
Impaired Cyclic Electron Flow around Photosystem I
Disturbs High-Light Respiratory Metabolism1

Igor Florez-Sarasa2, Ko Noguchi2, Wagner L. Araújo, Ana Garcia-Nogales, Alisdair R. Fernie, Jaume Flexas,
and Miquel Ribas-Carbo*

Max-Planck-Institut für Molekulare Pflanzenphysiologie, 14476 Potsdam-Golm, Germany (I.F.-S., A.R.F.);
School of Life Sciences, Tokyo University of Pharmacy and Life Sciences, Hachioji, Tokyo 192-0392, Japan
(K.N.); Max-Planck Partner Group at the Departamento de Biologia Vegetal, Universidade Federal de Viçosa,
Vicosa, Minas Gerais 36570-000, Brazil (W.L.A.); Área de Ecología, Departamento Sistemas Físicos, Químicos y
Naturales, Universidad Pablo de Olavide, 41013 Seville, Spain (A.G.-N.); and Grup de Recerca en Biologia de
les Plantes en Condicions Mediterranies, Departament de Biologia, Universitat de les Illes Balears, 07122 Palma
de Mallorca, Spain (J.F., M.R.-C.)

ORCID IDs: 0000-0002-1862-7931 (I.F.-S.); 0000-0002-6124-3415 (A.G.-N.); 0000-0002-7337-2089 (M.R.-C.).

The cyclic electron flow around photosystem I (CEF-PSI) increases ATP/NADPH production in the chloroplast, acting as an energy
balance mechanism. Higher export of reducing power from the chloroplast in CEF-PSI mutants has been correlated with higher
mitochondrial alternative oxidase (AOX) capacity and protein amount under high-light (HL) conditions. However, in vivo
measurements of AOX activity are still required to confirm the exact role of AOX in dissipating the excess of reductant power from
the chloroplast. Here, CEF-PSI single and double mutants were exposed to short-termHL conditions in Arabidopsis (Arabidopsis thaliana).
Chlorophyll fluorescence, in vivo activities of the cytochrome oxidase (ncyt) and AOX (nalt) pathways, levels of mitochondrial proteins,
metabolite profiles, and pyridine nucleotide levels were determined under normal growth and HL conditions. nalt was not increased in
CEF-PSI mutants, while AOX capacity was positively correlated with photoinhibition, probably due to a reactive oxygen species-
induced increase of AOX protein. The severe metabolic impairment observed in CEF-PSI mutants, as indicated by the increase in
photoinhibition and changes in the levels of stress-related metabolites, can explain their lack of nalt induction. By contrast, ncyt was
positively correlated with photosynthetic performance. Correlations with metabolite changes suggest that ncyt is coordinated with sugar
metabolism and stress-related amino acid synthesis. Furthermore, changes in glycine-serine and NADH-NAD+ ratios were highly
correlated to ncyt. Taken together, our results suggest that ncyt can act as a sink for the excess of electrons from the chloroplast, probably
via photorespiratory glycine oxidation, thus improving photosynthetic performance when nalt is not induced under severe HL stress.

Respiration in leaf tissues is influenced by their pho-
tosynthetic metabolism, while respiratory metabolism
affects photosynthesis. This forward-reverse interaction

between photosynthesis and respiration has received a
great deal of attention during the last decades (Krömer,
1995; Atkin et al., 2000; Raghavendra and Padmasree,
2003; Flexas et al., 2006; Yoshida and Noguchi, 2010;
Araújo et al., 2014b; Obata et al., 2016). Essentially, while
photosynthesis provides carbohydrates for glycolysis, mi-
tochondrial metabolism in illuminated leaves supports
photosynthesis, photorespiration, nitrogen metabolism,
and the export of redox equivalents (YoshidaandNoguchi,
2010). Among different redox shuttles, the malate valve
operates between chloroplasts, cytosol, and mitochondria
(Scheibe, 2004), thus allowing the oxidation of chloroplast
reductants by themitochondrial electron transport chain
(mETC; Yoshida and Noguchi, 2010). Particularly under
high-light (HL) conditions, the alternative components
of the mETC have been suggested to accomplish non-
phosphorylating oxidation of the excess of reductants
from the chloroplast (Yoshida and Noguchi, 2010).

The plant mETC is highly branched compared with
mitochondria from other eukaryotic cells, given that it
contains different alternative components that bypass
the main complexes of the oxidative phosphorylation
pathway: the cytochrome c oxidase (COX) pathway
(Rasmusson et al., 2008). Among these energy-bypass
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systems, the mETC is branched at the ubiquinone (UQ)
pool from which the electrons of ubiquinol are used by
alternative oxidase (AOX) to reduce oxygen to water
without proton translocation (Moore and Siedow,
1991). In this way, AOX activity can bypass complex III
and COX (complex IV), greatly reducing the efficiency
of ATP synthesis by the mETC. More than two decades
ago, it was shown that the AOX pathway competes
with the COX pathway for the electrons of the UQ pool
(Hoefnagel et al., 1995; Ribas-Carbo et al., 1995). These
findings imply that the actual in vivo electron partitioning
between the COX and AOX pathways can be determined
by oxygen isotope fractionation during respiration but not
using chemical inhibitors of the two pathways (Day et al.,
1996; Ribas-Carbo et al., 2005).While several theories have
been formulated about the role of AOX in plants (Gupta
et al., 2009; Rasmusson et al., 2009; Van Aken et al., 2009;
Vanlerberghe, 2013), there is still little confirmation of such
roles bymeasuringAOX activity in vivo as determined by
oxygen isotope fractionation (Yoshida andNoguchi, 2010;
Vanlerberghe, 2013).
Transgenic approaches altering mitochondrial me-

tabolism have provoked different effects on photosyn-
thesis in plants with suppressed tricarboxylic acid cycle
enzymes (for review, see Nunes-Nesi et al., 2011;
Araújo et al., 2014b) or mETC components (Dutilleul
et al., 2003; Sweetlove et al., 2006; Galle et al., 2010;
Florez-Sarasa et al., 2011; Dahal et al., 2014). Genetic
mutations in the main components of the respiratory
chain such as complex I have drastic effects on photo-
synthesis and photorespiration (Dutilleul et al., 2003;
Priault et al., 2006; Galle et al., 2010), and changes in the
in vivo electron partitioning also were observed under
drought stress and cell death (Vidal et al., 2007; Galle
et al., 2010). With respect to the alternative components
of the mETC, uncoupling protein (UCP) mutants in
Arabidopsis (Arabidopsis thaliana) have shown altered
photosynthesis due to a limitation in photorespiration
(Sweetlove et al., 2006). Regarding AOX, an important
role in optimizing photosynthesis has been reported in
bothArabidopsis and tobacco (Nicotiana tabacum; Florez-
Sarasa et al., 2011; Yoshida et al., 2011; Gandin et al.,
2012; Dahal et al., 2014), including one study of AOX
activity in vivo underHL conditions (Florez-Sarasa et al.,
2011). Using AOX transgenic plants as an approach to
determine its in vivo role, it has been confirmed that
AOX is involved in preserving photosynthetic capacity
underdrought stress by reducing chloroplast overreduction
and photodamage (Dahal et al., 2014, 2015).
As another approach to unravel the role of AOX in

photosynthesis, respiratory properties have been ex-
amined in photosynthetic mutants, including the cyclic
electron flow around PSI (CEF-PSI) mutants, and the
FtsH2 metalloprotease required for the repair of dam-
aged PSII (Yoshida et al., 2007, 2008). In the study of
Yoshida et al. (2007), the authors reported a correlation
between higher export of excess reductant power from
the chloroplast with higher AOX capacity and protein
amount in Arabidopsis mutants with altered CEF-PSI
following HL treatment. These mutants showed higher

AOX capacity and protein amount even under low-light
conditions. Importantly, a general lack of relationship be-
tween the AOX protein content and its in vivo activity has
been reported inHL stress experiments usingArabidopsis
plants (Florez-Sarasa et al., 2011). Therefore, AOX in vivo
activity measurements are crucial for elucidating the
possible role of AOX in dissipating the excess of reductant
power from the chloroplast.

