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It is well known that nutrient availability controls plant
development. Moreover, plant development is finely
tuned by a myriad of hormonal signals. Thus, it is not
surprising to see increasing evidence of coordination
between nutritional and hormonal signaling. In this
opinion article, we discuss how nitrogen signals control
the hormonal status of plants and how hormonal signals
interplay with nitrogen nutrition. We further expand the
discussion to include other nutrient-hormone pairs. We
propose that nutrition and growth are linked by a multi-
level, feed-forward cycle that regulates plant growth,
development and metabolism via dedicated signaling
pathways that mediate nutrient and hormonal regula-
tion. We believe this model will provide a useful concept
for past and future research in this field.

Growth and nutrition connections

Many organisms use developmental plasticity as a means
to face and adapt to fluctuating environmental conditions
[1,2]. This is particularly true for sessile organisms, which
are not able to escape from adverse environmental condi-
tions. In the case of plants, they need to acquire nutrients
from the soil in their nearby environment to complete their
developmental cycle [3,4]. Modification of growth is a major
process that plants use to successfully complete their life-
cycle in such a heterogeneous environment, even and
especially up to their reproduction phase [5]. This adapta-
tion process is so important that we hypothesize it has
contributed to the evolution of dedicated signaling path-
ways that interconnect nutrient sensing and hormonal
signaling in plants. Indeed, a slow-growing plant will need
less nutrients in a particular time-frame compared to a
fast-growing plant, because the demand for nutrients is
correlated with dry weight production. For example in the
case of nitrogen (N), if a plant has a growth rate of 1 g of
fresh weight per day, knowing that 0.1-0.5% of its fresh
weight (~1-5% of dry weight) is composed of N (Molecular
Weight = 14 g.mol 1), then ~70-350 wmol a day of N will
be necessary to obtain optimal growth. This knowledge has
already had practical implications for plant physiology and
agriculture [6-8], but can now be explored at a more
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molecular level. Indeed, a challenging nutrient-deprived
environment will slow growth, which in turn will modify
intrinsic nutrient uptake. However, is this purely an effect
of the ‘law of mass action’? I.e. are the nutrient needs of the
plant only conditioned by the sink created by growth, or
does this phenomenon use specific, molecularly-defined
signaling pathways?

In fact, the existence of such signaling pathways is
revealed physiologically by the following observations. It
has been demonstrated that the N content of a plant does
not need to be modified in order for one to observe a growth
modification. For instance, in tobacco (Nicotiana tabacum),
switching from nitrate (NO3~) to pure ammonium (NH,")
nutrition (a mostly less efficient N source on its own)
quickly triggered (within hours) a decrease in shoot
growth, even before the N content of the shoot was modified
[9]. This demonstrates that growth is tightly controlled in
plants by nutritional cues, and that it is not, at least in the
first hours of the environmental changes, the consequence
of a modification of the overall nutritional status (e.g. by
changes in the composition of N-containing compounds in
the plant).

In this opinion article, we highlight evidence in the
literature that supports the existence of a dedicated
multi-layer feed-forward loop (Figure 1) that interconnects
nutrition and growth signaling, using N nutrition as an
example. We discuss in the first part, how hormonal status
is influenced by N-availability, and in the second part, how
hormones control N-sensing, -uptake and -assimilation.
Finally, we briefly apply this principle to connections
between other nutrients and hormones and draw some
general conclusions for the consequences of this hypothe-
sized feed-forward loop for the field of hormone and nutri-
ent signaling.

When N supply modifies the hormonal status of plants
N is a macronutrient present in many key biological mole-
cules and therefore constitutes a limiting factor in agricul-
tural systems [8]. It is available for plants predominantly
as NO3;~ and NH,". It controls many aspects of plant life,
and has a strong impact on plant development (reviewed in
[10-12]). NO3™ itself has been shown to be a key signal
molecule, and the respective effects of the ion and of its
downstream metabolites can be separated genetically, in a
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Figure 1. Conceptual model integrating nutrient and hormonal signaling. We hypothesize the existence of a multi-scale (from molecular to physiological interactions) feed-
forward cycle that interconnects nutrient and hormonal signals. On one hand, nutrients provide growth potential to the plant. On the other hand, growth creates a nutrient
demand (central circle of the figure). We propose that this connection is integrated via dedicated signaling pathways that underline the pure ‘law of mass action’. This multi-
scale signaling pathway has begun to be unified and is presented in the different panels (corresponding to different level of integration) of the figure for the nitrogen and
hormonal connections. Abbreviations: 2-OG, 2-oxoglutaratel, GIn, glutamine; Glu, glutamate; GOGAT, glutamate synthase; GS, glutamine synthetase; NIR, nitrite

reductase; NR, nitrate reductase.

