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Repetitive light pulse-induced photoinhibition of photosystem I
severely affects CO2 assimilation and photoprotection
in wheat leaves
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Abstract It was previously found that photosystem I (PSI)

photoinhibition represents mostly irreversible damage with a

slow recovery; however, its physiological significance has not

been sufficiently characterized. The aim of the study was to

assess the effect of PSI photoinhibition on photosynthesis

in vivo. The inactivation of PSI was done by a series of short

light saturationpulses applied byfluorimeter in darkness (every

10 s for 15 min), which led to decrease of both PSI (*60 %)

and photosystem II (PSII) (*15 %) photochemical activity.

No PSI recoverywas observedwithin 2 days, whereas the PSII

was fully recovered. Strongly limited PSI electron transport led

to an imbalance between PSII and PSI photochemistry, with a

high excitation pressure on PSII acceptor side and low oxida-

tion of the PSI donor side. Low and delayed light-inducedNPQ

and P700? rise in inactivated samples indicated a decrease in

formation of transthylakoid proton gradient (DpH), which was
confirmed also by analysis of electrochromic bandshift (ECSt)

records. In parallel with photochemical parameters, the CO2

assimilation was also strongly inhibited, more in low light

(*70 %) than in high light (*45 %); the decrease was not

caused by stomatal closure. PSI electron transport limited the

CO2 assimilation at low to moderate light intensities, but it

seems not to be directly responsible for a lowCO2 assimilation

at high light. In this regard, the possible effects of PSI pho-

toinhibition on the redox signaling in chloroplast and its role in

downregulation of Calvin cycle activity are discussed.

Keywords PSI photoinactivation � Transthylakoid proton

gradient � Non-photochemical quenching � Electrochromic

bandshift � P700

Abbreviations

ACO2
CO2 assimilation rate

CET Cyclic electron transport

cyt b6/f Cytochrome b6/f

ECS Electrochromic shift

ETR Apparent electron transport rate

F0 Minimum fluorescence from dark-adapted leaf

(PSII centers open)

F0
0 Minimum fluorescence from light-adapted leaf

Fm, F
0
m Maximum fluorescence from dark- or light-

adapted leaf respectively (PS II centers closed)

FNR Ferredoxin NADP? oxidoreductase

Fv/Fm Maximum quantum yield of PSII

photochemistry

gH? Transthylakoid proton conductivity

LED Light emitting diode

LHC Light harvesting complex
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NPQ Non-photochemical quenching

P P700 absorbance at given light intensity

P700 Primary electron donor of PSI (reduced form)

P700? Primary electron donor of PSI (oxidized form)

PAM Pulse-amplitude modulated

PAR Photosynthetic active radiation

Pm, P
0
m Maximum P700 signal in dark- or light-adapted

state

Pmf Proton motive force

PS I Photosystem I

PS II Photosystem II

QA Primary PSII acceptor

QA
-/QA Total Redox poise of the primary electron

acceptor of PSII (1 - qP)

qE PH dependent energy dissipation

qL ‘Lake’ model photochemical quenching

coefficient

qP ‘Puddle’ model photochemical quenching

coefficient

SP Saturation light pulse

DpH Transthylakoid pH gradient

DpHpmf Osmotic component of proton motive force

UNA Quantum yield of non-photochemical energy

dissipation in PSI due to acceptor side limitation

UND Quantum yield of non-photochemical energy

dissipation in PSI due to donor side limitation

UNO Quantum efficiency of non-regulated energy

dissipation in PSII

UNPQ Quantum yield of pH-dependent energy

dissipation in PSII

UPSI Effective quantum yield (efficiency) of PSI

photochemistry at given actinic light intensity

UPSII Actual quantum yield (efficiency) of PSII

photochemistry

Dw Transmembrane electric potential

Dwpmf Electric component of proton motive force

Introduction

In oxygenic photosynthesis of plants, photosystem I (PSI)

and II (PSII) are the pigment containing reaction centers

located in the thylakoid membrane, which are involved in

the light reactions of photosynthesis (Barber and Andersson

1994). PSII can split water and use it as a source of elec-

trons, which are transferred along the electron transport

chain (including PSI), ultimately reducing NADP?. Proton

translocation, which is coupled with electron transport,

occurs across the thylakoid membrane from the stroma to

the thylakoid lumen. The resulting proton gradient (DpH) is
utilized in ATP synthesis. In addition to this linear electron

transport, cyclic electron transport (CET) around PSI

probably also participates in the DpH formation (Shikanai

2012, 2014). As CET is not coupled with NADPH accu-

mulation, it may contribute to the photosynthetic flexibility

necessary for photoprotection and to ensure the ATP/

NADPH output ratio for plant metabolism (Kramer et al.

2003; Kramer and Evans 2011). In addition to ATP syn-

thesis, transthylakoid proton gradient (DpH) is needed for

activation of non-photochemical quenching by protonating

the protein PsbS (Li et al. 2000) and activating the xan-

thophyll cycle (Demmig-Adams 1990). The proton gradient

in thylakoids is also necessary to trigger the DpH-dependent
regulation of linear electron transport by cytochrome b6/f,

which plays a particularly important role in protecting of

PSI against photooxidative damage (Joliot and Johnson

2011). Cyclic electron flow also plays a role in photopro-

tection of PSI (Bukhov and Carpentier 2004; Miyake 2010).

In addition, the changes in activities of both photosystems

may contribute to the regulation of linear electron transport,

especially in stress conditions (Goltsev et al. 2012; Wang

and Chen 2013; Zivcak et al. 2014a, etc.).

PSI is thought to be more resistant to high light than

PSII (Powles 1984, Allakhverdiev and Murata 2004, 2008;

Murata et al. 2007). It was shown that the PSI reaction

center itself is very efficient in dissipating energy as heat

(Bukhov and Carpentier 2003). PSI with an intact antenna

system is relatively resistant to high light because the an-

tenna proteins are the first target of high light damages.

When photoprotection mechanisms become insufficient,

the antenna chlorophyll proteins act as fuses: LHCI

chlorophylls are degraded while the reaction center pho-

tochemical activity is maintained (Alboresi et al. 2009).

Anyway, it was shown that isolated PSI could be pho-

toinhibited by high light in the absence of PSII activity

(Purcell and Carpentier 1994; Rajagopal et al. 2002, 2003).

