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Editorial on the Research Topic
 Nitric Oxide in Plants



Nitric oxide (NO) is a multifunctional gaseous signaling molecule implicated in both physiological and pathological functions in plant systems. Since the first publication accounting for the presence of NO in plants in 1979, numerous milestone discoveries have revealed the complexity of its metabolic and signaling networks. This Research Topic on Nitric Oxide in Plants comprises 12 manuscripts and aims to provide new insights into the molecular networks of NO through both original articles and detailed reviews related to seed and plant development, abiotic stress responses, signaling, and beneficial plant-microbial interactions.

In the scope of plant development, the role of NO as a root growth regulator is investigated by Oláh et al. in an original article where the interplay between NO and strigolactones (SLs) in stress-free Arabidopsis plants is studied. Authors correlate the deficiency in SL synthesis or signaling with decreased S-nitrosoglutathione (GSNO) reductase (GSNOR) protein abundance and activity and conclude underlining the need for functional GSNOR to control NO/S-nitrosothiol levels during SL-induced primary root elongation. However, the authors specify that both SL and karrikin phytohormone signaling could have overlapping roles in their experimental design. Another big challenge for plant biotechnology is the improvement of crop productivity. It is well-established the positive correlation between the supply of nitrogen (N) fertilizers and the seed yield. In this context, the original article of Nejamkin et al. investigates the link between N availability and NO in the promotion of growth and seed production in transgenic tobacco plants transformed with the Ostreococcus tauri NOS gene (OtNOS). They show a severe attenuation in the OtNOS-promoted stimulation of growth and production in transgenic plants under conditions of nitrogen scarcity and emphasize the beneficial effects of the application of nitrate ([image: image])-containing fertilizers. The same kind of fertilizers is also recommended by Li et al. in their original article about Lycium fruits development and ripening in order to increase the endogenous NO content. They induced the silencing of the nitrate reductase (NR) gene in fresh fruits to demonstrate that NR-derived NO negatively regulated fruit coloration/ripening by suppressing anthocyanin de novo biosynthesis, as well as by redirecting the flavonoid biosynthetic pathway to proanthocyanidins production, a colorless taste factor. They also found the antagonistic effects of NO and abscisic acid (ABA) in the regulation of the coloration of Lycium fruits.

Two manuscripts go in-depth in the study of the role of NO in the nitrogen fixation by the symbiotic interaction between legume and rhizobium partners. Signorelli et al. reviews the current knowledge about the sources and fundamental roles of NO during the different stages of the interaction and discuss the connections between the metabolism of NO and cytokinins, auxin, and ABA signaling pathways. They also report dose- and time-dependent effects of NO on bacterial nitrogenase expression and activity in mature nodules and the protective role of leghemoglobins as reactive oxygen species (ROS)/ reactive nitrogen species (RNS)-scavengers which in turn could inactivate nitrogenase. Following the same thematic, the original article of Berger et al. investigates the contribution of NR, as the main source of NO in plants, for the functioning of the symbiosis. In this paper, a dual role in nodule functioning is attributed to NR: generating NO as a signal for gene regulation and metabolic adaptation, and contributing to the energy supply under the hypoxic conditions prevailing inside the nodule.

Seed germination is another relevant issue for biologists and agriculture and the critical role of NO in breaking dormancy has been extensively demonstrated. In this Topic, Wang et al. analyze the crosstalk between NO and the inhibitory effects of ABA in releasing potato seed dormancy. Researchers probe in their original article the ABA-dependent decrease of the NO content and the NOS-like and NR activities in potato during sprouting. On the other hand, the promotion by NO of ABA catabolism and the inhibition of ABA biosynthesis ultimately induced dormancy release and tuber sprouting. In the same line, Ciacka et al. summarize in their mini-review the current knowledge on NO and other RNS contribution in the modulation of crucial events related to the preservation of seed vigor and/or regulation of seed longevity during aging. Authors highlight the interest of ROS-RNS cross-talk as NO counteracts ROS generation and stimulates the antioxidant system. Additionally, the authors indicate a concentration- and time-dependent effect of NO on ethylene, polyamines and ABA biosynthesis as well as the implication of the protein modification by S-nitrosylation in the regulation of the deterioration processes in seeds. Another kind of NO-derived modification, consistent with the nitration of unsaturated fatty acids, has been highlighted in the last few years in plant systems. This interaction results in the formation of nitro-fatty acids (NO2-FAs). In this regard, the original article of Mata-Pérez et al. reports the ability of nitro-linolenic acid (NO2-Ln) to move from roots to leaves in Arabidopsis plants. Moreover, given the potential of NO2-Ln to release NO at physiological pH and temperature, it can modulate the in vitro and in vivo levels of GSNO, the major mobile biological reservoir of NO bioactivity. The manuscript provided by Nabi et al. analyzes the interaction of NO with biological molecules too. In particular, they contribute to this Topic with an original sequencing study aiming at the functional characterization of NO-responsive domains of unknown function (DUF)-containing genes in Arabidopsis leaves. They identified 231 upregulated and 206 down-regulated DUF genes. The study focuses on AtDUF569 given its significant increase in expression and interesting interactions with other proteins. This gene negatively regulates biotic stress responses and differentially regulates plant shoot and root growth under nitro-oxidative stress conditions.

In the context of the implication of NO in the tolerance against abiotic stress situations, Rather et al. highlights in their review the major aspects of copper (Cu)-induced toxicity in plants and summarize two possible strategies for NO to mitigate damages: the upregulation of the enzymatic and non-enzymatic antioxidant systems or defense genes, and the NO-participation in the root exclusion and/or activation of metal-chelating ligands such as metallothioneins and phytochelatins. In the same scope of environmental injuries, Pissolato et al. evidenced in their original article an interesting strategy for alleviating the negative effects of water deficit on sugarcane plants. These researchers demonstrate that the increase in the NO3 supply enhanced NO synthesis through NR which improves sugarcane performance under drought. Another environmental disaster is global warming and ozone layer depletion. Among others, nitrous oxide (N2O) is a potent greenhouse gas. The review of Timilsina et al. describes the mitochondrial reduction of the NR-derived NO to N2O under low oxygen conditions and proposes this route as a way to protect the mitochondrial and cellular integrity from the toxicity of NO accumulation under hypoxia and anoxia.

In summary, the variety of the work reported here (Figure 1) reinforces the already known relevance of NO in the biology of plant systems and highlights the complexity of its signaling roles. We hope that this Topic will encourage researchers to continue and initiate new studies in this exciting area where a plethora of molecular mechanisms remain unexplored.


[image: Figure 1]
FIGURE 1. Schematic model of the NO bioactivity in plants in the scope of plant development, seed germination, abiotic stress situations, signaling, and nitrogen metabolism. The numbers in blue indicate the main subject matter covered in each article in the Research Topic. Additionally, the numbers in green indicate the relationship to additional topics. [1] Oláh et al. [2] Nejamkin et al. [3] Li et al. [4] Signorelli et al. [5] Berger et al. [6] Wang et al. [7] Ciacka et al. [8] Mata-Pérez et al. [9] Nabi et al. [10] Rather et al. [11] Pissolato et al. [12] Timilsina et al..
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Nitric oxide (NO) is a messenger molecule widespread studied in plant physiology. Latter evidence supports the lack of a NO-producing system involving a NO synthase (NOS) activity in higher plants. However, a NOS gene from the unicellular marine alga Ostreococcus tauri (OtNOS) was characterized in recent years. OtNOS is a genuine NOS, with similar spectroscopic fingerprints to mammalian NOSs and high NO producing capacity. We are interested in investigating whether OtNOS activity alters nitrogen metabolism and nitrogen availability, thus improving growth promotion conditions in tobacco. Tobacco plants were transformed with OtNOS under the constitutive CaMV 35S promoter. Transgenic tobacco plants expressing OtNOS accumulated higher NO levels compared to siblings transformed with the empty vector, and displayed accelerated growth in different media containing sufficient nitrogen availability. Under conditions of nitrogen scarcity, the growth promoting effect of the OtNOS expression is diluted in terms of total leaf area, protein content and seed production. It is proposed that OtNOS might possess a plant growth promoting effect through facilitating N remobilization and nitrate assimilation with potential to improve crop plants performance.
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INTRODUCTION

Crop productivity depends on strong nitrogen (N) fertilization, though plants use only 50% of the supplied nitrogen. For most plant species, NUE is defined by the plant capacity to extract inorganic nitrogen (N) from the soil, assimilate nitrate and ammonium, translocate, remobilize and recycle of organic N forms during the life cycle (Krstić and Sarić, 1983). Metabolic processes based on protein synthesis and N-containing biomolecules are critical for plant vegetative and reproductive growth and yield, and dependent on the adequate N supply (Sinclair and Rufty, 2012). Thus, improving NUE is a big challenge for plant biotechnology (Masclaux-Daubresse et al., 2010).

Both field and laboratory researches have demonstrated that increasing the supply of N fertilizers enhances growth and photosynthesis. The sensitivity for N fertilization is species specific and central for agriculture. Nitrogen scarcity results in a reduced leaf area and leaf energy production due to a reduced light interception for photosynthesis (Huber et al., 1989; Tóth et al., 2002; Dordas and Sioulas, 2008).

Given that nitrate reduction is the rate limiting step for N assimilation, nitrate reductase (NR) is considered a key enzyme in N acquisition. NR reduces nitrate to nitrite, but is also able to generate NO from nitrite (Kaiser et al., 2010). More recently, NR has been shown to play a role in NO homeostasis by supplying electrons from NAD(P)H through its diaphorase/dehydrogenase domain both to a truncated phytoglobins, which scavenges NO by its dioxygenase activity, and to the molybdoenzyme NO-forming nitrite reductase that can also generate NO from nitrite (Chamizo-Ampudia et al., 2017). In addition, a Nitrite:NO reductase was characterized as a membrane–bound enzyme that specifically produces NO from nitrite at pH 6 (Stöhr et al., 2001). It may reduce the apoplastic nitrite produced by NR playing a role in nitrate signaling via NO formation (Stöhr et al., 2001).

NO is a widespread signal molecule that participates in many physiological processes in all life kingdoms. In animals, NO is produced by the enzyme NO synthase (NOS; EC 1.14.13.39). All NOS make use of l-arginine and molecular oxygen as substrates and require the reduced cofactors nicotinamide-adenine-dinucleotide phosphate (NADPH), flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), and (6R-)5,6,7,8-tetrahydrobiopterin (BH4). Animal NOS is a bimodal enzyme, comprising an N-terminal oxygenase domain (NOSoxy) that binds protoporphyrin IX (heme) and C-terminal reductase domain (NOSred) that binds NADPH and the cofactors FMN and FAD. The two domains are connected by a calmodulin binding sequence (Griffith, 1995).

Genomic and functional analyses indicate that NOS enzymes are present in many organisms ranging from bacteria to humans (Gorren and Mayer, 2007). In higher plants, there are at least two enzymatic ways leading to NO production, the reductive and oxidative pathways: (1) NR, which reduces nitrate to nitrite, and then nitrite to NO (Yamasaki et al., 1999) and (2) a NOS-like enzymatic activity (Corpas et al., 2006). Nevertheless, no gene or protein with sequence similarity to animal or bacterial NOS has been yet identified in higher plants (Jeandroz et al., 2016). The first NOS of the plant kingdom was described in the photosynthetic unicellular Chlorophyte Ostreococcus tauri (Foresi et al., 2010; Weisslocker-Schaetzel et al., 2017). O. tauri is a single-celled green alga who shares a common ancestor with higher plants and is considered part of an early diverging class within the green plant lineage. Thus, it is an appropriate model system to study gene evolution and cellular processes in photosynthetic eukaryotes (Derelle et al., 2006).

In a previous work, we expressed OtNOS in Arabidopsis under the regulation of a stress-inducible promoter and showed that the transgenic lines displayed improved tolerance against salt and drought stresses (Foresi et al., 2015). The relevance of NO as a mediator of physiological and stress-related processes in plants has recently been reviewed (Begara-Morales et al., 2018). Meanwhile, other reports demonstrated that NO can regulate the first steps of N assimilation (Sanz-Luque et al., 2013) and also, through overexpression of phytoglobins, that NO can be oxidized to NO3– and enter into N assimilation pathways in dicots and monocots (Kuruthukulangarakoola et al., 2017; Zhang et al., 2019). In this work, based on the molecular characterization of OtNOS activity and NO involvement in N metabolism, we generated transgenic tobacco plants expressing OtNOS under the control of the Cauliflower Mosaic Virus (CaMV) 35S promoter, and analyzed their growth and response to sufficient and deficient N conditions. Transgenic tobacco lines expressing OtNOS exhibited higher growth rates than plants transformed with the empty vector (EV) in nitrate sufficient condition. These findings extend our knowledge about the physiology of NO and nitrate in plants.



MATERIALS AND METHODS


Preparation and Characterization of Nicotiana tabacum Lines Expressing OtNOS

The O. tauri DNA sequence encoding NOS was synthesized, sequenced and cloned into the BamHI and XbaI sites of pCHF3 (Jarvis et al., 1998) to give pCHF3:OtNOS. Plasmid pCHF3 is a binary vector carrying the CaMV 35S promoter and a pea (Pisum sativum L.) rubisco small subunit terminator. Nicotiana tabacum plants were transformed as described by Gallois and Marinho (1995) using Agrobacterium tumefaciens containing the plasmid of interest. Seedlings of N. tabacum cultivar Petit Havana (PH) from 6 to 8 weeks grown in Magenta boxes with MS-0, 0.8% (w/v) agar were used. After incubation and transformation process, stems of 1 to 2 cm long were transferred to Magenta boxes with MS-0, 0.8% (w/v) agar containing 0.1 mg ml–1 Kanamycin (Kan). Stems that formed roots were subsequently transferred to pots with soil.

Transgenic 35S:OtNOS lines were selected on the basis of Kan resistance, and confirmed by genomic PCR and RT-PCR analyses. Primers used for RT-PCR are specified in Supplementary Table S1 and amplified a 632-bp fragment. The primers for elongation factor 1α (ef-1α), a housekeeping gene used as a reference for mRNA levels between samples, are also indicated in Supplementary Table S1. For quantitative RT-PCR, total RNA was extracted using Trizol (Invitrogen). One μg of total RNA was used for first-strand cDNA synthesis with a M-MLV reverse transcriptase (Promega). PCR reactions were performed using Taq DNA polymerase (Invitrogen) with annealing temperature of 54°C and 35 cycles.



Plant Growth

Tobacco plants were grown in a culture chamber with long day photoperiod (16:8, light:darkness), temperature of 27°C/23°C (light/dark cycle), 150 μE m–2 s–1 of light intensity and 60% humidity. For all experiments, transgenic plants of T1 generation were selected by sowing and growing for 9 days in plates containing 0.1 mg.ml–1 Kan and 0.8% (w/v) agar supplemented with Hoagland solution (Hoagland and Arnon, 1938) or MS. For experiments under different N conditions, seedlings were transferred to plates containing a modified Hoagland/agar solution without ammonium and with 10 mM NO3– (5 mM KNO3, 2.5 mM Ca(NO3)2) or 0.5 mM NO3– (KNO3). Growth analysis was performed using different N concentrations (10, 3, 1.5, and 0.5 mM) in which 0.5 mM was established as a deficient N condition for tobacco. When nitrate was 0.5 mM, Hoagland solution was supplemented with KCl and CaSO4 to maintain Ca+2 and K+ levels. For experiments with more developed plants, seedlings were transferred to 200-cm3 plastic pots with soil:perlite:vermiculite (1:1:1) and irrigated with water or 10 mM KNO3. For seed production, seedlings were transferred to 5-lt pots containing perlite:vermiculite (1:1) and irrigated with modified Hoagland solution as previously described.



Detection of NO and Determination of Nitrate and Protein

Endogenous NO levels were estimated by using the NO-sensitive dye DAF-FM DA (Kojima et al., 1999; Moreau et al., 2008). Roots were observed by fluorescence microscopy and bright-field microscopy using an Eclipse E200 microscopy (Nikon). After Kan selection, seedlings were transferred for 7 days to plates containing agar and modified Hoagland solution as described above. For nitrate and protein determination, 100 mg of seedlings were ground in liquid N2 and resuspended in 100 mM sodium phosphate pH 7.4. After centrifugation at 10,000 g for 15 min at 4°C, supernatants were used for nitrate determination as described by Cataldo et al. (1975). Samples were incubated with Salicylic acid (50 mg/ml) and reaction was stopped with 2N NaOH. Absorbance was measured at 410 nm. Protein content were determined by the Bradford method (Bradford, 1976).



Determination of Leaf Area and Root Length

For all treatments, seedlings were photographed, total whole leaf area per plant and total length of all roots per plant were measured using Image J software (Image J1).



Seed Germination

Transgenic tobacco seeds were sown and germinated in plates containing 0.8% (w/v) agar with Hoagland (10 mM NO3–), prior stratification. Germination was measured after 8 days, when the radicle pierced the seed coat (Bethke et al., 2006).



Oxygen Consumption

Oxygen consumption of adult leaves was analyzed using a Clark-type oxygen electrode. Detached leaves from tobacco EV and transgenic plants from two growth conditions (water and NO3–), were pre-incubated for 2 h in the dark in the reaction buffer (10 mM K2HPO4, pH 7.2, 10 mM KCl, 5 mM MgCl2, 0.3 M mannitol) before measurements. Then, entire leaves were introduced into the chamber and oxygen consumption was measured for 10 min. Values were normalized to fresh weight and expressed relative to the plants with maximal O2 consumption.



Quantitative PCR Analysis

For quantitative RT-PCR, reactions were performed on a Step-one Real-time PCR machine from Applied Biosystems (California, United States) with Fast Universal SYBR Green Master Rox (Roche) to monitor the synthesis of double-stranded DNA. Software LinReg (Ruijter et al., 2009) was used to analyze data and relative transcript levels for each sample. Data were normalized against the levels of ef-1α cDNA. The primer sequences used are listed in Supplementary Table S1. Primers for NR were designed to amplify transcript of both NR isoforms (NIA1, NIA2).



Segregation Analysis

For estimation of loci number in which T-DNA was integrated, seeds of T1 were sown in Petri plates with MS-0 and Kan and were incubated in a phytotron for 10 days. After that, sensible and resistant plants were counted. It was assumed that if the segregation proportion of Kan resistant: sensible is 3:1, the T-DNA has been inserted in a unique site of the genome (Murgia et al., 2004).



Statistical Analysis

Results are expressed as means ± standard error. Data were analyzed using the Student’s t-test for pairwise comparisons or ANOVA with post hoc Dunnett’s method comparisons. We have developed a linear mixed-effects model, using the lme function from the nlme library in R software (version 3.1; R Foundation for Statistical Computing). Fixed effect was OtNOS expression, experiments and plates were treated as a random effect.



RESULTS


Expression of OtNOS Gene in Tobacco

We have previously showed that the expression of OtNOS with the control of a stress-inducible short promoter fragment (SPF) of the sunflower (Helianthus annuus) Hahb-4 gene improved stress tolerance of Arabidopsis (Foresi et al., 2015). Based on those results, we tested whether a constitutive expression of OtNOS in tobacco plant could also generate a benefit on growth parameters. Thus, OtNOS under the control of the constitutive CaMV 35S promoter was cloned into the vector pCHF3 and used to transform tobacco (Nicotiana tabacum cv. Petit Havana) (Supplementary Figure S1A). Transgenic tobacco T0 lines expressing OtNOS were screened by genomic PCR (Supplementary Figure S1B) and RT-PCR (Supplementary Figure S1C).

NOS-expressing lines were characterized by measuring fresh weight (FW) of tobacco plants growing in pots containing perlite:vermiculite:soil (1:1:1) irrigated with water or 10 mM nitrate. Transgenic OtNOS lines showed higher FW than EV plants after 26 and 60 days of irrigating with nitrate, while no significant differences were detected between lines when irrigated with water (Figures 1A,B).
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FIGURE 1. Expression of OtNOS promotes growth of transgenic tobacco plants. (A) Representative photographs showing phenotypes of tobacco lines transformed with empty vector (EV) or OtNOS grown in plates containing MS with kanamycin (9 days) and then transferred to pots with substrate (perlite:vermiculite:soil, 1:1:1) and irrigated with water or 10 mM nitrate for the indicated times. (B) Fresh weight of EV and OtNOS transgenic lines was quantified as a measure of vegetative growth in these conditions. Values are means (± SE) of four to five biological replicates. Asterisks indicate statistically significant differences between OtNOS lines and EV (ANOVA post hoc Dunnett’s method was used, *p < 0.1 and ***p < 0.001).


Mitochondria are not only the cell organelles whose tasks are respiration and energy generation, but also they are sites of NO production and target in the electron transport chain (ETC), altering the organelle physiology. The NO production and action on various mitochondrial complexes of the ETC play a major role in NO signaling, energy metabolism and growth of plants (Gupta et al., 2018). To assess whether OtNOS expression affects mitochondrial respiration rate, O2 consumption was analyzed. We found that leaves of water-watered EV plants had ∼40% more respiration than OtNOS lines in the same condition (Supplementary Figure S2). This difference of respiration rates between OtNOS and EV plants was independent of the age of the plant (40, 60, and 70-day old). In contrast, when plants were supplied with nitrate, less O2 consumption was observed with the increasing of the plant age and irrespective of the genotype analyzed (Supplementary Figure S2).



OtNOS Expression Increases Tobacco Seedling Biomass Under N Sufficiency

Before continuing analyzing transgenic lines, we tested the number of T-DNA insertion (Supplementary Table S2). Since more than one insertion could generate confusing results, the following experiments were done only with the OtNOS 5 and OtNOS 7 tobacco transgenic lines. First, we checked OtNOS expression by quantitative RT-PCR (qPCR) and observed that OtNOS 5 levels were two-fold higher than those of OtNOS 7 (Figure 2A). Since we observed a different growth rate between transgenic and EV plants and considering that OtNOS may affect N metabolism since it uses arginine as substrate, we designed an experiment using Petri dishes containing different N concentrations (10 and 0.5 mM NO3–). Tobacco seedlings were grown in a modified Hoagland/agar medium in which NO3– was used as the sole N source. When seedlings were grown on sufficient NO3– concentration (10 mM), the OtNOS expressing seedlings exhibited growth advantages compared with EV (Figure 2B). However, when N was restricted (0.5 mM) this difference was abolished (Figure 2B). Statistical analyses indicate that OtNOS expression increased leaf biomass under nitrate-rich conditions and not under N-deficient conditions (Figures 2B,C). To get insights on root growth under contrasting nitrate availability, we measured development of the root system. Results shown in Figure 2D indicate that root length was, as expected, 50% larger under low N since seedling root system tries to explore the growing media seeking for more N (Guan et al., 2014). There are no significant differences in root system growth between EV and OtNOS plants except for the transgenic line OtNOS 5 that displayed a slight increase of root growth under N deficiency at 0.5 mM nitrate (Figure 2D). It has been proved that treatments with exogenous NO donors or complete blockage of endogenous NO modifies root phenotype (Correa-Aragunde et al., 2004). Since no strong effects on root architecture was observed in the transgenic tobacco lines, it is considered that levels of NO present in roots of tobacco OtNOS lines are below concentrations required to induce a phenotype.
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FIGURE 2. Characterization of transgenic tobacco seedlings expressing OtNOS and growing under different N conditions. (A) Quantitative RT-PCR analysis of OtNOS expression in leaves of transgenic seedlings growing in plates containing Hoagland/agar (10 mM N) for 6 days (previously selected with kanamycin for 9 days). Values are means (± SE) of three independent experiments, each consisting of a biological replicate corresponding to a pool of two to three plants. Values were relativized using ef1-α as control. Asterisk indicates statistically significant differences between OtNOS lines (Student’s t-test, *p < 0.05). N.D, no detection. (B) Representative pictures showing the phenotypes of aerial parts of 16-days-old seedlings after 6 days of growing in Hoagland medium containing 10 or 0.5 mM NO3–. Leaf area (C) and total root length (D) were measured during treatment using Image J software. Values are means (±SE) of three independent experiments, each consisting of at least three biological replicates. Asterisks indicate statistically significant differences between OtNOS lines and seedlings transformed with empty vector (EV) in same conditions (ANOVA post hoc Dunnett’s method was used, *p < 0.05, **p < 0.01, ***p < 0.001).




Levels of NO in OtNOS Transgenic Tobacco Roots

We analyzed if the expression of OtNOS leads to an increase in NO production in tobacco plants by using the DAF-FM DA, a cell-permeable fluorescent probe that reacts with the most oxidized forms of NO (NO+ and N2O3). It is the most used probe for NO detection in plants (Guo et al., 2003; Planchet and Kaiser, 2006; Zottini et al., 2007; Lozano-Juste and León, 2010; Foresi et al., 2015). Roots of transgenic tobacco plants incubated with DAF-FM DA were analyzed by epi-florescence microscopy. After treatment, higher green fluorescence was observed in roots of both OtNOS transgenic tobacco lines compared to EV (Figures 3A,B). Nicotiana tabacum corresponds to pattern type 3 of radical hairs distribution, with rows of trichoblasts and trichomes alternating with rows of atrichoblasts (Kim et al., 2006). An increase in the intensity could be seen in the zone of differentiation corresponding to the root zone where trichoblasts and trichomes are generated. However, still the apex zone is observed with fluorescence, which is especially relevant, since NO is required for primary root elongation (Sanz et al., 2014).
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FIGURE 3. Increased NO content in roots of transgenic tobacco lines expressing OtNOS. (A) NO content was determined using DAF-FM DA and detected by fluorescence microscopy in roots after 7 days of treatment with 0.5 or 10 mM NO3–. Images were taken at 40X. (B) Quantification of DAF-FM DA fluorescence using Image J software (AU, arbitrary units). Values are means (±SE) of two independent experiments each consisting of three biological replicates. Different letters indicate statistically significant differences (ANOVA, post hoc Tukey method was used, p < 0.05).


Results indicate that constitutive expression of OtNOS effectively increased between 25 and 30% the NO production in tobacco root cells. To complement this observation and to get insights of the NO level in transgenic tobacco leaves, qPCR analysis of phytoglobin transcript level was performed considering that its transcript is induced by the increase of NO (Ohwaki et al., 2005; Shimoda et al., 2005; Kuruthukulangarakoola et al., 2017). Phytoglobins are responsible of contributing to the control of high levels of NO in plants (Hebelstrup et al., 2013). In agreement with results obtained using the NO probe in roots, transcript levels of tobacco phytoglobin showed a slight increase in leaves of both transgenic tobacco lines OtNOS 5 and OtNOS 7 (Supplementary Figure S3).



Higher Expression of Nitrate Reductase (NR) in Tobacco OtNOS Transgenic Line

The growth phenotype of OtNOS transgenic tobacco plants prompted us to further explore N metabolite assimilation in those lines. Nitrate and protein content were measured from leaves and roots of OtNOS 5 and EV tobacco lines. While no differences were found under low N condition, OtNOS 5 line increases the levels of nitrate and protein compared to EV when grown in N sufficient condition (Figure 4). Accordingly, OtNOS 7 line also increased protein content in leaves and roots during N sufficiency (Supplementary Figure S4).
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FIGURE 4. Nitrate and protein content in transgenic tobacco line expressing OtNOS. Seedlings were grown in plates with Hoagland/agar medium containing 10 mM NO3– and kanamycin for 9 days. After selection, seedlings were transferred to plates with indicated N levels for 7 days for nitrate and protein determinations. Measurements were done using all leaves and root independently. (A) Nitrate was measured according to Cataldo et al. (1975). (B) Protein content was measured using Bradford’s method (1976). Fresh weight (FW). Values are means (±SE) of at least three independent experiments each consisting of three to four biological replicates corresponding to a pool of two to three plants. Asterisks indicate statistically significant differences between OtNOS 5 and EV (ANOVA, post hoc Dunnett’s method was used, *p < 0.05, **p < 0.01, ***p < 0.001).


To further investigate nitrate assimilation pathway, levels of NR transcript were studied in a short time of treatment since it is known that genes responding to nitrogen are highly dependent on N availability (Liu et al., 2017). Given that transgenic tobacco lines displayed similar growth phenotype compared to EV under low N conditions, we only analyzed NR expression under complete N supply. Results show that NR expression is higher in OtNOS 5 and 7 compared to EV (Figure 5).
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FIGURE 5. Transcript levels of nitrate reductase (NR). Seedlings were grown in plates with Hoagland medium containing 10 mM NO3– and kanamycin for 9 days. After selection, seedlings were transferred to plates with the same N condition for 3 days and quantitative RT-PCR analysis of NR transcript level was perfomed. NR expression was relativized to EV plants. Values are means (±SE) of three independent experiments, each consisting of three biological replicates corresponding to a pool of two to three plants. Asterisk indicates statically significant differences compare to EV (Student’s t-test, *p < 0.05).




OtNOS Expression Might Promote Tobacco Seed Yield When N Is Sufficient

It is well known that seed production is highly dependent on the plant N status (Sinclair and Rufty, 2012). To analyze whether N availability modifies differentially the number of flowers and seed production in transgenic OtNOS plants, transgenic and EV plants were grown until the end of life cycle. A positive effect of OtNOS expression could be observed in the number of flowers and seed yield under complete N condition in the line OtNOS 5 (Table 1), that correlates with a high level of OtNOS expression. This effect was prevented when N supply was deficient (Table 1). Results indicate that N restriction resulted in a severe attenuation of the OtNOS-promoted stimulation of growth and production in tobacco.


TABLE 1. Transgenic tobacco line OtNOS5 showed increased seed yield under complete nitrogen supply.
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DISCUSSION

Optimal plant growth fully relies on the availability of soil nutrients. Nitrogen (N) is a central resource required in large amounts to sustain the synthesis of organic molecules that constitute the plant. Arginine is not only a building block for protein biosynthesis, but also contains the highest nitrogen to carbon (N/C) ratio among amino acids, being a storage molecule of organic N in plant cells. Thus, arginine metabolism possesses many physiological implications in higher plants (Winter et al., 2015). Plant arginases degrade arginine to produce ornithine and urea (Meng et al., 2015). Arginine is also a substrate for NO synthesis in plants through an activity of a yet undescribed protein named NO synthase-like (NOS-like) (Gas et al., 2009). We have previously shown that transgenic expression of OtNOS in Arabidopsis resulted in positive effects on germination, aerial growth and responses to water deficit mediated by changes in stomatal index and pore aperture (Foresi et al., 2015).

In this work, we show that transgenic tobacco plants expressing OtNOS are able to grow faster than siblings transformed with the EV. In addition, the transgenic line OtNOS 5, expressing higher level of OtNOS than OtNOS 7 line is able to generate up to 80% more seeds than OtNOS 7 and EV tobacco plants. In another work, transgenic tobacco plants that over expressed a mammalian NOS were generated (Chun et al., 2012). These transgenic plants are smaller compared to the wild type, exhibited enhanced resistance to biotic stress and contained high level of salicylic acid. Mammalian NOS uses the cofactor BH4, but there are no biosynthetic pathways described for this cofactor in plants. Unlike OtNOS, that belongs to the plant kingdom and is capable of using tetrahydrofolate (THF) as cofactor, mammalian NOS activity was not detected with THF (Adak et al., 2002). Thereby, more work is necessary to understand how mammalian NOS activity is generating NO in the transformed tobacco plants. Here, it was demonstrated that OtNOS expression could bring potential benefits improving N metabolism in tobacco, a plant strongly dependent on N supply (Ruiz et al., 2006). Three experimental conditions were assayed to analyze the effects of OtNOS expression on tobacco growing under sufficient and deficient N supply: (i) pots with limited soil content supplemented or not with NO3–, (ii) plates containing 0.5 or 10 mM NO3– and (iii) pots containing perlite:vermiculite (1:1) and irrigated with Hoagland containing 0.5 or 10 mM NO3–. In all experimental models, OtNOS expression conferred tobacco an enhanced growth under sufficient N availability.

Mitochondria are tightly linked to N metabolism and assimilation in plants (Szal and Podgórska, 2012) and is also a source of NO generated from nitrite and cytochrome c oxidoreductase activity in complex III (Alber et al., 2017). Additionally, NO was shown to be able to partially inhibit mitochondrial respiration (Gupta et al., 2018). According to this, under low N condition, OtNOS transgenic plants display ∼40% inhibition of mitochondrial respiration respect to EV plants. In other reports, it has been shown that NO could inhibit aconitase, induce alternative oxidase (Kumari et al., 2019) and shift the metabolism toward amino acid and protein synthesis (Cvetkovska and Vanlerberghe, 2012; Gupta et al., 2012). We showed that transgenic tobacco lines have no different respiration rates under sufficient N availability. In this sense, it cannot be ascribed OtNOS phenotype to different respiration rates since the increase growth, nitrate and protein content in the OtNOS transgenic lines was observed only when plants where supplemented with nitrate.

NR expression was higher in the transgenic line OtNOS 5 than in OtNOS 7, and it correlates with a higher OtNOS expression in OtNOS 5. NR expression and activity are regulated by many factors, nitrate, light, phytohormones, low temperature, drought, among others (Lillo et al., 2003; Lea et al., 2004; Park et al., 2011). Furthermore, NR is not only a key enzyme for N acquisition and assimilation in plants (Campbell, 2001), but also a key enzyme to modulate plant NO homeostasis (Tejada-Jimenez et al., 2019). The double mutant NR (nia1 nia2) has decrease nitrite levels and impaired NO synthesis (Modolo et al., 2006). These evidences indicate that there is a mutual regulation between NR activity and NO, hindering the interpretation of the results.

The NR substrate NO3– has also been shown to regulate flowering induction (Marín et al., 2011), crop growth and yield increments (Lawlor, 2002; Krapp et al., 2014). Moreover, the over-expression of tobacco NR increases seed protein content and weight in wheat without increasing the N supply (Zhao et al., 2013). We report here that the transgenic tobacco line that express more OtNOS transcript levels presented a positive correlation with protein content, NR expression and seed production. However, when N has been restricted, the promoter effect of OtNOS was blocked. Under N deficient conditions, it can be detected similar levels of OtNOS expression as in N sufficiency (Supplementary Figure S5) but only a slight decrease in NO content. The lack of correlation between lines for OtNOS transcript levels, NO production and the growth phenotype may suggest that multiple factors are involved. Indeed, the effects observed in OtNOS lines may be not only due to the increment of NO, but also a result of NOS activity such as arginine depletion and/or increase of citrulline levels. Furthermore, NO homeostasis in plants is regulated through many oxidation processes and enzymatic activities (e.g. phytoglobin activity, chemical reaction with proteins and redox state of the cell).

As stated, NUE is an attractive target to modulate and improve growth and yield in crop plants. Recent findings in cyanobacteria highlight the importance of how N metabolism can be enriched through the activity of new and unexpected enzymes such as a singular NOS with a globin domain found in Synechoccocus PCC 7335 (SyNOS) (Correa-Aragunde et al., 2018) and arginine dihydrolase found in Synechocystis sp. PCC 6803 (Zhang et al., 2018). SyNOS and arginine dihydrolase metabolize arginine to generate mainly nitrate and ammonia, respectively, which are able to re-enter in the first steps of N assimilation and supply the elementary blocks required for the synthesis of macromolecules. Increasing the ability of plant cells for recycling macronutrients from storage molecules seems to be a promissory novel strategy to attain the goal of diminishing fertilization practices in crop fields without affecting yield.
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In plants, nitric oxide synthase (NOS)-like or nitrate reductase (NR) produces nitric oxide (NO), which is involved in releasing seed dormancy. However, its mechanism of effect in potato remains unclear. In this study, spraying 40 μM sodium nitroprusside (SNP), an exogenous NO donor, quickly broke tuber dormancy and efficiently promoted tuber sprouting, whereas 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (c-PTIO), an NO scavenger, repressed the influence of NO on tuber sprouting. Compared with the control (distilled water), SNP treatment led to a rapid increase in NO content after 6 h and a decreased abscisic acid (ABA) content at 12 and 24 h. c-PTIO treatment significantly inhibited increase of NO levels and increased ABA production. In addition, NG-nitro-L-arginine methyl ester, an NOS inhibitor, clearly inhibited the NOS-like activity, whereas tungstate, an NR inhibitor, inhibited the NR activity. Furthermore, NO promoted the expression of a gene involved in ABA catabolism (StCYP707A1, encoding ABA 8′-hydroxylase) and inhibited the expression of a gene involved in ABA biosynthesis (StNCED1, encoding 9-cis-epoxycarotenoid dioxygenase), thereby decreasing the ABA content, disrupting the balance between ABA and gibberellin acid (GA), and ultimately inducing dormancy release and tuber sprouting. The results demonstrated that NOS-like or NR-generated NO controlled potato tuber dormancy release and sprouting via ABA metabolism and signaling in tuber buds.
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INTRODUCTION

The potato (Solanum tuberosum L.) is an important food crop and industrial raw material. Plant dormancy and subsequent germination are physiological processes of active adaptation to the environment. Potato tuber dormancy is defined as an inability to sprout under conditions that are favorable for sprouting (Liu et al., 2015). The dormancy and sprouting of potato tubers are very significant for potato cultivation, tuber production, and industrial processing (Aksenova et al., 2013). In potato cultivation, the dormancy degree of tubers as seed potatoes affects the emergence of seedlings in the field, uniformity, and yield (Sonnewald and Sonnewald, 2014), especially in the two season-cropping areas; excessive dormancy will prolong the sprouting and growth of tubers and finally affects the increase of yield. When tubers are used as food or raw materials for processing, a long dormancy period is essential for transportation and storage, and dormancy release results in a large consumption of water and nutrients, decreasing commodity quality and value (Aksenova et al., 2013). Potato tubers exhibit a certain dormancy period after maturation, which ends with the occurrence of buds. The release of dormancy was essential for the sprouting of tubers, which was regulated by both internal and external factors (Koornneef et al., 2002). Tuber dormancy was also regulated by a variety of factors and was dependent on plant hormones (Suttle et al., 2012; Sonnewald and Sonnewald, 2014), genetic factors, tuber variety, storage temperature and conditions, and particular signaling molecules, such as nitric oxide (NO) (Noritake et al., 1996) and reactive oxygen species (ROS) (Peivastegan et al., 2019). In many plants, the balance between abscisic acid (ABA) and gibberellin acid (GA) is a major regulator of the dormancy state, in which GA promotes the progression from breaking to sprouting (Wróbel et al., 2017).

NO is a gaseous free radical that can easily diffuse through biofilms. NO plays a role in numerous plant physiological processes (Begara-Morales et al., 2019), such as transport (Sun et al., 2018), germination (Liu et al., 2010; Arc et al., 2013a), flowering (Khurana et al., 2011), metabolism (Hasanuzzaman et al., 2018), and senescence (Sun, 2018). Moreover, NO is a significant signaling molecule that regulates the plant response to various nonbiological and biological stresses (Begara-Morales et al., 2018), such as stomatal closure (Zhang et al., 2019), heat stress (Parankusam et al., 2017), disease (Srinivas et al., 2014), drought (Wang et al., 2016), and programmed cell death (Ma et al., 2010). Exogenous NO treatment was reported to break dormancy and promote germination in seeds of three warm-seasons C4 grasses (Sarath et al., 2006).

In mammals, NO synthase (NOS) is the key enzyme that produces NO (Parankusam et al., 2017). There are numerous potential sources of NO in plants, which are predominantly mediated by NOS and nitrate reductase (NR) (Chamizo-Ampudia et al., 2017). In the presence of NADPH as an electron donor, NOS catalyzes the conversion of L-arginine to L-citrulline and NO (Stuehr et al., 2004), whereas NR reduces nitrates to NO (Gupta et al., 2011). Although the occurrence of NOS in plants has not yet been definitively demonstrated, some studies have indicated that NOS-like activities existed in many plants (Parankusam et al., 2017). These NOS-like activities appeared to be somewhat similar to mammalian NOS (Del Río et al., 2004). Moreover, NG-nitro-L-arginine methyl ester (L-NAME), an NOS inhibitor, inhibited NO synthesis in plants (Zhang et al., 2007). In addition, tungstate, an NR inhibitor, inhibited NO synthesis in Arabidopsis (Kolbert et al., 2010).

Sodium nitroprusside (SNP) is an NO donor that induces the production of NO. Exogenous SNP treatment was reported to break dormancy of barley (Bethke et al., 2004). 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (c-PTIO) is an NO scavenger that blocks the effects of NO donors and prolongs the dormancy in Arabidopsis (Liu et al., 2009). Some researchers have demonstrated interaction between NO signal transduction and ABA (Zhang et al., 2007; Arc et al., 2013a). For example, NO was involved in stomatal closure induced by ABA (Zhang et al., 2019). However, the crosstalk between NO and ABA in potato tuber dormancy and sprouting currently remains unclear. Therefore, this study focused on the influence of NO on potato tuber sprouting and investigated the relationship between ABA metabolism and NO signaling in tuber buds and the roles of NOS-like and NR in tuber sprouting.



MATERIALS AND METHODS


Plant Materials

The potato (S. tuberosum L.) cultivar “Favorita” was used in the study. The potatoes were planted in Dingxi Academy of Agricultural Sciences, Dingxi City, Gansu Province, China. The harvested tubers were stored at room temperature (25°C ± 1°C) (approximately 90% humidity) in the dark until fully mature. According to report, it takes approximately 1 week for harvested tubers to reach full maturity. When tubers mature completely, cell division is mainly concentrated in the epidermis and periderm cells. The inner cells of the tuber mainly accumulate and develop starch grains. The cell volume typically stops expanding, and few cells divide, whereas starch accumulation is very rich. The degree of vacuolation of cells continues to decrease and is becoming dormant (Teper-Bamnolker et al., 2012). SNP, L-NAME, tungstate, ABA, and c-PTIO were obtained from Beijing Biomarker Technology Company (Beijing, China).



Tuber Sprouting Test

Healthy tubers with similar size (70–80 mm in diameter) were selected. Dormant tubers were sprayed with distilled water (DW; control) or 10, 20, 40, 80, 160, or 320 μM SNP for 15 min. There were three repetitions per treatment and 50 tubers per repetition. The treated tubers were placed in a box and stored in a cool and well-ventilated place. The sprouting rate was counted every 10 days to determine the optimal SNP concentration. The tuber sprouting rate (%) = (sprouted tuber number/tuber total) × 100. The sprouted tuber means that the first bud of the tuber reaches 2 mm as the sprouting standard (Abbasi et al., 2015). This SNP concentration was then used in the subsequent combination assay, in which dormant tubers were sprayed with either DW (control), 40 μM SNP, 1 mM c-PTIO, or 40 μM SNP + 1 mM c-PTIO for 15 min. To investigate whether NO improves the tolerance to ABA, dormant tubers were sprayed with either DW (control), 100 μM ABA, 100 μM ABA + 40 μM SNP, or 100 μM ABA + 1 mM c-PTIO for 15 min. The bud eye tissues were sampled at 0, 10, 20, 30, 40, 50, and 60 days (Liu et al., 2015).



Determination of NO and ABA Contents

The NO content was measured using an enzyme-linked immunosorbent assay (ELISA) kit (Wuhan Purity and Biotechnology Co., Ltd., Wuhan, China) according to the manufacturer’s instructions. The ABA content was measured using an ELISA kit (Shanghai Jianglai Biotechnology Co., Ltd., Shanghai, China) according to the manufacturer’s instructions, as described by Zhang et al. (2009).



Determination of NOS-Like and NR Activities

NOS-like activity was measured using a plant NOS ELISA Kit (Shanghai Xinyu Biotechnology Co., Ltd., Shanghai, China) according to the manufacturer’s instructions, as described by Diao et al. (2017). The NR activity was measured as described by Lu et al. (2014). Approximately 1.0 g of tuber bud eye tissues were ground in a mortar, and 10 mL of 50 mM phosphate buffer (pH 7.8) was added. The homogenate was centrifuged at 12,000 revolutions/min for 20 min. The supernatant was transferred to a new centrifuge tube, and the nitrite production was determined by measuring the absorbance at 540 nm using an ultraviolet-visible spectrophotometer.



RNA Extraction, Reverse Transcriptase–Polymerase Chain Reaction, and Quantitative Reverse Transcriptase–Polymerase Chain Reaction

Fresh samples of RNA were extracted at various time points. The total RNA was isolated using an Easy Pure Plant RNA Kit (Quanshijin, Beijing, China). The extracted RNA was immediately stored at −80°C. RNA samples with an OD260/OD280 ratio of between 1.98 and 2.0 were used in subsequent experiments. cDNA synthesis was performed using a TransScript One-Step gDNA Removal and cDNA Synthesis Super MixKit (Quanshijin). The cDNA solution was diluted eightfold with nuclease-free water. TransStart Green qPCR SuperMix (Quanshijin) was used to analyze the expression of key genes involved in potato dormancy release. Quantitative reverse transcriptase–polymerase chain reaction (qRT-PCR) was performed using a Light Cycler 96 real-time PCR system (Roche, Basel, Switzerland) in a total reaction volume of 20 μL containing 10 μL 2 × TransStart Green qPCR SuperMix, 1.0 μL each primer (10 μmol/μL), 2.0 μL cDNA, and 6.0 μL double-distilled water. The reactions were mixed gently and incubated at 95°C for 15 min, followed by 40 cycles of 95°C for 30 s, 62°C for 45 s, and 72°C for 60 s. The qRT-PCR primer sequences were as follows: StNOS-IP (F5′-ACTTGTCCTGAAGGGAGGGA-3′; R5′-AGACCACGCAAACCTTGTCA-3′), StNR (F5′-AACGC TGAAGCATGGTGGTA-3′; R5′-CACCTCAACCTCGAGTGA CC-3′), StEF1α (F5′-CAAGGATGACCCAGCCAAG-3′; R5′-TT CCTTACCTGAACGCCTGT-3′), StCYP707A1 (F5′-CAGGC TTTCAAGCCCGATTC-3′; R5′-TGAAGAGTGTACCGTGG AGA-3′), StNCED1 (F5′-ACAGCCGGACACCATTTCTT-3′; R5′-CTAAACCGGCGTTTGCAACT-3′). The potato StEF1α gene was used as an internal reference gene. The 2–ΔΔCt method was used to calculate the relative expression level of target genes (Livak and Schmittgen, 2001). All samples were carried out with three biological replicates and three technical replicates (Kundu et al., 2013).



Statistical Analysis

The data were analyzed using the IBM SPSS Statistics 20 software package (Amonk, New York). The different treatments were compared using Duncan multiple-range test with a significance level of p < 0.05. The charts were prepared using GraphPad Prism 8 (San Diego, United States).



RESULTS


Effects of SNP and c-PTIO on Tuber Sprouting

Spraying potato tubers with various concentrations of SNP led to sprouting rates of 71.18% (10 μM), 86.55% (20 μM), 93.54% (40 μM), 67.17% (80 μM), 56.12% (160 μM), 44.60% (320 μM), and 72.61% (control) at 60 days after treatment (Figure 1A). In the combination experiment, the tubers sprayed with 40 μM SNP had a sprouting rate of 56.23% at 20 days after treatment, whereas the c-PTIO–treated tubers had a sprouting rate of 3.04%, and the control group sprayed with DW had a sprouting rate of 26.22% (Figure 1B). These results demonstrated that exogenous SNP treatment induced tuber dormancy release and accelerated sprouting. The NO scavenger c-PTIO markedly inhibited tuber sprouting, although combined treatment with both SNP and c-PTIO partially reversed this effect (Figure 1B).
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FIGURE 1. Effects of SNP and c-PTIO on tuber sprouting. (A) Effect of different SNP concentrations on tuber dormancy release. Dormant tubers were sprayed with DW (control) or 10, 20, 40, 80, 160, or 320 μM SNP for 15 min. (B) Effect of SNP and the NO scavenger c-PTIO on tuber dormancy and sprouting. Dormant tubers were sprayed with DW (control), 40 μM SNP, 1 mM c-PTIO, or 40 μM SNP + 1 mM c-PTIO for 15 min. Data are presented as the mean ± SD for three replicates. When p < 0.05, the difference is significant according to Duncan multiple-range test. Values marked with the same letter indicate no significant difference.




Effects of SNP and c-PTIO on NO and ABA Contents

The NO and ABA contents were measured after the different treatments. As shown in Figure 2A, compared with the control, SNP treatment led to a rapid increase in the NO content during the first 6 h, which then gradually decreased. Treatment with c-PTIO alone strongly inhibited the increase in NO content, and c-PTIO also partially inhibited the increase in NO content induced by SNP, as shown in Figure 2A. As shown in Figure 2B, compared with the control, SNP treatment decreased the ABA content at 12 and 24 h after treatment, whereas c-PTIO treatment significantly increased the ABA content.
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FIGURE 2. Effects of SNP and c-PTIO on NO (A) and ABA (B) contents. Dormant tubers were sprayed with DW (control), 40 μM SNP, 1 mM c-PTIO, or 40 μM SNP + 1 mM c-PTIO for 15 min. Data are presented as the mean ± SD for three replicates. When p < 0.05, the difference is significant according to Duncan multiple-range test. Values marked with the same letter indicate no significant difference.




Influence of Enzyme Inhibitors on Relative Gene Expression

The relative expression levels of the StNOS-IP (encoding NOS-interacting protein) and StNR (encoding NR) genes after enzyme inhibitor treatment were analyzed via qRT-PCR. As shown in Figure 3A, treatment with L-NAME had little effects on the expression level of StNOS-IP gene. Similarly, the treatment with tungstate had no obvious influence on the expression level of StNR gene (Figure 3B).
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FIGURE 3. Changes of the relative expression levels of genes (StNOS-IP, StNR, StCYP707A1, and StNCED1). (A) Effect of L-NAME treatment on the expression of StNOS-IP gene. Dormant tubers were sprayed with DW (control) or 1 mM L-NAME for 15 min. (B) Effect of tungstate treatment on the expression of StNR gene. Dormant tubers were sprayed with DW (control) or 1 mM tungstate for 15 min. (C) Effect of SNP treatment on the expression of StCYP707A1 gene. Dormant tubers were sprayed with DW (control), 40 μM SNP, 1 mM c-PTIO, or 40 μM SNP + 1 mM c-PTIO for 15 min. (D) Effect of SNP treatment on the expression of StNCED1 gene. Dormant tubers were sprayed with DW (control) or 40 μM SNP for 15 min. Data are presented as the mean ± SD for three replicates. When p < 0.05, the difference is significant according to Duncan multiple-range test. Values marked with the same letter indicate no significant difference.


To elucidate the role of NO in ABA metabolism in tuber buds, the expression of genes related to ABA metabolism (StCYP707A1, encoding ABA 8′-hydroxylase) and ABA biosynthesis (StNCED1, encoding 9-cis-epoxycarotenoid dioxygenase) was also examined. As shown in Figure 3C, SNP treatment significantly increased the expression of StCYP707A1 compared with the control, and the highest expression occurred in 6 h after treatment. In contrast, as shown in Figure 3D, SNP treatment significantly decreased the expression of StNCED1 compared with the control. These results demonstrated that NO promoted the expression of ABA catabolism gene (StCYP707A1) and inhibited the expression of ABA biosynthesis gene (StNCED1).



Influence of Enzyme Inhibitors on NOS-Like and NR Activities

To investigate the effect of the enzyme inhibitors on enzyme activity, the NOS-like and NR activities were measured. As shown in Figure 4A, L-NAME treatment markedly suppressed the NOS-like activity throughout the 60-day observation period compared with the control, and the highest NOS-like activity was observed at 20 days after treatment. A similar trend was observed for the NR activity after tungstate treatment (Figure 4B).
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FIGURE 4. Effect of enzyme inhibitors on NOS-like and NR activities. (A) NOS-like activity in potato tubers. Dormant tubers were sprayed with DW (control) or 1 mM L-NAME for 15 min. (B) NR activity in potato tubers. Dormant tubers were sprayed with DW (control) or 1 mM tungstate for 15 min. Data are presented as the means ± SD for three replicates. When p < 0.05, the difference is significant according to Duncan multiple-range test. Values marked with the same letter indicate no significant difference.




Influence of NO on ABA Tolerance of Potato During Sprouting

It is well known that ABA effectively inhibits the sprouting of tubers. As shown in Figure 5, the treatment of dormant tubers with 100 μM ABA significantly inhibited sprouting compared with the control. However, upon the addition of 40 μM SNP to ABA, the sprouting rate of the tubers was increased, whereas the addition of 1 mM c-PTIO to ABA caused the sprouting rate to further decrease. These results demonstrated that NO increased the ABA tolerance of potato during sprouting.
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FIGURE 5. Effect of NO on ABA tolerance of potato during sprouting. Dormant tubers were sprayed with DW (control), 100 μM ABA, 100 μM ABA + 40 μM SNP, or 100 μM ABA + 1 mM c-PTIO for 15 min. Data are presented as the mean ± SD for three replicates. When p < 0.05, the difference is significant according to Duncan multiple-range test. Values marked with the same letter indicate no significant difference.




Influence of ABA Treatment on NO Content

To examine the effect of ABA on NO, the NO content was measured following ABA treatment. As shown in Figure 6, compared with the control, the NO content was decreased at 3 and 6 h after ABA treatment. The addition of SNP to ABA partially mitigated this decrease at both time points. These results demonstrated that ABA treatment decreased the NO content in potato during sprouting.
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FIGURE 6. Effect of ABA treatment on NO content. Dormant tubers were sprayed with DW (control), 100 μM ABA, or 100 μM ABA + 40 μM SNP for 15 min. Data are presented as the mean ± SD for three replicates. When p < 0.05, the difference is significant according to Duncan multiple-range test. Values marked with the same letter indicate no significant difference.




Influence of ABA on Relative Gene Expression

The effects of ABA on the relative expression of the StNOS-IP, StNR, StCYP707A1, and StNCED1 genes were analyzed via qRT-PCR. As shown in Figures 7A,B, ABA treatment decreased the relative expression of the StNOS-IP and StNR genes after 12 h compared with the control, whereas ABA + SNP treatment partially mitigated this decrease for both genes. As shown in Figures 7C,D, ABA treatment had little effect on the expression level of the StCYP707A1 gene, although it increased the relative expression of StNCED1 gene after 12 h of treatment compared with the control.
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FIGURE 7. Effect of ABA treatment on the relative expression of genes StNOS-IP (A), StNR (B), StCYP707A1 (C), and StNCED1 (D). Dormant tubers were sprayed with DW (control), 100 μM ABA, or 100 μM ABA + 40 μM SNP for 15 min. Data are presented as the mean ± SD for three replicates. When p < 0.05, the difference is significant according to Duncan multiple-range test. Values marked with the same letter indicate no significant difference.




Influence of ABA on NOS-Like and NR Activities

To investigate the effect of ABA on NO, the NOS-like and NR activities were measured following ABA treatment. As shown in Figure 8, the NOS-like and NR activities decreased at 3 and 6 h after ABA treatment compared with the control. The addition of SNP to ABA partially reversed this inhibitory effect for both enzymes. These results showed that ABA treatment inhibited the activities of NOS-like and NR in potato during sprouting.
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FIGURE 8. Effect of ABA treatment on NOS-like (A) and NR (B) activities. Dormant tubers were sprayed with DW (control), 100 μM ABA, or 100 μM ABA + 40 μM SNP for 15 min. Data are presented as the mean ± SD for three replicates. When p < 0.05, the difference is significant according to Duncan multiple-range test. Values marked with the same letter indicate no significant difference.




DISCUSSION

NO has been demonstrated to play a critical role in dormancy breaking or germination in several plants, including wheat (Bethke et al., 2006a; Jacobsen et al., 2013), barley (Bethke et al., 2004), warm-season C4 grass (Sarath et al., 2006), and lettuce (Beligni and Lamattina, 2000). Liu et al. (2009) reported that the NO donor SNP broke seed dormancy, whereas the NO scavenger c-PTIO blocked the effects of NO donors and extended dormancy in Arabidopsis. In this study, the exogenous 40 μM SNP treatment quickly broke the dormancy of tubers and promoted their rapid sprouting (Figure 1A), whereas the NO scavenger c-PTIO markedly delayed tuber sprouting (Figure 1B). However, combined treatment with SNP and c-PTIO partially reversed the effect of c-PTIO (Figure 1B). In plant research, the most common NO donors are SNP, S-nitrosopenicillamine (SNAP), S-nitrosoglutathione (GSNO), and diethylamine NONOate (DETA/NO). Different donors have different mechanisms of NO release. For example, SNP releases the nitrosonium cation (NO+), whereas SNAP and GSNO typically release the NO radical (.NO). In aqueous solution, DETA/NO and SNAP produce instantaneous NO bursts lasting seconds to minutes, whereas the NO release effect of SNP is more prolonged (Planchet and Kaiser, 2006; Mur et al., 2013). SNP is one of the most extensively studied NO donors and can be used for the persistent production of NO (Mur et al., 2013). However, there are some shortcomings with the application of SNP. For example, the release of NO from SNP is accompanied by the production of the toxic gas hydrogen cyanide (Bethke et al., 2006b). According to the report of Oracz et al. (2009), SNP produced cyanide that was likely to induce ROS generation, for instance, hydrogen peroxide (H2O2). Because of time constraints, H2O2 content could not be measured in time in this study. In Arabidopsis and barley seed, c-PTIO enhanced their dormancy (Bethke et al., 2004). In short, our findings are consistent with those reports for other species.

The recent plans to deregister Chlorpropham (CIPC) in European refer to germination inhibitors and herbicide CIPC have been banned use by the Council of Europe since January 1, 2020. The European Commission has published its 2019/989 implementing regulations on the nonextension of the approved active substance CIPC. According to this ordinance, the CIPC authorization has not been renewed. Member states should countermand their authorization for plant protection products involving CIPC as an active substance by January 8, 2020. CIPC is a highly efficient potato bud inhibitor (Frazier and Olsen, 2015). In the past, some export regulations required that potatoes must be treated with CIPC or other bud inhibitors as a plant disease prevention measure. However, CIPC is slightly toxic and remains in the potato tubers after application, which could cause harm to people and the environment (Abbasi et al., 2015). In an effort to effectively inhibit sprouting and reduce the occurrence of diseases during storage, tubers are typically stored at low temperature (Ou et al., 2014). Under the conditions of low-temperature storage, the content of reducing sugars in the tubers rapidly increases (Malone et al., 2006). During high-temperature processing, these reducing sugars react with free amino acids in tubers via the Maillard reaction (Claassen et al., 1993), which severely affects the color of fried tuber strips and flakes. Because the content of reducing sugars in potato chips is negatively correlated with the color of the chips, a higher reducing sugar content leads to decreased quality. The change in reducing sugar content in potato tubers is closely related to the temperature. When the storage temperature of tubers was lower than 10°C, the reducing sugar content increased, and the sucrose content also increased significantly. At 10°C, although the reducing sugar content increased slightly, the sucrose content remained essentially unchanged.

Detailed morphological analysis revealed that bud growth was not observed when tubers were dormant after harvest (Van Ittersum et al., 1992). At the molecular level, the meristem of the dormant tuber bud is rarely divided. When the buds begin to grow after the end of the dormancy (Leshem and Clowes, 1972), the cells in the middle stage of division are also increasing. Although mitosis is in a resting state, the resting meristem still possesses metabolic activity. Numerous studies have demonstrated that dormant meristems capture and incorporate precursors of RNA and proteins.

