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Abstract

Nitrogen (N) is an essential macronutrient that impacts plant growth and
development. N is an important component of chlorophyll, amino acids, nucleic
acids and secondary metabolites. Nitrate is one of the most abundant N sources in
the soil. Because nitrate and other N nutrients are often limiting, plants have
developed sophisticated mechanism to ensure adequate supply of the nutrient in a
variable environment. Nitrate is absorbed in the root and mobilized to other organs
by nitrate transporters. Nitrate sensing activates signaling pathways that impinge
upon molecular, metabolic, physiological and developmental responses locally and
at the whole plant level. With the advent of genomics technologies and genetic tools,
important advances in our understanding of nitrate and other N nutrient responses
have been achieved in the past decade. Furthermore, techniques that take advantage
of natural polymorphisms present in divergent individuals from a single species
have been essential to uncover new components. However, there are still gaps in
our understanding of how nitrate signaling impacts biological processes in plants.
Moreover, we still lack an integrated view of how all the regulatory factors
identified interact or cross-talk to orchestrate the myriad N responses plants
typically exhibit. In this review, we provide an updated view of mechanisms by
which nitrate is sensed and transported throughout the plant. We discuss signaling
components and how nitrate sensing crosstalks with hormonal pathways for
developmental responses, locally and globally in the plant. Understanding how
nitrate impacts on plant metabolism, physiology and growth and development in

plants is key to improve crops for sustainable agriculture.



INTRODUCTION

Nitrogen (N) is an essential macronutrient andaiailability in the soil has a
critical role in plant growth and development, amdp yield (Hirel et al., 2007; Krapp et
al., 2014; Ruffel et al., 2014; Vidal et al., 201¥tang et al., 2012b). Nitrate (NpPand
ammonium (NH") are preferred N forms used by plants, but arghiort supply in most
ecosystems as well as in agricultural lands. Everugh N is not the only essential
nutrient, it must come from outside the plant-sy$tem since unlike other elements it
cannot be released from rocks into the soil sahutia agricultural systems, high-yield
crop production removes N from the soil and relesvily on application of large
guantities of nitrogenous fertilizers for sustaim@edductivity over time. Unfortunately, a
large fraction of the N deposited in fields is doectly absorbed by plants and is lost by
leaching (Hirel et al., 2011). Despite significaitorts by the scientific community, N
use efficiency for crops has not substantially ioved over the last fifty years (Cassman
et al., 2002). Beyond the economic costs causethdse large quantities of fertilizers,
the high levels of N used in agriculture causesamay of environmental problems
(Galloway et al., 2008; Hirel et al., 2007). Foraele, increased N fertilization can
cause eutrophication of terrestrial and aquatitesys, together with global acidification
and stratospheric ozone loss (Gruber and Gallovz®@8). As a result of these
detrimental environmental consequences, and becafisés significant cost for
agriculture, understanding how plants sense, uptakee and respond to N
nutrient/metabolites is critical. Unraveling the lerular mechanisms implicated in these
processes is the first step to develop biotechnodbgstrategies to improve N use

efficiency for sustainable agriculture.

NOjs is one of the most abundant sources of N in naagavell as agricultural
systems (von Wiren et al., 2000). plQuptake, transport, and responses have been a
major focus of research. In addition to its roleaasutrient, N@ can act as a signaling
molecule that modulates gene expression and a maitge of processes including plant
growth, root system architecture (Alvarez et aQl2 Krouk et al., 2010a; Vidal and
Gutierrez, 2008), leaf development (Rahayu e8l05), seed dormancy (Alboresi et al.,
2005), and flowering time (Marin et al., 2011).



In this review, we will discuss important milestgn@ physiological, metabolic
and signaling aspects of NOn plants, with a focus oArabidopsis research. We will
provide an updated view of NOresponses and its local and systemic regulation to
integrate metabolic and developmental changesddiitian, we will highlight the most
recently characterized molecular components inwblue N sensing, signaling, and
downstream physiological processes. Finally, wel docus on the importance of
genome-wide associated studies in the identificatbd novel components of NO
signaling pathway. There are many excellent recanews that the reader may refer to
for details on specific topics of interest (Alvarzal., 2012; Castaings et al., 2011; Giehl
and Wirén, 2014; Gojon et al., 2011; Gutierrez,2MXrapp, 2015; Krouk et al., 2011; Li
et al., 2014; Wang et al., 2012b).

NITRATE TRANSPORT
Physiological characterization of NO3 transport systems

Long before molecular identification of the trangpes themselves, the
conceptual framework of N transport in plants arose from physiological stsdi
conducted during the 70’s and 80’s, and predomindatused on N@ uptake by the
young cereal seedling as a model (Hanson, 1978gafoet al., 1973). The use of tracers
demonstrated that the root uptake of JN@ actually the balance between two
concomitant opposite fluxes, influx and efflux, dif mediated by different carrier
proteins (Morgan et al., 1973). The physiologicajngicance of root N@ efflux
remains unclear, but it was hypothesized that efftensporters play a key role in other
processes than root uptake, such as secretiorthiataylem (Hanson, 1978). Kinetics
studies of N@ influx as a function of external concentrationtifier revealed that it has a
bi-phasic pattern, with a saturable component enltdw concentration range (e.g.<0.2-
0.5 mM), and a linear one at higher concentrati@iddiqi et al., 1990). This general
observation (in many species and under differemrenmental conditions) suggested the
existence of two separate classes of influx trartepg) corresponding to high-affinity
transport systems (HATS) and low-affinity transpaeststems (LATS), respectively
(Crawford and Glass, 1998). Furthermore, the regofapattern of root N@ uptake
unraveled additional levels of complexity in thamqaosition of root transport systems.

First, the accelerated rate of root N@Qptake following first supply of N©was shown



to requirede novo protein synthesis, indicating the likely inductiohnovel transporters
by NO;’ itself (Hole et al., 1990; Jackson et al., 1973 .this was more obvious for the
high-affinity transport systems, this yielded tce tproposal that the HATS actually
comprise both inducible and constitutive systent$AlIS and cHATS, respectively,
(Crawford and Glass, 1998). Second, rootsNi@flux is strongly up-regulated by N-
limitation or N-starvation, and on the contraryywheregulated by high N provision (Lee,
1993). This was interpreted as evidence for a faeklbregulation of root N
transporters by the plant's N status (Imsande aodrdine, 1994). Third, root NO
uptake is dependent upon photosynthesis, and gspiarked diurnal rhythms attributed
to a positive regulation by shoot-to-root transpdrsugars (Delhon et al., 1995). Because
the previously described controls differentiallyfeat influx and efflux, HATS and
LATS, a major hypothesis emerging from these pHggioal studies stated that root
NOj transport systems are constituted by severalofiihmany) different carrier proteins,
with specific functional properties (directionalitymax, Km) and specific regulatory
patterns (induction by N} feedback repression by N status or stimulation by
photosynthesis).

Molecular identification and functional characterization of NO3™ transporters

The molecular identification and functional chaesation of the genes encoding
NOjs transporters in plants started in the mid-90’g) emnstill an active research topic,
given the multiplicity of candidates. Unlike modher nutrient transporters (for more
details, see (Dreyer et al., 1999), NCarriers were not isolated by functional
complementation of yeast mutants beca@secharomyces cerevisiae is unable to
metabolize this N source. Therefore, alternativatsgies needed to be employed. So far,
NOj transporters/channels belonging to four differemilies (NPF, NRT2, CLC and
SLAC/SLAH, see (Krapp et al., 2014) for review) bdveen found. Only the NPF and
NRT2 families will be considered in this review tiva specific focus oArabidopsis.

The first cloned plant N© transporter gene i\rabidopsis was CHL1 (also
namedNRT1.1 and nowNPF6.3). It was isolated from a chlorate resistance streih
T-DNA insertion mutants (Tsay et al., 199BIPF6.3 (CHL1L/NRT1.1) encodes a 590 aa

protein with a predicted topology of 12 membranarspng domains, and was shown to



be a membeof the NPF (NRT1/PTR Family, (Leran et al., 2014)) gene family (formerly
NRTL/PTR family), comprising 53 genes iArabidopsis. Phylogenetic studies have
revealed that in higher plantdPF families gather a large number of genes (from radou
50 to up to 139) and could be divided in 8 to 1Bfamilies (Leran et al., 2014; von
Wittgenstein et al., 2014). This is considerablgh@r than what has been found in most
other organisms (e.g. bacteria, yeast, algae, aimda¢s), where only a feWPF genes
are present. A main feature of the plant NPF trarieps is that,unlike their non-plant
counterparts that mostly transport peptides, thereo substrate selectivity conserved
within each family, and even within each subfamilp to now, plant NPF families (and
in particular theArabidopsis one) have been shown to incorporate transportaremy
for NOgs, but also for peptides (Komarova et al., 2008)inanacids (Zhou et al., 1998),
nitrite (Sugiura et al., 2007), glucosinolates (N&ldin et al., 2012), auxin (Krouk et al.,
2010b), abscisic acid and gibberelins (Chiba et28l15; Kanno et al., 2012; Tal et al.,
2016). Clearly, NPF plant families are charactelizg/ extensive processes of gene
amplification and neofunctionalization, with NQransport most probably arising from
an ancestral peptide or amino acids transport imm¢von Wittgenstein et al., 2014). The
NOj; transport gain of function apparently occurredependently in different NPF
subfamilies, leading to the fact that NPFs transpgrNO;™ are often phylogenetically
more closely related to functionally distinct NPfRan to other NPF N transporters.
The recent crystallization of th&rabidopsis NPF6.3 (CHL1/NRT1.1) indicated that the
His356 residue plays a key role in the NSubstrate specificity of this protein (Parker
and Newstead, 2014), (Sun et al., 2014). Despite the protein motifs explaining the
variety of substrates that can be transported blySN®main largely unknown (Leran et
al., 2014).

