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SUMMARY
The plastid terminal oxidase PTOX is a plastohydroquinone:oxygen oxidoreductase that is important for carotenoid biosynthesis and plastid development. Its role in photosynthesis is controversially discussed. Under
a number of abiotic stress conditions, the protein level of PTOX increases. PTOX is thought to act as a
safety valve under high light protecting the photosynthetic apparatus against photodamage. However,
transformants with high PTOX level were reported to suffer from photoinhibition. To analyze the effect of
PTOX on the photosynthetic electron transport, tobacco expressing PTOX-1 from Chlamydomonas reinhardtii (Cr-PTOX1) was studied by chlorophyll fluorescence, thermoluminescence, P700 absorption kinetics
and CO2 assimilation. Cr-PTOX1 was shown to compete very efficiently with the photosynthetic electron
transport for PQH2. High pressure liquid chromatography (HPLC) analysis confirmed that the PQ pool was
highly oxidized in the transformant. Immunoblots showed that, in the wild-type, PTOX was associated with
the thylakoid membrane only at a relatively alkaline pH value while it was detached from the membrane at
neutral pH. We present a model proposing that PTOX associates with the membrane and oxidizes PQH2
only when the oxidation of PQH2 by the cytochrome b6f complex is limiting forward electron transport due
to a high proton gradient across the thylakoid membrane.
Keywords: plastid terminal oxidase, photosynthetic electron transport, photooxidative stress, regulation,
Nicotiana tabacum, Chlamydomonas reinhardtii PTOX1.

INTRODUCTION
The plastid terminal oxidase PTOX is found in plants,
green algae and cyanobacteria. It is a plastohydroquinone:
oxygen oxidoreductase (Kuntz, 2004; Rumeau et al., 2007)
that shares structural similarities with alternative oxidase
AOX found in plant mitochondria. Both belong to the nonheme diiron carboxylate family (Berthold et al., 2000; Fu
et al., 2005).
Plastid terminal oxidase (PTOX) was discovered in the
so-called immutans of A. thaliana showing a variegated
phenotype (Wetzel et al., 1994; Carol et al., 1999; Wu et al.,
1999). In chloroplasts, PTOX is located at the stroma lamel© 2015 The Authors
The Plant Journal © 2015 John Wiley & Sons Ltd

lae facing the stroma (Lennon et al., 2003). PTOX is
involved in carotenoid synthesis during plastid development (Carol et al., 1999; Wu et al., 1999), in which it reoxidizes plastoquinol (PQH2) and provides plastoquinone (PQ)
as electron acceptor for phytoene desaturation reactions.
Moreover, PTOX has been shown to be involved in
chlororespiration (Aluru and Rodermel, 2004; Shahbazi
et al., 2007) together with the NADPH dehydrogenase
(ndh) complex. Despite recent increase of knowledge on a
biochemical level (Josse et al., 2003; Yu et al., 2014), the
physiological role of PTOX during photosynthesis remains
219
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less clear. Increased level of PTOX are found in plants
exposed to abiotic stress as high temperatures, high light
~ ez et al.,
and drought (Quiles, 2006; Dıaz et al., 2007; Iban
2010), low temperatures and high light (Ivanov et al.,
2012), salinity (Stepien and Johnson, 2009) and in alpine
plants at low temperature and high UV exposure (Streb
et al., 2005; Laureau et al., 2013), and it has been proposed
that PTOX acts as a safety valve in the light under abiotic
stress conditions by protecting the plastoquinol pool from
over-reduction. A highly reduced PQ pool hinders forward
electron flow and triggers charge recombination reaction
in photosystem (PS) II leading to the generation of triplet
chlorophyll and the highly toxic singlet oxygen (KriegerLiszkay, 2005). However, overexpression of PTOX in A.
thaliana did not protect against light-induced photodamage (Rosso et al., 2006). Tobacco expressing, in addition to
its endogenous PTOX, PTOX from A. thaliana (Joe€t et al.,
2002; Heyno et al., 2009) or from C. reinhardtii (Ahmad
et al., 2012) showed even stronger photoinhibition and elevated reactive oxygen species (ROS) production (Heyno
et al., 2009).
The aim of the present work was to study the efficiency
of PQH2 oxidation by PTOX in comparison to forward electron flow and the regulation of PTOX activity. The endogenous PTOX level in non-stressed plants is very low (1% of
PSII levels in Arabidopsis thaliana; Lennon et al., 2003),
which makes it difficult to study the activity of this enzyme
in vivo under steady-state conditions. Therefore, we chose
tobacco expressing PTOX1 from Chlamydomonas reinhardtii (Ahmad et al., 2012), which shows among the available transformants the highest PTOX activity and the
strongest phenotype. PTOX activity and its effect on photosynthetic electron transport were followed by chlorophyll
fluorescence, thermoluminescence, P700 absorption
changes and CO2 assimilation. Based on immunoblotting
results we propose a model suggesting that in wild-type
plants PTOX is only operational when the photosynthetic
electron transport is limited by a high pH gradient across
the thylakoid membrane.
RESULTS
Cr-PTOX1 phenotype under different light conditions
Tobacco expressing C. reinhardtii PTOX1 (Cr-PTOX1) was
grown under continuous white light at an intensity of
80 lmol photons m2 sec1 or under a photoperiod of
12 h light/12 h dark at 80 lmol photons m2 sec1 (Figure S1a). At 80 lmol photons m2 sec1 growth was
highly affected in Cr-PTOX1 plants (leaf size from equivalent developmental stage about 30% of wild-type) when
grown under a light/dark photoperiod. Under continuous
light (80 lmol photons m2 sec1) growth was less, but
still strongly retarded (leaf size about 50% of wild-type).
Since Cr-PTOX1 plants grew best under this condition, the

