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Summary Statement: We unveil that NTRC is crucial for sink leaf metabolism and plant 

acclimation to high CO2. Although Arabidopsis plants lacking all NTRs have severely 

reduced growth, they produced viable seeds, indicating that NTRs are not essential for 

plant development and compensated by other redox mechanisms.  
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Abstract  

Plants contain three NADPH-thioredoxin reductases (NTR) located in the 

cytosol/mitochondria (NTRA/B) and the plastid (NTRC) with important metabolic 

functions. However, mutants deficient in all NTRs remained to be investigated. Here, we 

generated and characterized the triple Arabidopsis ntrabc mutant alongside with ntrc 

single and ntrab double mutants under different environmental conditions. Both ntrc and 

ntrabc mutants showed reduced growth and substantial metabolic alterations, especially 

in sink leaves and under high CO2 (HC), as compared to the wild type. However, ntrabc 

showed higher effective quantum yield of PSII under both constant and fluctuating light 

conditions, altered redox states of NADH/NAD+ and glutathione (GSH/GSSG) and lower 

potential quantum yield of PSII in sink leaves in ambient but not high CO2 concentrations, 

as compared to ntrc, suggesting a functional interaction between chloroplastic and extra-

chloroplastic NTRs in photosynthesis regulation depending on leaf development and 

environmental conditions. Our results unveil a previously unknown role of the NTR 

system in regulating sink leaf metabolism and plant acclimation to HC, while it is not 

affecting full plant development, indicating that the lack of the NTR system can be 

compensated, at least to some extent, by other redox mechanisms.  

Key words: Fluctuating light, metabolic regulation, plant acclimation to high CO2, redox 

metabolism, redox regulation, sink leaves.  



 

 

Introduction  

Plants have an unprecedented redox system that allow these organisms to rapidly 

respond to changes in environmental cues (Geigenberger et al. 2017). Light absorption 

rapidly alters the redox state of the chloroplasts by increasing the level of redox active 

molecules such as NAD(P)H, reduced ferredoxin (Fdx) and H2O2 (Elsässer et al. 2020; 

Ugalde et al. 2021). It is noteworthy, however, that H2O2 production is not strictly 

dependent on light availability, given that several biochemical reactions in the 

peroxisomes, the mitochondria electron transport chain and the activity of NADPH and 

other oxidases can produce H2O2 in the dark (Lampl et al. 2022). H2O2 is an oxidant, 

acting as an important regulator of plant metabolism by modulating gene expression and 

altering enzyme activity through the oxidation of cysteine (Cys) residues in redox-

sensitive proteins (Foyer et al. 2020). This process is counter-balanced by thioredoxins 

(TRXs), ubiquitous proteins involved in redox regulation of plant metabolism by 

modulating Cys thiol–disulphide exchange in target proteins (Meyer et al. 2021). Plant 

redox metabolism is thus orchestrated by redox reactions, which aid plants to rapidly 

respond to changes in environmental signals, including those associated to the climate 

change scenario (Mhamdi & Noctor 2016).  

Plant TRXs depend on reducing power derived from TRX reductases, which use 

either photosynthetically Fdx or NADPH as electron donors, according to the subcellular 

location (Meyer et al. 2009). In the chloroplasts, Fdx and NADPH are respectively used 

by Fdx-dependent TRX reductases (FTRs) and the NADPH-dependent TRX reductase C 

(NTRC), which also harbour a TRX domain in its structure (Evans et al. 1966; Serrato et 

al. 2004). Although NTRC and FTRs comprise distinct pathways, they act cooperatively 

regulating chloroplastic metabolism by activating different TRX isoforms present in this 

organelle (Thormählen et al. 2015; Yoshida & Hisabori 2016a). Plants further possess 

two other NTRs, namely NTRA and NTRB, which are the major TRX reductases outside 

of the plastids (Laloi et al. 2001; Reichheld et al. 2005, 2007). The plant NTR/TRX 

system is thus an important hub for metabolic regulation by directly (de)activating a suit 

of redox-regulated enzymes in different subcellular compartments, some of which are 

related to important physiological process such as photosynthesis and photorespiration 

(Martí et al. 2020; Cejudo et al. 2021). For instance, whilst several Calvin-Benson-

Bassham (CBB) cycle enzymes are activated by the chloroplastic FDX/TRX system, 

enzymes related to the mitochondrial (photo)respiratory metabolism such as glycine 



 

 

decarboxylase (GDC), fumarase and succinate dehydrogenase are deactivated by the 

NTR/TRX system (Fonseca-Pereira et al. 2021). It is expected therefore that NTR 

proteins may have an important role for plant high CO2 (HC) acclimation. However, the 

mechanisms by which the redox metabolism aid plants to acclimate HC condition remains 

unclear (Foyer & Noctor 2020).  

Compared to animal cells, plants have a higher number of different TRX and TRX 

reductase isoforms, residing in different subcellular compartments (Foyer & Noctor 

2020). Whilst only one TRX reductase is found in mammalian mitochondria, plants 

possess two NTR proteins (NTRA and NTRB) in this organelle, as result of a genetic 

duplication (Blanc et al. 2000; Reichheld et al. 2005). This leads to a higher robustness 

of the plant redox network compared to animal cells. For instance, whilst the knockout of 

the mitochondrial TRX reductase is lethal for mammalian cells (Conrad et al. 2004), 

Arabidopsis plants lacking either NTRC or both NTRA and NTRB are smaller than wild 

type (WT) plants, but still viable (Serrato et al. 2004; Reichheld et al. 2007; Daloso et al. 

2015). The restricted growth of ntrab and ntrc mutants have been associated to alterations 

in the carbon metabolism within the cytosol and mitochondria (Daloso et al. 2015) and 

mainly to a reduced photosynthetic capacity, respectively, especially under fluctuating 

light conditions (Thormählen et al. 2017). NTR proteins are thus highly important for 

plant growth. However, NTRC and the non-chloroplastic NTRA/B systems are 

safeguarded by FTRs and glutathione reductases (GR), respectively, which may act as 

compensatory systems and guarantee the viability of ntrc and ntrab mutants (Marty et al. 

2009, 2019). Indeed, it has been shown that glutathione (GSH) can reduce plant TRXs in 

vitro and that NTRA/NTRB and GR act in cooperation (Reichheld et al. 2005, 2007, 

Marty et al. 2009, 2019). This indicates that the plant NTR/TRX system is highly 

connected to other redox players, including glutathione and ascorbate metabolisms 

(Calderón et al. 2018). However, it remains unclear whether the deficiency of NTRA and 

NTRB has additional consequences for the ntrc mutant, and vice versa, and whether the 

complete lack of the entire NTR system is severely affecting plant growth, development 

and viability.  

As the whole plant metabolism and, especially, redox reactions operate in a highly 

integrated and dynamic manner in response to endogenous and environmental cues, it is 

crucial to understand the interactions that occur between the three plant NTR isoforms. 

Considering this, we have obtained a triple NTR mutant (ntrabc) by crossing the ntrc 



 

 

single mutant with the double ntrab mutant in Arabidopsis. We characterized these plants 

alongside with WT, ntrc single and ntrab double mutants by analysing the regulation of 

growth, photosynthesis and both primary and redox metabolisms under different 

environmental conditions. In light of our previous findings, showing that TRX o1 and h2 

contribute to the regulation of photorespiratory metabolism (Reinholdt et al. 2019b; 

Fonseca‐Pereira et al. 2020), we included experiments under two different CO2 

concentrations. These experiments were carried out in order to distinguish direct and 

indirect effects resulting only from a compromised NTRC system (high CO2, 3000 ppm, 

supressed photorespiration) from those possibly resulting from impaired regulation of 

photorespiration (normal air, 400 ppm CO2, active photorespiration). Our results indicate 

a previously unknown role of the plant NTR system, especially the chloroplastic NTRC 

protein, in the regulation of sink leaf metabolism and plant acclimation to high CO2. 

Being crucial to maintain growth rates under different CO2 concentrations or fluctuating 

light conditions, our data highlight NTR isoforms being not essential for full plant 

development. 

 

Material and methods  

Plant material and growth conditions 

Seeds from Arabidopsis thaliana (Arabidopsis) L. Columbia (Col-0) and T-DNA 

insertional mutants ntrc (SALK_012208) and ntrab (NTRA SALK_539152, NTRB 

SALK_545978) were obtained from SALK collection (http://signal.salk.edu/) and 

characterized previously (Serrato et al. 2004; Reichheld et al. 2007; Daloso et al. 2015; 

Thormählen et al. 2015). The ntrabc triple mutant was obtained by crossing the single 

ntrc with ntrab. Seeds were germinated as described previously (Fonseca‐Pereira et al. 

