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SUMMARY

Carbon (C) and nitrogen (N) metabolisms are tightly integrated to allow proper plant growth and development.

Photosynthesis is dependent on N invested in chlorophylls, enzymes, and structural components of the photo-

synthetic machinery, while N uptake and assimilation rely on ATP, reducing equivalents, and C-skeletons pro-

vided by photosynthesis. The direct connection between N availability and photosynthetic efficiency allows the

synthesis of precursors for all metabolites and building blocks in plants. Thus, the capacity to sense and

respond to sudden changes in C and N availability is crucial for plant survival and is mediated by complex yet

efficient signaling pathways such as TARGET OF RAPAMYCIN (TOR) and SUCROSE-NON-FERMENTING-1-

RELATED PROTEIN KINASE 1 (SnRK1). In this review, we present recent advances in mechanisms involved in

sensing C and N status as well as identifying current gaps in our understanding. We finally attempt to provide

new perspectives and hypotheses on the interconnection of diverse signaling pathways that will allow us to

understand the integration and orchestration of the major players governing the regulation of the CN balance.

Keywords: CN balance, nutrient signaling, metabolism.

INTRODUCTION

Metabolism is at the heart of life as it ensures the conver-

sion of nutrients into energy, synthesizes molecules neces-

sary for growth and repair and recycles degradation

products. The ability to rewire metabolic activity to main-

tain homeostasis is fundamental to drive organism adapta-

tion in response to changes in environmental conditions

(Judge & Dodd, 2020). Maintaining an optimal metabolic

state is primordial for sessile and multicellular organisms

such as plants, which must continuously adjust their physi-

ology to adapt to changes in light intensity and duration,

temperature, and the availability of water and nutrients.

The stationary and photoautotrophic nature of plants

requires the availability of sufficient surrounding nutrients,

with carbon (C) and nitrogen (N) being the most limiting

for plant metabolism, growth, development, and ultimately

in the case of crops also productivity (Coruzz & Bush, 2001;

Nunes-Nesi et al., 2010). In land plants, the sites where

these two elements are absorbed are spatially separated.

During the day, photosynthetic leaves fix atmospheric CO2

by the Calvin-Benson cycle, using energy (ATP) and

reducing power (NADPH) produced in the light reactions

(Sharkey, 2019). The main end products of photosynthesis

in higher plants are sucrose and starch. Sucrose is the C

and energy source that fuels cellular activities and is, in

most species, the preferential form of sugar exported to

the heterotrophic sink organs. In contrast, starch is accu-

mulated as a short-term storage pool in the chloroplast

and is broken down when sucrose supply by photosynthe-

sis is limited or not possible (.e.g., during the night) (Smith

& Zeeman, 2020). Differently from C, inorganic N is

absorbed from the soil by roots predominantly in the form

of nitrate (NO�
3 ) and ammonium (NHþ

4 ), but alternatively,

organic N (e.g., amino acids, peptides, proteins, and other

N-containing molecules) can be taken up (Enggrob

et al., 2019; Guo et al., 2020). N is assimilated in root and/or

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial
and no modifications or adaptations are made.

1

The Plant Journal (2024) doi: 10.1111/tpj.16684

https://orcid.org/0000-0001-9000-335X
https://orcid.org/0000-0001-9000-335X
https://orcid.org/0000-0001-9000-335X
https://orcid.org/0000-0003-3639-0621
https://orcid.org/0000-0003-3639-0621
https://orcid.org/0000-0003-3639-0621
mailto:caldana@mpimp-golm.mpg.de
mailto:fernie@mpimp-golm.mpg.de
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Ftpj.16684&domain=pdf&date_stamp=2024-02-13


photosynthetic leaves by the action of several enzymes into

Gln using 2-oxoglutarate (2-OG) derived from C assimila-

tion and photorespiration as the N acceptor (Hodges, 2002).

Therefore, sensing nutritional status coupled with the abil-

ity to convey these signals within the cells and between

organs is crucial to coordinate metabolic pathways that

adjust C/N partitioning and use in a temporally controlled

manner. These functions are ensured by well-conserved

eukaryotic signaling pathways including the TARGET OF

RAPAMYCIN (TOR) and SUCROSE-NON-FERMENTING-1-

RELATED PROTEIN KINASE 1 (SnRK1) (Figure 1).

In plants, the TOR kinase acts in a complex with the

REGULATORY-ASSOCIATED PROTEIN OF TOR (RAPTOR),

and LETHAL WITH SEC 13 PROTEIN 8 (LST8), which filter

out signal transduction pathways converging to TOR and

recruit substrates to target the regulation of specific bio-

logical processes (Aylett et al., 2016; Kim et al., 2002). TOR

activity is regulated by a multitude of signals, with its acti-

vation being generally promoted by nutrient sufficiency

and typically suppressed in situations of nutrient scarcity

(Artins & Caldana, 2022; Caldana et al., 2019; Dobrenel

et al., 2013; Shi et al., 2018). For instance, TOR promotes

growth in response to C and N availability signals achieved

through the phosphorylation of both, the E2Fa

transcription factor and the RIBOSOMAL PROTEIN S6

KINASE 1 (S6K1), leading to the transcriptional reprogram-

ming and activation of protein synthesis, respectively (Li

et al., 2017; Liu et al., 2021; Schepetilnikov et al., 2013;

Xiong et al., 2013). By contrast, nutrient/energy scarcity

suppresses TOR activity leading to quiescent cells, and the

activation of recycling pathways (Li et al., 2017; Pu, Soto-

Burgos, & Bassham, 2017). A barrier hindering scientific

progress in comprehending the impact of TOR inhibition

and the identification of regulated metabolic processes is

the lethality caused by TOR loss of function (Menand

et al., 2002). Since this was discovered, innovative tools

were developed that enable the reduction of TOR activity

by genetic manipulation or chemical inhibition while avoid-

ing lethality (Anderson et al., 2005; Caldana et al., 2013;