NO;3™ reductase double-mutant unable to reduce NOs ™ into
NH,* and therefore into downstream amino acids [13]. In
this review, we will use the terms ‘NO3” and ‘N-metabo-
lites’ as distinct terms to distinguish between the effect of
the ion itself or those effects due to the nutritional status of
the plant, respectively. When no distinction can be made
according to the reviewed data, we will use ‘N’ as a default
term, knowing that the distinction remains to be experi-
mentally tested.

The question of how N supply modifies the hormonal
status of plants was addressed early in the history of plant
physiology by George S. Avery, Jr. et al., using Brassica
caulorapa in the 1940 s. The authors showed that ‘extract-
able’ auxin was barely detectable in the tips of stems of N-
starved plants [14]. In a second publication [15], George S.
Avery, Jr. and Louise Pottorf determined that there is a
significant correlation between NO3;~ and auxin content in
leaves, for plants grown under different NO3™ regimes. A
ten-fold change in NO3™ supply induces a four-fold change
in auxin concentration. For high NO3;™ concentrations, the
auxin levels tend to plateau. More recently, modification in
auxin content under various N treatments was studied in

soybean (Glycine max) [16], wheat (Triticum aestivum)
[17], pineapple (Ananas comosus) [18], maize (Zea mays)
[19] and Arabidopsis (Arabidopsis thaliana) [20,21]. In
each case, auxin seems to be translocated from shoot-to-
root in response to a decrease in NO3~ supply (Figure 1).
Furthermore, genetic modifications in NO3™ transporters
also affect the hormonal status of the plant. Indeed, a
mutant in the high-affinity root NO3; -uptake transporter
(lin1/nrt2.1) was reported to display modified auxin accu-
mulation in hypocotyls [22]. More recently, another NO3™
transporter (CHL1/NRT1.1) has been shown to control
auxin accumulation in lateral root tips in response to
NO;3~ supply [20]. Indeed, NO;3 -dependent hormone
transport has been demonstrated at the level of a single
protein in both heterologous and homologous systems.
NRT1.1 [23], has been demonstrated to be involved in a
NO;3 -repressed auxin transport (Figure 1). When NO3™
concentration in the media is below 0.2 mM, the NRT1.1
protein behaves like an auxin transporter. These observa-
tions have led to the hypothesis that the NRT1.1 trans-
porter couples the auxin and NO3™ signals through their
molecular interaction (Figure 1). In this system, the
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absence of NO3~ can be transduced as an increase in auxin
flux into the cell and tissue [20].

Similarly, cytokinin content is also under the control of
N supply (for review see [24,25]). For instance, when
tomato (Solanum lycopersicum) plants are grown with
NH,* as the sole N source, shoot growth is strongly re-
duced. In these experiments, 10 uM of NO3™ is sufficient to
restore shoot growth comparable to the growth of 2 mM
NOj3™ -fed plants [26]. These contrasting N-supplies modify
NO;3™ concentrations in xylem exudates, which are consis-
tently associated with an increase in cytokinin concentra-
tion [26]. At the molecular level, the Arabidopsis IPT3 gene
(an isopentenyl transferase responsible for the limiting
step in the biosynthesis of cytokinins) is strongly induced
by NO3™ in both roots and shoots [13]. The IPT3 gene
seems to be a key actor involved in cytokinin status modi-
fication in response to NO3 ™. Indeed, ipt3 knock-out (KO)
plants, lacking a functional IPT3 gene, are affected in the
NOj3 ™ -dependent cytokinin synthesis [27].

Recent investigations have also revealed ethylene as a
potential target of N-related signals. Indeed, ethylene
production is enhanced in plants transferred from a low
(0.1 mM) to a high (10 mM) NO3 ™ -containing media within
one hour of transfer [28].

These observations confirm a tight control of hormone
synthesis and transport by NO3~ and N supply. This
control leads to profound modifications of plant develop-
ment. This phenomenon particularly impacts on root ar-
chitecture [29]. For example, it has been shown that local
NOj™ stimulates lateral root development (LRD) through
auxin remobilization. This was first demonstrated in 2005
in maize [30] by providing TIBA (2,3,5-triiodobenzoic acid,
which inhibits auxin transport) between shoot and roots, in
order to stop auxin fluxes between these organs. In this
instance, LRD in response to local supply of NO3™, is
completely abolished in the presence of TIBA when it is
provided in a split-media, between shoots and roots. How-
ever, application of TIBA below the site of NO3;~ applica-
tion does not affect NOs -induced LRD [30]. This
demonstrates that auxin transport from shoot to root
might be a necessary messenger for NO3~ presence [29].

