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ABSTRACT
Nitric oxide (NO) is a signaling molecule regulating plant development and stress responses via 

reversible post-translational modifications, primarily S-nitrosylation. Intracellular homeostasis of its 

major mobile reservoir, S-nitrosoglutathione (GSNO), is predominantly regulated by S-

nitrosoglutathione reductase (GSNOR). However, the aldo-keto reductase 4C (AtAKR4C) subfamily 

has recently emerged as a potential secondary pathway for modulating nitrosothiol and reactive 

carbonyl pools under nitro-oxidative stress. This work investigates the roles of GSNOR and the 

AtAKR4C subfamily in the growth, heavy metal toxicity, and nitrosative stress responses of distinct 

Arabidopsis thaliana lines. Phenotypic characterization of soil-grown plants revealed that both 

GSNOR-deficient (hot5-2) and AKR4C triple mutants (akr4c8 akr4c9 akr4c10) exhibit severe 

growth restrictions, highlighting the essential role of both enzyme classes in baseline metabolic 

regulation. In stress assays, primary root elongation under severe iron toxicity (200 μM Fe-EDTA) 

was heavily inhibited in Wild-Type (WT) and hot5-2 lines; remarkably, the akr4c8-11 triple mutant 

displayed a promotion of root elongation. Conversely, exposure to high exogenous GSNO (1 mM) 

induced a generalized phenotypic collapse across the WT and the akr4c8-11 triple mutant, masking 

strain-specific variations. Biochemical assays confirmed that all four recombinant AtAKR4C 

isoforms catalyze NADPH-dependent GSNO reduction. AtAKR4C8 demonstrated the highest overall 

catalytic efficiency, while AtAKR4C11 exhibited high specific activity but lower substrate affinity. 

Collectively, these findings demonstrate that both GSNOR and the AtAKR4C subfamily maintain 

NO homeostasis, primarily and secondarily respectively, to regulate plant growth and stress tolerance.
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1. INTRODUCTION

1.1 Nitric oxide: biochemistry and biosynthesis

1.1.1 Mechanisms of NO cellular signaling and RNS 
NO was historically recognized primarily for its environmental toxicity; today, however, it is 

established as a reactive nitrogen species (RNS) involved in cellular signaling across all higher 

organisms. The primary mechanism through which NO and other RNS exert their regulatory and 

signaling functions is through reversible post-translational modifications (PTMs). These 

modifications are capable of modulating enzymatic activity, altering protein structural stability, and 

inducing shifts in subcellular localization or protein-protein interactions (Kovacs and Lindermayr, 

2013; Guerra et al., 2016). Among NO-mediated PTMs, S-nitrosation or S-nitrosylation, consisting 

of the covalent addition of a nitroso (–NO) group to the reactive thiol side chains of specific cysteine 



4

(Cys) residues, is recognized as one of the most important (Guerra et al., 2016). From a physiological 

perspective, PTMs enable NO to regulate plant ontogeny by modulating diverse biological processes, 

including seed germination, root development, stomatal closing, abiotic stress, and defense responses 

(Kovacs and Lindermayr, 2013). However, when the accumulation of RNS outpaces the capacity of 

the cellular antioxidant machinery, the plant experiences nitrosative stress (which is one of the 

oxidative stresses). 

1.1.2 NO response under heavy metal stress
Exposure to heavy metal toxicity stimulates a burst of intracellular NO in plant cells, directly linking 

RNS to metal stress signaling, while simultaneously inducing the accumulation of ROS across various 

plant cell organelles. Under normal conditions, when NO production and ROS accumulation remain 

balanced, NO functions as a secondary antioxidant by participating in redox signaling pathways that 

trigger downstream stress-tolerance genes and stimulate the internal antioxidant defense machinery. 

The mechanism behind this is metal-nitrosylation, a PTM consisting in the binding of NO with 

transition metal ions to form stable metal-nitrosyl complexes. By chelating free transition metals, NO 

inhibits the Fenton reaction (which generates hydroxyl radicals from hydrogen peroxide, H₂O₂), 

thereby enabling the plant to withstand metal stress. However, when metal exposure is prolonged or 

excessive, the Fenton reaction accelerates and the generated ROS react with excess NO forming 

secondary species, such as peroxynitrite (ONOO−). This condition leads to a combination of oxidative 

and nitrosative cytotoxicity, that inactivates antioxidant enzymes, triggers lipid peroxidation of 

cellular membranes, impairs root meristem activity, and causes cell death in seedling tissues (Sahay 

& Gupta, 2017).

1.1.2.1 Iron (Fe) toxicity in plants
Among transition metals, iron (Fe) acts as an essential micronutrient; however, excess Fe availability 

triggers a rapid arrest of primary root growth associated with severe Fe-dependent oxidative damage. 

While Fe toxicity was traditionally attributed solely to Fe-catalyzed ROS generation via the Fenton 

pathway, recent evidence demonstrates that ROS overproduction alone cannot fully account for this 

damage. Instead, the NO metabolic pathway, specifically GSNOR (see paragraph 1.3), has been 

identified as a necessary driver of this redox-dependent cytotoxicity and a primary regulator 

enhancing plant root tolerance during severe Fe toxicity (Li et al., 2019). Under high Fe conditions, 

the elevated baseline accumulation of NO and its derivatives (e.g., nitrosoglutathione, GSNO, for 

further details, see Section 1.2.1) in gsnor knockout mutants (hot5-2) results in extreme 

hypersensitivity, which manifests as a significant reduction in seedling shoot biomass and up to a 
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90% inhibition of primary root elongation, driven by localized cell death within the root tip. Crucially, 

the expression of Fe uptake, transport, and storage genes remains unaltered in gsnor mutants under 

high Fe, demonstrating that toxicity is not a consequence of increased Fe accumulation. By 

continuously scavenging excess nitrosothiols, GSNOR activity protects root meristem activity and 

prevents cell death; conversely, high concentrations of both ROS and NO can decrease GSNOR 

protein stability and activity, creating a vicious cycle that exacerbates nitro-oxidative stress (Li et al., 

2019). 