2020) and sown in soil containing sand, vermiculite, and organic substrate Topstrato® 

(1:1:1). Plants were grown under approximately 120 μmol photons m−2 s−1 of constant 

light and different photoperiods (8/16,12/12 or 16/8 h light/dark), as indicated in each 

legend of the figures. Beyond these conditions, plants were also grown under fluctuating 

light (FL), which comprised a loop of alternating low light (LL; 50 μmol photons m-2 s-1 

for 5 min) and high light (HL; 550 μmol photons m-2 s-1 for 1 min) phases, as well as 

under 400 ppm (ambient air – referred here as normal CO2 concentration - NC) or 3000 

ppm (high CO2, HC) of CO2. The CO2 concentration was selected based on previous 



 

 

studies, revealing almost all photorespiratory mutants restore to wild type performance at 

3000 ppm CO2 (summarized in Timm & Bauwe 2013). Entire rosettes from these 

experiments were collected and frozen in liquid nitrogen for further analysis, as 

highlighted in the legend of each figure.  

Growth analysis 

Plants were harvested to determine plant size (cm2), fresh (FW) and dry (DW) 

weights (mg) and the DW-to-FW ratio. The size of entire rosettes was measured using 

the software Photoshop (Adobe Photoshop®). Prior to the measurement of dry weight, 

the entire rosette was dried out in an oven (60°C) for 48 h. We further determined the 

number of leaves and the rosette diameter of plants grown under normal (NC) or high 

(HC) CO2 conditions. The relative changes in number of leaves and rosette diameter were 

calculated in HC-grown plants as compared to the NC-grown plants (HC-to-NC ratio).  

Protein extraction and immunoblots  

Arabidopsis protein extracts were prepared by grinding approximately 150 mg of 

fresh weight leaf material in liquid nitrogen and resuspended in extraction buffer (25 mM 

Tris HCl, pH 7.6, 75 mM NaCl, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, and 

0.1% Nonidet P-40). After centrifugation (15 min, 18,700 g, 4°C), protein concentrations 

from the supernatant were determined using the Protein Assay kit (Bio-Rad). Proteins 

were separated by SDS-PAGE and transferred to Immobilon-P membranes (Amersham 

Pharmacia). Rabbit polyclonal antibodies against NTRB (Reichheld et al. 2007) and 

NTRC (Serrato et al. 2004) were diluted 1:10,000 for protein gel blotting. Goat anti-rabbit 

antibodies conjugated to horseradish peroxidase (Amersham Pharmacia) were used as 

secondary antibodies and revealed with enhanced chemiluminescence reagents 

(Amersham Pharmacia).  

Pulse-amplitude-modulation (PAM) measurements of chlorophyll a fluorescence  

Plants were dark-acclimated for 30 min and then transferred into an image PAM 

(MAXI version, Heinz-Walz Instruments, Effeltrich, Germany) instrument. Plants were 

treated with 150 μmol photons m-2s-1 for 20 min followed by darkness for 10 min. For the 

measurement under FL, plants were treated with 4 min low light followed by 4 cycles of 

FL comprising 1 min high light phases (500 μmol photons m-2s-1) and 6 min low light 

phases (50 μmol photons m-2s-1), and then the dark for another 5 min. The emission of 



 

 

florescence was documented by the image PAM and used to estimate the effective 

quantum yield of photosystem II [Y(II)], non-photochemical quenching (NPQ) and the 

reduction of plastoquinone pool (1-qL), as described earlier (Thormählen et al. 2017). 

The minimal fluorescence (F0) and the potential quantum yield of the photosystem II 

(Fv/Fm) of dark-adapted leaves was determined in all genotypes using plants grown under 

NC and HC conditions using an imaging PAM (M-series, Heinz-Walz Instruments, 

Effeltrich, Germany).  

Gas exchange analysis 

Gas exchange analysis was carried out on fully expanded leaves from 8-week-old 

plants using portable infra-red gas exchange analysers (Li-Cor 6400XT; Li-Cor, Lincoln, 

NE, USA). The net CO2 assimilation rate (A), the CO2 compensation point (Γ), stomatal 

conductance (gs), substomatal CO2 concentration (Ci), transpiration rate (E), and the ratio 

between substomatal and ambient CO2 concentration (Ci/Ca) were obtained from light 

and CO2 response curves. The maximum electron transport rate (J) was estimated as de-

scribed previously (Sharkey 2016). The responses of A and J to different light intensities 

were best fitted into the following regression equation: Y = a (1 – e-bx), where Y represents 

A or J parameters. 

GC-TOF-MS-based metabolite profiling analysis  

Polar metabolites were extracted from leaves harvested at end of the day (ED) and 

end of the night (EN) and derivatized following a well-established gas chromatography- 

time of flight - mass spectrometry (GC-TOF-MS) platform (Lisec et al. 2006). 

Metabolites were identified using the TagFinder 4.1 software and the Golm Metabolome 

Database (Kopka et al. 2005; Luedemann et al. 2008). The data presented corresponds to 

the intensity of specific fragments of the metabolites normalized by the fresh weight (g) 

used for metabolite extraction and the intensity of the internal standard (ribitol/13C-

Sorbitol) added during the extraction (Lisec et al. 2006).  

LC-MS/MS-based metabolite profiling analysis  

Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS)-

based metabolite profiling was carried out in source and sink leaves from selected 

genotypes (WT, ntrc, ntrab and ntrabc) grown in NC or HC conditions. Leaves from 

plants at the growth stage 5.1 (Boyes et al. 2001) were harvested at ED, frozen in liquid 

nitrogen and stored at -80°C until further analysis. The identification and the 



 

 

determination of metabolite concentration was carried out through LC-MS/MS exactly as 

described previously (Reinholdt et al. 2019b). 

Measurement of starch and soluble sugars 

The content of starch and soluble sugars was measured as described previously 

(Hendriks et al. 2003). Briefly, polar metabolites were extracted from 20 mg of ground 

leaf material using 80% (v/v) ethanol. After 30 min at 90oC, a centrifugation was made 

(10 min at 20,000 g at 25oC). The supernatant and the remaining pellet were then used 

for the quantification of soluble sugars and starch, respectively. The concentration of 

starch, glucose, fructose and sucrose was determined through the formation of NADPH 

from the glucose-6-phosphate dehydrogenase (G6PDH) reaction by a spectrophotometer 

at 340 nm (FilterMax F5, Molecular Device).  

Determination of reduced and oxidized glutathione and ascorbate contents 

The contents of oxidized (DHA), reduced (ASC) and total ascorbate (DHA + 

ASC) was determined as described previously (Kampfenkel et al. 1995). In brief, leaves 

harvested at ED and EN were ground to a powder using liquid nitrogen. The method is 

based on the reduction of Fe+3 into Fe+2 by ASC and spectrophotometric detection of the 

Fe+2 complex bound to 2,2’-pirydine, being monitored by decrease of the ASC 

absorbance at 525 nm. Both ASC and DHA forms were expressed as μmol mg-1 fresh 

weight (FW) calculated from ASC standard curve. GSH was measured by the GSH 

reductase (GR)-dependent reduction of 5,5′-dithiol-bis (2-nitrobenzoic acid), DTNB 

(Griffith 1980). The content of GSH and GSSG was expressed as μmol g-1 FW and 

calculated using a standard curve of GSH. 

Pyridine nucleotides determination  

The pyridine nucleotides assays were based on the selective hydrolysis of the 

reduced forms (NADH and NADPH) in an acid medium and of the oxidized forms (NAD+ 

and NADP+) in an alkaline medium (Lintala et al. 2014). Pyridine nucleotides were 

determined using the phenazine methosulfate-catalysed reduction of 

dichlorophenolindophenol in the presence of ethanol and alcohol dehydrogenase (for 

NAD+ and NADH) or glucose 6‐phosphate (G6P) and G6P dehydrogenase (G6PDH) (for 

NADP+ and NADPH), as described earlier (Lintala et al. 2014). 

Determination of superoxide dismutase, catalase and ascorbate peroxidase activities 



 

 

Total proteins were extracted by adding 1 ml of potassium phosphate buffer (100 

mM; pH 7.0) containing EDTA (final concentration of 1 mM) in tubes containing powder 

of frozen leaves. The homogenate was centrifuged at 15,000 g at 4°C for 15 min, and the 

resulting supernatant was used for the determination of all enzymatic activities. The total 

content of soluble proteins was measured according to Bradford (Bradford 1976). All 

enzymatic activities were determined spectrophotometrically. Superoxide dismutase 

activity (SOD) was determined based on the inhibition of tetrazolium chloride (NBT) 

nitro blue chloride photoreduction (Giannopolitis & Ries 1977). The unit of SOD activity 

(U) was defined as the amount of enzyme needed to inhibit 50% of NBT photoreduction, 

expressed as U mg−1 FW min-1. Catalase activity (CAT) was measured by reduction of 

H2O2 (Beers & Sizer 1952; Havir & McHale 1987). CAT activity was calculated using 

the molar extinction coefficient of H2O2 (40 mM cm−1) and expressed as mmol H2O2 mg−1 

FW min-1. The activity of ascorbate peroxidase (APX) was measured based on the 

oxidation of ASC, in a reaction mixture containing 0.45 mM of ASC, 3 mM of H2O2, and 

50 µl of the protein extract, all diluted in a buffer of potassium phosphate 100 mM (pH 

7.0) containing 1 mM EDTA in a final volume of 1.5 ml (Nakano & Asada 1981). APX 

activity was expressed in µmol ASC mg−1 FW min-1.  

