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Abstract

The receptor kinase FERONIA (FER) is a multifaceted regulator of plant growth, development, reproduction, and
stress responses. FER is functionally connected to many plant hormones in diverse biological processes. This review
summarizes the current understanding of the interplay between FER and phytohormones, with a focus on abscisic
acid, ethylene, jasmonic acid, auxin, and brassinosteroid. The mutual regulation between FER and plant hormones
happens at multiple levels including ligands, receptors, and downstream signaling components. Plant hormones can
regulate the expression of genes encoding FER and its ligands RAPID ALKALINIZATION FACTORs (RALFs) as well as
the abundance and kinase activity of FER proteins. On the other hand, FER can regulate hormone biosynthesis, trans-
port, perception, and downstream signaling components such as transcription factors. Evidence of the crosstalk be-
tween FER and phytohormones is also emerging in crop species. Despite the rapid progress made in this field, more
mechanistic studies are still needed to gain a comprehensive understanding of the FER-phytohormone crosstalk.
Future research prospects and potential approaches are also discussed in this review.

Keywords: Abscisic acid, auxin, brassinosteroid, ethylene, FERONIA receptor kinase, jasmonic acid, peptide ligand, plant
growth and stress responses, plant hormones.

Introduction

As sessile organisms, plants constantly sense the environment
and reprogram their biological processes to adapt to the envi-
ronment and survive challenging conditions. During this pro-
cess, receptor-like kinases (RLKs) are important components
that perceive environmental cues, transduce extracellular sig-
nals into the cell, and regulate downstream pathways, which
eventually leads to changes in plant growth and development
as well as responses to various stresses.

In Arabidopsis, there are >300 genes encoding RLKs (Shiu
and Bleecker, 2001). A typical RLK has three major domains:
an extracellular domain that is usually diverse among different

families of RLKs; a single transmembrane domain, and an in-
tracellular kinase domain that usually phosphorylates and
modulates downstream targets to control cellular responses
(Jose et al., 2020). In Arabidopsis, FERONIA (FER) was the
first characterized member of an RLK subfamily designated as
Catharanthus roseus Receptor-like kinase 1-like (CrRLK1-like)
or Malectin-like receptor kinases (MLRs) due to the pres-
ence of two tandem malectin-like domains in the extracellular
region (Huck et al., 2003; Rotman et al., 2003; Escobar-
Restrepo et al., 2007). This subfamily includes 17 mem-
bers in Arabidopsis with diverse biological functions (Huck
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et al.,2003; Escobar-Restrepo ef al., 2007; Hematy et al., 2007,
Boisson-Dernier et al., 2009; Guo et al., 2009a, b; Miyazaki
et al.,2009; Deslauriers and Larsen, 2010; Duan et al., 2010; Bai
et al.,2014; Gachomo et al., 2014; Ge et al.,2017; Richter et al.,
2018; Galindo-Trigo et al., 2020; Huang et al., 2020; Liu ef al.,
2020). FERONIA, named after the Etruscan goddess of fer-
tility, was first identified with a critical role in female reproduc-
tion, with pollen tube overgrowth and failure to release sperm
for fertilization in loss-of-function mutants, leading to com-
promised fertility (Huck et al., 2003; Escobar-Restrepo et al.,
2007). In the past two decades, tremendous progress has been
made in deciphering the functions and underlying molecular
mechanisms of FER. FER has been established as a multifac-
eted receptor kinase playing important roles in many aspects
of the life of plants, including reproduction (Huck et al., 2003;
Escobar-Restrepo et al.,2007; Duan et al.,2014,2020; Ge et al.,
2017; Galindo-Trigo et al., 2020; Liu et al., 2021; Zhong et al.,
2022; Huang et al., 2023; Lan et al., 2023), vegetative growth
(Guo et al., 2009a), root development (Duan ef al., 2010; Yu
et al., 2020; Zhu et al., 2020a, b; Xu et al., 2024a), pavement
cell development (Lin ef al., 2022; Tang et al.,2022), mechano-
sensing (Shih ef al., 2014; Malivert et al., 2021; Darwish et al.,
2022; Tang et al., 2022), responses to abiotic stresses, such as
salt (Feng et al., 2018; Zhao et al., 2018; Liu et al., 2023) and
heat (Yin et al., 2018), and responses to biotic stresses, such as
bacteria (Keinath ef al.,2010; Stegmann et al., 2017; Guo et al.,
2018; Song et al., 2021), fungal pathogens (Kessler ef al., 2010;
Masachis et al., 2016), and nematodes (Zhang et al., 2020).
Our current understanding on the FER
ceptor kinase signaling pathway is that FER and co-
receptors LORELEI  (LRE) and LORELEI-LIKE
GLYCOSYLPHOSPHATIDYLINOSITOL-ANCHORED
PROTEIN 1/2/3 (LLG1/2/3) perceive the extracellular
RAPID ALKALINIZATION FACTOR (RALF) family
peptide ligands at the plasma membrane to form the FER/
LRE(LLG)/RALF tripartite complex (Haruta et al., 2014;
Li et al., 2015; Xiao et al., 2019; Cheung, 2024), which func-
tions through other membrane and cytoplasmic proteins to
regulate diverse biological processes. At the plasma mem-
brane, in addition to the FER/LRE(LLG)/RALF tripar-
tite complex, cell wall-associated proteins LEUCINE-RICH
REPEAT EXTENSINs (LRXs) also play important roles in
FER -mediated signaling, by interacting with ligand RALFs
or the FER receptor (Mecchia et al., 2017; Zhao et al., 2018;
Dunser et al., 2019; Herger et al., 2020; Moussu et al., 2020,
2023; Schoenaers et al., 2024). Moreover, the cell wall compo-
nent pectin is involved in FER signaling by associating with
LRXs, RALFs, and/or FER directly (Feng et al., 2018; Gigli-
Bisceglia et al., 2022; Tang et al., 2022; Moussu et al., 2023; Liu
et al., 2024). FER is expressed broadly, and tissue-specific as-
sembly of this signaling complex is a major way in which FER
can carry out diverse functions. FER and the RALF23 com-
plex play important roles in plant immunity (Stegmann et al.,
2017; Guo et al., 2018). FER, RALF23, and the LRX3/4/5

