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Abstract

Ammonium sensitivity of plants is a worldwide problem, constraining crop production.
Prolonged application of ammonium as the sole nitrogen source may result in physiological
and morphological disorders that lead to decreased plant growth and toxicity. The main
causes of ammonium toxicity/tolerance described until now include high ammonium
assimilation by plants and/or low sensitivity to external pH acidification. The various
ammonium transport-related components, especially the non-electrogenic influx of NH3
(related to the depletion of °N) and the electrogenic influx of NH4*, may contribute to
ammonium accumulation, and therefore to NHj3 toxicity. However, this accumulation may be
influenced by increasing K* concentration in the root medium. Recently, new insights have
been provided by “omics” studies, leading to a suggested involvement of GDP mannose-
pyrophosphorylase in the response pathways of NHa* stress. In this review, we highlight the
cross-talk signaling between nitrate, auxins and NO, and the importance of the connection of
the plants’ urea cycle to metabolism of polyamines. Overall, the tolerance and amelioration
of ammonium toxicity are outlined to improve the yield of ammonium-grown plants. This
review identifies future directions of research, focusing on the putative importance of
aquaporins in ammonium influx, and on genes involved in ammonium sensitivity and

tolerance.
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Abbreviation: Aquaporins (AQP), Ammonium Transporters (AMT), Carbamoyl phosphate
synthase (CPS), Non-Specific Cation Channel (NSCC), Nitrogen Use Efficiency (NUE), Oxygen-

Evolving Complex (OEC), Reactive Oxygen Species (ROS)
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1. Nitrogen: A global issue with socio-economic and environmental consequences

We live in a world surrounded by nitrogen (N2): 78% of the Earth’s atmosphere is N,.
However, to be available to plants, N, must first be converted into reactive nitrogen, a term
which encompasses all N forms that are not involved in C-N bonding and elemental N3, and
applies to species including NH3 to NOs°, covering the valence spectrum from -3 to + 5
(excluding 0, the valence of N;). In nature, the conversion of N; into reactive nitrogen is
mediated by biological N; fixation and by atmospheric lightning. However, the fixation of N,
through natural processes is insufficient to ensure the food production necessary to maintain
the current and future human population. Agriculture requires the intensive use of N
fertilizers: nitrate (NOs), ammonium (NH4*) and/or urea (CH4N>0). Due to crop breeding for
high yields irrespective of the amounts of fertilizer required, most current crops exhibit very
low nutrient (including N) use efficiency. The intensive application of NO3- and NHs*-based
fertilizers causes environmental problems, including the eutrophication of water reservoirs,
aquifer contamination, and atmospheric pollution; these problems are recognized as a serious
worldwide issue of public and economic concern. A recent economic analysis indicated that
excess reactive nitrogen in the environment and its contributions to climate change and
biodiversity loss cost the European Union between 70 and 320 billion € per year [1]. The
scientific proposal “20:20 for 2020 goal” addressed global intergovernmental cooperation to
improve N Use Efficiency (NUE), and was intended to provide environmental and health
benefits worth approximately 160 (50-370) billion € per year [1]. The aim of the “20:20 for
2020 goal” is to improve NUE by 20%, thus reducing the use of N by 20 million t/year by 2020
[1]. Understanding the mechanisms underlying N use by plants and improving its use efficiency

is therefore of social, economic, agricultural and ecological importance.
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Soil NO3 and NH4* concentrations are usually unpredictable and change with time and
location. The abundance of NH4* in ecosystems is determined by many factors, including the
chemical nature of the soil, pH, temperature, the accumulation of organic compounds,
oxygenation, light, and CO; [2—-4]. Soils with low pH and anoxic conditions (such as those found
in wetlands including fens, bogs, saltmarshes, mangroves and rice paddies) exhibit higher
ammonification than nitrification rates [2,5] and so are rich in NH4*. In many soils of natural
and semi-natural ecosystems, NHs* is the predominant N source, presenting a mean
concentration of 2 mM in boreal and temperate forest soils [6]. Plant growth in these
ecosystems is mainly supported by direct (via roots) or indirect (via mycorrhizae) NH4* uptake.
At low concentrations (<3 mM), NH,* is typically the N source preferred by plants, but above
a certain threshold, NH4s* becomes toxic [7]. This threshold depends on plant species and on
variety (in crops) (as examples, see [8—11]). Environmental factors such as temperature, soil
pH, CO; concentration and light intensity can affect the threshold for NHs* toxicity (e.g.,
[3,4,7,12]; Fig. 1). Crops, such as potato or sugar beet, are generally more sensitive to NHa*
than their respective wild relatives (reviewed in [2]). However, some crops, such as rice,
blueberries and onions, are adapted to high NH4* concentrations [2] and rarely reach the
threshold for NH4* toxicity. In the case of trees, higher sensitivity to ammonium is often found
in early-successional trees, such as poplars or douglas-fir, rather than in late-successional
conifers such as spruce species [2]. NH4* sensitivity is not unique to terrestrial plants, but has
also been observed in animals, (including mammals) [13], algae [14], cyanobacteria [14,15]
and yeast [16], among others.