Examples of PSI photoinhibition in low temperature con-

ditions are well known (Sonoike and Terashima 1994;

Sonoike 1996; Scheller and Haldrup 2005). Under

physiologically relevant conditions, severe PSI photoinhi-

bition may occur. As an example, Terashima et al. (1994)

observed 70–80 % decrease of quantum yield of photo-

synthetic electron flow through PSI after 5 h chilling of

cucumber leaves at 4 �C, at moderate light intensity; the

PSII quantum yield decreased only by 20 %. Although the

PSI damage in cold-sensitive species use to be more severe

(Sonoike 2011), PSI photoinhibition has been shown even

in cold-tolerant species such as winter rye (Ivanov et al.

1998) and barley (Tjus and Møller 1998; Tjus et al. 1999),

in field conditions, as well (Teicher et al. 2000). However,

the recent studies examining the effects of fluctuating light

have clearly demonstrated that PSI may be endangered by

photoinhibition even at optimum temperature, especially if

the linear electron flow is not properly regulated (Suorsa

et al. 2012; Grieco et al. 2012; Tikkanen et al. 2012, 2014;

Kono et al. 2014).
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The mechanism of PSI photoinhibition and recovery has

received less attention compared to PSII. Yet, it was shown

that the primary reason of PSI photoinactivation is the hy-

droxyl radicals produced by reaction between hydrogen

peroxide and light-reduced iron-sulfur centers of PSI. They

trigger the conformational change in the PSI complex, which

allows access of a serine-type protease to PsaB (Sonoike

et al. 1997). Other studies have indicated that PsaA is also

degraded during photoinhibition of PSI (Tjus et al. 1999). It

was clearly demonstrated that photoinactivation of PSI runs

only in normal (high) oxygen content in the atmosphere, but

not in low oxygen (Sonoike and Terashima 1994; Sejima

et al. 2014); this supports the mechanism of photoinhibition

of PSI by radicals produced on the PSI acceptor side.

PSI recovery was shown to be a very slow process, which

may take several days, even under optimal conditions

(Sonoike 1996; Teicher et al. 2000; Zhang and Scheller 2004;

Zhang et al. 2011), and in some cases, the PSI damagewas not

completely reversible (Kudoh and Sonoike 2002).Most of the

photoinhibitedPSI reaction center complexes are not repaired,

but degraded after photoinhibition together with its binding

chlorophylls (Sonoike 2011). Until stress relief, no or a very

slow protein degradation took place. In contrary, when the

plants were transferred to non-stressed conditions, damaged

PSI cores were completely degraded in a few hours, but the

subsequent resynthesis of PSI was still very slow (Kudoh and

Sonoike 2002; Zhang and Scheller 2004).

Since PSI damage seems to be irreversible, it may have

more severe consequences for plants than PSII photoinhi-

bition. Nevertheless, the physiological significance PSI

photoinhibition is still not well known; mainly, because it

is usually difficult to distinguish the effects of low PSI

activity from other co-occurring effects, caused by cold or

other treatments causing PSI damage. Therefore, the

method of photo-inactivation developed by C. Miyake’s

research group from Kobe University, Japan (Sejima et al.

2014) represents a unique way to induce PSI photoinhibi-

tion in normal (non-mutant) samples with minimal side

effects. The method is based on application of short

saturation pulses (SP) (e.g., 300 ms, 10,000 lmol photons

m-2 s-1 or more, every 10 s) in darkness, resulting in

gradual PSI inactivation. An advantage of this kind of

treatment is that the level of PSI (and PSII) inactivation can

be monitored by the device enabling simultaneous mea-

surements of chlorophyll fluorescence and P700 (e.g.,

DUAL-PAM, Walz, Germany). Up to now, the harmless

effect of short saturation light pulses used by PAM devices

has been considered to be almost insignificant for photo-

chemical components, although there were some findings

on SP-induced PSII photodamage (Shen et al. 1996), but

also about photoinactivation of electron transport chain by

SP applied in darkness, which was, however, not attributed

to PSI photoinhibition (Apostol et al. 2001).

The method of artificial PSI photo-inactivation is based

on SP of a very strong light, which far exceeds the

naturally occurring light intensities, and thus, it does not

attempt to be a direct simulation of what really happens in

natural conditions. Anyway, using this method, all changes

observed after SP treatment can be attributed solely to the

effects of PSI inactivation, almost without undesirable

concomitants. Therefore, in our study, we applied a short

series of repetitive light pulses (15 min, 90 SP) on wheat

leaves in order to investigate the specific effects of PSI-

photoinactivation on CO2 assimilation rate and parameters

related to PSI and PSII photochemistry. Our results clearly

indicate that PSI photoinhibition may directly affect the

photochemical processes, photoprotection and it may cause

a significant decrease of CO2 assimilation. Possible ex-

planations and implications of these findings are discussed.

Material and methods

Plant material and cultivation

The plants of spring wheat (Triticum aestivum L.) cv.

Corso were used for the experiments. Wheat plants were

grown in pots (nine seedlings per pot) with the standard

peat substrate, in a growth chamber with artificial light

provided by fluorescent tubes (growing conditions: 10/14 h

dark/light at 16/20 �C; PAR at leaf level *300 lmol

photons m-2 s-1).

Simultaneous measurements of P700 redox state

and chlorophyll fluorescence

The PSI and PSII photochemical parameters were mea-

sured with a Dual PAM-100 (Walz, Germany) with a ChlF

unit and P700 dual wavelength (830/875 nm) unit, as de-

scribed by Klughammer and Schreiber (1994). SP

(15,000 lmol photons m-2 s-1), intended primarily for the

determination of ChlF parameters were used also for the

assessment of the P700 parameters. Prior to the measure-

ments, plants were dark adapted for 15 min in a dark box,

and for approximately 2 min in the measuring head. After

the determination of F0, Fm, and Pm, the moderate light

intensity (134 lmol photons m-2 s-1) was used to start the

photosynthetic processes for approximately 10 min (the

length and intensity of pre-illumination was tested and

shown to be sufficient). After a steady-state was reached, a

rapid light curve was triggered (light intensities 14, 21, 30,

45, 61, 78, 103, 134, 174, 224, 281, 347, 438, 539, 668,

833, 1036, 1295, 1602, and 1930 lmol photons m-2 s-1;

30 s at each light intensity) with saturation pulse and

far-red pulse for F0
0 determination after 30 s at each light

intensity. For the calculation of the ChlF parameters, the
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following basic values were used: F, F0—fluorescence

emission from dark- or light-adapted leaf, respectively; F0—

minimum fluorescence from dark-adapted leaf (PSII centers

open); Fm, F
0
m—maximum fluorescence from dark- or light-

adapted leaf, respectively (PSII centers closed); F0
0—Mini-

mum fluorescence from light-adapted leaf. The ChlF

parameters were calculated as follows (Kramer et al. 2004;

