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Abstract

Photosynthetic organisms have sought out the delibalance between
efficient light harvesting under limited irradian@nd regulated energy
dissipation under excess irradiance. One of theeptive mechanisms is the
thermal energy dissipation through the xanthophgyicle that may
transform harmlessly the excitation energy intot laea thereby prevent the
formation of damaging active oxygen species (AO@plaxanthin de-
epoxidase (VDE) converts violaxanthin (V) to antnthin (A) and
zeaxanthin (Z) defending the photosynthetic apparatbm excess of light.
Another important biological pathway is the chldesh water-water cycle,
which is referred to the electrons from water getext in PSIl reducing
atmospheric @to water in PSI. This mechanism is active in tt@venging
of AOS, when electron transport is slowed down gy dver-reduction of
NADPH pool.

The control of the VDE gene and the variations et of physiological
parameters, such as chlorophyll florescence and AQfient, have been
investigated in response to excess of light andugitd condition using
Arabidopsis thalianaand Arbutus unedo Pigment analysis showed an
unambiguous relationship between xanthophyll de<gation state
((A+2)/(V+A+Z)) and VDE mRNA amount in not-irrigate plants.
Unexpectedly, gene expression is higher during thight when
xanthophylls are mostly epoxidated and VDE activgysupposed to be
very low than during the day.

The importance of the water-water cycle in protegthe chloroplasts from
light stress has been examined throAgabidopsisplant with a suppressed
expression of the key enzyme of the cycle: the atkyid-attached
copper/zinc superoxide dismutase. The analysis atesle changes in
transcript expression during leaf development stest with a signalling

role of AOS in plant defence responses but no idiffee was found any in



photosynthesis efficiency or in AOS concentratioftera short-term

exposure to excess of light.

Environmental stresses such as drought may remeeiopsly optimal light

levels excessive. In these circumstances the sitrimegulations of
photosynthetic electron transport like xanthoplaild water-water cycles
might modify metabolism and gene expression in orie deal with

increasing AOS.

1. Introduction
Plants are subjected to several harsh environmstrzdses that adversely

affect growth, metabolism and yield. Drought, s&inlow and high
temperatures, flood, pollutants and radiation aeedtress factors limiting
the productivity of the ecosystems.(Reddy, Cha@an§ Vivekanandan
2004).

Even under optimal condition many metabolic proessgroduce active
oxygen species (AOS). In plants, the most importdrnthese are driven by
or associated with light dependent events (Foyelandais, & Kunert
1994). AOS, resulting from excitation or incompledeluction of molecular
oxygen, are unwelcome harmful by-products of norcedlular metabolism
in aerobic organisms. Plants, facing a burden afesx AOS, initially
developed various protective mechanisms, such aall samtioxidant
molecules and antioxidant enzymes, to keep AOS lawder control (Apel
& Hirt 2004). As these protective mechanisms weteust, plants evolved
an elaborate network of AOS-producing and detordyi enzymes
(represented by at least 289 genedArabidopsi$ to adjust AOS levels
according to the cellular needs in different ceibes and organs at a
particular time and at different developmental sgagThis evolutionary
advance permitted AOS to be co-opted as signaithintecules that control
cell proliferation and cell death to regulate plgmwth and development,
adaptation to abiotic stress factors and propegroreses to pathogen attack

(Apel & Hirt 2004). To influence all those processe a range of tissues at



different developmental stages, the biological oese to the altered AOS
levels requires remarkable specificity. This spettif is ensured by
multiple interacting factors, including the chenhigdentity of AOS,
intensity of the signal, site of AOS productionyd®pmental stage of the
plant and previous stress encountered (Apel & B004;Gechev et al.
2006).

Under non stressful condition, the antioxidativdedee system provides
adequate protection against AOS, but plants irr thaiural environments
are very often exposed to sudden increase inilig@nsity, which results in
the absorption of excitation energy in excess ot thequired for
metabolism. High irradiation causes a potentiaéigtductive excess of light
energy that is absorbed by the chlorophylls, is tandition the control of
the increase in AOS production is essential to chtbe oxidative stress
leading to photoinhibition and eventually to cekath (Foyer et al.
1994;Mullineaux, Karpinski, & Baker 2006;Reddy, @haya, &
Vivekanandan 2004).

The photosynthetic electron transport system isntlagor source of AOS,
having potential to generate singlet oxygé®,) and superoxide (@ ).
The production of these unstable molecules is @vaidable consequence
of the operation of the photosynthetic electromgport chain in an oxygen
atmosphere (Arora, Sairam, & Srivastava 2002) mdome significantly
higher and dangerous for the cell under stresshudlitions.

Light is captured by a set of light-harvesting ctemps (LHCs) that funnel
light energy into photochemical reaction centrdsptpsystem (PS) | and
PSII. Special subset of chlorophylls moleculeshase photosystems are
excited by light energy, allowing electrons on théo be transferred
through a series of redox carriers called the edactransfer chain (ETC),
beginning with the oxygen evolving complex (OEC)R®&II through the
plastoquinone (PQ) pool, the cytochrobgécomplex and plastocyanin, and
finally through PSI. Electrons from PSI are tramsdd to ferredoxin which,
in turn, reduces NADPto NADPH via ferredoxin:NADP oxidoreductase.

This linear electron flux (LEF) to NADHs coupled to proton release at the

9



OEC, and ‘shuttling’ of protons across the thylakmembrane by the PQ

pool and the Q-cycle at the cif complex, which establish a proton
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Fig. 1 Diagram of the photosynthetic electron transposdteyn. 1. Oxygen evolving
complex produces ZHrom each water molecule processed. 2. Cytochrimfheompex
pumps H into the lumen thanks to the Q-cycle. 3. NADRductase consumes’H
generating NADPH. The processes 1, 2 and 3 leagntincrement iMApH between
lumen and stroma.

motive force pmi) that drives the synthesis of ATP by chemiosmotic
coupling through the chloroplast ATP synthase (Big.

In general, over-excitation of PSIl is preventedyédy by antenna down-
regulation, which dissipates excess excitationgynas heat. This involves
a series of processes, which are collectively tdrmen-photochemical
quenching (NPQ) and typically measured by the gaiegcof chlorophyll-a
fluorescence (Cruz et al. 2005;Maxwell & Johnso@®O0 This ‘quenching’

of light energy in the antenna is dependent on‘d¢mergization’ of the
thylakoid membrane and involves at least two preegsthe xanthophyll
cycle, and protonation of amino acid side-chainsanrantenna associated

chlorophyll binding protein, PsbS.
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Limiting the quantity of energy available in theacdion centres could be
not sufficient since, even under stressful condgjanaintaining an electron
flow through the photosynthetic membrane is vital preventing damage
to plant cells.

Two different pathways that are thought to cooperat protecting the
photosynthetic apparatus from photo-oxidative siresistaining electron
transfer, are the cyclic electron flow and the watater cycle (WWC).

These pathways shunt electrons through the phadtostyn apparatus and
maintain the pH gradient in the chloroplast, whishessential for the

function of many biological processes first thexagdhin cycle.

1.1 Thermal energy dissipation

Incident light can vary on seasonal base or rapgldly to passing clouds or
sunflecks within the same day. With increasing tligmtensity,
photosynthetic utilisation of absorbed light energgches saturation, while
light absorption continues to increase. This casultein a mismatch
between excitation of photosynthetic pigments alahtpability to use the
excitation energy for photosynthesis (Baroli et 2004;Demmig et al.
1987).

One of the ways in which this balancing act is agglished is through the
regulation of photosynthetic light harvesting. Otinae scale of seconds to
minutes, non-photochemical quenching (NPQ) prosessePSIl can be
induced or disengaged in response to changeshhihgensity. The term
NPQ reflects the way in which these processes aumtinely assayed
through measurements of chlorophyll fluorescencexivell & Johnson
2000). Under most circumstances, the major comparfeNPQ is due to a
regulatory mechanism, called gE, which result®enthermal dissipation of
excess absorbed light energy in the light-harvgstimenna of PSII. The gE
is induced by a low thylakoid lumen pH (i.e. a higghH) that is generated
by photosynthetic electron transport in excesstligh it can be considered
as a type of feedback regulation of the light-deleen reactions of
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photosynthesis. The low thylakoid lumen pH thatices gE has two roles.
One role is the pH-dependent activation of a luteeadized violaxanthin
de-epoxidase (VDE) enzyme that catalyses the cemreof violaxanthin

to zeaxanthin via the intermediate antheraxantban{mig et al. 1987).

Lumen Thylakoid membrane
/—. DHA e Transporier? L I
/_/ Light utlhzallon \ Asc- NADPH
Asc ‘
Ll
B \' : 3 ABA-synthesis
pKa=4.2
[ HGW
AscH Viola
low pH \»
\ AscH f /NADP’ / Fdax
.\VDE % bvne Anthera

K' _) NADPH e

1_ "« B-Carotene
Light energy dissipation |

Fig. 2 Model of the regulation of the xanthophyll cycledats relation to ABA synthesis.
sVDE, soluble VDE; bVDE, bound VDE; DHA, dehydroadeate; Asg ascorbate;

AscH, ascorbic acid; GSH, glutathione; Viola, vi@dathin; Anthera, antheraxanthin;
Zea, zeaxanthin; Fd, ferredoxin. (Eskling, Arvidss& Akerlund 1997)

The second role of low thylakoid lumen pH is tovdrprotonation of one or
more PSII proteins that are involved in qE (Hor&iiRuban 2005). It has
been hypothesized that protonation activates argnglte for zeaxanthin in
one of the proteins (Gilmore 1997) and as a remulabsorbance change
(AAs3s) is detectable in leaves and isolated thylakoxsch might be due
to a change in the absorption spectrum of zeaxantinis alteration of the
properties of one or a few zeaxanthin molecules R&H might allow
zeaxanthin to facilitate directly the de-excitatiaf singlet excited
chlorophyll via energy or electron transfer (H&lleming, & Niyogi 2004).
Plants that experience light stress in their emwirent (i.e. sun plants)

generally have higher gE capacities and largerhagityll pool sizes (sum
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of violaxanthin, antheraxanthin and zeaxanthin)nthants growing in

shaded environments. Furthermore, mutants that déckare sensitive to
light stress and have decreased ecological fitnesfluctuating light

environments (Demmig-Adams & Adams 2006).

In addition to a low lumen pH and the presence efedoxidized

xanthophylls like zeaxanthin, gE requires the protesbS. This 22 kDa
protein was discovered more than 20 years agmlated PSII preparations
(Berthold, Babcock, & Yocum 1981), but its exaatdton within PSII is

still unknown.

LHC PsbS LHC PsbS LHC PsbS

(%)
3 pH>6

Fig. 3 Schematic model for qE in plants. (Left) In limgidight, the steadgtate
thylakoid lumen pH is greater than 6. Violaxantf¥iola) is bound mainly to the V
site in LHCII and the L2 site in other LHC protei(mich as CP29 and CP26). |
simplicity, other pigments (chlorophylls and otlearotenoids) are not shown, ¢
only one Viola and one LHC protein are shown pet.A®e various components ¢
not drawn to scale. (Middle) In excess light, thglakoid luren pH drops below ¢
driving protonation of carboxylate side chains iDE/ and PsbS. Protonation of VI
activates the enzyme and allows for its associatitth the membrane, where
converts multiple Viola molecules to zeaxanthin dZeProtonation of gtamate
residues E122 and E226 in PsbS activates symmidtireding sites for xanthophyl
with a de-epoxidized bhg endgroup (i.e. zeaxanthin). (Right) Zea bigdito
protonated sites in PsbS results in the qE statehiith singlet chlorophyll de-
excitation is facilitated. Other Zea molecules bindsites in LHCII and other LH¢
proteins (Niyogi et al. 2005).

It is likely that PsbS is located between the P&diction centre core and the
peripheral LHCII, with the functional associatiorosgibly occurring
between PsbS and the PSII core antenna (Fig.3)diBoevery that PsbS is
necessary for gE was an important breakthrougherstudy of qE, but the
mechanism of gE remains one of the last major whred mysteries in
photosynthesis (Niyogi et al. 2005).

The amount of the PsbS protein in thylakoids isesedninant of gE
capacity (Hieber, Kawabata, & YAMAMOTO 2004;Li et. £000), and
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two lumen-facing glutamate residues in PsbS haven beentified as
proton-binding sites that are probably involvedsemsing lumen pH and
turning gE on and off (Niyogi et al. 2005). Eviderfor zeaxanthin binding
by PsbS in vitro has been reported (Aspinall-O'2¢aal. 2002), and
ultrafast PsbS-dependent excitation of zeaxanthlloviing laser excitation
of chlorophyll has been demonstrated (Ma et al.320This places strict
constraints on the distance between the nearestogilyll and the excited
zeaxanthin, which is assumed to reside in PsbSc¢hiatophyll binding to
PsbS remains to be unequivocally demonstratedt(Kaliet al. 2006). It is
possible that the coupled chlorophyll might be tedaon the periphery of
PsbS, perhaps at the interface between PsbS ahd PSI

All plants apparently employ Psk¥pH-dependent dissipation under
moderate stress (i.e. moderate levels of light &ceret, differences in the
inherent capacity for this flexible dissipation exist among plant species.
Short-lived, fast-growing crops have lower maxiroapacities for flexible
dissipation than long-lived, slow-growing tropiealergreens.

