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Simple Summary

Nitrogen (N), as a vital nutrient, intricately regulates plant root architecture, particularly
lateral root (LR) development. This review highlights the dual role of N as both a signaling
molecule and structural component, influencing LR initiation, growth, and patterning
through molecular hubs like nitrate transporter 1.1 (NRT1.1) transporters and NIN-like
protein 7 (NLP?) transcription factors. Local N availability reshapes auxin gradients and
hormone crosstalk (e.g., cytokinins, ethylene), while systemic signals via C-terminally
encoded peptide (CEP) coordinate shoot-root communication. Advanced imaging reveals
cell-type-specific N responses, underscoring the adaptive plasticity of root systems. Under-
standing this regulatory network is critical for breeding crops with optimized N uptake
efficiency, addressing global sustainability challenges in agriculture.

Abstract

N, as plants” most essential nutrient, profoundly shapes root system architecture (RSA),
with LRs being preferentially regulated. This review synthesizes the intricate molecular
mechanisms underpinning N sensing, signaling, and its integration into developmental
pathways governing LR initiation, primordium formation, emergence, and elongation.
We delve deeply into the roles of specific transporters (NRT1.1, nitrate transporter 2.1
(NRT2.1)), transcription factors (Arabidopsis nitrate regulated 1 (ANR1), NLP7, TGACG
motif-binding factor (TGA), squamosa promoter-binding protein-like 9 (SPL9)) and intricate
hormone signaling networks (auxin, abscisic acid, cytokinins, ethylene) modulated by
varying N availability (deficiency, sufficiency, excess) and chemical forms (NO;~, NH,*,
organic N). Emphasis is placed on the systemic signaling pathways, including peptide-
mediated long-distance communication (CEP—C-terminally encoded peptide receptor 1
(CEPR1)) and the critical role of the shoot in modulating root responses. Furthermore, we
explore the emerging significance of carbon-nitrogen (C/N) balance, post-translational
modifications (ubiquitination, phosphorylation), epigenetic regulation, and the complex
interplay with other nutrients (phosphorus (P), sulfur (S)) and environmental factors in
shaping N-dependent LR plasticity. Recent advances utilizing single-cell transcriptomics
and advanced imaging reveal unprecedented cellular heterogeneity in LR responses to
N. Understanding this sophisticated regulatory network is paramount for developing
strategies to enhance nitrogen use efficiency (NUE) in crops. This synthesis underscores
how N acts as a master regulator, dynamically rewiring developmental programs through
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molecular hubs that synchronize nutrient sensing with root morphogenesis—a key adaptive
strategy for resource acquisition in heterogeneous soils.

Keywords: nitrogen signaling; lateral root development; nitrate transporter; auxin;
transcription factors; systemic signaling; hormone crosstalk; nutrient sensing; root
architecture plasticity

1. Introduction

RSA is a dynamic and plastic trait fundamental to plant fitness, enabling efficient
exploration and exploitation of heterogeneous soil environments for essential resources,
particularly water and mineral nutrients [1,2]. Among the macronutrients, N stands
paramount, frequently acting as the primary limiting factor for plant growth and agricul-
tural productivity [3,4]. The plasticity of RSA in response to N availability represents a key
adaptive strategy, allowing plants to optimize N acquisition by modulating root growth
and branching patterns. While RSA includes primary roots, root hairs, and adventitious
roots, this review focuses specifically on LRs as the primary drivers of RSA plasticity in
response to N. LRs differ from primary roots in their post-embryonic origin (pericycle cells)
and their exceptional sensitivity to local and systemic N signals—attributes that make them
critical for optimizing N foraging in heterogeneous soils [5-7].

LR development is a highly coordinated morphogenetic program, initiated when
pericycle founder cells undergo asymmetric division. This process is orchestrated by auxin
gradients and involves precise transcriptional reprogramming. The pericycle cells destined
to form LRs transition through distinct developmental checkpoints: (i) specification of
founder cells, (ii) anticlinal and periclinal divisions forming a dome-shaped primordium,
(iii) organization into distinct cell layers mimicking the primary root apical meristem,
(iv) emergence through overlaying tissues via enzymatic loosening of cell walls and pro-
grammed cell death in endodermal barriers, and (v) activation of elongation and meristem
establishment [8-10]. Each stage presents potential regulatory checkpoints influenced by
N status.

LR development is modulated by a complex interplay of intrinsic and extrinsic factors.
Intrinsically, developmental cues such as auxin gradients and cell cycle progression dictate
LR initiation and growth. Extrinsically, environmental factors including nutrient avail-
ability (e.g., N, P, S), water status, soil pH, and microbial interactions shape LR plasticity.
Additionally, systemic signals from the shoot, such as cytokinins and CEPs, coordinate LR
development with whole-plant nutrient status and photosynthetic capacity. These factors
converge on core regulatory modules (e.g., NRT1.1-NLP7, auxin response factor (ARF)-
lateral organ boundaries domain (LBD)) to fine-tune LR patterning, ensuring adaptive root
foraging in heterogeneous environments.

While the stimulatory effect of localized nitrate patches on LR elongation is well-
documented [11-13], the molecular mechanisms governing how plants perceive varying N
availability (deficiency, sufficiency, toxicity), interpret N form (nitrate, ammonium, amino
acids), and transduce these signals into precise developmental reprogramming of LR forma-
tion across different stages are remarkably intricate and involve a sophisticated interplay
of transporters, sensors, transcription factors, hormone signaling pathways, and systemic
communication. This complexity arises because N signals must be integrated with en-
dogenous developmental cues at spatial scales ranging from subcellular compartments
(e.g., nuclear translocation of transcription factors) to whole-organism systemic communi-
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cation, while simultaneously incorporating metabolic feedback from carbon fixation and
energy status.

This review aims to provide a comprehensive and mechanistic synthesis of our current
understanding of how N signaling pathways, operating at both local and systemic levels,
are integrated with the core developmental machinery to exert exquisite control over LR
development, thereby optimizing root foraging capacity in fluctuating N environments.
We highlight recent conceptual advances, unresolved questions, and the implications for
enhancing NUE in agriculture.

2. N-Sensing and Primary Signaling Modules in Roots
2.1. Nitrate Sensing: Transceptors and Transcriptional Hubs

The perception of N status, particularly nitrate, initiates a cascade of signaling events
that profoundly influence gene expression and developmental processes. Central to
this perception are specific transporters functioning dualistically as transceptors (trans-
porters/receptors).

NRT1.1 represents the archetypal example. Beyond its high-affinity NO3 ™~ transport
capability at low external concentrations, NRT1.1 acts as a critical nitrate sensor [14,15]. Its
phosphorylation status, dynamically regulated by calcineurin B-like protein-interacting pro-
tein kinase 23 (CIPK23) and calcineurin B-like protein 1/9 (CBL1/9) complexes in response
to NO3 ™ availability, dictates its affinity state and signaling output [14,16]. Structural
studies reveal that phosphorylation at threonine 101 (Thr101) induces a conformational
shift in dimeric structure of NRT1.1, exposing a high-affinity nitrate-binding site while
simultaneously unmasking signaling domains that interact with downstream partners [17].
This dual functionality allows NRT1.1 to transduce extracellular nitrate concentration
gradients into intracellular biochemical signals. Phosphorylation of NRT1.1 at Thr101 by
CIPK23 switches it to a high-affinity state under low NO3;~, simultaneously triggering
downstream signaling events independent of its transport function [15,17]. This signaling
involves direct interaction and modulation of key transcription factors.

Crucially, NRT1.1 interacts with and inhibits the nuclear retention of NLP7, a master
transcriptional regulator of primary nitrate responses [18,19]. Upon NO3;™ perception,
especially at higher concentrations, NLP7 is rapidly phosphorylated (potentially by calcium-
dependent protein kinases like CPK10/30/32 downstream of NRT1.1-induced calcium
influx) and translocates to the nucleus, where it binds to nitrate-responsive elements
(NREs) in promoters of hundreds of NO3; ~-responsive genes, including those involved in
N assimilation and transport [20-22]. The NRE motif serves as a genomic docking site for
NLP7 homodimers, which recruit chromatin remodeling complexes to activate transcription.
This process is further fine-tuned by the oligomerization state of NLP7 and interaction
with coregulators like hypersensitive to low P and low nitrate response 1 (HRS1) [23]. The
phosphorylation status of NLP7, regulated by phosphatases like long-chain base 2 (LCB2),
is critical for its activity and nuclear localization [24].

Another essential transcription factor family regulated by NO3;~ sensing is TGA1 and
TGAA4. These basic leucine zipper (bZIP) transcription factors form complexes with NLP7 to
activate transcription of key NO3; ~-responsive genes, such as NRT2.1 and nitrate reductase
1 (NIA1), and their activity is modulated by NO3; ™ availability [25-27]. TGA factors bind
to as-1-like elements adjacent to NREs, facilitating the assembly of enhanceosomes that
synergistically boost transcriptional activation. The redox status of TGAs, modulated
by thioredoxins, adds another layer of regulation linking N signaling to cellular energy
state [25].

High-affinity nitrate transporters like NRT2.1 also participate in signaling, with their
expression and stability tightly regulated by NO3; ™~ and internal N status. NRT2.1 requires
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interaction with the partner protein NAR2.1 (NRT3.1) for plasma membrane localization
and function [28,29]. Its degradation under N-sufficient conditions, mediated by the
ubiquitin-proteasome system involving the E3 ligase nitrate-inducible btf3-like protein 1
(NBIP1), acts as a signal to repress LR growth under high N [30,31]. NBIP1 recognizes a
degron motif in cytoplasmic loop of NRT2.1, ubiquitinating lysine residues to target it for
265 proteasomal degradation. This degradation serves as a metabolic rheostat: high cellular
N sufficiency (e.g., glutamine accumulation) upregulates NBIP1 expression, creating a
negative feedback loop that curtails further N uptake and LR proliferation [32,33].

2.2. Ammonium Sensing: Transporters and Toxicity Responses

Ammonium (NHy*) sensing, while less understood mechanistically than NO3 ™~ sens-
ing, involves transporters like ammonium transporter 1;1 (AMT1;1). AMT1;1 undergoes
phosphorylation-dependent regulation by CIPK23, analogous to NRT1.1, which controls its
transport activity and, potentially, signaling outputs [34-36]. High NH4* concentrations
can induce ammonium toxicity, suppressing LR development through mechanisms involv-
ing pH imbalance, reactive oxygen species (ROS) accumulation, and disruption of hormone
homeostasis, particularly auxin transport and signaling [37-39]. At the cellular level, NH4*
assimilation acidifies the cytosol, activating plasma membrane H*-ATPases to restore pH
homeostasis. This ATP-dependent process depletes cellular energy, indirectly inhibiting
energy-intensive processes like LR initiation. Concurrently, NH*-induced ROS burst
activates mitogen-activated protein kinase (MAPK) cascades that repress auxin transporter
expression [40].

2.3. Organic N Sensing: Amino Acid Transporters and Signaling

Organic N forms, such as amino acids, are also perceived, often via specific trans-
porters (e.g., lysine-histidine transporter 1 (LHT1), amino acid permeases (AAPs)), and
can influence LR development, although their signaling pathways are less defined and
may partially overlap with nitrate or ammonium signaling or involve specific peptide
receptors [41-43]. For instance, glutamine uptake via AAP1 activates TOR kinase signaling
which promotes root growth but may suppress LR initiation under high organic N by
enhancing cytokinin sensitivity [44,45]. These primary sensing and signaling modules
converge to regulate downstream transcriptional networks and hormonal pathways that
directly impinge on LR developmental programs.

The three N-sensing modules (nitrate, ammonium, organic N) integrate via shared
signaling nodes and nutrient status feedback. For example, high ammonium inhibits ni-
trate uptake by downregulating NRT1.1 and NRT2.1 [37], while nitrate represses AMT1;1
expression via NLP7. Organic N (e.g., glutamine) activates target of rapamycin (TOR),
which antagonizes NLP7-dependent nitrate responses, creating a priority hierarchy where
organic N suppresses nitrate foraging [44]. Conversely, under N deficiency, all three
modules synergize: NRT1.1 activates auxin pathways, AMT1;1 modulates pH to enhance
nutrient availability, and amino acid transporters upregulate ARF19 to promote LR initia-
tion [42]. This integration ensures that plants prioritize the most accessible N form while
maintaining plasticity.

