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ABSTRACT Plant respiration is characterized by two pathways for electron transfer to O,, namely the cytochrome path-
way (CP) that is linked to ATP production, and the alternative pathway (AP), where electrons from ubiquinol are directly
transferred to O, via an alternative oxidase (AOX) without concomitant ATP production. This latter pathway is well suited
to dispose of excess electrons in the light, leading to optimized photosynthetic performance. We have characterized T-
DNA-insertion mutant lines of Arabidopsis thaliana that do not express the major isoform, AOX1A. In standard growth
conditions, these plants did not show any phenotype, but restriction of electron flow through CP by antimycin A, which
induces AOX1A expression in the wild-type, led to an increased expression of AOX1D in leaves of the aox7a-knockout
mutant. Despite the increased presence of the AOX1D isoform in the mutant, antimycin A caused inhibition of photosyn-
thesis, increased ROS, and ultimately resulted in amplified membrane leakage and necrosis when compared to the wild-
type, which was only marginally affected by the inhibitor. It thus appears that AOX1D was unable to fully compensate for
the loss of AOX1A when electron flow via the CP is restricted. A combination of inhibition studies, coupled to metabolite
profiling and targeted expression analysis of the P-protein of glycine decarboxylase complex (GDC), suggests that the
aox7a mutants attempt to increase their capacity for photorespiration. However, given their deficiency, it is intriguing
that increase in expression neither of AOX1D nor of GDC could fully compensate for the lack of AOX1A to optimize pho-
tosynthesis when treated with antimycin A. We suggest that the aox7a mutants can further be used to substantiate the
current models concerning the influence of mitochondrial redox on photosynthetic performance and gene expression.

Key words: abiotic/environmental stress; acclimation—physiological; alternative electron transport; photorespiration;
photosynthesis; mitochondria; T-DNA insertion line.

INTRODUCTION

Higher plant mitochondria possess two distinct pathways for

the transfer of electrons from reduced ubiquinone to molecular " To whom correspondence should be addressed. E-mail scheibe@biologie.
oxygen: the cytochrome pathway (CP), which is sensitive to anti- uni-osnabrueck.de, fax +49541/9692265, tel. +49541/9692284.

mycin A (AA) and cyanide, and the alternative pathway (AP),  ° Both authors contributed equally to this work.

which is insensitive to the aforementioned inhibitors, but is sen- © The Author 2009. Published by the Molecular Plant Shanghai Editorial

sitive to salicylhydroxamate (SHAM) and propy! gallate. In the I(:’:;Féces;gsascszglatlon with Oxford University Press on behalf of CSPP and

CP, electron transport is coupled to proton translocation and doi: 10.1093/mp/ssn089, Advance Access publication 21 January 2009
hence to ATP formation. Electron transport through the AP Received 1 September 2008; accepted 13 November 2008
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is, however, not linked to ATP production. The alternative oxi-
dase (AOX), which mediates the terminal step of the AP, is lo-
calized to the inner membrane of mitochondria (Day and
Wiskich, 1995; Siedow and Umbach, 2000; Finnegan et al.,
2004). Initially, the identification of AP was identified as
contributing to the ‘thermogenesis’ associated with the
attraction of insect pollinators (Meeuse, 1975). More recent
studies indicate that both expression level and in-vivo
engagement of the AOX are modulated by: (1) changes in
cellular metabolism, (2) developmental stage, and (3) exposure
to a range of biotic and abiotic factors (Juszczuk and Rychter,
2003; Millenaar and Lambers, 2003; Ho et al., 2007; Yoshida
etal., 2007; Giraud et al., 2008). It is intriguing that AOX, whose
function is not completely understood, is capable of responding
to such a wide variety of signals (Clifton et al., 2006).

AOX is encoded by a small nuclear multigene family, which
comprises at least two different subfamilies, AOX1 and AOX2.
The number of genes coding for each subfamily of AOX varies
among higher plants and also between monocots and dicots
(Considine et al., 2002; Borecky et al., 2006). In Arabidopsis, five
genes encoding the two subfamilies of AOX, namely AOX1A,
AOX1B, AOX1C, AOX1D, and AOX2, have been identified, with
each member subject to different cell-, tissue-, organ- or even
stress-specific transcriptional regulation (Clifton et al., 2006).
AOX1A is the major isoform in the leaf, and this isoform is in-
duced by antimycin A, an inhibitor of the CP (Saisho et al.,
2001). Microarray studies and quantitative RT-PCR analysis using
A. thaliana have revealed up-regulation of AOX7A transcripts in
many different types of stress treatments (Clifton et al., 2006).
Moreover, the high sensitivity of AOX1A expression responses
to antimycin A, organic acids, and ROS allows it to serve as
a model for mitochondrial retrograde regulation of nuclear
gene expression (Gray et al., 2004; Zarkovic et al., 2005). The role
of AOX in alleviating ROS production is well documented in
mitochondria as well as at the plant cellular and even tissue
level, particularly in response to abiotic stresses such as low tem-
perature (Maxwell et al., 1999; Fiorani et al., 2005; Umbach et al.,
2005). Furthermore, the role of the AP in the protection of the
photosynthetic electron transport chain (ETC) from the harmful
effects of excess light was recently demonstrated in drought-
stressed wheat (Bartoli et al., 2005; Pastore et al., 2007). Also,
in a variegated mutant subjected to photooxidative stress, en-
ergy-dissipating systems of the mitochondria, including AOX1A
expression, were induced (Yoshida et al., 2008).

AOX activity is additionally known to be modulated by sev-
eral factors such as reduced ubiquinone, as well as changes in
macronutrient availability (Vanlerberghe and Mcintosh, 1997;
Sieger et al., 2005). Apart from stress treatments, AOX protein
abundance and in-vivo activity are also known to be regulated
by the carbon and redox status of the cell (Vanlerberghe and
Ordog, 2002). Indeed, the specific mitochondrial thioredoxin
isoform (PtTrxh2) has the capacity to reduce AOX homodimers,
enabling pyruvate activation (Gelhaye et al., 2004), and recent
studies provide evidence for the physiological relevance of this
activation process (Oliver et al., 2008).