This is intuitively logical, since fast-growing @® have much higher
intrinsic capacities for photosynthesis, and thtiize a much greater
fraction of full sunlight for photosynthesis andgith, than slow-growing
species. The same differences in the patterns efibfe dissipation
observed between annuals and evergreens have loesm ffor the
corresponding acclimatization patterns of the Rstofein and the maximal
levels of zeaxanthin produced quickly under exdggd (Demmig-Adams
et al. 2006).
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Level and duration of light stress

Flexible dissipation Sustained dissipation Sustained dissipation
via ApH & Psb3, ApH-independent, ApH-independent,
fast recovery associated with associated with
FSll core rearrangement, PEll core degradation,
intermediate recovery very slow recovery

Valee opens & closes Valve stays open Yalve stays wide open

Fig. 4 Scheme showing the relationship between flexibld aostained (trans-
thylakoid pH gradientApH)- independent) forms of energy dissipation with eeso
their response to excess light. Lhc, light harvesgomplexes; PSII, photosysten
cores in different conformations; P, protein phasplation; Z, zeaxathin; A,
antheraxanthin; L, lutein.

Flexible dissipation responds to changes in lighvi®nment under
favourable conditions as well as to other condgiogpresenting increased
levels of excess of excitation as a consequencedemfreased ATP
utilization. This has been demonstrated for sevanalual species exposed
to limiting levels of soil nitrogen (Logan et al999) or water (Demmig-
Adams et al. 2006;Munne-Bosch & Penuelas 2004). ¢dew in many
plant species, and evergreens in particular, thet motable change in
thermal dissipation under combinations of environtakstress factors is
the development of another form of thermal dissgpathat is neitheApH-
dependent nor rapidly reversible.
In addition to the ubiquitous process of flexibiesipation, several forms
of sustained dissipation exist (Fig.4). The terostained’ refers to the fact
that this dissipation process does not relax u@rkething of the leaves. A
variety of plant species can maintain high levélsiBQ by maintaining an
actualApH in darkness at low temperatures (Demmig-Adane.e2006).
15



While this form of thermal dissipation can be sumgd for prolonged
periods in darkness at low temperatures, it id AgiH-dependent and
flexible in the sense that warming of leaves wilbwa this state to be
quickly reversed. However, the term ‘sustained’sigation is also, and
primarily, used in other scenarios where thermasigation has different
underlying features in fact it is ndipH-independent and has truly lost its
flexibility.

The difference in the underlying mechanism betwigenble and sustained
ApH-independent dissipation does not appear to la¢eckto zeaxanthin,
since this xanthophyll is involved in both typestioérmal dissipation as a
common factor. Therefore, under lasting stress itiond and in some plant
species, the flexibleApH-independent engagement and disengagement of
zeaxanthin in dissipation is replaced by a higtifgative, but less flexible
continuous engagement of zeaxanthin in dissipatitat,does not require a
ApH. Under these latter conditions, the xanthophbytle itself is arrested
in its photoprotective form — as the photochemsyatem is maintained in
its dissipative state. SustainetjyH-independent photoprotection has been
characterized in overwintering evergreens as welinatropical evergreen
species upon transfer from low to high light. Undevere stress, when
intrinsic photosynthetic capacity is strongly desed and PSIl core
proteins may be degraded, it may be difficult,of mpossible, to generate
the pH gradient necessary to convert violaxantton zeaxanthin, to
protonate PsbS, and engage this ubiquitous digsipatocess (Niyogi et
al. 2005). At the same time, the need for flexiblapidly reversible
dissipation is also diminished when intrinsic pleytathetic capacity is
downregulated and light energy does not need taguiekly rerouted to
photosynthesis. The continuous maintenance of ifspative state can be
viewed as an alternative and powerful means ofgu@rotection under these
severe conditions. This unique form of photoprotectmay be a
prerequisite for the evergreen “lifestyle” (invalg persistence throughout
entire unfavourable seasons in an inactive state@)pposed to the strategy
of short-lived species completing their life cydering the favourable
16



season or maintaining growth under moderately unfeable conditions,
but unable to persist under prolonged severe stress
SustainedApH-independent dissipation is apparently associeitber with
a constant rearrangement or with degradation ofl R8te proteins
(Demmig-Adams et al. 2006;Ebbert et al. 2005). fineo words, thermal
dissipation may become independent of the actwesgnce of excess light
(andApH) either by a sustained structural change in B6the removal of

PSII core proteins altogether.

1.2 Water-water cycle

Photosynthesis involves the transfer of electroasfwater to NADP+ via
two photosystems, the so-called linear path, fogriMADPH. Electron
transfer also results in proton translocation actbs thylakoid membrane,
generating a transmembrane pH gradient, which srihe synthesis of
ATP. Both NADPH and ATP are then used for carbaatfon. Given that
the H+/ATP efficiency of this process is expectedbe ~ 4.7, linear
electron transport alone is probably unable to gerethe ATP/NADPH
stoichiometry of 1.5 that is required for carboxafion, as its maximum
H+/NADPH stoichiometry is 6. Alternative electramnsport pathways are
thus required to provide the “extra” ATP (Breytonat. 2006). Electron
flow to oxygen (the water-water cycle) and cyclieatron flow around PSI
were proposed to represent the possible candidates.

Photosynthetic electron transport is characteribgdmultiplicity of its
pathways. Noncyclic electron transport, driven imocoplast membranes
by consecutive operation of two photosystems,gsesaominant pathway in
most cases. Multiplicity of photosynthetic electteemsport pathways
signifies that chloroplasts of intact phototropluells contain so-called
alternative electron transport pathways that operatddition to noncyclic
electron flow and are driven by photoreactions 81 Blone (Egorova &
Bukhov 2006). Furthermore, alternative electronwflpathways include

several routes. Linear and cyclic flow are notgbtgily separated but,
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Fig. 5 Primary routes of proton/electron flux and mechasi®f Type | and Il flexibility. (A
Energy storage begins with the absorption of lgymrgy (lightning bolts) by lightarvesting
conplexes (LHC) associated with photosystem (PS) H &nrespectively. Depicted is tl
linear electron flux (LEF, red arrows) of electraterived from the oxidation of J@ at the
oxygen evolving complex (OBGhrough PSII reducing sequentially plastoquin¢®®) to
quinol (PQH). Bifurcated oxidation of PQHoccurs at the cytochrome b6 f complexfYb
where half of the electrons are linearly transférte the NADP/NADPH couple vie
plastocyanin (PC), PSI, ferredoxin (Fd), and feoséd-NADP" oxidoreductase (FNR), ai
the other half of the electrons will return to tRH, pool. Proton flux (blue arrow:
originates from HO splitting at the OEC and the cyclic reduction andlation of PQ/PQE
establishing an electrochemical gradient of protaosss the thylakoid membrane (pmf
comprised of pHZ&pH) and electric field4w) components. Total pndrives ATP synthes
from ADP and Pi as protons move down their eletteogical gradient through the CEFO
ATP synthase. Energy dissipation by gE (purple wres pH-dependent due to the pH-
dependent activity of violaxanthin dpoxidase (VDE), which sequentially redu
violaxanthin (V) to zeaxanthin (Z), and protonatimiPsbS. Type Il mechanisms (highlighted
in red) involve variability in: (i) the response thfe antenna to lumen pH, (ii) the conduc
properties of the ATP synthase, and (iii) the reéapartitioning of pmf intoAw and ApH.
Type | mechanisms (B) involve alternate routes letteon transfe at the reducing side -
PSI, including the watewater cycle (WWC) and cyclic electron flow aroun8IKCEF1).
The WWC uses the same electron transfer pathwaymmsal LEF except at the reduci
side of PSI it reduces, Qo O, which is subsequently detoxified tg®l As depicted, foL
carrier pathways have been proposed for the cydlirectrons from PSI back to the PQ g
(CEF1): (1) a ferredoxin-PQ oxidoreductase (FQR)aNADPHPQ oxidoreductase (NDF
(3) oxidation of Fd by a FNRébsuper-omplex, and (4) oxidation of, for example, Fd k
newly discovered haem associated with the stromdalaf the f complex (Cruz et al. 2005)
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rather, that the two systems are in dynamic cortipetiFig.5). Once a
reducing equivalent is generated at the reducihg af PSI, its involvement
in either linear or cyclic flow is determined attlevel of the Fd pool. As
the diffusionof this protein is not confined, itgidation by FNR and the
NADP+ pool would lead to linear flow, while intetaan with a putative Fd
oxidizing site located on the stromal side of cyft d&r molecular oxygen
would initiate cyclic flow (Breyton et al. 2006) MVWC(Asada 1999),
respectively.

Although the WWC does not produce any net reductamgieneratepmf
which may serve to drive ATP synthesis or to ingidown-regulation of
photosynthesis. An estimate based on a survey of negent work (Badger
et al. 2000) suggests that WWC operates at 10% BF lof C3
photosynthesis, even under conditions of extremesst By contrast, higher
flux capacities for WWC have been observed in iedlahloroplasts of C3
plants, suggesting that conditions which favour WWi&y not be simple to
producein vivo. However, there is evidence for the active engayenof
the WWC in conjunction with CEFL1 in rice leavesyidg photosynthetic
induction (Makino, Miyake, & Yokota 2002). It wasiggested that the
supplemental proton flux was required to generdthtianal ATP for the
initiation of the Calvin— Benson cycle from a da#lapted state.
Furthermore, under-expression of thylakoid-assediaCu/Zn-SOD in
Arabidopsis suppressed photosynthetic activity and growth, ctvhis
consistent with the need for detoxification of, Ogenerated by
photosynthesis, even in absence of environmenmtgdstondition (Rizhsky,
Liang, & Mittler 2003).

Under photon-excess conditions, WWC could have genmportant role
because physiological electron acceptors are ysoall available to PSI.
The proton gradient required fé&pH-dependent gE can be generated via
either the cyclic electron flow around PSI or theear electron flow
through the water-water cycle. The cyclic electflonv appears to operate
preferentially when the electron supply from PSlllimited, for example,

by down-regulation of PSII or excitation of PSI pibly far-red light, in the
19
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Fig. 6 Relationships between energgnsduction and qE sensitivity. As determil
by its sesitive components, PsbS and VDE, qE (and thus NRIQbe a function o
lumenal pH. As pH drops from 6.5 to 5.8, qE wilhtiauously increase to saturati
If the steady-state pH of the stroma is constdrn tgE will be a function oApH.
Therefore, factors affecting the extent to whidpH forms will influence qt
induction. Depicted are simplified schematics ofoobplastic energy transductis
with proton and electron fluxes indicated in blued aed, respectively. The tat
indicates relative changes in ATP output, NADPH paiist pmf, andApH (NC
indicates no change). The pmf (and by extendipH) will depend, in part, on tt
steadystate rate of proton accumulation. Supplementing tlate of protol
accumulation through CEF1 (A) or WWC (B) will inage pmf the rate of proto
efflux and, consequentially, the rate of ATP systheHowever, since electrons on
reducing side of PSI return to the PQ/PQ¥dol via CEF1 or to water via WWi
NADPH output does not change. Since at steady;dteeateof efflux will equal the
rate of accumulation, pmfill also depend on how conductive the membranesa
proton flux. Thus, decreasing conductivity (C) widquire an increase in pni
balance proton accumulation with efflux.

Since the steady-stateeaof proton flux does not change in proportioml&ctron flux
to NADPH, the relative outputs of ATP and NADPH w@ém constant. Finally, i
under most conditions thispH partition is approximately 50% of pnfollapsing the
electric field component thugh counterion movements (D) would require an iase
in ApH to sustain steadstate proton flux. In all cases, the sensitivityg&f to LEF
(qE/LEF) increases (Cruz et al. 2005).

PSII lacking chloroplasts of the bundle sheathscefl C4 plants or when

the PSI complex is functionally separated fromRIi&I complex, as in cells

with a high PSI/PSII ratio (Asada 1999).

Therefore, in C3 plants, the cyclic electron flasvunlikely to induce the

proton gradient to down-regulate PSII, at least jafker exposure to
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environmental stress. Since the water-water cyskdfidoes not consume
ATP, the proton gradient is effectively generatedier any environmental
conditions. Thus, the water-water cycle can respeuwen to a sudden
change of environmental factors such as sunflebks.linear electron flow
for the photorespiratory pathway consumes ATP abigher ratio of
ATP/NADPH than does that for the Calvin cycle, amalld not contribute
to generation of the proton gradient. Furthermdine, water-water cycle
itself can dissipate excess of photons using@®electron acceptor without
releasing @ and HO, even when the physiological electron acceptors are
not available. The water-water cycle first triggéne down-regulation of
PSIl and then dissipates excess of excitation gnbggreducing @ to
water. Further, the water-water cycle would su@aditional ATP required
for the photorespiration, which not only dissipates

excess of energy through the electron flow but agplies the
physiological electron acceptor of €@ chloroplasts (Asada 1999).
Directly or indirectly, the WWC and photorespiraticause increased
production of HO,, which is removed by an extensive
scavenging/antioxidant network (Apel & Hirt 2004¢ka et al. 2002;Asada
2006;Mittler 2002;Niyogi 1999). The capacity of #ee reactions to
contribute to the dissipation of excess excitatemergy (EEE) must be
dependent upon the effectiveness of the AOS scawgh@ntioxidant
network; otherwise, AOS production would result axidative stress
leading to cell death (Asada 1999; Mittler et 2004).

