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Keywords: alternative oxidase, mitochondrial thioredoxin, oxygen isotope fractionation, carbon fluxes, high light, Arabidopsis thaliana -Photosynthesis, respiration and bioenergetics -Proteins, enzymes and metabolism alternative oxidase, mitochondrial thioredoxin, oxygen isotope fractionation, carbon fluxes, high light, Arabidopsis thaliana

The alternative oxidase (AOX) constitutes a non-phosphorylating pathway of electron transport in the mitochondrial respiratory chain that provides flexibility to energy and carbon primary metabolism. Its activity is regulated in vitro by the mitochondrial thioredoxin (TRX) system which reduces conserved cysteines residues of AOX.

However, in vivo evidence for redox regulation of the AOX activity is still scarce. In the present study, the redox state, protein levels and in vivo activity of the AOX in parallel to photosynthetic parameters were determined in Arabidopsis knock out mutants lacking mitochondrial trxo1 under moderate (ML) and high light (HL) conditions, known to induce in vivo AOX activity. In addition, 13 C-and 14 C-labeling experiments together with metabolite profiling were performed to better understand the metabolic coordination between energy and carbon metabolism in the trxo1 mutants. Our results show that the in vivo AOX activity is higher in the trxo1 mutants at ML while the AOX redox state is apparently unaltered. These results suggest that mitochondrial thiol redox systems are responsible for maintaining AOX in its reduced form rather than regulating its activity in vivo. Moreover, the negative regulation of the TCA cycle by the TRX system is coordinated with the increased input of electrons into the AOX pathway. Under HL conditions, while AOX and photosynthesis displayed similar patterns in the mutants, photorespiration is restricted at the level of glycine decarboxylation most likely as a consequence of redox imbalance.

INTRODUCTION

The alternative oxidase (AOX) is a terminal oxidase located in the plant mitochondrial electron transport chain (mETC) which constitutes a pathway of electron transport alternative to the cytochrome oxidase (COX) pathway that is mainly responsible for mitochondrial ATP synthesis [START_REF] Moore | The regulation and nature of the cyanide-resistant alternative oxidase of plant mitochondria[END_REF]. The non-phosphorylating nature of AOX has raised many questions about its function in plants many of them which are focused on the possibility that it balances cellular energy and carbon metabolism under environmental perturbations [START_REF] Rasmusson | Alternative oxidase: a defence against metabolic fluctuations?[END_REF][START_REF] Vanlerberghe | Alternative oxidase: a mitochondrial respiratory pathway to maintain metabolic and signaling homeostasis during abiotic and biotic stress in plants[END_REF]. In order to gain insight into how this protein is regulated, early studies reported in vitro properties of AOX such as post-translational modifications [START_REF] Millar | Organic acid activation of the alternative oxidase of plant mitochondria[END_REF][START_REF] Umbach | Covalent and noncovalent dimers of the cyanideresistant oxidase protein in higher plant mitochondria and their relationship to enzyme activity[END_REF]. Plant AOX protein exists in a dimeric state that can be redox regulated through a disulfide/sulfhydryl system [START_REF] Umbach | Covalent and noncovalent dimers of the cyanideresistant oxidase protein in higher plant mitochondria and their relationship to enzyme activity[END_REF]. This system allows the reversible formation of disulfide bonds between adjacent monomers of the AOX dimer leading to a covalently-linked inactive dimer or a non-covalently linked active AOX dimer. Once in its reduced (active) state, the AOX activity can be stimulated on interaction with α-ketoacids including pyruvate [START_REF] Millar | Organic acid activation of the alternative oxidase of plant mitochondria[END_REF][START_REF] Umbach | Regulation of alternative oxidase kinetics by pyruvate and intermolecular disulfide bond redox status in soybean seedling mitochondria[END_REF]Millar et al., 1996;[START_REF] Selinski | Analysis of posttranslational activation of alternative oxidase isoforms[END_REF]. Studies in isolated mitochondria reported a significant activity of the AOX after its reduction and addition of pyruvate even when less than 30% of the ubiquinone (UQ) is in its reduced state [START_REF] Millar | Organic acid activation of the alternative oxidase of plant mitochondria[END_REF][START_REF] Umbach | Regulation of alternative oxidase kinetics by pyruvate and intermolecular disulfide bond redox status in soybean seedling mitochondria[END_REF]Millar et al., 1996). At this UQ reduction state the COX pathway is not fully saturated, therefore, these in vitro regulatory features indicated that the AOX pathway can compete with the COX pathway for the electrons of the UQ pool [START_REF] Hoefnagel | Cytochrome and alternative respiratory pathways compete for electrons in the presence of pyruvate in soybean mitochondria[END_REF][START_REF] Ribas-Carbo | Electron partitioning between the cytochrome and alternative pathways in plant mitochondria[END_REF]. Competition between the COX and AOX pathways was definitively demonstrated with measurements of the individual activities of both pathways by using the oxygen-isotope fractionation technique [START_REF] Ribas-Carbo | Electron partitioning between the cytochrome and alternative pathways in plant mitochondria[END_REF][START_REF] Ribas-Carbo | The regulation of electron partitioning between the cytochrome and alternative pathways in soybean cotyledon and root mitochondria[END_REF]. It is currently well accepted that the in vivo activities of both the AOX and COX pathways can be determined by the oxygen-isotope fractionation technique while inhibitors can only be used for measuring AOX and COX capacities (Ribas-Carbo et al., 2005;[START_REF] Del-Saz | An in vivo perspective of the role(s) of the alternative oxidase pathway[END_REF].

The two regulatory features described above are currently considered as the main posttranslational mechanisms responsible for plant AOX activation, although the extent to which these mechanisms affect its activity in vivo still remains as a matter of debate [START_REF] Riemer | Thiol switches in mitochondria: operation and physiological relevance[END_REF][START_REF] Del-Saz | An in vivo perspective of the role(s) of the alternative oxidase pathway[END_REF]. The AOX has generally been only detected in F o r P e e r R e v i e w 5 its reduced-active form in whole tissue extracts, a fact often interpreted to imply that redox regulation is unlikely to occur in vivo [START_REF] Millenaar | The alternative oxidase: in vivo regulation and function[END_REF]. However, [START_REF] Noguchi | Response of mitochondria to light intensity in the leaves of sun and shade species[END_REF] showed that the AOX activity can be regulated by its reduction state in leaves of Alocasia odora (a shade species) under different light conditions. Moreover, in different C3 species, post-translational regulation of AOX has recently been shown to be responsible for inducing AOX activity in vivo after high light (HL) treatment [START_REF] Florez-Sarasa | Unravelling the in vivo regulation and metabolic role of the alternative oxidase pathway in C3 species under photoinhibitory conditions[END_REF]. Previous observations suggest that an increase in the levels of NADPH inside mitochondrial matrix would favor the reduction of AOX through the action of a thioredoxin/thioredoxin (TRX) reductase system [START_REF] Gray | Transgenic tobacco (Nicotiana tabacum L.) plants with increased expression levels of mitochondrial NADP+dependent isocitrate dehydrogenase: evidence implicating this enzyme in the redox activation of the alternative oxidase[END_REF]. Indeed, there is evidence that the TRX system can modulate AOX reduction state and enhance AOX capacity in the mitochondria isolated from leaves of poplar [START_REF] Balmer | Thioredoxin links redox to the regulation of fundamental processes of plant mitochondria[END_REF], pea [START_REF] Marti | Mitochondrial and nuclear localization of a novel pea thioredoxin: identification of its mitochondrial target proteins[END_REF] and Arabidopsis [START_REF] Yoshida | Systematic exploration of thioredoxin target proteins in plant mitochondria[END_REF]. However, aside from studies in isolated mitochondria, whether AOX is indeed regulated by the TRX system in vivo is still unclear [START_REF] Geigenberger | The unprecedented versatility of the plant thioredoxin system[END_REF].