3. Integration of N Signals with Lateral Root Development: Hormonal
Crosstalk and Transcriptional Networks

This section focuses on how N signals integrate with LR developmental programs
through complex interactions between hormones (auxin, cytokinins, ethylene) and tran-
scription factors (NLP7, ANR1), highlighting the multi-layered regulation of LR initiation,
emergence, and elongation.
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3.1. Hormonal Crosstalk
3.1.1. Auxin

The core developmental pathway for LR formation is orchestrated by the phytohor-
mone auxin. Auxin maxima, established through polar auxin transport (PAT) mediated by
PIN-formed (PIN) efflux carriers (particularly PIN1, PIN3, PIN4, PIN7) and auxin-resistant
1/like AUX1 (AUX1/LAX) influx carriers within the pericycle and overlaying tissues, are
essential for specifying founder cells and initiating LR formation [8,46,47]. This process
begins when auxin accumulates in xylem-pole pericycle cells, activating the expression of
cell cycle regulators like cyclin D3;1 (CYCD3,1) and triggering G2-to-M-phase transition in
founder cells [48]. This auxin gradient activates the canonical signaling pathway: auxin
promotes the degradation of auxin/indole-3-acetic acid (Aux/IAA) repressors via the Skp1-
Cullin—F-box protein complex (SCF) ubiquitin ligase complex, releasing ARFs to activate
transcription of genes like LBD16/18/29, which are critical for asymmetric cell divisions
initiating LR formation [49-52]. LBD proteins induce periclinal divisions by activating
GATA transcription factor 23 (GATA23) and suppressing endodermal suppressor genes,
thereby defining the boundary between the developing primordium and surrounding
tissues [53]. N signals profoundly intersect with this auxin pathway at multiple levels to
modulate LR development.

Local nitrate availability exerts a major influence on auxin transport and sensitivity.
NRT1.1 plays a pivotal role beyond initial sensing. Under low-nitrate conditions, unphos-
phorylated NRT1.1 facilitates auxin uptake into root tip cells, depleting auxin from the basal
meristem and elongation zone, thereby indirectly inhibiting LR initiation and emergence in
these regions [54,55]. Conversely, under higher local nitrate, phosphorylated NRT1.1 has
reduced auxin transport capacity, allowing auxin to accumulate in the basal root regions,
promoting LR initiation and emergence [15,56]. This switch creates a spatial auxin redistri-
bution: high nitrate in the elongation zone stabilizes PIN1 in basal membranes, channeling
auxin toward pericycle cells poised for LR initiation [57].

Furthermore, nitrate directly modulates the expression and localization of PIN auxin
efflux carriers. Nitrate deprivation can repress PIN1, PIN2, and PIN7 expression and alter
PIN protein abundance or polarity, disrupting auxin transport and maxima formation nec-
essary for LR development [58-60]. For example, low nitrate induces PIN2 internalization
via clathrin-mediated endocytosis, reducing auxin reflux from the root apex and depleting
basal auxin pools [61].

Nitrate also influences auxin biosynthesis. The tryptophan aminotransferase of Ara-
bidopsis 2 (TAR2) gene encoding a key enzyme in the indole-3-pyruvic acid (IPyA) auxin
biosynthesis pathway is strongly induced by low-N conditions in the pericycle and vascula-
ture [62,63]. This localized auxin production contributes to LR initiation under N deficiency.
The transcriptional regulators NLP6 and NLP7 directly bind to the promoter of TAR?2,
activating its expression in response to nitrate resupply after starvation, linking nitrate
signaling to auxin biosynthesis [64]. NLP7 binds to two NRE motifs in the TAR2 promoter
recruiting histone acetyltransferases that open chromatin to allow RNA polymerase II
recruitment [65].

Downstream auxin signaling components are also N-regulated. The stability and activ-
ity of IAA28, an Aux/IAA repressor, are modulated by nitrate. Under high nitrate, IAA28
accumulates, repressing ARF activity and inhibiting LR initiation [66,67]. Nitrate deficiency
promotes IAA28 degradation, releasing repression and facilitating LR development. The
expression of ARF8 and ARF19 is also modulated by N availability, adding another layer of
regulation [5,68]. Low N upregulates ARF19 via NLP7, creating a feed-forward loop that
amplifies auxin signaling specifically in pericycle cells [69].
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3.1.2. Other Hormones

Beyond auxin, other hormones are critical integrators of N signals into LR devel-
opment. Abscisic acid (ABA) accumulates under N deficiency and acts as a potent re-
pressor of LR initiation and elongation. ABA signaling components like the pyrabactin
resistance/pyrl-like (PYR/PYL) receptors and sucrose non-fermenting 1-related protein
kinase 2 (SnRK?2) kinases are involved in mediating N-dependent LR responses [70,71].
ABA antagonizes auxin transport and signaling, potentially explaining part of its inhibitory
effect under low N. ABA induces expression of IJAA3/SHY2 which stabilizes PIN proteins
in an inactive conformation, reducing auxin efflux from the vasculature to the pericycle [72].
Conversely, ABA can also promote LR growth under specific contexts or moderate stress.

Cytokinins (CKs) are negative regulators of LR development whose biosynthesis and
signaling are often upregulated by high N availability, particularly nitrate. The ISOPEN-
TENYLTRANSFERASE (IPT) genes, encoding rate-limiting enzymes in CK biosynthesis,
are induced by nitrate, leading to increased CK levels [73-75]. CKs act in the vasculature
to suppress LR initiation, likely by inhibiting pericycle cell activation and promoting the
expression of IAA3/SHY2, which stabilizes PIN proteins in an inactive configuration, re-
ducing auxin transport to the pericycle [76,77]. CK-activated Arabidopsis response regulator
1 (ARR1) transcription factor directly represses PIN1 and PIN7 expression in protoxylem
cells, blocking the auxin channel toward pericycle founder cells [78,79].

Ethylene biosynthesis is frequently enhanced under low-N or high-NH4* conditions
and generally promotes LR initiation and emergence. Ethylene can stimulate auxin biosyn-
thesis and transport toward the root apex and pericycle, facilitating LR formation [80].
Ethylene stabilizes ethylene-insensitive 3/ein3-like 1 (EIN3/EIL1) transcription factors,
which activate anthranilate synthase o subunit 1 (ASA1) and TAR2 genes in the root apex,
increasing auxin synthesis. Concurrently, ethylene inhibits PIN2-mediated auxin reflux,
redirecting auxin flow toward the pericycle [81]. The interaction between ethylene and
auxin is crucial for the LR response to N limitation.

Gibberellins (GAs) exhibit complex, context-dependent effects. GAs generally promote
cell elongation. N deficiency can reduce bioactive GA levels, contributing to inhibited
primary root growth. However, GA signaling also interacts with DELLA proteins, which
are negative regulators integrating multiple signals (including N and other hormones)
that can influence LR development [82]. Under low N, accumulated DELLAs sequester
phytochrome-interacting factor (PIF) transcription factors, suppressing cell elongation
in LRs. Conversely, GA-mediated DELLA degradation releases ARF6 from repression,
promoting LR emergence [83].

Brassinosteroids (BRs) are emerging as critical regulators of LR development under
low N stress. BR signaling, mediated by receptors like brassinosteroid-insensitive 1 (BRI1)
and downstream kinases such as BR signaling kinase 3 (BSK3), modulates root foraging
strategies in response to N limitation. Natural variation in BSK3 expression has been shown
to tune BR signaling intensity, with higher BSK3 activity enhancing LR elongation and
branching in nitrate-poor environments [84]. BRs synergize with auxin by promoting PIN
auxin transporter expression and stabilizing ARF transcription factors, thereby reinforcing
auxin-dependent LR initiation under low N [85]. Conversely, excessive BR signaling may
antagonize LR development by upregulating cytokinin biosynthesis, highlighting context-
dependent crosstalk between BRs and other hormones in N-dependent root plasticity [86].

3.2. Transcriptional Networks

Specific transcription factors act as key nodal points integrating N status with the
LR developmental machinery. The MADS-box transcription factor ANR1 was the first
identified component specifically mediating the stimulatory effect of localized nitrate on
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LR elongation in Arabidopsis [12,87]. ANRI expression is induced by nitrate in the LR
primordia. It promotes LR elongation likely by regulating cell cycle genes and poten-
tially interacting with hormone pathways, although its direct targets in LR elongation
remain less defined than its role in root foraging. The NLP family, especially NLP6, NLP7,
and NLP8, comprises central integrators. As mentioned, they regulate TAR2 and directly
control genes involved in cell cycle progression and meristem activity (e.g., CYCD3;1),
impacting both LR initiation and subsequent growth phases [69,88,89]. The SPL9 transcrip-
tion factor, regulated by microRNA156 (miR156), is a repressor of LR development under
high-N conditions. High N promotes the accumulation of mature SPL9 protein, which
directly represses the expression of LBD29, a key activator of LR initiation downstream of
auxin signaling [90,91]. Conversely, under low N, miR156 levels increase, repressing SPL9
and derepressing LBD29, allowing LR initiation. The teosinte branched 1/cycloidea/pcf
20 (TCP20) transcription factor interacts with NLP6/7 on the promoters of nitrate-
responsive genes and has been implicated in regulating the proliferation of root meristems
in response to nitrate, impacting LR growth potential [92,93]. The hypersensitive to low P
and nitrate response 1/hrs1 homolog 1 (HRS1/HHO1) regulatory module plays a crucial
role in suppressing LR initiation under high-nitrate conditions. Specifically, HRS1 functions
as a transcriptional activator of HHO1, which subsequently mediates the inhibition of LR
development (Table 1) [94,95].

Table 1. Key transcription factors integrating N signals into LR development.

Transcription Famil Nitrogen Function in LR Molecular Developmental Kev References
Factor y Regulation Development Mechanism/Targets Stage y
. Central integrator Binds NRE motifs;
nﬁ:;?j;ﬁ:}:e};r of nitrate activates TAR2 (auxin
NLP7 NIN—h.ke translocation signaling; biosynthesis) and IanlathII' and [18-20,64,69]
protein under hich promotes LR CYCD3;1 (cell cycle); primordium
18 initiation and interacts with TGA
NO3
growth factors
Induced b Mediates nitrate- Regelrllljst'e : gteelilii};ile
ANR1 MADS-box . el stimulated LR 8 P . Elongation [12,87]
localized nitrate . interaction with
elongation .
auxin pathways
SQUAMOSA Rgpressed by Represses LR .
romoter- miR156 under initiation under Directly represses
SPL9 pbin din low N; high-N LBD?29 (auxin Initiation [90,91]
o tein-l?ke accumulated congi tions signaling activator)
P under high N
Enhances nitrate- Forms complexes
. responsive gene with NLP7; binds N
TGA1/TGA4 bZIP nﬁigt‘e,zast:js]igz expression; as-1-like elements; Imstila::l?nand [25,27]
J cooperates with ~ regulates NRT2.1 and & 8
NLP7 NIA1
Regulates root Interacts with
Interacts with meristem NLP6/7 on Growth
TCP20 TCP N availability proliferation in promoters of otential [92,93]
signals response to nitrate-responsive p
nitrate genes
Suppresses LR HRSI1 activates
HRSI/HHO1 ~G2like ~ nducedunder i tionunder — 1HOT expression; Initiation [94,95]
high nitrate . HHO1 mediates LR
high N S
inhibition
ciaedny D Dot
LBD16/18/29 LBD/ASL ARF7/ARF19 y 4 [49,50,52]

under low N

cell division in
LR founder cells

suppress endodermal
barriers

primordium
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4. Systemic N Signaling Coordinating Shoot-Root Communication
4.1. CEP Signaling

Plant N responses involve not only local root sensing but also systemic signaling of
whole-plant N status, which critically coordinates root plasticity with shoot requirements.
A major systemic pathway involves CEP signaling. Under N-deficient conditions, CEP
precursor genes are transcriptionally upregulated in roots, particularly in the vasculature
and LR tips [96-98]. Processed CEPs are secreted into the xylem and transported to the
shoot. In the shoot, CEPs bind to leucine-rich repeat receptor kinases CEPR1 and CEPR2
localized in the phloem [99,100].