Moreover HO, arising directly from the Mehler reaction or irelitly from
photorespiration could initiate signaling in respento high light stress,
(Chaves, Maroco, & Pereira 2003;Gechev et al. ZB86hev & Hille
2005;Mullineaux, Karpinski, & Baker 2006) regardies its significance in
the dissipation of EEE.
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2. Aims

The first aim of these studies was the comprehansiothe expression
mechanism of violaxanthin de-epoxidase gene andeltdion with other
physiological parameters during photo-oxidativedibaon, caused by light
stresses combined or not with drought.

The second objective was to get a deeper insigtiieofole of water-water
cycle as trigger for cellular adaptation duringhligtress.

For these purposes, four different experiments westablished: two of
them consisted of summer field experiments (lomgitstress) and two of

short-term stress imposition in laboratory.

3. Material and Methods

3.1 Long-term stress

The study site of field experiments is locatedraekevation of 27 meters in
north Italy near Bologna (44°31'55,02"N 11°24'45E6Fig.7).

Puniatore 44732:5502: Nl 11°24'45.16° E olev 2 Sire gl L) 100%

Fig. 7 Sat view of the experimental farm of Cadriano whbeelong-term water stress
was conducted
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3.1.1 First experiment: drought stress under full light (2004)

Ten plants of strawberry treédrputus unedpwere grown in pots of 15 L
capacity containing a mixture of soil:sand (1:1.yahd kept under a clear
plastic roof to avoid rainfall. Five plants wereter@d with 3 litres per day
while for the other water supply was interrupteahirl8 May to 1 of June
2004. Plant water status, chlorophyll fluoresceacel VDE expression
have been measured in fully developed leaves. Far last two
measurements, leaves were collected, frozen imdligitrogen and stored at
-80°C until analysis.

Leaf water potential was measured from a singlegea plant; chlorophyll
fluorescence parameters were calculated from three daaf of each plant
during all the experiment; and one leaf from ealemntp with position and
orientation similar to the leaf used for fluorescemeasures, was sampled

for gene expression analysis.

3.1.2 Second experiment: drought stress under two levels of
light (2005)

For the second field experiment, forty plants o&wberry tree were grown
as above.

Before the beginning of the experiment (4 May 20@8#) plants had been
placed under an open tunnel covered by a cleaviylychloride sheet and
normally watered; a net (50% density) shaded halthem. During the
experiment (from 16 to 30 May), twenty plants (&rmaded and ten not-
shaded) were drought-stressed by withholding water.

The result was a sampling group made from fouredfit series of ten
plants: watered in light, watered in dark, stresgetight and stressed in
dark.

Plant water status, chlorophyll fluorescence, xapliyll content and VDE
expression were measured. Leaf water potentialegalvere the mean of
three leaves taken from three plants per treatmxanthophyll content and

gene expression were measured from two differeviele of the same plant,
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collected from five plants per treatment; finaljuiorescence measures

were carried out on the same leaf of each planhgall the experiment.

3.1.3 VDE gene expression analysis

3.1.3.1 Primer design

In order to analyse the expression of the violaxante-epoxidase gene in
Arbutus unedpit was indispensable design a pair of PCR primeesause

no previous work concerning the DNA sequence of ¢fane in strawberry
tree was done.

Tab. 1 VDE sequences alignment with ClustalW (Thompsomgitis, & Gibson 1994).
Primers were built on the green zones. Gene actessimbers were as followpinacia
olaracea(AJ250433),0ryza sativa(AF468689),Camellia sinensigAF462269),Citrus
sinensiqAF444297),Triticum aestivun{AF265294).

CAMELLI A SI NENSI S GGAAGAAATGT GTGCCCCAGAAATCTGATGT TGECGAATTTCCTGTCCCTCATCCTAATG 661
CITRUS SINENSI S  GAAAGAAGTIGTGTACCACTGAAATCTGATTTAGGGGAATTTCCTGTCCCTGATCCTGCCA 71

SPI NACI A OLERACEA GAAAGAAATGCGTGCCTCAGAAGT CTGATGT TGGAGAATTTCCTGI TCCCGATCCTAGIG 637
TRI TI CUM AESTI VUM GCAAAAAAT GT GTCCCCAAAAAGT CTGATGT TGEGGAGT TCCCTGT CCCCGATCCATCTG 648
ORYZA SATI VA GCAAGAAAT GCGT CCCACAAAAGT CCGACGT TGECGAGT TCCCAGT CCCTGATCCATCCG 107

* kk kk kk Kk k% *k kk kK * kk kk kk Kkk k*k k% * ok kk

CAMELLI A SI NENSI S TTTTAGITAGAAACTTTAACATGAAAGAT TTCAGT GGGAAGT GGTTCATAACTAGIGGIT 721
CITRUS SINENSI S  TTCTAGITAAAAGT CTTAACCTCAAAGACTTCAATGGGAAGT GGTACATTTCTAGIGGIT 131
SPI NACI A OLERACEA TGCTCGT TAAGAGIT TTCAACATGGCAGAT TTCAACGGGAAGT GGTTTATAAGTAGTGGTC 697
TRI TI CUM AESTI VUM CCCTGGTCAAGAACT TCAACAT GGCAGAT TTTAGAGGCAAGT GGTACATTTCAAGTGGCC 708
ORYZA SATI VA CCCTTGICAAGAACTTCAACATGGCTGAT T TCAACGGECAAGTGGTATATTTCAAGTGECC 113

* k% % * * kk*k X **x k% % * Kk kkkkk kK * % * Kk k k k

CAMELLI A SI NENSI S TAAACCCGACTTTTGATGCTTTTGATTGCCAACTGCATGAGT TCCATATGGAATCCAACA 781
CITRUS SINENSI S  TAAATCCTCCCTTCGATACTTTTGATTGCCTATTGCATGAATTCCATACAGAATCCAACA 191
SPI NACI A OLERACEA TAAACCCTACATTCGACGCTTTTGATTGCCAGI TACATGAGI TCCATTTGGAAGATGGAA 757
TRI TI CUM AESTI VUM TAAATCCTACTTTTGACACGI TCGATTGCCAGCTTCACGAGT TTCGTCTCGAGGGAGACA 768
ORYZA SATI VA TCAATCCCACTTTCGACACATTCGATTGCCAACT TCACGAGT TCCGTGT CGAGGGAGACA 119

* k*x k% * k*x k% * kk kkkkkkk * k% k% **k *x % * %

CAMELLI A SI NENSI S AACTTCTGGGGAACT CGACT TGECGAATACGGACT CCAGACGGTGECTTCTTTACGCGAT 841
CITRUS SINENSI S  AACTCATAGGAAATTTATCGT GGAGAATAAGAACTCCAGATGGTGECTTTTTCACCCGAC 251
SPI NACI A OLERACEA AACTTGITGGAAACTTGTCTTGGCGAATAAAAACACCAGATGGTGGTTTTTTCACACGCA 817
TRI TI CUM AESTI VUM GGCTTGI TGCAAATTTGGECAT GGAGAAT TCCCACCCCGGACACCGECTTCTTCACCAGSG 828
ORYZA SATI VA AACTTATAGCGAACT TGACAT GGAGAAT TCGCACCCCCGACTCTGECTTCTTCACCAGAA 125

*k Kk * *k Kk * kkk Kkkkk *k kk kK *k kk Kkk k% *

CAMELLI A SI NENSI S CAGCTGITCAGAGATTTGTIGCAAGATCCTACTCAGCCTGCGATACTCTACAATCATGACA 901
CI TRUS SINENSI S CAGCTATGCAGAGATTTTTTCAAGATCCAATTCATCCTGGGATACTCTATAAACACGACA 311
SPI NACI A OLERACEA CTGCTGTACAGAAATTTGCGCAAGACCCCTCTCAACCTGGAATGCTGTATAATCATGACA 877
TRI TI CUM AESTI VUM GGECCGT GCAGCGGT TCGTACAGGAT TCCTCACAACCAGCAATATTGTATAACCATGACA 888

ORYZA SATI VA CAGOCATACAGCGGT TTGT GCAGGACCCAGCACAACCOGOGATCCTCTATAACCATGACA 131
* % * Kk kx * % ** k% * ** Kk * * % * *k*k Kk Kkk Kkkk*k
CAMELLI A SI NENSI S ATGAATATCTCCATTACCAAGATGACTGGTATATTT- - -« -« o s o s o mmma e e e 937
CITRUS SINENSIS  ATGAATACCTTCACTATAAAGATGACTGGTATATAT- - - < -« <« o cmca e e e e 347
SPI NACI A OLERACEA ATGCATATCTTCACTATCAAGATGATTGGTACATCC - - < - < =< = <= == e e oo 913
TRI TI CUM AESTI VUM ACGAGTACCTGCACTATCAGGATGACTGGTACATTC: - - - = = == < c o s ce o e e oo 924
ORYZA SATI VA ACGAGTTCCTGCACTATCAAGAT GACT GGTATGTCCCT TAGATAGCACCTTCTGACGCTG 137
*  %x * ** Kk k% * khkkkk kkkkk *
CAMELLI A SINENSI S - == === c o mom o mm e et e e TGTCCTCCAAGATAG 952
CITRUS SINENSIS === s s s s mmmm e et e e TGTCATCCAAGATAC 362
SPI NACI A OLERACEA - - - = - = == =« <« = - m ot e e e e e e TATCTTCTAAAATTG 928
TRITI CUM AESTI VUM - - - - = - - o e o s o e e e e e e e e TCTCATCGAAAATAG 939
ORYZA SATI VA TACTTCAGATTTATTACTAAGATTTTCTGAAATGTAGGTACATTATCTCATCCAAAGTAG 143

* kk Kk Kk*k *
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CAMELLI A SI NENSI S AGAATAAACCGGATGACTATGTATTTGTATATTATCGAGGCAGGAACGATGCATGGGACG 101
CITRUS SINENSI S  AGAACGAACCAGATGACTATGICTTTGIGTACTATCGGGEECAGCAAT- - - - = == - - - - - - 409
SPI NACI A OLERACEA AAAATCAACCAGATGACTACGTATTTGTATATTACCGAGGCAGGAATGATGCGTGGGATG 988
TRI TI CUM AESTI VUM AGAACAAGGACGATGACTACATATTTGTATACTACCGT GGAAGAAATGATGCATGGGATG 999
ORYZA SATI VA AGAACAAGGAAGATGACTACATTTTCGT GTACTACCGCGGCAGAAATGATGCGT GGGATG 149

* k% * Xk kkkkk Kk * k% *kk *kk *k*k *k*k **k **k k%

The conserved regions of this gene were locatedgukhown homolog
sequences (Tab. 1), and a set of primer was chégeang these, the best
options, scored by FastPCR software (ver 3.1.4tlitites of Biotechnology,
Helsinki, Finland), were realized. The primer sfieity was tested by
sequencing the amplicon obtained. BLAST analysisv&u a high grade of
similarity between this sequence and other knownEVDBenes. The
probability that such similarity has been deterrdirmamly by chance was
close to zero (E value = 7eso thisArbutussequence was used to design a

second primer pair suitable for quantitative PCRI(T2).

Tab. 2 Primers used for quantitative amplification of @e&nthin de-epoxidase gene of
strawberry tree

5'- CCATNG TAA GAG TAT CCC AGA GAT GC-3'

5-ACT TTT AAT TGC CAA CGC CCT G-3

3.1.3.2 RNA isolation and cDNA synthesis

Isolating high-quality RNA from some tissues, likgawberry tree leaves,
is very difficult due to large quantities of polgsharides and polyphenolic
compounds that accumulate and co-purify with théARN

At the beginning, numerous different RNA extractipnotocols were

utilized onA. unedoleaves but the quality of the extract was too law,

consequence the samples of the first field experirt@e leaf per plant for
each of the five sampling day) cannot be usedHerquantitative study of

VDE gene expression.
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After numerous attempts, a suitable protocol hanl#eveloped and this
made possible gPCR analysis for the second figiebreent and for the
short-term stresses.

This protocol was derived from a previous methoceiddl et al. 2005)
applied on peach.

CTAB, high salt concentrations (NaCl) and polyviirolidone (PVP40)
has been used to get a pure RNA frArbutusleaves. The high quality of
total RNA obtained, allowed functional genomicslgses such as RT-PCR
analysis.