The plant mitochondrial TRX system consists of NADPH-dependent TRX reductases and mitochondrial TRXs [START_REF] Laloi | Identification and characterization of a mitochondrial thioredoxin system in plants[END_REF][START_REF] Reichheld | AtNTRB is the major mitochondrial thioredoxin reductase in Arabidopsis thaliana[END_REF][START_REF] Geigenberger | The unprecedented versatility of the plant thioredoxin system[END_REF]. The TRXo1 gene has been confirmed to encode a mitochondrial TRX while its paralog TRXo2 is expressed at very low levels and its localization has not yet been confirmed [START_REF] Meyer | Thioredoxin and glutaredoxin systems in plants: molecular mechanisms, crosstalks, and functional significance[END_REF]. Poplar PtTrxh2 has been shown to be in mitochondria while its ortholog in Arabidopsis, AtTrxh2, is found not only in the cytosol and mitochondria (Meng et al., 2009;[START_REF] Meyer | Thioredoxin and glutaredoxin systems in plants: molecular mechanisms, crosstalks, and functional significance[END_REF] but also in the endoplasmic reticulum and Golgi [START_REF] Traverso | Roles of N-Terminal fatty acid acylations in membrane compartment partitioning: Arabidopsis h-type thioredoxins as a case study[END_REF]. Moreover, addition and activation of recombinant TRXo1 protein to isolated mitochondria induces the thiol redox switch of the AOX protein in Arabidopsis, pea and thermogenic skunk cabbage [START_REF] Marti | Mitochondrial and nuclear localization of a novel pea thioredoxin: identification of its mitochondrial target proteins[END_REF][START_REF] Yoshida | Systematic exploration of thioredoxin target proteins in plant mitochondria[END_REF][START_REF] Umekawa | Thioredoxin o-mediated reduction of mitochondrial alternative oxidase in the thermogenic skunk cabbage Symplocarpus renifolius[END_REF]. Therefore, the use of genetically modified TRXo1 plants is a promising approach to test the in vivo function of the mitochondrial TRX system. In this respect, biochemical analyses of trxo1 T-DNA mutants in Arabidopsis have already been proven highly useful in unraveling the regulatory mechanisms by which the TRX-system regulates TCA cycle enzymes in vivo [START_REF] Daloso | Thioredoxin, a master regulator of the tricarboxylic acid cycle in plant mitochondria[END_REF][START_REF] Yoshida | Adenine nucleotide-dependent and redox-independent control of mitochondrial malate dehydrogenase activity in Arabidopsis thaliana[END_REF].

In the present study, we examined the response of trxo1 knock-out mutants on shifting from moderate light (ML) to high-light (HL) which has previously been reported to induce in vivo AOX activity. For this purpose, we measured in vivo AOX and COX leaf F o r P e e r R e v i e w 6 activities, photosynthetic parameters, AOX capacity, protein levels and redox state, relative rates of the TCA cycle and other respiratory fluxes, leaf metabolite profile and 13 C label redistribution following incubation with 13 C-glucose and 13 C-malate. The aims of these experiments were (i) to determine the impact of deficiency of the mitochondrial TRX on the regulation of the in vivo AOX activity under ML and HL conditions and (ii) to explore the influence of the mitochondrial TRX on respiratory fluxes and primary metabolism under ML and HL conditions. The TRXo1 has been proposed as the physiological candidate for redox activation of the AOX based on in vitro results [START_REF] Marti | Mitochondrial and nuclear localization of a novel pea thioredoxin: identification of its mitochondrial target proteins[END_REF][START_REF] Yoshida | Systematic exploration of thioredoxin target proteins in plant mitochondria[END_REF][START_REF] Umekawa | Thioredoxin o-mediated reduction of mitochondrial alternative oxidase in the thermogenic skunk cabbage Symplocarpus renifolius[END_REF]. In this respect, we report for the first time the in vivo AOX activity in plants lacking of trxo1 under different light conditions. Furthermore, changes on photorespiration were observed under HL conditions denoting the relevance of TRXo1 on the interaction between mitochondrial redox and carbon metabolism under light stress conditions. All these observations are discussed on the basis of the changes on central carbon metabolic fluxes.

RESULTS

TRXo1 inactivation leads to slight changes in the expression of other TRX-related genes and growth impairment

The T-DNA insertion within the TRXo1 gene was confirmed in both mutant lines (trxo1-1 and trxo1-2) using genomic PCR with T-DNA-specific primers and seeds from homozygous lines were used for subsequent experiments. The insertions in the TRXo1 gene in both trxo1-1 and trxo1-2 lines have previously been mapped and resulted in KO of gene expression [START_REF] Daloso | Thioredoxin, a master regulator of the tricarboxylic acid cycle in plant mitochondria[END_REF][START_REF] Yoshida | Adenine nucleotide-dependent and redox-independent control of mitochondrial malate dehydrogenase activity in Arabidopsis thaliana[END_REF]. Here, we have confirmed the suppression of TRXo1 expression in both lines by quantitative PCR analyses (Supplementary Figure S1A). The transcript levels of other genes related to the mitochondrial TRX system were slightly but significantly increased in both mutants (NTRA) or only in trxo1-2 (TRXo2 and TRXh) (Supplemental Figure S1A). In addition, we analysed the transcript levels of AOX1a which encodes the most abundant and redoxsensitive AOX isoform; similar levels were observed in all genotypes. After 6 weeks of growth, the rosettes of mutant lines were smaller than wild-type Col-0 rosettes (Supplemental Figure S1B), thus displaying a significant (P<0.05) 12% and 22% reduction in total rosette fresh weight (Supplemental Figure S1C). 

Respiratory activities of AOX and COX pathways under moderate and high light conditions

Total respiration (V t ) and oxygen-isotope fractionation was measured in order to determine the in vivo activities of AOX and COX pathways. V t was significantly increased after 2 and 4 hours of high light (HL) treatment in all lines (Figure 1A) and reached similar activity in all genotypes. Under moderate light (ML) conditions, trxo1-1 line displayed significantly (P<0.05) higher V t than Col-0 plants and trxo1-2 line also displayed a similar trend (Figure 1A). The in vivo activity of COX pathway ( cyt ) was also increased after the HL treatment in all lines and no significant differences were observed between Col-0 and mutant lines at any light condition (Figure 1B). As for the in vivo activity of AOX pathway ( alt ), a different HL induction pattern was observed between mutant and Col-0 plants (Figure 1C). The  alt was significantly increased after HL treatment in Col-0 plants but not in the mutants (Figure 1C). While  alt was similar in all genotypes following HL treatment, both mutant lines displayed higher  alt than Col-0 plants under ML conditions but does not further increase under HL conditions (Figure 1C).