Although understanding of the causes of NH4* sensitivity/tolerance has greatly improved

during the last two decades, the plant traits that are responsible for plant NHs* sensitivity or
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tolerance remain unclear. This review highlights key factors that determine plant tolerance or
sensitivity to NH4* nutrition, especially in crops, and draws comparisons with nitrate where
useful. The review also summarizes and integrates recent research addressing: (i) the main
causes of NH4* toxicity in plants and (ii) how these causes can be targeted to achieve plant

tolerance to NH4* nutrition.

2. Ammonium toxicity in plants: From classical to recent hypothesis

NH4* toxicity in plants is not a new topic; the detrimental visual effects of NH4* nutrition
on roots, leaves and plant growth were first reported more than a century ago (e.g., [17]).
Since then, much work has been conducted to elucidate the mechanisms underlying the

toxicity of NH4* nutrition.

2.1 Classical hypotheses of plant ammonium toxicity

NH4* toxicity symptoms include: reduced plant growth, changes in root architecture,
decreases in the root/shoot ratio, and leaf chlorosis, among others [7,18]. These phenotypic
symptoms reflect the integrated effect of NH4* excess, which causes the following: inhibition
of cations (K*, Mg?* or Ca?*) uptake and consequent changes in plant ion balance; intra-cellular
alkalinization and extracellular acidification; the inhibition of root respiration and stimulation
of photorespiration; interference with photosynthetic activity; the altered expression/activity
of NH4" assimilating enzymes; the disruption of hormonal homeostasis; increased oxidative
stress; and high energy cost to maintain low levels of cytosolic NHs*content (e.g., [7,9,12,18—

20] and references cited therein) (Fig. 1).

To avoid toxicity, plants need to maintain a fine balance between the uptake,

production, and consumption of NH* [18]. This leads to the question of the nature of plants’
6
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first response to high levels of NH4*. In NH4*-sensitive plants, such as Arabidopsis sp., shoots
tend to be the most sensitive part of the plant to NH4* nutrition [21]. However, roots constitute
the first NH4* sensor, and the initial signals of NH4* toxicity appear at root level with a severe
modification of the root system architecture; commonly observed modifications include:
shorter primary root systems [e.g.,[8,23]]; the inhibition of root elongation, embracing
primary and lateral roots [23—-25]; the stimulation of lateral root branching [24,26] with
changes in the insertion of lateral roots in the main root [25]; and a loss of gravitropism [27].
It is necessary to understand whether these effects are part of a cascade-type response or
merely the summation of several simultaneous plant responses to the presence of NHa* (or to
one product of its metabolism). Studies of Lotus japonicus using split-root systems showed
that root-specific NHs*-induced responses are mediated by NH4* transporters [24,26] and are
more related to the perception of NH4* than to its assimilation. A member of the L. japonicus
AMT1-type transporter family (LJAMT1;3 gene) appears a good candidate for the agent
responsible for promotion of the characteristic NHs*-root phenotype for the following
reasons: its transcription is induced in the same range of NH4* concentrations that promotes
the appearance of the NHa*-root phenotype; and its overexpression is sufficient for
phenocopying the short-root phenotype into transgenic plants [24]. The function of AMT1;3
as a mediator of the short-root phenotype induced by NH4* nutrition was also observed in
Arabidopsis [26]. Together, these observations suggest that NH4* is locally sensed, and that it
is possible that the NHa*-sensing machinery employs regulatory modules similar to those that

have been suggested to play a role in nitrate sensing.

Exogenous NH4* (in the root medium) only reaches plant leaves after saturating the

storage capacity of the root system. In leaves, the toxic effects described are controversial and
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are mainly related to the effect of NHs" on photosynthesis and its capacity to generate
oxidative stress. NH4* (1 mM) was described as uncoupling photophosphorylation in isolated
spinach (Spinacia oleracea) thylakoids in the late 1950s [28]. Forty years later, the uncoupling
effect of NHs" was ruled out, based on a study performed on bean (Phaseolus vulgaris) leaves,
which showed that NHs* supply (2 mM) does not affect the operation of photosynthetic
protein complexes [29] and therefore does not affect leaf CO; assimilation capacity [30].
However, studies of Synechocystis (cyanobacteria) cells showed that NHs* (5 mM) can affect
photosynthesis through the binding of NH3 to two sites in the oxygen-evolving complex (OEC)
of photosystem Il [15]. Secondary binding occurs in the outer shell of the amino acids of the
OEC, and is competitive with chloride. In the primary binding site, NH3 coordinates with Mn in
the OEC upon formation of the S, state. The binding of NH3 does not completely block O,
evolution, indicating that water molecules can still bind and react at the OEC in the presence
of NHs3 [31]. The interaction of NH3 with the OEC might explain the effect of NHs* (1 mM), but
not of NOs™ or urea, on chlorophyll fluorescence transients in Medicago truncatula, results
that showed that NH.* affected the energy conservation of photons absorbed by photosystem
I, involving the reduction of intersystem electron acceptors [25]. However, these effects of
NH4* on photosynthesis are not universal and appear to depend on species (variety) and NH4*
concentration. For instance, the functional impairment associated with NH4* nutrition (5 mM)
in A. thaliana was mainly associated with redox reactions that occur outside the chloroplast,
because this NH4* nutrition did not impair photosynthetic capacity but increased the leaf
levels of mitochondrial reactive oxygen species (ROS) [32]. This finding is consistent with
several studies showing that NH4* nutrition leads to increased lipid peroxidation, enhanced

