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1.1 GE�ERAL ASPECTS OF PLA�T RESPIRATIO� 

1.1.1 The importance of plant respiration 

Plant respiration can be defined as the combination of metabolic reactions where 

reduced carbon compounds are oxidized to CO2 and H2O and the energy released is 

used for the synthesis of ATP and reducing equivalents. The energy conserved in 

ATP and reducing equivalents together with the intermediate carbon compounds 

produced during respiratory metabolism are used for growth and maintenance 

processes of plants. Therefore, respiration is crucial for growth and productivity 

and, together with photosynthesis, determines the carbon balance of the plants 

(Amthor, 1989). However, a significant part of mitochondrial respiration can 

proceed via a non-phosphorylating alternative pathway (AP) which generates less 

ATP than the primary energy-producing cytochrome pathway (CP) common in 

most eukaryotes. Therefore, it is very important to know to what extent the AP is 

engaged and how is regulated because of its impact on the energetic efficiency of 

plant respiration.  

The only known and accepted function of the alternative pathway is related to the 

heat generation in thermogenic plants (Meuse, 1975; Walting et al., 2006; Grant, 

2010). However, the function of the alternative pathway in non-thermogenic tissues 

is still unclear. During the last decade, the availability of genome sequences of 

some plant species has allowed a great increase in our understating of the molecular 

aspects of different components of the plant mitochondrial electron transport chain 

(Millar et al., 2008) and a strong focus has been put on the alternative oxidase 

(AOX) genes and proteins (Albury et al., 2009; McDonald et al., 2009; Polidoros et 

al., 2009; Vanlerberghe et al., 2009). Several studies suggested that AOX has a 

critical role under stress situations by preventing over-reduction of the ubiquinone 

pool and the formation of reactive oxygen species (ROS) in mitochondria (Purvis 

and Shewfelt, 1993; Wagner and Krab, 1995; Millenaar et al., 1998; Maxwell et al., 

1999; Møller et al., 2001). More recently, AOX has been considered to also play a 

central role in cell reprogramming under stress (Arnholdt-Schmitt et al., 2006; 

Clifton et al., 2006; Van Aken et al., 2009). However, despite advances on the 

molecular aspects of the AOX, the in vivo regulation of the alternative pathway has 

been less studied (Millenaar and Lambers, 2003).  

One of the most important aspects of the AOX protein is the possibility of 

measuring its in vivo activity. This allows to integrate information from AOX gene 
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expression, protein synthesis and protein post-translational modifications (i.e. 

oxidation/reduction of the AOX) together with its activity in vivo.  

For all the reasons exposed above, the present Thesis is focused on the in vivo 

regulation of the electron partitioning between the cytochrome and the alternative 

pathways in leaves of different species growing under non-stress as well as under 

stress conditions. Furthermore, studies of the in vivo activity of the AP have been 

performed in transgenic or mutant plants with alterations of the main and the 

alternative components of the mitochondrial electron transport chain in order to 

better understand the mechanisms that regulate plant mitochondrial respiration and 

electron partitioning between the CP and AP in vivo. 

 

1.1.2 The biochemical pathways of plant respiration 

Classically, plant respiration has been divided into four main biochemical 

pathways: glycolysis and pentose phosphate pathway located both in the plastids 

and in the cytosol; the tricarboxylic acid (TCA) cycle located in the mitochondrial 

matrix; and the electron transport chain located in the inner membrane of the 

mitochondria (Fig. 1.1). In the following sections, a general description of the main 

respiratory pathways and their regulation is presented with special focus on the 

distinct features in plants compared to other organisms. For more detailed 

information about the functional organization and control of plant respiratory 

metabolism see extensive reviews presented by Fernie et al. (2004), Lambers et al. 

(2005) and Plaxton and Podesta (2006). 
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Figure 1.1 The main pathways of plant respiratory metabolism. Glycolysis and pentose phosphate 

pathway are located both in the plastids and in the cytosol; the tricarboxylic acid (TCA) cycle 

located in the mitochondrial matrix; and the electron transport chain located in the inner membrane 

of the mitochondria (Taiz and Zeiger, 2002, with some modifications) 

 

1.1.2.1 Glycolysis and the pentose phosphate pathway 

Glycolysis is considered as the first group of reactions of respiration in which 

sugars are metabolized to organic acids. Glycolytic reactions are coupled to the 

production of ATP and reducing equivalents and the carbon intermediates generated 

can be used for biosynthetic pathways. In plants, different cellular processes located 

either in the cytosol or in the plastids produce different substrates that can enter into 

the glycolytic pathway (Fig. 1.1). Sucrose and starch are the main carbohydrates 

used for transport and storage in plants and therefore can be considered as the main 

substrates for plant respiration. After break down of sucrose and starch, the glucose 

and fructose produced are converted to fructose-6-phophate (Fru-6-P) which is 

phosphorylated to fructose-1,6-bisphophate (Fru-1,6-P2) by two different 

phosphofructokinases (PFKs), one ATP (ATP-PFK) and the other PPi (PPi-PFK) 

dependent (Plaxton and Podesta, 2006). Fru-1,6-P2 is split into triose phosphates 

that can also be directly imported from the chloroplasts in photosynthetic tissues. 

Triose phosphates are then converted into phosphoenolpyruvate (PEP) which can be 



Introduction 

 5 

either metabolized to pyruvate by cytosolic piruvate kinase (PKc) or to malate by 

PEP carboxylase (PEPC) and cytosolic malate dehydrogenase (MDHc). The 

conversion of PEP to pyruvate yields ATP while no net production of ATP and 

NADH is obtained when malate is the end product of glycolysis. 

Alternatively, glucose-6-P can be oxidized through the oxidative pentose phosphate 

pathway with the production of NADPH and pentose phosphates that can be used in 

biosynthetic reactions such as nitrogen assimilation, lipid, RNA and DNA 

synthesis. This pathway is primarily controlled at the first step by NADP+/NADPH 

ratios (Taiz and Zieger, 2002).  

Glycolysis in non-plant systems is tightly controlled by adenylates (ATP, ADP, 

AMP) which have a strong control over PFK and PKc. The activation of PFK 

produces Fru-1,6-P2 which is a potent allosteric activator of non-plants PKs 

(Plaxton and Podesta, 2006). However, plant PK is not activated by Fru-1,6-P2. 

Moreover, ATP and AMP are not major regulators of plant PFK and PKc. A 

different regulation of glycolysis, so called ‘bottom-up regulation’, has been 

observed in plants consisting in a primary control at the level of PEP metabolism 

and a secondary control by Fru-6-P utilization (Fig. 1.2). The different PEP 

metabolic pathways together with the existence of glycolitic ATP- and PPi- 

dependent enzymes (i.e. ATP- and PPi-PFK) have been suggested to allow plants to 

regulate glycolitic flux in a ATP-independent manner, conferring more metabolic 

flexibility to plants to cope with stress conditions (i.e. Pi limitation or anoxia) where 

ATP synthesis is limited (Plaxton and Podesta, 2006). Nevertheless, the ‘bottom-up 

regulation’ of plant glycolysis may permit plants to control the net glycolitic flux to 

pyruvate independently of Calvin cycle and sucrose-triose phosphate-starch 

interconversions processes as well as to adjust glycolytic metabolism to the demand 

for biosynthetic precursors (Plaxton and Podesta, 2006). 

The fate of the glycolitic products, malate and pyruvate, depends on the oxygen 

availability. In the absence of oxygen, cytosolic fermentation of pyruvate to lactate 

or ethanol allows the re-oxidation of the NADH to produce the NAD necessary to 

continue glycolytic reactions. In the presence of oxygen, malate and pyruvate can 

be completely oxidazed to CO2 in the mitochondrial matrix through TCA cycle 

reactions. The reducing equivalents produced by the TCA cycle reactions become 

substrates for the electron transport which allows the oxidative phosphorylation (see 
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the next sections). It is important to note that the ATP produced by fermentation is 

far less than that produced by oxidative phosphorylation. 

 

 
Figure 1.2. Regulation of plant respiration includes the fine or acute metabolic control of key 

cytosolic and mitochondrial enzymes by allosteric effectors and covalent modification. The central 

role of PEP in providing a “bottom up” type of control of glycolysis is highlighted. Also depicted are 

some of the most important control sites of mitochondrial respiration. Dotted arrows with a circled 

plus and minus sign indicate enzyme activation and inhibition, respectively, by allosteric effectors. 

Shaded arrows with a circled plus and minus sign denote enzyme activation and inhibition, 

respectively, by reversible covalent modification (phosphorylation-dephosphorylation or disulfide-

dithiol interconversion). Abbreviations are defined as follows: DHAP, dihydroxyacetone-phosphate; 

PFK-2, bifunctional 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase, Trred, reduced 

thioredoxin (Plaxton and Podesta, 2006). 
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1.1.2.2 Tricarboxylic acid (TCA) cycle 

The second group of reactions in respiratory metabolism is considered to be the 

tricarboxylic acid (TCA), citric acid or Krebs cycle. TCA cycle is composed by a 

series of reactions located in the mitochondrial matrix in which the glycolytic 

products malate or pyruvate, imported from the cytosol, are decarboxylated to CO2 

with a large production of NADH and also of some FADH and ATP (Fig. 1.3). 

NADH and FADH become the major substrate for the plant mitochondrial electron 

transport chain. Besides producing reducing power, the intermediates of the TCA 

cycle serve as carbon skeletons for the biosynthesis of amino acids, fatty acids and 

secondary metabolites (Fig. 1.3; Sweetlove et al., 2010).  

 
Figure 1.3. The TCA cycle is embedded in a larger metabolic network. Reactions are shown that 

consume or produce TCA cycle intermediates. For simplicity, co-enzymes are omitted from the TCA 

cycle. TCA cycle enzyme names are shown in blue. Abbreviations: ICDH, isocitrate dehydrogenase 

(NAD(P) dependent); MDH, malate dehydrogenase (NAD+ dependent); 2OGDH, 2-oxoglutarate 

dehydrogenase; PDH, pyruvate dehydrogenase; and SDH, succinate dehydrogenase. Metabolite 

abbreviations: AICAR, aminoimidazole carboxamide ribonucleotide; CoA, coenzyme A; Fd(ox), 

oxidised ferredoxin; Fd(red), reduced ferredoxin; 2-OG, 2-oxoglutarate; OAA, oxaloacetate; and Pi, 

inorganic phosphate. Numbered reactions are catalysed by the following enzymes: 1, ATP citrate 

lyase; 2, aspartate transaminase; 3, malate synthase; 4, arginosuccinate lyase; 5, adenylosuccinate 

lyase; 6, glutamate synthase (NADH); 7, glutamate synthase (ferredoxin); 8, 2-aminoadipate 

transaminase; 9, saccharopine dehydrogenase (NADH, L-lysine forming); 10, glutamate 

dehydrogenase; 11, alanine transaminase; 12, aspartate transaminase; 13, branched chain amino acid 

transaminase; 14, aromatic amino acid transaminase; 15, ornithine transaminase; 16, glutamate-

prephenate aminotransferase; 17, histidinol-phosphate transaminase; and 18, phosphoserine 

aminotransferase (Sweetlove et al., 2010). 
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Malate imported from the cytosol can be converted to pyruvate in mitochondrial 

matrix by the NAD-dependent malic enzyme (NAD-ME). Afterwards, pyruvate is 

converted to acetyl-CoA through the irreversible reaction catalyzed by the 

multienzyme complex called mitochondrial pyruvate dehydrogenase (PDC) (Fig. 

1.2). While some pyruvate can be obtained from the malate by the action of NAD-

ME, pyruvate generated by PKc reaction is considered the major substrate for PDC 

reaction. In fact, glycolytic malate (derived from PEP) has been suggested to be 

mostly used for replenishing TCA cycle intermediates during biosynthesis and N2 

assimilation instead of being converted to pyruvate by NAD-ME (Plaxton and 

Podesta, 2006). After pyruvate decarboxylation, citrate synthase combines acetyl-

CoA with oxalacetate (OAA) to generate citrate which is then isomerized to 

isocitrate by the aconitase (Fig. 1.3). The two subsequent reactions are oxidative 

decarboxylations catalyzed by isocitrate dehydrogenase (ICDH) and 2-oxoglutatrate 

dehydrogenase where succinyl-CoA is obtained coupled to NADH and CO2 

production (Fig. 1.3). Thereafter, succinyl-CoA is converted to succinate by the 

enzyme succinyl-CoA ligase (SCoAL) and the energy relased is used for ATP 

synthesis in plants, different from the GTP synthesis in animals (Fig. 1.3). The 

succinate is then converted to fumarate by the succinate dehydrogenase which is an 

enzyme located in the inner membrane of the mitochondrial matrix interconnecting 

TCA cycle with electron transport chain (Fig. 1.3). Finally, fumarase catalyze the 

hydratation of fumarate producing malate which is subsequently oxidized by malate 

dehydrogenase (MDH) to regenerate OAA with the concomitant production of 

NADH (Fig. 1.3). Notably, besides this ‘classical’ operation of TCA cycle reactions 

exposed above, it has been shown that TCA cycle do not to operate as a complete 

cycle under certain physiological conditions in order to provide carbon precursors 

for several biosynthetic pathways. In this sense, a very recent review point out in 

the ‘non-circle’ nature of the TCA cycle which is important in leaves under 

illumination, in developing oil-seeds, and under specific physiological 

circumstances (Sweetlove et al., 2010). 
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The presence of several dehydrogenases in the TCA cycle involves a general 

regulation of the TCA cycle by NAD+/NADH ratios inside mitochondrial matrix. 

However, plants possess alternative NADP-dependent ICDH and MDH which 

could circumvent NAD-dependent ICDH and MDH, respectively. The NADPH 

produced by these enzymes can be oxidazed by the internal alternative NADPH 

dehydrogenases of the mitochondrial electron transport chain (see section 1.1.2.3) 

or can be used as substrates for glutathione, thioredoxin or dihydrofolate  reduction 

(Siedow and Day, 2000). The coordinated regulation of the NADP- and NAD-

ICDHs has been shown to be important for citrate efflux and nitrogen assimilation 

during illumination (Igamberdiev and Gardeström, 2003; see section 1.3 for further 

explanation). Another bypass system of the TCA cycle in plants is the GABA shunt 

which has been demonstrated to produce succinate bypassing the reaction of the 

SCoAL (Studart-Guimaraes et al., 2007). Besides the redox regulation exerted by 

NAD+/NADH ratios and its dependence on the contribution of the alternative 

bypasses, an important control point of the TCA cycle resides at the level of PDC 

(Tovar-Mendez et al., 2003). While PDC is inhibited by its products NADH and 

acetyl-CoA, this enzyme presents a complex regulation (Fig. 1.2) by reversible 

phosphorylation that involves a pyruvate dehydrogenase kinase (PDK) and a 

pyruvate dehydrogenase phosphatase (PDP). PDC is inactivated by 

phosphorylation, thus, the inhibitors of PDK such as pyruvate and ADP avoid the 

inhibition of PDC (Fig. 1.2) which might allow the operation of the TCA cycle 

under situations of elevated substrate input (i.e. pyruvate) and energy demand (i.e. 

low ATP/ADP ratios). In contrast, when there are high ATP and/or low pyruvate 

levels, the PDK phosphorylates PDC and TCA cycle flux will be reduced. 

However, as the pyruvate inhibition of PDK is competitive with ATP (i.e. the 

substrate for the kinase reaction) and is synergic with inhibitory effect of ADP, the 

activity of PDK could be inhibited even under high ATP matrix concentrations 

which might allow PDC activity and TCA cycle operation independently of a high 

ATP matrix concentration (Tovar-Mendez et al., 2003). Additionally, NH4
+, which 

in leaves can be produced by glycine decarboxylation, is a potent stimulator of PDK 

(Fig. 1.2), thus inhibiting the PDC reaction under photorespiratory conditions. All 

these regulations have been combined in a model for leaf PDC regulation in which 

PDC is inhibited in the light by high levels of matrix ATP, NADH and NH4
+ while, 

in the dark, the enzyme is reactivated (Tovar-Mendez et al., 2003; see section 1.3.1 
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for further explanations on the implication of this light PDC regulation). Finally, 

TCA cycle intermediates and their derivates are allosteric regulators of the enzymes 

of the glycolytic pathway. Malate, glutamate and aspartate exert inhibitory effects 

over PEPC and PKc with the consequent accumulation of PEP which in turn can 

down-regulate glycolytic flux contributing to the ‘bottom-up’ regulation of 

respiration (Fig. 1.2). 

 

1.1.2.3 Mitochondrial electron transport chain and oxidative phosphorylation 

As presented in the previous section, several TCA cycle reactions are coupled to a 

large production of reducing equivalents inside mitochondrial matrix which become 

the major substrates for the mitochondrial electron transport chain (mETC).  

Mitochondria are organelles enclosed by two sets of membranes. The outer 

membrane is permeable to solutes that have a molecular mass of less than 

approximately 10 kDa and enclose a highly invaginated inner membrane which is 

highly impermeable and constitutes an osmotic barrier (Taiz and Zeiger, 2002). The 

mETC is inserted in the inner membrane of the mitochondria. In most eukaryotes, 

the mETC is constituted by four multi-protein complexes called Complex I, II, III 

and IV (Fig. 1.4). The transport of electrons across these complexes is coupled to 

proton extrusion from the mitochondrial matrix into the space between the inner and 

outer mitochondrial membranes, the intermembrane space (Fig. 1.4). The 

electrochemical proton gradient generated is then used by the ATP synthase (or 

complex V) for the synthesis of ATP (Fig. 1.4). However, plant mETC contains 

several proteins that bypass or prevent energy conservation (Fig. 1.4). 
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Figure 1.4. The electron transport chain in the inner membrane of plant mitochondria. Plants contain 

the classical complexes (in bright grey) I, II, III, IV (or cytochrome oxidase, COX) and V (ATP 

synthase) and additional energy-bypass proteins (in dark grey) such as type II external (Ext) and 

internal (Int) NAD(P)H dehydrogenases, alternative oxidase (AOX) and uncoupling protein (UCP). 

Inhibitors of different components are denoted as Rot, rotenone; Malon, Malonate; SHAM, 

salicylhydroxamic acid; nPG, n-propylgallate; Anti A, antimycin A; Myxo, myxothiazol; CN, 

cyanide; CO, carbon monoxide; NO, nitric oxide. Other abbreviations: Succ, succinate; Fum, 

fumarate; UQ, ubiquinone; UQH2, ubiquinol; Cyt c, cytochrome c. 

 

Complex I or NADH-ubiquinone oxidoreductase transfer electrons from the matrix 

NADH to ubiquinone (UQ) and is inhibited by the flavonoid rotenone (Fig. 1.4). 

The electron transfer is coupled to the translocation of protons across the inner 

membrane. Complex I is constituted by several protein subunits with about 10 

plant-specific subunits providing some additional enzymatic activities to this 

complex (Braun and Zabaleta, 2007). Among these plant-specific subunits, there is 

a GalL dehydrogenase which is involved in ascorbate synthesis (Bartoli et al., 2000) 

and γ-type carbonic anhydrases whose role remains elusive (Braun and Zabaleta, 

2007). Similar to Complex I, Complex II reduces UQ but the transfer of electrons is 

not coupled to proton translocation. This complex contains the succinate 

dehydrogenase (SDH) which is inhibited by malonate by substrate competitive 

inhibition. The SDH takes part of the TCA cycle oxidizing succinate to fumarate 

with the reduction of FAD and finally reducing UQ (Fig. 1.4). The UQ exists as a 

free pool that moves laterally within the hydrophobic phase of the inner 
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mitochondrial membrane and transfers the electrons from the dehydrogenases to 

Complex III (Fig. 1.4). Complex III, which can be inhibited by myxothiazol and 

antimycin A, couples proton translocation to the transfer of electrons from 

ubiquinol to cytochrome c (Fig. 1.4). Cytochrome c is a protein that moves laterally 

along the outer surface of the inner membrane and carries electrons from Complex 

III to Complex IV or cytochrome oxidase (COX) (Fig. 1.4). Finally, COX also 

translocates protons across the inner membrane and catalyzes the oxidation of 

cytochrome c and the reduction of oxygen to water (Fig. 1.4). This complex is 

inhibited by cyanide, azide, carbon monoxide and nitric oxide by competition with 

oxygen. 

Proton translocation coupled to the electron transport through Complexes I, III and 

IV creates an electrochemical gradient across the inner membrane. The pH and 

membrane potential gradients created are interconvertible and the combination of 

both forms the proton motive force. This proton motive force is used by the ATP 

synthase or Complex V to catalyze the phosphorylation of ADP into ATP (Fig. 1.4). 

The synthesis of ATP coupled to the use of the proton motive force generated by 

the transport of electrons to oxygen is called the oxidative phosphorylation. This 

system of electron-transport-coupled ATP synthesis enables a tight regulation or 

‘respiratory control’ of the electron transport chain by ADP and Pi availability and 

therefore by the energy demand (i.e. ATP/ADP ratio) of the cell (Lambers et al., 

2008).  

The transport of electrons described above as well as its components and regulation 

is common to most eukaryotes. However, plant mETC contains several proteins that 

bypass or prevent energy conservation. Among them, uncoupling proteins (UCPs) 

in plant mETC allow the dissipation of the proton gradient (Fig. 1.4) and therefore 

uncouple electron transport from ATP synthesis (Vercesi, 2001). Moreover, the 

existence of the alternative oxidase (AOX) and the rotenone-insensitive type II 

dehydrogenases in plant mETC (Fig. 1.4) allow electron transport without the 

generation of a proton gradient (Lambers et al., 2005). There are several type II 

dehydrogenases in plant mETC that transfer electrons from the NAD(P)H to UQ 

pool bypassing proton-pumping across Complex I (Rasmusson et al., 2008). In 

Arabidospsis thaliana, seven nuclear genes have been identified that encode type II 

dehydrogenases: nda 1-2, ndb1-4 and ndc1 (Fig. 1.5). 
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Figure 1.5. Pathways for NAD(P)H oxidation via the ETC in plant mitochondria. Arrows denote 

transfer of reducing equivalents, i.e. electrons. Hypothetical paths are marked by dashed arrows. 

Asp, aspartate; DH, dehydrogenase; Mal, malate; OAA, oxaloacetate (Rasmusson et al., 2008). 

 

The NDA proteins encoded by nda 1-2 genes are internal type II dehydrogenases 

which have been suggested to catalyze NADH oxidation (Fig. 1.5). The protein 

encoded by ndc1 gene has been localized in the matrix side of the inner membrane 

but its substrate specificity (i.e. NADH or NADPH) remains unclear (Fig. 1.5). On 

the other hand, the ndb gene family encodes a group of type II NAD(P)H 

dehydrogenases that are present on the intermembrane space side of the inner 

mitochondrial membrane (Fig. 1.5). NDB2 and NDB4 proteins catalyze Ca2+-

stimulated and Ca2+-independent NADH oxidation, respectively (Geisler et al., 

2007), while NDB1 catalyzes a Ca2+-dependent NADPH oxidation (Fig. 1.5). 

Finally, the composition of the mETC downstream UQ pool in plants is more 

complex to that in mammals because of the presence of another terminal oxidase 

different from the cytochrome oxidase called alternative oxidase (AOX) (Fig. 1.4). 

The AOX is a quinol oxidase that couples the ubiquinol oxidation to the four 

electron reduction of oxygen to water. The AOX activity is insensitive to COX 

inhibitors and sensitive to hydroxamic acids and alkyl gallates (Fig. 1.4) being 

salicylhydroxamic acid (SHAM) and n-propylgallate (n-PG) the most commonly 

used (Shimoji and Yamasaki, 2005). Unlike cytochrome oxidase, the alternative 

oxidase is not coupled to proton extrusion and the result energy of the electron 
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transport from ubiquinol to oxygen is lost as heat. Such electron transport 

constitutes the so called cyanide-resistant alternative pathway (AP) which branches 

form the cytochrome pathway at the level of UQ pool bypassing proton extrusion of 

Complexes III and IV (Fig. 1.4) (Lambers et al., 2005). The AOX is a nuclear 

encoded protein and gene sequence analysis has revealed its presence in all 

kingdoms of life except in archeobacteria (McDonald and Vanlerberghe, 2006). In 

plants, most of the genetic information available belongs to angiosperms where a 

multi-gene family has been shown to encode the AOX protein (McDonald, 2009). 

Two AOX gene subfamilies have been identified in angiosperms: AOX1, which is 

present in all angisoperms; and AOX2 which is only present in dicots. In general, 

the expression of AOX2 genes is constitutively or developmentally regulated while 

AOX1 genes are stress-induced although some exceptions to this rule exist 

(Polidoros et al., 2009). Several reports have observed that AOX expression is 

induced under different abiotic and biotic stresses (reviewed in Vanlerberghe and 

McIntosh, 1997, in Finnegan et al., 2004 and in Van Aken et al., 2009) supporting 

for a role of AOX in cell reprogramming under stress (Arnholdt-Schmitt et al., 

2006; Clifton et al., 2006; Van Aken et al., 2009). In addition to the regulation at 

the level of gene expression, the plant AOX is post-translationally regulated by the 

formation of disulfide bonds between adjacent monomers of AOX dimer and the 

interaction with α-ketoacids (Lambers et al., 2005). These biochemical regulations 

of the AOX protein modulate the partitioning of the electrons between the 

cytochrome and alternative pathways (Ribas-Carbo et al., 1997). Current 

understanding about the regulation of electron partitioning between the two 

respiratory pathways is presented in a separate section 1.2 as being the major focus 

of the present Thesis. 

 

1.1.2.4 An overview of the regulation of plant respiratory metabolism 

In general, respiration is controlled by the respiratory capacity, energy demand, 

substrate availability and oxygen supply (Lambers et al., 2008). The regulatory 

mechanisms of plant respiration can be grouped into coarse and fine regulations 

(Plaxton and Podesta, 2006). These two modes of regulation differ on its relative 

lengths of time that they need to modulate the velocity of a particular enzyme. The 

coarse regulation involves gene expression and protein degradation while the fine 

regulation consists on modulating the activity of the pre-existing enzymes (Plaxton 
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and Podesta, 2006). The different classification (types) of regulation of respiration 

becomes (here) very relevant for the alternative pathway, as it is the core of the 

present Thesis. In the last years, the regulation of the alternative pathway has been 

mainly studied at the coarse control level (i.e. alternative oxidase transcript or 

protein abundance). In this context, the function of the alternative pathway has been 

discussed from gene expression studies (van Aken et al., 2009). However, there are 

several reports showing that the expression of the alternative oxidase protein is not 

correlated with in vivo activity which seem to be regulated by fine post-translational 

regulation (Millenaar and Lambers, 2003). All these aspects about the alternative 

oxidase regulation in vivo are reviewed in section 1.2.2. Moreover, results presented 

in Chapters 4, 5 and 6 clearly shown the uncoupling between coarse and fine 

regulation of the alternative pathway under several situations.  

With regard to the fine regulation of plant respiration, several points of regulation in 

the respiratory pathways have been presented in the previous sections. Overall, it 

can be considered that respiratory pathways are mainly regulated by the availability 

of substrates and by the cell energy demand. Under some situations, the levels of 

carbohydrates have been correlated to the rates of respiration in roots and leaves 

(Noguchi, 2005). On the other hand, the extent of growth, maintenance and 

transport processes can modulate the energy demand for the plants and 

consequently affect the rate of respiration (Lambers et al., 2008). For instance, if 

ATP/ADP ratios are high (i.e. low energy demand) the oxidation of the reducing 

equivalents by the electron transport chain decrease (due to respiratory control) with 

a concomitant increase in the levels of the reduced pyridine nucleotides inside 

mitochondrial matrix. Such increase inhibits dehydrogenases of the TCA cycle 

producing an increase on its intermediates that can inhibit glycolytic flux and finally 

decreasing the flux of carbon oxidation. Furthermore, adenylate levels directly 

influence the activities of some glycolytic enzymes. However, as previously 

presented, plants own several alternative and energy-bypass systems that increase 

the complexity and confer more flexibility to the overall regulation of plant 

respiration. Notably, among all the mentioned energy bypass systems of respiratory 

metabolism, alternative pathway together with alternative type II NAD(P)H 

dehydrogenases and uncoupling proteins exert the most important control over the 

efficiency in ATP production by respiration because, generally, the most 
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quantitatively important respiratory process that produces ATP is the oxidative 

phosphorylation. 

 

1.1.3 The respiratory quotient 

The respiratory quotient is the ratio between the CO2 produced and the O2 

consumed by respiration. The RQ is an index of the type of substrate used in 

respiration being 1 when carbohydrates are the main substrates respired. A RQ < 1 

would indicate that fatty acids are being oxidized because these molecules are more 

reduced. On the other hand, RQ can be higher than 1 if organic acids, which are 

more oxidized than carbohydrates, become the major respiratory substrates. 

Nevertheless, the RQ could be also indicative of biosynthetic processes (Lambers et 

al., 2005).   

The presence of such a complex mETC in plant mitochondria may reflect the great 

variety of inputs of reducing equivalents that the mETC is subjected to, because of: 

(i) several substrates, a part form the oxidation of carbohydrates, such as fatty acids, 

formate and amino acids (glycine, proline, cysteine), can be used for respiration 

under different physiological conditions such as senescence, germination, 

photorespiration, carbon starvation as well as under different stressful conditions 

(Plaxton and Podesta, 2006); (ii) the presence of the external NAD(P)H 

dehydrogenases allow the oxidation of the reducing equivalents from the cytosol 

(Rasmusson et al., 2008); (iii) the existence of several reactions where the oxidation 

of carbon metabolites is directly linked to the reduction of mETC components (i.e. 

succinate oxidation by SDH; oxidation of G3P by G3P dehydrogenase; proline 

oxidation by proline dehydrogenase; D-lactate oxidation by lactate dehydrogenase; 

GalL oxidation by L-galactono-1,4-lactone dehydrogenase; branched-chain amino 

acid oxidation by the electron transfer flavoprotein system ETF/ETFQ-OR; 

Rasmusson et al., 2008). Therefore, the oxidation of such a variety of substrates 

would affect the respiratory quotient under different physiological situations. 

Respiration can be measured as CO2 production if the focus of interest is on carbon 

budgets or as O2 consumption to determine the energetic efficiency of respiration. 

In the presence Thesis, leaf respiration has been measured as O2 consumption 

separating the individual activities of each respiratory pathway which allows an 

estimation of the mitochondrial ATP production (see sections 4.2 and 6.1).   
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1.1.4 Growth and maintenance components of respiration 

In the previous sections, an overview of plant respiration has been presented from 

the biochemical and metabolic perspective. However, plant respiration can also be 

studied from a whole plant or organ level perspective where the respiratory 

processes can be divided into two functional components termed growth and 

maintenance respiration. These two components can be expressed mathematically 

as follows: 

 

r = rG + rM = gR * RGR + mR 

 

where r is the overall respiration rate per unit dry mass (mol ‘X’ g-1 s-1), rG and rM 

are growth and maintenance respiration (mol ‘X’ g-1 s-1). RGR is the relative growth 

rate (ggrowth g
-1 s-1), gR represents the specific costs of tissue construction (mol ‘X’ 

ggrowth
-1) and mR are the specific costs of tissue maintenance (mol ‘X’ g

-1 s-1), with 

‘X’ being either ATP, O2, CO2 or CH2O. In the case of roots, gR includes the costs 

of nutrient uptake. Based on this equation, growth respiration can be defined as the 

respiratory energy required to convert non-structural carbohydrates into new plant 

constituents. Maintenance respiration is the respiratory energy associated with the 

sum of all energy-consuming processes that maintain cellular structure, although 

there is some discussion of which processes should be included or excluded. For 

roots, a third functional component has been defined as the energy required to 

support the nutrient uptake needed to sustain growth (for overview see Amthor, 

1989 and Bouma, 2005).  

Several methods can be used to estimate the respiratory components (Bouma, 

2005). Among them, the correlative approach method yields gR as slope and mR as 

the y-intercept of a plot of r against RGR. Although this method has been widely 

used for estimating growth and maintenance components (Bouma, 2005), some 

assumptions are necessary. Firstly, this method assumes that gR and mR are constant 

which can be arguable especially for mR that includes a large number of processes 

(turnover of proteins, lipids and structural carbohydrates and maintenance of 

electrochemical gradients). Secondly, the relationship of specific processes (i.e. 

protein synthesis) with a specific component (growth or maintenance) is difficult 

(Bouma, 2005). Finally, the rates of respiration have traditionally been determined 

as total O2 uptake or CO2 production without determining the contribution of the 
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alternative pathway respiration, thus assuming a constant energetic efficiency of 

respiration. With regard to the latter limitation of the correlative approach model, an 

improved model based on ATP calculations obtained from the in vivo activities of 

the cytochrome and alternative pathways is presented in section 4.2 of the present 

Thesis. 

 

1.2 THE REGULATIO� OF ELECTRO� PARTITIO�I�G BETWEE� 

CYTOCHROME A�D ALTER�ATIVE PATHWAYS 

1.2.1 The ‘old’ paradigm of the electron overflow 

The existence of the two respiratory pathways in the mETC of plant mitochondria 

raised the question of what was the partitioning of electrons between cytochrome 

(CP) and alternative (AP) pathways. Several studies were conducted and theories 

were formulated (Moore and Siedow, 1991). Bahr and Bonner (1973) studied the 

partitioning of electrons between CP and AP in isolated mitochondria. They 

observed that cyanide or antimycin inhibition of the CP diverted electrons onto the 

AP while SHAM inhibition of the AP did not divert electrons onto the CP. These 

results lead to the formulation of the ‘electron overflow’ paradigm which suggested 

that electron flow through the AP only took place when the CP was either at or near 

saturation. Further experimental evidence demonstrated that AP became active only 

when the reduction level of ubiquinone pool was high (40%), a situation where the 

cytochrome pathway would be saturated (Dry et al., 1989; Day et al., 1991). These 

results were in agreement with the overflow mechanism (Bahr and Bonner, 1973) 

and carry out two important consequences. First, on the basis of the electron 

overflow regulation of the AP, Lambers (1982) proposed the hypothesis of the 

‘energy overflow’ to explain the physiological functions of the AP. Second, the 

measurements of the AP activity were performed by the use of inhibitors (Møller et 

al., 1988) on the assumption that an inhibition of AOX by SHAM would never 

induce a redirection of electrons from AP to a saturated CP. However, the discovery 

of new features of the regulation of the AOX demonstrated that the AP could be 

active at lower reduction levels of the UQ pool and therefore could compete with an 

unsaturated cytochrome pathway (see following sections).  
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1.2.2 Structure and biochemical regulation of the alternative oxidase 

A large number of studies based on sequence analysis of different AOX proteins 

have enabled the prediction of its structure. At present, AOX is considered as a 

member of the di-iron protein family. Current accepted structural models predict 

that AOX is located in the matrix side of the inner membrane interacting with a 

single leaflet of the lipid bilayer (Fig. 1.6). The information about the structure of 

the AOX catalytic site, quinone binding site and regions implicated on its regulation 

has recently been reviewed in Albury et al. (2009). 

 
Figure 1.6. The structure of the plant AOX as predicted by Andersson and Nordlund (1999) and 

modified by Berthold et al. (2000). Grey cylinders represent the four-helix bundle, black circles the 

iron atoms and dotted lines the areas not modelled to date. The approximate positions of the 

conserved cysteine residues and amino acid residues that ligate iron are shown. Also indicated are 

residues, including unpublished observations, which are discussed in this review. Residues are 

numbered according to Andersson and Nordlund (1999) (Albury et al., 2009).  

 

A better understanding on the regulation of the AOX protein could be provided by 

recent advances on its molecular characterization (Albury et al., 2009; McDonald, 

2009; Kido et al., 2010a). The spectroscopic analyses of the protein have been 

limited because of the difficulties in obtaining purified homogenates of an active 

AOX protein. However, very recent studies have reported new protocols for 

obtaining purified and highly active AOX protein and presented, for the first time 

after many years of investigations, the first crystallization of an AOX protein (Kido 

et al., 2010a, 2010b). These results open new exciting opportunities for the AOX 

research community in the near future.  

The enzymatic activity of AOX depends on its substrates concentration; those are 

O2 and reduced ubiquinone. Studies combining O2 and quinone electrodes 
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demonstrated that AOX becomes active when UQ pool reached approximately 40% 

reduction (Dry et al., 1989). Noteworthy, not only the reduction level but the total 

amount of the reduced UQ present in the inner mitochondrial membrane determines 

the extent of AOX activity (Ribas-Carbo et al., 1995). In addition, the concentration 

of AOX protein is thought to be important under some situations (Ribas-Carbo et 

al., 1997). Nevertheless, the AOX protein can be activated by post-translational 

modifications. Early studies demonstrate that plant AOX protein exists in a dimeric 

state that can be redox regulated through a disulfide/sulfhydryl system (Umbach 

and Siedow, 1993). 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. Furthermore, several 

studies have report a stimulation of the AOX activity by α-ketoacids (Millar et al., 

1993; Umbach and Siedow, 1994; Millar et al., 1996). Two conserved cysteine 

residues have been shown to be involved in the interaction with α-ketoacids as well 

as in the redox regulation (Umbach et al., 2006) but some other regions of the 

protein may also influence to this regulation (Albury et al., 2009). When pyruvate is 

added to isolated mitochondria, significant activity is observed even when less than 

30% of ubiquinone is in its reduced state (Millar et al., 1993; Umbach and Siedow, 

1994; Millar et al., 1996). At this UQ reduced state is likely that the CP is not fully 

saturated. 

 

1.2.3 Competition for electrons of the ubiquinone pool 

The regulatory features of AOX presented above indicate that the AP could be 

operating under conditions when the CP is not saturated. Therefore, when AP is in 

its fully active state it can compete with CP for electrons of the UQ pool (Hoefnagel 

et al., 1995). Competition between CP and AP was demonstrated in isolated 

mitochondria with measurements of the individual activities of both pathways by 

using the oxygen isotope fractionantion technique (Ribas-Carbo et al., 1995). The 

basis of this technique resides on the differential oxygen isotopes fractionantion by 

the cytochrome and the alternative oxidases, being higher in AOX than in COX 

(Guy et al., 1989). Thus, the oxygen isotope fractionantion during respiration in the 

absence of inhibitors can be used to calculate the partitioning of electrons between 

the two respiratory pathways (Ribas-Carbo et al., 2005a). The experiments 

performed by Ribas-Carbo et al. (1995) showed that the activity of the AP increases 
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after the addition of pyruvate and DTT in mitochondria under state 3, where the 

reduction state of the ubiquinone pool is low and the AP was able to compete with 

an unsaturated cytochrome pathway. Moreover, isotope data showed a partitioning 

of electrons to alternative pathway (τa) of 0.31 in the presence of pyruvate and in 

the absence of inhibitors in mitochondria under state 4 (see table IV in Ribas-Carbo 

et al., 1995). The subsequent addition of SHAM decreased τa while total respiration 

rate remained unchanged denoting a shift of electrons from AP to CP under these 

conditions. These observations mean that changes on respiration rates after SHAM 

titration can underestimate the actual activity of the alternative pathway. Thereafter, 

the use of inhibitors was considered not adequate to determine the activities of the 

cytochrome and alternative pathways (Day et al., 1996). At present, the only 

accepted methodology for determining the activities of CP and AP is the oxygen 

isotope fractination technique (Ribas-Carbo et al., 2005a) which has been used in all 

the experiments of the present Thesis. 

 

1.2.4 The regulation of electron partitioning between cytochrome and 

alternative pathways in vivo 

While the importance of the biochemical regulations of AOX presented above has 

been demonstrated in isolated mitochondria, the impact of these regulations on the 

in vivo activity is yet not clear. The AOX has generally been shown to be in its 

reduced active form in whole tissue extracts making the redox regulation of AOX 

unlikely to occur in vivo (Millenaar and Lambers, 2003). However, Noguchi et al. 

(2005) suggest that AOX activity can be regulated by its reduction state in leaves of 

shade species under different light conditions. Moreover, Millar et al. (1998) 

showed that the transition from a partly oxidized state to a reduced state of the AOX 

can be responsible of the increase in the in vivo contribution of the AP to total 

respiration observed in soybean roots during development. It has also been 

suggested that an increase in the levels of NADPH inside mitochondrial matrix 

would favor the reduction of AOX through the action of a thioredoxin/thioredoxin 

reductase system (Gray et al., 2004). Indeed, there is evidence that 

thioredoxin/thioredoxin reductase system can modulate AOX reduction state and 

stimulate AOX capacity in isolated mitochondria (Gelhaye et al., 2004; Marti et al., 

2009). More measurements of oxygen isotope fractionation are needed to confirm 
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the importance of the reduction state of the AOX protein on in vivo regulation of the 

AP. 

On the other hand, Millenaar and Lambers (2003) also suggest that the 

concentration of pyruvate in tissues is higher enough to maintain a fully active 

AOX and thus pyruvate may not play a significant role in the regulation of AP in 

vivo. In agreement, Millar et al. (1998) observed changes on the in vivo activity of 

the AP in different stages of soybean roots development while no significant 

changes on pyruvate levels were observed, being high enough to fully activate 

AOX. On the contrary, Gaston et al. (2003) presented evidence for an up-regulation 

of both AOX protein synthesis and AP in vivo activity after treatment with 

branched-chain amino acid inhibitor that induces an increase on pyruvate root 

content. In addition, recent reports have shown that altered levels of pyruvate in 

tubers of transgenic potato with decreased pyruvate kinase activity (Oliver et al., 

2008) and in mesophyll pea protoplasts after high light treatment (Dinakar et al., 

2010) correlate well with the observed AOX protein amount and capacity. 

Unfortunately, the last reports do not present data about the in vivo activity of the 

AP, as measured by the oxygen isotope fractionation technique, which would be 

crucial to unravel the role of pyruvate and other α-ketoacids concentrations in the 

regulation of the in vivo activity of the AP.  

With regard to the UQ pool reduction state, only few studies have combined in vivo 

measurements of the AP activity with UQ pool reduction state analysis in tissue 

(Millenaar and Lambers, 2003). While the reduction state of UQ pool has been 

found to be relatively stable in different tissues regardless of carbohydrate contents 

and respiration rates, some influence in AP activity in vivo has been reported 

(Millenaar and Lambers, 2003). 

Regarding to AOX concentration, several studies have reported no correlation 

between AP activity in vivo and AOX protein amount (Millenaar and Lambers, 

2003). The obtaining of monoclonal antibodies against AOX protein (Elthon et al., 

1989) had a great impact on the AOX research field and since then many 

publications have reported changes in AOX protein amount in different tissues, 

species and under different physiological conditions. However, given the lack of 

correlation between changes in AOX protein amount and its in vivo activity, it 

seems clear that changes in gene expression cannot be used to infer the function of 

the AOX under different physiological conditions (Rasmusson et al., 2009). 
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Nevertheless, except for the study of Guy and Vanlerberghe (2005), all the studies 

reporting relationships between in vivo activity of AP and AOX protein content 

have used different species differing in AOX content (Millenaar et al., 2001), plants 

in different developmental stages (Millar et al., 1998), plants under different 

environmental conditions or plants after different specific treatments (Lennon et al., 

1997; Gonzalez-Meler et al., 1999; Millenaar et al., 2000; Millenaar et al., 2001; 

Gonzalez-Meler et al., 2001; Millenaar et al., 2002; Gaston et al., 2003; Ribas-

Carbo et al., 2005b; Vidal et al., 2007; Rachmilevitch et al., 2007; Grant et al., 

2008; Armstrong et al., 2008). If we seek to understand the specific importance of 

AOX protein amount on regulating AP in vivo activity, transgenic plants lines 

specifically modified in AOX protein content (see Guy and Vanlerberghe, 2005 for 

a case of study) should be used to avoid the interference of other effects derived 

from using different stages of development, species, environmental conditions or 

specific treatments. In the present Thesis, section 5.2 addresses directly this 

question. 

 

1.3 RESPIRATIO� I� PHOTOSY�THETIC TISSUES 

Respiration in leaf tissues is influenced by their photosynthetic metabolism while 

respiratory metabolism affects photosynthesis. This forward-reverse interaction 

between photosynthesis and respiration has received a great attention in plant 

science during the last 15 years (Krömer, 1995; Atkin et al., 2000; Gardeström et 

al., 2002; Padmasree et al., 2002; Raghavendra and Padmasree, 2003; Hurry et al., 

2005; Flexas et al., 2006; Nunes-Nesi et al., 2007; Nunes-Nesi et al., 2008; Noctor 

et al., 2007; Noguchi and Yoshida, 2008; Bawue et al., 2010). In the next sections, a 

summary of the major metabolic interactions between photosynthetic and 

respiratory metabolism will be presented. Among the complex network of 

metabolic interactions, the role of mitochondrial electron transport chain during 

photosynthesis is emphasized. More detailed information about the interaction 

between the different pathways of the primary carbon and nitrogen metabolism can 

be found in the reviews previously cited. Moreover, current knowledge about the 

effects of light on the rate of leaf respiration in the light and in the dark will also be 

summarized. 
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1.3.1 Metabolic interactions between respiration and photosynthesis 

During photosynthesis, harvested light energy is converted to ATP and reducing 

equivalents which are then used for carbon and nitrogen assimilation in the 

chloroplasts. Photosynthetic CO2 assimilation produces trioses phosphates (TPs) 

that can be exported to the cytosol and used for sucrose synthesis. The ATP needed 

for sucrose synthesis is thought to be supplied by the mitochondrial electron 

transport chain (Krömer et al., 1993) although some experimental evidences do not 

support this hypothesis (Carrari et al., 2003). Sucrose or TPs can enter glycolytic 

pathway to produce substrates for the TCA cycle (see section 1.1.2). In addition, 2-

phosphoglycolate produced by the oxygenation reaction of Rubisco enters the 

photorespiratory pathway producing glycine inside mitochondria which is 

decarboxylated by glycine decarboxylase (GDC) generating CO2, NH4
+ and NADH. 

The NADH produced has been demonstrated to be oxidized in isolated 

mitochondria via internal type II dehydrogenases and AOX (Igamberdiev et al., 

1997) or can be exported to the cytosol via malate shuttle (Scheibe et al., 2004). The 

high intramitochondrial NAD(P)H/NAD(P)+ ratios generated under 

photorespiratory conditions have been shown to inhibit isocitrate oxidation 

(Igamberdiev and Gardeström, 2003) promoting citrate export to the cytosol that 

can finally be used as a precursor for NH4
+ assimilation (see below and Fig. 1.7). 

Moreover, PDC is not only affected by NADH/NAD+ ratios but it is also 

allosterically inhibited by NH4
+ (see section 1.3.1 for its implications) produced 

after glycine decarboxylation (Tovar-Mendez et al., 2003).  
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Figure 1.7. Metabolic shuttles between the chloroplast, mitochondrion, cytosol and peroxisome. 1, 

glycolate/glycerate translocator; 2, triose-phosphate/Pi translocator; 3, chloroplast envelope 

dicarboxylate translocator; 4, mitochondrial OAA translocator; 5, Gly/Ser translocator; 6, 

mitochondrial adenylate translocator. DHAP, dihydroxyacetone phosphate; ETC, electron transport 

chain; G3P, glyceraldehyde 3-phosphate; Gly, glycine; OAA, oxalacetate; OH-Pyr, 

hydroxypyruvate; PGA, 3-phosphoglyceric acid; Ser, serine (Gardeström et al., 2002). 

 

On the other hand, photosynthetic nitrogen assimilation and mitochondrial 

respiration are also linked through several metabolic reactions (Fig. 1.7). Nitrate 

(NO3
-) reduction to nitrite (NO2

-) in the cytosol requires reduced equivalents that 

can be directly provided by glycolytic reactions or indirectly imported from the 

chloroplast or mitochondria through malate or TPs shuttles (Fig. 1.7). NO2
- 

generated by nitrate reductase is transported to the chloroplast where can be reduced 

to ammonia (NH4
+) by using reducing power generated by light reactions. Another 

source of NH4
+ in the light comes from glycine decarboxylation, as commented 

above (Fig. 1.7). Then, NH4
+ is used for amino acid synthesis involving glutamine 

synthetase/glutamate synthase (GS/GOGAT) system. This system requires an input 

of 2-oxoglutarate (2-OG) that is provided by the export of TCA cycle intermediates 

like citrate (Fig. 1.7), interconnecting respiratory carbon metabolism with 

photosynthetic nitrogen assimilation. A wide range of studies support the 
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importance of TCA cycle in providing carbon precursors and reducing power 

needed for nitrogen assimilation (Nunes-Nesi et al., 2007; Nunes-Nesi et al., 2008; 

Sweetlove et al., 2010).  

Finally, the importance of the mitochondrial electron transport chain during 

photosynthesis is highlighted by several evidences in which the alteration of the 

electron transport chain, either by chemical inhibition (Raghavendra and 

Padmasree, 2003; Bartoli et al., 2005; Yoshida et al., 2006) or by genetic 

mutation/manipulation (Dutilleul et al., 2003; Sweetlove et al., 2006; Chai et al., 

2010), greatly affects photosynthetic performace. An important interaction between 

photosynthetic and respiratory metabolism resides in the transfer of reducing 

equivalents from the chloroplast to the mitochondria (Scheibe et al., 2005). Under 

conditions of excess light energy, reductants can be exported, via malate shuttle, to 

mitochondria where the energy-bypass systems of the mitochondrial electron 

transport chain have been proposed as a sink for the excess of reducing power (Fig. 

1.8). In addition, under high light conditions, nitrate reduction resembles a sink for 

the excess of photosyntethic redox equivalents (Atkin et al., 2000). Indeed, under 

high ammonia/nitrate ratio the enhanced expression of alternative type II 

dehydrogenases and alternative oxidase genes (Escobar et al., 2006) suggest that the 

excess of reducing equivalents may be dissipated through a coordinated action of 

these energy-bypass systems. Another important role of mitochondria in the redox 

cell homeostasis resides in the involvement of the mitochondrial electron transport 

chain in the synthesis of ascorbate (Bartoli et al., 2000; Millar et al., 2003) which 

may be important under excess light conditions (Bartoli et al., 2006). In conclusion, 

the complex set of proteins present in the electron transport chain of plant 

mitochondria allows this organelle to modulate the whole cell redox state affecting 

photosynthetic performance (Noctor et al., 2007; Nunes-Nesi et al., 2008). 
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Figure 1.8. Dissipation of excess light energy by the non-phosphorylating respiratory chain. Under 

high light conditions, excess reductant accumulates in chloroplasts, and can be exported from the 

chloroplasts to the cytosol via the Mal–OAA shuttle. Excess reductants in the cytosol are oxidized 

by the external type II NAD(P)H dehydrogenase (NDex). In addition, these reductants can be 

imported into the mitochondria via the Mal–OAA shuttle, and dissipated by non-phosphorylating 

pathways, such as those involving internal type II NAD(P)H dehydrogenese (NDin) and alternative 

oxidase (AOX) (adapted from Noguchi and Yoshida, 2008). 

 

1.3.2 Light and dark respiration 

The large set of interactions described between photosynthetic and respiratory 

metabolism suggest that mitochondrial activity is crucial in leaves under 

illumination. Nevertheless, the extent of respiration in the light remains 

controversial. Part of this confusion resides on considering respiration as O2 uptake 

or CO2 release because different effects of light on O2 uptake and CO2 release have 

been reported (Atkin et al., 2000; Hurry et al., 2005). Moreover, measurements of 

CO2 and O2 exchange in the light are difficult to interpret due to the combination of 

several processes of oxygenation and carboxylation that occur in illuminated leaves 

(Hurry et al., 2005). Different technical approaches have been used for estimating 

CO2 release under illumination: CO2 exchange methods (Kok, 1948; Laisk, 1977; 

Cornic, 1973); the radiogasometric method (Parnik and Keerberg, 1995); and the 
12C/13C isotopic fractionantion method (Tcherkez et al., 2005). Taking into account 

the different assumptions and limitations of these methods, a clear consensus has 

emerged concluding that mitochondrial CO2 release is inhibited in the light (Atkin 

et al., 2000, Hurry et al., 2005; Bykova et al., 2005; Tcherkez et al., 2005; Pärnik et 

al., 2007) although the extent of the inhibition may depend on the environmental 

conditions (Tcherkez et al., 2008). The biochemical basis of such an inhibition of 

mitochondrial CO2 evolution in the light can be explained by the inhibition of the 
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mitochondrial decarboxylations (see section 1.3.1) driven by photorespiratory 

activity (Bykova et al., 2005; Igamberdiev and Gardeström, 2003; Tovar-Mendez et 

al., 2003). Another important evidence for the inhibition of respiration in the light 

comes from the observed stimulation of dark respiration after a period of 

illumination. Light-enhanced dark respiration (LEDR) has been described as a post-

illumination burst of CO2 release and/or O2 uptake (for reviews see Atkin et al., 

2000 and Padmasree et al., 2002) and has been well characterized (Reddy et al., 

1991; Xue et al., 1996; Atkin et al., 1998; Barbour et al., 2007). It is thought that the 

inhibition of respiration in the light is the main cause for the observed LEDR 

(Barbour et al., 2007). By contrast, contradictory results have obtained regarding to 

the extent of the O2 uptake in the light. Atmospheric 
18O2 enrichment has been used 

in some studies showing inhibition (Canvin et al., 1980), no effect (Avelange et al., 

1991) or even stimulation (Xue et al., 1996) of the O2 uptake in the light. 

Overall, it seems highly likely that CO2 release is to some extent inhibited in the 

light while the extent of the O2 uptake in the light remains unclear. Moreover, no 

information about the individual activities of the cytochrome and alternative 

pathways in the light is available because the oxygen isotope fractionation 

technique can only be performed under dark conditions. Nevertheless, evidences 

about the importance of mitochondrial electron transport chain activity in leaves 

under illumination (see section 1.3.1) suggest that mitochondrial O2 uptake in the 

light is likely to be important.   

 

1.3.3 Effects of light on leaf dark respiration 

In the present Thesis, the experiments presented cover several aspects of leaf 

respiration including short- and long-term acclimation to growth light intensity (see 

section 4.1 and Chapter 5). It is important to note that respiration has been measured 

as O2 uptake in the dark in all the experiments presented. As denoted in the previous 

section, the extent of the respiration in the light, measured as O2 uptake, is unclear. 

Moreover, the phenomenon of LEDR is also observed in an O2 uptake basis, 

although most of the work has been done in protoplast cells and few studies 

addressed this issue in intact leaves (Padmasree et al., 2002). Therefore, all 

measurements of dark respiration in the present Thesis have been done after a dark 

adaptation period to avoid LEDR. However, the metabolite state of the leaf after a 
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dark adaptation period may have changed in comparison to that under illumination. 

In this regard, experiments in section 4.1 address this question. 

Besides the effect of light on respiration under illumination, it is noteworthy that 

leaf dark respiration, after the LEDR period, is modified by the previous light 

conditions (reviewed by Noguchi, 2005). Photosynthetic activity is higher in leaves 

of plants growing under high light than under low light intensity and consequently 

high light grown plants present higher levels of substrates for respiration. 

Additionally, the energy demand needed for carbohydrate export, maintenance of 

the photosynthetic apparatus and other biosynthetic processes will be higher 

(Noguchi, 2005). Accordingly, the effect of growth light intensity on respiration has 

been explained by changes in the levels of substrates (i.e carbohydrates) in some 

species while respiration is likely to be controlled by energy demand in others 

(Noguchi, 2005).  