AOX capacity, protein levels and redox state

We measured the AOX pathway capacity (V alt ), i.e. as respiration in the presence of cyanide, as well as AOX protein levels and its redox state in order to further investigate the causes of the altered in vivo AOX activities ( alt ) -i.e. measured in the absence of inhibitors by oxygen-isotope fractionation. Unlike the  alt , the V alt was similar among genotypes under ML conditions (Figure 2A). In order to evaluate the AOX protein levels in the different genetic backgrounds, we performed immunoblots using anti-AOX antibodies (Figure 2B). The AOX antibody used detects both AOX1 and 2-type isoforms from Arabidopsis (see further information in Material and Methods). After porin levels correction (see Material and Methods for details), the AOX protein levels were similar among genotypes under ML conditions (Figure 2B). On the other hand, the AOX capacity and protein levels were not significantly increased after HL treatment in any of the genotypes (Figure 2). In general, results clearly show that the capacity to respire via AOX was not altered in the mutants at any light condition and was not induced after HL treatment. Moreover, the percentage of the ratio between activity and capacity of the AOX (previously defined by others as AOX engagement and here calculated from Figure 1C and Figure 2A data) indicates that AOX was engaged at 75 ± 7% (mean ± SE) in Col-0 plants while it was fully engaged in the mutants (107 ± 12% and 111 ± 11%). These results suggest that inactivation of TRXo1 altered the AOX regulation.

In order to further study the AOX regulation, the redox state of the AOX protein was analyzed in isolated leaf membranes with or without the addition of DTT or diamide (Figure 3 and Supplemental Figure S2B, see Material and Methods for details). The AOX monomeric (reduced) and dimeric (oxidized) forms were detected in the presence of DTT and diamide, respectively (Figure 3 and Supplemental Figure S2B). After porin levels correction, the total amount of AOX was similar between genotypes but significantly different between redox treatments, being the mean of the total AOX amount in nontreated, diamide-treated and DTT-treated samples of 0.57 ± 0.04, 0.13 ± 0.02 and 1.28 ± 0.28, respectively. Therefore, the redox treatments significantly affected the mitochondrial protein extracted. The reason for these differences remain uncertain, however, these results do not affect to the evaluation of the AOX redox state among genotypes in the non-treated samples. In the absence of redox chemicals, the AOX was mainly found in its monomeric (reduced) form, thus representing 89 to 93% of the total AOX detected in all genotypes (Figure 3 and Supplemental Figure S2B). Signals of the dimeric forms, one with a lower molecular weight perhaps indicating heterodimers from different isoforms, were only between 7% and 11% of the total AOX detected in all genotypes (Figure 3 and Supplemental Figure S2B). Porin levels were very similar among genotypes thus indicating similar mitochondrial loading. Therefore, it is concluded that inactivation of TRXo1 does not modify the redox state of AOX (Figure 3 and Supplemental Figure S2B).

Respiratory CO 2 evolution for TCA cycle and other respiratory flux analysis under moderate light conditions

In order to determine whether changes on the in vivo AOX activity are linked to the other respiratory fluxes the evolution of 14 CO 2 was recorded following incubation of leaf discs in positionally labeled [ 14 C]glucose. Leaf discs were supplied with [1-14 C]glucose and [3:4-14 C]glucose over the period of 4 h and evolved 14 CO 2 was determined at hourly interval. The radioactivity released from position C1 of glucose is attributed to decarboxylation processes in the oxidative pentose phosphate pathway and the TCA cycle. The CO 2 released from positions C3:4 is due to the action of pyruvate dehydrogenase or malic enzyme and derived from mitochondrial respiration. The CO 2 evolution from the C1 position of glucose to that from C3:4 positon indicates relative respiratory flux through the TCA cycle in relation to other respiratory processes [START_REF] Kruger | Assessing metabolic flux in plants with radiorespirometry[END_REF]. Mutant lines displayed lower CO 2 emission from [1-14 C] glucose, being those differences significant in trxo1-2 after 3 and 4 hours of incubation (Figure 4). On the other hand, CO 2 emission from [3:4-14 C] glucose was similar in all lines (Figure 4).

When ratios between both emissions are calculated, both mutant lines showed higher C3:4 to C1 ratios than Col-0 plants, being significantly higher in trxo1-2 and trxo1-1 lines after 3 and 4 hours, respectively (Figure 4). These results suggest that mutants display higher TCA cycle flux in relation to other respiratory pathways.

Photosynthetic and photorespiratory parameters under moderate and high light conditions

Changes in photosynthesis and photorespiration could cause growth and respiratory metabolism alterations in the trxo1 mutants. Therefore, gas exchange and chlorophyll fluorescence measurements were performed in fully expanded leaves of all three lines at ML and HL conditions. Net photosynthesis (A N ), stomatal conductance (g s ) and chloroplast electron transport rate (ETR) were higher at HL than at ML conditions in all three lines (Figure 5). Photosynthetic parameters were similar in all lines at HL conditions, with the exception of A N at 4h of HL which was significantly lower in trxo1-1 (Figure 5). By contrast, ETR in both mutants and A N in trxo1-1 were significantly lower than in Col-0 plants under ML conditions (Figure 5), although differences were not physiologically relevant. Finally, A N was measured at saturating light conditions under 

Metabolite profiles and 13 C enrichment analysis under moderate and high light conditions

In order to further investigate the metabolic changes underlying the altered responses of (photo) respiratory pathways in the mutants, GC-TOF-MS metabolite profiling analysis was performed on samples harvested under the different light conditions. A total of 36 metabolites were annotated after GC-TOF-MS analyses (Table S1) and their relative levels were normalized to the mean levels of Col-0 plants under ML conditions. Leaves of Col-0 plants displayed significant increases in 23 and 28 metabolites after 2 and 4 hours of HL treatment, respectively (Figure 6 and Table S2). The greatest fold-change was observed in glycine levels (20 to 37 fold increase) followed by glutamine (10 to 20 fold increase). Metabolite levels in the mutants displayed very similar patterns after HL treatment as compared to Col-0 plants (Figure 6). Indeed, only trehalose displayed significantly lower levels in both mutant lines after 2h of HL treatment as compared to Col-0 plants, while isoleucine and threonine levels were higher only in the trxo1-2 line (Figure 6 and Table S2). On the other hand, the levels of fumarate and myo-inositol were consistently lower in both mutant lines under ML conditions (Figure 6), while threonate and 1,4-lactone galactonate levels were lower only in trxo1-2 mutants.

Changes on the relative levels of metabolites are not always linked to changes in metabolic flux [START_REF] Fernie | On the discordance of metabolomics with proteomics and transcriptomics: coping with increasing complexity in logic, chemistry, and network interactions[END_REF]. In order to have a better estimation of metabolic fluxes in the respiratory pathways, the total 13 C label redistribution in different metabolites was determined after 2 and 4 hours of 13 C-Glucose and 13 C-Malate labeling under ML (100 mol m -2 s -1 in this case) and HL (400 mol m -2 s -1 in this case) conditions (Figure 7 and Tables S3 andS4). Under ML conditions, most metabolites showed an increase in 13 C enrichment after 2 and 4 hours of 13 C-Glc feeding (Tables S3 andS4) but only fumarate (in both mutants) and glycine (in trxo1-1) displayed statistically higher 13 C redistribution in mutants as compared to Col-0 plants (Figure 7A and Table S3). Higher 13 C label redistribution to glycine was also observed after 13 C-Mal feeding in trxo1-2 while label redistribution to fumarate was similar in all genotypes (Figure 7A and Table S4). In addition, increased label redistribution to GABA was observed in both mutants as compared to Col-0 plants after 4 h of 13 C-Mal feeding (Figure 7A). By contrast, decreased label redistribution to myo-inositol was observed in trxo1-1 and trxo1-2 mutants 11 following 2h and 4h of 13 C-Mal feeding, respectively (Figure 7A). Raffinose and alanine displayed some lower label redistribution only in trxo1-1 after 2h of 13 C-Mal feeding under ML conditions (Table S4). The 13 C label redistribution in some metabolites was much higher after HL treatment than under ML conditions, however, this was not consistent across the different mutant lines or time points (Tables S3 andS4). Fumarate ( 13 C-Glc feeding), proline ( 13 C-Glc feeding), tryptophan ( 13 C-Mal feeding) and glucose ( 13 C-Mal feeding) displayed significant changes in label redistribution after HL treatment only in single mutant lines and time points (Tables S3 andS4). However, higher label redistribution to glycine following 13 C-Mal feeding was consistently observed in both mutant lines and time points (Figure 7B). Moreover, higher label redistribution to glycine after 13 C-Glc feeding was also observed in both mutant lines, though at different time points (Figure 7B). Similarly, higher label redistribution to serine was detected in both lines following 2 and 4h of HL treatment of 13 C-Glc and 13 C-Mal feeding, respectively.

