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Leaves of tobacco plants grown in short days (8 h light) generate more reactive oxygen species in the light
than leaves of plants grown in long days (16 h light). A two fold higher level of superoxide production was
observed even in isolated thylakoids from short day plants. By using specific inhibitors of photosystem II
and of the cytochrome bgf complex, the site of O, reduction could be assigned to photosystem I. The higher
rate of O, reduction led to the formation of a higher proton gradient in thylakoids from short day plants. In
the presence of an uncoupler, the differences in O, reduction between thylakoids from short day and long

gﬁ{,ﬁ‘gﬁf{m day plants were abolished. The pigment content and the protein content of the major protein complexes of
Reactive oxygen species the photosynthetic electron transport chain were unaffected by the growth condition. Addition of NADPH,
Spin trap but not of NADH, to coupled thylakoids from long day plants raised the level of superoxide production to
EPR spectroscopy the same level as observed in thylakoids from short day plants. The hypothesis is put forward that the binding

Pseudocyclic electron transport of an unknown protein permits the higher rate of pseudocyclic electron flow in thylakoids from short-day
grown plants and that this putative protein plays an important role in changing the proportions of linear, cy-

clic and pseudocyclic electron transport in favour of pseudocyclic electron transport. This article is part of a

Special Issue entitled: Photosynthesis Research for Sustainability: from Natural to Articifical.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Plant development is controlled by numerous external factors.
Among those, the quantity and quality of light and the length of the
daily light period are very important. The first scientific description
of the effects of light on plant development was performed in the
19th century by Julius Sachs [1]. Aside from the influence of photore-
ceptors (phytochromes, cryptochromes) on the development, photo-
synthesis as energy source plays a crucial role in the normal
development. There are large metabolic changes in plants grown in
(or shifted to) different light periods. A main focus in research during
the last 30 years was on starch accumulation and the partitioning of
assimilated CO, in soluble sugars and starch (e.g. [2-6]). The parti-
tioning of photosynthate into chloroplast starch is altered according
to the length of the daily photosynthetic photoperiod in many species
[3]. It was shown by Gibon et al. [7] that starch synthesis is 4-fold
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stimulated in Arabidopsis wt in short day conditions because of
sugar depletion during the long night and rapid sugar accumulation
during the start of the light period. Changes in the length of the
light period evoke large changes on the transcriptome level. Thimm
et al. [8] reported that 6 h extension of the night leads to a decreased
level of transcripts of hundreds of genes involved in anabolic path-
ways and to an increased level of transcripts of hundreds of genes in-
volved in catabolic pathways. In addition, many changes occurred in
the expression of genes involved in hormone synthesis, sensing, reg-
ulation of transcription and protein modification.

There are several reports in the literature that mutants affected in
very different genes show a morphologically visible phenotype only
when grown under short day conditions while they are indistinguish-
able from the wt when grown under long day conditions. In the fol-
lowing some references are given to publications on mutants defect
in the plastidial ATP/ADP transporters [9], in the mitochondrial
AtFTsH4 protease [10] and in the chloroplast NADPH-thioredoxin re-
ductase [11]. Some of the mutants affected in short day conditions are
defective in genes involved in detoxifying reactive oxygen species
(ROS). It has been shown, for example, that the peptide methionine
sulfoxide reductase 2 prevents oxidative damage in long nights [12].
Mutants defective in this gene showed a higher amount of ROS in
the leaves. In a catalase-deficient mutant (cat2) the transcript level
of H,0,-inducible genes was strongly induced when grown in short
day conditions [13]. In addition, in wt Arabidopsis, the activity of the
antioxidant enzymes ascorbate peroxidase and catalase and the
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content of reduced glutathione was decreased in short day conditions
[14]. A lower performance of the antioxidant system may result in a
higher level of oxidative stress.

In the present study, we investigated whether changes in the length
of the light period alter the properties of the photosynthetic electron
transport chain and thereby change the amount of ROS generated in
the light. A higher level of ROS in a mutant background may trigger
the manifestation of a phenotype. To test this hypothesis we investigat-
ed ROS generation in leaves and isolated thylakoids from tobacco and
Arabidopsis grown at the same light intensity under a 8 h light/16 h
dark (short day, SD) and 16 h light/ 8 h dark regime (long day, LD).
We followed the light-induced generation of ROS by spin trapping EPR
spectroscopy in leaves and thylakoids. Furthermore, we investigated
the susceptibility to light by measuring the loss of variable fluorescence
in leaves. The electron transport capacities of isolated thylakoids, the ca-
pacities of formation of a proton gradient and the production of ATP
were measured. We show that SD leaves and even isolated thylakoids
from SD leaves produce significantly more superoxide by the pseudo-
cyclic electron flow than those from leaves in LD conditions. We suggest
that an alteration at photosystem I (PSI) is responsible for the increase in
ROS production in SD conditions. We postulate that this alteration is
caused by the binding of an unknown protein to PSL

2. Materials and methods
2.1. Materials

Nicotiana tabacum cv. Petit Havanna plants were grown for
8 weeks in soil either under short day conditions (8 h continuous
white light—160 pmol quanta m~2s~ !, 21°C/16 h dark, 18 °C) or
long day conditions (16 h continuous white light—160 pmol quanta
m~2s~ ', 21°C/8 h dark, 18 °C).