1.2 S-nitrosylation: mechanism and function

 1.2.1 GSNO: a mobile reservoir of bioavailable NO
Although the non-polar NO molecule can diffuse freely across biological membranes, its mode of 

action is strictly local and restricted to its immediate sites of production due to its short half-life (see 

paragraph 1.1) (Stamler et al., 2001). To overcome this spatial and temporal limitation, reactive NO 

oxidation products, like dinitrogen trioxide (N2O3), spontaneously react with low-molecular-weight 

thiols. In particular, within the cellular matrix, the antioxidant tripeptide reduced glutathione (GSH) 

reacts with NO oxidation products to undergo S-nitrosylation, generating GSNO. This molecule is 

the most abundant endogenous low-molecular-weight S-nitrosothiol (SNO) and is recognized as the 

principal bioactive form and mobile reservoir of bioavailable NO in both animals and plants. This 

stable molecule functions as a long-range vector that can be transported to distal cellular or tissue 
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regions to modify specific protein cysteine targets via trans-nitrosylation, a process consisting of a 

nucleophilic attack by an acceptor thiolate anion on the nitroso nitrogen of the donor intermediate 

(Kovacs and Lindermayr, 2013; Guerra et al., 2016). In plant cells, GSNO is maintained at 

micromolar concentrations comparable to the levels of oxidized glutathione (GSSG) (Airaki et al., 

2011). Because of its spontaneous NO release and propensity to drive trans-nitrosylation reactions, 

GSNO is universally employed as the primary NO donor and S-nitrosylating agent in large-scale 

experiments (Airaki et al., 2011). In recent years, large-scale proteomic studies using plant extracts 

treated with GSNO have identified over a thousand proteins in Arabidopsis thaliana as potential 

targets of S-nitrosylation; these studies have contributed to the detailed biochemical characterization 

of the functional, genetic, and structural changes that S-nitrosylation exerts on plant physiology and 

adaptive stress responses (Feng et al., 2019). 

1.3 S-nitrosoglutathione reductase (GSNOR): structure, redox sensitivity and biological role 
Intracellular levels of GSNO are predominantly controlled by the activity of S-nitrosoglutathione 

reductase (GSNOR), a dimeric, zinc-containing class III alcohol dehydrogenase. This enzyme is 

highly conserved throughout evolution, existing across all living kingdoms and maintaining at least 

60% sequence identity between plants, humans, yeast, and bacteria (Li et al., 2021). Although initially 

recognized as a glutathione-dependent formaldehyde dehydrogenase (FALDH) involved in 

formaldehyde detoxification, its primary established biological role is the catabolism of GSNO. This 

irreversible reduction uses NADH as a cofactor and leads to the generation of an unstable, transient 

N-hydroxysulfinamide intermediate (GSNHOH); under physiological conditions, GSNHOH 

undergoes a nucleophilic attack by a molecule of GSH, ultimately yielding GSSG and ammonia 

(NH3). Through this action, GSNOR indirectly defines global protein S-nitrosylation levels by 

controlling the cellular pool of RNS and modulating NO homeostasis. Because eukaryotic GSNOR 

proteins are enriched in cysteine residues that can be targeted for oxidative and nitrosative 

modifications, the enzyme's activity is highly sensitive to cellular redox status. Exposure to excess 

NO or GSNO triggers the S-nitrosylation of GSNOR at three surface-exposed residues: Cys10, 

Cys271, and Cys370. Mass spectrometry analyses confirm that under nitroso-donor stress, these outer 

surface sites undergo concurrent mono-, di-, and tri-nitrosylation, inducing structural instability and 

catalytic impairment (Guerra et al., 2016). Conversely, ROS target a different set of cysteines (Cys47 

and Cys177) located inside the substrate-binding pocket; when these residues are oxidized, their 

chemical bond with the catalytic Zn2+ ion is disrupted, leading to zinc release and a structural collapse 

of the active site (Li et al., 2021). Collectively, a burst of local ROS/RNS represses GSNOR activity, 
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leading to a sudden accumulation of cellular GSNO, which amplifies defensive signaling pathways 

before returning to homeostasis (Li et al., 2021). In Arabidopsis thaliana, GSNOR is encoded by a 

single-copy gene (AT5G43940), and its essential physiological role has been documented in multiple 

studies (Treffon et al., 2021). Complete functional disruption of this enzyme in the T-DNA null 

insertion line hot5-2 causes metabolic impairment, leading to the uncontrolled accumulation of nitric 

oxide, nitrate, nitrite, and total S-nitrosothiols. This null mutant displays severe developmental and 

morphogenic abnormalities, such as stunted growth, hyper-branched inflorescences, reduced lateral 

root architecture, altered hypocotyl elongation, and a reduction in fertility. Furthermore, it also 

presents compromised pathogen defense responses and altered tolerance when exposed to 

environmental stress. Collectively, these phenotypes highlight that tightly controlled NO homeostasis 

is crucial for proper plant development (Treffon et al., 2021).