CEP-CEPR1 binding triggers autophosphorylation of the receptor kinase domain,
initiating a phosphorylation cascade that culminates in MAPK activation. This pathway
induces the expression of C-terminally encoded peptide downstream transcription factor
1/2 (CEPD1/2) genes in phloem companion cells [101]. CEPD1/2 proteins (12-15 kDa) lack
canonical signaling domains but contain glutaredoxin-like motifs. They dimerize and move
via plasmodesmata into sieve elements, traveling through the phloem to roots [102].

In roots, CEPD1/2 act as mobile signals that promote the expression of high-affinity
nitrate transporters, primarily NRT2.1, enhancing nitrate uptake capacity. Crucially, the
CEP-CEPR-CEPD pathway also modulates LR development. Systemic N deficiency, sig-
naled via CEPs, promotes LR growth. This promotion involves CEPD-dependent regulation
and likely interacts with auxin transport or sensitivity pathways in the root, although the
precise molecular targets in LR development are still being elucidated [69,103,104]. Recent
evidence suggests that CEPD1 interacts with NRT1.1 in the root endodermis, enhancing its
nitrate-sensing capacity and auxin redistribution to pericycle cells [105].

4.2. Cytokinin Signaling

The shoot also exerts control over LR development through the regulation of cytokinin
biosynthesis. High-shoot-N status, particularly high nitrate levels perceived in the shoot,
induces the expression of IPT genes (IPT3, IPT5, IPT7) encoding cytokinin biosynthetic
enzymes [106-108]. The resulting cytokinins are transported via the xylem to the roots,
where they act to repress LR initiation, providing a systemic brake on root branching when
shoot N is sufficient. Conversely, low-shoot-N status reduces shoot-derived cytokinin
supply, alleviating repression and allowing increased LR proliferation.

4.3. Sugar Signaling

Sugars, primarily sucrose transported from source leaves via the phloem, not only are
essential energy and carbon skeletons but also act as signaling molecules. Sucrose levels
influence LR development, and its signaling interacts with N signaling. The C/N balance
is a critical systemic integrator. Low-C status (e.g., low light, limiting photosynthesis) can
suppress LR development even under N deficiency, while adequate sucrose can promote
LR growth under low-N conditions [109-111].

Key transcription factors like hexokinasel (HXK1) and TOR kinase are central sensors
and integrators of sugar and energy status, which interact with N signaling pathways
to regulate growth, including LR development [112-115]. HXK1 senses glucose in the
cytosol and represses LBD29 expression via unknown intermediaries, while TOR kinase
phosphorylates E2Fa transcription factor to promote cell cycle progression in LR primordia
under high-C/N conditions [113]. For instance, TOR kinase activity, promoted by sugars
and amino acids, regulates protein synthesis and cell proliferation, impacting root meristem
activity and LR growth. The coordinated action of peptide hormones (CEP), phytohor-
mones (CK), and metabolic signals (sucrose, C/N ratio) ensures that LR development is
attuned to the overall nutritional status and photosynthetic capacity of the plant.
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A stepwise model of systemic N signaling is as follows: (1) under N deficiency, root
vasculature and LR tips upregulate CEP genes, producing CEPs; (2) CEPs are transported
via the xylem to shoot phloem, where they bind CEPR1/2 receptors; (3) CEPR1/2 activation
induces CEPD1/2 expression in phloem companion cells; (4) CEPD1/2 proteins move via
the phloem to roots, upregulating NRT2.1 and promoting LR growth; (5) shoot-derived
cytokinins (from IPT3/5/7 induction under high shoot N) counteract this by repressing
LR initiation. This “root-to-shoot-to-root” loop coordinates local root foraging with whole-
plant N status.

5. Modulatory Influences: C/N Balance, Epigenetics, and
Environmental Interactions

5.1. C/N Balance: Metabolic Integrators of LR Plasticity

The regulation of LR development by N is further modulated by internal metabolic sta-
tus and external environmental cues. The C/N balance serves as a fundamental metabolic
integrator. Plants continuously monitor the ratio of C skeletons (primarily derived from
photosynthesis) to reduced N compounds (amino acids, nucleotides) to coordinate growth
and resource allocation. Disruption of this balance, such as high N with low C (e.g., low
light), or low N with high C, triggers specific adaptive responses impacting RSA. Signaling
pathways involving SnRK1, activated under energy deficit (low C/high energy demand),
and TOR kinase, activated under energy sufficiency (high C/N), act antagonistically to
regulate gene expression and cellular processes, including those in roots [112,115,116].
SnRK1 activation under low C/high N stress can promote catabolic processes and inhibit
growth, potentially suppressing LR development, whereas TOR activation under high
C/N promotes anabolic processes and growth. Under low-energy conditions, SnRK1
phosphorylates and activates key transcription factors including bZIP1. The bZIP1-NLP7
dimerization may modulate nitrate signaling output, thereby integrating C/N status with
developmental processes like LR formation [117,118]. The glutamine synthetase/glutamate
synthase GS/GOGAT cycle, central to ammonium assimilation, produces glutamine as a
key nitrogen status signal. Glutamine levels correlate with C/N balance and can influence
the expression of genes involved in LR development, potentially via modulating TOR
activity or interacting with specific transcription factors [119,120].

5.2. Post-Translational and Epigenetic Regulation

Post-translational modifications (PTMs) provide rapid and reversible mechanisms
to fine-tune the activity and stability of key N signaling and LR developmental compo-
nents. Ubiquitination mediated by E3 ligases is crucial for targeted protein degradation.
As mentioned, the E3 ligase NBIP1 ubiquitinates NRT2.1 under high N, leading to its
degradation and contributing to the repression of LR growth [32,33]. Conversely, specific
E3 ligases might target repressors of LR development under low N. Phosphorylation is
ubiquitous in N signaling: phosphorylation of NRT1.1 by CIPK23 controls its affinity and
signaling state; phosphorylation of NLP7 promotes its nuclear localization and activity;
phosphorylation of PINs regulates their activity and subcellular trafficking, impacting auxin
transport [121-125]; and SnRKs act downstream of N signals to phosphorylate targets like
NLPs, TGAs, or components of hormone pathways.

Epigenetic regulation, including DNA methylation, histone modifications, and chro-
matin remodeling, offers a layer of stable or metastable control over gene expression
programs in response to environmental cues like N availability. While less explored in the
specific context of LR development compared to primary N responses, evidence suggests its
involvement. Changes in histone methylation marks (e.g., H3K4me3 activation, H3K27me3
repression) and acetylation occur on promoters of N-responsive genes [126-128]. Mutations
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in chromatin remodelers (e.g., switch/sucrose non-fermentable (SW1/SNF) complexes) or
histone modifiers can alter root growth responses to N [129,130]. Small RNAs, particularly
microRNAs (miRNAs), play regulatory roles. As established, miR156 post-transcriptionally
represses SPL9 by targeting its mRINA. Under N limitation, elevated miR156 levels re-
duce SPL9 accumulation, consequently promoting LR initiation [90,91]. Other miRNAs
(e.g., miR393, miR167) regulating auxin signaling components are also modulated by N,
potentially fine-tuning auxin responses in roots during N adaptation [131,132].

5.3. Interactions with Other Nutrients and Environmental Factors

LR responses to N do not occur in isolation but are integrated with responses to other
nutrients and environmental factors. P deficiency strongly stimulates LR proliferation and
root hair development. Complex interactions exist: P deficiency can override or modulate
N responses. For instance, P starvation often induces genes involved in N metabolism
and can alter LR responses to localized N patches [133,134]. S deficiency also impacts
RSA and interacts with N signaling, partly through shared metabolites like glutathione
and regulatory overlaps [135,136]. Soil pH, influenced by N form (NH4" acidification,
NO; ™ alkalinization), significantly affects nutrient availability, rhizosphere microbiome
composition, and root growth directly [137,138]. Microbial interactions in the rhizosphere,
including associations with N-fixing bacteria or mycorrhizal fungi, profoundly alter RSA
and N acquisition pathways, often stimulating LR formation to support symbiosis inter-
faces [139-141]. Water availability (drought/flooding) modulates N responses: drought
inhibits LR growth, and partial rootzone drying coordinates with N placement strategies,
while flooding-induced hypoxia strongly suppresses LR development and reprograms N
metabolism [142,143].

6. Emerging Insights and Future Perspectives
6.1. Emerging Insights

Recent technological advances are providing unprecedented resolution in the spa-
tiotemporal dynamics and cellular heterogeneity of N responses in roots. Single-cell and
spatial transcriptomics are revealing distinct gene expression programs in different root
cell types (pericycle, endodermis, cortex, epidermis, vasculature) in response to N avail-
ability or form [144]. For instance, xylem-pole pericycle cells (LR founder cells) exhibit
unique upregulation of AUX1 and CYCD3;1 under low N, while phloem cells prioritize
CEP expression for systemic signaling [145,146]. Spatial transcriptomics further maps these
responses to specific root zones: LR primordia in the maturation zone show enriched
NLP7 and LBD16 expression, whereas the root apex prioritizes NRT2.1 [147]. These data
challenge the traditional view of uniform root responses, revealing a “division of labor”
where distinct cell types handle local sensing, signal transduction, or systemic communica-
tion. Such granularity is critical for designing precise genetic interventions—e.g., targeting
NLP?7 specifically in pericycle cells to enhance LR initiation without disrupting other
root functions.

Live-cell imaging combined with advanced microscopy (confocal, light sheet) and
biosensors for ions (Ca®*, pH), hormones (auxin, cytokinin), and redox status (ROS, glu-
tathione) allows real-time visualization of signaling events and developmental dynamics in
intact roots under varying N conditions [148,149]. This reveals the kinetics of auxin maxima
formation, Ca?* waves, ROS bursts, and cell division patterns during LR initiation and
emergence in response to localized N sources or systemic cues. Computational modeling
integrating molecular interaction networks, hormone fluxes, and biophysical constraints is
becoming increasingly sophisticated, allowing predictions of RSA plasticity under complex
N regimes and facilitating the design of targeted interventions [150,151].
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6.2. Future Perspectives

Despite significant progress, critical knowledge gaps remain. While major transcep-
tors like NRT1.1 are established, the precise molecular mechanisms of initial N perception,
particularly for ammonium and organic N, require further elucidation. The nature of the
putative nitrate “receptor” upstream of calcium signaling, distinct from NRT1.1 trans-
port/signaling, is still debated [152,153]. Additionally, ammonium sensing mechanisms are
poorly defined—AMTT1;1 is proposed as an ammonium transceptor [34], but its direct role
in signaling (vs. transport) is debated [36]. The downstream targets of key transcription
factors like ANR1 in promoting LR elongation are still incompletely mapped. The exact
molecular mechanisms by which systemic signals like CEPDs modulate LR development
need definition. How C/N signaling nodes like SnRK1 and TOR precisely interface with
the core auxin machinery and N-responsive transcription factors to gate LR initiation or
elongation requires deeper investigation. The role of epigenetic memory in long-term
adaptation of root systems to fluctuating N regimes is largely unexplored.

Translating mechanistic knowledge from model systems like Arabidopsis to major
crops, which often have more complex root systems and different N response dynamics
(e.g., cereals with seminal and crown roots), presents a significant challenge but is es-
sential for agricultural impact [154-157]. In rice, overexpression of OsNLP enhances LR
density and N uptake efficiency under low N [158], while editing OsSPL increases LR
branching in nitrate-poor soils [159]. In maize, ZmANR1 orthologs are associated with
enhanced root foraging in N patches [160]. These examples demonstrate that conserved
regulators (NLP, SPL, ANRI1) can be targeted across species, but crop-specific adjustments
are needed—e.g., accounting for brace roots of maize or aerenchyma of rice. Integrating
such species-specific traits with conserved N signaling modules will accelerate the develop-
ment of N-efficient crops. Future research must bridge fundamental discoveries in model
systems with applied crop physiology and breeding, leveraging genomics, phenomics, and
gene editing technologies to develop next-generation crops with inherently superior N
foraging capabilities.