The NO and ABA contents were measured after the various treatments. Compared with the control, SNP treatment caused a rapid increase in the NO content at 6 h, which then gradually decreased, whereas c-PTIO treatment strongly inhibited the increase in NO content (Figure 2A). The addition of c-PTIO also partially mitigated the increase in the NO content caused by SNP (Figure 2B). Liu et al. (2009) reported that the fluorescence intensity was increased at 3 h before inhibition in Arabidopsis seeds and decreased after 6 h, while the fluorescence intensity was decreased after c-PTIO treatment. However, owing to technical and experimental constraints, we failed to detect NO using the fluorescent dye DAF-FMDA. The ABA content decreased at 12 and 24 h after treatment with SNP, whereas c-PTIO treatment significantly increased the ABA content (Figure 2B).

NOS-like and NR activities are two primary enzymatic sources of NO in plants (Parankusam et al., 2017). An increasing number of studies have demonstrated the presence of NOS-like activity in plants and its similarity to the mammalian enzyme (Del Río et al., 2004). Moreover, L-NAME, an NOS inhibitor, inhibits NO production in plants (Zhang et al., 2007), and tungstate, an NR inhibitor, was reported to inhibit NO production in Arabidopsis (Kolbert et al., 2010). To assess the effect of these enzyme inhibitors on enzymatic activity, the NOS-like and NR activities were measured. Compared with the control, L-NAME treatment markedly suppressed the NOS-like activity throughout the duration of the experiment, and the NOS-like activity reached its highest level at 20 days after treatment (Figure 4A). The same trend was observed for the NR activity following tungstate treatment (Figure 4B). Furthermore, the relative expression levels of the StNOS-IP and StNR genes were analyzed via qRT-PCR after enzyme inhibitor treatment. The results revealed that L-NAME treatment had no effect on the expression of the StNOS-IP gene (Figure 3A), and tungstate treatment had no effect on the expression of the StNR gene (Figure 3B). The StNOS-IP gene encoding NOS-interacting protein was obtained from the National Center for Biotechnology Information (NCBI) database1 and was blasted in the Potato Genome Sequencing Consortium (PGSC) database2. The results revealed that this gene was predicted in the NCBI database (LOC102602935), but was a conserved gene of unknown function in the PGSC database (PGSC0003DMT400057534). We downloaded the sequence of this gene from the NCBI database and designed qRT-PCR primers. The gene possessed a total length of 1234 bp, a coding sequence length of 915 bp, and a translated protein length of 304 amino acids and contained two exons. However, the expression of the StNOS-IP gene had effect on the activity of NOS-like. How this gene influences the enzyme activity is unclear and will need further study.

It has been suggested that NO is involved in mediating ABA catabolism. The CYP707A families of genes, which encode ABA 8′-hydroxylases, are responsible for regulating ABA catabolism (Sanz et al., 2015). The mechanism underlying the effect of NO on potato tuber dormancy remains unclear at present. To elucidate the role of NO in ABA metabolism in tuber buds, the expression of genes involved in ABA catabolism (StCYP707A1) and ABA biosynthesis (StNCED1) was also examined. The expression of StCYP707A1 after SNP treatment was significantly higher than that in the control, and the highest expression occurred at 6 h after treatment (Figure 3C). In contrast, the expression of StNCED1after SNP treatment was significantly lower than that in the control (Figure 3D). These results demonstrated that NO promoted the expression of StCYP707A1 and inhibited the expression of StNCED1.

It is well known that ABA inhibits seed germination. At present, it is generally believed that ABA is a positive regulator of dormancy induction, which is involved in the maintenance of dormancy and the decrease of endogenous ABA content during the release of dormancy (Campbell et al., 2008; Suttle et al., 2012). The use of the ABA inhibitors and the discovery of a synthetic mutant of ABA confirmed that ABA inhibits the release of dormancy, although this inhibitory effect can be reversed by GA. The crosstalk between ABA and NO regulating dormancy and germination in seed has been reported. Used exogenous SNP, an NO donor, promote NO production, which inhibits ABA synthesis and promotes ABA catabolism. According to the report of ABA crosstalk with ethylene and NO in seed dormancy and germination (Arc et al., 2013b), the signal transduction between ABA and NO was realized by PYR/PYL/RCAR receptor (Staszak et al., 2017). When ABA does not combine with the receptor, 2C protein phosphatase (PP2C) dephosphorylates sucrose nonfermenting 1–related protein kinase 2 (SnRK2) (Manohar et al., 2017). When ABA combining with the receptor, induces the formation of a protein complex with PP2C (Staszak et al., 2017) and releases inhibition of SnRK2 activity, which can phosphorylate downstream targets, containing ABA insensitive 5 (ABI5)-related transcription factors (Lim et al., 2015). Interactions between ABI3 and ABI5 mediate transcriptional regulation of ABA-responsive genes (Arc et al., 2013b). In our study, we suppose that treatment with exogenous SNP, an NO donor, activates NOS-like or NR activity, thereby promoting NO production. Subsequently, NO promotes the catabolism of ABA and inhibits its biosynthesis. Therefore, the ABA content is decreased, disrupting the balance between ABA and GA. Finally, dormancy release and tuber sprouting occur. However, the specific molecular mechanism of NO and ABA interaction regulating the dormancy and sprouting of potato tubers remains unclear and will need further study.

The cotreatment of seeds with 200 μM SNP and 10 μM ABA was reported to promote the embryo root growth after 4 days, compared with treatment with ABA alone (Sarath et al., 2006). In addition, NO effectively improved the tolerance of Arabidopsis seeds to ABA (Liu et al., 2009). In our study, treatment of dormant tubers with 100 μM ABA significantly inhibited tuber sprouting compared with the control (Figure 5). However, upon adding 40 μM SNP to ABA, the sprouting rate of the tubers increased, and upon adding 1 mM c-PTIO to ABA, the sprouting rate of the tubers further decreased. These results demonstrated that NO improved the ABA tolerance of potato during sprouting.

To study the influence of ABA on NO, the NO content was measured following ABA treatment. As shown in Figure 6, compared with the control, the NO content decreased at 3 and 6 h after ABA treatment. The addition of SNP to ABA partially reversed this decrease at both time points. These results indicated that ABA treatment decreased the NO content in potato during sprouting. The NOS-like and NR activities were also measured following ABA treatment. Both activities decreased at 3 and 6 h after ABA treatment compared with the control, and the addition of SNP to ABA reversed the inhibitory effect of ABA on the activities of these two enzymes (Figure 8). These results showed that ABA treatment inhibited both the NOS-like and NR activities in potato tuber during sprouting.

The effects of ABA on the relative expression levels of the StNOS-IP, StNR, StCYP707A1, and StNCED1 genes were analyzed by qRT-PCR. ABA decreased the relative expression of the StNOS-IP and StNR genes after 12 h of treatment (Figures 7A,B) compared with the control, whereas ABA + SNP treatment partially mitigated this decrease for both genes. ABA treatment had little influence on the expression level of the StCYP707A1 gene, although it increased that of StNCED1 gene after 12 h of treatment compared with the control (Figures 7C,D).

In summary, treatment with exogenous SNP, an NO donor, activates NOS-like or NR activity, thereby promoting NO production. Subsequently, NO promotes the catabolism of ABA and inhibits its biosynthesis. Therefore, the ABA content is decreased, disrupting the balance between ABA and GA. Finally, dormancy release and tuber sprouting occur. In addition, L-NAME and tungstate inhibit the activities of NOS-like and NR, respectively, and c-PTIO scavenges NO. Ultimately, the NOS-like or NR-generated NO controls potato tuber dormancy release and sprouting via ABA metabolism and signaling in tuber buds (Figure 9). However, the interactions between NO, GA, and ABA during the tuber dormancy release process are highly complex, and the underlying mechanisms require further study.


[image: image]

FIGURE 9. Model depicting how NO, ABA, NOS-like, and NR control tuber dormancy and sprouting. Exogenous SNP spraying activates NOS-like or NR activity, which promotes NO production. Subsequently, NO promotes the catabolism of ABA and inhibits its biosynthesis. The resulting decreased ABA content disrupts the balance between ABA and GA, ultimately leading to dormancy release and tuber sprouting. In addition, L-NAME inhibits NOS-like activity, tungstate inhibits NR activity, and c-PTIO scavenges NO. Overall, the NOS-like or NR-generated NO controls potato tuber dormancy release and sprouting via ABA metabolism and signaling in tuber buds.
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Phytotoxicity of metals significantly contributes to the major loss in agricultural productivity. Among all the metals, copper (Cu) is one of essential metals, where it exhibits toxicity only at its supra-optimal level. Elevated Cu levels affect plants developmental processes from initiation of seed germination to the senescence, photosynthetic functions, growth and productivity. The use of plant growth regulators/phytohormones and other signaling molecules is one of major approaches for reversing Cu-toxicity in plants. Nitric oxide (NO) is a versatile and bioactive gaseous signaling molecule, involved in major physiological and molecular processes in plants. NO modulates responses of plants grown under optimal conditions or to multiple stress factors including elevated Cu levels. The available literature in this context is centered mainly on the role of NO in combating Cu stress with partial discussion on underlying mechanisms. Considering the recent reports, this paper: (a) overviews Cu uptake and transport; (b) highlights the major aspects of Cu-toxicity on germination, photosynthesis, growth, phenotypic changes and nutrient-use-efficiency; (c) updates on NO as a major signaling molecule; and (d) critically appraises the Cu-significance and mechanisms underlying NO-mediated alleviation of Cu-phytotoxicity. The outcome of the discussion may provide important clues for future research on NO-mediated mitigation of Cu-phytotoxicity.
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INTRODUCTION

The increasing industrialization, hasty urbanization together with excessive use of chemical fertilizers and sewage sludge/water led to the severe contamination of soils with varied metals and metalloids (Nagajyoti et al., 2010; Brunetto et al., 2016; Asgher et al., 2018a, b). Among metals, copper (Cu) is an essential metal for plants, and promotes therein growth and development at 9.0 mg kg–1 (Havlin et al., 1999). The average content of Cu in plant tissues is 10 μg g–1 dry weight; whereas, the precarious Cu concentration in nutrient media ranges between 10–14 and 10–16 M at which its deficiency has been noted (Baker and Senef, 1995). Cu is involved in the photosynthetic electron transport and redox reactions and it also acts as a cofactor in Cu/Zn–superoxide dismutase (Cu/Zn-SOD) (Bowler et al., 1994; Ouzounidou et al., 1995; Raven et al., 1999; Adrees et al., 2015). However, elevated Cu concentration can induce oxidative stress mainly through increased generation of reactive oxygen species (ROS) and thereby inhibit plant growth and productivity (Piotrowska-Niczyporuk et al., 2012; Thounaojam et al., 2012; Adrees et al., 2015; Chen et al., 2015).

Plants adopt different strategies to overcome elevated Cu concentration-caused toxicity. The list of these strategies includes the increased nutrient assimilation, induction in the antioxidant defense system, and the activation of biochemical and physiological processes such as increased signaling through associated plant growth regulators (PGRs). PGRs such as auxins (AUXs), cytokinins (CKs), gibberellins (GAs), brassinosteroids (BRs), ethylene (ET), jasmonic acids (JA), polyamines (PA), salicylic acid (SA), nitric oxide (NO), and strigolactones modulate physiological/biochemical and genetic processes and improve plant tolerance to major abiotic stresses including metals/metalloids (Maksymiec et al., 2007; Meng et al., 2009; Khan et al., 2012, 2015, 2016; Masood et al., 2012, 2016; Per et al., 2016, 2017a; Asgher et al., 2018a, b).

Earlier known as a vital signaling and effector molecule in animals, NO is known to occur also in plants, and act therein as a short-lived multifunctional gaseous signaling molecule (Astier et al., 2017). NO controls overall plant growth and the developmental processes starting from germination to senescence (Hu et al., 2007; Corpas and Barroso, 2015b). In particular, recent studies have shown that both production and signaling of NO are involved in the stress-acclimation processes in plants (Khan et al., 2012; Asgher et al., 2017; Kushwaha et al., 2019; Santisree et al., 2019). However, literature available in context with NO and plants is centered mainly on NO synthesis and its multitasking signaling in plants (Domingos et al., 2015; Astier et al., 2017). Additionally, literature in this context also reflected the role of exogenously applied NO in combating Cu stress with partial discussion on underlying potential mechanisms (Khan et al., 2012).

Given above, this paper is aimed to: (i) overview the aspects of the uptake, transport, and role of Cu in photosynthesis and nutrient-use-efficiency; (ii) highlight major aspects of Cu-phytotoxicity; (iii) discuss NO as a signaling molecule; and (iv) critically appraise the Cu-significance and mechanisms underlying NO-mediated alleviation Cu-toxicity in plants. Important clues for future research in this direction with the outcome of the facts are also discussed herein.



COPPER IN HIGHER PLANTS

Copper (Cu) is an essential trace element of most living organisms on the earth including plants, where >30 types of proteins are known to possess Cu as their structural constituent (Cohu and Pilon, 2010; Anjum et al., 2015b). As an essential micronutrient for plants, a minimum amount of Cu ensures different cellular functions. However, an excess uptake of Cu in plants may cause detrimental effects in metabolic functions and even risk to their survival (Adrees et al., 2015; Ambrosini et al., 2018; Marastoni et al., 2019b). In plants, Cu exists in two common oxidation states namely, Cu2+ and Cu+ ions. Cu2+ frequently prefers coordination with oxygen in aspartic and glutamic acid and with nitrogen in histidine side chains. On the other, Cu+ has a higher affinity with the sulfur in methionine or cysteine. The list of major Cu-containing proteins in plants includes plastocyanin, cytochrome-c oxidase (COX), ethylene receptors, Cu/Zn–superoxide dismutase (Cu/Zn SOD), tyrosinase, plantacyanin, phenol oxidase, laccase, ascorbate, and amine oxidase (Table 1). Cu mainly contributes in the transport of electrons in chloroplasts and mitochondria. Plastocyanin is one of the most abundant Cu proteins in photosynthetic tissues (Weigel et al., 2003). It is located in thylakoid lumen of chloroplasts and is responsible for the transport of electrons from cytochrome b6f complex to P700+. Though in some algae this function can be served by a heme-containing cytochrome c6, information is scanty on the ortholog that can mimic the same function of plastocyanin in higher plants (Schubert et al., 2002; Wise and Hoober, 2007). Cu also serves as a critical co-factor in the mitochondria as a respiratory chain enzyme cytochrome c oxidase (COX). Composed of 12-14 sub-units, plant COX is the terminal enzymatic complex IV of the mitochondrial respiratory chain (Millar et al., 2004). Another major Cu-binding protein in plants is Cu/Zn-superoxide dismutase (Cu/Zn-SOD) that occurs in cytosol, chloroplasts, and peroxisomes. Arabidopsis possess three isoforms of CuZn-SOD, where CSD1 is located in the cytoplasm; CSD2 in chloroplast stroma, and CSD3 is a peroxisomal isoform having a minor activity (Kliebenstein et al., 1998). Another Cu-protein plantacyanin belongs to phytocyanin family of blue Cu containing proteins. Based on their magnetic and spectroscopic properties, plantacyanins are classified as Type I Cu proteins with size about 10–22 kDa (de Rienzo et al., 2000), and are primarily present in the cell wall. They are believed to act as transporters of electrons between a donor and acceptor. Plantacyanins are expressed in plants exposed to stresses such as high/low temperature, heavy metals, and high salinity, and are involved in plant-tolerance to these stresses (Maunoury and Vaucheret, 2011; Feng et al., 2013). Cu-dependent protein laccase belongs to the large group of multi-copper oxidases (MCOs) and is involved in polymerization (McCaig et al., 2005; Printz et al., 2016). Cu-dependent amine oxidases (CuAO) are among the amine oxidases and are associated with the cell wall, and flavin-containing polyamine oxidases. In plants, CuAO catalyzes the oxidation of putrescine that produces H2O2 involved in cell wall maturation, lignification, and programmed cell death (Cona et al., 2006). Polyphenol oxidase and ascorbate oxidases (AO) also belong to Cu-containing MCOs. Localized in the apoplast, AOs oxidize ascorbate into water and monodehydroascorbate, and thereby regulate its redox state (Kaur and Nayyar, 2014). AOs also modulate cell division and cell expansion via L-ascorbic acid (L-AA) redox repair (Kerk and Feldman, 1995; Kato and Esaka, 1999). Polyphenol oxidases are found in thylakoids, where these are involved in the defense mechanisms against pests and pathogens (Constabel and Barbehenn, 2008). In addition, Cu also plays an important role in cell signaling as the part of receptor proteins for ethylene sensing (Rodrıguez et al., 1999). Cu-homeostasis is mainly regulated by the transcription factor SQUAMOSA PROMOTER BINDING PROTEIN-LIKE7 (SPL7). Through activating the transcription of plasma membrane COPT transporter genes (COPT1, COPT2, and COPT6), SPL7 modulates the Cu-uptake and homeostasis under Cu-deficiency (Yamasaki et al., 2009; Bernal et al., 2012). Thus, these requirements make Cu an ideal metal for normal functioning, growth and development in plants.


TABLE 1. Summary of copper-associated proteins and their functions in plants.1

[image: Table 1]On the contrary, the condition of both Cu-deficiency and -elevation can bring severe consequences in plants (Yruela, 2005). Plants produced under Cu-deficiency showed alteration in the photosynthetic transport chain and reduction in the non-photochemical quenching, which is mainly due to inhibition in the function of plastocyanin (Abdel-Ghany and Pilon, 2008). On the otherside, Cu in excess causes significant toxicity and even the arrest of cellular metabolism in plants. In particular, photosynthetic electron transport is the main target under both Cu-deficiency and as well as in excess Cu. Therefore, it is essential to ensure adequate Cu-uptake and distribution in order to minimize its deleterious phytotoxic effects that in turn would regulate various homeostatic processes at cellular and whole plant levels.



COPPER UPTAKE AND TRANSPORT

Higher plants mainly take Cu in the form of Cu2+ ions from the rhizosphere, where the binding of Cu with various ligands facilitates the process (Welch et al., 1993). The studies on Cu uptake and transport into or within the cells are still in infancy. However, the successful implementation of advanced tools helped in uncovering transport process in yeast and other eukaryotic organisms (Nelson, 1999; Nevitt et al., 2012). Maintenance or correct regulation of Cu-homeostasis under Cu-regimes is governed by a complex system of metal-trafficking pathways available in higher plants. Plants possess a number of Cu-transporters (COPT; COPT1-6) involved in the uptake of Cu and secretion of metal ions (Puig et al., 2007; Andrés-Bordería et al., 2017; Andrés-Colás et al., 2018).

Current understandings on COPTs came into light as a result of having sequence homology with the eukaryotic Cu-transporters (named Ctr) and functional complementation in yeast (Puig and Thiele, 2002; Puig et al., 2007; Puig, 2014; Andrés-Bordería et al., 2017). All the members of this family contain three predicted transmembrane (TM) segments. The majority of the COPTs exhibit N-terminus methionine and histidine-rich putative metal-binding domains (Puig and Thiele, 2002; Klomp et al., 2003). In Arabidopsis genome, there occurs six COPT genes (COPT 1-6) encoding COPT transporters. COPT1, one of the most characterized members of the Cu-transporter family has been reported to permit the entry of Cu into the cells from outside to the cytoplasm (Kampfenkel et al., 1995; Sancenón et al., 2003). In addition, owing to its low Michaelis constant (KM) value, COPT1 transporter has also been reported to exhibit its high specificity for Cu2+ ion (Eisses and Kaplan, 2002; Sancenón et al., 2003). High specificity toward Cu2+ ions has also been reported for COPT2 and COPT 6 transporters (Jung et al., 2012; Garcia-Molina et al., 2013; Perea-García et al., 2013; Aguirre and Pilon, 2016). Potentially involved in the intracellular transport of Cu, COPT3 and COPT5 transporters possess one each of methionine and a histidine-rich box. Methionine residues and motifs vital for Ctr1 mediated high-affinity Cu-transport do not occur in COPT4 that has a non-direct role in Cu-transportation (Sancenón et al., 2004).

In addition to other processes, the transport of Cu2+ across the plasma membranes also involves P-type heavy metal ATPases (Williams and Mills, 2005; Takahashi et al., 2012; Yan et al., 2016). The transport of Cu into the cells may also be ascertained by the newly found cytosolic, soluble and low molecular weight heavy metal receptor proteins such as Cu chaperones (CCH), known as metallo-chaperones (O’Halloran and Culotta, 2000; Huffman and O’Halloran, 2001). Cu chaperones including COX17 (Cu chaperone for COX), CCS (Cu chaperone for SOD), and two homologs of the yeast ATX1 (antioxidant protein 1) and CCH (ATX1-like Cu chaperone) were reported to be involved in the intracellular Cu transport in Arabidopsis (Casareno et al., 1998; Chu et al., 2005; Puig et al., 2007). The knowledge regarding the transport of Cu into the xylem is still in its infancy. In a recent study, compared to roots developed on different metal ions the roots developed on media with 50 μM Cu exhibited a huge decline in the levels of callose (O’Lexy et al., 2018). Additionally, Cu was observed to move through plasmodesmata by influencing plasmodesmata via regulating β-1,3-glucanases.



COPPER-INDUCED TOXICITY IN PLANTS

A large volume of literature is available on the impact of elevated Cu on major aspects in plants including germination and growth (López-Bucio et al., 2003; Lin et al., 2005; Mench and Bes, 2009; Potters et al., 2009; Bouazizi et al., 2010; Lequeux et al., 2010; Verma et al., 2011; Feigl et al., 2013; Gang et al., 2013; Muccifora and Bellani, 2013; Adrees et al., 2015; Marques et al., 2018), photosynthesis and related variables (Chatterjee and Chatterjee, 2000; Quartacci et al., 2000; Yruela, 2005; Küpper et al., 2009; Gonzalez-Mendoza et al., 2013; Mateos-Naranjo et al., 2013; Adrees et al., 2015; Feigl et al., 2015; de Freitas et al., 2015; Emamverdian et al., 2015; Sharma et al., 2017; Ambrosini et al., 2018), phenotypic changes (Barbosa et al., 2013; Feigl et al., 2013; Sánchez-Pardo et al., 2014; Adrees et al., 2015; Nair and Chung, 2015; Ali et al., 2016; Brunetto et al., 2016; Llagostera et al., 2016; Mwamba et al., 2016; Ambrosini et al., 2018; Shiyab, 2018; Marastoni et al., 2019b; Nazir et al., 2019; Shams et al., 2019), and nutrient-use-efficiency of plants (Chatterjee and Chatterjee, 2000; Ali et al., 2002; Keutgen and Pawelzik, 2008; Ivanova et al., 2010; Feigl et al., 2013; Azeez et al., 2015; Bankaji et al., 2015; Marastoni et al., 2019a). A brief discussion on the Cu-induced changes in germination and growth, photosynthesis and related variables, phenotypic changes, and nutrient-use-efficiency of plants are presented hereunder.


Germination and Growth

The effect of Cu was seen at different growth and developmental stages of plants from seed germination to the senescence. Contingent to Cu level and the growth stage of the test plant, excess Cu significantly affects Cu-sensitive plants. In germinating seeds, increasing Cu concentrations reduced the germination percentage of seeds in different plant species (Gang et al., 2013; Muccifora and Bellani, 2013). Similarly, germination in mungbean seeds was reported to decrease with increasing Cu concentrations (Verma et al., 2011). During an early stage of growth, elevated Cu concentrations inhibited leaf expansion but increased pigment content (Maksymiec et al., 1994; Maksymiec and Baszyński, 1996; Adrees et al., 2015). In addition to inhibition in growth and biomass, Cu toxicity in plants also includes bronzing/necrosis (Marschner, 1995; Mench and Bes, 2009; Marques et al., 2018). Increasing Cu-concentration reduces uptake of Fe, Zn, Mn, and Co (Marschner, 1995; Bouazizi et al., 2010; Feigl et al., 2013). Significant reductions in root and shoot biomass were found in Arabidopsis exposed to 2.5 and 5 μM Cu for 14 days (Lequeux et al., 2010). Elevated Cu can inhibit primary root growth and simultaneously stimulate lateral root formation and thereby remodel the root structure (López-Bucio et al., 2003; Potters et al., 2009; Lequeux et al., 2010). Excess Cu also causes overproduction of H2O2, which eventually weakens the cell wall-extensibility (Lin et al., 2005). Root growth is more severely affected by increased Cu than shoot growth that is obvious due to the retention of the major proportion of Cu taken up by plants.



Photosynthesis and Related Variables

Impacts of Cu on photosynthesis are well documented. The photosynthetic apparatus is susceptible to heavy metal toxicity, which in turn directly or indirectly significantly impact photosynthetic functions. Excess Cu has been reported to decrease the level of photosynthetic pigments such as chlorophyll (Küpper et al., 2009; Ambrosini et al., 2018). Cu concentrations were reported to decrease chlorophyll content in a number of plants including spinach (Ouzounidou et al., 1998), maize (Mocquot et al., 1996), cauliflower (Chatterjee and Chatterjee, 2000), and rapeseed and Indian mustard plants (Feigl et al., 2015). Cu excess can also impair chloroplast structure and thylakoid membrane composition (de Freitas et al., 2015; Sharma et al., 2017). Ciscato et al. (1997) found that the reduction in chlorophyll biosynthesis was mainly due to Cu-exposure mediated structural damages of chloroplast particularly at the thylakoid level. Disturbed metabolic activities like loss of chloroplast integrity, and change in plastid membrane composition and inhibition of photosynthetic electron transport have also been evidenced in plants exposed to elevated Cu levels (Quartacci et al., 2000; Adrees et al., 2015). Cu was found to inhibit both PS I and PS II, where PS II was found very sensitive to elevated Cu (Yruela, 2005). In another study, excess of Cu caused a reduction in photosynthesis mainly as a consequence of the higher photoinhibition (Mateos-Naranjo et al., 2013; Adrees et al., 2015). Cu in excess may also block the photosynthetic electron transport, inhibit photophosphorylation, and decrease membrane integrity (Maksymiec et al., 1994; Emamverdian et al., 2015). Cu-excess blocked the flow of electrons from Tyr z to P680+ (Yruela, 2005). In Avicennia germinans elevated Cu-mediated 100% inhibition of net photosynthesis and reduction of chlorophyll fluorescence with damaged photosynthetic apparatus (Gonzalez-Mendoza et al., 2013). In a recent study on fibrous jute (Corchorus capsularis) plants, Saleem et al. (2020) reported heavy damage in the organelles of the leaves by exposure to soils having Cu-contaminated soil mixed with natural soil by 1:4 ratio. The authors also found a large number of chloroplast particles accumulated inside the cell wall and also outside the chloroplast in these plants.



Phenotypic Changes

Surplus level of Cu restricts plant growth and development (Shams et al., 2019). The impact of Cu toxicity is primarily on root growth and phenotype, which has a paramount significance to the whole plant. In general, Cu accumulates mainly in roots rather than in shoots, although the different distribution and translocation of Cu depends on its concentration in the root-growing medium (Adrees et al., 2015). However, both shoots and roots exhibit specific symptoms of Cu-toxicity. High Cu concentrations in shoots induced pale green to white interveinal chlorosis on mature leaves, altered membrane permeability, enzyme activities and also reduced photosynthesis (Brunetto et al., 2016). In roots, excess Cu reduces root length and leads to darkening and thickening of root tips (Feigl et al., 2013). Cu stress has also been reported to decrease the area and expansions of leaves, and the size of stem in several plants (Barbosa et al., 2013; Feigl et al., 2013). In addition to reductions in shoot and root growth, elevated Cu-exposed plants exhibited phenotypic changes as toxicity symptoms, where roots showed intense dark color with increasing Cu concentration (Marastoni et al., 2019b). In several studies, elevated acquisition of Cu was culminated into chlorosis, leaf epinasty, decreased branching, thickening, and dark coloration (Nair and Chung, 2015; Ali et al., 2016) and also to the development of necrotic patches in leaf tips and margins (Llagostera et al., 2016). Altered surface root morphology, rolling of the leaf blade and reduced leaf area were also reported in plants under elevated Cu-exposure (Sánchez-Pardo et al., 2014; Nazir et al., 2019). Phytotoxic concentrations of Cu also impede the leaf proliferation, cell elasticity, and cell division and reduced the number and abundance of intercellular spaces and densely developed dark colored areas of xylem vessels (Ambrosini et al., 2018; Shiyab, 2018). Elevated Cu-accrued reduction in the leaf area resulted in reduced dry matter production (Mwamba et al., 2016). Therefore, phenotypic attributes may function as an effective bioindicator of Cu toxicity as well as for the characterization of the plants as resilient or sensitive to excess Cu.



Nutrient-Use-Efficiency of Plants

The accumulation of ions such as Na+ and Cl– accumulated in plant organs may compete with mineral nutrients and also disturb their uptake, translocation, and assimilation (Keutgen and Pawelzik, 2008). Higher concentrations of Cu reduced the content of N, P, and K in both shoot and root of maize; however, increased therein the concentration of Fe (Ali et al., 2002; Azeez et al., 2015). In sand culture grown cauliflower, the supply of 0.5 mM Cu for 30 days decreased Fe concentration (Chatterjee and Chatterjee, 2000). In both leaves and roots of Brassica juncea and B. napus, excess Cu impacted microelement homeostasis and decreased the concentrations of Zn, Fe, Mn, and Co (Feigl et al., 2013). Elevated Cu-mediated reduction in Zn in rapeseed has also been reported (Ivanova et al., 2010). In Suaeda fruticosa, Cu2+ increased K+ contents in the shoots; however, Cu2+ showed no effect on the level of Mg2+ and Na+ in the shoots (Bankaji et al., 2015). In a recent study on Cu-exposed oat cultivars (Avena sativa L. cv. Fronteira and cv. Perona), Marastoni et al. (2019a) reported a higher accumulation of Cu in the apoplasm which was argued to strongly reduce the available binding sites, leading eventually to a competitive absorption with Ca, Mn, and Zn.



NO as a Major Plant Signaling Molecule

As a key signaling component, NO is involved in various physiological and metabolic processes in plants including their adaptation to various stresses (Asgher et al., 2017; Fancy et al., 2017; Santisree et al., 2019). In plants, NO is synthesized both by enzymatic and non-enzymatic systems (Arasimowicz and Floryszak-Wieczorek, 2007; Hasanuzzaman et al., 2018) (Figure 1). Contingent to its concentration and the site of production NO shows both positive and negative effects. Further NO was seen to affect major metabolic pathways in plants, particularly of nutrient assimilation. Our recent research on NO suggests that salt stress effects on the photosynthetic performance are mitigated effectively when NO was applied along with the split application of both N and S, and the photosynthetic activity was stimulated through increased N and S assimilation and antioxidant system conferring tolerance against salt stress (Jahan et al., 2020). Similarly. NO was also shown to reverse glucose-mediated photosynthetic inhibition in T. aestivum L. under salt stress (Sehar et al., 2019). We have also shown that NO can improve S-assimilation and GSH production under Cd stress and prevent inhibitory photosynthesis in mustard (Fatma et al., 2016a, b; Per et al., 2017b). Usually, NO transmits its bioactivity by targeting proteins during post-translational modifications via cysteine S-nitrosylation that leads to the formation of S-nitrosothiols (SNOs). The reaction of NO with ROS such as superoxide anions also leads to the protein tyrosine nitration and yields nitrite (ONOO-). In fact, SNOs are the key signaling molecules largely involved in response to several stresses in plant biology (Begara-Morales et al., 2019). Generated as a result of the reaction of NO with reduced GSH, S-nitrosoglutathione (GSNO) is the most important among SNOs. This metabolite is considered as a major reservoir of NO. As a NO-reservoir, GSNO can be transported to other cells/tissues which confer NO as a long distance mobile signaling molecule. GSNO can also be converted into oxidized glutathione (GSSG) and NH3 by GSNO reductase (GSNOR) (Fancy et al., 2017; Begara-Morales et al., 2018). In addition, a direct donation of the NO group of GSNO to other cellular thiols may occur via S-transnitrosylation reactions (Corpas et al., 2013). NO-dependent modifications in plant lipids such as nitro-fatty acids (NO2-FA) have shown the importance of NO in cell signaling processes (Sánchez-Calvo et al., 2013; Fazzari et al., 2014). NO2-FA such as linolenic acid has been reported to alleviate various abiotic stresses (Mata-Pérez et al., 2016). A NO-mediated pathway is also involved in the activation of mitogen-activated protein kinase (MAPK) signaling events (Pagnussat et al., 2004) and in the promotion of MPK6-mediated caspase-3-like activation (Ye et al., 2013).
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FIGURE 1. Schematic representation of the pathways (enzymatic and non-enzymatic) and their major components involved in the generation of nitric oxide (NO) in plants. Enzymatic production of NO depends on NADPH dependent oxidation of L-Arg via NO synthase (NOS)-like activity and also nitrate reductase (NR) which converts nitrate (NO3–) to nitrite (NO2–) and later (NO2–) reduction into NO via NR itself or via electron transport chain in mitochondria. Specific plasma membrane-bound nitrate and nitrite: nitric oxide reductase (PM-NR/Ni:NOR) activity utilizes NO2– as a substrate to generate NO. Another possible route for NO formation is carried out by xanthine oxidoreductase (XOR). Non-enzymatic sources also result in the reduction of (nitrogen dioxide) NO2 to NO by carotenoids. In non-enzymatic pathway of NO generation that operates under sufficiently acidic medium and NO2– gives rise NO and O2. NO generated in various pathways reacts with reduced GSH to produce S-nitrosoglutathione (GSNO), a donor and major reservoir of NO. It is also clear that NO directly modifies target proteins through reacting with reactive oxygen species (ROS) including superoxide, to generate peroxynitrite (ONOO-) which in turn causes nitrosative stress via protein tyrosine nitration. On the other, NO can also directly control cellular thiols via S-transnitrosylation reaction.




NO IN PLANT GROWTH AND DEVELOPMENT

NO plays a vital role in regulating several processes related to plant growth and development, and qualifies the definition of plant growth regulators (Beligni and Lamattina, 2001; Xiong et al., 2009; Takahashi and Morikawa, 2014). The role of NO has been elucidated in growth and development of plants such as seed germination, senescence, root growth, leaf expansion, photo-morphogenesis, floral regulation, photosynthesis, root organogenesis, hypocotyl growth, and pathogen defense (Asgher et al., 2017; Corpas and Palma, 2018; Santisree et al., 2019), stomatal closure and the cytokinin signaling pathway (Tun et al., 2001; Desikan et al., 2004; Shi et al., 2015). Contingent to its concentration and the site of formation NO induces both positive and negative effects on plant metabolic processes. At lower concentrations, NO exhibited important positive effects in plants where it modulated germination, leaf expansion, and detoxification. On the other, several negative effects such as inhibition of photosynthesis, nitrosative stress, chlorophyll degradation were also noticed at much higher concentrations of NO (Zottini et al., 2002; Antoniou et al., 2013). In wheat seedlings, the rate of leaf expansion increased at lower concentrations of NO; however, no beneficial effect was observed at its higher concentrations (Tian and Lei, 2006). In maize, low concentration of NO promoted root growth, and its higher concentration inhibited the root growth (Lombardo et al., 2006). In a similar work, low concentration of NO (100 μM) stimulated growth of Medicago truncatula; whereas, a decreased growth was observed with higher concentration of NO (2.5 mM) (Filippou et al., 2013). The authors showed that 2.5 mM-mediated declines in photosynthetic rate, stomatal response, intracellular proline and putrescine accumulation and decreased M. truncatula growth (Filippou et al., 2013). Different dose of NO donors can differentially induce the elongation of root tips. To this end, an inhibited growth of hypocotyls in Arabidopsis, lettuce, and potato was observed with the treatment of 0.1 mM sodium nitroprusside (SNP), a NO-donor (Beligni and Lamattina, 2000). SNP was also reported to induce root development in Zea mays (Gouvea et al., 1997; Corpas and Barroso, 2015a). However, methylene blue, a NO-scavenger was reported to exhibit positive effects on the root development (Gouvea et al., 1997). Compared to GA3, NO was reported to exhibit its significant role in breaking the dormancy of lettuce seeds (Beligni and Lamattina, 2000). NO can also control growth and re-orientation of pollen tubes (Prado et al., 2004), induce the lateral roots mediated by the plant growth- promoting Rhizobacterium azospirillum (Creus et al., 2005).

The role of NO in photosynthesis has rarely been investigated. However the NO-mediated moderate improvement in photosynthetic performance of Solanum melongena seedlings was argued as a result of excessive quenching energy and an increase in quantum yield of PSII (Wu et al., 2013). NO with sulfur improved antioxidant defense system modulating stomatal behavior and sulfur assimilation in Brassica juncea (Fatma et al., 2016a). In cucumber seedlings, exogenous NO showed increased chlorophyll content, improved photosynthetic rate, transpiration rate and stomatal conductance (Fan et al., 2007). However, in Phaseolus aureus, NO reduced the activity of ribulose-1, 5-bisphosphate carboxylase/oxygenase (Rubisco) and increased the content of PSII oxygen-evolving complex (Lum et al., 2005). In Kalanchoe pinnata, NO inhibited Rubisco activity by S-nitrosylation in a dose-dependent manner and also slowed down photosynthetic rate (Abat et al., 2008). In Phaseolus vulgaris guard cells, NO showed decreased activity of the H+-ATPase (Ördög et al., 2013). At cellular level, NO breaks the chain reactions of oxidation and limits oxidative damage (Bakakina et al., 2014). NO can also prevent the generation of toxic hydroxyl radicals by binding with the superoxide radicals produced in the chloroplast and mitochondria during the process of electron transport chain (Arora et al., 2016). Due to its signaling nature NO was reported to upregulate the expression of certain genes to counteract oxidative damage (Jiao et al., 2016). NO also triggers the upregulation of genes such as that of chalcone synthase (CHS), glutathione-S-transferase (GST), alternative oxidase (AOX1a) and glutathione peroxidase (GPX) (Murgia et al., 2004). It has also been reported to deter gene expression of thylakoid ascorbate peroxidase (tAPX) controlling oxidative position of plant cell (Murgia et al., 2004).



NO-MEDIATED COPPER-TOLERANCE IN PLANTS

Role of NO in minimization of heavy metal stress in plants has been extensively studied (Laspina et al., 2005; Arasimowicz and Floryszak-Wieczorek, 2007; Xiong et al., 2009; Jhanji et al., 2012; Leterrier et al., 2012; Chmielowska-Bąk et al., 2014; Per et al., 2017b; Rizwan et al., 2018; Ahmad et al., 2018; Li et al., 2018) (Table 2). However, mechanisms underlying NO-mediated control of plant responses to elevated Cu-impacts are still elusive. There are two possible strategies that NO might use to mitigate heavy metal stress in plants. As the first approach, elevated Cu-exposed plants tend to upregulate their antioxidant enzymes activity or express genes involved in defense mechanism (Rizwan et al., 2018). Secondly, NO maintains the equilibrium of cellular free metal concentration either by excluding heavy metals through roots or by keeping a check on their cellular accumulation to a toxic level (Oz et al., 2015). The action mechanisms potentially involved in NO-mediated plant Cu-tolerance have been illustrated in Figure 2. The outcomes of the studies analyzing the role of NO-application in Cu-stressed plants revealed that NO reduces Cu-induced oxidative stress by increasing the activities of antioxidant enzymes; maintaining cellular redox homeostasis by elimination of ROS, and thereby promoting normal metabolic function (Cui et al., 2009; Zhang et al., 2009). The supply of sodium nitroprusside (SNP), a NO-donor to Cu-exposed Panax ginseng modulated the activity of H2O2-metabolizing enzymes including catalase (CAT), peroxidase, and ascorbate peroxidase (APX), and thereby increased the detoxification of H2O2 in roots (Tewari et al., 2008). Pre-treatment of Triticum aestivum with NO was reported to reverse the inhibitory effect of Cu stress by increasing the activity of superoxide dismutase (SOD) and CAT, and reducing the lipoxygenase activity and membrane lipid peroxidation (Hu et al., 2007). Besides inducing antioxidant system, supplied NO was also reported to promote the activity of H+-ATPase and H+-PPase in the plasma membrane or tonoplast which might play important role in tolerance to Cu stress by maintaining cytoplasmic pH (Cui et al., 2009; Zhang et al., 2009). The supplied NO-mediated escalation in the level of GSH has also been reported (Zhang et al., 2019). GSH has central role in plants in maintaining cellular redox potential (Anjum et al., 2014; Ahmad et al., 2020). Recently, Mostofa et al. (2014) reported alleviation of Cu-induced toxicity in Oryza sativa seedlings mainly as a result of interaction between NO and GSH. The authors revealed that the supply of SNP (200 μM) alone or in combination with GSH (200 μM) minimized Cu-impacts by reducing Cu-uptake and eased the Cu-induced oxidative damage by amending GSH production. Not only GSH content was increased but also increased the content of ascorbate (AsA), and the ratios of GSH/GSSG and AsA/DHA, which in turn strengthened antioxidant defense system improved Cu-tolerance. Moreover the contribution of different metal-chelating ligands, such as metallothioneins (MTs) and phytochelatins (PCs) are crucial players and plays pivotal role in conferring resistance to heavy metal tolerance in plants dealing with high concentrations of various metal inclusion (Cobbett and Goldsbrough, 2002; Anjum et al., 2015a; Chaudhary et al., 2018). Exogenous NO can also regulate the oxidation-reduction status of GSH-GSSG, control the GSH-PC metabolism, and also promote the vascular compartmentalization of excessive Cu in Lemna esculentum (Wang et al., 2018). In addition, MTs-responsive genes were induced by NO in Solanum lycopersicum and this NO-induced expression of MTs-related genes were reversed by NO scavenger [2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazo-line-1-oxyl-3-oxide potassium salt (cPTIO)], NOS inhibitor [N-nitro-l-arginine methyl ester (L-NAME)] and NR inhibitor (tungstate), which confirmed the involvement of MTs in NO-mediated tolerance to Cu toxicity (Wang et al., 2010).


TABLE 2. Representative studies on the copper toxicity and nitric acid role on selected parameters in plants.
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FIGURE 2. Schematic representation of the potential mechanisms underlying protective roles of nitric oxide (NO) in plants. In summary: (a) NO is involved in cellular homeostasis under Cu stress by inducing/modulating enzymes (CAT, catalase; APX, ascorbate peroxidase; GR, glutathione reductase) and non-enzyme including reduced glutathione (GSH) directly and/or indirectly involved the scavenging of reactive oxygen species (ROS); (b) NO can also be involved in the stimulation of the key enzymes of proline synthesis and thereby in modulation of the cellular proline and also in inhibition of lipoxygenase activity which in turn leads to membrane lipid peroxidation; and (c) once in cell, Cu ions make complex with phytochelatins (PCS) known to be induced by low molecular weight peptides (such as GSH) in the cytosol. The Cu-PC complexes are high molecular weight and are subsequently transported to the vacuole and thereby protect ill consequences of elevated Cu ions.


Proline, a multifunctional amino acid have diverse roles in response to stress conditions, such as in stabilization of proteins, subcellular structures and membranes and protecting cellular functions by scavenging ROS potentiate plant to survive under stress (Anjum et al., 2014; Kaur and Asthir, 2015; Per et al., 2017b). The Cu-exposure accrued accumulation of proline has been found as a common response reported in several plant species (Zhang et al., 2008; Fidalgo et al., 2013; Mostofa et al., 2014). Cu-exposure caused increase in the endogenous NO production was found to modulate the cellular proline through stimulating the activity of the key proline-synthesizing enzymes such as pyrroline-5-carboxylate synthetase (Zhang et al., 2008). However, the correlation between NO content and Cu-induced proline accumulation in plants is not always apparent. For example proline content increased upon Cu-exposure but failed upon application of NO (Mostofa et al., 2014). Therefore, it indicates that the regulation of antioxidant system by NO is also dependent on the exposure conditions and the model plant. Photosynthetic functions are typically affected either directly or indirectly by elevated levels of Cu. In Cu-exposed grown Chlorella, NO application takes down the inhibition levels of O2 fixation, O2 evolution, and maximum quantum yield of PS II and also ominously diminished the oxidative burst (Kumar Singh et al., 2004). In another study, addition of 50, 100, 200 μM SNP protected Lolium perenne against Cu-toxicity as a result of increased chlorophyll content and photosynthesis, induced antioxidant enzyme activities, reduced Cu-induced oxidative damages, maintained intracellular ion equilibrium, and limited Cu translocation from roots to shoots (Dong et al., 2014). NO was found to scavenge ROS and control NH4+ accumulation in Cu-exposed O. sativa leaves (Yu et al., 2005). In Cu (50 μM)-exposed Arabidopsis seedlings, NO escalated the Cu-induced cotyledon expansion but alleviated cotyledon elongation processes (Petó et al., 2011).

In naked barley (without hull), Cu-tolerance involved nitrate reductase-mediated NO-production (Hu et al., 2015). Further NO-mediated strengthening of antioxidant defense system and the control of oxidative stress and cell death was also shown (Hu, 2016). In Catharanthus roseus, SNP ameliorated Cu-toxicity by decreasing the ROS-burst, promoting the contents of amino acids and the total phenolic in the roots, regulating mineral absorption and re-establishing ATPase activities (Liu et al., 2016). Yuan et al. (2013) have reported that the Cu stress in Arabidopsis affects root elongation by redistributing PIN1-mediated auxin (AUX). These witnessed phenotypic changes in Cu-effected roots are possibly due to AUX action, because in roots, the pattern of AUX distribution is vital for healthy root development. In addition to this Fernández-Marcos et al. (2011) showed that mutant cue1/nox1 changes NO levels, and high level of NO hampered the length of root apical meristem in Arabidopsis, and reduced transport of AUX and its response by altering the PIN1 levels. Therefore, the supply of optimal level of NO might be a responsible for maintaining the AUX concentration and its distribution when plants countered the heavy metal stress (Figure 2). In Arabidopsis, prolonged exposure of Cu impacted NO and AUX metabolism, and it was revealed that NO could improve Cu-induced inhibition of both root and stem growth by attenuating PIN1 induced AUX transport (Kolbert et al., 2012). In another report, Kolbert et al. (2015) established the relationship of the low Cu-sensitivity of nia1nia2noa1-2 mutant with the availability therein of low NO level and suggested that the contribution of the NR and NO associated 1-dependent pathways to NO synthesis. Thus, the above results pointed out that NO plays a vital role in response to Cu stress. However, there is still limitations in understanding the exact mechanism of NO action under Cu stress, and there is an utmost need to further investigate focusing more into molecular insights of NO action under Cu stress.



CONCLUSION AND PROSPECTS

This review appraised the literature available on Cu-induced toxicity and its NO-mediated amelioration and underlying mechanisms in plants. It is clear that NO is a diffusible gaseous molecule and plays a key role in performing a number of biological functions in plants. NO acts as a signaling molecule in inducing the antioxidant system during oxidative stress. There is a remarkable progress in our understanding on the biological role of NO in plants particularly in case of salt stress. However, least information is available on the response of NO on Cu stress. Insights are required into the signaling pathways and the direct targets of NO particularly in Cu-exposed plants. Examination of the Cu-induced modulation of the NO biosynthetic pathways and its involvement in the physiological roles of NO in plants would be imperative in this regard. Some of the biosynthetic pathways of NO in plants are well known but how these pathways are interconnected and what is the mode of action in each tissue and organ are required to be elucidated.
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The legume-rhizobia symbiosis is an important process in agriculture because it allows the biological nitrogen fixation (BNF) which contributes to increasing the levels of nitrogen in the soil. Nitric oxide (⋅NO) is a small free radical molecule having diverse signaling roles in plants. Here we present and discuss evidence showing the role of ⋅NO during different stages of the legume-rhizobia interaction such as recognition, infection, nodule development, and nodule senescence. Although the mechanisms by which ⋅NO modulates this interaction are not fully understood, we discuss potential mechanisms including its interaction with cytokinin, auxin, and abscisic acid signaling pathways. In matures nodules, a more active metabolism of ⋅NO has been reported and both the plant and rhizobia participate in ⋅NO production and scavenging. Although ⋅NO has been shown to induce the expression of genes coding for NITROGENASE, controlling the levels of ⋅NO in mature nodules seems to be crucial as ⋅NO was shown to be a potent inhibitor of NITROGENASE activity, to induce nodule senescence, and reduce nitrogen assimilation. In this sense, LEGHEMOGLOBINS (Lbs) were shown to play an important role in the scavenging of ⋅NO and reactive nitrogen species (RNS), potentially more relevant in senescent nodules. Even though ⋅NO can reduce NITROGENASE activity, most reports have linked ⋅NO to positive effects on BNF. This can relate mainly to the regulation of the spatiotemporal distribution of ⋅NO which favors some effects over others. Another plausible explanation for this observation is that the negative effect of ⋅NO requires its direct interaction with NITROGENASE, whereas the positive effect of ⋅NO is related to its signaling function, which results in an amplifier effect. In the near future, it would be interesting to explore the role of environmental stress-induced ⋅NO in BNF.
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INTRODUCTION

The biological nitrogen fixation (BNF) is the process of reducing atmospheric nitrogen (N2) to ammonium (NH4+) catalyzed by the NITROGENASE enzyme. This process is carried out by a small group of bacteria, in either free-living condition, associated with different plants such as epiphytes or endophytes, or establishing endocellular symbiosis with legumes (Masson-Boivin et al., 2009). The rhizobium-legume symbiosis involves the exchange of carbon source produced by the plant and ammonium fixed by the bacteria in specialized organs denominated nodules. This symbiosis helps legumes to naturally colonize nitrogen-poor soils. Thus, this symbiosis positively impacts on agriculture, not only for the savings of nitrogen (N) fertilizers but also due to the reduction of its negative impact on the environment, which is key to achieve sustainable agriculture. Particularly because of the importance of sustainable agriculture, the interest in the BNF has been revitalized in recent years (Sulieman and Tran, 2015), with an emphasis in the rhizobium-legume symbiosis involving the cultivation of food and fodder (Lindström et al., 2010; Laranjo et al., 2014). Moreover, researchers have done considerable efforts to introduce the ability to perform BNF into non-leguminous plants, either by introducing the NITROGENASE enzyme into plants through genetic engineering (Oldroyd and Dixon, 2014) or by using Gluconacetobacter diazotrophicus, a non-nodulating endophytic nitrogen-fixing bacterium (Cocking et al., 2006).

Nitric oxide (⋅NO) is a small free radical molecule, which is ubiquitous in plants and its production is often enhanced under stress conditions (Corpas et al., 2008, 2011; Signorelli et al., 2013, 2019). ⋅NO acts as a signaling molecule interacting with hormone signaling in plants (Klessig et al., 2000; Wang et al., 2015a) and regulating different developmental processes such as germination, root elongation, floral transitions, branching, and ripening (Lozano-Juste and Leon, 2011; Sanz et al., 2014; Chaki et al., 2015). The BNF is also modulated by ⋅NO at different stages of this process. In this review, we present and discuss the metabolism of ⋅NO in nodules, the different sources of ⋅NO, and its effect on nodule establishment, BNF and nodule senescence. With this, we attempt to provide clear views on what is currently know and highlight the outstanding questions that need to be investigated in this exciting research area.



⋅NO IN LEGUME-BACTERIA INTERACTION

The establishment of the legume-rhizobium symbiosis requires the recognition between the rhizobia and legume and the formation of nodules, the plant organ hosting the rhizobia and where the BNF takes place. The nodule provides a low oxygen (microoxic) environment which is necessary to prevent the inhibition of the NITROGENASE activity by oxygen (O2). To cope with the lower O2 availability, the cytochrome-pathway of respiration of mitochondria from nodules has a higher apparent affinity for O2 than the equivalent of mitochondria from roots (Millar et al., 1995). This allows the nodule cells to produce ATP by oxidative phosphorylation which is used for the rhizobia as the energy source, together with other carbon sources, to fixate nitrogen. The fixated nitrogen is assimilated mostly in the cytosol of the nodule cells and taken up by the plant.

Two genetic pathways were shown to control the number of nodules produced in the root nodule symbiosis, one of them controlling the rhizobial infection and the other one controlling the nodule organogenesis (Penmetsa et al., 2003). Depending on the legume, the nodule can be indeterminate or determinate, which means respectively that they sustain or not meristematic activity (Hirsch, 1992). The nodulation process starts with the release of chemical signals by the root hairs, which attract rhizobia and trigger them to produce bacterial nodulation factors (Nod-factors) (Figure 1 i). These Nod factors are perceived by the legume to promote root cell division and other downstream responses (Geurts and Bisseling, 2002). The rhizobia grow, induce a curl in the root hair (Figure 1 ii) and a tubular and intracellular structure containing the bacteria, known as infection thread, is formed (Figure 1 iii). As the rhizobia reproduce, the infection thread grows reaching first the base of root hair cell and later the nodule primordium (Geurts and Bisseling, 2002). The formation of this infection threat it also induced by the presence of the plant hormones cytokinin (CK) and auxin (AUX) (Roy et al., 2020). Afterward, the infection thread starts to release bacterial cells into the parenchyma cells of the developing nodule, where the bacterial cells differentiate into bacteroids, a transformation that requires morphological and physiological changes (Figure 1 iv). For a detailed review of the nodule formation process, we recommend revising Gage (2004) or Roy et al. (2020).
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FIGURE 1. Nitric oxide participates at different stages of the nodulation process. ⋅NO was observed to be involved at all the different stages of nodulation, plant-rhizobium recognition (i), root hair curling (ii), infection thread (iii), nitrogen fixation in active nodules (iv), and senescing nodules (v). The light purple indicates the bacteria; the dark purple indicates the bacteroids; the gray indicates dead bacteroids; and the diffuse light green indicates ⋅NO. AA, amino acids; Phytogbs, PHYTOGLOBINS; Lbs, LEGHEMOGLOBINS; SR, systemic response.


In the different stages of the nodule formation, a crosstalk between the bacteria and the root cells occurs. Reactive oxygen species (ROS) are present among the molecules involved in this communication. ROS are produced at a high level in the nodule, mainly due to the high demand of respiration to support NITROGENASE activity and the autoxidation of oxygenated leghemoglobin (oxy-Lb) (Puppo et al., 1981). Therefore, the role of ROS on modulating the legume-rhizobia interaction, as well as the relevance of the antioxidant system to control them have been widely studied (Becana et al., 2010). Likewise, the presence of ⋅NO in the nodule is well documented (Baudouin et al., 2006; Nagata et al., 2008; del Giudice et al., 2011; Cam et al., 2012; Fukudome et al., 2016, 2018; Calvo-Begueria et al., 2018). Due to its reactive nature, ⋅NO and other reactive nitrogen species (RNS) can also interfere with this plant-rhizobia communication.

In the specific interactions Lotus japonicus-Mesorhizobium loti and Medicago sativa-Ensifer meliloti, ⋅NO was observed to be induced in the roots of plants 4 h post-inoculation (hpi), suggesting that ⋅NO participates at early stages of the plant-rhizobia interaction (Nagata et al., 2008). Interestingly, ⋅NO was only perceived at 4 hpi but not at 10 and 24 hpi, and this effect was not observed when the roots were inoculated with unspecific rhizobium (Nagata et al., 2008). In contrast, L. japonicus showed a higher and sustained accumulation of ⋅NO in roots when infected with different plant pathogens (Nagata et al., 2008). These observations suggest that the peak response observed at 4 hpi is a signal-recognition response, rather than a stress response. Different kinetics for ⋅NO accumulation were observed in the Medicago truncatula–E. meliloti symbiosis, but the results were consistent in the fact that ⋅NO is induced and necessary for the correct establishment of the symbiosis (del Giudice et al., 2011). In this symbiosis, the induction of ⋅NO was detected 2 days post-infection (dpi), during the curling of the root hair, and 6 dpi, when the infection thread is formed (del Giudice et al., 2011). Using reporter bacteria responsive to ⋅NO, the authors showed that the bacteria respond to the endogenously produced ⋅NO in the infection pocket, and when ⋅NO is specifically scavenged, the development of the nodule is delayed (del Giudice et al., 2011). Together, this evidence demonstrates that ⋅NO promotes the legume-bacteria interaction and nodule development, potentially acting as a signaling molecule (discussed in section “Signaling Role of ⋅NO in Nitrogen Fixation”).

At later stages of this symbiosis ⋅NO was also shown to be present in M. truncatula nodules, both in developing (10 dpi) and mature nodules (30 dpi), in particular, in the fixation zone (Baudouin et al., 2006). Furthermore, ⋅NO was observed to locally induce nodule senescence in M. truncatula (Cam et al., 2012) and L. japonicus (Fukudome et al., 2018). These findings suggest the involvement of ⋅NO also during nitrogen fixation and nodule senescence (Figure 1).

Taking all together, the current evidence clearly shows the involvement of ⋅NO during the legume-rhizobia interaction. In many cases, a positive effect of ⋅NO on this interaction is observed, although the mechanism is not fully understood (discussed in section “Perspectives”).



METABOLISM OF ⋅NO IN NODULES

Plants can produce ⋅NO by different ways, some of them non-enzymatic, as the non-enzymatic reduction of nitrite (Bethke et al., 2004), and others are dependent on enzymes such as the NITRATE REDUCTASE (NR), PLASMA MEMBRANE-BOUND NITRITE: ⋅NO REDUCTASE, mitochondrial-electron transport chain-dependent (mETC-dependent) nitrite-reducing activity, and the NOS-like activity (Stöhr et al., 2001; Planchet et al., 2005; Corpas et al., 2009; Astier et al., 2018). POLYAMINE OXIDASES and HYDROXYLAMINE OXIDASE have been also suggested to contribute to ⋅NO production (Tun et al., 2006; Rümer et al., 2009). Despite the several mechanisms involved in ⋅NO production, the NR and mETC-dependent reduction of nitrite are the better understood mechanisms to contribute to ⋅NO production, being the latter only relevant under microoxic and anoxic conditions (León and Costa-Broseta, 2020). Interestingly, under the nodulation process, the three genes encoding for NR of M. truncatula were shown to be induced (Damiani et al., 2016). In fact, the authors suggested a specific role of these enzymes as ⋅NO source in nodulation. Nonetheless, recent experiments coupling EPR (electron paramagnetic resonance) and DAF-2 (4,5-diaminofluorescein) to detect ⋅NO in bean and soybean nodules suggested that ⋅NO is also produced by nitrate- and arginine-independent pathways (Calvo-Begueria et al., 2018).