2.2. Extraction of thylakoids from N. tabacum

Young fully expanded leaves were grinded in 0.33 M sorbitol,
60 mM KCl, 10 mM EDTA, 1 mM MgCl,, 25 mM Mes pH 6.1. After cen-
trifugation, the pellet was first washed with 0.33 M sorbitol, 60 mM
KCl, 10 mM EDTA, 1 mM MgCl,, 25 mM HEPES pH 6.7, then resus-
pended in 5 mM MgCl,, 20 mM K,P0,4/KHPO,4 pH 7.6 to break all in-
tact chloroplast. After centrifugation, the pellet was resuspended in
0.3 M sucrose, 5 mM MgCl,, 20 mM K,PO4/KHPO,4 pH 7.6 (measure-
ment buffer) so as to have a final concentration of chlorophyll of ca.
1 mg of chlorophyll per ml of thylakoids. All centrifugations were per-
formed at 3000g for 3 min at 4 °C.

2.3. Room-temperature spin-trapping EPR measurements

Spin-trapping assays with 4-pyridyl-1-oxide-N-tert-butylnitrone
(4-POBN) (Sigma-Aldrich) were carried out using leaf disks or freshly
shocked chloroplasts at a concentration of 10 pg of Chl ml~'. Leaf
disks were vacuum-infiltrated with the buffer containing the spin
trap reagents prior to the illumination and then floating on the
same buffer during the illumination. Samples were illuminated for a
given time with white light (500 or 1500 pmol quanta m~2s~!) in
the presence of 50 mM 4-POBN, 4% ethanol, 50 uM Fe-EDTA, and buff-
er (25 mM HEPES, pH 7.5, 5 mM MgCl,, 0.3 M sorbitol). When re-
quired, 20 uM DCMU, 50 pM DNP-INT or 10 pM DBMIB, or 10 mM
NH,4Cl were added prior illumination. Alternatively, 5 M nigericin
was used as uncoupler.

Spin-trapping assays with 5-diethoxyphosphoryl-5-methyl-1-
pyrroline N-oxide (DEPMPO) were carried out with thoroughly
washed thylakoids (washing buffer contained 25 mM HEPES, pH 7.5,
and 5 mM MgCl,) at a concentration of 50 ug of chl ml™'. Samples
were illuminated for 5 min with white light (1500 umol quanta
m~2 s~ 1) in the presence of 50 mM DEPMPO, 1 mM DTPA and buffer

(25 mM HEPES, pH 7.5, 5 mM MgCl,). When required, 50 pg SOD/ml,
or 10 uM DBMIB were added prior to the illumination.

EPR spectra were recorded at room temperature in a standard
quartz flat cell using an ESP-300 X-band (9.73 GHz) spectrometer
(Bruker, Rheinstetten, Germany). The following parameters were
used: microwave frequency 9.73 GHz, modulation frequency
100 kHz, modulation amplitude: 1 G, microwave power: 63 mW in
DEPMPO assays, or 6.3 mW in 4-POBN assays, receiver gain: 2x 10%,
time constant: 40.96 ms; number of scans: 4.

2.4. 0, measurements

Measurements of O, production and consumption were per-
formed in a Liquid-Phase Oxygen Electrode Chamber (Hansatech In-
struments, Norfolk, England). O, evolution was measured in
thylakoids (10 ug Chl ml™") in the presence of 1 mM ferricyanide, O,
consumption was measured in thylakoids (40 pg Chl ml~!) in the
measurement buffer in the presence or absence of 10 mM NH4CI.
PSI activity was measured from thylakoids (5 pg Chl ml~') in the pres-
ence of 10 yM DCMU, 5 mM ascorbate, 30 uM DCPIP and 500 M
methylviologen. All activities were measured in the absence or pres-
ence of 10 mM NH4Cl as an uncoupler. Alternatively, 5 UM nigericin
was used as an uncoupler.

2.5. Pigment content

Leaf disks from young fully expanded leaves were grinded in lig-
uid nitrogen and resuspended in 2 ml ethanol 98%. After 2 min centri-
fugation at room temperature and 10,000g, pigment content was
determined spectrophotometrically from the optical densities mea-
sured at 470, 534, 643, 661 and 750 nm [15]. At least two leaf disks
were analyzed for each plant considered.