glutathione-ascorbate cycle enzyme activity, or changes in the redox state (most of the



155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

reductant is oxidized), thus implicating greater ROS production [29,33]. This oxidative stress
and stimulation of anti-oxidative metabolism appears to be characteristic of the more
sensitive plant species, since NH4* nutrition does not induce oxidative stress in legumes, which

are known to be relatively tolerant to ammonium [8,25].

Since there is no agreement on the main cause of NH,4* toxicity, agreement also lacks
on which key traits confer plant tolerance to NH4" nutrition. These traits might include high
activity of the mitochondrial alternative oxidase pathway [9]; high NH4* assimilation and the
maintenance of low levels of NHs* in leaves, as it has been observed for pea (Pisum sativum)
and A. thaliana ecotypes [9,11]; and/or low sensitivity to external pH acidification [34]. The
latter traits might be related to the acidification of the root environment due to the activation
of ATPases, which pump out H*, thus causing medium acidification (as itis commonly observed
under NH4* nutrition). Taken together, the above considerations indicate that the ability of
plants to tolerate high NH4* concentrations depends on several main drivers: (i) root C
metabolism and the ability to maintain high respiration rates [9,12]; (ii) tolerance of
acidification of the root zone [35]; and (iii) the capacity to restrict NHs* accumulation inside
tissues [11]. However, the NH4* tolerance puzzle could only be solved after the NH4* futile

cycle [36] had been described.

2.2. NHs; gas uptake as the basis of ammonium toxicity (sensitivity)

When first proposed as a mechanism to explain plant NH4" toxicity, the futile
transmembrane NH4* cycle hypothesis [36] linked the futile cell cycling of NHs* uptake
followed by NHs* extrusion from the cytoplasm to an excessive energy consumption

(associated with NHa* extrusion) that caused plants to slow or cease growth. However, later,
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based on the use of the short-lived radioisotope 3N, the same team realized that the increase
in root NH4* uptake (due to an increase in pH) was not accompanied by an increase in root O;
consumption, and that the intensification of NHa* influx, at external concentrations greater
than 2 mM, was not proportional to the observed membrane depolarization, suggesting that
most of the observed influx was not electrogenic. This implies that NHs, not NH,4*, is the main
N species transported across the cell membrane [37]. These observations did not support the
original NH4* futile cycle hypothesis [36] and led to the development of a revised hypothesis
[37]. This result excludes the notion that excessive energy consumption is associated with
NH4* efflux (as was proven incorrect) and reintroduced the status of NHs* accumulation in the
cell and nutrient imbalance (lower K*, Ca** and Mg?* concentrations) caused by NH4* nutrition

as the main causes of NHa* toxicity.

Evidence supporting the involvement of NH3 transport across the plasma membrane
also comes from the N natural isotopic signature (6'°N) and discrimination (AN) of NH4*-fed
plants, which tend to be enriched in 1N (depleted in >N) in comparison with plants fed with
NOs [38]. This observation can only be explained if at least part of the NH4* entering the plant
is deprotonated before transport across the membrane (Fig. 2); this explanation is based on
the fact that the lighter isotope (}*N) is more easily deprotonated than the heavier one (**N)
[38]. Furthermore, the depletion in the heavier isotope °N is correlated with plant tolerance
to NH4* across a large number of species and plant functional types, a finding that provides
strong evidence concerning the physiological implications of NHjs futile cycling [38] (Fig. 3).
This correlation is also supported by later data on two model species, A. thaliana and M.
truncatula (unpublished results), and two crops: tomato (Solanum lycopersicum) [4] and
wheat (Triticum aestivum) [3] (Fig. 3). Interestingly, legume species such as lupin (Lupinus sp.),
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clover (Tripholium sp.) and pea (P. sativum) are among the most tolerant species, the
exception being the legume M. truncatula. This lower tolerance of M. truncatula might be

related to its susceptibility to the hydroponic growth system (authors” personal observation).