Initially characterized as a LATS involved in rddO; uptake (Tsay et al., 1993),
NPF6.3 (CHL1/NRT1.1) was later shown to be a ddiahity transporter, displaying
either high- or low-affinity for N@ depending on phosphorylation of the T101 residue
(Liu and Tsay, 2003). With this exception, otherENROs transporters irArabidopsis
such as NPF4.6 (NRT1.2/AIT1), NPF2.7 (NAXT1), NPF7(NRT1.5), NPF7.2
(NRT1.8), NPF2.9 (NRT1.9), NPF2.3, NPF1.1 (NRT1,¥pF1.2 (NRT1.11), NPF2.13
(NRT1.7), NPF6.2 (NRT1.4), NPF2.12 (NRT1.6) and BPBFare strict LATS. Besides



NPF6.3 (CHL1/NRT1.1), only NPF4.6 (NRT1.2/AIT1) andPF2.7 (NAXT1) were
shown to be involved in root NOuptake (Fig. 1). NPF4.6 (NRT1.2/AIT1) acts as a
constitutive LATS for N@ influx (Huang et al., 1999), whereas NPF2.7 (NAXT1
mediates N@ efflux to the external medium (Segonzac et alQ720All other AtNPFs
characterized to date are associated with transgteps internal to the plant (Fig. 1).
NPF7.3 (NRT1.5) is a bi-directional transporterfl(ir/efflux) playing a role in N@
secretion into the xylem, and thus in root-to-shcarislocation of N@ (Lin et al., 2008).
NPF7.2 (NRT1.8) and NPF2.9 (NRT1.9) also contribatecontrol long-distance NO
transport to the shoot by mediating the opposite #nd retrieving N@ from the xylem
sap into the root stele (Li et al., 2010; Wang dsdy, 2011). NPF2.3, a NOefflux
transporter which is expressed in the root pereycklls, is involved in N©
translocation from roots to shoots in responselbstress (Taochy et al., 2015). NPF1.1
(NRT1.12), NPF1.2 (NRT1.11), NPF2.13 (NRT1.7) an@H8.2 (NRT1.4) function in
shoots (Chiu et al.,, 2004; Fan et al., 2009; Hsd &eay, 2013) and govern NO
accumulation in leaf and petiole, in particularrogdiating xylem-to-phloem transfer of
NOs and its remobilization from source to sink lea(éig. 1). Both NPF2.12 (NRTL1.6)
and NPF5.5 contribute to NQtransport to and in the seeds. NPF2.12 (NRT1.8)irexs
NOj3 supply to the developing seeds (Almagro et al08@&nd NPF5.5 plays a role in N
accumulation in the embryo (Leran et al., 2015makly, several other NPF proteins
have been shown to be able to transporg NOPF1.2, NPF3.1, NPF5.13, NPF5.14 and
NPF6.4, reviewed in (Leran et al., 2014), but thele in the N@ utilization by the plant
has not been elucidated yet.

The NRT2 gene family of N@ transporters was first identified ispergillus
nidulans (Unkles et al., 1991), and later in plants (Fillamd Daniel-Vedele, 1999). As
compared tdNPF families, NTR2 families analyzed in various species contain atmuc
lower number of genes (from one to 8) (von Wittdeimset al., 2014), and display a
much stronger substrate specificity, as most gendugts are only N© transporters.
The general structure of NRT2 proteins (11 to l12mim@ne-spanning domains)
resembles that of NPF proteins, but there is nawesste homology between the two
families (von Wittgenstein et al., 2014). A mainachcteristic of NRT2 proteins is that

they are generally unable to transport JN@Gn their own, but need to interact with the



partner protein AtNAR2.1, which belong to the NARSRT3) family, to be active

(Kotur et al., 2012). It has been proposed thafuhetional unit is composed of a NRT2
dimer and a AtNAR2 dimer, forming a heterotetramesrotein complex (Kotur and
Glass, 2015).

In Arabidopsis, 7 NRT2 proteins are present and have all beeractaized as
influx HATS specific for N@, for most of them in interaction with NAR2.1 (NRL},
with the possible exception of NRT2.7 (Chopin et 2007). NRT2.1, NRT2.2, NRT2.4
and NRT2.5 play a role in root NQOnflux, but with markedly different importance and
under different conditions. NRT2.1 appears to befdrythe main component of the
HATS for root uptake under most conditions (witle #xception of severe N starvation),
as its knock-out mutation results is the loss ofa@5% of the root N© influx (Cerezo
et al., 2001; Filleur et al., 2001; Li et al., 200MRT2.2 most often plays a minor role (Li
et al., 2007). NRT2.4 displays a particularly hagfinity for NO3', and is thus believed
to make a significant contribution to NOacquisition at very low external NO
concentration (Kiba et al., 2012). InterestinghR 2.4 and NRT2.5 are also expressed
in shoots, where they contribute to phloem loadih§/O;" (Kiba et al., 2012; Lezhneva
et al., 2014). Unlike all other NRT2 proteins whiate plasma membrane transporters,
NRT2.7 is localized in the tonoplast, and is pafady important for N@Q accumulation
in seeds (Chopin et al., 2007). Although NRT2.3 &lRRIT2.6 are able to mediate NO
transport in Xenopus oocytes (Kotur et al., 201tRgir functionin planta remains
elusive.

This overview of NPF and NRT2 protein families icalies that at least 20 NO
transporters are active Arabidopsis, most of them displaying quite specific functions
planta (as evidenced by the knock-out mutants phenotyp&issuggest a low level of
functional redundancy). It is striking to see home tcurrent overall picture for the
molecular mechanisms of NOtransport in plants matches the predictions mage b
physiologists more than 30 years ago. Indeed, willy very few exceptions, there are
separate transporters for Bl flux or efflux and the influx transporters anéher HATS
or LATS. This tight correspondence between the johygical predictions and the
molecular reality is further strengthened by takiagulatory aspects into consideration.

In brief, many of theNPF and NRT2 NOs transporter genes listed above are strongly



regulated at the transcript level by at least ohdhe main regulatory mechanisms
identified by the physiologists.e., induction by N@, feedback repression by N status or
stimulation by photosynthesis (see Nacry et al132for review). This has allowed the
precise designation of transporters belonging ® tthnsport systems proposed in the
70’s and 80’s. For instance, the iIHATS for NQptake inArabidopsis is now known to
mostly correspond to NRT2.1 and NRT2.2 (Cerezol.et2@01), whereas the cHATS
predominantly relies on NRT2.5 (Kotur and Glassl 30

Unexpected functions of NO3' transporters

Although molecular studies have provided a genevalidation of the
physiological conceptual framework of N@ransport in plants detailed above, they also
unraveled totally unexpected facets of N@ansporter's function. These relate in
particular to the role of NPF and NRT2 protein®Ni@;” sensing and signaling, and to the
physiological significance of phloem transport d{N(Fig. 1).

The hypothesis that NOtransporters also act as B@ensors or transducers has
been put forward for both NPF6.3 (CHL1/NRT1.1) &fIT2.1 (Ho et al., 2009; Little et
al., 2005; Munos et al., 2004). It is known for geeghat NQ is both a nutrient and a
signal molecule triggering a wide range of physjatal and developmental responses of
the plant. However, the molecular identity of tHanp NO;” sensors remained obscure.
The past decade has provided mounting evidence rtaaty of the responses of
Arabidopsis to NOs require a functional NPF6.3 (CHL1/NRT1.1) proteihat is now
proposed to be a ‘transceptor’ (a protein with deahsport/sensing function), according
to the concept well documented in yeast for nutrsemsing (Gojon et al., 2011). NPF6.3
(CHL1/NRT1.1) was shown to control not only the herm induction of gene
expression by NgXHo et al., 2009), but also the long-term feedb@gkession of gene
expression by high NOsupply (Bougyon et al., 2015; Munos et al., 2084 the local
stimulation of lateral root development by N@Krouk et al., 2010b; Remans et al.,
2006a). These versatile roles seem to rely ondtiethat NPF6.3 (CHL1/NRT1.1) is able
to activate several independent mechanisms of N@nsing/signaling, that can be
uncoupled by specific point mutations in the prot@ougyon et al., 2015). Indeed, the
mechanisms evoked for the regulatory functions &fFBL3 (CHL1/NRT1.1) differ



according to the responses to NO'he NQ' induction of gene expression involves
NPF6.3 (CHL1/NRT1.1)-dependent inositol 1,4,5-ttpphate and cytoplasmic €a
signaling (Riveras et al., 2015), whereas the datian of lateral root growth is due to
ability of NPF6.3 (CHL1/NRTL1.1) to transport auximaddition to N@ (Bougyon et al.,
2015; Krouk et al., 2010b). Interestingly, sevestiler NPF proteins have been reported
to transport both N© and organic molecules such as amino acids, Gilblicesieid, ABA

or glucosinolates (reviewed in (Leran et al., 20IMIRT2.1 also regulates lateral root
development (Little et al., 2005; Remans et alQ6h), but the underlying mechanism is
unknown.