following experiments were performed on plants grown
under continuous light. Higher light intensities of
125 lmol photons m2 sec1 cause severe light stress in
Cr-PTOX1 plants (Ahmad et al., 2012). In accordance with
Ahmad et al. (2012), the maximum quantum efficiency of
PSII (Fv/Fm) was significantly lower in Cr-PTOX1 plants
even when grown under continuous light (Table 1 and Figure S2). Images of chlorophyll fluorescence on whole
plants show that the maximum quantum efficiency of PSII
was the same in all leaves of wild-type, while it was very
heterogeneous in Cr-PTOX1 plants depending strongly on
leaf age and area (Figure S1b) with the youngest leaves
showing the lowest Fv/Fm ratio. Accordingly, the effective
quantum yield of PSII [Φ(II)] was lower. Photochemical
quenching, qP, was about half in Cr-PTOX1 plants compared with wild-type when leaves were illuminated with

Table 1 Comparison of pigment content, photosynthetic activity
and fluorescence parameters between wild-type and Cr-PTOX1
plants
Wild-type

Cr-PTOX1 plants

Chl a content (nmol g1 dry weight)
Chl a absolute
6097.7  100.4
4117.1 
Pigment content (mmol mol1 Chl a)
Chl a
1000
1000
Chl b
353.0  18.6
358.6 
b-Carotene
108.1  9.6
86.9 
Zeaxanthin
11.4  2.4
10.3 
cis-Violaxanthin
7.2  2.4
24.7 
trans-Violaxanthin
42.2  7.8
108.6 
cis -Neoxanthin
43.6  1.8
45.5 
Lutein
182.5  11.2
177.9 
PSI and PSII activity (lmol O2 mg Chl1 h1)
PSI
111.0  15.0
100.0 
PSII
280.0  50.0
240.0 
Chlorophyll fluorescence, I = 95 lmol photons m2 sec1
Fv/Fm
0.82  0.011
0.67 
0.296  0.014
0.133 
ΦPSII
qP
0.455  0.055
0.244 
NPQ
0.222  0.029
0.305 
Chlorophyll fluorescence, I = 340 lmol photons m2 sec1
ΦPSII
0.113  0.008
0.016 
qP
0.236  0.049
0.026 
NPQ
0.311  0.022
0.519 
77 K fluorescence emission
PSI/PSII
2.31  0.41
2.25 

94.9

3.7
2.2
1.5
4.8
5.5
0.9
1.2
10.0
60.0
0.063
0.022
0.046
0.091
0.007
0.018
0.132
0.58