The hypothesis that NHs3 can enter cells as ammonia is not new and was previously
demonstrated to occur in bacterial [39], fungal [40], animal [13] and plant cells [40] through
the involvement of transporters of the MEP/AMT/Rh protein family. The MEP/AMT/Rh
proteins transporting NH3z most likely recruit NH4* from the extracellular medium, deprotonate
NH4* to NHs3 in a highly hydrophobic area of the transporter facing the outer layer of the
plasmalemma, and then transport NHs; across the membrane [39]. However, MEP/AMT/Rh
proteins are mainly described as high-affinity transport systems with a high affinity for low
NH4* concentrations [41]. Therefore, transport of NH4* across these proteins is not expected
to contribute to NH4* toxicity. Considering the physico-chemical similarities between the
molecular structure of NHs and H;0, aquaporins (AQP) appear good candidates for performing
the NHs transport that is associated with NH4+ toxicity at high NH4+ concentrations [18,41].
Only recently, a high-resolution structure of the ammonia-permeable AQP AtTIP2;1 from A.
thaliana (TIP subfamily) showed surprising features associated with the substrate selectivity
filter, including a conserved arginine in a new orientation that is stabilized by interactions to
a histidine. Which determines ammonia specificity. An additional histidine in a different part
of AtTIP2;1 reinforces the position of the arginine and interacts directly with the substrate in
the channel. It is possible that a water-filled side pore, next to the substrate-binding histidine,
participates in deprotonating ammonium [43]. Further studies are necessary in order to
understand if these are peculiar characteristics of this AQP or if they are common to other
AQPs. In fact, various non-orthodox AQP are able to transport NH3; some wheat AQP restored
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NH4* transport and acidified the external medium, thereby functionally complementing a
yeast mutant that was deficient in NH4* transport [42]. In barley, inhibitors (albeit nonspecific)
of AQP such as Hg,*, H,0, and propionic acid suppressed NH4* uptake, further implicating AQP
in NHs transport [37]. This finding implies that plants with distinct sensitivities to NH4*
nutrition should have AQP that differ in their capacity to transport NH3 and in their relative
expression and/or regulation. In fact, it has been recently crystallized an AQP of the tonoplast
intrinsic proteins subfamily, which are known to be able to transport NH3; and water [43]. In
this study, new insights into the substrate selectivity and the conceivable via for NHs*
deprotonation are given for the ammonia-permeable AQP AtTIP2;1 from A. thaliana. Since
yeast cells contain only 2 non-orthodox AQP, which can also transport other molecules
different from water, experiments involving the heterologous expression of plant plasma
membrane AQP in yeast mutants without ammonium permeases (MEPs) are expected to shed
light on the potential of plant AQPs to transport NHs. The great number of natural accessions
of A. thaliana and crop plants with distinct tolerances of NH4*, and the vast number of mutants
available, are important tools that could be used to identify quantitative trait loci and genes

involved in plant NH4* sensitivity/tolerance (Fig. 5).

In addition to entering the cell as NH3 (as recently proposed), inorganic reduced N
might also enter the cell as NH4* (as has long been assumed). In fact, multiple channel types,
including non-selective cation and K*-specific channels, might mediate the entrance of NHs*
into root cells [37,44-46]; the main reason for this is that K* and NH4* ions are of very similar
size and surface charge density; thus, these ions might compete and pass through protein
channels that can transport cations (non-specific cation channels - NSCC). The proportion of
the inorganic reduced N that is entering the cell as NH4* may depend on the NH4*/ K* present
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in the root medium and on the electrical potential difference between the cytoplasm and the

root medium.

The effect of NH4* nutrition on reducing cation (K*, Ca?* and Mg?*) concentrations in
plant tissue is recognized as a major cause of NH,4" toxicity [7,12]. However, it is also known
that the toxicity of NHa* nutrition can be alleviated by increasing K* concentrations in the root
medium [47]. K* can decrease NHa* toxicity: i) by increasing the incorporation of NHa* into
organic N-compounds by activating enzymes such as glutamine synthetase, glutamate
dehydrogenase and others [11,19]; and/or ii) by inhibiting the acquisition of NH4* by low
affinity transporters [44,47]. Even in cases where NHs is presumed to be the chemical species
that is transported into the cell, K* concentrations in the root medium can interfere with that
transport through the effect of K* on regulating the activity of AQP in particular and on the

water balance of the plant [46].

Together, these findings indicate the existence of two NHs*-transport-related
components that operate at high NH4* concentrations and contribute to NH4s* accumulation in
the cell with toxic effects: i) the non-electrogenic flux of NH3 across cell membranes, which is
putatively mediated by AQP [37] and is related to the depletion of °N in plant material in
relation to the NHas*source (Fig. 2) and ii) the electrogenic influx of NH4*, which is putatively
mediated by non-specific cation channels. Both components of this NH3/NHs* transport can
be fine-tuned by K* concentrations in the medium either: (i) through the regulation of protein
synthesis and function; or (ii) by direct competition for the transporter, which would explain

the general benefit of high K* concentrations in regard to plant NH4* toxicity.

