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Two titans finally meet each other under nitrogen
deficiencies: FERONIA-TORC1 activation
promotes plant growth
Plant growth is determined by well-defined developmental pro-

cesses that integrate cell-intrinsic factors and external environ-

mental cues, and it is largely dependent on the assimilation of

macro- and micro-nutrients from the environment. Between the

macro-nutrients, the inorganic nitrogen (e.g., nitrate and ammo-

nium) and amino acids are essential for plant survival and produc-

tivity. Beyond acting as macro-nutrients and structural compo-

nents of macro-molecules, these nitrogen-containing molecules

could also act as signaling molecules to orchestrate diverse ge-

netic programs (Wang et al., 2018). Plant nutritional cues that

rapidly change over time and space in the soils are tightly

linked to signaling pathways that execute fast cellular programs

to adjust to a challenging environment. Plant Rapid

Alkalinization Factors (RALFs) are secreted peptides that function

as extracellular signals and bind to Catharanthus roseus recep-

tor-like kinase 1-like family members such as FERONIA (FER)

(Liao et al., 2017). RALF1–FER complexes are central regulators

of plant growth that allow plants to respond to environmental

changes (Du et al., 2016; Zhu et al., 2020). This interaction

triggers the recruitment of RPM1-induced protein kinase (RIPK)

and the phosphorylation of both FER and RIPK in a mutually

dependent manner (Du et al., 2016), followed by the

recruitment and activation via phosphorylation of an early

translation initiation factor (eIF4E1) (Zhu et al., 2020). These

findings highlighted that the RALF1–FER–RIPK pathway is an

important hub to control plant cell growth under specific

conditions.
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In line with this, Target Of Rapamycin (TOR) is an evolutionarily

conserved Ser/Thr protein kinase in all eukaryotic organisms

that acts as a central growth regulator controlling metabolism

and protein synthesis (Xiong and Sheen, 2014). The Arabidopsis

TOR complex 1 (TORC1) is encoded by one TOR gene (AtTOR),

two Regulatory-associated protein of TOR (RAPTOR 1A and

1B) genes, and two Lethal with Sec thirteen 8 genes. Some ca-

nonical downstream targets of TOR are conserved in plants,

such as the S6 kinase (S6K), which stimulates protein translation

(Mahfouz et al., 2006). In plants, the TORC1 complex is activated

by nutrient availability and inactivated by stresses that alter

cellular homeostasis (Dobrenel et al., 2016). The TORC1 complex

senses and integrates signals from the environment to coordinate

developmental and metabolic processes including hormones

(e.g., auxin), several nutrients (e.g., nitrogen), amino acids, and

glucose (Schepetilnikov et al., 2017; Liu et al., 2021). It is

known that FER and TOR kinase (along with its partners,

RAPTOR1B and Lethal with Sec thirteen 8) both play major func-

tions in cell growth, metabolism, and multiple stress responses in

plants (Li and Zhang, 2014). For example, FER, when activated by
M

RALF1 recognition, can phosphorylate ATL6, an E3 ubiquitin

ligase that interacts and stabilizes 14-3-3 proteins in carbon/ni-

trogen responses (Xu et al., 2019). Although several molecular

components were identified to be connected either with FER or

TORC1 pathways, the underlyingmolecular mechanism bywhich

both FER and TORC1 are involved in nutrient signaling remained

unclear until now.

A recent study published inMolecular Plant led by Prof. Dr. Feng

Yu describes a stress-response-adaptation mechanism that in-

volves both FER kinase and TORC1, which promotes true leaves

development under low-nutrient conditions (Song et al., 2022). As

mentioned earlier, the FER kinase domain directly interacts and

phosphorylates RIPK in response to RALF1 peptide to form the

active phosphorylated complex FER/RIPK (Du et al., 2016). In

this work, Song et al. (2022) showed that in plants grown under

nitrogen-deficient conditions, RALF1 enhances the interaction

between the complex FER/RIPK and TORC1 (Figure 1). In this

way, TOR kinase physically interacts with FER kinase domain;

meanwhile, RIPK phosphorylates TOR partner RAPTOR1B.

Therefore, the activation of TOR–S6K regulatory hub increases

to overcome the nitrogen deficiency stress in young leaves and

stimulate the true leaf growth (Song et al., 2022). When plants

are supplemented with individual amino acids, the FER–TOR

interaction is also positively modulated via RALF1 under low-

nutrient conditions. Gln/Asp/Gly specifically activates the TOR

signaling pathway, the phosphorylation levels of S6K increase,

and true leaves growth is promoted as well (Song et al., 2022).

This research evidences a novel regulatory role of the RALF1–

FER–RIPK–TOR pathway involved with nitrogen stress

responses and cell metabolism (Figure 1).

The new discoveries reported by Song et al. (2022) represent the

first direct link between the plasma membrane receptor FER and

the cytoplasmic TORC1 complex, uncovering an important

connection between environmental signal perception with the

signal transduction pathways inside the plant cell. This work

has opened new questions about how nitrogen as an inorganic

or amino acid source directs RALF1 expression to activate the

FER–RIPK–TORC1 pathway. It is unclear how specific or broad

this pathway is during plant life cycle beyond true leaf develop-

ment. Are other biological processes controlled by these

signaling components? May numerous environmental signals

such as nutrient availability (other than nitrogen), changes in tem-

perature, or microbial partners that impact plant development
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Figure 1. A regulatory pathway integrated by RALF1–FER–RIPK–TOR promotes true leaves growth and development under low-
nutrient conditions.
In a nitrogen-deficient scenario (right panel), the RALF1 peptide enhances the interaction between the FERONIA receptor/RIPK interactor partner com-