Chlorophyll and carotenoid content of mature leaves from wildtype and Cr-PTOX1 plants grown under continuous light at
80 lmol photons m2 sec1 were obtained by pigment extraction
with HPLC. For better comparison values were normalized to Chl
a. Individual plants were measured [n = 4  standard error (SE)].
PSII and PSI activities of thylakoid membranes were determined
with the oxygen electrode (n = 3  SE). Chlorophyll fluorescence
quenching analysis was performed in vivo with the DUAL-PAM at
95 and 340 lmol photons m2 sec1 on dark-adapted plants
(n = 5  SE). 77K fluorescence emission spectra were measured
after far-red illumination of the leaves (n = 5  SE).
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95 lmol photons m2 sec1 and almost zero when higher
light (340 lmol photons m2 sec1) was applied. To investigate whether expression of Cr-PTOX1 led to more ROS,
O2•/H2O2-derived hydroxyl radicals were measured using
4-POBN/EtOH/Fe-EDTA as spin-trapping assay (Heyno
et al., 2009). Leaf disks of Cr-PTOX1 plants incubated at
growth or high light (500 lmol photons m2 sec1)
showed a higher ROS production than those of wild-type
(Figure S3), indicating that expression of Cr-PTOX1 led to
higher oxidative stress that is probably responsible for the
photoinhibition observed in these plants (Ahmad et al.,
2012). To show that the photosystems were unaltered, the
activity of PSI and PSII was determined using isolated thylakoid membranes and artificial electron acceptors to
exclude that the expression of Cr-PTOX1 perturbed the
photosynthetic machinery per se. As shown in Table 1, no
significant difference was observed neither for the activity
of PSI nor of PSII. Moreover, the PSI/PSII emission ratios
determined by 77 K Fluorescence of Cr-PTOX1 plants are
similar to those of the wild-type (Table 1 and Figure S4).
Additionally, immunoblots showed no significant changes
in the protein levels of the subunits PsbA and PsbS of PSII
and of the large subunit of RubisCO (RbcL) in Cr-PTOX1
plants (Figure S5).
Cr-PTOX1 chlorophyll and carotenoid content
As Cr-PTOX1 is supposed to be involved in carotenoid synthesis of C. reinhardtii (Houille-Vernes et al., 2011) providing oxidized plastoquinone as electron acceptor for the
desaturation reactions of phytoene and as the leaves from
Cr-PTOX1 plants were rather pale, the pigment content
was determined. Pigment analysis showed that the chlorophyll (Chl) content decreased significantly in Cr-PTOX1
plants, with Chl b showing a decrease of 30% and Chl a of
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Cr-PTOX1 and the redox state of the PQ pool
The question arises whether the additional PTOX activity
in Cr-PTOX1 plants alters the redox state of the PQ
pool. To investigate PTOX activity in Cr-PTOX1 plants,
chlorophyll fluorescence induction curves were measured
in thylakoids from wild-type and Cr-PTOX1 plants. The
maximum level of fluorescence is reached when QA is
in its reduced state. The induction of the fluorescence
rise was slowed down in thylakoids from Cr-PTOX1
plants (Figure 1b), showing that the quinone reduction is
slower due to higher PTOX activity. This was only seen
at low light intensities (less than 60 lmol photons
m2 sec1). In the presence of DCMU, an inhibitor that
binds to the QB binding pocket, no difference between
Cr-PTOX1 and wild-type was any longer observed (Figure 1a,b). Addition of the inhibitor octylgallate also abolished the difference between thylakoids from Cr-PTOX1
plants and wild-type (not shown, but see Feilke et al.,
2014).
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35%. The total carotenoid content did not differ significantly between wild-type and Cr-PTOX1 plants
(2.6  0.5 lg mg1 dry weight in wild-type as compared
with 2.4  0.1 lg mg1 dry weight in Cr-PTOX1 plants),
however, the b-carotene level decreased by about 19%
when normalized to Chl a (Table 1) while the total level of
violaxanthin increased in Cr-PTOX1 plants. The amount of
trans-violaxanthin, the isomer involved in the xanthophyll
cycle and non-photochemical quenching (NPQ), was about
two times higher in Cr-PTOX1 plants (Table 1) in accordance with the high value for NPQ. The amount of cis-violaxanthin that serves as a precursor for abscisic acid (ABA)
synthesis (Nambara and Marion-Poll, 2005) was increased
by about three times.
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Figure 1. PTOX activity is increased in Cr-PTOX1 plants.
(a, b) Chlorophyll fluorescence induction curves of thylakoid membranes from (a) wild-type (open squares) and (b) Cr-PTOX1 (diamonds) plants. First, samples
were measured in the absence of DCMU. Then DCMU was added to both samples after 5 min dark adaptation and the measurement was repeated (a, grey
crosses: wild-type; b, circles: Cr-PTOX1). The light intensity was 22 lmol photons m2 sec1. The variable part of the fluorescence of representative curves is
shown. Measurements were performed with 20 lg Chl mL1.
(c) P700 oxidation in leaves of wild-type and Cr-PTOX1 plants. PSI oxidation was probed by far-red illumination of wild-type (black squares) and Cr-PTOX1 (diamonds) plants according to Joliot and Johnson (2011). Plants were dark adapted for 10 min. Then leaves were illuminated 5 min with far-red light, followed by
5 sec actinic red light (600 lmol photons m2 sec1), 2 sec dark, 17 sec far-red light (I = 480 lmol photons m2 sec1). Only the first seconds after onset of farred light of representative curves are shown. The amplitudes of the signal were normalized to 1.
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When PTOX activity is high, the reduction state of the
PQ pool is expected to be low and the electron donation to
PSI may become limiting. Absorption measurements at
830 nm were performed to follow P700 oxidation by FR illumination (Figure 1c). P700 was much faster oxidized in
Cr-PTOX1 plants than in wild-type demonstrating that
fewer electrons were available for reducing P700+, thereby
indicating that the PQ pool was more oxidized in Cr-PTOX1
plants. Alternatively, the oxidation state of the PQ pool can
be monitored by thermoluminescence. The intensity of the
afterglow band (AG-band) band depends on the redox
state of the PQ pool and of QB (Roncel and Ortega, 2005).
As shown in Figure 2(a), the maximum temperature of the
AG-band in Cr-PTOX1 leaves was almost the same as in
wild-type while the intensity was drastically reduced
indicating a high oxidation level of the PQ pool in
Cr-PTOX1 plants. After excitation with a single-turnover
flash, the B-band (reflecting S2,3QB- charge recombination
reactions) was obtained in both samples, showing that PSII
functioned normally in Cr-PTOX1 plants (Figure 2b). Illumination with three single-turnover flashes leads to the
induction of both, the B- and the AG-band (Krieger et al.,
1998) as seen for the wild-type in Figure 2(c). The glow
curve of Cr-PTOX leaves from plants that had been darkadapted for 2 min was dominated by the B-band. However,
when Cr-PTOX1 plants were dark-adapted for at least
30 min the AG-band reappeared and the difference to the
wild-type was no longer observed (Figure 2c). This indicates that PTOX activity is lost in Cr-PTOX1 expressing
plants after prolonged dark adaptation.
To show in an independent way that the PQ pool was
indeed more oxidized in Cr-PTOX1 plants, the redox state
of the PQ pool was analyzed by high pressure liquid chromatography (HPLC) (Kruk and Karpinski, 2006). The PQ
pool in leaves taken from growth light was significantly
more oxidized in Cr-PTOX1 plants than in wild-type, and
the size of the photochemically active PQ pool was
reduced (Table 2). A smaller size of the PQ pool may limit
photosynthetic electron flow as reflected by the low qP
value in the Cr-PTOX1 plants. In contrast, the total PQ content was increased in Cr-PTOX1 plants, and most PQ was
found in the photochemically non-active plastoquinone
fraction localized in plastoglobuli, which was also more
oxidized than in the wild-type. A decrease in the size of the
active PQ pool and an increase in the PQ content in plastoglobuli was already shown previously for plants under
different stress conditions (Nordby and Yelenosky, 1985;
Hernandez et al., 1993; Munne-Bosch and Alegre, 2002).
Besides the function in electron transfer in thylakoids,
PQH2 serves as the main lipophilic ROS scavenger in
 ska and Kruk, 2010).
chloroplasts (Szyman
Cr-PTOX1 plants show a more oxidized PQ pool, and
higher PTOX activity might compete with cytochrome b6f
for the substrate PQH2 under steady-state conditions. To
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Figure 2. Thermoluminescence curves show a lower re-reduction of the PQ
pool in the dark in Cr-PTOX1 plants.
(a) Two minutes dark-adapted leaves were illuminated 30 sec with far-red
light (I = 480 lmol quanta m2 sec1).
(b) Dark-adapted leaves were excited by one saturating single-turnover
flash.
(c) Dark-adapted leaves were excited by three saturating single-turnover
flashes. Open squares: wild-type leaf; diamonds: Cr-PTOX1 leaf; stars:
Cr-PTOX1 leaf after 30 min dark incubation. Leaves from the light
(80 lmol photons m2 sec1) were 2 min dark-adapted prior to the
excitation.