Detection of hydrogen peroxide  

The H2O2 content was quantified using the Red Hydrogen Peroxide / Peroxidase 

Amplex Assay kit (Life Technologies, Carlsbad, CA, United States) according to the 

manufacture’s protocols. In brief, 100 µl of protein extract was mixed with 100 µl of the 

Amplex red solution (Amplex-red 0.2 M +HRP 0.2 U + potassium phosphate buffer 100 

mM; pH 7.5). The absorbance was measured at 560 nm to quantify the H2O2 

concentration (Zhou et al. 1997). The results were expressed as nmol H2O2 mg-1 FW.  

Statistical analysis  

All measurements were performed with at least four biological replicates. All 

graphs were generated using GraphPad Prism 9. Heat maps were created using the MeV 

4.9.0 software. The genotypes were compared by analysis of variance (ANOVA) 

followed by Tukey or Dunnet tests or by Student’s t test (P < 0.05). Metabolomics data 

was analysed by hierarchical clustering analysis (HCA) and principal component analysis 

(PCA) using MeV 4.9.0 software and the Metaboanalyst platform, respectively. Pearson 

correlation analysis was also carried out using the Metaboanalyst platform (Pang et al. 

2021). 



 

 

 

Results  

Plant growth, but not development, is severely impaired in plants lacking the 

complete set of NTR proteins  

We obtained an Arabidopsis mutant lacking all three NTR isoforms (ntrabc) 

through crossing of the single ntrc and the double ntrab mutant. The deletion of NTR 

proteins in the ntrabc line was confirmed by immunoblotting using antibodies against 

NTRC and NTRA+B (Supplemental Figure S1a). The triple ntrabc mutant displayed a 

similar pale-green phenotype as ntrc line if grown under either, constant medium light 

(ML) (~120 μmol m-2 s-1) or fluctuating light (FL) (50 μmol m-2 s-1 for 5 min; 550 μmol 

m-2 s-1 for 1 min) conditions, respectively (Figure 1a). Furthermore, ntrabc plants - similar 

to ntrc - showed reduced plant growth when compared to WT and ntrab, as indicated by 

lower fresh weight (FW), dry weight (DW) and plant size under ML and FL. Although 

the mean of plant size of ntrc was 2.3 and 1.3-fold higher than ntrabc under ML and FL 

conditions, respectively, no statistical difference was found in growth parameters 

between these mutants, with exception of the DW-to-FW ratio that was lower in ntrabc 

than ntrc (Figure 1b). Interestingly, although ntrabc plants showed reduced plant growth, 

they could complete their life cycle, from vegetative to reproductive stages (Figure S1b). 

These results collectively indicate that the lack of NTRA and NTRB do not exacerbate 

biomass production caused by the absence of NTRC and highlight that NTR proteins are 

not essential for full Arabidopsis development. 

 

Impaired photochemical capacity in the single ntrc mutant is attenuated in the 

ntrabc triple mutant 

Plants lacking ntrc have reduced photosynthetic capacity (Thormählen et al. 

2015). We therefore investigated whether the additional lack of both NTRA and B causes 

additional photosynthetic impairment in ntrabc plants. Gas exchange analysis 

demonstrated that, compared to WT and ntrab, ntrc and ntrabc mutants had more drastic 

reductions in the rates of CO2 assimilation (A) and maximum electron transport rate (J) 

(Figure S2a-b). The reduction in A was associated to a reduced stomatal conductance (gs) 

and, by consequence, lower transpiration rate (E) in ntrc and ntrabc mutants, when 



 

 

compared to WT and ntrab (Table S1). CO2 response curves showed that both ntrc and 

ntrabc mutants had higher CO2 compensation points than WT and ntrab (Table S1). 

During dark-light transitions, both ntrc and ntrabc were found to have reduced effective 

quantum yield of PSII (Y(II)) and elevated levels in the reduction of plastoquinone pool 

(1-qL) and in non-photochemical quenching (NPQ), when compared to WT and ntrab 

(Figures 1c-e). However, during the first 10 min of the transition, Y(II) was surprisingly 

higher and NPQ lower in ntrabc compared to ntrc plants (Figures 1c-d). The differences 

between ntrabc and ntrc mutants with respect to these photosynthetic parameters were 

enhanced when plants were analysed in alternating low light (LL) and high light (HL) 

phases in FL, compared to constant medium light. Under these conditions, the 

photosynthetic levels in the ntrabc triple mutant ranged between those of WT and ntrc 

single mutant (Figures S3a-c). These results indicate that during transient changes in light 

intensity, the photosynthetic phenotype of the ntrabc triple mutant is less severe, 

compared to the ntrc single mutant.  

 

Leaf primary metabolism is substantially altered in ntrc and ntrabc triple mutants 

depending on the light conditions  

We next investigated the consequences of NTRs absence on primary metabolism 

by analysing the metabolite profiles in leaf samples harvested at the end of the day (ED) 

and end of the night (EN) using GC-TOF-MS. The metabolite profile of ntrabc plants 

was largely comparable to ntrc at ED. Twenty-one and twenty out of forty-three 

metabolites identified were significantly different in ntrc and ntrabc, respectively, if 

compared to WT at ED. This statement is in line with both hierarchical clustering analysis 

(HCA) (Figure 2a) and principal component analysis (PCA), in which a clear separation 

of both ntrc and ntrabc plants from WT and ntrab was observed by the PC1 (Figure 2b). 

On the other hand, ten and seventeen metabolites were significantly different in ntrab and 

ntrabc at EN, respectively, if compared to WT (Figure 2a). However, HCA demonstrated 

that ntrabc is more similar to ntrc than ntrab and the PCA showed no clear separation 

among the genotypes at EN (Figures 2a,c). Among the metabolites altered in ntrabc 

leaves, considerable decreases were found in the abundances of carbohydrates, including 

glucose and fructose. Therefore, we further investigated how the lack of NTRs affect the 

concentration of starch and soluble sugars (glucose, fructose and sucrose) by using a 



 

 

spectrophotometric method. Reduced concentrations of starch, glucose and sucrose was 

observed in both ntrc and ntrabc plants, if compared to WT at ED. However, no 

difference was seen between the ntrabc mutant and the other genotypes at EN (Figures 

S4a-h). 

Given that the differences in photosynthesis and growth between the mutants and 

the WT are attenuated under FL conditions, we next investigated whether this is also 

observed at metabolic level. We carried out another GC-MS-based metabolite profiling 

analysis in leaves harvested at the middle of the day (MD) and EN of plants grown under 

constant medium light (ML) condition and at the low light (LL), high light (HL) and dark 

phases (EN) after the transition to FL (Figure S5). HCA and PCA strengthen the idea that 

the metabolic phenotypes of ntrc and ntrabc are substantially different from WT and 

ntrab when plants are grown under constant light (ML), as evidenced by the HCA clusters 

in the heat maps (Figure S5) and the genotypes separation by the PC1, especially at MD 

(Figure 3). However, these metabolic distinctions between genotypes were less severe in 

FL compared to ML, which is in-line with the growth analyses in these light conditions. 

While there were no substantial changes between the metabolite profiles of ntrc and 

ntrabc mutants in both light conditions, there is obviously no clear metabolic explanation 

for the different photosynthetic efficiencies of these mutants observed in FL. However, 

the metabolite data are overall levels and do not reflect changes in different subcellular 

compartments. 

 

Growth impairment of ntrc and ntrabc mutants is further associated to disruptions 

in photosynthesis and metabolism of sink leaves in either ambient or high CO2 

Given that the photosynthetic phenotypes of ntrabc and ntrc were different to WT 

and ntrab plants under various light conditions, we further carried out a chlorophyll a 

fluorescence analysis of these mutants in other environmental conditions and in leaves of 

different developmental stages. This involved analyses via imaging PAM of dark-adapted 

sink and source leaves of ntrc, ntrab, and ntrabc mutants grown under either normal 

(ambient) (NC; 400 ppm) or high CO2 (HC; 3000 ppm) concentrations alongside with the 

WT (Figures 4a-b). Interestingly, lower potential quantum yield of the photosystem II 

(Fv/Fm) and higher minimal fluorescence of dark-adapted leaves (F0) were observed in 

sink leaves of both ntrc and ntrabc mutants grown under either NC or HC conditions, 



 

 

when compared to WT and ntrab plants (Figures 4c-f). By contrast, no differences in 

Fv/Fm and F0 were observed between the source leaves of the genotypes, with exception 

of the F0 of ntrabc source leaves that was higher than WT source leaves under NC 

condition (Figure 4e). The Fv/Fm and F0 of sink leaves were lower and higher in ntrabc 

than ntrc under NC, respectively, indicating a more severe photosynthetic restriction on 

sink leaves of the triple ntrabc mutant under these conditions (Figures 4c, e).  

