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The relationship between the development of photoprotective mechanisms (non-photochemical quenching,
NPQ), the generation of the electrochemical proton gradient in the chloroplast and the capacity to assimilate
CO, was studied in tobacco dark-adapted leaves at the onset of illumination with low light. These conditions
induce the generation of a transient NPQ, which relaxes in the light in parallel with the activation of the
Calvin cycle. Wild-type plants were compared with a CMSII mitochondrial mutant, which lacks the
respiratory complex I and shows a delayed activation of photosynthesis. In the mutant, a slower onset of
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Non-photochemical quenching photosynthesis was mirrored by a decreased capacity to develop NPQ. This correlates with a reduced
Respiration efficiency to reroute electrons at the PSI reducing side towards cyclic electron flow around PSI and/or other

alternative acceptor pools, and with a smaller ability to generate a proton motive force in the light.
Altogether, these data illustrate the tight relationship existing between the capacity to evacuate excess
electrons accumulated in the intersystem carriers and the capacity to dissipate excess photons during a dark
to light transition. These data also underline the essential role of respiration in modulating the
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Cyclic electron flow
Electrochemical proton gradient

photoprotective response in dark-adapted leaves, by poising the cellular redox state.
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1. Introduction

Upon illumination, the in series activity of photosystem I and II
provides the chloroplast stroma compartment with reducing mole-
cules (NADPH), which are consumed along with ATP for CO,
assimilation by the Calvin-Benson-Bassham cycle (hereafter called
Calvin cycle). Although it is acknowledged that isolated chloroplasts
are capable of performing this process autonomously [1], growing
evidences exist for carbon assimilation to be a highly integrated
phenomenon in vivo. A strong interaction between the respiratory
and photosynthetic chains is documented in green algae, where
exchanges of reducing equivalents and ATP modulate the redox state
of the plastoquinone pool and establish an electrochemical proton
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gradient across the thylakoid membranes in the dark (reviewed
in [2,3]).

In land plants too, it is documented that mitochondria play
essential functions during photosynthesis (for review, see [4-6]).
They oxidize the malate generated by photosynthetic activity [7],
provide ATP to support UDPG formation for sugar synthesis [8,9] and
allow the oxidation of glycine generated during photorespiration [10].
In addition, recent studies performed in CMSII, a tobacco mutant
lacking the respiratory complex I [11-14], have shown that mito-
chondria are involved in the control of the cellular redox homeostasis
[15] in the integration of carbon/nitrogen metabolism [16] and in
acclimation to high growth irradiance [17]. Finally, oxidative phos-
phorylation in mitochondria has been suggested to modulate the onset
of CO, assimilation in a dark-light transition, as indicated by the
delayed activation of the Calvin cycle in CSMII plants [18].

The dark to light transition is a critical phase for photosynthesis,
because light absorption and photochemistry attain their steady state
efficiency almost instantaneously, whereas achievement of maximum
CO, assimilatory capacity takes several minutes. The consequent
unbalance between the rates of electron injection into the chain-
driven by reaction centre photochemistry-and withdrawal-due to
carbon assimilation-leads to over-reduction of the soluble electron
carriers also in limiting light, opening the way to possible photo-
damage. Plants are capable of responding to such a stress through a
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variety of mechanisms, which involve changes in the electron flow
capacity as well as in the light absorption efficiency. In steady state,
electron transfer mainly stems from linear flow, which involves both
PSII and PSI activity, and leads to CO, assimilation. Conversely, a
significant fraction of the photogenerated electrons can be directed
away from CO, at the onset of illumination, when the Calvin cycle is
inactive (see e.g. [19-21] for a more detailed discussion). In principle,
this role is fulfilled by different pathways, which mostly happen at the
PSI reducing side: the reduction of molecular oxygen [22], the
transport of reducing equivalents between the chloroplast and the
mitochondria via the malate or the triose phosphate transporters
(reviewed in [23]) and the recycling of electron around PSI via cyclic
electron flow (CEF, [21]).

Plants also respond to over-reduction of the electron flow chain by
a series of mechanisms involving PSII, which involve regulation of
light utilization, and are collectively referred to as non-photochemical
quenching mechanisms (NPQ, reviewed e.g. in [24-26]). According to
the definition provided by Horton and colleagues [24], this term
encompasses at least three processes: (i) (ql), a slowly-reversible
damage to PSII reaction centers [27], see however [28] (ii) (qT), a
change in the relative antenna sizes of PSII and PSI, due to the
reversible phosphorylation and migration of antenna-proteins (LHCII)
(e.g. [29]), and (iii) (qE), a quenching associated with the acidicifica-
tion of the lumenal pH [30]. In plants, gE is the dominant form of NPQ
(e.g.[31,32]). It is generally thought to be associated with an increase
in thermal dissipation within the light harvesting apparatus [33],
which requires the deepoxidation of xanthophyll cycle pigment
violaxanthin (Vx) into zeaxanthin (Zx) [34], and the presence of the
PSII subunit PsbS [35,36]. Zx may act as an allosteric effector of NPQ,
modulating a pH/PsbS driven conformational change that would lead
to quenching interactions between pigments [24,28]. Alternatively, Zx
could directly participate in the quenching process, by forming a
radical pair with a special Chl a, again by a mechanism that would
depend on the acidification of the luminal pH and on PsbS [32].