Deprost et al., 2007; Montané & Menand, 2013, 2019;

Moreau et al., 2012; Perdoux et al., 2023; Ren et al., 2012;

Xiong et al., 2013). Downregulation of TOR signaling pro-

foundly affects metabolic homeostasis with noticeable

accumulation of C storage compounds (e.g., starch, raffi-

nose, and lipids), reduction in sucrose levels, increased

amino acid amounts, and perturbation of TCA metabolite

levels. In addition, constitutive activation of the

autophagy pathway occurs (Liu & Bassham, 2010; Mugume

et al., 2020; Pu, Luo, & Bassham, 2017; Pu, Soto-Burgos, &

Bassham, 2017). Indeed, autophagy is a key recycling pro-

cess activated during energy-limiting conditions in an

SnRK1-dependent fashion. SnRK1 assembles in heterotri-

mers composed of one catalytic α subunit that ensures the

phosphorylation of substrates and two regulatory subunits

β and γ (also occasionally referred to as βγ in plants) direct-

ing the composition and the localization of the complex

in plant cells (Emanuelle et al., 2015). The function of

this complex is crucial for plant survival, particularly in

response to low energy levels brought about by different

stresses that activate this signaling complex. Conversely,

SnRK1 is shut down by energy abundance. Upon energy

limitation, SnRK1 readjusts metabolism through the activa-

tion of energy conservation programs, such as the tran-

scription of catabolic-related genes by phosphorylating

bZIP transcription factors (Mair et al., 2015), autophagy by

phosphorylating autophagy-related (ATG) proteins (Chen

et al., 2017; Huang et al., 2019), and the regulation of meta-

bolic enzymes (Cho et al., 2016; Nukarinen et al., 2016).

The regulation of C and N metabolisms by TOR and

SnRK1 has been extensively discussed in previous reviews

(Artins & Caldana, 2022; Dobrenel et al., 2016; Peixoto &

Baena-González, 2022). However, our understanding of the

sensing and regulation of N metabolism appears to lag

behind that of C. In this review, the aim is to focus on the

regulation of C/N metabolism and on the latest research find-

ings that emphasize potential connections between essential

N sensors and metabolic regulators such as PII and Nodule

Inception-like proteins (NLPs) with TOR/SnRK1 signaling

Figure 1. Schematic representation of the C and N sensing and metabolic

regulation mediated by TORC and SnRK1 signaling pathways.

TORC and SnRK1 are central hubs that convey C- and N-related signals into

the regulation of general metabolism (transcription, protein translation, and

protein activity). At the periphery are represented the environmental condi-

tions affecting C and N availability. Light–dark cycles are represented by the

sun and the moon, cold is illustrated by a snowflake, fertilizer bag denotes

nutrient availability, flooding/excess of water is represented by the water

droplet, drought is illustrated by the sun/cracked soil and the cloud repre-

sented variation in light intensity. C, carbon; N, nitrogen; SnRK1, SUCROSE-

NON-FERMENTING-1-RELATED PROTEIN KINASE 1; TORC, TARGET OF

RAPAMYCIN COMPLEX. Image created with BioRender.com.
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pathways. Then, new perspectives will be proposed to high-

light the intricate interplay between these key regulatory ele-

ments, providing a comprehensive understanding of C/N

metabolism regulation.

TOR-C signaling in mediating regulation of N metabolism

Common metabolic responses triggered by the downregula-

tion of TOR signaling in photosynthetic organisms include a

massive increase in the levels of amino acids, elevated hex-

oses and reduced sucrose contents, and starch and triacyl-

glycerol accumulation (Moreau et al., 2012; Caldana

et al., 2013; da Silva et al., 2021; Jüppner et al., 2018; Mubeen

et al., 2018; Pancha et al., 2019; Ren et al., 2012; Salem

et al., 2018). However, alterations in C/N metabolite abun-

dance do not indicate whether a specific change is a direct or

indirect consequence of TOR. That said they do suggest that

TOR may have an impact on both C and N signaling and

metabolic pathways, potentially serving as a means to mod-

ulate the reciprocal influence between them. Some evidence

has come from work carried out using unicellular organisms.

The first evidence that TOR is activated by C fixation comes

from a recent work on the model unicellular organism

Chlamydomonas reinhardtii, where feeding HCO�
3 as a C

source for photosynthesis stimulated the phosphorylation of

the RIBOSOMAL PROTEIN S6 (RPS6), a downstream target

and known readout for TOR activity (Mallén-Ponce

et al., 2022). Impairment of starch synthesis leads to a

significant decrease in photosynthetic ability and a shift in

the utilization of C fixed during photosynthesis, such as the

ones observed in the sta6 mutant that lacks functional

ADP-glucose pyrophosphorylase crucial for starch

synthesis (Saroussi et al., 2019). Despite the reduced C fixa-

tion in sta6, TOR kinase was hyperactivated. Metabolic profil-

ing analysis revealed that the level of a set of amino acids

was elevated, most notably for Gln (Mallén-Ponce

et al., 2022), which is known to promote TOR signaling in

other model organisms (González & Hall, 2017). The stimula-

tion of Gln, among other amino acid levels in this mutant

can be explained by a redirection of C toward amino acid

synthesis, rather than starch, in order to maintain growth.