Another unexpected outcome of the functional otter&zation of NQ@
transporters is that many of them are expressedeiphloemice.,, NPF1.1 (NRT1.12),
NPF1.2 (NRT1.11), NPF2.9 (NRT1.9), NPF2.13 (NRTANRT2.4 and NRT2.5 (Fig.
1). This was surprising because phloem transpoN©@f was always considered to be
negligible and of limited physiological significamc(Schobert and Komor, 1992).
Clearly, this conclusion must now be challengedthy observation that the above
transporters play a significant role in Bl@llocation and redistribution between source
and sink tissues, and in regulation of growth eitheesponse to N starvation (Fan et al.,
2009; Kiba et al., 2012; Lezhneva et al., 2014fcmample N@ provision (Hsu and
Tsay, 2013). It remains to be determined whether ible is associated with a purely
nutritional effect, or rather indicate the actiorfi ng-distance N@ signaling

mechanisms.

NITRATE SIGNALING

Calcium, one of the missing linksin nitrate signaling

Calcium is probably one of the most studied secora$senger in cell signaling, and
plants are no exception (Dodd et al., 2010). Imfslacalcium function as a key second
messenger in a broad array of cellular and plaspaeses such as stomatal aperture,
biotic stress, abiotic stress, nodulation, circad@ock, polar tip growth and self-
incompatibility (reviewed by (Dodd et al., 2010hd first association between calcium

and NQ was established in detached leaves of Maize ante\BéSakakibara et al.,



1997; Sueyoshi et al., 1999). NOtreatments induce expression Ofl TRATE
REDUCTASE (NR), NITRITE REDUCTASE (NiR), PLASTIDIC GLUTAMINE
SYNTHETASE (GS2) andGLUTAMATE SYNTHASE (GOGAT) genes independent dé
novo protein synthesis (Sakakibara et al., 1997). HanemRNA for these genes does
not accumulate to the same extent in response tg t€atments in detached maize
leaves pretreated with EGTA or T'gSakakibara et al., 1997). A comparable result was
obtained in a separate study using excised bagkeyek. When leaves are pretreated with
La**, NR and NiR gene expression in response to s;N@eatments was significantly
dampened (Sueyoshi et al., 1999). Besides thesal irdsults, the role of calcium in the
NOs-signaling pathway was not explored in more detailtil recently. Using
Arabidopsis reporter lines that expressed aequaritihe cytosol, Riveras et al (2015)
monitored cytoplasmic calcium changesvivo in response to N9 treatments. This
study extended previous work by showing thatsNglicited accumulation of cytoplasmic
calcium requires NPF6.3 (CHL1/NRT1.1) function. Mover, the use of U73122
phospholipase C inhibitor and measurements of tolosi,4,5 triphosphate (IP3)
suggested a phospholipase C (PLC) activity dowastref NPF6.3 (CHL1/NRT1.1) and
upstream of calcium changes. This work leads toogkwg model of N@-signaling
where NQ' is sensed by the transceptor NPF6.3 (CHL1/NRTarD activates a PLC
activity that triggers an increase in cytoplasnatcimm. This calcium signal is necessary
for changes in gene expression for some primargorese genes, such BRT2.1 and
TGAL. As expected, not all NOresponsive genes depend on this signaling pathiay.
instance, up-regulation of the auxin recepf#B3 requires the transceptor NPF6.3
(CHL1/NRTL1.1) but is independent #iLC and calcium (Fig. 2). These results are
consistent with multiple signaling pathways branghidownstream of the NPF6.3
(CHL1/NRTL1.1) NQ transceptor (Bougyon et al., 2015).

Protein phosphorylation in nitrate signaling
One of the direct consequences of cytosolic calcinonease is the change in protein

phosphorylation status (Sanders et al., 1999).iMpertance of protein phosphorylation

for NOs signaling was addressed years ago using proteispblatase and tyrosine



protein kinase inhibitors (Sueyoshi et al., 1998)the presence of the inhibitors, NO
dependent induction MR andNiR is severely compromised in Barley leaves.

The activity of key proteins of the NOsignaling pathway is also regulated by
phosphorylation (Kaiser et al., 2002; Liu and Tsa2903; Migocka et al., 2013). As
mentioned earlier, NPF6.3 (CHL1/NRT1.1) is phosplaied at threonine 101, which
plays a key role in the control of NPF6.3 (CHL1/NRIT) signaling and N©dependent
auxin transport (Bougyon et al., 2015). NR is glkosphorylated and its activity is fine-
tuned by the phosphorylation of the two consecuseenes -543 and -534 (Bpinacia
oleracea) and its inactivation by the binding of 14-3-3 @ios (Athwal et al., 1998).
Calcineurin B-like protein 1 (CBL1) and CBL9 phospylations are also essential for
thein vivo activation of K TRANSPORTER 1 by the CBL1-CIPK23 and CBL9-CIPK23
protein complexes (Hashimoto et al., 2012)

More recently, untargeted phosphoproteomic studexealed that up to 38
proteins change phosphorylation status ingN{2prived whole seedlings (Wang et al.,
2012a). Most of the proteins identified in this dstuwere functionally classified as
fundamental metabolic pathways. Using a differequieeimental setup, Engelsberger and
Schulze (2012) identified 589 differentially phospylated proteins after NO
treatments of nitrogen-starved Arabidopsis seedlifitngelsberger and Schulze, 2012).
These proteins can be divided into two categof@st responsive proteins, such as GPI-
anchored proteins, receptor kinases and transmmiptactors. The second category
corresponds to proteins involve in protein synthesid degradation, as well as central
metabolism and hormone metabolism.

How are calcium changes sensed in response tg &l@ how is this signal
transduced to phosphorylate target proteins remainslear. Interestingly, these
phosphoproteomic studies showed an overrepresamtafi kinases and phosphatases
among the proteins with changes in their phosphtion pattern, suggesting candidate
protein effectors for phosphorylation changes ispomse to N (Engelsberger and
Schulze, 2012; Wang et al., 2012a). Receptor-likeades, Mitogen-activated protein
(MAP) kinases kinases, Sucrose nfarmenting-1 (Snfl)-related protein kinases,
calcium-dependent protein kinases afthlcineurin-B like (CBL)-CBL-interacting
protein kinase (CIPK) kinases were identified imstgroup CIPK8 and CIPK23 have



been previously implicated in NOsignaling (Ho et al., 2009) and are candidate
components of the signaling pathway downstream ab¢ium. CIPK23 is known to
phosphorylate the NOtransceptor NPF6.3 (CHL1/NRT1.1), negatively ragjag the
primary NG response under low NOconcentrations (Ho et al., 2009). In contrast, the
only known CIPKS8 target is ABA INSENSITIVE 2 (ABIZDhta et al., 2003). However,

it has been shown that this kinase plays a roteerow-affinity N&;” response, acting as

a positive regulator (Hu et al., 2009).

Nitrate transcriptional regulation

Little is known about the transcriptional mecharssmnderlying regulation of
prototypical NQ" responsive genes such [dBF6.3 (CHL1/NRT1.1), NRT2.1, NRT2.2
NIA1, NIA2 or NiR. A series of transcription factors have been ifiedt as important
regulatory factors in the N OresponseNIN LIKE PROTEIN (NLP7), NLP6, TGACG
MOTIF-BINDING FACTOR (TGA1), TGA4, ARABIDOPS S NITRATE REGULATED 1
(ANR1), BASC LEUCINE-ZIPPER 1 (bZIP1), LOB DOMAIN-CONTAINING PROTEIN
(LBD37), LBD38, PCF (TCP)-DOMAIN FAMILY PROTEIN 20 (TCP20), NAC DOMAIN
CONTAINING PROTEIN (NAC4) and SQUAMOSA PROMOTER BINDING PROTEIN-
LIKE 9 (SPL9). The role of these transcription factors has beetensively reviewed
therefore we will only highlight here some key adpefor each case (Castaings et al.,
2011; Chardin et al., 2014; Medici and Krouk, 20¥al et al., 2015). Changes in the
activity or expression levels of these transcriptfactors in response to NQaffect
expression of N@-responsive genes. Direct interactions of thesestmdption factors
with target gene promoters have been confirmed\ldP7, TGAL, bZIP1 and TCP20
which we discuss below.