There is increasing evidence for the importance of chloro-
plast-mitochondrial interactions in photosynthesis and respi-
ration, at both biochemical and molecular levels (Hoefnagel
etal., 1998; Atkin et al., 2000; Gardestrom et al., 2002; Padmas-
ree et al., 2002; Raghavendra and Padmasree, 2003; Matsuo
and Obokata, 2006). While operation of the entire TCA cycle
in the light is still under debate, several NAD(P)H dehydro-
genases and uncoupling proteins linked to the mitochondrial
electron transport chain have been demonstrated to be func-
tional in the illuminated leaf (Graham, 1980; Kréomer, 1995;
Padmasree et al., 2002; Clifton et al., 2005; Tcherkez et al.,
2005; Plaxton and Podesta, 2006; Sweetlove et al., 2006; Noctor
et al.,, 2007; Nunes-Nesi et al., 2007a, 2007b; Rasmusson and
Escobar, 2007; Noguchi and Yoshida, 2008; Nunes-Nesi et al.,
2008; Yoshida et al., 2008). Interestingly, while deficiencies
in the expression of genes related to certain enzymes of the
TCA cycle, namely NAD-MDH and aconitase, enhanced plant
photosynthetic performance and shoot growth of transgenic
tomato leaves/plants (Carrari et al., 2003; Nunes-Nesi et al.,
2005), restriction in mitochondrial electron transport or oxida-
tive phosphorylation drastically decreased the photosynthetic
performance of the mesophyll protoplasts from barley and pea
(Kromer et al., 1993; Padmasree and Raghavendra, 1999a).
Also, the CMSII mutants of Nicotiana sylvestris that lack a func-
tional complex | of the mitochondrial ETC showed decreased
photosynthetic capacity, prolonged induction periods and
were unable to adjust to higher growth irradiances (Sabar
et al., 2000; Dutilleul et al., 2003; Noctor et al., 2004; Priault
et al., 2006). In addition, both the CP and the AP have been
demonstrated, either by the use of chemical inhibition or by
reverse genetic approaches, to help optimize photosynthesis in
a number of ways, which include: (1) disposal of excess reducing
equivalents from the chloroplast, exported through the malate
valve (Kromer and Scheibe, 1996; Scheibe, 2004; Scheibe et al.,
2005; Yoshida et al., 2007), (2) acceleration of photosynthetic
induction and light activation of key chloroplastic enzymes
(Padmasree and Raghavendra, 1999b, 2001) and (3) supply
of ATP for cytosolic sucrose biosynthesis (Padmasree and
Raghavendra, 1999¢; Igamberdiev et al., 2006). Furthermore,
the role of mitochondrial respiration in protecting photosynthe-
sis against photoinhibition was demonstrated in mesophyll pro-
toplasts of pea and in Anacystis nidulans and Chlamydomonas
reinhardtii (Saradadevi and Raghavendra, 1992; Shyam et al.,
1993; Singh et al., 1996).

In the present study, we employed both chemical and re-
verse genetic approaches in tandem, by analyzing aox7a
mutants and simultaneously using the inhibitor antimycin A.
Under standard conditions, no distinct mutant phenotype
was detected, either at the whole plant level or in experiments
conducted with leaf discs. However, application of the CP in-
hibitor, antimycin A, led to leaf tissue damage caused by inhi-
bition of photosynthesis and a build-up of ROS in the aox7a
mutants. These changes were paralleled by a clear induction
of AOX1D and of the P-protein of the glycine decarboxylase
complex (GDC). This finding led us to validate the results using
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mesophyll protoplasts generated from wild-type and mutants
following treatment with various inhibitors of the mitochon-
drial ETC and of photorespiration. Protoplasts offer the advan-
tage that the cellular reactions are easily accessible to
exogenously applied inhibitors and thus their effects can be
recorded without delay. Results from these studies are dis-
cussed within the context of current models of the influence
of mitochondria in photosynthetic processes.

RESULTS

Characterization of aox7a-Knockout Lines

We identified two independent aox7a-T-DNA knockout lines
in Arabidopisis, named At3922370:tDNA-133 and
At3922370::tDNA-53 that harbour a T-DNA insertion at posi-
tions 27914 and 28054, respectively, of chromosome 3 (see Sup-
plemental Figure 1A). The combination of the AOX71A primers
53LPand53RPforline 53 allowed amplification of acorrespond-
ing PCR product (958 bp) on genomic DNA from wild-type, but
not from the homozygous aox7a line 53 (see Supplemental Fig-
ure 1B). For line 133, the gene-specific primers 133LP and 133RP
were used, and the corresponding PCR product had a size of
996 bp (see Supplemental Figure 1C). PCR productscould be am-
plified from genomic DNA of homozygous aox7a lines, but not
wild-type, by combining T-DNA leftborderprimers(LBa1forline
53 and LB3 for line 133) and one gene-specific primer (see Sup-
plemental Figure 1Band 1C). Theamplified PCR product (950 bp
forline 53 and 436 bp for line 133) was sequenced to determine
thelocation ofthe T-DNAinsertion withinthe AOX7Agene.PCR
analysis of genomic DNA confirmed that the lines were homo-
zygous.

Given that AOX1A is known to be expressed at low levels,
and that its expression can be induced by treatment with anti-
mycin A, we performed RT-PCR and Northern blot analyses in
tissues after treatment with the inhibitor for 6 h or alterna-

A

tively after high-light treatment. As shown in Supplemental
Figure 1D-1F, the mutants lack the AOXT7A transcript under
all conditions. Moreover, Western blot analysis using the
monoclonal antiserum against Sauromatum guttatum AOX
(see Supplemental Figure 1G) (Elthon et al., 1989) revealed
that both aox7a lines lack the AOX1A protein.