plex and TOR complex 1 (composed by TOR + RAPTOR1B + LST8). Consequently, the FER kinase domain and TOR kinase physically interact, and the

kinase RIPK phosphorylates RAPTOR1B, thus activating the TOR signaling pathway and promoting the development of true leaves under low-nutrient

conditions. The supplementation with specific amino acids (Gln/Asp/Gly, left panel) also increases the FER–TOR direct binding, TOR activity, and the true

leaf growth under N-deficiency conditions. Nitrogen (as NO3
- or NH4

+) and amino acids could be imported into the leaf cells by members of the NPF/NRT

family or AMTs and specific amino acid transporters (e.g., probably LHT1 or a related transporter), respectively. It still remains elusive how these upstream

signals can specifically promote the FER–TOR interaction via RALF1 and the further activation of TOR signaling pathway toward a stress-response adap-

tation. Created with BioRender.com.

Molecular Plant Spotlight
enhance or repress RALF–FER–TORC1 activation? In this direc-

tion, recently, it was shown that the RALF23–FER complex inac-

tivates the FER–RHO-type GTPase of plants ROP2-related

pathway (and linked reactive oxygen species production), and

this enhanced the beneficial Pseudomonas presence in the com-

plex rhizosphere microbiome (Song et al., 2021). This is a nice

example of how closely interlinked the interface is between

plant cell surface in roots and the soil microbiome environment.
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*Correspondence: José M. Estevez (jestevez@leloir.or.ar)

https://doi.org/10.1016/j.molp.2022.06.007
REFERENCES
Dobrenel, T., Mancera-Martı́nez, E., Forzani, C., Azzopardi, M., Da-

vanture, M., Moreau, M., Schepetilnikov, M., Chicher, J., Langella,

O., Zivy, M., et al. (2016). The Arabidopsis TOR kinase specifically

regulates the expression of nuclear genes coding for plastidic

ribosomal proteins and the phosphorylation of the cytosolic

mailto:jestevez@leloir.or.ar
https://doi.org/10.1016/j.molp.2022.06.007
http://BioRender.com


Spotlight Molecular Plant
ribosomal protein S6. Front. Plant Sci. 7:1–16. https://doi.org/10.3389/

fpls.2016.01611.

Du, C., Li, X., Chen, J., Chen, W., Li, B., Li, C., Wang, L., Li, J., Zhao, X.,

Lin, J., et al. (2016). Receptor kinase complex transmits RALF peptide

signal to inhibit root growth in Arabidopsis. Proc. Natl. Acad. Sci. USA

113:E8326–E8334. https://doi.org/10.1073/pnas.1609626113.

Li, S., and Zhang, Y. (2014). To grow or not to grow: FERONIA has her

say. Mol. Plant 7:1261–1263. https://doi.org/10.1093/mp/ssu031.

Liu, Y., Duan, X., Zhao, X., Ding, W., Wang, Y., and Xiong, Y. (2021).

Diverse nitrogen signals activate convergent ROP2-TOR signaling in

Arabidopsis. Dev. Cell 56:1283–1295.e5. https://doi.org/10.1016/j.

devcel.2021.03.022.

Mahfouz, M.M., Kim, S., Delauney, A.J., and Verma, D.P.S. (2006).

Arabidopsis TARGET of RAPAMYCIN interacts with RAPTOR,

which regulates the activity of S6 kinase in response to osmotic

stress signals. Plant Cell 18:477–490. https://doi.org/10.1105/tpc.

105.035931.

Schepetilnikov, M., Makarian, J., Srour, O., Geldreich, A., Yang, Z.,

Chicher, J., Hammann, P., and Ryabova, L.A. (2017). GTPase

ROP2 binds and promotes activation of target of rapamycin, TOR, in

response to auxin. EMBO J. 36:886–903.

Song, Y., Wilson, A.J., Zhang, X.C., Thoms, D., Sohrabi, R., Song, S.,

Geissmann, Q., Liu, Y., Walgren, L., He, S.Y., et al. (2021).

FERONIA restricts Pseudomonas in the rhizosphere microbiome via
M

regulation of reactive oxygen species. Nature Plants 7:644–654.

https://doi.org/10.1038/s41477-021-00914-0.

Song, L., Xu, G., Li, T., Zhou, H., Lin, Q., Chen, J., Wang, L., Wu, D., Li,

X., Wang, L., et al. (2022). The RALF1-FERONIA complex interacts

with and activates TOR signaling in response to low nutrients.

Mol. Plant 15:1120–1136. https://doi.org/10.1016/j.molp.2022.05.004.

Wang, P., Zhao, Y., Li, Z., Hsu, C.C., Liu, X., Fu, L., Hou, Y.J., Du, Y.,

Xie, S., Zhang, C., et al. (2018). Reciprocal regulation of the TOR

kinase and ABA receptor balances plant growth and stress

response. Mol. Cell 69:100–112.e6. https://doi.org/10.1016/j.molcel.

2017.12.002.

Xiong, Y., and Sheen, J. (2014). The role of target of rapamycin signaling

networks in plant growth and metabolism. Plant Physiol. 164:499–512.

https://doi.org/10.1104/pp.113.229948.

Xu, G., Chen, W., Song, L., Chen, Q., Zhang, H., Liao, H., Zhao, G., Lin,

F., Zhou, H., and Yu, F. (2019). FERONIA phosphorylates E3 ubiquitin

ligase ATL6 to modulate the stability of 14-3-3 proteins in response to

the carbon/nitrogen ratio. J. Exp. Bot. 70:6375–6388. https://doi.org/

10.1093/jxb/erz378.
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