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ABSTRACT 
 

PEREIRA, Paula da Fonseca Pereira, D.Sc., Universidade Federal de Viçosa, 
March, 2017. Role of Mitochondrial Thioredoxin for redox regulation in the 
metabolism of Arabidopsis Thaliana. Advisor: Adriano Nunes-Nesi. Co-
advisor: Wagner Luiz Araújo. 

 
 
Redox-dependent changes substantially influence the functional activity of 

several proteins and participate in the regulation of the most vital cellular 

processes. Accordingly, thioredoxins (Trxs), small proteins containing a redox 

active disulfide group within its catalytic domain, have a fundamental role in the 

regulation of the redox environment of the cell. In plants, Trxs were early 

identified as mediators between light-driven electron transport and dark 

carbohydrate metabolism in chloroplasts. In other cell compartments than 

plastids, and in particular mitochondria, a growing body of information 

concerning Trx redox regulation has been obtained with the advent of 

proteomics and mass spectrometry-based techniques. Extraplastidial Trx 

system is comprised of two highly similar isoforms of NADPH-dependent Trx 

reductase, A and B, that are encoded by two distinct genes in Arabidopsis, 

whose gene products are denominated NTRA and NTRB and are both target to 

cytosol and mitochondria. The extraplastidial Trx system is also composed of 

several Trx h (in the cytoplasm) or Trx h and o in mitochondria which are, in 

turn, reduced by NTRA and NTRB. Previous studies showed that, in contrast to 

ntra and ntrb single knockout mutants, which show no visible phenotypic 

modifications under normal conditions, the double ntra ntrb mutant exhibit major 

modification differences. Previous studies have provided a significant 

contribution to our understanding of the TRX system in plants; however, the 

metabolic impact of this system has not been comprehensively evaluated. In 

order to gain more insight into the physiological and metabolic function of TRX 

system, the present study aimed to investigate the functional significance of Trx 

in cytosol and mitochondria by using an extensive steady state metabolic 

characterization of T-DNA insertional lines in Arabidopsis thaliana. That being 

said, here we focused on the investigation of the functional roles of TRXs in 

response to stress conditions and how Trxs and the regulated pathways interact 

to adjust to different cellular and metabolic requirements under normal growth 
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conditions or following stress. In brief, the results presented here provided 

several novel findings and generated, at least preliminary, mechanistic 

interpretation of the impact of redox regulation on plant growth and carbon 

central metabolism. First, we characterized ntra ntrb double knockout mutant 

and two lines of the mitochondrial AtTRX-o1 subjected to multiple drought 

episodes. Our results indicate that Trx mutant plants are able to better cope 

with drought stress, which is probably linked with a lower energetic expenditure 

that would allow a faster recover in Trx mutants.  In addition, we demonstrated 

the existence of a drought memory in plants by examining differential 

acclimative mechanisms associated with drought tolerance in Trx mutants of the 

mitochondrial Trx pathway in Arabidopsis. Moreover, it seems likely that this 

differential acclimation involves the participation a set of metabolic changes as 

well as redox poise alteration following recovery. The main results indicate that 

prior drought exposure is able to affect the subsequent response, indicating the 

occurrence of stress memory in drought stressed Arabidopsis plants. In 

addition, by evaluating physiological and metabolic responses of ntra ntrb and 

trxo1 mutants following high CO2 enrichment and by the characterization of 

mitochondrial trxh2 knockout mutants, we demonstrate several evidences 

suggesting the importance of redox regulation by mitochondrial Trxs on 

stomatal function. Collectively, our data suggest a significant modulation of 

stomatal function by organic acids at high CO2 in Trx mutants and, at the same 

time, they demonstrate that elevated CO2 partly restored the metabolic 

response, including the intermediates of the TCA cycle, in Trx mutants. Overall, 

the results obtained are discussed both in terms of the importance of Trx for 

redox regulation in plant cell metabolism and with regard to the contribution that 

it plays in terms of total cellular homeostasis. The results discussed here not 

only provide important insight into the role of mitochondrial Trx system on the 

TCA cycle but also present a roadmap by which the role of Trx in the regulation 

of other key metabolic reactions of the mitochondria. 
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RESUMO 
 

PEREIRA, Paula da Fonseca Pereira, D.Sc., Universidade Federal de Viçosa, 
março de 2017. Papel de thiorredoxinas mitocondriais para a regulação 
redox do metabolismo de Arabidopsis Thaliana. Advisor: Adriano Nunes-
Nesi. Co-advisor: Wagner Luiz Araújo. 
 

As alterações dependentes do status redox influenciam a atividade funcional de 

inúmeras proteínas e participam da regulação de processos celulares de vital 

importância (Kocsy et al., 2013). Consequentemente, as tiorredoxinas (Trxs), 

pequenas proteínas contendo um grupo dissulfureto redox ativo dentro do seu 

domínio catalítico, têm um papel fundamental na regulação do ambiente redox 

da célula. Em plantas, as Trxs foram inicialmente identificadas como 

mediadores entre o transporte de elétrons conduzido pela luz e o metabolismo 

noturno de carboidratos nos cloroplastos. Em tais organelas, suas funções 

foram extensamente documentadas, especialmente em relação ao papel 

primário do sistema ferredoxina-Trx (SFT) na regulação do ciclo de Calvin-

Benson. Em outros compartimentos celulares e, em particular, em 

mitocôndrias, um crescente conjunto de informações sobre a regulação redox 

por Trx foi obtido com o advento das técnicas de proteômica e espectrometria 

de massas. Diferente do SFT, Trxs mitocondriais são reduzidas por intermédio 

de uma flavoenzima dependente de NADPH (Trx reductase NADPH-

dependente). O sistema Trx extraplastidial é constituído por duas isoformas 

altamente semelhantes de Trx redutase dependente de NADPH, A e B, que 

são codificadas por dois genes distintos em Arabidopsis, cujos produtos 

génicos são denominados NTRA e NTRB e são alvo tanto de citosol como de 

mitocôndrias. O sistema Trx extraplastidial também é composto por diversas 

Trx h (no citoplasma) ou Trx h e o em mitocôndrias que, por sua vez, são 

reduzidas por NTRA e NTRB. Em contraste com mutantes simples ntra e ntrb, 

que não mostram modificações visíveis em condições normais, o duplo 

mutante ntra ntrb exibe maiores diferenças fenotípicas. Assim, plantas ntra ntrb 

apresentam sementes enrugadas, crescimento lento da planta e alta 

acumulação de antocianina. Além disso, a caracterização de ntra ntrb e do da 

trx mitocondrial thioredoxin o1 (trxo1) revelou que o TRX é um regulador direto 

do fluxo de carbono através do ciclo dos ácidos tricarboxílicos (CAT), uma 
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função que envolve também TRX h2. Adicionalmente, mais de 100 proteínas 

candidatas alvo de Trxs mitocondriais envolvidas numa ampla gama de 

processos mitocondriais foram identificadas por colunas de afinidade por Trxs 

mutantes em conjunto com proteômica. Coletivamente, os resultados indicam 

que o sistema Trx mitocondrial regula o fluxo metabólico através do ciclo CAT 

in vivo, sendo de importância similar ao sistema FTR em plastídios. Entretanto, 

o potencial significado dos sistemas Trx mitocondrial e citosólico permanece 

pouco explorado provavelmente devido à redundância funcional de NTRs e 

também entre Trxs e glutaredoxins (Grxs) no citosol e em mitocôndrias. Dito 

isto, aqui nos concentramos na avaliação dos papéis funcionais de TRXs em 

resposta a condições de estresse e como Trxs e as vias reguladas interagem 

para se adaptar a diferentes necessidades celulares e metabólicas sob 

condições de crescimento normal ou sob estresse. Em resumo, os resultados 

apresentados aqui fornecem vários achados, pelos quais fornecem, ao menos 

de modo preliminar, a interpretação mecanicista do impacto da regulação redox 

sobre o crescimento das plantas e o metabolismo central do carbono. 

Primeiramente, caracterizamos o mutante duplo ntra ntrb e duas linhas 

nocautes da proteína mitocondrial AtTRX-o1 submetidos a ciclos de secas. 

Nossos resultados indicam que as plantas mutantes Trx são capazes de lidar 

melhor com o estresse pela seca, o que provavelmente está associado a um 

menor gasto energético que permitiria uma recuperação mais rápida em 

mutantes Trx. Além disso, ao avaliar as respostas fisiológicas e metabólicas 

dos mutantes ntra ntrb e trxo1 após o enriquecimento com alto CO2 e pela 

caracterização dos mutantes mitocondriais trxh2, demonstramos várias 

evidências que sugerem a importância da regulação redox por Trxs 

mitocondriais na função estomática. Os resultados aqui discutidos não só 

fornecem uma visão importante sobre o papel do sistema Trx mitocondrial no 

ciclo CAT, mas também apresentam uma visão pelo qual o papel de Trx na 

regulação de outras reações metabólicas chave das mitocôndrias podem ser 

investigadas.
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Overview 
 

Reduction-oxidation (redox) reactions are of key importance within 

biological phenomena and represent an essential component of all catabolic 

and anabolic reactions in the cell (Dietz and Pfannschmidt, 2011). Redox-

dependent changes substantially influence the functional activity of several 

proteins and participate in the regulation of the most vital cellular processes 

(Kocsy et al., 2013). Accordingly, a growing body of evidence has highlighted 

the importance of the thioredoxins (Trxs) (Buchanan, 2016; Geigenberger et al., 

2017), small proteins containing a redox active disulfide group within its catalytic 

domain and involved in the regulation of the redox environment of the cell 

(Martin, 1995; Gelhaye et al., 2005; Schürmann and Jacquot, 2007). These 

proteins were initially identified in studies on ribonucleotide reduction in 

Escherichia coli (Moore and Reichard, 1964; Holmgren, 1976), but they are 

widely distributed throughout most living cells (Yano, 2014), where it has been 

found in a variety of cellular redox reactions. In contrast to bacteria and animals, 

numerous isoforms of Trx are present in plants, being encoded by large 

multigenic families (Belin et al., 2015), differing in amino acid sequence and 

subcellular localization (Hägglund et al., 2016). Accordingly, to date, over 20 

different Trxs isoforms have been identified in the genome of Arabidopsis 

thaliana that can be grouped into seven subfamilies (Belin et al., 2015; 

Thormählen et al., 2015). The majority of these multiple types of Trxs is located 

in the chloroplast (Trxs f 1-2, Trx m 1-4, Trx x, Trx y 1-2, and Trx z), while Trx o 

is located in the mitochondria and the known ten types of Trx h are distributed in 

multiple cell compartments (Belin et al., 2015).  

After the oxidation of Trx by redox reactions, the disulfide formed 

between the two cysteines can be enzymatically reduced again by specific Trx 

reductases (TR) (Buchanan and Balmer, 2005; Meyer et al., 2009). The TR-

dependent reduction of TRXs is called Trx system  (Nikkanen et al., 2014). 

Plants have particularly complex and versatile Trx systems (Buchanan and 

Balmer, 2005; Nikkanen et al., 2014; Thormählen et al., 2015) that are 

described based on the source of the reducing power (Balmer et al., 2004) 

(Figure 1). In the ferredoxin (Fdx)-Trx system (FTS), Fdx is directly reduced by 
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the electron flux from photosystem I in illuminated chloroplasts or by a Fdx-

NADPH dependent reductase (FNR) in non-green plastids (Meyer et al., 2009, 

Meyer et al., 2012) (Figure 1a). In the sequence, the electron flux is transferred 

to the iron-sulfur enzyme Fdx-Trx reductase (FTR) to the target protein 

according to the sequence: FTRTrxtarget protein (Montrichard et al., 2009).  

In addition to FTS, plants also have the NADPH-thioredoxin system (NTS), 

whereby NADPH reduces Trx by means of the flavoenzyme NADPH-dependent 

Trx reductase (NTR) (Balmer et al., 2004) (Figure 1b). Three genes encoding 

functional NTRs with disulfide reductase activity have been characterized in 

Arabidopsis. The gene products are denominated NTRA, NTRB and NTRC and 

are target to cytosol, mitochondria and plastids, respectively (Serrato et al., 

2004; Reichheld et al., 2005; Cha et al., 2015). While Arabidopsis NTRA and 

NTRB share a high sequence similarity (82%), the similarity between 

NTRA/NTRB and NTRC is considerably lower due to an additional Trx domain 

present only in NTRC (Cha et al., 2014). 

 

 

Figure 1: Schematic representation of ferredoxin–thioredoxin (FTS) and 

NADPH–thioredoxin (NTS) redox systems. (A) In illuminated chloroplasts, Fdx 

is directly reduced by the electron flux from PSI. (B) In the NTS, NADPH 

reduces Trx by means of the enzyme NADP-Trx reductase (NTR). 

 

The regulatory function of plastidial Trxs have been extensively studied 

(Buchanan et al., 2012; Belin et al., 2015; Nikkanen et al., 2016) since they 

were first discovered in photosynthesis related studies in plants (Buchanan and 
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Balmer, 2005; Buchanan, 2016), by the demonstration that photoreduced Fdx 

could activate the stromal fructose 1,6-bisphosphatase of the Calvin-Benson 

cycle (CBC) (Buchanan, 1980). Furthermore, compelling evidence has 

demonstrated that several primary photosynthetic reactions are target of either 

FTR or NTRC or both in a large number of important processes (Thormählen et 

al., 2015), including the CBC (Michelet et al., 2013) as well as ATP synthesis 

(Hisabori et al., 2013) and starch metabolism (Michalska et al., 2009; 

Thormählen et al., 2013).  

The functional role of the NTS is, however, much less well understood, 

most likely due to the extensive functional redundancies between Trxs and 

glutaredoxins (Grxs) and also between TRs that are found in both mitochondria 

and cytosol (Reichheld et al., 2010; Belin et al., 2015). In spite of these, the 

introduction of proteomic-based approaches to Trx studies have greatly 

contributed to the striking increase in the identification of established and 

potential Trx targets in plants, especially in the mitochondrion (Balmer et al., 

2004; Montrichard et al., 2009; Yoshida et al., 2013; Mock and Dietz, 2016; 

Nietzel et al., 2016). Since then, it has been clearly demonstrated that hundreds 

of putative targets are involved in a broad spectrum of mitochondrial processes 

(Yoshida et al., 2013), including photorespiration, tricarboxylic acid (TCA) cycle 

and associated reactions, ATP synthesis, hormone synthesis, stress-related 

reactions, among other essential processes (Balmer et al., 2004; Yoshida et al., 

2013).  

Moreover, the subsequent validation of these targets coupled with further 

genetic studies in parallel with innovative biochemical and proteomic methods 

has significantly promoted advances in the functional characterization of NTS 

(Laloi et al., 2001; Balmer et al., 2004; Reichheld et al., 2007; Meng et al., 2010; 

Yoshida et al., 2013; Cha et al., 2014). It is now widely accepted that 

mitochondrial Trxs play different roles, for example, (i) in the tolerance to both 

oxidative stress and drought by regulating the amount of reactive oxygen 

species (ROS) (Cha et al., 2014), (ii) in the tolerance to ultraviolet light C (UVC) 

(Bashandy et al., 2009), and (iii) in the direct regulation of some of the enzymes 

of the TCA cycle in plants (Gelhaye et al., 2004;  Schmidtmann et al., 2014; 

Daloso et al., 2015).  



4 

 

In sharp contrast to the situation observed for chloroplast and cytosol 

(Meyer et al., 2012), our understanding of the role of TRX in plant mitochondria 

is still somewhat limited. Surprisingly, although much is known about the 

molecular and genetic basis of the TRX system in plants, approaches aimed at 

identifying metabolic functions of mitochondrial TRXs have been clearly limited 

so far. Thus, it seems reasonable to anticipate that we still have a lot to learn 

concerning the mechanisms that coordinates mitochondrial Trx regulation and 

its implications for the dynamics of plant metabolism in the context of the plant 

as a whole. Bearing that in mind, it would be interesting to gain more insight on 

the specific roles of extraplastidial NTRs. This is particularly true since they are 

encoded by a low number of genes, in contrast to Trxs and Grxs, which show a 

considerable complexity in the number and types (Reichheld et al., 2010). In 

this respect, functional analysis of the Arabidopsis single mutants ntra and ntrb 

revealed no phenotypic deficiencies under standard growth conditions 

(Reichheld et al., 2007), in agreement with the high homology of the encoded 

proteins and the double cytosolic and mitochondrial localization of them. 

Surprisingly, the ntra ntrb double knockout mutant was viable even though the 

absence of the two important regulatory enzymes, NTRA and NTRB, led to slow 

plant growth, slightly wrinkled seeds and reduced fitness of pollens coupled with 

a remarkable hypersensitivity to buthionine sulfoximine (BSO), a specific 

inhibitor of glutathione biosynthesis (Reichheld et al., 2007). It indicates that, in 

contrast to mammals, neither NTRA nor NTRB are essential in plants likely due 

to an alternative pathway for Trx reduction in plants probably by the glutathione 

pathway (Reichheld et al., 2007). It was additionally demonstrated that the 

double knockout mutant presents a high anthocyanin content (Reichheld et al., 

2007; Bashandy et al., 2009) which was shown to confer UV radiation 

tolerance. Such results established a clear connection between NTS and 

secondary metabolism in Arabidopsis and point out the necessity to focusing 

the functional involvement of NTRA and NTRB in the adaptation to 

environmental changes including abiotic and biotic stresses. 

It is important to mention that previous works have provided a significant 

contribution to our understanding of the TRX system in plants; however, the 

metabolic impact of this system has not been comprehensively evaluated. In 

order to gain more insight into the physiological and metabolic function of TRX 
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system, the present study aimed to investigate the functional significance of 

NTS in cytosol and mitochondria by using an extensive steady state metabolic 

characterization of T-DNA insertional lines in Arabidopsis thaliana. 

 

 Layout and aim of each chapter 
 

This thesis is largely focused on the evaluation of the functional roles of 

TRXs on the context of plant growth and leaf carbon metabolism as well as on 

the investigation of the function of TRX in response to stress conditions. That 

being said, the main goal of this work was to obtain a comprehensive picture of 

how and to which extent Trxs and the regulated pathways interact to adjust to 

different cellular and metabolic requirements following stress conditions or 

under normal growth conditions. In order to reach this goal several different and 

complementary experimental approaches were used and therefore the thesis is 

organized as a compilation of three independent stand-alone chapters which 

discuss the impact of redox regulation on plant growth and carbon central 

metabolism. Thus, the first and second chapters are focused on the 

characterization of the ntra ntrb double knockout mutant and two lines of the 

AtTRX-o1, a gene enconding the mitochondrial TRX o1 (trxo1) subjected to 

drought and high CO2 conditions, respectively. Finally, in the last part of this 

thesis the metabolic characterization of two lines of the mitochondrial/cytosolic 

trxh2 mutant will be described under optimal growth conditions.  

The results presented here suggest that the TRX pathway is required for 

the proper functioning of the major pathways of metabolism, including 

photosynthesis per se, and associated processes under sub-optimal conditions. 

Our results furthermore indicated that the TRX system is most likely one of the 

important players regulating plant responses to abiotic stress in higher plants. 

They furthermore indicate that TRXs inactivation leads to metabolite 

adjustments of both primary and secondary metabolism. The expected tight 

connections between the environmental constraints used here linking redox 

balance and plant metabolism are not completed understood and as such the 

results obtained in this research initiative open up several research avenue in 

order to understand the control of redox regulation under other environmental 



6 

 

situations. Each of these chapters includes an introduction and discussion as 

well as details of the methods used. At the end of the thesis, a brief general 

discussion synthesizes the results obtained in a more general context 

presenting an outlook and future research avenues that should be pursued. 

 

CHAPTER 1: The pivotal role of the mitochondrial thioredoxin system during 

multiple drought cicles in Arabidopsis thaliana 

Drought events are often regarded as major threats to ecosystems under 

global climate change. Given the prediction of higher frequency of extreme 

drought events under global climate change, is imperative to investigate 

differential responses of plants pre-exposed to dehydration stress treatments in 

contrast to plants not previously stressed. Here we attempted to demonstrate 

the existence of a drought memory in plants by examining differential 

acclimative mechanisms associated with drought tolerance in Trx mutants of the 

mitochondrial Trx pathway in Arabidopsis: the NADPH-Trx reductase a and b 

double mutant (ntra ntrb) and the mitochondrially located thioredoxin o1 (trxo1) 

mutant. The main results indicate that prior drought exposure is able to affect 

the subsequent response, indicating the occurrence of stress memory in 

drought stressed Arabidopsis plants. Moreover, it seems likely that this 

differential acclimation involves the participation a set of metabolic changes as 

well as redox poise alteration following recovery. 

 

CHAPTER 2: High CO2 and redox regulation interaction to modulate metabolic 

response in Arabidopsis thaliana 

Increase in atmospheric CO2 concentration is of global concern with 

respect to its long-term effects on crop growth and yield. Although a growing 

body of evidence has described the effects of elevated CO2 on plant growth and 

productivity, the interactions of high CO2 and redox balance in a metabolic 

perspective are comparatively scarce. Thus, we investigated Trx mutants of the 

mitochondrial Trx pathway in Arabidopsis, namely the NADPH-Trx reductase a 

and b double mutant (ntra ntrb) and the mitochondrially located thioredoxin o1 

(trxo1) mutant. Collectively, our data suggest a significant modulation of 

stomatal function by organic acids at high CO2 in Trx mutants and, at the same 
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time, they demonstrate that elevated CO2 partly restored the metabolic 

response, including the intermediates of the TCA cycle, in Trx mutants. 

 

CHAPTER 3. Metabolic consequences of mutations in mitochondrial TRXh2 

The AtTRXh2 is a mitochondrial protein belonging to the Trx h family 

that, in Arabidopsis, contains 10 members showing very distinct patterns and 

levels of expression. In order to investigate the physiological role of AtTRXh2, 

we analyzed two independent mutant lines, SALK_079516 (trxh2-1) and 

SALK_079507 (trxh2-2), with a T-DNA inserted in the coding region of AtTRXh2 

gene. Characterization of the mutants indicated that a lower expression of 

AtTrxh2 leads to impaired stomatal and mesophyll conductance, without 

impacting the photosynthetic rates, probably due to a higher biochemical 

efficiency in the mutants. Further metabolite profile demonstrated that the 

mutant plants display an extensive change of metabolites related to the main 

metabolic pathways. Overall, the results obtained are discussed both in terms of 

the importance of Trx for redox regulation in plant cell metabolism and with 

regard to the contribution that it plays in terms of total cellular homeostasis. 
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Chapter 1: The pivotal role of the mitochondrial thioredoxin system during 
multiple drought cicles in Arabidopsis thaliana 

 

 Introduction  
 

Limited water availability is recognized as the most common 

environmental stress affecting plant growth and production (Walter et al., 2011). 

In addition, it is widely predicted that drought events will become more 

widespread and severe due to climate changes, affecting plant performance 

and crop yield (Walter et al., 2011; Anjum et al., 2016; Swann et al., 2016). 

Hence, a better understanding of how plants respond and adapt to drought 

episodes via suitable physiological and molecular responses is of crucial 

importance (Cattivelli et al., 2008; Ding et al., 2013) and also a fundamental 

step in the development of more stress tolerant crops. It is not surprising that 

the plant adaptations to water deficit  and the molecular processes required for 

the tolerance in plants have been extensively studied and that increasing 

research at transcripts, proteins, and metabolites levels has been performed 

(Hummel et al., 2010; Dinakar and Bartels, 2013). Nonetheless, the projected 

higher frequency of extreme drought events under global climate changes 

(Walter et al., 2011), makes it imperative to further investigate the 

consequences of recurrent drought events when compared to only a single 

drought event that would happens just once in the life of a plant (Ding et al., 

2013; Ding et al., 2014; Liu et al., 2014; Virlouvet and Fromm, 2015). In the light 

of these facts, a considerable number of studies have focused on seeking 

differential responses of plants pre-exposed to dehydration stress treatments in 

contrast to plants that were not previously stressed (Ding et al., 2012; Ding et 

al., 2013; Ding et al., 2014; Virlouvet et al., 2014; Virlouvet and Fromm, 2015; 

Crisp et al., 2016).  

The observations that the exposition to consecutive stresses may 

potentiate plants’ subsequent responses by producing faster and/or more 

pronounced reactions led to the concept of ‘stress memory’ (Bruce et al., 2007; 

Ding et al., 2012; Munné-Bosch and Alegre, 2013). Although several recent 

studies have associated the accumulation of specific transcription factors as 
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well as epigenetic modifications to stress “memory” in plants (Munné-Bosch and 

Alegre, 2013), several important questions regarding the mechanisms by which 

plants retain detailed information from previous stress experiences remain 

unanswered (Crisp et al., 2016).  

In particular, there is a significant gap in our knowledge regarding the 

association between the cell metabolic status and the differential regulatory 

processes linked to “stress memory” in plants. Accordingly, it is known that 

many of the chromatin factors involved in the transcriptional regulation of stress 

changes may employ cofactors and metabolites that are shared with enzymes 

from basic metabolism (Vriet et al., 2015). In this vein, essential metabolites 

such as adenosine triphosphate (ATP), nicotinamide adenine dinucleotide 

(NAD) and acetyl coenzyme A (acetyl-CoA) are able to function as cofactors or 

substrates for the chromatin modification enzymes, thereby ensuring a 

metabolic control of stress-induced chromatin changes (Katada et al., 2012; Lu 

and Thompson, 2012; Vriet et al., 2015). 

It is reasonable to assume that the general mechanism of stress memory 

in plants requires a plethora of different and divergent molecules directly or 

indirectly associated to the acquisition of memory. In addition, it is expected that 

metabolites markers observed in a single stress event (including dehydration) 

can also exert a differential and likely stronger effect in the subsequent 

responses to the same stress condition. Thus, considering the growing body of 

evidence suggesting the redox status as an integrator of metabolism and 

environment (Geigenberger and Fernie, 2014), metabolites that play a more 

prominent role in the determination of the redox status of the cell are good 

candidates for investigating the metabolic regulation coupled to the intrinsic 

events of drought acquisition memory in plants. 

Reduction/oxidation (redox) reactions occur in several metabolic 

pathways that are compartmentalized among different organelles 

(Geigenberger and Fernie, 2014; Mock and Dietz, 2016). Under water deficit  

the cellular redox homeostasis is disturbed and an imbalance in the generation 

of reactive oxygen species (ROS) occurs as side-products of metabolism 

(Anjum et al., 2016). In such conditions, an increased flux through antioxidative 

components is observed in plants, notably those components that are thiol-

related. This occurs to tightly control the steady-state levels of cellular ROS, 
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and manage cellular redox homeostasis at its optimum (Noctor et al., 2014; 

Hossain et al., 2015; Anjum et al., 2016; Mittler, 2016). Accordingly, one of the 

most important thiol-based enzymes involved in the cellular redox homeostasis 

management are the thioredoxins (Trxs) (König et al., 2012). 

Trxs are widely distributed regulatory proteins with disulfide reductase 

activity (Gelhaye et al., 2004). Their conserved active site WCG/PPC contains 

two reactive cysteines that confer reductive properties and allow the precise 

regulation of specific target proteins (Lázaro et al., 2013). In plants, they were 

early identified  as mediators between light-driven electron transport and dark 

carbohydrate metabolism in chloroplasts (Buchanan, 1980; Mock and Dietz, 

2016). In such organelles their functions have been extensively documented 

(Buchanan, 2016), especially in connection to the primary role of the ferredoxin-

Trx system (FTS) in the regulation of the Calvin-Benson cycle (Michelet et al., 

2013). Later, another NADPH-Trx system (NTS), that relies in a NADPH-

dependent thioredoxin reductase C (NTRC), a bifunctional NTR-Trx protein, 

was identified in both chloroplasts (Serrato et al., 2004) and plastids of non-

green tissues in Arabidopsis (Kirchsteiger et al., 2012). Notably, both FTS and 

NTRC have been shown to regulate chloroplast carbon metabolism beyond the 

primary photosynthetic reactions and ROS metabolism by distinct mechanisms 

(Nikkanen et al., 2016). 

In other cell compartments than plastids, and in particular mitochondria,  

a growing body of information concerning Trx redox regulation has been 

obtained with the advent of proteomics and mass spectrometry-based 

techniques (Laloi et al., 2001; Balmer et al., 2004; Reichheld et al., 2005; 

Reichheld et al., 2007; Yoshida et al., 2013; Schmidtmann et al., 2014; Daloso 

et al., 2015;  Møller, 2015). Currently, a functional NTS in plants is known to be 

localized in both the cytosol and mitochondria and to be comprised of two highly 

similar isoforms of NADPH-dependent Trx reductase (NTR), A and B, that are 

encoded by two distinct genes in Arabidopsis (Reichheld et al., 2005; 

Montrichard et al., 2009). In addition, the extraplastidial NTS is composed of Trx 

h (in the cytoplasm) or Trx h and o in mitochondria (Montrichard et al., 2009) 

which are, in turn, reduced by NTRA and NTRB.  