obtain information of Cr-PTOX1 activity during steady-state
photosynthesis saturation pulse analysis was used to
determine PSI quantum yields at different light intensities.
PSI quantum yield is dependent on both, donor-side and
acceptor-side limitation. P700 of Cr-PTOX1 plants show at
light intensities higher than 75 lmol photons m2 sec1 a
significantly higher donor-side limitation Y(ND) than wildtype (Figure 3), indicating PTOX activity under steady-state
conditions.

© 2015 The Authors
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Table 2 Determination of the oxidation state of the PQ pool in
wild-type and Cr-PTOX1 plants

% reduction of PQ pool at growth light
% reduction of PQ photochemically nonactive
Size of PQ pool (% of total PQ)
PQtotal (oxidized + reduced)/100 Chl (mol/
mol)

Wild-type

Cr-PTOX1

99.1  1.9
90.8  3.8

54.0  3.1
71.4  5.2

24.0  2.4
6.0  0.5

8.7  4.0
8.9  0.4

Comparison of the redox state of the PQ pool, its size and the
redox state of the photochemically non-active PQ between wildtype  and Cr-PTOX1 plants. The data represent the mean  standard error (SE) of six independent measurements.
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Figure 3. Photosystem I of Cr-PTOX1 plants shows higher donor-side limitation Y(ND).
Light dependency of acceptor [Y(NA)]- and donor side [Y(ND)] limitation of
PSI quantum yield. Saturating pulse analysis was used to compare wildtype and Cr-PTOX1 plants using the DUAL-PAM. Filled diamonds: wild-type
Y(ND); open diamonds: wild-type Y(NA); filled squares: Cr-PTOX1 Y(ND);
open squares: Cr-PTOX1 Y(NA). The data represent the mean  standard
error (SE) of five independent measurements.

CO2 fixation in Cr-PTOX1 plants and regulation of PTOX
activity
The obtained data indicate that linear electron flow is
reduced in Cr-PTOX1 plants compared with wild-type, and
it was questioned whether these plants produce enough
NADPH and ATP for the reduction of CO2 in the CalvinBenson-Bassham cycle. When CO2 assimilation of wildtype and Cr-PTOX1 leaves was measured (Figure 4), CrPTOX1 plants fixed about three times less CO2 compared
with wild-type on a leaf area basis under normal CO2 conditions (400 ppm CO2). When assimilation rate was
expressed not on leaf area but on chlorophyll content, CO2
fixation rate in Cr-PTOX1 plants was still two times lower
compared to wild-type. Low carbohydrate production is in
agreement with the retarded growth of Cr-PTOX1 plants