Higher label redistribution to alanine and erythritol was detected in both mutant lines following 13 C-Glc (2h) and 13 C-Mal (4h) feeding, respectively (Figure 7B).

DISCUSSION

The mitochondrial TRXo1 is not required for the AOX activation in vivo

Here we investigated the in vivo role of the mitochondrial TRX in the regulation of AOX by combining measurements of the in vivo AOX activity in leaves of Arabidopsis mutants lacking mitochondrial TRXo1 with a range of other physiological analysis. The TRX system has been shown to regulate the AOX activity in vitro by reducing conserved Cys thus yielding an active and non-covalently linked AOX homodimer [START_REF] Balmer | Thioredoxin links redox to the regulation of fundamental processes of plant mitochondria[END_REF][START_REF] Marti | Mitochondrial and nuclear localization of a novel pea thioredoxin: identification of its mitochondrial target proteins[END_REF][START_REF] Yoshida | Systematic exploration of thioredoxin target proteins in plant mitochondria[END_REF]. Therefore, the in vivo AOX activity was anticipated to be down-regulated in the mutants as compared to Col-0 plants but surprisingly, our results clearly demonstrate that this is not the case (Figure 1). In vivo AOX activity was detected in both mutant lines under ML and HL conditions (Figure 1) at similar or higher levels than in Col-0 plants. While, these observations suggest that mitochondrial thioredoxin TRXo1 is not required for the activation of the AOX in vivo, we cannot rule out that redox activation of the AOX is being carried out by other thioredoxins or by other thiol reductases (e.g. glutaredoxins) located in the mitochondria (Meng et al., 2009;[START_REF] Moseler | The mitochondrial monothiol glutaredoxin S15 is essential for iron-sulfur protein maturation in Arabidopsis thaliana[END_REF]. The increased transcript levels of NTRA, TRXh2, and TRXo2 in the trxo1 mutants may involve possible compensation effects (Figure S1A).

Candidate mitochondrial TRXs are TRXh2 and TRXo2 which were suggested to be located in mitochondria (Meng et al., 2009;[START_REF] Yoshida | Adenine nucleotide-dependent and redox-independent control of mitochondrial malate dehydrogenase activity in Arabidopsis thaliana[END_REF], although direct evidence of their presence in the matrix is still scarce. Further studies involving genetic approaches using multiple mutants of the different redox systems would be required to confirm a compensation effect, which would explain why both reduced and oxidized forms of the AOX were similar in all genotypes (Figure 3 and Supplemental Figure S2B).

Nevertheless, evidence against the in vivo relevance of the redox regulation of AOX activity has been reported mainly based on the fact that the AOX protein has been detected in its reduced state in different tissues, species and experimental conditions (Del Saz et al., 2018 and references therein). Recently, the oxidized form of the AOX has not been detected neither in Col-0 nor in trxo1 mutant Arabidopsis plants by using a different redox approach in enriched mitochondrial fractions (Sanchez-Guerrero et al., 2019). While oxidized forms were detected here, the AOX was mainly detected in its reduced form in both in Col-0 and trxo1 mutant leaves (Figure 3 and Supplemental Figure S2B). In agreement with our hypothesis, [START_REF] Nietzel | Redox regulation of mitochondrial proteins and proteomes by cysteine thiol switches[END_REF] have recently suggested that the thiol redox switch of the AOX which operates in vitro does not necessarily imply any regulatory function in vivo but may rather play an important maintenance function in the avoidance of AOX oxidation. [START_REF] Vanlerberghe | In organello and in vivo evidence of the importance of the regulatory sulfhydryl/disulfide system and pyruvate for alternative oxidase activity in tobacco[END_REF] previously suggested that the presence of reduced AOX is necessary for its activity but other factors such as -ketoacids and the redox state of the UQ pool are critical to ensure AOX activity in vivo. Changes in the level of reduced UQ have subsequently been revealed as a key factor explaining AOX activity in vivo but importantly not the only factor [START_REF] Millenaar | Regulation of alternative oxidase activity in six wild monocotyledonous species. An in vivo study at the whole root level[END_REF]. The alteration of the different regulatory factors individually (i.e. by using genetically modified plants with altered synthesis of UQ) in combination in vivo AOX activity measurements will be key to precisely determine the impact of UQ levels on AOX regulation. The regulation of AOX via interaction with -ketoacids has also been questioned given that mitochondrial levels of pyruvate have been estimated to be high enough to fully activate AOX [START_REF] Millenaar | The alternative oxidase: in vivo regulation and function[END_REF]. However, increased pyruvate levels and AOX in vivo activity were observed in soybean roots following treatment with an inhibitor of branched-chain amino acid biosynthesis [START_REF] Gaston | Changes in mitochondrial electron partitioning in response to herbicides inhibiting branched-chain amino acid biosynthesis in soybean[END_REF]. Additionally, evidence for pyruvate stimulation of AOX capacity was reported in tubers of transgenic potato with decreased pyruvate [START_REF] Oliver | Decreased expression of cytosolic pyruvate kinase in potato tubers leads to a decline in pyruvate resulting in an in vivo repression of the alternative oxidase[END_REF] and in pea mesophyll protoplasts following high light treatment [START_REF] Dinakar | Importance of AOX pathway in optimizing photosynthesis under high light stress: role of pyruvate and malate in activating AOX[END_REF].

AOX activity is upregulated in vivo by the lack of mitochondrial TRX

Perhaps even more unexpected than the presence of AOX activity is that activity was higher in the trxo1 mutants than in Col-0 plants (Figure 1). The higher in vivo AOX activity in the mutants consequently reduced the energetic efficiency of respiration. This finding, but not the minor changes observed in photosynthetic carbon assimilation (Figure 5), could explain the rosette growth retardation (Figure 1B). A detailed analysis on adenylate levels in different subcellular compartments [START_REF] Krueger | Analysis of cytosolic and plastidic serine acetyltransferase mutants and subcellular metabolite distributions suggests interplay of the cellular compartments for cysteine biosynthesis in Arabidopsis[END_REF][START_REF] Gardeström | The origin of cytosolic ATP in photosynthetic cells[END_REF] would be required at different growth stages to stablish the importance of the mitochondrial ATP synthesis efficiency on the mutants growth. On the other hand, myo-inositol levels were consistently reduced in both trxo1 mutants as well Nevertheless, both metabolic phenotypes are in line with an up-regulation of the respiratory metabolism (Sanchez-Guerrero et al., 2019). In addition, the percentage of germination was previously observed to be unaffected in the trxo1 mutants in the absence of sucrose and stress [START_REF] Daloso | Thioredoxin, a master regulator of the tricarboxylic acid cycle in plant mitochondria[END_REF]Ortiz-Espin et al., 2017), similar to the case in the present study. An increased AOX expression in trxo1 mutants could explain a higher in vivo activity of the AOX under ML. However, the AOX capacity and protein levels clearly show that the capacity to respire via AOX was not higher in the mutants than in Col-0 plants (Figure 2). The AOX capacity (i.e. the rate of oxygen uptake following cyanide inhibition) is well-documented to correlate well with AOX protein abundance but frequently does not correlate with the in vivo activity (i.e. as determined with the O 2 isotope technique in the absence of inhibitors, Del-Saz et al. ( 2018) and references therein). Furthermore, the AOX activity and capacity were similar in the mutants under ML conditions (Figure 1C and Figure 2A) indicating that the AOX was running at its full capacity in the mutants. These observations suggest that lack of TRXo1 activates the is, however, unlikely since we could not detect changes in the redox state of the AOX in trxo1 mutants as compared to Col-0 plants (Figure 3 and Supplemental Figure S2B).