Phenotypic Appearance of aox7a Plants

Absence of AOX1A resulted in no alteration of phenotypic ap-
pearance under standard growth conditions (photoperiod of
7.5 h light, 16.5 h dark; Figure 1A). In contrast, when 5-week-
old plants were treated with antimycin A, we observed pro-
found differences between aox7a and wild-type plants (Figure
1B). In comparison to wild-type, the aox7a plants wilted and
became necrotic when exposed to antimycin A. In contrast,
the leaflets of wild-type plants were resistant, in spite of
the disturbance in the electron flow through CP. The damag-
ing effect of antimycin A on leaflets of aox7a mutants was
clearly visible 6 d after the treatment under short-day photo-
period illumination at 50 pE m~2s~' (Figure 1B).

Since an increase in intracellular ROS levels would be anti-
cipated to damage the membranous structures of the cell, we
next attempted to measure membrane leakage in the leaf discs
exposed to antimycin A. In the presence of antimycin A, the
leakage was very pronounced in leaf discs of aox7a plants
(Figure 2). Wild-type discs treated with antimycin A as well
as leaf discs of wild-type and aox7a plants that were not trea-
ted with antimycin A did not exhibit any sign of ion leakage.
Given that the two insertion lines displayed exactly the same
phenotypes, we focused further study exclusively on line 133.

Induction of AOX1D Transcripts in Leaf Discs of AOX1a-KO
Plants upon Antimycin A Treatment

In order to test whether any of the other AOX isoforms were in-
duced to compensate for the deficit of AOX1A in the knockout

Figure 1. Growth Phenotype of A. thaliana Wild-type and aox7a-Knockout Plants.
(A) Phenotype of plants grown for 11 weeks under standard growth conditions. Plants were kept at 50 tE m~2 s~' under short-day pho-

toperiod.

(B) Phenotypic appearance of the 5-week-old wild-type and aox7a plants growing under low light intensity (50 uE m~2 s~') and short-day
photoperiod 6 d after treatment with 20 uM antimycin A (+AA) or water (—AA), respectively.
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Figure 2. lon Leakage from Leaf Discs of Wild-Type (Filled Symbols)
and aox7a Plants (Open Symbols) after Pre-Incubating the Leaf
Discs at 120 uE m 2 s~ " for 6 h in the Absence (®, O) and Presence
of 20 uM antimycin A (m, OJ).

Values are the mean of five independent measurements. The values
of 100% conductivity were obtained by exposing the leaf discs to
liquid N; prior to the transfer to water.

plants, we subjected wild-type and mutants to Northern blot
(see Supplemental Figure 2A) and RT-PCR analyses (Figure 3).
Under standard conditions (6 h illumination at 120 pE m~2s77),
no AOXITD transcript was detected in leaf discs without
antimycin A treatment. In contrast, after treatment with
antimycin A, expression of AOX1D was enhanced in leaf discs of
aoxTa plantscompared to wild-type. Expression levels of the other
isoforms, namely AOX1B and AOX1C, in aox7a plants that were
treated with antimycin A were unaltered (data not shown).

Antimycin A Causes Mutant-Specific Disruption of
Photosynthetic Parameters

Since it is well known that mitochondria and chloroplasts are
strongly interdependent in the light, a number of photosyn-
thetic parameters were monitored in wild-type and aox7a
plants, both under control conditions and following treatment
with antimycin A (20 uM). Under control conditions, wild-type
and aox1a lines display no significant differences in ®lIl, gP, gNP,
and Fy/Fy, (Table 1). This indicates that photosynthetic electron
flow is not affected in the knockout plants. Indeed, only follow-
ing antimycin A treatment the photosynthetic electron trans-
port was strongly affected in the aox7a plants in comparison
to the wild-type. Under these conditions, a dramatic decrease
in the Fy/Fy, ratio indicates photoinhibition and possibly photo-
damage to PSIl. In aox7a plants, the higher reduction state of Qa
of PSII in addition to the decreased quantum yield and an in-
crease in qNP serve to support this hypothesis.

Metabolite Analyses of Wild-Type and aox7a Plants after
Treatment with Antimycin A

Using GC-MS analyses for metabolites, we attempted to identify
metabolic imbalances caused by the lack of AOX1A. Several dif-
ferences between wild-type and aox7a mutants were detected
under control conditions (full data set in Supplemental Table 1).

WT aoxia
-AA L +AA -AA - +AA
e | AOX1D
— e ©|UBQ

Figure 3. RT-PCR Analysis of AOXT1D Expression in Wild-Type and
aoxTla Plants.

Total RNA was extracted from leaves discs either treated with (+AA)
or without 20 uM antimycin A (-AA) in the light (120 uE m—2s7")
for 6 h. RT-PCR of AOX1D expression in wild-type and aox7a plants.
PCR (25 cycles) was performed with AOX1D-specific primers.

Table 1. Effect of Antimycin A Treatment on Various
Photosynthetic Parameters in Wild-Type and aox7a Plants.

Control Treatment with antimycin A

Wild-type aoxla Wild-type aoxla
Fy/Fm 072 = 0.04 0.65 = 0.1 0.65 = 0.15 0.28 = 0.12
qP 0.96 = 0.03 0.92 = 0.2 0.93 = 0.01 0.79 = 0.11
qgNP 0.45 = 0.08 0.33 = 0.09 0.45 + 0.17 1.87 = 1.15
Il 0.67 = 0.01 0.64 = 0.04 0.63 = 0.06 0.28 + 0.12

Leaf discs from A. thaliana 12-week-old wild-type and aox7a plants
were incubated without or with 20 uM antimycin A for 6 h under
illumination. Prior to the measurements, the discs were kept in the dark
for 1 h.