In addition to the Zx-driven processes, the presence of a quenching
poorly related to zeaxanthin generation is documented [37-39]. This
quenching can be observed in leaves completely devoid of this
xanthophylls cycle carotenoid [37,38] but is enhanced upon zeax-
anthin accumulation [39]. The nature of the quenching is still
controversial: it could involve quenching at the reaction centre [37],
or reflect a modulation on the light harvesting capacity of PSII by its
small subunit PsbS [38,39]. In dark-adapted plants, the zeaxanthin
independent quenching is prominent upon exposure to low light, and
largely disappears upon attainment of steady state photosynthesis
[37,39]. Quenching onset and disappearance are interpreted as to
reflect changes in the activity of the Calvin cycle. Indeed, a modified
rate of CO, assimilation also affects the chloroplast ATP turnover, by
modulating the ATP demand. This in turn leads to changes in the size
of the trans-thylakoid ApH and eventually of the NPQ response. The
possible link between CO, assimilation and the extent of the NPQ
in both pre steady state [37,39,40] and steady state conditions (e.g.
[41-43]) has been already considered in the past. Furthermore,
previous studies have documented that fitness is reduced in mutants
bearing qE deficiencies when exposed to a fluctuating light regime
[44]. This underlines that acclimation during the dark-light phase is a
critical step for efficient photosynthesis.

Still, very few attempts have been performed so far to establish a
relationship between changes in the electrochemical proton gradient
(Apy™), the capacity to reroute electron flow out of the CO,
assimilation and the NPQ response during a dark to light transition
in vivo (see e.g. [45,46], for further discussion). These works have
pointed out that electron diversion toward redox sinks other than
CO,, as well as modulation of the ATPsynthase-ATPase activity, can
deeply affect the size as well as the composition of the electrochem-
ical proton gradient established in the light, and therefore the
photoprotective response. In this work we have focused on the role

of mitochondrial activity in photoprotection, by comparing changes in
NPQ, Ay *and cyclic electron flow around PSI in wild-type and CMSII
plants of Nicotiana sylvestris. By measuring relevant fluorescence and
spectroscopic parameters, we confirm the existence of a link between
onset of photosynthesis, activation of alternative electron pathways at
the reducing side of PSI and onset of photoprotection, and reveal the
fundamental role of mitochondrial activity in modulating the
interplay between these three parameters during the early steps of
light acclimation.

2. Materials and methods
2.1. Growth conditions

N. sylvestris WT and CMSII plants were grown in soil in a
greenhouse under natural lighting at a day/night temperature of
23.5 °C/17.5 °C and a day/night 60%/50% relative humidity. Artificial
lighting (Philips SON-7 AGRO 400 W lamps) was supplemented to
ensure a minimum lighting of 300 umol of photons m~2 s~ ! at the
leaf surface. Plants were irrigated with nutrient solution (Hydrokani
C,, Hydro Agri Spécialités, France). They were studied at a similar
stage of development, i.e. about 2 months and 3 months old for the
WT and CMSII, respectively, to compensate for the reduced growth
rate of the mutant [15]. Leaves were dark adapted for at least 5 h prior
to measurements.

2.2. Spectroscopic measurements

Spectroscopic measurements were performed on intact leaves with
a flash spectrophotometer (JTS 10, Biologic France). P;oo oxidation
kinetics was assessed at 820-870 nm, as previously described [47].
Far-red illumination was provided by a LED peaking at 720 nm, filtered
through three Wratten filters 55 that block wavelengths shorter than
700 nm. A signal associated with fluorescence emission (normally
<5%) was subtracted from the kinetics. When needed, the maximum
extent of P79o" was estimated by imposing a saturating flash of white
light on top of the far red, as described in [48]. Actinic light was
provided by a green LED peaking at 520 nm.

Membrane potential changes (ECS) were measured under the same
actinic illumination used for measurements of the P;qo redox changes.
They were detected at 520-545 nm, using a white LED source (Luxeon,
Lumileds) filtered through appropriate interference filters. This proce-
dure allows deconvoluting the ECS signal from redox changes associated
with the cytochrome bgf complex. The photodiodes were protected
from actinic light by a Schott BG 39 filter. Pre-illumination was provided
by green LEDs with a peak emission at 520 nm (FWHM 20 nm).

In the case of both P;oo and membrane potential changes,
continuous actinic light was switched off transiently while measuring
appropriate wavelengths. Furthermore, leaves were exposed to dark-
light cycles to allow measuring absorption changes at different
wavelengths (as required to correctly evaluate the two parameters)
in samples keeping a low capacity of CO, assimilation. Briefly,
attached dark-adapted leaves were exposed to actinic light, and
kinetics was followed at a given wavelength for 10 min. Leaves were
then let recover in the dark for 40 min, to allow full inactivation of the
Calvin cycle (e.g. [48]) and zeaxanthin epoxidation [49]. This
procedure was followed until all the wavelengths of interest were
measured. To ensure reproducibility of the data, kinetics was
measured twice at every wavelength, first from the lowest to the
highest and then in the opposite direction. At least three different
leaves were measured in each condition, unless different stated in the
figure captions. At the beginning and at the end of every experiment,
fluorescence parameters were measured on the same leaf, to verify its
physiological status, and test the experimental variability.

To avoid excessive exposure of leaves to light and dark cycles, we
limited our analysis to the minimum number of wavelengths required
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;;Igz;d deepoxidation state of WT and CMSII leaves in limiting light conditions.
Conditions WT CMSII
NPQ DPS NPQ DPS
150 pumol of photons m~2 s~ ' (45") 0.75+£0.12 0.027 £ 0.007 0.52+0.09 0.027 £0.014
150 ppmol of photons m~% s~ ! (5') 0.1540.09 0.079+0.010 0.1340.08 0.056 +0.025

NPQ was measured as (Fy, — Fyy') / Frn, Where Fy,, is the maximum fluorescence yield measured upon illumination with a short (200 ms) saturating flash in dark-adapted leaves, while
Fy is the maximum fluorescence yield measured in leaves subjected to actinic illumination [94]. Carotenoid content was assessed in leaf cell extracts as indicated in methods. The

deepoxidation state (DPS) was calculated as (Zx + 0.5Ax)/(Zx + Ax + Vx).

for proper estimation of the different optical parameters. Therefore,
since no sustained zeaxanthin synthesis was detected at the beginning
of illumination (Table 1), spectroscopic changes associated with the
generation of a transmembrane potential were not deconvoluted
from the zeaxanthin red shift signal (AAs3s [50]). However, no major
modification of the ECS kinetics profiles was seen in experiments where
such deconvolution was taken into account by measuring appropriate
wavelengths (505 and 535 nm, e.g. [51], not shown).