3. New insights provided by “omics” studies
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Most “omics” studies to date have addressed rapidly responding gene expression under
NH4* nutrition in various plants, including sensitive species such as A. thaliana and more
tolerant species such as rice (Oryza sativa). The transcriptomic studies in a short term study
with A. thaliana roots showed that NH4* nutrition induced a rapid and sustained upregulation
of GDH enzyme as well as the regulation of a group of genes common to biotic stress and
plant defense [33]. While the GDH induction may be related to its anaplerotic activity
implicated in the changes in the C/N balance [19], the pathogenesis-related response may
reflect the extracellular acidification caused by NH4*/NH3 uptake [33].

Another important gene involved in NH4* nutrition is the GDP mannose-
pyrophosphorylase (GMPase; [23,48]), which produces GDP-mannose from GDP-mannose 1-
phosphate and is involved in ascorbic acid biosynthesis, cell wall synthesis,
glycosylphospahtidyl anchoring and protein N-glycosylation in plants. GMPase is also related
to the response pathways of NH4* stress, since GMPase deficiency leads to hypersensitivity to
NH4*. Initial experiments linked this hypersensitivity to defective N-glycosylation of proteins
in roots [48]. Strong correlations between the extents of decreased GMPase activity, the
degrees of defective N-protein glycosylation in the roots, and the different magnitudes of
growth retardation exhibited by wild type and defective GMPase mutant seedlings in the
presence of NHs* were also shown. In contrast, the enzyme GDP mannose-
pyrophosphohydrolase, which catalyzes the reverse reaction to produce GDP mannose 1-
phosphate, induced the growth of A. thaliana plants under NH4* nutrition, which is attributed
to the modulation of the protein N-glycosylation in the roots [49]. Furthermore, the GMPase
NHs*-hypersensitive mutant exhibited a more pronounced stimulation of NHs* efflux and

inhibition of cell expansion, indicating that the proper functioning of GMPase in roots is critical
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to minimizing the severity of the NH4* toxicity response in Arabidopsis, and suggesting a role
for the enzyme in the regulation of the transmembrane NH4* futile cycling [21]. Also recently,
a metabolic flux study with A. thaliana cells grown hetetrophically on Murashige and Skoog
medium showed that introduction of ammonium into the culture medium revealed higher cell
maintenance costs which also may well support the futile NHs* cycle hypothesis [50].

“Omics” studies on the long-term response to NHs* (18 days) were conducted using A.
thaliana [51] and showed changes in the expression of genes that are involved in
photosynthesis, mitochondrial and cell wall metabolism, and auxin-mediated growth. No
changes were found in the expression of glycosylation-associated genes [51] or in genes that
are directly related to ATP hydrolysis, which would be expected if NH4* toxicity were related
to ATP loss via excessive H* pumping [51].

The involvement of oxidative metabolism [33] in response to NH4* nutrition has been
confirmed by “Omics” studies. Heme-heme oxygenase 1, a novel antioxidant regulatory
enzyme that has recently been detected in plants, is involved in the improvement of plant
tolerance to NHa* in both NHa* tolerant (rice) and sensitive species (A. thaliana) [52]. Higher
NH4* tolerance was achieved both by the activation of antioxidant defense signaling and by
the modulation of ROS homeostasis, thereby neutralizing excess oxygen species that are
produced in response to NHa* excess [52].

It was also found that genes involved in cell wall loosening (polygalacturonases,
expansins and endo-transglycosylases) are down-regulated in NHs*-fed plants [33].
Interestingly, pathogen susceptibility is also associated with cell wall loosening and the ROS
response [53]. Furthermore, the NH4*- grown tobacco plants that were exposed to virulent

Pseudomonas syringae strains exhibited reduced NO production and a lower induction of the
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hypersensitive response, which is associated with a decrease in resistance to the pathogen
when compared with NOs™- grown plants [54]. In addition, NH4" nutrition induced a decrease
in biomarkers for the salicylic acid-mediated response and a shift from polyamine biosynthesis
under nitrate nutrition to a 4-aminobutyric accumulation under NH4* nutrition. Therefore, the
guestion arises as to how the defence-associated signaling pathway of NHs* nutrition is

compromised during the pathogenic response.

4. Toward an improved knowledge of the signaling of NH,* tolerance

4.1. Nitrate, auxins and NO

In the scenario of NH4* sensitivity and tolerance, various factors are involved in the
cross-talk signaling that determines plant growth and development, including NOs’, which
alleviates NHs* toxicity, even when present at very low concentrations (see [7] for a review).
Curiously, the alleviation of NH4" toxicity by NOs™ is not associated with lower tissue NHa*
accumulation; or with organic anion and inorganic cation depletion (symptoms that are
associated with NHa* toxicity) in A. thaliana shoots [55]. It has been demonstrated that both
the NOs transporter NRT1.1 and NOs" itself participate in the regulation of endogenous auxin
uptake in root cells. Auxin is known to stimulate lateral root development, although the
sensing mechanism is not fully understood [56]. The expression of the NRT1.1 transporter
gene is induced by NOs', therefore, this signaling pathway can be disrupted in plants that lack
NOs in the root medium (for example, plants that are grown using NHa* or urea as the only N-
source), as has been shown to be true for NH4*- and urea-fed Medicago truncatula plants,