Baker 2008; Kalaji et al. 2014): the maximum quantum

yield of PSII photochemistry, Fv=Fm ¼ Fm�ð F0Þ=Fm; the

actual quantum yield (efficiency) of PSII photochemistry,

UPSII ¼ ðFm � F0Þ=F0
m; non-photochemical quenching,

NPQ ¼ ðFm � F0
mÞ=F0

m; ‘Puddle’ model photochemical

quenching coefficient, qP ¼ ðF0
m � F0Þ=ðF0

m� F0
0Þ. ‘Lake’

model photochemical quenching coefficient, qL ¼
qPðF0=F

0Þ. Quantum efficiency of non-regulated energy

dissipation in PSII, UNO ¼ 1=½NPQþ 1þ qL Fm=ð F0 � 1Þ�;
quantum yield of pH-dependent energy dissipation in PSII,

UNPQ ¼ 1� UPSII � UNO; the redox poise of the primary

electron acceptor of PSII, QA
-/QA total = 1–qP. The fast-re-

laxing component of NPQ was calculated using measure-

ments after a dark relaxation period (10 min) after high light

treatment: qE ¼ Fm=F
0
m � Fm=F

00
m, where F00

m is the max-

imum fluorescence after dark relaxation following the high

light period (Thiele et al. 1997). The apparent electron

transport rate of PSII photochemistry was calculated by as-

suming a leaf absorption of 0.84 and a PSII:PSI ratio of 1:1,

ETRPSII ¼ UPSII � PAR� 0:84 � 0:5.

For the calculation of the P700 parameters, the following

basic values were used: P—P700 absorbance at given light

intensity; Pm, P
0
m—maximum P700 signal measured using

saturation light pulse following short far-red pre-illumination

in dark- or light-adapted state. The P700 parameters were

calculated as follows (Klughammer and Schreiber 1994): ef-

fective quantum yield (efficiency) of PSI photochemistry at

given PAR, UPSI ¼ ðP0
m � PÞ=Pm; oxidation status of PSI

donor side, i.e., the fraction of P700 oxidized at given state,

P700?/P700 total ¼ UND ¼ P=Pm; reduction status of PSI

acceptor side, i.e., the fraction of overall P700 oxidized in a

given state by saturation pulse due to a lack of electron ac-

ceptors, UNA ¼ ðPm � P0
mÞ=Pm. In PSI-inactivated sam-

ples, both measured and original Pm values (measured in the

exact same position on leaf prior the PSI inactivation) were

used in calculation of P700 parameters. The apparent electron

transport rate of PSI photochemistry was calculated by as-

suming a leaf absorption of 0.84 and a PSII:PSI ratio of 1:1,

ETRPSI ¼ UPSI � PAR � 0:84 � 0:5.

Measurements of electrochromic bandshift

Non-invasive measurements of absorbance changes denoted

as electrochromic bandshift (ECS) were performed with an

LED-based spectrophotometer (JTS 10, Biologic, France)

following Joliot and Joliot (2002). The difference in expo-

nential decay of the signals measured at 520 nm (DA520) and

546 nm (DA520 - DA546) in first 100 ms was used as a

measure of membrane potential (pmf). Measuring flashes

were provided by a white LED filtered at 520 (546) nm. The

time resolution of the instrument was 10 ls. Prior to taking

measurements the sample was pre-illuminated by the artifi-

cial white light with intensity*300 lmol photons m-2 s-1

for at least 2 h. Then, the leaf was inserted into the leaf

holder, and the red light (630 nm, intensity *200 lmol

photons m-2 s-1) was applied for 15 min prior to the mea-

surements of ECS decay. After 15 min at given light inten-

sities, the ECS decay was measured at 520 nm by switching

off the actinic light. Then, the leaf was pre-illuminated again

with the same intensity for 3 min and the same protocol of

ECS decay was measured at 546 nm. The signal measured at

546 nmwas subtracted from the recordmeasured at 520 nm,

which allowed deconvolution of the ECS signal from the

absorption changes associated with the redox changes re-

lated to the electron flow, e.g., the cytochrome b6f complex

(Joliot and Joliot 2002). The parameters derived from ECS

decay were calculated according to Sacksteder and Kramer

(2000). The amplitude of ECS decay normalized to chloro-

phyll content will be considered as a measure of proton

motive force. The thylakoid H? conductivity (gH?) esti-

mated as the reciprocal value of the halftime of the fast ECS

decay in samples adapted to high light. The slow relaxation

of ECS signal enabled to recognize the contribution of two

components of pmf (DpHpmf and DWpmf), as described in

detail elsewhere (Zivcak et al. 2014b). As the measurement

in control and inactivated samples was done at exactly the

same position on the same leaf, no normalization of ECS

signalwas needed, and hence, the original values of ECSdata

were used for comparison of treatments.

Measurements of gas exchange

The photosynthetic rate was measured in steady-state

conditions and within light response curves using a ga-

someter (Ciras2, PP-systems, UK). The following condi-

tions were maintained within the measuring head: leaf

temperature 20 �C, reference CO2 content 380 ppm and

ambient air humidity. The actinic light was provided by

LED light unit (red and blue light LEDs). The measure-

ments consisted from initial induction of photosynthesis at

a single light intensity (1000 lmol photons m-2 s-1) until

stomata were fully open and steady state was reached.

Then, the light response curve was applied, starting with

record at 1500 lmol photons m-2 s-1, continued by step-

wise decreasing levels of actinic light (1200, 1000, 800,

600, 500, 400, 300, 200, 142, 122, 100, 79, 56, 45, 25,

0 lmol photons m-2 s-1). As the photosynthetic enzyme

system was sufficiently activated, time approximately
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3 min was sufficient to reach a steady level of measured

photosynthetic parameters at each light intensity.

PSI inactivation treatment and design

of measurements

Prior the PSI inactivation, all measurements were done,

obtaining data presented here as ‘control’ (non-inactivat-

ed). Then, inactivation was done in the same leaves and at

the same position on the leaf (hereinafter ‘inactivated’).

PSI inactivation was done using the method developed

by C. Miyake’s research group (Sejima et al. 2014). SP of

red light (300 ms, 15,000 lmol photons m-2 s-1) was ap-

plied every 10 s in the absence of actinic light (AL) under

normal air conditions for 15 min using simultaneous

records of chlorophyll fluorescence and P700 parameters, as

described above. To ensure a sufficient area of the PSI in-

activated leaf sample for gas exchange measurements, two

identical PSI inactivation treatments were done, close to-

gether, producing 20 mm long inactivated leaf area, which

was marked and all subsequent measurements were done

exactly in the same position. After PSI inactivation, plants

were grown in the same conditions as before treatment.

