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Abstract: Nitric oxide is a gaseous secondary messenger that is critical for proper cell signaling
and plant survival when exposed to stress. Nitric oxide (NO) synthesis in plants, under standard
phototrophic oxygenic conditions, has long been a very controversial issue. A few algal strains contain
NO synthase (NOS), which appears to be absent in all other algae and land plants. The experimental
data have led to the hypothesis that molybdoenzyme nitrate reductase (NR) is the main enzyme
responsible for NO production in most plants. Recently, NR was found to be a necessary partner in a
dual system that also includes another molybdoenzyme, which was renamed NO-forming nitrite
reductase (NOFNiR). This enzyme produces NO independently of the molybdenum center of NR
and depends on the NR electron transport chain from NAD(P)H to heme. Under the circumstances
in which NR is not present or active, the existence of another NO-forming system that is similar to
the NOS system would account for NO production and NO effects. PII protein, which senses and
integrates the signals of the C-N balance in the cell, likely has an important role in organizing cell
responses. Here, we critically analyze these topics.
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1. Introduction

Nitric oxide (NO) is a gaseous secondary messenger in humans, animals, plants, fungi, and
bacteria. In plants, NO is involved in important physiological processes, such as growth, development,
metabolism, leaf senescence, biotic and abiotic stress, defense processes, and plant-pathogen
interactions, which have been extensively reviewed [1-5]. In particular, in algae, such as the green alga
Chlamydomonas reinhardtii, NO also participates in fundamental cell functions, such as the regulation
of N-metabolism, N- and S-starvation stress, chloroplast biogenesis, programmed cell death, and
responses to darkness, hypoxia, or salt stress [6-11].

In the last two decades, it has been clarified that NO is a signaling molecule in plant defense during
plant—pathogen interactions [12,13]. Since then, different strategies have been used to understand NO
biosynthesis in plant cells, and this subject has not been short of controversies [5,14], with some aspects
yet to be understood. Two main pathways, reductive and oxidative, appear to explain NO synthesis
in plants. One is based on the reduction of nitrite, and the other involves the oxidation of aminated
molecules, such as the amino acid arginine [15].

In spite of the seminal work of Foresi and collaborators, who identified the first NO synthase
(NOS) from the plant kingdom in the green alga Ostreococus taurii [16], the existence of a plant NOS
that has the characteristics of the animal NOS has been puzzling [14,17] since no plant genome contains
such a conserved gene. In fact, Jeandrof and collaborators analyzed over 1000 species of land plants
and algae and found no typical NOS sequences in the 1087 sequenced transcriptomes of land plants,
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but they did find said sequences in 15 of the 265 algal species. Thus, it was concluded that land plants
had evolved a mechanism to synthesize NO in a manner that is different from that used in animals [18].
In this review, the different biosynthetic processes of nitric oxide formation are critically analyzed,
together with their physiological relevance.

2. Nitrite: The Substrate for Reductive NO Production

Nitrite is a product of nitrate reductase (NR)-catalyzed nitrate reduction within the nitrate
assimilation pathway. Nitrogen acquisition is a fundamental process for living beings, including plants
in crops, in which N is usually a limiting factor that determines crop productivity [19]. Nitrate used to
be the preferred form of inorganic N that was available in soils and, thus, was used in fertilizers [20].

The incorporation of nitrogen from nitrate first requires its acquisition from the medium
by specific transporters, which are responsible for the sensing, uptake, storage, and distribution
of nitrate among plant tissues. Plant nitrate transporters belong to several families: the nitrate
transporter 1/peptide transporter/nitrate peptide transporter family (NRT1/PTR/NPF), NRT2 /nitrate
nitrite porter (NRT2/NNP), chloride channels (CLC), slow anion channel-associated 1 homolog 3
(SLAC1/SLAH), and aluminum-activated malate transporters (ALMT). These have all been reviewed
in detail [21-25]. In the Chlamydomonas alga, this complexity is less but still significant, reflecting
the importance of this step. Here, we highlight the three families of transporter proteins found in
Chlamydomonas: NRT1/NPFE, NRT2, and NAR1 (Figure 1). NRT1 has been described in Arabidopsis
as a dual-affinity nitrate/nitrite transporter, and NRT2 (with the accessory protein NAR2) mediates
the high-affinity transport (HAT) of nitrate and nitrite.
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Figure 1. The schematic model for the coordinated regulation of Nitric Oxide (NO) synthesis and N
metabolism. Blue arrows indicate activation and red lines indicate inhibition by trans-nitrosylation.
Dashed lines represent hypothetical steps. The NOS-like component represents the L-Arg-dependent
NOS activity reported in different plant species.

Nitrite in the cytosol, either produced from nitrate or absorbed from the medium, has to be
transported to the chloroplast by a HAT system. In Chlamydomonas, HAT of nitrite is facilitated
by NARI1, which belongs to the FNT family and is absent in land plants. In higher plants, nitrite
transport to chloroplasts is typically mediated by members of the CLC family [26], and it is
exported from the chloroplast by a transporter from the NRT1 family, as is found in cucumber,
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Cucumis sativus [27,28]. Regardless, nitrite concentrations in the cytosol are maintained at very low
levels (micromolar range) [29] to prevent nitrite toxicity in the cell [30]. Once in the chloroplast,
nitrite is reduced to ammonium in a reaction catalyzed by nitrite reductase (NiR). All of these
genes (NRT2/NAR2/NR/NAR1/NiR) in Chlamydomonas are controlled by the master regulatory
gene for nitrate assimilation: NIT2 [31]. Orthologous regulatory genes in land plants—NLP
genes—show a similar structural organization and signaling for nitrate [32-34]. Finally, ammonium
is incorporated into C-skeletons in the form of glutamate by the glutamine synthetase/glutamate
synthase (GS/GOGAT) cycle [35] (Figure 1).

It is important to point out here that in contrast to the low cytosolic concentrations of nitrite,
those of nitrate are high (1-6 mM). Cytosolic nitrate levels are also more stably maintained than
vacuolar concentrations (5-75 mM), considering that external nitrate concentrations may change by
about 10,000-fold [36-38]. This is important for ensuring efficient nitrate assimilation, together with
proper nitrate signaling in the tissues [38,39]. Nitrate homeostasis is the result of the membrane
transporter-mediated supply of nitrate from vacuoles and the outer medium, as well as by nitrate
efflux transporters such as NAXT1 [40]. NAXT1 belongs to the NRT1 family. In addition, the
NR-catalyzed reaction has an effect, facilitating the conversion of nitrate into nitrite [37,38,41]. In the
yeast Hansenula polymorpha, the sulfite transporter SSU2 and the nitrite transporter NAR1 have been
characterized as essential components of the nitrate/nitrite efflux system [42].

3. Nitrate Reductase Is a Multidomain Protein

NR reduces nitrate to nitrite using electrons from NAD(P)H. The plant enzyme is about 200 KDa
and contains two subunits, each bearing three prosthetic groups: FAD, heme bss7, and molybdenum.
In an NR subunit, molybdenum is bound to a tricyclic pyranopterin and chelated by a dithiolene,
which is named the molybdenum cofactor (Moco). These domains are joined by two protease-sensitive
hinge regions. The domains are redox centers, and electrons flow from NAD(P)H—FAD— heme
—Moco, which is within the active site for nitrate reduction [43,44]. Interestingly, the enzyme has
two partial activities, which can be assayed in vitro: diaphorase, which catalyzes the reduction of
artificial acceptors (ferricyanide or cytochrome ¢ with NAD(P)H), and terminal-NR, which catalyzes
nitrate reduction using electrons supplied by FAD, FMN, viologens, or bromophenol blue, chemically
reduced by dithionite [43,44]. The crystal structure of the dimerized form of NR and Moco domains
was solved [45].

4. Does NR Catalyze Nitrite Reduction to NO?

The experimental data have led to the proposal that the molybdoenzyme NR is the main enzyme
responsible for NO production in most plants. This proposal was based on the experimental findings
described below.

The first evidence linking NR and NO production was their co-elution by NADH from Blue
Sepharose columns loaded with Soybean extracts with both NR and NO(X) evolution activities.
In their main conclusion, the authors inferred their linkage from the fact that inhibiting the partial
activities of NR and NO(X) evolution activities led to the same pattern. However, they went further
by indicating that the terminal molybdenum-containing portion of NR is involved in the reduction
of nitrite to NO(X) [46]. Other studies showed that several plant species emitted in vivo NO when
there was nitrate in the soil, and the function was abolished in all plants in the study when they were
grown on ammonium-containing soil, indicating a role for NR [47]. In addition, isotopically labeled
I5N-nitrate resulted in the emission of >NO [48]. Moreover, using NR from corn led to the production
of significant amounts of NO from both nitrite and nitrate [49]. Those findings reinforced the idea that
NR reduces nitrate to nitrite and further converts de novo-generated nitrite into NO. The proposal
would be feasible if it could account for several facts. First, the nitrite-reducing activity of NR is very
low (only 1% of the nitrate-reducing activity), and the Km of nitrite is about 10 times higher than that of
nitrate, in agreement with the competitive character of nitrite (Ki = 50 M) in nitrate reduction [50,51].
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Taking into consideration the intracellular concentrations of nitrite (in the micromolar range) and
nitrate (in the millimolar range), this nitrite-reducing activity would be irrelevant.