2.6. Immunoblots

15pg Chl from the different thylakoids extracts were used for
analysis by SDS-PAGE (12% acrylamide) and immunoblotting. Proteins
were blotted onto nitrocellulose filters. Labelling of the membranes
with anti-Cytf, ATP synthase B-subunit (Agrisera, Vdnnds, Sweden),
PsaD, PsbA, FNR, NDH-H, or PRX-Q antisera was carried out at room
temperature in 1x TBS (50 mM Tris-HCl pH 7.6, 150 mM Nacl),
0.1% Tween 20 and 1% non-fat powder milk. After washing, bound an-
tibodies were revealed with a peroxidase-linked secondary anti-rabbit
antibody (Agrisera, Vannds, Sweden) and visualized by enhanced
chemiluminescence.

2.7. Measurement of the proton gradient by 9-aminoacridine fluorescence

The light-induced generation of a proton gradient was measured
in thylakoids (20pug Chl ml™!') in the presence of 7uM 9-
aminoacridine in 0.3 M sucrose, 5 mM MgCl,, 20 mM K;PO4/KHPO,4
pH 7.6 using the NADPH measuring head of the DUAL-PAM (Walz,
Effeltrich, Germany). As actinic light, red light at 500 umol quanta
m~2 s~ ! was used. 100 uM methylviologen was added as an electron

acceptor when indicated.
2.8. ATP production

Thylakoids (0.5mg Chl ml~') were illuminated for 2 min at
1500 pumol quanta m~2 s~ ! in 25 mM Tricine buffer pH 8.0 contain-
ing 5 mM K,P04/KHPO,4 pH 8.0, 50 mM NacCl, 5 mM MgCl,, 1 mM fer-
ricyanide, 5 mM glucose, 0.2 mM ADP and 2.5 U of hexokinase. After
illumination, the reaction was stopped by addition of 0.3 M HClO,.
1 ml of the sample was mixed with 1 M Tris (final Tris concentration
50 mM) and neutralized to pH 8.0 with 3 M KOH. After 15 min of in-
cubation on ice, the neutralized sample was centrifuged for 5 min at
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5000g. Determination of ATP production was then assayed following
NADPH production with a spectrophotometer at OD 340 nm, using
500 pl of the supernatant mixed with an equal volume of 50 mM Tri-
cine buffer pH 8.0, 0.5 mM NADP " and 5 mM MgCl,. The reaction was
started by adding glucose-6-phosphate dehydrogenase. A repetition
of all samples was done in the presence of 50 mM NH4CI as an uncou-
pler to determine the intrinsic activity of the adenylate kinase.

2.9. Statistics

Data represent means or representative examples from measure-
ments repeated three to nine times on independent preparations.
Typical SD values are shown in Figs. 1, 3, 7, 9, 10 and Table 1.

3. Results

3.1. Influence of the length of the light period on the generation of reactive
oxygen species in leaves

Long-day conditions compared to short-day conditions affected
many aspects of growth and development of tobacco plants. Stem
elongation was greatly enhanced by long photoperiods, the size of
the leaves and the root system were largely increased, the leaves
were thicker and appeared greener, and the plants started earlier to
flower, indicative for a difference in developmental patterns (data
not shown). In the present study we focus only on aspects related
to photosynthetic electron transport.

It was reported previously that shortening of the photoperiod al-
ters the photosynthetic structures in a way that resemble the accli-
mation to low light [16]. Plants acclimated to low light are more
susceptible to photoinhibition than plants acclimated to high light
[17] and higher photooxidative stress may explain why many muta-
tions show a clear phenotype under SD conditions. To investigate
whether the short-day grown plants were more susceptible to photo-
inhibition, leaves of SD and LD plants were first incubated for 4 h in
the dark in lincomycin to block the synthesis of D1 protein and there-
by the repair of damaged photosystem II (PSII) centers. Then leaves
were illuminated for up to 2 h with 1500 umol quanta m~2s~ ! and
the ratio of Fv/Fm, a measure of the maximum quantum yield of
PSII, was determined (Fig. 1). Prior to the high light treatment, Fv/
Fm was 0.82 for both leaves from SD and LD plants. This value is
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Fig. 1. Photoinhibition. Effect of high light on chlorophyll fluorescence in leaves from short
day and long day grown plants. Leaf discs were floating on lincomycin solution. Circles,
short day; squares, long day, filled symbols, incubated in low light (8 umol quanta
m~2s™ 1), open symbols incubated in high light (1500 umol quanta m~2s~!). Error
bars represent S.D. (four independent experiments on four plants).