Since various primary metabolites are involved in in-
teractions between chloroplasts and mitochondria, such
as photorespiration and reductant transport, the levels of
primary metabolites may be changed following defi-
ciencies in photosynthesis or respiration and by environ-
mental perturbations.We demonstrated previously that a
large number of metabolites increased in leaves of Ara-
bidopsis growing in or transiently exposed to HL condi-
tions (Florez-Sarasa et al., 2012). The AOX1a deficiency in
Arabidopsis altered the levels of certain metabolites, such
as sugars and sugar phosphates, in the shoots under low-
nitrogen stress (Watanabe et al., 2010). However, changes
in primary metabolite levels have not yet been related to
in vivo partitioning between COX and AOX pathways in
photosynthetic (i.e. CEF-PSI) mutants.

Here, we investigated the effects of HL treatment on the
in vivo activities of COX and AOX pathways in leaves of
Arabidopsis mutants defective in CEF-PSI (Fig. 1). Our
hypothesis is that CEF-PSI mutants will present higher
in vivo flux through AOX to dissipate the excess of re-
ducing power from the chloroplast under HL conditions.
We also examined photosynthetic properties using chlo-
rophyll fluorescence and determined mitochondrial pro-
teins and primarymetabolite levels in an attempt to clarify
the underlying mechanisms regulating the in vivo activi-
ties of COX and AOX pathways under HL conditions.

RESULTS

Chlorophyll Fluorescence Parameters under Growth Light
and after HL Treatment

Under growth light (GL) conditions, photochemical
quenching (qP) and nonphotochemical quenching (qN
and NPQ) were similar in wild-type glabra1 (gl1)
plants and single mutants (pgr5 [for proton gradient re-
duction] and crr4-3 [for chlororespiratory reduction]; Fig.
2). qN and NPQ also were unaltered in double mutants
(pgr5 crr4-3) compared with the other lines (Fig. 2, B and
D), while qP was clearly lower in this genotype (Fig. 2A).
The quantum efficiency of PSII (FPSII) and the electron
transport rate (ETR) were similar in gl1, crr4-3, and pgr5,
while both were lower in the pgr5 crr4-3 double mutants
(Fig. 2, C and E). In addition, the maximum efficiency of
PSII (Fv/Fm) also was lower in double mutants compared
with the other three lines (Fig. 2F) and, in agreement, the
percentages of total photoinhibition (%TPI) and chronic
photoinhibition (%CPI) in the double mutants were sig-
nificantly higher than in the other lines (Table I).

Under HL conditions, qP was decreased similarly in
all lines, while NPQ and qNwere increased (Fig. 2, A, B,
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and D). During HL treatment, qN was decreased sig-
nificantly only in doublemutants (Fig. 2, B andD). NPQ
was slightly but significantly reduced in pgr5 and crr4-3
at 8 h of HL treatment, while it wasmuchmore reduced
in doublemutants already at 4 h of HL treatment (Fig. 2,
B and D). FPSII and electron transport rate (ETR)
generally were lower in both pgr5 and double mutants
compared with gl1 and crr4-3 (Fig. 2, C and E). The ETR
in both gl1 and crr4-3 increased after 2 h of HL treat-
ment and then decreased afterward; this initial increase
was lacking in pgr5 and double mutant plants (Fig. 2E).
On the other hand, Fv/Fm was decreased in all lines
after HL treatment (Fig. 2F). However, while Fv/Fm
displayed a similar decrease in gl1 and crr4-3, it was
more reduced in pgr5 and the double mutant, the latter
showing the lowest values after HL treatment (Fig. 2F).
Finally, %TPIwas significantly higher in pgr5 and double
mutants than in gl1 and crr4-3, mainly due to higher %
CPI (Table I). Among all the genotypes, double mutants
exhibited the highest values of %TPI and %CPI (Table I).
Following the HL induction, %CPI was kept constant in
all genotypes with the exception of the double mutants,
in which it was increased further at 4 h of HL treatment
(Table I). Finally, the percentage of dynamic photo-
inhibition (%DPI) presented a similar pattern to that of
qN andNPQ in all genotypes. Thus, %DPIwas increased
and kept high during the HL treatment in gl1 and crr4-3
plants, whereas it was increased further in pgr5 and
double mutants after 2 h of HL treatment but then de-
creased at 4 and 8 h of HL treatment (Table I).

In Vivo Activities of the COX and AOX Pathways under
GL and after HL Treatment

The rates of respiration in Figure 3 are presented on a
dry weight basis due to the differences in the specific
leaf weight (leaf dry weight per area) observed between
lines (data not shown). Under GL conditions, Vt as well
as ncyt and nalt were similar in all four genotypes (Fig. 3).
However, Valt, which is a proxy for the AOX protein
content, was 2-fold higher in double mutants compared
with the other lines (Fig. 3D).

Under HL conditions, Vt increased significantly in all
genotypes, peaking at 2 h, and then decreased toward
8 h after HL stress. However, the pgr5 and double
mutants presented a lower HL induction of Vt than gl1
and crr4-3 plants (Fig. 3A). Notably, the doublemutants
were the least responsive genotype, reaching similar Vt
rates at 8 h as in GL conditions (Fig. 3A). The pattern of
HL induction of ncyt was similar to that of Vt (Fig. 3B).
On the other hand, nalt was almost unchanged in all
lines, with the exception of a significant increase only in
gl1 after 2 h of HL treatment (Fig. 3C). However, Valt
exhibited a general induction pattern with the excep-
tion of the crr4-3 plants, which kept constant rates until
8 h of HL treatment. Valt was increased significantly
only in pgr5 (1.5-fold increase) and double mutants (1.3-
fold increase) after 4 and 8 h of HL treatment (Fig. 3D),
with the double mutants always exhibiting the highest
Valt (Fig. 3D).