and the observation that these plants grew better in continuous light (Figure S1). The shoot and root dry weight of
wild-type and Cr-PTOX1 plants were measured and the
shoot/root ratio determined (Figure S6). This showed that
the shoot/root ratio was higher in Cr-PTOX1 plants than in
the wild-type indicating carbohydrate limitation (Ericsson,
1994) and that the sink-source equilibrium was perturbed.
However, increasing the ambient CO2 level to 2000 ppm
abolished the difference between wild-type and Cr-PTOX1
plants when CO2 assimilation was normalized to chlorophyll (Figure 4b). As elevation of CO2 is unlikely to affect
directly the partition of PQH2 oxidation between PTOX and
cytochrome b6f complex, an indirect effect is expected to
take place. It is known that elevation of CO2, besides the
repression of photorespiration, leads to a slight acidification of the stroma (Hauser et al., 1995). Since PTOX activity
itself is pH-independent in the physiologically relevant pH
range (Yu et al., 2014), a change in the pH of the stroma
may change the accessibility of PTOX to its substrate
PQH2. If this was the case, PTOX activity would be regulated by its membrane association. To test this hypothesis,
the attachment of PTOX to the thylakoid membrane in the
wild-type was studied as a function of light-dependent
alkalization of the stroma. Leaves of wild-type were incubated in dark and high light, quickly homogenized and separated by centrifugation in a supernatant and a membrane
fraction. These fractions were analyzed by SDS-PAGE and
immunoblotting. As shown in Figure 5, PTOX was associated to the thylakoid membrane isolated from leaves
exposed to high light, but not in those isolated from darkadapted leaves, where it was found in the supernatant.
DISCUSSION
Using a combined biochemical and biophysical approach,
we demonstrated that the additional expression of
Cr-PTOX1 increased PTOX activity strongly (Figures 1 and
2) resulting in a more oxidized redox state of the PQ pool
(Figure 2 and Table 2). Electron donation to PSI was
affected (Figure 3), and the plants suffered from a lack of
electron supply for assimilation (Figures 4a and S6). At
higher light intensities, plants expressing Cr-PTOX1 suffered from photoinhibition as has been reported earlier for
this transformant (Ahmad et al., 2012). Cr-PTOX1 plants
produced more O2•/H2O2 (Figure S3, Heyno et al., 2009)
indicating that PTOX acts in a pro-oxidant manner.
Depending on the plastoquinol concentration, PTOX,
besides catalyzing the complete reduction of O2 to H2O,
generates partially ROS as has been demonstrated in vitro
using recombinant PTOX from rice (Feilke et al., 2014; Yu
et al., 2014). Transformants with increased PTOX levels
have been shown to exhibit either no phenotype under
photoinhibitory conditions (Rosso et al., 2006) or to
exhibit signs of photoinhibition (Heyno et al., 2009; Ahmad
et al., 2012). These differences between the available
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Figure 5. PTOX attachment to the membrane depends on light and pH
value.
Leaves of wild-type plants were incubated for 1 h in dark (D) and high light
(HL; 500 lmol photons m2 sec1). PTOX content of total leaf extract
(Total), thylakoid membranes (Pellet) and supernatants was analyzed by
SDS-PAGE and immunoblotting. As loading control antibodies against the
b-subunit of ATP synthase (ATPase) and ferredoxin-NADP reductase (FNR)
were used. The density of the PTOX band in the pellet was 60  20% in HL
and 7  7% in D when normalized to the density of the band of the b-subunit of ATP synthase [mean  standard error (SE), three blots, each with proteins from different preparations, were used for the statistical analysis].
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Figure 4. CO2 assimilation in wild-type and Cr-PTOX1 plants.
The photosynthetic rate of wild-type (open squares) and Cr-PTOX1 plants
(filled squares) per leaf area was measured in response to different light
intensities. Results obtained with Cr-PTOX1 plants were also normalized to
chlorophyll content (asterisks). The data represent the mean  standard
error (SE) of four independent measurements.
(a) CO2 partial pressure at 400 ppm.
(b) CO2 partial pressure at 2000 ppm.

transformants may simply be due to the expression level
of PTOX. PTOX levels are kept rather low in plants grown
under normal conditions (1% of PSII level in A. thaliana,
Lennon et al., 2003), and only plants exposed to abiotic
stress show elevated PTOX level (Streb et al., 2005; Quiles,
2006; Dıaz et al., 2007; Stepien and Johnson, 2009; Iban~ ez
et al., 2010; Ivanov et al., 2012; Laureau et al., 2013). Keeping the amount of PTOX low avoids its competition with
linear and cyclic electron flow and diminishes unnecessary
ROS formation via PTOX. However abiotic stress leads to
the downregulation of forward electron transport, and
under these conditions active PTOX serves as an alternative electron sink and safety valve.
It is generally accepted that PTOX has a low activity
compared with photosynthetic electron flow. The maxi-