Some studies have shown different effects of light on the partitioning of electrons 

between the CP and AP in leaves. The partitioning to the AP and its activity were 

higher in Spinacia oleracea, sun species, leaves growing under high light than 

under low light conditions (Noguchi et al., 2001a). In this case, the higher 

carbohydrate levels observed under high light conditions in this species (Noguchi et 

al., 1996) correlate well with AP in vivo activity. In addition, Noguchi et al. (2001a) 

observed that AP in vivo activity in Spinacia oleracea and Phaseolus vulgaris was 

higher early than late at night which correlates with the levels of carbohydrates.  

However, no change in electron partitioning was observed in Alocasia odora plants, 

shade species, growing under different light intensities (Noguchi et al., 2001a), 

despite lower carbohydrate levels under low light intensity (Noguchi et al., 1996). 

Moreover, Gonzalez-Meler et al. (2001) clearly show that leaf carbohydrate levels 

in $icotiana tabaccum and Phaseolus vulgaris did not correlate with activity of the 

AP in vivo but with CP.  In addition, Ribas-Carbo et al. (2000a) showed that the 

light induction of the AP activity in soybean cotyledons was independent of 

carbohydrate status. Furthermore, light regulation of electron partitioning might 

involve a phytochrome driven signalling (Ribas-Carbo et al., 2008). In agreement 

with these results, the expression of alternative oxidase and internal type II 

dehydrogenases (Escobar et al., 2004) as well as succinate dehydrogenase (Popov et 

al., 2010) is under light control mediated by different photoreceptors. Overall, while 

most evidences are pointing to a direct effect of light on the regulation of the 
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electron partitioning between the two respiratory pathways rather than an indirect 

effect via carbohydrates, both regulations are not mutually exclusive. More studies 

are needed to clarify these aspects that are addressed in sections 4.1 and 5.1.   

Under excess of light, leaves present several mechanisms to dissipate the excess of 

light energy in the chloroplast (Niyogi, 1999). Among them, the export of excess of 

reducing power to the cytosol, peroxisomes and mitochondria hve been shown to 

occur through malate and TP shuttles (Scheibe et al., 2005; Yoshida and Noguchi, 

2008). Such an import of reducing power into mitochondria could potentially 

increase the level of reduction of the UQ pool causing mitochondrial ROS 

production (Møller et al., 2001). It has been suggested that AOX could prevent the 

over-reduction of the UQ pool (Millenaar et al., 1998) thus avoiding ROS formation 

(Maxwell et al., 1999). Therefore, the activity of the alternative pathway may 

increase under excess light conditions preventing UQ pool overreduction. Indeed, 

leaf dark respiration as well as AOX expression and capacity are induced under 

high light conditions (Yoshida et al., 2007; Dinakar et al., 2010). Moreover, such 

induction of AOX is more pronounced in photosynthetic mutants showing higher 

chloroplast accumulation and export of reducing power (Yoshida et al., 2007). 

These results support for a role of AOX in dissipating the excess of reducing 

equivalents from the chloroplast under excess light conditions (Yoshida et al., 

2007). However, no measurements of in vivo activity of the AP under high light 

conditions have been performed which will be necessary to confirm the role of the 

AP under high light conditions. These aspects are addressed in sections 4.1, 5.2 and 

5.3.   

 

1.4 ELECTRO� PARTITIO�I�G BETWEE� CYTOCHROME A�D 

ALTER�ATIVE PATHWAYS I� VIVO 

Presently, the oxygen isotope fractionation technique is the only reliable technique 

to determine the in vivo activities of the AP and CP (see section 1.2.3). The first 

values of oxygen isotope fractionation during respiration (∆n) in plants were 

reported by Lane and Dole (1956). Guy et al. (1989) presented ∆n values for 

isolated mesophyll cells, isolated mitochondria and seedlings from different plant 

species that were in the range of 17‰ to 22‰. Moreover, the authors present 

different values of oxygen isotope fractionation for the cytochrome (∆c, 17.1-
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19.4‰) and alternative (∆a, 23.5-25.5‰) pathways after SHAM and KCN titrations, 

respectively.  Guy et al. (1989) proposed a calculation of the electron partitioning 

between the two pathways (τa) using fractionation by each pathway (end points) and 

fractionation obtained under study, i.e. ∆n. Since the appearance of the oxygen 

isotope fractionation technique, several studies on the in vivo activities of the 

cytochrome and alternative pathways have been published. Current knowledge 

about the electron partitioning between CP and AP in different tissues under 

different developmental stages as well as under different environmental conditions 

is summarized in the following sections. 

 

1.4.1 Developmental and tissue variations on electron partitioning between 

cytochrome and alternative pathways in vivo 

The first gas-phase system for analyzing respiration and oxygen isotope 

fractionation in leaf tissues was reported by Robinson et al. (1992). In this study, 

diurnal changes in electron partitioning to AP (τa) were observed in leaves of 

Kalanchoe daigremontiana. These changes in τa were due to an increase of the 

activity of the AP during the deacidification phase in the light of this CAM plants 

while the CP remained constant. It was suggested that the increase in the activity of 

the AP would allow the decarboxylation of malate during the deacidification phase 

without the restraints imposed by adenylate charge. In another study, a large 

increase in τa was observed during the first 12 h of the greening process of etiolated 

Glycine max (soybean) cotyledons, mainly due to an increase on AP activity (Ribas-

Carbo et al., 2000a). The authors suggested that AP respiration could allow the 

supply of carbon skeletons for the biosynthetic processes during greening bypassing 

the adenylate control. In addition, dramatic changes in the oxygen isotope 

fractionation by the AP (∆a) were also observed during greening. Interestingly, 

these results correlate well with the time-course changes in the AOX family gene 

expression observed by Finnegan et al. (1997). Moreover, different isoforms of 

AOX were expressed in soybean roots and leaves and in parallel, a lower ∆a was 

observed in roots than in leaves (Robison et al., 1992; Ribas-Carbo et al., 1995). 

Altogether, these results suggest that AOX3 may be responsible for lower ∆a 

whereas AOX2 may be responsible for higher ∆a in soybean plants (Ribas-Carbo et 

al., 2000a). In future experiments, the use of transgenic plants or heterologous 
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systems (i.e bacteria or yeast) over-expressing a specific isoform of AOX in 

combination with the oxygen isotope technique will unravel the specific oxygen 

isotope effects of the different AOX isoforms. 

At the root level, changes in τa have been reported during the course of 

development in G. max (Millar et al., 1998) and Triticum aestivum (Angert and Luz, 

2001). In soybean roots, the activity of CP decreases with root age while the activity 

of the AP increases (Millar et al., 1998). It was suggested that the higher level of 

AP activity may prevent the over-reduction of the UQ pool in older soybean roots 

where the CP activity is limited by its capacity and by energy (ATP) demand. More 

recently, Priault et al. (2007) found that the electron partitioning to the AP also 

increases with leaf age in $icotiana sylvestris, possibly also due to energy 

requirements for growth. Developmental changes in the activities of the CP and AP 

at the leaf level are discussed in section 4.2 in relation to the growth and 

maintenance components of respiration.  

Finally, a dramatic increase on the AP activity was observed in the floral 

receptacles of $elumbo nucifera with high termoregulatory activity (Walting et al., 

2006). In the same heated receptacles no increase in the CP activity was observed 

suggesting no implication of UCPs in the thermoregulation of these plants (Grant, 

2010). Overall these results confirmed the role of AP in heat production of 

thermogenic plants (Meeuse, 1975; Grant, 2010).  

 

1.4.2 Effects of environmental conditions on electron partitioning between 

cytochrome and alternative pathways in vivo 

Plant respiration is affected by several environmental conditions (for an extensive 

review see Lambers et al., 2008). As mentioned in section 1.1, plants possess a 

complex respiratory metabolism with different ‘alternative’ pathways that confer 

plants a great flexibility for responding to changes in environmental conditions. In 

this section, the effects of several environmental constrains on respiration are 

presented with specific focus on their impact on the mitochondrial electron 

partitioning between the cytochrome and alternative pathways in vivo. 

Some studies about the effects of light on leaf respiration and electron partitioning 

have already been presented in section 1.3.3. Regarding to the effect of light 

intensity on root respiration, Millenaar et al. (2000) showed that transferring Poa 

anua plants from high to low light intensities decreased its CP activity and sugar 
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content. On the other hand, light intensity change did not caused alteration in their 

AOX protein amount, its reduction state or the activity of the AP. Moreover, the 

addition of sugars to light-starved roots did not affect AP activity. These results 

suggested no relationship between AP activity and sugar content and that certain AP 

activity is important under limiting carbohydrate concentration.  

The effects of temperature on electron partitioning present some conflicting results 

(Gonzalez-Meler et al., 1999; Guy and Vanlerberghe, 2005; Armstrong et al., 2008; 

Macfarlane et al., 2009). Gonzalez-Meler et al. (1999) analyzed the effect of both 

growth and measurement temperatures on the in vivo activities of both respiratory 

pathways in Vigna radiata and G. max. In general, the activities of both pathways 

decreased with lower measurement temperatures regardless of the growth 

temperature. Leaves and hypocotyls of V. radiata plants grown at cold temperature 

(19ºC) exhibited higher partitioning to the alternative pathway than plants grown at 

warm temperature (28ºC) when measured at low temperatures (14ºC). Notably, 

cold-grown plants of V. radiata presented higher AOX protein than warm-grown 

ones. The authors suggested that the increase in AOX protein levels in V. radiata 

under low growth temperatures could be related with the maintenance of high 

activity of the AP compensating its high sensitivity to low temperatures (Gonzalez-

Meler et al., 1999). In another study, a decrease in τa was observed on warm-grown 

leaves of Arabidopsis thaliana plants when measured at low temperatures (5-15ºC) 

(Armstrong et al., 2008), similar to the previous case of V. radiata. Also, the 

authors observed higher Q10 values (i.e. higher sensitivity) for AP than for CP. 

However, unlike V. radiata, τa was not maintained in cold-grown (5ºC) leaves of A. 

thaliana when measured at low temperatures (5ºC). The lack of an increase in AOX 

protein from cold-grown (5ºC) leaves of A. thaliana may explain the inability to 

maintain τa, which would be in agreement with the hypothesis presented by 

Gonzalez-Meler et al. (1999) for V. radiata. Nevertheless, leaves of cold-grown A. 

thaliana plants exhibited higher total respiration rates than leaves of warm-grown 

plants at any measuring temperature with the activities of both CP and AP being 

also higher. Armstrong et al. (2008) suggest that the increase on UCP protein levels 

together with increased transcription of NDB2 (encoding an external type II 

dehydrogenase) observed in cold cold-grown plants may be involved in the high 

levels of CP activity. In the same study, leaves of warm-grown plants subjected to 
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low temperature (5ºC) for several days (cold-treated) exhibited higher τa than non-

cold-treated warm-grown leaves when measured at low temperature (5ºC). This 

higher τa observed in cold-treated plants was due to an increase on AP activity due 

to post-translational modifications because AOX protein content was similar to that 

in non-cold treated plants. Overall, Armstrong et al. (2008) hypothesized a short 

term involvement of AP under cold temperatures while other energy-bypass 

systems (i.e. UCP and external NADH dehydrogenases) may be involved in long 

term acclimation to cold temperatures. Back to Gonzalez-Meler et al. (1999) results, 

another different picture emerged in G. max cotyledons. In this case, neither growth 

nor measuring temperatures affect AOX protein content and τa. These results are in 

agreement with those presented in $icotiana tabacum leaves by Guy and 

Vanlerberghe (2005) and with those recently presented by Macfarlane et al. (2009). 

In the latter study, τa did not change with short-term or measurement temperatures 

in Cucurbita pepo, $icotiana sativa and Vicia faba. In summary, although the range 

of measurement temperatures in Macfarlane et al. (2009) and Gonzalez-Meler et al. 

(1999) studies (17-36ºC; 9-35ºC, respectively) did not included very low 

temperatures as in Armstrong et al. (2008) study (5-30ºC), it seems likely that the 

response of τa to short- and long-term measurement temperatures is species 

dependent. A more complete study using a wide range of measurement and growth 

temperatures should be performed in several species to unravel the role and 

regulation of AP under cold and warm temperatures.  

With regard to nutrient supply, the effect of phosphate limitation on τa was shown 

to be species dependent. τa was increased in leaves of Phaseolus vulgaris and 

Gliricidia sepium while $icotiana tabacum leaves exhibit a decrease on τa under 

phosphorus deficiency (Gonzalez-Meler et al., 2001). The CP activity was 

decreased under phosphate limitation in P. vulgaris and $. tabacum as expected due 

to an increase in adenylate control. However, the AP was enhanced in P. vulgaris 

while decreased in $. tabacum. On the other hand, CP activity in G. sepium was not 

affected by phosphorus deficiency while AP increased. These results demonstrated 

that AP does not always act as a bypass pathway under conditions of CP restriction. 

Moreover, AOX protein content was increased in P. vulgaris and G. sepium while 

was maintained in $. tabacum. These results suggested that the AOX induction 

under phosphorous limitation might have an impact on the increase in AP activity in 
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P. vulgaris and G. sepium. Another important issue raised in this study is that the 

levels of carbohydrates did not correlate with AP activity neither under high nor 

under low phosphorus nutrition. On the other hand, the levels of soluble 

carbohydrates correlate well with CP activity under high phosphorus nutrition but 

not under low phosphorus nutrition. These results suggest that CP is under 

adenylate control under phosphate limitation while changes on AP activity were 

independent of soluble carbohydrates content (Gonzalez-Meler et al., 2001). 

Under water stress conditions, τa was reported to increase in G. max leaves due to 

both a decrease in CP activity and an increase on AP activity without changes in 

AOX protein content (Ribas-Carbo et al., 2005b). The decrease in CP was attributed 

to a decrease in mitochondrial ATP demand under water stress conditions. On the 

other hand, AP activity was suggested to increase through post-translational 

mechanisms in order to prevent the over-reduction of the UQ pool minimizing ROS 

production (Ribas-Carbo et al., 2005b). 

The effects of elevated CO2 on respiration have been widely studied although 

information about the response of τa to atmospheric CO2 is scarce (Gonzalez-Meler 

and Taneva, 2005). Gomez-Casanovas et al. (2007) reported changes in τa after 

long-term acclimation to elevated CO2 in the CAM plant Opuntia ficus-indica. In 

this case, CP was decreased while AP was increased after long-term CO2 

acclimation. The authors suggested that a lower energy demand in tissues 

acclimated to CO2 could cause the decrease on CP activity. The restriction of CP 

activity could promote the increase on AP activity which would prevent over-

reduction of the UQ pool and ROS formation, as in the cases of the chilling 

recovery and water stress (Ribas-Carbo et al, 2000b; Ribas-Carbo et al., 2005b). 

However, the authors suggested that the observed increase in the AP activity after 

long term acclimation in O. ficus-indica plants grown at elevated CO2 is not 

necessarily associated to stress conditions because higher growth and non-stress 

symptoms were observed in plants acclimated to elevated CO2. A similar 

conclusion was reached in a more recent study by Gonzalez-Meler et al. (2009) 

where seeds of A. thaliana plants, previously selected after several generations 

growing under low (i.e. Pleistocene levels) and high CO2 atmospheric 

concentrations, were grown under controlled conditions at ‘normal’ CO2 

concentration. In this case, low CO2 selected plants exhibited lower AP activity than 
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current or elevated CO2 selected plants. The authors suggested that a decrease in τa 

may enhance survival of plants at low CO2 levels to help overcome a low carbon 

balance. In this case, AP was also not necessarily associated to plant stress 

responses. 

Another group of studies can be considered as those where specific treatments have 

been applied to different plant organs in order to study changes in τa. In G. max 

cotyledons, Peñuelas et al. (1996) reported changes in τa following the application 

of allelochemicals. In this case, CP activity was decreased following the application 

of cinnamic acid and α-pinene while AP activity was unchanged. In G. max roots, 

Gaston et al. (2003) observed an increase in τa following the application of 

inhibitors of branched chain amino acid synthesis. The inhibitors used in this study 

inhibited the activity of the enzyme acetolactate synthase (ALS) which increased 

the levels of pyruvate in G. max roots. Together with the elevated pyruvate levels, 

AOX protein content was increased suggesting that these two factors could 

contribute to the observed increase in AP activity after the ALS inhibitor 

treatments. Such an increase on AP occur previously to a decrease on CP suggesting 

that AP did not act as an electron bypass in response to the downstream restriction 

of the CP, as previously suggested by Gonzalez-Meler et al. (2001) under phosphate 

limitation conditions. Also, the authors suggest that AP could play a role in 

preventing fermentation of accumulated pyruvate. In another study using detached 

roots of Poa annua, Millenaar et al. (2002) investigate the effects of the addition of 

organic acids and sugars on τa. After 24 h incubation with sucrose, τa was 

unchanged in Poa annua roots denoting no correlation of sugars with AP activity, 

as previously observed (Milleanaar et al., 2000; Gonzalez-Meler et al., 2001). 

However, τa was decreased after citrate incubation despite no change in total 

respiration. Moreover, the AOX protein remained in its reduced/active state and its 

content was largely increased after citrate treatment. Surprisingly, the capacity of 

AP was also decreased after citrate treatment. Assuming that pyruvate concentration 

was not a limiting factor as previously observed in Poa annua roots, the authors 

hypothesized that AOX protein was inactivated by citrate sequestration of Fe which 

is crucial for AOX protein activity.  

Finally, despite several evidences pointing on the role of mitochondria during biotic 

stress and specifically of AOX (reviewed in Amirsadeghi et al., 2007), only two 
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studies have been performed concerning the response of τa to biotic stresses 

(Lennon et al., 1997; Vidal et al., 2007). The effects of virus infection on τa were 

determined in leaves of $. tabacum plants infected with TMV (tobacco mosaic 

virus) (Lennon et al., 1997). After TMV infection, AOX protein content increased 

while no changes in τa and total respiration rates were observed (Lennon et al., 

1997). During pathogen infection, systemic acquired resistance (SAR) confers 

enhanced resistance against a broad spectrum of pathogens and is induced by 

elevated salicylic acid (SA) levels. In relation to this, Lennon et al. (1997) treated 

tobacco leaf discs with SA to study its effects on respiration and τa. They found that 

AOX protein and AP capacity increased after SA treatment, both being well 

correlated. However, the activity of the AP remained unchanged during the SA 

treatment, suggesting an important post-translational control of the AOX protein 

under these conditions, as it has been observed in other cases (see section 1.2.4). 

Similarly, a lack of relationship between AOX protein amount and AP activity was 

observed in wild-type and CMSII mutant $. sylvestris plants, the last showing 

higher levels of AOX protein but similar AP activity than wild-type plants (Vidal et 

al., 2007). In this study, respiration and τa were analyzed in leaves of wild-type and 

CMSII plants after harpin NEa treatment, a protein elicitor from the pathogenic 

bacteria Erwinia amylovora that induces programmed cell death. In wild-type 

plants, respiration and τa were increased after harpin treatment mainly due to a large 

increase in AP activity controlled by post-translational mechanisms. However 

CMSII plants did not show such a great increase in AP activity. Thus, the different 

respiratory response observed in CMSII mutant plants after harpin treatment 

suggested a tight regulation of τa by ATP demanding processes during programmed 

cell death. 

Overall, the activities of the two respiratory pathways present a complex and very 

variable response to environmental conditions as well as a species-dependent 

behaviour. In the present Thesis, the activities of the two respiratory pathways have 

been determined in five different species with alterations in mitochondrial electron 

transport chain components grown under different environmental conditions to 

further contribute to the understanding of the complex regulation of mitochondrial 

electron partitioning between CP and AP in vivo. 
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2.1 GE�ERAL OBJECTIVES 

As previously presented in the Chapter 1, the energetic efficiency of respiration 

largely depends on the contribution of the alternative pathway (AP) to total 

respiration. However, the role and regulation of the AP in non-thermogenic tissues 

is still unclear. Several evidences suggest that the activity of the AP could be 

critical under periods of stress while other studies suggest a more general role in 

conferring metabolic flexibility to respiratory metabolism. At the leaf level, 

evidences for a role of the AP in optimizing photosynthesis have also been reported. 

In the present Thesis, in vivo activities of the cytochrome (CP) and alternative 

pathways have been measured in leaves of different plant species under different 

environmental conditions. In parallel, protein and transcript levels, metabolic 

profiling, parameters indicating oxidative stress, gas exchange and chlorophyll 

fluorescence were determined in the different experiments carried out. Furthermore, 

the partitioning of electrons between the two main respiratory pathways has been 

determined in leaves of transgenic and mutant plants with altered respiratory 

properties under different environmental conditions to investigate the contribution 

of the genetic control over respiratory activities and the role of each pathway under 

a particular environmental constrain. 

The main objectives of the present Thesis are to determine the contribution of 

cytochrome and alternative pathways in leaves and their regulation and role (i) in 

the absence and (ii) in the presence of stress.  

 

2.2 SPECIFIC OBJECTIVES 

Specific objectives of the present Thesis are the following: 

A) Determine metabolic profiles of light acclimated leaves and after 30 minutes of 

dark adaptation in order to know the metabolic state of the leaf when dark 

respiration is measured. 

B) Determine the in vivo activities of cytochrome and alternative pathways at 

different leaf growth stages and their contribution to growth respiration and 

maintenance respiration. 

C) Determine the contribution of alternative pathway to total respiration in leaves of 

different higher plant species. 

D) Study the relationship between the in vivo activity of alternative pathway and the 

AOX protein level in leaves. 
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E) Determine day/night changes in the activities of cytochrome and alternative 

pathways as well as in COX and AOX protein levels in leaves. 

F) Determine the effect of growth light intensity on the in vivo activities of 

cytochrome and alternative pathways in leaves. 

G) Determine the regulation and role of cytochrome and alternative pathways in 

leaves under drought and subsequent recovery. 

H) Determine the regulation and role of cytochrome and alternative pathways in 

leaves under salinity. 

I) Determine the regulation and role of cytochrome and alternative pathways in 

leaves under excess of light. 

These specific objectives can be grouped into the two main objectives raised in 

section 2.1. Specific objectives A, B, C, D, E and F have been raised to accomplish 

the general objective (i) while objectives G, H and I have been raised to accomplish 

the general objective (ii). 

 

2.3 OUTLI�E OF THE THESIS 

The present Thesis is structured in 8 Chapters. Across these chapters, leaf 

respiration and electron partitioning between the two main respiratory pathways has 

been studied at the leaf level in different species and transgenic/mutant plants under 

different environmental conditions.  

 

CHAPTER 1: INTRODUCTION 

This Chapter contains a general overview of plant respiration with special focus on 

mitochondrial electron transport chain and on the regulation of the electron 

partitioning between the cytochrome and alternative pathways. 

 

CHAPTER 2: OBJECTIVES AND OUTLINE OF THE THESIS 

In this Chapter, the general and specific objectives of the Thesis are raised. An 

outline of the Thesis is also presented together with the list of publications derived 

from the Thesis.  

 

CHAPTER 3: MATERIAL AND METHODS 

This Chapter contains a summary of the materials and methods used in the 

experiments conducted in the Thesis. This includes a description of the plant 
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material used (i.e. different species and different transgenic and mutant plants), the 

growth chamber conditions and the main methods and techniques used across the 

experiments performed.   

 

CHAPTER 4: GENERAL ASPECTS OF LEAF RESPIRATION I$ VIVO 

This Chapter contains the studies about some general aspects of plant respiration 

and electron partitioning between the two main respiratory pathways under non-

stress conditions. The results presented in sections 4.1, 4.2 and 4.3 cover the 

specific objectives A, B and C, respectively. 

 

CHAPTER 5: EFFECTS OF LIGHT ON LEAF RESPIRATION I$ VIVO 

This Chapter describes the short- and long-term effects of growth light intensity in 

different species and in transgenic or mutant plants with altered components of the 

electron transport chain. The results presented in sections 5.1 (in Cucumis sativus 

wild-type and MSC16 mutant plants) and 5.2 (in Arabidopsis thaliana AOX altered 

plants) cover the specific objectives D, E and F. Also the specific objective I is 

addressed in sections 5.2 (in A. thaliana AOX altered plants) and in 5.3 (in 5 

different C3 species).  

 

CHAPTER 6: EFFECTS OF DROUGHT AND SALINITY ON LEAF 

RESPIRATION I$ VIVO 

Section 6.1 of this Chapter describes the effects of drought and recovery on 

respiration and electron partitioning between CP and AP in $icotiana sylvestris 

wild-type and CMSII mutant plants, covering the specific objective G. Section 6.2 

describes the effects of salinity on respiration and electron partitioning between CP 

and AP in Pisum sativum, covering the specific objective H. 

 

CHAPTER 7: GENERAL DISCUSSION 

This Chapter contains a general discussion and overview of all the results presented 

in Chapters 4, 5 and 6. 
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CHAPTER 8: CONCLUSIONS 

This last Chapter contains a list of the partial conclusions derived from the present 

Thesis in relation to the objectives raised in Chapter 2. In addition, 3 global 

conclusions of the Thesis are presented.  

 

2.4 PUBLICATIO�S  

The results obtained in this Thesis are presented in Chapters 4, 5 and 6. The 

different sections included in these Chapters correspond to the following published, 

accepted, submitted or prepared for publication articles: 

 

Chapter 4 

Section 4.1 

Florez-Sarasa I, Araujo WL, Wallström SV, Rasmusson AG, Fernie AR, Ribas-

Carbo M (2011) Light-responsive metabolite and transcript levels are maintained 

following a dark-adaptation period in leaves of Arabidopsis thaliana. New 

Phytologist (submitted). 

 

Section 4.2 

Florez-Sarasa I, Bouma TJ, Medrano H, Azcon-Bieto J, Ribas-Carbo M (2007) 

Contribution of the cytochrome and alternative pathways to growth respiration and 

maintenance respiration in Arabidopsis thaliana. Physiologia Plantarum 129: 143-

151. 

 

Section 4.3 

Florez-Sarasa I, Flexas J, Ribas-Carbo M (2011) Contribution of the alternative 

pathway to total respiration and its engagement in leaves of different C3 species (in 

preparation). 

 

Chapter 5 

Section 5.1 

Florez-Sarasa I, Ostaszewska M, Galle A, Flexas J, Rychter AM, Ribas-Carbo M 

(2009) Changes of alternative oxidase activity, capacity and protein content in 

leaves of Cucumis sativus wild-type and MSC16 mutant grown under different light 

intensities. Physiologia Plantarum 137: 419-426. 
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Section 5.2 

Florez-Sarasa I, Flexas J, Rasmusson AG, Umbach AL, Sideow JN, Ribas-Carbo M 

(2011) In vivo cytochrome and alternative pathway respiration in leaves of 

Arabidopsis thaliana plants with altered AOX capacity under different light 

conditions. Plant Cell and Environment (submitted). 

 

Section 5.3 

Florez-Sarasa I, Flexas J, Ribas-Carbo M (2011) The response of the alternative 

pathway to high light stress and its relationship with photoinhibition in leaves of 

different C3 species (in preparation). 

 

Chapter 6 

Section 6.1 

Galle A*, Florez-Sarasa I*, Thameur A, de Paepe R, Flexas J, Ribas-Carbo M 

(2010) Effects of drought stress and subsequent rewatering on photosynthetic and 

respiratory pathways in $icotiana sylvestris wild type and the mitochondrial 

complex I-deficient CMSII mutant. Journal of Experimental Botany 61: 765-775. 

*These authors contributed equally to the present study. 

 

Section 6.2 

Marti MC*, Florez-Sarasa I*, Camejo D, Ribas-Carbo M, Lazaro JJ, Sevilla F, 

Jimenez A (2011) Response of mitochondrial thioredoxin PsTrxo1, antioxidant 

enzymes and respiration to salinity in pea (Pisum sativum L.) leaves. Journal of 

Experimental Botany (accepted). 

*These authors contributed similarly to the present study. 
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3.3.3.1 Determination of total soluble proteins, total soluble carbohydrates 

and photosynthetic pigments 

3.3.3.2 Mitochondrial isolation 

3.3.3.3 Protein inmunodetection by Western Blot 

3.3.3.4 Determination of transcript levels 

3.3.3.5 Metabolic profiling 

3.3.3.6 Determination of protein oxidation, lipid peroxidation and hydrogen 

peroxide 
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3.1 PLA�T MATERIAL 

Five different species (Fig. 3.1) were used in the different experiments performed in 

chapters 4, 5 and 6: Arabidopsis thaliana L. Columbia, Cucumis sativus L. cv. 

Borszczagowski, Glycine max L., $icotiana sylvestris L. and Pisum sativum L. cv. 

Lincoln.  

 

 
Figure 3.1. Photograph of the five different species used for the experiments performed in the 

present Thesis: Cucumis sativus L. cv. Borszczagowski (top left), $icotiana sylvestris L. (top right), 

Glycine max L. (bottom left), Pisum sativum L. cv. Lincoln (bottom middle) and Arabidopsis 

thaliana Columbia (bottom right). This set of plants belong to the batch used in experiments 

performed in section 4.3 where all five species were grown at the same time and under similar 

conditions (see section 4.3 for more details on the growing conditions and developmental stage). 

 

In addition, different transgenic and mutant plants were used in the experiments 

perfomed in sections 5.1, 5.2 and 6.1: 

 

- Cucumber seeds (C. sativus L. cv. Borszczagowski) of wild-type (WT) or MSC16 

mutant plants were used in the experiments belonging to section 5.1. WT and 

MSC16 mutant plants were kindly provided by Professor Anna Rycther from 

Warsaw Agricultural University. The mosaic mutant of cucumber (MSC16) was 

obtained by regeneration of the original line B from in vitro cultures (Malepszy et 
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al., 1996) and present a rearrangement of the mitochondrial genome that involves a 

JLV5 deletion and duplication in the non-coding region (Bartoszewski et al., 2004). 

This deletion partially impairs mitochondrial electron transport complex I (Juszczuk 

et al., 2007) and cause a phenotype of slower growth and mosaic type of leaf spots 

(Malepszy et al., 1996). In addition, MSC16 mutant plants present higher levels of 

AOX protein in mitochondria isolated from leaves than wild-type plants (Juszczuk 

et al., 2007).  

 

- Arabidopsis transgenic seeds with altered expression of AOX1a were used in the 

experiments belonging to section 5.2. Transgenic seeds were kindly provided by 

Professors James Siedow and Ann Umbach from the Developmental, Cell, and 

Molecular Biology Group, Biology Department, Duke University, Durham, North 

Carolina. These transgenic lines were generated by agrobacterium-mediated 

transformation of gene constructs under the control of 35S cauliflower mosaic virus. 

The two lines used in the experiments of section 5.2 were either overexpressing 

(XX-2) or anti-sense (AS-12) for AOX1a gene and do not present an altered 

phenotype when grown under non-stress conditions (see Umbach et al. (2005) for 

details on the generation and identification of these transformants). 

 

- Tobacco WT and cytoplasmic male-sterile (CMS) CMSII mutant seeds were used 

in the experiments belonging to section 6.1, were kindly provided by Professor 

Rosine de Paepe from Laboratoire Mitochondries et Métabolisme, Institut de 

Biotechnologie des Plantes (IBP), UMR-CNRS 8618, Batiment 630, Université 

Paris Sud, F-91405 Orsay cedex, France. The CMSII mutant presents a 

mitochondrial genome deletion in the nad7 gene encoding the highly conserved 

respiratory complex I NAD7 subunit resulting in a complete loss of complex I 

assembly and function (Gutierres et al., 1997; Sabar et al., 2000; Pineau et al., 

2005). Similar to the case of MSC16 mutant plants, CMSII mutant plants display 

increased levels of leaf AOX protein and lower growth phenotype. However, unlike 

other mitochondrial mutants, CMSII does not show leaf variegation (Gutierres et 

al., 1997). 
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3.2 GROWTH CO�DITIO�S 

All the plants used in this Thesis were grown in the Fitotron of the Departament de 

Bilogia, Universitat de les Illes Balears (UIB). The Fitotron is a walk-in-growth-

chamber with controlled light intensity, temperature and day length. Temperature 

and relative humidity was monitorized with portable temperature and humidity testo 

175-H1 data loggers (Gerilab, Spain). Relative humidity was always maintained 

above 40% by using 2 or 3 humidfyers inside the growth chamber. Light was 

provided by metal halide lamps (OSRAM, Germany) that were placed at different 

distances from the growing plants to obtain the desired light intensity, measured 

with Licor-6400 PAR sensors. Temperature was controlled by an air conditioning 

cooling system and was set from 24 to 26ºC during the light period and from 20 to 

24ºC during the dark period depending on the experiment. Light photoperiod was 

set to 10, 12 or 16 h depending on the experiment (see material and methods from 

sections belonging to chapters 4, 5 and 6). All plants were grown from seeds in pots 

containing substrate, perlite and vermicultite and were regularly irrigated with 

Hoagland’s solution (Epstein, 1972), except for P. sativum plants. Pea plants were 

grown in trays containing only vermiculite and salt-treated pea plants were irrigated 

with Hoagland’s solution containing NaCl 150 mM (see section 6.2 for further 

details). 

 

3.3 METHODS 

3.3.1 Respiration measurements 

3.3.1.1 Respiration and oxygen isotope fractionation measurements 

Before starting respiratory measurements, leaf material was placed for 30 min in the 

dark to avoid light-enhanced dark respiration. Then leaves were harvested and 

placed in a 3-ml stainless-steel closed cuvette maintained at a constant temperature 

of 25ºC using a copper plate and a serpentine around the cuvette with a 

temperature-controlled water bath (Fig. 3.2). The stainless steel cuvette was 

equipped with two inlets: one connected to a 5 mL gas-tight syringe, and the other 

connected to the mass spectrometer sample bellows through a 1-m-long capillary 

tube (0.127 mm inside diameter) with a pneumatically controlled on-off 

microneedle valve (Fig. 3.2). Before collection, the air was mixed by agitation with 

the gas-tight syringe initially containing 1 mL of air to avoid any drop in the 

cuvette’s pressure during the experiment. Throughout the experiment, this syringe is 
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used to both mix the air in the cuvette and to maintain the cuvette at constant 

pressure. The bellow is first pre-evacuated and fully expanded to its maximum 

volume (aprox. 30 mL). Then, the vacuum is closed, and the on-off pneumatically 

controlled micro-needle valve (Fig. 3.2) is opened. The sample air passes through a 

liquid N2 trap to remove H2O and CO2, and into the sample bellow of the dual-inlet 

system (Fig. 3.3) until the pressure reaches aproximately 2.5 mPa (ca. 200 µl of air). 

The sample bellow, previously fully expanded, was compressed in order to increase 

the signal obtained from the different collectors of the isotope ratio mass 

spectrometer (IRMS). 

 

(A) 

 

(B) 

 
Figure 3.2. (A) Diagram of the most recent on-line oxygen isotope fractionation gas-phase system. 

A, 5 mL gas-tight syringe; B, 3 mL stainless steel cuvette; C, CO2 and H2O liquid nitrogen trap. 

IRMS, Dual Inlet Isotope Ratio Mass Spectometer; R, Reference bellows; S, Sample bellows; ● 

indicate valves (Ribas-Carbo et al., 2005a). (B) Photograph of the real system used represented in 

(A). 
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An eight collector IRMS (Thermo, Bremen, Germany) in dual-inlet mode from the 

Serveis Científico-Tècnics of the UIB was used for oxygen isotope fractionation 

measurements in all the experiments presented in this Thesis. This IRMS can 

simultaneously measure masses (m/z) 28, 29, 30, 32, 33, 34, 40, 44. The oxygen-

isotope ratio was determined by measuring masses 34 (18O16O) and 32 (16O16O). 

Since N2 is not consumed during respiration, the O2/N2 ratio was used to determine 

the total oxygen consumed by measuring masses 32 (16O2) and 28 (
14N2) as 

previously described (Ribas-Carbo et al., 2005a). The sample air, collected as 

commented above, was compared with the reference air by a series of four to six 

(depending on the experiment) consecutive alternate analyses. Five to six 

successive samples were collected from the cuvette during a whole respiration 

measurement and the length of a full experiment varied between 45 and 90 min 

depending on the respiration rate of the tissue studied. 

 
Figure 3.3. Diagrammatic representation of the continuous flow elemental-analyser inlet (top left) 

and dual-inlet (bottom left) interfaces to the ion source of an isotope ratio mass spectrometer 

(center). Ionized gases leaving the source are accelerated and focused with the aid of the magnet 

towards the collector array (Dawson and Brooks, 2001). 

 

The system was regularly tested for leaks by filling the cuvette with He and 

measuring samples over three times the experimental time span. No oxygen signals 

were observed. 
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The major advantage of the dual-inlet system is its amplified sensitivity because 

each measurement is the average of several analyses (four to six in this case) against 

a known standard. This substantially decreases the minimum amount of oxygen that 

needs to be consumed throughout the experiment allowing measurements of the 

oxygen-isotope fractionation during plant respiration in plant tissues having low 

respiration rates and/or when only small amounts of tissue are available (Ribas-

Carbo et al., 2005a). 

Calculations of the oxygen-isotope fractionation were made as described Guy et al. 

(1989) and Ribas-Carbo et al. (1995), without argon correction, and the electron 

partitioning between the two pathways in the absence of inhibitors was calculated as 

described Guy et al. (1989). The r2 values of all unconstrained linear regressions 

between –ln f and ln (R/R0), with a minimum of five data points, were at least 

0.995, considered minimally acceptable (Lennon et al., 1997, Ribas-Carbo et al., 

1997). For KCN inhibitor treatments, rosette leaves were incubated for 45 min by 

sandwiching between medical wipes soaked with a water solution of 10 mM KCN. 

In addition, a piece of medical wipe wetted with 10 mM KCN was placed in the 

cuvette. For salicylhydroxamic acid (SHAM) treatments, leaves were cut into 2- to 

4-mm slices, and incubated for 45 min in 25-50 mM SHAM (in water from a stock 

1 M in dimethylsulfoxide) under continuous stirring in a Clark-type oxygen 

electrode chamber. All stock solutions were freshly prepared before use. 

The electron partitioning to the alternative pathway (τa) was calculated as follows: 

 

τa = ∆n - ∆c / ∆a - ∆c      

 

where ∆n, ∆c, ∆a are the oxygen isotope fractionation in the absence of inhibitors, in 

the presence of SHAM, and in the presence of KCN, respectively. The individual 

activities of the cytochrome (νcyt) and alternative (νalt) pathways were obtained by 

multiplying the total oxygen uptake rate (Vt) and the partitioning to alternative 

pathway as follows: 

 

νcyt =  Vt × (1 - τa)       

 

νalt = Vt × τa       
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3.3.1.2 Alternative pathway capacity measurements  

Leaf material was incubated in a solution containing 30 mM MES pH 6.2, 0.2 mM 

CaCl2 and potassium cyanide (KCN) 10 mM for 30 min in the dark. Leaf oxygen 

uptake rates were measured in darkness using a liquid-phase Clark-type oxygen 

electrode (Fig. 3.4; Dual Digital Model 20, Rank Brothers LTD, Cambridge, 

England) at a constant temperature of 25ºC controlled with a water bath connected 

to the incubation chamber of the cuvette (Fig 3.4). The capacity of the alternative 

pathway was determined as the cyanide resistant respiration that was sensitive to 20 

mM salicylhydroxamic acid (SHAM). SHAM was prepared from a 1 M stock in 

dimethyl sulfoxide (DMSO). All solutions were always freshly prepared before use. 

To avoid oxygen-limiting conditions inside the cuvette, measurements were 

finished before oxygen concentration reached half air saturation levels. 

 

 
Figure 3.4. Photograph (left) and diagram (right) of the different components of the liquid-phase 

Clark-type oxygen electrode Dual Digital Model 20 (Rank Brothers LTD, Cambridge, England). 

 

3.3.2 Leaf gas exchange and chlorophyll fluorescence measurements 

Net CO2 assimilation (AN), stomatal conductance (gs) and chlorophyll a 

fluorescence were measured simultaneously with an open infrared gas-exchange 

analyser system (Li-6400; Li-Cor Inc., Lincoln, NE, USA) equipped with a leaf 

chamber fluorometer (Li-6400-40, Li-Cor Inc.). All measurements were performed 

in fully expanded leaves under light-saturating PPFD (provided by the light source 

of the Li-6400 with 10% blue light), previously determined by light curves, except 

in the case of the measurements performed in section 5.2 (see specific material and 

methods section). The CO2 concentration in the Li-6400 leaf chamber (Ca) was set 

to 400 µmol CO2 mol
-1 air, temperature was 25°C and the relative humidity of the 
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incoming air ranged between 40 and 50%. CO2 response curves (“AN-Ci curves”) 

were performed varying the CO2 concentration around leaves stepwise in the range 

of 50 to 1800 µmol CO2 mol
-1 air. These leaves had been previously acclimated to 

saturating light conditions.  

The actual quantum efficiency of the photosystem II (PS II)-driven electron 

transport (ΦPSII) was determined from the fluorescence measurements according to 

Genty et al. (1989) as 

 

ΦPSII = (Fm` – Fs)/Fm`, 

 

where Fs is the steady state fluorescence in the light and Fm` the maximum 

fluorescence obtained with a light-saturating pulse (~8000 µmol m-2 s-1). As ΦPSII 

represents the number of electrons transferred per photon absorbed by PS II, the rate 

of electron transport (ETR) can be calculated as 

 

ETR (µmol e- m-2 s-1) = ΦPSII · PPFD · α, 

 

where the term α includes the product of leaf absorptance and the partitioning of 

absorbed quanta between photosystems I and II. α was determined from the slope 

of the relationship between ΦPSII and ΦCO2 (i.e. the quantum efficiency of gross CO2 

fixation), which was obtained by varying light intensity under non-photorespiratory 

conditions in an atmosphere containing <1% O2 (Valentini et al., 1995), except in 

section 5.2 where α value used was 0.454, determined in A. thaliana plants (Flexas 

et al., 2007a). In addition, photochemical quenching (qP) and non-photochemical 

quenching (NPQ) were determined as described previously (Maxwell and Johnson, 

2000).  

 

In the experiments performed in $. sylvestris plants belonging to section 6.1, the 

mesophyll conductance for CO2 (gm) was estimated from combined gas-exchange 

and chlorophyll a fluorescence measurements according to Harley et al. (1992) as 

 

gm = AN / (Ci – (Γ* (J + 8·(AN + Rd))) / (J – 4·(AN + Rd))), 
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where AN and Ci were obtained from gas-exchange measurements.  A value of 37.4 

µmol mol-1 for the CO2 compensation point under non-respiratory conditions (Γ*) 

was used after Bernacchi et al. (2002) as determined for the related species 

$icotiana tabacum. Other Rubisco kinetics and their temperature dependencies 

were also taken from Bernacchi et al. (2002). Dark respiration was determined at 

25°C with an isotope ratio mass spectrometer (IRMS) at 25°C as previously 

described in section 3.3.1.1. Calculated values of gm were used to convert A-Ci 

curves into A-Cc curves according to the following equation: 

 

Cc = Ci – (AN / gm) 

 

Maximum velocity of carboxylation (Vc,max) and maximum electron transport rate 

(Jmax) was derived from A-Cc curves according to Bernacchi et al. (2002). 

Corrections for leakage of CO2 into and out of the leaf chamber of the Li-6400 have 

been applied to all gas-exchange data, as described by Flexas et al. (2007b). 

 

In the experiments from sections 5.2 and 5.3, maximum quantum efficiency of PSII 

(Fv/Fm) was obtained from chlorophyll fluorescence measurements in leaves after 1 

and 30 min of dark adaptation with a portable pulse amplitude modulation 

fluorometer (PAM-2000, Walz, Effeltrich, Germany) as described in Galle et al. 

(2007). Depending on its relaxation time, photoinhibition can be considered 

dynamic, i.e. relaxing in minutes upon dark transfer, and likely reflecting 

photoprotection processes associated to xanthophyll-mediated heat dissipation in 

the antenna of PSII, or chronic, requiring several hours in darkness to fully relax 

and likely reflecting photodamage or photoinactivation of PSII (Osmond, 1994). 

According to Galmes et al. (2007a), total photoinhibition can be determined by 

measuring Fv/Fm over the first minute upon darkening leaves and Fv/Fm after 30 

min of dark adaptation, a time sufficient for xanthophyll cycle relaxation, reflects 

photoinhibition fully associated to photodamage. The percentage of total 

photoinhibition (%TPI), chronic photoinhibition (%CPI) and dynamic 

photoinhibition (%DPI) were determined as described in Werner et al. (2002) with 

modifications:  

 

%TPI = ((Fv/Fmmax - Fv/Fm1min) / (Fv/Fmmax)) x 100, 
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%CPI = ((Fv/Fmmax - Fv/Fm30min) / (Fv/Fmmax)) x 100, 

 

%DPI = %TPI - %CPI, 

 

where the Fv/Fmmax value was obtained from the mean value of Fv/Fm30min of plants 

grown under low light conditions, representing the maximum value of Fv/Fm for 

each species. 

 

3.3.3 Biochemical determinations 

3.3.3.1 Determination of total soluble proteins, total soluble carbohydrates and 

photosynthetic pigments 

Leaf material was harvested and immediately frozen in liquid nitrogen. Frozen leaf 

material was ground to fine powder and homogenised with ice-cold extraction 

buffer (0.5M TRIS, 10mM EDTA, 1% Triton X-100, 5mM DTT and 0.25% 

protease-inhibitor cocktail). Leaf extract was then centrifuged at 12.500rpm and 

4°C. Supernatant was transferred to new vials and kept on ice, while aliquots were 

used for determination of total soluble protein content, total soluble carbohydrates 

content and photosynthetic pigment composition. 

The total soluble protein was determined with the Bio-Rad protein assay (Bio-Rad 

Laboratories, Inc.) according to the method of Bradford, using bovine serum 

albumin as a standard. 

Total soluble sugar was determined according to Roulin and Feller (2001). 

For pigment analysis an aliquot of leaf extract was dissolved in 80% acetone, 

centrifuged at 12.500 rpm for 2 min and the absorbance of the supernatant was 

determined  at 470, 646, 663nm in a spectrophotometer (DU 640, Beckmann 

Coulter Inc.). The content of chlorophyll a, b and carotenoids was then calculated 

according to Lichtenthaler et al. (1987). 

 

3.3.3.2 Mitochondrial isolation 

In the experiments of section 6.2, mitochondria were purified from pea medium 

leaves by differential and density-gradient centrifugation in discontinuous gradients 

of Percoll as previously described (Jimenez et al., 1997). All operations were 

performed at 0-4ºC. 
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3.3.3.3 Protein inmunodetection by Western Blot 

In the experiments of sections 5.1 and 6.1, soluble fractions of the crude extracts, 

obtained as previously decribed in section 3.3.3.1, were mixed 1:1 with SDS-

sample buffer (0.5 M Tris, 0.3% Glycerol, 1.5% SDS, 0.15% Bromophenolblue and 

5 µM DTT) and boiled for 5 min and then kept at -20°C for later analysis. Equal 

amounts of soluble proteins were loaded and separated on 12% SDS-PAGE gels 

and transferred to nitrocellulose membranes using wet Mini-PROTEAN system of 

Bio-Rad. A 1/50 dilution of the monoclonal antibody against AOX (Elthon et al., 

1989), a 1/500 dilution of the monoclonal antibody against the voltage-dependent 

anion channel porin (PM035, from Dr Tom Elthon, Lincoln, NE), and a 1/3000 

dilution of the polyclonal antibody against the subunit II of the cytochrome oxidase 

(COX) (AS04053A, Agrisera Co., Sweden) were used as primary antibodies. 

Immunodetection of mitochondrial proteins (AOX, COX and porin) via 

colorimetric assay was carried out with the BCIP/NBT alkaline phosphatase system 

according to the manufacturer’s instructions (Sigma-Aldrich Co.). Densitometry 

quantification of the bands was made with TotalLab Software (Nonlinear Dynamics 

Ltd, UK). 

In the experiments of section 6.2, equal amount of proteins from mitochondria 

isolated from medium leaves of control and salt-treated pea plants were resolved 

using SDS/PAGE as described by Laemmli (1970) and transferred onto a 

nitrocellulose membrane using a semi-dry blotting apparatus (BioRad, Spain). 

Immunoreaction was carried out by using rabbit polyclonal antibodies against 

Trxo1 (1:2000) (Marti et al., 2009), PrxII F (1:3000) (Barranco-Medina et al., 2007) 

and Mn-SOD (1:5000) respectively, and a mouse monoclonal antibody against 

AOX (1:50) (Marti et al., 2009), all of them diluted in TBS containing 1% (w/v) of 

BSA and 0.1% (v/v) of Tween-20. The polyclonal antibody against the C-terminal 

sequence INWKHASEVYEKES of pea Mn-SOD (accession number P27084) was 

raised in New Zealand White Rabbit by Sigma-Genosys (UK). Goat anti-rabbit and 

goat anti-mouse antibodies conjugated to alkaline phosphatase (Boehringer 

Mannheim, Germany) were used as secondary antibodies. The antigen was detected 

by a colorimetric assay using NBT/BCIP (Roche, Germany) following the 

manufacter’s protocol. 
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3.3.3.4 Determination of transcript levels 

In the experiments of section 4.1, total RNA from leaf samples was isolated by 

using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). Three RNA preps 

were used for cDNA synthesis performed by using the RevertAid H Minus First 

Strand cDNA Synthesis Kit (Fermentas, New England Biolabs) with Oligo (dT)18 

primers. The cDNA obtained was then treated with RNase H (Fermentas, New 

England Biolabs). Real time PCR primers used for $DA1 were as described in 

Michalecka et al. (2003) and for AOX1a as described in Escobar et al. (2004). Real-

time PCR reactions were run in a Rotor Gene 2072 Real-Time Cycler (Corbett 

Research, Sydney, Australia) as previously described (Escobar et al., 2004). 

Annealing temperatures for the primers were: 60ºC for $DA1 and 59ºC for AOX1a. 

In the experiments of section 6.2, leaf samples were taken from control and treated 

plants. Three biological replicates were collected in three different experiments. 

Tissue samples were collected and placed immediately in liquid N2 and stored at -

80 °C. Total RNA was extracted from each tissue sample using RNeasy Plant Mini 

Kit (Qiagen, Germany) following manufacturer’s protocol. cDNA was obtained 

from RNA subjected to reverse transcriptase reactions using oligo-dT primer and 

M-MLV Reverse Transcriptase (Promega) followed by RNase H (Invitrogen, USA) 

treatment according manufacturer’s instructions. RNA and cDNA were quantified 

in a spectrophotometer ND-1000 (NanoDrop, USA). Quantitative Real-Time PCR 

(qPCR) was performed on a 7500 Real Time PCR System (Applied Biosystems, 

USA) with SYBR Green Supermix (Bio-Rad, Spain). Each reaction was performed 

in triplicate using the following conditions: 2 min at 50ºC, 10 min activation at 

95°C and 40-45 cycles of amplification, depending on the primer pair, (15 s at 

95°C; 1 min at 57ºC), followed by the melt curve. An internal control of actin gene 

(GeneBank: X90378) was used for the normalization of results. Relative quantity 

(∆CT) was calculated using the comparative CT method:  

 

Relative quantity sample (gene x) = 2 (CT(control)- CT(sample)) 

 

Primers were designed for qPCR using Primer Express v 2.0 (Applied Biosystems, 

USA) employing the following sequences from the data bank: Trxo1 (accession 

number AM235208), PrxII F (AJ717306), AOX (X68702) and Mn-SOD (X60170). 

Primers used are listed in Table 1 of section 6.2. 
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3.3.3.5 Metabolic profiling 

In the experiments performed in section 4.1, metabolite extractions were done as 

previously described (Liu et al., 2009). Derivatization and gas chromatography-time 

of flight-mass spectrometry (GC-TOF-MS) analyses were carried out as previously 

described (Lisec et al., 2006). The GC-TOF-MS system was composed of a CTC 

CombiPAL autosampler, an Agilent 6890N gas chromatograph and a LECO 

Pegasus III time-of-flight mass spectrometer running in EI+mode. Metabolites were 

identified by comparison to database entries of authentic standards (Kopka et al., 

2004; Schauer et al., 2005). Data are normalized with respect to the mean response 

calculated for the plants growing at low light conditions (80 µmol m-2 s-1) (to allow 

statistical assessment, individual plants from this set were normalized in the same 

way). Values presented are the mean of relative values ± SE of six to seven 

measurements from a pool of three plants each.  

 

3.3.3.6 Determination of protein oxidation, lipid peroxidation and hydrogen 

peroxide 

In the expereiments of section 6.2, the extent of lipid peroxidation in medium leaf, 

root and isolated mitochondria was estimated by determining the concentration of 

thiobarbituric acid reactive substances (TBARS) (Cakmak and Horst, 1991). Protein 

oxidation (carbonyl protein content) was measured by reaction with 2,4-

dinitrophenylhydrazine, as described by Levine et al. (1990). The concentration of 

H2O2 in medium leaf and root tissues was determined in fresh extracts by a 

peroxidase coupled assay with 4-aminoantipyrine and phenol as donor substrates 

like previously described by Frew et al. (1983). 
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4.1 LIGHT-RESPO�SIVE METABOLITE A�D TRA�SCRIPT LEVELS ARE 

MAI�TAI�ED FOLLOWI�G A DARK-ADAPTATIO� PERIOD I� LEAVES 

OF ARABIDOPSIS THALIA�A 

 

Florez-Sarasa I, Araujo WL, Wallström SV, Rasmusson AG, Fernie AR, Ribas-Carbo 

M (2011) Light-responsive metabolite and transcript levels are maintained following a 

dark-adaptation period in leaves of Arabidopsis thaliana. New Phytologist (submitted) 

 

ABSTRACT 

Dark respiration in photosynthetic tissues has normally been measured after a short 

period, generally 30 minutes, of dark adaptation to avoid light-enhanced-dark-

respiration (LEDR). It has been generally assumed that after this LEDR period leaf 

tissues perform dark respiration. However, differences in dark respiration have been 

observed after modulating the previous light conditions. This raises the pivotal 

question of whether the metabolite state of the leaves after dark adaptation reflects 

conditions more similar to those in the dark or the light. To address this question, 

changes in primary carbon metabolites were compared before and following a 30 

minute dark period in leaves of Arabidopsis thaliana plants grown at two different 

light intensities. Moreover, primary carbon metabolites and expression of light-

responsive respiratory genes were determined before and after 30 minutes of darkness 

following a 2 hour high light treatment (HLT). In vivo activities of cytochrome and 

alternative respiratory pathways, following LEDR, were also determined by oxygen 

isotope fractionation. The levels of many metabolites were increased in leaves of 

plants growing at a higher light intensity and in HLT plants. Transcript levels of 

respiratory genes were also increased after the HLT. A large majority of these light-

induced levels of metabolites and transcripts were maintained after 30 minutes of 

darkness. These results, together with the higher and persistent respiratory activities 

observed after the dark period, suggest that “dark” respiration measurements, as 

usually performed, are likely to be made under conditions where the overall status of 

metabolites vary little from that in the previous light.  
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I�TRODUCTIO� 

Respiration provides ATP, reducing equivalents and carbon intermediates needed for 

growth, maintenance and transport processes in plants. In photosynthetic tissues, plant 

respiratory metabolism is modulated under illumination due to interactions with 

photosynthetic metabolism (Hurry et al., 2005). Photosynthetic reactions produce 

triose phosphates (TPs) that are exported to the cytosol and metabolized via glycolysis 

to produce substrates for the tricarboxylic acid (TCA) cycle in mitochondria. TPs can 

also be used for the synthesis of sucrose that can be exported to other tissues. The ATP 

needed for sucrose synthesis and transport is thought to be supplied by mitochondrial 

oxidative phosphorylation (Krömer et al., 1993). Additionally, photorespiratory 2-

phosphoglycolate production, due to the oxygenase reaction of Rubisco, lead to the 

production of glycine, which becomes a major substrate for oxygen consumption in the 

light (Dry et al., 1983; Bauwe et al., 2010; Maurino and Peterhänsel, 2010). Glycine 

decarboxylation in mitochondria produces NH4
+ that can diffuse to the chloroplast 

where it can be re-assimilated by the glutamine synthetase/glutamate synthase 

(GS/GOGAT) system thereby interconnecting mitochondrial respiratory metabolism 

with photosynthetic nitrogen assimilation (Gardeström et al., 2002; Noguchi and 

Yoshida, 2008). The importance of this nitrogen re-assimilation pathway was recently 

confirmed using mutants in ferredoxin-dependent-GOGAT (Jamai et al., 2009) which 

showed a typical photorespiratory phenotype, i.e. a lack of vitality when grown in 

normal air conditions and the requirement of elevated CO2 for normal growth. A wide 

range of evidence has been accumulated suggesting that the TCA cycle in the light can 

provide the carbon precursors and the reducing power needed for nitrogen assimilation 

(for a review see Nunes-Nesi et al., 2007a). Additionally, transport of malate and TPs 

from the chloroplasts to the cytosol and mitochondria may directly dissipate reductants 

from the chloroplast under conditions of excess light (Noguchi and Yoshida, 2008). 