aoxTa lines displayed significantly reduced levels of p-alanine
and glutamate, while isoleucine levels increased. Interestingly,
intermediates of the TCA cycle such as citrate and malate were
significantly decreased in the mutant, while no changes were
observed in succinate and fumarate levels. Under control con-
ditions, the intermediates of the photorespiratory pathway: gly-
cine, serine and glycerate—were not affected by the absence of
AOX1A. When sugars were analyzed, trehalose and melezitose
were significantly decreased in the mutant, while glucose, fruc-
tose, sucrose, raffinose, and ribose showed no changes.
Relative differences in metabolite profile became much more
apparent after inhibition of CP with antimycin A. Indeed, we
could observe significant differences from the wild-type for
many metabolites (Supplemental Table 1). There was a signi-
ficant relative increase in the amino acids y-amino butyric acid
(GABA), glycine, methionine, while the serine value showed
a relative decrease. However, no significant changes in proline,
alanine, phenylalanine, and valine levels were observed. Pyru-
vate increased more than four-fold in the knockout plants com-
pared to the wild-type upon antimycin A treatment, while
citrate decreased (Figure 4). When we analyzed the TCA-cycle
intermediate levels, similar results to untreated samples were
observed in the antimycin A-treated samples, except for a rela-
tive increase in 2-oxoglutarate. It was apparent that there was
a significant reduction of malate and citrate levels, while 2-oxo-
glutarate increased (Figure 4). Interestingly, there was also a six-
fold increase in 4-hydroxybutyrate, a by-product of GABA
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catabolism, in the aox7a mutant after inhibition of CP with anti-
mycin A (Figure 4). As in untreated samples, sugars such as glu-
cose, fructose, galactose, and raffinose did not change in treated
samples, while only maltose increased (Supplemental Table 1).

Effects on Photorespiration

From the metabolite analysis (Figure 4), it became apparent that
relative glycine and serine levels showed opposite trends. To gain
absolute quantification of this, we performed calibration curves
with authentic standards of these amino acids (Figure 5A).

When leaf discs of wild-type and aox7a plants were in-
cubated with 20 uM antimycin A in the light for 6 h, the
glycine-to-serine ratio increased to 4.6 as compared to 0.6 in
wild-type (Figure 5B). According to the cross-over theory (Rolles-
ton, 1972), these changes are indicative of a limitation at the
GDC-catalyzedstep. We used specific probes as well asantibodies
against the P-protein of GDC to see whether differences at the
metabolite level could be traced to changes in the enzyme
complex. While the transcript level for P-protein was increased
in the mutant compared to wild-type, both in controls and
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Figure 4. Relative Metabolite Content in Leaf Discs of Wild-Type (Grey Bars) and aox7a Mutants (White Bars) Plants after Antimycin A

Treatment (20 pM).

Data are normalized with respect to the mean response calculated for the wild-type. Values are presented as mean *+ S.E. of determinations
on six replications per genotype. An asterisk indicates values that were determined by the t-test to be significantly different (P < 0.05) from

the wild-type.
A . B 7 Figure 5. (A) Glycine and Serine Content
6 " and Expression level of Glycine Decarbox-
20 H T l ylase. Absolute Values for Glycine (Black
i,:’ z 5 Bars) and Serine (Grey Bars).
% 15 %u.; 4 (B) Glycine-to-serine ratio of aox7a discs
= 2 = 3 (gray bar) and wild-type (white bar) after
S 10 s E antimycin A treatment (20 uM).
Qe g Values in A and B are presented as mean
5 7 © 1 + S.E. of six individual determinations per
r—’—| genotype. An asterisk indicates values
0 a T T that were determined by the t-test to be
aox1a + AR WT +AA aoxTa+ AA WT +AA significantly different (P < 0.05) from
the wild-type.
C -AA +AA D -AA +AA (C) RT-PCR analysis of GDC (P-protein) ex-
WT aoxfa WT aoxia WT aoxia WT aox1a pression in leaf discs of wild-type and
aoxTla plants incubated in H,O with and
-y ™ e P-protein - w— - - . without addition of 20 uM antimycin A.

(D) Western blot and immunodetection

using antiserum against the P-protein of
GDC were performed with extracts from
wild-type and aox7a plants after antimy-
cin A treatment .
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following antimycin A treatment (Figure 5C), the Western blot
result suggests that there are atleast equal amounts of P-protein
in wild-type and mutant under both conditions (Figure 5D).
Therefore, a limitation at this step cannot be due to lack of
the GDC protein; however, the protein might be non-functional
or at least display reduced functionality in the mutant.

Photosynthetic Performance and Respiratory Rates of
Protoplasts from Wild-Type and aox7a Plants

Photosynthetic and respiratory performance of mesophyll pro-
toplasts isolated from aox7a plants was examined using an oxy-
gen-electrode chamber. At saturating light intensities and
bicarbonate levels, the rates of O, evolution exhibited by pro-
toplasts prepared from the aox7a mutants (137 = 15 umoles
mg~" Chl h~") were comparable to the rates of mesophyll pro-
toplasts prepared from wild-type plants (124 += 10 umoles
mg~" Chl h™") (Figure 6A). While there was a moderate inhi-
bition (<30%) of photosynthesis by antimycin A (20 pM) in
wild-type protoplasts, SHAM (10 mM) drastically reduced pho-
tosynthesis to 10% of the control rate. By contrast, in the
aox1a protoplasts, both inhibitors decreased the rate of pho-
tosynthesis to 45-50% of the control rates (Figure 6A).

In comparison to wild-type mesophyll protoplasts, those iso-
lated from aox7a plants had similar rates of total respiratory O,
consumption under standard conditions (16.5 = 1.0 and
16.0 = 0.8 pmoles mg~' Chl h™", respectively), but differed
from wild-type in the presence of antimycin A (20 pM), and
of SHAM (10 mM) (Figure 6B). In the presence of antimycin
A, the decrease in O,-consumption rate was higher in aox7a
(69%) than in wild-type (55%). By contrast, in the presence of
SHAM, the decrease in the rate of O, consumption was
greater in protoplasts from wild-type plants (45%), when
compared to protoplasts from aox7a plants (38%) (Figure
6B). Most interestingly, the aox7a plants could be still
inhibited by SHAM. This result is in accordance with the in-
duction of another AOX isoform in the mutants (as demon-
strated in Figure 3).
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Effect of Inhibition of Photorespiration on Photosynthesis
in Isolated Protoplasts

We examined the photosynthetic performance of isolated pro-
toplasts from aox7a mutants in more detail. Since photorespi-
ration could serve as an alternative dissipating system,
photosynthesis was monitored in the absence and in the
presence of aminoacetonitrile (AAN, inhibitor of glycine
decarboxylase). Most striking was the fact that AAN, up to
concentrations of 10 mM, only marginally affected photosyn-
thesis in aox7a protoplasts, while decreasing photosynthesis
by <60% in wild-type (Figure 7).