2.3. Fluorescence measurements

Fluorescence was measured with the same apparatus used for
spectroscopy, using green light for both pre-illumination and leaf
excitation. Estimation of the size of the PSI and PSII acceptor pools in
Fig. 5 was obtained from plots of the area bound above the second
fluorescence induction curve as a function of the dark time between
the first and the second light pulses. The biphasic kinetics obtained
was then fitted with a sum of two exponential functions to estimate
their relative amplitude and decay rates.

2.4. CO, exchange measurements

To assess the CO, assimilation capacity, leaves from mutant and
WT plants were clamped into an infra-red gas analyzer chamber
(Ciras-1; PP-Systems, Hitchin, UK). Measurements were performed
supplying external CO, at 360 ul 1~ '. All experiments were conducted
at 22 °C and 50% relative humidity. Irradiance was provided by a
xenon lamp, filtered with a Wratten 55 filter, the intensity of which
was adjusted by neutral density sheeting. Respiratory CO-, release was
monitored for 20 min in the dark, and the time course of CO, uptake
was followed upon light exposure.

2.5. Pigment analysis

Pigments were extracted from leaves in methanol 90% and debris
was removed by centrifugation at 10,000xg for 15 min. 50 pl of pigment
extract was subjected to reverse-phase HPLC analysis using a commer-
cial equipment (Waters, Milford, MA) [52]. A Nova Pak C18, 60A column
(150-mm length, 4-um pore size) was used for separation.

2.6. Determination of the cellular ATP content

A sample of the leaf used to measure fluorescence was immedi-
ately frozen after illumination. Samples were extracted in 1.5% TCA,
centrifuged at 15,000 rpm, and a volume of the supernatant was
diluted in 0.5~ M Tris-Acetate pH 7.75 (1/300, v/v). Determination of
ATP content was made using the Enliten ATP assay (Promega),
according to the manufacturer's instructions.

3. Results and discussion

3.1. Onset and relaxation of reversible NPQ are delayed in a tobacco
mutant lacking the respiratory complex |

The CMSII mutant shows a significant slowing down of CO,
assimilation at the onset of illumination, which is evident in high light

[18], but also under the limiting light conditions employed in this
work (Fig 1A, inset). We thus expect its capacity to develop a non-
photochemical quenching during a dark to light transition to be also
modified to some extent. As shown in Fig. 1A (main panel) while a
NPQ response could still be developed in CMSII, the extent of the
quenching was reduced. Both the onset and the relaxation kinetics
were slower than in the WT (Fig. 1B). In both genotypes, the
quenching was completely abolished by addition of the H*/K™
exchanger nigericin (not shown), which relaxes the light-induced
ApH. This confirms that NPQ is triggered by acidification of the
thylakoid lumen, and therefore represents a typical qE response (e.g.
[24,30]). In agreement with our previous findings in barley [37], the
fluorescence quenching observed in these conditions was poorly
related to the presence of zeaxanthin, the synthesis of which was
barely detectable after 45 s of exposure at 150 umol photons m~2s~!
(Table 1), i.e. when the quenching was maximum (Fig. 1B). Consistent
with previous studies, we do not observe any specific photosynthetic
phenotype in CMSIlin steady state conditions, in low (Fig. 1 and Table 1)
as well as in high light (not shown, see however [18]). Therefore, we
consider that this mutant was a very good experimental system to
study acclimation of photosynthesis during the first minutes of light
exposure, where the relationship between quenching onset and
disappearance and photosynthesis is most evident [37,39,40] and
where we expect a maximum limitation of CO, assimilation by ATP
availability [4].

To confirm that the reduced NPQ response observed at low light
was linked to changes in the respiratory activity, leaves were
infiltrated with a solution containing either myxothiazol (a known
and specific inhibitor of the respiratory chain at the level of complex
III -cytochrome bc;- [53]) or the same volume of the solvent (ethanol)
without the inhibitor (“control”). Sorbitol (150 mM) was added to all
samples, to avoid a substantial modification of the osmotic pressure
within the leaf upon infiltration. As shown in Fig. 2, incubation of WT
leaves for 4 h with myxothiazol induced a modification in the NPQ
onset and relaxation (Fig. 2A), the kinetics of which closely resembles
the ones observed in the CMSII leaves (Fig. 2B). Addition of
myxothiazol to the mutant increased the effect on NPQ onset (Fig.
2B), suggesting that concomitant inhibition of complex III (by
myxothiazol) and of complex I (by the CMSII mutation) further
decreases the capacity of tobacco leaves to develop a NPQ response.

3.2. Relationship between the light-induced Auy™ and changes in the
transient fluorescence quenching

In order to better understand the relationship between non-
photochemical quenching and carbon assimilation, we compared the
efficiency of photosynthesis (evaluated from the ®PSII parameter,
[54], Fig. 1C) and the NPQ response at the beginning of illumination
(Fig. 1B). A complex relationship between these two parameters was
found in both the WT and the CMSII. Photosynthesis and NPQ increase
during the first seconds of illumination, following a nonlinear
relationship (Fig. 1D, light grey panel). The much steeper increase of
NPQ observed in WT leaves suggests a higher capacity to generate a
quenched state by electron flow in this strain. After this initial phase,
the increase of photosynthesis was accompanied by a decline in NPQ,
and an almost linear relationship between electron flow onset and
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NPQ decrease could be observed in both genotypes. This confirms that
the relaxation of the transient NPQ in the light is mostly due to
activation of CO, assimilation, as previously suggested (e.g. [37,40]).