Thus, mitochondria can exert a strong control over the redox balance of the cell 

(Noctor et al., 2007). 

Light, via phytochrome and/or cryptochrome signaling, has been observed to up-

regulate genes encoding respiratory chain components, including the type II NAD(P)H 

dehydrogenase gene $DA1 and the alternative oxidase gene AOX1a (Escobar et al., 

2004; Rasmusson and Escobar, 2007), and to down-regulate the succinate 

dehydrogenase (Popov et al., 2010). Light-dependent changes in expression also 

include the induction of the mitochondrial malate dehydrogenases, that are possibly 
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involved in the export of reductant derived from photorespiratory glycine 

decarboxylation, and the suppression of other TCA cycle genes (Rasmusson and 

Escobar, 2007). Likewise, changes in the metabolite profile which occur diurnally 

reflect the interactions between photosynthetic and respiratory metabolism 

(Urbanczyk-Wochniak et al., 2005). Moreover, transgenic or mutant plants with 

altered expression of enzymes related to the TCA cycle (Carrari et al., 2003; Nunes-

Nesi et al., 2005, 2007b) and the mitochondrial electron transport chain (Dutilleul et 

al., 2003, 2005; Sweetlove et al., 2006; Juszczuk et al., 2007) exhibit changes in 

photosynthetic activity and metabolism. Tomato plants with reduced mitochondrial 

fumarase activity displayed restricted photosynthesis due to altered stomatal function 

(Nunes-Nesi et al., 2007b). On the other hand, tomato plants with reduced expression 

and activity of aconitase or mitochondrial malate dehydrogenase displayed elevated 

photosynthetic performance (Carrari et al., 2003; Nunes-Nesi et al., 2005). 

Furthermore, the metabolic and molecular characterization of the latter plants revealed 

a specific increase in ascorbate coupled with a general up-regulation of transcript 

levels for genes associated with photosynthesis (Urbanczyk-Wochniak et al., 2005). In 

contrast, manipulation of citrate synthase (Sienkiewicz-Porzucek et al., 2008), 

succinyl-CoA ligase (Studart-Guimaraes et al., 2007) and isocitrate dehydrogenase 

(Sienkiewicz-Porzucek et al., 2010) activities resulted in unaltered photosynthetic 

performance. This was seen despite clear alterations in nitrate or γ-amino butyric acid 

(GABA) metabolism. Similarly, alteration of the expression of components of the 

mitochondrial electron transport chain suggest that its proper functioning is required in 

order to achieve an optimal photosynthetic performance (Igamberdiev et al., 2001; 

Dutilleul et al., 2003; Raghavendra and Padmasree, 2003; Bartoli et al., 2005; 

Sweetlove et al., 2006). However, in these instances there are few common responses 

at the metabolite level. 

All these metabolic interactions between photosynthetic and respiratory metabolism 

affect the extent of respiratory activity during illumination. Measurements of CO2 and 

O2 exchange in the light are difficult to interpret due to the combination of processes of 

oxygenation and carboxylation that occur in illuminated leaves (Hurry et al., 2005). 

Several studies using different methodologies conclude that CO2 evolution is inhibited 

in the light (Atkin et al., 2000, Hurry et al., 2005; Bykova et al., 2005; Tcherkez et al., 

2005; Pärnik et al., 2007). Such an inhibition of the CO2 evolution in the light could, at 
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least partially, be explained by the inhibitory phosphorylation of the mitochondrial 

pyruvate dehydrogenase, which is known to occur in response to light and by the 

action of NH4
+, produced by photorespiration (Budde and Randall, 1990; Tovar-

Mendez et al., 2003). Furthermore, under photorespiratory conditions, glycine 

decarboxylation could increase the NADH/NAD+ ratio in the mitochondrial matrix, 

inhibiting TCA cycle dehydrogenases upon illumination (Igamberdiev and 

Gardeström, 2003; Bykova et al., 2005; Tcherkez et al., 2008). In sharp contrast to the 

results concerning CO2 evolution, extent of the O2 uptake in the light remains unclear. 

In experiments using O2 isotopes, there are contradictory reports showing inhibition 

(Canvin et al., 1980), no effect (Avelange et al., 1991) or even stimulation (Xue et al., 

1996) of O2 uptake in the light. However, those reports did not take into consideration 

the different O2 fractionations by the two terminal oxidases of the mitochondrial 

electron transport chain (Guy et al., 1989). Therefore, a change in the electron 

partitioning between the two main respiratory pathways in the light would affect the 

O2 isotope ratio and consequently interfere with the O
18/O16 ratios detected in the light. 

It seems highly likely that respiration is at least to some extent inhibited in the light, 

when measured as CO2 evolution. However, the genetic studies described above reveal 

that the remaining respiratory activity is of vital importance for a normal metabolic 

function within the illuminated leaf. 

Regardless of the effects of light on respiration during illumination, several studies 

have reported that a previous light exposure affects respiration measured in the dark 

(reviewed in Noguchi, 2005). The light intensity affects the carbohydrate status which, 

in turn, can regulate dark respiration via altered substrate availability (Noguchi, 2005, 

Florez-Sarasa et al., 2009). Nevertheless, light can regulate the electron partitioning 

between cytochrome and the alternative pathways independently of carbohydrate-

mediated processes (Ribas-Carbo et al., 2000). In all these studies, measurements of 

dark respiration on previously illuminated leaves were performed after a period of 

darkness in order to avoid light-enhanced-dark-respiration (LEDR). LEDR has been 

described as a post-illumination burst of CO2 release and/or O2 uptake (for reviews see 

Atkin et al., 2000 and Padmasree et al., 2002) and has been well characterized (Reddy 

et al., 1991; Xue et al., 1996; Atkin et al., 1998). It has been observed that LEDR lasts 

roughly 30 minutes in different species and under several different experimental 

conditions (Azcon-Bieto and Osmond 1983; Azcon-Bieto et al., 1983; Reddy et al., 

1991; Atkin et al., 1997, 1998). Therefore, it has been assumed that after this time, leaf 
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tissues resume “normal” dark respiration (Atkin et al., 2000; Padmasree et al., 2002). 

However, the reports mentioned above also demonstrated changes in dark respiration 

and electron partitioning between cytochrome and alternative pathways (after the 

LEDR period) caused by changes in the previous light conditions. Bearing this in 

mind, it is likely that if dark respiration is modulated by the previous light conditions, 

the metabolite state of the leaf tissue after LEDR, when dark respiration is measured, 

might be more similar to light than to dark conditions. 

In order to determine to what extent previous light conditions can affect the overall 

status of metabolites during dark respiration, the levels of primary carbon metabolites 

were determined before and after a 30 minute dark period in plants grown at low (80 

µmol m-2 s-1, LGL) and moderate (300 µmol m-2 s-1, MGL) growth light intensities. 

Moreover, plants growing under LGL conditions were subjected to high light treatment 

(800 µmol m-2 s-1, HLT) for 2 hours and changes on metabolite levels and expression 

of light-responsive respiratory genes were determined before and after a 30 minute 

dark period following the HLT. In parallel, the oxygen uptake rate and electron 

partitioning through cytochrome and alternative pathways were determined using the 

oxygen isotope fractionation technique (Ribas-Carbo et al., 2005). Our objective was 

to determine major changes in a broad range of metabolite levels and respiratory gene 

expression that occurred after 30 minutes of darkness when respiration is traditionally 

measured. 

 

MATERIALS A�D METHODS 

Plant material and growth conditions 

Arabidopsis thaliana ecotype Col-0 seeds were sown in pre-wetted pots with a mixture 

of peat, perlite and vermiculite (2:1:1 v/v). After sowing, pots were kept for 48 h in 

darkness at 4ºC for seed stratification. Pots were put in plastic trays that were used for 

sub-irrigation with half-strength Hoagland’s solution applied once a week. Three 

plants per pot were grown in a growth chamber for 35 days (after sowing) with a 10/14 

h light/dark photoperiod and a light intensity of 80 ± 10 µmol m-2 s-1, considered as 

low growth light (LGL) or of 300 ± 20 µmol m-2 s-1, considered as moderate growth 

light (MGL). Both LGL and MGL plants were grown under similar day/night 

temperatures of 26ºC/24ºC and relative humidity (above 40%). Plants grown either in 

LGL or MGL conditions started bolting between days 35 and 37 indicating similar 

developmental stage. For the high light treatment (HLT), 2 h into the light 
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photoperiod, plants grown under LGL were moved to 800 ± 20 µmol m-2 s-1 light 

intensity for 2 h. Temperature during the HLT was kept between 25-26ºC. Rosettes 

were harvested for metabolite profiling (see below) (i) at 2 h into the light photoperiod 

under LGL; (ii) at 2 h into the light photoperiod under MGL; (iii) after 30 minutes of 

dark treatment after (i) (LGL+Dark); (iv) after 30 minutes of dark treatment after (ii) 

(MGL+Dark); (v) at the end of a 2 h HLT; and (vi) after 30 minutes of dark treatment 

following HLT (HLT+Dark). 

 

Respiration and oxygen isotope fractionation measurements 

Leaves from plants growing at LGL, MGL and after the HLT, were placed in the dark 

for 30 minutes to avoid LEDR. Respiration and oxygen isotope fractionation 

measurements were performed as described in Florez-Sarasa et al. (2007) and lasted 

50-60 minutes. Respiratory partitioning between the two respiratory pathways was 

calculated from the oxygen isotope fractionation by the alternative oxidase (∆a) and the 

cytochrome oxidase (∆c). The ∆a, determined in the presence of 10 mM of KCN, was 

30.4‰, while ∆c of 20.9‰ was used from Florez-Sarasa et al. (2007). The leaf area 

was determined with a portable leaf area meter, AM 3000 (ADC Bioscientific Ltd., 

England), after respiration measurements. Five replicates of leaves from 3 different 

plants were analyzed. 

 

Metabolic profiling 

Metabolite extractions were done as previously described (Liu et al., 2009). 

Derivatization and gas chromatography-time of flight-mass spectrometry (GC-TOF-

MS) analyses were carried out as previously described (Lisec et al., 2006). The GC-

TOF-MS system was composed of a CTC CombiPAL autosampler, an Agilent 6890N 

gas chromatograph and a LECO Pegasus III time-of-flight mass spectrometer running 

in EI+mode. Metabolites were identified by comparison to database entries of authentic 

standards (Kopka et al., 2005; Schauer et al., 2005). 

Data are normalized with respect to the mean response calculated for the plants 

growing at low light conditions (80 µmol m-2 s-1) (to allow statistical assessment, 

individual plants from this set were normalized in the same way). Values presented are 

the mean of relative values ± SE of six to seven measurements from a pool of three 
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plants each. In the supplemental Tables, values in bold were determined by the 

Student's t test to be significantly different (P < 0.05) from the low light treated plants. 

 

Transcript analyses 

Total RNA from leaf samples was isolated by using the RNeasy Plant Mini Kit 

(Qiagen, Hilden, Germany). Three RNA preps for light treatments (i), (v) and (vi) (see 

above) were used for cDNA synthesis performed by using the RevertAid H Minus 

First Strand cDNA Synthesis Kit (Fermentas, New England Biolabs) with Oligo (dT)18 

primers. The cDNA obtained was then treated with RNase H (Fermentas, New 

England Biolabs). Real time PCR primers used for $DA1 were as described in 

Michalecka et al. (2003) and for AOX1a as described in Escobar et al. (2004). Real-

time PCR reactions were run in a Rotor Gene 2072 Real-Time Cycler (Corbett 

Research, Sydney, Australia) as previously described (Escobar et al., 2004). Annealing 

temperatures for the primers were: 60ºC for $DA1 and 59ºC for AOX1a. 

 

Chlorophyll fluorescence measurements 

The maximum quantum efficiency of photosystem II (Fv/Fm) was obtained from 

chlorophyll fluorescence measurements on six to twelve rosette leaves per light 

treatment (LGL, MGL and HLT), as previously described (Galle et al., 2007).   

 

Statistical analyses 

Student’s t-tests were used for statistical analyses of metabolite levels and respiratory 

activities comparing LGL to the rest of light and dark treatments. ANOVA and 

Duncan’s test were used in SPSS v. 17 (SPSS Inc., Chicago, IL, USA) for comparisons 

among transcript levels at different light and dark conditions. Significant differences 

relate to a P<0.05. 

 

RESULTS 

Maintenance of respiration and oxygen isotope fractionation after dark treatment  

Leaf respiratory parameters were determined for light-grown plants after a 30 min dark 

treatment. The oxygen isotope fractionation and oxygen consumption were constant 

along the whole measurements (i.e. 50-60 minutes after the 30 minute dark adaptation) 

as denoted by the linear regressions between – ln f and ln (R/R0) (Figs. 1A and 1C) and 

between the amount of O2 consumed and time (Figs. 1B and 1D). 
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Figure 1. Linearity of respiration and electron partitioning in darkness. Plants grown at moderate 

growth light (MGL) and after a 2 h high light treatment (HLT) were placed in complete darkness for 30 

minutes before the start of the respiration and oxygen isotope fractionation measurements. After the 30 

minute dark period, respiration measurements were performed for 50-60 minutes. Examples of linear 

regressions between –ln f and ln(R/R0) obtained from a measurement of the oxygen isotope fractionation 

in 30 minute dark-treated leaves of (A) MGL grown plants and (C) HL-treated plants are shown. R and 

R0 are the oxygen isotope ratios at a given time and at the initial time of the measurement, respectively, 

and f is the fraction of oxygen remaining at a given time ([O2]/[O2]0). In the equations presented, the 

slopes correspond to the oxygen isotope fractionation values. The R2 values of the linear regressions 

between – ln f and ln (R/R0) were better (R
2 ≥ 0.997) than the minimum acceptable level (Ribas-Carbo 

et al., 1997). Examples of linear regressions between the amount of O2 consumed and time (minutes) are 

shown in (B) and (D) during the same measurements as performed in (A) and (C), respectively. The 

slopes from the equations correspond to the oxygen consumption rates per leaf area. All the figures 

show data from one representative experiment, among five showing similar results. 

 

Leaf oxygen uptake (Vt), measured after 30 minutes dark adaptation, was 99% higher 

in plants grown at MGL than at LGL (Table I). However, no significant change in the 

electron partitioning to the alternative pathway (τa) was observed. The activities of the 

cytochrome (vcyt, 0.39 ± 0.04) and the alternative (valt, 0.24 ± 0.02) pathways were also 
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higher in plants grown at MGL than at LGL (vcyt, 0.21 ± 0.01 and valt, 0.11 ± 0.01) 

(Table I). 

 

Table I. Respiration and electron partitioning in plants exposed to different light intensities and then 

dark-adapted for 30 min. Total dark respiration (Vt, µmol O2 m
-2 s-1), electron partitioning to the 

alternative pathway (τa), cytochrome pathway activity (vcyt, µmol O2 m
-2 s-1) and alternative pathway 

activity (valt, µmol O2 m
-2 s-1) in dark adapted leaves of plants at low growth light (LGL); at moderate 

growth light (MGL); and after high light treatment (HLT) (for details see Material and Methods). Values 

are means ± SE of 5 biological replicates. Significant differences (P < 0.05) to the LGL are denoted in 

bold font. 

 

 

 

 

 

 

 

On the other hand, Vt increased by 37% after the high light treatment (HLT) (Table I). 

As for changes in growth light intensity, no significant difference in the electron 

partitioning to the alternative pathway (τa) was observed as a result of a proportional 

increase in activities of both the cytochrome (1.3-fold) and the alternative (1.5-fold) 

pathways (Table I). 

 

Maintenance of metabolite profiles in LGL and MGL plants after dark treatment  

The metabolite profile of plants grown at LGL was generally similar to that after an 

additional 30 minutes of darkness (LGL+Dark) (Fig. 2A and Supplemental Table I). 

Among the 44 metabolites analyzed, only seven showed a significant difference of at 

least 25% (Fig. 2B). Among these, glucose (39%), fructose (48%), sorbitol (53%), 

glycine (63%) and sucrose (65%) were decreased while cis-acotinic acid (199%) and 

arginine (117%) were increased after 30 minute of dark period (Fig. 2B).  

 Vt ττττa vcyt valt 

LGL 0.32 ± 0.01 0.34 ± 0.03 0.21 ± 0.01 0.11 ± 0.01 

MGL 0.63 ± 0.04  0.39 ± 0.03 0.39 ± 0.04  0.24 ± 0.02  

HLT 0.43 ± 0.02 0.37 ± 0.03 0.27 ± 0.03 0.16 ± 0.01 
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The levels of 31 metabolites were significantly different between plants growing at 

LGL and MGL (Fig. 3 and Supplemental Table I). Levels of glucose, mannose, and 

sucrose were 1.4, 1.4 and 1.6 times higher in plants at MGL than at LGL, respectively. 

In addition, TCA cycle intermediates such as cis-aconitic, citric, fumaric, isocitric and 

malic acids were 2.7, 1.8, 2.5, 3.1, and 1.6 times higher in MGL, respectively. 

Moreover, several amino acids increased significantly in MGL plants (Fig. 3A and 

Supplemental Table I). We could observe that phenylalanine (5.3-fold), isoleucine 

(4.8-fold), alanine (4.7-fold), tryptophan (2.9-fold), and arginine (2.5-fold) were the 

amino acids showing the highest relative levels at MGL (Fig. 3A and Supplemental 

Table I). 

Figure 2. Metabolite profiling of plants grown at low 

growth light (LGL) intensity and after 30 minutes of 

dark treatment (LGL+Dark). Plants were harvested for 

metabolite profiling at LGL conditions, just before a 

time point 2 hours into the normal photoperiod and at 

the end of a subsequent 30 minute dark period (for 

details see Materials and Methods). (A) Heat map 

showing the values expressed as fold-changes, with 

the levels in LGL individually set to unity. In (B), data 

is shown for the seven metabolites that showed a 

significant difference of at least 25% in dark-treated 

plants (LGL+Dark), as compared to LGL plants. 

Values are means ± SE for 6 biological replicates. 
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Figure 3. Metabolite profiling of plants grown at moderate growth light (MGL) intensity and after 30 

minutes of dark treatment (MGL+Dark). Plants were harvested for metabolite profiling at MGL 

conditions, just before 2 hours into the normal photoperiod and at the end of a subsequent 30 minutes 

dark period (for details see Materials and Methods). (A) Heat map showing the values expressed as fold-

changes, with the levels in LGL individually set to unity. (B) The log2 values for the levels of 44 

metabolites after the 30 minute dark treatment (MGL+Dark) are plotted against the levels of the same 

metabolites at MGL. Zero represents the value for each metabolite at LGL. The continuous line denotes 

a linear regression and is complemented with the R2-value. The dashed line marks unity. In (C), data is 

shown for the eight metabolites that showed a significant difference of at least 25% in dark-treated 

plants (MGL+Dark), as compared to plants at MGL just before the dark treatment. Values are means ± 

SE for 6 biological replicates. 
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The levels of most metabolites observed in plants grown under MGL were maintained 

after 30 minutes of darkness (MGL+Dark) i.e. both profiles strongly deviated from the 

LGL levels (Fig. 3A and Supplemental Table I). For increased clarity, values of the 

levels of the 44 metabolites analyzed were set on a log2 scale, relative to the LGL 

values. The log2 values after 30 minutes of darkness (MGL+Dark) were plotted 

against the values for the same metabolites at MGL (Fig. 3B). The high correlation 

(R2= 0.72) between metabolites at MGL and  MGL+Dark, as well as the closeness of 

the slope to 1, indicates that the levels of most metabolites were characterized by 

relatively few changes before and after the dark treatment (Fig. 3B). Despite these 

minor alterations, 8 metabolites showed a significant difference of at least 25% in 

response to the dark treatment (Fig. 3C). The metabolites most decreased after 30 

minutes of dark treatment were sucrose (55%), glycine (40%), alanine (34%), pyruvic 

acid (29%), isoleucine (28%) and asparagine (26%), whereas isocitric acid and 

glutamine were increased by 84% and 89%, respectively, after the dark treatment (Fig. 

3C). Thus, of the 30 metabolites displaying significantly higher levels in MGL as 

compared to LGL, only five showed a value after MGL+Dark that was similar or 

lower than the LGL value (Supplemental Table I).  

 

Maintenance of high light-induced changes after dark treatment 

In a separate experiment, LGL-grown plants were subjected to HLT, and significant 

changes in 31 metabolite levels were observed as compared to the LGL values (Fig. 4 

and Supplemental Table II). The level of aspartic acid was significantly decreased by 

26%, while the levels of the rest of the significantly changed metabolites were 

increased. Levels of fructose, glucose and mannose were 2.0, 2.8 and 1.7 times higher 

after the HLT as compared to LGL (Fig. 4A and Supplemental Table II). Similar to 

plants grown at MGL, TCA cycle intermediates (cis-aconitic, citric, fumaric, isocitric 

and malic acids) were also increased by between 1.2 and 3.1 times. Moreover, a large 

number of amino acids showed increased levels after the HLT including glycine (22.1-

fold), phenylalanine (5.8-fold), alanine (4.1-fold), and isoleucine (3.4-fold) being the 

most light-induced metabolites (Fig. 4A and Supplemental Table II). 
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Figure 4. Metabolite profiling of high light- and dark-treated plants. Plants were harvested for 

metabolite profiling at LGL conditions, just before the high light treatment (HLT), and at the end of the 

high light and dark treatments (HLT+Dark) (for details see Materials and Methods). (A) Heat map 

showing the values expressed as fold-changes, with the levels in LGL individually set to unity. (B) 

Similar to Figure 3B, the log2 values for the levels of 44 metabolites after the 30 minute dark treatment 

are plotted against the levels of the same metabolites after the HLT. In (C), data is shown for the four 

metabolites that showed a significant difference of at least 25% in dark-treated plants, as compared to 

HL-treated plants. Values are means ± SE for 6 biological replicates. 

 

When plants subjected to HLT were moved to darkness for 30 minutes, the light-

induced changes in the levels of most metabolites were maintained, and the profile 

after dark treatment was thus strongly different from the LGL values (Fig. 4A and 

Supplemental Table II). The log2 values (relative to LGL) after 30 minutes of darkness 

were plotted against the values for the same metabolites after HLT (Fig. 4B). As 

previously observed for MGL grown plants, the correlation between metabolites after 
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HLT and those after 30 minutes of darkness was high (R2= 0.93) and the slope was 

close to 1 (Fig. 4B). The minority of metabolites that showed a significant difference 

of at least 25% in dark-treated as compared to HL-treated plants are presented in 

Figure 4C. After 30 minutes of dark treatment, lysine and pyruvic acid return to the 

levels of LGL conditions (Fig. 4C) while alanine and phenylalanine were decreased 

after dark treatment but still exhibited higher levels when compared to the levels 

observed at LGL intensity (Fig. 4C).  

In parallel, we investigated changes in expression of two light-responsive respiratory 

genes upon HLT and subsequent dark treatment. After 2 h of HLT, the transcript levels 

of $DA1 and AOX1a were significantly increased (1.3 and 3.5 times, respectively) in 

comparison to LGL intensity levels (Fig. 5). After the HLT, a 30 minute dark period 

did not result in any noticeable changes in the HL-induced levels of either $DA1 or 

AOX1a transcripts. 

 

 
Figure 5. Transcript levels after high light treatment (HLT), and after a subsequent 30 minute dark 

period (HLT+Dark). Plants grown, treated and harvested as in Fig. 4 were analyzed for the expression 

levels of the light-responsive genes $DA1 and AOX1a by real-time PCR. Values are means ± SE for 3 

biological replicates. The values are expressed relative to the mean expression levels under LGL 

conditions. Significant differences (P<0.05) in comparison to LGL conditions are denoted by different 

letters. 

 

DISCUSSIO� 

Dark respiration measurements in leaves have generally been performed after several 

minutes (generally 30) in darkness to avoid LEDR. Respiration rates measured after 

this time have been proposed to represent “normal” dark respiration (Atkin et al., 2000; 
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Padmasree et al., 2002), and should thus assume that all light-responsive metabolites 

that affect respiratory flux or partitioning would have reverted to dark levels. However, 

light-induced changes in dark respiration, when measured after the LEDR period, and 

variations in the in vivo activities of cytochrome and alternative pathways depending 

on growth light intensity have been previously reported (Noguchi et al., 2001a; 

Noguchi, 2005; Florez-Sarasa et al., 2009). Moreover, dark respiration is enhanced in 

plants exposed to high light conditions for a short period of time (i.e. hours; Yoshida et 

al., 2007, 2008) raising the question as to whether the overall metabolite state of the 

leaf tissue was closer to dark or to light conditions.  In the present study, A. thaliana 

Col-0 plants were grown at two different light intensities (80 µmol quanta m-2 s-1, low 

growth light, LGL; and 300 µmol quanta m-2 s-1, moderate growth light, MGL) and 

plants grown at LGL were subjected to a high light treatment (HLT) of 800 µmol 

quanta m-2 s-1 for 2 hours. Total respiration rate (Vt) in plants grown at MGL, after 30 

minutes in darkness, was almost two-fold higher than in plants grown at LGL (Table 

I). Furthermore, the exposure of LGL grown plants to HLT caused an increase in Vt of 

almost 40% (Table I). Together with the dark respiration rate, the oxygen isotope 

fractionation was persistent during the subsequent 50-60 minutes after darkness thus 

allowing determination of the activities of the cytochrome and alternative pathways 

under these conditions (Fig. 1 and Table I). These results indicated that there were no 

substantial changes in the respiratory substrate supply during the monitored time 

interval. 

In the light, interactions between photosynthesis and respiration induce changes in 

metabolic pathways of primary carbon metabolism (Hurry et al., 2005). Respiration 

and photosynthesis were formerly considered as separate pathways, however 

increasing evidence suggests that their activities are closely coordinated through 

intracellular metabolite pools (Carrari et al., 2003; Nunes-Nesi et al., 2005; 2007b; 

Raghavendra and Padmasree, 2003; Noguchi and Yoshida, 2008). Given the fact that 

the increased respiratory activities observed in plants grown at MGL and after the HLT 

(Table I) were sustained in the dark (Fig. 1), metabolite levels were determined in 

plants grown under MGL before and after a 30 minute dark period and also in plants 

grown at LGL before and after 30 minutes of darkness following the HLT. We 

observed that sugars and TCA cycle intermediate levels were higher in MGL and HL-

treated plants (Figs. 3A and 4A). Moreover, the levels of several amino acids showed a 

more pronounced increase (Figs. 3A and 4A), suggesting a higher supply of TCA 



General aspects of leaf respiration in vivo 

 75 

cycle carbon metabolites for amino acid synthesis in the light, in agreement with 

previous observations (Nunes-Nesi et al., 2007a; Tcherkez et al., 2008). The levels of 

phenylalanine, alanine and isoleucine were highly light-induced after the HLT and 

were also higher in plants grown under MGL intensity. Nevertheless, glycine was 

dramatically induced after HLT but was much less increased at MGL (Figs. 3A and 

4A). These results suggest a large increase in photorespiratory activity and a limitation 

in the conversion of glycine to serine caused by the HLT. Accordingly, the maximum 

quantum efficiency of the photosystem II (Fv/Fm) was lower in HL-treated (0.66 ± 

0.01) than in MGL grown plants (0.80 ± 0.01) indicating photoinhibition caused 

specifically by the HLT. In addition to changes in metabolite profiles, a >3-fold up-

regulation of the expression of AtAOX1a was observed after the HLT (Fig. 5). This is 

in good agreement with a recent report where genes encoding alternative oxidases 

were up-regulated by HLT (Yoshida and Noguchi, 2009).  

After 30 minutes of darkness, the metabolite profile in plants grown at MGL was 

similar to that before the dark treatment but strongly different from the profiles of LGL 

plants in the light or after 30 minutes of darkness (Figs. 2 and 3). Additionally, the 

HLT-induced levels of most metabolites were maintained after a 30 minute dark period 

and remain strongly different from the LGL levels (Fig. 4). This is consistent with 

previously reported diurnal changes, i.e. in rosettes of Arabidopsis a large range of 

metabolites did not show changes in the short light-dark diurnal transitions but changes 

were observed after several hours of light or dark periods (Gibon et al., 2006). In this 

context, diurnal changes in amino acid levels have also been observed in potato leaves 

where the majority of amino acids increased during the light and decreased during the 

dark period (Urbanczyk-Wochniak et al., 2005). On the other hand, tomato plants 

showed no major changes in total amino acid content or in individual amino acids 

between light and dark periods (Carrari et al., 2003). In spite of the maintenance of the 

light-induced levels of the majority of the amino acids after the dark treatment (Figs. 3 

and 4), a manifest decrease in the levels of a few amino acids was observed after the 

dark treatment (Figs. 3C and 4C). This could be due to the absence of photosynthetic 

nitrogen assimilation which would decrease amino acid synthesis as previously 

observed to be one of the main processes driving respiratory carbon metabolism under 

light conditions (Nunes-Nesi et al., 2007a; Tcherkez et al., 2008). In addition, the 

levels of glycine and some sugars were decreased after 30 minutes of darkness in MGL 

and in LGL grown plants (Figs. 2B and 3C). The levels of sugars have been proposed 
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to correlate with respiration rates in leaves in some species while in others respiration 

rate is likely to be controlled by energy demand (Noguchi, 2005). In our study, it 

seems unlikely that the levels of sugars become limiting for respiration after 30 

minutes of darkness as respiration in plants grown at MGL was higher than in plants at 

LGL (Table I). Therefore, further analyses of diurnal respiration time courses in 

parallel with metabolite profiling (Urbanczyk-Wochniak et al., 2005; Gibon et al., 

2006) remain to be examined in future experiments in order to investigate the limiting 

substrates for respiration. For improved resolution, such studies will probably 

additionally require an expansion of the metabolite coverage to include important 

compounds such as the pyridine and adenine nucleotides and may even need modeling 

of the subcellular compartmentation of these pools. Nevertheless, the maintenance of 

higher levels of TCA cycle intermediates is likely to be responsible for the higher 

respiratory activity observed in the current study after HLT and in plants growing at 

MGL. In close agreement with the latter hypothesis, reduced respiration rates were 

coupled to changes in the levels of TCA cycle intermediates caused by chemical 

inhibition of the 2-oxoglutarate dehydrogenase complex (Araújo et al., 2008). 

Furthermore, lower respiration rates, determined by following CO2 evolution, were 

also observed in tomato aconitase mutants (Aco-1) exhibiting reduced TCA cycle 

intermediates (Carrari et al., 2003). Regarding the respiratory gene expression levels, 

the significantly elevated levels of AOX1a and $DA1 transcripts induced after the HLT 

were maintained after 30 minutes of darkness. The stability of the AOX1a and $DA1 

transcript levels therefore indicates that the signals governing their expression are also 

stable over the 30 minute darkness treatment. 

 

CO�CLUSIO�S 

Higher growth light intensity as well as short-term high light treatment induces 

changes in the levels of many metabolites in leaves. In addition, respiratory gene 

expression was induced after the high light treatment. The great majority of these 

changes remain in effect even after 30 minutes of darkness, when dark respiration is 

normally measured. Therefore, these changes can favor the higher and persistent 

respiratory activity that is observed in plants grown at a higher light intensity and after 

a high light treatment. These results suggest that “dark” respiration measurements, as 

currently performed, are likely to be made under a metabolite state similar to those in 
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the light. Thus, the increased respiratory oxygen consumption in response to light 

intensity, likely reflects an increased respiratory flux at higher light intensities. 
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Supplemental Table I. Metabolite levels of plants grown at low growth light (LGL) intensity, at moderate growth light (MGL) intensity and after 30 minute dark treatment 

(LGL+Dark and MGL+Dark). Data is presented as the mean ± SE for 6 biological replicates. Significant differences (P < 0.05) to the LGL are denoted in bold font. 

 LGL LGL+Dark MGL MGL+Dark 

Amino acids             

Alanine 1.00 ± 0.19 1.21 ± 0.13 4.71 ± 0.34 3.13 ± 0.48 

Alanine, beta 1.00 ± 0.06 0.91 ± 0.06 1.61 ± 0.08 2.00 ± 0.15 

Arginine 1.00 ± 0.12 2.17 ± 0.15 2.48 ± 0.05 1.98 ± 0.25 

Asparagine 1.00 ± 0.16 0.87 ± 0.07 2.21 ± 0.18 1.64 ± 0.20 

Cysteine 1.00 ± 0.19 1.06 ± 0.03 1.10 ± 0.08 1.10 ± 0.12 

Glutamine 1.00 ± 0.21 0.89 ± 0.05 1.10 ± 0.10 2.07 ± 0.20 

Glycine  1.00 ± 0.09 0.37 ± 0.03 1.86 ± 0.07 1.11 ± 0.05 

Homoserine 1.00 ± 0.20 1.05 ± 0.09 1.15 ± 0.03 0.96 ± 0.06 

Isoleucine 1.00 ± 0.16 0.92 ± 0.06 4.77 ± 0.49 3.41 ± 0.13 

Lysine 1.00 ± 0.26 0.93 ± 0.09 1.77 ± 0.17 1.76 ± 0.24 

Ornithine 1.00 ± 0.02 1.24 ± 0.10 2.44 ± 0.20 2.68 ± 0.19 

Phenylalanine 1.00 ± 0.07 1.09 ± 0.04 5.29 ± 0.06 4.08 ± 0.08 

Proline 1.00 ± 0.10 1.21 ± 0.11 2.09 ± 0.13 2.30 ± 0.33 

Serine 1.00 ± 0.04 0.90 ± 0.04 1.65 ± 0.04 1.53 ± 0.04 

Threonine 1.00 ± 0.05 1.02 ± 0.01 1.31 ± 0.03 1.19 ± 0.04 

Tryptophan 1.00 ± 0.02 1.09 ± 0.04 2.89 ± 0.14 2.95 ± 0.13 

Valine 1.00 ± 0.02 0.87 ± 0.04 1.57 ± 0.05 1.50 ± 0.13 

Organic acids             

Aconitic acid, cis 1.00 ± 0.07 2.99 ± 0.41 2.74 ± 0.46 2.72 ± 0.15 

Ascorbic acid 1.00 ± 0.17 1.26 ± 0.44 1.21 ± 0.37 1.12 ± 0.05 

Aspartic acid 1.00 ± 0.05 1.03 ± 0.02 0.84 ± 0.01 1.02 ± 0.03 

Benzoic acid, 4-amino 1.00 ± 0.27 0.98 ± 0.09 1.04 ± 0.09 1.08 ± 0.03 
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Butyric acid, 4-amino 1.00 ± 0.03 0.99 ± 0.06 1.88 ± 0.24 1.78 ± 0.26 

Citric acid  1.00 ± 0.12 1.05 ± 0.03 1.75 ± 0.16 1.46 ± 0.10 

Dehydroascorbic acid 1.00 ± 0.05 0.96 ± 0.06 1.51 ± 0.09 1.34 ± 0.09 

Erythronic acid-1,4-lactone 1.00 ± 0.03 0.87 ± 0.04 0.94 ± 0.02 1.08 ± 0.04 

Fumaric acid 1.00 ± 0.04 1.05 ± 0.04 2.50 ± 0.08 2.36 ± 0.14 

Glutamic acid 1.00 ± 0.06 1.06 ± 0.04 1.29 ± 0.06 1.22 ± 0.05 

Glutaric acid 1.00 ± 0.08 0.90 ± 0.05 2.61 ± 0.12 2.08 ± 0.13 

Glutaric acid, 2-oxo 1.00 ± 0.10 0.79 ± 0.03 1.04 ± 0.02 1.08 ± 0.04 

Isocitric acid 1.00 ± 0.06 1.02 ± 0.13 3.15 ± 0.30 5.79 ± 0.50 

Lactic acid 1.00 ± 0.12 1.17 ± 0.12 1.04 ± 0.36 0.93 ± 0.14 

Maleic acid 1.00 ± 0.14 1.08 ± 0.06 1.27 ± 0.06 1.23 ± 0.08 

Malic acid 1.00 ± 0.11 1.08 ± 0.06 1.55 ± 0.07 1.32 ± 0.08 

Pyroglutamic acid 1.00 ± 0.05 0.95 ± 0.03 1.34 ± 0.05 1.49 ± 0.04 

Pyruvic acid 1.00 ± 0.05 0.94 ± 0.02 1.57 ± 0.11 1.11 ± 0.03 

Sugars             

Erythrose 1.00 ± 0.04 0.97 ± 0.03 1.03 ± 0.03 1.12 ± 0.03 

Fructose 1.00 ± 0.17 0.52 ± 0.05 1.32 ± 0.08 0.98 ± 0.09 

Glucose 1.00 ± 0.08 0.61 ± 0.06 1.35 ± 0.08 1.06 ± 0.09 

Mannose 1.00 ± 0.02 0.85 ± 0.02 1.40 ± 0.05 1.21 ± 0.04 

Rhamnose 1.00 ± 0.04 0.97 ± 0.03 1.03 ± 0.03 1.15 ± 0.04 

Sucrose 1.00 ± 0.06 0.35 ± 0.03 1.55 ± 0.03 0.70 ± 0.02 

Other metabolites             

Inositol, myo 1.00 ± 0.03 1.05 ± 0.03 1.33 ± 0.05 1.25 ± 0.02 

Putrescine 1.00 ± 0.04 1.17 ± 0.05 2.02 ± 0.09 1.91 ± 0.13 

Sorbitol 1.00 ± 0.16 0.47 ± 0.05 1.20 ± 0.08 0.88 ± 0.08 
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Supplemental Table II. Metabolite levels of plants at low growth light (LGL) intensity, after a 2 h of high light treatment (HLT) and after an additional 30 minute dark 

treatment (HLT+Dark). Data is presented as the mean ± SE for 6 biological replicates. Significant differences (P < 0.05) to the LGL are denoted in bold font. 

 LGL HLT HLT+Dark 

Amino acids          

Alanine 1.00 ± 0.10 4.06 ± 0.18 2.66 ± 0.32 

Alanine, beta 1.00 ± 0.08 1.15 ± 0.05 1.50 ± 0.19 

Arginine 1.00 ± 0.10 2.16 ± 0.19 2.18 ± 0.10 

Asparagine 1.00 ± 0.14 1.17 ± 0.12 1.17 ± 0.17 

Cysteine 1.00 ± 0.07 1.10 ± 0.13 1.02 ± 0.11 

Glutamine 1.00 ± 0.20 2.76 ± 0.35 3.05 ± 0.57 

Glycine  1.00 ± 0.09 22.07 ± 0.98 19.34 ± 0.58 

Homoserine 1.00 ± 0.04 1.32 ± 0.07 1.24 ± 0.04 

Isoleucine 1.00 ± 0.03 3.42 ± 0.17 2.61 ± 0.22 

Lysine 1.00 ± 0.03 1.40 ± 0.06 0.90 ± 0.10 

Ornithine 1.00 ± 0.09 1.73 ± 0.19 1.93 ± 0.13 

Phenylalanine 1.00 ± 0.04 5.76 ± 0.35 3.97 ± 0.32 

Proline 1.00 ± 0.08 2.63 ± 0.30 2.27 ± 0.34 

Serine 1.00 ± 0.06 1.28 ± 0.07 1.25 ± 0.08 

Threonine 1.00 ± 0.05 1.68 ± 0.06 1.51 ± 0.05 

Tryptophan 1.00 ± 0.08 3.07 ± 0.68 2.83 ± 0.40 

Valine 1.00 ± 0.02 2.10 ± 0.07 1.71 ± 0.09 

Organic acids          

Aconitic acid, cis 1.00 ± 0.08 2.70 ± 0.07 2.16 ± 0.16 

Ascorbic acid 1.00 ± 0.04 1.12 ± 0.13 1.19 ± 0.16 

Aspartic acid 1.00 ± 0.04 0.74 ± 0.04 0.76 ± 0.07 

Benzoic acid, 4-amino 1.00 ± 0.09 1.15 ± 0.09 0.99 ± 0.04 
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Butyric acid, 4-amino 1.00 ± 0.08 0.98 ± 0.05 1.10 ± 0.20 

Citric acid  1.00 ± 0.06 1.60 ± 0.05 1.51 ± 0.08 

Dehydroascorbic acid 1.00 ± 0.06 0.84 ± 0.13 0.90 ± 0.09 

Erythronic acid-1,4-lactone 1.00 ± 0.07 0.99 ± 0.06 1.09 ± 0.08 

Fumaric acid 1.00 ± 0.07 1.20 ± 0.04 1.18 ± 0.06 

Glutamic acid 1.00 ± 0.22 1.21 ± 0.19 1.59 ± 0.36 

Glutaric acid 1.00 ± 0.14 2.51 ± 0.06 1.99 ± 0.14 

Glutaric acid, 2-oxo 1.00 ± 0.05 1.11 ± 0.03 1.06 ± 0.14 

Isocitric acid 1.00 ± 0.10 3.05 ± 0.21 3.19 ± 0.41 

Lactic acid 1.00 ± 0.13 0.97 ± 0.13 1.13 ± 0.08 

Maleic acid 1.00 ± 0.05 1.15 ± 0.02 1.09 ± 0.05 

Malic acid 1.00 ± 0.07 1.37 ± 0.11 1.34 ± 0.14 

Pyroglutamic acid 1.00 ± 0.05 1.59 ± 0.12 1.86 ± 0.09 

Pyruvic acid 1.00 ± 0.05 1.36 ± 0.12 0.99 ± 0.10 

Sugars          

Erythrose 1.00 ± 0.04 0.92 ± 0.07 1.01 ± 0.09 

Fructose 1.00 ± 0.03 1.97 ± 0.04 1.71 ± 0.11 

Glucose 1.00 ± 0.06 2.77 ± 0.14 2.53 ± 0.15 

Mannose 1.00 ± 0.04 1.69 ± 0.25 1.41 ± 0.21 

Rhamnose 1.00 ± 0.02 1.03 ± 0.02 1.05 ± 0.03 

Sucrose 1.00 ± 0.04 1.16 ± 0.05 0.90 ± 0.04 

Other metabolites          

Inositol, myo 1.00 ± 0.07 0.91 ± 0.04 0.91 ± 0.08 

Putrescine 1.00 ± 0.04 1.80 ± 0.04 2.04 ± 0.13 

Sorbitol 1.00 ± 0.05 1.38 ± 0.05 1.28 ± 0.07 
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4.2 CO�TRIBUTIO� OF THE CYTOCHROME A�D ALTER�ATIVE 

PATHWAYS TO GROWTH RESPIRATIO� A�D MAI�TE�A�CE 

RESPIRATIO� I� ARABIDOPSIS THALIA�A 

 

Florez-Sarasa I, Bouma TJ, Medrano H, Azcon-Bieto J, Ribas-Carbo M (2007) 

Contribution of the cytochrome and alternative pathways to growth respiration and 

maintenance respiration in Arabidopsis thaliana. Physiologia Plantarum 129: 143-

151. 

 

ABSTRACT 

The activities of the cytochrome and alternative respiratory pathways were 

measured during the growth cycle in Arabidopsis thaliana using a newly developed 

Isotope Ratio Mass Spectrometer (IRMS) dual-inlet system that allows very precise 

measurements of oxygen-isotope fractionation under low oxygen consumption 

rates. Under optimum growth conditions, the relative growth rate was highly 

dependent on the activity of the cytochrome pathway. The activity of the alternative 

pathway was almost constant irrespective of the growth rate and appeared mostly 

involved in the maintenance respiration component, although the alternative 

pathway also played a role under optimum growth conditions. This is the first time 

that the contribution of the two respiratory pathways to the two main respiratory 

components (growth and maintenance) has been analyzed with the use of the 

oxygen-isotope fractionation technique. The respiration efficiency of the specific 

costs for growth and maintenance (adenosine triphosphate/O2 ratio) was determined 

by a modified regression model. The ability to measure oxygen-isotope 

fractionation during respiration in A. thaliana opens the door to a wider set of 

studies that are discussed. 

 

I�TRODUCTIO� 

Arabidopsis thaliana is a model plant widely used for plant genetic research, given 

the large amount of genetic information available on this plant 

(http://www.arabidopsis.org; http://www.aspb.org/publications/arabidopsis). Most 

studies on respiration in A. thaliana are related to genetic work and mutations 

involving genes related to respiration or mitochondrial enzymes reviewed by Millar 

et al. (2004). Most of these studies involved parts of the cyanide-insensitive 
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respiratory pathway, whereas the development of transformed plants involving the 

alternative oxidase (AOX) has been rather difficult. Although the initial 

identification of an AOX gene in A. thaliana took place almost 15 years ago 

(Kumar and Soll, 1992), only recently has there been an extensive characterization 

of AOX-transformed A. thaliana plants (Fiorani et al., 2005; Umbach et al., 2005). 

AtAOX1a overexpressed and antisense plants as well as mutated constitutively 

active AtAOX1a plants have been generated recently (Umbach et al., 2005). 

AOX is the only component of the cyanide-insensitive respiratory pathway 

alternative to the cytochrome oxidase pathway (COP). During mitochondrial 

electron transport, AOX is a ubiquinol oxidase that reduces oxygen to water 

competing with the COP for electrons from the reduced ubiquinone pool (Ribas-

Carbo et al., 1995). One major characteristic of AOX is that it is not coupled to the 

synthesis of adenosine triphosphate (ATP) and therefore considered a wasteful 

pathway (Moore and Siedow, 1991). This unproductive characteristic of the 

alternative oxidase pathway (AOP) has, for a long time, raised questions regarding 

its function and regulation (Lambers et al., 2005; Møller 2001; Moore and Siedow, 

1991; Vanlerberghe and McIntosh 1997; Wagner and Krab 1995). The only well-

known function for the AOP is related to thermogenesis during anthesis in aroid 

spadices and other thermogenic plants (Meeuse, 1975; Waltling et al., 2006). In 

recent years, several functions have been proposed for the AOP. Among them, the 

maintenance of redox balance during mitochondrial electrons transport (Millenaar 

et al., 1998) and alleviating the formation of reactive oxygen species (Maxwell et 

al., 1999), particularly during periods of stress. At present, the only available 

method to measure the activities of the COP and AOP is the oxygen-isotope 

fractionation technique (Ribas-Carbo et al., 2005a). The use of the oxygen-isotope 

fractionation technique has revealed increases in alternative pathway activity under 

severe water stress (Ribas-Carbo et al., 2005b), phosphate limitation (Gonzalez-

Meler et al., 2001), during chilling recovery (Ribas-Carbo et al., 2000), following 

application of allelochemicals (Peñuelas et al., 1996) and in the presence of 

inhibitors of branched-chain amino acid synthesis (Gaston et al., 2003). However, 

measurements of oxygen-isotope fractionation during respiration in A. thaliana had 

not been possible because of the low precision inherent with their low oxygen 

consumption rates. It is obvious that it will be very important for our understanding 

of the regulation of the activities of the COP and AOP, to be able to measure the 
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activities of the two respiratory pathways in vivo in the genetically well defined 

(and often transformed) A. thaliana plants (Umbach et al., 2005). Plant respiration 

has been classically partitioned into two functional components termed growth and 

maintenance respiration, respectively. Growth respiration can be defined as the 

respiratory energy required to convert non-structural carbohydrates into new plant 

constituents. Maintenance respiration is the respiratory energy associated with the 

sum of all energy-consuming processes that maintain cellular structure, although 

there is some discussion of which processes should be included or excluded. For 

roots, sometimes, a third functional component has been defined as the energy 

required to support the nutrient uptake needed to sustain growth (for overview see 

Amthor, 1989; Bouma, 2005). There are several different methods to estimate these 

respiratory components. Experimental correlative methods have been widely used 

in plant physiology to estimate respiratory costs for growth, maintenance and ion 

uptake (Bouma, 2005; Bouma et al., 1996; Poorter et al., 1991; Scheurwater et al., 

1998; 2000). This correlative approach requires measuring specific rates of 

respiration as well as corresponding relative growth rate (RGR) and/or nutrient 

uptake rate variation. To date, specific respiration rates have been measured as O2 

or CO2 exchange that has been expressed as total respiration. Translating these 

measurements into actual energy production requires quantifying the relative 

activity of the COP (ATP/O2 ratio of 29/6) and AOP (ATP/O2 ratio of only 11/6) 

respiration (Amthor, 1994; Noguchi et al., 2001). Previous studies showing changes 

in respiration through the COP and AOP during the course of plant development 

(Azcon-Bieto et al., 1983; Lennon et al., 1995; McDonell and Farrar, 1993; Van der 

Werf et al., 1988; Wen and Liang, 1993) were carried out using specific inhibitors 

of each respiratory pathway, a technique that has been abandoned after proving to 

be inaccurate (Day et al., 1996; Lambers et al., 2005). Changes in the electron 

partitioning as plants age using the oxygen-isotope fractionation technique have 

only been analyzed in Millar et al. (1998) showing different contributions of both 

pathways depending on the stage of root development. To the best of our 

knowledge, the respiratory activities of the COP and AOP as determined by the 

proper oxygen-isotope fractionation technique have never been considered 

separately using correlative methods to estimate the respiratory components. In the 

present study, the contribution of the COP and AOP to the growth and maintenance 
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respiratory components is analyzed in rosette leaves of A. thaliana plants at 

different stages of development and RGRs. 

 

MATERIAL A�D METHODS 

Plant material and growth conditions 

Arabidopsis thaliana (Columbia 3 type) plants were grown from seed in 0.5-l pots. 

Seeds were sown in 20 prewetted pots with a mixture of turbe, perlite and 

vermiculite (2:1:1 v/v). Pots were put in plastic trays that were used for 

subirrigation. After seed sowing, wetted pots were incubated in dark for 48 h at 4ºC 

for seed stratification. Day 0 was considered after stratification at 4ºC. Two or three 

plants per pot were grown for 35 days in a growth chamber under controlled 

conditions (12 h/ 12 h photoperiod, light at 250 ± 50 mmol quanta m-2 s-1, 

25ºC/20ºC day/night temperature and relative humidity above 40%). Plants were 

watered daily with half-strength Hoagland’s solution (Epstein, 1972) applied twice 

weekly. 

 

Experimental protocol 

Leaves from six entire rosettes of Arabidopsis plants were harvested every 5 days 

starting from days 15 to 35. Dry weights from leaves of each rosette were 

�determined after drying for 2 days at 60 C. Average of the six rosettes dry weight 

was calculated in each day point (day 15, 20, 25, 30, 35). These average values 

were used to calculate the RGR of the entire rosette leaves of Arabidopsis plants. 

Four RGR values were obtained corresponding to days 20, 25, 30 and 35. RGR was 

calculated as described by 

Bouma (2005). Four of the six rosettes harvested for growth analysis were 

previously used for analysis of respiration and oxygen isotope fractionation to 

obtain the respiratory activities of the COP and AOP of the rosette leaves. On days 

20 and 25, the whole rosette was used for respiratory measurements. However, on 

days 30 and 35, the whole rosette would not fit the cuvette and only a representative 

sample of the rosette leaves was analyzed. These leaves were accurately selected 

from different leaf layers in the rosette to represent the average growth stage of the 

entire rosette. The entire experimental protocol was duplicated with a different 

group of plants on separate dates grown in the same growth chamber and under the 

same conditions. 
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Respiratory measurements on rosettes leaves 

For respiratory measurements, plants were placed for 30 min in the dark to avoid 

light-enhanced dark respiration. Then intact rosette leaves were harvested and 

placed in a 3-ml stainless-steel closed cuvette maintained at a constant temperature 

of 25ºC using a copper plate and a serpentine around the cuvette with a 

temperature-controlled water bath. Accurate measurements of the changes in the 
18O/16O ratios and oxygen consumption are needed to obtain the oxygen-isotope 

fractionation. Masses 34 (18O16O) and 32 (16O16O) were used to measure the 

oxygen-isotope 18O/16O ratios. Masses 32 (16O2) and 28 (
14N2) were used to 

calculate the total oxygen uptake (O2/N2) and therefore total respiration (Vt). The 

values of m/z 34/32 (18O2/
16O2) and m/z 32/28 (

16O2/
28N2) were obtained from a 

standard and the sample air with dual-inlet analysis with six replicate cycles for 

each respiration measurement. The precision of these mass ratios increases with the 

number of replicate cycles. Calculations of the oxygen-isotope fractionation were 

made as described Guy et al. (1989) and Ribas-Carbo et al. (1995), without argon 

correction, and the electron partitioning between the two pathways in the absence of 

inhibitors was calculated as described Guy et al. (1989). The r2 values of all 

unconstrained linear regressions between –ln f and ln (R/Ro), with a minimum of 

five data points, were at least 0.995, considered minimally acceptable (Lennon et 

al., 1997, Ribas-Carbo et al., 1997). For KCN inhibitor treatments, rosette leaves 

were incubated for 45 min by sandwiching between medical wipes soaked with a 

water solution of 10 mM KCN. In addition, a piece of medical wipe wetted with 10 

mM KCN was placed in the cuvette. For salicylhydroxamic acid (SHAM) 

treatments, leaves were cut into 2- to 4-mm slices, and incubated for 45 min in 50 

mM SHAM (in water from a stock 1 M in dimethylsulfoxide) under continuous 

stirring in a Clark oxygen electrode chamber. Thereafter, the leaves were softly 

dried with medical wipes and placed in the gas phase cuvette together with a small 

piece of medical wipe wetted with SHAM for measurements. All stock solutions 

were freshly prepared before use. 