We also measured growth-related parameters including the rosette diameter and 

leaf-number of these plants. All mutant lines were smaller and had less leaves than WT 

under NC or HC conditions, with ntrc and ntrabc had much more severe growth 

phenotypes in HC. Interestingly, ntrabc plants were smaller and had less leaves than both 

ntrab or ntrc lines under NC, but not HC conditions (Figures 5c-d).  Moreover, whilst 

WT and ntrab increased 10% and 18% in rosette diameter under HC, respectively, when 

compared to NC (**P < 0.001), ntrc was 29% smaller under HC than NC (**P < 0.001) 

(Figure 5e). Similarly, the number of leaves increased approximately 15% in WT and 

ntrab and decreased approximately 10% in ntrc under HC, when compared to NC (*P < 

0.05) (Figure 5f). This demonstrates that the lack of NTRC or NTRAB have negative and 

positive effects for HC acclimation, respectively. Given this, neither the rosette diameter 

nor the number of leaves were altered by HC in ntrabc, when compared to NC (see 

Figures 5e-f). Considering the relative HC-to-NC changes between the genotypes, only 

the ntrc was different from the WT in both rosette diameter and number of leaves, whilst 

ntrabc showed reduced values of rosette diameter than the WT (see letters in the Figures 

5e-f).  

These analyses indicate that the exacerbated growth impairment of ntrabc plants 

under LC is also related to a reduced photochemical capacity of sink leaves, which may 

have severe consequences for the metabolism of these leaves. Therefore, we next carried 

out a liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS)-based 

metabolite profiling analysis in source and sink leaves of ntrc, ntrab and ntrabc plants 

grown under NC or HC conditions. The results demonstrated that the impact of NTRC 

mutation is more severe in sink than source leaves, as indicated by the separation of ntrc 

and ntrabc from WT and ntrab by the PCA1 in both NC and HC conditions (Figure 6). 

This separation is mostly due the higher concentration of certain metabolites related to 

nitrogen metabolism including Arg, Asn and histidine (His), and lower concentrations of 

Ser, Gly, pyruvate, citrate/isocitrate, fumarate and succinate observed in sink leaves of 



 

 

both ntrc and ntrabc plants, as compared to sink and source leaves of the WT and the 

source leaves of these mutants under either NC or HC conditions (Figure 7, Figure S6a-

d). Interestingly, the Gly/Ser ratio was higher in sink than source leaves only in WT under 

NC. However, this ratio was much higher in sink leaves of both ntrc and ntrabc plants 

than WT source and sink leaves under HC condition (Figure S6e-f). Taken together, these 

results indicate that the lack of NTR proteins substantially alter nitrogen, organic acids 

and photorespiratory metabolism, especially in sink leaves, which contribute to the 

explanation of the reduced growth of ntrc and ntrabc specifically under HC condition.   

The lack of NTRs alters the NADH/NAD+ balance in illuminated leaves 

The metabolism of pyridine dinucleotides is closely associated to the NTR system, 

since NAD(P)H is used as electron donors to reduce TRXs (Møller et al. 2020; Cejudo et 

al. 2021). Therefore, we investigated whether the lack of NTRs alters the overall level of 

pyridine nucleotide amounts (NAD+, NADP+, NADH, and NADPH) in leaf samples 

harvested at ED or EN. No differences in the concentrations of NADP+, NADPH or total 

NADP(H) between the genotypes was observed in ED or EN (Figures S7a-f). Similarly, 

no clear differences were observed in the concentrations of NAD+, NADH and total 

NAD(H) between the genotypes (Figures S7g-m), with the exception of NADH which 

was elevated in the ntrabc mutant compared to all other genotypes at ED (Figure S7h). 

When the concentration of these compounds was analysed in relative terms (%), no 

difference in NADP+ and NADPH at ED and EN and in NAD+ and NADH at EN was 

observed between the genotypes. However, ntrabc plants had a lower % of NAD+ and 

higher % of NADH than WT at ED (Figures S8a-d), revealing that the lack of NTRs 

perturbs the proportion of leaf NAD+ and NADH produced at ED.  

 

The absence of NTRs strongly reduce the activity of antioxidant enzymes, leading to 

H2O2 over-accumulation at night  

NTRC is an important hub for the redox metabolism (López-Grueso et al. 2019; 

Souza et al. 2019), we next investigated whether H2O2 content and the activity of 

antioxidant enzymes were altered in ntr mutants. Interestingly, our results showed that 

the major alterations were observed at EN, and, to a lesser extent, at ED. The H2O2 content 

and the activity of superoxide dismutase (SOD) was unaltered in ntrabc plants at ED, 



 

 

when compared to WT plants (Figures 8a-b). However, all mutants showed lower activity 

of both ascorbate peroxidase (APX) and catalase (CAT), when compared to WT plants at 

ED (Figures 8c-d). In contrast, the content of H2O2 was higher, while the activity of SOD, 

APX and CAT was lower in all mutants at EN, if compared to WT (Figures 8e-h). These 

results collectively indicate that the knockout of NTRs directly affects ROS metabolism, 

in which reduced activity of ROS-scavenging enzymes leads to an over-accumulation of 

H2O2 at EN. 

 

The relative levels of GSH and GSSG are altered in ntrabc plants at night 

To further enhance our understanding about the role of NTRs for the regulation 

of redox metabolism, we quantified the concentrations of ascorbate (ASC), 

dehydroascorbate (DHA) and oxidized (GSSG) and reduced (GSH) glutathione in leaf 

samples harvested at ED and EN. No changes in the concentration of ASC or DHA 

between ntrabc and the WT were observed in either ED or EN, although significant 

changes in these molecules were present in ntrc and ntrab at EN. At ED, ntrc plants 

showed lower ASC and higher DHA than WT (Figures 9a-c, f-h), leading to a decrease 

in the ASC percentage of the total ASC pool (Figure S9).  No major changes in GSH and 

GSSG between ntrabc and the WT was found, with the exception of GSSG which was 

6.5-fold higher in ntrabc than WT at EN (Figures 9d-e, i-j). By analysing the percentage 

of oxidized DHA and GSSG related to their reduced forms (ASC and GSH), the unique 

differences between WT and ntrabc plants was the percentage of GSH and GSSG found 

at EN, in which ntrabc have higher GSSG and lower GSH compared to the control (Figure 

S9). By contrast, all parameters were different between ntrc and the WT, while ntrab 

showed much lower and higher % of ASC and DHA than the WT at EN (Figure S9).  

Interestingly, whilst the level of H2O2 was not correlated with redox-related 

parameters at ED, H2O2 was negatively correlated with the activity of CAT and APX at 

ED and positively correlated with the concentration of GSSG at EN (Figure 10a-b). 

Furthermore, PCA using H2O2 and antioxidant-related parameters revealed a clear 

separation of the different genotypes at ED (specifically between ntrc and ntrabc), while 

that the major differences between WT and the mutants was present at EN (Figures 10c-



 

 

d). Collectively, these results highlight that NTR proteins are key for the regulation of 

redox metabolism and to maintain the homeostasis of plant cells, especially in the night.   

 

Discussion  

Redox reactions mediated by thioredoxins and thioredoxin reductases are 

fundamental properties of living cells (Jakupoglu et al. 2005; Cheng et al. 2017; Biddau 

et al. 2018; Muri et al. 2018). For instance, the absence of NADPH-dependent 

thioredoxin reductase is lethal for mammalian cells (Conrad et al. 2004). In contrast to 

this, neither the lack of the plastidial NADPH-dependent thioredoxin reductase C 

(NTRC) nor the lack of both non-plastidial NTRA and NTRB is lethal for plant cells 

(Serrato et al. 2004; Reichheld et al. 2005). The enhanced robustness of the plant redox 

network may be associated to their higher number of redundant and compensatory redox 

players, compared to other organisms (Souza et al. 2019). However, it is still not 

completely understood how the plant NTR system is associated to other redox 

components, such as the metabolism of ROS, NAD(P)(H), ascorbate and glutathione. 

This is partially due to the lack of information from plants missing the complete set of 

NTRs. Here, we characterized the triple ntrabc mutant to obtain better insights into the 

role of NTRs for the regulation of photosynthesis, metabolism and plant growth in 

different environments as well as to investigate how the complete lack of all NTRs affects 

plant redox metabolism.  

NTR proteins are highly important for photosynthesis and plant growth, but not 

essential for full Arabidopsis development  

We generated an Arabidopsis mutant lacking all NTR isoforms through crossing 

ntrab and ntrc mutants. Western blot analysis demonstrated that ntrabc plants showed no 

detectable signals for the NTRA, NTRB and NTRC proteins, indicating a complete 

knockout in these proteins (Figure S1a). It was previously shown that the ntrab and 

especially the ntrc mutant have reduced plant growth, compared to WT (Serrato et al. 

2004; Reichheld et al. 2007; Daloso et al. 2015; Thormählen et al. 2015; Ojeda et al. 

2017). We hypothesized that the additional absence of NTRA and NTRB would cause a 

more severe growth restriction in the ntrc background. However, no significant difference 

in biomass production between ntrc and ntrabc was observed in plants grown in NC under 

medium or fluctuating light conditions (Figure 1b). Moreover, while ntrabc triple mutant 



 

 

revealed the same pale green phenotype (Figure 1a), it showed higher Y(II) and lower 

NPQ than ntrc single mutant during dark-light transitions and fluctuating light intensities 

(Figures 1c-d, S3a-b), indicating increased rather than a decreased photosynthetic 

performance. Furthermore, no difference in Fv/Fm between the source leaves of WT, ntrc, 

ntrab and ntrabc plants under NC or HC was observed (Figure 4). Thus, contrary to the 

expected, the additional lack of NTRA and B did not aggravate the photosynthetic 

impairment in source leaves caused by NTRC knockout. These results are in line with 

previous studies showing that extra-plastidial components of the NTR/TRX system (i.e. 