Effect of Antimycin A on the Adenylate Status in
Protoplasts from aox7a and Wild-Type Plants

Isolated intact protoplasts were illuminated in the presence
and absence of antimycin A and subjected to ATP/ADP analysis.
There was no major effect of antimycin A on the ATP/ADP ratio
in wild-type, while the high ATP/ADP ratio in the aox7a proto-
plasts was brought down by antimycin A (Figure 8).

Effect of Antimycin A on Intracellular ROS Production

Intracellular ROS generation was measured as DCF fluores-
cence using mesophyll protoplasts after exposure to antimycin
A, during induction (Figure 9A) and steady-state photosynthe-
sis (Figure 9B), respectively. When mesophyll protoplasts from
aoxTa mutants were treated with antimycin A in the light, the
rise in DCF fluorescence was significant during both the induc-
tion period (from 1.8- to 3.2-fold) and steady-state photosyn-
thesis (from 2.7- to 9.2-fold). By contrast, in wild-type
protoplasts, the increase of DCF fluorescence on treatment
with antimycin A was relatively small. Our results were in
agreement with those obtained with A. thaliana antisense
lines that showed marked increase of oxidative damage in leaf
tissues incubated with SHAM and KCN together when com-
pared to leaf tissues incubated with KCN alone (Umbach
et al., 2005).
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Figure 6. Photosynthetic O, Evolution (A) and Respiratory O, Uptake (B) of Mesophyll Protoplasts from Wild-Type and aox7a Plants.
Photosynthesis and respiration were measured without addition of an inhibitor (black bars), with addition of 20 uM antimycin A (light-grey
bars), and with addition of 10 mM SHAM (dark-grey bars). The O-evolution rates were examined after 10 min of illumination during
steady-state photosynthesis. Respiratory O, uptake rates were taken after 5 min of dark period.
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Figure 7. Photosynthetic O, Evolution of Mesophyll Protoplasts
from Wild-Type (Closed Circles) and aox7a Plants (Open Circles).

The rate of O, evolution was measured at a light intensity of
1000 pE m~2 5" and in the presence of 1 mM bicarbonate. In ad-
dition, AAN was present at the indicated concentrations. One hun-
dred % activity corresponds to 125.3 pmoles mg~" Chl h~" for wild-
type and 136.6 umoles mg~' Chl h~" for aox7a plants, respectively.

We corroborated the increased level of ROS in aox7a proto-
plasts upon antimycin A treatment using laser scanning fluo-
rescence microscopy, after adding the membrane-permeant
dye CM-H,DCF-DA, which becomes fluorescent upon oxida-
tion by ROS (Figure 9C and 9D). In the aox7a mutant, more pro-
toplasts displayed fluorescence than in the wild-type,
especially after treatment with antimycin A.

DISCUSSION

Any imbalance between the generation and utilization of en-
ergy equivalents leads to over-energization of thylakoid mem-
branes, ultimately resulting in inhibition of photosynthesis.
Higher plants have evolved several mechanisms to prevent
such over-reduction of the chloroplastic thylakoid membrane
components. These mechanisms involve either chloroplasts
(Scheibe et al., 2005), or mitochondria (Raghavendra and
Padmasree, 2003; Yoshida et al., 2006, 2007). AOX is an impor-
tant mitochondrial enzyme associated with at least three
major functions in plant tissues: (1) to keep the TCA cycle
active, even under conditions when the cellular demand for
ATP is very low (Vanlerberghe and Ordog, 2002), (2) to avoid
ROS formation when electron transport through the CP is re-
stricted (Maxwell et al., 1999; Umbach et al., 2005; Amirsadeghi
et al., 2006), and (3) to dissipate excess reducing equivalents
generated in chloroplasts during illumination (Padmasree
and Raghavendra, 1999¢; Yoshida et al., 2007, 2008).

Phenotype in aox7a Plants Is Only Evident upon Inhibition
with Antimycin A

As the mutants lacking AOX1A resembled wild-type morpho-
logically in their phenotype (Figure 1), energy normally dissi-
pated through AP must have been diverted to other metabolic
pathways. It is somewhat surprising that plants lacking AOX1A
only revealed oxidative damage when CP was blocked by anti-
mycin A. However, this may be due to the fact that the plantsin
the present work were grown at very moderate light intensi-
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Figure 8. Total Content of ATP (A), ADP (B), and Corresponding
ATP/ADP Ratios (C), Respectively, in Protoplasts of Wild-Type and
aoxTa Plants as Affected by Antimycin A Treatment in the Light.

ATP and ADP were determined in protoplasts exposed for 10 min to
light in the absence (black bars) or presence of 0.1 uM antimycin A
(gray bars).

ties, and that the role of AOX only becomes evident when CP
was additionally restricted.

There have been several studies wherein the importance of AP
was contrasted with CP and/or antioxidants and ROS-scavenging
systems (Dutilleul et al., 2003; Bartoli et al., 2005; Sieger et al.,
2005). The present publication emphasizes the important role
of AOX1A in sustaining carbon assimilation, optimizing carbon
flux through photorespiration and preventing ROS formation,
particularly when electron transport through the CP is restricted
by incubation with antimycin A. The experiments using leaf discs
demonstrated the effect after induction of AOX1D expression in
aoxTa plants on treatment with antimycin A. In a complementary
approach, the experiments on mesophyll protoplasts revealed
the short-term effects of restricting mitochondrial oxidative me-
tabolism by antimycin A on photosynthetic and respiratory rates
and on ROS formation when AOX1A was lacking.
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We hypothesize that there are two possibilities for the ad-
aptation and the normal phenotypic appearance of aox7a
plants (Figure 1). While the first possibility is an adjustment
in the transcript level of different AOX isoforms, the second
possibility would be due to metabolic adjustments. The results
obtained in our present study indicate that both mechanisms

aox1a

Figure 9. Measurement of ROS Formation
during Photosynthetic Induction after
2 min (A) and During Steady-State Photo-
synthesis after 10 min (B) in Mesophyll Pro-
toplasts from Wild-Type (Black Bars) and
aox1a Plants (Grey Bars), Respectively.
The mesophyll protoplasts were exposed
to 1000 pE m~2 s~ either in the absence
(control samples) or presence of 0.1 puM
antimycin A (treated samples). DCF fluores-
cence was determined after 2 or 10 min, re-
spectively. In addition, protoplasts were
stained with 0.1 pnM CM-H,DCF-DA after
an illumination period of 6 h at 120 pE
m~2s~", in the absence (C) or presence
(D) of 0.1 uM antimycin A. Protoplasts
aoxta were observed by confocal laser scanning
microscopy. Chlorophyll autofluorescence
is shown in red, ROS (stained by CM-
H,DCF-DA) is shown in green. An overlay
of both images is displayed.