which exhibit shortened (for NH4*) and less-branched roots (for urea) [25]. The role of auxin

signaling in NHas*-grown primary roots has been studied in an A. thaliana line containing an
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auxin responsive reporter, DR5:GUS-reporter. This line exhibited an acute decrease in the
reporter response to auxins under NHa*-nutrition, but the growth of its roots was only partially
rescued with exogenous auxin [51]. In contrast, NRT1.1-defective mutants exhibited higher
tolerance of high concentrations of NH4*, and nitrate application did not enhance this
tolerance of NH4* of NRT1.1-defective mutants; it was therefore concluded that a NOs-
independent function of NRT1.1 exists. These researchers noted the regulatory role of some
genes that are relevant to the aliphatic glucosinolate-biosynthetic pathway; these genes were
induced in the NRT1.1 mutant during ammonium nutrition [57]. Therefore, increased
knowledge of the NOs™- dependent and —independent signaling mechanisms could provide
new lines of research for managing ammonium stress.

NOs efflux channels such as SLAH3 are strongly selective for nitrate over chloride and
also play important roles in the nitrate-mediated alleviation of stress [58]. SLAH3-defective
mutants are hypersensitive to high levels of NHs* and low pH in the absence of NO3". Recently,
our group studied M. truncatula plants that were grown under axenic conditions in the total
absence of NOs [25], an approach that excludes microorganisms that could produce
phytohormones or NO3". Roots (both main and lateral) grew more slowly on NHs*- and urea-
grown plants than on NOs-grown plants, and the total length of the plant was positively
correlated with auxin content, although no recovery was detected when auxin was applied
externally to NHs*- and urea-grown plants. These results are consistent with the roles
proposed for NOs™ and NRT1.1, which do not regulate the initiation of lateral root primordia
but slow their development in the absence of NOs [25,56]. Together, these results suggest
that NOs™ generates root signals that determine NH4* tolerance, and highlight the need to

understand the signaling mechanisms in NHs*-grown plants grown with nano- or micro-molar
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concentrations of NOs™. Conversely, the complementary action of NHs"and NOs” on lateral root
development has raised the question as to whether NH4* invokes a similar regulatory sensing
machinery to NO3 [59] .

It has been proposed that NO, which may originate from NOs via nitrate reductase,
might play a central role in signaling, by acting downstream of auxin. In fact, two A. thaliana
plants with mutations in the arginase isoenzymes ARGAH1 or ARGAH2 (encoding arginine
amidohydrolase-1 and -2, respectively), which exhibited a higher accumulation and efflux of
NO, also promoted the formation of lateral and adventitious roots. Furthermore, these
mutants responded to the auxin analog naphthaleneacetic acid by increasing their NO
contents. Additionally, exogenous exposure of the A. thaliana arginase mutant plants to
naphthaleneacetic acid resulted in a doubling of the number of lateral roots, thus confirming
the importance of auxin-mediated regulation. Consistently, both mutants presented
increased auxin signaling in the root tips, emerging lateral roots, and hypocotyls. Currently,
the origin of NO in plants that are grown with NH4* or urea as the sole N source remains
unknown; such knowledge might be essential to understand the nitrate and auxin interaction.
However, several enzymatic assays have detected increased NO production from reduced N-
containing molecules in plants, although no specific enzyme has been associated with such
catalysis. Conversely, NO can also lead to the formation of NOs™ through its interaction with

hemoglobins [60], and this might be relevant for understanding the NOs signaling effect.

4.2 The “urea cycle” in plants
Plants lack an ornithine-urea cycle homologous to that of metazoans for the removal

of N from amino acid catabolism (Fig. 4). The key enzyme of the animal urea cycle, carbamoyl
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phosphate synthase (CPS)-type |, is absent from green algae and plants; however, this enzyme
is present in some lower photosynthetic eukaryotic phyla, such as Rhodophyta and
Stramenopila [61]. Thus, in diatoms, this type of urea cycle serves as a distribution and
repackaging hub for inorganic C and N, and contributes significantly to the metabolic response
of diatoms to episodic N availability. In contrast, plants appear to have a functional CPS-type
Il that uses glutamine as the NHs source for synthesis of carbamoyl-P [62]. Consequently,
plants cannot synthesize urea directly from NHa*, which would reduce the internal NHs*
content during stress. Unfortunately, we lack data on transgenic plants that are endowed with
a CPS-type | gene, and the effects thus produced on NUE and stress tolerance during NH4*
nutrition.