 More than 100 mitochondrial Trx target candidate proteins have been 

identified by mutant Trx affinity columns in conjunction with proteomics (Balmer 
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et al., 2004; Yoshida et al., 2013). The putative targets are involved in a broad 

range of mitochondrial processes including photorespiration, ATP synthesis and 

stress-related reactions. Moreover, many enzymes of the tricarboxylic acid 

(TCA) cycle and associated pathways were confirmed as Trx targets in vivo 

(Daloso et al., 2015;). Taken together, these results suggest that mitochondria, 

similarly to plastids, use TRX and redox status to regulate their main carbon flux 

pathway ( Schmidtmann et al., 2014; Yoshida and Hisabori, 2014; Daloso et al., 

2015). It is also worth mentioning that, in general, TCA cycle enzymes are 

highly susceptible to oxidative stress (Winger et al., 2007; Obata et al., 2011), 

which probably involves the participation of the Trx systems by mechanisms 

that are not yet fully understood. Collectively, this information suggests an 

important, albeit somewhat neglected, manner by which mitochondrial 

metabolism is regulated, possibly by redox status, in the tolerance to various 

stresses in plants. 

 To date, three functional NTRs have been found in Arabidopsis, and a 

larger number of studies with NTRC have described its association with plant 

protection against oxidative stress (Serrato et al., 2004; Spínola et al., 2008; 

Chae et al., 2013; Lepistö et al., 2013; Correa-Aragunde et al., 2015; Moon et 

al., 2015; Naranjo et al., 2016). On the other hand, the potential significance of 

NTRA and NTRB under stress conditions remains poorly explored probably due 

to the functional redundancy between them in cytosol and mitochondria (Cha et 

al., 2014; Cha et al., 2015). This fact apart, it was recently demonstrated that 

NTRA- overexpressing plants have a higher stress tolerance against oxidative 

and drought stresses via regulation of ROS amounts (Cha et al., 2014; Cha et 

al., 2015). In addition, it was shown that, in contrast to ntra and ntrb single 

knockout mutants which show no visible phenotypic modifications under normal 

conditions, the double ntra ntrb mutant exhibit major modification differences. 

Thus, ntra ntrb plants present wrinkled seeds, slow plant growth and high 

accumulation of anthocyanins (Reichheld et al., 2007; Bashandy et al., 2009), 

which could be expected to increase tolerance to abiotic stresses such as 

drought (Sperdouli and Moustakas, 2012; Kovinich et al., 2014). 

 Given the facts described above, here we attempt to investigate the 

functional role of mitochondrial Trx system following exposition to drought and 

further investigate whether the re-exposition to a drought event would cause 
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faster or stronger metabolic and physiological responses. To this end, we 

evaluated the differential acclimative mechanisms associated with drought 

tolerance in Trx mutants of the mitochondrial Trx pathway: the NADPH-Trx 

reductase a and b double mutant (ntra ntrb) and the mitochondrially located 

thioredoxin o1 (trxo1) mutant. Our results demonstrate that the functional lack of 

a mitochondrial Trx systems leads to an enhanced drought tolerance and that 

following multiple events of drought the Trx system seems to be of key 

importance. The results obtained are discussed both in the context of redox 

regulation following water restriction and the importance of metabolic 

adjustments to cope with this stress condition. 

 

Material and Methods  
Characterization of T-DNA Insertion Mutants  

Homozygous mutant lines were identified by PCR using ATrx o1 specific 

primers for trxo1-1 (SALK_042792 ) (Fw- AAATCCCGCCCTACAGATATG   and 

Rv TCGAGTGATGAAGGGAAATTG) and trxo1-2 (SALK_143294) (Fw- 

AATCATCATCGTTGACTTGCC and Rv - ACACATCCACTTAGCGTGAGG) in 

combination with the T-DNA left border primer (Lb-

ATTTTGCCGATTTCGGAAC). 

Growth Conditions and Experimental Design 

All Arabidopsis (Arabidopsis thaliana) plants used here were of the 

Columbia ecotype (Col-0) background. The ntra ntrb double-KO mutant was 

previously described (Reichheld et al., 2007), whereas the two T-DNA insertion 

mutants in the trxo1 gene (At2g35010) from the Salk collection trxo1-1 (SALK 

042792) and trxo1-2 (SALK_143294) were characterized in this study. The 

seeds of the 4 genotypes used (Col-0, ntra ntrb, trxo1-1 and trxo1-2) were sown 

on standard greenhouse soil (Stender) in plastic pots with a 0.5-L capacity. The 

trays containing the pots were placed under a 12/12-h day/ night cycle (22 

/16°C) with 60/75% relative humidity and 150 µmol photons m-2s-1 light intensity. 

Next, 14 days after sowing, plants were transferred to single pots (0.1 L), which 

were placed in a random arrangement in the tray and then transferred to climate 

chambers with a 8-h-light/16-h-night day/night cycle (22 /16 °C, 60/75% relative 

humidity, and 150 µmol photons m-2s-1 light intensity). One month after the 
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transference to single pots, plants were subjected to a progressive water deficit 

by suspension of irrigation and then given recovery irrigation. Control plants 

were daily watered to maintain soil water close to field capacity. At days 0, 5 

and 10 of drought stress and following 3 days of recovery irrigation, the relative 

water content (RWC) and the Fv/Fm were determined and whole rosettes were 

harvested at around 12 h (middle of the photoperiod) for further analysis. We 

additionally grew plants side by side in a similar manner in large pots in plastic 

pots with a 0.5-L capacity to allow comparison of the responses in similar soil 

conditions and to be confident that the water restriction was identical on all 

genotypes. To this end, 14 days after sowing, plants were transferred to large 

pots where there was one plant representing each genotype and kept in climate 

chambers with similar conditions as described above. One month after the 

transference to large pots, plants were subjected to a progressive water deficit 

of 10 days by suspension of irrigation and then given recovery irrigation (3 

days). Control plants were daily watered to maintain soil water close to field 

capacity. At 10 days of drought stress and following 3 days of recovery 

irrigation, the relative water content (RWC) and the Fv/Fm were determined and 

samples were harvested at around 4 h (middle of the photoperiod) for further 

analysis. For a subsequent stress treatment, the plants previously submitted to 

one cycle of drought and to the further recovery were submitted to a second 

cycle of water deficit (DC2 treatment) and recovery (RC2 treatment), while 

another group of plants not previously stressed was submitted to a first and 

unique cycle of drought stress (DC1) and recovery (RC1). It should be 

mentioned that both experiments were repeated at least twice (and even in 

different growth facilities) with similar phenotypes observed each time. 

 
Water Loss Measurements 

 

For water loss measurements, the weight of six detached rosettes, 

incubated abaxial side up under short day growth conditions (as described 

above), were determined over 2 h, at 10 min intervals. Water loss was 

calculated as a percentage of the initial fresh weight (FW) (Araújo et al., 2011). 

 

Relative water content (RWC) 
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Leaf RWC was assessed to monitor the status of leaf hydration at 0, 5 

and 10 days without watering as well as at 3 days after the recovery of 

irrigation. In our large pot experiments, leaf RWC was assessed to monitor the 

status of leaf hydration at 0, and 10 days without watering and on the recovery 

at 3 days. One leaf from each replicate was excised and weighed in order to 

obtain the FW. Afterwards, leaves were hydrated for 2 h in Petri dish containing 

distilled water, under greenhouse conditions, and weighed in order to obtain the 

turgid weight (TW). Finally, leaves were oven-dried at 72 °C for 72 h and 

weighed in order to obtain the dry weight (DW). For the calculation of RWC, the 

following equation was used: RWC = FW−DWTW−DW 

 

Chlorophyll fluorescence imaging 

The ratio of Fv to Fm, which corresponds to the potential quantum yield of 

the photochemical reactions of PSII and represents a measure of the 

photochemical efficiency, was determined with a PAM-2000 chlorophyll 

fluorometer and ImagingWin software application (Walz; Effeltrich, Germany) on 

dark-adapted plants.  

 

Determination of Metabolite Levels 
 

Whole rosettes was sampled at the indicated time points, immediately 

frozen in liquid nitrogen, and stored at -80°C until further analysis. Metabolite 

extraction was performed by rapid grinding in liquid nitrogen and immediate 

addition of the appropriate extraction buffer. The levels of starch, sucrose, 

fructose, and glucose in the leaf tissues were determined exactly as described 

previously (Fernie et al., 2001). Malate and fumarate were determined exactly 

as in Nunes-Nesi et al. (2007). Proteins and amino acids were determined as 

described previously (Cross et al., 2006). Nitrate was determined as detailed in 

(Sienkiewicz-Porzucek et al., 2010). 

Metabolite profiling was determined by gas chromatography coupled with 

mass spectrometry (GC–MS, primary metabolites) and liquid chromatography 

coupled with mass spectrometry (LC–MS, secondary metabolites). The 

metabolite profiling for primary metabolites was obtained using an established 

GC–MS protocol as described in Lisec et al., 2006.The GC-MS system was 
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composed of a CTC CombiPAL autosampler, an Agilent 6890N gas 

chromatograph (Agilent Technologies, Santa Clara, CA, USA) and a Leco 

Pegasus III (Leco Corporation, St. Joseph, MI, USA) time-of-flight–mass 

spectrometry running in EI+ mode. Metabolites were identified in comparison 

with database entries of authentic standards (Kopka et al., 2005; Schauer et al., 

2005). Chromatograms and mass spectra were evaluated by using Chroma 

TOF 1.0 (Leco, http://www.leco.com/) and TAGFINDER 4.0 software 

(Luedemann et al., 2008).The amounts of metabolites were determined as 

relative metabolite abundances, calculated by normalization of signal intensity 

to that of ribitol, which was added as an internal standard and then by dry 

weight of the material. Secondary metabolite analysis by LC–MS was 

performed as described (Tohge and Fernie, 2010). All data were processed 

using Xcalibur 2.1 software (Thermo Fisher Scientific, Waltham, MA, USA). The 

obtained data matrix of peak area was normalized using the internal standard 

(isovitexin, CAS: 29702-25-8) and then by dry weight of the material. Metabolite 

identification and annotation were performed using metabolite databases 

(Tohge and Fernie, 2009). Identification and annotation of detected peaks 

followed the recommendations for reporting metabolite data described in Fernie 

et al. (2011). The full dataset from GC-MS and LC-MS metabolite profiling are 

available as Supplementary Table SV and SVI, respectively. 

 

Determination of pyridine nucleotides 

The procedures used to assay pyridine nucleotides were based on the 

selective hydrolysis of the reduced forms (NADH and NADPH) in acid medium, 

and of the oxidized forms (NAD+ and NADP+) in alkaline medium (Hajirezaei et 

al., 2002). Pyridine nucleotides were assayed using the phenazine 

methosulfate-catalyzed reduction of dichlorophenolindophenol in the presence 

of ethanol and alcohol dehydrogenase (for NAD+ and NADH) or glucose 6-

phosphate (G6P) and G6P dehydrogenase (for NADP+ and NADPH) as 

described by Queval and Noctor, 2007.  

 

Gas Exchange and Chlorophyll a Fluorescence Measurements 

Gas exchange parameters were determined simultaneously with 

chlorophyll a fluorescence measurements using an open-flow infrared gas 
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exchange analyzer system (LI-6400XT; LI-COR) equipped with an integrated 

fluorescence chamber (LI-6400-40; LI-COR). Instantaneous gas exchanges 

were measured after 1 h illumination during the light period under 1000 µmol 

photons m-2 s-1 at the leaf level (light saturation) of PPFD. The reference CO2 

concentration was set at 400 µmol CO2 mol–1 air. All measurements were 

performed using the 2 cm2 leaf chamber at 25°C, and the leaf-to-air vapor 

pressure deficit was kept at 1.2 to 2.0 kPa, while the amount of blue light was 

set to 10% PPFD to optimize stomatal aperture. The initial fluorescence (F0) 

was measured by illuminating dark-adapted leaves (1h) with weak modulated 

measuring beams (0.03 µmol m-2 s-1). A saturating white light pulse (8000 µmol 

m-2 s-1) was applied for 0.8 s to obtain the maximum fluorescence (Fm), from 

which the variable-to-maximum chlorophyll fluorescence ratio was then 

calculated: Fv/Fm=[(Fm-F0)/Fm)]. In light-adapted leaves, the steady-state 

fluorescence yield (Fs) was measured with the application of a saturating white 

light pulse (8000 µmol m-2 s-1) to achieve the light adapted maximum 

fluorescence (Fm’). A far-red illumination (2 µmol m-2s-1) was applied after turn 

off the actinic light to measure the light-adapted initial fluorescence (F0’). The 

capture efficiency of excitation energy by open PSII reaction centers (Fv’/Fm’) 

was estimated following Logan et al. (2007) and the actual PSII photochemical 

efficiency (ϕPSII)was estimated as fPSII = (Fm’– Fs)/Fm’ (Genty et al., 1989). As 

the ϕPSII represents the number of electrons transferred per photon absorbed 

in the PSII, the electron transport rate (Jflu) was calculated as Jflu = ϕPSII . ɑ. ß 

.PPFD, where ɑ is leaf absorbance and ß reflects the partitioning of absorbed 

quanta between PSII and PSI, and the product ɑß was adopted as described in 

the literature for Arabidopsis as equal to 0.451 (Flexas et al., 2007). Dark 

respiration (Rd) was measured using the same gas exchange system described 

above after at least 1 h in the dark period and it was divided by two (Rd/2) to 

estimate the mitochondrial respiration rate in the light (RL; Niinemets et al., 

2005, 2006; Niinemets et al., 2009). 

 

Statistical analysis 

The experiments were conducted in a completely randomized design with 6 

replicates of each genotype. Data were statistically examined using analysis of 

variance and tested for significant (P<0.05) differences using Student’s t-tests. 
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All statistical analyses were performed using the algorithm embedded into 

Microsoft Excel. 

Results 
Phenotype of Arabidopsis mutants under water deficit conditions 

To investigate the functional role of the mitochondrial Trx pathway during 

water shortage, we analyzed the previously characterized NADP-TRX 

reductase a and b double knockout mutant (ntra ntrb) plant that does not 

express two NTR isoforms localized in cytosol and mitochondria (Reichheld et 

al., 2007). In addition, we isolated two independent lines that contained T-DNA 

elements inserted into the thioredoxin o1 (trxo1) gene (At2g35010) encoding a 

mitochondrial Trx from Salk collection (SALK 04792 and SALK 143294). Both 

insertions in the Trxo1 gene were mapped to the first intron and resulted in 

knockout of gene expression.  Homozygous lines for each mutant were 

characterized by genomic PCR and designated trxo1-1 and trxo1-2, 

respectively. RT-PCR using primer pairs designed to span the T-DNA insertion 

sites of the two mutant loci was used to investigate transcription of both lines. 

The Arabidopsis EF1ɑ, was used as a control to demonstrate the integrity of the 

RNA preparation. Following the characterization of the molecular identity of the 

T-DNA insertional mutants (data not showed), they were grown alongside wild-

type controls. Under these conditions, there were no visible aberrant 

phenotypes in the mutants during vegetative growth under normal watering 

conditions (Figure 1A)(see the brief description of the phenotypes presented in 

the paper from Daloso et al. 2015). 

In a first experiment, plants cultivated in single pots were exposed to 

drought stress (Figure 1A). At 10 days after the suspension of irrigation, all the 

genotypes presented early symptoms of chlorosis and leaf wilting yet Col-0 

exhibited more severe dehydration symptoms than the mutants. To further 

investigate the development of drought stress symptoms, we next analyzed the 

relative water content (RWC) and the maximum photochemical efficiency of 

PSII (Fv/Fm) (Figures 1B and 1C, respectively). During the extended water 

suspension all genotypes studied showed similar values of RWC at all the time 

points evaluated here (Figure 1B). After 10 days without watering significant 

reduction of the RWC was observed for all genotypes. Moreover, following the 
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cessation of irrigation a stronger reduction in Fv/Fm values, a parameter 

commonly associated with water stress status (Woo et al., 2008), was observed 

in all genotypes (Figure 1A). To access the capacity of the plants to recover 

following water restriction, irrigation was restored 10 days after the onset of 

water deficit. In agreement with previous observation (Woo et al, 2008) that 

Arabidopsis plants are generally able to recovery from stress, all genotypes 

investigated here were able to rescue growth after re-irrigation and as such 

RWC was similar at the values observed at the beginning of the experiment 

(day 0, non-stress condition) (Figure 1B). Although following the recovery of 

irrigation the mutants lines showed higher Fv/Fm values than those observed at 

the end of the water deficit period they were however not able to recover to their 

initial values (Figure 1C) indicating that the water availability was not enough to 

fully recover the photosynthetic capacity of these plants. Importantly, WT plants 

were not able to enhance the Fv/Fm values following the restoration of irrigation, 

suggesting that the Trx mutants seems to be less sensitive to drought stress.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*
*

** ** *

5

Days without watering

10 Recovery0 5 10 Recovery0

R
e

la
tiv

e
 w

a
te

r 
co

n
te

n
t 

(%
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

F
v 

/ 
F

m

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Col -0

ntra ntrb

trxo1-1

trxo1-2

B C

Days without watering

* *

Figure 1: Phenotype of Trx Arabidopsis  mutants and wild type plants (WT) under 
drought stress treatment. (A) Images of 4-week-old, short-day-grown Arabidopsis  
plants immediately (0 days) and after further treatment for 10 days without 
watering and on recovery irrigation for 3 days. (B) Relative water content and (C) 
the maximum quantum yield of PSII electron transport (Fv/Fm). Values are means 
± SE of five independent samplings; an asterisk indicates values that were 
determined by the Student's t test to be significantly different (P < 0.05) from the 
wild type (Col-0).  
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Metabolic changes of Arabidopsis Trx mutants under water deficit 

conditions 

In order to obtain a more detailed characterization of the functional 

significance of NTS under water deprivation, we next performed an extensive 

metabolic characterization of the mutants and Col-0 plants during water deficit 

treatment. For this purpose, we measured the levels of a broad range of primary 

(Figure 2) and secondary (Figure 3) metabolites. It should be noted that all 

genotypes used in this study exhibited, in general, similar levels of primary and 

secondary metabolites in samples harvested immediately prior to the start of the 

drought treatment (day 0 – non stress conditions) and even at 5 days following 

the onset of drought treatment. Thus, only a relatively small number of 

metabolites was significantly different in the mutants in comparison to WT at 0 

and 5 days following the onset of drought. GC-MS data revealed that, of the 

alterations observed under non stress conditions, most of the metabolites that 

significantly changed in the mutants were lower than the values observed in WT 

plants, including the decrease in Val in all mutants and in serine in both trxo1 

mutants. Conversely, as early as 5 days of water deficit, the majority of amino 

acids increased significantly only in trxo1-1 plants in relation to WT values. 

Notably, the majority of the differences in primary metabolites levels were 

observed at more advanced stress (10 days) and on recovery. Following 10 

days without watering, increases in the levels of a wide range of primary 

metabolites were observed, particularly in the two trxo1 mutant lines. Thus, both 

trxo1-1 and trxo1-2 mutants showed higher levels of amino acids (alanine, 

glutamate, glycine, methionine, ornithine and tryptophan), organic acids 

(glycolate and lactate) and other metabolites such as putrescine and the 

modified amino acid hidroxiproline, when compared to WT plants. In addition, all 

mutant genotypes showed increased contents of sucrose, trehalose and 

raffinose, metabolites that usually accumulate in tolerant plants subjected to 

desiccation (Valliyodan and Nguyen, 2006; Obata and Fernie, 2012; Arbona et 

al., 2013). Accordingly, after 10 days of drought stress significant changes in a 

number of secondary metabolites for the mutant lines trxo1-1 and trxo1-2 were 

observed, including decreases in flavonol glycosides (K3G7R and K3R7R), 

hydroxycinnamates (SinG and di-SinG) and in the aliphatic glucosinolate 7MTH, 

in addition to the lower levels of anthocyanins detected in the three mutants 
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compared to WT plants. Only two secondary metabolites (7MTH and Q3G7R) 

significant changed in trxo1-1 mutants, while no differences were observed for 

the other mutants. On the other hand, a large number of changes in primary 

metabolites were evident following re-irrigation in double mutant and trxo1-2 

plants, whereas only three metabolites (alanine, arginine and putrescine) were 

significantly different in trxo1-1 plants comparing to WT. This result is in 

agreement with the higher Fv/Fm values displayed by ntra ntrb and trxo1-2 

plants following recovery. It is interesting to note that there was a general 

increase in the levels of primary metabolites in all genotypes following both 

drought (10 days) and on further recovery, comparing to the initial condition (0 

day). By contrast to the situation observed following 10 days of drought, there is 

a clear pattern of down regulation of the majority of the primary metabolites in 

the mutants following the recovery, comparing to the WT levels. Thus, trxo1-2 

and ntra ntrb plants displayed decreases in the levels of several amino acids, 

including aromatics (phenylalanine, tyrosine and tryptophan) and two branched-

chain amino acids (BCAAs) (namely isoleucine and valine). Moreover, the 

levels of organic acids (GABA, glycerate and pyruvate), sugars (fructose, 

mannose, sorbose, fucose) and sugars alcohols, such as glycerol, myo-inositol 

and raffinose were also lower than in WT plants in both mutants on the 

recovery. The full dataset from GC-MS and LC-MS metabolite profiling are 

available as Supplementary Table SIII and SIV, respectively. 
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Figure 2: Relative abundance of metabolite levels in Arabidopsis knockout 
mutants ntra ntrb, trxo1-1 and trxo1-2, and Columbia wild type plants (Col-0) after 
further treatment for 0, 5 and 10 days without watering and on recovery irrigation 
for 3 days as measured by GC-MS. Relative log2-transformed values of signal 
intensities were normalized with respect to the mean response calculated for the 
wild type control at day 0. Values are means ± SE of five independent samplings; 
asterisks demarcate values that were judged to be significantly different from the 
WT (P < 0.05) following the performance of the Student's t test. 



26 

 

 

 

 

 

 

 

 

 

Differential response of Trx mutant plants submitted to single and 

recurrent drought event 

Given the wide range of metabolic changes previously observed in Trx 

mutant plants exposed to a single drought event, we next decided to evaluate 

the responses of plants submitted to a recurrent dehydration stress. To this end, 

we performed a new experiment with large pots with plants growing side by side 

and where there was one plant representing each genotype per pot (Figure 4A). 

Figure 3: Relative abundance of secondary metabolite levels in Arabidopsis 
knockout mutants ntra ntrb, trxo1-1 and trxo1-2, and Columbia wild type plants 
(Col-0) after further treatment for 0, 5 and 10 days without watering and on 
recovery irrigation for 3 days as measured by LC-MS. Relative log2-transformed 
values of signal intensities were normalized with respect to the mean response 
calculated for the wild type control at day 0. Values are means ± SE of five 
independent samplings; asterisks demarcate values that were judged to be 
significantly different from the WT (P < 0.05) following the performance of the 
Student's t test. 
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Thus, we could guarantee comparison of the responses in similar soil conditions 

and to be confident that the water restriction was identical on all genotypes. 

Thus, we exclude the possibility that the metabolic changes observed could be 

related to different stress intensities that might be reached by plants separately.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Phenotype of Trx  Arabidopsis  knockout mutants and Columbia wild 
type plants (Col-0) during dehydration and following rehydration. (A) Images, (B) 
relative water content and (C) the maximum quantum yield of PSII electron 
transport (Fv/Fm) of leaves of short-day-grown Arabidopsis plants. The data 
represent six conditions: unstressed drought control (DC), plants drought 
stressed only once (D1) and twice (D2), unstressed recovery control (RC) and 
rehydration of plants previously one (R1) or twice (R2) drought stressed. Data 
represent averages of six biological replicates per genotype and condition. 
Asterisks demarcate values that were judged to be significantly different from the 
WT (P < 0.05) at the same treatment following the performance of Student's t 
tests. 
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The RWC was reduced similarly in plants following one (DC1) or two 

(DC2) drought events and the re-irrigation was not able to fully recover the 

RWC in all genotypes. It is important to mention that all genotypes evaluated 

showed similar values of RWC following all six treatments (Figure 4B). 

Moreover, Fv/Fm (Figure 4C) values were only slightly lower in plants submitted 

to both one (DC1) or two (D2) drought events, comparing to their respective 

control (DC), indicating that the stress imposed was not so severe. 

Furthermore, comparing the treatments D1 and D2, mutant plants previously 

exposed to a water suspension event (D2) displayed higher levels of Fv/Fm with 

respect to WT of the same treatment. 

 

The redox regulation mediated by Trx seems to be important for stomatal 

behavior during drought recovery 

We further investigated whether stomatal function might be affected in 

these plants. To this end, we first performed a time scale water loss experiment 

from excised rosettes by analyzing fresh weight loss (Supplementary Figure 

SII). Surprisingly, water loss was consistently higher in ntra ntrb plants from the 

beginning until the end of the experiment suggesting a higher sensitivity to 

water stress conditions. Since fresh weight loss in detached rosettes might not 

reflect the situation in planta (Medeiros et al., 2015) and Trx mutants does not 

seem to have higher sensitivity to dehydration (Figure 1A), we next decided to 

analyze gas exchange and chlorophyll a fluorescence parameters of plants 

growing on soil (Supplementary Table SI). No differences were observed for 

any of these parameters in all Trx mutants under optimal growth conditions. We 

next decided to evaluate if the exposition to a drought followed by a recovery 

event could impact the photosynthetic parameters here analyzed. For this 

purpose, we decided to analyze the responses of twice drought stressed plants 

(R2) since those plants were characterized by higher Fv/Fm  and, in comparison 

to plants from D1, D2 and R1 treatment, they were visually more green (Figure 

4A). Interestingly, all the three Trx mutants displayed higher stomatal 

conductance (gs) and an overall tendency of increased photosynthetic rates 

under R2 condition, compared to their respective WT (Supplementary Table 

SII). In addition, trxo1-2 plants showed higher chloroplastic CO2 concentration 

(Cc). Altogether, these results indicate a better recovery of Trx mutant plants. 
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Differential Metabolic responses of Arabidopsis Trx mutants submitted to 

a repeated drought event compared to not previous stressed plants 

We next evaluated the effect of a consecutive stress event in the 

metabolic response of the plants by measuring the levels of starch, sugars, and 

nitrate at the middle of the day in illuminated leaves of mutants and WT, as well 

as a broad range of primary and secondary metabolites. Drought-induced 

metabolic change resulted in decreased levels of starch (figure 5D) and protein 

(Supplementary Figure SI A) coupled with increases in the levels of sucrose 

(Figure 5B), glucose (Figure 5A) and nitrate (Supplementary Figure SI C) in all 

genotypes analyzed. Noteworthy, we also observed a significant decrease in 

starch (RC) coupled with higher levels of sucrose (R1) and glucose (D2) in the 

ntra ntrb mutant comparing to the WT on the same condition. 

 

 

 

 

 

 

 

By using a GC-MS-based metabolite profiling technique we further 

observed a remarkable metabolic adjustment in response to the drought 

Figure 5: Changes in the main carbon related compounds in leaves of 
Trx  Arabidopsis  knockout mutants. Levels of glucose (A), fructose (B), sucrose 
(C) and starch (D) were measured. The genotypes used here were: ntra ntrb, 
trxo1-1, trxo1-2, and Columbia wild type plants (Col-0) during dehydration and 
following rehydration. The plants were submitted to six conditions: unstressed 
drought control (DC), plants drought stressed only once (D1) and twice 
(D2),unstressed recovery control (RC) and rehydration of plants previously one 
(R1) or  twice (R2) drought stressed. 
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treatments (Figure 6). Overall, the levels of most amino acids and organic acids 

increased significantly in plant that were both once (D1) and twice (D2) drought 

stressed and even following re-irrigation (RC1 and RC2). Compared with WT 

plants, it was observed that ntra ntrb plants submitted to one single drought 

event (D1) were characterized by several changes in amino acid abundance, 

including accumulation of asparagine, ornithine and the aromatic amino acids 

phenylalanine and tryptophan. In addition, we also observed higher levels of 

tyrosine in the trxo1 lines and decreases in glutamate in both ntra ntrb and 

trxo1-1 plants. Drought induced increases in trehalose (ntra ntrb and trxo1-1), 

raffinose (trxo1-1) and myo-inositol (ntra ntrb) and reduced the levels of 

dehydroascorbate (trxo1-2). Notably, the imposition of a new drought event 

resulted in alterations in a different set of metabolites. In D2, ntra ntrb plants 

displayed higher glycine levels and decreases in threonine (also in trxo1-1), 

citrate, maltose (also in trxo1-2) and raffinose in comparison to the respective 

WT. Furthermore, both trxo-1 lines exhibited decreases in dehydroascorbate 

whereas trxo1-2 showed increases in tryptophan and galactose. Lower levels of 

putrescine were also found in all mutants in D2. 