NLP7 was identified by homology to the NIT2 protein @hlamydomonas
(Camargo et al., 2007), an important transcriptiaator regulating N@-responsive
genes inChlamydomonas. NLP7 is not regulated at the transcriptional level. But
response to N§, NLP7 protein is rapidly translocated to the nusléo regulate gene
expression (Marchive et al., 2013). Chromatin imopnecipitation (ChlP) followed by
microarray hybridization (ChlP-chip) identified 85jene promoters where NLP7 is



bound in response to NO(Marchive et al., 2013). The 851 genes over-represl
functions include N-metabolism, NGsignaling, and hormone transport and metabolism.
Moreover, transcriptomic analysismp7 mutants allowed identification of NLP7
targets. Interestingly, 101 genes were identifiedNaP-bound and NLP7-regulated, from
them 91 were also NQregulated. This further supports the key role @fPM as an
important regulator of the primary nitrate response

TGA1 and TGA4 transcription factors were identified using a eyst biology
approach to predict novel NOregulatory factors (Alvarez et al., 2014). BdiBA1 and
TGA4 gene expression are regulated in response t), th@ir increase in transcript levels
peaks one and two hours after N@eatment respectively (Alvarez et al., 2014). IBot
TGA1 and TGA4 are regulated by NOn root organstgal/tga4 double mutant have
impaired responses to NQreatments such as modulation of primary root tlerand
lateral root density (Alvarez et al., 2014). As adissed above, calcium is a key
component of N@ signaling and up-regulation ofGA1 gene expression requires
calcium (Riveras et al., 2015). Identification afget genes for TGA1/TGA4 was done
by comparing N@ response of wild-type anthal/tga4 double mutant plants using
Affymetrix microarrays. The large number of gend&edced bytgal/tga4d mutation,
including important components of N metabolism sufgpa role for these transcription
factors as important regulators of the primarysN@sponse. Recruitment of TGAL to
target gene promoters was validated by ChIPNBi2.1 and NRT2.2 (Alvarez et al.,
2014).

A more recent study identifiedCP20 as a component of systemic N-signaling
(Guan et al., 2014)TCP20 is a transcription factor from the TCP figmand was
identified using yeast one-hybrid screens agaifd€i%bp N@Q enhancer region dflAl
and a 150 bp N©enhancer region dRT2.1 promoters (Girin et al., 2007; Wang et al.,
2010).TCP20 is expressed in root tips, root vasculature aruhgdeaves. Interestingly,
the primary and lateral roots develop normally unlemogeneous nitrate supply,
however, their growth is affecteid root foraging studies, were plants are grown on
heterogeneous media in split-root plates (Guan.e@14). Interestingly, TCP20 binds
Type-A Arabidopsis Response Regulators (ARRRIRS/7 promoters and these genes are
up-regulated by N® in shoots, so TCP20 might provide a link betweesidthaling and



cytokinin signaling (Ruffel, 2011; Ruffel et al.026). TCP20 would also interact with
local signaling by inducing NPF6.3 (CHL1/NRT1.1)pegssion on low nitrate (LN) only
(Guan et al., 2014)

Another key transcription factor ZI1P1, which integrates light and NGsignals
in plants (Obertello et al., 2010). Moreover, th&RIGET approach (Transient Assay
Reporting Genome-wide Effects of Transcription éast Bargmann et al., 2013) helped
to identify bZIP1 direct target genes, giving tmaster transcription factor a role in rapid
and dynamic N-signal propagation (Para et al., 20T4is same work lead to the
elucidation of the different the mode of action@tP1 that acts following a hit-and-run
transcriptional model. In response to an N-signahsas nitrate or ammonium nitrate,
bZIP1 will transiently bind to its target gene praters that will then be induced to
trigger the N@ response (Para et al., 2014).

The transcription factorsBD37 andLBD38 are also regulating NOresponsive
genes (Rubin et al., 2009). Over-expression ofetHeBDs results in defects in shoot
branching and altered anthocyanin levels. AccolgingBD37 and LBD38 are negative
regulators of N@ responsive genes such B$AL, NIA2, NPF6.3 (CHL1L/NRT1.1),
NRT2.1, NRT2.2, andNRT2.5 (Rubin et al., 2009) and may also act in N freediions
(Medici and Krouk, 2014).

Another transcription factor controlling expressiminprototypical NQ response
genes iSSPLI (Krouk et al., 2010c). This gene was identifiecihigh-resolution kinetics
transcriptome experiment. Using a systems biolggy@ach, state space modeling of the
data generated allowed the authors to identifyuaritial transcription factors. Thus,
changes in the transcript levels or activity of sthetranscription factors alters the
transcript levels oNRT2.1 and other sentinel genes suciN&g 1.1, NRT2.2, NIAL, NIA2
andNIR.

Future studies should address how these imporggpiiatory factors interact or

cross talk to orchestrate N responsefrabidopsis and other plants (Vidal et al., 2015).

Hormonal signaling in responseto Nitrate
NOsz signaling and particularly the downstream phygialal responses rely

strongly on plants hormones. Because N provisiorpaitts plant growth and



development, and hormones are key molecular plajeging plants at all stages of their
life cycle, it is not surprising to see an incregsinumber of reports describing
connections between N transcriptional networks hadnonal responses (reviewed in
(Krouk, 2016; Krouk et al., 2011; Rubio et al., 200

The NG'-hormonal crosstalk can be simplified into two gatges. At a first
level, N impact hormone biosynthesis, transport anghaling. Another level of
interaction is the control of N related transcopil networks by hormonal signals. N
provision (NQ or other alternative source of reduced N) canr diesynthesis and
transport of auxin (Avery et al., 1937; Avery andttBrf, 1945; Caba et al., 2000;
Castaings et al., 2009; Chen et al., 1998; Kroul.e2010b; Ma et al., 2014; Walch-Liu
et al., 2006), cytokinins (CK) (Rahayu et al., 208&kakibara et al., 1998; Sakakibara et
al., 2006; Takei et al., 2001; Takei et al., 2002kei et al., 2004; Wang et al., 2004),
ethylene (Tian et al., 2009) and abscisic acid (AB¥atakiadis et al., 2009; Ondzighi-
Assoume et al.,, 2016; Signora et al., 2001). Howetle= molecular mechanisms and
gene network involved in such crosstalk are sty understood.

A well documented connection at the molecular leielthe control of CK
biosynthesis by N© provision. Indeed, a corpus of work (Hu et al.020Ruffel, 2011,
Ruffel et al., 2015; Sakakibara et al., 2006; Ta&eial., 2004) demonstrates that N,
particularly NQ’, can transcriptionally activate isopentenyl trang$e I(PT) genes that
catalyze the limiting step of CK biosynthesis. M@recisely, N@ inducedIPT3 gene
expression (Wang et al., 2004) was shown to beuaialr component of the NO
regulated CK biosynthesis (Takei et al., 2004). Thek of IPT3 transcriptional
regulation in thenpf6.3 (chll) mutant suggests th&#®T3 regulation of gene expression
requires the NPF6.3 (CHL1/NRT1.1) NQransceptor activity (Hu et al., 2009; Medici
and Krouk, 2014; Wang et al., 2004).

The cross-talk between NOand auxin was first suggested in the 1940s by
George S. Avery and Louise Pottorf, showing thatrehis a direct correlation between
auxin levels and N© supply (Avery et al., 1937; Avery and Pottorf, 594Recent work
by Ma et al. identified TAR2 (part of the main coomgnt of the auxin biosynthesis
pathway (Zhao, 2012)) as important to maintain aukiosynthesis under low N

conditions (Ma et al., 2014). Interestingly, TARRaxpressed in pericycle cells and root



vasculature (Ma et al., 2014). However, this is ocomnpatible with the main route of
auxin translocation from shoot to roots (Robert &nichl, 2009). Thus, the main actors
of N controlled shoot auxin synthesis are stilheatelusive. Concerning auxin transport,
transcriptome analysis in response to N provisibowed thatPINs (ARABIDOPS S
THALIANA PIN-FORMED, a family of auxin efflux carriers, reviewed by damowski
and Friml, 2015)) are regulated in response to &ipion (Gutierrez, 2007). Moreover,
it has been shown that the Bl@ansceptor itself NPF6.3 (CHL1/NRT1.1) (Tsayakt
1993), can behave as an auxin transporter underN®@4 conditions (Krouk et al.,
2010b). This auxin/N@ transporter is transcriptionally responsive tosN&hd has been
shown to be bound by NLP7 (Marchive et al., 2013jis potential regulatory module
constitutes an important link between the defingds Nelated regulatory networks and
the control of auxin transport and homeostasis.