Under microoxic conditions, it is well known that nitrite can be used as final electron acceptor of the mETC to produce ⋅NO (Horchani et al., 2010; Gupta and Igamberdiev, 2011). Therefore, once the nodule is established, the microoxic condition is generated within the nodule promoting this extra source of ⋅NO. In this situation, ⋅NO is involved in the cycle named Phytoglobin-⋅NO (Phytogb-⋅NO), in which the ⋅NO produced from nitrite by the mETC diffuses into the cytosol where it is oxidized into nitrate by PHYTOGLOBINS (Phytogbs), and the resulting nitrate is reduced back to nitrite by NR and transported to the mitochondria where the cycle is repeated (Figure 2; Stoimenova et al., 2007; Igamberdiev et al., 2010; Gupta and Igamberdiev, 2011). This Phytogb-⋅NO cycle was suggested to function as an alternative mechanism to the classic fermentation pathways (ethanol and lactate formation) for the re-oxidation of NAD(P)H to NAD(P)+ during hypoxia (Igamberdiev and Hill, 2004). In microoxic cells, the energy production for short-term viability is achieved mainly through glycolysis. The Phytogb-⋅NO cycle would allow NADH re-oxidation during the reduction of NO3– to ⋅NO2– and in the regeneration of reduced (Fe2+) Phytogb (Figure 2), being the resulting NAD+ available for the glycolytic process (Igamberdiev and Hill, 2004).
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FIGURE 2. The contribution of Phytogb/⋅NO cycle to ⋅NO production and NAD(P)H re-oxidation during hypoxia. ⋅NO is oxidized to nitrate by OXYPHYTOGLOBIN [Phytogb(Fe2+)O2], which turns to METPHYTOGLOBIN [Phytogb(Fe3+)]. Nitrate is then reduced to nitrite through NITRATE REDUCTASE (NR), and nitrite is reduced to ⋅NO though NR, the PLASMA MEMBRANE NITRITE-⋅NO REDUCATSE (NI-NOR) or the CYTOCHROME OXIDASE (COX). NAD(P)H oxidation occurs in the reactions forming ⋅NO and its subsequent oxidation back to nitrate.


Besides the electron transport chain of the nodule cells, the electron transport chain of some rhizobia also contributes to ⋅NO production (Horchani et al., 2010) through the denitrification pathway, being the highest contribution for ⋅NO biosynthesis from the bacteroid side (Hichri et al., 2015). In the Bradyrhizobium genera, different strains have been shown to be able to denitrify under microoxic conditions, both in free-living conditions (Monza et al., 2006) and in symbiosis (Bedmar et al., 2005). Under flooding conditions however, in soybean nodules, the periplasmic NR and NiR of Bradyrhizobium diazoefficiens (also known as Bradyrhizobium japonicum) were suggested to be the main sources of ⋅NO (Sánchez et al., 2010). Although the contribution of ⋅NO by the bacteria is considered to be lower than that by the plants (Baudouin et al., 2006; Horchani et al., 2010), both partners are involved in the production of this molecule in mature nodules. Therefore, it is not surprising that some genes involved in both ⋅NO production and degradation have proven to be more expressed in mature nodule when compared to developing nodule (Berger et al., 2019). This indeed suggests that a more active metabolism of ⋅NO takes place in established nodules.

Finally, it is important to remark that ⋅NO is highly permeable to biological membranes (permeability coefficient in the membrane of 93 cm ⋅ s–1, Signorelli et al., 2011), meaning that ⋅NO can diffuse in and out the bacteroids. Thus, the lack of a unique ⋅NO source together with its capacity to diffuse between the plant and the rhizobia set a complex scenario to elucidate the main source of ⋅NO in this interaction.


S-NITROSOTHIOLS IN NODULE

Nitric oxide can modulate the activity of different enzymes mainly through S-nitrosylation (also known as S-nitrosation). This reversible posttranslational modification of proteins is the covalent binding of a ⋅NO group to the thiol group of a cysteine residue leading to the formation of an S-nitrosothiol (SNO). Different mechanisms have been shown to mediate this modification, varying on the state of the cysteine (as radical or anion) and the nature of the ⋅NO group (as radical, anion, cation or transiently associated to other molecules) (Kovacs and Lindermayr, 2013). This modification produces structural changes in the protein, and when the modified residues are close enough to the active site, its activity is affected. The major effects of ⋅NO on biological processes are due to its capacity to induce post-translational modifications of key proteins involved in signaling cascade pathways, resulting in the up or down-regulation of downstream components such as transcription factors, which in turn affect the expression of a plethora of genes. For instance, ⋅NO is known to inactivate several proteins involved in the ABA signaling pathway that controls the activity of the transcription factor ABI5, resulting in the suppression of the ABA-mediated responses (Signorelli and Considine, 2018). Likewise, ⋅NO can target the group VII of ETHYLENE RESPONSE FACTORS (ERF) to proteasomal degradation (Gibbs et al., 2014), affecting the regulation of different process under regulation of these transcription factors, such as abiotic/biotic stress responses and developmental processes (Gibbs et al., 2015; Considine et al., 2017).

The inhibition of NITROGENASE by ⋅NO has been known since long time (Trinchant and Rigaud, 1982; Kato et al., 2010). Although this inhibition can be through the formation of metal-nitrosyl complex (Michalski and Nicholas, 1987), in the symbiosis M. truncatula-E. meliloti two NITROGENASE proteins (encoded by nifK and nifH) were reported to be S-nitrosylated (Puppo et al., 2013), which could present an alternative mechanism to post-translationally regulate the NITROGENASE activity in the bacteroids. In the same symbiosis, many proteins related to TCA cycle and carbohydrate metabolism were reported to be S-nitrosylated in both the legume and the partner rhizobium (Puppo et al., 2013). Moreover, in this legume three proteins involved in amino acid metabolism, the ASPARAGINE SYNTHETASE, GLUTAMINE SYNTHETASE, and S-ADENOSYLMETHIONINE SYNTHETASE were also reported as S-nitrosylated (Melo et al., 2011; Puppo et al., 2013). Although there have been some proteins identified as S-nitrosylated, in many cases the consequence of such modification on the enzymatic activity is still unknown. Conversely, the GLUTATHIONE PEROXIDASE 1 (GPX1) from nodules of M. truncatula is known to be reversibly inactivated by S-nitrosylation (Castella et al., 2017). As this enzyme participates in the transmission of redox signals, it was suggested that ⋅NO can exert part of its signaling function through the modulation of this protein (Castella et al., 2017).

Nevertheless, it is important to remark that ⋅NO levels do not always correlate with SNOs levels. This was clearly observed in non-nodulated roots of the model legume L. japonicus (Signorelli et al., 2019) and in nodules of Arachis hypogaea (Maiti et al., 2012). Thus, low levels of ⋅NO do not necessarily implicate that S-nitrosylation will not take place. Moreover, in A. hypogaea nodules it was observed that the levels of cytoplasmic SNOs were lower in the nodule than in the symbiotic bacteria; thus the authors suggested that the bacteria contribute to the protection of S-nitrosylation in the nodule and that this interaction might implicate the transfer of redox compounds between the bacteroids and the nodule cells (Maiti et al., 2012). Also, the number of SNOs in the nodule was observed to increase with the age of the nodule (Maiti et al., 2012).

Interestingly, a phytogb (AHb1) from Arabidopsis thaliana was the first protein of plants reported to be S-nitrosylated and the authors suggested this could be a mechanism to eliminate ⋅NO during hypoxic stress (Perazzolli et al., 2004). The authors also tested if the overexpression of AHb1 reduced the ⋅NO-mediated hypersensitive cell death in response to pathogens, but it was not the case (Perazzolli et al., 2004). Conversely, the detoxification of SNOs was proven to increase disease resistance upon infection with Pseudomonas syringae (Feechan et al., 2005). Therefore, increased SNO levels are believed to enhance the susceptibility to pathogens and change the redox status of the cells resulting in the activation of antioxidant responses (Begara-Morales et al., 2019 and references therein). In this sense, it would be interesting to understand if changes in SNOs, prior to rhizobium infection, promote or reduce the success of the infection. Understanding this could lead to the use of better management practices to promote rhizobia inoculation.

Together, the evidence demonstrates that SNOs occurs in vivo in legume nodules and, in some cases, the activity of the proteins is affected by this posttranslational modification. In the near future, it is expected that an increased number of S-nitrosylated proteins are going to be reported. For those proteins that have been already reported as S-nitrosylated, it would be important to understand the consequences on their activity.



ROS AND RNS HOMEOSTASIS IN THE NODULE


ROS and RNS Are Induced in the Establishment of the Legume-Rhizobia Interaction

Reactive oxygen species are formed due to partial reductions of O2 and can react with cellular components leading to irreparable metabolic dysfunction or cell death. As ROS are ubiquitous in aerobic organisms, they tend to be controlled under normal conditions by different antioxidant systems. In such controlled conditions, ROS are essential for certain cellular functions. ROS include free radicals, such as superoxide radical (O2⋅–) and hydroxyl radical (⋅OH), and non-radical compounds like hydrogen peroxide (H2O2) and singlet oxygen (1O2). The term RNS is used to designate ⋅NO and related molecules such as peroxynitrite (ONOO–), nitrogen dioxide (⋅NO2), dinitrogen trioxide (N2O3) and SNOs. Like ROS, RNS can be moderately (e.g., ⋅NO, SNOs) or highly (e.g., ONOO–, ⋅NO2) reactive. RNS, directly or indirectly, participate in the post-translational modifications of proteins, which are involved in the cellular signaling process in both physiological and pathological conditions.

During the plant-rhizobium interaction, ROS play an important role and its production by the plants is known to be triggered, at least in part, by compatible Nod factors (Ramu et al., 2002). The silencing of the apoplastic-O2⋅–-producing enzyme, RESPIRATORY BURST OXIDASE HOMOLOG (RBOH), negatively affected the symbiotic nitrogen fixation in different legumes (Marino et al., 2011; Arthikala et al., 2017). The plants also respond producing a peroxidase (RIP1) as a mechanism to prevent the excessive generation of H2O2 (Ramu et al., 2002). Therefore, both the ROS generation and the induction of antioxidant system to control ROS levels are essential for the correct establishment of the symbiosis (Ramu et al., 2002; Becana et al., 2010). Legumes count with the common antioxidant enzymes such as SUPEROXIDE DISMUTASE, CATALASE, and diverse PEROXIDASES, and non-enzymatic antioxidants such as ascorbate and glutathione as the first barrier to protect against ROS. Here the general antioxidant machinery will not be discussed. Instead, we describe those systems specific from the legume-rhizobia symbiosis.



Phytoglobins

Nodule function requires the protein LEGHEMOGLOBIN (Lb), which transport and deliver O2 to the symbiosomes at a low but steady concentration that allows efficient bacteroid respiration while preventing NITROGENASE inactivation (Appleby and Bergersen, 1980). Besides Lbs, plants possess many other HEMOGLOBINS (Hbs), currently known as Phytogbs, which function is less clear in plants but have been linked to the control of RNS homeostasis (Dordas et al., 2003; Perazzolli et al., 2004; Nagata et al., 2008). Here, we introduce the different plant Hbs and their potential role in controlling ROS and RNS.

In vascular plants, Phytogbs can be divided into six types based on phylogenetic analyses and biochemical properties (Hill et al., 2016). Phytogb0 are localized in any organ of gymnosperms but also in algae and bryophytes, and have moderate to high affinity for O2 (Garrocho-Villegas and Arredondo-Peter, 2008). Phytogbs1 have extremely high O2 affinities, making them unsuitable for O2 transport and delivery (Smagghe et al., 2009), and their main function seems to be related to the modulation of ⋅NO (Gupta et al., 2011b) and preserving cellular energy during hypoxia (Hill, 2012). In L. japonicus, the expression of Ljphytogb1-1 gene increases in response to symbiosis with M. loti, but not when it interacts with pathogenic microorganisms so it has been proposed that Ljphytogb1-1 eliminates the ⋅NO produced in the initial response to the infection, allowing the establishment of symbiosis (Nagata et al., 2008). Very recently, it has been shown in M. truncatula that Mtphytogb1-1 regulates the concentration of ⋅NO both during early symbiosis steps and in mature nodules (Berger et al., 2020). Phytogbs2 display O2 affinities that resemble those of Lbs (Dordas, 2009), and their expression is known to be induced by CK treatments and cold conditions (Hunt et al., 2001). Vigeolas et al. (2011) proposed that this type of Phytogbs could facilitate the supply of O2 to developing tissues. Phytogbs1 and Phytogbs2 are localized in any organ of angiosperms. Phytogbs3 represent a group with very low similarity to Phytogbs1 and Phytogbs2 and have moderate O2 affinities (Watts et al., 2001). A biochemical property that defines Phytogbs3 is that they have a 2-on-2 α-helical sandwich secondary structure instead of the canonical 3-on-3 structure of other Phytogbs (Wittenberg et al., 2002). Although the functions of Phytogbs 3 are unknown, some of them are induced in nodules and mycorrhizal roots (Zhu et al., 2005) and might also interact with ⋅NO (Sanz-Luque et al., 2015). It has been suggested in M. truncatula that the function of two Phytogbs3 could be related to symbiosis by suppressing the initial defensive response of the plant due to the ability of these proteins to bind ⋅NO (Vieweg et al., 2005). In addition, some of their bacterial counterparts have been implicated in tolerance to nitrosative stress (Angelo et al., 2008). Both Lbs and SymPhytogb are proteins exclusively related to the symbiotic process facilitating a steady low O2 supply to the bacterial microsymbionts (Smagghe et al., 2009). They present moderate to high O2 affinity and are specifically localized in N2-fixing nodules of legumes and actinorhizal or any other non-legume plant, respectively.



The Involvement of Plant Phytogbs in ROS and RNS Metabolism

In nodules, high respiration rates together with a high concentration of Lb and the abundance of catalytic Fe enhance, among other things, nodule capacity to generate ROS (Marino et al., 2009). Using leghemoglobin-RNA interference lines of L. japonicus, Günther et al. (2007) demonstrated that loss of Lb results in significantly lower H2O2 levels in nodules, which suggested a role of Lb in in vivo ROS production. Like other Hbs, oxy-Lb (Lb2+O2) auto-oxidizes spontaneously to form ferric (or meta) Lb (Lb3+) and O2⋅–, especially under the slightly acid pH of nodules (Puppo et al., 1981). The released O2⋅– can, in turn, oxidize other oxy-Lb molecules to Lb3+, which enhances the inactivation of ferrous Lb (Lb2+) and oxy-Lb. Oxy-Lb and Lb3+ can also be oxidized by H2O2 (Puppo et al., 1982). The reaction between H2O2 and oxy-Lb or ferric Lb, in equimolar proportion, forms ferryl Lb (LbIV), a stable but inactive form of Lb (Aviram et al., 1978; Sievers et al., 1978). When Lb and H2O2 are in a 1:2 ratio, radicals can be formed in the Tyr residues of the protein, which react forming 2 types of compounds: a green derivative, originated by the covalent binding of the heme with the apoprotein, and a dimeric Lb, originated by an intramolecular Tyr-Tyr bond (Moreau et al., 1995).

Leghemoglobins are synthesized by the plants when they are colonized by a symbiotic rhizobium to scavenge the excess of O2 which can inhibit the NITROGENASE activity. Phytogbs exist in nodules but also in other organs like roots and leaves of all plants and their concentration range from 100 nM under normal conditions to 5–20 μM when induced by different kind of stresses or hormones (Gupta et al., 2011a). Instead, Lbs are found at millimolar concentrations in the nodules of legumes and are responsible for the typical red color of nodules (Gupta et al., 2011a).

All types of Phytogbs were shown to be highly expressed in L. japonicus nodules (Bustos-Sanmamed et al., 2011). Remarkably, LjPhytogb1-1, one protein of the Type 1 family, was proved to have an extremely high affinity for O2 (K = 0.05 nM) (Sainz et al., 2013). Because of its high O2 affinity, this protein remains oxygenated and active even in the presence of CO. This may be important in nodules, where CO can be formed in significant amounts as result of the Lb degradation by heme oxygenases (Baudouin et al., 2004; Sainz et al., 2013). As evidenced in the L. japonicus Phytogb1 overexpressing lines (LjPhytogb1-1), these proteins were shown to have a positive effect on the activity of the nodule during the L. japonicus-M. loti symbiosis and to delay senescence (Fukudome et al., 2018).

In the case of RNS, there is no specific enzymatic systems to scavenge them. Thus, any non-specific system can be relevant to attenuate the deleterious effect of RNS. This is the case of Phytogbs, which can directly scavenge RNS in vitro (Herold and Puppo, 2005) and in vivo in nodules of soybean and L. japonicus (Navascues et al., 2012; Sainz et al., 2015). Interestingly, the L. japonicus genes of these Phytogbs were shown to be induced by ⋅NO (Shimoda et al., 2005), suggesting a response to scavenge the excess of ⋅NO. As ⋅NO was shown to be high in the nitrogen fixation zone of nodules, the scavenging of ⋅NO by Lbs was suggested to be key to prevent inactivation of NITROGENASE activity by ⋅NO (Puppo et al., 2013). Because the nitration of Lbs requires low pH 5.5, which is more common in senescent nodules, the protection of Lbs against RNS may be more relevant in senescent nodules. Interestingly, both Lbs and Phytogbs can contribute to the generation of NO3– after scavenging ⋅NO and O2, with the concomitant oxidation of Hb2+O2 to Hb3+, by the cycle Phytogb-⋅NO mentioned above (Herold and Puppo, 2005; Berger et al., 2019).



Bacterial Contribution to ROS and RNS Scavenging

In the bacteria, a FLAVOPROTEIN and a SINGLE-DOMAIN HEMOGLOBIN from B. japonicum were shown to reduce cell death under the exposure to a ⋅NO-donor, suggesting that these proteins are relevant to detoxify the excess of ⋅NO formed as a by-product of NO3– assimilation (Cabrera et al., 2015). In E. meliloti, a FLAVOHEMOGLOBIN (HMP) was shown to be one of the most important enzymes to detoxify ⋅NO (Meilhoc et al., 2010; Cam et al., 2012).

Likewise, excessive ROS can be controlled by non-specific scavengers in the rhizobium. For instance, exopolysaccharides are produced in large amounts by Rhizobium leguminosarum bv. trifolii and play a significant protective role as a barrier against the ROS produced by the clover plants during the symbiotic interaction (Jaszek et al., 2014). Not only the ROS scavenging but also its production is a key factor to determine ROS cellular concentration. As mentioned above, ROS production in the legumes can be also regulated by the rhizobium through nodulation factors (Damiani et al., 2016). Understanding the mechanisms controlling ROS and RNS concentration in the plant-rhizobium interaction has been key to produce and use genetic tools that allow manipulating ROS and RNS levels and unrevealing their importance in this process.



SIGNALING ROLE OF ⋅NO IN NITROGEN FIXATION

Given the evidence that ⋅NO regulates the transcription of genes encoding for different NITROGENASE activity and that it can also modulate NITROGENASE activity at posttranslational level, it is clear that ⋅NO can play a signaling role in nitrogen fixation. The evidence presented here up to now has been focused on NITROGENASE and close related genes. However, we know that signaling molecules interact with signaling cascade pathways involving phytohormones.

Although there is a strong body of evidence suggesting a role of ⋅NO in the legume-rhizobia interaction, it is still not clear how ⋅NO promotes this interaction. A potential mechanism includes the activation of CK signaling by ⋅NO. In the M. truncatula–E. meliloti symbiosis, the gene encoding for the CK receptor CRE1 (CYTOKININ RESPONSE 1) of this legume, which is the sole receptor mediating CK signaling to induce nodulation (Gonzalez-Rizzo et al., 2006), was observed to be induced by ⋅NO (Ferrarini et al., 2008; del Giudice et al., 2011). Downstream CK signaling, the transcription factors NODULE INCEPTION (NIN) and NODULATION SIGNALING PATHWAY 2 (NSP2) promote nodule development (Schauser et al., 1999; Murakami et al., 2007; Suzaki et al., 2012). Thus, the induction of CRE1 by ⋅NO illustrates a potential mechanism by which the ⋅NO produced soon after the infection could promote the establishment of the symbiosis at early stages (Figure 3).
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FIGURE 3. Putative signaling effect of ⋅NO on nodule development. ⋅NO has been shown to induce the transcription of CRE1. Through this way, ⋅NO could promote CK signaling which is known to participate in nodule development. Moreover, ⋅NO is suggested to repress PIN expression resulting in auxin accumulation and cell division. Finally, the binding of ABA to the PYR/PYL/RCAR receptor can be avoided by tyrosine nitration, not allowing the inactivation of PP2C, which inhibits SnRK2 and the downstream ABA signaling through ABI5. ⋅NO is also known to directly inactivate both SnRK2 and ABI5 by S-nitrosylation, which also results in the suppression of ABA signaling. By these mechanisms, ⋅NO could attenuate ABA-mediated suppression of nodule development (shown in lower opacity). ABF1, ABA RESPONSIVE ELEMENT-BINDING FACTOR 1; ABI, ABA INSENSITIVE; CK, cytokinin; CRE1, CYTOKININ RESPONSE 1; NIN, NODULE INCEPTION; NSP2, NODULATION SIGNALING PATHWAY 2; PP2C, PROTEIN PHOSPHATASE OF THE TYPE IIC CLASS; SnRK2, SNF1-RELATED PROTEIN KINASE 2.


Auxin accumulation is also important for nodule development, and both flavonoid and CK inhibit AUX transport to promote AUX accumulation in proliferating cortical cells (Suzaki et al., 2012). Based on evidence showing that ⋅NO down-regulate the expression of PIN AUX efflux carriers genes in arabidopsis and rice, Berger et al. (2019) suggested that ⋅NO can also contribute to the control of AUX transport by repressing the expression of PIN proteins to produce AUX accumulation and ultimately cell division in the nodule (Figure 3). Yet, it is not clear the mechanism by which ⋅NO can regulate PIN levels. A potential mechanism can be through the ⋅NO-induced CK signaling mentioned above (via CRE 1). CK was shown to control the PIN proteins and its degradation to redirect AUX efflux and establish local AUX accumulation (Plet et al., 2011; Marhavý et al., 2014). Through this mechanism, the ⋅NO-induced CK signaling could contribute to reducing PIN levels (Figure 3). In future research, it would be interesting to evaluate at protein level if CRE1 is induced by ⋅NO.

Abscisic acid (ABA) plays an important role in plant development and has been shown to negatively affect nodule development at different stages in several legumes (Phillips, 1971; Suzuki et al., 2004; Tominaga et al., 2009, 2010; Nagata and Suzuki, 2014). For instance, in the L. japonicus ABA-insensitive mutant enf1 (enhanced nitrogen fixation 1), both the nitrogen fixation and the number of nodules formed were almost double (Tominaga et al., 2009), suggesting that ABA inhibits nodule formation and nitrogen fixation. Accordingly, when L. japonicus WT plants were treated with an inhibitor of ABA synthesis, the number of nodule and nitrogen fixation activity was increased (Tominaga et al., 2010). This negative effect of ABA was related to its capacity to inhibit CK signaling, isoflavonoid synthesis and the calcium spiking produced after Nod-factor perception (Miwa et al., 2006; Ding et al., 2008; Tominaga et al., 2010; Nagata and Suzuki, 2014). M. truncatula lines over expressing the A. thaliana abi1-1 allele, which codifies for the PROTEIN PHOSPHATASE OF THE TYPE IIC CLASS (PP2C) that is able to inhibit ABA signaling (Figure 3), showed hypernodulation phenotype (Ding et al., 2008). In this line, ABA was shown to suppress Nod-factor signal transduction and CK induction (Ding et al., 2008). The inhibition of ABA signaling by PP2C is through its capacity to dephosphorylate and inactivate the serine/threonine kinases SnRK2. In a similar way, ⋅NO was shown to be able to inactivate some family members of the SnRK2 kinases by S-nitrosylation (Wang et al., 2015a, b). Moreover, ⋅NO was shown to negatively regulate ABA signaling up- and down-stream SnrK2 (Figure 3; Albertos et al., 2015; Castillo et al., 2015; Wang et al., 2015a). Considering that ⋅NO production is enhanced during the legume-rhizobia interaction (Figure 1), it is expected that in such situation the ABA signaling pathway will be more prone to be affected by ⋅NO (Figure 3).

Besides affecting the response of hormones directly involved in nodule development (i.e., CK and AUX), ⋅NO also modulates the response to salicylic acid (SA) (Klessig et al., 2000) and jasmonic acid (JA) (Huang et al., 2004), two hormones known to be involved in the innate immune response of plants (Betsuyaku et al., 2018; Tarkowski et al., 2020). Thus, it has been considered that by modulating the plant innate immune response ⋅NO could potentially modulate the establishment of the symbiosis (Tartaglia et al., 2019). In M. truncatula and L. japonicus, the SA-mediated plant defense pathways were shown to inhibit the formation of determinate- and indeterminate-type of nodules (Stacey et al., 2006). Regarding JA however, there is no clear evidence that it can modulate nodule development, in fact, transgenic plants over-expressing and silencing an enzyme of the JA biosynthesis (ALLENE OXIDE CYCLASE) were unable to affect development and function of nodules (Zdyb et al., 2011). It is not surprising that ⋅NO had a differential effect on SA and JA signaling, as SA and JA usually have a mutually antagonist effect (Betsuyaku et al., 2018). Further research would contribute to understand the importance of the innate immune response of plants in the legume-rhizobia interaction and how relevant ⋅NO is to this process.



PERSPECTIVES


The Effects of ⋅NO on Nitrogen Fixation

Different reports have suggested that ⋅NO can both promote and reduce nitrogen fixation. Although the conclusions in some cases are opposite, the results are not necessarily opposite. Furthermore, the effect of ⋅NO on nitrogen fixation depends on whether it acts directly on the NITROGENASE, or on upstream effectors, the concentration of ⋅NO and the time of the exposure. In this section, we will refer first to the evidence concluding a positive effect of ⋅NO on nitrogen fixation, followed by those suggesting a negative effect.


Positive Effects of ⋅NO on Nitrogen Fixation

As presented above in section “⋅NO in Legume-Bacteria Interaction”, different works have concluded that ⋅NO is necessary for the correct establishment of the legume-rhizobia interaction and nodule development. This would ultimately result in better nitrogen fixation and thus can be considered as evidence supporting a positive effect of ⋅NO on BNF. Here, we discussed the potential mechanisms by which ⋅NO can have this effect, involving CK and AUX signaling pathways (Figure 3). Even before the legume-rhizobia interaction takes place, greater ⋅NO levels were suggested to repress plant defense reactions which in turn would promote the correct infection and nodule establishment (Berger et al., 2019). This would be another mechanism by which ⋅NO promotes BNF.

Nitric oxide levels can also modulate the NITROGENASE activity and in this way directly affect nitrogen fixation. Treatments of 0.1 mM sodium nitroprusside (SNP, ⋅NO donor) increased the NITROGENASE activity from L. japonicus nodules after 27 h by an unknown mechanism (Kato et al., 2010). As it is widely known that ⋅NO directly inhibits the NITROGENASE activity, we interpret these results as a positive effect on upstream effectors, that results in a greater NITROGENASE expression or activity (Figure 4A). Understanding this mechanism can shed light on key molecules controlling NITROGENASE activity.
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FIGURE 4. The effect of ⋅NO on nitrogen fixation and assimilation. (A) Effects of ⋅NO on NITROGENASE activity. (B) Detrimental effects of ⋅NO and RNS on nitrogen fixation and assimilation. In red are presented the interactions that lead to a lower nitrogen fixation and assimilation. COX, CYTOCHROME OXIDASE; GS, GLUTAMINE SYNTHASE.




Negative Effects of ⋅NO on Nitrogen Fixation

Some reports have suggested that ⋅NO can difficult the establishment of the legume-rhizobia interaction. For instance, L. japonicus plants treated with ⋅NO donors and lines having higher ⋅NO levels, due to a mutation in the Phytogb1 gene, were shown to have problems to form the infection threat (Fukudome et al., 2016). Moreover, they observed lower number of nodule in the lines having increased ⋅NO levels (Fukudome et al., 2016). At first sight, this would be contradictory than other reports showing a positive effect of the ⋅NO in the infection thread formation (Pii et al., 2007; del Giudice et al., 2011), but it may mean that altering the equilibrium of ⋅NO, either to more or less, always results in negative effect on the infection thread formation, which in some cases was interpreted as ⋅NO promoting the process and in other as inhibiting it.

The clearest negative effect of ⋅NO on nitrogen fixation is its capacity to inhibit NITROGENASE activity. The same authors who demonstrated in L. japonicus that ⋅NO enhances NITROGENASE activity when the nodules are treated with the 0.1 mM SNP, also showed that at higher concentrations (at 1 mM or above) SNP inhibits its activity (Kato et al., 2010). This was previously observed in vitro using NITROGENASE isolated from bacteroids of soybean nodules (Trinchant and Rigaud, 1982). This in vitro evidence demonstrates that ⋅NO can directly interact and inhibit NITROGENASE activity (Figure 4), independently of signaling events acting up-stream.

Besides the direct effect of ⋅NO on NITROGENASE, ⋅NO was also suggested to attenuate NITROGENASE activity at the transcriptional level in B. japonicum (Sánchez et al., 2010). In particular, nodules of soybean subjected to flooding increased the ⋅NO content due to a higher periplasmic NR (Nap) activity, and in such situation, a down-regulation of the expression of B. japonicum nifH gene, which encodes the Fe subunit of the NITROGENASE, was observed (Sánchez et al., 2010).

Because plant Hbs and bacterial HMP were shown to be important ⋅NO-detoxifying proteins in plants and rhizobia, respectively, different works used mutants and/or overexpressing lines for these proteins to control the endogenous levels of ⋅NO. From the plant side, Hbs overexpression in L. japonicus resulted in lower ⋅NO levels, a greater number of formed nodules and higher NITROGENASE activity, suggesting that basal levels of ⋅NO inhibit nitrogen fixation (Shimoda et al., 2009). From the bacterial side, Cam et al. (2012) used E. meliloti Hmp null mutant strain and Hmp overexpressing strain to infect M. truncatula nodules and manipulate the levels of ⋅NO. Through this approach, they showed that the Hmp null mutant had greater ⋅NO levels and a dramatic decrease in the NITROGENASE activity (Cam et al., 2012). They also found that nodule senescence was faster and greater in the Hmp null mutant, but smaller in the Hmp overexpressing strain (Cam et al., 2012). In this way, Cam et al. (2012) showed that keeping ⋅NO under control is not only important to protect NITROGENASE activity, but also to delay nodule senescence which ultimately will result in extended nitrogen fixation by the plant.

Together, the current evidence demonstrates how ⋅NO can regulate NITROGENASE activity not only at the transcriptional level but also at post-translational level (Figure 4A), and both the plants and the rhizobia play an important role controlling ⋅NO homeostasis.



The Effects of ⋅NO and RNS on Nitrogen Fixation and Assimilation

Beyond the effect of ⋅NO on NITROGENASE, ⋅NO is known to inhibit CYTOCHROME OXIDASE in different organisms including plants (Millar and Day, 1996). Thus, at high levels, ⋅NO can threat the ATP production which is necessary for large quantities for NITROGENASE activity (Figure 4B). In such a situation, the ALTERNATIVE OXIDASE (AOX) of nodules was suggested to play a role to allow nodule respiration (Millar et al., 1997), although ATP production would be still minimized.

Once the nitrogen is reduced to ammonium by the rhizobia, the plants assimilate the ammonium to transport the nitrogen in an organic form and reduce the levels of free ammonium which is toxic at high concentrations. The GLUTAMINE SYNTHETASE-GLUTAMATE SYNTHASE (GS-GOGAT) plays a major role in the assimilation of N to amino acids. The GLUTAMINE SYNTHASE 1 of legumes was shown to be nitrated, both in roots of L. japonicus under drought stress (Signorelli et al., 2019) and in nodules of M. truncatula (Melo et al., 2011), causing the inactivation of the enzyme (Melo et al., 2011). As protein nitration requires ⋅NO and ROS, we can assume that uncontrolled ⋅NO would not only inhibit NITROGENASE and cytochrome oxidase activity but also GLUTAMINE SYNTHETASE, compromising the total capacity of the legumes to reduce and assimilate atmospheric nitrogen (Figure 4B).



Our Conclusions on the Effect of ⋅NO on Nitrogen Fixation and Assimilation

Taking all together, the current evidence suggests that the positive effect of ⋅NO on nitrogen fixation is associated to the promotion of legume-rhizobia interaction and signaling pathways controlling the NITROGENASE activity (Figures 1, 3, 4A). On the other hand, the negative effects of ⋅NO on nitrogen fixation and assimilation seem to be mostly related to the direct inactivation of the main actors in the process of nitrogen fixation and assimilation by ⋅NO and RNS (Figure 4). Therefore, most of the evidence showing a negative effect of ⋅NO on BNF relay on the direct action of ⋅NO (or RNS) in a one to one ratio (e.g., CYTOCHOROME OXIDASE and NITROGENASE inactivation), whereas those linked to a positive effect seem to act on signaling pathways (e.g., CK, AUX, ABA) having an amplifier effect. Therefore, we speculate that, at physiological conditions, ⋅NO is more likely to have a positive effect on BNF.

Both plants and rhizobia ⋅NO-detoxifying systems were observed to be essential to control ⋅NO at basal levels and avoid NITROGENASE inactivation. The induction of early nodule senescence observed in different reports suggests that an early and uncontrolled increase of ⋅NO in the nodule can present a threat for plant productivity. In the experiments mentioned in this review, the levels of ⋅NO were manipulated to be abnormal, either using ⋅NO donors, mutant plants or rhizobium strains. However, we know that in wild type plants, levels of ⋅NO can be triggered by environmental factors. Therefore, it seems to be important to understand how to prevent the spikes of ⋅NO that can threat the biological fixation and nodule viability.



Alternative Signaling Pathways by Which ⋅NO Could Modulate BNF

The N-end rule pathway of proteolysis (NERP) is a mechanism by which O2, and also ⋅NO, can act as signaling molecules to promote protein degradation. In particular in plants, some ERF were shown to be subjected to proteasomal degradation under normoxia through this pathway (Gibbs et al., 2014; Meitha et al., 2018). As the nodule also has a low O2 environment, ERF would be stable in such organ becoming a potential molecular switch that can be regulated by ⋅NO via the NERP. Therefore, evaluating the involvement of ERF in nodule seems to be a worth exploring area in the future.

Likewise, most research about ABA signaling has been focused on the control of dormancy in seeds or, at vegetative level, on stress responses, thus it is not clear yet which transcriptions factors could be involved downstream SnRK2 in nodulation. The basic leucine zipper transcription factor ABSCISIC ACID INSENSITIVE 5 (ABI5) is suggested to be the integrator of ABA and other phytohormone signaling during stress conditions and developmental processes (Skubacz et al., 2016). For example, CK is known to negatively regulate ABI5 protein level (Guan et al., 2014). Therefore, it would not be surprising that ABI5 also controls nodule formation. Currently, the role of ABI5 in nodule development is largely unexplored and further research in this direction would contribute to a better understanding of the molecular mechanism underpinning nodule development by phytohormones.

Finally, most of our knowledge about NITROGENASE regulation is limited to the transcriptional regulation of nif genes. However, in many nitrogen-fixing bacteria, the NITROGENASE is known to be regulated by post-translational modifications (Pope et al., 1985; Huergo et al., 2009; Heiniger et al., 2012). In particular, in the presence of ammonium, an ADP-ribosyltransfease (DraT2) transfers an ADP-ribose to a conserved arginine on DINITROGENASE REDUCTASE (NifH) to inactivate the NITROGENASE activity (Heiniger et al., 2012). This post-translational regulation involves several proteins such as NtrB, NtrC, GlnK2, DraG, which if inactivated by ⋅NO would promote the NITROGENASE activity by interfering with the inactivation of NITROGENASE in presence of ammonium (Figure 4A). Therefore, this seems worth exploring because understanding the effect of ⋅NO on these proteins could led to potential mechanisms by which ⋅NO could modulate the post-translational inhibition of the NITROGENASE activity.



What Is the Role of Abiotic Stress-Induced ⋅NO on BNF?

The establishment of the nodule and BNF are known to be extremely sensitive to modest drought conditions in many species (Serraj et al., 1999; Sinclair and Serraj, 1995). Because of that, there have been many reports focused on how drought and other environmental factors affect BNF. However, there are virtually no studies about the effect of endogenous abiotic stress-induced ⋅NO on BNF. It would be interesting to evaluate this because most environmental stresses result in the overproduction of ⋅NO and nitrosative stress. For instance, in the legumes L. japonicus and Pisum sativum an overproduction of ⋅NO in roots was reported when they are exposed to environmental stresses (Signorelli et al., 2013; Lehotai et al., 2016). However, in these studies, the plants were grown in a medium having high levels of nitrate (NO3–), which can be used by NR and contribute to ⋅NO overproduction. This does not represent a situation in which nodulation would take place, as it requires low levels of N in the soil, and perhaps in such conditions, there is no ⋅NO overproduction. Therefore, it would be important to evaluate if there is ⋅NO overproduction in nodulation and stress conditions, and what the effects of scavenging this ⋅NO are.



CONCLUSION

The involvement of ⋅NO throughout the whole process of legume-rhizobia interaction has been well documented, and most reports agree that ⋅NO is necessary for the correct establishment of the interaction. Both the bacteria and the plants have been shown to contribute to ⋅NO production and scavenging, and some findings points to the possibility that ⋅NO could promote the nodule formation by enhancing CK signaling pathway and interfere with AUX and ABA signaling pathways. Moreover, transcriptomic analyses have suggested that its metabolism is more active during nodule maturation. In mature nodules, many proteins have been identified as S-nitrosylated, including the thiol peroxidase GPX1 which is key for H2O2 sensing and transmission of oxidative signals. It is likely that this type of post-translational modification is the most responsible for the regulatory role of ⋅NO. To counteract this modification, legume plants possess different hemoglobins which play a significant role in ROS and RNS metabolism by contributing to ROS production and ⋅NO scavenging. In the near future, it is likely that we expand our knowledge about enzymes that are S-nitrosylated in vivo and the effect of such modification.
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Nitric oxide (NO) is an important signaling molecule associated with many biochemical and physiological processes in plants under stressful conditions. Nitrate reductase (NR) not only mediates the reduction of NO3− to NO2− but also reduces NO2− to NO, a relevant pathway for NO production in higher plants. Herein, we hypothesized that sugarcane plants supplied with more NO3− as a source of N would produce more NO under water deficit. Such NO would reduce oxidative damage and favor photosynthetic metabolism and growth under water limiting conditions. Sugarcane plants were grown in nutrient solution and received the same amount of nitrogen, with varying nitrate:ammonium ratios (100:0 and 70:30). Plants were then grown under well-watered or water deficit conditions. Under water deficit, plants exhibited higher root [NO3−] and [NO2−] when supplied with 100% NO3−. Accordingly, the same plants also showed higher root NR activity and root NO production. We also found higher photosynthetic rates and stomatal conductance in plants supplied with more NO3−, which was associated with increased root growth. ROS accumulation was reduced due to increases in the activity of catalase in leaves and superoxide dismutase and ascorbate peroxidase in roots of plants supplied with 100% NO3− and facing water deficit. Such positive responses to water deficit were offset when a NO scavenger was supplied to the plants, thus confirming that increases in leaf gas exchange and plant growth were induced by NO. Concluding, NO3− supply is an interesting strategy for alleviating the negative effects of water deficit on sugarcane plants, increasing drought tolerance through enhanced NO production. Our data also provide insights on how plant nutrition could improve crop tolerance against abiotic stresses, such as drought.
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Introduction

Nitric oxide (NO) is a diatomic radical gas and important signaling molecule in animals (Bogdan, 2015), fungi (Cánovas et al., 2016), bacteria (Crane et al., 2010), and plants (Mur et al., 2013). In plants, increasing evidence indicates NO as a key component of the signaling network, controlling numerous physiological and metabolic processes such as seed germination (Albertos et al., 2015), flowering (He et al., 2004), root growth (Fernandez-Marcos et al., 2011), respiration, stomatal conductance (Moreau et al., 2010; Wang et al., 2015), and adaptive responses to biotic and abiotic stresses (Shan et al., 2015; Fatma et al., 2016).

NO synthesis is increased in plants under drought and its role in promoting acclimation responses to cope with water deficit has been suggested (Cai et al., 2015; Silveira et al., 2017a). NO and NO-derived molecules play a critical role in intracellular redox signaling and in the activation of antioxidant defense mechanisms (Shi et al., 2014; Hatamzadeh et al., 2015; Silveira et al., 2015). For example, NO supply conferred drought tolerance to wheat seedlings, reducing membrane damage (García-Mata and Lamattina, 2001). Spraying S-nitrosogluthatione (GSNO)—a NO donor—on sugarcane plants resulted in higher photosynthesis under drought, promoting plant growth under stressful condition (Silveira et al., 2016).

The protective action of exogenous NO donors has been attributed to the elimination of superoxide (O2•-) and enhancement of the antioxidant system in sugarcane plants under drought (Silveira et al., 2017b). In addition, one of the main downstream effects of NO is the post-translational regulation involving thiols (Hancock and Neill, 2019). S-nitrosylation is a redox modification consisting in the reversible attachment of NO to the thiol group of a cysteine residue in a target protein leading to the formation S-nitrosothiols (SNOs) (Astier et al., 2012; Fancy et al., 2016). Then, S-nitrosylation may cause a conformational change in proteins, changing their activity or function. On the other hand, NO can react with reduced glutathione (GSH), producing S-nitrosoglutathione (GSNO)—an endogenous NO reservoir and an efficient NO donor (Jahnová et al., 2019).

While the mechanisms of NO synthesis in animals have been well documented, NO synthesis and its regulation in plants are complex and poorly understood. In animals, NO is bio-synthesized through NO synthase (NOS), which oxidizes L-arginine and produces L-citrulline and NO (Alderton et al., 2001). Although some evidence indicates the presence of NOS-like activity in many plant species, genes encoding NOS have not yet been identified in higher plants (Santolini et al., 2017; Hancock and Neill, 2019). NO production in plant species and under diverse biological conditions point to the co-existence of multiple pathways, likely functioning in distinct tissues/organs and subcellular compartments (León and Costa-Broseta, 2019).

One of the most important pathways for NO production in land plants is through nitrate reductase (NR) (Gupta et al., 2011; Fancy et al., 2016; Chamizo-Ampudia et al., 2017; León and Costa-Broseta, 2019), a multifunctional enzyme that catalyzes NO3− reduction to NO2−, which is then reduced to NH4+ during the N assimilatory pathway (Heidari et al., 2011). Arasimowicz-Jelonek et al. (2009) reported low NO concentration in cucumber seedlings treated with a NR inhibitor, suggesting its role in NO synthesis. In rice roots, NO production through NR was increased in response to NO3− supply (Sun et al., 2015). Furthermore, low NO production by Physcomitrella patens occurred when it received a NR inhibitor (Andrés et al., 2015). Although there are data supporting the association between NR activity and NO production in plants (Mur et al., 2013), some authors have argued that NO production through NR represents only a small fraction (1–2%) of total NO3− reduction (Yamasaki et al., 1999; Rockel et al., 2002). However, the role of such a NO production pathway and its sensitivity to small changes in NO3− supply in plants under water deficit remain unknown.

Nitrogen is the most influential plant nutrient in sugarcane cultivation (Meyer et al., 2007). Nitrate (NO3−), ammonium (NH4+), and urea (CO(NH2)2) are the main forms of fertilizers and, thus, are the main sources of N for crops (Esteban et al., 2016). Some crops have a preference for NH4+ uptake (Malagoli et al., 2000), but most studies have reported stress symptoms associated with NH4+ toxicity (Barreto et al., 2018; Boschiero et al., 2019). While Robinson et al. (2011) reported the sugarcane preference for NH4+, Pissolato et al. (2019a) found that increasing NH4+ supply causes biomass reduction and photosynthesis impairment of sugarcane plants. Changing the N source, NO3− supply has been shown to increase the tolerance to abiotic stresses in maize (Rios-Gonzales et al., 2002) and grass species (Wang and Macko, 2011).

The literature concerning NO3− supply and stress tolerance, taken together, led us to hypothesize that the increased plant performance under limiting conditions could be related to NO production through NR activity. Here, our aim was to test the hypothesis that sugarcane plants that receive NO3− and no NH4+ as sources of nitrogen will have higher NR activity and thereby produce more NO, compared to plants receiving the same amount of nitrogen but as a mixture of NO3− (70%) and NH4+ (30%). As a consequence of NO production, oxidative damage will be reduced under water deficit, favoring photosynthetic metabolism and plant growth.



Materials and Methods


Plant Material and Growth Conditions

Pre-sprouted sugarcane plants (Saccharum spp.) cv. IACSP95-5000 developed by the Sugarcane Breeding Program of the Agronomic Institute (ProCana, IAC, Brazil) were used. Six-week-old plants were transferred to plastic boxes (4 L) containing nutrient solution modified from De Armas et al. (1992): 5 mmol L−1 N (nitrate 90% + ammonium 10%); 9 mmol L−1 Ca; 0.5 mmol L−1 Mg; 1.2 mmol L−1 P; 1.2 mmol L−1 S; 24 µmol L−1 B; 16 µmol L−1 Fe; 9 µmol L−1 Mn; 3.5 µmol L−1 Zn; 1 µmol L−1 Cu; and 0.1 µmol L−1 Mo. Plants received this solution for 2 weeks until the establishment of treatments and the nutrient solution was renewed every 3 days throughout the experimental period.

Electrical conductivity of nutrient solution was maintained between 1.8 and 2.0 mS cm-¹ and pH at 5.9 ± 0.1. The pH was adjusted when necessary with 0.5 M citric acid or 0.5 M NaOH. Both variables were monitored on a daily basis using a portable electrical conductivity meter (mCA 150P, MS Tecnopon Instrumentação, Piracicaba SP, Brazil) and a portable pH meter (mPA 210P, MS Tecnopon Instrumentação, Piracicaba SP, Brazil). The nutrient solution volume was also checked daily and completed with water when necessary. The nutrient solution was aerated continuously by using an air compressor (Master Super II, Master, São Paulo SP, Brazil).

The experiment was carried in a growth chamber (Instalafrio, Brazil), with a 12 h photoperiod, air temperature of 30/20°C (day/night), air relative humidity of 80% and photosynthetic photon flux density (PPFD) about 800 µmol m−2 s−1.



Experiment I: Inducing NO Production Under Water Deficit Through NO3– Supply

Our previous study revealed that sugarcane plants can be supplied with 30% NH4+ in nutrient solution without compromising their photosynthesis and growth (Pissolato et al., 2019a). Thus, the NO3−:NH4+ ratios 100:0 and 70:30 were chosen to represent the treatments with more and less NO3−, while supplying the same amount of nitrogen and avoiding NH4+ toxicity. Plants were also subjected to varying water availability, according to the osmotic potential of nutrient solution: −0.15 MPa (reference, well-hydrated); and −0.75 MPa (water deficit, WD), totaling four treatments (2 NO3−:NH4+ ratios × 2 water treatments) with four biological replicates. The water deficit was induced by adding polyethylene glycol (Carbowax™ PEG-8000, Dow Chemical Comp, Midland MI, USA) to the nutrient solution, seven days after imposing NO3−:NH4+ ratios. To prevent osmotic shock, PEG-8000 was gradually added to the nutrient solution, reducing the osmotic potential of the solution by −0.20 MPa per day, i.e., −0.75 MPa was reached after three days (3th day of the experiment). Plants were allowed to recover from water deficit after returning them to control conditions on the 7th day of the experiment. They remained for four days under such conditions, when the experiment ended. For the biochemical analyzes, there were four biological replicates for both leaves and roots and samples were taken at the maximum water deficit (7th day) and at the end of the rehydration period (11th day). Samples were collected, immediately immersed in liquid nitrogen and then stored at −80°C. Biochemical analyzes were performed in technical triplicates.



Nitrate, Nitrite, and Ammonium

Fresh plant tissue samples (500 mg) were ground in liquid nitrogen and extraction medium containing methanol/chloroform/water (12:5:3 v/v). After centrifugation at 2,000 g for 5 min, the supernatants were collected, and chloroform and deionized water were added to them. The mixture was shaken vigorously and then centrifuged for 3 min at 2,000 g for phase separation. The upper aqueous phase was collected and maintained in a water bath at 37°C to remove traces of chloroform, and then the extracts were stored at −20°C (Bieleski and Turner, 1966).

For nitrate determination, an aliquot of the extract was pipetted into test tubes containing reaction medium (5% salicylic acid in conc. H2SO4). After 20 min, 2 N NaOH was added and the solution stirred. After cooling to room temperature, the absorbance was read in a spectrophotometer at 410 nm and the nitrate content calculated from a standard curve using KNO3 (100–1000 nmol) (Cataldo et al., 1975). For nitrite, an aliquot of the extract was added to 1% sulfanilamide solution in 3 N HCl and 0.02% N-naphthyl ethylenediamine solution. The tubes were allowed to stand for 30 min in the dark at room temperature. Deionized water was added and nitrite content quantified after reading the absorbance at 540 nm (Hageman and Reed, 1980). For ammonium, the extract was added to microtubes, where solution A (1% phenol and 0.005% sodium nitroprusside) was added and followed by solution B (0.5% sodium hydroxide containing 2.52% sodium hypochlorite). The tubes were incubated for 35 min in a water bath at 37°C, and the absorbance read at 625 nm after cooling to room temperature (McCullough, 1967). A standard curve of (NH4)2SO4 was used to estimate the ammonium content. Concentrations were corrected to sample water content and expressed on dry weight basis.



Nitrate Reductase Activity

Leaf and root nitrate reductase (NR, EC 1.7.1.1) activity was estimated as the rate of nitrite (NO2−) production (Cambraia et al., 1989). The enzyme extract was obtained from the macerate of 200 mg of fresh tissue with liquid nitrogen and homogenized with extraction medium containing 0.1 M tris-HCl buffer (pH 8.1), 4 mM NiSO4, 20 mM reduced glutathione (GSH), deionized water, and 0.5 mM PMSF. Then, the crude extracts were centrifuged at 10,000 g for 10 min at 4°C, and the supernatant was collected and maintained on ice. The extract was added to the assay medium containing 100 mM Tris-HCl buffer (pH 7.5), 10 mM KNO3, 0.05 mM NADH, and triton 1% X-100 (v/v), mixed and incubated at 30°C for 10 min. The reaction was quenched by adding 1% sulfanilamide solution in 1 M HCl and 0.01% N-naphthyl ethylenediamine. Nitrite production was determined by absorbance at 540 nm using a standard curve with KNO2. The NR activity was expressed as µmol NO2− min−1 mg−1 protein.



S-Nitrosogluthatione Reductase Activity

Leaf and root S-nitrosogluthatione reductase (GSNOR, EC 1.2.1.1) activity was determined spectrophotometrically at 25°C by monitoring the oxidation of NADH at 340 nm, based on Rodríguez-Ruiz et al. (2017). Briefly, 200 mg of fresh tissue were grounded with liquid nitrogen, resuspended in 20 mM HEPES buffer (pH 8.0), 10 mM EDTA, 0.5 mM PMSF, and centrifuged for 10 min at 10,000 g and 4°C. The enzyme extract was added in to the assay medium (20 mM HEPES buffer pH 8.0 and 1.8 mM NADH) at 25°C, and maintained in the dark. The reaction was started by adding 4 mM GSNO (Silveira et al., 2016) and the GSNOR activity followed by NADH oxidation at 340 nm. Activity was calculated using the NADH extinction coefficient (6.22 mM−1 cm−1 at 340 nm) and expressed as nmol NADH min−1 mg−1 protein.



S-Nitrosothiols Content

The total leaf and root proteins were extracted in deionized water and the resulting homogenate was used to estimate the S-nitrosothiol content through an amperometer, as described by Santos et al. (2016) and Zhang et al. (2000). Measurements were performed with the WPI amperometer TBR 4100/1025 (World Precision Instruments Inc., Sarasota FL, USA) and a specific nitric oxide (NO) sensor, ISO-NOP (2 mm). Aliquots of aqueous suspension were added to the sample compartment containing aqueous copper chloride solution (0.1 mol L−1). This condition allowed the detection of free NO released from the S-nitrosothiols present in the leaf and root protein homogenate. The samples were run in triplicate, and the calibration curve was obtained with newly prepared GSNO solutions. The data were compared with the standard curve obtained and normalized against fresh weight. The SNO content was expressed as nmol NO mg−1 protein.



Intracellular NO Detection

NO was assayed in leaf and root segments according to Silveira et al. (2019a). For the roots, it was collected approximately 1 cm from the middle part of secondary root. For the leaves, a thin cross section was made with the aid of a scalpel. The segments were incubated in MES-KCl buffer (10 mM MES, 50 mM KCl, 0.1 mM CaCl2, pH 6.15), at room temperature for 15 min. Then, these segments were incubated in solution of 10 µM DAF2-DA, mixing for 40 min in the dark at room temperature (Desikan et al., 2002; Bright et al., 2009). The samples were washed with buffer to remove the excess of DAF2-DA, placed onto a glass slide and covered with a glass slip before observing fluorescence using an inverted confocal microscope set for excitation at 488 nm and emission at 515 nm (Model Zeiss LSM510, Carl Zeiss AG, Germany). Photographs were taken with a 10x magnification, 15 s exposure and 1× gain. Images were analyzed using ImageJ software (NIH, Bethesda, MD, USA) and data were normalized by subtracting the values of the negative control (plants well-hydrated) and presented as mean pixel intensities.



Reactive Oxygen Species

The concentration of the superoxide anion (O2•−) was determined in 50 mg of fresh tissue incubated in an extraction medium consisting of 100 μM EDTA, 20 μM NADH, and 20 mM sodium phosphate buffer, pH 7.8. The reaction was initiated by adding 25.2 mM epinephrine in 0.1 N HCl. The samples were incubated at 28°C under stirring for 5 min and the absorbance was read at 480 nm over a further 5 min (Mohammadi and Karr, 2001). O2•− production was assessed by the accumulation of adrenochrome using a molar extinction coefficient of 4.0×103 M−1 cm−1 (Boveris, 1984). O2•− concentration was expressed as µmol O2•− g−1 dry weight.

The quantification of hydrogen peroxide (H2O2) was performed following Alexieva et al. (2001). Homogenates were obtained from 100 mg of fresh tissue ground in liquid nitrogen with the addition of polyvinylpolypyrrolidone (PVPP) and 0.1% of trichloroacetic acid (TCA) solution (w/v). The extract was centrifuged at 10,000 g and 4°C for 15 min. The reaction medium consisted of 1 mM KI, 0.1 M potassium phosphate buffer (pH 7.5) and crude extract. The microtubes were left on ice in the dark for 1 h. After this period, the absorbance was read at 390 nm. A standard curve was obtained with H2O2, and the results were expressed as µmol H2O2 g−1 dry weight.



Lipid Peroxidation

The concentration of malondialdehyde (MDA) was measured and used as a proxy of lipid peroxidation. 200 mg of fresh tissue were macerated in extraction medium containing 0.1% TCA (w/v) and centrifuged at 10,000 g for 15 min. The supernatant was added to 0.5% thiobarbituric acid (w/v) in 20% TCA (w/v), and the mixture incubated at 95°C for 20 min (Cakmak and Horst, 1991). After this time, the reaction was stopped in an ice bath. Then a new centrifugation was performed at 10,000 g for 10 min, and after 30 min at room temperature the absorbance was read at 532 and 600 nm, and the non-specific absorbance at 600 nm was discounted. The MDA concentration was calculated using an extinction coefficient of 155 mM−1 cm−1 (Heath and Packer, 1968) and results were expressed as µmol MDA g−1 dry weight.



Antioxidant Activity and Protein Extraction

The crude enzymatic extracts for the determination of superoxide dismutase activity (SOD), catalase (CAT) and ascorbate peroxidase (APX) were obtained from 100 mg of plant tissue in specific medium, followed by centrifugation at 12,000 g for 15 min at 4°C. The specific medium for CAT and SOD consisted of 0.1 M potassium phosphate buffer (pH 6.8), 0.1 mM EDTA, 1 mM PMSF and 1% PVPP, according to Peixoto et al. (1999). The specific medium for APX was composed of 50 mM potassium phosphate buffer (pH 7.0), 1 mM ascorbic acid, and 1 mM EDTA (Nakano and Asada, 1981).

Superoxide dismutase (SOD, EC 1.15.1.1) activity was determined according to Giannopolitis and Ries (1977). The crude extract was added to the reaction medium consisting of 100 mM sodium phosphate buffer (pH 7.8), 50 mM methionine, 5 mM EDTA, deionized water, 100 μM riboflavin, and 1 mM nitro blue tetrazolium chloride (NBT). A group of tubes was exposed to light (fluorescent lamp, 30 W) for 10 min, and another group remained in darkness. The absorbance was measured at 560 nm and one unit of SOD defined as the amount of enzyme required to inhibit NBT photoreduction by 50%, and activity expressed as U min−1 mg−1 of protein.

Catalase (CAT, EC 1.11.1.6) activity was quantified following the procedure described by Havir and McHale (1987). The crude extract was added to the reaction medium consisting of 100 mM potassium phosphate buffer (pH 6.8), deionized water, and 125 mM H2O2. The reaction was carried out in a water bath at 25°C for 2 min, and CAT activity was assessed by the decrease in absorbance at 240 nm, using the molar extinction coefficient of 36 M−1 cm−1 and expressed activity as nmol min−1 mg−1 of protein.

Ascorbate peroxidase (APX, EC 1.11.1.11) activity was evaluated as described by Nakano and Asada (1981). The crude extract was added in reaction medium consisting of 100 mM potassium phosphate buffer (pH 6.8), deionized water, 10 mM ascorbic acid, and 10 mM H2O2. The reaction was carried out at 25°C for 2 min and APX activity quantified by the decrease in absorbance at 290 nm, using the molar extinction coefficient of 2.8 M−1 cm−1 and expressing activity as μmol min−1 mg−1 of protein.

The protein levels were determined by the Bradford method (Bradford, 1976), using bovine serum albumin (BSA) as the standard. The extract used for this analysis was the same as for SOD and CAT enzymes.



Leaf Gas Exchange

Gas exchange and chlorophyll fluorescence of the first fully expanded leaf with visible ligule were measured throughout the experimental period using an infrared gas analyzer (Li-6400, Li-Cor, Lincoln NE, USA) equipped with a modulated fluorometer (6400-40 LCF, Li-Cor, Lincoln NE, USA). Net CO2 assimilation rate (An), stomatal conductance (gs) and the effective quantum efficiency of photosystem II (ϕPSII) were measured under PPFD of 2000 µmol m−2 s−1 and air CO2 concentration of 400 µmol mol−1. The measurements were performed between 10:30 and 12:30 h, as carried out previously (Pissolato et al., 2019a). The vapor pressure difference between leaf and air (VPDL) was 2.1 ± 0.2 kPa, and leaf temperature was 30 ± 0.4°C during the evaluations.



Photosynthetic Enzymes

The activity of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco, EC 4.1.1.39) was quantified in approximately 200 mg of leaves, which were macerated and homogenized in 100 mM bicine-NaOH buffer (pH 7.8), 1 mM ethylenediaminetetraacetic (EDTA), 5 mM MgCl2, 5 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF) and 10 µM leupeptin. The resulting solution was centrifuged at 14,000 g for 5 min at 4°C. An aliquot of leaf extract was incubated with the reaction medium containing 100 mM bicine-NaOH (pH 8.0) 10 mM NaHCO3, 20 mM MgCl2, 3.5 mM ATP, 5 mM phosphocreatine, 0.25 mM NADH, 80 nkat glyceraldehyde-3-phosphate dehydrogenase, 80 nkat 3-phosphoglyceric phosphokinase, and 80 nkat creatine phosphokinase, for 10 min at 25°C. The oxidation of NADH was initiated by adding 0.5 mM ribulose-1,5-bisphosphate (RuBP) and total Rubisco activity was measured. The reduction of absorbance at 340 nm was monitored for 3 min (Sage et al., 1988; Reid et al., 1997).