While a similar number of primary metabolites were altered in mutant 

plants in both drought conditions, D1 and D2, compared to the correspondent 

WT, a differential response of mutant plants were revealed by LC-MS data 

(Figure 7). Thus, only double mutants exposed to a single drought event (D1) 

displayed alterations in seven secondary metabolites compared with their WT 

counterparts. From these changes, only the hydroxycinnamate SinG1 was 

reduced, while the other six metabolites (7MSOH, 8MSOO, 4MOI3M, K3GR7R, 

K3G7R and K3R7R) were increased in ntra ntrb plants. By contrast, a total of 

18 secondary metabolites significantly changed in at least one of D2 Trx mutant 

plants.  

By analyzing the primary profile following water recovery, it was observed 

that mutant plants of R1 condition showed more changes than R2 plants. All 

three Trxs mutants were characterized by lower dehydroascorbate and higher 

glycine and hidroxi-proline levels under R1 condition. Double mutant plants also 

exhibited decreases in threonate, a known breakdown product of ascorbate 

(Gechev et al., 2013) and increases in the shikimate-derivate amino acid 

tryptophan. Accordingly, the non-proteinogenic amino acids, ß-alanine and 
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GABA, and methionine (also in trxo1-2), pyruvate, serine and spermidine were 

lower in ntra ntrb in comparison to R1 WT plants. In addition, trxo1-1 plants 

displayed lower malate, fumarate and glutamate values, while both trxo1 mutant 

lines presented higher alanine levels whereas only trxo1-2 showed increase in 

succinate under R1 condition.  

Minor changes were observed in the levels of primary metabolites after a 

second recover event (R2). Thus, only four metabolites were significantly 

reduced in R2 double mutant plants, namely ß-alanine and maltose, which were 

lower in the three mutants, as well as sucrose and threonine (also lower in 

trxo1-1 plants). Moreover, the occurrence of a second drought/recovery cycle 

induced many changes in the metabolic profile of trxo1 mutants. In this respect, 

the levels of ornithine and erytritol were lower in the two trxo1 mutant lines, 

whereas we observed higher levels of fumarate and succinate in trxo1-2 and 

glycine in trxo1-1 plants. Higher levels of galactinol and galactose were also 

found in trxo1-1 and trxo1-2, respectively.  

On the other hand, LC-MS data revealed an overall tendency of 

accumulation of several secondary metabolites in all mutants following both R1 

and R2 conditions in Trx mutants, in comparison with the respective WT. 

Interestingly, the levels of 6MTH were higher in all Trx mutants in respect to the 

correspondent WT in both R1 and R2 conditions, while other secondary 

metabolites varied in a different way in each situation (R1 or R2). For instance, 

the levels of the aliphatic GSLs 7MTH and 8MTH were lower in all R1 mutant 

plants in comparison to the respective WT, whereas in R2 we observed the 

opposite (higher levels in the mutants). Lower levels of anthocyanin are 

observed in double and trxo1-1 mutants in R1 condition and higher levels in the 

two trxo1 lines in R2, in comparison to the respective WT.  
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Figure 6: Heat map representing the changes in relative abundance of primary 
metabolite levels in Trx  Arabidopsis  knockout mutants. The genotypes used 
here were: ntra ntrb, trxo1-1 and trxo1-2, and Columbia wild type plants (Col-0) 
during dehydration and following rehydration as measured by GC-MS. The heat 
map represents six conditions: unstressed drought control (DC), plants drought 
stressed only once (D1) and twice (D2),unstressed recovery control (RC) and 
rehydration of plants previously one (R1) or  twice (R2) drought stressed. Data 
represent averages of six biological replicates per genotype and condition  with 
higher relative expression in mutant lines compared to WT in red and lower 
expression in blue, as indicated by the scale bar. Metabolites were determined 
as described in “Material and methods”. Data are normalized with the mean 
response calculated for the WT plants at DC; asteriscs demarcate values that 
were judged to be significantly different from the WT (P<0.05) at the same 
treatment following the performance of Student's t tests. 
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Figure 7: Heat map representing the changes in relative abundance of primary 
metabolite levels in Trx  Arabidopsis  knockout mutants. The genotypes used 
here were: ntra ntrb, trxo1-1 and trxo1-2, and Columbia wild type plants (Col-0) 
during dehydration and following rehydration as measured by LC-MS. The heat 
map represents six conditions: unstressed drought control (DC), plants drought 
stressed only once (D1) and twice (D2),unstressed recovery control (RC) and 
rehydration of plants previously one (R1) or twice (R2) drought stressed. Data 
represent averages of six biological replicates per genotype and condition  with 
higher relative expression in mutant lines compared to WT in red and lower 
expression in blue, as indicated by the scale bar. Metabolites were determined 
as described in “Material and methods”. Data are normalized with the mean 
response calculated for the WT plants at DC; asteriscs demarcate values that 
were judged to be significantly different from the WT (P<0.05) at the same 
treatment following the performance of Student's t tests. 
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Pyridine nucleotide content of Arabidopsis Trx mutants submitted to a 

repeated drought event compared to plants not previous stressed 

We next decided to assay the levels of pyridine nucleotides in the six 

conditions evaluated here (Figure 8). Interestingly, ntra ntrb plants displayed 

lower NAD+ levels (Figure 8A) under non stress conditions (DC and RC), whilst 

a trend towards a reduction in NADH was observed (Figure 8B). Consequently, 

we observed the maintenance of the NADH/NAD+ ratio in well irrigated double 

mutant plants (Figure 8E). In addition, the levels of NAD+, NADP+ and NADPH 

(Figures 8A, 8C and 8D, respectively) substantially increased in all genotypes 

following the watering suspension in both D1 and D2 conditions. Accordingly, a 

differential response was observed regarding NADH levels, as long as plants 

submitted to a single drought event (D1) presented NADH levels similar to 

drought control (DC), in contrast to the higher levels showed by D2 plants. As a 

result, a clear pattern of reduction in the NADH/NAD+ ratio (Figure 8E) was 

observed in all D1 plants comparing to both DC and D2 conditions. 

Furthermore, the double mutant plants exhibited lower NADH levels than their 

WT counterparts that were passing through a second drought event (D2).  

Regarding the changes in the NAD(P)H after rehydration, the results 

point out to the fact that plants from both R1 and R2 condition did not fully 

recovered from the previous stress. Thus, the levels of NAD+, NADP+ and 

NADPH did not return to the levels displayed by RC plants, even though there 

was a decrease in the values showed by D1 and D2 plants. In addition, despite 

the higher NADH levels showed by D2 plants, a great decrease of NADH levels 

was observed after re-irrigation (R2) in such a way that RC and R2 plants 

exhibited relatively similar levels of NADH. It is also worth mentioning that R2 

plants achieved lower NADH values than the ones that had faced only one 

drought/recover event (R1). Moreover, WT plants exposed to a single 

drought/recovery event (R1) showed greater NADP+ and NAD+ values than no 

stressed WT plants (RC) or even than R2 WT plants. Consequently, all mutant 

plants displayed lower NADP+ and NAD+ levels compared with the respective 

WT (R1). As a result, all Trx mutants presented higher NADH/NAD+ ratio and 

double mutant plants presented higher NADPH/NADP+ (Figure 8F) than their 

relative WT (R1). 
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Figure 8: Pyridine nucleotide levels and ratios of leaves of short-day-grown 
Arabidopsis  ntra ntrb, trxo1-1 and trxo1-2, and Columbia wild type plants (Col-0) 
during dehydration and following rehydration under six conditions: unstressed 
drought control (DC), plants drought stressed only once (D1) and twice (D2), 
unstressed recovery control (RC) and rehydration of plants previously one (R1) 
or  twice (R2) drought stressed. Data represent averages of six biological 
replicates per genotype and condition. Asterisks demarcate values that were 
judged to be significantly different from the WT (P < 0.05) at the same treatment 
following the performance of Student's t tests. 
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PCA reveal specific changes during drought and recovery in Trx 

Arabidopsis mutants submitted to stress memory experiment 

To get a broad view on the changes that occur during drought, we 

subjected the data obtained from plants following cycles of drought to PCA 

analysis and the first and second components were plotted (Figure 9) in order to 

enhance our current understanding on the relationship between variables. 

Control (DC and RC) and drought (D1 and D2) separated mainly along PC1 

(46.5% of data variability), while recovery treatments (R1 and R2) essentially 

resolved along PC2 (20.8% of data variability) (Fig. 9A and B). One of the main 

contributors to the differences observed between control and drought plants 

were the higher levels of amino acids, which were clearly clustered. 

Interestingly, the compatible solutes proline and hydroxyproline, that have long 

been suggested as an important metabolic strategy in plants facing drought 

conditions (Sperdouli and Moustakas, 2012), were the determinants of PC1. In 

addition, mutant plants exposed to a single drought event (R1) displayed higher 

hydroxyproline levels than their WT counterparts after re-irrigation, suggesting a 

relevant role for these metabolites during the recovery. The increases in the 

aromatic amino acids, tyrosine, tryptophan and phenylalanine, as well as the 

BCAAs valine and isoleucine were also remarkable within the PC1 and had a 

massive representation in connection with lysine, serine and alanine.  
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Figure 9: Principal component analysis of normalized data (PCA) (A) Correlation 
circle showing a projection of the original variables (as arrows) in the principal 
components space PC1–PC2. Projections of the arrows on the axes indicates with 
which variables the PCs are linked the most. The arrow closeness indicates how 
much correlation exists between the variables. Specific groups of variables are 
represented with different collors: amino acids (pink), sugars and sugars alcohol 
(red), organic acids (dark blue), anthocyanin and flavonol glycosides (light blue), 
glucosinolates (green), hydroxycinnamates (dark gray), other metabolites (black) 
and other parameters (purple). (B) PCA is presented as the combination of the first 
two dimensions, which together comprise 67.3% of the total variance. The 6 
treatments are indicated by differente colors: unstressed drought control (DC) in 
black, plants drought stressed only once (D1) in brown and twice (D2) in green, 
unstressed recovery control (RC) in pink and rehydration of plants previously one 
(R1) or twice (R2) drought stressed in blue and red, respectivelly. 
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Discussion 
 

Drought is one of the most important stress factor limiting plant growth, 

reproductive development and, ultimately survival (Arbona et al., 2013).To cope 

with water limitation, several suitable physiological, metabolic, and biochemical 

adjustments are required in order to allow plants to support such environmental 

condition. Here, we investigated the acclimation responses of Trx mutant plants 

exposed to drought conditions. Interestingly, plants with reduced expression of 

Trx were able to better recover Fv/Fm values than WT plants after the exposition 

to a single drought event (Figure 1C). Moreover, metabolic changes provide 

further evidence that the absence of a functional Trx system leads to a complex 

metabolic reprogramming following dehydration stress (Figures 2 and 3). Our 

data suggest that the mutants displayed a faster recovery most likely because 

of a better cellular management of the energy supply. Considering this results, 

we decided to determine in which extent a previous drought experience would 

contribute to a better physiological performance during a second drought event. 

In good agreement with the assumption that plants are able to fortify their 

defenses by retaining information from previous experiences (Crisp et al., 

2016), Trx mutants that experienced two cycles of water limitation (D2 plants) 

responded to water shortage with a significantly higher Fv/Fm and a better 

phenotypic appearance than their counterparts that experienced drought for the 

first time (or once only). Moreover, it was also observed that the levels of 

sucrose were higher during drought (D1 and D2), but they return to the levels 

found prior water stress after re-irrigation in all genotypes studied here (Figure 

5A). By contrast, starch levels were virtually depleted after withholding water 

and were not restored to the initial condition (Figure 5D), suggesting that 

stressed plants were not able to fully recovery of water limitation. This might be 

related to the fact that there is a preference for the use of sucrose in detriment 

of starch, once sucrose pools are more readily available for catabolism and/or 

export to roots (Hummel et al., 2010). Despite these metabolic changes it is 

important to mention that photosynthetic rates following re-watering were also 

not fully recovered at R2 (Supplemental Table SII), and it indicates that the 

plants were perhaps not able to return to their metabolic status found before the 

water restriction.   
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Moreover, as confirmed by PCA analysis, mutants and WT plants 

counterparts clustered together, confirming that the changes followed the same 

pattern for all genotypes, but in a more pronounced way for the mutants. 

Increased BCAA levels (Figure 6) indicates that they are probably being 

required to provide TCA cycle intermediates under energy limiting conditions. 

This is particularly true for Trx mutants and as such it seems reasonable to 

assume that BCAA are able to connect energy metabolism at multiple points of 

the primary metabolism. It is also in agreement with the recent suggestion 

(Pires et al 2016) that the manipulation of amino acid catabolism might be 

considered for biotechnological purposes due to enhanced drought tolerance 

observed in Arabidopsis mutants that accumulated higher levels of BCAA. 

Moreover our results also provide novel insights into the function of Trx and 

indicate that the manipulation of redox metabolism within the mitochondria 

might play a key role on the regulation of amino acid catabolism, a research 

avenue that deserves further investigation. Accumulation of BCAAs in response 

to drought stress has been previously reported (Joshi and Jander, 2009; Pires 

et al., 2016). It has been also suggested that those compounds have a function 

as compatible osmolytes since BCAA showed a high fold increase under 

drought stress in various plant tissues (Joshi et al., 2010; Obata and Fernie, 

2012). It is important to mention that the coordinated increase in Lys 

demonstrate the involvement of ETF/ETFQO complex in both the BCAA and the 

lysine catabolism pathways (Araújo et al., 2010; Obata and Fernie, 2012). 

Similarly, the consistent aromatic amino acids accumulation in both drought 

experiments (single and shared pots) indicate the activation of the 

phenylpropanoid pathway under water limitation (Dinakar and Bartels, 2013; 

Gechev et al., 2013; Jorge et al., 2016). In good accordance, large increases 

were found in the major classes of secondary metabolites derived from 

phenylalanine, tyrosine and tryptophan in drought stressed plants (Fig. 7). 

Regarding LC-MS data from D1 and D2 plants, a much more extensive number 

of changes were displayed by Trx mutants twice drought stressed (D2), than by 

Trx plants only once stressed (7), in respect to their WT counterparts. This 

thought-provoking result support the hypothesis that plants are able to 

incorporate relevant information from previous experiences (Trewavas, 2003). 

From these changes, it deserves special attention the alterations in the aromatic 



40 

 

compound sinapoyl-malate (SinM), whose contribution to PC1 was much larger 

than the average contribution of the others secondary metabolites identified 

here. SinM is the main sinapate ester in Arabidopsis leaves (König et al., 2014), 

being defined as a classical UV-B screening agent (Dean et al., 2014; Jorge et 

al., 2016). It is important to note, however, that SinM is not only a recognized 

key player on UV protection but it seems to be also associate with drought 

tolerance in plants (Mattana et al., 2005; Valliyodan and Nguyen, 2006). Along 

with the long-range increment in amino acids and in SiM, another such adaptive 

mechanism that strongly contributed to PC1 was the accumulation of malate 

and the polyamine spermidine. Increments for both metabolites have been 

shown to confer protection on plants upon drought (Cramer et al., 2007; Urano 

et al., 2009; Cramer et al., 2013; Do et al., 2013; Jorge et al., 2016) and that 

thus might be associated with the enhanced performance of Trx mutant plants 

following water restriction. 

The higher contribution of levels of the organic acids pyruvate, succinate 

and GABA along with the increase in the photorespiratory intermediates glycine 

and glycerate were associated with the changes observed in our PCA. The 

GABA shunt has been associated with energetic stress situations and therefore 

the changes observed are suggestive that TRX mutants are adjusting their 

metabolism, via changes in the GABA related compounds to support energy 

production. This would allow the mutants to better cope with the drought and 

particularly to recurrent events of water limitation, as observed here. 

Furthermore, the reduction in the monosaccharides glucose and mannose and 

in the osmoprotectants raffinose and glycerol greatly contributed to PC2, 

suggesting the importance of osmotic adjustment to cope with water limitation, 

especially in Trx stressed plants. On its turn, the reduction in the abundance of 

glucose and mannose together with the accumulation of pyruvate suggest the 

activation of the glycolytic pathway (Yobi et al., 2013; Jorge et al., 2016). In 

addition, it is suggested that the decrease in monossacharides is linked to the 

increased production of sucrose (Gechev et al., 2013). However, our data 

demonstrate a decrease in sucrose following recovery (R1 and R2) in 

comparison to the levels observed under drought conditions (D1 and D2) 

(Figure 5B), suggesting co-regulation of glycolysis and sucrose metabolism on 

drought recovery. This apparent contrasting metabolite have been previously 
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found in response to salt stress and might be attributed to the complex 

adaptation of soluble osmolytes (Obata and Fernie, 2012; Jorge et al., 2016).  

In this way, the pronounced down-regulation of raffinose and galactinol on 

recovery indicates that other pathways were probably more induced or that 

these compounds were redirected to more energetic favorable pathways. 

Importantly, the accumulation of proline, sucrose and succinate corroborate with 

this hypothesis. Finally, the increments in the photorespiratory intermediates 

glycine and glycerate indicate the activation of photorespiratory pathways 

following recovery (Obata and Fernie, 2012). Although our results are not able 

to fully elucidate the metabolic complexity behind successive drought events it 

seems that by impacting mitochondrial redox metabolism plants are able to 

better cope with such situation. This is probably linked with a lower energetic 

expenditure that would allow a faster recover in Trx mutants.  

Collectively, our results are highly consistent with a complex metabolic 

reprogramming of the main pathways of primary and secondary metabolism to 

maintain a balanced energetic metabolism during drought and recovery. Our 

results indicate that Trx mutants are able to better cope with this situation by 

displaying a stronger metabolic adjustment that is most likely linked with 

enhancement of energy production. Here, we further demonstrate the existence 

of a drought memory effect, as observed by the reduced number of changes 

and a more close metabolic situation in twice stressed plants as in control 

plants. Perhaps more importantly, we observed that Trx mutant plants are less 

sensitive to such recurrent event probably based in an energetic metabolic 

reprogramming, as observed in our metabolite profile. As indicated by PCA, a 

considerable number of changes were more related to drought (D1 and D2) and 

other to recovery (R1 and R2) conditions, which contributed to the formation of 

distinct clusters. Even so, it is clear that both R1 and R2 did not fully recovered 

after rehydration and displayed an intermediate state in the midst of control and 

drought. Additionally, it seems reasonable to affirm that low expression of 

mitochondrial Trx proteins is associated with an increased drought tolerance in 

Arabidopsis. It seems likely that a differential and orchestrated response 

occurred in the mutants, which impacted primary and secondary metabolic 

pathways and ultimately resulted in alterations in the redox poise following 

recovery.  Thus, increasing our understanding of how Trx interact to allow 
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interorganellar communication will most likely provide us a more comprehensive 

picture of redox modulation of both plant growth and metabolism, particularly in 

response to stress situations. It seems reasonable to anticipate that the 

generation of multiple mutants for thioredoxin and glutaredoxin genes localized 

in different cell compartments will enhance our knowledge of possible 

redundancy of these different and complementary redox systems, and provide 

also the pivotal significance of them for stress tolerance. 
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Supplementary Figure SI: Changes in the main nitrogen related compounds in 
leaves of Trx  Arabidopsis  knockout mutants. Levels of protein (A), amino acids 
(B) and nitrate (D) were measured. The genotypes used here were: ntra ntrb, 
trxo1-1, trxo1-2, and Columbia wild type plants (Col-0) during dehydration and 
following rehydration. The plants were submitted to six conditions: unstressed 
drought control (DC), plants drought stressed only once (D1) and twice 
(D2),unstressed recovery control (RC) and rehydration of plants previously one 
(R1) or  twice (R2) drought stressed. Data represent averages of 
six biological replicates per genotype and condition. Asterisks demarcate values 
that were judged to be significantly different from the WT (P < 0.05) at the same 
treatment following the performance of Student's t tests. 
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Supplementary Figure SII: Fresh weight loss from detached whole rosettes in 
Arabidopsis  knockout mutants ntra ntrb, trxo1-1 and trxo1-2, and Columbia wild 
type plants (Col-0). Values are means ± SE of six independent samplings; 
asterisks demarcate values that were judged to be significantly different from the 
WT (P < 0.05) following the performance of the Student's t test.  
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Alanine 1.00 ± 0.12 1.14 ± 0.15 0.78 ± 0.10 0.95 ± 0.07 1.24 ± 0.10 1.41 ± 0.27 1.61 ± 0.05 1.15 ± 0.06 19.44 ± 3.45 17.23 ± 2.65 32.59 ± 6.11 75.14 ± 19.98 6.27 ± 1.18 1.67 ± 0.18 3.16 ± 0.65 1.31 ± 0.06

Asparagine 1.00 ± 0.19 1.15 ± 0.22 1.17 ± 0.12 0.58 ± 0.11 1.57 ± 0.26 2.60 ± 0.53 4.27 ± 0.59 3.00 ± 0.39 31.89 ± 5.38 54.95 ± 18.73 68.51 ± 14.81 121.46 ± 35.45 24.73 ± 3.84 5.79 ± 0.33 14.03 ± 3.01 4.26 ± 0.37

Arginine 1.00 ± 0.12 1.11 ± 0.14 1.04 ± 0.10 0.80 ± 0.05 1.53 ± 0.29 2.51 ± 0.71 3.93 ± 0.81 1.45 ± 0.29 29.50 ± 5.18 31.34 ± 1.68 42.22 ± 2.57 92.50 ± 29.32 9.37 ± 1.10 4.50 ± 0.61 5.56 ± 0.38 2.65 ± 0.56

ß-Alanine 1.00 ± 0.04 1.00 ± 0.02 0.79 ± 0.09 0.84 ± 0.08 0.91 ± 0.02 1.00 ± 0.11 1.21 ± 0.06 1.11 ± 0.11 22.91 ± 5.21 17.42 ± 3.64 53.65 ± 5.78 116.57 ± 36.99 7.20 ± 1.28 3.07 ± 0.13 4.46 ± 1.11 2.32 ± 0.21

Isoleucine 1.00 ± 0.09 0.83 ± 0.07 1.04 ± 0.02 0.69 ± 0.10 1.37 ± 0.15 2.08 ± 0.43 2.75 ± 0.17 1.34 ± 0.08 74.23 ± 11.90 95.89 ± 18.95 124.59 ± 16.50 273.60 ± 67.61 10.88 ± 2.41 2.15 ± 0.43 5.96 ± 1.12 1.74 ± 0.38

Glutamate 1.00 ± 0.20 1.65 ± 0.26 1.08 ± 0.09 1.21 ± 0.18 1.20 ± 0.15 2.26 ± 0.10 2.63 ± 0.44 2.17 ± 0.15 8.86 ± 1.28 18.22 ± 3.32 16.22 ± 0.90 23.21 ± 3.86 8.19 ± 0.55 6.04 ± 0.22 7.09 ± 1.26 4.32 ± 0.26

Glycine 1.00 ± 0.29 1.18 ± 0.16 0.57 ± 0.09 1.94 ± 0.77 1.71 ± 0.26 1.46 ± 0.30 1.08 ± 0.04 1.57 ± 0.28 28.50 ± 8.21 28.02 ± 6.93 66.74 ± 4.61 144.38 ± 47.98 7.15 ± 1.14 5.96 ± 1.37 5.48 ± 0.41 4.75 ± 0.32

Lysine 1.00 ± 0.13 0.93 ± 0.11 0.98 ± 0.08 0.51 ± 0.04 1.28 ± 0.18 1.67 ± 0.33 2.25 ± 0.11 1.23 ± 0.04 16.78 ± 2.89 18.20 ± 2.78 34.60 ± 5.93 73.03 ± 21.11 4.79 ± 0.95 1.46 ± 0.28 3.97 ± 0.93 1.36 ± 0.15

Methionine 1.00 ± 0.11 1.10 ± 0.20 1.03 ± 0.10 0.97 ± 0.01 0.92 ± 0.10 1.26 ± 0.21 1.76 ± 0.21 1.03 ± 0.05 35.34 ± 4.19 37.82 ± 5.27 58.89 ± 5.59 140.82 ± 35.75 6.55 ± 0.99 2.68 ± 0.46 4.87 ± 1.27 2.56 ± 0.45

Ornithine 1.00 ± 0.10 1.48 ± 0.13 1.33 ± 0.21 0.86 ± 0.02 1.64 ± 0.22 1.58 ± 0.10 2.36 ± 0.17 1.66 ± 0.06 14.33 ± 2.64 17.25 ± 2.42 35.09 ± 6.22 58.62 ± 13.54 10.16 ± 1.67 5.46 ± 1.08 7.89 ± 1.53 3.94 ± 0.62

Phenylalanine 1.00 ± 0.11 0.78 ± 0.05 1.09 ± 0.03 0.70 ± 0.10 1.56 ± 0.19 1.83 ± 0.29 2.79 ± 0.25 1.52 ± 0.01 93.77 ± 16.95 90.53 ± 20.50 187.98 ± 30.11 402.86 ± 115.35 20.92 ± 4.54 3.52 ± 0.71 8.12 ± 1.75 2.73 ± 0.66

Serine 1.00 ± 0.02 0.79 ± 0.09 0.82 ± 0.05 0.63 ± 0.07 0.80 ± 0.15 0.89 ± 0.18 1.16 ± 0.15 0.75 ± 0.06 3.84 ± 0.75 3.35 ± 0.38 5.64 ± 0.46 8.87 ± 1.70 2.04 ± 0.18 0.94 ± 0.17 1.77 ± 0.16 0.69 ± 0.11

Threonine 1.00 ± 0.10 1.27 ± 0.21 1.10 ± 0.23 1.08 ± 0.17 1.47 ± 0.16 1.45 ± 0.06 1.93 ± 0.13 2.19 ± 0.10 10.26 ± 1.79 14.20 ± 2.58 15.88 ± 2.35 33.96 ± 2.49 4.17 ± 0.61 2.47 ± 0.30 3.24 ± 0.43 2.91 ± 0.31

Tyrosine 1.00 ± 0.15 0.71 ± 0.08 1.03 ± 0.08 0.63 ± 0.15 1.15 ± 0.17 1.24 ± 0.21 2.50 ± 0.26 1.05 ± 0.08 46.26 ± 9.61 43.76 ± 10.30 110.46 ± 17.88 264.31 ± 83.41 7.29 ± 1.69 1.76 ± 0.29 4.42 ± 0.84 1.36 ± 0.15

Tryptophan 1.00 ± 0.31 1.14 ± 0.44 1.67 ± 0.36 0.92 ± 0.28 1.89 ± 0.64 2.68 ± 1.20 11.53 ± 2.88 1.97 ± 0.82 1122.65 ± 185.82 2012.24 ± 506.33 2402.27 ± 372.97 4591.30 ± 1173.36 100.27 ± 24.97 31.27 ± 7.31 62.32 ± 5.59 26.55 ± 11.87

Valine 1.00 ± 0.03 0.78 ± 0.04 0.87 ± 0.03 0.70 ± 0.06 1.19 ± 0.14 1.62 ± 0.31 2.07 ± 0.11 1.14 ± 0.03 48.01 ± 9.48 52.67 ± 9.37 71.36 ± 5.97 133.54 ± 30.74 9.69 ± 1.98 2.03 ± 0.45 5.69 ± 1.28 1.60 ± 0.34

Ascorbate 1.00 ± 0.07 0.43 ± 0.04 0.94 ± 0.21 0.74 ± 0.16 1.88 ± 0.52 2.13 ± 0.62 2.67 ± 0.65 2.04 ± 0.77 23.34 ± 8.55 50.95 ± 21.04 38.66 ± 6.10 150.59 ± 40.62 3.86 ± 0.63 4.01 ± 0.05 5.49 ± 0.21 3.50 ± 0.47