We reasoned that the onset of the Calvin cycle should lead to a
double effect on the photosynthetic apparatus: on the one side, it
should promote the oxidation of the electron carriers, due to
enhanced electron flux to the terminal sink. On the other side,
enhanced CO, assimilation should be accompanied by a decrease of
the Apy ™ during illumination, owing to increased ATP consumption. As
NPQ onset and relaxation are linked to changes in the trans-thylakoid

WT

proton motive force (e.g.[30,55]), it is likely that the slower relaxation
of NPQ in the light observed in CMSII leaves may reflect a slower
relaxation of the Ay, due to the delayed activation of the Calvin cycle
in this mutant.

To test this hypothesis, we measured the size of the proton
motive force generated in the WT and the mutant genotypes by
assessing the overall size of the electrochromic signal (ECS). In land
plants, algae and photosynthetic bacteria, the light-induced building
of the transmembrane electric field in thylakoids modifies the
spectroscopic properties of some chromophores, owing to the Stark
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Fig. 2. Effect of myxothiazol on the transient fluorescence quenching in WT (A) and CMSII (B) leaves. Dark-adapted leaves were treated with a solution containing sorbitol 150 mM
(to avoid osmotic effects) in the absence (control, closed symbols) and presence of myxothiazol (12 pM, open symbols) by a mild vacuum infiltration. Then fluorescence changes

were evaluated as in Fig. 1B. Standard errors refer to three independent experiments.
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effect [56]. This results in a shift of their absorption spectrum, the
amplitude of which is linearly related to the size of the photo-
generated field [56]. When illumination is interrupted, relaxation
of the Auy™ takes place in the ten of seconds' time range. Due to
the different relaxation rates of the electric (AW) and pH (ApH)
components of the Apy”, recent attempts have been made to
estimate their relative amplitude based on the transient inversion
of the ECS that is observed at the end of illumination (reviewed in
[45]). However, this procedure, which has proven reliable in steady
state conditions, could not be employed in our conditions (pre-
steady state illumination), due to the difficulty in correctly assessing
the extent of the inversion of the ECS signal (not shown). Therefore,
we limited our analysis to the sole estimation of the Apy ™, based on
the total amplitude of the ECS signal, without trying to further
discriminate between its ApH and the AW components. Since our
experimental setup did not allow measuring several wavelengths
simultaneously, light dark cycles were employed, to allow correct
evaluation of the optical changes in the same leaves, and to ensure at
the same time full deactivation of photosynthesis in the dark time
between two consecutive experiments (see methods). Results are
presented in Fig. 3, which shows the time course of changes in the
Apy™ (open symbols) and NPQ (closed symbols) in WT (panel A)
and CMSII (panel B) leaves during a dark to light transition.

181

In both genotypes, illumination led to a transient increase of the
Apy™, as evidenced by the increased size of the ECS signal. This was
followed by a slower relaxation, which was in the same range as the
time required for activation of photosynthesis. In both the WT and
CMSII, a parallel could be established between changes in fluores-
cence quenching on the one hand, and changes in the size of the
proton motive force on the other one, suggesting a possible cause-
effect relationship. Indeed, the slower decay of NPQ in the light
observed in CMSII (panel B) was mirrored by a slower relaxation of
the Ay *during illumination, when compared to the WT (panel A).
Still, complete relaxation of NPQ occurred before full Ay ™ decline in
both genotyped, as indicated by the strong deviation of the NPQ/ECS
profile during the decay of the transmembrane proton motive force
(open triangles) from a straight line (dashed lines) (Fig. 3, panels C
and D). In principle, this lack or correlation could merely reflect the
complex relationship between the NPQ and the different components
of the Ay . While a tight relationship exists between NPQ relaxation
and the dissipation of the ApH, this component only contributes 1/2,
2/3 of the overall Ay ™ in the light (e.g. [45]). It is possible therefore
that the different kinetics of NPQ and Apy™ decay may reflect the
different kinetics of ApH and AV relaxation in the dark, as already
discussed (e.g. [57], see however the discussion below for alternative
interpretations).
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3.3. The transition from cyclic to linear electron flow is delayed in
CMSII plants

In steady state, electron transfer mainly stems from linear electron
flow, which involves both PSII and PSI activity, and leads to CO,
assimilation. Conversely, a significant fraction of the photogenerated
electrons can be directed away from CO,, at the onset of illumination,
when the Calvin cycle is inactive ([19-21], see also Introduction). In
particular CEF activity has been proposed to be dominant during the
induction of photosynthesis (e.g. [58]), i.e. in the conditions where we
observe the onset of the transient NPQ. The high efficiency of cyclic
flow is interpreted as the consequence of a redox modulation of the
relative efficiencies of the linear and cyclic processes (see [48] for a
further discussion). Under steady-state photosynthesis, when
enzymes of the Calvin cycle are active, linear flow is expected to
out-compete the cyclic process, as carbon fixation forms an efficient
sink for electrons from PSI. Conversely, recycling of electrons around
PSI is predominant when linear flow is limited by the low rate of
NADPH oxidation (reviewed in [20,21]).