Table 1

ROS production in SD and LD thylakoids. Thylakoids were illuminated for 1 min at high
light (1500 pmol quanta m~2 s~ !) in the presence of the spin trap 4-POBN (50 mM)/
ethanol. Where indicated 10 pM DCMU, or 10 mM NH4Cl were added prior to the illu-
mination. The double integral of the total signal obtained with SD wt thylakoids after
illumination was set to unity. Error bars represent SD (four independent experiments
for long day-grown plants, three for short day-grown plants and three for N. sylvestris).

SD thylakoids LD thylakoids

N. tabacum
no addition 1 0.53+0.07
+ 10 uM DCMU 0.20+0.04 0.204+0.01
+ 10 mM NH4Cl 1.76 +0.05 1.714+0.01
N. sylvestris variety
no addition 1 0.5940.06

typically measured in higher plants [18]. During high light exposure,
the loss of variable fluorescence was considerably higher in leaves
from SD plants than in those from LD plants showing that SD leaves
are more susceptible to photoinhibition. In the absence of lincomycin
no significant difference between SD and LD plants was found (data
not shown).

Photoinhibition is often caused by light-induced production of reac-
tive oxygen species. The production of ‘OH derived from H,0, in the
presence of Fe(Il) can be demonstrated by electron paramagnetic reso-
nance (EPR) spectroscopy using ethanol/a-(4-pyridyl-1-oxide)-N-tert-
butylnitrone (POBN) as a specific spin-trapping system [19,20]. During
photosynthetic electron transport the reduction of O, to 05~ may occur
under conditions of limited number of electron acceptors other than O-.
Two molecules of O3~ dismutate, either spontaneously or catalyzed by
superoxide dismutase (SOD), to H,O, and O,. In the presence of re-
duced transition metal ions such as Fe? ", H,0, can give rise to the hy-
droxyl radical ("OH) in a Fenton reaction supported by the reduction of
Fe3* by 05~ [21]:

H,0, + F¢’"—'OH + OH ™ +Fe’™,

Fe'' + O;—>Fe2+ +0,.

The combination of these two reactions is known as the Fe-
catalyzed Haber-Weiss reaction:

_ Fe?' R’

H,0, +0,”” —= "OH+ OH™ +0,.

In the present study, leaf disks of short-day and long-day tobacco
plants were illuminated with a high light intensity of white light
(1500 umol quanta m~2s™ ') in the presence of POBN/ethanol/
FeEDTA. Representative spectra are shown in Fig. 2. A significantly
larger EPR signal was obtained from leaf disks of SD plants than of
LD plants after 60 min light treatment. Taken this result together
with the higher loss in Fv/Fm in SD leaves, this demonstrates the in-
volvement of ROS in photodamage of PSII and not only in the repair
of PSII (for an actual debate on the mechanisms of photoinhibition
see [22]).

Next we investigated whether the high yield of ROS production
and the high susceptibility of SD leaves to photoinhibition were
caused by a difference in pigment composition (Fig. 3). Leaves of
short-day plants are thinner and about 20% lighter than those of
long-day plants (data not shown). Neither the chlorophyll a, b, carot-
enoid and anthocyanins contents nor the chl a/b ratio were signifi-
cantly altered in SD leaves compared to LD leaves when the
pigment content was normalized to the fresh weight. This excludes
the possibility that the higher susceptibility to photoinhibition of SD
plants was caused by differences in the pigment composition or an-
tenna size. However, one has to keep in mind that SD leaves are
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Fig. 2. Light-induced hydroxyl radical formation in SD and LD leaf disks. Generation of
hydroxyl radicals is shown by indirect spin trapping with 4-POBN. Typical EPR spectra of
the 4-POBN/a-hydroxyethyl adduct are shown. After infiltration with 1 ml of 4-POBN/
ethanol/FeEDTA mix, leaf disks were incubated in the same medium for 1 h in the dark
or under high light (1500 pmol quanta m~2 s~ ') before detection of the radicals in the
medium.

thinner and light may penetrate better into the leaves and may there-
fore evoke larger damage.

3.2. Influence of the length of the light period on the generation of reactive
oxygen species in thylakoids

The question arose whether the increased light-induced ROS pro-
duction in SD leaves was caused by a less efficient antioxidant system
or a difference in the metabolic state of the SD leaves compared to LD
leaves or whether it was due to differences in the photosynthetic
electron transport. To address the latter point, we isolated thylakoid
membranes and washed them thoroughly. Washing of thylakoids in
5mM MgCl, removes the chloroplastic SOD and soluble ascorbate
peroxidase. The same spin trapping assay for the detection of "OH
production as in Fig. 2 was repeated with thylakoids (Fig. 4). In ab-
sence of FeEEDTA, no signal is detected, meaning that no “OH is directly
produced by illuminated thylakoids. Thylakoids from SD leaves pro-
duced twice as much ROS as those from LD leaves in the absence of
an uncoupler. Addition of DCMU, an inhibitor of the electron trans-
port in PSII, almost completely inhibited spin adduct formation in
both samples. Addition of an uncoupler (NH4Cl or nigericin were
used) lead to an increase of the formation of the spin adduct and abol-
ished the difference between the two samples. The increase in ROS
production can be explained by a release of the limitation of electron
transport at low luminal pH at the level of the cytochrome bgf com-
plex [23]. A quantitative comparison of the sizes of the EPR signals
is given in Table 1. This effect was seen in fully expanded leaves.
When very old leaves or very young leaves were used instead, the