1.4 Aldo-keto reductases (AKRs): a new class of enzymes involved in the regulation of GSNO 
homeostasis
While NADH-dependent GSNOR has long been recognized as the principal pathway for intracellular 

GSNO catabolism, recent discoveries have uncovered a secondary specific mammalian aldo-keto 

reductase, AKR1A1, that can efficiently catalyze the breakdown of both S-nitroso-coenzyme A 

(SNO-CoA) and GSNO. Operating analogously to GSNOR, this enzyme participates in NO 

homeostasis under both physiological and pathological conditions. This discovery led researchers to 

investigate whether plants possess an equivalent, secondary enzyme capable of modulating the 

nitrosothiol pool. The AKR superfamily comprises a widely distributed group of small, evolutionarily 

conserved oxidoreductase enzymes found across all living kingdoms, from prokaryotes to plants, 

fungi, and vertebrates. Functioning predominantly as monomeric, cytosolic proteins spanning 34-37 

kDa (approximately 320 amino acids), AKRs primarily catalyze the NADPH-dependent reduction of 

various reactive carbonyl substrates, transforming aldehydes into primary alcohols and ketones into 

secondary alcohols. Due to their diverse catalytic functions, AKRs participate in numerous metabolic 

pathways and act as a cellular defense mechanism against biotic, and abiotic stresses by detoxifying 

cytotoxic carbonyl intermediates (Treffon & Vierling, 2021). AKR nomenclature is based on primary 

amino acid sequence rather than functional or species homology, promoting the classification of 

evolutionarily related genes together. Enzymes sharing less than 40% sequence identity are grouped 

into distinct families designated by an Arabic numeral, and, within a family, proteins sharing at least 

60% sequence identity are placed into a subfamily denoted by a capital letter, followed by a final 

number for the specific isoform. All superfamily members share a rigid, three-dimensional (α/β)8-
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barrel core structure (also known as a TIM barrel structure) composed of eight alternating outer α-

helices and eight inner parallel β-sheets. While GSNOR uses NADH as the reductant, AKR activity 

is strictly dependent on NADPH as a source of reducing equivalent. In the AKR reaction mechanism, 

the NADPH cofactor must bind to the apo-enzyme first, inducing a conformational shift that shapes 

the active-site to facilitate the subsequent docking of the carbonyl substrate. Binding of the substrate 

triggers a secondary structural rearrangement that brings the carbonyl group close to the nicotinamide 

ring of NADPH, initiating a hydride transfer from the cofactor accompanied by a proton donation 

from a tyrosine residue. Once the reaction is completed, the newly formed alcohol product is liberated 

first, and then NADP+ is released from the active site, returning the enzyme to its baseline state 

(Mindnich & Penning, 2009).

1.4.1 The AtAKR4C subfamily and its role in Arabidopsis thaliana
In Arabidopsis thaliana, genomic sequence analyses have identified at least 21 genes encoding AKRs. 

Among these, four cytosolic isoforms demonstrate a high degree of similarity and structural 

homology to human AKR1A1: AtAKR4C8, AtAKR4C9, AtAKR4C10, and AtAKR4C11, which 

collectively belong to the AtAKR4C subfamily. AtAKR4C enzymes function as primary 

detoxification mechanisms under both basal and adverse growth conditions (Treffon & Vierling, 

2021). They are highly efficient at reducing hazardous reactive carbonyl compounds derived from 

membrane lipid peroxidation or sugar degradation pathways, and, beyond stress mitigation, they 

contribute to the biosynthesis of specific steroid hormones and prostaglandins. The expression of 

AtAKR4C8 and AtAKR4C9 is strictly linked to environmental stress signaling, undergoing up-

regulation in response to conditions such as drought, extreme cold, salinity, and osmotic shock. 

Conversely, AtAKR4C10 and AtAKR4C11 appear less responsive to environmental fluctuations; 

instead, their regulation is coupled with specific plant developmental stages (Simpson et al., 2009). 

Comparative leaf proteomic analysis of a GSNOR-deficient null mutant (hot5-2) recently 

demonstrated that the complete loss of GSNOR triggers the up-regulation of AtAKR4C8 and 

AtAKR4C9 to potentially mitigate cellular GSNO and protein-SNO accumulation, revealing a direct 

genetic link between the AtAKR4C subfamily and plant NO metabolism (Treffon & Vierling, 2021). 

From a structural perspective, the three extended loops (A, B, and C) responsible for defining the 

cofactor and substrate-binding sites are shorter in the 4C subfamily compared to other AKRs; the 

flexibility of these loops allows these enzymes to interact with a broad spectrum of substrates 

(Simpson et al., 2009).
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2. MATERIALS AND METHODS 

2.1 Growth Media and Substrate Preparation

2.1.1 Murashige and Skoog (MS) agar plate 
A 500 mL glass bottle was used to combine 0.44 g of MS 0.5X (with vitamins, Duchefa Biochemie 

B.V.), 0.20 g of sucrose 0.1% and 200 mL of distilled water (H₂O), and the solution was mixed until 

homogeneous. The initial pH was adjusted up to a pH of 5.7 via the dropwise addition of potassium 

hydroxide (KOH, 9M). 1.60 g of agar 0.8% was subsequently added into the solution and mixed. The 

MS medium was transferred to an autoclave and, once the cycle was completed, it was allowed to 

cool to 50-55°C. Under a sterile laminar flow hood, a 20 mL aliquot of the medium was transferred 

into a sterile 50 mL falcon tube and carefully poured from it into a sterile plate of 92 mm diameter 

and let solidify. A total of nine plates were prepared.

2.1.2 Supplemented MS agar plate for iron and nitrosative stress assays
To prepare the supplemented media, a basal MS medium was formulated following the exact 

composition described in section 2.1.1, sterilized by autoclaving, and subsequently allowed to cool 

to 50–55°C. Under a sterile laminar flow hood, individual 50 mL aliquots of the agar medium were 

transferred into sterile Falcon tubes to prepare the targeted experimental concentrations for each 

treatment before pouring. Three replicate plates were prepared for each experimental condition. For 

the iron toxicity assays, a 100 mM ethylenediaminetetraacetic acid ferric sodium salt (Fe-EDTA; 

Sigma-Aldrich) stock solution was prepared by dissolving 0.03675 g of Fe-EDTA in 1 mL of distilled 

water. Taking into account the 50 μM of Fe already present in the standard MS medium, control plates 

were poured without any additional iron supplementation; conversely, plates with a final 

concentration of 100 μM (intermediate stress) and 200 μM (high stress) were supplemented with 25 μL and 75 μL of the stock solution, respectively. Following a brief inversion to ensure 

homogeneous mixing, the medium was carefully poured into sterile plates and allowed to solidify. An 

identical procedure was followed to prepare the supplemented media for the nitrosative stress assays, 

adding a freshly prepared stock solution of S-nitrosoglutathione (GSNO) to the medium in order to 

reach a final concentration of 1 mM, alongside unsupplemented plates serving as the baseline control 

(0 mM GSNO).