Mallén-Ponce et al. (2022) elegantly identified that not only C

fixation but also C assimilation contributed to the activation

of TOR signaling (Mallén-Ponce et al., 2022). It has been

shown that the rapid increase in amino acids under TOR

repression results from stimulation of N uptake (increased
15N uptake), assimilation (increased activity of GS and

GOGAT), and draining of C and N to support upregulation of

de novo amino acid synthesis (Mubeen et al., 2018). This

would appear to represent an attempt to restore TOR activity

to maintain metabolic homeostasis (Figure 2).

In Arabidopsis, nutrient limitation by extended dark-

ness suppressed the increase in most amino acids triggered

by TOR inhibition, reduced the ratio of C/N assessed by the

2-OG/Glu ratio, and abolished the fluctuations in this ratio

Figure 2. Novel and potential mechanism of the TORC signaling pathway leading to the regulation of C/N balance.

TORC plays a crucial role in the regulation of N metabolism by utilizing two pathways: C signaling and direct N sensing. An example of C signaling is observed in

the Chlamydomonas mutant sta6, which redirects C toward amino acid synthesis and potentially influences N uptake and metabolism through the degradation prod-

ucts of starch, such as glucose-6-phosphate (G6P). On the other hand, direct N sensing requires the involvement of ROP2 to activate the TORC pathway. AAs, amino

acids; ADP-glu, adenosine diphosphate glucose; G1P, glucose 1-phosphate; NO�
3 , nitrate; NOþ

4 , ammonium; P, phosphate; ROP2, RHO-LIKE GTPASE FROM PLANTS

2; TORC, TARGET OF RAPAMYCIN COMPLEX. Dashed arrows and lines represent indirect and direct regulation, respectively. Image created with BioRender.com.
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along the diel cycle, confirming that de novo amino acid

synthesis depends on C availability (Mubeen et al., 2019). A

recent study demonstrated that TOR activity is modulated

by C fixation via the intracellular abundance of particular

amino acids (Ala, Glu, Gln, Leu, and Val) in Chlamydomo-

nas (Mallén-Ponce et al., 2022). These results nicely

exemplify the link between C/N homeostasis and TOR,

suggesting that TOR mediating sugar signaling and metab-

olism is tightly linked to N assimilation. In Arabidopsis, an

illustration of the regulation of N metabolism mediated by

the TOR-C signaling pathway can be proposed in the

context of starch metabolism coupled with sugar signaling

(Figure 2). For instance, TOR phosphorylates proteins

involved in starch degradation (Han et al., 2022; Van Leene

et al., 2019). Whether these phosphorylation events explain

the modification of starch metabolism in TOR-inhibited

plants remains to be characterized. Intermediate products

of starch degradation, such as glucose 6-phosphate (G6P),

are involved in at least three metabolic pathways namely

the oxidative pentose phosphate pathway (OPPP), glycoly-

sis, and trehalose metabolism, and can modulate the

assimilation of inorganic N. First, the expression of the NO�
3

transporters NRT1.1 and 2.1 positively correlate with the

abundance of G6P (Lejay et al., 2008). Second, G6P dehy-

drogenase, the first enzymatic step of the OPPP, converts

G6P into P-gluconolactone simultaneously generating one

molecule of NADPH. This NADPH is subsequently required

for the reduction of NO�
2 into NHþ

4 , and further incorporated

into amino acids by the GOGAT (Jiang et al., 2022). This

might represent a potential sugar-signaling action of TOR

to regulate N metabolism in higher plants.

TOR: Novel aspects toward the regulation of N signaling

and metabolism

Recent research has revealed that TOR responds to N-

derived compounds to regulate N metabolism. Evidence

that amino acids stimulate TOR activity in plants came from

Arabidopsis mutants with impaired Leu synthesis that accu-

mulate branched-chain amino acids (BCAAs) (Cao

et al., 2019; Schaufelberger et al., 2019). The high levels of

BCAAs were correlated with the increased phosphorylation

status of the RIBOSOMAL PROTEIN S6 KINASE (S6K) (Cao

et al., 2019), a conserved TOR target crucial for translation

initiation (Henriques et al., 2013; Schepetilnikov et al., 2013).