The activity of phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) was also evaluated in approximately 200 mg of leaves, which were macerated and homogenized in 100 mM potassium phosphate buffer (pH 7), 1 mM EDTA, 1 mM PMSF, and centrifuged at 14,000 g for 25 min at 4°C. The supernatant was collected, and the reaction medium for PEPC activity contained 50 mM Tris-HCl buffer (pH 7.8), 5 mM MgCl2, 5 mM glucose 6-phosphate, 10 mM NaHCO3, 33 nkat malic dehydrogenase, and 0.3 mM NADH. The reaction was initiated by adding 4 mM phosphoenolpyruvate at 30°C. The oxidation of NADH was monitored a 340 nm for 1 min (Degl’Innocenti et al., 2002).

Proteins were extracted from leaf samples with extraction buffer composed of 100 mM Tris, 1 mM EDTA, 5 mM DTT, 1 mM PMSF, and separated by SDS-PAGE (Laemmli, 1970). The first gel was stained with Comassie Brilliant Blue, and the second was used for Western blot. SDS-PAGE electrophoresis was performed with equal amounts of protein per lane. Soluble proteins were denatured using SDS, and they were electrophoretically transferred to a nitrocellulose membrane (Towbin et al., 1979). PEPC and Rubisco protein abundances were measured by detection of the PEPC subunit and Rubisco large subunit (RLS) using specific polyclonal antibodies (Agrisera Co, Sweden) according to the manufacturer’s instructions.



Chlorophyll Content and Leaf Relative Water Content (RWC)

A chlorophyll meter (CFL 1030, Falker, Porto Alegre RS, Brazil) was used to assess the relative chlorophyll content (Chl). The relative water content was calculated using the fresh (FW), turgid (TW) and dry (DW) weights of leaf discs, according to Jamaux et al. (1997): RWC=100×[(FW−DW)/(TW−DW)]. Leaf discs were collected during the morning (about 10:00 h) and measurements were taken at the maximum water deficit (7th day), and four days after returning plants to the control condition (re-watering period, 11th day).



Biometry

Leaf and root dry masses were quantified after drying samples in an oven (60°C) with forced-air circulation until constant weight. Leaf area of each plant was evaluated with a portable leaf area meter (model LI-3000, Li-Cor Inc., Lincoln NE, USA).



Experiment II: Using cPTIO to Offset the Benefits of NO in Plants Under Water Deficit

An additional experiment was performed to verify whether the benefits found in plants supplied with only NO3– and subjected to water deficit were in fact caused by NO. We used a NO scavenger, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO). cPTIO is a stable organic radical developed by Akaike and Maeda (1996), which has been widely used as a control as it oxidizes the NO molecule to form NO2. In plants supplied with only NO3- as N source, the following treatments were evaluated: (a) well-watered condition, with an osmotic potential of the nutrient solution of −0.15 MPa; (b) water deficit, with an osmotic potential of nutrient solution of −0.75 MPa; and (c) same as b with 100 µM cPTIO.

First, plants were moved and roots placed in a moist chamber, where they were sprayed with cPTIO and remained in the dark for 1 hour. After this treatment, the plants were returned to the boxes with the original nutrient solution. This procedure was performed for four consecutive days from the moment the water deficit (−0.75 MPa) was installed. We also evaluated the production of intracellular NO, plant biomass, net CO2 assimilation rate (An) and stomatal conductance (gs) as described previously.



Experimental Design and Statistical Analyses

The experiment was carried out in a completely randomized design and two causes of variation were analyzed: water availability and nitrogen source. Data were analyzed using Bayesian statistics and we used the JASP software (https://jasp-stats.org/). When significant differences were detected, the mean values (n=4) were compared using Bayes Factor (BF10). Our interpretation of Bayes Factor as evidence for alternative hypothesis (H1) was based on Raftery (1995): when 1 < BF10 < 3, there is a weak support to H1; 3 < BF10 < 20 indicates positive support to H1; and BF10 > 20 indicates strong support to the alternative hypothesis.




Results


Experiment I: Sugarcane Responses to Water Deficit as Affected by NO3– Supply


Nitrate, Nitrite, and Ammonium

We found no differences in leaf [NO3–] in plants subjected to water deficit (Figure 1A). Root [NO3–] was significantly higher in plants supplied with 100% NO3– under water deficit when compared to plants supplied with 70% NO3– under water deficit (Figure 1B). While leaf [NO2–] did not vary among treatments (Figure 1C), we found the highest root [NO2–] in plants supplied with 100% NO3– under water deficit (Figure 1D). We did not find significant changes in leaf and root [NH4+] due to NO3– supply under water deficit (Figures 1E, F). During the re-watering period, both previously stressed plants and the controls presented similar leaf and root [NO3–], [NO2–] and [NH4+] (Figure 1).




Figure 1 | Concentration of nitrate (A, B), nitrite (C, D) and ammonium (E, F) in leaves (A, C, E) and roots (B, D, F) of sugarcane plants maintained well-hydrated (reference, white bars) or subjected to water deficit (gray bars) and supplied with varying NO3−:NH4+ ratios: 100:0 and 70:30. The white area indicates the period of water deficit, and the shaded area indicates the period of re-water. Bars represent the mean value of four biological replicates ± se. Different letters indicate statistical difference (BF10 > 3) among treatments in a given evaluation.





Nitrate Reductase, S-Nitrosoglutathione Reductase, and S-Nitrosothiols

Under low water availability, nitrate reductase (NR) activity was higher in plants supplied with 100% NO3– than those receiving 70% NO3–, regardless the plant organ (Figures 2A, B). While we did not notice differences among treatments for leaf NR activity during the re-watering period, root NR activity was higher under water deficit (Figure 2B). Under water deficit, plants supplied with 100% NO3– showed higher root GSNOR activity than those under 70% NO3– (Figure 2D). Non-significant differences were found in leaf SNO concentration while varying NO3– supply (Figure 2E). However, the lowest root S-nitrosothiols (SNO) concentration was observed in plants supplied with 100% NO3– under water deficit (Figure 2F).




Figure 2 | Nitrate reductase activity [NR, in (A, B)], S-nitrosoglutathione reductase activity [GSNOR, in (C, D)] and S-nitrosothiol concentration [SNO, in (E, F)] in leaves (A, C, E) and roots (B, D, F) of sugarcane plants maintained well-hydrated (reference, white bars) or subjected to water deficit (gray bars) and supplied with varying NO3−:NH4+ ratios: 100:0 and 70:30. The white area indicates the period of water deficit and the shaded area indicates the period of re-water. Bars represent the mean value of four biological replicates ± se. Different letters indicate statistical difference (BF10 > 3) among treatments in a given evaluation.





Intracellular NO Synthesis

When plants were facing low water availability, the intracellular NO was increased in both leaves and roots (Figure 3). However, roots receiving 100% NO3– exhibited higher NO production than those supplied with 70% NO3– (Figure 3B). Such a response did not occur in leaves (Figure 3A).




Figure 3 | Confocal microscopy images showing intracellular NO synthesis in leaves (A) and roots (B) of sugarcane plants maintained well-hydrated (reference, white bars) or subjected to water deficit (gray bars) and supplied with varying NO3−:NH4+ ratios: 100:0 and 70:30. Mean pixel intensities are also shown. Bars represent the mean value of four biological replicates ± se. Different letters indicate statistical difference among treatments (BF10 > 3 for leaf; BF10 > 20 for root).





Antioxidant Metabolism

Plants supplied with less NO3– presented higher leaf [O2•-] when compared to ones supplied with 100% NO3– under water deficit (Figure 4A). When plants faced water deficit, the highest root [H2O2] was found under 70% NO3– supply (Figure 4D). Although showing higher accumulation of O2•- and H2O2 in leaves and roots, plants supplied with 70% NO3– did not show higher MDA content than those under 100% NO3– (Figures 4E, F).




Figure 4 | Concentration of superoxide anion [O2•−, in (A, B)], hydrogen peroxide (H2O2, in (C, D)] and malondialdehyde [MDA, in (E, F)] in leaves (A, C, E) and roots (B, D, F) of sugarcane plants maintained well-hydrated (reference, white bars) or subjected to water deficit (gray bars) and supplied with varying NO3−:NH4+ ratios: 100:0 and 70:30. The white area indicates the period of water deficit and the shaded area indicates the period of re-water. Bars represent the mean value of four biological replicates ± se. Different letters indicate statistical difference (BF10 > 3) among treatments in a given evaluation.



At the maximum water deficit, we found no differences in leaf superoxide dismutase (SOD) activity due to changes in NO3– supply (Figure 5A), but the highest SOD activity was observed in roots supplied with 100% NO3– (Figure 5B). Plants supplied with 100% NO3– showed higher root ascorbate peroxidase (APX) and leaf catalase (CAT) activities under water deficit (Figures 5D, E), while root catalase (CAT) activity was not changed by NO3– supply and water deficit (Figure 5F).




Figure 5 | Superoxide dismutase activity [SOD, in (A, B)], ascorbate peroxidase activity [APX, in (C, D)] and catalase activity [CAT, in (E, F)] in leaves (A, C, E) and roots (B, D, F) of sugarcane plants maintained well-hydrated (reference, white bars) or subjected to water deficit (gray bars) and supplied with varying NO3−:NH4+ ratios: 100:0 and 70:30. The white area indicates the period of water deficit and the shaded area indicates the period of re-water. Bars represent the mean value of four biological replicates ± se. Different letters indicate statistical difference (BF10 > 3) among treatments in a given evaluation.





Photosynthesis and Relative Water Content

Low water availability caused a large reduction in net CO2 assimilation rate (An), however, plants supplied with more NO3– exhibited higher photosynthetic rates than those under NO3–:NH4+ 70:30 (Figure 6A). In addition, those plants showed a faster recovery of An after re-watering when compared to ones receiving 70% NO3– (Figure 6A). Similar results were found for stomatal conductance (Figure 6B) and effective quantum efficiency of PSII (Figure 6C). A significant reduction in leaf relative water content was found under water deficit, as compared to well-watered conditions (Figure 6D). We did not observe any significant difference among treatments for the PEPC abundance and activity at maximum water deficit (Supplementary Figures S1A, C). However, both Rubisco abundance and activity were decreased under water deficit, regardless of the variation in NO3– supply (Supplementary Figures S1B, D) The relative chlorophyll content was also reduced at the maximum water deficit, with no differences induced by NO3– supply (data not shown).




Figure 6 | Net CO2 assimilation rate [An, in (A)], stomatal conductance [gS, in (B)], effective quantum efficiency of PSII [ΦPSII, in (C)] and leaf relative water content [RWC, in (D)] in sugarcane plants maintained well-hydrated (ref, white symbols and bars) or subjected to water deficit (WD, black symbols and gray bars) and supplied with varying NO3−:NH4+ ratios: 100:0 and 70:30. The white area indicates the period of water deficit and the shaded area indicates the period of re-water. Symbols and bars represent the mean value of four biological replicates ± se. Asterisks indicate significant differences between treatments under water deficit and different letters indicate statistical difference (BF10 > 3) among treatments in a given evaluation.





Plant Growth

The lowest values for shoot dry mass (Figure 7A) and leaf area (Figure 7C) were found in plants supplied with less NO3– under low water availability. In addition, the root dry mass of plants supplied with 70% NO3– was significantly reduced under water deficit (Figure 7B).




Figure 7 | Shoot [SDM, in (A)] and root [RDM, in (B)] dry mass and leaf area [LA, in (C)] of sugarcane plants maintained well-hydrated (reference, white bars) or subjected to water deficit (gray bars) and supplied with varying NO3−:NH4+ ratios: 100:0 and 70:30. Bars represent the mean value of four biological replicates ± se. Different letters indicate statistical difference among treatments (BF10 > 3 for SDM and LA; BF10 > 20 for RDM).






Experiment II: Offsetting the Benefits of NO Synthesis Induced by NO3− Supply

cPTIO—a NO scavenger—was sprayed on roots supplied with 100% NO3– and facing water deficit. As consequence, the intracellular NO synthesis was reduced in leaves and roots (Figures 8A, B) and plants showed lower photosynthetic rates and stomatal conductance under water deficit as compared to ones not sprayed with cPTIO (Figures 9A, B). As found in experiment I, plants presented decreases in root dry mass due to water deficit when cPTIO was sprayed (Figure 9D; Supplementary Figure S2).




Figure 8 | Confocal microscopy images showing intracellular NO synthesis in leaves (A) and roots (B) of sugarcane plants supplied with only NO3− (100:0 NO3−:NH4+) and maintained well-hydrated (reference, white bars), subjected to water deficit (WD, gray bars) and subjected to water deficit and sprayed with cPTIO (WD+cPTIO, gray striped bars). Mean pixel intensities are also shown. Bars represent the mean value of four biological replicates ± se. Different letters indicate statistical difference among treatments (BF10 > 3 for leaf; BF10 > 20 for root).






Figure 9 | Net CO2 assimilation rate [An, in (A)], stomatal conductance [gS, in (B)], shoot [SDM, in (C)] and root [RDM, in (D)] dry mass and leaf area [LA, in (E)] of sugarcane plants supplied with only NO3− (100:0 NO3−:NH4+) and maintained well-hydrated (reference, white symbols and bars), subjected to water deficit (WD, black symbols and gray bars) and subjected to water deficit and sprayed with cPTIO (WD+cPTIO, crossed symbols and gray striped bars). Symbols and bars represent the mean value of four biological replicates ± se. Asterisks indicate significant differences between treatments under water deficit (A, B) and different letters indicate statistical difference (BF10 > 3) among treatments in a given evaluation.






Discussion


Nitrate Supply Stimulates Root NO Production, Improving Photosynthesis and Antioxidant Metabolism of Sugarcane Under Water Deficit

Our findings revealed that nitrate reductase is an important enzymatic pathway for NO synthesis and also that sugarcane plants supplied with 100% NO3− presented enhancement of drought tolerance. Here, we found higher NO3− accumulation in roots under water deficit and receiving only NO3− as source of nitrogen (Figure 1B), which caused higher NO2− production when compared to roots exposed to 70% NO3− and 30% NH4+ (Figure 1D). Such findings are supported by higher root nitrate reductase (NR) activity (Figure 2B), which reduces NO3− to NO2− during the N assimilation pathway (Heidari et al., 2011). As an alternative reaction, NR may also reduce NO2− to NO (Fancy et al., 2016). In fact, the highest NO accumulation was found in roots under water deficit and supplied with only NO3− (Figure 3B) and it is known that NO3− and NO2− play a key role in NO synthesis through NR (Vanin et al., 2004; Yamasaki, 2005; Sun et al., 2015). In Physcomitrella patens, low NR activity was associated with drastic reductions in NO synthesis, further evidence that NR is an important pathway for NO production in plants (Andrés et al., 2015). It is worth noting that NO synthesis is low under non-limiting conditions, even in plants supplied with only NO3− (Figure 3). In general, increases in NO synthesis are expected under stressful conditions, when NO2− accumulation occurs (Mur et al., 2012). Not only NR is involved in NO synthesis but also a NO-forming nitrite reductase (NOFNiR) found recently in Chlamydomonas reinhardtii. When supplying such algae with NO3−, NO was synthetized through NOFNiR either in vitro or in vivo conditions (Chamizo-Ampudia et al., 2016; Chamizo-Ampudia et al., 2017). As NR would have a significant role in NO synthesis under high NO2− and low NO3− availability (Kolbert et al., 2019), it is reasonable to suggest that NO synthesis could occur through the dual system NR : NOFNiR, a hypothesis to be tested in higher plants.

In the last decades, rapidly increasing evidence has indicated NO as an important player in plant responses to environmental constraining conditions by inducing the antioxidant defenses (Hatamzadeh et al., 2015; Silveira et al., 2017b). During cell detoxification, O2•− is dismuted to H2O2 by superoxide dismutase, which is rapidly eliminated by catalase and ascorbate peroxidase, producing H2O and O2 (Lázaro et al., 2013). Here, we observed higher superoxide dismutase activity in roots under water deficit and supplied with 100% NO3− (Figure 5B), with root [O2•−] remaining similar among treatments (Figure 4B). Interestingly, there was lower O2•− accumulation in leaves under water deficit and supplied with only NO3− (Figure 4A), even with superoxide dismutase showing similar activity to the one found in plants supplied with 70% NO3− and 30% NH4+ (Figure 5A). As a possible explanation, such low leaf [O2•−] may be related to the interaction of this radical with NO, generating peroxynitrite (ONOO−), which in turn can lead to the formation of NO2− and the hydroxyl radical. ONOO− can also add a nitro group to tyrosine residues—a process known as tyrosine nitration (Wullf et al., 2009; Begara-Morales et al., 2014). Although tyrosine nitration was originally considered as indicative of stress conditions, recent evidence suggests its role in cell signaling (Mengel et al., 2013).

Root [H2O2] was lower in plants under water deficit that received 100% NO3− as compared to ones supplied with 70% NO3− and 30% NH4+ (Figure 4D), indicating an efficient detoxification through increased root ascorbate peroxidase activity (Figure 5D). In fact, the activation of antioxidant mechanisms to maintain ROS homeostasis often involves NO (Hatamzadeh et al., 2015; Silveira et al., 2015). Many reports show that exogenous NO improves abiotic stress tolerance, causing decreases in [H2O2] and lipid peroxidation (Gross et al., 2013). Exogenous NO supply inhibits ROS accumulation in many plant species under stress conditions (Verma et al., 2013), such as cucumber and rice under drought (Farooq et al., 2009). Sugarcane plants supplied with GSNO—a NO donor—showed increases in the activity of antioxidant enzymes, such as superoxide dismutase in leaves and catalase in roots under water deficit (Silveira et al., 2017b). In addition, the S-nitrosylation has a role in mediating the interplay between NO and other reactive signaling mechanisms, such as those involving ROS. For instance, S-nitrosylation of RBOHD causes its inactivation, and thus reduces ROS formation through this pathway (Yu et al., 2012). Such findings revealed that NO has an important role in controlling endogenous ROS levels.

Higher superoxide dismutase and ascorbate peroxidase in roots facing water deficit and receiving only NO3− (Figures 5B, D) may be a consequence of S-nitrosylation. In pea (Pisum sativum), S-nitrosylation increased the activity of cytosolic ascorbate peroxidase (Begara-Morales et al., 2014). However, we noticed higher levels of S-nitrosothiols (SNOs) in roots under water deficit and supplied with NO3− and NH4+ (Figure 2F). At this point, one should consider that NO-mediated post-translational modifications on target proteins may be positive or negative (Nabi et al., 2019). Some of these modifications may alter signaling pathways mediated by other ROS (Holzmeister et al., 2014). According to Clark et al. (2000), S-nitrosylation can inhibit catalase activity, which implies that low level of S-nitrosylation can increase catalase activity during stress conditions, thus increasing ROS detoxification. In this way, higher [SNO] found in plants that received less nitrate (Figures 2E, F) is associated with changes in the antioxidant system that lead to increases in leaf [O2•−] and root [H2O2] (Figures 4A, D). It has been proposed that S-nitrosylation can regulate [H2O2] in plants, controlling both the antioxidant defense system and the ROS-producing enzymes (Ortega-Galisteo et al., 2012; Yu et al., 2012).

Here, we found high GSNOR activity in roots under water deficit that received 100% NO3− and low accumulation of SNOs (Figures 2D, F). GSNOR can break down GSNO—a SNO, reducing GSNO levels and consequently decreasing the total cellular level of S-nitrosylation (Feechan et al., 2005). Thus, it indirectly controls the overall SNOs within cells (Feechan et al., 2005), suggesting that GSNOR may be crucial in regulating the cellular SNO pool. In fact, increases in GSNOR activity contributed to the reduction of S-nitrosylation in pea plants under salt stress (Camejo et al., 2013). As GSNO is an NO donor, we can argue that increases in root GSNOR activity under water deficit and supplied with only NO3− (Figure 2D) are related to the reduction of GSNO levels and linked to high NO synthesis in roots (Figure 3B). High levels of reactive nitrogen species (RNS) may be harmful to plants (Nabi et al., 2019), and the absence of GSNOR activity in plants results in a significant increase in levels of SNOs and impairment of plant immunity (Feechan et al., 2005), plant growth, and development (Kwon et al., 2012). Gong et al. (2015) demonstrated that absence of GSNOR activity increased the sensitivity of Solanum lycopersicum to alkaline stress due to the excessive accumulation of NO and SNOs, causing higher levels of endogenous S-nitrosylation and turning stomata insensitive to ABA.

Stomatal closure is the primary response of plants to water deficit, reducing the CO2 supply for photosynthesis and then decreasing biomass production (Machado et al., 2009; Ribeiro et al., 2013). Although water deficit had reduced the stomatal conductance, higher NO3− supply alleviated such negative effects (Figure 6B). Due to higher stomatal conductance, sugarcane plants supplied with 100% NO3− showed an improvement in photosynthesis under water deficit (Figure 6A). By integrating CO2 assimilation throughout the experimental period, plants supplied with only NO3− fixed about 1.5 times more carbon than those supplied with NO3− and NH4+. Such a response was also related to improvement of primary photochemistry, with plants showing higher conversion of light energy into chemical energy at the PSII level (Figure 6C).

Under water deficit, plants supplied with 70% NO3− and 30% NH4+ presented reduced root biomass as compared to those supplied with 100% NO3−, which were not affected by low water availability (Figure 7B). Such increase in root growth was associated with higher NO content (Figure 6B), as found by Silveira et al. (2016). At maximum water deficit, high NO synthesis was found in the root meristematic zone of plants supplied with 100% NO3− (Supplementary Figure S3). Several reports indicate that NO is involved in the regulation of root growth and developmental processes (Correa-Aragunde et al., 2004; Lombardo and Lamattina, 2012; Sun et al., 2015). The root system is able to perceive low water availability and to produce chemical signals that regulate the water flow from roots to shoots. NO is one of those chemical signals that stimulates root expansion and development (Silveira et al., 2016; Xu et al., 2017). Given the effects of NO on root growth, it is reasonable to assume a potential influence of NO mediating auxin signaling in roots. Correa-Aragunde et al. (2006) demonstrated that auxin-dependent cell cycle gene regulation was dependent on NO during lateral root formation in tomato plants. NO also modulates the auxin response during adventitious root formation in cucumber plants (Pagnussat et al., 2002) and Arabidopsis thaliana (Lombardo et al., 2006).

Overall, increases in NO content can trigger root development and improve water uptake, reducing the impact of low water availability on leaf water status and allowing higher stomatal conductance and photosynthesis, as noticed herein and also by Silveira et al. (2017b; 2019b). The novelty here is that we were able to induce NO synthesis in sugarcane plants by changing the nitrogen source. Such a finding has a practical consequence for sugarcane in the field as endogenous NO synthesis can be stimulated by increasing NO3− supply. Apart from economic issues, our data give insights on how stress tolerance can be managed by common practices in agricultural systems and further development on this technique should be carried out with field-grown plants, where interactions among nutrients, soil-root interactions, and soil nitrogen dynamics determine plant performance.



Is Sugarcane Performance Under Water Deficit Really Improved by NO?

Herein, we used 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO)—an endogenous NO scavenger (Akaike and Maeda, 1996)—to check if benefits induced by increasing NO3− supply were related to NO. cPTIO drastically reduced the DAF-2DA in plants under water deficit, indicating lower NO accumulation in both leaves and roots (Figures 8A, B). As consequence, plants showed even lower stomatal conductance and net CO2 assimilation rate when compared to plants under water deficit and not supplied with cPTIO (Figures 9A, B). cPTIO sprays also reduced root growth (Figure 9D), as found previously (Figure 7B). Taken together, our data clearly show that the improved performance of sugarcane plants supplied with only NO3− was due to stimulation of NO synthesis under water deficit.




Conclusion

Sugarcane plants grown in nutrient solution containing only NO3− as nitrogen source were more tolerant to water deficit, and this response was associated with increased NO production and high nitrate reductase activity in roots. Herein, increasing NO3− supply was enough to stimulate NO synthesis and alleviate the effects of water deficit on sugarcane plants by increasing the activity of antioxidant enzymes, photosynthesis, stomatal conductance, and root growth. From a broad perspective, our data show that supplying more NO3− during nitrogen fertilization may improve sugarcane tolerance and be beneficial to field-grown sugarcane.
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Nitro-fatty acids (NO2-FAs) are novel molecules resulting from the interaction of unsaturated fatty acids and nitric oxide (NO) or NO-related molecules. In plants, it has recently been described that NO2-FAs trigger an antioxidant and a defence response against stressful situations. Among the properties of NO2-FAs highlight the ability to release NO therefore modulating specific protein targets through post-translational modifications (NO-PTMs). Thus, based on the capacity of NO2-FAs to act as physiological NO donors and using high-accuracy mass-spectrometric approaches, herein, we show that endogenous nitro-linolenic acid (NO2-Ln) can modulate S-nitrosoglutathione (GSNO) biosynthesis in Arabidopsis. The incubation of NO2-Ln with GSH was analyzed by LC-MS/MS and the in vitro synthesis of GSNO was noted. The in vivo confirmation of this behavior was carried out by incubating Arabidopsis plants with 15N-labeled NO2-Ln throughout the roots, and 15N-labeled GSNO (GS15NO) was detected in the leaves. With the aim to go in depth in the relation of NO2-FA and GSNO in plants, Arabidopsis alkenal reductase mutants (aer mutants) which modulate NO2-FAs levels were used. Our results constitute the first evidence of the modulation of a key NO biological reservoir in plants (GSNO) by these novel NO2-FAs, increasing knowledge about S-nitrosothiols and GSNO-signaling pathways in plants.
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Introduction

Nitric oxide (NO), a small, gaseous, and highly reactive molecule able to cross cell membranes, has been described as an important biological messenger both in animal and plant systems (Stamler et al., 1992; Yu et al., 2014). In the last few years, diverse studies have described NO as a regulator involved in disease resistance, the response to different abiotic stresses, and as a key molecule in plant physiological processes such as stomatal closure, seed germination, iron homeostasis or several developmental processes (Delledonne et al., 1998; Garcia-Mata et al., 2003; Valderrama et al., 2007; Chaki et al., 2009; Begara-Morales et al., 2013).

NO and NO-related molecules such as nitrogen dioxide (NO2) or peroxynitrite (ONOO−) can interact with biomolecules, resulting in several changes such as the nitration of fatty acids, proteins, and nucleic acids or the S-nitrosation of proteins. Among these modifications, protein tyrosine nitration and S-nitrosation have been widely studied in animal and plant systems (Bartesaghi et al., 2007; Abello et al., 2009; Foster et al., 2009; Astier et al., 2012; Radi, 2012). Nevertheless, in the last few years a growing body of studies have highlighted the relevance of fatty acid nitration in living systems (Schopfer et al., 2011; Mata-Pérez et al., 2017). In this regard, nitro-fatty acids (NO2-FAs) result from the interaction of NO and NO-derived species with unsaturated fatty acids (Freeman et al., 2008). These molecules possess important biological properties, including the ability to release NO (Schopfer et al., 2005; Gorczynski et al., 2007; Mata-Pérez et al., 2016a) and the capacity to modify protein targets by a process specifically called nitroalkylation (Villacorta et al., 2007; Ichikawa et al., 2008; Bonacci et al., 2011; Kansanen et al., 2011; Geisler and Rudolph, 2012). However, the specific mechanism by which NO2-FAs are able to release NO in aqueous solutions remains unknown to date although different ways have been proposed. In this sense, based on a modified Nef-reaction, the generation of a hydroxy-nitroso intermediate capable of producing NO has been postulated (Schopfer et al., 2005; Baker et al., 2009). Furthermore, a rearrangement in the structure of NO2-FAs with the putative release of this gaseous molecule has also been noted (Lima et al., 2005; Gorczynski et al., 2007). On the other hand, NO2-FAs are also called nitroalkenes given the ability of the adjacent carbon to the nitro (NO2) group to act as a potent electrophile (Geisler and Rudolph, 2012). This carbon confers to NO2-FAs the capacity to be a potential target of nucleophilic molecules such as the thiol groups of proteins with the subsequent modulation of conformation, location, and activity of these protein targets. Through these modifications, NO2-FAs such as nitro-oleic (NO2-OA) or nitro-linoleic acids (NO2-LA) are able to promote vasodilator, antioxidant and anti-inflammatory effects in animal systems (Faine et al., 2010; Ambrozova et al., 2016; Mata-Pérez et al., 2016b; Kansanen et al., 2017; Turell et al., 2017; Verescakova et al., 2017). Recently, the endogenous occurrence of NO2-Ln has been also described in several plant species such as Arabidopsis thaliana, Pisum sativum, and Oryza sativa (Mata-Pérez et al., 2016b; Mata-Pérez et al., 2017). Moreover, this NO2-FA is capable of launching a defence response through the induction of different heat-shock proteins (HSPs) and several antioxidant enzymes (Mata-Pérez et al., 2015; Mata-Pérez et al., 2016b) and hence the outstanding relevance of these signaling molecules both in animal and plant systems. In this transcriptomic analysis, the 2-alkenal reductase (AtAER, AT5G16970) was identified to be up-regulated by NO2-Ln. This AtAER belongs to a NADPH-dependent reductases family that are involved in the detoxification of reactive carbonyls in plants (Mano et al., 2005; Yamauchi et al., 2011). In addition, AtAER appears to be phylogenetically related to animal’s prostaglandin reductase-1 (PGR-1) that is also an alkenal one/reductase (AOR) with the capacity to reduce the double bond of α,β unsaturated 2-alkenals (Yamauchi et al., 2011; Vitturi et al., 2013; Mesa et al., 2015). Interestingly, this PGR-1 has also been described as a nitroalkene reductase enzyme that is able to reduce the double bond from α,β-unsaturated alkenes and therefore catalyze the conversion of the electrophilic nitroalkenes to the non-electrophilic nitroalkane (Vitturi et al., 2013). Consequently, PGR-1 regulates cellular levels of NO2-FAs and mediates nitroalkene-related signaling pathways. In this line, AtAER, as the plant homologous of PGR-1, also regulates the cellular level of NO2-FAs in plants.

Most NO signaling functions are transmitted by their ability to modify the cysteine residues of the target proteins. The resulting S-nitrosothiols (SNOs) can alter the function, location, conformation, and activities of proteins in numerous eukaryotic signaling pathways. The role of these molecules have been related to numerous processes including plant immune signaling (Feechan et al., 2005; Chaki et al., 2009; Spoel and Loake, 2011) or the implication in different adverse environmental conditions such as high light intensity, darkness, or salinity (Valderrama et al., 2007; Corpas et al., 2008; Corpas et al., 2016; Begara-Morales et al., 2018; Begara-Morales et al., 2019). For instance, a rise in the levels of SNO has been associated with greater susceptibility to pathogen infection (Feechan et al., 2005; Kneeshaw et al., 2014) and it has also been proposed as a new wound signal in sunflower seedlings subjected to mechanical wounding (Chaki et al., 2011a).

Among different SNOs, highlight S-nitrosoglutathione (GSNO) constituting the S-nitrosated derivative of glutathione (GSH), the major intracellular antioxidant in plants. GSNO has been considered a major mobile biological reservoir of NO bioactivity (Espunya et al., 2012) and an essential component of NO-dependent signal transduction. GSNO has been located in vascular tissues, collenchyma cells and epidermal cells, pointing to this molecule as a mobile NO signal throughout the plant (Barroso et al., 2006; Chaki et al., 2011a; Chaki et al., 2011b). In this sense, it bears mentioning that phloem has the notable ability to propagate messengers such as different reactive oxygen and nitrogen species (ROS and RNS) during plant defence (Gaupels et al., 2017) and that GSNO is involved as a key molecule in the systemic response to wounding stress (Espunya et al., 2012). Thus, GSNO is currently considered a NO carrier throughout the plant, thereby giving NO the capacity of a long-distance signaling molecule. On the other hand, the levels of this low-molecular-weight SNO are controlled by the enzyme GSNO reductase (GSNOR1), decomposing it to oxidized glutathione (GSSG) and hydroxylamine (Frungillo et al., 2014). In this scenario, knockout lines of this enzyme resulted in higher levels of GSNO and S-nitrosated proteins (the addition of a NO moiety to a thiol group into a specific subset of cysteine residues in proteins), indicating that GSNOR1 indirectly governs the level of protein S-nitrosation in plants (Feechan et al., 2005).

Based on the capability of NO2-FAs to release NO (Schopfer et al., 2005; Gorczynski et al., 2007; Mata-Pérez et al., 2016a) and the involvement of these molecules in key aspects of plant physiology, here we show that NO2-Ln is able to move through the plant and also has the capacity to modulate the levels of GSNO both in vitro and in vivo. Thus, data presented in this study provide novel information concerning the SNO biosynthesis mechanisms, indicating that modulation of cellular levels of NO2-FAs can directly influence the GSNO levels and, indirectly, SNOs. Thus, NO2-FAs can be considered key players regulating the NO-dependent signaling pathways, highlighting the relevance of understanding the metabolism of GSNO in plant systems.



Materials and Methods


Plant Material and Growth Conditions

Arabidopsis ecotype Columbia and aer mutant (SALK 005324C) plants were used in this study. The homocygosis of aer mutant (Alonso et al., 2003) was confirmed by PCR using the primers designed according to the Salk Institute Genomic Analysis Laboratory instructions (Table S1). For the different analyses, 7-day-old and 45-day-old Arabidopsis (Arabidopsis thaliana) plants were used. Both wild-type (WT) and mutant seeds were surface-sterilized for 5 min in 70% (v/v) ethanol containing 0.1% (w/v) SDS, placed for 20 min in sterile water containing 20% (v/v) bleach and 0.1% (w/v) SDS, and washed four times in sterile water. Then, seeds were grown up to 7 days in 0.8% phytoagar Petri plates under controlled conditions. The 45-day-old Arabidopsis plants were obtained by sowing seeds in tubes with 1% phytoagar and growing them in a culture chamber for 7 days under anaerobic conditions. Afterward, seeds were transferred to hydroponic cultures with a specific growth medium (Cellier et al., 2004) and aeration in controlled conditions (Day: 16 h, 22°C. Night: 8 h, 18°C. Light intensity: of 100–120 µE m−2 s−1).

For treatments, 15NO2-Ln was firstly synthesized and quantified as previously described (Mata-Pérez et al., 2016b) for the synthesis of NO2-Ln but using 15NaNO2 (Sigma-Aldrich, 490814) as a nitrating agent. Because NO2-Ln is not commercially available, it was synthesized by a nitroselenation-oxidation-hydroselenoxide elimination sequence as previously described (Mata-Pérez et al., 2016b; Mata-Pérez et al., 2018) with minor modifications. Briefly, commercial linolenic acid (1.1 mmol) was incubated with solid mercury chloride (1.4mmol), phenylselenyl bromide (1.1 mmol) and 15NaNO2 (1.1 mmol) in a mixture of tetrahydrofuran-acentonitrile (1:1, v/v, 7.0 ml). This mixture was kept under Ar atmosphere for 4 h with continuous agitation. After removing solid suspension and solvent, the residue was dissolved in tetrahydrofuran (7.0 ml) and keep in a water-ice bath at 0°C. Then, a 30% hydrogen peroxide solution (11.0 mmol) was added dropwise and the mixture was maintained in the cooling bath for 20 min with continuous agitation. After allowing the sample to reach room temperature, the reaction crude was extracted with hexane (2 × 20 ml), washed with saturated aqueous sodium chloride, dry over anhydrous magnesium sulfate, filter and evaporate to dryness under reduced pressure. The residue was taken up in a hexane/ether/acetic acid mixture (5 ml, 80:20/1, v/v/v) and purified by flash column chromatography (silica gel 60, 230–400 mesh, Fluka, Buches, Switzerland) with a mixture of hexane/ether/acetic acid (80:20/1,v/v/v) and ensuring the purification of mononitrated linolenic acid. Finally, the fractions were analyzed by TLC, NMR and LC as described by Mata-Pérez et al. (2016b).



Synthesis and Quantification of GSNO and GS15NO Standards

GS14NO and 15N-labeled GSNO (GS15NO) standards were prepared according to Hart (1985) by acid-catalyzed nitrosation of GSH (Sigma-Aldrich, G4251). Sodium nitrite (14/15N-labeled) (Sigma-Aldrich) was used to synthesize GS14NO/GS15NO, respectively. These compounds were quantified by measuring the absorbance at 334 nm (ϵ = 0.92 mM−1·cm−1).



In Vitro Synthesis of GSNO From NO2-Ln and GSH

To study the formation of GSNO from NO2-Ln and GSH, we incubated several concentrations of NO2-Ln (0.1 and 1 mM) with 1 mM GSH in 50 mM phosphate buffer, pH 7.4, containing 0.1 mM DTPA (diethylenetetraminepentaacetic acid) for 1 h at RTa with a gentle agitation. Reactions were conducted in darkness. Formation of GSNO was analyzed by LC-ES/MS (Bruker Esquire 6000, HPLC Agilent 1100) in negative ion mode. The different analytes were separated in a Waters Spherisorb ODS2 C18 column (3 mm × 125 mm, 5 μm). The mobile-phase composition was water (A) and acetonitrile (B) both with 1% of formic acid at a flow rate of 0.6 ml min−1. The gradient profile was as follows: 2–5% B (0–5 min); 40–95% B (6–22 min); and 95–2% B (22–25 min). MS/MS/MS (M3) analysis from GSNO was conducted in 0.40 V (335) and 0.60 V (305). The desolvation temperature was set at 400°C. In all cases, the data were collected, analyzed, and processed using Data Analysis Mass Spectrometry Software (Bruker, Daltonics).



Detection of 15NO2-Ln in Arabidopsis Leaves and NO2-Ln in WT and aer Mutants Seedlings

For this experimental design, and using 45-day-old Arabidopsis plants, the nutrient solution was removed and the root system was gently washed with distilled water (Begara-Morales et al., 2014a; Begara-Morales et al., 2014b). These plants were then incubated with 1 mM 15NO2-Ln for 3 h, and this molecule was detected in leaves under non-stress conditions.

Lipid extracts from 45-day-old Arabidopsis leaves and 7-day-old WT and aer mutants seedlings were obtained using the Bligh and Dyer method (Bligh and Dyer, 1959) and prepared for LC-MS/MS detection of 15NO2-Ln and NO2-Ln, respectively, as it has been previously described (Mata-Pérez et al., 2016b; Mata-Pérez et al., 2018).



Detection of Endogenous GSNO and GS15NO in Arabidopsis

For the endogenous detection of GSNO and GS15NO, the method used was similar to that described elsewhere (Tsikas et al., 2013) with some modifications. All steps were performed under cooling or 4°C and darkness. The samples were worked up fresh and analyzed quickly to avoid the degradation of the GSNO. In this regard, Arabidopsis leaves and seedlings were ground to a powder in a mortar with liquid nitrogen and suspended in an extraction buffer composed by 100 mM phosphate buffer, pH 7.8, containing 0.1 mM DTPA, 5 mM NEM (N-ethylmaleimide), 0.01 mM neucoproine (1/2, FW/V). Homogenates were centrifuged at 16,000xg for 10 min, 4°C and filtered using a standard 0.22-µm filter. Then, samples were ultra-filtered by centrifugation at 8,000xg, 30 min, 4°C using 5-kDa Vivaspin 2 Hydrosart 2-ml cartridges. The ultra-filtered sample was placed into the precooled (4°C) autosampler and 25 µl were injected into LC-MS/MS instrument.

GSNO endogenous content was quantified by carrying out an internal standard calibration with GSNO and GS15NO. Next, GSNO or GS15NO were added to aliquots of the sample in a range of 0–6 nM just before being analyzed by LC-MS/MS. Because GSNO is very unstable, the loss of this molecule during sample processing was evaluated by spiking 75 nM GS15NO into the extraction buffer. This loss during sample work-up was estimated at about 80% from the initial spiked amount.

The analytes were separated using a Dionex Ultimate 3000 rapid separation liquid chromatograph (RSLC) (Thermo Scientific, USA) instrument. This was equipped with an Agilent Zorbax Rapid Resolution High-Definition (RRHD) Eclipse Plus C18 column (2.1 mm × 100 mm, 1.8-µm particle size). The mobile-phase composition was water (A) and acetonitrile (B), both of them with 1% of formic acid at a flow rate of 0.6 ml min−1. The temperature of the column was 25°C and the injection volume was 20 µl. The gradient profile was as follows: 0 min, 0% B; 4 min, 100% B; 5 min, 100% B; 7 min, 0% B; 8 min, 0% B; 10 min.

The UHPLC system was connected to a TSQ Quantiva triple quadrupole (QqQ) (Thermo Scientific, USA) equipped with a heated electrospray ionization probe (HESI) operating in positive ion mode with the following operation parameters: spray voltage: 4,500 V; sheath gas 45; aux gas 5 arbitrary units; ion transfer tube temperature 150°C; vaporizer temperature 300°C; collision gas (CID), 1.5 mTorr. Multiple-reaction monitoring (MRM) transitions were optimized for each compound (Table S2). XCalibur software 3.0.63 (Thermo Fisher Scientific, San José, CA, USA) was used for method development and data analysis.



Quantitative Real-Time Reverse Transcriptase-PCR (qRT-PCR)

RNA isolation and gene expression of AER by qRT-PCR were performed in WT and aer 7-day-old Arabidopsis seedlings as previously described (Begara-Morales, 2014b RNA seq) using Actin 12 (AT3G46520) as internal standard. The specific primers used are listed in Table S1.



Crude Extracts of Arabidopsis Seedlings and Immunodetection of AER

Seven-day-old WT and aer Arabidopsis seedlings were ground to a powder in liquid nitrogen using a mortar and pestle, and the resulting powder was suspended in the extraction buffer (100 mM Tris-HCl buffer, pH 7.5, containing 0.1mM EDTA, 7% (w/v) PVPP, 5% Suc, 0.0005% Triton X-100, 1 mM PMSF, 15 mM DTT, and a commercial cocktail of protease inhibitors (AEBSF, 1,10-phenantroline, pepstatin A, leupeptine, bestatine, and E-64 from Sigma-Aldrich; 1/2, FW/v). Then, the crude extracts were centrifuged twice at 3,000xg for 6 min. Total protein content was analyzed by Bradford assay and separated by 10% SDS-PAGE and transferred to PVDF membranes (Immobilon P, Millipore, Bedford, MA, USA). For AER immunodetection, an specific antibody against Arabidopsis AER (Mano et al., 2005) was used at a dilution of 1:1000 and the immunoreactive band was detected using a photographic film (Hyperfilm, Amersham Pharmacia Biotech) with an enhanced chemiluminescence kit (ECL-PLUS, Amersham Pharmacia Biotech).



Lipid Extraction and Fatty Acid Analysis

Lipid extracts from 7-day-old WT and aer Arabidopsis plants were obtained by the Bligh and Dyer method (Bligh and Dyer, 1959) and the content of fatty acids was analyzed by gas mass spectrometry (Agilent 7890A) as previously described (Mata-Pérez, 2015). Briefly, the lipid fractions were evaporated under a stream of nitrogen and dissolved in benzene and Meth-Prep II (Alltech Chemicals Cat. No. 18007) GC reagent to perform the transesterification of the lipid fractions. Following the derivatization stage, a GC/MS analysis was carried out by injecting a 1-μl solution. Analyses were carried out in a 7890A GC system (Agilent, USA) equipped with an SP-2560 capillary column (100 m × 0.25 mm × 0.25 μm) and a Quattro micro GC mass spectrometer (Waters, USA). The GC column procedure was as follows: initial temperature 140°C, maintained for 5 min, increased at 4°C min−1 to 250°C with a split ratio at injector port of 1:10. A standard oil mixture (Supelco ref. 18919-1AMP) was used to calibrate the gas chromatograph.



Statistical Analysis

To estimate the statistical significance between means, the data were analyzed by Student’s t-test. The differences were significant at p < 0.05. For each series of experiments, at least three independent biological replicates have been performed with three technical replicates per biological assay.




Results


In Vitro Synthesis of GSNO From GSH and NO2-Ln

Based on the demonstrated ability of NO2-FAs acting as NO donors (Schopfer et al., 2005; Gorczynski et al., 2007; Mata-Pérez et al., 2016a), the in vitro generation of GSNO from the reaction between GSH and NO2-Ln was analyzed by LC-ES/MS in negative ion mode (Figure S1).

In this sense, the full mass ion spectra (MS) of GSNO standard showed a major ion product with m/z of 335 corresponding to this low-molecular weight SNO when it was analyzed in negative ion mode (Figure S1A). Then the MS/MS (MS2) spectra displayed a major fragment with m/z of 305 (Figure S1B) corresponding to the homolytic dissociation of the S-nitroso group for generating the protonated glutathionyl radical ([GS+H]·+) and the neutral radical ·NO (30 Da). The MS/MS/MS (MS3) fragmentation led to the detection of an ion fragment with m/z of 160 which confirmed GSNO occurrence (Figure S1C). Afterward, different concentrations of NO2-Ln (0.1 and 1 mM) were incubated with 1 mM GSH and studied by LC-ES/MS3 (Figure 1). Under these conditions, a chromatographic peak with MRM transition of 160 m/z was detected in both NO2-Ln analyzed concentrations (Figures 1C, D). These peaks shared the same retention time as GSNO standard but not with GSH standard, thus confirming the formation of GSNO from the reaction between NO2-Ln and GSH (Figures 1A, B). Additionally, product ions of the GSNO formed after reaction between NO2-Ln and GSH showed the same fragmentation pattern as synthetic GSNO (Figure S2), and thereby confirmed the formation of GSNO.




Figure 1 | In vitro synthesis of GSNO from NO2-Ln and glutathione (GSH). For the in vitro generation of GSNO, 1 mM GSH was incubated with 1 and 0.1 mM NO2-Ln, as is described in Materials and Methods. (A, B) show GSH and GSNO standards, respectively. (C, D) display GSNO generated after the incubation of 1 mM GSH with 1 and 0.1 mM NO2-Ln, respectively. Peaks refer to total ion intensity. Vertical dashed lines indicate peaks with the same retention time. m/z is mass-to-charge ratio. MS indicates full ion mass spectra. MS3 is MS/MS/MS ion fragmentation.





Mobilization of NO2-Ln Throughout Arabidopsis Plants

The capacity of NO2-FAs to move through the plant was analyzed. For this, 15N-labeled NO2-Ln was synthesized in order to show the presence of this NO2-FA in the leaves and distinguish it from the endogenous NO2-Ln. Thus, 1 mM 15NO2-Ln was applied to the root system of 45-day-old Arabidopsis plants, as indicated in Materials and Methods. Then, the lipid fraction obtained from Arabidopsis leaves was studied by LC-MS/MS (Figure 2). The results showed a chromatographic peak with the MRM transition of 323/275 m/z (Figure 2B) sharing the same retention time as the 15NO2-Ln standard (Figure 2A) and thus highlighting the mobilization of NO2-FAs from the roots to the leaves of Arabidopsis plants.




Figure 2 | Detection of 15NO2-Ln in Arabidopsis leaves. 45-day-old Arabidopsis plants were incubated with 1 mM 15NO2-Ln for 3 h and the lipid fraction from leaves was analyzed by LC-MS/MS as it is indicated in Materials and Methods. (A) 15NO2-Ln standard with MRM transition of 323/275 m/z. (B) A chromatographic peak sharing the same retention time and m/z than 15NO2-Ln standard in leaves from 45-day-old Arabidopsis plants incubated with 15NO2-Ln. Peaks refer to a total ion intensity of 2.19 e4. Vertical dashed lines indicate peaks with the same retention time. MRM indicates multiple monitoring reaction. m/z indicates mass-to-charge ratio.





Characterization of GSNO Synthesis From NO2-Ln in Arabidopsis Leaves

The endogenous occurrence of GSNO was analyzed by LC-MS/MS in 45-day-old Arabidopsis plants. The MRM scan mode was used to display the presence of a peak with transitions of m/z 337/307 and 337/232 specific for the fragmentation of GSNO molecule and sharing the same retention time as GSNO standard (Figures 3A, B). According to the indications described in Materials and Methods—regarding the quantification of endogenous GSNO content, the concentration of this SNO in Arabidopsis leaves was 0.91 ± 0.23 pmol/mg protein (Table 1). These findings are consistent with previous data reported for low-mass SNO levels in Arabidopsis leaves (Feechan et al., 2005).




Figure 3 | Detection of endogenous GSNO and GS15NO from 15NO2-Ln in Arabidopsis leaves by LC-MS/MS in positive ion mode. (A, B) The detection of endogenous GSNO in leaves from 45-day-old Arabidopsis plants. (C, D) GS15NO generated after the incubation of 45-day-old Arabidopsis plants with 1 mM 15NO2-Ln for 3 h as described in Materials and Methods. Peaks refer to total ion intensity. Vertical dashed lines indicate peaks with the same retention time. m/z is mass-to-charge ratio.




Table 1 | Content of S-nitrosoglutathione (GSNO) in 45-d-old Arabidopsis leaves analysed by LC-MS/MS.



It is important to note that the presence of GS15NO was assessed by LC-MS/MS in Arabidopsis leaves after the plant roots were incubated with 15NO2-Ln. This analysis showed a chromatographic peak sharing the same retention time as GS15NO standard with m/z 338/307 and 338/232 (Figures 3C, D) and thus confirming the observed peak corresponding to this low-molecular-weight SNO. Regarding the concentration of GS15NO detected in Arabidopsis leaves after the application of 15NO2-Ln was 0.50 ± 0.15 pmol/mg protein (Table 1). These results confirm the potential of 15NO2-Ln to generate GSNO in a significant amount, and the ability of 15NO2-Ln to travel throughout the plant system.



NO2-Ln Modulates the Endogenous Levels of GSNO

With the aim of support the previous demonstration about the relation between NO2-FAs and GSNO in plants, Arabidopsis Alkenal Reductase (AER, ATG16970) deficient mutant lines were used. AER enzymatic activity modulates the unsaturated fatty acid levels since it is able to reduce unsaturated to saturated bonds. Therefore, this enzyme could have the potential to modulate NO2-FA levels. To confirm this presumption, we used homozygous aer transgenic seedlings (SALK-005324C) and both transcript and protein levels were analyzed. Results show a decrease of about 35% on AER-transcript level (Figure 4A) and a concomitant reduction of approximately 60% in the AER-protein content (Figure 4B) compared to WT plants hence confirming the AER deficiency on these transgenic plants. To probe the connection between NO2-FAs and GSNO content, we first observed that aer seedlings showed higher levels of unsaturated fatty acids as linolenic acid (Table 2). Consequently, the decrease in AER expression resulted in a three-fold increase of NO2-Ln content (Figure 5A) importantly correlated to the observed two-fold increase of GSNO content (Figure 5B).




Figure 4 | Characterization of aer mutant seedlings. (A) Gene expression in aer mutant plants analyzed by real-time quantitative PCR. Actine was used as internal control. (B) The effect of mutation on AER protein content. Twenty microgram of wild and aer mutant seedling were subjected to SDS-PAGE. Proteins were electroblotted onto PVDF membranes and then incubated with an antibody against AER (1:1,000). The densitometry of the bands is expressed in arbitrary units (a.u.) of integrated optical density. Data are expressed as the mean ± SEM from at least three independent samples. Differences from control values were significant at p < 0.05 (*).




Table 2 | Composition of fatty acids (expressed at mg fatty acid / kg FW) in both 7 d wild-type and aer mutant seedlings detected by mass spectrometry techniques (GC-MS).  0.002% of Ln in WT and 0.004 % of Ln in aer mutants are nitrated in the form of  Ln.






Figure 5 | Endogenous content of NO2-Ln and GSNO of aer mutant seedlings. (A) The detection of endogenous NO2-Ln levels in both wild type and aer mutant 7-day-old seedlings. Lipid extracts from 7-day-old seedlings were obtained as is indicated in Materials and Methods and analyzed by LC-MS/MS. (B) The levels of endogenous S-nitrosoglutathione (GSNO) in both wild type and aer mutant 7-day-old seedlings detected by mass spectrometry techniques. Data are expressed as the mean ± SEM from at least three independent samples. Differences from control values were significant at p < 0.05 (*).






Discussion

For some time, the interest in the role and interaction of NO with biomolecules has significantly intensified. Most of the previous studies have mainly focused on the capability of NO to mediate several post-translational modifications (NO-PTM) such as the nitration and S-nitrosation of proteins. Nevertheless, in the last decade attention has focused on the ability of NO and NO-derived species to interact with non-saturated fatty acids yielding nitro fatty acids (NO2-FAs) (Schopfer et al., 2011; Mata-Pérez et al., 2017). These molecules have emerged as novel signaling mediators in animal and plant systems. In this respect, NO2-FAs can release NO in aqueous solutions and they are also able to mediate post-translational modifications of proteins through a mechanism called nitroalkylation (Lima et al., 2005; Schopfer et al., 2005; Gorczynski et al., 2007; Geisler and Rudolph, 2012; Mata-Pérez et al., 2016a; Aranda-Caño et al., 2019). These capacities confer to NO2-FAs relevant anti-inflammatory, antioxidant, and pro-survival properties in animal systems (Schopfer et al., 2011; Delmastro-Greenwood et al., 2014). In this sense, nitro-oleic (NO2-OA) and nitro-linoleic acids (NO2-LA) blunt pro-inflammatory responses via alkylation of the p65 subunit of NF-κB and they also reduce the expression of vascular-cell adhesion molecule (VCAM)-1 (Cui et al., 2006). Moreover, nitro-conjugated linoleic acid (NO2-cLA) is able to inhibit heme oxygenase 1 (HO-1), helping to resolve inflammation injuries (Bonacci et al., 2012). Beyond the well-defined properties of NO2-FAs in animal systems, it has recently been demonstrated that NO2-Ln is endogenously present in several plant species, including Arabidopsis thaliana, Pisum sativum or Oryza sativa (Mata-Pérez et al., 2016b; Mata-Pérez et al., 2017). An RNA-seq analysis showed that the incubation of Arabidopsis cell cultures with this NO2-FA promoted the induction of a large set of HSPs and several antioxidant systems such as ascorbate peroxidase (APX) or methionine sulfoxide reductase (MSRB) enzymes (Mata-Pérez et al., 2016b). In line with these results, a previous analysis with NO2-OA in human endothelial cell cultures determined that this NO2-FA was also able to prompt a defence response through greater expression of different HSPs (Kansanen et al., 2009), thus highlighting the beneficial responses which NO2-FAs are able to promote. Moreover, a significant rise in the levels of these species has been reported under stress conditions such as inflammation and cardiac ischemia in animal systems (Nadtochiy et al., 2009; Rudolph et al., 2010) or under salinity, mechanical wounding or heavy metal stresses in plants (Mata-Pérez et al., 2016b). Therefore, these novel NO-derived species are important in animal and plant physiology because of their capability to set up a defence response against unfavorable conditions. In this regard, NO2-Ln has been described to be able to regulate the function of APX to detoxify the H2O2 (Aranda-Caño et al., 2019).


Generation of GSNO From NO2-Ln In Vitro and In Vivo

At present, it is well known that NO2-FAs are NO donors in the cell environment (Gorczynski et al., 2007; Mata-Pérez et al., 2016a). Although the capacity of NO2-FAs to release NO was firstly considered to be of minor significance in vivo and less than 1% in vitro, recent studies have shown that NO2-FAs can generate NO in a similar way to GSNO, that is considered the major biological NO reservoir and a key regulator of a wide range of physiological and stress-related processes in plants (Mata-Pérez et al., 2016a; Begara-Morales et al., 2018).

Therefore, NO2-FAs, as NO2-Ln, provide a significant source of NO in plants and together with the high content of GSH in living systems, it could contribute to the total pool of GSNO and SNOs in cells. Based on this background, we investigated both the in vitro and in vivo capacity of NO2-Ln to modulate the generation of GSNO. In this regard, using different concentrations of this NO2-FA, the incubation of NO2-Ln with GSH was analyzed by mass spectrometry and the in vitro formation of GSNO was noted. The formation of GSNO was concentration-dependent, displaying the higher levels of this SNO after incubation of 1 mM of NO2-Ln with 1 mM GSH. Furthermore, to confirm whether NO2-Ln can modulate the levels of GSNO in vivo, we firstly studied the mobilization of 15NO2-FAs through the plant and, to achieve it, we undertook the synthesis of 15N-labeled NO2-Ln (15NO2-Ln). This labeled-NO2-FA was used to differentiate its action from endogenous NO2-Ln in Arabidopsis leaves (Mata-Pérez et al., 2016b; Mata-Pérez et al., 2017). In this sense, 15NO2-Ln was applied to the root system and its occurrence was analyzed in the leaves of 45-day-old Arabidopsis plants. By using high-accuracy mass spectrometry approaches, we detected the presence of 15NO2-Ln in leaves from plants pre-incubated with this labeled NO2-FA. In line with these results, prior studies have shown the application of the fatty acid heptadecanoic acid (17:0) to the root system of several plant species including Glycine max, Zea mays or Lycopersicum esculentum, leading to its detection in leaves and, after the application in leaves, it was detected in both leaves higher on the plant and in roots. These results indicate translocation and the authors conclude that it could probably take place by the phloem (Terzaghi, 1989). Therefore, it has been shown that fatty acids or NO2-FAs can travel and exert their signaling actions throughout the whole plant.

After having shown that NO2-Ln can be mobilized across the plant and reach the shoots, the capability of 15NO2-Ln to modulate the levels of 15N-labeled GS15NO was studied. Firstly, using a LC-MS/MS approach similar to that described elsewhere (Tsikas et al., 2013) with some modifications, we assessed the endogenous occurrence of GSNO in Arabidopsis leaves. The endogenous GSNO level of 7-day-old plants (Figure 5B) detected is lower than that detected in 45 old-day plants (Table 1). Based on these results, GSNO levels appear to decrease during Arabidopsis development.