contribute to the adjustment of the aox7a mutant, as
indicated by (1) increase of another isoform, namely AOX1D
(Figure 3); (2) decrease in the sensitivity of photosynthetic
O, evolution to the photorespiratory inhibitor AAN (Figure
7); and (3) use of alternative pathways for consumption of ex-
cess reducing equivalents (Figure 5).
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Metabolic and Transcriptional Flexibility of aox7a Mutants
Prevents Damage

The respiratory oxygen uptake rates of aox1a mutants were
similar to wild-type plants (Figure 6B). This was possibly due
to the increased rates of electron transport through CP, as in-
dicated by the stronger suppression of respiratory O, uptake in
the presence of antimycin A by mesophyll protoplasts than of
that in wild-type plants (Figure 6B), and the increased expres-
sion of other isoforms of AOX, namely AOX1D, in aox1a plants
(Figure 3). The sharp decline in the rate of respiratory O, up-
take in presence of SHAM also demonstrated the continued
participation of AP in maintaining normal respiratory O, con-
sumption rates in aox1a plants (Figure 6B). While, in most stud-
ies with leaves, the isoform AOX1A was found to respond to
stress, an increase in isoform AOX1D was detected in mutant
plants that lack a functional complex Il of the ETC (Zsigmond
et al., 2008). Such coordination of different AOX isoform ex-
pression is not surprising, in view of the flexibility exhibited
by AOX in CMSII mutants, which are impaired in mitochondrial
complex I, a major sink for NADH (Gutierres et al., 1997; Sabar
et al., 2000).

The persistent sensitivity of photosynthetic O, evolution to
the AP inhibitor SHAM indicated genetic and biochemical
adjustments in aox7a mutants. This hypothesis was further cor-
roborated by increased AOX1D expression in these mutants
when they were treated with antimycin A. The changes
observed in the mutant (Figure 4) suggest the modulation
of mitochondrial metabolites, particularly 4-hydoxybutyrate,
2-oxoglutrate, citrate, malate, GABA, and methionine. How-
ever, a detailed and direct evaluation of the role these
metabolites play in the readjustment of the mutant remains
to be attempted. It is possible that enhanced pyruvate
levels in the aox7a mutants activate the up-regulated AOX iso-
form (AOX1D) by modulating its redox-sensitive regulatory
sulfhydryl/disulfide group as has been recently documented
for transgenic potato lines down-regulated in the expression
of pyruvate kinase (Oliver et al., 2008). The increase in glyco-
lytic intermediates such as 2-oxoglutarate and metabolites as-
sociated with the GABA shunt most likely reflect a back-up of
the classical pathways that supply the mitochondrial transport
chain (Plaxton and Podest4, 2006).

The transcript levels of AOX1D were up-regulated (Figure 3),
along with the increases in total cellular ROS levels (Figures 9)
when electron transport through the CP was restricted with
antimycin A. The differential response of AOX1D is in accor-
dance with the experiments of Gray et al. (2004) and Zarkovic
et al. (2005), which suggested induction of AOX expression by
distinct, ROS-specific and organic acid-specific signaling path-
ways from mitochondria to the nucleus. This situation raises in-
triguing questions, such as whether AOX1D is subject to redox
or metabolic regulation at the translational and post-
translational levels. Furthermore, recent reports have associ-
ated AOX1D-transcript level abundance with senescence and
adjustments to nitrogen supply in leaf tissues and to abiotic

stress (Clifton et al., 2006; Escobar et al., 2006; Zsigmond
etal., 2008). So far, to our knowledge, alterations in the expres-
sion of AOX1D have not been reported at the protein level.

Photorespiration Is a Possible Alternative Electron Sink

The carbon flux through GDC appears to have been affected,
as indicated by the increase in glycine, along with the decrease
in serine, in the mutants. Such a situation may result when
the protein levels and/or the activity of GDC are lowered.
We could detect an increased transcript level of the P-protein
of GDC and an unchanged protein level for this GDC subunit
in aox1a plants, irrespective of the presence of antimycin A
(Figure 5C and 5D). Although we did not check the actual
activity of GDC, our aim here was merely to indicate that photo-
respiratory metabolism is strongly modulated when AOX1A
is lacking.

We also observed an increase in the ATP level as well as
in the ATP/ADP ratio in aox7a plants (Figure 8). This is most
probably indicative of an increased flux through CP in
order to cope with the reducing equivalents. On antimycin
A treatment of the knockout plants, NADH from glycine
decarboxylation cannot be re-oxidized, neither by AP, nor
by CP. Therefore, NADH builds up, which might eventually lead
to feedback inhibition of GDC and an increased Gly/Ser ratio
(Figure 5B). Alternatively, the expressed protein might be
non-functional.

It appears that the plant attempts to counter these effects by
elevating the levels of GDCand AOX1D expression, but that this
in itself cannot overcome the inhibition caused by antimycin A.
When taken together, the results of the current study suggest
that AOX, particularly the AOX1A isoform, plays a significant
role in dissipating chloroplastic reducing equivalents, in coor-
dination with CP, to optimize photosynthetic performance.

Concluding Remarks

In conclusion, we show that plants try to compensate for the
lack of AOX1A by using alternative mechanisms. Upon restric-
tion of the CP by antimycin A, the isoform AOX1D was induced
and GDC levels were increased, but these could not protect
photosynthesis in aox7a plants against the inhibition caused
by antimycin A. We suggest that AOX, particularly the AOX1A
isoform, plays a significant role in dissipating chloroplastic re-
ducing equivalents in coordination with CP to optimize pho-
tosynthetic performance.