The exogenous supply of Gln and Ile to mature leaf discs of

Arabidopsis also stimulated TOR activity and led to down-

stream effects on respiratory substrate use (O’Leary

et al., 2020). Recently, 15 amino acids were assessed as to

whether they could restore TOR activity in Arabidopsis

seedlings starved for inorganic N (Liu et al., 2021). The high-

est effects were observed with Gln, Ala, Gly, and Cys. By

contrast, Ser, Glu, Asp, and Leu exhibited only modest TOR

activation, whereas Val, His, Ile, Thr, Met, Asn, and Lys dis-

played low levels of activation. A possible explanation for

the observed responses to specific amino acids might be

that they differentially modulate TOR activity according to

tissue or cell type. In addition to the effects of the amino

acids, these authors revealed that NO�
3 and NHþ

4 are primary

N signals for TOR activation in the leaf primordium, stimu-

lating cell proliferation and leaf development. Interestingly,

under TORC repression either by chemical inhibition using

AZD-8055 or genetic mutations in its components RAP-

TOR1B and LST8 the accumulation of Gln was effectively

counteracted in the presence of the herbicide glufosinate-

ammonium in the media, a potent inhibitor of GS (Ingar-

giola et al., 2023). Although impaired TORC function led to

higher expression of genes encoding GLUTAMATE SYN-

THETASE 1 (GS1) isoforms and increased GS1 and GLUTA-

MATE SYNTHETASE 2 (GS2) protein levels, GS activity was

lower. Since the decrease in GS activity was proportional to

Gln levels, this could suggest a feedback mechanism. How-

ever, it remains to be elucidated if TOR also impacts GS

activity via direct or indirect phosphorylation. Interestingly,

short- (5 h) or long-term (24 h) stimulation of TOR activity by

sucrose is suppressed when seedlings are co-treated with

glufosinate-ammonium targeting GS, in a similar manner as

AZD-8055 treatment (Ingargiola et al., 2023). This further

illustrates that a functional N assimilation pathway is

required for the sucrose-mediated TORC activity and that

both, C and N signals are important to regulate the activity

and function of this kinase. Although some TOR upstream

and downstream targets were elucidated in photosynthetic

organisms, the precise mechanisms involved in C/N sensing

by this kinase complex are still enigmatic. Important compo-

nents upstream of TOR described in animals and fungi such

as the RAG and Rab GTPases (Wolfson & Sabatini, 2017) are

missing in photosynthetic organisms. However, the RHO-

LIKE GTPASE FROM PLANTS 2 (ROP2) has been identified

as a key player in the activation of TOR signaling in plants,

not only integrating glucose and auxin stimuli (Li

et al., 2017; Schepetilnikov et al., 2017) but also N signals

(Liu et al., 2021). This underscores the intricate signaling

network, revealing plants ability to evolve sophisticated

relay mechanisms that sense and trigger responses toward

diverse signals. In this context, it is notable that plants can

coordinate responses to signals associated with C, N, and

hormonal cues, likely to interconnect the responses of their

various tissues. Phosphoproteomics studies, performed on

Arabidopsis cell cultures and whole seedlings, have

revealed that key enzymes maintaining C/N balance are

putatively phosphorylated by TOR such as GLUTAMATE

DECARBOXYLASE 3 (AT2G02000), PHOSPHOENOLPYR-

UVATE CARBOXYLASE 2 (AT2G42600), and PHOSPHO-

ENOLPYRUVATE CARBOXYKINASE 1 and 2 (AT4G37870

and AT5G65690, respectively) (Scarpin et al., 2020; Van

Leene et al., 2019). These findings suggest that the TOR

pathway affects C and N metabolism at multiple levels in

metabolic pathways.

� 2024 The Authors.
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To date, findings in the unicellular green algae Chla-

mydomonas and the multicellular photosynthetic organ-

ism Arabidopsis have started to shed light on the

complexity of the regulatory mechanisms behind C/N inter-

actions mediated by TOR (Figure 2). Nevertheless, further

analyses in the multicellular environment are necessary to

better understand these interactions and dissect their con-

tribution to the C/N balance.

SnRK1 mediates major signaling pathways intersecting

C/N metabolism

SnRK1 activity depends on the phosphorylation of the

kinase domain T-loop of the α-subunit (Martı́nez-Barajas &

Coello, 2020). This subunit is translocated to the nucleus,

where it interacts with chromatin and activates the tran-

scription of more than a thousand genes, repressing

energy-consuming processes (Baena-González et al., 2007;

Henninger et al., 2022; Ramon et al., 2019). Part of this

transcription regulation is mediated by S1- and C class

BASIC LEUCINE ZIPPER (bZIP ) transcription factors, which

form heterodimers and control metabolic reprogramming.

Although these bZIPs were identified as targets of SnRK1

(Baena-González et al., 2007; Ma et al., 2011; Pedrotti

et al., 2018), only bZIP63 was demonstrated to be directly

phosphorylated by this kinase in vivo (Mair et al., 2015).

bZIP63 mutants display faster starch degradation mediated

by the upregulation of transcripts involved in this process

(α-GLUCAN, WATER DIKINASE1/STARCH EXCESS1; PHOS-

PHOGLUCAN, WATER DIKINASE; and DISPROPORTIONAT-

ING ENZYME 2) and impaired growth (Viana et al., 2021).

The bzip63-2 mutant also has lower 2-OG, but unaltered

Glu and Gln levels, further corroborating the limiting C

availability. Given that bZIP63 regulates and is regulated

by the circadian clock, this transcription factor was pro-

posed as a link between the efficient use of C reserves and

growth under diel cycles (Frank et al., 2018; Viana

et al., 2021). The interaction of bZIP63 and SnRK1 is stron-

ger in the presence of bZIP2, and these three components

form a complex on the promoter region of ELECTRON-

TRANSFER FLAVOPROTEIN: UBIQUINONE OXIDO-

REDUCTASE (ETFQO) to trigger its transcription (Pedrotti

et al., 2018). ETFQO is involved in BCAA catabolism, and

its activation would ensure an alternative respiratory path-

way to support respiration under conditions of carbohy-

drate limitation. These studies show that bZIP63 has a

more far-reaching effect on plant metabolism, connecting

gene regulation, cellular adaptation, and C and N pools.

Another SnRK1 target, bZIP53, is involved in the regulation

of Pro and BCAA catabolism via the transcriptional modu-

lation of PROLINE DEHYDROGENASE 1 and BRANCHED-

CHAIN AMINO ACID TRANSFERASE 2, respectively. Such a

modulation occurs not only under energy starvation (Die-

trich et al., 2011) but also during the diurnal cycle (Garg

et al., 2019). The interaction of bZIP63 and SnRK1 is also

necessary for bZIP63 to activate the promoter region of the

cytosolic PYRUVATE, ORTHOPHOSPHATE DIKINASE,

allowing sugars to be made from pyruvate (a major prod-

uct of protein breakdown) and fuelling gluconeogenesis

during seedling establishment (Henninger et al., 2022)

(Figure 3).