Briefly, 0,5 g of leaf were ground in the presemédiquid nitrogen. The
frozen powder was quickly transferred in 6 ml ofelpeated (65°C)
extraction buffef and well mixed by vortexing the tube. The samps h
been incubated at 65°C for 15 min vortexing sevéraés to avoid the
separation of tissue and extraction buffer. An égoaume of chloroform-
isoamyl alcohol (24:1 viv) was added and vortexegomusly. The
supernatant obtained after centrifugation (15 min 18000 g) was
transferred to a new tube. The sample was re-égttawith an equal
volume of chloroform-isoamyl alcohol (24:1 v:v) anmmkntrifuged as
previously described. The supernatant was carefrdlygsferred to a new
tube.

One third volumes of 8 M LiCIl were added to the esupatant, well mixed
by inverting the tube and incubated overnight &.(RNA was pelleted by
centrifuging the sample at 15500 g for at least 8 at 4°C. The
supernatant was carefully discarded and the peléet resuspended with
500 ul SSTE. The resuspended pellet was then transferrednicefuge
tube and extracted with an equal volume of chlarofsoamyl-alcohol to
reduce residual contaminants. The aqueous phaseracasered after
centrifugation for 10 min at 150009 at 4°C. Twournks of ice-cold 100%
ethanol were added to the sample and RNA was piated at -80°C for 30

min. The sample was centrifuge at 17000g for 20 min4°C and

1 2% (wiv) CTAB, 2% (w/v) PVP (mol wt 40,000), 100MxTris-HCI (pH 8.0), 25 mM EDTA, 2
M NaCl, 0.05% spermidine trihydrochloride, 2% R-oaptoethanol (added just before use)
21 M NaCl, 0.5% SDS, 10 mM Tris HCL (pH 8.0), 1 niDTA (pH 8.0)
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supernatant was removed. The pellet obtained wasd dat room
temperature and dissolved in DEPC-treated watdr.uflised solutions
were treated with DEPC as described by Sambrooipgzok, Fritsch, &
Maniatis 1989) and autoclaved. Tris-HCI (pH 8.0¢pared with DEPC-
treated water, was added to the appropriate sokipost-autoclaving.

The quality and quantity of RNA were spectrophottinally verified and
the samples were stored at -80°C.

Total extracted RNA was treated with Turbo DNA-friganbion, Austin,
USA) and residual DNA contamination was evaluatgdPCR with the
RNA solutions as template and the housekeeping gengers. Samples
that gave any amplification were purified a sectinte with the DNase.
Thereafter, 3ug of pure RNA were utilised by M-MLV Reverse
Transcriptase (Invitrogen, Carlsbad, USA) for fisstand cDNA synthesis

following manufacturer’s instruction.

3.1.3.3 Routine PCR

For routine PCR, Platinum Blue PCR SuperMix (lrogten, Carlsbad,
USA) has been used. It provides reagents for thgliication of nucleic
acid templates, and includes blue tracking dyestdosequent gel analysis.
Specific binding of the anti-Tag antibody inhibpelymerase activity at
room temperature. Activity is restored after a deraion step in PCR
cycling at 94°C, providing an automatic “hot stant”’PCR and improving

specificity and yield.

3.1.34 Real-Time Reverse Transcription Polymerase Chain
Reaction (RT-PCR)

Many studies on the defence and stress mechanisipgmts have been
based on gene expression (Chaves, Maroco, & P&@d3a;Christmann et
al. 2006;North et al. 2005;Reddy, Chaitanya, & Kaeandan 2004;Rossel
et al. 2006;Rossel, Wilson, & Pogson 2002) andstraptome studies

helped to provide a better understanding of pldréss responses. The
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analysis of gene expression requires sensitivesiggeand reproducible
measurement for specific mMRNA sequences and thergewvtranscription
polymerase chain reaction (RT-PCR) is the mostisemsnethod for the
detection of specific mMRNA. In contrast with oldexchniques, such as
Northern blot analysis and RNase protection assaps;h require large
amount of total RNA, RT-PCR assay is capable ofntfyang mRNA
levels from samples as small as individual cellke Tintroduction of
fluorescence techniques to PCR, together with unséntation able to
amplify, detect and quantify low mRNA levels, hagmed the basis of
kinetic or real-time RT-PCR assays.

Quantification of mMRNA transcription by real-timerHFPCR can be either
absolute or relative. Unlike endpoint RT-PCR, reale quantification is
defined byC; (threshold cycle number) at a fixed threshold whBCR
amplification is still in the exponential phase ahd reaction components
are not limiting gene amplification. Two relativaanptification method, the
standard curve method and comparatyenethod, have been developed.
In the standard curve method, the input amountuftknown samples is
calculated from the standard curve of a specifitegand normalized to the
input amount of a reference gene (see functionvhijch is also calculated
from its standard curve.

With the comparative Ct method, the amount of arpleoon generated
from the target gene is expressed as a ratio batieetreated sample and
the control and it is normalized to an endogenetsrence, resulting in the

fold difference between sample and control.

ratio = (Etarget )ACt target (control-treated)

re

Function 1

Erger efficiency of PCR amplification of the target gen
E..= efficiency of PCR amplification of the referergene

ACt= difference between control Ct and treated Ct
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When there are several treatments to compare,pibssible to calculate a
mean normalized expression (MNE) of the target gemenalized to the

reference gene through the formula

) C ri'q_ﬂ?i'efrce

Function 2

( E reference
MNE = —erenee—_
(E roreer)

rarger

target

To avoid bias, RT-PCR must be referenced to anrnatecontrol gene.
Ideally, the condition of the experiment should mbluence the expression
of this internal control gene. Currently, at leaste housekeeping gene are
well described for the normalisation of expressmmnal (Nicot et al. 2005).
The most common are actin, glyceraldehydes-3-plaisptiehydrogenase,
ribosomal genes, cyclophilin, and elongation fadtor(efla).

The majority of studies in the literature uses aque internal control,
which often is actin. However, a reference gend\stable expression in
one organism may not be suitable for normalizatbigene expression in
another organism under a given set of condition regetls to be validated
before its use. Nevertheless, in recent studiesrRB&\ was found as most
reliable reference gene for normalization in margngs (Jain et al.
2006;Nicot et al. 2005) but a correct cDNA dilutisimould be done to bring
its measurement in the dynamic range of RT-PCRitespits extremely
high level of expression.

The SYBR GreenER gPCR SuperMix for ABI PRISM ingtent
(Invitrogen, Carlsbad, USA) was used: the reactiorture consisted in a
reaction volume of 2%, containing il of cDNA obtained fromArbutus
unedo

The gPCR measures were obtained through an ABmMPT300 Sequence
Detection System (Applied Biosistem, Foster CitgA) in 96-well plates,
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thermal cycling parameters were set accordingly ni@nufacturer’s
instruction.
Ribosomal 18S gene was used as housekeeping geak ihe gPCR

measure made airbutus unedo

3.1.4 Xanthophyll analysis

This analysis was performed only for the second iemm experiment. On
selected days, leaf samples were collected for dhtermination of
xanthophyll content and de-epoxidation state.

Leaves were collected from each of five plants fpeatment at predawn
and at midday. Leaves were frozen in liquid nitroged stored in the dark
at -80°C until extraction.

Leaves were then ground in a mortar in liquid &, under dim light, and
the collected powder was extracted with 1.5mL ddlILC grade 100%
acetone. In order to avoid traces of acid in thet@w used for the
extraction, 0.5 g/L of calcium carbonate were ad{&drcia-Plazaola &
Becerril 1999).

Extracts were centrifuged at 5000 x g at 0°C fonid and the supernatants
were stored in ice. The pellets were re-suspendéd small amounts of
acetone (e.g. 0.5 mL) until the supernatants reesaaolourless. Water was
added to the combined supernatants to give a édmatentration of acetone
80% (v/v). The pigments solutions were finallydied trough a 0.45 pum
syringe-filter (Chemtek Analitica, Bologna, Italghd stored in the dark at -
20°C until injection into HPLC. To avoid any podsilsample degradation
or concentration by solvent evaporation, injectiwsas made within two
days from extraction.

Pigments composition was analysed with reversede@i#PLC according
to Niinemets et al. (1998) using a Hypersil ODSuomh (particles size 5
um, 250 mm x 4.6 mm; Alltech ltalia, Sedriano, Mildtaly), which was

termostated at 15°C, in combination with a guardoo (5 um, 7.5 mm X
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4.6 mm). The HPLC system was equipped with two miin@-10AD, a
mixer FCV-10AL model, a oven CTO-10AS and a degagsetorr 154
(Shimadzu Italia, Milan, Italy), and an UV6000 LFhgtodiode array
detector by Finnigan SpectraSYSTEM (Milan, Italy).

The pigments were eluated at a flow-rate of 1.5mhb-in Two solvents
with different polarites were used for separatiosolvent A:
Tris(hydroxymethyl)aminomethane Buffer pH 8.0 10mahd solvent B:
acetone HPLC grade 100%. The mixture of 75% solBeand 25% solvent
A was run isocratically for the first 7.5min, foll@d by a linear gradient to
100% B for the next 9.5min. Then, solvent B rurxiratically for 3 min.
This was followed by a change in the eluent contmsito 25% A and
75% B with a linear gradient for 2 min and then tbelumn was
equilibrated for 8 min before the next sample i@t The injection
volume was 20 pL. For overnight storage the columas flushed with
methanol: water (50/50, v/v).

Peaks were detected and integrated at 445 nm footecid and
chlorophyll b content, and at 410 nm for chloroplayland pheophytin a.
Their concentrations were calculated from the apoading peak area
units to pmol per injection (Munne-Bosch & Alegré0B). We calculated
the conversion state of the xanthophyll cycle ag thtio (Z +
0.5A)/(V+A+2), following (Muller et al. 2006).

The calibration was performed using commerciallyail@able pigments
standards (DHI Water & Environment, Denmark). Th&bration factor for
violaxanthin (V) was also used for antheraxantt#ih Standards of lutein
were injected periodically in order to correct thenversation factors,
assuming that the extent of changes would be time $ar all coefficients,
as described by (de Las Rivas, Abadia, & Abadie9).98

3.1.5 Chlorophyll fluorescence analysis

This analysis was performed in both long-term eixpents. Calculation of

useful fluorescence parameters irrespective ofriathod used to perform
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the analysis requires the knowledge of the statehef photosynthetic
system. With dark-adapted material, thddvel of fluorescence is recorded
at very low PPFD (generally less thamiol mi? s%), which leaves virtually
all PSII centres in ‘open’ state (capable of phbauistry). The Fm level of
fluorescence is recorded during a short pulse gt kigh PPFD (typically
less than 1 s at several thousamdol mi” s-Y), which transiently drives a
very high proportion of PSIl centres into the ‘@ds state (making the
capacity for photochemistry close to zero). Withhtiadapted material, the
equivalent terms are §~and F;,. At any point between F'and F;, (where
a variable proportion of PSIlI centres are in theew state), the
fluorescence signal is termed F'. The differencéwben K, and R is
termed F and the difference between/Jand F;is termed K. While F,
and F, have been widely used for a number of years teeip term F;
has recently been introduced to denote differenesvden F, and F’
measured immediately before application of therassing pulse used to
measure k, (Fig. 8).

F'o/F'm is theoretically proportional to the operating ojuen efficiency of
PSIlI photochemistry (hereafter referred to as Bpérating efficiency).
During each field experiment, chlorophyll fluoresce has been measured
with a portable fluorometer PAM 2000 (Waltz, Effeth, Germany). A
single strawberry tree leaf per plant was used ted PSII maximum
efficiency (Fv/Fm) was assayed before sunrise @pprom 4:30 to 5:00
am). A second fluorescence measure was taken osatine leaf at noon,
when F'vV/[F'm was calculated after few second of ptate leaf darkening
obtained with a black fabric pocket.
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Fig. 8 Fluorescence trace illustrating the terminologyduaed the sequence of events
leading to the acquisition of the raw fluorescememges that are required for the
construction of parameterized images.

3.1.6 Leaves water potential

Leaf water potential (LWP) was measured from astléhree leaves per
treatment with a pressure chamber (model 3000, oisture Equipment
Co., Santa Barbara CA USA) before the dawn on albasd fully

expanded leaf.

3.2 Short-term stress

Light stress was imposed on b&houtus uned@ndArabidopsis thaliana
Strawberry tree plants were of the same age amdodithose used for the
long term stress.

Arabidopsisplants (ecotype Columbia [Col-0] aratis1-2 were grown,

after seed vernalization, to mature rosette st&geegks after germination)
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under controlled environmental condition (PPFD (@86l mi's') with a 8-
h photoperiod at 23°C and a relative humidity o¥6@Fig. 9).

Fig. 9 Panel A: 5-week old Col-0 plants Paneld8s1-2plant of the same age

The cdsl-2 mutant has a t-DNA insert in the promoter of Cu/Zn
chloroplastic Superoxyde dimutase (chl-Cu/ZnSODyisTinsertion results
in the suppression of chl-Cu/ZnSOD expression atRINA and activity
levels (Rizhsky, Liang, & Mittler 2003c) and in @sk efficient water-water
cycle.