7. Conclusions

N exerts a profound and multi-layered influence on lateral root development, a
cornerstone of root system plasticity. This review has synthesized the complex journey from
initial N perception at the root surface, primarily via transceptors like NRT1.1 for nitrate,
through intricate intracellular signaling cascades involving calcium fluxes, phosphorylation
events, and master transcriptional regulators like NLP7 and TGA factors. These pathways
converge to modulate the core auxin-dependent LR developmental machinery, impacting
PIN-mediated auxin transport, Aux/IAA-ARF dynamics, and key transcription factors
like LBDs and ANRLI at specific developmental stages (initiation, emergence, elongation).
Systemic signals, notably the CEP-CEPR-CEPD peptide relay conveying root N deficiency
to the shoot and shoot-derived cytokinins communicating shoot N sufficiency back to the
roots, integrate whole-plant N status and carbon availability (C/N balance) with local root
responses. This regulatory network is further fine-tuned by post-translational modifications
(ubiquitination, phosphorylation), epigenetic mechanisms, and continuous interactions
with other nutrients (P, S), soil properties (pH), and the rhizosphere microbiome. The
emergence of single-cell technologies and advanced imaging is revealing unprecedented
cellular heterogeneity in N responses. While significant progress has been made, critical
gaps remain in understanding specific receptor mechanisms, defining complete signaling
pathways for different N forms, mapping transcription factor targets comprehensively, and
deciphering the epigenetic code of N memory. Translating this fundamental knowledge
into strategies for breeding or engineering crops with optimized root architectures for
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enhanced N acquisition efficiency represents the critical next frontier, offering a pathway
toward more sustainable and productive agriculture in the face of global challenges.

A proposed model integrating N-dependent LR regulation is as follows: (1) local
nitrate is sensed by NRT1.1, which modulates auxin transport and activates NLP7 nuclear
translocation; (2) NLP7 and TGA factors coordinate TAR2 and CYCD?3;1 to promote LR
initiation; (3) systemic signals (CEPs from roots, cytokinins from shoots) adjust LR growth
based on whole-plant N status; (4) hormonal crosstalk (auxin-BR-cytokinin) and C/N
balance (via TOR/SnRK1) fine-tune LR plasticity.

Author Contributions: Writing—original draft preparation, X.S., Z.L. and PW.; writing—review and
editing, Y.G. and Y.L.; funding acquisition, X.S., Z.L. and P.W. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by Innovation Program of Chinese Academy of Agricultural
Sciences (2202999999990250002), Shandong Province Natural Science Foundation (ZR2022QC023),
the Central Public interest Scientific Institution Basal Research Fund (1610232023023), and the Central
Public-interest Scientific Institution Basal Research Fund (No. S2025QH?26).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1. Lynch, J.P. Root architecture and plant productivity. Plant Physiol. 1995, 109, 7-13. [CrossRef]

2. Rogers, E.D.; Benfey, PN. Regulation of plant root system architecture: Implications for crop advancement. Curr. Opin. Biotechnol.
2015, 32, 93-98. [CrossRef]

3.  Crawford, N.M,; Forde, B.G. Molecular and developmental biology of inorganic nitrogen nutrition. Arab. Book 2002, 1, e0011.
[CrossRef] [PubMed]

4. Krapp, A. Plant nitrogen assimilation and its regulation: A complex puzzle with missing pieces. Curr. Opin. Plant Biol. 2015, 25,
115-122. [CrossRef]

5. Nibau, C.; Gibbs, D.J.; Coates, ].C. Branching out in new directions: The control of root architecture by lateral root formation. New
Phytol. 2008, 179, 595-614. [CrossRef]

6.  Gruber, B.D.; Giehl, REH.; Friedel, S.; von Wirén, N. Plasticity of the Arabidopsis root system under nutrient deficiencies. Plant
Physiol. 2013, 163, 161-179. [CrossRef] [PubMed]

7. Zhang, H.; Zhang, X.; Xiao, ]. Epigenetic regulation of nitrogen signaling and adaptation in plants. Plants 2023, 12, 2725. [CrossRef]
[PubMed]

8.  Lavenus, J.; Goh, T.; Roberts, I.; Guyomarc’h, S.; Lucas, M.; Smet, I.D.; Fukaki, H.; Beeckman, T.; Bennett, M.].; Laplaze, L. Lateral
root development in Arabidopsis: Fifty shades of auxin. Trends Plant Sci. 2013, 18, 450-458. [CrossRef]

9. Du, Y,; Scheres, B. Lateral root formation and the multiple roles of auxin. J. Exp. Bot. 2018, 69, 155-167. [CrossRef]

10. Tian, H.; De Smet, I.; Ding, Z. Shaping a root system: Regulating lateral versus primary root growth. Trends Plant Sci. 2014, 27,
122-134. [CrossRef]

11. Drew, M.C,; Saker, L.R.; Ashley, T.W. Nutrient supply and the growth of the seminal root system in barley. I. THE EFFECT OF
NITRATE CONCENTRATION ON THE GROWTH OF AXES AND LATERALS. J. Exp. Bot. 1973, 24, 1189-1202. [CrossRef]

12.  Zhang, H.; Forde, B.G. An Arabidopsis MADS box gene that controls nutrient-induced changes in root architecture. Science 1998,
279, 407-409. [CrossRef]

13.  Remans, T.; Nacry, P.; Pervent, M; Filleur, S.; Diatloff, E.; Mounier, E.; Tillard, P.; Forde, B.G.; Gojon, A. The Arabidopsis NRT1.1
transporter participates in the signaling pathway triggering root colonization of nitrate-rich patches. Proc. Natl. Acad. Sci. USA
2006, 103, 19206-19211. [CrossRef]

14. Ho, C;Lin, S;; Hu, H; Tsay, Y. CHL1 functions as a nitrate sensor in plants. Cell 2009, 138, 1184-1194. [CrossRef] [PubMed]

15.  Bouguyon, E.; Brun, F; Meynard, D.; Kube$, M.; Pervent, M.; Leran, S.; Lacombe, B.; Krouk, G.; Guiderdoni, E.; Zazimalov4, E.;

et al. Multiple mechanisms of nitrate sensing by Arabidopsis nitrate transceptor NRT1.1. Nat. Plants 2015, 1, 15015. [CrossRef]
[PubMed]


https://doi.org/10.1104/pp.109.1.7
https://doi.org/10.1016/j.copbio.2014.11.015
https://doi.org/10.1199/tab.0011
https://www.ncbi.nlm.nih.gov/pubmed/22303192
https://doi.org/10.1016/j.pbi.2015.05.010
https://doi.org/10.1111/j.1469-8137.2008.02472.x
https://doi.org/10.1104/pp.113.218453
https://www.ncbi.nlm.nih.gov/pubmed/23852440
https://doi.org/10.3390/plants12142725
https://www.ncbi.nlm.nih.gov/pubmed/37514337
https://doi.org/10.1016/j.tplants.2013.04.006
https://doi.org/10.1093/jxb/erx223
https://doi.org/10.1016/j.tplants.2014.01.007
https://doi.org/10.1093/jxb/24.6.1189
https://doi.org/10.1126/science.279.5349.407
https://doi.org/10.1073/pnas.0605275103
https://doi.org/10.1016/j.cell.2009.07.004
https://www.ncbi.nlm.nih.gov/pubmed/19766570
https://doi.org/10.1038/nplants.2015.15
https://www.ncbi.nlm.nih.gov/pubmed/27246882

Biology 2025, 14, 1099 13 of 18

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Liu, K,; Tsay, Y. Switching between the two action modes of the dual-affinity nitrate transporter CHL1 by phosphorylation. EMBO
J. 2003, 22, 1005-1013. [CrossRef]

Sun, J.; Bankston, J.R.; Payandeh, J.; Hinds, T.R.; Zagotta, W.N.; Zheng, N. Crystal structure of the plant dual-affinity nitrate
transporter NRT1.1. Nature 2014, 545, 387-390.

Marchive, C.; Roudier, F; Castaings, L.; Bréhaut, V.; Blondet, E.; Colot, V.; Meyer, C.; Krapp, A. Nuclear retention of the
transcription factor NLP7 orchestrates the early response to nitrate in plants. Nat. Commun. 2013, 4, 1713. [CrossRef] [PubMed]
Yan, D.; Nambara, E. Conserved and unique functions of NIN-like proteins in nitrate sensing and signaling. Plant Sci. 2023,
336, 111842. [CrossRef]

Wang, H.; Han, C.; Wang, J.G.; Chu, X,; Shi, W,; Yao, L.; Chen, J.; Hao, W.; Deng, Z.; Fan, M.; et al. Regulatory functions of cellular
energy sensor SnRK1 for nitrate signalling through NLP7 repression. Nat. Plants 2022, 8, 1094-1107. [CrossRef]

Sdmano, M.L.; Nanjareddy, K.; Arthikala, M.K. NIN-like proteins (NLPs) as crucial nitrate sensors: An overview of their roles in
nitrogen signaling, symbiosis, abiotic stress, and beyond. Physiol. Mol. Biol. Plants 2024, 30, 1209-1223. [CrossRef]

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

Asim, M,; Ullah, Z.; Oluwaseun, A.; Wang, Q.; Liu, H. Signalling overlaps between nitrate and auxin in regulation of the root
system architecture: Insights from the Arabidopsis thaliana. Int. |. Mol. Sci. 2020, 21, 2880. [CrossRef] [PubMed]

Zhao, X.; Jin, S.; Song, Y.; Zhan, Q. Cdc2/cyclin B1 regulates centrosomal Nlp proteolysis and subcellular localization. Cancer Biol.
Ther. 2010, 10, 945-952. [CrossRef]

Alvarez, ] M,; Riveras, E.; Vidal, E.A.; Gras, D.E.; Contreras-Lépez, O.; Tamayo, K.P.; Aceituno, F; Gémez, I; Ruffel, S.; Lejay,
L.; et al. Systems approach identifies TGA1 and TGA4 transcription factors as important regulatory components of the nitrate
response of Arabidopsis thaliana roots. Plant ]. 2014, 80, 1-13. [CrossRef]

O’Brien, J.A.; Vega, A.; Bouguyon, E.; Krouk, G.; Gojon, A.; Coruzzi, G.; Gutiérrez, R.A. Nitrate transport, sensing, and responses
in plants. Mol. Plant 2016, 9, 837-856. [CrossRef]

Para, A.; Li, Y.; Marshall-Colén, A.; Varala, K.; Francoeur, N.J.; Moran, T.M.; Edwards, M.B.; Hackley, C.; Bargmann, B.O.R,;
Birnbaum, K.D,; et al. Hit-and-run transcriptional control by bZIP1 mediates rapid nutrient signaling in Arabidopsis. Proc. Natl.
Acad. Sci. USA 2014, 111, 10371-10376. [CrossRef]

Orsel, M.; Chopin, F,; Leleu, O.; Smith, S.J.; Krapp, A.; Daniel-Vedele, F.; Miller, A.]J. Characterization of a two-component
high-affinity nitrate uptake system in Arabidopsis. Physiology and protein-protein interaction. Plant Physiol. 2006, 142, 1304-1317.
[CrossRef] [PubMed]

Wirth, J.; Chopin, F.; Santoni, V.; Viennois, G.; Tillard, P.; Krapp, A.; Lejay, L.; Daniel-Vedele, F; Gojon, A. Regulation of root
nitrate uptake at the NRT2.1 protein level in Arabidopsis thaliana. |. Biol. Chem. 2007, 282, 23541-23552. [CrossRef] [PubMed]
Zhou, J.; Zhang, Y.; Qi, J.; Chi, Y.; Fan, B.; Yu, ].Q.; Chen, Z. E3 ubiquitin ligase CHIP and NBR1-mediated selective autophagy
protect additively against proteotoxicity in plant stress responses. PLoS Genet. 2014, 10, €1004116. [CrossRef]

Wang, N.; Yin, Z.; Zhao, Y.; Wang, J.; Pei, Y.; Ji, P,; Daly, P; Li, Z.; Dou, D.; Wei, L. An F-box protein attenuates fungal xylanase-
triggered immunity by destabilizing LRR-RLP NbEIX2 in a SOBIR1-dependent manner. New Phytol. 2022, 236, 2202-2215.
[CrossRef]

Zhang, Z.; Hu, B.; Chu, C. Towards understanding the hierarchical nitrogen signalling network in plants. Curr. Opin. Plant Biol.
2020, 55, 60-65. [CrossRef]

Li, L.; Zhen, H.; Yang, Y.; Bo, L. Advances in the study of calcium signaling-mediated nitrate signaling in plants. Plant Sci. ]. 2022,
40, 115-123.