mum rate of PTOX was reported to be 5 e sec1 PSII1
for PTOX2 in C. reinhardtii (Houille-Vernes et al., 2011) and
0.3 e sec1 PSII1 in tomato (Trouillard et al., 2012) while
the maximal rate of photosynthesis is approximately
150 e sec1 PSII1 (Nawrocki et al., 2015). These activities
are most likely underestimated since PTOX activity was
measured by chlorophyll fluorescence using dark-adapted
leaves or cells. In vitro study of the enzyme activity using
recombinant PTOX showed a high activity of the enzyme
(up to 19.1  1.1 lmol O2 mg protein1 min1; Yu et al.,
2014). In addition, the data presented here show that PTOX
competes efficiently with photosynthetic electron flow
under steady-state conditions (Figures 3 and 4a). The high
PTOX protein level (Ahmad et al., 2012) is most likely
responsible for the strong competition of Cr-PTOX1 with
the photosynthetic electron flow in the transformant rather
than special characteristics of PTOX1 from C. reinhardtii. In
addition, the recovery of NPQ in Cr-PTOX1 plants was
slower than in the wild-type (Table 1 and Figure S2). This
may be caused by quenching due to photoinhibition, to a
slower relaxation of the proton gradient, to differences in
state transition or in chloroplast movements in these
plants. This observation is in contrast to previous work on
cyanobacteria. It has been reported for marine Synechococcus that PTOX competes with P700 for electrons
while the photochemical efficiency [Φ(II)] remains high
when PTOX is active (Bailey et al., 2008). In the case of CrPTOX1 expressing plants, it is most likely the unnaturally
high Cr-PTOX1 level that leads to a reduced Φ(II) and
enhanced photoinhibition.
Acidification of the lumen serves as a key element to
down-regulate photosynthetic electron transport. Known
mechanisms include NPQ and the photosynthetic control,
i.e. the slowing down of PQH2 by the cytochrome b6f
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complex (Kramer et al., 2004; Foyer et al., 2012). According
to the data presented in Figure 5, changes in PTOX activity
can be added as a new player to the consortium of pHdependent regulation mechanisms. In wild-type tobacco
PTOX was associated with the membrane only in lightadapted leaves at pH 8.0 while it was found in a soluble
form in the supernatant in dark-adapted leaves at pH 6.7.
In the dark in the absence of a DpH the difference in the
intensity of the AG-band (Figure 2c) between wild-type and
Cr-PTOX1 plants disappeared. Moreover, high CO2 leading
to an acidification of the stroma abolished the difference in
CO2 assimilation between Cr-PTOX1 plants and the wildtype (Figure 4b). Furthermore, the growth differences
between wild-type and Cr-PTOX1 plants became very small
when plants were grown under low light conditions
(Ahmad et al., 2012). The pH value of the stroma is known
to increase upon illumination (Heldt et al., 1973), and the
light-induced proton influx is electrically counterbalanced
€ nknecht et al.,
by ion fluxes through Cl-channels (Scho
1988) and K+-channels (Tester and Blatt, 1989; Carraretto
et al., 2013). We suppose that both, the pH value and the
ion concentration, are crucial for the attachment of PTOX
to the membrane. According to reconstitution experiments
using recombinant Os-PTOX fused with the maltose binding protein, a more alkaline pH and the presence of sodium
in comparison to calcium increased the attachment of
PTOX to the membrane (Feilke et al., 2014). In the present
state, we do not know if the association of PTOX with the
membrane changes depending on the pH value or ion concentrations, if the interaction of PTOX with a putative partner protein is interrupted or if alterations of the pH induce
a conformational shift in the PTOX protein structure that
leads to a dissociation of the protein from the membrane.
Another example of an enzyme involved in pH-dependent
regulation of photosynthetic electron flow known to associate with the membrane in a pH-dependent manner is the
violaxanthin de-epoxidase (Hager and Holocher, 1994; Hieber et al., 2002), and it seems likely that other soluble
enzymes of the carotenoid biosynthesis pathway do also
associate to the membrane in a DpH- or Dw-dependent
manner (Peter Beyer, personal communication).
According to our hypothesis, the pH-dependent localization of PTOX (Figure 5) explains why this enzyme may act
as a safety valve protecting against high light or other abiotic stresses. At non-saturating light conditions, the proton
gradient across the membrane does not exceed a certain
threshold value, and PTOX does not interfere with photosynthetic electron transport. Above this threshold, increase
in pH value and ion concentration in the stroma allow the
membrane attachment of PTOX and thereby its accessibility to its lipophilic substrate PQH2. PTOX attaches tightly
and oxidizes PQH2. A highly reduced PQ pool triggers photoinhibition as it increases the probability of charge recombination reactions in PSII leading to triplet chlorophyll

formation and to the generation of toxic singlet oxygen.
The critical stromal pH value is reached when light intensities exceed CO2 assimilation, and photosynthetic electron
transport and reoxidation of PQH2 are slowed down at the
cytochrome b6f complex (Kramer et al., 2004; Foyer et al.,
2012). This decrease in luminal pH value triggers NPQ
which dissipates excess energy and thereby protects the
photosynthetic apparatus against light-induced damage. At
the same time, PTOX attaches to the membrane and
avoids over-reduction of the PQ pool.
EXPERIMENTAL PROCEDURES
Materials
Nicotiana tabacum (var. Petit havana) wild-type and the plastid
transformant expressing plastid terminal oxidase 1 from the green
alga C. reinhardtii (Cr-PTOX1; Ahmad et al., 2012) were grown for
4–6 weeks in soil under continuous light (80 lmol photons
m2 sec1, 21°C). Alternatively, plants were grown in a 12 h light/
12 h dark period at the same light intensity. For measurements on
single leaves, leaves of the same age were used.