The endogenous GSNO content detected was consistent with levels previously reported by Feechan et al. (2005) in Arabidopsis after using a 5-kDa cut-off membrane in Arabidopsis leaf extracts and therefore detecting all low molecular weight SNOs. Nevertheless, this endogenous GSNO content is significantly lower than the nanomolar concentration described by Airaki et al. (2011) in Arabidopsis leaves. This apparent discrepancy could be a consequence of the acidic media used for protein extraction in Airaki et al. (2011). In that work, GSNO data at the nanomolar level are likely to be overestimated by an artifactual production of GSNO under these acidic extraction conditions when both nitrite and GSH are present (Broniowska et al., 2013). In addition, in the present work the GSNO detection was performed by LC-MS/MS that is a more sensitive technology that LC-MS to detect endogenous GSNO levels (Tsikas and Hanff, 2018). After showing that GSNO was endogenously present in Arabidopsis leaves, we incubated plants with 15NO2-Ln in the same way as previously described and we studied the occurrence of GS15NO. The results displayed the presence of GS15NO in the shoots after the treatment, thus confirming that NO2-Ln can modulate the generation of GSNO in vivo. We incubated plant roots with 1mM of 15NO2-Ln and a concentration of GS15NO of 0.50 ± 0.15 pmol/mg was quantified in leaves. Different reasons emerge to explain this apparent low GS15NO detection. It was previously described that the use of 1mM NO2-Ln can release NO in vitro in a ratio of 0.21 µM/min (Mata-Pérez et al., 2016a) or 12.6 µM/h. Therefore, during plant treatment with 1mM 15NO2-Ln, the 15NO generated will be in the µM range. Consequently, the in vivo detection of 15NO2-Ln-dependent generation of GS15NO will be apparently low compared with the initial concentration of the labeled nitro fatty acid. In addition, NO2-FAs are more abundant esterified in complex lipids than in the free form (Fazzari et al., 2019). In this line, oral administration of dogs with NO2-OA confirmed that the main distribution of this NO2-FA is esterified in different complex lipids, especially triacylglycerides (TAGs) (Fazzari et al., 2019). Thus, a similar situation could be happening in Arabidopsis plants incubated with NO2-Ln, in which a substantial percentage of the initial amount of NO2-Ln could be esterified in complex lipids, therefore not being able to release NO and, ultimately, generate GSNO. In this regard, the total free NO2-Ln detected in Arabidopsis seedlings is around 4 pmol/g FW in control plants being increased about two-fold after different abiotic stresses (Mata-Pérez et al., 2016b). In addition, NO2-FAs are electrophile molecules that can mediate post-translational modification of proteins by nitroalkylation (Aranda-Caño et al., 2019) and therefore not all pool of NO2-Ln would not contribute to in vivo GSNO generation. Consequently, the GSNO concentration observed is consistent with the NO2-Ln capacity to release NO and its endogenous abundance.

It is worth noting that the exact mechanisms leading to GSNO formation remains unclear (Broniowska et al., 2013; Zaffagnini et al., 2016; Begara-Morales et al., 2018). Instead of a direct reaction of NO with GSH to generate GSNO, the most probably pathways to generate GSNO are the interaction of NO with the glutathionyl radical (GS.) or the formation of N2O3 as an intermediary (Figure 6) (Broniowska and Hogg, 2012; Broniowska et al., 2013; Kolesnik et al., 2013; Begara-Morales et al., 2018). However, it is possible the direct nitrosation of GSH by NO leading to GSNO at submicromolar concentrations of NO (Kolesnik et al., 2013). In this line, NO2-Ln is able to release NO at a rate of 0.21 uM/min at a physiological pH (Mata-Pérez et al., 2016a) and therefore it generates NO at a submicromolar levels. Consequently, the NO2-Ln-dependent generation of GSNO described in this work could be performed as a direct interaction of NO released from NO2-Ln and GSH (Figure 6).




Figure 6 | GSNO biosynthesis from nitrolinolenic acid. Nitrolinolenic acid (NO2-Ln) has the capacity to release nitric oxide (NO) at a physiological pH and temperature (1) (Mata-Pérez et al., 2016a). Therefore, this NO can contribute to the intracellular levels of S-nitrosoglutathione (GSNO). However, the exact mechanisms for GSNO generation remains to be elucidated. Instead of a direct reaction of NO and GSH, the formation of N2O3 as an intermediary (2) or the reaction of NO with the glutathionyl radical (GS.) (3) have been proposed as pathways for GSNO synthesis. Interestingly, the direct interaction of NO and GSH leading to GSNO formation appears to be possible at a submicromolar concentrations of NO (Kolesnik et al., 2013). Consequently, keeping in mind the submicromolar generation of NO from the NO2-Ln (0.21 µM/min) (Mata-Pérez et al., 2016a), the NO2-Ln-dependent formation of GSNO will take place by a direct reaction of NO released from the nitro fatty acid and GSH (4).





The Modulation of Cellular Levels of NO2-Ln Directly Influences the GSNO Production

In order to clarify if the capacity of NO2-Ln to modulate GSNO levels could have physiological implications, we used mutant plants that are able to regulate endogenous levels of NO2-Ln. In this work, we have demonstrated the capacity of alkenal reductase (AER) enzyme to modulate endogenous levels of NO2-FAs, concretely NO2-Ln, as previously reported for its homologous in human and rats (prostaglandin reductase, PTGR-1) (Vitturi et al., 2013). A decrease of AER gene expression and protein content exhibited a three-fold increase of NO2-Ln and two-fold in GSNO levels, confirming the capacity of NO2-Ln to control the abundance of endogenous GSNO and therefore the NO-dependent signaling in plants (Begara-Morales et al., 2018). Furthermore, it is important to note that GS15NO-detected levels represent approximately 50% of those detected in the control situation, which taking into account the multiple possible targets of NO2-Ln, should be considered as a very important contribution. Regarding the mobility of NO and NO-derived molecules, GSNO have been detected in vascular bundles and epidermal cells of several plant species (Chaki et al., 2011a; Chaki et al., 2011b). Hence, it has been postulated that the phloem seems to be an active site for NO metabolism and also for GSNO generation (Gaupels et al., 2017). All these results may suggest that the phloem can act as a key tissue location for the metabolism of NO2-FAs, NO and consequently GSNO.

On the other hand, SNOs and GSNO can mediate NO-PTMs like S-nitrosation of different protein targets hence triggering notorious consequences in their enzymatic activities or their protein functions. In this respect, GSNO and SNOs have been identified in numerous plant situations, highlighting the involvement of these molecules in diverse stressful situations. It is well documented that S-nitrosation plays a key role in plant immunity (Feechan et al., 2005; Romero-Puertas et al., 2008; Tada et al., 2008). For instance, knockout plants for the GSNOR1 enzyme (gsnor1) showed a high content of GSNO and indirectly of SNOs related to more disease susceptibility compared to WT plants (Feechan et al., 2005). Furthermore and regarding abiotic-stress conditions, a modulation in GSNO and SNO levels has also been reported in different plant species (Valderrama et al., 2007; Chaki et al., 2011a; Chaki et al., 2011b), supporting the contention that the abiotic-stress response can be mediated, at least in part, by S-nitrosation-signaling of key protein targets such as pea APX, which upregulates its activity during salt stress (Begara-Morales et al., 2014a).

Related to what it has previously mentioned, NO2-FAs are lowly abundant in their free form (Tsikas et al., 2009; Mata-Pérez et al., 2016b). Actually, most of these nitro-derivatives are thought to be protein-adducted or putatively esterified with complex lipids being part of cell membranes (Rubbo, 2013). Certain conditions such as the nitro-oxidative burst taking place under several stress circumstances (for instance salt, heavy metal or wounding stresses in Arabidopsis (Mata-Pérez et al., 2016b), can prompt the release of free NO2-FAs from the pool of adducted proteins (Padilla et al., 2017) or certain other signals could be de-esterifying complex lipids from cell membranes with the subsequent liberation of free NO2-FAs. Bearing this in mind, we would like to highlight that a concomitant increase on the free-NO2-FA pool together with the high abundance of GSH in living systems creates a perfect environment for the direct modulation of cellular levels of GSNO. This direct relation may have relevant consequences in plant physiology and it may facilitate the understanding about the modulation and control of the SNO-signaling pathway in plants.

Finally, this behavior can be exemplified in the proposed model for the modulation of GSNO-signaling pathway by NO2-Ln (Figure 7). NO2-FAs have recently been shown to be present in several organs and organelles of diverse plant species (Mata-Pérez et al., 2016b; Mata-Pérez et al., 2017). In fact, these molecules can be mobilized from their cell locations through the plant organs and reach the shoots. This together with the fact that NO2-FAs have been described as physiological NO donors and the high abundance of the antioxidant GSH in living systems, may establish a proper cell environment for the formation of GSNO. The generation of this low-molecular-weight SNO from NO2-FAs can affect the SNO-signaling pathway by modulating the transport and storage of NO, the response to several (a)biotic stress conditions, or the mediating ability of SNOs to perform NO-PTMs. Thus, NO2-FAs can be considered new key modulators in the GSNO-dependent signaling cell response during physiological and stress conditions in plants.




Figure 7 | Modulation of GSNO-signalling pathway by NO2-Ln in Arabidopsis leaves. NO2-Ln is up-taken by the root system and transported to plant leaves. Once in these organs, NO2-Ln can release nitric oxide (NO) and mediate the S-nitrosation of abundant glutathione (GSH) present in plant leaves and leading to the formation of S-nitrosoglutathione (GSNO). The generation of this low-molecular weight S-nitrosothiol (SNO) from NO2-Ln can affect the SNO-signaling pathway by modulating the transport and storage of NO, the response to several (a)biotic stress conditions or mediating the ability of SNO to perform post-translational modifications.






Conclusions

Our study provides further relevant insights into the signaling mediated by NO2-FAs in plants. Data presented in this study provide novel information concerning the GSNO biosynthesis mechanisms, indicating that modulation of cellular levels of NO2-FAs can directly influence the GSNO levels. In fact, the key property of NO2-Ln to release NO allows to act as a powerful signaling molecule since it is able to induce functional changes mediated by NO or NO-related molecules including post-translational modifications such as S-nitrosation. Therefore, NO2-FAs can be considered key players regulating the NO-bioactivity, so that the study of the interactions between NO2-FAs and GSNO will increase the knowledge about SNO-signaling pathway in plants. On the basis of these results, the control of GSNO by NO2-FAs has emerged as an interesting regulation point of SNO-bioactivity in plant physiology and during (a)biotic stress processes.
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Both nitric oxide (NO) and strigolactone (SL) are growth regulating signal components in plants; however, regarding their possible interplay our knowledge is limited. Therefore, this study aims to provide new evidence for the signal interplay between NO and SL in the formation of root system architecture using complementary pharmacological and molecular biological approaches in the model Arabidopsis thaliana grown under stress-free conditions. Deficiency of SL synthesis or signaling (max1-1 and max2-1) resulted in elevated NO and S-nitrosothiol (SNO) levels due to decreased S-nitrosoglutathione (GSNO) reductase (GSNOR) protein abundance and activity indicating that there is a signal interaction between SLs and GSNOR-regulated levels of NO/SNO. This was further supported by the down-regulation of SL biosynthetic genes (CCD7, CCD8 and MAX1) in GSNOR-deficient gsnor1-3. Based on the more pronounced sensitivity of gsnor1-3 to exogenous SL (rac-GR24, 2 µM), we suspected that functional GSNOR is needed to control NO/SNO levels during SL-induced primary root (PR) elongation. Additionally, SLs may be involved in GSNO-regulated PR shortening as suggested by the relative insensitivity of max1-1 and max2-1 mutants to exogenous GSNO (250 µM). Collectively, our results indicate a connection between SL and GSNOR-regulated NO/SNO signals in roots of A. thaliana grown in stress-free environment. As this work used max2-1 mutant and rac-GR24 exerting unspecific effects to both SL and karrikin signaling, it cannot be ruled out that karrikins are partly responsible for the observed effects, and this issue needs further clarification in the future.
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Introduction

Strigolactones (SLs) have been first identified as germination inducers of parasite plants in the 1960s (Cook et al., 1966) and since then, they have been found to be phytohormones due to their multiple roles in regulating growth and developmental processes of higher plants (Gomez-Roldan et al., 2008; Umehara et al., 2008; Zwanenburg and Blanco-Ania, 2018; Bouwmeester et al., 2019).

SLs as terpenoid lactones can be categorized as canonical SLs containing ABC ring and noncanonical SLs lacking such a ring (Al-Babili and Bouwmeester, 2015; Waters et al., 2017). SLs are synthetized from carotenoids in the plastids with the involvement of enzymes such as beta-carotene-isomerase (D27), two carotenoid cleavage dioxygenases (CCD7/MAX3 and CCD8/MAX4), cytochrome P450 (MAX1), and LATERAL BRANCHING OXIDOREDUCTASE (Alder et al., 2012; Brewer et al., 2016). Following its transport into the cytoplasm, carlactone is converted into carlactonoic acid which is the common precursor of the naturally occurring SLs (Jia et al., 2019). Recently, the direct conversion of carlactonoic acid to orobanchol without passing through 4-deoxyorobanchol has been described (Wakabayashi et al., 2019). Moreover, a cytochrome P450 and a 2-oxoglutarate-dependent dioxygenase genes were identified being involved in SL synthesis in Lotus japonicus (Mori et al., 2020), and hydroxyl carlactone derivatives as relevant intermediaries in SL synthesis have been identified in Arabidopsis (Yoneyama et al., 2020). Despite the active research, our knowledge about the details of SL biosynthesis after carlactone is still limited (Bouwmeester et al., 2019). It has been shown that SLs are synthetized in both the root and the shoot and that the SL signal can spread from the root to the shoot system (Foo et al., 2001).

The perception of SLs involves the SL receptor DWARF14 (D14) protein having α/β fold hydrolase activity. The intact SL molecule promotes D14 activation which in turn deactivates bioactive SLs by the hydrolytic degradation following signal transmission (Seto et al., 2019). Consequently, the activated D14 can bind the MORE AXILLARY GROWTH2 (MAX2/D3) F-box type protein which assigns DWARF53 and SMXLs repressors for proteasomal degradation resulting in the induction of gene expression (Shabek et al., 2018; Bouwmeester et al., 2019). Recently, MAX2 was implicated as a regulator of karrikin (KAR) signaling (Nelson et al., 2011), and SMXL/D53, the downstream targets of MAX2 are responsible for the discrimination of SL and KAR signal pathways (Soundappan et al., 2015). The interference between SL and KAR signaling is further supported by the fact that rac-GR24 (racemic mixtures of GR24 stereoisomers) activates both signal pathways, thus exerts also non-SL-specific effects (Scaffidi et al., 2014; Li et al., 2016). The SL-induced gene expression manifests in physiological effects such as the inhibition of shoot branching, shaping of root system architecture, inducing leaf senescence (Pandey et al., 2016; Waters et al., 2017; Marzec and Melzer, 2018). Recently, Villaécija-Aguilar and co-workers (2019) added that root traits like root hair development, root skewing, straightness, and diameter are regulated by KAR signaling, while both KAR and SL pathways contribute to the regulation of lateral root density and epidermal cell length. Furthermore, SLs have been implicated in plant stress responses to diverse abiotic factors (reviewed by Mostofa et al., 2018) like nutrient deficiency (Kohlen et al., 2011), salinity and drought (Ha et al., 2014; Wang et al., 2019, reviewed by Mostofa et al., 2018) or chilling (Cooper et al., 2018).

Similar to SLs, research over the past 40 years has revealed that the gaseous signal molecule nitric oxide (NO) is a multifunctional growth regulator in plants (Kolbert et al., 2019a). While, the ability of SL synthesis is a unique feature of plants (Walker et al., 2019), any living organism is capable of the synthesis of NO. Algae utilize NO synthase (NOS)-like enzyme system for producing NO (Foresi et al., 2010; Foresi et al., 2015; Weisslocker-Schaetzel et al., 2017) while in higher land plants NOS gene homolog to animal gene has not been found (Jeandroz et al., 2016; Santolini et al., 2017; Hancock and Neill, 2019). The ability of NO liberation via NOS-system may be lost during the evolution of land plants (Fröhlich and Durner, 2011), which takes up high amounts of nitrate, and their physiological functions are greatly determined by nitrate acquisitions. A key process in nitrate-dependent NO synthesis of plants indirectly involves nitrate reductase (NR) activity which transfers electron from NAD(P)H to the NO-forming nitrite reductase (NOFNiR). This enzyme catalyzes the reduction of nitrite to NO (Chamizo-Ampudia et al., 2016; Chamizo-Ampudia et al., 2017). NO is synthetized endogenously within the plant body in a wide variety of tissues, and NO can also be taken up from the atmosphere or from the soil (Cohen et al., 2009). In biological systems, NO reacts with glutathione to form S-nitrosoglutathione (GSNO) being a less reactive and more stable molecule than NO. GSNO is able to release NO and can achieve long distance movement of NO signal via the xylem (Durner et al., 1999; Díaz et al., 2003; Barroso et al., 2006). Intracellular levels of GSNO are controlled by the activity of GSNO reductase (GSNOR) enzyme (Feechan et al., 2005; Lee et al., 2008; Chen et al., 2009) catalyzing the conversion of GSNO to GSSG and NH3 in the presence of NADH (Jahnová et al., 2019).

Unlike SLs, the signal of NO isn't perceived by specific receptor, but the transfer of NO bioactivity is achieved by direct modification of target proteins. Cysteine S-nitrosation, tyrosine nitration, and metal nitrosylation are three major NO-dependent posttranslational modifications being physiologically relevant (Astier and Lindermayr, 2012). Additionally, the link between NO-related signaling and Ca2+-, cGMP-, MAPK-, and PA-dependent signaling has also been revealed in diverse physiological processes (Pagnussat et al., 2004; Lanteri et al., 2008; Astier et al., 2011; Jiao et al., 2018). Like SLs, NO affects a range of physiological traits including seed development, vegetative and generative development like pollen tube growth, seed germination, root growth, gravitropism, flowering, fruit ripening (reviewed in Kolbert and Feigl, 2017). Additionally, NO also participates in responses of plants to abiotic stresses like salinity, drought, heavy metal, low oxygen availability, or temperature stresses (Fancy et al., 2017).

Based on the stimulating effect of NO on plant germination, vegetative growth or fruit ripening, NO-releasing substances such as nanoparticles could be effectively applied in agricultural practice (Rodríguez-Ruiz et al., 2019). Similarly, SLs and their agonists and antagonists may have a great potential for agricultural applications. Beyond plant protection, SLs may be used to improve the architecture of crops as well (Vurro et al., 2016; Takahashi and Asami, 2018).

It is sure that both NO and SL are important growth regulating signals of practical significance in plants. However, their interplay has been poorly examined. The majority of the few articles dealing with SL–NO interplay focus on the root system of crops like sunflower (Barthi and Bhatla, 2015), maize (Manoli et al., 2016), and rice (Sun et al., 2014) grown in the presence of different nutrient supplies. Collectively, these studies revealed that NO is an upstream regulator of SL signaling; however, the nature of the NO–SL relationship depends on the nutrient availability. During nitrate‐induced root elongation, NO reduces SL biosynthesis thus resulting in alterations of PIN‐mediated auxin transport leading to cell elongation. Exogenous SL induces NO production suggesting negative feedback regulation of SL levels (Manoli et al., 2016). Low N and P availability triggers NO formation which in turn induces the proteasomal‐degradation of D53 repressor protein and consequently intensifies SL signaling leading to root elongation (Sun et al., 2016). To clarify the role of SLs in root development, Marzec and Melzer (2018) recommended to perform experiments with plants grown during stress-free conditions. Because of the above reasons, this study aims to provide new evidence for the signal interplay between NO and SL in the formation of root system architecture using complementary pharmacological and molecular biological approaches in the model Arabidopsis thaliana grown under stress-free conditions.



Materials and Methods


Plant Material and Growth Conditions

Seeds of Arabidopsis thaliana wild-type (WT, Col-0), and their mutant lines gsnor1-3 (Chen et al., 2009), 35S:FLAG-GSNOR1 (Frungillo et al., 2014), max1-1, max2-1 (Stirnberg et al., 2002) were surfaced sterilized with 70% (v/v) ethanol for 1 min and with 30% sodium hypochlorite solution (1:3) for 15 min then washed five times with sterile distilled water. Seeds (approx. 30 seeds/Petri dish) were then transferred to half strength Murashige and Skoog medium (1% sucrose, 0.8% agar). Petri dishes were kept in a greenhouse under controlled conditions (photon flux density of 150 µmol m−2 s−1, 12/12 h light and dark cycle, relative humidity of 55–60%, temperature of 25 ± 2°C) for 7 days.



Treatments

Stock solution of rac-GR24 and TIS108 (both purchased from Chiralix B.V., Nijmegen, Netherlands) was prepared in acetone or in DMSO, respectively. Appropriate volumes of stock solutions were added to the medium following sterilization through sterile syringe yielding 2 µM GR24 or 5 µM TIS108 concentrations in the media. These concentrations were chosen in pilot experiments using several doses (1, 2, 5 µM for GR24 and 1, 5, 10 µM for TIS108). Stock solutions of GSNO and 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) were prepared in DMSO and were diluted to the final concentrations (250 µM GSNO and 800 µM cPTIO) with distilled water. Four days after placing the seeds on the media, GSNO and cPTIO solutions were added to the surface of the agar containing the root system. One milliliter of GSNO or cPTIO was added per Petri dish using 2-ml syringe and sterile filter.



Morphological Measurements

Primary root (PR) lengths of Arabidopsis seedlings were measured and expressed in mm. Lateral roots within the primary root (smaller than stage VII) were considered as lateral root primordia (LRprim), whereas visible laterals which have already grown outside the PR were considered as emerged LRs (LRem, larger than stage VII, Malamy and Benfey, 1997; Feigl et al., 2019). The number of LRprim and LRem was determined by using Zeiss Axiovert 200 inverted microscope and 20× objective (Carl Zeiss, Jena, Germany). LR density (number mm−1) was calculated by dividing total number of LRs with PR length. The experiments were performed three times with 20 samples each (n = 60).



Detection of NO Levels

Levels of NO were detected with the fluorophore, 4-amino-5-methylamino-2′-7′-difluorofluorescein diacetate (DAF-FM DA). Arabidopsis seedlings were incubated in 10 µM dye solution for 30 min, in darkness, at room temperature and washed two times with TRIS-HCl buffer (10 mM, pH 7.4) according to Kolbert et al. (2012). Stained root samples were observed under Axiovert 200M (Carl Zeiss, Jena, Germany) fluorescent microscope equipped with digital camera (Axiocam HR) and filter set 10 (excitation 450–490 nm, emission 515–565 nm) Fluorescence intensities in the PRs were measured on digital images using Axiovision Rel. 4.8 software within circles of 38 µm radii. This analysis was carried out three times with 10 root tips examined (n = 10).



Determination of S-nitrosothiol Contents

The amount of SNO was quantified by Sievers 280i NO analyser (GE Analytical Instruments, Boulder, CO, USA) according to Kolbert et al. (2019b). Briefly, 250 mg of Arabidopsis seedlings was mixed with double volume of 1× PBS buffer (containing 10 mM N-ethylmaleimide and 2.5 mM EDTA, pH 7.4) and were grounded using Fast Prep ® Instrument (Savant Instruments Inc., Holbrook, NY). Samples were centrifuged twice for 15 min (20,000 g, 4°C). The supernatants were incubated with 20 mM sulphanilamide. 250 µl of the samples was injected into the reaction vessel filled with potassium iodide. SNO concentrations were quantified with the help of NO analysis software (v3.2). Measurement of SNO levels was performed on three separate plant generations with five technical replicates in each (n = 5).



Western Blot Analysis of GSNOR Protein Abundance

Whole Arabidopsis seedlings were grounded with extraction buffer (50 mM TRIS-HCl, pH 7.6–7.8) and centrifuged (4°C, 9300 g, 20 min). Protein extract was treated with 1% proteinase inhibitor and stored at −80°C. Protein concentrations were determined using the Bradford (1976) assay.

Fifteen microliters of denaturated protein extract was subjected to SDS-PAGE on 12% acrylamide gel. Proteins were transferred to PVDF membranes using the wet blotting procedure (25 mA, 16 h). After that, membranes were used for cross-activity assays with rabbit polyclonal antibody against GSNOR (1:2,000). Immunodetection was performed by using affinity, isolated goat anti-rabbit IgG-alkaline phosphatase secondary antibody at a dilution of 1:10,000, and bands were visualized by using the NBT/BCIP reaction. Protein bands were quantified by Gelquant software (provided by biochemlabsolutions.com). Western blot was carried out on three separate protein extracts from independent plant generations, at least two times per extract.



Spectrophotometric Measurement of GSNOR Activity

The specific activity of GSNOR was measured by monitoring the NADH oxidation in the presence of GSNO at 340 nm (Sakamoto et al., 2002). Plant homogenate was centrifuged (14,000 g, 20 min, 4°C), and 100 µg of protein extract was incubated in 1 ml reaction buffer (20 mM Tris-HCl pH 8.0, 0.5 mM EDTA, 0.2 mM NADH). Data are expressed as nmol NADH min−1 mg protein−1. This measurement was performed on three separate plant generations with five technical replicates in each (n = 5).



Quantitative Real Time PCR Analysis

The expression rates of Arabidopsis genes (NIA1, NIA2, GLB1, GLB2, GSNOR1, CCD7, CCD8, D14, MAX1, MAX2) were determined by quantitative real-time reverse transcription PCR (RT-qPCR). RNA was purified from 90 mg of 7-day-old seedlings by using a NucleoSpin RNA Plant mini spin kit (Macherey-Nagel) according to the manufacturer's instruction. Furthermore, an additional DNAase digestion and purifying step was applied (ZYMO Research), and cDNA was synthetized using RevertAid reverse transcriptase. Primer3 software was used for designing primers. The primers used for RT-qPCR analyses are listed in Table S1. The expression rates of the NO- and SL associated genes were detected by quantitative real time PCR machine (qTOWER 2.0, Jena Instruments) using SYBR Green PCR Master Mix (Thermo Mix) (Gallé et al., 2009). Data were analyzed by using qPCRsoft3.2 software (Jena Instruments). Data were normalized to the transcript levels of the control samples; ACTIN2 (At3918780) and GAPDH2 (At1913440) were used as internal controls (Papdi et al., 2008). Each reaction was carried out in three replicates using cDNA synthesized from independently extracted RNAs. These analyses were performed on three separate plant generations with three technical replicates in each (n = 3).



Measurement of NO Liberation Capacity of GSNO

NO-sensitive electrode (ISO-NOP 2 mm, World Precision Instrument) was calibrated using a method of Zhang (2004). Donor solution (1 ml 250 µM GSNO in distilled water) was prepared and placed under illumination (150 µmol m−2 s−1) in the greenhouse in order to stimulate conditions similar to treatment conditions. To ensure constant mixing of the solution magnetic stirrer was applied during the measurement. NO concentration (nM) was calculated from a standard curve. The standard curve and the results are presented in Figure S2. This measurement was carried out three times with three technical replicates in each (n = 3).



Statistical Analysis

All results are expressed as mean ± SE. Graphs were prepared in Microsoft Excel 2010 and in SigmaPlot 12. For statistical analysis, Duncan's multiple range test (one-way ANOVA, P ≤ 0.05) was used in SigmaPlot 12. For the assumptions of ANOVA, we used Hartley's Fmax test for homogeneity and the Shapiro–Wilk normality test.




Results and Discussion


Root System of GSNOR- and SL Mutant Arabidopsis Seedlings

Compared to the wild-type (Col-0), the PR of gsnor1-3 mutant was by 57% shorter; its root system contained very few LRs, and consequently its LR density was low (Figure 1) indicating that GSNOR activity is necessary for normal root development (Lee et al., 2008; Holzmeister et al., 2011; Kwon et al., 2012; Shi et al., 2015). Similarly, 35S:FLAG-GSNOR1 seedlings had shortened PRs and reduced numbers of laterals resulting in WT-like LR density, and the LR primordia to emerged LR ratio was similar to that of Col-0. As for the max1-1 mutant, WT-like PR length was accompanied by increased number of emerged LRs and by consequently enhanced LR density compared to Col-0. The PR of max2-1 mutant proved to be slightly (by 14%) shorter than in Col-0 and the LR number was significantly increased. The branched root systems of max1-1 and max2-1 suggest that MAX1-dependent SL biosynthesis and MAX2-associated SL-signaling inhibit LR development as was published previously by others (Kapulnik et al., 2011; Ruyter-Spira et al., 2011). The LRprim : LRem ratio was similar in Col-0 and the mutants suggesting that SLs similarly influence both the initiation and the emergence of LRs. However, max2-1 mutant has been proven to transmit both SL and KAR signals, thus the involvement of KAR in shaping root system architecture cannot be ruled out using this mutant (Villaécija-Aguilar et al., 2019).




Figure 1 | Primary root length (mm, A), lateral root number (number root−1, B) and lateral root density (number mm−1, C) in 7-day-old Col-0, GSNOR- and SL mutant Arabidopsis lines grown during stress-free conditions. Different letters indicate significant differences according to Duncan's test (n = 60, P ≤ 0.05). (D) Representative photographs taken from 7-day-old Arabidopsis seedlings of different mutant lines grown on ½ MS medium. Bars = 1 cm.





Levels of NO and SNO in GSNOR- and SL Mutant Arabidopsis Seedlings

As shown in Figure 2, the level of NO and SNO in gsnor1-3 was higher than in Col-0, while in 35S:FLAG-GSNOR1 plants, the increased endogenous NO level was accompanied by lower SNO levels than in the WT. The origin of the high NO level in the mutants is different. In 35S:FLAG-GSNOR1, elevated nitrate content and nitrate reductase activity were observed which may result in the enhanced NO level (Frungillo et al., 2014), while in gsnor1-3 the lack of GSNOR1 leads to enhanced SNO and consequently high NO contents. Based on these, applying 35S:FLAG-GSNOR1 mutant allows to draw conclusions about nitrate-derived NO while with the help of gsnor1-3 mutant we can get information about the role of GSNOR-dependent NO removal. Moreover, the similar root system of the GSNOR mutants (Figure 1) can be explained by their high NO contents which are known to reduce auxin maximum and consequently cause PR shortening (Fernández-Marcos et al., 2011; Shi et al., 2015). In max1-1 and max2-1 significantly increased NO level and SNO content were detected compared to Col-0 (Figure 2).




Figure 2 | Nitric oxide levels (pixel intensity, A) and SNO levels (pmol mg protein−1, C) in Col-0, GSNOR- and SL mutant Arabidopsis seedlings grown during stress-free conditions for 7 days. Different letters indicate significant differences according to Duncan's test (n = 10 or 5, P ≤ 0.05). (B) Representative microscopic images showing DAF-FM DA-stained root tips of examined Arabidopsis lines. Bar = 100 µm.



Expressions of genes involved in NO metabolism (NIA1, NIA2, GLB1, GLB2) in max1-1 mutants were similar to Col-0, but all examined genes were slightly down-regulated in max2-1 (Figure 3). However, the changes were small and were not detectable in both max mutants, suggesting that these genes may not play a significant role in the regulation of NO in the absence of SLs.




Figure 3 | Relative transcript level of selected NO-associated genes (NIA1, NIA2, GLB1, GLB2) in control Col-0, max1-1 and max2-1 Arabidopsis seedlings. Different letters indicate significant differences according to Duncan's test (n = 3, P ≤ 0.05). Data were normalized using the A. thaliana ACTIN2 and GAPDH2 genes as internal controls. The relative transcript level in Col-0 control samples was arbitrarily considered to be 1 for each gene.



Higher NO levels of the max mutants may be associated with higher SNO levels. GSNOR is a key regulator of SNO metabolism (Lindermayr, 2018), thus we assumed that max mutants show differences in association with GSNOR enzyme. Although, there were no relevant differences in the rates of GSNOR1 expression in the plant lines (Figure 4A), the GSNOR protein abundance was significantly lower in max mutants compared to Col-0 (Figures 4B, C), and also the activity of the enzyme was decreased in max1-1 and max2-1 mutant seedlings (Figure 4D) which may provide the explanation for the elevated SNO and NO levels (Figure 3). These results indicate that SL (and/or possibly KAR) deficiency posttranscriptionally influence GSNOR enzyme resulting in decreased SNO/NO levels. As NO acts through SLs (and/or possibly KAR) to regulate root development, the effect of SL on GSNOR-regulated NO levels may be considered as compensatory feedback mechanism. Next, we examined the responses of GSNOR deficient and -overexpressing Arabidopsis lines to exogenous application of SL analog GR24 and SL synthesis inhibitor TIS108.




Figure 4 | Relative transcript level (A) of GSNOR1 in Col-0, max1-1 and max2-1 seedlings. (B, C) Protein abundance of GSNOR in max mutants and 35S:FLAG-GSNOR1 (as a positive control). Anti-actin was used as a loading control. (D) GSNOR activity (nmol NADH min−1 mg protein−1) in Col-0, max1-1 and max2-1 seedlings. Different letters indicate significant differences according to Duncan's test (n = 3 or 5, P ≤ 0.05).





The Effect of SL Analog and Inhibitor on Root System and NO-Associated Genes in Arabidopsis

Similar to previously published results, GR24 treatment induced PR elongation in Col-0 Arabidopsis plants (Ruyter-Spira et al., 2011; Sun et al., 2014; Marzec, 2016), while TIS108 caused 50% inhibition of it (Figure 5A). To prove the SL-specific and non-toxic effect of TIS108 on Arabidopsis root, we applied GR24 together with TIS108 on Col-0 and we included max1-1 mutant as a TIS108-resistant line (Figure S1). The max1-1 mutant proved to be less sensitive to the root growth inhibiting effect of TIS108 compared to the wild-type (Figure S1A), and GR24 partly reversed the root shortening effect of TIS108 in Col-0 (Figure S1B). These indicate that the applied concentration of TIS108 is not toxic and exerts its biological effect through SLs. In case of gsnor1-3, SL analog did not trigger PR elongation and TIS108 reduced PR length by 67% compared to the control. These suggest that the root system of gsnor1-3 is more sensitive to modifications of SL levels meaning that functional GSNOR enzyme is needed to control NO/SNO levels and to the positive effect of GR24 on PR elongation. Presumably, in case of GSNOR deficiency, NO/SNO levels are not properly regulated and high NO/SNO levels may cause PR shortening instead of elongation (Fernández-Marcos et al., 2011). The root elongation response of 35S:FLAG-GSNOR1 to SL analog or inhibitor did not differ from that of Col-0 indicating that overexpressing GSNOR enzyme or nitrate-derived NO has no effect on SL-induced elongation (Figure 5A). Treatment with GR24 resulted in reduced LRem number and unchanged LRprim number (Figure 5B) suggesting that SLs influence LR emergence but not LR initiation. In GSNOR overexpressing line, GR24-induced inhibition of LR emergence proved to be more pronounced than in Col-0. Additionally, in the stunted root system of gsnor1-3, the number of LR primordia was completely reduced by GR24. These results regarding the inhibitory effect of SL analog GR24 support previously published results (Kapulnik et al., 2011; Ruyter-Spira et al., 2011; Arite et al., 2012; De Cuyper et al., 2015; Marzec, 2016). However, without using different GR24 stereoisomers we cannot exclude the possibility that rac-GR24 may interact with KAI2 thus interfering KAR signal transduction (Scaffidi et al., 2014) and consequently influencing root development (Villaécija-Aguilar et al., 2019). In Col-0 roots, TIS108 decreased the number of both staged-LRs, but in 35S:FLAG-GSNOR1 it increased the number of LR primordia. Based on these we can assume that in case of normal GSNOR level reduced SL level inhibits LR initiation, while in the presence of increased GSNOR activity or nitrate-derived NO SL inhibition leads to the induction of LR initiation. These signal interactions may be complex and the knowledge of other contributing factors would be necessary to fully explain the observed effects. It can be a concern that the effect of the analog and the inhibitor is not always the opposite. At the same time, it is conceivable that an optimal SL level is needed for normal root growth. Increasing (by the addition of GR24) or lowering (by the addition of TIS108) the optimal SL level may result in similarly inhibited growth processes.




Figure 5 | Primary root length (mm, A), lateral root number (number root−1, B) and lateral root density (number mm−1, C) in Col-0, gsnor1-3 and 35S:FLAG-GSNOR1 Arabidopsis seedlings grown in the absence (Mock) or in the presence of GR24 (2 µM) or TIS108 (5 µM). Different letters indicate significant differences according to Duncan's test (n = 60, P ≤ 0.05).



Treatment with GR24 resulted in significantly increased NO content in Arabidopsis roots (Kolbert, 2019). As for NO-associated genes, the expressions of NIA1 and NIA2 as well as GSNOR1 didn't show any relevant modification in the presence of GR24 (Figure 6). In contrast, nitrogen regulatory protein P-II homolog (GLB1) and non-symbiotic hemoglobin 2 (GLB2) genes were upregulated by GR24. The GLB genes encode plant hemoglobins which may act as NO scavengers (Hebelstrup and Jensen, 2008; Hebelstrup et al., 2012; Mira et al., 2015). In this experimental system; however, GLB1 and GLB2 upregulation induced by GR24 did not lead to NO scavenging, but instead GR24 induced NO production (Kolbert, 2019). This seems to be an interesting contradiction that needs further research.




Figure 6 | Relative transcript level of selected NO-associated genes (NIA1, NIA2, GSNOR1, GLB1, GLB2) in Col-0 Arabidopsis grown under without (Mock) or with GR24 (2 µM) or TIS108 (5 µM). Different letters indicate significant differences according to Duncan's test (n = 3, P ≤ 0.05). Data were normalized using the A. thaliana ACTIN2 and GAPDH2 genes as internal controls. The relative transcript level in Col-0 control samples was arbitrarily considered to be 1 for each gene.





The Effect of NO Donor and Scavenger on SL-Associated Genes and Root System of Arabidopsis

We were interested also in reverse interplay, i.e., whether under- or overproduction of GSNOR enzyme affects the expression of SL-associated genes (Figure 7). The examined genes (CCD7, CCD8, MAX1) involved in the synthesis of SLs showed down-regulation in GSNOR-deficient Arabidopsis compared to Col-0. This indicates that in case of low GSNOR activity, SL biosynthesis is inhibited. This further supports the interaction between GSNO metabolism and SL production in Arabidopsis. In addition, CCD7 was down-regulated also in GSNOR overproducing 35S:FLAG-GSNOR1 seedlings. In contrast, the expressions of SL signaling genes (D14 and MAX2) were not altered by GSNOR deficiency or overproduction. However, this was not supported by pharmacological treatments (GSNO or cPTIO), because we didn't observe relevant up- or downregulation of SL-associated genes (CCD7, CCD8, MAX1, MAX2, D14) in the presence of NO donor (GSNO) or scavenger (cPTIO) treatments (Figure 8). However, Castillo et al. (2018) observed larger induction in the expression of MAX1 and MAX2 in Arabidopsis seedlings due to NO treatment. From the applied 250 µM GSNO solution approx. 220 nM NO liberated over 15 min during the same circumstances as the plant treatments took place (Figure S2).




Figure 7 | Relative transcript level of selected SL-associated genes in Col-0, gsnor1-3 and 35S:FLAG-GSNOR1 Arabidopsis seedlings grown during stress-free conditions. Different letters indicate significant differences according to Duncan's test (n = 3, P ≤ 0.05). Data were normalized using the A. thaliana ACTIN2 and GAPDH2 genes as internal controls. The relative transcript level in Col-0 control samples was arbitrarily considered to be 1 for each gene.






Figure 8 | Relative transcript level of selected SL-associated genes (CCD7, CCD8, MAX1, MAX2, D14) in Col-0 Arabidopsis grown in the absence (Mock) or in the presence of GSNO (250 µM) or cPTIO (800 µM). Different letters indicate significant differences according to Duncan's test (n = 3, P ≤ 0.05). Data were normalized using the A. thaliana ACTIN2 and GAPDH2 genes as internal controls. The relative transcript level in Col-0 control samples was arbitrarily considered to be 1 for each gene.



To further investigate this interaction, GSNO and cPTIO treatments were applied, and the responses of max mutants were examined (Figure 9). Exogenous GSNO treatment resulted in 50% root shortening in Col-0, whereas this effect was absent in max mutants suggesting that the examined SL (and KAR) mutants are GSNO-insensitive and that SLs (and/or possibly KAR) are needed for GSNO-induced root shortening. Similar results were obtained in Arabidopsis hypocotyls, where NO-triggered shortening was not observed in max1, max2 and max4 mutants (Castillo et al., 2018). According to Fernández-Marcos et al. (2011) GSNO inhibits root meristem activity through the reduction of PIN1-dependent auxin transport. Since SLs were proved to negatively regulate PIN proteins in Arabidopsis roots (Ruyter-Spira et al., 2011), we can assume that GSNO may exert its effect on PINs via inducing SL (and/or possibly KAR) synthesis and/or signaling; although the link between NO, PINs and SL (and KAR) should be clarified by future research. The NO scavenger cPTIO shortened PRs to a similar extent in all three plant lines (Col-0, max1-1, max2-1). Moreover, GSNO inhibited LR initiation and slightly increased LR emergence of Col-0, while cPTIO supplementation decreased the number of both types of LR. In max1-1 and max2-1 seedlings, LR emergence seemed to be insensitive to NO donor or scavenger. However, GSNO treatment caused reduction in the number of LR primordia of the max1-1 mutant, and cPTIO treatment decreased LR initiation in both max mutants. Just like the matching effects of SL analog and inhibitor, the effects of NO donor and scavenger proved also to be often similar to each other, indicating the necessity of an optimal NO level for optimal root development.




Figure 9 | Primary root length (mm, A), lateral root number (number root−1, B) and lateral root density (number mm−1, C) in Col-0, max1-1, max2-1 Arabidopsis seedlings grown in the absence (Mock) or in the presence of GSNO (250 µM) or cPTIO (800 µM) for 3 days. Different letters indicate significant differences according to Duncan's test (n = 20, P ≤ 0.05).






Conclusion

The majority of the articles dealing with SL–NO interplay uses pharmacological approach and focuses on the root system of crops grown with special nutrient supply (excess nitrate or nitrogen- or phosphor deficiency). This study combines molecular biological and pharmacological approaches in order to reveal interactions between NO and SLs as growth regulating signals in the model plant Arabidopsis thaliana grown in stress-free conditions. As this study used max2-1 mutant and rac-GR24, the observed effects might be non-specific to SL signaling, and the involvement of KAR signal pathway in this system cannot be ruled out. We observed for the first time that SL (and/or KAR)-deficiency resulted in elevated NO and SNO levels due to decreased GSNOR protein abundance and activity indicating that there is a signal interaction between SLs (and/or KAR) and GSNOR-regulated levels of NO/SNO. This was further supported by the down-regulation of SL biosynthetic genes (CCD7, CCD8 and MAX1) in gsnor1-3 containing elevated NO/SNO levels. Based on the more pronounced sensitivity of gsnor1-3 to GR24, we suspected that functional GSNOR is needed to control NO/SNO levels during SL (and/or KAR)-induced PR elongation. Furthermore, SLs (and/or KAR) may be involved in GSNO-regulated PR shortening as suggested by the relative insensitivity of max1-1 and max2-1 mutants to exogenous GSNO. Collectively, our results indicate for the first time a connection between SL (and/or KAR) and GSNOR-regulated NO/SNO signals in Arabidopsis thaliana roots. Future studies should reveal the SL- or KAR-specificity of interactions with NO using d14 and kai2 mutants and GR24 stereoisomers. In the future, the possible involvement of auxin signaling as a common interacting factor of NO and SL during root development should also be examined. Additional research efforts should focus on the possible role of NO-dependent posttranslational modifications (S-nitrosation, tyrosine nitration) in relation to SL-regulated plant development.
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Reactive nitrogen species (RNS) are universal compounds that are constantly present in plant cells. RNS function depends on their actual level (the “nitrosative door” concept), duration of plant exposure to RNS and the context of the exposure. RNS are involved in the nitration of nucleic acids and fatty acids, posttranslational protein modifications (nitration and S-nitrosylation), and modulation of reactive oxygen species metabolism. RNS are regulatory molecules of various physiological processes in plants, including seed formation, maturation, dormancy and germination. The free radical theory of aging, well documented for animals, indicated that RNS participate in the regulation of the life span. Some data point to RNS contribution in preservation of seed vigor and/or regulation of seed longevity. Seed aging is a problem for biologists and agriculture, which could be solved by application of RNS, as a factor that may potentially expand seed vitality resulting in increased germination rate. The review is focused on RNS, particularly nitric oxide contribution to regulation of seed aging.
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Introduction

Climate change causes weather extremes that influence plant mortality therefore, impacts biodiversity. Seed quality has an important bearing on the fate of the whole plant, and its development and lifespan. Seeds are the basis of plant production, the ultimate source of all food for humans and animals. The quality of seeds strongly influences the growth of the mature plants and determines their survival under environmental stress conditions.

The typical length of time that a seed survives (lifespan) varies among plant species. Seed longevity describes the length of time that seeds can remain viable and is an important factor for seedbanks in soil, seeds stored in warehouses, and the industries of seed production and sale (Walters et al., 2010; Sano et al., 2016). Moreover, seed lifespan is imprinted in the genes and influences efforts to preserve gene diversity in seedbanks (Walters et al., 2010).

Seed longevity depends on internal and external factors (Sano et al., 2016). First of all, it is governed by the ability of seeds to withstand desiccation during maturation. Recalcitrant-type seeds are intolerant of water loss and are the most sensitive to aging, which is a major problem in their storage. Orthodox-type seeds are able to withstand low water content and are characterized by decreased metabolic activity. During long-term storage, seed longevity is determined by internal moisture content, external humidity, temperature, and oxygen pressure (Walters et al., 2010; Sano et al., 2016). Inappropriate storage conditions reduce seeds’ viability, and/or ability to germinate. Therefore, seed aging is associated with a reduction in longevity, mostly due to disturbances in metabolism and accumulation of harmful metabolites. Commonly, seed aging is associated with a loss of membrane integrity, modifications of nucleic acids, DNA degradation, impairment of protein and RNA synthesis, decreased energy metabolism (El-Maarouf-Bouteau et al., 2011 and citation therein; Corbineau, 2012). Furthermore, uncontrolled reactive oxygen species (ROS) generation, and inefficient antioxidant machinery are involved in the loss of seed vigor and viability (Bailly et al., 2008) (Figure 1A).




Figure 1 | RNS application to maintain seed quality in aged seeds subjected to controlled deteriorated treatment (CDT) mitigates reduction of endogenous NO level. (A) A decrease in seed vigor during the aging process is induced by CDT. Seed aging is linked to ROS accumulation, due to impaired ROS generation and ROS scavenging by the antioxidant system, decreased GSH pool and GSH/GSSG ratio (Bailly et al., 2008; Ratajczak et al., 2019), disturbances in phytohormonal balance—decreased ethylene and ABA level (Sano et al., 2016) and down-regulation of the proteins involved in glycolysis, tricarboxylic acid (TCA) cycle, the electron transport chain (ETC) and oxidative phosphorylation (Xin et al., 2011). (B) The application of nitric oxide (NO) or NO donors before CDT activates protecting mechanisms that prevent the reduction of seed vigor. NO pre-treatment of the seeds subjected to CDT improves their quality by (i) increasing of GSH level and GSH/GSSG ration, (ii) up-regulation of the expression of genes encoding γ-glutamylcysteine synthetase (γGCS), glutathione synthetase (GS), glutathione S-transferase (GST), glutathione peroxidase (GPx), (iii) stimulation of methionine metabolism due to up-regulation of the transcription of the genes encoding S-adenosyl-L-methionine synthetase (SAMS) and 1-aminocyclopropane-1-carboxylic acid synthase (ACS) enzymes of ethylene biosynthetic pathway (He et al., 2018). (C) The application of NO or NO donors during CDT improves seed vigor by inducing processes that lead to the initiation of repair of oxidative damages, mainly in mitochondria. NO stimulates (i) activity of enzymatic antioxidant system in mitochondria: catalase (CAT), glutathione reductase (GR), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR) (ii) leading to decreased H2O2 content in aged seeds, (iii) improves also mitochondrial function in aged seeds by enrichment of some proteins of TCA cycle: succinate-CoA ligase (ADP-forming) subunit and fumarate hydratase (Mao et al., 2018).



Seed aging is rather a slow process in the majority of plant species. Thus, artificial seed deterioration, including controlled deterioration treatment (CDT) or accelerated aging, are frequently applied in laboratory practice using established protocols (Bailly et al., 2008; El-Maarouf-Bouteau et al., 2011). Both treatments are based on application of sub-optimal conditions: elevated temperature and high humidity. The difference between CDT and accelerated aging is that during CDT seeds are imbibed to a precise water content prior to the warm temperature treatment (Corbineau, 2012). Such treatments are commonly performed to accelerate aging and produce uniformly aged seeds that are easy to examine and compare in scientific research. However, specific conditions of CDT cause some differences between artificially and naturally aged seeds. The present review addresses the role of reactive nitrogen species (RNS) in the regulation of aging in seeds, mostly in the context of CDT application.



A Brief Introduction into Nitric Oxide (NO) Cellular Sources and Biosynthesis in Plants

For a long time, NO was recognized mainly as a pollutant of anthropogenic origin. Thereafter, it was discovered to be important in many physiological processes. NO was hailed as the “Molecule of the Year” by the journal Science in 1992. Experiments to discover NO biochemistry and its mode of action in living organisms were intensified after the 1998 Nobel Prize in Physiology and Medicine awarded for work on NO as a signaling molecule in the cardiovascular system. It was demonstrated that NO is emitted by plants, a discovery that launched 40 years of intensive research. The fine scheme of the milestone publications related to NO study in plants was done by Kolbert et al. (2019) and Del Castello et al. (2019).

NO, and compounds that are formed from the interaction of NO with oxygen or superoxide anion (O2•−) known as reactive nitrogen species (RNS), are generated in almost every cellular compartment (Durzan and Pedroso, 2002 and citation therein).

Biochemistry of NO is linked to the formation of its different redox forms: nitrosonium cation (NO+), nitric oxide (•NO), and nitroxyl anion (NO−). In aqueous solution O2•−, which belongs to ROS, rapidly reacts with NO and gives rise to peroxynitrite (ONOO−) and its protonated form—peroxinitrous acid (ONOOH) (Stamler et al., 1992 and citation therein; Durzan and Pedroso, 2002 and citation therein). NO also reacts with transition metal ions and other free radicals, and therefore it functions as an important regulator of metabolic processes (Stamler et al., 1992 and citation therein).

NO is synthesized via enzymatic and non-enzymatic pathways, which can be assigned to oxidative and reductive pathways. The best characterized and most acceptable enzymatic pathway of NO biosynthesis is a reaction catalyzed by nitrate reductase (NR) (Mohn et al., 2019). A recent report points on the primary function of the NIA1 isoform of NR as an NO-producing enzyme in Arabidopsis (Mohn et al., 2019). Moreover, some other molybdenum cofactor (Moco) containing enzymes are proposed to be involved in NO synthesis or homeostasis (Bender and Schwarz, 2018). An open question is whether higher plants possess an enzyme that is homologous to the mammalian NO synthase (NOS). The only known case of such an enzyme in the plant kingdom was found and extensively examined in a green alga, Ostreococcus tauri (Foresi et al., 2010). Although NOS-like activity (a reaction requiring all the cofactors and co-substrates of the mammalian NOS) has been measured in higher plants, no NOS homologues in genomes or transcriptomes of land plants were found in available databases (Kolbert et al., 2019). Doubts about the presence of L-arginine and the oxygen-dependent enzyme responsible for NO formation (like in mammalian NOS) led to the proposal that the term “NOS-like” be renamed “nitric oxide generating (NOG)” (Hancock and Neill, 2019).

The main non-enzymatic source of NO, and other reactive molecules derived from NO, is nitrite. Under acidic conditions, nitrite is protonated to nitrous acid (HNO2), which undergoes decomposition into different nitrogen oxides (NOx), depending on the redox state of the local environment of the reaction (Yamasaki, 2000; Rocha et al., 2011). The rate of NO release from nitrite is increased in the presence of a mild reductants (e.g., ascorbic acid) (Yamasaki, 2000).

In seeds, only a few pathways of NO generation are discussed. During germination, NO production is thought to start shortly after imbibition and to correlate with oxygen depletion (Bykova et al., 2015). Under low oxygen conditions, mitochondria are one of the main producers of NO in plant cells (Gupta et al., 2011); therefore, the mitochondrial electron transport chain could be a potential source of NO in seeds at early stages of germination. The non-enzymatic reduction of nitrite to NO has been demonstrated in the apoplast of the aleurone layers of germinating barley (Hordeum vulgare L.) caryopsis (Bethke, 2004).

The lowered oxygen concentration in germinating seeds promotes NO formation by NR. This pathway was confirmed in sorghum (Sorghum bicolor L.) and tomato (Solanum lycopersicum L.) seeds (Simontacchi et al., 2004; Lara et al., 2014).

Another putative mechanism of NO synthesis in oxygen-limiting conditions is a reaction catalyzed by xanthine oxidoreductase (Godber et al., 2000). During the first stages of germination, due to limited oxygen access, the oxidative routes of NO biosynthesis (hydroxylamine oxidation, NOS-like pathway) are unlikely. However, after the radical protrusion these pathways can be prevailing.



NO—A Crucial Regulator of Seed Germination and Plant Senescence

NO plays a beneficial role as the universal regulatory molecule in plant physiology. In seed biology, its function is concentration-dependent and can be described by the model of the “nitrosative door” (Krasuska et al., 2015a), which is comparable to the concept of “oxidative window for germination” associated with critical range of ROS level (Bailly et al., 2008). Many previous studies have indicated the importance of NO in the regulation of seed dormancy and the transition from a dormant to non-dormant state (Šírová et al., 2011; Arc et al., 2013a; Bykova et al., 2015). The NO mode of action and its cross-talk with plant hormones in seeds have also been previously summarized (Arc et al., 2013b; Krasuska et al., 2015a; Sanz et al., 2015). Therefore, there is no doubt that NO is the modulator of seed germination, and the positive effect of this molecule on dormancy breakage has been observed. NO and its donors were used to break seed dormancy, or accelerate germination and improve the vigor of developing seedlings (He et al., 2014; Shams et al., 2018). Exogenous NO is also used in seed stratification treatment (Liu et al., 2019) to promote dormancy alleviation and enable faster germination.

At the molecular level, RNS are responsible for S-nitrosylation, tyrosine and tryptophan nitration of proteins, as well as nitration of fatty acids and nucleic acids (Corpas et al., 2015; Mata-Pérez et al., 2017; Arasimowicz-Jelonek and Floryszak-Wieczorek, 2019). Although such changes may constitute an integral signal transduction mechanism, in excess they cause degenerative processes linked to senescence, accelerated aging, or even cell death.

Evidence was provided that NO could be involved in the regulation of plant senescence. Treatment of soybean (Glycine max L.) cotyledons with NO deferred their aging via (among other effects) the stabilization of photosynthetic pigments (Jasid et al., 2009). In leaves, RNS contribute to the senescence process via interaction with ROS (Hung and Kao, 2003). Low level of NO caused by the expression of bacterial NO dioxygenase (NOD, the enzyme that converts NO into nitrate in the presence of oxygen) in Arabidopsis led to a senescence-like phenotype (Mishina et al., 2007). Fumigation of NOD-type plants with NO reduced the senescence phenotype, indicating that RNS delay senescence in leaves. There are no NODs in plants, nevertheless, the action of this enzyme is comparable to the hemoglobins’ (Hbs) (Gardner et al., 1998). Plants nonsymbiotic Hbs (nHbs) decrease NO concentration (Perazzolli et al., 2004; Igamberdiev et al., 2011). There is a high probability that dioxygenase reaction of the system involving nHbs may also regulate plant senescence.



RNS in Seed Aging

An imbalance in cellular homeostasis and the time-dependent persistent alterations in the structure and function of biomolecules lead to the accumulation of cellular damages. These changes are universal features of aging in all living organisms, and they have been observed in aged seeds. Seed deterioration is a progressive, irreversible decrease in seed longevity accompanied by alterations of the nucleic acid structure (DNA fragmentation, chromosomal aberration, telomere length change, DNA methylation), lower capacity of the antioxidant system, and loss of membrane integrity. Deterioration process is also linked to the protein inactivation due to a variety of mechanisms, including non-enzymatic glycation through Amadori–Maillard reactions, oxidation of sulfhydryl groups, conversion of amino acids within the protein leading to partial folding or unfolding, dissociation to monomers or subunits, and condensation to polymers (El-Maarouf-Bouteau et al., 2011; Hu et al., 2012; Fu et al., 2015).

The loss of seed vigor is manifested in a reduced germination rate, reduced number of seedlings, and increased number of abnormal seedlings. In laboratory conditions acceleration of seed aging is obtained through application of different aging treatments e.g. CDT. CDT was used in studies focused on establishing the role of RNS in the maintenance of seed quality. He et al. (2018) investigated NO action in the regulation of aging in elm (Ulmus pumila L.) seeds induced by CDT (37°C and 100% relative humidity). CDT decreased the vigor of seeds to 50% after 2 days, but application of sodium nitroprusside (SNP) before CDT supported high vigor (Figure 1B). Furthermore, the treatment of elm seeds with SNP before CDT significantly increased their germination rate. A burst of NO was observed at the beginning of the CDT aging of seeds, and the endogenous NO content decreased as CDT progressed (He et al., 2018).

Similar data were reported for apple (Malus domestica Borkh.) embryos isolated from warm stratified seeds (subjected to accelerated aging). The maximum level of NO emissions occurred after 21 days of the treatment and was followed by the decline of NO emissions to the 70th day (Dębska et al., 2013). In general, apple seeds require a long period (3 months) of cold stratification for dormancy alleviation. Apple embryos that germinated after seeds were aged by warm stratification formed fewer seedlings, which also had developmental malformations (Dębska et al., 2013). It was previously demonstrated that developmental abnormalities can be reversed after NO fumigation (Krasuska et al., 2015b).

Oxidative damages due to the excessive formation of ROS are widely accepted to be the major contributors to seeds deterioration leading to their aging (Bailly et al., 2008; Kurek et al., 2019). Detoxification mechanisms, including antioxidant metabolites and enzymes responsible for modulation of the ROS content, limit oxidative damages to proteins, lipids, and nucleic acids. Therefore, NO plays a role in the regulation of aging in seeds by counteracting ROS generation and stimulating the antioxidant system (Figures 1B, C). ROS have many deleterious effects on mitochondrial membranes, resulting in the release of cytochrome c into the cytosol to activate apoptotic cell death during the loss of seed viability (reviewed by Fu et al., 2015). Mitochondrial DNA is susceptible to ROS-induced damages, which lead to dysfunction of the organelles and are considered to be a major component of seed aging.

Mao et al. (2018) described the accumulation of H2O2 in mitochondria in artificially aged oat (Avena sativa L.) seeds that exhibited low vigor. The application of SNP to aged oat seeds had a protective effect, improving seed vigor and increasing ROS scavenging ability in mitochondria (Figure 1C). Higher activities of catalase, glutathione reductase, monodehydroascorbate reductase, and dehydroascorbate reductase in the ascorbate–glutathione (AsA–GSH) antioxidant system were also noticed. The activity of mitochondrial complex IV in the aged oat seeds decreased, but after application of NO, the activity increased to the level found in a non-aged caryopsis (Mao et al., 2018). This was a striking finding, because NO is considered an inhibitor of cytochrome c oxidase. Mao et al. (2018) suggested that alternative oxidase was stimulated by NO, which may partly explain the decline in ROS production. In addition, protein abundance levels of some tricarboxylic acid cycle (TCA) enzymes, succinyl-CoA ligase and fumarate hydratase, in mitochondria from aged oat seeds increased after SNP treatment (Figure 1C). Thus, it was proposed that the NO treatment of aged seeds, could increase the capacity of some reactions of the TCA cycle and also the AsA–GSH cycle, leading to a lowering of the mitochondrial H2O2 content (Mao et al., 2018). GSH is a marker of seed vigor, and a low GSH/GSSG ratio is linked to seed aging and loss of vigor (Kranner et al., 2006) (Figure 1A). SNP pre-treatment of elm seeds subjected to CDT induced the expression of genes that encoded enzymes of the glutathione biosynthetic pathway and led to an increased level of GSH, which can protect seeds from oxidative damages resulting from ROS over-accumulation (He et al., 2018).