Loqué, D.; Lalonde, S.; Looger, L.L.; Wirén, N.; Frommer, W.B. A cytosolic trans-activation domain essential for ammonium
uptake. Nature 2007, 446, 195-198. [CrossRef] [PubMed]

Yuan, L.; Loqué, D.; Kojima, S.; Rauch, S.; Ishiyama, K.; Inoue, E.; Takahashi, H.; Wirén, N. The organization of high-affinity
ammonium uptake in Arabidopsis roots depends on the spatial arrangement and biochemical properties of AMT1-type transporters.
Plant Cell 2007, 19, 2636-2652. [CrossRef] [PubMed]

Lanquar, V,; Loqué, D.; Hérmann, F,; Yuan, L.; Bohner, A.; Engelsberger, W.R.; Lalonde, S.; Schulze, W.X.; Wirén, N.; Frommer,
W.B. Feedback inhibition of ammonium uptake by a phospho-dependent allosteric mechanism in Arabidopsis. Plant Cell 2009, 21,
3610-3622. [CrossRef]

Esteban, R.; Ariz, I.; Cruz, C.; Moran, J.F. Review: Mechanisms of ammonium toxicity and the quest for tolerance. Plant Sci. 2016,
248, 92-101. [CrossRef]

Lima, J.E.; Kojima, S.; Takahashi, H.; von Wirén, N. Ammonium triggers lateral root branching in Arabidopsis in an AMMONIUM
TRANSPORTERI1;3-dependent manner. Plant Cell 2010, 22, 3621-3633. [CrossRef]

Li, Q.; Li, B.H.; Kronzucker, H.J.; Shi, WM. Root growth inhibition by NH** in Arabidopsis is mediated by the root tip and is
linked to NH** efflux and GMPase activity. Plant Cell Environ. 2010, 33, 1529-1542. [CrossRef]


https://doi.org/10.1093/emboj/cdg118
https://doi.org/10.1038/ncomms2650
https://www.ncbi.nlm.nih.gov/pubmed/23591880
https://doi.org/10.1016/j.plantsci.2023.111842
https://doi.org/10.1038/s41477-022-01236-5
https://doi.org/10.1007/s12298-024-01485-y
https://doi.org/10.1038/ncomms2621
https://doi.org/10.3390/ijms21082880
https://www.ncbi.nlm.nih.gov/pubmed/32326090
https://doi.org/10.4161/cbt.10.9.13368
https://doi.org/10.1111/tpj.12618
https://doi.org/10.1016/j.molp.2016.05.004
https://doi.org/10.1073/pnas.1404657111
https://doi.org/10.1104/pp.106.085209
https://www.ncbi.nlm.nih.gov/pubmed/17012411
https://doi.org/10.1074/jbc.M700901200
https://www.ncbi.nlm.nih.gov/pubmed/17573350
https://doi.org/10.1371/journal.pgen.1004116
https://doi.org/10.1111/nph.18509
https://doi.org/10.1016/j.pbi.2020.03.006
https://doi.org/10.1038/nature05579
https://www.ncbi.nlm.nih.gov/pubmed/17293878
https://doi.org/10.1105/tpc.107.052134
https://www.ncbi.nlm.nih.gov/pubmed/17693533
https://doi.org/10.1105/tpc.109.068593
https://doi.org/10.1016/j.plantsci.2016.04.008
https://doi.org/10.1105/tpc.110.076216
https://doi.org/10.1111/j.1365-3040.2010.02162.x

Biology 2025, 14, 1099 14 of 18

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Feng, H.; Fan, X; Miller, A.].; Xu, G. Plant nitrogen uptake and assimilation: Regulation of cellular pH homeostasis. J. Exp. Bot.
2020, 71, 4380-4392. [CrossRef]

Svennerstam, H.; Ganeteg, U.; Bellini, C.; Nasholm, T. Comprehensive screening of Arabidopsis mutants suggests the lysine
histidine transporter 1 to be involved in plant uptake of amino acids. Plant Physiol. 2007, 143, 1853-1860. [CrossRef]

Forsum, O.; Svennerstam, H.; Ganeteg, U.; Nasholm, T. Capacities and constraints of amino acid utilization in Arabidopsis. New
Phytol. 2008, 193, 952-962. [CrossRef]

Hirner, A.; Ladwig, E; Stransky, H.; Okumoto, S.; Keinath, M.; Harms, A.; Frommer, W.B.; Koch, W. Arabidopsis LHT1 is a
high-affinity transporter for cellular amino acid uptake in both root epidermis and leaf mesophyll. Plant Cell 2006, 18, 1931-1946.
[CrossRef] [PubMed]

Ingargiola, C.; Jéhanno, I.; Forzani, C.; Marmagne, A.; Broutin, J.; Clément, G.; Leprince, A.; Meyer, C. The Arabidopsis Target of
Rapamycin kinase regulates ammonium assimilation and glutamine metabolism. Plant Physiol. 2023, 192, 2943-2957. [CrossRef]
[PubMed]

Marc Rhoads, J.; Wu, G. Glutamine, arginine, and leucine signaling in the intestine. Amino Acids 2009, 37, 111-122. [CrossRef]
Benkovd, E.; Michniewicz, M.; Sauer, M.; Teichmann, T.; Seifertova, D.; Jiirgens, G.; Friml, J. Local, efflux-dependent auxin
gradients as a common module for plant organ formation. Cell 2003, 115, 591-602. [CrossRef] [PubMed]

Péret, B.; De Rybel, B.; Casimiro, I.; Benkova, E.; Swarup, R.; Laplaze, L.; Beeckman, T.; Bennett, M.]. Arabidopsis lateral root
development: An emerging story. Trends Plant Sci. 2009, 14, 399-408. [CrossRef]

Vangheluwe, N.; Beeckman, T. Lateral root initiation and the analysis of gene function using genome editing with CRISPR in
Arabidopsis. Genes 2021, 12, 884. [CrossRef]

Fukaki, H.; Tameda, S.; Masuda, H.; Tasaka, M. Lateral root formation is blocked by a gain-of-function mutation in the SOLITARY-
ROOT/IAA14 gene of Arabidopsis. Plant J. 2002, 29, 153-168. [CrossRef]

Okushima, Y.; Fukaki, H.; Onoda, M.; Theologis, A.; Tasaka, M. ARF7 and ARF19 regulate lateral root formation via direct
activation of LBD/ASL genes in Arabidopsis. Plant Cell 2007, 19, 118-130. [CrossRef]

Goh, T.; Joi, S.; Mimura, T.; Fukaki, H. The establishment of asymmetry in Arabidopsis lateral root founder cells is regulated by
LBD16/ASL18 and related LBD/ASL proteins. Development 2012, 139, 883-893. [CrossRef]

Fan, M,; Xu, C.; Xu, K,; Hu, Y. LATERAL ORGAN BOUNDARIES DOMAIN transcription factors direct callus formation in
Arabidopsis regeneration. Cell Res. 2012, 22, 1169-1180. [CrossRef]

Rong, M.; Gao, S.X.; Wen, D.; Xu, Y.H.; Wei, ].H. The LOB domain protein, a novel transcription factor with multiple functions: A
review. Plant Physiol. Biochem. 2024, 214, 108922. [CrossRef]

Krouk, G.; Lacombe, B.; Bielach, A.; Perrine-Walker, F.; Malinska, K.; Mounier, E.; Hoyerova, K.; Tillard, P.; Leon, S.; Ljung, K,;
et al. Nitrate-regulated auxin transport by NRT1.1 defines a mechanism for nutrient sensing in plants. Dev. Cell 2010, 18, 927-937.
[CrossRef] [PubMed]

Mounier, E.; Pervent, M.; Ljung, K.; Gojon, A.; Nacry, P. Auxin-mediated nitrate signalling by NRT1.1 participates in the adaptive
response of Arabidopsis root architecture to the spatial heterogeneity of nitrate availability. Plant Cell Environ. 2014, 37, 162-174.
[CrossRef] [PubMed]

Maghiaoui, A.; Bouguyon, E.; Cuesta, C.; Perrine-Walker, E,; Alcon, C.; Krouk, G.; Benkov4, E.; Nacry, P; Gojon, A.; Bach, L. The
Arabidopsis NRT1.1 transceptor coordinately controls auxin biosynthesis and transport to regulate root branching in response to
nitrate. J. Exp. Bot. 2020, 71, 4480-4494. [CrossRef] [PubMed]

Zhang, W.; Fang, D.; Dong, K.; Hu, F; Ye, Z.; Cao, J. Insights into the environmental factors shaping lateral root development.
Physiol. Plant. 2023, 175, €13878. [CrossRef] [PubMed]

Tian, Q.; Chen, F; Liu, J.; Zhang, F.; Mi, G. Inhibition of maize root growth by high nitrate supply is correlated with reduced IAA
levels in roots. J. Plant Physiol. 2008, 165, 942-951. [CrossRef]

Wang, Y.; Yuan, Z.; Wang, J.; Xiao, H.; Wan, L.; Li, L.; Guo, Y.; Gong, Z.; Friml, ].; Zhang, J. The nitrate transporter NRT2. 1
directly antagonizes PIN7-mediated auxin transport for root growth adaptation. Proc. Natl. Acad. Sci. USA 2023, 120, €2221313120.
[CrossRef]

Wang, B.; Zhu, X,; Guo, X.; Qi, X;; Feng, F; Zhang, Y.; Zhao, Q.; Han, D.; Sun, H. Nitrate modulates lateral root formation by
regulating the auxin response and transport in rice. Genes 2021, 12, 850. [CrossRef]

Zhou, H.; Ge, H.; Chen, J; Li, X.; Yang, L.; Zhang, H.; Wang, Y. Salicylic acid regulates root gravitropic growth via clathrin-
independent endocytic trafficking of PIN2 auxin transporter in Arabidopsis thaliana. Int. J. Mol. Sci. 2022, 23, 9379. [CrossRef]
Ma, W.; Li, J.; Qu, B.; He, X;; Zhao, X;; Li, B.; Fu, X,; Tong, Y. Auxin biosynthetic gene TAR? is involved in low nitrogen-mediated
reprogramming of root architecture in Arabidopsis. Plant ]. 2014, 78, 70-79. [CrossRef]

Luo, P; Di, D.W. Precise regulation of the TAA1/TAR-YUCCA auxin biosynthesis pathway in plants. Int. J. Mol. Sci. 2023,
24, 8514. [CrossRef]

Meier, M. Lateral Root Development in Response to Local Supplies of Different Nitrogen Forms. Ph.D. Thesis, Martin-Luther-
Universitdt Halle-Wittenberg, Halle, Germany, 2020.