54
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Fig. 3. Pigment content in SD and LD leaves. Anthocyanins, chlorophyll a and b, carotenoids
content and chlorophyll a/b ratio were determined spectrophotometrically after ethanol
extraction of the pigments from leaf disks from seven plants. Pigment content is reported
as mean = SD.
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Fig. 4. Light-induced hydroxyl radical formation in SD and LD thylakoids. Generation of
hydroxyl radicals is shown by indirect spin trapping with 4-POBN/ethanol/FeEDTA.
Upper part: EPR spectrum of the 4-POBN/a-hydroxyethyl adduct produced by the Fen-
ton reaction in the presence of 5 UM H,0, (left), and EPR spectrum obtained with illu-
minated thylakoids in the absence of FeEDTA. Lower part: samples were illuminated
for 1 min with 1500 umol quanta m~2s~'. Where indicated, 20 uM DCMU, 50 uM
DNP-INT, or 10 mM NH4Cl were added prior illumination. Typical EPR spectra of the
4-POBN/a-hydroxyethyl adduct are shown.

differences between thylakoids from SD and LD plants were much
smaller or even not visible. To show that not only thylakoids from to-
bacco but also from a different species behave the same way, we com-
pared thylakoids from SD and LD Arabidopsis thaliana plants.
Thylakoids from A. thaliana grown under SD generated also twice
the amount of ROS compared to thylakoids from plants grown
under LD (Fig. S1, supplementary material). In addition, we used a va-
riety of N. sylvestris that has lost the difference in flowering induction
due to the length of the photoperiod. When these plants were grown
under SD photoperiod they produced twice as much ROS compared to
those grown in LD photoperiod (Table 1). This indicates that differ-
ences in the developmental state of N. tabacum grown in SD and LD
conditions did not contribute to the phenomenon observed here.

To investigate whether O3~ was the primarily radical species
formed, experiments were carried out in the presence of DEPMPO in-
stead of POBN (Fig. 5). In the spin-trapping assay with POBN, "OH is
trapped in a metal-ion assisted Fenton mechanism from H,0,, the
disproportionation product of O5. DEPMPO forms specific and distin-
guishable adducts with 05~ and "OH [24]. The spin adduct formed
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Fig. 5. Light-induced superoxide formation in SD and LD thylakoids. Upper part: EPR spec-
trum of the DEPMPO-OOH adduct generated in thylakoids in the light in the presence of
10 M methylviologen. Lower part: thylakoid samples were illuminated for 2 min with
500 pmol quanta m~2s~ ! in the presence of 50 mM DEPMPO. Where indicated, 50 pg
SOD/ml, or 10 M DBMIB was added prior to the illumination. Typical EPR spectra of the
DEPMPO-OOH adduct are shown.
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after illumination of SD and LD thylakoids can be attributed to
DEMPO/O5~ (DEPMPO-OOH; the asymmetrical signal of which
could be simulated by a 1 :1 mixture of the two species having the
coupling constants an=13.1 (13.2); ap=50.7 (49.9) and
ayp=11.7 (10.5) G). In the presence of SOD, the signals were
completely suppressed. SD thylakoids produced a signal which was
1.8 fold larger than the signal obtained in LD thylakoids. When the cy-
tochrome bgf inhibitor DBMIB was added prior to the illumination, no
spin adducts could be detected. This demonstrates that the O3 is
generated at the level of photosystem I (PSI) by the so-called pseudo-
cyclic electron flow, also known as Mehler reaction. A production of
O3 at the level of PSII [25] or via the plastid terminal oxidase [20]
can thereby be excluded in the samples and experimental conditions
used here.

Furthermore, we investigated whether the amount of light-
generated '0, depends also on the growth conditions by using the
spin trap TEMPD, which reacts specifically with '0, [26]. No differ-
ence in the two types of samples, SD and LD thylakoids from tobacco
and from Arabidopsis, was observed (Fig. S2, Supplementary figure).