Another piece of evidence indicating the involvement of NR in NO production originated from
the use of tungstate—an NR inhibitor—and NR-deficient mutants. In addition to its uncontrolled
effects, such as metal toxicity, tungstate is a very unspecific inhibitor of Mo-enzymes. When exchanging
Moco for the inactive tungsten cofactor (Wco) [52], all molybdoenzymes are inactivated, including
mitochondrial amidoxime-reducing component (mARC), which is presented below as the most
important enzyme in NO production under phototrophic conditions. Thus, tungstate is a clear
inhibitor of NO production because of the resulting mARC inhibition and not because of NR inhibition.
In agreement with this, Moco-deficient mutants are deficient in molybdoenzymes, as described in
barley with a thermo-sensitive, wilty phenotype [53]. The most used Arabidopsis NR mutant to
support the involvement of NR in NO production is the double mutant deficient in NIAI and NIA2
genes. This nial /nia2 double mutant has only 0.5% of the activity of wild-type NR and grows very
poorly on medium with nitrate as the only nitrogen source [54]. As described below, NR is in fact
involved in NO production but not through its Moco-dependent activity.

All five molybdoenzymes in plants (nitrate reductase, xanthine oxidase reductase (XOR), aldehyde
oxidase (AO), sulfite oxidase (SO), and mARC) are able to catalyze the one-electron reduction of nitrite
to NO. The molybdoenzymes are classified depending on how Moco binds to the enzyme’s active site:
either covalently through an enzyme cysteine thiol group (NR, SO, and mARC) or with inorganic sulfur
(XOR and AO) [55,56]. All of these enzymes show nitrite reductase activity to produce NO in vitro
and in anaerobic conditions [44]. The four known human molybdenum-containing enzymes are the
same as those in plants, except for NR, and they can also function as nitrite reductases under hypoxic
conditions [56]. In mammals, two known pathways for NO formation are known: arginine oxidation
under normoxic or aerobic conditions and nitrite reduction during hypoxia or anaerobiosis [56].
Plant SO seems to have a less potent nitrite reductase activity than human XOR and AO [57]. Whereas
plant AO participates in the synthesis of phytohormones and contributes to reactive oxygen species
(ROS) production, there is no information about its in vivo NO-producing activity [5].

Other processes that might produce NO from nitrite are associated with the plasma membrane-bound
NR, which appears to be related to the mycorrhizal colonization of tobacco roots [58] and the mitochondrial
electron transport chain (mETC), as demonstrated in several plants [59-62]. The mitochondrial complex
III and IV are primarily implicated in the nitrite reaction (Km of 175 uM), which requires anaerobic
conditions since oxygen is a strong inhibitor. Therefore, this reaction can occur in plant tissues
exposed to hypoxia, such as roots, and its occurrence might be important to the plant by protecting
the respiratory chain and mitochondrial metabolism when oxygen is lacking [63]. Recently, a role for
Alternative Oxidase (AOX) in the production of large amounts of NO, observed under hypoxia, has
been shown. In this pathway of NO production, AOX has a role in scavenging the NO and ROS linked
to the hemoglobin-NO cycle, thus increasing energy efficiency without contributing to the formation
of toxic peroxynitrite [64]. The implication of mitochondria in NO production from nitrite has also
been shown in Chlamydomonas in the presence of high concentrations of nitrite [65].

In light of the biological importance of NO production, one would expect this process to be
efficiently and finely regulated. Some of the Moco-dependent enzymes described above can mediate
NO production under certain conditions, though it is difficult to currently envisage how to control this
diversity of processes; even mitochondrial NO production requires anaerobiosis, suggesting a burst of
NO synthesis from nitrite when this condition appears.

5. NR Does Not Catalyze In Vivo Nitrite Reduction to NO but Provides the Needed Electrons

Recently, NR was shown to be a necessary partner for NO production in a dual system,
which, besides NR, includes another molybdoenzyme, mARC, since renamed NO-forming nitrite
reductase (NOENIR).
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mARC has been extensively characterized in prokaryotic and eukaryotic organisms [66-69].
mARC proteins are about 35 KDa and require two electron transport proteins—NADH-cytochrome b5
reductase and cytochrome b5—to be functional. mARC is a very efficient reductase [70] for a number of
N-oxygenated compounds, some of which are toxic or mutagenic [71-73]. This is why mARC has been
related to cell detoxification processes. Both human mARC isoforms are associated with mitochondria,
but mARC could also be located in peroxisomes because its two partners, NADH-cytochrome b5
reductase and cytochrome b5, were found in this organelle using a proteomic approach [74]. mARC
was also connected to NO metabolism because of its activity on Nw-hydroxy-No-methyl-L-arginine, an
intermediate in the L-arginine-dependent biosynthesis of NO using NADH-cytochrome b5 reductase
and cytochrome b5 [75]. In addition, human mARCs have nitric oxide synthase activity from nitrite
with NADH and its two above-indicated partners [76].

In the eukaryotic alga Chlamydomonas, NO synthesis is carried out by a dual system comprising
NR and NOFNiIR (mARC). These two components are closely connected at both the transcriptional
and activity levels, so mutants lacking one of them overexpress the other [77]. NR supplies NADH
electrons to NOFNIR for the reduction of nitrite to NO much more efficiently than NADH-cytochrome
b5 reductase and cytochrome b5. Both NR and NOFNIR are located in the cytosol [77].

NR mutants were found to be unable to provide electrons both in vitro and in vivo for NO
synthesis. Some exceptions are NR mutants such as Chlamydomonas strain 301, whose NR lacks
nitrate-reducing activity since its Moco domain is affected; however, it has functional diaphorase
activity with intact FAD and heme domains [77]. So, the dual complex NR:NOFNIiR produces NO
independently of the molybdenum center of NR and depends on the NR electron transport chain from
NAD(P)H to heme.

NR:NOEFNiR has been proposed to be the main system producing NO during standard
phototrophic, oxygenic plant growth, which corresponds to most of its aerial part [77]. In tissues
exposed to hypoxia, such as roots, other molybdoenzymes or mETCs could be involved in the synthesis
of NO, as discussed above.

6. NO Levels in the Cells Are Regulated

The first line of control of NO levels is the regulation of its synthesis and degradation within the
NO cycle (Figure 1). Members of the hemoglobin (HB) superfamily can oxygenate NO to nitrate, as
was shown for Chlamydomonas THB1 [78], a class 3 truncated hemoglobin (THB) [79]. In different
plant species, nitrate, nitrite, and NO upregulate HB expression [80,81]. In maize roots, the coordinated
expression of both NR and HB also occurs [82]. Similarly, in Chlamydomonas, the expression of
two truncated HBs, THB1 and THB2, respond selectively to N signals (nitrate, nitrite, and NO) and,
interestingly, also to NIT2, the major regulatory gene of the nitrate assimilation pathway [78,83].
This regulatory gene is also essential for NR upregulation by nitrate [19]. The activity of THB1 requires
electrons to be supplied by the NADH-diaphorase of NR, and the electron flow is likely from NADH
to FAD [78]. Similarly, the activity of NOFNiR also requires the NADH-diaphorase of NR, but the
electron flow is now from NADH to heme b [77]. Thus, nitrate through NIT2 would stimulate NO
production because of NR’s increased expression (NOFNIR is not under NIT2 control), and in turn,
NO degradation would occur as a result of stimulating both THB1 and NR. The homeostasis of NO is
controlled by the activities of NR, NOENiR, THB1, and THB2, which, in turn, depend on the relative
concentrations of nitrate, nitrite, and NO, as well as NIT2.

So, just-synthesized NO, which is highly reactive, can react with different targets. Glutathione
(v-glutamylcysteinylglycine, GSH) is an essential metabolite in plants that participates in important
functions, such as primary metabolism, redox signaling, and defense and detoxification processes [84].

GSH can react with NO to produce S-nitrosylated glutathione (GSNO). As a result, the half-life of
NO in tissues available as a free radical gas changes from seconds to a few minutes. Thus, there are very
sensitive mechanisms for regulating cellular processes. GSNO, which is considered the main reservoir
for NO, provides NO signals to proteins. Protein S-nitrosation is considered the most important mode
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of action of NO. This is the covalent binding of NO to the thiol group of protein cysteine residues, and
the creation of these bonds modifies the protein and can alter gene expression and/or lead to metabolic
changes, all of which ultimately translate into physiological responses. Thousands of nitrosation
sites have been identified in proteins [85]. GSNO is metabolized with GSNO reductase (GSNOR1) to
convert it to glutathione disulfide (GSSG) and ammonia (NH3) [86,87]. GSNOR1 is a cytosolic enzyme
that controls GSNO levels and, in this way, the nitrosation of proteins. GSNOR1 seems to be inhibited
by NO, in which case, the scavenging of GSNO is prevented. Thus, NO controls its production and
scavenging by regulating both nitrate assimilation efficiency and GSNOR1 activity [87,88] (Figure 1).