Another mechanism by which SnRK1 regulates tran-

scription is by the retention of transcription factors in the

cytosol. Limitation in N is widely recognized to accelerate

the floral transition, but only recently the underlying mech-

anism started to be uncovered. (Sanagi et al., 2021) identi-

fied that the FLOWERING BHLH 4 (FBH4) transcription

factor acts as a crucial regulator of N-responsive flowering

in Arabidopsis. FBH4 is a highly phosphorylated protein

under optimal N conditions, but exhibits decreased phos-

phorylation levels in low N conditions which facilitates its

nuclear localization. This promotes the transcriptional acti-

vation of the core photoperiodic flowering pathway genes

CONSTANS (CO) and FLOWERING LOCUS T (FT ). In this

context, SnRK1 was found to directly phosphorylate FBH4,

leading to its retention in the cytoplasm under normal N

conditions. However, decreasing N levels reduce the activ-

ity of SnRK1 and therefore the phosphorylation of FBH4,

resulting in its nuclear localization and the transcriptional

activation of target genes.

More recently, the interconnection between C and N

signaling by SnRK1 started to be better explored in the

context of seed storage. SnRK1 integrates C signals to reg-

ulate seed N storage. Zeins are the main N storage com-

pound of maize seeds; their levels are partly adjusted

through the transcriptional regulation of zein-encoding

genes by Opaque2 (O2) transcription factor. Increase in

sucrose levels reduces the activity of ZmSnRK1, precluding

the phosphorylation and degradation of the E3 ubiquitin

ligase ZmRFWD3 (Li, Qi, et al., 2020). Enhanced sucrose

and ZmRFWD3 levels promote O2 nuclear translocation,

increasing the transcription of genes involved in zein syn-

thesis and storage, corroborating the negative effect of the

SnRK1 signaling pathway over N metabolism, probably to

maintain C/N homeostasis in the seeds. Interestingly,

SnRK1 regulates sheath-to-panicle remobilization of non-

structural carbohydrates (NSC) during rice grain filling.

This study revealed that OsSnRK1 activates proteins

related to NSC transport via phosphorylation leading to

the modification of starch degradation, sucrose metabo-

lism, phloem transport, sugar transport across the tono-

plast, and glycolysis in rice sheaths (Hu et al., 2022).

Following this study, the feedback loop regulation between

T6P and SnRK1 mediated by the NAC23 transcription factor

in response to sugar availability was identified in rice. High

sugar content downregulates TPS1 levels via OsNAC23,

stimulating sucrose export from source to sink organs.

Meanwhile, high T6P represses OsSnRK1a preventing the

degradation of OsNAC23, usually occurring in low sugar

� 2024 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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availability conditions to lower the remobilization of C to

sink organs (mostly grain) and maintain C homeostasis in

leaves. In addition, overexpression of OsNAC23 leads to a

rice yield increase of over 13%, denoting that manipulation

of this gene is of great interest to improve agronomic traits

(Li et al., 2022). Thus, in seeds, C/N metabolism appears to

be under tight regulatory control.

SnRK1α1 (also known as KIN10) regulates the phos-

phorylation status of about 500 proteins (Cho et al., 2016;

Li, Sanagi, et al., 2020; Nukarinen et al., 2016; Van Leene

et al., 2022), including RAPTOR1B and some crucial

enzymes in C (e.g., SUCROSE PHOSPHATE SYNTHASE –
SPS, TREHALOSE PHOSPHATE SYNTHASE – TPS,

FRUCTOSE-2,6 PHOSPHATE BIPHOSPHATASE) and N

(e.g., nitrate reductase) metabolism. This shows that

besides massively reprogramming gene expression

(Baena-González et al., 2007; Wang et al., 2020), SnRK1

interacts with other C/N signaling pathways and controls

the synthesis of important metabolites that play regulatory

roles. Trehalose-6-phosphate (T6P), the intermediate of tre-

halose synthesis, is considered a signal of sucrose

availability in plants and also regulates sucrose homeosta-

sis in growing sink organs (Fichtner et al., 2021; Yadav

et al., 2014). The negative feedback loop by which high

T6P levels reduce sucrose content involves decreasing the

supply of hexose phosphates for sucrose synthesis via

SUCROSE PHOSPHATE SYNTHASE (SPS) and diverting

the flux of C into respiratory pathways (Figueroa &

Lunn, 2016). Although the molecular mechanism has not

yet been fully elucidated, T6P activates the phosphoryla-

tion of the enzymes NR and PEPC, the latter important for

the anaplerotic synthesis of organic acids (Figueroa

et al., 2016). Thus, T6P also connects C and N metabo-

lisms. The activity of SnRK1 is allosterically inhibited by

T6P and other sugar phosphates, such as glucose-6-

phosphate and glucose-1-phosphate (Baena-González &

Lunn, 2020; Nunes et al., 2013; Zhang et al., 2009). In addi-

tion, T6P was shown to reduce the T-loop phosphorylation

of KIN10, lowering KIN10 association with the upstream

GEMINIVIRUS REP-INTERACTING KINASE 1 necessary for

SnRK1 activation (Zhai et al., 2018). Genetic manipulation

of SnRK1 catalytic subunits affects sucrose and T6P levels

Figure 3. Novel SnRK1-dependent mechanisms to maintain C/N balance.