As a cause for the observed increased in vivo AOX activity we alternatively propose an indirect effect of the lack of TRXo1. Our results indicate a higher ratio of TCA cycle to other respiratory fluxes in both mutant lines as compared to the Col-0 (Figure 4), thus confirming the previously reported negative regulation of the TCA cycle by TRX system [START_REF] Daloso | Thioredoxin, a master regulator of the tricarboxylic acid cycle in plant mitochondria[END_REF]. In particular, [START_REF] Daloso | Thioredoxin, a master regulator of the tricarboxylic acid cycle in plant mitochondria[END_REF] reported that succinate dehydrogenase (SDH) and fumarase (FUM) activities were higher in TRX mutants. These previous observations could explain the lower levels of fumarate observed in both mutant lines (Figure 6). Note that no change in fumarate but increased malate accumulation was previously reported in TRX mutant leaves at the end of the day [START_REF] Daloso | Thioredoxin, a master regulator of the tricarboxylic acid cycle in plant mitochondria[END_REF], while the lower levels of fumarate observed here correspond to analyses of leaf samples at the start of the day. Despite lower fumarate levels, higher 13 C label redistribution to fumarate was detected in both mutants after 13 C-Glc labeling. In addition, the higher 13 C label redistribution to GABA after 13 C-Mal labeling suggests an increased GABA shunt activity likely in order to replenish succinate levels in the TRX mutants. Taken together, these observations support an increased TCA cycle flux (i.e. from succinate to malate) which provides extra electrons into UQ pool of the electron transport chain and explains the higher AOX in vivo activity in trxo1 mutants under ML conditions. In fact, the higher in vivo AOX activity probably maintained the UQ reduction level stable in the trxo1 mutants, as it is the main general role of AOX [START_REF] Millenaar | The alternative oxidase: in vivo regulation and function[END_REF][START_REF] Del-Saz | An in vivo perspective of the role(s) of the alternative oxidase pathway[END_REF]. The similar transcript levels of AOX1a observed in Col-0 and mutant plants supports this view, because AOX1a levels are very sensitive and responsive to UQ reduction levels and its ROS associated signals [START_REF] Rasmusson | Alternative oxidase: a defence against metabolic fluctuations?[END_REF].

Metabolic adjustments observed in TRX mutants under HL treatment

Lower levels of trehalose were consistently found in both trxo1 mutants after 2h of HL treatment as compared to Col-0 plants (Figure 6). Similarly, trehalose levels were lower in trxo1 mutants after salinity treatment as compared to Col-0 plants ( Sanchez-Guerrero et al., 2019). These concomitant results denotes a specific altered response of trehalose metabolism in the trxo1 mutants under stress. Trehalose has protection roles against et al., 2014). Nevertheless, understanding on the trehalose changes observed in the trxo1 mutants deserve further investigation given that some of the protective roles attributed to trehalose under stress are questioned while others emerge on sugar signaling (Lunn et al., 2014). On the other hand, higher label redistribution to glycine and serine was also consistently observed in both trxo1 mutants under HL treatment (Figure 7). These results can be explained by a direct effect of TRX on glycine decarboxylase (GDC) activity. Indeed, GDC has been reported as a putative target of the TRX system [START_REF] Balmer | Thioredoxin links redox to the regulation of fundamental processes of plant mitochondria[END_REF] and its activity in isolated mitochondria can be regulated by the glutaredoxin system [START_REF] Hoffmann | From endoplasmic reticulum to mitochondria: absence of the Arabidopsis ATP antiporter endoplasmic Reticulum Adenylate Transporter1 perturbs photorespiration[END_REF]. However, in vivo evidence in plants is still missing. In cyanobacteria, the P-protein of the GDC has been proposed to be redox regulated through the formation of a disulfide bond between Cys972 in the C terminus and Cys353 located in the active site [START_REF] Hasse | Structure of the homodimeric glycine decarboxylase P-protein from Synechocystis sp. PCC 6803 suggests a mechanism for redox regulation[END_REF]. Here, glycine and serine 13 C labeling data suggest a reduced photorespiratory flux in vivo in the trxo1 mutants under HL conditions. Moreover, the lower O 2 inhibition of photosynthesis observed in the mutants after 2h of HL treatment supports this view (Figure 5). The fact that decreased photorespiration was not observed after 4h of HL treatment might indicate the activation of other mechanisms for the dissipation of the reductants at longer time exposition to the stress. Nevertheless, short-term transitions to high light have been recognized as frequent physiological transitions in which mitochondrial metabolism is able to rapidly respond to support photosynthetic activity (Finkemeier and Schwarzländer, 2018). Moreover, a restriction in photorespiration in AOX1a mutants has recently been reported by similar decreases in O 2 inhibition of photosynthesis as observed in here and also coinciding with high glycine to serine ratios [START_REF] Zhang | Contribution of the alternative respiratory pathway to PSII photoprotection in C3 and C4 plants[END_REF].

Therefore, our gas exchange data together with our data on metabolite levels and 13 C redistribution strongly suggest a restriction on photorespiration in the trxo1 mutants at the level of glycine decarboxylation.

As discussed above, the higher AOX in vivo activity observed in trxo1 mutants is probably due to an increased activity of the TCA cycle. Photorespiratory activity increases mitochondrial NAD(P)H/ NAD(P) ratios in illuminated leaves which can inhibit the activities of TCA cycle NAD(P)H dehydrogenases [START_REF] Igamberdiev | Regulation of NAD-and NADP-dependent isocitrate dehydrogenases by reduction levels of pyridine nucleosides in mitochondria and cytosol of pea leaves[END_REF], thus altering the operation of the TCA cycle [START_REF] Sweetlove | Not just a circle: flux modes in the plant TCA cycle[END_REF]. Because of these redox links between mitochondrial dehydrogenases, it is unsurprising that the In contrast to ML conditions, total respiration and AOX activity in vivo were similar in Col-0 and mutants plants after HL treatment, and all genotypes displayed a full engagement of AOX (i.e. activity was essentially equivalent to capacity). The HLinduction of the in vivo AOX activity can be impeded if AOX capacity is limiting; this was observed as a species-specific feature [START_REF] Florez-Sarasa | Unravelling the in vivo regulation and metabolic role of the alternative oxidase pathway in C3 species under photoinhibitory conditions[END_REF] and also in Arabidopsis plants with AOX1a suppression [START_REF] Florez-Sarasa | In vivo cytochrome and alternative pathway respiration in leaves of Arabidopsis thaliana plants with altered alternative oxidase under different light conditions[END_REF]. In the last case, plants were exhibiting a full AOX engagement already under ML [START_REF] Florez-Sarasa | In vivo cytochrome and alternative pathway respiration in leaves of Arabidopsis thaliana plants with altered alternative oxidase under different light conditions[END_REF] as was the case for the trxo1 mutants in present study. As a consequence of this capacity limitation, the induction of the in vivo AOX activity was prevented in the trxo1 mutants and thus the reoxidation of the extra reductants produced by the TCA cycle under HL. The extra reducing power produced by trxo1 mutants under HL conditions could then be the cause for the glycine decarboxylation restriction.