Relationships between Photosynthetic Parameters and in
Vivo Respiratory Activities after HL Treatment

The photosynthetic parameters obtained from chlo-
rophyll fluorescence measurements were correlated to
the respiratory parameters determined by oxygen iso-
tope fractionation during respiration across genotypes
underHL conditions (Table II; Supplemental Fig. S1).Vt
was positively and significantly correlated with the
ETR, qN, NPQ, and Fv/Fm, indicating both a direct link
between respiration and photosynthetic electron trans-
port chain activity as well as its degree of photoinhibition
under HL conditions. Indeed, the %TPI was negatively
and significantly correlated toVt, with the%CPI being the
main contributor to the negative correlation to photo-
inhibition. It was clearly observed that ncyt, but not nalt,
was linked to the chloroplast electron transport chain
activity and its degree of photoinhibition under HL con-
ditions (Table II). On the other hand, almost all of the
photosynthetic parameters correlated significantly with
Valt. Notably, the correlations of the photosynthetic pa-
rameters withValt were in the opposite direction to those
observed with Vt and ncyt, thus being negative to pho-
tosynthetic activity (i.e. ETR) and positive to photo-
inhibition (%TPI and %CPI).

mETC Protein Levels under GL and after HL Treatment

Different mETC proteins were immunodetected by
western-blot analyses in whole leaf extracts, including
AOX, COX subunit II (COXII), and UCP. In addition,
porin levels also were determined as a control for mito-
chondrial protein loading and remain similar in all the
genotypes and light conditions (Fig. 4; Supplemental Fig.
S2). Band intensities were quantified for all the proteins,
and AOX, COXII, and UCP levels were obtained after
correction by the corresponding porin band intensities
and then normalized to the levels of the gl1 plants under
GL (i.e. gl1 levels for all the proteins are 100%). Two
independent experiments were performed (for details,

Figure 1. Photograph of representative wild-type (gl1) and CEF-PSI
mutant plants after 4 weeks of growth. The light treatments, measure-
ments, and harvesting were performed after 4 weeks of growth in gl1
and CEF-PSI singlemutant plants (crr4-3 and pgr5), which showed slight
growth retardation. On the other hand, double mutants (pgr5 crr4-3)
presented pale green leaves and a more pronounced growth retarda-
tion; therefore, they were grown for 5 weeks to reach a similar devel-
opmental stage to the other genotypes.
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see “Materials and Methods”), and the average of the
two relative quantifications is presented together with
the image of the most representative blot (Fig. 4). The
levels of AOX protein were approximately 2-fold higher
in double mutants than in the other genotypes under GL
conditions (Fig. 4), which coincides with the highest
AOX capacity observed in these plants (Fig. 3D). By
contrast, COX protein levels were lower in the double

mutants, and UCP levels were similar in all genotypes
(Fig. 4). Following HL treatment, the levels of UCP and
COX remain relatively constant in all the genotypes
comparedwith their respective levels underGL,with the
exception of COX decreases observed after 8 h of HL
treatment in gl1 and crr4-3 plants (Fig. 4). On the other
hand, the levels of AOX protein were increased in all
genotypes after HL treatment, with crr4-3 presenting the

Figure 2. Photosynthetic parameters obtained by chlorophyll fluorescence analysis in the wild type (gl1) and CEF-PSImutants. qP
(A), qN (B),FPSII (C), NPQ (D), chloroplast ETR (E), and Fv/Fm (F) were determined in leaves of gl1, crr4-3, pgr5, and pgr5 crr4-3
plants under GL (0 h) and after 2, 4, and 8 h of HL treatment. The chlorophyll fluorescence analyses, parameter calculations, light
treatments, and genotypes are detailed in “Materials andMethods.”Data represent means6 SE of 10 to 12 replicates, and different
letters denote statistically significant differences (P , 0.05).
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lowest increases. After 8 h of HL treatment, pgr5 and
doublemutants presented the highest AOX levels (i.e. an
approximately 3-fold increase; Fig. 4).

Metabolite Profiling and Pyridine Nucleotide Levels under
GL and after HL Treatment

A total of 49 metabolites were identified using gas
chromatography-mass spectrometry (GC-MS), includ-
ing several amino acids, organic acids, some sugars,
and sugar alcohols (Fig. 5; Supplemental Table S1).
Mutant plants displayed significant differences in the
relative levels of somemetabolites under GL conditions
comparedwithwild-type (gl1) plants (Fig. 5; Supplemental
Table S1). In all mutant lines, the levels of Asp, Glu,
and malate were significantly lower compared with gl1
plants, while glycerate was significantly higher. In pgr5
plants, the levels of Arg, Ser, g-aminobutyrate, fumarate,
2-oxobutyrate, and shikimate were significantly lower
than in gl1. On the other hand, the levels of b-Ala, Gly,
Orn, spermidine, Ser, Trp, Glc, and glyceraldehyde-3-
phosphate were significantly higher in crr4-3 than in gl1
plants, while the levels of Arg, Asn, Thr, 2-oxoglutarate,
shikimate, and myoinositol were lower. Finally, the dou-
ble mutants displayed higher levels of b-Ala, Ile, Phe,
4-Hyp, Ser, Trp, Tyr, citrate, isocitrate, dehydroascorbate,
galactonate, and lactate. Among the above-mentioned
metabolites significantly affected in all the mutant plants,
only a few metabolites were changed by more than 2-fold.
Asn andGluwere 0.5- and 0.4-fold lower in crr4-3, whereas
glycerate and Gly were 2.5- and 3.3-fold higher in gl1, re-
spectively. Tyr and Trp levels were 2.3- and 8.4-fold higher
in double mutants than in gl1.

After HL treatment, most of the metabolites were in-
creased except for some organic acids showing significant
decreases, such as ascorbate, glycerate, and shikimate (Fig.
5; Supplemental Table S1). Some metabolites displayed
dynamic responses over time after HL treatment (i.e. first
increased and then decreased or vice versa), such as
mannitol, Glc, Gal, succinate, shikimate, and Lys. Never-
theless, several metabolites presented a genotype-specific
response to the HL treatment, such as Gly and ascorbate
among others. These metabolite changes are described
below according to their compound class.

Amino acids showed the highest increases after HL
treatment, with the exception of Cys, g-aminobutyrate,
Gln, Ile, Leu, and putrescine, which remained largely
unchanged. Gly was the metabolite exhibiting the
highest HL induction, being increase approximately
13-fold in gl1 and crr4-3 at 8 h of HL treatment. How-
ever, Gly levels were increased approximately 5-fold in
the pgr5 mutant and were increased marginally by less
than 2-fold in the double mutants after HL treatment.
Pro was the second most induced metabolite under HL
treatment, being increased progressively and similarly
in all genotypes until 8 h of HL treatment. Tyr levels
increased after HL treatment in all genotypes, and no-
tably, double mutants showed the highest levels after
8 h of HL treatment (approximately 10-fold). SeveralT
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other amino acids showed about 2-fold increases after
HL treatment. Ala, b-Ala, and Thr were increased sig-
nificantly and continuously after HL treatment in all
genotypes. Arg, homoserine, and Met also were in-
creased significantly in all genotypes, but to a lesser
extent in pgr5 and double mutants, after 8 h of HL
treatment. Glu was increased significantly in all geno-
types, but to a lesser extent in gl1; Asp showed a similar
although less pronounced response to Glu. Val was
increased after 2 h ofHL treatment and thenmaintained
at high levels in all genotypes. A similar trend was
observed in the Phe HL response in general, although
pgr5 and double mutants presented lower increases.
Lys levels increased after 2 h of HL treatment and de-
creased subsequently; this pattern was observed in
all genotypes, although the induction was less pro-
nounced in the doublemutants. Asn displayed a similar
pattern to Lys except in gl1 plants. Finally, 4-Hyp, Ser,
spermidine, and Trp levels increased significantly after
HL treatment in all genotypes, but generally by less
than 2-fold. Orn level increased significantly after 8 h of
HL treatment only in gl1 and crr4-3 lines.