https://doi.org/10.1093/jxb/eraa150
https://doi.org/10.1104/pp.106.092205
https://doi.org/10.1111/j.1469-8137.2008.02546.x
https://doi.org/10.1105/tpc.106.041012
https://www.ncbi.nlm.nih.gov/pubmed/16816136
https://doi.org/10.1093/plphys/kiad216
https://www.ncbi.nlm.nih.gov/pubmed/37042394
https://doi.org/10.1007/s00726-008-0225-4
https://doi.org/10.1016/S0092-8674(03)00924-3
https://www.ncbi.nlm.nih.gov/pubmed/14651850
https://doi.org/10.1016/j.tplants.2009.05.002
https://doi.org/10.3390/genes12060884
https://doi.org/10.1046/j.0960-7412.2001.01201.x
https://doi.org/10.1105/tpc.106.047761
https://doi.org/10.1242/dev.071928
https://doi.org/10.1038/cr.2012.63
https://doi.org/10.1016/j.plaphy.2024.108922
https://doi.org/10.1016/j.devcel.2010.05.008
https://www.ncbi.nlm.nih.gov/pubmed/20627075
https://doi.org/10.1111/pce.12143
https://www.ncbi.nlm.nih.gov/pubmed/23731054
https://doi.org/10.1093/jxb/eraa242
https://www.ncbi.nlm.nih.gov/pubmed/32428238
https://doi.org/10.1111/ppl.13878
https://www.ncbi.nlm.nih.gov/pubmed/36808102
https://doi.org/10.1016/j.jplph.2007.02.011
https://doi.org/10.1073/pnas.2221313120
https://doi.org/10.3390/genes12060850
https://doi.org/10.3390/ijms23169379
https://doi.org/10.1111/tpj.12448
https://doi.org/10.3390/ijms24108514

Biology 2025, 14, 1099 15 of 18

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Alvarez, ].M.; Schinke, A.L.; Brooks, M.D.; Pasquino, A.; Leonelli, L.; Varala, K.; Safi, A.; Krouk, G.; Krapp, A.; Coruzzi, G.M.
Transient genome-wide interactions of the master transcription factor NLP7 initiate a rapid nitrogen-response cascade. Nat.
Commun. 2020, 11, 1157. [CrossRef]

Calderén Villalobos, L.LA,; Lee, S.; De Oliveira, C.; Ivetac, A.; Brandt, W.; Armitage, L.; Sheard, L.B.; Tan, X.; Parry, G.; Mao, H,;
etal. A combinatorial TIR1/AFB-Aux/IAA co-receptor system for differential sensing of auxin. Nat. Chem. Biol. 2012, 8, 477-485.
[CrossRef] [PubMed]

Taylor, J.S.; Bargmann, B.O. Transcriptional Tuning: How Auxin Strikes Unique Chords in Gene Regulation. Physiol. Plant. 2025,
177,€70229. [CrossRef]

Pantoja-Guerra, M.; Valero-Valero, N.; Ramirez, C.A. Total auxin level in the soil-plant system as a modulating factor for the
effectiveness of PGPR inocula: A review. Chem. Biol. Technol. Agric. 2023, 10, 6. [CrossRef]

Asim, M.; Ullah, Z; Xu, E; An, L.; Aluko, O.O.; Wang, Q.; Liu, H. Nitrate signaling, functions, and regulation of root system
architecture: Insights from Arabidopsis thaliana. Genes 2020, 11, 633. [CrossRef] [PubMed]

Signora, L.; De Smet, I.; Foyer, C.H.; Zhang, H. ABA plays a central role in mediating the regulatory effects of nitrate on root
branching in Arabidopsis. Plant . 2001, 28, 655-662. [CrossRef]

Lu, Y,; Sasaki, Y.; Li, X.; Mori, 1.C.; Matsuura, T.; Hirayama, T.; Sato, T.; Yamaguchi, ]J. ABI1 regulates carbon/nitrogen-nutrient
signal transduction independent of ABA biosynthesis and canonical ABA signalling pathways in Arabidopsis. ]. Exp. Bot. 2015, 66,
2763-2771. [CrossRef]

De Smet, S.; Cuypers, A.; Vangronsveld, J.; Remans, T. Gene networks involved in hormonal control of root development in
Arabidopsis thaliana: A framework for studying its disturbance by metal stress. Int. J. Mol. Sci. 2015, 16, 19195-19224. [CrossRef]
Miyawaki, K.; Tarkowski, P.; Matsumoto-Kitano, M.; Kato, T.; Sato, S.; Tarkowska, D.; Tabata, S.; Sandberg, G.; Kakimoto, T. Roles
of Arabidopsis ATP / ADP isopentenyltransferases and tRNA isopentenyltransferases in cytokinin biosynthesis. Proc. Natl. Acad.
Sci. USA 2006, 103, 16598-16603. [CrossRef]

Kiba, T.; Kudo, T.; Kojima, M.; Sakakibara, H. Hormonal control of nitrogen acquisition: Roles of auxin, abscisic acid, and
cytokinin. J. Exp. Bot. 2011, 62, 1399-1409. [CrossRef] [PubMed]

Nguyen, H.N.; Lai, N.; Kisiala, A.B.; Emery, R.N. Isopentenyltransferases as master regulators of crop performance: Their
function, manipulation, and genetic potential for stress adaptation and yield improvement. Plant Biotechnol. J. 2021, 19, 1297-1313.
[CrossRef] [PubMed]

Laplaze, L.; Benkova, E.; Casimiro, I.; Maes, L.; Vanneste, S.; Swarup, R.; Weijers, D.; Calvo, V.; Parizot, B.; Herrera-Rodriguez,
M.B,; et al. Cytokinins act directly on lateral root founder cells to inhibit root initiation. Plant Cell 2007, 19, 3889-3900. [CrossRef]
Miiller, D.; Waldie, T.; Miyawaki, K.; To, J.P.C.; Melnyk, C.W,; Kieber, ].J.; Kakimoto, T.; Leyser, O. Cytokinin is required for escape
but not release from auxin mediated apical dominance. Plant J. 2015, 82, 874-884. [CrossRef]

De Nittis, M.; De Vivo, M.; loio, R.D.; Sabatini, S. Hormonal regulation of primary root development. Cell Rep. 2025, 44, 115751.
[CrossRef]

Del Bianco, M.; Giustini, L.; Sabatini, S. Spatiotemporal changes in the role of cytokinin during root development. New Phytol.
2013, 199, 324-338. [CrossRef]

Ivanchenko, M.G.; Muday, G.K.; Dubrovsky, ].G. Ethylene-auxin interactions regulate lateral root initiation and emergence in
Arabidopsis thaliana. Plant . 2008, 55, 335-347. [CrossRef] [PubMed]

Dolgikh, V.A.; Pukhovaya, E.M.; Zemlyanskaya, E.V. Shaping ethylene response: The role of EIN3/EIL1 transcription factors.
Front. Plant Sci. 2019, 10, 1030. [CrossRef]

Jiang, C.; Gao, X,; Liao, L.; Harberd, N.P.; Fu, X. Phosphate starvation root architecture and anthocyanin accumulation responses
are modulated by the gibberellin-DELLA signaling pathway in Arabidopsis. Plant Physiol. 2007, 145, 1460-1470. [CrossRef]
Thomas, S.G.; Blazquez, M.A.; Alabadi, D. Della proteins: Master regulators of gibberellin-responsive growth and development.
Annu. Plant Rev. 2016, 49, 189-228.

Jia, Z.; Giehl, R.E; Meyer, R.C.; Altmann, T.; von Wirén, N. Natural variation of BSK3 tunes brassinosteroid signaling to regulate
root foraging under low nitrogen. Nat. Commun. 2019, 10, 2378. [CrossRef]

Cancé, C.; Martin-Arevalillo, R.; Boubekeur, K.; Dumas, R. Auxin response factors are keys to the many auxin doors. New Phytol.
2022, 235, 402-419. [CrossRef]

Ahanger, M.A; Ashraf, M.; Bajguz, A.; Ahmad, P. Brassinosteroids regulate growth in plants under stressful environments and
crosstalk with other potential phytohormones. . Plant Growth Regul. 2018, 37, 1007-1024. [CrossRef]

Gan, Y.; Bernreiter, A ; Filleur, S.; Abram, B.; Forde, B.G. Overexpressing the ANRI MADS-box gene in transgenic plants provides
new insights into its role in the nitrate regulation of root development. Plant Cell Physiol. 2012, 53, 1003-1016. [CrossRef]
[PubMed]

Konishi, M.; Yanagisawa, S. The role of protein-protein interactions mediated by the PB1 domain of NLP transcription factors in
nitrate-inducible gene expression. Plants 2019, 8, 306. [CrossRef] [PubMed]


https://doi.org/10.1038/s41467-020-14979-6
https://doi.org/10.1038/nchembio.926
https://www.ncbi.nlm.nih.gov/pubmed/22466420
https://doi.org/10.1111/ppl.70229
https://doi.org/10.1186/s40538-022-00370-8
https://doi.org/10.3390/genes11060633
https://www.ncbi.nlm.nih.gov/pubmed/32526869
https://doi.org/10.1046/j.1365-313x.2001.01185.x
https://doi.org/10.1093/jxb/erv086
https://doi.org/10.3390/ijms160819195
https://doi.org/10.1073/pnas.0603522103
https://doi.org/10.1093/jxb/erq410
https://www.ncbi.nlm.nih.gov/pubmed/21196475
https://doi.org/10.1111/pbi.13603
https://www.ncbi.nlm.nih.gov/pubmed/33934489
https://doi.org/10.1105/tpc.107.055863
https://doi.org/10.1111/tpj.12862
https://doi.org/10.1016/j.celrep.2025.115751
https://doi.org/10.1111/nph.12338
https://doi.org/10.1111/j.1365-313X.2008.03528.x
https://www.ncbi.nlm.nih.gov/pubmed/18435826
https://doi.org/10.3389/fpls.2019.01030
https://doi.org/10.1104/pp.107.103788
https://doi.org/10.1038/s41467-019-10331-9
https://doi.org/10.1111/nph.18159
https://doi.org/10.1007/s00344-018-9855-2
https://doi.org/10.1093/pcp/pcs050
https://www.ncbi.nlm.nih.gov/pubmed/22523192
https://doi.org/10.1186/s12870-019-1692-3
https://www.ncbi.nlm.nih.gov/pubmed/30819094

Biology 2025, 14, 1099 16 of 18

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

110.
111.

112.

113.

114.

115.

Liu, M.; Chang, W.; Fan, Y.,; Sun, W.; Qu, C.; Zhang, K,; Liu, L.; Xu, X;; Tang, Z.; Li, J.; et al. Genome-wide identification
and characterization of NODULE-INCEPTION-like protein (NLP) family genes in Brassica napus. Int. ]. Mol. Sci. 2018, 19, 2270.
[CrossRef]

Xu, M.; Hu, T.; Zhao, J.; Park, M.Y.; Earley, KW.; Wu, G.; Yang, L.; Poethig, R.S. Developmental functions of miR156-regulated
SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) genes in Arabidopsis thaliana. PLoS Genet. 2016, 12, e1006263. [CrossRef]
Luo, H.; Yang, J.; Liu, S.; Li, S.; Si, H.; Zhang, N. Control of plant height and lateral root development via stu-miR156 regulation
of SPL9 transcription factor in potato. Plants 2024, 13, 723. [CrossRef]

Guan, P; Ripoll, J.; Wang, R.; Vuong, L.; Bailey-Steinitz, L.J.; Ye, D.; Crawford, N.M. Interacting TCP and NLP transcription
factors control plant responses to nitrate availability. Proc. Natl. Acad. Sci. USA 2017, 114, 2419-2424. [CrossRef]

Tokizawa, M.; Enomoto, T.; Chandnani, R.; Mora-Macias, J.; Burbridge, C.; Armenta-Medina, A.; Kobayashi, Y.; Yamamoto, Y.Y,;
Koyama, H.; Kochian, L.V. The transcription factors, STOP1 and TCP20, are required for root system architecture alterations in
response to nitrate deficiency. Proc. Natl. Acad. Sci. USA 2023, 120, €2300446120. [CrossRef]

Li, Q.; Zhou, L.; Li, Y,; Zhang, D.; Gao, Y. Plant NIGT1/HRS1/HHO transcription factors: Key regulators with multiple roles in
plant growth, development, and stress responses. Int. J. Mol. Sci. 2021, 22, 8685. [CrossRef]