The electron partitioning through the AOP (τa) was calculated as follows: 

 

τa = ∆n - ∆c / ∆a - ∆c     (1) 
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where ∆n, ∆c, ∆a are the isotope fractionation in the absence of inhibitors, in the 

presence of SHAM, and in the presence of KCN, respectively. ∆c and ∆a were 20.9 

and 31.2‰, respectively. The individual activities of the COP (νcyt) and AOP (νalt) 

were obtained by multiplying the total the total oxygen uptake rate (Vt) and the 

partitioning to each pathway as follows: 

 

νcyt =  Vt × (1 - τa)      (2) 

 

νalt = Vt × τa      (3) 

 

Respiratory components determination 

Respiratory components for growth and maintenance have traditionally been 

determined by correlating respiratory rates to RGRs and total biomass (Amthor, 

1989; Bouma et al., 1996; 2005; Lambers et al., 1983). Such a regression approach 

normally has the following form: 

 

r = gR × RGR + mR     (4) 

 

where r is the overall respiration rate per unit dry mass (nmol ‘X’ g-1 s-1), RGR is 

the relative growth rate (µggrowth g
-1 s-1), gR represents the specific costs of tissue 

construction (mmol ‘X’ ggrowth
-1) and mR are the specific costs of tissue maintenance 

(nmol ‘X’ g-1 s-1), with ‘X’ being either ATP,O2, CO2 or CH2O. In the case of roots, 

gR includes the costs of nutrient uptake. Plotting r against RGR yields gR as slope 

and mR as the y intercept. Partitioning of total respiration into cytochrome and 

alternative respiratory activities offers the opportunity to distinguish the importance 

of both pathways to gR (mmol O2 ggrowth
-1) and mR (nmol O2 g

-1 s-1). This separation 

can be done by two alternative approaches. 

Firstly, analogous to Eqn 4, we correlated respiration through AOP and COP 

independently with respect to RGR:  

 

rcyt = gRcyt × RGR + mRcyt     (5) 

 

ralt = gRalt × RGR + mRalt     (6) 
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where rcyt and ralt are the COP and AOP respiration rates per unit dry mass (nmol O2 

g-1 s-1), gRcyt and gRalt represent the specific cost of tissue construction provided by 

COP and AOP respiration, respectively (mmol O2 ggrowth
-1), and mRcyt and mRalt are 

the specific costs of tissue maintenance provided by COP and AOP respiration, 

respectively (nmol O2 g
-1 s-1). The advantage of this approach is that the regression 

lines allow direct visualization of how the COP and AOP respiration rates relate to 

RGR. The exact meaning of gRcyt, gRalt, mRcyt and mRalt can, however, not directly be 

interpreted. 

Secondly, analogous to Eqn 4, we correlated respiration on both an O2 and ATP 

basis with respect to RGR: 

 

roxy = gRoxy × RGR + mRoxy    (7) 

 

rATP = gRATP × RGR + mRATP    (8) 

 

where, roxy (nmol O2 g
-1 s-1) and rATP (nmol ATP g

-1 s-1) represent the overall tissue 

respiration rates, gRoxy (mmol O2 ggrowth
-1) and gRATP (mmol ATP ggrowth

-1) represent 

the specific costs of tissue construction and mRoxy (nmol O2 g
-1 s-1) and mRATP (nmol 

ATP g-1 s-1) are the specific costs of tissue maintenance. The output of these 

equations allows calculation of the average respiration efficiency coefficient 

(ATP/O2 ratio) for the specific costs of growth [PGR; nmol ATP (nmolO2)
-1] and 

maintenance [PMR; nmol ATP (nmol O2)
-1]: 

 

PGR = ATP/O2 ratioGR = gRATP / gRoxy   (9) 

 

PMR = ATP/O2 ratioMR = mRATP / mRoxy 

 (10) 

 

RESULTS 

The oxygen-isotope fractionation technique applied to plant respiration studies has 

been under continuous development from the original system (Guy et al., 1989) to 

the most recent (Gaston et al., 2003). The major developments have mostly 

addressed two directions, leak tightness and sensitivity. The application of the dual-

inlet system (Gaston et al. 2003) was a significant improvement over the 
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continuous-flow method (Ribas-Carbo et al. 2005b). However, small tissues or with 

slow respiration still presented a challenge because of the low amount of oxygen 

consumed. An improvement in sensitivity was still needed. An eight collector 

IRMS (Thermo, Bremen, Germany) in dual-inlet mode from the Serveis Cientifico 

Tecnics of the Universitat de les Illes Balears (UIB) was used for these experiments. 

The major advantage of this new IRMS is that it can simultaneously measure 

masses (m/z) 28, 29, 30, 32, 33, 34, 40, 44. For oxygen-isotope fractionation during 

respiration, masses 32 (16O2) and 28 (
14N2) were used to calculate the total oxygen 

uptake (O2/N2), while masses 34 (
18O16O) and 32 (16O16O) were used to measure the 

oxygen-isotope ratio. With this dual-inlet system, 200 ml of air from the closed 

respiration cuvette was introduced to the sample bellows as previously described 

(Gaston et al. 2003). The sample air was compared with the standard air by a series 

of consecutive alternate analyses. The precision increases with the number of cycles 

up to the limit of the spectrometer precision. In the present studies, the number of 

cycles per sample analysis was six and the average precision (standard deviation) 

achieved with this system was 0.07‰ for the 34/32 ratio and of 0.05‰ for the 

32/28 ratio. Each oxygen-isotope fractionation measurement consisted of six to 

seven analyses with an average total oxygen consumption of 2.9 µmol O2 or 13% of 

the total oxygen in the cuvette (Fig. 1). 

 

 

Figure 1. Example of a measurement of the oxygen-isotope fractionation in Arabidopsis thaliana 

rosette leaves with very low oxygen consumption. In this case, the total amount of oxygen consumed 

was 2.9 µmol O2 or 13% of the total oxygen initially present in the cuvette. The average r2 of the 

slope of the oxygen-isotope fractionation during respiration was 0.998. 
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The average r2 of the slope of the oxygen-isotope fractionation during respiration 

was 0.998 (Fig. 1) while the r2 of the slope considered to obtain an accurate 

measurement is 0.995, which represents an error of 0.4‰ (Ribas-Carbo et al., 

1997). The new system used for these experiments achieves the abovementioned 

precision thresholds, with the consumption of less than 10%of the total oxygen 

present in the cuvette (2% in air), while in previous systems a minimum of 25% of 

the oxygen was necessary to be consumed to reach the same precision. This 

improvement has allowed measurements of the oxygen-isotope fractionation during 

plant respiration in plant tissues having low respiration rates and/or when only small 

amounts of tissue are available. Furthermore, the simultaneous measurement of 

masses 28, 32, 34 and 44 will allow in the near future the simultaneous 

measurement of the oxygen-isotope fractionation, respiration and the O2/CO2 ratios 

giving additional information on the type of substrate being used in respiration. 

 

Contribution of the cytochrome and alternative respiratory pathways to 

respiratory components for growth and maintenance 

The RGR as well as respiratory activities of COP and AOP were measured in entire 

rosette leaves from A. thaliana plants during its growth cycle (Table 1). 

 

Table 1. Oxygen isotope fractionation in the absence of inhibitors, ∆n, has been measured on 

Arabidopsis thaliana rosette leaves along 35 days. Calculations of τa, νcyt and νalt are derived from 

Eqn 1-3 as explained in Materials and methods. Values are means ± SE, n = 8 to 10. ∆n, oxygen-

isotope fractionation in the absence of inhibitors; νalt, activity of the alternative oxidase pathway; 

νcyt, activity of the cytochrome oxidase pathway; τa, the electron partitioning through the alternative 

pathway. 

 

 

 

 

 

 

Day  ∆∆∆∆n (‰) ττττa    ννννcyt 

(nmol O2 g
-1
 s
-1
) 

ννννalt 

(nmol O2 g
-1
 s
-1
) 

20 23.5 ± 0.2 0.25± 0.02 35.1 ± 1.51 11.9 ± 0.75 

25 23.7 ± 0.1 0.27± 0.01 32.2 ± 1.11 11.9 ± 0.73 

30 24.3 ± 0.2 0.33± 0.02 20.8 ± 1.21 10.3 ± 0.57 

35 24.2 ± 0.1 0.32± 0.01 19.7 ± 0.91 9.3 ± 0.63 
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Figure 2. Analysis of the relation between relative growth rate [RGR; rate (µggrowth g
-1 s-1)] and 

respiration via the cytochrome (nmolO2 g
-1 s-1) and alternative (nmol O2 g

-1 s-1) respiratory pathways 

(A) and the respiration on an oxygen (nmol O2 g
-1 s-1) and adenosine triphosphate (ATP) (nmol ATP 

g-1 s-1) base (B). Regression equations are indicated in the figures, and explained in the methods (see 

Eqn 5–8). Fig. A directly visualizes how the activities of the cytochrome oxidase pathway (COP) 

and alternative oxidase pathway (AOP) respiration relate to RGR. It also enables estimation of the 

specific costs of tissue construction that are provided by the COP (mmol O2 ggrowth
-1) and AOP 

(mmol O2 ggrowth
-1) respiration and the specific costs of tissue maintenance as provided by the COP 

(nmol O2 g
-1 s-1) and AOP (nmol O2 g

-1 s-1) respiration. As B enables estimation of the specific costs 

of tissue construction on both an oxygen (mmol O2 ggrowth
-1) and ATP (mmol ATP ggrowth

-1) base and 

also the specific costs of tissue maintenance on both an oxygen (nmol O2 g
-1 s-1) and ATP (nmol 

ATP g-1 s-1) base, the outcome of these regression equations allow estimation of the respiration 

efficiency coefficient (ATP/O2 ratio) for the specific costs for growth [PGR = 4.46 mol ATP (mol 

O2)
-1; Eqn 9] and maintenance [PMR = 3.67 mol ATP (mol O2)

-1; Eqn 10]. 

 

Simple regression was used to determine respiratory components where RGR was 

the independent variable and respiratory activities were dependent variables (see 

Materials and methods). Using regression Eqn 5 and 6 it can be observed that 
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respiration through the COP varies much more in response to the RGR than does 

that of AOP respiration (Fig. 2A). The specific costs of tissue construction of A. 

thaliana rosette leaves in terms of respiration through the COP (gRcyt) and AOP 

(gRalt) were 5.3 and 0.8 mmol O2 g
-1 of growth, respectively. The maintenance 

respiration via the COP (mRcyt) and AOP (mRalt) was 14.3 and 9.0 nmol O2 g
-1 s-1, 

respectively. This means that COP and AOP respiration accounts for around 90 and 

10%, respectively, of the respiratory carbon consumption needed for growth, and 

about 60 and 40%, of the respiratory carbon consumption needed for maintenance, 

respectively. These values are in the same range of those previously described for 

other species (Bouma, 2005).The measurements on COP and AOP respiration 

enabled the derivation of ATP-based respiration (rATP; nmol ATP g
-1 s-1) for each 

RGR. This ATP-based respiration was calculated under the assumption that the 

ATP/O2 ratio is 29/6 and 11/6 for the COP and AOP, respectively (Amthor, 1994; 

Noguchi et al., 2001). Applying regression Eqn 7 and 8 (Fig. 2B) enabled the 

derivation of the average respiration efficiency coefficient (ATP/O2 ratio) for the 

specific costs for growth [PGR = 4.46 mol ATP (mol O2)
-1; Eqn 9] and maintenance 

[PMR = 3.67 mol ATP (mol O2)
-1; Eqn 10]. The higher contribution of the COP to 

growth vs maintenance respiration is clearly reflected in the higher respiration 

efficiency coefficient for growth than for maintenance respiration. Calculating the 

relative contributions of the COP and AOP to the energy (ATP) supplied for growth 

and maintenance shows that the COP respiration provides the majority of all ATP. 

For growth, over 95% of all ATP comes from the COP, while for maintenance this 

value is greater than 80% (Table 2). 

 

Table 2. Values of construction costs, gRATP, and maintenance respiration, mRATP, on adenosine 

triphosphate (ATP) basis has been calculated under assumption of ATP/O2 ratios of 29/6 and 11/6 

for cytochrome oxidase pathway (COP) and alternative oxidase pathway (AOP) respiration, 

respectively, by multiplying the corresponding ratio to construction costs, gRcyt and gRalt, and 

maintenance respiration, mRcyt and mRalt, on O2 basis obtained with regression Eqn 5 and 6. vcyt, 

activity of the COP; valt, activity of the AOP. 

 

 

 

 

  

gRATP 

(mmol ggrowth
-1
) 

gRATP 

(ννννcyt) 

gRATP 

(ννννalt) 

mRATP 

(nmol g
-1
 s
-1
) 

mRATP 

(ννννcyt) 

mRATP 

(ννννalt) 

  26.9 25.6 1.4 85.5 69.03 16.5 

%total   95% 5%   81% 19% 
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DISCUSSIO� 

The results suggest that COP activity is closely linked to changes in the RGR, while 

the alternative pathway activity does not respond to changes in RGR in A. thaliana 

rosette leaves. As the COP has the highest contribution to the ATP synthesis, these 

data underline that processes linked to the formation of new constituents in 

Arabidopsis rosette leaves are highly dependent on the synthesis of ATP. The 

contribution of the AOP to the carbon consumption for maintenance respiration is 

relatively important (i.e. 40% of carbon consumption via AOP vs 60% via COP 

(Fig. 2A). However, because of the large difference in ATP/O2 ratios between the 

COP (29/6) and AOP (11/6), maintenance processes are also highly dependent on 

ATP synthesis via the COP (>80%) (Table 2). This observation is in agreement 

with data presented by Millar et al. (1998) in which the participation of the AOP 

increased with root age. It is likely that older roots will present a lower RGR and 

that the proportion of growth respiration to maintenance respiration is decreased. At 

lower RGR, although total respiration decreases, the proportion of the AOP will 

increase. Current thoughts relate the function of the AOP in vivo with the overcome 

of stresses (Lambers et al., 2005). However, it seems likely that even under 

optimum conditions the AOP will maintain a sustained rate that would help to the 

sustain the redox state of the ubiquinone pool and a level that would limit the 

production of oxygen radical species (Millar et al., 1998). 

 

Opportunities of measuring oxygen-isotope fractionation in A. thaliana: plans 

for future research 

Arabidopsis thaliana has been used as a model plant for a wide range of molecular 

biology studies. There is a large amount of genetic information regarding 

mitochondrial components in Arabidopsis (Millar et al., 2004). This information has 

allowed important advances in the analysis of gene expression and reverse genetic 

manipulation, leading to a large collection of transformed Arabidopsis plants with 

altered mitochondrial components. These transformed plants have been used to 

investigate the function of several mitochondrially related proteins and/or genes 

(Finkemeier et al., 2005; Fiorani et al., 2005; Millar et al., 2004; Perales et al., 

2005; Shen et al., 2006; Zarkovic et al., 2005). The ability to measure oxygen-

isotope fractionation during respiration in these plants will provide very useful 

information on how different mitochondrial components affect electron partitioning 
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through the AOP and COP. Recent advances in understanding the structure of the 

respiratory chain complexes open the possibility of generating additional 

Arabidopsis mutants (Eubel et al., 2004). This new plant material will allow tests of 

the impact of the alteration of mitochondrial components on the regulation of the 

electron transport chain through the COP and AOP. 

Regarding AOP research, there are several experimental approaches that can be 

used in Arabidopsis to better understand the function and regulation of this 

pathway. Measurements of the oxygen-isotope fractionation during respiration in 

Arabidopsis mutants expressing AOX protein with altered regulatory properties will 

allow determination of the exact nature of the biochemical regulation of AOX 

protein from isolated organelles to the intact plant. Modifications using transformed 

plants expressing high or low levels of AOX transcripts will be important to relate 

AOX expression with AOX activity in vivo (Guy and Vanlerberghe, 2005). One 

clear example is the possibility of using AOX antisense or overexpressed 

transformed plants as well as constitutively active AOX mutants (Umbach et al. 

2005) for studies of electron partitioning through the COP and AOP. Other 

experiments could be carried out relating different tissue specific expression of 

AOX gene family members in Arabidopsis (Saisho et al. 1997) with different AOP 

activities allowing the resolution of questions regarding different alternative 

pathway discrimination in green vs non-green tissues (Ribas-Carbo et al., 2005). 

Beyond molecular modifications in AOX protein or AOX gene expression, it will 

also be interesting to use transformed plants in conjunction with altered signaling 

pathways that regulate AOP. In addition, oxygen-isotope fractionation 

measurements using Arabidopsis plants having altered uncoupling proteins 

(Hourton-Cabassa et al., 2004) and/or non-phosphorylating NAD(P) 

dehydrogenases (Møller, 2002) could clarify functional relationships between the 

AOP and other bypass systems of the plant mitochondrial respiratory system 

(Clifton et al., 2005, Escobar et al., 2006). In summary, further studies of electron 

partitioning using modified Arabidopsis plants will certainly provide an improved 

understanding of the molecular mechanisms involved in the regulation of plant 

respiration.  
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CO�CLUSIO�S  

This is the first time that oxygen-isotope fractionation during respiration has been 

measured on A. thaliana. This technological improvement opens a new window on 

the studies of the regulation of plant respiration, as the effect of many protein 

changes and gene expression can now be studied in vivo. In Arabidopsis rosette 

leaves, the participation of the COP and AOP to the growth and maintenance 

components of respiration are very different. While the growth component of 

respiration is largely dependent on the activity of the COP or ATP synthesis, the 

activity of the AOP is largely independent of the RGR. A sustained respiration rate 

through the AOP is present at any growth rate. The ability to measure the 

contribution of each respiratory pathway to the different respiratory components 

allows the possibility to develop new models for respiration based on ATP 

synthesis. 
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4.3 CO�TRIBUTIO� OF THE ALTER�ATIVE PATHWAY TO TOTAL 

RESPIRATIO� A�D ITS E�GAGEME�T I� LEAVES OF DIFFERE�T C3 

SPECIES 

 

Florez-Sarasa I, Flexas J, Ribas-Carbo M (2011) Contribution of the alternative 

pathway to total respiration and its engagement in leaves of different C3 species (in 

preparation) 

 

ABSTRACT 

Plant mitochondrial electron transport chain is characterized by the existence of a 

cyanide-resistant alternative pathway (AP) which branches from cytochrome 

pathway (CP) at the level of ubiquinone pool decreasing ATP synthesis. The 

electron partitioning between CP and AP (τa) can be determined by measuring 

oxygen isotope fractionation during respiration and therefore this technique allows 

the determination of the energetic (ATP) efficiency of plant respiration. However, 

information about the variability of τa and AP engagement (ρ, i.e. ratio between AP 

activity / AP capacity) among different species is scarce at the leaf level. In the 

present study, total respiration, τa and ρ were determined in leaves of $icotiana 

sylvestris, Cucumis sativus, Pisum sativum, Glycine max and Arabidopsis thaliana 

plants grown under similar controlled conditions. The results presented show that 

there is a significant contribution (21-52%) of the AP to total respiration in all the 

species studied suggesting a role of AP under non-stress conditions. Moreover, 

ρ was highly variable among species denoting different AP requirements and 

regulations under non-stress conditions which may also influence in the response of 

the AP to stress conditions. 

 

I�TRODUCTIO� 

The existence of a cyanide-insensitive respiration in plants was documented almost 

a century ago (Schmucker, 1925; Van Herk, 1937; Marsh and Goddard, 1937). The 

early focus of the research about this cyanide-resistant alternative pathway (AP) 

was put on its role in thermogenic tissues (Meuse, 1975). However, the AP has been 

shown to be present in the mitochondria of non-thermogenic tissues of several plant 

species and other living organisms (McDonald et al., 2008). The AP branches from 
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the cytochrome pathway (CP), the main energy conserving mitochondrial 

respiratory pathway, at the level of the ubiquinone pool of the mitochondrial 

electron transport chain (ETC) and is constituted by a terminal ubiquinol-oxygen 

oxidoreductase called alternative oxidase (AOX). Unlike cytochrome oxidase 

(COX), the terminal oxidase of the CP, the AOX catalyze the reduction of 

molecular oxygen to water through the oxidation of the ubiquinol without 

generating proton-motive force, thus bypassing two of the three proton-

translocation sites of the ETC (Moore and Siedow 1991). For that reason, the 

energetic efficiency of respiration, in terms of ATP produced, is diminished if AP is 

active. Given that respiration determines the plant carbon balance and productivity 

in terrestrial plants (Amthor, 1989, Valentini et al., 2000), it is very important to 

know to what extent AP is engaged and how is regulated because of its impact on 

the energetic efficiency of plant respiration and consequently on plant productivity.  

The partitioning of electrons between CP and AP was extensively studied and 

several theories were formulated (reviewed in Moore and Siedow, 1991). By 

combining oxygen and quinone electrodes some studies indicated that AP was only 

active when a high (40%) reduction level of UQ pool was reached (Dry et al., 1989, 

Day et al., 1991). Such a situation indicates that cytochrome pathway is close to 

saturation reinforcing the statement by which AP was considered to be only active 

when CP is saturated (Bahr and Bonner, 1973). On the basis of these results, the 

hypothesis of an energy overflow presented by Lambers (1982) appeared to explain 

the physiological functions of AP. Furthermore, considering the overflow 

hypothesis, the measurements of the AP activity were performed by the use of 

inhibitors (Møller et al., 1988) on the assumption that an inhibition of AOX by 

SHAM would never induce a redirection of electrons from AP to CP because CP is 

already saturated. However, Umbach and Siedow (1993) demonstrated that AOX 

activity can be modulated by oxidation/reduction of the enzyme through a 

disulfide/sulfhydryl system. This system allows the covalent formation of disulfide 

bonds between adjacent monomers of AOX leading to a covalently-linked inactive 

dimer or a non-covalently linked active AOX dimmer. In addition, studies of Millar 

et al. (1993) and Umbach et al. (1994) demonstrate that pyruvate can stimulate AP 

activity by a reduction of the apparent Km for the reduced ubiquinone. All these 

regulatory features of AOX imply that AP could be active even when CP is not 

saturated. This hypothesis was confirmed by using oxygen isotope fractionation 
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technique (Ribas-Carbo et al., 1995). The basis of this technique resides on the 

different oxygen isotope fractionation of the cytochrome and the alternative 

oxidases (Guy et al., 1989). Thereafter, the use of inhibitors for determining the 

activities of the cytochrome and alternative pathways was invalidated (Day et al., 

1996) and actually the only available technique for determining the activities of CP 

and AP is the oxygen isotope fractionation technique.  

This technique has been used in several studies to determine the oxygen isotope 

fractionation in the absence of inhibitors (∆n). In order to determine the partitioning 

of the electrons between both respiratory pathways, measurements of the CP 

fractionation (∆c, in the presence of AP inhibitors) and of the AP fractionation (∆a, 

in the presence of CP inhibitors) have also been performed. The ∆c values are 

relatively constant across species and tissues ranging from 18-20‰ while ∆a is 

more variable (24-31‰) (reviewed in Ribas-Carbo et al., 2005a). The reason of the 

∆a variation may be the presence of different isoforms of the AOX protein in 

different tissues (i.e. roots, etiolated and photosynthetic tissues) and species and can 

also be due to the different measuring systems used (Ribas-Carbo et al., 2005a). On 

the other hand, ∆n indicates the relative contribution of the two respiratory pathways 

which depends on the tissue analyzed, environmental conditions and specific 

treatment applied to the plants. In Glycine max cotyledons, changes in the 

partitioning of electrons between CP and AP were observed following application 

of allelochemicals (Peñuelas et al., 1996) and during greening of etiolated 

cotyledons (Ribas-Carbo et al., 2000a). In roots, changes in ∆n were observed at 

different stages of development in Glycine max (Millar et al., 1998) and Triticum 

aestivum (Angert and Luz, 2001), after transfer of Poa annua plants from high to 

low light conditions (Millenaar et al., 2000), after citrate treatment in Poa annua 

(Millenaar et al., 2002) and in the presence of inhibitors of branched-chain amino 

acid synthesis in Glycine max (Gaston et al., 2003). At the leaf level, changes in ∆n 

were observed during the deadification phase in the CAM plant Kalanchoe 

daigremontiana (Robinson et al., 1992), under different growing and measurement 

temperatures in Vigna radiata (Gonzalez-Meler et al., 1999) and Arabidopsis 

thaliana (Armstrong et al., 2008), during chilling recovery in Zea mays (Ribas-

Carbo et al., 2000b), under different growth light intensities at early/late night 

periods in Spinacia oleracea and Phaseolus vulgaris (Noguchi et al., 2001), under 
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phosphate limitation in Phaseolus vulgaris, $icotiana tabacum and Gliricidia 

sepium (Gonzalez-Meler et al., 2001), after long-term acclimation to elevated CO2 

concentration in Opuntia ficus-indica (Gomez-Casanovas et al., 2007) and 

Arabidopsis thaliana (Gonzalez-Meler et al., 2009), at different stages of 

development in $icotiana sylvestris (Priault et al., 2007) and Arabidopsis thaliana 

(Florez-Sarasa et al., 2007), after programmed cell death induction in $icotiana 

sylvestris (Vidal et al., 2007) and under severe water stress and recovery in Glycine 

max and $icotiana sylvestris (Ribas-Carbo et al., 2005b, Galle et al., 2010). Finally, 

a significant change in electron partitioning to alternative pathway was observed on 

the floral receptacle of $elumbo nucifera plants during thermogenesis (Walting et 

al., 2006). Taking into account the mentioned reports, if we seek to know which is 

the contribution of AP to respiration in different species, it is important to determine 

the oxygen isotope fractionation during respiration in a specific tissue of plants 

grown under similar controlled conditions and, if possible, with the same measuring 

system. 

The AOX has recently been shown to be widespread in the plant kingdom 

(McDonald et al., 2008). The amount of AOX protein present in the tissue is 

determined by the level of AOX gene expression (Vanlerberghe et al., 1994) which 

can vary depending on the environmental conditions (Van Aken et al., 2009). In 

general, the AOX protein amount in a tissue correlates well with the capacity of the 

AP pathway (Elthon et al., 1989; Obenland et al., 1990; Vanlerberghe and McIntosh 

1992; Yoshida et al., 2007) although this relationship is not always linear 

(Gonzalez-Meler et al., 1999) probably because there are other regulators of the 

capacity like the amount and reduction of the ubiquinone pool (Millenaar et al., 

2001., Florez-Sarasa et al., 2009). Nevertheless, the in vivo activity of the AP is 

very frequently observed to be independent of the AOX protein content suggesting 

that post-translational regulation of AOX is crucial for its in vivo activity (Lennon 

et al., 1997; Millenaar et al., 2002; Guy and Vanlerberghe, 2005; Ribas-Carbo et al., 

2005b; Vidal et al., 2007; Florez-Sarasa et al., submitted). While some studies 

showed that the amount of AOX (Elthon et al., 1989; Millenaar et al., 2001) and the 

AP capacity (Lambers et al., 1983; Atkin et al., 1995; Millenaar et al., 2001) are 

variable depending on the species analyzed, information about the variability of the 

in vivo AP activity among different species, measured by oxygen isotope 

fractionation, and its relationship with the AP capacity (i.e. the engagement) is 
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scarce (Millenaar et al., 2001) and specially at the leaf level (MacFarlane et al., 

2009). 

In the present study, oxygen isotope fractionation in the presence of CP (∆a) and AP 

(∆c) inhibitors was determined in leaves of $icotiana sylvestris, Cucumis sativus, 

Pisum sativum, Glycine max and Arabidopsis thaliana plants grown under similar 

controlled conditions in order to evaluate the variability of these parameters among 

species. Respiration and electron partitioning between cytochrome and alternative 

pathways as well as the AP capacity were also determined in order to study the 

contribution of AP to total respiration and its engagement in C3 species. 

 

MATERIAL A�D METHODS 

Plant material and growth conditions 

Plants of $icotiana sylvestris, Cucumis sativus, Pisum sativum, Glycine max and 

Arabidopsis thaliana were grown in pots containing a mixture of horticulture 

substrate and perlite (3:1) during 6 or 7 weeks and were kept under well-watered 

conditions, adding nutrient Hoagland solution once a week. All plants were grown 

in the same growth chamber under controlled conditions of temperature (25ºC), 

relative humidity (above 40%) and under 10/14h light/dark photoperiod. The 

growth light intensity used was of 150 µmol m-2 s-1 except for A. thaliana plants 

that was of 80 µmol m-2 s-1. 

 

Respiration and oxygen isotope fractionation measurements 

Measurements of leaf respiration and oxygen isotope fractionation as well as of 

alternative pathway capacity were performed in dark-adapted leaves at 25ºC as 

previously described (Florez-Sarasa et al., 2009).  

Changes in the 18O/16O ratios and oxygen consumption were determined with a 

dual-inlet mass spectrometer system (Delta XPlus, Thermo LCC, Bremen, 

Germany) as described in Florez-Sarasa et al. (2007). Calculations of the oxygen 

isotope fractionation were made as described in Ribas-Carbo et al. (2005a), and the 

electron partitioning between the two pathways in the absence of inhibitors was 

calculated as described in Guy et al., (1989). The r2 values of all unconstrained 

linear regressions between –ln f and ln (R/Ro), with a minimum of five data points, 

were at least 0.995, considered minimally acceptable (Ribas-Carbo et al., 1997). 

The electron partitioning to the alternative pathway (τa) was calculated as follows: 
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τa = ∆n – ∆c / ∆a – ∆c 

 

where ∆n, ∆c, ∆a are the oxygen isotope fractionation in the absence of inhibitors, in 

the presence of SHAM, and in the presence of KCN, respectively. In order to obtain 

∆a, leaves were incubated for 30 min by sandwiching between medical wipes 

soaked with a water solution of 10 mM KCN. In addition, a piece of medical wipe 

wetted with 10 mM KCN was placed in the cuvette. In order to obtain ∆c, leaves 

were cut in slices and incubated for 30-45 min in a 25 mM SHAM solution 

prepared from a stock of 1 M SHAM in dimethylsulfoxide. All stock solutions were 

freshly prepared before use. Values of ∆a for leaves of G. max were obtained from 

Ribas-Carbo et al. (2005b). Values of ∆c for leaves of G. max, $. sylvestris and A. 

thaliana were obtained from Ribas-Carbo et al. (2005), Vidal et al. (2007) and 

Florez-Sarasa et al. (2007). 

The individual activities of the cytochrome (vcyt) and alternative (valt) pathways 

were obtained by multiplying the total respiration rate (Vt) by τa as follows: 

 

νcyt =  Vt × (1 - τa) 

 

νalt = Vt × τa  

 

At least 4 replicates of 4 different plants were performed in each species. 

 

Statistical analyses 

A one way analysis of variance (ANOVA) with a level of significance of P-value 

<0.05 was performed with SPSS for Windows 17.0. Duncan post hoc test was used 

when statistically significant differences were obtained. 

 

RESULTS A�D DISCUSSIO� 

Respiration and oxygen isotope fractionation as well as the capacity of the 

alternative pathway were measured in fully expanded leaves at 25 ºC. All the 

species used were grown under similar controlled conditions at a light intensity of 

150 µmol m-2 s-1, except for A. thaliana plants that were grown at 80 µmol m-2 s-1. 
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Then, results on respiratory activities obtained in A. thaliana can not be directly 

compared to the other species because growth light intensity has been shown to 

affect respiratory activities. However no significant changes in the electron 

partitioning to alternative pathway (τa) have been observed in C. sativus (Florez-

Sarasa et al., 2009) and in A. thaliana plants (Florez-Sarasa et al., 2011 submitted) 

grown at different light intensities. Therefore, unlike for the respiratory activities, 

the results concerning to τa, oxygen isotope fractionation in the absence of 

inhibitors (∆n) and AP engagement of A. thaliana leaves were used for the 

comparisons among species. 

 

Leaf oxygen isotope fractionation by the cytochrome and alternative pathways 

Oxygen isotope fractionation of the cytochrome pathway (∆c) in leaves, measured 

after incubation with SHAM for 30-45 minutes, ranged from values of 18.9‰ in G. 

max to 21.3‰ in $. sylvestris (Table I). The mean ± standard error of the ∆c for all 

the species analyzed was of 20.3 ± 0.4‰. The results presented are similar to others 

obtained in leaves of several species by different research groups (reviewed in 

Ribas-Carbo et al., 2005a). Therefore, the constant ∆c in leaf tissue observed across 

different plant species suggest that a fix value of approximately 20‰ could be used 

for all the future experiments of oxygen isotope fractionation in leaves. 

 

Table I. Oxygen isotope fractionantion in the absence of inhibitors (∆n), in the presence of SHAM 

(∆c) and in the presence of KCN (∆a) in $icotiana sylvestris, Cucumis sativus, Pisum sativum, 

Glycine max and Arabidopsis thaliana. Values are means ± SE of 3-6 replicates.*In these species, 

some values were obtained from other studies as described in material and methods section. All the 

values presented were obtained with the same oxygen isotope fractionation measuring system except 

for G. max values. 

 

 

 

 

 

 

 

 

 ∆∆∆∆n (‰) ∆∆∆∆c (‰) ∆∆∆∆a (‰) 

�. sylvestris
*
 23.1 ± 0.2a 21.3 30.2 ± 0.1 

C. sativus 23.3 ± 0.1ab 20.3 ± 0.4 31.3 ± 0.2 

P. sativum 24.0 ± 0.2b 20.1 ± 0.2 30.7 ± 0.2 

G. max
*
 25.0 ± 0.3c 18.9 30.7 

A. thaliana* 23.7 ± 0.4ab 20.9 ± 0.8 30.7 ± 0.2 
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Regarding to the oxygen isotope fractionation of the alternative pathway (∆a), 

measured after incubation with KCN, values were also relatively constant ranging 

from 30.2 ± 0.1‰ in $. sylvestris to 31.3 ± 0.2‰ in C. sativus. The mean ± 

standard error of the ∆a for all the species analyzed was of 30.7 ± 0.2‰ (Table I). 

Again, this data is consistent with previous observations at the leaf level (Ribas-

Carbo et al., 2005a). Lower ∆a values were observed in non-green tissues (Robinson 

et al., 1995; Ribas-Carbo et al., 1997) and the reason seem to be the presence of 

different isoforms of AOX. Different catalytic and regulatory properties of different 

AOX isoforms could account for such differences in ∆a. The observation of the 

relatively constant ∆a among all species analyzed suggests that they all may contain 

leaf AOXs with similar biochemical properties. In agreement with these results, 

recent multiple sequences alignments of AOX proteins from different species 

showed that angiosperm species share common protein domains involved in 

catalytic and regulatory properties of the AOX (McDonald et al., 2009). 

 

Leaf respiration and partitioning to the alternative pathway 

Leaves of G. max plants presented the highest total respiration rates (Vt) followed 

by leaves of C. sativus (Table II). Vt was lower in leaves of $. sylvestris and P. 

sativum but was not significantly different between both. The highest cytochrome 

pathway activity (νcyt) was observed in C. sativus leaves (0.57 µmol O2 m
-2 s-1) 

followed by leaves of G. max, $. sylvestris and P. sativum with values of 0.50, 0.44 

and 0.32 µmol O2 m
-2 s-1, respectively (Table II). Differences on νcyt among species 

denote differences on metabolic energy requirements in these species, probably 

associated with ATP demanding processes for growth (Florez-Sarasa et al., 2007). 



General aspects of leaf respiration in vivo 

 117 

 

Figure 1. Relationship between alternative pathway activities (νalt) and alternative pathway 

capacities (Valt) obtained from leaves of $icotiana sylvestris, Cucumis sativus, Pisum sativum, 

Arabidopsis thaliana and Glycine max plants. Values are means ± SE of 4-8 replicates. 

 

Regarding to the AP, leaves of G. max showed more than double capacity of the AP 

(Valt), measured as cyanide resistant respiration, than leaves of  P. sativum and $. 

sylvestris, the last showing the lowest rates (Table II). Some studies have reported a 

very high AP capacity in G. max mature leaves (Sesay et al., 1986; McDonald et al., 

2002). Nevertheless, C. sativus leaves showed the highest Valt. Moreover, Valt (0.99 

± 0.04) was higher than Vt (0.78 ± 0.01) in these plants suggesting that Valt could 

even be underestimated (McDonald et al., 2002). The variability of Valt observed 

among species could be related to the amount of protein present in the leaves 

(Vanlerberghe et al., 1994). However, Valt did not correlate with AP activity (νalt) 

(Fig. 1), as was previously observed in roots of different monocotyledonous species 

(Millenaar et al., 2001). This lack of relationship between νalt and Valt denoted that 

Valt is not a good indicator of νalt, probably because νalt is regulated by other 

mechanisms than those that regulate Valt such as protein content (Millenaar and 

Lambers, 2003). νalt in leaves of G. max (0.55 ± 0.05) was more than two times 

higher than in the other species. In leaves of C. sativus (0.21 ± 0.01) and P. sativum 

(0.18 ± 0.01) νalt was similar and significantly higher than in $. sylvestris (0.11 ± 

0.01) (Table II). 

With regard to the engagement of the AP (ρ), calculated as the percentage of the νalt 

to Valt, there was a large variability of this parameter among species. Leaves of C. 

sativus showed the lowest ρ (21%) followed by leaves of P. sativum (44%) and $. 
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sylvestris (47%). The AP in leaves of G. max was 66% engaged while A. thaliana 

showed almost full engagement (Table II). These differences may have implications 

in the flexibility of the response of AOX activity among species. If a rapid increase 

on AOX activity is required under a sudden stress or particular metabolic 

fluctuation (Rasmusson et al., 2009), the species presenting a low ρ (i.e. C. sativus 

in this study) will be able to increase activity of AP through post-translational fine 

regulation of AOX. However, an increase on AP in the species with a high ρ (i.e. A. 

thaliana in this study) will not be possible unless capacity is modified by an 

increase in AOX protein synthesis. The results observed suggest that different 

species may have different fine (post-translational) and coarse (i.e. protein 

synthesis) regulation of AP as has been observed in other respiratory enzymes 

(Plaxton and Podesta, 2006). 

 

Table II. Total respiration (Vt), cytochrome pathway activity (νcyt), alternative pathway activity 

(νalt), alternative pathway capacity (Valt) and engagement of the alternative pathway (ρ, percentage 

of the ratio νalt / Valt) in leaves of $icotiana sylvestris, Cucumis sativus, Pisum sativum, Glycine max 

and Arabidopsis thaliana. Values are means ± SE of 4-8 replicates. Significant (P < 0.05) differences 

between $. sylvestris, C. sativus, P. sativum and G. max are denoted by different letters. 

 

Beside these differences in absolute respiratory activities, the proportion of AP to 

total respiration across species can be analyzed by comparing the electron 

partitioning to the alternative pathway (τa), calculated from the ∆c, ∆a and the 

oxygen isotope fractionation in the absence of inhibitors (∆n). The ∆n ranged from 

23.1 ± 0.2‰ in $. sylvestris to 25.0 ± 0.3‰ in G. max (Table I). The mean ± 

standard error of the ∆n for all species was of 23.8 ± 0.3‰. The τa was not 

significantly different in $. sylvestris (0.20 ± 0.03), C. sativus (0.27 ± 0.01) and A. 

 µµµµmol O2 m
-2
 s

-1
  

 Vt ννννcyt ννννalt Valt ρρρρ (%) 

�. sylvestris 0.55 ± 0.02a 0.44 ± 0.03b 0.11 ± 0.01a 0.23 ± 0.02a 47 

C. sativus 0.78 ± 0.01b 0.57 ± 0.01c 0.21 ± 0.01b 0.99 ± 0.04d 21 

P. sativum 0.50 ± 0.02a 0.32 ± 0.02a 0.18 ± 0.01ab 0.41 ± 0.02b 44 

G. max 1.05 ± 0.05c 0.50 ± 0.02b 0.55 ± 0.05c 0.84 ± 0.07c 66 

A. thaliana 0.32 ± 0.02 0.23 ± 0.01 0.09 ± 0.01 0.10 ± 0.01 95 
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thaliana (0.28 ± 0.04) while P. sativum showed significantly higher τa (0.37 ± 

0.02). The G. max plants presented the highest τa (0.52 ± 0.02) (Figure 2). 

Moreover, the higher νalt observed in G. max compared to the other species indicate 

that physiological differences among species may explain different requirements of 

AP. Nevertheless, all these results indicate that a significant proportion (21-52%) of 

the energy released by leaf respiration is not conserved under non-stress growth 

conditions. In agreement with these results, τa was shown to be in the rage of 0.21-

0.30 in leaves of $icotiana sativa, Cucurbita pepo and Vicia fava plants grown 

under non-stress conditions (Macfarlane et al., 2009). 

 

Figure 2. Electron partitioning between cytochrome and alternative pathways (τa) in leaves of 

$icotiana sylvestris, Cucumis sativus, Pisum sativum, Glycine max and Arabidopsis thaliana. Values 

are means ± SE of 4 replicates. Significant (P < 0.05) differences between species are denoted by 

different letters. 

 

The reason why the apparent wasteful AP is active under normal ‘non-stress’ 

situations remains elusive. Noctor et al. (2007) suggested that mitochondria could 

exert a control in redox homeostasis of the leaf cells in which photosynthetic 

oxygen and carbohydrate enriched environment is present. Therefore, a constant 

AOX activity would continuously consume the excess of carbohydrates preventing 

the over-reduction of the UQ pool and at the same time would scavenge oxygen 

reducing the probability of ROS production. Another possible explanation, which 

does not exclude the previous, would be that νalt is coupled to metabolic processes 

that are constantly occurring under non-stress conditions. A certain activity of AP 

may permit a continuous re-oxidation of the NAD(P)H to NAD(P)+ thus allowing a 

flux through TCA cycle uncoupled to ATP generation (Lambers et al., 1982). This 

constant and energy (ATP) uncoupled TCA flux would produce carbon skeletons 
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needed for N2 assimilation in leaves (Nunes-Nesi et al., 2007) and maybe for other 

biosynthetic processes. Indeed, it has been shown that AP contributes largely to 

maintenance respiration (i.e. providing carbon skeletons) while growth respiration 

is almost fully accounted by CP (Florez-Sarasa et al., 2007). 

 

CO�CLUSIO�S 

An important contribution of alternative pathway to total respiration has been 

observed in leaves of five C3 species suggesting a role of the AP under non-stress 

conditions. Nevertheless, the large variability on ρ among species denotes a 

different capability for uncoupling mitochondrial respiration from ATP synthesis 

under a possible stress situation. 
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CHAPTER 5. EFFECTS OF LIGHT 

O� LEAF RESPIRATIO� I� VIVO 

 

5.1 CHA�GES OF ALTER�ATIVE OXIDASE ACTIVITY, CAPACITY 

A�D PROTEI� CO�TE�T I� LEAVES OF CUCUMIS SATIVUS WILD-

TYPE A�D MSC16 MUTA�T GROW� U�DER DIFFERE�T LIGHT 

I�TE�SITIES 

 

5.2 I� VIVO CYTOCHROME A�D ALTER�ATIVE PATHWAY 

RESPIRATIO� I� LEAVES OF ARABIDOPSIS THALIA�A PLA�TS WITH 

ALTERED AOX CAPACITY U�DER DIFFERE�T LIGHT CO�DITIO�S  

 

5.3 THE RESPO�SE OF THE ALTER�ATIVE PATHWAY TO HIGH 

LIGHT STRESS A�D ITS RELATIO�SHIP WITH PHOTOI�HIBITIO� I� 

LEAVES OF DIFFERE�T C3 SPECIES 
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A�D PROTEI� CO�TE�T I� LEAVES OF CUCUMIS SATIVUS WILD-

TYPE A�D MSC16 MUTA�T GROW� U�DER DIFFERE�T LIGHT 

I�TE�SITIES 

 

Florez-Sarasa I, Ostaszewska M, Galle A, Flexas J, Rychter AM, Ribas-Carbo M 

(2009) Changes of alternative oxidase activity, capacity and protein content in 

leaves of Cucumis sativus wild-type and MSC16 mutant grown under different light 

intensities. Physiologia Plantarum 137: 419-426 

 

ABSTRACT 

In vitro studies demonstrated that alternative oxidase (AOX) is biochemically 

regulated by a sulfhydryl-disulfide system, interaction with α-ketoacids, ubiquinone 

pool redox state and protein content among others. However, there is still scarce 

information about the in vivo regulation of the AOX. Cucumis sativus wild-type 

(WT) and MSC16 mutant plants were grown under two different light intensities 

and were used to analyze the relationship between the amount of leaf AOX protein 

and its in vivo capacity and activity at night and day periods. WT and MSC16 

plants presented lower total respiration (Vt), cytochrome oxidase pathway (COP) 

activity (νcyt) and alternative oxidase pathway (AOP) activity (νalt) when grown at 

low light (LL), although growth light intensity did not change the amount of 

cytochrome oxidase (COX) nor AOX protein. Changes of νcyt related to growing 

light conditions suggested a substrate availability and energy demand control. On 

the other hand, the total amount of AOX protein present in the tissue does not play a 

role in the regulation neither of the capacity nor of the activity of the AOP in vivo. 

Soluble carbohydrates were directly related to the activity of the AOP. However, 

although differences in soluble sugar contents mostly regulate the capacity of the 

AOP at different growth light intensities, additional regulatory mechanisms are 

necessary to fully explain the observed results. 

 

I�TRODUCTIO� 

Plant mitochondria electron transport chain (ETC) is characterized by the existence 

of two electron transport pathways that branch at the ubiquinone (UQ) pool, the 

cytochrome oxidase pathway (COP) and the alternative oxidase pathway (AOP). 
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The AOP is constituted by the alternative oxidase (AOX), a quinol-oxidizing 

protein that reduces oxygen to water. The electron transport through this pathway 

bypasses two of the three sites of proton extrusion from the COP, thus reducing the 

ATP synthesis from mitochondrial ETC (Moore and Siedow, 1991). This 

energetically wasteful pathway has raised vast discussions about its biological 

function. To date, the only biological function attributed to AOP is related to the 

thermogenic flowering (Meeuse, 1975; Watling et al., 2006). In non-thermogenic 

tissues, a general role for the AOP remains to be confirmed, and several hypotheses 

have been postulated. Among them, AOP is thought to sustain mitochondrial 

electron transport when there is high cell energy charge or COP restriction 

(Lambers et al., 2005), giving higher flexibility to respiratory metabolism under 

fluctuating environments. Under such conditions, AOP might also prevent over-

reduction of the ETC reducing the formation of reactive oxygen species (Maxwell 

et al., 1999; Møller, 2001). The activity of the AOP can be regulated by the redox 

state and the size of the UQ pool (Dry et al., 1989; Ribas-Carbo et al., 1995b), post-

translational modifications of AOX-like formation of inter-disulfide bonds 

(Umbach and Siedow, 1993), protein content (Ribas-Carbo et al., 1997) and 

interaction with α-ketoacids (Millar et al., 1993). All these regulatory systems allow 

AOP to compete with an unsaturated COP which led to the conclusion that the only 

reliable method for measuring the activity of the AOP is the oxygen isotope 

fractionation technique (Day et al., 1996, Ribas-Carbo et al., 1995a). Using this 

technique, several studies have shown changes of the alternative pathway activity 

under phosphate starvation (Gonzalez-Meler et al., 2001), chilling recovery (Ribas-

Carbo et al., 2000a), severe water stress (Ribas-Carbo et al., 2005a) during 

thermogenesis in flowers of the sacred lotus (Watling et al., 2006), after acclimation 

to elevated CO2 (Gomez-Casanovas et al., 2007), with increased soil temperature 

(Rachmilevitch et al., 2007) and after induction of programmed cell death (Vidal et 

al., 2007). Several studies have suggested that light might be involved in the 

regulation of AOP activity, and vice versa, i.e. AOP activity might be involved in 

the regulation of plant responses to changes in light intensity/quality. After transfer 

to high light (HL) conditions, the AOP and the type II NAD(P)H dehydrogenases 

have been considered to be efficient dissipation systems for excess reductants from 

chloroplast as a mechanism of plant photoprotection (Noguchi and Yoshida, 2008). 

Moreover, AOP capacity has been related to the synthesis of ascorbic acid under 
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photo-oxidative stress conditions (Bartoli et al., 2006). In addition, the electron 

partitioning between cytochrome and alternative pathways has recently been shown 

to be modified by phytochrome (Ribas-Carbo et al., 2008). Earlier experiments 

showed higher activity of AOP in plants grown under HL (Noguchi et al., 2001). 

This increased AOP activity was related to higher levels of carbohydrates in sun 

species. Moreover, the AOP activity decreased from early to late night (Noguchi et 

al., 2001). On the other hand, in mitochondria isolated from leaves of Cucumis 

sativus, AOX protein and capacity decreased to undetectable levels after 8 h of 

darkness (Juszczuk et al., 2007). In leaves from these plants, AOX protein content 

was constitutively higher in MSC16, a genome rearrangement mutant that has lower 

Complex I activity, than in wild-type (WT) during the light period (Juszczuk and 

Rychter, 2009) while no differences were observed in the in vivo activity of AOP 

(measured at dark) (Juszczuk et al., 2007). However, whether diurnal changes on 

AOX expression affect its in vivo activity remains to be determined. Therefore, 

there seems to be some complex responses of AOP to diurnal and long-term 

variations in light intensities, probably involving both rapid and acclimation 

responses. In order to assess whether changes in AOX protein and AOP capacity 

affect light regulation of AOP, oxygen isotope fractionation during respiration and 

AOX protein content have been determined during day and night periods in leaves 

of C. sativus WT and MSC16 mutant grown under different light intensities (400 

and 150 µmol photons m-2 s-1). 

 

MATERIALS A�D METHODS 

Plant material and growth conditions 

Cucumber seeds (C. sativus L. cv. Borszczagowski) of WT or MSC16 mutant 

plants (obtained from Professor S. Malepszy, Warsaw Agricultural University) were 

germinated on wet filter paper, and after 4 days seedlings were transferred to 5 L 

pots containing a mixture of horticulture substrate and perlite (3:1). Plants were 

grown in a growth chamber under controlled conditions of 25/20ºC day/night 

temperature, above 40% relative humidity and 16 h photoperiod, and were irrigated 

regularly with Hoagland solution. Two sets of plants were grown under two 

different light intensities: photosynthetic photon flux density (PPFD) of 400 µmol 

m-2 s-1, considered HL, and 150 µmol m-2 s-1, considered low light (LL). Leaf 

samples for all the biochemical and respiration measurements were taken from the 
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first and the second fully expanded leaves after 4-6 h of the light period (day) or 

after 8-10 h dark period (night). WT and MSC16 plants used for sampling had 

developed four leaves. This stage was reached after 2 and 3 weeks after germination 

in HL grown WT and MSC16 plants and after 3 and 4 weeks after germination in 

LL grown WT and MSC16 plants, respectively. 

 

AOP capacity measurements 

Three 1 cm2 leaf discs were harvested from the same leaf, weighted and incubated 

in a solution containing 30 mM MES pH 6.2, 0.2 mM CaCl2 and potassium cyanide 

(KCN) 10 mM for 30 min in the dark. Oxygen uptake rates of the three leaf discs 

were measured in darkness using a liquid-phase Clark-type oxygen electrode (Rank 

Brothers) at a constant temperature of 25ºC. The capacity of the AOP (Valt) was 

determined as the cyanide resistant respiration that was sensitive to 20 mM 

salicylhydroxamic acid (SHAM). SHAM was prepared from a 1 M stock in 

dimethyl sulfoxide (DMSO). All solutions were always freshly prepared before use. 

To avoid oxygen-limiting conditions inside the cuvette, measurements were 

finished before oxygen concentration reached half air saturation levels. Five to eight 

replicates of three leaf discs each were performed at 8-10 h of dark period and at 4-

6 h of light period from plants grown in LL or HL in four different days. 

 

Respiration and oxygen isotope fractionation measurements 

Before respiration analysis, leaves were placed in the dark for 30 min to avoid light-

enhanced dark respiration. Then, one 10 cm2 leaf disc was collected at 8-10 h of 

dark period and at 4-6 h of light period from plants grown in LL or HL in four 

different days. After harvesting, leaf discs were immediately weighted and placed in 

a 3 ml stainless-steel closed cuvette maintained at a constant temperature of 25ºC 

using a copper plate and a serpentine around the cuvette with a temperature 

controlled water bath (Florez-Sarasa et al., 2007). Changes in the 18O/16O ratios and 

oxygen consumption were determined with a dual-inlet mass spectrometer system 

(Delta Plus XP, Thermo LCC, Bremen, Germany) as described in Florez-Sarasa et 

al. (2007). The mass ratios of 34/32 (18O2/
16O2) and 32/28 (

16O2/
28N2) were obtained 

from standard and sample air with dual-inlet analysis, performing six replicate 

cycles for each respiration measurement. Calculations of the oxygen isotope 

fractionation were made as described in Ribas-Carbo et al. (2005b), and the electron 
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partitioning between the two pathways in the absence of inhibitors was calculated as 

described by Guy et al. (1989). The r2 values of all unconstrained linear regressions 

between – ln f and ln (R/Ro), with a minimum of five data points, were at least 

0.995, considered minimally acceptable (Ribas-Carbo et al., 1997). The electron 

partitioning through the AOP (τa) was calculated as follows: 

 

τa = ∆n - ∆c / ∆a - ∆c 

 

where ∆n, ∆c and ∆a are the oxygen isotope fractionation in the absence of 

inhibitors, in the presence of SHAM and in the presence of KCN, respectively. As 

COP discrimination has been shown to be very constant (Ribas-Carbo et al., 

2005b), ∆c value used was 20.0‰ obtained from Juszczuk et al. (2007). For KCN 

inhibitor treatments, leaf discs were incubated for 30 min by sandwiching between 

medical wipes soaked with a water solution of 10 mM KCN. In addition, a piece of 

medical wipe wetted with 10 mM KCN was placed in the cuvette. ∆a value obtained 

was 31.3‰. All stock solutions were freshly prepared before use. The individual 

activities of the COP (νcyt) and AOP (νalt) were obtained by multiplying the total 

oxygen uptake rate (Vt) and the partitioning to each pathway as follows: 

 

νcyt =  Vt × (1 - τa) 

 

νalt = Vt × τa 

 

Results are the average of four replicates with a different leaf disc each. 

 

Extraction and determination of soluble protein and sugars 

Three to four leaf samples (1.6 cm2 leaf discs) were collected at 8-10 h of dark 

period and at 4-6 h of light period from plants grown in LL or HL in three to four 

different days and immediately frozen in liquid N2. Leaf discs were ground to fine 

powder in the presence of polyvinylpolypyrrolidone (PVPP). Soluble proteins and 

sugars were extracted with a buffer containing 0.5 M Tris, 10 mM EDTA, 1% 

Triton X-100, 5 mM DTT and 0.25% protease-inhibitor cocktail (Sigma-Aldrich 

Co.). The homogenates were centrifuged at 15000 g for 5 min at 4ºC. Total soluble 
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protein in the supernatant was determined according to Bradford (1976), and total 

soluble sugar was determined according to Roulin and Feller (2001). 