The complete measurement procedures (chlorophyll

fluorescence with P700, ECS records and gas exchange

measurements) were done 3 times:

– On the day of the PSI photoinhibition (after min. 2 h in

ambient light conditions).

– 1 day after PSI photoinhibition.

– 2 days after PSI photoinhibition.

Moreover, Pm (P700 amplitude) was measured each

2–3 days for next 2 weeks, to monitor recovery of PSI after

PSI inactivation.

Data processing and analysis

The measurements of gas exchange, ChlF, and P700 were

analyzed from 6 repeated measurements. The mean val-

ues ± SEs (a = 0.05) are presented here. The statistical

significance of differences was assessed using ANOVA

followed by the post hoc Tukey HSD test to identify sta-

tistically homogenous groups.

Results

PSI inactivation

The inactivation treatment consisted of SP of red light

(300 ms, 15,000 lmol photons m-2 s-1) applied every

10 s for 15 min, i.e., 90 pulses were applied in each

treatment. The repetitive SP led to decrease of both PSII

and PSI quantum efficiency (Fig. 1a); however, decrease of

UPSII (approximately 15–20 %) was much lower than de-

crease of UPSI (approximately 50–60 %). Whereas the

UPSII was partially recovered a few minutes after frequent

SP were stopped, the recovery of UPSI was negligible. The

decrease of UPSI was caused by an increase of acceptor side

limitation (UNA); the SP did not cause increase of P700? as

the UND was almost nil.

The highest rate of PSI inactivation (rate of decrease of

UPSI) was approximately 2–3 min after treatment started

(Fig. 1b); after 5 min, the PSI inactivation was gradually

slowed down. The rate of UPSII decrease was the highest at

the beginning, then slowly declined.

The maximum photo oxidizable PSI content (Pm), i.e.,

the maximum amplitude of P700 signal (Pm), is the main

criterion for assessment of PSI photoinactivation. The

analysis of recovery after PSI photoinhibition (Fig. 1c)

shows no PSI recovery in the first 2 days after SP treat-

ment. We can observe a gradual increase of Pm, starting

from 4th day, but 12 days after SP treatment, the Pm values

were still below the initial level. This confirms that the

recovery after PSI photoinhibition used to be a very slow.

In contrary, the PSII (indicated by F0, Fm values) was fully

recovered on the second day after SP treatment (Supple-

mentary Fig. 1).

Simultaneous measurements of chlorophyll

fluorescence and P700

The effects of PSI inactivation on electron and proton

transport-related processes were tested using simultaneous

measurements of chlorophyll fluorescence and PSI trans-

mittance in leaf samples exposed to graduated light in-

tensities (Fig. 2).

PSII quantum yield decreased quickly in inactivated

samples and it was significantly lower compared to values

measured before inactivation in all light intensities

(Fig. 2a). Light induced increase of quantum yield of DpH-
dependent non-photochemical quenching (UNPQ) was

lower in inactivated samples compared to control

(Fig. 2d). As a result of the decrease in UPSII and UNPQ, we

observed very high values of non-regulated (DpH-inde-
pendent) non-photochemical quenching of absorbed light

energy (UNO), especially in low and moderate light inten-

sities (Fig. 2g). Translating UPSII into PSII electron trans-

port rate (Fig. 2j), we can see significantly lower ETRPSII

in inactivated leaf samples.

The interpretation of P700 records becomes more

complicated after PSI inactivation, as the subsequent

measurements were not able to detect a fraction of inacti-

vated PSI RCs. To avoid this, we used original values of

Pm measured before PSI inactivation in the same place of

leaf for calculation of P700 parameters (Fig. 2b, e, h, k).
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Thus, we found low values of PSI quantum yield (UPSI) even

in very low light irradiation, and almost constant UPSI with

some decrease only at very high light intensities. It indicates

that in low light (e.g., 100 lmol photons m-2 s-1) only a

third of PSI RCs are involved in PSI electron transport in

inactivated samples compared to control. In control leaves,

there is an initial decrease of UPSI followed by subsequent

increase, which can be attributed to the startup of cyclic

electron flow around PSI. This pattern disappeared from the

light response curve of UPSI recorded in inactivated sample.

Values of quantumyield of non-photochemical quenching of

PSI caused by the donor side limitation (UND, Fig. 2e)

showed much lower accumulation of oxidized P700 related

to all PSI RCs (P700?/P700TOT). The values of non-photo-

chemical quenching of PSI caused by acceptor side limita-

tion (UNA, Fig. 2h) were very high compared to control, but

it was caused by the fact, that this parameter involves also the

fraction of inactivated PSI. The PSI electron transport rate

(Fig. 2k) had a similar trend as ETRPSII. In addition to lower

values in inactivated samples compared to control, there was

a high difference also in the level of irradiation which was

sufficient to saturate electron transport. The plateau phase

after initial steep increase of ETRPSI appeared at

*300 lmol photons m-2 s-1 in control samples, but at

*1.000 lmol photons m-2 s-1 in inactivated samples.

When using the data of complementary PSI quantumyield

calculated in inactivated samples without considering PSI

inactivation (using actually measured Pm instead of original

Pm values recorded prior the inactivation) we must take into

account different interpretation of the data, as the quantum

yields represents fractions of maximum oxidizable PSI

content (which is not equal to total PSI content in inactivated

samples). UND, representing here the fraction of oxidized

P700 from all oxidizable P700 (P700?/P700OX) increased

very slowly compared to non-inactivated and it was not

saturated even at maximum PAR (Fig. 2f). Due to lack of

electron transport regulation at low light intensities, the PSI

acceptor side was highly reduced in low light (high UNA)

both in control and inactivated samples, but, thanks to

buildup of transthylakoid DpH, the linear electron transport

was down-regulated to prevent the over-reduction of PSI at

high light intensities. While in control samplesUNA reached

its minimum at moderate light intensities, in inactivated

samples it decreased slowly even in high light (Fig. 2i).

Gas exchange measurements

A detrimental effect of PSI photoinactivation on overall

photosynthesis has been assessed using gas exchange light

response curves (Fig. 3a).

Obviously, CO2 assimilation rate was significantly

lower in inactivated samples. Although stomatal conduc-

tance was somewhat lower (Fig. 3b), gs values were still

too high to be responsible for the significant decrease of

photosynthetic rate. Moreover, the intercellular CO2 con-

centration ci (Fig. 3c) were higher in inactivated samples

compared to control, indicating the lower carboxylation

efficiency (CO2 assimilation rate per available CO2 unit) in

inactivated samples compared to non-inactivated. We ob-

served also more significant stomata closure in inactivated

samples in low light, however, plotting the relative stomata

openness against relative intercellular CO2 concentration

(Fig. 3d) indicates that stomata closure can be fully ex-

plained by an increase of CO2 concentration inside the leaf.