An artificial light source made up of several hangamps (1300 Watts
total) has been mounted on the top of a framewopiarting an heat filter
consisting in an open, water filled chamber (Fig). 1

The experiments have been performed indoor witbrestant temperature
of 25°C, the radiation measured in the working z(wieere the leaves were
collected) was between 1000 and 15@@0l mi’s® but no significant
variation of the leaf temperature was detectedngutine light stress. This
apparatus was used with bo#rbutus and Arabidopsis modifying the
length of excess light period: 60 minutes Amabidopsisand 6 hours for
Arbutus The different lengths of the light stress weressgn in order to
obtain a severe but not irreversible response tranplants.

Chlorophyll fluorescence, xanthophyll content anBE/expression were
measured at four different time points (0 min, 1@,i830 min, 90 min and
360 min) in strawberry tree plants. The same plhygical parameter, and

the expression levels of a pool of light-activagehes, were measured on
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Arabidopsisplants before and immediately after the stressositjpn (60

min).

Fig. 10 Light-stress apparatus. Halogen lamps were fasteneithie top of the structure
immediately over the heat filter. The rubber tubiest assured cold water circulation are
visible on the right. An electric fan kept a comstair flow through the lamp avoiding
bulb over-heating.

3.2.1 VDE gene expression analysis

3.2.1.1 Primer design

The primer pair for VDE gene amplification #rbutus was previously
described.

The sequence odArabidopsisVDE gene was well known and the chosen
primer pair was the best option found by the FaSRPsoftware (ver.
4.0.27) which gave an amplicon of around 200 by (B
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Tab. 3 Primers used for quantitative amplification of @e&nthin de-epoxidase gene of

Arabidopsis

5-TTC GAC TGC CAG CTG CAT GAG-3’

5- TCT CCA CGA GCG CAG GTT CAG-3

The primers used for the light responsive gene® weeviously described

(Bechtold et al, submitted) and are reported itetdb

Tab. 4 Primers used for quantitative amplification of lighsponsiveArabidopsisgenes

Primers

Forward

Reverse

AT4G13770

AT1G52400

AT1G76790
AT5G24770
AT1G21250
AT1G21270
AT1G35710
AT1G58270
AT3G09840
AT3G45970

AT4G21580

AT5G61510
AT4G10040
AT2G26140

AT5G22060
AT5G03030

AT5G56000

AT4G24280
AT4G26160
AT1G07360
AT4G03430
AJ242484

AT5G58590

AT4G35090
AT1G78380

AT5G45870
AT1G76880
AT4G28140

36

cytochrome P450
monooxygenase
beta-glucosidase
homolog (BG1)

O-methyltransferase
vsp2

wakl

wak2

LRR XI

At1g58270

CDC48

Espansine

Quinone-NADPH
oxidoreductase
quinone
oxidoreductase

cytochrome ¢

ATP-dependent zinc
protease

DNAJ
DnaJ protein-like

heat shock protein
81.4

HSP

Thioredoxine

RNA binding protein
splicing factor
FKBP like protein

Ran binding protein
1 homolog
(RanBP1)

CAT

glutathione
transferase

PR protein
DNA binding protein
DNA binding protein

5'AGGTTTCTTGAGAAGGAAGTTG3'

5'AAAGTGAACGTTACGGGATACT3'

5'CAAGAATTGTTGGAAAGCATTA3'
5'AGGAAGAGTCTCGTGAAGAAAG3'
5'GAACGAGGATAATCTGAAGGAG3'
5'CAGAGTTAGAGGCCTTGAGAGT3'
5'GTGTTTACAAGCAAATCCAGAA3'
5'TGCAAATGATAGAAACCTGTCG3'
5'AACGTCTGAGCAAAGGCTTG3'
5'CGCAAGGATCACAACCTTCT3'

5'CCAAGAAGCCCTGAAAACAA3'

5'AAGAGCGACTTTGGAGCAAG3'
5'CCA GTTCCAGGGATG3'
5'GCAAAAACAATCCTCACGGT3'

5'ATGAAATGTGGTGGCTGTCA3'
5'CAAGCTTTCAAGGCAAGACC3'

5'CCAAGGAAGGTCTGAAGCTG3'

5'GCATCGATCACATCATCACC3'
5'ATGCAGCTGGTTTGGCTAAT3'
5'GTTGAGAGGATCCCGAAGGT3'
5'TCGGCTCACAAGCTACACAC3'
5'CAACACCATTCAGAAACCCC3!

5'TCCTTTGCAGGCTCTTTCTC3'

5'CCAGCTTCTGTCCCAAAGAC3'
5'GTTTGGAATGAGGACGAGGA3'

5'ACACCATAAAGACTGAACATTTG3'
5'TTCTGTTCCCTTGATGGTCC3'
5'GCCATACCTTCCTCTCTCCC3'

5'GAAACCAAACATTGAAACAGAA3'

5'CTAACATAGGAAGGACCGGTAG3'

5'TTATTACCATGAGACGGTTCAC3'
5'CACAACGGCTACAAAGATAAAC3'
5'TATTGATGAAGCAACAAAGAGG3'
5'TTATTGATGAAGCAACAAGGAA3'
5'AACCAAACACATTACAAGACCA3'
5'CCAATGGAGTTGGAAATGCT3'
5'TTGCAAGTACGCCATCAGAG3'
5'TACATGACAAGAAGCCACGG3'

5'GCTCTGACATTCTCCCTTGC3'

5'GGA GTTTCCCGAGTCA3'
5'GTCACACCGTCGAGAAAGGT3'
5'GATGCTGACCTAGGGGTTGA3'

5'TGGAATCCCTTCTCCACATT3'
5'ATAGTGACTGCCTCCAGCGT3'

5'CTCTCCATGTTTGCAGTCCA3'

5'GGAAGTGGATCAACCCAAGA3'
5'CCGATGTGCAAGAGTTTGAA3'
5'ATATGCCATCGCCTTACCAG3'
5'TCACCATAGCTGTTGCCAAG3'
5'TTAAGGGATGGGATGTTGGA3'

5'GCATTCGATTTGCTTCCATT3'

5'GGAAAACGTGAGAGGTGCAT3'
5'TTTGCTAGGCCAAACTTCGT3'

5'AATAACATCAATCTCAATCATTCG3'
5'CAAGCTCGAACTCACCTCCT3'
5'GCCAAGCCTTCAAATTACGA3'




AT1G14200

AAF26770

AT1G32230

AT1G52870

AT2G01190

AT3G03270
AT4G23885
AT5G64400
AT5G10695
U27698

AT3G02040

AT4G17460

AT5G58070

AT1G35140

AT4G04020

AT3G22840

AT5G25450

AT2G32920

AT1G53540

AT3G23990

AT4G24280

AT2G29500
AT3G25230

AT2G47730

AT3G58680
AT2G46830

AT1G30070

zinc finger protein
family

vacuolor sorting
protein

WWE

peroxisomal
membrane protein
PB1 containing
protein

UspP

expressed protein
At5g09570
At5g10695
Calreticulin
SRG3 protein
leucine zipper
protein-like
Lipoprotein
phosphate-induced
(phi-1) protein
Fibrillin

ELIP1

ubiquinol-
cytochrome-c
reductase

disulfide isomerase

heat shock protein
17.6

heat shock protein

heat shock protein
70

HSP
FKBP62

glutathione
transferase

ER24
CCA1

SGS domain-
containing protein

5'CCCTAACCACTCCTCCACAC3'

5'CTCCGGCTGTTGAAAGTCTC3'
5'AAAGGAGAACCACAAAGGCA3'
5'CTAAAACCTCACCGTTCCCA3'

5'TCACAATGGCTGTGAACTCC3'

5'TTCACGTCCAACCACAAAAC3'
5'AATGATCAGATGCAGCCTCC3'
5'CCAATCACGGAACCAGAGTT3'
5'AATGATCTCGTATGAGGTGGG3'
5'AAGATGGTGAGTGGACTGCC3'
5'TGAAGGGAGTATTCCGCAAC3'

5'CATGATGATGGGCAAAGAAG3'
5'ACCTTCCTCCACTGCCTTCT3'
5'CGATTTCGTTGCTTCCTCTC3'
5TTCAATGGTGGTTGGTTTGA3'
5'CCGGTAGCTTCCCTAACCTC3'
5'GAGAGGTAAAGCTCCCAAAGC3'

5'TCACGATCTCTGGTGTTCCA3'
5'CTGGATGTTTTCGATCCGTT3'
5'TCCTGACTCGCTTTCGTCTT3'
5'TGGCTCTACAAGGATTCCCA3'

5'CATCGCAGCCTTAACCTGAT3'
5'GAGCAACGCCTTTCAAATTC3'

5'GCGAGAGTCAAAGAGCACCT3'

5'AACCTTCTCCATCTTCGCAA3'
5'TCAAAAACGGGTGTGAATGA3'

5'TGCGCCAACATTTGACTAAA3Z'

5'GATTTCTTTAGCGACGGTGG3'

5'TCAAGCTCGGATG GA3'
5'AAACTGCGGGTGATTGTAGG3'
5'CACTCGTCGCAGCACTAAAA3'

5'GTCTGGTTCAGCTGGGAATC3'

5'TGGATCACCCCAATACACCT3'
5'CTCGCATCAAATTCCCTCAG3'
5'TTCAGCATGAGGCTGTTGAG3'
5'GAGAGGGTGATCGGAAGGTA3'
5'ATCCTGATTTCACCTGCCAC3'
5'AGCATCTCTGTTGGATGGCT3'

5'CCTCGCAGTTAACCGTTGAT3'
5'CAAGCTCAAAGTCCCGTTTC3'
5'GCTAGTTTGCCACTTTTCGC3'
5'CGAAGTCCCTAAACGTGTCC3'
5'CCGCTAAACGCTAGCAAGTC3'
5'TAATTCCACAGGCAGTGCAG3'

5'GTGGCGGCTGTAACTCAAAT3'
5'ATGTTGCCATCCTCAACCTC3'
5'ATTGTTGGCAAGCTCTTGGA3'
5'TTCCAAACCCAAGGACAGAG3'

5'CTTGCCTGGATTGAAGAAGG3'
5'GCCTTCACACTGTCCCATTT3'

5'TCTTTAAAGGCATGTTCGGC3'

5'AAGAAGAAACAGACTGCGGC3'
5'TGCTTGCGTTTGATGTCTCT3'

5'GCTAAAGCCTGGACAGATGC3'

3.2.1.2 RNA isolation and cDNA synthesis

TRIzol (Invitrogen, Carlsbad, USA) was used acaogdio manufacturer’s

instructions to isolate RNA fromrabidopsisleaves starting from 500 mg

of frozen material.

RNA purification from Arbutusand cDNA synthesis were conducted as

previously described for long-term experiments.
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3.2.1.3 Real-Time Reverse Transcription Polymerase Chain
Reaction (RT-PCR)

SYBR Green Jump Start Taq Ready Mix (Sigma, Samiig, USA) and
SYBR GreenER gPCR SuperMix for ABI PRISM instrumémivitrogen,
Carlsbad, USA) were used wilrabidopsisandArbutus respectively.
Gene expression values of Arabidopsis were norgthhgith actin gene as
internal control while ribosomal 18S gene was z#iti for VDE expression

in Arbutus.

3.2.2 Chlorophyll fluorescence analysis

Arabidopsis chlorophyll fluorescence has been measured with an
instrument first described in (Oxborough & Bake®IPand subsequently
further developed (Baker et al. 2001;Fryer et &02). This instrument,
called Fluorimager, can measure and calculate dkgmnce parameters for
the whole rosette at once, and display it immebjidateough a false colour
image.

Measures of PSII maximum efficiency and/F’, were taken for each plant

before and after the light stress respectively

3.2.3 ROS Imaging and quantification

Infiltration of leaves with nitroblue tetrazoliunNBT- Sigma, Saint Louis,
USA) allowed the detection of superoxide. When piade yellow NBT
reacts with superoxide a dark blue insoluble fommazompound is
produced. Superoxide is thought to be the majaitaodi species responsible
for reducing NBT to formazan (Fryer et al. 2002).

Fully expanded leaves were used thanks to the jmigles that made
possible an easy handling of the two successiverwater cuts required to
avoid air entering in the veins. These detachedelawere allowed
transpirationally to imbibe aqueous solutions of TNB5 mg/ml for
Arabidopsis 1.25 mg/ml forArbutug until completely infiltrated (approx.
90 minutes forArabidopsis overnight for Arbutug at the growth light
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environment. Solutions were replaced with waterirgurthe following
stress period.

In order to obtain an image of superoxide distidoutinto leaf tissues,
chlorophyll was removed from intact leaves by waghihem with lacto-
glicerol-ethanol (1:1:4 v:v) at 90 °C. The dark @ueArbutus leaves
required fresh washing solution after the firstiiBiutes and some pigment
retention was however visible at the end of thatiment. Decoloured
leaves were placed on laboratory paper and sloidgireed. Images were
acquired through a high-resolution flatbed scanner.