To see whether the length of the day alters the amount of proteins
involved in photosynthetic electron transfer, we monitored the level
of 6 key thylakoid membrane proteins by immunoblot: PsaD, a core
protein of PS I, D1, a core protein of PS II, cytochrome f, NDH-H, a pro-
tein of the NDH complex, FNR and the 3-subunit of the ATP synthase.
In addition, we probed for peroxiredoxin Q, an antioxidant enzyme
which is bound to the thylakoid membrane and possibly active
under our experimental conditions [27]. Fig. 6 shows that the level
of the tested proteins was unchanged in SD and LD thylakoids.

Next the light dependency of the O,-consumption of SD and LD
thylakoids was measured using a Clark-type oxygen electrode
(Fig. 7A). In the absence of an uncoupler, SD thylakoids consumed
twice as much oxygen as did LD thylakoids. In the presence of an un-
coupler, no significant difference between the two samples was ob-
served. These results are in agreement with the spin trapping
experiments: Thylakoids from short-day plants produce more O3~
in a coupled state, while the maximum capacity of the electron trans-
port is the same as seen in the presence of an uncoupler. In this exper-
imental setup, the electron donor is water and O, is evolved at PSII
while it is consumed at the acceptor side of PSI. The higher O,-
consumption in SD thylakoids was also observed when DCPIPH,
was added as artificial donor to PSI and the activity of PSII was inhibited

psbA (D1)

Cytochrome f

psaD

ATP synthase B-su
FNR
NDH-H

PRX-Q
(2 bands)

Fig. 6. Protein content in SD and LD thylakoids. Protein composition of the thylakoid
extracts from short day or long day grown plants was analyzed by SDS-PAGE and im-
munoblotting with antisera against PsaD (photosystem I), PsbA (photosystem II),
Cytf (cytochrome b6/f), ATP synthase 3-subunit, ferredoxin-NADP* reductase (FNR),
NADPH dehydrogenase (NDH) H-subunit, or peroxiredoxin (PRX) Q.
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day and long day plants. O, consumption by thylakoids from short day (open symbols)
or long day -grown (filled symbols) plants was measured under different light inten-
sities in the presence (circles) or absence (triangles) of 10 mM NH,4CI as an uncoupler.
0, consumption is reported as mean =+ SD of 4 experiments. B. O, evolution in short
day and long day plants. O, production by thylakoids from short day (open symbols)
or long day—grown (filled symbols) plants were measured under different light inten-
sities in the presence of 1 mM ferricyanide, with (circles) or without (triangles) 10 mM
NH,4Cl as an uncoupler. O, evolution is reported as mean =+ SD of 4 experiments. C. PSI
activity in short day and long day plants. PSI activity by thylakoids from short day
(open symbols) or long day—grown (filled symbols) plants were measured under dif-
ferent light intensities in the presence of 10 uM DCMU, 5 mM ascorbate, 30 uM DCPIP
and 500 pM methylviologen, with (circles) or without (triangles) 10 mM NH4CI as an
uncoupler. PSI activity is reported as mean 4 SD of three experiments.

by the addition of DCMU. In this case, at saturating light intensity, SD
thylakoids consumed 8.7 4 0.7 umol O, mg Chl™ ! min™, LD thylakoids
6.5+0.3 umol O, mg Chl™! min~! and, in the presence of nigericin, both
type of samples produced 19.4 + 1.3 umol O, mg Chl"! min™". This result
shows that the difference between SD and LD thylakoids is localized at
PSI when a proton gradient is present.

Fig. 7B shows the light dependency of the linear electron transport
measured from water to Kz[Fe(CN)g], and Fig. 7C the PSI electron trans-
port measured from DCPIPH, to methylviologen in the presence of
DCMU. In the absence of an uncoupler, DCPIPH; is a very inefficient elec-
tron donor because the low pH in the lumen increases the midpoint po-
tential of the DCPIP/DCPIPH, redox couple (Em =217 mV at pH 6.5). No
difference between SD and LD thylakoids was seen neither in the activity
of linear electron flow in the presence of an artificial electron acceptor
nor on PSI electron transport activity.
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The higher electron transport activity in SD thylakoids in the absence
of an electron acceptor other than oxygen resulted in the formation of an
almost 2-fold larger proton gradient as shown by measuring the
quenching of 9-aminoacridine fluorescence (Fig. 8). The quenching of
the 9-aminoacridine fluorescence was rather small in the absence of
an electron acceptor other than O,. Charge recombination reaction in
PSI in the absence of an artificial electron acceptor may be responsible
for the small proton gradient. Down-regulation of electron transport
by photosynthetic control at the bgf complex cannot be the only expla-
nation because in this case the proton gradient should be as large as in
the presence of an artificial acceptor. When methylviologen was added
as electron acceptor, the quenching of 9-aminoacridine fluorescence
was strongly increased in both samples. It was still a bit larger in SD thy-
lakoids than in LD thylakoids. The slightly larger proton gradient
resulted in a slightly higher ATP-production when thylakoids were illu-
minated in the presence of Ks[Fe(CN)g] as artificial electron acceptor
(Fig. 9). Even in the absence of an artificial electron acceptor, a small
amount of ATP was produced in SD thylakoids while no ATP was pro-
duced in LD thylakoids (data not shown). This shows that pseudocyclic
electron flow can be sufficient to drive ATP-synthesis at a low level in SD
thylakoids.