The vigor of aged seeds depends on ethylene emission and seeds’ sensitivity to this hormone (Siriwitayawan et al., 2003). The physiological state and germination potential of seeds are linked to ethylene-NO cross-talk, ethylene biosynthesis, and signaling (Arc et al., 2013b). The interaction of NO and ethylene during dormancy release in apple embryos was demonstrated (Gniazdowska et al., 2010). Embryos sensitivity to this hormone (regarded as a beneficial germination factor) increased after short-time fumigation with NO. In the context of seed aging, it was shown that pre-treatment of elm seeds (before CDT) with NO donors (SNP, GSNO) prevented a drastic decrease of expression in genes encoding ethylene biosynthesis enzymes: S-adenosyl-L-methionine (SAM) synthetase and 1-aminocyclopropane-1-carboxylic acid (ACC) synthase (ACS) (He et al., 2018) (Figure 1B). Taking into account that, on one hand, ethylene promoted germination of Arabidopsis seeds subjected to salinity stress (which induced oxidative stress), but on the other hand, SNP upregulated ACS2 expression, resulting in a lower H2O2 level (Lin et al., 2013), it appears that the NO-ethylene synergistic interaction delays seed aging caused by oxidative stress.

In contrast, high ethylene emission typically occurs during senescence of leaves or petals and during fruit ripening (Li et al., 2013). ACC in the presence of NO can be converted via non-enzymatic reaction to ethylene (Gniazdowska et al., 2010). This raises the question whether an over-accumulation of RNS and ROS could stimulate non-enzymatic ethylene emission during seed aging (even during dormancy), which may accelerate deterioration.

SAM is the metabolite that links biosynthesis of NO, ethylene, and polyamines (PAs) (Krasuska et al., 2014; Krasuska et al., 2016). PAs are regulators of plant growth and development that also modulate seed aging. Their content generally decreases during seed aging (Matilla, 1996), and they are known to maintain vigor and viability during accelerated aging (Yalamalle et al., 2019). A reduction in the PAs level seems to be a significant prelude to senescence signals (Chen et al., 2019). In contrast, germination of apple embryos induced by NO fumigation was associated with increased activity of polyamine oxidase (PAO) (Krasuska et al., 2014). Conversion of spermine by PAO results in liberation of H2O2, the key molecule for seed dormancy breakage. Thus, NO-stimulated catabolism of PAs in seed aging is unwelcome, while NO-dependent H2O2 formation due to an enhancement of PAO activity may be beneficial during seed germination. However, prolonged NO action could be potentially destructive because it stimulates the generation of harmful ROS. So again, whether NO plays a positive or negative role in seed biology, including acceleration of aging, is concentration- and time-dependent.

Seed germination, vigor, and aging were linked to ABA control (Arc et al., 2013b). In dormant apple embryos, NO fumigation reduced sensitivity to ABA (Gniazdowska et al., 2007) as well as expression of the transcription factor abscisic acid insensitive 5 (ABI5) (Andryka-Dudek et al., 2019). Schausberger et al. (2019) used seeds of two lines of Chinese kale (Brassica oleracea L.) with different ABA content to show that a low endogenous ABA level increased sensitivity of seeds to artificial aging. In ABA-deficient or insensitive Arabidopsis mutants, reduction of seed longevity was clearly associated with a lack of dormancy (Sano et al., 2016).

NO participates in post-translational protein modifications (PTMs), including S-nitrosylation of proteins, which was suggested to play a beneficial role in seed germination. In Arabidopsis seeds, S-nitrosylation of ABI5 promoted germination by stimulating ABI5 protein degradation (Albertos et al., 2015). Furthermore, markedly decreased levels of SNO-proteins during prolonged seed aging can be recognized as a signal for selective protein degradation, similar to that observed for ABI5 (Albertos et al., 2015). Protein S-nitrosylation is a reversible PTM that was shown to enhance the activities of antioxidant enzymes, thereby reducing cellular ROS levels. Therefore, S-nitrosylation can indirectly protect against uncontrolled protein carbonylation (an irreversible PTM occurring as a reaction to oxidative stress) (Bai et al., 2011). It was demonstrated in recalcitrant Antiaris toxicaria Lesch. seeds, that pre-treatment with NO stimulated germination by causing S-nitrosylation of antioxidant enzymes, which modified their activities (Bai et al., 2011).

In elm seeds, S-nitrosylated proteins were accumulated at an early stage of aging (He et al., 2018). The study of He et al. (2018) showed that S-nitrosylation in elm seeds affected proteins of carbohydrate metabolism that participate in glycolysis, the mitochondrial TCA cycle, and pentose phosphate pathways. The authors concluded that S-nitrosylation, and therefore NO signaling, can be one of the mechanisms involved in regulation of deterioration process in seeds.



Conclusions

Aging leads to a decrease in the quality of seeds (Figure 1A), which limits not only agricultural production but also the preservation of global biodiversity. Studies aiming to understand the mechanisms underlying seed aging and the associated decrease in seed quality employ the artificial accelerated aging approaches that allow to obtain a pool of equally aged seeds. Treatments that effectively protect seeds against aging or prevent seed deterioration require further evaluation.

NO and other compounds belonging to the RNS family appear to mitigate the negative effects of seed aging. Treatment of seeds with NO or NO donors before induction of aging, or at the initial stages of aging (Figures 1B, C), activates the antioxidant system, which delays or prevents the initiation of mechanisms that induce aging. The application of NO donors at some stages of the aging process activates defence mechanisms (e.g., reversible redox PTMs, AsA–GSH cycle), which lead to an improvement in seed quality (Figure 1C), even if the aging process was activated earlier. Although evidence has been provided that NO can partially prevent seed deterioration caused by aging, its application in the seed industry requires further research.
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Advances in next-generation sequencing technologies facilitate the study of plant molecular functions in detail and with precision. Plant genome and proteome databases are continually being updated with large transcriptomic or genomic datasets. With the ever-increasing amount of sequencing data, several thousands of genes or proteins in public databases remain uncharacterized, and their domain functions are largely unknown. Such proteins contain domains of unknown function (DUF). In the present study, we identified 231 upregulated and 206 downregulated DUF genes from the available RNA-Seq-based transcriptome profiling datasets of Arabidopsis leaves exposed to a nitric oxide donor, S-nitroso-L-cysteine (CysNO). In addition, we performed extensive in silico and biological experiments to determine the potential functions of AtDUF569 and to elucidate its role in plant growth, development, and defense. We validated the expression pattern of the most upregulated and the most downregulated DUF genes from the transcriptomic data. In addition, a loss-of AtDUF569 function mutant was evaluated for growth, development, and defense against biotic and abiotic stresses. According to the results of the study, AtDUF569 negatively regulates biotic stress responses and differentially regulates plant growth under nitro-oxidative stress conditions.
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Introduction

Nitric oxide (NO) is a gaseous and highly reactive free radical involved as a signaling molecule in vital physiological processes in both animal and plant cells. Over the past few decades, various functional aspects of NO in animal and plant cell biology have been explored and described. NO in plants has increasingly emerged as an essential molecule involved in diverse plant functions, such as seed germination, growth, and development, plant defense, iron homeostasis, biotic and abiotic stresses, senescence, and cell death (reviewed by Domingos et al., 2015; Nabi et al., 2019) signaling pathways of indole acetic acid, abscisic acid (ABA), and other plant hormones (García-Mata and Lamattina, 2002; Pagnussat et al., 2003). Despite the importance and involvement of NO in diverse plant functions, its origin and mechanism of production in higher plants remain largely elusive.

One of the key roles of NO in the regulation of protein function is through posttranslational modifications such as S-nitrosation (or S-nitrosylation) and tyrosine nitration (Stamler et al., 1992; Greenacre and Ischiropoulos, 2001). Chief among them is S-nitrosation, the covalent attachment of NO to exposed cysteine residues of proteins to form S-nitrosothiols (Stamler et al., 1992). Such protein modification has been reported to play critical roles in cellular processes, enzyme pathways, protein–protein interactions, and protein localization (Tada, 2008; Wang et al., 2009; Yun et al., 2011).

In the current genomic era, advances in sequencing technologies are generating vast quantities of data at the transcriptomic and genomic levels. Although the genomes of several mammals, higher plants, and microbial species have been sequenced and annotated, several genes remain uncharacterized, and their biochemical and biological functions, in turn, remain unknown. Such uncharacterized proteins are deemed as proteins having domains of unknown function (DUF) and have been categorized in the Pfam database as a protein family with no functional annotation (Bateman et al., 2010; Finn et al., 2016; El-Gebali et al., 2019). Despite extensive research, DUF is one of the largest families in the Pfam database, representing more than 22% of the entire domains in the Pfam database, with approximately 4,000 DUFs that are poorly understood (Bateman et al., 2010; Finn et al., 2016).

Studies suggest that DUF domain-containing proteins play a vital role in plant stress responses. For instance, in wheat, the DUF622 domain-containing TaSRG (Triticum aestivum salt response gene) increased salt tolerance in overexpressed transgenic Arabidopsis and influenced gene expression levels under salt stress in rice (He et al., 2011). Similarly, in Arabidopsis, ABA and drought-induced ubiquitin ligase genes, AtRDUF1 and AtRDUF2 (RING-DUF1117E3), regulate ABA signaling and drought stress, while single and double knockout (KO) mutants of AtRDUF1 and AtRDUF2 exhibited reduced tolerance to ABA-mediated drought stress when compared with the wild type (WT) plants (Kim and Kim, 2013). Similarly, in another study on rice plant, Cui et al. (2016) reported that DUF1645 was upregulated in response to various stress factors and conferred improved drought tolerance when overexpressed.

Furthermore, negative regulation of DUF genes has also been reported. For example, in rice, the DUF966 domain-containing OsDSR2 encodes a protein that negatively regulates responses to salt and simulated drought stress, along with ABA signaling (Luo et al., 2014). Recently, the functions and expression levels of various members of the rice OsDUF866 family (OsDUF866.1–4) were analyzed (Li et al., 2017). Reports suggested that OsDUF866.1 positively regulated heat stress tolerance, while OsDUF866.2 expression decreased discernibly following exposure to drought conditions. OsDUF866.3 was highly expressed in response to drought and cold stress and decreased under heat stress, while OsDUF866.4 expression was upregulated under cold and heat stress and decreased under drought stress. In addition, the roles of other DUF genes in rice, such as OsDUF872, OsDUF829, and OsDUF946, have been described (Li et al., 2017; Li et al., 2018a; Li et al., 2018b).

Microarray and RNA-seq mediated transcriptome analyses have made it convenient to predict the global changes in gene expression in a particular genotype. A number of transcriptome analyses in response to various stress conditions have been conducted including H2O2-mediated oxidative stress (Desikan et al., 2001), ozone (Xu et al., 2015) cold, drought and oxidative stress (Sham et al., 2014). Nitrosative stress-induced changes in transcriptional regulation have been studied extensively. Microarray or RNA-Seq profiling has revealed several key genes with differential expression in response to 1 mM S-nitrosoglutathione (GSNO) and 0.1 and 1.0 mM sodium nitroprusside (SNP) in Arabidopsis (Parani et al., 2004; Begara-Morales et al., 2014). At the same time, such transcriptome data revealed several genes with unknown functions, which have exhibited differential expression in response to nitrosative stress. In our previous study involving Arabidopsis leaves, 1 mM S-nitroso-L-cysteine (CysNO)-mediated RNA-Seq-based transcriptome analysis revealed the differential expression of several thousand of genes (Hussain et al., 2016). In the present study, we identified approximately 440 DUF genes that exhibited differential responses to CysNO, including 235 upregulated and 205 downregulated genes in Arabidopsis thaliana, using high-throughput RNA-Seq data. We subsequently characterized them by in silico analysis to decipher any putative roles of the genes. In addition, we also studied the biological role of AtDUF569 in plant growth, development, and defense, using a functional genomics study. Our aim was to identify and characterize NO-induced genes encoding DUFs, with an emphasis on AtDUF569.



Materials and Methods


Transcriptome-Wide Identification of DUF Genes and Validation of RNA-Seq Data

In a previous study, we reported approximately 6436 differentially expressed genes (DEGs), among which 440 were identified as containing DUFs (Hussain et al., 2016). The DUF name is assigned based on the functional annotation information. When the function of the protein has not been determined, it is deposited in the Pfam database (El-Gebali et al., 2019). Such proteins/genes are commonly termed DUFs (Bateman et al., 2010; Punta et al., 2012). All the 440 DUF domain containing DEGs exhibited significant (p ≤ 0.05) differential expression in response to 1 mM CysNO. The list of the DUF domain-containing DEGs was examined carefully for any duplicate values. To visualize the differential expression of the DUFs between the CysNO-treated and the untreated (control) samples, a heatmap with hierarchical clustering presented as a dendrogram was generated using R version 3.3.1.R (https://www.r-project.org/) using the fragments per kilobase of transcript per million mapped read (FPKM) values.

To validate the RNA-Seq data of the upregulated and downregulated DEGs qRT-PCR was performed as described previously (Imran et al., 2018a). Briefly, total RNA was extracted from A. thaliana leaf samples 6 h after 1 mM CysNO infiltration. The cDNA was synthesized using Biofact RT kit (BioFACT™, Korea) according to the manufacturer’s standard protocol. A two-step qRT-PCR reaction was performed using 2× Real-Time PCR Master mix (including SYBR Green I; BioFACT™) in an Illumina Eco Real-Time PCR system (Illumina™, USA). The PCR conditions were initial denaturation at 95°C for 15 min, followed by 40 cycles at 95°C for 20 s and 60°C for 40 s. The fold change in transcript accumulation of the selected genes was compared with that of the RNA-Seq data. Pearson’s correlation coefficient (R) for both data sets was calculated using MS Excel 2016 (Microsoft Corp., Redmond, WA, USA). The primers used in the present study are listed in Table S1.



Functional Annotation and Gene Ontology Analysis of DUF Genes

To determine the NO-induced DUF genes, we used the Phytozome database (https://phytozome.jgi.doe.gov/pz/portal.html) to find the corresponding pathways and biological information. The CysNO-induced DUF domain-containing DEGs were analyzed for associated Gene Ontology (GO) terms that describe biological processes, molecular functions, and cellular components through the PANTHER v14.1 (http://pantherdb.org) web interface, using the applicable search field and A. thaliana selected as the organism. The “statistical overrepresentation test” was selected, and the rest of the analyses were performed using default settings. Only the GO terms with significant (p < 0.05) fold enrichment were selected, and pie charts were constructed for visualization using MS Excel 2016.



Promoter Analysis

To forecast the putative regulatory role of NO-responsive DUF genes, we obtained the promoter sequences 1 kb upstream of the transcription initiation site of the selected NO-responsive Arabidopsis DUF genes from The Arabidopsis Information Resource Center (TAIR) (https://www.arabidopsis.org/). The retrieved sequences were analyzed for potential cis-regulatory elements through the web-based MatInspector tool (https://omictools.com/matinspector-tool) with default settings. Only the transcription factor (TF) binding sites vital in plant regulatory responses to biotic and abiotic stresses were selected for visualization.



Phylogenetic Analysis

To examine the evolutionary relationship of the NO-responsive DUF DEGs, a list of 18 DUF DEGs including 10 upregulated and 8 downregulated (two downregulated genes were transposons) was used as query in Phytozome against rice (Oryza sativa), soybean (Glycine max), wheat (Triticum aestivum), maize (Zea mays) and tomato (Solanum lycopersicum). The protein sequences of these orthologs were retrieved from Phytozome web interface (https://phytozome.jgi.doe.gov/phytomine/begin.do) and aligned using ClustalW in Mega 7 (Kumar et al., 2016), the resultant alignment was used to make phylogenetic tree using maximum likelihood based on JTT matrix-based model (Jones et al., 1992) with bootstrap value of 1,000 replicates. All of the positions with less than 95% site coverage were eliminated; that is, fewer than 5% alignment gaps, missing data, and ambiguous bases were allowed at any position. MEGA 7.0 (Kumar et al., 2016) was used for the analysis.



Plant Material and Growth Conditions

The seeds of WT A. thaliana (ecotype Col-0) and the mutant line atduf569 (AT1G69890) were obtained from the Nottingham Arabidopsis Stock Centre (NASC; http://arabidopsis.info/). In addition, atgsnor1-3 knockout mutant was used as disease susceptible control due to its established role in plant immunity (Feechan et al., 2005). Similarly, the atsid2 mutant deficient in the SA pathway was used as a control for SA-mediated defense pathway, and atcat2, a high H2O2-producing mutant deficient in AtCATALASE2 gene (AT1G74710; Hu et al., 2010) was used as susceptible controls for the nitro-oxidative stress assay and biotic stress-related experiments. Plants homozygous for T-DNA insertion were identified through genotyping using PCR with the T-DNA left border primers and gene-specific primers obtained from Signal Salk (http://signal.salk.edu/tdnaprimers.2.html; Figure S1, Table S1). The PCR conditions were an initial denaturation at 94°C for 2 min, followed by 30 cycles of 94°C for 20 s, 58°C for 30 s, 72°C for 1 min, and a final extension at 72°C for 5 min. The confirmed homozygous mutant line was used for experimental biological evaluation after collecting the seeds in bulk. All the seeds were surface-sterilized using 50% bleach (commercial bleach) with 1% (v/v) Triton X-100 added, for about 1–2 min. After rinsing five times, the sterilized seeds were incubated in sterile water and stratified overnight at 4°C for uniform germination before sowing either on half-strength Murashige and Skoog (MS) medium (Murashige and Skoog, 1962) or soil.



Nitro-Oxidative Stress Assay

The responses of AtDUF569 (AT1G69890) to nitro-oxidative stress in plants were evaluated as described by Imran et al. (2016). Briefly, for nitro-oxidative stress conditions, Col-0 (WT), atgsnor1-3 (AT5G43940), atcat2 (AT1G74710), and atduf569 (AT1G69890) seeds were sterilized (See section Plant material and growth conditions) and grown on half-strength MS medium supplemented with 0.75 mM CysNO or GSNO as NO donors and 2 mM H2O2 or 1 µM MV as oxidative stress inducers, separately. The control and the treated plants were grown under 16/8 h light/dark conditions at 23 ± 2°C. The experiments were performed in triplicate and cotyledon development frequency (CDF) was measured after seven days, as described previously (Imran et al., 2018b). In addition, root and shoot lengths were measured 14 days after sowing.



Pathogen Inoculations and Pathogenicity Assessment

Plants were subjected to pathogen inoculation as described previously (Yun et al., 2011). Briefly, Pseudomonas syringae pv. tomato virulent (Pst DC3000) and avirulent strains (Pst DC30000 avrB) were used for the pathogenicity assays. Bacterial cultures were grown and maintained as described previously (Whalen et al., 1991). Briefly, a single colony was cultured in Luria–Bertani (LB medium) broth with respective antibiotics added and incubated at 28°C overnight with shaking. The bacterial cultures (1 ml each) were centrifuged at 8,000 rpm (LABOGene 1736R) for 3 min. The bacterial pellet was resuspended in 1 ml of 10 mM MgCl2 solution. The prepared bacterial inoculum was then infiltrated into the abaxial side of the leaves via a needleless syringe at 5 × 105 CFU ml−1 for virulent Pst DC3000 and 0.002 at OD600 (1 × 106 CFU ml−1) for avirulent Pst DC30000 avrB. Mock plants were infiltrated with the 10 mM MgCl2 solution without bacteria. Leaf samples were collected over time for further gene expression analyses. In addition, leaf discs from Pst DC3000-inoculated leaves were crushed in 10 mM MgCl2 and diluted 10 times. To identify the responses of atduf569 and control genotypes to infection, the diluted samples were spread on LB agar plates containing the respective antibiotics. The development of symptoms was observed, and photos were captured using a digital camera (EOS 700D, Canon). Symptom development and pathogen growth in plant tissues were assessed 1, 2, and 3 d post-inoculation (dpi) by counting the bacterial CFU per leaf disc using the serial dilution method as described by Flors et al. (2008), and disease symptoms on the inoculated leaves were also observed.



Electrolyte Leakage

Cell death induced by pathogen infection was assessed through electrolyte leakage (Arasimowicz-Jelonek et al., 2009). Briefly, triplicate leaf discs (about 1 cm2) with three leaf discs per replicate were collected from the plants inoculated with the avirulent bacterial pathogen (Pst DC3000 avrB) at an OD600 of 0.02 corresponding to 1 × 106 CFU ml−1. The leaf discs were washed three times with deionized water and maintained in approximately 300 µl of deionized water/well in a six-well plate (SPL Life Sciences, Korea). Electrolyte leakage of each sample was recorded over several time points using a portable conductivity meter (Huriba Twin Cond B-173).



Statistical Analysis

The data were analyzed at p ≤ 0.05 or p ≤ 0.01 significance levels. A two-tailed t-test was performed to determine p-values using MS Excel 2016. The means and standard errors were calculated from at least three biological replicates and compared with the control.




Results


Transcriptome-Wide Identification and Characterization of NO-Responsive DUF Genes

To identify NO-responsive DUF domain-containing genes, we analyzed CysNO-induced DEGs reported previously (Hussain et al., 2016). All the RNA-seq data can be found in the public repository for Gene Expression Omnibus (GEO) and Short Read Achieve (SRA) under accession numbers GSE81361 and SRP074890, respectively. Notably, a considerable number (437 DEGs) of NO-responsive DUF domain-containing genes were differentially expressed in response to 1 mM CysNO (Supplementary Table S2).  A list of top 10 up- and down-regulated DEGs is given in Table 1. We analyzed all the NO-responsive DUFs for associating Gene Ontology (GO) terms. GO terms for biological process suggested that NO responsive DUFs were associated with chloroplast organization, pattern specification process, cellular metabolic process and gene expression etc. (Figure 1A). In GO terms for molecular functions majority of DUFs were associated with Iron ion transmembrane transporter activity (Figure 1B). In GO terms of cellular component majority of DUFs were associated with Golgi apparatus, Golgi subcomponent, and Endosomes etc. (Figure 1C). A heatmap with hierarchical clustering between the control and the CysNO-treated samples was constructed from the FPKM values in triplicates and shows the expression patterns of the DUF domain-containing DEGs (Figure 2A). Samples 1 to 3 represent three replicates from control (buffer only) while samples 4 to 6 represent three samples from CySNO treated plants. The red color in the treated samples indicates upregulated genes, while the intensity of the color represents the intensity of expression. The more the red color, the more expression after CySNO treatment (Figure 2A). Some samples with black color show very low expression approaching to zero (Figure 2A). Among the 437 DUF domain-containing DEGs, 53% (236 DEGs) were upregulated, while 47% (205 DEGs) were downregulated, with at least a two-fold change in their expression relative to the control plants (Figure 2B, Supplementary Table S2). Furthermore, we evaluated the role of the NO-induced DUF569 (AT1G69890) in plant growth and defense against biotic and abiotic stresses. AtDUF569 had a fold change of 57.29 in the transcriptome profile.


Table 1 | List of top 10 up- and downregulated NO-responsive DUF domain containing genes with their fold change as per transcriptomic analysis.







Figure 1 | Functional GO term classification of CysNO-responsive DUF genes of Arabidopsis leaf transcripts. Gene ontologies for (A) Biological Processes (B) Molecular Functions and (C) Cellular Process were determined using Arabidopsis thaliana as a reference genome. Out of the 443 CySNO responsive genes, 440 were mapped with the reference genome, PANTHER version 14.1 (http://pantherdb.org) at P < 0.05 for the PANTHER GO-slim and the fold enrichment-values shown.






Figure 2 | Identification and analysis of NO-responsive DUF domain-containing genes. (A) Heatmap revealing the expression pattern of transcriptome-wide, DEGs in response to S-nitroso L cysteine (CySNO) and hierarchical clustering generated from the FPKM values of CysNO-responsive DUF domain-containing genes. Red and green colors indicate the expression values in the respective sample. Samples 1to 3 are buffer-treated while 4 to 6 are CySNO infiltrated. A color key representing the intensities of the expression values is also given. (B) Pie-chart illustrating the total 440 number of up- and downregulated NO-responsive DUF domain-containing DEGs; these gene were identified at a Q-value < 0.05 in the transcriptome. (C) qRT-PCR validation of RNA-Seq data. About 10 DUF domain-containing genes (five each from up- and downregulated DEGs) were selected based on their fold change for validation through qRT-PCR. The R value represents Pearson’s correlation coefficient and was calculated among RNA-Seq and qRT-PCR datasets. The data points in C are the mean of three replicates while error bars represent standard error.





Validation of RNA-Seq Data Through  qRT-PCR

The transcriptional changes in the expression of DUF domain-containing genes were validated by analyzing the 10 representative DEGs (five upregulated and five downregulated) through qRT-PCR. The genes were selected based on the highest fold change from both upregulated and downregulated genes in response to CysNO infiltration. The expression patterns in qRT-PCR corroborated the RNA-Seq results for all of the 10 analyzed DUF domain-containing DEGs. The RNA-Seq and qRT-PCR datasets were compared based on the Pearson’s correlation coefficient (r = 0.905), revealing a high similarity between the datasets (Figure 2C).



Promoter Analysis for the Identification of the TF Binding Sites

We analyzed the promoter region of selected NO-induced DUF genes 1 Kb upstream of the transcription initiation site and the cis-elements or TF binding sites that were involved in plant stress were subsequently mapped (Figure S2). A detailed list of these TF binding sites is given in Supplementary Table S3. We identified the critical binding sites, including sites for the prolamin box (P-box), which was observed in 100% of the analyzed sequences. Similarly, two other elements, the W-box (WRKY TF family) and MAD-box (RIN), were found in 100% of the analyzed sequences. The AP2L ethylene-responsive TF was found in 54.1%, ETTIN (Auxin Response Factor 3) in 70.8%, ethylene-responsive TF ERF017 in 83.3%, ATMYB77-binding site in 83.3%, GT-box elements (GT2) in 70.8%, ANT (Arabidopsis protein AINTEGUMENTA) in 29.1%, SP8BF in 62.5%, HSFA1A in 95.8%, CDM1 in 29.6%, TATA-box in 91.6%, ANAC087 in 95.8%, and HBP1B in 91.6% of the analyzed sequences, respectively (Figure S2; Table S3). Among the above major elements, AP2L recognizes motifs within pathogenesis-related promoters, which may mediate the regulation of gene expression under biotic stress and components of stress signal transduction pathways (Xie et al., 2019). Similarly, other elements, such as ATMYB77 (an R2R3-type MYB TF), WRKY20, and ANAC087 (a NAC domain-containing protein), have been reported to play important roles in biotic and abiotic stresses. Therefore, the identification of regulatory elements and their modules is a prerequisite step for the understanding of gene expression and regulation (Nuruzzaman et al., 2013).



Phylogenetic Analysis of Arabidopsis AtDUF569 (AT1G69890)

To observe the ancestral evolutionary relationship of Arabidopsis DUF genes Top 10 upregulated and downregulated DEGs were used as query to identify their orthologs in agronomically important species such as rice, soybean, wheat, maize, and tomato. About 151 protein sequences from all the species were used to generate a phylogenic tree. From the analysis, we can predict that Arabidopsis DUFs are distributed almost in every clade. All the peptides can be divided into four major clades and subclades. From an evolutionary perspective, rice and Arabidopsis were distributed throughout the tree, interestingly, majority of the wheat proteins were grouped together with tomato and were evolutionarily distant from Arabidopsis, rice, and soybean (Figure 3) Together these results suggest that these species may share common ancestors and that NO-responsive DUF protein functions could be conserved in these species.




Figure 3 | Molecular phylogenetic analysis of the AtDUF569 protein with homologs from other plant species. About 18 NO-responsive DUF DEGs were used as query against rice, soybean, wheat, maize, and tomato databases in Phytozome. The best-hit orthologs were identified and sequences were retrieved and aligned using ClustalW in Mega 7. The resultant alignment was used to make phylogenetic tree using maximum likelihood method on JTT matrix-based model through which evolutionary history was inferred. The bootstrap value was 1,000 replicates and branches corresponding to partitions reproduced in less than 50% of bootstrap replicates were eliminated. About 151 peptide sequences from Arabidopsis and various other crops mentioned above were used for this analysis. The positions with less than 95% site coverage were collapsed. The phylogenetic tree was constructed using Mega 7 software. Different species are labeled with different shapes and colors and can be found in the legend in the up-right corner of the figure.





Interactome of CysNO-Induced DUF Gene (AT1G69890)

We have searched for interactions between the CysNO-induced AtDUF569 (AT1G69890) and other proteins using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING; https://string-db.org/). We observed some interesting interactions between the DUF569 and other proteins, and we identified 10 predicted functional partners, which included the uncharacterized protein, AT3G49790, known as a carbohydrate-binding protein. Its function is described as ATP-binding, but the underlying biological mechanism remains unknown. The PHLOEM PROTEIN 2-LIKE A10 is another carbohydrate-binding protein located in the mitochondria and found in several plant species and at different growth stages. The CYB-1 and ACYB-2 proteins are potentially transmembrane ascorbate ferrireductase 2, which contains two-heme-cytochrome (1 and 2) and is involved in the catalyzation of ascorbate-dependent transmembrane ferric-chelate reduction. Such interactions of DUF569 protein with other important proteins are illustrated in Figure 4 and Table S4.




Figure 4 | Interactome of the CysNO-induced AtDUF569. To predict possible interaction of ATDUF569 with other proteins, the accession number of DUF569 was used as “Protein name” in the search option in online Search Tool for the Retrieval of Interacting Genes/Proteins (STRING; https://string-db.org/) with default parameters. A list of interacting proteins with DUF569 is given in Table S2 with relevant information. Different colors represent proteins or various types of interactions.



The in silico and experimental observations suggested that the AtDUF569 protein interacts with various proteins involved in cellular trafficking machinery and carbohydrate-binding and with glycine-rich proteins that participate in cellular stress responses and signaling (Czolpinska and Rurek, 2018).



AtDUF569 Differentially Regulates Plant Shoot Growth and Negatively Regulates Root Growth Under Nitro-Oxidative Stress Conditions

We explored and applied the CDF as a development or fitness score for each plant. In the data recorded after seven days of treatment, our KO mutant atduf569 exhibited a noticeably higher CDF compared with Col-0 during exposure to CysNO- and GSNO-induced nitrosative stress, while all plants shared similar CDF result 14 days post-treatment. However, regarding MV-induced oxidative stress, KO mutant exhibited markedly reduced CDF at both seven- and 14-days post-stress treatment. On the contrary, under H2O2 exposure, the CDF was markedly higher for the KO mutant than for the Col-0 plants at both seven and 14 days after stress treatment (Figures 5 and 6). The results suggested that the atduf569 mutant was tolerant to CysNO- and GSNO-mediated nitrosative stress but was considerably tolerant and sensitive to H2O2 and MV, respectively. We also measured other plant attributes, such as shoot and root length, of the mutant in comparison to the WT (Col-0) and other designated control mutants. The KO mutant atduf569 exhibited higher shoot length under oxidative stress (induced by H2O2 and MV) 14 days post stress treatment relative to the other plants. However, shoot and root length displayed differential patterns under different nitrosative stress conditions. In addition, shoot and root lengths of KO mutant atduf569 were higher under CysNO, while the KO mutant under GSNO stress presented reduced length and increased shoot and root lengths, respectively (Figures 5 and 6). Overall, the results revealed that AtDUF659 (AT1G69890) differentially regulates plant growth and development under nitro-oxidative stress conditions.




Figure 5 | Differential role of AtDUF569 in plant development. Phenotypic evaluation of the genotypes under the control (−) and following exposure to various oxidative and nitrosative stresses (+). For the control genotype, a single plant is presented, whereas two plants are illustrated for the treatment.






Figure 6 | Exogenous application of CysNO, GSNO, or H2O2 and MV mediated nitro-oxidative stress. Designated genotypes Col-0, atgsnor1–3, atcat2, and atdfu569, were grown on half-strength Murashige and Skoog (MS) medium, with and without supplementation with either H2O2 and methyl viologen (Medina-Rivera et al., 2015) or CysNO and S-nitrosoglutathione (GSNO) for oxidative and nitrosative stress conditions, respectively. (A) Cotyledon development frequency (CDF) of the designated genotypes seven days after sowing under indicated stress. (B) CDF of the designated genotypes 14 days after sowing under indicated stress. (C) Shoot lengths of the designated genotypes 14 days after indicated stress. (D) Root lengths of the designated genotypes 14 days after indicated stress. All data points represent the means of triplicates. The experiment was repeated three times, with similar results. Error bars represent the standard error. Significant interactions are indicated by an asterisk (Student’s t-test with a 95% confidence level).





AtDUF569 Negatively Regulates Plant Basal Defense at Early Time Point

To examine the role of AtDUF569 (AT1G69890) in plant basal defense, we observed the phenotypic response of the atduf569 KO mutant line under the control conditions, as well as post pathogen inoculation as described elsewhere (Koornneef et al., 1991). The atduf569 KO mutant line was in the Col-0 genetic background; therefore, WT Col-0 plants were used as a control, while atgsnor1–3 KO mutant was used as a disease-susceptible control (Feechan et al., 2005). The loss-of-function mutant for Salicylic acid induction-deficient 2 (SID2) inhibits pathogen-induced salicylic acid (SA) production and makes the plants highly susceptible to infection by pathogens. Therefore, atsid2 was used as a second control for pathogenicity assessment. The pathogenicity assay revealed that the atduf569 KO line exhibited disease symptoms at 1 dpi, but in the later assessment, it was completely resistant toward the Pst DC3000 infection and exhibited no disease symptoms compared with Col-0 (WT), atgsnor1–3, and atsid2 plants (Figure 7A). Similar results were observed for the bacterial CFU counts at 3 dpi (Figure 7B). Based on the results, we hypothesized that the enhanced resistance to pathogens in the atduf569 line could have been due to the upregulation of the SA signaling pathway. Therefore, we performed an expression analysis for Pathogenesis-related 1 (PR1) and PR2 genes, which are regulators of SA-dependent gene expression. The qRT-PCR analysis revealed that the transcript accumulations of PR1 and PR2 were significantly (P < 0.05) lower in atduf569 than in the WT (Col-0) but higher than those of recognized sensitive genotypes, atgsnor1–3 and atsid2, 24 h post-inoculation (hpi) and 48 hpi, at which it displayed the highest expression. At 72 dpi, however, the expression level was lower in comparison to the expression level in WT, although the level was higher than in recognized sensitive genotypes atgsnor1–3 and atsid2 (Figures 8A, B).




Figure 7 | AtDUF569 negatively regulates basal defense. (A) Development of symptoms post-inoculation with virulent Pst DC3000, (B) Growth of the virulent Pst DC3000 in plants.






Figure 8 | Relative expression levels of PR1 and PR2 in basal defense. (A) Relative expression of PR1 gene after Pst DC3000 (virulent) inoculation, (B) Relative expression of PR2 gene after Pst DC3000 (virulent) inoculation. The experiments were conducted with three replicates and repeated four times, with similar results. Data were analyzed using the Student’s t-test: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.





AtDUF569 Study of Effector-Triggered Immunity or R-Gene Mediated Resistance

To examine whether the AtDUF569 function is required for R-gene mediated resistance, we inoculated plants with Pst DC3000 avrB. Our results suggested early, high transcript accumulation of the in atduf569 when compared to the WT plants (Figure 9A) at 0, 3, 6, and 12 hpi. On the contrary, PR2 expression was significantly (P < 0.05) lower relative to the WT at 3 hpi with a gradual increase in expression at 6, 12, 24, and 48 hpi (Figure 9B). The observation indicated that PR2 transcript accumulation might have a higher contribution to the control of pathogen growth at later time points. Furthermore, the electrolyte leakage assay, performed after Pst DC3000 avrB inoculation, revealed higher electrolyte leakage in the atduf569 plants over time relative to the other genotypes except for atgsnor1-3 (Figure 9C).




Figure 9 | Relative expression of PR1 and PR2 during evaluation of the genotypes for R-gene-mediated resistance. Plants were inoculated with the Pst DC3000 avrB, and symptoms were recorded for analyzing the gene expression of the pathogenesis-related PRs genes. (A) PR1, (B) PR2 expression, (C) Electrolyte leakage over time. All the data points are the mean of three replicates. Data were analyzed using the Student’s t-test: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.





AtDUF569 Study for Systemic Acquired Resistance-Mediated Resistance

In plants, signaling molecules, such as azelaic acid, glycerol-3-phosphate, and SA-PR1 and -PR2, are involved in mediating SAR in plants. The expression patterns of PR1 and PR2 revealed a significantly (P < 0.05) higher level of transcript accumulation in atduf569 at 0, 6, and 12 hpi but a drastically decreased level at 24 and 48 hpi in comparison to WT, atgsnor1–3, and atsid2 plants (Figures 10A, B). In addition, the expression levels of AZI were significantly (P ≤ 0.05) higher at 12 and 24 hpi and G3pdh at 0, 6, 12, 14, and 48 hpi (Figures 10C, D). Based on the expression pattern, the initial upregulation of PR1 and PR2 genes at 0, 6, and 12 hpi and the differential upregulation of AZI and G3pdh potentially contributed to the atduf569 mutant plants’ resistance to the Pst DC3000 infection. The results provide further evidence that the atduf569-resistant phenotype responded via the upregulation of SA-dependent PRs at the initial stage of pathogenicity, which controlled the effects of the pathogen and protected the mutant phenotype from later-stage disease development.




Figure 10 | Relative expression of PR1, PR2, AZI, and G3DPH. AtDUF569 negatively regulates systemic acquired resistance. Plants were inoculated with the Pst DC3000 avrB, and symptoms were recorded to analyze the gene expression dynamics of the pathogenesis-related genes. All the data points are the mean of three replicates (A) PR1, (B) PR2, (C) AZI, and (D) G3DPH. Data were analyzed using the Student’s t-test: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.






Discussion

NO is a small, diatomic, and highly reactive gaseous molecule that orchestrates a plethora of physiological functions both in plants and animals. Although, its role has been well-explored in the mammalian system (Kerwin et al., 1995), NO opened a new pandora-box in plant science when it was reported as a signaling molecule during plant defense (Delledonne et al., 1998; Durner et al., 1998). In plants, contrary to other signaling cascades, NO transfer its bio-activity via posttranslational modifications (PTMs) such as S-nitrosation (Stamler et al., 2001), tyrosine nitration (Ischiropoulos et al., 1992), and metal nitrosylation (Gupta et al., 2011). These PTMs are known to regulate protein function under various stress conditions; however, it used to be very difficult to predict that a particular protein may undergo NO-mediated PTMs. The evolution of in silico tools such as GPS-SNO (Xue et al., 2010) made it quite easy to predict if a protein may undergo S-nitrosation or not. Similar tools are available for other PTMs too. Global gene expression such as RNA-seq has made it easy to identify candidate genes that are responsive to a stimulus. In the last couple of decades, a number of transcriptomes have revealed a bulk of data that generated interesting information about NO-mediated transcriptional changes. For example, transcriptome analysis of Arabidopsis leaves and roots in response to 1 mM GSNO exogenous application differentially expressed about 3,263 genes after 3 h of treatment (Begara-Morales et al., 2014). Similarly, Parani et al. (2004) showed 422 DEGs in response to 0.1 mM sodium nitroprusside (SNP). Recently in RNA-seq mediated transcriptome analysis we reported more than six thousand genes (Hussain et al., 2016) and transcription factors (Imran et al., 2018a) that showed differential expression in response to 1 mM CySNO. In the present study, using a transcriptome-wide search, we identified a total of 440 NO-responsive DUF genes that showed differential expression in response to 1 mM CysNO. Among the 437 DUF domain-containing DEGs, 231 (53%) were upregulated, while 206 (47%) were downregulated, with at least a two-fold change in their expression, implying that the genes have a key role in transcriptional regulation of various physiological processes. The differential expression of such huge number of DUF genes suggests their involvement in NO biology and possibly in NO-mediated post-translational modifications. In silico analyses of DUF569 for targeting potential sites for phosphorylation suggest at least five different sites in DUF569 that could undergo phosphorylation (Figure S3B). Similarly, the 3D protein structure and simulation by GPS SNO for identification of potential sites for S-nitrosylation also suggested the presence of exposed Cysteine residues that could be potential target for S-nitrosylation (Figures S3B, C). DUF genes have also been identified in response to other stimuli. In Arabidopsis transcriptomic profiling in response to 0.1 and 1.0 mM SNP, 126 genes (98 upregulated and 28 downregulated) with unknown functions were reported (Parani et al., 2004). Similarly, a transcriptomic study of Arabidopsis root exposed to 250 µM SNP revealed the largest category of genes with unknown and unclassified proteins known to date (Badri et al., 2008). More recently, in other plant species, such as upland cotton, transcriptome analysis based on Taq sequencing found 265 genes with uncharacterized proteins (Huang et al., 2018). Individual DUF genes have also been characterized. In a transcriptomic study of Arabidopsis plants exposed to SNP and O3, there was a more than two-fold change in expression and the upregulation of AtDUF569 (AT1G69890) (Ahlfors et al., 2009), suggesting that the AtDUF569 participates in O3‐induced cell death and NO production.

We observed a significant increase in the expression of AtDUF569 (57-fold) in response to NO donor application, which indicates relatively upstream and direct involvement of AtDUF569 in NO-related responses in A. thaliana. The presence of the P-box binding site for prolamin box-binding factor 1 (pbf1) and W-box sequences in the promoters of all the DUF genes was particularly interesting because W-box sequences have been recognized as positive regulators of senescence in the Minghui 63 rice variety, in which they are bound by leaf senescence-specific proteins (Liu et al., 2016). Furthermore, the W-box is the cognate cis-element for WRKY proteins, which regulates essential cellular functions (Imran et al., 2018b). The presence of other cis-elements, such as RIN, the GT-box, ANT, HSF, and TATA, also indicates the involvement of DUF genes in key physiological processes. TFs are involved in plant development and defense, inducing or repressing the transcription of specific genes in signaling pathways that ultimately control the differential responses toward plant growth and defense (Jin et al., 2017). Reports have suggested that NO-responsive genes contain a significantly higher number of certain transcription factor binding sites (TFBS) in their promoter regions (Palmieri et al., 2008). Palmieri et al. (2008) using in silico approach analyzed 28447 Arabidopsis genes and suggested that several TFBS were found at least 15% more often in NO-induced genes. Furthermore, promoter analysis of other non-NO-responsive DUF genes may help scientists understand the full potential of the gene family. The functions of DUF genes in plants may well be highly similar and evolutionarily conserved, as indicated by the high homology observed during phylogenetic analysis of DUF genes from different plant species, which could be one of the reasons why the exact functions of the genes remain elusive, as one would expect different functions in different plant species; simple/model or complex.

Through the predicted interactome analysis, we observed that AtDUF569 could interact with potentially important proteins. For example, out of ten proteins, DUF569 interacted with AT3G49790 which helps in ATP binding, therefore AtDUF569 is suggested to have important role during carbohydrate metabolism. Similarly, another interacting protein ATL6 E3 ubiquitin protein ligase is reported to be involved in regulating early steps of plant defense signaling, suggesting that AtDUF569 may regulate plant defense functions directly or by interacting with other proteins. Another interesting interacting protein is AR781 which is a pheromone receptor-like protein (DUF1645); if characterized fully, this gene might be a key in entomological research to attract a particular type of insects such as the honeybee. Thus, the interaction of AtDUF569 yields interesting and important information that can be further explored by an in-depth study.

We further sought to determine the role of DUF genes in the biological system using functional genomics approach. We, therefore, selected DUF569 which was among the top 10 DUFs that had the highest fold change in response to CysNO. Our results suggested that DUF569 negatively regulates shoot and root growth under nitro-oxidative stress, while in the case of pathogenicity, duf569 showed sensitive phenotype at an early time point (24 h) followed by more pathogen growth while it showed a resistant phenotype afterward (Figures 7A, B). This was in accordance with the PR gene expression which showed low expression at 24 h while significantly higher expression at 48 h.

The trend indicates that the atduf569-resistant phenotype could be due to the upregulation of SA-dependent PR genes at the initial stage of pathogenicity, which influences the effect of the pathogen effect and, in turn, protects the mutant phenotype from later-stage toxicity and disease symptoms.

Collectively, our results suggested the possible involvement of DUF genes in plant metabolism and energy generation and/or turnover involving active trafficking between cellular organelles. Furthermore, biological data on atduf569 KO plants suggested the involvement of the gene in regulating plant shoot and root growth besides plant responses to oxidative as well as nitro-oxidative stress conditions.



Conclusion and Future Prospects

The current study illustrates the role of AtDUF569 in plant biology using a functional genomics approach. To the best of our knowledge, this is the first study attempting to functionally characterize NO-induced DUF genes in Arabidopsis. To date, no study has attempted to characterize NO-induced DUF genes in plant systems. Our study presents an exemplary model for future transcriptomic studies on similar DUF genes or proteins to elucidate molecular and functional aspects in detail in different plant species. This study motivates further studies to aid the comprehensive characterization of AtDUF569 about its cellular functioning.
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Plants can produce and emit nitrous oxide (N2O), a potent greenhouse gas, into the atmosphere, and several field-based studies have concluded that this gas is emitted at substantial amounts. However, the exact mechanisms of N2O production in plant cells are unknown. Several studies have hypothesised that plants might act as a medium to transport N2O produced by soil-inhabiting microorganisms. Contrarily, aseptically grown plants and axenic algal cells supplied with nitrate (NO3) are reported to emit N2O, indicating that it is produced inside plant cells by some unknown physiological phenomena. In this study, the possible sites, mechanisms, and enzymes involved in N2O production in plant cells are discussed. Based on the experimental evidence from various studies, we determined that N2O can be produced from nitric oxide (NO) in the mitochondria of plants. NO, a signaling molecule, is produced through oxidative and reductive pathways in eukaryotic cells. During hypoxia and anoxia, NO3 in the cytosol is metabolised to produce nitrite (NO2), which is reduced to form NO via the reductive pathway in the mitochondria. Under low oxygen condition, NO formed in the mitochondria is further reduced to N2O by the reduced form of cytochrome c oxidase (CcO). This pathway is active only when cells experience hypoxia or anoxia, and it may be involved in N2O formation in plants and soil-dwelling animals, as reported previously by several studies. NO can be toxic at a high concentration. Therefore, the reduction of NO to N2O in the mitochondria might protect the integrity of the mitochondria, and thus, protect the cell from the toxicity of NO accumulation under hypoxia and anoxia. As NO3 is a major source of nitrogen for plants and all plants may experience hypoxic and anoxic conditions owing to soil environmental factors, a significant global biogenic source of N2O may be its formation in plants via the proposed pathway.
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Introduction

Nitrous oxide (N2O) is a potent greenhouse gas, and its potential to increase global warming is approximately 300-fold higher than CO2 (Tian et al., 2018). Globally, the primary sources that release N2O into the atmosphere are soil, ocean, manure application, industries, and biomass burning (Thomson et al., 2012). The nitrification and denitrification processes, mainly mediated by certain groups of soil micro-organisms (Hu et al., 2015), account for more than two-thirds of its emission into the atmosphere (Thomson et al., 2012). These processes are considerably increased by human activities, leading to an increase in the production of N2O in the soil, and thus, its concentration in the atmosphere. Increased level of N2O in the atmosphere has significantly contributed to global warming (Tian et al., 2018); therefore, understanding the pathways of N2O formation in various sources is essential for mitigating these effects.

Key pathways involved in N2O production in microbes include nitrification, nitrifier denitrification, nitrification-coupled denitrification, and denitrification (Baggs, 2011; Hu et al., 2015; Tian et al., 2018). However, there seems to be a gap between source estimation and the global N2O budget, leading to a high level of uncertainty in the budget estimations (Davidson and Kanter, 2014). This gap may be because not all sources of N2O to the atmosphere are accounted for (Syakila and Kroeze, 2011). Therefore, it is necessary to understand all sources of N2O and underlying mechanisms to elucidate its global budget. The production of N2O in axenic microalgae (Weathers, 1984; Weathers and Niedzielski, 1986; Guieysse et al., 2013; Plouviez et al., 2017) and ascetically grown plants (Goshima et al., 1999; Hakata et al., 2003) indicates that it could be produced by higher organisms and that the processes might be different from those in micro-organisms. Algae and plants are not included as sources of N2O (Syakila and Kroeze, 2011; Lenhart et al., 2019; Plouviez et al., 2019), but they might be the missing sources of N2O, causing high uncertainties in the global budget.

The roles of plants in N2O emission to the atmosphere are diverse. Plants can not only modify soil characteristics and subsequently influence N2O production in the soil (Gao et al., 2019) but also produce it in significant amounts and release it to the atmosphere (Lenhart et al., 2019). Thus, understanding the pathway of N2O formation and the contribution of plants to total emission is essential to accurately estimate the global N2O budget. Several field-based studies have hypothesised that N2O emitted by plants is produced in soil by microorganisms (Chang et al., 1998; Rusch and Rennenberg, 1998; Machacova et al., 2013; Bowatte et al., 2014; Wen et al., 2017). In this theory, plants are considered just a medium to transport N2O produced by soil microorganisms; however, laboratory-based studies have provided clear evidence that plants produce and emit N2O although the underlying mechanisms are unknown (Goshima et al., 1999; Hakata et al., 2003; Lenhart et al., 2019). Therefore, N2O emitted by plants might originate from two sources, namely, the soil microorganisms and plants.

Studies, which have hypothesised that plant-emitted N2O is produced by soil microorganisms, have only measured the fluxes from plants and concluded that plant-emitted N2O might be produced by soil microorganisms. N2O produced in plant cells might also use the same pathway, that is, transpiration, to release it to the atmosphere. This raises the question whether measuring the fluxes alone provides substantial evidence to prove the hypothesis, because flux measurement methods can just estimate the emission of N2O and cannot distinguish the sources. More robust methods such as isotope studies would provide more insights to distinguish the sources of N2O. For examples, injecting 15N-N2O into the root zone and measuring the subsequent fluxes would elucidate whether plants are a medium for N2O transport or not. However, no study has injected 15N-labeled N2O into the soil zone and measured the subsequent N2O emission from plants. Moreover, more powerful tools such as site preference (SP) measurement would provide insights to distinguish the sources of N2O emitted by plants under field conditions.

In the natural environment, if plant emitted N2O constitute significant amount of both sources (soil micro-organisms and plant cells produced N2O), it will be highly challenging to distinguish the portion of the sources. A recent field experiment reported considerably lower N2O concentrations in soil water than in tree stems (Ward et al., 2019). Similarly, plants exposed to NH4 did not emit N2O despite the high rate of N2O production in the rhizosphere (Smart and Bloom, 2001), indicating that N2O emitted by plants might not be produced by soil microorganisms and that N2O emitted through transpiration might be a less significant process than N2O production in plants. Furthermore, the hypothesis that plants are just a conduit for soil microorganisms-produced N2O is not supported by a recent study of Lenhart et al. (2019). They provided new evidence that dual isotopocule fingerprints of N2O emitted by plants differed from that produced by all known microbial or chemical processes, indicating that plant-emitted N2O is produced in plant cells.

Although plants are known to produce N2O and emit it to the atmosphere, the exact mechanisms of N2O production in plant cells are unknown (Goshima et al., 1999; Hakata et al., 2003; Lenhart et al., 2019). This might be the reason that most studies on N2O fluxes in plants (Chang et al., 1998; Rusch and Rennenberg, 1998; Machacova et al., 2013; Bowatte et al., 2014; Wen et al., 2017) have hypothesised that plant parts act as a conduit for soil-produced N2O. Studies, which have claimed that plants could produce N2O, have not elucidated a possible production pathway. Therefore, the main objective of this study was to review the possible pathway of N2O formation in plant cells.



Pathway of N2O Formation in Plant Cells


Nitrate (NO3) as a Precursor for N2O Formation in Plant Cells

Nitrogen (N) is an essential macronutrient influencing cell metabolism (O’Brien et al., 2016). Plants can use several forms of N from the soil; however, NO3 and ammonium (NH4) are the major forms of inorganic N that are readily available for plant uptake (O’Brien et al., 2016; Hachiya and Sakakibara, 2017). NO3 is a major source of N for plants in agricultural and natural soils (von Wirén et al., 2000), due to its high soil concentration and diffusion coefficients, making it readily available to plant roots (Miller and Cramer, 2005). After absorption, NO3 is directly reduced in the root, transported to the leaf for reduction (Maathuis, 2009; Hachiya and Sakakibara, 2017), or stored in the vacuoles and remobilised when the external supply is limited (van der Leij, et al., 1998; Fan et al., 2007), making it an essential macronutrient in plant metabolism.

NO3 is a major source for N2O formation in both soil (Thomson et al., 2012) and plants (Goshima et al., 1999; Smart and Bloom, 2001; Hakata et al., 2003; Lenhart et al., 2015; Lenhart et al., 2019). Isotope labeling methods have demonstrated that plants as well as other eukaryotic organisms emit N2O, only when supplied with NO3. For example, when 15N-labeled NO3 was supplied as a source of N to various species of plants (Goshima et al., 1999; Smart and Bloom, 2001; Lenhart et al., 2019), lichens (Lenhart et al., 2015), and animals (Stief et al., 2009), 15N-labeled N2O was emitted, but when the N source was 15N-labeled NH4, there was no N2O emission. This evidence clearly shows that NO3 is the precursor of N2O in lichens, higher plants, and animals. Therefore, if plants were just a medium of transportation of soil-produced N2O as hypothesised by many studies (Chang et al., 1998; Rusch and Rennenberg, 1998; Machacova et al., 2013; Bowatte et al., 2014; Wen et al., 2017), aseptically grown plants would not have emitted N2O when supplied with NO3 (Goshima et al., 1999; Hakata et al., 2003). Similarly, if N2O emitted by plants is produced by microorganisms (nitrifying and denitrifying bacteria), NH4 supplementation should contribute to N2O emission from plants and aseptically grown plants should not emit N2O. As N2O was not emitted when plants were supplied with NH4 and aseptically grown plants emitted N2O (Goshima et al., 1999; Hakata et al., 2003), we predicted that NO3 metabolism in a cell might play a role in N2O formation in plants. Moreover, the processes in the soil microbial communities and higher organisms may be different, or the denitrification process may be common between microorganism and plants, as NO3 is the substrate for denitrification.



Nitrite (NO2) Derived From NO3 Reduction Is the Precursor of N2O in Plant Cells

After the uptake of NO3 by plant roots, it is reduced to NO2 in plant cells by a cytosolic enzyme called nitrate reductase (NR) (Chamizo-Ampudia et al., 2017). However, in animals, NO3 from food is reduced by bacteria in the digestive tracks (Lundberg et al., 2008). Moreover, germ-free mice are reported to possess NR activity, and the activity is catalysed by xanthine oxidoreductase, which is significantly high in the gastrointestinal tissues, compared with other tissues (Jansson et al., 2008). Under normal conditions, NO3 absorbed by the roots is reduced to NO2 by the NR, and then nitrite reductase (NiR) catalyses the reduction of NO2 to NH4, which is incorporated into amino acids (Oliveira and Sodek, 2013; Plouviez et al., 2017). However, under hypoxic and anoxic conditions, root NO3 uptake increases with the activation level of NR (Botrel and Kaiser, 1997; Rockel et al., 2002; Morard et al., 2004; Horchani et al., 2010). Furthermore, NO2 accumulates in the cytoplasm of cells (Allègre et al., 2004; Morard et al., 2004), as both hypoxia and anoxia suppress the reduction of NO2 to NH4 (Botrel and Kaiser, 1997). A 15N isotope labeling study has showed that 15N-NO2 assimilation into amino acids is sharply reduced under hypoxic conditions (Oliveira and Sodek, 2013). The accumulated NO2 in the cytoplasm enters the mitochondria with the help of proteins in the chloroplast (Sugiura et al., 2007; Gupta and Igamberdiev, 2011). Moreover, mitochondrial inner membrane anion channels may import NO2 to the mitochondria (Gupta and Igamberdiev, 2011).

Not only NO3, but also NO2 is widely reported to be a precursor of N2O in eukaryotic organisms. Using 15N isotope labeling method, it has been demonstrated that NO2 is another precursor of N2O formation in plants and algal cells. For example, when 15N-labeled NO2 was supplied to aseptically grown tobacco plants (Goshima et al., 1999; Hakata et al., 2003) and algal systems (Weathers, 1984), they emitted 15N-N2O. Furthermore, axenic algae supplied with NO2 produced N2O (Guieysse et al., 2013; Plouviez et al., 2017). The enzyme NR has been proved to play a role in N2O production in plants. For example, when tobacco plants were supplied with NO3 and tungstate (NR inhibitor), N2O production was inhibited in the plants (Goshima et al., 1999). As NO2 also contributes to N2O production in plants (Goshima et al., 1999; Hakata et al., 2003), NR might indirectly be involved in N2O formation by catalysing the reduction of NO3 to NO2. A similar role of NR has been observed in algae (Plouviez et al., 2017). However, NiR-deficient transgenic plants and algae have been reported to produce N2O when supplied with NO2 (Hakata et al., 2003; Plouviez et al., 2017), and this suggests that the pathway of NO2 reduction to NH4 is not involved in N2O production in plants and algal cells. Additionally, NO3, NR, and NO2 are involved in N2O production in plants and algal cells, but NiR and NH4 are not involved in the N2O production pathway. This indicates that NO2 has to be transported to other cell organelles rather than plastid. Overall, the available evidence indicates that exogenous NO2 along with endogenous NO2 derived through NO3 reduction in the cytosol by NR plays a role in N2O formation in plant cells.



Mitochondrial Reduction of Nitrite to NO

We previously discussed NO3 reduction to NO2 in the cytosol. NO has several essential roles in plant and animal cells (Wendehenne et al., 2001), and the conversion mechanisms of NO2 to NO are well established in eukaryotic cells. In plants, NO can be produced in the chloroplast, peroxisomes, and mitochondria by either oxidative or reductive pathways (Rőszer, 2012). The oxidative pathway is dependent on L-arginine, polyamine, or hydroxylamine, whereas the reductive pathway is dependent on NO3 and NO2 (Benamar et al., 2008; Lundberg et al., 2008; Gupta et al., 2011; Gupta and Igamberdiev, 2011; Astier et al., 2018). The oxidative pathway of NO formation is dominant when the oxygen supply to cells is sufficient, whereas the reductive path is dominant under hypoxic conditions. By shifting from the oxidative to reductive pathway, the cells maintain the level of NO along with the physiological and pathological oxygen and proton gradients (Lundberg et al., 2008). It may be essential to shift processes, as plants may experience hypoxia due to soil environmental conditions.