Wang, Y; Li, P; Zhu, Y,; Shang, Y.; Wu, Z.; Tao, Y.; Wang, H.; Li, D.; Zhang, C. Transcriptome profiling reveals the gene network
responding to low nitrogen stress in wheat. Plants 2024, 13, 371. [CrossRef]

Luo, L.; Yu, L.; Yang, J.; Wang, E. Peptide signals regulate nitrogen deficiency adaptation of dicotyledonous model plants. Plant
Cell Environ. 2024. [CrossRef] [PubMed]

Hu, Q.Q.; Shu, J.Q.; Li, WM.; Wang, G.Z. Role of auxin and nitrate signaling in the development of root system architecture.
Front. Plant Sci. 2021, 12, 690363. [CrossRef] [PubMed]

Djordjevic, M.A.; Mohd-Radzman, N.A.; Imin, N. Small-peptide signals that control root nodule number, development, and
symbiosis. J. Exp. Bot. 2015, 66, 5171-5181. [CrossRef] [PubMed]

Taleski, M.; Jin, M.; Chapman, K.; Taylor, K.; Winning, C.; Frank, M.; Imin, N.; Djordjevic, M.A. CEP hormones at the nexus of
nutrient acquisition and allocation, root development, and plant-microbe interactions. J. Exp. Bot. 2024, 75, 538-552. [CrossRef]
Taleski, M.; Imin, N.; Djordjevic, M.A. CEP peptide hormones: Key players in orchestrating nitrogen-demand signalling, root
nodulation, and lateral root development. J. Exp. Bot. 2018, 69, 1829-1836. [CrossRef]

Ohkubo, Y.; Tanaka, M.; Tabata, R.; Ogawa-Ohnishi, M.; Matsubayashi, Y. Shoot-to-root mobile polypeptides involved in systemic
regulation of nitrogen acquisition. Nat. Plants 2017, 3, 17029. [CrossRef]

Jia, Z.; von Wirén, N. Signaling pathways underlying nitrogen-dependent changes in root system architecture: From model to
crop species. J. Exp. Bot. 2020, 71, 4393-4404. [CrossRef]

Ota, R.; Ohkubo, Y.; Yamashita, Y.; Ogawa-Ohnishi, M.; Matsubayashi, Y. Shoot-to-root mobile CEPD-like 2 integrates shoot
nitrogen status to systemically regulate nitrate uptake in Arabidopsis. Nat. Commun. 2020, 11, 641. [CrossRef]

Imin, N.; Mohd-Radzman, N.A.; Ogilvie, H.A.; Djordjevic, M.A. The peptide-encoding CEP1 gene modulates lateral root and
nodule numbers in Medicago truncatula. J. Exp. Bot. 2013, 69, 2635-2650. [CrossRef]

Mao, J.; Tian, Z.; Sun, J.; Wang, D.; Yu, Y.; Li, S. The crosstalk between nitrate signaling and other signaling molecules in Arabidopsis
thaliana. Front. Plant Sci. 2025, 16, 1546011. [CrossRef]

Sakakibara, H. Cytokinin biosynthesis and transport for systemic nitrogen signaling. Plant . 2021, 105, 421-430. [CrossRef]
Chang, L.; Ramireddy, E.; Schmiilling, T. Cytokinin as a positional cue regulating lateral root spacing in Arabidopsis. . Exp. Bot.
2015, 66, 4759-4768. [CrossRef] [PubMed]

Poitout, A.; Crabos, A.; Pettik, I.; Novak, O.; Krouk, G.; Lacombe, B.; Ruffel, S. Responses to systemic nitrogen signaling in
Arabidopsis roots involve trans-Zeatin in shoots. Plant Cell 2018, 30, 1243-1257. [CrossRef] [PubMed]

Mishra, B.S.; Singh, M.; Aggrawal, P.; Laxmi, A. Glucose and auxin signaling interaction in controlling Arabidopsis thaliana
seedlings root growth and development. PLoS ONE 2009, 4, e4502. [CrossRef]

Zheng, Z.L. Carbon and nitrogen nutrient balance signaling in plants. Plant Signal. Behav. 2009, 4, 584-591. [CrossRef]

Han, X.; Wu, K,; Fu, X,; Liu, Q. Improving coordination of plant growth and nitrogen metabolism for sustainable agriculture.
Abiotech 2020, 1, 255-275. [CrossRef] [PubMed]

Xiong, Y.; McCormack, M.; Li, L.; Hall, Q.; Xiang, C.; Sheen, J. Glucose-TOR signalling reprograms the transcriptome and
activates meristems. Nature 2013, 496, 181-186. [CrossRef]

Li, G.; Zhao, Y. The critical roles of three sugar-related proteins (HXK, SnRK1, TOR) in regulating plant growth and stress
responses. Hortic. Res. 2024, 11, uhae099. [CrossRef]

Eom, S.H.; Kim, E.; Hyun, TK. HXK, SnRK1, and TOR signaling in plants: Unraveling mechanisms of stress response and
secondary metabolism. Sci. Prog. 2024, 107, 00368504241301533. [CrossRef]

Schepetilnikov, M.; Dimitrova, M.; Mancera-Martinez, E.; Geldreich, A.; Keller, M.; Ryabova, L.A. TOR and S6K1 promote
translation reinitiation of uORF-containing mRNAs via phosphorylation of el[F3h. EMBO ]. 2013, 42, €111858. [CrossRef]
[PubMed]


https://doi.org/10.3390/ijms19082270
https://doi.org/10.1371/journal.pgen.1006263
https://doi.org/10.3390/plants13050723
https://doi.org/10.1073/pnas.1615676114
https://doi.org/10.1073/pnas.2300446120
https://doi.org/10.3390/ijms22168685
https://doi.org/10.3390/plants13030371
https://doi.org/10.1111/pce.15203
https://www.ncbi.nlm.nih.gov/pubmed/39420598
https://doi.org/10.3389/fpls.2021.690363
https://www.ncbi.nlm.nih.gov/pubmed/34858444
https://doi.org/10.1093/jxb/erv357
https://www.ncbi.nlm.nih.gov/pubmed/26249310
https://doi.org/10.1093/jxb/erad444
https://doi.org/10.1093/jxb/ery037
https://doi.org/10.1038/nplants.2017.29
https://doi.org/10.1093/jxb/eraa033
https://doi.org/10.1038/s41467-020-14440-8
https://doi.org/10.1093/jxb/ert369
https://doi.org/10.3389/fpls.2025.1546011
https://doi.org/10.1111/tpj.15011
https://doi.org/10.1093/jxb/erv252
https://www.ncbi.nlm.nih.gov/pubmed/26019251
https://doi.org/10.1105/tpc.18.00011
https://www.ncbi.nlm.nih.gov/pubmed/29764985
https://doi.org/10.1371/journal.pone.0004502
https://doi.org/10.4161/psb.4.7.8540
https://doi.org/10.1007/s42994-020-00027-w
https://www.ncbi.nlm.nih.gov/pubmed/36304130
https://doi.org/10.1038/nature12030
https://doi.org/10.1093/hr/uhae099
https://doi.org/10.1177/00368504241301533
https://doi.org/10.1038/emboj.2013.61
https://www.ncbi.nlm.nih.gov/pubmed/23524850

Biology 2025, 14, 1099 17 of 18

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.
137.

138.

139.

140.

141.

Baena-Gonzalez, E.; Rolland, F,; Thevelein, ].M.; Sheen, J. A central integrator of transcription networks in plant stress and energy
signalling. Nature 2007, 448, 938-942. [CrossRef] [PubMed]

Morales-Herrera, S.; Paul, M.].; Van Dijck, P.; Beeckman, T. SnRK1/TOR/T6P: Three musketeers guarding energy for root growth.
Trends Plant Sci. 2024, 29, 1066-1076. [CrossRef]

Artins, A.; Martins, M.C.; Meyer, C.; Fernie, A.R; Caldana, C. Sensing and regulation of C and N metabolism-novel features and
mechanisms of the TOR and SnRK1 signaling pathways. Plant . 2024, 118, 1268-1280. [CrossRef]

Fortunato, S.; Nigro, D.; Lasorella, C.; Marcotuli, I.; Gadaleta, A.; de Pinto, M.C. The role of glutamine synthetase (GS) and
glutamate synthase (GOGAT) in the Improvement of nitrogen use efficiency in cereals. Biomolecules 2023, 13, 1771. [CrossRef]
[PubMed]

Masclaux-Daubresse, C.; Reisdorf-Cren, M.; Pageau, K.; Lelandais, M.; Grandjean, O.; Kronenberger, J.; Valadier, M.; Feraud, M.;
Jouglet, T.; Suzuki, A. Glutamine synthetase-glutamate synthase pathway and glutamate dehydrogenase play distinct roles in the
sink-source nitrogen cycle in tobacco. Plant Physiol. 2006, 140, 444—456. [CrossRef]

Ban, Z.; Estelle, M. CUL3 E3 ligases in plant development and environmental response. Nat. Plants 2021, 7, 6-16. [CrossRef]
Fang, X.; Fang, S.; Ye, Z.; Liu, D.; Zhao, K,; Jin, C. NRT1.1 dual-affinity nitrate transport/signalling and its roles in plant abiotic
stress resistance. Front. Plant Sci. 2021, 12, 715694. [CrossRef]

Ding, Y,; Yang, H.; Wu, S.; Fu, D.; Li, M.; Gong, Z.; Yang, S. CPK28-NLP7 module integrates cold-induced Ca2* signal and
transcriptional reprogramming in Arabidopsis. Sci. Adv. 2022, 8, eabn7901. [CrossRef]

Habets, M.E.; Offringa, R. PIN-driven polar auxin transport in plant developmental plasticity: A key target for environmental
and endogenous signals. New Phytol. 2014, 203, 362-377. [CrossRef]

Melchior, E,; Schergaut, M.; Pichler, A. SUMO: Ligases, isopeptidases and nuclear pores. Trends Biochem. Sci. 2003, 28, 612-618.
[CrossRef]

Samantara, K.; Shiv, A.; de Sousa, L.L.; Sandhu, K.S.; Priyadarshini, P.; Mohapatra, S.R. A comprehensive review on epigenetic
mechanisms and application of epigenetic modifications for crop improvement. Environ. Exp. Bot. 2021, 188, 104479. [CrossRef]
Zhang, Y.; Ma, Y,; Zhao, D.; Tang, Z.; Zhang, T.; Zhang, K.; Dong, J.; Zhang, H. Genetic regulation of lateral root development.
Plant Signal. Behav. 2023, 18, 2081397. [CrossRef]

Julian, R.; Patrick, RM.; Li, Y. Organ-specific characteristics govern the relationship between histone code dynamics and
transcriptional reprogramming during nitrogen response in tomato. Commun. Biol. 2023, 6, 1225. [CrossRef] [PubMed]
Bieluszewski, T.; Prakash, S.; Roulé, T.; Wagner, D. The role and activity of SWI/SNF chromatin remodelers. Annu. Rev. Plant Biol.
2023, 74, 139-163. [CrossRef] [PubMed]

Ojolo, S.P; Cao, S.; Priyadarshani, S.V.G.N.; Li, W,; Yan, M.; Aslam, M.; Zhao, H.; Qin, Y. Regulation of plant growth and
development: A review from a chromatin remodeling perspective. Front. Plant Sci. 2018, 9, 1232. [CrossRef] [PubMed]

Vidal, E.A.; Araus, V.; Lu, C.; Parry, G.; Green, PJ.; Coruzzi, G.M.; Gutiérrez, R.A. Nitrate-responsive miR393/AFB3 regulatory
module controls root system architecture in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 2010, 107, 4477-4482. [CrossRef]
Liang, G.; He, H.; Li, Y.; Wang, F.; Yu, D. Molecular mechanism of microRNA396 mediating pistil development in Arabidopsis.
Plant Physiol. 2014, 164, 249-258. [CrossRef] [PubMed]

Lopez-Bucio, J.; Cruz-Ramirez, A.; Herrera-Estrella, L. The role of nutrient availability in regulating root architecture. Curr. Opin.
Plant Biol. 2003, 6, 280-287. [CrossRef]