re-

complex regulate salt stress response (Zhao et al., 2018, 2021).
FER and the LRX3/4/5 complex regulate vacuolar expan-
sion, root hair growth, and vegetative growth (Dunser et al.,
2019; Herger et al., 2020). In the process of pollen tube re-
ception at the ovule, during which the pollen tube enters the
female gametophyte and bursts to release sperm cells, male-
and female-specific FER signaling complexes are involved
(Kessler and Grossniklaus, 2011; Ogawa and Kessler, 2023;
Baillie ef al., 2024; Cheung, 2024; Zhong et al., 2024). In the
female gametophyte, FER functions together with homologs
HERCULES1 (HERK1)/ANJEA, co-receptor LRE, and
pollen-derived ligands RALF6/7/16/36/37 to regulate pollen
tube reception by mediating pollen tube rupture, polytubey
block, and fertilization recovery (Galindo-Trigo et al., 2020;
Zhong et al.,2022). On the other hand, pollen-specific homo-
logs ANXUR1 (ANX1)/ANX2/BUDDHAS PAPER SEAL
1 (BUPS1)/BUPS2 function with co-receptors LLG2/3 (Ge
et al., 2019). Pollen-derived ligands RALF4/19 bind to the
receptors to maintain pollen tube integrity during pollen tube
growth, while female-derived ligand RALF34 competes with
RALF4/19 during pollen tube reception to induce pollen tube
bursting (Ge et al., 2017, 2019). Recent studies have shown
that LRX8, RALF4, and pectin form a compact complex
for cell wall patterning in pollen tube growth (Moussu et al.,
2023),and the LRX1/2, RALF22,and pectin complex leads to
pectin compaction at the root hair tip to form periodic rings
to regulate polar growth. RALF1/23 and pectin association
can lead to liquid-liquid phase separation (LLPS) and form
condensates with LLG1 and FER to trigger extensive endocy-
tosis, including FER, LLG1, and membrane proteins involved
in other signaling pathways such as brassinosteroid (BR) re-
ceptor, BRASSINOSTEROID INSENSITIVE 1 (BRI1), and
auxin transporters PIN-FORMED 2 (PIN2) and AUXIN
RESISTANT 1 (AUX1), potentially mediating the crosstalk
between FER and these signaling pathways (Liu et al., 2024).
It is worth noting that in addition to the 17 FER receptor
kinase homologs in Arabidopsis, there are four co-receptor
genes (LRE/LLG1/2/3) (Li et al., 2015; Noble et al., 2022),
37 ligand RALF genes (Abarca et al.,2021),and 11 LRX genes
(Herger et al., 2019) which, together with cell wall pectin, can
form diverse signaling complexes at the cell membrane.

FER signaling perceived at the plasma membrane is further
mediated by many downstream effector proteins. It has been
shown that FER interacts with a family of guanine nucleotide
exchange factors (GEFs) to activate RHO GTPases to regulate
root hair growth, abscisic acid (ABA) signaling, pavement cell
development, and reactive oxygen species (ROS)-mediated
pollen tube rupture (Duan et al., 2010, 2014;Yu et al., 2012;
Lin et al., 2022; Tang et al., 2022). Another well-characterized
downstream component is NORTIA (NTA), also known as
MILDEW RESISTANCE LOCUS O 7 (MLO7) (Kessler
et al., 2010; Jones et al., 2017; Ju et al., 2021; Gao et al., 2022).
NTA was originally identified in a forward genetic screen for
pollen overgrowth phenotype, downstream of the fer-1 mutant



(Kessler ef al.,2010). NTA belongs to a family of 15 members
in Arabidopsis and is localized on the Golgi apparatus. Upon
pollen tube arrival, NTA re-localizes to the filiform apparatus
in the synergid cells in a FER-dependent manner (Ju et al.,
2021). It was further demonstrated that NTA is a calmodulin-
gated Ca** channel and is relocated to the plasma membrane
in the synergid cells by the RALF4/19-FER-LRE signaling
complex to increase the amplitude of Ca** oscillations, which
is critical for pollen tube reception (Ngo et al., 2014; Gao
et al.,2022). A genetic screen also identified that TURAN and
EVAN, involved in protein N-glycosylation in the endoplasmic
reticulum (ER), function downstream of FER in mediating
pollen tube reception (Lindner et al., 2015). Moreover, FER
regulates the TARGET OF RAPAMYCIN (TOR) signaling
pathway, a major pathway for nutrient homeostasis, to regulate
autophagy and root hair growth under low temperature (Wang
et al., 2022b; Pacheco et al., 2023).

Many other proteins including transcription factors (TFs)
have been shown to play important roles in FER signaling.
An integrated multiomic study showed that FER regulates
~500 TFs at transcription, protein, and/or phosphorylation
levels, which is consistent with the finding that FER signal-
ing involves major transcriptome reprogramming by mediat-
ing the expression of thousands of genes (Guo et al., 2018;
Wang et al., 2022a). FER was shown to phosphorylate and
stabilize PHYTOCHROME INTERACTING FACTOR
3 (PIF3) to promote root penetration (Xu et al., 2024a).
RNA-binding protein GLY CINE-RICH RNA BINDING
PROTEIN 7 (GRP7) regulates FER-mediated temperature
stress through LLPS in a FER phosphorylation-dependent
manner (Wang et al., 2020; Xu et al., 2024b). FER also reg-
ulates initiation factor EUKARYOTIC TRANSLATION
INITIATION FACTOR 4E1 (eIF4E1) and tRINA-binding
protein YUELAO for protein synthesis (Zhu et al., 2020a,
2023). More recently, it has been shown that FER phosphory-
lates the red light receptor phytochrome B (phyB) to promote
its dark conversion from the active form (Pfr) to the inactive
form (Pr) to regulate plant growth and salt stress response (Liu
et al.,2023).

FER receptor kinase plays diverse roles in the life of a plant
and has been established as a critical regulator in coordinating
plant growth, development, stress responses, and reproduction.
Many recent excellent reviews covered different aspects of
the exciting progress in understanding the functions of FER
and the underlying molecular mechanisms (Xie et al., 2022;
Malivert and Hamant, 2023; Ogawa and Kessler, 2023; Baillie
et al., 2024; Cheung, 2024; Zhong et al., 2024). In this review,
we will focus on the crosstalk between FER signaling and phy-
tohormone pathways. FER is functionally connected with var-
ious plant hormones, such as auxin, ABA, BRs, ethylene (ET),
and jasmonic acid (JA). The crosstalk between FER and plant
hormones plays important roles in plant growth and stress
responses (Guo et al., 2009a, b, 2018; Deslauriers and Larsen,
2010; Duan et al., 2010;Yu et al., 2012; Chen ef al.,2016; Dong
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et al.,2019; Li et al.,2020; Lu et al., 2024). Here, we summarize
recent findings on the connections between FER and various
hormone pathways, and discuss directions for future research.