Other posttranslational modifications of proteins mediated by NO are the nitration of tyrosine
and amine groups and the oxidation of thiols and tyrosine [89]. NO can react with superoxide (O, ™)
to form peroxinitrite (ONOO™), which is a powerful oxidant contributing to the nitration of protein
tyrosine residues to form 3-nitrotyrosine, which results in regulatory responses. Nitration seems to be
a reversible process that might occur at specific tyrosine residues depending on the local environment
and the secondary and tertiary structure of the protein. A putative specific denitrase removes the nitro
group without degrading the protein, as has been shown in animal systems [89,90].

Reactive oxygen species (ROS), such as oxygen, singlet oxygen, hydroxyl radical, hydrogen
peroxide, and superoxide anion, all of which are important signaling compounds produced under
several environmental conditions, interact with NO and other reactive nitrogen species (RNS). They
mediate the responses to different environmental situations, even promoting the systemic adaptation
of plants to stress situations [2,91,92].

7. The NO Synthesis Systems Are Coordinated with Nitrogen Metabolism

Under circumstances in which NR is not present or active, another NO-forming system accounts
for NO production and NO effects. Analysis of this topic and possible future directions are
presented here.

With an ammonium medium as the sole N-source or in null NR-deficient mutants, NR is absent,
and thus, the dual system NR-NOEFNIR is not functional. Nevertheless, NO is being synthesized,
probably due to the existence of a NOS-like activity in algae and plants. This activity can be inhibited
by some compounds, which are primarily arginine analogs acting on the animal-type NOS [6,17].

Plant peroxisomes are single-membrane-bound organelles with an oxidative metabolism and a
simple morphology, but they also have a complex composition of enzymes involved in the metabolism
of oxygen free-radicals. Peroxisomes can generate ROS and nitric oxide and thus important signal
molecules with implications for cellular metabolism in plants [91,93].

Many studies of different plant species have shown the presence of L-Arg-dependent NO
synthase-like enzyme activity, which has biochemical requirements similar to animal NOS (L-Arg,
NADPH, FMN, FAD, Calmodulin, and Ca?*) [94,95]. Corpas and Barroso (2017) postulated that the
L-Arg-dependent NO synthesis that occurs in plants could correspond to cooperation among discrete
proteins, resulting in the formation of a protein complex with requirements for enzyme activity that are
similar to animal NOS [96]. This would explain the lack of success in finding canonical NOS proteins
at the molecular level.

On the other hand, coordination between nitrogen assimilation and the nutritional status
within plant metabolism is a critical issue for plant viability. A very abundant family of N- and
C-signaling proteins, widely distributed in nature, is the PII protein family from bacteria, archaea,
and plants [97]. In plants, these nuclear-encoded PII proteins localize in the chloroplast and are
not subject to the covalent modification reported for bacterial PII [98]. PII senses and integrates the
signals of the C-N balance in the cells using 2-ketoglutarate as an indicator, together with the energy
status by competitive ADP/ATP binding [99,100]. Plant PII proteins are conserved throughout the
evolutionary history of the Chloroplastida—green algae and land plants [97]—and participate in a
complex signal-transduction network that mediates nitrogen regulation [101]. In Arabidopsis, the PII
protein controls arginine biosynthesis [102], and PII mutants show an enhanced nitrite uptake by the
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chloroplast [103]. By binding effector molecules, PII interacts with and signals to other chloroplast
proteins, such as N-acetyl-L-glutamate kinase (NAGK), which catalyzes the committed step in the
arginine biosynthesis pathway [102] (Figure 1). Among the effectors binding plant PII protein is
glutamine, which was shown to bind to the termed Q-loop of the C-terminus crystalized plant PII
protein [104]. The binding of glutamine to PII changes its conformation to one that interacts and
activates NAGK for the synthesis of arginine and polyamines. PII-glutamine sensing is a widespread
mechanism in the plant kingdom [104]. In Chlamydomonas, arginine is a component of the same
repressive pathway as ammonium and CYG56, which is a guanylate cyclase activated by NO and
needed to repress nitrogen assimilation genes [105].

Interestingly, plant PII seems to be connected to the regulation of nitrite metabolism, so PII
knockout mutants show an increased sensitivity to nitrite and a decrease in total amino acids, especially
glutamine. Lack of PII seems to increase the C/N balance, as previously shown in cyanobacteria [30].
Recently, Chlamydomonas PII levels have been shown to be tightly controlled by the nitrogen source
and the physiological status of the cells [106]. In fact, PII expression is subject to positive (nitrate and
nitrite) signaling and is downregulated by ammonium via an NO-mediated process that involves an
NO-dependent guanylate cyclase, similar to the negative effect of ammonium on NR expression [6].
PII expression is very similar to that of nitrate assimilation genes [25], so an interaction/coordination
between PII and nitrate assimilation pathways has been suggested [106].

Under standard phototropic conditions, nitrate assimilation takes place under the positive control
of nitrate, mediated by the regulatory gene NIT2 [25]. When both nitrate and ammonium are present,
there is a balance between the positive and negative signals, and NR expression follows that balance;
the NR transcript is detectable even in the presence of ammonium, provided that nitrate is also
present [107]. The negative signal of ammonium on Chlamydomonas NIA1 gene expression depends
on NO and its mediation by an NO-dependent guanylate cyclase (CYG56). So, NO concentrations in
the cells increase with ammonium concentration, leading to complete NR repression [107] by means of
a mechanism that is dependent on a possible NOS, which is inhibited by L-NAME.

In different plants, NO production is also sensitive to the mammalian NO synthase inhibitor
L-NAME [2,5]. L-NAME was also shown to affect NO production by interfering with NR activity [108],
which seems to question the mechanisms of action of this compound. However, it has to be considered
that in the double nial/nia2 Arabidopsis mutant commonly used to study NO effects [54], the content
of nitrite, as expected from the NR deficiency, and of free amino acids, particularly L-arginine, are much
lower than in wild-type plants [109]. Thus, both substrates for NO synthesis would be compromised.

In conclusion, PII proteins mediate the signaling of the N-source with respect to the carbon status
(2-ketoglutarate). This N can be either oxidized (nitrate, nitrite) with a generally high C/N balance, or
it can be reduced (ammonium) with a generally low C/N balance. With a high C/N balance, the nitrate
assimilation pathway is operative, and NR expression would favor the increase in N capture and its
incorporation into C-skeletons (2-ketoglutarate), which would be abundant. When the C/N balance is
low, NR would be repressed, and the biosynthesis of arginine would be stimulated. So, under these
two extreme conditions, the substrates to produce NO would change. In conditions of high C/N, nitrite
would be efficiently produced; however, with low C/N, arginine biosynthesis would predominate
with low nitrite production. So, it is proposed that the dual NR:NOFNIR system will preponderate at
high C/N, whereas the NOS-like system will be mostly operative at low C/N. PII protein expression
will follow a pattern similar to that of NR [110] to enhance N acquisition and balance the C/N ratio.
These two extreme situations might be changed to intermediate ones, depending on the C/N balance
of the cells.

8. Conclusions

Nitric oxide is such an important signaling molecule that its production and scavenging must be
tightly regulated. Some of the biosynthetic mechanisms are starting to be disentangled, while others
still require additional useful information for their elucidation. Part of the confusion regarding the
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primary source of NO might come from the fact that several pathways might function simultaneously
to different extents, depending on nutritional and environmental conditions. Many points still have to
be clarified for plants.

Author Contributions: Conceptualization, E.F.; writing-original draft preparation, E.F.; writing-review and
editing M.T.-]., A.L., A.G. and E.F,; funding acquisition, E.F.

Funding: This work was funded by MINECO (Grant BFU2015-70649-P), the European FEDER program,
Junta de Andalucia (BIO-502), the Plan Propio de la Universidad de Cérdoba, and the U.EINTERREG VA
POCTEP-055_ALGARED_PLUSS5_E.