In contrast to the HL-induced changes in amino acid
levels, organic acids displayed some significantly and pro-
nounced decreases, whereas increases of this compound
class were few. For instance, malate and 2-oxoglutarate
levelswere increased continuously afterHL treatment in all

Figure 3. In vivo respiratory activities and capacity of the AOX in thewild type (gl1) and CEF-PSImutants. Total respiration (Vt; A),
COX pathway activity in vivo (ncyt; B), AOX pathway activity in vivo (nalt; C), and AOX capacity (Valt; D) were determined in leaves
of gl1, crr4-3, pgr5, and pgr5 crr4-3 plants under GL (0 h) and after 2, 4, and 8 h of HL treatment. The respiration analyses, light
treatments, and genotypes are detailed in “Materials and Methods.” Data represent means 6 SE of four to 10 replicates, and
different letters denote statistically significant differences (P , 0.05). DW, Dry weight.

Table II. Pearson correlation coefficients between photosynthetic and
respiratory parameters

Twelve data points, corresponding to the means for each parameter
of each genotype under the different hours of HL treatment, were used
in the correlation analyses. Values in boldface indicate statistically
significant Pearson correlations (P , 0.05).

Parameter Vt ncyt nalt Valt

ETR 0.74 0.73 0.25 20.75
Fv/Fm 0.80 0.81 0.22 20.92
qP 0.29 0.22 0.24 20.14
NPQ 0.85 0.78 0.39 20.89
qN 0.66 0.56 0.41 20.69
%TPI 20.76 20.80 20.14 0.88
%CPI 20.80 20.81 20.21 0.92
%DPI 0.53 0.39 0.47 20.60
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genotypes, although the responseof 2-oxoglutaratewas less
pronounced in pgr5 and double mutants. Similarly, dehy-
droascorbate increased over time in all genotypes, but the
response was much lower in the double mutants. Also,
citrate and fumarate levels presented slight but significant
increases afterHL treatment in all lines, and the levels in the
double mutants again displayed a milder increase, if any.
Succinate levels increased after 2 h and then decreased to-
ward 8 h of HL treatment; this pattern was observed in
all genotypes, but the induction was less pronounced in
the double mutants. An inverse pattern was observed for
shikimate, for which the levels decreased at 2 h after HL
treatment in all genotypes but then increased at 4 and 8 h
after HL treatment. The ascorbate level was decreased
greatly and continuously in gl1 and crr4-3 following HL
treatment. In pgr5 mutants, significant decreases in ascor-
bate were observed only after 4 and 8 h, while a significant
decrease was observed in double mutants only after 8 h of
HL treatment. Glycerate also decreased significantly to
similar levels in all genotypes after HL treatment, al-
though the levels in crr4-3 were much higher under GL
conditions. As reported above, the levels of galactonate,
isocitrate, and lactate were significantly higher in the
double mutants in all conditions, and these metabolites
generally were not altered after HL treatment. Pyruvate
levels remained mostly unchanged after HL treat-
ment in all the lines, and the same was observed for
2-oxobutyrate and benzoate, except for slight increases
in the double mutant after 8 h of HL treatment.

With respect to the sugars and sugar alcohols, Gal, Glc,
and mannitol levels peaked after 2 h and then decrease to-
ward8hofHL treatment inall genotypes, andagain,double
mutants displayed a lowerHL response. Erythritol alsowas
increased, although to a lesser extent and mostly at the end
of the HL treatment in all genotypes. A minor increase also
was observed in glyceraldehyde-3-phosphate levels, but it
was apparent only in gl1 plants. On the other hand, Fru and
Suc were not altered after HL treatment in any genotype,
and myoinositol generally was lower in crr4-3.

In addition to single metabolite levels, relevant redox-
related ratios were calculated (for details, see “Materials

and Methods”) and their HL response was compared
among genotypes. The Gly-Ser ratio increased over time,
reaching 9- and 10-fold increases at 8 h of HL treatment in
gl1 and crr4-3, respectively, while pgr5 showed a reduced
response (i.e. reaching a maximum of 4-fold increase).
More severely dampened, double mutants exhibited a
lack of HL induction on Gly-Ser ratio. The malate-Asp
ratio was increased after HL treatment in all the gen-
otypes, mostly after 8 h of HL treatment. The Glu-2-
oxoglutarate ratio was much higher in gl1 under GL
conditions compared with the other genotypes. The
Glu-2-oxoglutarate ratio decreased after 2 h of HL
treatment in gl1 and crr4-3 but not in pgr5 and double
mutants. Finally, the 2-oxuglutarate-citrate ratio generally
showed increases after HL treatment in all genotypes but
were less pronounced in pgr5 and double mutants.

In order to further investigate the redox changes in the
CEF-PSI mutants, we measured the levels of NAD+,
NADH, NADP+, and NADPH and calculated the corre-
sponding redox ratios (Supplemental Fig. S3) in leaf sam-
ples of all genotypes and light conditions. Generally, no
statistical differences in pyridine nucleotide levels were
observed among genotypes when compared in each light
condition. Nonetheless, some trends were observed after
HL treatment: the levels of NAD+ and NADH tended to
increase in all genotypes afterHL treatment (Supplemental
Fig. S3). After 8 h of HL treatment, gl1 showed the highest
levels of NAD+ compared with all other genotypes and
conditions, while double mutants displayed the highest
levels of NADH. As for NADH, the highest levels of
NADPH we detected in double mutants after 8 h of HL
treatment. With regard to the redox-related ratios, gl1
plants generally displayed the lowest NADH-NAD+ and
NADPH-NADP+ ratios, while double mutants displayed
the highest ratios (Supplemental Fig. S3).

Relationships between Metabolite Levels and Respiratory
Activities after HL Treatment

In order to obtain insights into the metabolic regu-
lation or metabolic processes involved in the different

Figure 4. mETC proteins detected
by western blot in leaves of gl1,
crr4-3, pgr5, and pgr5 crr4-3 plants
under GL and after 4 and 8 h of HL
treatment. The intensities of the
signals from AOX, COXII, and UCP
were normalized to those from porin
and are expressed as percentages
relative to values of gl1 under GL
intensity. The percentage values
denoted are averages of two inde-
pendent blots each using two bio-
logical replicates.
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respiratory responses to HL treatment observed in the
CEF-PSI mutants, Pearson correlation coefficients were
calculated between the fold changes of metabolite
levels and those of respiratory activity parameters
across all four genotypes. Respiratory data were nor-
malized to the mean of gl1 plants under GL conditions,
as was done for the relative metabolite level calcula-
tions, thus allowing 15 point correlations using the
means for each genotype and light treatment. Positive
(red) and negative (blue) significance values (P, 0.05)
of the Pearson coefficients are shown in Figure 6. All
correlation plots derived from significant (P , 0.05)
correlations are shown in Supplemental Figure S4.