Fig. 1 a Example of records of PSI and PSII inactivation within a

PSI inactivation procedure: decrease of PSI and PSII quantum yields

during exposition of leaf sample to regular SP in the darkness (SP

every 10 s for a period of 15 min) followed by 10 min of dark

recovery. The small insertion shows the values of UNA (increasing)

and UND (*0) during PSI inactivation. The hatched area represents

content of photooxidizable PSI, indictated as P0
m/Pm. b The rate of

PSI and PSII inactivation (dU/dt) calculated every minute during the

PSI inactivation procedure (average value ± SE of 6 records). c The

recovery of PSI (values of Pm related to the values measured before

inactivation) after PSI inactivation in 2 weeks following after the PSI

inactivation procedure (average value ± SE of six records)
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Fig. 2 Light response curves of parameters derived from chlorophyll

fluorescence (column left), as well as from P700 records measured

before PSI inactivation treatment (Control) and 2 days after PSI

inactivation (Inactivated). P700 parameters in inactivated samples

were calculated either using the initial value of Pm (initial Pm)

measured in each sample before PSI inactivation treatment (middle

column) or using actual Pm values (actual Pm) measured at the

beginning of measuring protocol, 2 days after PSI inactivation

treatment (column right). a The effective quantum yield of PSII

(UPSII). b The effective quantum yield of PSI (UPSI) calculated using

initial Pm. c The effective quantum yield of PSI (UPSI) calculated

using the actual Pm. d The quantum yield of regulated non-

photochemical quenching in PSII (UNPQ). e The quantum yield of

the PSI non-photochemical quenching caused by the donor-side

limitation (UND) calculated using initial Pm, i.e., the fraction of

overall P700 that is oxidized in a given state (P700?/P700TOT) and

f UND calculated using actual Pm, i.e., the fraction of actually

oxidizable P700 that is really oxidized in a given state (P700?/

P700OX). g The fraction of energy captured by PSII passively

dissipated in the form of heat and fluorescence (UNO). h The quantum

yield of the PSI non-photochemical quenching caused by the

acceptor-side limitation (UNA) calculated using initial Pm, i.e., the

fraction of overall P700 that cannot be oxidized in a given state

(P700NO/P700TOT), and i UNA calculated using actual Pm, i.e., the

fraction of oxidizable P700 that cannot be oxidized in a given state

(P700NO/P700OX). j The apparent electron transport rate in PSII

(ETRPSII) based on chlorophyll fluorescence measurements. k The

apparent electron transport rate in PSI (ETRPSI) based on UPSI values

calculated using initial Pm. l The apparent electron transport rate in

PSI (ETRPSI) based on UPSI values calculated using actual Pm (largely

overestimated ETRPSI in inactivated samples). The rapid light curves

were obtained after previous induction at moderate light; the duration

of each interval with a given light intensity was 30 s (see ‘‘Materials

and methods’’ section for details). The average values ± SEs from six

plants are presented
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The net CO2 assimilation rate at high light intensities

was reduced by *45 % in inactivated samples; however,

in low light, the decrease of net assimilation rate due to PSI

inactivation was even 75 %. The difference between

treatments in respiration rate were not significant, but the

quantum yield of CO2 assimilation decreased from 0.42 in

control to 0.12 in inactivated samples (Supplementary

Fig. 1k). The light compensation point was *32 lmol

photons m-2 s-1 in control but *113 lmol photons

m-2 s-1 in inactivated samples. The steep linear increase

of ACO2
, indicating electron transport-limited (i.e., light

limited) part of the light response curve was limited by the

level approximately 150 lmol photons m-2 s-1 in control,

but almost 1000 lmol photons m-2 s-1 in inactivated

samples (Fig. 3a).

Electrochromic bandshift

The measurements of the dark interval relaxation kinetics

of ECS were done on samples illuminated by moderate

light intensity (*200 lmol photons m-2 s-1) for 15 min,

to reach the steady state. We found some obvious differ-

ences in the shape of ECS decay induced by switch-off of

the actinic light (Supplementary Fig. 2) and ECS pa-

rameters (Fig. 4).

In addition to some decrease of the amplitude of the ECS

signal (ECSt), which is considered to be a rough estimate of

total total proton motive force (pmf), we observed also

differences in new steady value (approximately 20 s after

actinic light was switched off). As this value can be used for

estimation of two components of pmf (electric component

Dwpmf and osmotic component DpHpmf), even visually can

be distinguished increase of Dwpmf and decrease of DpHpmf

in inactivated samples compared to control. The numerical

values of all parameters derived from ECS decay at both

actinic light levels confirm this trend (Fig. 4). The most

significant was the decrease of proton gradient (DpHpmf) in

inactivated samples (Fig. 4c). This decrease was partly

compensated by an increase of Dwpmf (Fig. 4b); however,

we found some decrease in total pmf due to PSI inactivation

(Fig. 4a). The proton conductance, calculated as a time

constant of an exponential decay of ECS signal, was almost

unaffected by inactivation (Fig. 4d).

Discussion

The PSI photoinhibition in higher plants has been well

known for many years, however, it was thought to be

limited mostly to the low temperature conditions (Sonoike

Fig. 3 a CO2 assimilation rate-

light response curves recorded

before and 2 days after PSI

inactivation. b Stomatal

conductance (gs) at different

light levels. c Intercellular CO2

concentration (ci) at different

light intensities. d Relative

stomatal openness (expressed as

the ratio of actual gs to

maximum gs, max) related to

intercellular to air CO2

concentration ratio (ci/ca). The

light curves were recorded after

reaching a full stomata openness

(steady-state), starting with the

highest light level, decreasing

stepwise, thus ensuring

sufficient enzyme activation

level for the next light level (see

‘‘Materials and methods’’

section for details). The average

values ± SEs from six plants

are presented
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2011). However, recent studies have shown that the PSI

inactivation may occur in many cases, in which the linear

electron transport is not properly regulated due to muta-

tions (Suorsa et al. 2012; Grieco et al. 2012; Tikkanen

et al. 2012, 2014) or fluctuating light conditions (Kono

et al. 2014; Kono and Terashima 2014). Although the PSI

inactivation treatment used in our experiment cannot be

regarded as a simulation of naturally occurred phe-

nomenon, it is particularly interesting, but also striking,

that several short SP (commonly used in measuring of

chlorophyll fluorescence parameters for decades) can

drastically affect photosynthetic assimilation in normal,

healthy leaves. On the other hand, it gives us a unique

opportunity to study the specific effects of PSI photoin-

hibition in vivo.