Acknowledgments: We thank Maria Isabel Macias and Aitor Gémez for technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wendehenne, D.; Hancock, ].T. New frontiers in nitric oxide biology in plant. Plant Sci. 2011, 181, 507-508.
[CrossRef] [PubMed]

2. Corpas, EJ.; Leterrier, M.; Valderrama, R.; Airaki, M.; Chaki, M.; Palma, J.M.; Barroso, J.B. Nitric oxide
imbalance provokes a nitrosative response in plants under abiotic stress. Plant Sci. 2011, 181, 604-611.
[CrossRef] [PubMed]

3. Mur, L.A,; Prats, E.; Pierre, S.; Hall, M.A.; Hebelstrup, K.H. Integrating nitric oxide into salicylic acid and
jasmonic acid/ ethylene plant defense pathways. Front. Plant Sci. 2013, 4, 215. [CrossRef] [PubMed]

4.  Santolini, J.; Andre, F; Jeandroz, S.; Wendehenne, D. Nitric oxide synthase in plants: Where do we stand?
Nitric Oxide 2017, 63, 30-38. [CrossRef] [PubMed]

5. Astier, ].; Gross, I.; Durner, J. Nitric oxide production in plants: An update. J. Exp. Bot. 2018, 69, 3401-3411.
[CrossRef] [PubMed]

6. De Montaigu, A.; Sanz-Luque, E.; Galvan, A.; Fernandez, E. A soluble guanylate cyclase mediates negative
signaling by ammonium on expression of nitrate reductase in Chlamydomonas. Plant Cell 2010, 22, 1532-1548.
[CrossRef] [PubMed]

7. Wei, L.; Derrien, B.; Gautier, A.; Houille-Vernes, L.; Boulouis, A.; Saint-Marcoux, D.; Malnoe, A.; Rappaport, E;
de Vitry, C.; Vallon, O.; et al. Nitric oxide-triggered remodeling of chloroplast bioenergetics and thylakoid
proteins upon nitrogen starvation in Chlamydomonas reinhardtii. Plant Cell 2014, 26, 353-372. [CrossRef]
[PubMed]

8.  Yordanova, Z.P; Iakimova, E.T.; Cristescu, S.M.; Harren, E]J.; Kapchina-Toteva, V.M.; Woltering, E.J.
Involvement of ethylene and nitric oxide in cell death in mastoparan-treated unicellular alga Chlamydomonas
reinhardtii. Cell Biol. Int. 2010, 34, 301-308. [PubMed]

9.  Hemschemeier, A.; Duner, M.; Casero, D.; Merchant, S.S.; Winkler, M.; Happe, T. Hypoxic survival requires a
2-on-2 hemoglobin in a process involving nitric oxide. Proc. Natl. Acad. Sci. USA 2013, 110, 10854-10859.
[CrossRef] [PubMed]

10. Chen, X;; Tian, D.; Kong, X.; Chen, Q.; Ef, A.A.; Hu, X,; Jia, A. The role of nitric oxide signalling in response
to salt stress in Chlamydomonas reinhardtii. Planta 2016, 244, 651-669. [CrossRef] [PubMed]

11. De Mia, M.; Lemaire, S.D.; Choquet, Y.; Wollman, F.A. Nitric oxide remodels the photosynthetic apparatus
upon S-starvation in Chlamydomonas reinhardtii. Plant Physiol. 2019, 179, 718-731. [CrossRef] [PubMed]

12.  Delledonne, M.; Xia, Y.; Dixon, R.A.; Lamb, C. Nitric oxide functions as a signal in plant disease resistance.
Nature 1998, 394, 585-588. [PubMed ]

13.  Durner, J.; Wendehenne, D.; Klessig, D.F. Defense gene induction in tobacco by nitric oxide, cyclic GMP, and
cyclic ADP-ribose. Proc. Natl. Acad. Sci. USA 1998, 95, 10328-10333. [CrossRef] [PubMed]

14.  Mur, L.A,; Mandon, J.; Persijn, S.; Cristescu, S.M.; Moshkov, LE.; Novikova, G.V.; Hall, M.A_; Harren, F].;
Hebelstrup, K.H.; Gupta, K.J. Nitric oxide in plants: An assessment of the current state of knowledge.
AoB Plants 2013, 5, pls052. [CrossRef] [PubMed]

15. Maia, L.B.; Moura, ].J.G. Putting xanthine oxidoreductase and aldehyde oxidase on the NO metabolism map:
Nitrite reduction by molybdoenzymes. Redox Biol. 2018, 19, 274-289. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.plantsci.2011.07.010
http://www.ncbi.nlm.nih.gov/pubmed/21893245
http://dx.doi.org/10.1016/j.plantsci.2011.04.005
http://www.ncbi.nlm.nih.gov/pubmed/21893257
http://dx.doi.org/10.3389/fpls.2013.00215
http://www.ncbi.nlm.nih.gov/pubmed/23818890
http://dx.doi.org/10.1016/j.niox.2016.09.005
http://www.ncbi.nlm.nih.gov/pubmed/27658319
http://dx.doi.org/10.1093/jxb/erx420
http://www.ncbi.nlm.nih.gov/pubmed/29240949
http://dx.doi.org/10.1105/tpc.108.062380
http://www.ncbi.nlm.nih.gov/pubmed/20442374
http://dx.doi.org/10.1105/tpc.113.120121
http://www.ncbi.nlm.nih.gov/pubmed/24474630
http://www.ncbi.nlm.nih.gov/pubmed/19947911
http://dx.doi.org/10.1073/pnas.1302592110
http://www.ncbi.nlm.nih.gov/pubmed/23754374
http://dx.doi.org/10.1007/s00425-016-2528-0
http://www.ncbi.nlm.nih.gov/pubmed/27116428
http://dx.doi.org/10.1104/pp.18.01164
http://www.ncbi.nlm.nih.gov/pubmed/30530737
http://www.ncbi.nlm.nih.gov/pubmed/9707120
http://dx.doi.org/10.1073/pnas.95.17.10328
http://www.ncbi.nlm.nih.gov/pubmed/9707647
http://dx.doi.org/10.1093/aobpla/pls052
http://www.ncbi.nlm.nih.gov/pubmed/23372921
http://dx.doi.org/10.1016/j.redox.2018.08.020
http://www.ncbi.nlm.nih.gov/pubmed/30196191

Plants 2019, 8, 56 90of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Foresi, N.; Correa-Aragunde, N.; Parisi, G.; Calo, G.; Salerno, G.; Lamattina, L. Characterization of a nitric
oxide synthase from the plant kingdom: NO generation from the green alga Ostreococcus tauri is light
irradiance and growth phase dependent. Plant Cell 2010, 22, 3816-3830. [CrossRef] [PubMed]

Astier, |.; Jeandroz, S.; Wendehenne, D. Nitric oxide synthase in plants: The surprise from algae. Plant Sci.
2018, 268, 64—66. [CrossRef] [PubMed]

Jeandroz, S.; Wipf, D.; Stuehr, D.J.; Lamattina, L.; Melkonian, M.; Tian, Z.; Zhu, Y.; Carpenter, E.J.; Wong, G.K,;
Wendehenne, D. Occurrence, structure, and evolution of nitric oxide synthase-like proteins in the plant
kingdom. Sci. Signal 2016, 9, re2. [CrossRef] [PubMed]

Fernandez, E.; Galvan, A. Nitrate assimilation in Chlamydomonas. Eukaryot. Cell 2008, 7, 555-559. [PubMed]
Crawford, N.M. Nitrate: Nutrient and signal for plant growth. Plant Cell 1995, 7, 859-868. [PubMed]
Dechorgnat, J.; Nguyen, C.T.; Armengaud, P.; Jossier, M.; Diatloff, E.; Filleur, S.; Daniel-Vedele, F. From the
soil to the seeds: The long journey of nitrate in plants. J. Exp. Bot. 2011, 62, 1349-1359. [CrossRef] [PubMed]
Wang, Y.Y.; Tsay, Y.F. Arabidopsis nitrate transporter NRT1.9 is important in phloem nitrate transport.
Plant Cell 2011, 23, 1945-1957. [CrossRef] [PubMed]

Krapp, A.; David, L.C.; Chardin, C.; Girin, T.; Marmagne, A.; Leprince, A.S.; Chaillou, S.; Ferrario-Mery, S.;
Meyer, C.; Daniel-Vedele, F. Nitrate transport and signalling in Arabidopsis. . Exp. Bot. 2014, 65, 789-798.
[CrossRef] [PubMed]

O’brien, J.A.; Vega, A.; Onore Bouguyon, E.; Krouk, G.; Gojon, A.; Coruzzi, G.; Gutié Rrez, R.A. Nitrate
Transport, Sensing, and Responses in Plants. Mol. Plant 2016, 9, 837-856. [CrossRef] [PubMed]

Calatrava, V,; Chamizo-Ampudia, A.; Sanz-Luque, E.; Ocana-Calahorro, F.; Llamas, A.; Fernandez, E.;
Galvan, A. How Chlamydomonas handles nitrate and the nitric oxide cycle. J. Exp. Bot. 2017, 68, 2593-2602.
[CrossRef] [PubMed]

Monachello, D.; Allot, M.; Oliva, S.; Krapp, A.; Daniel-Vedele, F; Barbier-Brygoo, H.; Ephritikhine, G.
Two anion transporters AtCICa and AtClCe fulfil interconnecting but not redundant roles in nitrate
assimilation pathways. New Phytol. 2009, 183, 88-94. [CrossRef] [PubMed]

Sugiura, M.; Georgescu, M.N.; Takahashi, M. A nitrite transporter associated with nitrite uptake by higher
plant chloroplasts. Plant Cell Physiol. 2007, 48, 1022-1035. [CrossRef] [PubMed]

Tsay, Y.-F.; Chiu, C.-C.; Tsai, C.-B.; Ho, C.-H.; Hsu, P.-K. Nitrate transporters and peptide transporters.
FEBS Lett. 2007, 581, 2290-2300. [CrossRef] [PubMed]