FERONIA and abscisic acid

ABA is an important plant hormone that regulates plant de-
velopment and stress responses (Raghavendra et al., 2010). The
perception of ABA in plants is mediated by a family of in-
tracellular receptors named PYRABACTIN RESISTANCE/
PYRABACTIN RESISTANCE-LIKE/REGULATORY
COMPONENTS OF ABA RECEPTOR (PYR/PYL/
RCAR) (Ma et al., 2009; Park et al., 2009). In the presence of
ABA, ABA-bound PYR/PYL/RCARs form a complex with
clade A protein phosphatase 2C (PP2C), ABA INSENSITIVE
1 (ABI1), and ABI2, and suppress its function, leading to
the activation of SNF1-RELATED PROTEIN KINASE 2
(SnRK2) and downstream responses (Fujii et al., 2009; Ma
et al., 2009; Park et al., 2009).

Three fer mutants, namely fer-4, fer-5, and srn, are more sen-
sitive to ABA treatment than wild-type (WT) plants, with
enhanced growth inhibition, stomatal closure, and decreased
germination rate (Yu et al.,2012;Wang et al.,2022a). It has been
shown that RHO-RELATED GTPASES FROM PLANTS
(ROPs) play a role in ABA signaling (Zheng ef al., 2002) (Fig.
1A;Table 1). ROPs are RHO GTPases that mediate responses to
developmental stimuli and environmental stresses (Feiguelman
et al.,2018). A family of GEFs called ROPGEFs is responsible
for converting GDP-bound inactive ROPs to GTP-bound ac-
tive ROPs (Ou and Y1, 2022). FER is known to interact with
ROPGEFs and is necessary for activating ROPs (Duan et al.,
2010). ROP11 binds to FER -interacting ROPGEFs including
GEF1, GEF4, and GEF10 (Yu et al., 2012). The active form
of ROP11 interacts with ABI2, a member of PP2C and the
ABA receptor complex, and activates its phosphatase activity
(Yu et al., 2012). Taken together, FER inhibits ABA signaling
by activating ABI2 through the the FER-ROPGEF-ROP11
pathway (Fig. 1A). On the other hand, ABI2 directly interacts
with and dephosphorylates FER, indicating the existence of a
feedback regulation mechanism (Chen et al., 2016) (Fig. 1A;
Table 1). It remains to be determined if FER phosphoryla-
tion of ABI2 affects ABA perception by the ABI2/PYR/PYL/
RCAR receptor complex.

FER can affect ABA signaling and responses through not
only ABI2 but also other mechanisms. Multi-omics data
showed that FER phosphorylates ABA-related TFs, ABSCISIC
ACID RESPONSIVE ELEMENTOS-BINDING FACTOR
3 (ABF3) and ABI5, suggesting that FER can regulate ABA
signaling through these TFs (Wang ef al., 2022a). Indeed, FER
negatively regulates ABI5 by directly phosphorylating ABI5
at Ser145 and destabilizing ABI5 protein, leading to FER-
regulated seed germination (Wang et al., 2022a) (Fig. 1A;Table
1). The mechanism underlying FER phosphorylation of ABI5
leading to its instability is currently unknown.
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Fig. 1. The crosstalk between FER and ABA and JA pathways. (A) The crosstalk between FER and ABA. In the presence of ABA, ABA-bound PYR/
PYL/RCARs form a complex with ABI2 and suppress its phosphatase activity, leading to the activation of SnRK2s and downstream responses including
transcriptional responses mediated by transcription factor ABI5. FER can activate ABI2 through the FER-GEF1/4/10-ROP11 module to inhibit ABA
signaling. ABI2 can dephosphorylate FER as a negative feedback mechanism. In addition, FER can directly phosphorylate and destabilize ABI5 to inhibit
ABA signaling. RALF1-FER binding triggers phosphorylation of GRP7, which promotes GRP7-mediated alternative splicing of ABA-related mRNAs,
leading to negative regulation of ABA signaling. FER phosphorylates CARK1 and activates CARK1-mediated phosphorylation of ABA receptors PYR/
PYL/RCARSs to promote their monomerization, which enhances ABA binding and signaling. (B) The crosstalk between FER and JA. FER phosphorylates
and destabilizes MYC2, a master transcription factor that promotes JA signaling. RALF23 inhibits FER function to stabilize MYC2. Parasitic nematodes
can secrete RALF mimics to activate FER-mediated MYC2 degradation, which promotes parasitism. Created in BioRender. Tang, J. (2025) https://

BioRender.com/w89v501.

It has also been shown that FER negatively regulates ABA
biosynthesis. The fer-4 mutant has an elevated ABA level,
which can be suppressed by the ABA DEFICIENT 2 (ABA2)
mutation that disrupts ABA biosynthesis (Zhao et al., 2021)
(Table 1). Recently, it was reported that FER interacts with
and phosphorylates GRP7, which promotes the association of
GRP7 with the spliceosome and modulates alternative splicing
of many genes involved in ABA signaling (Wang et al., 2020).
Similar to the fer-4 mutant, the loss-of-function grp7 mutant
shows hypersensitivity to ABA treatment (Wang et al., 2020).
Further analysis showed that the role of GRP7 in ABA signal-
ing is dependent on FER phosphorylation (Wang et al., 2020)
(Fig. 1A). Transcriptome analysis showed that FER -regulated
genes heavily overlap with ABA-regulated genes (Guo ef al.,
2018), and FER regulates many biological processes involving
ABA signaling such as seed germination and salt stress response
(Zhao et al., 2018, 2021; Wang et al., 2022a). Systematic anal-
ysis of how FER modulates major TFs in the ABA pathway to
regulate downstream gene expression and ABA responses will

expand our understanding of the crosstalk of these two major
pathways.

Moreover, MARIS, a receptor-like cytoplasmic kinase, orig-
inally identified as a downstream signaling component of
ANX1/2 in regulating pollen tube elongation, also functions
downstream of FER to regulate root hair growth (Boisson-
Dernier et al.,2015). It was shown that MARIS/CYTOSOLIC
ABA RECEPTOR KINASES 4 (CARK4) functions to-
gether with other CARK homologs CARK5/2/7/11 to
phosphorylate homo- or heterodimerized ABA receptors
RCAR3/11/12/13/14 to promote their monomerization,
leading to enhanced ABA binding and signaling (X. Li et al.,
2022). More recently, it was reported that FER interacts with
and phosphorylates CARK1 to activate CARK1 kinase ac-
tivity, which positively regulates ABA-mediated early seed ger-
mination, signified by radicle protrusion (Wang et al., 2024)
(Fig. 1A; Table 1). This is opposite to the role that FER plays
during late-stage seed germination (cotyledon greening) and
post-germination growth, where FER negatively regulates
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Table 1. Crosstalk between FER and plant hormones
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Regulation of plant hormone signaling pathways by FER