Vidal et al. (2010) demonstrated auxin- N©rosstalk by identifying a negative
feed forward mechanism composed of the auxin recéiXIN SSGNALING F-BOX 3
(AFB3) and microRNA 393 (miRNA393) (Vidal et al., 2010).AFB3 transcript level
increases in response to N@eatments, which in turn results in inductiorN#C4 gene
expression. This signaling pathway is negativelyduotated by miRNA393. This
microRNA is induced by reduced products of N@nd post-transcriptionally represses
AFB3 gene expression (Fig. 2). This module integrate®real inorganic nitrogen
sources and the internal nitrogen status of thatgia modulate auxin signaling and
downstream developmental responses (Gutierrez,)2012

The connection between ethylene and N has alsorepented (Tian et al., 2009;
Zheng et al., 2013). In their work, Tian and cadliees showed an increase in NO
provision triggers ethylene biosynthesis througlanscriptional activation of 1-
aminocyclopropane-1-carboxylate (ACC) syntha®€S) and ACC oxidaseACO) genes
(Tian et al., 2009). In thérabidopsis etrl andein2 mutants plants treated with N, root
transcript levels folNRT2.1 decreasesand NPF6.3 (CHL1/NRTL1.1) increases. These
results suggest ethylene signaling can also cil@sstaregulate N-signaling and N-
responsive genes.

The molecular mechanisms controlling ABA biosynikes response to N
provision are more scarce and implicates ABA DEEINT 1 (ABAl), ABA2 andABA3



genes in the control of lateral root repressionmesponse to very high NOprovision
(>50mM) (Signora et al., 2001). During seed geritiama which is controlled by N©
(Alboresi et al., 2005; Matakiadis et al., 2008 Cytochrome P450 protein CYP707A2,
which has ABA 8'-hydroxylase activity, has beenwhdo control ABA degradation in
response to N© and thus alleviate seed dormancy (Matakiadis et 28109). The
transcriptional control of these genes by the maegmponents of N response still needs
to be investigated in these particular contexts @y high NQ" provision, and during
germination).

Very recently, another level of complexity betweABA and NO; has been
reported. Immunodetection of ABA accumulation iraBidopsis root demonstrated that
this hormone tends to accumulate in a very celtifipemanner that resembles the
pattern of expression of the SCARECROW gene (OrmitAgsoume et al., 2016). This
signal is enhanced when the N@rovision is increased. This increase is likely da
ABA release from a conjugated form (ABA-glucose)thg action of a beta-glucosidase
(BG1) (Ondzighi-Assoume et al., 2016). Furthermatthe transport level ABA and
gibberellic acid (GA) are also regulated by a mér@ansporter id\rabidopsis (Tal et al.,
2016). The nitrate transporter NPF3, an influx iearexpressed in root endodermis, can
transport both ABA and GA, suggesting an ABA-GAenaiction.

As mentioned above, the role of hormonal signaimthe control of N response
is also an important feature of N/hormone entanglmit is important to report that
hormonal signaling pathways are able to controlegeimvolved in N response. As a
striking example, the central NOtransceptor NPF6.3 (CHL1/NRT1.1) is under the
regulation of many hormonal signals (Guo et alQ20.eran et al., 2015a; Tian et al.,
2009). In Arabidopsis seedlings treated with aug@uo et al., 2002) or ethylene
synthesis  precursor l-aminocyclopropane-1-carboxylacid (ACC) NPF6.3
(CHL1/NRTL1.1) is upregulated. Moreover, ABA sigmgi also modulates NPF6.3
(CHL1/NRT1.1) through the phosphatase ABA INSENSHEI2 (ABI2), which is a
component of the protein complex regulating itsvitgt(Leran et al., 2015a). The central
NO;3; assimilation enzyme, NR is also under a post-thdoal control by auxin and

cytokinins (Vuylsteker et al., 1997). These are €/ lexamples among many (fully



described in (Krouk et al., 2011)) showing thatrhones are also important feedback

regulators of the N@and Nitrogen sensing and assimilatory systems.

ACT LOCALLY, THINK GLOBALLY: THE IMPACT OF LOCAL AND
SYSTEMIC SIGNALS ON ROOT N-FORAGING

Plant developmental processes are strongly regulagehormones (Vanstraelen
and Benkova, 2012). For instance, root length aberal root formation are modulated
by the crosstalk of auxin, cytokinin and ethyleReificka et al., 2009), which are key for
N signaling. However, N controls hormone biosynthesd also transport throughout the
plant (described above). This tight N-dependentrmiuoral control leads to profound
changes of plant development, locally and systdiyi¢idrouk et al., 2011; Ruffel et al.,
2014).

The history of root nutrient foraging studies.

When nutrient-deficient plants are supplied with haterogeneous nutrient
environment, they activate a set of morphologiaad @hysiological responses called
foraging (De Kroon et al., 2009; Gojon et al., 20@uber et al., 2013; Hodge, 2004;
Nacry et al., 2013). The most dramatic aspectisfrgsponse is an enhanced root growth
and proliferation particularly in the nutrient-ricdlone. Specifically, root foraging enables
plants to compensate for the non-uniform distridsutof nutrients and may determine
plants fitness (competitive success and produgjiiGiehl and Wirén, 2014; Hodge,
2004). Therefore, root foraging has been considaydzk an interesting agronomic trait
and has historically been studied in cereals sirg¥/ (Gile and Carrero, 1917). Studies
on root foraging include responses to various bggmeous nutrient treatments
(nitrogen, phosphorus, potassium) (Hodge, 2004y, asing diverse culture systems
(Robinson, 1994). However, these early studies Ijndstused on physiological and
morphological parameters of foraging (plant growttot growth, nutrient content and
uptake) (Hodge, 2004; Robinson, 1994). More regeritie use of the model plant
Arabidopsis allowed us to gain insights into the genomics ofrieat foraging (cf.
below). Many studies address responses t@ M&tments. But it has not always been

established whether the responses observed aré¢odoirate as signal or are due to



products of nitrate reduction or N assimilation. 8feecify NQ when the role of this

nutrient has been demonstrated and N otherwise.

Foraging results from the integration by the plahtany signals. Some signals
come from roots such as nutrient availability (egncentration, distribution, diffusion).
However, root foraging is also affected by signatening from shoots such as plant
nutritional and energy status (e.g. nutrients aarth@n reserves, nutrients remobilization)
(Giehl and Wirén, 2014). As such, nutrient rootaffing is a good model for systems

biology to study systems-wide signal integration.

N-signaling and root responsesto a homogeneous N-supply.

The effect of N-deprivation and N-supply on roosteyn architecture has been
largely investigated under homogeneous treatmemdittons (e.g. +N or — N), reviewed
by Nacry et al. (2013) and Zhang et al. (2007).

In such studies, N-supply was shown to have a difett on lateral roots (LRS)
depending on the concentration: (1) a stimulatibhR® growth at limiting to sufficient
N-supply ([INGQ] <10mM) and (2) an inhibition of LR meristem acttion at supra-
optimal N-supply ([IN@] >10mM) (Gruber et al., 2013; Zhang and Forde, 129tng
et al., 1999). Gene responses to a homogeneouplysat the whole genome level have
also been studied extensively in both time and espance the 2000’s, reviewed in
(Krouk et al., 2010c; Tsay et al.,, 2011; Vidal a@Gdtierrez, 2008). These studies
significantly contributed to the identification gjenes involved in the control of LR
development in response to N, reviewed in (Alvaeal., 2012; Gutierrez, 2012; Krapp
et al., 2014; Krouk et al., 2010a; Vidal et al.180Vidal et al., 2010). Table 1 lists the
genes involved in LR development in response td summogeneous supplies of N (cf.
Table 1) reviewed in (Vidal et al., 2015). Theselude: the N@ transceptor NPF6.3
(CHL1/NRT1.1) (Krouk et al., 2010b); the NQransporter NRT2.1 (Little et al., 2005;
Remans et al., 2006b); the BTB AND TAZ DOMAIN PRAORNE1 (BT1) and BT2
(Araus et al., 2016); master TFs involved in N-sigrg (NLP7 (Castaings et al., 2009;
Marchive et al., 2013), SPL9 (Krouk et al., 20106AC4 (Vidal et al., 2013) and
TGAL/TGA4 (Alvarez et al., 2014); the auxin-relatadodules AFB3/miR393 and



ARF8/miR167 (Gifford et al., 2008; Vidal et al., AD); the auxin biosynthetic enzyme
TAR2 (Ma et al., 2014); the CLE peptides and tihegeptor CLV1 (Araya et al., 2014).
While many connections between these different ledgy genes are unknown, some
have been made (Canales et al.,, 2014; Gutierrez2)20For example, NPF6.3
(CHL1/NRTL1.1), AFB3/miR393 and NAC4 were shown teldmg to a single N©
specific signaling pathway that controls LR iniibex (Vidal et al., 2014a).

Following are five lessons learned from these stsidil) PR and LR are regulated
independently by N. Indeed some mutants (like4 andnpf6.3) have altered LR growth
but normal PR growth in response to N (Krouk et 2010b; Vidal et al., 2014a). (2)
Different steps of LR development can be modulatgd N depending on the
experimental conditions. For instance, very lowsNéncentrations (<0.5mM) control
LR emergence (Krouk et al., 2010a), whereas suptimal concentrations (>10mM) act
on LR meristem activation (Zhang et al., 2007). B)ot traits can exhibit dose-
dependent sensitivity to the imposed N-deficienGyuper et al., 2013). (4) N-signaling
pathways overlap with hormones signaling pathwayshown by the role of AFB3 and
ARF8 in LR response to N (Gifford et al., 2008; #lickt al., 2010). (5) N-signaling
implements negative feedback loops, notably inv@viniRNAs (Canales et al., 2014;
Gifford et al., 2008; Gutierrez, 2012; Vidal et &010).