Our results have shown, in fact, two main effects of PSI

photoinhibition: (1) changes in photochemical processes,

associated with electron flow, its regulation and, hence,

photoprotective responses, as well as (2) decrease in CO2

assimilation rate, not caused by the activity of stomata.

Even these two issues are closely related, we will discuss

them separately in following subchapters.

Effects of PSI photoinactivation on photosynthetic

electron transport

In accordance with the results of Sejima et al. (2014) the

SP treatment affected PSI more than PSII photochemistry;

moreover, PSII quantum yield was partly recovered within

a few minutes after SP treatment was stopped and then

fully restored in the next days, whereas in the case of PSI

we did not observe any recovery even 48 h after SP

treatment. Slow recovery was observed by numerous au-

thors studying PSI photoinhibition (Kudoh and Sonoike

2002; Zhang and Scheller 2004). Surprisingly, the full re-

covery of PSI in our experiment was not obtained even

12 days after SP treatment; the extremely slow PSI re-

covery can be associated with relatively high light condi-

tions (*300 lmol photons m-2 s-1) in growth chamber, as

Zhang et al. (2011) have shown that PSI recovery is much

faster in a very low light, but very slow recovery at ambient

light intensities. Our data also indicated that there were no

major differences in photosynthetic responses during the

first 3 days after PSI inactivation (Supplementary Fig. 1).

The fast recovery of PSII and slow recovery of PSI

would be expected to generate an imbalance in electron

distribution between PSII and PSI (Zhang and Scheller

2004). An efficient way to screen the balance between PSI

and PSII is a comparison of the light responses of the redox

poises at PSII acceptor side and PSI donor side, as in well-

balanced systems, the symmetric increase of QA
-/QA and

P700?/P700 (due to ‘‘bottleneck effect’’ of cyt b6/f) can be

expected (Cardol et al. 2011; Zivcak et al. 2014b). Our

results confirm the predicted trend (Fig. 5), as we observed

much faster increase of QA
-/QA, TOT in inactivated sample

compared to control (Fig. 5a), whereas the accumulation of

oxidized P700? appeared at moderate light intensities and

increased slowly in inactivated samples (Fig. 2f). There-

fore, the relationship between QA
-/QA,TOT and P700?/

P700OX (Fig. 5b) indicates an almost symmetrical increase

of PSII and PSI redox poises in control samples, but a

strong initial accumulation of reduced electron carriers at

the PSII acceptor side without any increase in P700?.

Thus, despite the fully recovered PSII activity of dark-

relaxed samples, the light responses of parameters related

to PSII photochemistry were affected by PSI inactivation to

the similar extent as PSI parameters (Fig. 2). In well-bal-

anced photosynthetic systems (e.g., in our control sam-

ples), the rate of linear electron transport is down-regulated

early to prevent over-reduction of PSI acceptor side (Joliot

and Johnson 2011). The downregulation of ETR and in-

crease of NPQ is even faster if the equilibrium between

PSII and PSI is displaced in the opposite direction, in favor

of PSI (Brestic et al. 2014).

The risk of over-reduction of PSI electron acceptors can

be detected by the values of the parameter UNA (P700NO/

Fig. 4 Parameters derived from the dark-interval relaxation kinetics

of ECS (DIRKECS) recorded after 15 min illumination of leaves by

red actinic light at *200 lmol m-2 s-1 in wheat leaves before PSI

inactivation treatment (Control) and two days after PSI inactivation

(Inactive). a The amplitude of ECS decay (ECSt) as an estimate of

proton motive force (pmf). b The electrical component on total pmf

(DWpmf). c The osmotic component of pmf (DpHpmf) estimated from

slow ECS kinetics. d The tylakoid H? conductivity (gH?) estimated

as the reciprocal value of the halftime of the fast ECS decay. The

statistically significant differences between control and drought-

stressed samples at individual light intensities are indicated by the

lowercase letters above columns (ANOVA, Tukey HSD test;

P\ 0.05)
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P700OX, Fig. 2i); it is evident, that UNA increases quickly,

even at relatively low light intensities. The main mechan-

ism of electron transport regulation is the buildup of

transthylakoid proton gradient (DpH) leading both to

down-regulation of electron transport via cyt b6/f (Heber

et al. 1988) and decrease of actual quantum efficiency of

PSII by the mechanism called DpH-dependent non-photo-
chemical quenching (Weis et al. 1987). Targeting the PSII

and PSI parameters, increase in DpH led to increase of

DpH-dependent non-photochemical quenching (NPQ, qE

or UNPQ parameters), as well as UND parameter indicating

the accumulation of P700? as a result of limited e- supply

from PSII due to down-regulated e-transport through cyt

b6/f. In turn, we can use these parameters as an indirect

measure of a DpH increase. Thus, we can see that in in-

activated samples, both UNPQ and UND (and hence DpH)
increased much slower than in control samples (Fig. 2d, f).

As a result, the decrease of UNA parameter (Fig. 2i) as a

measure of reduction of PSI acceptor side, was much

slower and it didn’t reach the minimum even at a very high

light intensity, indicating insufficient photoprotection of

PSI. Moreover, Miyake et al. (2005) found that the PSI

photoinhibition is avoided when the photooxidation rate of

P700 in PSI exceeds the reduction rate of P700; this was

not the case of inactivated samples.

The quantum yield of PSII (Fig. 2a) in control samples

decreased due to increase of DpH-dependent non-photo-
chemical quenching (UNPQ); however, the decrease of

UPSII was much steeper than increase of UNPQ in inacti-

vated samples. It means that the decrease of UPSII was not a

result of active regulation through buildup of DpH across

the thylakoid membrane, but resulted simply from

overreduction of PSII acceptor side (early increase of QA
-/

QA,TOT) mentioned above, leading to increase of non-

regulated non-photochemical dissipation at PSII (UNO) at

low and moderate light intensities (Fig. 2g). UNO repre-

sents energy partitioning through other constitutive pro-

cesses involved in energy dissipation (Szyszka et al. 2007).

Ivanov et al. (2008) suggest that higher UNO is associated

with increased probability for an alternative non-radiative

P680?QA
- radical pair recombination pathway for energy

dissipation within the reaction center of PSII (reaction

center quenching), as an additional quenching mechanism.

In our case, at higher light intensities, with an increase of

regulated dissipation (UNPQ), the non-regulated dissipation

(UNO) decreased (Fig. 2d, g).

To summarize the previous discussion, we can say that

one of the most important effects of PSI inactivation was

the insufficient formation of trans-thylakoid proton gradi-

ent. This phenomenon was confirmed also by the analyses

of ECSt decay (Fig. 4). The question is, why?