NTRA, NTRB, TRX o1 and TRX h2) affect photosynthetic efficiency of Arabidopsis 

plants in an opposing manner than plastidial ones (Reinholdt et al. 2019b; Hou et al. 

2021), when analysed in specific  environmental conditions, including FL (Hou et al. 

2021) or drought (Fonseca-Pereira et al. 2019).  

Although the mechanisms by which extra-chloroplastic redox players regulate 

photosynthetic efficiency are unclear, it has been shown that glycine decarboxylase 

(GDC), a key photorespiratory enzyme, is deactivated by DTT, NTRA+TRX o1 and 

NTRA+TRX h2 in vitro (Reinholdt et al. 2019b; Fonseca‐Pereira et al. 2020). Further 

evidence on the connection between the NTR/TRX system and photorespiration comes 

from results showing that (i) the rate of oxygen inhibition of photosynthesis was higher 

in the trxo1 mutant, when compared to the WT, (ii) the Gly to Ser ratio was higher in the 

trxo1 mutant than the WT when transferred from 1500 ppm to 390 ppm of CO2 

concentration, and (iii) the activation of Gly-to-Ser conversion catalysed by GDC and 

serine hydroxymethyltransferase (SHMT) is slowed down in trxo1 at onset of 

illumination (Reinholdt et al. 2019b a). These results collectively suggests that the 

increased photosynthetic efficiency of the triple ntrabc mutant, as compared to the ntrc 

mutant, could be associated to higher photorespiratory fluxes during short-term changes 

in light intensity, as demonstrated for the trxo1 trxh2 double mutant (Hou et al. 2021), 

which, in turn, would favour the photosynthetic process during dark-to-light transition 

and under FL condition (Bourguignon et al. 1988; Timm et al. 2012, 2015). It is 

noteworthy that such operation might be a short-term effect, only occurring when plants 

experience a dark-to-light transition or undergo rapid fluctuation in light intensity. 

Despite their reduced growth, ntrabc plants were able to complete their life cycle 

and produce fertile seeds (Figure S1b). This demonstrates that NTR proteins are not 



 

 

essential for full plant development. This is probably due to the complexity of the plant 

redox network, in which other redundant or compensatory mechanisms overcome, at least 

to some extent, the complete absence of an important component of the cellular redox 

system. The absence of NTRC and NTRA/B is likely safeguarded by FTRs and GRs, 

respectively (Reichheld et al. 2007; Marty et al. 2009, 2019; Yoshida & Hisabori 2016a). 

Furthermore, NTRC is a major hub of the plastidial redox network, being directly or 

indirectly connected to proteins from different redox systems, such as GPX1, tAPX, FTR, 

GRX, 2-Cys PRX and several TRXs (Souza et al. 2019). These results highlight that the 

presence of numerous redundant and compensatory systems is an important characteristic 

of plants, which was likely acquired through gene duplication, polyploidization, 

horizontal gene transfer and/or non-random mutations (Ren et al. 2018; Bowles et al. 

2020; Ma et al. 2022; Monroe et al. 2022). 

 

The NTR system is crucial for plant acclimation to high CO2 and for the regulation 

of sink leaf primary metabolism  

Our imaging PAM analysis demonstrated that the potential maximum quantum 

yield of the PSII (Fv/Fm) is distinctly lower in sink than source leaves of both ntrc and 

ntrabc mutants in both NC and HC conditions (Figures 4c-d). Comparing the growth 

increment of plants grown under HC, in comparison to the NC condition, the ntrc mutant 

showed the lowest plant diameter and leaf-number. Whilst substantial increases in these 

values were observed in WT and ntrab under HC, no difference in both plant diameter 

and leaf-number in the ntrabc was observed in HC, compared to NC (Figures 5e-f). These 

results provide evidence that plant acclimation to HC is dependent on NTR proteins, 

especially NTRC. In fact, plant acclimation to HC relies on redox metabolism (Foyer & 

Noctor 2020), which is likely associated to modifications in the redox status and the 

metabolism of H2O2, glutathione and NAD(P)(H) in different subcellular organelles 

(Mhamdi & Noctor 2016). Changes in H2O2 signalling are rather expected given that HC 

reduce the peroxisomal turnover of this molecule (Munné-Bosch et al. 2013; Sousa et al. 

2019). Additionally, we demonstrated that the Gly/Ser ratio, a strong indicative of 

photorespiratory activity (Timm et al. 2012), was at least 2.6-fold higher in sink leaves 

of ntrc and ntrabc than in source and sink WT leaves under HC condition (Figure S6f). 

In part, this result is likely associated with GDC activity (Fonseca‐Pereira et al. 2020), 



 

 

specifically by the NH4
+ release by GDC, which in turn may affect the operation of 

glutamine synthetase (GS)/glutamate synthase (GOGAT) cycle (Wingler et al. 2000; 

Taira et al. 2004). This aid to explain the strong increases observed in asparagine (Asn) 

in sink leaves of both ntrc and ntrabc plants under HC (Figure 7), given that Asn synthesis 

through the activity of Asn synthetase involves the transfer of the amide group of 

glutamine to aspartate, producing Asn and glutamate (Sieciechowicz et al. 1988). Asn is 

an important source of nitrogen for Gly synthesis (Ta et al. 1985; Ta & Joy 1986), 

especially in sink tissues (Kambhampati et al. 2017), and its concentration changes 

according to the photorespiratory flux (Modde et al. 2017) or in response to different 

stress conditions (Lea et al. 2007). Therefore, it seems likely that the redox-dependent 

plant acclimation to HC involves changes in the photorespiratory metabolism and ROS 

signalling across different subcellular compartments, especially in sink leaves. However, 

it remains unclear how redox-mediated mechanisms regulate the metabolism of Asn in 

sink leaves.  

Although source leaves are supposedly the major contributors for plant growth, 

given that sink leaves do not export carbohydrates to other plant organs (Fettke & Fernie 

2015), evidence supports the notion that source and sink leaves co-limit plant growth 

(Jonik et al. 2012; Burnett et al. 2016; Fernie et al. 2020). In this context, our results 

suggest that the strongly reduced photosynthetic capacity of ntrc and ntrabc sink leaves 

greatly contributed to the limited HC acclimation, evidenced by the reductions in rosette 

diameter and number of leaves in ntrc plants under HC, compared to NC (Figure 5f). 

Although our data does not allow us to fully understand why the lack of NTRC leads to 

a greater impact in sink leaves, we demonstrated that the concentration of several 

intermediates from stress-related pathways such as arginine, histidine, branched chain 

amino acids (Leu, Ile and Val), and Asn is higher in sink than source leaves of both ntrc 

and ntrabc (Figure 7). These results, coupled to the lower values of Fv/Fm and 3-PGA and 

higher Gly/Ser ratio, strongly suggests an imbalance in CO2/O2 assimilation by RuBisCO 

(ribulose-1,5-bisphosphate carboxylase/oxygenase) in sink leaves of ntrc and ntrabc 

mutants. These results highlight that NTR proteins, especially NTRC, may have a crucial 

role for plant acclimation in the current climate change scenario.   

The concentration of malate, citrate, fumarate and succinate were substantially 

altered in both sink and source leaves of the mutants under either NC or HC conditions, 



 

 

when compared to the WT (Figure 7), which might be related to the role of the NTR/TRX 

system in the regulation of TCA cycle enzymes  (Scheibe & Anderson 1981; Hara et al. 

2006; Daloso et al. 2015; Yoshida & Hisabori 2016b; Huang et al. 2017). The intriguingly 

question remaining is why the effects of NTR absence are more prominent in the 

metabolism of sink than source leaves. Does the NTR/TRX-mediated metabolic 

regulation differs between source and sink leaves? Alternatively, the metabolic alterations 

observed in ntrc and ntrabc sink leaves are due to an increased level of stress in these 

leaves. Whilst further experiments are needed to deeply investigate the role of the 

NTR/TRX system in sink leaves, our imaging PAM and LC-MS-based metabolic 

analyses clearly demonstrate that the alternative hypothesis holds true. Furthermore, 

recent evidence highlights that NTRC plays a crucial role for the regulation of 

carbohydrate and organic acid metabolisms as well as to maintain the NAD(P)(H) redox 

state of heterotrophic tomato fruits (Hou et al. 2021), indicating that the role of NTRC 

may be wider than those frequently reported for source leaves, and may include sink 

tissues and non-photosynthetic metabolism (Michalska et al. 2009). These results open 

several avenues to understand the function of NTRs in sink leaves and for the nitrogen 

remobilization from source to sink leaves and the overall plant growth. 