Molecular actors involved in auxin transport and sig-
naling are known to be controlled by NO3 ™~ and N provision.
This is exemplified by the auxin receptor TIR1 [31], and its
homologous gene AFB3, two auxin carriers (At2g17500 and
At1g76520), and four efflux auxin transporters (PINI,
PIN2, PIN4 and PIN7) all of which were shown to be
controlled at the transcriptional level by carbon and/or
N treatments [32,33]. To date, AFB3 was found to be
transiently induced by NO3™ in Arabidopsis roots, specifi-
cally at the root tip and in pericycle cells. The upregulation
of AFB3 correlates with an increased auxin signaling in
Arabidopsis roots. Analysis of AFB3 mutants shows that
this specific auxin receptor is required for the normal root
response to changes in NO3™ levels. Interestingly, miR393
(a miRNA targeting F-box proteins such as TIR1 and
AFB3) is induced by N-metabolites generated downstream
of NO3™ reduction. In a miR393 KO plant, AFB3 mRNA
level is still early NO3 ™ -induced (within one hour) but is no
longer repressed at longer time points (at two- and four-
hour treatments). Thus, the miR393:AFB3 regulatory
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module constitutes an incoherent feed-forward mechanism
[34] that can integrate external NO3~ availability and the
internal N status of the plant for balanced N-acquisition
through a developmental response [33]. Another molecular
actor controlling hormone transport is NRT1.1. Indeed, the
NRT1.1 gene can be considered as one such target since (i)
it controls the auxin flux in the lateral root and (ii) it is
controlled by NO3 ™~ transcriptionally and at the level of its
auxin transport activity [20].

Taken together, these results show that N in general,
and NOj3™ in particular, regulate plant development at
several levels of integration through the control of hormone
synthesis, transport and signaling (see Figure 1, left part of
the cycle). This constitutes the first half of the conceptual
cycle described in Figure 1, where nutrient cues influence
hormonal signaling pathways to potentially modify
growth. In the second part of the cycle, through hormonal
signaling pathways, growth can tweak nutrient acquisition
assimilation and perception as described below.

When hormones regulate N acquisition and
assimilation

Different hormones have been involved in mineral nutri-
tion of plants. Direct effects of these hormones on N
acquisition and N-assimilation genes have been demon-
strated. This constitutes a positive retro-control of growth
on N nutrient uptake, and N-assimilation and is very likely
supported by dedicated signaling pathways.

It was in the early 1990s, during the emergence of the
field of molecular physiology, that this question was first
addressed. NO3™ reductase (NR) activity (NRA) was shown
to decrease rapidly in excised chicory root (Cichorium inty-
bus L. Witloof cv. Flash), due to an increase in its phosphor-
ylation status [35]. In a second publication, the same group
showed that auxin and cytokinin, when supplied before
excision, can maintain the level for mRNA, protein and
activity for NR. Finally, roots incubated in a NO3; -free
medium, before cytokinin treatment, were delayed in their
transcriptional activation of NR. This indicates an interac-
tion of the NO3~ and cytokinin signaling pathways in the
control of NR [36]. Further, cytokinins have been shown to
regulate NR mRNA in tobacco cell suspension culture [37],
barley (Hordeum vulgare) leaves [38] and Arabidopsis [39].

Two of the main players in NO3;~ uptake, NRT'1.1 and
NRT2.1, are known to be hormone-responsive genes. The
promoter activity of NRT'1.1 is induced by exogenous and
endogenous increase of auxin. This induction is indepen-
dent of the NO3™ presence in the culture medium [40]. This
demonstrates hormonal control of the NO3~ transporter
NRT1.1. Because this protein has also been shown to be a
NOj3™ receptor [20,41], this opens the possibility that the
hormonal retro-control might target NO3~ transport and
perception. For NRT2.1 (a major component of the High
Affinity NO3™ Transport), the NRT2.1 mRNA level strong-
ly decreases within hours of auxin and cytokinin supply.
Interestingly, auxin repression can be weakened in de-
topped plants, suggesting the necessity for the auxin signal
to be integrated in the shoot to repress NRT2.1 in the roots,
or to interact with a shoot-derived signal [42]. In a genome-
wide analysis of cytokinin responsive genes, NRT2.1,
NRT2.3 and NRT2.6 were found to also be under strong



cytokinin repression [39]. Recently, these genes (including
NRT2.1) and several other NOj3~ transporters where
shown to be gradually regulated by increasing cytokinin
concentrations [25]. Furthermore, a meta-analysis of gene
expression data has shown that most of the genes involved
in NO3™ transport and assimilation are controlled (as a
group, as defined by bi-clustering) in response to several
hormone treatments — predominantly abscisic acid (ABA)
and cytokinins [43]. This analysis demonstrates that genes
being controlled by both signals (NO3;™~ and hormones) are
more responsive to NO3~ than the genes controlled by
NO;3™ only, and supports the hypothesis that hormones
enhance the NO3™ response [43].