 

Protein SDS–PAGE and immunodetection 

Soluble fractions of the crude extracts were mixed 1:1 with SDS-sample buffer (0.5 

M Tris, 0.3% Glycerol, 1.5% SDS, 0.15% Bromophenolblue and 5 µM DTT) and 

boiled for 5 min. One hundred micrograms of protein were loaded and separated on 

12% SDS-PAGE gels and transferred to nitrocellulose membranes using wet Mini-

PROTEAN system of Bio-Rad. A 1/50 dilution of the monoclonal antibody against 

AOX (Elthon et al., 1989), a 1/500 dilution of the monoclonal antibody against the 

voltage-dependent anion channel porin (PM035, from Dr Tom Elthon, Lincoln, 

NE), and a 1/3000 dilution of the polyclonal antibody against the subunit II of the 

cytochrome oxidase (COX) (AS04053A, Agrisera Co., Sweden) were used as 

primary antibodies. Immunodetection of mitochondrial proteins (AOX, COX and 

porin) via colorimetric assay was carried out with the BCIP/NBT alkaline 

phosphatase system according to the manufacturer’s instructions (Sigma-Aldrich 

Co.). Densitometry quantification of the bands was made with TotalLab Software 

(Nonlinear Dynamics Ltd, UK). 

 

Statistical analyses 

A multivariant analysis of variance (ANOVA) with a level of significance of P-

value <0.05 was performed with SPSS for Windows 16.0. Duncan post hoc test was 

used when statistically significant differences were obtained. 

 

RESULTS 

Leaf respiration, oxygen isotope fractionation, mitochondrial oxidases protein 

amount and soluble sugar contents were measured, after 4-6 h of light and after 8-

10 h of darkness, in leaves of WT and MSC16 C. sativus L. cv. Borszczagowski 

grown at light intensities of 400 µmol m-2 s-1 (HL) and 150 µmol m-2 s-1 (LL). 

 

Effect of growing light intensity on respiratory activities, protein content and 

soluble carbohydrate amounts 

Higher growth light intensity induced higher total respiration (Vt), COP activity 

(νcyt), AOP activity (νalt) and AOP capacity (Valt) in WT and MSC16 regardless of 
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the time of measurement (Tables 1 and 2). The electron partitioning through AOX 

(τa) remained constant (Table 1), and hence the COX/AOX proportion was 

maintained in both WT and MSC16 leaves. Unlike respiration rates, growth light 

intensity did not change COX and AOX protein content in both WT and MSC16 

(Fig. 1). Soluble sugar amounts were significantly higher in HL-grown than in LL-

grown plants (Table 2 and Fig. 2). 

 

Table 1. Total respiration (Vt), electron partitioning through alternative pathway (τa), COP activity 

(νcyt) and AOP activity (νalt) in leaves of wild type (WT) and MSC16 mutant Cucumis sativus plants 

after 4-6 h light period (Day) or after 8-10 h dark period (Night) grown under high light (HL) and 

low light (LL). Values are means and SE of four to eight replicates. 

 

 

Table 2. Multivariant ANOVA analysis of all the variables measured. Plant type, growth light and 

measurement time were analyzed as independent factors. The double and triple interactions were 

omitted as they were not significant with a P-value of < 0.05. Asterisks indicate a P-value < 0.05. 

 

 

 

 

 

 

 

 

 

 

 HL LL 

Day �ight Day �ight  

WT MSC16 WT MSC16 WT MSC16 WT MSC16 

Vt 1.58 ± 0.18 1.68 ± 0.13 1.66 ± 0.08 1.78 ± 0.19 0.91 ± 0.09 1.14 ± 0.06 1.06 ± 0.03 1.10 ± 0.06 

ττττa 0.28 ± 0.02 0.31 ± 0.01 0.25 ± 0.01 0.31 ± 0.01 0.29 ± 0.02 0.30 ± 0.01 0.27 ± 0.02 0.30 ± 0.00 

ννννcyt 1.14 ± 0.16 1.16 ± 0.09 1.24 ± 0.06 1.22 ± 0.12 0.65 ± 0.08 0.80 ± 0.05 0.77 ± 0.05 0.77 ± 0.05 

ννννalt 0.44 ± 0.03 0.52 ± 0.05 0.42 ± 0.03 0.56 ± 0.07 0.26 ± 0.01 0.34 ± 0.01 0.29 ± 0.01 0.33 ± 0.02 

Valt 1.54 ± 0.14 1.39 ± 0.17 1.29 ± 0.08 1.32 ± 0.07 1.03 ± 0.06 1.03 ± 0.08 1.00 ± 0.04 1.06 ± 0.10 

 Growth light Plant type Measurement time 

Vt 0.000* 0.087 0.230 
ττττa 0.622 0.001* 0.075 
vcyt 0.000* 0.487 0.187 
valt 0.000* 0.000* 0.531 
Valt 0.052 0.940 0.636 

AOX / Porin 0.223 0.037* 0.335 
Soluble 

Carbohydrates 0.001* 0.006* 0.242 
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Comparison of WT and MSC16 plants 

Total respiration, νcyt and Valt were similar between WT and MSC16 within any 

given treatment (Tables 1 and 2). τa and νalt were significantly higher in MSC16 

than in WT (Tables 1 and 2). Similarly, AOX protein content was significantly 

higher (Fig. 1 and Table 2) in MSC16 than in WT while COX protein levels were 

similar (Fig. 1). Moreover, soluble carbohydrate contents were higher in MSC16 

than in WT (Table 2 and Fig. 2). 

 

 

 

 

 

Figure 1. (A) Western blot analysis of AOX, COX and mitochondrial porin proteins in leaves of 

wild type (WT) and MSC16 mutant (MSC) C. sativus plants after 4-6 h of the light period (day) or 

after 8-10 h dark period (night) grown under high light (HL) and low light (LL). (B) Relative values 

of AOX protein abundance were obtained by dividing densitometry of AOX and porin bands of the 

western blots. White and grey bars indicate HL and LL grown plants, respectively. Values are means 

and SE of three replicates. 

 

Comparison of day and night measurements 

In general, Vt, νcyt, νalt and Valt showed no significant differences between day and 

night (Tables 1 and 2). In addition, no changes in protein content of both COX and 

AOX were observed between day and night (Fig. 1 and Table 2). Similarly, total 

soluble carbohydrate content was not significantly different between day and night 

periods (Fig. 2 and Table 2). 
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Figure 2. Content of total soluble carbohydrates of leaves of wild type (WT) and MSC16 mutant 

(MSC) C. sativus plants after 4-6 h light period (day) or after 8-10 h dark period (night) grown under 

high light (HL, white bars) and low light (LL, grey bars). Values are means and SE of three to four 

replicates. 

 

DISCUSSIO� 

The initial goal of this research was to study how the electron partitioning between 

mitochondrial respiratory pathways behaves in leaves from plants grown under 

different light intensities. Considering that the regulation of the activity of the AOX 

was proposed to be related to the amount of AOX protein present, leaves of C. 

sativus WT and MSC16 were selected because they present different amounts of 

AOX protein (Juszczuk et al., 2007). In agreement with the results of Noguchi et al. 

(2001), respiration was lower in plants grown under LL, both in WT and MSC16, 

concomitant with lower soluble carbohydrates content. Consequently, it is quite 

likely that the lower availability of sugars limits the activity of the cytochrome 

pathway (νcyt) in WT plants grown under LL. Moreover, Szal et al. (2008) observed 

that during light, NAD(H) mitochondrial fraction of MSC16 was more oxidized 

compared with WT which could explain why although MSC16 leaves showed 

higher levels of soluble carbohydrates than WT leaves (Fig. 2) they presented 

similar νcyt (Table 1). Higher levels of soluble carbohydrates in MSC16 leaves 

suggest that these plants have a limited carbohydrate export from leaves, since the 

production of sugars must be lower and its consumption higher than in WT, due to 

slightly lower photosynthesis and slightly higher respiration rates, respectively 

(Juszczuk et al., 2007). A limitation in the export of sugars may partially explain 

why growth of these plants is severely restricted when compared with WT, and thus 

it deserves further experiments. Regardless of the mechanisms, the higher amounts 
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of soluble sugars in leaves of MSC16 plants imply that additional control of νcyt 

may be present. This has previously been observed in roots of Poa annua, where 

soluble carbohydrates were not the only point of control of νcyt (Millenaar et al., 

2002), and in leaves of $icotiana tabacum and Phaseolus vulgaris, where νcyt was 

suggested to be regulated by carbohydrates, Pi and ADP availability (Gonzalez-

Meler et al., 2001). Notably, no major changes were observed on the COX protein 

content in all conditions tested in both WT and MSC16 (Fig. 1). Taken together, 

these results suggest that soluble sugars might be important in controlling COX 

activity in C. sativus leaves (Fig. 3), although control by ATP demand due to 

reduced costs for maintenance of photosynthetic components and carbohydrates 

export under LL conditions (Noguchi, 2005) cannot be discarded. Regarding the 

AOP, a clear relationship between the amount of protein of AOX and the capacity 

of the AOP (Valt) has previously been described (Lennon et al., 1997; Gonzalez-

Meler et al., 1999). However, in the present experiments, Valt (Table 1) did not 

correlate with the amount of protein (Fig. 1). This would indicate that an additional 

regulation of Valt was present. Other regulations besides protein content might be 

substrate limitation or post-translational control. The fact that Valt was similar to Vt 

under LL conditions, in both WT and MSC16 leaves, would indicate that Valt might 

be underestimated due to substrate limitation, as discussed in McDonald et al. 

(2002). On the other hand, similar Valt in WT and MSC16 leaves, despite higher 

content of soluble carbohydrates and AOX protein content, would suggest the 

presence of an additional post-translational control of AOX protein. In isolated 

mitochondria from C. sativus, Juszczuk et al. (2007) observed the disappearance of 

AOX protein after 8 h of darkness. Unlike in isolated mitochondria, the amount of 

AOX protein present in leaves does not significantly change between day and night 

measurements (Fig. 1). This reinforces previous observations indicating that the 

AOX gene transcripts seem to be diurnally regulated, but post-translational 

regulation of AOX activity might be energetically more favored than daily protein 

degradation and resynthesis (Rasmusson and Escobar, 2007). 

AOX activity (νalt) in shade species has been suggested to be regulated by the 

reduction state of its disulfide bonds under LL conditions (Noguchi et al., 2005). 

Moreover, the UQ pool could be less reduced due to the lower level of respiratory 

substrates (Noguchi et al., 2001). This would explain the lower AOX activity 
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observed in both WT and MSC16 leaves (Table 1). Similar results have been 

obtained in Arabidopsis thaliana leaves where νalt was lower under LL compared 

with HL growing conditions. However, when plants have been subjected to 

continuous darkness and depletion of carbohydrates, no major changes in νalt have 

been observed (I. Florez-Sarasa, unpublished results) similar to the observations in 

roots of P. annua after transfer from HL to LL conditions (Millenaar et al., 2000). A 

clear relationship between AOX activity and soluble carbohydrate content has been 

shown here (Fig. 3). Regulation of νalt in leaves of different species has been shown 

to be independent of the level of carbohydrates (Gonzalez-Meler et al., 2001) and 

the regulation of νalt by light was not related to carbohydrates content (Ribas-Carbo 

et al., 2000b), however, in our study, a direct effect of light intensity cannot be 

separated of carbohydrate content, as both have been decreased in LL growing 

conditions. Nevertheless, higher νalt in MSC16 leaves with respect to WT leaves 

could be explained by higher levels of respiratory substrates, because soluble sugar 

contents were higher in MSC16 than in WT regardless of the growing light 

intensity. 

 

Figure 3. The relationship between respiratory activities (total respiration [Vt], cytochrome oxidase 

pathway activity [νcyt] and alternative oxidase pathway activity [(νalt]) and total soluble 

carbohydrates in leaves of wild type (WT) and MSC16 mutant (MSC) C. sativus plants after 4-6 h 

light period (day) or after 8-10 h dark period (night) grown under high light (HL) and low light (LL). 

Correlation coefficients are indicated as r2 values. 
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CO�CLUSIO�S 

Changes in growth light intensity induce changes in the activity of the 

alternative pathway in leaves 

The total amount of AOX protein present in the tissue does not play a role in the 

regulation neither of the capacity nor of the activity of the alternative pathway in 

vivo. Although carbohydrates are directly related with the activity of the alternative 

pathway, additional effects of the growth light intensity cannot be discarded as both 

have not been separated. This is of special importance because the capacity of the 

alternative pathway is clearly not only regulated by soluble sugar content. 
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5.2. I� VIVO CYTOCHROME A�D ALTER�ATIVE PATHWAY 

RESPIRATIO� I� LEAVES OF ARABIDOPSIS THALIA�A PLA�TS WITH 

ALTERED ALTER�ATIVE OXIDASE U�DER DIFFERE�T LIGHT 

CO�DITIO�S  

 

Florez-Sarasa I, Flexas J, Rasmusson AG, Umbach AL, Sideow JN, Ribas-Carbo M 

(2011) In vivo cytochrome and alternative pathway respiration in leaves of 

Arabidopsis thaliana plants with altered AOX capacity under different light 

conditions. Plant Cell and Environment (submitted) 

 

ABSTRACT 

The in vivo activity of the alternative pathway (valt) has been studied using the 

oxygen isotope fractionation method in leaves of Arabidopsis thaliana modified for 

the expression of the AtAOX1a gene by anti-sense (AS-12) or overexpression (XX-

2). Under non-stressful conditions, valt was similar in all plant lines regardless of 

their different alternative pathway capacities (Valt). Total leaf respiration (Vt) and 

Valt were directly related to growth light conditions while electron partitioning (τa) 

between the cytochrome (CP) and alternative (AP) pathways was unchanged by 

light levels. Interestingly, the alternative pathway functioned at full capacity in anti-

sense plants under both growth light conditions. The role of the AP in response to a 

high light stress induced by short-term high-light treatment was also studied. In 

wild-type and XX-2, both CP and AP increased proportionally after high light 

treatment while in AS-12, where the AP was unable to increase its rate, the CP 

accommodated all the increase in respiration. The results obtained under high light 

stress suggest that flexibility in the response of the mitochondrial electron transport 

chain is involved in sustaining photosynthetic rates in response to this stress while 

the saturated AP in AS-12 plants may contribute to the observed increase in 

photoinhibition. 

 

I�TRODUCTIO� 

Plant respiration involves a combination of three sets of sequential reactions that are 

termed glycolysis, the tricarboxylic acid (TCA) cycle and the mitochondrial 

electron transport chain (ETC), respectively. The latter is localized on the inner 

mitochondrial membrane and is composed of several oxidoreduction reactions 
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where electrons flow from several dehydrogenases to terminal oxidases via a redox-

active ubiquinone (UQ) pool (Lambers et al., 2005). Coupled with the electron 

movement there is also a proton transport across the inner membrane from the 

mitochondrial matrix to the intermembrane space creating an electrochemical 

proton gradient used for powering ATP synthesis. The proton extrusion occurs in 

Complex I, and in Complexes III and IV of the so-called cytochrome pathway (CP). 

However, the plant mitochondrial ETC also contains several proteins that bypass or 

prevent energy conservation. Among them, the type II NAD(P)H dehydrogenases 

bypass proton translocation through Complex I (Rasmusson et al., 2008) and 

uncoupling proteins can dissipate the proton gradient (Vercesi, 2001). Additionally, 

the alternative oxidase (AOX) gives rise to a cyanide-insensitive alternative 

pathway (AP) that diverges from the CP at the level of UQ pool (Moore and 

Siedow, 1991) bypassing complexes III and IV. Regulation of electron partitioning 

between CP and AP is very important as it determines the energetic efficiency of 

plant respiration.  

Previous studies demonstrated that both respiratory pathways compete for electrons 

from the reduced UQ pool (Hoefnagel et al., 1995; Ribas-Carbo et al., 1995). 

Therefore, the partitioning of electrons between the two respiratory pathways will 

depend on the individual activities of each pathway, which in turn, are regulated by 

the biochemical properties of their individual components. In response to the 

cellular metabolic status, the cytochrome pathway is mainly regulated by the 

availability of substrates (i.e. reduced UQ provided by the oxidation of glycolysis 

and TCA cycle intermediates) and by energy demand (i.e. ADP availability) via the 

proton motive force. CP can also be down-regulated or inhibited by direct inhibition 

of COX exerted by natural inhibitors like nitric oxide, carbon dioxide, sulfide, 

cyanide and certain allelochemicals (Lambers et al., 2005). On the other hand, 

transfer of electrons from reduced UQ to oxygen via the AP is not coupled to ATP 

production (Moore and Siedow, 1991), but its activity is nevertheless influenced by 

several factors. First of all, AP activity depends of the availability of substrate (i.e. 

electrons from the UQ pool). Moreover, the activity of the AP is also affected by 

the activation state of AOX which is regulated by several factors. Umbach and 

Siedow (1993) demonstrated that AOX activity is modulated by oxidation/reduction 

of the enzyme through a disulfide/sulfhydryl system. This system allows the 

reversible formation of a disulfide bond between adjacent monomers of the AOX 
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dimer leading to either a covalently-linked inactive dimer or a non-covalently 

linked active AOX dimer, respectively. In addition, Millar et al. (1993) and Umbach 

et al. (1994) demonstrated that the activity of AOX is stimulated by the presence of 

pyruvate. Finally, the total amount of AOX protein present can, under certain 

circumstances, be a limiting factor for AP activity (Ribas-Carbo et al., 1997), 

although the exact relationship between the amount of AOX protein and in vivo AP 

activity remains unclear (Rasmusson et al., 2009). Several studies have shown no 

direct relationship between changes in AOX protein content detected with 

immunoblotting techniques and in vivo AP activity (Gonzalez-Meler et al., 1999, 

Gonzalez-Meler et al., 2001, Ribas-Carbo et al., 2005). A similar lack of 

relationship between the amount of AOX protein and AP activity was observed 

when the level of AOX protein was modified by salicylic acid treatment (Lennon et 

al., 1997), by genetic modification of AOX protein content (Guy and Vanlerberghe, 

2005) or by mitochondrial mutations (Juszczuk et al., 2007; Vidal et al., 2007). On 

the other hand, during the thermogenic stage in sacred lotus, an increase in AOX 

protein during the transition from the pre-thermogenic to the thermogenic stage is 

likely necessary for the observed increase in AP and thermogenic activity (Grant et 

al., 2008). 

In Arabidopsis thaliana, AOX protein is encoded by a multigene family with tissue-

specific expression (Saisho et al. 1997). The AtAOX1a gene is the most expressed 

isoform in all tissues (Clifton et al., 2006). A. thaliana transgenic or mutant plants 

with modified expression of AtAOX1a have been used to study the function of the 

AP in vivo (reviewed by Vanlerberghe et al., 2009). An extensive characterization 

at the transcript level of A. thaliana AtAOX1a anti-sense and overexpressing lines 

suggested that AOX function can have repercussions upstream of the mitochondrial 

electron transfer chain and outside mitochondria under non-stress growth conditions 

(Umbach et al., 2005). In relation to this, changes in several mRNA levels for 

transcription factor, oxidative stress-responsive and chloroplast-related protein 

genes have been observed in AtAOX1a T-DNA insertion lines under non-stress 

conditions (Giraud et al., 2008). Despite changes at the transcript level, AtAOX1a-

altered plants have not displayed major changes in metabolite levels, total 

respiration, photosynthetic performance or growth under non-stressful conditions 

(Umbach et al., 2005; Giraud et al., 2008; Watanabe et al., 2008). However, 

AtAOX1a-modified plants showed altered phenotypes when subjected to low 
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growing temperatures (Fiorani et al., 2005), drought and moderate light (Giraud et 

al., 2008) or salt stress (Smith et al., 2009). In agreement with this, several studies 

have shown that AOX expression is triggered by different stressful conditions 

suggesting a general role of AOX in cell reprogramming under stress (Arnholdt-

Schmitt et al., 2006; Clifton et al., 2006). This hypothesis is sustained by the 

specific role of AOX in avoiding mitochondrial ROS formation (Maxwell et al., 

1999) by lowering the UQ pool reduction level (Purvis and Shewfelt, 1993; Møller, 

2001). However, there is still no direct evidence relating ROS production with 

changes in in vivo AP activity. Therefore, it is important to know to what extent the 

in vivo activity of AP is changed in plants with altered levels of AOX protein under 

non-stress as well as stress conditions. 

Among different environmental factors, light has been demonstrated to be a direct 

regulator of plant respiration (Rasmusson and Escobar 2007). High light induces 

changes in the expression of genes related to different mitochondrial ETC 

components such as type II NAD(P)H dehydrogenases, AOX and succinate 

dehydrogenase (Escobar et al., 2004; Rasmusson and Escobar, 2007; Yoshida and 

Noguchi 2009; Popov et al., 2010). In addition, but likely by a separate mode of 

action, light regulates respiration and electron partitioning between CP and AP 

(Ribas-Carbo et al., 2000, 2008).The effect of light on respiration may be linked to 

interactions between photosynthetic and respiratory metabolism (Hurry et al., 

2005). Photosynthesis produces triose phosphates (TPs) that are exported to the 

cytosol and used for sucrose synthesis. The ATP needed for the synthesis of sucrose 

is thought to be supplied by mitochondrial oxidative phosphorylation (Krömer et 

al., 1993) although some experimental evidences do not support this hypothesis 

(Carrari et al., 2003). Also, sucrose and/or TPs can be oxidized via glycolysis to 

produce substrates for the TCA cycle in mitochondria. Additionally, glycine 

produced by the photorespiratory pathway is a major substrate for respiration in the 

light (Dry et al., 1983; Bauwe et al., 2010).  In this context, alterations in growth 

light intensity can induce changes in the in vivo activities of both CP and AP that 

can be attributed to changes in respiratory substrate availability (Noguchi et al., 

2001; Florez-Sarasa et al., 2009). The importance of CP and AP during illumination 

and in optimizing photosynthesis has been demonstrated by the use of specific 

inhibitors (Krömer 2005, Padmasree et al., 2002; Bartoli et al., 2005; Yoshida et al., 

2006). At the whole leaf level, CP and AP inhibitors decrease O2 evolution under 
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high light conditions by reducing the chloroplast electron transport rate and 

photochemical quenching as well as increasing non-photochemical quenching. 

However, AP, but not CP, inhibitors also affect photosynthesis under low light 

conditions (Yoshida et al., 2006). Moreover, induction of AOX expression was 

observed under high light conditions in correlation with increases in enzyme 

activities related to the transport of reducing equivalents from chloroplasts to 

mitochondria. Such observations have led to the proposal of a role for AOX in 

dissipating excess reductant derived from the chloroplast under conditions of excess 

light (Yoshida et al., 2007). However, the in vivo contribution of the AP to total 

respiration under conditions of excess light is still unknown (Yoshida et al., 2008). 

In this work, transformed A. thaliana plants with altered levels of AOX protein 

were grown under two light intensities. Moreover, AOX-transformed plants were 

also subjected to high light photoinhibitory conditions. The objectives of this study 

were to determine (i) how changes in AOX protein content affect CP and AP 

activity in vivo; (ii) how growth light intensity affects CP and AP activity and 

capacity in transgenic plants modified for AOX relative to each other and to wild-

type, and (iii) whether there is a role for AP in optimizing photosynthetic 

performance under conditions of excess of light. 

 

MATERIALS A�D METHODS 

Plant material and growth conditions 

Seeds from Arabidopsis thaliana Columbia 0 (Col 0), AtAOX1a anti-sense (AS-12) 

and overexpressing (XX-2) lines (for further details see Umbach et al., 2005) were 

sown on pre-wetted pots containing perlite:vermiculite:soil (1:1:2) and stratified for 

2 days at 4ºC. After removing excess seedlings, two plants per pot were grown for 

32 days in a growth chamber under controlled day/night temperature of 26ºC/24ºC, 

relative humidity above 40% and a photoperiod of 12 hours. Two sets of plants 

were grown at different light intensities:  80 ± 10 µmol quanta m-2 s-1, considered 

low light (LL); and 300 ± 50 µmol quanta m-2 s-1, considered moderate light (ML). 

For the high light treatment (HLT), plants grown at 80 µmol quanta m-2 s-1 were 

exposed to 800 µmol m-2 s-1 for 2 and 8 hours. 

 

Respiration and oxygen isotope fractionation measurements 
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Plants grown under LL, ML and after HLT were placed in the dark for 30 min to 

avoid light-enhanced dark respiration. Respiration and oxygen isotope fractionation 

measurements were performed as described in Florez-Sarasa et al. (2007). At least 4 

replicates, each containing leaves from 3 plants, were performed per genotype and 

experimental condition. 

For the calculation of the respiratory partitioning to the alternative pathway (τa), the 

oxygen isotope fractionation by the alternative oxidase (∆a) was determined in the 

presence of 10 mM KCN. Values of ∆a obtained were 30.2 ± 0.7‰, 30.7 ± 0.2‰ 

and 30.6 ± 0.1‰ in AS-12, Col 0 and XX-2 plants (6 replicates), respectively. The 

∆a mean value of 30.5‰ was used for all the partitioning calculations, as the ∆a 

values were not significantly different between the genotypes. The oxygen isotope 

fractionation value for the cytochrome pathway (∆c) used was 20.9‰, obtained 

from Florez-Sarasa et al. (2007) in A. thaliana. 

Determination of the capacity of the alternative pathway (Valt) was performed in at 

least 7 replicates of leaves from 3 plants each with an oxygen electrode as described 

in Florez-Sarasa et al. (2009).  

Leaf area was determined with a portable leaf area meter AM 3000 (ADC 

Bioscientific Ltd., England) after respiration measurements. 

 

Leaf gas exchange and chlorophyll fluorescence measurements 

Net CO2 assimilation (AN), stomatal conductance (gs) and chlorophyll a 

fluorescence were measured simultaneously with an open infrared gas-exchange 

analyser system (Li-6400; Li-Cor Inc., Lincoln, NE, USA) equipped with a leaf 

chamber fluorometer (Li-6400-40, Li-Cor Inc.). Eight to twelve measurements per 

light treatment (LL and after 2 and 8 h of HLT, see above) were performed on 

leaves from different plants. Measurements of plants under LL and after HLT were 

carried out at a photosynthetically active photon flux density (PPFD) of 80 and 800 

µmol m-2 s-1, respectively (provided by the light source of the Li-6400 with 10% 

blue light). The CO2 concentration in the Li-6400 leaf chamber (Ca) was set to 400 

µmol CO2 mol
-1 air and temperature was 25ºC. 
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The actual quantum efficiency of the photosystem II (PS II)-driven electron 

transport (ΦPSII) was determined from the fluorescence measurements according to 

Genty et al. (1989) as 

 

ΦPSII = (Fm` – Fs)/Fm`, 

 

 where Fs is the steady state fluorescence in the light (here PPFD 80 or 800 µmol m
-

2 s-1)  and Fm` the maximum fluorescence obtained with a light-saturating pulse 

(~8000 µmol m-2 s-1). As ΦPSII represents the number of electrons transferred per 

photon absorbed by PS II, the rate of electron transport (ETR) can be calculated as 

 

ETR (µmol e- m-2 s-1) = ΦPSII · PPFD · α, 

 

where the term α includes the product of leaf absorptance and the partitioning of 

absorbed quanta between photosystems I and II. The α value used was 0.454, 

determined in A. thaliana plants grown under similar conditions (Flexas et al., 

2007). In addition, photochemical quenching (qP) and non-photochemical 

quenching (NPQ) were determined as described previously (Maxwell and Johnson, 

2000).  

 

Maximum quantum efficiency of PSII (Fv/Fm) was obtained from chlorophyll 

fluorescence measurements in rosette leaves after 1 and 30 min of dark adjustment 

with a portable pulse amplitude modulation fluorometer (PAM-2000, Walz, 

Effeltrich, Germany) as described in Galle et al. (2007). The percentage of total 

photoinhibition (%TPI), chronic photoinhibition (%CPI) and dynamic 

photoinhibition (%DPI) were determined as follows:  

 

%TPI = ((Fv/Fmmax - Fv/Fm1min) / (Fv/Fmmax)) x 100, 

 

%CPI = ((Fv/Fmmax - Fv/Fm30min) / (Fv/Fmmax)) x 100, 

 

%DPI = %TPI - %CPI, 
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where the Fv/Fmmax value was obtained from the mean value of  Fv/Fm30 under LL 

for each line. Eight to twelve replicates from single plants were performed in each 

plant genotype and experimental condition. 

 

Statistical analyses 

All the data presented belong to two experiments with different groups of plants 

grown on separate dates in the same growth chamber and under the same 

conditions. A one-way analysis of variance (ANOVA) with a level of significance 

of P-value <0.05 was performed with SPSS for Windows 17.0. Duncan post-hoc 

test was used when statistically significant differences were obtained. 

 

RESULTS 

Effect of growth light on respiration and electron partitioning in plants with 

different AOX levels 

Wild-type Columbia 0 (Col 0), AtAOX1a anti-sense (AS-12) and AtAOX1a 

overexpressing (XX-2) plants of A. thaliana were grown either at low light (80 

µmol quanta m-2 s-1; LL) or at moderate light (300 µmol quanta m-2 s-1; ML) 

conditions. Respiratory rates were determined after a 30 min dark treatment. On 

average, total respiration (Vt) was higher in ML-grown (0.66 µmol O2 m
-2 s-1) than 

in LL-grown plants (0.37 µmol O2 m
-2 s-1). Conversely, electron partitioning to the 

alternative pathway (τa) was not significantly affected by the increase in growth 

light (τa = 0.32). Therefore, the activities of both the cytochrome (νcyt) and 

alternative (νalt) pathways were higher in ML-grown than in LL-grown plants, 

increasing from 0.25 to 0.45 µmol O2 m
-2 s-1 for the cytochrome pathway (Table I) 

and from 0.12 to 0.21 µmol O2 m
-2 s-1 for the alternative pathway (Fig. 1). 

However, no differences between the three plant lines were observed with respect to 

Vt, τa, νcyt nor νalt (Table I and Fig. 1). 

 



Effects of light on leaf respiration in vivo 

 155 

Table I. Total respiration (Vt, µmol O2 m
-2 s-1), electron partitioning to the alternative pathway (τa) 

and cytochrome pathway activity (νcyt, µmol O2 m
-2 s-1) in leaves of AS-12, Col 0 and XX-2 (see 

material and methods) Arabidopsis thaliana plants grown at 80 and 300 µmol quanta m-2 s-1. Values 

are means ± SE of 6-16 replicates. Significant differences (P < 0.05) are denoted by different letters. 

 

80 µµµµmol quanta m
-2
 s
-1
 300 µµµµmol quanta m

-2
 s
-1
 

 AS-12 Col 0 XX-2 AS-12 Col 0 XX-2 

Vt  0.37 ± 0.02a 0.36 ± 0.01a 0.38 ± 0.02a 0.64 ± 0.02b 0.66 ± 0.02b 0.69 ± 0.02b 

ττττa 0.33 ± 0.02a 0.30 ± 0.02a 0.35 ± 0.02a 0.33 ± 0.02a 0.33 ± 0.02a 0.31 ± 0.02a 

ννννcyt  0.25 ± 0.02a 0.25 ± 0.01a 0.25 ± 0.02a 0.43 ± 0.02b 0.45 ± 0.02b 0.47 ± 0.03b 

 

The capacity of the alternative pathway (Valt) was 0.09, 0.14, and 0.56 µmol O2 m
-2 

s-1 in AS-12, Col 0, and XX-2 plants grown under LL, respectively (Fig. 1). At 

moderate growth light, the capacity of the AP increased in all three lines but the 

relative differences between plant lines remained similar, Valt was 0.23, 0.40 and 

0.94 µmol O2 m
-2 s-1 in AS-12, Col 0 and XX-2, respectively (Fig. 1). It is 

noteworthy that in AS-12 plants the alternative pathway was operating at full 

capacity under both light conditions (Fig. 1). 

 
Figure 1. Alternative pathway under different growth light conditions. Alternative pathway capacity 

(Valt, black bars) and activity (νalt, grey bars) in leaves of AS-12, Col 0 and XX-2 (see material and 

methods) Arabidopsis thaliana plants grown at 80 and 300 µmol quanta m-2 s-1. Values are means ± 

SE of 6-16 replicates. Significant differences (P < 0.05) are denoted by different letters. 
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Effect of excess light on respiratory parameters in AOX-transgenic and Col 0 

plants 

Plants grown at low light (80 µmol quanta m-2 s-1) were exposed to a high light 

treatment (800 µmol quanta m-2 s-1; HLT) for 2 and 8 hours. Vt increased in all 

plants after 2 h of HLT and this Vt was maintained after 8 h of HLT (Fig. 2A). τa 

did not change either at 2 or at 8 h of HLT in Col 0 (0.30 and 0.33) and XX-2 (0.33 

and 0.29). However, τa decreased significantly in AS-12 plants from 0.33 to 0.24 

and 0.26 after 2 and 8 h of HLT, respectively (Fig. 2B). Therefore, νcyt increased 

after 2 and 8 h of HLT from 0.25 µmol O2 m
-2 s-1 to 0.37 and 0.33 µmol O2 m

-2 s-1 

in Col 0, and to 0.34 and 0.35 µmol O2 m
-2 s-1 in XX-2. This increase was most 

dramatic in AS-12 where it increased to 0.40 µmol O2 m
-2 s-1 (Fig. 2C). On the 

other hand, the activity of the alternative pathway (νalt) was 0.16 and 0.16 µmol O2 

m-2 s-1 in Col 0, 0.17 and 0.14 µmol O2 m
-2 s-1 in XX-2 and  0.12 and 0.14 µmol O2 

m-2 s-1 in AS-12 after 2 and 8 h of HLT, respectively (Fig. 2D). 

Figure 3 shows that the effect of the high light treatment on the capacity of the 

alternative pathway (Valt) was different in all three plant lines. In AS-12, Valt was 

unchanged after both 2 and 8 h of HLT (0.08 and 0.09 µmol O2 m
-2 s-1, 

respectively). In Col 0, Valt was unchanged after 2 h (0.13 µmol O2 m
-2 s-1) but 

increased markedly after 8 h (0.25 µmol O2 m
-2 s-1) of HLT, while in XX-2 plants, 

Valt increased considerably after 2 h and even more after 8 h HLT (0.63 and 0.69 

µmol O2 m
-2 s-1, respectively).     
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Figure 2. Respiration and oxygen isotope fractionation under high light stress conditions. (A) Total 

respiration (Vt), (B) electron partitioning to the alternative pathway (τa), (C) cytochrome pathway 

activity (νcyt) and (D) alternative pathway activity (νalt) in leaves of AS-12, Col 0 and XX-2 

Arabidopsis thaliana plants, grown at 80 µmol quanta m-2 s-1, after 0, 2 and 8 h of high light (800 

µmol quanta m-2 s-1) treatment. Values are means ± SE of 8 replicates. Significant differences (P < 

0.05) are denoted by different letters. 
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Figure 3. Alternative pathway capacity under high light stress conditions. Alternative pathway 

capacity (Valt) in leaves of AS-12, Col 0 and XX-2 Arabidopsis thaliana plants grown and treated as 

described in the legend of Figure 2. Values are means ± SE of 8-16 replicates. Significant 

differences (P < 0.05) are denoted by different letters. 

 

Photosynthesis and photoinhibition in AOX transgenic and Col 0 plants under 

low and excess-light conditions 

In order to investigate the role of the alternative oxidase in the response of plants to 

high light stress, measurements of net photosynthesis (AN), photosynthetic electron 

transport rate (ETR), photochemical (qP) and non-photochemical quenching (NPQ) 

were performed in AOX transgenic and Col 0 plant lines under LL and after 2 and 8 

h of HLT. In addition, the maximum quantum efficiency of PSII (Fv/Fm) was 

measured after 1 and 30 min of dark adjustment to determine the different 

components of photoinhibition, total (%TPI), chronic (%CPI) and dynamic (%DPI). 

In general, no photosynthetic parameters were significantly different between the 

three lines under LL (Figs. 4 and 5). After 2 h of HLT, AN was similar in all three 

plant lines, ranging from 4.6 to 5.1 µmol CO2 m
-2 s-1 (Fig. 4A). After 8 h of HLT, 

AN decreased significantly in AS-12  and Col 0 (to 3.4 µmol CO2 m
-2 s-1 and 3.6 

µmol CO2 m
-2 s-1, respectively) but was unaffected in XX-2 (4.2 µmol CO2 m

-2 s-1) 

(Fig. 4A). Likewise, the ETR was similar in all three lines after 2 h of HLT, around 

54 µmol e- m-2 s-1, while after 8 h of HLT the ETR lower in AS-12 (41 µmol e- m-2 

s-1) and Col 0 (40 µmol e- m-2 s-1) but was unchanged in XX-2 (50 µmol e- m-2 s-1) 

(Fig. 4B). Similarly, photochemical quenching (qp) was equal in all three lines after 

2 h of HLT (0.36) but had decreased in AS-12 and Col 0 after 8h (0.25) (Fig. 4C). 

In contrast, non-photochemical quenching was not significantly different between 

the three lines after either 2 h or 8 h of HLT (Fig. 4D).  
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Figure 4. Photosynthetic parameters under high light stress conditions. (A) Net photosynthesis (AN), 

(B) photosynthetic electron transport rate (ETR), (C) photochemical quenching (qP) and (D) non-

photochemical quenching (NPQ) in leaves of AS-12, Col 0 and XX-2 Arabidopsis thaliana plants 

grown and treated as described in the legend of Figure 2. The light intensity during the 

measurements of all the photosynthetic parameters was set at 80 µmol quanta m-2 s-1 in plants at low 

light intensity (i.e. 0 h after HLT) and at 800 µmol quanta m-2 s-1 in plants after HLT (i.e. 2 and 8 h 

after HLT), respectively. Values are means ± SE of 8-12 replicates. Significant differences (P < 

0.05) are denoted by different letters. 
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With regard to photoinhibition, treatment with high light induced an increase in 

total photoinhibition in all three lines to about 26% after 2h (Fig. 5A), most of 

which (17%) was due to chronic photoinhibition. As the HLT duration increased to 

8 h, total photoinhibition increased significantly in AS-12 plants (31%) but 

remained constant in Col 0 and XX-2. The increase in AS-12 plants was mainly due 

to a significant increase in chronic photoinhibition (Fig. 5B). 

 
Figure 5. Photoinhibition under high light stress conditions. (A) Percentage of total, (B) chronic and 

(C) dynamic photoinhibition in leaves of AS-12, Col 0 and XX-2 Arabidopsis thaliana plants grown 

and treated as described in the legend of Figure 2. Values are means ± SE of 8-12 replicates. 

Significant differences (P < 0.05) are denoted by different letters. 

 

DISCUSSIO� 

The physiological implications of the alternative respiratory pathway have been 

studied in Arabidopsis thaliana Col 0 plants having modified amounts of AOX 

protein either reduced by AtAOX1a anti-sensing (AS-12) or increased by AtAOX1a 

overexpression (XX-2), as developed by Umbach et al. (2005). In the present study, 
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the in vivo activity of the two respiratory pathways has been measured at different 

growth light intensities (80 and 300 µmol quanta m-2 s-1). Moreover, a possible role 

of AOX in the response of plants to stress has been studied by investigating the 

photosynthetic response to a high light intensity (800 µmol quanta m-2 s-1) treatment 

for 2 and 8 hours in plants previously grown under low light intensity. 

As expected, total in vivo respiration (Vt) was significantly higher in plants grown 

at moderate light (ML) compared to those grown at low light (LL) intensities in all 

three plant types (Table I). Several studies have emphasized the importance of light 

on the regulation of leaf respiration (reviewed in Noguchi 2005 and Rasmusson and 

Escobar 2007). In particular, AOX expression has been shown to be regulated by 

light (Svensson and Rasmusson, 2001; Escobar et al., 2004; Elhafez et al., 2006; 

Yoshida and Noguchi 2009).  

At both growth light intensities, the capacity of the alternative pathway (Valt) was 

significantly lower in AS-12 than in Col 0, but much higher in XX-2 (Fig. 1). This 

is consistent with previously observed data (Umbach et al., 2005) showing that XX-

2 plants present higher AP capacity than Col 0 while it was much lower in AS-12 

plants. Moreover, Umbach et al. (2005) showed a good correlation between AOX 

protein amount and Valt in these same lines. This is in agreement with previous 

observations in several species (Elthon et al., 1989; Guy and Vanlerberghe, 2005; 

McDonald et al., 2002) as well as in A. thaliana (Yoshida et al., 2007). In this 

investigation, Valt was higher in plants grown at ML than in those grown at LL (Fig. 

1) confirming previous results (Noguchi et al., 2005; Florez-Sarasa et al., 2009). 

The activity of the alternative pathway (νalt) increased, proportionally to Vt, in 

parallel with growth light intensity, as the electron partitioning between the two 

pathways (τa) remained unchanged. These results are also in agreement with 

previous studies where νalt was positively correlated with growth light intensity 

(Noguchi et al., 2001; Florez-Sarasa et al., 2009). In all three lines, νalt was similar 

regardless of their different alternative pathway (AP) capacities (Fig. 1) 

demonstrating that the amount of AOX protein, and therefore AP capacity, is 

uncoupled from AP activity under these conditions. Previous data has pointed in 

this direction. In particular, tobacco lines with altered levels of AOX showed 

similar in vivo oxygen isotope fractionation in the absence of inhibitors (∆n) and 

therefore similar electron partitioning (Guy and Vanlerberghe, 2005), although νalt 
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was not determined. Nevertheless, the earlier results, together with those presented 

here, further confirm that the amount of AOX protein in leaf tissue of wildtype 

plants does not directly determine νalt (Lennon et al., 1997; Guy and Vanlerberghe, 

2005; Ribas-Carbo et al., 2005; Vidal et al., 2007, Grant et al., 2008). Instead it is 

consistent with a postulated need for tissue AOX overcapacity (Rasmusson et al., 

2009), under which νalt can be rapidly and directly regulated, via substrate supply, 

AOX redox modulation of the disulfide/sulfhydryl system and /or AOX interactions 

with α-keto acids (Umbach and Siedow, 1993; Millar et al., 1993).  

The engagement of the alternative pathway (ρ), defined as the ratio between activity 

and capacity (Møller et al., 1988), is close to 1 in anti-sense plants under all 

conditions studied. Although Vt increases in parallel with growth light intensity, the 

AP operates at its full capacity in AS-12 plants (Fig. 1). This is consistent with the 

idea that it is possible that a certain level of AOX protein may be needed for plant 

vitality (Umbach et al., 2005). This would maintain a minimal electron flux through 

the AP which may be crucial even under non-stress conditions. Additionally, the 

fact that νalt is similar in all three lines, irrespective of growth light conditions 

applied, leads to the question of whether the activity of the AP is established as 

much or more by environmental conditions, in this case growth light intensity, than 

by its genetic capacity. These results suggest an active regulation of functional 

AOX protein content in order to dynamically achieve an appropriate level of AOX 

activity, necessary under defined, non-stress, growth light conditions. This finding 

could explain the lack of altered phenotypes observed in AOX mutant or transgenic 

plants under non-stress conditions (Vanlerberghe et al., 2009).  

Photosynthesis (Fig. 4) and growth parameters (data not shown) were not different 

among the three plant lines under non-stressful condition. This suggests that the 

total amount of AOX protein present in the plant does not represent either a 

substantial advantage or disadvantage to the plant. On the other hand, under 

stressful conditions, i.e. below optimum growth temperature or during combined 

drought and moderate light, AOX may ameliorate plant performance (Fiorani et al., 

2005; Watanabe et al., 2008; Giraud et al., 2008). It has been observed that AOX1a 

expression (Yoshida and Noguchi, 2009), AOX protein (Yoshida et al., 2007) and 

in vivo activity (I. Florez-Sarasa et al., unpublished) are induced by short-term (2 h) 

high light treatment (HLT) in leaves of Arabidopsis thaliana. In this investigation, 
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the AP activity in AS-12 plants was running at the full AOX capacity level under 

non-stressful conditions. This makes this AS-12 line a suitable candidate to test the 

involvement of the alternative pathway in the response to a stress induced by a high 

light treatment. The potential involvement of AOX in response to stress leads to two 

possibilities: a) that the stress will increase Valt so that νalt would also be able to 

increase and help to cope with the stress or b) that Valt would be unchanged so that 

νalt would not be able to increase, in which case, the AP would not be able to take 

part in the stress response. In the latter case, a significant increase in the level of 

damage caused by the stress would be expected. 

The response of the alternative pathway to a short-term high light stress in plants 

previously grown at low light was studied in the three AOX plant lines. Total 

respiration (Vt) increased similarly (about 40%) in all three lines after 2 h of HLT 

and remained similarly high after 8 h (Fig. 2A). This would indicate, again, that the 

environmental conditions are an important driving factor in the establishment of the 

total respiration rate. Similarly to Vt, the capacity and activity of the alternative 

pathway responded to the high light stress with significant increases after 2 and 8 h 

in Col 0 and XX-2 (Fig. 3), as previously observed (Yoshida et al., 2007). On the 

other hand, in AS-12 plants, the capacity of the alternative pathway did not respond 

to the HLT (Fig. 3). This is likely to be due to a limitation of the AOX protein 

synthesis caused by the reduced levels of AtAOX1a transcript observed in these 

plants (Umbach et al., 2005). Consequently, the activity of the AP (νalt) in AS-12 

plants was unable to increase after HLT (Fig. 2D). This indicates that in these plants 

νalt is saturated, as it is running at its full capacity, while νcyt is able to increase (Fig. 

2C). This is the first time that saturation of the alternative pathway has been 

observed prior to saturation of the cytochrome pathway. Therefore, if AOX is 

critical to coping with this stress (Arnholdt-Schmitt et al., 2006; Van Aken et al., 

2009), AS-12 plants should be more deleteriously affected than Col 0 and XX-2 

plants after HLT. In order to investigate this, photosynthetic performance was 

analyzed in all plants after HLT.  

Previous work suggested that under high light, the export of reductants from the 

chloroplast to the mitochondria through the malate/oxaloacetate shuttle would be a 

mechanism of dissipating excess light energy, where alternative energy-dissipating 

pathways, like the AP, would consume the excess reductants (Yoshida et al., 2007). 
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Moreover, Bartoli et al. (2006) also suggested that an increase in electron transport 

flux through the AP could support ascorbic acid (AA) synthesis needed for redox 

regulation under high light conditions. In the same study, AOX overexpressing 

plants showed higher rates of AA production than WT and AOX anti-sense plants 

under high light conditions. In our study, photosynthesis rates were similar in all 

three lines after 2h of HLT treatment. However, longer HLT (8 h) caused a decrease 

in AN in AS-12 and Col 0 mostly due to a decrease in ETR and qp (Figure 4). AN 

rates were maintained in XX-2 plants. The sustained level of photosynthesis in XX-

2 during HLT could be due to a higher level of ascorbate as previously suggested 

(Bartoli et al., 2006; Smirnoff, 2000). On the other hand, in AS-12 plants where the 

AP is saturated, Vt is maintained because of an increase of the CP (Fig. 2). This 

points to a flexible response of the electron transport chain to this stress. The AS-12 

plants have compensated for their lack of AP activity by increasing CP activity, 

allowing for the oxidation of the increased amount of reducing power generated 

under high light. In agreement with these results, it has recently been shown that the 

chloroplast plastoquinone reduction state is increased to similar levels in wild-type 

and AtAOX1a-knockout plants after HLT (Yoshida et al., 2010) indicating a similar 

alteration in the chloroplast ETR after HLT in both lines.  

Similarly to photosynthetic rates, the level of photoinhibition was similar in all 

three lines after 2 h of HLT (Fig. 5). A longer HLT of 8 h caused no increase in 

photoinhibition in Col 0 and XX-2 but a significant increase in AS-12, due 

primarily to an increase in chronic photoinhibition. The fact that in AS-12 plants the 

AP is saturated and that νcyt increases to sustain Vt could be explained by an 

increase of the reduction state of the UQ pool which in turn would favour the 

formation of potentially damaging reactive oxygen species (ROS). This would be in 

agreement with recent results by Yoshida et al. (2010) showing that the UQ pool 

was more reduced in AOX-deficient than WT plants in response to high light. Also, 

superoxide is known to activate the uncoupling protein (Considine et al. 2002), 

whose action may mediate the observed increase in CP by decreasing the proton 

motive force. Irrespective of the mechanism involved, the results as a whole provide 

novel direct evidence that AOX protects against chronic photoinhibition. 
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CO�CLUSIO�S 

The activity of the alternative pathway, as studied in leaves of A. thaliana that is 

genetically modified in AtAOX1a expression, shows little relation with its capacity 

or AOX protein content. However, in anti-sense plants, νalt is running at full 

capacity (Valt) providing no room to respond to a high light, or any other, stress. A 

higher growth light intensity caused elevated total respiratory oxygen uptake, with 

both the CP and AP pathways responding similarly. Also, AP capacity was 

dependent on the growth light intensity even in the anti-sense plants, in which the 

engagement (i.e. the ratio AP activity / AP capacity) of the AP was always near 

saturation. These results suggest that the growth light conditions determine a 

sufficient abundance of AOX protein in order to maintain a certain required 

minimal level of AP activity even under non-stress conditions. Under a stress 

induced by a short-term high light treatment, respiration increased in all three plant 

lines. Both AP and CP increased proportionally in Col 0 and XX-2 plants while in 

AS-12 plants, CP accommodated the extra electrons that a saturated AP could not 

consume. The change in electron partitioning between respiratory pathways 

observed in AS-12 plants let these plants sustain photosynthetic rates by allowing 

the mitochondria to oxidise the same amount of chloroplast-derived reducing power 

at the expense of an increased level of photoinhibition. 
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5.3 THE RESPO�SE OF THE ALTER�ATIVE PATHWAY TO HIGH 

LIGHT STRESS A�D ITS RELATIO�SHIP WITH PHOTOI�HIBITIO� I� 

LEAVES OF DIFFERE�T C3 SPECIES 

 

Florez-Sarasa I, Flexas J, Ribas-Carbo M (2011) The response of the alternative 

pathway to high light stress and its relationship with photoinhibition in leaves of 

different C3 species (in preparation) 

 

ABSTRACT 

Plants own different protective mechanisms against the excess of light energy that 

prevent chloroplast electron transport chain to suffer photoinhibition. The 

alternative pathway has been suggested to act as a sink of the excess of reducing 

power generated in the chloroplast under high light stress and thus reducing the 

probability of photoinhibition. In this study, in vivo AP activity determined by 

oxygen isotope fractionation during respiration has been studied in different species 

presenting different capacities of AP under high light conditions. The aims of this 

study were to investigate the response of the AP to high light stress in different 

species and to determine if this species-specific response of AP is related to a 

different capacity to diminish photoinhibition. The results clearly show that the 

response of the in vivo AP activity was highly species dependent and that 

differences observed could be due to different regulations of the AOX protein. 

Regardless of the different response of AP observed in the five species studied, 

chronic photoinhibition was positively correlated with AP activity under high light 

stress although the influence of other species-specific photoprotective mechanisms 

cannot be discarded. 

 

I�TRODUCTIO� 

An excess of light energy can cause photo-oxidative damage to the photosynthetic 

apparatus leading to photoinhibition. Plants possess several photoprotective 

mechanisms in order to avoid photoinhibition (Niyogi, 1999) including specific 

adaptations to reduce light absorptance of leaves, heat dissipation of the absorbed 

energy in the antenna of photosystem II (PS II), and antioxidant mechanisms to 

detoxify reactive oxygen species (ROS), the molecules responsible of 

photoinactivation (Björkman and Demmig-Adams, 1994). In addition to these 
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photoprotective mechanisms, the excess of reducing power from the chloroplast can 

be exported to the cytosol and consumed either in peroxisomes or in mitochondria, 

hence alleviating photoinhibitory pressure in chloroplast (Raghavendra and 

Padmasree, 2003; Scheibe, 2004; Noguchi and Yoshida, 2008). In particular, the 

mitochondrial electron transport chain (mETC) has been considered to act as a sink 

for the excess of reducing equivalents exported from the chloroplast under high 

light conditions (Noguchi and Yoshida, 2008). Therefore, mitochondrial 

metabolism is thought to release the over-reduction pressure of the chloroplast 

electron transport chain, thus diminishing the probability of photo-oxidative damage 

and photoinhibition (Padmasree and Raghavendra, 2003).  

Plant mETC contains several proteins that bypass the classical components of the 

cytochrome pathway (CP), the main pathway that couples electron transport to 

mitochondrial ATP synthesis (Rasmusson et al., 2008). Among these energy-bypass 

systems, the alternative oxidase (AOX) couples the oxidation of the reduced 

ubiquinone (UQ) to the reduction of oxygen to water without proton translocation 

and dissipating the energy as heat (Moore and Siedow, 1991). The AOX protein 

constitutes the alternative pathway (AP) that competes with the CP for the electrons 

of the UQ pool (Hoefnagel et al., 1995; Ribas-Carbo et al., 1995). In thermogenic 

tissues of plants such as those in the Araceae family, respiration via AP causes a 

dramatic increase in temperature of reproductive organs allowing the volatilization 

of organic compounds from these organs and attracting pollinators (Meeuse, 1975; 

Walting et al., 2006). While this biological function in thermogenic plants is well 

established, the role of AP in non-thermogenic tissues remains unclear. In this 

respect, several theories has been recently formulated and debated (Rasmusson et 

al., 2009; Gupta et al 2009; Vanlerberghe et al., 2009; Van Aken et al., 2009). At 

the leaf level, there are increasing evidences for a role of AP in optimazing 

photosynthesis (reviewed in Padmasree and Raghavendra, 2003, and in Noguchi 

and Yoshida, 2008). Increases in AOX transcript and protein levels have been 

correlated to a higher export of reducing equivalents and/or higher photo-oxidative 

damage (Yoshida et al., 2007; 2008). Moreover, evidences of the importance of AP 

in optimizing photosynthesis and reducing photoinhibition have been obtained by 

the use of specific inhibitors of the AOX (Bartoli et al., 2005; Yoshida et al., 2006). 

However, the use of AOX inhibitors has been considered not to be adequate to 

estimate the individual activities of the CP and AP. Instead, the in vivo activity of 
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the AP can be determined by measuring oxygen isotope fractionation during 

respiration (Day et al., 1996). In fact, there is still a need to measure the in vivo AP 

activity in leaves under excess light conditions in order to test the relationship 

between AP and protection against photoinhibition. 

Several studies have revealed a lack of relationship between the in vivo activity of 

the AP and AOX protein content (Rasmusson et al., 2009). It has been hypothesized 

that plants possess an overcapacity of the AP that can be used to respond to rapid 

short-term changes on substrate availability due to fast metabolic perturbations 

without having to wait for de novo protein synthesis (Rasmusson et al., 2009). The 

extent of the overcapacity is reflected by the engagement of the AP (ρ), i.e the ratio 

between activity and capacity of the AP. Although data were not calculated, some 

studies showed variable ρ among several species grown under similar controlled 

conditions (Gonzalez-Meler et al., 2001; Millenaar et al., 2001; MacFarlane et al., 

2009). Furthermore, in a previous study, we have observed that the engagement and 

capacity of the AP is highly variable in five C3 species grown under non-stress 

controlled conditions (Florez-Sarasa et al., 2011 unpublished). Therefore, the 

different background AP overcapacity or engagement observed in different species 

may influence the response of the AP to different environmental conditions. In fact, 

the response of the AP to different stress conditions has been observed to be species 

dependent (Gonzalez-Meler et al., 1999; Gonzalez-Meler et al., 2001; Ribas-Carbo 

et al., 2005; Galle et al., 2010).  