The same colouring procedure was followed to obtaimjuantitative
measure of superoxide content but at the end ofsttess, leaves were
ground in liquid nitrogen. The samples were thershea twice with
acetone (100% and 80% respectively) after a baek thcubation (15 min)
and centrifuged at 20000 g for 12 min. Pellets wdissolved in 700 of
DMSO and 50ul of 0,1 M NaOH were added to solubilize the forieuaz
Samples were again centrifuged to pellet debristhadsupernatants were
used in combination with a Spectrophotometer NDOLJOIanodrop,
Rockland, USA) for absorbance measure at a waviesfgZ17 nm.

The Amplex Red Hydrogen Peroxide/Peroxidase Assay(Nkolecular
probes, Eugene USA) has been used to quantifyhigibgen peroxide. In
the presence of peroxidase, Amplex Red (10-acefyl-3
dihydroxyphenoxazine) reacts withy®b in a 1:1 stoichiometry to produce
a bright pink oxidation product, resorufin. It hasbsorption and
fluorescence emission maxima of 571 nm and 589aspectively.

Frozen leaf tissue (approx. 100 mg FW) has beeuangran liquid nitrogen
and 50@l of ice cold 0,1 M HCI were added. The sampleseh&een
centrifuged for 10 mins at 13.000 rpm at 4°C andnthul of the
supernatant has been used for the assay, followiegmanufacturer's
instruction. After a 45-minutes-long dark incubatioabsorption was

measured with a Spectrophotometer ND-1000 (NangdRopkland, USA)
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3.2.4 Xanthophyll analysis

HPLC pigment analyses were conducted as previodeberibed for the
long-term stress.

EachArbutusleaf was cut longitudinally in halves: one-half wascessed
for RNA extraction and the other half for HPLC asa$. Several
Arabidopsideaves, instead, were pulverized together in liguicbgen then
half of the grinded material was used to purify REAd the other half to

quantify xanthophyll content.
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4. Results

4.1 Long-term stress

In the first field experiment on Arbutus the physiological state dhe
plants was monitored during the water stress. wegter potential (LWP)
showed a small decrement during the first four dafysvater deprivation
but, in the following days, a rapid decline of L\WRceeding the measuring
capacity of the used equipment with estimated wab@i@round -4 MPa was
observed. Nevertheless, seven days after the emdtef deprivation stress,
both treated and control plants recovered and LVdR back to the values

that precede the stress imposition (Fig. 11).
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Fig. 11 Leaf water potential of watered and drought steegdants. Water stress began
on 18 May (doi 138) and last until 1 June (doi 152ach point is the mean of 5
measures. Bars are SEs.

During the second field experiment, leaf water potential was again
measured in the four treatments to monitor the iplygical state of the
plants. As previously observed, a two-step patteas visible in the
drought stressed plants: during the first few dafysater deprivation LWP

remained constant, then it showed a rapid declihetwin the case of
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Stressed-Light treatment exceeded the instrumerdsungg capabilities
(Fig. 12).
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Fig. 72 Leaf water potential. SD: water stressed, darkrenment; SL: water stressed,
full light; WD: watered, dark environment; WL: wagel, full light. Water stress began on
the 16 May (doi 136).

4.1.1 VDE gene expression

It was possible to get only qualitative results \VMDE gene expression
during the first field experiment orbutusbecause of the poor quality of
the RNA extract that did not permit to obtain relegPCR. Nevertheless,
it was found that VDE gene is expressed only spoaigl at midday in the
watered plants throughout the experiment: in facly @3 leaves, in a
sampling group of 25, resulted positive for VDE m/RMt the same time,
the treated plants showed the highest number oftplaxpressing VDE
gene at noon corresponding to the maximum drougbts (4/5 leaves
positive for VDE mRNA on doi 148), while during d@lle stress period only
half of the leaves expressed VDE gene at noon.

The development of a new and improved protocoRNA extraction from
Arbutus unedomade possible to get abundant RNA suitable for

guantitative analysis of gene expression by RealeTPCR. Therefore,
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during the second field experiment, VDE gene exposs was studied
through real-time PCR. The four different treatnseshowed a clear
circadian pattern of expression with the highestievaluring the night, and
remarkable differences between treatments (FigdiBhg the experiment.
The ‘stressed-dark’ plants showed high VDE expogssinly during the
night of the first part of the experiment.

The ‘watered-dark’ plants had a similar expresspaitern but with a
smaller expression during the first phases of stpesiod.

The ‘stressed-light’ plants displaied a very lowdkof VDE expression
during all the experiment.

The ‘watered-light’ plants had a continuous andyéamcrement in night

expression level during all the experiment.

1,9E-03 ﬁ

—4—SD +~SL + WD —+—WL
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9,0E-04 4

4,0E-04 4

Fig. 13 Mean normalized expression (MNE) of VDE gene. Valaee normalized with
18S gene expression. SD: water stressed, darkoanvent; SL: water stressed, full light;
WD: watered, dark environment; WL: watered, fujhi. Water stress began on the 16
May (doi 136).

43



4.1.2 Xanthophyll analysis

Xanthophyll pool size and de-epoxidation state wesasured in the four
treatments oArbutusplants during the second field experiment.

Light environment where the plants were kept befstarting water

deprivation affected leaf xanthophyll concentrationdeed plants fully

exposed to sunlight had a xanthophyll pool siz¢ ihéwvofold greater than

that of shaded plants (Fig. 14). On the contrahg small variations

detected during the stress period suggest thagttairess have no effect

on xanthophylls concentration (Fig. 14).
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Fig. 14 Xanthophyll content normalized on chlorophylls. SWater stressed, dark
environment; SL: water stressed, full light; WD: ter@d, dark environment; WL:
watered, full light. Water stress began on the Hy Ntloi 136).

The de-epoxidation state (DEPS) of the xanthophy#gpressed as
(V+0,5A)/(V+A+Z), had an unequivocal circadian @att (Fig. 15). In the
‘watered-light’ plants, DEPS values were betweefoléhd 20% at dawn
and reached 60% - 70% at midday with a slight @&seein the midday
values during the stress period. This increase gveater in the ‘stressed-
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light' than in watered-light plants: indeed afteffiest period with values
similar to those of the ‘watered-light’ plants, thevas a sudden increase in
the midday DEPS values (86%). Predawn values mss@d-light plants
showed a constant increment throughout the expatinidhe same trend
was observed in the ‘stressed-dark’ plants with esaays of delay in the
DEPS values increment at midday. Finally the ‘wadedark’ plants did not
show any noteworthy xanthophyll conversion and assequence the
DEPS values remain stable.

The presence of xanthophylls in their de-epoxiddtmun, even before
dawn, and the structural damages to the photosystetain complex could
be the causes of the loss of the PSIl efficiencgt tamerges from

chlorophyll fluorescence data (Fig. 19) and thdk e discussed later.
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Fig. 15 De-epoxidation state of xanthophyll (DEPS) SD: watdressed, dark
environment; SL: water stressed, full light; WD: ter@d, dark environment; WL:
watered, full light. Water stress began on the Hy Ntloi 136).
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4.1.3 Chlorophyll fluorescence analysis

The first indications about how Arbutus plants behduring drought stress
came from the 2004 field experiment. PSII maximudfitiency showed, in
the drought-stressed plants, a clear fall during $tress period and a
following fast rise. The recovery was complete rafieven days when the
stressed plants return to have PSII maximum eff@yevalues matching to
the watered ones (Fig. 16).

Analyzing the single components of the maximumcedficy, it can be seen
that the difference in Fv/Fm was largely due to flbetuation of Fm (Fig.
17), while FO variations were limited (data not\shd.

This depression of PSII efficiency caused by waleficit is well known
(Lu et al. 2003;Martinez-Ferri 2000;Muller et aQdb;Muller, Li, & Niyogi
2001), but surprisingly it has been found a simmdtaus decline in NPQ
that is rapidly restored during the recovery (Hig).
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Fig. 16 Fv/Fm of watered and drought stressed plants. Véatess began on 18 May (doi

138) and last until 1 June (doi 152). Each poithésmean of 5 measures. Bars are SEs.
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Fig. 17 Fm of watered and drought stressed plants. Watesssbegan on 18 May (doi
138) and last until 1 June (doi 152). Each poithésmean of 5 measures. Bars are SEs.
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Fig. 18 NPQ of watered and drought stressed plants. Waesssbegan on 18 May (doi
138) and last until 1 June (doi 152). Each poitihésmean of 5 measures. Bars are SEs.
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The chlorophyll fluorescence measures of 2005 fetgeriment consist
principally of sampling the PSIlI maximum efficienpgriodically during
the stress imposition. The experience of the presvigear suggested that
this parameter fit better than NPQ for the desiipof a long-term stress.
The data obtained (Fig. 19) suggested that pladisnaatized to a partially
shaded light environment display Fv/Fm values highan plants kept in
full sunlight. Moreover the imposed drought stressised a fall of PSII
maximum efficiency only in the SL treatment (drougdtressed in full

sunlight) at the end of the experiment.
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Fig 19 Maximum quantum efficiency of PSII (Fv/Fm). SD: wesatstressed, dark
environment; SL: water stressed, full light; WD: ter@d, dark environment; WL:
watered, full light. Each point is the mean of Sasw@res. Bars are SEs. Water stress
began on the 16 May (doi 136).
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4.2 Short-term stress

4.2.1 VDE gene expression analysis

The indoor short-term light stress allowed us tdlect data about the
dynamics induced only by light in a tight contrdllenvironment.

VDE gene expression analysis #rbutus unedoshowed the highest
expression in the leaves immediately before thenpétg of the stress and
an abrupt decline to non-detectable level of theEVDanscript was
registered after ten minutes from light switching @ig. 20). After 30
minutes VDE expression was still visible but it snmed very low (less
than 10% of the initial value) during all the seg®riod (Fig. 20).

4,40E-06

3,90E-06

3,40E-06

2,90E-06

2,40E-06

MNE

1,90E-06

1,40E-06

9,00E-07

4,00E-07

y -—
| —" R
4

T T T T T T T

-5 45 95 145 195 245 295 345 395

min

-1,00E-07

Fig. 20 Mean normalized expression (MNE) of VDE geneArbutus unedaluring a
short-term light stress. Values are normalized W85 gene expression.

Also Arabidopsisplants were used for short-term light stress ideorto
have a useful comparison between two differentisgec

The main part of the studiesn Arabidopsis was focused on gene
expression and in particular on the different iriduc of a set of light
responsive gene in Col-0 awedsl-2plants(also called KD-SOD because

they are Knock-Down mutants with a limited expressbf SuperOxide
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Dismutase). The fifty-six genes chosen and APX2eweeviously detected
(Bechtold and Mullineaux, unpublished data) as osaspve to light stress
induced by a photosynthetically active photon filensity (PPFD) five fold
higher than the PPFD used during plant growingddition to these genes,
the expression of violaxanthin de-epoxidase has bé® measured to find
if there is a direct connection between xanthopagtl water-water cycle.
Considering the threshold of two-fold differencéher for up- and down-
regulation, only a fraction of these genes (13H#]) a significant variation
in KD-SOD plants respect to Col-0 after the ligrgatment (Tab. 5 and
Fig.22).

The analysis conducted on VDE, instead, reveal$ this gene was
underexpressed in the mutant plants during norm@adttp condition, and
after the light stress the expression was lighttyeased. But, following the
different level of expression separately in the antitand in wild type, it
could be seen that there is a completely diffebattaviour respect to the
light stress. In fact, KD-SOD plants did not alieeir VDE expression level
while Col-0 plants showed a significant down-regjola after the light
treatment (Fig. 23).

In addition, chlorophyll fluorescence analysis skdwa sharp difference
between inner and outer leaves (Fig. 24) suggesiffgrent behaviours in
light adaptation. Gene expression was measuredrigdpe outer leaves
separated from the inners in a subset of 28 lighponsive genes and
sampling the leaves both before and after strepssition.

With this improved method of analysis, 57% of tlestéd genes were
differentially expressed in the mutant respect tidd viype and these
differences should be determined by the very lotwigg of the plastidial

SOD and therefore of the water-water cycle.
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Tab. 5 Light responsive genes used for gene expressiarestinCol-0and incds1-2

Expression ratios are the “fold difference” betwéss mutant and the wild type.