N-signaling and r oot responses to a heter ogeneous N-supply

The effect of heterogeneous N-supply on systemgigdaling has also received
much attention (reviewed in (Nacry et al., 2013a@h et al., 2007). Two types of
vitro systems have been set up Avabidopsis. The first system was made of vertical
plates containing 3 segments of solid medium, sgpdrby trenches to prevent diffusion
between them (cf. Fig. 3-A left panel) (Zhang andrde, 1998). Low N (LN)
concentration is applied to the top and bottom segmand high N (HN) concentration
to the middle one (LN/HN/LN). The controls are LWILN or HN/HN/HN or contain a
total N (TN) quantity equivalent to that available the heterogeneous medium but
homogeneously distributed (INMTNys/TNy3). In literature, the concentration range
frequently used for LN was 0-1 mM NGand 0.05-50 mM N for HN, but foraging
was actually observed for LN<1 mM and HN> 0.1mM.tms vertical system, the PR



grows progressively on the successive segmentsr,laasecond system — the “split root”
system — was made of two solid medium segmentsg, Isydside and separated by a
trench, containing either low or high N concentat{LN-HN) (cf. Fig. 3-A right panel)
(Remans et al., 2006a; Ruffel, 2011). The contanés LN-LN or HN-HN. In split root,
the root system is split into two equivalent pagserated from two lateral roots that are
“PR-like”. The split root system allowed to compates for some drawbacks of the
vertical system and provided important insights uoderstand foraging signaling.
Morphological and physiological studies showed :thaterogeneous N-supply (HN vs.
LN) induces (1) a stimulation of LR growth and Ntale on HN and (2) a repression of
LR meristem activation on LN (Linkohr et al., 200Remans et al., 2006a; Ruffel, 2011,
Ruffel et al., 2016; Zhang and Forde, 1998; Zhangle 1999). For both responses,
nitrate reductase mutants have been used to shawthté NQ molecule itself is the
signal - but not some down-stream products o NSsimilation (Ruffel, 2011; Zhang et
al., 1999).

Early studies suggested the existence of a local slghal that stimulates LR
growth on HN as compared to LN under heterogend®@s supply (cf. Fig. 3-A)
(Zzhang and Forde, 1998; Zhang et al., 1999). Tlas later confirmed by demonstrating
that NPF6.3 (CHL1/NRT1.1) controls a local BSpecific signaling pathway within LR
primordia (cf. Fig. 4-bottom part) (Mounier et &014; Remans et al., 2006a). Zhang’s
studies also suggested that a systemic signal iighiflR development on LN. More
recently, Ruffel et al. showed that there are dlgtuavo different systemic N-signals
managing the “N-economics” of root foraging (cfgFi3-B) (Ruffel, 2011). (1) The
systemic N-demand signal stimulates LR growth dit N compared to control HN
whereas (2) the systemic N-supply signal inhibi&sdrowth on split LN as compared to
control LN (Ruffel, 2011). These two latter signale systemic since roots are locally
submitted to the same treatment (presence or absehdN respectively), thus any
difference observed on the split root comparedhé&cdontrol must result from a systemic
signal coming from the other side of the split rQataya et al., 2014; Ruffel et al., 2011).
Therefore, we propose that root foraging resultsnfthe integration of both local and

systemic signals.



Some of the genes involved in root foraging havenbilentified (reviewed in
(Alvarez et al., 2012; Bouguyon et al., 2012; Naetyl., 2013) (Fig. 4)The first genes
identified were the MADS-box TBNRL (Gan et al., 2012; Zhang and Forde, 1998) and
the NG transporter/sensor NPF6.3 (CHL1/NRT1.1) (Kroulalet2010b; Mounier et al.,
2014; Remans et al., 2006a). Both were shown tovmved in local signaling. On HN,
NPF6.3 (CHL1/NRT1.1) would sense N@nd stimulatéANR1 expression (Mounier et
al., 2014; Remans et al., 2006a). ANR1 would thetuce cell proliferation in LR tips
and thus LR growth. On LN, NPF6.3 (CHL1/NRT1.1) wbuwvork as an auxin
transporter removing auxin from LR primordia theref blocking their development
(Krouk et al., 2010b; Mounier et al., 2014). Theklibetween auxin and local signaling
has also been proposed throdgtR4 (Auxin resistant 4), but contradictory data qumsti
its actual implication (Linkohr et al., 2002a; Zlgeet al., 1999).

An important milestone in studying systemic N-sigmpacame from the Ruffel et
al. study (2011). The authors investigated thestaptomic response associated to root
foraging inArabidopsis. Clustering analysis of the time-series transorne data from
split root plants showed that the root N-resporssenirrored by the gene expression:
initially, gene expression responds to local N-algnwhereas at later time-points genes
respond to systemic N-signals (N-demand or N-suppditerns) (Ruffel, 2011).
Importantly, the authors demonstrated that sho@sacessary for systemic N-signaling
in roots, and that cytokinins are involved in N-dem but not N-supply signaling
(Ruffel, 2011). As cited above ((Ruffel, 2011), thes an interesting parallel between
root growth regulation on heterogeneous (HN-LN) ditons and gene regulation
suggesting that both could share - at least partthe same signaling pathways.
Therefore, studying the N-signaling pathways tlegfutate gene expression in split root
could also give information on the control of raetvelopmentNRT2.1 (encoding a N@
transporter) is a good model gene, since it is $dnto both local and systemic
regulations just like LR development (Gansel et 2001; Li et al., 2006). Recently,
Tabata et al. (2014) studi®&RT2.1 regulation in split root and identified small pelets —
C-TERMINALLY ENCODED PEPTIDEs (CEPs) - and theirceptors as part of N-
demand signaling. They showed that CEPs are prddoiceghe root half exposed to LN,
and translocate to the shoots where they bind teesptors. Next, an as yet unknown



signal circulates from shoots to roots to up-reguldRT2.1 expression in the root half
exposed to HN. Unfortunately, the authors did reggort the role of CEPs and their
receptors in root morphology on split root, so tkistill an open question.

Besides cytokinin (Ruffel, 2011) and CEPs (Tabatale 2014), a few more
molecules have been proposed to act as root-shobteirculating signals involved in
systemic N-signaling: N© itself or other N-metabolites, auxin and miRNAsviewed
in (Alvarez et al., 2012; Li et al., 2014). Theeadaf TCP20 in redirecting root growth to
nitrate-rich zones suggests that this protein k&yacomponent of the systemic nitrate-
signaling pathwayGuan et al., 2014).

Integration of N-signaling pathways under heterogeneous and homogeneous N-
supply

Interestingly, the N@ transceptor NPF6.3 (CHL1/NRT1.1) controls root
development under both homogeneous and heterogemM#oirsupply, suggesting it is
central in plants adaptation to Nevailability. Recently, a meta-analysis comparing
transcriptomic data obtained on homogeneous aretdggneous N-supply revealed that
genes response to homogeneous; POpply combines both local and systemic genes
responses (as defined in split root) (Li et al.,180 Thus, homogeneous and
heterogeneous N-signaling largely overlap. Congettjuall genes known to control root
development in response to homogeneous N shouldl lads tested in split root
heterogeneous conditions. For instance, since miRBik considered good root-shoot-
root circulating candidate signal, it would be netding to investigate in split root the
role of miR393/AFB3 (Vidal et al., 2010) and miR18RF8 (Gifford et al., 2008) that
both control LR development under homogeneous Nsup

To our knowledge only one gene was shown to adioitn local and systemic
regulations of N-foraging: TCP20 (cf. aboy&uan et al., 2014lowever, CEP peptides
(cf. above) have been suggested to act locallyaduition to their systemic effect - by
reducing LR growth at the site where they are pcedu(Bisseling and Scheres, 2014).
Bisseling and Scheres (2014) argued that this elfifi@tt of CEPs would perfectly make
sense from an engineering perspective. Indeed lmspcould thus decide centrally (in

the shoot) if the overall nutrient status is sgirgf and then send systemic signals to



stimulate root growth. But growth would be targeteddN owing to a parallel inhibition
on the LN side.

