorescence parameters returned to

the pre―stress levels when lluorescence was lneasured

17-20 h after rewatering.  For all the leaves, the

steady―statc?P decreascd by 2-5夕 ろ after rewatering

( s e e  F i g . 5 c  e ) . I n  C O n t r o l  p l a n t s , w h i c h  w e r e  w a―

tered every day, no changes in these nuorescence

parameters were detected in any tested leaves during

the period of the experirnents,

3.3 Changes in induction of auorescence

Changes in?P and?N aFter dark_1lght transition in

ali the tested leaves before and after water stress

werc sirnilar to thosc shown in Fig.5a,b.  Water

stress caused a steeper initial ?P drop and greater

overall rise in?N(See Fig.5a,b).ThCSC changes in

the patterns of transient quenching coettcients

caused by water stress had recovered when fluores‐

cence was measured 17-20 h aFter rewatering,

To investigate further the changes in the transient

patterns of?P and ?N during rccovery from water

stress,transient changes in?P and?N Were exarnined

in young bean leaves at various tilncs during thc

perlods when water was withheld for 5 d and during

the subsequent rewatering(Fig.5). The initial?P

drop was greater when the leaf was water― stressed

(Fig.5b),but almOst undetcctable 4 h after rewater―

ing(Fig.5c):it then gradually became deeper with

tilne and approached the lcvel bcfore water strcss

(Fig.5d,c).The steady― state?N reCOVered to the

level before water stress within 4 h after resuコ nption

of the water supply (Fig. 5c), but the recovery of

the transient rises in?N required more tiine.

4. Discusslon

The close correlations in the rates oF decreases of

transpiration and net C02 uptake(Fig. 1)indicate

that the decrease in CC)2 uptake rate caused by water

stress was closely related to stomatal closurc.  The

ilmplication that stomata in the young leavcs closed

at iower ψ
・
LW than those in thc older leaves(Fig. 1)

is in agreernent with other reports(Turner, 1974;

Jordan cr αえ,1975;Lawier and Mllford,1975).

In the fluoresccnce mcasuremcnts, well― watercd

leaves did not show any signincant age― dcpendent

ditterences in fluorescence parameters except that the

159-
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Fig.4.  Changes in steady― state qucnching co―

enicients with decreasing leaf water potential.
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Solid and dotted lines represent, respectively,
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old leavcs showed a slightly lowcr φc than younger

leaves.  This result is in contrast to other reports

(Jenkins and Woolhouse, 1981;Somersalo and Aro,

1987;Croxdale and Omasa, 1990), whiCh Show

difFerent responses of auorescence in leaves difFering
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Fig.5.  Typical changes in induction of quenching coettcients of a young bean leaf:(a)befOre

water―withholding,(b)5 d after water―withholding and just before resuming water supply(Water
supply to the plants was resumed at about 9:00),(C)4 h after resunling water supply,(d)7 h after

resuming water supply,(e)24 h after resuming water supply.Solld and dotted lines represent

changes in?P and?N,reSpectively.

500

Time(S)

in agein non_stressed plants.  This discrepancy may

be because the range ofleaf age was more lirllited in

our measurements than in these prevlous reports.

However,water stress brought about age― dependent

difFercnces in the responses of nuorescence parame―

160-
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ters.  Because the nuorescence parameters of the

control plants were unchanged during the experi―

ments,thc difFerences can be interpreted as resulting

fronl water stress.

At ぜLw higher than -0.9い 江Pa, Iluorcscence pa―

ramcters did not show signiflcant changes,whlle the

gas exchange rates decreased very markedly with

decreasingぜ 屯w.  Signiflcant changes in duorescence

parameters occurred only after net CC)2 uptake rate

became almost zero.Both Fv/FM and φ c Suddenly

decreased for all the tested leaves.  This result

agrees substantially with the results in the same

species reported by Cornic cすαえ(1989),whO Ineas―

ured changes in the quantum yield of 02 eV01ution

when leaf water deicit(LWD)of the leaves was

gradually increased.  They report that the quantum

yield was constant when LWD waslower than 30%,

but when LWD was higher than 30%,the point at

which net CC)2 uptake ratc approachcd zcro, the

quantuIIl eaiciency decreased with increasing LWD.

It should be noted that the ttLw at which Fv/FM and

φc began tO decrease was almost the same among the

leaves dittering in age,but that the decreases in both

Fv/FM and φc Were larger in younger leaves.This

suggests that some water stress―induced changes in

leaves, which are not leaf age‐dependcnt, triggered

the drops in both Fv/FM and φ e Sirnultancously,but

to difFerent degrees in leavcs of difFercnt ages.

The decreases in Fv/FM and φ c cOntribute to

rcduced generation of residual rcductivity and

energy,but were not in parallel with changes in CC)2

uptake rate.  Also, the dccreases are rather modest

compared with the drastic decreases in CC)2 uptake

rate.  Therefore, to compensate for the imbalance

between the decreascs in C02 uptake rate and the

electron transport rate, some processes such as

Wichler―ascorbate  peroxidase  reaction  and/or

photorespiration presumably must c?nsume the re―
sidual  energy  under  CC)2~1lElited  conditions

(Stuhlfauth cr αえ, 1988; Cornic cr α と, 1989;

Scheuermann cr α と, 1991;Cornic,1994;Bichler and

Fock, 1996) to avOid damage caused by surplus

reductivity gcneration(Walker, 1992; Smirno島

1 9 9 3 ) .