Two major roles for CEF have been suggested in vascular plants:
(i) to enhance ATP generation to maintain an appropriate ATP/
NADPH ratio in the chloroplast (i.e. [59]), and (ii) to down-regulate
PSII via generation of NPQ [60]. Indeed, CEF fuels electron transport
under conditions where CO, assimilation is low. Therefore it
contributes to the building of a Auy™, which is essentially not
consumed for ATP synthesis. Because the NPQ response in the WT
and the CMSII mutant is at least qualitatively related to changes in
lumen acidification (Fig. 3), we decided to explore the relationship
between transient NPQ and CEF. The rationale was to verify whether
the slower activation of the Calvin cycle observed in CMSII-which
should keep the soluble PSI acceptors reduced for a longer period
during light acclimation ([18], see also [61])-may lead to a longer
lifetime of cyclic flow, owing to the redox regulation mechanism
mentioned above. To quantify CEF in WT and CMSII leaves, we
followed the kinetics of P59 oxidation upon illumination with far
red, i.e. under conditions where PSI is preferentially excited. In the
WT, slow P;o oxidation rates were observed in dark-adapted
conditions, while rather fast P;99 oxidation appeared upon exposure
to 150 umoles photons m~2 s~ ! for 10 min (Fig. 4A), in agreement
with previous findings in spinach [62] and Arabidopsis [63,64]. The
fast rate of P;g oxidation has previously been interpreted as
representing the reduction of an efficient acceptor pool (probably
NADP, [65]) while the slower component is considered as a
signature of CEF, representing the gradual leak of electrons from
the cyclic pathway to a stromal electron acceptor [48,62]. Alterna-
tively, the slow phase of P;oo oxidation may also reflect a mere
inhibition of PSI activity due to reduction of its soluble electron
acceptor pool. To discriminate between these two hypotheses, we
measured the generation of the ECS signal in parallel to the
oxidation rate of P;oo. We followed this rationale: PSI turnover in
the cyclic mode results in charge separation, and therefore promotes
the generation of a transmembrane potential, which can be revealed
by measuring the ECS signal. Conversely, a mere inhibition of PSI
turnover should prevent the generation of the transmembrane
potential, leading to a diminished ECS signal. As expected in the case
of significant CEF activity during the dark to light transition, a
sustained ECS generation was observed in both the WT and the
CMSII mutant during the slow phase of P;oo oxidation, when tested
under the conditions of Fig. 4A (not shown). In principle, other
alternative electron flow phenomena downstream of PSII (e.g. the
PTOX mediated, PSII-driven reduction of molecular oxygen) could
contribute to ECS generation in leaves where CO, assimilation is
largely inactive. Indeed, this enzyme oxidizes the plastoquinone
pool, using molecular oxygen as an electron acceptor [66]. However
we tend to exclude their involvement in the ECS kinetics measured
here, because the turnover rates measured under these conditions

(10-20 s~ !, not shown), are by far faster than the PTOX activity
measured under the same conditions (~0.7 s~ !, Fig. 5C, see also
[66]).

In dark-adapted leaves, no significant differences were seen
between the WT and CMSII (Fig. 4A and B), suggesting a similar
capacity to perform CEF in the two genotypes. In both lines, the rates
of P;g0 Oxidation progressively increased upon exposure to light for
10 min (Fig. 4A and B), indicating the progressive substitution of CEF
by linear flow [48,62,63]). However, the transition from cyclic to
linear flow was significantly slower in the mutant. In steady state,
similar rates of P;gp oxidation were again measured in both WT and
CMSII leaves, indicating that the rate of linear flow was similar in the
two genotypes. This confirms that mitochondrial respiration does not
influence the rate of electron flow in the chloroplast in steady state
conditions (e.g. [18]). The half time of P;qo oxidation measured in
traces as in panels A and B was used to evaluate the fraction of P;qg
engaged in cyclic flow. Indeed, this parameter is proportional to the
number of PSI turnovers taking place during far-red illumination. In
linear flow conditions, the number of PSI turnovers is equal to the
number of charges stored in PSI donors at time zero. Conversely,
occurrence of cyclic flow induces a slowdown of Pqg oxidation, due to
multiple turnovers. It follows that if t; and t; are the half times for P7gg
oxidation in the two conditions, the probability for an electron
generated on the PSI acceptor side to be oxidized via the linear
pathway at any time during the dark to light transition is given by
t1/t;, while the probability to be oxidized via the cyclic pathway is
(t, —t1) / to. Based on this analysis, we confirmed that a large fraction
(up to ~80 %) of the electrons formed on the stromal side of PSI were
recycled in cyclic flow in fully dark adapted conditions. As expected,
this fraction largely decreased during the light transition, (Fig.4Cand D)
rapidly attaining a value of ~10-15% in steady state conditions, in
agreement with previous suggestions [21,67].

As in the case of the Apy *, we observe a parallel between changes
in NPQ and CEF. However, quenching relaxation preceded the
activation of linear flow, as indicated by the deviation of the NPQ/
CEF profile during the decay of the transmembrane proton motive
force from a straight line (panels E and F, dashed lines). As in the case
of the NPQ/Apy " relationship, the effect was more pronounced in WT
than in CMSII leaves. Once again, the simplest explanation for this
discrepancy would be that CEF is able to generate not only a ApH, but
also a AW, which is however not involved in NPQ generation (see also
discussion below).

From these sets of data two conclusions can be drawn: (i) we
confirm that cyclic flow is directly modulated by the leaf capacity to
assimilate CO,, as shown by the kinetics of transition from CEF to
linear flow. Indeed, the slower activation of CO, assimilation in CMSII,
as shown by the slower increase in the ®PSII parameter (Fig. 1C; see
also [18]), is accompanied by a longer lifetime of cyclic flow.
Moreover, (ii) we observe that the longer lifetime of cyclic flow
observed in CMSII correlates with a longer duration of the transient
NPQ in this genotype, likely because of the stabilization of the Apy ™ in
the light.

3.4. The size of the soluble pool of PSI electron acceptors is reduced
in CMSII

The changes in the rate of cyclic flow described above can, in
principle, account for the delayed relaxation of the Apy™ and of the
NPQ shown in Fig. 3. However, they do not explain the reduced
capacity to generate a NPQ that is observed in the mutant during the
first 30-40 s of illumination (Fig. 1D, grey panel), where the capacity
of leaves to perform cyclic flow, as estimated by our spectroscopic
approach, is the same in CMSII and WT leaves (Fig. 4A and B).