There are also some interesting clues about the-space relationship between
local and systemic N-signaling. Ruffel et al. shdwbat genes respond to a local N-
signal within a couple of hours of exposure to tmjeneous N-conditions in split root,
whereas the response to systemic N-signaling apadater time-points (8h) (Ruffel,
2011). A meta-analysis (Alvarez et al., 2012) conmggtime-series (Krouk et al., 2010c)
and tissue-specific transcriptomes (Gifford et @D08) on homogeneous N-medium,
showed that the early N-response genes are mgsihifie to lateral-root cap, stele and
pericycle, whereas late response genes are foualll ¢ell types. Another meta-analysis
(Li et al., 2014) also showed that the early N-ozse largely overlap with local N-signal,
whereas the late N-response genes overlap withystemic N-response. Taken together,
these results suggest that the local N-responselised early in specific tissues (LRC,
stele, pericycle), whereas the systemic N-resppngpagates late and in all cell types.
One particular interest is the root tip, which seetm have a very special role in N
signaling. Root tips are at the forefront of thewgng roots, and thus they are pioneers
exploring new soil areas. Root tips are major sidkgarly — and so local — response
(Alvarez et al., 2012). Root tips are also necgsand sufficient to induce major changes
in RSA in response to N-treatment (Walch-Liu anddép 2008). In addition, several
important components of N-signaling are expressedroot tips (e.g. NPF6.3
(CHL1/NRTL1.1) ANR1, NLP7) (Castaings et al., 2009; Marchive et al., 2018n@&ns et
al., 2006a). Considering, all these data, it isptng to postulate that root tips could be
central in N-perception: they would precociouslgseN-signals and send a signal to the
shoots via the stele. A systemic signal would theme back to the roots, enabling a
root-shoot-root interplay, as described in Ruffehle 2011.

EXPLOITING GENETIC DIVERSITY IN NATURAL POPULATIONS:
GENOME-WIDE ASSOCIATION APPROACHES TO UNCOVER GENES

IMPLICATED IN N MODULATION OF ROOT SYSTEM ARCHITECTURE

GWAS: principle, advantages and limitations.



Genome wide association studies (GWAS) exploit tia¢ural polymorphism
(SNP) present in different individuals from a smgpecies to identify loci associated to a
phenotype (Atwell et al., 2010; Gupta et al., 208hdorff et al., 2009; Hirshhorn and
Mark, 2005). Concretely, GWAS try to find corretats between genotypes and
phenotypes by testing each SNP individually acvas®us individuals. GWAS output is
visualized by a “Manhattan plot” showing the SNPgsipon along the ordered
chromosomes on X-axis and the —log(P-value) reguitiom the correlation test on Y-
axis. Each dot represents a SNP. Therefore a SMP significantly associated to a
phenotype will appear as a “SNP hit” on the Mardratplot. However, because of
linkage disequilibrium (LD), one cannot concludattthis particular SNP is causative of
the phenotype. Instead, the SNP indicates a regiogre a causative gene might be
located. In other words, all the genes preseran tegion are candidates. To restrict the
candidate gene list, complementary information rniglé used (Gene Ontology terms,
gene expression data, among others).

GWAS has been extensively used in human healtarels and, for a few years
now, in plants thanks to the “1001 Genomes Proj@attp://1001genomes.org/). This
project - started by the Max Planck Institute irD26- has now completed the genome
sequencing of over 1100 Arabidopsis accessions keep extending the list
(http://1001genomes.org/). Many good reviews hasenbwritten about advantages and
limits of GWAS (Bush and Moore, 2012), and its pautarities in plants (Bergelson and
Roux, 2010; Korte and Farlow, 2013; Weigel, 20N\®)tably, one major asset of GWAS
is that even for complex integrated traits - likeaqtitative traits - causative genes can

potentially be identified, whereas this is veryfidiilt by classic genetics.

GWAS applied to Root System Architecture (RSA) N-responsein Arabidopsis.

Recently, the RSA response to N availability hasnbstudied across various
Arabidopsis ecotypes, but without investigating the underlyggemetics basis (Chardon et
al., 2010; De Pessemier et al., 2013; Ikram et28l1,2; North et al., 2009; Ristova and
Busch, 2014)GWAS is a method of choice to fill this gap. Howgue our knowledge,
only two studies have used GWAS to identify the esalar basis of the N-signaling that
controls RSA (Gifford et al., 2013; Rosas et &012).



Rosas et al. (2013) studied the natural variatibrRSA in 69 Arabidopsis
thaliana accessions grown on high NQ5mM). The authors used a semi-automatic
method RootScape), to quantify root system architecture holistiga{Ristova et al.,
2013). They showed that about 20% of the varigbilit root morphometrics across
accessions could be explained by variation in adtioyn (i.e. the modification of the
proportions in RSA independently of size). A GWAabysis performed on the
“allometry” trait successfully identified two lo@associated to this trait (Rosas et al.,
2013). One of the loci included PHO1, which wasatty known to control RSA. The
second locus contained a good candidate gene - RB&dt Systems Architecture 1) —
that was identified and validated. Therefore, tB¥/AS successfully unraveled the
genetic underpinnings of a very complex trait (aiédry).

In a parallel study, Gifford et al. (2013) also ked at natural variation in root
plasticity, but here in response to various N envinents. They quantified various root
traits in response to two different N-environmemisross 96Arabidopsis thaliana
accessions, and they performed a GWAS on the ddiay identified 53 highly
significant SNP hits corresponding to 17 differtadi. Then gene expression data were
used to assist the selection of candidate geneenti&ally, two genes specifically
controlling RSA on low N were identifiedASVIONATE RESPONSVE 1 (JR1) andD-
AMINO ACID RACEMASE2 (DAAR?2) (Gifford et al., 2013) (Table 1). In that studly,
was suggested that crossing GWAS data with geneessipn data highly increased the
precision of the prediction. These two examplesstiat standard GWAS is a powerful
tool to study the complex genetic control of RSA@sponse to N-sensing, even using a

relatively limited number of accessions.

FUTURE PROSPECTS

Careful in-depth characterization of NQransporters irArabidopsis and other
plant species provided us with a detailed view @iviNO;s is uptaken, mobilized and
used in the plant. Study of transporters also piexvikey insights to understand sensing
of NOs as well as other N nutrients (Giehl and von Wirl5). The ability of NPF6.3
(CHL1/NRT1.1) to transport as well as sensesN@laces this protein at the top of a
NOjs-signaling pathway. Despite its importance, NPFECHL1/NRT1.1) does not



explain the full extent of N responses observed in plants. For example, tiatiscal
responses to NOin nrtl.1 mutants can be restored by a 24h nitrogen starvéVang et
al., 2009). On the other hand, transcriptome amalysnrgl (mutant allele of NPF6.3
(CHL1/NRTL1.1)) reveals 111 genes with lower indoistto NQ™ treatment compared to
wild type and up to 300 miss-regulated genes (W&trag)., 2009). Furthermore, a meta-
analysis combiningpf6.3 and nlp7 transcriptomes demonstrated that these two key
genes for PNR: i) control different set of gengseiplain only about 50% of the nitrate
response (Medici and Krouk, 2014). What explain fiie extent of nitrate responses?
Future efforts should be directed to better undebsthe role of NRT2.1 in signaling as
well as identifying additional components involved NO; sensing and signal
transduction in plants.

Certainly, the crosstalk of NOand auxin and other plant hormones is intricate.
Biosynthesis and transport of hormones such asaayiokinin, ethylene and ABA are
regulated in response to NOThis is likely only one of the mechanisms of Nadedent
modulation of plant development. Many questions a@mOne interesting avenue for
future research is to dissect j@ormonal crosstalk in the context of known intéiats
between the hormones themselves at a tissue spbuigl (Vanstraelen and Benkova,
2012).

There has been remarkable progress in our unddmstarof NG signaling
pathways, particularly the characterization of salvemaster transcription factors
downstream of NPF6.3 (CHL1/NRT1.1). These are w@dlin transcriptional control of
key NO; responsive genes, suchMNi#\1, NIA2, NiR, NR andNRT2.1. However, the fact
that different transcription factors (e.g. NLP7, AT TGA4 and TCP20) can regulate
expression of the same target genes (BT2.1) poses the question of how these
transcription factors are interacting in the negregsponse. Are they part of a transcription
factor complex that mediates transcriptional cdntraesponse to N© treatments? Do
they work additively? On the other hand, we stdl mbt know how these transcription
factors are activated. Phosphoproteomics work ligitige characterize many changes in
protein phosphorylation that may contribute to addrthis question. Work on NLP7 also
highlights the relevance of subcellular localizatiorhese questions are important to

understand how transcription factor cascades umfolhstream of N@ sensing.



Responses to NfOavailability occur at the cellular level and arsstie-specific.
This localized response triggers a signaling pathtkat will then modulate plant root
architecture and also plant physiological resposgstemically. During the last 15 years,
there have been major advances in our understamdingot foraging and N-signaling
(local and systemic). However, some key regulatwes still missing to have a more
comprehensive view of how N-signaling operates rasngegrated system. We need to
understand how different N-signals are generatemhsinitted and integrated. In that
context, "omics” studies (e.g. transcriptomics, abelomic, proteomic) combined with
systems biology tools will be methods of choicegain insights into the regulatory
networks involved in root nutrient foraging. Ono®t nutrient foraging can be dissected
in simple systems (liken vitro split root), more complex conditions could be d¢dased
to replace foraging in a more realistic and ecaalcontext. In particular, understanding
interactions between nitrogen and other nutrientgbon, phosphate, potassium) that
control plant growth will be a major challenge &ystems biology in the future. Previous
studies investigated foraging using heterogenecsgdiems in a very restricted number
of Arabidopsis accessions (Remans et al., 2006dngland Forde, 1998). Expanding the
research to various ecotypes would help to disgigaioraging signaling by exploiting
natural genetic diversity (cf. below).