The plant urea cycle includes a biosynthetic phase that produces arginine, which is
followed by a catabolic phase in which arginine can be degraded either by arginase to produce
urea and ornithine, or by serving as a substrate for arginine decarboxylase, producing
agmatine (Fig. 4). Ornithine can condensate with a carbamoyl phosphate molecule in a
reaction catalyzed by ornithine transcarbamylase to produce citrulline and other
intermediates in the biosynthetic phase. Either agmatine or ornithine can subsequently
originate putrescine, spermidine and other polyamines. Several oxidases participate in the
pathway leading to polyamines; for example, the Cu-binding diamino oxidase and FAD-binding
polyamino oxidases, which produce H,0; (Fig. 4). The importance of the urea cycle in plants is
not as clear as it is in diatoms [63], and the biosynthetic phase may be
temporally/developmentally distinct from the catabolic phase. However, it may be a

regulatory control point in N metabolism, since this cycle connects N with C metabolism:

arginine is the amino acid with the lowest C/N ratio, it can be used to store N, and it has also
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been considered a signal molecule. As mentioned above, arginine has been proposed as an
intermediate in NO synthesis, and arginase-defective mutants exhibit greater NO production
during root development than those with the wild type enzyme [64]. However, when applied
exogenously, the polyamines spermidine and spermine, but not putrescine or arginine,
enhanced NO production in A. thaliana plants [65]. Additionally, another research group
observed that the exogenous application of spermidine increased NO biosynthesis in control
plants but not in two knock-out mutants of the Cu-amino oxidase-1 and -2 isoenzymes;
moreover, the exogenous application of ABA decreased the production of H,O, and the
sensitivity to regulatory processes that are controlled by ABA, such as germination and post-
germination growth [65]. We speculate that an excess of ammonium that originates either
from polyamine metabolism (Fig. 4) or from NHs*-nutrition can act as a feedback inhibitor of
polyamine deamination, further impairing polyamine metabolism. Additionally, metabolic
studies showed that arginine was accumulated under stress by ammonium nutrition in pea
and in Arabidopsis plants, possibly indicating impairment of polyamine synthesis [19,59].
Interestingly, high irradiance, which improved tolerance to ammonium in pea plants, also
reduced the relative arginine content; this arginine was apparently transformed into
putrescine under high light intensity, thus improving tolerance to ammonium stress and

improving the plants’ energetic condition [19].

5. Ammonium toxicity can be counterbalanced: the tolerance response
A final objective of understanding ammonium toxicity is to identify which plant traits
confer ammonium tolerance. Several environmental factors can counterbalance ammonium

toxicity in the laboratory (Fig. 1), although these are sometimes difficult to apply in the field.
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These factors include: higher light intensity [3,12,19]; increased CO; concentration [4]; the
exogenous supply of organic or inorganic carbon [66], which partially reverses C-starvation
symptoms associated with ammonium nutrition; increased concentrations of K* that
eventually inhibiting the entrance of NH4*, as shown for rice (a very tolerant plant, which
exhibited even greater tolerance of ammonium at higher K* concentrations [44,47]); and
complementation with nitrate at low doses, which has long been practiced in agriculture. In
crop soils, the usual fertilization of ammonium together with nitrate, either in the form of
NHsNOs or using the remainder of previous agricultural manures, may counterbalance the
effect of NH4*, as the NOs uptake alkalinizes the rhizosphere [2] and exerts the positive
regulatory effect mentioned in the previous section. In addition to the previous biological
reasons supporting the alleviation of ammonium toxicity by NOs’, there is evidence that a
nitrate efflux channel is required for plant growth under low nitrate/high ammonium nutrition
[35]. It was observed that a shift in the pH of the medium from 5.7 to 7 mitigated the toxic
effect of ammonium on A. thaliana plants due to the effect of SLAH3 on ammonium toxicity
that is mediated by pH regulation [35]. Accordingly, SLAH3 orthologs represent promising
targets for crop enhancement [35]. Together, these findings suggest that controlling the pH
of the growth solution is a key factor in retarding the appearance of ammonium toxicity
symptoms.

Hormones such as ABA or auxins have also been linked to the alleviation of ammonium
nutrition toxicity [21]. It has been proposed that under NH4* nutrition, the membrane of the
chloroplasts of ammonium-sensitive mutants (based on the chlorotic phenotype) receive the
stress signal, thus triggering AMOS1/EGY1-dependent retrograde signaling and recruiting

downstream ABA signaling to regulate NH4* responses, since the hormone is a downstream
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messenger [21]. The metabolic imbalance derived from ammonium nutrition of A. thaliana is

partially overcome by elevated auxin levels [51].

6. Prospects and conclusions: networking the farm with the laboratory

Recent findings in the laboratory regarding ammonium tolerance might determine
future field actions under the increasing use of slow-release NHs* fertilizers. However, the
extrapolation of laboratory results to the field is complicated by the fact that multiple factors
affect the assimilation of nutrients (including ammonium) by plants. Nevertheless, all data
indicate that the use of nitro-ammoniacal [56] or ammonium/K* fertilizers is recommended to
improve ammonium tolerance and reduce N fertilizer application. The diffusion of NH3 within
plant cells and the natural N isotopic signature might have important agricultural,
environmental and technical applications (e.g., as a novel indicator for ammonium tolerance,
fertilizer management, or measuring pH balance in aquatic environments).