This suggests that besides CEF, other processes may affect the
capacity of mutant leaves to trigger NPQ onset. As stated above,
alternative electron flow processes may actively contribute to the
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times of green-light illumination. Dark-adapted leaves were subjected to the same light intensity used to induce NPQ generation (150 umol photons m™“ s

~2571 see Fig. 1). Light was

switched off at different times, and P oxidation was recorded after a short dark adaptation (200 ms) upon exposure to far red light. P;oo absorption changes are expressed as
relative values. (C, D) Relationship between NPQ relaxation in the light, and changes in the extent of cyclic flow. Cyclic flow was estimated as described in the text. (E, F) Relationship
between NPQ and cyclic flow during the relaxation phase. The dashed lines represent the expected relationship between the two parameters in case of a concomitant relaxation of
CEF and NPQ. Standard errors refer to three independent experiments. Note that very similar relationships were found when changes in cyclic electron flow were computed by
measuring the area above the P9 oxidation kinetics (i.e. the overall number of P;qo turnover, [62]) instead of the half time of P9 oxidation (not shown).

generation of a light driven Apy; * and therefore to the onset of NPQ, by
diverting electrons away from the Calvin cycle, when the latter is not
fully active. Among the two possible choices (the Mehler reaction and
the exchange of redox equivalents between the chloroplast and the
mitochondria), the latter is probably a better candidate. Indeed, both
processes are capable of alleviating electron pressure on PSIl when the
CO, assimilation capacity is low (see e.g. [68]), and are expected
contribute to lumen acidification in synergy with CEF. However, while
a reduced efficiency of redox export from the chloroplast to the
mitochondrion [69] could easily account for the reduced capacity of
CMSII to evacuate reducing equivalents generated in the light (as
discussed in [18]), removal of mitochondrial complex I is in principle
not expected to affect directly the Mehler reaction.

In order to estimate a possible modification in the capacity to
export redox equivalents out of the chloroplast in CMSII, we assess the
total size of the PSI acceptors pool by a fluorescence approach. We

followed the regeneration of the variable fluorescence in leaves that
were subjected to a short illumination at time 0, and then illuminated
with a second pulse after a variable time interval At. The rationale for
this approach was the following: during the first illumination all the
soluble electron carriers are reduced because the Calvin cycle
represents a major bottleneck for electron flow [58] see also [70]).
Eventually, reduction of the primary PSII quinone acceptor Q4 takes
place, promoting an increase of room temperature fluorescence
(which is driven by PSII) to the maximum level. Then, oxidation of
the acceptors occurs in the dark time between the two consecutive
illuminations, due to the activity of the chlororespiratory enzyme
PTOX and to the redox re-equilibration between PSI acceptors in the
stroma and the mitochondria [71]. This allows a partial oxidation of
Qa, i.e. a fluorescence decrease. A subsequent illumination induces a
fluorescence rise (Fig. 5A and B) that reveals the concentration of the
carriers reoxidized in the dark (e.g. [71]). This parameter can be
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quantified by the bound area above the second fluorescence induction
curve. A plot of the area as a function of the dark time between the
first and the second light pulses (Fig 5C) shows a biphasic kinetic in
both WT and CMSII. Following previous suggestions (see [58] for a
further discussion), we ascribe the fast phase (t;,,~0.6 s) to the
oxidation of the PSI acceptors and the slow phase (t;,,~100 s) to the
oxidation of the PQ pool. Fitting the kinetics of Fig. 5C with a double
exponential indicates that although the rate of regeneration of the
soluble acceptors was similar in the two genotypes, the amplitude of
the fast phase is reduced by ~20-30% in CMSII, suggesting a decrease
in the concentration of PSI acceptors in this genotype. This possibly is
consistent with the diminished capacity of mitochondria to oxidize
chloroplast-generated reductants, as proposed in [18].

3.5. Relationship between the transient NPQ and the cellular ATP content

As an alternative interpretation, we considered the possibility that
the slower rate of NPQ onset in CMSII may reflect the requirement for
a longer time of illumination to attain the ApH threshold required for
quenching onset in this strain. The rationale behind this idea is that
both the dark and light induced Apy*can sustain NPQ generation
[72]. Thus, quenching is switched on only when the sum of the
electrochemical proton gradient established in the dark (due to slow
ATP hydrolysis activity of the ATPase-ATP synthase enzyme, [73,74]),
and the light induced proton motive force overcome the threshold
level of NPQ onset (e.g. [75]). Respiratory defects could diminish the
overall cellular ATP content in plants, as already evidenced in green
algae [52,76,77], and therefore decrease the size of the chloroplastic

Ay ™ present in the dark, which is in equilibrium with the ATP/ADP + Pi
cellular pools [78] Because of the decreased size of the dark Apy™, a
larger light-induced ApH (i.e. a larger number of turnovers or, in other
words, a longer illumination time) would be required in the mutant to
attain the same NPQ as in the WT.

To test this hypothesis, we first evaluated the overall cellular ATP
pool in the two genotypes. Leaves were taken in the dark, after
transient illumination or in steady state conditions, and their ATP
content was estimated enzymatically in cellular extracts. Table 2
indicates that the ATP content was very similar in dark-adapted CMSII
and WT samples. Transient exposure to light induced an ATP increase
in both genotypes (higher in CMSII), which we interpret in terms of
ATP generation by photosynthesis (mostly CEF), without sustained
consumption to fuel CO, assimilation. Consistent with this view,
activation of photosynthesis upon prolonged illumination decreased
the ATP content in both genotypes. Based on these findings, we
conclude: (i) that no significant changes in the cellular ATP content
are seen in CMSII and wild type leaves, in agreement with previous

Table 2
Cellular ATP content in WT and CMSII leaves in the dark (2 h), upon short illumination

with 150 umol m~2 s~ ! and during steady state illumination (8 h).

ATP content pM/mg FW WT CMSII
Dark 29.8+3.2 320+5.8
Dark light transition (1 min) 39.2422.0 56.4+18.0
Light 18.6+3.6 30.74+10.0

Cellular ATP content was assessed in leaf cell extracts as indicated in methods. Means + SE
are shown and refer to 6-12 independent measurements.
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findings [79]. This unexpected effect of the CMSII mutation on the
cellular energy charge can be interpreted, at last partially, by the
enhanced activity of the mitochondrial cytochrome electron flow
pathway, as previously described [80,81]. In addition, (ii) we also
conclude that no apparent relationship can be established between
the capacity to develop a transient NPQ and the overall cellular ATP
content.