Changes in several amino acids, as affected by the
genotype and the HL treatment, correlated positively
and significantly with changes in Vt rates, including
Gly, Lys, Ala, Phe, homoserine, Met, and Val. Only Ile
changes were negatively correlated to Vt. Regarding
organic acids, tricarboxylic acid cycle intermedi-
ates such as fumarate, 2-oxoglutarate, succinate, and
pyruvate also were positively correlated to Vt, while
glycerate was negatively correlated to it. On the other
hand, sugars such as Glc, Gal, Suc, and the sugar al-
cohol mannitol were positively correlated to Vt. With
regard to redox ratios, Gly-Ser and to a lesser extent
2-oxoglutarate-citrate ratios were positively correlated

Figure 5. Heat map of the relative
levels of the GC-MS-analyzed me-
tabolites in the wild type (gl1) and
CEF-PSI mutants under GL and after
HL treatment. Metabolites were
clustered per class into amino acids,
organic acids, and sugars and sugar
alcohols, and some metabolite ra-
tios also were calculated. Relative
metabolite levels in leaves of gl1,
crr4-3, pgr5, and pgr5 crr4-3 plants
under all light conditions (for de-
tails, see “Materials and Methods”)
were normalized to the mean level
of the gl1 plants under GL condi-
tions, and then fold change values
were log2 transformed (i.e. the level
of all metabolites of gl1 plants under
GL is 0). In this heat map, red and
green colors represent log2 fold in-
creased and decreased metabolites,
respectively. Values are means 6 SE

of six replicates, and statistically sig-
nificant differences from gl1 plants
under GL conditions are presented in
Supplemental Table S1.
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to Vt. In addition, only NADH-NAD+ ratios were sig-
nificantly and negatively correlated with in vivo respi-
ratory activities.

Notably, most of the observed significant corre-
lations to Vt were driven mainly by ncyt, which, in
addition, showed positive correlations to Arg, Thr,
and malate and negative correlations to ascorbate
and benzoate. On the other hand, changes in nalt
presented only a positive correlation to mannitol
and negative correlations to Gln and Leu. Among all
the correlations presented in Figure 6, Glc and the

Gly-Ser ratio with Vt and ncyt showed the highest
Pearson coefficients.

DISCUSSION

The HL Treatment Caused a Severe Stress Response in
pgr5 and Double Mutants

The photosynthetic response of the wild-type (gl1)
and the crr4-3 single mutant plants after the HL treat-
ment was generally similar, while a severely impaired
photosynthetic responsewas observed in pgr5 and double
mutants. The pgr5 mutant is deficient in the ferredoxin
(Fd)-dependentCEF-PSI pathway (Munekage et al., 2002),
while crr4-3 is deficient in the NAD(P)H dehydrogenase
(NDH)-dependent pathway (Kotera et al., 2005). While
the Fd-dependent CEF-PSI is thought to be the predomi-
nant pathway in C3 photosynthesis, the NDH complex
may act as a safety valve that prevents overreduction of
the stroma (Shikanai, 2007). AlthoughFPSII and qP were
greatly decreased in wild-type (gl1) plants and the crr4-3
mutant after 2 h of HL treatment, both genotypes pre-
sented an enhanced ETR after 2 h of HL treatment that
was decreased toward the end of the light treatment. The
NPQ and qN values also were up-regulated after 2 h of
HL treatment in all genotypes, and this up-regulationwas
maintained during theHL treatment except for the double
mutant. In prg5 crr4-3 in high light, both the linear electron
flowandCEF-PSIwere suppressed (Shikanai, 2007). Thus,
the proton gradient across the thylakoid membrane may
be more gradual in the double mutant and, thereby, the
NPQandqNvalueswere decreased. ThisHL inhibition of
photosynthetic activity was related to the high level of
photoinhibition denoted by the low Fv/Fm levels (Fig. 2)
and increasing levels of calculated photoinhibition
(Table I). Indeed, the %TPI observed in the wild type (gl1)
was higher, around 40% (Table I), compared with the pre-
viously reported %TPI (i.e. less than 30%) in Arabidopsis
Columbia-0 (Col-0) plants under very similar HL condi-
tions (Florez-Sarasa et al., 2011). We used Arabidopsis gl1
that is deficient in leaf trichomes (Oppenheimer et al., 1991)
and plants of different developmental stages. Since
trichomes can attenuate strong light (Steyn et al., 2002),
this may explain the severity of the stress response ob-
served in this study. In particular, the pgr5 and double
mutant (pgr5 crr4-3) were characterized by a very
high%CPI after theHL treatment (Table I). A high%CPI
is associated with damage of the PSII (Osmond, 1994;
Demmig-Adams et al., 2012), mostly due to increased
reactive oxygen species (ROS) production at the chlo-
roplast electron transport chain (Pintó-Marijuan and
Munné-Bosch, 2014). In this respect, the observed de-
creases in ascorbate levels and increased dehy-
droascorbate levels after HL stress (Fig. 4) denote an
important ROS-induced antioxidant response com-
pared with the previously reported and minor HL-
induced changes of these metabolites in Arabidopsis
Col-0 plants (Florez-Sarasa et al., 2012). In addition,
Pro accumulated at very high levels in all genotypes,
particularly after 8 h (Fig. 4). Pro is involved in ROS

Figure 6. Pearson correlation coefficients between fold changes in
metabolite levels and in vivo respiratory activities in the wild type
(gl1) and CEF-PSI mutants. As for the calculation of relative me-
tabolite levels, respiratory activities also were normalized to those
of the gl1 plants under GL conditions. Then, all fold change values
were log10 transformed and used for the Pearson correlations. The
values used for the correlations were means of all the genotypes
under each light condition, thus allowing 15-point correlation.
Only the metabolites showing statistically significant (P , 0.05)
Pearson correlation coefficients to at least one respiratory pa-
rameter are presented, and their positive (red) and negative (blue)
r values are shown.
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detoxification under many abiotic stresses (Szabados
and Savouré, 2010); notably, 4-Hyp levels, a product of
Pro oxidation, were higher in the double mutants than
in the other genotypes. In addition, other stress-related
metabolites such as b-Ala (Stiti et al., 2011) and Tyr
(Yoo et al., 2013) were higher in the double mutants at
GL and accumulated further after HL treatment com-
pared with the other genotypes. Particularly, the most
increased metabolite in double mutants was Trp, which
is a precursor for the synthesis of secondary metabolites
such as phytoalexins, glucosinolates, and alkaloids and
also of the hormone auxin (Radwanski and Last, 1995;
Zhao, 2012). The reduced growth, observed previously
by Munekage et al. (2004) and Yamamoto et al. (2011),
and the stress-related phenotype of the double mutants
may be related to the Trp accumulation, although further
research will be needed to unravel the nature of this
metabolic alteration.

