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CHAPTER THIRTY

Abstract  Leaves of shade―gro、vn avocado plants

hch in lutein epoxide(Lx)were used to image

heterogeneity in chlorophyll nuorescence quench―

ing and to measure COっ  uptake and stomatal

conductance du五 ng photosynthetic induction for

20H工n after transition from dark to light,and after

changes bet、veen 100, 400 and 700ppm C02 at

gro、vth lrradiance.Vヽe found that non→photochenll―

cal qucnching(NPQ)waS initially heterogeneous,

H′ith marked differences bet、veen cells in tissues

deflned by血 nor veins and those attaCent to p占―

mttγ and secondtt veins The duration and extent

heterogeneity of transicnts in■lPQ,photOSynthetic

rate and stomatal conductance 、vere sensitive to

C° 2C°nCentation,whereas PSIェ ettCiency(Φ PsH)
was not.There were no changes in thc de―epoxlda‐

tion status of xanthophylls pigments in equivalent
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treatlnents, implying hat the dynaHllc, heteroge‐

neous, stomatally‐dependent and C02~reSponsive

NPQ may inv01ve quenching processes that occur

in reaction centres pdor to stabilization of heat dis‐

sipadon in the antennae

Keywords  Avocado, chiorophyll nuorescence

imaging, non―photocheHllcal quenchng, stomata,

xanthophylls

lntroduction

Non―PhOtOCherllcal quenching(llPQ)Of Ch10rO―

phyllユuorescence duing induction is important in

evaluation of photoprotecdve processes in leaves

Early events of NPQ are Of particular interest,

espccially those associated M′ith development of

pH before C02 aSSiFIlllation is fully active, and

phor to stabilization of NPQ via de_epoxida―

tion of vlolaxanthin (HOrtOn et al. 1996; Finazzi

et a1 2004) It had becn generally assumed in

臨netic analyses that NPQ and ΦPsu are relatively
unifom in different chloroplasts and cells of the

leaves exalmned Ho、 vever, chlorophyll fluores―

cence imaging systems(Omasa et al 1987,Daley
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et al 1989)demOnstrated spatial heterogeneity in

the dynalTllcs of stomatal opening in intact leaves

(SiebkC and 悪 電is 1995), and in PsII cmciency

dttng photosynttetic induction(BrO et al. 1996).

Here we report a chlorophyll fluorescence imag―

ing study of photosynthetic induction in the leaves

of shade―grown avocado plants. These leaves are

unusually ich in lutein epoxide(Lx)under rela―

tively low light intensities(GzlrcFa Piazaola et al.

2007).恥 るe ShOW that stomata and C02 haVe l釘 ge

effects on the heterogeneity and extent of AIPQ

that develops in the flrst lC1 20航n of illu面nation,

、vell before de‐epoxidatlon of violaxanthin(V)Or

Lx is detectable

WIaterials and lnethods

Seedttngs of avocado (P夕 IS夕α α772夕r'cαれα L, cv

edranol)were keptin a shade enclosure(ma対 mum

madiance 9o μ M PhotOns m~2s-1)。 f a tempera―

的re‐controlled glasshouse(29° C day/18° C ttght)

for 12 months. The petiole of fully expanded

leaves was cut under water, kept in 、 vater and

quictty transferred to the laboratory.N4tost expe五
‐

ments were perforlned at laboratoり  temperature

(25-30°C)and[C02](400-500ppm).In sOme

expe五rnents a small area of the leaf、vas carefully

covered 、vith イヽascline to rest五ct C02 eXChange.

In others a single leaf was pre―incubated in the

dttk in an H2° 'Sattrated, temperattre―controlled

(25°C)gaS Strcam with 100,tllen wi山 400 and

700ppm[C02]in a Sealed chamber withn the light

box of a chlorophyu nuorescence imaging system

(TeChn010gica,Colchestcr UK;Barbagallo et al.

2003)through which the gases were ciculated

Leaves were dark adapted for 30-60H工 n bet、veen

inductlon exposures to an orange LED actinic

hght(100μ MI PhOtons m~2s-1)and imaged duing

saturating flashes at intervals of 20ュエn and dur―

ing relaxation in the dark for 5述n.After imaging

each induction transient the leaf、vas transferred

to a Licor gas exchange system (Licor Lincoln

NE)fltted with a PAN1 2000(H`ヽ えヽalz,Effeltrich

Gemally)to obtain gas exchange parameters and

spot measurements of chlorophyll nuorescence

in an identical induction expchrnent, Pigments

a sPringer

、vere extracted froIIl l cm leaf discs taken from

comparable leaves before and after transfer to full

sunlight in an unshadcd part of the glasshouse,and

separated by FロユLC using protocols siIIIllar to those

deschbed by htlatsubara et al.(2007).