In the thylakoid membranes of chloroplasts, light-driven

electron transport is coupled with the establishment of a

proton (H?) gradient (DpH), which together with the

membrane potential (Dw), constitutes the total proton

motive force (pmf) used to drive chloroplast ATP synthase

(Witt 1979; Fischer and Gräber 1999). The size of the

proton gradient is determined by the balance between its

generation, which depends on photosynthetic electron

transport, and its relaxation, which depends mainly on ATP

synthase activity (Sacksteder et al. 2000). As the ATP

synthase activity (estimated by gH? parameter, Fig. 4d, h)

was not severely affected by PSI inactivation (at least at

moderate light intensities), lower electron transport rate,

limited by low PSI content at low-to-moderate light in-

tensity, led to low DpHpmf.

In inactivated samples, PSI content limits the electron

transport rate and thus limits the generation of DpH. To en-

sure sufficient pmf to ATP synthesis, the membrane electric

potential is up-regulated (Fig. 4c, g), as DpH and Dw are

thermodynamically and kinetically equivalent Mitchel (1966).

In contrary, in control samples was Dw very low, in accor-

dance with published observations (Klughammer et al. 2013).

Formation of DpH depends on both linear and PSI CET

(Munekage et al. 2004; Wang et al. 2015). Using the

Fig. 5 a Redox poise of PSII acceptor side (ratio of reduced QA
- to

total QA, TOT) in samples exposed to different actinic light intensities.

b Relationship between the redox poise of PSII acceptor side (QA
-/

QA, TOT) and the redox poise of PSI donor side (ratio of oxidized

P700? to all oxidizable P700OX) in samples exposed to different

actinic light intensities
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difference of PSI and PSII electron transport rate as a rough

estimate of the CET rate, it is obvious that CET was trig-

gered at much higher light intensity in inactivated samples

than in control; moreover, the lower maximum CET was

achieved (Fig. 6a).

Our results (Fig. 6b) support the importance of CET in

formation of DpH (Wang et al. 2015), as the estimated rates

of CET in control and inactivated samples were linearly

correlated with a fast relaxing component of non-photo-

chemical quenching ratio (qE), which is strongly DpH-
dependent (Briantais et al. 1979; Ruban et al. 1992). This

relationship also suggests that the capacity to reach high

CET rate was decreased due to PSI inactivation. Therefore,

the contribution of cyclic electron flow seemed to be in-

sufficient to reach transthylakoid proton gradient needed to

reach full NPQ in inactivated samples.

At this point, it is necessary to mention that the incorrect

handling of the measured P700 data may lead to a com-

pletely opposite conclusion on the significant enhancement

of cyclic electron flow. Indeed, the plots of UPSI calculated

using actually measured (not initial) values of Pm in inac-

tivated samples (Fig. 2c) are rather confusing, as it indicates

higher UPSI at moderate and high light intensities compared

to control. More evident is this trend, when these UPSI

values are used for calculation of ETRPSI using standard

formula, without considering the presence of inactivated

PSI (Fig. 2l). Thus, ETRPSI at high light intensities seemed

to be more than four times higher than ETRPSII. Obviously,

the values of UPSI and ETRPSI are strongly overestimated,

which might lead to the erroneous conclusion that the CET

rate was significantly (enormously) enhanced. In this re-

gard, there is reason to suppose that any PSI inactivation,

which would take place even a few days prior the mea-

surements (e.g., due to cold stress or fluctuating light), may

cause problems to calculate correctly UPSI, thus resulting in

misinterpretation of the measured data.

Effects of PSI photoinactivation on CO2 assimilation

The photochemical processes running at the thylakoid

membranes are interconnected with the Calvin cycle by the

intermediate products, ATP and NADPH, production of

which strongly depends on photosynthetic electron trans-

port rate as well as activities of enzymes (ATP synthase,

FNR). Therefore, some decrease of CO2 assimilation rate

can be expected as a result of the decrease of PSI photo-

chemical activity; nevertheless, the level of decrease of

CO2 assimilation rate observed repeatedly within our ex-

periments was quite surprising (Fig. 3a). The CO2 as-

similation can be limited both by stomatal closure and by

metabolic (non-stomatal) effects (Jones 1985; Zivcak et al.

2013). Although we have observed some decrease of

stomatal conductance (Fig. 3b), decrease of CO2 as-

similation can be hardly explained by an effect of stomata,

as the gs values were high enough to ensure sufficient CO2

uptake, especially at high light levels; moreover, the in-

tercellular CO2 concentration was higher in inactivated

leaves compared to control, indicating clearly non-stomatal

limitation of photosynthesis.

In addition to limited maximum CO2 assimilation, we

observed a serious decrease in maximum quantum yield of

CO2 assimilation (Supplementary Fig. 1k). This parameter

is a function of (i) the efficiency of energy transduction into

NADPH and ATP on the photosynthetic membrane and (ii)

the metabolic pathways in which this reducing and phos-

phorylating potential is utilized. At current atmospheric

CO2 concentrations, healthy C3 plants show UCO2
ap-

proximately 0.042 (Long and Drake 1991), which was ex-

actly the same value as we have observed in control

samples. In inactivated samples we observed UCO2
between

0.012 and 0.014 (i.e., 70 % lower). Thus, interestingly,

decrease of CO2 quantum yield due to PSI photoinactivation

was higher than decrease of photooxidizable PSI content,

but it corresponds to a decrease in UPSI in low light (Fig. 2).

Fig. 6 a The rate of cyclic electron transport around PSI estimated as

a difference between PSI and PSII electron transport rate (values

close to zero recorded in low light are not shown). b Relationship

between estimated values of PSI cyclic electron flow and DpH
dependent non-photochemical quenching (qE). In both graphs, the

data from simultaneous records of chlorophyll fluorescence and P700

(rapid light curves shown in Fig. 2) are used
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The initial, linear part of CO2 light response curve

represents the light-limited, i.e., the electron transport-

limited part (Ögren and Evans 1993). Typically, the linear

part is identified in a range of low light intensity; however,

in inactivated samples, the electron transport-limited part

extended into the high light level (Fig. 3a). It means that in

this part of light response curve, the supply of NADPH

and/or ATP was not sufficient to saturate metabolic needs.