On the other hand, it is known that the chloroplast ATP pool
represents between 30% and 50% of the overall cellular amount in
plant cells ([82,83] see however [84]). Therefore, we decide to resort
to an alternative approach to measure possible changes in the
chloroplast ATP content in intact leaves. This is based on the
spectroscopic approach recently established by Joliot and Joliot [74].
It consists in estimating the Apy ™ established in the dark by assessing
the maximum ECS signal that is induced by a short saturating
illumination (8 ms). Based on the assumption that the Apy™ storage
capacity of the thylakoids is constant, the sum of the dark- plus the
light-induced proton motive force should also be constant. Therefore,
any change in the amplitude of the light induced ECS, which reflects
the amplitude of the light-generated Apy™ (and can be easily
measured), would mirror an opposite change in the size of the Apy™
present in the dark, which is the parameter we are interested in.

As shown in Fig. 6, illumination generates an ECS signal (i.e.a Ay ™)
in both WT (closed symbols) and CMSII (open symbols) leaves. The
light-induced ECS signal was larger in CMSII than in the WT (Fig. 6A).
After illumination the ECS signal relaxed to the dark values according
to biphasic kinetics. The first phase completed in less than 100 ms has
been ascribed to the proton transfer through the ATP synthase, i.e. to
ATP synthesis (e.g. [85]). Conversely, the second phase (completed in
~1 s) is related to ions leaks through the membrane, due to
inactivation of this complex. The break between the two phases has
been interpreted as reflecting the switch of the ATP synthase from an
active to an inactive state [85]. To verify if the membrane permeability
was the same in the two genotypes, a prerequisite for the evaluation of
the light and dark built Ay, we normalize the ECS kinetics in the two
genotypes to the maximum value (Fig. 6B). In this case, both the
amplitude and the kinetics of the first phase turned out to be very
similar in the WT and in CMSII, suggesting that the chloroplastic ATP
synthesis capacity was not modified by the mutation. After normal-
ization, the rate of the slow phase also became similar in both
genotypes, as expected if the ion permeability was the same in the two
genotypes. Furthermore, their photochemical capacity did not change,
as shown by the identical rates of the ECS increase measured in WT and
CMSII leaves at the onset of illumination (Fig. 6A). Therefore, the
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following conclusions can be drawn: (i) the maximum Apy ™ storage
capacity of WT and mutant thylakoids is the same (and therefore their
ECS signals can be directly compared). Moreover, (ii) the larger ECS
built upon illumination in CMSII (dashed arrows) reflects a decreased
size of the electrochemical proton gradient present in the dark (dots).
This conclusion is further supported by the finding that the amplitude
of the slow phase of the ECS is larger in the mutant, indicating that the
Apy™ achieved at equilibrium is lower than the one achieved in the
WT. Since this Apy; ™ is determined by the stromal ATP/ADP + Pi pools
(see above), we conclude that the chloroplast ATP/ADP ratio in the
dark is reduced in CMSII.

4. Conclusion

Our data confirm that both the onset and the relaxation of the
transient fluorescence quenching observed upon exposure of dark-
adapted plants to a few minutes of light are related to changes in the
proton motive force in the thylakoid lumen, in agreement with
previous suggestions (see e.g. [37,40]). However, our analysis of the
relationship between NPQ and the proton motive force shows that
quenching relaxation in the light is faster than the decay of the Ay ™.
This apparent contradiction could merely reflect the well established
notion that NPQ relaxation follows the relation of the ApH, while the
Apy™ established during illumination comprises a significant contri-
bution of the electric component, the AW, the relaxation of which
could not follow the same kinetics as the that of the ApH (e.g. [57]).
On the other hand, the almost linear relationship between the
relaxation of NPQ and the increase of the ®PSII parameter, which is
representative of the redox state of electron carriers localized
downstream of PSII (Fig. 1D, right) suggests that NPQ could also be
under the control of the redox state of the electron flow chain. The
existence of such a direct redox modulation of NPQ, via changes in
the PSII primary electron acceptor Qa, has been already proposed in
the past [86]. However, an indirect effect can also be conceived, due to
the existence of a tight relationship between the redox state of the
electron flow chain, the occurrence of cyclic flow around PSI and the
generation of the Apy ™.

Altogether, the following series of events can be proposed to
account for the kinetics of NPQ onset and relaxation during the onset
of light acclimation: upon exposure of dark-adapted leaves to light,
the rate of electron flow is expected to rapidly overcome the capacity
of CO, assimilation, owing to the almost inactive state of the Calvin
cycle. Moreover, kinetic limitation by FNR turnover (e.g. [87]) could
also affect the overall carbon assimilation capacity. This should lead to
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Fig. 6. Light-induced membrane potential changes in WT and CMSII leaves. (A) Membrane potential increase measured during a saturating light-pulse (5000 umol of photons m ™

2571'

8 ms duration) given to dark-adapted leaves. ECS data were normalized to the signal corresponding to 1 charge separation per photosystem, i.e. the absorption changes induced by a
saturating laser flash in the presence of DCMU (20 uM) and Hydroxylamine (2 mM) to inhibit PSII activity. Closed symbols: WT; open symbols: CMSIL. (B) Data normalized to the
maximum ECS amplitude. The duration of the pulse was such that the maximum membrane potential level was reached, and the time at which the light was switched off was taken as
time zero. Continuous line: maximum membrane potential level. Dashed arrows: light induced ECS increase. Dotted lines: dark level. Standard errors refer to four independent

experiments. White box: light on. Black box: light off.
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over-reduction of the electron carriers and activation of cyclic flow
around PSI (e.g. [21,48,59]). Proton release in the lumen, alimented by
cyclic flow, would not be counterbalanced by sustained H* consump-
tion for ATP turnover in the CO, assimilation processes. Therefore NPQ
would rise, despite the rather moderate light intensity employed.
Longer light exposure is expected to stimulate the Calvin cycle and
therefore promote a decrease in the Ay ™ (as observed, Fig. 3) via the
enhanced ATP consumption for CO, assimilation. At the same time,
activation of the Calvin cycle could also induce a partial reoxidation of
PSI acceptors, allowing linear flow to out-compete cyclic flow (CEF).
Thus, both the direct (Apy*consumption for ATP synthesis) and
indirect (Apy™ decrease owing to reduced CEF activity) effects on
photosynthesis would result in a net NPQ decrease, in agreement with
the data of Fig. 1. In the frame of this hypothesis, the slower activation
of photosynthesis in CMSII upon illumination (Fig. 1C; [18]) would
explain the delayed lifetime of NPQ, because the longer lifetime of CEF
(Fig. 4) would maintain a higher Ay ™ during the first minutes of light
acclimation (Fig. 3).