Citrate 1.00 ± 0.24 1.29 ± 0.23 0.74 ± 0.13 1.11 ± 0.24 1.20 ± 0.23 0.94 ± 0.17 1.74 ± 0.28 2.11 ± 0.74 48.35 ± 2.44 11.60 ± 2.92 9.99 ± 3.97 84.06 ± 24.94 2.10 ± 0.17 4.09 ± 0.74 1.40 ± 0.30 2.26 ± 0.23

Fumarate 1.00 ± 0.13 1.08 ± 0.11 0.89 ± 0.12 0.99 ± 0.10 0.91 ± 0.10 1.12 ± 0.16 1.19 ± 0.12 1.02 ± 0.11 2.61 ± 0.37 3.47 ± 0.32 3.07 ± 0.52 5.28 ± 0.63 1.02 ± 0.07 1.31 ± 0.05 0.94 ± 0.06 1.12 ± 0.07

GABA 1.00 ± 0.11 0.95 ± 0.16 0.86 ± 0.11 0.68 ± 0.04 0.65 ± 0.11 0.59 ± 0.10 1.16 ± 0.14 0.84 ± 0.15 95.81 ± 14.76 116.19 ± 34.06 171.52 ± 35.21 361.16 ± 101.54 27.26 ± 7.37 3.50 ± 1.06 12.02 ± 2.82 1.67 ± 0.28

Glycerate 1.00 ± 0.07 1.51 ± 0.15 1.13 ± 0.20 1.26 ± 0.19 1.67 ± 0.11 1.40 ± 0.06 1.38 ± 0.10 1.44 ± 0.13 18.54 ± 3.49 32.28 ± 10.82 52.74 ± 7.07 123.61 ± 41.46 12.55 ± 2.13 4.78 ± 0.71 7.73 ± 1.01 2.92 ± 0.40

Glycolate 1.00 ± 0.24 2.25 ± 0.31 1.13 ± 0.25 1.45 ± 0.90 2.76 ± 0.38 3.83 ± 0.72 2.31 ± 0.63 2.30 ± 0.43 25.48 ± 2.54 50.78 ± 10.77 56.98 ± 4.73 131.77 ± 32.80 6.38 ± 0.71 5.48 ± 1.20 4.57 ± 0.44 3.82 ± 0.85

Lactate 1.00 ± 0.24 0.71 ± 0.08 1.28 ± 0.13 0.93 ± 0.13 1.01 ± 0.05 0.81 ± 0.06 0.82 ± 0.12 0.87 ± 0.12 0.37 ± 0.09 1.86 ± 0.68 1.39 ± 0.31 0.98 ± 0.04 0.20 ± 0.05 0.59 ± 0.17 0.41 ± 0.06 0.50 ± 0.09

Malate 1.00 ± 0.24 1.79 ± 0.17 0.91 ± 0.17 1.63 ± 0.04 1.46 ± 0.38 2.14 ± 0.32 1.71 ± 0.25 1.47 ± 0.20 41.67 ± 13.94 67.97 ± 14.72 59.03 ± 12.57 112.21 ± 23.65 10.05 ± 2.01 8.29 ± 1.11 6.81 ± 1.32 7.41 ± 1.39

Pyruvate 1.00 ± 0.10 1.14 ± 0.09 0.89 ± 0.13 1.10 ± 0.11 0.68 ± 0.02 0.76 ± 0.03 0.81 ± 0.08 0.83 ± 0.04 6.58 ± 2.32 5.42 ± 0.85 6.32 ± 0.81 15.34 ± 3.84 2.38 ± 0.44 1.25 ± 0.11 1.33 ± 0.18 1.12 ± 0.08

Succinate 1.00 ± 0.19 1.16 ± 0.18 0.89 ± 0.16 1.07 ± 0.03 1.90 ± 0.11 2.02 ± 0.52 2.07 ± 0.20 2.03 ± 0.38 9.44 ± 1.12 15.69 ± 3.20 14.63 ± 0.80 52.09 ± 17.92 3.48 ± 0.13 3.78 ± 0.35 2.41 ± 0.29 3.09 ± 0.27

Threonate 1.00 ± 0.20 1.74 ± 0.25 1.10 ± 0.14 1.32 ± 0.12 1.55 ± 0.21 2.01 ± 0.08 1.70 ± 0.09 1.70 ± 0.07 9.56 ± 1.57 15.20 ± 3.24 14.26 ± 1.53 38.38 ± 10.15 5.25 ± 0.45 3.30 ± 0.11 3.79 ± 0.60 2.44 ± 0.15

Erythritol 1.00 ± 0.06 1.09 ± 0.05 0.99 ± 0.09 0.96 ± 0.07 1.24 ± 0.15 1.37 ± 0.12 1.36 ± 0.04 1.35 ± 0.11 6.48 ± 0.78 13.54 ± 2.63 21.77 ± 0.76 34.30 ± 9.29 1.90 ± 0.25 1.78 ± 0.18 1.70 ± 0.09 1.20 ± 0.19

Glycerol 1.00 ± 0.04 0.98 ± 0.10 0.98 ± 0.06 0.84 ± 0.05 0.95 ± 0.09 1.18 ± 0.16 1.33 ± 0.08 1.20 ± 0.03 14.56 ± 2.59 13.66 ± 2.77 43.78 ± 10.19 102.40 ± 36.69 13.31 ± 3.33 3.74 ± 0.94 8.69 ± 0.55 1.67 ± 0.22

Myo-inositol 1.00 ± 0.11 0.99 ± 0.14 0.90 ± 0.04 0.75 ± 0.08 1.15 ± 0.16 1.44 ± 0.26 1.63 ± 0.24 1.31 ± 0.12 4.34 ± 0.56 6.61 ± 0.76 6.43 ± 0.89 12.41 ± 2.18 2.33 ± 0.24 1.59 ± 0.18 1.95 ± 0.02 1.40 ± 0.18

Fucose 1.00 ± 0.05 0.95 ± 0.10 0.98 ± 0.07 0.88 ± 0.08 1.23 ± 0.17 1.41 ± 0.20 1.71 ± 0.09 1.41 ± 0.16 7.32 ± 0.66 9.43 ± 0.72 8.37 ± 0.40 14.14 ± 2.43 2.51 ± 0.22 1.71 ± 0.11 2.61 ± 0.18 1.65 ± 0.21

ß-Glucose 1.00 ± 0.12 0.64 ± 0.13 0.79 ± 0.09 0.91 ± 0.19 1.23 ± 0.31 0.94 ± 0.11 1.63 ± 0.31 1.32 ± 0.24 11.04 ± 1.81 10.76 ± 2.30 18.11 ± 3.12 32.38 ± 8.05 2.62 ± 0.39 1.31 ± 0.06 2.31 ± 0.10 1.92 ± 0.25

Glucoheptose 1.00 ± 0.06 1.30 ± 0.24 1.05 ± 0.08 0.95 ± 0.11 2.01 ± 0.53 2.59 ± 0.64 2.95 ± 0.56 1.94 ± 0.29 17.40 ± 1.15 32.82 ± 3.26 26.68 ± 2.87 47.55 ± 6.15 3.42 ± 0.54 3.46 ± 0.19 3.16 ± 0.25 2.36 ± 0.23

Glucose 1.00 ± 0.15 0.75 ± 0.17 1.07 ± 0.19 0.80 ± 0.27 2.41 ± 0.45 2.91 ± 0.99 3.53 ± 0.23 2.54 ± 0.56 7.01 ± 0.18 9.53 ± 0.37 7.68 ± 0.24 12.98 ± 0.77 3.20 ± 0.08 2.79 ± 0.37 2.97 ± 0.18 2.39 ± 0.53

Fructose 1.00 ± 0.08 0.66 ± 0.18 0.94 ± 0.35 0.50 ± 0.16 2.71 ± 0.60 4.64 ± 1.77 5.60 ± 0.54 3.11 ± 1.32 10.24 ± 1.51 13.80 ± 3.09 14.02 ± 1.84 35.97 ± 10.00 9.43 ± 1.26 3.99 ± 1.43 7.61 ± 0.53 1.15 ± 0.33

Sucrose 1.00 ± 0.13 0.88 ± 0.05 0.75 ± 0.08 0.81 ± 0.02 0.86 ± 0.09 1.13 ± 0.26 0.98 ± 0.07 0.88 ± 0.02 1.63 ± 0.17 2.40 ± 0.24 2.25 ± 0.01 4.41 ± 0.78 1.07 ± 0.03 1.07 ± 0.22 0.99 ± 0.05 0.92 ± 0.06

Isomaltose 1.00 ± 0.21 0.73 ± 0.22 0.70 ± 0.14 0.46 ± 0.15 1.83 ± 0.62 3.00 ± 1.29 3.98 ± 1.00 2.82 ± 0.98 6.52 ± 1.06 9.67 ± 1.20 7.11 ± 0.85 15.03 ± 4.52 0.62 ± 0.09 0.63 ± 0.20 0.76 ± 0.11 0.48 ± 0.08

Maltose 1.00 ± 0.11 1.04 ± 0.14 0.83 ± 0.18 1.28 ± 0.04 1.29 ± 0.78 0.63 ± 0.06 0.65 ± 0.07 0.59 ± 0.01 10.93 ± 2.35 14.58 ± 3.91 24.48 ± 10.66 96.99 ± 56.53 2.14 ± 0.43 0.63 ± 0.04 1.22 ± 0.21 0.53 ± 0.02

Mannose 1.00 ± 0.07 0.68 ± 0.20 0.63 ± 0.09 0.46 ± 0.14 2.11 ± 0.70 4.30 ± 1.91 6.57 ± 0.72 3.24 ± 1.16 14.89 ± 1.56 21.60 ± 5.06 21.44 ± 2.09 76.58 ± 17.68 5.45 ± 0.88 2.30 ± 0.35 4.73 ± 0.50 1.85 ± 0.65

Sorbose 1.00 ± 0.08 0.66 ± 0.19 0.60 ± 0.12 0.50 ± 0.17 2.83 ± 0.71 5.71 ± 2.51 4.96 ± 1.29 3.37 ± 1.49 10.60 ± 2.71 9.76 ± 2.28 16.18 ± 2.26 46.64 ± 16.27 11.83 ± 2.07 4.15 ± 1.65 9.07 ± 0.87 2.34 ± 1.29

Trehalose 1.00 ± 0.09 1.05 ± 0.18 0.81 ± 0.02 0.94 ± 0.11 0.99 ± 0.19 0.97 ± 0.14 1.31 ± 0.25 1.09 ± 0.14 11.72 ± 0.62 27.39 ± 4.85 19.06 ± 1.57 57.35 ± 15.46 4.41 ± 1.40 2.03 ± 0.28 2.18 ± 0.33 1.09 ± 0.08

Raffinose 1.00 ± 0.19 0.69 ± 0.15 0.86 ± 0.05 0.44 ± 0.12 1.12 ± 0.24 1.30 ± 0.36 1.89 ± 0.11 1.38 ± 0.23 2.54 ± 0.20 3.92 ± 0.35 3.66 ± 0.24 9.37 ± 2.04 0.54 ± 0.15 0.23 ± 0.04 0.58 ± 0.08 0.17 ± 0.04

Xylose 1.00 ± 0.14 1.11 ± 0.18 1.05 ± 0.08 1.25 ± 0.33 1.21 ± 0.24 1.65 ± 0.24 1.88 ± 0.12 1.57 ± 0.23 6.55 ± 1.58 4.64 ± 0.28 7.97 ± 2.51 10.30 ± 2.92 3.00 ± 0.16 1.70 ± 0.22 5.09 ± 1.56 1.88 ± 0.44

Hydroxy-proline 1.00 ± 0.15 0.81 ± 0.06 0.72 ± 0.06 0.65 ± 0.01 1.90 ± 0.45 2.43 ± 0.52 2.74 ± 0.48 2.12 ± 0.25 34.16 ± 5.83 55.66 ± 9.54 57.50 ± 6.25 126.06 ± 26.06 12.29 ± 1.12 9.13 ± 0.33 9.19 ± 1.36 7.87 ± 0.94

Putrescine 1.00 ± 0.22 0.74 ± 0.13 0.66 ± 0.07 0.55 ± 0.04 1.76 ± 0.06 1.74 ± 0.22 2.71 ± 0.35 2.75 ± 0.44 34.01 ± 8.91 35.66 ± 6.18 47.74 ± 9.44 114.35 ± 30.28 3.51 ± 0.27 2.06 ± 0.15 2.38 ± 0.12 2.51 ± 0.28

Spermidine 1.00 ± 0.18 0.96 ± 0.05 0.72 ± 0.07 0.77 ± 0.10 1.14 ± 0.10 1.21 ± 0.24 1.50 ± 0.28 1.02 ± 0.12 26.61 ± 6.81 30.14 ± 6.10 43.52 ± 7.28 99.00 ± 24.79 2.60 ± 0.39 1.21 ± 0.17 1.77 ± 0.32 2.02 ± 0.06

trxo1-1 trxo1-2 Col-0 ntra ntrb Col-0 ntra ntrb trxo1-1 trxo1-2

0 days 5 days 10 days Recovery

trxo1-1 trxo1-2 Col-0 ntra ntrb trxo1-1 trxo1-2Col-0 ntra ntrb 

Supplementary table SIII: Relative abundance of metabolite levels in Arabidopsis  knockout mutants ntra ntrb, trxo1-1 and trxo1-2, and 
Columbia wild type plants (Col-0) after further treatment for 0, 5 and 10 days without watering and on recovery irrigation for 3 days as 
measured by GC-MS. Relative log2-transformed values of signal intensities were normalized with respect to the mean response calculated for 
the wild type control at day 0. Values are means ± SE of five independent samplings; bold demarcate values that were judged to be 
significantly different from the WT (P < 0.05) following the performance of the Student's t test. 
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3-methylsulfinylpropyl glucosinolate 3MSOP 1.00 ± 0.18 0.81 ± 0.27 1.16 ± 0.15 1.13 ± 0.42 0.61 ± 0.06 0.82 ± 0.22 1.50 ± 0.45 1.29 ± 0.32

4-methylsulfinylbutyl glucosinolate 4MSOB 1.00 ± 0.08 0.93 ± 0.31 1.08 ± 0.15 1.06 ± 0.37 0.88 ± 0.25 1.08 ± 0.28 1.61 ± 0.39 1.45 ± 0.37

5-methylsulfinylpentyl glucosinolate 5MSOP 1.00 ± 0.18 1.23 ± 0.42 1.20 ± 0.18 1.08 ± 0.37 0.76 ± 0.07 1.36 ± 0.40 1.72 ± 0.43 1.14 ± 0.20

6-methylsulfinylhexyl glucosinolate 6MSOH 1.00 ± 0.17 1.36 ± 0.52 1.12 ± 0.24 0.94 ± 0.22 1.04 ± 0.20 1.49 ± 0.44 1.74 ± 0.42 1.82 ± 0.59

7-methylsulfinylheptyl glucosinolate 7MSOH 1.00 ± 0.06 1.11 ± 0.43 0.83 ± 0.10 0.62 ± 0.21 0.68 ± 0.12 1.39 ± 0.43 2.13 ± 0.61 1.08 ± 0.20

8-methylsulfinyloctyl glucosinolate 8MSOO 1.00 ± 0.17 1.48 ± 0.56 1.08 ± 0.16 0.74 ± 0.21 1.17 ± 0.25 2.12 ± 0.68 2.59 ± 0.69 2.04 ± 0.68

4-methylthiobutyl glucosinolate 4MTB 1.00 ± 0.27 0.44 ± 0.14 1.28 ± 0.26 1.20 ± 0.48 0.60 ± 0.08 0.73 ± 0.22 1.19 ± 0.16 1.64 ± 0.50

5-methylthiopentyl glucosinolate 5MTP 1.00 ± 0.24 0.70 ± 0.19 1.17 ± 0.22 0.84 ± 0.24 0.67 ± 0.05 0.82 ± 0.23 0.97 ± 0.07 1.09 ± 0.10
7-methylthioheptyl glucosinolate 7MTH 1.00 ± 0.05 0.88 ± 0.16 1.07 ± 0.10 0.88 ± 0.13 0.91 ± 0.06 0.93 ± 0.15 0.78 ± 0.03 0.78 ± 0.06

8-methylthiooctyl glucosinolate 8MTO 1.00 ± 0.21 0.74 ± 0.22 1.10 ± 0.21 1.16 ± 0.35 0.75 ± 0.07 0.77 ± 0.24 0.79 ± 0.06 0.84 ± 0.06

indole-3-methylglucosinolate I3M 1.00 ± 0.17 1.67 ± 0.76 1.22 ± 0.21 1.26 ± 0.49 0.90 ± 0.21 1.73 ± 0.64 1.79 ± 0.42 1.98 ± 0.62

4-Methoxy-indol-3-ylmethyl-glucosinolate 4MI3M 1.00 ± 0.20 1.57 ± 0.53 1.16 ± 0.25 1.22 ± 0.58 1.01 ± 0.31 1.85 ± 0.66 2.28 ± 0.76 1.13 ± 0.30

1-Methoxy-3-indolylmethyl glucosinolate 1MI3M 1.00 ± 0.17 0.78 ± 0.30 0.65 ± 0.05 1.27 ± 0.09 2.07 ± 0.33 1.39 ± 0.24 3.58 ± 0.28 2.33 ± 0.49

Anthocyanin A11 1.00 ± 0.27 1.90 ± 1.14 2.97 ± 1.35 2.38 ± 1.03 0.87 ± 0.46 3.02 ± 1.75 8.35 ± 4.20 4.56 ± 1.94

quercetin 3-O-[2’’-O-(rhamnosyl) glucoside] 7-O-rhamnoside Q3GR7R 1.00 ± 0.08 1.29 ± 0.30 0.84 ± 0.08 0.70 ± 0.08 0.76 ± 0.13 1.79 ± 0.45 2.20 ± 0.66 1.03 ± 0.22

kaempferol 3-O-[2’’-O-(rhamnosyl) glucoside] 7-O-rhamnoside K3GR7R 1.00 ± 0.09 1.57 ± 0.29 0.96 ± 0.07 0.85 ± 0.25 0.67 ± 0.11 1.68 ± 0.31 1.36 ± 0.34 1.03 ± 0.30

quercetin 3-O-glucoside 7-O-rhamnoside Q3G7R 1.00 ± 0.15 1.99 ± 0.46 0.73 ± 0.12 0.51 ± 0.09 0.67 ± 0.11 1.64 ± 0.42 1.36 ± 0.44 0.67 ± 0.12

kaempferol 3-O-glucoside 7-O-rhamnoside K3G7R 1.00 ± 0.12 2.28 ± 0.34 0.98 ± 0.07 0.84 ± 0.27 0.74 ± 0.19 2.17 ± 0.41 1.17 ± 0.31 0.87 ± 0.29

kaempferol 3-O-rhamnoside 7-O-rhamnoside K3R7R 1.00 ± 0.08 1.51 ± 0.24 1.11 ± 0.15 0.85 ± 0.22 0.83 ± 0.18 1.55 ± 0.23 1.22 ± 0.29 1.00 ± 0.28

sinapoyl-glucoside SinG 1.00 ± 0.33 0.33 ± 0.07 1.23 ± 0.44 0.35 ± 0.18 0.37 ± 0.05 1.10 ± 0.57 1.74 ± 0.48 0.97 ± 0.43

sinapoyl-malate SinMal 1.00 ± 0.17 0.93 ± 0.07 1.05 ± 0.03 1.17 ± 0.24 0.78 ± 0.03 0.82 ± 0.07 0.83 ± 0.09 0.85 ± 0.09

di-sinapoyl-glucoside di-SinG 1.00 ± 0.06 0.99 ± 0.26 1.17 ± 0.17 0.76 ± 0.13 0.62 ± 0.03 1.07 ± 0.24 1.52 ± 0.33 0.74 ± 0.07

Tryptophan Trp 1.00 ± 0.09 0.97 ± 0.20 1.90 ± 0.13 1.53 ± 0.45 1.47 ± 0.10 1.82 ± 0.42 2.85 ± 0.10 1.50 ± 0.09

0 days 5 days
trxo1-1 trxo1-2 Col-0 ntra ntrb trxo1-1 trxo1-2 Col-0 ntra ntrb 

Supplementary table SIV: Relative abundance of metabolite levels in Arabidopsis  knockout mutants ntra ntrb, trxo1-1 and trxo1-2, and 
Columbia wild type plants (Col-0) after further treatment for 0, 5 and 10 days without watering and on recovery irrigation for 3 days as 
measured by LC-MS. Relative log2-transformed values of signal intensities were normalized with respect to the mean response calculated for 
the wild type control at day 0. Values are means ± SE of five independent samplings; bold demarcate values that were judged to be 
significantly different from the WT (P < 0.05) following the performance of the Student's t test. 
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3-methylsulfinylpropyl glucosinolate 3MSOP 0.77 ± 0.03 0.61 ± 0.04 0.54 ± 0.09 0.61 ± 0.11 0.93 ± 0.20 1.20 ± 0.24 1.48 ± 0.24 0.84 ± 0.10

4-methylsulfinylbutyl glucosinolate 4MSOB 1.24 ± 0.13 0.99 ± 0.20 0.66 ± 0.18 0.93 ± 0.18 1.17 ± 0.29 1.54 ± 0.34 1.79 ± 0.27 0.91 ± 0.13

5-methylsulfinylpentyl glucosinolate 5MSOP 1.41 ± 0.18 1.39 ± 0.28 0.86 ± 0.17 1.08 ± 0.17 1.28 ± 0.33 2.00 ± 0.44 1.96 ± 0.32 1.03 ± 0.18

6-methylsulfinylhexyl glucosinolate 6MSOH 2.48 ± 0.06 2.35 ± 0.58 1.89 ± 0.40 2.35 ± 0.49 1.79 ± 0.35 2.39 ± 0.40 2.77 ± 0.72 1.16 ± 0.16

7-methylsulfinylheptyl glucosinolate 7MSOH 2.24 ± 0.04 2.38 ± 0.63 1.68 ± 0.40 1.99 ± 0.45 1.13 ± 0.17 1.94 ± 0.42 2.49 ± 0.70 0.91 ± 0.16

8-methylsulfinyloctyl glucosinolate 8MSOO 2.34 ± 0.44 2.87 ± 0.77 1.52 ± 0.30 1.73 ± 0.25 1.46 ± 0.22 2.28 ± 0.56 2.31 ± 0.65 0.92 ± 0.15

4-methylthiobutyl glucosinolate 4MTB 2.05 ± 0.51 1.84 ± 0.44 1.37 ± 0.36 1.75 ± 0.11 1.44 ± 0.54 1.73 ± 0.37 2.17 ± 0.44 0.93 ± 0.18

5-methylthiopentyl glucosinolate 5MTP 0.40 ± 0.05 0.50 ± 0.11 0.32 ± 0.05 0.39 ± 0.08 0.93 ± 0.25 1.42 ± 0.23 1.59 ± 0.19 0.91 ± 0.19

7-methylthioheptyl glucosinolate 7MTH 0.91 ± 0.08 0.56 ± 0.16 0.52 ± 0.10 0.40 ± 0.07 0.59 ± 0.06 0.71 ± 0.18 0.91 ± 0.04 0.51 ± 0.08

8-methylthiooctyl glucosinolate 8MTO 0.09 ± 0.00 0.15 ± 0.03 0.09 ± 0.02 0.08 ± 0.01 0.76 ± 0.16 0.93 ± 0.22 1.40 ± 0.24 0.57 ± 0.12

indole-3-methylglucosinolate I3M 1.96 ± 0.23 1.91 ± 0.53 1.22 ± 0.24 1.63 ± 0.22 0.86 ± 0.08 1.99 ± 0.43 1.45 ± 0.22 1.18 ± 0.20

4-Methoxy-indol-3-ylmethyl-glucosinolate 4MI3M 1.62 ± 0.26 1.63 ± 0.36 0.85 ± 0.13 1.11 ± 0.17 1.75 ± 0.50 2.66 ± 0.42 2.49 ± 0.43 1.28 ± 0.10

1-Methoxy-3-indolylmethyl glucosinolate 1MI3M 2.55 ± 0.49 1.64 ± 0.42 2.00 ± 0.47 2.29 ± 0.46 1.27 ± 0.27 1.56 ± 0.49 1.86 ± 0.45 1.19 ± 0.33

Anthocyanin A11 28.91 ± 6.71 6.19 ± 2.15 7.79 ± 1.77 11.08 ± 2.76 25.77 ± 10.79 5.77 ± 1.32 3.97 ± 0.54 6.52 ± 1.58

quercetin 3-O-[2’’-O-(rhamnosyl) glucoside] 7-O-rhamnoside Q3GR7R 3.39 ± 0.36 2.52 ± 0.72 2.27 ± 0.58 2.51 ± 0.70 2.59 ± 0.58 1.90 ± 0.32 3.84 ± 0.52 1.62 ± 0.20

kaempferol 3-O-[2’’-O-(rhamnosyl) glucoside] 7-O-rhamnoside K3GR7R 0.96 ± 0.06 0.91 ± 0.14 0.65 ± 0.13 0.56 ± 0.02 1.16 ± 0.23 1.55 ± 0.31 1.66 ± 0.08 0.89 ± 0.20

quercetin 3-O-glucoside 7-O-rhamnoside Q3G7R 1.38 ± 0.16 2.05 ± 0.45 0.91 ± 0.18 0.99 ± 0.25 1.21 ± 0.20 1.87 ± 0.36 2.17 ± 0.26 0.88 ± 0.14

kaempferol 3-O-glucoside 7-O-rhamnoside K3G7R 0.83 ± 0.13 1.17 ± 0.05 0.41 ± 0.06 0.47 ± 0.06 0.95 ± 0.27 1.72 ± 0.28 1.15 ± 0.14 0.40 ± 0.06

kaempferol 3-O-rhamnoside 7-O-rhamnoside K3R7R 0.81 ± 0.07 0.69 ± 0.09 0.40 ± 0.07 0.48 ± 0.00 1.02 ± 0.21 1.38 ± 0.22 1.28 ± 0.11 0.71 ± 0.14

sinapoyl-glucoside SinG 2.87 ± 0.54 1.02 ± 0.18 1.25 ± 0.12 1.06 ± 0.20 2.81 ± 1.07 0.55 ± 0.03 3.71 ± 0.46 0.58 ± 0.09

sinapoyl-malate SinMal 0.65 ± 0.05 0.51 ± 0.11 0.42 ± 0.08 0.45 ± 0.04 0.60 ± 0.03 0.90 ± 0.16 0.90 ± 0.16 0.88 ± 0.12

di-sinapoyl-glucoside di-SinG 2.08 ± 0.46 0.82 ± 0.18 0.74 ± 0.08 0.97 ± 0.28 1.82 ± 0.63 0.90 ± 0.22 2.54 ± 0.18 0.63 ± 0.12

Tryptophan Trp 14.31 ± 2.88 14.08 ± 2.81 15.33 ± 3.76 13.57 ± 0.34 6.05 ± 1.32 4.26 ± 1.33 6.88 ± 0.99 3.26 ± 1.02

Col-0 ntra ntrb trxo1-1 trxo1-2 
10 days Recovery

Col-0 ntra ntrb trxo1-1 trxo1-2 

Supplementary table SIV Continuation 
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Metabolite ntra ntrb ntra ntrb ntra ntrb 

Alanine 1.0 ± 0.06 1.6 ± 0.19 1.0 ± 0.12 1.0 ± 0.09 3.3 ± 0.13 6.1 ± 1.81 5.9 ± 0.13 6.3 ± 1.53 7.4 ± 0.33 6.9 ± 0.48 4.6 ± 0.32 8.6 ± 0.40

Arginine 1.0 ± 0.09 1.4 ± 0.13 0.9 ± 0.06 1.0 ± 0.07 4.7 ± 1.04 4.3 ± 0.50 4.8 ± 0.99 5.5 ± 0.99 11.4 ± 2.31 7.7 ± 0.65 12.1 ± 1.93 12.3 ± 1.89

Asparagine 1.0 ± 0.21 1.7 ± 0.37 0.4 ± 0.03 0.6 ± 0.13 1.5 ± 0.07 2.3 ± 0.09 1.4 ± 0.03 1.8 ± 0.32 3.5 ± 0.66 3.2 ± 0.42 3.0 ± 0.47 2.7 ± 0.24

ß-alanine 1.0 ± 0.05 1.1 ± 0.07 0.8 ± 0.09 1.0 ± 0.04 2.4 ± 0.75 2.8 ± 0.24 2.5 ± 0.09 3.7 ± 0.66 2.3 ± 0.24 2.2 ± 0.13 1.6 ± 0.13 2.2 ± 0.26