SnRK1 governs the regulation of C/N balance at various levels including metabolic, transcriptomic, and protein. This intricate process involves the participation

of additional C/N players such as T6P, bZIPs, and NPLs, among others. For instance, SnRK1 plays a role in regulating the C status by inhibiting starch degrada-

tion or facilitating the catabolism of amino acids through bZIP. Additionally, T6P regulates enzymes involved in C assimilation and central metabolism, while

NPLs are responsible for regulating the uptake of NO�
3 . SnRK1 activates autophagy to recycle cellular compounds. AA, amino acid; bZIP, BASIC LEUCINE ZIP-

PER; Caþ2 , calcium; NO�
3 , nitrate; NPL7, NIN-LIKE PROTEIN 7; NRT1.1 NITRATE TRANSPORTER1.1; T6P, trehalose 6-phosphate; TCA, tricarboxylic acid. Solid

arrows represent a single enzymatic reaction. Dashed arrows and lines represent indirect and direct regulation or enzymatic reactions. Image created with

BioRender.com.
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in mature rosettes (Peixoto et al., 2021). Furthermore, the

expression of SnRK1-induced genes matches the opposite

behavior of T6P levels along the diel cycle, peaking at the

end of the night and reaching a minimum at the end of

the day. These results led to the conclusion that SnRK1

plays a role in sucrose homeostasis and transcriptome

remodeling during the diel cycle and SnRK1 activity is

influenced by diel fluctuations in T6P. Phosphoproteomics

and interactome analyses revealed that class II TPS iso-

forms, which instead of having a catalytic activity to form

T6P are regulatory proteins, repress SnRK1 kinase activity,

nuclear SnRK1 signaling, and the subcellular localization of

the α subunits (Van Leene et al., 2022). Thus, we are begin-

ning to understand the complex relationship between

SnRK1 and T6P, which occurs at many levels (Figure 3).

The emerging role of SnRK1-NIN-LIKE PROTEINs in N

signaling

Besides phosphorylating NR involved in nitrate assimila-

tion (Jossier et al., 2009), SnRK1 has been linked also to

nitrate-signaling. NIN-LIKE PROTEINs (NLPs) have

emerged as master regulators in NO�
3 signaling by initiat-

ing transcriptional reprogramming (Mu & Luo, 2019; Yan &

Nambara, 2023). NITRATE TRANSPORTER 1.1 detects NO�
3

levels at the plasma membrane, generating a calcium

influx that leads to the phosphorylation of NPL7 and its

nuclear retention (Alvarez et al., 2020) (Figure 3). Recently,

KIN10 was demonstrated to phosphorylate NPL7 under C

starvation, promoting its cytoplasmic localization and deg-

radation via the proteasome pathway (Wang et al., 2022).

Conversely, NO�
3 resupply induced KIN10 degradation.

NO�
3 was demonstrated to directly bind to NLP7, triggering

a conformational change that allows NPL7 to be retained

in the nucleus and thereby perform its transcription activa-

tor function (Liu et al., 2022). In this pioneering study, it

was found that mutation of all seven Arabidopsis NLP tran-

scription factors abolished plants primary nitrate

responses and the developmental programs which they

orchestrate. The activation of the synthetic nitrate-

responsive reporter 4xNRE-min-LUC (where NRE denotes a

nitrate-responsive cis-element widely found in the nitrite

reductase gene promoter) was found to be compromised

in the npl7 leaf cell mutant in response to 0.5mM NO�
3 . Fur-

ther examination revealed that the nitrate reporter was

constitutively activated in cells expressing solely the

C-terminal domain of NLP7 (C-NLP7), whereas remained

inactive in cells expressing its N-terminal domain

(N-NPL7). This observation suggests that N-NPL7 functions

as a nitrate repressor domain within the full-length NLP7.

To substantiate the repressive role of N-NLP7, the authors

engineered a chimeric construct comprising NLP7 and the

Lotus japonicus NIN (LjNIN), known for constitutively

activating the 4xNRE-min-LUC reporter. Remarkably,

only the chimeric version N-NLP7-C-LjNIN abolished

the constitutive activation of the reporter and conferred

activation solely in the presence of NO�
3 . Further biochemi-

cal analysis unveiled that NLP7 directly and selectively

binds NO�
3 , as exemplified by microscale thermophoresis

and surface plasmon resonance, with a dissociation con-

stant of �52 μM. The comprehensive exploration of nitrate

binding dynamics, coupled with the observation of nucleo-

cytoplasmic reshuttling through a meticulously designed

mCitrine-NLP7 biosensor, has unveiled striking similarities

to the bacterial nitrate sensor NreA in terms of both bio-

chemistry properties and sequences. This insightful analy-

sis enabled the authors to predict the nuclear localization

signal (NLS) within NPL7. Further, through site-directed

mutation of the NLS, the study uncovered NPL7 potential

impact on various cellular processes, including transcrip-

tion, transport, metabolism, development, and biomass

accumulation (Liu et al., 2022). Thus, NPL7 was also pro-

posed as a new plant NO�
3 sensor and a range of evidence

supports further roles in integrating N and P signals

(Maeda et al., 2018), growth, and development (Wang

et al., 2018; Yu et al., 2016), nodule formation (Marsh

et al., 2007), as well as root cap cell release (Kumar

et al., 2023). A recent study has additionally focussed on

the NPL7 homolog NLP6 (Cheng et al., 2023). Intriguingly

NLP6, like NLP7, has a nitrate-dependent nuclear retention

mechanism but the nucleo-cytosolic shuttling of both NLP6

and NLP7 are independent of one another. The transcrip-

tomic analysis of the respective mutants revealed that

NLP6 and NLP7 might play non-redundant roles as NPL6

activated fewer and different target genes than NLP7. In

addition, genetic mutation of nlp7, but not nlp6 leads to

overt shoot growth defects (Liu et al., 2022), depicting their

potential functional dissimilarities. Recent studies suggest

that NLP2 and NLP7 are not only regulators of the primary

nitrate responses unlike NLP4, -5, and -8 but are also

involved in the regulation of genes in response to ammo-

nium (Cheng et al., 2023; Durand et al., 2023). So far, NLP7

is the best-studied member of the family with considerable

insight into its role in the above-mentioned processes. An

additional study that is of particular note with respect to C-

N interactions is that of (Ariga et al., 2022) which eluci-

dated the NLP7-HOMEOBOX PROTEIN52/54 (HB52/54)-

VAR2 module and its response to diverse light and nitro-

gen conditions. The players HB52/54 regulate the light-

dependent expression of VAR2 which encodes chloroplast

proteases involved in the quality control of photodamaged

proteins. Intriguingly, this module was found to underpin

photosynthetic light energy utilization under high light, as

exemplified by genetic enhancements of NPL7 and

HB52/54. This was translated by the ability of these plants

to maintain adequate photosynthetic activity and fitness

when facing photooxidative stress and fluctuating N avail-

ability. This study, alongside that of Durand et al. (2023) on

NLP2, thus provides strong support for the major role of

� 2024 The Authors.
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NLPs in regulating not only nitrate assimilation but also

energy and carbon skeleton supply. This fact notwithstand-

ing, our understanding of the mechanisms by which this is

achieved remains fragmentary and in need of further

experimentation.