NADPH production depends on linear electron transport,

which can be monitored through chlorophyll fluorescence

measurements. Interestingly, the steep (light-limited) in-

crease of linear electron transport finished at *300 lmol

photons m-2 s-1, after which the linear electron flow in

inactivated samples was regulated by the DpH-dependent
mechanisms mentioned above. This regulation was not

reflected in CO2 assimilation, as the steep increase of CO2

assimilation was still present at much higher light intensi-

ties. It means that the NADPH production was not a lim-

iting factor of CO2 assimilation at high light intensities. On

the other hand, PSI electron transport rate (ETRPSI) in-

creased linearly until high light intensities (over 1000 lmol

photons m-2 s-1) with increasing contribution of CET,

which was expected to contribute to proton transport and,

hence, to the improvement of the ATP/NADPH ratio,

which is critical for meeting of metabolic needs (Kramer

et al. 2003).

To compare the effect of PSI inactivation on CO2 as-

similation rate and PSI quantum yield (and hence ETRPSI),

we plotted relative values of both parameters compared to

control samples (Fig. 7).

The graph highlights two important points: (1) The

photosynthetic rate at low light intensities was more af-

fected by PSI inactivation than in high light. (2) CO2 as-

similation seems to be limited by the PSI quantum yield up

to light intensity *600 lmol photons m-2 s-1. Despite no

more electron-transport limitation, CO2 assimilation at

high light intensities was not increasing closer to the value

of control samples, but it was saturated at the level *55 %

of control.

(1) The severe decrease of photosynthetic performance

in low light conditions due to PSI photoinhibition

can be a serious problem, as the most probable

objects of PSI photoinactivation in natural condi-

tions are the shaded leaves exposed to frequent

sunflecks, i.e., strong light pulses in natural envi-

ronments. Shaded leaves may receive even several

hundred of sunflecks per day, mostly shorter than

10 s (Chazdon 1988; Pearcy et al. 1994). Kono et al.

(2014) have demonstrated that fluctuating light

conditions, i.e., consecutive sunflecks of alternating

low- and high-light, caused significant PSI photoin-

hibition even in wild-type Arabidopsis plants. More-

over, PSI photoinhibition in conditions of low

temperature is induced by low light (Terashima

et al. 1994; Sonoike and Terashima 1994); thus the

shaded parts of plant canopies are more endangered,

again. The significant increase of light compensation

point (Supplementary Fig. 1k) may cause substantial

decrease or a complete loss of photosynthetic

production in lower leaf positions, with major

implications for the whole plant.

(2) An important information is that PSI inactivation and

the resulting insufficient number of PSI RCs cannot

explain a low CO2 assimilation rate at high light

intensities. As we have excluded the effect of stomata

(see ‘‘Discussion ’’ section above), the most probable

reason of low CO2 assimilation is decrease of activity

of enzyme(s) involved in carbon fixation metabolic

pathways. The method used for PSI inactivation

eliminates concomitants; therefore, it is probable that

a possible decrease of enzyme activities seems to be

directly related to the decrease of PSI activity.

Activation of Calvin cycle enzymes is partly regulat-

ed both by NADPH/NADP? ratio and/or ATP/ADP

ratio (Dietz and Pfannschmidt 2011); however, as we

have mentioned before, the activity of ATP synthase

and NADPH production seems not to be a key

limiting factor in high light conditions in inactivated

samples. The second mechanism directly related to

PSI is regulation of activity of photosynthetic

enzymes via thioredoxin/ferredoxin system (Wolo-

siuk and Buchanan 1977) In addition to reduction of

NADP?, the photosynthetic electron flux also re-

duces thioredoxin (Trx), which, in turn, reduces and

activates several enzymes of the Calvin–Benson

cycle, especially glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH), fructose-1,6-bisphosphatase

Fig. 7 Average relative values of PSI quantum yield (UPSI) or PSI

electron transport rate (ETRPSI) and net CO2 assimilation rate ACO2
ð Þ

related to different actinic light intensities. The relative values were

calculated as the ratio of values measured in inactivated samples to

values measured in control samples
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(FBPase), phosphoribulokinase (PRK), and sedohep-

tulose-1,7-bisphosphatase (SBPase), but also the

regulation of other enzymes such as NADP-depen-

dent malate dehydrogenase (NADP-MDH), chloro-

plast glucose-6-phosphate dehydrogenase (G6PDH)

and many others (Wolosiuk and Buchanan 1977;

Ruelland and Miginiac-Maslow 1999; Lemaire et al.

2007; Schürmann and Buchanan 2008; Chibani et al.

2010). Aside from glucose 6-phosphate dehydroge-

nase, which is reductively deactivated by thioredox-

in, each of of the Calvin–Benson cycle enzymes is

(directly or indirectly) activated on reduction by

thioredoxin (Buchanan et al. 2002). The molecular

and structural bases of the Trx-dependent regulation

of these enzymes have been investigated in great

detail. Carbon metabolism enzymes are strictly

regulated by light-dependent thioredoxins reduced

by electrons from PSI (Trxf and Trxm), enabling a

finely tuned day/light regulation of carbon metabo-

lism (Meyer et al. 2012). In our experiment, we have

shown that PSI acceptor side is strongly affected by

PSI inactivation (Fig. 2h), which may be the cause of

insufficient thioredoxin reduction, leading to not fully

activated enzymes of Calvin cycle. Alternatively, if

we assume that the activation of enzymes by Trx at

different light intensities depends on PSI electron

transport rate, then the ETRPSI slowed down due to

PSI inactivation will mimic the lower light level,

leading consequently to down-regulation of Calvin

cycle to that level. Regardless of the exact mechan-

ism, a lower NADPH demand of the down-regulated

Calvin cycle (decrease of NADP?/NADPH ratio)

may explain the DpH dependent down-regulation of

linear electron transport (ETRPSII) in inactivated

samples at high light conditions (Okegawa et al.

2008). However, the hypothesis on the effect of PSI

inactivation on thioredoxin/ferredoxin system-medi-

ated activation of Calvin cycle needs to be verified at

the molecular and biochemical level.

Conclusions

The inactivation of PSI caused by a series of short light SP

applied by fluorimeter in darkness led to a severe, very

slowly relaxing decrease of PSI photochemical activity. It

led to an imbalance between PSII and PSI photochemistry,

with a high excitation pressure on PSII acceptor side and

low oxidation of the PSI donor side. Low activity of PSI

was associated with a decrease in formation of transthy-

lakoid proton gradients (DpH), and hence, a lower non-

photochemical quenching at PSII, as well as highly reduced

acceptor side of PSI. In parallel with photochemical pa-

rameters, the CO2 assimilation was also strongly inhibited,

more in low light than in high light; the decrease was not

caused by stomatal closure. The CO2 assimilation was

limited by the PSI electron transport supply at low to

moderate light intensities, but at high light, carboxylation

rate seemed to be decreased due to down-regulated activity

of Calvin cycle enzymes, which is fine-tuned by the redox

signaling at the PSI acceptor side.
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