Glutamate 1.0 ± 0.08 1.2 ± 0.09 1.1 ± 0.08 1.1 ± 0.07 1.4 ± 0.02 1.3 ± 0.01 1.1 ± 0.05 1.2 ± 0.12 1.9 ± 0.24 1.7 ± 0.09 1.9 ± 0.12 1.7 ± 0.04

Glutamine 1.0 ± 0.07 1.4 ± 0.18 0.6 ± 0.09 0.4 ± 0.04 3.6 ± 0.99 4.0 ± 0.64 3.1 ± 0.18 4.6 ± 0.68 7.6 ± 1.04 5.7 ± 0.47 7.7 ± 0.49 6.7 ± 0.91

Glycine 1.0 ± 0.12 1.0 ± 0.08 1.3 ± 0.11 1.8 ± 0.29 3.8 ± 0.05 2.4 ± 0.67 2.4 ± 0.50 2.8 ± 0.74 1.9 ± 0.17 2.4 ± 0.07 2.1 ± 0.09 2.3 ± 0.14

Isoleucine 1.0 ± 0.04 1.0 ± 0.08 0.5 ± 0.07 0.6 ± 0.06 1.8 ± 0.42 2.9 ± 0.34 2.1 ± 0.32 3.1 ± 0.09 2.2 ± 0.19 2.9 ± 0.13 2.1 ± 0.12 2.3 ± 0.26

Lysine 1.0 ± 0.18 0.9 ± 0.11 0.9 ± 0.24 1.0 ± 0.18 2.5 ± 0.11 2.6 ± 0.17 2.3 ± 0.25 3.1 ± 0.04 3.3 ± 0.29 3.2 ± 0.13 4.0 ± 0.37 3.6 ± 0.25

Methionine 1.0 ± 0.03 1.4 ± 0.10 0.9 ± 0.08 0.8 ± 0.01 1.3 ± 0.31 2.2 ± 0.25 1.4 ± 0.08 2.0 ± 0.11 1.7 ± 0.16 2.0 ± 0.05 1.4 ± 0.08 1.8 ± 0.37

Ornithine 1.0 ± 0.20 2.7 ± 0.31 0.4 ± 0.06 0.8 ± 0.08 1.7 ± 0.56 5.0 ± 0.46 1.8 ± 0.23 4.8 ± 1.38 7.9 ± 0.39 11.3 ± 1.54 5.5 ± 1.12 5.3 ± 1.26

Phenylalanine 1.0 ± 0.07 1.1 ± 0.11 0.6 ± 0.06 0.7 ± 0.03 1.7 ± 0.13 2.9 ± 0.35 2.2 ± 0.42 3.0 ± 0.89 3.5 ± 0.17 3.1 ± 0.14 2.8 ± 0.09 2.9 ± 0.23

Proline 1.0 ± 0.21 1.0 ± 0.02 0.9 ± 0.02 0.8 ± 0.11 4.2 ± 0.21 4.5 ± 0.20 4.8 ± 0.51 4.0 ± 0.28 4.7 ± 0.44 3.9 ± 0.25 4.5 ± 0.42 4.0 ± 0.22

Serine 1.0 ± 0.10 0.8 ± 0.05 1.0 ± 0.11 1.0 ± 0.09 1.5 ± 0.13 1.4 ± 0.03 1.4 ± 0.08 1.5 ± 0.14 1.7 ± 0.06 1.6 ± 0.03 1.7 ± 0.09 1.7 ± 0.05

Threonine 1.0 ± 0.01 1.0 ± 0.04 1.1 ± 0.08 0.9 ± 0.02 1.3 ± 0.19 1.7 ± 0.13 1.5 ± 0.05 1.3 ± 0.18 1.5 ± 0.11 1.1 ± 0.04 1.0 ± 0.04 1.1 ± 0.07

Tryptophan 1.0 ± 0.09 0.9 ± 0.03 0.5 ± 0.02 0.7 ± 0.01 2.1 ± 0.23 4.2 ± 0.77 2.3 ± 0.23 2.5 ± 0.44 4.0 ± 0.43 4.9 ± 0.77 5.0 ± 0.16 6.2 ± 0.32

Tyrosine 1.0 ± 0.12 1.2 ± 0.06 0.5 ± 0.06 0.8 ± 0.07 1.1 ± 0.06 1.7 ± 0.14 1.4 ± 0.06 2.0 ± 0.49 1.6 ± 0.05 1.9 ± 0.12 1.6 ± 0.06 1.7 ± 0.15

Valine 1.0 ± 0.09 1.3 ± 0.20 1.2 ± 0.18 1.2 ± 0.13 3.0 ± 0.39 3.4 ± 0.33 3.0 ± 0.53 3.3 ± 0.53 3.4 ± 0.38 3.8 ± 0.43 3.6 ± 0.33 3.8 ± 0.30

Aspartate 1.0 ± 0.06 1.2 ± 0.10 1.2 ± 0.01 1.2 ± 0.10 2.0 ± 0.28 1.4 ± 0.06 1.4 ± 0.12 1.2 ± 0.08 1.3 ± 0.06 1.3 ± 0.04 1.4 ± 0.06 1.4 ± 0.13

Citrate 1.0 ± 0.02 1.9 ± 0.29 1.9 ± 0.25 1.4 ± 0.20 3.2 ± 1.55 3.0 ± 0.96 3.3 ± 0.16 5.1 ± 1.24 3.4 ± 0.50 1.8 ± 0.10 2.1 ± 0.37 2.6 ± 0.18

Dehydroascorbate 1.0 ± 0.06 0.9 ± 0.02 1.0 ± 0.01 1.2 ± 0.05 0.6 ± 0.03 0.6 ± 0.09 0.6 ± 0.12 0.3 ± 0.04 0.1 ± 0.03 0.2 ± 0.07 0.5 ± 0.05 0.5 ± 0.09

Fumarate 1.0 ± 0.10 1.1 ± 0.06 1.3 ± 0.07 1.3 ± 0.07 1.1 ± 0.18 1.3 ± 0.05 1.1 ± 0.04 1.2 ± 0.04 0.6 ± 0.05 0.7 ± 0.03 0.6 ± 0.03 0.7 ± 0.07

GABA 1.0 ± 0.06 0.8 ± 0.02 0.9 ± 0.12 1.4 ± 0.07 1.4 ± 0.44 2.0 ± 0.53 1.0 ± 0.13 2.1 ± 0.35 2.3 ± 0.30 1.5 ± 0.05 2.5 ± 0.19 2.1 ± 0.20

Glycerate 1.0 ± 0.07 1.0 ± 0.03 1.1 ± 0.11 1.0 ± 0.05 6.5 ± 0.16 5.3 ± 0.63 6.7 ± 0.83 5.9 ± 0.94 6.6 ± 0.97 6.1 ± 0.56 8.1 ± 0.59 8.3 ± 0.58

Malate 1.0 ± 0.09 1.0 ± 0.12 0.6 ± 0.09 0.7 ± 0.05 4.1 ± 0.41 5.8 ± 0.91 4.3 ± 0.26 4.9 ± 0.39 4.8 ± 0.70 3.5 ± 0.18 4.4 ± 0.47 5.7 ± 0.73

Pyruvate 1.0 ± 0.05 0.9 ± 0.06 1.2 ± 0.11 1.3 ± 0.07 0.8 ± 0.03 0.7 ± 0.02 0.8 ± 0.03 0.7 ± 0.01 0.5 ± 0.04 0.6 ± 0.05 0.6 ± 0.04 0.6 ± 0.01

Succininate 1.0 ± 0.12 0.9 ± 0.16 1.4 ± 0.25 1.0 ± 0.11 1.5 ± 0.27 1.3 ± 0.09 1.4 ± 0.06 1.6 ± 0.23 1.3 ± 0.26 1.0 ± 0.18 1.0 ± 0.12 1.2 ± 0.18

Threonate 1.0 ± 0.10 1.1 ± 0.13 0.8 ± 0.03 0.9 ± 0.06 2.7 ± 0.26 2.3 ± 0.09 2.7 ± 0.13 2.4 ± 0.27 2.3 ± 0.19 1.7 ± 0.04 2.2 ± 0.14 2.3 ± 0.18

Col-0 trxo1-1 trxo1-2trxo1-1 trxo1-2 Col-0 trxo1-1 trxo1-2

DC D1 D2

Supplementary table SV: Relative abundance of primary metabolite levels in Arabidopsis  knockout mutants ntra ntrb, trxo1-1 and trxo1-2, 
and Columbia wild type plants (Col-0). Unstressed drought control (DC), plants drought stressed only once (D1) and twice (D2),unstressed 
recovery control (RC) and rehydration of plants previously one (R1) or  twice (R2) drought stressed. Relative log2-transformed values of signal 
intensities were normalized with respect to the mean response calculated for the wild type control at day 0. Values are means ± SE of six 
independent samplings; bold demarcate values that were judged to be significantly different from the WT (P < 0.05) following the performance 
of the Student's t test. 
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Metabolite ntra ntrb ntra ntrb ntra ntrb 

Alanine 1.4 ± 0.21 2.0 ± 0.43 0.9 ± 0.28 1.6 ± 0.29 3.9 ± 0.38 6.5 ± 0.36 5.0 ± 0.28 6.1 ± 0.32 4.3 ± 0.22 3.91 ± 0.21 4.24 ± 0.15 4.01 ± 0.20

Arginine 1.5 ± 0.26 1.7 ± 0.23 1.3 ± 0.47 1.4 ± 0.25 9.2 ± 1.42 9.0 ± 2.05 9.5 ± 1.05 7.3 ± 0.24 4.5 ± 0.33 4.98 ± 0.99 5.70 ± 1.33 4.44 ± 1.14

Asparagine 0.5 ± 0.12 1.4 ± 0.23 0.2 ± 0.05 0.3 ± 0.03 4.2 ± 0.64 5.4 ± 1.15 3.3 ± 0.24 4.0 ± 0.42 1.7 ± 0.14 2.54 ± 0.61 2.15 ± 0.49 2.55 ± 0.78

ß-alanine 0.6 ± 0.07 0.9 ± 0.06 0.5 ± 0.12 0.8 ± 0.12 3.5 ± 0.25 2.5 ± 0.16 3.7 ± 0.17 3.8 ± 0.20 3.6 ± 0.09 2.34 ± 0.06 2.47 ± 0.09 2.60 ± 0.10

Glutamate 0.9 ± 0.04 1.3 ± 0.13 0.8 ± 0.08 0.9 ± 0.02 2.2 ± 0.17 2.1 ± 0.15 2.0 ± 0.03 2.1 ± 0.12 2.0 ± 0.11 2.23 ± 0.29 2.09 ± 0.26 2.11 ± 0.22

Glutamine 0.5 ± 0.08 1.1 ± 0.23 0.6 ± 0.37 1.1 ± 0.19 11.1 ± 1.01 11.0 ± 0.72 6.6 ± 0.14 10.7 ± 0.62 6.4 ± 0.42 5.64 ± 0.37 5.26 ± 0.55 5.44 ± 1.08

Glycine 0.7 ± 0.00 1.1 ± 0.10 0.5 ± 0.15 0.7 ± 0.03 6.6 ± 0.37 7.3 ± 1.00 8.0 ± 0.52 7.2 ± 0.30 4.5 ± 0.29 5.27 ± 0.58 5.09 ± 1.35 5.32 ± 1.12

Isoleucine 0.5 ± 0.01 0.6 ± 0.07 0.5 ± 0.18 0.5 ± 0.05 1.9 ± 0.14 1.2 ± 0.16 2.2 ± 0.13 1.9 ± 0.15 1.3 ± 0.06 1.02 ± 0.04 1.05 ± 0.04 1.03 ± 0.06

Lysine 0.7 ± 0.08 0.9 ± 0.10 0.5 ± 0.03 0.6 ± 0.04 3.8 ± 0.64 2.2 ± 0.31 4.0 ± 0.36 3.5 ± 0.54 2.0 ± 0.09 2.25 ± 0.40 1.83 ± 0.32 2.01 ± 0.36

Methionine 0.6 ± 0.04 0.7 ± 0.09 0.4 ± 0.04 0.5 ± 0.07 2.4 ± 0.16 1.5 ± 0.13 2.1 ± 0.15 1.8 ± 0.04 1.6 ± 0.02 1.61 ± 0.07 1.56 ± 0.10 1.18 ± 0.06

Ornithine 0.6 ± 0.06 1.0 ± 0.30 0.2 ± 0.04 0.2 ± 0.07 8.4 ± 0.90 10.5 ± 1.57 9.3 ± 0.74 9.3 ± 0.74 8.6 ± 0.50 4.97 ± 0.67 3.10 ± 0.56 2.61 ± 0.82

Phenylalanine 0.5 ± 0.02 0.6 ± 0.07 0.4 ± 0.14 0.5 ± 0.07 3.7 ± 0.32 2.7 ± 0.15 4.7 ± 0.28 3.6 ± 0.23 2.4 ± 0.13 2.05 ± 0.14 2.05 ± 0.21 2.02 ± 0.19

Proline 0.2 ± 0.04 0.3 ± 0.04 0.3 ± 0.12 0.2 ± 0.03 4.1 ± 0.07 4.1 ± 0.11 4.1 ± 0.05 4.1 ± 0.17 4.3 ± 0.15 3.87 ± 0.11 3.79 ± 0.08 4.13 ± 0.20

Serine 0.8 ± 0.01 0.7 ± 0.04 0.6 ± 0.00 0.7 ± 0.00 1.8 ± 0.08 1.3 ± 0.09 1.6 ± 0.06 1.6 ± 0.10 1.4 ± 0.06 1.39 ± 0.16 1.55 ± 0.22 1.61 ± 0.20

Threonine 0.5 ± 0.02 0.7 ± 0.05 0.4 ± 0.05 0.7 ± 0.04 1.4 ± 0.07 1.2 ± 0.05 1.4 ± 0.10 1.4 ± 0.09 1.7 ± 0.01 1.62 ± 0.01 1.51 ± 0.01 1.75 ± 0.05

Tryptophan 0.6 ± 0.06 1.0 ± 0.14 0.6 ± 0.39 0.5 ± 0.09 2.5 ± 0.13 3.8 ± 0.27 2.8 ± 0.20 2.5 ± 0.08 2.6 ± 0.05 2.64 ± 0.17 1.85 ± 0.40 1.69 ± 0.20

Tyrosine 0.6 ± 0.03 0.5 ± 0.05 0.4 ± 0.09 0.4 ± 0.03 1.6 ± 0.19 1.2 ± 0.06 1.9 ± 0.12 1.5 ± 0.10 1.0 ± 0.06 1.01 ± 0.05 0.94 ± 0.05 0.78 ± 0.12

Valine 0.8 ± 0.08 1.1 ± 0.03 0.7 ± 0.06 0.8 ± 0.07 4.6 ± 0.52 3.5 ± 0.47 4.4 ± 0.33 4.2 ± 0.49 2.6 ± 0.11 2.65 ± 0.30 2.84 ± 0.43 2.56 ± 0.29

Aspartate 0.7 ± 0.09 1.1 ± 0.03 0.7 ± 0.18 0.8 ± 0.02 2.1 ± 0.20 2.2 ± 0.22 1.8 ± 0.12 1.8 ± 0.07 1.4 ± 0.06 1.65 ± 0.09 1.47 ± 0.18 1.76 ± 0.22

Citrate 1.4 ± 0.23 1.7 ± 0.31 1.3 ± 0.57 1.1 ± 0.16 1.9 ± 0.30 2.2 ± 0.33 1.5 ± 0.09 2.1 ± 0.42 1.5 ± 0.07 2.30 ± 0.37 1.92 ± 0.24 1.94 ± 0.30

Dehydroascorbate 0.8 ± 0.05 0.7 ± 0.08 1.0 ± 0.42 1.1 ± 0.09 0.3 ± 0.01 0.1 ± 0.00 0.2 ± 0.01 0.2 ± 0.01 0.4 ± 0.01 0.39 ± 0.01 0.38 ± 0.03 0.46 ± 0.03

Fumarate 1.7 ± 0.08 1.4 ± 0.16 1.7 ± 0.06 1.6 ± 0.05 0.8 ± 0.04 0.7 ± 0.00 0.6 ± 0.03 0.8 ± 0.05 1.0 ± 0.02 0.89 ± 0.09 0.96 ± 0.08 1.30 ± 0.06

GABA 0.4 ± 0.03 0.5 ± 0.08 0.4 ± 0.25 0.3 ± 0.06 7.6 ± 0.42 3.5 ± 0.35 6.1 ± 0.24 6.7 ± 0.23 2.7 ± 0.16 1.99 ± 0.17 2.63 ± 0.29 2.39 ± 0.29

Glycerate 1.0 ± 0.12 1.1 ± 0.05 0.9 ± 0.12 1.1 ± 0.15 16.0 ± 2.32 12.7 ± 2.41 17.0 ± 1.95 17.7 ± 3.52 11.0 ± 1.09 10.02 ± 2.43 10.87 ± 2.40 12.44 ± 3.18

Malate 0.8 ± 0.09 0.9 ± 0.12 0.5 ± 0.07 0.6 ± 0.04 3.8 ± 0.23 4.2 ± 0.19 2.8 ± 0.16 3.4 ± 0.65 3.7 ± 0.24 5.07 ± 0.35 3.86 ± 0.37 3.15 ± 0.57

Pyruvate 1.3 ± 0.09 1.2 ± 0.07 1.4 ± 0.36 1.3 ± 0.06 2.4 ± 0.13 1.4 ± 0.11 2.4 ± 0.37 2.0 ± 0.30 1.3 ± 0.05 1.42 ± 0.11 1.50 ± 0.02 1.56 ± 0.06

Succininate 1.4 ± 0.02 1.3 ± 0.03 1.5 ± 0.36 1.4 ± 0.13 2.5 ± 0.14 2.3 ± 0.21 2.8 ± 0.12 3.0 ± 0.15 1.5 ± 0.02 1.56 ± 0.10 1.88 ± 0.12 1.60 ± 0.04

Threonate 1.3 ± 0.08 1.2 ± 0.03 1.3 ± 0.28 1.4 ± 0.13 5.5 ± 0.51 3.7 ± 0.58 5.2 ± 0.51 4.9 ± 0.71 2.5 ± 0.07 2.36 ± 0.19 2.85 ± 0.38 2.60 ± 0.33

Col-0 trxo1-1 trxo1-2 Col-0 trxo1-1 trxo1-2Col-0 trxo1-1 trxo1-2

RC R1 R2

Supplementary table SV: Continuation 
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Metabolite ntra ntrb ntra ntrb ntra ntrb 

Glucose 1.0 ± 0.04 0.9 ± 0.08 0.8 ± 0.02 0.9 ± 0.03 1.1 ± 0.17 1.4 ± 0.02 1.3 ± 0.09 1.1 ± 0.17 1.0 ± 0.10 0.8 ± 0.08 0.8 ± 0.02 0.9 ± 0.12

Fructose 1.0 ± 0.03 1.0 ± 0.05 0.8 ± 0.09 0.8 ± 0.04 0.4 ± 0.12 0.5 ± 0.02 0.6 ± 0.12 0.6 ± 0.14 0.8 ± 0.07 0.5 ± 0.06 0.6 ± 0.02 0.6 ± 0.09

Sucrose 1.0 ± 0.01 0.9 ± 0.01 1.0 ± 0.03 1.0 ± 0.02 0.9 ± 0.03 0.9 ± 0.05 1.1 ± 0.12 0.9 ± 0.05 0.8 ± 0.03 0.7 ± 0.01 0.9 ± 0.08 0.9 ± 0.06

ß-Glucose 1.0 ± 0.04 0.7 ± 0.01 0.9 ± 0.06 1.0 ± 0.06 1.3 ± 0.03 1.1 ± 0.19 0.8 ± 0.03 0.8 ± 0.05 0.6 ± 0.04 0.5 ± 0.04 0.8 ± 0.07 0.6 ± 0.05

Maltose 1.0 ± 0.13 1.1 ± 0.04 1.9 ± 0.19 1.2 ± 0.04 1.3 ± 0.09 1.2 ± 0.11 1.8 ± 0.06 2.5 ± 0.62 1.8 ± 0.10 0.9 ± 0.11 1.3 ± 0.21 1.3 ± 0.12

Trehalose 1.0 ± 0.05 1.3 ± 0.10 1.3 ± 0.09 1.5 ± 0.10 1.4 ± 0.11 3.0 ± 0.37 2.2 ± 0.04 2.8 ± 0.55 4.3 ± 0.81 6.4 ± 0.30 5.0 ± 0.40 2.8 ± 0.53

Sorbose 1.0 ± 0.08 1.0 ± 0.07 0.5 ± 0.12 0.9 ± 0.06 0.2 ± 0.03 0.4 ± 0.01 0.5 ± 0.15 0.3 ± 0.04 0.6 ± 0.03 0.5 ± 0.07 0.5 ± 0.03 0.5 ± 0.07

Galactose 1.0 ± 0.04 0.9 ± 0.12 0.8 ± 0.03 1.0 ± 0.05 0.7 ± 0.07 0.8 ± 0.13 0.8 ± 0.07 0.7 ± 0.06 0.9 ± 0.00 1.0 ± 0.03 1.0 ± 0.05 1.2 ± 0.04

Galactinol 1.0 ± 0.03 0.7 ± 0.08 1.2 ± 0.06 0.9 ± 0.08 0.6 ± 0.07 0.5 ± 0.01 0.8 ± 0.17 0.6 ± 0.10 0.6 ± 0.07 0.6 ± 0.04 0.5 ± 0.05 0.6 ± 0.02

Raffinose 1.0 ± 0.06 0.8 ± 0.06 0.9 ± 0.02 0.8 ± 0.05 0.8 ± 0.08 0.9 ± 0.05 1.2 ± 0.06 0.8 ± 0.08 0.8 ± 0.07 0.4 ± 0.02 0.5 ± 0.05 0.6 ± 0.04

Myo-inositol 1.0 ± 0.02 1.1 ± 0.04 1.0 ± 0.03 1.0 ± 0.04 0.9 ± 0.11 1.2 ± 0.07 1.0 ± 0.08 0.9 ± 0.16 0.8 ± 0.09 0.6 ± 0.04 0.6 ± 0.02 0.6 ± 0.08

Erythritol 1.0 ± 0.02 1.0 ± 0.04 1.1 ± 0.14 1.1 ± 0.05 1.2 ± 0.07 1.6 ± 0.25 1.4 ± 0.08 2.0 ± 0.43 2.9 ± 1.08 3.2 ± 0.76 4.3 ± 0.83 1.8 ± 0.08

Xylose 1.0 ± 0.04 1.0 ± 0.02 1.2 ± 0.10 1.2 ± 0.02 0.9 ± 0.22 0.7 ± 0.14 0.9 ± 0.21 0.8 ± 0.05 1.0 ± 0.07 1.1 ± 0.03 1.0 ± 0.11 1.4 ± 0.04

Allose 1.0 ± 0.09 0.8 ± 0.16 0.9 ± 0.03 1.1 ± 0.09 1.3 ± 0.19 1.4 ± 0.16 1.5 ± 0.06 1.3 ± 0.12 1.7 ± 0.09 1.2 ± 0.08 1.6 ± 0.03 1.6 ± 0.03

Fucose 1.0 ± 0.10 0.9 ± 0.07 1.1 ± 0.08 1.1 ± 0.07 1.9 ± 0.24 1.7 ± 0.12 1.9 ± 0.10 2.0 ± 0.08 1.6 ± 0.10 1.6 ± 0.04 1.7 ± 0.07 1.8 ± 0.04

Mannose 1.0 ± 0.15 1.1 ± 0.04 1.0 ± 0.07 1.0 ± 0.06 1.5 ± 0.26 1.2 ± 0.17 1.5 ± 0.14 1.4 ± 0.21 1.7 ± 0.08 1.4 ± 0.13 1.8 ± 0.07 1.8 ± 0.05

Rhamnose 1.0 ± 0.05 1.1 ± 0.08 1.2 ± 0.17 1.0 ± 0.02 2.0 ± 0.13 2.1 ± 0.19 2.0 ± 0.14 1.7 ± 0.16 2.0 ± 0.24 2.1 ± 0.13 2.2 ± 0.18 1.9 ± 0.08

Xylose 1.0 ± 0.10 0.9 ± 0.06 1.1 ± 0.04 1.1 ± 0.04 1.4 ± 0.25 1.3 ± 0.13 1.3 ± 0.02 1.4 ± 0.16 1.8 ± 0.19 1.5 ± 0.15 2.0 ± 0.07 1.7 ± 0.03

Hidroxi-proline 1.0 ± 0.09 1.2 ± 0.12 1.0 ± 0.07 1.0 ± 0.05 3.2 ± 0.67 4.0 ± 0.63 3.3 ± 0.21 4.0 ± 0.30 3.7 ± 0.34 3.6 ± 0.07 3.4 ± 0.18 3.4 ± 0.42

Putrescine 1.0 ± 0.04 1.0 ± 0.05 0.8 ± 0.07 0.8 ± 0.01 3.6 ± 0.50 3.8 ± 0.48 3.0 ± 0.35 3.6 ± 0.60 3.9 ± 0.25 2.8 ± 0.09 2.6 ± 0.11 2.8 ± 0.23

Spermidine 1.0 ± 0.08 0.9 ± 0.07 1.2 ± 0.11 1.1 ± 0.05 2.7 ± 0.37 3.1 ± 0.06 2.7 ± 0.44 2.7 ± 0.54 2.6 ± 0.18 2.3 ± 0.18 3.1 ± 0.25 3.0 ± 0.22

Guanidine 1.0 ± 0.07 1.1 ± 0.12 0.8 ± 0.17 0.8 ± 0.01 1.5 ± 0.38 1.4 ± 0.40 1.7 ± 0.44 2.4 ± 0.35 1.4 ± 0.18 1.8 ± 0.12 1.3 ± 0.16 1.8 ± 0.28

Col-0 trxo1-1 trxo1-2trxo1-1 trxo1-2 Col-0 trxo1-1 trxo1-2

DC D1 D2

Supplementary table SV: Continuation 
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Metabolite ntra ntrb ntra ntrb ntra ntrb 

Glucose 0.7 ± 0.22 0.6 ± 0.24 0.9 ± 0.75 1.4 ± 0.23 0.4 ± 0.01 0.3 ± 0.01 0.4 ± 0.01 0.3 ± 0.05 0.4 ± 0.01 0.27 ± 0.03 0.36 ± 0.03 0.42 ± 0.05

Fructose 1.4 ± 0.17 0.8 ± 0.30 0.9 ± 0.78 1.3 ± 0.24 0.9 ± 0.03 0.9 ± 0.06 0.8 ± 0.06 0.7 ± 0.05 0.7 ± 0.02 0.65 ± 0.02 0.69 ± 0.03 0.76 ± 0.03

Sucrose 0.9 ± 0.02 0.8 ± 0.09 1.0 ± 0.07 0.9 ± 0.07 1.0 ± 0.03 1.0 ± 0.06 1.0 ± 0.03 1.0 ± 0.01 1.1 ± 0.04 0.91 ± 0.01 0.94 ± 0.04 0.99 ± 0.06

ß-Glucose 1.0 ± 0.05 0.7 ± 0.09 1.0 ± 0.12 1.0 ± 0.01 0.7 ± 0.03 0.5 ± 0.02 0.6 ± 0.04 0.5 ± 0.02 0.9 ± 0.04 0.59 ± 0.09 1.01 ± 0.05 0.78 ± 0.12

Maltose 1.4 ± 0.09 0.8 ± 0.09 1.1 ± 0.16 1.2 ± 0.13 3.4 ± 0.09 2.3 ± 0.10 3.5 ± 0.45 4.0 ± 0.45 1.6 ± 0.03 1.11 ± 0.08 1.10 ± 0.11 1.10 ± 0.02

Trehalose 1.0 ± 0.06 0.9 ± 0.08 1.1 ± 0.19 1.1 ± 0.14 1.7 ± 0.10 1.9 ± 0.13 1.7 ± 0.14 2.0 ± 0.10 1.0 ± 0.06 1.50 ± 0.20 1.02 ± 0.03 0.82 ± 0.04

Sorbose 0.6 ± 0.19 0.8 ± 0.34 1.0 ± 1.00 0.9 ± 0.37 0.9 ± 0.02 0.9 ± 0.05 0.8 ± 0.03 0.8 ± 0.05 0.6 ± 0.02 0.64 ± 0.04 0.67 ± 0.04 0.63 ± 0.02