METHODS

Cultivation of Plant Material

Wild-type and transgenic Arabidopsis thaliana (ecotype Colum-
bia) were cultivated in a growth chamber in soil at 20°C with
a light intensity of 50 uE m~2s~". Light was present for 7.5 h
per day. For stress conditions, plants were exposed to antimycin
A and/or high light (800 tE m ~2 s~ ") for the indicated times.
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aox1a Mutant Screen

Seeds of the Arabidopsis aox1a mutant lines At3922370::
tDNA-53 (Salk_084897) and At3g22370::tDNA-133 (Sail_303_
DO04) were obtained from the Arabidopsis Biological Resource
Centre (www.arabidopsis.org/abrc). Homozygous knockout
plants were identified by PCR to detect a T-DNA insertion
within the gene region of At3g22370. Genomic DNA was iso-
lated from plant tissues by standard methods. The sequence
information for the gene- and T-DNA-specific primers was
taken from the SALK-Institute (http://signal.salk.edu). The in-
sertion position of the T-DNA products was checked by se-
quencing the PCR products.

Extraction of Total RNA and Northern Blot Analysis

For Northern blot analysis, total RNA was isolated from frozen
leaf material using the Purescript RNA extraction kit (Gentra Sys-
tems, Minneapolis, MN, USA). For RNA gel-blot hybridization
analysis, 10 ng of total RNA were denatured and separated
on a 1.0% (w/v) agarose 2.5% (v/v) formaldehyde gel. Homi-
dium bromide was included in the loading buffer to quantify
equal sample loading. RNA was blotted onto a nylon membrane
(Hybond-N, Amersham Biosciences) by downstream capillary
transfer. RNA was cross-linked to the membrane by UV irradia-
tion. Prehybridization and hybridization were performed at
65°C in Church buffer medium (0.25 M sodium phosphate,
pH 7.2, 1 mM EDTA, 7% (w/v) SDS, and 1% bovine serum albu-
min (BSA)). Hybridization was performed with an o-[*?P]-dCTP-
labeled AOX1A(A.t.) cDNA-specific probe (Ready-To-Go DNA
labeling beads, Amersham Biosciences). Membranes were
washed twice for 15 min at 65°C in washing buffer (40 mM
sodium phosphate, pH 7.2, 1 mM EDTA, 0.5% (w/v) SDS and
0.5% (w/v) BSA, then for 10 min at room temperature in wash-
ing buffer containing 1% (w/v) SDS. Finally, membranes were
exposed to a Phospho-Imager (GE Healthcare, Freiburg).

RT-PCR

Non-competitive RT-PCR was performed essentially as de-
scribed by Ahn (2002). The cDNA was synthesized from 5 pg
total RNA using oligo(dT) as primers according to the manu-
facturer’s instructions (Fermentas RevertAid™ First Strand
cDNA Synthesis Kit, Fermentas GmbH, St Leon-Rot, Germany).
For a 25-ul PCR reaction, 1 pul of cDNA was used as template.
The PCR settings were: first cycle at 95°C for 5 min, then for
the optimized number of cycles of each gene product 1 min
at 95°C, 1 min at 47-67°C and 1 min at 72°C and a final
extension at 72°C for 5 min. For the detection of the
transcripts, we used the following oligonucleotides:
At3922370 (AOXT1A) (5'-CGTGTGAAGCGTATAAAGACGACAA-
3’) and (5'-CCAAGTATGGCTTAAGCAGAGGTGA-3'); At1g32350
(AOX1D) (5'-CCCCAACTGTTGTTACTCATG-3’) and (5'-CTTTA-
ATGATATCCAATAGGAGCC-3’) and At4g33010 (p-protein 1):
(5'-TACTTACATTGCCATGATGGGATCTG-3') and 5'-GCAGCTGC-
GACTTGTTCTTCCTCT-3").

Western Blot and Immunodetection

Equal amounts of soluble protein (25 pg) were loaded on two
10% discontinuous SDS-polyacrylamide gels using a vertical
minigel system. The gel was blotted onto PVDF membrane.
Immunodetection was performed essentially as described in
Graeve et al. (1994). For the detection of AOX1A, the mono-
clonal antiserum against AOX (Elthon et al., 1989) (1:100)
was used. For the detection the secondary antibody anti-
mouse-lgG coupled to alkaline phosphatase (1:2000) and nitro
blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate
as substrates were utilized. The protein contents of leaf
extracts were determined according to Bradford (1976), with
bovine serum albumin as a standard.

Antimycin A Treatment

The 5-week-old plants were sprayed with 20 pM antimycin A
prepared in 0.01% Tween-20, and the controls were treated
with 0.01% Tween-20 in water alone. Leaf discs were placed
in a Petri dish upside down on the surface of water with,
and in the case of the controls without, addition of 20 uM anti-
mycin A. The leaf discs were illuminated from below. For the
experiments with the mesophyll protoplasts, the incubation
medium contained 0.1 uM antimycin A (treated samples), or
antimycin A was omitted (control samples).

Chlorophyll Fluorescence and P700 Measurement in Leaf
Discs

Delayed chlorophyll fluorescence was determined by the sat-
uration-pulse method according to Schreiber et al. (1986) us-
ing a PAM-101 fluorimeter with integrated PAM-103 (Walz,
Effeltrich, Germany). Actinic light (120 nuE m2s ") was ap-
plied using a KL1500 with a white-light halogen lamp (Schott,
Hohenheim, Germany), and the saturating light pulses (SP)
(3000 uE m~2 s~ for 800 ms) were generated by the FL-103
(Walz, Effeltrich, Germany) equipped with a 300-W cold-light
source.

Calculated quantum yield of PS Il (®I1) and of the quenching
coefficients qP and qNP were calculated according to Schreiber
et al. (1986) and Genty et al. (1989) using the following
equations: @Il = [Fys) — Fyl/[Fo — Fy)l; P = [Fysy — Ful/Fuesy
NP = [Fy — Fys)l/Fysy and Fy/Fy = [Fy — Fol/Fu.