Results and discussion

Stomata are involved in transient heterogeneity

of NPQ du宜ng induction

lnduction expenments in ar shOwed hat hrPQ

became heterogeneous, in clearly deflned inter‐

vein areas over the leai Withln 30s(Fig.lA),

and transients usually lasted 2-10H工n 2代vocado

leaves are heterobanc(data not sho、vn)and het_

erogeneity of NPQ was Clearly deined by vascular

elenents, Vaseline treatment showed that C09

transfer across secondtt and tじrtitt vascular ele―

ments 、vas extremely slo、v and that development

of NPQ in areas in which stomata were occluded
was greater(NPQ=2),more rapid,and sustained

(Fig.lB一 D).Interestingly,NPQ attaCent to the

皿 d―Vein and"m句 押 elns of the treated area、vas

lower after 15 1111n(Fig.lD),perhaps suggesting

s u p p l y  o f  d i s s o l v e d  C 0 2  f r O m  O t h e r  a r e a s  o f  t h e

leaf via the transpration stream.AIPQ relaxed to

lo、v,homogeneous values after 5 1111n in darkness

(Fig.lE).

Duration and extent of transient heterogeneity

in NPQ respOnds to[C02]

Heterogeneity ofllPQ waS COmpared duttng induc―

tion transients at different[C02]・As above,NIPQ

材′as high and distncdy heterogeneous bet、veen

3 and 7航n into the induction in 400ppm C02'

and low and homogeneous atter 20 Hlln(Fig.2).

In 100ppm NPQ was itttially higher and less het―

crogeneous at these tilnes,but remained high and

morc heterogeneous after 15 and 20血n,、汀hercas

in 700ppm C02 11PQ WaS generally lower and

most heterogeneous after 31111n ln general, spot

measurements of NIPQ with the n咽WI in each of

the three areas ofleaf enclosed in the gas exchange

system closely follo、ved the transients detected by
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Fig.l  Effects oflocal occlusion Of stomata on the underside

of a detached'α″ビガcα″α lcaf with4ヽaseline on heterogene―

itt of NPQ du止ng photosynthetic induction in ar lmages

、vere captured at 30s,31111n,5 1111n and 15述n after-30n

the actinlc ught and a rclぷcd inage、vas obtalncd aftcr 5 11un

in d征臨less The gray―scalc bar shows a range ofい、2 NPQ

the imaging system for the leaf as a 、vhole, and

、vere 、vithn the range of valucs measured by the

imattng system(ng.2).The greatest dispぶ ty was

found in the 700ppm CO,treatnlent

Du五Ilg the induction protocols with tius leaf

the greatest increase in stOmatal conductance、vith

time occurred in the 100ppm C02 treatlnent,was

lcss at 400ppm, and remained low at the inidal

dark level in 700ppm C02(data not shown)

Assinilation rate remained negative throughout

inducton at 100ppm,became positive within l IIlln

at 400ppHl and slowly increased to near saturation

atter 20航n,and samrated within 5血n at 700ppm

(data nOt sho、vn).

The C° 2 reSpOnsiveness Of tle extent and dura―
はon of heterogeneous NPQ dttng photosynthetic

induction clettly reflects local differences in the

intemal and extemal supply ofths teEIllnal accep―

tor for photosynthetic elec■on transPort in ttc

different treatments(Wieyer and Genty 1999).

Internal sources (photOresPiration) predOIIllnate

in the absence of net C02 exchange,and,in spite

of stomatal closure in response to 700ppm C02'

supply of C02 iS SuaFlcient to rapidly reducc the

heterogeneiけ,extent and duration of the nlPQ
transient.

Transient,C02~reSPOnsive NPQ in aVOCadO

is independent of xanthophyll de―epoxidation

mere were no signiflcant changes in concentra―

tions of xanthopylls dunng the frst hour of treat―

ment 、vhen light intensity incrcased to 200 μふ/1

photons m~2s-1(Table l),HoweVeL after a fulせ ler

3h, 、vhen light intensity increased to l,300「 t Iヽ

Photons m~2 s-1, de― epoxidation of both ヽ ア and

Lx occurred and thc pools of RV■ AttZ and Lx+L

lncreased. Neoxanthin 、 vas unchanged through―

out,as were the pools of α―and β―carOtene and

the ratio of Chi`フう (data nOt shown)Evidendy

the dynaHllc,heterogeneous,stomatally―dependent

and C°2~reSpoasive NPQ may inv01ve quenching
processes that occur in reaction centres pior to

stabilization of heat dissipatiOn in thc antennae

by de―epoxidation of xanthophylls pigments in

either the えヽ‐or Lx‐cycles(Garcra_Plazaola et al.

2007). ミミ prOpose that these processes involve
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キZ c a x a n t h l E ( Z )

Luteh ePoxide(Lx)

Lutein(L)

395±02  399± 02

329± 13  335± 13

0        0

278± 13  280± 17

118±26 1129± 35

3 9 2±0 3
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2 3 5±0 5

1 2 9 4±1 6
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