Galactose 0.8 ± 0.10 0.4 ± 0.17 0.7 ± 0.62 0.9 ± 0.14 0.6 ± 0.05 0.4 ± 0.04 0.6 ± 0.06 0.6 ± 0.10 0.2 ± 0.01 0.25 ± 0.01 0.23 ± 0.01 0.30 ± 0.01

Galactinol 0.6 ± 0.11 0.5 ± 0.14 1.1 ± 0.64 1.3 ± 0.07 0.0 ± 0.01 0.0 ± 0.00 0.0 ± 0.00 0.0 ± 0.00 0.1 ± 0.00 0.06 ± 0.01 0.11 ± 0.01 0.07 ± 0.01

Raffinose 0.8 ± 0.17 0.6 ± 0.16 1.1 ± 0.59 1.4 ± 0.12 0.0 ± 0.00 0.0 ± 0.00 0.0 ± 0.00 0.0 ± 0.00 0.0 ± 0.00 0.02 ± 0.00 0.04 ± 0.00 0.03 ± 0.01

Myo-inositol 1.7 ± 0.05 1.0 ± 0.19 1.5 ± 0.22 1.6 ± 0.04 0.7 ± 0.04 0.7 ± 0.04 0.5 ± 0.03 0.8 ± 0.05 1.1 ± 0.02 1.27 ± 0.12 0.97 ± 0.11 1.17 ± 0.07

Erythritol 0.9 ± 0.08 0.9 ± 0.09 0.9 ± 0.23 1.0 ± 0.10 1.2 ± 0.03 1.1 ± 0.06 1.2 ± 0.07 1.2 ± 0.05 1.1 ± 0.01 0.96 ± 0.09 0.86 ± 0.04 0.84 ± 0.04

Xylose 0.9 ± 0.05 0.7 ± 0.12 0.8 ± 0.31 0.8 ± 0.09 0.7 ± 0.04 0.7 ± 0.05 0.7 ± 0.01 0.7 ± 0.05 1.0 ± 0.02 1.03 ± 0.03 1.08 ± 0.05 1.18 ± 0.05

Allose 0.9 ± 0.18 0.7 ± 0.23 1.1 ± 0.64 0.9 ± 0.20 1.1 ± 0.21 1.0 ± 0.16 1.4 ± 0.14 1.3 ± 0.25 0.5 ± 0.03 0.42 ± 0.03 0.59 ± 0.04 0.55 ± 0.05

Fucose 0.9 ± 0.07 0.8 ± 0.12 1.0 ± 0.25 0.9 ± 0.07 1.1 ± 0.06 0.8 ± 0.03 1.0 ± 0.02 0.9 ± 0.06 1.2 ± 0.01 1.21 ± 0.02 1.30 ± 0.06 1.37 ± 0.07

Mannose 0.9 ± 0.20 0.9 ± 0.25 1.0 ± 0.58 1.0 ± 0.23 0.7 ± 0.06 0.7 ± 0.06 0.7 ± 0.02 0.6 ± 0.05 0.8 ± 0.03 0.84 ± 0.05 0.90 ± 0.11 0.95 ± 0.08

Rhamnose 0.7 ± 0.05 0.8 ± 0.01 0.8 ± 0.12 0.8 ± 0.06 2.3 ± 0.05 2.1 ± 0.09 2.4 ± 0.09 2.3 ± 0.17 1.6 ± 0.03 1.99 ± 0.23 1.78 ± 0.15 1.91 ± 0.20

Xylose 0.8 ± 0.07 0.8 ± 0.13 0.8 ± 0.27 0.8 ± 0.09 1.3 ± 0.08 1.1 ± 0.08 1.2 ± 0.01 1.2 ± 0.09 1.3 ± 0.02 1.40 ± 0.15 1.42 ± 0.12 1.50 ± 0.11

Hidroxi-proline 0.4 ± 0.04 0.6 ± 0.04 0.4 ± 0.04 0.6 ± 0.05 3.4 ± 0.07 4.2 ± 0.16 3.7 ± 0.06 3.8 ± 0.10 4.3 ± 0.09 3.66 ± 0.14 4.16 ± 0.10 4.27 ± 0.25

Putrescine 0.4 ± 0.05 0.5 ± 0.07 0.4 ± 0.05 0.7 ± 0.06 1.5 ± 0.10 1.5 ± 0.07 1.2 ± 0.10 1.4 ± 0.15 1.9 ± 0.04 1.78 ± 0.05 1.48 ± 0.07 1.69 ± 0.09

Spermidine 1.0 ± 0.07 0.8 ± 0.10 1.1 ± 0.25 1.0 ± 0.10 1.9 ± 0.16 1.2 ± 0.11 1.8 ± 0.10 1.6 ± 0.09 1.8 ± 0.04 1.71 ± 0.09 2.10 ± 0.21 2.02 ± 0.17

Guanidine 0.8 ± 0.17 1.2 ± 0.46 0.3 ± 0.09 0.6 ± 0.08 0.8 ± 0.04 1.1 ± 0.07 0.9 ± 0.01 1.2 ± 0.04 1.5 ± 0.04 1.50 ± 0.10 1.38 ± 0.02 1.29 ± 0.11

Col-0 trxo1-1 trxo1-2 Col-0 trxo1-1 trxo1-2Col-0 trxo1-1 trxo1-2

RC R1 R2

Supplementary table SV: Relative abundance of primary metabolite levels in Arabidopsis  knockout mutants ntra ntrb, trxo1-1 and trxo1-2, 
and Columbia wild type plants (Col-0) as measured by GC-MS. Unstressed drought control (DC), plants drought stressed only once (D1) and 
twice (D2),unstressed recovery control (RC) and rehydration of plants previously one (R1) or  twice (R2) drought stressed. Relative log2-
transformed values of signal intensities were normalized with respect to the mean response calculated for the wild type control at day 0. 
Values are means ± SE of six independent samplings; bold demarcate values that were judged to be significantly different from the WT (P < 
0.05) following the performance of the Student's t test. 
 



60 

 

 

 

 

 

 

 

 

3MSOP 1.00 ± 0.03 0.50 ± 0.05 0.66 ± 0.11 0.82 ± 0.05 0.75 ± 0.07 0.62 ± 0.10 0.89 ± 0.10 0.88 ± 0.10 0.82 ± 0.05 0.84 ± 0.02 0.96 ± 0.02 1.01 ± 0.00

4MSOB 1.00 ± 0.03 0.76 ± 0.06 0.89 ± 0.13 0.92 ± 0.10 1.23 ± 0.11 1.29 ± 0.18 1.29 ± 0.17 1.39 ± 0.13 0.92 ± 0.10 1.30 ± 0.09 1.40 ± 0.03 1.72 ± 0.04

6MSOH 1.00 ± 0.07 1.41 ± 0.13 1.04 ± 0.18 1.08 ± 0.11 2.05 ± 0.18 2.72 ± 0.22 1.74 ± 0.19 1.76 ± 0.11 1.08 ± 0.11 3.76 ± 0.50 2.99 ± 0.20 3.57 ± 0.11

7MSOH 1.00 ± 0.07 1.13 ± 0.11 0.85 ± 0.12 0.87 ± 0.07 1.81 ± 0.14 2.60 ± 0.13 1.47 ± 0.14 1.56 ± 0.11 0.87 ± 0.07 3.19 ± 0.22 2.49 ± 0.17 2.62 ± 0.11

8MSOO 1.00 ± 0.04 1.52 ± 0.10 0.89 ± 0.07 0.86 ± 0.04 1.76 ± 0.18 3.02 ± 0.10 1.46 ± 0.15 1.56 ± 0.11 0.86 ± 0.04 2.44 ± 0.25 1.93 ± 0.11 1.85 ± 0.04

4MTB 1.00 ± 0.29 2.08 ± 0.55 3.69 ± 0.52 3.08 ± 0.33 15.68 ± 1.77 15.36 ± 1.88 16.05 ± 1.58 15.85 ± 2.66 3.08 ± 0.33 12.23 ± 1.03 16.96 ± 0.49 14.87 ± 1.23

6MTH 1.00 ± 0.03 0.79 ± 0.04 0.89 ± 0.09 1.08 ± 0.04 1.75 ± 0.07 1.83 ± 0.17 1.81 ± 0.07 1.70 ± 0.15 1.65 ± 0.06 1.21 ± 0.06 1.92 ± 0.07 1.63 ± 0.04

7MTH 1.00 ± 0.15 1.92 ± 0.05 1.85 ± 0.21 1.99 ± 0.08 2.00 ± 0.11 2.43 ± 0.32 1.79 ± 0.16 2.23 ± 0.44 3.43 ± 0.20 4.02 ± 0.28 3.91 ± 0.18 2.93 ± 0.27

8MTO 1.00 ± 0.12 1.63 ± 0.17 1.97 ± 0.20 1.91 ± 0.05 1.44 ± 0.17 1.50 ± 0.21 1.20 ± 0.17 1.43 ± 0.34 2.07 ± 0.07 1.63 ± 0.25 2.18 ± 0.09 1.52 ± 0.16

I3M 1.00 ± 0.04 0.82 ± 0.05 0.90 ± 0.10 1.08 ± 0.05 1.81 ± 0.07 1.83 ± 0.18 1.84 ± 0.08 1.75 ± 0.15 1.55 ± 0.07 1.24 ± 0.07 1.94 ± 0.08 1.65 ± 0.06

4MOI3M 1.00 ± 0.10 1.31 ± 0.13 1.11 ± 0.17 1.32 ± 0.07 2.50 ± 0.22 3.79 ± 0.14 2.68 ± 0.21 3.11 ± 0.27 3.34 ± 0.16 4.50 ± 0.27 3.98 ± 0.08 3.98 ± 0.12

1MOI3M 1.00 ± 0.07 1.31 ± 0.09 0.99 ± 0.31 1.33 ± 0.11 3.35 ± 0.63 3.48 ± 0.54 2.14 ± 0.37 3.67 ± 1.08 3.13 ± 0.18 4.82 ± 0.18 4.69 ± 0.69 4.23 ± 0.72

SinG1 1.00 ± 0.12 1.20 ± 0.14 1.31 ± 0.09 1.25 ± 0.27 3.01 ± 0.31 1.98 ± 0.06 2.74 ± 0.54 2.52 ± 0.53 2.42 ± 0.27 1.42 ± 0.24 2.39 ± 0.31 2.88 ± 0.36

SinM 1.00 ± 0.03 1.09 ± 0.02 1.12 ± 0.01 1.05 ± 0.01 1.73 ± 0.06 1.72 ± 0.07 1.70 ± 0.05 1.86 ± 0.14 1.69 ± 0.06 1.78 ± 0.11 1.81 ± 0.06 2.09 ± 0.10

SinGG 1.00 ± 0.12 0.74 ± 0.09 1.13 ± 0.09 1.73 ± 0.17 1.39 ± 0.30 1.11 ± 0.09 1.25 ± 0.29 1.36 ± 0.28 0.90 ± 0.08 1.27 ± 0.09 1.24 ± 0.02 1.03 ± 0.07

Anthocyanin 1.00 ± 0.53 0.22 ± 0.07 1.82 ± 0.49 2.55 ± 1.50 33.57 ± 11.30 10.69 ± 3.06 35.32 ± 13.42 31.82 ± 10.10 8.08 ± 1.52 3.51 ± 0.30 11.49 ± 3.31 13.90 ± 0.99

Q3GR7R 1.00 ± 0.07 0.77 ± 0.06 1.12 ± 0.08 1.19 ± 0.16 3.52 ± 0.88 2.26 ± 0.14 2.49 ± 0.48 2.49 ± 0.19 2.56 ± 0.26 1.78 ± 0.03 2.48 ± 0.22 2.94 ± 0.12

K3GR7R 1.00 ± 0.06 1.01 ± 0.07 1.34 ± 0.11 1.34 ± 0.14 1.50 ± 0.09 2.03 ± 0.15 1.51 ± 0.14 1.49 ± 0.18 1.61 ± 0.14 1.90 ± 0.14 1.85 ± 0.15 1.92 ± 0.25

Q3G7R 1.00 ± 0.05 1.54 ± 0.06 1.38 ± 0.09 1.37 ± 0.14 3.06 ± 0.90 2.57 ± 0.42 2.41 ± 0.60 2.22 ± 0.31 1.70 ± 0.16 1.82 ± 0.18 1.69 ± 0.10 1.74 ± 0.14

K3G7R 1.00 ± 0.11 1.12 ± 0.13 0.97 ± 0.06 1.02 ± 0.08 0.80 ± 0.07 1.83 ± 0.17 0.82 ± 0.11 0.83 ± 0.08 0.93 ± 0.09 1.91 ± 0.13 1.18 ± 0.10 0.98 ± 0.09

K3R7R 1.00 ± 0.07 1.06 ± 0.07 1.27 ± 0.08 1.21 ± 0.07 1.23 ± 0.11 1.84 ± 0.12 1.33 ± 0.11 1.34 ± 0.10 1.48 ± 0.08 1.89 ± 0.07 1.88 ± 0.11 1.68 ± 0.16

Trp 1.00 ± 0.10 1.32 ± 0.09 0.83 ± 0.07 1.04 ± 0.02 7.82 ± 0.79 11.91 ± 1.85 7.58 ± 1.95 7.51 ± 1.23 8.54 ± 0.96 10.94 ± 2.52 9.61 ± 1.22 9.94 ± 1.12

Col-0 

DC D1 D2

ntra ntrb trxo1-1 trxo1-2 Col-0 trxo1-1 trxo1-2 Col-0 trxo1-1 trxo1-2ntra ntrb ntra ntrb 

Supplementary table SV: Relative abundance of secondary metabolite levels in Arabidopsis  knockout mutants ntra ntrb, trxo1-1 and trxo1-2, 
and Columbia wild type plants (Col-0) as measured by LC-MS. Unstressed drought control (DC), plants drought stressed only once (D1) and 
twice (D2),unstressed recovery control (RC) and rehydration of plants previously one (R1) or  twice (R2) drought stressed. Relative log2-
transformed values of signal intensities were normalized with respect to the mean response calculated for the wild type control at day 0. 
Values are means ± SE of six independent samplings; bold demarcate values that were judged to be significantly different from the WT (P < 
0.05) following the performance of the Student's t test. 
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3MSOP 0.81 ± 0.05 0.79 ± 0.19 1.01 ± 0.11 1.10 ± 0.12 0.62 ± 0.04 0.62 ± 0.03 0.85 ± 0.05 0.86 ± 0.02 0.55 ± 0.01 0.68 ± 0.01 0.73 ± 0.06 0.64 ± 0.05

4MSOB 0.96 ± 0.05 0.79 ± 0.16 0.94 ± 0.07 0.99 ± 0.14 1.10 ± 0.02 1.12 ± 0.03 1.39 ± 0.11 1.26 ± 0.06 0.72 ± 0.03 1.09 ± 0.05 1.13 ± 0.03 1.25 ± 0.09

6MSOH 0.73 ± 0.10 0.57 ± 0.16 0.73 ± 0.07 0.81 ± 0.10 0.95 ± 0.07 1.46 ± 0.16 1.11 ± 0.12 1.03 ± 0.08 0.77 ± 0.09 1.13 ± 0.09 1.15 ± 0.12 0.95 ± 0.18

7MSOH 0.57 ± 0.07 0.54 ± 0.16 0.55 ± 0.06 0.66 ± 0.07 0.94 ± 0.04 1.28 ± 0.15 0.87 ± 0.10 0.79 ± 0.06 0.59 ± 0.06 1.03 ± 0.11 0.89 ± 0.10 0.75 ± 0.13

8MSOO 0.66 ± 0.07 0.88 ± 0.22 0.56 ± 0.07 0.72 ± 0.07 0.85 ± 0.03 1.64 ± 0.16 0.73 ± 0.08 0.67 ± 0.02 0.51 ± 0.05 0.99 ± 0.10 0.84 ± 0.07 0.80 ± 0.12

4MTB 2.99 ± 0.48 1.35 ± 0.22 1.90 ± 0.19 2.38 ± 0.64 3.81 ± 0.42 3.29 ± 0.14 2.29 ± 0.15 2.25 ± 0.22 2.30 ± 0.06 2.76 ± 0.10 4.26 ± 0.32 3.20 ± 0.21

6MTH 0.67 ± 0.03 0.41 ± 0.11 0.77 ± 0.08 0.73 ± 0.10 0.69 ± 0.03 0.80 ± 0.03 0.80 ± 0.03 0.87 ± 0.02 0.72 ± 0.04 0.97 ± 0.06 0.99 ± 0.05 1.09 ± 0.06

7MTH 3.24 ± 0.20 1.77 ± 0.47 2.44 ± 0.28 2.64 ± 0.28 2.36 ± 0.12 1.25 ± 0.08 1.55 ± 0.14 1.25 ± 0.16 1.36 ± 0.06 2.23 ± 0.07 2.43 ± 0.18 2.31 ± 0.13

8MTO 3.21 ± 0.10 1.82 ± 0.31 2.09 ± 0.17 2.48 ± 0.12 2.44 ± 0.15 1.39 ± 0.09 1.64 ± 0.12 1.29 ± 0.14 1.17 ± 0.06 1.80 ± 0.07 1.74 ± 0.12 1.52 ± 0.04

I3M 0.66 ± 0.03 0.41 ± 0.11 0.77 ± 0.08 0.73 ± 0.10 0.68 ± 0.03 0.81 ± 0.04 0.79 ± 0.02 0.87 ± 0.03 0.73 ± 0.04 0.86 ± 0.05 1.01 ± 0.05 1.08 ± 0.05

4MOI3M 0.99 ± 0.13 0.77 ± 0.22 1.11 ± 0.11 0.86 ± 0.22 1.63 ± 0.08 2.29 ± 0.11 1.53 ± 0.19 1.94 ± 0.12 1.14 ± 0.15 1.76 ± 0.26 1.90 ± 0.19 1.52 ± 0.26

1MOI3M 0.78 ± 0.10 0.76 ± 0.14 0.54 ± 0.08 0.46 ± 0.12 1.33 ± 0.05 1.48 ± 0.22 1.78 ± 0.19 2.30 ± 0.25 1.53 ± 0.12 1.91 ± 0.19 1.53 ± 0.17 1.60 ± 0.23

SinG1 1.22 ± 0.30 0.57 ± 0.21 1.12 ± 0.41 1.04 ± 0.41 1.88 ± 0.14 1.03 ± 0.08 1.59 ± 0.12 1.49 ± 0.11 0.71 ± 0.05 0.53 ± 0.04 0.78 ± 0.08 0.96 ± 0.07

SinM 1.15 ± 0.02 1.11 ± 0.07 1.12 ± 0.07 1.16 ± 0.03 1.64 ± 0.04 1.37 ± 0.03 1.53 ± 0.04 1.48 ± 0.04 1.35 ± 0.02 1.52 ± 0.02 1.53 ± 0.05 1.40 ± 0.02

SinGG 1.35 ± 0.08 0.74 ± 0.06 1.79 ± 0.15 1.13 ± 0.22 1.25 ± 0.10 0.78 ± 0.03 1.40 ± 0.04 1.04 ± 0.05 0.62 ± 0.05 0.77 ± 0.06 0.88 ± 0.02 0.71 ± 0.07

Anthocyanin 11.09 ± 1.37 1.57 ± 0.47 19.78 ± 2.44 7.84 ± 2.52 18.46 ± 1.34 1.42 ± 0.37 7.00 ± 1.18 19.57 ± 4.65 1.98 ± 0.22 1.32 ± 0.24 4.88 ± 0.60 8.21 ± 1.43

Q3GR7R 1.86 ± 0.13 1.70 ± 0.25 2.00 ± 0.24 2.09 ± 0.29 2.72 ± 0.23 1.13 ± 0.03 1.90 ± 0.21 2.64 ± 0.29 1.52 ± 0.28 2.32 ± 0.28 2.71 ± 0.18 1.87 ± 0.31

K3GR7R 1.58 ± 0.08 1.59 ± 0.15 2.07 ± 0.20 2.09 ± 0.26 2.28 ± 0.12 1.94 ± 0.14 2.08 ± 0.21 2.12 ± 0.19 1.36 ± 0.16 1.82 ± 0.17 2.16 ± 0.12 1.56 ± 0.18

Q3G7R 2.74 ± 0.06 2.71 ± 0.92 2.39 ± 0.48 2.37 ± 0.45 2.49 ± 0.14 1.38 ± 0.12 2.13 ± 0.25 2.16 ± 0.18 1.16 ± 0.24 1.54 ± 0.38 1.31 ± 0.20 1.46 ± 0.33

K3G7R 1.52 ± 0.09 1.74 ± 0.23 1.95 ± 0.15 1.55 ± 0.16 1.76 ± 0.10 1.76 ± 0.17 1.37 ± 0.18 1.57 ± 0.07 1.01 ± 0.13 1.91 ± 0.23 1.65 ± 0.08 1.07 ± 0.11

K3R7R 1.46 ± 0.05 1.58 ± 0.14 1.88 ± 0.12 1.64 ± 0.17 2.08 ± 0.09 1.96 ± 0.11 2.17 ± 0.09 1.91 ± 0.10 1.28 ± 0.10 1.71 ± 0.12 1.80 ± 0.09 1.36 ± 0.12

Trp 0.81 ± 0.11 0.62 ± 0.18 0.59 ± 0.06 0.72 ± 0.15 3.51 ± 0.38 5.43 ± 0.58 3.49 ± 0.16 4.65 ± 0.40 2.72 ± 0.19 2.63 ± 0.29 1.88 ± 0.21 2.31 ± 0.45

Col-0 

RC

ntra ntrb 

R2

trxo1-1 trxo1-2 Col-0 trxo1-1 trxo1-2 Col-0 trxo1-1 trxo1-2

R1

ntra ntrb ntra ntrb 

Supplementary table SV: Relative abundance of secondary metabolite levels in Arabidopsis  knockout mutants ntra ntrb, trxo1-1 and trxo1-2, 
and Columbia wild type plants (Col-0) as measured by LC-MS. Unstressed drought control (DC), plants drought stressed only once (D1) and 
twice (D2),unstressed recovery control (RC) and rehydration of plants previously one (R1) or  twice (R2) drought stressed. Relative log2-
transformed values of signal intensities were normalized with respect to the mean response calculated for the wild type control at day 0. 
Values are means ± SE of six independent samplings; bold demarcate values that were judged to be significantly different from the WT (P < 
0.05) following the performance of the Student's t test. 
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Chapter 2: High CO2 and redox regulation interaction to modulate 
metabolic response in Arabidopsis thaliana  
 

Introduction  
 Elevated atmospheric carbon dioxide (CO2) concentration is considered 

as one of the main causes of global climate change (Xu et al., 2016). Several 

studies have attempted to evaluate the effects of CO2 enrichment and their 

interaction with environmental changes at multiple organizational levels (Zinta et 

al., 2014; Xu et al., 2016). The results have demonstrated that, when taken as 

isolated factor, higher CO2 concentration reduces photorespiration, increases 

photosynthesis, development, and in many cases yield (Bishop et al., 2015), 

being considered as a positive factor for future agriculture (Long et al., 2006; 

Leakey et al., 2009; Geng et al., 2016). Moreover, a number of studies have 

demonstrated that elevated CO2 can minimize water loss through stomatal 

closure (Leakey, 2009), and may also result in an altered redox metabolism, 

mainly by affecting  generation and scavenging of reactive oxygen species 

(ROS) (AbdElgawad et al., 2015). Although the evident relationship between 

high CO2 and cellular redox regulation, much is known concerning the effects of 

elevated CO2 on plant growth and productivity, while the number of studies 

evaluating the interactions of high CO2 and redox balance in a metabolic 

perspective are comparatively scarce. Hence, the linked ROS metabolism in 

plants exposed to high CO2 drive the need for active control of redox 

compounds in the mainly ROS local distribution over chloroplast, peroxisome, 

mitochondrion and cytosol (Mittler, 2016). That being said, it seems plausible 

that thioredoxins (Trxs) may have a crucial importance in controlling the redox 

state in these compartments (Keech et al., 2016), providing a mechanism for 

the cellular redox homeostasis at elevated CO2.  

Trxs are thiol-oxidoreductases with two reactive cysteines in a common 

redox center CXXC (Meyer et al., 2012) that generally function as a redox 

regulator of several cellular processes in most organisms (Schmidtmann et al., 

2014). In photosynthetic cells, various processes such as the modulation of the 

Calvin-Benson cycle (CBC) (Michelet et al., 2013; Okegawa and Motohashi, 

2015), the response to oxidative stress (Martí et al., 2011; Kapoor, 2015), and 
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the regulation of the tricarboxylic acid (TCA) (Daloso et al., 2015) have been 

shown to be redox regulated by Trxs. More than 20 genes coding for Trx have 

been found in the Arabidopsis genome (Thormählen et al., 2015). The isoforms 

are grouped in several Trx families, differing in amino acid sequence and 

subcellular localization (Hägglund et al., 2016). Trxs f, m, x, y and z are 

localized in chloroplasts and are reduced by electrons from the ferredoxin-Trx 

reductase (FTR) enzyme or by means of the flavoenzyme NADPH-dependent 

Trx reductase C (NTRC). In addition, Trx o is localized in the mitochondrion and 

Trxs h are distributed in a variety of cell compartments in plants (Thormählen et 

al., 2015; Hägglund et al., 2016), including mitochondrion and cytosol, where 

they are reduced by specifics NADPH-dependent thioredoxin reductases A and 

B (NTRA and NTRB). 

Although the large number of Trx genes in plants, the number of target 

proteins suggests that each Trx may reduce several target proteins (Reichheld 

et al., 2010). This raises questions about the multiplicity of targets that TRXs 

are able to reduce and the yet unknown processes in which they are likely 

involved (Marchand et al., 2004). In fact, large-scale redox proteomic studies 

suggest that almost any metabolic pathway could be controlled by thiol-based 

redox regulation at some moment (Keech et al., 2016). For instance, the further 

validation of putative Trx targets as well as genetic approaches now point to the 

fact that, in addition to the light-responsive control of diverse crucial functions in 

chloroplasts (Yoshida et al., 2014), many other aspects of plant metabolism are 

also regulated by Trxs.  

Recent results shown that Trx and redox status are associated to the 

regulation of the main carbon flux pathway of mitochondria and in particular of 

many enzymes of the TCA cycle (Nunes-Nesi et al., 2013; Schmidtmann et al., 

2014; Yoshida and Hisabori, 2014; Daloso et al., 2015). Given the influence of 

TCA metabolism on stomatal conductance (Nunes-Nesi et al., 2007; Araújo et 

al., 2011), it may be  expected that mitochondrial Trx is required for an efficient 

gas exchange through stomata. In addition, it has been suggested that 

mitochondrial Trxs have a role in antioxidant defense, by analogy to animal 

studies, and more recently that it is also involved in the regulation of the 

alternative oxidase (Geigenberger et al., 2017). These results support the 

importance of Trxs by modulating thiol redox status in plant mitochondria.  
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 Considering the interdependent relationship between Trxs and redox 

homeostasis, it can be hypothesized that mutant plants for mitochondrial Trxs 

will present a differential response to high CO2. However, our knowledge 

concerning the metabolic importance of redox metabolism in conditions of high 

CO2 environment remains fragmented. Here, we investigated the metabolic 

response of Trx impaired plants following the transition to high CO2 conditions 

in an attempt to understand the metabolic connections between redox 

metabolism and elevated CO2. For this, Trx mutants of the mitochondrial Trx 

pathway in Arabidopsis: the NADPH-Trx reductase a and b double mutant (ntra 

ntrb) and the mitochondrially located thioredoxin o1 (trxo1) mutant were 

submitted to two different atmospheric CO2 concentrations and their metabolic 

responses were analyzed. The results obtained are discussed both in the 

context of redox regulation following CO2 enrichment and the importance of 

metabolic adjustments in response to changes in the redox status in plants. 

 

Material and methods  
 

Growth Conditions and Experimental Design 

All Arabidopsis (Arabidopsis thaliana) plants used in this work were of the 

Columbia (Col-0) background. The ntra ntrb double-KO mutant was previously 

described (Reichheld et al., 2007), whereas the two T-DNA insertion mutants in 

the trxo1 gene (At2g35010) from the Salk collection trxo1-1 (SALK 042792) and 

trxo1-2 (SALK_143294) were characterized in this study. The seeds of the four 

genotypes used (Col-0, ntra ntrb, trxo1-1 and trxo1-2) were sown on standard 

greenhouse soil (Stender) in plastic pots with a 0.1-L capacity. The trays 

containing the pots were placed under a 12/12-h day/ night cycle (22/16 °C) 

with 60/75% relative humidity and 150 µmol photons m-2 s-1 light intensity. 14 

days after sowing, plants were transferred to single pots (0.1 L). Three days 

after the transference (17 days after sowing), plants used in the assays were 

placed in trays in a random arrangement with 35 pots per tray and then 

transferred to climate chambers with a 12-h-light/12-h-night day/night cycle 

maintaining the same conditions described above except the CO2 concentration 

which was kept at 400 µmol mol-1 or 800 µmol mol-1. Harvests of six whole 
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rosettes per treatment were performed at the middle of the light period, 28 days 

after sowing. The entire sample was powdered under liquid nitrogen and stored 

at -80°C until further use. 