Concluding remarks

The in vivo AOX activity was higher in trxo1 mutants under moderate light conditions, as compared to Col-0 plants, in spite of lacking TRXo1 which has been proposed to redox activate the AOX [START_REF] Marti | Mitochondrial and nuclear localization of a novel pea thioredoxin: identification of its mitochondrial target proteins[END_REF][START_REF] Yoshida | Systematic exploration of thioredoxin target proteins in plant mitochondria[END_REF][START_REF] Umekawa | Thioredoxin o-mediated reduction of mitochondrial alternative oxidase in the thermogenic skunk cabbage Symplocarpus renifolius[END_REF]. Moreover, we did not detect differences on the redox state of the AOX protein between the mutant and Col-0 plants. These observations together with the increased transcript levels of other TRX-related systems in the trxo1 mutants suggest that the AOX is maintained in its reduced state by different mitochondrial redox systems rather than being actively regulated. In addition, the combined analysis of in vivo fluxes of the electron transport chain and the TCA cycle has allowed us to better understand the regulation of mitochondrial metabolism from a broader and unprecedented perspective under different light conditions. The in vivo AOX activity was increased in trxo1 mutants thus yielding a fully engaged AOX which was linked to an up-regulation of the TCA flux. Such a higher and less efficient respiration might be the cause of the lower biomass accumulation in trxo1 mutants, although more detailed analysis of the energy status at different subcellular compartments [START_REF] Krueger | Analysis of cytosolic and plastidic serine acetyltransferase mutants and subcellular metabolite distributions suggests interplay of the cellular compartments for cysteine biosynthesis in Arabidopsis[END_REF][START_REF] Gardeström | The origin of cytosolic ATP in photosynthetic cells[END_REF] would be required to unravel this issue. After high light treatment, the trxo1 mutants displayed a restricted photorespiration at the level of glycine decarboxylation possibly by the lack of 

MATERIAL AND METHODS

Plant material and growth conditions

The Arabidopsis (Arabidopsis thaliana) mutants trxo1-1 and trxo1-2 were isolated from T-DNA insertion lines SALK_042792 and SALK_143294, respectively, obtained from the Arabidopsis Biological Resource Centre. Genotyping of trxo1 mutants was performed by PCR using gene-and T-DNA-specific primers as previously described [START_REF] Daloso | Thioredoxin, a master regulator of the tricarboxylic acid cycle in plant mitochondria[END_REF][START_REF] Ortiz-Espín | Mitochondrial AtTrxo1 is transcriptionally regulated by AtbZIP9 and AtAZF2 and affects seed germination under saline conditions[END_REF]. Selected homozygous seeds from both mutant lines were used for all the experiments. Mutant and wild type Columbia-0 (Col-0) plants were grown in soil under short photoperiod (8h light/16h dark) and controlled temperature (22°C/18ºC), relative humidity (above 60%) and light intensity (150 mol m -2 s -1 ), which was considered the moderate light (ML) treatment unless otherwise noted. Plants were grown for 6 to 7 weeks under ML and then transferred to high light conditions (600 mol m -2 s -1 ) for 2 and 4h, which was considered the high light (HL) treatment unless otherwise noted.

Gene expression analysis

RNA was isolated from lyophilized leaves by using Maxwell® RSC Plant RNA Kit (Promega) and automated system Maxwell® RSC Instrument (Promega) according to the manufacturer's instructions, and was quantified using a NanoDrop 1000 spectrophotometer (Thermo Scientific, http://www.nanodrop.com/). Afterwards cDNA synthesis was performed following the recommendations of the Transcriptor First Strand cDNA Synthesis Kit (Roche). Relative mRNA abundance was evaluated by quantitative PCR using LightCycler 480 SYBR Green I Master Mix (Roche) on a LightCycler 480 real-time PCR system (Roche). Primers used and the related information are detailed in the Supplemental Table S5. Two technical replicates of each biological replicate were performed, and the mean values were used for further calculations. Arabidopsis UBC (At5g25760) was used as a reference gene to correct for differences in the total amount of transcripts and the 2 -ΔΔCt method (Livak and Schmittgen 2001) was used to calculate the fold change of gene expression. Finally, data were normalized to the mean value of 

Measurements of respiratory oxygen consumption and isotope fractionation

Measurements of oxygen consumption and isotope fractionation during respiration were performed as described by [START_REF] Florez-Sarasa | Contribution of the cytochrome and alternative pathways to growth respiration and maintenance respiration in Arabidopsis thaliana[END_REF] in order to determine the in vivo activities of the COX and AOX pathways in Arabidopsis leaves. As for the end-point fractionation values, the oxygen isotope fractionation of the AOX pathway was determined after incubation with 10 mM KCN as described previously [START_REF] Florez-Sarasa | Contribution of the cytochrome and alternative pathways to growth respiration and maintenance respiration in Arabidopsis thaliana[END_REF] and a mean value of 31.1‰ was used from all the measurements performed both in the mutant and Col-0 plants because no differences were observed between genotypes. On the other hand, an end-point value of 20.9‰ corresponding to the oxygen isotope fractionation of the COX pathway was taken from previous measurements in Arabidopsis leaves [START_REF] Florez-Sarasa | Contribution of the cytochrome and alternative pathways to growth respiration and maintenance respiration in Arabidopsis thaliana[END_REF]. Calculations of the electron partitioning and the activities of the AOX and COX pathways were performed following [START_REF] Guy | Differential fractionation of oxygen isotopes by cyanide-resistant and cyanide-sensitive respiration in plants[END_REF]. In addition, the AOX capacity was determined with a Clark-type oxygen electrode as described previously [START_REF] Florez-Sarasa | Changes of alternative oxidase activity, capacity and protein content in leaves of Cucumis sativus wild-type and MSC16 mutant grown under different light intensities[END_REF]. Five replicates (each representing a different plant) per line and light treatment were performed for both in vivo activities and AOX capacity.

Western Blot analysis

For determining the total amount of AOX, 20 mg of frozen leaf powder per genotype and light condition were used for protein extraction directly in 100 l SDS sample buffer [2% (w/v) SDS, 62.5mM Tris-HCl (pH 6.8), 10% (v/v) glycerol and 0.007% (w/v) bromophenol blue] including 50 mM DTT and protease inhibitor (Roche). Samples were incubated 30 min at 4ºC to allow full reduction of the AOX protein and then boiled (95ºC) for 5 min. For the analysis of the AOX redox state, leaf membranes were isolated as described in [START_REF] Noguchi | Response of mitochondria to light intensity in the leaves of sun and shade species[END_REF] with the following modifications. Five leaves (approx. 500 mg) per genotype under moderate light condition were ground with a mortar and pestle in 1 mL of grinding medium (0.45 M mannitol, 50 mM TES, 0.5% (w/v) BSA, 0.5% (w/v) PVP-40, 2 mM EGTA, 20 mM ascorbate) containing either 50 mM DTT (for Both, extracts for total amount and redox state determinations of the AOX protein were frozen at -20ºC.