The steady―state?P was near l for ali the tested

leaves regardless of the ψ
rLW(Fig.4). ThiS WOuld

be bccause thc actinic light intensity was rather weak

(PPFD:40μ molm 2s l)in these mcasurements.

However, the steady―state ?N ShOWed difFerent re―

sponses depending on the leaf age.  For the old

leaves and some of the rniddle_aged leaves, ?N

showed a trend oF constant siow increases with

dccrcasing 71LW(Fig.4b,c). Simllar responses of

steady―state?N With Changing ttLw have also becn

reported in bean(Pttα ざビοr″sッ″rgαrな L.)and imaize

by Scheuermannで どα′。(1991)・  In the young leaves

and some of the rniddle― aged leaves, ■ owever,

steady―state?N began to increase rapidly at u/LW Of

-0.9 MPa(Fig.4a,b),while it remained constant

at higher V/LW・  A higher?N reSults from higher

transthylakoidal pH gradient, which is caused by

reduced photophosphorylation.  Therefore,a?N riSe

can be causcd by restrictions of A正 )Pぃrcgenerating

reactions(2・g.Solne reactions in Calvin cycle)and/

or ATP― synthesizing reactions. The ditterent re―

sponses of steady―state ?N depending on leaf ages

suggest diSerent characteristics in the energization

and dccnergization Of the membrancs.  Thesc age―

dependent changes in the respOnses oF steady― state

?N tO Water stress suggest that thc characteristics of

the chioroplasts change at a developmental stage

near the completion of leaf expanslon.

The changes in the transitional quenching coeri_

cients while the plant was water―stressed and subsc―

quently rcwatcred in young leaves(Fig.5)are simi_

lar in some aspects with those of Dをルα′な 施れαrα

leaves reported by Stuhlfauth cr αユ (1988).The

most obvious difFerenccs in our results are l)that the

initial?P drop was lmorc conspicuously changed and

2)changes in steady_state?N OCCured.  These ditter―

ences presumably resulted from difFerences in the

species tested.  The deepening of the initial?P drop

in  the  watcr―stressed leaves  may  result  from

dchydration―induced  changes  in  the  state  of

thylakoid membranes,and the changes in the initial

?P after rewatering may renect dilution and subse―

quent rcattuStment of stromal solutlon.After re―

sumption of the water supply to the water― stressed

plants, the steady―state ?P was sllghtly decreased.

The decrease in steady― state ?P after rewatering

rnightindicate that the resumptiOn of water supply to

the chloroplasts causcd somc change in thc thylakoid

membranes.

In concluslon,water― stressed leaves within a plant

can show leaf age dependence in the responses of

auOrescence parametttrS・  The rapid recovery of the

nuorcscence parameters after rcsumptiOn of the

w a t e r  s u p p l y ( a g .  F i g . 5 c一e ) s u g g e s t s  t h a t  t h e s e
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changes in thc parameters did not result from

damage to the photosynthetic systems, but from

changcs in physiological conditions caused by the

ccssation of CC)2 Supply to the stroma or changcs in

stromal watcr status.  The reasons for thc rcsponses

of these paramctcrs and for the age dependencc of

thcsc responses remain unknown, but these results

show thaticaf agc is an important factor in dctcrrllin―

ing the responses of the photosynthetic system of

leaves to 、vater stress`
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水ストレスをあたえたインゲン ●んαscοJクs吻なαrなL.)の

葉におけるクロロフィル蛍光パラメータの葉齢依存性

戸部和夫 ・大政謙次*

(津景差
環
景蟹賓堅策誓居冒蟹智命科学研究科)

要

水ストレスが植物個体中の葉齢の異なる葉の光合成機

能におよぼす影響を調べるため,鉢 植えのインゲン

●んαscθr″sッ″rgαホ L.)へ の給水を停止 して葉の水ポ

テンシャルを徐々に低下させ,そ の間のパルス振幅変調

(PAM)式 クロロフィル蛍光測定から得られるパラメー

タ σv/FM,φe,?P,?N)の変化を調べた。測定は,同 一

個体中の葉齢を異にする3枚 の葉のそれぞれに対 して

行った。葉のC02吸 収速度は,葉の水ポテンシャルの低

下とともに急激に低下し,水 ポテンシャルが-0,9 MPa

でほぼゼロとなった。これに対し, クロロフィル蛍光測

定から得られるパラメータのいずれについても,水 ポテ

ンシャルが-0.9 MPa以 上の場合には,葉 齢の差によ

る顕著な差異は認められず, また,水 ポテンシャルの低

下に伴う変化もみられなかった。一方,水 ポテンシャル

約

が-0.9 MPa以 ドに低下すると,水 ポテンシャルの低

下とともにダv/FMお よびφcの低下がみられ, この低下

の度合いは右い葉のほうが顕著であった。さらに,水 ポ

テンシャルが-0.9 MPa以 下のとき,水 ポテンシャル

の低下とともに?Nの 定常値は変化 したが, この変化の

態様は葉の葉齢によって異なるものとなった。水ストレ

スを与えた植物に給水を開始すると,Fv/ダ M,φcおよび

?Nの 値は,給 水開始から 1日以内に,水 ス トレスを与え

る前の値に戻った。以上の結果から, クロロフィル蛍光

測定から得 られるパラメーターにより水ス トレスが光合

成機能におよぼす影響を評価する際には,測 定に用いる

葉の葉齢を考慮する必要があることが明らかとなった。

キーワー ド:イ ンゲン, クロロフィル蛍光,光 合成,水

ス トレス,葉 齢
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