TOR-SnRK1-autophagy signaling is a major player in the

regulation of the C/N balance

One biological process maintaining C/N homeostasis dur-

ing nutrient deprivation is autophagy, in which cellular

components can be degraded and recycled in lytic vacu-

oles. Briefly, cytosolic constituents (proteins, protein com-

plexes, lipid droplets, and organelles) are sequestered into

a double-membrane structure named the autophagosome,

which is trafficked and delivered to the vacuole for degra-

dation by hydrolases and proteases (Marshall & Vier-

stra, 2018; Tang & Bassham, 2018). Signaling pathways

controlling nutrient status such as TOR and SnRK1 contrib-

ute to the regulation of autophagy. Downregulation of

TOR expression leads to plants having constitutive autop-

hagy accessed by the levels of ATG transcripts and

the presence of autophagosomes (Deprost et al., 2007;

Liu & Bassham, 2010; Menand et al., 2002), while TOR

overexpression inhibits autophagy activation (Pu, Luo, &

Bassham, 2017). So far, TOR has been shown to negatively

regulate autophagy by dissociating the ATG1/ATG13

kinase complex (Mugume et al., 2020). This mechanism

seems to occur through the recruitment of one ATG13 iso-

form by RAPTOR (Son et al., 2018), enabling its phosphory-

lation alongside that of ATG1 (Van Leene et al., 2019).

Moreover, C availability leads to the stabilization of

BRASSINAZOLE-RESISTANT 1 (BZR1) mediated by the

TOR-brassinosteroid signaling axis, preventing BZR1 deg-

radation by autophagy during hypocotyl elongation (Zhang

et al., 2016). BRASSINOSTEROID-INSENSITIVE 2 (BIN2)

directly phosphorylates RAPTOR1B, inhibiting TOR-

dependent ATG13 phosphorylation and thereby activating

autophagy (Liao et al., 2022). This crosstalk between nutri-

ent availability and hormones ensures a supply and

demand trade-off for plant growth. In contrast, BZR1 has

also been demonstrated to upregulate the transcription of

ATG genes and autophagosome formation under N starva-

tion in tomato, to degrade unfolded and denatured pro-

teins re-establishing N levels (Wang et al., 2019). The

SnRK1 complex was found to be a positive regulator of

autophagy. Incubation of transgenic lines overexpressing

ATG8E, important for autophagosome formation, with T6P

inhibited but did not completely block autophagy activa-

tion in response to different abiotic stresses, including C

and N starvation (Soto-Burgos & Bassham, 2017). These

authors also showed through a series of experiments that

autophagy is both under the combined control of

SnRK1/TOR as well as being controlled by each of them

independently. In addition, KIN10 also interacts with ATG1

and ATG13 isoforms in vitro, while phosphorylation of

ATG1 increases under KIN10 overexpression (Chen

et al., 2017). ATG6 is involved in phagophore decoration

with phosphatidylinositol-3-phosphate and in vitro ATG6

phosphorylation by SnRK1 promoted autophagy.

PII protein

The prokaryotic trimeric PII protein (GlnB and GlnK genes)

are important C/N integrators regulating the expression

of transporters and enzymes involved in N assimilation,

including GS (Forchhammer, 2008; Forchhammer et al., 2022;

Uhrig et al., 2009). PII is a sensor of energy (ATP) and C-

skeletons (2-OG) availability thus bringing about allosteric

and covalent modifications such as uridylylation in response

to the N status (Uhrig et al., 2009). Plants and algae also con-

tain a highly homologous chloroplastic PII protein, first iden-

tified in Arabidopsis (Chen et al., 2006; Hsieh et al., 1998;

Uhrig et al., 2009). Previous studies have shown that inhibi-

tion of 2-oxoglutarate dehydrogenase by phosphonate ana-

logs of 2-OG resulted in alterations of gene expression in

Arabidopsis, that cannot be explained by a direct effect of the

phosphonate inhibitors on PII (Araújo et al., 2012). Whatever

the metabolic signals, it is clear that they are perceived and

bound by a flexible loop domain protruding from each PII

monomer in the trimeric complex (the T-loop) (Forchham-

mer, 2008). Although the cyanobacterial phosphorylation site

is conserved in plant sequences, no phosphorylation of this

residue was reported (Smith et al., 2004).

PII regulates the first committed step of Arg biosynthe-

sis by interacting with the chloroplastic N-ACETYL GLUTA-

MATE KINASE (NAGK), both in plants and cyanobacteria

(Chen et al., 2006; Ferrario-Méry et al., 2006). The formation

of a NAGK-PII protein complex reduces the feedback inhibi-

tion by Arg, presumably under conditions in which C-

skeletons are available in the form of 2-OG. Interestingly, PII

mutants accumulate fewer amino acids, including Arg and

Gln, in NHþ
4 grown Arabidopsis plants whereas sugar and

starch levels were found to be higher (Ferrario-Méry

et al., 2005, 2008). The Arabidopsis PII mutants also dis-

played a higher nitrite uptake in the chloroplast, in which

nitrite is further reduced into NHþ
4 and then Gln, but only in

the light (Ferrario-Méry et al., 2008). This could indicate that

the PII protein is needed to adjust N assimilation to photo-

synthesis and the availability of C-skeletons.