2.1.3 Substrate for soil cultivation 
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A sufficient amount of commercial soil mixture (humidified by adding a sufficient volume of water 

and mixed) and cultivation pots were autoclaved. Pots were filled with the autoclaved soil, and water 

was poured onto the surface until completely saturated. 

2.2 Plant material 

2.2.1 Plate growth
Seeds of Arabidopsis thaliana wild-type (WT), GSNOR null mutant (hot5-2), and AKR triple mutant 

(missing the akr4c8 akr4c9 akr4c10 isoforms) were transferred into individual sterile 1.5 mL 

eppendorf tubes. For seed sterilization, 1mL of 70% ethanol was added into each tube and then all 

tubes were kept under continuous agitation on an orbital shaker platform (at 60 rpm for at least 8 

minutes at room temperature). Following incubation, the ethanol supernatant was decanted and three 

successive washings were performed by adding 1mL of sterile distilled water to each tube by inverting 

them a couple of times. Using a sterile pipette, seeds were withdrawn from the final wash and for 

each genotype three plates were sowed by depositing twenty evenly spaced seeds onto the medium. 

After sowing, all plates were transferred to a dark, cold room at 4°C to undergo vernalization (two 

nights long). Following vernalization, the plates were moved to a growth chamber for four days to 

start germination. Seedling were let grown on soil at 60 to 100 µmol m−2 s−1 with a 12 h light/12 h 

dark schedule and 22 °C/20 °C. Subsequently, under a sterile laminar flow hood, three uniform 

seedlings from each genotype were transferred using sterile forceps onto fresh MS agar plates 

supplemented with varying concentrations of Fe-EDTA to evaluate seedling development under 

excess iron stress conditions: 50 μM for the control, 100 μM for the intermediate stress conditions, 

and 200 μM for the high stress conditions. The seedlings were aligned horizontally and equally spaced 

across the plates. To monitor subsequent root elongation under the different growth conditions, the 

initial position of the root apex for each seedling was marked on the outer bottom face of the plate 

using a permanent marker. Finally, all plates were returned to the growth chamber.

2.2.2 Soil growth
For soil cultivation, three distinct Arabidopsis thaliana genotypes were sown into individual pots. 

Genotypes included one wild type, one hot5-2 and one akr4c8-11 triple mutant (Table 1). Following 

seed deposition, all pots were covered with transparent plastic film and transferred to a dark, cold 

room at 4°C for vernalization (two nights long). Subsequently, the pots were transferred to a growth 

chamber to start germination, and after ten days, six to eight uniform seedlings per genotype were 

selected and carefully isolated from the substrate using forceps. Each seedling was individually 
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transplanted into a separate pot filled with water-saturated, autoclaved soil, and all pots were 

subsequently returned to the growth chamber. 

Table 1. Arabidopsis thaliana genotypes used for soil cultivation.

2.3 Leaf and root phenotyping 
To examine tissue-specific dimensions of soil-grown lines, rosette leaf area was quantified for 

phenotypic comparisons. Digital images of the plants were taken at week 2 and week 4 after sowing, 

and total leaf area was calculated using ImageJ (https://imagej.net/ij/). To examine the specific effect 

of iron and nitrosative stress on early seedling development, in vitro primary root growth responses 

were evaluated. For the iron treatments, digital images of the plates were captured every three days 

over a ten days period after plating; for the GSNO treatments, images were taken every five days up 

to day 10 after plating. Root elongation was measured using ImageJ (https://imagej.net/ij/).

2.4 GSNO preparation  
S-nitrosoglutathione (GSNO) was freshly prepared by reacting to equal concentrations (1;1) of 

reduced glutathione (GSH-G4251 50 mM, Sigma-Aldrich), or L-cysteine hydrochloride hydrate 

(C121800 50 mM, Sigma-Aldrich), together with sodium nitrate (NaNO2 5O mM) in 0.5 M HCl and 

phosphate buffer (50 mM, pH 7.0). GSNO concentrations were spectrophotometrically determined at 

340 nm using an extinction coefficient of 6.22 mM-1 cm -1. Solutions thus obtained could be stored at 

-20°. Desalting column PD-10 was bought from GE Healthcare, and all other reagents were purchased 

from Merck (Darmstadt, Germany), unless otherwise specified. 

2.5 Enzymatic activity assays in vitro 
In vitro assays of purified recombinant AtAKR4Cs were performed via spectrophotometric analysis 

using a Cary 60 UV-vis spectrophotometer (Agilent Technologies, USA) and Semi-Micro Cuvettes 

(PS 1938, Kartell). Enzymatic activity was calculated based on the decrease in absorbance observed 

at a wavelength of 340 nm, applying the combined extinction coefficient of NADPH and GSNO 

(7060 M-1 cm -1). The linear regression model obtained using fixed concentrations of enzymes (0.2 

μM), substrate (GSNO 0.4 mM) and cofactor (NADPH 0.2 mM) demonstrated the ability of 

AtAKR4Cs to metabolize GSNO. Kinetic assays were carried out in the same buffer used for protein 

storage (Tris-HCl 30 mM, pH 7.9), added with 0.2 mM of NADPH (NADPH tetrasodium salt, 

https://imagej.net/ij/
https://imagej.net/ij/
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SIGMA) and increasing concentrations of GSNO (ℇ335nm=0.922 mM-1 cm -1), freshly prepared. The 

kinetic parameters were determined by applying the Michaelis-Menten equation in GrapPad Prism 

10.1.1.
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3. RESULTS 

3.1 Phenotypical response of Arabidopsis plants in soil cultures 
To evaluate the impact of GSNOR deficiency and AtAKR4C subfamily mutations on plant growth, 

morphological and biometric parameters were characterized at two and four weeks post-sowing. At 

two weeks after sowing, initial visual assessment revealed distinct phenotypic variations in rosette 

size across the three investigated genotypes. Wild-Type (WT) seedlings displayed robust 

development, characterized by expanded, larger leaves forming a well-defined rosette profile. 