From a genetic point of view, phenotypic analysis of
several KO mutant plants demonstrates a role of the
hormone-signaling pathways in the control of NO3;™ trans-
port, NO3™ assimilation and NO3™~ controlled development.

Concerning controlled development, the response of
LRD to N-treatment is partially dependent on auxin-relat-
ed genes, such as AXR4 [44], ARF8 [45] and AFB3 [33].
Similarly, analysis of ETR1 and EIN2, the ethylene signal
transducer genes, have been shown to control N-regulation
of lateral root length and the NRT1.1 and NRT2.1 genes
[28], themselves involved in LRD [20,46,47]. Furthermore,
ABA related transcription factors ABI4 and ABI5, are
involved in repression of LRD in response to high NO3™
concentrations [48].

Subsequently, transcriptomic analysis of the axr3 mu-
tant [49] and the arf7;arf19 double mutant [50] (involved in
auxin signaling) showed that the NRT2.1 gene is over-
expressed in these genetic backgrounds. More recently, the
regulation of the NO3~ transporters by increasing provi-
sion of cytokinin showed reduced sensitivity in crel-
12;ahk3-3 (a double mutant for cytokinin receptors), and
hypersensitivity in arr3;arr4d;arr5;arr6;arr8;arr9 (a hextu-
ple mutant for six negative response regulators involved in
the cytokinin signaling pathway) [25].

These data support the idea that hormonal signaling
pathways (in this case auxin, cytokinins, ethylene and
ABA) control plant behavior in response to fluctuating N
environments. Together with the influence of N on the
hormonal status of the plant, this builds the conceptual
cycle described in Figure 1, where nutrients control
growth, which in turn controls nutrient use and perception.

What about the other nutrients?
So far we have focused on N and hormone relationships
because they are the best documented to date, especially
for the effect of N on hormone signaling and synthesis.
However, we believe that this ‘duality of growth’ concept as
the ‘Alpha and Omega’ of plant nutrition can be applied to
the other nutrients. For instance, cross-talk has been
documented for the following nutrient and hormone pairs:
sulfate and cytokinins [51], phosphate and cytokinins
[52,53], phosphate and auxin [54], potassium and auxin
[55], potassium and jasmonic acid [56], iron and cytokinins
[57], and phosphate and strigolactones [58,59]; for an
excellent general review see [60].

It is noteworthy that for most of the scenarios cited
above, these cross-talks concern the role of hormones in the
control of genes involved in nutrition, such as transporter
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or reducing enzymes. We would like to emphasize the fact
that most of the recorded effects of the exogenous applied
hormones on gene expression failed to identify any inter-
action with the nutritional signals themselves [40,51-
53,57]. For instance, transporters involved in the uptake
of nutrients from soil, tend to be largely repressed by
cytokinins. This cytokinin repression is lost in mutants
deficient in cytokinin receptors. However, the transcrip-
tional regulation of the transporters by their substrates
(e.g. IRT by iron, and SULTR by sulfate) is not affected in
hormone receptor mutants. It is therefore tempting to
speculate that hormones (here cytokinins), are a global
reporter of the satiety of the plant and control nutrient
transport with a low level of specificity. By contrast, we
have cases where EIN2 mutation, affecting ethylene-sig-
naling, disrupts transcriptional responses to NO3~ [28].
This demonstrates that some hormones might be also
involved in the nutrient signaling system themselves.
Thus, deciphering the specificity of hormone implication
in the control of nutrient sensing and assimilation is a
challenging and important task for the next decade.

Conclusion

Differential growth and development is a tremendous part
of plant adaptation processes in a ‘competition for nutri-
ents’ context [3,5]. Here, we propose a point of view to
understand relationships between nutrition and growth
that are intrinsically linked at several levels of integration.
On one hand, nutrient provision promotes growth and, on
the other hand, growth generates ‘demand’ signals for
nutrients. We hypothesize that this feed-forward cycle is
a key element of the integration of growth and nutrition
and that it is built by dedicated signaling pathways partly
involving hormones.

We believe that this concept can help to contextualize
many of the past and forthcoming research concerning cross-
talk between nutrition and development of plants, from a
physiological perspective to a more molecular point of view.
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