AOX Pathway Activity in Vivo Was Not Higher in CEF-PSI
Mutants, Thus Partially Refuting the Initial Hypothesis

AOX is hypothesized to be activated in order to dis-
sipate the excess of reducing equivalents under HL
stress (Yoshida et al., 2007). Therefore, a higher nalt was
expected in pgr5 and double mutants due to an even
higher excess of reductants in the chloroplast than in gl1
and crr4-3 plants. Surprisingly, nalt in the pgr5 and
double mutants was not changed significantly after HL
treatment, while it was increased significantly in gl1
plants after 2 h of HL stress, as reported previously in
Arabidopsis Col-0 plants (Florez-Sarasa et al., 2011,
2012). By contrast, the AOX capacity was more HL in-
duced in pgr5 than in gl1 plants, as reported previously
(Yoshida et al., 2007). More importantly, double mu-
tants presented the highest Valt even under GL condi-
tions, and it was also increased significantly after HL
stress. Furthermore, Valt presented the highest positive
correlation to %CPI, while negative correlations with
photosynthetic activity (i.e. ETR; Table II) were ob-
served. These results suggest that the production of
ROS associated with the high %CPI (Demmig-Adams
et al., 2012) probably increased the ROS-mediated sig-
nal that induces AOX expression (Rhoads et al., 2006)
and, as a consequence, its capacity. Indeed, the levels of
AOX protein were higher in double mutants under GL
conditions andwere induced further afterHL treatment
(Fig. 4), thus following very similar patterns to Valt (Fig.
3D). On the other hand, the slightly better photosyn-
thetic performance (i.e. higher ETR and NPQ and lower
%CPI), compared with gl1, observed in crr4-3 mutants
may partially explain their lack of Valt response fol-
lowing HL treatment. However, the nature of the ab-
sence of such a response of Valt in crr4-3 remains
unclear. That said, it appears reasonable to assume
that the milder HL response of the AOX protein levels
is the limiting factor of theValt and nalt responses in crr4-
3 mutants. The ROS-mediated signaling pathway
that induces AOX expression is not fully understood

yet (Li et al., 2013). Notably, AOX was induced mostly
in green but not in white areas from leaves of yellow
variegated mutants exposed to HL stress (Yoshida
et al., 2008), thus indicating that chloroplast photooxi-
dative stress influenced AOX protein synthesis. The
AOX expression and capacity were previously well
correlated in CEF-PSI mutants under HL stress
(Yoshida et al., 2007), although this does not indi-
cate the in vivo activity (Florez-Sarasa et al., 2011).
In this respect, data presented in Figures 3 and 4 are in
agreement with previous observations, thus confirming
that the induction of both AOX capacity and protein
levels is not always associatedwith an increase of in vivo
AOX activity (i.e. as in the double mutants). Indeed, it
has been demonstrated that AOX is inhibited by lipid
peroxidation products (Winger et al., 2005), which are
likely to be produced under the photooxidative stress
conditions applied in this study.

In Vivo COX Instead of AOX Activity Mediated the
Mitochondrial Response to Severe HL Stress and Was
Highly Coordinated with Photosynthetic Performance

Asmentioned above, nalt was not increased in double
mutants under severe HL stress conditions, probably
due to a ROS inactivation of the AOX. Moreover, nalt
also decreased in gl1 plants from its levels at 2 h toward
4 and 8 h of HL treatment (Fig. 3). On the other hand,
ncyt was induced significantly in all lines after HL
treatment (Fig. 3). The observed ncyt induction was not
due to COX protein level modifications, since the levels
of immunodetected COXII in all genotypes were either
similar or lower in HL than in GL conditions; these
results indicate that the COX protein level did not
limit mETC activity and that increased flux through
COP may lead to greater turnover of the COX protein.
Moreover, ncyt but not nalt was significantly and posi-
tively correlatedwith photosynthetic activity (ETR) and
NPQ (Table II; Supplemental Fig. S1). Increases in the
linear electron flow of PSII induce a proton gradient
across thylakoid membranes, which leads to an in-
duction of NPQ (Shikanai, 2007). Also, ncyt was nega-
tively correlated to %TPI and %CPI. Therefore, ncyt
was correlated with a better photosynthetic perfor-
mance under severe HL stress. While ATP provision
by ncyt has been reported as an important role for mi-
tochondrial metabolism in leaves under illumination,
there is a high need for energy dissipation under HL
conditions that can be accomplished by mitochondrial
metabolism (Yoshida and Noguchi, 2010). In this re-
spect, it has been proposed that the COX pathway also
can allow an uncoupled electron transport under sit-
uations of chronic oxidative stress through the acti-
vation of the UCPs (Rasmusson et al., 2009). In this
study, UCP levels were generally similar among gen-
otypes, and no substantial changes were detected after
HL treatment (Fig. 4). However, posttranslational ac-
tivation of UCPs cannot be discarded. Indeed, UCP
has been shown to be activated by lipid peroxidation
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products (Vercesi et al., 2006), which would inhibit nalt
but not ncyt, as observed in here.

In Vivo COX Activity Is Highly Coordinated with
Photorespiratory and Amino Acid Metabolism

The active CEF-PSI in gl1 plants after 2 h of HL
treatment can diminish the excess of reducing power by
balancing NADPH/ATP levels and, therefore, keep an
active and less ROS-damaged chloroplast electron
transport chain. The increased ETR observed in gl1 and
crr4-3 plants produced NADPH and ATP, not only for
carbon assimilation but also for photorespiration and
the export of reductants via the malate valve (Yoshida
and Noguchi, 2010). The three processes cooccurring in
high light provide NAD(P)H to the mETC via sugar oxi-
dation, Gly decarboxylation, and malate oxidation. Under
these conditions, both COX and AOX pathways oxidized
all the reductant power from the chloroplast, as observed
in gl1 plants after 2 h of HL treatment. Indeed, in a very
recent study in Arabidopsis aox1a mutants, we showed
that theAOXpathway can support photorespirationunder
HL conditions (Watanabe et al., 2016). However, when the
light stress conditions were more severe (indicated by
higher levels of photoinhibition), only the COX but not the
AOX pathway showed a response to HL stress. Moreover,
the impairment of the CEF-PSI in double mutants caused
severe damage to the photosynthetic electron transport
chain already after 2 h of HL stress, as indicated by the
highest levels of chronic photoinhibition. Such severe im-
pairment of the chloroplast ETR probably restricted the
generation of chloroplast-derived substrates/reductants
by any of the three processes described above and,
thus, limited the response of the mETC. Importantly,
the statistically significant correlation observed be-
tween in vivo respiratory activities and the NADH-
NAD+ ratio supports this view (Fig. 6).