Conversely, both the hot5-2 and the akr4c8-11 triple mutant exhibited prominent growth restrictions, 

presenting smaller rosettes and delayed leaf expansion compared to the WT control. At four weeks 

post-sowing, the early morphological differences observed at week 2 culminated in highly significant 

quantitative differences in both rosette architecture and total biomass accumulation. Analysis of final 

rosette dimensions demonstrated a severe restriction in leaf expansion for both mutants compared to 

the WT control (Figure 1). Specifically, WT lines achieved a maximal mean leaf area of 

approximately 28 cm2, whereas those of hot5-2 and the akr4c8-11 triple mutant reached only ∼8.0 cm2 and 14.0 cm2, respectively. These reductions were statistically highly significant (݌ < 0.01) 

relative to the WT control. 

Figure 1 Phenotypic variation of rosette leaf area across different Arabidopsis thaliana genotypes in soil cultures. Quantitative analysis of final 
leaf area measured at 4 weeks after sowing in Wild-Type (WT), hot5-2 mutant, and an akr4c8-11 triple mutant. Values represent the mean leaf area 

expressed in cm2. Error bars: standard deviation. n = 8 biologically independent samples per genotype. Asterisks (**) represent highly significant 
differences between each mutant line and the WT control, as determined by Student’s t-test (p-value< 0.01).

Tissue-specific and total fresh weight data closely resembled the leaf area constraints (Figure 2). The 

WT control plants accumulated robust biomass, reaching a mean leaf fresh weight of approximately 0.91 g and a total plant biomass (calculated as the sum of leaves and roots) of 0.93 g. The hot5-2 

mutant exhibited acute growth impairment, with a leaf weight of just ∼ 0.25 g, a nearly undetectable 
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root weight, and a total biomass restricted to ∼ 0.26 g. The akr4c8-11 triple mutant similarly 

demonstrated a significant restriction in biomass accumulation, yielding a mean leaf weight of 

approximately 0.47 g and a total weight of 0.49 g. Across all three genotypes, root fresh weight 

remained low in soil matrices; nevertheless, the weight reductions observed in both hot5-2 and the 

akr4c8-11 triple mutant lines were statistically highly significant (݌ < 0.01) compared to the WT. 

This high level of statistical significance was consistently maintained across all analyzed parameters 

(root, leaf, and total fresh weight).

Figure 2 Comparison of tissue-specific and total fresh weight among different Arabidopsis thaliana genotypes in soil cultures. Quantitative 
biomass determination of leaves, roots, and total seedlings grown in soil for WT, hot5-2, and the akr4c8-11 triple mutant genotypes. Error bars: 

standard deviation. Double asterisks (**) indicate statistically highly significant developmental restrictions relative to the WT control (Student’s t-test, ݌ < 0.01).

3.2 Phenotypic response of seedlings under iron and GSNO stress 
To evaluate the specific impact of Fe stress on root development, primary root length was monitored 

over a 10-day period across three distinct Arabidopsis thaliana genotypes: wild type (WT), the 

GSNOR knockout mutant (hot5-2), and the akr4c8-11 triple mutant line, under control (50 µM), 

intermediate (100 µM), and high (200 µM) Fe(III)-EDTA conditions (Figure 3). 
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Figure 3 Primary root growth dynamics under variable iron conditions across different Arabidopsis thaliana genotypes. Analysis of primary 
root elongation monitored over a 10-day period in Wild-Type (WT), the GSNOR-deficient mutant (hot5-2), and the akr4c8-11 triple mutant under 

control (50 µM Fe, blue curves), intermediate (100 µM Fe, orange curves), and high (200 µM Fe, green curves) conditions. Error bars: standard 
deviation. n = 9 biologically independent samples per genotype condition. Asterisks * and ** represent the significant differences between 

intermediate and high Fe conditions (200 µM Fe in green asterisk) and their respective controls as determined by Student’s t-test at p-value < 0.05 and 
0.01, respectively.

Under control conditions (50 µM Fe), WT seedlings displayed steady, uninhibited primary root 

elongation, reaching a maximal mean root length of approximately 2.4 cm by day 10. Exposure to 

intermediate iron levels (100 µM Fe) did not compromise growth, instead inducing a slight, non-

significant promotion of root elongation, reaching 2.7 cm length at day 10. Conversely, severe iron 

stress (200 µM Fe) triggered an early arrest of primary root growth; this inhibitory effect was already 

highly significant at day 3 (p < 0.01) compared to the control, persisted through day 6 (p < 0.05), and 

remained highly significant until day 10 (p < 0.01), where root length reached 1.2 cm. Under baseline 

control (50 µM Fe), the hot5-2 mutant exhibited a steady growth trajectory; however, its overall root 

elongation was significantly compromised compared to the WT. Already at day 3, the mean root 

length of hot5-2 was much lower than that of the WT (0,2 cm compared to 0,6 cm); consequently, at 

every subsequent measurement interval, the root length of the mutant consistently lagged behind the 

WT, reaching by day 10 a final mean root length of only 1.3 cm. Upon exposure to intermediate iron 

levels (100 µM), hot5-2 seedlings exhibited a slight, non-significant promotion of root elongation 

compared to the control, reaching 1.6 cm by day 10, which is still reduced compared to WT. 