Kawamura, Y.; Takahashi, M.; Arimura, G.; Isayama, T.; Irifune, K; Goshima, N.; Morikawa, H.
Determination of levels of nitrate, nitrite and ammonium ions in leaves of ions in leaves of various plants by
capillary electrophoresis. Plant Cell Physiol. 1996, 37, 878-880. [CrossRef]

Ferrario-Mery, S.; Bouvet, M.; Leleu, O.; Savino, G.; Hodges, M.; Meyer, C. Physiological characterisation of
Arabidopsis mutants affected in the expression of the putative regulatory protein PII. Planta 2005, 223, 28-39.
[CrossRef] [PubMed]

Camargo, A.; Llamas, A.; Schnell, R.A.; Higuera, J.J.; Gonzalez-Ballester, D.; Lefebvre, P.A.; Fernandez, E.;
Galvan, A. Nitrate signaling by the regulatory gene NIT2 in Chlamydomonas. Plant Cell 2007, 19, 3491-3503.
[CrossRef] [PubMed]

Castaings, L.; Camargo, A.; Pocholle, D.; Gaudon, V.; Texier, Y.; Boutet-Mercey, S.; Taconnat, L.; Renou, J.P;
Daniel-Vedele, F,; Fernandez, E.; et al. The nodule inception-like protein 7 modulates nitrate sensing and
metabolism in Arabidopsis. Plant J. 2009, 57, 426-435. [CrossRef] [PubMed]

Konishi, M.; Yanagisawa, S. Arabidopsis NIN-like transcription factors have a central role in nitrate signalling.
Nat. Commun. 2013, 4, 1617. [PubMed]

Marchive, C.; Roudier, F,; Castaings, L.; Bréhaut, V.; Blondet, E.; Colot, V.; Meyer, C.; Krapp, A. Nuclear
retention of the transcription factor NLP7 orchestrates the early response to nitrate in plants. Nat. Commun.
2013, 4, 1713. [CrossRef] [PubMed]

Forde, B.G.; Lea, PJ. Glutamate in plants: Metabolism, regulation, and signalling. J. Exp. Bot. 2007, 58,
2339-2358. [CrossRef] [PubMed]

Van der leij, M.; Smith, S.; Miller, J. Remobilisation of vacuolar stored nitrate in barley root cells. Planta 1998,
205, 64-72. [CrossRef]

Cookson, S.J.; Williams, L.E.; Miller, A J. Light-dark changes in cytosolic nitrate pools depend on nitrate
reductase activity in Arabidopsis leaf cells. Plant Physiol. 2005, 138, 1097-1105. [PubMed]


http://dx.doi.org/10.1105/tpc.109.073510
http://www.ncbi.nlm.nih.gov/pubmed/21119059
http://dx.doi.org/10.1016/j.plantsci.2017.12.008
http://www.ncbi.nlm.nih.gov/pubmed/29362085
http://dx.doi.org/10.1126/scisignal.aad4403
http://www.ncbi.nlm.nih.gov/pubmed/26933064
http://www.ncbi.nlm.nih.gov/pubmed/18310352
http://www.ncbi.nlm.nih.gov/pubmed/7640524
http://dx.doi.org/10.1093/jxb/erq409
http://www.ncbi.nlm.nih.gov/pubmed/21193579
http://dx.doi.org/10.1105/tpc.111.083618
http://www.ncbi.nlm.nih.gov/pubmed/21571952
http://dx.doi.org/10.1093/jxb/eru001
http://www.ncbi.nlm.nih.gov/pubmed/24532451
http://dx.doi.org/10.1016/j.molp.2016.05.004
http://www.ncbi.nlm.nih.gov/pubmed/27212387
http://dx.doi.org/10.1093/jxb/erw507
http://www.ncbi.nlm.nih.gov/pubmed/28201747
http://dx.doi.org/10.1111/j.1469-8137.2009.02837.x
http://www.ncbi.nlm.nih.gov/pubmed/19402883
http://dx.doi.org/10.1093/pcp/pcm073
http://www.ncbi.nlm.nih.gov/pubmed/17566055
http://dx.doi.org/10.1016/j.febslet.2007.04.047
http://www.ncbi.nlm.nih.gov/pubmed/17481610
http://dx.doi.org/10.1093/oxfordjournals.pcp.a029027
http://dx.doi.org/10.1007/s00425-005-0063-5
http://www.ncbi.nlm.nih.gov/pubmed/16133214
http://dx.doi.org/10.1105/tpc.106.045922
http://www.ncbi.nlm.nih.gov/pubmed/18024571
http://dx.doi.org/10.1111/j.1365-313X.2008.03695.x
http://www.ncbi.nlm.nih.gov/pubmed/18826430
http://www.ncbi.nlm.nih.gov/pubmed/23511481
http://dx.doi.org/10.1038/ncomms2650
http://www.ncbi.nlm.nih.gov/pubmed/23591880
http://dx.doi.org/10.1093/jxb/erm121
http://www.ncbi.nlm.nih.gov/pubmed/17578865
http://dx.doi.org/10.1007/s004250050297
http://www.ncbi.nlm.nih.gov/pubmed/15908593

Plants 2019, 8, 56 10 of 13

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Miller, A.J.; Smith, S.J. Cytosolic nitrate ion homeostasis: Could it have a role in sensing nitrogen status?
Ann. Bot. 2008, 101, 485-489. [CrossRef] [PubMed]

Miller, A.J.; Fan, X.; Orsel, M.; Smith, S.J.; Wells, D.M. Nitrate transport and signalling. J. Exp. Bot. 2007, 58,
2297-2306. [PubMed]

Segonzac, C.; Boyer, ].-C.; Ipotesi, E.; Szponarski, W.; Tillard, P.; Touraine, B.; Sommerer, N.; Rossignol, M.;
Gibrat, R. Nitrate efflux at the root plasma membrane: Identification of an Arabidopsis excretion transporter.
Plant Cell 2007, 19, 3760-3777. [CrossRef] [PubMed]

Fan, X.; Gordon-Weeks, R.; Shen, Q.; Miller, A ]J. Glutamine transport and feedback regulation of nitrate
reductase activity in barley roots leads to changes in cytosolic nitrate pools. J. Exp. Bot. 2006, 57, 1333-1340.
[CrossRef] [PubMed]

Cabrera, E.; Gonzalez-Montelongo, R.; Giraldez, T.; Alvarez de la Rosa, D.; Siverio, ].M. Molecular
components of nitrate and nitrite efflux in yeast. Eukaryot. Cell 2014, 13, 267-278. [CrossRef] [PubMed]
Campbell, W.H. Nitrate reductase structure, function and regulation: Bridging the Gap between Biochemistry
and Physiology. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1999, 50, 277-303. [CrossRef] [PubMed]
Chamizo-Ampudia, A; Sanz-Luque, E.; Llamas, A.; Galvan, A ; Fernandez, E. Nitrate Reductase Regulates
Plant Nitric Oxide Homeostasis. Trends Plant Sci. 2017, 22, 163-174. [CrossRef] [PubMed]

Fischer, K.; Barbier, G.G.; Hecht, H]J.; Mendel, R.R.; Campbell, W.H.; Schwarz, G. Structural basis of
eukaryotic nitrate reduction: Crystal structures of the nitrate reductase active site. Plant Cell 2005, 17,
1167-1179. [CrossRef] [PubMed]

Dean, ].V,; Harper, ].E. The Conversion of Nitrite to Nitrogen Oxide(s) by the Constitutive NAD(P)H-Nitrate
Reductase Enzyme from Soybean. Plant Physiol. 1988, 88, 389-395. [CrossRef] [PubMed]

Wildt, J.; Kley, D.; Rockel, A.; Rockel, P.; Segscheneider, H.J. Emission of NO from several higher plant
species. |. Geophys. Res. 1997, 102, 5919-5927. [CrossRef]

Dean, ].V.; Harper, J.E. Nitric Oxide and Nitrous Oxide Production by Soybean and Winged Bean during the
in Vivo Nitrate Reductase Assay. Plant Physiol. 1986, 82, 718-723. [CrossRef] [PubMed]

Yamasaki, H.; Sakihama, Y. Simultaneous production of nitric oxide and peroxynitrite by plant nitrate
reductase: In vitro evidence for the NR-dependent formation of active nitrogen species. FEBS Lett. 2000, 468,
89-92. [CrossRef]

Rockel, P; Strube, F.; Rockel, A.; Wildt, J.; Kaiser, W.M. Regulation of nitric oxide (NO) production by plant
nitrate reductase in vivo and in vitro. J. Exp. Bot. 2002, 53, 103-110. [PubMed]

Meyer, C.; Lea, U.S,; Provan, F.; Kaiser, W.M.; Lillo, C. Is nitrate reductase a major player in the plant NO
(nitric oxide) game? Photosynth. Res. 2005, 83, 181-189. [CrossRef] [PubMed]

Llamas, A.; Kalakoutskii, K.; Fernandez, E. Molybdenum cofactor amounts in Chlamydomonas reinhardtii
depend on the Nit5 gene function related to molybdate transport. Plant Cell Environ. 2000, 23, 1247-1255.
[CrossRef]