In plant cells, NO2 assimilation to NH4 by the NiR enzyme is a well-known pathway of NO2 metabolism. As NO2 addition can lead to N2O formation in plants (Goshima et al., 1999; Hakata et al., 2003) and NiR-deficient plants can produce N2O (Hakata et al., 2003), we suggest that NO2 is metabolised by another pathway in plants to produce N2O. Although the mechanisms of NO2 transport to the mitochondria are not precise, it is evident that the mitochondria are a site of reduction of NO2 to NO. For example, the mitochondria have been reported to reduce NO2 to NO under hypoxic and anoxic conditions in fungi (Kobayashi et al., 1996; Castello et al., 2006), algae (Tischner et al., 2004; Calatrava et al., 2017), plants (Gupta et al., 2005; Planchet et al., 2005; Benamar et al., 2008; Gupta and Kaiser, 2010), and animals (Ghafourifar and Richter, 1997; Giulivi et al., 1998; Kozlov et al., 1999; Castello et al., 2006; Ascenzi et al., 2014). However, the enzymes involved in the mitochondrial reduction of NO2 to NO are not clear. For example, mitochondria that lack NiR can reduce NO2 to NO in animals and plants (Gupta and Igamberdiev, 2011). Nitric oxide synthases (NOS) have been reported to be present in plant (Guo and Crawford, 2005) and animal mitochondria (Giulivi et al., 1998). However, the NOS activity in the mitochondria of plants is questioned (Moreau et al., 2008; Gupta and Kaiser, 2010). Tischner et al. (2004) identified an alternative oxidase (AOX) in the mitochondria as a catalyser of the reduction of NO2 to NO under anoxic conditions. The mitochondrial respiratory chain is responsible for NO production using NO2 as the substrate under low pH, hypoxic, or anoxic conditions (Castello et al., 2006). Mitochondrial and bacterial electron transport chains (ETCs) are involved in NO production from NO2 under hypoxic conditions than under normoxic conditions (Horchani et al., 2011). Under hypoxic conditions, NO2 is reduced to NO at complex III in the mitochondria of pea plants (Benamar et al., 2008). Ascenzi et al. (2014) reported cytochrome c in horse heart cells and bovine heart reduced NO2 to NO, and the activity was high under anoxic and acidic conditions (Basu et al., 2008). The mitochondrial molybdopterin enzymes in the reduced form catalyse the reduction of NO2 to NO, and the rate was increased when the pH was decreased from 7.5 to 6.5 (Jakobs et al., 2014; Sparacino-Watkins et al., 2014; Maia and Moura, 2015; Bender and Schwarz, 2018). Furthermore, cytochrome reductase in tobacco plants can reduce NO2 to NO (Alber et al., 2017). Although at the molecular level, the reductive pathway for NO formation is well documented, at the field scale, the emission of NO is less documented. For instance, when plants were supplied with NO3, NO was emitted under anoxic conditions (Klepper, 1987; Rockel et al., 2002). The leaf NO2 level and NO emission under anoxic conditions were significantly higher than those under normoxic conditions (Rockel et al., 2002). These findings suggest that NO2 can be reduced to NO in the mitochondria; however, the involvement of various enzymes within the mitochondria raises the question whether these enzymes catalyse the reduction process simultaneously or they function differently under varied cell environment.



NO Conversion to N2O in the Mitochondria

NO is a signaling molecule in cells, and several studies have focused on its formation in the mitochondria. However, studies on the reduction of NO to N2O in the mitochondria are limited, although there is a strong indication that this process exists (Gupta and Igamberdiev, 2011). The inner membrane of the mitochondria has an enzyme called cytochrome c oxidase (CcO). The primary function of CcO is to reduce O2 to H2O (Collman et al., 2007; Blomberg and Ädelroth, 2018). Moreover, CcO has several other functions, such as the oxidisation of NO formed in the mitochondria to NO2 (Brudvig et al., 1980; Zhao et al., 1995; Pearce et al., 2002; Taylor and Moncada, 2010). Furthermore, the reduced form of CcO can catalyse the reduction of NO to N2O (Brudvig et al., 1980; Zhao et al., 1995). Thus, either oxidation or reduction of NO by CcO results in the metabolism of NO with safe end products. The similar properties of O2 and NO facilitate the binding of NO to CcO, and this activity is pronounced under oxygen-limited conditions (Ghafourifar and Cadenas, 2005). The mitochondrial electron transport chain (ETC) in axenic algae (Chlamydomonas reinhardtii and Chlorella vulgaris) catalyses the reduction of NO to N2O (Guieysse et al., 2013; Plouviez et al., 2017; Plouviez et al., 2019). CcO has some rudimentary nitric oxide reductase activity, and therefore, when NO is the substrate instead of O2, two molecules of NO yield N2O and H2O (Brudvig et al., 1980; Zhao et al., 1995; Koivisto et al., 1997; Igamberdiev et al., 2010; Blomberg and Ädelroth, 2018; Poderoso et al., 2019). It has also been proven isotopically that NO is reduced to N2O by CcO in higher organisms (Brudvig et al., 1980). As mitochondrial CcO has evolved from denitrifying enzymes, under hypoxic conditions in cells, the mitochondrial CcO can still reduce NO to N2O (Saraste, 1994; Saraste and Castresana, 1994). Furthermore, another enzyme in the mitochondria, that is, quinone of the ETC catalyses NO reduction to N2O (Alegria et al., 2004; Igamberdiev and Hill, 2009; Sanchez-Cruz and Alegría, 2009). Therefore, mitochondria can be a potent site of N2O formation under oxygen-limited conditions, and it should be a focus of future research.

Similar to the observations in plants, macrofauna and earthworms are also found to emit N2O when supplied with NO3 and under O2-limited conditions (Horn et al., 2003; Stief et al., 2009). Earthworms do not produce N2O when supplied NH4 (Horn et al., 2003). Moreover, in other studies, listed in Table 1, when 15N-labeled NH4 was used as a substrate, there was no N2O emission. This shows that NO3 metabolism at the cellular level produces N2O in both plants and animals. As described above, the ETC in (Figure 1) mitochondria can reduce NO to N2O under less oxic conditions, which suggests that N2O emitted by earthworms and macrofauna (Horn et al., 2003; Stief et al., 2009) might also be produced from hypoxic mitochondria. The gut of insects has a hypoxic environment (Johnson and Barbehenn, 2000), which may explain the higher level of N2O production in the gut (Stief et al., 2009). Moreover, axenic algae supplied with NO2 produced significantly higher levels of N2O under dark conditions than under light conditions (Guieysse et al., 2013; Plouviez et al., 2017). The low emission of N2O under light conditions may be due to the supply of photosynthetic O2 to the cells.


Table 1 | Compilation of the substrates, mediums and products that used labeled N sources and their subsequent measurements of N2O emissions.






Figure 1 | Potential pathway of N2O formation in plant cells. NR represents nitrate reductase and Pgb represents phytoglobin (Brudvig et al., 1980; Zhao et al., 1995; Goshima et al., 1999; Gupta and Kaiser, 2010; Guieysse et al., 2013; Plouviez et al., 2017). The pathway is active in presence of NO3 and NO2, and when plants experience hypoxia and anoxia.



Based on experimental evidence gathered from various studies, we propose that the reductive pathway of NO formation in the mitochondria and further reduction of NO by the mitochondrial ETCs contributes to the formation of N2O (in eukaryotic cells, as presented in Figure 1). The process is catalysed by various enzymes, and it might be pronounced under hypoxic and anoxic conditions but not under normoxic conditions. The proposed pathway is further supported by the existence of a denitrifying pathway, and the associated enzymes and genes in Globobulimina species and the localisation of enzymes in the mitochondria (Woehle et al., 2018). As higher animals possess well developed respiratory and circulatory systems that transport O2, they may not experience hypoxia. However, plants lack such sophisticated systems to transport O2 (Voesenek et al., 2016), and therefore, may experience hypoxia and anoxia that favour N2O formation. Field studies have reported high N2O emission from plants under flooded conditions (Rusch and Rennenberg, 1998; Machacova et al., 2013), suggesting the role of hypoxia and anoxia in N2O formation in plants.




Significance of N2O Formation via the NO3-NO2-NO Pathway in Plants

NO3 is not only a major nutrient in plant cells but also a signaling molecule (Zhao et al., 2018). Several studies have reported that NO3 plays a role in hypoxia tolerance. For example, NO3 maintains the growth of plants under oxygen-limited conditions, and its absence disturbs plant growth (Horchani et al., 2010). Anoxia tolerance of tomato plant is enhanced by nitrate reduction (Allègre et al., 2004). Moreover, anoxia strongly induces NR activity and the induced NR activity prevents pH from dropping to life-threatening levels (Allègre et al., 2004). NO3 nutrition in plants decreases the total respiration rate and reactive oxygen species levels (Wany et al., 2019), but increases ATP production under hypoxic conditions (Stoimenova et al., 2007; Wany et al., 2019). Under oxygen-limited conditions, NO3 protects the ultrastructure of mitochondria (Vartapetian et al., 2003). The addition of NO3 to the root zone of plants released significantly less amount of ethanol compared with roots supplied with NH4 under hypoxic conditions (Oliveira et al., 2013). This suggests NO3 plays an important role to decrease alcoholic fermentative metabolism in plants during hypoxia (Oliveira et al., 2013). Overall, these findings suggest that NO3 and NR play an important role to maintain the integrity of plant cells under oxygen-limited conditions.

NO2 is also reported to play important roles under oxygen-limited conditions in plants. Benamar et al. (2008) found that NO2-dependent NO production in the mitochondria can regulate surrounding O2 level. Moreover, plant mitochondria can synthesise ATP under anaerobic conditions when supplied with NO2 (Stoimenova et al., 2007; Gupta et al., 2016). The supply of NO2 decreased lipid peroxidation and reactive oxygen species formation (Gupta et al., 2016). The absence of NO2 as a terminal acceptor for ETC during hypoxia leads to mitochondrial depolarisation (Gupta et al., 2016). NO2 supplemented roots released significantly less amount of fermentative ethanol during hypoxia than NH4-supplemented roots (Oliveira et al., 2012; Oliveira et al., 2013), suggesting the vital role of NO2 in plants to survive under oxygen-limited conditions.

NO helps plants to cope under several environmental stresses. For example, NO is essential for the homeostasis of O2 level in plants under oxygen-limited conditions (Gupta and Igamberdiev, 2011). NO production in the mitochondria has several implications in plants as illustrated in Figure 2. For example, NO can break seed dormancy and stimulate seed germination in plants (Beligni and Lamattina, 2000; Bethke et al., 2004). Similarly, under hypoxic stress, NO is vital for the formation of aerenchyma in the roots (Wany et al., 2017). NO production in the mitochondria under low-oxygen conditions can help in ATP synthesis, preventing excessive depletion of energy (Stoimenova et al., 2007). NO3-NO2-dependent NO production in plant roots decreases fermentative ethanol production during hypoxia (Oliveira et al., 2012; Oliveira et al., 2013).




Figure 2 | Significance of the NO3-NO2-NO pathway in plants under hypoxic and anoxic conditions.



Although NO has been well established as a signaling molecule, its high concentration in cells leads to cell death (Boscá and Hortelano, 1999; Brown and Borutaite, 2002). Therefore, it is critical to regulate its concentration in cells, as a higher amount of NO is formed under hypoxic and anoxic conditions. Two mechanisms are reported to occur in the mitochondria to detoxify the high amount of NO formed, namely, oxidation of NO to NO2 during normoxia (Cooper, 2002; Taylor and Moncada, 2010) and reduction of NO to N2O during hypoxia (Cooper, 2002). As both products of NO metabolism in the mitochondria, that is, NO2 and N2O, are non-toxic, their formation might play a protective role in the mitochondria. If hypoxia-induced NO production in cells is high, it can cause DNA fragmentation, leading to cell death; however, if NO is scavenged, it can reduce DNA fragmentation (Wany et al., 2017). Therefore, scavenging of NO is essential to protect cells from high NO toxicity. Phytoglobins are reported to scavenge NO in the cytosol (Igamberdiev et al., 2010). Additionally, purified mitochondria have been reported to scavenge exogenous NO (Gupta et al., 2005; de Oliveira et al., 2008; Wulff et al., 2009; Gupta and Kaiser, 2010). Furthermore, the addition of NADH as an electron donor increased NO scavenging by the mitochondria (Gupta et al., 2005; de Oliveira et al., 2008; Wulff et al., 2009; Gupta et al., 2016), indicating that the mitochondria have a protective mechanism to detoxify the excess NO formed. NADH might act as an electron donor to reduce cytochrome c oxidase, leading to an increase in NO scavenging in purified mitochondria. As discussed in our proposed pathway of N2O formation in the mitochondria, the conversion of NO to N2O by the reduced form of CcO might be the potential pathway regulating excessive NO formed under oxygen-limited conditions in the mitochondria. Mitochondria are not only a source of NO, but also an important sink and target of NO (Igamberdiev et al., 2014), and long-term exposure of mitochondria to NO can lead to the dysfunction of mitochondria (Brown and Borutaite, 2002). Although the NO3-NO2-NO pathway has several roles (Figure 2) in plants during hypoxia and anoxia, NO accumulation at higher level is toxic to cells (Brown and Borutaite, 2002). Therefore, N2O formation in the mitochondria via the NO3-NO2-NO pathway might be a strategy to protect cells and mitochondrial components from excessive NO formed under oxygen-limited conditions. Therefore, at molecular level, further research should focus on measuring NO and N2O from isolated mitochondria to obtain more insights on mitochondria’s role in scavenging excess NO during hypoxia and anoxia.



Do Plant Cells Reduce N2O to N2?

The last two enzymes of the denitrification process, namely, nitric oxide reductase (NOR) and nitrous oxide reductase (N2OR), merged to form CcO (Saraste and Castresana, 1994; Stanton et al., 2018). Moreover, the copper site in bacterial N2OR is similar to the CuA site in CcO (Kroneck, 2018). Many catalytic properties of CcO from denitrifying bacteria (Paracoccus denitrificans) and eukaryotic organisms are similar (Ludwig, 1987; Kadenbach et al., 1991). As eukaryotic mitochondrion is considered to be evolved from P. denitrificans, a denitrifying bacterium (John and Whatley, 1975), it may still possess rudimentary denitrification properties. Although during the evolution most of genes of the bacterium transferred to the nucleus, few remained in the mitochondrial DNA including genes of CcO (Kadenbach et al., 1991). Therefore, it may be possible that CcO of higher organisms might also possess similar properties like that of its ancestor, P. denitrificans. The significant negative relationship between N2O consumption and CO2 respiration rates in plants and lichens (Machacova et al., 2017) suggests that mitochondria are the possible site of N2O consumption. This N2O consumption observed in these eukaryotes might be at the site of CcO, as this enzyme is formed from the last two enzymes of denitrification. There are also reports of emission of 15N-labeled N2 from wheat crops supplied with 15N-labeled NO2 (Vanecko and Varner, 1955), suggesting that under certain cell conditions, mitochondria may also metabolise N2O to N2. However, to date, N2 emission from plants is less reported. It may be due to the advanced systems of O2 regulation in plants, and this might inhibit the complete process of denitrification. A recent study, which measured N2O and N2 emission from soil–plant systems, showed that N2O and N2 emitted by NO3-rich soil–plant systems was three times higher than that by NH4-supplemented soil–plant systems and bare soil (Senbayram et al., 2020), and this suggests that the possible role of N2O and N2 production in plants. Further experiments at the molecular level (mitochondria) are needed to explore the reason for the significant negative relation between N2O emission and respiration rate in plants and lichen, as reported by Machacova et al. (2017).



Conclusions

To cope with the problems of global warming and ozone layer depletion, a good understanding of N2O formation processes in various source is critical. Therefore, the N2O formation process in plants is a matter of concern. The reductive pathway of NO formation in the mitochondria along with further reduction of NO by ETC is a possible pathway of N2O formation in plants. Considering available evidence, we conclude that there is strong possibility that plant cells produce N2O in the mitochondria under hypoxic and anoxic conditions. The theory that plants are only a conduit for N2O produced by soil-inhabiting microorganisms might be an ambiguous explanation. The root zone may sense hypoxia and anoxia due to the soil environmental conditions, which may favour N2O formation in the root mitochondria. As some studies have shown that N2O emission from tree stems is higher than that from soils in natural habitats (Welch et al., 2019), the proposed pathway of N2O formation in plants might play a significant role in understanding N cycling in eukaryotic organisms and the global N2O budget. Furthermore, we have highlighted the reduction of NO to N2O in the mitochondria, and therefore, it would be valuable to reassess the role of mitochondrial ETC under both hypoxic and anoxic conditions. Although, N2O is a potent greenhouse gas ,its formation in the mitochondria might help to protect the integrity of the mitochondria and protect cells from the toxicity of NO accumulation during hypoxia.
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Anthocyanin-derived fleshy fruit pigmentation has become an excellent system for studying the regulatory network underlying fruit ripening and quality. The transcriptional control of anthocyanin biosynthesis by MYB–bHLH–WDR complexes has been well established, but the intermediate signals through which the environmental or developmental cues regulate these transcription factors remain poorly understood. Here we found that nitric oxide (NO) production during Lycium fruit ripening decreased progressively presenting a negative relationship with anthocyanins. After cloning of the nitric reductase (NR) gene from Lycium barbarum (LbNR) plants, we demonstrated that LbNR-derived NO partially inhibited anthocyanin biosynthesis but enhanced proanthocyanidin (PA) accumulation, and delayed fruit coloration. Application of the NO donor, sodium nitroprusside (SNP), produced a similar effect. The endogenous or exogenous NO downregulated the transcripts both of the regulatory genes and the structural genes that related to anthocyanin biosynthesis, while upregulated both of those genes that related to PA biosynthesis. Given there is a significant negative relationship between the levels of anthocyanins and PAs during Lycium fruit ripening, NO not only inhibited anthocyanin de novo biosynthesis but redirected the flavonoid biosynthetic pathway from anthocyanins to PA production. Two types of LrMYB transcription factors of opposite nature, namely anthocyanin-specific and PA-specific, which belong to the R2R3-MYB subfamily and 1R-MYB subfamily, respectively, were identified from L. ruthenicum fruits. It was further found that NO acts by antagonizing the ABA signaling, a phytohormone we have previously shown playing a positive role in Lycium fruit coloration. Our results provided particularly novel information about NO–ABA–anthocyanin interplay during Lycium fruit development and ripening, which may fill a gap between the developmental cues and the transcriptional regulation of anthocyanin biosynthesis.
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Introduction

Nitric oxide (NO) was first identified as a unique, diffusible molecular messenger in animals, after which it emerged that NO in plants affects similar signal transduction pathways. Like that in mammalian systems, endogenous NO generation in plants occurs due to the catalytic action of two main enzymes, namely, NO synthase (NOS)-like and nitrate reductase (NR) (Chamizo-Ampudia et al., 2017; Del Castello et al., 2019; Kolbert et al., 2019). In general, the NOS family catalyzes the NADPH-dependent formation of NO, but there are no clear NOS homologs in plant genomes and no plant enzyme displaying NOS-like activity have been identified so far. Using nitrite as a substrate, plants generate NO by enzymatic and nonenzymatic routes. The former is mainly catalyzed by NR, a key enzyme involved in nitrogen assimilation (Chamizo-Ampudia et al., 2017; Del Castello et al., 2019). NR-derived NO is involved in many plant physiological processes ranging from growth regulation to the biotic and abiotic stress response.

Edible fleshy fruits, which provide a wide range of essential nutrients such as vitamins, antioxidants, and minerals, are natural and healthy foods (Gapper et al., 2013; Seymour et al., 2013). Fruit ripening is an important developmental event for fresh fruit-bearing plants because it determines the adaptation to the environment and the continuation of the species (Gapper et al., 2013; Seymour et al., 2013). Ripening time is also a very important agricultural trait for fleshy fruits because it satisfies people’s demand for fruits in different seasons. Therefore, fruit ripening regulation is a hot research topic for horticulturists and fruit tree experts. The available data have established the role of NO in senescence delay, in which NO acts primarily but not solely by limiting ethylene emission, resulting in delayed ripening (Manjunatha et al., 2010; Manjunatha et al., 2012; Bodanapu et al., 2016; Yang et al., 2016; Palma et al., 2019). NO application can also improve fruit quality, cold resistance, secondary metabolite biosynthesis, shelf life, and disease resistance (Li et al., 2017; Corpas et al., 2018; Corpas and Palma, 2018; Palma et al., 2019). Moreover, factors that induce NO generation can suppress fruit softening (Guo et al., 2018). Although experiments focused on unveiling the involvement of NO in fruit ripening have provided some insights into the biochemical events of this process, its comprehensive genetic regulation is yet to be understood (Manjunatha et al., 2010).

Anthocyanidins and anthocyanins are colored pigments in food and pharmaceutical ingredients with potential health benefits (Khoo et al., 2017). Their antioxidant activity has been extensively explored in a great number of plant species as well as in different organs from the same plant (Giampieri et al., 2018). Fleshy fruits are one of the main natural sources of this type of pigments. Anthocyanins accumulate during fruit ripening, so an increase in anthocyanin levels is a sign of fruit maturation. Anthocyanins significantly contribute to the quality characteristics of fruits and are therefore the targets of many breeding programs. The modification of anthocyanin metabolism by the genetic engineering of fruit maturation has been reported to enhance quality and shelf life (Jaakola, 2013; Zhang et al., 2013; Zhang et al., 2014). The anthocyanin composition in ripe fruit is established via complicated metabolic networks regulated by genetic, developmental, and environmental factors (Jaakola, 2013). Currently, the anthocyanin biosynthetic pathway is well known, and the key regulatory genes in many species that control the pathway have been identified, but the intermediate signals by which the environmental or developmental cues regulate anthocyanin biosynthesis remain poorly understood (Jaakola, 2013; Xu et al., 2015). It is reported in animal cells that plant-sourced flavonoid compounds make their function through the NO–ROS or NO–cGMP pathway (Gao et al., 2014; Qian et al., 2017; Zhang et al., 2018). Given that both anthocyanins and NO are involved in the regulation of fruit ripening, quality, and shelf life (Manjunatha et al., 2010; Zhang et al., 2013), whether there is a direct link between the NO signaling and anthocyanin metabolism remains unclear (Wang et al., 2018).

Wolfberry or goji (fruits from Lycium barbarum L. and L. chinense Mill) have been used in China as food and medicine for millennia, and globally, they are increasingly consumed as health foods (Potterat, 2010; Olatunji et al., 2016; Yao et al., 2018). Goji was usually consumed in the form of its dry fruit; however, with the improvement of people’s living conditions and increased health awareness, the market demand for fresh Lycium fruit is strongly increasing. Moreover, as with other bulk vegetables and fruits, the planting of Lycium indoors will be a trend in the future. These facts make the regulation of wolfberry ripening time and improvements in fresh fruit quality and shelf life a priority. However, basic research on the mechanisms behind the regulation of Lycium fruit ripening is very scarce. We recently demonstrated that phytohormone ABA enhanced Lycium fruit coloration/ripening by promoting anthocyanin biosynthesis (Li G. et al., 2019), at both genetic and pharmacological levels. In contrast, in the present work, we further found that LbNR-derived NO inhibited Lycium fruit coloration by suppressing anthocyanin de novo biosynthesis as well as by redirecting the flavonoid biosynthetic pathway from anthocyanin to proanthocyanidin (PA) production. Our results uncover a novel mechanism underlying developmental cues-mediated pigmentation regulation and suggest the possibility of engineering endogenous NO to control Lycium fruit ripening.



Materials and Methods


Plant Materials

Lycium fruits with two distinct colors [black fruit (L. ruthenicum Murr), BF and yellow fruit (Lycium barbarum L. var. auranticarpum), YF] were collected from 5-year-old trees at the Wolfberry (Lycium) Germplasm Repository of Ningxia [Academy of Agriculture and Forestry Sciences, Ningxia Hui Autonomous Region, China (38°38′N, 106°09′E; altitude, 1,100 m)]. For analysis of fruit ripening process, fresh Lycium fruits were sampled at five ripening stages (S1–S5) in the natural state as described by Zhao et al. (2015) with some minor modifications. The ripening process was divided in detail into the young fruit stage [S1, 9–10 days after anthesis (DAA)]; the green fruit stage (S2, 15–16 DAA); the early color breaker stage (S3, 20–22 DAA), the late color breaker stage (S4, 27–30 DAA); and the ripened fruit stage (S5, 30–34 DAA). The fruits that came from at least three different trees for the same ripening stage of each species were collected, immediately frozen in liquid nitrogen, and stored at −80°C prior to total RNA extraction and physiological analysis.



Exogenous SNP Treatment

To avoid strong transpiration, the experiment was performed before evening. The surface of the green healthy fruits (at the S2 stage, 15 DAA) was sprayed with 1 mM sodium nitroprusside (SNP, Sigma-Aldrich, as treatment) or ddH2O (including 0.05% Tween 20, as a control), by a sprayer with a volume of 200 ml. The reagent was diluted with ddH2O containing 0.05% Tween 20 (to increase adhesion on the blade surface). The whole tree or partial branches within one tree were sprayed according to the amount of fruits they bore. The reagent was sprayed on at least three trees with at least 200 healthy fruits per tree of each Lycium species. Our experimental design was based on a randomized complete block design (RCBD). Mature fruits (at the S5 stage) were sampled 15 days after spraying, immediately frozen in liquid nitrogen, and stored at −80°C until further analysis.



Determination of NO Production

0.1 g sample powder was suspended in 1 ml NO extraction solution [50 mM Tris-HCl, pH 7.8, 0.2 mM EDTA, 0.2% (v/v) Triton X-100, 2% (w/v) PVP, 10% (v/v) glycerol, and 5 mM DTT]. The mixture was placed on ice and simultaneously shaken at 80 rpm for 30 min. After centrifugation at 14,000× g for 40 min at 4°C, 500 µl supernatant was utilized in the NO assay.

The NO release was determined according to the method of Vitecek et al. (2008) and Airaki et al. (2012) with some minor modifications. DAF FM-DA (D2321, Sigma) was added to a freshly prepared crude extract solution at a 5 µM final concentration. Then, the reaction mixtures were incubated at 37°C in the dark for 20 min, after which fluorescence was measured using a Hitachi F7000 spectrofluorimeter (Hitachi High-Technologies Corporation, Tokyo, Japan) at excitation and emission wavelengths of 485 nm and 515 nm, respectively. As control reaction mixtures, fruit samples were preincubated for 30 min with 1 mM sodium tungstate, a nitrate reductase inhibitor, before the fluorescent probe was added. The fluorescence produced (NO release) was expressed as arbitrary units per milligram of fresh weight (FW). All samples were analyzed in biological triplicate, in which each biological replicate had at least 30 fruits to be tested.



Anthocyanins Measurements

The amounts of anthocyanins in Lycium fruit extracts were determined spectrophotometrically as described by Li G. et al. (2019). The anthocyanin concentration was calculated according to a standard curve for which cyanidin-3-glucoside (626B021, Solarbio, China) was used as a standard. All samples were analyzed in biological triplicate, in which each biological replicate had at least 30 fruits to be tested.



Proanthocyanidins Determination

The proanthocyanidins (PAs) in Lycium fruits were extracted according to the method of Pang et al. (2008), with some minor modifications. Briefly, 0.1 g fruit sample was extracted using 1 ml of PA extract solution (75% acetone solution containing 1% glacial acetic acid) by vortexing and then sonicated at room temperature for 1 h. After centrifugation at 2,500 g for 10 min, the residues were reextracted twice as above. The pooled supernatants were then extracted three times with chloroform and three times with hexane. After the crude extract was lyophilized with a vacuum freeze dryer (LYOQUEST-85 plus) for 16 h, the dry powder was thoroughly dissolved in 1 ml of ultrapure water, and the liquid was then sterilized by passing through a 0.22 μm reinforced nylon membrane filter (Billerica, MA, USA).

PA level is determined by a method of High Performance Liquid Chromatography (HPLC) as described by Tian et al. (2017). For HPLC detection, an Agilent ZORBAX Eclipse Plus C18 column (4.6 × 100 mm, 1.8 μm) was used at the following chromatographic conditions: mobile phase A (water:formic acid:trifluoroacetic acid = 97.9:2:0.1): mobile phase B (acetonitrile:water:formic acid:trifluoroacetic acid = 48:49.9:2:0.1) = 8:2; a 280 nm detection wavelength; a 1.0 ml/min flow rate; a 10 μl injection volume; and a 24°C column temperature. The standard curve was drawn using the peak areas of different concentrations of (+)-catechin. The PA concentration was expressed as milligram (mg) PAs per gram (g) fresh weight. All samples were analyzed in biological triplicate, in which each biological replicate had at least 30 fruits to be tested.



ABA Extraction and Assay

Endogenous ABA was extracted from Lycium fruits according to the method described by Li G. et al. (2019), and ABA content was assayed using a Phytodetek Immunoassay Kit (PDK 09347/0096, Agdia, USA) according to the manufacturer’s instructions. Briefly, 0.2 g of fruit sample was fully ground with 1 ml of precooled 80% methanol extract solution (containing 200 mg·L−1 2,6-di-tert-butyl-p-cresol, and 500 mg·L−1 citric acid monohydrate). After overnight leaching at 4°C, the mixture was centrifuged at 10,000 rpm and 4°C for 15 min, and the above-described procedure was repeated with the supernatant. The twice-treated supernatant was then combined, and the ground fruit was concentrated and dried with a Visible Nitrogen Blower (KD200, ALLSHENG, China). Finally, 0.8 ml of precooled 80% methanol was added to the dry powder, and the mixture was mixed with a vortex shaker to form the crude extract of ABA. All samples were analyzed in biological triplicate, in which each biological replicate had at least 30 fruits to be tested.



Cloning the Full-Length Sequence of LbNR cDNA

Leaves from L. barbarum (collected from 5-year-old trees at the Wolfberry Germplasm Repository of Ningxia, China) were used for total RNA isolation with the TRIzol method (Invitrogen, Carlsbad, CA, USA), and the first strand of cDNA was synthesized from 1 μg total RNA using the reverse transcriptase M-MLV (TaKaRa Biotechnology, Dalian, China) and oligo (dT) according to the manufacturer’s instructions. According to the EST sequence alignment of L. barbarum, the primers of the intermediate fragment homologous to the NR gene of Solanaceae were designed, and the fragment was amplified. For rapid amplification of cDNA 3′-end (3′-RACE), the gene-specific primers (GSP), 3′SPI and 3′GSPII were designed, and F1 (3′GSPI), R1 (3′outer), F2 (3′GSPII), and R2 (3′inner) were subjected to nested PCR amplification. The PCR product was ligated into a pMD18-T vector for sequencing to obtain a 3′-end fragment. Simultaneously, the cDNA was treated with RNase H (TaKaRa Biotechnology, Dalian, China), dCTP, and Terminal Deoxynucleotidyl Transferase, and the capped 5′-end of the cDNA was used as a template for 5′-RACE. The nested PCR and multiple PCR procedures were referenced to 3′-RACE, and the PCR product was ligated into a pMD18-T vector for sequencing, to obtain a 5′-end fragment. Finally, the entire cDNA coding region was combined, reamplified, inserted into the pMD18-T vector, and sequenced and was hereby designated as LbNR (NCBI accession no. MK169415). The sequences of the universal primers 3′outer, 3′inner, 5′outer, and 5′inner as well as the sequences of the gene-specific primers 5′GSPI, 5′GSPII, 3′GSPI and 3′GSPII are shown in the Appendix (Table S1).



Bioinformatic Analysis of LbNR

The phylogenetic tree of LbNR was constructed by MrBayes software and further beautified by the web page of https://itol.embl.de. The protein secondary structure was predicted by the web page of http://pfam.xfam.org/search.



Virus-Induced LbNR Gene Silencing

The CDS fragment of the LbNR gene carrying the adaptor sequence was obtained by a pair of amplification primers (5′- ATGGCTGCATCTGTTGAAAAT; 3′- AATTTATTACTGCAGATTGTTGTTA). The pTRV2 vector (Liu et al., 2002) was digested with PstI to not only linearize the vector, but also expose the adaptor sequence. Both the linearized vector and LbNR product were digested with T4 DNA polymerase to produce the sticky ends. The PCR product was ligated to the sticky end of the vector and then transformed into E. coli to screen for pTRV2-derivative colonies with the silenced target gene (pTRV2-LbNR). After pTRV1 and pTRV2 or pTRV2-LbNR was rapidly frozen by liquid nitrogen, they were transfected with Agrobacterium tumefaciens strain GV3101 by heat shock.

For infiltration, a single colony was selected, inoculated in 5 ml of Luria–Bertani medium containing appropriate antibiotics (50 mg L−1 rifampicin, 50 mg L−1 kanamycin), and grown overnight in a 28°C shaker. The next day, the agrobacterium cultures were harvested by centrifugation at 4,000× g for 15 min, and the cells were resuspended in the infiltration medium (10 mM MES, 10 mM MgCl2, and 200 μM acetosyringone). After adjusting OD600 to 1.0, the cells were incubated at room temperature for 3–4 h. Subsequently, the pTRV1 and pTRV2 (Control) or pTRV2-derivative solutions were mixed at a ratio of 1:1 for injection. The VIGS analysis was performed in the green fruit stage (S2) for both of the species. The injection method was as described by Li G. et al. (2019) using a 1 ml syringe, and the needle was directed at the fruit growth point for pressure injection. The injection was conducted on at least three trees with at least 200 healthy fruits per tree of each treatment, for each species. For the fruit coloration rate assay, the fruits were collected at an interval of 24 h after injection, while for other analyses, the fruits were sampled 3 days after injection. All the sampled fruits were immediately frozen in liquid nitrogen and stored at −80°C until further analysis.



Virus-Induced LbNCED1 Gene Silencing

LbNCED1 (9-cis-epoxycarotenoid dioxygenase 1)-VIGS fruits were constructed as described by Li G. et al. (2019).



Determination of the Fruit Coloration Rate

The changes of fruit anthocyanin level were determined at 0, 1, 2, and 3 days after injection. The fruit coloration rate was reported as milligram anthocyanin (mg) per gram fresh weight fruit (g−1FW) per day (d−1).



Real-Time PCR

Total RNA was extracted from the fruit tissues using a RNAprep Pure Plant Kit (DP432, TianGen, Beijing, China), and the cDNA was synthesized through reverse transcription reaction by a PrimeScript RT reagent kit (Takara, Dalian, China). Genomic DNA was removed using a RNase Free DNase I kit (Takara, Dalian, China) as instructed by the manufacturer. For the relative gene expression analysis, the housekeeping gene LbActin (HQ415754) was implemented as an internal control as it exhibits a uniform expression pattern in Lycium plants (Zeng et al., 2014).

Quantitative PCR amplifications were conducted with the BioRad CFX96 Touch™ Real-Time PCR Detection System (USA) using the SYBR Premix Ex Taq (Takara, Dalian, China). Each 15 µl reaction contained 7.5 µl SYBR Premix Ex Taq mix, 1.0 µl cDNA template (containing 100 ng of cDNA), 1.2 µl primer mix (0.6 µl each of the forward and reverse primers), and 5.3 µl ddH2O. The amplification program was as follows: one cycle of 30 s at 95°C, followed by 39 cycles of 5 s at 95°C, 30 s at 60°C, and 30 s at 72°C. The data were analyzed by the 2–ΔΔCt method. The primers used for RT-qPCR are described in Table S2.



Statistical Analysis

Statistical analyses were performed using SPSS version 19.0. Parameter differences among varied fruits’ developmental stages or different treatments were determined using one-way ANOVA with appropriate post hoc analysis. The column figures were drawn by Origin 9.0.




Result


Cloning and Bioinformatic Analysis of NR Gene in Lycium Plants

A NR gene in L. barbarum (LbNR) was successfully cloned by RACE technology. The gene has 3,193 bases, of which 145 bases are contained in the 5′ untranslated region (UTR), 312 bases are contained in the 3′ UTR, and 2,736 bases comprise the coding sequence (CDS). The LbNR CDS is translated to 911 amino acids. The cDNA sequence has been deposited in the NCBI nucleotide sequence database under accession number MK169415. A phylogenetic tree containing LbNR and some plants of the Solanaceae family (Capsicum annuum, Solanum tuberosum, Nicotiana benthamiana, Solanum lycopersicum) was constructed (Figure 1A). The tree was rerooted to the Arabidopsis thaliana NR gene AtNIA1. In the phylogenetic tree, the one with the highest homology to the gene LbNR is NbNR of Nicotiana benthamiana followed by CaNR of Capsicum annuum.




Figure 1 | Bioinformatic analysis of the LbNR gene. The phylogenetic tree (A) of LbNR was constructed by MrBayes and further beautified by the https://itol.embl.de webpage. The protein secondary structure (B) was predicted by the http://pfam.xfam.org/search.



The amino acid sequence was used for secondary structure prediction (Figure 1B). The LbNR protein has five domains. Among them, the oxidoreductase molybdopterin binding domain (Oxidored molyb) and the Mo-co oxidoreductase dimerization domain (Mo-co dimer) bind to a molybdenum cofactor (MoCo). The cytochrome b5-like heme/steroid binding domain (Cyt-b5) binds to heme, and the oxidoreductase FAD-binding domain (FAD-binding-6) binds to FAD. When the FAD-binding domain receives electrons from NAD(P)H bound by the oxidoreductase NAD-binding domain (NAD-binding-1),  the Cyt-b5 domain shuttles electrons to the Mo-co dimer, and the Mo-co dimer transfers the electrons to nitrate, completing the catalytic cycle.



Nitric Oxide and Proanthocyanidin Changes During Lycium Fruit Ripening

To explore the role of NO in fruit maturation, both the NO release and the LbNR mRNA level were examined in two different colors of Lycium fruits, black fruits in L. ruthenicum Murr (BF) and yellow fruits in Lycium barbarum L. var. auranticarpum (YF), during their ripening process. It is shown that both NO production and LbNR transcript amount decreased gradually during Lycium fruits ripening, and there is a significant positive relationship between them for each species (Figure 2).




Figure 2 | Changes of LbNR gene expression (A, D) and NO release (B, E) as well as their relationship (C, F) during Lycium fruit ripening (p < 0.05). S1–S5 represents the different developmental stages of Lycium fruits as described in the section of Materials and Methods. The fruit samples were collected at the same time from the same trees that bear fruits at all five developmental stages, and at least three trees of YF (A–C) and BF (D–F), respectively, were selected. In (B, E), the NO release was converted to relative values, in which the value of the S1 stage was taken as 100%. The error bars represent the SDs of three independent replicates. Different letters on the bars for the same species indicate significant differences between the treatments (p < 0.05).



We have previously investigated anthocyanin levels during the different stages of ripening (S1–S5) in those fruits (Li G. et al., 2019). The present work found that in contrast to anthocyanins, the PA content decreased progressively (Figure 3) as these two colors of Lycium fruits ripened. There is a significant positive relationship between PAs and NO for each species while a negative relationship between anthocyanins and NO (Figure 3). Similarly, both the PA biosynthesis-related structural genes, e.g., LbANR and LbLAR (Chen et al., 2017), and the regulatory genes, e.g., LrMYB30 (Yan et al., 2017), a homolog of AtTT2 (At5G35550), and Lr TTG1-like (Cluster-26021.71813) (Yan et al., 2019), a homolog of AtTTG1 (AT5G24520.1) in Arabidopsis, were gradually downregulated during the ripening process (Figure S1).




Figure 3 | The relationship between the NO release and the pigment content. Proanthocyanidin (PA) concentration declines progressively during the process of Lycium fruit ripening (A, D), and there is a significant positive relationship between PA and NO (B, E) while a negative relationship between anthocyanin and NO (C, F), both for YF (A–C) and BF (D, F). For (B, F), p < 0.05, and for (C, E), p < 0.01. The error bars represent the SDs of three independent replicates. Different letters on the bars for the same species indicate significant differences between the treatments (p < 0.05).





Effect of Virus-Induced LbNR Gene Silencing on Lycium Fruit Coloration

To further study the effect of NR-derived NO on fruit ripening, we constructed virus-induced gene silencing (VIGS)-LbNR fruits. Given that both the LbNR transcript abundance and NO release were significantly decreased in comparison with the control values (injected with empty vector), we successfully silenced the LbNR gene (Figures 4A, B). The anthocyanin content in LbNR gene-silenced fruits was higher than that in the control fruits. In contrast, LbNR silencing significantly decreased PA accumulation in mature Lycium fruits (Figures 4C, D). It is further validated from the molecular genetic level that NO negatively correlated with anthocyanins, but positively with PAs in Lycium fruits.




Figure 4 | Effect of virus-induced LbNR gene silencing on anthocyanin and PA accumulation in Lycium fruits. pTRV-LbNR vector construction and fruit injection were as described in Materials and Methods. After 3 days of Agrobacterium injection, the healthy modified YF or BF were sampled, immediately frozen in liquid nitrogen, and stored at −80°C to assay the NO release by the DAF FM-DA-mediated spectrofluorometric method (A), to detect LbNR transcript by qRT-PCR (B), to document anthocyanin and PA content by the spectrophotometric method (C), or by HPLC method (D), respectively. In (A), the NO release was converted to relative values, in which the value of the empty vector-injected fruits was taken as 100%. The error bars represent the SDs of three independent replicates. The asterisks on the bars for the same species indicate significant differences between the treatments. “*” indicates p < 0.05, and “**” indicates p < 0.01.



To compare the fruit ripening process in the control group (Figures 5A, B) with that in the VIGS group (Figures 5C, D), the fruit coloration rate was also surveyed. It is shown that LbNR silencing significantly facilitated fruit coloration both for the yellow and black color Lycium fruits (Figures 5E, F).




Figure 5 | The fruit phenotypes and coloration rates after virus-induced LbNR gene silencing. (A, B) Phenotypes of YF and BF at 2 d after injection with the pTRV empty vector, respectively. (C, D) Phenotypes of YF and BF at 2 d after LbNR gene silencing, respectively. (E, F) The coloration rates within 3 d after VIGS injection of YF and BF, respectively. For injection, the needle is inserted into the growing point of the green stage fruits (S2) for pressure injection. The error bars represent the SDs of three independent replicates. The asterisks on the bars for the same species indicate significant differences between the treatments (p < 0.01).





Effect of LbNR-Silencing on the Gene Expression of Flavonoid Biosynthetic Pathway

To explore the mechanism underlying the effect of NR-derived NO on anthocyanin biosynthesis during Lycium fruit ripening, the transcript abundance of genes in the flavonoid biosynthetic pathway was determined by qRT-PCR (Figure 6). LbNR silencing significantly upregulated the expression of several structural genes, e.g., LrCHS1 (chalcone synthase 1b, KC794742), LrCHI2 (chalcone isomerase, KF031377), LrF3H (flavanone 3-hydroxylase, KC794744), LrF3′H (flavonoid 3-hydroxylase, KF732853), LrF3′5 ′H (flavonoid 3, 5-hydroxylase), LrDFR (dihydroflavonol-4-reductase-like, KF031379), LrANS (anthocyanidin synthase, KC794745) and LrUF3GT (UDP glucose flavonoid 3-glucosyl transferase, KF768073). These genes have been isolated from L. ruthenicum, and their transcript amounts were positively correlated with anthocyanin content in this fruit, except LrCHI (Zeng et al., 2014). On the contrary, LbNR silencing significantly downregulated the structural genes involved in PA biosynthesis (Figure S2), e.g., LbANR and LbLAR (Chen et al., 2017).




Figure 6 | Effect of virus-induced LbNR gene silencing on anthocyanin biosynthesis-related gene expression in Lycium fruits. Transcript levels of LrCHS1, LrCHI2, LrF3H, LrF3′H, LrF3′5 ′H, LrDFR2, LrANS, and LrUF3GT, belonging to the structural genes, and transcript levels of LrAN2, LrJAF13, LrAN11, and LrAN1b, belonging to the MYB–bHLH–WD40 transcription factors, were shown. The gene expression differences between the two species were compared using YF (injected with empty vector) as the control for calculating the relative expression levels of the indicated genes. The data show the means ± SDs (n = 3). The asterisks on the bars for the same species indicate significant differences between the treatments. “**” indicates p < 0.01.



Similar to its effect on the structural genes, LbNR silencing also significantly upregulated the expression of the regulatory genes encoding MYB–bHLH–WD40 transcription factors (TFs) (Figure 6) specific to anthocyanin biosynthesis, including LrAN2 (anthocyanin 2, KF768075) in the R2R3 MYB family, LrJAF13 (KF768076) in the bHLH family, LrAN11 (anthocyanin 11, KY131959) and LrAN1b (anthocyanin 1b, KF768077) in the WD40 family (Zeng et al., 2014). This effect is more obvious for BF than for YF because the former has a higher anthocyanin content. In addition to their genetic variation, a gene-specific sensitivity to endogenous NO was also observed in both the structural and the regulatory genes in Lycium fruits. On the contrary, LbNR silencing significantly downregulated genes encoding MYB–bHLH–WD40 TFs specific to PA biosynthesis (Figure S2), e.g., LrMYB30 and LrTTG1-like.



Exogenous SNP Reduced Anthocyanin Biosynthesis but Enhanced PA Biosynthesis

NO molecules released by a donor can either mimic an endogenous NO-related response or substitute for an endogenous NO deficiency (Del Castello et al., 2019; Kolbert et al., 2019). Therefore, we examined the effect of spraying sodium nitroprusside (SNP), one of the most common NO donors, on Lycium trees on anthocyanin accumulation. Exogenous SNP decreased anthocyanin levels in ripened black and yellow Lycium fruits (Figures 7A, B) but enhanced PA accumulation for both of the fruits compared to that observed in control fruits (Figures 7C, D).




Figure 7 | Effect of exogenous SNP application on anthocyanin and PA accumulation in Lycium fruits. 1 mM SNP (soluted in 0.05% Tween 20) was utilized to spray the green stage fruits (S2) of YF and BF, on a sunny day after the sun went down. Fruits were sprayed with only a 0.05% Tween 20 solution as a control. After 15 days, the mature fruits (S5) were sampled to measure anthocyanin (A, B) and PA (C, D) content for both of YF (A, C) and BF (B, D), respectively. The data show the means ± SDs (n = 3). The asterisks on the bars for the same species indicate significant differences between the treatments. “*” indicates p < 0.05, and “**” indicates p < 0.01.



SNP application significantly downregulated the transcription of both the structural genes LrCHS1, LrCHI2, LrF3H, LrF3′H, LrF3′5 ′H, LrDFR2, LrANS, and LrUF3GT and the regulator genes LrAN2, LrJAF13, LrAN11, and LrAN1b in the flavonoid biosynthetic pathway (Figure 8). The implementation of SNP significantly upregulated genes involved in PA biosynthesis, both for the structural genes, e.g., LbANR and LbLAR (Figures S3A, B), and the regulatory genes, e.g., LrMYB30 and Lr TTG1-like (Figures S3C, D). This transcriptional response was observed in both colors of fruits following SNP application, although there was a genotype- and gene-specific pattern. Therefore, we concluded that exogenous SNP decreased the transcripts of genes related to anthocyanin biosynthesis but enhanced that of genes related with PA biosynthesis.




Figure 8 | Effect of exogenous SNP application on anthocyanin biosynthesis-related gene expression in Lycium fruits. Transcript levels of LrCHS1, LrCHI2, LrF3H, LrF3′H, LrF3′5 ′H, LrDFR2, LrANS, LrUF3GT LrAN2, LrJAF13, LrAN11, and LrAN1b were shown. The gene expression differences between the two species were compared using YF (sprayed with ddH2O) as the control for calculating the relative expression levels of the indicated genes. The data show the means ± SDs (n = 3). The asterisks on the bars for the same species indicate significant differences between the treatments. “*” indicates p < 0.05, and “**” indicates p < 0.01.





Nitric Oxide Delays L. ruthenicum Fruit Coloration by Antagonizing ABA Action

Our previous studies have shown that ABA acts as one of the main positive regulators of Lycium fruit coloration/ripening (Li G. et al., 2019) by activating anthocyanin biosynthesis. In the present work, we further determined the interaction between ABA signaling and NO signaling in BF coloration. It is shown that LbNR silencing significantly promotes the accumulation of ABA in BF, while LbNCED1 silencing clearly enhances the release of NO (Figures 9A, B). There is a significant negative relationship between the release of NO and the accumulation of ABA as well as between the transcripts of LbNR and LbNCED1 during fruit ripening (Figure S4). Unlike NO enhanced PA biosynthesis, ABA inhibited it (Figure S5). Moreover, except LrAN2 and LrMYB30, we identified the other MYB TFs in BF that were activated by NO but inactivated by ABA, vice versa, e.x. LrMYB1, LrMYB3, LrMYB30, LrMYB44, and LrMYB73 (Figures S6 and S7). Among these MYB TFs, LrAN2, LrMYB1, LrMYB3, and LrMYB44 belong to the R2R3-MYB subfamily, while LrMYB30 and LrMYB73 belong to the 1R-MYB subfamily (Yan et al., 2017). Our results indicated that NO and ABA antagonized each other to regulate the coloration of Lycium fruits.




Figure 9 | Effect of LbNR silencing or LbNCED1 silencing on ABA accumulation and NO release of L. ruthenicum fruits, respectively. ABA was assayed by an immunoassay method as described in the section of “Materials and Methods”, and NO was determined as described in Figure 2. The error bars represent the SDs of three independent replicates. The asterisks on the bars for the same species indicate significant differences between the treatments (p < 0.01).






Discussion

Fruit ripening is a highly regulated developmental process involving drastic internal transcriptional and biochemical modifications that coincide with seed maturation (Corpas et al., 2018). As a consequence of its action as an important gaseous signaling molecule in prokaryotes and eukaryotes, NO regulates critical developmental transitions and stress responses in plants (Del Castello et al., 2019; Kolbert et al., 2019). NO promotes leaf expansion, represses floral transition, stimulates light-dependent germination, promotes de-etiolation, inhibits maturation, and senescence, (Bruand and Meilhoc, 2019). Like in pepper, tomato, strawberry, and avocado plants (Gonzalez-Gordo et al., 2019; Palma et al., 2019), the present work indicated that the release of NO progressively declined during fruit ripening in Lycium plants, a medicinal and edible species. These results may show that it is a conserved event for endogenous NO production decline during fresh fruit ripening. In other words, NO has been demonstrated to delay fruit ripening generally, independently on whether fruits are climacteric or nonclimacteric (Palma et al., 2019). Integrating the results that the LbNR transcript amount is significantly positively correlated with the NO release during fruit ripening and that the VIGS-mediated LbNR gene silencing significantly decreased the NO production in ripe Lycium fruits, we could conclude that NR was partially responsible for NO biosynthesis in Lycium plants. To our knowledge, this is the first report that NR-derived NO formation has been involved in fruit maturation of medicinal plant (Manjunatha et al., 2010; Palma et al., 2019).

Coloration of fresh fruits is a natural and excellent phenotypic marker for studying the mechanisms behind the regulation of fruit ripening and pigment metabolism. Anthocyanins and PAs (also known as condensed tannins) are two common flavonoid compounds in fruits. The former is an important pigment contributing to the coloration of many fruits, including that of L. ruthenicum in this study (Li G. et al., 2019), while the latter as a colorless metabolite, is an essential taste factor affecting astringency and bitterness of fruits (Khoo et al., 2017). It has been well established that the biosynthesis of anthocyanins and PAs shares most steps in the flavonoid pathway, and leucoanthocyanidins are the first branch point between these two biosynthesis pathways (Jaakola, 2013; Xu et al., 2015). Leucoanthocyanidin reductase (LAR) and anthocyanidin reductase (ANR) function at the branching points of the PA pathway, leading to catechin and epicatechin synthesis, respectively (Jaakola, 2013; Xu et al., 2015). Given LbNR-derived NO declined anthocyanin accumulation and downregulated the structural gene expression in the anthocyanin-biosynthesis pathway but elevated PA production and upregulated the transcripts of LbLAR and LbANR, it is proposed that NO delays Lycium fruit coloration by inhibiting de novo anthocyanin biosynthesis. Integrating the finding that there is a significant negative relationship between the levels of anthocyanins and PAs during Lycium fruit ripening (Figure S8), it is shown that NO also redirects the flavonoid biosynthetic pathway from anthocyanin to PA production, thus indirectly regulating Lycium fruit coloration. Our results may establish a direct relationship between the NO signaling and the flavonoid biosynthetic pathway in fresh fruits.

Flavonoid biosynthetic pathway is transcriptionally controlled mainly by a ternary complex of MYB–bHLH–WD40 TFs (termed the MBW complex), in which R2R3-MYB TFs function mainly to determine the specificity of gene activation for anthocyanin and PA biosynthesis (Jaakola, 2013; Xu et al., 2015; Allan and Espley, 2018). So far, mutiple flavonoid-related MYB activators have been identified in a great deal of plant species, among which some co-regulates both anthocyanin and PA accumulation, but others specific to one of them (Nesi et al., 2001; Bogs et al., 2007; James et al., 2017; An et al., 2018; Li C. et al., 2019). Besides acting as positive regulators, MYB TFs also act as negative regulators (or repressors) in the regulation of flavonoid biosynthesis. In the present work, four R2R3-MYB type TFs, e.x. LrAN2, LrMYB1, LrMYB3, and LrMYB44 were inactivated by NO, while two 1R-MYB type TFs, e.x. LrMYB30 and LrMYB73 were activated by NO, at transcriptional level. So far there is not a report for 1R-MYB type TFs involved in flavonoid metabolism (Ma and Constabel, 2019), but the present work demonstrated in Lycium plants that it is related with PA biosynthesis. Except MYB TFs, both the examined bHLH TFs and WD40 proteins that were positively correlated with anthocyanins were negatively correlated with PAs. It is shown in the transcriptional level that PA-related MBW activators negatively correlated with anthocyanin-related MBW activators in Lycium plants (data not shown). Whether there is a direct antagonism between those R2R3-MYB type TFs and those 1R-MYB type TFs in Lycium fruits needs to be further investigated in the future. Moreover, genome-wide characterization of the MBW complex that coordinated regulation of PA and anthocyanin accumulation, or specific to each of them, is also urgently needed for Lycium plants.

It is well known that the fruit ripening process is regulated by various phytohormone interactions, in which ethylene and ABA make a positive effect, while IAA, CTK, and GA exert a negative one (Gapper et al., 2013; Guo et al., 2018). In consideration of the fact that there is neither ethylene release nor respiration rate increase during Lycium fruit ripening (Feng and Zhang, 2010), it is proposed that Lycium fruit belongs to the nonclimacteric group. We have previously documented that ABA acts as a ripening enhancing hormone in Lycium fruits both by genetic and pharmacological approaches (Li G. et al., 2019). In the present work, we further demonstrated that NO attenuated the coloration of Lycium fruits by antagonizing the action of ABA, thereby delaying the fruit ripening. The interaction between NO signaling and ABA signaling has been shown to be involved in many plant physiological processes, e.x. seed germination/dormancy, stomatal movement, leaf senescence, fruit ripening, abiotic stress response, etc. (Zhang et al., 2019). Within these physiological processes, NO and ABA have either synergetic or antagonistic functions (Prakash et al., 2019). Inhibition of ABA biosynthesis, promotion of ABA decomposition, and inhibition of ABA signal transduction may be behind the mechanisms why NO antagonizes ABA (Prakash et al., 2019). Of course, this needs to be further validated in Lycium fruits. It has been established in stomatal cells that NR-derived NO, which was induced by ABA, was involved in ABA-mediated stomatal movement (Kolbert et al., 2019). On the contrary, in the present work, we found that ABA inhibited NO production in Lycium fruits though the mechanism remains unclear. Maybe it is the ABA-induced reactive oxygen species accumulation which directly reacted with NO, thus declining the endogenous NO level (Prakash et al., 2019). Taken together, our results may provide particularly comprehensive information about NO–ABA–anthocyanins interplay during Lycium fruit development and ripening. Nevertheless, little is known about the interplay between NO and other regulators involved in fruit ripening of Lycium plants.

Although we highlighted the NO-mediated transcriptional modification of flavonoid biosynthetic pathway, it should be kept in mind that NO exerts a signaling function also by posttranslational modification of target proteins, e.g., protein S-nitrosylation and nitration (Feng et al., 2019). In Arabidopsis, the addition of either of the NO donors SNP or GSNO inhibited the DNA-binding capacity of the minimal DNA-binding domain of the TF R2R3-MYB2 due to the S-nitrosylation of Cys53 or the S-nitrosylation of AtMYB30 at Cys49 and Cys53 (Serpa et al., 2007; Tavares et al., 2014). It is speculated, therefore, that NO regulates R2R3-MYB activity at both the transcriptional level and the posttranslational level, thus inhibiting anthocyanin biosynthesis in Lycium fruits. However, the mechanism underlying the NO activation of PA-specific 1R-MYB TFs in these plants remains unclear. In the future, the NO-mediated posttranslational modification of the key enzymes involved in the biosynthesis of anthocyanins and PAs should also be addressed. Morover, as one of the metabolites of nitrate nutrients (Chamizo-Ampudia et al., 2017), the endogenous NO content can be fine-tuned by the regulation of NO3− application. Therefore, Lycium fruit coloration/ripening can also be manipulated by the application of fertilizers that contain NO3− (Jezek et al., 2018) as has been shown in Arabidopsis, grape berry and apple (Zhou et al., 2012; Habran et al., 2016; Wang et al., 2018). We look forward to this theme which will become a promising research project due to the versatile function of NO in regulating fresh fruit ripening, quality and shelf life.
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Figure S2 | Effect of LbNR silencing on PA biosynthesis-related gene expression, both for YF and BF. The error bars represent the SDs of three independent replicates. The asterisks on the bars for the same species indicate significant differences between the treatments (p < 0.01).

Figure S3 | Effect of exogenous SNP on PA biosynthesis-related gene expression, both for YF and BF. The error bars represent the SDs of three independent replicates. The asterisks on the bars for the same species indicate significant differences between the treatments. “*” indicates p < 0.05, and “**” indicates p < 0.01.

Figure S4 | The relationship between the release of NO and the accumulation of ABA during the process of YF (A) and BF (B) ripening, respetively. p < 0.01.

Figure S5 | LbNCED1 silencing enhanced PA accumulation, both for YF (A) and BF (B). The error bars represent the SDs of three independent replicates. The asterisks on the bars for the same species indicate significant differences between the treatments. “*” indicates p < 0.05, and “**” indicates p < 0.01.

Figure S6 | Transcriptional response of LrMYB TFs to LbNR silencing in BF. The error bars represent the SDs of three independent replicates. The asterisks on the bars for the same species indicate significant differences between the treatments. “*” indicates p < 0.05, and “**” indicates p < 0.01.

Figure S7 | Transcriptional response of LrMYB TFs to LbNCED1 silencing in BF. The error bars represent the SDs of three independent replicates. The asterisks on the bars for the same species indicate significant differences between the treatments. “*” indicates p < 0.05, and “**” indicates p < 0.01.