Conversely, seedlings exhibited acute hypersensitivity, leading to a drastic and immediate halt of root 

growth under high (200 µM) Fe stress, reaching a final length of only 0.4 cm by day 10. Under control 

(50 µM Fe) and intermediate iron stress (100 µM Fe) conditions, the akr4c8-11 triple mutant 

displayed a highly compromised root elongation rate, which closely resembled the suppressed growth 

phenotype observed in the hot5-2, reaching a maximal length of just 1.2 cm under 50 µM Fe and 1.4 

cm under 100 µM Fe by day 10. However, under high-iron conditions (200 µM Fe), primary root 

elongation was significantly promoted relative to its control. This growth enhancement was already 
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highly significant at day 3 (p < 0.01), persisting through day 6 (p < 0.05) until day 10 (p < 0.01), 

when it reached a maximal root length of 2.1 cm (greater than the final root length obtained by both 

WT and hot5-2 under the same severe stress conditions). Overall, exposure to intermediate iron 

concentration (100 µM Fe) induced a non-significant promotional trend in root elongation across all 

investigated lines compared to their respective controls (50 µM Fe). Conversely, under high iron 

toxicity (200 µM Fe), contrasting phenotypic behaviours emerged: primary root elongation was 

heavily inhibited in both the WT and hot5-2, whereas it was significantly promoted in the akr4c8-11 

triple mutant. 

To study the impact of exogenous nitrosative stress on root development, primary root length was 

monitored at day 5 and day 10 post-germination in Wild-Type (WT) and akr4c8-11 triple mutant 

seedlings grown under control (0 mM) and severe nitrosative stress (1 mM GSNO) conditions (Figure 

4). Under control conditions (0 mM GSNO), WT seedlings exhibited steady primary root elongation, 

reaching a mean length of ∼ 1.4 cm by day 5 and expanding up to 4 cm by day 10; in contrast, the 

akr4c8-11 triple mutant reached greater lengths under the same conditions, measuring ∼ 2,6 cm and ∼ 6,1 cm at days 5 and 10, respectively.  Upon exposure to 1 mM GSNO, nitrosative toxicity 

triggered a severe, generalized inhibition of primary root elongation in both genotypes. For the WT, 

root growth was drastically suppressed, showing a mean length of just 0.02 cm at day 5 and 0.16 cm 

by day 10, resulting in highly significant (݌ < 0.01) restrictions when compared to its respective 

control at identical time intervals. A similar hypersensitivity was observed in the akr4c8-11 triple 

mutant lines, which reached mean root lengths of 0,04 cm at day 5 and 0,30 cm at day 10, showing 

again highly significant (݌ < 0.01) reductions relative to its control observations.  

Figure 4  Primary root elongation of WT and akr4c8-11 triple mutant seedlings under exogenous GSNO stress. Quantitative root length 
analysis over a 10-day period in Wild-Type (WT) and the akr4c8-11 triple mutant under control (0 mM) and nitrosative stress (1mM GSNO) 

conditions. Values represent the mean root length. Error bars: standard deviation. n = 9 biologically independent samples per genotype. Asterisks (**) 
represent highly significant differences (p < 0.01) between the GSNO treatment and its respective control within each genotype, as determined by 

Student's t-test.
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3.3 Biochemical characterization of AtAKR4C subfamilies in GSNO degradation 
To investigate the biochemical capability of the AtAKR4C subfamily to degrade GSNO, the four 

recombinant isoforms (AtAKR4C8, AtAKR4C9, AtAKR4C10, and AtAKR4C11) were characterized 

in vitro. The baseline enzymatic activity was evaluated under fixed experimental conditions using 0.2 μM of purified protein, 0.4 mM GSNO, and 0.2 mM NADPH. Spectrophotometric tracking of 

cofactor oxidation at a wavelength of 340 nm confirmed that all four isoforms can reduce GSNO, 

displaying distinct specific activities (Figure 5). Specifically, AtAKR4C11 exhibited the highest 

specific activity under these experimental parameters, followed by AtAKR4C9, AtAKR4C8, and 

AtAKR4C10. 

Figure 5 Specific enzymatic activity of recombinant AtAKR4C isoforms toward GSNO. Reductase activity was quantified spectrophotometrically 
by monitoring the rate of NADPH oxidation at ߣ = 340 nm (340ߝ = 7060 M−1 ⋅ cm−1). Assays were performed under fixed, non-saturating 

experimental parameters utilizing 0.2 M of purified recombinant enzyme, 0.4ߤ mM GSNO, and 0.2 mM NADPH in standard storage buffer (30 mM 
Tris-HCl, pH 7.9). Error bars: standard deviation. Isoforms are labeled as C8 (AtAKR4C8), C9 (AtAKR4C9), C10 (AtAKR4C10), and C11 

(AtAKR4C11).

The calculated catalytic efficiency values revealed that AtAKR4C8 presents the highest overall 

catalytic efficiency, followed by AtAKR4C11; in contrast, AtAKR4C9 and AtAKR4C10 exhibited 

significantly lower catalytic efficiencies (Figure 6).
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Figure 6 Catalytic efficiency of purified recombinant AtAKR4C subfamilies. The overall catalytic efficiency (min−1 ⋅ mm−1) was determined by 
applying non-linear regression fitting to the Michaelis-Menten equation using GraphPad Prism 10.1.1. Initial velocities were calculated from the 

linear decrease in absorbance at 340 nm across an increasing gradient of GSNO concentrations, keeping enzyme and cofactor levels fixed (0.2  Mߤ
protein, 0.2 mM NADPH). Error bars: standard deviation. Isoforms are labeled as C8 (AtAKR4C1), C9 (AtAKR4C2), C10 (AtAKR4C3), and C11 

(AtAKR4C4).
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4. DISCUSSION
NO is an essential signaling molecule regulating growth transitions, metal chelation, and antioxidant 

responses in plants; any disruption in its regulatory pathways triggers an accumulation of toxic 

intermediates: RNS and carbonyl intermediates. Global NO homeostasis is maintained by GSNOR, 

which is the primary route for reducing GSNO. Downstream of this primary defense line, the 

AtAKR4C subfamily functions as a secondary detoxification system, specifically mitigating the 

reactive carbonyl intermediates and lipid peroxidation products generated during oxidative stress. 

Examining how the loss of these enzymes impacts shoot and root development under both standard 

and toxic conditions clarifies their distinct and overlapping roles in maintaining cellular homeostasis. 