Thylakoid membrane preparation from N. tabacum
For activity assays leaves were homogenized with a Warring blender for 10 sec in 0.33 M sorbitol, 60 mM KCl, 10 mM EDTA, 1 mM
MgCl2, 25 mM MES pH 6.1, and filtrated through four layers of
mull. After centrifugation the pellet was first washed with 0.33 M
sorbitol, 60 mM KCl, 10 mM EDTA, 1 mM MgCl2, 25 mM HEPES pH
6.7, then resuspended in 5 mM MgCl2, 20 mM HEPES pH 7.6 to
break intact chloroplasts. After centrifugation, the pellet was
resuspended in 0.3 M sucrose, 5 mM MgCl2, 20 mM HEPES pH 7.6
(measurement buffer) to a final concentration of 1 mg Chl mL1.
All centrifugations were performed at 3000 g for 3 min at 4°C.

Protein extraction from N. tabacum
For immunoblots, leaves were incubated for 1 h in dark or high
light (500 lmol photons m2 sec1). After short homogenization
(10 sec) in buffer [0.33 M sorbitol, 60 mM KCl, 10 mM EDTA, 1 mM
MgCl2, 25 mM HEPES and protease inhibitor cocktail (SigmaAldrich, St Louis, Missouri, USA)] and filtration through four layers of mull, a part was removed for the total extract and the rest
was separated by centrifugation (5 min, 3000 g at 4°C) in a supernatant and a membrane fraction. For dark-incubated sample, the
pH value of the buffer was set to 6.7, while for high light-incubated leaves, the pH value was set to 8.0. Proteins in the supernatant were precipitated with 10% trichloroacetic acid; the pellet
was washed twice with ice-cold acetone and desiccated.

Pigment analysis
Leaves were ground in liquid nitrogen and subsequently extracted
by acetone containing 0.01% ammoniac, the extracts were pooled
and evaporated to dryness, then resuspended in 200 lL acetone.
Analysis was conducted using a Shimadzu UFLC HPLC chain
(Shimadzu, Marne-la-Vallee, France), including LC-20AD pumps, a
SIL-20AC HT sample manager, a CTO-20A column oven, a UVSPDM20A DAD-UV detector. Carotenoids and chlorophylls were separated on a 150 9 4.6 mm i.d., 5 lm, reverse-phase VisionHT C18
HL C18 column (Grace, Epernon, France) using solvent A, ethyl
acetate 100% (0.5% acetic acid), and solvent B, water/acetonitrile
(10:90, v/v, 0.5% acetic acid), with a gradient profile (from 10% to
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95% A) and 0.5 mL min1 flow rate. Detection was set to 450 nm.
Carotenoids were identified on the basis of their absorption spectra and quantified with external standard calibration.

Photosystem I and II activity assays

following parameters were used: microwave frequency 9.74 GHz,
modulation frequency 86 kHz, modulation amplitude 1 G, microwave power 4.45 mW, receiver gain 5 9 102, time constant
40.96 msec; number of scans 4.

P700 measurements

Measurements of O2 evolution and consumption in thylakoids
were performed in a Liquid-Phase Oxygen Electrode Chamber
(Hansatech Instruments, Norfolk, UK). PSII activity was measured
as O2 evolution in the presence of 1 mM 2,6-dichloro-1,4-benzoquinone. PSI activity was measured as O2 consumption in the presence of 10 lM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU),
5 mM ascorbate, 30 lM 2,6-dichlorophenol-indophenol and 500 lM
methylviologen. All measurements were performed in the presence of 10 mM NH4Cl as uncoupler.

Room temperature chlorophyll a fluorescence
Room temperature chlorophyll fluorescence was measured using
a pulse-amplitude modulation fluorometer (DUAL or IMAGINGPAM, Walz, Effeltrich, Germany). As actinic light, red light at
635 nm was used. The intensity of the measuring light was sufficiently low so that no increase in the fluorescence (F0) was
observed upon set-on of the measuring light. Thylakoids
(20 lg Chl ml1) were dark-adapted for 3 min. When indicated,
DCMU was added (10 lM final concentration) to block the electron
transfer from QA to QB.
Plants were taken from the growth chamber during the light
period and dark-adapted for 10 min prior to the measurement to
allow most of the reversible quenching to relax. The maximum
fluorescence level, Fm, was obtained using a saturating flash
(600 msec, 10 000 lmol photons m2 sec1). The maximum quantum yield of PSII, Fv/Fm, was assayed by calculating the ratio of
the variable fluorescence, Fv, to the maximal fluorescence, Fm, in
the dark-adapted state. PS II quantum yield (ΦPSII), photochemical
(qP) and NPQ were assayed during 10 min of actinic light (95 or
340 lmol photons m2 sec1). ΦPSII was defined as (Fm0  F)/Fm0 ,
qP as (Fm0  F)/(Fm  F00 ) and NPQ as Fm  Fm0 /Fm0 with Fm0 being
the maximal fluorescence in the actinic light.

77K fluorescence emission
Leaves were taken from growth light (I = 80 lmol photons
m2 sec1) or illuminated with far-red light (I = 480 lmol photons
m2 sec1) for 10 min and then frozen in liquid nitrogen. A leaf
powder was prepared and resuspended in 0.3 M sucrose, 5 mM
MgCl2, 20 mM HEPES pH 7.6. Fluorescence emission spectra at
77K were monitored in a CARY Eclipse spectrophotometer (Varian,
Agilent, Santa Clara, CA, USA) equipped with a Dewar. Samples
were excited at 435 nm, and the emission was recorded between
650 and 800 nm. For analysis the ratio of PSI/PSII was determined
by integrating the peaks at 685 nm and 730 nm.