Figure S8 | The relationship between anthocyanins and PAs during the process of YF (A) and BF (B) ripening, respetively. p < 0.01.
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Nitrate reductase (NR) is the first enzyme of the nitrogen reduction pathway in plants, leading to the production of ammonia. However, in the nitrogen-fixing symbiosis between legumes and rhizobia, atmospheric nitrogen (N2) is directly reduced to ammonia by the bacterial nitrogenase, which questions the role of NR in symbiosis. Next to that, NR is the best-characterized source of nitric oxide (NO) in plants, and NO is known to be produced during the symbiosis. In the present study, we first surveyed the three NR genes (MtNR1, MtNR2, and MtNR3) present in the Medicago truncatula genome and addressed their expression, activity, and potential involvement in NO production during the symbiosis between M. truncatula and Sinorhizobium meliloti. Our results show that MtNR1 and MtNR2 gene expression and activity are correlated with NO production throughout the symbiotic process and that MtNR1 is particularly involved in NO production in mature nodules. Moreover, NRs are involved together with the mitochondrial electron transfer chain in NO production throughout the symbiotic process and energy regeneration in N2-fixing nodules. Using an in vivo NMR spectrometric approach, we show that, in mature nodules, NRs participate also in the regulation of energy state, cytosolic pH, carbon and nitrogen metabolism under both normoxia and hypoxia. These data point to the importance of NR activity for the N2-fixing symbiosis and provide a first explanation of its role in this process.
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Introduction

In plants, yeasts, algae, and fungi, nitrate reductase (NR) is a key enzyme of the nitrogen (N) reduction and assimilation pathway. It catalyzes the reduction of nitrate (NO3−) to nitrite (NO2−), which is itself reduced to ammonia (NH4+) by nitrite reductase (NiR), before being assimilated into the amino acids and the nitrogen compounds of the cell (Campbell, 1999). Sixty-five million years ago, the legume family developed a beneficial mutual relationship with soil bacteria, the Rhizobia, which directly reduce atmospheric nitrogen (N2) to ammonia (NH4+) through the activity of the nitrogenase under nitrogen deficiency situations (Wang et al., 2018). In exchange for NH4+, plants supply “board and lodging” for the bacteria, providing them with an ecological niche for their development and carbon nutrients for their functioning, in neoformed organs called nodules (Udvardi and Day, 1997; Terpolilli et al., 2012). Thus, in legume nodules, the bacterial nitrogenase substitutes for the NR–NiR pathway to produce NH4+ and supply the plant with reduced nitrogen. However, many studies have reported high NR expression and activity in symbiotic nodules (see Streeter, 1985a; Streeter, 1985b; Arrese-Igor et al., 1990; Silveira et al., 2001; Kato et al., 2003; Sanchez et al., 2010; Horchani et al., 2011, and references therein) and the question arose—and still arises—of what the NR can be used in the N2-fixing symbiosis, where nitrogen reduction is ensured by nitrogenase.

The involvement of NR activity in NO production has been evidenced in many plant organs and tissues over the past 20 years (Dean and Harper, 1988; Yamasaki and Sakihama, 2000; Rockel et al., 2002; Sakihama et al., 2002; Gupta et al., 2005; Planchet et al., 2005; Kato et al., 2010; Kolbert et al., 2010). Until recently, NR was considered to produce directly NO via the reduction of NO2−, but another indirect mechanism of NO synthesis involving NR has been proposed (Chamizo-Ampudia et al., 2016; Chamizo-Ampudia et al., 2017). In this mechanism, through its diaphorase activity, NR transfers electron from NAD(P)H to a NO-forming nitrite reductase (NOFNiR) that catalyzes the reduction of NO2− to NO. Although the interaction between NR and NOFNiR has been argued in eukaryotic algae, the proof of concept in higher plant is still not demonstrated. NO is a reactive free radical gaseous molecule with a broad spectrum of regulatory functions in plant growth and development, and in response to abiotic and biotic factors (Kolbert et al., 2019). NO is particularly involved in the legume–Rhizobium symbiotic interactions (Hichri et al., 2015; Berger et al., 2019).

During the first hours after inoculation with the symbiotic partner, NO was observed in the roots of Lotus japonicus, Medicago sativa, and Medicago truncatula (Nagata et al., 2008; Fukudome et al., 2016; Hichri et al., 2016). Its production was also detected during the infection process along the infection thread and in the dividing cells of the M. truncatula nodule primordium (del Giudice et al., 2011). Similar results were observed in other Medicago species (Pii et al., 2007). In M. truncatula mature nodules, NO has been shown to accumulate particularly in the N2-fixing zone (Baudouin et al., 2006; Hichri et al., 2016), and at the onset of nodule senescence a NO production was reported at the junction of the N2-fixing and senescence zones (Cam et al., 2012). A recent study with M. truncatula showed that NO is produced throughout the whole symbiotic process, from infection with Sinorhizobium meliloti up to, at least, 8 weeks post-inoculation (wpi), exhibiting production peaks during the first hours of the symbiotic interaction, during early development of the nodule and when the nodule becomes mature (Berger et al., 2020). These observations suggest that NO performs specific signaling and/or metabolic functions during symbiosis. Indeed, two transcriptomic analyses led to the identification of NO-responsive genes either in 4 days post-inoculation (dpi) roots (Boscari et al., 2013) or in developing and mature nodules (Ferrarini et al., 2008). More than 400 plant genes are NO-regulated during the symbiotic process, including genes involved in nodule development normally induced by the symbiont, suggesting that NO participate in signal transduction in the plant–microorganism interaction (Ferrarini et al., 2008; Boscari et al., 2013). On the bacterial partner side, NO has also been shown to regulate a hundred genes, most of them being similarly regulated under microoxic conditions (Bobik et al., 2006; Meilhoc et al., 2010). The biological activity of NO is particularly mediated through redox-dependent protein modifications such as S-nitrosation, tyrosine nitration and metal nitrosylation (Besson-Bard et al., 2008; Hancock, 2019). Several key proteins involved in nodule primary metabolism or stress response were reported to be S-nitrosated, indicating a crucial role of NO in the energy, carbon, and nitrogen metabolism (Puppo et al., 2013). Among these proteins, enzymes such as glutathione peroxidase (Castella et al., 2017), glutamine synthetase (Melo et al., 2011; Seabra and Carvalho, 2015), and leghemoglobins (Mathieu et al., 1998; Navascues et al., 2012; Sainz et al., 2015; Becana et al., 2020) have been shown to be differently regulated by various NO-dependent modifications. Finally, NO has also been shown to play a metabolic function in the maintenance of energy status under hypoxic conditions, such as that prevailing in microoxic nodules (Igamberdiev and Hill, 2004; Igamberdiev and Hill, 2009). Indeed, NO is involved in a respiratory cycle, called Phytoglobin-NO respiration (PNR), allowing the regeneration of ATP under low oxygen concentrations. PNR is divided into four steps including: 1) NO3− reduction to NO2− by cytosolic NR, 2) NO2− transport from the cytosol to the mitochondrial matrix, 3) NO2− reduction to NO by the mitochondrial electron transfer chain, and 4) NO diffusion to the cytosol and oxidation to NO3− by Phytoglobins. Evidence indicates that PNR potentially functions and participates in the regeneration of ATP in N2-fixing nodules (Horchani et al., 2011; Berger et al., 2020). Thus, the importance and diversity of NO functions in symbiosis, whether through the regulation of gene expression, the modulation of enzyme activity, or its involvement in energy metabolism, require that its production should be timely and tightly regulated during the symbiotic process. Considering that the NR pathway is the main NO production pathway in plants and that its activity is high in nodules, we hypothesized that NR is significantly involved in the production of NO during the symbiotic process.

The aim of this work was to test this hypothesis. To this end, we addressed the expression and activity of the three NR genes present in the M. truncatula genome, from the first hours of symbiotic interaction up to 8 wpi, at the onset of nodule senescence. Then, we investigated the impact of NR activity on NO production and energy regeneration during nodule development. Last, we studied its role in carbon and nitrogen metabolism in mature nodules. Based on our data, we discuss the potential roles of NR on NO homeostasis during the symbiotic process and more generally on the N2-fixing process.



Materials and Methods


Plants Growth and Inoculation Conditions

Medicago truncatula (cv Jemalong A17) were scarified, sterilized, and germinated as in del Giudice et al. (2011). Seedlings were cultivated and inoculated with Sinorhizobium meliloti 2011 strain either in Petri dishes as in del Giudice et al. (2011), or in planters as in Horchani et al. (2011). A basic intake of 0.2 mM KNO3 is provided to plants on Petri dishes and planters. Cultures in Petri dishes were used for short-term experiments up to 14 days post-inoculation (dpi), while those in planters were used for long-term experiments up to 8 weeks post-inoculation (wpi). Roots and/or nodules were harvested at various times of the kinetics. For short-term experiments, 2 cm-long root segments corresponding to the infection zone (del Giudice et al., 2011) were harvested for gene expression and NO production. For long-term experiments only nodules were used.



NR Sequences Acquisition and Analyses

Protein sequences of NR were obtained from three genomic and protein databases: NCBI (www.blast.ncbi.nlm.nih.gov), Phytozome (www.phytozome.jgi.doe.gov), and Uniprot (www.uniprot.org). Local or multiple alignment search tools (BLAST from NCBI and Phytozome; Water and ClustalW from the European Bioinformatic Institute platform EBI) were used to analyze the sequence’s quality, length, and uniqueness. Sequences kept were listed in Supplementary Table S1, where a nomenclature code was assigned to each protein in order to simplify data-reading in the phylogenetic tree. The code is made of the name of the species represented, the name allotted to the sequence on the literature or NCBI, and the number of amino acids composing each protein.



Construction of the Phylogenetic Tree

NR sequences were aligned using Muscle algorithm (Madeira et al., 2019), and their evolutionary history was inferred by Maximum Likelihood (ML) and the JTT matrix-based model (Jones et al., 1992) using MegaX software (Kumar et al., 2018). Initial trees calculated for the heuristic search were acquired automatically by applying Neighbor-Join (NJ) and BioNJ algorithms to a pair-wise distance matrix approximated using the JTT model. The number of distinct/identical residues between each pair of sequences in the multiple alignment was therefore calculated to construct the matrix, and the topology with a higher log likelihood value was selected. The tree was inferred by Nearest-Neighbor-Interchange (NIN) heuristic method, and to assess the reliability of the inference, the bootstrapping method was applied. The consensus tree deduced from 1,000 bootstrap repetitions was retained, and branches corresponding to divisions reproduced in less than 50% of the bootstrap repetitions were not considered. An outgroup, Chlamydomonas reinhardtii ‘s NR NIT1, was used to root the tree.



Construction of a Binary Vector for Hairy Root Transformation

For promoter transcriptional fusions, fragments of 1,647, 1,700, and 1,554 bp upstream of the start codon were amplified by PCR using the primers indicated in Table S2 for MtNR1, MtNR2, and MtNR3 respectively. Each PCR fragment was first cloned into the pDONR207 donor vector and then into the plant expression vector pKGWFS7 (Karimi et al., 2002) using Gateway technology (Invitrogen, http://www.invitrogen.com). For the RNA interference (RNAi) construct, 432- and 441-bp fragments of MtNR1 (MtrunA17Chr3g0115151) and MtNR2 (MtrunA17Chr5g0424491) genes were amplified via polymerase chain reaction (PCR) with specific primers (Table S2). PCR products were independently ligated into pGEM-T easy vector (Promega) and subsequently subcloned into pENTR4 vectors in BamHI–KpnI restriction sites for MtNR1 and EcoRI and KpnI restriction sites for MtNR2. The pENTR4 vector carrying the MtNR1 or the MtNR2 fragment was recombined with pK7GWIWG5D(II) vector (Horchani et al., 2011) using the LR clonase enzyme mix (catalog no. 11791-019; Invitrogen) to create the RNAi expression vectors. As control, transgenic roots transformed with empty pK7GWIWG5D(II) vector and selected on the base of green fluorescent protein (GFP) marker expression were used. Constructs were checked by sequencing, introduced by electroporation into Agrobacterium rhizogenes strain ARqua1, and used for M. truncatula root transformation as described by Boisson-Dernier et al. (2001).



Measurement of NO Production

NO detection was performed as in Horchani et al. (2011) using the 4,5-diaminofluorescein probe (DAF-2, Sigma-Aldrich) with the following changes. Either nodules (20–30 mg fresh weight) or root segments (50–100 mg fresh weight) were incubated in the dark at 23°C in 1 ml of detection buffer (10 mM Tris-HCl pH 7.4, 10 mM KCl) in the presence of 10 μM DAF-2. As a control, NO production was measured in the same experimental system through the use of the Cu(II) fluorescein (CuFL) fluorescent probe (Strem Chemicals) instead of DAF-2 in the detection buffer as described in Horchani et al. (2011). Similar results were obtained with both probes. The production of NO was measured with a spectrofluorimeter-luminometer (Xenius, SAFAS, Monaco). Inhibitors are used as described in Horchani et al. (2011). The inhibitors are added to the reaction medium for the determination of NO at the concentration of 1 mM tungstate (Tg), 1 mM allopurinol, 1 mM propyl gallate, and 300 μM potassium cyanide (KCN). NO production was initiated 1 h after the addition of inhibitors. Three independent biological replicates have been performed with three technical replicates per biological assay.



Nitrogen-Fixing Capacity Measurement

Nitrogenase activity of the nodules was determined in vivo by measuring acetylene reducing activity (ARA, Hardy et al., 1968). Nodulated roots were harvested and incubated at 30°C for 1 h in rubber-capped tubes containing 10% acetylene atmosphere. Ethylene concentrations were determined by gas chromatography (Agilent GC 6890N, Agilent Technologies) equipped with a GS-Alumina separating capillary column. Three independent biological replicates have been performed with five technical replicates per biological assay.



Phosphorus NMR

For each experiment, 0.9 to 1.1 g fresh weight of 4 wpi-old nodules (around 1,400 to 1,700 nodules) were harvested and incubated at ambient temperature in an aerated perfusion medium containing 1 mM KH2PO4, 1 mM MgSO4,7H2O, 0.25 mM K2SO4, 0.5 mM CaCl2, 10 mM MES/KOH, pH 6.0, and 25 mM glucose. At the end of the preparation period of approximately 3 h, the nodules were placed between two filters into a 10-mm tightly closed NMR tube, part of a homebuilt perfusion system. The latter, evolved from experimental device described previously (Roby et al., 1987), allows circulation of the perfusion medium controlled in solute composition, temperature, and pH through the living nodule sample. The partial oxygen pressure in the perfusion medium was established by bubbling mixtures of oxygen and nitrogen (either 21:79 or 1:99% O2:N2) into the medium reservoir. At various time, effectors were added into the perfusion medium. Each series of in vivo biological experiment has been performed at least five times.

31P NMR spectra were acquired at 202.47 MHz using a 500.16 MHz NMR spectrometer (Avance III, Bruker). For in vivo experiments, 31P NMR spectra were recorded for 36 min using a 10 mm ATMA broadband observe probe. A solution of 500 mM Hexamethylphosphoramide (HMPA, ref H3380, Sigma) contained in a concentric capillary provides the chemical shifts and intensity references for the 31P NMR spectra. 3,072 scans of 16 K data points were acquired with a 60° pulse angle, a spectral width of 14,204 Hz, acquisition time of 0.58 s and recycle delay of 0.1 s. Preliminary data processing was carried out with TOPSPIN 3.0 software (Bruker Biospin, Karlsruhe, Germany). Each Free Induction Decay (FID) was Fourier transformed (10 Hz line broadening), manually phased and baseline corrected. The resulting spectra were aligned by setting the HMPA signal to 30.73 ppm.

The resonance assignments were based on chemical shifts. 31P chemical shifts were determined according to (Rolin et al., 1989). Subcellular pH was estimated by the use of a standard reference curve of pH as a function of chemical shift, which was obtained according to the method of Roberts et al. (1980).



Measurement of NR Activity

Tissue samples are ground with mortar and pestle in liquid nitrogen. The total proteins are extracted from 100 mg of powder using the following extraction buffer: 25 mM Tris HCl, pH 8.5, 1 mM EDTA, 20 μM FAD, 0.04% Triton X100, 10 μM NaMO4, 1 mM DTT, 20 µM L-transepoxysuccinyl-leucylamido-[4-guanidino]butane (E64), 2 mM phenylmethylsulfonyl fluoride (PMSF). The extracts are centrifuged (15,000 g, 15 min). The NR activity is measured by quantifying the NO2− produced in the reaction mixture containing: the enzyme extract in 0.2 M HEPES, pH7.0, 15 mM KNO3, and 250 μM of NADH (Miranda et al., 2001). The reaction is stopped after 30 min by boiling the samples for 3 min at 100°C. The nitrite produced is measured using Griess reagent (1% sulphanilamide in 1 M HCl and 0.01% NEDD [N-1-naphthylethylenediamine dihydrochloride] in water) and measured at 540 nm. Soluble proteins are assayed according to the method of Bradford (1976). For each series of experiments, at least three independent biological replicates have been performed with three technical replicates per biological assay.



RNA Isolation, Reverse Transcription and Gene Expressions

RNAs were isolated from 100 mg of frozen material ground in liquid N2 using the RNAzol following the manufacturer’s recommendations (Sigma-Aldrich). RNA quality was checked, and DNase treatment was carried out before the synthesis by GoScript reverse transcriptase (Promega) of the cDNAs. The RT-qPCR was made with Go-Taq qPCR master Mix kit according to manufacturer’s instructions (Promega). RT-qPCR data analysis was carried out using RqPCRBase, an R package working on R computing environment for analysis of quantitative real-time PCR data (Hilliou and Tran, 2013). The expression of the different genes was normalized against two housekeeping genes Mtc27 (Van de Velde et al., 2006) and Mta38 (del Giudice et al., 2011). The reference value ‘1’ was attributed to the first time when the cycle threshold (Ct) of the analyzed gene was significantly detectable. The data of comparative expression levels between genes are given on a logarithmic scale expressed as 40 − ΔCT, where ΔCT is the difference in qRT-PCR threshold cycle number between the respective gene and the reference gene; the number 40 was chosen because PCR run stops after 40 cycles (Bari et al., 2006; Truong et al., 2015; Berger et al., 2020). RT-qPCR analyses were carried out in triplicate using the primers reported in Table S2. Three independent biological replicates have been performed.



Enzymatic and HPLC Metabolite Analyses

Nodule metabolites (amino acids, organic acids, soluble sugars) were extracted by the alcoholic extraction method and resuspended in water as described in Brouquisse et al. (1991). Sucrose was determined enzymatically (Velterop and Vos, 2001) at 340 nm using a microplate spectrophotometer. Succinate and malate were determined by anion exchange HPLC (Dionex) with conductivity detection (Moing et al., 1998). Free amino-acids were analyzed by HPLC using the AccQ.Tag method from Waters (Milford, MA) with fluorescence detection (Moing et al., 1998). Three independent biological replicates have been performed with three technical replicates per biological assay.



Extraction and Measurement of Nodule Adenine Nucleotides

Adenine nucleotides were extracted and measured as in Horchani et al. (2011). Adenine nucleotides were measured in a Xenius spectrofluorimeter-luminometer using the ATPlite one-step assay system (Perkin-Elmer) according to the manufacturer’s instructions. Three independent biological replicates have been performed with three technical replicates per biological assay.



β-Glucuronidase Detection In Planta

For β-glucuronidase detection, nodulated roots of composite plants were incubated at −20°C for 1 h in a mixture “acetone:phosphate buffer (Na2HPO4/NaH2PO4 0.1 M, pH 7.4)”, 90%:10% (v/v), then washed twice with the phosphate buffer and incubated 3 h to overnight at room temperature in the dark in phosphate buffer containing potassium ferricyanide (0.5 mM) and X-gluc (0;5 ng.ml−1). Nodulated roots or 80-µm-thick vibroslices, obtained with a HM560V Vibratome (Microm, http://www.microm.de) after embedding plant material in 4.5% low-melting-point agarose, were visualized with a Zeiss Axioplan II microscope (Carl Zeiss, http://www.zeiss.com) using dark-field optics. For each transformation experiment, 40 independent roots or nodules were transformed and individually analyzed for β-glucuronidase activity.



Statistical Analyses

Statistical analyses were performed using Student t-test or one-way analysis of variance (ANOVA) followed by a Fisher test. Data were considered as significantly different when p < 0.05.




Results


NR Gene Expression During the Symbiosis Process

Research in three genomic and protein databases: NCBI (www.blast.ncbi.nlm.nih.gov), Phytozome (www.phytozome.jgi.doe.gov) and Uniprot (www.uniprot.org) revealed that all the plant genomes studied code for one to six NR sequences, with 76% of the species having between one and two NR (Table S1). Among the genomes of the Fabales group in Table S1, only three species seem to have more than two NR sequences: Glycine max and Glycine soja, with five and four sequences respectively and M. truncatula with three sequences. The three M. truncatula NR genes (Puppo et al., 2013; Roux et al., 2014), named MtNR1, MtNR2, and MtNR3, respectively encode proteins of 902, 884, and 876 amino acids (Figure S1A). The three NR genes exhibit strong similarities (>70%) to each other and exhibit similar structure with four exons and three introns of different sizes (Figure S1B). Both MtNR1 and MtNR3 are closely present in chromosome 3, while MtNR2 is present in chromosome 5. To study the phylogenetic relationships operating on the NR sequences, a phylogenetic tree using NR from the Fabales family and different model plants was inferred (Figure 1). Forty seven non-redundant protein sequences from 21 species and belonging to the Solanales, Fabales, Brassicales, Malvales, Vitales, and Poales families were used (Table S1). The most striking result is the separation of the Fabales sequences into three distinct Hypothetical Taxonomic Units (HTU), named HTU1, HTU2, and HTU3 (Figure 1). MtNR2 is in the largest unit HTU1, whereas MtNR1 and MtNR3 are both in HTU3. For species with more than one sequence, we observe a distribution of these sequences over two HTUs.




Figure 1 | Phylogenetic tree of NR protein sequences. 47 nitrate reductase sequences from model plants or belonging to the Fabaceae family were used in this analysis. The tree was inferred by maximum likelihood (ML) with MegaX (Kumar et al., 2018). Percentages displayed next to each branch represent the number of tree replicates in which the associated taxa were assembled together when performing 1,000 bootstraps. The lengths of the branches do not represent a phylogenetic distance.



As reported in the Affymetrix data (Figure S2), both MtNR1 and MtNR2 are significantly expressed in the roots and nodules, but MtNR3 is specifically expressed in the nodules. More precisely, the histochemical detection of GUS activity under the control of NR promoters at 4 dpi shows that the three NR genes are expressed in young developing nodules, i.e. in the controlled area (a block of cells contituted by pericycle, endodermis and dividing cortical cells, Xiao et al., 2014) of nodule primordium (Figures 2A, C, E). In 14 dpi-old nodules, MtNR1 expression is detected in the whole nodule (Figure 2B). NR2 expression is also detected in the three zones but also at the periphery of the nodule in the vascular bundle (Figure 2D). In the case of MtNR3, GUS staining appears mainly at the level of zones I and II and very slightly in zone III (Figure 2F). These results are consistent with Symbimics data (Roux et al., 2014; Table 1) which report a localization of the expression of the three NR genes close to that which we observe in 14 dpi-old nodules.




Figure 2 | Histochemical localization of MtNRs expression in Medicago truncatula roots. Localization of GUS activity in transgenic M. truncatula roots expressing the gusA reporter gene under the control of a 1.65 Kb MtNR1 promoter fragment (A, B), of a 1.7 kb MtNR2 promoter (C, D) and of a 1.55 kb pMtNR3 promoter (E, F). Whole root segment 4 dpi with S. meliloti (A, C, E) and longitudinal section of a 2 wpi old nodules (B, D, F) were stained for 3, 5, or 16 h with X-gluc for the GUS activity for pMtNR2, pMtNR1, or pMtNR3 respectively. Zones I, II, and III of the nodule are represented in red in picture F. p, nodule primordium; Vb, vascular bundles; c, cortex. Scale bars, 50 µm for (A, C, E); 100 µm for (B, D, F).




Table 1 | Access code and Symbimics expression of Medicago truncatula NR and NO-producing enzyme genes.



Then, we investigated their expression kinetics throughout the symbiotic process. To this end, we used two types of M. truncatula cultures: a short-term culture from 0 to 14 dpi and a long-term culture from 0 to 8 wpi. Both MtNR1 and MtNR2 are expressed at a significant level in non-inoculated roots (Figures 3 and 4). After inoculation with Sinorhizobium meliloti, MtNR1 expression significantly increases (30- to 45-fold) and exhibits three expression peaks at 10 hpi, 4 dpi, and 5 wpi (Figures 3A, B). Similarly, MtNR2 expression increases with two peaks at 10 hpi and 4 dpi and then reaches a plateau between 3 and 8 wpi (Figures 3C, D). MtNR3 expression is detected only from 4 dpi, increases to reach a plateau between 3 and 5 wpi, and then strongly increased (up to 300 times) after 6 wpi at the nodule senescence (Figures 3E, F). The expression level of NR as compared to each other, before inoculation and at four time-points in the symbiosis, is reported in Figure 4. Several features emerged from this analysis. 1) MtNR2 is the most highly expressed NR gene (30 to 100 times more than NR1) throughout the whole process. 2) The three NR genes are significantly expressed in N2-fixing nodules. 3) Whereas the expression of MtNR1 decreases at the onset of nodule senescence, the expression of Mt NR3 clearly increases and exceeds that of MtNR1 in 8 wpi nodules. By comparison with the other enzymes potentially involved in the synthesis of NO such as abscissic aldehyde oxidase (AAO), indole aldehyde oxidase (IAO), NO forming nitrite reductase (NOFNiR), sulfite oxidase (SOX), and xanthine dehydrogenase (XDH), it may be noted that the expression of MtNR1 and MtNR2 is significantly stronger than that of the other genes (Figure S2).




Figure 3 | Expression of Medicago truncatula NR genes during the symbiotic process. Expression analysis of the NR genes in roots and nodules during the symbiotic process. Short term kinetic 14 dpi (A, C, E), long term kinetic 8 wpi (B, D, F). Expression of NR1 (A, B), NR2 (C, D) and NR3 (E, F). Data are means ± SE of three biological replicates. Each measure was realized in three technical replicates. dpi, day post inoculation; wpi, week post inoculation.






Figure 4 | Expression of Medicago truncatula NR genes at various times of the symbiotic process. The data are drawn from the same experiments as those presented in Figure 3. Values followed by different letters are significantly different according to one-way ANOVA analysis followed by a Fisher test (P<0.05). dpi, day post inoculation; hpi, hour post inoculation; wpi, week post inoculation.





NR Activity and NO Level During the Symbiotic Process

To assess the contribution of NR in NO production, the total NR activity was analyzed and compared to the NO production level during the symbiotic process (Figure 5). NR activity in non-inoculated roots is close to 4.2 ± 0.9 nmol.min−1.g−1FW. Following inoculation, NR activity exhibits a significant and reproducible 60–70% decrease within 4 hpi before returning close to its initial value at 10 hpi. After a new decrease at 24 hpi, NR activity strongly increases to 26.5 ± 1.1 nmol.min−1.g−1FW at 4 dpi, strongly decreases between 9 and 14 dpi, and then increases again to peak at 3–5 wpi. After the onset of nodule senescence, NR activity decreases to reach 5.1 ± 0.1 nmol.min−1.g−1 FW at 8 wpi. As far as it is concerned, NO production level shows three transient production peaks, at 10 hpi, 4 dpi, and 3–4 wpi (Figures 5 and S3; Berger et al., 2020). As a whole, the pattern of NR activity follows that of MtNR1 and 2 gene expression (Figure 3) and clearly shows a parallel with the production of NO (Figure 5). It particularly fits with the expression of MtNR1 and MtNR2 during the three first weeks of the symbiosis and with that of MtNR1 between 3 and 8 wpi, suggesting that NR1 is playing a major role in NO production. To check this hypothesis, a RNAi strategy was used. M. truncatula RNAi on the MtNR1, MtNR2, and double MtNR1-2 genes were constructed under the control of the zone III-specific promoter NCR001 (Mergaert et al., 2003; Horchani et al., 2011). Four wpi-old nodules were collected and analyzed for NR activity and NO production. As compared to the control, NR activity is decreased by 47 and 56%, respectively, in the RNAi::NR1 and NR2 nodules (Figure 6A), but the double RNAi::NR1-2 does not make it possible to further reduce the total NR activity. Regarding NO production, it drops by 45% in RNAi::NR1 nodules, but only by 18% in RNAi::NR2 nodules (Figure 6B). The decrease in NO production in the nodules of double RNAi::NR1-2 is of the same order of magnitude as that observed in RNAi::NR1 nodules. These results clearly show that the decrease in NR activity is accompanied by a fall in NO production and that this fall is particularly related to NR1 activity rather than NR2.




Figure 5 | NR activity and NO production during the Medicago truncatula symbiosis. Short term kinetic 14 dpi (A), long term kinetic 8 wpi (B). The nitrate reductase activity is expressed in nmol per min per g of fresh weight. The fluorescence intensity of the NO production was measured using the DAF-2 fluorescent probe. Data are means ± SE of three biological replicates. Each measure was realized in three technical replicates. dpi, day post inoculation; FU, fluorescence unit; wpi, week post inoculation.






Figure 6 | NR activity and NO production in NR RNAi transformed Medicago truncatula nodules. (A), NR activity is expressed in nmol per min per g of fresh weight. (B), The fluorescence intensity of the NO production was measured using the DAF-2 fluorescent probe. Data are means ± SE of three biological replicates. Each measure was realized in three technical replicates. Asteriks * indicate statistical difference when compared with the control GFP (transgenic roots transformed with empty pK7GWIWG5D(II) vector selected on GFP marker) at P < 0.05 according to Student’s t test. FU, fluorescence unit.





Involvement of NR Activity in NO Production and Energy Regeneration During Nodule Development

The concomitance of the peaks of the NR expression/activity and those of NO production suggests that NRs are involved in the production of NO. Thus, using an inhibitor approach, we investigated the participation of NR and other potential NO sources such as xanthine dehydrogenase and mitochondrial electron transport chain (ETC) in NO production in 10 hpi and 4 dpi roots and in 4 wpi nodules. As reported in Figure 7, NO production is 95% inhibited by KCN, used as a negative control. Allopurinol (AP), a specific inhibitor of xanthine dehydrogenase (XDH), moderately inhibits NO production (by 28%) in 10 hpi roots, whereas it is without effect in 4 dpi roots and 4 wpi nodules. In both 10 hpi and 4 dpi roots, propyl gallate (PG), an inhibitor of the mitochondrial alternative oxidase (AOX), inhibits NO production by 70–90%, indicating that the mitochondria are involved in this reaction. However, PG is ineffective in 4 wpi nodules. It can be noted that PG is also an inhibitor of polyphenol oxidases (Lin et al., 2013), but that the latter are not known to be directly or indirectly involved in the production of NO. The effects of PG on NO production can therefore be attributed to AOX inhibition. Interestingly, tungstate (Tg), a NR inhibitor, inhibits NO production by 88, 92, and 60% respectively in 10 hpi roots, 4 dpi roots, and 4 wpi nodules, and this inhibition is either partially (10 hpi and 4 dpi roots) or totally (4 wpi nodules) relieved by the addition of nitrite, the reaction product of NR (Figure 7). These data suggest that NR and ETC are involved in NO production.




Figure 7 | Effects of inhibitors on NO production at various times of the Medicago truncatula symbiosis. (A), schematic representation of inhibitor targets. NO production of 10 hpi-old (B) and 4 dpi-old (C) roots and of 4 wpi-old nodules (D) was measured after 4 h in the presence of either 1 mM tungstate (Tg), 1 mM allopurinol (AP), 1 mM propyl gallate (PG), 1 mM nitrite (NO2−), or 300 μM KCN. NO production is expressed as the percentage of the control values. Data are means ± SE of three biological replicates. Each measure was realized in three technical replicates. Values followed by different letters are significantly different according to one-way ANOVA analysis followed by a Fisher test (P < 0.05). dpi, day post inoculation; hpi, hour post inoculation; wpi, week post inoculation. AOX, alternative oxidase; COX, cytochrome oxidase; ETC, electron transfer chain; NR, nitrate reductase; XDH, xanthine dehydrogenase.



To further investigate the potential involvement of NR and NO in energy metabolism, we analyzed the energy state (i.e. the ATP/ADP ratio) in 10 hpi and 4 dpi roots and in 4 wpi nodules after a 4 h treatment in the presence of NR effectors (Table 2). In control and NO2−-treated roots and nodules, ATP/ADP ratio is high, indicating that ATP-regenerating processes are not limited. In the presence of Tg, the ATP/ADP ratio is significantly decreased only in 4 wpi nodules, indicating that the inhibition of NR partially affects the energy state in mature nodules, but not in 10 hpi and 4 dpi roots. This decrease in the ATP/ADP ratio is not observed when 4 wpi nodules are incubated in the presence of both Tg and NO2−, which means that the supply of NO2− makes it possible to maintain the nodule energy state.


Table 2 | Effects of NR effectors on ATP/ADP ratio in Medicago truncatula roots and nodules.



Considered together, these results indicate that 1) both the NR and the mitochondrial ETC are involved in the production of NO, probably via the reduction of nitrate to nitrite by NR and the subsequent reduction of nitrite to NO at the mitochondrial ETC level, and 2) NR activity is linked to energy regeneration processes in mature nodules, but not during the first steps of the symbiosis.



Involvement of NR in Carbon and Nitrogen Metabolism in Mature Nodules

Based on the above results, it appeared important to investigate more precisely the role of NR activity in the energetic metabolism of mature nodules. To this end, using a perifusion system adapted to NMR spectrometer (Roby et al., 1987), we first followed the effects of in vivo transition from normoxia to hypoxia, and vice versa, on the energy metabolism of 4 wpi nodules. Figure 8A displays typical 31P spectra obtained with living M. truncatula nodules during normoxia–hypoxia–normoxia transition experiments. The main resonance peaks are attributed to glucose-6-phosphate (G6P), cytosolic and vacuolar inorganic phosphate (Pi-cyt and Pi-vac, respectively), uridine di-phospho-glucose (UDPG), and to α, β and γ ATP. Transition from 21% O2 (normoxia) to 1% O2 (hypoxia) leads to an important reduction in ATP content and a significant acidification of cytoplasmic pH from 7.45 to 6.95 after 7 h of hypoxia, as measured by the shift of G6P and Pi-cyt resonances (Figure 8A). Back transition from 1 to 21% O2 is accompanied by an increase in ATP and a progressive return of cytoplasmic pH to more alkaline values (7.2). In a second series of experiments, nodules were incubated at 21% O2 in the presence of 1 mM Tg (Figure 8B). After 5 h of Tg treatment, ATP level decreases by a factor 2.5, and cytoplasmic pH decreases from 7.4 to 6.95, indicating a decrease in energy state and an acidification of the nodules. The addition of 1 mM NO2− triggers an increase in cytosolic pH to 7.15, indicating a progressive recovery of the cell metabolism (Figure 8B). Thus, the inhibition of NR by Tg and its subsequent relief by NO2− partially mimicks “normoxia–hypoxia–normoxia” transitions and support the involvement of NR in the energy metabolism of nodules.




Figure 8 | In vivo 31P-NMR study of metabolic transitions induced in Medicago truncatula nodules. (A) Proton-decoupled 31P-NMR spectra of nodules in normoxia at 21°C, perifused with a nutritive medium at pH 6.0 with successively 21% O2 (control), 1% O2, and then 21% O2. For each line, duration of the treatment is indicated up to the end of the spectrum. (B) Proton-decoupled 31P-NMR spectra of nodules in normoxia at 21°C, perifused with a nutritive medium at pH 6.0 containing successively 21% O2 (control), 1 mM tungstate (Tg) for 5 h, and then 1 mM nitrite (NO2−) for 2 h. For each line, duration of the treatment is indicated up to the end of the spectrum. Each spectrum series is drawn from a representative experiment of eight (A) and five (B) biological replicates. The values indicated next to the G6P and Pi-cyt resonances correspond to the cytosolic pH values. Exponential apodization and zero filling. Pi, inorganic phosphate; G6P, Glucose-6-phosphate; Pi-cyt, cytoplasmic Pi; Pi-vac, vacuolar Pi; UDPG, UDP-glucose.



Then, we investigated the potential involvement of NR in the N2-fixing metabolism. To this end, mature nodules were incubated for 4 h in either the presence, or the absence, of 1 mM Tg, 10 mM NO3− and 1 mM NO2−. As reported in Figure 9, the nitrogenase activity, as measured by its acetylene reducing activity (ARA), is inhibited in the presence of either NO3− or Tg (or both) but is unaffected by the presence of NO2−, indicating that NR activity supports N2 fixation. The changes in the content of various metabolites related to carbon and nitrogen metabolism of the nodules are consistent with this hypothesis. Thus, following NR inhibition by Tg (either in the presence or absence of NO3−), sucrose content increased, indicating a slowdown of its consumption by the nodules (Figure 9B). As a consequence, succinate and malate contents decreased (Figures 9C, D), indicating a lower supply of carbon nutrients to bacteroids, and asparagine content decreased (Figure 9E) as a result of the shortage of carbon substrate supply and ARA inhibition. Finally, alanine, which is a marker of hypoxia in plant tissues (Gibbs and Greenway, 2003), was found to increase in the presence of Tg (Figure 9F), indicating that NR inhibition mimics a hypoxia situation. The presence of NO2− reverses the effects of Tg (Figure 9).




Figure 9 | Effects of NR effectors on nitrogenase activity and metabolite contents in Medicago truncatula nodules. 4 wpi-old nodules were incubated for 4 h in the presence of either 10 mM nitrate (NO3−), 1 mM nitrite (NO2−), or 1 mM tungstate (Tg). (A), nitrogenase activity (estimated as ARA); (B), sucrose; (C), succinate; (D), malate; (E), asparagine; (F), alanine. Data are means ± SE of three biological replicates. Each measure was realized in three technical replicates. Asterisks * indicate significant difference at P<0.05, when compared with the control (Ctrl) according to Student’s t test.






Discussion


Medicago truncatula NRs Are Involved in NO Production

The main objective of this study was to test the hypothesis that NR regulates NO production and controls N2-fixing metabolism during the M. truncatula–S. meliloti symbiosis.

The Medicago genome encodes three NR genes, MtNR1, MtNR2, and MtNR3 (Puppo et al., 2013; Roux et al., 2014). Whereas most of the species analyzed possess between one and two sequences of NR, M. truncatula have three NRs. MtN3 and MtNR1 are both located on chromosome 3 separate from only 20 kb and are grouped in the same HTU on the phylogenetic tree, elements which are in favor of an event of duplication of MtNR1 to give birth to MtNR3. This exhaustive search for NR sequences conducted to identify two potential orthologs to MtNR3 in species closed to M. truncatula such as Trifolium pratense and Cicer arietanum. However, we did not identify three NR sequences in T. pratense and C. arietanum. MtNR3 has been shown to be specifically expressed in symbiotic nodules, excluding other organs of the plant (http://mtgea.noble.org/v3/). Its expression from 4 dpi (Figures 3 and 4) and location in the nodule primordium as well as in zones I and II of the nodule (Figure 2, Table 1) suggest that MtNR3 plays a role in cell division and infection processes during nodule organogenesis. Similarly, the sharp increase in its expression beyond 6 wpi (Figure 3F) suggests that NR3 also plays an important role in nodule senescence process that will be worth investigating. However, its low expression level during symbiosis (Figure 4) and its expression pattern, very different from the NO production once (Figures 3 and 5), do not support, a priori, a potential involvement of NR3 in the production of NO, pointing to a specific role of this NR in nodule aging.

MtNR1 and MtNR2 correspond to inducible and/or constitutive forms that have been found in other higher plants such as A. thaliana and G. max (Santucci et al., 1995). Our results show that three concomitant peaks of MtNR1/NR2 expression and NR activity can be considered over the period analyzed (Figures 3–5): i) during the first hours of the symbiotic interaction at10 hpi; ii) during the early development of the nodule at 4 dpi; and iii) when the nodule becomes mature around 3–4 wpi. The most salient feature of this study is the parallel that can be drawn between the expression of MtNR1 and MtNR2 (Figure 3), the total NR activity (Figure 5), and the production of NO (Figure 5). During the infection phase, at 10 hpi, the increase in MtNR1 and MtNR2 expression is accompanied by a slight increase in NR activity, while the production of NO increases by a factor of 2, suggesting that NRs are probably not the only sources of NO. In contrast, later in the symbiotic process (at 4 dpi and 3–4 wpi), the correlation between gene expression, NR activity, and NO production suggests that NO production is directly related to NR. Moreover, the spatiotemporal expression of MtNR1 and MtNR2 (Figure 2) corresponds to the localization of NO production reported to occur in the nodule primordium (del Giudice et al., 2011) and in the N2-fixing zone of the mature nodule (Baudouin et al., 2006). While keeping in mind that MtNR2 is much more expressed than MtNR1, these observations strongly suggest that both NR1 and NR2 are involved in the production of NO during the symbiotic process. In a recent study dealing with the role of M. truncatula phytoglobins (Phytogbs) during N2-fixing symbiosis we found that Phytogb1.1 exhibits an expression pattern similar to that of NO production and is involved in its regulation during the different stages of the symbiosis (Berger et al., 2020). Thus, regardless of the potential mechanisms of post-translational regulation of Phytogbs and NRs activities, our results indicate that NRs probably work in coordination with Phytogb1.1 to regulate the level of NO at each stage of the symbiotic process.

The use of inhibitors of different NO sources (Figure 7) supports the hypothesis that at 10 hpi, 4 dpi, and 4 wpi, NRs are either directly, or indirectly, in combination with the mitochondrial ETC, involved in the production of NO. In fact, at these three stages the production of NO is inhibited by Tg. The use of Tg to inhibit NR activity has been successfully used in mature M. truncatula nodules to demonstrate the involvement of NR in NO production (Horchani et al., 2011). However, Tg is known to inhibit other molybdoenzymes than NR, including XDH, aldehyde oxidase, sulfite oxidase, and NO forming nitrite reductase (NOFNiR) (Mendel and Hänsch, 2002; Xiong et al., 2012, Chamizo-Ampudia et al., 2016), and the possibility that the Tg-dependent inhibition of NO production is linked to the inhibition of one of these other enzymes cannot be excluded. Notwithstanding the stability and the specific activity of these enzymes in the root and nodule cells, the weak expression level of their genes remains much lower than those of MtNR1 and MtNR2 (Table 1, Figure S2), and one can reasonably think that NRs remain the major molybdoenzymes in cells. The use of the inhibitor allopurinol (Figure 7) shows that XDH, of which expression remains significant during the symbiotic process (Table 1, Figure S2), is perhaps partially involved in the production of NO during the first hours of symbiosis, but neither during nodule organogenesis nor in the N2-fixing nodule. Furthermore, the preferential expression of XDH in the infection zone of the nodules (Table 1) reinforces the hypothesis of its involvement in the defense responses which occur at the beginning of the symbiotic process. XDH is a peroxisomal enzyme capable of producing NO• and superoxide anion (O2•−) that can complex together to give peroxynitrite, ONOO− (del Río et al., 2004). ONOO− is known to play a key role in the induction of defense responses, particularly via tyrosine nitration of proteins (Saito et al., 2006), which is consistent with the involvement of NO production in defense responses at 10 hpi.

Otherwise, the partial or total reversion of Tg-dependent inhibition of NO production by nitrite (Figure 7) means that NRs at least produce the nitrite necessary for the production of NO. Indeed, the inhibition of NO production by mitochondrial ETC inhibitors (Figure 7) supports the hypothesis that NR activity is indirectly involved in NO production via the reduction of nitrate to nitrite and the subsequent nitrite reduction to NO by mitochondrial ETC. This indicates that from the beginning of the symbiotic process, a major part of NO is produced via a nitrite reducing pathway.

We should also keep in mind that NO in the nodule is not produced only by the plant partner. Indeed, the bacterial partner was shown to produce from 33 to 90% of NO in M. truncatula (Horchani et al., 2011) and soybean (Sanchez et al., 2010) nodules, respectively. If the bacterial denitrification pathway, including the periplasmic nitrate reductase (Nap) and nitrite reductase (Nir), has been described as the main enzymatic source of NO, additional genes encoding putative nitrate and nitrite reductase (called narB and NirN, respectively) have been recently identified that could also participate indirectly in NO synthesis (Ruiz et al., 2019). How the regulatory systems of the plant and the bacterial partners are coordinated to produce NO is one of the main issues to decipher the signaling and metabolic functions of NO at each stage of the symbiotic interaction.



NRs Regulate Energy State and Metabolism in Nitrogen-Fixing Nodules

The combined functioning of NR and mitochondrial ETC to produce NO has been associated with “Phytogb-NO” respiration and energy regeneration in hypoxic organs (Igamberdiev and Hill, 2009), and the role of NR in maintaining the ATP/ADP ratio has already been demonstrated in microoxic N2-fixing nodules of M. truncatula (Horchani et al., 2011). Our results (Table 2) show that, contrary to what is observed in 4 wpi-old nodules, the inhibition of NRs at the beginning of the symbiotic process (10 hpi and 4 dpi) does not cause a decrease in the ATP/ADP ratio indicating that, at these stages, energy regeneration is not linked to the functioning of Phytogb-NO respiration. These observations were expected since, contrary to mature nodules, roots are normoxic organs, and the cellular energy is supposed to be regenerated by the O2-dependent mitochondrial respiration. The role of mitochondrial ETC in NO production during the early days of the symbiotic process remains to be clarified.

The role of NR in energy, carbon, and nitrogen metabolism was investigated by using the NR inhibitor Tg. In vivo 31P-NMR experiments (Figure 8A) showed that hypoxia leads to a fall in ATP and to the acidification of cytoplasmic pH inside the nodules. These data are consistent with earlier observations with maize root tips (Roberts et al., 1984), soybean nodules (Pfeffer et al., 1992) and sycamore maple cells (Gout et al., 2001). In the presence of Tg, the fall in ATP and the cytoplasm acidification resulting from the inhibition of NR and their partial reversion by the addition of nitrite (Figure 8B) confirm that NR activity is fully involved in the energy metabolism of nodules via “Phytogb-NO” respiration, as already observed by Horchani et al. (2011). Logically, the inhibition of energy metabolism triggers the inhibition of the carbon and nitrogen metabolism in nodules, with an accumulation of sucrose, the subsequent decrease in the supply of carbon substrates to bacteroids (succinate, malate), and ultimately, the decrease in nitrogen reduction (ARA) and assimilation (asparagine) activities (Figure 9). It is interesting to note that treatment of nodules with Tg leads to an increase in alanine content (Figure 9F). In hypoxic/anoxic conditions, alanine accumulates in tissues following the inhibition of O2-dependent respiration and the induction of alanine aminotransferase (Limami et al., 2008, and references inside), and to date alanine is considered as one of the most prevalent and ubiquitous markers of hypoxia in plants (Gibbs and Greenway, 2003; Bailey-Serres and Voesenek, 2008; Limami et al., 2014). The accumulation of alanine, as well as the drop in the energy state (Table 2), is the demonstration that the inhibition of NR activity leads to the inhibition of the mitochondrial respiratory chain, the tricarboxylic acid cycle, and ultimately the carbon and nitrogen metabolism in the same way as the drop in O2 content in hypoxic tissue.

This conclusion is reinforced by the results obtained in the presence of nitrite. Interestingly, our study shows that over a short period of time, i.e. 4 h, nitrite stimulates ARA, while nitrate inhibits it (Figure 9). The inhibitory effect of nitrate on nitrogen fixation is widely recognized, and the question arose as to whether this effect was potentially linked to nitrite. Indeed, nitrite is known to be a potent inhibitor of nitrogenase in vitro (Wong, 1980; Trinchant and Rigaud, 1982). However, several studies have shown that nitrite is not responsible for the in vivo inhibition of nitrogenase activity induced by nitrate (Streeter, 1985a; Streeter, 1985b; Becana et al., 1989; Arrese-Igor et al., 1997; Arrese-Igor et al., 1998). The present study confirms this point and shows that over a short period of time, nitrite not only increases ARA, but even stimulates the energy, carbon, and nitrogen metabolism of nodules (Figures 7–9, Table 2). In a previous in vivo 31P-NMR study carried out on anoxic maize roots, Libourel et al. (2006) reported that the addition of nitrite makes it possible to limit the drop in cytoplasmic pH following anoxic treatment. Here, we show that 1) similarly to hypoxia, NR inhibition induces a drop in cytoplasmic pH, and 2) this drop in cytoplasmic pH may be reversed by the addition of nitrite (Figure 8), confirming the key role of NR and PNR, in the functioning of microoxic nodules.

Considered together, our data first confirm that NR is a source of nitrite, and indirectly of NO, during the establishment and functioning of N2-fixing symbiosis. Second, they support the hypothesis that NRs, in close collaboration with Phytogb1.1 (Berger et al., 2020), are strongly involved in the regulation of cellular energy and N2-fixing metabolism through the functioning of the Phytogb-NO respiration. Finally, they show that NR activity is needed for the N2-fixing symbiosis and constitutes a first attempt to explain its dual role in nodule functioning: 1) generating NO as a signal for gene regulation and metabolic adaptation, and 2) contributing to the energy supply under the hypoxic conditions prevailing inside the nodule.
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RimiC-Bko cupins suportamiy proten; CONTAINS InforPro DOMAN'S: Proten o urknomn
functon DUF8S, cupin-3 (nterPro : PROGES7S), Cupin, RC-ype (nterPro : IPRO1 1051,
RIC-ike ey ol 10 (nlePro : PRO1AT10); BEST Arabidops's thakana proei malch s:
RMIC-ike cupins superiamdy poten (TAR : ATAG10260.1)

Famiyof unknow function (DUFS721; CONTAINS InerPro DOMAN's: roten of uknown
functon DUFST2 (ntePro : PRODTSO0); BEST Arabidopss thalana poten match s: Famdy o
unknoun fction (DUFS72) TAR : AT2G32050.1)

ERD (ear-responsie 1o deycraton ires) famdy protein; FUNCTIONS IN:
molocuar_uncion unknown; IVOLVED IN: bclogcal process unknown; LOCATED IN:
‘endomanmbiano systom, mermbrane; EXPRESSED IN: polen tube: CONTANS nferPro
'DOMANVs: Protei of unknow function DUF221 {nterPro : IPRO0GBG) BEST Arabidopsis
thalana proten match s: ERD ey esponsive 10 dehyciration stess) famiy proten (TAR
ATIG11960.1)

Encode a DUFS?9 (domai of nknown function 575 containing protei essental or noral
lan synthosis and deposiion n the secondary el wal.

Proten of ubcyown function (DUFS67); CONTAIS InteePro DOMAIUS: Profai of unknown
functon DUFSG7 (ntorPro : PROD712); BEST Arabiops’s thakana proten match s: Proton
of uinonn hnction (DUFS67) (TAR : AT2G38640.1)

‘CONTAINS iterPro DOMANJS: :box domain, cycin-ke (terPro : PRODI80, -box
doman, Skp2:1ke (nierPro : IPRO2364. Proten of urknown fuction DUF295 intefro :
IPROCS174); BEST Arabidopsis thaland protin match s: F-bx famdy profsin with a doman
of uknown fnction (DUF295) (TAR : ATSG25290.1) Has 351 Blast 1is 10 340 potens n 13
‘species: Archae~—0; Bacteria~—2; Metazoa 0 Fungi—0; Plants —349; Viuses —0; Other
Eukaryotes O (souce: NCBI BLIK.

Proten of uicxown functon (DUF1677); CONTAINS InerPro DOMAIN'S: Proten of urkown
functon DUF1677, plant(terPro : IPRO1 2876) BEST Arabidops’s thakana proten match is:
Protein of unknoun funcion (OUF1677) (TAR : ATIGT2510:2)

Protgn o uiexown functon (DUFEO7): CONTAINS InterPro DOMAINYS: Profon of unknown
functon DUFEOT (ntecPro : IPRODG763); BEST Arabidops's thakana protei match s: Proten
of uknown fnction (OUFEO7) (TAR : AT2GZ3790.1);Has 370 Blas s 10 370 protens in
122 spocies: Archae—0: Bacteria—0; Metazoa— 148; Fungi—54; Plants 129; Viusos —
Other Eukaryotes —39 (sowrco: NCBI BLK.

RTIC-ike cupis superamiy proten; CONTAINS InerPro DOMAN'S: Cupin, RC-ype.
(InterPro : IPROT1051), Protei of unknown uncion DUFBGT, cupin3 (tecPro: PRODBSTS),
RmiC-ike e ol 04 (ntecPro : IPRO1AT710); BEST Araidopss thakana protain match s:
RMIG-iko cupins supartamy proton (TAIR : ATAG10300.1; Has 512 Bast s 10 512
protons n 136 spaces: Archas—0: Bactara—273; Metazoa ~0; Fungi—0; Plants —140;
Vinsses—0; Other Eukaryotes—99 (souroe: NCI BLIK)

‘CONTAINS lterPro DOMANYs: Protein of uknown function DUFSEO (iterPro : PRO0TG9),
Acth ross-irking (terPro: PRO0B9S9): BEST Arabidops’s thaana proten mateh is: Acin
cross-inking protein (TAR : ATIG27100.1)

Protoin of unknow uncion (OUF167);: CONTAINS InferPro DOAINIS: ot ofurknon
functon DUF1677, lant (terPro : IPRO12876) BEST Arabidops’s thakana proten match i:
Proton of unknown uncion (DUFTBT) (TAIR : ATIG22540.1) Has 35333 Blast s 10 34131
protons in 2444 spocies: Archae — 798; Bactora—22.429; Matazoa—974:; Fungi~991; Plants
—531; Viuses—0; Other Eukaryotes—9,610 (source: NCBI BLin.

Proton of unknown fncion (DUFG20); CONTAINS IntrPro DOMAINSS: rotan o urksown
functon DUF620 (ntePro : IPRODGS73); BEST Aabidops's thana potei match s: roten
of uknown fnction (DUFG20) (TAR : ATAGSS720.1) Has 1807 Bast s 10 1807 protens i
277 spaces: Archae—0; Bacteia—0; Metazoa ~736; Fung—347; Plants—385; Vises—0;
Other Eukaryotes —339 source: NCBI BLIK.

ansposabio dement genc; s 0 Urknown rotei [abidopss thakaal (TAR :
ATBG1510.1); simiar to hypothetcal proton 2400017 (Bassica oracea) (68
ABD6AG39.1);contans nterPro domsin Protan of urknown function DUFGS: (ntero :
IPRO0B12} contains InterPro omain Bactorl adhesion; (nlero : IPRO0BSGE)

Encodes a member of the TBL (TRICHOME BIREFRINGENCE-LIKE) gene famiy containing a
plantspeciic DUF231 (domain of urknown function) domain. TBL geno famiy as 46
members, wo of which (TBRATSG0G700 and TELJIATSGO1360)have been shown 1o bo
voked in the synihests and deposiion of secondary wal cekioss, presumably by nfuencing
the stericaton stato of poctic poymers. A nomendated for tis gone farmiy has been
oroposed (Voler Bischoll & Woll Scheible, 2010, personal communication).
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(ETONENE AN LRSI INGUON, LT e, DUe i IO P TIOROUSE N n DrpiawD;
INVOLVED IN: 10500 10 karkin; LOGATED IN: planttype col wal: EPRESSED IN: 22
plant stuctures; EXPRESSED DURING: 13 growth stages; CONTAINS intarPro DOMANYS:
Protsin of unknown funcion DUFGA2 (nterPro : PROOGO46) BEST Arabxlopsis thalana
protei match s Protein of unknonn uncion, DUFG42 (TAIR : ATSG1 1420.1) Has 1,807
Biast ¥ 101,607 proteins in 277 specis; Archas—0; Bacteria—0; Metazoa—736; Fngi—
347; Plants ~385; Viruses.— 0; Other Eukaeyoles —339 sourcs: NCBIBLIK.

Protoin of unknonn funciion, DUFS84; FUNGTIONS IN: molecutar_unction urknowry:
INVOLVED IN:bidogicalprocess unknown; LOGATED IN: chiroplast; BPRESSED IN: 21
plont stuctures; EXPRESSED DURING: 11 growth stages; CONTAINS inierPro DOMANYS:
Proton of unknown funcion DUFSBA (terPro : IPROT608), BEST Arabidopsss thalana
proton match is:Proten of unknown funclon, DUF58A (TAIR : ATIGB1930.1): Has 334 Blast
hits 10.333 protens in 24 species: Archao—0; Bacteria—0; Metazoa~0; Fungi—4; Plats —
328; Viruses—0; Other Eukaryotes—2 (source: NCBI BUNK.

Protain of unknown funcion (DUFG8S); FUNCTIONS IN: molecular_functon urknowr:
INVOLVED IN: biiogical.procoss unkrown; CONTAINS IterPro DOMANYS: Protein of
urinown functon DUFGSS (terPro : PRO07789); BEST Arabioopsis thaiana proten match
is: Proten o uiknown ncton (DUFBSE) (TAR : ATIG29240.1)

Auresponsie famiy proten; CONTANS IntaPro DOMANIS: Uncharactarzed consenved
proton UCPORTA71 (terPro : PROT7214), Cytochvame b361, eukaryole (ntePro
IPRO0A877), Protenof unknoun function DUFS68, DOON-ie (niecPro: IPROOTG13),
'DOMON relted (nterPro : PROOSO8), Cytochvome b561/frc recuctass ransmembxane
(IterPro : PRO0GS3); BEST Arabidopsis thaiana protein match i: Auxresponsive famiy
proten (TAIR : AT3G25200.2; Has 675 Bast s to 673 protons i 107 specis: Archao—0;
Bactora-—4; Motazoa—91; Fungi—3; Plans —473; Viuses —0; Other Evkaryotes—14
(source: NCBI BLIK)

Member of the pant-speciic DUF724 proten famdy. Arabidopss has 10 DUF724 protens.
Loss offuncton mutant has a WT phenotype

ansposatbla dement gens: smila 0 Urknown eotein [abicopsts thakana) (TAR :
ATS332621.1): siméar to hypothetcl protein 24400017 [Brassica oacen] (6B
/ABDB4839.1); contans ntePro doman Protan of urknown function DUFGS: (ntero -
1PRO0BO12]; contins IntcPro domain Baciedal adnasion: (nlecPo : PROCESGE)
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Type Protein Function

Cell Surface/Secretory Compartment
Transporters and Receptors

P1B-Type ATPases Proteins concerned with export of Cu*
Gr (copper transporter) Proteins involved in import of Gu*
Ethylene receptor Gu acts as a cofactor and activates ethylene signaling
Electron transfer/Blue Cu proteins
Cytochrome ¢ oxidase Plays an important role in the last step of respiration
Plastocyanin Electron transfer during photosynthesis
Free Radical Scavenging
CuwznSOD Scavenger of free radicals
Oxidase
Laccase Oxidative de-amination of polyamines
Ascorbate oxidase Regulates redox state of the cell
Amine oxidase Involved in cell wall maturation, lignification, Oxidizes diamines
Polyphenol oxidase Plays an important role in defensive mechanisms against pests
and pathogens
Transcriptional regulators
Spl7 Transcriptional activator which gets activated in response to
reduced Cu levels.
Chaperons/Storage

At (Antioxidant protein 1) A metal chaperone camying Cu to P-Type ATPases
Gos (Cu chaperone for superoxide dismutase)  Transports Cu to Cw/Zn SOD1

1 Based on the literature appraised in the paper.
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