 

The dark side of redox regulation: the lack of NTRs substantially alters redox 

metabolism, especially at night  

Plant cells have multiple sources of H2O2 production and ROS scavenging 

systems across the cellular organelles (Smirnoff & Arnaud 2019). We showed that ntrc, 

ntrab and ntrabc mutants have increased leaf H2O2 concentration at EN, while no 

differences among the genotypes were found at ED (Figures 8a, e). Although all NTR 

mutants showed lower activity of APX and CAT than WT at ED, these differences were 

more prominent at EN (Figure 8c, d, g, h). Furthermore, the redox status of ASC/DHA 

and GSH/GSSG of NTR mutants was mainly altered at EN (Figure S9). The most drastic 

changes observed at EN explain the higher accumulation of H2O2 in this period, especially 

CAT and APX activities and the concentration of GSSG that were negatively and 

positively correlated with H2O2 concentration, respectively (Figure 10b). These results 

highlight that NTR proteins are important to maintain redox homeostasis of the cell, 

especially in the night period. The lack of difference in the leaf H2O2 content between the 



 

 

mutants and the WT at ED could be related to redundant or complementary systems that 

could overcome, at least partially, the lack of NTRs, especially NTRC that has an 

important role for the chloroplastic metabolism in illuminated leaves (Cejudo et al. 2021). 

Indeed, it has been shown that NTRC acts in cooperation with the FTR system, that is 

dependent of the ferredoxin produced during photochemical reactions of the chloroplast 

(Yoshida & Hisabori 2016a). Furthermore, NTRC is highly co-expressed and interacts 

with other redox components of the chloroplast at gene and protein-protein levels, 

respectively (Souza et al. 2019). This suggests that NTRC is safeguarded by several other 

redox players in the light, which could have been activated in the mutants to maintain 

H2O2 homeostasis at ED. In the other hand, it has been shown that the non-chloroplastic 

NTR system is functionally compensated by GRs (Reichheld et al. 2007). However, it is 

unknown to which extent these redox players can compensate the lack of NTRs in the 

dark-exposed leaves. Thus, neither our data nor previous results could fully explain the 

overaccumulation of H2O2 found here. Although we have measured the activity or the 

content of important redox-related enzymes/molecules, the phenotype of ntr mutants 

could be further associated to a deregulation of other redox components such as GRs, 

FTRs, GRXs, GPXs, PRXs, 2-Cys PRXs, and other components of the large plant redox 

system that acts in the night (Marty et al. 2009, 2019; Sousa et al. 2015; Yoshida & 

Hisabori 2016a; Calderón et al. 2018). 

 

On the stability of NADP/NADPH and the altered NAD+/NADH balance in plants 

lacking NTRs 

NAD(H) and NADP(H) are important and intrinsic components of redox 

metabolism, playing a central role as signalling molecules, energy transducers, cofactors 

and allosteric regulators of several enzymes of photosynthesis and (photo)respiration 

(Smith et al. 2021). The balance of these pyridine nucleotides is thus of outmost 

importance to control the metabolic fluxes throughout these pathways by directly 

(de)activating their enzymes and indirectly by providing reducing power to the NTR/TRX 

system (Møller et al. 2020; Fonseca-Pereira et al. 2021). The lack of changes in NADP+ 

and NADPH concentrations in ntrc, ntrab and ntrabc mutants suggests that NTR proteins 

are not critical for the regulation of enzymes related to NADPH production under the 

conditions analysed. Whilst the FTR/TRX system likely compensated the absence of 



 

 

NTRC to maintain NADPH production via the chloroplastic electron transport chain 

(cETC) and NADP-dependent MDH (Scheibe & Anderson 1981; Scheibe 1987; Yoshida 

& Hisabori 2016b; Hashida et al. 2018), the synthesis of NADPH by glucose-6-phosphate 

dehydrogenase (G6PDH) in the cytosol and isocitrate dehydrogenases (IDH) in cytosol 

and mitochondria may be safeguarded by the GR/GSH/GRX system (Reichheld et al. 

2007; Marty et al. 2009, 2019).  

NADH is an allosteric regulator of GDC and several TCA cycle enzymes, beyond 

being the substrate of the complex I of the mitochondrial ETC (mETC) (Schertl & Braun 

2014). Changes in NADH/NAD+ ratio may thus affect the kinetics of GDC and TCA 

cycle enzymes, ultimately regulating the metabolic fluxes throughout the 

(photo)respiratory metabolism (Timm & Hagemann 2020). Here, ntrabc plants showed 

increased NADH concentration and higher and lower proportion (%) of NADH and 

NAD+ produced at ED (Figures S7h-S8c). None of these results were found in either ntrc 

or ntrab plants, suggesting that a cumulative effect deriving from the lack of all NTRs 

disrupted NADH/NAD+ balance at ED. Higher NADH could be related to a higher 

production from glycolysis and the TCA cycle. This hypothesis is supported by findings 

in which higher respiratory rate and increased metabolic flux throughout the TCA cycle 

were observed in mitochondrial NTR/TRX mutants (Daloso et al. 2015; Florez-Sarasa et 

al. 2019; Nietzel et al. 2020; Lima et al. 2021), which might be associated to a light-

mediated, negative regulation of fumarase, succinate dehydrogenase and the 

mitochondrial lipoamide dehydrogenase, that composes different mitochondrial 

complexes such as GDC, PDH and OGDH, in vivo (Daloso et al. 2015; Reinholdt et al. 

2019b). Recent biosensor analysis indicates that light exposure increases the cytosolic 

NADH/NAD+ ratio (and likely the NADPH/NADP+ as well) in a process dependent on 

photosynthesis and chloroplastic and mitochondrial MDHs (Elsässer et al. 2020; 

Steinbeck et al. 2020). This highlights the importance of MDHs and the circulating malate 

for cell redox homeostasis (Souza et al. 2019; Zhao et al. 2020). Thus, although NTR 

proteins may represent important sinks for NADPH and NADH consumption in vivo 

(Møller et al. 2020), the lack of them is likely compensated by mechanisms that maintain 

the redox regulation of NAD(P)H-producing enzymes such as GDC, IDHs, MDHs and 

G6PDH.  

 



 

 

Concluding remarks 

Our results demonstrate a previously unknown role of NTR proteins to be crucial 

for the regulation of sink leaf primary metabolism and for plant acclimation to elevated 

CO2. While this was mainly associated to the lack of NTRC, the additional lack of NTRA 

and NTRB was mainly affecting growth and photosynthetic parameters in normal CO2. 

Moreover, the triple ntrabc showed more drastic changes in redox related parameters 

compared to WT, ntrc and ntrab, such as the NADH/NAD+ balance in the light period 

and both the activity of ROS-scavenging enzymes and the concentration of GSSG at 

night. Interestingly, during dark-light transitions and in fluctuating light the ntrabc triple 

mutant displayed improved photosynthetic parameters compared to the ntrc single 

mutant, indicating functional interactions between plastidial and extra-plastidial NTR 

isoforms during short-term light transients. Overall, our study strengthens the idea that 

NTR proteins act cooperatively with other redox players, to guarantee the full 

development of Arabidopsis plants, while they are crucial for optimal functioning of 

photosynthesis and (photo)respiratory metabolism, especially under high CO2 

concentrations.  
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Figure 1 Growth and photosynthetic phenotype of Arabidopsis thaliana L. wild type 

(WT) and mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs (ntrabc). 

a) Representative photographs of 25-day-old and 32-day-old Arabidopsis rosettes grown 

under medium light (ML) or fluctuating light (FL) conditions, respectively. The setup of 

ML corresponds to ~120 μmol photons m-2 s-1 (12/12 h photoperiod), while FL represents 

a loop of low light (50 μmol photons m-2 s-1 for 5 min) and high light (550 μmol photons 

m-2s-1 for 1 min) phases with the same photoperiod as ML. b) Growth-related parameters 

determined in WT and NTR mutants grown under ML (left graphs) or FL (right graphs) 

conditions. After 25 and 35 days under ML or FL conditions, plants were harvested and 

the fresh weight (FW), dry weight (DW), plant size and the DW-to-FW ratio were deter-

mined. Black, pink, green and purple box plots represent averages and standard errors of 

WT, ntrc, ntrab, and ntrabc genotypes, respectively. Means that do not share a letter are 

significantly different according to ANOVA and Tukey test analysis (P < 0.05) (n = 6 ± 

SE). c-e) Chlorophyll a fluorescence analysis. Effective quantum yield of PSII (Y(II)) 

(c), non-photochemical quenching (NPQ) (d) and the reduction of plastoquinone pool (1-

qL) (e) were measured in WT and NTR mutants grown under ~120 μmol photons m-2 s-1 

(12/12 h photoperiod). Dark-adapted leaves were transferred to the image PAM instru-

ment (MAXI version, WALZ) and subjected to constant light (150 μmol photons m-2 s-1) 

for 20 min (yellow bars), followed by 10 min in the dark (black bars). The emission of 

chlorophyll a florescence was recorded by the image PAM instrument every 30 seconds 

and used for the calculation of Y(II), 1-qL and NPQ. Asterisks indicate time points in 

which Y(II) and NPQ are statistically different between ntrc and ntrabc plants by 

ANOVA and Tukey test (P < 0.05) (n = 6). 