Walker-Simmons, M.; Kudrna, D.A.; Warner, R.L. Reduced Accumulation of ABA during Water Stress in a
Molybdenum Cofactor Mutant of Barley. Plant Physiol. 1989, 90, 728-733. [CrossRef] [PubMed]

Wilkinson, J.Q.; Crawford, N.M. Identification and characterization of a chlorate-resistant mutant
of Arabidopsis thaliana with mutations in both nitrate reductase structural genes NIA1l and NIA2.
Mol. Gen. Genet. 1993, 239, 289-297. [PubMed]

Schwarz, G.; Mendel, R.R.; Ribbe, M.W. Molybdenum cofactors, enzymes and pathways. Nature 2009, 460,
839-847. [CrossRef] [PubMed]

Wang, J.; Keceli, G.; Cao, R.; Su, J.; Mi, Z. Molybdenum-containing nitrite reductases: Spectroscopic
characterization and redox mechanism. Redox Rep. 2017, 22, 17-25. [CrossRef] [PubMed]

Wang, ].; Krizowski, S.; Fischer-Schrader, K.; Niks, D.; Tejero, J.; Sparacino-Watkins, C.; Wang, L.; Ragireddy, V.;
Frizzell, S.; Kelley, E.E.; et al. Sulfite Oxidase Catalyzes Single-Electron Transfer at Molybdenum Domain to
Reduce Nitrite to Nitric Oxide. Antioxid. Redox Signal 2015, 23, 283-294. [CrossRef] [PubMed]

Moche, M; Stremlau, S.; Hecht, L.; Gobel, C.; Feussner, I.; Stohr, C. Effect of nitrate supply and mycorrhizal
inoculation on characteristics of tobacco root plasma membrane vesicles. Planta 2010, 231, 425-436. [CrossRef]
[PubMed]

Tischner, R.; Planchet, E.; Kaiser, W.M. Mitochondrial electron transport as a source for nitric oxide in the
unicellular green alga Chlorella sorokiniana. FEBS Lett. 2004, 576, 151-155. [CrossRef] [PubMed]


http://dx.doi.org/10.1093/aob/mcm313
http://www.ncbi.nlm.nih.gov/pubmed/18089584
http://www.ncbi.nlm.nih.gov/pubmed/17519352
http://dx.doi.org/10.1105/tpc.106.048173
http://www.ncbi.nlm.nih.gov/pubmed/17993627
http://dx.doi.org/10.1093/jxb/erj110
http://www.ncbi.nlm.nih.gov/pubmed/16547128
http://dx.doi.org/10.1128/EC.00268-13
http://www.ncbi.nlm.nih.gov/pubmed/24363367
http://dx.doi.org/10.1146/annurev.arplant.50.1.277
http://www.ncbi.nlm.nih.gov/pubmed/15012211
http://dx.doi.org/10.1016/j.tplants.2016.12.001
http://www.ncbi.nlm.nih.gov/pubmed/28065651
http://dx.doi.org/10.1105/tpc.104.029694
http://www.ncbi.nlm.nih.gov/pubmed/15772287
http://dx.doi.org/10.1104/pp.88.2.389
http://www.ncbi.nlm.nih.gov/pubmed/16666314
http://dx.doi.org/10.1029/96JD02968
http://dx.doi.org/10.1104/pp.82.3.718
http://www.ncbi.nlm.nih.gov/pubmed/16665099
http://dx.doi.org/10.1016/S0014-5793(00)01203-5
http://www.ncbi.nlm.nih.gov/pubmed/11741046
http://dx.doi.org/10.1007/s11120-004-3548-3
http://www.ncbi.nlm.nih.gov/pubmed/16143851
http://dx.doi.org/10.1046/j.1365-3040.2000.00631.x
http://dx.doi.org/10.1104/pp.90.2.728
http://www.ncbi.nlm.nih.gov/pubmed/16666835
http://www.ncbi.nlm.nih.gov/pubmed/8510658
http://dx.doi.org/10.1038/nature08302
http://www.ncbi.nlm.nih.gov/pubmed/19675644
http://dx.doi.org/10.1080/13510002.2016.1206175
http://www.ncbi.nlm.nih.gov/pubmed/27686142
http://dx.doi.org/10.1089/ars.2013.5397
http://www.ncbi.nlm.nih.gov/pubmed/25314640
http://dx.doi.org/10.1007/s00425-009-1057-5
http://www.ncbi.nlm.nih.gov/pubmed/19937342
http://dx.doi.org/10.1016/j.febslet.2004.09.004
http://www.ncbi.nlm.nih.gov/pubmed/15474028

Plants 2019, 8, 56 11 of 13

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Planchet, E.; Jagadis Gupta, K.; Sonoda, M.; Kaiser, W.M. Nitric oxide emission from tobacco leaves and cell
suspensions: Rate limiting factors and evidence for the involvement of mitochondrial electron transport.
Plant ]. 2005, 41, 732-743. [CrossRef] [PubMed]

Gupta, K.J.; Stoimenova, M.; Kaiser, W.M. In higher plants, only root mitochondria, but not leaf mitochondria
reduce nitrite to NO, in vitro and in situ. J. Exp. Bot. 2005, 56, 2601-2609. [CrossRef] [PubMed]

Gupta, K.J.; Kaiser, W.M. Production and scavenging of nitric oxide by barley root mitochondria. Plant Cell
Physiol. 2010, 51, 576-584. [CrossRef] [PubMed]

Gupta, KJ.; Igamberdiev, A.U. The anoxic plant mitochondrion as a nitrite: NO reductase. Mitochondrion
2011, 11, 537-543. [CrossRef] [PubMed]

Vishwakarma, A.; Kumari, A.; Mur, L.A.].; Gupta, K.J. A discrete role for alternative oxidase under hypoxia
to increase nitric oxide and drive energy production. Free Radic. Biol. Med. 2018, 122, 40-51. [CrossRef]
[PubMed]

Plouviez, M.; Wheeler, D.; Shilton, A.; Packer, M.A.; McLenachan, P.A.; Sanz-Luque, E.; Ocana-Calahorro, F;
Fernandez, E.; Guieysse, B. The biosynthesis of nitrous oxide in the green alga Chlamydomonas reinhardtii.
Plant J. 2017, 91, 45-56. [CrossRef] [PubMed]

Havemeyer, A.; Bittner, E; Wollers, S.; Mendel, R.; Kunze, T.; Clement, B. Identification of the missing
component in the mitochondrial benzamidoxime prodrug-converting system as a novel molybdenum
enzyme. J. Biol. Chem. 2006, 281, 34796-34802. [CrossRef] [PubMed]

Kozmin, S.G.; Leroy, P.; Pavlov, Y.I; Schaaper, R M. YcbX and yiiM, two novel determinants for resistance of
Escherichia coli to N-hydroxylated base analogues. Mol. Microbiol. 2008, 68, 51-65. [CrossRef] [PubMed]
Chamizo-Ampudia, A.; Galvan, A.; Fernandez, E.; Llamas, A. The Chlamydomonas reinhardtii molybdenum
cofactor enzyme crARC has a Zn-dependent activity and protein partners similar to those of its human
homologue. Eukaryot. Cell 2011, 10, 1270-1282. [CrossRef] [PubMed]

Tejada-Jimenez, M.; Chamizo-Ampudia, A.; Calatrava, V.; Galvan, A.; Fernandez, E.; Llamas, A. From the
Eukaryotic Molybdenum Cofactor Biosynthesis to the Moonlighting Enzyme mARC. Molecules 2018, 23,
3287. [CrossRef] [PubMed]

Yang, J.; Giles, L.J.; Ruppelt, C.; Mendel, R.R,; Bittner, F; Kirk, M.L. Oxyl and hydroxyl radical transfer in
mitochondrial amidoxime reducing component-catalyzed nitrite reduction. J. Am. Chem. Soc. 2015, 137,
5276-5279. [CrossRef] [PubMed]

Chamizo-Ampudia, A.; Galvan, A.; Fernandez, E.; Llamas, A. Study of Different Variants of Mo Enzyme
crARC and the Interaction with Its Partners crCytb5-R and crCytb5-1. Int. ]. Mol. Sci. 2017, 18, 670. [CrossRef]
[PubMed]

Llamas, A.; Chamizo-Ampudia, A.; Tejada-Jimenez, M.; Galvan, A.; Fernandez, E. The molybdenum cofactor
enzyme mARC: Moonlighting or promiscuous enzyme? Biofactors 2017, 43, 486-494. [CrossRef] [PubMed]
Kubitza, C.; Bittner, F,; Ginsel, C.; Havemeyer, A.; Clement, B.; Scheidig, A.J. Crystal structure of human
mARCI reveals its exceptional position among eukaryotic molybdenum enzymes. Proc. Natl. Acad. Sci. USA
2018, 115, 11958-11963. [CrossRef] [PubMed]