It is plausible that the signaling pathway of the PII pro-

tein was rewired after the integration of cyanobacteria in

early eukaryotes to suit the specific needs of photosyn-

thetic organisms. For example, it was shown that PII regu-

lates the plastidic fatty acid synthesis in Arabidopsis (Feria

Bourrellier et al., 2010). Indeed, the biotin carboxyl carrier

protein subunits of the plastidial ACETYL-CoA CARBOXYL-

ASE (ACCase) were purified by affinity PII affinity chroma-

tography. ACCase is an initiating step enzyme for the

synthesis of fatty acids in plastids. PII inhibited ACCase

� 2024 The Authors.
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activity, which was completely reversed in the presence of

2-OG, thus connecting lipid synthesis to the availability

of C. PII expression was, furthermore, strongly enhanced

during early embryo maturation in a WRINKLED-1 depen-

dent manner (Baud et al., 2010). This suggests that PII

activity is needed for the regulation of C/N interactions dur-

ing seed development and the coordination of the synthe-

sis of storage proteins, that require N, and storage lipids.

Recently, it was found that PII and NAGK interact together

in dot-like aggregates within the chloroplast and that these

aggregates co-localize with plastidial vesicles involved in

protein degradation such as RUBISCO-containing bodies

(Krieger et al., 2021). This could suggest that PII controls

not only enzyme activities but also enzyme stability in

large complexes which could be involved in substrate

channeling during lipid or amino acids synthesis within

the plastids while integrating both C and N information by

sensing Gln and 2-OG levels.

Finally, the fact that PII mutants or overexpressors

exhibit small, and often subtle, physiological and metabolic

changes could indicate that the PII protein was conserved

during evolution in photosynthetic organisms to fine-tune

various C and N biosynthetic activities within the plastids

in response to developmental (e.g., in developing seeds) or

C/N balance signals. Our deeper understanding of the cyano-

bacterial PII allows a more prominent embedding in the PII

signal and its links to other signaling pathways (Barske

et al., 2023; Forchhammer et al., 2022; Mantovani et al., 2022;

Scholl et al., 2020). However, the integration of plant PII sig-

naling with the overall metabolic state of the cell could

require connections to other signaling pathways such as

those involving TOR and SnRK1 kinases. Considerable fur-

ther research is required in this direction (Figure 4). That said

the recent finding that CO2 can interact with lysine residues

in the PII protein provides an intriguing further possible link

between C and N metabolism that could be bridged by this

protein (King et al., 2022).

FUTURE CHALLENGES

The signaling network involving nutrient acquisition, parti-

tion, use, and allocation during plant growth and develop-

ment is highly complex. Significant advances have been

made in the last decades to unravel how C and N homeo-

stasis is achieved, such as the identification of new

upstream and downstream targets in major signaling path-

ways. This involved genetic screening of mutants and gen-

eration of transgenic lines combined with omics

technologies and other fine approaches (e.g., affinity purifi-

cation and cell biology) to capture responses to perturba-

tions in C and N status. These findings have enabled a

broader understanding of how these pathways operate

and interact with each other to adjust metabolism

according to C and N signals and demands aiming at

homeostasis, especially in unicellular algae

Chlamydomonas. Nevertheless, there is far more to be

investigated as several mechanisms related to signal sens-

ing and transduction remain unknown. In addition, the

complexity of plant physiology is often overlooked, such

as the function of these signaling pathways in the commu-

nication between source and sink tissues and cells which

is of fundamental importance for plant productivity. We

summarize major future challenges:

- The identification of additional enzymes, transporters,

and receptors that facilitate the C and N sensing and

relay information to TOR and SnRK1: the function of

many components annotated as part of this signaling

network are still not fully elucidated. A deeper knowledge

might provide additional information on how these com-

ponents operate not only within the cell but also between

organs along the plant life cycle. This can be unraveled

by performing genome-wide association studies using

ecotypes subjected to various C and N conditions

coupled with treatments that directly affect the activity of

TOR and SnRK1.

- The mechanism by which TOR influences N sensing and

metabolism remains poorly understood, despite recent

and interesting findings. The role of TOR in the regula-

tion of mRNA translation suggests a tight connection

Figure 4. Overview of the interconnections between C/N signaling pathways

and hypothetical connection between TOR/SnRK1 and PII.

The sensing and metabolic network involved in C/N signaling incorporates

novel components like bZIPs, NPLs, and ROPs, as well as potential new

ones such as PII being interconnected with TORC and SnRK1. bZIPs, BASIC

LEUCINE ZIPPERS; NINs, NIN-LIKE PROTEINS; ROPs, RHO-LIKE GTPASES;

SnRK1, SUCROSE-NON-FERMENTING-1-RELATED PROTEIN KINASE 1,

TORC, TARGET OF RAPAMYCIN COMPLEX. Image created with BioRender.

com.
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with N status. Exploring possible connections between

TOR and other signaling modules, such as NINs, could

enhance our understanding of the intricate relationship

between TOR and N metabolism.

- Unravel how these signaling pathways (TOR, SnRK1, and

PII) coordinate multiple signals into metabolic and physi-

ological responses according to tissue-specific require-

ments: this kind of information will provide hints on how

these pathways decode and transduce signal-specificity

locally and systemically to orchestrate growth and

development.

- Establish the molecular and metabolic hierarchy of TOR

and SnRK1 signaling pathways under a range of develop-

mental and environmental conditions, which can be

untangled by performing isotope labeling.
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