This series of events should provide the leaf with a very simple and
efficient feedback loop capable of developing a fast photoprotective
response for PSII. Furthermore, the development of such a form
of NPQ, which is poorly related to the deepoxidation of Vx to Zx
(Table 1), may represent an advantage under the low light conditions
explored here, in which quenching must only develop during the first
phase of illumination, i.e. when CO, assimilation is low. Lack of
significant Zx synthesis allows a fast and complete relaxation of the
quenching upon activation of the CO, assimilatory cycle [39], i.e. as
soon as the Apy™ is decreased. Conversely, accumulation of this
carotenoid, which decreases the ApH threshold required for the
establishment of fluorescence quenching [88] is likely to stabilize the
quenching beyond the transient phase. Owing to its rather long
lifetime (reviewed in [25]), presence of Zx in low light would
therefore maintain quenching at steady state even upon the
consumption of the Apy™ by enhanced CO, assimilation, as already
been reported in the npg2 mutant of Arabidopsis, which constitutively
accumulates Zx in the dark [28,39]. By reducing the number of
photons available for photosynthesis at low light, the presence of a Zx-
mediated steady state quenching state should reduce the overall
photosynthetic performances and therefore affect biomass produc-
tion, as previously shown in npq2 [28,39,89]).

While most of the data presented in this work can be rationalized
within the model described above, the delayed NPQ generation in
CMSII at the onset of illumination (Fig. 1D, grey panel) cannot be
explained in terms of changes in the lumen acidification owing to
different cyclic flow efficiency. Indeed, CEF is similar in both
genotypes at the onset of illumination. The non-linear relationship
between linear electron flow (dPSII) and NPQ observed at this stage
of illumination is reminiscent of previous data obtained in steady-
state conditions of illumination in tobacco leaves, when exposed to
changing CO, concentration conditions [51,90,91]. These results have
been previously explained in terms of changes in the proton
conductivity of the chloroplast ATPase complex, owing to a possible
reduction of the ADP + Pi/ATP ratio by CO, limitation. Changes in H™
flux at the level of the ATPase-ATPsynthase have been ascribed either
to a direct effect on ATP synthesis, or to an indirect allosteric control
on this enzyme. Independently of the mechanism, reduced ATP-
synthase activity should lead to an enhanced ApH, and therefore to a
larger NPQ (see e.g. [91] for a further discussion). This hypothesis
could therefore account for the different relationship between the
@PSII and the NPQ, which is seen at the beginning of illumination in
the WT and CMSII (Fig. 1A, grey panel). However, this possibility is not
consistent with our estimates of the total ATP content in CMSII in the
light (Table 1), which is the same (or even higher) in both transient and
steady state conditions.

Therefore, we consider another hypothesis, where the decreased
rate of Ay ™ generation at the onset of illumination would stem from

a slower consumption of reducing equivalents generated during
illumination ([18], see also Fig. 5). Alternatively, it can be conceived
that in the mutant, part of the ATP generated in the light may be
consumed to fuel metabolic processes (e.g. protein synthesis)
otherwise fuelled by respiration. In both cases (a reduced cellular
ATP content, or the slower rate of electron flow, i.e. a slower capacity
to generate a proton motive force in the light) a delayed NPQ onset
can be conceived. These effects in the light, plus the reduced size of
the Apy™ established in the dark in CMSII (owing to reduced ATP
content) would fully account for both the reduced size, and the
reduced rate of NPQ generation in the mutant. Moreover, this
hypothesis would be consistent with previous observations of higher
malate and NADPH concentrations in the mutant [16]. The finding
that the activity of the stromal NADP-malate dehydrogenase remains
high throughout the induction period of photosynthesis [18] is also
consistent with this hypothesis. While the NADP-malate dehydroge-
nase in the WT showed an initial rise and a subsequent fall during the
induction of carbon assimilation, in parallel with leaf NADPH/NADP
[92], this activity was rapidly induced in CMSII and remained high
even when the rate of net CO, fixation approached that of the WT,
suggesting an increased reduction state of the stroma because of
insufficient electron sinks outside the chloroplast [92].

Finally, this hypothesis would also provide a rationale for the
decreased NPQ response that is observed in myxothiazol treated
CMSII leaves (Fig. 2) where both the respiratory complexes I and III
are blocked. In myxothiazol-treated CMSII leaves the only pathways
for electron flow operating would be thus from alternative NAD(P)H
deshydogenases and complex II to the alternative oxidase(s). This
would further reduce their capacity to oxidize reducing equivalents
generated by the chloroplast (reviewed in [24]), and therefore
diminish the capacity of this organelle to build a NPQ response.

In conclusion, our comparative analysis of the photosynthetic
induction in the WT and the CMSII mutant of N. sylvestris allows to
address two major aspects of the regulation of light acclimation in
plants: (i) the role of the transthylakoidal electrochemical potential
and of cyclic electron flow in regulating the transient NPQ, which
develops at the onset of photosynthetic activity and, (ii) the role of
respiration in balancing light utilization and carbon assimilation, by
controlling the cellular redox poise.
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