Islinger, M.; Luers, G.H.; Li, KW.; Loos, M.; Volkl, A. Rat liver peroxisomes after fibrate treatment. A survey
using quantitative mass spectrometry. J. Biol. Chem. 2007, 282, 23055-23069. [CrossRef] [PubMed]
Kotthaus, J.; Wahl, B.; Havemeyer, A.; Kotthaus, J.; Schade, D.; Garbe-Schonberg, D.; Mendel, R.;
Bittner, F,; Clement, B. Reduction of N(omega)-hydroxy-L-arginine by the mitochondrial amidoxime reducing
component (mARC). Biochem. |. 2011, 433, 383-391. [CrossRef] [PubMed]

Sparacino-Watkins, C.E.; Tejero, J.; Sun, B.; Gauthier, M.C.; Thomas, J.; Ragireddy, V.; Merchant, B.A;
Wang, J.; Azarov, I.; Basu, P; et al. Nitrite reductase and nitric-oxide synthase activity of the mitochondrial
molybdopterin enzymes mARC1 and mARC?2. . Biol. Chem. 2014, 289, 10345-10358. [CrossRef] [PubMed]
Chamizo-Ampudia, A.; Sanz-Luque, E.; Llamas, A.; Ocana-Calahorro, F.; Mariscal, V.; Carreras, A.;
Barroso, J.B.; Galvan, A.; Fernandez, E. A dual system formed by the ARC and NR molybdoenzymes
mediates nitrite-dependent NO production in Chlamydomonas. Plant Cell Environ. 2016, 39, 2097-2107.
[CrossRef] [PubMed]

Sanz-Luque, E.; Ocana-Calahorro, E; de Montaigu, A.; Chamizo-Ampudia, A.; Llamas, A.; Galvan, A.;
Fernandez, E. THBI, a truncated hemoglobin, modulates nitric oxide levels and nitrate reductase activity.
Plant J. 2015, 81, 467—479. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/j.1365-313X.2005.02335.x
http://www.ncbi.nlm.nih.gov/pubmed/15703060
http://dx.doi.org/10.1093/jxb/eri252
http://www.ncbi.nlm.nih.gov/pubmed/16131511
http://dx.doi.org/10.1093/pcp/pcq022
http://www.ncbi.nlm.nih.gov/pubmed/20699641
http://dx.doi.org/10.1016/j.mito.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21406251
http://dx.doi.org/10.1016/j.freeradbiomed.2018.03.045
http://www.ncbi.nlm.nih.gov/pubmed/29604396
http://dx.doi.org/10.1111/tpj.13544
http://www.ncbi.nlm.nih.gov/pubmed/28333392
http://dx.doi.org/10.1074/jbc.M607697200
http://www.ncbi.nlm.nih.gov/pubmed/16973608
http://dx.doi.org/10.1111/j.1365-2958.2008.06128.x
http://www.ncbi.nlm.nih.gov/pubmed/18312271
http://dx.doi.org/10.1128/EC.05096-11
http://www.ncbi.nlm.nih.gov/pubmed/21803866
http://dx.doi.org/10.3390/molecules23123287
http://www.ncbi.nlm.nih.gov/pubmed/30545001
http://dx.doi.org/10.1021/jacs.5b01112
http://www.ncbi.nlm.nih.gov/pubmed/25897643
http://dx.doi.org/10.3390/ijms18030670
http://www.ncbi.nlm.nih.gov/pubmed/28335548
http://dx.doi.org/10.1002/biof.1362
http://www.ncbi.nlm.nih.gov/pubmed/28497908
http://dx.doi.org/10.1073/pnas.1808576115
http://www.ncbi.nlm.nih.gov/pubmed/30397129
http://dx.doi.org/10.1074/jbc.M610910200
http://www.ncbi.nlm.nih.gov/pubmed/17522052
http://dx.doi.org/10.1042/BJ20100960
http://www.ncbi.nlm.nih.gov/pubmed/21029045
http://dx.doi.org/10.1074/jbc.M114.555177
http://www.ncbi.nlm.nih.gov/pubmed/24500710
http://dx.doi.org/10.1111/pce.12739
http://www.ncbi.nlm.nih.gov/pubmed/26992087
http://dx.doi.org/10.1111/tpj.12744
http://www.ncbi.nlm.nih.gov/pubmed/25494936

Plants 2019, 8, 56 12 of 13

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Gupta, KJ.; Hebelstrup, K.H.; Mur, L.A.; Igamberdiev, A.U. Plant hemoglobins: Important players at the
crossroads between oxygen and nitric oxide. FEBS Lett. 2011, 585, 3843-3849. [CrossRef] [PubMed]
Ohwaki, Y.; Kawagishi-Kobayashi, M.; Wakasa, K.; Fujihara, S.; Yoneyama, T. Induction of class-1
non-symbiotic hemoglobin genes by nitrate, nitrite and nitric oxide in cultured rice cells. Plant Cell Physiol.
2005, 46, 324-331. [CrossRef] [PubMed]

Hill, R.D. Non-symbiotic haemoglobins-What’s happening beyond nitric oxide scavenging? AoB Plants 2012,
2012, pls004. [CrossRef] [PubMed]

Trevisan, S.; Manoli, A.; Begheldo, M.; Nonis, A.; Enna, M.; Vaccaro, S.; Caporale, G.; Ruperti, B.; Quaggiotti, S.
Transcriptome analysis reveals coordinated spatiotemporal regulation of hemoglobin and nitrate reductase
in response to nitrate in maize roots. New Phytol. 2011, 192, 338-352. [CrossRef] [PubMed]

Sanz-Luque, E.; Ocana-Calahorro, F.; Galvan, A.; Fernandez, E. THB1 regulates nitrate reductase activity
and THB1 and THB2 transcription differentially respond to NO and the nitrate/ammonium balance in
Chlamydomonas. Plant Signal Behav. 2015, 10, e1042638. [CrossRef] [PubMed]

Noctor, G.; Mhamdi, A.; Chaouch, S.; Han, Y.; Neukermans, J.; Marquez-Garcia, B.; Queval, G.; Foyer, C.H.
Glutathione in plants: An integrated overview. Plant Cell Environ. 2012, 35, 454—484. [CrossRef] [PubMed]
Kovacs, I; Lindermayr, C. Nitric oxide-based protein modification: Formation and site-specificity of protein
S-nitrosylation. Front. Plant Sci. 2013, 4, 137. [CrossRef] [PubMed]

Ortega-Galisteo, A.P; Rodriguez-Serrano, M.; Pazmino, D.M.; Gupta, D.K,; Sandalio, L.M,;
Romero-Puertas, M.C. S-Nitrosylated proteins in pea (Pisum sativum L.) leaf peroxisomes: Changes under
abiotic stress. J. Exp. Bot. 2012, 63, 2089-2103. [CrossRef] [PubMed]

Frungillo, L.; Skelly, M.].; Loake, G.J.; Spoel, S.H.; Salgado, I. S-nitrosothiols regulate nitric oxide production
and storage in plants through the nitrogen assimilation pathway. Nat. Commun. 2014, 5, 5401. [CrossRef]
[PubMed]

Sanz-Luque, E.; Ocana-Calahorro, F.; Llamas, A.; Galvan, A.; Fernandez, E. Nitric oxide controls nitrate and
ammonium assimilation in Chlamydomonas reinhardtii. |. Exp. Bot. 2013, 64, 3373-3383. [CrossRef] [PubMed]
Gow, AJ.; Farkouh, C.R;; Munson, D.A.; Posencheg, M.A.; Ischiropoulos, H. Biological significance of
nitric oxide-mediated protein modifications. Am. J. Physiol. Lung Cell. Mol. Physiol. 2004, 287, L262-1.268.
[CrossRef] [PubMed]

Deeb, R.S.; Nuriel, T.; Cheung, C.; Summers, B.; Lamon, B.D.; Gross, S.S.; Hajjar, D.P. Characterization of a
cellular denitrase activity that reverses nitration of cyclooxygenase. Am. J. Physiol. Heart Circ. Physiol. 2013,
305, H687-H698. [CrossRef] [PubMed]

Del Rio, L.A. ROS and RNS in plant physiology: An overview. J. Exp. Bot. 2015, 66, 2827-2837. [CrossRef]
[PubMed]

Farnese, E.S.; Menezes-Silva, PE.; Gusman, G.S.; Oliveira, ].A. When Bad Guys Become Good Ones: The Key
Role of Reactive Oxygen Species and Nitric Oxide in the Plant Responses to Abiotic Stress. Front. Plant Sci.
2016, 7, 471. [CrossRef] [PubMed]

Corpas, F]J.; Barroso, ].B.; del Rio, L.A. Peroxisomes as a source of reactive oxygen species and nitric oxide
signal molecules in plant cells. Trends Plant Sci. 2001, 6, 145-150. [CrossRef]

Barroso, J.B.; Corpas, E]J.; Carreras, A.; Sandalio, L.M.; Valderrama, R.; Palma, ].M.; Lupianez, J.A.;
del Rio, L.A. Localization of nitric-oxide synthase in plant peroxisomes. J. Biol. Chem. 1999, 274, 36729-36733.
[CrossRef] [PubMed]