The measurements were carried out with leaf discs
(1.54 cm?) from wild-type and aox7a plants pre-incubated
for 6 h in the presence and absence of 20 uM antimycin A
at 120 uE m2 s, followed by a 30-min dark period before
chlorophyll-fluorescence quenching and P700-redox state
measurements were performed at the defined light intensities.
For each measurement, two leaf discs were used from each of
three independent plants, and the experiment was repeated
two to four times.

Conductivity Measurement

The permeability changes in the leaf discs on exposure to anti-
mycin A were detected using a conductivity meter with one
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discin avolume of 5 ml double-distilled water. The 100% value
was obtained after freezing in liquid N, and subsequent thaw-
ing of the leaf material in the water.

Isolation of Mesophyll Protoplasts

Mesophyll-cell protoplasts were isolated from leaves of wild-
type and aox7a plants of between 11 and 12 weeks of age,
maintained under the growth conditions as described above.
The peeled leaf pieces without midrib were subjected to enzy-
matic digestion with 1% (w:v) Cellulase Onozuka R-10 and
0.4% (w:v) Macerozyme R-10 as described in detail elsewhere
(Riazunnisa et al., 2007).

Monitoring Photosynthetic and Respiratory Performance

Respiratory O, uptake in the dark and photosynthetic O, evo-
lution in the light by mesophyll protoplasts of wild-type and
knockout plants were monitored at 25°C using a Clark-type O,
electrode (Model DW2, Hansatech Ltd, King'’s Lynn, UK). The
reaction medium for both photosynthesis and respiration
was 1 ml containing 0.65 M sorbitol, 1 mM CaCl,, 1 mM
MgCl;, and 1 mM NaHCOs in 10 mM Hepes-KOH, pH 7.5,
and protoplasts equivalent to 10 pg Chl (Riazunnisa et al.,
2007). lllumination of 1000 uE m 25" was provided by a
35-mm slide projector (halogen lamp: Xenophot 24V:150W).
The inhibitors antimycin A, SHAM, and AAN were added to
the reaction medium containing mesophyll protoplasts to
obtain the required final concentration, and the protoplasts
were pre-incubated in darkness at 25°C for 5 min before
switching on the light.

Detection of ROS Using Spectrofluorometry

The intracellular levels of ROS in mesophyll protoplasts were de-
termined using 2’,7'-dichlorofluorescein diacetate (H,DCF-DA,
Molecular Probes) by modifying the protocol described in Max-
well et al. (1999). Mesophyll protoplasts were pre-incubated for
30 min with H,DCF-DA (100 puM). Subsequently, the mesophyll
protoplasts were subjected to centrifugation twice for 5 min at
1000 rpm, so as to dilute the final concentration of H,DCF-DA to
5 uM. Fluorescence was measured using the SLM-AMINCO spec-
trofluorometer (Model 8100) with excitation and emission
wavelengths set at 488 and 525 nm, respectively.

Detection of ROS Using Confocal Laser-Scanning
Microscopy

To quantify ROS development, isolated treated protoplasts
werestained with 0.1 uM 5-(and 6)-chloromethyl-2’,7’-dichlor-
odihydrofluorescein diacetate, acetyl ester (CM-H,DCF-DA) as
described in Voss et al. (2008). The images in Figure 9C and
9D were taken from a confocal laser-scanning microscope sys-
tem (LSM 510 META,; Zeiss, Gottingen, Germany) with a 20X EC
Plan Neofluor (N.A. 1.3) oil objective. CM-H,DCF-DAsignalsand
autofluorescence of chlorophyll were visualized with excitation
at 488 nm and emission at 500-530 and 650-710 nm, respec-
tively. Allimages were scanned using the same parameters, such

as laser power, detector gain, offset, pinhole, and zoom, in or-
der to maintain comparable imaging conditions.

Metabolite Profiling

Metabolite analysis was performed by gas chromatography-
mass spectrometry (GC-MS) as described by Lisec et al. (2006),
with the exception that the absolute levels of glycine and serine
were quantified as detailed in Roessner-Tunali et al. (2003).

Adenylate Quantitation

ATP and ADP were estimated according to Padmasree and
Raghavendra (1999a). Aliquots of protoplast samples contain-
ing 100 pg Chl were withdrawn from the oxygen electrode
chamber after 10 min of illumination and added to 70%
HCIO,4, to make a final concentration of 3% (v:v). The mixtures
were frozen in liquid nitrogen until used. The samples were
then thawed and centrifuged at 7000 g for 10 min. The super-
natant was neutralized with KOH triethanolamine and left on
ice for 30 min. The neutralized samples were centrifuged at
7000 g and the cleared supernatant was used for estimation
of ATP and ADP. The levels of ATP were measured using enzy-
matic assays coupled to NADPH formation, while ADP levels
were measured by coupling to NADH utilization.

The reaction medium for the assay of ATP (1 ml) contained
150 mM triethanolamine buffer, pH 7.5, 0.5 mM NADP,
10 mM MgCl,, 0.023 pkat glucose-6-phosphate dehydrogenase,
10 mM glucose and 0.047 pkat hexokinase (E.C.2.7.1.1). Afteran
equilibration period of 6-8 min, the reaction was started by the
sequential addition of glucose and hexokinase. The ATP content
was calculated from the net increases in absorbance at 340 nm
after the addition of glucose-6-phosphate dehydrogenase and
hexokinase, respectively. The reaction medium for the assay
of ADP contained 150 mM Tris-HCl, pH 8.1, 7.5 mM MgCl,,
0.08 mM NADH, 2 mM PEP, 0.046 pkat lactate dehydrogenase
(E.C. 1.1.1.27) and 0.067 pkat pyruvate kinase (E.C.2.7.1.40). Af-
ter equilibration for 2-3 min, the reaction was started by the
sequential addition of lactate dehydrogenase and pyruvate ki-
nase. The content of ADP was calculated from the net decrease
in absorbance at 340 nm after the addition of pyruvate kinase.

SUPPLEMENTARY DATA

Supplementary Data are available at Molecular Plant Online.
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