Hormones Processes regu- Genes/proteins regulated by FER
lated by FER
ABA Biosynthesis Unknown
Perception PYLs/PYRs/RCARs
Dephosphorylation  ABI2
of SnRK2s
Transcriptional ABI5
responses
JA Biosynthesis LIPOXYGENASE 3/4 (LOX3/4), ALLENE
OXIDE CYCLASE 3 (AOCS3),
OXOPHYTODIENOATE-REDUCTASE 3
(OPR3)
JAZ-mediated re-  JAZ1, JAZ7, JAZ8
pression
Transcriptional MYC2
responses
Auxin Biosynthesis YUC5/6/11
Transport PIN2/3
Perception TIR1, AFB2
ET Biosynthesis SAM1/2
SA Biosynthesis Unknown

Regulation of FER/RALFs by plant hormones

Hormones Processes regu- Hormone signaling components involved
lated by hormones

ABA FER phosphoryl- ABI2
ation

BR Expression of FER  BES1/BZR1
and RALF23

ET Expression of FER  Unknown

GA Expression of FER  Unknown

Functions of FER

Negatively regulating ABA biosynthesis

Positively regulating ABA signaling by phosphorylat-
ing CARK1 and activating CARK1-mediated phos-
phorylation of PYLs/PYRs/RCARs

Negatively regulating ABA signaling by phosphory-
lating ABI2 and activating its phosphatase activity
Negatively regulating ABA signaling by phosphory-
lating ABI5 and destabilizing ABI5 protein

Negatively regulating JA biosynthesis by suppress-
ing the expression of JA biosynthetic genes

Possibly regulating the expression of JAZ genes
and stability of JAZ proteins

Negatively regulating JA signaling by phosphorylat-
ing MYC2 and destabilizing MYC2 protein
Positively regulating the expression of YUCCA genes

Required for proper cellular trafficking and distribu-
tion of PINs

Positively regulating auxin signaling by promoting
TIR1/AFB2 oxidation

Interacting with SAMs and negatively regulating ET
biosynthesis

Negatively regulating SA biosynthesis

Mechanisms

ABI2 interacts with FER and dephosphorylates FER
BES1/BZR1 binds to the promoter of FER and
possibly the promoter of RALF23 to regulate ex-
pression

ET induces the expression of FER

GA induces the expression of FER
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ABA signaling (Yu et al., 2012; Wang ef al., 2022a). How FER
differentially regulates ABA signaling at different development
stages remains to be elucidated.

FERONIA and jasmonic acid

JA is a major stress-related plant hormone mediating responses
to pathogens and herbivores (Carvalhais ef al.,2017). JA signal-
ing is a repressor degradation-type pathway. When the level of
the active form of JA, JA-isoleucine (JA-Ile), is low, repressor
proteins JASMONATE-ZIM DOMAIN PROTEINs (JAZs)
bind to and repress TFs such as MYC2, MYC3, and MYC4
(Chini et al., 2007; Fernandez-Calvo et al., 2011). When levels
of JA-Ile are high, JA-Ile triggers the formation of a ligand—
receptor complex with the F-box protein CORONATINE
INSENSITIVE1 (COI1) and JAZs, leading to ubiquitina-
tion and degradation of JAZs (Sheard et al., 2010). Thus, TFs

are released to regulate JA-responsive genes. The JA signaling
pathway can be hijacked by pathogens to promote virulence.
For instance, the bacterial pathogen Pseudomonas syringae pro-
duces a toxin coronatine (COR), a mimic of JA-Ile, to activate
TFs ANAC019,ANAC055,and ANACO072 via MY C2,leading
to stomatal reopening and inhibition of salicylic acid (SA) ac-
cumulation to promote bacterial infection (Zheng et al.,2012).

A transcriptome comparison between the WT and fer-4
mutant identified that JA and FER pathways antagonistically
regulate a large number of genes (Table 1). The fer-4 mutant
has constitutive expression of JA-responsive genes and is more
susceptible to P syringae (Guo et al.,2018). Mechanistic analysis
showed that FER interacts with and phosphorylates MY C2,
causing the destabilization of MYC2 (Guo et al., 2018) (Fig.
1B; Table 1). Mature RALF23 peptide, induced by bacte-
rial pathogens (Stegmann et al., 2017), is also involved in the
crosstalk between FER and MYC2-mediated JA signaling.
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RALF23-overexpressing plants showed similar phenotypes to
the fer-4 mutant, including hypersensitivity to JA, higher sus-
ceptibility to P syringae, and higher accumulation of MYC2
proteins, providing evidence that RALF23 negatively regu-
lates FER function in FER and JA crosstalk (Guo et al.,2018).
Taken together, FER negatively regulates JA signaling by phos-
phorylating and destabilizing MY C2, and contributes to bac-
terial defense. However, how FER phosphorylation of MY C2
leads to its instability needs further examination.

RALF-like genes have been identified in fungal pathogens.
Fusarium oxysporum produces RALF peptide which interacts
with host FER to achieve virulence (Masachis et al., 2016;
Thynne et al., 2017). Therefore, it is conceivable that a FER—
MYC2 module is also involved in the fungus—plant interac-
tion. A similar RALF-FER-MY C2 mechanism also exists in
the parasitism of the root-knot nematode (RKN) Meloidogyne
incognita.When compared with WT plants, multiple fer mutants,
including fer-4, fer-5, and srn, are more resistant to M. incognita,
suggesting that FER is negatively involved in RKN resistance
(Zhang et al., 2020). Eighteen RALF-like genes were identi-
fled across genomes of six different Meloidogyne species (Zhang
et al., 2020). These nematode RALF genes are expressed in the
esophageal gland at the parasitic stages and display similar activ-
ities to Arabidopsis RALF1, such as inhibition of root growth,
alkalization of the extracellular medium, and global gene ex-
pression changes in plants treated with RALFs (Zhang et al.,
2020). Nematode RALFs also bind to FER, and the protein
levels of MYC2 are reduced in plants treated with nematode
RALFs, suggesting that nematodes can suppress JA signaling
via FER-mediated MYC2 degradation (Zhang et al., 2020)
(Fig. 1B). Whether or not this trans-kingdom RALF-FER
interaction is a common mechanism underlying plant biotic
interactions needs further investigation.

Apart from plant—pathogen interactions, there is evidence
suggesting that the crosstalk between FER and JA signaling
may play an important role in touch signaling and thigmo-
morphogenesis. Thigmomorphogenesis refers to mechanically
induced responses in plants. Some typical changes are reduced
shoot elongation, increased radial expansion, and delayed flow-
ering (Chehab ef al., 2009). In fer-2 and fer-4 mutants, mechan-
ically induced Ca®" signals are either blocked or show different
signatures (Shih et al., 2014). Touch-responsive genes, such as
TOUCH 4 (TCH4), are less induced in fer-2 and fer-4 mutants
in response to mechanical stimuli (Shih er al., 2014). However,
the expression of JA-associated touch-inducible genes, such
as JAZ8 and many JA biosynthesis components, is signifi-
cantly up-regulated in fer-4 mutant under both untouched and
touched conditions, suggesting that FER is a negative regulator
of JA signaling in the context of the touch response (Darwish
et al., 2022) (Table 1). Transcriptome analysis of the fer-4 mu-
tant and myc2myc3myc4 triple mutant suggested that fer-4 and
myc2myc3myc4 showed almost completely opposite responses
to touching, especially in the expression of JA-associated genes,
suggesting that FER may negatively regulate JA signaling

through MYC TFs during touching response.(Darwish ef al.,
2022).