Taken together, the presented results point towards a modification
at the level of PSI which allows PSI in SD thylakoids to use O, more ef-
ficiently as electron acceptor than in LD thylakoids. This difference is
eliminated in the presence of the uncouplers NH4Cl or nigericin. By
monitoring the ROS level by POBN we tested whether reductants like
DTT, reduced glutathione, NADH or NADPH induced modifications in
PSI which could explain the differences in O, reduction and concomi-
tant ROS production. NADPH was the only substance that affected the
ROS production differently in SD and LD thylakoids. As shown in
Fig. 10, NADPH doubled the ROS production in LD thylakoids and sup-
pressed thereby the difference between SD and LD thylakoids in the
coupled state. This was not the case when NADH was added.

4. Discussion

All three modes of photosynthetic electron transport—linear, cyclic
and pseudocyclic—are likely to be at work in vivo [28]. It seems just
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Fig. 9. ATP production in short day and long day plants. The accumulation of ATP in
thylakoids from short day or long day-grown plants, illuminated for 2 min at

500 umol quanta m~2 s~ !, in the presence of 1 mM Ks[Fe(CN)g] and in absence or

the presence of 50 mM NH4Cl, was measured indirectly by determination of NADPH
synthesis in the presence of hexokinase and glucose-6-phosphate dehydrogenase.
ATP production is given as percentage and reported as mean + SD of four experiments.

that the proportions in favour of pseudocyclic electron flow are changed
in SD compared to LD thylakoids. As shown in Figs. 4, 5, 7, the O, con-
sumption/O3~ production is higher in SD than in LD thylakoids. Pseudo-
cyclic electron transport, like cyclic electron transport, contributes to
the formation of the proton gradient and to the production of extra
ATP without reducing NADP™" (Figs. 8, 9). An increase in the proportion
of pseudocyclic electron flow as well as in cyclic electron flow may ex-
plain the higher O, consumption/O5~ production in SD thylakoids
under the assumption that some electrons can leak out to O, during cy-
clic flow. Two routes for cyclic electron flow are discussed in the litera-
ture [29,30]: one depends on the NDH complex, the other one on the
formation of a supercomplex between PSI-LHCI-LHCII-FNR-Cytbgf-
PGRL1 [29,31]. The pathway of cyclic electron flow that involves elec-
tron transport via the NDH complex is found to be increased in wt
plants under water stress [32], in mutants of the glyceraldehyde-3-
phosphate dehydrogenase [33], and in mutants of the chloroplast
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Fig. 8. 9-aminoacridine fluorescence in SD and LD thylakoids. 7 uM 9-aminoacridine was added to the thylakoid membranes. Actinic red light (500 pmol quanta m~2s~ ') was
switched on after 30 s and switched off after 90 s. When indicated, 100 pM methylviologen was added prior to the measurement.
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Fig. 10. Effect of NAD(P)H on the light-induced hydroxyl radical formation in SD and
LD thylakoids. Average amplitude of EPR spectra obtained for thylakoid samples illumi-
nated for 1 min at high light (1500 pmol quanta m~2 s~ ). The signal size obtained
without addition of NAD(P)H was set to 100%. Error bars represent SD (seven indepen-
dent experiments for long day-grown plants and six for short day-grown plants).

fructose-1,6-bisphosphatase [34]. In these plants, the protein level of
NDH is increased. As shown in Fig. 6, the content of the NDH complex
is unchanged in SD conditions and it seems therefore to be unlikely
that this pathway plays a role in the stimulation of O35~ generation
in SD conditions. The contribution of cyclic electron flow via the for-
mation of a supercomplex to the phenomenon observed in SD thyla-
koids can also be ruled out based on the fact that the level of FNR
was unchanged (Fig. 6) and that ferredoxin was lost in the washed
thylakoids. No traces of ferredoxin were detected in immunoblots
and by low temperature EPR spectroscopy. In addition, the pgr5 mu-
tant of Arabidopsis showed the same increase in O3 generation in SD
conditions as the wt (Supplementary Fig. 3). Alternatively, a decrease
of the amount of FNR could increase the reduction of O, at PSI, as has
been shown to occur in transgenic tobacco with reduced level of FNR
[35], but this is not the case here since the level of FNR was the same
in both types of samples.