 

 

 

Figure 2 Changes in the metabolite profiling of Arabidopsis thaliana L. wild type (WT) 

and mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs (ntrabc). a) 

Heat map representation of the changes in the relative abundance of primary metabolites 

identified by gas chromatography mass spectrometry (GC-MS) in leaf samples harvested 

at the end of the day (ED) and the end of the night (EN) of short‐day (~120 μmol photons 

m-2 s-1; 08/16 h photoperiod) grown plants. The average values of the relative abundance 

(normalized to Ribitol and fresh weight) were normalized according to the WT values 

found at ED and EN and log2 transformed (n = 4). Asterisks (*) indicate values that are 

significantly different from the WT by the Student's t-test (P < 0.05). b-c) Principal com-

ponent analysis (PCA) carried out using GC-MS-based metabolite profiling data of WT, 

ntrc, ntrab, ntrabc harvest at ED (b) or EN (c). The two main components and the per-

centage variation explained by PC1 and PC2 are represented in the axis of the figures. 

Heat map and PCA were carried out using MeV and the Metaboanalyst platform, respec-

tively. 



 

 

 
 

Figure 3 Principal component analysis (PCA) of the metabolite profiling data from Arabidopsis 

thaliana L. wild type (WT) and mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs 

(ntrabc). PCA was carried out using leaf GC-MS-based metabolite profiling data of WT, ntrc, 

ntrab and ntrabc plants grown under medium light (ML) (~120 μmol photons m-2 s-1, 12h/12h 

day/night photoperiod) and after transferred to fluctuating light (FL) conditions (1 minute of 

high light (HL): 500 μmol photons m-2 s-1 followed by 5 minutes of low light (LL): 50 μmol photons 

m-2 s-1). After 4 weeks under ML, leaves were harvested at the mid of the day (MLMD) and at the 

end of the night (MLEN). Plants acclimated to FL were first grown for 3 weeks under ML 

conditions and then acclimated to 1 week of FL. After that, leaves were harvested at the low 

light (FLLL) and high light (FLHL) phases of the FL and at EN (FLEN). The percentage variation 

explained by PC1 and PC2 are represented in the axis of the figures. PCA was carried out using 

the Metaboanalyst platform. 

 



 

 

 

 

Figure 4 Chlorophyll a fluorescence analysis of Arabidopsis thaliana L. wild type (WT) 

and mutants lacking NTRC (ntrc), the double NTRA and NTRB (ntrab), and the triple 

NTRs (ntrabc). These analyses were carried out on 5-week-old plants grown under ~120 

μmol photons m-2 s-1, 12/12 h photoperiod and either ambient (NC, 400 ppm) or high (HC, 

3000 ppm) CO2 concentrations. a-b) Representative Arabidopsis rosette images highlight-

ing the size, the potential quantum yield of the photosystem II (Fv/Fm) and the higher 

minimal fluorescence of dark-adapted leaves (F0) of WT, ntrc, ntrab, and ntrabc plants 

under NC (a) or HC (b) conditions. c-f) Box plots representing averages and standard 

errors of Fv/Fm and F0 of source and sink leaves from plants grown under NC (c,e) or HC 

(d,f) conditions. Black, pink, green, and purple colours represent WT, ntrc, ntrab, and 

ntrabc genotypes, respectively. Means that do not share a letter are significantly different 

according to ANOVA and Tukey test analysis (P < 0.05) (n = 4).  



 

 

 
 

Figure 5 Growth-related parameters determined in Arabidopsis thaliana L. wild type 

(WT) and mutants lacking in NTRC (ntrc), NTRA and NTRB (ntra and ntrb), and in all 

NTRs isoforms (ntrabc) grown under ambient (NC, 400 ppm) or high (HC, 3000 ppm) 

CO2 concentration. The rosette diameter and the number of leaves were determined in 

plants grown under HC (a-b) and NC (c-d) conditions. The relative changes in these pa-

rameters in HC related to NC (HC-to-NC ratio) was also quantified (e-f). Means that do 

not share a letter are significantly different according to ANOVA and Tukey test analysis 

(P < 0.05). One (*) and two (**) asterisks indicate statistical difference between HC and 

NC within the genotype at 5% (P < 0.05) and 1% (P < 0.05) of probability, respectively 

(n = 6 ± SE).  

 

 

 

  



 

 

 

Figure 6 Principal component analysis (PCA) using LC-MS/MS-based metabolite pro-

filing data from source and sink leaves of 5-week-old Arabidopsis thaliana L. wild type 

(WT) and mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs (ntrabc) 

grown under ~120 μmol photons m-2 s-1, 12/12 h photoperiod and either ambient (NC, 

400 ppm) or high (HC, 3000 ppm) CO2 concentration (n = 5). The two main components 

and the percentage variation explained by them are represented in the axis of the figures. 

PCA was carried out using the Metaboanalyst platform. 

 

 

 

 

 
  



 

 

 
Figure 7 Heat map representation of the concentration of the metabolites of identified in 

source and sink leaves of 5-week-old Arabidopsis thaliana L. wild type (WT) and mu-

tants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs (ntrabc) grown under 

~120 μmol photons m-2 s-1, 12/12 h photoperiod and either ambient (NC, 400 ppm) or 

high (HC, 3000 ppm) CO2 concentration. Metabolites were identified by liquid chroma-

tography mass spectrometry (LC-MS/MS) in source and sink leaf samples harvested at 

the end of the day. The average values of the concentration of the metabolites (ng mg-1 

FW) were normalized according to the WT values found at NC or HC condition and log2 

transformed. Citrate represents the sum between citrate and isocitrate, that could not be 

separated by LC-MS/MS. Asterisks (*) indicate values that are significantly different 

from WT source leaves at NC or HC condition by ANOVA and Dunnet test (P < 0.05). 

Abbreviations of the metabolites are found in the Table S2. 



 

 

 

Figure 8 H2O2 concentration and activity of antioxidant enzymes in leaves of Arabidopsis 

thaliana L. wild type (WT) and mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) 

or all NTRs (ntrabc) harvested at end of the day (ED) (a-d) and end of the night (EN) (e-

h) of short‐day (~120 μmol photons m-2 s-1; 08/16 h photoperiod) grown plants. The con-

centration of H2O2 and the activities of superoxide dismutase (SOD), ascorbate peroxi-

dase (APX) and catalase (CAT) are expressed in a fresh weight (FW) basis. Black, pink, 

green and purple box plots represent averages and standard errors of WT, ntrc, ntrab, and 

ntrabc genotypes, respectively (n = 4). Means that do not share a letter are significantly 

different according to ANOVA and Tukey test analysis (P < 0.05).  

  



 

 

 

Figure 9 Concentration of ascorbate (ASC), dehydroascorbate (DHA), the sum of them 

(ASC + DHA), and reduced (GSH) and oxidized (GSSG) glutathione in leaves of Ara-

bidopsis thaliana L. wild type (WT) and mutants lacking NTRC (ntrc), NTRA and NTRB 

(ntrab) or all NTRs (ntrabc) harvested at end of the day (ED) (left panel) and end of the 

night (EN) (right panel) of short‐day (~120 μmol photons m-2 s-1; 08/16 h photoperiod) 

grown plants. Black, pink, green and purple box plots represent averages and standard 

errors of WT, ntrc, ntrab, and ntrabc genotypes, respectively (n = 4). Means that do not 

share a letter are significantly different according to ANOVA and Tukey test analysis (P 

< 0.05).  



 

 

 

Figure 10 Integrative redox analyses. a-b) Heat map representation of Pearson's correla-

tion analysis between H2O2 and components of the antioxidant system. The correlation 

analysis was carried out using data from all genotypes at end of the day (ED) (left figure) 

and end of the night (EN) (right figure). Plants were grown under short‐day conditions 

(~120 μmol photons m-2 s-1; 08/16 h photoperiod). Asterisks (*) indicate significant cor-

relations (P < 0.05). c-d) Principal component analysis (PCA) carried out using redox-

related parameters (H2O2, ASC, DHA, ASC+DHA, ASC (%), DHA (%), GSH, GSSG, 

GSH+GSSG, GSH (%), GSSG (%), SOD, CAT, APX) observed in leaves of Arabidopsis 

thaliana L. wild type (WT) and mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) 

or all NTRs (ntrabc) harvested at end of the day (c) and end of the night (d) of short‐day 

(~120 μmol photons m-2 s-1; 08/16 h photoperiod) grown plants. The two main compo-

nents and the percentage variation explained by them are represented in the axis of the 

figures. Both analyses were carried out using the Metaboanalyst platform. Abbreviations: 

H2O2, hydrogen peroxide; ASC, ascorbate; APX, ascorbate peroxidase; CAT, catalase; 

DHA, dehydroascorbate; GSH, reduced glutathione; GSSG, oxidized glutathione; SOD, 

superoxide dismutase. 

  



 

 

 

Figure S1 Immunoblot analysis and phenotype of the plants at the reproductive stage. a) 

Immunoblot detection of NTRC and NTRA/NTRB proteins was carried out in plant ex-

tracts of two-week-old Arabidopsis thaliana L. wild type (WT) and mutants lacking 

NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs (ntrabc). Proteins were separated 

by SDS‐PAGE (10% polyacrylamide) under reducing conditions, then transferred to a 

nitrocellulose membrane, and incubated with NTRA/NTRB and NTRC antibodies (dilu-

tion 1:10.000), followed by incubation with secondary antibody (Sigma secondary anti-

body anti‐rabbit, dilution 1:10,000). The blots were then revealed with enhanced chemi-

luminescence reagents. b) Phenotype of 49-day old WT, ntrab, ntrc and ntrabc plants 

grown under 16:8 h photoperiod, highlighting that all mutants were able to complete their 

life cycle, from vegetative to the reproductive stage. 