The redox state of P700 was monitored by following differences of
the 875 nm and 830 nm transmittance signals using a DUAL-PAM
(Walz, Effeltrich, Germany) and leaves of intact plants. The plants
were kept in the light in the growth chamber so that the Calvin–
Benson cycle enzymes were active. Kinetics of P700 oxidation were
probed by far-red illumination according to Joliot and Johnson
(2011). For this assay, plants were dark-adapted for 10 min, then
preilluminated for 5 min with far-red light. After this pre-illumination the P700 measurement was started using the following illumination protocol: 5 sec actinic red light (600 lmol photons
m2 sec1), 2 sec dark, 17 sec far-red light (480 lmol photons
m2 sec1, highest intensity of the DUAL-PAM). Only the first seconds after onset of far-red light are shown in Figure 1(b). The
amplitudes of the signals were normalized to 1.
To measure the P700 light curve and determine quantum yields
of PSI donor (Y(ND)) and acceptor side-limitations (Y(NA), saturating pulse analysis was used. After the determination of maximal
P700 oxidation the leaf was illuminated stepwise 5 min at increasing light intensities from 10 to 343 lmol photons m2 sec1. A
saturating pulse was applied at the end of each light step for
determination of P700 Y(NA) and Y(ND).

Measurements of the size of the PQ pool and its redox
state
The size and the redox state of the PQ pool were estimated using
HPLC as described by Kruk and Karpinski (2006). In short, the leaf
disks of saturating light-treated, DCMU-treated and from growth
light conditions were homogenized quickly in ethyl acetate and
after evaporation, the extracts were analyzed by HPLC where the
level of both oxidized and reduced forms of PQ was determined.
From these data, the size and the redox state of the PQ pool, as
well as the size and the redox state of photochemically nonactive PQ was calculated as described in Kruk and Karpinski
(2006).

Thermoluminescence
Thermoluminescence was measured with a home-built apparatus
on leaf segments taken from plants dark-adapted for 2 min with a
home-built apparatus (Krieger et al., 1998). Thermoluminescence
was excited at 1°C with a single-turnover flash (Xenon flash lamp,
Walz, Effeltrich), three single-turnover flashes spaced with 1 sec
dark interval or for 30 sec with saturating far-red light. Samples
were heated at a rate of 0.4° sec1 to 70°C and the light emission
was recorded.

Spin-trapping electron paramagnetic resonance (EPR)
spectroscopy

Gas exchange and chlorophyll a fluorescence
measurements

Spin-trapping assays with 4-pyridyl-1-oxide-N-tert-butylnitrone (4POBN) (Sigma-Aldrich, MO, USA) to detect the formation of
hydroxyl radicals were carried out using leaf discs. Samples were
illuminated for 1 h with white growth or high light (80 or
500 lmol photons m2 sec1) in the presence of 50 mM 4-POBN,
4% ethanol, 50 lM Fe-EDTA, and buffer (20 mM phosphate buffer,
pH 7.5, 5 mM MgCl2 and 0.3 M sorbitol). EPR spectra were
recorded at room temperature in a standard quartz flat cell using
an EPR e-scan spectrometer (Bruker, Rheinstetten, Germany). The

Net CO2 uptake by leaves in combination with chlorophyll fluorescence emission was measured using a LI-6400 (Li-Cor Inc., Lincoln, NE, USA) equipped with a leaf chamber fluorometer 6400–40
essentially as described by Priault (Priault et al., 2006). Oxygen
evolution was determined with a Hansatech oxygen electrode and
a LD2 chamber (Hansatech Instruments Ltd, Kings Lynn, UK) as
described by Streb, Feierabend and Bligny (Streb et al., 1997).
Intact plants in pots were transferred in the morning to the laboratory. After insertion of attached leaves into the leaf chamber
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(2 cm2), leaves were dark adapted for at least 30 min to measure
dark respiration, minimum fluorescence yield (Fo) and maximum
fluorescence yield (Fm). Afterwards, leaves were acclimated to
300 lmol photons m2 sec1. The whole Li-Cor leaf chamber was
maintained in a second closed-thermostated chamber to avoid
any external gas exchange. Measurements were done at leaf temperatures between 22 and 23°C and at a leaf water pressure deficit
of approximately 1 kPa in an atmosphere of 21% oxygen and 400
or 2000 ppm carbon dioxygen.

Immunoblots
Total leaf extract, supernatant and pellet were prepared as
described above and used for analysis by SDS-PAGE (10% acrylamide) and immunoblotting. Proteins were blotted onto a nitrocellulose membrane. Labelling of the membranes with anti-PTOX
antibody, anti-ATPase antibody (b-subunit of ATP synthase; Agrisera, Va€nna€s, Sweden) or anti-FNR antibody (ferredoxin–NADP
reductase) was carried out at room temperature in 50 mM Tris–HCl
pH 7.6, 150 mM NaCl, 0.1% Tween-20 and 5% non-fat milk powder.
After washing, bound antibodies were revealed with a peroxidaselinked secondary anti-rabbit antibody (Agrisera, Va€nna€s, Sweden)
and visualized by enhanced chemiluminescence.
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