FERONIA and auxin

Auxin plays important roles in regulating plant growth and
development. One well-characterized auxin signaling pathway
involves ubiquitin-mediated degradation of repressor pro-
teins (Leyser, 2018). In this pathway, auxin response is mainly
mediated through genes activated by a family of TFs named
AUXIN RESPONSE FACTOR (ARF). When auxin is not
present, Aux/IAA transcription repressors bind to ARFs and
inhibit their transcription activity. In the presence of auxin,
auxin mediates the binding of Aux/IAAs to F-box proteins
of the TRANSPORT INHIBITOR RESPONSE 1/AUXIN
SIGNALING F-BOX (TIR1/AFB) family, leading to the
ubiquitination and degradation of Aux/IAAs and hence activa-
tion of ARF-induced genes (Gray et al., 2001; Tan et al., 2007;
Maraschin Fdos et al., 2009). A plasma membrane-localized
rapid auxin response pathway involving AUXIN BINDING
PROTEIN 1 (ABP1) and TRANSMEMBRANE KINASE 1
(TMKT1) has been characterized (Xu et al., 2014; Friml et al.,
2022;Yu et al., 2023). In this pathway, secreted ABP1/ABL1/
ABL2 bind to extracellular auxin in the acidic apoplast and as-
sociate with TMK1 (Xu et al., 2014; Friml et al., 2022;Yu et al.,
2023). TMK1 phosphorylates >1000 substrate proteins, such as
plasma membrane H -ATPases (AHAs), myosin XI, PIN auxin
transporters, and members of the MITOGEN-ACTIVATED
PROTEIN KINASE (MAPK) cascade, resulting in rapid
responses including apoplast acidification and polar auxin
transport (Li et al., 2021; Lin et al., 2021; Friml et al., 2022;
Fiedler and Friml, 2023).

FER was first connected to auxin when it was identified
as an important player in root hair growth (Fig. 2A; Table 1).
Under normal growth conditions, fer-4 and fer-5 mutants show
a higher percentage of collapsed, arrested, or short root hairs
when compared with WT plants (Duan et al., 2010). When
treated with auxin, WT plants showed further stimulated root
hair growth, but fer-4 and fer-5 mutants did not respond (Duan
et al., 2010). It is known that root hair growth is triggered by
auxin and ROS, which are both regulated by ROP GTPase
signaling (Kanaoka and Torii, 2010). Overexpression of ROP2
in the fer-5 mutant rescued the defective root hair phenotype,
suggesting that ROP2 functions downstream of FER (Duan
et al., 2010). The level of GTP-bound active ROP2 is reduced
in fer-4 and fer-5 mutants when compared with that in the
WT, indicating that FER is necessary for ROP2 activation
(Duan et al., 2010). It was further demonstrated that the FER,
ROPGEFs,and ROP2 module promoted the NADPH oxidase-
dependent accumulation of ROS in roots and root hairs in re-
sponse to auxin (Duan et al., 2010) (Fig. 2A).

In addition, the co-receptor LLG1 is required for the FER -
mediated ROS accumulation in response to auxin (Li ef al.,
2015). An llg1 mutant showed similar phenotypes to those
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Fig. 2. The crosstalk between FER and auxin and BR pathways. (A) The crosstalk between FER and auxin. FER activates ROP2 through GEFs to
promote NADPH oxidase-mediated ROS production and possibly NO production. ROS and NO are critical for oxidation of auxin receptors TIR1 and

AFB2, which is important for their translocation from cytoplasm to nucleus. TIR1 and AFB2 are F-box proteins that form a complex with Cul1, Rbx2, and
SKP1 to ubiquitinate and destabilize transcriptional repressors Aux/IAAs, leading to the activation of auxin-responsive genes. RALF1 treatment increases
the expression of the auxin biosynthesis genes YUCs in a FER-dependent manner. RALF1-FER binding triggers phosphorylation of AHA2 and inhibits its

activity. AHAZ2 is also phosphorylated and activated by TMKs, a family of receptor-like kinases that sense extracellular auxin together with ABP1/ABLs.
In addition, FER is needed for proper cellular trafficking of the auxin transporter PIN2. (B) The crosstalk between FER and BR. In the presence of BR,
BR perception by receptor BRI1 and co-receptor BAK1 leads to inhibition of BIN2 and activation of master transcription factors BES1/BZR1. In tomato,
BZR1 binds to the promoters of FER genes and promotes FER expression, leading to enhanced FER function. In Arabidopsis, RALF23 expression is
reduced by BL treatment or in a gain-of-function bes7-D mutant. BES1-binding sites are identified in the promoter of the RALF23 gene but whether
BES1 directly regulate RALF23 expression is not known. Created in BioRender. Tang, J. (2025) https://BioRender.com/ui70471.

observed in the fer-4 mutant, including root hair defects and
reduced ROS accumulation in response to auxin (Li et al.,
2015). A recent mechanistic study showed that the FER—
LLG1-ROP2 module promoted ROS- and nitric oxide
(NO)-mediated oxidation or S-nitrosylation of auxin recep-
tors TIR1 and AFB2, which is important for translocation of
TIR1 and AFB2 from the cytoplasm to the nucleus (Lu ef al.,
2024). In the fer-4 mutant, the oxidation levels of both TIR 1
and AFB2 are reduced, leading to the retention of these pro-
teins in the cytoplasm and reduced transcriptional auxin re-
sponse (Lu et al., 2024) (Fig. 2A; Table 1). It is worth further
investigating whether FER -mediated TIR1/AFB2 oxidation
is spontaneous or catalyzed by certain nitrosylases.

FER potentially regulates polar auxin transport. When com-
pared with WT plants, the loss-of-function fer-4 mutant displays
reduced angles of curvature in response to a gravitropic stim-
ulus due to deficient auxin redistribution (Barbez et al., 2017,
Dong et al., 2019). It was found that the auxin efflux trans-
porter PIN2 showed abnormal localization in the fer-4 mutant,
which is related to deficient membrane recycling of PIN2 and
reduced stability of actin filaments (Dong ef al.,2019) (Fig. 2A;
Table 1). In addition, the fer-4 mutant showed enhanced asym-
metrical root growth, indicated by the root growth behavior
of anti-clockwise coils when grown on horizontal plates (Li
et al., 2020). This phenotype is related to asymmetric auxin
distribution and can be suppressed by applying auxin transport
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inhibitors or introducing mutations in PIN2 or auxin influx
transporter AUX1 (Li ef al., 2020). Altered PIN2 localization
was also observed as the future concave side had more PIN2
proteins than the future convex side in the fer-4 mutant root
(Li et al., 2020).