In order to better understand the metabolic links
involved in the attenuated respiratory response as a
consequence of CEF-PSI impairment under HL stress,
metabolite profiles and also their correlation to the
respiratory activities in vivo were analyzed (Fig. 6;
Supplemental Fig. S4). The induction pattern of sugar
levels such as Suc, Gal, and especially Glc was highly
correlated to ncyt, possibly indicating the fueling of
respiration by the increase in photosynthesis-derived
substrates. In relation to this, pyruvate and tricarboxylic
acid cycle intermediates such as succinate, fumarate, and
2-oxoglutarate as well as the 2-oxoglutarate-citrate ratio
also showed positive and significant correlations to ncyt.
2-Oxoglutarate is a key metabolite in nitrogen metabo-
lism, being used as a carbon skeleton for amino acid
synthesis (Araújo et al., 2014a). In this study, ncyt also
was positively correlated to several amino acids. Taken
together, the correlations observed suggest that ncyt may
oxidize matrix NADH, providing ATP and allowing
tricarboxylic acid cycle carbon flow toward amino acid
and protein synthesis under severe HL stress. Pro syn-
thesis requires carbon flow from 2-oxoglutarate and Glu

as well as ATP (Szabados and Savouré, 2010), and re-
markably, it was one of the highest accumulated metab-
olites following HL treatment in all genotypes. Although
not correlated directly to ncyt, a high synthesis of this ROS-
protective metabolite can be speculated, which likely
would require a high rate of ATP-coupled respiration. In
agreement, significant and positive correlations of ncyt
with Phe also may indicate a high ATP demand for the
synthesis of secondary metabolites with an important
protective role under HL conditions (Tohge et al., 2013).
Also, Tyr was accumulated continuously after HL treat-
ment at very high levels, particularly in double mutants
that showed the highest levels after 8 h of HL stress
(10-fold increase). Recently, a new alternative pathway
was described to link Tyr and Phe metabolism (Yoo et al.,
2013), presenting the possibility that Tyr accumulation also
contributes to the synthesis of the secondary metabo-
lites derived from Phe (Tohge et al., 2013). In addition,
given that Phe is a precursor for UQ biosynthesis
(Block et al., 2014; Tohge et al., 2014), correlations to an
enhanced ncyt under HL stress appear to reveal direct
metabolic links to the mitochondrial electron transport
that warrant further investigation.

Finally, Gly was the metabolite that exhibited the
greatest increase following HL treatment, as observed
previously in Arabidopsis Col-0 plants after HL treat-
ment (Florez-Sarasa et al., 2012), which suggests a high
photorespiratory activity (Timm and Bauwe, 2013).
However, this increase was much lower in pgr5 and,
more strikingly, it was almost abolished in the double
mutants compared with gl1 and crr4-3. These results
denote a link between CEF-PSI and photorespiration.
Recently, it was reported that CEF-PSI is increased
under photorespiratory and HL conditions, thus indi-
cating the cooperation of both processes as energy-
balancing mechanisms under HL conditions (Walker
et al., 2014). Photorespiration under HL contributes to
the consumption of the excess of reducing power, thus
acting as a photoprotective mechanism to avoid pho-
toinhibiton (Takahashi and Badger, 2011). Thus, a high
photorespiratory flux, as expected in the HL conditions
applied in this study, produced a huge increase in Gly,
which is a major substrate for mitochondria in illumi-
nated leaves (Dry et al., 1983; Igamberdiev et al., 1997).
In agreement, Gly and the Gly-Ser ratio showed among
the highest correlation coefficients with the ncyt, which
suggests that the COX pathway can be involved in the
reoxidation of the NADH from Gly decarboxylation. In
parallel, ncyt also was highly and negatively correlated
toNADH-NAD+ ratios and glycerate, which is one of the
typical metabolites altered in photorespiratory mutants
(Timm and Bauwe, 2013). Interestingly, Sweetlove et al.
(2006) found that an uncoupled mitochondrial electron
transport by the action ofUCPwas important to keep the
photorespiratory oxidation of Gly to Ser, which in turn
benefits photosynthetic performance. Taken together,
these observations strongly suggest that the ncyt permits
the oxidation of NADH derived from an HL-stimulated
Gly-to-Ser decarboxylation under severe oxidative stress
in cooperationwith active UCPs. In this way, the ncyt can
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act as a sink for the excess of electrons from the chloroplast
via photorespiratory Gly oxidation, thus improving pho-
tosynthetic performance and reducing photoinhibition
when nalt is not induced due to severe HL-induced oxida-
tive stress. Notably, ncyt was more increased in AOX1a
antisense plants than in thewild type underHL stress, thus
compensating for the lack of nalt increase under HL stress
(Florez-Sarasa et al., 2011).

CONCLUSION

The in vivo activities of the mitochondrial COX and
AOX pathways were studied, to our knowledge for the
first time, in CEF-PSI mutants under growth and HL
conditions. In addition, the AOX pathway capacity also
was determined and was highly and positively corre-
lated to photoinhibition, probably due to the effect of
photosynthesis-derived ROS on the observed induced
AOX expression. However, the nalt was not higher in
CEF-PSI mutants than in wild-type (gl1) plants under
HL conditions, thus partially refuting our hypothesis.
The severe metabolic impairment observed in CEF-PSI
mutants may underlie the reason for the lack of an AOX
activity response (i.e. due to an inactivation by lipid
peroxidation products; Winger et al., 2005), which was
indeed engaged in the less severely stressed gl1 plants
after 2 h of HL treatment, in agreement with previous
results (Florez-Sarasa et al., 2011, 2012) and suggestions
(Yoshida et al., 2007). Despite the severity of the HL
stress, the ncyt was induced in all genotypes and was
tightly linked to their photosynthetic performance. The
correlations with metabolite changes suggest that ncyt is
highly coordinated with stress-related amino acid
synthesis. More strikingly, the severely attenuated re-
sponse of the Gly-Ser ratio in pgr5 and double mutants
suggests an impaired photorespiration that was corre-
lated with an attenuated response of the ncyt. In addi-
tion, NADH-NAD+ ratios were strongly and negatively
correlated with ncyt. We propose that ncyt can act as a
sink for the excess of electrons from the chloroplast via
photorespiratory Gly oxidation, thus reducing photo-
inhibition when nalt is not induced under severe HL
stress. These observations open new perspectives for
further studies on the in vivo role and regulation of the
mETC in leaves underHL stress.We speculate that such a
new invivo role of theCOXpathway canbe accomplished
partially through an ATP-uncoupled electron transport
(i.e. ROS activation of UCPs), although more experiments
will be needed to establish the exact mechanism bywhich
this occurs.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Plants of Arabidopsis (Arabidopsis thaliana) wild type (ecotype Col-0 gl1) and
mutants were grown in a growth chamber (Fitotron UIB) under controlled
conditions: temperature of 25°C, relative humidity above 40%, 12-h photope-
riod, and light intensity of 80 mmol m22 s21 (GL conditions). Plants grown for
4 to 5 weeks under GL were transferred for 2, 4, and 8 h to 800 mmol m22 s21,

considered HL conditions. Arabidopsis pgr5 is deficient in the Fd-dependent
CEF-PSI pathway (Munekage et al., 2002), while crr4-3 is deficient in the NDH-
dependent pathway (Kotera et al., 2005). Also, the doublemutant pgr5 crr4-3was
a gift from Toshiharu Shikanai. The rosettes of the pgr5 and crr4-3 single mutants
were slightly smaller than those of gl1 plants after 4 weeks of growth. On the
other hand, doublemutants presented pale leaves andgrowthwasmore affected;
therefore, this genotype was grown for 5 weeks in order to reach a similar de-
velopmental stage (i.e. number of leaves) to the other three genotypes (Fig. 1).