 
Stomatal aperture assay 

 For stomatal aperture assay the 5th leaf totally expanded of 5 week-old 

plants were detached after at least 2 h of the onset illumination, floated on 

stomatal opening buffer containing 10 mM KCl, 50 μM CaCl2 and 5 mM MES-

Tris (pH 6.15) for 2 h in the light (150 μmol photons m–2 s–1) to pre-open 

stomata. Afterwards it was added separately mannitol as osmotic control, 

ethanol, as a solvent control, abscisic acid (ABA), malate, fumarate and sucrose 

to the buffer, at a final concentration of 20 mM, 0.1 %, 10 µM, 20 mM, 20 mM, 

20 mM, respectively. After 2 h of incubation the stomatal aperture was 

evaluated. For that, leaves were gently dried and the adaxial side was carefully 

fixed to a colourless adhesive tape, then the epidermal fragments were peeled 

off and the images were immediately taken (Azoulay-shemer et al., 2015; 

Horrer et al., 2016). The images were taken with a digital camera (Axiocam 

MRc) attached to a microscope (Zeiss, model AX10, Jena, Germany). The 

measurements were performed manually on the images using the ImageJ 

software (v 1.42q, NIH USA, http://rsbweb.nih.gov/ij/). Four leaves from different 

plants were evaluated and the aperture of at least 15 stomata per leaf was 

measured totalizing at least 60 stomata per genotype. 

 

Stomatal Opening and Closing Kinetics Measurements 

Gas exchange parameters were determined using an open-flow infrared 

gas exchange analyzer system (LI-6400XT; LI-COR) equipped with an 

integrated fluorescence chamber (LI-6400-40; LI-COR). The gs values were 

recorded at intervals of 1 min. For responses to CO2 concentration transitions 

leaves were exposed to 400/800/400 µmol CO2 mol–1 air for 20/40/40 min under 

PPFD of 150 µmol photons m-2 s-1. All measurements were performed using the 

2 cm2 leaf chamber at 25°C, and the leaf-to-air vapor pressure deficit was kept 

at 1.2 to 2.0 kPa, while the amount of blue light was set to 10% PPFD to 

optimize stomatal aperture. 
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Water Loss Measurements 
 

For water loss measurements, the weight of six detached rosettes of 6 

week old short-day-grown plants, incubated with the abaxial side up under short 

day growth conditions [light:dark (L:D) 8:16], was determined over 2 h, at 10 

min intervals. Water loss was calculated as a percentage of the initial fresh 

weight (FW) (Araújo et al., 2011). 

 

Determination of Metabolite Levels 
 

Whole rosettes was sampled at the indicated time points, immediately 

frozen in liquid nitrogen, and stored at -80°C until further analysis. The levels of 

starch in the leaf tissues were determined exactly as described previously 

(Fernie et al., 2001). Proteins and amino acids were determined as described 

previously (Cross et al., 2006). Metabolite profiling was determined by gas 

chromatography coupled with mass spectrometry (GC–MS, primary 

metabolites) as described (Lisec et al., 2006). The GC-MS system was 

composed of a CTC CombiPAL autosampler, an Agilent 6890N gas 

chromatograph (Agilent Technologies, Santa Clara, CA, USA) and a Leco 

Pegasus III (Leco Corporation, St. Joseph, MI, USA) time-of-flight–mass 

spectrometry running in EI+ mode. Chromatograms and mass spectra were 

evaluated by using Chroma TOF 1.0 (Leco, http://www.leco.com/) and 

TAGFINDER 4.0 software (Luedemann et al., 2008). Metabolites were identified 

in comparison with database entries of authentic standards (Kopka et al., 2005; 

Schauer et al., 2005). The amounts of metabolites were determined as relative 

metabolite abundances, calculated by normalization of signal intensity to that of 

ribitol, which was added as an internal standard and then by dry weight of the 

material. Metabolite identification and annotation were performed using 

metabolite databases (Tohge and Fernie, 2009). Identification and annotation of 

detected peaks followed the recommendations for reporting metabolite data 

described in Fernie et al. (2011). The full dataset from GC-MS metabolite 

profiling is additionally available as Supplementary Table S1. 
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NAD(P)(H) determination 

The procedures used to assay pyridine nucleotides were based on the 

selective hydrolysis of the reduced forms (NADH and NADPH) in acid medium, 

and of the oxidized forms (NAD+ and NADP+) in alkaline medium (Foyer et al., 

1991). Pyridine nucleotides were assayed using the phenazine methosulfate-

catalyzed reduction of dichlorophenolindophenol in the presence of ethanol and 

alcohol dehydrogenase (for NAD+ and NADH) or glucose 6-phosphate (G6P) 

and G6P dehydrogenase (for NADP+ and NADPH) as described by Queval and 

Noctor, 2007.  

 

Statistical analysis 

The experiments were performed in a completely randomized design with 

six replicates of each genotype. Data were statistically examined by analysis of 

variance and tested for significant (P<0.05) differences using Student’s t-tests. 

All statistical analyses were performed using the algorithm embedded into 

Microsoft Excel. 

 

Results  
Elevated CO2 concentration restores growth of Trx mutant plants  

To obtain insights into the connection between carbon availability and 

redox regulation in plants, we first examined whether elevated CO2 (800 µmol 

CO2 mol-1) can alter growth of mitochondrial Trx silenced plants. As previously 

shown, under normal CO2 concentration ntra ntrb plants displayed reduced 

biomass production in comparison to WT plants (Reichheld et al., 2007) 

whereas trxo1 mutants showed no visible aberrant phenotypic changes (figure 

1A). When we looked at plants under high CO2 environment a significant 

increase on the rosette size of all genotypes was observed (Figure 1B). 

Nonetheless, greater increment was observed for Trx double mutant plants, 

which displayed an increased rosette dry weight under elevated CO2 (~ 76%, 

35% and 50% for ntra ntrb, trxo1-1 and trxo1-1, respectively, against 28% for 

WT) (Figure 1C). 
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Stomatal behavior is affected in NADP-Trx reductase a and b double 

mutant (ntra ntrb) at high CO2 

Given that we observed that high CO2 is able to increase biomass in Trx 

mutant plants and that, as demonstrated in the Chapter 1, the absence of 

mitochondrial Trxs impact stomatal conductance (gs) in response to drought, we 

next decided to investigate the impact of Trx in gas exchange parameters by 

three complementary approaches. First, we demonstrate that the previously 

characterized ntra ntrb double mutant plant display higher water loss from 

Figure 1: Phenotype of Arabidopsis  knockout mutants ntra ntrb, trxo1-1 and 
trxo1-2, and Columbia wild type plants (Col-0) grown at 400 or 800 µmol-1 CO2 
mol-1. (A) Images of short-day-grown Arabidopsis plants grown at ambient CO2  
(B) ) Images of short-day-grown Arabidopsis  plants grown at elevated CO2. 
Values are means ± SE of six independent samplings; an asterisk indicates 
values that were determined by the Student's t test to be significantly different (P 
< 0.05) from the wild type (Col-0).  
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detached rosettes (Figure 2D). Despite that, we did not observe any effect in 

photosynthetic parameters (A, gs and Ci) under ambient CO2 condition (Figures 

2, A, B and C). However, given that stomata are the main gate to control both 

water and CO2 flux into leaves, we next decided to assess the impact of the 

lack of a functional mitochondrial Trx system on stomatal movements in 

Arabidopsis leaves. For this purpose, we evaluated the time for stomatal 

responses following the transition from normal-to-high and high-to-normal CO2 

concentration (Figure 3). Our results suggest that the kinetic of stomatal 

response itself is not affected by reduced expression of Trx system and there 

appears to be no difference between the plants under normal CO2 conditions. 

However, ntra ntrb double mutant plants kept the stomata more opened and 

displayed higher gs at high CO2 concentration.  

 

 

 

 

 

 

 

 

Figure 2: Gas exchange and chlorophyll a fluorescence parameters in 
Arabidopsis  knockout mutants ntra ntrb, trxo1-1 and trxo1-2, and Columbia wild 
type plants (Col-0). Net photosynthesis rate (A), Ci, substomatal CO2 
concentration (B ); Cc, chloroplastic CO2 concentration (C) and Fresh weight 
loss from detached whole rosettes (D). Values are means ± SE of six 
independent samplings; asterisks demarcate values that were judged to be 
significantly different from the WT (P < 0.05) following the performance of the 
Student's t test.  
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Stomatal responses to ABA and organic acids are affected in Trx mutant 
plants 

To further investigate the reasons behind the altered stomatal response 

due to the lack of a functional Trx in Arabidopsis, we further analyzed stomata 

responsiveness in the mutant plants to various chemical stimuli (Figure 4). For 

that, we evaluated the response of intact leaves following incubation with ABA, 

malate, fumarate, and sucrose individually by isolating epidermal fragments and 

analysing stomatal aperture. In this respect, it appears that mutants are less 

responsive to ABA (significant for trxo1-2 mutant), malate (significant for trxo1-1 

mutant) and fumarate (significant for trx1o-1 mutant) treatments and thus their 

stomata did not close as much as observed in WT plants. Additionally, no 

impact on the stomatal aperture between the genotypes was observed following 

the incubation with sucrose.  

 

Figure 3: Stomatal conductance (gs) in response to CO2 concentrations in 
Arabidopsis knockout mutants ntra ntrb, trxo1-1 and trxo1-2, and Columbia 
wild type plants (Col-0). Values are means ± SE of six independent samplings; 
asterisks demarcate values that were judged to be significantly different from 
the WT (P < 0.05) at the same treatment following the performance of the 
Student's t test. 
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The influence of high CO2 concentration on leaf metabolites in Trx mutant 

plants 

In an attempt to provide further information that could explain the 

increased growth and the stomata phenotype observed in Trx mutants we next 

decided to perform a detailed analysis of the primary metabolism using 

Arabidopsis plants that grew under elevated CO2 for 11days. This analysis 

revealed that, among the 37 successfully annotated compounds, considerable 

changes in amino acids, and in both TCA cycle and photorespiratory 

intermediaries were observed (Figure 5 and Supplemental Table SI). By 

analysing individual classes, we observed increases in most of the amino acids 

in all evaluated genotypes under elevated CO2 (Figure 5). Briefly, increases in 

alanine, asparagine, ß-alanine, isoleucine, lysine, methionine, ornithine, proline, 

tyrosine and tryptophan, following exposure to elevated CO2 were observed. 

This is a common response to high CO2 concentration (Noguchi et al., 2015). 

Regarding the photorespiratory intermediates, a clear pattern of decrease in 

glycine levels was observed under high CO2, whereas no changes were 

observed in serine levels. Interestingly, the impact of CO2 on glycine levels was 

Figure 4: Stomatal aperture in Arabidopsis  knockout mutants ntra ntrb, trxo1-1 
and trxo1-2, and Columbia wild type plants (Col-0). Values are means ± SE of 
independent samplings (60 stomata per bar, n=3); asterisks demarcate values 
that were judged to be significantly different from the WT (P < 0.05) following the 
performance of the Student's t test.  
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more pronounced in WT plants in comparison to mutant plants. In addition, the 

levels of aspartate and glycerate, another intermediate of the photorespiration 

pathway, also decreased at elevated CO2.  

The elevated CO2 also induced significant changes in the levels of 

organic acids. The levels of TCA cycle-associated metabolites citrate and 

succinate increased when the plants were cultivated under high CO2 

environment in all the genotypes. However, lower succinate levels were 

observed in ntra ntrb plants under this condition, compared to their respective 

WT. On the other hand, pyruvate levels did not show marked changes, while a 

differential response was observed for malate, fumarate, and also 

dehydroascorbate and shikimate. In this respect, only double mutant plants 

displayed reductions in malate, fumarate, dehydroascorbate and shikimate 

levels after exposition to high CO2. In addition, under elevated CO2 

accumulation of GABA was observed in all genotypes, with exception of the 

double mutant plants which presented lower GABA levels in both CO2 

conditions in comparison to their correspondent control plants. Moreover, a 

general increase in sugar and sugars alcohol levels was observed at high CO2. 

This is clearly observed for glucose, fructose and sucrose at high CO2 in all 

genotypes, but with a trend to higher accumulation in WT plants. Putrescine 

levels increased in the double mutant plants at elevated CO2, and it should be 

pointed that it was lower under ambient CO2, compared with their WT 

counterparts. 
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Figure 5: Heat map representing the changes in relative abundance of 
metabolite levels in Arabidopsis  knockout mutants ntra ntrb, trxo1-1 and trxo1-2, 
and Columbia wild type plants (Col-0) grown at ambient (400 µmol mol-1 CO2) 
and elevated CO2 (800 µmol mol-1 CO2) as measured by GC-MS. Relative log2-

transformed values of signal intensities were normalized with respect to the 
mean response calculated for the wild type control at 400 µmol mol-1 CO2. 
Values are means ± SE of six independent samplings; asterisks demarcate 
values that were judged to be significantly different from the WT (P < 0.05) at the 
same treatment following the performance of the Student's t test. 
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Effect of high CO2 concentration on the pyridine nucleotide levels in 

leaves of mitochondrial Trx mutant plants 

In order to access the influence of elevated CO2 on the metabolic redox 

balance, we decided to assay the levels of pyridine nucleotides in leaves 

(Figure 6). For all four pyridine nucleotides evaluated (Figures 6, A, B, C and D) 

and also for their ratios (Figures 6 E and 6F), no significant differences were 

observed between the genotypes in both CO2 concentrations. 

 

 

 

 

 

 

 

 

Figure 6: Pyridine nucleotide levels and ratios in leaves of Arabidopsis  
knockout mutants ntra ntrb, trxo1-1 and trxo1-2, and Columbia wild type plants 
(Col-0) grown at ambient (400 µmol mol-1 CO2) and elevated CO2 (800 µmol 
mol1 CO2). Values are means ± SE of six independent samplings; asterisks 
demarcate values that were judged to be significantly different from the WT (P < 
0.05) at the same treatment following the performance of the Student's t test. 
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Discussion 
 

Deficiency of extraplastidial Trx system impairs stomatal response to high 

CO2 

To evaluate the reasons underlying the enhanced growth observed in Trx 

mutant plants under elevated CO2 (Figure 1), we decided to investigate whether 

the impaired redox function is able to affect stomatal regulation and thereby 

photosynthetic capacity in these plants. The results presented here provide 

circumstantial evidence that the functional disruption of mitochondrial Trx 

system leads to a reduced sensitivity to stomatal closing in response to high 

CO2, and a tendency to lower response to ABA and organic acids. Hence, the 

altered stomatal behavior displayed by Trx mutant plants can be interpreted as 

an effect of the deregulation of one or more of the handful possible candidates 

for redox sensors in plants. This stomatal response can be associated with 

redox changes taking place in guard cells only or can also be linked to external 

redox signaling cascade. That said it remains to be elucidated whether the 

functional lack of mitochondrial Trx system is able to specifically impact guard 

cell metabolism or whether this response is associated with metabolic changes 

that took place in mesophyll cells. The identification of redox-sensitive proteins 

in guard cells propose that mitochondrial Trxs are of paramount importance for 

guard-cell signaling and stomatal movement (Zhu et al., 2014; Zhang et al., 

2016).  It should be kept in mind the reduced growth observed under ambient 

CO2 may be responsible for the absence of visible stomatal phenotype in Trx 

plants and that in absence of a functional Trx there is a relative priorization of 

whole metabolism and thus sustaining stomatal function.  

Cellular redox homeostasis of guard cell components plays a key 

function in stomatal signaling in plants (Misra et al., 2015; Murata et al., 2016). 

It has been shown that mutants defective in GSH synthesis display altered 

redox state and dysfunction on its stomatal aperture (Akter et al., 2013; 

Munemasa et al., 2013; Misra et al., 2015). According to previously published 

data, only a slightly lower level of glutathione was observed in ntra ntrb mutants, 

implying that inactivation of the NTRs does not strongly influence glutathione 

pools (Reichheld et al., 2007; Marty et al., 2009; Bashandy et al., 2010). Thus, it 

suggests that impaired stomata regulation observed in Trx mutants is not 
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directly associated with changes in glutathione levels. That said, it remains to 

be elucidated whether the functional lack of mitochondrial Trx system is able to 

specifically impact guard cell metabolism or whether this response is associated 

with metabolic changes that took place in mesophyll cells. Taken together, it 

seems clear that the mechanisms of signal transduction pathways in guard cells 

are very heterogeneous and dynamic and that the identification of extraplastidial 

Trx system as an important element in the stomatal conductance response 

might provide essential knowledge to identify novel signaling components in 

guard cells. 

 

Metabolic adjustments during growth at elevated CO2 is seemingly able to 

compensates Trx disfunction in Arabidopsis 

 Given the higher biomass presented by Trx mutants in response to 

elevated CO2 and the slower growth of double mutant plants under ambient 

CO2, we decided to analyze the interaction between Trx redox regulation and 

CO2 enrichment. Here we found that growth retardation exhibited by ntra ntrb 

plants is overcome by elevated CO2. In agreement, we also observed a 

tendency toward greater increments in growth at high CO2 in trxo1 mutant 

plants. This fact apart, our metabolic analysis indicates that the majority of the 

modifications observed under elevated CO2 in comparison to ambient CO2 were 

consistent in all evaluated genotypes. Larger part of the analyzed metabolites 

exhibited CO2-dependent patterns in all evaluated genotypes. Most amino acids 

increased in all genotypes and were specifically induced by elevated CO2. 

Increments in isoleucine, lysine and methionine coupled with the reduction in 

aspartate in all genotypes at elevated CO2 suggest an activation of the 

aspartate-derived amino acid biosynthetic pathway (Jander and Joshi, 2010). 

Moreover, the decline in glycine and glycerate in all genotypes after CO2 

exposition make evident the already expected down regulation of 

photorespiration as a common CO2-dependent pattern. Higher biosynthetic 

pathways coupled with lower photorespiration are probably associated with 

enhanced growth. It should be kept in mind that the metabolic behavior is 

similar in WT plants, although at lower extent, and therefore it indicates that 

following an acclimation to high CO2 it seems that the redox potential is 

seemingly less important to retain growth and that other biosynthetic pathways, 
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probably that are not associated to redox control are much more activated and 

thus leading to enhanced growth. 

The overall decrease in pyruvate at high CO2 argue in favor of a 

preferential utilization of pyruvate to the shikimate pathway but also for the 

synthesis of BCAAs or as a TCA cycle supply (Maeda and Dudareva, 2012). 

However, we can clearly observe a differential partitioning in Trx mutants, 

especially the double mutant ones, in relation to WT plants at the point of the 

TCA cycle metabolism upon high CO2. While proportionally more fumarate and 

malate was observed in WT plants at elevated CO2, ntra ntrb plants displayed 

robust decrease in these two organic acids. Considering the negative 

correlation between these metabolites and stomata aperture previously 

described (Nunes-Nesi et al., 2007; Araújo et al., 2011; Fuentes et al., 2011), 

we can hypothesize that the reduced stomatal closure under high CO2 

concentration observed in the double mutant is associated to lower fumarate 

and malate concentrations in the mesophyll cells. In good agreement, lower 

levels of fumarate and malate are also exhibited by both trxo1 mutant lines at 

elevated CO2 than their WT counterparts. It is also noted that high CO2 

promoted increments in citrate and succinate in all genotypes, but in a greater 

extension for WT plants. Interestingly, classical studies had demonstrated that 

others organic acids than malate also accumulated in guard cells during 

stomatal opening (Outlaw and Lowry, 1977; Outlaw and Manchester, 1979; 

Talbott and Zeiger, 1993). Thus, it seems tempting to speculate that the 

recently described Trx regulation of the TCA cycle (Daloso et al 2015) coupled 

with the recognized function of organic acids in the regulation of stomata 

function (Medeiros et al 2016) is more evident in Trx mutants growing at higher 

CO2. This fact apart, it remains to be further investigated whether the higher 

accumulation of TCA cycle compounds is a direct link supporting growth under 

high CO2 in Trx mutants or if this is actually able to provide further organic 

source for osmotic pressure, and/or lower starch contents in mesophyll cells 

that would be important to control guard cells movements. Collectively, these 

data suggest that there is modulation of stomatal function by organic acids at 

high CO2 in Trx mutants.  

Regarding sugars, most metabolites, including Glu, Fru, Suc and 

trehalose, showed CO2-dependent patterns: smaller differences were observed 
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with the WT under elevated CO2. Given the negative correlation between 

biomass accumulation and the levels of sucrose and the TCA cycle 

intermediates citrate, succinate or malate (Meyer et al., 2007), it suggests a 

metabolic flexibility mainly in the double mutant plants allowing higher growth 

rates at high CO2. In addition, considering that putrecine levels correlates with 

biomass (Meyer et al., 2007), the increments in putrescine in the ntra ntrb plants 

at high CO2 support the assumption that ability to utilize increased carbon 

supply may have influenced the leaf expansion of these plants.  

The lack of differences between pyridine nucleotides is somewhat 

surprising given that higher biomass is observed. Although the reasons are not 

immediately apparent it might be explained by the fact that, since it is very 

difficult to analyze isolated organelles, we only evaluated the total pyridine 

nucleotides in leaves and not considered the cell compartmentalization. 

Furthermore, to maintain a redox balance in response to enhanced CO2 fixation 

in plants growing under elevated CO2 concentration it seems reasonable to 

assume that other layers of gene expression regulation might became more 

active or even that other pathways of carbon assimilation are using more 

intensively the potential redox and as such allowing the maintenance of cellular 

redox homeostasis. Further work is clearly required to explain this intriguingly 

metabolic feature. 

In summary, our results provide the first evidence that mitochondrial Trx 

system deficiency results in impaired stomatal function in Arabidopsis at 

elevated CO2, and data suggest that this effect is probably associated to the 

modulation of stomatal function by organic acids. However, further work is 

required to confirm, for instance, the sensitivity of mutant stomata to stimulus 

such as high CO2 and abscisic acid and whether this stomatal response can be 

associated with redox changes taking place in guard cells only or can also be 

linked to external redox signaling cascade. 
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Supplementary table SI: Relative abundance of primary metabolite levels in 
Arabidopsis  knockout mutants ntra ntrb, trxo1-1 and trxo1-2, and Columbia wild 
type plants (Col-0) grown at ambient (400 µmol mol-1 CO2) and elevated CO2 (800 
µmol mol-1 CO2) as measured by GC-MS. Relative log2-transformed values of 
signal intensities were normalized with respect to the mean response calculated for 
the wild type control. Values are means ± SE of six independent samplings; bold 
demarcate values that were judged to be significantly different from the WT (P < 
0.05) following the performance of the Student's t test. 
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CHAPTER 3. Metabolic consequences of the functional lack of the 
mitochondrial TRXh2 
 

Introduction  
Thiol-disulfide redox exchange is a widely distributed posttranslational 

modification of great importance to the metabolic regulation in living cells (Mock 

and Dietz, 2016). In general, the formation of disulfide bonds is controlled by 

thioredoxins (Trxs), which are small, ubiquitous proteins with two redox-active 

cysteine residues separated by a pair of amino acids (CXXC motif) (Meyer et 

al., 2009). By catalyzing redox reactions, Trxs contribute not only to the correct 

folding but also to the regulation of the activity of several proteins (Keech et al., 

2016). Remarkably, plants are characterized by an unusually complex array of 

Trxs differing in both amino acid sequence and subcellular localization (Meng et 

al., 2010; Hägglund et al., 2016; Geigenberger et al., 2017). To date, the 

majority of the plants Trxs identified are located in chloroplasts (f, m, x, y and z), 

where there are well documented examples concerning the redox regulation of 

the Calvin-Benson cycle (CBC) enzymes (Keech et al., 2016). In addition, 

others Trxs are also present in mitochondria (Trxs o and h) and in other 

different subcellular locations (Trx h) (Laloi et al., 2001; Gelhaye et al., 2004).  

Trx h is the largest Trx gene family in plants. Because of the lack of a 

transit peptide, Trxs h were initially assumed as cytosolic proteins solely. 

However, alternative locations were also suggested for them, including plasma 

membrane, endomembranes (endoplasmic reticulum and Golgi), mitochondria 

(Traverso et al., 2013) and nucleus (Serrato and Cejudo, 2003). Although 

initially reported to be important during the germination of cereal seeds (Li et al., 

2009; Hägglund et al., 2016), the current understanding of the function of h type 

of Trxs remains scant (Park et al., 2009; Meng et al., 2010). This fact apart, a 

number of studies have been conducted and proposed additional functions for 

Trxs h in plants. Thus, it was demonstrated that Trxs h are associated with 

calcium signaling (Ueoka-Nakanishi et al., 2013), glycolysis (Piattoni et al., 

2013) and cell-to-cell communication (Meng et al., 2010). Nonetheless, from the 

nine members of Trx h type in Arabidopsis, a loss-of-function mutant exist only 

for Trx h5, which was found to be specifically required for pathogen response 

(Sweat and Wolpert, 2007; Meng et al., 2010). Hence, considering the 
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importance of redox regulation coupled with the limited information concerning 

the function of Trxs h, the study of their function seems an exciting field of 

investigation.  

From all locations suggested to the occurrence of Trxs h, a complete Trx 

system have only been assigned to the for cytosol and mitochondria, where 

there are highly similar isoforms of NADPH-dependent Trx reductase (NTR), A 

and B, that are encoded by two distinct genes in Arabidopsis (Reichheld et al., 

2005; Montrichard et al., 2009). Thus, given our current interest in unravel the 

function of the Trxs h, we decided to focus on Trxh2, since, in addition to the 

possible endomembrane location (Traverso et al., 2013), it is the unique trx h 

type previously described as a mitochondrial and cytosolic protein in 

Arabidopsis (Meng et al., 2010). 

Despite a number of studies involving Trx in general, relatively little 

concerning the metabolic changes caused by their impairment is currently 

available. Thus, here we have investigated the role of Trxh2 under optimal 

growth conditions and have focused on the characterization of two Arabidopsis 

T-DNA knockout of the gene encoding Trxh2 at the molecular, physiological, 

and metabolic levels. We demonstrate that a disruption in the expression of 

AtTrxh2 leads to impaired stomatal and mesophyll conductance, without 

decreasing CO2 assimilation rate, probably due to higher efficiency on the 

stromal reactions. By further metabolic characterization of AtTrxh2 knockout 

plants, we demonstrated that manipulation of Trx system by suppressing 

AtTrxh2 greatly impact the primary metabolic pathways in plants. Overall, the 

results obtained are discussed both in terms of the importance of Trx redox 

regulation in plant cell metabolism and with regard to its contribution in terms of 

total cellular homeostasis. 
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Material and Methods  
 

Characterization of T-DNA Insertion Mutants 

Homozygous mutant lines were identified by PCR using ATrx h2 specific 

primers for trxh2-1 (SALK_079516) (Fw- GATAAGGGAGGAGGAGCTTC   and 

Rv CCTTAACCAATAGTCTTGTG and trxh2-2 (SALK_079507) (Fw- 

AATCATCATCGTTGACTTGCC and Rv- ACACATCCACTTAGCGTGAGG) in 

combination with the T-DNA left border primer (Lb-

ATTTTGCCGATTTCGGAAC). 

 

Plant Material and Growth Conditions 

All Arabidopsis thaliana plants used here were of the Colombia 

ecotype (Col-0) background. The seeds of the three genotypes used (Col-0, 

trxh2-1 and trxh2-2) were sown on standard greenhouse soil (Stender) in plastic 

pots with a 0.5-L capacity. The trays containing the pots were placed under a 

12/12-h day/ night cycle (22°C/16°C) with 60%/75% relative humidity and 150 

µmol photons m-2s-1 light intensity. 14 days after sowing, plants were transferred 

to single pots (0.1 L), which were placed in a random arrangement in the tray 

and then transferred to climate chambers with a 8-h-light/16-h-night (short-day)  

or (22°C/16°C, 60%/75% relative humidity, and 150 µmol photons m-2s-1 light 

intensity). Short-day-grown plants were harvested at the end of the night (EN) 

and at the end of the day (ED) and at the middle of the day (MD) four weeks 

after sowing for further metabolic and biochemical analysis. 