A similar mechanism may also exist in the context of pho-
totropism. The Arabidopsis fer-4 mutant showed attenuated
phototropic hypocotyl bending in response to lateral blue light
(C.Y. Li et al., 2022). This is partly due to the disrupted PIN3
localization that results in a disrupted auxin gradient (C.Y. Li
et al.,2022) (Table 1). However, how FER regulates PIN local-
ization and activity remains unknown. It has been shown that
the MAP KINASE KINASE 7 (MKK7)-MAP KINASE 6
(MPKO6) cascade phosphorylates PIN1 and determines its po-
larization (Jia et al.,2016). PIN1 can also be phosphorylated by
two receptor kinases, leading to altered subcellular trafficking
and polarization during canalization (Hajny et al., 2020). It is
conceivable that FER can modify auxin transport and distribu-
tion through phosphorylating the transporters. Furthermore,
RALF1-FER signaling can trigger auxin biosynthesis by up-
regulating the transcription of the auxin biosynthesis genes,
YUCCAs (YUC:s), to inhibit root growth (L. Li et al., 2022)
(Fig. 2A;Table 1).

It is intriguing that the FER signaling pathway and the
TMK-regulated pathway have a large degree of overlap. First,
both TMKs and FER regulate ROP GTPases, and both FER
and TMKs are required for the activation of ROP2 and ROP6
(Xu et al., 2014). The level of activated ROP2 is also reduced
in _fer mutants (Duan ef al.,2010). Secondly, TMKs interact with
and phosphorylate MKK4/5 to activate MKK4/5-MPK3/6
signaling in response to auxin, thus regulating lateral root de-
velopment (Huang et al.,2019). Several members of the MAPK
cascade, including MPK3 and MPK6, have altered phosphoryl-
ation levels in the fer-4 mutant, suggesting that the MAPK cas-
cade could be involved in FER signaling (Wang et al., 2022b).

Thirdly, both TMKs and FER have been shown to regu-
late apoplast pH through AHAs, although in an antagonistic
manner. TMKs phosphorylate and activate AHASs, leading to
rapid acidification of the apoplast (Li et al., 2021; Lin et al.,
2021; Friml et al., 2022). In contrast, RALF1-FER binding
triggers phosphorylation of AHA2 at a different site, leading
to reduced AHA?2 activity (Haruta et al., 2014) (Fig. 2A), al-
though it was also shown that AHAs do not play a major role
in RALF1-FER-mediated root growth inhibition (L. Li ef al.,
2022). It has been shown that increasing the endogenous auxin
level or applying exogenous auxin triggers a transient alkalini-
zation of the apoplast, and this process is dependent on FER
(Barbez et al., 2017).

Finally, another connecting point is ABI2. It is reported
that a high level of auxin enhances the ABA response through
TMKT1 (Yang et al., 2021). TMK1 directly interacts with and
phosphorylates ABI2, inhibiting the phosphatase activity of
ABI2 (Yang et al., 2021). Studies have also shown that FER
activates ABI2, and ABI2 interacts with and dephosphorylates

FER to inhibit its function through a feedback loop (Yu ef al.,
2012; Chen et al.,2016). Considering the extensive functional
overlaps, it would be interesting to know how the two path-
ways interact and coordinate at the receptor and co-receptor
level during auxin and other responses.

FERONIA and brassinosteroids

BRs are plant steroid hormones that play important roles in
plant growth and development as well as responses to abiotic
and biotic stresses (Nolan et al., 2020). Tremendous progress
has been made in understanding the BR signaling pathway.
In short, when BR levels are low, a glycogen synthase kinase
3 (GSK3)-like kinase BRASSINOSTEROID INSENSITIVE
2 (BIN2) phosphorylates and inhibits the function of BRI1-
EMS-SUPPRESSOR1 (BES1) and BRASSINAZOLE-
RESISTANT1 (BZR1), two key TFs that control BR -related
gene expression (Li and Nam, 2002). In the presence of BRs,
they are perceived by plasma membrane-located receptor
BRI1 and its co-receptor BRI1-ASSOCIATED KINASE 1
(BAK1), leading to the inhibition of BIN2 and activation of
BES1 and BZR 1 and BR signaling (Li and Chory, 1997; Z.Y.
Wang et al., 2002;Yin ef al., 2002, 2005).

BR  signaling can regulate FER gene expression. In
Arabidopsis seedlings and adult plants, the expression of FER is
induced by treatment of brassinolide (BL), the most active BR
(Guo et al., 20092). When compared with that in WT plants,
the expression of FER is down-regulated in a loss-of-function
bri1-5 mutant and up-regulated in the bes1-D mutant, a gain-
of-function mutant with a constitutive BR response (Guo
et al., 2009a). Similarly, in tomato (Solanum lycopersicumy), the
expression of FER homologs is reduced in the bzr! mutant
or BRI1-silenced plants but increased in BZR 1-overexpressing
plants (Yin ef al., 2018). The tomato BZR 1 binds to the pro-
moters of tomato FER2 and FER3 genes and induces their
expression (Yin et al., 2018) (Fig. 2B; Table 1).

Moreover, FER plays important roles in BR signaling and
responses. In Arabidopsis, under light-grown conditions, a fer-2
knockout mutant displays hypersensitivity to 24-epibrassinolide
(EBL) when compared with WT plants, indicated by enhanced
hypocotyl growth (Deslauriers and Larsen, 2010). This suggests
that FER negatively regulates BR response. In contrast, under
dark-grown conditions, the fer-2 mutant is less responsive to
EBL (Deslauriers and Larsen, 2010). In tomato, FER is also
required for BR-induced ROS accumulation and heat stress
tolerance (Yin ef al., 2018). These results suggest that the role
of FER in the BR response is more complex and context
dependent.

The crosstalk between FER and BR signaling also involves
the peptide ligands, RALFs. The expression of RALF23 is
reduced in the bes1-D mutant when compared with WT plants,
and treatment with BL further down-regulates RALF23 ex-
pression in both WT and bes1-D plants (Srivastava et al., 2009)
(Fig. 2B; Table 1). Overexpressing RALF23 reduces plant



growth and compromises BL-induced hypocotyl elongation
(Srivastava et al., 2009). Similarly, BL-induced hypocotyl elon-
gation is attenuated in RALF1-overexpressing plants (Bergonci
et al.,2014). These results indicate that RALF and BR function
antagonistically (Srivastava et al., 2009; Bergonci et al., 2014;
Haruta ef al., 2014; Stegmann et al., 2017).