Accession
number

AT3G09640
AT1G76790

AT1G35710

AT1G58270

AT3G09840
AT3g45970
AT5¢61510
AT5G22060
AT5g03030
AT4g24280
AT4G26160

AT1G07360

AT4g03430
AT5G58590
AT4G35090
AT5G45870
AT1g76880

AT4928140

AAF26770

AT1G32230

AT3g03270

AT4G23885
AT5G10695
U27698
AT3G02040
AT5¢58070
AT1G35140

AT4904020

AT3G22840
AT5g25450
At2g32920
AT1g53540

AT3923990

Function

Ascorbate peroxidase (APX2)
O-methyltransferase (catechol) putative
leucine-rich repeat (LRR XI) transmembrane
protein kinase putative (AtRKL11-7)
meprin and TRAF homology domain-
containing protein / MATH domain-containing

protein

cell division cycle protein (CDC48)
expansin like
guinone oxidoreductase - like protein
DnaJ protein, putative
DnaJ protein-like
heat shock protein cpHsc70-1

thioredoxin-like 2

RRM-containing RNA-binding protein,

putative

pre-mRNA splicing factor putative
Ran binding protein 1 homolog (RanBP1)

catalase 2

thaumatin-like protein (PR protein)
GT-like trihelix DNA-binding protein, putative
DNA-binding protein AP2 domain (RAP2.4)

putative

vacuolor sorting protein 35, putative
protein belonging to the (ADP-
ribosyl)transferase domain-containing
subfamily of WWE
universal stress protein (USP) family protein /
early nodulin ENOD218 family protein
expressed protein
expressed protein
calreticulin (AtCRTL)
SRG3 protein
outer membrane lipoprotein - like
phosphate-induced (phi-1) protein
fibrillin, plastid-lipid associated protein

putative

early light-induced protein 1
ubiquinol-cytochrome-c reductase like protein
disulfide isomerase putative
heat shock protein 17.6
heat shock protein 60 mitochondrial

chaperonin

ratio
1,0
0,8

0,3

1,0

0,5
0,8
0,9
1,3
0,5
0,4
0,8

1,0

0,8
0,7
0,4
0,8
1,0

0,8
1,7

0,9

1,4

2,0
0,7
0,9
0,7
1,2
1,4

0,4

1,8
0,7
0,6
0,8

0,5

Expression
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AT4g24280
AT2g29500
AT3g25230
AT2G46830
AT4G13770
AT1G52400
AT5G24770
AT1G21250
AT1G21270
AT4G21580
AT4G10040

AT2G26140

AT5G56000
AJ242484
AT1G78380
AT1G14200
AT1G52870

AT2G01190

AT5G64400
AT4G17460
AT2G47730

AT3G58680

AT1G30070

heat shock protein 70
heat shock protein small
FK506 binding protein FKBP62 (ROF1)
transcription factor MYB-related (CCA1)
cytochrome P450 monooxygenase (CYP83)
beta-glucosidase homolog (BG1)
vegetative storage protein 2 (vsp2)
wall-associated kinase 1 (wak1)
wall-associated kinase 2 (wak2)
Quinone-NADPH oxidoreductase
cytochrome ¢
ATP-dependent zinc protease putative; FtsH
protease, putative
heat shock protein 81.4
FKBP like protein
glutathione transferase
C3HC4-type zinc finger protein family
peroxisomal membrane protein-related
octicosapeptide/Phox/Bem1p (PB1) domain-
containing protein
At5g09570
homeobox-leucine zipper protein-like
glutathione transferase 6
ethylene-responsive transcriptional
coactivator (ER24)
SGS domain-containing protein, similar to
calcyclin binding protein

metabolism
3,7%

unknown
10,7%
intracellular traffic
1,8%

signal trasduction

transcription
14,3%

energy
12,5%

disease/defence
21,4%

protein destination
transporter and storage
1,8% 12,5%

10,7%
cell growth/division
5,3%
cell structure
5,3%

0,4
0,2
0,6
0,5
0,8
0,3
0,6
0,5
0,6
0,9
0,7

0,8

0,9
1,7
1,4
1,1
1,7

1,3

0,7
2,2
0,6

2,3

0,6

Fig. 21 Functional classification of 56 light stress resgiva gene ofrabidopsis.
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Fig. 22 Functional categorization of light regulated geimesds1-2respect taCol-O0.
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Fig. 23 Expression level of VDE gene Arabidopsisplants immediately before and after
the light stress. Col-0 plants are representeddumares, KD SOD plants by triangles.
Values are meantSE (n=2). Expression is normalis@uy Actin as housekeeping gene.
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Outer
leaves:
1,2 and 3

Inner
leaves:
456 and?7

Fig. 24 Differences between inner and outer leavesdsfl-2plants. Upper left panel:
picture of 7-week old plants. Lower left panelidiescence image of a single rosette, the
false colours represent different level valugbofRight panels: direct size comparison of
detached leaves.

O Up-regulated
B Down-regulated
ONo variation

Fig. 25 Functional categorization of light regulated geimesds1-2respect taCol-0. The
first column of each category represent not steegsger leaves, the second one is for not
stressed outer leaves, the third one is for ligessed inner leave, and the last one is for
light stressed outer leaves.
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Tab. 6 Light responsive genes studied in inner and owavds both before and after
stress. Values are expressed as ratios betweemtrartd wild type plants. In red are
underexpressed genes (under the threshold of Bbinagreen are the up-regulated genes
(over the threshold of 2).

Cds1-2/Col-0
Gene . Inner  Outer
Function leaves leaves NNer outer
Locus leaves leaves
No No
Stress  Stress
stress stress
At3g09640 Ascorbate peroxidase (APX2) 1,87 0,58
leucine-rich repeat (LRR XI)
At1g35710 transmembrane protein kinase putative 1,6 1,7 1,2
(AtRKL11-7)
meprin and TRAF homology domain-
At1g58270 containing protein / MATH domain- 1,4 1,1

containing protein, similar to ubiquitin-
specific protease 12
At3g09840 cell division cycle protein (CDCA48)

0,7

At3g45970 expansin like

At5g61510  quinone oxidoreductase - like protein
At5g22060 DnaJ protein, putative
At5g03030 DnaJ protein-like

At4g24280 heat shock protein cpHsc70-1

At4g03430 pre-mRNA splicing factor putative
Ran binding protein 1 homolog

At5g58590 (RanBP1)
At1g76880 GT-like trihelix DNA-blndlng protein,
putative
DNA-binding protein AP2 domain
At1g28140 (RAP2.4) putative
protein belonging to the (ADP-
At1g32230 ribosyl)transferase domain-containing 1.6 1,5 15 0,8

subfamily of WWE protein-protein

interaction domain protein family.
universal stress protein (USP) family
At3g03270  protein / early nodulin ENOD18 family 1,2 0,8 1,8 15
protein, contains Pfam profile

At5g58070 outer membrane lipoprotein - like
At1g35140 phosphate-induced (phi-1) protein 0,8
fibrillin, plastid-lipid associated protein 16

At4g04020 putative

At3¢22840 early light-induced protein 1 1,1
At5g25450 ubiquinol-cytochrome-c reductase -
At2g32920 disulfide isomerase putative 1,7
At1g53540 heat shock protein 17.6

At323990 heat shock pcrrc]);(;igrggirr;nitochondrial

At3g12580 heat shock protein 70

At5g52640 heat shock protein 83

At2g29500 heat shock protein small

At3g25230 FK506 binding protein FKBP62 (ROF1)
At2g46830 transcription factor MYB-related (CCA1)
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4.2.2 Chlorophyll fluorescence analysis

Short-term light stress gave data about the dyremituced only by light
in a tight controlled environment. As in the fiedakperiment, inArbutus
plants, the light caused a rapid drop in the adficly values largely caused

by a decline of F'm values (Fig. 26).
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Fig. 26 Chlorophyll fluorescence parameter Fv/Fm (or FqQ'r&'m and F'o. Plants
were subjected to a 6h light stress as describetiaterials and methods. Points are
means of two samples + SE.

NPQ values were also calculated and it could be de# after the fast raise
caused by the beginning of light imposition, thewes a transient drop and
a following constant increase (Fig. 27)

After the light stress period, the lamps were swatt off and fluorescence
values were recorded for the following twenty-févaurs with the plants in
a completely dark environment. As found in the diexperiment, the

recovery of the PSII maximum efficiency was not pbete after 8-10

hours and it took about twenty hours to be fullstoeed (Fig. 28).
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Fig. 27 Non Photochemical quenching (NPQ)Abutusleaves exposed to saturating
light. Points are means of two samples + SE. Fortpacking error bars the SE was
smaller than the symbol size.
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Fig. 28 Arbutus maximum quantum efficiency of PSII (Fv/Fm) duritige light stress
period followed by 24 hours of dark.

In Arabidopsis chlorophyll fluorescence measureoth before and after
light stress, displayed that the mean value ofrtdsettes are the same in
mutant and wild type (Fig. 29). On the contrarythe KD-SOD plants the
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images obtained from the Fluorimager showed madiferéinces between

inner and outer leaves (Fig. 24)
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Fig. 29 Fv/Fm of Fg'/Fm’ values ofArabidopsisrosettes after one hour under saturating
light. Points are the mean of ten values +SE.

4.2.3 ROS Imaging and quantification

In order to find the cause of the lack of an exgim@s regulator system in
the Arabidopsis cdsl-Pnutant, an altered ROS content was searched due to
the deprived enzymatic activity of the plastidi@[3.

The altered level of superoxide was the main difiee seen: the wild type
plants had higher concentration of this ROS atfter light stress than the
mutant. Moreovercdsl1-2plants did not have any significant variation in
superoxide content (Fig. 30).

Under the growth condition usedsdl1-2plants had paler leaves in the
centre of the rosette compared with wild type, thése leaves attained
almost a normal appearance as they matured. Tsilsleviphenotype was
reflected in significant differences in chlorophgibntent between mutant
and wild type plants (Fig. 34).

Hydrogen peroxide content assays in the leaves warducted in order to

find out other diversities in oxygen metabolismvieetn the two varieties of
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Arabidopsisplants. Inner and outer leaves were maintainedratgghbut no

significant diversity in HO, was found (Fig. 31).
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Fig. 30 Superoxide content measured colorimetrically af kxtract. Col-0 plants are
represented by squares, KD SOD plants by triandtesnts are means + SE of six
samples.
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Fig. 31 Hydrogen peroxide content expressed as ratio betwerant and wild type.
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The images used for ROS localisation were obtassedpling the larger
leaves of each rosette. So the results should bsidered as referred to

outer leaves.

Fig. 32 NBT stained leaves. On the left there are KD SCivéds and on the right the
wild type leaves

ROS distributions inside leaf tissues were venylain{Fig. 32 and 33) and
even the used software for image analysis (Imadedpd that the
distribution pattern of the dyes are very closeetch other (data not

shown).

Figura 33 Magnification of NBT stained leaf lamind@he left panel is the mutant, the
right one the wild type.
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The differences between KD-SOD and wild type waratéd to the outer
leaves where, as previously seen, a lower contesueroxide after the
treatment, and a smaller presence of hydrogen fErdxefore the light

stress were detected.
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Fig. 34 Chlorophyll content otds1-2plants compared tGol-0. Analysis was conducted
keeping the inner leaves separated from the ouigrttze measures were repeated both
before and after stress imposition.
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4.2.4 Xanthophyll analysis

Arbutusleaves exposed to the short-term light stress std@awapid raise of
DEPS in the first minutes of the experiment. Thetramsitory decline

followed by a second slow increase was observey @5).
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Fig. 35 DEPS values ofArbutusleaves exposed to saturating light. Points arenshe
two samples =+ SE
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Fig. 36 DEPS values ofrabidopsisleaves exposed to saturating light for one hootOC
plants are represented by squares, KD SOD by tdanBoints are means of two samples
+ SE
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De-epoxidation state was also measuredrabidopsisleaves belonging to
Col-0 andcds1-2 As expected after light stress imposition DEP&ies
increased but no significant difference appearenvéen wild type and

mutant plants (Fig. 36).
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5.Discussion

5.1 Long-term stress

Water deficit, generally associated with high sdlaadiation and high
temperatures during the summer, has been consideesdnain limiting
factor for plant growth in Mediterranean-type eisyn.Arbutus unedas
an evergreen shrub or small tree that grows in goaak forest and
developing woodland, rocky places in the Meditegan region, and
displays several mechanisms of drought stresstaesis. The present study
was aimed at better understanding of the respdnescspecies to drought
stress, the relationship between chlorophyll flsoemce, xanthophyll
content and VDE gene expression in leaves was esigath

The chlorophyll fluorescence studies showed thath hirradiance and
drought affected PSII efficiency. During the stregesiod, PSII maximum
efficiency decreased in a non-linear way: in thetfipart of the stress
period, the loss of efficiency was modest but m ltst days of drought, this
deficit became substantial (Fig.10 and 15). Newteds, the first field
experiment showed that, even after two weeks ofigiig A. unedoplants
were able to recover completely their photosynthegipacities.

Zeaxanthin dependent quenching was the main cabist#hi® loss in
efficiency but sustained damages to the protein ptexn of the
photosystems could have a noteworthy role in thi@gcess. In order to
discern the different contributes to this loss lIPmaximum efficiency,
we correlated DEPS and Fv/Fm values.

Three of the four treatments of the second longrstress experiment (SD,
WL and WD) showed a strong negative correlatiof>(F9) between the
maximum efficiency of PSIl and the conversion sw@ftexanthophylls (Fig
37). Moreover the equations derived from thesetiocglahip have a y-
intercept close of 0,85 that is the value neah&optimal value for non-
stressed plant measured for most plant specieswiglaX. Johnson 2000)
and even foA. unedo(Fig. 19). These relationships denote that moshef
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variation of PSII maximum efficiency is caused hye tpresence of
zeaxanthin in the leaves, even before dawn.