 

Expression analysis by qRT-PCR 

Total RNA was isolated using TRIzol reagent (Ambion, Life Technology) 

according to the manufacture’s recommendations. The total RNA was treated 

with DNAse I (RQ1 RNase free DNase I, Promega, Madison, WI, USA). The 

integrity of the RNA was checked on 1% (w/v) agarose gels, and the 

concentration was measured using a Nanodrop spectrophotometer. Finally, 2 

µg of total RNA were reverse transcribed with Superscript II RNase H2 reverse 

transcriptase (Invitrogen) and oligo (dT) primer according to the manufacture’s 

recommendations. Quantitative real-time PCR reactions were performed in a 
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96-well plate with an ABI PRISM 7900 HT sequence detection system (Applied 

Biosystems Appllera, Darmstadt, Germany), using Power SYBR Green PCR 

Master Mix according to Piques et al., 2009.  

The primers used here were designed using the open-source program 

QuantPrime-qPCR primer designed tool (Arvidsson et al., 2008) The relative 

transcription abundance was normalized using the constitutively expressed 

gene actin (At2g37620) and GAPDH (At3g04120) calculated using the ∆∆CT 

method. The primers used for qRT-PCR were designed using the QuantPrime 

software (Arvidsson et al., 2008). The primers used for quantification of 

expression were (Trxh2-Fw-TGAGCCAAGTCGCGTCCTCCTAAAG and Trxh2-

Rv-CCGAGAAATCAACCACCAGCAG). Data analyses were performed as 

described by Caldana et al., 2007. Five biological replicates were processed for 

each condition. 

 

Determination of gas exchange and chlorophyll a fluorescence 

parameters 

Photosynthetic light curve responses were initiated at ambient CO2 

concentration (Ca) of 400 µmol mol-1 and light intensity (PPFD) of 1000 µmol 

photons m-2s-1. Then, the PPFD was increased to 1000 µmol photons m-2 s-1 

and after decreased to darkness; a total of 11 different light intensities were 

used for each light curve. Simultaneously chlorophyll a fluorescence parameters 

were obtained as previously described (Yin et al., 2009). The responses of AN 

to Ci (A/Ci curves) were performed at 1000 µmol photons m-2 s-1 at 25°C under 

ambient O2. Briefly, the measurements started at ambient CO2 concentration 

(Ca) of 400 µmol mol-1 and once the steady state was reached, Ca was 

decreased stepwise to 50 µmol mol-1. Upon completion of the measurements at 

low Ca, Ca was returned to 400 µmol mol-1 to restore the original AN. Next, Ca 

was increased stepwise to1200 µmol mol-1 in a total of 13 different Ca values 

(Long and Bernacchi, 2003). Corrections for the leakage of CO2 into and water 

vapor out of the leaf chamber of the LI-6400 were applied to all gas exchange 

data as described by Rodeghiero et al. (2007). A/Ci and AN/PPFD curves were 

obtained using the ninth leaf totally expanded from ten different plants per 

genotype. The concentration of CO2 in the carboxylation sites (Cc) was 

calculated following Harley et al., 1992. Then, gm was estimated as the slope of 
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the AN versus Ci-Cc relationship according to Farquhar-von Caemmerer-Berry 

FvCB model. From AN/Ci and AN/Cc curves, the maximum carboxylation velocity 

(Vcmax) the maximum capacity for electron transport rate (Jmax) were calculated 

by fitting the mechanistic model of CO2 assimilation (Farquhar et al., 1980) 

using the Ci or Cc-based temperature dependence of kinetic parameters of 

Rubisco (Walker et al., 2013). Then Vcmax, Jmax, and gm were normalized to 

25°C using the temperature response equations from Sharkey et al., 2007. The 

photosynthetic limitations were estimated based on the approach described by 

(Grassi and Magnani, 2005).  

Dark respiration (Rd) was measured using the same gas exchange 

system as described above after at least 1 h during the dark period and it was 

divided by two (Rd/2) to estimate the mitochondrial respiration rate in the light 

(Rl) (Niinemets et al., 2009). 

 

Determination of Metabolite Levels 
 

Whole rosettes was sampled at the indicated time points, immediately 

frozen in liquid nitrogen, and stored at -80°C until further analysis. Metabolite 

extraction was performed by rapid grinding in liquid nitrogen and immediate 

addition of the appropriate extraction buffer. The levels of starch, sucrose, 

fructose, and glucose in the leaf tissues were determined exactly as described 

previously (Fernie et al., 2001). Malate and fumarate were determined exactly 

as detailed by Nunes-Nesi et al. (2007). Proteins and amino acids were 

determined as described previously (Cross et al., 2006). The metabolite 

profiling for primary metabolites was conducted using an established gas 

chromatography coupled with mass spectrometry (GC–MS) protocol as 

described (Lisec et al., 2006).The GC-MS system was composed of a CTC 

CombiPAL autosampler, an Agilent 6890N gas chromatograph (Agilent 

Technologies, Santa Clara, CA, USA) and a Leco Pegasus III (Leco 

Corporation, St. Joseph, MI, USA) time-of-flight–mass spectrometry running in 

EI+ mode. Chromatograms and mass spectra were evaluated by using Chroma 

TOF 1.0 (Leco, http://www.leco.com/) and TAGFINDER 4.0 software 

(Luedemann et al., 2008). Metabolites were identified in comparison with 

database entries of authentic standards (Kopka et al., 2005; Schauer et al., 
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2005). The amounts of metabolites were determined as relative metabolite 

abundances, calculated by normalization of signal intensity to that of ribitol, 

which was added as an internal standard and then by dry weight of the material. 

Metabolite identification and annotation were performed using metabolite 

databases (Tohge and Fernie, 2009). Identification and annotation of detected 

peaks followed the recommendations for reporting metabolite data described in 

Fernie et al. (2011). The full dataset from GC-MS metabolite profiling is 

available as Supplementary Table SII. 

 

Statistical analysis 

The experiments were performed in a completely randomized design with 

6-10 replicates of each genotype. Data were statistically examined using 

analysis of variance and tested for significant (P<0.05) differences using 

Student’s t-tests. All statistical analyses were performed using the algorithm 

embedded into Microsoft Excel. 

 

Results  
Arabidopsis knockout mutants defective in Trx h2 exhibited unaltered 

shoot growth but slightly lower root weight and altered photosynthetic 

parameters  

Given the known importance of Trxs for development and growth 

(Reichheld et al., 2010), we investigated whether mutations in AtTRXh2 

affected plant growth. To this end, we first analyzed two independent insertion 

mutant lines, SALK_079516 (trxh2-1) and SALK_079507 (trxh2-2) (Salk 

collection, http://www.Arabidopsis.org), with two T-DNA insertion mutants in the 

second intron and in the third exon of AtTRXh2 gene (At5g39950), respectively 

(Figure 1A). We first confirmed the absence of AtTRXh2 transcripts in leaves of 

the mutants by reverse transcription PCR (Figure 1B). The transcript analysis of 

these mutants by qRTPCR revealed that TRXh2 expression was strongly 

reduced in both knockout lines (Figure 1C).  
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Figure 1: AtTRXh2 gene structure (A) Boxes indicate exons and lines indicate 
introns. T-DNA insertions were identified in the second intron and in the third 
exon of attrxh2-1 and atrxh2-2, respectively. Relative expression levels by RT-
PCR using the housekeeping elongation factor EF1a gene as an internal 
control (B) and real time quantitative PCR (qPCR) (C); the relative 
quantification of AtTRXh2 expression was made using GAPDH and actin as 
housekeeping genes. 
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Despite the low expression of AtTRXh2 in the mutant lines, no aberrant 

visible phenotypes during the vegetative growth phase (Fig. 2A) was observed. 

Looking at rosette dry mass (Figure 2B) no differences were verified, whilst a 

slightly trend towards a reduction in root weight was observed (significantly for 

line trxh2-2 only; Figure 2C).  

 

 

 

 

 

 

 

To further investigate a possible effect on photosynthetic parameters, we 

fully characterized the photosynthetic performance by analyzing diffusional, 

photochemical, and biochemical constraints to photosynthesis. Compared with 

wild type (WT) plants, mutant plants displayed no differences in net 

photosynthetic rates (AN), in spite of a lower stomatal conductance (gs), which 

contributed to the higher water use efficiency in the mutants(WUE) (Table I). 

Dark respiration (Rd) was lower, whereas both the maximum quantum efficiency 

Figure 2: Phenotype of short-day-grown Arabidopsis knockout mutants trxh2-1, 
trxh2-2  and Columbia wild type plants (Col-0). (A) Images of 4-week-old, short-
day-grown Arabidopsis  plants; (B) Rosette dry weight and root dry weight of 4-
week-old, short-day Arabidopsis  plants (C). Values are means ± SE of six 
independent samplings; asterisks demarcate values that were judged to be 
significantly different from the WT (P < 0.05) following the performance of the 
Student's t test.  

A

B C
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of photosystem II (PSII; Fv/Fm) and capture efficiency of excitation energy 

(Fv’/Fm’) did not change, as did not the electron transport rate (Jflu). 

 

 

 

 

 

 

 

 

 

 

 For a more detailed characterization of the photosynthetic parameters in 

trxh2 mutant lines we further analyzed the response of AN to photosynthetically 

active photon flux density (PPFD) (light curves; Supplementary Figure SI). The 

mutant plants exhibited unaltered AN irrespective of the irradiance. Additionally, 

the response of AN to the internal CO2 concentration (AN/Ci curves; 

supplementary Fig. SII) was obtained, which were further converted into 

responses of AN to chloroplastidic CO2 concentration (AN/Cc curves; 

supplementary Figure SII). Our results confirmed the deficient stomatal 

regulation in mutant plants, which showed lower Ci and lower Cc under ambient 

CO2 concentration (400 µmol mol-1), which might be a consequence of the 

higher stomatal limitation (ls) in the mutants (Table II). In addition, the mesophyll 

conductance (gm) was significantly reduced in the mutants, in agreement with 

their greater mesophyll limitation (lm). Interestingly, the maximum carboxylation 

velocity (Vcmax) was higher in both mutant lines only when estimated on a Cc 

basis, whereas no differences were observed for the maximum capacity for 

electron transport rate (Jmax). As a result, mutant plants exhibited decreased 

Jmax:Vcmax ratios on a Cc basis, suggesting an unbalance between carboxylation 

and electron transport rates, which can be further supported by the reduced 

biochemical limitation (lb) in the knockout plants. 

 

 

 

Table I. Gas exchange and chlorophyll a fluorescence parameters in WT and trxh2 mutant lines  

  Values are presented as means ± SE (n = 10) obtained using the ninth leaf totally expanded from 
10 different plants per genotype. Values in bold demarcate values that were judged to be 
significantly different from the WT (P < 0.05) following the performance of the Student's t test. 
Parameters Col-0                trxh2-1                 trxh2-2 

AN (µmol CO2  m
-2 s-1)               7.74 ± 0.57         6.88 ± 0.37            7.37 ± 0.30 

gs (mol H2O m2 s-1)               0.27 ± 0.01         0.19 ± 0.01            0.21 ± 0.01 
WUEi (AN/gs)             28.17 ± 1.35       32.78 ± 1.17          33.59 ± 1.91 
Rd ((µmol CO2  m

-2 s-1)             1.43 ± 0.010      1.18 ± 0.016            1.22 ± 0.03 
Fv/Fm              0.78 ± 0.02       0.79 ± 0.01            0.78 ± 0.01 
Fv’/Fm’              0.57 ± 0.06       0.56 ± 0.07            0.58 ± 0.08 
Jflu (µmol m-2 s-1)            77.16 ± 2.89    76.68 ± 3.60          77.61 ± 3.06 
a
AN, Net photosynthesis rate; gs, stomatal conductance; WUEi, intrinsic water use efficiency; Fv/Fm,maximum PSII 

photochemical efficiency; Fv’/Fm’, actual PSII photochemical efficiency; Jflu, electron transport rate estimated by 
chlorophyll fluorescence parameters. 
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Primary metabolism is modified by reduced expression of AtTRXh2 

To explore the consequences of changes in photosynthetic related 

parameters among the genotypes, we further conducted a detailed metabolic 

analysis in leaves of the mutants and WT plants. Evaluation of compounds 

related to carbon metabolism revealed that trxh2 mutant lines accumulated 

more sucrose (Figure 3C) at all three time points and overall glucose content at 

end of the day (Figure 3A). The mutant plants also displayed higher fumarate 

levels at the end of the day (Figure 4B) without changing malate levels (Figure 

4A). Looking at the main nitrogen containing compounds, no differences were 

observed for chlorophyll, protein and amino acids levels (Supplemental figures 

SIII and SIV).  

We next decided to continue this study to major primary pathways of 

plant primary metabolism by using an established GC-MS protocol (Lisec et al., 

2006). The analysis revealed that only a relatively small number of changes 

were evident among the 42 successfully annotated metabolites (Figure 5). Most 

of the alterations were observed at the end of the day (ED), particularly in the 

trxh2-2 line. In this respect, trxh2-2 mutant plants displayed decreases in the 

amino acids Ala, Asn, ß-Ala, Pro, Asp, Ile and Lys at the ED. Other changes of 

note in the metabolite profile of trxh2-2 at the ED were the significant increases 

in fumarate and sucrose, as well as the reduction in galactonate. Furthermore, 

trxh2-1 only exhibited increases in Tyr, citrate and fructose at the ED. In 

addition, both mutant lines displayed reduction in Ile, Phe and mannitol, while 

only trxh2-1 exhibited lower levels of the photorespiratory intermediate Gly at 

Table II. Photosynthetic characterization of WT and trxh2 mutant lines 

Values are presented as means ± SE (n = 10) obtained using the ninth leaf totally expanded from 
10 different plants per genotype. Values in bold demarcate values that were judged to be 
significantly different from the WT (P < 0.05) following the performance of the Student's t test. 

Parameters Col-0           trxh2-1 trxh2-2 
Ci (µmol CO2  mol -1) 341.96 ± 2.60 334.47 ± 1.74 333.23 ± 3.05 
Cc (µmol CO2  mol -1) 110.94 ± 6.84 86.76 ± 4.00 88.08 ±  4.82 
gm Harley (mol CO2 m

-2 s-1 bar-1) 0.037 ± 0.002 0.027 ± 0.0014 0.030 ± 0.002 
Vcmax-Ci (µmol m-2 s-1) 21.49 ± 1.32 19.56 ± 0.77 20.13 ± 0.73 
Vcmax-Cc (µmol m-2 s-1) 72.91 ± 3.88 94.81 ± 6.86 96.18 ± 5.96 
Jmax_Ci (µmol m-2 s-1) 63.72 ± 3.26 62.29 ± 2.17 63.35 ± 2.51 
Jmax_Cc(µmol m-2 s-1) 104.51 ± 4.83 114.64 ± 5.83 107.29 ± 4.37 
Jmax_Ci: Vcmax-Ci 2.83 ± 0.078 3.45 ± 0.18 3.31 ± 0.10 
Jmax_Cc: Vcmax-Cc 1.43 ± 0.026 1.23 ± 0.03 1.14 ± 0.05 
Stomatal limitation 0.122 ± 0.006 0.157 ± 0.007 0.149 ± 0.003 
Mesophyll limitation 0.586 ± 0.023 0.689 ± 0.017 0.689 ± 0.017 
Biochemical limitation 0.292 ± 0.02 0.154 ± 0.014 0.161 ± 0.006 
a
Ci, Substomatal CO2 concentration; Cc, chloroplastic CO2 concentration; gm, mesophyll conductance to CO2 estimated 

according to Harley method; Vcmax_Ci or Cc, maximum carboxylation capacity based on Ci or Cc; Jmax_Ci or Cc, 
maximum capacity for electron transport rate based on Ci or Cc. 
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middle of the day (MD). Regarding metabolite changes at the EN, higher levels 

of Ala were exhibited for both lines, whereas reductions in Pro, malate, 

galactinol and raffinose were found only in trxh2-2 mutants at EN. Higher levels 

of Glu and spermidine were also observed for trxh2-2 mutants at EN. 

 

 

 

 

 

 

 

 

 

Figure 3: Changes in the main carbon related compounds in leaves of 
Trx  Arabidopsis  knockout mutants. Levels of glucose (A), fructose (B) and 
sucrose (C) were measured. The genotypes used here were: short-day-grown 
Arabidopsis  knockout mutants trxh2-1, trxh2-2  and Columbia wild type plants 
(Col-0) harvested at three time points: end of the night (EN), middle of the day 
(MD) and end of the day (ED). Data represent averages of 
six biological replicates per genotype and condition. Asterisks demarcate values 
that were judged to be significantly different from the WT (P < 0.05) at the same 
treatment following the performance of Student's t tests. 
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Figure 4: Changes in the malate and fumarate in leaves of 
Trx  Arabidopsis  knockout mutants. Levels of malate (A)  and fumarate (B) were 
measured. The genotypes used here were: short-day-grown Arabidopsis  
knockout mutants trxh2-1, trxh2-2  and Columbia wild type plants (Col-0) 
harvested at three time points: end of the night (EN), middle of the day (MD) and 
end of the day (ED).  

BA



96 

 

 

 

 

 

 

 

Figure 5: Heat map representing the changes in relative abundance of metabolite 
levels in short-day-grown Arabidopsis  knockout mutants trxh2-1, trxh2-2  and 
Columbia wild type plants (Col-0) harvested at three time points: end of the night 
(EN), middle of the day (MD) and end of the day (ED) as measured by GC-MS. 
Relative log2-transformed values of signal intensities were normalized with respect 
to the mean response calculated for the wild type control at end of the night. 
Values are means ± SE of six independent samplings; asterisks demarcate values 
that were judged to be significantly different from the WT (P < 0.05) at the same 
treatment following the performance of the Student's t test. 
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Discussion 
Trxh2 might have specific and non-redundant functions  

Unlike other organisms, plant Trxs are encoded by a large number of 

genes (Geigenberger et al., 2017). In particular, Trxh are organized in a 

multigenic family (Reichheld et al., 2002; Gelhaye et al., 2004) of ten genes in 

A. thaliana (Traverso et al., 2013). Despite the multiplicity of Trxh genes found 

in plants the specificity of their physiological roles remains to be elucidated 

(Mouaheb et al., 1998; Traverso et al., 2006). A growing body of evidence 

supports the notion that individual Trxs h may play distinct and non-redundant 

functions in plants (Reichheld et al., 2002; Gelhaye et al., 2004; Sweat and 

Wolpert, 2007; Park et al., 2009). This is greatly sustained from the finding that 

AtTrxh5 is specifically required for victorin sensitivity, in a response that even 

AtTrxh3, the most closely Trx related to AtTrxh5, could perform (Sweat and 

Wolpert, 2007; Park et al., 2009). Thus, it is proposed that each Trxh member 

may play specific roles according to their subcellular location or to their 

differential expression in organs and developmental stages (Laloi et al., 2004; 

Park et al., 2009; Belin et al., 2015). By using a mitochondrial Trxh2 we provide 

here evidence that the functional lack of AtTRXh2 promoted reductions in Rd 

(Table I) coupled with significant changes in organic acids (Figure 4) is able to 

specific modulate mitochondrial responses. Despite the absence of 

characterization of other members of the Trxh family in plants, in particular in A. 

thaliana, the knockout plants here were characterized by changes in root growth 

with no alterations in the shoot indicating that this enzyme is likely playing a key 

function under sub-optimal conditions. Further investigation is clearly required to 

decipher the functional significance of this enzyme under other environmental 

conditions where increased root growth is of more significance (e.g. water 

deficit or nutrient limitation).  

Trxs h have been classified into four subfamilies based on their primary 

structure analysis (Traverso et al., 2013; Belin et al., 2015; Hägglund et al., 

2016). AtTrxh2 is included in subgroup II of Trxh family, together with Trxh7 and 

Trxh8 (Belin et al., 2015). According to the N-terminal protein modification and 

transient expression in onion epidermal cells, was predicted that they localize to 

both cytosol and endomembranes [endoplasmic reticulum (ER) and Golgi] 

(Traverso et al., 2013; Belin et al., 2015). In addition, Trxh2 had been previously 
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described as a soluble and mitochondrial protein, when TRXh2-GFP was stably 

overexpressed in Arabidopsis (Meng et al., 2010). Among subgroup I of Trxh, 

there is a very distinctive gene expression pattern. Trxh7 seems to be 

specifically present in the root vasculature and Trxh8 is only detected in the 

ovary (Belin et al., 2015). On its turn, Trxh2 is ubiquitously expressed (Belin et 

al., 2015), being, however, strongly detected in flowers than in other plant 

organs (Reichheld et al., 2002; Gelhaye et al., 2004). Moreover, 

complementation experiments in yeast have shown that, from AtTrxh1 to 

AtTrxh5, only AtTrxh2 was able to restore growth on both methionine and 

methionine sulfoxide (Mouaheb et al., 1998; Gelhaye et al., 2004). Given the 

fact that we know virtually nothing regarding the metabolic function of this gene 

family here we performed a detailed characterization of Trxh2 plants and our 

results revealed the importance of this mitochondrialy located thioredoxin. More 

importantly, our results present evidence that the functional lack of this gene 

impairs a range of metabolic processes, as observed by changes in dark 

respiration coupled with significant changes in amino acids, organic acids and 

sugars.  

 

AtTrxh2 plays an important role in stomatal function 

The results presented here provide evidence that the functional lack of 

AtTRXh2 leads to lower stomatal and mesophyll conductance at ambient CO2 

(Table II). As a consequence, mutant plants displayed reductions in both Ci and 

Cc  despite no differences were observed in leaf growth or in photosynthetic 

rates, suggesting thus, that the higher capacity of RuBP (Ribulose-1,5-

biphosfate) carboxylation (Vcmax) is most likely compensating the increased 

stomatal and mesophyll limitations in the mutants. Changes in Vcmax are usually 

attributed to alterations in the amounts of Rubisco (Jacob et al., 1995; Nakano 

et al., 1997; Tissue et al., 1999), and are sometimes connected to changes in 

the activation state (Sage et al., 1989; Cook et al., 1998). Thus, since activation 

of Rubisco is increased by light through a Fdx-Trx-mediated regulation of the 

enzyme Rubisco activase (Parry et al., 2003) it seems reasonable to suggest 

that metabolic redox signals emanating from the mitochondria could have 

influenced redox poise in chloroplasts. The higher ascorbate levels found in 

trxh2-2 lines at the EN support this hypothesis. (Zhang et al., 2001; Chen and 
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Gallie, 2004; Araújo et al., 2011). Intriguingly, ascorbate levels increase is a 

common response following a restriction of flux through the TCA cycle (Nunes-

Nesi et al., 2005), and clear evidence support a bridging role of ascorbate 

between mitochondrial and plastidial functions (Smirnoff, 2000; Nunes-Nesi et 

al., 2005; Nunes-Nesi et al., 2011; Geigenberger and Fernie, 2014). That said, 

expanding attention has been given to the regulation of cellular processes by 

metabolic redox signals emerging from the mitochondria (Geigenberger and 

Fernie, 2014). Notably, several studies have already demonstrated the 

significance of the mitochondria in the regulation of photosynthesis (Nunes-Nesi 

et al., 2011) and fruit yield (Centeno et al., 2011b). In particular, inhibition of 

enzymes of the TCA cycle has been shown to influence chloroplast metabolism 

(Nunes-Nesi et al., 2005; Nunes-Nesi et al., 2007; Araújo et al., 2011b; Centeno 

et al., 2011b). Mitochondrial malate dehydrogenase (MDH) and fumarase fruit 

specific antisense lines in tomato, which display increased and decreased 

malate, respectively, were demonstrated to exhibit differential starch synthesis 

as a consequence of enhanced alterations in redox-activation state of AGPase 

(Centeno et al., 2011a). Moreover, fumarase was shown to have a role in the 

regulation of the stomatal conductance (Nunes-Nesi et al., 2007). Fumarase 

was the first example of an enzyme that is regulated in opposing directions by 

two types of Trxs: in this case, activation by Trxh2 and inhibition by Trxo1 

(Daloso et al., 2015). Interestingly, in addition to the impaired stomatal function, 

both trxh2 mutant plants and mitochondrial fumarase antisense lines in tomato 

exhibited higher fumarate levels at the ED and a restricted rate of dark  

respiration (Nunes-Nesi et al., 2007). Thus, since it was demonstrated a 

negative correlation between malate and fumarate accumulation and stomata 

aperture in plants, (Nunes-Nesi et al., 2007; Araújo et al., 2011b), it suggests 

that the reduced gs exhibited by trxh2 mutant plants might be related to lower 

activation of the mitochondrial fumarase and a consequent increase in fumarate 

levels. Moreover, mitochondrial fumarase (FUM1) has been reported as a redox 

sensitive protein in guard cells of Brassica napus under methyl jasmonate 

(MeJa) treatment (Zhu et al., 2014). In addition, the higher fumarate levels 

displayed by both trxh2 mutant lines at the ED is in good agreement with the 

previous related role of fumarate as an alternative carbon sink for 

photosynthate, similarly to starch (Pracharoenwattana et al., 2010; Araújo et al., 
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2011a). On its turn, the sucrose increments observed in the mutants at the EN 

and ED are probably due to the lower Rd and the higher Vcmax, respectively. 

Hence, the absence of changes in the growth of mutant plants can be 

explained, at least partially, by thae higher Vcmax that is likely contributing to a 

greater CO2 fixation rate.  

 

Concluding remarks 

In summary, the results presented here indicate that AtTRXh2 is required 

for proper stomatal functioning. Moreover, these data provides further evidence 

for the connection between mitochondrial metabolism and stomatal 

conductance in plants. Since it was previously demonstrated that TRX h2 is the 

only enzyme reported so far to regulate fumarase in Arabidopsis (Daloso et al., 

2015), it can be assumed that stomatal deficiency displayed by trxh2 mutant 

plants might be related to lower fumarase activity (Nunes-Nesi et al., 2007). 

However, decreased expression of fumarase was shown to lead to a restriction 

in photosynthesis (Nunes-Nesi et al., 2007), effect that we did not observe in 

trxh2 mutants. Thus, it seems of paramount importance to perform a more 

detailed biochemical and physiological characterization of trxh2 silencing lines 

in order to unravel the precise mechanism by which the trxh2 mutants maintain 

photosynthesis in spite of its stomatal effect. In addition, future experimentation 

including a deeper focus at the level of the guard cell will be required in order to 

elucidate the precise factors underlying this intriguingly phenomenon. 
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Supplemental Figure SI: Net photosynthesis (AN) curves in response  to 
changes in photosynthetically active photon flux density (PPFD) in Arabidopsis  
knockout mutants trxh2-1, trxh2-2  and Columbia wild type plants (Col-0). Values 
are presented as means ± SE (n = 10) obtained using the ninth leaf totally 
expanded from ten different plants per genotype. 

Supplemental Figure SII: Net photosynthesis (AN) curves in response to 
substomatal (Ci) or chloroplastic (Cc) CO2 concentrations in Arabidopsis  
knockout mutants trxh2-1, trxh2-2  and Columbia wild type plants (Col-0). A to D, 
AN/Ci curves (A) and AN/Cc curves (B) Values are presented as means ± SE (n = 
10) obtained using the ninth leaf totally expanded from ten different plants per 
genotype. 
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Supplemental Figure SIII: Total chlorophyll content (a + b) (A) as well as the 
chlorophyll a/b (B) ratio levels in short-day-grown Arabidopsis  knockout mutants 
trxh2-1, trxh2-2  and Columbia wild type plants (Col-0). Data presented are mean 
± SE (n = 6) from rosettes harvested at middle of the photoperiod. 

Supplemental Figure SIV: Free amino acids (A) and soluble proteins content (B) 
in short-day-grown Arabidopsis  knockout mutants trxh2-1, trxh2-2  and Columbia 
wild type plants (Col-0). Data presented are mean ± SE (n = 6) from rosettes 
harvested at middle of the photoperiod. 
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Supplementary table SI: Relative abundance of primary metabolite levels in 
short-day-grown Arabidopsis  knockout mutants trxh2-1, trxh2-2  and Columbia 
wild type plants (Col-0) harvested at three time points: end of the night (EN), 
middle of the day (MD) and end of the day (ED) as measured by GC-MS.. Relative 
log2-transformed values of signal intensities were normalized with respect to the 
mean response calculated for the wild type control at day EN. Values are means of 
six independent samplings; bold demarcate values that were judged to be 
significantly different from the WT (P < 0.05) following the performance of the 
Student's t test. 
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