Despite the cumulative evidences pointing to a role of AP in photo-protection by 

dissipating excess of reducing equivalents under excess of light conditions, this 

physiological role has only been explored, at the whole plant level, in leaves of 

Arabidopsis thaliana (Yoshida et al., 2007; 2008; 2010). Given the above cited 

species-specific differences on the AP engagement and on the response of AP to 

different stresses, it appears important to determine the response of AP to high light 

conditions in different plant species to improve our knowledge about the role of AP 

under photoinhibitory conditions. In the present study, in vivo activities of the CP 

and AP, capacity of the AP and chlorophyll fluorescence were studied in leaves of 

five different C3 species under growth and high light conditions. The aims of this 

study were: (i) to determine whether the response of the AP to high light conditions 

depends on the species background of AP engagement; and (ii) to investigate the 

relationship between AP and the degree of photoinhibition across species. 
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MATERIALS A�D METHODS 

Plant material and growth conditions 

Plants of $icotiana sylvestris, Cucumis sativus, Pisum sativum, Arabidospis 

thaliana and Glycine max were grown in pots containing a mixture of horticulture 

substrate and perlite (3:1) during 6 or 7 weeks and were kept under well-watered 

conditions, adding nutrient Hoagland (1/2 Hoagland in case of A. thaliana) solution 

once a week. At least, eight plants per species were grown in the same growth 

chamber under controlled conditions of temperature (25ºC), relative humidity 

(above 50%) and under 10/14h light/dark photoperiod. The growth light (GL) 

intensity was set at 150 µmol m-2 s-1 except for A. thaliana plants for which it was 

set at 80 µmol m-2 s-1. For the high light (HL) treatment, plants of $. sylvestris, C. 

sativus, P. sativum and Glycine max were exposed to 1000 µmol m-2 s-1 for 2 h 

while A. thaliana plants were exposed to 800 µmol m-2 s-1 for 2 h. All 

measurements were performed in fully expanded leaves. Leaves sampled after HL 

treatment were approximately at a 90º angle of the light source, or were forced by 

lacing the leaf in G. max plants which exhibits paraheliotropic movements (i.e. Kao 

and Tsai, 1998). 

 

Respiration and oxygen isotope fractionation measurements 

Plants grown under GL and after HL treatment were placed in the dark for 30 min 

to avoid light-enhanced dark respiration. Respiration and oxygen isotope 

fractionation measurements were performed as described in Florez-Sarasa et al. 

(2007). Four replicates were performed per species and experimental condition. 

For the calculation of the partitioning of electrons to the alternative pathway (τa), 

the oxygen isotope fractionation by the alternative oxidase (∆a) was determined in 

the presence of 10 mM KCN. Values of ∆a obtained were 30.2 ± 0.1‰, 31.3 ± 

0.2‰, 30.7 ± 0.2, 30.7 ± 0.2‰ and 30.7‰  in $icotiana sylvestris, Cucumis sativus, 

Pisum sativum, Arabidospis thaliana and Glycine max, respectively. The oxygen 

isotope fractionation values for the cytochrome pathway (∆c) used for $icotiana 

sylvestris, Arabidospis thaliana and Glycine max were 21.3‰, 20.9% and 18.9‰ 

obtained from Vidal et al. (2007), Florez-Sarasa et al. (2007) and Ribas-Carbo et al. 

(2005), respectively. The ∆c values of 20.3 ± 0.4‰ and 20.1 ± 0.2‰ for Cucumis 

sativus and Pisum sativum, respectively, were determined in sliced leaves after 45 
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min incubation in 25 mM SHAM solution (in water from a stock 1 M in 

dimethylsulfoxide).   

The capacity of the alternative pathway (Valt) was determined as described in 

Florez-Sarasa et al. (2009). Eight replicates were performed per species and 

experimental condition. 

 

Chlorophyll fluorescence measurements 

Maximum quantum efficiency of PSII (Fv/Fm) was obtained from chlorophyll 

fluorescence measurements in leaves after 1 and 30 min of dark adaptation with a 

portable pulse amplitude modulation fluorometer (PAM-2000, Walz, Effeltrich, 

Germany) as described in Galle et al. (2007). Depending on its relaxation time, 

photoinhibition can be considered dynamic, i.e. relaxing in minutes upon dark 

transfer, and likely reflecting photoprotection processes associated to xanthophyll-

mediated heat dissipation in the antenna of PSII, or chronic, requiring several hours 

in darkness to fully relax and likely reflecting photodamage or photoinactivation of 

PSII (Osmond, 1994). According to Galmes et al. (2007), total photoinhibition can 

be determined by measuring Fv/Fm over the first minute upon darkening leaves and 

Fv/Fm after 30 min of dark adaptation, a time sufficient for xanthophyll cycle 

relaxation, reflects photoinhibition fully associated to photodamage. The percentage 

of total photoinhibition (%TPI), chronic photoinhibition (%CPI) and dynamic 

photoinhibition (%DPI) were determined as described in Werner et al. (2002) with 

modifications:  

 

%TPI = ((Fv/Fmmax - Fv/Fm1min) / (Fv/Fmmax)) x 100, 

 

%CPI = ((Fv/Fmmax - Fv/Fm30min) / (Fv/Fmmax)) x 100, 

 

%DPI = %TPI - %CPI, 

 

where the Fv/Fmmax value was obtained from the mean value of  Fv/Fm30min under 

GL, representing the maximum value of Fv/Fm, for each specie. Eight to twelve 

replicates from different leaves of at least 4 plants were performed in each specie 

and light condition. 
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Statistical analyses 

Student’s t-tests were used for statistical analyses of the respiratory rates in Table I. 

For  statistical analyses of photoinhibition parameters in Table II, a one way 

analysis of variance (ANOVA) with a level of significance of P-value <0.05 was 

performed with SPSS for Windows 17.0 and Duncan post hoc test was to determine 

statistically significant differences. 

 

RESULTS A�D DISCUSSIO� 

Responses of leaf total respiration and cytochrome pathway activity to high 

light treatment 

Total leaf respiration significantly increased after high light (HL) treatment in all 

species except in G. max (Table I). An increased respiratory activity has already 

been observed in A. thaliana plants (Yoshida et al., 2007) after HL treatment and in 

different species growing under high light intensities (reviewed in Noguchi, 2005). 

The increase on leaf respiratory activity under HL intensities could reflect an 

increase in photosynthetic-derived substrate availability and/or an increase on ATP 

demand (Noguchi, 2005). Such changes in substrate availability and energy demand 

would explain the observed 21%, 24%, 32% and 53% increases on cytochrome 

pathway activity (νcyt) in leaves of G. max, A. thaliana, P. sativum and $. sylvestris 

plants after HL treatment (Table I). However, no significant increase in νcyt was 

observed in C. sativus plants. These different responses of νcyt may reflect different 

metabolic energy requirements in this species under excess of light conditions, as 

previously observed in sun and shade species (Noguchi et al., 2001). 

Determinations of primary carbon metabolites through metabolic profiling are 

planned to be performed in all five species under both growth and high light 

conditions in order to investigate the metabolic causes of the differences observed 

in the response of respiratory activities between species. 
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Table I. Total respiration (Vt), cytochrome pathway activity (νcyt), alternative pathway activity (νalt), alternative pathway capacity (Valt) and engagement of the alternative 

pathway (ρ) (calculated as the ratio of the mean values of νalt to Valt) in leaves of $icotiana sylvestris, Cucumis sativus, Pisum sativum, Arabidopsis thaliana and Glycine max 

plants under growth light (GL) and after high light (HL) treatment. Values are means ± SE of 4-8 replicates. Asterisks denote significant differences (P < 0.05) between GL 

and HL conditions. aNo significant differences (P < 0.05) were observed between νalt and Valt in A. thaliana after HL treatment indicating full engagement after HL treatment. 

  GL HL 

 µµµµmols O2 m
-2
 s
-1
      µµµµmols O2 m

-2
 s
-1
      

 Vt ννννcyt     ννννalt Valt ρρρρ (%) Vt ννννcyt     ννννalt Valt ρρρρ (%) 

�. sylvestris 0.55 ± 0.02 0.44 ± 0.03 0.11 ± 0.01 0.23 ± 0.02 47 0.87 ± 0.05* 0.67 ± 0.06* 0.20 ± 0.02* 0.41 ± 0.04* 48 

C. sativus 0.78 ± 0.01 0.57 ± 0.01 0.21 ± 0.01 0.99 ± 0.04 21 0.93 ± 0.05* 0.63 ± 0.06 0.30 ± 0.02* 1.11 ± 0.04* 27 

P. sativum 0.50 ± 0.02 0.32 ± 0.02 0.18 ± 0.01 0.41 ± 0.02 44 0.60 ± 0.03* 0.42 ± 0.03* 0.19 ± 0.01 0.39 ± 0.04 47 

A. thaliana 0.32 ± 0.02 0.23 ± 0.01 0.09 ± 0.01 0.10 ± 0.01 95 0.44 ± 0.01* 0.29 ± 0.01* 0.15 ± 0.01*a 0.13 ± 0.01*a 120 

G. max 1.05 ± 0.05 0.50 ± 0.02 0.55 ± 0.05 0.84 ± 0.07 66 1.17 ± 0.07 0.61 ± 0.04* 0.56 ± 0.05 0.60 ± 0.04* 94 
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Responses of alternative pathway to high light treatment 

The alternative pathway (AP) capacity (Valt) in leaves of different species was 

different at growth light (GL) intensity (Table I). Species-specific variability on Valt 

has previously been previously described (Lambers et al., 1983; Gonzalez-Meler et 

al., 1999; Gonzalez-Meler et al., 2001). After high light treatment, Valt respond 

differently among species. Valt showed a significant 12%, 13% and 78% increase in 

leaves of C. sativus, A. thaliana and $. sylvestris plants, respectively, while Valt 

remain unchanged in leaves of P. sativum plants. Unexpectedly, Valt in G. max was 

decreased after HL treatment. Such differences on the response of the Valt to the HL 

treatment most likely reflects different regulations of the leaf AOX protein 

synthesis and degradation because of the established relationship of Valt with AOX 

protein content (Elthon et al., 1989; Obenland et al., 1990; Vanlerberghe and 

McIntosh, 1992). Furthermore, AOX protein content has recently been shown to be 

tightly correlated to Valt in A. thaliana leaves and P. sativum mesophyll protoplasts 

after HL treatment (Yoshida et al., 2007; Dinakar et al., 2010). On the other hand, 

Valt increases could also be due to an activation of the AOX protein via its reduction 

state or via interactions with α-keto acids. An increase on the reduction state of the 

AOX or its activation by α-keto acids has been proposed to contribute to the 

increase on the AP capacity under high light conditions (Noguchi et al., 2005; 

Dinakar et al., 2010), although several studies suggest that this two mechanisms do 

not play a role on in vivo regulation of the AOX protein (Millenaar and Lambers, 

2003). Inmunoblotting detection of AOX protein in the different species at growth 

and high light conditions is under processing and will help to unravel the 

mechanisms involved in the species-specific response of AP capacity under HL 

conditions. 

Similar to the different responses of Valt, the response of the AP activity (νalt) after 

HL treatment was different between species. νalt showed a 39%, 65% and 78% 

increase in leaves of C. sativus, A. thaliana and $. sylvestris plants, respectively, 

after HL treatment (Table I). However, νalt was unchanged in leaves of G. max and 

P. sativum plants after HL treatment. Notably, as reported above, these two species 

did not show an increase on Valt after HL treatment (Table I). In order to explore the 

relationship between Valt and νalt, fold-increases in Valt after HL treatment were 

plotted against fold-increases in νalt after HL treatment (Fig. 1). The high positive 
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correlation observed in Figure 1 indicates that the increase in νalt may be 

conditioned to an increase in Valt after HL treatment. These results suggest that an 

increase on AOX protein synthesis and/or activation state under this short-term 

stress may facilitate the increase on AP activity in leaves of C. sativus, A. thaliana 

and $. sylvestris plants. An increase in AOX gene expression has been observed 

under several stress conditions (Finnegan et al., 2005; Van Aken et al., 2009). 

 

Figure 1. Relationship between fold-changes in the alternative pathway activity (νalt) after high light 

(HL) treatment and fold-changes in alternative pathway capacity (Valt) after HL treatment in leaves 

of $icotiana sylvestris, Cucumis sativus, Pisum sativum, Arabidopsis thaliana and Glycine max 

plants. The continuous line denotes a linear regression and is complemented with its equation and r2-

value. The dashed line marks unity. Values are means ± SE of 4-8 replicates. 

 

Nevertheless, leaves of all plant species, except for A. thaliana plants, presented a 

relatively higher overcapacity or low engagement (ρ) of the AP (Table I). 

Interestingly, while leaves of A. thaliana plants are running at full capacity of the 

AP, i.e. almost 100% engagement, leaves of $. sylvestris and C. sativus plants 

increased their AP capacities after HL treatment in spite of presenting a high 

overcapacity or low engagement under GL conditions (Table I). On the other hand, 

νalt did not increase in leaves of P. sativum plants after HL treatment, despite having 

an overcapacity of the AP. All these results denote that the response of the AP to 

high light stress is highly variable among species as previously observed under 

other stress conditions (Gonzalez-Meler et al., 1999; Gonzalez-Meler et al., 2001). 

Furthermore, the AP overcapacity may be regulated under stress conditions to 

maintain a similar engagement, as can be observed in Table I, under the new 

changed environmental conditions. It has been suggested that an overcapacity of the 
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AP is needed for ensuring AP activity during peaks of substrate supply caused by 

the metabolic perturbations occurring during changes in the environmental 

conditions (Rasmusson et al., 2009). However, it remains unclear why plants up-

regulate their capacity under conditions when AP activity is not saturated as was 

observed in $. sylvestris and C. sativus. Overall, these results show that both 

activity and capacity of AP, and probably AOX protein synthesis and activation, are 

co-regulated after a short HL-treatment. Whether the requirement of AP activity is 

regulating the increase of AP capacity or the increase of AP capacity is regulating 

AP activity remains to be determined. Future studies with the existent AOX 

transgenic plants of tobacco, soybean and Arabidopsis (Vanlerberghe et al., 1994; 

Chai et al., 2010; Umbach et al., 2005; Giraud et al., 2008) under HL conditions 

would provide valuable information about the in vivo AP regulation in AP capacity-

limited plants. 

 

Relationship between alternative pathway and photoinhibition 

Some studies have provided evidences for a role of AP in protecting chloroplast 

against photoinhibition in leaves under excess of light conditions (Bartoli et al., 

2005; Yoshida et al., 2007; Giraud et al., 2008). However, information is lacking 

about the direct relationship of the in vivo AP activity and the degree of 

photoinhibition under excess of light conditions. Given the results presented on the 

response of νalt to the HL stress, it would be expected that the species with low or 

no response of νalt will have higher photoinhibition. This is consistent with the 

highest level of TPI and CPI observed in leaves of P. sativum plants (Table II) 

which, in turn, showed a lack of νalt response after HL treatment. However, leaves 

of G. max plants presented the lowest values of CPI and intermediate values of TPI 

while in leaves of these plants νalt was unchanged after HL treatment, although this 

could be due to the fact that leaves of G. max plants exhibited at least double of the 

νalt of the other species (Table I).  
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Table II. Percentage of total (TPI), chronic (DPI) and dynamic (CPI) photoinhibition in leaves of 

$icotiana sylvestris, Cucumis sativus, Pisum sativum, Arabidopsis thaliana and Glycine max plants 

after high light treatment. Values are means ± SE of 12-15 replicates. Different letters denote 

significant differences (P < 0.05) between species. 

 

 

 

 

 

 

In order to explore the relationship between AP and photoinhibition, νalt was plotted 

against TPI, CPI and DPI for the five species (Figure 2). Additionally, values of νalt, 

TPI, CPI and DPI obtained in AOX1a antisense (AS-12) and overexpressing (XX-2) 

A. thalina plants (Florez-Sarasa et al., 2011, submitted) were included in these plots 

(Fig. 2). These transgenic plants were grown and high light-treated as wildtype A. 

thaliana plants used in the present study. Noticeably, while XX-2 plants display an 

increase on νalt after HL treatment, AS-12 plants did not show any increase on νalt.  

 

 
Figure 2. Relationships between percentages of total, chronic and dynamic photoinhibition and 

alternative pathway activity (νalt) in leaves of $icotiana sylvestris, Cucumis sativus, Pisum sativum, 

Arabidopsis thaliana, Glycine max plants (black circles) and in AOX1a antisense and overexpressing 

A. thaliana plants (white circles). Values for P. sativum (white triangle) in chronic photoinhibition vs 

νalt plot were excluded from the linear regression presented. Values are means ± SE of 4-15 

replicates. 

 

No significant relationships were obtained between νalt and TPI or DPI (Fig. 2). If 

P. sativum values are excluded in the regression, a significant linear relationship 

was observed between νalt and CPI (Fig. 2). As previously commented, leaves of P. 

 TPI (%) CPI (%) DPI (%) 

�. sylvestris 21.3 ± 2.0ab 14.9 ± 2.2a 4.4 ± 1.7a 

C. sativus 18.9 ± 1.7a 12.8 ± 1.1a 6.1 ± 2.2ab 

P. sativum 30.8 ± 3.0c 20.3 ± 2.5b 10.5 ± 2.1ab 

A. thaliana 25.6 ± 1.6bc 15.8 ± 1.4ab 9.9 ± 1.8ab 

G. max 23.9 ± 2.1ab 12.0 ± 1.4a 11.8 ± 2.1b 
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sativum presented the highest values of TPI and CPI probably indicating different 

photoprotective mechanisms in this species. It is highly probable that different 

species present species-specific photoprotection mechanisms which can contribute 

more than AP in avoiding photoinhibition. Indeed, the lack of relationship between 

TPI or DPI and νalt support this view. Therefore, it will be necessary to determine to 

what extent photoprotective mechanisms like thermal dissipation and antioxidant 

mechanisms are induced in the different species in order to discard casual 

correlations between degree of photoinhibition and νalt. In this respect, 

measurements of photochemical and non-photochemical quenching as well as 

determination of the redox state of antioxidant molecules are planned to be 

performed in the five species at both growth and high light conditions. 

Nevertheless, the high significant correlation between νalt and CPI, the last 

indicating photo-damage of the PSII (Osmond et al., 1994; Werner et al., 2002), 

largely support previous observations that were pointing to a role of AP in 

ameliorating photoinhibition under high light stress (Bartoli et al., 2005) by 

affecting PSII photochemistry (Yoshida et al., 2006). In close agreement, a recent 

study performed by our group shows that the lack of response of νalt to HL stress in 

leaves of AOX1a anti-sense A. thaliana plants induced higher levels of chronic 

photoinhibition in this plants than in wild-type and AOX1a overexpressing plants 

(Florez-Sarasa et al., 2011 submitted).  
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CHAPTER 6. EFFECTS OF 

DROUGHT A�D SALI�ITY O� 

LEAF RESPIRATIO� I� VIVO 

 

6.1 EFFECTS OF DROUGHT STRESS A�D SUBSEQUE�T REWATERI�G 

O� PHOTOSY�THETIC A�D RESPIRATORY PATHWAYS I� 

�ICOTIA�A SYLVESTRIS WILD TYPE A�D THE MITOCHO�DRIAL 

COMPLEX I-DEFICIE�T CMSII MUTA�T  

 

6.2 RESPO�SE OF MITOCHO�DRIAL THIOREDOXI� PSTRXO1, 

A�TIOXIDA�T E�ZYMES A�D RESPIRATIO� TO SALI�ITY I� PEA 

(PISUM SATIVUM L.) LEAVES 
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I� �ICOTIA�A SYLVESTRIS WILDTYPE A�D THE MITOCHO�DRIAL 

COMPLEX I DEFICIE�T CMSII MUTA�T 

 

Galle A*, Florez-Sarasa I*, Thameur A, de Paepe R, Flexas J, Ribas-Carbo M 

(2010) Effects of drought stress and subsequent rewatering on photosynthetic and 

respiratory pathways in $icotiana sylvestris wild type and the mitochondrial 

complex I-deficient CMSII mutant. Journal of Experimental Botany 61: 765-775 

*These authors contributed equally to the present study 

 

ABSTRACT 

The interaction of photosynthesis and respiration has been studied in vivo under 

conditions of limited water supply and after consecutive re-watering. The role of the 

alternative (νalt) and cytochrome (νcyt) pathway on drought stress-induced 

suppression of photosynthesis and during photosynthetic recovery was examined in 

$icotiana sylvestris wildtype (WT) and complex I deficient CMSII mutant. 

Although photosynthetic traits, including net photosynthesis (AN), stomatal (gs) and 

mesophyll conductances (gm), as well as of respiration (vcyt and valt) differed 

between well-watered CMSII and WT, similar reductions of AN, gs and gm were 

observed during severe drought stress. However, total respiration (Vt) remained 

slightly higher in CMSII due to still increased vcyt (to match ATP demand). valt and 

maximum carboxylation rates remained almost unaltered in both genotypes, while 

in CMSII changes of photosynthetic light harvesting (i.e. Chl a/b ratio) were 

detected. In both genotypes photosynthesis and respiration were restored after two 

days of re-watering, predominantly limited by a delayed stomatal response. Despite 

complex I dysfunction and hence altered redox balance, the CMSII mutant seems to 

be able to adjust its photosynthetic machinery during and after drought stress to 

reduce photo-oxidation and to maintain cell redox state and ATP level.  

 

I�TRODUCTIO� 

Limited water availability impairs plant growth and is one of the main issues of 

future climate changes (Ciais et al., 2005; Loreto and Centritto, 2008). Thus, 
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adaptation and survival strategies are demanded from plants to persist in their 

current habitat. As drought stress affects mainly plant carbon balance, in particular 

photosynthesis and respiration, adjustments at the leaf level are of primary 

importance, while long-term adjustments at the whole plant level may follow up 

(Chaves et al., 2003; Flexas et al., 2006). 

Suppression of photosynthesis during drought stress due to closure of stomata and 

the contribution of leaf-internal limitations to CO2 diffusion, particularly the 

mesophyll conductance (gm), has been determined in numerous studies and plant 

species (Flexas et al., 2004; Flexas et al., 2008; Niinemets et al., 2005; Warren and 

Adams, 2006). Although plant species respond differently to varying drought stress 

intensities, photosynthetic limitation is firstly and predominantly driven by stomata, 

in particular by a decline of stomatal conductance. Further on, when stomatal 

conductance drops below a certain threshold (< 50 mmol H2O m
-2 s-1) limitations of 

non-stomatal processes become more important, in particular decreased gm and 

impaired photo-biochemistry (Chaves et al., 2003; Flexas and Medrano, 2002; 

Flexas et al., 2004). Adjustment of leaf diffusion components for CO2 is one way 

for plants to cope with situations of limited water supply and to improve 

concurrently their water use efficiency. Beside leaf-internal adjustments of diffusion 

components during drought stress, increased thermal dissipation of excess energy 

and other photo-protective processes (e.g. enhanced xanthophyll-cycle) may 

contribute to improved stress tolerance and adaptation (Demmig-Adams and Adams 

III, 1996; Havaux and Niyogi, 1999; Mittler, 2002).  

In parallel to these changes inside the chloroplast, respiratory pathways in 

mitochondria might be altered as well, because of their interaction with the 

photosynthetic pathway. The respiratory chain is thought to dissipate excess 

reductants originated from chloroplasts (Raghavendra and Padmasree, 2003). 

Moreover, the non-phosphorylating pathways, which involve the cyanide-resistant 

alternative oxidase (AOX) and the type II NAD(P)H dehydrogenases, are 

considered to be efficient dissipation systems for these reductants, because electron 

flow through these pathways is not limited by adenylate control (Noctor et al., 

2007). Thus, the non-phosphorylating pathways may function as a mechanism of 

plant photo-protection, while the components of this mechanism have not been 

characterized in detail. Indeed, several studies have highlighted that different 

mutants with some mitochondrial function impaired have also a lower 
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photosynthetic capacity (Giraud et al., 2008; Juszczuk et al., 2007; Nunes-Nesi et 

al., 2007), and this includes the CMSII mutant of $icotiana sylvestris (Priault et al., 

2006a; 2006b; Sabar et al., 2000). 

Several studies on the effect of severe drought stress on respiratory pathways have 

revealed contrasting results, as respiration remained unaltered in soybean (Ribas-

Carbo et al., 2005b), increased in wheat (Bartoli et al., 2005) and decreased in bean 

and pepper (Gonzalez-Meler et al., 1997). However, changes of the in vivo activities 

of the cythocrome oxidase (COX) and AOX pathways measured with the oxygen 

isotope fractionation technique, that has been demonstrate to be the most reliable 

technique for the studies of electron partitioning between the two main respiratory 

pathways (Day et al., 1996; Ribas-Carbo et al., 1995), have only been reported by 

Ribas-Carbo and colleagues (Flexas et al., 2005; Ribas-Carbo et al., 2005b). In their 

study on soybean (Ribas-Carbo et al., 2005b), a decrease of COX activity was 

detected in leaves during severe drought stress, while AOX activity increased. 

Whether and to what extent plant species specific factors and/or experimental 

conditions affect in vivo respiratory pathways under drought stress awaits further 

studies.  

To examine the effect of stress-induced changes on respiratory pathways, in 

particular with relation to photosynthesis, plants with modified AOX expression 

have been intensively studied (Noctor et al., 2007). Among these the $icotiana 

sylvestris cytoplasmic male-sterile CMSII mutant, which lacks a functional 

mitochondrial complex I (Gutierres et al., 1997) and possesses high amounts of 

AOX transcript and protein (Sabar et al., 2000), has received increased attention. 

The observed differences in activities of photosynthetic and respiratory pathways as 

compared with wiltype plants have been proposed to result from alterations in 

cellular redox balance (Dutilleul et al., 2003b; Priault et al., 2006a; Vidal et al., 

2007) and/or limitations of CO2 diffusion inside the leaf (Priault et al., 2006b). 

Moreover, loss of complex I function might be compensated by enhanced non-

phosphorylating NAD(P)H dehydrogenases, resulting in maintenance of cell redox 

balance and crosstalk between mitochondria and chloroplasts (Dutilleul et al., 

2003a; 2003b; Vidal et al., 2007).  

Thus, the tobacco CMSII mutant offers great possibilities to study the interaction 

between respiratory and photosynthetic pathways, in particular under contrasting 

environmental conditions (e.g. high light, temperature and drought stress). With 
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regard to the increasing importance of understanding plant responses to drought 

stress, particularly within the context of climate changes, more studies are needed to 

examine the plant carbon balance, especially the relation of carboxylation and 

oxygenation processes. Due to the scarcity of in vivo studies on photosynthesis and 

respiration under drought stress (Bartoli et al., 2005; Giraud et al., 2008; Gonzalez-

Meler et al., 1997; Ribas-Carbo et al., 2005b), more research is necessary to 

understand the interrelation between chloroplasts and mitochondria. Furthermore, 

the lack of knowledge regarding the underlying and limiting processes of 

photosynthetic recovery from drought stress awaits further attention, as the 

capability to recover from drought events ensures survival and growth of plants in 

their habitat (Flexas et al., 2006; Galle et al., 2007; Galmes et al., 2007).  

Apart from osmotic readjustments in $icotiana sylvestris CMSII mutants (soluble 

sugars, proline) and wildtype plants under drought stress (R. de Paepe, unpublished 

results), the role of respiratory pathways during drought stress induced suppression 

of photosynthesis and during photosynthetic recovery after re-watering has been 

examined in more detail in the present study on CMSII and wildtype plants. The 

following questions have been addressed: 

a) How does respiratory complex I deficiency and hence altered non-

phosphorylating pathways, as related to the proposed function in dissipation of 

excess energy from the chloroplasts, affect photosynthetic activity during drought 

stress? b) What are the impacts on photosynthetic recovery during re-watering, 

especially with regard to the possible functions of respiratory pathways? c) Is an 

efficient respiratory chain necessary for photosynthetic recovery after drought stress 

and what about other limiting factors? 

 

MATERIAL A�D METHODS 

Plant material and growth conditions 

Two genotypes of tobacco ($icotiana sylvestris), wild-type (WT) and CMSII 

mutant (Gutierres et al., 1997), were grown in a growth chamber (photo-period of 

12h) at approximately 800 µmol m-2 s-1 photon flux density (PPFD) and at 26/22 °C 

day/night temperature. Humidity was maintained around 40 – 50%. Prior to the 

experiments plants were kept under well-watered conditions, adding nutrient 

solution (Hoagland) once a week. Experiments were started with 6 and 11 weeks 

old WT and CMSII plants, respectively. This difference in age was due to the 
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retarded growth  of CMSII and the fact to perform the experiment with plants of 

similar developmental stage, which was considered to be achieved when plants 

presented similar size and number of leaves, according to Priault et al. (2007). 

Throughout the experiments, the two youngest fully expanded leaves were used for 

gas-exchange and respiration measurements. Drought stress was imposed by 

withholding water until severe drought stress was reached. Severe drought stress 

was considered when stomatal conductance for water vapour dropped below 50 

mmol m-2 s-1, according to Medrano et al. (2002). Thereafter, plants were 

maintained at this intensity of drought stress for a few days by adding the amount of 

water they lost during the day. After this period of stress-acclimation plants were 

consecutively re-watered to field capacity and recovery of photosynthetic traits 

were followed.  

 

Plant water status 

From the first day of withholding water until the first day of re-watering plants were 

weighted at the end of the photoperiod and total loss of water was recorded. When 

necessary plants were irrigated with the amount of water lost during the day. 

In parallel with gas-exchange and respiration measurements (see below), a 

minimum of three leaf samples were collected around midday to determine the 

relative leaf water content (RWCm).  

 

RWCm (%) = 100 × (FW – DW) / (TW – DW), 

 

where FW, TW and DW denote for weight of fresh, turgid and dry leaf tissue, 

respectively. FW was determined immediately after sampling, while TW was 

obtained after incubating leaf discs in distilled water for 48h in the dark at 4°C. DW 

was determined after 72h in a drying oven at ca. 70°C. 

 

Leaf gas-exchange and chlorophyll a fluorescence 

Throughout the experiments maximum net CO2 assimilation (AN), stomatal 

conductance (gs) and chlorophyll a fluorescence were measured simultaneously 

with an open infrared gas-exchange analyser system (Li-6400; Li-Cor Inc., Lincoln, 

NE, USA) equipped with a leaf chamber fluorometer (Li-6400-40, Li-Cor Inc.). 

Under well-watered conditions (WW), on the first (S1) and last day (S4) of severe 
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drought stress, as well as after one (R1), two (R2) and five days (R5) of re-watering 

at least four measurements on the two youngest fully expanded leaves of WT and 

CMSII plants were performed under light-saturating PPFD of 1500 mol m-2 s-1 

(provided by the light source of the Li-6400 with 10% blue light). Leaves were 

always illuminated until AN and gs reached steady-state (after ca. 20min). The CO2 

concentration in the Li-6400 leaf chamber (Ca) was set to 400 µmol CO2 mol
-1 air, 

temperature was 25°C and the relative humidity of the incoming air ranged between 

40 and 50%. CO2 response curves (“AN-Ci curves”) were performed in well-

watered, non-watered and re-watered plants by varying the CO2 concentration 

around leaves stepwise in the range of 50 to 1800 µmol CO2 mol
-1 air. These leaves 

had been previously acclimated to saturating light conditions (ca. 15-20 min at a 

PPFD of 1500 µmol m-2 s-1).  

From the fluorescence measurements, the actual quantum efficiency of the 

photosystem II (PS II)-driven electron transport (ΦPSII) was determined according to 

Genty et al. (1989) as 

 

ΦPSII = (Fm` – Fs)/Fm`, 

 

 where Fs is the steady state fluorescence in the light (here PPFD 1500 µmol m
-2 s-1)  

and Fm` the maximum fluorescence obtained with a light-saturating pulse (~8000 

µmol m-2 s-1).  As ΦPSII represents the number of electrons transferred per photon 

absorbed by PS II, the rate of electron transport (J) can be calculated as 

 

J (µmol e- m-2 s-1) = ΦPSII · PPFD · α, 

 

where the term α includes the product of leaf absorptance and the partitioning of 

absorbed quanta between photosystems I and II. α was determined for each 

treatment from the slope of the relationship between ΦPSII and ΦCO2 (i.e. the 

quantum efficiency of gross CO2 fixation), which was obtained by varying light 

intensity under non-photorespiratory conditions in an atmosphere containing <1% 

O2 (Valentini et al., 1995). 
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From combined gas-exchange and chlorophyll a fluorescence measurements, the 

mesophyll conductance for CO2 (gm) was estimated according to Harley et al. 

(1992) as 

 

gm = AN / (Ci – (Γ* (J + 8·(AN + Rd))) / (J – 4·(AN + Rd))), 

 

where AN and Ci were obtained from gas-exchange measurements. A value of 37.4 

µmol mol-1 for the CO2 compensation point under non-respiratory conditions (Γ*) 

was used after Bernacchi et al. (2002) as determined for the related species 

$icotiana tabacum. Other Rubisco kinetics and their temperature dependencies 

were also taken from Bernacchi et al. (2002). Dark respiration (Rd ; Vt) was 

determined at 25°C with an isotope ratio mass spectrometer (IRMS) at 25°C as 

described by Ribas-Carbo et al. (2005b). Calculated values of gm were used to 

convert A-Ci curves into A-Cc curves according to the following equation: 

 

Cc = Ci – (AN / gm) 

 

Maximum velocity of carboxylation (Vc,max) and maximum electron transport rate 

(Jmax) was derived from A-Cc curves according to Bernacchi et al. (2002). 

Corrections for leakage of CO2 into and out of the leaf chamber of the Li-6400 have 

been applied to all gas-exchange data, as described by Flexas et al. (2007). Due to 

low gs values under severe drought stress and a possibly increased contribution of 

conductance via the cuticle (gc), estimates of gs were corrected for gc as described 

elsewhere (Boyer et al., 1997). In short, for each experimental condition gas-

exchange was measured across the leaf with its lower side sealed with lubricant and 

an impermeable plastic foil to hinder any gas-exchange via its cuticle and stomata. 

The obtained gc was multiplied by two to account for the upper and lower side of 

the leaf and Ci was recalculated based on the new gs values (gs - gc), using the 

equations provided by the manufacturer (LI-6400 manual version 5, Licor Inc., 

Lincoln, Nebraska, USA).  

 

Respiration measurements on intact tissue 

Respiration in the light (Rl) and in the dark (Rdc) was determined in leaves of at 

least four well-watered CMSII and WT plants, using a Li-6400 gas-exchange 
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system (Li-cor Inc. Lincoln, NE, USA). Rl was determined according to the `Laisk-

method` (Laisk, 1977), using the y-axis intersection of three AN-Ci curves (as 

described above) performed at three different light intensities (750, 250, 75 µmol 

photons m-2 s-1). In both genotypes, the apparent CO2 compensation point (Ci*), as 

determined by the Laisk-method, ranged between 38.3 and 43.7 µmol mol-1. Rdc 

was measured at ca. 400 µmol CO2 mol
-1 air and 25°C in attached leaves that were 

dark-adapted for more than 30 min. 

After gas-exchange measurements (WW, S1, S4, R1, R2, R5) total dark respiration 

(Vt) and the activities of the cytochrome oxidase (COX) and the alternative oxidase 

(AOX) pathways were determined with a dual-inlet mass spectrometer system 

(Delta Plus, Thermo LCC, Bremen, Germany), as previously described (Florez-

Sarasa et al., 2007; Gaston et al., 2003).  

First, leaves were incubated in the dark for 30 min to avoid light-enhanced dark 

respiration and then used for respiration measurements. A 10 cm2 leaf disc was cut, 

weighted and immediately placed in a closed 3 ml stainless-steel cuvette, which was 

maintained at a constant temperature of 25ºC, using a copper plate and a serpentine 

around the cuvette with a temperature controlled water bath. The values of 

34/32(18O2/
16O2) and 32/28(

16O2/
28N2) mass ratios were obtained from a standard 

and the sample air with dual-inlet analysis with four or six replicate cycles for each 

respiration measurement. Calculations of the oxygen isotope fractionation were 

made as previously described (Ribas-Carbo et al., 2005a). The electron partitioning 

between the two pathways in the absence of inhibitors was calculated as described 

by Guy et al. (1989). The r2 value of all unconstrained linear regressions between –

ln f and ln(R/Ro) with a minimum of five data points was at least 0.995, which has 

been considered as robust and well acceptable (Ribas-Carbo et al., 1997).  

The electron partitioning through the AOX pathway (τa) was calculated as described 

in Guy et al. (1989) as follows: 

τa = ∆n – ∆c / ∆a – ∆c, 

 

where ∆n, ∆c, ∆a are the isotope fractionation in the absence of inhibitors, in the 

presence of SHAM, and in the presence of KCN, respectively. The ∆c value of 

21.3‰ obtained by Vidal et al. (2007) was used, as COX pathway discrimination 

has been shown to be very constant (Ribas-Carbo et al., 2005a). A ∆a value of 
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30.0‰ was determined experimentally. The individual activities of the COX (vcyt) 

and AOX (valt) pathways were determined by multiplying the total oxygen uptake 

rate (Vt) and the partitioning to each pathway as follows: 

 

vcyt =  Vt × (1 - τa) 

 

valt = Vt × τa 

 

ATP production of WT and CMSII plants was calculated according to the model 

used by Vidal et al. (2007). 

 

Pigment and protein analysis 

Snap-frozen leaf discs (in liquid nitrogen) were collected daily after 8h of light and 

stored at -80°C until analysis.   

Frozen leaf material was ground to fine powder and homogenised with ice-cold 

extraction buffer (0.5M TRIS, 10mM EDTA, 1% Triton X-100, 5mM DTT and 

0.25% protease-inhibitor cocktail). Leaf extract was then centrifuged at 12.500rpm 

and 4°C. Supernatant was transferred to new vials and kept on ice, while aliquots 

were used for determination of total soluble protein content (TSP), photosynthetic 

pigment composition and Western blot analysis. 

For pigment analysis an aliquot of leaf extract was dissolved in 80% acetone, 

centrifuged at 12.500rpm for 2min and the absorbance of the supernatant was 

determined  at 470, 646, 663nm in a spectrophotometer (DU 640, Beckmann 

Coulter Inc.). The content of chlorophyll a, b and carotenoids was then calculated 

according to Lichtenthaler et al. (1987). 

The TSP was determined with the Bio-Rad protein assay (Bio-Rad Laboratories, 

Inc.) according to the method of Bradford, using bovine serum albumin as a 

standard.  

For SDS-PAGE an aliquot of leaf extract was mixed 1:1 with SDS-sample buffer 

(0.5M TRIS, 0.3% Glycerol, 1.5% SDS, 0.15% Bromphenolblue and 5µM DTT), 

after that samples were boiled in a water bath for ca. 5 min and then kept at -20°C 

for later analysis. Mixes of at least three samples (= plants) per day with equal 
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amounts of soluble proteins were loaded per lane for SDS-PAGE, using a Mini-

PROTEAN electrophoresis system (Bio-Rad Laboratories, Inc.).  

SDS-PAGE gels were blotted on nitrocellulose membrane with the Mini-

PROTEAN system of Bio-Rad. Immunodetection of mitochondrial proteins (AOX 

and porin) via colorimetry was carried out with the BCIP/NBT alkaline phosphatase 

system according to the manufacturer instructions (Sigma-Aldrich Co.). A 1/50 

dilution of the monoclonal antibody against AOX (Elthon et al., 1989) and a 1/500 

dilution of the monoclonal antibody against the voltage-dependent anion channel 

porin (PM035, from Dr. Tom Elthon, Lincoln, NE, USA) were used as primary 

antibodies. Densitometry quantification of AOX and porin bands were made with 

TotalLab Software (Nonlinear Dynamics Ltd, UK). 

  

RESULTS 

Changes of photosynthetic traits during drought stress and recovery 

Relative leaf water content (RWCm) was reduced by 3% in WT and by 12% in 

CMSII, when the desired level of severe drought stress (S1) was reached (Table 

1a,b), indicated by a stomatal conductance for water vapour below 50 mmol m-2 s-1 

(Medrano et al., 2002). After four days of severe drought stress (S4) RWCm 

dropped more than 20% in both WT and CMSII, However, RWCm was immediately 

restored in WT and CMSII after re-watering, indicating rapid restoration of plant 

water status.  

The maximum carboxylation rate (Vc,max) under well-watered conditions (Control) 

was slightly higher in WT than in CMS (Table 1a,b), which has been previously 

observed (Priault et al., 2006b) and might be related to a higher initial Rubisco 

activity (Priault et al., 2006a) or the number of catalytic sites (Dutilleul et al., 

2003a). Despite a slight decrease of Vc,max with time in control plants, presumably 

due to leaf aging, Vc,max remained almost unaltered in stressed plants.  

Likewise in Vc,max, alterations in Jmax were little in control plants of WT and CMSII 

during the experiment (Table 1a,b). However, unlike Vc,max, Jmax decreased by about 

40% during severe drought stress (S4), but it was restored to control values within 

one day of re-watering (R1) and  maintained  this level thereafter. 

In close relation with the course of Jmax, the photochemical quenching (qP; 

proportion of open PSII reaction centers) declined considerably with progression of 

drought stress, resulting in a reduction of more than 70% (Table 1a,b). Notably, the 
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reduction of qP was more pronounced in CMSII under severe drought stress (S4, 

Table 1b).  However, this reduction was completely reversed after re-watering (R1), 

resulting in even somewhat higher qP values than the corresponding controls. In 

well-watered plants qP remained almost unchanged, except for a slight decline with 

time (possible “ageing effect”). 

The chloroplastic CO2 concentration (Cc) at the intercept of the photosynthetic 

limitation by rubisco activity (Vc,max) and the regeneration of ribulose-1,6-

bisphosphate (Jmax) deducted from AN-Cc curves was similar for WT and CMSII 

under well-watered conditions (Table 1a,b). Moreover, in both genotypes similar 

changes were determined during drought stress, as Cc values decreased from about 

150 µmol mol-1 to 72 µmol mol-1 (S4). During re-watering Cc values increased in 

both WT and CMSII, while restoration to control values was reached within one 

day of re-watering in CMSII and after two days in WT. 
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Table 1a: Changes of photosynthetic parameters in well-watered (Control) and drought stressed (Stress) tobacco wildtype (WT) plants throughout the experiment. RWCm, 

Vc,max, Jmax, qP and Cc denote for relative leaf water content at midday, maximum carboxylation rate, maximum photosynthetic electron transport rate, photochemical 

quenching of PSII and chloroplast CO2 concentration at the turning point of Rubisco (Vc,max) and RuBP (Jmax) limitation to photosynthesis, respectively. Means and standard 

errors of at least four measurements are presented for well-watered condition (WW), first (S1) and last day (S4) of severe drought stress, as well as for the first (R1), second 

(R2) and fifth day (R5) of re-watering. For each parameter statistically significant differences to the control value (WW) are indicated by different letters (P < 0.05). 

 

  WW S1 S4 R1 R2 R5 

RWCm  77.5 ± 1.1a 75.1 ± 3.1a  61.7 ± 2.1b 78.9 ± 1.1a -      79.8 ± 4.0a 

Control -  138.1 ± 26.7a - - 124.0 ± 10.4ab 
Vc,max 

Stress 
166.0 ± 28.5a 

159.7 ± 12.5a 112.5 ± 9.1ab 139.7 ± 17.0a 160.9 ± 5.1a 162.1 ± 11.6a 

Control -  183.2 ± 22.1a - - 170.1 ± 10.4a 
Jmax 

Stress 
200.3 ± 19.1a 

   136.4 ± 9.6b  104.4 ± 10.0b 174.0 ± 13.7a    203.3 ± 7.7a 203.7 ± 10.7a 

Control    0.48 ± 0.02ab     0.45 ± 0.09ab   0.46 ± 0.09a     0.42 ± 0.09ab   0.42 ± 0.08b 
qP 

Stress 

  0.58 ± 0.02a 

    0.44 ± 0.03b   0.17 ± 0.06c   0.41 ± 0.10b   0.57 ± 0.02a   0.55 ± 0.03a 

Control -     155.7 ± 1.4a - -    146.0 ± 11.7 Cc 

(Vc,max//Jmax) Stress 
153.8 ± 9.3a 

     85.4 ± 4.6b 72.1 ± 6.6b 104.3 ± 4.8b   124.3 ± 8.7ab    149.0 ± 5.9a 
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Table 1b: Changes of photosynthetic parameters in well-watered (Control) and drought stressed (Stress) tobacco CMS mutants throughout the experiment. For details see 

legend Table 1a. 

 

  WW S1 S4 R1 R2 R5 

RWCm  81.6 ± 2.9a 71.3 ± 3.4ab    58.8 ± 2.5c 76.5 ± 4.1ab - 87.4 ± 1.3a 

Control -    124.0 ± 13.7a - - 108.1 ± 3.3ab 
Vc,max 

Stress 
139.9 ± 21.9a 

184.3 ± 18.2a      110.7 ± 9.5a 135.8 ± 13.9a  150.8 ± 11.4a    167.8 ± 8.8a 

Control -  152.8 ± 13.7 - -    139.2 ± 3.1 
Jmax 

Stress 
166.4 ± 27.3b 

    146.7 ± 13.7b   92.8 ± 8.6c    189.9 ± 9.3ab 206.6 ± 8.4ab    214.6 ± 4.8a 

Control      0.32 ± 0.07ab      0.36 ± 0.07ab   0.36 ± 0.06ab    0.29 ± 0.07b   0.29 ± 0.07b 
qP 

Stress 

  0.47 ± 0.07a 

      0.34 ± 0.03b    0.08 ± 0.01c     0.49 ± 0.03a    0.44 ± 0.09a   0.38 ± 0.09a 

Control -  154.0 ± 10.0a - -    161.0 ± 3.3a Cc 

(Vc,max//Jmax

) 
Stress 

148.3 ± 9.3a 
 75.8 ± 3.8b  72.0 ± 4.8b    142.1 ± 10.7a 148.0 ± 18.9a    140.7 ± 1.9a 
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Net photosynthesis (AN) and stomatal conductance (gs) were 20 - 30% lower in 

CMSII than in WT under well-watered conditions (Fig. 1a-d; Control), while also 

stomatal density was about 10% lower in CMSII than in WT (data not shown). In 

both genotypes, similar values of AN and gs were reached under severe drought 

stress. Thereafter, AN and gs were completely restored to control values after two 

days of re-watering. Interestingly, although AN was restored to control values by ca. 

90% in CMSII and by “only” about 60% in WT plants after the first day of re-

watering, the rate of photosynthetic recovery seemed to be very similar for both 

genotypes (Fig. 1 a,b; compare absolute AN values of day 10). The restoration of gs 

was generally slower (lower rate) than of AN in both WT and CMSII, in particular 

during the first day of re-watering, where they reached only 40 – 50% of the 

corresponding control values. These results clearly indicate a higher intrinsic water 

use efficiency (WUE) during the initial period of re-watering in WT and CMSII 

(Fig. 1i,k), while highest WUE (three to four fold increase) could be observed 

during severe stress.  

 

Figure 1: Changes of leaf gas-exchange 

parameters during drought stress and re-

watering in WT (triangles) and CMSII (circles) 

plants. Net photosynthetic rates (AN), stomatal 

conductance (gs), mesophyll conductance (gm), 

chloroplastic CO2 concentration (Cc) and the 

intrinsic water use efficiency (WUE) of 

photosynthetic carbon fixation are presented for 

well-watered control (open symbols) and 

stressed (closed symbols) plants. Means and 

standard errors of at least four plants are shown. 

The vertical dashed lines indicate the beginning 

and end of the severe drought period. 
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Mesophyll conductance (gm) of WT and CMSII plants were very similar under 

well-watered conditions and followed a similar trend during drought stress and re-

watering (Fig. 1e,f). During severe drought stress gm dropped below 0.1mol CO2 m
-

2 s-1 in WT and CMSII, while it was completely restored to control values within 

one day of re-watering suggesting negligible restriction of leaf internal CO2 

diffusion. Notably, in spite of maintained gs (Fig. 1 c,d) gm  increased after five days 

of re-watering (day 14; Fig. 1 e,f). Changes in chloroplastic CO2 concentration (Cc) 

were similar in WT and CMSII plants during the experiment, which resulted in a 

decrease of about 50% during drought stress and a progressive restoration to control 

values during re-watering (Fig. 1g,h). 

Besides the changes in Cc (Fig. 1g,h), the relationship of internal CO2 (Ci) to Cc 

remained almost unaltered throughout the experiment in stressed and control plants 

of both genotypes (data not shown). 

 

Table 2: Comparison of leaf respiration parameters in well-watered WT and CMSII plants, 

determined with Li-6400 and IRMS system. Means and standard errors of at least four plants are 

shown. Asterisks indicate significant differences (p ≤ 0.05) between WT and CMSII for each 

parameter. For details see materials and methods. LThese respiration parameters have been 

determined in leaves of another set of WT and CMSII plants, which were grown under similar 

conditions as the well-watered plants used for the Vt measurement. 

 

 

Changes on respiratory traits during drought stress and recovery 

In order to confirm that dark respiration (Rd, Vt) measured by the oxygen isotope 

technique (IRMS) can be used for calculating gm and the related parameters (i.e. 

Vc,max, Jmax), as well as to check whether it was representative of leaf respiration 

occurring during photosynthesis, respiration in the dark (Rdc) and the light (Rl) were 

additionally determined with a gas-exchange system (Table 2). Besides the 

precautions and problems with the Laisk method used for Rl estimation, in 

Respiration parameter WT CMSII 
Ratio  

CMSII / WT 

Rl (µmol CO2 m
-2 s-1)L 0.45 ± 0.04 0.66 ± 0.07 1.5* 

Rdc (µmol CO2 m
-2 s-1)L 1.50 ± 0.05 1.81 ± 0.08 1.2* 

Vt (Rd) (µmol O2 m
-2 s-1) 0.89 ± 0.06 1.30 ± 0.10 1.5* 
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particular during situations of drought stress (Galmes et al., 2006), as well as the 

fundamental problem of measuring respiration in the light, the ratio between CMSII 

and WT values remained almost unaltered between 1.2 and 1.5.  

Absolute values of respiration parameters ranged between 0.45 and 1.50 in WT and 

between 0.66 and 1.81 in CMSII, as determined by isotope (O2) and by gas-

exchange (CO2) analysis. However, these differences only marginally affect 

calculations of gm, as changes of gm were smaller than 8 % when using the most 

extreme values (0.45 and 1.81; data not shown). Thus, dark respiration values 

determined by oxygen isotope analysis were used under for all calculations and as a 

tracer of leaf respiratory activity in each genotype. 

 

Figure 2: Changes of total respiration (Vt), cytochrome 

(vcyt) and alternative (valt) pathway activities, as well as 

modelled mitochondrial ATP production during drought 

stress and re-watering in WT (triangles) and CMSII 

(circles) plants. Values of control plants remained 

unaltered throughout the experiment and are therefore 

not depict. Means and standard errors of at least four 

plants are shown. The vertical dashed lines indicate the 

beginning and end of the severe drought period. 
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When comparing respiratory pathways in WT and CMSII, total respiration (Vt) was 

significantly higher in CMSII than in WT (Fig. 2a). The higher Vt in CMSII was 

mainly due to increased cytochrome oxidase activity (vcyt). The course of Vt, vcyt 

and valt (alternative pathway) during the experiment was similar in both genotypes. 

The reduction of Vt during drought stress was predominantly due to reduced vcyt, 

while valt remained almost unaltered. However, when ATP production was modelled 

no significant differences between genotypes were detected, irrespectively of being 

drought stressed or not (Fig. 2d). 

The AOX protein level was relatively constant in WT plants during the whole 

experimental period (Fig. 3), while a marked reduction of AOX protein was 

detected in CMSII plants during severe drought stress and in the initial phase of 

recovery (first and second day of re-watering). However, AOX protein was more 

abundant in CMSII under control conditions (well-watered) than in WT, as 

previously reported (Gutierres et al., 1997; Priault et al., 2007; Sabar et al., 2000). 

Changes in total mitochondrial protein content were negligible, as indicated by the 

anti-porin western blot (Fig. 3). Control plants under well-watered conditions 

showed no change of AOX and of porins during the experimental period.  

 
Figure 3: Western blot analysis of mitochondrial alternative oxidase (AOX) and porin protein in 

WT and CMSII during drought stress and re-watering. WW, S4, R1+2 and R5 denote for the start of 

experiment (well-watered), end of severe drought stress, initial phase (first and second day) and 

terminal phase (fifth day) of re-watering, respectively. The values below the AOX bands represent 

the ratio of AOX and porin quantified by densitometry. Each lane was loaded with the same amount 

of protein of combined leaf extracts from four plants.  

 

Changes of soluble leaf components related to photosynthesis during drought 

stress and recovery 

Changes in contents of chlorophylls (Chl a+b) and carotenoids (Car) were only 

little throughout the experiment, while they increased somewhat during re-watering 
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in CMS, but not in WT (Fig. 4a,b). Furthermore, the ratio of chlorophyll a to b (Chl 

a/b) was increased after re-watering in CMSII, but not in WT, indicating changes 

within the photosynthetic apparatus (i.e. the light harvesting complexes). On the 

other hand, total soluble protein content (TSP) was increased after re-watering in 

WT, whereas it slightly declined in CMSII. These changes also remained similar 

when Chl a+b, Car and TSP are presented on a dry-weight basis (data not shown), 

although specific leaf area increased during drought and initial recovery 

(Supplementary Figure 1). Under well-watered conditions Chl a+b, Car, Chl a/b 

and TSP remained unaltered throughout the experimental period in both WT and 

CMSII. WT and CMSII did also not differ in total lipid peroxidation (data not 

shown) neither under drought stress nor under recovery or well-watered conditions, 

suggesting no or minor effects of general oxidative stress.  

 
Figure 4: Changes of photosynthetic pigments and soluble proteins in WT (triangles) and CMSII 

(circles) during drought stress and re-watering. The contents of chlorophylls (Chl a + b), carotenoids 

(Car) and total soluble proteins (TSP), as well as the ratio of chlorophyll a to b (Chl a/b) are depict. 

WW, S4, R1, R2 and R5 denote for the start of experiment (well-watered), the end of severe drought 

stress (day 9), the first two days (day 10, 11) and the last day of re-watering (day 14), respectively. 

Means and standard errors of at least four plants are shown. 