Although many reports have suggested a crosstalk between
FER and BR signaling, detailed mechanisms remain to be fully
defined. ABI1 and ABI2 have been shown to interact with and
dephosphorylate BIN2 to inhibit its kinase activity (Wang
et al., 2018), and FER can activate the phosphatase activity of
ABI2 (Yu et al.,2012). Whether FER could regulate BIN2 and
BR signaling via ABI2 is worth investigating.

BR induces the production of ROS to regulate stomata and
stress responses (Xia ef al.,2014; Shi et al.,2015;Tian et al.,2018;
Yin et al., 2018). BR-induced NADPH oxidase-dependent
ROS production leads to the oxidation of BZR1 and BES1
(Tian et al., 2018). The oxidation of BZR1 enhances its in-
teraction with specific companion TFs, such as ARF6 and
PIF4, to promote its transcriptional activity (Tian et al., 2018).
Interestingly, FER is known to mediate NADPH oxidase-
dependent ROS production in response to both auxin and BR
(Duan et al.,2010;Yin et al.,2018; Lu et al.,2024). Determining
whether FER is involved in oxidation of BZR1 to regulate its
transcriptional activity would be an interesting topic.

FERONIA and ethylene

ET is a gaseous plant hormone that plays important roles
during the whole life cycle of a plant. It is involved in pro-
cesses such as the ET triple response, fruit ripening, and
stress responses (Johnson and Ecker, 1998). The biosynthesis
of ET starts from the production of S-adenosylmethionine
(SAM) from methionine, which is catalyzed by SAM syn-
thetase (K.L.C. Wang et al., 2002). 1-Aminocyclopropane-1-
carboxylic acid (ACC) synthase converts SAM to ACC, the
immediate precursor of ET (K.L.C. Wang ef al., 2002). ACC
is finally utilized as substrate by ACC oxidase to generate ET
(K.L.C. Wang ef al., 2002). A classic ET response is the triple
response in etiolated seedlings, with inhibited growth of root
and hypocotyl, an exaggerated apical hook, and thickened hy-
pocotyl (Binder, 2020). The canonical ET signaling pathway
involves major components including five ET receptors on the
ER membrane, a protein kinase named CONSTITUTIVE
TRIPLE RESPONSE 1 (CTR1), a transmembrane protein
on the ER called ETHYLENE-INSENSITIVE 2 (EIN2), and
TFs such as EIN3, EIN3-LIKE 1 (EIL1), and ETHYLENE
RESPONSE FACTORs (ERFs) (Binder, 2020). In the ab-
sence of ET, the ET receptors promote CTR1 phosphoryla-
tion of EIN2, leading to ubiquitination-mediated degradation
of EIN2 and downstream TFs (Binder, 2020). When ET is pre-
sent, it inhibits the receptors and thus reduces CTR1 activity
to release the inhibition of EIN2 and TFs, leading to the ET
response (Binder, 2020).

FERONIA receptor kinase and plant hormones | 1915

In Arabidopsis, the expression of FER can be induced by
ET, and several fer mutants, including fer-1, fer-2, fer-3, and
fer-4, are hyper-responsive to ET treatment (Table 1), indi-
cated by severely shortened hypocotyl and increased expres-
sion of ET-responsive genes, such as PLANT DEFENSIN 1.2
(PDF1.2) (Deslauriers and Larsen, 2010; Kessler et al., 2010;
Mao et al., 2015). Analyses of various higher order mutants
harboring mutations in the FER gene and genes encoding one
of the ET signaling components provided some clues as to
how FER interacts with the ET signaling pathway. Treatment
with the ET perception inhibitor AgNOj reversed the short-
ened hypocotyl phenotype in the fer-2 mutant, suggesting that
this phenotype is dependent on ET signaling (Deslauriers
and Larsen, 2010). This is further supported by the loss of the
phenotype in an efrl-1fer-2 double mutant harboring a muta-
tion that disrupts the ET receptor ETHYLENE RESPONSE
1 (ETR1) (Deslauriers and Larsen, 2010). AgNOj treatment
does not reverse hypocotyl shortening in a ctr1-3fer-2 double
mutant, suggesting that FER functions at or downstream of
CTR1 (Deslauriers and Larsen, 2010). Introducing the fer-2
mutation into an ein2-5 mutant background partially restores
the ET response, indicating that FER may function in a dif-
ferent ET signaling pathway that bypasses EIN2 (Deslauriers
and Larsen, 2010). More interestingly, the same study showed
that the ein3-1 eil1-1 double mutant was able to largely sup-
press the hypersensitivity of fer-2 to ET, suggesting that EIN3
and EIL1 are important TFs mediating FER and ET cross-
talk. It is worth further investigation to determine how FER
modulates EIN3 and EIL1 to regulate ET signaling.

A screen using immunoprecipitation and MS identified
SAM synthetases, including SAM1, SAM2, and METK3, as
FER -interacting proteins (Mao et al., 2015). When compared
with the WT, the fer-4 mutant is more sensitive to ethionine,
a toxic analog of methionine that can be utilized by enzymes
such as SAM synthetase and be incorporated into methionine
metabolic pathways such as SAM synthesis (Mao ef al., 2015).
This indicated that the fer mutant has higher SAM synthetase
activity, which is further supported by the higher levels of SAM
and ET in the fer-4 mutant (Mao et al., 2015). The sam1sam2
double mutant is more resistant to ethionine and has lower
levels of ET, while plants overexpressing SAM1 behave in the
opposite way (Mao et al., 2015). Taken together, FER interacts
with SAMs to negatively regulate ET biosynthesis (Table 1).
However, a detailed mechanism, such as whether FER could
phosphorylate SAM to regulate its activity, is not known.

FERONIA and other hormone pathways

Substantial progress has been made to understand how FER
integrates with various plant hormones such as auxin, ABA,
BR, ET, and JA. Considering the diverse roles FER plays in
a plant life cycle, the more substantial connections between
FER and other hormones, such as gibberellin (GA), SA, and
cytokinin will be likely to emerge. GA has been shown to
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induce FER expression (Guo et al., 2009a) (Table 1). In ad-
dition, TFs mediating GA signaling, such as PIF3 and PIF5,
have been shown to function downstream of FER signaling
in root penetration and salt stress response (Liu ef al., 2023;
Xu et al.,2024a).