Root system architecture is a complex trait that lbeen successfully assessed in
two dimensions (i.e. on plates with agar media),raualing NQ'-dependent
physiological and developmental responses. Theeguprogress in advanced imaging,
combined with new computational tools now allowsatid another dimension to this
complex analyses (Bao et al., 2014; Dinneny et28l08; Rellan-Alvarez et al., 2015;
Smith and De Smet, 2012; Topp et al.,, 2013). Moeeoguch studies can also take
advantage of GWAS to decode the underlying gerestimplexity of the modulation of
the root system architecture (Pace et al., 20143id@s, GWA alternative methods have
been developed recently to overcome the classiaatations of standard GWAS
(Bergelson and Roux, 2010; Korte and Farlow, 204/@jgel, 2012). For example, we
can now test the association between a phenotypesareral SNPs (instead of a single
ones) (Qiao et al., 2013; Ray et al., 2015; Segural., 2012; Zhang et al., 2013),
knowledge from networks datasets can be integratedWAS (Huang, 2015; Jia and



Zhao, 2014; Leiserson et al., 2013) and assocmtican be made using several
phenotypes at once (Korte et al., 2011; O'Reillylet 2015). These alternative methods
should help to gain new insights into the compleragic networks controlling RSA in
response to N.

During the past decade, technological advancestialg produce large amounts
of data that catalyzed advances in the charactenzaf NO; responses in plants.
However, a major challenge still stands, which n¢egration of all the available
information to generate a holistic model of plan®dNsignaling. Understanding how
NOj signaling works and integrates with other plantcpsses such as other nutrients or
stress responses is key to support generation wél nmotechnological solutions for

enhanced N-use efficiency for sustainable agricaltu
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Figurelegends

Figure 1. Localization and function of the Arabidopsis nitrate transporters of the
NRT2 and NPF families.

The functions depicted are: root uptake (influxtefj, loading/unloading of the xylem,
loading/unloading of the phloem, accumulation ieds&acuoles, and transport into the
embryo. At the cellular level, all proteins aredbezed at the plasma membrane, except
NRT2.7 localized at the tonoplast. All NRT2 protinare assumed to interact with
NAR2.1 to be functional, with the possible exceptiof NRT2.7 (see text). cHATS:
constitutive High-Affinity Transport System, iIHAT$ducible High-Affinity Transport
System.

Figure 2. Smplified model of the auxin- and calcium-dependent nitrate signaling
pathwaysin roots

Nitrate is sensed by NPF6.3 (CHL1/NRT1.1), thaivatés a PLC to trigger an increase
in cytoplasmic calcium. This increase in calciuntietes gene expression of nitrate
responsive genes via TGA1/TGA4. The auxin sen&BB3 is also transcriptionally
regulated in response to nitrate in a calcium-iedelent manner. Via auxin signaling,
AFB3 activates gene expression MAC4 and OBP4. After nitrate induction, AFB3

expression level is regulated post-transcriptigniayl miR393.

Figure 3. Root N-foraging : experimental set-ups, root system architecture (RSA)
response and thethree underlying signals.

A) The two types of experimental set-ups used to stadiyN-foraging. +N /-N: medium
segment that contains N/no N respectively. Darle bliPR or « PR-like »; Light blue :
LRs. B) RSA response to homogeneous and heterogemésupply in split-root system
and the three signals that can be deduced. Thenbatt the figure shows how the three
signals can be deduced by comparing RSA in diftecemditions. Loc. : local signal,
Syst. : systemic signal. Vertical system (Linkohrak, 2002b; Zhang and Forde, 1998;



Zhang et al., 1999%plit-root system (Mounier et al., 2014; Remanal e2006b; Ruffel,
2011).

Figure 4. Molecular basis of local and systemic N-signaling in split root in

Arabidopsis. A) Overview of systemic signals at the whole pldevel. B) Local

signaling pathway in root cells. I1AA : auxin, CKytokinin, LR : lateral root.

Tablelegend

Table 1: Genes involved in lateral root development in response to
homogeneous N-supply in Arabidopsis.



Table 1: Genes involved in lateral root development in response to homogeneous N-supply in Arabidopsis.

AGI Gene Function Treatment* Effect on LR development  Transcriptional regulation by N  References

AT1G12110 NRT1.1 Nitrate transceptor N deprivation LR repression (emergence) Induced (in roots) (Krouk et al., 2010b)
+ Post-translational

AT1G08090 NRT2.1 Nitrate transporter C/N availability LR repression/induction Induced (in roots) (Little et al., 2005;

(initiation) + Post-transcriptional and post- Remans et al.,

translational 2006b)

AT2G14210 ANR1 TF MADS box family Low/medium N LR induction (elongation) Induced (in roots) (zhang, 1998)

AT4G24020 NLP7 TF RWPPK family High N LR (and PR) repression No (Castaings et al.,
+Post-translational (nuclear 2009; Guan et al.,
retention) 2014; Marchive et

al., 2013)

AT5G07680 NAC4 TF NAC family High N-supply LR induction Induced (in roots) (Vidal et al., 2014a)

AT5G65210/ TGA1/TGA4 TF bZIP family High N-supply LR induction (initiation) Induced (in roots) (Alvarez et al., 2014)

AT5G10030

AT5G37020 ARF8/mir167  TF ARF family High N-supply LR induction (initiation) Induced (in pericycle) (Gifford et al., 2008)

AT2G42200 SPL9 TF SBP-box family Medium N LR (and PR) induction Induced (in roots) (Krouk et al., 2010c)

AT1G12820 AFB3/miR393 Auxin receptor High N-supply LR induction Induced (in roots) (Vidal et al., 2010)

(PR repression)
AT4G24670 TAR2 Auxin biosynthesis- Low N LR induction (emergence) Repressed (in roots) (Ma et al., 2014)
related

AT4G28410 RSA1 Tyrosine transaminase  High N Root allometry _ (Rosas et al., 2013)

AT3G23430 PHO1 Phosphate transporter ~ High N Root allometry _ (Rosas et al., 2013)

AT3G16470  JR1 JA responsive gene Low N LR induction (elongation) _ (Gifford et al., 2013)

AT4G02860 DAAR2 Phenazine biosynthesis  Low N LR induction _ (Gifford et al., 2013)

PhzC/PhzF protein
AT1G75820 CLE-CLV1 Peptides/receptor N deprivation LR repression CLE repressed (in pericycle) (Araya et al., 2014)

(development and
emergence)

*N-deprivation : OmM N, Low N : [0-0.5]mM, Medium N : [0.5-1]mM, High N : >1mM; N-supply : transitory treatment (3-4 days)
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Figure 1. Localization and function of the Arabidopsis nitrate transporters of
the NRT2 and NPF families.

The functions depicted are: root uptake (influx/efflux), loading/unloading of the
xylem, loading/unloading of the phloem, accumulation in seed vacuoles, and
transport into the embryo. At the cellular level, all proteins are localized at the
plasma membrane, except NRT2.7 localized at the tonoplast. All NRT2 proteins are
assumed to interact with NAR2.1 to be functional, with the possible exception of
NRT2.7 (see text). cHATS: constitutive High-Affinity Transport System, iHATS:
inducible High-Affinity Transport System.
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Figure 2. Simplified model of the auxin- and calcium-dependent nitrate
signaling pathways in roots

Nitrate is sensed by NPF6.3 (CHL1/NRT1.1), that activates a PLC to trigger an
increase in cytoplasmic calcium. This increase in calcium activates gene expression
of nitrate responsive genes via TGA1/TGA4. The auxin sensor AFB3 is also
transcriptionally regulated in response to nitrate in a calcium-independent manner.
Via auxin signaling, AFB3 activates gene expression of NAC4 and OBP4. After
nitrate induction, AFB3 expression level is regulated post-transcriptionally by
miR393.
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Figure 3. Root N-foraging : experimental set-ups, root system architecture
(RSA) response and the three underlying signals.

A) The two types of experimental set-ups used to study root N-foraging. +N /-N: A)
The two types of experimental set-ups used to study root N-foraging. +N /-N:
medium segment that contains N/no N respectively. Dark blue : PR or « PR-like »;
Light blue : LRs. B) RSA response to homogeneous and heterogeneous N-supply in
split-root system and the three signals that can be deduced. The bottom of the figure
shows how the three signals can be deduced by comparing RSA in different
conditions. Loc. : local signal, Syst. : systemic signal. Vertical system (Linkohr et al.,
2002b; Zhang and Forde, 1998; Zhang et al., 1999). Split-root system (Mounier et
al., 2014; Remans et al., 2006b; Ruffel, 2011).
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Figure 4. Molecular basis of local and systemic N-signaling in split root in
Arabidopsis. A) Overview of systemic signals at the whole plant level. B) Local
signaling pathway in root cells. IAA : auxin, CK : cytokinin, LR : lateral root.