The phenotypic characterization of distinct Arabidopsis thaliana mutant lines across different growth 

matrices provides insights into the metabolic mechanisms governing cell viability and organ 

development. 

The quantitative and qualitative characterization of soil-grown plants across development 

demonstrates that both GSNOR and AtAKR4Cs activities are required to sustain baseline growth, 

even in non-stressed physiological environments. The developmental and size restrictions observed 

early at week two in both hot5-2 and the akr4c8-11 triple mutant lines suggest that unregulated RNS 

and carbonyl fluctuations impair standard cellular proliferation right from initial seedling 

establishment. By week four, this baseline stress culminates in a statistically highly significant dwarf 

phenotype across all analyzed parameters (leaf area, and leaf, root and total fresh weight). The severe 

reduction in rosette dimensions and biomass observed in the hot5-2 mutant highlights the absolute 

necessity of GSNOR during plant growth; without it, the uncontrolled accumulation of GSNO leads 

to unregulated protein S-nitrosation that hampers shoot expansion (Li et al., 2019; Li et al., 2020). 

Remarkably, the akr4c8-11 triple mutant closely mirrors this compromised biomass accumulation and 

leaf area constraint under control soil conditions. This phenotypic restriction reveals that the 

AtAKR4C subfamily is not only an inducible defense system for extreme environmental stress, but 

is essential for baseline metabolic regulation (Treffon et al., 2021).

When transitioning from soil cultivation to the phenotypic analysis of seedlings grown on MS agar 

media, these regulatory pathways were evaluated under excess iron stress and exogenous GSNO 

exposure. To evaluate the root phenotypic responses under heavy metal stress, it is crucial to consider 

the interplay between NO and ROS within the root apex. While balanced levels of NO mediate 

transition metal chelation and inhibit the hydroxyl radical-generating Fenton reaction, high or 
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prolonged Fe exposure disrupts this equilibrium; this imbalance accelerates the accumulation of both 

ROS and excess NO, compromising cellular membrane integrity and suppressing root meristem 

activity. Recent research by Li et al. (2019) has highlighted that this Fe-dependent cytotoxicity is 

driven by the dysregulation of the NO metabolic pathway; the phenotypic performance of the hot5-2 

mutant under iron exposure strongly validates this model. The observation that hot5-2 primary roots 

achieve a slightly greater length under intermediate iron (100 μM) compared to both its control 

(50 M) and high stress (200ߤ  M) conditions suggests that moderate iron availability exerts aߤ

growth-promoting stimulus (Li et al., 2016). This intermediate growth promotion collapsed under 

severe iron stress (200 µM Fe), where massive accumulation of NO (derived from both pre-existing 

pools and iron-induced burst) combined with Fe-catalyzed ROS via the Fenton pathway. The resulting 

nitro-oxidative stress compromised root apical meristem integrity and induced localized cell death 

within the root tip (Li et al., 2019). Since the mutant lacks functional GSNOR, which is an absolute 

prerequisite for iron toxicity tolerance due to its role in maintaining NO homeostasis via GSNO 

reduction (Li et al., 2019), overall root elongation remained drastically restricted compared to the WT 

across all identical treatments; furthermore, hot5-2 exhibited a lower root length than the WT even 

under control conditions (50 µM Fe), providing critical evidence that GSNOR is essential for root 

development even in the absence of external stress (Li et al., 2019). Under control and intermediate 

Fe conditions, roots of the akr4c8-11 triple mutant closely resembled the compromised growth 

phenotype of hot5-2, indicating that AtAKR4C isoforms are required to maintain metabolic functions 

and cellular homeostasis during root growth under non-toxic conditions (Treffon et al., 

2021). Remarkably, under severe iron toxicity (200 µM), the akr4c8-11 triple mutant outgrew both 

the WT and hot5-2, triggering a significant promotion of root elongation, which may suggest the 

activation of a stress-induced compensatory mechanism. Because AKR enzymes act downstream of 

the primary redox burst to detoxify reactive carbonyl intermediates (Treffon et al., 2021), their 

absence under toxic thresholds may act as an early metabolic signal and the accumulation of primary 

oxidative byproducts could trigger the over-activation of alternative antioxidant defense pathways or 

secondary NO-scavenging systems (which are typically dormant under low or moderate iron 

availability). This compensation mechanism might be capable of neutralizing the iron-dependent 

nitro-oxidative cytotoxicity, while promoting root meristem cell division. Alternatively, this enhanced 

growth might be attributed to an over-compensation by AKR4C11, the only functional isoform of this 

subfamily still expressed in the akr4c8-11 triple mutant line. To date, no published studies have 

described a phenomenon wherein the loss of AKR isoforms triggers a enhancement of root tolerance 
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and growth under high iron stress conditions. To validate these findings and better understand this 

phenomenon, future experiments should: explore a broader range of iron concentrations, modify the 

treatment timeline (either by analysing earlier time points or by extending the monitoring period), 

shift from Fe(III)-EDTA to alternative iron sources, and expand the genetic screening to distinct 

mutant lines. While the iron stress assays evaluated responses to heavy metal toxicity, the in vitro 

GSNO treatments investigated the effects of nitrosative stress on root development. At the baseline 

level (0 mM GSNO), the enhanced root elongation observed in the akr4c8-11 triple mutant compared 

to the WT contrasts with its soil-grown dwarf phenotype; this suggests that under in vitro conditions, 

the metabolic changes caused by the loss of the AtAKR4C subfamily don’t restrict growth. 

Conversely, the generalized phenotypic collapse observed in both genotypes under 1 mM GSNO 

underscores that high concentrations of this exogenous donor induce an over-accumulation of RNS, 

which triggers massive, non-specific protein S-nitrosation and generates nitro-oxidative stress. This 

stress causes immediate and irreversible damage to the root apical meristem, resulting in a permanent 

halt of cellular division (Ventimiglia & Mutus, 2020). Because this response masks any potential 

genotype-specific variations, future optimizations are required to overcome these experimental 

limitations. Specifically, new approaches should include testing a wider, incremental gradient of sub-

lethal GSNO concentrations or employing alternative NO donors, such as sodium nitroprusside 

(SNP). On a biochemical level, future projects should integrate these macro-phenotypic observations 

with in situ tracking of RNS accumulation via fluorescent probes to obtain deeper mechanistic 

insights.