 

 

 

Figure S2 Photosynthetic responses to changes in light intensity. Net CO2 assimilation 

(A) (a) and maximum electron transport rate (J) (b) were obtained from fully expanded 

leaves of 8-week-old Arabidopsis thaliana L. wild type (WT) and mutants lacking NTRC 

(ntrc), NTRA and NTRB (ntrab) or all NTRs (ntrabc) under different light intensities. 

This analysis was carried out using a portable infra-red gas exchange analyser. The re-

gression lines were obtained using the equation Y = a (1 – e-bx), where Y represents A and 

J parameters. The values of R2 and P of each regression analysis are highlighted in the 

graphs (n = 6 ± SD).  



 

 

 

Figure S3 Chlorophyll a fluorescence analysis in Arabidopsis thaliana L. wild type (WT) 

and mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs (ntrabc). Ef-

fective quantum yield of PSII (Y(II)) (a), the reduction of plastoquinone pool (1-qL) (b) 

and non-photochemical quenching (NPQ) (c) were measured in WT and NTR mutants 

grown under fluctuating light regime (5 min of 50 μmol photons m-2 s-1 1 min of 550 μmol 

photons m-2s-1, 12:12 h photoperiod). Dark-adapted leaves were transferred to the image 

PAM instrument (MAXI version, WALZ) and subjected to low light (50 μmol photons 

m-2s-1) followed by 4 cycles of FL comprising 1 min high light (500 μmol photons m-2s-

1) and 6 min low light (50 μmol photons m-2s-1), and then the dark for another 5 min. The 

emission of chlorophyll a florescence was recorded by the image PAM instrument every 

30 seconds and used for the calculation of Y(II), 1-qL and NPQ. Asterisks indicate time 

points in which Y(II) and NPQ are statistically different between ntrc and ntrabc plants 

by ANOVA and Tukey test (P < 0.05) (n = 6).    



 

 

 

Figure S4 Concentration of carbohydrates in leaves of Arabidopsis thaliana L. wild type 

(WT) and mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs (ntrabc) 

harvested at end of the day (ED) (a-d) and end of the night (EN) (e-h) of plants grown 

under 125 μmol photons m-2 s-1; 08:16 h photoperiod. Black, pink, green and purple box 

plots represent averages and standard errors of WT, ntrc, ntrab, and ntrabc genotypes, 

respectively (n = 3). Means that do not share a letter are significantly different according 

to ANOVA and Tukey test analysis (P < 0.05).  

  



 

 

 

Figure S5 Heat map representation of the changes in the relative abundance of primary 

metabolites from Arabidopsis thaliana L. wild type (WT) and mutants lacking NTRC (ntrc), NTRA 

and NTRB (ntrab) or all NTRs (ntrabc). Plants were grown under moderate light (ML) (125 μmol 

photons m-2 s-1, 12h/12h day/night photoperiod) and then transferred to fluctuating light (FL) 

conditions (1 minute of high light (HL): 500 μmol photons m-2 s-1 followed by 5 minutes of low 

light (LL): 50 μmol photons m-2 s-1). After 4 weeks under ML, leaves were harvested at the mid 

of the day (MLMD) and at the end of the night (MLEN). Plants acclimated to FL were first grown 

for 3 weeks under ML conditions and then acclimated to 1 week of FL. After that, leaves were 

harvested at the low light (FLLL) and high light (FLHL) phases of the FL and at EN (FLEN). The 

average values of the relative abundance (normalized to 13C-Sorbitol and fresh weight) were 



 

 

normalized according to the WT values found at each condition and log2 transformed (n = 3-6). 

Heat map was carried out using MeV®. 



 

 

Figure S6 Concentration of glycine, serine and the ratio among them. Leaf metabolite 

concentration was obtained from 5-week-old Arabidopsis thaliana L. wild type (WT) and 

mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs (ntrabc) grown under 120 μmol 

photons m-2 s-1, 12/12 h photoperiod and either ambient (NC, 400 ppm) or high (HC, 3000 ppm) 

CO2 concentration. Box plots represent averages and standard errors of the concentration of the 

metabolites (ng mg-1 FW) identified by liquid chromatography mass spectrometry (LC-MS) in leaf 

samples harvested at the end of the day. Means that do not share a letter in each graph are 

significantly different according to ANOVA and Tukey test analysis (P < 0.05). The graphs were 

created using GraphPad Prism 9.  



 

 

 

Figure S7 Concentration of pyridine dinucleotides in leaves of Arabidopsis thaliana L. wild 

type (WT) and mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs (ntrabc) 

harvested at end of the day (ED) (a-d) and end of the night (EN) (e-h) of plants grown under 

125 μmol photons m-2 s-1; 08:16 h photoperiod. Black, pink, green and purple box plots repre-

sent averages and standard errors of WT, ntrc, ntrab, and ntrabc genotypes, respectively (n = 

3). No statistical differences were found between the genoytpes, with exception of the content 

of NADH at ED. Means that do not share a letter in figure h are significantly different according 

to ANOVA and Tukey test analysis (P < 0.05). 



 

 

 

Figure S8 Redox status of pyridine dinucleotides in leaves of Arabidopsis thaliana L. 

wild type (WT) and mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs 

(ntrabc) harvested at end of the day (ED) and end of the night (EN) of short‐day (125 

μmol photons m-2 s-1; 08:16 h photoperiod) grown plants. a-b) Percentage of NADP and 

NADPH related to the total NADP(H) concentration at ED (a) and EN (b). c-d) Percent-

age of NAD and NADH related to the total NAD(H) concentration at ED (c) and EN (d). 

Genotypes that do not share a letter within each parameter are significantly different ac-

cording to ANOVA and Tukey test analysis (P < 0.05).  

 

 

 

 

 

 

 

 

  



 

 

 

Figure S9 Redox status of glutathione and ascorbate in leaves of Arabidopsis thaliana L. 

wild type (WT) and mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs 

(ntrabc) harvested at end of the day (ED) (left figures) and end of the night (EN) (right 

figures) of short‐day (125 μmol photons m-2 s-1; 08:16 h photoperiod) grown plants. Gen-

otypes that do not share a letter within each parameter are significantly different accord-

ing to ANOVA and Tukey test analysis (P < 0.05). Abbreviation: ASC, ascorbate; DHA, 

dehydroascorbate; GSH, reduced glutathione; GSSG, oxidized glutathione.    

 

 

 
 

 

  



 

 

Table S1 Photosynthetic characterization of Arabidopsis thaliana L. wild type (WT) and 1 

mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or all NTRs (ntrabc). Gas ex-2 

change analysis were performed in fully expanded leaves of 8-week-old Arabidopsis tha-3 

liana L. wild type (WT) and mutants lacking NTRC (ntrc), NTRA and NTRB (ntrab) or 4 

all NTRs (ntrabc) using a portable infra-red gas exchange analyser. Abbreviation: Γ, CO2 5 

compensation point; A, net CO2 assimilation rate; gs, stomatal conductance; Ci, sub-6 

stomatal CO2 concentration; E, transpiration rate; Ci/Ca, ratio between substomatal and 7 

ambient CO2 concentration. Means that do not share a letter in the column are signifi-8 

cantly different according to ANOVA and Tukey test analysis (P < 0.05) (n= 6 ± SE).  9 

 Γ  A gs Ci E Ci/Ca 

 μmol mol-1 μmol m-2 s-1 mol m-2 s-1 μmol mol-1 mol m-2 s-1 μmol μmol-1 

WT 66.13±10.52a 8.32±2.0a 0.21±0.05a 319.31±14.0a 4.13±0.3a 0.85±0.06a 

ntrc 126.48±17.6b 3.76±0.6b 0.09±0.01b 322.84±4.3a 1.84±0.2b 0.80±0.02ab 

ntrab 70.57±18.8a 6.58±0.8c 0.17±0.03c 320.61±13.9a 3.19±0.5c 0.81±0.03ab 

ntrabc 122.96±33.2b 3.25±0.8b 0.07±0.02b 315.98±13.8a 1.50±0.3b 0.79±0.4b 

 10 
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Table S2 Description of the abbreviations of the metabolites displayed in the figure 7. 15 

Abbreviation Metabolite 

Gln Glutamine 

Gly Glycine 

Orn Ornithine 

3PGA 3-Phosphoglycerate 

CMP Cytidine monophosphate 

Asp Aspartate 

Glu Glutamate 

Met Methionine 

2-OG 2-Oxoglutarate 

Ser Serine 

AMP Adenosine monophosphate 

Ala Alanine 

His Histidine 

Asn Asparagine 

Arg Arginine 

Pro Proline 

Val Valine 

Phe Phenylalanine 

Trp Tryptophan 

Lys Lysine 

GABA γ-Aminobutyric acid 

Tyr Tyrosine 

Leu Leucine 

Ile Isoleucine 

Thr Threonine 

Arg-Succ Arginine-Succinic acid 
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