Corpas, FJ.; Barroso, J.B.; Carreras, A.; Quiros, M.; Leon, A.M.; Romero-Puertas, M.C.; Esteban, FJ.;
Valderrama, R.; Palma, ].M.; Sandalio, L.M.; et al. Cellular and subcellular localization of endogenous
nitric oxide in young and senescent pea plants. Plant Physiol. 2004, 136, 2722-2733. [CrossRef] [PubMed]
Corpas, FJ.; Barroso, J.B. Nitric oxide synthase-like activity in higher plants. Nitric Oxide 2017, 68, 5-6.
[CrossRef] [PubMed]

Chellamuthu, V.R.; Alva, V.; Forchhammer, K. From cyanobacteria to plants: Conservation of PII functions
during plastid evolution. Planta 2013, 237, 451-462. [CrossRef] [PubMed]

Ninfa, A.J.; Jiang, P. PII signal transduction proteins: Sensors of alpha-ketoglutarate that regulate nitrogen
metabolism. Curr. Opin. Microbiol. 2005, 8, 168-173. [CrossRef] [PubMed]

Huergo, L.E; Chandra, G.; Merrick, M. P(Il) signal transduction proteins: Nitrogen regulation and beyond.
FEMS Microbiol. Rev. 2013, 37, 251-283. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.febslet.2011.10.036
http://www.ncbi.nlm.nih.gov/pubmed/22036787
http://dx.doi.org/10.1093/pcp/pci030
http://www.ncbi.nlm.nih.gov/pubmed/15695464
http://dx.doi.org/10.1093/aobpla/pls004
http://www.ncbi.nlm.nih.gov/pubmed/22479675
http://dx.doi.org/10.1111/j.1469-8137.2011.03822.x
http://www.ncbi.nlm.nih.gov/pubmed/21762167
http://dx.doi.org/10.1080/15592324.2015.1042638
http://www.ncbi.nlm.nih.gov/pubmed/26252500
http://dx.doi.org/10.1111/j.1365-3040.2011.02400.x
http://www.ncbi.nlm.nih.gov/pubmed/21777251
http://dx.doi.org/10.3389/fpls.2013.00137
http://www.ncbi.nlm.nih.gov/pubmed/23717319
http://dx.doi.org/10.1093/jxb/err414
http://www.ncbi.nlm.nih.gov/pubmed/22213812
http://dx.doi.org/10.1038/ncomms6401
http://www.ncbi.nlm.nih.gov/pubmed/25384398
http://dx.doi.org/10.1093/jxb/ert175
http://www.ncbi.nlm.nih.gov/pubmed/23918969
http://dx.doi.org/10.1152/ajplung.00295.2003
http://www.ncbi.nlm.nih.gov/pubmed/15246980
http://dx.doi.org/10.1152/ajpheart.00876.2012
http://www.ncbi.nlm.nih.gov/pubmed/23792683
http://dx.doi.org/10.1093/jxb/erv099
http://www.ncbi.nlm.nih.gov/pubmed/25873662
http://dx.doi.org/10.3389/fpls.2016.00471
http://www.ncbi.nlm.nih.gov/pubmed/27148300
http://dx.doi.org/10.1016/S1360-1385(01)01898-2
http://dx.doi.org/10.1074/jbc.274.51.36729
http://www.ncbi.nlm.nih.gov/pubmed/10593979
http://dx.doi.org/10.1104/pp.104.042812
http://www.ncbi.nlm.nih.gov/pubmed/15347796
http://dx.doi.org/10.1016/j.niox.2016.10.009
http://www.ncbi.nlm.nih.gov/pubmed/27816665
http://dx.doi.org/10.1007/s00425-012-1801-0
http://www.ncbi.nlm.nih.gov/pubmed/23192387
http://dx.doi.org/10.1016/j.mib.2005.02.011
http://www.ncbi.nlm.nih.gov/pubmed/15802248
http://dx.doi.org/10.1111/j.1574-6976.2012.00351.x
http://www.ncbi.nlm.nih.gov/pubmed/22861350

Plants 2019, 8, 56 13 of 13

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Zeth, K,; Fokina, O.; Forchhammer, K. Structural basis and target-specific modulation of ADP sensing by the
Synechococcus elongatus PII signaling protein. J. Biol. Chem. 2014, 289, 8960-8972. [CrossRef] [PubMed]
Nunes-Nesi, A ; Fernie, A.R.; Stitt, M. Metabolic and signaling aspects underpinning the regulation of plant
carbon nitrogen interactions. Mol. Plant 2010, 3, 973-996. [CrossRef] [PubMed]

Ferrario-Mery, S.; Besin, E.; Pichon, O.; Meyer, C.; Hodges, M. The regulatory PII protein controls arginine
biosynthesis in Arabidopsis. FEBS Lett. 2006, 580, 2015-2020. [CrossRef] [PubMed]

Ferrario-Mery, S.; Meyer, C.; Hodges, M. Chloroplast nitrite uptake is enhanced in Arabidopsis PII mutants.
FEBS Lett. 2008, 582, 1061-1066. [CrossRef] [PubMed]

Chellamuthu, V.R.; Ermilova, E.; Lapina, T.; Luddecke, J.; Minaeva, E.; Herrmann, C.; Hartmann, M.D.;
Forchhammer, K. A widespread glutamine-sensing mechanism in the plant kingdom. Cell 2014, 159,
1188-1199. [CrossRef] [PubMed]

Gonzalez-Ballester, D.; Sanz-Luque, E.; Galvan, A.; Fernandez, E.; de Montaigu, A. Arginine is a component
of the ammonium-CYG56 signalling cascade that represses genes of the nitrogen assimilation pathway in
Chlamydomonas reinhardtii. PLoS ONE 2018, 13, e0196167. [CrossRef] [PubMed]

Zalutskaya, Z.; Kochemasova, L.; Ermilova, E. Dual positive and negative control of Chlamydomonas PII
signal transduction protein expression by nitrate/nitrite and NO via the components of nitric oxide cycle.
BMC Plant Biol. 2018, 18, 305. [CrossRef] [PubMed]

De Montaigu, A.; Sanz-Luque, E.; Macias, M.I,; Galvan, A.; Fernandez, E. Transcriptional regulation of
CDP1 and CYG56 is required for proper NH4+ sensing in Chlamydomonas. J. Exp. Bot. 2011, 62, 1425-1437.
[CrossRef] [PubMed]

Rasul, S.; Wendehenne, D.; Jeandroz, S. Study of oligogalacturonides-triggered nitric oxide (NO) production
provokes new questioning about the origin of NO biosynthesis in plants. Plant Signal Behav. 2012, 7,
1031-1033. [CrossRef] [PubMed]

Modolo, L.V,; Augusto, O.; Almeida, I.M.; Pinto-Maglio, C.A.; Oliveira, H.C.; Seligman, K.; Salgado, I.
Decreased arginine and nitrite levels in nitrate reductase-deficient Arabidopsis thaliana plants impair nitric
oxide synthesis and the hypersensitive response to Pseudomonas syringae. Plant Sci. 2006, 171, 34—40.
[CrossRef]

Zalutskaya, Z.; Ostroukhova, M.; Filina, V.; Ermilova, E. Nitric oxide upregulates expression of alternative
oxidase 1 in Chlamydomonas reinhardtii. ]. Plant Physiol. 2017, 219, 123-127. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1074/jbc.M113.536557
http://www.ncbi.nlm.nih.gov/pubmed/24519945
http://dx.doi.org/10.1093/mp/ssq049
http://www.ncbi.nlm.nih.gov/pubmed/20926550
http://dx.doi.org/10.1016/j.febslet.2006.02.075
http://www.ncbi.nlm.nih.gov/pubmed/16545809
http://dx.doi.org/10.1016/j.febslet.2008.02.056
http://www.ncbi.nlm.nih.gov/pubmed/18325336
http://dx.doi.org/10.1016/j.cell.2014.10.015
http://www.ncbi.nlm.nih.gov/pubmed/25416954
http://dx.doi.org/10.1371/journal.pone.0196167
http://www.ncbi.nlm.nih.gov/pubmed/29684072
http://dx.doi.org/10.1186/s12870-018-1540-x
http://www.ncbi.nlm.nih.gov/pubmed/30482162
http://dx.doi.org/10.1093/jxb/erq384
http://www.ncbi.nlm.nih.gov/pubmed/21127023
http://dx.doi.org/10.4161/psb.20658
http://www.ncbi.nlm.nih.gov/pubmed/22827951
http://dx.doi.org/10.1016/j.plantsci.2006.02.010
http://dx.doi.org/10.1016/j.jplph.2017.10.004
http://www.ncbi.nlm.nih.gov/pubmed/29096084
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Nitrite: The Substrate for Reductive NO Production 
	Nitrate Reductase Is a Multidomain Protein 
	Does NR Catalyze Nitrite Reduction to NO? 
	NR Does Not Catalyze In Vivo Nitrite Reduction to NO but Provides the Needed Electrons 
	NO Levels in the Cells Are Regulated 
	The NO Synthesis Systems Are Coordinated with Nitrogen Metabolism 
	Conclusions 
	References