From the in vitro biochemical characterization of the four AtAKR4C recombinant isoforms, the 

spectrophotometric data collected confirm that all enzymes act as functional components of the plant's 

secondary line of defense by metabolizing GSNO via an NADPH-dependent pathway. The assays 

performed at a fixed concentration of 0.4 mM GSNO and those at an increasing substrate 

concentration gradient highlight a specific functional diversification within this family. The 

remarkably high catalytic efficiency of AtAKR4C8 implies a very low ܭ௠, indicating that this 

isoform possesses a very high binding affinity for GSNO, which allows it to efficiently scavenge RNS 

even when present at low levels. Conversely, the high specific activity but lower efficiency of 

AtAKR4C11 suggests a higher ܭ௠, meaning it requires greater substrate concentrations than 

AtAKR4C8 to operate at its maximum velocity. This kinetic divergence offers a potential explanation 

for the root growth dynamics observed in the akr4c8-11 triple under high iron toxicity (200 μM Fe); 

since AtAKR4C11 is the only functional isoform in this mutant, its high-capacity turnover potential 
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at high substrate concentrations may drive metabolic over-compensation and activate alternative 

signaling pathways, protecting the root tip and sustaining primary root elongation. 
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5. CONCLUSIONS 
Nitric oxide (NO) is a universal signaling molecule produced by all aerobic organisms under both 

physiological conditions and environmental stress. NO exerts an essential role in coordinating the 

metabolic networks of both plants and animals; however, misregulation of NO homeostasis promotes 

the rapid accumulation of nitrosative damage, which irreversibly impairs essential macromolecules. 

Within the cellular matrix, the biological activity of NO is extended across time and space through 

the formation of S-nitrosoglutathione (GSNO), a stable molecular derivative generated when NO 

interacts with the reduced glutathione (GSH) pool via S-nitrosylation; GSNO functions as the primary 

mobile reservoir and long-range transport vector of bioavailable NO. In Arabidopsis thaliana, GSNO 

levels are predominantly regulated by the activity of the NADH-dependent enzyme S-

nitrosoglutathione reductase (GSNOR). As widely documented in literature (Treffon et al., 2021) and 

confirmed in this work, the complete functional disruption of GSNOR in the knockout mutant hot5-

2 manifests as severe developmental abnormalities, including stunted growth and reduced fertility. 

Alongside this primary pathway, the recent identification of the aldo-keto reductase 4C (AtAKR4C) 

subfamily, whose four cytosolic members (AtAKR4C8, AtAKR4C9, AtAKR4C10, and 

AtAKR4C11) share approximately 40% sequence identity with the human isoform AKR1A1 

(Mindnich & Penning, 2009), has opened new perspectives on plant detoxification mechanisms. In 

the first part of this work, phenotypic responses of the hot5-2 and the akr4c8-11 triple mutants were 

characterized under basal soil conditions and in vitro toxic stress. Soil cultivations demonstrated that 

both GSNOR and AtAKR4Cs are required to sustain baseline development, as their respective losses 

generate an identical dwarf phenotype driven by the unregulated accumulation of cytotoxic RNS and 

reactive carbonyls. Conversely, under severe iron toxicity (200  M Fe-EDTA), root elongation inߤ

Wild-Type (WT) and hot5-2 lines collapsed due to the iron-catalyzed ROS generated via the Fenton 

pathway and the subsequent local nitro-oxidative burst (Li et al., 2019); remarkably, the akr4c8-11 

triple mutant triggered a significant promotion of primary root growth. The second part of this work 

focused on the in vitro kinetic characterization of the four recombinant AtAKR4C isoforms. 

Spectrophotometric assays tracking NADPH oxidation confirmed that all four AtAKR4C enzymes 

metabolize GSNO, though they have different catalytic efficiencies. Based on these kinetic insights, 

two distinct hypotheses can be formulated to explain the iron-tolerance behaviour of the akr4c8-11 

triple mutant. The first model proposes that because AtAKR4C8 demonstrated the highest overall 

affinity and catalytic efficiency toward GSNO, its absence in the akr4c8-11 triple mutant could cause 

a rapid accumulation of signaling molecules upon iron exposure, activating secondary antioxidant 
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pathways or alternative NO-scavenging systems that are normally dormant in the WT. The alternative 

model suggests that this unexpected growth promotion is instead driven by AtAKR4C11, which is 

the only functional isoform remaining in the akr4c8-11 triple mutant. This enzyme exhibited an 

exceptionally high specific activity but a lower substrate affinity than AtAKR4C8; under severe iron 

toxicity, when the ROS burst compromises GSNOR stability (Li et al., 2021) and intracellular GSNO 

levels spike, AtAKR4C11 can switch into a high-capacity turnover mode, clearing the root apical 

meristem and protecting cell division from nitro-oxidative cytotoxicity. Finally, exogenous GSNO 

stress assays showed that exposure to 1 mM GSNO induced a generalized phenotypic collapse in all 

genotypes, demonstrating that the protective capacity of the AtAKR4C subfamily is effective only 

within precise sub-lethal ranges, beyond which the cellular antioxidant machinery becomes saturated, 

masking genotype-specific variations. To further evaluate the functional roles of these enzymes, 

future research should analyze the effects of overexpressing individual AtAKR4C isoforms within 

both WT and hot5-2 mutant lines. Determining whether artificial enhancement of this NADPH-

dependent pathway can effectively compensate for the loss of the primary NADH-dependent pathway 

will provide critical insights for engineering enhanced nitro-oxidative stress tolerance in economic 

crops.
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