Wendrich, ].R.; Yang, B.; Vandamme, N.; Verstaen, K.; Smet, W.; Van de Velde, C.; Minne, M.; Wybouw, B.; Mor, E.; Arents, H.E.;
et al. Vascular transcription factors guide plant epidermal responses to limiting phosphate conditions. Science 2020, 370, eaay4970.
[CrossRef]

Koprivova, A.; Suter, M.; den Camp, R.O.; Brunold, C.; Kopriva, S. Regulation of sulfate assimilation by nitrogen in Arabidopsis.
Plant Physiol. 2000, 122, 737-746. [CrossRef]

Ristova, D.; Kopriva, S. Sulfur signaling and starvation response in Arabidopsis. iScience 2022, 25, 104242. [CrossRef]

Hinsinger, P.; Plassard, C.; Tang, C.; Jaillard, B. Origins of root-mediated pH changes in the rhizosphere and their responses to
environmental constraints: A review. Plant Soil 2003, 248, 43-59. [CrossRef]

Zhang, H.Q.; Zhao, X.Q.; Shi, Y.; Liang, Y.; Shen, R.E. Changes in soil bacterial communities with increasing distance from maize
roots affected by ammonium and nitrate additions. Geoderma 2021, 398, 115102. [CrossRef]

Oléh, B.; Briére, C.; Bécard, G.; Dénarié, J.; Gough, C. Nod factors and a diffusible factor from arbuscular mycorrhizal fungi
stimulate lateral root formation in Medicago truncatula via the DMI1/DMI2 signalling pathway. Plant . 2010, 44, 195-207.
[CrossRef] [PubMed]

Maillet, E; Poinsot, V.; André, O.; Puech-Pages, V.; Haouy, A.; Gueunier, M.; Cromer, L.; Giraudet, D.; Formey, D.; Niebel, A.; et al.
Fungal lipochitooligosaccharide symbiotic signals in arbuscular mycorrhiza. Nature 2011, 469, 58-63. [CrossRef]

Jiang, Y.; Wang, W.; Xie, Q.; Liu, N.; Liu, L.; Wang, D.; Zhang, X.; Yang, C.; Chen, X,; Tang, D.; et al. Plants transfer lipids to sustain
colonization by mutualistic mycorrhizal and parasitic fungi. Science 2017, 372, 864-868. [CrossRef] [PubMed]


https://doi.org/10.1038/nature06069
https://www.ncbi.nlm.nih.gov/pubmed/17671505
https://doi.org/10.1016/j.tplants.2024.03.006
https://doi.org/10.1111/tpj.16684
https://doi.org/10.3390/biom13121771
https://www.ncbi.nlm.nih.gov/pubmed/38136642
https://doi.org/10.1104/pp.105.071910
https://doi.org/10.1038/s41477-020-00833-6
https://doi.org/10.3389/fpls.2021.715694
https://doi.org/10.1126/sciadv.abn7901
https://doi.org/10.1111/nph.12831
https://doi.org/10.1016/j.tibs.2003.09.002
https://doi.org/10.1016/j.envexpbot.2021.104479
https://doi.org/10.1080/15592324.2022.2081397
https://doi.org/10.1038/s42003-023-05601-8
https://www.ncbi.nlm.nih.gov/pubmed/38044380
https://doi.org/10.1146/annurev-arplant-102820-093218
https://www.ncbi.nlm.nih.gov/pubmed/36889009
https://doi.org/10.3389/fpls.2018.01232
https://www.ncbi.nlm.nih.gov/pubmed/30186301
https://doi.org/10.1073/pnas.0909571107
https://doi.org/10.1104/pp.113.225144
https://www.ncbi.nlm.nih.gov/pubmed/24285851
https://doi.org/10.1016/S1369-5266(03)00035-9
https://doi.org/10.1126/science.aay4970
https://doi.org/10.1104/pp.122.3.737
https://doi.org/10.1016/j.isci.2022.104242
https://doi.org/10.1023/A:1022371130939
https://doi.org/10.1016/j.geoderma.2021.115102
https://doi.org/10.1111/j.1365-313X.2005.02522.x
https://www.ncbi.nlm.nih.gov/pubmed/16212600
https://doi.org/10.1038/nature09622
https://doi.org/10.1126/science.aam9970
https://www.ncbi.nlm.nih.gov/pubmed/28596307

Biology 2025, 14, 1099 18 of 18

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Zhao, M.; Gao, Z.; Kuang, C.; Chen, X. Partial root-zone drying combined with nitrogen treatments mitigates drought responses
in rice. Front. Plant Sci. 2024, 15, 1381491. [CrossRef]

Plett, D.C.; Ranathunge, K.; Melino, V.J.; Kuya, N.; Uga, Y.; Kronzucker, H.]J. The intersection of nitrogen nutrition and water use
in plants: New paths toward improved crop productivity. J. Exp. Bot. 2020, 71, 4452-4468. [CrossRef]

Shulse, C.N.; Cole, B.J.; Ciobanu, D.; Lin, J.; Yoshinaga, Y.; Gouran, M.; Turco, G.M.; Zhu, Y.; O’'Malley, R.C.; Brady, S.M.; et al.
High-throughput single-cell transcriptome profiling of plant cell types. Cell Rep. 2019, 27, 2241-2247.e4. [CrossRef] [PubMed]
Collins, C.; Maruthi, N.M.; Jahn, C.E. CYCD3 D-type cyclins regulate cambial cell proliferation and secondary growth in
Arabidopsis. |. Exp. Bot. 2015, 66, 4595-4606. [CrossRef]

Ham, B.K.; Lucas, W.J. Phloem-mobile RNAs as systemic signaling agents. Annu. Rev. Plant Biol. 2017, 68, 173-195. [CrossRef]
[PubMed]

Xu, R,; Wang, P; Pang, Y.; Liu, H.; Zhang, T.; Li, Y.; Zhang, S. Involvement of the miR156/SPLs/NLP7 modules in plant lateral
root development and nitrogen uptake. Planta 2025, 261, 127. [CrossRef]

Rowe, ].H.; Jones, A.M. Focus on biosensors: Looking through the lens of quantitative biology. Quant. Plant Biol. 2021, 2, e12.
[CrossRef] [PubMed]

Ovecka, M.; Sojka, J.; Ticha, M.; Komis, G.; Basheer, J.; Marchetti, C.; Samajova, O.; Kubenovg, L.; éamaj, J. Imaging plant cells and
organs with light-sheet and super-resolution microscopy. Plant Physiol. 2022, 188, 683-702. [CrossRef]

Choudhary, P,; Asif, M.; Srivastava, D. Computational Neuroscience: Simulating the Systems Biology of Synaptic Plasticity. In
Synaptic Plasticity in Neurodegenerative Disorders; CRC Press: Boca Raton, FL, USA, 2025; pp. 226-249.

Zenda, T,; Liu, S.; Dong, A.; Li, J.; Wang, Y.; Liu, X.; Wang, N.; Duan, H. Omics-facilitated crop improvement for climate resilience
and superior nutritive value. Front. Plant Sci. 2021, 12, 774994. [CrossRef]

Riveras, E.; Alvarez, ].M.; Vidal, E.A.; Oses, C.; Vega, A.; Gutiérrez, R.A. The calcium ion is a second messenger in the nitrate
signaling pathway of Arabidopsis. Plant Physiol. 2015, 169, 1397-1404. [CrossRef]

Ruffel, S.; Del Rosario, J.; Lacombe, B.; Rouached, H.; Gutiérrez, R.A.; Coruzzi, G.M.; Krouk, G. Nitrate sensing and signaling in
plants: Comparative insights and nutritional interactions. Annu. Rev. Plant Biol. 2025, 76, 25-52. [CrossRef]

Garnett, T.; Conn, V.; Kaiser, B.N. Root based approaches to improving nitrogen use efficiency in plants. Plant Cell Environ. 2010,
32, 1272-1283. [CrossRef] [PubMed]

Gaudinier, A.; Rodriguez-Medina, J.; Zhang, L.; Olson, A.; Liseron-Monfils, C.; Bagman, A.M.; Foret, J.; Abbitt, S.; Tang, M.; Li, B.;
et al. Transcriptional regulation of nitrogen-associated metabolism and growth. Nature 2018, 563, 259-264. [CrossRef] [PubMed]
Lynch, J.P. Root phenotypes for improved nutrient capture: An underexploited opportunity for global agriculture. New Phytol.
2019, 223, 548-564. [CrossRef] [PubMed]

Magbool, S.; Hassan, M.A; Xia, X.; York, L.M.; Rasheed, A.; He, Z. Root system architecture in cereals: Progress, challenges and
perspective. Plant J. 2022, 110, 23—42. [CrossRef]

Alfatih, A.; Wu, J.; Zhang, Z.S; Xia, J.Q.; Jan, S.U.; Yu, L.H.; Xiang, C.B. Rice NIN-LIKE PROTEIN 1 rapidly responds to nitrogen
deficiency and improves yield and nitrogen use efficiency. J. Exp. Bot. 2020, 71, 6032—-6042. [CrossRef]

Srikanth, B.; Rao, I.S.; Surekha, K.; Subrahmanyam, D.; Voleti, S.R.; Neeraja, C.N. Enhanced expression of OsSPL14 gene and its
association with yield components in rice (Oryza sativa) under low nitrogen conditions. Gene 2016, 576, 441-450. [CrossRef]

Du, H.; Ning, L.; He, B.; Wang, Y.; Ge, M.; Xu, ].; Zhao, H. Cross-species root transcriptional network analysis highlights conserved
modules in response to nitrate between maize and sorghum. Int. J. Mol. Sci. 2020, 21, 1445. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fpls.2024.1381491
https://doi.org/10.1093/jxb/eraa049
https://doi.org/10.1016/j.celrep.2019.04.054
https://www.ncbi.nlm.nih.gov/pubmed/31091459
https://doi.org/10.1093/jxb/erv218
https://doi.org/10.1146/annurev-arplant-042916-041139
https://www.ncbi.nlm.nih.gov/pubmed/28125282
https://doi.org/10.1007/s00425-025-04688-z
https://doi.org/10.1017/qpb.2021.10
https://www.ncbi.nlm.nih.gov/pubmed/37077214
https://doi.org/10.1093/plphys/kiab349
https://doi.org/10.3389/fpls.2021.774994
https://doi.org/10.1104/pp.15.00961
https://doi.org/10.1146/annurev-arplant-083123-053039
https://doi.org/10.1111/j.1365-3040.2009.02011.x
https://www.ncbi.nlm.nih.gov/pubmed/19558408
https://doi.org/10.1038/s41586-018-0656-3
https://www.ncbi.nlm.nih.gov/pubmed/30356219
https://doi.org/10.1111/nph.15738
https://www.ncbi.nlm.nih.gov/pubmed/30746704
https://doi.org/10.1111/tpj.15669
https://doi.org/10.1093/jxb/eraa292
https://doi.org/10.1016/j.gene.2015.10.062
https://doi.org/10.3390/ijms21041445

	Introduction 
	N-Sensing and Primary Signaling Modules in Roots 
	Nitrate Sensing: Transceptors and Transcriptional Hubs 
	Ammonium Sensing: Transporters and Toxicity Responses 
	Organic N Sensing: Amino Acid Transporters and Signaling 

	Integration of N Signals with Lateral Root Development: Hormonal Crosstalk and Transcriptional Networks 
	Hormonal Crosstalk 
	Auxin 
	Other Hormones 

	Transcriptional Networks 

	Systemic N Signaling Coordinating Shoot–Root Communication 
	CEP Signaling 
	Cytokinin Signaling 
	Sugar Signaling 

	Modulatory Influences: C/N Balance, Epigenetics, and Environmental Interactions 
	C/N Balance: Metabolic Integrators of LR Plasticity 
	Post-Translational and Epigenetic Regulation 
	Interactions with Other Nutrients and Environmental Factors 

	Emerging Insights and Future Perspectives 
	Emerging Insights 
	Future Perspectives 

	Conclusions 
	References