Twenty microliters were loaded and separated on 12% and 10% SDS-PAGE gels for the total amount and redox state samples, respectively. Proteins were transferred to nitrocellulose membranes using wet Mini-PROTEAN system of Bio-Rad for the total amount samples; PVDF membranes and PeqLab mini gel system was used for the redox samples. The following primary antibodies and dilutions were used for detecting mitochondrial proteins: monoclonal anti-Porin, voltage-dependent anion channel porin (PM035, from Dr Tom Elthon, Lincoln, NE) at 1:5000 dilution; polyclonal anti-AOX, alternative oxidase 1 and 2 (AS04054, Agrisera, Sweden) at 1:500 dilution (used for the total AOX amount); monoclonal anti-AOX (AOA, from Dr Tom Elthon, Lincoln, NE) at a dilution 1:10000. Secondary antibodies linked to horseradish peroxidase were used (Sigma-Aldrich Co.). The signals were detected by chemiluminescence using Pierce™ ECL Western Blotting Substrate (ThermoFischer) 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 manufacturer's instructions. The obtained band intensities for AOX were corrected for their corresponding porin band intensities and then normalized to the levels of the Col-0 plants under moderate light. Four different immunoblot experiments per protein were performed with similar results.

Measurements of respiratory CO 2 evolution

Ten leaf discs with 10 mm diameter were incubated in a 100 ml flask containing 5 mL of 10 mM MES (pH 6.5) under moderate light intensity at room temperature for 30 min prior to the addition of [1-14 C]glucose or [3:4-14 C]glucose (6.2 MBq mmol -1 ) to a final concentration of 1.0 mM. Each flask was then sealed with Parafilm and shaken at 100 rpm. Evolved 14 CO 2 was collected in 0.5 ml of 10% (w/v) KOH in a 1.5 ml for 4 h. Radioactivity evolved as CO 2 was determined as the radioactivity in the KOH solution mixed with 4 mL of scintillation cocktail (Rotizint Eco Plus, ROTH) measured by a liquid scintillation counter (LS6500, Beckman Coulter; [START_REF] Kühn | Complete mitochondrial Complex I deficiency induces an up-regulation of respiratory fluxes that is abolished by traces of functional Complex I[END_REF]. The yield of 14 CO 2 was calculated by expressing the cumulative radioactivity released [START_REF] Kruger | Assessing metabolic flux in plants with radiorespirometry[END_REF].

Metabolite profiling

Metabolite extractions were performed as described previously [START_REF] Lisec | Gas chromatography mass spectrometry-based metabolite profiling in plants[END_REF] using approximately 50 mg of frozen-powdered leaf tissue. Derivatization and gas chromatography-time of flight-mass spectrometry (GC-TOF-MS) analyses were carried out as described previously [START_REF] Lisec | Gas chromatography mass spectrometry-based metabolite profiling in plants[END_REF]. Metabolites were identified manually by TagFinder software [START_REF] Luedemann | TagFinder for the quantitative analysis of gas chromatography-mass spectrometry (GC-MS)-based metabolite profiling experiments[END_REF] using the reference library mass spectra and retention indices housed in the Golm Metabolome Database (http://gmd.mpimpgolm.mpg.de; [START_REF] Kopka | GMD@CSB.DB: the Golm Metabolome Database[END_REF]. The parameters used for the peak annotation of the 36 metabolites can be found in Table S1 which follows the reporting recommendations of Fernie et al. (2011). Data were normalized to the mean value of Col-0 plants in moderate light conditions (i.e. the value of all metabolites for Col-0 at moderate light was set to 1).

Values presented are means ± SE of seven replicates which were taken from same rosettes used for photosynthesis and respiration analyses.

Measurements of the 13 C isotope redistribution

Leaves of similar size from the Col-0 and mutant plants were fed via the petiole by placing in a solution containing 10 mM MES-KOH (pH 6.5) and either 15 mM [U-13 C] Glucose or 15mM [U-13 C] Malate (from Cambridge Isotope Laboratories) for 4 h. Leaves under control and high light treatments were subjected to 100 and 400 moles m -2 s -1 , respectively, so that an approx. the light intensities applied during the petiole feeding were lower than in the other experiments in order to avoid leaf wilting induced by the high transpiration occurring during the high light treatment. Four fold-increase in light intensity during the high light treatment was maintained as in the other experiments. At 0, 2 and 4h of incubation and light treatment, leaves were snap-frozen in liquid nitrogen. Thereafter, approx. 30 mg of frozen-powdered leaf tissue was extracted and derivatized as described above and analyzed by GC-TOF-MS in parallel with a mixture of authentic standards of several metabolites at four different concentrations. The peak intensity matrix containing all available mass isotopomers of characteristic mass fragments generated by TagFinder was then processed using the CORRECTOR software tool (http://www.mpimp-golm.mpg.de/ 10871/Supplementary Materials) in order to correct for the natural abundance of the isotope and to calculate the fractional enrichment (Huege et al., 2014). Absolute concentrations were determined for all the metabolites detected and present in the authentic standards mixture. The total 13 C label redistributed in a metabolite pool was calculated by multiplying the fractional enrichment with the absolute concentration of the corresponding metabolite. were normalized to the mean level of the Col-0 plants under ML conditions and foldchange values were log2 transformed (i.e. the level of all metabolites of Col-0 plants under ML is 0). In this heat map, red and blue colors represent log2 fold-increased anddecreased metabolites, respectively. Values are means ± SE of six replicates and asterisks denote significant differences (P < 0.05) to the Col-0 plants in each light condition. The statistical differences between ML and HL treatments in each genotype are presented in Supplemental Table S2. Only metabolites showing significant differences to the Col-0 in both mutant lines in each light treatment, considering all time points and labeling substrates, are shown. Data including total 13 C label redistribution in all metabolites is presented in Supplemental Table S3 and Table S4. S3 and Table S4. 190x275mm (96 x 96 DPI) 

Leaf gas exchange and chlorophyll fluorescence measurements

  normal and low O 2 concentration in all genotypes and treatments. The percentage of O 2 inhibition of A N was then calculated as an indication of photorespiration. Results indicate a significantly lower photorespiration in both mutants under 2h of HL as compared to Col-0 plants, while similar values among lines were observed at the other light conditions (Figure 5).

  as displaying a lower label redistribution to this metabolite, which can indicate a different use of raffinose family oligosacarides as carbon sources (Van den Ende, 2013). In agreement, Sanchez-Guerrero et al. (2019) has recently found a very similar decrease in myo-inositol levels in trxo1 mutants, while also marked decreases in sugar levels were observed. The metabolic differences observed in Sanchez-Guerrero et al. (2019) are probably related to the growth of the plants in the presence of sucrose-containing media.

  in vivo. A direct redox regulation of the in vivo AOX activity by the TRXo1

  by stabilizing membranes, proteins and other cellular components as well as protecting against ROS (Lunn

  the TCA cycle reactions in the TRX mutants could affect glycine decarboxylation.

  plants in moderate light conditions (i.e. the level of all transcripts for Col-0 at moderate light was set to 1).

  , 50 mM diamide (for AOX oxidation) or nothing else. After approx. 1 min of grinding, samples were centrifuged for 5 min at 1200 g and supernatant was transferred into a new tube and centrifuged at 10000g for another 5 min. Subsequently, supernatant was discarded and the pellet was resuspended in SDS sample buffer containing DTT or diamide at the same concentrations as those used during the extraction.

  in the flask. The KOH solution was replaced every hour

  photon flux density (PPFD) of 150 and 600 mol m -2 s -1 (provided by the light source of the Li-6400 with 10% blue light) at moderate light and after high light treatment, respectively. After approx. 3 min, gas-exchange and chlorophyll fluorescence measurements were performed in the light. The actual quantum efficiency of the photosystem II (PSII)-driven electron transport (ΦPSII) and the electron transport rate (ETR) were determined as previously described in Florez-Sarasa et al. (2011) except that 0.5 and 0.84 values were used for leaf absorptance and the partitioning of absorbed quanta between photosystems I and II. Six replicates per genotype and light treatment were performed in leaves of different plants.