Plants under full light and water stressed (SL¥tead, show a different
relationship between Fv/IFm and DEPS with“avBlue below 0,8 and a y-
intercept of 0,9. However, it could be seen thatlyoonne point,
corresponding to the night of highest stress, isffam the line that
intersect the other three points. If we excludés thoint from the
regression, again we obtain a strong negative latisa (R= 0 ,95) and a
y-intercept that correspond to the PSIlI maximunicigiicy of non stressed
plants (Fig. 38).
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Fig. 37 Relationship between PSII maximum efficiency andedexidation state of
xanthophylls. Samples collected from watered plaarts denoted by squares while
triangles are for water stressed plants. Open alndl symbols represent plants under full
sunlight and partially shaded respectively. DadanfiFig 15 and 19.
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Fig. 38 Relationship between PSII maximum efficiency andedexidation state of
xanthophylls of the Stressed-Light treatment. Timedr regression of the first three
points is shown. See text for details.

Therefore, de-epoxidation state of xanthophylls egplain the variation in
PSIlI maximum efficiency with the exception of theiqt of highest stress,
when probably a sustained photo-damage occurred.

Our experience suggested that some chlorophyliréko®ence parameters
were better than others to follow long-term stigisgsiology. NPQ was not
useful to measure stress response because it sdoto fwork due to
zeaxanthin night retention. In fact, maximum flusmence values recorded
pre-dawn were already non-photochemically quendeaddays after the
beginning of the drought period and the measureit®grerequisite to be
relative to a non-stressed dark adapted state (M&&wJohnson 2000). To
avoid this problem, a periodic measure of PSIl mmaxn efficiency
throughout the experiment had to be preferred tantity the stress
conditions of photosystems caused by the combimatialrought and high
irradiance.

As previously reported (Munne-Bosch & Penuelas 20@4Arbutus unedo
the total amount of xanthophyll remains unalteredar moderate stress.

Our data suggest that plants fully exposed to ghhldisplayed a higher
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concentration of xanthophylls per chlorophyll utian shaded plants and
these ratios remain almost constant throughoutetperiment (Fig. 14).
Therefore, A. unedoplants seem to regulate total xanthophyll content
responding to light regimes more than to wateustat

However that proportions of zeaxanthin and violdlkem were largely
altered by the water-stress treatment (Fig. 15).

Zeaxanthin is present inside leaves at higher curatgon when thermal
dissipation is needed to protect the photosynthapparatus from the
excess of energy (Congming et al. 2003;Demmig etl@87;Demmig-
Adams et al. 2006), so leaves fully exposed toighhhave, at midday, the
highest zeaxanthin content. Even shaded leaves siglhw DEPS values
when water is not available (Fig. 17). In fact, th#alance between the
activity of the photosystems and the electronsiredquor photosynthesis,
principally caused by stomatal closure, lead towar-excitation that had to
be dissipated to avoid damages.

Moreover, a considerable retention of zeaxanthid antheraxanthin at
night is visible during the experiment in both ttheatments with water-
stressed plants (Fig. 15). The incomplete epoxdatif xanthophyll was
previously reported in response to different enumnental stresses
(Congming et al. 2003;Demmig-Adams et al. 2006;Ebbet al.
2005;Gilmore  1997;Latowski, Grzyb, & Strzalka 200@dthoeven,
Demmig-Adams, & Adams Il 1997) when a rapid indoctof thermal
energy dissipation is necessary during morning. fdot, during our
experiment the plants subjected to a prolongedogeoif water shortage
were forced to increase energy dissipation frontfitise hours of the day to
avoid photo-damage.

Despite extensive analysis of the xanthophyll cytléhe biochemical and
biophysical level, little is understood about thegulation of the genes
involved. In fact, no molecular genetic studies éndaeen undertaken to
understand the contribution of xanthophyll cyclengeexpression to the

photo-protective response in mature plants duiiglg £xperiments.
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Although it has been established that violaxantterepoxidase activity is
stimulated by the lumen acidification that occuextess light conditions it
is possible that the diurnal changes observedalaxanthin and zeaxanthin
result not only from post-translational regulatmvVDE activity, but could
involve change in RNA and protein expression level.

Analysis of expression during chloroplast differatibn has shown that the
VDE gene is induced by white light illumination (\t&ch & Romer 2003)
and during leaf development VDE transcript abundamere found to vary,
with levels increasing as leaves matured (BugosanGh & Yamamoto
1999). These works did not explain the mechanisrasdontrol VDE gene
expression but show a peculiarity that emerge fatso our data: the timing
of the peak of expression did not correlate diyegtith the periods of
maximal activity of the enzyme.

Our data showed unequivocally that VDE gene expyadsave the highest
values during the night (Fig. 13) when no actiwfythe enzyme would be
expected. This opposite pattern between transcaptindance and
physiological requirement could be partially exp&d with an anticipated
protein synthesis to compensate diurnal enzyme adegon.
Supplementary data about VDE gene expressidkrimituscame from the
short-term stress and will be discussed laterertet.

During the experiment, a general decrease of VDBegé&anscript
abundance in drought-stressed plant was also eisfbig. 13). This
decrement could be due to a co-ordinate regulawdngene with
photosynthetic function. As previously mentiondg teduction of stomatal
conductance to decrease transpiration also linhigs e@ntry of CQ into
leaves, which causes previously non-saturating ligiensities to become
in excess of photosynthetic capacity. The reductbiphotosynthesis by
decreasing production of photosystem complexesamsdciated pigment
could thus be achieved in part by reducing trapssieady-state levels.
Previous work onArbutus (Baraldi et al. submitted) reported a 30%
decrease of chlorophyll pigment in drought-strespkohts and our data

show that the foliar ratio between xanthophyll armadhlorophyll
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concentration is stable. Therefore, it could bedtlgpsised that the reduced
xanthophyll pool needs a smaller gene expressidhetnzymes for their
conversion. The factors that cause the increaséDE gene expression
during the experiment in watered plants under $ulhlight (WL) plants
remain to be clarified.

Our VDE expression studies suffered the presentce@imperfection: the
measure of gene expression were derived from lethadsare near but
different from the ones used for xanthophyll cohtessay and the high
costs of these analysis made impossible to man&ggesampling group.
Although these problems, it was obtained a phygiold picture that
contain many noteworthy link between xanthophylhtemt, VDE gene

expression and chlorophyll fluorescence parameters.

5.2 Short-term stress

In actively photosynthesising leaves, sudden changeenvironmental
conditions, such as an increase in light intensigy) result in an increase in
excitation energy in excess respect to that reduitr photosynthetic
metabolism (Asada 1999;Bechtold, Karpinski, & Modaux 2005;Long,
Humphries, & Falkowski 1994;Mullineaux & Karpins002). To deal
with excess excitation energy, plants have develgécient mechanisms
for its thermal dissipation in order to protect fhigotosynthetic apparatus
from damage (Niyogi 1999).

However, in many situations quenching of exces#a&twan energy by such
mechanisms cannot prevent over-reduction of commsnef the electron
transport chain (Foyer & Mullineaux 1998). Underclsuconditions
chlorophyll triplet states form in photosystem R3Il) and react with
oxygen to form singlet oxygert@,), which leads to PSII reaction centre
damage and increased rates of lipid peroxidationdgdgd et al.
2002;Krieger-Liszkay 2005;Kruk et al. 2005;Montilk al. 2004).
Photochemical quenching processes also dissipatsgexcitation energy

by diverting electrons into metabolic sinks otheart primary metabolism,
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preventing over-reduction of the PSII electron atoes (Asada 1999;0rt &
Baker 2002). Exposure to light levels considerailyexcess of those
required to saturate carbon metabolism, can rasulbhcreased rates of
electron transport in the absence of any increas&, assimilation. Under
such conditions, ©is a prominent candidate for an alternative etectr
acceptor to C®(Asada 1999;0rt et al. 2002), ©an be photo-reduced by
PSI to produce superoxide anion radicalg YQvhich are rapidly converted
to hydrogen peroxide (,) by superoxide dismutase(Asada 1999).

Our short-term light stress experiment was caraetlto investigate these
processes and to integrate the dataset of thetngexperiments with the
fast response dynamics expressed by plants to wihal the “sudden
changes in environmental” condition previously namtd.

In addition to Arbutus unedp the experiment was conducted also on
Arabidopsis thalianao take advantages both from the huge knowledge on
its genetic and from mutant availability (icgls 1-2.

Pigment composition data (Fig. 35 and 36) showed bioth Arabidopsis
and Arbutus display an immediate raise in the de-epoxidatitates of
xanthophylls caused by the light stress.

Close correlation have been found between zeaxaatiil antheraxanthin
contents and NPQ in different plant species undewide range of
environmental conditions (Adams et al. 2002;Dem#iams et al. 2006)
and also our data showed that DEPS and NPQ follatwedsame pattern
during the stress imposition both Arbutusand Arabidopsis(Fig. 39 and
Fig. 40).
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Fig. 39 Trends of DEPS and NPQ during short-term lighgsstrinArbutusplants.
DEPS values are indicated with solid triangles R values with open squares.
Each point is the mean of two values and bars & Bor point lacking error
bars the SE was smaller than the symbol size. bataFig. 27 and 35.
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In addition, we observed that DEPS and NPQ valdgbetwo different
Arabidopsisgenotype (Col-0 and KD SOD) did not show any digant
difference. This means that also the KD-SOD plar#ed xanthophyll-
based dissipation process to deal with high ligivirenment in spite of the
reduced amount of chlorophyll (Fig. 34) preserthiir leaves.

The de-epoxidation state and the non-photochemuahching ofArbutus
had a rapid increase from the beginning of thesstte the second sampling
point (30 minutes) and then a transient drop amollawing rise until the
end of the experiment were visible. This transi@éaetrement indicates a
conversion of zeaxanthin back to violaxanthin atBoing excess light
stress although for a limited extent. It is noowm if this behaviour is
caused by a variation of stromal pH that avoid V&Xfvity or by any other
physiological variation inside chloroplast. Howevwmparing DEPS (or

NPQ) and VDE gene expression level a clear relshignresults (Fig. 41).
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Fig. 41 VDE expression and DEPS level during short terresstrin Arbutus
DEPS values are indicated with solid squares andt \gene expression values
(MNE) with open triangles. Each point is the medrtiveo values and bars are
SEs. For point lacking error bars the SE was sm#ilen the symbol size. Data
from Fig. 20 and 35.
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These data could suggest that light regimes con#bDE transcript
abundance through xanthophyll de-epoxidation stMereover, in the
long-term stress, the same dynamics occurred (Bgand 15): during the
days, the high values of zeaxanthin lowered VDEesson while, during
the nights, a lesser amount of the de-epoxidatethgahylls allowed the
expression of VDE gene.

ArabidopsisCol-0 plants, likeArbutus showed a fall in VDE expression in
correspondence with the rise of DEPS values causedight stress
(Fig.23). KD-SOD mutants, instead, had a constaetell of VDE
expression that is coincident with the level of treated Col-0 despite the
variation in DEPS values.

This could be an evidence that VDE gene expressisabordinate to some
second factor that repress transcription duringddnd& period and that there
Is a relationship between water-water and xanthibpglycles. In fact, a
reduced activity of the first cycle brings to a nimdl induction of the
enzymes of the second one.

In addition, it was observed that in the mutaninfddack the increase of
superoxide visible in the wild-types (Fig. 30), Whithe quantity and
distribution of the main activated oxygen specesain nearly unaltered
(Fig. 31 and Fig. 33).

This could be caused by the smaller amount of oplaylls that in KD
SOD plants reacts with light (Fig. 34) respect iwype plants or by the
overall alteration of gene concerning ROS metabolisat was previously
reported (Rizhsky, Liang, & Mittler 2003). The mtta in KD SOD
plants, in fact, concerns the Mehler reaction tiest been proposed to be a
major source of chloroplastic,8, (Asada 1999;0rt et al. 2002). Under
stress conditions this source o§® has been suggested to be a signal for
gene expression in response to environmental st(€émng et al.
2004;Fryer et al. 2003;Mullineaux et al. 2002).

The changed transcript levels of 23/28 genes in d¢hd2-1 mutant
compared with wild-type plants (Tab. 6) does suppoe notion that kD,

sourced from the chloroplast may be part of a sligigasystem regulating
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the expression of the majority of EL-responsive egeoth during leaf
development and under excess light stress.

It is noteworthy that APX2 is among the genes whegaession is affected
by the csd2-1 mutation (Tab. 6), suggesting thahlaroplast-source of
ROS may be important in the regulation of expressibthis gene as was
previously proposed (Fryer et al. 2003). Howeveterpretation of these
data should be treated with caution for at leastetiieasons, none of which
are mutually exclusive. Firstsd2-1still has ca. 40% of CSD2 present
(Rizhsky, Liang, & Mittler 2003). Second, there ntagyredundancy in cells
in the production of KD, derived from Q" generated by the Mehler
reaction. For example, FSD1 (At4g25100) codingsioomal Fe-SOD has
been shown to have partly increased expressi@sd@-1lunder non-stress
conditions (Rizhsky et al. 2003). Finally and ta émowledge, nothing is
known about the tissue specificity of CSD2 expm@mssand therefore it
remains possible that tlisd2-1phenotype is not manifested in some tissue

simply because the gene does not express there.
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