The difference in O, consumption between SD and LD thylakoids
was maintained when DCPIPH, was used as electron donor to PSI
and, furthermore, 05~ production was enhanced in LD thylakoids by
the addition of NADPH (Fig. 10). These observations point to a change
of the properties of the acceptor side of PSI which facilitates the re-
duction of O,.

There exits several possibilities to rationalize these observations:
(i) A higher diaphorase activity of FNR in SD than in LD thylakoids.!
The diaphorase activity measured in SD and LD thylakoids was iden-
tical (data not shown), therefore we exclude this possibility to play a
role under the experimental conditions used here. (ii) Redox poising
by NADPH which allows more efficient reduction of O,. Redox poising
was suggested to regulate cyclic electron flow [36,37]. If the redox po-
tential played a role in the regulation of pseudocyclic electron flow,
NADH or reductants like DTT or reduced glutathione should induce
the same effect like NADPH. Since this was not the case, we exclude
this possibility. (iii) NADPH-dependent reversible conformational
changes of PSI that facilitate the reduction of O,. Rajagopal et al.
[38] observed a quenching of the 77 K chlorophyll fluorescence

! A diaphorase is an enzyme which uses NAD(P)H as a substrate and reduces an ar-
tificial electron acceptor.

upon the addition of NADP* which was reversed by NADPH, and
they proposed that a conformational modification of FNR upon bind-
ing of NADP™ or NADPH triggers conformational changes of the PSI
protein complex. Under our condition we would have to assume
that a higher concentration of NADPH is still present in thoroughly
washed thylakoids, which seems unlikely to occur. Furthermore, we
were unable to reproduce the reversible NADP*-induced quenching
of chlorophyll fluorescence, neither in SD nor in LD thylakoids. How-
ever, one can imagine that, in addition, a putative protein plays a role
in regulating pseudocyclic electron flow. We propose that this puta-
tive protein binds to PSI under SD conditions and that this protein fa-
cilitates the access of O, to its site of O3~ generation at the acceptor
side of PSI. This protein should be able to sense the pH in the stroma
or in the lumen, and, in the presence of an uncoupler, it could change
its conformation and thereby of the access of O, to PSI. The differ-
ences between SD and LD thylakoids are abolished in the presence
of an uncoupler. We propose further that this putative protein is lo-
calized close to the FNR binding site in SD plants and is lacking in
LD plants.

In leaf disks a larger difference in the amount of light-induced ROS
production was found between SD and LD plants than in isolated thyla-
koids (Figs. 2, 4). In SD leaves the ratio of NADP*/ NADPH may be al-
tered so that little NADP™ is available as electron acceptor and that
therefore the reduction of O, is favoured. In addition, it is known that
the antioxidant system is affected by SD conditions. In Arabidopsis, it
has been shown that the activity of the antioxidant enzymes ascorbate
peroxidase and catalase and the content of reduced glutathione is de-
creased in short day conditions [14]. A higher activity of pseudocyclic
electron flow and, in addition, a lower performance of the antioxidant
system result in a higher level of oxidative stress. In addition, the FNR
content and differences in the distribution of FNR isoforms [39,40]
may contribute to oxidative stress in vivo. It has been demonstrated
that plants expressing antisense FNR show increased susceptibility to
photodamage [35,41] while FNR overexpressors show no difference in
CO, assimilation but an enhanced tolerance to photooxidative stress
[42].

As already mentioned in Introduction, starch synthesis is stimulat-
ed in SD plants [7]. Starch synthesis may be regarded as an overflow
product when photosynthesis is high [43,44]. When the rate of photo-
synthesis is high relative compared to the demand of sucrose, the
ratio of 3-phosphoglycerate to Pi will be high. This activates the
ADP-glucose pyrophosphorylase (AGP) and thereby allows a higher
partitioning of photosynthates towards starch than towards sucrose
synthesis. Besides this allosteric control, post-translational regulation
mechanisms of AGP have been described [7]. In short days the activity
of ADP-glucose pyrophosphorylase is increased by post-translational
regulation. In parallel, the amount of the sucrose-phosphate synthase
is decreased. This leads to an increase of the ratio ADP-glucose pyro-
phosphorylase activity to sucrose-phosphate synthase activity which
results in an increased partitioning to starch during the first part of
the light period in short day conditions [7]. The regulation of the elec-
tron flow at the acceptor side of PSI and the increase in pseudocyclic
electron flow may be of physiological importance to fulfill the higher
requirement of ATP under SD conditions. The higher pseudocylic elec-
tron flow leads to higher level of ROS which may act as retrograde
plastid signal that induces changes in the transcriptome. A higher
level of photooxidative stress may result in more pronounced pheno-
types of certain mutants under SD conditions.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.bbabio.2011.11.014.
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