For SA, it has been reported that SA content is increased in
the fer-4 mutant when compared with the WT (Zhao et al.,
2021). In apple (Malus domestica), overexpressing a homolog
of FER reduced SA levels (Jing et al., 2022) (Table 1). It is
known that MYC2 activates the expression of several NAC
TFs (Zheng et al., 2012), and NACs repress the expression of
ISOCHORISMATE SYNTHASE GENE 1 (ICS1), a gene
encoding a key SA biosynthesis enzyme, and induces the ex-
pression of SA GLUCOSYL TRANSFERASE GENE 1
(SAGTT1), a gene encoding an enzyme that converts SA to in-
active forms (Zheng ef al., 2012). Thus, it is possible that FER
regulates SA biosynthesis and activity through the MYC2-
NAC-ICS1/SAGT1 module.

Recently, an enlarged root apical meristem phenotype was
reported in the fer-4 mutant (Xu et al., 2024a). It is well known
that the control of meristem size needs the orchestration of
auxin and cytokinin (Yamoune ef al., 2021). Thus, it would be
interesting to know if cytokinin plays a role in FER -mediated
meristem control.

The FERONIA-phytohormone crosstalk in crop species

Considering that FER plays important roles in plant growth,
development, and stress responses, a better understanding of’
FER in crop species would be beneficial for potential agricul-
tural applications and crop improvement. Homologs of FER
have been identified and characterized in various crop spe-
cies, such as maize (Zea mays) (Yu et al., 2022), rice (Oryza
sativa) (Li et al., 2016;Yang et al., 2020; Wang et al., 2021; He
et al., 2023; Kwon et al., 2024), tomato (Yin et al., 2018; Fan
et al., 2024), apple (Jia et al., 2017b; Jing et al., 2022, 2023a,
b), and strawberry (FragariaXananassa) (Jia et al., 2017a). In
these crop species, FER homologs function in plant immunity
(Yang et al., 2020; Jing et al., 2022;Yu et al., 2022; Fan et al.,
2024; Kwon et al., 2024), vegetative growth (Li et al., 2016;
Fan et al., 2024), abiotic stress response (Yin et al., 2018; Jing
et al., 2023a, b), grain yield and quality (Li ef al., 2016; Wang
et al.,2021; He et al., 2023), fruit ripening (Jia et al., 2017a, b),
and fertility (Li ef al., 2016). There is also evidence connecting
FER and phytohormones, such as ABA, BR, SA, and ET (Jia
et al.,2017a;Y1n et al., 2018; Jing ef al., 2022). Some molecular
mechanisms established in Arabidopsis, by which FER regu-
lates phytohormone signaling pathways, could be conserved
in crop species. For example, in strawberry, the FER homolog
FaMRLK47 interacts with PP2C protein FaABI1 (Jia et al.,
2017a). However, more research is still needed to gain a more
comprehensive understanding of the functional interactions
between FER and various plant hormones in crop plants.

Conclusions and future perspectives

The study of crosstalk between receptor kinase FER signaling
and plant hormones has been progressing rapidly. It is clear that
mutual regulation between FER and phytohormones exists at
the levels of ligands, receptor kinase, as well as downstream
signaling components. On the one hand, phytohormones can
regulate the expression of FER, the abundance of FER pro-
tein, and its kinase activity (Deslauriers and Larsen, 2010; Chen
et al., 2016; Guo et al., 2018;Yin et al., 2018). The expression
of peptide ligand RALF genes can also be regulated (Srivastava
et al., 2009). On the other hand, FER can regulate hormone
biosynthesis (Mao et al., 2015; Zhao et al.,2021; Darwish et al.,
2022; L. Li et al., 2022), hormone transport (Dong et al.,2019;
Li et al., 2020, C.Y. Li et al., 2022), post-translational modifica-
tion of receptors (Lu ef al.,2024), and downstream components
including TFs (Guo et al.,2018; Wang ef al., 2022a) (Table 1).

Studies on multi-level crosstalk have greatly enhanced our
understanding on how plants manage their growth under stress
conditions and established FER as a critical regulator and a
convergence point in regulating diverse biological processes
(Guo et al.,2009a, 2018; Srivastava et al., 2009; Deslauriers and
Larsen, 2010; Duan et al., 2010; Yu et al., 2012; Chen et al.,
2016; Zhao et al.,2021; L. Li et al., 2022).

The potential combinations of 17 members in the FER
family, four LRE/LLGs, and 37 RALF family peptides provide
many potential signaling scenarios and may very well explain
the diverse functions of this family of receptor kinases, and sig-
nify the importance of their roles in regulating plant growth,
development, and stress responses. It is worth noting that FER
function does not seem to always require its kinase activity. It
has been shown that the kinase-dead FER (FER****® | Lys565
to Arg mutation in the kinase domain) was able to fully com-
plement the infertility of fer-1 (Kessler et al.,2015), and partially
rescue the primary root mechano-sensing defect (Shih ef al.,
2014), stomatal opening, vegetative dwarfism (Chakravorty
et al., 2018), and primary root growth under dim light of fer-4
(Haruta et al.,2018). It is also worth mentioning that FER ¥***®
showed autophosphorylation at a much higher protein level in
an in vitro kinase assay, suggesting that residual kinase activity
remains in FER***® (Wang et al., 2022a).

Here are some considerations for future research. (i) FER—
hormone crosstalk has been largely studied in isolation, one hor-
mone at a time. How does FER signaling coordinate different
hormones at the same time? Extensive transcriptomics and gene
regulatory network analysis will be helpful to examine multiple
FER-hormone crosstalk simultaneously. (ii) Studies have shown
that highly specific ligand—receptor signaling complexes are in-
volved in male—female interaction, and FER complexes with
other homologs in this process. FER can also perceive different
RALF peptides to either activate or inhibit its own function
(see the Introduction). Does FER—hormone crosstalk em-
ploy similar logistics in plant growth and stress responses? The



loss-of-function fer mutant displays highly pleiotropic pheno-
types, which hinders studies in FER signaling specificity. Single-
cell transcriptomics in a well-defined root system could help
overcome the pleiotropy and redundancy by identifying cell
type-specific FER signaling modules (Nolan ef al., 2023). (ii1)
Transcription reprogramming is a major part of FER-mediated
signaling, and FER can mediate ~500 TFs. Does the FER sig-
naling pathway employ ‘master transcription factors’ similar to
BES1 in BR signaling and MYC2 in the JA pathway? Targeted
screening using a TF CRISPR library could help address this
question (Hu et al.,2023). (iv) FER has been shown to phospho-
rylate many substrates, which leads to their altered properties,
such as protein stability (Guo et al., 2018; Wang et al., 2022a; Liu
et al., 2023; Xu et al., 2024a, b). How does FER phosphoryla-
tion lead to altered protein stability? Using proximity labeling
coupled with MS could help identify proteins including E3 ubi-
quitin ligases that are involved in this process (Cho et al., 2020).
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