 

DISCUSSIO� 

Well-watered conditions 

The differences of photosynthetic and respiratory parameters in WT and CMSII 

mutants under well-watered conditions, which were already described earlier 

(Dutilleul et al., 2003a; Priault et al., 2006a; Priault et al., 2006b; Sabar et al., 
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2000), have been proposed to result from altered cross-talk between respiratory and 

photosynthetic pathways (Dutilleul et al., 2003a; Priault et al., 2006a; Sabar et al., 

2000),  as well as impaired internal CO2 supply (i.e via mesophyll conductance, gm) 

(Priault et al., 2006b). Unlike the findings of Priault et al. (2006b), impaired CO2 

supply due to decreased gm was not observed in CMSII plants of the present study, 

as gm values and hence Cc did not differ between WT and CMSII (Fig. 1e-h). The 

growing light intensity was more than two times higher in this study than in the 

study of Priault et al. (2006b), which may explain the different results of gm. As 

shown recently, quantity and intensity of incident light seems to affect gm (Gorton 

et al., 2003; Warren et al., 2007). Similar gm and Cc (and Vc,max) but different AN in 

WT and CMSII might be related to differences in activation state of Rubisco (or its 

amount) under the prevailing growth light conditions (800 µmol m-2 s-1), as 

previously shown for CMSII and WT plants growing under moderate light (350 

µmol photons m-2 s-1) and after 3h of high light treatment  of 1000 µmol m-2 s-1 

(Priault et al., 2006a). Moreover, lower stomatal density in CMSII than in WT 

leaves may also partially contribute to that discrepancy in AN and gs between both 

genotypes. 

 

Drought stress conditions 

WT and CMSII plants were similarly affected by drought stress, as the values of AN 

and of gs reached almost zero during severe stress (day 9, Fig. 1), leading to a 

considerable drop of internal CO2 supply (gm and Cc). On the other hand, maximum 

carboxylation (Vc,max) was almost unaffected by drought stress, indicating preserved 

photosynthetic functioning and little metabolic limitations. However, reduced light 

capture via PSII antennas, as indicated by reduced ratios of Chl a/b (Fig. 4c) and 

less open PSII reaction centres (qP; Table 1b) were detected in CMSII mutants. 

Thus, the photosynthetic apparatus of CMSII seemed to be more affected by 

drought stress than of WT.  

With regard to respiration and irrespectively of drought stress or none, CMSII 

plants displayed always a 20 - 30% higher respiration rate (Vt) than WT due to 

increased vcyt (Fig. 2), adjusting ATP production to a similar level as in WT. In fact, 

calculated total ATP production was almost equal in CMSII and WT and showed a 

similar trend under drought stress in both genotypes (Fig. 2), suggesting a strict 

control of respiration by ATP demand. Interestingly, although AOX activity was 
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maintained, AOX protein content was slightly decreased during severe stress and 

the initial phase of recovery in CMSII. Altered redox signalling in CMSII plants has 

been proposed to cause differential AOX expression pattern of CMSII plants 

(Dutilleul et al., 2003b, Vidal et al., 2007). Nevertheless, the AOX protein level and 

activity are not directly related, as already discussed earlier (Millenaar and 

Lambers, 2003) and indicated by different correlations of AOX protein level and 

activity under stress (Lennon et al., 1997; Ribas-Carbo et al., 2005b; Vidal et al., 

2007). Moreover, it seems likely that the reduced level of AOX protein was still 

sufficient to maintain valt under both normal and stressful conditions. In general, the 

lack of mitochondrial complex I seemed to be compensated by a higher rate of 

respiration through vcyt, which further indicates the importance of mitochondrially 

synthesized ATP, particularly in situations of low photosynthetic carbon 

assimilation (i.e. during drought stress).  

 

Recovery during re-watering 

Leaf water status was restored immediately after re-watering in WT and CMSII 

plants, providing full water supply to the leaves. As gm was immediately restored to 

control values within the first day of re-watering, limitation of photosynthetic 

recovery due to leaf-internal resistances for CO2 diffusion (i.e. gm) can be neglected. 

Consequently, similar rates of photosynthetic recovery were obtained for WT and 

CMSII after re-watering, while complete restoration was reached after two days of 

re-watering. Photosynthetic recovery was mainly limited by stomata, as restoration 

of gs was slightly delayed. As a consequence, increased WUE during drought stress 

persisted also during re-watering phase in stressed WT and CMSII plants, indicating 

an improved carbon fixation per loss of water. The rise of gm at the end of the re-

watering phase might also partly explain this persistence of increased WUE and the 

high AN. 

Although the functioning of the photosynthetic apparatus during drought stress 

seemed to be more affected in CMSII than in WT, photosynthetic parameters like 

Jmax, qP and Chl a/b were restored immediately after re-watering in the mutant, 

resulting in even higher ratios in the case of Chl a/b (presumably due to increased 

number of light harvesting complexes and thus enhanced light capture for improved 

photosynthetic activity). Thus, the CMSII mutant seems to be highly flexible in 

adjusting its photosynthetic machinery during and after drought stress. Here, also 
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metabolic changes might play a role, as carbon/nitrogen balance is affected in 

CMSII (Dutilleul et al., 2003a; 2005). 

 

CO�CLUSIO�S 

With regard to the first two questions which have been raised in the introduction 

about the effect of complex I deficiency on photosynthetic activity during drought 

stress and recovery, photosynthesis was inhibited and restored in a similar manner 

in both CMSII mutant and WT. Adjustments of photosynthetic traits seemed to be 

involved, whereas e.g. light capture (i.e qP, Chl a/b) markedly changed in CMSII to 

minimize excess (reducing) energy. Furthermore, respiration (i.e. vcyt) remained 

always higher in CMSII than in WT, most likely to adjust ATP production to 

similar levels than in WT. 

Therefore and with regard to the third question about the necessity of an efficient 

respiratory chain for photosynthetic recovery, a more efficient respiration chain is 

not required, as the CMSII mutant is capable to adjust the activities of 

photosynthetic and the respiratory pathways (similar ATP level as in WT ) to ensure 

restoration of  photosynthesis likewise the WT.  

A strict control of respiration by mitochondrial ATP demand under drought stress 

and recovery can be assumed, which emphasizes the importance of maintained ATP 

production by mitochondria under limited photosynthetic carbon assimilation (i.e. 

during drought stress). However, also enhanced activity of NAD(P)H 

dehydrogenases (Rasmusson et al., 1998), as well as altered cell redox balance due 

to changes in antioxidant levels (Dutilleul et al., 2003b) or alterations in the 

nitrogen/carbon balance (Dutilleul et al., 2005) might play a role in compensation of 

impaired respiratory chain. Furthermore, the proposed role of valt in maintaining 

redox balance during severe drought stress (Ribas-Carbo et al., 2005b) remains still 

unclear, as valt was not altered in both CMSII and WT. A possible explanation might 

be that the degree of oxidative stress has not been severe enough to alter valt.  

Further studies are needed to explore the interactions of mitochondrial non-

phosphorylating pathways with photosynthetic processes and cell homeostasis 

under limited water supply, as well as under other stressful conditions. 
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6.2 RESPO�SE OF MITOCHO�DRIAL THIOREDOXI� PSTRXO1, 

A�TIOXIDA�T E�ZYMES A�D RESPIRATIO� TO SALI�ITY I� PEA 

(PISUM SATIVUM L.) LEAVES 

 

Marti MC*, Florez-Sarasa I*, Camejo D, Ribas-Carbo M, Lazaro JJ, Sevilla F, 

Jimenez A (2011) Response of the mitochondrial antioxidant redox system and 

respiration to salinity in pea plants. Journal of Experimental Botany (accepted) 

*These authors contributed similarly to the present study 

 

ABSTRACT 

Mitochondria play an essential role in ROS signal transduction in plants. Redox 

regulation is an essential feature of mitochondrial function with thioredoxin (Trx), 

involved in disulfide/dithiol interchange, playing a prominent role. To explore the 

physiological function of mitochondrial PsTrxo1, mRNA and protein levels of Mn-

SOD, PsTrxo1 and its target proteins PsPrxII F and AOX were analysed in pea 

plants growing under salinity (150 mM NaCl) for a short and a long period. The 

activities of Mn-SOD and PsTrxo1 and parallel, the in vivo activities of the 

alternative (AP) and cytochrome (CP) pathways were also determined combined 

with the characterization of the plant physiological status as well as the 

mitochondrial oxidative index. The analysis of protein level, mRNA and activity 

revealed the importance of the post-transcriptional and post-translational regulation 

in the response of these proteins to salt stress. Increases in AOX protein amount 

correlated with increases in AP capacity whereas in vivo AP activity was 

maintained under salt stress. Similarly, Mn-SOD activity was also maintained. 

Under all the stress treatments, photosynthesis, stomatal conductance and CP 

activity were decreased although the oxidative stress in leaves was only moderate. 

In mitochondria however, an increase in lipid peroxidation and protein oxidation 

was found in the salinity condition at only at the short treatment. In addition an 

increase in PsTrxo1 activity was produced in response to the long term NaCl treated 

mitochondria. Results support a role for PsTrxo1 as a component of the antioxidant 

response induced by NaCl in pea mitochondria. PsTrxo1 is a good candidate for 

providing the cell with a mechanism by which it can response to changing 

environment through the redox modulation of the activity of its targets enzymes, 
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also protecting mitochondria from oxidative stress together with Mn-SOD, AOX 

and PrxII F. 

 

I�TRODUCTIO� 

Salinity in soil and irrigation water is a serious problem for agriculture in arid and 

semiarid regions, appearing as one of the most important factors of abiotic stress 

that severely limits plant productivity (Flowers, 2004). Physiological and molecular 

aspects of plants under salt stress have been widely studied as its effects on plant 

growth, stomatal conductance, water relations, ions metabolism, photosynthesis and 

respiration (Munns, 2005; Ashrad and Foolad, 2007). Especially, the response of 

photosynthesis to salinity has been extensively studied and showed to depend on the 

severity and duration of the imposed stress (Chaves et al., 2009) and its impairment 

under salinity has been directly related to limitations on CO2 diffusion (stomatal and 

mesophyll limitation) and also to photosynthetic biochemical limitations (Flexas et 

al., 2004; Chaves et al., 2009). On the other hand, the effect of salt stress on plant 

mitochondrial respiration has given less attention and there is a lack of consistency 

on the described effects of salinity as several studies have shown that specific rates 

of respiration are either enhanced (Schwarz and Gale, 1981; Revenui et al., 1997; 

Khavari-Nejad and Chaparzadeh, 1998), diminished or unaffected (Keiper et al., 

1997; Epron et al., 1999; Koyro et al., 2006). Moreover, changes on the properties 

of the mitochondrial electron transport chain in mitochondria isolated from plants 

under salt stress were studied with the use of specific inhibitors of the respiratory 

chain (Jolivet et al., 1990; Fernandes de Melo et al., 1994). However, the use of 

these inhibitors has been questioned for measuring the activities of both cytochrome 

and alternative pathways (Day et al., 1996), being the oxygen isotope fractionation 

the most reliable technique for studying the regulation of the electron partitioning 

between the two respiratory pathways (Lambers et al., 2005). Alternative pathway 

(AP) respiration bypasses electron transport through complexes III and IV of the 

cytochrome pathway (CP) oxidising ubiquinol directly by the alternative oxidase 

(AOX). It has been hypothesized that AOX may prevent over-reduction of the 

ubiquinone pool, avoiding the formation of reactive oxygen species (ROS) 

(Maxwell et al., 1999; Møller, 2001). Therefore, AP could have a role in salt stress 

tolerance or avoidance, but there is no information about changes on the in vivo 

electron partitioning between AP and CP under salt stress conditions.  



Effects of drought and salinity on leaf respiration in vivo 

 225 

Under salt stress as well as in other stress situations, the formation of reactive 

oxygen species (ROS) may occur (Hasegawa and Bressam, 2000; Hernández et al., 

2000). This should have negative consequences depending on the intensity and 

duration of the stress. ROS affects cellular structures and metabolism (Bartels and 

Sunkar, 2005), but it can also have positive implications due to the possible 

signalling nature of some of the species produced (Dat et al., 2000; Gechev et al., 

2006; Noctor et al., 2007). Plants with high levels of antioxidants either constitutive 

or induced have been reported to provide resistance against oxidative damage and 

several studies have described a correlation between antioxidant activity and 

tolerance to abiotic stress, including salt (Hernández et al., 1999; Mittova et al., 

2003; Demiral and Turkan 2005). There are several examples of a NaCl-dependent 

up-regulation of antioxidant components in non-halophytes as in halophytes (Gosset 

et al., 1994; Gómez et al., 1999; Van Camp et al., 1996;Mittova et al., 2003; Ben 

Amor et al., 2006). In this context, the enzymes of the ascorbate–glutathione cycle 

are key components to counteract oxidative stress in plants: pea plants with better 

anti-oxidative capacity due to the induction of specific isoenzymes and/or the redox 

state of ASC and GSH in the apoplast, mitochondria and chloroplast, have been 

shown to present better resistance against salt stress (Tanaka et al., 1985; 

Hernández et al., 1993, 2001; Gómez et al., 2004).  

Mitochondria have been described as organelles where ROS generation has an 

important role under different physiological and stress situations including salinity 

(Hernández et al., 1995; Gómez et al., 1999; Vanacker et al., 2006). In 

mitochondria, as well as in other cell compartments, the antioxidant system is one 

of the defence mechanisms against stress conditions, being essential to prevent 

oxidative damage and also to modulate stress-signalling. Thus, the existence of 

different antioxidant systems like Mn-SOD enzymes, that control O2
.- content in the 

organelle, and the complete ascorbate-glutatione pathway,  previously described 

(Jiménez et al., 1997), allow this organelle to regulate internal H2O2 concentration, 

including that produced in other cell compartments (Chew et al., 2003). Reports on 

SOD activity in different plant species under salinity as well as under other stress 

conditions suggest that different mechanisms operate in oxidative stress injury. It is 

also noticeable that different isoforms of the same antioxidant enzyme present 

different activities in lines/cultivars differing in salt tolerance (Olmos et al., 1994; 

Ashraf et al., 2009). For instance, in pea plants, increases in Mn-SOD RNA 
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expression and activity has only been described in salt tolerant plants while not in 

salt sensitive (Hernández et al., 1993, 2000). Moreover, increases on the activity of 

the more tolerant cultivars are concentration dependent (Gómez et al., 1999; 

Hernández et al., 1999).  

In addition, a thioredoxin/peroxiredoxin (Trx/Prx) system which includes a 

NADPH-dependent thioredoxin reductase (NTR) and glutaredoxine has been 

described in plant mitochondria similar to that in chloroplasts (Bernier-Villamor et 

al., 2000; Rouhier et al., 2005; Finkemeier et al., 2005). This system is involved in 

redox homeostasis and may also act as antioxidant by eliminating hydroperoxides, 

including H2O2 (Laloi et al., 2001; Barranco-Medina et al., 2007). Recently we 

reported the presence of a new PsTrxo1 in pea leaves localized in mitochondria and 

nucleus. Moreover, AOX has been shown to be regulated by the mitochondrial 

PsTrxo1 (Martí et al., 2009) and a strong interaction exists between PsTrxo1 and 

PsPrxII F (Barranco-Medina et al., 2008). Further analysis showed that additional 

mitochondrial proteins are target of Trxo1 suggesting that PsTrxo1 may also control 

of the redox status of mitochondrial enzymes. The possible role of Trx and Prx in 

the response of plants to abiotic stress including salinity and their involvement in 

plant tolerance to stress has been less studied (Barranco-Medina et al., 2007; Pulido 

et al., 2009; Tripathi et al., 2009), although a role in redox sensing and signal 

transduction has been proposed (Rouhier and Jaquot, 2005). It has been shown that 

the drought-induced chloroplastic thioredoxin CDSP32 was accumulated in 

chloroplast stroma in response to photooxidative stress (Broin et al., 2000), 

reducing the plastidic BAS1 peroxiredoxin, and limiting the accumulation of alkyl 

hydroperoxides in the chloroplast (Broin and Rey, 2003). Consequently, thioredoxin 

may participate in the repair of oxidized proteins during environmental constraints 

(Dos Santos and Rey, 2006). It has also been described that the light-, ascorbate-, 

and oxidative stress-dependent regulation of gene expression exhibit distinct 

patterns for the various peroxiredoxin genes, being related to their proposed 

subcellular location (Horling et al., 2003). Seed peroxiredoxins from barley (Aalen 

et al., 1994) protect tissues against ROS during desiccation and are involved in the 

continuous protection of the seeds during dormancy. Particularly, PER1, a 

dormancy-related peroxiredoxin anti-oxidant, was found in the nucleus of immature 

embryos and aleurone layers and in cytoplasm in mature imbibed dormant seeds 

(Stacy et al., 1999). On the other hand, mitochondrial PrxII F transcript and protein 
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levels were up-regulated in leaves of A. thaliana and poplar but not in roots under 

cold, salinity and cadmium stress (Barranco-Medina et al., 2007; Finkemeier et al., 

2005). These results suggest a role for PrxII F in antioxidant defence. However, no 

information about changes of mitochondrial Trxo1 under salt stress is available. 

Moreover, it should be noted that the real function of this thioredoxin in plant 

mitochondria still remains to be established. 

In order to gain more insight into the physiological function of PsTrxo1, transcript 

and protein levels of PsTrxo1/PsPrxII F system as well as of AOX and Mn-SOD 

antioxidant enzymes  were  determined in pea plants under short- (5 days) and long-

term (14 days) salt stress conditions. Simultaneously, leaf stomatal conductance, net 

photosynthesis and growth parameters as well as inorganic ions accumulation and 

oxidative stress indicators were determined in order to evaluate the physiological 

status of the plants after the stress imposition. Finally, the in vivo activities of the 

mitochondrial respiratory pathways were determined as well as that of PsTrxo1 and 

Mn-SOD.  

 

MATERIALS A�D METHODS 

Plant material and growing conditions 

Pea seeds (Pisum sativum L. cv. Lincoln) were surface-sterilized and germinated in 

vermiculite as described in Hernández et al., (2000). Plants were grown in growth 

chambers at 350 µmol quanta m-2 s-1 under a 16/8 photoperiod and a temperature of 

25ºC day and 20ºC at night. Relative humidity was around 40-50%. Five days after 

sowing, plants were watered with Hoagland nutrient solution. NaCl treatment was 

applied progressively by supplementing 50, 100 and 150 mM NaCl to Hoagland 

solution 8, 9 and 10 days after sowing, respectively. From day 10th after sowing, 

plants were watered with 150 mM NaCl for 5 or 14 days.  

 

Leaf gas exchange measurements 

Maximum net CO2 assimilation (AN) and stomatal conductance (gs) were measured 

with an open infrared gas-exchange analyser system (Li-6400; Li-Cor Inc., Lincoln, 

NE, USA) equipped with a leaf chamber fluorometer (Li-6400-40, Li-Cor Inc.). 

Eight measurements on the medium leaf from eight different plants were carried out 

in days 5 and 14 after starting the treatment at 6-8 h of the light period under light-
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saturating PFD of 1000 mol m-2 s-1 (provided by the light source of the Li-6400 

with 10% blue light). 

 

Analysis of mineral content 

Oven dried leaf and root tissue were digested in a microwave Ethos 1 (Milestone, 

Italy) with HNO3:H2O2 (4:1), and the mineral concentration was determined by 

inductively coupled plasma spectrometry (ICP) (Iris Intrepid II; Thermo Electron 

Corporation, Franklin, MA). 

 

Determination of lipid peroxidation, protein oxidation and H2O2 

The extent of lipid peroxidation in medium leaf, root and isolated mitochondria was 

estimated by determining the concentration of thiobarbituric acid reactive 

substances (TBARS) (Cakmak and Horst, 1991). Protein oxidation (carbonyl 

protein content) was measured by reaction with 2,4-dinitrophenylhydrazine, as 

described by Levine et al., (1990). The concentration of H2O2 in medium leaf and 

root was determined in fresh extract by a peroxidase coupled assay with 4-

aminoantipyrine and phenol as donor substrates like previously described by Frew 

et al., (1983). Protein was measured by the protein dye-binding method of Bradford 

(1976) using bovine serum albumin as standard.  

 

Quantitative Real-Time PCR (qPCR) 

After 5 and 14 days of 150 mM NaCl treatment, tissue samples (medium leaf and 

root) were taken from control and treated plants. Three biological replicates were 

collected in three different experiments. Tissue samples were collected and placed 

immediately in liquid N2 and stored at -80 °C. Total RNA was extracted from each 

tissue sample using RNeasy Plant Mini Kit (Qiagen, Germany) following 

manufacturer’s protocol. cDNA was obtained from RNA subjected to reverse 

transcriptase reactions using oligo-dT primer and M-MLV Reverse Transcriptase 

(Promega) followed by RNase H (Invitrogen, USA) treatment according 

manufacturer’s instructions. RNA and cDNA were quantified in a 

spectrophotometer ND-1000 (NanoDrop, USA). 

Quantitative Real-Time PCR (qPCR) was performed on a 7500 Real Time PCR 

System (Applied Biosystems, USA) with SYBR Green Supermix (Bio-Rad, Spain). 

Each reaction was performed in triplicate using the following conditions: 2 min at 
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50ºC, 10 min activation at 95°C and 40-45 cycles of amplification, depending on 

the primer pair, (15 s at 95°C; 1 min at 57ºC), followed by the melt curve. An 

internal control of actin gene (GeneBank: X90378) was used for the normalization 

of results. Relative quantity (∆CT) was calculated using the comparative CT method:  

 

Relative quantity sample (gene x) = 2 (CT(control)- CT(sample)) 

 

Primers were designed for qPCR using Primer Express v 2.0 (Applied Biosystems, 

USA) employing the following sequences from the data bank: Trxo1 (accession 

number AM235208), PrxII F (AJ717306), AOX (X68702) and Mn-SOD (X60170). 

Primers used are listed in Table 1. 

 

Purification of mitochondria 

Mitochondria were purified from pea medium leaves by differential and density-

gradient centrifugation in discontinuous gradients of Percoll as previously described 

(Jiménez et al., 1997). All operations were performed at 0-4ºC. 

Western blot analysis 

For western blot analysis, equal amount of proteins from mitochondria isolated 

from medium leaves of control and salt-treated plants were resolved using 

SDS/PAGE as described by Laemmli (1970) and transferred onto a nitrocellulose 

membrane using a semi-dry blotting apparatus (BioRad, Spain). Immunoreaction 

was carried out by using rabbit polyclonal antibodies against Trxo1 (1:2000) (Martí 

et al., 2009), PrxII F (1:3000) (Barranco-Medina et al., 2007) and Mn-SOD 

(1:5000) respectively, and a mouse monoclonal antibody against AOX (1:50) (Martí 

et al., 2009), all of them diluted in TBS containing 1% (w/v) of BSA and 0.1% (v/v) 

of Tween-20. The polyclonal antibody against the C-terminal sequence 

INWKHASEVYEKES of pea Mn-SOD (accession number P27084) was raised in 

New Zealand White Rabbit by Sigma-Genosys (UK). Goat anti-rabbit and goat anti-

mouse antibodies conjugated to alkaline phosphatase (Boehringer Mannheim, 

Germany) were used as secondary antibodies. The antigen was detected by a 

colorimetric assay using NBT/BCIP (Roche, Germany) following the manufacter´s 

protocol. 
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Respiration and oxygen isotope fractionation measurements 

Previous to the start of measurement, one or two medium leaves were dark 

incubated for 30 min to avoid light-enhanced dark respiration. Then, leaves were 

placed in a 3 ml stainless-steel closed cuvette maintained at a constant temperature 

of 25 ºC using a copper plate and a serpentine around the cuvette with a temperature 

controlled water bath.  

Changes in the 18O/16O ratios and oxygen consumption were determined with a 

dual-inlet mass spectrometer system (Delta XPlus, Thermo LCC, Bremen, 

Germany) as described in Florez-Sarasa et al., (2007). Calculations of the oxygen 

isotope fractionation were made as described in Ribas-Carbó et al., (2005), and the 

electron partitioning between the two pathways in the absence of inhibitors was 

calculated as described in Guy et al., (1989). The r2 values of all unconstrained 

linear regressions between –ln f and ln (R/Ro), with a minimum of five data points, 

were at least 0.995, considered minimally acceptable (Ribas-Carbó et al., 1997). 

The electron partitioning to the AP (τa) was calculated as follows: 

 

τa = ∆n – ∆c / ∆a – ∆c 

 

where ∆n, ∆c, ∆a are the oxygen isotope fractionation in the absence of inhibitors, in 

the presence of SHAM, and in the presence of KCN, respectively. In order to obtain 

∆a , leaves were incubated for 30 min by sandwiching between medical wipes 

soaked with a water solution of 10 mM KCN. In addition, a piece of medical wipe 

wetted with 10 mM KCN was placed in the cuvette. In order to obtain ∆c, leaves 

were cut in slices and incubated for 45 min in a 25 mM SHAM solution prepared 

from a stock of 1 M SHAM in dimethylsulfoxide. All stock solutions were freshly 

prepared before use. A minimum of three replicates were performed and the values 

obtained were 30.7 ± 0.2‰ for ∆a and 20.1 ± 0.2‰ for ∆c.  

The individual activities of the CP (vcyt) and AP (valt) were obtained by multiplying 

the total respiration rate (Vt) by the partitioning to each pathway as follows: 

 

vcyt =  Vt * (1 - τa) 

 

valt = Vt * τa  
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Trx activity assay 

The insulin reduction method was used to measure the Trx activity in purified 

mitochondria. The processing of 300 g of leaves was necessary to obtain enough 

isolated mitochondria (from 6 gradients as described above) to assay the activity. 

The method is based on the protein disulfide bond reductase activity of the Trx 

system. Insuline disulfide bonds can be reduced by Trx leading to the precipitation 

of reduced insuline which was followed measuring the increase in turbidity at 650 

nm for 1.5 h at 30ºC as described by Martí et al., (2009). In brief, the reaction 

mixture (224 µL) contained 0.1 M potassium phosphate buffer (pH 6.5), 2 mM 

EDTA, 0.5 mM of NADPH, 50 nM of the mitochondrial Trr2 from S. cerevisiae 

and 0.8 µg of insulin in a 1-cm semi-micro quarz cuvette. The reaction was started 

by the addition of the mitochondrial sample (100-200 µg of protein).  

 

SOD isoenzymes assay 

Separation of SOD isoenzymes from pea mitochondria were performed by non-

denaturing PAGE, as previously described (Gómez et al., 2004). The activities of 

the different isoenzymes were quantified on an image analyzer (Gen Tools, 

Syngene). 

 

Statistical analysis 

The experiment was conducted in a completely randomized design. All experiments 

were repeated a minimum of three times. Results are the mean of at least three 

different samples from each experiment. Statistical analysis of results was carried 

out according to the Student`s t-test. 
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Table 1. Primers used in the qPCR experiments. 

 

Gene Sequence Strand 

 

PrxIIF 

 

5’-ACCGACTTCGTTCTTCCTCA-3’ 

 

Fordward 

PrxIIR 5’-GAAACTTGGATGCAGCAGA-3’ Reverse 

Mn-SODF 5’-AAAACCCTATCCTCCGTGCT-3´ Fordward 

Mn-SODR 5’-ATGATTTCGCCGCTAATGAC-3’ Reverse 

AOXF 5’-GAGCG(AT)ATGCACCTAATGAC-3’ Fordward 

AOXR 5’-TGCATTGAAGAAAACTCCCGTGTAC-3’ Reverse 

Trxo1F 5’-CCTTGCAGGTTCATTTCTCC-3’ Fordward 

Trxo1R 5’-CTGCAACCTGCTCAATGTGT-3’ Reverse 

ActinF 5’-TGGTGTTAGTCACACGGTTC-3’ Fordward 

ActinR 5’-CTGCAGAAGTGGTGAAAGTG-3’ Reverse 

 

RESULTS 

Growth parameters, net photosynthesis and stomatal conductance 

The effect of 150 mM NaCl on plant growth was assessed from changes in length, 

fresh weight and dry weight of both the aerial part and roots (Table 2). After 5 days 

of salt treatment, growth was slightly inhibited, although only significant in length 

(around 20% for the aerial part and 17% for the root). Changes were more 

noticeable after sustaining the salt treatment for 14 days. At that point, growth 

decreased by 49% and 21% in the aerial part and roots, respectively. Similarly, 

fresh weight decreased about 46% in the aerial part and 30% in roots while their dry 

weight decreased around 24% in the aerial part of these plants. Net photosynthesis 

(AN) and light-saturated stomatal conductance (gs) were measured in leaves from 

control and 150 mM NaCl treated plants on days 5 and 14 after the start of 

treatment. After 5 days of salt treatment, AN and gs were reduced by 51% and 78% 

respectively, and further reduced after 14 days to 87% and 93%, respectively (Table 

2). 
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Table 2. Growth parameters of pea plants and net photosynthesis (AN) and stomatal conductance 

(gS) of medium leaves of plants irrigated with or without 150 mM NaCl during 5 and 14 days. 

Values are mean ± SE, n≥15. Differences are significant at level P<0.05 (*) 

 

 
 5 days 14 days 

  Control 150 mM �aCl Control 150 mM �aCl 

Aerial part 8.65±0.23 6.96±0.17 (*) 14.44±0.35 7.42±0.22(*) 
Length (cm) 

Root 15.73±0.82 13.04±0.55 (*) 17.41±0.87 13.70±0.60(*) 

Aerial part 0.68±0.03 0.61±0.04 1.55±0.05 0.83±0.04(*) 
Fresh weight (g/plant) 

Root 0.56±0.04 0.53±0.04 0.66±0.04 0.46±0.02(*) 

Aerial part 0.083±0.006 0.076±0.011 0.17±0.009 0.13±0.008(*) Dry weight 

(g/plant) Root 0.067±0.014 0.068±0.007 0.054±0.003 0.055±0.004 

Aerial part 88.0 89.2 89.2 87.4 Water content 

(%) Root 82.7 78.1 88.4 86.4 

A� 

(µmol CO2 m
-2 s-1) 

23.8±1.3 11.6±1.2(*) 23.9±0.5 3.3±1.1(*) 

gS 

(mol H2O m
-2 s-1) 

 

Medium leaves 

0.418±0.030 0.092±0.005(*) 0.459±0.018 0.032±0.007 (*) 

 

Mineral Content 

The analysis of macro and micronutrients in medium leaves and roots did not reveal 

any significant change after 5 days of 150 mM NaCl treatment (Table 3). Longer 

exposure to salt treatment produced a significant increase in Na concentration in 

both, medium leaves and roots (about 18-fold and 3.5-fold, respectively), combined 

with a significant decrease in Cu, P and Ca concentration in leaves (about 1.5-fold) 

and in S, K and Ca concentration in roots (about 1.9-fold, 1.5-fold and 1.9-fold, 

respectively) (Table 3). 
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Table 3. Nutrient content in medium leaves and roots of pea plants irrigated with or without 150 mM NaCl during 5 and 14 days. Values are mean ± SE, n≥3. Differences are 

significant at level P<0.05 (*) 

 Fe Cu  Mn  Zn          P         S        �a        K        Ca  Mg 

 (ppm)  (%) 

Leaf 

5 days     

 

      

Control 276.1±56.1  18.0±1.5 

 

100.1±30.0 

 

38.2±10.7 

 

  0.74±0.05 

 

  0.47±0.05 

 

 0.15±0.03 

 

2.82±0.20 

 

0.45±0.09 

 

0.47±0.06 

 

150 mM NaCl 225.1±37.5  14.5±1.5 

 

107.9±16.9 

 

 30.6±6.2 

 

  0.61±0.09 

 

  0.38±0.03 

 

 1.78±0.75 

 

2.55±0.22 

 

0.41±0.04 

 

0.60±0.09 

 

Root 

5 days     

 

      

Control 1300.0±196.9 

 

 41.6±3.2 

 

265.3±82.6 

 

32.6±10.2 

 

  0.88±0.10 

 

  0.97±0.13 

 

 0.50±0.03 

 

6.10±0.17 

 

0.29±0.06 

 

0.67±0.11 

 

150 mM NaCl 914.3±91.0 

 

 40.1±3.3 

 

101.1±18.2 

 

39.3±14.2 

 

  0.99±0.08 

 

  1.08±0.12 

 

 2.25±0.42 

 

5.67±0.60 

 

0.20±0.02 

 

0.62±0.10 

 

Leaf 

14 days     

 

      

Control 1072.3±733.0  15.3±2.1 144.8±17.0 45.7±5.4   0.67±0.02   0.84±0.18 0.28±0.06 3.11±0.15 0.96±0.16 1.23±0.37 

150 mM NaCl 629.0±179.5    9.9±1.1(*) 121.5±16.4 37.3±3.6   0.45±0.03(*)   0.35±0.01 5.08±0.87 (*) 2.39±0.06 0.49±0.01(*) 1.07±0.04 

Root 

14 days     

 

      

Control 1237.9±237.4  49.4±8.0 298.7±87.0 35.5±4.1   1.12±0.05   1.44±0.11 0.60±0.12 6.53±0.30 0.48±0.06 0.87±0.10 

150 mM NaCl 2153.0±504.5  44.0±6.1   70.2±7.2 50.6±9.7   1.06±0.10   0.75±0.07 (*) 2.10±0.19 (*) 4.36±0.29 (*) 0.25±0.02 (*) 0.84±0.10 
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H2O2 content, lipid peroxidation and protein oxidation 

H2O2 content did not show any significant change with the short salt treatment 

neither in leaves nor roots. However, in the longer salt treatment, H2O2 showed a 

tendency to increase in leaves while a significant increase was observed in roots 

(about 2.2-fold). The extend of lipid peroxidation, measured as the formation of 

malondialdehyde, revealed a significant decrease in roots after 5 days of treatment, 

while this parameter did not change in plants treated during 14 days when compared 

with controls. The level of protein oxidation, measured as content of carbonyl 

proteins, only revealed a significant increase in leaves from plants growing during 

14 days in the presence of 150 mM NaCl (Table 4). 

 

Table 4. H2O2 content, lipid peroxidation and protein oxidation in medium leaves and roots of pea 

plants irrigated with or without 150 mM NaCl during 5 and 14 days. Values are mean ± SE, n≥3. 

Differences are significant at level P<0.05 (*). 

  5 days 14 days 

    Leaf Root Leaf Root 

Control 0.39±0.10 0.07±0.01 0.27±0.04 1.20±0.17 H2O2 

(nmol g-1FW) 150 mM NaCl 0.36±0.10 0.17±0.04 0.40±0.03 2.61±0.26(*) 

Control 1.4±0.1 1.9±0.2 1.7±0.2 1.1±0.1 Lipid peroxidation 

(nmol g-1FW ) 150 mM NaCl 1.2±0.1 1.1±0.1(*) 1.6±0.2 0.9±0.1 

Control 5.8±0.54 16.8±2.6 2.8±0.2 8.8±0.8 CO-proteins 

(nmol mg-1 protein) 150 mM NaCl 4.8±0.15 15.9±1.8 4.9±0.8(*) 6.4±0.8 

 

However in isolated leaf mitochondria, the short NaCl treatment but not the long 

one provoked an increase in both, lipid peroxidation and protein oxidation (Table 

5). 

 

Table 5. Lipid peroxidation and protein oxidation in mitochondria isolated from pea plants irrigated 

with or without 150 mM NaCl during 5 and 14 days. Values are mean ± SE, n≥3. Differences are 

significant at level P<0.05 (*). 

  5 days 14 days 

Control  4.40±0.24 5.56±0.53 Lipid peroxidation  

(nmol ml-1) 150 mM NaCl 5.30±0.33(*) 5.11±0.32 

 

Control 

 

 1.04±0.05 

 

0.82±0.30 

 

CO-proteins 

(nmol mg-1 protein) 150 mM NaCl 1.52±0.17(*) 1.22±0.46 
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Quantitative real-time PCR analysis 

The study of the Mn-SOD, PrxII F, Trxo1 and AOX gene expression in medium 

leaves by quantitative PCR after 5 days of salt treatment revealed that PrxII F and 

Trxo1 were significantly up-regulated (around 1.5-fold and 2.5-fold in their 

expression, respectively) in medium leaves (Fig. 1). At 14 days of salt treatment, 

Trxo1, AOX and PrxII F were down-regulated, especially for the last two genes 

(Fig. 1).  

 

 
Figure 1. Expression pattern of several mitochondrial genes in medium pea leaves from plants 

irrigated with 150 mM NaCl during 5 and 14 days. Determination of mRNA levels was performed 

by Real-Time RT-PCR. Values are expressed as relative expression against actin gene and 

normalized to control treatment plants. Bars show means ± standard error (n=4) and asterisks denote 

significant differences with a P-value < 0.05. 

 

Western blot 

Antibodies against Trxo1, PrxII F, Mn-SOD and AOX were used to analyse the 

level of the corresponding proteins in isolated mitochondria from medium leaves of 

plants irrigated with 150 mM NaCl during 5 and 14 days. The immunoblot revealed 

that both after 5 and 14 days of salt treatment, AOX protein levels significantly 

increased in isolated mitochondria, especially at 14 days (around 1.5-fold at 5 days 

and 2.5-fold at 14 days, relative to control), while Trxo1 protein only increased at 

14 days of treatment (around 1.5-fold). However, Mn-SOD and PrxII F protein 

levels did not change neither at short- nor at long-term salt treatment (Fig. 2). 
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Figure 2. Immunoblotting of Trxo1, Mn-SOD, AOX and PrxII F proteins from mitochondria 

isolated from pea medium leaves of plants irrigated with 150 mM NaCl during 5 and 14 days. 

Mitochondrial proteins were separated by SDS-PAGE, immunoblotted with relevant antibodies and 

visualized by colorimetry. 

 

PsTrxo1 activity 

The short NaCl treatment did not affect the activity of PsTrxo1 (Fig. 3) measured as 

the capacity of reduction of insulin in the presence of NADPH/TR, while a 

significant increase in this activity (20% of increase related to the value in the 

control plants) was measured in mitochondria isolated from plants grown in the 

presence of 150 mM NaCl for 14 days. 

 

 
Figure 3. Trx activity in mitochondria isolated from pea plants irrigated with or without (control) 150 

mM NaCl during 5 and 14 days. Values are % of control activity and asterisks denote significant 

differences with a P-value < 0.05. 
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Mn-SOD activity 

SOD activity measured in isolated mitochondria did not show any change under 

salinity after visualizing Mn isoenzyme in poliacrylamide gels (Fig. 4), neither at 

short- nor at long-term salt treatment. 

 

 

 

Fig.ure 4. Mn-SOD activity in mitochondria isolated from pea plants irrigated with 150 mM NaCl 

during 5 and 14 days. 

 

Leaf respiration and electron partitioning 

Oxygen isotope fractionation during respiration was measured in leaves of control 

and 150 mM NaCl treated plants on days 5 and 14 after the start of treatment. After 

5 days of 150 mM NaCl treatment, leaf total respiration (Vt) as well as electron 

partitioning through alternative pathway (τa) were not significantly affected (Fig. 

5A). However, Vt decreased by 35% after long-term (14 days) exposure to salt 

treatment (Fig. 5B). At that point, τa was significantly increased, mainly due to a 

50% reduction of the cytochrome oxidase pathway activity (vcyt) while the activity 

of the alternative oxidase pathway (valt) remained constant (Figure 5B). In parallel, 

the capacity of the alternative pathway was measured in leaf discs as cyanide-

resistant respiration and was found to increase from 0.3 µmol O2 m
-2 s-1 in control 

plants to 0.5 µmol O2 m
-2 s-1 in plants grown for 14 days in the presence of salt. 
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Figure 5. Total respiration (Vt), electron partitioning through alternative pathway (τa), cytochrome 

pathway activity (vcyt) and alternative pathway activity (valt) of medium leaves from pea plants 

irrigated with (black bars) or without (white bars) 150 mM NaCl during 5 (A) and 14 days (B). Bars 

represent mean ± SE of five replicates and asterisks denote significant differences between control 

and 150 mM NaCl treated plants with a P-value < 0.05. 

 

DISCUSSIO� 

Plant growth limitation under salinity can be due to either the effect of ions on 

metabolism or adverse water relations. The response of plants to an excess of salt is 

quite complex and implies several changes in the morphology, physiology and 

metabolism, depending on many factors including the intensity of the stress, the 

natural capacity of plants to cope with stress situations and the response or 

acclimation by induction of defence systems and metabolites which diminish 

dangerous or even deleterious effects (Munns and Tester, 2008). Salinity induced a 

significant decrease in growth, especially after 14 days which can be due to changes 

in the ion balance, water status, mineral nutrition, lower efficiency of 

photosynthesis and the amount and use of carbon (Munns, 1993; Flexas et al., 2004; 

Taylor et al., 2004). Under this situation, a decrease in absorption of calcium, 
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potassium and sulphur ions and an increase in sodium was observed. A similar 

decrease in Ca2+ and K+ and increase in Na+ have been described in leguminous 

plants including pea and cowpea under salinity, and this accumulation could be 

involved in the turgor adjustment as previously reported, although such 

accumulation of Na+ may produce important toxic effect and cell damage 

(Hernández et al., 1995, 1999). Ca2+ has been described to be involved in signalling 

response to abiotic stress including drought and salinity and affecting important 

processes such as the ones involved in the regulation of inward K+ channels in 

stomatal guard cells (Zou et al., 2010). Also it was described that Na+ more than Cl- 

produced among others, the inhibition of specific SOD isoforms in protoplasts 

(Hernández et al., 1994). Although changes in nutrients could affect the stomatal 

closure we can not attribute a direct action in our conditions on the stomatal 

regulation. Previous studies have shown that the salt-induced reduction of stomatal 

conductance (gs) can be used as an indicator of the level of the stress (Hernández et 

al., 1999, 2000; Flexas et al., 2004). After 5 days of NaCl treatment, gs was reduced 

to levels indicating a mild stress while after 14 days, gs was further decreased to less 

than 0.05 mol H2O m
-2 s-1 indicating a severe situation (Flexas et al., 2004). It is 

also well documented that photosynthesis is one of the main processes affected by 

salinity (Lawlor, 1995; Munns, 2002). According to this, net photosynthesis (AN) 

was reduced by 51% and 87% after 5 and 14 days of NaCl treatment, respectively. 

Similar reductions on gs were previously observed by Hernández et al., (1999) in 

Puget variety of pea plants subjected to 150 mM of NaCl during 14 days with 

similar growth reductions, suggesting that cv Lincoln, used in the present study, 

presents similar salt tolerance to the moderately tolerant cv. Puget. 

Previous works showed that NaCl provoked oxidative stress in different pea leaf 

cell compartments, with significant differences in oxidative parameters based on the 

compartment studied (mitochondria, chloroplasts and apoplast), the intensity of the 

salt stress applied and the pea variety (Hernández et al., 1993, 1994, 1995, 2001; 

Gómez et al., 1999, 2004). An excess of ions introduced into cells together with a 

decrease in stomatal conductance can induce the formation of ROS, disrupting 

cellular homeostasis and causing oxidative stress. The latter can be determined by 

increases in lipid peroxidation, protein oxidation and hydrogen peroxide content 

(del Río et al., 1992; Corpas et al., 1993; Hernández et al., 2000, 2001; Olmos et 

al., 1994; Gómez et al., 2004; Mittler, 2002). Although after 14 days of salt 
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treatment photosynthesis and gs showed that a severe stress was applied (Table 2), 

leaf oxidative stress was only moderate as no significant increase in leaf H2O2 

content and lipid peroxidation were observed (Table 4). Similarly, no important 

oxidative stress was observed in roots in spite of the H2O2 increase in the long 

treatment, being this H2O2 involved in other processes related with growth relay or 

signalling, although this aspect need further studies. This is in agreement with 

growth parameters, indicating that the cultivar studied is moderately tolerant to the 

applied salt stress. When the oxidative stress indicators were analysed in 

mitochondria, the increased protein oxidation and lipid peroxidation found at the 

short treatment was not increased with the duration of the stress, supporting that the 

cultivar is adapted to the NaCl conditions. This is in agreement with the moderate 

tolerance to NaCl previously reported for this cultivar (Hernández et al., 2001).   

Redox regulation of enzyme activity is essential for the mitochondrial function 

together with the antioxidant capacity because it provides a versatile mechanism to 

adapt mitochondria metabolism and signalling to environmental changes. 

Mitochondrial Trxs are key players of this regulation (Pedrajas et al., 1999) and 

may act also as an antioxidative molecule scavenging .OH, reducting H2O2 and 

reactivating proteins inactivated by oxidation (Spector et al., 1988). PsTrxo1 has 

recently been described as a protein with a dual targeting to pea mitochondria and 

nucleus and several proteins have been described as its targets including PrxII F and 

AOX (Martí et al., 2009). The role of more recently described mitochondrial 

proteins as PsTrxo1 and PrxII F in abiotic stress including salinity is quite 

unknown. Salt stress induced PrxII F mRNA levels after 5 days of treatment. The 

alterations that occur in gene expression following oxidative stress are frequently 

associated with a regulation of the cellular redox and antioxidant systems. However, 

the levels of mRNA of all proteins analyzed, including PrxII F, decreased after 14 

days of treatment. The fact that PrxII F protein levels remained constant throughout 

the salt treatment despite the observed changes at the level of mRNA, highlights the 

importance of post-transcriptional mechanisms in the regulation of these redox 

proteins, including mRNA stability, the rate of protein translation and its stability. 

In this sense, a strong regulation of PrxII F by unknown post-transcriptional 

mechanisms was suggested for explaining the 3-fold increase in PrxII F levels in 

response to A. thaliana treatment with high H2O2 concentration (Finkemeier et al., 

2005). Horling et al., (2003) observed no significant changes in Prx II F mRNA 
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levels of A. thaliana in oxidative or light treatments. Furthermore, it has been 

reported that this PrxII F protein appears to be much more constitutively expressed 

than other Prxs (Dietz et al., 2006). However, the results obtained by Barranco-

Medina et al. (2007) in pea plants only confer a constitutive role of PrxII F in roots, 

while the expression of the enzyme is more dynamic, at both protein and transcript 

levels, in leaves under long and moderate NaCl (25-50 mM) and CdCl2 (10 µM) 

treatments. It is important to note that although transgenic plants of A. thaliana 

lacking PrxII F presented a decreased in growth in the presence of Cd, in wild-type 

A. thaliana the levels of PrxII F did not increase in the presence of Cd (Horling et 

al., 2002). The controversial results demonstrate the lack of information about the 

mechanism controlling the behaviour of PrxII F in plants under oxidative stress-

inducing conditions, as pointed out by Barranco-Medina et al., (2007). The 

expression of PrxII F as well as PsTrxo1 was induced in a transitory way at the 

beginning of the salt treatment which could represent an adaptive behaviour against 

the moderate oxidative stress induced by NaCl at this time and may help to the 

acclimation of plants to longer NaCl treatment. In fact, mitochondria from plants 

grown in the presence of 150 mM NaCl during 5 days and not 14 days, presented 

significant increases in the indexes of lipid peroxidation and protein oxidation, 

which may be a signal for the induced expression of both proteins. In this sense, 

PsTrxo1 and PrxII F may be involved in preventing the establishment of a more 

severe oxidative stress in mitochondria during long term growth under these saline 

conditions. The PrxII F is an important component of plant defence against 

oxidative stress because of its ability to detoxify H2O2, alkyl hydroperoxides and 

peroxynitrite (Horling et al., 2002; Barranco-Medina et al., 2007), but also by 

possibly acting, together with Trxo1, as a ROS receptor in the context of NaCl 

acclimation. Thus, under the present salt conditions, PsPrxII F could participate in 

impeding the accumulation of lipid peroxides as observed, but also as a redox 

regulation system.  

As mentioned above, AOX is another target protein of PsTrxo1, which has been 

described to regulate the reduction of the disulfide bonds of this protein responsible 

for the alternative mitochondrial respiration, as well as its capacity (Martí et al., 

2009). The parallel induction of AOX and PsTrxo1 proteins found under salinity 

(14 days) suggests that the redox control of AOX activity can be active under salt 

stress and thus not limiting its activity under saline conditions. The effects of 
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salinity on respiration and partitioning between the two main respiratory pathways 

were only visible after 14 days of salt treatment. It has been described that the 

respiratory costs for ion compartmentation (i.e. Na+ and Cl-), excretion of salt 

glands and synthesis and accumulation of organic solutes increase in leaves under 

salinity conditions (Munns, 2002), thus increasing the maintenance component of 

respiration (Schwarz and Gale, 1981; Epron et al., 1999). Alternative pathway (AP) 

has been shown to have an important contribution to maintenance respiration 

(Florez-Sarasa et al., 2007), and this is in agreement with the accumulation of Na+ 

and an increased contribution by the alternative pathway to total respiration 

observed in leaves under longer salinity conditions, as reflected by an increase of τa. 

This increase of τa was also observed by Ribas-Carbó et al., (2005) under severe 

water stress conditions where gs decreased below 0.05 mol H2O m
-2 s-1, similar to 

the value found in our plants. However, in the present study, Vt decreased after 14 

days of salt treatment mainly by a decrease on the cytochrome pathway (CP) 

activity (vcyt) with AP remaining constant. This decrease on vcyt is likely to be due 

to the control exerted by an increase in the ATP/ADP ratio as a result of reduced 

energy demand for growth (Munns, 2002) concomitant to the significant reduction 

in leaf growth under saline conditions. This observation is in fully agreement with 

the observation by Florez-Sarasa et al., (2007) where growth respiration is mainly 

dependent on vcyt. Nevertheless, vcyt can also be inhibited by natural inhibitors like 

carbon monoxide, cyanide, sulphide, allelochemicals or nitric oxide (.NO) (Peñuelas 

et al., 1996; Lambers et al., 2005). Nitrositative stress and .NO production occur 

under salt stress conditions (Valderrama et al., 2007) and .NO and .NO-derived 

products could regulate mitochondrial respiration (Cassina and Radi, 1996; Millar 

and Day, 1996) mainly affecting vcyt. On the other hand, the activity of the AP was 

not increased but maintained despite of an increase of its capacity that was parallel 

to an increase in PsTrxo1 activity. Increased AOX capacity in over-expressing 

plants have been correlated to greater salt tolerance in Arabidopsis (Smith et al., 

2009) but discrepancies on AOX expression and in vivo activity have also been also 

reported (Lennon et al., 1997; Ribas-Carbó et al., 2005; Guy and Vanlerberghe, 

2005; Vidal et al., 2007) and recently discussed (Rasmusson et al., 2009). In the 

present study, the reason of this discrepancy could be the existence of a post-

translational regulation of AOX activity like interaction with α-ketoacids (Millar et 

al., 1993). Nevertheless, the fact that the alternative pathway activity is maintained 
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under salinity conditions may diminish the further accumulation of ROS in 

mitochondria and reflects the presence of the sustainable active form of AOX, in 

which, PsTrxo1 could have a role through the reduction of its disulfide bonds. In 

this sense, the increase in PsTrxo1 activity observed at 14 days of treatment, 

implied that this protein is activated in this condition. This increased PsTrxo1 

activity may regulate its targets proteins as PrxII F and AOX under salt stress. In 

this sense, PsTrxo1, PrxII F, AOX and the maintained Mn-SOD activity, together 

with specific enzymes components of the ascorbate-glutathione cycle, which are 

enhanced under similar NaCl concentrations in mitochondria of pea leaves (Gómez 

et al., 2004), can diminish ROS formation avoiding oxidative damage and thus 

allowing the moderate tolerance. This response to salt stress was indicated by 

different physiological parameters, of this pea cultivar to the salinity conditions 

applied.    

Taken together the results support a role for PsTrxo1 in the redox homeostasis 

control in mitochondria under salt stress. PsTrxo1 would be a good candidate for 

providing the cell with a mechanism by which it can response to changing 

environment through the redox modulation of the activity of its targets enzymes and 

probably also protecting mitochondria from oxidative stress together with Mn-SOD, 

AOX and PrxII F. 
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The general objectives of this Thesis include the study of the role and regulation of 

leaf respiration and electron partitioning between cytochrome (CP) and alternative 

(AP) pathways under non-stress as well as under stress conditions. In chapters 4, 5 

and 6, the activities of cytochrome (CP) and alternative (AP) pathways have been 

described in leaves of different plant species at different growth stages and light 

conditions as well as under different stressful conditions. In parallel to respiration 

and oxygen isotope fractionation measurements, growth parameters, leaf gas 

exchange and chlorophyll fluorescence, AOX and COX protein contents, transcript 

levels of several mitochondrial genes, soluble carbohydrates contents, 

photosynthetic pigments, and levels of several metabolites of respiratory carbon 

metabolism were determined. Moreover, protein oxidation, lipid peroxidation and 

H2O2 content were determined in the drought and salinity experiments 

corresponding to sections 6.1 and 6.2, respectively. The results presented provide 

new insights into in vivo regulation of the electron partitioning between cytochrome 

and alternative pathways in relation to respiratory gene expression, substrate 

availability and species-specific responses. Furthermore, the relationship between 

leaf respiratory pathways and photosynthetic performance under stress conditions 

has also been investigated. 

In this chapter, the most important results presented in chapters 4, 5 and 6 are 

discussed transversally. Section 7.1 discusses the results presented in chapters 4 and 

5 regarding to the in vivo contribution of the AP to total respiration in the absence 

of stress and its relationship with leaf AOX protein content. Section 7.2 discusses 

light regulation of leaf respiration in vivo on the basis of the results presented in 

sections 4.1, 5.1 and 5.2. Section 7.3 discusses the possible roles of CP and AP 

under stress on the basis of the results presented in chapter 5 regarding to high light 

stress and in chapter 6 regarding to drought and salinity. Section 7.4 presents and 

discusses all the results concerning the regulation of the AP as influenced by AOX 

capacity and/or protein level and some ideas for future research on AOX and its 

possible applications for enhancing crop tolerance to abiotic stress are presented. 

Finally, a general overview and the main conclusions of the Thesis are presented in 

section 7.5. Detailed discussions about the topics cited above are presented in each 

particular Chapter. 
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7.1 THE ELECTRO� PARTITIO�I�G BETWEE� CYTOCHROME A�D 

ALTER�ATIVE PATHWAYS I� LEAVES U�DER �O�-STRESS 

CO�DITIO�S: IS THE ALTER�ATIVE PATHWAY SUCH 

‘ALTER�ATIVE’? 

As stated in the Introduction (Chapter 1), it is important to determine the 

contribution of the alternative pathway to total respiration because of its non-energy 

conserving nature and therefore its impact on the energetic efficiency of plant 

respiration. Early studies showed that cyanide resistant respiration was a common 

phenomenon in a wide range of plant species (Henry and Nyns, 1975). Nowadays, 

the available genetic information indicates that the alternative oxidase (AOX), 

which is the enzyme responsible for the cyanide resistant alternative pathway (AP) 

respiration, is present in all kingdoms of life except in archeobacteria (McDonald et 

al., 2008). Most of the early research on AOX was focused in plants where the 

activity of the AP was found to be variable across species and tissues (Lambers, 

1982). However, information about the activity of the AP provided by early studies 

must be carefully considered as the use of respiratory inhibitors (i.e. SHAM) for 

estimating the activity of the AP was considered not to be adequate (Day et al., 

1996). Instead, the measurement of the oxygen isotope fractionation during 

respiration allows the determination of the actual partitioning of electrons to the 

alternative pathway (τa). In the experiments described in chapters 4, 5 and 6, τa was 

determined in five different species, $icotiana sylvestris, Cucumis sativus, Pisum 

sativum, Glycine max and Arabidopsis thaliana,  as well as in AOX1a-transgenic A. 

thaliana plants, CMSII mutant $. sylvestris plants and MSC16 mutant C. sativus 

plants. These five species as well as transgenic and mutant plants were grown under 

different light intensities and their respiratory activities and τa are summarized in 

supplemental table I of the Annex section. τa was between 0.20 and 0.52 in leaves 

of the five species grown under similar non-stress conditions (section 4.3 and 

supplemental table I). Similar values of τa (i.e. in the range of 0.21-0.30) were 

previoulsy reported in leaves of $icotiana sativa, Cucurbita pepo and Vicia fava 

plants grown under non-stress conditions and these τa values were shown to be 

unaffected by short-term temperature fluctuations (Macfarlane et al., 2009). 