Moreover, the use of A. thaliana, for which accessions with very distinct ammonium
tolerances are available, is aiding progress in understanding ammonium toxicity, although this
information has to be combined with information obtained from wild plants that are
characteristic of ammonium-rich locations, and from wild relatives of crops.

Very important advances in our knowledge of ammonium toxicity and its amelioration
have recently occurred. However, further research is necessary to elucidate how ammonium
is transported out of the cell. Studies that focus on changes and modulation of the extra- and
intracellular pH, which might influence subcellular ammonia gas concentrations in the cytosol,

vacuoles and other organelles, are warranted (Fig. 5).
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658  Fig. 1. Ammonium toxicity (sensitivity) and tolerance in plants from classical to recent
659  hypothesis. The red box shows the main toxicity symptoms of NH4* nutrition in plants, which
660 depend on several environmental factors and the species (varieties) used. The green boxes
661  show both the classical and recent theories of ammonium tolerance. Factors such as neutral
662  pH, light, NOs and K* have been described as able to counterbalance ammonium toxicity and
663  therefore increase tolerance.
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Fig. 2. Ammonium uptake by the plant cell, which contribute to NHs* accumulation in the cell

with toxic effects. Ammonium uptake is believed to be achieved by the diffusion of non-
electrogenic flux of NHs across the plasma membrane, which might be facilitated by AQP.
Once NHs enters the cell, it is re-protonated to form NH4* (at neutral pH) in the cytosol, which
causes a transient alkalinisation of the cytosol. This non-electrogenic flux is related to the
depletion of °N in plant tissues in relation to the NH4* source. The light N-isotope (**N) is
thermodynamically favoured over the heavy isotope (**N). In other words, NHs (gas) is
enriched in *N by about 5% relative to NHs (aqueous), while the latter is enriched in 1*N by
about 20%o. relative to NH4* (agueous). Additionally, ammonium, (as NH4*), can be transported
through high- affinity AMT transporters and, to a lesser extent, through K* channels. Passive
transport of NHs from the cytoplasm to the vacuole can also be mediated by vacuolar AQP.
Within the vacuole, the NHs is also protonated to form NHs*. The molecule that transports
ammonium from the vacuole to the cytoplasm is unknown. P, proton pump; A, aquaporin;
NSCC: non-specific cation channels; AMP, ammonium transporters.
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Fig. 3. Correlation of the biomass yield ratio of plants grown hydroponically with NH4* or NO3"
(this ratio is used as an indicator of plant tolerance/sensitivity to ammonium) with the root N
isotopic signature (615N, %o) of NH4*-grown plants (updated in ref. [38]). Model species, such
as A. thaliana and M. truncatula, have been included in the figure. Additionally, new points
have been include for crops such as tomato [4] and wheat [3]. The N concentrations
represented are as follows: 0.5-1 mM (upward triangle), 1.5-2 mM (circle), 2.5 mM (downward
triangle), 3 mM (square), 4-5 mM (star), 6 mM (diamond), 7.5 mM (semi-filled diamond), 10
mM (hexagon) and 15 mM (semi-filled hexagon). The K* concentration was within the same
range (4-5 mM) for all the treatments and species. §'°> N data representing the (NH4),SO4 used
in NHs*-fed plants were obtained at +0.029, +0.5 and +2.31%., and all three values fall within
the area indicated (upper part of the graph). Symbols represent the average values of at least
3 replicates + SE. Further information is provided in [38].
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Fig. 4. The urea cycle in plants, which is linked to the polyamines synthesis. Carbamoyl

phosphate is synthesized from glutamine, but not from NH,4* in plants. Arginine and ornithine

can be used as the precursors of polyamines synthesis. Inter-conversions of polyamines give

rise to NHs* and H,0; molecules that result from oxidases catalysis. The enzymes are

represented inside a circle as: AlH, agmatine imidohydrolase; AsL, argininosuccinate lyase;

ARG, arginase, Arg DC; arginine decarboxylase; AsuS, argininosuccinate synthase; DAO,

diamine oxidase; Orn DC, ornithine decarboxylase; OTC, transcarbamylase; PAO, polyamine

oxidase; PCT, putrescine carbamoyl transferase; SpdS, spermidine synthase; SpmS, spermine

synthase; Ure, urease.
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Fig. 5. Major challenges for future research on plants’ ammonium tolerance as proposed in
this review. This figure identifies future directions of research as: the possible importance of
AQP in ammonium influx; and the identification of genes/loci involved in ammonium
sensitivity/tolerance. The colours of the boxes are related to the plant tissues whose study is

suggested, corresponding to locations of question marks on the figure.
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