Chlorophyll Fluorescence

TheFPSII was obtained from chlorophyll fluorescence measurements in the
light by setting the actinic light of a portable pulse amplitude modulation fluo-
rometer (PAM-2000; Walz) to 80 or 800 mmol m22 s21 for GL and HL mea-
surements, respectively. Chloroplast ETR was calculated as the product of
FPSII 3 actinic light intensity 3 0.84 3 0.5. In addition, qP, qN and NPQ, and
Fv/Fm values were obtained from chlorophyll fluorescence measurements in
the light and after 30 min of dark adaptation with the PAM-2000 fluorometer.
Also, %TPI, %CPI, and %DPI were obtained as described previously by Florez-
Sarasa et al. (2011) with a slight modification; in this study, the Fv/Fmmax value
was obtained from the mean value of Fv/Fm30 under GL for gl1 plants (i.e. %CPI
in gl1 plants is 0) in order to compare all the data with gl1. Ten to 12 replicates
were performed per line and experimental condition.

Respiration Measurements

Measurements of oxygen isotope fractionation during respiration were
performed as described by Florez-Sarasa et al. (2007) to determine the activities
of the COX and AOX pathways in vivo. The oxygen isotope fractionation of the
AOX pathway required for the electron partitioning calculation (Guy et al.,
1989) was determined after incubation with 10 mM KCN as described previ-
ously (Florez-Sarasa et al., 2007); a mean value of 30.5‰ was used from all the
measurements performed in the mutant and wild-type plants because no dif-
ferences were observed among genotypes (data not shown). On the other hand,
an oxygen isotope fractionation of the AOX pathway value of 20.9‰was taken
from previous measurements in Arabidopsis leaves (Florez-Sarasa et al., 2007).
Four to five replicates per line and experimental condition were performed.

In addition, the AOX capacity was determined with a Clark-type oxygen
electrode as described previously (Florez-Sarasa et al., 2009). Four to 10 repli-
cates per line and experimental condition were performed.

Metabolite Profiling and Pyridine
Nucleotide Determinations

Metabolite extractions were performed as described previously (Lisec et al.,
2006) using approximately 150 mg of frozen-powdered leaf tissue. Derivatization
and gas chromatography-time of flight-mass spectrometry analyses were carried
out as described previously (Lisec et al., 2006). Metabolites were identified man-
ually using the TagFinder plug-in of the TagFinder software (Luedemann et al.,
2008) and the reference library mass spectra and retention indices housed in the
Golm Metabolome Database (http://gmd.mpimp-golm.mpg.de; Kopka et al.,
2005). The metabolite ratios were calculated by dividing the signal intensities of
the selected masses for the corresponding metabolites, and no calibration was
performedwith known concentrations of the reference compounds; therefore, the
ratios obtainedwere only used to compare the HL responses among the different
genotypes but do not indicate the absolute (actual) ratios. Data were normalized
to the mean value of wild-type (gl1) plants in GL conditions (i.e. the value of all
metabolites and ratios for gl1 at GLwas set to 1). Values presented aremeans6 SE

of six replicates, with each replicate representing a pool of three rosettes.
For pyridine nucleotides, two aliquots of 25mg each of frozen-powdered leaf

tissue (i.e. from the same frozen-powderedmaterial used for GC-MSmetabolite
analysis) were used to determine the reduced (NADH and NADPH) and the
oxidized (NAD+ and NADP+) forms. Extractions and spectrophotometer de-
terminations were performed as described by Kühn et al. (2015).

Western Blotting

Aliquots of 20 mg of frozen-powdered leaf tissue (i.e. from the same frozen-
powdered material used for GC-MS metabolite analysis) were used to extract
proteins by adding 100 mL of SDS sample buffer (2% [w/v] SDS, 62.5 mM Tris-
HCl [pH 6.8], 10% [v/v] glycerol, and 0.007% [w/v] Bromophenol Blue) as well
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as 50 mM DTT and a protease inhibitor tablet (Roche). Samples were then in-
cubated for 30 min on ice to allow full reduction of the AOX protein. Thereafter,
samples were boiled at 95°C for approximately 5 min and the homogenate was
centrifuged at 14,000 rpm for 10 min. The supernatant was transferred into a
new tube and kept at 220°C for later analysis. Twenty microliters was loaded
and separated on 12% SDS-PAGE gels and transferred to nitrocellulose mem-
branes using the wet Mini-PROTEAN system of Bio-Rad. The following pri-
mary antibodies and dilutions were used to detect mitochondrial proteins:
monoclonal anti-porin (PM035; from Dr. Tom Elthon) at 1:5,000 dilution; poly-
clonal anti-AOX (AS04054; Agrisera) at 1:500 dilution; polyclonal anti-COXII
(AS04053A; Agrisera) at 1:1,000 dilution; and polyclonal anti-UCP (AS121850;
Agrisera) at 1:1,000 dilution. Secondary antibodies linked to horseradish per-
oxidase were used (Sigma-Aldrich). The signals were detected by chemilumi-
nescence using Pierce ECL Western Blotting Substrate (Thermo Fisher) and a
Luminescent Image Analyzer (G-Box-Chemi XT4; Syngene). The protein band
quantifications were performed with GeneTools analysis software from the
Luminescent Image Analyzer (G-Box-Chemi XT4; Syngene) according to the
manufacturer’s instructions. The obtained band intensities for AOX, COX, and
UCP were corrected for their corresponding porin band intensities and then
normalized to the levels of the gl1 plants under GL (i.e. gl1 levels for all the
proteins are 100%). Two different immunoblot experiments per protein were
performed with very similar results (data not shown), and images shown in
Figure 4 and Supplemental Figure S2 belong to one of the two membranes
obtained. Samples used in each of the two immunoblot experiments were a
mixture of aliquots belonging to two biological replicates from the same six
biological replicates used for the GC-MS metabolite analyses (i.e. four of the six
biological replicates available were used). The percentage values presented in
Figure 4 are means of the two immunoblot experiments.

Statistical Analysis

For the statistical analyses in Figures 2 and 3, Table I, and Supplemental
Figure S3, a one-way ANOVA with a level of significance of P , 0.05 was
performedwith SPSS for Windows 17.0, and Duncan’s posthoc test was used to
determine statistically significant differences. Pearson correlations (Fig. 6; Table
II) and their significance (P , 0.05) between the fold changes in metabolite
levels and the fold changes in respiratory or photosynthetic parameters were
determined with Microsoft Excel Software 2010. Student’s t tests were used for
the statistical analyses in Supplemental Table S1 in order to compare all geno-
types under the different light treatments with gl1 under GL levels.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Plots showing all the relationships between pho-
tosynthetic and respiratory parameters.

Supplemental Figure S2. Images showing membranes blotted from entire
SDS-PAGE gels of the immunodetected mitochondrial proteins AOX,
COXII, UCP, and porin in leaf extracts of gl1, crr4-3, pgr5, and pgr5
crr4-3 plants under GL and after 4 and 8 h of HL treatment.

Supplemental Figure S3. Pyridine nucleotide levels in the wild type (gl1)
and CEF-PSI mutants.

Supplemental Figure S4. Plots showing the statistically significant (P ,
0.05) relationships between fold changes in metabolite levels and in vivo
respiratory activities in the wild type (gl1) and CEF-PSI mutants.

Supplemental Table S1. Metabolite levels in leaves of gl1, crr4-3, pgr5, and
pgr5 crr4-3 plants under GL and after 2, 4, and 8 h of HL treatment.

Supplemental Table S2. Parameters used for peak annotation in GC-MS
analysis.
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