Similarly, Millenaar et al. (2001) also showed τa values in the range of 0.11 to 0.49 

in roots of five different Poa species. All these results together with those presented 
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in supplemental table I clearly show that approximately a 25% of total respiration 

occurs via AP regardless of the different AP capacity and/or AOX protein content 

under non-stress conditions. These observations lead to the question of why plants 

maintain this non-phosporylating alternative pathway constantly active. A general 

role for AP under non-stress conditions could be related to its important 

contribution to maintenance respiration, as shown in the results presented in section 

4.2 (Florez-Sarasa et al., 2007). Although contributing to 40% of the maintenance 

respiration, it is unlikely that AP contribute significantly to ATP synthesis needed 

for the maintenance-associated processes due to its non-phosphorylating nature 

(Florez-Sarasa et al., 2007). However, the activity of the alternative pathway may 

permit the reoxidation of matrix NADH allowing a larger operation of TCA cycle 

reactions (Lambers et al., 2005). This additional flux of TCA cycle may serve to 

produce the carbon skeletons needed to support maintenance metabolic processes. 

In leaves, the supply of carbon skeletons from the TCA cycle has been 

demonstrated to be essential to support N2 assimilation and amino acid synthesis 

(Nunes-Nesi et al., 2007). Therefore, such a constant supply of carbon skeletons for 

amino acid synthesis should be needed for leaf protein synthesis and turnover which 

is considered one of the most important maintenance processes in leaves (Bouma et 

al., 1994; Noguchi et al., 2001b; Amthor, 2000). Several evidences pointing to the 

importance of TCA cycle reactions in providing carbon skeletons for amino acid 

synthesis in leaves during illumination have emerged from different studies using 

transgenic plants with altered expression of key TCA cycle enzymes (Nunes-Nesi et 

al., 2007). The compromised flux through TCA cycle in leaves of transgenic plants 

makes this plant material suitable to investigate the functional relationship between 

AP and TCA cycle in future experiments. 

In addition to τa data presented in different species, results under non-stress 

conditions show that CMSII $. sylvestris mutants, MSC16 C. sativus mutants and 

AOX1a A. thaliana transgenic plants exhibit similar τa than their respective wild-

type plants regardless of the growth light conditions (Supplemental table I). 

Noticeably, all these transgenic and mutant plants present different levels of AOX 

protein contents than their respective wild-type plants (sections 5.1, 5.2 and 6.1) but 

did not show differences in τa compared to wild-type plants. In the case of the A. 

thaliana transgenic plants, AOX expression was directly modified by suppressing 
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or overexpressing AOX1a gene expression (Umbach et al., 2005). Therefore, these 

transgenic plants resembled an adequate plant material to directly study the in vivo 

regulation of the AP in relation to the AOX protein content.  The AP is regulated in 

vitro by the redox state and amount of the ubiquinone (UQ) pool and the activation 

state of the AOX protein (Ribas-Carbo et al., 1995; Lambers et al., 2005). The 

activation of the AOX protein involves alteration of its redox state through a 

disulfide/sulfhydryl system and interaction with α-keto acids (Umbach and Siedow, 

1993, Millar et al., 1993; Umbach et al., 1994). In addition, total amount of AOX 

protein could, under certain circumstances, be a limiting factor for AP activity 

(Ribas-Carbo et al., 1997). However, the regulation of the in vivo activity remains 

unclear because the in vivo redox state of the UQ pool is frequently found to be 

stable, the AOX protein is often in its reduced state in crude extracts of plant 

tissues, and the pyruvate concentration found in tissues is thought to be high enough 

to fully activate AOX, although no information is available about its concentration 

in mitochondria (Millenaar and Lambers, 2003). Bearing this in mind, it would be 

expected that plants with higher AOX protein content will have increases in the 

activity of the AP in vivo. In this respect, most AOX research in the last two 

decades has been focused in studying changes in AOX gene expression and the role 

of the AP has been based on these results (van Aken et al., 2009). However, there 

are several reports showing that expression of the AOX protein is not correlated 

with in vivo activity (Millenaar and Lambers, 2003), although direct evidences of 

the relationship between AOX protein content and in vivo AP activity, i.e. using 

transgenic plants with modified expression of the AOX protein, are scarce (Guy and 

Vanlerberghe, 2005). In the results presented in section 5.2, the lack of relationship 

between AOX protein content and AP in vivo activity is definitively demonstrated 

in AOX1a anti-sense (AS-12) and AOX1a overexpressing (XX-2) A. thaliana plants 

that exhibit low and high amounts of AOX protein contents, respectively (Umbach 

et al., 2005). The AP capacity was lower in leaves of AS-12 and higher in leaves of 

XX-2 plants compared to the AP capacity of wild-type Columbia 0 plants 

confirming the established relationship between AP capacity and AOX protein 

content observed in several species (Elthon et al., 1989; Guy and Vanlerberghe, 

2005; McDonald et al., 2002; Yoshida et al., 2007). However, the AP activity was 

very similar in all three lines regardless of their different AP capacities 

demonstrating that the amount of AOX protein in leaf tissue does not directly 
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determine the activity of the AP in vivo (Lennon et al., 1997; Guy and 

Vanlerberghe, 2005; Ribas-Carbo et al., 2005b; Vidal et al., 2007). Therefore, it 

appears that in vivo AP activity is tightly regulated by fine post-translational control 

which can be substrate supply, AOX redox modulation of the disulfide/sulfhydryl 

system and /or AOX interactions with α-keto acids even in the presence of an 

overcapacity of the AP (i.e. as in the case of XX-2 plants). Such overcapacity of the 

AP has been suggested to be necessary for ensuring AP activity during peaks of 

substrate supply caused by the metabolic perturbations occurring during changes in 

the environmental conditions (Rasmusson et al., 2009). In order to explore if such 

overcapacity is present in different species, the activities and capacities of the AP 

were determined in five different species grown under similar conditions (section 

4.3, supplemental table I). Large variability on the AP overcapacity or engagement 

(i.e. the ratio of the activity / capacity of the AP) was observed among species, 

ranging from 21% to 95% (section 4.3, supplemental table I). These differences in 

AP engagement may have implications in the flexibility of the response of AP 

activity among species and therefore in their capacity to respond to stress situations. 

In other words, will AP in plants with larger AP engagement be able to respond to 

rapid metabolic perturbations? (see sections 7.3.2  and 7.4 for further discussion).  

As previously discussed, a significant proportion of respiration normally occurs via 

AP under non-stress conditions denoting that the AP is not so “alternative” but 

often operative. Further evidences of such an essential function of AP under non-

stress conditions are presented in the experiments from section 5.2 using AOX1a 

transgenic A. thaliana plants. As mentioned above, a very similar AP activity was 

observed in all three plant lines (AS-12, wild-type and XX-2) despite their 

important differences in AP capacity. Importantly, such similar AP activity levels 

present in the 3 plant lines was almost equal to the capacity of the AS-12 plants. 

The presence of AP activity and capacity in AS-12 plants, which presented no 

detectable AOX1a transcript levels (Umbach et al., 2005), could be related to the 

contribution of other AOX isoforms to the synthesis of the minimum required AOX 

protein content needed for the observed basal AP activity. In this respect, CP 

inhibition by antimycin A has been observed to induce the expression of AOX1d 

isoform in AOX1a mutant plants with a T-DNA insertion within AOX1a gene 

(Strodtkötter et al., 2009). Moreover, mesophyll protoplasts of AOX1a mutants 

exhibited a 30% of cyanide-resistant respiration (Strodtkötter et al., 2009), similar 
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to the case of AS-12 plants (24% and 36%, depending on growth light intensity, 

supplemental table I). In agreement with these results, shoots and roots of AOX1a 

mutant plants also exhibited a 10-20% of cyanide resistant respiration (Watanabe et 

al., 2010). Overall, together with previous observations on AOX1a mutants, in vivo 

AP activity and capacity results in AS-12 plants presented in this Thesis strongly 

suggest that a certain AOX protein level is crucial to maintain a minimum required 

level of AP activity even under non-stress conditions. 

Another important result obtained from the study of section 5.2 is that AP activity 

and capacity were dependent on the growth light intensity even in AS-12 plants, in 

which the engagement of the AP (i.e. the ratio AP activity / AP capacity) indicated 

that AP was always near saturation (section 5.2, supplemental table I). These results 

suggest that growth light conditions determine the AP activity required under non-

stress defined light conditions. As discussed in the next section 7.2, leaf respiration 

is thought to be light regulated by the availability of substrates and energy 

demanding processes such as carbohydrate export and turnover protein. In both 

sections 4.1 and 5.2, A. thaliana plants were grown at low growth light (LGL) and 

moderate growth light (MGL) intensities. The higher demands for ATP in plants 

grown at MGL intensity compared to plants grown at LGL intensity could explain 

the increased activity of the cytochrome pathway. However, the increased AP 

activity observed in all AOX genotypes (section 5.2) may be related to substrate 

availability changes and/or to higher maintenance respiration (section 4.2; Florez-

Sarasa et al., 2007). In relation to this, the levels of several metabolites were 

significantly higher in plants grown at MGL than at LGL conditions (section 4.1). 

Noticeably, the group of metabolites displaying the highest differences between 

LGL and MGL grown plants were amino acids (section 4.1). These results suggest 

that a dramatic increase in amino acid synthesis likely to be accomplished through a 

higher flux of the TCA cycle. Therefore and providing more evidences for the 

arguments presented above, the higher AP activity and capacity observed even in 

AS-12 plants grown under MGL conditions is likely to support the supply of carbon 

skeletons for amino acid synthesis under MGL conditions.  

Finally, the alternative pathway activity under non-stress conditions could also be 

responsible for other essential processes in leaf metabolism such as 

photorespiration. Glycine produced during photorespiratory metabolism becomes a 

major substrate for mitochondria in the light (Bauwe et al., 2010). It was suggested 
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that AP and NAD(P)H dehydrogenases contribute to glycine oxidation during 

photorespiration (Igamberdiev et al., 1997). Accordingly, light-induction of NDA1 

and AOX proteins (Svensson and Rasmusson, 2001) suggested a role for these 

proteins in oxidizing an excess of NADH produced during glycine decarboxylation. 

More recently, Strodtkötter et al. (2009) observed an increase in the expression of 

glycine decarboxylase (GDC) as well as changes in glycine to serine ratios in 

AOX1a mutant plants. In the results presented in section 4.1, glycine levels were 

almost 2-fold higher in plants grown at MGL compared to those at LGL conditions. 

Moreover, glycine was dramatically induced after high light treatment, together 

with an increase in AP in vivo activity (section 4.1). Overall, despite all the 

evidences presented about the possible implication of the AP in consuming NADH 

part of the NADH produced by glycine oxidation, studies of in vivo activity of the 

AP in leaves with altered photorespiratory rates by modulating CO2/O2 ambient 

concentrations or by genetic modifications, i.e. in GDC mutants (Igamberdiev et al., 

2004), would help to establish the role of AP during photorespiration. 

 

7.2 REGULATIO� OF RESPIRATIO� A�D ELECTRO� PARTITIO�I�G 

BETWEE� CYTOCHROME A�D ALTER�ATIVE PATHWAYS I� 

LEAVES U�DER DIFFERE�T LIGHT CO�DITIO�S: SUBSTRATE 

AVAILABILITY OR ATP A�D CARBO� SKELETO�S DEMA�D? 

Most leaf respiration measurements in the present Thesis have been performed 

during the day period and after a 30 minutes dark adaptation to avoid light enhanced 

dark respiration (LEDR). It has been assumed that after this dark adaptation time, 

tissues perform ‘dark’ respiration which is thought to be different to ‘light’ 

respiration, although there is no clear consensus on the extent of leaf oxygen uptake 

in the light (see section 1.3.2 for further explanations). However, several studies 

have shown that ‘dark’ respiration, i.e. after LEDR, is affected by the previous light 

conditions (reviewed in Noguchi, 2005). Bearing this in mind, it is likely that if 

dark respiration is modulated by the previous light conditions, the metabolic 

conditions of the leaf tissue after LEDR, when dark respiration is measured, might 

be more similar to light than to dark conditions. In order to test this hypothesis, 

metabolite profiles were analysed in Arabidopsis thaliana leaves exposed to 

different light conditions and after 30 minutes in darkness following the different 

light conditions applied (section 4.1). The results presented in section 4.1 showed 
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that respiration rates, measured in the dark after LEDR, were higher at higher 

growth light intensities, as previously observed (Noguchi, 2005; Yoshida et al., 

2007). In addition, partitioning of electrons between CP and AP was unchanged, 

denoting similar proportional increases of CP and AP activities at higher light 

intensities. Together with respiratory activities, the levels of several metabolites 

were increased at higher light intensities. After 30 minutes of darkness, the levels of 

most metabolites were similar to those levels of metabolites in the light. Therefore, 

although being indirect evidences because respiration was not directly measured in 

the light, these results strongly suggest that ‘dark’ respiration measurements after 

LEDR are likely to reflect the metabolic conditions of the leaf during illumination. 

Considering these findings, the effects of different growth light conditions on leaf 

respiration and τa were studied in leaves of wild-type, AS-12 and XX-2 A. thaliana 

plants as well as in wild-type and MSC16 mutant C. sativus plants (sections 4.1, 5.1 

and 5.2). Moreover, leaf respiration and τa were compared between day and night 

periods. In parallel to respiratory activities, changes in soluble carbohydrate 

contents, metabolic profiles and AOX and COX protein amounts were also 

determined in the different experiments. 

Several studies have shown a positive correlation between carbohydrate status and 

leaf respiration rates (reviewed in Noguchi, 2005). Both respiration rates and 

soluble carbohydrates content were shown to decrease during the night period in 

leaves of Spinacia oleracea and Triticum aestivum plants (Azcon-Bieto and 

Osmond, 1983; Azcon-Bieto et al., 1983; Noguchi et al., 1996). Therefore, it was 

concluded that in some species respiration is controlled by soluble carbohydrates 

availability (Azcon-Bieto and Osmond, 1983; Azcon-Bieto et al., 1983, Noguchi et 

al., 1996). In the results presented in section 5.1 (Florez-Sarasa et al., 2009), leaf 

respiration rates and soluble carbohydrate content were similar between day and 

night periods in leaves of wild-type and MSC16 mutant C. sativus plants. However, 

leaves of MSC16 mutant C. sativus plants exhibit similar respiration rates than 

wild-type plants despite containing higher levels of soluble carbohydrates. Such a 

lack of correlation between respiration rates and soluble carbohydrates was also 

observed in Alocasia macrorrhiza, Alocasia odora and P. sativum plants where leaf 

respiration rates early and late at night were similar despite decreases in 

carbohydrate levels observed during the night period (Azcon-Bieto et al., 1983; 

Noguchi et al., 1996; Noguchi and Terashima, 1997). This lack of correlation 
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between soluble carbohydrates and leaf respiratory rates has been suggested to be 

due to a control of respiration by ATP demanding processes occurring in leaves 

(Noguchi and Terashima, 1997; Noguchi et al., 2001b).  

On the other hand, the high positive correlation between total respiration and 

soluble carbohydrates contents observed in C. sativus plants grown at two different 

light intensities would suggest a regulation of respiration rates by substrate 

availability (section 5.1; Florez-Sarasa et al., 2009). In addition, the observed 

changes in respiratory rates and in levels of several metabolites, including sugars, in 

A. thaliana plants grown at different light intensities would support this view 

(section 4.1). However, it has to be considered that the experiments performed in 

sections 4.1, 5.1 and 5.2 both soluble sugar levels and energy requirements were 

increased with increases in growth light intensity. In order to separate these two 

effects, metabolite profiles and respiration rates were determined in the middle of 

the night period both in LGL and MGL A. thaliana plants. These additional results 

are presented in supplemental figure I and supplemental table II of the Annex 

section. Although sugar levels in leaves of  A. thaliana were higher in plants grown 

at MGL than in those grown at LGL conditions, both exhibit dramatic decreases in 

sugar levels during the night period while no change in respiratory activities were 

observed (Supplemental figure I and supplemental table II). Therefore, respiration 

rates are unlikely to be controlled by sugars availability in leaves of A. thaliana 

plants. In turn, the higher leaf respiratory rates observed in A. thaliana plants grown 

at MGL compared to leaf respiratory rates at LGL grown plants may reflect an 

increased ATP and carbon skeletons demands for processes such as protein 

turnover, and sucrose synthesis and export (Noguchi et al., 2001b). In this respect, 

the higher CP and AP activities together with the higher levels of amino acids and 

in A. thaliana plants grown under higher light intensities support this hypothesis.  

In summary, considering the present results together with previously reported 

studies (Azcon-Bieto and Osmond, 1983; Azcon-Bieto et al., 1983; Noguchi et al., 

1996; Noguchi and Terashima, 1997), it is likely that leaf respiration is controlled 

by substrate availability in some species and by ATP demand in others. On the 

other hand, information about the relationship between diurnal changes in 

respiratory substrates and in partitioning of electrons between CP and AP is scarce 

(Noguchi et al., 2001a; section 5.1, Florez-Sarasa et al., 2009). Noguchi et al. 

(2001a) showed that τa was lower at the end of night than early at night in leaves of 
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S. oleracea and Phaseolus vulgaris plants, mainly due to reductions in AP in vivo 

activity. The authors suggested that AP become engaged early at night due to higher 

UQ reduction levels induced by the high levels of carbohydrates found at this 

period. On the contrary, Ribas-Carbo et al. (2000a) and Gonzalez-Meler et al. 

(2001) did not observe correlation between AP in vivo activity and soluble 

carbohydrates in leaves of $icotiana tabacum and P. vulgaris as well as in G. max 

cotyledons. In agreement with the latter results, both CP and AP activities remain 

similar at the middle of the night and during the day period in A. thaliana 

(Supplemental table II) despite dramatic decreases in several metabolites, especially 

in sugar levels, observed in these plants (Supplemental Figure I). Measurements of 

the in vivo activities of the CP and AP together with metabolic profiling in leaves of 

different plant species growing at different day lengths will certainly provide 

valuable information to further improve our knowledge about the substrates 

regulation of leaf respiration in vivo. 

 

7.3 THE ELECTRO� PARTITIO�I�G BETWEE� CYTOCHROME A�D 

ALTER�ATIVE PATHWAYS I� LEAVES U�DER STRESS 

CO�DITIO�S: IS THE ALTER�ATIVE PATHWAY PLAYI�G A ROLE 

U�DER STRESS? 

The existence of several ‘alternative’ and energy-bypass respiratory pathways 

confer plant respiratory metabolism a great flexibility and a complex regulation. 

The dual function of plant respiratory metabolism in providing energy and carbon 

skeletons for biosynthesis may impose the necessity for this flexible and complex 

regulation that can also be crucial for plants to acclimate and develop in their 

natural changing environments (Plaxton and Podesta, 2006). Among different 

mitochondrial energy-bypass systems, the alternative oxidase (AOX) has received 

large attention, particularly during the last two decades. This was reflected in the 

first international AOX Symposium that was held at Evora, Portugal, in 2008. As a 

consequence of this meeting, a Special Issue on AOX was published in Physiologia 

Plantarum in 2009 (Vol. 137, issue 4) in which new advances on the AOX research 

field were reported. Early studies suggested that AOX has an important role under 

stress situations by preventing over-reduction of the ubiquinone (UQ) pool and the 

formation of reactive oxygen species (ROS) in mitochondria (Purvis and Shewfelt, 

1993; Maxwell et al., 1999; Møller et al., 2001). In addition, a large amount of 
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studies have reported increases in AOX gene expression under different biotic and 

abiotic stresses (reviewed in Vanlerberghe and McIntosh, 1997; Finnegan et al., 

2004 and in Van Aken et al., 2009), supporting a role of AOX under stress. 

Furthermore, a general role for AOX in cell reprogramming under stress has been 

proposed (Clifton et al., 2006; Arnholdt-Smith et al., 2006) through its ability for 

avoiding ROS formation and/or by changing the energy cell status (Van Aken et al., 

2009). Importantly, direct evidences of the role of AOX under stress come from the 

observation of altered phenotypes of AOX transgenic/mutant plants with altered 

AOX expression under different biotic and abiotic stresses (reviewed in 

Vanlerberghe et al., 2009). However, there is still no direct evidence relating ROS 

production with changes in AP activity in vivo. With regard to studies of respiration 

in vivo, the response of leaf respiration and τa has been studied under different 

abiotic stresses such as low or high temperatures, drought and phosphate deficiency 

(reviewed in section 1.4.2). However, information about the response of AP in vivo 

activity in AOX transgenic/mutant plants to different stresses is scarce (Guy and 

Vanlerberghe, 2005). In the present Thesis, respiration and τa have been studied in 

leaves of different plant species and transgenic or mutant plants under drought, 

salinity and high light stresses (Sections 5.2, 5.3, 6.1 and 6.2) which are known to 

enhance the formation of ROS causing oxidative stress (Niyogi, 1999; Miller et al., 

2010).  

 

7.3.1 Role and regulation of CP and AP under drought and salinity 

In sections 6.1 and 6.2, respiration and oxygen isotope fractionation as well as 

several photosynthetic parameters were determined in wild-type and CMSII mutant 

$. sylvestris plants subjected to drought and during subsequent recovery as well as 

in P. sativum plants subjected to salinity stress. The general aim of these studies 

was to determine the role of CP and AP under drought- or salinity-stress induced 

suppression of photosynthesis and during photosynthetic recovery. The role of CP 

and AP under drought stress had already been studied (Ribas-Carbo et al., 2005b) 

but information about the response of CP and AP and their role in optimizing 

photosynthesis during recovery does not exist. Moreover, the use of CMSII mutants 

offered the opportunity to study whether altered photosynthetic and respiratory 

metabolism, as previously observed in this mutants (Dutilleul et al., 2003; Vidal et 

al., 2007), would limit its photosynthetic performance during drought and recovery. 
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During severe drought and salinity (i.e. when stomatal conductance were lower than 

0.05 mol H2O m
-2 s-1, according to Medrano et al. (2002) and Flexas et al. (2004)) 

τa was increased (Supplemental figures II and III) mainly due to a decrease in CP 

activity while AP activity remained constant (Sections 6.1 and 6.2). In agreement 

with these results, CP activity decreased in leaves of G. max plants under severe 

drought (Ribas-Carbo et al., 2005b). Under drought and salinity conditions, a 

decrease on the demand of ATP is likely to occur due to reductions in growth, and 

photosynthesic metabolism (Flexas and Medrano, 2002; Munns, 2002). Moreover, 

CP activity is tightly correlated to relative growth rates in leaves as it has been 

shown in section 4.2 (Florez-Sarasa et al., 2007). Indeed, severe reductions in 

photosynthesis and growth parameters were observed in the $. sylvestris and P. 

sativum plants under drought and salinity. Furthermore, the adjustments of leaf 

respiration and τa observed in CMSII plants under drought and recovery 

(Supplemental figure II) lead to similar ATP production than in WT plants denoting 

a tight control of respiration by ATP demand under drought and recovery which has 

been previously hypothesized to occur in mature leaves under drought (Atkin and 

Macherel, 2008).  

On the other hand, the parallel patterns between CP activity and net photosynthesis 

observed during drought and recovery could be reflecting a photosynthetic-derived 

substrate control of CP. However, although it was not measured in the present 

drought and recovery experiments, sugar contents are generally accumulated in 

response to osmotic stress (Bartels and Sunkar, 2005). In addition, Gonzalez-Meler 

et al. (2001) showed that the relationship between CP activity and soluble sugars 

contents disappear under limited phosphate nutrition, suggesting a tight control of 

CP by ADP phosphorylation under such stress conditions. Therefore, substrate 

limitation is unlikely to be responsible for decreases in CP under drought and 

salinity conditions. Consequently, if substrates were not limiting respiration and CP 

was restricted by adenylate control, an increase on UQ pool reduction levels will be 

expected. Under these conditions, the over-reduction of the UQ pool has been 

suggested to be avoided through an increase in AP activity (Millenaar et al., 1998) 

and thus preventing ROS formation (Maxwell et al., 1999). In agreement with this 

hypothesis, an increase in AP activity was observed in leaves of G. max under 

severe drought (Ribas-Carbo et al., 2005b). However, no changes in AP activity 

were observed in leaves of $. sylvestris plants under drought neither in leaves of P. 
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sativum under salinity (sections 6.1 and 6.2). Possible explanations for the different 

response of AP activity during drought in $. sylvestris and G. max could be a 

species-specific capacity to cope with oxidative stress or a species-specific 

regulation of AP observed under stress (Gonzalez-Meler et al., 2001). With regard 

to the first, lipid peroxidation did not increase in leaves of wild-type nor of CMSII 

mutant plants under drought stress, which may indicate a lack of a severe oxidative 

stress (data not shown). Similarly, leaves of P. sativum did not show an increase in 

lipid peroxidation although protein oxidation was detected under severe salinity 

conditions (section 6.2). Overall, from the results of AP in vivo activity presented in 

sections 6.1 and 6.2 it cannot be confirmed that AP plays a role in avoiding an over-

reduction of the UQ pool and in diminishing ROS formation. Further research will 

be needed to clarify the relationship between AP activity and ROS production under 

oxidative stress conditions in vivo. 

The remaining AP activity together with the tight regulated ATP production by CP 

might be important for maintenance processes (section 4.2, Florez-Sarasa et al., 

2007) which are known to be enhanced under drought and salinity stresses 

(Schwarz and Gale, 1981; Epron et al., 1999; Munns, 2002). Noticeably, total 

respiration was not decreased in leaves of G. max plants under severe drought 

(Ribas-Carbo et al., 2005b) but did in $. sylvestris under drought and P. sativum 

under salinity. The response of respiration to water stress has been shown to be 

variable in mature leaves (Galmes et al., 2007b; Atkin and Macherel, 2008). A high 

carbon demand for synthesis of compatible solutes for osmotic adjustment during 

water stress may explain the increase in AP activity observed in G. max. For instance, 

the increase in proline production during water stress and its oxidation during 

rewatering may require a high electron transport without a need for ATP synthesis 

which can be accomplished by an increase in AP activity (Rasmusson et al., 2008). As 

commented in section 7.1, the use of transgenic plants with altered TCA cycle flux 

will help to unravel the functional relationship between AP and TCA flux in 

response to high carbon skeleton demands. Moreover, studies in which 

physiological conditions require an increase in TCA flux for providing carbon 

skeletons without energy (ATP) requirement should shed some light to this topic 

(Lambers et al., 2008). Examples for these physiological situations include the 

production of phytoalexins during microbial pathogenic infections, oxidation of 

malate during CAM metabolism (Robinson et al., 1992) and synthesis of large 
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amounts of carboxylates produced and exudated in cluster roots under phosphate 

limitation (Lambers et al., 2008). Indeed, AOX is up-regulated in cluster roots of 

Hakea prostrata suggesting an increased flux through AP which has been recently 

confirmed by oxygen isotope fractionantion measurements (Florez-Sarasa I, Ribas-

Carbo M, Lambers H, unpublished results). 

 

7.3.2 Role and regulation of AP under high light 

It has been suggested that AP plays a role in protecting photosynthetic electron 

transport chain during drought but more importantly when light stress is superimposed 

(Bartoli et al., 2005; Giraud et al., 2008). In this respect, Bartoli et al. (2005) showed 

that inhibition of the AP after SHAM treatment has greater effects on the efficiency of 

PSII (ΦPSII) and photochemical quenching (qP) of drought-stressed plants under high 

light than under low light conditions. Even though direct effects of SHAM treatment 

on chloroplast functioning were shown to be negligible (Bartoli et al., 2005), a severe 

inhibition of AOX activity by SHAM treatment at the leaf level may compromise 

several primary metabolic functions as a certain activity of the AP has been found to 

be of vital importance even under non-stress conditions (section 7.1). Alternatively, a 

decrease on AP in vivo activity should be reached by genetic manipulation of AOX 

expression. In this respect, Giraud et al. (2008) showed a decrease in ΦPSII and 

increase in non-photochemical quenching (NPQ) in AOX1a mutant plants under 

combined drought and moderate light treatments. This study with AOX1a mutants 

resemble more adequate in terms of methodology although the physiological approach 

was problematic because wild-type and AOX1a mutant plants were compared at 

different levels of drought stress as was denoted by the lower relative water content in 

AOX1a mutants than in wild-type plants (Giraud et al., 2008). Regardless of 

differences on the levels of water stress, differences in photosynthetic performance, 

i.e. Fv/Fm, NPQ and ΦPSII, between wild-type and AOX1a mutant plants were minor. 

Nevertheless, the results presented by Bartoli et al. (2005) and Giraud et al. (2008) 

suggest that AP could be important in protecting photosynthetic electron transport 

chain from the excess of light energy. Therefore, the lack of response of in vivo AP 

activity observed in the experiments of sections 6.1 and 6.2 could also be due to the 

lack of high light stress superimposed to drought and salinity stresses. In this respect, 
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different experiments were performed in sections 5.2 and 5.3 in order to study the 

effect of high light stress on respiration, τa and photosynthetic performance.  

The energy-bypass systems present in mitochondrial electron transport chain have 

been proposed to act as a sink of the excess of reducing equivalents derived from 

the chloroplast under high light conditions (Noguchi and Yoshida, 2008). In 

agreement with this hypothesis, it has been observed that AOX expression is 

induced under high light in parallel to increases in enzyme activities related to the 

transport of reducing equivalents from chloroplasts to mitochondria (Yoshida et al., 

2007). From these observations, a role for AOX in dissipating excess reductant 

power generated in the chloroplast under excess of light conditions and thus 

preventing from photoinhibition has been proposed (Yoshida et al., 2007). 

However, the in vivo contribution of the AP to total leaf respiration under 

conditions of excess of light was still unknown. Therefore, this aspect has been 

addressed in the experiments of sections 5.2 and 5.3 in order to better understand 

the role of AP in ameliorating photoinhibition caused by excess of light intensity. For 

this purpose, AOX1a antisense (AS-12) and overexpressor (XX-2) A. thaliana plants 

as well as wild-type plants were grown under low growth light (LGL) intensities and 

were subjected to a high light treatment (HLT) for 8 h (section 5.2). AP activity and 

capacity were similarly stimulated in wild-type and XX-2 plants after HLT, in 

agreement with the up-regulation of AOX protein and transcript levels previously 

observed in leaves of A. thaliana plants (Yoshida et al., 2007; 2008; Noguchi and 

Yoshida, 2009; Zhang et al., 2010). Noticeably, the AP activity was already increased 

after 2 h of HLT while AP capacity increase was delayed for 4 h (data not shown) and 

8 h in wild-type plants (section 5.2).  In agreement with these results, AOX protein 

amount was not increased after 2 h of HLT but increased after 4 h of HLT (Yoshida 

and Noguchi, 2009). Moreover, AOX1a transcript levels, which was the most induced 

isoform after HLT (Yoshida and Noguchi, 2009), peaks at 2 h after HLT (Section 4.1; 

Yoshida and Noguchi, 2009). Overall, these results denote the different time response 

of AP regulation at three levels, i.e. transcription, protein synthesis and in vivo activity, 

and reinforce that post-translational regulation is the main factor regulating AP activity 

(Vidal et al., 2007). On the other hand, AP activity was not significantly increased in 

AS-12 plants after HLT as these plants are limited by their AP capacity even after 

HLT. However, AS-12 plants exhibit a more pronounced increase in CP activity than 

wild-type and XX-2 plants after HLT denoting a change in partitioning of electrons 
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from a saturated AP to an unsaturated CP. Note that these results further confirm, in a 

different and innovative way, that AP is active under conditions where CP is not 

saturated (Ribas-Carbo et al., 1995) and for the first time, a saturation of AP is 

observed. These results show that a flexible response of the electron transport chain to 

high light stress allowed AS-12 plants for the oxidation of the increased amount of 

reducing power generated under high light. The greater increase of CP might 

indicate an increase in uncoupling protein activity and suggest a higher UQ pool 

reduction state in AS-12 plants, as it has been observed in AOX1a mutants under 

high light (Yoshida et al., 2010; 2011). The compensation via increased CP is likely 

to allow these plants to sustain photosynthetic rates to similar levels than in wild-

type plants by allowing the mitochondria to oxidise the same amount of chloroplast-

derived reducing power. However, a slight but significant increase in chronic 

photoinhibition was observed in AS-12 plants after 8 h of HLT. Therefore, a lack of 

AP in vivo activity was correlated to higher levels of chronic photoinhibition but the 

observed effects were minor, which is probably due to the flexible response of 

mitochondrial electron transport chain under high light stress (i.e. redirection of 

electrons from AP to CP). 

Finally, in order to further investigate the relationship between AP and 

photoinhibition, all the species used in the present Thesis were grown under low 

light conditions and subjected to high light stress for 2 h (section 5.3). As in the 

case of drought stress, the response of respiration and τa to high light stress 

conditions was observed to be species dependent. Under low light conditions, the 

different species showed different engagement of the AP (i.e. AP activity / AP 

capacity). Then, as in the case for AS-12 plants, we hypothesized that species with 

high engagement will be unable to increase AP activity after HLT and therefore 

tend to present higher chronic photoinhibition than those with low engagement, 

unless an increase in the capacity of the AP occurs after HLT. The results presented 

in section 5.3 showed that the response of AP to high light stress was highly 

variable among species. Nevertheless, a common trend was observed consisting in a 

parallel high light induction of AP capacity and activity. This observation could be 

related to a redox activation of the AOX under high light stress as previously 

suggested (Noguchi et al., 2005). In this respect, AOX inmunodetection is still 

under process and will shed some light into the regulation of the AP in this study. 

Regardless of the mechanisms underlying the different AP response observed in 
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different species, a positive correlation was observed between chronic 

photoinhibition and AP activity under high light conditions (section 5.3), supporting 

previous observations indicating a role of AP in ameliorating photoinhibition. 

Nevertheless, the contribution of other photoprotection mechanisms should be 

investigated in the different species studied under high light stress in order to 

determine their implication in the observed differences in photoinhibition and to 

discard a casual relationship between AP activity and chronic photoinhibition. 

 

7.4 THE IMPACT OF AOX PROTEI� LEVELS O� THE I� VIVO 

REGULATIO� OF THE ALTER�ATIVE PATHWAY I� LEAVES 

The AOX research field offers an exceptional opportunity to study enzyme 

regulation in vivo as related to its gene expression and protein synthesis. In general, 

the modulation of the levels of a respiratory enzyme is frequently associated to a 

coarse control of its activity via gene expression and protein synthesis; however, 

post-translational regulations exert fine control over several respiratory enzymes 

including AOX (Plaxton and Podesta, 2006). In the present Thesis, the relationships 

between AOX protein content, AP capacity and electron partitioning to AP (τa) 

have been investigated across all the experiments performed except for those in 

section 4.2. In this context, experiments performed with different species, 

transgenic plants and/or under different environmental conditions have provided a 

wide range of situations where CP and AP activity, AP capacity and AOX protein 

level were modified. A summary of all these results is presented in Figure 7.1. 
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Figure 7.1. Schematic representation of the main species- and transgenic-specific as well as 

environmental stresses effects on electron partitioning to alternative pathway and on in vivo activities 

of the cytochrome (vcyt) and alternative (valt) pathways in relation to changes in AOX capacity and/or 

protein levels. The different plant species and transgenic plants are presented from lower to higher 

AOX capacity and/or protein levels. 

 

As discussed in previous sections, coarse regulation of AOX protein via its 

synthesis correlate well with AP capacity, although some exceptions were observed 

and further discussed below. Under non-stress conditions, higher AP capacity, and 

presumably higher protein levels, observed in some species did not correlate with 

higher τa (data not shown) and was poorly correlated with higher AP activity in vivo 

(Fig. 1 in section 4.3 and Fig. 7.1). Moreover, when AOX protein content was 

directly altered by genetic modification no impact on τa and AP activity was 

observed (Fig. 7.1). On the other hand, growth light intensity modulated AP 

capacity in concordance with AP activity (Fig. 1 in section 5.2; Table 1 in section 

5.1; Fig. 7.1). Notably, under higher growth light conditions, a lack of correlation 

between AP capacity and AOX protein levels have been observed in leaves of 

cucumber plants (Section 5.1, Florez-Sarasa et al., 2009). While AP capacity was 

higher in cucumber leaves of plants grown at higher light intensity, the AOX 
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protein levels remained unchanged (Section 5.1; Florez-Sarasa et al., 2009). In 

agreement, AP capacity in leaves of Arabidopsis thaliana plants was higher in high 

light than in low light grown plants (Fig. 1 in section 5.2, supplemental table I), 

although AOX protein levels were not determined. Nevertheless, a very recent 

study, where A. thaliana plants were grown under the same growth light intensities 

as in section 5.2, clearly show that AOX protein levels do not change with higher 

growth light conditions (Yoshida et al. 2011). Therefore, latter results together with 

those from sections 5.1 and 5.2 denote a lack of correlation between AOX protein 

levels and AP capacity in C. sativus and A. thaliana plants suggesting that light-

induction of AP capacity may be related to an activation of AOX protein by either a 

modification of its redox state (Noguchi et al., 2005) or by an increase in pyruvate 

levels (Dinakar et al., 2010). Thus, it is likely that the increase on in vivo AP 

activity observed under higher growth light intensity can also be due to an increase 

on the activation state of AOX protein.  

Under stress conditions, a general increase in AOX protein levels together with AP 

capacity was observed (Fig. 7.1). In the case of drought and salinity, τa was 

increased but was mainly due to a decrease on CP activity because AP activity 

remained constant (Fig. 7.1). These cases denote again an uncoupling of the coarse 

and fine regulations of AOX. Under high light stress, only species up-regulating AP 

capacity showed an increase in their AP activity (section 5.3). While in principle 

this case seems to reflect a coupling between coarse and fine control of the AP (Fig. 

7.1), it cannot be discarded that a light induction of AP capacity is due to a change 

in AOX activation state rather than an increase on AOX protein synthesis. As 

previously mentioned in section 7.3.2, AOX protein inmunodetection as well as 

pyruvate (and other α-ketoacids) content determinations need to be performed in all 

the species grown at low light and after high light treatment to clarify this point. On 

the other hand, different time-response of AOX gene transcription, protein synthesis 

and in vivo activity was observed in leaves of A. thaliana after high light treatment 

(see sections 4.1, 5.2 and Yoshida and Noguchi, 2009) which suggest that in vivo 

AP activity is light-regulated independently of AOX transcription and protein 

synthesis and that signals triggering AOX gene expression are not necessarily 

associated to those ones modulating its in vivo activity. Nevertheless, although 

regulations of AP capacity and activity were clearly uncoupled in leaves of A. 
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thaliana plants, the AP capacity limitation of AS-12 plants had an impact on the 

final AP activity achieved by these plants under high light stress (section 5.2). 

In summary, the results presented here strongly denote that information about AOX 

gene expression and protein levels should be carefully considered to infer the 

activity of the AP in vivo and, therefore, its role in plants. However, information 

about the regulation of the AP capacity and/or AOX protein synthesis is also 

important to understand the acclimation of plants to different stress situations 

because, under certain circumstances (see results in section 5.2 related to AS-12 

plants), AOX levels could limit the capacity of plants to respond to a sudden stress 

by increasing their AP activity (see in Rasmusson et al., 2009 for more discussion). 

In this context, generation of transgenic plants with elevated expression of AOX 

could possibly enhance their tolerance to different abiotic stresses. At present, most 

AOX transgenic plants have been generated in the model plants A. thaliana and $. 

tabacum (reviewed in Vanlerberghe et al., 2009) and only one AOX transgenic crop 

plant (rice) has been generated with promising results in enhanced tolerance to heat 

stress (Murakami and Toriyama, 2008). The complete genome information 

available for some crops (i.e. rice) could facilitate the strategies for enhancing the 

expression of different AOX genes. However, in crop species where the genetic 

information is scarce, transformation with “foreign” genes could be an alternative 

strategy. In relation to this, there are some examples of plant transformation with 

foreign genes encoding mitochondrial energy-bypass systems like type II NADH 

dehydrogenases and AOX (Liu et al., 2008; 2009; Sugie et al., 2006). In the study 

of Sugie et al. (2006), the overexpression of an AOX gene from wheat in A. 

thaliana plants have alleviated oxidative stress under low temperatures. 

Nevertheless, more fundamental research must still be a priority in order to better 

understands the regulation of AP under stress which must include, as discussed 

above, an integrative approach from AOX molecular analyses to in vivo 

measurements of AP activity. Given the results presented in this Thesis, it seems 

necessary to study the roles of AP in different species and/or cultivars in order to 

previously assess their genetic background variability in the responses of AP to 

abiotic stresses. This previous information will give us the clues to decide which 

will be the adequate species/cultivars/varieties (i.e. with low background and/or 

inducible AP capacity) in which AOX transformation will lead to an efficient 

enhanced tolerance to stress. 
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7.5 GE�ERAL OVERVIEW 

Overall, results presented in this Thesis provide new insights into the role and 

regulation of the cytochrome (CP) and alternative (AP) pathways in leaves. First, 

the alternative pathway plays a crucial role which is not only associated to stress 

conditions because a certain level of AP activity is found in leaves of all species 

studied under non-stress conditions, even in anti-sense plants with suppressed 

expression of the AOX protein (Supplemental table I). It can be hypothesized that 

AP activity is associated to maintenance processes essential for plant viability under 

any environmental condition. Second, the regulation of AP in vivo activity is 

independent of AOX protein levels (Fig 7.1). However, regulation of AOX protein 

levels or AP capacity in leaves will be important for enabling some plant species to 

respond to stress situations where AP respiration becomes suddenly required. On 

the other hand, regulation of both CP and AP in leaves is frequently independent on 

sugars availability but mostly dependent on energy (ATP) and carbon intermediates 

demand. Finally, the response to stress of the two respiratory pathways is markedly 

different in leaves (Fig 7.1). While CP is down- or up-regulated under stress 

conditions depending on energy demand for growth and biosynthetic processes, AP 

is unaltered or enhanced to sustain or increase leaf maintenance processes. 
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CHAPTER 8. CO�CLUSIO�S 

 

8.1 PARTIAL CO�CLUSIO�S 

 

8.2 GLOBAL CO�CLUSIO�S 
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8.1 PARTIAL CO�CLUSIO�S 

Several partial conclusions from the results obtained are presented according to the 

general and specific objectives raised in Chapter 2. 

  

General objective (i): determine the contribution of cytochrome and alternative 

pathways in leaves and their regulation and role in the absence of stress. 

A) Determine metabolic profiles of light acclimated leaves and after 30 minutes of 

dark adaptation in order to know the metabolic state of the leaf when dark 

respiration is measured. 

1. Dark respiration measurements in leaf tissue are very likely to be made 

under metabolic conditions similar to those in the light. 

 

B) Determine the in vivo activities of cytochrome and alternative pathways at 

different leaf growth stages and their contribution to growth respiration and 

maintenance respiration. 

2. The growth component of leaf respiration is largely dependent on the 

activity of the cytochrome pathway or ATP synthesis while the activity of 

the alternative pathway is largely independent of the relative growth rate and 

contributes significantly to maintenance respiration. 

 

C) Determine the contribution of alternative pathway to total respiration in leaves 

of different higher plant species. 

3. The alternative pathway contributes from 20 to 50% to total leaf respiration 

while the capacity and engagement of the alternative pathway is highly 

variable among species. 

 

D) Study the relationship between the in vivo activity of alternative pathway and the 

AOX protein level in leaves. 

4. The capacity of the alternative pathway is frequently, but not always, well 

correlated to the amount of AOX protein present in the leaf tissue. However, 

the in vivo activity of the alternative pathway is independent of the AOX 

protein amount in the leaf tissue suggesting a tight post-translational control 

of the in vivo activity of the alternative pathway. 
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E) Determine day/night changes in the activities of cytochrome and alternative 

pathways as well as in COX and AOX protein levels in leaves. 

5. Cytochrome and alternative pathway activities as well as COX and AOX 

protein levels are very similar between day and night periods.  

 

F) Determine the effect of growth light intensity on the in vivo activities of 

cytochrome and alternative pathways in leaves. 

6. Growth light intensity is positively correlated with the activities of both 

cytochrome and alternative pathways. Soluble sugars do not exert an 

important control over the activities of the two respiratory pathways 

although the influence of the levels of other substrates remains to be 

determined. On the other hand, ATP and carbon skeletons demands are 

likely the main factors regulating the activities of both respiratory pathways 

under different growth light intensities.  

7. Growth light conditions may define the capacity of the alternative pathway, 

probably through AOX protein synthesis and/or activation, in order to 

ensure the minimum alternative pathway activity necessary under defined 

growth light conditions. 

 

General objective (ii): determine the contribution of cytochrome and alternative 

pathways in leaves and their regulation and role in the presence of stress. 

G) Determine the regulation and role of cytochrome and alternative pathways in 

leaves under drought and subsequent recovery. 

8. Under drought stress, the electron partitioning to alternative pathway 

increases in leaves mainly due to a decrease in cytochrome pathway activity 

caused by a drought-induced decrease in ATP demanding processes. On the 

other hand alternative pathway activity remains constant or increase (the 

latter observed in Ribas-carbo et al. (2005b)) depending on the species, 

probably reflecting the sustained or increased demand for carbon skeletons 

needed for maintenance processes. 

9. During recovery from drought, leaf respiration and electron partitioning 

return to well-watered conditions because of the recovery of the drought-

inhibited cytochrome pathway. 
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10. Under drought and recovery, the different adjustments of leaf respiration 

and electron partitioning observed in $. sylvestris CMSII mutant and wild-

type plants reflect the importance of mitochondrial ATP synthesis under 

these conditions. 

 

H) Determine the regulation and role of cytochrome and alternative pathways in 

leaves under salinity. 

11. Under salinity stress, similar response of leaf respiration and electron 

partitioning is observed to that in water stress despite the oxidative stress 

imposed in salt treated pea plants. 

 

I) Determine the regulation and role of cytochrome and alternative pathways in 

leaves under excess of light. 

12. Under high light stress, the response of the electron partitioning to the 

alternative pathway is different between species. The cytochrome pathway 

activity generally increases while the activity of the alternative pathway is 

variable depending on the species reflecting species-specific metabolic 

requirements that remain to be determined. Alternative pathway activity and 

capacity respond in parallel to the high light stress denoting either an 

increase in AOX protein synthesis or an activation of the AOX.  

13. Higher alternative pathway activity ameliorates photoinhibition under a high 

light stress but this effect is neither general nor quantitatively very 

important. 



Conclusions 

 283 

8.1 GLOBAL CO�CLUSIO�S 

The following three global conclusions about the role and regulation of cytochrome 

and alternative pathways in leaves have been achieved from the overall results 

obtained from this Thesis: 

 

1. The alternative pathway activity is essential under non-stress conditions due 

to its important contribution to maintenance processes in leaves. 

 

2. The levels of AOX protein in leaves do not regulate the activity of 

alternative pathway in vivo although they can restrict its response to sudden 

metabolic perturbations under stress. On the other hand, alternative pathway 

activity is frequently independent of sugar availability but mainly regulated 

by carbon intermediates demand determined by changes in environmental 

conditions.  

 

3. Cytochrome pathway is highly stress-modulated by changes in energy 

demand for growth and biosynthetic processes while alternative pathway is 

unaltered or enhanced to sustain or increase leaf maintenance processes 

under stress conditions. 
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APPE�DIX 

 

This section includes compiled data from results presented in Chapters 4, 5 and 6, 

and also some additional data not presented in these Chapters but tightly related to 

all the experiments performed in this Thesis. 
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Supplemental table I. Total respiration (Vt, µmol O2 m
-2 s-1), electron partitioning to the alternative 

pathway (τa), cytochrome pathway activity (νcyt, µmol O2 m
-2 s-1), alternative pathway activity (νalt, 

µmol O2 m
-2 s-1), alternative pathway capacity (Valt) and engagement of the alternative pathway (ρ, 

percentage of the ratio νalt / Valt) durning the day period in 30 minutes dark adapted leaves of 

$icotiana sylvestris, Cucumis sativus, Pisum sativum, Glycine max, Arabidopsis thaliana, AOX1a 

antisense A. thaliana (AS-12), AOX1a overexpressed A. thaliana (XX-2), $. sylvestris CMSII 

mutant and C. sativus MSC16 mutant plants. All plants were grown at 24-26ºC/20-24ºC day/night 

temperatures and light photoperiod of 10ha, 12hb or 16hc. Numbers in parentheses indicate growth 

light intensity in µmol quanta m-2 s-1. Values are means ± SE of 4-8 biological replicates. 

 

 

 Vt ττττa ννννcyt ννννalt Valt ρρρρ (%) 

�. sylvestris (150)a 0.55 ± 0.02 0.20 ± 0.03 0.44 ± 0.03 0.11 ± 0.01 0.23 ± 0.02 47 

C. sativus (150)a 0.78 ± 0.01 0.27 ± 0.01 0.57 ± 0.01 0.21 ± 0.01 0.99 ± 0.04 21 

P. sativum (150)a 0.50 ± 0.02 0.37 ± 0.02 0.32 ± 0.02 0.18 ± 0.01 0.41 ± 0.02 44 

G. max (150)a 1.05 ± 0.05 0.52 ± 0.02 0.50 ± 0.02 0.55 ± 0.05 0.84 ± 0.07 66 

A. thaliana (80)a 0.32 ± 0.02 0.28 ± 0.04 0.23 ± 0.01 0.09 ± 0.01 0.10 ± 0.01 95 

A. thaliana AS-12 (80)b 0.37 ± 0.02 0.33 ± 0.02 0.25 ± 0.02 0.12 ± 0.01 0.09 ± 0.01 137 

A. thaliana Col 0 (80)b 0.36 ± 0.01 0.30 ± 0.02 0.25 ± 0.01 0.11 ± 0.00 0.14 ± 0.01 76 

A. thaliana XX-2 (80)b 0.38 ± 0.02 0.35 ± 0.02 0.25 ± 0.02 0.13 ± 0.01 0.56 ± 0.02 23 

A. thaliana AS-12 (300)b 0.64 ± 0.02 0.33 ± 0.02 0.43 ± 0.02 0.21 ± 0.01 0.23 ± 0.02 92 

A. thaliana Col 0 (300)b 0.66 ± 0.02 0.33 ± 0.02 0.45 ± 0.02 0.21 ± 0.02 0.40 ± 0.01 54 

A. thaliana XX-2 (300)b 0.69 ± 0.02 0.31 ± 0.02 0.47 ± 0.03 0.21 ± 0.01 0.94 ± 0.06 22 

�. sylvestris WT (800)b 0.89 ± 0.06 0.18 ± 0.02 0.72 ± 0.03 0.16 ± 0.03 1.15 ± 0.11 14 

�. sylvestris CMSII (800)b 1.30 ± 0.10 0.18 ± 0.01 1.07± 0.10 0.23 ± 0.01 2.74 ± 0.24 7 

C. sativus WT (150)c 0.91 ± 0.09 0.29 ± 0.02 0.65 ± 0.08 0.26 ± 0.01 1.03 ± 0.06 26 

C. sativus MSC16 (150)c 1.14 ± 0.06 0.30 ± 0.01 0.80 ± 0.05 0.34 ± 0.01 1.03 ± 0.08 33 

C. sativus WT (400)c 1.58 ± 0.18 0.28 ± 0.02 1.14 ± 0.16 0.44 ± 0.03 1.54 ± 0.14 28 

C. sativus MSC16 (400)c 1.68 ± 0.13 0.31 ± 0.01 1.16 ± 0.09 0.52 ± 0.05 1.39 ± 0.17 37 

P. sativum (350)c 1.08 ± 0.04 0.31 ± 0.01 0.74 ± 0.03 0.34 ± 0.02 0.34 ± 0.02 98 
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Supplemental table II. Total respiration (Vt, µmol O2 m
-2 s-1), electron partitioning to the alternative 

pathway (τa), cytochrome pathway activity (νcyt, µmol O2 m
-2 s-1) and alternative pathway activity 

(νalt, µmol O2 m
-2 s-1) in 30 minutes dark adapted leaves of Arabidospsis thaliana plants during day 

(at 2 h into the light period) and night period (at 7 h into the dark period) and grown either at low 

(LGL, 80 µmol quanta m-2 s-1) or at moderate (MGL, 300 µmol quanta m-2 s-1) light intensities, as 

described in section 4.1. Values are means ± SE of 5 biological replicates. Different letters denote 

significant differences (P < 0.05). 

 

 

 

 

 

 

 

 

   

 

LGL MGL  

 Day �ight Day �ight 

Vt 0.29 ± 0.01a 0.29 ± 0.02a 0.63 ± 0.04b 0.64 ± 0.02b 

ττττa 0.38 ± 0.05a 0.38 ± 0.03a 0.39 ± 0.03a 0.33 ± 0.04a 

ννννcyt 0.18 ± 0.01a 0.18 ± 0.01a 0.39 ± 0.04b 0.43 ± 0.03b 

ννννalt 0.11 ± 0.02a 0.11 ± 0.01a 0.24 ± 0.02b 0.21 ± 0.02b 
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Supplemental figure I. Heat map showing metabolite profiles in leaves of Arabidopsis thaliana 

plants during day (at 2 h into the light period) and night periods (at 7 h into the dark period) and 

grown either at low (LGL, 80 µmol quanta m-2 s-1) or at moderate (MGL, 300 µmol quanta m-2 s-1) 

light intensities, as described in section 4.1. Plants used for these metabolite analyses were the same 

as those used in the experiments of section 4.1 of the present Thesis. Values are expressed as fold-

changes, with the levels in LGL individually set to unity. Values are means ± SE for 6 biological 

replicates. 
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Supplemental figure II. Relationship between electron partitioning to alternative pathway (τa) and 

stomatal conductance (gs) in leaves of $icotiana sylvestris wild-type (WT, triangles) and CMSII mutant 

(CMSII, circles) plants during drought and recovery. Red dotted line indicates the gs value considered to 

be an indicator of severe stress according to Medrano et al. (2002). Black dotted lines were added to 

better clarify differences observed in τa between CMSII and WT plants during drought and recovery. 

Values are obtained from results presented in section 6.1 (Galle et al., 2010).  C, Well-watered; S1, first 

day at severe drought (day 5); S4 fourth day at severe drought (day 9); R1, first day after rewatering (day 

10); R2, second day after rewatering (day 11); R5, fifth day after rewatering (day  14). 
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Supplemental figure III. Relationship between electron partitioning to alternative pathway (τa) and 

stomatal conductance (gs) in leaves of Pisum sativum plants under different degrees of salinity stress. 

Red dotted line indicates the gs value considered to be an indicator of severe stress according to Medrano 

et al. (2002). Black triangles indicate values obtained from results presented in section 6.2 and grey 

triangles indicate values obtained from additional experiments in which same Pisum sativum plants were 

grown under similar conditions but were treated with 200mM NaCl solution during 5 and 14 days. 
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