Figure 1 .

 1 FIGURE LEGENDS Figure 1. In vivo mitochondrial electron transport chain activities in trxo1 mutants. (A) Total respiration (V t ), (B) COX pathway activity ( cyt ) and (C) AOX pathway activity ( alt ) in leaves of Col-0, trxo1-1 and trxo1-2 (see Experimental Procedures) Arabidopsis thaliana plants at moderate light (ML) and after 2 and 4 hours of high light (HL) treatment. Values are means ± SE of five replicates. Asterisks denote significant differences (P < 0.05) to the ML conditions in each genotype and number symbols indicate significant difference (P < 0.05) to the Col-0 in each light condition.

Figure 2 .

 2 Figure 2. AOX capacity and protein levels in trxo1 mutants. (A) AOX capacity (V alt ) and (B) protein levels in leaves of Col-0, trxo1-1 and trxo1-2 plants at moderte light (ML) and after 2 and 4 hours of high light (HL) treatment. Values in A are means ± SE of five replicates. In B, one representative blot is presented and the relative values shown are the mean of the four immunoblot experiments performed with similar results (Supplemental Figure S2). The relative values indicate the intensities of the signals from AOX normalized to those from porin, and then expressed as fold-changes relative to values of Col-0 under ML intensity.

Figure 3 .

 3 Figure 3. AOX protein redox state in trxo1 mutants. AOX protein immunodetection in leaf membranes fractions from Col-0, trxo1-1 and trxo1-2 plants grown under ML conditions (see Material and Methods) and treated with 50 mM DTT (for reducedmonomeric form detection) or 50 mM diamide (for oxidized-dimeric form detection) or in absence of both (-). Porin immunodetection in the same samples shows a similar mitochondrial loading among genotypes in each (redox) treatment. The table below the image shows the mean values (n=2) of the percentages on the oxidized and reduced forms in the different genotypes after band quantification of the blot in the current figure and in Supplemental Figure S2.

Figure 4 .

 4 Figure 4. TCA cycle and other respiratory fluxes in trxo1 mutants. Radioactivity in the

Figure 5 .

 5 Figure 5. Photosynthetic and photorespiratory parameters under high light stress conditions. Net photosynthesis (A N ), photosynthetic electron transport rate (ETR), stomatal conductance (g s ) and the percentage of O 2 inhibition of photosynthesis in leaves in Col-0, trxo1-1 and trxo1-2 plants grown under ML and after 2 and 4h of high light (HL) treatment. Details on the gas exchange and chlorophyll fluorescence measurements can be found in the Material and Methods section. Values are means ± SE of six (A N , g s and ETR) or four (% O 2 inhibition) replicates and asterisks denote significant differences (P < 0.05) to the Col-0 plants in each light condition.

Figure 6 .

 6 Figure 6. Metabolite profiling in trxo1 mutants. Heat map showing the relative levels of the GC-MS-analyzed metabolites in Col-0, trxo1-1 and trxo1-2 plants grown under ML and after 2 and 4h of high light (HL) treatment. Metabolites were clustered per class into amino acids, organic acids, sugars and sugar alcohols, and other metabolites. Relative metabolite levels in leaves of Col-0, trxo1-1 and trxo1-2 plants under all light conditions

Figure 7 .

 7 Figure 7. Total 13 C label redistribution into primary metabolites in trxo1 mutants. The total 13 C label redistribution in selected leaf metabolites of Col-0, trxo1-1 and trxo1-2 plants was determined after 2 and 4 hours of 13 C-labeling under (A) moderate light and

  0 plants; n.d. (not detected). (B) Photograph representative of Col-0, trxo1-1 and trxo1-2 plants after growing for 6 weeks under ML conditions. (C) Rosette biomass accumulation of plants grown as in B. Values are means ± SE of twelve replicates and asterisks denote significant differences (P < 0.05) to the Col-0 plants. Supplemental Figure S2. AOX protein amount and redox analysis. (A) AOX and porin protein levels in leaves of Col-0, trxo1-1 and trxo1-2 plants at moderate light (ML) and after 2 and 4 hours of high light (HL) treatment. Three blots of each AOX and porin proteins are shown, which were used for the AOX amount quantifications, together with the blot shown in Figure 2B, as described in Material and Methods section. (B) AOX protein redox state in trxo1 mutants. AOX protein immunodetection in leaf membranes fractions from Col-0, trxo1-1 and trxo1-2 plants grown under ML conditions (see Experimental Procedures) and treated with 50 mM DTT (for reduced-monomeric form detection) or 50 mM diamide (for oxidized-dimeric form detection) or in absence of both (-).

Figure 1 .Figure 3 .

 13 Figure 1. In vivo mitochondrial electron transport chain activities in trxo1 mutants. (A) Total respiration (Vt), (B) COX pathway activity (cyt) and (C) AOX pathway activity (alt) in leaves of Col-0, trxo1-1 and trxo1-2 (see Experimental Procedures) Arabidopsis thaliana plants at growth light (GL) and after 2 and 4 hours of high light (HL) treatment. Values are means ± SE of five replicates. Asterisks denote significant differences (P < 0.05) to the GL conditions in each genotype and number symbols indicate significant difference (P < 0.05) to the Col-0 in each light condition. 190x275mm (96 x 96 DPI)
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 4567 Figure 4. TCA cycle and other respiratory fluxes in trxo1 mutants. Radioactivity in the CO2 evolved from illuminated leaf discs was measured after incubation with glucose (Glc) 14C-labeled at different positions. The 14CO2 evolution from Glc labeled at position 1 (C1) or positions 3 and 4 (C3-4) corresponds to the metabolic flux through glycolysis and TCA cycle, respectively. The 14CO2 evolution was measured every hour after the addition of the labeled Glc and summed up to calculate the total 14C evolved. Each point represent the means ± SE of three replicates. Asterisks denote significant differences (P < 0.05) to the Col-0 plants in each time point. 190x275mm (96 x 96 DPI)
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Supplemental Table S1. Parameters used for peak annotation in GC-MS analysis. S2. Relative metabolite levels in leaves of Col-0, trxo1-1 and trxo1-2 plants under moderate light (ML) and after 2 and 4h of high light (HL) treatment. Data is presented as means ± SE for six biological replicates normalized to the mean level of the Col-0 plants under ML. Bold numbers denote significant differences (P < 0.05) to the ML conditions in each genotype and asterisks indicate significant difference (P < 0.05) to the Col-0 in each light condition. S3. Total 13 C label redistribution in leaf metabolites of Col-0, trxo1-1 and trxo1-2 plants after 2 and 4 hours of 13 C-Glucose labeling under moderate light and high light conditions. Values are means ± SE of six replicates, and those values bold and underlined denote significant differences (P < 0.05) to the Col-0 plants in each time point and light condition. S4. Total 13 C label redistribution in leaf metabolites of Col-0, trxo1-1 and trxo1-2 plants after 2 and 4 hours of 13 C-Malate labeling under moderate light and high light conditions. Values are means ± SE of six replicates, and those values bold and underlined denote significant differences (P < 0.05) to the Col-0 plants in each time point and light condition. S5. Primers used in the qPCR analyses performed in this study. S1. Gene expression analysis and biomass accumulation of trxo1 mutants. (A) qPCR analysis of transcript levels from genes related to mitochondrial TRX system and AOX1a in leaves trxo1-1 and trxo1-2 plants under moderate light conditions (ML). Primers used and gene information can be found in Supplemental Table S5. Values are means ± SE of 4 replicates and asterisks denote significant differences (P < 0.05) to
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